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PREFACE 


'Anatomy is the basis of medieal diseomse! 

(Hippoerates, De loeis in homine 2) 

Looking throiigh an almost eomplete set of the previous editions of 
Gray's Anatomy, I am stmek by the marked differenee in size between 
the fìrst and fortieth editions. That progressive inerease in girth has 
occurred pari passu with ground-breaking advanees in basie seienee and 
elinieal medieine over the past 155 years. Anatomy has beeome a far 
wider diseipline than Henry Gray, Henry van Dyke Carter or any of their 
students could have envisaged. Fields such as eell biology molecular 
geneties, neuroanatomy embryology and bioinformaties either had not 
emerged or were in their infaney in 1858. Techniques that today inform 
our view of the internal landseape of the body - such as speeialized 
types of light and eleetron mieroseopy; imaging modalities, including 
X-rays, magnetie resonanee imaging, computed tomography and ultra- 
sonography; the use of 'soft' perfhsion techniques and frozen-thawed, 
unembalmed eadavers for disseetion-based studies; and the advanees 
in information teehnology that enable endoseopie and robotie surgery 
and faeilitate minimally invasive aeeess to stmctures previously eonsid- 
ered inaeeessible - were all unknown. As eaeh development entered 
mainstream seientifìe or elinieal use, the new perspeetives on the body 
it afforded, whether at submicroscopic or maeroseopie level, fìltered 
into the pages of Gray's Anatomy : for example, the introduction of X-ray 
plates (twenty-seventh edition, 1938) and eleetron mierographs (thirty- 
seeond edition, 1958). 

In the Prefaee to the fìrst edition, Henry Gray wrote that 'This Work 
is intended to frnnish the Student and Praetitioner ivith an aeemate vievo of 
the Anatomy of the Human Body, and more espeeially the applieation of this 
seienee to Praetieal Smgery'. We remain tme to his intention. An appropri- 
ate knowledge of elinieally relevant, evidenee-based anatomy is an 
essential element in the armamentarium of a praetising elinieian; 
indeed, 'If anything, the relevanee of anatomy in surgery is more impor- 
tant now than at any other time in the past' (Tubbs, in Prefaee Com- 
mentary, which aeeompanies this volume). 

In my Prefaee to the fortieth edition, I intimated that the book was 
quite literally in danger of breaking its binding if any more pages were 
added. In order to avoid this unfortunate occurrence, the forty-fìrst 
edition eontains a signifìeant amount of material that is exclusively 
eleetronie, in the form of 77,000 words of additional text, 300 artworks 
and tables, 28 videos and 24 speeially invited eommentaries on topies 
as diverse as eleetron mieroseopy and fluorescence mieroseopy; the 
neurovascular bundles of the prostate; stem eells in regenerative medi- 
eine; the anatomy of faeial ageing; and teehnieal aspeets and appliea- 
tions of diagnostie radiology. In keeping with the expectation that 
anatomy should be evidenee-based, the forty-fìrst edition eontains 
many more referenees in the e-book than could be included in the 
thirty-ninth and fortieth printed editions. 

Neel Anand, Rolfe Bireh, Pat Collins, Alan Crossman, Miehael 
Gleeson, Ariana Smith, Jonathan Spratt, Mark Stringer, Shane Tubbs, 
Alan Wein and Caroline Wigley brought a wealth of seholarship and 
experience as anatomists, eell biologists and elinieians to their roles as 
Seetion Editors. I thank them for their dedieation and enthusiastic 
support, in seleeting and interaeting with the authors in their Seetions 
and for meeting deadlines, despite the ever-inereasing demands on 
their time from university and/or hospital managers. Pat Collins, 
Girish Jawaheer, Riehard Tunstall and Caroline Wigley worked elosely 
with many authors to update the text and artworks for organogenesis, 
paediatrie anatomy, evidenee-based surface anatomy and mierostme- 
ture, respeetively, aeross Seetions 3 to 9. Jonathan Spratt aeted as both 
a Seetion Editor (thorax) and an indefatigable 'go to' for sourcing 
images throughout the book; in the latter eapaeity, he has produced 
a superb eolleetion of additional labelled images, available in the 
e-book (see Bonus imaging eolleetion). Over a hundred highly experi- 
eneed anatomists and elinieians contributed text, often extensively 
revised from the previous edition, and/or artworks, original miero- 
graphs or other images to individual ehapters. 


As a general mle, the orientation of diagrams and photographs 
throughout the book has been standardized to show the left side of the 
body, irrespeetive of whether a lateral or medial view is presented, and 
transverse seetions are viewed from below to faeilitate eomparison with 
elinieal images. Clinicopathological examples have been seleeted where 
the pathology is either a direet result, or a consequence, of the anatomy, 
or where the anatomieal features are instmmental in the diagnosis/ 
treatment/management of the eondition. Wherever possible, the photo- 
mierographs illustrate human histology and embryology; non-human 
sources are acknowledged in the eaptions. 

In an ideal world, anatomieal terminology would satisfy both anat- 
omists and elinieians. For the avoidanee of doubt, the same word 
should be agreed and used for eaeh stmcture that is deseribed, whether 
in the anatomy laboratory or the elinie. In the real world, this goal is 
aehieved with varying degrees of success; alternative terms (co)exist and 
may (and frequently do) eonfhse or fmstrate. Currently, Terminologia 
Anatomiea (TA) is the referenee source for the terminology for maero- 
seopie anatomy; the text of the forty-fìrst edition of Gray's Anatomy is 
almost entirely TA-eompliant. However, where terminology is at vari- 
anee with, or, more likely, is not included in, the TA, the alternative 
term that is ehosen either is eited in the relevant consensus document 
or position paper - e.g. 'European Position Paper on the Anatomieal 
Terminology of the Internal Nose and Paranasal Sinuses' and the Inter- 
national interdiseiplinary Consensus Statement on the 'Nomenclature 
of the Veins of the Lower Limbs' - or enjoys widespread elinieal usage: 
for example, the use of attitudinally appropriate terms in eardiology 
(see Chapter 57). The eontimied use of eponyms is contentious. 4 Pro- 
ponents of their retention argue that some eponyms are entrenehed in 
medieal language and are (therefore) indispensable, that they faeilitate 
communication because their use is so pervasive and that they serve to 
remind us of the humanism of medieine. Detraetors argue that eponyms 
are inherently inaccurate, non-seientifìe and often undeserved. In this 
edition of Gray's Anatomy, synonyms and eponyms are given in paren- 
theses on fìrst usage of a preferred term and not shown thereafter in the 
text; an updated list of eponyms remains available in the e-book for 
referenee purposes. 

I offer my sineere thanks to the editorial team at Elsevier, initially 
under the leadership of Madelene Hyde and latterly of Jeremy Bowes, 
for their guidance, professionalism, good humour and unfailing 
support. In partiailar, I thank Poppy Garraway, Humayra Rahman 
Khan, Wendy Lee, Joanna Souch, Julie Taylor, Jan Ross and Louise Cook, 
for being at the end of a phone or available by e-mail whenever I needed 
adviee or support. 

I dedieate my work on the forty-fìrst edition of Gray's Anatomy to the 
memory of my late husband, Guy Standring. 

Susan Standring 
January 2015 


'Terminologia Anatomiea (1998) is the joint ereation of the Federative Committee on 
Anatomieal Terminology (FCAT) and the Member Assoeiations of the Interna- 
tional Federation of Assoeiations of Anatomists (IFAA). 

2 Lund VJ, Stammberger H, Fokkens WJ et al 2014 European position paper on the 
anatomieal terminology of the internal nose and paranasal sinuses. Rhinol Suppl 
24:1-34. 

3 Caggiati A, Bergan JJ, Gloviezki P et al; International Interdiseiplinary Consensus 
Committee on Venous Anatomieal Terminology 2005 Nomenclature of the veins 
of the lower limb: extensions, refinements, and elinieal applieation. J Vase Surg 
41:719-24. 

4 Amarnani A, Brodell RT, Mostow EN 2013 Finding the evidenee with eponyms. JAMA 
Dermatol 149:664-5; Fargen KM, Hoh BL 2014 The debate over eponyms. Clin 
Anat 27:1137-40; Lo WB, Ellis H 2010 The eirele before Willis: a historieal account 
of the intraeranial anastomosis. Neurosurgery 66:7-18; Ma L, Chung KC 2012 In 
defense of eponyms. Plast Reeonstr Surg 129:896e-8e. 





The continuing relevanee of anatomy in 

PREFACE 
COMMENTARY 

R Shane Tubbs 


current surgical praetiee and researeh 


When our anatomy forebears embarked on the uncharted study of the 
human body they did so without referenee. Their focus was to ehart 
and map the body simply to learn and deseribe intrieaeies never ehroni- 
eled before. The anatomieal 'map' we use today eame about thanks to 
figures such as da Vinei, Vesalms, Cheselden and, more reeently, Henry 
Gray. On the shoulders of these giants, we see farther than our predeees- 
sors. In The Metalogieon, published in 1159, John Salisbury reeognized 
the profound observation of Freneh philosopher Bernard of Chartres, 
who deelared that '...we are like dwarfs on the shoulders of giants, so that 
we ean see more than they, and things at a greater distanee, not hy virtue of 
any sharpness of sight on our part, or any physieal distinetion, hut hecause 
we are earried high and raised up hy their giant size'. So, with the gross 
anatomy of man presumed, by many seholars, to have been deseribed 
and understood long ago, how does the modern anatomist bring rel- 
evanee to the continued study of morphology? Is there any uncharted 
territory for the modern anatomist to plot in order to sustain our field 
of study and for it to eontimie to be pereeived as relevant to an educa- 
tional world, and to medieal and dental curricula in which the time 
allotted to anatomieal study has signifieantly waned? Simply put, yes. 
Henry Gray, based on the title of his original text, Anatomy, Deseriptive 
and Smgieal, knew very well that there was a need to refocus the lenses 
of teaehing and researeh in the anatomieal seienees, and to expand and 
explore their surgical relevanee. Our gross anatomieal map of the 
human body must continue to be updated and legends must continue 
to be plaeed on that map to ineorporate modern advanees in teehnol- 
ogy. New methods of surgery, such as laparoseopy and endoseopy, as 
well as the use of the surgical mieroseope, offer the opportunity to view 
the human form in a different light and in greater surgical detail than 
ever before. If anything, the relevanee of anatomy in surgery is more 
important now than at any other time in the past. The modern surgeon 
must take what is learned maeroseopieally, in the disseetion room, and 
apply this knowledge to structures seen under magnifieation and 
through instmments that provide a surgical field that is, at times, just 
millimetres in diameter. Therefore, attention to anatomieal detail is of 
vital importanee as referenees and anatomieal landmarks are mini- 
mized in the surgical theatre of the new millennium. 

As mentioned before, early anatomists disseeted with curiosity about 
the unknown and gained knowledge that would beeome a prerequisite 
for proper surgical manoeuvres. Today, as anatomists, our anatomieal 
knowledge should ereate in us a curiosity about what we ean do with 
the knowledge that we have gained. The ability to apply that knowledge 
offers an opportunity to be an integral part of the ever-progressing field 
of surgery. For example, today, surgical problems are often the impetus 
for disseetion studies, which ean influence the way in which surgery is 
performed and, moreover, ean sway the way in which anatomy is taught 
(e.g. redefining a focus in eondensed curricula and with deereased work 
hours for house offieers). Surgically, disseetion studies have allowed us 
to manipulate known human anatomy and to solve, for example, 
complex neurological problems. As an illustration of the surgical rele- 
vanee of modern-day anatomieal studies for neurological pathologies, 
we have conducted, in my laboratory, eadaverie feasibility studies that 
suggested that the phrenie nerve could be reinnervated in high quadri- 
plegie patients who are ventilator-dependent (a morbid eondition with 
an assoeiated high mortality rate) by using the intaet, adjaeent aeeessory 
nerve (i.e. neurotization) ( rubbs et al 2008a) (Fig. 1.6.1). The theory 
behind this investigation was that the fimetioning aeeessory nerve 
would be used to form a new circuit between it and the dysfimetional 
phrenie nerve, and that this would allow reeovery of diaphragm firne- 
tion. For this technique, a longitudinal ineision was made along the 
lower half of the posterior border of sternoeleidomastoid. Disseetion 
was then performed in order to identify both the aeeessory nerve at this 
level, at its entranee into trapezius, and the phrenie nerve erossing 
anterior to scalenus anterior. The medial half of the aeeessory nerve was 
then split away from its lateral half and transeeted at its entranee into 


muscle. This distally diseonneeted medial half of the nerve was then 
swung medially to the phrenie nerve, which had been transeeted proxi- 
mally. The two nerves were then sutured together without tension. This 
'rearranging' of human anatomy has now been employed elinieally with 
success. Yang et al (2011) used our study results to treat a 44-year-old 
man with eomplete spinal eord injury at the C2 level. Clinically, left 
diaphragm aetivity was deereased and the right diaphragm was eom- 
pletely paralysed. Four weeks after surgery, training of the synchronous 
aetivities of trapezms and inspiration was conducted. Six months after 
surgery, motion was observed in the previously paralysed right dia- 
phragm. Evaluation of lung fimetion indieated improvements in vital 
eapaeity and tidal volume. The patient was able to sit in a wheelchair 
and conduct aetivities without assisted ventilation 12months after 
surgery. For the surgeon, such manipulation of anatomy requires a 
eomprehensive understanding not only of normal anatomy but also of 
what might occur fimetionally by rewiring such nerves. For example, 
patients undergoing this surgery will initially need to think of moving 
their trapezius to aetivate their diaphragm. With time, this will not be 
the ease. Similar ilhistrations of the plastieity of the brain have been 
seen in patients undergoing hypoglossal to faeial nerve neurotization 
procedures; these patients at first need to think of moving their tongue 
in order for their faeial muscles to eontraet. 

Rewiring of nerves has been addressed in other studies. Thus, we 
have shown, first in a eadaverie study (Hansasuta et al 2001) and then 
elinieally (Wellons et al 2009), that the medial peetoral nerve ean be 
seetioned near its entranee into the deep surface of peetoralis major and 
swung round and sewn into the musculocutaneous nerve (Fig. 1.6.2). 
If this procedure is successful, axonal regrowth from the medial peetoral 
nerve into the musculocutaneous nerve (about 1 mm/day) will 
re-establish fimetion in the anterior arm muscles; the loss of elinieally 
signifieant fimetion of the dually innervated peetoralis major is minimal 
and the fimetional gain of having the anterior arm muscles work is 
signifieant (Wellons et al 2009). Being able to bring the hand to the 
mouth and feed oneself is a task that most take for granted. In ehildren 
with birth-related injuries to the upper braehial plexus (i.e. Erb's palsy), 
this movement is often the differenee between waiting to be fed or 
feeding oneself. This method has been used at our institution for over 
15years with an 80% success rate, where success is measured as the 
patient regaining fimetion of arm flexion. 

Another example of what we have termed 'reverse translational 
researeh in anatomy' (i.e. from the bed to the beneh and baek) is the 
loeation of new anatomieal diversionary sites (in this ease, the medul- 
lary eavity of the ilium) that could be used in patients with eerebrospi- 
nal fluid absorption problems (i.e. hydrocephalus) and in whom the 
traditionally used reeeptaeles for absorbing this diverted eerebrospinal 
fluid (e.g. peritoneal and pleural eavities, heart) are not options, as a 
consequence of e.g. malabsorption or loeal infeetion ( rubbs et al 2015) 
(Fig. 1.6.3). This alternative site has, for the first time, just been used 
and with success (unpublished data). Although not proven elinieally, 
an earlier study in primates showed that the manubrium of the stermim 
could also be used as a distal reeeptaele for eerebrospinal fluid eollee- 
tion ( liibbs et al 2011). After tubing was tunnelled from the eanmilated 
ventriele, the distal tubing was inserted subcutaneously into the supe- 
rior aspeet of the midline manubrium, where a small hole had been 
drilled. Up to 50 ml of saline per hour could be infhsed into the primate 
sternum without vital sign ehanges. This study, and the study using the 
ilfiim as a depository, both demonstrate the anatomieal continuity 
between the bony medullary eavities and the vasailar system. Such 
positive effeets on patient outcomes not only make the study of human 
anatomy from a slanted perspeetive extremely gratifying, but are also 
praetieal sinee the results have direet applieation in the surgical theatre. 

In addition to surgical anatomy playing a role in new uses of the 
normal anatomy, this field ean also explore and direet new surgical 
approaehes where the goals are to make surgery more effeetive and 
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Fig. 1.6.1 A sehematie representation of the 
anatomieally defined technique of using the 
aeeessory nerve for neurotization of the phrenie 
nerve with applieation to patients with high 
eervieal quadriplegia who are ventilator- 
dependent. With nerve regrowth, axons from the 
intaet and functioning aeeessory nerve travel into 
the phrenie nerve to reinnervate this nerve and 
restore diaphragmatie function. In this example, 
only one-half of the aeeessory nerve is used in 
order to maintain some function of trapezius. 
(Drawn by Mr David Fisher.) 



Fig. 1.6.2 The neurotization of the 
musculocutaneous nerve with the medial peetoral 
nerve (inset). Similar to the example illustrated in 
Figure 1.6.1, such a method of nerve repair is 
employed in the hope that a patient with an upper 
braehial plexus injury and anterior arm muscles 
that are dysfunctional ean regain function by 
regrowth of axons from the intaet medial peetoral 
nerve into and along the musculocutaneous nerve. 
(Drawn by Mr David Fisher.) 


minimally invasive, and involve fewer eomplieations. For example, we 
have performed feasibility studies looking at a wide range of novel 
approaehes that might be used by the surgeon. These include a dorsal 
approaeh to the earpal tunnel for an entrapped median nerve ( ubbs 
et al 2005a); an anterior approaeh to the seiatie nerve potentially eom- 
pressed by piriformis via the obturator foramen (Tubbs, unpublished 
data); an anterior approaeh to the upper thoraeie vertebrae for spine 
fiision procedures ( Tubbs et al 2010a); an intra-abdominal laparoseopie 
approaeh to deeompress the pudendal nerve (Loukas et al 2008); and 
midline endoseopie approaehes to the fourth ventriele with applieation 
to deeompressing a 'trapped' fourth ventriele, as is seen in some eases 
of hydrocephalus ( Tibbs et al 2004). We have also explored the feasibil- 
ity in eadavers of using endoseopy for exploration of pathologies of the 
theeal sae (Chern et al 2011). In a series of ehildren with intraspinal 
pathology (araehnoid eyst, spinal eord tumour, holoeord syrinx and 
split eord malformation), intradural spinal endoseopy was a useful 


treatment, resulted in a more limited lamineetomy and myelotomy, 
and, in one ease, assisted in identifying a residual spinal eord tumour. 
It was also useful in the fenestration of a multilevel spinal araehnoid 
eyst and in eonfìrming eomimmieation of fluid spaees in the setting of 
a complex holoeord syrinx. Endoseopy aided the visualization of the 
spinal eord to ensure the absenee of tethering in the ease of split spinal 
eord malformation. These endoseopie approaehes were only possible 
by knowing the normal anatomy and how it appears in a eonfined fìeld 
of view, as fìrst seen in the anatomy laboratory. 

Lastly, the anatomist ean add to the relevanee of anatomy for the 
surgeon with studies that have an impaet on the identifìeation or avoid- 
anee of important structures during operative manoeuvres (i.e. anatomi- 
eal landmark studies). My group has defined surgical landmarks for 
anatomieal structures such as the superior and inferior gluteal nerves 
(Apaydin et al 2013, Apaydin et al 2009); vein of Labbé ( ubbs et al 
2012); sigmoid sinus ( mbbs et al 2009a); amygdala (Tubbs et al 
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Fig. 1.6.3 The technique used in a patient with hydrocephalus to divert 
eerebrospinal fluid from the eerebral ventrieles to the ilium. The enlarged 
ventrieles are cannulated with a eatheter eonneeted to a subcutaneous 
valve that drains into tubing tunnelled under the skin and then implanted 
into the medullary eavity of the ilium; here, the eerebrospinal fluid is 
absorbed into the vascular system. The techniques deseribed in Figures 
1.6.2 and 1.6.3, based on surgical problems and manipulation of known 
anatomy for surgical benefit, were evaluated and studied in the anatomy 
laboratory, and have now been used elinieally. (Drawn by Mr David 
Fisher.) 


2010b); buccal braneh of the trigeminal nerve ( fubbs et al 2010c); 
radial nerve and posterior interosseous braneh (Cox et al 2010, Fubbs 
et al 2006a); perineal braneh of the posterior femoral cutaneous nerve 

(Tubbs et al 2009b); lateral lacunae (Tubbs et al 2008b) (Fig. 1.6.4); 
basal vein of Rosenthal ( Fubbs et al 2007); greater oeeipital nerve 



Fig. 1.6.4 A superior view of the cranium, with the underlying superior 
sagittal sinus, eortieal veins and lateral lacunae illustrated. This study 
explored the relationship between the underlying lateral lacunae and the 
overlying eoronal and sagittal sutures, and made measurements between 
these structures. Neurosurgically, the initial plaeement of burr-holes 
avoids the midline in order to prevent damage to the superior sagittal 
sinus. However, the intraeranial entranee of the drill often injures more 
laterally plaeed lacunae. Llsing surface anatomy based on anatomieal 
landmarks, a neurosurgeon ean be more aware of the loeations of these 
underlying structures while performing eraniotomies. Such landmarks 
have now been used by neurosurgeons at our institution. (Drawn by Mr 
David Fisher.) 

(Loukas et al 2006); long thoraeie nerve (rubbs et al 2006b); anterior 
interosseous nerve ([ubbs et al 2006c); aeeessory nerve ( fubbs et al 
2005b); lumbar plexus and its branehes ( mbbs et al 2005c); troehlear 
nerve ( íiibbs and Oakes 1998); and frontal sinus ( ubbs et al 2002). 

Such studies might assist in deereasing the morbidity and inereasing 
the effieieney of surgical approaehes and eertainly illustrate the surgical 
relevanee of anatomy. Moreover, this list exemplifies the multitude of 
anatomieal structures that may be given greater surgical relevanee by 
addressing how they may be more accurately loeated in the operating 
theatre. 

In this day and age, if anatomists are not to lose their footing and 
simply be eonsidered teaehers of an old and outdated diseipline, the 
onus is on us to renew interest in our field with timely and salient 
studies that gird the loins of a profession that is in danger of beeoming 
extinct. It is my opinion, and that of others, that one effeetive way to 
aehieve this is to remind the world by demonstrations such as those 
listed here that the study of anatomy is as elinieally relevant today as it 
was at its humble beginnings. Considering the adage that anatomy is 
the oldest ehild of Mother Medieine, the faet that surgical problems and 
anatomieal studies go hand in hand is obvious - anatomieal researeh 
is not a 'dead' seienee! The modern relevanee of anatomy to surgical 
praetiee and researeh must not be underestimated. 
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HISTORICAL INTRODUCTION 


Gray's Anatomy is now on its way to being 160 years old. The book is a 
rarity in textbook publishing in having been in continuous publication 
on both sides of the Atlantie Oeean, sinee 1858. One and a half centu- 
ries is an exceptionally long era for a textbook. Of course, the volume 
now is very different from the one Mr Henry Gray fìrst ereated with his 
colleague Dr Henry Vandyke Carter, in mid-Vietorian London. In this 
introductory essay I shall explain the long history of Gray's, from those 
Vietorian days right up to today. 

The shorteomings of existing anatomieal textbooks probably 
impressed themselves on Henry Gray when he was still a student at St 
George's Hospital Medieal Sehoof near London's Hyde Park Corner, in 
the early 1840s. He began thinking about ereating a new anatomy 
textbook a deeade later, while war was being fought in the Crimea. New 
legislation was being planned that would establish the General Medieal 
Council (1858) to regulate professional education and standards. 

Gray was twenty-eight years old, and a teaeher himself at St George's. 
He was very able, hard-working and highly ambitious, already a Fellow 
of the Royal Soeiety, and of the Royal College of Surgeons. Although 
little is known about his personal life, his was a glittering eareer so far, 
aehieved while he served and taught on the hospital wards and in the 
disseeting room (Fig. 1) (Anon 1908). 

Gray shared the idea for the new book with a talented colleague on 
the teaehing staff at St George's, Henry Vandyke Carter, in November 
1855. Carter was from a family of Scarborough artists, and was himself 
a elever artist and mieroseopist. He had produced fìne illustrations for 
Gray's seientifie publications before, but could see that this idea was a 
much more complex projeet. Carter reeorded in his diary: 

Little to reeord. Gray made proposal to assist by draivings in bringing 
out a Manual for students: a good idea but did not eome to any plan ... 
too exacting, for would not be a simple artist (Carter 1855). 

Neither of these young men was interested in producing a pretty book, 
or an expensive one. Their purpose was to supply an affordable, accurate 
teaehing aid for people like their own students, who might soon be 



Fig. 1 Henry Gray (1827-1861) is shown here in the foregroiind, seated 
by the feet of the eadaver. The photograph was taken by a medieal 
student, Joseph Langhorn. The room is the disseeting room of St 
George’s Hospital Medieal Sehool in Kinnerton Street, London. Gray is 
shown surrounded by staff and students. When the photo was taken, on 
27 Mareh 1860, Carter had left St George’s, to beeome Professor of 
Anatomy and Physiology at Grant Medieal College, in Bombay (nowadays 
Mumbai). The seeond edition of Gray’s Anatomy was in its proof stages, 
to appear in Deeember 1860. Gray died just over a year later, in June 
1861, at the height of his powers. 


required to operate on real patients, or on soldiers injured at Sebastopol 
or some other battlefìeld. The book they planned together was a praeti- 
eal one, designed to encourage youngsters to study anatomy, help them 
pass exams, and assist them as budding surgeons. It was not simply an 
anatomy textbook, but a guide to disseeting procedure, and to the major 
operations. 

Gray and Carter belonged to a generation of anatomists ready to 
infhse the study of human anatomy with a new, and respeetable, seien- 
tifieity. Disreputable aspeets of the profession's history, acquired during 
the days of body-snatehing, were assiduously being forgotten. The 
Anatomy Aet of 1832 had legalized the requisition of unclaimed bodies 
from workhouse and hospital mortuaries, and the study of anatomy 
(now with its own inspeetorate) was rising in respeetability in Britain. 
The private anatomy sehools that had flourished in the Regeney period 
were elosing their doors, and the major teaehing hospitals were ereeting 
new, purpose-built disseetion rooms (Riehardson 2000). 

The best-known student works when Gray and Carter had qualifìed 
were probably Erasmus Wilson's Anatomist's Vade Mecum, and Elements 
of Anatomy by Jones Quain. Both works were small - poeket-sized - but 
Quain eame in two thiek volumes. Both Quain's and Wilson's works 
were good books in their way, but their small pages of dense type, and 
even smaller illustrations, were somewhat daunting, seeming to demand 
much nose-to-the-grindstone effort from the reader. 

The planned new textbook's dimensions and eharaeter were serious 
matters. Poeket manuals were eommereially successful because they 
appealed to students by offering much knowledge in a small eompass. 

Butpoeket-sizedbookshadbutton-sizedillustrations. Knoxs Manual 
ofEìuman Anatomy, for example, was a good book, but was only 6 inehes 
by 4 (15 x 10 em) and few of its ilhistrations occupied more than one- 
third of a page. Gray and Carter must have discussed this matter between 
themselves, and with Gray's publisher, JW Parker & Son, before deei- 
sions were taken about the size and girth of the new book, and espe- 
eially the size of its illustrations. While Gray and Carter were working 
on the book, a new edition of Quain's was published; this time it was 
a 'triple-deeker - in three vohimes - of 1740 pages in all. 

The two men were earnestly engaged for the following 18 months 
in work for the new book. Gray wrote the text, and Carter ereated the 
illustrations; all the disseetions were undertaken jointly. Their working 
days were long - all the hours of daylight, eight or nine hours at a 
streteh - right through 1856, and well into 1857. We ean infer from the 
warmth of Gray's appreeiation of Carter in his published acknowledge- 
ments that their eollaboration was a happy one. 

The Author gratefully aeknomledges the great serviees he has derived in 
the execution of this work, from the assistanee of his friend, Dr. H. V. 
Carter, late Demonstrator of Anatomy at St George's Hospital. All the 
drawings from which the engravings were made, were executed by him. 

(Gray 1858) 

With all the disseetions done, and Carter's inseribed wood-blocks at the 
engravers, Gray took six months' leave from his teaehing at St George's 
to work as a personal doetor for a wealthy family. It was probably as 
good a way as any to get a well-earned break from the disseeting room 
and the dead-house (Nieol 2002). 

Carter sat the examination for medieal offieers in the East India 
Company, and sailed for India in the spring of 1858, when the book 
was still in its proof stages. Gray had left a tmsted colleague, Timothy 
Holmes, to see it through the press. Holmes's assoeiation with the first 
edition would later prove vital to its survival. Gray looked over the final 
galley proofs, just before the book finally went to press. 

THE FIRST EDITION 

The book Gray and Carter had ereated together, Anatomy, Deseriptive 
and Smgieal, appeared at the very end of August 1858, to immediate 
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aeelaim. Reviews in The Laneet and the British Medieal Jomnal were 
highly eomplimentary, and students floeked to buy. 

It is not difficult to understand why it was a runaway success. Gray's 
Anatomy knoeked its eompetitors into a eoeked hat. It was eonsiderably 
smaller and more slender than the doorstopper with which modern 
readers are familiar. The book held well in the hand, it felt substantial, 
and it eontained everything required. To eontemporaries, it was small 
enough to be portable, but large enough for deeent illustrations: 'royal 
oetavo' - 9}^x6inches (24x15 em) - about two-thirds of modern A4 
size. Its medium-size, single-volume format was far removed from 
Quain, yet double the size of Knox's Mannal. 

Simply organized and well designed, the book explains itself eonfi- 
dently and well; the elarity and authority of the prose are manifest. But 
what made it unique for its day was the outstanding size and quality 
of the illustrations. Gray thanked the wood engravers Butterworth and 
Heath for the 'great eare and fidelity' they had displayed in the engrav- 
ings, but it was really to Carter that the book owed its extraordinary 
success. 

The beauty of Oarter's illustrations resides in their diagrammatie 
elarity, quite atypieal for their time. The images in eontemporary 
anatomy books were usually 'proxy-labelled': dotted with tiny numbers 
or letters (often hard to find or read) or bristling with a sheaf of num- 
bered arrows, referring to a key situated elsewhere, usually in a footnote, 
which was sometimes so lengthy it wrapped round on to the following 
page. Proxy labels require the reader s eye to move to and fro: from the 
structure to the proxy label to the legend and baek again. There was 
plenty ofseope forslippage, annoyanee and distraetion. Oarters illustra- 
tions, by eontrast, uniíy name and structure, enabling the eye to assimi- 
late both at a glanee. We are so familiar with Oarter's images that it is 
hard to appreeiate how ineredibly modern they must have seemed in 
1858. The volume made human anatomy look new, exciting, aeeessible 
and do-able. 

The first edition was eovered in a brown bookbinders eloth embossed 
all over in a dotted pattern, and with a double picture-frame border. Its 
spine was lettered in gold bloeking: 

GRAY'S 

ANATOMY 

... with 'DESeRIPTIVE AND SURGICAL' in small eapitals underneath. 
Gray's Anatomy is how it has been referred to ever sinee. Carter was given 
eredit with Gray on the book's title page for undertaking all the dissee- 
tions on which the book was based, and sole eredit for all the illustra- 
tions, though his name appeared in a signifieantly smaller type, and he 
was deseribed as the 'Late Demonstrator in Anatomy at St George's 
Hospital' rather than being given his full current title, which was Profes- 
sor of Anatomy and Physiology at Grant Medieal College, Bombay. Gray 
was still only a Lecturer at St George's and he may have been aware that 
his words had been upstaged by the quality of Carter's anatomieal 
images. He need not have worried: Gray is the famous name on the 
spine of the book. 

Gray was paid L150 for every thousand eopies sold. Carter never 
reeeived a royalty payment, just a one-off fee at publication, which may 
have allowed him to purchase the long-wished-for mieroseope he took 
with him to India (Lig. 2). 

The first edition print-mn of 2000 eopies sold out swiftly. A parallel 
edition was published in the United States in 1859, and Gray must have 
been deeply gratified to have to revise an enlarged new English edition 
in 1859-60, though he was surely saddened and worried by the death 
of his publisher, John Parker junior, at the young age of 40, while the 
book was going through the press. The seeond edition eame out in the 
Deeember of 1860 and it too sold like hot eakes, as indeed has every 
subsequent edition. 

The following summer, in June 1861, at the height of his powers and 
full of promise, Henry Gray died unexpectedly at the age of only 34. 
Gray had eontraeted smallpox while nursing his nephew. A new strain 
of the disease was more vimlent than the one with which Gray had 
been vaeeinated as a ehild; the disease beeame confluent, and Gray died 
in a matter of days. 

Within months, the whole country would be pitehed into mourning 
for the death of Prinee Albert. The ereative era over which he had pre- 
sided - espeeially the deeade that had flowered sinee the Great Exhibi- 
tion of 1851 - would be history. 

THE BOOK SLIRVIVES 

Anatomy Deseriptive and Smgieal could have died too. With Carter in 
India, the death of Gray, so swiftly after that of the younger Parker, 
might have spelled eatastrophe. Certainly, at St George's there was a 



Fig. 2 Henry Vandyke Carter (1831-1897). Carter was appointed 
Honorary Surgeon to Queen Vietoria in 1890. 


sense of ealamity. The grand old medieal man Sir Benjamin Brodie, 
Sergeant-Surgeon to the Queen, and the great supporter of Gray to 
whom Anatomy had been dedieated, eried forlornly: 'Who is there to 
take his plaee?' (Anon 1908). 

But old JW Parker ensured the survival of Gray's by inviting Timothy 
Holmes, the doetor who had helped proof-read the first edition, and 
who had filled Gray's shoes at the medieal sehool, to serve as Editor for 
the next edition. Other long-mnning anatomy works, such as Quain, 
remained in print in a similar way, eo-edited by other hands (Quain 
1856). 

Holmes (1825-1907) was another gifted St George's man, a seholar- 
ship boy who had won an exhibition to Cambridge, where his brillianee 
was reeognized. Holmes was a Fellow of the Royal College of Surgeons 
at 28. John Parker junior had eommissioned him to edit A System of 
Smgery (1860-64), an important essay series by distinguished surgeons 
on subjects of their own ehoosing. Many of Holmes's authors remain 
important figures, even today: John Simon, James Paget, Henry Gray, 
Ernest Hart, Jonathan Hutchinson, Brown-Séquard and Joseph Lister. 
Holmes had lost an eye in an operative aeeident, and he had a gmff 
manner that terrified students, yet he published a lament for young 
Parker that reveals him eapable of deep feeling (Holmes 1860). 

John Parker senior's heart, however, was no longer in publishing. 
His son's death had elosed down the future for him. The business, with 
all its stoeks and eopyrights, was sold to Messrs Longman. Parker retired 
to the village of Farnham, where he later died. 

With Holmes as editor, and Longman as publisher, the immediate 
future of Gray's Anatomy was assured. The third edition appeared in 
1864 with relatively few ehanges, Gray's estate reeeiving the balanee of 
his royalty after Holmes was paid £100 for his work. 

THE MISSING OBITUARY 

Why no obituary appeared for Henry Gray in Gray's Anatomy is curious. 
Gray had referred to Holmes as his 'friend' in the prefaee to the first 
edition, yet it would also be tme to say that they were rivals. Both had 
just applied for a vaeant post at St George's, as Assistant Surgeon. Had 
Gray lived, it is thought that Holmes may not have been appointed, 
despite his seniority in age (Anon 1908). 

Later eommentators have suggested, as though from inside knowl- 
edge, that Holmes's 'proof-reading' included improving Gray's writing 
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style. This could be a refleetion of Holmes's own self-regard, but there 
may be some tmth in it. There ean be no doubt that, as Editor of seven 
subsequent editions of Gray's Anatomy (third to ninth editions, 1864- 
1880), Holmes added new materiaf and had to eorreet and eompress 
passages, but it is also possible that, baek in 1857, Gray's original 
manuscript had been left in a poor state for Holmes to sort out. In other 
works, Gray's writing style was lucid, but he always seems to have paid 
a eopyist to transeribe his work prior to submission. The original manu- 
seript of Gray's Anatomy, sadly, has not survived, so it is impossible to 
be sure how much of the finished version had actually been written by 
Holmes. 

It may be that Gray's glittering eareer, or perhaps the patronage that 
unquestionably advaneed it, ereated jealousies among his colleagues, 
or that there was something in Gray's manner that precluded affeetion, 
or that ereated resentments among elever soeial inferiors like Carter and 
Holmes, espeeially if they felt their contributions to his brilliant eareer 
were not given adequate eredit. Whatever the explanation, no referenee 
to Gray's life or death appeared in Gray's Anatomy itself until the twen- 
tieth century (Howden et al 1918). 

A SUCCESSION OF EDITORS 

Holmes expanded areas of the book that Gray himself had developed 
in the seeond edition (1860), notably in 'general' anatomy (histology) 
and 'development' (embryology). In Holmes's time as Editor, the 
vohime grew from 788 pages in 1864 to 960 in 1880 (ninth edition), 
with the histologieal seetion paginated separately in roman numerals 
at the front of the book. Extra illustrations were added, mainly from 
other published sources. 

The eonneetions with Gray and Carter, and with St George's, were 
maintained with the appointment of the next editor, T. Piekering Piek, 
who had been a student at St George's in Gray's time. From 1883 (tenth 
edition) onwards, Piek kept up with current researeh, rewrote and inte- 
grated the histology and embryology into the volume, dropped Holmes 
from the title page, removed Gray's prefaee to the first edition, and 
added bold subheadings, which eertainly improved the appearanee and 
aeeessibility of the text. Piek said he had 'tried to keep before himself 
the faet that the work is intended for students of anatomy rather than 
for the Seientifie Anatomist' (thirteenth edition, 1893). 

Piek also introduced colour printing (in 1887, eleventh edition) and 
experimented with the addition of illustrations using the new printing 
method of half-tone dots: for colour (which worked) and for new blaek- 
and-white illustrations (which did not). Half-tone shades of grey eom- 
pared poorly with Carter's wood engravings, still sharp and elear by 
eomparison. 

What Henry Vandyke Carter made of these ehanges is a rieh topie 
for speculation. He returned to England in 1888, having retired from 
the Indian Medieal Serviee, full of honours - Deputy Surgeon General, 
and in 1890, he was made Honorary Surgeon to Queen Vietoria. Carter 
had continued researehing throughout his elinieal medieal eareer in 
India, and beeame one of India's foremost baeteriologists/tropieal 
disease speeialists before there was really a name for either diseipline. 
Carter made some important diseoveries, including the fhngal cause of 
myeetoma, which he deseribed and named. He was also a key figure in 
eonfirming seientifieally in India some major international diseoveries, 
such as Hansen's diseovery of the cause of leprosy, Koeh's diseovery of 
the organism causing tuberculosis, and Laveran's diseovery of the organ- 
ism that causes malaria. Carter married late in life, and his wife was left 
with two young ehildren when he died in Scarborough in 1897, aged 
65. Like Gray, he reeeived no obituary in the book. 

When Piek was joined on the title page by Robert Howden (a profes- 
sional anatomist from the Hniversity of Durham) in 1901 (fifteenth 
edition), the volume was still easily reeognizable as the book Gray and 
Carter had ereated. Although many of Carter's illustrations had been 
revised or replaeed, many others still remained. Sadly, though, an entire 
seetion (embryology) was again separately paginated, as its revision had 
taken longer than antieipated. Gray's had grown, seemingly inexorably, 
and was now quite thiek and heavy: 1244 pages, weighing 5 lb 
8 oz/2.5 kg. Both eo-editors, and perhaps also its publisher, were dis- 
satisfied with it. 

KEY EDITION: 1905 

Serious deeisions were taken well in advanee of the next edition, which 
turned out to be Piek's last with Howden. Published 50 years after Gray 
had first suggested the idea to Carter, the 1905 (sixteenth) edition was 
a landmark one. 

The period 1880-1930 was a difficult time for anatomieal illustra- 
tion, because the new techniques of photo-lithography and half-tone 


were not as yet perfeeted, and in any ease could not provide the bold 
simplieity of line required for a book like Gray's, which depended so 
heavily on elear illustration and elear lettering. Reeognizing the inferior- 
ity of half-tone illustrations by eomparison with Carter's wood-engraved 
originals, Piek and Howden courageously deeided to jettison the 
seeond-rate half-tones altogether. Most of the next edition's illustrations 
were either Carter's, or old supplementary illustrations inspired by his 
work, or newly eommissioned wood engravings or line drawings, 
intended 'to harmonize with Carter's original figures' They successfully 
emulated Carter's verve. Having fewer pages and lighter paper, the 1905 
(sixteenth edition) weighed lessthan its predeeessor, at4 lb 11 oz/2.1 kg. 
Typographieally, the new edition was superb. 

Howden took over as sole editor in 1909 (seventeenth edition) and 
immediately stamped his personality on Gray's. He excised 'Surgical' 
from the title, ehanging it to Anatomy Deseriptive and Applied, and 
removed Carter's name altogether. He also instigated the beginnings of 
an editorial board of experts for Gray's, by adding to the title page 'Notes 
on Applied Anatomy' by AJ Jex-Blake and W Fedde Fedden, both St 
George's men. For the first time, the number of illustrations exceeded 
one thousand. Howden was responsible for the signifieant innovation 
of a short historieal note on Henry Gray himself, nearly 60 years after 
his death, which included a portrait photograph (1918, twentieth 
edition). 

THE NOMENCLATURE CONTROVERSY 

Howden's era, and that of his successor TB Johnston (of Guy's), was 
overshadowed by a cloud of international eontroversy eoneerning ana- 
tomieal terminology. European anatomists were endeavouring to stand- 
ardize anatomieal terms, often using Latinate eonstmetions, a move 
resisted in Britain and the Hnited States. Gray's beeame mired in these 
debates for over 20 years. The attempt to be fair to all sides by using 
multiple terms doubtless generated much eonfhsion amongst students, 
until a working eompromise was at last arrived at in 1955 (thirty-seeond 
edition, 1958). 

Johnston oversaw the seeond retitling of the book (in 1938, twenty- 
seventh edition): it was now, offieially, Gray's Anatomy, finally ending 
the fietion that it had ever been known as anything else. Gray's suffered 
from paper shortages and printing difficulties in World War II, but suc- 
eessive editions nevertheless continued to grow in size and weight, 
while illustrations were replaeed and added as the text was revised. 

Between Howden's first sole effort (1909, seventeenth edition) and 
Johnston's last edition (1958, thirty-seeond edition), Gray's expanded 
by over 300 pages - from 1296 to 1604 pages, and almost 300 addi- 
tional illustrations brought the total to over 1300. Johnston also intro- 
duced X-ray plates (1938) and, in 1958 (thirty-seeond edition), eleetron 
mierographs by AS Fitton-Jaekson, one of the first oeeasions on which 
a woman was eredited with a contribution to Gray's. Johnston felt eom- 
pelled to mention that she was 'a blood relative of Henry Gray himself, 
perhaps by way of mitigation. 

AFTER WORLD WAR II 

The editions of Gray's issued in the deeades immediately following the 
Seeond World War give the impression of intellectual stagnation. Steady 
expansion continued in an almost formulaic fashion, with the insertion 
of additional detail. The eentral historieal importanee of innovation in 
the success of Gray's seems to have been lost sight of by its publishers 
and editors - Johnston (1930-1958, twenty-fourth to thirty-seeond 
editions), J Whillis (eo-editor with Johnston, 1938-1954), DV Davies 
(1958-1967, thirty-seeond to thirty-fourth editions) and F Davies 
(eo-editor with DV Davies 1958-1962, thirty-seeond to thirty-third 
editions). Gray's had beeome so pre-eminent that perhaps eomplaeeney 
erept in, or editors were too daunted or too busy to eonfront the 
'massive undertaking' of a root and braneh revision ( lansey 1995). The 
unexpected deaths of three major figures assoeiated with Gray's in this 
era, James Whillis, Franeis Davies and David Vaughan Davies - eaeh of 
whom had been ready to take the editorial reins - may have contributed 
to retarding the proeess. The work beeame somewhat dull. 

KEY EDITION: 1973 

DV Davies had reeognized the need for modernization, but his unex- 
peeted death left the work to other hands. Two Professors of Anatomy 
at Guy's, Roger Warwick and Peter Williams, the latter of whom had 
been involved as an indexer for Gray's for several years, regarded it as 
an honour to fhlfill Davies's intentions. 

Their thirty-fifth edition of 1973 was a signifieant departure from 
tradition. Over 780 pages (of 1471) were newly written, almost a third 
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of the illustrations were newly eommissioned, and the illustration eap- 
tions were freshly written throughout. With a eomplete re-typesetting 
of the text in larger double-column pages, a new index and the innova- 
tion of a bibliography, this edition of Gray's looked and felt quite unlike 
its 1967 (thirty-fourth edition) predeeessor, and much more like its 
modern inearnation. 

This 1973 edition departed from earlier vohimes in other signifieant 
ways. The editors made explicit their intention to try to counter the 
impetus towards speeialization and eompartmentalization in twentieth- 
century medieine, by embraeing and attempting to reintegrate the eom- 
plexity of the available knowledge. Warwick and Williams openly 
renounced the pose of omniseienee adopted by many textbooks, believ- 
ing it important to aeeept and mention areas of ignoranee or uncer- 
tainty. They shared with the reader the difficulty of keeping abreast in 
the sea of researeh, and aeeepted with a refreshing humility the impos- 
sibility of fhlfilling their own ambitious programme. 

Warwick and Williams's 1973 edition had much in eommon with 
Gray and Carter s first edition. It was bold and innovative - respeetfhl 
of its heritage, while also striking out into new territory. It was visually 
attraetive and visually informative. It embodied a sense of a treasury of 
information laid out for the reader (Williams and Warwick 1973). It 
was published simultaneously in the Llnited States (the Ameriean Gray's 


had developed a distinet eharaeter of its own in the interval), and sold 
extremely well there (Williams and Warwick 1973). 

The influence of the Warwick and Williams edition was foreefhl and 
long-lasting, and set a new pattern for the following quarter-century. 
As has transpired several times before, wittingly or unwittingly, a new 
editor was being prepared for the future: Dr Susan Standring (of 
Guy's), who ereated the new bibliography for the 1973 edition of 
Gray's, went on to serve on the editorial board, and has served as 
Editor-in-Chief for the last two editions before this one (2005-2008, 
thirty-ninth and fortieth editions). Both editions are important for dif- 
ferent reasons. 

For the thirty-ninth edition, the entire eontent of Gray's was reorgan- 
ized, from systematie to regional anatomy. This great sea-ehange was 
not just organizational but historie, because, sinee its outset, Gray's had 
prioritized bodily systems, with subsidiary emphasis on how the 
systems interweave in the regions of the body. Professor Standring 
explained that this regional ehange of emphasis had long been asked 
for by readers and users of Gray's, and that new imaging techniques in 
our era have raised the elinieal importanee of loeal anatomy (Standring 
2005). The ehange was faeilitated by an enormous eolleetive effort on 
the part of the editorial team and the illustrators. The subsequent and 
oirrent editions eonsolidate that momentous ehange. (See Table 1.) 


Table 1 Gray’s Anatomy Editions 


Edition 

Date 

Author/Editor(s) 

Publisher 

Title 

1 st 

1858 

Henry Gray 

The dravvings by Henry Vandyke Oarter. The disseetions jointly by 
the author and Dr Oarter 

JW Parker & Son 

Anatomy Deseriptive and Surgical 

2nd 

1860 

Henry Gray 

JW Parker & Son 


3rd 

1864 

T Holmes 

Longman 


4th 

1866 

T Holmes 

Longman 


5th 

1869 

T Holmes 

Longman 


6th 

1872 

T Holmes 

Longman 


7th 

1875 

T Holmes 

Longman 


8th 

1877 

T Holmes 

Longman 


9th 

1880 

T Holmes 

Longman 


lOth 

1883 

TP Piek 

Longman 


11 th 

1887 

TP Piek 

Longman 


12th 

1890 

TP Piek 

Longman 


13th 

1893 

TP Piek 

Gray’s prefaee removed 

Longman 


14th 

1897 

TP Piek 

Longman 


15th 

1901 

TP Piek & R Howden 

Longman 


16th 

1905 

TP Piek & R Howden 

Longman 


17th 

1909 

Robert Howden 

Notes on applied anatomy by AJ Jex-Blake & W Fedde Fedden 

Longman 

Anatomy Deseriptive and Applied 

18th 

1913 

Robert Howden & Blake & Fedden 

Longman 


19th 

1916 

Robert Howden & Blake & Fedden 

Longman 


20th 

1918 

Robert Howden & Blake & Fedden 

First edition ever to feature a photograph and obituary of Henry Gray 

Longman 


21 st 

1920 

Robert Howden 

Notes on applied anatomy by AJ Jex-Blake & John Clay 

Longman 


22nd 

1923 

Robert Howden 

Notes on applied anatomy by John Clay & John D Liekley 

Longman 


23rd 

1926 

Robert Howden 

Longman 


24th 

1930 

TB Johnston 

Longman 


25th 

1932 

TB Johnston 

Longman 


26th 

1935 

TB Johnston 

Longman 


27th 

1938 

TB Johnston & J Whillis 

Longman 

Gray’s Anatomy 

28th 

1942 

TB Johnston & J Whillis 

Longman 


29th 

1946 

TB Johnston & J Whillis 

Longman 


30th 

1949 

TB Johnston & J Whillis 

Longman 


31 st 

1954 

TB Johnston & J Whillis 

Longman 


32nd 

1958 

TB Johnston & DV Davies & F Davies 

Longman 


33 rd 

1962 

DV Davies & F Davies 

Longman 


34th 

1967 

DV Davies & RE Coupland 

Longman 


35th 

1973 

Peter L Williams & Roger Warwick 

With a separate volume: Functional Neuroanatomy ofMan- being the 
neurology seetion of Gray’s Anatomy. 35th edition, 1975 

Longman 


36th 

1980 

Roger Warwick & Peter L Williams 

Churchill Livingstone 


37th 

1989 

Peter L Williams 

Churchill Livingstone 


38th 

1995 

Peter L Williams & Editorial Board 

Churchill Livingstone 


39th 

2005 

Susan Standring & Editorial Board 

Elsevier 

The Anatomieal Basis of dinieai Praetiee 

40th 

2008 

Susan Standring & Editorial Board 

Elsevier 

The Anatomieal Basis of dinieai Praetiee 

41 st 

2015 

Susan Standring & Editorial Board 

Elsevier 

The Anatomieal Basis of dinieal Praetiee 
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THE DOCTORS’ BIBLE 

Neither Gray nor Carter, the yoimg men who - by their eommitted hard 
work between 1856 and 1858 - ereated the original Gray's Anatomy, 
would have eoneeived that so many years after their deaths their book 
would not only be a household name, but also be regarded as a work 
of such pre-eminent importanee that a novelist half a world away would 
rank it as eardinal - alongside the Bible and Shakespeare - to a doetor's 
education (Sinelair Lewis 1925, Riehardson 2008). From this forty-fìrst 
edition of Gray's Anatomy, we ean look baek to appraise the long-term 
value of their efforts. We ean diseern how the book they ereated tri- 
umphed over its eompetitors, and has survived pre-eminent. Gray's is a 
remarkable publishing phenomenon. Although the volume now looks 
quite different to the original, and eontains so much more, its kinship 
with the Gray's Anatomy of 1858 is easily demonstrable by direet deseent, 
every edition updated by Henry Gray's successor. Works are rare indeed 
that have had such a long history of continuous publication on both 
sides of the Atlantie, and such a useful one. 

Ruth Riehardson, MA, DPhil, FRHistS 
Senior Visiting Researeh Fellow, Centre for Life-Writing Researeh, 

King's College London; 
Affiliated Seholar in the History and Philosophy of Seienee, 

Hniversity of Cambridge, UK 
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ANATOMICAL NOMENCLATURE 


Anatomy is the study of the structure of the body. Conventionally it is 
divided into topographieal (maeroseopie or gross) anatomy (which 
may be fiirther divided into regional anatomy, surface anatomy neuro- 
anatomy endoseopie and imaging anatomy); developmental anatomy 
(embryogenesis and subsequent organogenesis); and the anatomy of 
mieroseopie and submicroscopic structure (histology). 

Anatomieal language is one of the fhndamental languages of medi- 
eine. The unambiguous deseription of thousands of structures is impos- 
sible without an extensive and often highly speeialized vocabulary. 
Ideally these terms, which are often derived from Latin or Greek, 
should be used to the exclusion of any other, and eponyms should be 
avoided. In reality this does not always happen. Many terms are ver- 
naailarized and, around the world, synonyms and eponyms still 
abound in the literature, in medieal undergraduate elassrooms and in 
elinies. The Terminologia Anatomiea, drawn up by the Federative Com- 
mittee on Anatomieal Terminology (FCAT) in 1998, continues to serve 
as our referenee source for the terminology for maeroseopie anatomy, 
and the text of the forty-first edition of Gray's Anatomy is almost entirely 
TA-eompliant. However, where terminology is at varianee with, or, more 
likely, is not included in, the TA, the alternative term used either is eited 
in the relevant consensus document or position paper, or enjoys wide- 
spread elinieal usage. Synonyms and eponyms are given in parentheses 
on fìrst usage of a preferred term and not shown thereafter in the text; 
an updated list of eponyms and short biographieal details of the elini- 
eians and anatomists whose names are used in this way is available in 
the e-book for referenee purposes (see Prefaee, p. ix, for fhrther discus- 
sion of the use of eponyms). 

PLANES, DIREOTIONS AND 
RELATIONSHIPS 

To avoid ambiguity, all anatomieal deseriptions assume that the body 
is in the eonventional 'anatomieal position', i.e. standing ereet and 
faeing forwards, upper limbs by the side with the palms faeing forwards, 
and lower limbs together with the toes faeing forwards ( "ig. 1). Deserip- 
tions are based on four imaginary planes - median, sagittal, eoronal 
and horizontal - applied to a body in the anatomieal position. The 
median plane passes longitudinally through the body and divides it 
into right and left halves. The sagittal plane is any vertieal plane parallel 


l Terminologia Anatomiea (1998) is the joint ereation of the Federative Committee on 
Anatomieal Terminology (FCAT) and the Member Assoeiations of the Interna- 
tional Federation of Assoeiations of Anatomists (IFAA). 


with the median plane; although often employed, parasagittaF is there- 
fore redundant and should not be used. The eoronal (frontal) plane is 
orthogonal to the median plane and divides the body into anterior 
(front) and posterior (baek). The horizontal (transverse) plane is 
orthogonal to both median and sagittal planes. Radiologists refer to 
transverse planes as (trans)axial; eonvention dietates that axial anatomy 
is viewed as though looking from the feet towards the head. 

Structures nearer the head are superior, eranial or (sometimes) 
eephalie (eephalad), whereas structures eloser to the feet are inferior; 
caudal is most often used in embryology to refer to the hind end of the 
embryo. Medial and lateral indieate eloseness to the median plane, 
medial being eloser than lateral; in the anatomieal position, the little 
finger is medial to the thumb, and the great toe is medial to the little 
toe. Speeialized terms may also be used to indieate medial and lateral. 
Thus, in the upper limb, ulnar and radial are used to mean medial and 
lateral, respeetively; in the lower limb, tibial and fibular (peroneal) are 
used to mean medial and lateral, respeetively. Terms may be based on 
embryologieal relationships; the border of the upper limb that includes 
the thumb, and the border of the lower limb that includes the great toe 
are the pre-axial borders, whilst the opposite borders are the post-axial 
borders. Various degrees of obliquity are acknowledged using eom- 
pound terms, e.g. posterolateral. 

When referring to structures in the tmnk and upper limb, we have 
freely used the synonyms anterior, ventral, flexor, palmar and volar, and 
posterior, dorsal and extensor. We reeognize that these synonyms are 
not always satisfaetory, e.g. the extensor aspeet of the leg is anterior with 
respeet to the knee and ankle joints, and superior in the foot and digits; 
the plantar (flexor) aspeet of the foot is inferior. Dorsal (dorsum) and 
ventral are terms used particularly by embryologists and neuroanato- 
mists; they therefore feature most often in Seetions 2 and 3. 

Distal and proximal are used particularly to deseribe stmctures in 
the limbs, taking the datum point as the attaehment of the limb to the 
tmnk (sometimes referred to as the root), such that a proximal stmcture 
is eloser to the attaehment of the limb than a distal structure. However, 
proximal and distal are also used in deseribing branehing stmctures, 
e.g. bronehi, vessels and nerves. External (outer) and internal (inner) 
refer to the distanee from the eentre of an organ or eavity, e.g. the layers 
of the body wall, or the cortex and medulla of the kidney. Superficial 
and deep are used to deseribe the relationships between adjaeent stme- 
tures. Ipsilateral refers to the same side (of the body, organ or structure), 
bilateral to both sides, and eontralateral to the opposite side. 

Teeth are deseribed using speeifie terms that indieate their relation- 
ship to their neighbours and to their position within the dental areh; 
these terms are deseribed on page 517. 


ANATOMICAL NOMENOLATIIRE 


SLIPERIOR ASPECT 


Ooronal plane 


Anterior or ventral 


Median orsagittal plane 


Transverse or horizontal plane 


RIGHT LATERAL ASPECT 


ANTERIOR ASPECT 


Posterior or dorsal 


Inferior or caudal 


Superior or eranial 



LEFT LATERAL ASPECT 


Lateral (external) rotation 
Medial (internal) rotation 


INFERIOR ASPECT 


Fig. 1 The terminology vvidely used in deseriptive anatomy. Abbreviations shovvn on arrovvs: AD, adduction; AB, abduction; FLEX, flexion (of the thigh at 
the hip joint); EXT, extension (of the leg at the knee joint). 























































The following referenees eontain information relevant to numerous 
ehapters in this edition. They are therefore eited here rather than at the 
end of individual ehapters. For an extended historieal bibliography, all 
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(JHAPTER 

1 


Bas c structure and funct on of ce s 


CELL STRUCTURE 


GENERAL CHARACTERISTICS OF CELLS 


The shapes of mammalian eells vary widely depending on their interae- 
tions with eaeh other, their extracellular environment and internal 
structures. Their surfaces are often highly folded when absorptive or 
transport fhnetions take plaee aeross their boundaries. Cell size is 
limited by rates of diffhsion, either that of material entering or leaving 
eells, or that of diffhsion within them. Movement of macromolecules 
ean be much aeeelerated and also direeted by proeesses of aetive trans- 
port aeross the plasma membrane and by transport meehanisms within 
the eell. Aeeording to the loeation of absorptive or transport functions, 
apieal mierovilli (Fig. 1.1) or basolateral infoldings ereate a large 
surface area for transport or diffhsion. 

Motility is a eharaeteristie of most eells, in the form of movements 
of eytoplasm or speeifie organelles from one part of the eell to another. 
It also includes: the extension of parts of the eell surface such as pseu- 
dopodia, lamellipodia, fìlopodia and mierovilli; loeomotion of entire 
eells, as in the amoeboid migration of tissue maerophages; the beating 
of flagella or eilia to move the eell (e.g. in spermatozoa) or fluids overly- 
ing it (e.g. in respiratory epithelium); eell division; and muscle eontrae- 
tion. Cell movements are also involved in the uptake of materials from 
their environment (endoeytosis, phagoeytosis) and the passage of large 
molecular complexes out of eells (exocytosis, seeretion). 


Epithelial eells rarely operate independently of eaeh other and eom- 
monly form aggregates by adhesion, often assisted by speeialized inter- 
cellular junctions. They may also communicate with eaeh other either 
by generating and deteeting moleailar signals that diffuse aeross inter- 
cellular spaees, or more rapidly by generating interaetions between 
membrane-bound signalling molecules. Cohesive groups of eells eon- 
stitute tissues, and more complex assemblies of tissues form hmetional 
systems or organs. 

Most eells are between 5 and 50 pm in diameter: e.g. resting lym- 
phoeytes are 6 jLtm aeross, red blood eells 7.5 pm and columnar epithe- 
lial eells 20 jitm tall and 10 jiim wide (all measurements are approximate). 
Some eells are much larger than this: e.g. megakaryoeytes of the bone 
marrow and osteoelasts of the remodelling bone are more than 200 jitm 
in diameter. Neurones and skeletal muscle eells have relatively extended 
shapes, some of the former being over 1 m in length. 

CELLULAR 0RGANIZATI0N 


Eaeh eell is eontained within its limiting plasma membrane, which 
eneloses the eytoplasm. All eells, except mature red blood eells, also 
eontain a nucleus that is surrounded by a nuclear membrane or enve- 
lope (see Fig. 1.1; Fig. 1.2). The nucleus inehides: the genome of the 
eell eontained within the ehromosomes; the nucleolus; and other sub- 
nuclear structures. The eytoplasm eontains eytomembranes and several 
membrane-bound structures, ealled organelles, which form separate 
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Fig. 1.1 The main structural eomponents and internal organization of a generalized eell. 
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Fig. 1.2 The structural organization and some prineipal organelles of a 
typieal eell. This example is a eiliated columnar epithelial eell from human 
nasal mucosa. The eentral eell, vvhieh occupies most of the field of 
view, is elosely apposed to its neighbours along their lateral plasma 
membranes. Within the apieal junctional complex, these membranes form 
a tightly sealed zone (tight junction) that isolates underlying tissues from, 
in this instanee, the nasal eavity. Abbreviations: AJC, apieal junctional 
complex; APM, apieal plasma membrane; C, eilia; Cy, eytoplasm; EN, 
euchromatic nucleus; LPM, lateral plasma membrane; M, mitoehondria; 
MV, mierovilli; N, nucleolus. (Courtesy of Dr Bart Wagner, Histopathology 
Department, Sheffield Teaehing Hospitals, UK.) 

and distinet eompartments within the eytoplasm. Cytomembranes 
include the rough and smooth endoplasmie reticulum and Golgi appa- 
ratus, as well as vesieles derived from them. Organelles include lyso- 
somes, peroxisomes and mitoehondria. The nucleus and mitoehondria 
are enelosed by a double-membrane system; lysosomes and peroxi- 
somes have a single bounding membrane. There are also non- 
membranous stmctures, ealled inehisions, which lie free in the eytosolie 
eompartment. They include lipid droplets, glyeogen aggregates and pig- 
ments (e.g. lipofhsein). In addition, ribosomes and several filamentous 
protein networks, known eolleetively as the eytoskeleton, are found in 
the eytosol. The eytoskeleton determines general eell shape and sup- 
ports speeialized extensions of the eell surface (mierovilli, eilia, flag- 
ella). It is involved in the assembly of speeifie stmctures (e.g. eentrioles) 
and eontrols eargo transport in the eytoplasm. The eytosol eontains 
many soluble proteins, ions and metabolites. 

[(*) Plasma membrane 

Cells are enelosed by a distinet plasma membrane, which shares fea- 
tures with the eytomembrane system that eompartmentalizes the eyto- 
plasm and surrounds the nucleus. All membranes are eomposed of 
lipids (mainly phospholipids, eholesterol and glyeolipids) and pro- 
teins, in approximately equal ratios. Plasma membrane lipids form a 
lipid bilayer, a layer two molecules thiek. The hydrophobie ends of eaeh 
lipid molecule faee the interior of the membrane and the hydrophilie 
ends faee outwards. Most proteins are embedded within, or float in, the 
lipid bilayer as a fluid mosaie. Some proteins, because of extensive 
hydrophobie regions of their polypeptide ehains, span the entire width 
of the membrane (transmembrane proteins), whereas others are only 
superficially attaehed to the bilayer by lipid groups. Both are integral 
(intrinsie) membrane proteins, as distinet from peripheral (extrinsic) 
membrane proteins, which are membrane-bound only through their 
assoeiation with other proteins. Carbohydrates in the form of oligosae- 



Fig. 1.3 The molecular organization of the plasma membrane, aeeording 
to the fluid mosaie model of membrane structure. intrinsie or integral 
membrane proteins include diffusion or transport ehannel complexes, 
reeeptor proteins and adhesion molecules. These may span the thiekness 
of the membrane (transmembrane proteins) and ean have both 
extracellular and eytoplasmie domains. Transmembrane proteins have 
hydrophobie zones, which eross the phospholipid bilayer and allow the 
protein to ‘float’ in the plane of the membrane. Some proteins are 
restrieted in their freedom of movement where their eytoplasmie domains 
are tethered to the eytoskeleton. 

eharides and polysaeeharides are bound either to proteins (glyeopro- 
teins) or to lipids (glyeolipids), and projeet mainly into the extracellular 
domain (Fig. 1.3). 

In the eleetron mieroseope, membranes fixed and eontrasted by 
heavy metals such as osmium tetroxide appear in seetion as two densely 
stained layers separated by an electron-translucent zone - the elassie 
unit membrane. The total thiekness of eaeh layer is about 7.5 nm. The 
overall thiekness of the plasma membrane is typieally 15 nm. Freeze- 
fracture eleavage planes usually pass along the hydrophobie portion of 
the bilayer, where the hydrophobie tails of phospholipids meet, and 
split the bilayer into two leaflets. Eaeh eleaved leaflet has a surface and 
a faee. The surface of eaeh leaflet faees either the extracellular surface 
(ES) or the intracellular or protoplasmie (eytoplasmie) surface (PS). The 
extracellular faee (EF) and protoplasmie faee (PF) of eaeh leaflet are 
artifieially produced during membrane splitting. This technique has 
also demonstrated intramembranous partieles embedded in the lipid 
bilayer; in most eases, these represent large transmembrane protein 
moleailes or complexes of proteins. Intramembranous partieles are 
distributed asymmetrieally between the two half-layers, usually adher- 
ing more to one half of the bilayer than to the other. In plasma mem- 
branes, the intracellular leaflet earries most partieles, seen on its faee 
(the PF). Where they have been identified, clusters of partieles usually 
represent ehannels for the transmembrane passage of ions or molecules 
between adjaeent eells (gap junctions). 

Biophysieal measurements show the lipid bilayer to be highly fluid, 
allowing diffiision in the plane of the membrane. Thus proteins are able 
to move freely in such planes unless anehored from within the eell. 
Membranes in general, and the plasma membrane in particular, form 
boundaries seleetively limiting diffiision and ereating physiologieally 
distinet eompartments. Lipid bilayers are impermeable to hydrophilie 
solutes and ions, and so membranes aetively eontrol the passage of ions 
and small organie molecules such as nutrients, through the aetivity of 
membrane transport proteins. However, lipid-soluble substances ean 
pass direetly through the membrane so that, for example, steroid hor- 
mones enter the eytoplasm freely. Their reeeptor proteins are either 
eytosolie or mielear, rather than being loeated on the eell surface. 

Plasma membranes are able to generate eleetroehemieal gradients 
and potential differenees by seleetive ion transport, and aetively take up 
or export small molecules by energy-dependent proeesses. They also 
provide surfaces for the attaehment of enzymes, sites for the reeeptors 5 
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Basie structure and function of eells 


Combinations of bioehemieaf biophysieal and biologieal teeh- 
niques have revealed that lipids are not homogenously distributed in 
membranes, but that some are organized into mierodomains in the 
bilayer, ealled 'detergent-resistant membranes' or lipid 'rafts', rieh in 
sphingomyelin and eholesterol. The ability of seleet subsets of proteins 
to partition into different lipid mierodomains has profound effeets on 
their hmetion, e.g. in T-eell reeeptor and eell-eell signalling. The highly 
organized environment of the domains provides a signalling, traffieking 
and membrane fhsion environment. 
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of external signals, including hormones and other ligands, and sites for 
the reeognition and attaehment of other eells. Internally, plasma mem- 
branes ean aet as points of attaehment for intracellular stmctures, in 
partiailar those eoneerned with eell motility and other eytoskeletal 
fhnetions. Cell membranes are synthesized by the rough endoplasmie 
reticulum in conjunction with the Golgi apparatus. 

jt^l Cell eoat (glycocalyx) 

The external surface of a plasma membrane differs stmcturally from 
internal membranes in that it possesses an externaf fuzzy earbohydrate- 
rieh eoat, the glycocalyx. The eell eoat forms an integral part of the 
plasma membrane, projeeting as a difhisely fìlamentous layer 2-20 nm 
or more from the lipoprotein surface. The eell eoat is eomposed of the 
earbohydrate portions of glyeoproteins and glyeolipids embedded in 
the plasma membrane (see Fig. 1.3). 

The preeise eomposition of the glycocalyx varies with eell type; many 
tissue- and eell type-speeifìe antigens are loeated in the eoat, including 
the major histoeompatibility complex of the immune system and, in 
the ease of erythroeytes, blood group antigens. Therefore, the glycocalyx 
plays a signifìeant role in organ transplant eompatibility. The glycocalyx 
found on apieal mierovilli of enteroeytes, the eells forming the lining 
epithelium of the intestine, eonsists of enzymes involved in the diges- 
tive proeess. Intestinal mierovilli are eylindrieal projeetions (1-2 pm 
long and about 0.1 pm in diameter) forming a elosely paeked layer 
ealled the bmsh border that inereases the absorptive fhnetion of 
enteroeytes. 

Cytoplasm 


Compartments and functional organization 

The eytoplasm eonsists of the eytosol, a gel-like material enelosed by 
the eell or plasma membrane. The eytosol is made up of eolloidal pro- 
teins such as enzymes, earbohydrates and small protein molecules, 
together with ribosomes and ribonucleic aeids. The eytoplasm eontains 
two eytomembrane systems, the endoplasmie reticulum and Golgi 
apparatus, as well as membrane-bound organelles (lysosomes, peroxi- 
somes and mitoehondria), membrane-free inclusions (lipid droplets, 
glyeogen and pigments) and the eytoskeleton. The nuclear eontents, 
the mieleoplasm, are separated from the eytoplasm by the nuclear 
envelope. 

Endoplasmie reticulum 

The endoplasmie reticulum is a system of intereonneeting membrane- 
lined ehannels within the eytoplasm (Fig. 1.4). These ehannels take 
various forms, including eisternae (flattened saes), tubules and vesieles. 
The membranes divide the eytoplasm into two major eompartments. 
The intramembranous eompartment, or eisternal spaee, is where seere- 
tory products are stored or transported to the Golgi complex and eell 
exterior. The eisternal spaee is continuous with the perinuclear spaee. 

Structurally, the ehannel system ean be divided into rough or granu- 
lar endoplasmie reticulum (RER), which has ribosomes attaehed to its 
outer, eytosolie surface, and smooth or agranular endoplasmie reticu- 
lum (SER), which laeks ribosomes. The fhnetions of the endoplasmie 
reticulum vary greatly and include: the synthesis, folding and transport 
of proteins; synthesis and transport of phospholipids and steroids; and 
storage of calcium within the eisternal spaee and regulated release into 
the eytoplasm. In general, RER is well developed in eells that produce 



Fig. 1.4 Smooth endoplasmie reticulum with assoeiated vesieles. The 
dense partieles are glyeogen granules. (Courtesy of Rose VVatson, Cancer 
6 Researeh UK.) 


abundant proteins; SER is abundant in steroid-producing eells and 
muscle eells. A variant of the endoplasmie reticulum in muscle eells is 
the sareoplasmie reticulum, involved in calcium storage and release for 
muscle eontraetion. For hirther reading on the endoplasmie reticulum, 

see Bravo et al (2013). 

Smooth endoplasmie reticulum 

The smooth endoplasmie reticulum (see Fig. 1.4) is assoeiated with 
earbohydrate metabolism and many other metabolie proeesses, includ- 
ing detoxifìcation and synthesis of lipids, eholesterol and steroids. The 
membranes of the smooth endoplasmie reticulum serve as surfaces for 
the attaehment of many enzyme systems, e.g. the enzyme eytoehrome 
P450, which is involved in important detoxifìcation meehanisms and 
is thus aeeessible to its substrates, which are generally lipophilie. The 
membranes also eooperate with the rough endoplasmie reticulum 
and the Golgi apparatus to synthesize new membranes; the protein, 
earbohydrate and lipid eomponents are added in different structural 
eompartments. The smooth endoplasmie reticulum in hepatoeytes eon- 
tains the enzyme glucose-6-phosphatase, which eonverts glucose-6- 
phosphate to glucose, a step in gluconeogenesis. 

Rough endoplasmie reticulum 

The rough endoplasmie reticulum is a site of protein synthesis; its 
eytosolie surface is studded with ribosomes (Fig. 1.5E). Ribosomes only 
bind to the endoplasmie reticulum when proteins targeted for seeretion 
begin to be synthesized. Most proteins pass through its membranes and 
accumulate within its eisternae, although some integral membrane pro- 
teins, e.g. plasma membrane reeeptors, are inserted into the rough 
endoplasmie reticulum membrane, where they remain. After passage 
from the rough endoplasmie reticulum, proteins remain in membrane- 
bound eytoplasmie organelles such as lysosomes, beeome ineorporated 
into new plasma membrane, or are seereted by the eell. Some earbohy- 
drates are also synthesized by enzymes within the eavities of the rough 
endoplasmie reticulum and may be attaehed to newly formed protein 
(glyeosylation). Vesieles are budded off from the rough endoplasmie 
reticulum for transport to the Golgi as part of the protein-targeting 
meehanism of the eell. 


Ribosomes, polyribosomes 
and protein synthesis 

Ribosomes are macromolecular maehines that eatalyse the synthesis of 
proteins from amino aeids; synthesis and assembly into subunits takes 
plaee in the nucleolus and inehides the assoeiation of ribosomal RNA 
(rRNA) with ribosomal proteins transloeated from their site of synthesis 
in the eytoplasm. The individual subunits are then transported into the 
eytoplasm, where they remain separate from eaeh other when not 
aetively synthesizing proteins. Ribosomes are granules approximately 
25 nm in diameter, eomposed of rRNA molecules and proteins assem- 
bled into two unequal subunits. The subunits ean be separated by their 
sedimentation eoeffìeients (S) in an ultracentrifuge into larger 60S and 
smaller 40S eomponents. These are assoeiated with 73 different pro- 
teins (40 in the large subunit and 33 in the small), which have structural 
and enzymatie fhnetions. Three small, highly convoluted rRNA strands 
(28S, 5.8S and 5S) make up the large subunit, and one strand (18S) is 
in the small subunit. 

A typieal eell eontains millions of ribosomes. They may form groups 
(polyribosomes or polysomes) attaehed to messenger RNA (mRNA), 
which they translate during protein synthesis for use outside the system 
of membrane eompartments, e.g. enzymes of the eytosol and eytoskel- 
etal proteins. Some of the eytosolie products include proteins that ean 
be inserted direetly into (or through) membranes of seleeted organelles, 
such as mitoehondria and peroxisomes. Ribosomes may be attaehed to 
the membranes of the rough endoplasmie reticulum (see Fig. 1.5E). 

In a mature polyribosome, all the attaehment sites of the mRNA are 
occupied as ribosomes move along it, synthesizing protein aeeording 
to its nucleotide sequence. Consequently, the number and spaeing of 
ribosomes in a polyribosome indieate the length of the mRNA mole- 
cule and henee the size of the protein being made. The two subunits 
have separate roles in protein synthesis. The 40S subunit is the site of 
attaehment and translation of mRNA. The 60S subunit is responsible 
for the release of the new protein and, where appropriate, attaehment 
to the endoplasmie reticulum via an intermediate doeking protein that 
direets the newly synthesized protein through the membrane into the 
eisternal spaee. 



Golgi apparatus (Golgi complex) 

The Golgi apparatus is a distinet eytomembrane system loeated near the 
nucleus and the eentrosome. It is particularly prominent in seeretory 
eells and ean be visualized when stained with silver or other metallie 

































Basie structure and function of eells 


The glycocalyx plays a signifieant role in maintenanee of the integrity 
of tissues and in a wide range of dynamie cellular proeesses, e.g. serving 
as a vasailar permeability barrier and transducing fluid shear stress to 
the endothelial eell eytoskeleton (Weinbaum et al 2007). Dismption of 
the glycocalyx on the endothelial surface of large blood vessels preeedes 
inflammation, a eonditioning faetor of atheromatosis (e.g. deposits of 
eholesterol in the vascular wall leading to partial or eomplete obstme- 
tion of the vascular himen). 

Protein synthesis on ribosomes may be suppressed by a elass of RNA 
molecules known as small interfering RNA (siRNA) or sileneing RNA. 
These molecules are typieally 20-25 nucleotides in length and bind (as 
a complex with proteins) to speeifie mRNA molecules via their eomple- 
mentary sequence. This triggers the enzymatie destmetion of the mRNA 
or prevents the movement of ribosomes along it. Synthesis of the 
eneoded protein is thus prevented. Their normal fimetion may have 
antiviral or other proteetive effeets; there is also potential for developing 
artifieial siRNAs as a therapeutic tool for sileneing disease-related genes. 
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Fig. 1.5 The Golgi apparatus and functionally related organelles. A, Golgi apparatus (G) adjaeent to the nucleus (N) (V, vesiele). B, A large residual body 
(tertiary lysosome) in a eardiae muscle eell (M, mitoehondrion). C, The functional relationships between the Golgi apparatus and assoeiated cellular 
structures. D, A three-dimensional reeonstmetion of the Golgi apparatus in a panereatie (3 eell showing staeks of Golgi eisternae from the e/'s-faee (pink) 
and e/'s-medial eisternae (red, green) to the frans-Golgi network (blue, yellow, orange-red); immature proinsulin granules (eondensing vesieles) are 
shown in pale blue and mature (erystalline) insulin granules in dark blue. The flat colour areas represent cut faees of eisternae and vesieles. E, Rough 
endoplasmie reticulum (R), assoeiated with the Golgi apparatus (G). (D, Courtesy of Dr Brad Marsh, lnstitute for Molecular Bioseienee, Llniversity of 
Queensland, Brisbane. A,B,E From human tissue, courtesy of Dr Bart VVagner, Histopathology Department, Sheffield Teaehing Hospitals, UK.) 
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salts. Traffie between the endoplasmie reticulum and the Golgi appara- 
tus is bidireetional and takes plaee via earrier vesieles derived from the 
donor site that bud, tether and fuse with the target site. 

Golgins are long eoiled-eoil proteins attaehed to the eytoplasmie 
surface of eisternal membranes, forming a fibrillar matrix surrounding 
the Golgi apparatus to stabilize it; they have a role in vesiele traffieking 
(for fiirther reading on golgins, see Munro 2011). The Golgi apparatus 
has several fimetions: it links anterograde and retrograde protein and 
lipid flow in the seeretory pathway; it is the site where protein and lipid 
glyeosylation occurs; and it provides membrane platforms to which 
signalling and sorting proteins bind. 

THtrastmetmally, the Golgi apparatus (Fig. 1.5A) displays a eontin- 
uous ribbon-like stmcture eonsisting of a staek of several flattened 
membranous eisternae, together with clusters of vesieles surrounding 
its surfaces. Cisternae differ in enzymatie eontent and aetivity. Small 
transport vesieles from the rough endoplasmie reticulum are reeeived 
at one faee of the Golgi staek, the convex cis-fa.ce (entry or forming 
surface). Here, they deliver their eontents to the first eisterna in the 
series by membrane fiision. From the edges of this eisterna, the protein 
is transported to the next eisterna by vesicular budding and then 
ffision, and this proeess is repeated aeross medial eisternae until the 
final eisterna at the eoneave trans-faee (exit or eondensing surface) is 
reaehed. Here, larger vesieles are formed for delivery to other parts of 
the eell. 

The ds-Golgi and trans-Golgi membranous networks form an inte- 
gral part of the Golgi apparatus. The ds-Golgi network is a region of 
complex membranous ehannels interposed between the rough endo- 
plasmie reticulum and the Golgi eis- faee, which reeeives and transmits 
vesieles in both direetions. Its fimetion is to seleet appropriate proteins 
synthesized on the rough endoplasmie reticulum for delivery by vesieles 
to the Golgi staek, while inappropriate proteins are shuttled baek to the 
rough endoplasmie reticulum. 

The trans-Golgi network, at the other side of the Golgi staek, is also 
a region of intereonneeted membrane ehannels engaged in protein 
sorting. Here, modified proteins proeessed in the Golgi eisternae are 
paekaged seleetively into vesieles and dispatehed to different parts of 
the eell. The paekaging depends on the deteetion, by the trans-Golgi 
network, of particular amino-aeid signal sequences, leading to their 
enclosure in membranes of appropriate eomposition that will ffirther 
modify their eontents, e.g. by extracting water to eoneentrate them 
(vesieles entering the exocytosis pathway) or by pumping in protons to 
aeidiíy their eontents (lysosomes destined for the intracellular sorting 
pathway). 

Within the Golgi staek proper, proteins undergo a series of sequen- 
tial ehemieal modifieations by Golgi resident enzymes synthesized 
in the rough endoplasmie reticulum. These include: glyeosylation 
(ehanges in glyeosyl groups, e.g. removal of mannose, addition of 
N-acetylglucosamine and sialie aeid); sulphation (addition of sulphate 
groups to glyeosaminoglyeans); and phosphorylation (addition of 
phosphate groups). Some modifieations serve as signals to direet pro- 
teins and lipids to their final destination within eells, including lyso- 
somes and plasma membrane. Lipids formed in the endoplasmie 
reticulum are also routed for ineorporation into vesieles. 

Exocytic (seeretory) pathvvay 

Seereted proteins, lipids, glyeoproteins, small molecules such as amines 
and other cellular products destined for export from the eell are trans- 
ported to the plasma membrane in small vesieles released from the 
trans-faee of the Golgi apparatus. This pathway either is constitutive, in 
which transport and seeretion occur more or less continuously, as with 
immunoglobulins produced by plasma eells, or it is regulated by exter- 
nal signals, as in the eontrol of salivary seeretion by autonomic neural 
stimulation. In regulated seeretion, the seeretory product is stored tem- 
porarily in membrane-bound seeretory granules or vesieles. Exocytosis 
is aehieved by ffision of the seeretory vesiailar membrane with the 
plasma membrane and release of the vesiele eontents into the extracel- 
fiilar domain. In polarized eells, e.g. most epithelia, exocytosis occurs 
at the apieal plasma membrane. Glandular epithelial eells seerete into 
a duct lumen, as in the panereas, or on to a free surface, such as the 
lining of the stomaeh. In hepatoeytes, bile is seereted aeross a very small 
area of plasma membrane forming the wall of the bile canaliculus. This 
region is defined as the apieal plasma membrane and is the site of 
exocrine seeretion, whereas seeretion of hepatoeyte plasma proteins 
into the blood stream is targeted to the basolateral surfaces faeing the 
sinusoids. Paekaging of different seeretory products into appropriate 
vesieles takes plaee in the trans-Golgi network. Delivery of seeretory 
vesieles to their eorreet plasma membrane domains is aehieved by 
sorting sequences in the eytoplasmie tails of vesicular membrane 
proteins. 


Endoeytie (internalization) pathvvay 

The endoeytie pathway begins at the plasma membrane and ends in 
lysosomes involved in the degradation of the endoeytie eargo through 
the enzymatie aetivity of lysosomal hydrolases. Endoeytie eargo is 
internalized from the plasma membrane to early endosomes and 
then to late endosomes. Late endosomes transport their eargo to lyso- 
somes, where the eargo material is degraded following ffision and 
mhdng of eontents of endosomes and lysosomes. Early endosomes 
derive from endoeytie vesieles (elathrin-eoated vesieles and eaveolae). 
Onee internalized, endoeytie vesieles shed their eoat of adaptin and 
elathrin, and fuse to form an early endosome, where the reeeptor 
molecules release their bound ligands. Membrane and reeeptors from 
the early endosomes ean be reeyeled to the eell surface as exocytic 
vesieles. 

Clathrin-dependent endoeytosis occurs at speeialized patehes of 
plasma membrane ealled eoated pits; this meehanism is also used to 
internalize ligands bound to surface reeeptor molecules and is also 
termed reeeptor-mediated endoeytosis. Caveolae (little eaves) are stme- 
turally distinet pinoeytotie vesieles most widely used by endothelial and 
smooth muscle eells, when they are involved in transeytosis, signal 
transduction and possibly other fimetions. In addition to late endo- 
somes, lysosomes ean also fuse with phagosomes, autophagosomes 
and plasma membrane patehes for membrane repair. Lysosomal hydro- 
lases proeess or degrade exogenous materials (phagoeytosis or hetero- 
phagy) as well as endogenous material (autophagy). Phagoeytosis 
eonsists of the cellular uptake of invading pathogens, apoptotie eells 
and other foreign material by speeialized eells. Lysosomes are numerous 
in aetively phagoeytie eells, e.g. maerophages and neutrophil granulo- 
eytes, in which lysosomes are responsible for destroying phagoeytosed 
partieles, e.g. baeteria. In these eells, the phagosome, a vesiele poten- 
tially eontaining a pathogenie mieroorganism, may ffise with several 
lysosomes. 

Autophagy involves the degradation and reeyeling within an 
autophagosome of eytoplasmie eomponents that are no longer needed, 
including organelles. The assembly of the autophagosome involves 
several proteins, including autophagy-related (Atg) proteins, as well as 
Hsc70 ehaperone, that transloeate the substrate into the lysosome (Boya 
et al 2013). Autophagosomes sequester eytoplasmie eomponents and 
then ffise with lysosomes without the partieipation of a late endosome. 
The 26S proteasome (see below) is also involved in eelhilar degradation 
but autophagy refers speeifieally to a lysosomal degradation-reeyeling 
pathway. Autophagosomes are seen in response to starvation and eell 
growth. 

Late endosomes reeeive lysosomal enzymes from primary lysosomes 
derived from the Golgi apparatus after late endosome-lysosome mem- 
brane tethering and ffision followed by diffiision of lysosomal eontents 
into the endosomal lumen. The pH inside the ffised hybrid organelle, 
now a seeondary lysosome, is low (about 5.0) and this aetivates lyso- 
somal aeid hydrolases to degrade the endosomal eontents. The products 
of hydrolysis either are passed through the membrane into the eytosol, 
or may be retained in the seeondary lysosome. Seeondary lysosomes 
may grow eonsiderably in size by vesiele ffision to form multivesicular 
bodies, and the enzyme eoneentration may inerease greatly to form 
large lysosomes (Fig. 1.5B). 



Lysosomes 

Lysosomes are membrane-bound organelles 80-800 nm in diameter, 
often with complex inclusions of material undergoing hydrolysis (see- 
ondary lysosomes). Two elasses of proteins partieipate in lysosomal 
ffinetion: soluble aeid hydrolases and integral lysosomal membrane 
proteins. Eaeh of the 50 known aeid hydrolases (including proteases, 
lipases, earbohydrases, esterases and nucleases) degrades a speeifie sub- 
strate. There are about 25 lysosomal membrane proteins partieipating 
in the aeidifieation of the lysosomal lumen, protein import from the 
eytosol, membrane ffision and transport of degradation products to the 
eytoplasm. Material that has been hydrolysed within seeondary lyso- 
somes may be eompletely degraded to soluble products, e.g. amino 
aeids, which are reeyeled through metabolie pathways. However, degra- 
dation is usually ineomplete and some debris remains. A debris-laden 
vesiele is ealled a residual body or tertiary lysosome (see ?ig. 1.5B), and 
may be passed to the eell surface, where it is ejeeted by exocytosis; 
alternatively, it may persist inside the eell as an inert residual body. 
Considerable numbers of residual bodies ean accumulate in long-lived 
eells, often ffising to form larger dense vacuoles with complex lamellar 
inclusions. As their eontents are often darkly pigmented, this may 
ehange the colour of the tissue; e.g. in neurones, the end-product of 
lysosomal digestion, lipofiisein (neuromelanin or senility pigment), 
gives ageing brains a brownish-yellow colouration. Lysosomal enzymes 
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Carrier vesieles in transit from the endoplasmie reticulum to the 
Golgi apparatus (anterograde transport) are eoated by eoat protein 
complex II (eOPII), whereas COPI-containing vesieles hmetion in the 
retrograde transport route from the Golgi apparatus (reviewed in Spang 
(2013)). 

The membranes eontain speeifie signal proteins that may alloeate 
them to microtubule-based transport pathways and allow them to doek 
with appropriate targets elsewhere in the eelf e.g. the plasma mem- 
brane in the ease of seeretory vesieles. Vesiele formation and budding 
at the trans-Golgi network involves the addition of elathrin on their 
external snrfaee, to form eoated pits. 

Speeialized eells of the imimme system, ealled antigen-presenting 
eells, degrade protein moleenles, ealled antigens, transported by the 
endoeytie pathway for lysosomal breakdown, and expose their frag- 
ments to the eell exterior to elieit an immune response mediated ini- 
tially by helper T eells. 
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may also be seereted - often as part of a proeess to alter the extracellular 
matrix, as in osteoelast-mediated erosion during bone resorption. For 
fhrther reading on lysosome biogenesis, see Saftig and Klumperman 
(2009). 

[@ Lysosomal dysfunction 

Lysosomal storage diseases (LSDs) are a consequence of lysosomal 
dysfhnetion. Approximately 60 different types of LSD have been identi- 
fìed on the basis of the type of material accumulated in eells (such as 
mucopolysaccharides, sphingolipids, glyeoproteins, glyeogen and lipo- 
fhseins). LSDs are eharaeterized by severe neurodegeneration, mental 
deeline, and eognitive and behavioural abnormalities. Autophagy 
impairment caused by defeetive lysosome-autophagosome coupling 
triggers a pathogenie easeade by the aeemmilation of substrates that 
contribute to neurodegenerative disorders including Parkinson's dis- 
ease, Alzheimer's disease, Huntington's disease and several tau-opathies. 

Many lysosomal storage diseases are known, e.g. Tay-Saehs disease 
(GM2 gangliosidosis), in which a faulty (3-hexosaminidase A leads to 
the accumulation of the glyeosphingolipid GM2 ganglioside in neu- 
rones, causing death during ehildhood. In Danon disease, a vaoiolar 
skeletal myopathy and eardiomyopathy with neurodegeneration in 
hemizygous males, lysosomes fail to fhse with autophagosomes because 
of a mutation of the lysosomal membrane protein LAMP-2 (lysosomal 
assoeiated membrane protein-2). 

26S proteasome 

A protein ean be degraded by different meehanisms, depending on 
the eell type and different pathologieal eonditions. Furthermore, the 
same substrate ean engage different proteolytie pathways (Park and 
Cuervo 2013). Three major protein degradation meehanisms operate 
in eukaryotic eells to dispose of non-fhnetional cellular proteins: 
the autophagosome-lysosomal pathway (see above); the apoptotie 
proeaspase-easpase pathway (see below); and the ubiquitinated 
protein-26S proteasome pathway. The 26S proteasome is a multicata- 
lytie protease found in the eytosol and the nucleus that degrades intra- 
cellular proteins conjugated to a polyubiquitin ehain by an enzymatie 
easeade. The 26S proteasome eonsists of several subunits arranged into 
two 19S polar eaps, where protein reeognition and adenosine 5'- 
triphosphate (ATP)-dependent target proeessing occur, flanking a 20S 
eentral barrel-shaped structure with an inner proteolytie ehamber 
(Fomko and Hoehstrasser 2013). The 26S proteasome partieipates in 
the removal of misfolded or abnormally assembled proteins, the deg- 
radation of eyelins involved in the eontrol of the eell eyele, the proeess- 
ing and degradation of transeription regulators, cellular-mediated 
immune responses, and eell eyele arrest and apoptosis. 

Peroxisomes 

Peroxisomes are small (0.2-1 pm in diameter) membrane-bound 
organelles present in most mammalian eells. They eontain more than 
50 enzymes responsible for multiple eatabolie and synthetie bioehemi- 
eal pathways, in particular the (3-oxidation of very-long-ehain fatty 
aeids (>C22) and the metabolism of hydrogen peroxide (henee the 
name peroxisome). Peroxisomes derive from the endoplasmie reticu- 
lum through the transfer of proteins from the endoplasmie reticulum 
to peroxisomes by vesieles that bud from speeialized sites of the endo- 
plasmie reticulum and by a lipid non-vesicular pathway. All matrix 
proteins and some peroxisomal membrane proteins are synthesized by 
eytosolie ribosomes and eontain a peroxisome targeting signal that 
enables them to be imported by proteins ealled peroxins (Braverman 
et al 2013, Theodoulou et al 2013). Mature peroxisomes divide by 
small daughter peroxisomes pinehing off from a large parental 
peroxisome. 

Peroxisomes often eontain erystalline inclusions eomposed mainly 
of high eoneentrations of the enzyme urate oxidase. Oxidases use 
molecular oxygen to oxidize speeifìe organie substrates (such as L-amino 
aeids, D-amino aeids, urate, xanthine and very-long-ehain fatty aeids) 
and produce hydrogen peroxide that is detoxifìed (degraded) by per- 
oxisomal eatalase. Peroxisomes are particularly numerous in hepato- 
eytes. Peroxisomes are important in the oxidative detoxifìcation of 
various substances taken into or produced within eells, including 
ethanol. Peroxin mutation is a eharaeteristie feature of Zellweger syn- 
drome (eraniofaeial dysmorphism and malformations of brain, liver, 
eye and kidney; eerebrohepatorenal syndrome). Neonatal leukodystro- 
phy is an X-linked peroxisomal disease affeeting mostly males, caused 
by defieieney in (3-oxidation of very-long-ehain fatty aeids. The build-up 
of very-long-ehain fatty aeids in the nervous system and suprarenal 
glands determines progressive deterioration of brain fhnetion and 
suprarenal insuffìciency (Addison's disease). For fhrther reading, see 
Braverman et al (2013). 
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Fig. 1.6 A, Mitoehondria in human eardiae muscle. The folded eristae 
(arrows) projeet into the matrix from the inner mitoehondrial membrane. 
B, The loeation of the elementary partieles that couple oxidation and 
phosphorylation reaetions. (A, Courtesy of Dr Bart Wagner, 
Histopathology Department, Sheffield Teaehing Hospitals, UK.) 


Mitoehondria 

In the eleetron mieroseope, mitoehondria usually appear as round or 
elliptieal bodies 0.5-2.0 pm long (Fig. 1.6), eonsisting of an outer 
mitoehondrial membrane; an inner mitoehrondrial membrane, sepa- 
rated from the outer membrane by an intermembrane spaee; eristae, 
infoldings of the inner membrane that harbour ATP synthase to gener- 
ate ATP; and the mitoehondrial matrix, a spaee enelosed by the inner 
membrane and numerous eristae. The permeability of the two mito- 
ehondrial membranes differs eonsiderably: the outer membrane is 
freely permeable to many substances because of the presenee of large 
non-speeifìe ehannels formed by proteins (porins), whereas the inner 
membrane is permeable to only a narrow range of moleoiles. The pres- 
enee of eardiolipin, a phospholipid, in the inner membrane may eon- 
tribute to this relative impermeability. 

Mitoehondria are the prineipal source of ehemieal energy in most 
eells. Mitoehondria are the site of the eitrie aeid (Krebs') eyele and the 
eleetron transport (eytoehrome) pathway by which complex organie 
moleailes are fìnally oxidized to earbon dioxide and water. This proeess 
provides the energy to drive the production of ATP from adenosine 
diphosphate (ADP) and inorganie phosphate (oxidative phosphoryla- 
tion). The various enzymes of the eitrie aeid eyele are loeated in the 
mitoehondrial matrix, whereas those of the eytoehrome system and 
oxidative phosphorylation are loealized ehiefly in the inner mitoehon- 
drial membrane. 

The intermembrane spaee houses eytoehrome e, a molecule involved 
in aetivation of apoptosis. 

The number of mitoehondria in a particular eell refleets its general 
energy requirements; e.g. in hepatoeytes there may be as many as 2000, 
whereas in resting lymphoeytes there are usually very few. Mature 
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The transeription faetor EB (TFEB) is responsible for regulating lyso- 
somal biogenesis and fhnetion, lysosome-to-nucleus signalling and 
lipid eatabolism (for fbrther reading, see Settembre et al (2013 ). If any 
of the aetions of lysosomal hydrolases, of the lysosome aeidifieation 
meehanism or of lysosomal membrane proteins fails, the degradation 
and reeyeling of extracellular substrates delivered to lysosomes by the 
late endosome and the degradation and reeyeling of intracellular sub- 
strates by autophagy lead to progressive lysosomal dysfhnetion in 
several tissues and organs. 

Experimentally TFEB aetivation ean reduce the accumulation of 
the pathogenie protein in a eelhilar model of Huntington's disease (a 
neurodegenerative genetie disorder that affeets muscle eoordination) 
and improves the Parkinson's disease phenotype in a murine model. 

Cristae are abundant in mitoehondria seen in eardiae muscle 
eells and in steroid-producing eells (in the suprarenal cortex, corpus 
luteum and Leydig eells). The protein steroidogenie acute regulatory 
protein (StAR) regulates the synthesis of steroids by transporting 
eholesterol aeross the outer mitoehondrial membrane. A mutation 
in the gene eneoding StAR causes defeetive suprarenal and gonadal 
steroidogenesis. 
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erythroeytes laek mitoehondria altogether. Cells with few mitoehondria 
generally rely largely on glyeolysis for their energy supplies. These 
include some very aetive eells, e.g. fast twitch skeletal muscle fibres, 
which are able to work rapidly but for only a limited duration. Mito- 
ehondria appear in the light mieroseope as long, thin structures in the 
eytoplasm of most eells, particularly those with a high metabolie rate, 
e.g. seeretory eells in exocrine glands. In living eells, mitoehondria 
eonstantly ehange shape and intracellular position; they multiply by 
growth and fission, and may undergo fiision. 

The mitoehondrial matrix is an aqueous environment. It eontains a 
variety of enzymes, and strands of mitoehondrial DNA with the eapaeity 
for transeription and translation of a unique set of mitoehondrial genes 
(mitoehondrial mRNAs and transfer RNAs, mitoehondrial ribosomes 
with rRNAs). The DNA forms a elosed loop, about 5 pm aeross; several 
identieal eopies are present in eaeh mitoehondrion. The ratio between 
its bases differs from that of mielear DNA, and the RNA sequences also 
differ in the preeise genetie eode used in protein synthesis. At least 13 
respiratory ehain enzymes of the matrix and inner membrane are 
eneoded by the small number of genes along the mitoehondrial DNA. 
The great majority of mitoehondrial proteins are eneoded by nuclear 
genes and made in the eytosol, then inserted through speeial ehannels 
in the mitoehondrial membranes to reaeh their destinations. Their 
membrane lipids are synthesized in the endoplasmie reticulum. 

It has been shown that mitoehondria are of maternal origin because 
the mitoehondria of spermatozoa are not generally ineorporated 
into the ovum at fertilization. Thus mitoehondria (and mitoehondrial 
genetie variations and mutations) are passed only through the 
female line. 

Mitoehondria are distributed within a eell aeeording to regional 
energy requirements, e.g. near the bases of eilia in eiliated epithelia, in 
the basal domain of the eells of proximal convoluted tubules in the 
renal cortex (where eonsiderable aetive transport occurs) and around 
the proximal segment, ealled middle pieee, of the flagellum in sperma- 
tozoa. They may be involved with tissue-specific metabolie reaetions, 
e.g. various urea-forming enzymes are found in liver eell mitoehondria. 
Moreover, a number of genetie diseases of mitoehondria affeet particu- 
lar tissues exclusively, e.g. mitoehondrial myopathies (skeletal muscle) 
and mitoehondrial neuropathies (nervous tissue). For fiirther informa- 
tion on mitoehondrial geneties and disorders, see Chinnery and Hudson 
(2013). 

Cytosolic inclusions 

The aqueous eytosol surrounds the membranous organelles deseribed 
above. It also eontains various non-membranous inclusions, including 
free ribosomes, eomponents of the eytoskeleton, and other inclusions, 
such as storage granules (e.g. glyeogen), pigments (such as lipofiisein 
granules, remnants of the lipid oxidative meehanism seen in the supra- 
renal cortex) and lipid droplets. 

Lipid droplets 

Lipid droplets are spherieal bodies of various sizes found within many 
eells, but are espeeially prominent in the adipoeytes (fat eells) of 
adipose eonneetive tissue. They do not belong to the Golgi-related vacu- 
olar system of the eell. They are not membrane-bound, but are droplets 
of lipid suspended in the eytosol and surrounded by perilipin proteins, 
which regulate lipid storage and lipolysis. See Smith and Ordovás 
(2012) for fiirther reading on obesity and perilipins. In eells speeialized 
for lipid storage, the vacuoles reaeh 80 pm or more in diameter. They 
fimetion as stores of ehemieal energy, thermal insulators and meehani- 
eal shoek absorbers in adipoeytes. In many eells, they may represent 
end-products of other metabolie pathways, e.g. in steroid-synthesizing 
eells, where they are a prominent feature of the eytoplasm. They may 
also be seereted, as in the alveolar epithelium of the laetating breast. 

Transport aeross eell membranes 

Lipid bilayers are inereasingly impermeable to molecules as they 
inerease in size or hydrophobieity. Transport meehanisms are therefore 
required to earry essential polar molecules, including ions, nutrients, 
nucleotides and metabolites of various kinds, aeross the plasma mem- 
brane and into or out of membrane-bound intracellular eompartments. 
Transport is faeilitated by a variety of membrane transport proteins, 
eaeh with speeifieity for a particular elass of moleaile, e.g. sugars. Trans- 
port proteins fall mainly into two major elasses: ehannel proteins and 
earrier proteins. 

Channel proteins form aqueous pores in the membrane, which open 
and elose under the regulation of intracellular signals, e.g. G-proteins, 
to allow the flux of solutes (usually inorganie ions) of speeifie size and 
eharge. Transport through ion ehannels is always passive, and ion flow 
1 0 through an open ehannel depends only on the ion eoneentration gradi- 


ent and its eleetronie eharge, and the potential differenee aeross the 
membrane. These faetors eombine to produce an eleetroehemieal gradi- 
ent, which governs ion flux. Channel proteins are utilized most effee- 
tively by the excitable plasma membranes of nerve eells, where the 
resting membrane potential ean ehange transiently from about -80 mV 
(negative inside the eell) to +40 mV (positive inside the eell) when 
stimulated by a neurotransmitter (as a result of the opening and sub- 
sequent closure of ehannels seleetively permeable to sodium and 
potassium). 

Carrier proteins bind their speeifie solutes, such as amino aeids, and 
transport them aeross the membrane through a series of eonforma- 
tional ehanges. This latter proeess is slower than ion transport through 
membrane ehannels. Transport by earrier proteins ean occur either pas- 
sively by simple diffiision, or aetively against the eleetroehemieal gradi- 
ent of the solute. Aetive transport must therefore be coupled to a source 
of energy, such as ATP generation, or energy released by the eoordinate 
movement of an ion down its eleetroehemieal gradient. Linked trans- 
port ean be in the same direetion as the solute, in which ease the earrier 
protein is deseribed as a symporter, or in the opposite direetion, when 
the earrier aets as an antiporter. 

Transloeation of proteins aeross 
intracellular membranes 

Proteins are generally synthesized on ribosomes in the eytosol or on 
the rough endoplasmie reticulum. A few are made on mitoehondrial 
ribosomes. Onee synthesized, many proteins remain in the eytosol, 
where they earry out their fimetions. Others, such as integral membrane 
proteins or proteins for seeretion, are transloeated aeross intracellular 
membranes for post-translational modifieation and targeting to their 
destinations. This is aehieved by the signal sequence, an addressing 
system eontained within the protein sequence of amino aeids, which is 
reeognized by reeeptors or transloeators in the appropriate membrane. 
Proteins are thus sorted by their signal sequence (or set of sequences 
that beeome spatially grouped as a signal pateh when the protein folds 
into its tertiary configuration), so that they are reeognized by and enter 
the eorreet intracellular membrane eompartment. 

Cell signalling 

Cellular systems in the body eomimmieate with eaeh other to eoordi- 
nate and integrate their fimetions. This occurs through a variety of 
proeesses known eolleetively as eell signalling, in which a signalling 
molecule produced by one eell is deteeted by another, almost always by 
means of a speeifie reeeptor protein molecule. The reeipient eell trans- 
duces the signal, which it most often deteets at the plasma membrane, 
into intracellular ehemieal messages that ehange eell behaviour. 

The signal may aet over a long distanee, e.g. endoerine signalling 
through the release of hormones into the blood stream, or neuronal 
synaptie signalling via eleetrieal impulse transmission along axons 
and subsequent release of ehemieal transmitters of the signal at syn- 
apses or neuromuscular junctions. A speeialized variation of endoerine 
signalling (neurocrine or neuroendocrine signalling) occurs when neu- 
rones or paraneurones (e.g. ehromaffin eells of the suprarenal medulla) 
seerete a hormone into interstitial fluid and the blood stream. 

Alternatively, signalling may occur at short range through a paraerine 
meehanism, in which eells of one type release molecules into the inter- 
stitial fluid of the loeal environment, to be deteeted by nearby eells of 
a different type that express the speeifie reeeptor protein. Neurocrine 
eell signalling uses ehemieal messengers found also in the eentral 
nervous system, which may aet in a paraerine manner via interstitial 
fluid or reaeh more distant target tissues via the blood stream. Cells 
may generate and respond to the same signal. This is autocrine signal- 
ling, a phenomenon that reinforees the eoordinated aetivities of a group 
of like eells, which respond together to a high eoneentration of a loeal 
signalling moleoile. The most extreme form of short-distanee signalling 
is eontaet-dependent (juxtacrine) signalling, where one eell responds to 
transmembrane proteins of an adjaeent eell that bind to surface reeep- 
tors in the responding eell membrane. Contact-dependent signalling 
also includes cellular responses to integrins on the eell surface binding 
to elements of the extracellular matrix. Juxtacrine signalling is impor- 
tant during development and in imimrne responses. These different 
types of intercellular signalling meehanism are illustrated in Figure 1.7. 
For fiirther reading on eell signalling pathways, see Kierszenbaum and 
Tres (2012). 

Signalling molecules and their reeeptors 

The majority of signalling moleoiles (ligands) are hydrophilie and so 
eannot eross the plasma membrane of a reeipient eell to effeet ehanges 
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Mitoehondrial ribosomes are smaller and quite distinet from those 
of the rest of the eell in that they (and mitoehondrial nucleic aeids) 
resemble those of baeteria. This similarity underpins the theory that 
mitoehondrial aneestors were oxygen-utilizing baeteria that existed in 
a symbiotie relationship with eukaryotic eells unable to metabolize the 
oxygen produced by early plants. As mitoehondria are formed only 
from previously existing ones, it follows that all mitoehondria in the 
body are deseended from those in the eytoplasm of the fertilized ovum. 
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Fig. 1.7 The different modes of eell-eell signalling. 


inside the eell unless they fìrst bind to a plasma membrane reeeptor 
protein. Ligands are mainly proteins (usually glyeoproteins), polypep- 
tides or highly eharged biogenie amines. They include: elassie peptide 
hormones of the endoerine system; eytokines, which are mainly of 
haemopoietie eell origin and involved in inflammatory responses and 
tissue remodelling (e.g. the interferons, interleukins, tumour neerosis 
faetor, leukaemia inhibitory faetor); and polypeptide growth faetors 
(e.g. the epidermal growth faetor superfamily nerve growth faetor, 
platelet-derived growth faetor, the fìbroblast growth faetor family, trans- 
forming growth faetor beta and the insulin-like growth faetors). 
Polypeptide growth faetors are multifunctional molecules with more 
widespread aetions and cellular sources than their names suggest. They 
and their reeeptors are eommonly mutated or aberrantly expressed in 
eertain eaneers. The cancer-causing gene variant is termed a transform- 
ing oneogene and the normal (wild-type) version of the gene is a eel- 
lular oneogene or proto-oneogene. The aetivated reeeptor aets as a 
transducer to generate intracellular signals, which are either small dif- 
fhsible seeond messengers (e.g. calcium, eyelie adenosine monophos- 
phate or the plasma membrane lipid-soluble diaeylglyeerol), or larger 
protein complexes that amplify and relay the signal to target eontrol 
systems. 

Some signals are hydrophobie and able to eross the plasma mem- 
brane freely. Classic examples are the steroid hormones, thyroid hor- 
mones, retinoids and vitamin D. Steroids, for instanee, enter eells 
non-seleetively, but elieit a speeifìe response only in those target eells 
that express speeifìe eytoplasmie or nuclear reeeptors. Light stimuli also 
eross the plasma membranes of photoreeeptor eells and interaet intra- 
cellularly, at least in rod eells, with membrane-bound photosensitive 
reeeptor proteins. Hydrophobie ligands are transported in the blood 
stream or interstitial fluids, generally bound to earrier proteins, and they 
often have a longer half-life and longer-lasting effeets on their targets 
than do water-soluble ligands. 

A separate group of signalling molecules able to eross the plasma 
membrane freely is typifìed by the gas, nitrie oxide. The prineipal target 
of short-range nitrie oxide signalling is smooth muscle, which relaxes 
in response. Nitrie oxide is released from vascular endothelium as a 
result of the aetion of autonomic nerves that supply the vessel wall 
causing loeal relaxation of smooth muscle and dilation of vessels. This 
meehanism is responsible for penile ereetion. Nitrie oxide is unusual 


among signalling molecules in having no speeifie reeeptor protein; it 
aets direetly on intracellular enzymes of the response pathway. 

Reeeptor proteins 

There are some 20 different families of reeeptor proteins, eaeh with 
several isoforms responding to different ligands. The great majority of 
these reeeptors are transmembrane proteins. Members of eaeh family 
share structural features that indieate either shared ligand-binding ehar- 
aeteristies in the extracellular domain or shared signal transduction 
properties in the eytoplasmie domain, or both. There is little relation- 
ship either between the nature of a ligand and the family of reeeptor 
proteins to which it binds and aetivates, or the signal transduction 
strategies by which an intracellular response is aehieved. The same 
ligand may aetivate fhndamentally different types of reeeptor in differ- 
ent eell types. 

Cell surface reeeptor proteins are generally grouped aeeording to 
their linkage to one of three intracellular systems: ion ehannel-linked 
reeeptors; G-protein coupled reeeptors; and reeeptors that link to 
enzyme systems. Other reeeptors do not fìt neatly into any of these 
eategories. All the known G-protein coupled reeeptors belong to a 
structural group of proteins that pass through the membrane seven 
times in a series of serpentine loops. These reeeptors are thus known as 
seven-pass transmembrane reeeptors or, because the transmembrane 
regions are formed from a-helieal domains, as seven-helix reeeptors. 

The best known of this large group of phylogenetieally aneient reeeptors 
are the odorant-binding proteins of the olfaetory system; the light- 
sensitive reeeptor protein, rhodopsin; and many of the reeeptors for 
elinieally useful dmgs. A eomprehensive list of reeeptor proteins, their 
aetivating ligands and examples of the resultant biologieal hmetion is 
given in Pollard and Earnshaw (2008). 

intraeelliilar sìgnallìng 

A wide variety of small moleailes earry signals within eells, eonveying 
the signal from its source (e.g. aetivated plasma membrane reeeptor) to 
its target (e.g. the nucleus). These seeond messengers eonvey signals as 
fluctuations in loeal eoneentration, aeeording to rates of synthesis and 
degradation by speeifie enzymes (e.g. eyelases involved in eyelie nucle- 
otide (eAMP, eGMP) synthesis), or, in the ease of calcium, aeeording to 
the aetivities of calcium ehannels and pumps. Other, lipidie, seeond 11 
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messengers such as phosphatidylinositol, derive from membranes and 
may aet within the membrane to generate downstream effeets. For 
fiirther eonsideration of the complexity of intracellular signalling path- 

ways, see Pollard and Earnshaw (2008). 

(§) Cytoskeleton 

The eytoskeleton is a three-dimensional network of filamentous intra- 
cellular proteins of different shapes, sizes and eomposition distributed 
throughout the eytoplasm. It provides meehanieal support, maintains 
eell shape and rigidity and enables eells to adopt highly asymmetrie or 
irregular proíìles. It plays an important part in establishing structural 
polarity and different flmetional domains within a eell. It also provides 
meehanieal support for permanent projeetions from the eell surface (see 
below), including persistent mierovilli and eilia, and transient proe- 
esses, such as the thin finger-like protmsions ealled fìlopodia (0.1- 
0.3 jiim) and lamellipodia (0.1-0.2 pm). Filopodia eonsist of parallel 
bundles of aetin fìlaments and have a role in eell migration, wound 
healing and neurite growth. The protmsive thin and broad lamellipo- 
dia, found at the leading edge of a motile eelf eontain a branehed 
network of aetin fìlaments. 

The eytoskeleton restriets speeifìe stmctures to particular cellular 
loeations. For example, the Golgi apparatus is near the nucleus and 
endoplasmie reticulum, and mitoehondria are near sites of energy 
requirement. In addition, the eytoskeleton provides traeks for intraeel- 
lular transport (e.g. shuttling vesieles and macromolecules, ealled 
eargoes, among eytoplasmie sites), the movement of ehromosomes 
during eell division (mitosis and meiosis) or movement of the entire 
eell during embryonie morphogenesis or the ehemotaetie extravascular 
migration of leukocytes during homing. Examples of highly developed 
and speeialized fhnetions of the eytoskeleton include the eontraetion 
of the sareomere in striated muscle eells and the bending of the axoneme 
of eilia and flagella. 

The catalogue of eytoskeletal structural proteins is extensive and still 
inereasing. The major filamentous structures found in non-muscle eells 


are mierofìlaments (7 nm thiek), microtubules (25 nm thiek) and inter- 
mediate fìlaments (10 nm thiek). Other important eomponents are 
proteins that bind to the prineipal fìlamentous types to assemble or 
disassemble them, regulate their stability or generate movement. These 
include aetin-binding proteins such as myosin, which in some eells ean 
assemble into thiek filaments, and microtubule-associated proteins. 
Pathologies involving eytoskeletal abnormalities include eiliopathies 
(resulting from the abnormal assembly and fhnetion of eentrioles, basal 
bodies and eilia); neurodegenerative diseases (a consequence of defee- 
tive anterograde transport of neurotransmitters along microtubules in 
axons); and sterility (determined by defeetive or absent microtubule- 
assoeiated dynein in axonemes, e.g. Kartageners syndrome). 


Aetin filaments (mierofilaments) 

Aetin fìlaments are flexible filaments, 7 nm thiek (Fig. 1.8). Within 
most eell types, aetin constitutes the most abundant protein and in 
some motile eells its eoneentration may exceed 200 pM (10 mg protein 
per ml eytoplasm). The fìlaments are formed by the ATP-dependent 
polymerization of aetin monomer (with a moleoilar mass of 43 kDa) 
into a eharaeteristie string of beads in which the subunits are arranged 
in a linear tight helix with a distanee of 13 subunits between turns 
(Dominguez 2010). The polymerized fìlamentous form is termed 
F-aetin (fìbrillar aetin) and the unpolymerized monomerie form is 
known as G-aetin (globular aetin). Eaeh monomer has an asymmetrie 
structure. When monomers polymerize, they eonfer a defìned polarity 
on the fìlament: the plus or barbed end favours monomer addition, 
and the minus or pointed end favours monomer dissoeiation. 

Treadmilling designates the simultaneous polymerization of an 
aetin fìlament at one end and depolymerization at the other end to 
maintain its eonstant length. 

See Bray (2001) for fhrther reading. 



Aetin-binding proteins 

A wide variety of aetin-binding proteins are eapable of modulating the 
form of aetin within the eell. These interaetions are fhndamental to the 
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Fig. 1.8 Structural and molecular 
features of eytoskeletal eomponents. 
A, The aetin filament (F-aetin) is a 
7 nm thiek polymer ehain of 
ATP-bound G-aetin monomers. 
F-aetin eonsists of a barbed (plus) 
end, the initiation site of F-aetin, 
and a pointed (minus) end, the 
dissoeiation site of F-aetin. F-aetin 
ean be severed and eapped at the 
barbed end by gelsolin. B, The 
microtubule is a 25 nm diameter 
polymer of GTP-bound a-tubulin and 
GTP-bound p-tubulin dimers. The 
dimer assembles at the plus end and 
depolymerizes at the minus end. A 
linear ehain of a-tubulin/p-tubulin 
dimers is ealled a protofilament. In 
the end-on (top view), a microtubule 
displays 13 eoneentrieally arranged 
tubulin subunits. C, Tetramerie 
complexes of intermediate filament 
subunits assoeiate laterally to form a 
unit length filament eonsisting of 
eight tetramers. Additional unit length 
filaments anneal longitudinally and 
generate a mature 10 nm thiek 
intermediate filament. 
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Basie structure and function of eells 


Septins are emerging as a novel eytoskeletal member because of their 
filamentous organization and assoeiation with aetin filaments and 
microtubules. They are guanosine triphosphate (GTP)-binding proteins 
that form hetero-oligomerie complexes (see Mostowy and Oossart 
(2012) for additional information). 

This polarity ean be visualized in negatively stained images by allow- 
ing F-aetin to reaet with fragments eontaining the aetive head region of 
myosin. Myosins bind to filamentous aetin at an angle to give the 
appearanee of a series of arrowheads pointing towards the minus end 
of the filament, with the barbs pointing towards the plus end. 

It involves the addition of ATP-bound G-aetin monomers at the 
barbed end (fast-growing plus end) and removal of ADP-bound G-aetin 
at the pointed end (slow-growing minus end). Aetin filaments grow or 
shrink by addition or loss of G-aetin monomer at both ends. Essentially, 
aetin polymerization in vitro proeeeds in three steps: nucleation (aggre- 
gation of G-aetin monomers into a 3-4-monomer aggregate), elonga- 
tion (addition of G-aetin monomers to the aggregate) and a dynamie 
steady state (treadmilling). Speeifie toxins (e.g. eytoehalasins, phalloi- 
dins and lantrunculins) bind to aetin and affeet its polymerization. 
Cytochalasin D bloeks the addition of new G-aetin monomers to the 
barbed end of F-aetin; phalloidin binds to the interfaee between G-aetin 
monomers in F-aetin, thus preventing depolymerization; and lantmn- 
culin binds to G-aetin monomers, bloeking their addition to an aetin 
filament. 
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Fig. 1.9 The 

eytoskeleton. A, An 
immunofluorescence 
mierograph of a-aetin 
mierofilaments (green) in 
human airway smooth 
muscle eells in culture. 
The aetin-binding 
protein, vinculin (red), is 
loealized at the ends of 
aetin filament bundles; 
nuclei are blue. B, An 
immunofluorescence 
mierograph of keratin 
intermediate filaments 
(green) in human 
keratinoeytes in culture. 
Desmosome junctions 
are labelled with 
antibody against 
desmoplakin (red). 

Nuclei are stained blue 
(Hoeehst). C, An 
eleetron mierograph of 
human nerve showing 
microtubules (small, 
hollow structures in 
eross-seetion, long 
arrow) in a transverse 
seetion of an 
unmyelinated axon (A), 
engulfed by a Schwann 
eell (S). Neuronal 
intermediate filaments 
(neurofilaments) are the 
solid, eleetron-dense 
profiles, also in 
transverse seetion (short 
arrow). (A, Courtesy of 
Dr T Nguyen, Professor 
J Ward, Dr SJ Hirst, 
King’s College London. 

B, Courtesy of Prof. 

Dr WW Franke, German 
Cancer Researeh 
Centre, Heidelberg. 

C, Courtesy of Dr Bart 
Wagner, Histopathology 
Department, Sheffield 
Teaehing Hospitals, UK.) 


organization of qToplasm and to eell shape. The aetin qToskeleton is 
organized as elosely paeked parallel arrays of aetin fìlaments forming 
bundles or eables, or loosely paeked eriss-erossed aetin fìlaments 
forming networks (Fig. 1.9A). Aetin-binding proteins hold together 
bundles and networks of aetin filaments. Aetin-binding proteins ean 
be grouped into G-aetin (monomer) binding proteins and F-aetin 
(polymer) eapping, eross-linking and severing proteins. Aetin-binding 
proteins may have more than one hmetion. 

Oapping proteins bind to the ends of the aetin filament either 
to stabilize an aetin fìlament or to promote its disassembly (see 
Fig. 1.8). 

Cross-linking or bundling proteins tie aetin fìlaments together in 
longitudinal arrays to form bundles, eables or eore structures. The 
bundles may be elosely paeked in mierovilli and fìlopodia, where paral- 
lel fìlaments are tied tightly together to form stiff bundles orientated in 
the same direetion. Cross-linking proteins of the microvillus aetin 
bundle eore include fìmbrin and villin. 

Other actin-bundling proteins form rather looser bundles of fila- 
ments that mn antiparallel to eaeh other with respeet to their plus and 
minus ends. They include myosin II, which ean form eross-links with 
ATP-dependent motor aetivity, and cause adjaeent aetin fìlaments to 
slide on eaeh other in the striated muscle sareomere, and either ehange 
the shape of eells or (if the aetin bundles are anehored into the eell 


membrane at both ends), maintain a degree of aetive rigidity. Filamin 
intereonneets adjaeent aetin fìlaments to produce loose fìlamentous 
gel-like networks eomposed of randomly orientated F-aetin. 

F-aetin ean braneh. The assembly of branehed fìlamentous aetin 
networks involves a complex of seven aetin-related proteins 2/3 
(Arp2/3) that is structurally similar to the barbed end of aetin. 

See Rotty et al (2013) for fìirther reading. 

Branehed aetin generated by the Arp2/3 protein complex loealizes 
at the leading edge of migrating eells, lamellipodia and phagosomes 
(required for the capture by endoeytosis and phagoeytosis of partieles 
and foreign pathogens by imimrne eells). Formin ean elongate pre- 
existing aetin fìlaments by removing eapping proteins at the barbed 
end. 

Other elasses of aetin-binding protein link the aetin eytoskeleton to 
the plasma membrane either direetly or indireetly through a variety of 
membrane-assoeiated proteins. The latter may also ereate links via 
transmembrane proteins to the extracellular matrix. Best known of 
these is the family of speetrin-like molecules, which ean bind to aetin 
and also to eaeh other and to various membrane-assoeiated proteins to 
ereate supportive networks beneath the plasma membrane. Tetrameres 
of speetrin a and (3 ehains line the intracellular side of the plasma 
membrane of erythroeytes and maintain their integrity by their assoeia- 
tion with short aetin fìlaments at either end of the tetramer. 

Class V myosins are unconventional motor proteins transporting 
eargoes (such as vesieles and organelles) along aetin fìlaments. 
Class I myosins are involved in membrane dynamies and aetin organi- 
zation at the eell cortex, thus affeeting eell migration, endoeytosis, 
pinoeytosis and phagoeytosis. Tropomyosin, an important regulatory 
protein of muscle fìbres, is also present in non-muscle eells, where 
its fhnetion may be primarily to stabilize aetin filaments against 
d ep o ly m e rizat i o n. 

Myosins, the motor proteins 

The myosin family of mierofilaments is often elassifìed within a distinet 
eategory of motor proteins. Myosin proteins have a globular head 
region eonsisting of a heavy and a light ehain. The heavy ehain bears 
an a-helieal tail of varying length. The head has an ATPase aetivity and 
ean bind to and move along aetin fìlaments - the basis for myosin 
fhnetion as a motor protein. The best-known elass is myosin II, which 
occurs in muscle and in many non-muscle eells. Its molecules have two 
heads and two tails, intertwined to form a long rod. The rods ean bind 
to eaeh other to form long, thiek fìlaments, as seen in striated and 
smooth muscle fibres and myoepithelial eells. Myosin II molecules ean 
also assemble into smaller groups, espeeially dimers, which ean eross- 
link individual aetin mierofìlaments in stress fìbres and other F-aetin 
arrays. The ATP-dependent sliding of myosin on aetin forms the basis 
for muscle eontraetion and the extension of mierofilament bundles, as 
seen in cellular motility or in the eontraetion of the ring of aetin and 
myosin around the eleavage furrow of dividing eells. There are a number 
of known subtypes of myosin II; they assemble in different ways and 
have different dynamie properties. In skeletal muscle the myosin mol- 
ecules form bipolar filaments 15 nm thiek. Because these filaments have 
a symmetrie antiparallel arrangement of subunits, the midpoint is bare 
of head regions. In smooth muscle the molecules form thieker, flattened 
bundles and are orientated in random direetions on either faee of the 
bundle. These arrangements have important consequences for the eon- 
traetile foree eharaeteristies of the different types of muscle eell. 

Related moleoiles include the myosin I subfamily of single-headed 
molecules with tails of varying length. Functions of myosin I include 
the movements of membranes in endoeytosis, filopodial formation in 
neuronal growth eones, aetin-aetin sliding and attaehment of aetin to 
membranes as seen in mierovilli. As indieated above, molecular motors 
of the myosin V family are implieated in the movements of eargoes on 
aetin fìlaments. So, for example, myosin Va transports vesieles along 
F-aetin traeks in a similar manner to kinesin and eytoplasmie dynein- 
related eargo transport along microtubules. Eaeh elass of motor protein 
has different properties, but during eargo traffieking they often fimetion 
together in a eoordinated fashion. (See Hammer 3rd and Sellers (2012) 
for fiirther reading on elass V myosins.) 

Other thin filaments 

A heterogeneous group of filamentous structures with diameters of 
2-4 nm occurs in various eells. The two most widely studied forms, titin 
and nebulin, constitute around 13% of the total protein of skeletal 
muscle. They are amongst the largest known molecules and have 
subunit weights of around 10 6 ; native molecules are about 1 pm in 
length. Their repetitive bead-like structure gives them elastie properties 
that are important for the effeetive fimetioning of muscle, and possibly 
for other eells. 
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Proíìlin and thymosin (34 are G-aetin binding proteins. Profilin binds 
to G-aetin bound to ATP; it inhibits addition of G-aetin to the slow- 
growing (pointed) end of F-aetin but enables the fast-growing (barbed) 
end to grow faster and then dissoeiates from the aetin filament. In addi- 
tion, profilin partieipates in the eonversion of ADP baek to the ATP-G- 
aetin bound form. Thymosin (34 binds to the ATP-G-aetin bound form, 
preventing polymerization by sequestering ATP-G-aetin into a reserve 
pool. 

Members of the F-aetin eapping protein family are heterodimers 
eonsisting of an a subunit (CPa) and a (3 subunit (CP|3) that eap the 
barbed end of aetin filaments within all eukaryotic eells. Gelsolin has 
a dual role: it severs F-aetin and eaps the newly formed barbed end, 
bloeking further filament elongation. 

Fasein is an additional eross-linking protein. Villin is also a severing 
protein, causing the disassembly of aetin filaments and the eollapse of 
the microvillus. 


In the presenee of aetivated nucleation promotion faetors, such as 
Wiskott-Aldrich syndrome protein (WASP) and WASP family verprolin- 
homologous protein (WAVE, also known as SCAR), the Arp2/3 protein 
complex binds to the side of an existing aetin filament (mother fila- 
ment) and initiates the formation of a branehing aetin daughter fila- 
ment at a 70° angle relative to the mother filament utilizing G-aetin 
delivered to the Arp2/3 complex site. 

Speetrin-related moleailes are present in many other eells. For 
instanee, fodrin is found in neurones and dystrophin occurs in muscle 
eells, linking the eontraetile apparatus with the extracellular matrix via 
integral membrane proteins. Proteins such as ankyrin (which also binds 
aetin direetly), vinculin, talin, zyxin and paxillin eonneet aetin-binding 
proteins to integral plasma membrane proteins such as integrins 
(direetly or indireetly), and thenee to foeal adhesions (eonsisting of a 
bundle of aetin filaments attaehed to a portion of a plasma membrane 
linked to the extracellular matrix). 
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Microtubules 

Microtubules are polymers of tubulin with the form of hollow, rela- 
tively rigid eylinders, approximately 25 nm in diameter and of varying 
length (up to 70 pm in spermatozoan flagella). They are present in most 
eell types, being particularly abundant in neurones, leukocytes and 
blood platelets. Microtubules are the predominant constituents of the 
mitotie spindles of dividing eells and also form part of the axoneme of 
eilia, flagella and eentrioles. 

Microtubules eonsist of tubulin dimers and microtubule-associated 
proteins. There are two major elasses of tubulin: a- and p-tubulins. 
Before microtubule assembly, tubulins are assoeiated as dimers with a 
eombined moleailar mass of 100 kDa (50 kDa eaeh). Eaeh protein 
subunit is approximately 5 nm aeross and is arranged along the long 
axis in straight rows of alternating a- and p-ftdmlins, forming protofìla- 
ments (see "ig. 1.8). Typieally 13 protofilaments (the mimber ean vary 
between 11 and 16) assoeiate in a ring to form the wall of a hollow 
eylindrieal microtubule. Eaeh longitudinal row is slightly out of align- 
ment with its neighbour, so that a spiral pattern of alternating a and (3 
subunits appears when the microtubule is viewed from the side. There 
is a dynamie equilibrium between the dimers and assembled microtu- 
bules: dimerie asymmetry ereates polarity (a-tubulins are all orientated 
towards the minus end, (3-tubulins towards the plus end). Tubulin is 
added preferentially to the plus end; the minus end is relatively slow- 
growing. Microtubules frequently grow and shrink at a rapid and eon- 
stant rate, a phenomenon known as dynamie instability, in which 
growing tubules ean undergo a 'eatastrophe', abmptly shifting from net 
growth to rapid shrinkage. The primary determinant of whether miero- 
tubules grow or shrink is the rate of GTP hydrolysis. Tubulins are GTP- 
binding proteins; microtubule growth is aeeompanied by hydrolysis of 
GTP, which may regulate the dynamie behaviour of the tubules. Miero- 
tubule growth is initiated at speeifie sites, the microtubule-organizing 
eentres, of which the best known are eentrosomes (from which most 
cellular microtubules polymerize) and the eentriole-derived basal 
bodies (from which eilia grow). Microtubule-organizing eentres include 
a speeialized tubulin isoform known as y-tubulin that is essential for 
the nucleation of microtubule growth. 

Various dmgs (e.g. eoleemid, vinblastine, griseofiilvin, noeodazole) 
cause microtubule depolymerization by binding the soluble tubulin 
dimers and so shifting the equilibrium towards the unpolymerized 
state. Microtubule disassembly causes a wide variety of effeets, including 
the inhibition of eell division by dismption of the mitotie spindle. 
Conversely, the dmg paclitaxel (taxol) is a microtubule depolymeriza- 
tion inhibitor because it stabilizes microtubules and promotes abnor- 
mal microtubule assembly. Although this ean cause a peripheral 
neuropathy, paclitaxel is widely used as an effeetive chemotherapeutic 
agent in the treatment of breast and ovarian eaneer. 


Microtubule-associated proteins 

Various proteins that ean bind to assembled tubulins may be eoneerned 
with structural properties or assoeiated with motility. One important 
elass of microtubule-associated proteins (MAPs) eonsists of proteins 
that assoeiate with the plus ends of microtubules. They regulate the 
dynamie instability of microtubules as well as interaetions with other 
cellular substructures. Stmctural MAPs form eross-bridges between adja- 
eent microtubules or between microtubules and other structures such 
as intermediate filaments, mitoehondria and the plasma membrane. 
Microtubule-associated proteins found in neurones include: MAPs 1A 
and 1B, which are present in neuronal dendrites and axons; MAPs 2A 
and 2B, found ehiefly in dendrites; and tau, found only in axons. MAP 
4 is the major microtubule-associated protein in many other eell types. 
Structural microtubule-associated proteins are implieated in microtu- 
bule formation, maintenanee and disassembly, and are therefore of 
eonsiderable signifieanee in eell morphogenesis, mitotie division, and 
the maintenanee and modulation of eell shape. Transport-assoeiated 
microtubule-associated proteins are found in situations in which move- 
ment occurs over the surfaces of microtubules, e.g. eargo transport, 
bending of eilia and flagella, and some movements of mitotie spindles. 
They include a large family of motor proteins, the best known of which 
are the dyneins and kinesins. Another protein, dynamin, is involved in 
endoeytosis. The kinetoehore proteins assemble at the ehromosomal 
eentromere during mitosis and meiosis. They attaeh (and thus fasten 
ehromosomes) to spindle microtubules; some of the kinetoehore pro- 
teins are responsible for ehromosomal movements in mitotie and 
meiotie anaphase. 

All of these microtubule-associated proteins bind to microtubules 
and either aetively slide along their surfaces or promote microtubule 
assembly or disassembly. Kinesins and dyneins ean simultaneously 
attaeh to membranes such as transport vesieles and eonvey them along 



Fig. 1.10 A diiplieated 
pair of eentrioles in a 
hiiman eareinoma 
speeimen. Eaeh 
eentriole pair eonsists 
of a mother and 
daughter, orientated 
approximately at right 
angles to eaeh other so 
that one is seetioned 
transversely (T) and the 
other longitudinally (L). 
The transversely 
seetioned eentrioles 
are seen as rings of 
microtubule triplets 
(arrow). (Courtesy of 
Dr Bart Wagner, 
Histopathology 
Department, Sheffield 
Teaehing Hospitals, 

UK.) 


microtubules for eonsiderable distanees, thus enabling seleetive target- 
ing of materials within the eell. Such movements occur in both diree- 
tions along microtubules. Kinesin-dependent motion is usually towards 
the plus ends of microtubules, e.g. from the eell body towards the axon 
terminals in neurones, and away from the eentrosome in other eells. 
Conversely, dynein-related movements are in the opposite direetion, i.e. 
to the minus ends of microtubules. Dyneins also form the arms of 
peripheral microtubules in eilia and flagella, where they make dynamie 
eross-bridges to adjaeent microtubule pairs. When these tethered 
dyneins try to move, the resulting shearing forees cause the axonemal 
array of microtubules to bend, generating eiliary and flagellar beating 
movements. Kinesins form a large and diverse family of related 
microtubule-stimulated ATPases. Some kinesins are motors that move 
eargo and others cause microtubule disassembly, whilst still others 
eross-link mitotie spindle microtubules to push the two eentriolar poles 
apart during mitotie prophase. See Bray (2001) for fiirther reading. 


Oentrioles, eentrosomes and basal bodies 

Centrioles are microtubular eylinders 0.2 pm in diameter and 0.4 jLtm 
long (Fig. 1.10). They are formed by a ring of nine microtubule triplets 
linked by a number of other proteins. At least two eentrioles occur in 
all animal eells that are eapable of mitotie division (eggs, which undergo 
meiosis instead of mitosis, laek eentrioles). See Gònezy (2012) for 
ffirther reading on the structure and assembly of the eentriole. They 
usually lie elose together, at right angles or, most usually, at an oblique 
angle to eaeh other (an arrangement often termed a diplosome), within 
the eentrosome, a densely filamentous region of eytoplasm at the eentre 
of the eell. The eentrosome is the major microtubule-organizing eentre 
of most eells; it is the site at which new microtubules are formed and 
the mitotie spindle is generated during eell division. Centriole biogen- 
esis is a complex proeess. At the beginning of the S phase (DNA repliea- 
tion phase) of the eell eyele (see below), a new daughter eentriole forms 
at right angles to eaeh separated maternal eentriole. Eaeh mother- 
daughter pair forms one pole of the next mitotie spindle, and the 
daughter eentriole beeomes ffilly mature only as the progeny eells are 
about to enter the next mitosis. Because eentrosomes are microtubule- 
organizing eentres, they lie at the eentre of a network of microtubules, 
all of which have their minus ends proximal to the eentrosome. 

The microtubule-organizing eentre eontains complexes of y-tubulin 
that nucleate microtubule polymerization at the minus ends of miero- 
tubules. Basal bodies are microtubule-organizing eentres that are elosely 
related to eentrioles, and are believed to be derived from them. They 
are loeated at the bases of eilia and flagella, which they anehor to the 
eell surface. The outer microtubule doublets of the axoneme of eilia and 
flagella originate from two of the microtubules in eaeh triplet of the 
basal body. 



Microtubule-based transport of eargoes 

The transport of eargoes along microtubules via the motor proteins 
kinesin and eytoplasmie dynein respeetively is the means by which 
neurotransmitters are delivered along axons to neuronal synapses 



























Basie structure and function of eells 


The assoeiation of membrane vesieles with dynein motors means 
that eertain qTomembranes (including the Golgi apparatus) eoneen- 
trate near the eentrosome. This is eonvenient because the microtubules 
provide a means of targeting Golgi vesicular products to different parts 
of the eell. 
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(anterograde axonal transport) and membrane-bound vesieles are 
returned for reeyeling to the neuronal soma (retrograde axonal trans- 
port) (p. 45). In addition to anterograde and retrograde motor proteins, 
the assembly and maintenanee of all eilia and flagella involve the par- 
tieipation of non-membrane-bound macromolecular protein eom- 
plexes ealled intraflagellar transport (IFT) partieles. IFT partieles loealize 
along the polarized microtubules of the axoneme, beneath the eiliary 
and flagellar membrane. IFT partieles eonsist of two protein subcom- 
plexes: IFT-A (with a role in returning eargoes from the tip of the 
axoneme to the eell body) and IFT-B (with a role in delivering eargoes 
from the eell body to the tip of the axoneme). For fiirther reading, see 
Seholey (2008) and Hao and Seholey (2009). 

During eiliogenesis, IFT requires the anterograde kinesin-2 motor 
and the retrograde IFT-dynein motor to transport IFT partieles-eargo 
complexes in opposite direetions along the mierotnbnles, from the 
basal body to the tip of the eiliary axoneme and baek again (intraeiliary 
transport). IFT is not just restrieted to microtubules of eilia and flagella. 
During spermatid development, IFT partieles-motor protein-eargo 
complexes appear to utilize microtubules of the manehette, a transient 
microtubule-containing structure, to deliver tubulin dimers and other 
proteins by intramanehette transport during the development of the 
spermatid tail (Kierszenbaum et al 2011). IFT also occurs along the 
modified cilium of photoreeeptor eells of the retina. Mutations in IFT 
proteins lead to the absenee of eilia and are lethal during embryogen- 
esis. Ciliopathies, many related to the defeetive sensory and/or meehan- 
ieal fhnetion of eilia, include retinal degeneration, polyeystie kidney 
disease, Bardet-Biedl syndrome, Jeune asphyxiating thoraeie dystrophy, 
respiratory disease and defeetive determination of the left-right axis. 
The seven-protein complex designated BBSome (for Bardet-Biedl syn- 
drome, an obesity/retinopathy eiliopathy) is a eomponent of the basal 
body and partieipates in the formation of the primary cilium by regulat- 
ing the export and/or import of eiliary proteins. The transport of the 
BBSome up and down and round about in eilia occurs in assoeiation 
with anterograde IFT-B and retrograde IFT-A partieles. For further 
reading on the BBSome, see Jin and Nachury (2009). For fhrther reading 
on eiliogenesis, see Baldari and Rosenbaum (2010). 

Intermedìate filaments 

Intermediate filaments are about 10 nm thiek and are formed by a 
heterogeneous group of filamentous proteins. In eontrast to aetin fila- 
ments and microtubules, which are assembled from globular proteins 
with mieleotide-binding and hydrolysing aetivity, intermediate fila- 
ments eonsist of filamentous monomers laeking enzymatie aetivity. 
Intermediate filament proteins assemble to form linear filaments in a 
three-step proeess. First, a pair of intermediate filament protein sub- 
units, eaeh eonsisting of a eentral a-helieal rod domain of about 310 
amino aeids flanked by head and tail non-a-helieal domains of varia- 
ble size, form a parallel dimer through their eentral a-helieal rod 
domains eoiled around eaeh other. The variability of intermediate fila- 
ment protein subunits resides in the length and amino-aeid sequence 
of the head and tail domains, thought to be involved in regulating the 
interaetion of intermediate filaments with other proteins. Seeond, a 
tetramerie unit is formed by two antiparallel half-staggered eoiled 
dimers. Third, eight tetramers assoeiate laterally to form a 16 nm thiek 
unit length filament (ULF). Individual ULFs join end to end to form 
short filaments that eontimie growing longitudinally by annealing to 
other ULFs and existing filaments. Filament elongation is followed by 
internal eompaetion leading to the 30 nm thiek intermediate filament 
(see Fig. 1.8). The tight assoeiation of dimers, tetramers and ULFs pro- 
vides intermediate filaments with high tensile strength and resistanee 
to stretehing, eompression, twisting and bending forees. In eontrast to 
aetin filaments and microtubules, intermediate filaments are non- 
polar (because of the antiparallel alignment of the initial tetramers) 
and do not bind mieleotides (as in G-aetin and tubulin dimers), and 
ULFs anneal end to end to eaeh other (in eontrast to the polarized 
F-aetin and microtubules, with one end, the plus end, growing faster 
than the other end, the minus end). See Herrmann et al (2007) for 
fìirther reading. 

Intermediate filaments are found in different eell types and are often 
present in large mimbers, either to provide structural strength where it 
is needed (see Fig. 1.9B,C) or to provide seaffolding for the attaehment 
of other structures. Intermediate filaments form extensive eytoplasmie 
networks extending from eage-like perinuclear arrangements to the eell 
surface. Intermediate filaments of different molecular elasses are ehar- 
aeteristie of particular tissues or states of maturity and are therefore 
important indieators of the origins of eells or degrees of differentiation, 
as well as being of eonsiderable value in histopathology. 

Intermediate filament proteins have been elassified into five distinet 
types on the basis of their primary structure and tissue-specific expres- 


sion. Of the different elasses of intermediate filaments, keratin (eyto- 
keratin) proteins are found in epithelia, where keratin filaments are 
always eomposed of equal ratios of type I (aeidie) and type II (basie to 
neutral) keratins to form heteropolymers. About 20 types of eaeh of the 
aeidie and basic/neutral keratin proteins are known. For further reading 
on keratins in normal and diseased epithelia, see Pan et al (2012). 
Within the epidermis, expression of keratin heteropolymers ehanges as 
keratinoeytes mature during their transition from basal to superficial 
layers. Genetie abnormalities of keratins are known to affeet the 
meehanieal stability of epithelia. For example, the disease epidermolysis 
bullosa simplex is caused by lysis of epidermal basal eells and blistering 
of the skin after meehanieal trauma. Defeets in genes eneoding keratins 
5 and 14 produce eytoskeletal instability leading to cellular fragility in 
the basal eells of the epidermis. When keratins 1 and 10 are affeeted, 
eells in the spinous (priekle) eell layer of the epidermis lyse, and this 
produces the intraepidermal blistering of epidermolytie hyperkeratosis. 
See Porter and Lane (2003) for fìirther reading. 

Type III intermediate filament proteins, including vimentin, desmin, 
glial fibrillary aeidie protein and peripherin, form homopolymer inter- 
mediate filaments. Vimentin is expressed in mesenehyme-derived eells 
of eonneetive tissue and some eetodermal eells during early develop- 
ment; desmins in muscle eells; glial fibrillary aeidie protein in glial 
eells; and peripherin in peripheral axons. Type IV intermediate fila- 
ments include neurofilaments, nestin, syneoilin and a-internexin. Neu- 
rofilaments are a major eytoskeletal element in neurones, particularly 
in axons (see Fig. 1.9C), where they are the dominant protein. Neuro- 
filaments (NF) are heteropolymers of low (NF-L), medium (NF-M) 
and high (NF-H) moleodar weight (the NF-L form is always present 
in eombination with either NF-M or NF-H forms). Abnormal accumu- 
lations of neurofilaments (neurofibrillary tangles) are eharaeteristie 
features of a number of neuropathological eonditions. Nestin resem- 
bles a neurofilament protein, which forms intermediate filaments in 
neurectodermal stem eells in partioilar. The type V intermediate fila- 
ment group includes the mielear lamins A, lamin B1 and lamin B2 
lining the inner surface of the nuclear envelope of all nucleated eells. 
Lamin C is a spliee variant of lamin A. Lamins provide a meehanieal 
framework for the nucleus and aet as attaehment sites for a number of 
proteins that organize ehromatin at the periphery of the nucleus. They 
are unusual in that they form an irregular anastomosing network of 
filaments rather than linear bundles. See Burke and Stewart (2013) for 
fhrther reading. 


Nucleus 


The nucleus (see Figs 1.1 -1.2) is generally the largest intracellular stme- 
ture and is usually spherieal or ellipsoid in shape, with a diameter of 
3-10 jLtm. Conventional histologieal stains, such as haematoxylin or 
toluidine blue, deteet the aeidie eomponents (phosphate groups) of 
deoxyribonucleic aeid (DNA) and ribomieleie aeid (RNA) in eells and 
tissue seetions. DNA and RNA moleodes are said to be basophilie 
because of the binding affinity of their negatively eharged phosphate 
groups to basie dyes such as haematoxylin. A speeifie stain for DNA is 
the Feulgen reaetion. 


Nuclear en velope 

The nucleus is surrounded by the nuclear envelope, which eonsists of 
an inner mielear membrane (INM) and an outer nuclear membrane 
(ONM), separated by a 40-50 nm perimielear spaee that is spanned by 
mielear pore complexes (NPCs). The perimielear spaee is continuous 
with the lumen of the endoplasmie reticulum. The ONM has multiple 
eonneetions with the endoplasmie reticulum, with which it shares its 
membrane protein eomponents. The INM eontains its own speeifie 
integral membrane proteins (lamin B reeeptor and emerin, both pro- 
viding binding sites for ehromatin bridging proteins). A mutation in 
the gene eneoding emerin causes X-linked Emery-Dreifuss muscular 
dystrophy (EDMD), eharaeterized by skeletal muscle wasting and 
eardiomyopathy. 

The nuclear lamina, a 15-20 nm thiek, protein-dense meshwork, is 
assoeiated with the inner faee of the INM. The major eomponents of 
the nuclear lamina are lamins, the type V intermediate filament proteins 
eonsisting of A-type and B-type elasses. 

The nuclear lamina reinforees the nuclear membrane meehanieally, 
determines the shape of the nucleus and provides a binding site for a 
range of proteins that anehor ehromatin to the eytoskeleton. Nuclear 
lamin A, with over 350 mutations, is the most mutated protein linked 
to human disease. These are referred to as laminopathies, eharaeterized 
by nuclear structural abnormalities that cause structurally weakened 
nuclei, leading to meehanieal damage. Lamin A mutations cause a 
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A-type lamins include lamin A (interaeting with emerin), lamin C, 
lamin C2 and lamin AAIO eneoded by a single gene ( LMNA ). Lamin A 
and lamin C are the major A-type lamins expressed in somatie eells, 
whereas lamin C2 is expressed in testis. B-type lamins include lamin 
B1 and lamin B2 (expressed in somatie eells), and testis-speeifie lamin 
B3. Lamin B1 is eneoded by the LMNBl gene; lamin B2 is eneoded by 
the LMNB2 gene. 
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surprisingly wide range of diseases, from progeria to various dystro- 
phies, including an autosomal dominant form of EDMD. A tmneated 
farnesylated form of lamin A, referred to as progerin, leads to defeets 
in eell proliferation and DNA damage of mesenehymal stem eells and 
vasoilar smooth muscle eells. Affeeted patients display cardiovascular 
disease and die at an early age. Miee laeking lamin B1 and lamin B2 
survive until birth; however, neuronal development is eompromised 
when lamin B1 or lamin B2 is absent. Overexpression of lamin B1 is 
assoeiated with autosomal dominant leukodystrophy eharaeterized by 
gradual demyelination in the eentral nervous system. See Worman 
(2012) and Burke and Stewart (2013) for additional reading on lamins 
and laminopathies. 

Oondensed ehromatin (heteroehromatin) tends to aggregate near 
the nuclear envelope during interphase. At the end of mitotie and 
meiotie prophase (see below), the lamin filaments disassemble by 
phosphorylation, causing the mielear membranes to vesiculate and 
disperse into the endoplasmie reticulum. During the final stages of 
mitosis (telophase), proteins ofthe mielear periphery, including lamins, 
assoeiate with the surface of the ehromosomes, providing doeking sites 
for membrane vesieles. Fusion of these vesieles reconstitutes the nuclear 
envelope, including the nuclear lamina, following lamin dephosphor- 
ylation. See Simon and Wilson (2011) for fhrther reading on the 
nucleoskeleton. 

The transport of molecules between the nucleus and the eytoplasm 
occurs via speeialized nuclear pore structures that perforate the nuclear 
membrane (Fig. l.llA). They aet as highly seleetive direetional molecu- 
lar filters, permitting proteins such as histones and gene regulatory 
proteins (which are synthesized in the eytoplasm but fimetion in the 
nucleus) to enter the nucleus, and moleailes that are synthesized in the 
nucleus but destined for the eytoplasm (e.g. ribosomal subunits, trans- 
fer RNAs and messenger RNAs) to leave the nucleus. 

Ultrastructurally, nuclear pores appear as dise-like structures with an 
outer diameter of 130 nm and an inner pore with an effeetive diameter 
for free diffiision of 9 nm (Fig. l.llB). The mielear envelope of an 
aetive eell eontains up to 4000 such pores. The nuclear pore complex 
has an oetagonal symmetry and is formed by an assembly of more than 
50 proteins, the nucleoporins. The inner and outer nuclear membranes 
fuse around the pore complex (see 7 ig. l.llA). Nuclear pores are freely 




Fig. 1.11 A, The niielear envelope with nuclear pores (arrows) in 
transverse seetion, showing the continuity between the inner and outer 
phospholipid layers of the envelope on either side of the pore. The fine 
‘imembrane’ appearing to span the pore is formed by proteins of the pore 
complex. Note that the ehromatin is less eondensed in the region of 
nuclear pores. Abbreviations: N, nucleus; C, eytoplasm. B, Nuclear pores 
seen ‘en faee' as spherieal structures (arrows) in a tangential seetion 
through the nuclear envelope. The appearanee of the envelope varies in 
eleetron density as the plane of seetion passes through different regions 
of the curved double membrane, which is intermpted at intervals by pores 
through the envelope (see also Fig. 1.1). The surrounding eytoplasm with 
ribosomes is less eleetron-dense. Human tissues. (Courtesy of Dr Bart 
Wagner, Histopathology Department, Sheffield Teaehing Hospitals, UK.) 


permeable to small molecules, ions and proteins up to about 17 kDa. 
See Raiees and D'Angelo (2012) for ffirther reading on mielear pore 
complex eomposition. Most proteins that enter the nucleus do so as 
complexes with speeifie transport reeeptor proteins known as import- 
ins. Importins shuttle baek and forth between the nucleus and eyto- 
plasm. Binding of the eargo to the importin requires a short sequence 
of amino aeids known as a mielear loealization sequence (NLS), and 
ean either be direet or take plaee via an adapter protein. interaetions of 
the importin with eomponents of the nuclear pore move it, together 
with its eargo, through the pore by an energy-independent proeess. 
A eomplementary eyele fimetions in export of proteins and RNA mol- 
ecules from the nucleus to the eytoplasm using transport reeeptors 
known as exportins. 

A small GTPase ealled Ras-related nuclear protein (Ran) regulates the 
import and export of proteins aeross the nuclear envelope. 

For fiirther reading on the Ran pathway and exportins/importins, see 

Clarke and Zhang (2008) and Raiees and D'Angelo (2012). 

Ohromatin 

DNA is organized within the nucleus in a DNA-protein complex known 
as ehromatin. The protein constituents of ehromatin are the histones 
and the non-histone proteins. Non-histone proteins are an extremely 
heterogeneous group that includes structural proteins, DNA and RNA 
polymerases, and gene regulatory proteins. Histones are the most abun- 
dant group of proteins in ehromatin, primarily responsible for the 
paekaging of ehromosomal DNA into its primary level of organization, 
the nucleosome. There are four eore histone proteins - H2A, H2B, H3 
and H4 - which eombine in equal ratios to form a eompaet oetamerie 
nucleosome eore. A fifth histone, Hl, is involved in ffirther eompaetion 
of the ehromatin. The DNA moleoile (one per ehromosome) winds 
twice around eaeh mieleosome eore, taking up 165 mieleotide pairs. 
This paekaging organizes the DNA into a ehromatin fibre 11 nm in 
diameter, and imparts to this form of ehromatin the eleetron miero- 
seopie appearanee of beads on a string, in which eaeh bead is separated 
by a variable length of DNA, typieally about 35 nucleotide pairs long. 
The mieleosome eore region and one of the linker regions constitute 
the mieleosome proper, which is typieally about 200 nucleotide pairs 
in length. However, ehromatin rarely exists in this simple form and is 
usually paekaged fiirther into a 30 nm thiek fibre, involving a single H1 
histone per nucleosome, which interaets with both DNA and protein 
to impose a higher order of mieleosome paeking. Usually, 30 nm thiek 
fibres are ffirther eoiled or folded into larger domains. Individual 
domains are believed to deeondense and extend during aetive transerip- 
tion. In a typieal interphase nucleus, euchromatin (nuclear regions that 
appear pale in appropriately stained tissue seetions, or relatively 
electron-lucent in eleetron mierographs; see Fig. 1.2) is likely to eonsist 
mainly of 30 nm fibres and loops, and eontains the transeriptionally 
aetive genes. Transeriptionally aetive eells, such as most neurones, have 
nuclei that are predominantly euchromatic. See Luger et al (2012) for 
ffirther reading on the mieleosome and ehromatin structure. 

Heteroehromatin (nuclear regions that appear dark in appropriately 
stained tissue seetions or eleetron-dense in eleetron mierographs) is 
eharaeteristieally loeated mainly around the periphery of the nucleus, 
except over the mielear pores (see Fig. l.llA), and adjaeent to the 
nucleolus (see Fig. 1.2). It is a relatively eompaeted form of ehromatin 
in which the histone proteins earry a speeifie set of post-translational 
modifieations, including methylation at eharaeteristie residues. This 
faeilitates the binding of speeifie heteroehromatin-assoeiated proteins. 
Heteroehromatin includes non-eoding regions of DNA, such as eentro- 
merie regions, which are known as constitutive heteroehromatin. DNA 
beeomes transeriptionally inaetive in some eells as they differentiate 
during development or eell maturation, and contributes to heteroehro- 
matin; it is known as facultative heteroehromatin. The inaetive X ehro- 
mosome in females is an example of faailtative heteroehromatin and 
ean be identified in the light mieroseope as the deeply staining Barr 
body often loeated near the mielear periphery or a dmmstiek extension 
of a nuclear lobe of a mature multilobed neutrophil leukocyte. 

In transeriptionally inaetive eells, ehromatin is predominantly in the 
eondensed, heteroehromatie state, and may eomprise as much as 90% 
of the total. Examples of such eells are mature neutrophil leukocytes 
(in which the eondensed ehromatin is present in a multilobular, densely 
staining nucleus) and the highly eondensed nuclei of orthoehromatie 
erythroblasts (late-stage erythroeyte precursors). In most mature eells, 
a mixture of the two occurs, indieating that only a proportion of the 
DNA is being transeribed. A particular instanee of this is seen in the B 
lymphoeyte-derived plasma eell, in which much of the ehromatin is in 
the eondensed eondition and is arranged in regular masses around the 
perimeter of the nucleus, producing the so-ealled 'eloek-faee' nucleus 
(see Figs 4.6, 4.12). Although this eell is aetively transeribing, much of 
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its protein synthesis is of a single immunoglobulin type, and eonse- 
quently much of its genome is in an inaetive state. 

During mitosis, the ehromatin is further reorganized and eondensed 
to form the much-shortened ehromosomes eharaeteristie of metaphase. 
This shortening is aehieved through fiirther levels of elose paeking of 
the ehromatin. The eondensed ehromosomes are stabilized by protein 
complexes known as eondensins. Progressive folding of the ehromo- 
somal DNA by interaetions with speeifie proteins ean reduce 5 em of 
ehromosomal DNA by 10,000-fold, to a length of 5 jiim in the mitotie 
ehromosome. 

jf*l Chromosomes artd telomeres 

The nuclear DNA of eukaryotic eells is organized into linear units ealled 
ehromosomes. The DNA in a normal human diploid eell eontains 
6x 10 9 nucleotide pairs organized in the form of 46 ehromosomes (44 
autosomes and 2 sex ehromosomes). The largest human ehromosome 
(number 1) eontains 2.5 x 10 8 mieleotide pairs, and the smallest (the Y 
ehromosome) 5 x 10 7 nucleotide pairs. 

Eaeh ehromosomal DNA molecule eontains a mimber of speeialized 
nucleotide sequences that are assoeiated with its maintenanee. One is 
the eentromerie DNA region. During mitosis, a dise-shaped structure 
eomposed of a complex array of proteins, the kinetoehore, forms as a 
substructure at the eentromerie region of DNA to which kinetoehore 
microtubules of the spindle attaeh. Another region, the telomere, 
defines the end of eaeh ehromosomal DNA molecule. Telomeres eonsist 
of hundreds of repeats of the nucleotide sequence (TTAGGG) n . The very 
ends of the ehromosomes eannot be replieated by the same DNA 
polymerase as the rest of the ehromosome, and are maintained by a 
speeifie enzyme ealled telomerase, which eontains an RNA subunit 
aeting as the template for lengthening the TTAGGG repeats. See 
Nandakumar and Cech (2013) for fiirther reading on the reemitment 
of telomerase to telomeres. Thus telomerase is a speeialized type of 
polymerase known as a reverse transeriptase that turns sequences in 
RNA baek into DNA. The number of tandem repeats of the telomerie 
DNA sequence varies. The telomere appears to shorten with successive 
eell divisions because telomerase aetivity reduces or is absent in dif- 
ferentiated eells with a finite lifespan. In mammals, telomerase is aetive 
in the germ-eell lineage and in stem eells, but its expression in somatie 
eells may lead to or prompt eaneer. A laek of telomere maintenanee 
determines the shrinking of telomeres in proliferating eells to the point 
when eells stop dividing, a eondition known as replieative seneseenee. 
See Sahin and DePinho (2012) for ffirther reading on telomeres and 
progressive DNA damage. 

The role of the telomere in ageing and eell seneseenee is ffirther 
discussed at the end of this ehapter. 

Karyotypes: elassifieation of human ehromosomes 

A number of genetie abnormalities ean be direetly related to the ehro- 
mosomal pattern. The eharaeterization or karyotyping of ehromosome 
number and structure is therefore of eonsiderable diagnostie impor- 
tanee. The identiíying features of individual ehromosomes are most 


easily seen during metaphase, although prophase ehromosomes ean be 
used for more detailed analyses. 

Lymphoeytes separated from blood samples, or eells taken from 
other tissues, are used as a source of ehromosomes. Diagnosis of fetal 
ehromosome patterns is generally earried out on samples of amniotie 
fluid eontaining fetal eells aspirated from the uterus by amnioeentesis, 
or on a small pieee of ehorionie villus tissue removed from the plaeenta. 
Whatever their origin, the eells are cultured in vitro and stimulated to 
divide by treatment with agents that stimulate eell division. Mitosis is 
intermpted at metaphase with spindle inhibitors. The ehromosomes are 
dispersed by first causing the eells to swell in a hypotonie solution, then 
the eells are gently fixed and meehanieally mptured on a slide to spread 
the ehromosomes. They are subsequently stained in various ways to 
allow the identifieation of individual ehromosomes by size, shape and 
distribution of stain (Fig. 1.12). General techniques show the obvious 
landmarks, e.g. lengths of arms and positions of eonstrietions. Banding 
techniques demonstrate differential staining patterns, eharaeteristie for 
eaeh ehromosome type. Fluorescence staining with quinacrine mustard 
and related compounds produces Q bands, and Giemsa staining (after 
treatment that partially denatures the ehromatin) gives G bands (Fig. 
1.12A). Other less widely used methods include: reverse Giemsa stain- 
ing, in which the light and dark areas are reversed (R bands); the stain- 
ing of constitutive heteroehromatin with silver salts (C-banding); and 
T-banding to stain the ends (telomeres) of ehromosomes. Collectively, 
these methods permit the elassifieation of ehromosomes into num- 
bered autosomal pairs in order of deereasing size, from 1 to 22, plus 
the sex ehromosomes. 

A summary of the major elasses of ehromosome is given in 

Table 1.1. 

Methodologieal advanees in banding techniques improved the re- 
eognition of abnormal ehromosome patterns. The use of in situ hybridi- 
zation with fluorescent DNA probes speeifie for eaeh ehromosome (Fig. 
1.12B) permits the identifieation of even very small abnormalities. 

Nucleolus 

Nucleoli are a prominent feature of an interphase nucleus (see Pig. 1.2). 
They are the site of most of the synthesis of ribosomal RNA (rRNA) and 
assembly of ribosome subunits. Nucleoli organize at the end of mitosis 


Table 1.1 Siimmary of the major elasses of ehromosome 


Group 

Features 

1 -3 (A) 

Large metaeentrie ehromosomes 

4-5 (B) 

Large submetacentric ehromosomes 

6-12 + X (C) 

Metaeentries of medium size 

13-15 (D) 

Medium-sized aeroeentries with satellites 

16-18 (E) 

Shorter metaeentries (16) or submetacentrics (17,18) 

19-20 (F) 

Shortest metaeentries 

21-22+ Y(G) 

Short aeroeentries; 21, 22 with satellites, Y without 



Fig. 1.12 ehromosomes from normal males, arranged as karyotypes. A, G-banded preparation. B, Preparation stained by multiplex fluorescence in situ 
hybridization to identify eaeh ehromosome. (Courtesy of Dr Denise Sheer, Cancer Researeh UK.) 
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Telomerase has been assoeiated with ageing and eell seneseenee 
because a gradual loss of telomeres may lead to tissue atrophy, stem 
eell depletion and defieient tissue repair or regeneration. Mutations 
causing loss of fimetion of telomerase or the RNA-eontaining template 
have been assoeiated with dyskeratosis eongenita (eharaeterized by 
abnormal skin pigmentation, nail dystrophy and mucosal lenkoplasia), 
aplastie anaemia and pulmonary fibrosis. 
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and eonsist of repeated clusters of ribosomal DNA (rDNA) genes and 
proeessing moleailes responsible for producing ribosome subunits. The 
initial step of the assembly of a ribosome subunit starts with the tran- 
seription of rDNA genes by RNA polymerase I. The rDNA genes, 
arranged in tandem repeats ealled nucleolar organizing regions (NORs), 
are loeated on aeroeentrie ehromosomes. There are five pairs of aero- 
eentrie ehromosomes in humans. The initial 47S rRNA precursor tran- 
seript is eleaved to form the mature 28S, 18S and 5.8S rRNAs, assembled 
with the 5S rRNA (synthesized by RNA polymerase III outside the 
nucleolus) and coupled to small mieleolar ribonucleoproteins and 
other non-ribosomal proteins to form 60S (eontaining 28S rRNA, 5.8S 
rRNA and 5S rRNA) and 40S (eontaining 18S rRNA) preribosome sub- 
units. These are then exported to the eytoplasm aeross nuclear pores as 
mature ribosome subunits. About 726 human nucleolar proteins have 
been identified by protein purification and mass speetrometry. For 
fhrther reading on nucleolar fimetions, see Boisvert et al (2007). 

Ribosomal biogenesis occurs in distinet subregions of the nucleolus, 
visualized by eleetron mieroseopy. The three nucleolar subregions are 
fibrillar eentres (FCs), dense fibrillar eomponents (DFCs) and gramilar 
eomponents (GCs). Transeription of the rDNA repeats takes plaee at 
the FC-DFC boundary; pools of RNA polymerase I reside in the FC 
region; proeessing of transeripts and coupling to small nucleolar ribo- 
nucleoproteins take plaee in DFC; and the assembly of ribosome sub- 
units is eompleted in the GC region. 

The nucleolus is disassembled when eells enter mitosis and tran- 
seription beeomes inaetive. It reforms after nuclear envelope reorganiza- 
tion in telophase, in a proeess assoeiated with the onset of transeription 
in nucleolar organizing eentres on eaeh speeifie ehromosome, and 
beeomes fimetional during the Gi phase of the eell eyele. An adequate 
pool of ribosome subunits during eell growth and eell division requires 
steady nucleolar aetivity to support protein synthesis. Several DNA 
helieases, a eonserved group of enzymes that unwind DNA, accumulate 
in the nucleolus under speeifie eonditions such as Bloom's syndrome 
(an autosomal reeessive disorder eharaeterized by growth defieieney, 
immunodeficiency and a predisposition to eaneer) and Werners syn- 
drome (an autosomal reeessive eondition eharaeterized by the early 
appearanee ofvarious age-related diseases). 




18 


During prenatal development, most eells undergo repeated division 
(see Video 1.1) as the body grows in size and complexity. As eells 
mature, they differentiate structurally and fimetionally. Some eells, such 
as neurones, lose the ability to divide. Others may persist throughout 
the lifetime of the individual as replieation-eompetent stem eells, e.g. 
eells in the haemopoietie tissue of bone marrow. Many stem eells divide 
infrequently, but give rise to daughter eells that undergo repeated eyeles 
of mitotie division as transit (or transient) ampliíying eells. Their divi- 
sions may occur in rapid succession, as in eell lineages with a short 
lifespan and similarly fast turnover and replaeement time. Transit 
amplifying eells are all destined to differentiate and ultimately to die 
and be replaeed, unlike the population of parental stem eells, which 
self-renews. 

Patterns and rates of eell division within tissues vary eonsiderably. 
In many epithelia, such as the erypts between intestinal villi, the replaee- 
ment of damaged or ageing eells by division of stem eells ean be rapid. 
Rates of eell division may also vary aeeording to demand, as occurs in 
the healing of wounded skin, in which eell proliferation inereases to a 
peak and then returns to the normal replaeement level. The rate of eell 
division is tightly coupled to the demand for growth and replaeement. 
Where this coupling is faulty, tissues either fail to grow or replaee their 
eells, or they ean overgrow, producing neoplasms. 

The eell eyele is an ordered sequence of events, culminating in eell 
growth and division to produce two daughter eells. It generally lasts a 
minimum of 12 hours, but in most adult tissues ean be eonsiderably 
longer, and is divided into four distinet phases, which are known as Gi 
(for gap 1), S (for DNA synthesis), G 2 (for gap 2) and M (for mitosis). 
The eombination of Gi, S and G 2 phases is known as interphase. M is 
the mitotie phase, which is fhrther divided into four phases (see below). 
Gi is the period when eells respond to growth faetors direeting the eell 
to initiate another eyele; onee made, this deeision is irreversible. It is 
also the phase in which most of the molecular maehinery required to 
eomplete another eell eyele is generated. Centrosomes duplicate during 
S phase in preparation for mitosis. Cells that retain the eapaeity for 
proliferation, but which are no longer dividing, have entered a phase 
ealled G 0 and are deseribed as quiescent even though they may be quite 
aetive physiologieally. Growth faetors ean stimulate quiescent eells to 
leave G 0 and re-enter the eell eyele, whereas the proteins eneoded by 
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Fig. 1.13 The eell eyele eonsists of an interphase (G^ phase, S phase and 
G 2 phase) followed by mitosis. The eyelin D/Cdk4 complex assembles at 
the beginning of G^; the eyelin E/Cdk2 complex assembles near the end 
of G^ as the eell is preparing to eross eheekpoint 1 to start DNA synthesis 
(during S phase). The eyelin A/Cdk2 complex assembles as DNA 
synthesis starts. Completion of G 2 is indieated by the assembled eyelin A/ 
Cdk1 complex. A eell erosses eheekpoint 2 to initiate mitosis when the 
eyelin B/Cdk1 complex assembles. The eyelin B/Cdk1 complex is 
degraded by the 26S proteasome and an assembled eyelin D/Cdk4 marks 
the start of the G^ phase of a new eell eyele. For details, see text. 
(Modified with permission from Kierszenbaum AL, Tres LL. Histology and 
Cell Biology: An lntroduction to Pathology. 3rd ed, Philadelphia: Elsevier, 
Saunders; 2011.) 


eertain tumour suppressor genes (e.g. the gene mutated in retinoblas- 
toma, Rb) bloek the eyele in G x . DNA synthesis (replieation of the 
genome) occurs during S phase, at the end of which the DNA eontent 
of the eell has doubled. During G 2 , the eell prepares for division; this 
period ends with the onset of ehromosome eondensation and break- 
down of the nuclear envelope. The times taken for S, G 2 and M are 
similar for most eell types, and occupy 6-8, 2-4 and 1-2 hours respee- 
tively. In eontrast, the duration of G x shows eonsiderable variation, 
sometimes ranging from less than 2 hours in rapidly dividing eells to 
more than 100 hours, within the same tissue. 

The passage of a eell through the eell eyele is eontrolled by proteins 
in the eytoplasm: eyelins and eyelin-dependent kinases (Cdks; Fig 
1.13). Cyclins include Gi eyelins (D eyelins), S-phase eyelins (eyelins E 
and A) and mitotie eyelins (B eyelins). Cdks, protein kinases, which are 
aetivated by binding of a eyelin subunit, include G x Cdk (Cdk4), an 
S-phase Cdk (Cdk2) and an M-phase Cdk (Cdkl). Cell eyele progres- 
sion is driven in part by ehanges in the aetivity of Cdks. Eaeh eell eyele 
stage is eharaeterized by the aetivity of one or more Cdk-cyclin pairs. 
Transitions between eell eyele stages are triggered by highly speeifie 
proteolysis by the 26S proteasome of the eyelins and other key 
eomponents. 

To give one example, the transition from G 2 to mitosis is driven by 
aetivation of Cdkl by its partners, the A- and B-type eyelins; the ehar- 
aeteristie ehanges in cellular structure that occur as eells enter mitosis 
are largely driven by phosphorylation of proteins by aetive Cdkl-cyclin 
A and Cdkl-cyclin B. Cells exit from mitosis when an E3 ubiquitin 
ligase, the anaphase promoting complex, also ealled eyelosome 
(APC/C), marks the eyelins for destmetion. In addition, APC/C prompts 
the degradation of the mitotie eyelin B and the destmetion of eohesins, 
thus allowing sister ehromatids to separate. 

There are important eheekpoints in the eell eyele (see Fig. 1.13). 
Checkpoint 1 requires Gi eyelins to bind to their eorresponding Cdks 
to signal the eell to prepare for DNA synthesis. S-phase promoting 
faetor (SPF; eyelin A bound to Cdk2) enters the nucleus to stimulate 
DNA synthesis. Checkpoint 2 requires M-phase promoting faetor 
(mitotie eyelin B bound to M-phase Cdkl) to trigger the assembly of 
the mitotie spindle, breakdown of the mielear envelope, arrest of gene 
transeription and eondensation of ehromosomes. During metaphase of 
mitosis, M-phase promoting faetor aetivates APC/C, which determines 
the breakdown of eohesins, the protein complex holding sister ehroma- 
tids together. Then, at anaphase, separated ehromatids move to the 
opposite poles of the spindle. Finally, B eyelins are destroyed following 
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The targets for proteolysis are marked for destmetion by E3 ubiquitin 
ligases, which deeorate them with polymers of the small protein ubiq- 
uitin, a sign for reeognition by the 26S proteasome. 
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their attaehment to ubiquitin, targeting them for destmetion by the 26S 
proteasome. As Gi starts, eyelins D, bound to Cdk4, start preparation 
for a new eell eyele. 

Quality eontrol eheekpoint 2 operates to delay eell-eyele progression 
when DNA has been damaged by radiation or ehemieal mutagens. Cells 
with eheekpoint defeets, such as loss of the protein p53, which is a 
major negative eontrol element in the division eyele of all eells, are 
eommonly assoeiated with the development of malignaney. An example 
is Li Fraumeni syndrome, where a defeetive p53 gene leads to a high 
frequency of eaneer in affeeted individuals. In eells, p53 protein binds 
DNA and stimulates another gene to produce p21 protein, which inter- 
aets with Cdk2 to prevent S-phase promoting aetivity. When mutant 
p53 ean no longer bind DNA to stimulate production of p21 to stop 
DNA synthesis, eells acquire oneogenie properties. The p53 gene is an 
example of a tumour suppressor gene. For further reading on p53 muta- 
tions and eaneer, see Muller and Vousden (2013). 

Mitosis and meiosis 


Mitosis is the proeess that results in the distribution of identieal eopies 
of the parent eell genome to the two daughter somatie eells. In meiosis, 
the divisions immediately before the final production of gametes halve 
the number of ehromosomes to the haploid number, so that at fertiliza- 
tion the diploid number is restored. Moreover, meiosis includes a phase 
in which exchange of genetie material occurs between homologous 
ehromosomes. This allows a rearrangement of genes to take plaee, 
which means that the daughter eells differ from the parental eell in both 
their preeise genetie sequence and their haploid state. Mitosis and 
meiosis are alike in many respeets, and differ prineipally in ehromo- 
somal behaviour during the early stages of eell division. In meiosis, two 
divisions occur in succession, without an intervening S phase. Meiosis 
I is distinet from mitosis, whereas meiosis II is more like mitosis. 



Mitosis 

New DNA is synthesized during the S phase of the eell eyele interphase. 
This means that the amount of DNA in diploid eells has doubled to 
the tetraploid value by the onset of mitosis, although the ehromosome 
number is still diploid. During mitosis, this amount is halved between 
the two daughter eells, so that DNA quantity and ehromosome number 
are diploid in both eells. The cellular ehanges that aehieve this distribu- 
tion are eonventionally divided into four phases ealled prophase, meta- 
phase, anaphase and telophase (Figs 1.14-1.15, Video 1.1). 


Prophase 

During prophase, the strands of ehromatin, which are highly extended 
during interphase, shorten, thieken and resolve themselves into reeog- 
nizable ehromosomes. Eaeh ehromosome is made up of duplicate ehro- 
matids (the products of DNA replieation) joined at their eentromeres. 
Outside the nucleus, the two eentriole pairs begin to separate, and move 
towards opposite poles of the eell. Parallel microtubules are assembled 
between them to ereate the mitotie spindle, and others radiate to form 
the microtubule asters, which eome to form the spindle poles or mitotie 
eentre. As prophase proeeeds, the mieleoli disappear, and the mielear 
envelope suddenly disintegrates to release the ehromosomes, an event 
that marks the end of prophase. 


Prometaphase-metaphase 

As the nuclear envelope disappears, the spindle microtubules extend 
into the eentral region of the eell, attaehing to the ehromosomes, which 
subsequently move towards the equator of the spindle (prometaphase). 
The spindle eonsists of kinetoehore microtubules attaehed to the kine- 
toehore, a multiprotein structure assembled at the eentromerie DNA 
region, and polar microtubules, which are not attaehed to ehromo- 
somes but instead overlap with eaeh other at the eentre of the eell. The 
grouping of ehromosomes at the spindle equator is ealled the meta- 
phase or equatorial plate. The ehromosomes, attaehed at their eentro- 
meres, appear to be arranged in a ring when viewed from either pole 
of the eell, or to lie linearly aeross this plane when viewed from above. 
Cytoplasmic movements during late metaphase effeet the approxi- 
mately equal distribution of mitoehondria and other eell structures 
around the eell periphery. 


Anaphase 

By the end of metaphase every ehromosome eonsists of a pair of sister 
ehromatids attaehed to opposing spindle poles by bundles of microtu- 
bules assoeiated with the kinetoehore. The onset of anaphase begins 
with the proteolytie eleavage by the enzyme separase of a key subunit 
of protein complexes known as eohesins. The latter hold the replieated 
sister ehromatids together to resist separation even when exposed to 
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Fig. 1.14 The stages in mitosis, including the appearanee and distribution 
of the ehromosomes. 


microtubule-dependent pulling forees. Proteolytie eleavage releases the 
eohesion between sister ehromatids, which then move towards opposite 
spindle poles while the microtubule bundles attaehed to the kineto- 
ehores shorten and move polewards. At the end of anaphase the sister 
ehromatids are grouped at either end of the eell, and both clusters are 
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Fig. 1.15 

lmmunofluorescence 
images of stages in 
mitosis in human 
eareinoma eells in 
culture. A, Metaphase, 
with spindle 
microtubules (green), 
the microtubule- 
stabilizing protein 
(HURP; red) and 
ehromosomal DNA 
(blue). B, Anaphase, 
with spindle 
microtubules (green), 
the eentral spindle 
(Aurora-B kinase, red) 
and segregated 
ehromosomes (blue). 

C, Late anaphase, with 
spindle microtubules 
(green), the eentral 
spindle (Plkl kinase, 
red, appearing yellow 
where eo-loealized with 
microtubule protein) 
and segregated 
ehromosomes (blue). 
(Courtesy of Dr Herman 
Silljé, Max-Planck- 
lnstitut fur Bioehemie, 
Martinsried, Germany.) 


diploid in niimber. An infolding of the eell equator begins, deepening 
during telophase as the eleavage furrow. 

Telophase 

During telophase the nuclear envelopes reform, beginning with the 
assoeiation of membranous vesieles with the surface of the ehromo- 
somes. Later, after the vesieles have fused and the nuclear envelope is 
eomplete, the ehromosomes deeondense and the nucleoli reform. At 
the same time, eytoplasmie division, which usually begins in early 
anaphase, continues until the new eells separate, eaeh with its derived 
nucleus. The spindle remnant now disintegrates. While the eleavage 
furrow is aetive, a peripheral band or belt of aetin and myosin appears 
in the eonstrieting zone; eontraetion of this band is responsible for 
furrow formation. 

Failure of disjunction of ehromatids, so that sister ehromatids pass 
to the same pole, may sometimes occur. Of the two new eells, one will 
have more, and the other fewer, ehromosomes than the diploid number. 
Exposure to ionizing radiation promotes non-disjunction and may, by 
ehromosomal damage, inhibit mitosis altogether. A typieal symptom of 
radiation exposure is the failure of rapidly dividing epithelia to replaee 
lost eells, with consequent ulceration of the skin and mucous mem- 
branes. Mitosis ean also be dismpted by ehemieal agents, particularly 
vinblastine, paclitaxel (taxol) and their derivatives. These compounds 
either disassemble spindle microtubules or interfere with their dynam- 
ies, so that mitosis is arrested in metaphase. 

Meiosis 

There are two consecutive eell divisions during meiosis: meiosis I and 
meiosis II (Fig. 1.16). Details of this proeess differ at a eelhilar level for 
male and female lineages. 
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Fig. 1.16 The stages in meiosis, depieted by two pairs of maternal and paternal homologues (dark and pale colours). DNA and ehromosome 
eomplement ehanges and exchange of genetie information between homologues are indieated. 
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Meiosis I 

Prophase I 

Meiotie prophase I is a long and complex phase that differs eonsider- 
ably from mitotie prophase and is customarily divided into five sub- 
stages, ealled leptotene, zygotene, paehytene, diplotene and diakinesis. 
There are three distinetive features of male meiotie prophase that are 
not seen during mitotie prophase: the pairing, or synapse, of homolo- 
gous ehromosomes of paternal and maternal origin to form bivalent 
structures; the organization of nucleoli by autosomal bivalents; and 
signifieant non-ribosomal RNA synthesis by autosomal bivalents (in 
eontrast to the transeriptional inaetivity of the XY ehromosomal pair) 
(see Tres 2005). In the female, meiotie prophase I starts during fetal 
gonadogenesis, is arrested at the diplotene stage and resumes at puberty. 
In the male, meiosis starts at puberty. 

Leptotene Stage During leptotene, homologous ehromosomes 
(maternal and paternal eopies of the same ehromosome), replieated in 
a preeeding S phase and eaeh eonsisting of sister ehromatids joined at 
the eentromere (see above), loeate one another within the nucleus, and 
the proeess of genetie reeombination is initiated. Cytologically, ehro- 
mosomes begin to eondense, appearing as individual threads that are 
attaehed via their telomeres to the nuclear envelope. They often show 
eharaeteristie beading throughout their length. 

Zygotene Stage During zygotene, the homologous ehromosomes 
initiate pairing or synapsis, during which they beeome intimately asso- 
eiated with one another. Synapsis may begin near the telomeres at the 
inner surface of the nuclear membrane, and during this stage the tel- 
omeres often cluster to one side of the nucleus (a stage known as the 
bouquet because the ehromosomes resemble a bouquet of flowers). The 
pairs of synapsed homologues, also known as bivalents, are linked 
together by a tripartite ribbon, the synaptonemal complex, which eon- 
sists of two lateral dense elements and a eentral, less dense, linear 
element. 

The sex ehromosomes also start to synapse during zygotene. In 
males, with distinet X and Y ehromosomes, synapsis involves a region 
of shared DNA sequence known as the pseudoautosomal region. The 
XY bivalent adopts a speeial eondensed structure, known as the sex 
vesiele, which beeomes assoeiated later at paehytene with migratory 
nucleolar masses originating in the autosomal bivalents. 

Chromosome behaviour in meiosis is intimately linked with the 
proeess of genetie reeombination. This begins during leptotene, as 
homologous ehromosomes first loeate one another at a distanee. Syn- 
apsis, stabilized by the synaptonemal complex, faeilitates reeombina- 
tion, as sites of genetie exchange are turned into speeialized structures 
known as ehiasmata, which are topologieal erossing-over points that 
hold homologous ehromosomes together. 

Paehytene Stage When synapsis is eomplete for all ehromosomes, 
the eell is said to be in paehytene. Eaeh bivalent looks like a single thiek 
structure, but is actually two pairs of sister ehromatids held together by 
the synaptonemal complex. Genetie reeombination between non-sister 
ehromatids is eompleted at this point, with sites where it has occurred 
(usually one per ehromosome arm) appearing as reeombination 
nodules in the eentre of the synaptonemal complex. 

Diplotene Stage During diplotene, the synaptonemal complex disas- 
sembles and pairs of homologous ehromosomes, now much shortened, 
separate, except where erossing over has occurred (ehiasmata). This 
proeess is ealled disjunction. At least one ehiasma forms between eaeh 
homologous pair, exchanging maternal and paternal sequences; up to 
five have been observed. In the ovaries, primary ooeytes beeome diplo- 
tene by the fifth month in utero and eaeh remains at this stage until the 
period before ovulation (up to 50 years). 

Diakinesis Diakinesis is the prometaphase of the first meiotie divi- 
sion. The ehromosomes, still as bivalents, beeome even shorter and 
thieker. They gradually attaeh to the spindle and beeome aligned at a 
metaphase plate. In eggs, the spindle forms without eentrosomes. 
Microtubules first nucleate and are stabilized near the ehromosomes; 
the aetion of various motor moleailes eventually sorts them into a 
bipolar spindle. Perhaps surprisingly, this spindle is as effieient a 
maehine for ehromosome segregation as the spindle of mitotie eells 
with eentrosomes at the poles. 

Metaphase I 

Metaphase I resembles mitotie metaphase, except that the bodies attaeh- 
ing to the spindle microtubules are bivalents, not single ehromosomes. 
These beeome arranged so that the homologous pairs occupy the 


equatorial plane of the spindle. The eentromeres of eaeh pair of sister 
ehromatids fimetion as a single unit, faeing a single spindle pole. 
Homologous ehromosomes are pulled towards opposite spindle poles, 
but are held paired at the spindle midzone by ehiasmata. Errors in 
ehromosome segregation (known as non-disjunction) lead to the pro- 
duction of aneuploid progeny. Most human aneuploid embryos are 
non-viable and this is the major cause of fetal loss (spontaneous abor- 
tion), particularly during the first trimester of pregnaney in humans. 
The most eommon form of viable aneuploid progeny in humans is 
Down's syndrome (trisomy for ehromosome 21), which exhibits a dra- 
matie inerease with maternal age. 

Anaphase and telophase I 

Anaphase I of meiosis begins with the release of eohesion between the 
arms of sister ehromatids, much as it does during mitosis. As position- 
ing of bivalent pairs is random, assortment of maternal and paternal 
ehromosomes in eaeh telophase nucleus is also random. Critically, 
sister eentromeres, and thus ehromatids, do not separate during ana- 
phase I. 

During meiosis I, eytoplasmie division occurs by speeialized meeha- 
nisms. In females, the division is highly asymmetrie, producing one egg 
and one tiny eell known as a polar body. In males, the proeess results 
in production of spermatoeytes that remain joined by small eytoplas- 
mie bridges. 

Meiosis II 

Meiosis II eommenees after only a short interval during which no DNA 
synthesis occurs. The eentromeres of sister ehromatids remain paired, 
but rotate so that eaeh one ean faee an opposite spindle pole. Onset of 
anaphase II is triggered by loss of eohesion between the eentromeres, 
as it is in mitosis. This seeond division is more like mitosis, in that 
ehromatids separate during anaphase, but, unlike mitosis, the separat- 
ing ehromatids are genetieally different (the result of genetie reeombi- 
nation). Cytoplasmic division also occurs and thus, in the male, four 
haploid eells, intereonneeted by eytoplasmie bridges, result from 
meiosis I and II. 


CELL POLARITY AND DOMAINS 


Epithelia are organized into sheets or glandular structures with very 
different environments on either side. These eells aetively transfer mae- 
romolecules and ions between the two surfaces and are thus polarized 
in structure and fimetion. In polarized eells, particularly in epithelia, 
the eell is generally subdivided into domains that refleet the polariza- 
tion of aetivities within it. The free surface, e.g. that faeing the intestinal 
lumen or airway, is the apieal surface, and its adjaeent eytoplasm is the 
apieal eell domain. This is where the eell interfaees with a speeifie body 
eompartment (or, in the ease of the epidermis, with the outside world). 
The apieal surface is speeialized to aet as a barrier, restrieting aeeess of 
substances from this eompartment to the rest of the body. Speeifie 
eomponents are seleetively absorbed from, or added to, the external 
eompartment by the aetive proeesses, respeetively, of aetive transport 
and endoeytosis inwardly or exocytosis and seeretion outwardly. 
The apieal surface is often eovered with small protmsions of the eell 
surface, mierovilli, which inerease the surface area, particularly for 
absorption. 

The surface of the eell opposite to the apieal surface is the basal 
surface, with its assoeiated basolateral eell domain. In a single-layered 
epithelimn, this surface faees the basal lamina. The remaining surfaces 
are known as the lateral eell surfaces. In many instanees, the lateral and 
basal surfaces perform similar fimetions and the cellular domain is 
termed the basolateral domain. Cells aetively transport substances, such 
as digested nutrients from the intestinal lumen or endoerine seeretions, 
aeross their basal (or basolateral) surfaces into the subjacent eonneetive 
tissue matrix and the blood eapillaries within it. Dissolved non-polar 
gases (oxygen and earbon dioxide) diffiise freely between the eell and 
the blood stream aeross the basolateral surface. Apieal and basolateral 
surfaces are separated by a tight intercellular seal, the tight junction 
(occluding junction, zonula adherens), which prevents the passage of 
even small ions through the spaee between adjaeent eells and thus 
maintains the differenee between environments on either side of the 
epithelium. 

Cell surface apieal differentiations 


The surfaces of many different types of eell are speeialized to form 
stmctures that projeet from the surface. These projeetions may permit 
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movement of the eell itself (flagella), or of fliiids aeross the apieal eell 
surface (eilia), or inerease the surface area available for absorption 
(mierovilli). Infoldings of the basolateral plasma membrane also 
inerease the area for transport aeross this surface of the eell. In most 
non-dividing epithelial eells, the eentriole-derived basal body gives rise 
to a non-motile primary eilmm, which has an important meehanosen- 
sory role. 

[(*) Cilia and flagella 

Cilia and flagella are motile, hair-like projeetions of the eell surface, 
which ereate currents in the surrounding fluid or movements of the eell 
to which they are attaehed, or both. There are two eategories of eilia: 
single non-motile primary eilia and multiple motile eilia. Primary eilia 
are immotile but ean deteet physieal and bioehemieal signals. Motile 
eilia are present in large numbers on the apieal epithelial domain of 
the upper respiratory traet and oviducts, and beat in a wave-like motion 
to generate fluid movement. Cilia also occur, in modified form, at the 
dendritie endings of olfaetory reeeptor eells, vestibular hair eells (kino- 
eilfiim), and the photoreeeptor rods and eones of the retina. Flagella, 
with a primary fimetion in eell loeomotion, are found on single-eell 
eukaryotes and in spermatozoa, which eaeh possess a single flagellum 
70 pm long. 

A cilium or flagellum eonsists of a shaft (0.25 pm diameter) eonsti- 
tuting most of its length, a tapering tip and a basal body at its base, 
which lies within the surface eytoplasm of the eell (Fig. 1.17). Other 
than at its base, the entire structure of the eilfiim is eovered by plasma 
membrane. The eore of the eilfiim is the axoneme, a eylinder of nine 
microtubule doublets that surrounds a eentral pair of single microtu- 
bules (see Fig. 1.17). Ciliogenesis of primary eilia and motile eilia 
involves distinet steps. A eentriole-derived basal body migrates to the 
apieal eell domain and axonemal microtubule doublets emerge from 


its distal region, ealled the transition zone. The continued elongation 
of the eilfiim requires the import and intraeiliary transport of tubulin 
dimers to the distal tip by bidireetional motor-driven proteins of the 
intraflagellar transport complex. 

The eonstant length of eilia is maintained by a steady-state balanee 
between tubulin turnover and addition of new tubulin dimers at the 
eiliary tip. 

Several filamentous structures are assoeiated with the 9 + 2 doublet 
microtubule of the axoneme in the cilium or flagellum shaft, e.g. radial 
spokes extend inwards from the outer doublet microtubules towards 
the eentral pair, surrounded by an inner sheath (see fig. 1.17). The outer 
doublet microtubules bear two rows of tangential dynein arms attaehed 
to the eomplete A subfibre of the doublet (eonsisting of 13 protofila- 
ments), which point towards the ineomplete B subfibre of the adjaeent 
doublet (eonsisting of 10-11 protofilaments). Adjaeent doublets are 
also linked by thin nexin filaments. Tektins are seaffolding filamentous 
proteins extending along the axonemal microtubules. 

In motile eilia, arrays of dynein arms with ATPase aetivity cause outer 
microtubule doublets to move past one another, resulting in a large- 
seale bending motion. Microtubules do not ehange in length. Move- 
ments of eilia and flagella are broadly similar. In addition to the 
axoneme, spermatozoan flagella have outer dense fibres and a fibrous 
sheath surrounding the axoneme. Flagella move by rapid undulation, 
which passes from the attaehed to the free end. In human spermatozoa, 
there is an additional helieal eomponent to this motion. In eilia, the 
beating is planar but asymmetrie. In the effeetive stroke, the cilium 
remains stiff except at the base, where it bends to produce an oar-like 
stroke. The reeovery stroke follows, during which the bend passes from 
base to tip, returning the eilfiim to its initial position for the next eyele. 
The aetivity of groups of eilia is usually eoordinated so that the bending 
of one is rapidly followed by the bending of the next and so on, 
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Fig. 1.17 A, The striietiire of a cilium shown in longitudinal (left) and transverse (right) seetion. A and B are subfibres of the peripheral microtubule 
doublets (see text); the basal body is structurally similar to a eentriole, but with microtubule triplets. B, The apieal region of respiratory epithelial eells, 
showing the proximal parts of three eilia seetioned longitudinally, anehored into the eytoplasm by basal bodies (BB). Other eilia projeet out of the plane 
of seetion and are cut transversely, showing the ‘9+2’ arrangement of microtubules. (B, With permission from Young B, Heath JW. Wheater’s Functional 
Histology. 4th ed. Edinburgh: Elsevier, Churchill Livingstone; 2000.) 
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Basie structure and function of eells 


As indieated on page 15, the IFT-B protein complex partieipates in 
intraeiliary/intraflagellar anterograde transport of eargoes, a step essen- 
tial for the assembly and maintenanee of eilia and flagella; the IFT-A 
protein complex is required for retrograde transport of eargoes to the 
eell body for turnover. The movement of IFT proteins along microtu- 
bules is eatalysed by kinesin-2 (towards the eiliary tip; anterograde 
direetion) and eytoplasmie dynein-2 motor proteins (towards the eell 
body; retrograde direetion). A eargo includes axonemal eomponents, 
eiliary/flagellar membrane proteins (including the BBSome) and eiliary 
signal transduction proteins. 
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Cell polarity and domains 


resulting in long travelling waves of metaehronal synehrony. These pass 
over the tissue surface in the same direetion as the effeetive stroke. 
Ciliary motion is important in elearing mucus from airways, moving 
eggs along oviducts, and circulating eerebrospinal fluid in brain ventri- 
eles. In the node of the developing embryo, cilium-driven flow is essen- 
tial for determining left-right viseeral asymmetry (developing 
patterning). Cilia also have a sensory fhnetion, determined by the pres- 
enee of reeeptor and ehannel proteins on the eiliary membrane. Primary 
eilia in the eolleeting ducts of the uriniferous tubule sense the flow of 
urine and also modulate duct morphogenesis. Cilia are essential for 
signalling through the hedgehog pathway, a meehanism involved in 
organizing the body plan, organogenesis and tumorigenesis in verte- 
brates. For additional reading on hedgehog signalling and primary eilia, 
see Briseoe and Thérond (2013). 

There is a group of genetie diseases in which eilia beat either inef- 
feetively or not at all, e.g. Kartagener's immotile eilia syndrome. Affeeted 
eilia exhibit defieient fhnetion or a laek of dynein arms. Males are typi- 
eally sterile because of the loss of spermatozoan motility, and half have 
an alimentary traet that is a mirror image of the usual pattern (situs 
inversiis), i.e. it rotates in the opposite direetion during early develop- 
ment. Defeets in eiliary motility dismpt airway mucus elearanee, leading 
to ehronie sinusitis and bronehieetasis. Defeets in sensory eilia deter- 
mine polyeystie kidney disease, anosmia and retinal degeneration. 

(§) Mierovilli 

Mierovilli are finger-like eell surface extensions usually 0.1 pm in diam- 
eter and up to 2 pm long (Fig. 1.18). 

Mierovilli are eovered by plasma membrane and supported inter- 
nally by elosely paeked bundles of aetin filaments linked by eross- 
bridges of the actin-bundling proteins, fasein and fimbrin. Other 
bridges eomposed of myosin I and calmodulin eonneet the filament 
bundles to the plasma membrane. At the tip of eaeh microvillus, the 
free ends of mierofilaments are inserted into a dense mass that includes 
the protein, villin. The aetin filament bundles of mierovilli are embed- 
ded in the apieal eytoplasm amongst a meshwork of transversely 
mnning aetin filaments stabilized by speetrin to form the terminal web, 
which is underlain by keratin intermediate filaments. The web is 
anehored laterally to the tight junctions and zonula adherens of the 
apieal epithelial junctional complex. Myosin II and tropomyosin are 
also found in the terminal web, which may explain its eontraetile 
aetivity. 

Mierovilli greatly inerease the area of eell surface (up to 40 times), 
particularly at sites of aetive absorption. In the small intestine, they have 



Fig. 1.18 Mierovilli seetioned longitudinally in the striated border of an 
intestinal absorptive eell in a human duodenal biopsy speeimen. Aetin 
filaments fill the eores of the mierovilli and insert into the apieal 
eytoplasm. A prominent glycocalyx (formed by the extracellular domains 
of plasma membrane glyeoproteins) is seen as a fuzzy eoat at the tips of 
and between mierovilli; it includes enzymes eoneerned with the final 
stages of digestion. (Courtesy of Dr Bart VVagner, Histopathology 
Department, Sheffield Teaehing Hospitals, UK.) 


a very thiek eell eoat or glycocalyx, which refleets the presenee of integral 
membrane glyeoproteins, including enzymes eoneerned with digestion 
and absorption. Irregular mierovilli, filopodia, are also found on the 
surfaces of many types of eell, particularly free maerophages and fibro- 
blasts, where they may be assoeiated with phagoeytosis and eell motil- 
ity. For fhrther reading on the eytoskeleton of mierovilli, see Brown and 
MeKnight (2010). 

Long and branehing mierovilli are ealled stereoeilia, an early misno- 
mer, as they are not motile and laek microtubules. An appropriate name 
is stereovilli. They are found on eoehlear and vestibular reeeptor eells, 
where they aet as sensory transducers, and also in the absorptive epi- 
thelium of the epididymis. 

Intercellular junctions 


The basolateral region of the plasma membrane of epithelial eells estab- 
lishes junctions with adjaeent eells and with structural eomponents of 
the extracellular matrix. Intercellular junctions are resilient and dynamie, 
and prevent epithelial tissues from dissoeiating into their eomponent 
eells. In adults, the epidermis withstands imposed deformations because 
of the interplay of two eomponents of intercellular junctions, the junc- 
tional eytoskeleton and eell adhesion molecules (Fig. 1.19). The estab- 
lishment and maintenanee of eell polarity in an epithelial layer depends 
on two circumferential apieal belts, the tight junctions and the zonulae 
adherentes, mnning in parallel to eaeh other and assoeiated with 
F-aetin. These two belts eontrol epithelial permeability and determine 
epithelial eell polarity. The apieal eell domain resides above the belts; 
the basolateral eell domain resides below the belts. Desmosomes 
(maailae adherentes) are a third elass of spot-like intercellular adhe- 
sion. In eontrast to tight junctions and the zonulae adherentes, desmo- 
somes do not form belts and link instead to intermediate filaments. The 
hemidesmosome, anehoring epithelial eells to the basal lamina, also 
links to intermediate filaments. Gap junctions are unique: they provide 
direet eonneetion between adjaeent eells and are not linked to the 
eytoskeleton. Molecular aspeets of eell adhesion molecules will be eon- 
sidered first and then integrated with the junctional eytoskeleton to 
define speeifie stmctural and molecular aspeets of different intercellular 
junctions. 

Cell adhesion molecules 

Cell adhesion molecules are transmembrane or membrane-anehored 
glyeoproteins that bridge the intercellular spaee from the plasma mem- 
brane to form adhesive eontaets. There are a number of molecular 
subgroups, which are broadly divisible on the basis of their dependenee 
on calcium for fhnetion. Calcium-dependent eell adhesion molecules 
include eadherins and seleetins. Calcium-independent eell adhesion 
moleodes include the immunoglobulin-like superfamily of eell adhe- 
sion molecules (Ig-CAMs), including neetins, and integrins, the only 
eell adhesion molecules eonsisting of two subunits (a and (3 subunits). 


Calcium-dependent eell adhesion molecules: 
eadherins and seleetins 

Cadherins are single-pass transmembrane glyeoproteins, with five 
heavily glyeosylated calcium-binding external domains and an intra- 
cellular eatenin-binding eytoplasmie tail. Catenins are intracellular 
proteins linking eadherins to F-aetin in the belt-arranged zomila adhe- 
rens. The extracellular segment of eadherins partieipates in Ca 2+ -depend- 
ent homophilie tran5-interactions in which a eadherin molecule on one 
eell binds to an identieal eadherin molecule on an adjaeent eell. After 
binding, eadherins cluster laterally (eis-interaetion) at eell-eell junc- 
tions to form a zipper-like structure that stabilizes tight adhesion 
between eells. 

Different eell types possess different members of the eadherin family, 
e.g. N-eadherins in nervous tissue, E-eadherins in epithelia, and 
P-eadherins in the plaeenta. Two fhrther members of the eadherin 
family are the desmogleins and the desmoeollins. Cadherins are present 
in macula adherens and desmosomes but not in tight junctions or 
hemidesmosomes (see below). Alterations in the expression of eadher- 
ins in the epidermis produce pathologieal eonditions such as blisters 
and ulcerations. See Brieher and Yap (2013) for fhrther reading on 
eadherins and their assoeiated eytoskeleton. 

As with eadherins, seleetins are Ca 2+ -dependent. In eontrast to ead- 
herins, seleetins do not establish homophilie trans-interaetions. Instead, 
they bind to earbohydrates and belong to the group of leetins. Eaeh 
seleetin has an extracellular earbohydrate reeognition domain (CRD) 
with binding affinity to a speeifie oligosaeeharide attaehed to a protein 
or lipid. The moleodar configuration and binding affinity of the CRD 
to earbohydrate moieties is Ca 2+ -dependent. Seleetins partieipate in 
the homing of leukocytes circulating in blood towards tissues by 
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Basie structure and function of eells 


When arranged in a regular parallel series, as typified by the absorp- 
tive surfaces of the epithelial enteroeytes of the small intestine and the 
proximal convoluted tubule of the nephron of the kidneys, mierovilli 
acquire a fhzzy appearanee like the bristles of a paintbmsh (the designa- 
tions bmsh border or striated border are used at the light mieroseope 
level). 

The eytoplasmie tail reemits proteins of the eatenin complex: 
(3-eatenin is the first to be reemited and the eadherin-p-eatenin complex 
rapidly reemits a-eatenin; a-eatenin binds direetly to F-aetin and eoor- 
dinates the aetivity of aetin mieleating proteins and aetin binding part- 
ners (such as vinculin and a-aetinin) to provide the dynamie forees to 
modulate eell-eell adhesion; pl20-catenin binds to the eytoplasmie tail 
of eadherin and beeomes a positive regulator of eadherin fimetion. 
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Fig. 1.19 lntercellular junctions: the apieal junctional complex and other junctional speeializations, illustrating the protein eomponents of eaeh junction 
and of the basal lamina. An anastomotie network of eontaets between adjaeent eell membranes forms a tight occluding junction. Basal plasma 
membrane is attaehed to a basal lamina at a hemidesmosome. In a gap junction, numerous ehannels (pores within connexons) are clustered to form a 
plaque-like junctional region between adjaeent plasma membranes. (A and C are transmission eleetron mierographs; B and D are freeze-fractured 
preparations.) A, An apieal junctional complex. B, A tight junction. C, A hemidesmosome. D, A gap junction. (B, Courtesy of Dr Andrew Kent, King’s 
College London. D, Courtesy of Professor Dieter Hulser, Llniversity of Stuttgart. A,C, From human tissue, courtesy of Dr Bart VVagner, Histopathology 
Department, Sheffield Teaehing Hospitals, UK. Diagram modified from Kierszenbaum AL, Tres LL. 2012. Histology and Cell Biology: An lntroduction to 
Pathology. 3rd ed, Philadelphia: Elsevier, Saunders; 2011.) 


extravasation aeross the endothelium. For additional reading on the 
signifieanee and meehanism of homing, see Girard et al (2012). 

Three major types of seleetin include L-seleetin (for lymphoeytes), 
E-seleetin (for endothelial eells) and P-seleetin (for platelets). 

Calcium-independent eell adhesion molecules: 

[® lg-CAMs, neetins and integrins 

Ig-CAMs are cell-surface glyeoproteins with an extracellular domain 
eharaeterized by a variable number of immunoglobulin-like loops. 
Most Ig-CAMs have a transmembrane domain; others are attaehed to 
the eell surface by a glyeophosphatidyl inositol (GPI) anehor. As in 
eadherins, Ig-CAMs establish homophilie interaetions contributing to 
eell-eell adhesion, although in a Ca 2+ -independent manner. The eyto- 
plasmie tail of Ig-CAMs also interaets with eytoskeletal eomponents 
such as F-aetin, ankyrins and speetrin. Ig-CAMs ean direetly or indireetly 
bind growth faetor reeeptors and eontrol their internalization. 

Different types are expressed in different tissues. Neural eell adhe- 
sion molecules (N-CAMs) are found on a number of eell types but are 
expressed widely by neural eells. Intercellular adhesion molecules 
(ICAMs) are expressed on vasailar endothelial eells. Cell adhesion 
molecule binding is predominantly homophilie, although some use a 
heterophilie meehanism, e.g. vascular intercellular adhesion molecule 
(VCAM), which ean bind to integrins. 

Neetins and neetin-like molecules (Neels) are members of the 
Ig-CAM superfamily (see Takai et al (2008) for fiirther reading on 
neetins and Neels). They have an extracellular domain with three Ig-like 


loops, a transmembrane segment and a eytoplasmie tail. The neetins 
and Neels eonsist of four and five members, respeetively. These are 
present in the belt-like tight junctions and zonula adherens. 

The neetin-afadin complex initiates the formation of a zonula 
adherens and after eell-eell eontaets are formed between adjaeent 
eells, eadherins are reemited to these eontaet sites. Afadin and a-eatenin 
interaet with one another and also with F-aetin through adaptor 
proteins. 

Integrins mediate cell-extracellular matrix and eell-eell interaetions, 
and integrate extracellular signals with the eytoskeleton and cellular 
signalling pathways. Because integrins ean be aetivated by proteins 
binding to their extracellular or their intracellular domains, they ean 
fimetion in a bidireetional fashion by transmitting information 
outside-in (cues from the extracellular environment) and inside-out 
(cues from the intracellular environment) of the eell. The integrin 
family of proteins eonsists of a subunits and (3 subunits forming trans- 
membrane heterodimers. The amino-aeid sequence arginine-glyeine- 
aspartie aeid, or RGD motif, on target ligands (such as fibroneetin, 
laminin and other extracellular matrix proteins) has binding affinity 
to the extracellular binding head of integrins. For fiirther reading on 
integrins and their ligands properties, see Barezyk et al (2010). 

The aetin-binding protein talin binds the eytoplasmie domain of 
integrin (3 subunit and aetivates integrins. Vinculin interaets with talin 
and a-aetinin eross-links two filaments of aetin. Kindlins, named after 
the gene mutated in Kindlers syndrome, a skin blistering disease, inter- 
aet with talin to aetivate integrins. 
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Basie structure and function of eells 


Homing, a proeess that also enables thymus-derived T eells (see 
Ch. 4) to home in on lymph nodes, eonsists of two phases. In the first, 
seleetin phase, earbohydrate ligands on the surface of leukocytes adhere 
loosely to seleetins present on the surface of endothelial eells. During 
the seeond, eooperative sequential integrin phase, strong adhesion 
permits the transendothelial migration of leukocytes into the extravas- 
cular spaee in eooperation with eell adhesion molecules of the Ig-CAM 
superfamily. 

Neetins ean interaet homophilieally or heterophilieally with other 
neetins to mediate, primarily, adhesion. The intracellular domain of 
neetins binds to the eytoplasmie adaptor protein afadin, which links to 
aetin, whereas Neels interaet with seaffolding proteins but not to afadin. 
Neels are involved in a large variety of cellular fimetions, including 
axon-glial interaetion, Schwann eell differentiation and myelination. 

In humans there are about 18 a-subunit subtypes and 8 (3-subunit 
subtypes, which produce 24 integrin heterodimers. The subunits are 
assoeiated by non-eovalent interaetions and eonsist of an extracellular 
ligand-binding head, two multidomain segments, two single-pass trans- 
membrane segments and two eytoplasmie tails. Upon binding of extra- 
cellular ligands, integrins undergo a eonformational ehange (integrin 
aetivation), which allows the reemitment of several eytoplasmie F-aetin 
aetivator proteins (such as talin, vinculin, a-aetinin and kindlins) to 
their short eytoplasmie domain. This results in the formation of a 
protein complex that interaets with the aetin eytoskeleton. 

In addition, the protein complex promotes the reemitment and 
aetivation of several protein kinases (such as foeal adhesion kinase), 
leading to the aetivation of signalling pathways essential for several 
cellular aetivities such as eell migration, proliferation, survival and gene 
expression. 
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Ageing, cellular seneseenee, eaneer and apoptosis 


Genetie mutations in integrins or integrin regulators have been asso- 
eiated with Glanzmann's thrombasthenia (caused by mutations in 
integrin [33 subunit), the immunodeficiency disorder leukocyte adhe- 
sion defieieney types I and III (determined by mutations in integrin [32 
subunit and kindlin 3, respeetively) and skin diseases (caused by muta- 
tions in kindlin 1 and integrin a2, a6 and (33 subunits). Integrins are 
essential in the homing proeess, following the seleetin phase, and are 
also involved in tumour progression and metastasis. 

Speeialized intercellular junctions 

Speeialized eell-eell junctions are the hallmark of all epithelial tissues. 
There are two major eategories: symmetrie junctions and asymmetrie 
junctions. Symmetrie junctions may be subdivided into three types: 
tight junctions (also known as occluding junctions or zomilae occlu- 
dentes); anehoring junctions (inehiding zonulae adherentes, or belt 
desmosomes, and maculae adherentes, or spot desmosomes); and eom- 
munication junctions, represented by gap junctions. Tight junctions and 
anehoring junctions are eomponents of the epithelial apieal junctional 
complex. Hemidesmosomes are asymmetrie junctions (see Fig. 1.19). 

Tight junctions (occluding junctions, 
zonulae occludentes) 

Tight junctions are the most apieal eomponent of the epithelial apieal 
junctional complex. The main fimetions of tight junctions are the regu- 
lation of the paracellular permeability of the epithelial layer and the 
formation of an apieal-basolateral intramembrane diffiision barrier, 
the hallmark of epithelial eell polarity. Tight junctions form a eontimi- 
ous belt (zonula) around the eell perimeter, near the apieal domain of 
epithelial eells, and are eonneeted to the aetin eytoskeleton. At the site 
of the tight junction, the plasma membranes of adjaeent eells eome into 
elose eontaet, so that the spaee between them is obliterated. Freeze- 
fracture eleetron mieroseopy shows that the eontaet between these 
membranes is represented by branehing and anastomosing sealing 
strands of protein partieles on the P (protoplasmie) faee of the lipid 
bilayer (Fig. 1.19A,B). A tight junction eontains numerous proteins: 
occludins and claudins, members of the tetraspanin family of proteins, 
eontaining four transmembrane domains, two loops and two eytoplas- 
mie tails - occludins and tetraspanins provide the molecular basis for 
the formation of the branehing and anastomosing strands seen in 
freeze-fracture preparations; the afadin-neetin complex and junctional 
adhesion molecules (JAMs), eaeh forming ds-homodimers and interaet- 
ing with eaeh other through their extracellular domains (forming trans- 
homodimers) - neetins and JAMs are members of the immunoglobulin 
superfamily, and the afadin eomponent of the afadin-neetin complex 
interaets with F-aetin; and eytosolie zonula occludens proteins 1, 2 and 
3 (ZO-1, ZO-2 and ZO-3). ZO-1 protein is assoeiated with afadin and 
the intracellular domain of JAMs. All three ZO proteins faeilitate the 
reeiproeal interaetion of occludins, claudins and JAMs with F-aetin. 
Defeets in paracellular magnesium permeability and reabsorption in 
kidneys occur when there is a mutation in claudin 16 and claudin 19 
(renal magnesium wasting). For fiirther reading on claudins, see 
Escudero-Esparza et al (2011). For fiirther reading on JAMs, see Bazzoni 
(2003). 

[0 Anehoring junctions 

In eontrast to tight junctions, zonulae adherentes and maculae adher- 
entes are eharaeterized by the presenee, along the eytosolie sides of the 
plasma membranes of adjaeent epithelial eells, of symmetrie dense 
plaques eonneeted to eaeh other aeross the intercellular spaee by ead- 
herins. They differ in that F-aetin is assoeiated with plaques in zonulae 
adherentes and intermediate filaments are linked to plaques in maculae 
adherentes. 

Zonula adherens (belt desmosome) 

A zonula adherens is a continuous belt-like zone of adhesion parallel 
and just basal to a tight junction and also eneireling the apieal perimeter 
of epithelial eells. Ca 2+ -dependent eell adhesion molecules (members 
of the desmoglein and desmoeollin families of eadherins) are key eom- 
ponents of a zonula adherens. In addition to the eadherin-eatenin 
complex, a zonula adherens also houses the afadin-neetin complex. 

A speeifie eomponent of a zomila adherens is a eytoplasmie dense 
plaque attaehed to the eytosolie side of the plasma membrane. It eon- 
sists of desmoplakin, plakophilin and plakoglobin proteins (the latter 
is also known as y-eatenin). A similar plaque is seen in a macula adhe- 
rens or spot desmosome (see below). 

Faseia adherens 

A faseia adherens is similar to a zonula adherens, but is more 
limited in extent and forms a strip or pateh of adhesion, e.g. between 


smooth imisele eells, in the interealated dises of eardiae muscle eells 
and between glial eells and neurones. The junctions involve eadherins 
attaehed indireetly to aetin filaments on the inner side of the 
membrane. 

Desmosomes (maculae adherentes) 

Desmosomes are limited, plaque-like areas of particularly strong inter- 
cellular eontaet. In epithelial eells, they may be loeated subjacent to the 
tight junction and zonula adherens belts, forming eolleetively the epi- 
thelial apieal junctional complex (see Fig. 1.19A). The intercellular gap 
is approximately 25 nm; it is filled with eleetron-dense filamentous 
material (the intercellular eadherins) mnning transversely aeross it and 
is also marked by a series of densely staining bands (the eytoplasmie 
dense plaques) mnning parallel to the eell surfaces. Adhesion is medi- 
ated by Ca 2+ -dependent eadherins, desmogleins and desmoeollins. 
Within the eells on either side, eaeh eytoplasmie dense plaque underlies 
the plasma membrane and eonsists of the proteins plakophilin, desmo- 
plakin and plakoglobin (y-eatenin), into which the ends of intermedi- 
ate filaments are inserted. The type of intermediate filament depends 
on the eell type, e.g. keratins are found in epithelia and desmin fila- 
ments are found in eardiae muscle eells. Desmosomes form strong 
anehorage points, likened to spot-welds, between eells subject to 
meehanieal stress, e.g. in the priekle eell layer of the epidermis, where 
they are extremely numerous and large. 

Hemidesmosomes 

Hemidesmosomes are asymmetrie anehoring junctions found between 
the basal side of epithelial eells and the assoeiated basal lamina. 
The latter is a eomponent of the basement membrane and eontains 
laminin, an integrin ligand. The other eomponent of the basement 
membrane is the reticular lamina, a eollagen-eontaining layer produced 
by fibroblasts that also eontains fibroneetin, another integrin ligand. 
Hemidesmosomes resemble a single-sided desmosome, anehored on 
one side to the plasma membrane, and on the other to the basal lamina 
and adjaeent eollagen fibrils (Fig. 1.19C). The plaque has distinet pro- 
teins not seen in the plaques of a zonula adherens or a macula adher- 
ens: BPAGl (bullous pemphigoid antigen 1), a member of the plakin 
family, and BPAG2 (bullous pemphigoid antigen 2), which possesses 
an extracellular collagenous domain. BPAGl and BPAG2 were initially 
deteeted in patients with bullous pemphigoid, an autoimmune blister- 
ing disease. On the eytoplasmie side of the dense plaque there is a less 
dense plate into which keratin filaments are inserted, where they inter- 
aet with the protein pleetin assoeiated with integrin a6(34. Hemidesmo- 
somes use integrins and anehoring filaments (laminin 5) as their 
adhesion molecules anehored to the basal lamina, whereas desmo- 
somes use eadherins. 

Foeal adhesion plaques 

Less highly structured attaehments with a similar arrangement exist 
between many other eell types and their surrounding matriees, e.g. 
between smooth muscle eells and their matrix fibrils, and between the 
ends of skeletal muscle eells and tendon fibres. The smaller, punctate 
adhesions resemble foeal adhesion plaques, which are regions of loeal 
attaehment between eells and the extracellular matrix. They are typieally 
situated at or near the ends of aetin filament bundles (stress fibres), 
anehored through intermediary proteins to the eytoplasmie domains of 
integrins. In turn, these are attaehed at their external ends to eollagen 
or other filamentous structures in the extracellular matrix. They are 
usually short-lived; their formation and subsequent dismption are part 
of the motile behaviour of migratory eells. See Geiger et al (2009) for 
fhrther reading on foeal adhesions. 

Gap junctions (communicating junctions) 

Gap junctions resemble tight junctions in transverse seetion, but the 
two apposed lipid bilayers are separated by an apparent gap of 3 nm, 
which is bridged by a cluster of transmembrane ehannels (connexons). 
Eaeh connexon is formed by a ring of six connexin proteins whose 
external surfaces meet those of the adjaeent eell in the middle. A minute 
eentral pore links one eell to the next (Fig. 1.19D). Larger assemblies 
of many thousands of ehannels are often paeked in hexagonal arrays. 
Gap junctions occur between numerous eells, including hepatoeytes 
and eardiae myoeytes. 


AGEING, CELLULAR SENESCENCE, CANCER 
AND AP0PT0SIS 



Ageing is a universal feature of biologieal organisms, defined by a 
gradual deeline over time in eell and tissue fimetion that often, but not 
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Essentially, two moleenles, eadherins and afadin, link to the aetin 
eytoskeleton. In cultured eells, neetins appear to initiate the formation 
of a zonula adherens before the involvement of eadherins. 
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always, deereases the longevity of an individual. The hallmarks of 
ageing are reviewed in López-Otín et al (2013). 

Cellular seneseenee is defined by an irreversible arrest in eell prolif- 
eration when eells experience DNA damage at telomeres and a deerease 
in mitogenie signalling. In eontrast to reversibly arrested quiescent eells 
in G 0 of the eell eyele, seneseent growth arrest is irreversible; eells in this 
state eannot be stimulated to proliferate by known stimuli and eannot 
be prompted to re-enter the eell eyele by physiologieal meehanisms. For 
fiirther reading on seneseenee and the eell eyele, see Chandler and Peters 
(2013). Seneseent eells ean cause or foster degenerative diseases. In old 
age, cellular seneseenee in humans determines typieal pathologies, in- 
cluding atheroselerosis leading to stroke, osteoporosis, macular degen- 
eration, cardiopulmonary and renal failure, and neurodegenerative 
diseases such as Alzheimer's and Parkinson's disease. 

Seneseent eells undergo ehanges in gene expression, which result in 
the seeretion of proinflammatory eytokines, growth faetors and pro- 
teases, aetivities that eolleetively define a seneseenee-assoeiated seere- 
tory phenotype eapable of triggering angiogenesis, inflammatory 
responses, stem eell renewal and differentiation, and which may also 
determine resistanee to eaneer ehemotherapy. Seneseent eells ean be 
identified histoehemieally by their expression of either seneseenee- 
assoeiated p-galaetosidase, a lysosomal marker which is overexpressed 
in these eells, or the tumour suppressor protein pl6 INK4a , which pro- 
motes the formation of seneseenee-assoeiated ehromatin. For fiirther 
reading on ageing, cellular seneseenee and eaneer, see Campisi (2013). 

Cellular seneseenee ean be caused by a dismption of metabolie 
signalling pathways, derived from mitogens and proliferation faetors, 
and the aetivation of tumour suppressors, eombined with telomere 
shortening and genomie damage. See Sahin and DePinho (2012) for 
fiirther reading. 

Cellular seneseenee suppresses tumorigenesis because eell prolifera- 
tion is required for eaneer development. However, seneseent eells ean 
stimulate the proliferation and malignant progression of adjaeent pre- 
malignant eells by the release of senescence-inducing oneogenie stimuli. 
Cancer eells must harbour mutations to prevent telomere-dependent 
and oncogene-induced seneseenee, such as in the p53 and pl6- 
retinoblastoma protein pathways. See López-Otín et al (2013) for 
fiirther reading on the pathogenesis of ageing. 

Apoptosis 


Cells die as a result of either tissue injury (neerosis) or the internal 
aetivation of a 'smeide' programme (apoptosis) in response to extrinsic 
or intrinsie cues. Apoptosis (programmed eell death) is defined by the 
eontrolled demolition of cellular constituents and the ultimate uptake 
of apoptotie eell fragments by other eells to prevent immune responses. 
Some seneseent eells beeome resistant to eell-death signalling, i.e. they 
are apoptosis-resistant. In effeet, seneseenee bloeks growth of damaged 
or stressed eells, whereas apoptosis quickly disposes of them. Apoptosis 
is a eentral meehanism eontrolling multicellular development. Drning 
morphogenesis, apoptosis mediates aetivities such as the separation of 
the developing digits, and plays an important role in regulating the 
number of neurones in the nervous system (the majority of nemones 
die during development). Apoptosis also ensures that inappropriate 
or ineffieient T eells are eliminated in the thymus during elonal 
seleetion. 

The morphologieal ehanges exhibited by neerotie eells are very dif- 
ferent from those seen in apoptotie eells. Neerotie eells swell and sub- 
sequently mptme, and the resulting debris may induce an inflammatory 
response. Apoptotie eells shrink, their nuclei and ehromosomes frag- 
ment, forming apoptotie bodies, and their plasma membranes undergo 
eonformational ehanges that aet as a signal to loeal phagoeytes. The 
dead eells are removed rapidly, and as their intracellular eontents are 
not released into the extracellular environment, inflammatory reaetions 
are avoided; the apoptotie fragments also stimulate maerophages to 
release anti-inflammatory eytokines. 

Apoptosis and eell proliferation are intimately coupled; several eell 
eyele regulators ean influence both eell division and apoptosis. The 
signals that trigger apoptosis include withdrawal of survival faetors or 
exposure to inappropriate proliferative stimuli. Three main routes to 
the induction of apoptosis have been established (Fig. 1.20). Two, the 
Fas ligand (FasL) pathway and the granzyme B pathway, are extrinsic, 
whereas the mitoehondrial route is intrinsie. The Fas ligand (FasL) 
pathway involves binding of FasL to death reeeptors on the plasma 
membrane and reemitment of adaptor proteins, such as the Fas-assoei- 
ated death domain proteins, followed by the reemitment and aetivation 
of easpase 8. The granzyme B pathway involves ereation of a perforin 
plasma membrane ehannel enabling the easpase-like granzyme B to 
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Fig. 1.20 Caspase aetivation pathways during apoptosis. A, The 
granzyme B extrinsic pathway aetivates easpase 8 and easpase 3 
following entry of granzyme B aeross the plasma membrane pore-forming 
protein, perforin. This pathway is observed in cytotoxic T eells or natural 
killer eells for delivery of the protease granzyme B to target eells. B, The 
Fas ligand (FasL) extrinsic pathway is initiated by binding of FasL to 
clustered transmembrane death reeeptors that recruit adaptor proteins, 
such as the Fas-assoeiated death-domain protein (FADD) to their 
intracellular domain, which in turn reemits and aggregates easpase 8 
molecules, which beeome aetivated. Aetivated easpase 8 aetivates 
easpase 7 and easpase 3. C, The eytoehrome e intrinsie pathway starts 
when granzyme B or aetivated easpase 8 causes the truncation by 
proteolysis of the protein BIDD (BH3-interacting domain death agonist), 
which penetrates a mitoehondrion through BAX-BAK (BCL-2 assoeiated 
X protein-BCL-2 antagonist killer) ehannel proteins on the outer 
mitoehondrial membrane, causing the release of eytoehrome e. 
Cytochrome e enables the assembly of the apoptosome (eonsisting of 
seven molecules of apoptosis protease-aetivating faetor-1 (APAF1) and 
seven molecules of easpase 9), which in turn aetivates easpase 3 and 
easpase 7. Finally, the proteolytie aetivation easeade of easpase 6, 
easpase 2, easpase 8 and easpase 10 executes eell deeonstmetion. 


enter the eell. The intrinsie mitoehondrial route involves the release of 
eytoehrome e from the spaee between the inner and outer mitoehon- 
drial membranes into the eytosol. Extrinsic and intrinsie pathways 
work eooperatively in the subsequent aetivation of a family of initiator- 
effeetor proteases, known as easpases (eysteine aspartie aeid-speeifie 
proteases), which are present in healthy eells as inaetive precursor 
enzymes or zymogens. Aetivation of easpases 3, 6 and 7 mediates apop- 
tosis by initiating a easeade of degradative proeesses that target major 
constituents of the eell eytoskeleton, producing membrane blebbing, a 
distinetive feature of apoptosis caused by eytosolie and nuclear frag- 
ments flowing into the developing apoptotie bodies. Oaspase eleavage 
inaetivates many systems that normally promote damage repair and 
support eell viability, and aetivates a number of proteins that promote 
the death and disassembly of the eell. For fiirther reading on apoptosis, 
see Taylor et al (2008). 


f® Bonus e-book video 

Video 1.1 Mitosis in a eell with fluorescently-labelled ehromosomes 
and microtubules. 
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The ends of the ehromosomes, or telomeres, beeome shorter and 
more dysfnnetional with eaeh DNA replieation round. Telomere short- 
ening has been shown to aetivate DNA damage responses, leading to 
mitoehondrial dysfhnetion (a deerease in production of ATP and an 
inerease in reaetive oxygen speeies) and the aetivation of p53, which 
induces growth arrest, apoptosis and seneseenee of stem eells and pro- 
genitor eells. p53 intereonneets with different longevity metabolie sig- 
nalling pathways, including the insulin, insulin-like growth faetor I 
(IGFI) and mammalian target of rapamyein (mTOR) pathways, which 
are known to regulate lifespan by inereasing the expression of genes 
involved in stress resistanee and energy balanee. Mutations in TERC (the 
RNA eomponent of telomerase) and TERT (the eatalytie eomponent of 
telomerase) are found in patients with the premature ageing syndrome, 
dyskeratosis eongenita (poor growth of fingernails and toenails, skin 
pigmentation and oral leukoplakia). Other important contributors to 
eell seneseenee are dysregulated autophagy and laek of disposal of 
misfolded proteins by the ubiquitin-26S proteasome maehinery. 
These responses are eolleetively designated telomere-initiated cellular 
seneseenee. 
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Cells evolved as single, free-living organisms, but natural seleetion 
favoured more complex communities of eells, multicellular organisms, 
where groups of eells speeialize during development to earry out speeifie 
fimetions for the body as a whole. This allowed the emergenee of larger 
organisms with greater eontrol over their internal environment and the 
evolution of highly speeialized organie structures such as the brain. 
The human body eontains more than 200 different eell types, sharing 
the same genome but with different patterns of gene expression. 

Some eells in the body are essentially migratory, but most exist as 
cellular aggregates in which individual eells earry out similar or elosely 
related fimetions in a eoordinated manner. These aggregates are termed 
tissues, and ean be elassified into a fairly small number of broad eatego- 
ries on the basis of their structure, fimetion and molecular properties. 
On the basis of their structure, most tissues are divided into four major 
types: epithelia, eonneetive or supporting tissue, muscle and nervous 
tissue. Epithelia are continuous layers of eells with little intercellular 
spaee, which eover or line surfaces, or have been so derived. In eonnee- 
tive tissues, the eells are embedded in an extracellular matrix, which, 
typieally, forms a substantial and important eomponent of the tissue. 
Muscle eonsists largely of speeialized eontraetile eells. Nervous tissue 
eonsists of eells speeialized for conducting and transmitting eleetrieal 
and ehemieal signals and the eells that support this aetivity. 

There is moleoilar evidenee that this structure-based seheme of elas- 
sifieation has validity. Thus the intermediate filament proteins eharae- 
teristie of all epithelia are keratins (Pan et al 2012); those of eonneetive 
tissue are vimentins; those of muscle are desmins; and those of nervous 
tissue are neurofilament and glial fibrillary aeidie proteins. However, 
eells such as myofibroblasts, neuroepithelial sensory reeeptors and 
ependymal eells of the eentral nervous system have features of more 
than one tissue type. Despite its anomalies, the seheme is useful for 
deseriptive purposes; it is widely used and will be adopted here. 

In this ehapter, two of the major tissue eategories, epithelia and 
general eonneetive and supporting tissues, will be deseribed. Speeial- 
ized skeletal eonneetive tissues, i.e. eartilage and bone, together with 
skeletal muscle, are deseribed in detail in ehapter 5 as part of the mus- 
culoskeletal system overview. Smooth muscle and eardiae muscle are 
deseribed in ehapter 6. Nervous system tissues are deseribed in ehapter 
3. Speeialized defensive eells, which also form a migrant population 
within the general eonneetive tissues, are eonsidered in more detail in 
Chapter 4, with blood, lymphoid tissues and haemopoiesis. 


EPITHELIA 


The term epithelium is applied to the layer or layers of eells that eover 
the body surfaces or line the body eavities that open on to it. The fate 
of embryonie epithelial populations is illustrated in Figure 12.3. Epi- 
thelia fimetion generally as seleetive barriers that faeilitate, or inhibit, 
the passage of substances aeross the surfaces they eover. In addition, 
they may: proteet underlying tissues against dehydration, ehemieal or 
meehanieal damage; synthesize and seerete products into the spaees 
that they line; and fimetion as sensory surfaces. In this respeet, many 
features of nervous tissue ean be regarded as those of a modified 
epithelium and the two tissue types share an origin in embryonie 
eetoderm. 

Epithelia (Fig. 2.1) are predominantly cellular and the little extracel- 
lular material they possess is limited to the basal lamina. Intercellular 
junctions, which are usually numerous, maintain the meehanieal eohe- 
siveness of the epithelial sheet and contribute to its barrier fimetions. 
A series of three intercellular junctions forms a typieal epithelial junc- 
tional complex: in sequence from the apieal surface, this eonsists of a 
tight junctional zone, an adherent (intermediate) junctional zone and 
a region of diserete desmosome junctions. Epithelial eell shape is most 
usually polygonal and partly determined by eytoplasmie features such 
as seeretory granules. The basal surface of an epithelium lies in eontaet 
with a thin layer of filamentous protein and proteoglyean termed the 


basal lamina, which is synthesized predominantly by the epithelial 
eells. The basal lamina is deseribed on page 34. 

Epithelia ean usually regenerate when injured. Indeed, many epithe- 
lia continuously replaee their eells to offset eell loss caused by meehani- 
eal abrasion (reviewed in Blanpain et al (2007 ). Blood vessels do not 
penetrate typieal epithelia and so eells reeeive their nutrition by diffii- 
sion from eapillaries of neighbouring eonneetive tissues. This arrange- 
ment limits the maximum thiekness of living epithelial eell layers. 
Epithelia, together with their supporting eonneetive tissue, ean often be 
removed surgically as one layer, which is eolleetively known as a mem- 
brane. Where the surface of a membrane is moistened by mucous 
glands it is ealled a mucous membrane or mucosa, whereas a similar 
layer of eonneetive tissue eovered by mesothelium is ealled a serous 
membrane or serosa. 

CLASSIFICATI0N 


Epithelia ean be elassified as unilaminar (single-layered, simple), in 
which a single layer of eells rests on a basal lamina; or multilaminar, 
in which the layer is more than one eell thiek. The latter includes: 
stratified squamous epithelia, in which flattened superficial eells are 
eonstantly replaeed from the basal layers; urothelium (transitional epi- 
thelium), which serves speeial fimetions in the urinary traet; and other 
multilaminar epithelia such as those lining the largest ducts of some 
exocrine glands, which, like urothelium, are replaeed only very slowly 
under normal eonditions. Seminiferous epithelium is a speeialized 
multilaminar tissue found only in the testis. 

Llnilaminar (simple) epithelia 


Unilaminar epithelia are ffirther elassified aeeording to the shape of 
their eells, into squamous, cuboidal, columnar and pseudostratified 
types. Cell shape may, in some eases, be related to eell volume. Where 
little eytoplasm is present, there are generally few organelles and there- 
fore there is low metabolie aetivity and eells are squamous or low 
cuboidal. Highly aetive eells, e.g. seeretory epithelia, eontain abundant 
mitoehondria and endoplasmie reticulum, and are typieally tall cuboi- 
dal or columnar. Hnilaminar epithelia ean also be subdivided into 
those that have speeial fimetions, such as those with eilia, numerous 
mierovilli, seeretory vacuoles (in mucous and serous glandular eells) or 
sensory features. Myoepithelial eells, which are eontraetile, are found as 
isolated eells assoeiated with glandular structures, e.g. salivary and 
mammary glands. 

Squamous epithelium 

Simple squamous epithelium is eomposed of flattened, tightly apposed, 
polygonal eells (squames). This type of epithelium is deseribed as tes- 
sellated when the eells have complex, interloeking borders rather than 
straight boundaries. The eytoplasm may in plaees be only 0.1 jiim thiek 
and the nucleus usually bulges into the overlying spaee (Fig. 2.2A). 
These eells line the alveoli of the lungs, where their surface area is huge 
and eytoplasmie volume eorrespondingly large, and they also form the 
outer capsular wall of renal corpuscles, the thin segments of the renal 
tubules and various parts of the inner ear. Because it is so thin, simple 
squamous epithelium allows rapid diffiision of gases and water aeross 
its surface; it may also engage in aetive transport, as indieated by the 
presenee of numerous endoeytie vesieles in these eells. Tight junctions 
(occluding junctions, zonulae adherentes) between adjaeent eells 
ensure that materials pass primarily through eells, rather than between 
them. 

Cuboidai and columnar epithelia 

Cuboidal and columnar epithelia eonsist of regular rows of eylindrieal 
eells (Figs 2.2B, C). Cuboidal eells are approximately square in vertieal 
seetion, whereas columnar eells are taller than their diameter, and both 
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Fig. 2.1 eiassifieation of epithelial tissues and eells. 


are polygonal when seetioned horizontally. Commonly mierovilli are 
found on their free surfaces, which eonsiderably inereases the absorp- 
tive area, e.g. in the epithelia of the small intestine (columnar eells with 
a striated border of very regular mierovilli), the gallbladder (columnar 
eells with a bmsh border of mierovilli); proximal convoluted tubules 
of the kidney (large cuboidal to low columnar eells with bmsh borders); 
and the epididymis (columnar eells with extremely long mierovilli, 
erroneously termed stereoeilia). 

Ciliated columnar epithelium lines most of the respiratory traet, 
except for the lower pharynx and voeal folds, and it is pseudostratified 
(Fig. 2.2D) as far as the larger bronehioles; it also lines some of the 
tympanie eavity and auditory tube; the uterine tube; and the efferent 
ductules of the testis. Submucosal mucous glands and mucosal goblet 
eells seerete mucus on to the luminal surface of much of the respira- 
tory traet, and eilia sweep a layer of mucus, trapped dust partieles and 
so on from the lung towards the pharynx in the mucociliary rejeetion 
airrent, which elears the respiratory passages of inhaled partieles. Cilia 
in the uterine tube assist the passage of ooeytes and fertilized ova to 
the utems. 

Some columnar eells are speeialized for seeretion, and aggregates of 
such eells may be deseribed as glandular tissue. Their apieal domains 
typieally eontain mucus- or protein-filled (zymogen) vesieles, e.g. 
mucin-secreting and ehief eells of the gastrie epithelium. Where mucous 
eells lie among non-seeretory eells, e.g. in the intestinal epithelium, 
their apieal eytoplasm and its seeretory eontents often expand to 
produce a eharaeteristie eell shape, and they are known as goblet eells 
(see Fig. 2.2D). For fhrther details of glandular tissue, see page 32, and 
for the eharaeteristies of mucus, see page 40. 

Pseudostratified epithelium 

Pseudostratified epithelium is a single-layered (simple) eohimnar epi- 
thelium in which nuclei lie at different levels in a vertieal seetion ( fig. 
2.2D). All eells are in eontaet with the basal lamina throughout their 
lifespan, but not all eells extend through the entire thiekness of the 
epithelium. Some constitute an immature basal eell layer of smaller 
eells, which are often mitotie and able to replaee damaged mature eells. 
Migrating lymphoeytes and mast eells within columnar epithelia may 
also give a similar, pseudostratified appearanee because their nuclei are 
found at different depths. Much of the eiliated lining of the respiratory 
traet is of the pseudostratified type, and so is the sensory epithelium of 
the olfaetory area. 


Sensory epithelia 

Sensory epithelia are found in speeial sense organs of the olfaetory, 
gustatory and vestibulocochlear reeeptor systems. All of these eontain 
sensory eells surrounded by supportive non-reeeptor eells. Olfaetory 
reeeptors are modified neurones and their axons pass direetly to the 
brain, but the other types are speeialized epithelial eells that synapse 
with terminals of afferent (and sometimes efferent) nerve fibres. 

Myoepithelial eells 


Myoepithelial eells, which are also sometimes termed basket eells, are 
fhsiform or stellate in shape (Fig. 2.3), eontain aetin and myosin fila- 
ments, and eontraet when stimulated by nervous or endoerine signals. 
They surround the seeretory portions and ducts of some glands, e.g. 
mammary, laerimal, salivary and sweat glands, and lie between the 
basal lamina and the glandular or ductal epithelium. Their eontraetion 
assists the initial flow of seeretion into larger conduits. Myoepithelial 
eells are ultrastructurally similar to smooth muscle eells in the arrange- 
ment of their aetin and myosin, but differ from them because they 
originate, like the glandular eells, from embryonie eetoderm or endo- 
derm. They ean be identified immunohistochemically on the basis of 
the eo-loealization of myofilament proteins (which signify their eon- 
traetile fimetion (Fig. 2.4)) and keratin intermediate filaments (which 
aeeords with their epithelial lineage). 

Multilaminar (stratified) epithelia 


Multilaminar epithelia are found at surfaces subjected to meehanieal 
damage or other potentially harmfiil eonditions. They ean be divided 
into those that eontimie to replaee their surface eells from deeper layers, 
designated stratified squamous epithelia, and others in which replaee- 
ment is extremely slow except after injury. 

Stratified squamous epithelia 

Stratified squamous epithelia are multilayered tissues in which the 
formation, maturation and loss of eells is continuous, although the 
rates of these proeesses ean ehange, e.g. after injury. New eells are 
formed in the most basal layers by the mitotie division of stem eells 
and transit (or transient) amplifying eells. The daughter eells move 
more superficially, ehanging gradually from a cuboidal shape to a more 
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INTEGRATING CELLS INTO TISSUES 





Fig. 2.2 A, Simple squamous epithelium lining the outer parietal layer (arrows) of a Bowman’s capsule in the renal corpuscle (RC), stained with the 
triehrome, Martius Searlet Blue (MSB). Oval epithelial nuclei projeet into the urinary spaee (U), within a highly attenuated eytoplasm. B, Simple cuboidal 
epithelium lining a group of eolleeting ducts seetioned longitudinally in the renal medulla. The basement membranes are stained magenta with periodie- 
aeid Sehiff (PAS) reagent. C, Simple columnar epithelium eovering the tip (off field, right) of a villus in the ileum. Tall, columnar absorptive eells with oval, 
vertieally orientated nuclei bear a striated border of mierovilli, just visible as a deeper-stained apieal fringe. Numerous interspersed goblet eells are 
present, with pale apieal eytoplasm filled with mucinogen seeretory granules and dark, flattened, basally situated nuclei. D, Oiliated columnar 
pseudostratified epithelium in the respiratory traet, and interspersed goblet eells, with pale, mucinogen granule-filled apieal eytoplasm. All human tissues. 
(All human tissues, courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 



Fig. 2.3 Stellate myoepithelial eells (M) wrapped around seeretory aeini in 
the laetating mouse mammary gland, seen in the seanning eleetron 
mieroseope after enzymatie depletion of extracellular matrix. Blood 
eapillaries (C) and fibroblasts (F) are also indieated. (Courtesy of 
Prof. Toshikazu Nagato, Fukuoka Dental College, Japan.) 



Fig. 2.4 Myoepithelial eells (stained brown), in a human breast duct, 
demonstrated immunohistochemically using antibody to smooth muscle 
aetin. (Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 
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Epithelia 




Fig. 2.5 A, Keratinized stratified squamous epithelium in thin skin. Pigmented melanoeytes are seen in the basal layer and a few keratinoeytes of the 
priekle eell layer also eontain melanin granules. The dead, keratinized layer (K) laeks nuclei. B, Non-keratinized stratified squamous epithelium of the 
uterine ectocervix, stained with periodie-aeid Sehiff (PAS) reagent. The basement membrane (short arrows) and superficial squames, which retain their 
nuclei, are PAS-positive; squames sloughing off the surface are indieated (long arrow). C, Stratified low columnar epithelium of an interlobular excretory 
duct of the sublingual salivary gland. D, Urothelium (transitional epithelium) lining the relaxed urinary bladder. The most superficial eells have a thiekened 
plasma membrane as a result of the presenee of intramembranous plaques, which give an eosinophilie appearanee to the luminal surface (arrows). All 
human tissues. (All human tissues, courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 

flattened form, and are eventually shed from the surface as a highly 
flattened squame. Typieally, the eells are held together by numerous 
desmosomes to form strong, contiguous cellular sheets that provide 
proteetion to the underlying tissues against meehanieal, mierobial and 
ehemieal damage. Stratified squamous epithelia may be broadly subdi- 
vided into keratinized and non-keratinized types. 

Keratinized epitheliiim 

Keratinized epithelium (Fig. 2.5A) is found at surfaces that are subject 
to drying or meehanieal stresses, or are exposed to high levels of abra- 
sion. These include the entire epidermis and the mucocutaneous junc- 
tions of the lips, nostrils, distal anal eanal, outer surface of the tympanie 
membrane and parts of the oral lining (gingivae, hard palate and fili- 
form papillae on the anterior part of the dorsal surface of the tongue). 

Their eells, keratinoeytes, are deseribed in more detail on page 141. A 
distinguishing feature of keratinized epithelia is that eells of the super- 
fieial layer, the stratum corneum, are amieleate, dead, flattened squames 
that eventually flake off from the surface. In addition, the tough keratin 
intermediate filaments beeome firmly embedded in a matrix protein. 

This unusual eombination of strongly eoherent layers of living eells and 
more superficial strata made of plates of inert, meehanieally robust 
protein complexes, interleaved with water-resistant lipid, makes this 
type of epithelium an effieient barrier against different types of injury, 
mierobial invasion and water loss. 

Non-keratinized epithelium 

Non-keratinized epithelium is present at surfaces that are subject to 
abrasion but proteeted from drying (Fig. 2.5B). These inehide: the 
buccal eavity (except for the areas noted above); oropharynx and laryn- 
gopharynx; oesophagus; part of the anal eanal; vagina; distal uterine 
cervix; distal urethra; eornea; inner surfaces of the eyelids; and the 
vestibule of the nasal eavities. Cells go through the same transitions in 


general shape as are seen in the keratinized type, but they do not fill 
eompletely with keratin or seerete glyeolipid, and they retain their 
nuclei until they desquamate at the surface. In sites where eonsiderable 
abrasion occurs, e.g. parts of the buccal eavity, the epithelium is thieker 
and its most superficial eells may partly keratinize, so that it is referred 
to as parakeratinized, in eontrast to the orthokeratinized state of fully 
keratinized epithelium. Diets defieient in vitamin A may induce kerati- 
nization of such epithelia, and excessive doses may lead to its transfor- 
mation into mucus-secreting epithelium. 

Stratified cuboidal and columnar epithelia 

Two or more layers of cuboidal or low columnar eells (Fig. 2.5C) are 
typieal of the walls of the larger ducts of some exocrine glands, e.g. the 
panereas, salivary glands and the ducts of sweat glands, and they pre- 
sumably provide more strength than a single layer. Parts of the male 
urethra are also lined by stratified columnar epithelium. The layers are 
not eontimially replaeed by basal mitoses and there is no progression 
of form from base to surface, but they ean repair themselves if damaged. 

Urothelium (urinary or 
transitional epithelium) 

Urothelium (Fig. 2.5D) is a speeialized epithelium that lines much of 
the urinary traet and prevents its rather toxic eontents from damaging 
surrounding structures. It extends from the ends of the eolleeting ducts 
of the kidneys, through the ureters and bladder, to the proximal portion 
of the urethra. In males it lines the urethra as far as the ejaailatory ducts, 
then beeomes intermittent and is finally replaeed by stratified columnar 
epithelium in the membranous urethra. In females it extends as far as 
the urogenital membrane. 

The epithelium appears to be 4-6 eells thiek and lines organs that 
undergo eonsiderable distension and eontraetion. It ean therefore 
streteh greatly without losing its integrity. In stretehing, the eells beeome 
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ílattened without altering their positions relative to eaeh other, because 
they are fìrmly eonneeted by numerous desmosomes. However, the 
urothelium appears to be reduced to only 2-3 eells thiek. The epithe- 
lium is ealled transitional because of the apparent transition from a 
stratified cuboidal epithelium to a stratified squamous epithelium, 
which occurs as it is stretehed to aeeommodate urine, particularly in 
the bladder. The basal eells are basophilie and eontain many ribosomes; 
they are uninucleate (diploid), and cuboidal when relaxed. More api- 
eally, they form large binucleate or, more often, polyploid uninucleate 
eells. The surface eells are the largest and may even be oetoploid; in the 
relaxed state they typieally bulge into the lumen as dome-shaped eells 
with a thiekened, eosinophilie glycocalyx or eell eoat. Their luminal 
surfaces are eovered by a speeialized plasma membrane in which 
plaques of intramembranous glyeoprotein partieles are embedded to 
stiffen the membrane. When the epithelium is relaxed, the surface area 
of the eells is reduced and the plaques are partially internalized by the 
hinge-like aetion of the more flexible interplaque membrane regions. 
The plaques re-emerge on to the surface when it is stretehed. 

Normally, eell turnover is very slow; eell division is infrequent and 
is restrieted to the basal layer. However, when damaged, the epithelium 
regenerates quite rapidly. 

Seminiferoiis epitheliiim 

Seminiferous epithelium is a highly speeialized, complex stratified epi- 
thelium. It eonsists of a heterogeneous population of eells that form 
the lineage of the spermatozoa (spermatogonia, spermatoeytes, sper- 
matids), together with supporting eells (Sertoli eells). It is deseribed in 
detail on page 1275. 


GLANDS 


One of the features of many epithelia is their ability to alter the environ- 
ment faeing their free surfaces by the direeted transport of ions, water 
or macromolecules. This is particularly well demonstrated in glandular 
tissue, in which the metabolism and structural organization of the eells 
are speeialized for the synthesis and seeretion of maeromoleoiles, 
usually from the apieal surface. Such eells may exist in isolation amongst 
other non-seeretory eells of an epithelium, e.g. goblet eells in the 
absorptive lining of the small intestine, or may form highly eoherent 
sheets of epithelium with a eommon seeretory fimetion, e.g. the mucous 
lining of the stomaeh and, in a highly invaginated structure, the complex 
salivary glands. 

Glands may be subdivided into exocrine glands and endoerine 
glands. Exocrine glands seerete, usually via a duct, on to surfaces that 
are continuous with the exterior of the body, including the alimentary 
traet, respiratory system, urinary and genital ducts and their derivatives, 
and the skin. Endoerine glands are ductless and seerete hormones 
direetly into interstitial fluid and thenee the eiroilatory system, which 
eonveys them throughout the body to affeet the aetivities of other eells. 
In addition to strietly epithelial glands, some tissues derived from the 
nervous system, including the suprarenal medulla and neurohypophy- 
sis, are neurosecretory. 

Paraerine glandular eells are similar to endoerine eells but their 
seeretions diffiise loeally to cellular targets in the immediate vieinity; 
many are elassed as neuroendocrine eells because they seerete mole- 
cules used elsewhere in the nervous system as neurotransmitters or 
neuromodulators. Modes of signalling by seeretory eells are illustrated 
in Figure 1.6. 

EX0CRINE GLANDS 

Types of seeretory proeess 


The meehanism of seeretion varies eonsiderably. If the seeretions are 
initially paekaged into membrane-bound vesieles, these are eonveyed 
to the eell surface, where they are diseharged. In meroerine seeretion, 
which is by far the most eommon seeretory meehanism, vesiele mem- 
branes ffise with the plasma membrane to release their eontents to the 
exterior (Fig. 2.6). Speeialized transmembrane molecules in the seere- 
tory vesiele wall reeognize marker proteins on the eytoplasmie side of 
the plasma membrane and bind to them. This initiates interaetions with 
other proteins that cause the ffision of the two membranes and the 
consequent release of the vesiele eontents. The stimulus for seeretion 
varies with the type of eell but often appears to involve a rise in intraeel- 
lular calcium. Glands such as the simple sweat glands of the skin, where 
ions and water are aetively transported from plasma as an exudate, were 
onee elassified as eeerine glands. They are now known to synthesize and 


seerete small amounts of protein by a meroerine meehanism, and have 
been reelassified as meroerine glands. 

In apoerine glands, some of the apieal eytoplasm is pinehed off with 
the eontained seeretions, which are stored in the eell as membrane-free 
droplets (see Fig. 2.6). The best-understood example of this is the seere- 
tion of milk fat by mammary gland eells, in which a small amount of 
eytoplasm is ineorporated into the plasma membrane-bound lipid 
globule as it is released from the eell. Larger amounts of eytoplasm are 
included in seeretions by speeialized apoerine sweat glands in the axilla 
(Stoeckelhuber et al 2011) and anogenital regions of the body. In some 
tissues there is a eombination of different types of seeretion, e.g. 
mammary gland eells seerete milk fat by apoerine seeretion and milk 
protein, easein, by meroerine seeretion. 

In holoerine glands (see fig. 2.6), e.g. sebaceous glands in the skin, 
the eells first fill with seeretory products (lipid droplets or sebum, in 
this instanee), after which the entire eell disintegrates to liberate the 
accumulated mass of seeretion into the adjaeent duct or, more usually, 
hair folliele. 

Structural and functional elassifieation 


Exocrine glands are either unicellular or multicellular. The latter may 
be in the form of simple sheets of seeretory eells, e.g. the lining of the 
stomaeh, or may be structurally more complex and invaginated to a 
variable degree. Such glands (see Fig. 2.6) may be simple units or their 
eonneetion to the surface may be branehed. Simple unbranched tubular 
glands exist in the walls of many of the hollow viseera, e.g. the small 
intestine and uterus, whereas some simple glands have expanded, flask- 
like ends (aeini or alveoli). Such glands may eonsist entirely of seeretory 
eells, or may have a blind-ending seeretory portion that leads through 
a non-seeretory duct to the surface, in which ease the ducts may modiíy 
the seeretions as they pass along them. 

Glands with ducts may be branehed (compound) and sometimes 
form elaborate ductal trees. Such glands generally have aeinar or alveo- 
lar seeretory lobules, as in the exocrine panereas, but the seeretory units 
may alternatively be tubular or mixed tubulo-acinar. More than one 
type of seeretory eell may occur within a partioilar seeretory unit, or 
individual units may be speeialized to just one type of seeretion (e.g. 
serous aeini of salivary glands). 

Exocrine glands are also elassified by their seeretory products. Seere- 
tory eells in mucus-secreting or mucous glands have frothy eytoplasm 
and basal, flattened nuclei. They stain deeply with metaehromatie stains 
and periodie aeid-Sehiff (PAS) methods that deteet earbohydrate resi- 
dues. However, in general (i.e. non-speeifie) histologieal preparations, 
they are weakly stained because much of their eontent of water-rich 
mucin has been extracted by the proeessing procedures. Seeretory eells 
in serous glands have eentrally plaeed nuclei and eosinophilie seeretory 
storage granules in their eytoplasm. They seerete mainly glyeoproteins 
(including lysozyme) and digestive enzymes. 

Some glands are almost entirely mucous (e.g. the sublingual salivary 
gland), whereas others are mainly serous (e.g. the parotid salivary 
gland). The submandibular gland is mixed, in that some lobules are 
predominantly mucous and others serous. Mucous aeini may share a 
lumen with clusters of serous eells (seen in routine preparations as 
serous demilunes). Although this simple approaeh to elassifieation is 
useful for general deseriptive purposes, the diversity of molecules syn- 
thesized and seereted by glands is such that complex mixtures often 
exist within the same eell. 

END0CRINE GLANDS 


Endoerine glands seerete direetly into eonneetive tissue interstitial fluid 
and thenee the eiroilation. Their eells are grouped around beds of eapil- 
laries or sinusoids, which typieally are lined by fenestrated endothelia 
to allow the rapid passage of maeromoleoiles through their walls. 
Endoerine eells may be arranged in clusters within vascular networks, 
in eords between parallel vascular ehannels or as hollow structures (fol- 
lieles) surrounding their stored seeretions. In addition to the eells of 
speeialized ductless endoerine glands (e.g. pituitary, pineal, thyroid and 
parathyroid), hormone-producing eells also form eomponents of other 
organ systems. These include: the eells of the panereatie islets; thymie 
epithelial eells; renin-seereting eells of the kidney juxtaglomerular appa- 
ratus; erythropoietin-seereting eells of the kidney; circumventricular 
organs; interstitial testicular (Leydig) eells; interstitial follicular and 
luteal ovarian eells; and plaeental eells (in pregnaney). Some eardiae 
myoeytes, partioilarly in the walls of the atria, also have endoerine 
fimetions. These eells are all deseribed in detail within the appropriate 
regional seetions. 
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Fig. 2.6 eiassifieation of the different types of epithelial gland. 


Isolated endoerine eells also exist seattered amongst other tissues as 
part of the dispersed (diffhse) neuroendocrine system, e.g. throughout 
the alimentary and respiratory traets. Neuroendocrine eells are generally 
situated within a mucosal epithelium and their bases often rest on the 
basal lamina (see below). In response to an external stimulus, they 
seerete their product basally into interstitial flmd. A typieal neuroendo- 
erine eell is shown in Figure 2.7. The seeretory granules vary in shape, 
size and ultrastructure aeeording to eell type. Cells often take the name 
of the seeretion they produce, e.g. gastrin-seereting G eells of the small 
intestine. Neuroendocrine eells share many of their seeretory products 
with ehemieal mediators in the nervous system. 

C0NTR0L OF GLANDULAR SEORETION 


The aetivities of eells in the various tissue and organ systems of the body 
are tightly regulated by the eoordinated aetivity of the endoerine and 
autonomic nervous systems. Endoerine (and paraerine) signals reaeh 
target eells in interstitial fluid, often via blood plasma, and together 
with autonomic nervous signals they ensure that the body responds to 
normal physiologieal stimuli and adjusts to ehanges in the external 
environment. Hormone seeretion is itself eontrolled in a number of 
ways, e.g. by neural eontrol, regulatory feedbaek loops or aeeording to 
various eyelieal, rhythmieal or pulsatile patterns of release. Endoerine 


glands have a rieh vasailar supply and their blood flow is eontrolled 
by autonomic vasomotor nerves, which ean thus modify glandular 
aetivity. 

Glandular aetivity may also be eontrolled direetly by autonomic 
seeretomotor fìbres, which may either form synapses on the bases of 
gland eells (e.g. in the suprarenal medulla) or release neuromediators 
in the vieinity of the glands and reaeh them by difflision. Alternatively, 
the autonomic nervous system may aet indireetly on gland eells, e.g. 
on neuroendocrine G eells via histamine, released neurogenically 
from another neuroendocrine eell in the gastrie lining. Such paraerine 
aetivities of neuroendocrine eells are also important in the respiratory 
system. 

Circulating hormones from the adenohypophysis stimulate syn- 
thesis and seeretion by target eells in many endoerine glands. Such 
signals, mostly deteeted by reeeptors at the eell surface and mediated 
by seeond messenger systems, may inerease the synthetie aetivity of 
gland eells, and may cause them to diseharge their seeretions by exocy- 
tosis. Seeretions from eertain exocrine glandular eells are expressed 
rapidly from those glands by the eontraetion of assoeiated myoepithe- 
lial eells (see Figs 2.3, 2.4) that enelose the seeretory units and smaller 
ducts. Myoepithelial eells may be under direet neural eontrol, as in the 
salivary glands, or they may respond to circulating hormones, as in the 
mammary gland, where they respond to the eoneentration of eirailat- 
ing oxytocin. 
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Fig. 2.7 An eleetron 
mierograph of a 
neuroendocrine eell 
between two absorptive 
eells in the eolon 
(rat tissue). Dense 
neurosecretory granules 
are seen in the basal 
eytoplasm, apposed 
to the basal lamina 
(arrows). (Courtesy of 
Miehael Crowder MD.) 


Feedbaek loops and endoerine axes 


The pituitary gland, in particular the adenohypophysis, is often termed 
the master gland because of its eentral role in endoerine physiologieal 
proeesses. It provides the means by which the eentral nervous system 
regulates and integrates, by non-neural meehanisms, the widespread 
fhnetions of the body, including the aetivities of other endoerine glands 
and, often indireetly, exocrine glands such as the breast. Regulatory 
hormones from the adenohypophysis stimulate synthesis and seeretion 
in target eells of many endoerine glands; these glands therefore respond 
to, as well as generate, hormonal signals. 

The hypothalamus and the adenohypophysis in the brain are eentral 
to most regulatory feedbaek loops within the endoerine system. Loops 
ean be either positive or negative, e.g. the hypothalamus stimulates 
release of folliele stiimilating hormone (FSH) by the adenohypophysis, 
which in turn stimulates ovarian follicular maturation and seeretion of 
oestradiol, which aets on breast and endometrial target tissues. Oestra- 
diol, in this ease, also aets baek on the adenohypophysis and hypotha- 
lamus to reinforee their fhnetion positively in a feedbaek loop. In 
eontrast, hypothalamie and adenohypophysial stimulation of testiailar 
production of testosterone, which aets on targets such as skeletal 
muscle, is negatively regulated in a feedbaek loop generated by eiroilat- 
ing testosterone. Such negative feedbaek regulation is a widely utilized 
physiologieal meehanism. 


BASEMENT MEMBRANE AND BASAL LAMINA 


There is a narrow layer of extracellular matrix, which stains strongly for 
earbohydrates, at the interfaee between eonneetive and other tissues, 
e.g. between epithelia and their supporting eonneetive tissues. In early 
histologieal texts this layer was termed the basement membrane. 
As almost all of its eomponents are synthesized by the epithelium or 
other tissues, rather than the adjaeent eonneetive tissue, it will be dis- 
cussed here. 

Eleetron mieroseopy revealed that the basement membrane is eom- 
posed of two distinet eomponents. A thin, finely fìbrillar layer, the basal 
lamina, is assoeiated elosely with the basal eell surface (Fig. 2.8). A 
variable reticular lamina of larger fìbrils and glyeosaminoglyeans of the 
extracellular matrix underlies this layer and is continuous with the eon- 
neetive tissue proper, although it is much reduced or largely absent in 
some tissues, e.g. surrounding muscle fìbres, Schwann eells and eapil- 
lary endothelia. In other tissues, the basal lamina separates two layers 
of eells and there are no intervening typieal eonneetive tissue elements. 
This occurs in the thiek basal lamina of the renal glomemlar fìlter and 
the basal lamina of the thin portions of the lung interalveolar septa 
aeross which gases exchange between blood and air. 

The basal lamina is usually about 80 nm thiek, varying between 40 
and 120 nm, and eonsists of a sheet-like fibrillar layer, the lamina densa 
(20-50 nm wide), separated from the plasma membrane of the eell it 
supports by a narrow electron-lucent zone, the lamina lucida. The 
lamina lucida is absent from tissues prepared by rapid freezing and so 
may be an artefaet. In many tissues this zone is erossed by integral 



Fig. 2.8 The basal lamina as seen in an eleetron mierograph, underlying 
the basal epithelial layer of human skin (see Fig. 7.3). The finely fibrillar 
dense layer (long arrows) eorresponds to the lamina densa, and fine 
eollagen fibrils (*) lie in the subjacent eonneetive tissue. These contribute 
to the appearanee of the basement membrane in light mieroseope 
preparations stained for earbohydrate-rieh structures. The two eells seen 
in the upper field are basal keratinoeytes (K), joined by desmosomes 
(short arrow), with dense keratin filaments in their eytoplasm. (Courtesy of 
J MeMillan MD, St John’s lnstitute of Dermatology, St Thomas’ Hospital, 
London.) 


plasma membrane proteins, e.g. keratinoeyte hemidesmosomes are 
anehored into the lamina densa in the basal lamina of the epidermis. 
The basal lamina is a delieate felt-like network eomposed largely of two 
glyeoprotein polymers, laminin and type IV eollagen, which self- 
assemble into two-dimensional sheets interwoven with eaeh other. 
Early embryonie basal lamina is formed only of the laminin polymer. 
Two other molecules eross-link and stabilize the network: entaetin 
(nidogen) and perleean (a large heparan sulphate proteoglyean). 

Although all basal laminae have a similar form, their thiekness and 
preeise molecular eomposition vary between tissues and even within a 
tissue, e.g. between the erypts and villi of the small intestine. The iso- 
forms of laminin and eollagen type IV differ in various tissues; thus 
Schwann eells and muscle eells express laminin-2 (merosin) rather than 
the prototypieal laminin-1. Laminin-5, although not itself a basal 
lamina eomponent, is found in the hemidesmosomes of the basal 
epidermis and links the basal lamina with epidermal transmembrane 
proteins, a 6 p 4 integrin and eollagen type XVII (BPAG2, bullous pem- 
phigoid antigen 2, one of the targets of the autoimmune blistering skin 
disease, bullous pemphigoid). The particular isoform of eollagen type 
IV in the basal lamina of different tissues is refleeted in tissue-specific 
disease patterns. Mutations in a eollagen expressed by muscle and 
kidney glomemli cause Alport's syndrome, a form of renal failure. Renal 
failure also occurs in Goodpasture's syndrome, in which renal basal 
lamina eollagen is targeted by autoantibodies. 

In Deseemet's membrane in the eornea, eollagen type VIII replaees 
eollagen type IV in the much thiekened (inereasing with age, up to 
10 jnm,) endothelial basal lamina. The basal lamina of the neuromus- 
cular junction eontains agrin, a heparan sulphate proteoglyean, which 
plays a part in the clustering of muscle aeetyleholine reeeptors in the 
plasma membrane at these junctions. 


RETICULAR LAMINA 


The retiailar lamina eonsists of a dense extracellular matrix that eon- 
tains eollagen. In skin, it eontains fibrils of type VII eollagen (anehoring 
fibrils), which bind the lamina densa to the adjaeent eonneetive tissue. 
The high eoneentration of proteoglyeans in the reticular lamina is 
responsible for the positive reaetion of the entire basement membrane 
to stains for earbohydrates, which is seen in seetions prepared for light 
mieroseopy. 


FUNCTI0NS 0F BASAL LAMINA 


Basal laminae perform a number of important roles (Iozzo 2005). They 
form seleetively permeable barriers (anionie filters) between adjaeent 
tissues, e.g. in the glomemlar filter of the kidney; anehor epithelial and 
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Fig. 2.9 General loose eonneetive tissue (human), with bundles of 
eollagen fibres (C) within an amorphous ground substance, penetrated by 
a neurovascular bundle of blood vessels (BV), lymphaties and nerves. A 
small autonomic ganglion is arrowed. (Courtesy of Mr Peter Helliwell and 
the late Dr Joseph Mathew, Department of Histopathology, Royal 
Cornwall Hospitals Trust, UK.) 



Fig. 2.10 An eleetron 
mierograph of a 
fibroblast in human 
eonneetive tissue, 
surrounded by bundles 
of finely banded 
eollagen fibrils (shown 
at high magnifieation in 
the insert), which they 
seerete. (Courtesy 
of Dr Bart VVagner, 
Histopathology 
Department, Sheffield 
Teaehing Hospitals, 
UK.) 


eonneetive tissnes, and so stabilize and orientate the tissue layers; may 
exert instmetive effeets on adjaeent tissues, and so determine their polar- 
ity rate of eell division, eell survivaf ete.; and regulate angiogenesis. In 
addition, they may aet as pathways for the migration and pathfinding 
aetivities of growing eell proeesses, both in development and in tissue 
repair, e.g. in guiding the outgrowth of axons and the re-establishment 
of neuromuscular junctions during regeneration after injury in the 
peripheral nervous system. ehanges in basal lamina thiekness are often 
assoeiated with pathologieal eonditions, e.g. the thiekening of the 
glomemlar basal lamina in glomemlonephritis and diabetes. 


C0NNECTIVE AND SUPP0RTING TISSUES 


The eonneetive tissues are defined as those eomposed predominantly 
of intercellular materiaf the extracellular matrfy which is seereted 
mainly by the eonneetive tissue eells. The eells are therefore usually 
widely separated by their matrix, which is eomposed of fibrous proteins 
and a relatively amorphous ground substance (Fig. 2.9). Many of the 
speeial properties of eonneetive tissues are determined by the eomposi- 
tion of the matrfy and their elassifieation is also largely based on its 
eharaeteristies. In some types of eonneetive tissue, the cellular eompo- 
nent eventually dominates the tissue, even though the tissue originally 
has a high matrix:cell ratio, e.g. adipose tissue. Connective tissues are 
derived from embryonie mesenehyme or, in the head region, largely 
from neural erest. 

Connective tissues have several essential roles in the body. These may 
be subdivided into stmctural roles, which largely refleet the speeial 
meehanieal properties of the extracellular matrix eomponents, and 
defensive roles, in which the cellular eomponent has the dominant role. 
Connective tissues often also play important trophie and morphoge- 
netie parts in organizing and influencing the growth and differentiation 
of surrounding tissues, e.g. in the development of glands from an epi- 
thelial surface. 

Stmctural eonneetive tissues are divided into ordinary (or general) 
types, which are widely distributed, and speeial skeletal types, i.e. ear- 
tilage and bone, which are deseribed in ehapter 5. A third type, haemo- 
lymphoid tissues, eonsists of peripheral blood eells, lymphoid tissues 
and their precursors; these tissues are deseribed in ehapter 4. They are 
often grouped with other types of eonneetive tissue because of their 
similar mesenehymal origins and because the various defensive eells of 
the blood also form part of a typieal eonneetive tissue eell population. 
They reaeh eonneetive tissues via the blood circulation and migrate into 
them through the endothelial walls of vessels. 

CELLS 0F GENERAL C0NNECTIVE TISSUES 

Cells of general eonneetive tissues ean be separated into the resident 
eell population (fibroblasts, adipoeytes, mesenehymal stem eells, ete.) 
and a population of migrant eells with various defensive fimetions 
(maerophages, lymphoeytes, mast eells, neutrophils and eosinophils), 
which may ehange in number and moderate their aetivities aeeording 


to demand. Embryologieally, fibroblasts and adipoeytes arise from mes- 
enehymal stem eells, some of which may remain in the tissues to 
provide a source of replaeement eells postnatally. As noted above, the 
eells of haemopoietie origin migrate into the tissue from bone marrow 
and lymphoid tissue. 

Resident eells 


Fibroblasts 

Fibroblasts are usually the most numerous resident eells. They are flat- 
tened and irregular in outline, with extended proeesses, and in profile 
they appear ffisiform or spindle-shaped (Fig. 2.10; see also Fig. 2.12). 
Fibroblasts synthesize most of the extracellular matrix of eonneetive 
tissue (see "ig. 2 . 10 ); aeeordingly, they have all the features typieal of 
eells aetive in the synthesis and seeretion of proteins. Their nuclei are 
relatively large and euchromatic, and possess prominent nucleoli. In 
young, highly aetive eells, the eytoplasm is abundant and basophilie 
(refleeting the high eoneentration of rough endoplasmie reticulum), 
mitoehondria are abundant and several sets of Golgi apparatus are 
present. In old and relatively inaetive fibroblasts (often termed fibro- 
eytes), the eytoplasmie volume is reduced, the endoplasmie reticulum 
is sparse and the nucleus is flattened and heteroehromatie. 

Fibroblasts are usually adherent to the fibres of the matrix (eollagen 
and elastin), which they lay down. In some highly cellular structures, 
e.g. liver, kidney and spleen, and in most lymphoid tissue, fibroblasts 
and delieate collagenous fibres (type III eollagen; reticular fibres) form 
fibrocellular networks, which are often ealled reticular tissue. The 
fibroblasts may then be termed reticular eells or reticulocytes. 

Fibroblasts are particularly aetive during wound repair following 
traumatic injury or inflammation, when tissue mass is lost through eell 
death. They proliferate and lay down a fibrous matrix that beeomes 
invaded by numerous blood vessels (granulation tissue). Contraction 
of wounds is, at least in part, caused by the shortening of myofibrob- 
lasts, speeialized eontraetile fibroblast-like eells (Hinz et al 2012) with 
properties similar to smooth muscle eells. It was thought that myofi- 
broblasts differentiated from fibroblasts (reviewed in McAnulty (2007)) 
or their progenitor mesenehymal stem eells (see below) in granulation 
tissue. However, reeent evidenee suggests that in wound healing and in 
many fibrotie disease proeesses, including hepatie eirrhosis, the myofi- 
broblast preoirsor is the vascular perieyte or a elosely related eell 
(reviewed in Duffield (2012 ). In eases where the speeialized eells of 
the damaged region eannot divide and regenerate fimetional tissue, e.g. 
eardiae muscle eells after infaretion, eonneetive tissue fibroblasts and 
their extracellular matrix fill the void to form a sear. An exception is the 
eentral nervous system, where glial sears are formed after injury. Fibrob- 
last aetivity is influenced by various faetors such as steroid hormone 
eoneentration, dietary eontent and prevalent meehanieal stresses. Col- 
lagen formation is impaired in vitamin C defieieney. 

Adipoeytes (lipoeytes, fat eells) 

Adipoeytes occur singly or in groups in many, but not all, eonneetive 
tissues. They are numerous in adipose tissue (Fig. 2.11). Individually, 
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Fig. 2.11 Adipose tissue (human, from a lymph node speeimen). 
Adipoeytes (A) are distended polygonal eells filled with lipid, which has 
been extracted by the tissue proeessing. This leaves only the plasma 
membranes with seant eytoplasm and nuclei (arrows), oeeasionally visible 
eompressed against the eell periphery. Small blood vessels (BV) penetrate 
the adipose tissue; larger vessels are seen on the right. (Courtesy of Mr 
Peter Helliwell and the late Dr Joseph Mathew, Department of 
Histopathology, Royal Cornwall Hospitals Trust, UK.) 


the eells are oval or spherieal in shape, but when paeked together they 
are polygonal. They vary in diameter, averaging 50 jiim. Eaeh eell eon- 
sists of a peripheral rim of eytoplasm, in which the nucleus is embed- 
ded, surrounding a single large eentral globule of fat, which eonsists of 
glyeerol esters of oleie, palmitie and stearie aeids. There is a small accu- 
mulation of eytoplasm around the oval nucleus, which is typieally 
eompressed against the eell membrane by the lipid droplet, together 
with the Golgi complex. Many eytoskeletal fìlaments, some endoplas- 
mie reticulum and a few mitoehondria lie around the lipid droplet, 
which is in direet eontaet with the surrounding eytoplasm and not 
enelosed within a membrane. In seetions of tissue not speeially treated 
to preserve lipids, the lipid droplet is usually dissolved out by the sol- 
vents used in routine preparations, so that only the nucleus and the 
peripheral rim of eytoplasm surrounding a eentral empty spaee remain. 

Another form of adipose tissue, brown fat, occurs in the interscapu- 
lar region of neonates, a loeation it shares with the elassie brown fat of 
rodents. Brown fat is eharaeterized by the presenee of large eells, eaeh 
of which eontains several separate droplets of fat (multilocular adipose 
tissue) rather than a single globule (typieal of unilocular adipose tissue; 
see above), and by mitoehondria in which the eristae are unusually 
large and numerous. White fat eells are speeialized to store ehemieal 
energy, whereas the physiologieal role of brown adipose tissue (BAT) 
eells is to metabolize fatty aeids and generate heat; BAT eells uncouple 
cellular respiration via the mitoehondrial uncoupling protein UCP1. It 
had been thought that brown fat disappears during postnatal growth, 
but signifieant deposits of UCPl-positive brown fat have been deteeted 
by positron emission tomography (PET) seanning methods in adults, 
mainly in the supraclavicular region, in the neek and along the spine. 
Reeent evidenee suggests that these human UCPl-positive eells may not 
be elassie brown fat eells but a distinet type of thermogenie fat eell ealled 
a beige fat eell, thought to be derived from precursor eells in white fat 
(Wu et al 2012). Such eells may represent an evohitionarily eonserved 
cellular meehanism to provide flexibility in adaptive thermogenesis. 

It has long been reeognized that adipose tissue is eentral to the 
eontrol of energy balanee and lipid homeostasis. There is a growing 
view that it may play a similarly important role as an endoerine organ, 
seereting a elass of peptides ealled adipokines ( frayhurn and Wood 
2004), which may enter the blood via eapillaries or lymph. Different 
types of adipose tissue display fimetional and regional heterogeneity 
and differ in their involvement with disease proeesses (reviewed in 
Hassan et al (2012)). The mobilization of fat is under nervous or hor- 
monal eontrol; noradrenaline (norepinephrine) released at sympathetie 



Fig. 2.12 Maerophages (M) in ehronieally inflamed human eonneetive 
tissue, showing prominent pigmented, haemosiderin-eontaining 
eytoplasmie granules derived from ingested erythroeytes. Many are 
multinucleate. Also seen are plasma eells (P), small lymphoeytes (L) and 
other haemopoietie eells. (Courtesy of Mr Peter Helliwell and the late Dr 
Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals 
Trnst, UK.) 


nerve endings in adipose tissue is particularly important in this respeet. 
No new adipose tissue is thought to form after the immediate postnatal 
period, and accumulation of body fat, as in obesity, is due to excessive 
accumulation of lipid in existing adipoeytes, which beeome very large. 
Conversely, weight loss results from the mobilization and metabolism 
of lipid from adipoeyte stores, with the consequent shrinkage of the 
eells. 

Mesenehymal stem eells 

Mesenehymal stem eells are normally inconspicuous eells in eonneetive 
tissues. They are derived from embryonie mesenehyme and are able to 
differentiate into the mature eells of eonneetive tissue during normal 
growth and development, in the turnover of eells throughout life and, 
most conspicuously, in the repair of damaged tissues in wound healing. 
There is emerging evidenee that, even in mature tissues, mesenehymal 
stem eells remain pluripotent and able to give rise to all the resident 
eells of eonneetive tissues in response to loeal signals and cues. The 
potential therapeutic use of mesenehymal stem eell-based therapy for 
a wide range of autoimmune disorders and degenerative diseases is 
refleeted in a burgeoning literature in the field of translational medi- 
eine. (See, for example, Ankmm and Karp (2010), jaekson et al (2012) 
and Ren et al (2012)). 

Migrant eells 


Maerophages 

Maerophages are numerous in eonneetive tissues, where they are either 
attaehed to matrix fibres or are motile and migratory (Fig. 2.12). They 
are relatively large eells, 15-20 pm in diameter, with indented and rela- 
tively heteroehromatie nuclei and a prominent nucleolus. Their eyto- 
plasm is slightly basophilie, eontains many lysosomes and typieally has 
a foamy appearanee under the light mieroseope. Maerophages are 
important phagoeytes and form part of the mononuclear phagoeyte 
system. They ean engulf and digest particulate organie materials, such 
as baeteria, and are able to elear dead or damaged eells from a tissue 
too. They are also the source of a number of seereted eytokines that 
have profound effeets on many other eell types. Maerophages are able 
to proliferate in eonneetive tissues to a limited extent, but are derived 
and replaeed primarily from haemopoietie stem eells in the bone 
marrow, which circulate in the blood as monoeytes before migrating 
through vessel walls into eonneetive tissues, where they differentiate. 

Many properties of maerophages in general eonneetive tissue are 
similar to those of related eells in other sites. These include: circulating 
monoeytes, from which they are derived; alveolar maerophages in the 
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lungs, which take up inhaled partieles not eleared by the mucociliary 
rejeetion current; phagoeytie eells in the lymph nodes, spleen and bone 
marrow; Kupffer eells of the liver sinusoids; and mieroglial eells of the 
eentral nervous system. 

Lymphoeytes 

Lymphoeytes are normally present in small numbers; they are numer- 
ous in general eonneetive tissue only in pathologieal states, when they 
migrate in from adjaeent lymphoid tissue or from the eirailation. The 
majority are small eells (6-8 jiim) with highly heteroehromatie nuclei 
but they enlarge when stimulated. Two major hmetional elasses exist, 
termed B and T lymphoeytes. B lymphoeytes originate in the bone 
marrow, then migrate to various lymphoid tissues, where they prolifer- 
ate. When antigenieally stimulated, they undergo fhrther mitotie divi- 
sions, then enlarge as they mature, eommonly in general eonneetive 
tissues, to form plasma eells that synthesize and seerete antibodies 
(immunoglobulins). Mature plasma eells are rounded or ovoid, up to 
15 pm aeross, and have an extensive rough endoplasmie reticulum. 
Their nuclei are spherieal, often eeeentrieally situated, and have a ehar- 
aeteristie 'eloek-faee' configuration of heteroehromatin (see Fig. 4.12) 
that is regularly distributed in peripheral clumps. The prominent Golgi 
complex is visible with a light mieroseope as a pale region to one side 
of the nucleus and the remaining eytoplasm is deeply basophilie 
because of the abundant rough endoplasmie reticulum. Mature plasma 
eells do not divide. 

T lymphoeytes originate from precursors in bone marrow haemo- 
poietie tissue but later migrate to the thymus, where they develop T-eell 
identity, before passing into the peripheral lymphoid system, where 
they eontimie to multiply. When antigenieally stimulated, T eells 
enlarge and their eytoplasm beeomes filled with free polysome clusters. 
The fimetions of T lymphoeytes are numerous: different subsets reeog- 
nize and destroy vims-infeeted eells, tissue and organ grafts, or interaet 
with B lymphoeytes and several other defensive eell types. 

Mast eells 

Mast eells are important defensive eells. They occur particularly in loose 
eonneetive tissues and in the fibrous capsules of eertain organs such as 
the liver, and are numerous around blood vessels. Mast eells are round 
or oval, approximately 20 jLtm in diameter, with many filopodia extend- 
ing from the eell surface. The nucleus is eentrally plaeed and relatively 
small. The eytoplasm eontains large numbers of prominent vesieles and 
a well-developed Golgi apparatus, but seant endoplasmie reticulum. 
The vesieles have a high eontent of glyeosaminoglyeans and show a 
strongly positive reaetion with the PAS stain for earbohydrates. They are 
membrane-bound, vary in size and shape (mean diameter 0.5 jiim) and 
also have a rather heterogeneous eontent of dense, lipid-eontaining 
material, which may be finely granular, lamellar or in the form of 
membranous whorls. 

The major granule eomponents, many of them assoeiated with 
inflammation (Frenzel and Hermine 2013), are the proteoglyean 
heparin, histamine, tryptase, superoxide dismutase, aryl sulphatase, 
(3-hexosaminidase and various other enzymes, including ehymase in 
eonneetive tissue but not mucosal mast eells, together with ehemotaetie 
faetors for neutrophil and eosinophil granulocytes. There are fimetional 
differenees between mast eells found in different tissues. 

Mast eells may be stimulated to release some or all of their eontents, 
either by direet meehanieal or ehemieal trauma, or after eontaet with 
particular antigens to which the body has previously been exposed. The 
consequences of granule release include alteration of eapillary perme- 
ability, smooth muscle eontraetion, and aetivation and attraetion to the 
loeality of various other defensive eells. Responses to mast eell degranu- 
lation may be loealized, e.g. urticaria, or there may oeeasionally be a 
generalized response to the release of large amounts of histamine into 
the circulation (anaphylaetie shoek). Mast eells elosely resemble 
basophil granulocytes of the general circulation but are thought to 
develop as distinet deseendants of an earlier myeloid lineage precursor. 
It is believed that they are generated in the bone marrow and circulate 
to the tissues as immature basophil-like eells, migrating through the 
eapillary and vemile walls to their final destination. For ffirther reading, 
see Bisehoff (2007) and Collington et al (2011). 

Grarmloeytes (polymorphormelear 
leukocytes) 

Neutrophil and eosinophil granulocytes are immigrant eells from the 
eiroilation. Relatively infrequent in normal eonneetive tissues, their 
numbers may inerease dramatieally in infeeted tissues, where they are 
important eomponents of cellular defenee. Neutrophils are highly 
phagoeytie, espeeially towards baeteria. The ffinetions of eosinophils are 
less well understood. These eells are deseribed ffirther in ehapter 4. 


CELLS 0F SPECIALIZED C0NNECTIVE TISSUES 

Skeletal tissues - namely, eartilage and bone - are generally elassified 
with the eonneetive tissues, but their structure and ffinetions are highly 
speeialized and they are deseribed in ehapter 5. As with the general 
eonneetive tissues, these speeialized types are eharaeterized by their 
extracellular matrix, which forms the major eomponent of the tissues 
and is responsible for their properties. The resident eells are different 
from those in general eonneetive tissues. Cartilage is populated by 
ehondroblasts, which synthesize the matrix, and by mature ehondro- 
eytes. Bone matrix is elaborated by osteoblasts. Their mature progeny, 
osteoeytes, are embedded within the matrix, which they help to min- 
eralize, turn over and maintain. A third eell type, the osteoelast, has a 
different lineage origin and is derived from haemopoietie tissue; osteo- 
elasts are responsible for bone degradation and remodelling in eollabo- 
ration with osteoblasts. 

EXTRACELLULAR MATRIX 


The term extracellular matrix is applied eolleetively to the extracellular 
eomponents of eonneetive and supporting tissues. Essentially, it eon- 
sists of a system of insoluble protein fibres, adhesive glyeoproteins and 
soluble complexes eomposed of earbohydrate polymers linked to 
protein molecules (proteoglyeans and glyeosaminoglyeans), which 
bind water. The extracellular matrix distributes the meehanieal stresses 
on tissues and also provides the structural environment of the eells 
embedded in it, forming a framework to which they adhere and on 
which they ean move (reviewed in Even-Ram and Yamada (2005) and 
Wolf and Friedl (2011 ). With the exception of bone matrix, it provides 
a highly hydrated medium, through which metabolites, gases and nutri- 
ents ean difffise freely between eells and the blood vessels traversing it 
or, in the ease of eartilage, passing nearby. 

There are many complex interaetions between eonneetive tissue eells 
and the extracellular matrix. The eells continually synthesize, seerete, 
modify and degrade extracellular matrix eomponents, and respond to 
eontaet with the matrix in the regulation of eell metabolism, prolifera- 
tion and motility. Degradation of the matrix is an important feature of 
embryonie development, morphogenesis, angiogenesis, tissue repair 
and remodelling (Mott and Werb 2004). Various types of proteinase are 
involved, prineipally metalloproteinases such as matrix metalloprotei- 
nases (MMPs), and those with a disintegrin and metalloproteinase 
domain (ADAMs) that include ADAMs with a thrombospondin domain 
(ADAMTS). Tissue remodelling depends on the eontrolled degradation 
of the extracellular matrix by seereted MMPs, regulated by their speeifie 
inhibitors, as occurs, for instanee, during involution of the postpartum 
uterus or during menstmal lysis and shedding of the endometrium 
(Gaide Chevronnay et al 2012). In the proeess of matrix degradation, 
bioaetive peptides are liberated that aet as growth faetors, eytokines and 
other signalling molecules to ehange the behaviour of eells in the viein- 
ity. While preeisely regulated under physiologieal eonditions, patho- 
logieally dysregulated extracellular matrix degradation is a cause of 
many diseases, such as atheroselerosis, emphysema, osteoarthritis and 
diabetie vascular eomplieations. 

The insoluble fibres are mainly of two types of stmctural pro- 
tein: members of the eollagen family, and elastin (Fig. 2.13). The 



Fig. 2.13 Elastie fibres, seen as fine, dark, relatively straight fibres in a 
whole-mount preparation of mesentery, stained for elastin. The wavy pink 
bands are eollagen bundles and oval grey nuclei are mainly of fibroblasts. 37 
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SECTION 1 


INTEGRATING CELLS INTO TISSUES 


interfìbrillar matrix (ground substance) includes a number of adhesive 
glyeoproteins that perform a variety of hmetions in eonneetive tissues, 
including cell-matrix adhesion and matrix-cell signalling. These glyeo- 
proteins include fibroneetin, laminin, tenasein and vitroneetin, in 
addition to a number of other less well eharaeterized proteins. The 
glyeosaminoglyeans of the interfibrillar matrix are, with one notable 
exception, post-translationally modified proteoglyean moleailes in 
which long polysaeeharide side ehains are added to short eore proteins 
during transit through the seeretory pathway between the rough endo- 
plasmie reticulum and the trans-Golgi network. The exception, the poly- 
merie disaeeharide, hyaluronan, has no protein eore and is synthesized 
entirely by eell surface enzymes. For further reading on extracellular 
matrix molecules, see Pollard et al (2008). Functional attributes of eon- 
neetive tissues vary and depend on the abundance of its different eom- 
ponents. Oollagen fibres resist tension, whereas elastin provides a 
measure of resilienee to deformation by stretehing. The highly hydrated, 
soluble polymers of the interfibrillar material (proteoglyeans and gly- 
eosaminoglyeans, mainly hyaluronan) generally form a stiff gel resisting 
eompressive forees. Thus tissues that are speeialized to resist tensile 
forees (e.g. tendons) are rieh in eollagen fibrils; tissues that aeeommo- 
date ehanges in shape and volume (e.g. mesenteries) are rieh in elastie 
fibres; and those that absorb eompressive forees (e.g. eartilages) are rieh 
in glyeosaminoglyeans and proteoglyeans. In bone, mineral erystals take 
the plaee of most of the soluble polymers and endow the tissue with 
ineompressible rigidity. 

Fibrillar matrix 


Collagens 

Oollagens make up a very large proportion (approximately 30%) of all 
the proteins of the body. They eonsist of a wide range of related mol- 
ecules that have various roles in the organization and properties of 
eonneetive (and some other) tissues. The first eollagen to be eharaeter- 
ized was type I, the most abundant of all the eollagens and a constituent 
of the dermis, faseiae, bone, tendon, ligaments, blood vessels and the 
selera of the eyebalk The eharaeteristie eollagen of eartilage and the 
vitreous body of the eye, with a slightly different ehemieal eomposition, 
is type II, whereas type III is present in several tissues, including the 
dermis and blood vessels, and type IV is in basal lamina. The other 
types are widely distributed in various tissues. Five of the eollagens, 
types I, II, III, V and XI, form fibrils; types IV, VIII and X form sheets or 
meshworks; types VI, VII, IX, XII, XIV and XVIII have an anehoring or 
linking role; and types XIII and XVII are transmembrane proteins. 

Bioehemieally, all eollagens have a number of features in eommon. 
llnlike most other proteins, they eontain high levels of hydroxyproline 
and all are eomposed of three polypeptides that form triple heliees and 
are substantially modified post-translationally. After seeretion, indi- 
vidual molecules are fiirther eross-linked to form stable polymers. Func- 
tionally, eollagens are structural proteins with eonsiderable meehanieal 
strength. Just a few of their distinguishing structural features are 
deseribed below. For fiirther reading on the molecular structure and 
fimetions of the eollagens, see Pollard et al (2008). 

Type I eollagen 

Type I eollagen is very widely distributed. It forms inextensible fibrils 
in which eollagen molecules (triple heliees) are aligned side by side in 
a staggered fashion, with three-quarters of the length of eaeh molecule 
in eontaet with neighbouring molecules. The fibril has well-marked 
bands of eharged and uncharged amino aeids arranged aeross it; these 
stain with heavy metals in a banding pattern that repeats every 65 nm 
in longitudinal seetions viewed in the eleetron mieroseope (see Fig. 2.10 
insert). 

Fibril diameters vary between tissues and with age. Developing 
tissues often have thinner fibrils than mature tissues. Corneal stroma 
fibrils are of uniform and thin diameter, whereas tendon fibrils may be 
up to 20 times thieker and quite variable. Tissues in which the fibrils 
are subject to high tensile loading tend to have thieker fibrils. Thiek 
fibrils are eomposites ofuniform thin fibrils with a diameter of 8-12 nm. 
The fibrils themselves are relatively flexible, but when mineralized (as 
in bone) or surrounded by high eoneentrations of proteoglyean (as in 
eartilage), the resulting fibre-reinforeed eomposite materials are rigid. 

Fresh type I eollagen fibres are tightly paeked assemblies of parallel 
fibrils and are white and glistening. They form variably wavy (erimped) 
bundles ofvarious sizes that are generally visible at the light mieroseope 
level. The eomponent fibres may leave one bundle and interweave with 
others. In some situations, eollagen fibrils are laid down in preeise geo- 
metrieal patterns, in which successive layers alternate in direetion, e.g. 

38 eorneal stroma, where the high degree of order is essential for transpar- 



Fig. 2.14 Reticular fibres (type III eollagen; reticulin demonstrated by 
silver-staining) in human liver, forming a delieate meshwork within the 
spaee of Disse between hepatoeytes (H), plasma membranes and the 
sinusoidal endothelia (S). (Courtesy of Mr Peter Helliwell and the late Dr 
Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals 
Trnst, UK.) 

eney. Tendons, aponeuroses and ligaments are also highly ordered 
tissues (Ch. 5). 

Types II, III, V and XI eollagens 

Types II, III, V and XI eollagens ean also aggregate to form linear fibrils. 
Type II eollagen occurs in extremely thin (10 nm), short fibrils in the 
vitreous humour and in very thiek fibrils in ageing human eartilage. The 
amino-aeid sequence and banding pattern are very similar to those of 
type I eollagen, as are the post-translational modifieations of the triple 
helieal protein molecule. The fine fibrils in the vitreous may fuse into 
thieker aggregates in older tissue. 

Type III eollagen is very widely distributed, particularly in young and 
repairing tissues. It usually eo-loealizes with type I eollagen, and eova- 
lent links between type I and type III eollagen have been demonstrated. 
In skin, many fibrils are probably eomposites of type I and type III 
eollagens. 

Reticular fibres 

Fine branehing and anastomosing reticular fibres form the supporting 
mesh framework of many glands, including the liver (Fig. 2 . 14 ), the 
kidney and lymphoreticular tissue (lymph nodes, spleen, ete.). Classi- 
eally, these fibres stained intensely with silver salts, although they are 
poorly stained using eonventional histologieal techniques. They assoei- 
ate with basal laminae and are often found in the neighbourhood of 
eollagen fibre bundles. Reticular fibres are formed prineipally of type 
III eollagen. 

Elastin 

Elastin is a 70 kDa protein, rieh in the hydrophobie amino aeids valine 
and alanine. Elastie fibrils, which also eontain fibrillin, are highly eross- 
linked via two elastin-speeifie amino aeids, desmosine and iso- 
desmosine, which are formed extracellularly from lysine residues. They 
are less widely distributed than eollagen, yellowish in colour, typieally 
eross-linked and usually thinner (10-20 nm) than eollagen fibrils. They 
ean be thiek, e.g. in the ligamenta flava and ligamentum nuchae. FJnlike 
eollagen type I, they show no banding pattern in the eleetron miero- 
seope. They stain poorly with routine histologieal stains but are stained 
with oreein-eontaining preparations (see Fig. 2.13). They sometimes 
appear as sheets, as in the fenestrated elastie lamellae of the aortie wall. 
Elastin-rieh structures streteh easily with almost perfeet reeoil, although 
they tend to ealeify with age and lose elastieity. Elastin is highly resistant 
to attaek by aeid and alkali, even at high temperatures. 

Interfibrillar matrix 


Glyeosaminoglyeans 

The structural soluble polymers eharaeteristie of the extracellular matrix 
are the aeidie glyeosaminoglyeans, which are unbranched ehains of 
repeating disaeeharide units, eaeh unit earrying one or more negatively 
eharged groups (carboxylate or sulphate esters, or both). The anionie 
eharge is balaneed by eations (Na + , K + , ete.) in the interstitial fhfid. Their 
polyanionie eharaeter endows the glyeosaminoglyeans with high 
osmotie aetivity, which helps to keep the fibrils apart, eonfers stiffness 








































Connective and supporting tissues 


on the porous gel that they eolleetively ereate, and gives the tissue a 
varying degree of basophilia. Glyeosaminoglyeans are named aeeording 
to the tissues in which they were first found, e.g. hyaluronan (vitreous 
body), ehondroitins (eartilage), dermatan (skin), keratan (eornea), 
heparan (liver). This terminology is no longer relevant, as most gly- 
eosaminoglyeans are very widely distributed, whereas, eonversely some 
eorneas eontain little or no keratan sulphate. Of the glyeosaminogly- 
eans, all except hyaluronan have short protein eores and are highly 
variable in their earbohydrate side-ehain structure. 

Hyaluronan 

Hyaluronan was formerly ealled hyaluronic aeid (or hyaluronate, as 
only the salt exists at physiologieal pH). It is a very large, highly hydrated 
molecule (25,000 kDa). Hyaluronan is found in all extracellular matri- 
ees and in most tissues, and is a prominent eomponent of embryonie 
and developing tissues. 

Hyaluronan is important in the aggregation of proteoglyeans and 
link proteins that possess speeifie hyaluronan binding sites (e.g. 
laminin). Indeed, the very large aggregates that are formed may be the 
essential eompression-resisting units in eartilage. Hyaluronan also 
forms very viscous solutions, which are probably the major lubricants 
in synovial joints. Because of its ability to bind water, it is often present 
in semi-rigid structures (e.g. vitreous humour in the eye), where it 
eooperates with sparse but regular meshworks of thin eollagen fibrils. 

Proteoglyeans 

Proteoglyeans have been elassified aeeording to the size of their protein 
eore; their nomenclature is under review. The same eore protein ean 
bear different glyeosaminoglyean side ehains in different tissues. The 
fimetions of many proteoglyeans are poorly understood. Some of the 
better-known proteoglyeans are: aggreean in eartilage, perleean in basal 
laminae, deeorin assoeiated with fibroblasts in eollagen fibril assembly, 
and syndeean in embryonie tissues. 

Adhesive glyeoproteins 

These proteins include molecules that mediate adhesion between eells 
and the extracellular matrix, often in assoeiation with eollagens, proteo- 
glyeans or other matrix eomponents. All of them are glyeosylated and 
they are, therefore, glyeoproteins. General eonneetive tissue eontains the 
well-known families of fibroneetins (and osteoneetin in bone), lam- 
inins and tenaseins; there is a rapidly growing list of other glyeoproteins 
assoeiated with extracellular adhesion (Pollard et al 2008). They possess 
binding sites for other extracellular matrix molecules and for eell adhe- 
sion moleoiles, espeeially the integrins; in this way they enable eells 
seleetively to adhere to and migrate through, appropriate matrix stme- 
tures (reviewed in Jacquemet et al (2013)). They also fimetion as signal- 
ling molecules, which are deteeted by eell surface reeeptors and initiate 
ehanges within the eytoplasm (e.g. to promote the formation of 
hemidesmosomes or other areas of strong adhesion; reorganize the 
eytoskeleton; and promote or inhibit loeomotion and eell division). 

Fibroneetin 

Fibroneetin is a large glyeoprotein eonsisting of a dimer joined by 
disulphide links. Eaeh subunit is eomposed of a string of large repetitive 
domains linked by flexible regions. Fibroneetin subunits have binding 
sites for eollagen, heparin and eell surface reeeptors, espeeially integrins, 
and so ean promote adhesion between all these elements. In eonneetive 
tissues, the molecules are able to bind to eell surfaces in an orderly 
fashion, to form short fibroneetin filaments. The liver seeretes a related 
protein, plasma fibroneetin, into the eiroilation. The seleetive adhesion 
of different eell types to the matrix during development and in postna- 
tal life is mediated by numerous isoforms of fibroneetin generated by 
alternative splieing. Isoforms found in embryonie tissues are also 
expressed during wound repair, when they faeilitate tissue proliferation 
and eell movements; the adult form is re-expressed onee repair is 
eomplete. 

Laminin 

Laminin is a large (850 kDa) flexible molecule eomposed of three 
polypeptide ehains (designated a, p and y). There are many isoforms 
of the different ehains, and at least 18 types of laminin. The prototypieal 
moleaile has a emeiform shape, in which the terminal two-thirds are 
wound round eaeh other to form the stem of a eross, and the shorter 
free ends form the upright and transverse members. Laminin bears 
binding sites for other extracellular matrix molecules such as heparan 
sulphate, type IV eollagen and entaetin, and also for laminin reeeptor 
molecules (integrins) situated in eell plasma membranes. Laminin mol- 
ecules ean assemble themselves into flat regular meshworks, e.g. in the 
basal lamina. 


Tenasein 

Tenasein is large glyeoprotein eomposed of six subunits that are joined 
at one end to form a stmcture that resembles the spokes of a wheel. 

There is a family of tenasein moleailes, generated by alternative splieing 
of the tenasein gene transeript. Tenasein is abundant in embryonie 
tissues but its distribution is restrieted in the adult. It appears to be 
important in guiding eell migration and axonal growth in early develop- 
ment: it may either promote or inhibit these aetivities, depending on 
the eell type and tenasein isoform. 

CLASSIFICATI0N 0F C0NNECTIVE TISSUES 

Connective and supporting tissues differ eonsiderably in appearanee, 
eonsisteney and eomposition in different regions. These differenees 
refleet loeal fimetional requirements and are related to the predomi- 
nanee of the eell types; the eoneentration, arrangement and types of 
fibre; and the eharaeteristies of the interfibrillar matrix. On these 
bases, general eonneetive tissues ean be elassified into irregular and 
regular types, aeeording to the degree of orientation of their fibrous 
eomponents. 

Irregular eonneetive tissues 

Irregular eonneetive tissues ean be fhrther subdivided into loose, dense 
and adipose eonneetive tissue. 

Loose (areolar) eonneetive tissue 

Loose eonneetive tissue is the most generalized form and is extensively 
distributed. Its ehief fimetion is to bind stmctures together, while still 
allowing a eonsiderable amount of movement to take plaee. It eonsti- 
tutes the submucosa in the digestive traet and other viseera lined by 
mucosae, and the subcutaneous tissue in regions where this is devoid 
of fat (e.g. eyelids, penis, scrotum and labia), and it eonneets muscles, 
vessels and nerves with surrounding stmctures. It is present in the inte- 
rior of organs, where it binds together the lobes and lobules of glands, 
forms the supporting layer (lamina propria) of mucosal epithelia and 
vascular endothelia, and lies within and between faseieles of muscle 
and nerve fibres. 

Loose eonneetive tissue eonsists of a meshwork of thin eollagen and 
elastin fibres interlaeing in all direetions (see Fig. 2. 13) to give a measure 
of both elastieity and tensile strength. The large meshes eontain the soft, 
semi-fluid interfibrillar matrix or ground substance, and different eon- 
neetive tissue eells, which are seattered along the fibres or in the meshes. 

It also eontains adipoeytes, usually in small groups, and particularly 
around blood vessels. 

A variant of loose eonneetive tissue occurs in the ehoroid and the 
selera of the eye, where large numbers of pigment eells (melanoeytes) 
are also present. 

Dense irregular eonneetive tissue 

Dense irregular eonneetive tissue is found in regions that are under 
eonsiderable meehanieal stress and where proteetion is given to 
ensheathed organs. The matrix is relatively acellular and eontains a high 
proportion of eollagen fibres organized into thiek bundles interweaving 
in three dimensions and imparting eonsiderable strength. There are few 
aetive fibroblasts, which are usually flattened with heteroehromatie 
nuclei. Dense irregular eonneetive tissue occurs in: the retiailar layer of 
the dermis; the superficial eonneetive tissue sheaths of muscle and 
nerves, and the adventitia of large blood vessels; and the capsules of 
various glands and organs (e.g. testis, selera of the eye, periostea and 
periehondria). 

Adipose tissue 

A few adipoeytes occur in loose eonneetive tissue in most parts of the 
body. However, they constitute the prineipal eomponent of adipose 
tissue (see Fig. 2.11), where they are embedded in a vascular loose eon- 
neetive tissue, usually divided into lobules by stronger fibrous septa 
earrying the larger blood vessels. Adipose tissue only occurs in eertain 
regions. In partioilar it is found: in subcutaneous tissue; in the mesenter- 
ies and omenta; in the female breast; in bone marrow; as retro-orbital 
fat behind the eyeball; around the kidneys; deep to the plantar skin of 
the foot; and as loealized pads in the synovial membrane of many 
joints. Its distribution in subcutaneous tissue shows eharaeteristie age 
and sex differenees. Lat deposits serve as energy stores, sources of meta- 
bolie lipids, thermal insulation (subcutaneous fat) and meehanieal 
shoek-absorbers (e.g. soles of the feet, palms of the hands, gluteal 
region and synovial membranes). 39 
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SECTION 1 


INTEGRATING CELLS INTO TISSUES 



Fig. 2.15 Dense regular eonneetive tissue in a tendon. Thiek parallel 
bundles of type I eollagen (here stained pink) give tendon its white colour 
in life. The elongated nuclei of inaetive fibroblasts (tendon eells) are visible 
between eollagen bundles. 
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egular eonneetive tissues 


Regular eonneetive tissues include highly fìbrous tissues in which fìbres 
are regularly orientated, either to form sheets such as faseiae and 
aponeuroses, or as thieker bundles such as ligaments or tendons (Fig. 
2.15). The direetion of the fìbres within these structures is related to 
the stresses that they undergo: fibrous bundles display eonsiderable 
interweaving, even within tendons, which inereases their structural sta- 
bility and resilienee. 

The fìbroblasts that seerete the fibres may eventually beeome trapped 
within the fìbrous structure, where they beeome eompressed, relatively 
inaetive eells with stellate profìles and small heteroehromatie nuclei; 
these eells are ealled tendon eells. Fibroblasts on the external surface 
may be aetive in continued fìbre formation and they constitute a pool 
of eells available for repair of injured tissue. 

Although regular eonneetive tissue is predominantly eollagenons, 
some ligaments eontain signifieant amounts of elastin, e.g. the liga- 
menta flava of the vertebral laminae and the voeal folds. The eollagen 
fìbres may form preeise geometrieal patterns, as in the eornea. 

Mucoid tissue 


Mucoid tissue is found ehiefly as a stage in the development of eonnee- 
tive tissue from mesenehyme. It exists in Wharton's jelly which forms 
the bulk of the umbilical eord, and eonsists substantially of extracellular 
matrix, largely made up of hydrated mucoid material and a fìne mesh- 
work of eollagen fìbres, in which nucleated, fibroblast-like eells with 
branehing proeesses are found. Fibres are usually rare in typieal mucoid 
tissue, although the fhll-term umbilical eord eontains perivascular eol- 
lagen fìbres. Postnatally, mucoid tissue is seen in the pulp of a develop- 
ing tooth, the vitreous body of the eye (a persistent form of mucoid 
tissue that eontains few fìbres or eells) and the nucleus pulposus of the 
intervertebral dise. 



Transitions occur between populations of eells forming an epithelium 
(sheets of polarized eells) and mesenehymal types (where the eells laek 
polarity) during normal development (see Thiery et al (2009)). In post- 
natal life, most well-described transitions between morphologieally dif- 
ferent eell types do not eross an epithelial-mesenehymal boundary but 
are transitions between types of epithelial eell or, less frequently, 
between mesenehymal (eonneetive tissue) eell types. Most instanees 
te) of such transdifferentiation (metaplasia, see Gommentary 1.4) are 
adaptive, to ehanging environmental eonditions or trauma, and almost 
all are pathologieal; the altered eells are termed metaplastie. A very 
eommon and physiologieally normal example is the squamous meta- 
plasia of columnar seeretory epithelium of the distal endoeervieal eanal, 
when exposed to the hormonally stimulated vaginal environment. 
Gastrie metaplasia of the lower oesophagus may occur when ehronie 
reflux of gastrie juices exposes its stratifìed squamous epithelial lining 
to aeid, and the original epithelium is replaeed by a mucus-secreting 
columnar epithelium typieal of the stomaeh (Barrett's oesophagus); this 
is pathologieal and susceptible to malignant ehange. Similarly, the res- 
40 piratory epithelium (see Fig. 2.2D) of the upper airway often develops 


Fig. 2.16 A generalized mucosa and supporting tissues. For details and 
variations, see text. 

foei of stratified squamous metaplasia in response to irritants in eiga- 
rette smoke. Mesenehymal (osseous) metaplasia ean occur, for example, 
in the fibrous eonneetive tissue of muscles subjected to repeated 
damage, where trabeaili of bone develop. It is thought that stem eells 
(rather than the differentiated eells) in the affeeted tissue respond to 
ehanges in their environment by altering their differentiation pathway, 
a proeess that may be reversible if the stimulus is removed. 


MUC0SA (MUC0US MEMBRANE) 


A mucosa or mucous membrane (Fig 2.16) lines many internal hollow 
organs in which the inner surfaces are moistened by mucus, such as the 
intestines, conducting portions of the airway, and the genital and 
urinary traets. A mucosa proper eonsists of an epithelial lining, which 
may have the ducts of mucosal, submucosal or extrinsic glands opening 
on to its surface, an underlying loose eonneetive tissue, the lamina 
propria, and a thin layer of smooth muscle, the muscularis mucosae. 
This last layer either may be absent from some imieosae, or may be 
replaeed by a layer of elastie fibres. The term mucous membrane refleets 
the faet that these tissues ean all be peeled away as a sheet or membrane 
from underlying structures; the plane of separation occurs along the 
muscularis mucosae. 

Submucosa is a layer of supporting eonneetive tissue that usually lies 
below the muscularis mucosae. It may eontain mucous or seromucous 
submucosal glands. Inflammation of the viseera involves, primarily, the 
eonneetive tissues of the submucosa and lamina propria, and is ehar- 
aeterised by dilated vessels, oedema, and aeonmilations of extravasated 
immune defenee eells. Most mucosae are also supported by one or more 
layers of smooth muscle, the imisoilaris externa. Contraction of this 
imisele may eonstriet the mucosal lumen (e.g. in the airway) or, where 
there are two or more imisele layers orientated in opposing direetions 
(e.g. in the intestines), cause peristaltie movement of the visois and the 
eontents of its lumen. The outer surface of the muscle may be eovered 
by a serosa or, where the structure is retroperitoneal or passes through 
the pelvie floor, by a eonneetive tissue adventitia. 

MUCUS 


Mucus is a viscous suspension of complex glyeoproteins (mucins) of 
various kinds, and is seereted by seattered individual epithelial (goblet) 
eells, a seeretory surface epithelium (e.g. the stomaeh lining) or mucous 
and seromucous glands. The preeise eomposition of the mucus varies 
with the tissue and seeretory eells that produce it. All imieins eonsist of 
filamentous eore proteins to which are attaehed earbohydrate ehains, 
usually branehed; salivary mucus eontains nearly 600 ehains. Oarbohy- 
drate residues include glucose, fiieose, galaetose and N-acetylglucosamine 
(sialie aeid). The terminals of some earbohydrate ehains are identieal 
to the blood group antigens of the ABO group in the majority of the 
population (seeretors, bearing the seeretor gene S e ), and ean be deteeted 
in salivary mucus by means of appropriate elinieal tests. The long poly- 
merie earbohydrate ehains bind water and proteet surfaces against 
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drying; they also provide good lubricating properties. In eoneentrated 
form, mucins form viscous layers that proteet the underlying tissues 
against damage. 

Synthesis of mucus starts in the rough endoplasmie reticulum. It is 
then passed to the Golgi complex, where it is conjugated with sulphated 
earbohydrates to form the glyeoprotein, mucinogen, and this is exported 
in smalf dense, membrane-bound vesieles that swell as they approaeh 
the eell surface, with which they fuse before releasing their eontents. 


SEROSA (SEROLIS MEMBRANE) 

Serosa eonsists of a single layer of squamous mesothelial eells, express- 
ing keratin intermediate fìlaments, supported by an underlying layer of 
loose eonneetive tissue that eontains numerous blood and lymphatie 
vessels. Serosa lines the pleuraf perieardial and peritoneal eavities, and 
eovers the external surfaces of organs lying within those eavities and, in 
the abdomen, the mesenteries that envelop them. A potential spaee, 
filled with a small amount of protein-eontaining serous fluid - largely 
an exudate of interstitial fluid - exists between the outer parietal and 
the inner viseeral layers of the serosa. 


Faseia is a generie term applied to sheaths, sheets or other disseetible 
masses of eonneetive tissue that are large enough to be visible to the 
unaided eye. The terms superficial faseia and deep faseia, widely used 
to deseribe the eonneetive tissue between the skin and underlying 
muscle, and the eonneetive tissue surrounding muscles, viseera and 
related structures, respeetively, are no longer included in the Terminolo- 
gia Anatomiea, although they remain in eommon usage in the English 
language. Tela subcutanea, hypodermis and subcutaneous tissue are 
the reeommended synonymous terms that replaee superficial faseia. 
Deeper-lying eondensations of eonneetive tissue have been defined 
aeeording to their loeation, e.g. investing muscles (faseia musculorum) 
or viseera (faseia viseeralis). Loosely paeked eonneetive tissue surrounds 
peripheral nerves, blood and lymph vessels as they pass between 
other structures, often linking them together as neurovascular bundles. 
Some large vessels, e.g. the eommon earotid and femoral arteries, are 
invested by a dense eonneetive tissue sheath that may be fimetionally 
signifieant, aiding venous return by approximating large veins to pulsat- 
ing arteries. 
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Nervous system 




The nervous system has two major divisions, the eentral nervous system 
(CNS) and the peripheral nervous system (PNS). The CNS eonsists of 
the brain, spinal eord, optie nerve and retina, and eontains the majority 
of neuronal eell bodies. The PNS includes all nervous tissue outside the 
CNS and eonsists of the eranial and spinal nerves, the peripheral auto- 
nomie nervous system (ANS) and the speeial senses (taste, olfaetion, 
vision, hearing and balanee). It is eomposed mainly of the axons of 
sensory and motor neurones that pass between the CNS and the body. 
The ANS is subdivided into sympathetie and parasympathetie eompo- 
nents. It eonsists of neurones that innervate seeretory glands and eardiae 
and smooth muscle, and is eoneerned primarily with eontrol of the 
internal environment. Neurones in the wall of the gastrointestinal traet 
form the enterie nervous system (ENS) and are eapable of sustaining 
loeal reflex aetivity that is independent of the CNS. The ENS eontains 
as many intrinsie neurones in its ganglia as the entire spinal eord and 
is often eonsidered as a third division of the nervous system (Gershon 
1998). 

In the CNS, the eell bodies of neurones are often grouped together 
in diserete areas termed nuclei, or they may form more extensive layers 
or masses of eells; eolleetively they constitute the grey matter. Neuronal 
dendrites and synaptie eontaets are mostly eonfined to areas of grey 
matter and form part of its meshwork of neuronal and glial proeesses, 
termed the neuropil. Their axons join bundles of nerve fibres that tend 
to be grouped separately to form traets. In the spinal eord, cerebellum, 
eerebral eortiees and some other areas, eoneentrations of traets eonsti- 
tute the white matter, so ealled because the axons are often ensheathed 
in lipid-rieh sheaths of myelin, which is white when fresh (Fig. 3.1; see 
Fig. 16.9). 

The PNS is eomposed of the efferent axons (fibres) of motor neu- 
rones situated inside the CNS, and the eell bodies of sensory neurones 
(grouped together as ganglia) and their afferent proeesses. Sensory eells 
in dorsal root ganglia give off both eentrally and peripherally direeted 
proeesses; there are no synapses on their eell bodies. Also included are 
ganglionie neurones of the ANS, which reeeive synaptie eontaets from 
the peripheral fibres of preganglionie autonomic neurones whose eell 
bodies lie within the CNS. For fhrther details of the organization of the 
nervous system, see Chapter 16. 

When the neural tube is formed during prenatal development (Sanes 
et al 2011), its walls thieken greatly but do not eompletely obliterate 
the eavity within. The latter remains in the spinal eord as the narrow 
eentral eanal and beeomes greatly expanded in the brain to form a series 
of intereonneeted eavities ealled the ventriailar system. In the fore- and 
hindbrains, parts of the neural tube roof do not generate neurones but 
beeome thin, folded sheets of seeretory tissue, which are invaded by 
blood vessels and are ealled the ehoroid plexuses. The latter seerete 
eerebrospinal fluid (CSF), which fills the ventrieles and subarachnoid 
spaees, and penetrates the intercellular spaees of the brain and spinal 
eord to ereate their interstitial fluid. The CNS has a rieh blood supply, 
which is essential to sustain its high metabolie rate. The blood-brain 
barrier plaees eonsiderable restrietions on the substances that are able 
to diffiise from the blood stream into the neuropil. 

Neurones eneode information, conduct it over eonsiderable dis- 
tanees, and then transmit it to other neurones or to various non-neural 
targets such as muscle eells. The propagation of this information within 
the nervous system depends on rapid eleetrieal signals, the aetion 
potentials. Transmission to other eells is mediated by seeretion of neu- 
rotransmitters at speeial junctions, either with other neurones (syn- 
apses), or with eells outside the nervous system, e.g. muscle eells at 
neuromuscular junctions, gland eells or adipose tissue, and causes 
ehanges in the behaviour of the target eells. 

The nervous system eontains large populations of non-neuronal 
eells, termed neuroglia or glia. These eells do not generate aetion poten- 
tials, but eonvey information eneoded as transient ehanges in intraeel- 
lular calcium eoneentration, termed calcium signalling. Glia interaet 


with neurones in many different ways; their two-way eomimmieation 
is essential for normal brain aetivity. 

It was thought for many years that glia outnumbered neurones by 
10 times in the CNS, but reeent studies using the isotropie fraetionator 
method have ehallenged that popular view, suggesting instead that the 
two eell populations are rather similar in size (Azevedo et al 2009). That 
said, the glia: neurone ratio has been reported to be as high as 17:1 in 
the thalamus (Pakkenberg and Gundersen 1988). 

The glial population in the CNS eonsists of mieroglia and maeroglia; 
the latter are subdivided into oligodendroeytes and astroeytes. The 
prineipal glial eell in the PNS is the Schwann eell. Satellite eells sur- 
round eaeh neuronal soma in ganglia. 

For ffirther reading on the nervous system, see finger (2001), Kandel 
et al (2012), Kettenmann and Ransom (2012], Fevitan and Kaezmarek 
(2001 , Nieholls et al (2011) and Squire et al (2012). 


NEUR0NES 


Most of the neurones in the CNS are either clustered into nuclei, 
columns or layers, or dispersed within grey matter. Neurones in the PNS 
are eonfined to ganglia. irrespeetive of loeation, neurones share many 
general features, which are discussed here in the context of eentral 
neurones. Speeial eharaeteristies of ganglionie neurones and their adja- 
eent tissues are discussed on page 57. 

Neurones exhibit great variability in their size (eell bodies range 
from 5 to 100 jiim diameter) and shape (Spmston 2008). Their surface 
areas are extensive because most neurones display numerous branehed 
eell proeesses. They usually have a rounded or polygonal eell body 
(perikaryon or soma). This is a eentral mass of eytoplasm that eneloses 
a nucleus and gives off long, branehed extensions with which most 
intercellular eontaets are made. Typieally, one of these proeesses, the 
axon, is much longer than the others, the dendrites (Fig. 3.2). Gener- 
ally, dendrites conduct eleetrieal signals towards a soma whereas axons 
conduct impulses away from it. 

Neurones ean be elassified aeeording to the mimber and arrange- 
ment of their proeesses (Bota and Swanson 2007). Multipolar neurones 
(Fig. 3.3) are eommon; they have an extensive dendritie tree that arises 
either from a single primary dendrite or direetly from the soma, and a 
single axon. Bipolar neurones, which typiíy neurones of the speeial 
sensory systems, have only a single dendrite that emerges from the soma 
opposite the axonal pole. llnipolar neurones, which transmit general 
sensation, e.g. dorsal root ganglion neurones, have a single short proeess 
that bifiireates into a peripheral and a eentral proeess. This arrangement 
arises by the fhsion of the proximal axonal and dendritie proeesses of 
a bipolar neurone during development, and so such neurones may also 
be termed pseudounipolar. Neurones may also be elassified aeeording 
to whether their axons terminate loeally on other neurones (interneu- 
rones), or transmit impulses over long distanees, often to distinet ter- 
ritories via defined traets (projeetion neurones). 

Neurones are postmitotie eells and, with few exceptions, they are not 
replaeed when lost. 


S0MA 


The plasma membrane of the soma is generally unmyelinated and 
is eontaeted by both inhibitory and excitatory axosomatic synapses; 
very oeeasionally, somasomatie and dendrosomatie eontaets may be 
made. The non-synaptie surface may eontain gap junctions and is partly 
eovered by either astroeytie or satellite oligodendroeyte proeesses. 

The eytoplasm of a typieal soma (see Fig. 3.2) is rieh in rough and 
smooth endoplasmie reticulum and free polyribosomes, indieating 
a high level of protein synthetie aetivity. Free polyribosomes often 







Nervous system 


Fig. 3.1 A seetion through the human cerebellum stained to show the 
arrangement in the brain of the eentral white matter (WM, deep pink) and 
the highly folded outer grey matter (GM). In the cerebellum, GM eonsists 
of an inner granular layer of tightly paeked small neurones (blue) and an 
outermost molecular layer (pale pink), where neuronal proeesses make 
synaptie eontaets. (Courtesy of Mr Peter Helliwell and the late Dr Joseph 
Mathew, Department of Histopathology, Royal Cornwall Hospitals Trust, 
UK.) 
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Fig. 3.2 A sehematie view of typieal neiirones featuring one with the 
soma cut away to show the nucleus and eytoplasmie organelles, dendritie 
trees with synaptie eontaets, other types of synapse, the axon hilloek and 
a myelinated axon. 


eongregate in large groups assoeiated with the rough endoplasmie retie- 
ulum. These aggregates of RNA-rieh structures are visible by light miero- 
seopy as basophilie Nissl bodies or granules. They are distributed 
throughout the eell body and large dendrites; the axon hilloek is eon- 
spicuously ribosome-free. Nissl bodies are more obvious in large, highly 
aetive eells, such as spinal motor neurones (Fig. 3.4), which eontain 
large staeks of rough endoplasmie reticulum and polyribosome aggre- 
gates. Maintenanee and turnover of eytoplasmie and membranous eom- 
ponents are neeessary aetivities in all eells; the huge total volume of 
eytoplasm within the soma and proeesses of many neurones requires a 
eonsiderable eommitment of protein synthetie maehinery. Neurones 
also synthesize other proteins (enzyme systems, G-protein coupled 
reeeptors, seaffold proteins) involved in the production of neurotrans- 
mitters and in the reeeption and transduction of ineoming stimuli. 
Various transmembrane ehannel proteins and enzymes are loeated at 
the surfaces of neurones, where they are assoeiated with movements 
of ions. 

The nucleus is eharaeteristieally large and euchromatic, and eontains 
at least one prominent nucleolus; these are features typieal of all eells 
engaged in substantial levels of protein synthesis. The eytoplasm eon- 
tains many mitoehondria and moderate numbers of lysosomes. Golgi 
complexes are usually elose to the nucleus, near the bases of the main 
dendrites and opposite the axon hilloek. 

The neuronal eytoskeleton is a prominent feature of its eytoplasm 
and gives shape, strength and support to the dendrites and axons. A 
number of neurodegenerative diseases are eharaeterized by abnormal 
aggregates of eytoskeletal proteins (reviewed in Cairns et al (2004)). 
Neurofilaments (the intermediate filaments of neurones) and microtu- 
bules are abundant in the soma and along dendrites and axons; the 
proportions vary with the type of neurone and eell proeess. Bundles of 
neurofilaments constitute neurofibrils, which ean be seen by light 
mieroseopy in silver-stained or imimmolabelled seetions. Neurofila- 
ments are heteropolymers of proteins assembled from three polypep- 


tide subunits, NF-L (68 kDa), NF-M (160 kDa) and NF-H (200 kDa). 
NF-M and NF-H have long C-terminal domains that projeet as side arms 
from the assembled neurofilament and bind to neighbouring filaments. 
They ean be heavily phosphorylated, particularly in the highly stable 
neurofilaments of mature axons, and are thought to give axons their 
tensile strength. Some axons are almost filled by neurofilaments. 

Microtubules are important in axonal transport, although dendrites 
usually have more microtubules than axons. Centrioles persist in 
mature postmitotie neurones, where they are eoneerned with the gen- 
eration of microtubules rather than eell division. Centrioles are assoei- 
ated with eilia on the surfaces of developing neuroblasts. Their 
signifieanee, other than at some sensory endings (e.g. the olfaetory 
mucosa), is not known. 

Pigment granules (Fig. 3.5) appear in eertain regions, e.g. neurones 
of the substantia nigra eontain neuromelanin, which is probably a 
waste product of eateeholamine synthesis. A similar pigment gives a 
bluish colour to the neurones in the locus coeruleus. Some neurones 
are unusually rieh in metals, which may form eomponents of enzyme 
systems, e.g. zine in the hippocampus and iron in the red nucleus. 
Ageing neurones, espeeially in spinal ganglia, accumulate granules of 
lipofhsein (senility pigment) in residual bodies, which are lysosomes 
paeked with partially degraded lipoprotein material. 


DENDRITES 


Dendrites are highly branehed, usually short proeesses that projeet from 
the soma (see Fig. 3.2; Shah et al 2010). The branehing patterns of many 
dendritie arrays are probably established by random adhesive interae- 
tions between dendritie growth eones and afferent axons that occur 
during development. There is an overproduction of dendrites in early 
development, and this is pmned in response to fimetional demand as 
the nervous system matures and information is proeessed through the 
dendritie tree. There is evidenee that dendritie trees may be plastie 
structures throughout adult life, expanding and eontraeting as the traffie 
of synaptie aetivity varies through afferent axodendritic eontaets (for a 
review, see Wong and Ghosh (2002 ). Groups of neurones with similar 
fimetions have a similar stereotypie tree stmcture (Fig. 3.6), suggesting 
that the branehing patterns of dendrites are important determinants of 
the integration of the afferent inputs that eonverge on the tree. For a 
review of current researeh on dendritie trees in the normal and patho- 
logieal brain, see Kulkarni and Firestein (2012). 

Dendrites differ from axons in many respeets. They represent the 
afferent rather than the efferent system of the neurone, and reeeive both 
excitatory and inhibitory axodendritic eontaets. They may also make 
dendrodendritie and dendrosomatie eonneetions (see fig. 3.9), some 
of which are reeiproeal. Synapses occur either on small projeetions 
ealled dendritie spines or on the smooth dendritie surface. Dendrites 
eontain ribosomes, smooth endoplasmie reticulum, microtubules, neu- 
rofilaments, aetin filaments and Golgi complexes. Their neurofilament 
proteins are poorly phosphorylated and their microtubules express the 
microtubule-associated protein (MAP)-2 almost exclusively in eompari- 
son with axons. 

The shapes of dendritie spines range from simple protmsions to 
stmctures with a slender stalk and expanded distal end. Most spines are 
not more than 2 pm long, and have one or more terminal expansions; 
they ean also be short and stubby, branehed or bulbous. Large mush- 
room spines are assumed to have differentiated in response to afferent 
aetivity ('memory spines'; Matsuzaki et al 2004). These large spines 
often eontain a spine apparatus, an organelle eonsisting of small 
saes of endoplasmie reticulum interleaved by eleetron-dense bars (Gray 
1959, Segal et al 2010). Mouse mutants defieient in these organelles 
show memory defieits (Deller et al 2003). Free ribosomes and polyri- 
bosomes are eoneentrated at the base of the spine. Ribosomal accumu- 
lations near synaptie sites provide a meehanism for aetivity-dependent 
synaptie plastieity through the loeal regulation of protein synthesis. 


AX0NS 


The axon originates either from the soma or from the proximal segment 
of a dendrite at a speeialized region free of Nissl gramiles, the axon 
hilloek (see Fig. 3.2). Aetion potentials are initiated here, at the junction 
with the proximal axon (axon initial segment). The axonal plasma 
membrane (axolemma) is undercoated at the hilloek by a eoneentration 
of eytoskeletal molecules, including speetrin and aetin fibrils, which are 
important in anehoring numerous voltage-sensitive ehannels to the 
membrane. For details, see Bender and Tmssell (2012 , and for neural 
eleetrophysiologieal techniques, see Sakmann and Neher (2009). The 
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Fig. 3.3 The variety of shapes of neiirones and their proeesses. The inset shovvs a human multipolar retinal ganglion eell, filled with fluorescent dye by 
mieroinjeetion. (Inset, Courtesy of Drs Riehard Wingate, James Morgan and lan Thompson, King’s College, London.) 



Fig. 3.4 Spinal motor neurones (toluidine blue stained resin seetion, rat 
tissue) showing a group of eell bodies (somata, S), some with the 
proximal parts of axonal and dendritie proeesses (P) visible. Their nuclei 
(N) typieally have prominent, deeply staining nucleoli, indieative of 
metabolieally highly aetive eells; two are visible in the plane of seetion. 
Nissl granules (G) are seen in the eytoplasm. Surrounding the neuronal 
somata is the neuropil, eonsisting of the interwoven proeesses of these 
and other neurones and of glial eells. 



Fig. 3.5 Neurones in 
the substantia nigra of 
the human midbrain, 
showing eytoplasmie 
granules of 

neuromelanin pigment. 
(Courtesy of Mr Peter 
Helliwell and the late 
Dr Joseph Mathew, 
Department of 
Histopathology, Royal 
Cornwall Hospitals 
Trnst, UK.) 
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Fig. 3.6 A Purkinje 
neurone from the 
cerebellum of a rat 
stained by the 
Golgi-Cox method, 
showing the extensive 
two-dimensional array 
of dendrites. (Courtesy 
of Dr Martin Sadler and 
Professor M Berry, 
Division of Anatomy 
and Cell Biology, GKT 
Sehool of Medieine, 
London.) 


axon hilloek is unmyelinated and often partieipates in inhibitory axo- 
axonal synapses. It is unique because it eontains ribosomal aggregates 
immediately below the postsynaptie membrane (Kole and Stuart 2012). 

In the CNS, small, unmyelinated axons lie free in the neuropil, 
whereas in the PNS they are embedded in Schwann eell eytoplasm. 
Myelin, which is formed around almost all axons of >2 pm diameter 
by oligodendroeytes in the CNS and by Schwann eells in the PNS, 
begins at the distal end of the axon hilloek. Nodes of Ranvier are spe- 
eialized regions of myelin-free axon where aetion potentials are gener- 
ated and where an axon may braneh. In both CNS and PNS, the territory 
of a myelinated axon between adjaeent nodes is ealled an internode; 
the region elose to a node, where the myelin sheath terminates, is ealled 
the paranode; and the region just beyond that is the juxtaparanode. 
Myelin thiekness and internodal lengths are, in general, positively eor- 
related with axon diameter. The density of sodium ehannels in the 
axolemma is highest at nodes of Ranvier, and very low along internodal 
membranes; sodium ehannels are spread more evenly within the axo- 
lemma of unmyelinated axons. Fast potassium ehannels are present in 
the paranodal regions of myelinated axons. Fine proeesses of glial eyto- 
plasm (astroeytie in the CNS, Schwann eell in the PNS) surround the 
nodal axolemma. 

The terminals of an axon are unmyelinated. Most expand into presy- 
naptie boutons, which may form eonneetions with axons, dendrites, 
neuronal somata or, in the periphery, muscle fìbres, glands and lym- 
phoid tissue. Exceptions include the free afferent sensory endings in, 
for example, the epidermis, which are unspecialized structurally, and 
the peripheral terminals of afferent sensory fibres with encapsulated 
endings (see fig. 3.27). Axon terminals eontain abundant small elear 
synaptie vesieles and large dense-eore vesieles. The former eontain a 
neurotransmitter (e.g. glutamate, y-aminobutyric aeid (GABA), aeetyl- 
eholine) that is released into the synaptie eleft on the arrival of an aetion 
potential at the terminal and which then binds to eognate reeeptors on 
the postsynaptie membrane. Depending on the nature of the transmit- 
ter and its reeeptors, the postsynaptie neurone will beeome excited or 
inhibited. The dense-eore vesieles eontain neuropeptides, including 
brain-derived neurotrophic faetor (BDNF; Dieni et al 2012). Axon ter- 
minals may themselves be eontaeted by other axons, forming axo- 
axonal presynaptie inhibitory circuits. Further details of neuronal 
microcircuitry are given in Kandel et al (2012) and Haines (2006). 

Axons eontain microtubules, neurofilaments, mitoehondria, mem- 
brane vesieles, eisternae and lysosomes. They do not usually eontain 
ribosomes or Golgi complexes, other than at the axon hilloek; excep- 
tionally, the neurosecretory fibres of hypothalamo-hypophysial neu- 
rones eontain the mRNA of neuropeptides. Organelles are differentially 
distributed along axons, e.g. there is a greater density of mitoehondria 
and membrane vesieles in the axon hilloek, at nodes and in presynaptie 
endings. Axonal microtubules are intereonneeted by eross-linking 
MAPs, of which tau is the most abundant. Microtubules have an intrin- 
sie polarity, and in axons all microtubules are uniformly orientated with 
their rapidly growing ends direeted away from the soma towards the 
axon terminal. The microtubule binding protein tau plays an important 


role in Alzheimer's disease (Cairns et al 2004): formation of tau oli- 
gomers and the subsequent pathologieal filament arrays are eritieal 
steps in the aetiopathogenesis of this eondition. Neurofilament proteins 
ranging from high to low moleailar weights are highly phosphorylated 
in mature axons, whereas growing and regenerating axons express a 
calmodulin-binding membrane-assoeiated phosphoprotein, growth- 
assoeiated protein-43 (GAP-43), as well as poorly phosphorylated 
neurofilaments. 

Neurones respond differently to injury, depending on whether the 
damage occurs in the CNS or the PNS. The glial mieroenvironment of 
a damaged eentral axon does not faeilitate axonal regrowth; eonse- 
quently, reeonneetion with original synaptie targets does not normally 
occur. In marked eontrast, the glial mieroenvironment in the PNS is 
eapable of faeilitating axonal regrowth. However, fimetional outcome 
of elinieal repair of a large mixed peripheral nerve, espeeially if the 
injury occurs some distanee from the target organ, or produces a long 
defeet in the damaged nerve, is frequently unsatisfactory (Bireh 2011; 
see also Commentary 1.6). 

Axoplasmic flow 


Neuronal organelles and eytoplasm are in continual motion. Bidiree- 
tional streaming of vesieles along axons results in a net transport of 
materials from the soma to the terminals, with more limited movement 
in the opposite direetion. Two major types of transport occur, one slow 
and one relatively fast. Slow axonal transport is a bulk flow of axoplasm 
only in the anterograde direetion, earrying eytoskeletal proteins and 
soluble, non-membrane-bound proteins from the soma to the termi- 
nals at a rate of approximately 0.1-3 mm a day. In eontrast, fast axonal 
transport earries membrane-bound vesicular material (endosomes and 
lysosomal autophagic vaoioles) and mitoehondria at approximately 
200 mm a day in the retrograde direetion (towards the soma) and 
approximately 40 mm per day anterogradely (in particular, synaptie 
vesieles eontaining neurotransmitters). 

Rapid flow depends on microtubules. Vesieles with side projeetions 
line up along microtubules and are transported along them by their 
side arms. Two microtubule-based motor proteins with adenosine 5 r - 
triphosphatase (ATPase) aetivity are involved in fast transport: kinesin 
family proteins are responsible for the fast eomponent of anterograde 
transport, and eytoplasmie dynein is responsible for retrograde trans- 
port. Retrograde transport mediates the movement of neurotrophic 
vimses, e.g. herpes zoster, rabies and polio, from peripheral terminals, 
and their subsequent eoneentration in the neuronal soma. It has been 
suggested that speeifie pools of endoeytie organelles, signalling endo- 
somes, mediate the long-distanee axonal transport of growth faetors, 
such as neurotrophins and their signalling reeeptors. Defeets in axonal 
and dendritie transport have been linked to various neurodegenerative 
proeesses. See Guzik and Goldstein (2004 , Hinekelmann et al (2013) 
and Sehmieg et al (2014) for reviews of axonal transport in health and 
disease. 


SYNAPSES 


Transmission of impulses aeross speeialized junctions (synapses) 
between two neurones is largely ehemieal and depends on the release 
of neurotransmitters from the presynaptie terminal. These neurotrans- 
mitters bind to eognate reeeptors in the postsynaptie neuronal mem- 
brane, resulting in a ehange of membrane conductance and leading to 
either a depolarization or a hyperpolarization (Ryan and Grant 2009). 

The patterns of axonal termination vary eonsiderably. A single axon 
may synapse with one neurone (e.g. elimbing fibres ending on eere- 
bellar Purkinje neurones), or more often with many neurones (e.g. 
eerebellar parallel fibres, which provide an extreme example of this 
phenomenon). In synaptie glomemli (e.g. in the olfaetory bulb), groups 
of synapses between two or many neurones form interaetive units 
encapsulated by neuroglia (Fig. 3.7; Perea et al 2009). 

Eleetrieal synapses (direet communication via gap junctions) are rare 
in the human CNS and are eonfined largely to groups of neurones with 
tightly coupled aetivity, e.g. the inspiratory eentre in the medulla. They 
will not be disoissed fiirther here. 

eiassifieation of ehemieal synapses 


Chemical synapses have an asymmetrie stmctural organization (Figs 
3.8-3. 9) in keeping with the unidirectional nature of their transmis- 
sion. Typieal ehemieal synapses share a number of important features. 
They all display an area eontaining a presynaptie density apposed to a 


45 


CHAPTER 3 


















SECTION 1 


NERVOIIS SYSTEM 


Axon of Golgi eell 


Soma of graniile eell 



Neuroglial eell 


Mossy fibre 
axon terminal 


Dendrite of 
Golgi eell 


Fig. 3.7 The arrangement of a complex synaptie unit. A eerebellar 
synaptie glomerulus with excitatory ('+’) and inhibitory synapses 
grouped around a eentral axonal bouton. The direetions of transmission 
are shown by the arrows. 


eorresponding postsynaptie density; the two are separated by a narrow 
(20-30 nm) gap, the synaptie eleft. Synaptie vesieles eontaining the 
appropriate neurotransmitter are found on the presynaptie side, clus- 
tered near the presynaptie density at the presynaptie membrane. 
Together these defìne the aetive zone, the area of the synapse where 
neurotransmission takes plaee (Eggermann et al 2012, Gray 1959). 

Chemical synapses ean be elassified aeeording to a number of dif- 
ferent parameters, including the neuronal regions forming the synapse, 
their ultrastructural eharaeteristies, the ehemieal nature of their 
neurotransmitter(s) and their effeets on the eleetrieal state of the post- 
synaptie neurone. The following elassifieation is limited to assoeiations 
between neurones. Neuromuscular junctions share many (though not 
all) of these parameters, and are often referred to as peripheral synapses. 
They are deseribed separately on page 63. 

Synapses ean occur between almost any surface regions of the par- 
tieipating neurones. The most eommon type occurs between an axon 
and either a dendrite or a soma, when the axon is expanded as a small 
bulb or bouton (see figs 3.8-3. 9). This may be a terminal of an axonal 
braneh (terminal bouton) or one of a row of bead-like endings, when 
the axon makes eontaet at several points, often with more than one 
neurone (bouton de passage). Boutons may synapse with dendrites, 
including thorny protmsions named dendritie spines or the flat surface 
of a dendritie shaft; a soma (usually on its flat surface, but oeeasionally 
on spines); the axon hilloek; and the terminal boutons of other axons. 

The eonneetion is elassified aeeording to the direetion of transmis- 
sion, and the ineoming terminal region is named first. Most eommon 
are axodendritic synapses, although axosomatic eonneetions are fre- 
quent. All other possible eombinations are found but are less eommon, 
i.e. axo-axonal, dendro-axonal, dendrodendritie, somatodendritie or 
somatosomatie. Axodendritic and axosomatic synapses occur in all 
regions of the CNS and in autonomic ganglia, including those of 
the ENS. The other types appear restrieted to regions of complex inter- 
aetion between larger sensory neurones and microneurones, e.g. in the 
thalamus. 

Ultrastmcturally, synaptie vesieles may be internally elear or dense, 
and of different size (loosely eategorized as small or large) and shape 
(round, flat or pleomorphie, i.e. irregularly shaped). The submembra- 
nous densities may be thieker on the postsynaptie than on the presyn- 
aptieside (asymmetriesynapses), orequivalentinthickness (symmetrieal 
synapses), and ean be perforated or non-perforated. Synaptie ribbons 




Fig. 3.8 Eleetron mierographs demonstrating 
various types of synapse. A, A eross-seetion of a 
dendrite (D) on which two synaptie boutons (B) 
end. The upper bouton eontains round vesieles, 
and the lower bouton eontains flattened vesieles 
of the small type. A number of pre- and 
postsynaptie (P) thiekenings mark the speeialized 
zones of eontaet. B, A type I synapse 
(S, postsynaptie site) eontaining both small, round, 
elear vesieles and also large, dense-eored vesieles 
of the neurosecretory type. C, A large terminal 
bouton (B) of an optie nerve afferent fibre, which 
is making eontaet with a number of postsynaptie 
proeesses, in the dorsal lateral geniculate nucleus 
of the rat. One of the postsynaptie proeesses (*) 
also reeeives a synaptie eontaet from a bouton 
(Bf) eontaining flattened vesieles. D, Reeiproeal 
synapses (S) between two neuronal proeesses in 
the olfaetory bulb. (Courtesy of Professor AR 
Lieberman, Department of Anatomy, Llniversity 
Oollege, London.) 


46 
















































































































Neurones 


A 


Excitatory synapses 


Serial synapses 


B 


Bouton 
de passage 


With small 
elear spherieal 
vesieles 


With dense 
eateeholamine- 
eontaining vesieles 


Excitatory 
to dendrite 


Inhibitory 

axo-axonal 

synapse 



With small 
flattened 
vesieles 


With large 

flattened 

vesieles 


Inhibitory synapses 


Inhibitory to dendrite 

Excitatory in opposite 
direetion 

Reeiproeal synapse 


Neurosecretory 

ending 


Axosomatic 

synapses 



C Ribbon synapse 



Retinal 

rod 


Axo-initial segment 
synapse 


Fig. 3.9 The structural arrangements of different types of synaptie eontaet. 


are found at sites of neurotransmission in the retina and inner ear. They 
have a distinetive morphology, in that the synaptie vesieles are grouped 
around a ribbon- or rod-like density orientated perpendicular to the 
eell membrane (see Fig. 3.9). 

Synaptie boutons make obvious elose eontaets with postsynaptie 
structures but many other terminals laek speeialized eontaet zones. 
Areas of transmitter release occur in the varieosities of unmyelinated 
axons, where effeets are sometimes difhise, e.g. the aminergie pathways 
of the basal ganglia, and in autonomic fìbres in the periphery. In some 
instanees, such axons may ramify widely throughout extensive areas of 
the brain and affeet the behaviour of very large populations of neu- 
rones, e.g. the diffiise eholinergie innervation of the eerebral eortiees. 
Pathologieal degeneration of these pathways ean therefore cause wide- 
spread disturbances in neural hmetion. 

Neurones express a variety of neurotransmitters, either as one elass 
of neurotransmitter per eell or more ohen as several. Good eorrelations 
exist between some types of transmitter and speeialized structural 
features of synapses. In general, asymmetrie synapses with relatively 
small spherieal vesieles are assoeiated with aeetyleholine (ACh), gluta- 
mate, serotonin (5-hydroxytryptamine, 5-HT) and some amines; those 
with dense-eore vesieles include many peptidergie synapses and 
other amines (e.g. noradrenaline (norepinephrine), adrenaline (epine- 
phrine), dopamine). Symmetrieal synapses with flattened or pleomor- 
phie vesieles have been shown to eontain either GABA or glyeine. 

Neurosecretory endings found in various parts of the brain and in 
neuroendocrine glands and eells of the dispersed neuroendocrine 
system share many features with presynaptie boutons. They all eontain 
peptides or glyeoproteins within dense-eore vesieles. The latter are of 
eharaeteristie size and appearanee: they are ohen ellipsoidal or irregular 
in shape, and relatively large, e.g. oxytocin and vasopressin vesieles in 
the neurohypophysis may be up to 200 nm in diameter. 

Synapses may cause depolarization or hyperpolarization of the post- 
synaptie membrane, depending on the neurotransmitter released and 
the elasses of reeeptor molecule in the postsynaptie membrane. Depo- 
larization of the postsynaptie membrane results in excitation of the 
postsynaptie neurone, whereas hyperpolarization has the effeet of tran- 
siently inhibiting eleetrieal aetivity. Subtle variations in these responses 
may also occur at synapses where mixtures of neuromediators are 
present and their effeets are integrated. For details of the synaptie organ- 
ization of the brain, see Shepherd (2003). 

Type I and II synapses 

There are two broad eategories of synapse, type I and type II. In aetive 
zones of type I synapses the eytoplasmie density is thieker on the post- 
synaptie side. In type II synapses the pre- and postsynaptie densities are 
thinner and more symmetrieal. Type I boutons eontain a predominanee 
of small spherieal vesieles approximately 50 nm in diameter, and type 
II boutons eontain oval or flattened vesieles. Throughout the CNS, type 
I synapses are generally excitatory and type II are inhibitory. In a few 


instanees, types I and II synapses are found in elose proximity, orien- 
tated in opposite direetions aeross the synaptie eleft (a reeiproeal 
synapse). 

Meehanisms of synaptie aetivity 

Synaptie aetivation begins with arrival of one or more aetion potentials 
at the presynaptie bouton, which causes the opening of voltage-sensitive 
calcium ehannels in the presynaptie membrane. The response time in 
typieal fast-aeting synapses is then very rapid; elassie neurotransmitter 
(e.g. ACh, glutamate or GABA) is released in less than a milliseeond. 
Release-ready synaptie vesieles are doeked to the presynaptie membrane 
and primed through proeesses not yet fully understood. On Ca 2+ influx 
through voltage-sensitive ehannels, their membranes fuse to open a 
pore through which neurotransmitter diffhses into the synaptie eleft 
(Eggermann et al 2012; Gray 1959). 

Onee the vesiele has diseharged its eontents, its membrane is ineor- 
porated into the presynaptie plasma membrane and is then reeyeled 
baek into the bouton by endoeytosis near the edges of the aetive zone. 
The reeyeling time for a synaptie vesiele may be in the range of a few 
seeonds to mimites; newly reeyeled vesieles may be used instantly for 
the next eyele of neurotransmitter release (eyeling pool ofvesieles). The 
fhsion of vesieles with the presynaptie membrane is responsible for the 
observed quantal behaviour of neurotransmitter release, both during 
neural aetivation and spontaneously, in the slightly leaky resting eondi- 
tion (Neher and Sakaba 2008; Suedhof 2012). 

Postsynaptie events vary greatly, depending on the reeeptor mole- 
cules and their related molecular complexes (Murakoshi and Yasuda 
2012). Reeeptors are generally elassed as either ionotropie or metabo- 
tropie. Ionotropie reeeptors are multimeric protein complexes that 
harbour intrinsie ion ehannels that ean be operated by eonformational 
ehanges induced when neurotransmitter moleoiles bind the reeeptor 
complex, causing a voltage ehange within the postsynaptie eell. Exam- 
ples are the nieotinie ACh reeeptor and the related GABA a reeeptor, 
which are formed from fìve subunits, and the tetramerie ionotropie 
glutamate reeeptors, such as the N-methyl-D-aspartate (NMDA) 
reeeptor or the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic aeid 
(AMPA) reeeptor. Alternatively, the reeeptor and ion ehannel may be 
separate molecules, coupled by G-proteins, some via a complex easeade 
of ehemieal interaetions (a seeond messenger system), e.g. the adenylate 
eyelase pathway. Postsynaptie effeets are generally rapid and short-lived, 
because the transmitter is quickly inaetivated either by an extracellular 
enzyme (e.g. aeetyleholinesterase, AChE), or by uptake into neurones 
or glial eells. Examples of such metabotropie reeeptors are the mus- 
earinie ACh reeeptor and the dopamine reeeptor. 

Neurohormones 

Neurohormones are inehided in the elass of molecules with 
neurotransmitter-like aetivity. They are synthesized in neurones and 
released into the blood eirailation by exocytosis at synaptie bouton-like 
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structures. As with elassie endoerine gland hormones, they may aet at 
great distanees from their site of seeretion. Neurones seerete into the 
CSF or loeal interstitial fluid to affeet other eells, either diffusely or at 
a distanee. To eneompass this wide range of phenomena the general 
term neuromediation has been used, and the ehemieals involved are 
ealled neuromediators. 

Neuromodulators 

Some neuromediators do not appear to affeet the postsynaptie mem- 
brane direetly but they ean affeet its responses to other neuromediators, 
either enhaneing their aetivity (by inereasing or prolonging the immedi- 
ate response), or perhaps limiting or inhibiting their aetion. These 
substances are ealled neuromodulators. A single synaptie terminal may 
eontain one or more neuromodulators in addition to a neurotransmit- 
ter, usually (though not always) in separate vesieles. Neuropeptides (see 
below) are nearly all neuromodulators, at least in some of their aetions. 
They are stored within dense gramilar synaptie vesieles of various sizes 
and appearanees. 

Development and plastieity of synapses 

Embryonie synapses fìrst appear as inconspicuous dense zones flanking 
synaptie elefts. Immature synapses often appear after birth, suggesting 
that they may be labile, and are reinforeed if transmission is fhnetion- 
ally effeetive, or withdrawn if redundant. This is implieit in some theo- 
ries of memory (Squire and Kandel 2008), which postulate that synapses 
are modifìable by frequency of use, to establish preferential conduction 
pathways. Evidenee from hippoeampal neurones suggests that even 
brief synaptie aetivity ean inerease the strength and sensitivity of the 
synapse for some hours or longer (long-term potentiation, LTP). During 
early postnatal life, the normal developmental inerease in numbers and 
sizes of synapses and dendritie spines depends on the degree of neural 
aetivity and is impaired in areas of damage or hmetional deprivation. 

Neurotransmitter molecules 


Until reeently, the molecules known to be involved in ehemieal syn- 
apses were limited to a fairly small group of elassie neurotransmitters, 
e.g. ACh, noradrenaline (norepinephrine), adrenaline (epinephrine), 
dopamine and histamine, all of which had well-defmed rapid effeets 
on other neurones, muscle eells or glands. However, many synaptie 
interaetions eannot be explained on the basis of elassie neurotransmit- 
ters, and it is now known that other substances, particularly some 
amino aeids such as glutamate, glyeine, aspartate, GABA and the 
monoamine, serotonin, also fhnetion as transmitters. Substances fìrst 
identifìed as hypophysial hormones or as part of the dispersed neuroen- 
doerine system (see below) of the alimentary traet, ean be deteeted 
widely throughout the CNS and PNS, often assoeiated with hmetionally 
integrated systems. Many of these are peptides; more than one hundred 
(together with other eandidates) fhnetion mainly as neuromodulators 
and influence the aetivities of elassie transmitters. 

Aeetyleholine 

Aeetyleholine (ACh) is perhaps the most extensively studied neuro- 
transmitter of the elassie type. Its precursor, eholine, is synthesized in 
the neuronal soma and transported to the axon terminals, where it is 
aeetylated by the enzyme eholine aeetyl transferase (ChAT), and stored 
in elear spherieal vesieles 40-50 nm in diameter. ACh is synthesized by 
motor neurones and released at all their motor terminals on skeletal 
muscle. It is released by preganglionie hbres at synapses in parasympa- 
thetie and sympathetie ganglia, and many parasympathetie, and some 
sympathetie, ganglionie neurones are eholinergie. ACh is also assoei- 
ated with the degradative extracellular enzyme AChE, which inaetivates 
the transmitter by eonverting it to eholine. 

The effeets of ACh on nieotinie reeeptors (i.e. those in which nieotine 
is an agonist) are rapid and excitatory. In the CNS, the nieotinie ACh 
reeeptor mediates the effeet of tobaeeo (for review, see Albuquerque 
et al (2009)). In the peripheral autonomic nervous system, the slower, 
more sustained excitatory effeets of eholinergie autonomic endings are 
mediated by muscarinic reeeptors via a seeond messenger system. 

Monoamines 

Monoamines include the eateeholamines (noradrenaline (norepine- 
phrine), adrenaline (epinephrine) and dopamine), the indoleamine 
serotonin (5-hydroxytryptamine, 5-HT) and histamine (Haas et al 
2008). They are synthesized by neurones in sympathetie ganglia and by 
their homologues, the ehromaffm eells of the suprarenal medulla and 
48 paraganglia. Within the CNS, the somata of monoaminergie neurones 


lie mainly in the brainstem, although their axons ramify widely into all 
parts of the nervous system. Monoaminergie eells are also present in 
the retina. 

Noradrenaline is the ehief transmitter present in sympathetie gangli- 
onie neurones with endings in various tissues, notably smooth muscle 
and glands, and in other sites including adipose and haemopoietie 
tissues and the eorneal epithelium. It is also found at widely distributed 
synaptie endings within the CNS, many of them the terminals of neu- 
ronal somata situated in the locus coeruleus in the medullary floor. The 
aetions of noradrenaline depend on its site of aetion and vary with the 
type of postsynaptie reeeptor, e.g. it strongly inhibits neurones of 
the submucosal plexus of the intestine and of the locus coeruleus via 
a 2 -adrenergic reeeptors, whereas it mediates depolarization, producing 
vasoeonstrietion, via (3-reeeptors in vascular smooth muscle. Adrenaline 
is present in eentral and peripheral nervous pathways and occurs 
with noradrenaline in the suprarenal medulla. Both adrenaline and 
noradrenaline are found in dense-eored synaptie vesieles approximately 
50 nm in diameter. 

Dopamine is a neuromediator of eonsiderable elinieal importanee, 
found mainly in neurones with eell bodies in the teleneephalon, 
dieneephalon and meseneephalon. A major dopaminergie neuronal 
population in the midbrain constitutes the substantia nigra, so ealled 
because its eells eontain neuromelanin, a blaek granular by-product 
of dopamine synthesis. Dopaminergie endings are particularly mimer- 
ous in the corpus striatum, limbie system and eerebral cortex. Structur- 
ally, dopaminergie synapses eontain numerous dense-eored vesieles 
that resemble those eontaining noradrenaline. Pathologieal reduction 
in dopaminergie aetivity has widespread effeets on motor eontrol, 
affeetive behaviour and other neural aetivities, as seen in Parkinson's 
syndrome. 

Serotonin and histamine are found in neurones mainly within the 
CNS. Serotonin is typieally synthesized in small midline neuronal clus- 
ters in the brainstem, mainly in the raphe nuclei; the axons from these 
neurones ramify extensively throughout the entire brain and spinal 
eord. Synaptie terminals eontain rounded, elear vesieles approximately 
50 nm in diameter and are of the asymmetrieal type. Histaminergie 
neurones appear to be relatively sparse and are restrieted largely to the 
hypothalamus. 

Amino aeids 

There are three major amino aeids: GABA, glutamate and glyeine, which 
bind to speeifie reeeptors (Barrera and Edwardson 2008). GABA is a 
major inhibitory transmitter released at the terminals of loeal circuit 
neurones within the brainstem and spinal eord (e.g. the recurrent inhib- 
itory Renshaw loop), cerebellum (where it is the main transmitter of 
Purkinje eells), basal ganglia, eerebral cortex, thalamus and subthala- 
mus. It is stored in flattened or pleomorphie vesieles within symmetrieal 
synapses. GABA may be inhibitory to postsynaptie neurones, or may 
mediate either presynaptie inhibition or faeilitation, depending on the 
synaptie arrangement (Gassmann and Bettler 2012). 

Glutamate is the major excitatory transmitter present widely within 
the CNS, including the major projeetion pathways from the cortex to 
the thalamus, tectum, substantia nigra and pontine nuclei. It is found 
in the eentral terminals of the auditory and trigeminal nerves, and in 
the terminals of parallel fibres ending on Purkinje eells in the eerebel- 
lum. Structurally, glutamate is assoeiated with asymmetrieal synapses 
eontaining small (approximately 30 nm), round, elear synaptie vesieles 
(Contractor et al 2011). For fhrther reading, see Willard and Kooehek- 
pour (2013). 

Glyeine is a well-established inhibitory transmitter of the CNS, par- 
ticularly the lower brainstem and spinal eord, where it is mainly found 
in loeal circuit neurones. Reeent evidenee suggests that glyeine may also 
be released from glutamatergic axon terminals to partieipate in aetiva- 
tion of NMDA reeeptors, and from astroeytes into the synaptie eleft via 
aetivation of non-NMDA-type glutamatergic ionotropie reeeptors in 
the glial eell membrane (see Harsing and Matyus (2013) for fiirther 
referenees). 

ATP and adenosine 

ATP serves not only as a universal energy substrate, but also as an extra- 
cellular signalling molecule. Speeifie ionotropie (P2X) and metabo- 
tropie (P2Y) reeeptors are expressed in neurones and even more 
prominently on all types of glial eell. Adenosine is a degradation 
product of ATP and has speeifie metabotropie reeeptors that may be 
loeated presynaptieally (Burnstock et al 2011). 

Nitrie oxide 

Nitrie oxide (NO) is of eonsiderable importanee at autonomic and 
enterie synapses, where it mediates smooth muscle relaxation. It 
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flinetions in several types of synaptie plastieity, including hippoeampal 
long-term potentiation (LTP), when it may aet as a retrograde messen- 
ger after postsynaptie NMDA reeeptor aetivation. NO is able to diffhse 
freely through eell membranes, and so is not under such tight quantal 
eontrol as vesiele-mediated neurotransmission. 

Neuropeptides 

Many neuropeptides coexist with other neuromediators in the same 
synaptie terminals. As many as three peptides often share a particular 
ending with a well-established neurotransmitter, in some eases within 
the same synaptie vesieles. Some peptides occur in both the CNS and 
the PNS, particularly in the ganglion eells and peripheral terminals 
of the ANS, whilst others are entirely restrieted to the CNS. Only a 
few examples are given here. 

Most of the neuropeptides are elassified aeeording to the site where 
they were first diseovered. For example, the gastrointestinal peptides 
were initially found in the gut wall, and a group that includes releasing 
hormones, adenohypophysial and neurohypophysial hormones was 
first assoeiated with the pituitary gland. Some of these peptides are 
elosely related to eaeh other in their ehemistry because they are derived 
from the same gene products (e.g. the pro-opiomelanoeortin group), 
which are eleaved to produce smaller peptides. 

Substance P (SP) was the first of the peptides to be eharaeterized as 
a gastrointestinal neuromediator and is eonsidered to be the proto- 
typie neuropeptide. It is an 11-amino-aeid polypeptide that belongs to 
the taehykinin neuropeptide family, and is a major neuromediator in 
the brain and spinal eord. Contained within large granular synaptie 
vesieles, SP is found in approximately 20% of dorsal root and trigemi- 
nal ganglion eells, in particular in small noeieeptive neurones, and in 
some fibres of the faeial, glossopharyngeal and vagal nerves. Within 
the CNS, SP is present in several apparently unrelated major pathways, 
and has been deseribed in the limbie system, basal ganglia, amygdala 
and hypothalamus. Its known aetion is prolonged postsynaptie 
excitation, particularly from noeieeptive afferent terminals, which sus- 
tains the effeets of noxious stimuli. SP is one of the main neuropep- 
tides that trigger an inflammatory response in the skin and has 
also been implieated in the vomiting reflex, ehanges in cardiovascular 
tone, stimulation of salivary seeretion, smooth muscle eontraetion, 
and vasodilation. 

Vasoaetive intestinal polypeptide (VIP), another gastrointestinal 
peptide, is widely present in the CNS, where it is probably an excitatory 
neurotransmitter or neuromodulator. It is found in distinetive bipolar 
neurones of the eerebral cortex; small dorsal root ganglion eells, par- 
ticularly of the saeral region; the median eminenee of the hypothala- 
mus, where it may be involved in endoerine regulation; intramural 
ganglion eells of the gut wall; and sympathetie ganglia. 

Somatostatin (ST, somatotropin release inhibiting faetor) has a 
broad distribution within the CNS, and may be a eentral neurotransmit- 
ter or neuromodulator. It also occurs in small dorsal root ganglion eells. 
Beta-endorphin, leu- and metenkephalins, and the dynorphins belong 
to a group of peptides ealled the naturally occurring opiates that possess 
analgesie properties. They bind to opiate reeeptors in the brain where, 
in general, their aetion seems to be inhibitory. Enkephalins have been 
loealized in many areas of the brain. Their particular loealization in the 
septal nuclei, amygdaloid complex, basal ganglia and hypothalamus 
suggests that they are important mediators in the limbie system and in 
the eontrol of endoerine fimetion. They have also been implieated 
strongly in the eentral eontrol of pain pathways, because they are found 
in the peri-aqueductal grey matter of the midbrain, a number of reticu- 
lar raphe nuclei, the spinal nucleus of the trigeminal nerve and the 
substantia gelatinosa of the spinal eord. The enkephalinergie pathways 
exert an important presynaptie inhibitory aetion on noeieeptive affer- 
ents in the spinal eord and brainstem. Like many other neuromediators, 
enkephalins also occur widely in other parts of the brain in lower 
eoneentrations. 



Glial (neuroglial) eells (Fig 3.10) vary eonsiderably in type and mimber 
in different regions of the CNS. There are two major groups, maeroglia 
(astroeytes and oligodendroeytes) and mieroglia, elassified aeeording to 
origin. Maeroglia arise within the neural plate, in parallel with neu- 
rones, and constitute the great majority of glial eells. Their fimetions 
are diverse and are now known to extend beyond a passive supporting 
role (reviewed in Kettenmann and Ransom (2012 ). Mieroglia have a 
small soma (see Fig. 3.19) and are derived from a distinet lineage of 
monoeytie eells originating from the yolk sae. 
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Fig. 3.10 The different types of non-neuronal eell in the CNS and their 
structural organization and interrelationships with eaeh other and with 
neurones. 


ASTR0CYTES 



Astroeytes are the most abundant and diverse glial eell type but their 
identity is not well defined (Matyash and Kettenmann 2010). There is 
no eommon marker that labels all astroeytes, in the way that myelin 
basie protein is a marker for oligodendroeytes or the ealeimn-binding 
protein Ibal is a marker for mieroglia. A eommonly used marker is the 
expression of glial fibrillary aeidie protein (GFAP), which forms inter- 
mediate filaments, but GFAP is not expressed in all astroeytes. 

The morphology of astroeytes is extremely diverse. Classically, two 
forms were distinguished: protoplasmie and fibrous astroeytes. Proto- 
plasmie astroeytes (star-shaped eells) are found in grey matter, possess 
several stem proeesses that braneh fhrther into a very complex network, 
and eontaet synapses, both at the pre- and postsynaptie membranes. 
Fibrous astroeytes are predominantly found in white matter and their 
proeesses are often orientated in parallel with the axons. Radial glial 
eells are found early in development and serve as stem eells for neu- 
rones and glial eells. They may be eategorized as astroeytes because they 
transform later in development into typieal astroeytes. There are a 
number of other types of astroeyte with speeialized morphologies. Berg- 
mann glial eells in the cerebellum have somata in the Purkinje eell layer, 
proeesses that intermingle with the dendritie trees of the Purkinje 
neurones and terminal end-feet at the pial surface. Miiller eells in the 
retina have a radial morphology and span the entire retina. Other 
astroeytie eells are tanyeytes, velate astroeytes (cerebellum) and pitui- 
eytes (infundibulum and neurohypophysis of the pituitary gland). 
Pituicyte proeesses end mostly on endothelial eells in the neurohypo- 
physis and tuber cinereum. 

Astroeyte complexity and morphologieal diversity has reaehed the 
highest evofiitionary level in humans (Fig. 3.11). A single astroeyte may 
enwrap several neuronal somata and make eontaets with tens of thou- 
sands of individual synapses; bipolar astroeytes loeated in layer 5 and 
6 of the cortex may extend proeesses up to 1 mm long. 

Astroeytes in grey matter form a syncytium in which eells are inter- 
eonneeted by gap junctions, permitting the exchange of ions (e.g. 
ealefiim, propagated in waves) and small molecules such as ATP or 
glucose. They are the only eells in the brain eapable of eonverting 
glucose into glyeogen, which serves as an energy store. Before re-releasing 
glucose, astroeytes eonvert it to laetate, which is taken up by neurones; 
failure in glucose flow through the astroeytie network results in impair- 
ment of neuronal fimetion. 

Astroeytes not only respond to neuronal aetivity but also modulate 
that aetivity. They enwrap all penetrating and intraeerebral arterioles 
and eapillaries, eontrol the ionie and metabolie environment of the 
neuropil and mediate neurovascular coupling. They form speeialized 
structures that eontaet either the pial surface (as the glia limitans) or 
blood vessels; their end-feet entirely enwrap blood vessels and are 
instmmental in the induction of the blood-brain barrier. 

Traumatic injury to the CNS induces astrogliosis, seen as a loeal 
inerease in the mimber and size of GFAP-positive eells and a eharaeter- 
istie extensive meshwork of proeesses. The mieroenvironment of this 
glial sear, which may also inefiide eells of oligodendroeyte lineage and 
myelin debris, plays an important role in inhibiting regrowth of 
damaged CNS axons (Robel et al 2011, Seifert et al 2006). 
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Astroeytes eontrol the diameter of the vessels they eontaet and ean 
trigger either their dilation or their eontraetion, depending on the sub- 
stanees they release and the levels of assoeiated neuronal aetivity. They 
express water ehannels (aquaporins) at the end-feet eovering the eapil- 
laries; it has been suggested that this may represent the means by which 
astroeytes eontrol brain volume ( Tait et al 2008), and it may be relevant 
to understanding meehanisms of brain tissue swelling, a major elinieal 
eomplieation. Astroeytes express different glutamate transporters that 
effieiently maintain low levels of extracellular glutamate, which is 
excitotoxic. Internalized glutamate is eonverted into glutamine and 
released from astroeytes to be taken up by loeal neurones and reeon- 
verted to glutamate via the glutamate-glutamine eyele. They play a 
similar role in eontrolling extracellular GABA levels via expression of 
GABA transporters. Astroeytes possess both passive and aetive meeha- 
nisms to eontrol extracellular potassium levels at a resting level of about 
3 mmol. They also express transporters that regulate pH and are thought 
to play an important role in eontrolling extracellular pH in the brain. 
For fiirther reading on the eoneept of the 'tripartite synapse', where 
astroeytie proeesses interaet with pre- and postsynaptie neuronal ele- 
ments, see Haydon and Carmignoto (2006). 

It has beeome evident that astroeytes are involved in the modulation 
of long-term potentiation (eonsidered as a eelhilar meehanism of 
memory formation) and heterosynaptie depression. They modulate 
neuronal aetivity by releasing neuroactive substances such as D-serine, 
ATP or glutamate; it is unclear whether they express all the elements 
required for neurotransmitter release by a vesicular meehanism (Parpura 
and Zoree 2010). 
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Fig. 3.11 Human protoplasmie astroeytes are 
larger and more eomplieated than their rodent 
counterparts. A, A typieal mouse protoplasmie 
astroeyte. Glial fibrillary aeidie protein (GFAP) 
immunostain; vvhite. SB=20 jum. B, A typieal 
human protoplasmie astroeyte to the same seale. 
SB=20 jum. (From Oberheim NA, Takano T, Han 
X, et al 2009 Uniquely hominid features of adult 
human astroeytes. J Neurosci 29:3276-87.) 
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Fig. 3.12 The relationship betvveen the glia limitans, perivascular eells 
and blood vessels vvithin the brain, in longitudinal (A) and transverse 
(B) seetions. A sheath of astroeytie end-feet vvraps around the vessel and, 
in vessels larger than eapillaries, its investment of pial meninges. Vascular 
endothelial eells are joined by tight junctions and supported by perieytes; 
perivascular maerophages lie outside the endothelial basal lamina (light 
blue). 


Blood-brain barrier 


Proteins circulating in the blood enter most tissues of the body except 
those of the brain, spinal eord and peripheral nerves. This eoneept of a 
blood-brain or a blood-nerve barrier applies to many substances - 
some are aetively transported aeross the blood-brain barrier, others are 
aetively excluded. The blood-brain barrier is loeated at the eapillary 
endothelium vvithin the brain and is dependent on the presenee of tight 
junctions (occluding junctions, zomilae adherentes) betvveen endothe- 
lial eells coupled vvith a relative laek of transeytotie vesicular transport. 
The tightness of the barrier is substantially supported by the elose 
apposition of astroeytes, vvhieh direet the formation of endothelial tight 
junctions, to blood eapillaries (revievved in Abbott et al (2006), Oardoso 
et al (2010); Fig. 3.12). 

The blood-brain barrier develops during embryonie life but may 
not be fully eompleted by birth. There are eertain areas of the adult 
brain vvhere the endothelial eells are not linked by tight junctions, 


vvhieh means that a free exchange of molecules occurs betvveen blood 
and adjaeent brain. Most of these areas are situated elose to the ventri- 
eles and are knovvn as circumventricular organs; these areas make up 
less than 1% of the total area of the brain. Elsevvhere, unrestricted 
diffhsion through the blood-brain barrier is only possible for sub- 
stanees that ean eross biologieal membranes because of their lipophilie 
eharaeter. Lipophilie molecules may be aetively re-exported by the 
brain endothelium. 

Breakdovvn of the blood-brain barrier occurs vvhen the brain is 
damaged by isehaemia or infeetion, and is also assoeiated vvith primary 
and metastatie eerebral tumours. Reduced blood flovv to a region of the 
brain alters the permeability and regulatory transport hmetions of the 
barrier loeally; the inereased stress on eompromised endothelial eells 
results in leakage of huid, ions, semm proteins and intracellular sub- 
stanees into the extracellular spaee of the brain. The integrity of the 
barrier ean be evaluated elinieally using computed tomography and 
hmetional magnetie resonanee imaging. Breakdovvn of the blood-brain 
barrier may be seen at postmortem in jaundiced patients vvho have had 
an infaretion. Normally, the brain, spinal eord and peripheral nerves 
remain unstained by the bile post mortem, although the ehoroid plexus 
is ohen stained a deep yellovv. Hovvever, areas of reeent infaretion (1-3 
days) vvill also be stained by bile pigment because of the loealized 
breakdovvn of the blood-brain barrier. 


0LIG0DENDR0CYTES 


Oligodendroeytes myelinate CNS axons and are most eommonly seen 
as intrafascicular eells in myelinated traets (Figs 3.13-3.14). They 
usually have round nuclei and their eytoplasm eontains numerous 
mitoehondria, microtubules and glyeogen. They display a speetmm of 
morphologieal variation, from eells vvith large euchromatic nuclei and 
pale eytoplasm, to eells vvith heteroehromatie nuclei and dense eyto- 
plasm. In eontrast to Sehvvann eells, vvhieh myelinate only one axonal 
segment, individual oligodendroeytes myelinate up to 50 axonal seg- 
ments. Some oligodendroeytes are not assoeiated vvith axons, and are 
either precursor eells or perineuronal (satellite) oligodendroeytes vvith 
proeesses that ramify around neuronal somata. 

Within traets, interfascicular oligodendroeytes are arranged in long 
rovvs interspersed at regular intervals vvith single astroeytes. Sinee oli- 
godendroeyte proeesses are radially aligned to the axis of eaeh rovv, 
myelinated traets typieally eonsist of eables of axons myelinated by a 
rovv of oligodendroeytes mnning dovvn the axis of eaeh eable. 

Oligodendroeytes originate from the ventriailar neurectoderm and 
the subependymal layer in the fetus, and eontimie to be generated from 
the subependymal plate postnatally. Stem eells migrate and seed into 
vvhite and grey matter to form a pool of adult progenitor eells, vvhieh 
ean later differentiate to replenish defhnet oligodendroeytes, and pos- 
sibly remyelinate axons in pathologieally demyelinated regions. These 
eells display a highly branehing morphology and express a speeifie 
ehondroitin sulphate proteoglyean (Neuron Glia 2 (NG2) in rats and 
its homologue, melanoma eell surface ehondroitin sulphate proteo- 
glyean (MSCP), in humans). The name NG2 eell is used to deseribe the 
eells in both speeies: several different names have also been used sinee 
it vvas fìrst reeognized, including polydendroeyte (Nishiyama et al 
2009) and syantoeyte (Butt et al 2005). NG2 eells express a complex 
set of voltage-gated ehannels and ionotropie reeeptors for glutamate 
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Fig. 3.13 The ensheathment of a number of axons by the proeesses of 
an oligodendroeyte. The oligodendroeyte soma is shown in the eentre 
and its myelin sheaths are unfolded to varying degrees to show their 
extensive surface area. (Modified from Morell P, Norton WT (1980, May). 
Myelin, Seientifie Ameriean, 242(5), 88-90, 92, 96 and Raine CS (1984), 
Morphology of Myelin and Myelination. In Myelin, 2nd ed. P Morell (ed) 
New York (Plenum Press), by permission.) 



Fig. 3.15 A node of Ranvier (N) in the eentral nervous system of a rat. 
The pale-staining axon (A) is ensheathed by oligodendroeyte myelin 
(arrow), apart from a short, exposed region at the node. Toluidine blue 
stained resin seetion. (Courtesy of Dr Clare Farmer, King’s College, 
London.) 


and GABA; they form direet synapses with axons, enabling transient 
aetivation of these reeeptors (Hill and Nishiyama 2014). There is eon- 
siderable support for the view that the NG2 eell is a distinet glial type. 

Nodes of Ranvier and ineisiires of 
Sehmidt-Lanterman 


The territory ensheathed by an oligodendroeyte (or Schwann eell) 
proeess defìnes an internode, the interval between internodes is ealled 
a node of Ranvier (Fig. 3.15) and the territory immediately adjaeent to 
the nodal gap is a paranode, where loops of oligodendroeyte eytoplasm 
abut the axolemma. Nodal axolemma is eontaeted by fine filopodia of 
perinodal eells, which have been shown in animal studies to have a 
presumptive adult oligodendroeyte progenitor phenotype; their firne- 
tion is unknown. Sehmidt-Lanterman incisures are helieal deeompae- 
tions of internodal myelin where the major dense line of the myelin 
sheath splits to enelose a spiral of oligodendroeyte eytoplasm. Their 
structure suggests that they may play a role in the transport of molecules 
aeross the myelin sheath, but their fimetion is not known. 



Fig. 3.14 A, An oligodendroeyte enwrapping several axons with myelin, 
demonstrated in a whole-mounted rat anterior medullary velum, 
immunolabelled with antibody to an oligodendroeyte membrane antigen. 
B, A eonfoeal mierograph of a mature myelin-forming oligodendroeyte in 
an adult rat optie nerve, iontophoretieally filled with an immunofluorescent 
dye by intracellular mieroinjeetion. (A, Courtesy of Fiona Ruge. 

B, Prepared by Professor A Butt, Portsmouth, and Kate Colquhoun, 
formerly Division of Physiology, GKT Sehool of Medieine, London.) 


MYELIN AND MYELINATION 


Myelin is formed by oligodendroeytes (CNS) and Schwann eells (PNS). 
A single oligodendroeyte may ensheathe up to 50 separate axon seg- 
ments, depending on ealibre, whereas myelinating Schwann eells 
ensheathe axons on a 1:1 basis. 

In general, myelin is laid down around axons above 2 pm in diam- 
eter. However, the eritieal minimal axon diameter for myelination is 
smaller and more variable in the CNS than in the PNS (approximately 
0.2 pm in the CNS eompared with 1-2 pm in the PNS). There is eon- 
siderable overlap between the size of the smallest myelinated and the 
largest unmyelinated axons, and so axonal ealibre is unlikely to be the 
only faetor in determining myelination. Moreover, the first axons to 
beeome ensheathed ultimately attain larger diameters than those that 
are ensheathed at a later date. There is a reasonable linear relationship 
between axon diameter and internodal length and myelin sheath thiek- 
ness: as the sheath thiekens from a few lamellae to up to 200, the axon 
may also grow from 1 to 15 pm in diameter. Internodal lengths inerease 
about 10-fold during the same time (Nave 2010). 

It is not known preeisely how myelin is formed in either PNS or 
CNS. Akt/mTOR (mammalian (or meehanistie) target of rapamyein) 
signalling has emerged as one of the major pathways involved in myeli- 
nation; it has been implieated in the regulation of several steps during 
the development of myelinating Schwann eells and oligodendroeytes 
(Norrmén and Suter 2013). In the CNS, myelination also depends in 
part on expression of a protein (Wiskott-Aldrich syndrome protein 
family verprolin homologous; WAVE), which influences the aetin 
eytoskeleton, oligodendroeyte lamellipodia formation and myelination 
(Kim et al 2006). The ultrastructural appearanee of myelin is usually 
explained in terms of the spiral wrapping of an extensive, flat glial 
proeess (lamellipodium) around an axon, and the subsequent extrusion 
of eytoplasm from the sheath at all points other than incisures and 
paranodes. In this way, the eompaeted external surfaces of the plasma 
membrane of the ensheathing glial eell are thought to produce the 
minor dense lines, and the eompaeted inner eytoplasmie surfaces, the 
major dense lines, of the mature myelin sheath (Fig. 3.16). These lines, 
first deseribed in early eleetron mieroseope studies of the myelin sheath, 
eorrespond to the intraperiod and period lines respeetively, defined in 
X-ray studies of myelin. The inner and outer zones of occlusion of the 
spiral proeess are continuous with the minor dense line and are ealled 
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Fig. 3.16 Suggested stages in 
myelination of a peripheral axon by an 
ensheathing Schwann eell. 


the inner and outer mesaxons. For fhrther reading on aspeets of myeli- 
nation, see Bakhti et al (2013). 

There are signifieant differenees between eentral and peripheral 
myelin, refleeting the faet that oligodendroeytes and Schwann eells 
express different proteins during myelinogenesis. The basie dimensions 
of the myelin membrane are different. CNS myelin has a period repeat 
thiekness of 15.7 nm whereas PNS myelin has a period to period line 
thiekness of 18.5 nm, and the major dense line spaee is approximately 
1.7 nm in CNS myelin, eompared with 2.5 nm in PNS myelin. Myelin 
membrane eontains protein, lipid and water, which forms at least 20% 
of the wet weight. It is a relatively lipid-rieh membrane and eontains 
70-80% lipid. All elasses of lipid have been found; perhaps not surpris- 
ingly, the preeise lipid eomposition of PNS and CNS myelin is different. 
The major lipid speeies are eholesterol (the most eommon single mol- 
ecule), phospholipids and glyeosphingolipids. Minor lipid speeies 
include galaetosylglyeerides, phosphoinositides and gangliosides. The 
major glyeolipids are galaetoeerebroside and its sulphate ester, sul- 
phatide; these lipids are not unique to myelin but they are present 
in eharaeteristieally high eoneentrations. CNS and PNS myelin also 
eontain low eoneentrations of aeidie glyeolipids, which constitute 
important antigens in some inflammatory demyelinating states. Gan- 
gliosides, which are glyeosphingolipids eharaeterized by the presenee 
of sialie aeid (N-acetylneuraminic aeid), account for less than 1% of the 
lipid in myelin. 

A relatively small number of protein speeies account for the majority 
of myelin protein. Some of these proteins are eommon to both PNS 
and CNS myelin, but others are different. Proteolipid protein (PLP) 
and its spliee variant DM20 are found only in CNS myelin, whereas 
myelin basie protein (MBP) and myelin assoeiated glyeoprotein (MAG) 
occur in both. MAG is a member of the immunoglobulin supergene 
family, and is loealized speeifieally at those regions of the myelin 
segment where eompaetion starts: namely, the mesaxons and inner 
periaxonal membranes, paranodal loops and incisures, in both CNS 
and PNS sheaths. It is thought to have a fimetional role in membrane 
adhesion. 

In the developing CNS, axonal outgrowth preeedes the migration of 
oligodendroeyte precursors, and oligodendroeytes assoeiate with and 
myelinate axons after their phase of elongation; oligodendroeyte myelin 
gene expression is not dependent on axon assoeiation. In marked eon- 
trast, Schwann eells in the developing PNS are assoeiated with axons 
during the entire phase of axonal growth. Myelination does not occur 
simultaneously in all parts of the body in late fetal and early postnatal 
development. White matter traets and nerves in the periphery have their 
own speeifie temporal patterns that relate to their degree of fimetional 
maturity. 

Mutations of the major myelin structural proteins have now been 
reeognized in a number of inherited human neurological diseases. As 
would be expected, these mutations produce defeets in myelination and 
in the stability of nodal and paranodal architecture that are eonsistent 
with the suggested fimetional roles of the relevant proteins in maintain- 
ing the integrity of the myelin sheath. 

EPENDYMA 


Ependymal eells line the ventrieles (Fig. 3.17; see Fig. 3.10) and eentral 
eanal of the spinal eord. They form a single-layered epithelium that 
varies from squamous to columnar in form. At the ventriailar surface, 
eells are joined by gap junctions and oeeasional desmosomes. Their 
52 apieal surfaces have numerous mierovilli and/or eilia, the latter eontrib- 

uting to the flow of CSF. There is eonsiderable regional variation in the 
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Fig. 3.17 dliated eoliimnar epithelial lining of the lateral ventriele (V), 
overlying the subventricular zone (SVZ). C, eilia; E, ependymal eells. 
Mouse tissue, toluidine blue stained resin seetion. 


ependymal lining of the ventrieles but four major types have been 
deseribed. These are: general ependymal, which overlies grey matter; 
general ependymal, which overlies white matter; speeialized areas of 
ependyma in the third and fourth ventrieles; and ehoroidal epithelium. 

The ependymal eells overlying areas of grey matter are cuboidal. 
Eaeh eell bears approximately 20 eentral apieal eilia, surrounded by 
short mierovilli. The eells are joined by gap junctions and desmosomes. 
Beneath them there may be a subependymal (or subventricular) zone, 
from two to three eells deep, eonsisting of eells that generally resemble 
ependymal eells. In rodents, the subventricular zone eontains neural 
progenitor eells, which ean give rise to new neurones, but the existence 
of these stem eells in the adult human brain is eontroversial (Sanai et al 
2011, Kempermann 2011). The eapillaries beneath the ependymal eells 
have no fenestrations and few transeytotie vesieles, which is typieal of 
the CNS. Where the ependyma overlies myelinated traets of white 
matter, the eells are much flatter and few are eiliated. There are gap 
junctions and desmosomes between these eells, but their lateral margins 
interdigitate, unlike their counterparts overlying grey matter. No sub- 
ependymal zone is present. 

Speeialized areas of ependymal eells ealled the circumventricular 
organs are found in four areas around the margins of the third ventriele: 
namely, the lining of the median eminenee of the hypothalamus; the 
subcommissural organ; the subfornical organ; and the vasailar organ 
of the lamina terminalis. The area postrema, at the inferoposterior limit 
of the fourth ventriele, has a similar structure. In all of these sites the 
ependymal eells are only rarely eiliated and their ventricular surfaces 
bear many mierovilli and apieal blebs. They have numerous mitoehon- 
dria, well-formed Golgi complexes and rather flattened basal nuclei. 
They are joined laterally by tight junctions, which form a barrier to the 
passage of materials aeross the ependyma, and by desmosomes. Many 
of the eells are tanyeytes (ependymal astroeytes) and have basal 
proeesses that projeet into the perivasoilar spaee surrounding the 
underlying eapillaries. Signifieantly, these eapillaries are fenestrated and 
therefore do not form a blood-brain barrier. It is believed that neu- 
ropeptides ean pass from nervous tissue into the CSF by aetive transport 
through the ependymal eells in these speeialized areas, and so aeeess a 
wide population of neurones via the permeable ependymal lining of 
the rest of the ventriele. 

The ependyma is highly modified where it lies adjaeent to the vas- 
cular layer of the ehoroid plexuses. 
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The ehoroid plexus forms the CSF and aetively regulates the eoneentra- 
tion of molecules in the CSF. It eonsists of highly vascularized masses 
of pia mater enelosed by poekets of ependymal eells. The ependymal 
eells resemble those of the circumventricular organs, except that they 
do not have basal proeesses, but form a cuboidal epithelium that rests 
on a basal lamina adjaeent to the enelosed fold of meningeal pia mater 
and its eapillaries (Fig. 3.18). The eells have numerous long mierovilli 
with only a few eilia interspersed between them. They also have many 
mitoehondria, large Golgi complexes and basal nuclei, features eonsist- 
ent with their seeretory aetivity; they produce most eomponents of the 
CSF. They are linked by tight junctions forming a transepithelial barrier 
(a eomponent of the blood-CSF barrier), and by desmosomes. Their 
lateral margins are highly folded. 

The ehoroid plexus has a villous structure where the stroma is eom- 
posed of pial meningeal eells, and eontains fine bundles of eollagen 
and blood vessels. Choroidal eapillaries are lined by a fenestrated 
endothelium. During fetal life, erythropoiesis occurs in the stroma, 
which is occupied by bone marrow-like eells. In adult life, the stroma 
eontains phagoeytie eells, which, together with the eells of the ehoroid 
plexus epithelmm, phagoeytose partieles and proteins from the ven- 
triailar lumen. 

Age-related ehanges occur in the ehoroid plexus, which ean be 
deteeted by neuroimaging. Calcification of the ehoroid plexus ean be 
deteeted by X-ray or CT sean very rarely in individuals in the first deeade 
of life and in the majority in the eighth deeade. The ineidenee of ealei- 
fieation rises sharply from 35% of CT seans in the fifth deeade to 75% 
in the sixth deeade. Visible ealeifieation is usually restrieted to the 
glomus region of the ehoroid plexus, i.e. the vascular bulge in the 
ehoroid plexus as it curves to follow the anterior wall of the lateral 
ventriele into the temporal horn. 



Araehnoid 

mater 


Pia mater 



Subarachnoid 

spaee 


Capillary 



Choroid epithelium 


ehoroid eapillary Ependyma 


(§) Ventriele 

Fig. 3.18 A, A ehoroid plexus within the lateral ventriele. Frond-like 
projeetions of vascular stroma derived from the pial meninges are 
eovered with a low columnar epithelium that seeretes eerebrospinal fluid. 
Mouse tissue, toluidine blue stained resin seetion. B, The arrangement of 
tissues forming the ehoroid plexus. 


Mieroglia are the endogenous immune eells of the brain (Kettenmann 
et al 2011, Eggen et al 2013). They originate from an embryonie mono- 
eyte preairsor and invade the brain early during development. While 
the invading eells have an ameboid morphology mieroglial eells in a 
mature brain are highly ramified eells. They have elongated nuclei, seant 
eytoplasm and several highly branehed proeesses. They occupy a defined 
territory in the brain parenehyma and are found in all areas of the CNS 
including optie nerve, retina and spinal eord. Their density shows little 
variation. 

Resting mieroglia, a term used to refer to mieroglia in the normal 
brain, should more accurately be deseribed as surveying mieroglia. 
Mieroglial proeesses are fast-moving structures that rapidly sean their 
territory while the soma remains fixed in position. Mieroglial eells 
express reeeptors for neurotransmitters and thus ean sense neuronal 
aetivity. It is likely that they interaet with synapses, from which it has 
been inferred that they may influence synaptie transmission. 

All pathologieal ehanges in the brain result in the aetivation of 
mieroglial eells (Fig. 3.19), e.g. aetivated mieroglia are found in the 
brain tissue of multiple selerosis, Alzheimer's disease and stroke 
patients. The most eommon indieation of their aetivation is a ehange 
from a ramified to an ameboid morphology, which may occur within 
a few hours of the onset of injury or disease proeess. 

In general, mieroglia respond to two types of signal: 'on' signals, which 
either appear de novo or are strongly upregulated, e.g. eell wall eompo- 
nents of invading baeteria; and 'off' signals, which are normally present 
but disappear or deerease in pathologieal states, e.g. defined eytokines 
or neurotransmitters. Both types of event are interpreted as signals for 
aetivation. The fimetional repertoire of aetivated mieroglia includes pro- 
liferation; migration to the site of injury; expression of major histoeom- 
patibility complex (MHC) II moleoiles to interaet with infiltrating 
lymphoeytes; and the release of a variety of different substances including 
ehemokines, eytokines and growth faetors. These eells are therefore eapa- 
ble of signifieantly inffiieneing ongoing pathologieal proeesses. 

Mieroglial eells are the professional phagoeytes of the nervous 
system and aetively migrate through tissue. A number of faetors such as 
ATP and eomplement faetors aet as ehemoattraetants. This behaviour is 
relevant not only in pathology but also during development where 
mieroglial eells remove apoptotie eells. After a pathologieal insult, 
mieroglial eells revert to their surveying phenotype, re-acquiring a rami- 
fied morphology. 

Entry of inflammatory eells into the brain 


Although the CNS has long been eonsidered to be an imimmologieally 
privileged site, lymphoeyte and maerophage surveillance of the brain 
may be a normal, but very low-grade, aetivity that is enhaneed in 
disease. Lymphoeytes ean enter the brain in response to vims infeetions 
and as part of the autoimmune response in multiple selerosis. Aetivated, 
but not resting, lymphoeytes pass through the endothelium of small 
venules, a proeess that requires the expression of reeognition and adhe- 
sion molecules (induced following eytokine aetivation), and subse- 
quently migrate into the brain parenehyma. Within the CNS, mieroglia 
ean be induced by T-eell eytokines to aet as effieient antigen-presenting 
eells. After leaving the CNS, lymphoeytes probably drain along lym- 
phatie pathways to regional eervieal lymph nodes. 



Fig. 3.19 Aetivated mieroglial eells in the human eentral nervous system, 
in a biopsy from a patient with Rasmussen’s eneephalitis, visualized using 
MHC elass II antigen immunohistochemistry. (Courtesy of Dr Norman 
Gregson, Division of Neurology, GKT Sehool of Medieine, London.) 
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NERVOIIS SYSTEM 


Monoeytes enter the CNS in the early stages of infaretion and 
autoimmune disease and, in partieMar, in pyogenie infeetions, probably 
by passing through the endothelium of loeal vessels. Onee in the brain, 
monoeytes are difficult to distinguish from intrinsie mieroglia because 
both eell types express a similar marker profile. During the inflamma- 
tory phase of meningitis, polymorphonuclear leukocytes and lym- 
phoeytes pass into the CSF through the endothelium of large veins in 
the subarachnoid spaee. Reeent developments in researeh on brain 
inflammatory disorders are reviewed in Anthony and Pitossi (2013). 


PERIPHERAL NERVES 


Afferent nerve fibres eonneet peripheral reeeptors to the CNS; they are 
derived from neuronal somata loeated either in speeial sense organs 
(e.g. the olfaetory epithelium) or in the sensory ganglia of the eranio- 
spinal nerves. Efferent nerve fibres eonneet the CNS to the effeetor eells 
and tissues and are the peripheral axons of neurones with somata in 
the eentral grey matter. 

Peripheral nerve fibres are grouped in widely variable numbers into 
bundles (fasciculi). The size, number and pattern of faseiaili vary in 
different nerves and at different levels along their paths (Fig. 3.20). 
Their number inereases and their size deereases some distanee proximal 
to a point of branehing. Where nerves are subjected to pressure, e.g. 
deep to a retinaculum, fasciculi are inereased in number but reduced 
in size, and the amount of assoeiated eonneetive tissue and degree of 
vasoilarity also inerease. At these points, nerves may oeeasionally show 
a pink, fiisiform dilation, sometimes termed a pseudoganglion or gan- 
gliform enlargement. 

CLASSIFICATJON 0F PERIPHERAL NERVE FIBRES 

eiassifieation of peripheral nerve fibres is based on various parameters 
such as conduction veloeity, fimetion and fibre diameter. Of two elas- 
sifieations in eommon use, the first divides fibres into three major 
elasses, designated A, B and C, eorresponding to peaks in the distribu- 
tion of their conduction veloeities. In humans, this elassifieation is used 
mainly for afferent fibres from the skin. Group A fibres are subdivided 
into a, p, y and 5 subgroups; fibre diameter and conduction veloeity 
are proportional in most fibres. Group Aa fibres are the largest and 
conduct most rapidly, and C fibres are the smallest and slowest. 

The largest afferent axons (Aa fibres) innervate encapsulated cutane- 
ous meehanoreeeptors, Golgi tendon organs and muscle spindles, and 
some large alimentary enteroeeptors. A(3 fibres form seeondary endings 
on some muscle spindle (intrafiisal) fibres and also innervate cutaneous 
and joint capsule meehanoreeeptors. A6 fibres innervate thermoreeep- 
tors, streteh-sensitive free endings, hair reeeptors and noeieeptors, 
including those in dental pulp, skin and eonneetive tissue. Ay fibres are 
exclusively ffisimotor to plate and trail endings on intrafiisal muscle 



Fig. 3.20 A transverse seetion of a biopsied human sural nerve, showing 
the arrangement of the eonneetive tissue sheaths. Individual axons, 
myelinated and unmyelinated, are arranged in a small faseiele bounded 
by a perineurium. Abbreviations: P, perineurium; Ep, epineurium; 

E, endoneurium. (Courtesy of Professor Susan Standring, GKT Sehool 
of Medieine, London.) 


fibres. B fibres are myelinated autonomic preganglionie efferent fibres. 
C fibres are unmyelinated and have thermoreeeptive, noeieeptive and 
interoeeptive fimetions, including the pereeption of slow, burning pain 
and viseeral pain. This seheme ean be applied to fibres of both spinal 
and eranial nerves except perhaps those of the olfaetory nerve, where 
the fibres form a uniquely small and slow group. The largest somatie 
efferent fibres (Aa) innervate extrafusal muscle fibres (at motor end- 
plates) exclusively and conduct at a maximum of 120 m/s. Fibres to fast 
twitch muscles are larger than those to slow twitch muscle. Smaller (Ay) 
fibres of gamma motor neurones, and autonomic preganglionie (B) and 
postganglionie (C) efferent fibres conduct, in order, progressively more 
slowly (40 m/s to less than 10 m/s). 

A different elassifieation, used for afferent fibres from muscles, 
divides fibres into groups I-IV on the basis of their ealibre; groups I—III 
are myelinated and group IV is unmyelinated. Group I fibres are large 
(12-22 pm), and include primary sensory fibres of muscle spindles 
(group Ia) and smaller fibres of Golgi tendon organs (group Ib). Group 
II fibres are the seeondary sensory terminals of muscle spindles, with 
diameters of 6-12 pm. Group III fibres, 1-6 pm in diameter, have free 
sensory endings in the eonneetive tissue sheaths around and within 
muscles and are noeieeptive and, in skin, also thermosensitive. Group 
IV fibres are unmyelinated, with diameters below 1.5 pm; they include 
free endings in skin and imisele, and are primarily noeieeptive. 

C0NNECTIVE TISSLIE SHEATHS 


Nerve tmnks, whether uni- or multifascicular, are limited externally by 
an epineurium, which is eonneeted to surrounding tissues by mesoneu- 
rium. Mesoneurium is a loose eonneetive tissue sheath (see Ch. 2) 
eontaining the extrinsic, segmental blood supply of the nerve, and so 
is of elinieal importanee in nerve injury. Individual fasciculi of the nerve 
tmnk are enelosed by a imiltilayered perineurium, which in turn sur- 
rounds the endoneurium or intrafascicular eonneetive tissue (see 
Fig. 3.20). 

Epineurium 


Epineurium is a eondensation of loose (areolar) eonneetive tissue 
derived from mesoderm. As a general mle, the more fasciculi present 
in a peripheral nerve, the thieker the epineurium. Epineurium eontains 
fibroblasts, eollagen (types I and III) and variable amounts of fat, and 
it aishions the nerve it surrounds. Loss of this proteetive layer may be 
assoeiated with pressure palsies seen in wasted, bedridden patients. The 
epineurium also eontains lymphaties (which probably pass to regional 
lymph nodes) and blood vessels, vasa nervomm, that pass aeross the 
perineurium to communicate with a network of fine vessels within the 
endoneurium, forming the intrinsie system of vascular plexuses. 

Perineurium 


Perineurium extends from the CNS-PNS transition zone to the periph- 
ery, where it is continuous with the capsules of muscle spindles and 
encapsulated sensory endings, but ends openly at unencapsulated 
endings and neuromuscular junctions. It eonsists of alternating layers 
of flattened polygonal eells (thought to be derived from fibroblasts) and 
eollagen. It ean often eontain 15-20 layers of such eells, eaeh layer 
enelosed by a basal lamina up to 0.5 pm thiek. Within eaeh layer the 
eells interdigitate along extensive tight junctions; their eytoplasm typi- 
eally eontains vesieles and bundles of mierofilaments and their plasma 
membrane often shows evidenee of pinoeytosis. These features are eon- 
sistent with the fimetion of the perineurium as a metabolieally aetive 
difffision barrier; together with the blood-nerve barrier, the perineu- 
rium is thought to play an essential role in maintaining the osmotie 
milieu and fluid pressure within the endoneurium. Lymphatie vessels 
have not been deteeted in the perineurium. 

Endoneurium 


Strietly speaking, the term endoneurium is restrieted to intrafascicular 
eonneetive tissue and excludes the perineurial partitions within fasei- 
eles. Endoneurium eonsists of a fibrous matrix eomposed predomi- 
nantly of type III eollagen (reticulin) fibres, eharaeteristieally organized 
in fine bundles lying parallel to the long axis of the nerve, and eon- 
densed around individual Schwann cell-axon units and endoneurial 
vessels. The fibrous and eelhilar eomponents of the endoneurium are 
bathed in endoneurial fluid at a slightly higher pressure than that 
outside in the surrounding epineurium. The major cellular constituents 
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of the endoneurium are Schwann eells and endothelial eells; minor 
eomponents are fibroblasts (constituting approximately 4% of the total 
endoneurial eell population), resident maerophages and mast eells. 
Schwann cell-axon units and blood vessels are enelosed within indi- 
vidual basal laminae and therefore isolated from the other cellular and 
extracellular eomponents of the endoneurium. 

Endoneurial arterioles have a poorly developed smooth muscle layer 
and do not autoregulate well. In sharp eontrast, epineurial and perineu- 
rial vessels have a dense perivascular plexus of peptidergie, serotonin- 
ergie and adrenergie nerves. There are free nerve endings in all layers of 
neural eonneetive tissue sheaths and there are some encapsulated 
(Paeinian) corpuscles in the endoneurium. These probably contribute 
to the acute sensitivity of nerves trapped in fibrosis after injury or 
surgery. 

SCHWANN CELLS 


Schwann eells are the major glial type in the PNS. In vitro they are 
fhsiform in appearanee. Both in vitro and in vivo, Schwann eells ensheathe 
peripheral axons, and myelinate those greater than 2 pm in diameter. 
In a mature peripheral nerve, they are distributed along the axons in 
longitudinal ehains; the geometry of their assoeiation depends on 
whether the axon is myelinated or unmyelinated. In myelinated axons 
the territory of a Schwann eell defines an internode. 

The molecular phenotype of mature myelin-forming Schwann eells 
is different from that of mature non-myelin-forming Schwann eells. 
Adult myelin-forming Schwann eells are eharaeterized by the presenee 
of several myelin proteins, some, but not all, of which are shared with 
oligodendroeytes and eentral myelin. In eontrast, expression of the 
low-affinity neurotrophin reeeptor (p75 NTR ) and GFAP intermediate 
filament protein (which differs from the CNS form in its post- 
translational modifieation) eharaeterizes adult non-myelin-forming 
Schwann eells. 

Schwann eells arise from Schwann eell precursors that, in turn, are 
generated from multipotent eells of the neural erest. Neuronal signals 
regulate many aspeets of Schwann eell behaviour in developing and 
postnatal nerves. Axon-associated signals appear to eontrol the prolif- 
eration of developing Schwann eells and their precursors; the develop- 
mentally programmed death of those precursors in order to mateh 
nmnbers of axons and glia within eaeh peripheral nerve bundle; the 
production of basal laminae by Schwann eells; and the induction and 
maintenanee of myelination. Axonal neuregulin 1 signalling via ErbB2/ 
B3 reeeptors on Schwann eells is essential for Schwann eell myelination 
and also determines myelin thiekness. An extensive literature supports 
the view that Schwann eells are key players in the acute injury response 
C) in the PNS (see Gommentary 1.6), helping to provide a mieroenviron- 
ment that faeilitates axonal regrowth (Bireh 2011). Few Schwann eells 
persist in ehronieally denervated nerves. For fiirther reading about 
Schwann eells, see Kidd et al (2013). 

Unmyelinated axons 


llnmyelinated axons are eommonly 1.0 pm in diameter, although some 
may be 1.5 pm or even 2 pm in diameter. Groups of up to 10 or more 
small axons (0.15-2.0 pm in diameter) are enelosed within a ehain of 
overlapping Schwann eells that is surrounded by a basal lamina. Within 
eaeh Schwann eell, individual axons are usually sequestered from their 
neighbours by delieate proeesses of eytoplasm. It seems likely, on the 
basis of quantitative studies in subhuman primates, that axons from 
adjaeent eord segments may share Schwann eell columns; this phenom- 
enon may play a role in the evolution of neuropathic pain after nerve 
injury. In the absenee of a myelin sheath and nodes of Ranvier, aetion 
potential propagation along unmyelinated axons is not saltatory but 
continuous, and relatively slow (0.5-4.0 m/s). 

Myelinated axons 


Myelinated axons (Fig. 3.21) have a 1:1 relationship with their 
ensheathing Schwann eells. The territorial extent of individual Schwann 
eells varies direetly with the diameter of the axon they surround, from 
150 to 1500 pm. Speeialized domains of axo-glial interaetion define 
nodes of Ranvier and their neighbouring eompartments, paranodes and 
juxtaparanodes (Pereira et al 2012; Fig. 3.22). These domains eontain 
multiprotein complexes eharaeterized by unique sets of transmembrane 
and eytoskeletal proteins and clusters of ion ehannels; the meehanisms 
regulating ehannel clustering and node formation remain a subject of 
intense semtiny (Peles and Salzer 2000, Poliak and Peles 2003, Horresh 



Fig. 3.21 An eleetron mierograph of a transverse seetion of biopsied 
human sural nerve, showing a myelinated axon and several unmyelinated 
axons (A), ensheathed by Schwann eells (S). (Courtesy of Professor Susan 
Standring, GKT Sehool of Medieine, London.) 


et al 2008). The region under the eompaet myelin sheath that extends 
between two juxtaparanodes is the internode. The molecular domains 
of myelinated axons, including that of the axon initial segment are 
reviewed in Buttermore et al (2013)). 

Schwann eell eytoplasm forms a continuous layer only in the peri- 
nuclear (mid-internodal) and paranodal regions, where it forms a eollar 
from which mierovilli projeet into the nodal gap substance. Elsewhere 
it is dispersed as a laee-like network over the inner (adaxonal) and outer 
(abaxonal) surfaces of the myelin sheath. 

Nodes of Ranvier 

The nodal eompartment eonsists of a short length of exposed axo- 
lemma, typieally 0.8-1.1 pm long, surrounded by a nodal gap sub- 
stanee eomposed of various extracellular eomponents, some of which 
may possess nerve growth-repulsive eharaeteristies. Multiple proeesses 
(mierovilli) protmde into the gap substance from the outer eollar of 
Schwann eytoplasm and eontaet the nodal axolemma. Voltage-gated 
Na + ehannels, the eell adhesion molecules NrCAM and neurofascin-186, 
the eytoskeletal adaptor ankyrin G25,26 and the aetin-binding protein 
speetrin (3IV are clustered at nodes. The ealibre of the nodal axon is 
usually signifieantly less than that of the internodal axon, particularly 
in large-ealibre fibres. 

Paranodes 

The axolemma on either side of a node is eontaeted by paranodal loops 
of Schwann eell eytoplasm via speeialized septate junctions that spiral 
around the axon. The junctions are thought to form a partial diffiision 
barrier into the peri-axonal spaee; restriet the movement of K + ehannels 
from under the eompaet myelin; and limit lateral diffiision of mem- 
brane eomponents. Caspr, eontaetin and their putative ligand NF155 
(an isoform of neurofascin) are eoneentrated in paranodes. 

Juxtaparanodes 

The region of the axon lying just beyond the innermost paranodal junc- 
tion is now reeognized as a distinet domain defined by the loealization 
of voltage-gated K + ehannels (delayed-reetifier K + ehannels Kvl.l, Kvl.2 
and their Kvb2 subunit). Clustering of Kvl ehannels at the juxtapara- 
nodal region depends on their assoeiation with the Caspr2/TAG-1 adhe- 
sion complex. 

Sehmidt-Lanterman incisures 

Sehmidt-Fanterman incisures are helieal deeompaetions of internodal 
myelin that appear as fimnel-like profiles in teased fibre preparations 
labelled for markers of non-eompaeted myelin (e.g. MAG, Cx32). At an 
incisure the major dense line of the myelin sheath splits to enelose a 
continuous spiral band of eytoplasm passing between abaxonal and 
adaxonal layers of Schwann eell eytoplasm. The minor dense line of 
incisural myelin is also split, ereating a ehannel eonneeting the peri- 
axonal spaee with the endoneurial extracellular fluid. The fimetion of 55 
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Fig. 3.22 The general plan of a peripheral myelinated nerve fibre in longitiidinal seetion, including one eomplete internodal segment and two adjaeent 
paranodal bulbs, used as a key for the more detailed microarchitecture of speeifie subregions. A, A transverse eleetron mieroseope seetion through the 
eentre of a node of Ranvier, with numerous finger-like proeesses of adjaeent Schwann eells eonverging towards the nodal axolemma. Many microtubules 
and neurofilaments are visible within the axoplasm. B, The arrangement of the axon, myelin sheath and Schwann eell eytoplasm at the node of Ranvier, 
in the paranodal bulbs and in the juxtaparanodal region. The axon is myelinated by a Schwann eell surrounded by a basal lamina (BL). Only a portion of 
the internode, which is loeated beneath the eompaet myelin (CM) sheath, is shown. A spiral of paranodal (green) and juxtaparanodal (blue) proteins 
extends into the internode; this spiral is apposed to the inner mesaxon of the myelin sheath (not shown). K + ehannels and Caspr2 are eoneentrated in the 
juxtaparanodal region. In the paranodal region, the eompaet myelin sheath opens up into a series of paranodal eytoplasmie loops (PNL) that invaginate 
and elosely appose the axon, forming a series of septum-like junctions that spiral around the axon. Caspr, eontaetin and an isoform of neurofascin 
(NF155) are eoneentrated in this region. At the node, numerous mierovilli (MV) projeet from the outer eollar of the Schwann eell to eontaet the axolemma. 
The axon is enormously enriehed in intramembranous partieles at the node that eorrespond to Na + ehannels (Na + eh). Ankyrin G (ank G) isoforms and the 
eell adhesion molecules NrCAM and NF186 are also eoneentrated in this region. (A, Courtesy of Professor Susan Standring, GKT Sehool of Medieine, 
London. B, Redrawn from Peles and Salzer 2000.) 


incisures is not known; their structure suggests that they may partieipate 
in transport of moleailes aeross the myelin sheath. 

SATELLITE CELLS 

Many non-neuronal eells of the nervous system have been ealled satel- 
lite eells, including smalf round extracapsular eells in peripheral 
ganglia, ganglionie capsular eells, Schwann eells, any eell that is elosely 
assoeiated with neuronal somata, and precursor eells assoeiated with 
striated muscle fibres (Hanani 2010). Within the nervous system, the 
term is most eommonly reserved for flat, epithelioid eells (ganglionie 
glial eells, capsular eells) that surround the neuronal somata of periph- 
eral ganglia (see Fig. 3.23). Their eytoplasm resembles that of Schwann 
eells, and their deep surfaces interdigitate with reeiproeal infoldings in 
the membranes of the enelosed neurones. 

Enterie glia 


Enterie nerves laek an endoneurium and so do not have the collagenous 
eoats of other peripheral nerves. The enterie ganglionie neurones are 
supported by glia that elosely resemble astroeytes; they eontain more 
GFAP than non-myelinating Schwann eells and do not produce a basal 
lamina. Evidenee for their roles in gut fhnetion is reviewed in Gul- 
bransen and Sharkey (2012). 

Olfaetory ensheathing glia 

The olfaetory system is unusual because it supports neurogenesis 
throughout life. Olfaetory reeeptor neurones are continuously renewed 


from horizontal basal stem eells in the olfaetory epithelium (Leung et al 
2007, Forni and Wray 2012). They extend new axons through the 
lamina propria and eribriform plate into the CNS environment of the 
olfaetory bulb, where they synapse with seeond-order neurones. Olfae- 
tory ensheathing eells (OECs, also known as olfaetory ensheathing glia) 
aeeompany olfaetory axons from the lamina propria of the olfaetory 
epithelium to their synaptie eontaets in the glomemli of the olfaetory 
bulbs and are thought to play a role in direeting them to their eorreet 
position in the olfaetory bulb (Higginson and Barnett 2011). This 
unusual arrangement is unique; elsewhere in the nervous system the 
territories of peripheral and eentral glia are elearly demareated at CNS- 
PNS transition zones. OECs and the end-feet of astroeytes lying between 
the bundles of olfaetory axons both contribute to the glia limitans at 
the pial surface of the olfaetory bulbs. 

OECs share many properties with Schwann eells and express similar 
antigenie and morphologieal properties. They ensheathe olfaetory 
sensory axons in a manner eomparable to the relationship that exists 
transitorily between Schwann eells and axons in very immature periph- 
eral nerves, i.e. they surround, but do not segregate, bundles of up to 
50 fine unmyelinated axons to form approximately 20 fila olfaetoria. 
Both OECs and Schwann eells ean myelinate axons, even though nor- 
mally none of the axons in the olfaetory nerve is myelinated. It was 
thought that OECs shared a eommon origin with olfaetory reeeptor 
neurones in the olfaetory plaeode, but reeent fate-mapping experiments 
in ehieken embryos and genetie linkage-traeing studies in miee have 
shown that OECs are derived from neural erest eells (Forni and Wray 
2012 ). 

OECs have a malleable phenotype. There may be several subtypes: 
some OECs express GFAP as either fine filaments or more diffhsely in 
their eytoplasm, and some express p75 NTR and the 04 antigen. 











































































































Peripheral nerves 


BLOOD SUPPLY OF PERIPHERAL NERVES 


The blood vessels supplying a nerve, end in a eapillary plexus that 
pierees the perineurium. The branehes of the plexus mn parallel with 
the fibres, eonneeted by short transverse vessels, forming narrow, ree- 
tangular meshes similar to those found in muscle. The blood supply of 
peripheral nerves is unusual. Endoneurial eapillaries have atypieally 
large diameters and intereapillary distanees are greater than in many 
other tissues. Peripheral nerves have two separate, fimetionally inde- 
pendent vascular systems: an extrinsic system (regional nutritive vessels 
and epineurial vessels) and an intrinsie system (longitudinally mnning 
mierovessels in the endoneurium). Anastomoses between the two 
systems produce eonsiderable overlap between the territories of the 
segmental arteries. This unique pattern of vessels, together with a high 
basal nerve blood flow relative to metabolie requirements, means that 
peripheral nerves possess a high degree of resistanee to isehaemia. 

Blood-nerve barrier 


Just as the neuropil within the CNS is proteeted by a blood-brain 
barrier, the endoneurial eontents of peripheral nerve fibres are proteeted 
by a blood-nerve barrier and by the eells of the perineurium. The 
blood-nerve barrier operates at the level of the endoneurial eapillary 
walls, where the endothelial eells are joined by tight junctions, and are 
non-fenestrated and surrounded by continuous basal laminae. The 
barrier is much less effieient in dorsal root ganglia and autonomic 
ganglia and in the distal parts of peripheral nerves. 

GANGLIA 


Ganglia are aggregations of neuronal somata and are of varying form 
and size. They occur in the dorsal roots of spinal nerves; in the sensory 
roots of the trigeminal, faeial, vestibulocochlear, glossopharyngeal and 
vagal eranial nerves; and in the peripheral autonomic nervous system 
(ANS). Eaeh ganglion is enelosed within a capsule of fibrous eonneetive 
tissue and eontains neuronal somata and neuronal proeesses. Enterie 
ganglia are an exception to this mle; they resemble the CNS in both 
stmcture and fimetion, and are not eovered by a eonneetive tissue 
capsule. Some ganglia, particularly in the ANS, eontain axons that 
originate from neuronal somata that lie elsewhere in the nervous system 
and which pass through the ganglia without synapsing. 

Sensory ganglia 


The sensory ganglia of dorsal spinal roots (Fig. 3.23) and the ganglia 
of the trigeminal, faeial, glossopharyngeal and vagal eranial nerves are 
enelosed in a periganglionie eonneetive tissue capsule that resembles 
the perineurium surrounding peripheral nerves. Ganglionie neurones 
are unipolar (sometimes ealled pseudounipolar, see above). They have 
spherieal or oval somata of varying size, aggregated in groups between 
fasciculi of myelinated and unmyelinated nerve fibres. For eaeh neurone, 
a single axodendritic proeess biffireates into eentral and peripheral 



Fig. 3.23 Sensory neiirones in a dorsal root ganglion (rat). Neurones (N) 
are typieally variable in size but all are encapsulated by satellite eells (S). 
Myelinated axons are seen above and below the neuronal somata. 
Toluidine blue stained resin seetion. (Courtesy of Dr Clare Farmer, King’s 
College, London.) 


proeesses; in myelinated fibres the junction occurs at a node of Ranvier. 
The peripheral proeess terminates in a sensory ending and, because it 
conducts impulses towards the soma, it fimetions as an elongated den- 
drite, strietly speaking. However, it has the typieal stmctural and fime- 
tional properties of a peripheral axon, and is eonventionally deseribed 
as an axon. 

Eaeh neuronal soma is surrounded by a sheath of satellite glial eells 
(SGCs). (A notable exception is the spiral, or eoehlear, ganglion, where 
most neuronal somata are myelinated, presumably contributing to fast 
eleetrieal transmission.) The axodendritic proeess and its peripheral and 
eentral divisions, ensheathed by Schwann eells, lie outside the SGC 
sheath. All the eells in the ganglion lie within a highly vasailarized 
eonneetive tissue that is continuous with the endoneurium of the nerve 
root. In dorsal root ganglia there is no elear regional mapping of the 
innervated body regions. In eontrast, eaeh of the three nerve branehes 
(ophthalmie, maxillary and mandibular) of the trigeminal nerve is 
mapped to a different part of the trigeminal ganglion. Although sensory 
neurones reeeive no synapses, they are endowed with reeeptors for 
numerous neurotransmitters and hormones, and ean thus communi- 
eate ehemieally amongst themselves and with SGCs. 

SGCs are the main type of glial eell in sensory ganglia. They share 
several properties with astroeytes, including expression of glutamine 
synthetase and various neurotransmitter transporters. In addition, like 
astroeytes, the SGCs that surround a neurone are coupled by gap junc- 
tions and express reeeptors for ATR Unlike astroeytes, SGCs eompletely 
surround individual sensory neurones (and more rarely two or three 
neurons) in a glial sheath. They undergo major ehanges as a result of 
injury to peripheral nerves, and appear to contribute to ehronie pain in 
a number of animal pain models. 

Herpes ZOSter Primary infeetion with the varieella zoster vims causes 
chickenpox. Following reeovery, the vims remains dormant within 
dorsal root ganglia or trigeminal ganglia, mostly in the neurones, and 
less eommonly in the SGCs. Reaetivation of the vims leads to herpes 
zoster (shingles), which involves the dermatome(s) supplied by the 
affeeted sensory nerve(s). Diagnostie signs are severe pain, erythema 
and blistering as occurs in chickenpox, often eonfined to one of the 
divisions of the trigeminal nerve or to a spinal nerve dermatome. 
Herpes zoster involving the geniculate ganglion eompresses the faeial 
nerve and results in a lower motor neurone faeial paralysis, known as 
Ramsay Hunt syndrome. Oeeasionally, if the vestibulocochlear nerve 
beeomes involved, there is vertigo, tinnitus and some deafness. The 
most important eomplieation of herpes zoster is post-herpetie neural- 
gia, a severe and persistent pain that is highly refraetory to treatment. 

Autonomic ganglia 


The main types of eell in autonomic ganglia are the ganglionie neu- 
rones, small intensely ffiioreseent (SIF) eells and satellite glial eells 
(SGCs). Most of the neurones have somata ranging from 25 to 50 pm 
and complex dendritie fields; dendritie glomemli have been observed 
in ganglia in experimental animals. Ganglionie neurones reeeive many 
axodendritic synapses from preganglionie axons; axosomatic synapses 
are less numerous. Postganglionie fibres eommonly arise from the 
initial stem of a large dendrite and produce few or no eollateral proe- 
esses. Given their elose relationship to the ganglionie neurones, auto- 
nomie SGCs may have the potential to influence synaptie transmission. 

SIF eells are eharaeterized by being smaller than the neurones and by 
having numerous granules that eontain noradrenaline (norepine- 
phrine), dopamine and serotonin. They are almost eompletely invested 
by a sheath of SGCs and reeeive and make synapses; their physiologieal 
role is currently obscure, but they lend eredenee to the idea that auto- 
nomie ganglia are far more than simple relay stations. 

Sympathetie neurones are multipolar and their dendritie trees, on 
which preganglionie motor axons synapse, are more elaborate than 
those of parasympathetie neurones (Fig. 3.24). The neurones are sur- 
rounded by a mixed neuropil of afferent and efferent fibres, dendrites, 
synapses and non-neural eells. There is eonsiderable variation in the 
ratio of pre- and postganglionie fibres in different types of ganglion. 
Preganglionie sympathetie axons may synapse with many postgangli- 
onie neurones for the wide dissemination and perhaps amplifieation of 
sympathetie aetivity, a feature not found to the same degree in para- 
sympathetie ganglia. Dissemination may also be aehieved by eonnee- 
tions with ganglionie interneurones or by the diffiision within the 
ganglion of transmitter substances produced either loeally (paraerine 
effeet) or elsewhere (endoerine effeet). Some axons within a ganglion 
may be efferent fibres en route to another ganglion, or afferents from 
viseera and glands. These fibres may synapse with neurones in the 57 
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Fig. 3.24 A parasympathetie autonomic ganglion from a human stomaeh. 
Large neuronal somata, some with nuclei and prominent nucleoli in the 
plane of seetion, are encapsulated by satellite eells and surrounded by 
nerve fibres and non-neuronal eells. (Courtesy of Mr Peter Helliwell and 
the late Dr Joseph Mathew, Department of Histopathology, Royal 
Cornwall Hospitals Trust, UK.) 



Fig. 3.25 An enterie ganglion (outlined) of the myenterie (Auerbach’s) 
plexus between the inner circular and outer longitudinal layers of smooth 
muscle (M) in the wall of the human intestine. An enterie ganglionie 
neurone is arrowed. (Courtesy of Mr Peter Helliwell and the late Dr 
Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals 
Trnst, UK.) 


ganglion, e.g. substance P-eontaining axons of dorsal root neurones 
synapse on neurones in prevertebral ganglia, thereby enabling interae- 
tions between the sensory system and the ANS. 

Enterie ganglia 


The enterie nervous system (ENS) lies within the walls of the gastroin- 
testinal traet (see Fig. 2.15 for the layers of a typieal viscus) and includes 
the myenterie and submucosal plexuses and assoeiated ganglia (Furness 
2012, Neunlist et al 2013). The ganglionie neurones (Fig. 3.25) serve 
different fhnetions, including the regulation of gut motility (in conjunc- 
tion with interstitial eells of Cajal (Huizinga et al 2009)), mucosal 
transport and mucosal blood flow. Unlike the other two divisions of 
the ANS, the ENS is largely independent of the CNS, and the extrinsic 
autonomic fìbres that supply the gut wall exert only modulatory effeets 
on it. Submucosal neurones, together with sympathetie axons, regulate 
the loeal blood flow. 

Hirsehspmngs disease is a eongenital disease in which dyshmetional 
neural erest migration means that the ganglia of both the myenterie and 
submucosal plexuses in the distal bowel fail to develop. The resulting 
laek of propulsive aetivity in the aganglionie bowel leads to hmetional 
obstmetion and megaeolon, which ean be life-threatening. Around 1 in 
5,000 infants is born with the eondition and is typieally diagnosed in 


the neonatal period. Treatment usually eonsists of removing the dis- 
eased intestinal segment. 

The enterie plexuses eonsist of sensory neurones, interneurones and 
a variety of motor neurones. These neurones are endowed with reeep- 
tors for a large number of neurotransmitters and also release a variety 
of neurotransmitters. All elasses of enterie neurone are equally distrib- 
uted along the entire ganglionie network; consequently the ENS eon- 
sists of numerous repeating modules. 

The myenterie plexus eontains the motor neurones that eontrol the 
movements of gastrointestinal smooth muscle. The main excitatory 
neurotransmitter is aeetyleholine, which may be eo-loealized with an 
excitatory peptide (usually a taehykinin, such as substance P). The main 
inhibitory neurotransmitter is nitrie oxide (NO), released from neu- 
rones that may also release the inhibitory peptide vasoaetive intestinal 
peptide (VIP). 

An important hmetion of myenterie neurones is to mediate the peri- 
staltie reflex, which is induced by intestinal wall distension or by 
meehanieal stimulation of the mucosa. These stimuli initiate eontrae- 
tion oral to the site of the stimulus, and relaxation anal to the site, ereat- 
ing a pressure gradient that propels the intestinal eontents. Interstitial 
eells of Cajal (ICC) are paeemaker eells believed to integrate neuronal 
signals with rhythmie oseillations of muscle eontraetion; disturbance of 
ICC hmetion may be a faetor in a number of gastrointestinal disorders 
(Huizinga et al 2009). 

Enterie glia are the main type of glial eell in the ENS. In some 
respeets they resemble astroeytes, e.g. they form end-feet with blood 
vessels, respond to numerous ehemieal mediators, and are extensively 
coupled among themselves by gap junctions. They appear to play an 
important role in neuroprotection and in maintaining the integrity of 
the intestinal mucosal barrier. 


DISPERSED NEUR0END0CRINE SYSTEM 



Although the nervous, neuroendocrine and endoerine systems all 
operate by intercellular eomimmieation, they differ in the mode, speed 
and degree or loealization of the effeets produced (Day and Salzet 
2002). The autonomic nervous system uses impulse conduction and 
neurotransmitter release to transmit information, and the responses 
induced are rapid and loealized. The dispersed neuroendocrine system 
uses only seeretion. It is slower and the induced responses are less loeal- 
ized, because the seeretions, e.g. neuromediators, ean aet either on 
contiguous eells, or on groups of nearby eells reaehed by difhision, or 
on distant eells via the blood stream. Many of its effeetor moleailes 
operate in both the nervous system and the neuroendocrine system. 
The endoerine system proper, which eonsists of clusters of eells and 
diserete, ductless, hormone-producing glands, is even slower and less 
loealized, although its effeets are speeihe and ohen prolonged. These 
regulatory systems overlap in fhnetion, and ean be eonsidered as a 
single neuroendocrine regulator of the metabolie aetivities and internal 
environment of the organism, aeting to provide eonditions in which it 
ean fhnetion successfully. Neural and neuroendocrine axes appear to 
eooperate to modulate some forms of imimmologieal reaetion; the 
extensive system of vessels, circulating hormones and nerve hbres that 
link the brain with all viseera are thought to constitute a neuroimmune 
network (Fig. 3.26). 

Some eells ean take up and decarboxylate amine precursor eom- 
pounds (amine precursor uptake and decarboxylation, or APHD, eells). 
They are eharaeterized by dense-eore eytoplasmie gramiles (see Fig. 2.6), 
similar to the neurotransmitter vesieles seen in some types of neuronal 
terminal. The group includes eells deseribed as ehromafhn eells (phaeo- 
ehromoeytes), derived from neuroectoderm and innervated by pregan- 
glionie sympathetie nerve hbres. ehromafhn eells synthesize and seerete 
eateeholamines (dopamine, noradrenaline (norepinephrine) or adren- 
aline (epinephrine)). Their name refers to the hnding that their eyto- 
plasmie store of eateeholamines is sufhciently eoneentrated to give an 
intense yellow-brown colouration, the positive ehromafhn reaetion, 
when they are treated with aqueous solutions of chromium salts, par- 
ticularly potassium diehromate. Classic ehromafhn eells include clus- 
ters of eells in the suprarenal medulla; the para-aortie bodies, which 
seerete noradrenaline; paraganglia; eertain eells in the earotid bodies; 
and small groups of eells irregularly dispersed among the paravertebral 
sympathetie ganglia, splanehnie nerves and prevertebral autonomic 
plexuses. 

The alimentary traet eontains a large population of eells of a similar 
type (previously ealled neuroendocrine or enteroehromafhn eells) 
in its wall. These eells aet as sensory transducers, aetivating intrinsie 
and extrinsic primary afferent neurones via their release of 5- 
hydroxytryptamine (5-HT, serotonin). The neonatal respiratory traet 
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Fig. 3.26 The ways in which the nervoiis system, neuroendocrine system 
and immune system are integrated, demonstrated in the intestine. 
Neurocrine signals from enterie neuroendocrine eells and signals from 
immune defenee eells (e.g. lymphoeytes, maerophages and mast eells) 
aet on other eells of those systems and on neurones with sensory 
endings in the intestinal wall, either loeally or at a distanee. Some 
neuronal soma lie within enterie ganglia in the gut wall; others have their 
bodies in peripheral ganglia. Neuronal signals may aet loeally, be 
transmitted to the CNS or enter a reflex pathway via sympathetie ganglia. 


eontains a prominent system of neuroendocrine eells, both dispersed 
and aggregated (neuroepithelial bodies); the numbers of both types 
C) deeline during ehildhood. Merkel eells (see Gommentary 1.3) in the 
basal epidermis of the skin store nemopeptides, which they release 
to assoeiated nerve endings or other eells in a neuroendocrine role, in 
response to pressure and possibly other stimuli (Lucarz and Brand 
2007). Experimental animal studies have revealed 5-HT-containing 
intraepithelial paraneurones in the urothelial lining of the urethra; 
these eells are thought to relay information from the luminal surface 
of the urethra to underlying sensory nerves. 

A number of deseriptions and terms have been applied to eells of 
this system in the older literature (see online text for details). 

For hirther reading, see Day and Salzet (2002). 



GENERAL FEATIJRES 0F SENSORY RECEPT0RS 

There are three major forms of sensory reeeptor: neuroepithelial, epi- 
thelial and neuronal (Fig. 3.27). 

A neuroepithelial reeeptor is a neurone with a soma lying near a 
sensory surface and an axon that eonveys sensory signals into the CNS 
to synapse on seeond-order neurones. This is an evolutionarily primi- 
tive arrangement, and the only examples remaining in humans are the 
sensory neurones of the olfaetory epithelium. 

An epithelial reeeptor is a eell that is modified from a non-nervous 
sensory epithelium and innervated by a primary sensory neurone with 
a soma lying near the CNS, e.g. auditory reeeptors and taste buds. When 
aetivated, this type of reeeptor excites its neurone by neurotransmission 
aeross a synaptie gap. 

A neuronal reeeptor is a primary sensory neurone that has a soma 
in a eraniospinal ganglion and a peripheral axon ending in a sensory 
terminal. All cutaneous sensors and proprioeeptors are of this type; 
their sensory terminals may be encapsulated or linked to speeial meso- 
dermal or eetodermal structures to form a part of the sensory apparatus. 
The extraneural eells are not neeessarily excitable, but ereate an appro- 
priate environment for the excitation of the neuronal proeess. 

The reeeptor stimulus is transduced into a graded ehange of eleetrieal 
potential at the reeeptor surface (reeeptor potential), and this initiates 
an all-or-none aetion potential that is transmitted to the CNS. This may 
occur either in the reeeptor, when this is a neurone, or partly in the 


reeeptor and partly in the neurone that innervates it, in the ease of 
epithelial reeeptors. Transduction varies with the modality of the stimu- 
lus, and usually causes depolarization of the reeeptor membrane (or 
hyperpolarization, in the retina). In meehanoreeeptors, transduction 
may involve the deformation of membrane structure, which causes 
either strain or streteh-sensitive ion ehannels to open. In ehemoreeep- 
tors, reeeptor aetion may resemble that for ACh at neuromuscular 
junctions. Visual reeeptors share similarities with ehemoreeeptors: 
light causes ehanges in reeeptor proteins, which aetivate G proteins, 
resulting in the release of seeond messengers and altered membrane 
permeability. 

The quantitative responses of sensory endings to stimuli vary greatly 
and inerease the flexibility of the fhnetional design of sensory systems. 
Although inereased excitation with inereasing stimulus level is a 
eommon pattern ('on' response), some reeeptors respond to deereased 
stimulation ('off response). Even unstimulated reeeptors show varying 
degrees of spontaneous background aetivity against which an inerease 
or deerease in aetivity occurs with ehanging levels of stimulus. In all 
reeeptors studied, when stimulation is maintained at a steady level, 
there is an initial burst (the dynamie phase) followed by a gradual 
adaptation to steady level (the statie phase). Though all reeeptors show 
these two phases, one or other may predominate, providing a distine- 
tion between rapidly adapting endings that accurately reeord the rate 
of stimulus onset, and slowly adapting endings that signal the eonstant 
amplitude of a stimulus, e.g. position sense. Dynamie and statie phases 
are refleeted in the amplitude and duration of the reeeptor potential 
and also in the frequency of aetion potentials in the sensory fibres. The 
stimulus strength neeessary to elieit a response in a reeeptor, i.e. its 
threshold level, varies greatly between reeeptors, and provides an extra 
level of information about stimulus strength. 

For fhrther information on sensory reeeptors, see Nolte (2008). 


FUNCTI0NAL CLASSIFICATI0N 0F RECEPT0RS 

Reeeptors have been elassified in several ways. They may be elassified 
by the modalities to which they are sensitive, such as meehanoreeeptors 
(which are responsive to deformation, e.g. touch, pressure, sound waves, 
ete.), ehemoreeeptors, photoreeeptors and thermoreeeptors. Some re- 
eeptors are polymodal, i.e. they respond seleetively to more than one 
modality; they usually have high thresholds and respond to damaging 
stimuli assoeiated with irritation or pain (noeieeptors). 

Another widely used elassifieation divides reeeptors on the basis of 
their distribution in the body into exteroceptors, proprioeeptors and 
interoeeptors. Exteroceptors and proprioeeptors are reeeptors of the 
somatie afferent eomponents of the nervous system, while interoeeptors 
are reeeptors of the viseeral afferent pathways. 

Exteroceptors respond to external stimuli and are found at, or elose 
to, body surfaces. They ean be subdivided into the general or cutaneous 
sense organs and speeial sensory organs. General sensory reeeptors 
include free and encapsulated terminals in skin and near hairs; none 
of these has absolute speeifieity for a particular sensory modality. 
Speeial sensory organs are the olfaetory, visual, acoustic, vestibular and 
taste reeeptors. 

Proprioeeptors respond to stimuli to deeper tissues, espeeially of the 
loeomotor system, and are eoneerned with deteeting movement, 
meehanieal stresses and position. They include Golgi tendon organs, 
muscle spindles, Paeinian corpuscles, other endings in joints, and ves- 
tibular reeeptors. Proprioeeptors are stimulated by the eontraetion of 
muscles, movements of joints and ehanges in the position of the body. 
They are essential for the eoordination of muscles, the grading of imis- 
cular eontraetion, and the maintenanee of equilibrium. 

interoeeptors are found in the walls of the viseera, glands and vessels, 
where their terminations include free nerve endings, encapsulated ter- 
minals and endings assoeiated with speeialized epithelial eells. Nerve 
terminals are found in the layers of viseeral walls and the adventitia of 
blood vessels, but the detailed structure and fimetion of many of these 
endings are not well established. Encapsulated (lamellated) endings 
occur in the heart, adventitia and mesenteries. Free terminal arboriza- 
tions occur in the endocardium, the endomysium of all imiseles, and 
eonneetive tissue generally. Tension produced by excessive muscular 
eontraetion or by viseeral distension often causes pain, particularly in 
pathologieal states, which is frequently poorly loealized and of a deep- 
seated nature. Viseeral pain is often referred to the eorresponding der- 
matome (see Fig. 16.10). Polymodal noeieeptors (irritant reeeptors) 
respond to a variety of stiimili such as noxious ehemieals or damaging 
meehanieal stimuli. They are mainly the free endings of fine, unmyeli- 
nated fibres that are widely distributed in the epithelia of the alimentary 
and respiratory traets; they may initiate proteetive reflexes. 


59 


CHAPTER 3 





















Nervous system 


They include: elear eells (so named because of their poor staining 
properties in routine preparations); argentaffin eells (reduce silver 
salts); argyrophil eells (absorb silver); small intensely fluorescent eells; 
peptide-producing eells (particularly of the hypothalamus, hypophysis, 
pineal and parathyroid glands, and plaeenta); Kulchitsky eells in the 
hrngs; and paraneurones. Many eells of the dispersed (or diffiise) neu- 
roendoerine system are derived embryologieally from the neural erest. 
Some - in particular, eells from the gastrointestinal system - are now 
known to be endodermal in origin. 
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Type II Slowly adapting meehanoreeeptor 

(Riiffini ending) 


AAAAAA/l / 1 


Rapidly adapting lamellated (Paeinian) corpuscle 


Rapidly adapting ‘field’ meehanoreeeptor 

(Meissner’s corpuscle) 


Fig. 3.27 Some major types of sensory ending of general afferent fibres (omitting neuromuscular, neurotendinous and hair-related types). The traees 
belovv eaeh type of ending indieate (top) their response (firing rate (vertieal lines) and adaption with time) to an appropriate stimulus (below) of the 
duration indieated. The Paeinian corpuscle’s response to vibration (rapid sequence of on-off stimuli) is also shown. 


interoeeptors ineliide vascular ehemoreeeptors, e.g. the earotid body, 
and baroeeptors, which are eoneerned with the regulation of blood flow 
and pressure and the eontrol of respiration. 

FREE NERVE ENDINGS 


Sensory endings that braneh to form plexuses occur in many sites (see 
Fig. 3.27). They occur in all eonneetive tissues, including those of the 
dermis, faseiae, capsules of organs, ligaments, tendons, adventitia of 
blood vessels, meninges, articular capsules, periosteum, periehon- 
drium, Haversian systems in bone, parietal peritoneum, walls of viseera 
and the endomysium of all types of muscle. They also innervate the 
epithelium of the skin, eornea, buccal eavity, and the alimentary and 
respiratory traets and their assoeiated glands. Within epithelia, free 
sensory endings laek Schwann eell ensheathment and are enveloped 
instead by epithelial eells. Afferent fibres from free terminals may be 
myelinated or unmyelinated but are always of small diameter and low 
conduction veloeity. When afferent axons are myelinated, their termi- 
nal arborizations laek a myelin sheath. These terminals serve several 
sensory modalities. In the dermis, they may be responsive to moderate 
eold or heat (thermoreeeptors); light meehanieal touch (meehanore- 
eeptors); damaging heat, eold or deformation (unimodal noeieeptors); 
and damaging stimuli of several kinds (polymodal noeieeptors). 
Similar fibres in deeper tissues may also signal extreme eonditions, 
which are experienced, as with all noeieeptors, as aehe or pain. Free 
endings in the eornea, dentine and periosteum may be exclusively 
noeieeptive. 


Speeial types of free ending are assoeiated with epidermal structures 
in the skin. They include terminals assoeiated with hair follieles (peri- 
triehial reeeptors), which braneh from myelinated fibres in the deep 
dermal cutaneous plexus; the number, size and form of the endings are 
related to the size and type of hair folliele innervated. These endings 
respond mainly to movement when hair is deformed and belong to the 
rapidly adapting meehanoreeeptor group. 

Merkel taetile endings (see Gommentary 1.3) lie either at the base rfe 
of the epidermis or around the apieal ends of some hair follieles, and 
most are innervated by large myelinated axons. Eaeh axon expands into 
a dise that is applied elosely to the base of a Merkel eell in the basal 
layer of the epidermis. The eells are believed to be derived from the 
epidermis, although a neural erest origin remains possible. They eontain 
many large (50-100 nm) dense-eore vesieles, presumably eontaining 
transmitters. Merkel endings are thought to be slow-adapting meeh- 
anoreeeptors, responsive to sustained pressure and sensitive to the 
edges of applied objeets. Their fimetions are eontroversial, however, and 
likely to be more varied. 

ENCAPSULATED ENDINGS 


Encapsulated endings are a major group of speeial endings that includes 
lamellated corpuscles ofvarious kinds (e.g. Meissner's, Paeinian), Golgi 
tendon organs, neuromuscular spindles and Ruffini endings (see Fig. 
3.27). They exhibit eonsiderable variety in their size, shape and distribu- 
tion but share a eommon feature: namely, that eaeh axon terminal is 
encapsulated by non-excitable eells (Proske and Gandevia 2012). 














































































































































































Sensory endings 


Meissner’s corpuscles 


Meissner's eorpiiseles are found in the dermal papillae of all parts of 
the hand and foot, the anterior aspeet of the forearm, the lips, palpebral 
conjunctiva and mucous membrane of the apieal part of the tongue. 
They are most eoneentrated in thiek hairless skin, espeeially of the finger 
pads, where there may be up to 24 corpuscles per em 2 in young adults. 
Mature corpuscles are eylindrieal in shape, approximately 80 jiim long 
and 30 jiim aeross, with their long axes perpendicular to the skin surface. 
Eaeh corpuscle has a eonneetive tissue capsule and eentral eore eom- 
posed of a staek of flat modified Schwann eells (Fig. 3.28). Meissner's 
corpuscles are rapidly adapting meehanoreeeptors, sensitive to shape 
and textural ehanges in exploratory and diseriminatory touch; their 
acute sensitivity provides the neural basis for reading Braille text. 

Paeinian corpuscles 


Paeinian corpuscles are situated subcutaneously in the palmar and 
plantar aspeets of the hand and foot and their digits, the external geni- 
talia, arm, neek, nipple, periosteal and interosseous membranes, and 
near joints and within the mesenteries (Fig. 3.29). They are oval, spheri- 
eal or irregularly eoiled and measure up to 2 mm in length and 
100-500 jiim or more aeross; the larger ones are visible to the naked 
eye. Eaeh corpuscle has a capsule, an intermediate growth zone and a 
eentral eore that eontains an axon terminal. The capsule is formed by 
approximately 30 eoneentrieally arranged lamellae of flat eells approxi- 
mately 0.2 jiim thiek (see 7 ig. 3.28). Adjaeent eells overlap and succes- 
sive lamellae are separated by an amorphous proteoglyean matrix that 
eontains eirailarly orientated eollagen fibres, elosely applied to the 
surfaces of the lamellar eells. The amount of eollagen inereases with 
age. The intermediate zone is cellular and its eells beeome ineorporated 



Epidermis 


Taetile corpuscle 


Fig. 3.28 A taetile Meissner’s corpuscle in a dermal papilla in the skin, 
demonstrated using the modified Bielschowsky silver stain technique. 
(Courtesy of Professor N Cauna, Llniversity of Pittsburgh.) 



Fig. 3.29 A Paeinian corpuscle in human dermis. (Courtesy of Mr Peter 
Helliwell and the late Dr Joseph Mathew, Department of Histopathology, 
Royal Cornwall Hospitals Trust, UK.) 


into the capsule or eore, so that it is not elearly defined in mature eor- 
puscles. The eore eonsists of approximately 60 bilateral, eompaeted 
lamellae lying on both sides of a eentral nerve terminal. 

Eaeh corpuscle is supplied by a myelinated axon, which initially 
loses its myelin sheath and subsequently loses its ensheathing Schwann 
eell at its junction with the eore. The naked axon mns through the 
eentral axis of the eore and ends in a slightly expanded bulb. It is in 
eontaet with the innermost eore lamellae, is transversely oval and sends 
short projeetions of unknown fimetion into elefts in the lamellae. The 
axon eontains numerous large mitoehondria, and minute vesieles, 
approximately 5 nm in diameter, which aggregate opposite the elefts. 
The eells of the capsule and eore lamellae are thought to be speeialized 
fibroblasts but some may be Schwann eells. Elastie fibrous tissue forms 
an overall external capsule to the corpuscle. Paeinian corpuscles are 
supplied by eapillaries that aeeompany the axon as it enters the capsule. 

Paeinian corpuscles aet as very rapidly adapting meehanoreeeptors. 
They respond only to sudden disturbances and are espeeially sensitive 
to very-high-frequency vibration. The rapidity may be partly due to the 
lamellated capsule aeting as a high pass frequency filter, damping slow 
distortions by fluid movement between lamellar eells. Groups of eor- 
puscles respond to pressure ehanges, e.g. on grasping or releasing an 
objeet. 

Ruffini endings 


Ruffini endings are slowly adapting meehanoreeeptors. They are found 
in the dermis of thin, hairy skin, where they fimetion as dermal streteh 
reeeptors and are responsive to maintained stresses in dermal eollagen. 
They eonsist of the highly branehed, unmyelinated endings of myeli- 
nated afferents. They ramify between bundles of eollagen fibres within 
a spindle-shaped structure, which is enelosed partly by a fibrocellular 
sheath derived from the perineurium of the nerve. Ruffini endings 
appear eleetrophysiologieally similar to Golgi tendon organs, which 
they resemble, although they are less organized structurally. Similar 
structures appear in joint capsules (see below). 

Golgi tendon organs 


Golgi tendon organs are found mainly near musculotendinous junc- 
tions (Fig. 3.30), where more than 50 may occur at any one site. Eaeh 
terminal is elosely related to a group of muscle fibres (up to 20) as they 
insert into the tendon. Golgi tendon organs are approximately 500 jiim 
long and 100 jiim in diameter, and eonsist of small bundles of tendon 



Fig. 3.30 The structure and innervation of a 
Golgi tendon organ. For elarity, the perineurium 
and endoneurium have been omitted to show 
the distribution of nerve fibres ramifying 
between the eollagen fibre bundles of the 
tendon. 
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íìbres enelosed in a delieate capsule. The eollagen bundles (intraflisal 
fasciculi) are less eompaet than elsewhere in the tendon, the eollagen 
fibres are smaller and the fibroblasts larger and more numerous. A 
single, thiekly myelinated lb afferent nerve fibre enters the capsule and 
divides. Its branehes, which may lose their ensheathing Schwann eells, 
terminate in leaf-like enlargements eontaining vesieles and mitoehon- 
dria, which wrap around the tendon. A basal lamina or proeess of 
Schwann eell eytoplasm separates the nerve terminals from the eollagen 
bundles that constitute the tendon. Golgi tendon organs are aetivated 
by passive streteh of the tendon but are much more sensitive to aetive 
eontraetion of the muscle. They are important in providing proprioeep- 
tive information that eomplements the information eoming from neu- 
romuscular spindles. Their responses are slowly adapting and they 
signal maintained tension. 


Neuromuscular spindles 


Neuromuscular spindles are meehanosensors essential for proprioeep- 
tion (Boyd 1985). Eaeh spindle eontains a few small, speeialized 
intrafiisal muscle fibres, innervated by both sensory and motor nerve 
fibres (Figs 3.31-3.32). The whole is surrounded equatorially by a 
fhsiform spindle capsule of eonneetive tissue, eonsisting of an outer 
perineurium-like sheath of flattened fibroblasts and eollagen, and an 
inner sheath that forms delieate tubes around individual intrafhsal 
fibres (Fig. 3.33). A gelatinous fluid rieh in glyeosaminoglyeans fills the 
spaee between the two sheaths. 

There are usually 5-14 intrafiisal fibres (the mimber varies between 
muscles) and two major types of fibre, mielear bag and nuclear ehain 
fibres, which are distinguished by the arrangement of nuclei in their 
sareoplasm. In nuclear bag fibres, an equatorial cluster of nuclei makes 
the fibre bulge slightly, whereas the nuclei in nuclear ehain fibres form 
a single axial row. Nuclear bag fibres are subdivided into bagl and bag2 
fibres, are greater in diameter than ehain fibres and extend beyond the 
surrounding capsule to the endomysium of nearby extrafusal muscle 
fibres. Nuclear ehain fibres are attaehed at their poles to the capsule or 
to the sheaths of nuclear bag fibres. 

The intrafiisal fibres resemble typieal skeletal muscle fibres, except 
that the zone of myofibrils is thin around the nuclei. Dynamie bagl 
fibres generally laek M lines, possess little sareoplasmie reticulum, and 
have an abundance of mitoehondria and oxidative enzymes, but little 
glyeogen. Statie bag2 fibres have distinet M lines and abundant glyeo- 
gen. Nuclear ehain fibres have marked M lines, sareoplasmie reticulum 
and T-tubules, and abundant glyeogen, but few mitoehondria. Eaeh 
fibre type earries distinet myosin heavy ehain isoforms. These variations 
refleet the eontraetile properties of different intrafhsal fibres. 

Muscle spindles reeeive two types of sensory innervation via the 
unmyelinated terminations of large myelinated axons. Primary (anulo- 
spiral) endings are equatorially plaeed and form spirals around the 
nucleated parts of intrafiisal fibres. They are the endings of large sensory 
fibres (group Ia afferents), eaeh of which sends branehes to a number 
of intrafiisal muscle fibres. Eaeh terminal lies in a deep sareolemmal 
groove in the spindle plasma membrane beneath its basal lamina. 
Seeondary (flower spray) endings, which may be spray-shaped or anular, 
are largely eonfined to bag2 and mielear ehain fibres, and are the 
branehed terminals of somewhat thinner myelinated (group II) affer- 
ents. They are varieose and spread in a narrow band on both sides of 
the primary endings. They lie elose to the sareolemma, though not in 
grooves. In essenee, primary endings are rapidly adapting, while seeond- 
ary endings have a regular, slowly adapting response to statie streteh. 

There are three types of motor endings in muscle spindles. Two are 
from fine, myelinated, fiisimotor (y) efferents and one is from myeli- 
nated ((3) efferent eollaterals of axons that supply extrafusal slow twitch 
muscle fibres. The fhsimotor efferents terminate nearer the equatorial 
region, where their terminals either resemble the motor end-plates of 
extrafusal fibres (plate endings) or are more diffhse (trail endings). 
Stimulation of the fiisimotor and (3-efferents causes eontraetion of the 
intrafiisal fibres and, consequently, aetivation of their sensory endings. 

Muscle spindles signal the length of extrafusal muscle both at rest 
and throughout eontraetion and relaxation, the veloeity of their eon- 
traetion and ehanges in veloeity. These modalities may be related to the 
different behaviours of the three major types of intrafiisal fibre and their 
sensory terminals. The sensory fhsimotor endings of one type of mielear 
bag fibre (dynamie bagl) are particularly eoneerned with signalling 
rapid ehanges in length that occur during movement, whilst those of 
the seeond bag fibre type (statie bag2) and of ehain fibres are less 
responsive to movement. These elements ean therefore deteet complex 
ehanges in the state of the extrafusal muscle surrounding spindles and 
ean signal fluctuations in length, tension, veloeity of length ehange and 
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Fig. 3.31 A neuromuscular spindle, showing niielear bag and nuclear 
ehain fibres within the spindle capsule (green); these are innervated by 
the sensory anulospiral and ‘flower spray’ afferent fibre endings (blue) and 
by the y and (3 fusimotor (efferent fibre) endings (red). The (3 efferent fibres 
are eollaterals of fibres innervating extrafusal slow twitch muscle eells (M). 


aeeeleration. Moreover, they are under complex eentral eontrol; efferent 
(fhsimotor) nerve fibres, by regulating the strength of eontraetion, ean 
adjust the length of the intrafiisal fibres and thereby the responsiveness 
of spindle sensory endings. In summary, the organization of spindles 
allows them to monitor muscle eonditions aetively in order to eompare 
intended and actual movements, and to provide a detailed input to 
spinal, eerebellar, extrapyramidal and eortieal eentres about the state of 
the loeomotor apparatus. 


JOINT REOEPTORS 


The arrays of reeeptors situated in and near articular capsules provide 
information on the position, movements and stresses aeting on joints. 
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Fig. 3.32 Nuclear bag and nuclear ehain fibres in a neuromuscular 
spindle. Dynamie (3- and y-efferents innervate dynamie bagl intrafusal 
fibres, whereas statie (3- and y-efferents innervate statie bag2 and nuclear 
ehain intrafusal fibres. 



Fig. 3.33 A neuromuscular spindle in transverse seetion in a human 
extraocular muscle. The spindle capsule (C) eneloses intrafusal fibres (IF) 
of varying diameters. Typieal muscle fibres (M) in transverse seetion are 
shown above the spindle. Toluidine blue stained resin seetion. 


Structural and functional studies have demonstrated at least four types 
of joint reeeptor; their proportions and distribution vary with site. Three 
are encapsulated endings, the fourth a free terminal arborization. 

Type I endings are encapsulated corpuscles of the slowly adapting 
meehanoreeeptor type and resemble Ruffini endings. They lie in the 
superficial layers of the fibrous capsules of joints in small clusters and 
are innervated by myelinated afferent axons. Being slowly adapting, 
they provide awareness of joint position and movement, and respond 
to patterns of stress in articular capsules. They are particularly eommon 
in joints where statie positional sense is neeessary for the eontrol of 
posture (e.g. hip, knee). 

Type II endings are lamellated reeeptors and resemble small versions 
of the large Paeinian corpuscles found in general eonneetive tissue. They 
occur in small groups throughout joint capsules, particularly in the 


deeper layers and other articular structures (e.g. the fat pad of the tem- 
poromandibular joint). They are rapidly adapting, low-threshold meeh- 
anoreeeptors, sensitive to movement and pressure ehanges, and they 
respond to joint movement and transient stresses in the joint capsule. 
They are supplied by myelinated afferent axons but are probably not 
involved in the conscious awareness of joint sensation. 

Type III endings are identieal to Golgi tendon organs in structure 
and fimetion; they occur in articular ligaments but not in joint capsules. 
They are high-threshold, slowly adapting reeeptors and may serve, at 
least in part, to prevent excessive stresses at joints by reflex inhibition 
of the adjaeent muscles. They are innervated by large myelinated affer- 
ent axons. 

Type IV endings are free terminals of myelinated and unmyelinated 
axons that ramify in artioilar capsules and the adjaeent fat pads, and 
around the blood vessels of the synovial layer. They are high-threshold, 
slowly adapting reeeptors and are thought to respond to excessive 
movements, providing a basis for artioilar pain. 


NEUROMUSCULAR JUNCTIONS 


SKELETAL MUSCLE 


The most intensively studied effeetor endings are those that innervate 
muscle, particularly skeletal muscle. All neuromuscular (myoneural) 
junctions are axon terminals of motor neurones. They are speeialized 
for the release of neurotransmitter on to the sareolemma of skeletal 
muscle fìbres, causing a ehange in their eleetrieal state that leads to 
eontraetion. Eaeh axon branehes near its terminal to innervate from 
several to hundreds of muscle fibres, the number depending on the 
preeision of motor eontrol required (Shi et al 2012). 

The detailed structure of a motor terminal varies with the type of 
muscle innervated. Two major types of ending are reeognized, innervat- 
ing either extrafusal muscle fibres or the intrafhsal fibres of neuromus- 
cular spindles. In the former type, eaeh axonal terminal usually ends 
midway along a muscle fibre in a diseoidal motor end-plate (Fig. 
3.34A), and usually initiates aetion potentials that are rapidly eon- 
ducted to all parts of the muscle fibre. In the latter type, the axon gives 
off numerous branehes that form a cluster of small expansions extend- 
ing along the imisele fibre; in the absenee of propagated muscle excita- 
tion, these excite the fibre at several points. Both types of ending are 
assoeiated with a speeialized reeeptive region of the imisele fibre, the 
sole plate, where a number of muscle eell nuclei are grouped within the 
gramilar sareoplasm. 

The sole plate eontains numerous mitoehondria, endoplasmie retie- 
ulum and Golgi complexes. The terminal branehes of the axon are 
plugged into shallow grooves in the surface of the sole plate (primary 
elefts), from where numerous pleats extend for a short distanee into the 
underlying sareoplasm (seeondary elefts) (Fig. 3.34B,C). The axon ter- 
minal eontains mitoehondria and many elear, 60 nm spherieal vesieles 
similar to those in presynaptie boutons, which are clustered over the 
zone of membrane apposition. It is ensheathed by Schwann eells whose 
eytoplasmie projeetions extend into the synaptie eleft. The plasma 
membranes of the axon terminal and the muscle eell are separated by 
a 30-50 nm gap and an interposed basal lamina, which follows the 
surface folding of the sole-plate membrane into the seeondary elefts. 
Endings of fast and slow twitch muscle fibres differ in detail: the sareo- 
lemmal grooves are deeper, and the presynaptie vesieles more numer- 
ous, in the fast fibres. 

Junctions with skeletal muscle are eholinergie: the release of ACh 
ehanges the ionie permeability of the muscle fibre (Sine 2012). Cluster- 
ing of ACh reeeptors at the neuromuscular junction depends in part on 
the presenee in the muscle basal lamina of agrin, which is seereted by 
the motor neurone, and is important in establishing the postjunctional 
molecular maehinery. When the depolarization of the sareolemma 
reaehes a particular threshold, it initiates an aetion potential in the 
sareolemma, which is then propagated rapidly over the whole eell 
surface and also deep within the fibre via the invaginations (T-tubules) 
of the sareolemma, causing eontraetion. The amount of ACh released 
by the arrival of a single nerve impulse is sufficient to trigger an aetion 
potential. However, because ACh is very rapidly hydrolysed by the 
enzyme AChE, present at the sareolemmal surface of the sole plate, a 
single nerve impulse only gives rise to one muscle aetion potential, i.e. 
there is a one-to-one relationship between neuronal and imisele aetion 
potentials. Thus the eontraetion of a muscle fibre is eontrolled by the 
firing frequency of its motor neurone. 

Neuromuscular junctions are partially bloeked by high eoneentra- 
tions of laetie aeid, as in some types of muscle fatigue. 
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Fig. 3.34 The neuromuscular junction. A, Whole-mount preparation of teased 
skeletal muscle fibres (pale, faintly striated, diagonally orientated structures). 
The terminal part of the axon (silver-stained, brown) branehes to form motor 
end-plates on adjaeent muscle fibres. The sole plate reeesses in the 
sareolemma, into which the motor end-plates fit, are demonstrated by the 
presenee of aeetyleholinesterase (shown by enzyme histoehemistry, blue). 

B, The axonal motor end-plate and the deeply infolded sareolemma. 

C, Eleetron mierograph showing the expanded motor end-plate of an axon 
filled with vesieles eontaining synaptie transmitter (ACh) (above); the deep 
infoldings of the sareolemmal sole plate (below) form subsynaptic gutters. 

(A, Courtesy of Dr Norman Gregson, Division of Neurology, GKT Sehool of 
Medieine, London. C, Courtesy of Professor DN Landon, lnstitute of 
Neurology, Llniversity College London.) 


AUT0N0MIC MOTOR TERMINATIONS 


Autonomic neuromuscular junctions differ in several important ways 
from the skeletal neuromuscular junction and from synapses in the 
CNS and PNS. There is no fixed junction with well-defined pre- and 
postjunctional speeializations. LJnmyelinated, highly branehed, post- 
ganglionie autonomic axons beeome beaded or varieose as they reaeh 
the effeetor smooth muscle. These varieosities are not statie but move 
along axons. They are paeked with mitoehondria and vesieles eontain- 
ing nemotransmitters, which are released from the varieosities during 
conduction of an impulse along the axon. The distanee (eleft) between 
the varieosity and smooth muscle membrane varies eonsiderably 
depending on the tissue, from 20 nm in densely innervated structures 
such as the vas deferens to 1-2 pm in large elastie arteries. LTnlike skel- 
etal mnsele, the effeetor tissue is a muscle bundle rather than a single 
eell. Gap junctions between individual smooth muscle eells are low- 
resistanee pathways that allow eleetronie coupling and the spread of 
aetivity within the effeetor bundle; they vary in size from punctate junc- 
tions to junctional areas of more than 1 pm in diameter. 

Adrenergie sympathetie postganglionie terminals eontain dense- 
eored vesieles. Cholinergic terminals, which are typieal of all parasym- 
pathetie and some sympathetie endings, eontain elear spherieal vesieles 
like those in the motor end-plates of skeletal muscle. A third eategory 
of autonomic neurones has non-adrenergie, non-eholinergie endings 
that eontain a wide variety of ehemieals with transmitter properties. 
ATP is a neurotransmitter at these terminals, which express purinergic 
reeeptors (Burnstock et al 2011). The axons typieally eontain large, 
80-200 nm, dense opaque vesieles, eongregated in varieosities at inter- 
vals along their length. These terminals are formed in many sites, 
including the lungs, blood vessel walls, the urogenital traet and the 
external muscle layers and sphineters of the gastrointestinal traet. In the 
intestinal walf neuronal somata lie in the myenterie plexus, and their 
axons spread caudally for a few millimetres, mainly to innervate circular 
muscle. Purinergic neurones are under eholinergie eontrol from pregan- 
glionie sympathetie neurones. Their endings mainly hyperpolarize 
smooth muscle eells, causing relaxation, e.g. preeeding peristaltie waves, 
opening sphineters and, probably, causing reflex distension in gastrie 
filling. Autonomic efferents innervate exocrine glands, myoepithelial 
eells, adipose tissue (noradrenaline (norepinephrine) released from 
postganglionie sympathetie axons binds to (3 3 -receptors on adipoeytes 
to stimulate lipolysis) and the vasculature and parenehymal fields of 
lymphoeytes and assoeiated eells in several lymphoid organs, including 
the thymus, spleen and lymph nodes. 


CNS-PNS TRANSITI0N Z0NE 


The transition between CNS and PNS usually occurs some distanee 
from the point at which nerve roots emerge from the brain or the spinal 
eord. The segment of root that eontains eomponents of both CNS and 
PNS tissue is ealled the CNS-PNS transition zone (TZ). All axons in the 
PNS, other than postganglionie autonomic neurones, eross such a TZ. 
Maeroseopieally, as a nerve root is traeed towards the spinal eord or the 
brain, it splits into several thinner rootlets that may, in turn, subdivide 
into minirootlets. The TZ is loeated within either rootlet or minirootlet 
(Fig. 3.35). The arrangement of roots and rootlets varies aeeording to 
whether the root tmnk is ventral, dorsal or eranial. Thus, in dorsal roots, 
the main root tmnk separates into a fan of rootlets and minirootlets 
that enter the spinal eord in sequence along the dorsolateral sulcus. In 
eertain eranial nerves, the minirootlets eome together eentral to the TZ 
and enter the brain as a stump of white matter. 
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Fig. 3.35 The nerve root-spinal eord junction. A-G, Different CNS-PNS borderline arrangements. A, A pointed borderline. The extent of the transitional 
zone (TZ) is indieated. B-G, Glial fringe omitted. B, A eoneave borderline (vvhite line) and inverted TZ. C, A flat borderline situated at the level of the root 
(R)-spinal eord junction. D and E, A convex, dome-shaped borderline; the CNS expansion into the rootlet is moderate in D and extensive in E. F, The 
root (R) splits into rootlets (r), eaeh vvith its own TZ and attaehing separately to the spinal eord (SC). G, The arrangement found in several eranial nerve 
roots (e.g. vestibulocochlear nerve). The PNS eomponent of the root separates into a bundle of elosely paeked minirootlets, eaeh equipped with a TZ. 
The minirootlets reunite eentrally. BS, brainstem. (Adapted with permission from Dyek PJ, Thomas PK, Griffin JW, et al (eds) Peripheral Neuropathy, 

3rd ed. Philadelphia: Saunders, 1993.) 
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Fig. 3.36 The types of ehange in eleetrieal potential that ean be reeorded aeross the eell membrane of a motor neurone at the points indieated. 
Excitatory and inhibitory synapses on the surfaces of the dendrites and soma cause loeal graded ehanges of potential that summate at the axon hilloek 
and may initiate a series of all-or-none aetion potentials, which in turn are conducted along the axon to the effeetor terminals. 


Mieroseopieally, the TZ is eharaeterized by an axial CNS eompart- 
ment surrounded by a PNS eompartment. The zone lies more peripher- 
ally in sensory nerves than in motor nerves, but in both, the apex of 
the TZ is deseribed as a glial dome, whose convex surface is usually 
direeted distally. The eentre of the dome eonsists of fibres with a typieal 
CNS organization, surrounded by an outer mantle of astroeytes (eor- 
responding to the glia limitans). From this mantle, numerous glial 
proeesses projeet into the endoneurial eompartment of the peripheral 
nerve, where they interdigitate with its Schwann eells. The astroeytes 
form a loose reticulum through which axons pass. Peripheral myeli- 
nated axons usually eross the zone at a node of Ranvier, which is here 
termed a PNS-CNS compound node. 

Boundary eap (BC) eells are neural erest derivatives that form tran- 
sient, diserete clusters loealized at the presumptive dorsal root entry 
zones and motor exit points of the embryonie spinal eord. They are 


thought to prevent eell mixing at these interfaees not only by helping 
dorsal root ganglion afferents navigate their path to targets in the spinal 
eord but also by inhibiting motoneurone eell bodies exiting to the 
periphery. For fhrther reading, see Zujovic et al (2011). 


C0NDUCTI0N OF THE NERV0US IMPULSE 


All eells generate a steady eleetrieal potential aeross their plasma mem- 
brane (the membrane potential). This potential is generated by an 
uneven distribution of potassium ions aeross the membrane (higher in 
the intracellular eompartment than in the extracellular eompartment), 
and by a seleetive permeability of the membrane for potassium (Fig. 
3.36). The distribution of sodium ions is opposite to that for potassium 
ions, but at rest the sodium conductance of the membrane is low. In 
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NERVOIIS SYSTEM 


neurones this membrane potential is known as the resting potential, 
and amounts to approximately -60 mV (potential inside the eell meas- 
ured relative to the outside of the eell). Non-excitable eells have an even 
higher membrane potential. Neurones reeeive, conduct and transmit 
information by ehanges in membrane conductance for sodium, potas- 
sium, calcium or ehloride ions. inerease in the sodium or calcium 
conductance causes an influx of these ions and results in a depolariza- 
tion of the eelf while ehloride influx or potassium efflux results in 
hyperpolarization. Plasma membrane permeability to these ions is 
altered by the opening or elosing of ion-speeifie transmembrane ehan- 
nels, triggered by voltage ehanges or ehemieal signals such as transmit- 
ters (Catterall 2010). 

ehemieally triggered ionie fluxes may be either direet, where the 
ehemieal agent (neurotransmitter) binds to the ehannel itself to cause 
it to open, or indireet, where the neurotransmitter is bound by a trans- 
membrane reeeptor molecule that aetivates a complex seeond messen- 
ger system within the eell to open separate transmembrane ehannels. 
Eleetrieally induced ehanges in membrane potential depend on the 
presenee of voltage-sensitive ion ehannels, which, when the transmem- 
brane potential reaehes a eritieal levef open to allow the influx or efflux 
of speeifie ions. In all eases, the ehannels remain open only transiently, 
and the numbers that open and elose determine the total flux of ions 
aeross the membrane (Bezanilla 2008). 

The types and eoneentrations of transmembrane ehannels and 
related proteins, and therefore the eleetrieal aetivity of the membranes, 
vary in different parts of the eell. Dendrites and neuronal somata depend 
mainly on neurotransmitter aetion and show graded potentials, whereas 
axons have voltage-gated ehannels that give rise to aetion potentials. 

In graded potentials, a flow of current occurs when a synapse is 
aetivated; the influence of an individual synapse on the membrane 
potential of neighbouring regions deereases with distanee. Thus syn- 
apses on the distal tips of dendrites may, on their own, have relatively 
little effeet on the membrane potential of the eell body. The eleetrieal 
state of a neurone therefore depends on many faetors, including the 
nmnbers and positions of thousands of excitatory and inhibitory syn- 
apses, their degree of aetivation, and the branehing pattern of the den- 
dritie tree and geometry of the eell body. The integrated aetivity direeted 
towards the neuronal eell body is eonverted to an output direeted away 
from the soma at the site where the axon leaves the eell body, at its 
junction with the axon hilloek. Voltage-sensitive ehannels are eoneen- 
trated at this trigger zone, the axon initial segment, and when this 
region is sufficiently depolarized, an aetion potential is generated and 
is subsequently conducted along the axon. 

ACTI0N P0TENTIAL 


The aetion potential is a brief, self-propagating reversal of membrane 
polarity. It depends on an initial influx of sodium ions, which causes a 
reversal of polarity to about +20 mV, followed by a rapid return towards 
the resting potential as potassium ions flow out. The rapid reversal 
proeess is eompleted in approximately 0.5 msee, followed by a slower 
reeovery phase of up to 5 msee, when the resting potential is even 
hyperpolarized. Onee the axon hilloek reaehes threshold, propagation 
of the aetion potential is independent of the initiating stimulus; thus 
the size and duration of aetion potentials are always the same (deseribed 
as all-or-none) for a partioilar neurone, no matter how much a stimulus 
may exceed the threshold value. 

Onee initiated, an aetion potential spreads spontaneously and at a 
relatively eonstant veloeity, within the range of 4-120 m/s. Conduction 
veloeity depends on a number of faetors related to the way in which 
the current spreads, e.g. axonal eross-seetional area, the numbers and 
positioning of ion ehannels, and membrane eapaeitanee (influenced 
particularly by the presenee of myelin). In axons laeking myelin, aetion 
potential conduction is analogous to a flame moving along a fuse. Just 
as eaeh segment of fuse is ignited by its upstream neighbour, eaeh 
segment of axon membrane is driven to threshold by the depolariza- 


tion of neighbouring membrane. Sodium ehannels within the newly 
depolarized segment open and positively eharged sodirnn ions enter, 
driving the loeal potential inside the axon towards positive values. This 
inward oirrent in turn depolarizes the neighbouring, downstream, non- 
depolarized membrane, and the eyelie propagation of the aetion poten- 
tial is eompleted. Several milliseeonds after the aetion potential, the 
sodium ehannels are inaetivated, a period known as the refraetory 
period. The length of the refraetory period determines the maximum 
frequency at which aetion potentials ean be conducted along a nerve 
fibre; it varies in different neurones and affeets the amount of informa- 
tion that ean be earried by an individual fibre. 

Myelinated fibres are eleetrieally insulated by their myelin sheaths 
along most of their lengths, except at nodes of Ranvier. The distanee 
between nodes, referred to as the internodal distanee, is direetly related 
to axon diameter and varies between 0.2 and 2.0 mm. Voltage-gated 
sodium ehannels are clustered at nodes, and the nodal membrane is 
the only plaee where high densities of inward sodium current ean be 
generated aeross the axon membrane. Conduction in myelinated axons 
is self-propagating, but instead of physieally adjaeent regions of mem- 
brane aeting to excite one another (as occurs along unmyelinated 
axons), it is the depolarization oeoirring in the neighbouring upstream 
node that excites a node to threshold. Reaehing threshold causes the 
sodium ehannels at the node to open and generate inward sodium 
current, but instead of this aeting on the adjaeent membrane, the high 
resistanee and low eapaeitanee of the myelin sheath direets the current 
towards the next downstream node, exciting it to threshold and eom- 
pleting the eyele. The aetion potential thus jumps from node to node, 
a proeess known as saltatory conduction, which greatly inereases the 
conduction veloeity. 

A number of disorders of the CNS and PNS include demyelination 
as a eharaeteristie feature. Perhaps most eommon amongst these is 
imiltiple selerosis, which is eharaeterized by primary demyelination at 
seattered sites within the CNS (it is now reeognized that axonal loss 
also contributes to the progression of multiple selerosis). Primary 
demyelination is the loss of the myelin sheath with axonal preservation, 
and is usually segmental, i.e. it rarely extends along the entire length of 
an affeeted axon. The phenomenon is assoeiated with conduction bloek 
because the newly exposed, previously internodal, axolemma eontains 
relatively few voltage-sensitive Na + ehannels. There is experimental evi- 
denee that conduction ean be restored in some demyelinated axons, 
and experimental and elinieal evidenee that remyelinated axons ean 
conduct at near-normal speeds, because even though their sheaths are 
thinner than the original myelin sheaths, the safety faetor (i.e. the faetor 
by which the outward current at a quiescent node next to an excited 
node exceeds the minimum oirrent required to evoke a response) is 
greater than 1. The myelin loss that oeoirs in the early stages of Walle- 
rian degeneration in both CNS and PNS, usually distal to a site of 
trauma but also in response to a prolonged period of isehaemia or 
exposure to a neuronotoxic substance, is aeeompanied by axonal degen- 
eration (the term seeondary demyelination is sometimes used to 
deseribe this form of myelin loss). 

Axonal conduction is naturally unidirectional, from dendrites and 
soma to axon terminals. When an aetion potential reaehes the axonal 
terminals, it causes depolarization of the presynaptie membrane, and 
as a result, quanta of neurotransmitter (which eorrespond to the eontent 
of individual vesieles) are released to ehange the degree of excitation of 
the next neurone, muscle fibre or glandular eell. 


[@ Bonus e-book image 

Fig. 3.1 A seetion through the human cerebellum stained to show 
the arrangement in the brain of the eentral white matter and the 
highly folded outer grey matter. 
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Blood is an opaque fluid with a viseosity greater than that of water 
(mean relative viseosity 4.75 at 18 °C), and a speeifie gravity of 1.06 at 
15 0 C. It is bright red when oxygenated, in the systemie arteries, and dark 
red to purple when deoxygenated, in systemie veins. Blood is a mixture 
of a elear liquid, plasma and cellular elements, and consequently the 
hydrodynamie flow of blood in vessels behaves in a complex manner 
that is not entirely predietable by simple Newtonian equations. 

Plasma is a elear, yellowish fluid that eontains many substances in 
solution or suspension: low-molecular-weight solutes give a mean 
freezing-point depression of 0.54 °C. Plasma eontains high eoneentra- 
tions of sodium and ehloride ions, potassium, calcium, magnesium, 
phosphate, biearbonate, traees of many other ions, glucose, amino aeids 
and vitamins. It also includes high-molecular-weight plasma proteins, 
e.g. elotting faetors, partioilarly prothrombin; immunoglobulins and 
eomplement proteins involved in immunological defenee; glyeopro- 
teins, lipoproteins, polypeptide and steroid hormones, and globulins 
for the transport of hormones and iron. The plasma is involved in the 
transport of most moleailes that are released or seereted by eells in 
response to pathologieal or physiologieal stimuli and so the routine 
ehemieal analysis of plasma is of great diagnostie importanee. There is 
inereasing interest in using metabolomies approaehes for the high- 
throughput analysis of small molecules or metabolites in the semm, as 
a potential aid to diagnosis and understanding of disease (Psyehogios 
et al 2011). 

The preeipitation of the protein fibrin from plasma to form a elot 
(Fig. 4.1) is initiated by the release of speeifie materials from damaged 
eells and blood platelets in the presenee of calcium ions. If blood or 
plasma samples are allowed to stand, they will separate into a elot and 
a elear yellowish fluid, the semm. Clot formation is prevented by 
removal of calcium ions, e.g. by addition of eitrate, oxalate or various 
organie calcium ehelators (EDTA, EGTA) to the sample. Heparin is also 
widely used as an antielotting agent because it interferes with fibrin elot 
formation. 

In postnatal life, blood eells are formed in the bone marrow. Hae- 
mopoiesis produces red eells (erythroeytes) and a wide variety of 



Fig. 4.1 Erythroeytes enmeshed in filaments of fibrin in a elot. (Courtesy 
of Miehael Crowder MD.) 


defensive eells (white blood eells, or leukocytes). The latter include 
neutrophil, eosinophil and basophil granulocytes, B lymphoeytes and 
monoeytes. T lymphoeytes develop in the thymus from bone marrow- 
derived progenitors. These eells all contribute to the immune system of 
the human (for an overview of the immune system, see Murphy (2011 ). 
Platelets are produced in the bone marrow as cellular fragments of 
megakaryoeytes. Only erythroeytes and platelets are generally eonfined 
to the blood vascular system, whereas all leukocytes ean leave the eir- 
odation and enter extravascular tissues. The mimbers of eells doing so 
inereases greatly during inflammation caused by loeal infeetions or 
tissue damage. 

The lymphoid tissues are the thymus, lymph nodes, spleen and the 
lymphoid follieles assoeiated mainly with the alimentary and respira- 
tory traets. Lymphoeytes populate lymphoid tissues and are eoneerned 
with immune defenee. Lymphoid tissue also eontains supportive stro- 
mal eells, which are non-haemopoietie in origin (e.g. thymie epithe- 
lium); non-haemopoietie follicular dendritie eells of lymph nodes and 
splenie follieles; haemopoietieally derived dendritie eells; and maero- 
phages of the mononuclear phagoeyte system. Dendritie eells and blood 
monoeyte-derived maerophages are found additionally in most tissues 
and organs, where they fhnetion as antigen-presenting eells (APCs). 


CELLS 0F PERIPHERAL BL00D 


ERYTHR0CYTES 


Erythroeytes (red blood eells, RBCs) account for the largest proportion 
of blood eells (99% of the total number), with normal values of 
4.1-6.0x 10 6 /fil in adult males and 3.9-5.5x 10 6 /jlx1 in adult females. 
Polyeythaemia (inereased red eell mass) ean occur in individuals living 
at high altitude, or pathologieally in eonditions resulting in arterial 
hypoxia. Reduction in red eell mass (anaemia) has many underlying 
causes but in rare instanees ean be due to structural defeets in erythro- 
eytes (see below). 

Eaeh erythroeyte is a bieoneave dise (see Fig. 4.1; Fig. 4.2) with a 
mean diameter in dried smear preparations of 7.1 pm; in fresh prepara- 
tions the mean diameter is 7.8 pm, deereasing slightly with age. Mature 
erythroeytes laek nuclei. They are pale red by transmitted light, with 



Fig. 4.2 A human heart muscle biopsy speeimen, showing an erythroeyte 
within a eapillary. The erythroeyte bieoneave dise is typieally eleetron- 
dense and almost fills the eapillary lumen. (Courtesy of Dr Bart VVagner, 
Histopathology Department, Sheffield Teaehing Hospitals, UK.) 












































Cells of peripheral blood 


paler eentres because of their bieoneave shape. The properties of their 
eell eoat cause them to adhere to one another by their rims to form 
loose piles of eells (rouleaux). In normal blood, a few eells assume a 
shmnken, star-like, erenated form; this shape ean be reproduced by 
plaeing normal bieoneave erythroeytes in a hypertonie solution, which 
causes osmotie shrinkage. In hypotonie solutions erythroeytes take up 
water and beeome spherieal; they may eventually lyse to release their 
haemoglobin (haemolysis), leaving red-eell ghosts. 

Erythroeytes have a plasma membrane that eneloses mainly a single 
protein, haemoglobin, as a 33% sohition. The plasma membrane of 
erythroeytes is 60% lipid and glyeolipid, and 40% protein and 
glyeoprotein. 

More than 15 elasses of protein are present, inehiding two major 
types. Glyeophorins A and B (eaeh with a molecular mass of approxi- 
mately 50 kDa) span the membrane, and their negatively eharged ear- 
bohydrate ehains projeet from the outer surface of the eell. Their sialie 
aeid groups eonfer most of the fixed eharge on the eell surface. A seeond 
transmembrane macromolecule, band 3 protein, forms an important 
anion ehannel, exchanging biearbonate for ehloride ions aeross the 
membrane and allowing the release of C0 2 in the lungs. 

The filamentous protein, speetrin, is responsible for maintaining the 
shape of the erythroeyte. A dimer is formed of al and (31 speetrin 
monomers, and two dimers then eome together to form a tetramer 
(Maehnieka et al 2013). These are joined by junctional complexes that 
eontain (among other proteins) ankyrin, short aetin filaments, tropo- 
myosin and protein 4.1, forming a hexagonal lattiee that supports the 
plasma membrane (Mankelow et al 2012). The junctional complex also 
interaets with transmembrane proteins. This structure gives the mem- 
brane great flexibility; red eells are deformable but regain their bieon- 
eave shape and dimensions after passing through the smallest eapillaries, 
which are 4 jLtm in diameter (Mohandas and Gallagher 2008). Erythro- 
eyte membrane flexibility also contributes to the normally low viseosity 
of blood. Moleailar defeets in the eytoskeleton result in abnormalities 
of red eell shape, membrane fragility, premature destmetion of eryth- 
roeytes in the spleen and haemolytie anaemia (iolaseon et al 1998). 

Fetal erythroeytes up to the fourth month of gestation differ mark- 
edly from those of adults, in that they are larger, are nucleated and 
eontain a different type of haemoglobin (HbF). After this time they are 
progressively replaeed by the adult type of eell. 

(§) Haemoglobiiy 

Haemoglobin (Hb) is a globular protein with a molecular mass of 
67 kDa. It eonsists of globulin molecules bound to haem, an iron- 
eontaining porphyrin group. The oxygen-binding power of haemo- 
globin is provided by the iron atoms of the haem groups, and these are 
maintained in the ferrous (Fe ++ ) state by the presenee of glutathione 
within the erythroeyte. The haemoglobin moleaile is a tetramer, made 
up of four subunits, eaeh a eoiled polypeptide ehain holding a single 
haem group. 

Mutations in the haemoglobin ehains ean result in a range of pathol- 
ogies (Forget and Bunn 2013). 

Lifespan 


Erythroeytes last between 100 and 120 days before being destroyed. As 
erythroeytes age, they beeome inereasingly fragile, and their surface 
eharges deerease as their eontent of negatively eharged membrane glyeo- 
proteins diminishes. The lipid eontent of their membranes also reduces. 
Aged erythroeytes are taken up by the maerophages of the spleen 
(Mebius and Kraal 2005) and liver sinusoids, usually without prior 
lysis, and are hydrolysed in phagoeytie vacuoles where the haemoglobin 
is split into its globulin and porphyrin moieties. Globulin is fhrther 
degraded to amino aeids, which pass into the general amino-aeid pool. 
Iron is removed from the porphyrin ring and either transported in the 
eiroilation bound to transferrin and used in the synthesis of new hae- 
moglobin in the bone marrow, or stored in the liver as ferritin or 
haemosiderin. The remainder of the haem group is eonverted in the 
liver to bilimbin and excreted in the bile. Haemoglobin that is released 
by destmetion of erythroeytes in the body binds to haptoglobin, and is 
taken up via CD163 reeeptors expressed on the surface of maerophages 
(Kristiansen et al 2001). 

The reeognition of effete erythroeytes by maerophages appears to 
take plaee by a number of meehanisms (Bratosin et al 1998). These 
include the exposure of phospholipids (such as phosphatidyl serine) 
that are normally found on the inner leaflet of the membrane bilayer, 
alterations in the earbohydrates expressed by the eells (most notably 
the loss of sialie aeid) and the binding of autoantibodies to antigens 


exposed on the aged erythroeyte. These lead to the eells being reeog- 
nised and taken up by maerophages. Red eells are destroyed at the rate 
of 5 x 10 n eells a day (or nearly 6 million a seeond) and are normally 
replaeed from the bone marrow (see Fig. 4.12) at the same rate. 


Blood groups 



Over 300 red eell antigens are reeognizable with speeifie antisera. They 
ean interaet with naturally occurring or induced antibodies in the 
plasma of reeipients of an unmatched transfhsion, causing agglutina- 
tion and lysis of the erythroeytes. Erythroeytes of a single individual 
earry several different types of antigen, eaeh type belonging to an anti- 
genie system in which a number of alternative antigens are possible in 
different persons. So far, 19 major groups have been identified. They 
vary in their distribution frequencies between different populations, 
and include the ABO, Rhesus, MNS, Futheran, Kell, Fewis, Duffy, Kidd, 
Diego, Cartwright, Colton, Sid, Seianna, Yt, Auberger, Ii, Xg, Indian and 
Dombroek systems. Clinically, the ABO and Rhesus groups are of most 
importanee. 

Feukocytes also bear highly polymorphie antigens eneoded by allelie 
gene variants. These belong to the group of major histoeompatibility 
complex (MHC) antigens, also termed human leukocyte antigens 
(HFA) in humans. HFA elass I antigens are expressed by all nucleated 
eells. Class II antigens are expressed on antigen-presenting eells (APCs) 
of the immune system, but ean also be induced on many parenehymal 
eell types, e.g. after exposure to interferon. HFA elass I and II antigens 
play important roles in eell-eell interaetions in the immune system, 
particularly in the presentation of antigens to T lymphoeytes by APCs. 


LEUK0CYTES 


Feukocytes (white blood eells) belong to at least five different eategories 
(see Fig. 4.12) and are distinguishable by their size, mielear shape and 
eytoplasmie inclusions. In praetiee, leukocytes are often divided into 
two main groups: namely, those with prominent stainable eytoplasmie 
granules, the granulocytes, and those without. 

Granulocytes 


This group eonsists of eosinophil granulocytes, with gramiles that bind 
aeidie dyes such as eosin; basophil granulocytes, with granules that bind 
basie dyes strongly; and neutrophil granulocytes, with granules that 
stain only weakly with either type of dye. Granulocytes (Fig. 4.3) all 
possess irregular or multilobed nuclei and belong to the myeloid series 
of blood eells (see Fig. 4.12). 

Neutrophil granulocytes 

Neutrophil granulocytes (neutrophils) are also referred to as polymor- 
phonuclear leukocytes (polymorphs) because of their irregularly 



Fig. 4.3 Neiitrophil (N) and basophil (B) granulocytes within a renal 
glomemlar eapillary in a human kidney biopsy. The neutrophil nucleus is 
more segmented (four lobes are visible) and the granules are smaller and 
more eleetron-dense than in the basophil. (Courtesy of Dr Bart VVagner, 
Histopathology Department, Sheffield Teaehing Hospitals, UK.) 69 
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Blood, lymphoid tissues and haemopoiesis 


In normal blood, five types of polypeptide ehain ean occur: namely 
a, (3 and two (3-like polypeptides, y and 5. A third, p-like p ehain is 
restrieted to early fetal development. Eaeh haemoglobin molecule eon- 
tains two a-ehains and two others, so that several eombinations, and 
henee a number of different types of haemoglobin molecule, are pos- 
sible. For example, haemoglobin A (HbA), which is the major adult 
elass, eontains 2 a- and 2 (3-ehains; a variant, HbA 2 with 2 a- and 2 
5-ehains, accounts for only 2% of adult haemoglobin. Haemoglobin F 
(HbF), found in fetal and early postnatal life, eonsists of 2 a- and 2 
y-ehains. Adult red eells normally eontain less than 1% of HbF. 

In the genetie eondition thalassaemia, only one type of ehain is 
expressed normally, the mutant ehain being absent or present at much 
reduced levels. Thus, a molecule may eontain 4 a-ehains ((3-thalassaemia) 
or 4 (3-ehains (a-thalassaemia). In haemoglobin S (HbS) of siekle-eell 
disease, a point mutation in the (3-ehain gene (valine substituted for 
glutamine) causes the haemoglobin to polymerize under eonditions of 
low oxygen eoneentration, thus deforming the red blood eell. 

In the ABO system, two allelie genes are inherited in simple Mende- 
lian fashion. Thus the genome may be homozygous and earry the AA 
eomplement, the blood group being A, or the BB eomplement, which 
gives blood group B, or it may earry neither (OO), producing blood 
group O. In the heterozygous eondition the following eombinations 
ean occur: AB (blood group AB), AO (blood group A) and BO (blood 
group B). The ABO blood group antigens are all membrane glyeolipids. 

Individuals with group AB blood laek antibodies to both A and B 
antigens, and so ean be transfused with blood of any group; they are 
termed universal reeipients. Oonversely, those with group O, universal 
donors, ean give blood to any reeipient, sinee anti-A and anti-B 


antibodies in the donated blood are diluted to insignifieant levels. 
Normally, however, blood is only transfiised between persons with eor- 
responding groups because anomalous antibodies of the ABO system 
are oeeasionally found in blood and may cause agglutination or lysis. 
The anti-ABO agglutinins, unlike those of the Rhesus system, belong to 
the immunoglobulin M (IgM) elass and do not eross the plaeenta 
during pregnaney. 

The Rhesus antigen system is determined by three sets of alleles: 
namely, Cc, Dd and Ee. The most important elinieally is Dd. inheritanee 
of the Rh faetor also obeys simple Mendelian laws; it is therefore pos- 
sible for a Rhesus-negative mother to bear a Rhesus-positive ehild. 
Under these circumstances, fetal Rh antigens ean stimulate the produc- 
tion of anti-Rh antibodies by the mother; as these belong to the IgG 
elass of antibody they are able to eross the plaeenta. For most of the 
pregnaney the stroma stops the blood group antibodies from erossing 
into the fetal circulation. However, immediately prior to birth, the 
antibodies ean eross this barrier and cause destmetion of fetal erythro- 
eytes. In the first such pregnaney little damage usually occurs because 
anti-Rh antibodies have not been induced, but in subsequent Rh-positive 
pregnaneies massive destmetion of fetal red eells may result, causing 
fetal or neonatal death (haemolytie disease of the newborn). Sensitiza- 
tion of the maternal immune system ean also result from abortion or 
misearriage, or oeeasionally even from amnioeentesis, which may intro- 
duce fetal antigens into the maternal circulation. Treatment is by 
exchange transffision of the neonate or, prophylaetieally, by giving 
Rh-immune (anti-D) semm to the mother after the first Rh-positive 
pregnaney, which destroys the fetal Rh antigen in her eiroilation before 
sensitization ean occur. 
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SECTION 1 


BLOOD, LYMPHOID TISSUES AND HAEMOPOIESIS 


segmented (multilobed) nuclei. They form the largest proportion of the 
white blood eells (40-75% in adults, with a normal count of 2500- 
7500/jiil) and have a diameter of 12-14 pm. The eells may be spherieal 
in the circulation, but they ean flatten and beeome aetively motile 
within the extracellular matrix of eonneetive tissues. 

The numerous eytoplasmie granules are heterogeneous in size, 
shape and eontent, but all are membrane-bound and eontain hydro- 
lytie and other enzymes. Two major types ean be distinguished aeeord- 
ing to their developmental origin and eontents. Non-speeifie or 
primary (azurophilic) granules are formed early in neutrophil matura- 
tion. They are relatively large (0.5 jiim) spheroidal lysosomes eontain- 
ing myeloperoxidase, aeid phosphatase, elastase and several other 
enzymes. Speeifie or seeondary granules are formed later, and occur in 
a wide range of shapes including spheres, ellipsoids and rods. These 
eontain strong baeterioeidal eomponents including alkaline phos- 
phatase, laetoferrin and eollagenase, none of which is found in primary 
gramiles. Conversely, seeondary granules laek peroxidase and aeid 
phosphatase. Some enzymes, e.g. lysozyme, are present in both types 
of granule. 

In mature neutrophils the nucleus is eharaeteristieally multilobed 
with up to six (usually three or four) segments joined by narrow mielear 
strands; this is known as the segmented stage. Less mature eells have 
fewer lobes. The earliest to be released under normal eonditions are 
juveniles (band or stab eells), in which the nucleus is an unsegmented 
ereseent or band. In eertain elinieal eonditions, even earlier stages in 
neutrophil formation, when eells display indented or rounded nuclei 
(metamyeloeytes or myeloeytes) may be released from the bone marrow. 
In mature eells the edges of the nuclear lobes are often irregular. 
In females 3% of the nuclei of neutrophils show a conspicuous 'dmm- 
stiek' formation, which represents the sex ehromatin of the inaetive X 
ehromosome (Barr body). Neutrophil eytoplasm eontains few mito- 
ehondria but abundant eytoskeletal elements, including aetin filaments, 
microtubules and their assoeiated proteins, all eharaeteristie of highly 
motile eells. 

Neutrophils are important in the defenee of the body against miero- 
organisms. They ean phagoeytose mierobes and small partieles in the 
circulation and, after extravasation, they earry out similar aetivities in 
other tissues. They fimetion effeetively in relatively anaerobie eondi- 
tions, relying largely on glyeolytie metabolism, and they fhlfil an impor- 
tant role in the acute inflammatory phase of tissue injury, responding 
to chemotaxins released by damaged tissue. Phagoeytosis of cellular 
debris or invading mieroorganisms is followed by fhsion of the phago- 
eytie vacuole with granules, which results in baeterial killing and diges- 
tion. Aetively phagoeytie neutrophils are able to reduce oxygen 
enzymatieally to form reaetive oxygen speeies including superoxide 
radieals and hydrogen peroxide, which enhanee baeterial destmetion 
probably by aetivation of some of the granule eontents (Segal 2005, 
Nathan 2006). Neutrophils ean also produce neutrophil extracellular 
traps (NETs), which are web-like stmctures eomposed of DNA and 
proteolytie enzymes that ean trap baeteria and kill them (Kaplan and 
Radie 2012). 

Phagoeytosis is greatly faeilitated by circulating antibodies to mol- 
ecules such as baeterial antigens, which the body has previously 
encountered. Antibodies eoat the antigenie target and bind the plasma 
eomplement protein, Cl, to their non-variable Fc regions. This aetivates 
the eomplement easeade, which involves some 20 plasma proteins 
synthesized mainly in the liver, and eompletes the proeess of opsoniza- 
tion. The eomplement easeade involves the sequential eleavage of the 
eomplement proteins into a large fragment, which generally binds to 
the antigenie surface, and a small bioaetive fragment, which is released. 
The final step is the reeognition of eomplement by reeeptors on the 
surfaces of neutrophils (and maerophages), which promotes phagoey- 
tosis of the organism. 

Neutrophils are short-lived; they spend some 6-7 hours circulating 
in the blood and a few days in eonneetive tissues. The number of eir- 
culating neutrophils varies, and often rises during episodes of acute 
baeterial infeetion. They die after earrying out their phagoeytie role; 
dead neutrophils, baeteria, tissue debris (including tissue damaged by 
neutrophil enzymes and toxins) and interstitial fluid form the eharae- 
teristie, greenish-yellow pus of infeeted tissue. The colour is derived 
from the natural colour of neutrophil myeloperoxidase. 

Gramiles may also be released inappropriately from neutrophils. 
Their enzymes are implieated in various pathologieal eonditions, e.g. 
rheumatoid arthritis, where tissue destmetion and ehronie inflamma- 
tion occur. 

Eosinophil graniiloeytes 

Eosinophil gramiloeytes (eosinophils; for a review, see Rothenberg and 
70 Hogan (2006)) are similar in size (12-15 jLim), shape and motile 


eapaeity to neutrophils, but are present only in small numbers in 
normal blood (100-400/jLtl). The nucleus has two prominent lobes 
eonneeted by a thin strand of ehromatin. Their eytoplasmie speeifie 
gramiles are uniformly large (0.5 jLim) and give the living eell a slightly 
yellowish colour. The eytoplasm is paeked with granules, which are 
spherieal or ellipsoid and membrane-bound. The eore of eaeh granule 
is eomposed of a lattiee of major basie protein, which is responsible 
for its strong eosinophilie staining properties. The surrounding 
matrix eontains several lysosomal enzymes including aeid phosphatase, 
ribonuclease, phospholipase and a myeloperoxidase unique to 
eosinophils. 

Like other leukocytes, eosinophils are motile. When suitably stimu- 
lated, they are able to pass into the extravascular tissues from the circu- 
lation. They are typieal minor constituents of the dermis, and of the 
eonneetive tissue eomponents of the bronehial tree, alimentary traet, 
uterus and vagina. The total lifespan of these eells is a few days, of which 
some 10 hours is spent in the eirailation, and the remainder in the 
extravascular tissues. 

Eosinophil numbers rise (eosinophilia) in worm infestations and 
also in eertain allergie disorders, and it is thought that they evolved as 
a primary defenee against parasitie attaek. They have surface reeeptors 
for IgE that bind to IgE-antigen complexes, triggering phagoeytosis and 
release of granule eontents. However, they are only weakly phagoeytie 
and their most important fimetion is the destmetion of parasites too 
large to phagoeytose. This antiparasitie effeet is mediated via toxic mol- 
ecules released from their granules (e.g. eosinophil eationie protein and 
major basie protein). They also release histaminase, which limits the 
inflammatory consequences of mast eell degranulation. High loeal eon- 
eentrations of eosinophils, e.g. in bronehial asthma and in cutaneous 
eontaet sensitivity and allergie eezema, ean cause tissue destmetion as 
a consequence of the release of moleailes such as eollagenase from their 
granules. 

Basophil graniiloeytes 

Slightly smaller than other granulocytes, basophil granulocytes are 
10-14 |iim in diameter, and form only 0.5-1% of the total leukocyte 
population of normal blood, with a count of 25—200/pil. Their distin- 
guishing feature is the presenee of large, conspicuous basophilie gran- 
ules. The nucleus is somewhat irregular or bilobed, and is usually 
obscured in stained blood smears by the similar colour of the basophilie 
granules. The gramiles are membrane-bound vesieles, which display a 
variety of erystalline, lamellar and granular inclusions: they eontain 
heparin, histamine and several other inflammatory agents, and elosely 
resemble those of tissue mast eells. Both basophils and mast eells have 
high-affinity membrane reeeptors for IgE and are therefore eoated with 
IgE antibody. If this binds to its antigen it triggers degranulation of the 
eells, producing vasodilation, inereased vascular permeability, ehemo- 
taetie stimuli for other granulocytes, and the symptoms of immediate 
hypersensitivity, e.g. in allergie rhinitis (hay fever). Despite these simi- 
larities, basophils and mast eells develop as separate lineages in the 
myeloid series, from haemopoietie stem eells in the bone marrow. 
Evidenee from experimental animal models suggests that they are 
elosely related (see Fig. 4.12) but studies on mast eell disorders in 
humans indieate that their lineages diverge from a more distant anees- 
tral progenitor (Koeabas et al 2005). The role of mast eells in the regula- 
tion of responses to pain is of interest elinieally as a therapeutic target 
(Chatterjea and Martinov 2015). 

Mononiielear leukocytes 


Monoeytes 

Monoeytes are the largest of the leukocytes (15-20 jiim in diameter) but 
they form only a small proportion of the total population (2-8% with 
a count of 100-700/jLtl of blood). The nucleus, which is euchromatic, 
is relatively large and irregular, often with a eharaeteristie indentation 
on one side. The eytoplasm is pale-staining, partioilate and typieally 
vacuolated. Near the mielear indentation it eontains a prominent Golgi 
complex and vesieles. Monoeytes are aetively phagoeytie eells and 
eontain numerous lysosomes. Phagoeytosis is triggered by reeognition 
of opsonized material, as deseribed for neutrophils. Monoeytes are 
highly motile and possess a well-developed eytoskeleton. 

Monoeytes express elass II MHC antigens and share other similarities 
to tissue maerophages and dendritie eells. Most monoeytes are thought 
to be in transit via the blood stream from the bone marrow to the 
peripheral tissues, where they give rise to maerophages and dendritie 
eells; different monoeyte subsets may target inflamed tissues. Like other 
leukocytes, they pass into extravascular sites through the walls of eapil- 
laries and venules. 







Cells of peripheral blood 



Fig. 4.4 A small, resting lymphoeyte in human peripheral blood. The 
nuclear:cytoplasmic ratio is high and the eytoplasm eontains few 
organelles, indieative of its quiescent state. (Courtesy of Dr Bart Wagner, 
Histopathology Department, Sheffield Teaehing Hospitals, UK.) 

Lymphoeytes 

LymphoqTes (Fig. 4.4; see Figs 4.6, 4.12) are the seeond most niimer- 
ous type of leukocyte in adulthood, forming 20-30% of the total popu- 
lation (1500-2700/pl of blood). In young ehildren they are the most 
numerous blood leukocyte. Most circulating lymphoeytes are small, 
6-8 pm in diameter; a few are medium-sized and have an inereased 
eytoplasmie volume, often in response to antigenie stimulation. Oeea- 
sionally, eells up to 16 pm are seen in peripheral blood. Lymphoeytes, 
like other leukocytes, are found in extravascular tissues (including lym- 
phoid tissue); however, they are the only white blood eells that return 
to the eirailation. The lifespan of lymphoeytes ranges from a few days 
(short-lived) to many years (long-lived). Long-lived lymphoeytes are 
neeessary for the maintenanee of immunological memory. 

Blood lymphoeytes are a heterogeneous eolleetion mainly of B and 
T eells, and eonsist of different subsets and different stages of aetivity 
and maturity. About 85% of all circulating lymphoeytes in normal 
blood are T eells. Primary immunodefìciency diseases ean result from 
molecular defeets in T and B lymphoeytes (reviewed in Cunningham- 
Rundles and Ponda (2005)). inehided with the lymphoeytes, but prob- 
ably constituting a separate lineage subset, are the natural killer (NK) 
eells. NK eells most elosely resemble large T eells morphologieally. 

Small lymphoeytes (both B and T eells) eontain a rounded, densely 
staining nucleus that is surrounded by a very narrow rim of eytoplasm, 
barely visible in the light mieroseope. In the eleetron mieroseope (see 
Fig. 4.4), few eytoplasmie organelles ean be seen apart from a small 
number of mitoehondria, single ribosomes, sparse profìles of endoplas- 
mie reticulum and oeeasional lysosomes; these features indieate a low 
metabolie rate and a quiescent phenotype. However, these eells beeome 
motile when they eontaet solid surfaces, and ean pass between endothe- 
lial eells to exit from, or re-enter, the vascular system. They migrate 
extensively within various tissues, including epithelia (Fig. 4.5). 

Larger lymphoeytes include T and B eells that are fhnetionally aeti- 
vated or proliferating after stimulation by antigen, and NK eells. They 
eontain a nucleus, which is, at least in part, euchromatic; a basophilie 
eytoplasm, which may appear granular; and numerous polyribosome 
clusters, eonsistent with aetive protein synthesis. The ultrastructural 
appearanee of these eells varies aeeording to their elass and is deseribed 
below. 

B eells 

B eells and the plasma eells that develop from them synthesize and 
seerete antibodies that ean speeifìeally reeognize and neutralize foreign 
(non-self) macromolecules (antigens), and ean direet various non- 
lymphoeytie eells (e.g. neutrophils, maerophages and dendritie eells) to 
phagoeytose pathogens. B eells differentiate from haemopoietie stem 
eells in the bone marrow. After deletion of autoreactive eells, the seleeted 
B lymphoeytes then leave the bone marrow and migrate to peripheral 
lymphoid sites (e.g. lymph nodes). Here, following stimulation by 
antigen, they undergo fiirther proliferation and seleetion, forming 



Fig. 4.6 A mature B eell (plasma eell) in human eonneetive tissue. The 
abundant rough endoplasmie reticulum is typieal of a eell aetively 
synthesizing seeretory protein, in this ease immunoglobulin. The eell to 
the left is a fibroblast. (Courtesy of Dr Bart Wagner, Histopathology 
Department, Sheffield Teaehing Hospitals, UK.) 

germinal eentres in the lymphoid tissues. Following this, some B eells 
differentiate into large basophilie (RNA-rieh) plasma eells, either within 
or outside the lymphoid tissues. Plasma eells produce antibodies in 
their extensive rough endoplasmie reticulum (Fig. 4.6) and seerete 
them into the adjaeent tissues. They have a prominent pale-staining 
Golgi complex adjaeent to an eeeentrieally plaeed nucleus, typieally 
with peripheral bloeks of eondensed heteroehromatin resembling the 
nmnerals of a eloek (eloek-faeed nucleus) (see Fig. 4.12). Other germi- 
nal eentre B eells develop into long-lived memory eells eapable of 
responding to their speeifìe antigens not only with a more rapid and 
higher antibody output, but also with an inereased antibody affìnity 
eompared with the primary response. 

Antibodies are immunoglobulins, grouped into fìve elasses aeeord- 
ing to their heavy polypeptide ehain. Immunoglobulin G (IgG) forms 
the bulk of eirailating antibodies. Immunoglobulin M (IgM) is nor- 
mally synthesized early in immune responses. Immunoglobulin A (IgA) 
is present in breast milk, tears, saliva and other seeretions of the ali- 
mentary traet, coupled to a seeretory pieee (a 70 kDa protein) that is 
synthesized by the epithelial eells. This proteets the immunoglobulin 
from proteolytie degradation and is part of the proeess by which the 
molecule is transported aeross the epithelium; IgA thus contributes to 
mucosal immunity. IgA defìeieney is relatively eommon, partioilarly in 71 
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some ethnie groups (reviewed in Woof and Kerr (2006)). Immunoglob- 
ulin E (IgE) is an antibody which binds to reeeptors on the surfaces of 
mast eells, eosinophils and blood basophils; it is found only at low 
eoneentrations in the circulation. Immunoglobulin D (IgD) is found 
together with IgM as a major membrane-bound immunoglobulin on 
mature, immunocompetent but nai've (prior to antigen exposure) B 
eells, aeting as the cellular reeeptor for antigen. 

When circulating antibodies bind to antigens they form imimrne 
complexes. If present in abnormal quantities, these may cause patho- 
logieal damage to the vasailar system and other tissues, either by inter- 
fering meehanieally with the permeability of the basal lamina (e.g. 
some types of glomemlonephritis), or by causing loeal aetivation of the 
eomplement system that generates inflammatory mediators (e.g. C5a), 
attaeks eell membranes and causes vascular disease. In pregnaney, 
maternal IgG erosses the plaeenta and eonfers passive immunity on the 
fetus. Maternal milk eontains seeretory immunoglobulins (IgA) that 
help to eombat baeterial and viral organisms in the alimentary traet of 
the baby during the first few weeks of postnatal life. 

T eells 

There are a number of subsets of T (thymus-derived) lymphoeytes, all 
progeny of haemopoietie stem eells in the bone marrow. They develop 
and mature in the thymus, and subsequently populate peripheral see- 
ondary lymphoid organs, which they eonstantly leave and re-enter via 
the circulation. As reeirailating eells, their major fhnetion is immune 
surveillance. Their aetivation and subsequent proliferation and func- 
tional maturation are under the eontrol of antigen-presenting eells. T 
eells undertake a wide variety of eell-mediated defensive fhnetions that 
are not direetly dependent on antibody aetivity, and which constitute 
the basis of cellular immunity. T-eell responses focus on the destmetion 
of cellular targets such as vims-infeeted eells, eertain baeterial infeetions, 
fhngi, some protozoal infeetions, neoplastie eells and the eells of grafts 
from other individuals (allografts, when the tissue antigens of the 
donor and reeipient are not sufficiently similar). Targets may be killed 
direetly by cytotoxic T eells, or indireetly by aeeessory eells (e.g. maero- 
phages) that have been reemited and aetivated by eytokine-seereting 
helper T eells. A third group, regulatory T eells, aets to regulate or limit 
immune responses. 

Functional groups of T eells are elassified aeeording to the molecules 
they express on their surfaces. The majority of eytokine-seereting helper 
T eells express CD4, while cytotoxic T eells are eharaeterized by CD8. 
Regulatory T eells co-express CD4 and CD25. The CD (cluster of dif- 
ferentiation) prefix provides a standard nomenclature for all cell-surface 
molecules. At present, more than 330 different CD antigens have been 
designated; eaeh one represents a eell surface molecule that ean be 
identified by speeifìe antibodies. Further details of the elassifìeation are 
beyond the seope of this publication and are given in Male et al (2012). 

Stmcturally, T lymphoeytes present different appearanees depending 
on their type and state of aetivity. When resting, they are typieally 
small lymphoeytes and are morphologieally indistinguishable from 
B lymphoeytes. When stimulated, they beeome large (up to 15 pm), 
moderately basophilie eells, with a partially euchromatic nucleus and 
numerous free ribosomes, rough and smooth endoplasmie reticulum, 
a Golgi complex and a few mitoehondria, in their eytoplasm. Cytotoxic 
T eells eontain dense lysosome-like vacuoles that fhnetion in cytotoxic 
killing. 

Cytotoxic T eells 

Cytotoxic T lymphoeytes (which express CD8) are responsible for the 
direet cytotoxic killing of target eells (e.g. vims-infeeted eells); the 
requirement for direet eell-eell eontaet ensures the speeifìeity of the 
response. Reeognition of antigen, presented as a peptide fragment on 
MHC elass I moleoiles, triggers the calcium-dependent release of lytie 
granules by the T eell. These lysosome-like granules eontain perforin 
(eytolysin), which forms a pore in the target eell membrane. They also 
eontain several different serine protease enzymes (granzymes), which 
enter the target eell via the perforin pore and induce the programmed 
eell death (apoptosis; p. 26) of the target. 

Helper T eells 

Helper T eells (which express CD4) are eharaeterized by the seeretion 
of eytokines. Two major populations have been identifìed aeeording to 
the range of eytokines produced. Thl helper T eells typieally seerete 
interleukin (IL)-2, tumour neerosis faetor alpha (TNF-a) and interferon 
gamma (IFN-y), while Th2 eells produce eytokines such as IL-4, IL-5 
and IL-13. These two CD4-expressing populations are termed 'helper 
T eells because one aspeet of their hmetion is to stiimilate the prolifera- 
tion and maturation of B lymphoeytes and cytotoxic T lymphoeytes 
72 (mediated via eytokines such as IL-4, IL-2 and IFN-y), thus enabling 


and enhaneing the immune responses mediated by those eells. In addi- 
tion to Thl and Th2 eells, other subsets of helper T eells have been 
deseribed. These include Thl7 eells (which seerete the eytokine IL-17), 
implieated in autoimmune diseases (Stoekinger and Veldhoen 2007). 
Other subsets (Th9, Th22) have been deseribed and it is likely that many 
more subsets will be eharaeterized in the future (Jiang and Dong 2013). 

Helper T eells are also important in direeting the destmetion of 
pathogens by reemiting aeeessory eells (e.g. maerophages, neutrophils, 
eosinophils) to the site of infeetion and by aetivating their effeetor 
fhnetions. This proeess is tightly eoordinated. For example, Thl helper 
T eells seerete eytokines that not only attraet and aetivate maerophages 
but also provide help for B eells and guide their immunoglobulin pro- 
duction to the subclasses that fìx eomplement. Thus these antibodies 
opsonize the pathogen target, which ean then be reeognized, ingested 
and destroyed by the maerophage aeeessory eells that bear reeeptors for 
eomplement and the Fc region of IgG. These Thl eells are sometimes 
referred to as delayed-type hypersensitivity T eells. In eontrast, Th2 eells 
seerete eytokines that induce the development and aetivation of eosi- 
nophils, and also induce B eells to switch their immunoglobulins to 
non-complement-fìxing elasses (e.g. IgE). Pathogens such as parasitie 
worms ean then be eoated with IgE antibody and henee reeognized and 
destroyed by the effeetor hmetions of the eosinophil aeeessory eells, 
which bear reeeptors for the Fc region of IgE. 

If helper T-eell aetivities are non-functional, a state of imimmodefi- 
eieney results. This means that potentially pathogenie organisms, which 
are normally kept in eheek by the imimme system, may proliferate and 
cause overt pathology, e.g. in acquired immune defìeieney syndrome 
(AIDS), where a vims (human immunodefìciency vims, HIV) speeifì- 
eally infeets and kills (predominantly) helper T eells, though some 
antigen-presenting eells are also killed. 

Regulatory T eells 

A third population of T eells, 'regulatory' T or 'Treg' eells, are important 
in eontrolling the immune response. These CD4 + , CD25 + eells have an 
immunomodulatory hmetion and ean dampen the effeetor fhnetions 
of both cytotoxic and helper T eells. Regulatory T eells (natural Tregs) 
are produced in the thyimis and are an important additional meeha- 
nism for maintaining self-toleranee (Sahnia et al 2013). Treg hmetion 
is antigen-speeihe and depends on direet eell-eell eontaet. Moleoiles 
seereted or induced by Treg eells, such as IL-10 or transforming growth 
faetor beta (TGF-(3), also play an important role in mediating Treg sup- 
pressive effeets on the immune system. Similar induced regulatory T 
eells ean be induced in the periphery and may be important in the 
induction of oral toleranee to ingested antigens, as well as toleranee to 
tissue-specihc molecules that are not expressed in the thymus (Sehmitt 
and Williams 2013). 

Natural killer (NK) eells 

Natural killer (NK) eells have hmetional similarities to cytotoxic T eells 
but they laek other typieal lymphoeyte features and do not express 
antigen-speeihe reeeptors. They normally form only a small pereentage 
of all lymphoeyte-like eells and are usually included in the large 
granular lymphoeyte eategory. When mature, NK eells have a mildly 
basophilie eytoplasm. Ultrastructurally, their eytoplasm eontains ribo- 
somes, rough endoplasmie reticulum and dense, membrane-bound 
vesieles 200-500 nm in diameter with erystalline eores. These eontain 
the protein perforin, which is eapable of inserting holes in the plasma 
membranes of target eells, and granzymes, which trigger subsequent 
target eell death by apoptosis. NK eells are aetivated to kill target eells 
by a number of faetors. They ean reeognize and kill antibody-eoated 
target eells via a meehanism termed antibody-dependent eell-mediated 
cytotoxicity (ADCC). They also have reeeptors that inhibit NK destme- 
tive aetivity when they reeognize MHC elass I on normal eells. When 
NK eells deteet the loss or downregulation of MHC elass I antigens 
on eertain vims-infeeted eells and some tumour eells, they aetivate 
apoptosis-inducing meehanisms that enable them to attaek these 
abnormal eells, albeit relatively non-speeifìeally. For fhrther reading, see 
Vivier et al (2008) and Chan et al (2014). 

PLATELETS 


Blood platelets, also known as thromboeytes, are relatively small 
(2-4 pm aeross) irregular or oval dises present in large numbers 
(200,000-400,000/pl) in blood. In freshly harvested blood samples 
they readily adhere to eaeh other and to all available surfaces, unless 
the blood is treated with eitrate or other substances that reduce the 
availability of ealemm ions. Platelets are amieleate eell fragments, 
derived from megakaryoeytes in the bone marrow. They are surrounded 






Lymphoid tissues 


by a plasma membrane with a thiek glyeoprotein eoat, which is respon- 
sible for their adhesive properties. A band of 10 microtubules lies 
around the perimeter of the platelet beneath the plasma membrane; 
the microtubules are assoeiated with aetin íìlaments, myosin and other 
proteins related to eell eontraetion. The eytoplasm also eontains mito- 
ehondria, glyeogen, seant smooth endoplasmie retioilmn, tubular 
invaginations of the plasma membrane, and three major types of 
membrane-bound vesiele, designated a, 5 and X granules. 

Alpha granules are the largest, and have diameters of up to 500 nm. 
They eontain platelet-derived growth faetor (PDGF), fibrinogen and 
other substances. Delta granules are smaller (up to 300 nm) and 
eontain 5-hydroxytryptamine (5-HT, serotonin) that has been endoey- 
tosed from the blood plasma. Lambda gramiles are the smallest (up to 
250 nm) and eontain lysosomal enzymes. 

Platelets play an important role in haemostasis. When a blood vessel 
is damaged, platelets beeome aetivated, evert their membrane invagina- 
tions to form lamellipodia and filopodia, and aggregate at the site of 
injury, plugging the wound. They adhere to eaeh other (agglutination) 
and to other tissues. Adhesion is a fimetion of the thiek platelet eoat 
and is promoted by the release of adenosine diphosphate (ADP) and 
calcium ions from the platelets in response to vessel injury. The eontents 
of released a granules, together with faetors released from the damaged 
tissues, initiate a complex sequence of ehemieal reaetions in the blood 
plasma, which leads to the preeipitation of insoluble fibrin filaments 
in a three-dimensional meshwork, the fibrin elot (see Fig. 4.1). More 
platelets attaeh to the elot, inserting extensions of their surfaces, filopo- 
dia, deep into the spaees between the fibrin filaments, to which they 
adhere strongly. The platelets then eontraet (elot retraetion) by aetin- 
myosin interaetions within their eytoplasm, and this eoneentrates the 
fibrin elot and pulls the walls of the blood vessel together, which limits 
any fhrther leakage of blood. After repair of the vessel wall, which may 
be promoted by the mitogenie aetivity of PDGF, the elot is dissolved by 
enzymes such as plasmin. Plasmin is formed by plasminogen aetivators 
in the plasma, probably assisted by lysosomal enzymes derived from 
the X gramiles of platelets. Platelets typieally circulate for 10 days before 
they are removed, mainly by splenie maerophages. 



LYMPH0ID TISSIIES 


Lymphoeytes are loeated in many sites in the body, most obviously at 
strategie sites that are liable to infeetion, e.g. the oropharynx. The main 
areas of lymphoeyte eoneentration are elassified as primary or seeond- 
ary lymphoid organs, aeeording to whether they are involved in de novo 
lymphoeyte generation (primary lymphoid organs, e.g. bone marrow, 
thymus) or are the site of mature lymphoeyte aetivation and initiation 
of an immune response (seeondary lymphoid organs, e.g. lymph nodes, 
spleen). 

The seeondary or peripheral lymphoid organs are the speeialized 
sites where B and T lymphoeytes and antigen-presenting eells eome 


together to initiate immune responses to foreign antigens (Malhotra 
et al 2013). These seeondary tissues include lymph nodes, spleen, and 
lymphoid tissue assoeiated with epithelial surfaces (mucosa-associated 
lymphoid tissue, MALT), e.g. the palatine and nasopharyngeal tonsils, 
Peyer s patehes in the small intestine, lymphoid nodules in the respira- 
tory and urogenital systems, the skin. The microstructure of lymph 
nodes and of MALT in general is deseribed below. Details of all other 
lymphoid tissues and organs are included in the deseriptions of the 
appropriate regional anatomy. 

Lymphoeytes enter seeondary lymphoid tissues from the blood, 
usually by migration through the walls of eapillaries or venules (high 
endothelial vemiles, HEVs (see Ch. 6)) and leave by the lymphatie 
system. In the spleen, lymphoeyte entry and exit take plaee via the 
marginal zone and venous drainage respeetively. Antigen-presenting 
eells (dendritie eells) enter via the lymphaties, bringing with them 
antigen from peripheral infeeted sites. In all the seeondary tissues there 
are speeifie areas where either B or T eells are eoneentrated. After aetiva- 
tion, fimetionally eompetent lymphoeytes migrate to other sites in the 
body, where they eombat the original infeetion. Organized lymphoid 
structures, termed tertiary lymphoid organs, ean also develop at sites of 
ehronie inflammation (Stranford and Ruddle 2012). 


LYMPH N0DES 


Lymph nodes are encapsulated eentres of antigen presentation and 
lymphoeyte aetivation, differentiation and proliferation, which are 
faeilitated by complex traffieking of eells and lymphatie flow through 
the structure (Girard et al 2012). They generate mature, antigen-primed 
B and T eells, and filter partieles, including mierobes, from the lymph 
by the aetion of numerous phagoeytie maerophages. A normal young 
adult body eontains up to 450 lymph nodes, of which 60-70 are found 
in the head and neek, 100 in the thorax and as many as 250 in the 
abdomen and pelvis. Lymph nodes are particularly numerous in the 
neek, mediastinum, posterior abdominal wall, abdominal mesenteries, 
pelvis and proximal regions of the limbs (axillary and inguinal lymph 
nodes). By far the greatest number lie elose to the viseera, espeeially in 
the mesenteries. 

Microstructure 


Lymph nodes (Fig. 4.7) are small, oval or kidney-shaped bodies, 
0.1-2.5 em long, lying along the course of the lymphatie vessels. Eaeh 
usually has a slight indentation on one side: the hilum, through which 
blood vessels enter and leave, and the efferent lymphatie vessel leaves. 
Several afferent lymphatie vessels enter the capsule around the periph- 
ery. Lymph nodes have a highly cellular cortex and a medulla (Fig. 4.8), 
which eontains a network of minute lymphatie ehannels (sinuses) 
through which lymph from the afferent lymphaties is filtered, to be 
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Fig. 4.7 The structure of a lymph node. 
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Blood, lymphoid tissues and haemopoiesis 


All lymphoeytes arise from pluripotent haemopoietie stem eells in 
the bone marrow. The B lymphoqTe lineage develops through a series 
of differentiation stages within the bone marrow. The newly formed B 
eells then leave through the circulation and migrate to peripheral sites. 
In eontrast, T-lymphoeyte development requires the thymus; the bone 
marrow-derived stem eells must therefore migrate via the blood circula- 
tion to the thymus. After their differentiation and maturation into 
immunocompetentT eells that have survived thymie seleetion proeesses 
(1-3%), they re-enter the circulation and are transported to peripheral 
sites where they join the pool of naive lymphoeytes that recirculate 
through the seeondary lymphoid organs via blood and lymphatie eir- 
ailation systems. 
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Fig. 4.8 A lymph node (human) showing cortex (C) and medulla (M), and 
lymphoid follieles (F), some with germinal eentres (G). Also shown are the 
subcapsular sinus (arrow) and medullary blood vessels (V). The dark line 
(top, eentre) is a small erease in the tissue seetion and is an artefaet. 
(Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 

Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 

eolleeted at the hilum by the efferent lymphatie. The cortex is absent at 
the hilum, where the medulla reaehes the surface. 

The capsule is eomposed mainly of eollagen fibres, elastin fibres 
(espeeially in the deeper layers) and a few fibroblasts. Trabeculae of 
dense eonneetive tissue extend radially into the interior of the node 
from the capsule. They are continuous with a network of fine type III 
eollagen (reticulin) fibrils, which braneh and intereonneet to form a 
very dense network in the cortex, providing attaehment for various eells, 
mostly dendritie eells, maerophages and lymphoeytes. There are fewer 
fibres in the germinal eentres of follieles (see below). Reticulin and the 
assoeiated proteoglyean matrix are produced by fibroblasts assoeiated 
with the fibrous network. 

Lymphatie and vascular supply 


Lymph nodes are permeated by ehannels through which lymph pereo- 
lates after its entry from the afferent vessels. The conduit system eonsists 
of eollagen fibres and assoeiated fibrils surrounded by fibroblast reticu- 
lar eells, forming a sponge-like reticulum that provides not only spaees 
for the lymphoeytes but also a system for the transport of antigen and 
signalling molecules (such as ehemokines) that eontrol the highly 
dynamie movement and interaetion of the imimme eells. Dendritie eells 
ean reaeh inside the conduits to sample antigen, and then present it to 
immune eells (Roozendaal et al 2008). 

Afferent lymphatie vessels enter at many points on the periphery, 
braneh to form a dense intracapsular plexus, and then open into the 
subcapsular sinus, a eavity that is peripheral to the whole cortex except 
at the hilum (see Fig. 4.7). Numerous radial eortieal sinuses lead from 
the subcapsular sinus to the medulla, where they eoalesee as larger 
medullary sinuses. The latter beeome confluent at the hilum with the 
efferent vessel that drains the node. All of these spaees are lined by a 
continuous endothelium and traversed by fine reticular fibres. 

Arteries and veins serving lymph nodes pass through the hilum, 
giving off straight branehes that traverse the medulla and send out 
minor branehes as they do so. In the cortex, arteries form dense areades 
of arterioles and eapillaries in numerous anastomosing loops, eventu- 
ally returning to highly branehed venules and veins. Capillaries are 
espeeially profiise around the follieles, which eontain fewer vessels. 
Posteapillary HEVs are abundant in the paraeortieal zones. They form 
an important site of blood-borne lymphoeyte extravasation into lym- 
phoid tissue, apparently by migration through labile endothelial tight 
junctions (oeehiding junctions, zonulae adherentes). The density of the 
eapillary beds inereases greatly when lymphoeytes multiply in response 
to antigenie stimulation. Veins leave a node through its prineipal trabee- 
ulae and capsule, and drain them and the surrounding eonneetive 
tissue. 

Cells and eelliilar zones of lymph nodes 

Although most of the eells in a lymph node are B and T lymphoeytes, 
74 their distribution is not homogeneous. In the cortex, eells are densely 



Fig. 4.9 A germinal eentre in a lymphoid folliele of the human palatine 
tonsil, immunolabelled to show CD38-positive B eells in the germinal 
eentre (red), IgD-positive náíve B eells (green) in the mantle zone and 
aetivated, transferrin reeeptor (CD71)-positive eells of various lineages 
(blue). (Courtesy of Dr Cécile Chalouni, Ludwig lnstitute for Cancer 
Researeh, Yale University Sehool of Medieine, USA.) 


paeked and in the outer eortieal area they form lymphoid follieles or 
nodules (see fig. 4.8), which are populated mainly by B eells and spe- 
eialized follicular dendritie eells (FDCs) (see Fig. 4.15). The number, 
degree of isolation and staining eharaeteristies of follieles vary aeeording 
to their state of antigenie stimulation. A primary folliele is uniformly 
populated by small, quiescent lymphoeytes, whereas a seeondary fol- 
liele has a germinal eentre (Fig. 4.9), eomposed mainly of antigen- 
stimulated B eells, which are larger, less deeply staining and more 
rapidly dividing than those at its periphery. 

The role of the germinal eentre is to provide a mieroenvironment 
that allows the affinity maturation of the B-eell response, so that as the 
imimme response progresses, the affinity or strength with which anti- 
bodies bind their antigen inereases (Shlomehik and Weisel 2012, 
Vietora and Nussenzweig 2012). There are several zones in the germinal 
eentre where this is allowed to happen. In the 'dark zone', the B eells 
(eentroblasts) undergo rapid proliferation, which is assoeiated with 
hypermutation of their antibody molecules. They then move into the 
'light zone' (as eentroeytes), where they ean interaet with the FDCs, 
which earry intaet unprocessed antigen on their surface in the form of 
imimrne complexes (Rezk et al 2013). The eentroeytes eompete for 
binding to the antigen; those whose antibody has the highest affinity 
survive and the rest die. T eells are also present, helping the survival of 
the B eells and inducing elass switching. Maerophages in the germinal 
eentre phagoeytose apoptotie lymphoeytes (e.g. those B eells that die as 
part of the proeess of affinity maturation), and consequently maero- 
phage eytoplasm beeomes filled with engulfed lipid and nuclear debris 
forming sparkling intracellular inclusions (leading to the term tingible 
body maerophage). 

The mantle zone (see Fig. 4.9) is produced as surrounding eells are 
marginalized by the rapidly growing germinal eentre. It is populated by 
eells similar to those found in primary follieles: mainly quiescent B eells 
with eondensed heteroehromatie nuclei and little eytoplasm (henee the 
deeply basophilie staining of this region in routine preparations; Fig. 
4.10), a few helper T eells, FDCs and maerophages. After numerous 
mitotie divisions the seleeted B eells give rise to small lymphoeytes, 
some of which beeome memory B eells and leave the lymph node to 
join the recirculating pool, while others leave to mature as antibody- 
seereting plasma eells either in the lymph node medulla or in peripheral 
tissues. 

The deep cortex or paracortex lies between the eortieal follieles and 
the medulla, and is populated mainly by T eells, which are not organ- 
ized into follieles. Both CD4 and CD8 T-eell subsets are present. The 
paracortex also eontains interdigitating dendritie eells. These dendritie 
eells include Fangerhans eells from the skin and other squamous epi- 
thelia, which have migrated as veiled eells via the afferent lymphaties 
into the draining lymph nodes (see Fig. 4.14). Their role is to present 
proeessed antigen to T eells. The region expands greatly in T eell- 
dominated immune responses, when its eells are stimulated to prolifer- 
ate and disperse to peripheral sites. 

In the medulla, lymphoeytes are much less densely paeked in irregu- 
lar, branehing medullary eords between which the retiailin network 
is easily seen. Other eells include maerophages, which are more numer- 












Haemopoiesis 



Fig. 4.10 A germinal 
eentre in a folliele of 
mucosa-associated 
lymphoid tissue (MALT) 
in the mucosa and 
submucosa of the 
appendix. The bases of 
tubular glands of the 
mucosal epithelium are 
seen in the upper field. 


ous in the medulla than in the cortex, plasma eells and a few 
gramiloeytes. 



Fig. 4.11 Haemopoietie tissue (H) in the marrow eavity of a fetal long 
bone undergoing endoehondral ossifieation (top). Islands of densely 
paeked nucleated haemopoietie eells of different lineages are separated 
by large vascular sinusoids (S), which are filled with mature red blood 
eells in the general circulation. 


MUC0SA-ASS0CIATED LYMPHOID TISSUE (MALT) 

Large amounts of unencapsulated lymphoid tissue exist in the walls of 
the gastrointestinaf respiratory, reproductive and urinary traets, and in 
the skin; they are eolleetively termed mucosa-associated lymphoid 
tissue (MALT), most of which is found in the gut as gut-associated 
lymphoid tissue (GALT) (Koboziev et al 2010). 

Throughout the body, MALT includes an extremely large population 
of lymphoeytes, refleeting the size of the gastrointestinal traet. Lym- 
phoid eells are loeated in the lamina propria and in the submucosa as 
diserete follieles or nodules. More seattered eells, derived from these 
follieles, are found throughout the lamina propria and in the base of 
the epithelium (see Figs 4.5, 4.10). MALT includes maeroseopieally 
visible lymphoid masses, notably the peripharyngeal lymphoid ring of 
tonsillar tissue (palatine, nasopharyngeal, tubal and lingual), and the 
Peyers patehes of the small intestine, all of which are deseribed else- 
where. Most MALT eonsists of mieroseopie aggregates of lymphoid 
tissue, which laek a fibrous capsule. Lymphoeyte populations are sup- 
ported meehanieally by a network of fìne type III eollagen (reticulin) 
fìbres and assoeiated fibroblasts, as they are in lymph nodes. 

In eommon with lymph nodes, MALT provides eentres for the aetiva- 
tion and proliferation of B and T lymphoeytes in its follieles and para- 
follicular zones, respeetively. The fhnetion of eells in these zones, 
including antigen-presenting eells (follicular dendritie eells and inter- 
digitating dendritie eells) and maerophages, as well as T and B eells, is 
similar to that found in lymph nodes. The elose proximity of lym- 
phoeytes within MALT to an epithelial surface faeilitates their aeeess to 
pathogens. MALT laeks afferent lymphatie vessels. Lymphoeytes migrate 
into MALT through its HEVs and leave mainly via its efferent lymphat- 
ies, which drain interstitial fluid as lymph; the lymphoeyte population 
in MALT is not fixed. Migration from MALT follows a different route 
from the major peripheral route of recirculation. After antigen aetiva- 
tion, lymphoeytes travel via the regional lymph nodes to disperse 
widely along mucosal surfaces to provide proteetive T- and B-eell 
immunity. 


tonsils they include modifìed stratifìed squamous reticulated epithelial 
eells (see p. 576). The main hmetion of B lymphoeytes in MALT is to 
produce IgA for seeretion into the lumen of the traets that they line 

(Cerutti et al 2011). 

Many of the lymphoeytes migrating between eells in the basal 
regions of epithelia (see Fig. 4.5) are effeetor cytotoxic and helperT eells 
that have already been seleeted in lymphoid nodules and are engaged 
in imimme responses. Similar eells, and aetivated IgA-producing B eells 
and plasma eells, are also seattered throughout the entire mucosal 
lamina propria. 



Postnatally, blood eells are formed primarily in the bone marrow. Other 
tissues, particularly the spleen and liver, may develop haemopoietie 
aetivity onee more, if production from the marrow is inadequate. 

B0NE MARR0W 


Bone marrow is a soft pulpy tissue that is found in the marrow eavities 
of all bones (Fig. 4.11) and even in the larger Haversian eanals of lamel- 
lar bone. It differs in eomposition in different bones and at different 
ages, and occurs in two forms: yellow and red marrow. In old age the 
marrow of the eranial bones undergoes degeneration and is then termed 
gelatinous marrow. 

Yellovv marrow 


Yellow marrow eonsists of a framework of eonneetive tissue that sup- 
ports numerous blood vessels and eells, most of which are adipoeytes. 
A small population of typieal red marrow eells persists and may be 
reaetivated when the demand for blood eells beeomes sufficiently great. 


Folliele-assoeiated epithelium 


Red marrow 


The epithelium eovering MALT varies in type aeeording to its loeation. 
It is unusual in possessing eells that are involved in sampling antigens 
and transferring them to antigen-presenting eells in the underlying 
tissues; appropriate elones of T and B eells in loeal lymphoid tissues are 
then aetivated and amplified prior to their exit via the lymphaties. 
Speeialized epithelial eells in the small and large intestine have eharae- 
teristie short mierovilli on their luminal surfaces and are known as 
mierofold (M) eells (Kraehenbuhl and Neutra 2000); in the palatine 


Red marrow is found throughout the skeleton in the fetus and during 
the first years of life. After about the fifth year the red marrow, which 
represents aetively haemopoietie tissue, is gradually replaeed in the long 
bones by yellow marrow. The replaeement starts earlier, and is generally 
more advaneed, in the more distal bones. By 20-25 years of age, red 
marrow persists only in the vertebrae, sternum, ribs, elavieles, scapulae, 
pelvis and eranial bones, and in the proximal ends of the femur and 
humerus. 
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BLOOD, LYMPHOID TISSUES AND HAEMOPOIESIS 


Red bone marrow eonsists of a network of loose eonneetive tissue, 
the stroma, which supports clusters of haemopoietie eells (haemopoi- 
etie eords or islands) and a rieh vascular supply in which large, thin- 
walled sinusoids are the main feature (see Fig. 4.11). The vasailar 
supply is derived from the nutrient artery to the bone, which ramifies 
in the bone marrow, and terminates in thin-walled arterioles from 
which the simisoids arise. These, in turn, drain into disproportionately 
large veins. Lymphatie vessels are absent from bone marrow. The stroma 
eontains a variable amount of fat, depending on age, site and the hae- 
matologieal status of the body, and small patehes of lymphoid tissue 
are also present. Marrow thus eonsists of vasailar and extravascular 
eompartments, both enelosed within a bony framework from which 
they are separated by a thin layer of endosteal eells. 

Stroma 

Stroma is eomposed of a delieate network of fine type III eollagen 
(reticulin) fibres seereted by highly branehed, speeialized fibroblast-like 
eells (retioilar eells) derived from embryonie mesenehyme. When hae- 
mopoiesis stops, as occurs in most limb bones in adult life, these eells 
(or elosely related eells) beeome distended with lipid droplets and fill 
the marrow with yellow fatty tissue (yellow marrow). If there is a later 
demand for haemopoiesis, the stellate stromal eells reappear. The 
stroma also eontains numerous maerophages attaehed to extracellular 
matrix fibres. These eells aetively phagoeytose cellular debris ereated by 
haemopoietie development, espeeially the extruded nuclei of erythro- 
blasts, remnants of megakaryoeytes and eells that have failed the 
B-lymphoeyte seleetion proeess. Stromal eells play a major role in 
the eontrol of haemopoietie eell differentiation, proliferation and 
maturation. 

Marrow sinusoids are lined by a single layer of endothelial eells, 
supported by reticulin on their basal surfaces. Although the endothelial 
eells are intereonneeted by tight junctions, their eytoplasm is extremely 
thin in plaees, and the underlying basal lamina is discontinuous. The 
passage of newly formed blood eells from the haemopoietie eompart- 
ment into the blood stream appears to occur through an interaetive 
proeess with the endothelium, producing temporary apertures (large 
fenestrae) in their attenuated eytoplasm. 

Haemopoietie tissue 

Cords and islands of haematogenous eells eonsist of ehisters of 
immature blood eells in various stages of development; several differ- 
ent eell lineages are typieally represented in eaeh foeal group. One or 
more maerophages lie at the eore of eaeh such group of eells. These 
maerophages engage in phagoeytie fimetions, are important in trans- 
ferring iron to developing erythroblasts for haemoglobin synthesis, 
and may play a role, with other stromal eells, in regulating the rate of 
eell proliferation and maturation of the neighbouring haemopoietie 
eells. 


CELL LINEAGES 
Haemopoietie stem eells 


Within the adult marrow there is a very small number (0.05% of hae- 
mopoietie eells) of self-renewing, pluripotent stem eells that are eapable 
of giving rise to all blood eell types, including lymphoeytes (Fig. 4.12). 
Although they eannot be identified morphologieally in the marrow, 
they ean be reeognized in aspirates by the expression of speeifie eell- 
surface marker proteins (e.g. CD34). It is thought that haemopoietie 
stem eells oeoipy speeifie environmental niehes in the marrow assoei- 
ated with the endosteum of trabecular bone or with sinusoidal endothe- 
lium, and that their mieroenvironment is important in homeostasis, 
the balanee between self-renewal and differentiation. Stem eells ean 
also be found (at lower eoneentrations) in the peripheral blood, par- 
ticularly after treatment with appropriate eytokines. 

Progressively more lineage-restrieted eommitted progenitor eells 
develop from these aneestors (see Laiosa et al (2006) for a review) to 
produce the various eell types found in peripheral blood. The eommit- 
ted progenitor eells are often termed eolony-forming units (CFU) of the 
lineage(s), e.g. CFU-GM eells give rise, after proliferation, to neutrophil 
gramiloeytes, monoeytes and eertain dendritie eells, whereas CFU-E 
produce only erythroeytes. Eaeh eell type undergoes a period of matura- 
tion in the marrow, often aeeompanied by several structural ehanges, 
before release into the general circulation. In some lineages, e.g. the 
erythroid series, the final stages of maturation take plaee in the eiroila- 
tion, whereas in the monoeytie lineage, they occur after the eells have 
left the eiroilation and entered peripheral tissues where they differenti- 
ate into maerophages and some dendritie eells. 


To generate a eomplete set of blood eells from a single pluripotent 
eell may take some months. The later progenitor eells form mature eells 
of their particular lineages more quickly. However, because they are not 
self-renewing, grafts of these later eells eventually fail because the eells 
they produce all ultimately die. This is of eonsiderable importanee in 
bone marrow replaeement therapy. The presenee of pluripotent stem 
eells in the donor marrow is essential for success; only 5% of the normal 
number are needed to repopulate the marrow. Following replaeement 
therapy, T lymphoeytes reconstitute more slowly than the other haemo- 
poietie lineages, refleeting the progressive reduction in size of the 
thymus with age (ehronie involution). 

Within the bone marrow there is also a population of mesenehy- 
mal stem eells that ean differentiate into a wide variety of non- 
haemopoietie eells. These phiripotent stem eells ean also be found in 
the eiroilation, and are being investigated for their use in repairing 
damaged organs (see Commentary 1.2). 



Lymphoeytes 


Lymphoeytes are a heterogeneous group of eells that may share a 
eommon aneestral lymphoid progenitor eell, distinet from the myeloid 
progenitor eell (see Fig. 4.12). The first identifiable progenitor eell is 
the lymphoblast, which divides several times to form prolymphoeytes; 
both eells are eharaeterized by a high nuclear:cytoplasmic ratio. B eells 
undergo differentiation to their speeifie lineage subset entirely within 
the bone marrow and migrate to peripheral or seeondary lymphoid 
tissues as naive B eells, ready to respond to antigen. However, T eells 
require the speeialized thymie mieroenvironment for their develop- 
ment. During fetal and early postnatal life, and subsequently at lower 
levels throughout life, progenitor eells migrate to the thymus where they 
undergo a proeess of differentiation and seleetion as T eells, before 
leaving to populate seeondary lymphoid tissues. 

B-ceii deveíopment 

B eells start their development in the subosteal region of the bone 
marrow and move eentripetally as differentiation progresses. Their 
development entails the rearrangement of immunoglobulin genes to 
ereate a unique reeeptor for antigen on eaeh B eell, and the progressive 
expression of cell-surface and intracellular molecules required for 
mature B-lymphoeyte fimetion. Autoreactive eells that meet their self- 
antigen within the bone marrow are eliminated. Overall, some 25% of 
B eells successfully eomplete these developmental and seleetion proe- 
esses; those that fail die by apoptosis and are removed by maerophages. 
Bone marrow stromal eells (fibroblasts, fat eells and maerophages) 
express cell-surface molecules and seereted eytokines that eontrol 
B-lymphoeyte development. The mature naive B lymphoeytes leave via 
the eentral sinuses. They express antigen reeeptors (immunoglobulin) 
of IgM and IgD elasses. Class switching to IgG, IgA and IgE occurs in 
the periphery following antigen aetivation in response to signals from 
T helper eells. 

T-cell (thymoeyte) development 

T eells develop within the thymus from blood-borne, bone marrow- 
derived progenitors that enter the thymus via HEVs at the corticomedul- 
lary junction. They first migrate to the outer (subcapsular) region of the 
thymie cortex and then, as in the bone marrow, move progressively 
inwards towards the medulla as development continues. T-eell develop- 
ment involves gene rearrangements in the T-eell reeeptor (TeR) loei to 
ereate unique reeeptors for antigen on eaeh eell, together with the pro- 
gressive expression of moleoiles required for mature T-eell fimetion. 
Seleetion of the reeeptor repertoire is more stringent for T eells than for 
B eells because of the way in which mature T eells reeognize peptides 
derived from protein antigens presented in conjunction with speeifie 
molecules of the major histoeompatibility complex (MHC) expressed 
on the surfaces of eells. Thus mature CD8 (cytotoxic) T eells reeognize 
antigen in the form of short peptides complexed with the polymorphie 
MHC elass I moleoiles, while CD4 (helper/regulatory) T eells reeognize 
the peptides in the context of MHC elass II molecules. As the TeR 
reeognizes both the peptide and the MHC molecule, the T eell will only 
reeognize peptides bound to their own (self) type of MHC; it will not 
'see' peptides in eombination with allelieally different MHC moleoiles 
(i.e. those from other individuals). This is termed MHC restrietion of 
T-eell reeognition. Seleetion of T eells in the thymus must ensure the 
survival of those T eells that ean respond only to foreign antigens, 
bound to their own (self) elass of MHC molecule. Cells that are ineap- 
able of binding to self MHC molecules, or which bind to self-antigens, 
are eliminated by apoptotie eell death (see p. 26); it is estimated that 
up to 95% of T-eell progenitors undergo apoptosis in this way. Cells 
that express an appropriate TeR and have effeetive MHC-restricted 
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Fig. 4.12 The origins and lineage relationships of haemopoietieally derived eells of the immune system. Mature eells and seleeted progenitors (all human) 
are illustrated (magnifieations vary). The dendritie eell was cultured from peripheral blood, immunolabelled to show HLA-DR and photographed using 
Nomarski opties. The megakaryoeyte and erythroblast are from a bone marrow smear, stained with May-Grunwald-Giemsa (MGG); the remaining eells 
illustrated are from peripheral blood smears (Wright’s stain), seetions of eonneetive tissue (plasma eell, mast eell), bone (osteoelast) and lung alveolus 
(maerophage). Platelets (one is arrowed) are subcellular fragments of bone marrow megakaryoeytes. Note that circulating small lymphoeytes eannot be 
elassified further with routine staining methods. For further explanation of cellular structure and staining properties, along with abbreviations, see the 
text. (Dendritie eell image courtesy of Dr Cécile Chalouni, Ludwig lnstitute for Cancer Researeh, Yale Llniversity Sehool of Medieine, USA. All other 
images courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 
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BLOOD, LYMPHOID TISSUES AND HAEMOPOIESIS 


binding properties survive to beeome mature, naive T eells that leave 
the thymus and populate the periphery. 

Thymie stromal eells play a emeial role in T-eell development and 
seleetion. Thymie epithelial eells in the cortex express both MHC elass 
I and II molecules and are unique in their ability to seleet T eells that 
reeognize self MHC with a moderate affinity (positive seleetion). Dele- 
tion of self-antigen reaetive eells (negative seleetion) is mainly eontrol- 
led by thymie dendritie eells loeated at the corticomedullary junction 
and in the medulla, although the epithelium ean also perform this 
fimetion. Apoptotie thymoeytes are removed by thymie maerophages. 
The role of the thymie epithelium in thymoeyte differentiation is 
complex and involves eell-eell eontaet as well as the seeretion of soluble 
mediators such as eytokines, ehemokines, neuroactive peptides (e.g. 
somatostatin) and thymie hormones (e.g. thynmlin). Thymie fibro- 
blasts and the extracellular matrix also play a role. 

Erythroeytes 


Erythroeytes and gramiloeytes belong to the myeloid lineage. The earli- 
est identifiable erythroid progenitor eells are eapable of rapid bursts of 
eell division to form numerous daughter eells; they have thus been 
named burst-forming units of the erythroid line (BFH-E; see Fig. 4.12). 
They give rise to the CFU-E, which, with their immediate progeny, are 
sensitive to the hormone erythropoietin. This hormone, produced in 
the kidney, induces fhrther differentiation along the erythroid line. 

The first readily identifiable eell of the erythroid series is the pro- 
erythroblast, which is a large (about 20 jLtm) eell with a large euchro- 
matie nucleus and a moderately basophilie eytoplasm. It also responds 
to erythropoietin. The proerythroblast eontains small amounts of fer- 
ritin and bears some of the protein speetrin on its plasma membrane. 
Proerythroblasts proliferate to produce smaller (12-16 jiim) basophilie 
erythroblasts, rieh in ribosomes, in which haemoglobin-RNA synthesis 
begins. The eytoplasm beeomes partially, and then uniformly, eosi- 
nophilie (the polyehromatie erythroblast and orthoehromatie erythro- 
blast respeetively). These eells are only 8-10 jiim in diameter and 
eontain very little eytoplasmie RNA. The nucleus beeomes pyknotie 
(dense, deep-staining, shmnken) and is finally extmded from the eell, 
leaving an anucleate reticulocyte, which enters a simisoid. Its reticular 
staining pattern, visible using speeial stains, results from residual eyto- 
plasmie RNA, which is usually lost within 24 hours of entering the 
peripheral blood circulation. Reticulocyte mimbers in peripheral blood 
are therefore a good indieator of the rate of red-eell production. The 
whole proeess of erythropoiesis takes 5-9 days. 

Granulocytes 


Granulocyte formation involves major ehanges in mielear morphology 
and eytoplasmie eontents, which are best known for the neutrophil. 
Initially, myeloid progenitor eells transform into large (10-20 jitm) 
myeloblasts that are similar in general size and appearanee to proeryth- 
roblasts. These proliferative eells have large euchromatic nuclei and laek 
eytoplasmie granules. They differentiate into slightly larger promyelo- 
eytes, in which the first group of speeifie proteins is synthesized in the 
rough endoplasmie reticulum and Golgi apparatus. The proteins are 
stored in large (0.3 jLtm) primary (non-speeifie) granules, which are 
large lysosomes eontaining aeid phosphatase. Smaller seeondary (spe- 
eifie) granules are formed in the smaller myeloeyte, which is the last 
proliferative stage. The nucleus is typieally flattened or slightly indented 
on one side in myeloeytes. 

In the next, metamyeloeyte, stage, the eell size (10-15 jiim) deereases, 
the nucleus beeomes heteroehromatie and horseshoe-shaped, and 
protein synthesis almost stops. As the neutrophil is released, the nucleus 
beeomes first heavily indented (the juvenile stab or band form), and 
subsequently segmented into up to six lobes, eharaeteristie of the 
mature neutrophil. The whole proeess usually takes 7 days to eomplete 
(3 days proliferating and 4 days maturing). Neutrophils may then be 
stored in the marrow for a fiirther 4 days, depending on demand, before 
their final release into the eirailation. 

Eosinophils and basophils pass through a similar sequence but their 
nuclei do not beeome as irregular as that of the neutrophil. It is thought 
that these eells eaeh arise from distinet eolony-forming units, which are 
separate from the CFU-GM. 

Monoeytes 


Monoeytes are formed in the bone marrow. Monoeytes and neutrophils 
appear to be elosely related eells; together with some of the antigen- 
78 presenting dendritie eells, they arise from a shared progenitor, the 


eolony-forming unit for granulocytes and maerophages (CFU-GM). Dif- 
ferent colony-stimulating faetors (CSF) aet on the eommon progenitor 
to direet its subsequent differentiation pathway. Monoeyte progenitors 
pass through a proliferative monoblast stage (14 jLtm) and then form 
differentiating promonoeytes, which are slightly smaller eells in which 
production of small lysosomes begins. After ffirther divisions, mono- 
eytes (up to 20 jLtm) are released into the general eirailation. Most 
migrate into perivascular and extravascular sites, which they then popu- 
late as maerophages, while others may give rise to eertain dendritie eells, 
including Fangerhans eells. 

Platelets 


Platelets arise in a unique manner by the shedding of thousands of 
eytoplasmie fragments from the tips of proeesses of megakaryoeytes in 
the bone marrow. The first deteetable eell of this line is the highly 
basophilie megakaryoblast (15-50 jLtm), followed by a promegakaryo- 
eyte stage (20-80 jitm), in which synthesis of granules begins. Finally, 
the fully differentiated megakaryoeyte, a giant eell (35-160 jLtm) with a 
large, dense, polyploid, multilobed nucleus, appears. Onee differentia- 
tion is initiated from the CFU-Meg, DNA replieates without eytoplasmie 
division (endoreduplication), and the ehromosomes are retained 
within a single polyploid nucleus that may eontain up to 256n ehro- 
mosomes (where n is the haploid eomplement present in gametes). 
Megakaryoeyte lineage eharaeteristies and disorders are reviewed in Sun 
et al (2006). 

The eytoplasm eontains fine basophilie granules and beeomes par- 
titioned into proplatelets by invaginations of the plasma membrane. 
These are seen ultrastructurally as a network of tubular profiles, which 
eoalesee to form eytoplasmie islands 3-4 jLtm in diameter. Individual 
platelets are shed into the eiroilation from a long, narrow proeess of 
megakaryoeyte eytoplasm that is protmded through an aperture in the 
sinusoidal endothelium. 


PHAG0CYTES AND ANTIGEN-PRESENTING CELLS 


Maerophages and neutrophils (see above) are speeialized phagoeytes. 
Certain dendritie eells (see Fig. 4.12), e.g. Fangerhans eells of the skin 
and other stratified squamous epithelia, are professional' antigen- 
presenting eells (APCs); they take up foreign material by endoeytosis 
and maeropinoeytosis, and are uniquely eapable of effieiently aetivating 
naive as well as mature T lymphoeytes. Maerophages are also able to 
proeess and present antigen to lymphoeytes, but are less effeetive than 
dendritie eells. In addition, they play an important role in the effeetor 
arm of the immune response, elearing the infectious agent by phagoey- 
tosis. The third major eell type involved in antigen presentation and 
T-eell aetivation is the B lymphoeyte, which is partioilarly effieient at 
taking up antigen that binds to its surface immunoglobulin (see above). 
Follicular dendritie eells of lymph nodes, MAFT and the spleen are 
eapable of presenting non-proeessed antigen to B lymphoeytes, but are 
not elassie APCs because they eannot present antigen to helper T eells. 

APCs endoeytose antigen, digest it intracellularly, mostly to peptide 
fragments, and present the fragments on their surfaces, generally in 
conjunction with MHC elass II moleoiles. (Class II molecules are nor- 
mally found only on APCs, although many other eells ean express elass 
II moleoiles in inflammatory situations.) Reeognition of foreign antigen 
is eontrolled by a variety of APC cell-surface reeeptors: Fc and eomple- 
ment reeeptors mediate uptake of opsonized material, while pattern 
reeognition reeeptors of the innate immune system, e.g. Toll-like reeep- 
tors and seavenger reeeptors, direetly reeognize pathogen-derived 
molecules. 

MACR0PHAGES 


The mononuclear phagoeyte system eonsists of the blood monoeytes, 
from which the other types are derived, and various tissue maerophages, 
some of which have tissue-specific names. Certain dendritie eells are 
sometimes included in the monomielear phagoeyte system; although 
they share a eommon lineage aneestor, they appear to form a diserete 
braneh of the family tree. Most monoeytes and maerophages express 
elass II MHC molecules. 

Maerophages are very variable in size (generally 15-25 jLtm) and are 
found in many tissues of the body, where they constitute a heterogene- 
ous family of eells (reviewed in Gordon and Taylor (2005 ). They 
are migrant eells in all general eonneetive tissues, in bone marrow and 
all lymphoid tissues, and include alveolar maerophages in the lung 
and Kupffer eells in liver sinusoids. Maerophages often aggregate in 











Phagoeytes and antigen-presenting eells 


subserous eonneetive tissue of the pleura and peritoneum, where they 
are visible as milky spots near small lymphatie tmnks. They cluster 
around the terminations of small (penieillar) arterioles in the spleen 
and are distributed, more diffhsely, throughout the splenie eords. 

Osteoelasts in bone are elosely related to maerophages; they are 
syneytial eells derived from the fusion of up to 30 progenitor monoeytes 
in bone tissue, where they differentiate fiirther. Mieroglia of the eentral 
nervous system originate from an embryonie monoeyte precursor and 
migrate into the eentral nervous system during its development. They 
differ from maerophages in that normally they are quiescent eells in 
which MHC elass II expression is downregulated, and they display little 
phagoeytie aetivity. 

Maerophages vary in stmcture depending on their loeation in the 
body. All have a moderately basophilie eytoplasm eontaining some 
rough and smooth endoplasmie reticulum, an aetive Golgi complex and 
a large, euchromatic and somewhat irregular nucleus. These features are 
eonsistent with an aetive metabolism: synthesis of lysosomal enzymes 
continues in mature eells. All maerophages have irregular surfaces with 
protmding fìlopodia and they eontain varying numbers of endoeytie 
vesieles, larger vacuoles and lysosomes. Some maerophages are highly 
motile, whereas others tend to remain attaehed and sedentary, e.g. in 
hepatie and lymphoid sinuses. Within eonneetive tissues, maerophages 
may fuse to form large syneytia (giant eells) around partieles that are 
too large to be phagoeytosed, or when stimulated by the presenee of 
infectious organisms, e.g. Mycobacterium tuberculosis. 

When blood-borne monoeytes enter the tissues through the endothe- 
lial walls of eapillaries and vemiles, they ean undergo a limited number 
of rounds of mitosis as tissue maerophages before they die and are 
replaeed from the bone marrow, typieally after several weeks. There is 
some evidenee that alveolar maerophages of the lung are able to 
undergo many more mitoses than other maerophages. 

Phagoeytosis 


The uptake of particulate material and mieroorganisms is earried out 
by maerophages in many tissues and organs. When present in general 
eonneetive tissue, they ingest and kill invading mieroorganisms and 
remove debris that has been produced as a consequence of tissue 
damage. They reeognize, engulf and rapidly ingest apoptotie eells in all 
situations; the meehanism of apoptotie eell uptake does not aetivate the 
phagoeyte for antigen presentation, and so the proeess is immunologi- 
eally silent. In the lung, alveolar maerophages eonstantly patrol the 
respiratory surfaces, to which they migrate from pulmonary eonneetive 
tissue (Fig. 4.13). They engulf inhaled partieles, including baeteria, 
surfactant and debris, and many enter the sputum (henee their alterna- 
tive names, dust eells or, in eardiae disease, heart failure eells, which are 
full of extravasated erythroeytes). They perform similar seavenger func- 
tions in the pleural and peritoneal eavities. In lymph nodes, maero- 
phages line the walls of simises and remove particulate matter from 
lymph as it pereolates through them. In the spleen and liver, maero- 
phages are involved in partiele removal and in the deteetion and 
destmetion of aged or damaged erythroeytes. They begin the degrada- 
tion of haemoglobin for reeyeling iron and amino aeids. 

Maerophages bear surface reeeptors for the Fc portions of antibodies 
and for the fragments of the C3 eomponent of eomplement. Phagoeytie 



Fig. 4.13 Alveolar maerophages (dust eells, arrows) eontaining ingested 
earbon partieles, in alveoli and interalveolar septa of the human lung. 
(Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 


aetivity is greatly inereased when the target has been eoated in antibody 
(opsonized) or eomplement, or both. Onee phagoeytosis has occurred, 
the vaaiole bearing the ingested partiele fuses with endosomal vesieles, 
which eontain a wide range of lysosomal enzymes, including many 
hydrolases, and oxidative systems eapable of rapid baeterioeidal aetion. 
These aetivities are much enhaneed when maerophages are stimulated 
(aetivated maerophages) by eytokines, e.g. IFN-y, which are seereted by 
other eells of the imimme system, espeeially T lymphoeytes. 

Close antibody-mediated binding may initiate the release of lyso- 
somal enzymes on to the surfaces of the cellular targets to which the 
maerophages bind. This proeess of cytotoxicity is also used by other 
eells, including neutrophils and eosinophils, particularly if the targets 
are too large to be phagoeytosed (e.g. nematode worm parasites). 

Seeretory aetivities 


Aetivated maerophages ean synthesize and seerete various bioaetive 
substances, e.g. IL-1, which stimulate the proliferation and maturation 
of other lymphoeytes, greatly amplifying the reaetion of the imimme 
system to foreign antigens. They also synthesize TNF-a, which is able 
to kill small numbers of neoplastie eells. TNF-a depresses the anabolie 
aetivities of many eells in the body, and may be a major faetor mediat- 
ing cachexia (wasting), which typieally aeeompanies more advaneed 
eaneers. Other maerophage products include plasminogen aetivator, 
which promotes elot removal; various lysosomal enzymes; several eom- 
plement and elotting faetors; and lysozyme (an antibaeterial protein). 
In pathogenesis, these substances may be released inappropriately and 
damage healthy tissues, e.g. in rheumatoid arthritis and various other 
inflammatory eonditions. 


DENDRITIC CELLS 


There are two distinet groups of dendritie eell: myeloid dendritie eells 
(also known as elassie dendritie eells) and plasmaeytoid dendritie eells 
(Liu 2001, Merad et al 2013, Gerlaeh et al 2013). These eells ean arise 
from both eommon lymphoid progenitors and eommon myeloid pro- 
genitors. Both groups of eells are involved in antigen presentation, 
though have somewhat different fhnetional roles in eontrolling both 
the adaptive and innate immune systems. The myeloid dendritie eells 
are professional APCs, which are able to proeess and present antigen to 
T lymphoeytes, including nai've T eells. They are present as immature 
dendritie eells in the epidermis of the skin (Fig. 4.14) and other 
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Fig. 4.14 Dendritie eells in the skin and lymphoid tissues. Their migratory 
routes are shown: from blood-borne, marrow-derived precursors to 
immature dendritie eells (Langerhans eells) in skin, and then to migrating 
veiled eells in afferent lymphatie vessels and interdigitating dendritie eells 
in lymph nodes. An example of eaeh eell in the sequence (arrowed) is 
shown in red. 
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stratiíìed squamous epithelia, e.g. the oral mucosa (Langerhans eells), 
and in the dermis and most other tissues (interstitial dendritie eells), 
where they are eoneerned with immune surveillance. Immature den- 
dritie eells have an antigen-capturing hmetion. They respond to ehemo- 
taetie signals, e.g. defensins released by epithelial eells in the small 
intestine, and they express pattern reeognition reeeptors (e.g. Toll-like 
reeeptors) on their surface. Binding of pathogen-assoeiated molecular 
pattern moleoiles (PAMPs) derived from baeteria (e.g. earbohydrate, 
lipopolysaeeharide or DNA) to these reeeptors stimulates the dendritie 
eells to beeome aetivated and migrate via the lymphaties to nearby 
seeondary lymphoid tissues, where they ean present antigen to T eells. 
They ean also be aetivated by reeognition of damage-assoeiated pattern 
molecules (DAMPs), such as ATP, DNA, heat-shoek proteins and high- 
mobility group box 1 (HMGBl) released from injured or neerotie eells. 
Mature dendritie eells are known as veiled eells when in the afferent 
lymphaties and the subcapsular simises of lymph nodes, and as inter- 
digitating dendritie eells onee they are within the lymphoid tissue 
proper. Their hmetion within the seeondary lymphoid tissue is to 
present their proeessed antigen to T lymphoeytes, and thus to initiate 
and stimulate the immune response. For a review of researeh on den- 
dritie eell fhnetion, see Oolonna et al (2006). 

Langerhans eells 


Langerhans eells (see Fig. 4.14) are one of the best-studied types of 
immature dendritie eell (reviewed in Berger et al (2006 , Chopin and 
Nutt (2014)). They are present throughout the epidermis of skin, where 
they were fìrst deseribed, but are most elearly identifìable in the stratum 
spinosum. They have an irregular nucleus and a elear eytoplasm, and 
eontain eharaeteristie elongated membranous vesieles (Birbeek gran- 
ules). Langerhans eells endoeytose and proeess antigens, undergoing a 
proeess of maturation from antigen-capturing to antigen-presenting 
eells that express high levels of MHC elass I and II moleailes, 
co-stimulatory molecules and adhesion molecules. They migrate to 
lymph nodes to aetivate T lymphoeytes. 

Interdigitating dendritie eells 


Immature dendritie eells are found all over the body, including periph- 
eral blood, and fhnetion in antigen-proeessing and immune surveil- 
lanee. Mature dendritie eells are present in T-eell-rieh areas of seeondary 
lymphoid tissue (paraeortieal areas of lymph nodes, interfollicular areas 
of MALT, peri-arteriolar sheaths of splenie white pulp), where they are 
frequently referred to as interdigitating dendritie eells. Within the see- 
ondary lymphoid tissues, they are involved in the presentation to T 
lymphoeytes of antigens assoeiated with either MHC elass I (CD8 T 
eells) or MHC elass II (CD4 T eells) molecules. Naive T eells ean only 



Fig. 4.15 Follicular dendritie eells (brown) in a germinal eentre of the 
human palatine tonsil (immunoperoxidase-labelled). (Courtesy of Marta 
Perry MD, UMDS, London.) 


respond to antigen presented by dendritie eells. The T eells are stimu- 
lated not only by reeognition of the antigen-MHC complex by the TeR, 
but also by interaetion with co-stimulatory molecules expressed by the 
dendritie eells, and by eytokines seereted by the eells. These eytokines 
not only help aetivate the T eell but ean also direet the nature of the 
T-eell response (e.g. Thl or Th2). Appropriate T eells are thus aetivated 
to proliferate and are primed for earrying out their immunological 
fhnetions. Onee primed, T eells ean then be stimulated by any APC, 
including maerophages and B eells. 

Follicular dendritie eells 


Follioilar dendritie eells (FDCs; Fig. 4.15) are a non-migratory popula- 
tion of eells found in the follieles of seeondary lymphoid tissues, where 
they attraet and interaet with B eells. Hnlike other dendritie eells, FDCs 
are not haemopoietie in origin but are probably derived from the 
stromal eells of lymphoid tissues. They are unable to endoeytose and 
proeess antigen, and they laek MHC elass II molecules. However, Fc 
reeeptors and eomplement reeeptors CD21 and CD35 on FDCs allow 
the eells to bind imimme complexes to their surface for subsequent 
presentation, as unprocessed antigen, to germinal eentre B eells. interae- 
tions between B eells, CD4 helper T eells and FDCs in the germinal 
eentres are important in the seleetion of high-affìnity B eells and their 
maturation to either plasma eells or memory B lymphoeytes (Liu 2001). 
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The musculoskeletal system eonsists of the speeialized eonneetive 
tissues of the articulated bony skeleton and the skeletal muscles that 
aet aeross the articulations. All the speeialized eells of the musculoskel- 
etal system (bone, eartilage, mnsele, tendon) are related members of the 
eonneetive tissue family and are derived from mesenehymal stem eells. 


CARTILAGE 


Cartilage is the fetal precursor tissue in the development of many bones. 
In the adult skeleton it persists at almost all joints between bones and 
in structures that must be deformable as well as strong, e.g. in the res- 
piratory traet. 


MICROSTRUCTURE OF CARTILAGE 


Cartilage is a pliant, load-bearing eonneetive tissue, eovered by a fibrous 
perichondrium except at its junctions with bones and over the articular 
surfaces of synovial joints. It has a eapaeity for rapid interstitial and 
appositional growth in young and growing tissues. Three types of ear- 
tilage (hyaline eartilage, white fibroeartilage and yellow elastie eartilage) 
ean be distinguished on the basis of the eomposition and structure of 
their extracellular matriees, but many features of the eells and matrix 
are eommon to all three types, and these features will be eonsidered 
first. 

Extracellular matrix 


The matrix is mostly eomprised of eollagen and, in some eases, elastie 
fibres, embedded in a highly hydrated proteoglyean gel (Fig. 5.1). Large 
proteoglyean molecules have numerous side ehains of glyeosaminogly- 
eans (GAGs), earbohydrates with remarkable water-binding properties. 
A preponderanee of fixed negative eharges on the surface of GAGs 
strongly attraet polarized water molecules, causing wet eartilage to swell 
until restrieted by tension in the eollagen network, or by external 
loading. In this way, eartilage develops a eompressive turgor that enables 
it to distribute loading evenly on to subchondral bone, rather like a 
water bed. Effeetively, water is held in plaee by proteoglyeans, which are 
themselves held in plaee by the eollagen network. Other constituents 
of eartilage include dissolved salts, non-collagenous proteins, and 
glyeoproteins. 

Collagens are deseribed on page 38. Most fibrous tissues eontain 
eollagen type I, which forms large fibres with a wavy 'erimped' structure; 
however, this type of eollagen is only found in eartilage in the outer 
layers of the perichondrium and in white fibroeartilage. More typieal of 
eartilage is eollagen type II, which forms very thin fibrils dispersed 
between the proteoglyean molecules so that they do not clump together 
to form larger fibres. Collagen type II fibrils are often less than 50 nm 
in diameter and are too small to be seen by light mieroseopy. Trans- 
mission eleetron mieroseopy reveals that they have a eharaeteristie 
eross-banding (65 nm periodieity) and are interwoven to ereate a three- 
dimensional meshwork. The eollagen network varies in different types 
of eartilage and with age. The length of eollagen fibrils and fibres in 
eartilage is unknown, but even relatively short fibrils ean reinforee the 
matrix by interaeting physieally and ehemieally with eaeh other, and 
with other matrix constituents including proteoglyeans (Hukins and 
Aspden 1985), refleeting the faet that the term eollagen means 'glue 
maker. 

Collagen type II is found in the notoehord, the nucleus pulposus of 
an intervertebral dise, the vitreous body of the eye, and the primary 
eorneal stroma. 

Cartilage proteoglyeans are similar to those found in general, i.e. 
non-speeialized, eonneetive tissue. The most eommon GAG side ehains 
in eartilage are ehondroitin sulphate and keratan sulphate. The most 


eommon proteoglyean molecule, aggreean, forms huge molecular ag- 
gregates with other proteoglyeans and with hyaluronan (see Fig. 5.1). 

Cartilage eells 


The eells of eartilage are ehondroblasts and ehondroeytes. Chondro- 
blasts are aetively dividing eells, often flattened and irregular in shape, 
and are abundant in growing tissue where they synthesize the extracel- 
lular matrix (Fig. 5.2). Small projeetions arising from the eell mem- 
brane (Fig. 5.3) ean form gap junctions with adjaeent eells (Bmehlmann 
et al 2002), but these junctions may be lost when interstitial growth 
causes greater eell separation. As ehondroblasts mature and lose the 
ability to divide, they develop into the larger but metabolieally less 
aetive ehondroeytes. These oval-shaped eells form sparse populations 
that maintain the extensive matrix of adult eartilage. The name 'ehondro- 
eyte' is eommonly employed, as it is here, to denote all of the eartilage 
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Fig. 5.1 The fine structural organization of hyaline eartilage matrix. Large 
proteoglyean complexes and type II eollagen fibres (eross-banded and of 
different diameters) are depieted. Proteoglyean complexes bind to the 
surface of these fibres via their monomerie side ehains and link them 
together. The arrangement of glyeosaminoglyeans and eore protein of the 
proteoglyean monomer is illustrated in the expansion. 
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Fig. 5.2 Seetions through hyaline eartilage. A, A low-power view of human rib, showing perichondrium (P), young ehondroblasts (Cb) embedded in 
pale-staining interterritorial matrix, and mature ehondroeytes (Cc) embedded in the basophilie interterritorial matrix (eentre and right). B, Higher 
magnifieation of hyaline eartilage in human bronehial wall, showing isogenous groups of ehondroeytes (C). Note the more deeply stained basophilie 
zones (B) (rieh in aeidie proteoglyeans) around the eell clusters, with older, paler-staining matrix (M) between clusters. (B, Courtesy of Mr Peter Helliwell 
and the late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 



Fig. 5.3 An eleetron mierograph of ehondroblasts in rabbit femoral 
eondylar eartilage. The eentral eell has an aetive euchromatic nucleus 
with a prominent nucleolus, and its eytoplasm eontains eoneentrie 
eisternae of rough endoplasmie reticulum, seattered mitoehondria, 
lysosomes and glyeogen aggregates. The plasma membrane bears 
numerous short filopodia which projeet into the surrounding matrix. The 
latter shows a delieate feltwork of eollagen fibrils within finely granular 
interfibrillary material. No pericellular lacuna is present; the matrix 
separates the eentral ehondroblast from the eytoplasm of two adjaeent 
ehondroblasts (left, and ereseentie profile). (Preparation courtesy of Susan 
Smith, Department of Anatomy, GKT Sehool of Medieine, London.) 

eells embedded in an extensive matrix. Chondrocytes are normally in 
elose eontaet with their dense matrix (see Fig. 5.3); however, artefaets 
of tissue proeessing ean sometimes give the illusion of an empty spaee 
or 'laenna' surrounding eaeh eell or group of eells in histologieal see- 
tions. One or more ehondroeytes ean form a ehondron, which eonsists 
of the eells and their pericellular matrix (see Fig. 5.2B), surrounded by 
a proteetive basket of eollagen (Roberts et al 1991, Youn et al 2006). 

Chondrocytes synthesize and seerete all of the major eomponents 
of the eartilage matrK, and their ultrastructure is typieal of eells that are 
aetive in making and seereting proteins. The nucleus is round or ovaf 
appears euchromatic and possesses one or more mieleoli. The eyto- 
plasm is filled with rough endoplasmie reticulum, transport vesieles and 
Golgi complexes, and eontains many mitoehondria and frequent lyso- 
somes, together with numerous glyeogen granules, intermediate fila- 
ments (vimentin) and pigment granules. When these eells mature to 
the relatively inaetive ehondroeyte stage, the nucleus beeomes hetero- 
ehromatie, the nucleolus smaller, and the protein synthetie maehinery 
82 much reduced; the eells may also accumulate large lipid droplets. 


Collagen is synthesized within the rough endoplasmie reticulum in 
the same way as it is in fibroblasts. Polypeptide ehains are assembled 
into triple heliees, and some earbohydrate is added. After transport to 
the Golgi apparatus, where fiirther glyeosylation occurs, the resulting 
proeollagen molecules are seereted into the extracellular spaee. Termi- 
nal registration peptides are eleaved from their ends, forming tropoeol- 
lagen moleenles, and the final assembly into eollagen fibrils takes 
plaee. Core proteins of the proteoglyean complexes are also synthe- 
sized in the rough endoplasmie reticulum and addition of GAG ehains 
begins; the proeess is eompleted in the Golgi complex. Hyaluronan, 
which laeks a protein eore, is synthesized by enzymes on the surface of 
the ehondroeyte; it is not modified post-synthetieally, and is extruded 
direetly into the matrix without passing through the endoplasmie 
reticulum. 

Matrix turnover is much slower in eartilage than in more metaboli- 
eally aetive tissues. Collagen turnover is particularly slow, leaving it 
vulnerable to the slow proeess of non-enzymatie glyeation, which 
makes the tissue yellow, stiff and vulnerable to injury (DeGroot et al 
2004). Proteoglyeans are turned over faster than eollagen, with an esti- 
mated turnover time of 5 years for adult humans. 

Cartilage is often deseribed as avascular. eertainly, the ability of the 
matrix to deform under load makes it difficult for hollow blood vessels 
to persist in the tissue beyond early ehildhood, but a limited vascular 
supply is often found on the eartilage surface, from where it ean revas- 
oilarize the tissue following injury or degeneration. Metabolite trans- 
port to eartilage eells is mostly by the proeess of diffiision down a 
eoneentration gradient from the eartilage surface, although fluid 
'pmnping' as a result of ehanging meehanieal loading ean contribute 
under eertain circumstances. Metabolite transport severely limits eell 
density and metabolie rate in the adult, and this in turn restriets earti- 
lage thiekness to a few millimetres (Junger et al 2009). Cartilage eells 
situated ffirther than this from a nutrient vessel do not survive, and their 
surrounding matrix typieally beeomes ealeified. In the larger eartilages, 
and during the rapid growth of some fetal eartilages, vascular eartilage 
eanals penetrate the tissue at intervals, providing an additional source 
of nutrients. In some eases these eanals are temporary structures but 
others persist throughout life. 

Hyaline eartilage 


Hyaline (glassy) eartilage has a homogeneous, opaleseent appearanee, 
sometimes appearing bluish. It is firm and smooth to the touch and 
shows eonsiderable deformability. The size, shape and arrangement of 
eells vary at different sites and with age. Chondrocytes are flat near the 
surface perichondrium, and rounded or angular deeper in the tissue 
(see Fig. 5.2A). Groups of two or more eells frequently form a eell nest 
(isogenous eell group) surrounded by a basket of fine eollagen fibrils 
(see Fig. 5.2B). Within such a ehondron, daughter eells of a eommon 
ehondroblast often meet at a straight line. The pericellular matrix 
elosest to the eells is typieally laeking in eollagen fibrils, but rieh in 
proteoglyeans that ean exhibit basophilie and metaehromatie staining. 
More distant and older interterritorial matrix appears paler and is 
mostly eollagen type II (75% of dry weight) and proteoglyeans (22%). 
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Fig. 5.4 Articular eartilage from the anterior region of the lateral femoral 
eondyle of a young adult human female. Three-dimensional digital 
volumetric fluorescence imaging of serially seetioned, eosin-Y and 
aeridine orange-stained tissue. Articular surface (top), articular eartilage 
and subchondral bone (belovv). Note the ehanges in size and spatial 
distribution of articular ehondroeytes through the thiekness of the 
eartilage. (Courtesy of Professor Robert L. Sah, Drs Won C. Bae, Kyle D. 
Jadin, Benjamin L. Wong, Kelvin W. Li and Mrs Barbara L. Schumacher, 
Department of Bioengineering and Whitaker lnstitute of Biomedieal 
Engineering, Llniversity of California, San Diego.) 

After adoleseenee, hyaline eartilage may beeome ealeifìed as part of 
the normal proeess of bone development, or as an age-related, degen- 
erative ehange. In eostal eartilage, the matrix tends to fibrous striation, 
espeeially in old age when cellularity diminishes. The xiphoid proeess 
and the eartilages of the nose, larynx and traehea (excepting the elastie 
cartilaginous epiglottis and corniculate eartilages) resemble eostal ear- 
tilage in microstructure. Hyaline eartilage is the prototypieal form, but 
it varies more with age and loeation than either elastie or fibroeartilage. 
Its regenerative eapaeity following injury is poor. 

Articular eartilage, which eovers the articular surfaces of synovial 
joints, is a speeialized hyaline eartilage that laeks a perichondrium (Fig. 
5.4). The synovial membrane overlaps and then merges into its stme- 
ture circumferentially (see Fig. 5.32). The thiekness of articular eartilage 
varies from 1 to 7 mm (typieally 2 mm) in different joints, and deereases 
from middle to old age. Thiekness does not inerease in response to 
inereased meehanieal loading, at least in adults, although matrix eom- 
position and stiffness ean adapt somewhat (Gahunia and Pritzker 
2012). Oentral regions tend to be thiekest on convex osseous surfaces, 
and thinnest on eoneave surfaces. 

Articular eartilage provides an extremely smooth, fìrm yet deform- 
able layer that inereases the eontaet area between bones and thereby 
reduces eontaet stress (see Fig. 5.61). Mieroseopie undulations on the 
eartilage surface help to trap synovial fluid between the articulating 
bones (see Fig. 5.60) and enable fluid-fìlm hibrieation to reduce frie- 
tion and wear. Articular eartilage is generally too thin and stiff to be a 
good shoek absorber, although shoek absorption may be signifieant 
where there are imiltiple eartilage-eovered surfaces, as in the carpus and 
tarsus. 

Adult artioilar eartilage shows a structural zonation defìned by its 
network of fìne eollagen type II fibrils (Fig. 5.5). Embedded in the deep 
ealeifìed zone, fibrils rise vertieally through the radial zone towards the 
eartilage surface, where they appear to reorientate to mn parallel to the 
surface in the tangential zone. These eollagen areades ean be visualized 
using phase-eontrast mieroseopy ( Thambyah and Broom 2007) but it 
is likely that eaeh areade represents numerous diserete fibrils rather than 
a single fìbre. Their three-dimensional orientation ean be appreeiated 
by repeatedly piereing the eartilage surface with a needle; this ereates a 
series of permanent elongated splits in the surface, which ean be stained 
by Indian ink. The resulting split line pattern (Meaehim et al 1974) 
reveals the predominant direetions of eollagen bundles in the eartilage 
tangential zone, which may be related to internal lines of tension gener- 
ated during joint movement. 

Eaeh zone of articular eartilage (see Fig. 5.5) has a distinet eell mor- 
phology and matrix eomposition. The tangential (or superfìcial) zone 
has relatively small, elongated eells orientated parallel to the surface. 
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Fig. 5.5 Articular eartilage is not homogenous: the various zones are 
different in terms of eell size and shape, and the orientation of the 
eollagen fibril network. 

(Properties of the artioilar surface are deseribed below under 'Synovial 
joints', p. 97.) Deeper within the tangential zone, the eollagen fibrils 
inerease in diameter and density, and gradually merge with the transi- 
tional (or intermediate) zone. Here, the ehondroeytes are large and 
rounded, and surrounded by eollagen fibrils in a range of oblique ori- 
entations. Deeper still, in the radial zone, the eells are often disposed 
in vertieal columns, interspersed with vertieal eollagen fibrils. The 
matrix in this zone eontains eollagen types IX and XI, as well as eollagen 
II. An undulating band known as the tidemark indieates the start of the 
deepest zone, the zone of ealeified eartilage, which has meehanieal 
properties intermediate between eartilage and bone. This ealeifìed zone 
is keyed into the subchondral bone by fìne ridges and interdigitations, 
which serve to prevent shearing (gliding) movements between eartilage 
and bone. With age, articular eartilage thins by upward advaneement of 
the tidemark, and gradual replaeement of ealeifìed eartilage by bone. 

Cells of articular eartilage are eapable of eell division, but mitosis is 
rarely observed in adult tissue and eartilage damage is not repaired. 
Superfìcial eells are lost progressively from normal young joint surfaces, 
to be replaeed by eells from deeper layers. Age-related reductions in eell 
number and aetivity, and bioehemieal ehanges in the extracellular 
matrix, particularly affeet the superfìcial zone of artioilar eartilage, 
inereasing the risk of meehanieal failure and of osteoarthritis (Lotz and 
Loeser 2012). 

Articular eartilage derives mitrients by diffhsion from vessels of the 
synovial membrane, synovial fhiid and hypoehondral vessels of an 
adjaeent medullary eavity, some eapillaries from which penetrate and 
oeeasionally traverse the ealeifìed eartilage zone. The contributions from 
these sources are uncertain and may ehange with age. Small molecules 
freely traverse articular eartilage, with diffhsion eoeffìeients about half 
those in aqueous solution. Larger molecules have diffhsion eoeffìeients 
inversely related to their molecular size. The permeability of eartilage 
to large moleoiles is greatly affeeted by variations in its GAG (and henee 
water) eontent: a three-fold inerease in GAGs inereases the difhision 
eoeffieient 100-fold. 

Cartilaginous growth plates (see below under 'Bone') are also eom- 
posed of hyaline eartilage, and there are similarities between aetive 
growth plates and growing articular eartilage on the epiphyses of long 
bones. In both eases, ehondroeytes undergo a sequence of eell divisions 
and hypertrophy (with eells forming into columns) followed by eell 
death, and ossifieation by invading osteoblasts. 

Fibroeartilage 



Libroeartilage is a dense, whitish tissue with a distinet fibrous texture. 
It forms the intervertebral dises of the spine and menisei of the knee, 
as well as smaller structures such as the glenoid and acetabular labra, 
and the lining of bony grooves for tendons. It forms a versatile and 
tough material that eombines eonsiderable tensile strength with the 
ability to resist high eompressive forees and to distribute them evenly 
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Fig. 5.6 VVhite fibroeartilage in a late human fetal intervertebral dise. 
Chondroblasts lie between eoarse eollagen type I fibres (blue) derived 
from the anulus fibrosus. Mallory’s triple stain. 


on to underlying bone (Adams et al 2013). Histologieally fibroeartilage 
is intermediate between dense fibrous eonneetive tissues such as tendon 
and ligaments, and hyaline eartilage. In some structures such as interver- 
tebral dises, matrix eomposition and eell types vary from one loeation 
to another, refleeting varying meehanieal properties. 

Regions of fibroeartilage that are loaded predominantly in tension 
eonsist of large erimped fibres of eollagen type I embedded in a hydrated 
proteoglyean gel. Cells are rounded in young tissue (Fig. 5.6), but 
beeome elongated and fibroblast-like with age. They may be linked by 
gap junctions (Bmehlmann et al 2002). Those regions that are loaded 
predominantly in eompression appear more homogeneons, eontain a 
high proportion of fine eollagen type II fibrils in an abundant proteo- 
glyean gef and eontain rounded, ehondroeyte-like eells. Fibroeartilage 
could therefore be regarded as a mingling of two types of tissue rather 
than a separate type of eartilage. However, no other tissue eombines 
high proportions of proteoglyeans with eollagen type I, suggesting that 
fibroeartilage should be regarded as a distinet elass of eonneetive tissue. 

The articular surfaces of bones that ossify in mesenehymal mem- 
branes (e.g. squamous temporal, mandible and elaviele) are eovered by 
white fibroeartilage. The deep layers, adjaeent to hypoehondral bone, 
resemble ealeified regions of the radial zone of hyaline articular earti- 
lage. The superficial zone eontains dense parallel bundles of thiek eol- 
lagen fibres, interspersed with typieal dense eonneetive tissue fibroblasts 
and little ground substance. Fibre bundles in adjaeent layers alternate 
in direetion, as they do in the eornea. A transitional zone of irregular 
bundles of eoarse eollagen and aetive fibroblasts separates the superfi- 
eial and deep layers. The fibroblasts are probably involved in elabora- 
tion of proteoglyeans and eollagen, and may also constitute a germinal 
zone for deeper eartilage. Fibre diameters and types may differ at dif- 
ferent sites aeeording to the fimetional load. 

Elastie eartilage 


Elastie eartilage occurs in the external ear, corniculate eartilages, epiglot- 
tis and apiees of the arytenoids. Like hyaline eartilage, it eontains typieal 
ehondroeytes, either singly or in small groups, surrounded by a matrix 
rieh in type II eollagen fibrils. However, the more distant interterritorial 
matrix is pervaded by very fine yellow elastie fibres (Fig. 5.7) eontaining 
the protein elastin, which show no periodie banding stmcture under 
the eleetron mieroseope (as eollagen fibrils do). A stmcture is termed 
'elastie' if it returns to its original shape when loaded and then unloaded; 
elastie fibres (and eartilage) have the speeial property of being able to 
do this even after being subjected to deformations greater than 15%, 
which would damage eollagen fibres. This eharaeteristie is termed elastie 
reeoil. Most sites in which elastie eartilage occurs have vibrational fime- 
tions, such as laryngeal sound-wave production, or the eolleetion and 
transmission of sound waves in the ear. Elastie eartilage is resistant to 
degeneration, and its eapaeity for limited regeneration following trau- 
matie injury ean be appreeiated from the distorted repair of a cauli- 
flower ear, as seen in partieipants of some eontaet sports. 

DEVELOPMENT AND GROVVTH 0F OARTILAGE 

Cartilage is usually formed in embryonie mesenehyme. Mesenehymal 
eells proliferate and beeome tightly paeked; the shape of their eonden- 



Fig. 5.7 Elastie eartilage, stained to demonstrate elastin fibres (blue- 
blaek). Chondroblasts and larger ehondroeytes are embedded in the 
matrix, which also eontains eollagen type II fibres. 

sation foreshadows that of the future eartilage. They also beeome 
rounded, with prominent round or oval nuclei and a low eytoplasm: 
nucleus ratio. Eaeh eell differentiates into a ehondroblast as it seeretes 
a basophilie halo of matrix, eomposed of a delieate network of fine type 
II eollagen fibrils, type IX eollagen and proteoglyean eore protein. At 
some sites, continued seeretion of matrix separates the eells, producing 
typieal hyaline eartilage. Elsewhere, many eells beeome fibroblasts; eol- 
lagen synthesis predominates and ehondroblastie aetivity appears only 
in isolated groups or rows of eells that beeome surrounded by dense 
bundles of eollagen fibres to form white fibroeartilage. In yet other sites, 
the matrix of early cellular eartilage is permeated first by anastomosing 
oxytalan fibres, and later by elastin fibres. In all eases, developing ear- 
tilage is surrounded by eondensed mesenehyme, which differentiates 
into a bilaminar perichondrium. The eells of the outer layer beeome 
fibroblasts and seerete a dense collagenous matrix lined externally by 
vascular mesenehyme. The eells of the inner layer eontain differentiated, 
but mainly resting, ehondroblasts or preehondroblasts. 

Cartilage grows by interstitial and appositional meehanisms. Inter- 
stitial growth is the result of continued mitosis of early ehondroblasts 
throughout the tissue mass and is obvious only in young eartilage, 
where plastieity of the matrix permits continued expansion. When a 
ehondroblast divides, its deseendants temporarily occupy the same 
ehondron. They are soon separated by a thin septum of seereted matrix, 
which thiekens and ffirther separates the daughter eells. Continuing 
division produces isogenous groups. Appositional growth is the result 
of continued proliferation of the eells that form the internal, ehondro- 
genie layer of the perichondrium. Newly formed ehondroblasts seerete 
matrix around themselves, ereating superficial lacunae beneath the peri- 
chondrium. This continuing proeess adds additional surface, while the 
entrapped eells partieipate in interstitial growth. Apposition is thought 
to be most prevalent in mature eartilages, but interstitial growth must 
persist for long periods in growth-plate eartilage. Relatively little is 
known about the faetors that determine the overall shape of eartilage 
structures. 


BONE 


Bone is a strong and rigid eonneetive tissue that has evolved to enable 
fast terrestrial loeomotion. Its strength provides support and proteetion 
for the body, while its rigidity enables it to ereate preeisely shaped 
articular surfaces that do not distort under load, and ensures that foree- 
ful muscle eontraetions result in rapid limb movements rather than 
bending of bones. Unlike eartilage, bone is a highly vascular tissue with 
a high eell density; high cellularity enables it to adapt to ehanging 
meehanieal demands, and to regenerate following injury. 

MACR0SC0PIC ANATOMY 0F BONE 


Maeroseopieally, living bone is white. Its texture is either dense like 
ivory (eompaet bone) or honeyeombed by large eavities (trabecular, 
cancellous or spongy bone), where the bony element is reduced to a 
latticework of bars and plates known eolleetively as trabeailae (Figs 
5.8-5. 9). Compact bone is usually limited to the outer shell or cortex 
of mature bones, where it is important in determining their strength 
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Fig. 5.8 A vertieal seetion 2 em belovv the anterosuperior border of the 
iliae erest (female, 42 years). The cancellous bone eonsists of interseeting 
curved plates and struts. Osteonal (Haversian) eanals ean just be seen in 
the two eortiees (C) at this magnifieation. 




Fig. 5.9 Trabecular 
bone at different sites 
in the proximal part of 
the same human femur. 
All fields are shown 
at the same seale. 

A, Subcapital part of 
the neek. B, Greater 
troehanter. C, Rim of 
the articular surface 
of the head. Note the 
wide variation in 
thiekness, orientation 
and spaeing of the 
trabeculae. (Original 
photographs from 
Whitehouse WJ, Dyson 
ED 1974 Seanning 
eleetron mieroseope 
studies of trabecular 
bone in the proximal 
end of the human 
femur. J Anat 118: 
417-414, by permission 
from Blackwell 
Publishing.) 



and providing rigid articular surfaces. Cortical thiekness and arehitee- 
ture vary between and within bones, and generally deerease with age in 
adults. Trabecular bone provides support to the cortex while minimiz- 
ing weight. The presenee of a large eentral medullary eanal in long 
bones also helps to reduce their weight. Spaees within bones provide 
eonvenient and secure loeations for the storage of haemopoietie tissues 
and fat. Bone forms a reservoir of metabolie calcium (99% of body 
calcium is in the bony skeleton) and of phosphate, which is under 
hormonal and eytokine eontrol. 

The proportions of eompaet to cancellous bone vary between and 
within bones. Generally, a thiek cortex is required to provide strength 
in bending, e.g. in the mid-diaphysis of a long bone (see Fig. 5.20). 
Trabeailar bone provides strength in eompression and so is abundant 
in the epiphyses of long bones, and in the vertebral bodies of the spine. 
In flat bones such as the ribs, the interior is uniformly cancellous, and 
eompaet bone forms the surface. Internal eavities are usually filled with 
marrow, either red haemopoietie or yellow adipose, aeeording to age 
and site. However, in some bones of the skull, notably the mastoid 
proeess of the temporal bone and the paranasal sinuses of the frontal, 
maxilla, sphenoid and ethmoid bones, many of the internal eavities are 
filled with air, i.e. they are variably pneumatized. 

Bones vary not only in their primary shape but also in lesser surface 
details (seeondary markings), which appear mainly in postnatal life. 
Most bones display features such as elevations and depressions (fossae), 
smooth areas and rough ridges. Some articular surfaces are ealled fossae 
(e.g. the glenoid fossa); lengthy depressions are grooves or sulci (e.g. 
the humeral bieipital sulcus); a noteh is an incisura; and an actual gap 
is a hiatus. A large projeetion is termed a proeess or, if elongated and 
slender or pointed, a spine. A curved proeess is a hamulus or cornu (e.g. 
the pterygoid hamuli of the sphenoid bone and the cornua of the 
hyoid). A rounded projeetion is a tuberosity or tubercle, and oeeasion- 
ally a troehanter. Long elevations are erests, or lines if they are less 
developed; erests are wider and present boundary edges or lips. An 
epieondyle is a projeetion elose to a eondyle and is usually a site where 
the eommon tendon of a superficial muscle group or the eollateral liga- 
ment of the adjaeent joint is attaehed. The terms protuberance, promi- 
nenee, eminenee and toms are less often applied to eertain bony 
projeetions. The expanded proximal ends of many long bones are often 
termed the 'head' or caput (e.g. humems, femur, radius). A hole in a 
bone is a foramen and beeomes a eanal when lengthy. Large holes may 
be ealled apertures or, if eovered largely by eonneetive tissue, fenestrae. 
Clefts in or between bones are fissures. A lamina is a thin plate; larger 
laminae may be ealled squamae (e.g. the temporal squama). Large areas 
on many bones are featureless and as smooth as articular surfaces, from 
which they differ by being piereed by visible vasoilar foramina. 

Tendons are usually attaehed at roughened bone surfaces. Wherever 
any aggregation of eollagen in a muscle reaehes bone, surface irregulari- 
ties eorrespond in form and extent to the pattern of tendinous fibres. 
Such markings are almost always elevated above the general surface, as 
if ossifieation advaneed into the eollagen bundles from periosteal bone. 
How such seeondary markings are induced is uncertain but they may 
result from the continued ineorporation of new eollagen fibres into the 
bone, perhaps neeessary for minor fimetional adjustment. There is evi- 
denee that their prominenee may be related to the power of the muscles 
involved, and they inerease with advaneing years as if the pull of 
muscles and ligaments exercised a cumulative effeet over a limited area. 
Surface markings delineate the shape of attaehed eonneetive tissue 
structures, e.g. an obvious tendon, intramuscular tendon or septum, 
aponeurosis, or tendinous fibres mediating what is otherwise a direet 
muscular attaehment. These markings may be faeets, ridges, nodules, 
rough areas or complex mixtures; they afford accurate indieations of 
the junctions of bone with muscles, tendons, ligaments or articular 
capsules. 

Muscle fibres do not attaeh direetly to periosteum or bone. Foree 
transmission is through the eonneetive tissue that encapsulates (epimy- 
sium) and pervades (perimysium and endomysium) all muscles. These 
two forms of attaehment of muscles, which are at the extremes of a 
range of admixtures, differ in the density of eollagen fibres between 
muscle and bone. Where eollagen is visibly eoneentrated, markings 
appear on the bone surface. In eontrast, the multitude of mieroseopie 
eonneetive tissue ties of direet attaehment that occur over a larger area 
do not visibly mark the bone, and so it appears smooth to unaided 
vision and touch. 

Many bones articulate with their neighbours at synovial joints. Small 
articular surfaces are termed faeets or foveae; larger, kmiekle-shaped 
surfaces are eondyles; a troehlea is grooved like a pulley. Articular sur- 
faees are smooth and eovered by articular eartilage, which means that 
they laek the vascular foramina typieal of the surfaces of most other 
bones. 
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Fig. 5.10 A seanning eleetron mierograph of eollagen fibres on the 
surface of human trabecular bone. Note the branehing fibres (female, 
2 months, sixth rib). 


MICROSTRUCTURE 0F BONE 


Bone eontains a mineralized collagenous extracellular matrix surround- 
ing a range of speeialized eells including osteoblasts, osteoeytes and 
osteoelasts. Períosteum, endosteum and marrow are elosely assoeiated 
tissues. All of these eomponents will be deseribed fìrst individnally, and 
then their overall organization will be eonsidered. 

Bone organie matrix 


Approximately 10-20% of bone mass is water. A signifieant proportion 
(30-40%) of the remaining dry weight is made up of the organie eom- 
ponent of the extracellular matrix. Approximately 30% of this organie 
matrix is eollagen; the remainder includes various non-collagenous 
proteins, glyeoproteins and earbohydrates. The proportions of these 
eomponents vary with age, loeation and metabolie status. 

Most of the eollagen in bone is an ordered branehing network of 
type I fìbres (Fig 5.10). Although type I eollagen fìbres are found in 
most eonneetive tissues, their molecular structure in bone is atypieal: 
internal eross-linking between eomponent fìbrils is stronger and ehemi- 
eally more inert, and transverse spaeings between eollagen molecules 
within eaeh fibril are larger, allowing more spaee for the deposition of 
minerals. A small amount of type V eollagen is also present, probably 
to help regulate fibrillogenesis. Collagen fìbres contribute greatly to the 
eohesive meehanieal strength of bone, and also to its toughness (which 
is refleeted in the energy required to break a bone). 

Collagen is synthesized in bone by osteoblasts. Newly seereted mol- 
ecules of tropoeollagen lose part of their non-helieal terminal regions, 
thus allowing them to polymerize in the extracellular matrix to form 
fibrils, which then assoeiate to form fìbres. These structures are stabi- 
lized by various eross-links, which inerease in number and strength as 
the tissue matures. In primary bone, eollagen fìbres form a complex 
interwoven meshwork that ineorporates other organie molecules; this 
'osteoid' material is then mineralized to form woven (non-lamellar) 
bone. In time, primary bone is almost entirely replaeed by regular 
laminar arrays of nearly parallel eollagen fibres, which form the basis 
of lamellar bone (Currey 2002). Partially mineralized eollagen net- 
works ean be seen within osteoid on the outer and internal surfaces of 
bone, and in the endosteal linings of vascular eanals. Collagen fìbres 
from the periosteum are ineorporated in eortieal bone (extrinsic fìbres) 
and anehor this fibrocellular layer at its surface. Terminal eollagen fìbres 
of tendons and ligaments are ineorporated deep into the matrix of eorti- 
eal bone. They may be intermpted by new osteons during eortieal drift 
(modelling) and turnover (remodelling), and remain as islands of inter- 
stitial lamellae or even trabeculae. 

Bone organie matrix includes small amounts of various maeromol- 
ecules attaehed to eollagen fibres and surrounding bone erystals. They 
are seereted by osteoblasts and young osteoeytes, and include osteonee- 
tin, osteoealein, the bone proteoglyeans biglyean and deeorin, the bone 
sialoproteins osteopontin and thrombospondin, many growth faetors 
including transforming growth faetor beta (TGF-(3), proteases and pro- 
tease inhibitors, often in a latent form. The fhnetions of some of these 
moleailes are deseribed with osteoblasts (see below). 


Bone minerals 


Approximately 60-70% of bone dry weight is made up of inorganie 
mineral salts in the form of mieroerystalline hydroxyapatite (Cai 0 
(P0 4 ) 6 (OH) 2 ). The mieroerystals eonfer hardness and much of the 
rigidity of bone, and are the main reason why bone is easily seen on 
radiographs. (Bone must be 50% mineralized to be visible on radio- 
graphs produced with a standard X-ray unit.) Bone mineral also has 
an important earbonate eontent, and a lower Ca/P ratio than pure 
hydroxyapatite, together with a small amount of calcium phosphate. 
Bone erystals are extremely small (which gives them a high surface:volume 
ratio). They take the form of thin plates or leaf-like structures; the largest 
are 150 nm longx 80 nm widex5 nm thiek, although most are half that 
size. Up to two-thirds of the mineral eontent of bone is thought to be 
loeated within eollagen fibrils, where the erystals are paeked elosely 
together, with their long axes nearly parallel to the fibrils; erystal forma- 
tion is probably initiated in the gaps between individual eollagen mol- 
ecules. Narrow spaees between the erystals eontain water and organie 
macromolecules. The mineral substances of bone are mostly aeid- 
soluble. If they are removed, using calcium ehelators such as eitrates or 
ethylene diamine tetra-aeetie aeid (EDTA), the bone retains its shape 
but beeomes highly flexible. 

The major ions in bone mineral inehide calcium, phosphate, 
hydroxyl and earbonate. Less numerous ions are eitrate, magnesmm, 
sodium, potassium, fluoride, ehloride, iron, zine, eopper, aluminium, 
lead, strontium, silieon and boron, many of which are present only in 
traee quantities. Fluoride ions ean substitute for hydroxyl ions, and 
earbonate ean substitute for either hydroxyl or phosphate groups. 
'Group IIA eations', such as radium, strontium and lead, all readily 
substitute for calcium and are therefore known as bone-seeking eations. 
Sinee they ean be either radioaetive or ehemieally toxic, their presenee 
in bone, where they may be elose to haemopoietie bone marrow, may 
cause illness and eharaeteristie appearanees on X-rays. 

Mineralization of newly synthesized osteoid is a gradual proeess that 
slows over time; it typieally reaehes 70-80% in 3 weeks. Immature 
woven bone mineralizes faster and so may be distinguished from adja- 
eent lamellar bone by its higher degree of mineralization. In eortieal 
bone, lamellae mostly take the form of eylindrieal osteons (see Fig. 
5.16). These structures mineralize from inside to out, so that the eon- 
eentration of mineral is highest in the older, more peripheral, lamellae. 
Although new osteons are less mineralized than old ones, they may 
show one or more highly mineralized 'arrest lines' within their walls. 
Mineral distribution is most uniform in established, highly mineralized 
osteons. Overall, mineralization inereases with age, even though bone 
mass deereases. 

Osteoblasts 


Osteoblasts are derived from osteoprogenitor (stem) eells of mesenehy- 
mal origin present in bone marrow and other eonneetive tissues. They 
proliferate and differentiate into osteoblasts prior to bone formation, 
stimulated by bone morphogenetie proteins (BMPs). A layer of osteo- 
blasts eovers the forming surfaces of growing or remodelling bone (Fig. 
5.11). In relatively quiescent adult bone, they appear to be present 
mostly on endosteal rather than periosteal surfaces, but they also occur 
deep within eompaet bone wherever osteons are being remodelled. 
Osteoblasts are responsible for the synthesis, deposition and minerali- 
zation of the bone matrix, which they seerete. Onee embedded in the 
matrix, they beeome osteoeytes. 

Osteoblasts are basophilie, roughly cuboidal mononuclear eells 
15-30 pm aeross. They eontain prominent bundles of aetin, myosin 
and other eytoskeletal proteins assoeiated with the maintenanee of eell 
shape, attaehment and motility. Their plasma membranes display many 
extensions, some of which eontaet neighbouring osteoblasts and 
embedded osteoeytes at intercellular gap junctions. This arrangement 
faeilitates eoordination of the aetivities of groups of eells, e.g. in the 
formation of large domains of parallel eollagen fibres. 

Ultrastructurally, osteoblasts are typieal protein-seereting eells. They 
synthesize and seerete eollagens and a number of glyeoproteins. Osteo- 
ealein is required for bone mineralization, binds hydroxyapatite and 
ealemm, and is used as a marker of new bone formation. Osteoneetin 
is a phosphorylated glyeoprotein that binds strongly to hydroxyapatite 
and eollagen; it may play a role in initiating erystallization and may be 
a eell adhesion faetor. RANKL is the eell surface ligand for RANK (reeep- 
tor for aetivation of nuclear faetor kappa B), an osteoelast progenitor 
reeeptor (see below). Osteoprotegerin is a soluble, high-affinity deeoy 
ligand for RANKL, which restriets osteoelast differentiation. Biglyean 
and deeorin are bone proteoglyeans that attraet water; deeorin also 
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Fig. 5.11 Bone eells aetively remodelling alveolar bone to aeeommodate 
a developing tooth. Large miiltieelliilar osteoelasts (white arrow) are 
aetively resorbing bone on one surface, while a layer of osteoblasts (blaek 
arrow) is depositing osteoid on another. Osteoblasts that have beeome 
trapped in the matrix to form osteoeytes are shown in the eentre (white 
arrowhead). (Image courtesy of Prof. Tim Arnett, Llniversity Oollege 
London.) 

binds the growth faetor TGF-(3. The bone sialoproteins, osteopontin 
and thrombospondin, mediate osteoelast adhesion to bone surfaces by 
binding to osteoelast integrins. In addition, osteoblasts seerete latent 
proteases and growth faetors including BMPs and TGF-(3 (which is also 
seereted by osteoelasts and which may be a coupling faetor for stimulat- 
ing new bone formation at resorption sites). 

Although extracellular fluid is generally supersaturated with respeet 
to the basie calcium phosphates, mineralization does not occur in most 
tissues. In bone, osteoblasts seerete osteoealein (binds calcium at levels 
sufficient to eoneentrate the ion loeally) and eontain membrane-bound 
vesieles full of alkaline phosphatase (eleaves phosphate ions from 
various moleailes to elevate eoneentrations loeally) and pyrophos- 
phatase (degrades inhibitory pyrophosphate in the extracellular fluid). 
The vesieles bud off from the osteoblast surface into newly formed 
osteoid, where they initiate hydroxyapatite erystal formation. Some 
alkaline phosphatase reaehes the blood circulation, where it ean be 
deteeted in eonditions of rapid bone formation or turnover. 

Osteoblasts also play a key role in the hormonal regulation of bone 
resorption. They express reeeptors for parathyroid hormone (PTH), 
l,25-dihydroxy vitamin D 3 (ealeitriol) and other promoters of bone 
resorption. When aetivated, osteoblasts promote osteoelast differentia- 
tion via PTH-aetivated expression of eell surface RANKL, which binds 
to RANK on immature osteoelasts, establishes eell-eell eontaet and 
triggers eontaet-dependent osteoelast differentiation. In the presenee of 
PTH, osteoblasts also downregulate seeretion of osteoprotegerin, a 
soluble deeoy ligand with higher affinity for RANKL. In eonditions 
favouring bone deposition, seereted osteoprotegerin bloeks RANKL 
binding to RANK, restrieting the number of mature osteoelasts. 

Bone-lining eells are flattened epithelial-like eells that eover the free 
surfaces of adult bone not undergoing aetive deposition or resorption. 
Generally eonsidered to be quiescent osteoblasts or osteoprogenitor 
eells, they line the periosteal surface and the vascular eanals within 
osteons, and form the outer boundary of the marrow tissue on the 
endosteal surface of marrow eavities. 

Osteoeytes 


Osteoeytes are the major eell type of mature bone and are distributed 
throughout its matrix, intereonneeted by numerous dendritie proeesses 
to form a complex cellular network (Fig. 5.12). They are derived from 
osteoblasts that have beeome enelosed within their rigid matrix (see 
Fig. 5.11) and so have lost the ability to divide or to seerete new matrix. 
(The rigidity of mineralized bone matrix prevents interstitial growth, so 
that new bone must always be deposited on pre-existing surfaces.) 
Osteoeytes retain eontaet with eaeh other and with eells at the surfaces 
of bone (osteoblasts and bone-lining eells) throughout their lifespan. 

Mature, relatively inaetive osteoeytes have an ellipsoid eell body with 
their longest axis (approximately 25 pm) parallel to the surrounding 
lamellae. The rather narrow rim of eytoplasm is faintly basophilie, 
eontains relatively few organelles and surrounds an oval nucleus. 



Fig. 5.12 Osteoeyte lacunae shown at high magnifieation in a dry ground 
seetion of lamellar bone. The territories of three osteoeytes are shown. 
Their branehing dendrites eontaet those of neighbouring eells via the 
canaliculi seen here within the bone matrix. Several other osteoeyte 
lacunae are present, out of the foeal plane in this seetion, and tangential 
to the osteon axis. 



Fig. 5.13 Human parietal bone (male neonate) showing primary osteonal 
bone (grey) and woven bone (white) eontaining many eonneeting 
osteoeyte lacunae (blaek). Internal resorption of the bone has produced 
large, irregular dark spaees (trabecularization). 

Osteoeytes in woven bone are larger and more irregular in shape (Fig. 
5.13). Numerous fine branehing proeesses eontaining bundles of 
mierofilaments and some smooth endoplasmie reticulum emerge from 
eaeh eell body. At their distal tips, these proeesses form gap junctions 
with the proeesses of adjaeent eells (osteoeytes, osteoblasts and bone- 
lining eells) so that they are in eleetrieal and metabolie continuity. 

Extracellular fhiid fills the small, variable spaees between osteoeyte 
eell bodies and their rigid lacunae, which may be lined by a variable 
(0.2-2 pm) layer of unmineralized organie matrix. The same fhiid fills 
the narrow ehannels or canaliculi that surround the long proeesses of 
the osteoeytes. Approximately 0.25-0.5 pm wide, the canaliculi provide 
a route for the diffiision of nutrients, gases and waste products between 
osteoeytes and blood vessels. Canaliculi do not usually extend through 
and beyond the reversal line surrounding eaeh osteon and so do not 
communicate with neighbouring systems. 

In well-vascularized bone, osteoeytes are long-lived eells that aetively 
maintain the bone matrix. The average lifespan of an osteoeyte varies 
with the metabolie aetivity of the bone and the likelihood that it will 
be remodelled, but is measured in years. Old osteoeytes may retraet 
their proeesses from the canaliculi; when they die, their lacunae 
and eanaliaili may beeome plugged with eell debris and minerals, 
which hinders diffiision through the bone. Dead osteoeytes occur eom- 
monly in interstitial bone (between osteons) and in eentral regions of 
trabeailar bone that eseape surface remodelling. They are particularly 
notieeable by the seeond and third deeades. Bones that experience little 
turnover, e.g. the auditory ossieles, are most likely to eontain aged 
osteoeytes and have low osteoeyte viability. Osteoeyte death leads to 
matrix resorption by osteoelast aetivity. Osteoeytes themselves are often 
mineralized. 

Osteoelasts 


Osteoelasts are large (diameters of 40 pm or more) polymorphie eells 
eontaining up to 20 oval, elosely paeked nuclei (see Fig. 5.11). They lie 87 
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FUNCTIONAL ANATOMY OF THE MUSCULOSKELETAL SYSTEM 



Fig. 5.14 A seanning eleetron mierograph of a neonatal rabbit osteoelast 
aetively resorbing bone in vitro from the surface of sperm whale dentine. 
(Courtesy of Professor Alan Boyde, Queen Mary Llniversity of London, 
London, UK.) 


in elose eontaet with the bone surface in resorption bays (Howship's 
lacunae). Their eytoplasm eontains numerous mitoehondria and vacu- 
oles, many of which are aeid phosphatase-positive lysosomes. Rough 
endoplasmie reticulum is relatively sparse but the Golgi complex is 
extensive. The eytoplasm also eontains numerous eoated transport vesi- 
eles and microtubule arrays involved in vesiele transport between the 
Golgi staeks and the eell's mffled border (the highly infolded region of 
plasma membrane of an aetive osteoelast at a site of bone resorption). 
A well-defined zone of aetin filaments and assoeiated proteins occurs 
beneath the mffled border around the circumference of a resorption 
bay, in a region termed the sealing zone. 

Functionally osteoelasts are responsible for the loeal removal of 
bone during bone growth and remodelling (Fig. 5.14). They dissolve 
bone minerals by proton release to ereate an aeidie loeal environment, 
and they remove organie matrix by seereting lysosomal (eathepsin K) 
and non-lysosomal (e.g. eollagenase) enzymes. Osteoelasts are stimu- 
lated to resorb bone by signals from loeal eells (including osteoblasts, 
maerophages and lymphoeytes) and by blood-borne faetors such as 
PTH and l,25-dihydroxy vitamin D 3 (ealeitriol). Calcitonin, produced 
by C eells of the thyroid folliele, reduces osteoelast aetivity. 

Osteoelasts differentiate from myeloid stem eells via maerophage- 
eolony-forming units. Differentiation is primarily regulated by two 
eytokines: maerophage-eolony stimulating faetor, seereted by osteob- 
lasts, and RANKL, expressed by osteoblasts (see above). The mononu- 
elear precursors fuse to form terminally differentiated multinuclear 
osteoelasts (Váànànen and Laitala-Leinonen 2008). Osteoelast differen- 
tiation inhibitors are potential therapeutic agents for bone loss- 
assoeiated disorders, e.g. osteoporosis, rheumatoid arthritis, Paget's 
disease, periodontal disease and osteosareoma. 

Woven and lamellar bone 


The meehanieal properties of bone depend not only on matrix eompo- 
sition, as deseribed above, but also on the manner in which the matrix 
constituents are organized. Woven bone and lamellar bone represent 
two quite distinet types of organization. 

In woven (or bundle) bone, the eollagen fibres and bone erystals are 
irregularly arranged. The diameters of the fibres vary, so that fine and 
eoarse fibres intermingle, producing the appearanee of the warp and 
weft of a woven fabrie. Woven bone is typieal of young fetal bones, but 
is also seen in adults during excessively rapid bone remodelling and 
during fracture repair (Fig. 5.15). It is formed by highly aetive osteo- 
blasts during development, and is stimulated in the adult by fracture, 
growth faetors or prostaglandin E 2 . 

Lamellar bone, which makes up almost all of an adult skeleton, is 
more organized and is produced more slowly. The preeise arrangement 
of lamellae (bone layers) varies from site to site. In trabeculae and the 
outer (periosteal) and inner (endosteal) surfaces of eortieal bone, a few 
lamellae form continuous circumferential layers that are more or less 
parallel to the bony surfaces. However, in more eentral regions of eorti- 
eal bone, the lamellae are arranged in eoneentrie eylinders around 
neurovascular ehannels ealled Haversian eanals (Fig. 5.16). This inter- 
eonneeting, three-dimensional, laminated eonstmetion inereases the 
toughness of lamellar bone because the interfaees between lamellae are 
88 effeetive in stopping the growth of eraeks; more energy is therefore 



Fig. 5.15 An eleetron mierograph of woven bone from a failed fracture of 
human distal tibia. Two osteoblasts (O) lie on the free surface (top). Newly 
synthesized collagenous osteoid matrix (M) is seen in the eentre field, 
with a mineralization front (eleetron-dense area) below (arrows). (Courtesy 
of Dr Bart Wagner, Histopathology Department, Sheffield Teaehing 
Hospitals, UK.) 


required to propagate eraeks that are sufficiently extensive to fracture 
the bone. 

Eaeh lamella eonsists of a sheet of mineralized matrix eontaining 
eollagen fibres of similar orientation loeally, mnning in branehing 
bundles 2-3 pm thiek and often extending the ffill width of a lamella. 
The orientation of eollagen fibres and erystals differs between 0° and 
90° in adjaeent lamellae, as may be demonstrated by polarized light 
mieroseopy (see Fig. 5.18). At the borders of lamellae, paeking of eol- 
lagen fibres into bundles is less perfeet and intermediate and random 
orientations of eollagen predominate. 

Cortical bone 


The eylindrieal stmctural units that eomprise most eortieal bone are 
termed Haversian systems or osteons (Fig. 5.17). Osteons usually lie 
parallel with eaeh other (Fig. 5.18); in long bones, they lie parallel with 
the long axis of the bone. Adjaeent osteons may eneroaeh on one 
another because they are usually formed at different times, during suc- 
eessive periods of bone remodelling. Irregular gaps between osteons are 
filled with interstitial lamellae (see fig. 5.17A), which are the fragmen- 
tary remains of older osteons and circumferential lamellae. Osteons 
may be spiral or they may braneh, and some end blindly. They are 
round or ellipsoidal in eross-seetion. The main direetion of eollagen 
fibres within osteons varies: in the shaft of long bones, fibres are more 
longitudinal at sites that are subjected mainly to tension, and more 
oblique at sites subjected mostly to eompression. Peripheral lamellae 
of osteons eontain more transverse fibres. 

It has been estimated that there are 21 million osteons in a typieal 
adult skeleton. Their diameter varies from 100 to 400 pm, and they 
usually eontain 5-20 lamellae. Eaeh osteon is permeated by the eanal- 
iculi of its resident osteoeytes, which form pathways for the diffiision 
of metabolites between osteoeytes and blood vessels. The maximum 
diameter of an osteon ensures that no osteoeyte is more than 200 pm 
from a blood vessel, a distanee that may be a limiting faetor in their 
survival. 

The eentral Haversian eanals of osteons vary in size, with a mean 
diameter of 50 pm; those near the marrow eavity are somewhat larger. 
Eaeh eanal eontains one or two eapillaries lined by fenestrated endothe- 
lium and surrounded by a basal lamina, which also eneloses typieal 
perieytes. They usually eontain a few unmyelinated and oeeasional 
myelinated axons. The bony surfaces of osteonie eanals are perforated 
by the openings of osteoeyte canaliculi and are lined by eollagen fibres. 

Haversian eanals eomimmieate with eaeh other and direetly or indi- 
reetly with the marrow eavity via vascular (nutrient) ehannels ealled 
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Fig. 5.16 The main features of the microstructure of mature lamellar bone. Areas of eompaet and trabecular (cancellous) bone are included. Note the 
general eonstmetion of the osteons; distribution of the osteoeyte lacunae; Haversian eanals and their eontents; resorption spaees; and different vievvs of 
the structural basis of bone lamellation. 


Volkmann's eanals, which mn obliquely or at right angles to the long 
axes of the osteons (see Fig. 5.18). The majority of these ehannels 
appear to braneh and anastomose, but some join large vascular eonnee- 
tions with vessels in the periosteum and the medullary eavity. 

Osteons are distinguished from their neighbours by a eement line 
that eontains little or no eollagen, and is strongly basophilie because it 
has a high eontent of glyeoproteins and proteoglyeans. Oement lines 
are also known as reversal lines because they mark the limit of bone 
erosion prior to the formation of a new osteon. Canaliculi oeeasionally 
pass through eement lines, and so provide a route for exchange be- 
tween interstitial bone lamellae and vasailar ehannels within osteons. 
Basophilie resting lines ean occur in the absenee of erosion; they indi- 
eate where bony growth has been intermpted and then resumed. 

Trabecular bone 


The organization of trabecular bone (also known as cancellous or 
spongy bone) is basieally lamellar, as shown most elearly under polar- 
ized light (Fig. 5.19). Trabeculae take the form of branehing bars and 
curved plates of varying width, length and thiekness (50-400 pm) (see 
Fig. 5.9). They are eovered in endosteal tissue because they are adjaeent 
to marrow eavities. Thiek trabeculae and regions elose to eompaet bone 
may eontain small osteons, but blood vessels do not otherwise lie 
within trabeculae; osteoeytes therefore rely on canalicular diffusion 
from adjaeent medullary vessels. In young bone, ealeifìed eartilage may 
occur in the eores of trabeculae, but this is generally replaeed by bone 
during subsequent remodelling. 

Periosteum, endosteum and bone marrow 

The outer surface of bone is eovered by a eondensed collagenous layer, 
the periosteum. The inner surface is lined by a thinner, more cellular 
endosteum. Osteoprogenitor eells, osteoblasts, osteoelasts and other 
eells important in the turnover and homeostasis of bone tissue lie in 
these layers. 

The periosteum is tethered to underlying bone by thiek eollagen 
fibres (Sharpey's fìbres), which penetrate deep into the outer eortieal 


bone tissue. It is absent from artioilar surfaces, and from the points of 
insertion of tendons and ligaments (entheses) (see 7 ig. 5.51). The peri- 
osteum is highly aetive during fetal development, when it generates 
osteoblasts for the appositional growth of bone. These eells form a layer, 
2-3 eells deep, between the fibrous periosteum and new woven bone 
matrix. Osteoprogenitor eells within the mature periosteum are indis- 
tinguishable morphologieally from fìbroblasts. Periosteum is important 
in the repair of fractures; where it is absent (e.g. within the joint capsule 
of the femoral neek) fraetmes are slow to heal. 

Quiescent osteoblasts and osteoprogenitor eells aet as the prineipal 
reservoir of new bone-forming eells for remodelling or repair on the 
endosteal surfaces of resting adult bone. Bone endosteum is likely to 
be important in calcium homeostasis because it provides a total surface 
area of approximately 7.5 m 2 . It is formed by flattened osteoblast pre- 
cursor eells and reticular (type III eollagen) fìbres, and lines all the 
internal eavities of bone, including the Haversian eanals. It overlies the 
endosteal circumferential lamellae and eneloses the medullary eavity. 


NEUROVASCULAR SUPPLY 0F BONE 
Vascular supply 


The osseous circulation supplies bone tissue, marrow, periehondrmm, 
epiphysial eartilages in young bones, and, in part, artioilar eartilages. 
The vascular supply of a long bone depends on several points of inflow 
that feed complex and regionally variable sinusoidal networks within 
the bone. The sinusoids drain to venous ehannels that leave through all 
surfaces that are not eovered by articular eartilage. The flow of blood 
through eortieal bone in the shafts of long bones is mainly eentrifrigal 
(Fig. 5.20). 

One or two main diaphysial nutrient arteries enter the shaft ob- 
liquely through nutrient foramina, which lead into mitrient eanals. 
Their sites of entry and angulation are almost eonstant and eharaeteristi- 
eally direeted away from the dominant growing epiphysis. Nutrient 
arteries do not braneh in their eanals but divide into aseending and 
deseending branehes in the medullary eavity; these approaeh the 
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Fig. 5.17 A, Osteons in a dry groiind transverse seetion of bone. 
Ooneentrie lamellae surround the eentral Haversian eanal of eaeh 
eomplete osteon; they eontain the dark lacunae of osteoeytes and the 
canaliculi, which are occupied in life by their dendrites. These canaliculi 
intereonneet with canaliculi of osteoeytes in adjaeent lamellae. ineomplete 
(interstitial) lamellae (e.g. eentre field) are the remnants of osteons 
remodelled by osteoelast erosion. B, A high-power view of osteoeytes 
within lamellae; a Haversian eanal is seen on the right. (B, Photograph by 
Sarah-Jane Smith.) 



Fig. 5.18 Osteons in a dry ground longitudinal seetion of bone. The 
eentral Haversian eanals (H; tubular structures, mainly dark) show 
transverse nutrient eanals (Volkmann’s eanals, V), which form bridges 
between adjaeent osteons and their blood vessels. 

epiphyses, dividing repeatedly into smaller helieal branehes elose to the 
endosteal surface. The endosteal vessels are vulnerable during surgical 
operations, such as intramedullary nailing, which involve passing metal 
implants into the medullary eanal. Near the epiphyses, diaphysial 
vessels are joined by terminal branehes of numerous metaphysial and 
epiphysial arteries (see Fig. 5.20). The former are direet branehes of 
neighbouring systemie vessels; the latter eome from peri-articular vas- 
cular areades formed on non-articular bone surfaces. Numerous vascu- 
lar foramina penetrate bones near their ends, often at fairly speeifìe 
sites; some are occupied by arteries but most eontain thin-walled veins. 



Fig. 5.19 Trabecular bone in a bone marrow sample taken from the 
human posterior iliae erest. A, lrregular trabeculae of bone, surrounded by 
bone marrow haemopoietie and adipose tissue (haematoxylin and eosin 
stain). B, The same field viewed under polarized light, demonstrating 
lamellar, non-osteonie bone with lamellae orientated in different direetions 
in different regions. Osteoeytes are just visible, embedded in the solid 
matrix. (Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 

Within bone, the arteries are unusual in eonsisting of endothelium with 
only a thin layer of supportive eonneetive tissue. The epiphysial and 
metaphysial arterial supply is rieher than the diaphysial supply. 

Medullary arteries in the shaft give off eentripetal branehes, which 
feed a hexagonal mesh of medullary simisoids that drain into a wide, 
thin-walled eentral venous sinus. They also possess eortieal branehes, 
which pass through endosteal eanals to feed fenestrated eapillaries in 
Haversian systems. The eentral sinus drains into veins that retraee the 
paths of nutrient arteries, sometimes piereing the shaft elsewhere as 
independent emissary veins. Cortical eapillaries follow the pattern of 
Haversian eanals, and are mainly longitudinal with oblique eonnee- 
tions via Volkmann's eanals (see Fig. 5.18). At bone surfaces, eortieal 
eapillaries make eapillary and venous eonneetions with periosteal plex- 
uses (see Fig. 5.20) formed by arteries from neighbouring muscles that 
contribute vascular areades with longitudinal links to the fibrous peri- 
osteum. A eapillary network permeates the deeper, osteogenie perios- 
teum from this external plexus. At muscular attaehments, periosteal and 
muscular plexuses are confluent and the eortieal eapillaries then drain 
into interfascicular venules. 

In addition to the eentrifiigal supply of eortieal bone, there is an 
appreeiable eentripetal arterial flow to outer eortieal zones from perios- 
teal vessels. The large nutrient arteries of epiphyses form many intraos- 
seous anastomoses, their branehes passing towards the articular surfaces 
within the trabecular spaees of the bone. Near the articular eartilages, 
these form serial anastomotie areades (e.g. there are three or four in the 
femoral head), which give off end-arterial loops. The latter often pieree 
the thin hypoehondral eompaet bone to enter, and sometimes traverse, 
the ealeified zone of articular eartilage, before returning to the epiphy- 
sial venous sinusoids. 

In immature long bones, the supply is similar but the epiphysis is 
a diserete vascular zone. Epiphysial and metaphysial arteries enter 
on both sides of the growth eartilage and rarely, if ever, anastomose. 
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Fig. 5.20 The main features of the blood supply of a long bone. Note the eontrasting supplies of the diaphysis, metaphysis and epiphysis, and their 
eonneetions with periosteal, endosteal, muscular and peri-articular vessels. The expansion shows part of the diaphysis in more detail. The marrow eavity 
eontains a large eentral venous sinus, a dense network of medullary sinusoids, and longitudinal medullary arteries and their circumferential rami. 
Longitudinally oblique transeortieal eapillaries emerge through minute ‘eornet-shaped’ foramina to beeome confluent with the periosteal eapillaries and 
venules. The obliquity of the eortieal eapillaries is emphasized for elarity. Not to seale. 


Growth eartilages are probably supplied from both sources, and from 
an anastomotie eollar in the adjoining periosteum. Oeeasionally, earti- 
lage eanals are ineorporated into a growth plate. Metaphysial bone is 
nourished by terminal branehes of metaphysial arteries and by primary 
mitrient arteries of the shaft, which form terminal blind-ended sprouts 
or simisoidal loops in the zone of advaneing ossifìeation. Young peri- 
osteum is more vascular; its vessels communicate more freely with those 
of the shaft than their adult counterparts and give off more metaphysial 
branehes. 

Large, irregular bones such as the scapula and innominate not only 
reeeive a periosteal supply but are also often supplied by large nutrient 
arteries that penetrate direetly into their cancellous bone, the two 
systems anastomosing freely. Short bones reeeive numerous fìne vessels 
that supply their eompaet and cancellous bone and medullary eavities 
from the periosteum. Arteries enter vertebrae elose to the base of their 
transverse proeesses (see Fig. 43.20). Eaeh vertebral medullary eavity 
drains to two large basivertebral veins, which eonverge to a foramen 
on the posterior surface of the vertebral body (see Fig. 43.21). Flatter 
eranial bones are supplied by numerous periosteal or mucoperiosteal 
vessels. Large, thin-walled veins mn tortuously in cancellous bone. 
Lymphatie vessels aeeompany periosteal plexuses but have not been 
eonvineingly demonstrated in bone. 

Innervation 


Nerves are most numerous in the articular extremities of long bones, 
vertebrae and larger flat bones, and in periosteum. Fine myelinated and 


unmyelinated axons aeeompany nutrient vessels into bone and marrow, 
and lie in the perivascular spaees of Haversian eanals. Osteoblasts 
possess reeeptors for several neuropeptides found in these nerves, 
including neuropeptide Y, ealeitonin gene-related peptide, vasoaetive 
intestinal peptide and substance P, indieating that bone has a complex 
autonomic and sensory innervation. 

DEVELOPMENT AND GROVVTH 0F BONE 


Some of the bones in the skull are laid down within a fibrocellular 
mesenehymal membrane, by a proeess known as intramembranous 
ossifìeation. Most bones are formed by a proeess of endoehondral ossi- 
fieation, in which preformed eartilage templates (models) defìne their 
initial shapes and positions, and the eartilage is replaeed by bone in an 
ordered sequence. 

lntramembranous ossifieation 


Intramembranous ossifìeation is the direet formation of bone (mem- 
brane bone) within highly vascular sheets or 'membranes' of eondensed 
primitive mesenehyme. At eentres of ossifieation, mesenehymal stem 
eells differentiate into osteoprogenitor eells, which proliferate around 
the branehes of a eapillary network, forming ineomplete layers of 
osteoblasts in eontaet with the primitive bone matrix. The eells are 
polarized, and seerete osteoid only from the surface that faees away 
from the blood vessels. The earliest erystals appear in assoeiation with 
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FUNCTIONAL ANATOMY OF THE MUSCULOSKELETAL SYSTEM 



Fig. 5.21 A, A seetion of a human fetal hand 
showing cartilaginous models of the earpal bones 
and the primary ossifieation eentres, which display 
varying stages of maturity, in the metaearpals and 
phalanges. Note that none of the earpal elements 
shows any evidenee of ossifieation. B, A higher- 
power view of an early primary ossifieation eentre. 
The eartilage eells in the shaft have hypertrophied 
and this region is surrounded by a delieate tube or 
eollar of subperiosteal bone (red). (Photograph by 
Kevin Fitzpatriek on behalf of GKT Sehool of 
Medieine, London.) 


extracellular matrix vesieles produced by the osteoblasts. Orystal forma- 
tion subsequently extends into eollagen fibrils in the surrounding 
matrix, producing an early labyrinth of woven bone, the primary spon- 
giosa. As layers of ealeifying matrix are added to the early trabeculae, 
osteoblasts beeome enelosed within primitive lacunae. These new 
osteoeytes retain intercellular eontaet by means of their fine eytoplasmie 
proeesses (dendrites) and, as these elongate, matrix eondenses around 
them to form canaliculi. 

As matrix seeretion and ealeifieation proeeed, trabeculae thieken and 
vasoilar spaees beeome narrower. Where bone remains trabecular, the 
proeess slows and the spaees between trabeailae beeome occupied by 
haemopoietie tissue. Where eompaet bone is forming, trabeculae eon- 
tinue to thieken and vascular spaees continue to narrow. Meanwhile, 
the eollagen fibres of the matrix, seereted on the walls of the narrowing 
spaees between trabeculae, beeome organized as parallel, longitudinal 
or spiral bundles, and the eells they enelose occupy eoneentrie sequen- 
tial rows. These irregular, intereonneeted masses of eompaet bone eaeh 
have a eentral eanal and are ealled primary osteons (primary Haversian 
systems). They are later eroded, together with the intervening woven 
bone, and replaeed by generations of mature (seeondary) osteons. 

While these ehanges are occurring, mesenehyme eondenses on the 
outer surface to form a fibrovascular periosteum. Bone is laid down 
inereasingly by new osteoblasts, which differentiate from osteoprogeni- 
tor eells in the deeper layers of the periosteum. Modelling of the 
growing bone is aehieved by varying rates of resorption and deposition 
at different sites. 

Endoehondral ossifieation 


The hyaline eartilage model that forms during embryogenesis is a mini- 
ature template of the bone that will subsequently develop. It beeomes 
surrounded by a eondensed, vascular mesenehyme or periehondrmm, 
which resembles the mesenehymal 'membrane' in which intramembra- 
nous ossifieation occurs. Its deeper layers eontain osteoprogenitor eells. 

The first appearanee of a eentre of primary ossifieation (Fig. 5.21) 
occurs when ehondroblasts deep in the eentre of the primitive shaft 
enlarge greatly, and their eytoplasm beeomes vacuolated and accumu- 
lates glyeogen. The intervening matrix is eompressed into thin, often 
perforated, septa. The eells degenerate and may die, leaving enlarged 
and sometimes confluent lacunae (primary areolae) whose thin walls 
beeome ealeified during the final stages (Fig. 5.22). Type X eollagen is 
92 produced in the hypertrophie zone of eartilage. Matrix vesieles originat- 



Fig. 5.22 The sequence of cellular events in endoehondral ossifieation. 
This low-magnification mierograph shows the primary ossifieation eentre 
in a human fetal bone. See Figure 5.24 for further details. Abbreviations; 

G, growth zone; H, hypertrophie zone; O, ossifieation zone; R, remodelling 
zone. 


ing from ehondroeytes in the proliferation zone are most evident in the 
intercolumnar regions, where they appear to initiate erystal formation. 
At the same time, eells in the deep layer of perichondrium around the 
eentre of the eartilage model differentiate into osteoblasts and form a 
peripheral layer of bone. Initially, this periosteal eollar, formed by 
intramembranous ossifieation within the perichondrium, is a thin- 
walled tube that eneloses and supports the eentral shaft (see Figs 5.21- 
5.22). As it inereases in diameter, it also extends towards both ends of 
the shaft. 

The periosteal eollar, which overlies the ealeified cartilaginous walls 
of degenerate ehondroeyte lacunae, is invaded from the deep layers of 
the periosteum (formerly perichondrium) by osteogenie buds. These 
are blind-ended eapillary sprouts that are aeeompanied by osteopro- 
genitor eells and osteoelasts. The latter excavate newly formed bone to 
reaeh adjaeent ealeified eartilage, where they continue to erode the walls 
of primary ehondroeyte laomae (Figs 5.23-5.24). This proeess leads to 
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Fig. 5.23 An Alcian-blue periodie aeid-Sehiff (PAS)-stained seetion of 
human fetal femur showing the hypertrophy and palisading of eartilage 
eells as the ossifying (mineralizing) front of an early primary eentre of 
ossifieation is approaehed (below). Lacunae are enlarged, and matrix 
partitions are reduced in width and exhibit inereased staining density 
following eartilage ealeifieation. (Courtesy of Mr Peter Helliwell and the 
late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 



Fig. 5.24 Endoehondral ossifieation in human fetal bone. Spicules of 
cartilaginous remnants (pale blue) serve as surfaces for the deposition of 
osteoid (dark blue), shown in the upper half of the field. Mineralized, 
woven bone is stained red. Three large multinucleate osteoelasts (arrows) 
are seen eentre right, further eroding eartilage and remodelling the 
developing bone. Blood sinusoids and haemopoietie tissue (below) fill the 
spaees between areas of ossifieation. Heidenhain’s azan triehrome 
preparation. 


A Cartilage B Hypertrophy C Calcification of 

template of eentral eells matrix in primary 

ossifieation eentre 
and formation of 
periosteal eollar of 
bone 




D Invasion of 
primary eentre 
by vascular 
osteogenie buds 



E Primary bone laid down 
on ealeified eartilage 
remnants; seeondary eentre 
of ossifieation appears 
and beeomes vascularized 


F Continued growth of eartilage of 
epiphysial plate and epiphysis; 
proliferation of red bone marrow 


G Cessation of eartilage growth and eomplete 
ossifieation of epiphysial plate (fusion of the 
epiphysis). Replaeement of red bone marrow with 
ye11ow, adipose marrow in most adult long bones 
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Fig. 5.25 The stages of endoehondral ossifieation in a long bone. 


their flision into larger, irregular eomimmieating spaees, seeondary 
areolae, which fill with embryonie medullary tissue (vascular mesen- 
ehyme, osteoblasts and osteoelasts, haemopoietie and marrow stromal 
eells, ete.). Osteoblasts attaeh themselves to the delieate residual walls 
of ealeified eartilage and lay down osteoid, which rapidly beeomes 
eonfhient, forming a continuous lining of bone. Further layers of bone 
are added, enelosing young osteoeytes in lacunae and narrowing the 
perivasailar spaees. Bone deposition on the more eentral ealeified ear- 
tilage eeases as the formation of subperiosteal bone continues. 

Osteoelastie erosion of the early bone spicules then ereates a primi- 
tive medullary eavity in which only a few trabeculae, eomposed of bone 
with eentral eores of ealeified eartilage (see Fig. 5.23), remain to support 
the developing marrow tissues. These trabeculae soon beeome remod- 
elled and replaeed by more mature bone or by marrow. Meanwhile, 
new, adjaeent, cartilaginous regions undergo similar ehanges. Sinee 
these are most advaneed eentrally, and the epiphyses remain eartilagi- 
nous, the intermediate zones exhibit a temporospatial sequence of 
ehanges when viewed in longitudinal seetion (Fig. 5.25). This region 


of dynamie ehange from eartilage to bone persists until longitudinal 
growth of the bone eeases. 

Expansion of the cartilaginous extremity (usually an epiphysis; see 
Fig 5.20) keeps paee with the growth of the rest of the bone by both 
appositional and interstitial growth. The growth zone expands in all 
dimensions. Lateral growth of a developing long bone is caused by 
oeeasional transverse mitosis in its ehondroeytes, and by appositional 
growth as a result of matrix deposition by eells from the periehondrial 
eollar or ring at this level. The future growth plate therefore expands in 
eoneert with the shaft and adjaeent future epiphysis. A zone of relatively 
quiescent ehondroeytes (the resting zone) lies on the side of the plate 
elosest to the epiphysis. An aetively mitotie zone of eells faees towards 
the shaft of the bone; the more frequent divisions in the long axis of 
the bone soon ereate numerous longitudinal columns (palisades) of 
dise-shaped ehondroeytes, eaeh in a flattened laoma (see Fig. 5.25). 
Proliferation and column formation occur in this zone of eartilage 
growth (the proliferative zone), and its eontimied longitudinal intersti- 
tial expansion provides the basie mode of elongation of a bone. 
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The columns of eells show inereasing maturity towards the eentre of 
the shaft, as their ehondroeytes inerease in size and accumulate glyeo- 
gen. In the hypertrophie zone, energy metabolism is depressed at the 
level of the mineralizing front (see Fig. 5.23). The lacunae are now 
separated by transverse and longitudinal walls, and the latter are 
impregnated with apatite erystals in what has beeome the zone of ealei- 
fied eartilage (or ossifieation zone; see Fig. 5.22). The ealeified partitions 
enter the zone of bone formation and are invaded by vasailar mesen- 
ehyme eontaining osteoblasts, osteoelasts, ete. The partitions, espeeially 
the transverse ones, are then partly eroded while osteoid deposition, 
bone formation and osteoeyte enclosure occur on the surfaces of the 
longitudinal walls. Lysis of ealeified partitions is mediated by osteoelast 
aetion, aided by eells assoeiated with the terminal buds of vasoilar 
sinusoids that occupy, and eome into elose eontaet with, eaeh ineom- 
plete columnar trabeoilar framework. 

Continuing eell division in the growth zone adds to the epiphysial 
ends of eell columns, and the bone grows in length as this sequence of 
ehanges proeeeds away from the diaphysial eentre. The bone also grows 
in diameter as fhrther subperiosteal bone deposition occurs near the 
epiphyses, and its medullary eavity enlarges transversely and longitudi- 
nally. Internal erosion and remodelling of the newly formed bone tissue 
continues. 

Growth continues in this way for many months or years in different 
bones, but eventually one or more seeondary eentres of ossifieation 
usually appear in the cartilaginous extremities. Initially, these epiphysial 
eentres (or the ends of bones that laek epiphyses) do not display eell 
columns. Instead, isogenous eell groups hypertrophy, with matrix eal- 
eifieation, and are then invaded by osteogenie vascular mesenehyme, 
sometimes from eartilage eanals. Bone is formed on ealeified eartilage, 
as deseribed above. As an epiphysis enlarges, its cartilaginous periphery 
(perichondrium) also forms a zone of proliferation in which eell 
columns are organized radially; hypertrophy, ealeifieation, erosion and 
ossifieation occur at inereasing depths from the surface. The early 
osseous epiphysis is thus surrounded by a superficial growth eartilage, 
and the growth plate adjaeent to the metaphysis soon beeomes the most 
aetive region. 

As a bone reaehes maturity, epiphysial and metaphysial ossifieation 
proeesses gradually eneroaeh upon the growth plate from either side; 
when they meet, bony fhsion of the epiphysis oeoirs and longitudinal 
growth of the bone eeases. The events that take plaee during fusion are 
broadly as follows. As growth eeases, the cartilaginous plate beeomes 
quiescent and gradually thins; proliferation, palisading and hypertro- 
phy of ehondroeytes stop, and the eells form short, irregular, eonieal 
masses. Patehy ealeifieation is aeeompanied by resorption of ealeified 
eartilage and some of the adjaeent metaphysial bone, forming resorp- 
tion ehannels that are invaded by vasoilar mesenehyme. 

Some endothelial sprouts pieree the thin plate of eartilage, and the 
metaphysial and epiphysial vessels unite. Ossifieation around these 
vessels spreads into the intervening zones and results in ffision of epi- 
physis and metaphysis. This bone is visible in radiographs as a radio- 
dense epiphysial line (a term that is also used to deseribe the level of 
the periehondrial eollar or ring around the growth eartilage of imma- 
ture bones, or the surface junction between epiphysis and metaphysis 
in a mature bone). In smaller epiphyses, which unite earlier, there is 
usually one initial eeeentrie area of ffision, and thinning of the residual 
cartilaginous plate. The original sites of fiision are subsequently resorbed 
and replaeed by new bone. Medullary tissue extends into the whole 
cartilaginous plate until union is eomplete and no epiphysial 'sear 
persists. In larger epiphyses, which unite later, similar proeesses also 
involve multiple perforations in growth plates, and islands of epiphysial 
bone often persist as epiphysial sears. Calcified eartilage eoated by bone 
forms the epiphysial sear, and is also found below artioilar eartilage. It 
has been ealled metaplastie bone, a term also applied to sites of attaeh- 
ments of tendons, ligaments and other dense eonneetive tissues to 
bone. 

The cartilaginous surfaces of epiphyses that form synovial joints 
remain unossified, but the typieal sequence of cartilaginous zones per- 
sists in them throughout life. A similar developmental sequence oeoirs 
at synehondroses, except that the proliferative rates of ehondroeytes and 
the replaeement of eartilage by bone are similar, although not identieal, 
on either side of the synehondrosis. 

Postnatal growth and maintenanee of bone 


Modelling, by which is meant ehanges in general shape, occurs in all 
growing bones. The proeess has been studied mainly in eranial and long 
bones with expanded extremities. 

A bone such as the parietal thiekens and expands, but deereases in 
94 curvature, during growth. Aeeretion continues at its edges by prolifera- 


tion of osteoprogenitor eells at sutures; periosteal bone is mainly added 
externally and eroded internally, but not at uniform rates or at all times. 
The rate of formation inereases with radial distanee from the eentre of 
ossifieation (in this ease, the future parietal eminenee). Bone formation 
may also occur endoeranially as well as eetoeranially, so ehanging the 
curvature of the bone. The relative positions of the original eentres of 
ossifieation ehange in three dimensions as the skull bones thieken and 
grow at the sutures and as the vault of the skull expands to aeeommo- 
date the growth of the brain. Development of the outer and inner eorti- 
eal plates is aeeompanied by internal development of trabeoilae and 
marrow spaees. 

Long bones inerease in length mainly by endoehondral ossifieation 
at the epiphysial growth plates. Simultaneous inerease in width occurs 
by subperiosteal deposition and endosteal erosion. Growth at different 
loeations ean occur at different rates, or even be replaeed by resorption, 
resulting in a ehange in the shape of a bone. This explains how, for 
example, the tibia ehanges its eross-seetional shape from tubular to 
triangular. Similarly, the waisted contours of metaphyses are preserved 
by differential rates of periosteal erosion and endosteal deposition, as 
metaphysial bone beeomes diaphysial in position. The junction between 
a field of resorption and one of deposition on the surface of a growing 
bone is ealled a surface reversal line. The relative position of such a line 
may remain stable over long periods of growth and shape ehange. 

Lamellar bone forms and is remodelled at variable rates throughout 
adult life (see below). 

Normal development and maintenanee of bone requires adequate 
intake and absorption of calcium, phosphoms and vitamins A, C and 
D, and a balanee between growth hormone (GH, somatotropin), 
thyroid hormones, oestrogens and androgens. Other biologieal influ- 
enees include prostaglandins and glucocorticoids. Vigorous meehanieal 
loading is important for the maintenanee of adequate bone mass. Pro- 
longed defieieney in any of these faetors ean lead to loss of bone tissue 
(osteopaenia); if bone loss is severe (osteoporosis), it ean lead to frae- 
ture and deformity. 

Vitamin D influences intestinal transport of calcium and phosphate, 
and therefore affeets circulatory calcium levels. In adults, prolonged 
defieieney (with or without low intake) produces bones that eontain 
regions of deformable, uncalcified osteoid (osteomalaeia). During 
growth, vitamin D defieieney ean lead to severe disturbance of growth 
eartilages and ossifieation, such as reductions of regular columnar 
organization in growth plates, and failure of eartilage ealeifieation even 
though ehondroeytes proliferate. Growth plates also beeome thieker 
and irregular, as exemplified in elassie riekets or juvenile osteomalaeia. 
In riekets, the uncalcified or poorly ealeified cartilaginous trabeculae are 
only partially eroded; osteoblasts seerete layers of osteoid but these fail 
to ossify in the metaphysial region, and ultimately gravity deforms these 
softened bones. 

Vitamin C is essential for the adequate synthesis of eollagen and 
matrix proteoglyeans in eonneetive tissues. When vitamin C is defieient, 
growth plates beeome thin, ossifieation almost stops, and metaphysial 
trabeculae and eortieal bone are reduced in thiekness, causing fragility 
and delayed healing of fractures. 

Vitamin A is neeessary for normal growth and for a eorreet balanee 
between deposition and removal of bone. Defieieney retards growth as 
a result of the failure of internal erosion and remodelling, partioilarly 
in the eranial base. Foramina are narrowed, sometimes causing pressure 
atrophy of the nerves that pass through them. The eranial eavity and 
spinal eanal may fail to expand at the same rate as the developing 
eentral nervous system, impairing nervous fimetion. Conversely, excess 
vitamin A stimulates vascular erosion of growth eartilages, which 
beeome thin or totally lost, and longitudinal growth eeases. Retinoie 
aeid, a vitamin A derivative, is involved in pattern formation in limb 
buds and in the differentiation of osteoblasts. 

Balaneed endoerine fimetions are also essential to normal bone 
maturation, and disturbances in this balanee may have profound 
effeets. In addition to its role in calcium metabolism, excess parathyroid 
hormone (primary hyperparathyroidism) stimulates unchecked osteo- 
elastie erosion of bone, particularly subperiosteally and later endo- 
steally (osteitis fibrosa eystiea). Growth hormone is required for normal 
interstitial proliferation in growth eartilages, ensuring normal inerease 
in stature. Termination of normal growth is imperfeetly understood, but 
may involve a fall in hormone production or in the sensitivity of ehon- 
droblasts to insulin-like growth faetors regulated by GH. Reduction of 
GH production in the young leads to quiescence and thinning of 
growth plates and henee pituitary dwarfism. Conversely, eontimied 
hyperseeretion in the immature leads to gigantism, and in the adult 
results in thiekening of bones by subperiosteal deposition; the mandi- 
ble, hands and feet are the most affeeted, a eondition known as 
aeromegaly. 




Bone 


While eontiniied longitudinal growth of bones depends on adequate 
levels of GH, effeetive remodelling to aehieve a mature shape also 
requires the aetion of thyroid hormones. Moreover, growth and skeletal 
maturity are elosely related to endoerine aetivities of the ovaries, testes 
and suprarenal eortiees. High oestrogen levels inerease deposition of 
endosteal and trabecular bone; eonversely, osteoporosis in postmeno- 
pausal women refleets reduced ovarian fhnetion. In men, fluctuations 
in the rate of growth, and the timing of skeletal maturation, depend on 
eiradating levels of suprarenal and testiailar androgens. In hypogonad- 
ism, growth-plate fhsion is delayed and the limbs therefore elongate 
excessively; eonversely, in hypergonadism, premature fiision of the epi- 
physes results in diminished stature. 

Bone remodelling 


Stiff materials (including bone) are vulnerable to the accumulation of 
mierodamage during repeated loading. In metals this ean result in eraek 
propagation and 'fatigue failure' Bone reduces the risk of such failure 
by periodieally renewing itself, one small region of tissue at a time. This 
proeess is referred to as 'remodelling because the volume and orienta- 
tion of newly replaeed matrix are not neeessarily the same as the old; 
instead, bone takes this opportunity to adapt its mass and architecture 
to prevailing meehanieal demands. Remodelling affeets the loeal 
balanee between resorption and deposition of bone. Its primary purpose 
is to renew bone rather than inerease its mass, and the proeess continues 
throughout life, replaeing approximately 10% of bone eaeh year in 
adults (Brandi 2009). 

Internal remodelling continuously supplies young osteons with 
labile calcium reserves, and provides a malleable bony architecture that 
is responsive to ehanging patterns of stress. A bone-remodelling unit 
eonsists of an advaneing oitting eone and a elosing eone. Aetivated 
osteoelasts form a oitting eone that excavates a eylindrieal tunnel of 
bone (resorption eanal) and advanees ahead of a eentral growing blood 
vessel at a rate of 50 jiim/day. A oitting eone is typieally 2 mm long and 
takes 1-3 months to form; a similar period is required to ereate the 
new (seeondary) osteon by eompleting the elosing eone (Fig. 5.26). 
Osteoblasts follow the osteoelasts, filling in the spaee ereated with 
new osteoid, starting at the peripheral surface or walls of the tunnel. 
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Fig. 5.26 Bone remodelling. Longitudinal and eross-seetions of a time 
line illustrating the formation of an osteon. Osteoelasts cut a eylindrieal 
ehannel through bone. Osteoblasts follow, laying down bone on the 
surface of the ehannel until matrix surrounds the eentral blood vessel of 
the newly formed osteon (elosing eone of a new osteon). 


Successive layers of bone are deposited on the surface of the previous 
layer as eohorts of osteoblasts beeome embedded (as osteoeytes) in the 
matrix they seerete, until the most eentral lamella is elose to the blood 
vessel at the axis of the eylinder. The 'elosing eone' (see Fig. 5.26) may 
eontain 4000 osteoblasts per mm 2 . In this way, the walls of resorption 
eanals are lined with new lamellar matrix and the vasoilar ehannels are 
progressively narrowed. A hypermineralized basophilie eement (or 
growth-reversal) line marks the edge of a new osteon, indieating the 
border between the resorptive aetivity of the cutting eone and the bony 
matrix not remodelled by this aetivity. Remnants of the circumferential 
lamellae of old osteons form interstitial lamellae between newer 
osteons (see Fig. 5.17A). 

The remodelling unit in cancellous bone, equivalent to the seeond- 
ary osteon of eompaet bone, is the basie (or bony) structural unit; it 
has an average thiekness of 40-70 jLtm and an average length of 100 jiim, 
but may be more extensive and irregular in shape. Separate structural 
units ean sometimes be visualized in mieroradiographs because of dif- 
ferenees in their age and extent of mineralization ( ^arlay et al 2005). 

Adult bone shape and mass are partly determined by genetie inherit- 
anee (Sigurdsson et al 2008). However, the pattern and extent of 
remodelling are largely dietated by the meehanieal loading applied to 
the bone. Bone resorption occurs when muscle or gravitational forees 
are reduced, as occurs in bed rest, or in zero gravity eonditions in spaee 
(Shaekelford et al 2004). Reduced aetivity in old age is another major 
cause of bone loss. The rate of remodelling deereases with age, which 
means that numbers of osteons and osteon fragments ean be used to 
estimate the age of skeletal material at death. Oonversely, inereased 
sporting or oeoipational loading of the skeleton ean cause bone hyper- 
trophy, as exemplified by the 35% inerease in eortieal thiekness in the 
raeket arm of elite tennis players (Jones et al 1977). Bones appear to 
respond to the maximum deformation they experience (see Fig. 5.68), 
rather than to onmilative load. Bone subjected to eonstant pressure ean 
actually resorb, a response that underpins much orthodontie treatment, 
because teeth ean be made to migrate slowly through alveolar bone by 
the applieation of steady lateral or medial pressure. 


Grovvth of individual bones 


Ossifieation eentres appear over a long period during bone growth: 
many in embryonie life, some in prenatal life, and others well into the 
postnatal growing period. Ossifieation eentres are initially mieroseopie 
but soon beeome maeroseopie, which means that their growth ean then 
be followed by radiologieal and other seanning techniques. 

Some bones, including earpal, tarsal, laerimal, nasal and zygomatie 
bones, inferior nasal eonehae and auditory ossieles, ossiíy from a single 
eentre, which may appear between the eighth intrauterine week and the 
tenth year: a wide interval for studying growth or estimating age. Most 
bones ossiíy from several eentres, one of which appears in the eentre 
of the future bone in late embryonie or early fetal life (seventh week to 
fourth month). Ossifieation progresses from the eentres towards the 
ends, which are still cartilaginous at birth (Fig. 5.27). These terminal 
regions ossify from separate eentres, which are sometimes imiltiple, and 
which appear between birth and the late teens; they are therefore see- 
ondary to the earlier primary eentre from which much of the bone 
ossifies. This is the pattern in long bones, as well as in some shorter 
bones such as the metaearpals and metatarsals, and in the ribs and 
elavieles. 

At birth, a bone such as the tibia is typieally ossified throughout its 
diaphysis from a primary eentre that appears in the seventh intrauterine 
week, whereas its cartilaginous epiphyses ossiíy from seeondary eentres. 
As the epiphyses enlarge, almost all the eartilage is replaeed by bone, 
except for a speeialized layer of articular (hyaline) eartilage that persists 
at the joint surface, and a thieker zone between the diaphysis and epi- 
physis. Persistenee of this epiphysial growth plate, or growth eartilage, 
allows inerease in bone length until the usual dimensions are reaehed, 
by which time the epiphysial plate has ossified. The bone has then 
reaehed maturity. Coalescence of the epiphysis and diaphysis is fusion, 
the amalgamation of separate osseous units into one. 

Many long bones have epiphyses at both their proximal and their 
distal extremities. Metaearpals, metatarsals and phalanges have only 
one epiphysis. Typieal ribs have epiphyses for the head and articular 
tubercle and one for the non-articular area. The eostal eartilages repre- 
sent the unossified hyaline eartilage of the developing rib and therefore 
do not display epiphyses. Epiphysial ossifieation is sometimes complex, 
e.g. the proximal end of the humerus is wholly cartilaginous at birth 
and subsequently develops three eentres during ehildhood, which eoa- 
lesee into a single mass before they fuse with the diaphysis. Only one 
of these eentres forms an articular surface; the others form the greater 
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Fig. 5.27 A, A radiograph of a neonatal arm. Ossifieation from primary 
eentres is well advaneed in all of the limb bones except the earpals, 
which are still wholly cartilaginous. The gaps by which individual elements 
appear to be separated are filled by radiolucent hyaline eartilage, in which 
epiphysial or earpal ossifieation will subsequently occur. Note the flaring 
contours, narrow midshaft and relatively expanded metaphyses of the 
long bones, and the proportions of the limb segments - in particular, the 
relatively large hand - that are eharaeteristie of this age. B, The bones 
and eartilages of a neonatal left arm. Compare the radiolucent areas in 
the radiograph (A) with the preserved cartilaginous epiphyses and earpal 
elements in this speeimen. (B, Prepared by Miehael C.E. Hutchinson; 
photographed by Kevin Fitzpatriek on behalf of GKT Sehool of Medieine, 
London.) 


and lesser tubercles, which give muscular attaehments. Similar eompos- 
ite epiphyses occur at the distal end of the humerus and in the femur, 
ribs and vertebrae. 

Many eranial bones ossify from multiple eentres. The sphenoid, 
temporal and oeeipital bones are almost eertainly eomposites of 
multiple elements in their evolutionary history. Some show evidenee 
of fusion between membrane and eartilage bones that unite during 
gro wth. 

If bone growth rate were uniform, ossifieation eentres would appear 
in a striet deseending order of bone size. However, disparate rates of 
ossifieation occur at different sites and do not appear to be related to 
bone size. The appearanee of primary eentres for bones of such different 
sizes as the phalanges and femora are separated by, at most, a week of 
embryonie life. Those for earpal and tarsal bones show some eorrelation 
between size and order of ossifieation, from largest (calcaneus in the 
fifth fetal month) to smallest (pisiform in the ninth to twelfth postnatal 
year). In individual bones, succession of eentres is related to the volume 
of bone that eaeh eentre produces. The largest epiphyses, e.g. the adja- 
eent ends of the femur and tibia, are the earliest to begin to ossiíy 
(immediately before or after birth) and are of forensie interest. At epi- 
physial plates, the rate of growth is initially equal at both ends of those 
bones that possess two epiphyses. However, experimental observations 
in other speeies have revealed that one epiphysis usually grows faster 
than the other after birth. Sinee the faster-growing end also usually fuses 
later with the diaphysis, its contribution to length is greater. Though 
faster rate has not been measured direetly in human bones, later fiision 
has been doaimented radiologieally. The more aetive end of a long 
limb bone is often termed the growing end but this is a misnomer. 

The rate of inerease in stature, which is rapid in infaney and again 
at puberty, demonstrates that rates of growth at epiphyses vary. The 
spurt at puberty, or slightly before, deereases as epiphyses fuse in post- 
adoleseent years. 

Growth eartilages do not grow uniformly at all points, which pre- 
sumably accounts for ehanges such as the alteration in angle between 
the humeral shaft and its neek. The junctions between epiphysis and 
diaphysis at growth plates are not uniformly flat on either surface. 
Osseous surfaces usually beeome reeiproeally curved by differential 
growth, and the epiphysis forms a shallow cup over the convex end of 
the shaft, with eartilage intervening: an arrangement that may resist 
shearing forees at this relatively weak region. Reeiproeity of bone sur- 
faees is augmented by small nodules and ridges, as ean be seen when 
the surfaces are stripped of eartilage. These adaptations emphasize the 
formation of many immature bones from several elements held together 
by epiphysial eartilages. Most human bones exhibit these complex 


junctions, at which bone is bonded to bone through eartilage, through- 
out the aetive years of ehildhood and adoleseenee. 

Forees at growth eartilages are largely eompressive but with an 
element of shear. interferenee with epiphysial growth may occur as a 
result of trauma but more frequently follows disease; the resulting 
ehanges in trabecular patterns of bone are visible radiographieally as 
dense transverse lines of arrested growth (Harris's growth lines). Several 
such lines may appear in the limb bones of ehildren afflieted by suc- 
eessive illnesses. 

Variation in skeletal development occurs between individuals, sexes 
and possibly also raees. The timing rather than the sequence of events 
varies, and females antedate males in all groups studied. Differenees 
that are perhaps insignifieant before birth may be as great as 2 years in 
adoleseenee. 



Joints are the regions of the skeleton where two or more bones meet 
and articulate. These junctions are supported by a variety of soft tissue 
structures, and their prime fimetions are either to faeilitate growth or 
to allow movement between bones. The simplest elassifieations of joints 
relate to either the range of movement possible or the nature of the 
intervening soft tissues; there is no satisfaetory single elassifieation. Free 
movement occurs at synovial joints, whereas restrieted movement 
occurs at synarthroses, which ean be subdivided into fibrous and earti- 
laginous joints. The general eharaeteristies of eaeh type of joint will be 
eonsidered next. Features that are speeifie to individual joints are dis- 
cussed in the relevant topographieal ehapters. 

FIBROLIS JOINTS 


Bones in fibrous joints are joined by fibrous eonneetive tissue that 
allows little movement. Three definable subtypes are sutures, gom- 
phoses and syndesmoses (Fig. 5.28). 

Suture 


Sutures are restrieted to the skull (see Ch. 27 for deseriptions of indi- 
vidual sutures). In a suture, the two bones are separated by a layer of 
membrane-derived eonneetive tissue. The sutural aspeet of eaeh bone 
is eovered by a layer of osteogenie eells (eambial layer) overlaid by a 
capsular lamella of fibrous tissue that is continuous with the perios- 
teum on both the endo- and eetoeranial surfaces. The region between 
the capsular eoverings eontains loose fibrous eonneetive tissue and 
deereases with age, so that the osteogenie surfaces beeome apposed. On 
eompletion of growth, many sutures synostose and are obliterated. 
Synostosis occurs normally as the skull ages; it ean begin in the early 
twenties and continues into advaneed age. A sehindylesis is a speeial- 
ized suture in which a ridged bone fits into a groove on a neighbouring 
element, e.g. where the eleft between the alae of the vomer reeeives the 
rostmm of the sphenoid (see fig. 5.28). 

Gomphosis 


A gomphosis is a peg-and-soeket junction between a tooth and its 
soeket, where the two eomponents are maintained in intimate eontaet 
by the eollagen of the periodontium eonneeting the dental eement to 
the alveolar bone. Strietly speaking, a gomphosis is not an articulation 
between two skeletal stmctures. 

Syndesmosis 


A syndesmosis is a tmly fibrous eonneetion between bones. It may be 
represented by an interosseous ligament (e.g. the interosseous mem- 
brane between the radial and ulnar shafts), a slender fibrous eord, or a 
denser fibrous membrane (e.g. the posterior region of the saeroiliae 
joint: see Fig. 5.28). 

CARTILAGINOUS JOINTS 


Cartilaginous joints may be elassified as primary (synehondrosis) or 
seeondary (symphysis), depending on the nature of the intervening 
eartilage. While the distinetion between fibrous and cartilaginous 
joints is usually elear, some degree of admixture ean occur in which 
either a predominantly fibrous articulation eontains oeeasional islands 
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Fig. 5.28 Examples of the prineipal varieties of fibrous 
joints, eaeh shovvn in seetion. 


of eartilage, or a predominantly cartilaginous articulation eontains 
aligned dense bundles of eollagen. These joints tend to be less rigid 
than the fibrous articulations and some permit restrieted movement 

(Figs 5.29-5.30). 

Primary cartilaginous joints 

Primary cartilaginous joints or synehondroses occur where advaneing 
eentres of ossifieation remain separated by an area of hyaline (but non- 
articular) eartilage. They are present in all posteranial bones that form 
from more than one eentre of ossifieation. Sinee hyaline eartilage 
retains the eapability to ossify with age, synehondroses tend to synos- 
tose when growth is eomplete. Primary cartilaginous joints are almost 
exclusively assoeiated with growth plates (see above). 

Seeondary cartilaginous joints 


Seeondary cartilaginous joints, or symphyses, are largely defined by the 
presenee of an intervening pad or dise of fibroeartilage interposed 
between the articular (hyaline) eartilage that eovers the ends of two 
articulating bones. The pad or dise varies from a few millimetres to over 
a eentimetre in thiekness, and the whole region is generally bound by 
strong, tightly adherent, dense eonneetive tissues. Collagenous liga- 
ments extend from the periostea of the articulating bones aeross the 
symphysis. The ligaments blend with the hyaline and fibrocartilaginous 
periehondria but do not form a eomplete capsule. They eontain plex- 
uses of afferent nerve terminals, which also penetrate the periphery of 
the fibroeartilage. The eombined strength of the ligaments and fibroear- 
tilage ean exceed that of the assoeiated bones. A symphysis is designed 
to withstand a range of stresses (eompression, tension, shear, bending 
and torsion) but the range of movement is generally limited, both by 
the physieal nature of the artioilation and by adjaeent bones. Tears are 
usually the result of sudden stresses that occur when the body is in an 
inappropriate posture. 


All symphyses occur in the midline (mandibular, manubriosternal, 
pubic and intervertebral) and all except the mandibular symphysis 
occur in the posteranial skeleton and resist synostosis. The mandibular 
symphysis (symphysis menti) is histologieally different from the other 
symphyses; however, the widespread use of this deseriptive term ensures 
that it remains, perhaps inappropriately, within this eategory. 

The eoneept that synehondroses are temporary and eoneerned with 
growth, whereas symphyses are permanent and eoneerned with move- 
ment, is an oversimplifieation and only partly eorreet. Both types of 
joint must be strong, both are sites at which growth occurs, and both 
contribute either direetly or indireetly to the total movement patterns 
of the parts involved. Movements that occur at a symphysis often 
depend on more than the meehanieal properties of the fibroeartilagi- 
nous pad or dise, e.g. movements between vertebrae depend not only 
on the deformability of the intervertebral dise but also on the morphol- 
ogy of the apophysial joints and the properties of assoeiated ligaments 
(Adams et al 2013). 

The prominent role of synehondroses in skeletal growth is widely 
reeognized, whereas growth of symphyses has reeeived less attention. 
Symphysial growth may, for eonvenienee, be eonsidered from two inter- 
related aspeets: namely, intrinsie growth of the fibrocartilaginous dise, 
and growth of the hyaline cartilaginous plates into which endoehondral 
ossifieation progresses. 

SYNOVIAL JOINTS 


These are freely moving joints in which the articulating bony surfaces 
are eovered in smooth (hyaline) articular eartilage and separated by a 
film ofviscous synovial fluid that serves as a hibrieant (Fig. 5.31). Joint 
stability is provided by a fibrous capsule (which usually has intrinsie 
ligamentous thiekenings), and often by internal or external aeeessory 
ligaments. Synovial fluid, which also aids metabolite transport to eells 
in the artioilar eartilages, is synthesized by the synovial membrane that 
lines the joint capsule. 
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Fig. 5.29 Examples of varieties of cartilaginous joints (see also Fig. 5.30). A, A seetional view of the prineipal tissues involved, more detailed architecture 
and main growth patterns of symmetrieal and asymmetrieal synehondroses. Lesser degrees of asymmetry occur in some loeations. Synostosis is the 
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age-related ehanges. Partial or eomplete synostosis is the normal fate of saeral and eoeeygeal symphyses. 
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Fig. 5.30 Less eommon interehondral and osseoehondral junctions: see 
text for other loeations. General periosteum and perichondrium omitted. 


Articular eartilage eomprises a speeialized type of hyaline eartilage, 
refleeting its origin as part of the cartilaginous 'model' of bone in 
embryonie life. Exceptions include the sternoelaviailar, acromioclavicu- 
lar and temporomandibular joints, where articulating surfaces are 
eovered by dense fibrous tissue eontaining isolated groups of ehondro- 
eytes with little proteoglyean in their surrounding matrix, presumably 
refleeting their formation by intramembranous ossifieation. 

The most superficial eartilage, direetly adjaeent to the synovial fluid, 
is an acellular layer approximately 3 pm thiek, which eontains fine eol- 
lagen fibrils mnning parallel to the surface. It fimetions as an elastie 
and proteetive 'skin' for the underlying tissue, and ean appear to reeoil 
under tension if the eartilage is damaged. The deformability of articular 
eartilage enables opposing eartilage surfaces to flatten slightly at their 
area of eontaet, inereasing eontaet area and deereasing eontaet stress 
(see Fig. 5.57). This load-distributing property of articular eartilage 
depends on the eongmenee of opposing joint surfaces (see Fig. 5.61). 
Slight undulations in the surface trap synovial fluid so that fluid-film 
lubrication is possible under most circumstances; effeetively the bones 
'aqua-plane' on eaeh other (Fig. 5.60). This ensrnes very low frietion 
and, consequently low wear of the eartilage. 

The acellular surface layer is eoated with a large glyeoprotein, 
lnbriein, which projeets from the surface so that a hydrophobie region 
of the moleaile lies in the joint spaee, where it repels its counterpart 
on the opposing articular surface. In this way, lubricin aets in the 
manner of a lubricant such as grease to reduce frietion and wear of the 
surface zone. This 'boundary lubrication' meehanism beeomes impor- 
tant when the fluid film has been squeezed out, e.g. after sustained 
foreefiil loading of the joint, and loss of lubricin ean lead to eartilage 
degeneration (Waller et al 2013). Transmission eleetron mieroseopy 
shows this lubricant layer as an intermpted eleetron-dense surface eoat 
0.03-0.1 pm thiek. Synovial fluid and membranous debris, the product 
of ehondroeytie neerosis, may contribute to this srnfaee eoat, which is 
transient in nature. The 'lamina splendens', a stmcture that appears as 
a bright line at the free srnfaee of artiailar eartilage when oblique see- 
tions are examined by negative phase eontrast mieroseopy may be a 
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Fig. 5.31 Synovial joints, some main structural features and one elementary type of elassifieation: A, simple; B, compound; C, complex joints. For 
elarity, the articular surfaces are artifieially separated. A and C are purely diagrammatie and not related to particular joints. B, hovvever, is a simplified 
representation of some features of an elbovv joint; the eomplieated contours due to the oleeranon, eoronoid and radial fossae, and profiles of articular fat 
pads have been omitted for elarity. 


mieroseopieal artefaet at the border betvveen regions of different refrae- 
tive index, rather than an anatomieally distinet surface layer. Deeper 
zones of articular eartilage are deseribed on page 83. 

With advaneing age, undulations on the articular surfaces deepen 
and develop minute, ragged projeetions, perhaps as a consequence of 
wear and tear. These ehanges are extremely slow in healthy joints, but 
are aeeelerated in pathologieally 'dry' joints and where synovial fluid 
viseosity is altered. 

Fibrous capsule 


A fibrous capsule eompletely eneloses eaeh synovial joint except where 
it is intermpted by synovial protmsions (see deseriptions of individual 
joints for details). It is eomposed of interlaeing bundles of parallel fibres 
of eollagen type I, and is attaehed continuously round the ends of the 
artioilating bones. In small bones this attaehment is usually near the 
periphery of the articular surfaces, but in long bones it varies eonsider- 
ably, and part or all of the attaehment may be a signifieant distanee 
from the articular surface. The joint capsule is perforated by vessels and 
nerves, and may eontain apertures through which synovial membrane 
protmdes as bursae. It is lined by a synovial membrane that also eovers 
all non-articular surfaces (bones, tendons and ligaments) that lie partly 
or wholly within the fibrous capsule. Where a tendon is attaehed to 
bone inside a synovial joint, an extension of the synovial membrane 
usually aeeompanies it beyond the capsule. Some extracapsular tendons 
are separated from the capsule by a synovial bursa continuous with the 
interior of the joint. These protmsions are potential routes for the 
spread of infeetion into joints. 

A fibrous capsule usually exhibits loeal thiekenings of parallel 
bundles of eollagen fibres, ealled capsular (intrinsie) ligaments, and 
named by their attaehments. Some capsules are reinforeed or replaeed 
by tendons of nearby muscles, or expansions from them. Aeeessory liga- 
ments are distinet stmctures, and may be loeated inside or outside the 
joint capsule. All ligaments, although stiff in tension, are pliant in 
bending. They ean rebound elastieally from being stretehed by up to 
10-15%, and are proteeted from injury by reflex eontraetion of appro- 
priate muscles. They do little to resist normal movements but beeome 
taut at the end of eaeh normal range of movement. 

Synovial membrane 


Synovial membrane lines the fibrous joint capsule and exposed osseous 
surfaces, intracapsular ligaments, bursae and tendon sheaths (Fig. 
5.32). It does not eover intra-articular dises or menisei, and stops at the 
margins of articular eartilages in a transitional zone that occupies the 
peripheral few millimetres of eartilage. Synovial membrane seeretes and 
absorbs a fluid that lubricates the movement between the artioilating 
surfaces. 

Pink, smooth and shining, the internal synovial surface displays a 
few small synovial villi that inerease in size and number with age. Folds 
and fringes of membrane may also projeet into a joint eavity; some are 



Fig. 5.32 A seetion of a synovial joint and its assoeiated highly vascular 
synovial membrane in a human fetal hand. The two articular eartilage 
surfaces (A, arrows) are separated on the right by a layer of synovial fluid 
(S) seereted by the synovial membrane (SM), which extends a short 
distanee into the joint spaee from the capsule (C). 


sufficiently eonstant to be named, e.g. the alar folds and ligamentum 
mucosum of the knee. Synovial villi are more numerous near articular 
margins and on the surfaces of folds and fringes, and beeome promi- 
nent in some pathologieal states. 

Accumulations of adipose tissue (artioilar fat pads) occur within the 
synovial membrane in many joints. These pads, and also synovial folds 
and fringes, are deformable cushions that occupy potential spaees and 
irregularities in joints that are not wholly filled by synovial fluid. During 
movement they aeeommodate to the ehanging shape and volume of 
the irregularities, a fimetion they share with intra-articular dises and 
menisei. They also inerease the area of synovial membrane, and may 
help to spread synovial fluid over the articular surfaces. 

The synovial membrane has two layers: a highly cellular intimal 
layer resting on a fibrous and vasoilar subintimal layer (subsynovial 
tissue). The subintima is often eomposed of loose, irregular eonneetive 
tissue, but also eontains organized eollagen and elastin fibres lying 
parallel to the membrane surface, interspersed with oeeasional fibro- 
blasts, maerophages, mast eells and fat eells. The elastie eomponent 
may prevent formation of redundant folds during joint movement. 
Subintimal adipose eells form eompaet lobules surrounded by highly 
vasoilar fibroelastie interlobular septa that provide firmness and eom- 
pressive turgor. 

The intimal layer eonsists of pleomorphie synovial eells embedded 
in a gramilar, amorphous matrix. In normal human joints, synovial eells 
form an interlaeing, discontinuous layer, 1-3 eells and 20-40 pm thiek, 
between the subintima and the joint eavity. They are not separated from 99 
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the siibintima by a basal lamina, and are distinguished from subintimal 
eells only because they assoeiate to form a superficial layer. In many 
loeations, but particularly over loose subintimal tissue, areas are eom- 
monly found that are free from synovial eells. Over fibrous subintimal 
tissue the synovial eells may be flattened and elosely paeked, forming 
endothelium-like sheets. Human synovial eells are generally elliptieaf 
with numerous eytoplasmie proeesses. Neighbouring eells are often 
separated by gaps, but their proeesses may interdigitate where they lie 
eloser together. There is eonsiderable regional variation in eell morphol- 
ogy and numbers. 

There are at least two morphologieally distinet populations of syno- 
vial eells or synovioeytes: type A and type B. Type A synovioeytes are 
maerophage-like eells eharaeterized by surface mffles or lamellipodia, 
plasma membrane invaginations and assoeiated pinoeytotie vesieles, a 
prominent Golgi apparatus but little rough endoplasmie reticulum. 
They probably synthesize and release lytie enzymes and phagoeytose 
joint debris from synovial fluid. Type B synovioeytes, which predomi- 
nate, resemble fibroblasts and have abundant rough endoplasmie 
reticulum but fewer vacuoles and vesieles, and a less mffled plasma 
membrane than type A synovioeytes. They probably synthesize some of 
the hyaluronan of synovial fluid, the boundary lubricant lubricin, and 
inhibitors of the degradative enzymes synthesized by type A eells, limit- 
ing their potential to damage joint tissues. Synovioeytes do not divide 
aetively in normal synovial membranes, but may do so in response to 
trauma and haemarthrosis. Under such eonditions, type B synovioeytes 
divide in situ, while type A eells inerease by immigration of bone 
marrow-derived precursors. 

Synovíal fluid 


Synovial fluid occupies synovial joints, bursae and tendon sheaths. In 
synovial joints it is elear or pale yellow, viscous and slightly alkaline at 
rest (the pH lowers during aetivity), and eontains a small mixed popula- 
tion of eells and metaehromatie amorphous partieles. Fhfid volume is 
low: usually less than 0.5 ml ean be aspirated from a large joint such 
as the knee. 

The eomposition of synovial fluid is eonsistent with it being mainly 
a transudate of blood plasma: it eontains protein (approximately 
0.9 mg/100 ml) derived from the blood. It also eontains hyahironan, 
which is thought to be a signifieant determinant of the viseoelastie and 
thixotropic (flow rate-dependent) properties of synovial fluid. A small 
proportion (approximately 2%) of synovial fluid protein differs from 
plasma protein and is probably produced by type B synovioeytes. An 
even smaller proportion (approximately 0.5%) of synovial fluid protein 
appears to be a speeialized lubricating glyeoprotein, lubricin. Synovial 
fluid eontains a few eells (approximately 60 per ml in resting human 
joints), including monoeytes, lymphoeytes, maerophages, synovial 
intimal eells and polymorphonuclear leukocytes; higher counts are 
found in young individuals. The amorphous metaehromatie partieles 
and fragments of eells and fibrous tissue found in synovial fluid are 
presumed to be the by-products of wear and tear. 

Intra-articular menisei, dises and fat pads 


An artiailar dise or meniscus ean occur between articular surfaces where 
eongmity (eonformity of opposing articular surfaces) is low. The term 
meniscus should be reserved for ineomplete dises, like those in the knee 
joint and, oeeasionally, in the acromioclavicular joint. Oomplete dises, 
such as those in the sternoclavicular and inferior radio-ulnar joints, 
extend aeross a synovial joint, thereby dividing it stmcturally into two 
synovial eavities; they often have small perforations. The dise in the 
temporomandibular joint may be eomplete or ineomplete. 

The main part of a dise is relatively acellular, but the surface may be 
eovered by an ineomplete stratum of flat eells, continuous at the periph- 
ery with adjaeent synovial membrane. Dises are usually eonneeted to 
their fibrous capsule by vascularized eonneetive tissue, so that they 
beeome invaded by blood vessels and afferent and vasomotor post- 
ganglionie sympathetie nerves. The union between dise and capsule 
may be eloser and stronger, as occurs in the knee and temporoman- 
dibular joints. Dises and menisei are eomposed of fibroeartilage eon- 
taining erimped type I eollagen fibres, and are not eovered by synovial 
membrane. 

The fimetions of intra-articular fibroeartilages are uncertain. Evi- 
denee from stmctural or phylogenetie data, aided by meehanieal analo- 
gies, suggests that fimetions include: improvement of fit between 
articulating surfaces; deployment of weight over larger surface areas; 
shoek absorption; faeilitation of eombined movements; limitation of 
translational (gliding) movements at joints such as the knee; proteetion 


of articular margins; faeilitation of rolling movements; and spread of 
lubricant. The temporomandibular dise has attraeted particular atten- 
tion because of its exceptional, perhaps unique, design and biome- 
ehanieal properties. 

The fimetions of labra and fat pads, two other quite eommon types 
of intra-articular structure, are also uncertain. A labmm is a fibroearti- 
laginous anular lip, usually triangular in eross-seetion, attaehed to an 
articular margin such as the glenoid fossa or acetabulum. It deepens 
the soeket and inereases the area of eontaet between articulating sur- 
faees, and may aet as a lubricant spreader. Like menisei, labra may 
reduce the synovial spaee to eapillary dimensions, thus limiting drag. 
Hnlike menisei, labra are not eompressed between articular surfaces. 
Small fibrous labra have been deseribed along the ventral or dorsal 
margins of the zygapophysial joints at lumbar levels, as have meniscus- 
shaped fibroadipose meniseoids at the superior or inferior poles of the 
same joints. Fat pads are soft and ehange shape to fill joint reeesses that 
vary in dimension aeeording to joint position. 

Vascular supply and lymphatie drainage 

Numerous branehes from peri-articular arterial plexuses pieree the 
fibrous capsules to form subsynovial vascular plexuses. Some synovial 
vessels end near articular margins in an anastomotie fringe, the circulus 
articularis vasculosus. A lymphatie plexus in the synovial subintima 
drains along blood vessels to the regional deep lymph nodes. 

Articular eartilage, intra-articular menisei and cartilaginous dises are 
all avascular, presumably because high meehanieal pressures in these 
deformable tissues would eollapse any blood vessels inside them. Labo- 
ratory experiments show that proteoglyeans inhibit vascular growth, so 
the high eoneentration of proteoglyeans in the cartilaginous tissues of 
joints may help to exclude blood vessels. However, injury and disease 
ean alter both the meehanieal and ehemieal environment within earti- 
lage (Adams 2013), allowing revascularization in peripheral and dis- 
mpted regions. The blood supply to subchondral bone is deseribed on 
page 89. 

Innervation 


A movable joint is innervated by articular branehes of the nerves that 
supply the muscles aeting on the joint and that also supply the skin 
eovering the joint (Hilton's law). Although there is overlap between the 
territories of different nerves, eaeh nerve innervates a speeifie part of the 
capsule. The region made taut by muscular eontraetion is usually inner- 
vated by nerves that supply the antagonists. For example, during abduc- 
tion, stretehing the portion of the capsule of the hip joint supplied by 
the obturator nerve elieits reflex eontraetion of the adductors that is 
usually sufficient to prevent damage. 

Myelinated axons in artiailar nerves innervate Ruffini endings, 
lamellated articular corpuscles, and stmctures resembling Golgi tendon 
organs. Ruffini endings respond to streteh and adapt slowly, whereas 
lamellated corpuscles respond to rapid movement and vibration, and 
adapt rapidly; both types of reeeptor register the speed and direetion of 
movement. Golgi tendon organs, innervated by the largest myelinated 
axons (10-15 pm diameter), are slow to adapt; they mediate position 
sense and also are eoneerned in stereognosis, i.e. reeognition of shape 
of held objeets. Simple endings are numerous at the attaehments of 
capsules and ligaments, and are thought to be the terminals of unmy- 
elinated and thinly myelinated noeieeptive axons (see p. 59 for an 
account of sensory reeeptors). 

Many unmyelinated postganglionie sympathetie axons terminate 
near vascular smooth muscle, and are presumably either vasomotor or 
vasosensory. The nerve endings in synovial membrane are believed to 
supply blood vessels exclusively, from which it is assumed that synovial 
membrane is normally relatively insensitive to pain. 

Cartilaginous structures within joints normally have no nerve supply, 
partly because they are avascular and partly because axonal growth is 
inhibited by a high eoneentration of proteoglyeans. However, when 
fibroeartilage is injured or diseased, nerves may aeeompany the eonse- 
quent ingrowth of blood vessels and give rise to pain ( "reemont et al 
1997). Subchondral bone is normally innervated and is a likely source 
of pain in the spine (Peng et al 2009). 

eiassifieation 


Synovial joints ean be elassified aeeording to their shape (Fig. 5.33). 
While this has some praetieal value, it should be remembered that they 
are merely variations, sometimes extreme, of basie forms. Articular 
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Fig. 5.33 Types of synovial joint, with seleeted examples. 

surfaces are never tmly flat, or eomplete spheres, eylinders, eones or 
ellipsoids. 

Plane joints 

Plane joints, such as intermetatarsal and some interearpal joints, have 
almost flat surfaces. Slight curvature is often disregarded, although it is 
usuaf and movements are eonsidered to be pure translations or sliding 
between bones. 

Hinge joints 

These resemble hinges because movement takes plaee about a single 
stationary axis, and so is largely restrieted to one plane. Examples are 
interphalangeal and humero-ulnar joints. However, the surfaces of 
biologieal hinges are not tmly eylindrieaf and actual motion ean 
occur in more than one plane. Hinge joints possess strong eollateral 
ligaments. 

Bieondylar joints are predominantly uniaxial hinge joints, but the 
presenee of two eondyles side by side allows limited rotation about a 
seeond axis orthogonal to the first. These joints are formed from two 
convex eondyles that artiailate with eoneave or flat surfaces. The eon- 
dyles may lie within a eommon fibrous capsule (as in the knee), or in 
separate capsules that neeessarily eooperate in all movements as a eon- 
dylar pair (as in the temporomandibular joints). 

Pivot joints 

These are uniaxial joints in which an osseous pivot inside an osteoliga- 
mentous ring allows rotation only around the axis of the pivot. Pivots 
may rotate in rings (e.g. the head of the radms rotates within the anular 
ligament and ulnar radial noteh), or rings may rotate around pivots 
(e.g. the atlas rotates around the dens of the axis). 

Ellipsoid joints 

Ellipsoid joints are biaxiaf and eonsist of an ovaf convex surface 
apposed to an elliptieal eoneavity. Examples are the radioearpal and 
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metaearpophalangeal joints. Primary movements occur around two 
orthogonal axes, such as flexion-extension and abduction-adduction, 
and may be eombined as circumduction. Rotation around the third axis 
is largely prevented by general articular shape. 

Saddle joints 

Saddle joints are biaxial joints in which the articular surfaces have both 
eoneave and convex regions. Eaeh surface is maximally convex in one 
direetion and maximally eoneave in another, at right angles to the first. 
The convexity of the larger surface is apposed to the eoneavity of the 
smaller surface and viee versa. Primary movements occur in two ortho- 
gonal planes but articular shape also causes axial rotation of the moving 
bone. Such 'coupled' rotation is never independent, and ean be func- 
tionally signifieant in habitual positioning and limitation of move- 
ment. The most familiar saddle joint is the earpometaearpal joint of the 
thumb; other examples include the ankle and ealeaneoaiboid joints. 

Ball-and-soeket joints 

These multiaxial joints are formed by a globoid 'head' articulating with 
an opposing cup. Prime examples are the hip and shoulder joints. 
Although their surfaces resemble parts of spheres, they are not strietly 
spherieal but slightly ovoid, and consequently eongmenee is not perfeet 
in most positions. Indeed, it occurs in only one position, at the end of 
the most eommon movement. 

Faetors influencing movement 

Movements at synovial joints depend on a number of faetors, including 
the complexity and number of artioilating surfaces, and the number 
and position of the prineipal axes of movement. 

Complexity of form 

Most synovial joints are simple articulations between two articular 
surfaces. A joint with more than two articular surfaces is ealled a 
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Fig. 5.34 The shoulder joint is multiaxial and 
possesses three degrees of freedom. The three 
mutually perpendicular axes are shown, around which 
the prineipal movements of flexion-extension (A), 
abduction-adduction (B) and medial and lateral 
rotation (C) occur. Note that these axes are referred to 
the plane of the scapula and not to the eoronal and 
sagittal planes of the ereet body. Although an infinite 
variety of additional movements may occur at such a 
joint, e.g. movements involving intermediate planes or 
eombinations, they ean always be resolved 
mathematieally into eomponents related to the three 
axes illustrated. 



Fig. 5.35 A profile of a seetion through an ovoid surface showing that it 
may be eonsidered as a series of segments of eireles of ehanging radius. 
The radius of curvature of joint surfaces often ehanges from one loeation 
to another. 

eompoimd joint, e.g. the knee and the elbow (see Fig. 5.31). In all 
compound joints, articulating territories remain distinet. A synovial 
joint that eontains an intra-articular dise or meniscus is ealled a complex 
joint, e.g. the tibiofemoral joint of the knee, and the temporomandibu- 
lar joints. 

Degrees of freedom 

Joint motion ean be deseribed by rotation and translation about three 
orthogonal axes. There are three possible rotations (axial, abduction- 
adduction, flexion-extension) and three possible translations (proxi- 
modistal, mediolateral, anteroposterior). Eaeh is a degree of freedom. 
For most joints, translations are small and ean be negleeted (Fig. 5.34). 
A few joints have minor but pure translatory movements, but most joint 
motion is by rotation. 

When movement is praetieally limited to rotation about one axis 
(e.g. the elbow), a joint is termed uniaxial and has one degree of 
freedom. If independent movements ean occur around two axes (e.g. 
flexion-extension and axial rotation in the knee), the joint is biaxial 
and has two degrees of freedom. Sinee there are three axes for independ- 
ent rotation, joints may have up to three degrees of freedom. This 
apparently simple elassifìeation is eomplieated by the complexity of 
joint structure and has consequent effeets on motion. Even though a 
tme 'ball-and-soeket' joint is multiaxial and ean rotate about many 
ehosen axes, for eaeh position there is a maximum of three orthogonal 
planes, which means that it ean have, as a maximum, three degrees of 
freedom. 

For a uniaxial hinge joint with a single degree of freedom, a single 
unchanging axis of rotation would be predieted. However, because the 
shapes of joint surfaces are complex, there is a variable radius of curva- 
ture (Fig. 5.35) and consequently the axis of rotation will vary as joint 
movement progresses. When the variation is minor, e.g. in the elbow, 
it is often appropriate to deseribe a mean position for the axis, whereas 
in other joints, e.g. the knee, the situation is more complex. 

Motion in one direetion is often linked to motion in another. 
Coupled (or conjunct) movements occur as an integral and inevitable 
aeeompaniment of the main movement. Adjunct movements ean 
occur independently and may or may not aeeompany the prineipal 
movement. 

Types of joint movement 


Joint surfaces move by translation (gliding) and angulation (rotation), 
usually in eombination, to produce gross movements at the joint. 


Where movement is slight, the reeiproeal surfaces are of similar size; 
where it is wide, the habitually more mobile bone has the larger articu- 
lar surface. 

Translation 

Translation is the simplest motion and involves gliding or sliding 
without appreeiable angulation. Although frequently eombined with 
other movements, it is often eonsidered the only motion permitted in 
some earpal and tarsal articulations. However, eineradiography reveals 
that eonsiderable angulation occurs during movements of the small 
earpal and tarsal bones. 

Flexion 

Flexion is an example of angulation, where there is a ehange in angle 
between the topographieal axes of the articulating bones. Although a 
widely used term, flexion is diffiailt to define. It often means approxi- 
mation of two ventral surfaces around a transverse axis. However, the 
thumb is almost at right angles to the fingers: its 'dorsal' surface faees 
laterally so that flexion and extension at its joints occur around antero- 
posterior axes. At the shoulder, flexion is referred to an oblique axis 
through the eentre of the humeral head in the plane of the scapular 
body, the arm moving anteromedially forwards and henee nearer to the 
ventral aspeet of the tmnk. At the hip, which has a transverse axis, 
flexion brings the morphologieally dorsal (but topographieally ventral) 
surface of the thigh to the ventral aspeet of the tmnk. Deseription of 
flexion at the ankle joint is eomplieated by the faet that the foot is set 
at a right angle to the leg. Elevation of the foot diminishes this angle 
and is usually termed flexion; however, it involves the approximation 
of two dorsal surfaces so might equally be ealled extension. Flexion has 
also been defined as the fetal posture, implying that elevation of the 
foot is flexion, a view supported by withdrawal reflexes in which eleva- 
tion is always assoeiated with flexion at the knee and hip. Definitions 
based on morphologieal and physiologieal eonsiderations are thus eon- 
tradietory; to avoid eonfhsion, dorsiflexion and plantar flexion are used 
to deseribe ankle movements. 

Abduction and adduction 

Abduction and adduction occur around anteroposterior axes except at 
the first earpometaearpal and shoulder joints. The terms generally imply 
lateral or medial angulation, except in digits, where arbitrary planes are 
ehosen (midlines of the middle digit of the hand and seeond digit of 
the foot), because these are least mobile in this respeet. Abduction of 
the thumb occurs around a transverse axis and away from the palm. 
Similarly, abduction of the humems on the scapula occurs in the scapu- 
lar plane around an oblique axis at right angles to it. 

Axial rotation 

Axial rotation is a widely, but often impreeisely, used term. Its restrieted 
sense denotes movement around some notional 'longitudinaF axis, 
which may even be in a separate bone, e.g. the dens of the seeond eervi- 
eal vertebra, on which the atlas rotates. An axis may approximate to the 
eentre of the shaft of a long bone, as in medial and lateral humeral 
rotation (see Fig. 5.34). Alternatively, the axis may be at an angle to the 
topographieal axis of a bone, as in movement of the radius on the ulna 
in pronation and supination, where the axis joins the eentre of the 
radial head to the base of the ulnar styloid proeess. In these examples, 
rotations ean be independent adjunct motions, constituting a degree of 
freedom, or obligatory (coupled) rotations, which always aeeompany 
some other main movement as a consequence of articular geometry. 
Obligatory coupled motion is frequently eombined with a degree of 
voluntary adjunct motion, the latter dietating what proportion of the 
motion occurs above the minimum obligatory eomponent. 




















Skeletal muscle 


Circumductíon 

Circumduction eombines successive flexion, abduction, extension and 
adduction, and occurs when the distal end of a long bone circumscribes 
the base of a eone that has its apex at the joint in question. Examples 
are circular movements of the hand and foot about the shoulder and 
hip joints, respeetively. 

DEVELOPMENT OF JOINTS 


The development of joints is deseribed in the context of limb develop- 
ment on page 222. 



Most eells possess eytoskeletal elements that are eapable of lengthen- 
ing or shortening and so enable the eell to ehange its shape. This 
eapaeity is important in a variety of cellular fhnetions, including loeo- 
motion, phagoeytosis and mitosis. Slow movements ean be effeeted by 
polymerization-depolymerization meehanisms involving aetin and 
tubulin, but much faster and more forceful movements ean be ereated 
by the so-ealled 'motor proteins', which use energy from the hydrolysis 
of adenosine S'-triphosphate (ATP). Of these ATP-dependent systems, 
one of the most widespread is based on the interaetion of the motor 
protein myosin with aetin. 

In muscle eells the filaments of aetin, myosin and other assoeiated 
proteins are so abundant that they almost fill the interior of the eell. 
Moreover, they align predominantly in one direetion, so that interae- 
tions at the molecular level are translated into linear eontraetion of the 
whole eell. The ability of these speeialized eells to ehange shape has 
thus beeome their most important property. Assemblies of eontraetile 
muscle eells, the muscles, are maehines for eonverting ehemieal energy 
into meehanieal work. Muscle forees move limbs and drive many of the 
fhnetions of the human body, and muscle tissue constitutes 40-50% of 
body mass. 

CLASSIFICATION 0F MUSCLE 


Muscle eells (fibres) are also known as myoeytes (the prefixes myo- and 
sareo- are frequently used in naming structures assoeiated with muscle). 
They differentiate along one of three main pathways to form skeletal, 
eardiae or smooth muscle. Both skeletal and eardiae muscle (Ch. 6) may 
be ealled striated muscle, because their myosin and aetin filaments are 
organized into regular, repeating structures (sareomeres), which give the 
eells a finely eross-striated appearanee when viewed mieroseopieally. 
Cardiac muscle fibres are relatively short, with branehed ends, and are 
joined to adjaeent fibres at intercellular junctional complexes ealled 
interealated dises, which skeletal muscle laeks. Smooth muscle eells 
laek striations because their aetin and myosin are not organized into 
sareomeres. 

Other eontraetile eells, including myofibroblasts and myoepithelial 
eells, are different in eharaeter and developmental origin. They eontain 
smooth muscle-like eontraetile proteins and are found singly or in 
small groups. 


SKELETAL MUSCLE 


Skeletal muscle (striated, voluntary) is the most eommon muscle tissue. 
It eonsists of long, parallel multinucleate eells bundled together by eol- 
lagenous sheaths. Its regular organization enables skeletal muscle to 
generate powerful eontraetions, with a power output of approximately 
100 watts per kilogram of tissue. However, the priee paid for this organi- 
zation is a limited eontraetile range: skeletal muscle ean shorten by only 
30%. If a larger range of movement is required, it must be aehieved 
through the amplifieation provided by lever systems, as deseribed in 
Figure 5.63. Skeletal muscle is innervated by somatie motor nerves and 
is sometimes referred to as voluntary muscle, because its eontraetions 
are often initiated under conscious eontrol. However, this is a mislead- 
ing term because skeletal muscle is involved in many movements, such 
as breathing, blinking and swallowing, which are often initiated at an 
unconscious level. 


MICR0STRUCTURE 0F SKELETAL MUSCLE 

Skeletal muscle fibres are enormous multinucleate eells (Figs 5.36- 

5.37), which develop by fhsion of individual myoblasts (see below). 



Fig. 5.36 Skeletal muscle fibres from human lateral rectus in longitudinal 
seetion, showing transverse striations representing the sareomerie 
organization of aetin and myosin filaments. The variation in fibre diameter 
is typieal of extraocular muscles. Capillaries (C) and nerves (N) lie 
between the fibres, orientated mainly in parallel and so are also seetioned 
longitudinally. Toluidine blue stained resin seetion. (Provided by courtesy 
of the Department of Optometry and Visual Seienee, City Llniversity, 
London.) 


Individual fibres are long, eylindrieal structures that tend to be eonsist- 
ent in size within a given muscle, but in different muscles may range 
from 10 to 100 pm in diameter, and from a few millimetres to many 
eentimetres in length. The eytoplasm of eaeh fibre, the sareoplasm, is 
surrounded by a plasma membrane often ealled the sareolemma. The 
bulk of the sareoplasm eomprises the eontraetile maehinery, organized 
into myofibrils (see 7 ig. 5.37) 1-2 pm in diameter, which extend the 
length of the fibre. Numerous moderately euchromatic, oval nuclei 
usually occupy a thin transparent rim of sareoplasm between the myofi- 
brils and the sareolemma, and are espeeially numerous in the region of 
the neuromuscular junction (see Fig. 3.34). In transverse seetion, a 
muscle fibre may reveal only one or two nuclei, but it may eontain 
several hundred along its entire length. Myogenie satellite eells lie 
between the sareolemma and the surrounding basal lamina (see below). 

Sareomeres 


Although myofibrils are too tightly paeked to be visible by routine light 
mieroseopy, their presenee ean be inferred from transverse striations 
aeross the tissue. Cross-striations may be demonstrated more effeetively 
using speeial stains (see Fig. 5.36) or under polarized light, which ean 
differentiate dark, anisotropie A-bands (which are birefringent and 
rotate the plane of polarized light strongly) from lighter, isotropie 
I-bands (rotate the plane of polarized light to a negligible degree). In 
transverse seetion, skeletal muscle fibres are usually polygonal (Fig. 

5.38) and their sareoplasm often has a stippled appearanee, because 
transversely seetioned myofibrils are resolved as dots. The paeking 
density of muscle fibres varies, from low (in the extrinsic muscles of the 
larynx) to high (in the group of muscles that elevate the mandible). 

Most detail is revealed by transmission eleetron mieroseopy (Fig. 

5.39) . Myofibrils, approximately 1 pm in diameter, are the dominant 
ultrastructural feature. In longitudinal seetions they appear as ribbons 
that are intermpted at regular intervals by thin dark transverse lines, 
which eorrespond to dises in the parent eylindrieal stmcture. These are 
the Z-lines or, more properly, Z-dises (Zwischenscheiben = interval 
dises) that divide eaeh myofibril into a linear series of repeating eon- 
traetile units, the sareomeres. A sareomere is typieally 2.2 pm long in 
resting muscle. At higher power, it ean be seen to eonsist of two types 
of filament, thiek and thin, organized into regular arrays (see Figs 5.37 
and 5.39). Thiek filaments, which are approximately 15 nm in diame- 
ter, are eomposed mainly of myosin. Thin filaments, which are 8 nm 
in diameter, are eomposed mainly of aetin. The arrays of thiek and thin 
filaments form a partially overlapping structure in which eleetron 
density (as seen in the eleetron mieroseope) varies aeeording to the 
amount of protein present. The A-band eonsists of the thiek filaments, 
together with lengths of thin filaments that interdigitate with, and thus 
overlap, the thiek filaments at either end (see Fig. 5.39; Fig. 5.40). The 
eentral, paler region of the A-band, which is not penetrated by the thin 
filaments, is ealled the H-zone (Helle = light). At their eentres, the thiek 
filaments are linked together transversely by material that constitutes 
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Fig. 5.40 B, The arrangement of titin and nebulin in a skeletal muscle sareomere. A single titin molecule spans from the Z-dise to the M-band and 
eontains a spring-like ‘elastie’ region that develops foree when the sareomere is stretehed. Nebulin extends from the Z dise for the full length of eaeh 
aetin filament. (From Prado LG et al. Isoform Diversity of Giant Proteins in Relation to Passive and Aetive Contractile Properties of Rabbit Skeletal 
Muscles. J Gen Physiol 2005;126:461-480.) 
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Fig. 5.37 Levels of organization vvithin a skeletal muscle, from vvhole 
muscle to fasciculi, single fibres, myofibrils and myofilaments. 


the M-line (Mittelseheibe = middle [of] dise), which is visible in most 
muscles. The I-band eonsists of the adjaeent portions of two neighbour- 
ing sareomeres in which the thin filaments are not overlapped by thiek 
fìlaments. The thin fìlaments of adjaeent sareomeres are anehored in 
the Z-dise, which biseets the I-band. 



Fig. 5.38 A transverse eryostat seetion of adult human skeletal muscle. 
Note the tight paeking of the fibres and the peripheral loeation of the 
dark-stained nuclei. (Photograph by Professor Stanley Salmons, from a 
speeimen provided by courtesy of Tim Helliwell, Department of Pathology, 
llniversity of Liverpool.) 


The high degree of organization of thiek and thin filaments is equally 
evident in transverse seetions (see Fig. 5.40; Fig. 5.41). The thiek myosin 
fìlaments form a hexagonal lattiee. In the regions where they overlap 
the thin fìlaments, eaeh myosin fìlament is surrounded by six aetin fìla- 
ments at the trigonal points of the lattiee. In the I-band, the thin fila- 
ment pattern ehanges from hexagonal to square as the filaments 
approaeh the Z-dise, where they are ineorporated into a square lattiee 
structure. 

The banded appearanee of individual myofibrils is a hmetion of the 
regular alternation of the thiek and thin fìlament arrays. The size of 
myofibrils plaees them at the limit of resolution of light mieroseopy; 
eross-striations are only visible at that level because of the alignment 
in register of the A- and I-bands in adjaeent myofìbrils aeross the width 
of the whole muscle fìbre. In suitably stained relaxed materiaf the A-, 
I- and H-bands are quite distinet, whereas the Z-dises, which are such 
a prominent feature of eleetron mierographs, are thin and much less 
conspicuous in the light mieroseope, and M-lines eannot be resolved. 

Muscle proteins 


Myosin, the protein of the thiek fìlament, constitutes 60% of the total 
myofìbrillar protein and is the most abundant eontraetile protein. The 
thiek fìlaments of skeletal and eardiae muscle are 1.5 jum long. Their 
eomposition from myosin heavy and light ehain assemblies is de- 
seribed on page 12. The other eomponents of myosin, the regulatory 
proteins tropomyosin and troponin, play a major part in the eontrol of 
eontraetion. 

Aetin is the next most abundant eontraetile protein and constitutes 
20% of the total myofìbrillar protein. In its filamentous form, F-aetin, 
it is the prineipal protein of the thin filaments. A number of eongenital 
myopathies result from gene mutations in eomponents of the thin fila- 
ment assembly (Clarkson et al 2004). 

A third type of long sareomerie filament (not shown in Fig. 5.40) 
eonneets the thiek fìlaments to the Z-dise, and is formed by the giant 
protein, titin, which has a molecular mass in the millions (Gregorio 
et al 1999). Single titin molecules span the half-sareomere between the 
M-lines and the Z-dises, into which they are inserted. They have a teth- 
ered portion in the A-band, where they are attaehed to thiek fìlaments 
as far as the M-line, and an elastie portion in the I-band. The elastie 
properties of titin endow the relaxed muscle fìbre with passive resist- 
anee to stretehing, and with elastie reeoil. 

A number of proteins that are neither eontraetile nor regulatory are 
responsible for the structural integrity of the myofibrils, particularly 
their regular internal arrangement. A eomponent of the Z-dise, a-aetinin, 
is a rod-shaped moleaile that anehors the plus-ends of aetin fìlaments 
from adjaeent sareomeres to the Z-dise. Nebulin inserts into the Z-dise, 
assoeiated with the thin fìlaments, and regulates the lengths of aetin 
filaments. Desmin, an intermediate fìlament protein eharaeteristie of 
muscle, eneireles the myofibrils at the Z-dise and, with the linking 
molecule pleetrin, forms a meshwork that eonneets myofìbrils together 
within the muscle fìbre and to the sareolemma. Myomesin holds 
myosin fìlaments in their regular lattiee arrangement in the region of 
the M-line. Dystrophin is eonfìned to the periphery of the muscle fibre, 
elose to the eytoplasmie faee of the sareolemma. It binds to aetin 
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Fig. 5.39 The eleetron mieroseopie appearanee 
of skeletal muscle in longitudinal seetion. A, A 
low-power view of parts of two adjaeent muscle 
fibres, separated by endomysium (E) eontaining 
eapillaries (C) and a peripherally plaeed nucleus 
(N) in the fibre. Mitoehondria (arrows) are situated 
peripherally and between myofibrils (M). Myofibrils 
paek the eytoplasm, with their sareomeres 
(eontraetile units) in register, as seen by the 
alignment of Z-dises (dark transverse lines) aeross 
eaeh muscle fibre. B, A sareomere within a 
myofibril, and parts of two others. (A sareomere is 
the distanee between adjaeent Z-dises.) Also seen 
are the A-band, biseeted by the M-line, and 
l-band, which here is almost obliterated in the 
eontraeted state (see Fig. 5.40). A triad is visible 
between myofibrils, eomprised of a T-tubule (long 
arrow) and two terminal eisternae of sareoplasmie 
reticulum (short arrows). (A, Provided courtesy of 
Professor Hans Hoppeler, lnstitute of Anatomy, 
llniversity of Bern, Switzerland.) 
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Fig. 5.40 A, Sareomerie structures. The drawings below the eleetron mierograph (of two myofibrils seetioned longitudinally and with their long axes 
orientated transversely) indieate the eorresponding arrangements of thiek and thin filaments. Relaxed and eontraeted states are shown to illustrate the 
ehanges that occur during shortening. Insets at the top depiet the eleetron mierographie appearanee of transverse seetions through the myofibril at the 
levels shown. Note that the paeking geometry of the thin filaments ehanges from a square array at the Z-dise to a hexagonal array where they 
interdigitate with thiek filaments in the A-band. (Photographs by Professor Brenda Russell, Department of Physiology and Biophysies, llniversity of lllinois 
at Chicago.) (B, continued online) 


intraeelliilarly and is also assoeiated with a large oligomerie complex 
of glyeoproteins, the dystroglyean/sareoglyean complex that spans the 
membrane and links speeifieally with merosin, the a 2 -laminin isoform 
of the muscle basal lamina. This stabilizes the muscle fibre and trans- 
mits forees generated internally on eontraetion to the extracellular 
matrix. 

Dystrophin is the product of the gene affeeted in Duchenne muscu- 
lar dystrophy, a fatal disorder that develops when mutation of the gene 
leads to the absenee of the protein (Batehelor and Winder 2006). A 
milder form of the disease, Beeker muscular dystrophy, is assoeiated 


with a reduced size and/or abundance of dystrophin. Female earriers 
(heterozygous for the mutant gene) of Duchenne muscular dystrophy 
may also have mild symptoms of muscle weakness. At about 2500 kb, 
the gene is one of the largest yet diseovered, which may account for the 
high mutation rate of Duchenne muscular dystrophy (approximately 
35% of eases are new imitations). Other muscular dystrophies may 
involve defieieneies in proteins fimetionally assoeiated with dystrophin, 
such as the dystroglyean/sareoglyean complex or a 2 -laminin; they may 
also be the result of mutations in proteins of the inner nuclear mem- 
brane (Azibani et al 2014; Koeh and Holaska 2014). 
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Fig. 5.41 An eleetron mierograph of skeletal 
muscle in transverse seetion, showing parts of two 
muscle fibres. Part of a eapillary (C) is seen in 
transverse seetion in the endomysial spaee. The 
variation in the appearanee of myofibrils in 
eross-seetion is explained in Figure 5.40. 
(Photograph by Professor Brenda Russell, 
Department of Physiology and Biophysies, 
Llniversity of lllinois at Chicago.) 



Other sareoplasmie structures 


Although myofibrils are the dominant ultrastructural feature, skeletal 
muscle fibres eontain other organelles essential for cellular fimetion. 
Ribosomes, Golgi apparatus and mitoehondria are loeated around the 
mielei, between myofibrils and the sareolemma, and, to a lesser extent, 
between the myofibrils. Mitoehondria, lipid droplets and glyeogen 
provide the metabolie support needed by aetive muscle. The mitoehon- 
dria are elongated and their eristae are elosely paeked. The number of 
mitoehondria in an adult muscle fibre is not fixed, but ean inerease or 
deerease quite readily in response to sustained ehanges in aetivity. 
Spherieal lipid droplets, approximately 0.25 pm in diameter, are dis- 
tributed uniformly throughout the sareoplasm between myofibrils. 
They represent a rieh source of energy that ean be tapped only by oxida- 
tive metabolie pathways; they are therefore more eommon in fibres that 
have a high mitoehondrial eontent and good eapillary blood supply. 
Small clusters of glyeogen gramiles are dispersed between myofibrils 
and among the thin filaments. During brief bursts of aetivity they 
provide an important source of anaerobie energy that is not dependent 
on blood flow to the muscle fibre. 

Tubular invaginations of the sareolemma penetrate between the 
myofibrils in a transverse plane at the limit of eaeh A-band (see Fig. 
5.39; Fig. 5.42). The himina of these transverse (T-)tubules are thus 
in continuity with the extracellular spaee. At the ends of the muscle 
fibre, where foree is transmitted to adjaeent eonneetive tissue stme- 
tures, the sareolemma is folded into numerous finger-like projee- 
tions that strengthen the junctional region by inereasing the area of 
attaehment. 

The sareoplasmie reticulum (SR) is a speeialized form of smooth 
endoplasmie reticulum and forms a plexus of anastomosing membrane 
eisternae that fills much of the spaee between myofibrils (see Fig. 5.42). 
The eisternae expand into larger saes, junctional sareoplasmie reticulum 
or terminal eisternae, where they eome into elose eontaet with T-tubules, 
forming stmctures ealled triads (see Figs 5.39 and 5.42). The mem- 
branes of the SR eontain ealehim-ATPase pumps that transport ealehim 
ions into the terminal eisternae, where the ions are bound to calseques- 
trin, a protein with a high affinity for ealehim, in dense storage gramiles. 
In this way, calcium ean be accumulated and retained in the terminal 
eisternae at a much higher eoneentration than elsewhere in the sareo- 
plasm. Ca 2+ -release ehannels (ryanodine reeeptors) are eoneentrated 
mainly in the terminal eisternae and form one half of the junctional 
'feet' or pillars' that bridge the SR and T-tubules at the triads. The other 
half of the junctional feet is the T-tubule reeeptor that constitutes the 
voltage sensor. 
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Fig. 5.42 A three-dimensional reeonstmetion of a mammalian skeletal 
muscle fibre, showing in particular the organization of the transverse (T) 
tubules and sareoplasmie reticulum. Mitoehondria lie between the 
myofibrils. Note that transverse tubules are found at the level of the A/l 
junctions, where they form triads with the terminal eisternae of the 
sareoplasmie reticulum. 































































































































































































































Skeletal rrmsele 


Connective tissues of muscle 


The endomysium is a delieate network of eonneetive tissue that sur- 
rounds muscle fibres and forms their immediate external environment. 
It is the site of metabolie exchange between muscle and blood, and 
eontains eapillaries and bundles of small nerve fibres. Ion fluxes assoei- 
ated with the eleetrieal excitation of muscle fibres take plaee through 
its proteoglyean matrix. The perimysium is a more substantial eonnee- 
tive tissue structure that is continuous with the endomysium, and 
ensheathes groups of muscle fibres to form parallel bundles, or fas- 
ciculi. It earries larger blood vessels and nerves, and aeeommodates 
neuromuscular spindles. Perimysial septa are themselves the inward 
extensions of a collagenous sheath, the epimysium, which forms part 
of the faseia that invests whole muscle groups. 

Epimysium eonsists mainly of type I eollagen; perimysium eontains 
type I and type III eollagen; endomysium eontains eollagen types III 
and IV. Collagen IV is assoeiated particularly with the basal lamina that 
invests eaeh muscle fibre. The epimysial, perimysial and endomysial 
sheaths eoalesee where the muscles eonneet to adjaeent structures at 
tendons, aponeuroses and faseiae (see below). 


NEUROVASCULAR SUPPLY OF MUSCLE 
Vaseiilar supply and lymphatie drainage 


In most muscles, the major source artery enters on the deep surface, 
frequently in elose assoeiation with the prineipal vein and nerve, 
forming a neurovascular hilum. The vessels subsequently course and 
braneh within the eonneetive tissue framework of the imisele. Smaller 
arteries and arterioles ramify in the perimysial septa and give off eapil- 
laries that mn in the endomysium. The smaller vessels lie mainly paral- 
lel to the muscle fibres, but also braneh and anastomose around the 
fibres, forming an elongated mesh. 

The gross vasailar anatomy of muscles has been elassified into five 
types aeeording to the number and relative dominanee of vascular 
pedieles that enter the muscle (Mathes and Nahai 1981) (Fig. 5.43). 
This elassifieation has important surgical relevanee in determining 
which muscles will survive, and therefore be useful for pedieled or free 
tissue transfer procedures in plastie and reeonstmetive surgery. Type I 
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Fig. 5.43 eiassifieation of muscles aeeording to their blood supply. (With 
permission from Cormack GC, Lamberty BGH 1994 The Arterial Anatomy 
of Skin Flaps, 2nd edn. Edinburgh: Churchill Livingstone.) 


muscles possess a single vascular pediele supplying the muscle belly, 
e.g. tensor faseiae latae (supplied by the aseending braneh of the lateral 
circumflex femoral artery) and gastrocnemius (supplied by the sural 
artery). Type II muscles are served by a single dominant vascular pediele 
and several minor pedieles, and ean be supported on a minor pediele 
as well as the dominant pediele, e.g. graeilis (supplied by the medial 
circumflex femoral artery in the dominant pediele). Type III muscles are 
supplied by two separate dominant pedieles, eaeh from different source 
arteries, e.g. rectus abdominis (supplied by the superior and inferior 
epigastrie arteries) and gluteus maximus (supplied by the superior and 
inferior gluteal arteries). Type IV imiseles have multiple small pedieles 
that, in isolation, are not eapable of supporting the whole imisele, e.g. 
sartorius and tibialis anterior; about 30% survive reduction on to a 
single vascular pediele. Type V muscles have one dominant vascular 
pediele and imiltiple seeondary segmental pedieles, e.g. latissiimis dorsi 
(supplied by the thoraeodorsal artery as the primary pediele, thoraeo- 
lumbar perforators from the lower six intereostal arteries and the 
lumbar arteries as the segmental supply) and peetoralis major (supplied 
by the peetoral braneh of the thoraeo-aeromial axis as the dominant 
pediele, and anterior perforators from the internal thoraeie vessels as 
the segmental supply). 

In eross-seetions of muscle, the mimber of eapillary profiles found 
adjaeent to fibres usually varies from 0 to 3. Muscle fibres involved in 
sustained aetivities, such as posture, are served by a denser eapillary 
network than fibres that are reemited only infrequently. It is eommon 
for imiseles to reeeive their arterial supply via more than one route. The 
aeeessory arteries penetrate the imisele at plaees other than the hilum, 
and ramify in the same way as the prineipal artery, forming vascular 
territories. The boundaries of adjaeent territories are spanned by anas- 
tomotie vessels, sometimes at eonstant ealibre, but more eommonly 
through reduced-calibre arteries or arterioles that are referred to as 
'ehoke vessels'. These arterial areades link the territories into a continu- 
ous network. 

Veins braneh in a similar way, forming venous territories that eor- 
respond elosely to the arterial territories. In the zones where the arterial 
territories are linked by ehoke vessels, the venous territories are linked 
by anastomosing veins: in this ease, without ehange of ealibre. On either 
side of these venous bridges, the valves in the adjaeent territories direet 
flow in opposite direetions towards their respeetive pedieles, but the 
eonneeting veins themselves laek valves and therefore permit flow in 
either direetion. 

Because of the potential for relative movement within muscle 
groups, vessels tend not to eross between muscles, but radiate to them 
from more stable sites or eross at points of fhsion. Where a muscle 
underlies the skin, blood vessels bridge between the two. These may be 
primarily cutaneous vessels, which supply the skin direetly but eontrib- 
ute small branehes to the muscle as they pass through it, or they may 
be the terminal branehes of intramuscular vessels, which leave the 
muscle to supplement the cutaneous blood supply. The latter are less 
frequent where the muscle is mobile under the deep faseia. Oorrespond- 
enee between the vasailar territories in the skin and underlying tissues 
gave rise to the eoneept of angiosomes, which are eomposite bloeks of 
tissue supplied by named distributing arteries and drained by their 
eompanion veins (see Taylor and Pan (1998) for fiirther analyses of 
muscle angiosomes). 

Pressure exerted on valved intramuscular veins during muscle eon- 
traetion fimetions as a 'muscle pump' that promotes venous return to 
the heart. In some eases this role appears to be amplified by veins that 
pass through the muscle after originating elsewhere in superficial or 
deep tissues. The extent to which the imisele eapillary bed is perfiised 
ean be varied in aeeordanee with fimetional demand. Arteriovenous 
anastomoses, through which blood ean be returned direetly to the 
venous system without traversing the eapillaries, provide an alternative, 
regulated pathway. 

The lymphatie drainage of muscles begins as lymphatie eapillaries 
in epimysial and perimysial, but not endomysial, sheaths. These eon- 
verge to form larger lymphatie vessels that aeeompany the veins and 
drain to the regional lymph nodes. 


Innervation 


Every skeletal muscle is supplied by one or more nerves. Muscles in the 
limbs, faee and neek are usually innervated by a single nerve, even 
though the axons it eontains may be derived from neurones loeated in 
several spinal eord segments and their assoeiated ganglia. Muscles such 
as those of the abdominal wall, which originate from several embryonie 
segments, are supplied by more than one nerve. In most eases, the nerve 
travels with the prineipal blood vessels within a neurovascular bundle 
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(see Fig. 2.9), approaehes the muscle near to its least mobile attaeh- 
ment, and enters the deep surface at a position that is more or less 
eonstant for eaeh muscle. 

Nerves supplying muscle are frequently referred to as 'motor nerves' 
but they eontain both motor and sensory eomponents. The motor 
eomponent is mainly eomposed of large, myelinated a-efferent axons, 
which supply the muscle fibres, supplemented by small, thinly myeli- 
nated y-efferents, or fhsimotor fibres, which innervate the intrafhsal 
muscle fibres of neuromuscular spindles (see p. 60), and fine, unmyeli- 
nated autonomic efferents, which innervate vascular smooth muscle. 
The sensory eomponent eonsists of large, myelinated IA and smaller 
group II afferents from the neuromuscular spindles, large myelinated 
IB afferents from the Golgi tendon organs (see p. 59), and fine myeli- 
nated and unmyelinated axons that eonvey pain and other sensations 
from free terminals in the eonneetive tissue sheaths of the muscle. 

Within muscles, nerves travel through the epimysial and perimysial 
septa before entering the fine endomysial tissue around muscle fibres. 
Alpha-motor axons braneh repeatedly before they lose their myelinated 
sheaths to terminate in a narrow zone towards the eentre of the muscle 
belly, known as the motor point. Clinically, this is the plaee on a muscle 
from which it is easiest to elieit a eontraetion with stimulating elee- 
trodes. Long muscles generally have two or more terminal (end-plate) 
bands because many muscle fibres do not mn the full length of an 
anatomieal muscle. The terminal braneh of an a-motor axon eontaets 
a muscle fibre at a speeialized synapse, the neuromuscular junction (see 
Fig. 3.34). It gives off several short, tortuous branehes, eaeh ending in 
an elliptieal area, the motor end-plate. The underlying diseoidal pateh 
of sareolemma, the sole plate or subneural apparatus, is thrown into 
deep synaptie folds. This diserete type of neuromuscular junction (en 
plac\ue ending) is found on muscle fibres that are eapable of propagating 
aetion potentials. A different type of ending is found on slow tonie 
muscle fibres that do not have this eapability, e.g. in the extrinsic ocular 
muscles, where slow tonie fibres form a minor eomponent of the ana- 
tomieal muscle. In this ease the propagation of excitation is taken over 
by the nerve terminals, which braneh over an extended distanee to form 
a mimber of small neuromuscular junctions (en grappe endings). Some 
muscle fibres of this type reeeive the terminal branehes of more than 
one motor neurone. The terminals of the y-efferents that innervate the 
intrafusal muscle fibres of the neuromuscular spindle also take a variety 
of different forms. 

The terminal branehes of a-motor axons are normally in a 'one-to- 
one' relationship with their imisele fibres: a muscle fibre reeeives only 
one braneh, and any one braneh innervates only one imisele fibre. 
When a motor neurone is excited, an aetion potential is propagated 
along the axon and all of its branehes to all of the muscle fibres that it 
supplies. The motor neurone and the imisele fibres that it innervates 
ean therefore be regarded as a fimetional unit: the 'motor unit' This 
arrangement accounts for the more or less simultaneous eontraetion of 
a number of fibres within the muscle. The size of a motor unit varies 
eonsiderably. In muscles used for preeision tasks, such as the extraocular 
and intrinsie laryngeal muscles, eaeh motor neurone innervates perhaps 
ten muscle fibres. In a large limb muscle, a motor neurone may inner- 
vate several hundred muscle fibres. Within a muscle, fibres belonging 
to one motor unit are distributed over a wide territory, without regard 
to fascicular boundaries, and they intermingle with the fibres of other 
motor units. Motor units beeome larger in eases of nerve damage 
because denervation induces eollateral or terminal sprouting of the 
remaining axons. Eaeh new braneh ean reinnervate a fibre, thus inereas- 
ing the territory of its parent motor neurone. 

MUSCLE C0NTRACTI0N 


The arrival of an aetion potential at the motor end-plate of a neuromus- 
cular junction causes aeetyleholine (ACh) to be released from storage 
vesieles into the highly infolded 30-50 nm synaptie eleft that separates 
the nerve ending from the sareolemma (see Fig. 3.34). ACh is rapidly 
bound by reeeptor molecules loeated in the junctional folds, triggering 
an almost instantaneous inerease in the permeability, and henee eon- 
ductance, of the postsynaptie membrane. This generates a loeal depo- 
larization (the end-plate potential), which initiates an aetion potential 
in the surrounding sareolemma. The aetivity of the neurotransmitter is 
rapidly terminated by the enzyme aeetyleholinesterase (AChE), which 
is bound to the basal lamina in the sareolemmal junctional folds. The 
sareolemma is an excitable membrane, and aetion potentials generated 
at the neuromuscular junction propagate rapidly over the entire surface 
of the muscle fibre. 

Aetion potentials are conducted radially into the interior of the fibre 
via the T-tubules, which are extensions of the sareolemma, ensuring that 


all parts of the muscle fibre are aetivated rapidly and almost synehro- 
nously. Excitation-contraction coupling is the proeess whereby an 
aetion potential triggers the release of calcium from the terminal eister- 
nae of the sareoplasmie reticulum into the eytosol. This aetivates a 
ealeimn-sensitive switch in the thin filaments and so initiates eontrae- 
tion. At the end of excitation, the T-tubular membrane repolarizes, 
calcium release eeases, calcium ions are aetively transported baek to the 
calsequestrin stores in the sareoplasmie reticulum by the calcium- 
ATPase pumps, and the imisele relaxes. 

The lengths of the thiek and thin filaments do not ehange during 
muscle eontraetion. The sareomere shortens by the sliding of thiek and 
thin filaments past one another, which draws the Z-dises towards the 
middle of eaeh sareomere (see Fig. 5.40). As the overlap inereases, 
the I- and H-bands narrow to near-extinction, while the width of the 
A-bands remains eonstant. Filament sliding depends on the making and 
breaking of bonds (eross-bridge eyeling) between myosin head regions 
and aetin filaments. Myosin heads 'walk' or 'row' along aetin filaments 
using a series of short power strokes, eaeh resulting in a relative move- 
ment of 5-10 nm. Aetin filament binding sites for myosin are revealed 
only by the presenee of calcium, which is released into the sareoplasm 
from the sareoplasmie reticulum, causing a repositioning of the 
troponin-tropomyosin complex on aetin: this is the calcium-sensitive 
switch. Myosin head binding and release are both energy-dependent 
and require ATP. In the absenee of ATP (as occurs post mortem) the 
bound state is maintained, and is responsible for the muscle stiffness 
known as rigor mortis. 

The summation of myosin power strokes leads to an average sareo- 
mere shortening of up to 1 jLtm; an anatomieal muscle shortens by a 
eentimetre or more, depending on the muscle, because eaeh muscle has 
thousands of sareomeres in series along its length. 

Slow-twitch versus fast-twitch fibres 


The passage of a single aetion potential through a motor unit elieits a 
twitch eontraetion where peak foree is reaehed within 25-100 ms, 
depending on the motor unit type involved. However, the motor 
neurone ean deliver a seeond nervous impulse in less time than it takes 
for the muscle fibres to relax. When this happens, the muscle fibres 
eontraet again, building the tension to a higher level. Because of this 
meehanieal summation, a sequence of impulses ean evoke a larger foree 
than a single impulse and, within eertain limits, the higher the impulse 
frequency, the more foree is produced ('rate reemitment'). An alterna- 
tive strategy is to reemit more motor units. In praetiee, the two meeha- 
nisms appear to operate in parallel, but their relative importanee may 
depend on the size and/or fimetion of the imisele; in large imiseles with 
many motor units, motor unit reemitment is probably the more impor- 
tant meehanism. 

With the exception of rare tonie fibres, skeletal muscles are eom- 
posed entirely of fibres of the twitch type. These fibres ean all conduct 
aetion potentials but they differ in other respeets. Some fibres obtain 
their energy very effieiently by aerobie oxidation of substrates, particu- 
larly of fats and fatty aeids. They have large numbers of mitoehondria; 
eontain myoglobin, an oxygen-transport pigment related to haemo- 
globin; and are supported by a well-developed network of eapillaries 
that maintains a steady nutrient supply of oxygen and substrates. Such 
fibres are well suited to fimetions such as postural maintenanee, in 
which moderate forees need to be sustained for prolonged periods. At 
the other end of the speetmm, some fibres have few mitoehondria, little 
myoglobin and a sparse eapillary network, and store energy as eytoplas- 
mie glyeogen granules. Their immediate energy requirements are met 
largely through anaerobie glyeolysis, a route that provides prompt 
aeeess to energy but that is less sustainable than oxidative metabolism. 
They are eapable of brief bursts of intense aetivity that must be sepa- 
rated by extended quiescent periods during which intracellular pH and 
phosphate eoneentrations are restored to normal values, and glyeogen 
and other reserves are replenished. 

In some animals, different types of muscle fibre tend to be segregated 
into different muscles. This causes some muscles to have a conspicu- 
ously red appearanee, refleeting their rieh blood supply and high 
myoglobin eontent assoeiated with a predominantly aerobie metabo- 
lism, whereas other muscles have a much paler appearanee, refleeting 
a more anaerobie eharaeter. These variations in colour led to the early 
elassifieation of muscle into red and white types. This elassifieation has 
now been largely superseded by myosin-based typing and the presenee 
of speeifie disease-related enzymes. 

In humans, all muscles are mixed, with fibres speeialized for aerobie 
working eonditions intermingling with fibres of a more anaerobie or 
intermediate metabolie eharaeter. Different types of fibre are not readily 
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Table 5.1 Physiologieal, structural and bioehemieal eharaeteristies of the major 
histoehemieal fibre types 


Characteristic 

Fibre types 




Type 1 

Type IIA 

Type IIX 

Physiologieal 

Function 

Sustained forees, 
as in posture 

Powerful, fast movements 

Motor neurone firing threshold 

Low 

Intermediate 

High 

Motor unit size 

Small 

Large 

Large 

Firing pattern 

Tonie, 

low-frequency 

Phasie, high-frequency 

Maximum shortening veloeity 

Slow 

Fast 

Fast 

Rate of relaxation 

Slow 

Fast 

Fast 

Resistanee to fatigue 

Fatigue-resistant 

Fatigue-resistant 

Fatigue-susceptible 

Power output 

Low 

Intermediate 

High 

Structural 

Capillary density 

High 


Low 

Mitoehondrial volume 

High 

Intermediate 

Low 

Z-dise 

Broad 

Narrow 

Narrow 

T-tubule and sareoplasmie 
reticulum systems 

Bioehemieal 

Sparse 


Extensive 

Myosin ATPase aetivity 

Low 


High 

Oxidative metabolism 

High 

Intermediate 

Low 

Anaerobie glyeolysis 

Low 

Intermediate 

High 

Calcium transport ATPase 

Low 


High 


distingiiished in routine histologieal preparations but are elear when 
speeialized enzyme histoehemieal techniques are used. On the basis of 
metabolie differenees, individual fibres ean be elassified as oxidative 
slow-twitch (red) fibres or glyeolytie fast-twitch (white) fibres. Muscles 
eomposed mainly of oxidative slow-twitch fibres eorrespond to the red 
muscles of elassieal deseriptions. Muscles that are predominantly oxida- 
tive in their metabolism eontraet and relax more slowly than imiseles 
relying on glyeolytie metabolism. This differenee in eontraetile speed is 
due in part to the aetivation meehanism (volume density of the sareo- 
tubular system and proteins of the calcium 'switch' meehanism), and 
in part to moleailar differenees between the myosin heavy ehains of 
these types of muscle. These differenees affeet the ATPase aetivity of the 
myosin head, which in turn alters the kineties of its interaetion with 
aetin, and henee the rate of eross-bridge eyeling. Differenees between 
myosin isoforms ean be deteeted histoehemieally, and ATPase histo- 
ehemistry continues to play a signifieant role in diagnostie typing (Table 
5.1). Two main eategories have been deseribed: type I fibres, which are 
slow-contracting, and type II, which are fast-eontraeting. Molecular 
analyses have revealed that type II fibres ean be fiirther subdivided 
aeeording to their eontent of myosin heavy-ehain isoforms into types 
IIA and IIX. Muscle fibres may eontain only one (i.e. a pure fibre) or a 
eombination (i.e. a hybrid fibre) of these isoforms; the five most preva- 
lent muscle fibre types in humans are I, I/IIA, IIA, IIA/IIX, IIX. (For 
fiirther reading, see Galpin et al (2012 , Holland and Ohlendieek 
(2013).) There is a eorrelation between eategories and fatigue resistanee, 
such that type I fibres are generally oxidative (slow oxidative) and resist- 
ant to fatigue; type IIA are moderately oxidative, glyeolytie (fast oxida- 
tive glyeolytie) and fatigue-resistant; and type IIX largely rely on 
glyeolytie metabolism (fast glyeolytie) and so are easily fatigued. 

Fibre type transformation 

Fibre type proportions in a named muscle may vary between individu- 
als of different age or athletie ability. Fibre type grouping, where fibres 
with similar metabolie and eontraetile properties aggregate, inereases 
after nerve damage and with age. Grouping occurs as a result of rein- 
nervation episodes, where denervated fibres are 'taken over by a sprout- 
ing motor neurone and adopt its type properties. If the nerves to fast 
white and slow red imiseles are cut and eross-anastomosed in experi- 
mental animals, so that eaeh muscle is reinnervated by the other s nerve, 
the fast imisele beeomes slower-contracting, and the slow muscle faster- 
eontraeting. There is evidenee that such fibre type transformation may 
be a response to the patterns of impulse traffie in the nerves innervating 
the muscles (Minetto et al 2013). If fast imiseles are stimulated continu- 
ously for several weeks at 10 Hz, a pattern similar to that normally 
experienced by slow muscles, they develop slow eontraetile eharaeteris- 
ties and acquire a red appearanee and a resistanee to fatigue even greater 
than that of slow muscles. 


The initial phase of slowing ean be explained by less rapid eyeling 
of calcium, resulting from reduced sareoplasmie reticulum and ehanges 
in the amount and moleoilar type of proteins involved in calcium 
transport and binding. Chronic stimulation also triggers the synthesis 
of myosin heavy and light ehain isoforms of the slow muscle type; the 
assoeiated ehanges in eross-bridge kineties result in a lower intrinsie 
speed of shortening. The muscle beeomes more resistant to fatigue 
through ehanges in the metabolie pathways responsible for the genera- 
tion of ATP and a reduced dependenee on anaerobie glyeolysis. There 
is a switch to oxidative pathways, particularly those involved in the 
breakdown of fat and fatty aeids, and an assoeiated inerease in eapillary 
density and in the fraetion of the intracellular volume occupied by 
mitoehondria. If stiimilation is discontinued, the sequence of events is 
reversed and the muscle regains, over a period of weeks, all of its origi- 
nal eharaeteristies. The reversibility of transformation is one of several 
lines of evidenee that the ehanges take plaee within existing fibres, and 
not by a proeess of degeneration and regeneration. 

Many of the ehanges in the protein profile of a muscle that are 
induced by stimulation are now known to be the result of transerip- 
tional regulation. For example, analysis of the messenger RNA speeies 
eneoding myosin heavy ehain isoforms shows that expression of the 
fast myosin heavy ehain mRNA is downregulated within a few days of 
the onset of ehronie stimulation, while the slow myosin heavy ehain 
mRNA is upregulated. Although myosin isoform expression is respon- 
sive to the inerease in use induced by ehronie stimulation, it tends to 
be stable under physiologieal eonditions unless these involve a sus- 
tained departure from normal postural or loeomotor behaviour. 

DEVELOPMENT AND GR0WTH 
0F SKELETAL MUSCLE 


Most information about the early development of the skeletal muscu- 
lature in humans has been derived from other vertebrate speeies. 
However, where direet eomparisons with the developing human embryo 
have been made, the patterns and meehanisms of muscle formation 
have been found to be the same. 

The majority of the skeletal muscle in the body develops from parax- 
ial mesenehyme and its segmental derivatives, the somites. A small 
portion forming the extraocular muscles is derived from preehordal 
mesenehyme, which joins with the most rostral paraxial mesenehyme 
and which has been demonstrated to have a myogenie fate. Skeletal 
muscle preairsor myoblasts are derived from dermomyotomes, the 
lateral portion of the somites (see Fig. 44.3). 

Myogenie determination faetors 


Myogenie determination faetors, which ean be deteeted in somites prior 
to morphogenetie ehanges, are a family of mielear phosphoproteins 
that includes Myf-5, myogenin, MyoD and Myf-6 (herculin). They have 
in eommon a 70-amino-aeid, basie helix-loop-helix (bHLH) domain 
that is essential for protein-protein interaetions and DNA binding. 

Outside the bHLH domain there are sequence differenees between the 
faetors that probably eonfer some fimetional speeifieity. The myogenie 
bHLH faetors play a emeial role in myogenesis. Foreed expression of 
any of them diverts non-muscle eells to the myogenie lineage. They 
aetivate transeription of a wide variety of muscle-specific genes by 
binding direetly to eonserved DNA sequence motifs (-CANNTG- 
known as E-boxes) that occur in the regulatory regions (promoters and 
enhaneers) of these genes. Their effeet may be aehieved eooperatively 
and ean be repressed, e.g. by some proto-oneogene products. Some of 
the bHLH proteins ean aetivate their own expression. Aeeessory regula- 
tory faetors, whose expression is induced by the bHLH faetors, provide 
an additional tier of eontrol. 

Myogenie faetors do not all appear at the same stage of myogenesis 
(Buckingham et al 2003). In the somites, Myf-5 is expressed early, 
before myotome formation, and is followed by expression of myogenin. 

MyoD is expressed relatively late, together with the eontraetile protein 
genes. Myf-6 is expressed transiently in the myotome and beeomes the 
major transeript postnatally. Whether this speeifie timing is important 
for muscle development is not yet elear. The ereation of mutant ('knoek- 
out') miee defieient in the bHLH proteins has shown that myogenin 
is emeial for the development of fimetional skeletal muscle, and 
that while neither Myf-5 nor MyoD is essential to myogenie differen- 
tiation on its own, laek of both results in a failure to form skeletal 
muscle. In the limb bud the pattern of expression of the bHLH genes 
is generally later than in the somite: Myf-5 is expressed first but tran- 
siently, followed by myogenin and MyoD, and eventually Myf-6. These 109 
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differenees provide evidenee at the molecular level for the existence of 
distinet muscle eell populations in the limb and somites. It may be that 
the myogenie eells that migrate to the limb buds differ at the outset 
from those that form the myotome, or their properties may diverge 
subsequently under the influence of loeal epigenetie faetors. 

Formation of miisele fibres 


In both myotomes and limb buds, myogenesis proeeeds in the follow- 
ing way. Myoblasts beeome spindle-shaped and begin to express 
muscle-specific proteins. The mononucleate myoblasts aggregate and 
fuse to form multinucleate eylindrieal syneytia, or myotubes, in which 
the nuclei are aligned in a eentral ehain (Fig. 5.44). These primary 
myotubes attaeh at eaeh end to the tendons and developing skeleton. 


Immigration 
of myoblasts 




Proliferation 
of myoblasts 


Fusion of 
myoblasts 



Primary myotube formation 



Seeondary myotube formation 



Primary 

muscle 

fibre 
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Seeondary 

tubules 


Neuromuscular 



Satellite eell 


Fig. 5.44 Stages in formation of skeletal muscle. Mononucleate 
myoblasts fuse to form multinucleate primary myotubes, eharaeterized 
initially by eentral nuclei. Subsequently, other myoblasts align along the 
primary myotubes and begin to fuse with one another, forming seeondary 
myotubes. In large animals, such as humans, further generations of new 
muscle fibres are similarly formed. As the eontraetile apparatus is 
assembled, the nuclei move to the periphery, eross-striations beeome 
visible and primitive features of the neuromuscular junction emerge. Later, 
small adult-type myoblasts - satellite eells - ean be seen lying between 
the basal lamina and the sareolemma of the mature muscle fibre. These 
too appear to be derived from eells that originated in the somites during 
early development. (Redrawn from a figure provided by Terry Partridge, 
Department of Genetie Medieine, Children’s National Medieal Center, 
Washington DC.) 


The initiation of fusion does not depend on the presenee of nerve fibres, 
sinee these do not penetrate muscle primordia until after the formation 
of primary myotubes. 

Although synthesis of the eontraetile maehinery is not dependent on 
ffision of myoblasts, it proeeeds much more rapidly after ffision. Sar- 
eomere formation begins at the Z-dise, which binds aetin filaments 
constituting the I-band to form I-Z-I complexes. The myosin filaments 
assemble on the I-Z-I complexes to form A-bands. Nebulin and titin 
are among the first myofibrillar proteins to be ineorporated into the 
sareomere, and may well determine the length and position of 
the eontraetile filaments. Desmin intermediate filaments eonneet the 
Z-dises to the sareolemma at an early stage, and these eonneetions are 
retained. 

Myogenie eells continue to migrate and to divide, and during weeks 
7-9 there is extensive de novo myotube formation. Myoblasts aggregate 
near the midpoint of the primary myotubes and fuse with eaeh other 
to form seeondary myotubes, a proeess that may be related to early 
neural eontaet. Several of these smaller-diameter myotubes may be 
aligned in parallel with eaeh of the primary myotubes. Eaeh develops 
a separate basal lamina and makes independent eontaet with the 
tendon. Initially, the primary myotube provides a seaffold for the lon- 
gitudinal growth of the seeondary myotubes but eventually they sepa- 
rate. At the time of their formation, the seeondary myotubes express an 
'embryonie' isoform of the myosin heavy ehains, whereas the primary 
myotubes express a 'slow' muscle isoform apparently identieal to that 
found in adult slow muscle fibres. In both primary and seeondary 
myotubes, sareomere assembly begins at the periphery of the myotube 
and progresses imvards towards its eentre. Myofibrils are added eon- 
stantly and lengthen by adding sareomeres to their ends. T-tubules are 
formed and grow initially in a longitudinal direetion; sinee they eontain 
speeifie proteins not found in plasma membranes, they are probably 
assembled via a different pathway from that which supports the growth 
of the sareolemma. The sareoplasmie reticulum wraps around the 
myofibrils at the level of the I-bands. 

By 9 weeks, the primordia of most muscle groups are well defined, 
eontraetile proteins have been synthesized and the primitive beginnings 
of neuromuscular junctions ean be observed, eonfined initially to the 
primary myotubes. Although some seeondary fibre formation ean take 
plaee in the absenee of a nerve, most is initiated at sites of innervation 
of the primary myotubes. The pioneering axons braneh and establish 
eontaet with the seeondary myotubes. By 10 weeks these nerve-muscle 
eontaets have beeome fimetional neuromuscular junctions and the 
muscle fibres eontraet in response to impulse aetivity in the motor 
nerves. llnder this new influence, the seeondary fibres express fetal 
(sometimes referred to as neonatal) isoforms of the myosin heavy 
ehains. At this stage, several emeial events take plaee, which may be 
dependent on, or faeilitated by, eontraetile aetivity. As the myofibrils 
eneroaeh on the eentre of the myotube, the nuclei move to the periphery 
and the eharaeteristie morphology of the adult skeletal muscle myofibre 
is established. The myofibrils beeome aligned laterally, and A- and 
I-bands in register aeross the myotube produce eross-striations that are 
visible at the light mieroseopie level. T-tubules ehange from a longitu- 
dinal to a transverse orientation and adopt their adult positions; they 
may be guided in this proeess by the sareoplasmie reticulum, which is 
more strongly bound to the myofibrils. 

The myotubes and myofibres are grouped into faseieles by growing 
eonneetive tissue sheaths, and faseieles are assembled to build up entire 
muscles. As development proeeeds, the inerease in intramuscular 
volume is aeeommodated by remodelling of the eonneetive tissue 
matrix. 

At 14-15 weeks, primary myotubes are still in the majority, but by 
20 weeks the seeondary myotubes predominate. During weeks 16-17, 
tertiary myotubes appear; they are small and adhere to the seeondary 
myotubes, with which they share a basal lamina. They beeome inde- 
pendent by 18-23 weeks, their eentral nuclei move to the periphery, 
and they contribute a fiirther generation of myofibres. The seeondary 
and tertiary myofibres are always smaller and more numerous than the 
primary myofibres. In some large muscles, higher-order generations of 
myotubes may be formed. 

Late in fetal life, a final population of myoblasts appears, which will 
beeome the satellite eells of adult muscle. These normally quiescent 
eells lie outside the sareolemma beneath the basal lamina (see Fig. 5.44; 
Fig. 5.45). M-eadherin, a eell adhesion protein of possible regulatory 
signifieanee, occurs at the site of eontaet between a satellite eell and its 
muscle fibre. In a young individual, there is one satellite eell for every 
5-10 muscle fibre nuclei. The latter are ineapable of DNA synthesis and 
mitosis, and satellite eells are therefore important as the sole source of 
additional muscle fibre nuclei during postnatal growth of muscle (to 
maintain the ratio of eytoplasmie volume per nucleus as fibres inerease 
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in mass). After satellite eells divide, one of the daughter eells flises with 
the growing fibre, the other remaining as a satellite eell eapable of 
fhrther rounds of division. In adult skeletal muscle, satellite eells 
provide a reservoir of eells that enable exercise-induced hypertrophy, 
and regeneration of muscle after damage (see below). 

Development of fibre types 

Developing myotubes express an embryonie isoform of myosin that is 
subsequently replaeed by fetal and adult myosin isoforms. The major 
isoform of sareomerie aetin in fetal skeletal muscle is eardiae a-aetin; 
only later is this replaeed by skeletal a-aetin. The signifieanee of these 
developmental sequences is not known. 

The pattern of expression is fibre-speeifie and ehanges over time. In 
primary myotubes, embryonie myosin is replaeed by adult slow myosin 
from about 9 weeks onwards. In seeondary and higher-order myotnbes, 
the embryonie myosin isoform is superseded first by fetal and then by 
adult fast myosin, and a proportion go on to express adult slow myosin. 
Other fibre-speeifie, tissue-specific and speeies-speeifie patterns of 
myosin expression have been deseribed in mammalian limb muscles 
and jaw muscles. 

The origin of this diversity in the temporal patterns of expression of 
different fibres, even within the same muscle, is far from elear. It has 
been suggested that intrinsieally different lineages of myoblast emerge 
at different stages of myogenesis or in response to different extracellular 
cues. If this is the ease, their internal programmes may be retained or 
overridden when they fuse with other myoblasts or with fibres that have 
already formed. The fibres that emerge from this proeess go on to 
acquire a phenotype that will depend on the fiirther influence of hor- 
mones and neural aetivity. 



Fig. 5.45 An eleetron mierograph of a satellite eell. Note the two plasma 
membranes that separate the eytoplasm of the satellite eell from that of 
the miisele fibre, and the basal lamina (arrows) of the transversely 
seetioned muscle fibre, which continues over the satellite eell (see also 
Fig. 5.39a). Compare this appearanee with the normal muscle nucleus, 
which is seen in the adjaeent fibre at the top of the mierograph. 
(Photograph by Dr Miehael Cullen, Sehool of Neurosciences, Llniversity of 
Newcastle upon Tyne.) 


In humans, unlike many smaller mammals, muscles are histologi- 
eally mature at birth, but fibre type differentiation is far from eomplete. 
In postural imiseles, the expression of type I ('slow') myosin inereases 
signifieantly over the first few years of life. During this same period, the 
proportions of fibre types in other muscles beeome more divergent. The 
presenee in adult muscles of a small proportion of fibres with an appar- 
ently transitional eombination of protein isoforms reinforees the view 
that ehanges in fibre type continue to some extent in all muscles and 
throughout adult life. Fibre type transitions also occur in relation to 
damage or neuromuscular disease; under these eonditions, the devel- 
opmental sequence of myosins may be recapitulated in regenerating 
fibres. 

Grovvth and regulatìon of fibre length 

Muscle fibres grow in length by addition of sareomeres to the ends of 
myofibrils. In order for the mean sareomere length, and henee filament 
overlap, to be optimized for maximum foree, the number of sareomeres 
must be regulated throughout life. This is aehieved by the addition or 
removal of sareomeres in response to any prolonged ehange of length. 
For example, if a limb is immobilized in a plaster east, the fibres of 
imiseles that have been fixed in a shortened position lose sareomeres, 
while those that have been fixed in a lengthened position add sareom- 
eres; the reverse proeess occurs after the east has been removed. 

Satellite eells and muscle repair 


Flntil the mid-20th century, the meehanisms responsible for mainte- 
nanee and repair of skeletal muscle were unclear. These issues were 
largely resolved by the diseoveries that multinucleated muscle fibres 
were formed by the fusion of monomieleated precursors, myoblasts, 
and that a population of satellite eells, so ealled because of their posi- 
tion on the edge of the fibre, exist between the basal lamina of the 
mature muscle fibre and its sareolemma, where they constitute 2-5% 
of the mielei enelosed by the basal lamina. 

Studies in mouse models, where genetie analysis is possible, have 
shown that the fimetional properties of postnatal satellite eells depend 
on the expression of the Pax7 gene, whereas the prenatal development 
of imisele is not similarly dependent. This implies that satellite eells are 
not simply the relies of prenatal myogenie eells, even though they 
appear to be derived from the same embryonie source in the somites. 
Moreover, satellite eells are not a homogeneous population: no two 
differentiation markers concur eompletely. This is also the situation 
in human tissue (Fig. 5.46). It has yet to be determined whether this 
variation refleets a differenee in position in the lineage, fimetional status 
or adjaeent environment. 

The satellite eell has been established rigorously in miee as being 
both neeessary and sufficient for effeetive regeneration of damaged 
skeletal muscle (Relaix and Zammit 2012). These eells proliferate to 
replaee their resident region of imisele in 3-4 days and to replenish the 
quiescent satellite eell population. In humans, there is histologieal 
evidenee of the rapid accumulation of myoblasts, presumably derived 
from loeal satellite eells, at sites of muscle damage. The presumed 
eentral role of satellite eells in muscle growth and adaptation has, 
however, been questioned by some reeent researeh. Satellite eells are 
undoubtedly important during early postnatal development and 
growth, and in muscle regeneration following acute injury or eeeentrie 
damage. In other situations, however, regulation of protein synthesis 



Fig. 5.46 Two adjaeent seetions, fluorescence- 
immunolabelled, of a regenerating muscle fibre in 
a power lifter’s trapezius. A, Anti-laminin antibody 
(red) shows basal lamina. Anti-CD56 (green) is a 
marker of myogenie eells and of newly formed 
myotubes. B, Basal lamina (red) and myogenin- 
positive nuclei (green). Basal laminae outline 
transversely seetioned muscle fibres, including the 
original outline of the regenerating fibre (eentre 
field). Numerous small blood vessels, also outlined 
by basal laminae, are present and probably refleet 
loeal inflammation. Within the CD56-positive zone, 
several nuclei (one arrowed) are positive for 
myogenin, indieating their terminally differentiated 
status. Numerous other nuclei (Hoeehst dye, blue) 
within the basal lamina surrounding the area of 
regeneration probably include proliferating 
myogenie eells and inflammatory eells. (Courtesy 
of Ms Mona Lindstròm and Professor Lars-Erie 
Thornell, Department of Anatomy, Llmeá 
Llniversity, Sweden.) 
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and degradation may be more important determinants of muscle mass 

(Sehiaffino et al 2013). 

A detail of wide pathologieal interest is the demonstration that the 
failing regenerative poteney of satellite eells in ageing muscle seems in 
large part to be attributable to age-related ehanges in the systemie envi- 
ronment rather than a deeline in the intrinsie eapabilities of the satellite 
eells themselves (Conboy et al 2005). 

Regulation of muscle mass 

Muscles respond to resistanee exercise in training, or rehabilitation fol- 
lowing illness or injury by inereasing in mass. This proeess is termed 
hypertrophy, particularly when applied to the inereased muscle bulk 
that occurs in response to intense physieal aetivity. Individual muscle 
fibres inerease in size by the synthesis of new myofibril proteins, 
inereased protein turnover rates and the reemitment of satellite eells to 
provide new nuclei for existing fibres or to form new myotubes. In 
inaetivity as seen in those eonfined to bed or wheelchair, in immobi- 
lized limbs, and in patients with disorders of voluntary movement, 
muscles deerease in mass. This is termed atrophy, or disuse atrophy, in 
eontrast to the pathologieal wasting of skeletal muscle assoeiated with 
some disease states, including eaneer cachexia, heart failure, diabetes 
and obesity. It is also reeognized that loss of skeletal muscle mass and 
fhnetion may be a consequence of normal healthy ageing, when it is 
termed sareopenia. There is experimental evidenee that this proeess may 
be assoeiated with apoptosis of satellite eells and eapillary endothelial 
eells (Wang et al 2014). 

FORM AND FUNCTI0N 0F SKELETAL MUSCLE 

The names given to individual muscles are usually deseriptive and are 
based on their shape, size, number of heads or bellies, position, depth, 
attaehments or aetions. The meanings of some of the terms used are 
summarized in Table 5.2. The hmetional roles implied by the names 
should be interpreted with caution because they are often oversimpli- 


fied, and terms denoting aetion may emphasize only one of a number 
of usual aetions. A given muscle may play different roles in different 
movements and these roles may ehange if the movements are assisted 
or opposed by gravity. 

Fibre architecture 


Muscles ean be elassified aeeording to their general shape and the pre- 
dominant orientation of their fibres relative to the direetion of pull (Fig. 
5.47). Muscles with fibres (eells) that are largely parallel to the line of 
pull vary in form from flat, short and quadrilateral (e.g. thyrohyoid) 
to long and strap-like (e.g. sternohyoid, sartorius). In such muscles, 
individual fibres may run for the entire length of the muscle, or over 


Table 5.2 Terms used in naming muscles 


Shape 

Depth 

Position 

Deltoid (triangular) 

Superficialis (superficial) 

Anterior, posterior, medial, 

Quadratus (square) 

Profundus (deep) 

lateral, superior, inferior, 

Rhomboid 

Externus/externi (external) 

supra-, infra- 

(diamond-shaped) 

lnternus/interni (internal) 

lnterosseus (between 

Teres (round) 

Attaehment 

bones) 

Graeilis (slender) 

Dorsi (of the baek) 

Rectus (straight) 

Sternoeleidomastoid (from 

Abdominis (of the abdomen) 

Lumbrical (worm-like) 

sternum and elaviele to 

Peetoralis (of the ehest) 

Size 

mastoid proeess) 

Braehii (of the arm) 

Coracobrachialis (from the 

Femoris (of the thigh) 

Major, minor, longus (long) 

eoraeoid proeess to the 

Oris (of the mouth) 

Brevis (short) 

arm) 

Oculi (of the eye) 

Latissimus (broadest) 


Aetion 

Extensor, flexor 

Longissimus (longest) 


Number of heads or 


Abductor, adductor 

bellies 


Levator, depressor 

Bieeps (two heads) 


Supinator, pronator 

Trieeps (three heads) 
Quadriceps (four heads) 
Digastrie (two bellies) 


Constrictor, dilator 


Quadrilateral 


Strap with tendinous 

Strap interseetions Fusiform 






Digastrie 


Trieipital 


Triangular 


Cruciate 




U nipennate 



Bipennate 




Multipennate 



Fig. 5.47 Morphologieal ‘types’ of muscle based on their general form and fascicular architecture. 
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Skeletal rrmsele 



Fig. 5.48 The ‘detorsion’ or 
untwisting that results from the 
eontraetion of a spirally 
arranged muscle. 


Veetor along tendon 



Foree of muscle 
eontraetion 


Veetor at 90° to 
line of tendon 


Fig. 5.49 Foree veetors in 
an idealized pennate 
muscle. The inerease in 
effeetive eross-seetional 
area made possible by 
this architecture outweighs 
the small reduction in the 
eomponent of foree aeting 
in the direetion of the 
tendon. 


shorter segments when there are transverse, tendinous interseetions at 
intervals (e.g. rectus abdominis). In a fusiform muscle, the fìbres may 
be elose to parallel in the 'belly', but eonverge to a tendon at one or 
both ends. Where fìbres are oblique to the line of pulf muscles may be 
triangular (e.g. temporalis, adductor longus) or pennate (feather-like) 
in eonstmetion. The latter vary in complexity from unipennate (e.g. 
flexor pollieis longus) and bipennate (e.g. rectus femoris, dorsal interos- 
sei) to multipennate (e.g. deltoid). Fibres may pass obliquely between 
deep and superfìcial aponeuroses, in a type of Tmipennate' form (e.g. 
soleus), or they may start from the walls of osteofaseial eompartments 
and eonverge obliquely on a eentral tendon in circumpennate fashion 
(e.g. tibialis anterior). Muscles may exhibit a spiral or twisted arrange- 
ment (e.g. sternoeostal fìbres of peetoralis major or latissimus dorsi, 
which undergo a 180°-twist between their medial and lateral attaeh- 
ments). Muscles may spiral around a bone (e.g. supinator, which winds 
obliquely around the proximal radial shaft), or eontain two or more 
planes of fìbres arranged in differing direetions, a type of spiral some- 
times referred to as emeiate (sternoeleidomastoid, masseter and adduc- 
tor magnus are all partially spiral and emeiate). Many imiseles display 
more than one of these major types of arrangement, and show regional 
variations that eorrespond to eontrasting, and in some eases independ- 
ent, aetions. 

Direetion of foree 


Although imiseles differ in their internal architecture, the resultant foree 
must be direeted along the line of the tendon, so forees transverse to 
this direetion must be in balanee (see Fig. 5.47; Fig. 5.48). In strap-like 
imiseles, the transverse eomponent is negligible. In hisiform, bipennate 
and imiltipennate muscles, symmetry in the arrangement of the fìbres 
produces a balaneed opposition between transverse eomponents, 
whereas in asymmetrieal muscles (e.g. unipennate muscles), the fìbres 
generate an unopposed lateral eomponent of foree that is balaneed by 
intramuscular pressure. 

Muscles that ineorporate a twist in their geometry unwind it as they 
eontraet, so that they tend not only to approximate their attaehments 
but also to bring them into the same plane. Muscles that spiral around 
a bone tend to reduce the spiral on eontraetion, causing rotation. 

Foree versus range of eontraetion 

Muscle fìbre architecture varies because some imiseles are required to 
develop a large foree on their tendinous insertion, whereas other 
imiseles are required to move their insertion through a eonsiderable 
distanee. These demands are largely ineompatible and require different 
muscle architecture. 

The foree developed by an aetive muscle depends on the tension 
developed in eaeh imisele fìbre. If all of the imisele fìbres are parallel 
(as in the strap-like muscle in Figure 5.47), then the imisele foree is 
equal to the sum of the tension in eaeh fìbre, and so will be propor- 
tional to the total eross-seetional area of those fibres. The range of 
eontraetion generated by an aetive imisele depends on the relative 
motion that ean take plaee between the overlapping proteins in the 
sareomere, and this sets a natural limit (approximately 30%) to the 
amount of fìbre shortening that ean take plaee. Henee, the movement 
of the tendinous insertion is proportional to the length of the muscle 
fibres. 


If these prineiples are applied to a long, strap-like imisele in which 
the fìbres are predominantly parallel to the line of pull (see Fig. 5.47), 
it will be evident that the whole muscle will be able to eontraet by 30% 
of its length (the same as eaeh muscle fìbre). However, such a strap-like 
muscle eontains relatively few muscle fìbres, so the maximum tension 
it ean develop will not be great. Compare this to the bipennate muscle 
in Figure 5.49, which eontains perhaps three times as many imisele 
fìbres, all set at an angle (typieally 30°) to the axis of the tendon. Eaeh 
short fìbre will not be able to eontraet very far, and the eontraetion of 
the tendon will be even less, because the imisele fìbres are pulling on 
it obliquely. So, the bipennate imisele has a poor eontraetion distanee. 
However, the total foree its fibres ean generate will be approximately 
three times as great as the tension in the strap-like muscle. Even after 
this foree is reduced to allow for its obliquity (in this ease by eos 30°, 
which equals 0.87), the overall tension in the direetion of the tendon 
will exceed that in the strap-like muscle by a faetor of 2.6 (3x0.87). 
So, the bipennate muscle saerifìees eontraetion distanee for greater 
maximum foree. This effeet would be imieh greater in the multipennate 
imisele shown in Figure 5.47. 


In deseriptions of muscle performanee, 'foree', 'strength' and 'power' are 
often used interehangeably but these terms are not synonymous. When 
eonsidering human performanee, it is possible for strength to inerease 
without a eoneomitant inerease in the tme foree-generating eapaeities 
of the imiseles involved. Strength is usually measured under circum- 
stanees that require the partieipation of several muscles, and so depends 
on skilfhl eoordination of these imiseles as well as the forees they gener- 
ate. This disparity ean be marked during the early stages of physieal 
training. 

Power is the rate at which a muscle ean perform external work, and 
is equal to foree multiplied by eontraetion veloeity. Sinee foree depends 
on the total eross-seetional area of imisele fìbres, and veloeity (the rate 
of muscle shortening) depends on muscle fìbre length, powerful 
muscles tend to be long as well as fat. A prime example is the quadri- 
eeps, which is the prime mover when someone stands up from a seated 
position. A laek of power in this and other muscles is the eritieal faetor 
that limits the ability of many elderly people to live independently 
(Reid and Fielding 2012). 


Historieally, the aetions of speeifìe muscles were estimated from simple 
observation. Muscle attaehments were identifìed by disseetion, and 
their probable aetion deduced from the line of pull. With the use of 
loealized eleetrieal stimulation it beeame possible to study the aetions 
of seleeted muscles systematieally in the living subject. This approaeh 
was pioneered by Duchenne de Boulogne in the mid-19th century. 

However, the study of isolated muscles eannot reveal the manner in 
which they interaet during voluntary movements. Duchenne appreei- 
ated this, and supplemented eleetrieal stimulation with observations 
of patients with partial paralysis to make more accurate deductions 
about the way in which muscles eooperate. Manual palpation ean 
be used to deteet muscle eontraetion, but only in superficial muscles 
under quasi-static eonditions. Modern knowledge of muscle aetion has 113 
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been acquired almost entirely by reeording the eleetrieal aetivity that 
aeeompanies meehanieal eontraetion, a technique known as eleetromy- 
ography (EMG). This technique ean be used to study aetivation of deep 
as well as superficial muscles, under statie and dynamie eonditions. 
Multiple ehannels of EMG ean reveal eoordination between different 
muscles that partieipate in a movement. These data ean be fhrther sup- 
plemented by monitoring joint angle and ground reaetion foree, and 
by reeording the movement on eamera or with a three-dimensional 
motion analysis system. 

Conventionally, the aetion of a muscle is defined as the movement 
that takes plaee when it eontraets. However, this is an operational defi- 
nition: equating 'eontraetion' with shortening, and 'relaxation' with 
lengthening is too simple in the context of whole muscles and real 
movements. Whether a muscle approximates its attaehments on eon- 
traetion depends on the degree to which it is aetivated, and the forees 
against which it has to aet. 

Movements that involve shortening of an aetive muscle are termed 
eoneentrie, e.g. eontraetion of bieeps/braehialis while raising a weight 
and flexing the elbow. Movements in which the aetive muscle undergoes 
lengthening are termed eeeentrie, e.g. in lowering the weight previously 
mentioned, bieeps/braehialis 'pays out' length as the elbow extends. 
Eeeentrie eontraetions streteh the collagenous tissue sheaths within 
muscle (see below), which inereases the risk of tears in muscles such as 
the hamstrings, and of a more general delayed-onset muscle soreness 
(Proske and Morgan 2001). Muscle eontraetion that does not involve 
ehange in muscle length is isometrie. 

Natural movements are aeeomplished by groups of muscles. Eaeh 
muscle may be elassified, aeeording to its role in the movement, as a 
prime mover, antagonist, fixator or synergist. It is usually possible to 
identify one or more imiseles that are eonsistently aetive in initiating 
and maintaining a movement: these are its prime movers. Muscles that 
wholly oppose the movement, or initiate and maintain the opposite 
movement, are antagonists. For example, braehialis is the prime mover 
in elbow flexion, and trieeps is the antagonist. To initiate a movement, 
a prime mover must overeome passive and aetive resistanee and impart 
an angular aeeeleration to a limb segment until the required angular 
veloeity is reaehed; it must then maintain a level of aetivity sufficient 
to eomplete the movement. 

When prime movers and antagonists eontraet together they behave 
as fixators, stabilizing the eorresponding joint by inereased transarticu- 
lar eompression, and ereating an immobile base on which other prime 
movers may aet. For example, flexors and extensors of the wrist 
eo-eontraet to stabilize the wrist when an objeet is grasped tightly in 
the fingers. 

Aeting aeross a uniaxial joint, a prime mover produces a simple 
movement. Aeting at multiaxial joints, or aeross more than one joint, 
prime movers may produce more complex movements that eontain 
elements that have to be eliminated by eontraetion of other muscles. 
The latter assist in aeeomplishing the movement and are eonsidered to 
be synergists, although they may aet as fixators, or even as partial 
antagonists of the prime mover. For example, flexion of the fingers at 
the interphalangeal and metaearpophalangeal joints is brought about 
primarily by the long flexors, superficial and deep. However, these also 
eross interearpal and radioearpal joints, and if movement at these joints 
were unrestrained, finger flexion would be less effieient. Synergistie 
eontraetion of the earpal extensors eliminates this movement, and even 
produces some earpal extension, which inereases the effieieney of the 
desired movement at the fingers. 

In the context of different movements, a given muscle may aet as a 
prime mover, antagonist, fixator or synergist. Even the same movement 
may involve a muscle in different ways if it is assisted or opposed by 
gravity. For example, in thmsting out the hand, trieeps is the prime 
mover responsible for extending the forearm at the elbow, and the flexor 
antagonists are largely inaetive. However, when the hand lowers a heavy 
objeet, the extensor aetion of the trieeps is replaeed by gravity, and the 
movement is eontrolled by aetive lengthening (eeeentrie 'eontraetion') 
of the flexors. It is important to remember that all movements take 
plaee against the background of gravity and its influence must not be 
overlooked. 



Forees developed by skeletal muscles are transferred to bone by 
tendons, aponeuroses and faseiae, whereas ligaments prevent excessive 
separation of adjaeent bones. All of these stmctures eomprise dense 
fibrous eonneetive tissues eontaining a high proportion of type I 
114 eollagen. 



Fig. 5.50 The attaehment of a tendon (pink) to skeletal muscle (orange). 
The regular dense eonneetive tissue of the tendon eonsists of parallel 
bundles of type I eollagen fibres, which are orientated in the long axis of 
the tendon and the muscle to which it is attaehed. A few elongated 
fibroblast nuclei are visible in the tendon. (Triehrome stain.) 

TENDONS 

Gross structure and function 


Tendons take the form of whitish-looking eords or straps, with a round 
or oval eross-seetion. They are eomposed of dense, regular eonneetive 
tissue; 60% of their dry weight eonsists of large erimped fibres of eol- 
lagen type I (Fig. 5.50). Other eomponents of their matrix include 
eollagen types II and V, elastin, glyeoproteins and proteoglyeans (Wang 
2006). Faseieles (bundles) of eollagen fibres are orientated mainly par- 
allel to the long axis of the tendon but are to some extent interwoven; 
they may be conspicuous enough to give tendons a longitudinally stri- 
ated appearanee to the unaided eye. Tendons generally have smooth 
surfaces, although large tendons may be ridged longitudinally by eoarse 
fasciculi (as in the osseous aspeet of the angulated tendon of obturator 
internus). Loose eonneetive tissue between faseieles provides a conduit 
for small vessels and nerves; it eondenses on the surface as a sheath or 
epitendineum, which may eontain elastin and irregularly arranged eol- 
lagen fibres. The loose attaehments between this sheath and the sur- 
rounding tissue present little resistanee to movements of the tendon. 
In situations where greater freedom of movement is required, a tendon 
is separated from adjaeent structures by a synovial sheath. 

Tendons are slightly elastie and ean be stretehed by 6-15% of their 
length without damage (Wang 2006). Some of this extensibility is 
attributable to the reorientation of eollagen type I fibres, some to the 
straightening of the erimped (wave-like) structure of these fibres, and 
some to sliding between adjaeent eollagen fibrils and fibres (Sereen et al 
2004). Sliding is possible because diserete eollagen fibres appear to 
reinforee eonneetive tissue in the manner of a 'ehopped fibre-eomposite' 
material such as fibre glass (Hukins and Aspden 1985), rather than by 
forming a fixed seaffold (which would make growth difficult). It takes 
a great deal of energy to streteh a long and strong tendon, and most of 
this elastie 'strain energy' ean be reeovered when the tension is released. 
During loeomotion, the rhythmie storing and releasing of strain energy 
in stretehed tendons helps to smooth the movement, so that tendons 
(rather than eartilage) aet as the body's natural shoek absorbers. This 
energy storage and release also reduces the metabolie eost of loeomo- 
tion. Tendons are sufficiently flexible that they ean be diverted around 
osseous surfaces or defleeted under retinacula to redireet the angle of 
pull. 

The vasoilar supply of tendon is sparse but not negligible. Small 
arterioles from adjaeent muscle tissue pass longitudinally between the 
faseieles, branehing and anastomosing freely, and are aeeompanied by 
venae eomitantes and lymphatie vessels. This longitudinal plexus is 
augmented by small vessels from adjaeent loose eonneetive tissue or 
synovial sheaths. Vessels rarely pass between bone and tendon at 
osseous attaehments, and the junctional surfaces are usually devoid of 
foramina. A notable exception is the ealeaneal (Aehilles) tendon, which 
does reeeive a blood supply aeross its osseotendinous junction. During 
postnatal development, tendons enlarge by interstitial growth, particu- 
larly at myotendinous junctions, where there are high eoneentrations 
of fibroblasts. Growth deereases along a tendon from the muscle to the 
osseous attaehments. The thiekness finally attained by a tendon depends 
on the size and strength of the assoeiated muscle, but also appears to 

























Biomeehanies 



Fig. 5.51 The microstructure of bone at entheses. 
A, B, The eortieal shell of bone (short arrovvs) is 
very thin at fibroeartilaginoiis attaehment sites. In 
these examples shovving the attaehment of the 
tendons of trieeps braehii (TB) and of fibiilaris 
longus (FL), the eortieal shell is approximately the 
same thiekness as the underlying trabeculae (T). 
Note that in A, the superficial trabeculae (long 
arrovvs) are aligned along the direetion of pull of 
the tendon of trieeps. C, In marked eontrast, the 
layer of eortieal bone (CB) at the fibrous 
attaehment site of pronator teres (PT) to the 
mid-shaft of the radius, is much thieker. 

D, Higher-povver view of the eortieal ealeified shell 
of tissue at a fibrocartilaginous attaehment site 
(the ealeaneal or Aehilles tendon), which eonsists 
of bone (B) and ealeified fibroeartilage (CF). In this 
speeimen, there are two tidemarks, TM1 and TM2, 
assoeiated with the eortieal shell of ealeified 
tissue. TM1 is adjaeent to the zone of uncalcified 
fibroeartilage (UF), and marks the meehanieal 
boundary between hard and soft tissues. TM2 lies 
nearer the bone and indieates an earlier phase of 
ealeifieation. Note the relative straightness of the 
tidemarks but the highly irregular interfaee 
between ealeified fibroeartilage and bone (arrows), 
which is important in anehoring the tendon to the 
bone. Seetions of human eadaverie bone stained 
with Masson’s triehrome. (Photographs courtesy 
of Professor Miehael Benjamin, Cardiff University, 
from seetions cut and stained by S. Redman.) 


be influenced by additional faetors such as the degree of pennation of 
the muscle. The cellularity and henee the metabolie rate, of large adult 
tendons is very low, but inereases during infeetion or injury. Repair 
involves an initial proliferation of fibroblasts followed by interstitial 
deposition of new eollagen fibres (Wang 2006). Complete remodelling 
(replaeement) of the tissue, as seen in bone, does not occur in adult 
tendons, so healing tendons do not quite reeover their original strength. 
Tendons ean adapt their stiffness and strength to mateh prevailing 
meehanieal demands, but the proeess is slow and may be ineomplete 
(Rumian et al 2009). 

The nerve supply to tendons is largely sensory and there is no evi- 
denee of any eapaeity for vasomotor eontrol. Golgi tendon organs, 
speeialized endings that are sensitive to foree, are found near myotendi- 
nous junctions; their large myelinated afferent axons mn within 
branehes of muscular nerves or in small rami of adjaeent peripheral 
nerves. They play an important role in 'tendon reflexes', which serve to 
proteet the musculoskeletal system from injury. 

Tendon attaehments 


Muscles eonneet to bones by means of tendons, aponeuroses and 
faseiae. The epimysiaf perimysial and endomysial sheaths within 
muscle eoalesee at these attaehments, and interdigitate with adjaeent 
collagenous stmctures to form strong eonneetions in which foree trans- 
mission is aided by shear stress transfer. 

At the myotendinous junction, muscle fibres separate into finger-like 
proeesses separated by insertions of tendinous eollagen fibres. Although 
there are no desmosomal attaehments at these junctions, other speeiali- 
zations assist in the transmission of foree from the interior of the fibre 
to the extracellular matrix. Aetin filaments from the adjaeent sareom- 
eres, which would normally insert into a Z-dise at this point, instead 
penetrate a dense, subsarcolemmal filamentous matrix that provides 
attaehment to the plasma membrane. This matrix is similar in eharaeter 
to the eytoplasmie faee of an adherens junction. The structure as a 
whole is homologous to the interealated dises of eardiae muscle. 
Integrins at the extracellular surface of the junctional sareolemma 
provide eontaet with the basal lamina, which adheres elosely to eolla- 
gen and reticular fibres (type III eollagen) of the adjaeent tendon or 
other eonneetive tissue structure. 

Tendinous attaehments to bone (also known as entheses or osteo- 
tendinous junctions) have been broadly eategorized as either fibroear- 


tilaginous or fibrous (Benjamin et al 2006). In fibrocartilaginous 
entheses, four zones of tissue ean be distinguished: pure dense fibrous 
eonneetive tissue (continuous with and indistinguishable from the 
tendon), uncalcified fibroeartilage, ealeified fibroeartilage, and bone 
(continuous with and indistinguishable from the rest of the bone). 
There are no sharp boundaries between zones, and the proportions of 
eaeh eomponent vary between entheses. A fibrocartilaginous enthesis is 
usually found where a tendon approaehes the bone at a high angle, e.g. 
trieeps braehii (Fig. 5.51A,B,D). At fibrous entheses, which are eharae- 
teristie of the shafts of long bones, the tendon approaehes the bone at 
an acute angle and merges with the periosteum before attaehing to bone 
by dense fibrous eonneetive tissue, e.g. pronator teres (Fig. 5.51C). 
Fibrous entheses generally attaeh to a greater area of bone eompared to 
fibrocartilaginous entheses, enabling them to reduce stress. 


The microstructure and biology of ligaments is broadly similar to that 
of tendons (Rumian et al 2007). Ligaments eonsist mostly of large 
erimped fibres of eollagen type I, and their eells are predominantly 
elongated fibroblasts. However, there are two major differenees between 
tendons and ligaments: one relating to gross structure, the other to 
eomposition. Structurally, ligaments tend to have fibres orientated in a 
range of direetions because they must resist the separation of bones in 
more than one direetion, whereas eollagen fibres in a tendon must align 
with tension in the adjaeent muscle. More diverse meehanieal roles of 
ligaments are also refleeted in their eomposition. For example, the liga- 
mentum flavum, which joins adjaeent vertebrae in the spine, has a very 
high elastin eontent which enables it to be stretehed more than 80% 
when the spine is flexed, and yet remain under tension in all postures. 
Maintaining tension is important because this ligament lies adjaeent to 
the spinal eord, and could impinge on it if it beeame slaek (and buckled) 
when the spine was moved into extension. 


BI0MECHANICS 


The purpose of this seetion is to explain, in a non-mathematieal way, 
how meehanieal prineiples shape the human musculoskeletal system. 
Meehanieal eonsiderations explain why bones are stiff and tendons are 
tough, why the surfaces of some synovial joints are imperfeetly matehed, 115 
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Fig. 5.52 The effeets of different types of loading on a solid objeet (A) are 
illustrated in B-F. 


and why some tendons insert eloser to joints than others. The emerging 
subject of 'meehanobiology' eonsiders how eells adapt their matrix to 
prevailing meehanieal demands and explains why some tissues are 
better at doing this than others. 


MECHANICALCONCEPTS 
Forees, moments and torques 


A foree is an aetion that deforms an objeet, or that causes it to move, 
and ean be termed eompressive, tensile or shear, aeeording to the 
manner in which it deforms that objeet (Fig. 5.52). A foree F aeting at 
the end of a lever of length L will generate a bending moment (FxL) 
aeting about the pivot point of the lever. A torque or torsional moment 
(Fig. 5.52F) may be quantified in similar terms. The eombined influ- 
enee of several forees ean be calculated as shown in Figure 5.53. If the 
forees all aet in the same direetion, they may be added. However, if they 
aet in different direetions, eaeh foree must be resolved into two imagi- 
nary eomponents that aet in two anatomieally eonvenient direetions at 
90° to eaeh other, using simple trigonometry. All eomponents aeting 
in the same direetion are added to form two forees (S and C in 
Fig. 5.53), which ean be used to calculate the magnitude and direetion 
of the single resultant foree (which has a similar effeet to all of the 
individual forees eombined). Forees aeting on a stationary objeet are 
analysed aeeording to the prineiple that all forees aeting in any given 
direetion must balanee eaeh other (i.e. add to zero), and all moments 
or torques aeting about a given pivot point must also balanee eaeh 
other. 

Meehanieal properties of structures 


Body weight 




Resultant foree, 
R 


Fig. 5.53 The eombined effeet of 
several muscle forees (Mi-M 3 ) and 
body weight ean be calculated by 
resolving eaeh foree into two 
eomponents aeting in two 
anatomieally meaningful direetions 
(in this ease parallel and 
perpendicular to the mid plane of 
the lumbosacral intervertebral 
dise). The eomponents aeting in 
these two direetions are then 
summed to give the total 
eompressive (C) and shear (S) 
forees aeting on the dise. The 
magnitude and direetion of the 
resultant foree (R), which 
represents the eombined effeet of 
all four forees, ean be calculated 
using trigonometry. 



Fig. 5.54 A typieal foree-deformation graph for a skeletal structure 
subjected to meehanieal loading. In the initial ‘toe region’, deformation 
inereases rapidly with foree, but this is followed by a linear region in 
which the deformation inereases more slowly, and in proportion to the 
applied foree. The gradient of the graph indieates the stiffness of the 
structure at any given load. Strength is the foree at which an objeet 
beeomes damaged, and this is usually interpreted either as the foree at 
which the gradient first reduces (the elastie limit) or as the foree when the 
gradient falls to zero (the ultimate strength). 


dimensions when the deforming foree is removed, the deformation is 
termed 'elastie'; a deformation that shows no sign of reeovering is 
plastie; a deformation that reeovers eventually, but gradually, is viseo- 
elastie (see below). 'Strength' is the foree at which an objeet beeomes 
damaged, and is usually interpreted either as the foree at which the 
gradient of the graph first reduces (the elastie limit) or as the foree when 
the gradient falls to zero (the ultimate strength). 


Most anatomieal structures deform readily when a sufficient foree is 
applied to them, but their resistanee to deformation inereases steadily 
as the magnitude of the foree inereases. The resulting graph of foree 
against deformation resembles the one shown in Figure 5.54. Stiffness 
is the ratio of foree to deformation (typieal units N/mm) and so is 
represented by the gradient of the graph. The initial region of low stiff- 
ness, or 'toe region', is followed by a stiffer region in which the graph 
is almost linear. In many biologieal structures, the 'toe region' ean be 
explained by the straightening out of the zig-zag 'erimped' structure of 
eollagen type I fibres, whereas the linear region represents direet streteh- 
ing of the straightened eollagen fibres and some slipping between them. 
If the deformed structure springs baek immediately to its original 


Properties of materials 


The properties of materials must be expressed in such a way that they 
are independent of the size and shape of the structure they constitute. 
A foree divided by the area over which that foree is applied gives a stress 
value (foree per unit area); the resulting deformation divided by the 
original length of the objeet gives a strain value (fraetional or pereentage 
deformation). Stress divided by strain is the size-independent material 
equivalent of the stiffness of an objeet, and is an important physieal 
property termed the 'modulus' (sometimes 'Young's modulus'). There 
are different types of modulus but essentially they are measures of stiff- 
ness, or resistanee to deformation. 
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Fig. 5.55 This foree-deformation graph shovvs how an objeet deforms 
when a foree is applied to it (upward arrow) and how it reeovers its 
shape when the foree is gradually released (downward arrow). The area 
under the loading curve represents the strain energy that has been 
expended in deforming the objeet. The area under the unloading curve 
represents the energy that is given up when the objeet is allowed to 
spring baek to its original shape. The small area in between represents 
energy that eannot be reeovered but is dissipated as heat. This is the 
hysteresis energy. 


Energy and shoek absorption 


Deforming an objeet may require a eonsiderable expenditure of energy. 
Teehnieally the work done (i.e. energy expended) is proportional to 
the average foree exerted, multiplied by the distanee moved. This is 
mathematieally equivalent to the area under the graph in Figure 5.55, 
and is referred to as the strain energy, i.e. the energy expended in 
deforming the objeet. If the objeet has elastie properties, it will spring 
baek to its original shape when the deforming foree is removed, and 
all the strain energy is then released. (This release of strain energy 
explains why a stretehed rope ean reeoil violently if it snaps.) Stme- 
tures such as eoiled springs, which ean resist high forees and also 
deform extensively, are eapable of storing large amounts of energy, and 
so ean aet as shoek absorbers when they are eontimially eompressed 
and stretehed. Tendons aet in a similar manner during loeomotion: 
they store strain energy when they are stretehed by muscle eontraetion, 
and release most of this energy when the muscles relax later in the gait 
eyele. A small fraetion of the stored strain energy, the hysteresis energy, 
is dissipated as heat (see Fig. 5.55). This heat ean cause the tempera- 
ture to rise by several degrees eentigrade in large tendons that are 
involved in vigorous repetitive aetivity. Any material or stmcture that is 
eapable of absorbing large amounts of strain energy before failure is 
termed tough; otherwise it is brittle. From Figure 5.55 it is apparent 
that tough materials must be both strong and extensible. In eontrast, 
brittle materials such as glass and tooth enamel undergo minimal 
deformation and so absorb little strain energy, even though they are 
strong. The shoek-absorbing eharaeteristies of tendons are important 
during loeomotion, making movements smoother and reducing meta- 
bolie eost (Alexander 1988). 

Liquids 


A liquid has negligible rigidity and so deforms readily to take the shape 
of its eontainer. When eompressed, it maintains praetieally the same 
volume, but it flows to equalize the intensity of loading within it. As a 
result, a statie liquid under load exhibits a single internal pressure (foree 
per unit area) that does not vary with loeation or direetion. Even deli- 
eate objeets are not deformed when immersed in a high-pressure liquid 
if they themselves are filled with liquid, because the internal and exter- 
nal pressures on them are exactly equal; this explains why eells ean 
survive high pressures in liquids without damage to their delieate 
plasma membrane. Of the musculoskeletal tissues, only the nucleus 
pulposus of intervertebral dises exhibits true liquid behaviour (Adams 
2013). Some other tissues, including bone and eartilage, eontain liquid 
that is able to move through pores in the solid matrix. 



Fig. 5.56 The deformation of viseoelastie materials varies with time. In 
this example, a load is applied at zero time, which eaiises an immediate 
elastie deformation, followed by a slowly inereasing time-dependent 
deformation (ereep). When the load is removed, some deformation is 
reeovered immediately, but full reeovery is aehieved only slowly. 


Table 5.3 Tensile material properties of skeletal tissues* 



Cortical bone 

Tendon (ligament) 

Artioilar eartilage 

Strength (MPa) 

130 

50-110 

5-20? 

Modulus (MPa) 

17,000 

500-1800 (150-800) 

4-10 

Failure strain (%) 

1-2.5 

10-20 

30-100 


*For eomparison, alloy steel has a strength of 600 MPa and a modulus of 20,000 MPa. 


iseoelastieity 


Materials are said to be viseoelastie if they behave partly like a thiek 
(viscous) fhiid and partly like an elastie solid. Viseoelastie deformations 
ehange with time, even when the deforming stress is eonstant, and 
eomplete reeovery from such deformations also takes some time after 
the stress is removed (Fig. 5.56). In most biologieal materials, viscous 
behaviour occurs because applied loading causes fluid to flow from the 
most heavily loaded regions to the least loaded, by pereolating through 
very small (nanometre-seale) pores in the matrix, a proeess that ean 
take hours; for this reason, the term poroelastie is often preferred to 
viseoelastie when referring to tissues such as eartilage. 

Creep and stress relaxation are two important manifestations of 
viseoelastieity. Creep may be deseribed as continuing deformation 
under eonstant load (see Fig. 5.56), whereas stress relaxation is a 
gradual deerease in foree resisted by a viseoelastie material when it is 
initially deformed by a eertain amount, and then held with the same 
eonstant deformation. Creep ean reduce the thiekness of loaded articu- 
lar eartilage and intervertebral dises, typieally by 20% in 5 mimites and 
3 hours, respeetively. Creep deformation is reversed over a similar time- 
seale when the eompressive loading is reduced and water is reabsorbed. 
Bone ereeps at a much slower rate, but in old osteoporotie vertebrae, 
ereep probably contributes to vertebral deformity (Luo et al 2012). 

MATERIAL PROPERTIES 0F SKELETAL TISSLIES 

The material properties of several skeletal tissues are eompared in 

Table 5.3. 

Bone 


Bone eonsists mainly of eollagen type I and mieroerystals of the mineral 
hydroxyapatite. Collagen gives bone eonsiderable tensile strength, and 
renders it very tough when fraetmed, whereas the mineral eomponent 
gives bone a very high eompressive modulus and high eompressive 117 
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strength. Rigidity (stiffness) is the defining eharaeteristie of bone; it 
enables the tissue to provide preeisely shaped surfaces in synovial joints 
that will deform very little under load, and it also enables fast loeomo- 
tion when muscles pull on bones. If bones were strong and tough but 
not rigid, rapid muscle eontraetions would cause them to bend alarm- 
ingly and would slow the angular movement of limbs. 

Tendon, ligament and faseia 


Tendons, ligaments and faseia eonsist primarily of densely paeked eol- 
lagen type I fibres, giving these tissues high tensile strength. The erimped 
nature of the eollagen fibres allows them to be stretehed by up to 15% 
before failure, and this eombination of strength and extensibility 
enables tendons, ligaments and faseia to absorb more strain energy per 
unit weight than any other biologieal material. An important differenee 
between tendons and ligaments is that ligaments often eontain bundles 
of eollagen fibres orientated in a range of direetions, presumably 
because bones ean be moved apart in a range of direetions, whereas the 
fibres in a tendon are all aligned with the direetion of muscle tension. 
Faseia usually eontains eollagen fibres aligned in adjaeent sheets to 
resist forees in at least two different direetions. 

Hyaline eartilage 


Hyaline eartilage eonsists mainly of very fine eollagen type II fibrils and 
large proteoglyean molecules, which have the property of attraeting 
water and swelling. Collagen gives eartilage its tensile strength and stiff- 
ness, and the proteoglyeans give the tissue a high water eontent that 
eonfers eompressive 'turgor. During growth and healing, proteoglyeans 
enable the growing eartilage to swell and occupy spaee that later will 
be strengthened by other eomponents of the matrix. Articular eartilage 
is a partiailar type of hyaline eartilage that eovers the ends of articulat- 
ing bones; its high water eontent enables it to distribute loading evenly 
on the underlying bone. Sinee eartilage is softer than bone, it deforms 
more when loaded, inereasing the area of eontaet between articular 
surfaces and reducing eontaet stress (Fig. 5.57). Cartilage ereep (see 
above) causes the area of eontaet to inerease, and fhrther reduces 
eontaet stress. Creep in articular eartilage also causes water to be exuded 
into the joint eavity, assisting in flmd-film lubrication (see below). 
Artiailar eartilage 'wear (loss of material) during high and repetitive 
loading is minimized because the eollagen type II fibrils in the super- 
fieial zone are aligned parallel to the surface, an arrangement that 
provides maximal resistanee to surface splitting and the subsequent 
loss of tissue. 

Fibroeartilage and elastie eartilage 


Fibroeartilage and elastie eartilage eombine the high proteoglyean and 
water eontent that eharaeterizes eartilage with a high proportion of 
either eollagen type I (fibroeartilage) or elastin (elastie eartilage). Col- 
lagen type I eonfers extra tensile strength and toughness, whereas elastin 
fibres provide elastie reeoil, i.e. the ability to spring baek to shape after 
large deformations. 



Fig. 5.57 Artieiilar eartilage in a synovial joint is not as stiff as the 
iinderlying bone, so the presenee of eartilage in a loaded joint inereases 
the area of eontaet (B) eompared to a joint without eartilage (A). 


MECHANICAL PROPERTIES OF 
SKELETAL STRUCTURES 


Long bones 


Long bones are eharaeterized by enlarged ends eovered in eartilage, a 
long hollow shaft and various bony protuberances. The enlarged ends 
serve to reduce eontaet stress where long bones meet in synovial joints, 
and to inerease the stability of such joints (Fig. 5.58). A different rela- 
tionship between stability and mobility ean exist in different anatomi- 
eal planes, even for the same joint, e.g. the knee joint favours stability 
in the frontal plane and mobility in the sagittal plane. The hollow shaft 
of a long bone eonfers high strength in bending for a given mass of 
material, but also minimizes bone mass and so inereases the speed of 
movement. Bending strength is inereased by having as much bone mass 
as possible far from the axis of bending (Fig. 5.59). The preeise eross- 
seetional shape of a long bone therefore gives a elear indieation of the 
planes in which the shaft is most likely to be subjected to severe 
bending. Bony prominenees or proeesses on long bones serve to 
inerease the lever arm of muscles that are attaehed to them: if a large 
prominenee is elose to the eentre of rotation of a joint, then it ean 
inerease the lever arm by over 100%, and the maximum torque devel- 
oped by the muscle about that eentre of rotation would inerease by the 
same amount. 




Fig. 5.58 In synovial joints, the shapes of the opposing bone ends largely 
determine how much movement is possible, and the stability of the joint. 
Tapered bone ends (A) lead to high mobility but low stability (in the plane 
of the page). Conversely, very wide bone ends (C) lead to low mobility 
and high stability. Some joints resemble (A) in one plane but (B) or (C) in 
others. 



Fig. 5.59 A eross-seetion through the shaft of a long bone, showing how 
the irregular shape gives information about the bone’s strength in bending 
about different axes. Strength will be greatest about the axis A-B 
because a high proportion of bone mass is loeated a long distanee from 
this axis, and so will resist bending very strongly. Strength will be minimal 
about the axis C-D for a similar reason. 
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Synovial joints 


MUSCLES AND LEVER SYSTEMS 


Typieally, synovial joints are designed for full and free movements, but 
they must also provide some stability in speeifie planes (see fig. 5.58). 
In a joint with a small range of movement, intrinsie stability provided 
by the articular surfaces and ligaments of that joint may be more impor- 
tant than the extrinsic stability provided by surrounding muscles. Low- 
frietion movement is faeilitated by the smooth surfaces of articular 
eartilage being made slippery by the presenee of the boundary lubricant 
lubricin, which is bound to the cartilaginous surfaces. This boundary 
lubrication reduces frietion during slow movements, espeeially when 
forees are high. During rapid movements, mieroseopie undulations in 
the eartilage surface trap small quantities of synovial fluid between the 
articular surfaces, so that fluid-film lubrication (akin to aquaplaning) 
ean also occur (Fig. 5.60), and frietion and wear are greatly reduced. 
The stieky, viscous nature of synovial fluid enables it to persist between 
the eartilage surfaces for longer than water, which would be squeezed 
out much too quickly. Fluid-film lubrication is assisted by joint ineon- 
gmity, in which the opposing articular surfaces have slightly different 
curvatures (Fig. 5.61), producing a potential flmd-filled gap that moves 
as the joint moves, washing synovial fluid aeross the eartilage surfaces. 
ineongmity ean also help to reduce peak loading on the apex of the 
joint. 

Intervertebral dises 


Intervertebral dises are eomposed of three tissues: the anulus fibrosus 
(fibroeartilage), the nucleus pulposus (a hydrated eollagen-proteoglyean 
gel) and the end-plates (hyaline eartilage). The water eontent of the 
nucleus pulposus ean reaeh 90% in ehildren and young adults, enabling 
the tissue to behave like a fhiid. When eompressive loading is applied 
to the vertebral column, the fluid pressure in the nucleus presses evenly 
on the adjaeent vertebral bodies, even when they are orientated at small 
angles to eaeh other. The anulus resists radial expansion of the nucleus 
and ean deform vertieally to faeilitate spinal bending in various planes. 
The relatively dense hyaline eartilage end-plate helps to maintain a fluid 
pressure in the nucleus by slowing down water loss into the vertebral 
body through perforations in the vertebral end-plate. Nevertheless, dises 
lose approximately 20% of their water gradually, in the course of eaeh 
day. This net loss of water is regained at night when, in recumbency, 
the load on the spine is relieved. Diurnal variations in dise water 
eontent cause adults to be approximately 2 em taller in the early 
morning, and more flexible in the evening. 


Collagenous architecture of muscle 


Muscles are supported by a hierarehy of collagenous sheaths (endomy- 
sium, perimysium and epimysium), which surround individual muscle 
fibres, faseieles and whole muscles respeetively. Muscles are bound 
together into fimetional groups by collagenous faseia. Together, these 
sheaths ereate a strong honeyeomb structure that contributes to the 
muscle's resistanee to tension. When muscle is stretehed during eeeen- 
trie (lengthening) eontraetions, high tensile forees in the collagenous 
structures add to the tension generated by muscle fibre eontraetion, 
leading to high and potentially damaging forees aeting on the musc- 
ulotendinous junction. 

Internal miisele forees 


Generally speaking, muscle forees exert greater meehanieal loading on 
the skeleton than does body weight. For example, during relaxed 
standing, 50% of the eompressive foree aeting on the lumbar spine 
arises from the antagonistie aetivity of the muscles of the baek and 
abdomen, and 50% eomes from superincumbent body weight (Adams 
2013). However, when bending the tmnk to lift weights from the 
ground, more than 90% of the eompressive foree aeting on the spine 
ean be attributed to muscle tension (Fig. 5.62). Similarly, muscle 
forees aeting on the knee ean exceed body weight by a faetor of 200- 
400% during stair elimbing and during deep squatting movements. 
Muscle forees ean exceed the strength of adjaeent bones if they eontraet 
in alarm, so that normal inhibitory reflexes are suppressed; it is not 
uncommon for vertebrae to be emshed by muscle tension during 
major epileptie fits. Aeeording to Newton's 2nd Law of motion (foree 
= mass x aeeeleration), muscle forees also rise to high levels when 
attempting to aeeelerate body parts, e.g. during jumping or throwing. 
It follows that any attempt to aehieve maximum aeeeleration will natu- 
rally require maximal imisele tension. The size and potential dangers 
of internal muscle forees are often overlooked, leading some authors 
to draw spurious distinetions between weight-bearing and non-weight- 
bearing joints, and to suggest erroneously that only the former are 
subjected to high loading. It is likely that a watchmaker s finger joints 
are subjected to stresses as high, and as often, as those applied to his 
ankles. 


Contaet betvveen asperities 



1 gm 


Fig. 5.60 The artieiilar eartilage surfaces of synovial joints eontain 
mieroseopie undulations that trap small quantities of synovial fluid 
between the surfaces, enabling fluid-film lubrication to occur. Boundary 
lubrication at the points of eontaet between eartilage asperities 
(roughness) is faeilitated by lubricants adhering to the eartilage surface. 



Fig. 5.61 Some synovial joints are ineongment in the sense that the 
opposing articular surfaces have slightly different curvatures. This ensures 
that there is a fluid-filled gap between them when the joint is subjected to 
low loading (A). Llnder high loading (B) this gap disappears, but peak 
loading at the apex of the joint remains lower than it would be if the 
surfaces had the same curvature, and this is a major advantage for an 
ineongment joint. The shape of the eoneave articular surface is 
sometimes referred to as a Gothie areh. Abbreviation: F = loading foree. 


D 


<-H 



Fig. 5.62 During manual labour, muscle tension often rises to high levels 
in order to generate sufficient bending moment to move external objeets. 
In this example, the baek muscles aet only a short distanee (d) from the 
pivot point in the intervertebral dises (O), whereas the weight being lifted 
aets on a much bigger lever arm (D). In order for the moments to balanee, 
the baek muscle tension (F) must exceed the weight being lifted (W) by 
the ratio of D/d. In praetiee, this ean lead to the lumbar spine being 
eompressed by approximately 500 kg during moderate manual handling. 
(For simplieity, the above analysis disregards the weight of the upper 
body.) 
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Seeond-elass lever 




Motion 



Load 


Foree ^ig. 5.63 Muscle lever systems ean be 

I elassified as first-elass (A), seeond-elass (B) or 
third-elass (C), aeeording to the relative 
positions of the fulcrum (or pivot), the muscle 
insertion, and the externally applied load. 



Fulcrum 


Motion 



Fulcrum 



Foree 



Load 



Motion 


Foree 

t 



Fulcrum 


Muscle lever systems 


Muscle tension generates bending moments and torques about joints. 
Moments and torques depend on lever arms as well as muscle forees. 
It is eonventional (although not particularly illuminating) to distin- 
guish between three types of muscle lever system (Fig. 5.63). Generally 
the length of the lever arm (the perpendicular distanee between the line 
of aetion of the muscle and the eentre of rotation of the joint) is more 
important than lever type (Fig. 5.64). If the lever arm is short, then a 
given muscle eontraetion will move the joint through a large angle, so 
the lever system is suited to large and/or rapid movements of that joint. 
Conversely a long lever arm leads to small and/or slow movements but 
greater moment generation. Elite weightlihers may have muscle inser- 
tions with particularly large lever arms about particular joints. 


MOVEMENTS 

Movements of bones 


Movement of a bone is referred to as translation if it does not involve 
any ehange in orientation relative to a fixed frame of referenee (or to 
another bone). A pure rotation involves no translation, merely a pivot- 
ing of the bone about some fixed point or eentre of rotation. Spin is 
the rotation of a bone about its meehanieal axis, which for a long bone 
would eoineide with its long axis. Spin ean occur in conjunction with 
other joint rotations (Fig. 5.65). Most body movements involve some 
eombination of rotation, translation and spin, although the transla- 
tional eomponent is often small. 

Movements at articular surfaces 


Opposing joint surfaces are never perfeetly eongment, but substantial 
regions of these surfaces may fit together exactly in a eertain position 
known as the elose-paeked position, in which the joint is most stable. 
For example, the elose-paeked position of the knee joint eorresponds 



Fig. 5.64 The preeise loeation of a muscle insertion relative to a joint 
greatly influences the function of that joint. A, If the perpendicular 
distanee (d) between the muscle’s line of aetion and the eentre of rotation 
of the joint (•) is large, then the joint is suited to slow but forceful 
movements. B, If d is small, then the joint is suited to rapid but less 
forceful movements. Abbreviation: F, foree, showing line of muscle aetion. 
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(90° +90°+90°) - (90° +90°) =90° 



Fig. 5.65 Complex movements of the body’s joints are sometimes 
required to produce apparently simple movements of the limbs. In this 
example, moving the hand as shovvn from A to B to C requires a hidden 
‘spin’ movement of the arm of 90° about its meehanieal (long) axis. 



Fig. 5.66 The surfaces of ineongment joints move relative to eaeh other 
by various eombinations of spin, roll and slide. 


to flill extension. In other (loose-paeked) positions, the surfaces of 
ineongment joints are not perfeetly matehed, and are able to move rela- 
tive to eaeh other by a eombination of spin, roll and slide (Fig. 5.66). 
In final elose-paeking, surfaces are fhlly eongment, in maximal eontaet 
and tightly eompressed or 'screwed home', the fibrous capsule and liga- 
ments are maximally spiralized and tensed, and no further movement 
is possible. Close-packed surfaces eannot be separated by normal exter- 
nal foree (as they may be in other positions), and bones ean be regarded 
as temporarily loeked, as if no joint existed. Close-packing is a final, 
limiting position, and any foree that tends to fiirther ehange ean only 
be resisted by eontraetion of appropriate muscles. Failure to stop fiirther 
movement results in injury to joint structures. Therefore, movement just 
short of elose-paeking is physiologieally most important. 

Ligaments and articular eartilage are, to a small degree, elastieally 
deformable: in the final stages of elose-paeking the articular position is 
an equilibrium between the external moments and torques applied 
(often by gravity) and resistanee to tissue deformation by the tense, 
twisted capsule and eompressed eartilage surfaces. In symmetrieal 
standing, the knee and hip joints approaeh elose-paeked positions suf- 
fieiently to maintain an ereet posture with minimal energy. In all other 
positions, the articular surfaces are not eongment and parts of the 
capsule are lax; the joint is said to be loose-paeked. Close- and loose- 
paeked positions of several major joints are shown in fable 5.4 (see 
MacConaill and Basmajian (1977 ). Capsules are sufficiently lax near 
the mid-range of many movements to allow separation of the articulat- 
ing surfaces by external forees. Opinions may vary in eonneetion with 
some of the positions in Table 5.4, e.g. a elose-paeked position may 
possibly occur in oeeasional joints at both extremes of the range of 
movement. It is diffiailt to assess the situation in small tarsal and earpal 
joints and the first earpometaearpal joints. Intervertebral movements 
are the result of integrated simultaneous ehanges at all elements that 
make up the intervertebral articular complex, and perhaps should not 


Table 5.4 The elose- and loose-paeked positions of joints 


Joint 

Close-packed position 

Loose-paeked position 

Shoulder 

Abduction + lateral rotation 

Semi-abduction 

Ulnohumeral 

Extension 

Semi-flexion 

Radiohumeral 

Semi-flexion + semi-pronation 

Extension + supination 

Wrist 

Dorsiflexion 

Semi-flexion 

2nd-5th 

Full flexion 

Semi-flexion + ulnar deviation 

metaearpophalangeal 



Interphalangeal (fingers) 

Extension 

Semi-flexion 

1 st earpometaearpal 

Full opposition 

Neutral position of thumb 

Hip 

Extension + medial rotation 

Semi-flexion 

Knee 

Full extension 

Semi-flexion 

Ankle 

Dorsiflexion 

Neutral position 

Tarsal joints 

Full supination 

Semi-pronation 

Metatarsophalangeal 

Dorsiflexion 

Neutral position 

Interphalangeal (toes) 

Dorsiflexion 

Semi-flexion 

Intervertebral 

Extension 

Neutral position 


Data from MacConaill MA, Basmajian JV 1977 Miiseles and Movements, 2nd edn. New York: Kriger. 



Fig. 5.67 When a bone is rotated, the eentre of rotation (CoR) ean be 
loeated by drawing lines between the initial and final positions of 
anatomieal landmarks on the bone, and then determining where the 
perpendicular biseetors of these lines meet. The CoR may not eorrespond 
to a preeise anatomieal landmark. 

be inefiided in Table 5.4. However, most of the positions given do eor- 
respond with postures adopted when maximal stress is encountered. 

Centre of rotation 


The eentre of rotation is a theoretieal eoneept and may not eorrespond 
elosely to any anatomieal landmark or natural pivot. For a finite move- 
ment of one bone relative to a fixed referenee (perhaps an anatomieal 
plane), the eentre of rotation ean be loeated by drawing theoretieal lines 
between the initial and final positions of two anatomieal landmarks on 
the bone, and determining where the perpendicular biseetors of these 
two lines meet (Fig. 5.67). Real movements of real joints often involve 
varying eombinations of rotation and translation as the movement 
progresses. It ean be instmetive to break the whole movement down 
into a series of small movements, calculate the eentre of rotation for 
eaeh one, and then join up the eentres to ereate the locus of the instan- 
taneous eentre of rotation for the whole movement. Joint disease some- 
times leads to an abnormally long and tortuous locus of the eentre of 
rotation, because degenerative ehanges ean reduce the restraint to 
motion offered by one or more tissues. 

Coupled movements 

An attempt to move a joint in one plane sometimes causes artioilar 
surfaces to meet at an oblique angle, ereating small rotations in other 
planes. These seeondary rotations, which are usually smaller than the 
primary rotations, are referred to as coupled movements, e.g. lateral 
bending of the lumbar spine, which occurs in the eoronal plane, also 
normally produces coupled axial rotations. Joint pathology ean lead to 
abnormal coupled movements. 
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SECTION 1 


FUNCTIONAL ANATOMY OF THE MUSCULOSKELETAL SYSTEM 


Deereased 
meehanieal loading 






Inereased matrix 
modulus (stiffness) J 


Matrix deposition 


Adaptive remodelling 


Matrix resorption 




Reduced matrix 
V modulus (stiffness) 




inereased 
meehanieal loading 


Fig. 5.68 Adaptive remodelling is the proeess by vvhieh musculoskeletal tissues adapt to prevailing meehanieal demands. If a tissue is subjected to 
inereased meehanieal loading (right), it deforms more. Cells respond to this inereased strain by depositing more matrix and inereasing its modulus 
(stiffness) until strain levels return to normal. Similarly, reduced loading leads to reduced tissue strain (left), reduced modulus and reduced matrix 
deposition until strain levels rise to normal. 


MECHAN0BI0L0GY 
Adaptive remodelling 


Skeletal tissiies are generally able to adapt their meehanieal properties 
to mateh the forees applied to them. This proeess is best understood 
for bone, and bone biologists refer to this general prineiple as Wolffs 
Law. As illustrated in Figure 5.68, the amount of deformation of a tissue 
(i.e. the strain) is proportional to the meehanieal loading to which it is 
subjected. Cells deteet this inereased strain and respond by producing 
more extracellular matrix, which inereases the modulus (stiffness) of 
the tissue and returns strain levels to normal. Similarly, reduced loading 
leads to reduced tissue strain, reduced matrix synthesis and reduced 
modulus, so that tissue strain inereases to normal values. This negative 
feedbaek system ensures that bone adapts (remodels) to suit its meehan- 
ieal environment (Currey 2002). Animal experiments suggest that as 
few as 36 relatively severe loading eyeles per day are sufficient to 
produce a maximal hypertrophie response in bone, whereas fewer than 
four loading eyeles per day leads to tissue resorption (Rubin and Lanyon 
1984). Evidently, bone eells respond to maximal loading rather than 
time-averaged loading. There is some experimental evidenee that earti- 
lage adapts similarly to its meehanieal environment (Hall et al 1991). 
It would be unlikely that they did not, because the meehanieal proper- 
ties of adjaeent tissues would rapidly beeome mismatehed, inereasing 
the risk of damage to one of them. However, it is equally evident that 
different tissues eannot adapt at the same rates. Highly vascularized 
tissues such as muscle and bone have the potential to adapt rapidly, 
whereas poorly vascularized tissues such as large tendons do not. Avas- 
cular tissues such as articular eartilage and intervertebral dises ean adapt 
only very slowly, so that turnover times for some matrix maeromole- 
cules ean be as long as 100 years. Large differenees in adaptive potential 
between adjaeent musculoskeletal tissues could lead to problems in the 
less well-vascularized tissue when levels of meehanieal loading inerease 
abmptly (Adams et al 2013). 

Meehanotransdiietion 


Various meehanisms have been proposed to explain how eells in mus- 
culoskeletal tissues deteet meehanieal loading. Cells in bone respond 


to tissue strain, possibly by deteeting the resulting fluid flow within the 
mieroseopie canaliculi of the matrix. Cells in eartilage and ligaments 
also deteet tissue strain, possibly because it deforms the eells in shear 
(see Fig. 5.52). Cells in articular eartilage and in the nucleus pulposus 
of intervertebral dises appear to be able to deteet hydrostatie pressure 
in their surrounding medium, although only the eells in the nucleus 
pulposus would normally experience such a pressure in life. (The pore 
pressure in a 'biphasie' solid such as articular eartilage ean vary from 
plaee to plaee and is not equivalent to a single hydrostatie pressure.) 
Muscle eells respond to strain and microinjury, possibly disturbing 
intracellular proteins such as titin. Mechanotransduction appears to be 
mediated by matrix molecules such as fibroneetin pulling on trans- 
membrane proteins such as integrins, which in turn disturb the eell 
eytoskeleton. 

Degeneration, injury and frustrated repair 

Numerous theories have been propounded to explain degenerative 
ehanges in skeletal tissues. Most presume that the eells behave abnor- 
mally, possibly because of an unfavourable genetie inheritanee, so that 
the matrix beeomes weakened and physieally dismpted. Alternatively, 
degenerative ehanges may represent an attempt by the eells to repair a 
matrix where the primary cause of damage has been excessive meehani- 
eal loading (Adams et al 2013). Excessive loading does not neeessarily 
imply trauma; normal loading is excessive if the matrix has beeome 
abnormally weak on account of an unfavourable genetie inheritanee or 
age. In poorly vascularized tissues, such as eartilage and tendon, low 
eell density and inadequate transportation of metabolites could lead to 
a vicious eirele of minor injury, fmstrated repair, tissue weakening and 
fhrther injury. 


Bonus e-book image 

Fig. 5.40 B, The arrangement of titin and nebulin in a skeletal 
muscle sareomere. 
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Smooth muscle and the cardiovascular 
and lymphatie systems 


CHAPTER 



The eardiovaseiilar system earries blood from the heart to all parts of 
the body through a series of tubes, all but the smallest of which are 
muscular. The muscle in these tubes is of two types: smooth muscle is 
eharaeteristie of the walls of blood vessels, whereas eardiae muscle 
provides the walls of the heart ehambers with their powerful eontraetile 
pumping aetion. The general eharaeteristies and elassifieation of muscle 
tissues are given on page 103. Smooth muscle also forms an important 
eontraetile element in the walls of many other organ systems of the 
body e.g. the gastrointestinal traet and the airways. 



In smooth muscle tissue, the eontraetile proteins aetin and myosin are 
not organized into regular sareomeres, visible as transverse striations, 
and so the eytoplasm has a smooth (unstriated) appearanee. Smooth 
muscle is also referred to as involuntary muscle because its aetivity is 
neither initiated nor monitored consciously. It is much more variable, 
in both form and fimetion, than either striated or eardiae muscle, a 
refleetion of its varied roles in different systems of the body. 

Smooth muscle is typieally found in the walls of tubular structures 
and hollow viseera. It regulates diameter (e.g. in blood vessels, and 
branehes of the bronehial tree); propels liquids or solids (e.g. in the 
ureter, hepatie duct and intestines); or expels the eontents (e.g. in the 
urinary bladder and uterus). The actual arrangement of the eells varies 
with the tissue. The account that follows will therefore be eoneerned 
with the generie properties of smooth muscle. The more speeialized 
morphologies of smooth muscle are deseribed in the appropriate 
regional ehapters. 

g) MICROSTRUCTURE 0F SM00THJVjUSCLE 

Smooth muscle eells (fibres) are smaller than those of striated muscle. 
Their length ean range from 15 pm in small blood vessels to 200 pm, 
and even to 500 pm or more in the uterus during pregnaney. The eells 
are spindle-shaped, tapering towards the ends from a eentral diameter 
of 3-8 pm (Fig. 6.1). The nucleus is single, loeated at the midpoint, 
and often twisted into a corkscrew shape by the eontraetion of the eell. 
Smooth muscle eells align with their long axes parallel and staggered 



Fig. 6.1 Smooth muscle eells (fibres) in longitudinal (bottom) and 
transverse (top) seetion at the boundary of circular and longitudinal muscle 
layers in the human intestinal wall. Individual eells are spindle-shaped with 
a single eentral nucleus, aligned in parallel with neighbouring eells in a 
fasciculus. (Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 


longitudinally, so that the wide eentral portion of one eell lies next to 
the tapered end of another. Such an arrangement aehieves both elose 
paeking and a more effieient transfer of foree from eell to eell. In trans- 
verse seetion, smooth muscle is seen as an array of eirailar or slightly 
polygonal profiles of very varied size, and nuclei are present only in the 
eentres of the largest profiles (Fig. 6.2). This appearanee eontrasts mark- 
edly with that of skeletal muscle eells, which show a eonsistent diameter 
in eross-seetion and peripherally plaeed nuclei throughout their length. 

Smooth muscle has no attaehment structures equivalent to the 
faseiae, tendons and aponeuroses assoeiated with skeletal muscle. There 
is a speeial arrangement for transmitting foree from eell to eell and, 
where neeessary, to other soft tissue structures. Cells are separated by a 
gap of 40-80 nm. Eaeh eell is eovered almost entirely by a prominent 
basal lamina, which merges with a reticular layer eonsisting of a network 
of fine elastin, reticular fibres (eollagen type III) and type I eollagen 
fibres (Fig. 6.3). These elements bridge the gaps between adjaeent eells 
and provide meehanieal eontimiity throughout the faseiele. The eell 
attaehes to eomponents of this extracellular matrix at dense plaques 
(Figs 6.3A and 6.4), where the basal lamina is thiekened; eell-eell 
attaehment occurs at intermediate junctions or desmosomes, formed of 
two adjaeent dense plaques. At the boundaries of faseieles, the eonnee- 
tive tissue fibres beeome interwoven with those of interfascicular septa, 
so that the eontraetion of different faseieles is eomimmieated through- 
out the tissue and to neighbouring structures. The eomponents of the 
reticular network, the ground substance and eollagen and elastie fibres, 
are synthesized by the smooth muscle eells themselves, not by fibro- 
blasts or other eonneetive tissue eells, which are rarely found within 
faseiaili. 



Fig. 6.2 A transmission eleetron mierograph showing smooth muscle 
fibres in transverse seetion, two at the level of their single eentral nucleus. 
In several plaees, the plasma membranes of adjaeent eells are elosely 
approximated at gap junctions (arrows). 
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SECTION 1 


SMOOTH MUSCLE AND THE CARDIOVASCULAR AND LYMPHATIC SYSTEMS 



Dense plaque ineorporating integrins 
Elastin, reticular and eollagen fibres 

Dense plaque 

Dense body 
Sareolemma 

Nucleus 

Aetin 

Myosin 
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Desmosome ineorporating eadherins 

Intermediate filaments 
Oaveolae 



Relaxed Contracted 



Fig. 6.3 A, A three-dimensional representation of smooth muscle eells. For elarity, some structural features have been separated for illustration in 
different eells. The spindle-shaped eells interdigitate with their long axes parallel; meehanieal continuity between the eells is provided by a reticular layer 
of elastin and eollagen fibres. The eytoskeletal framework eonsists of intermediate filament arrays (mainly longitudinal) and bundles of aetin and myosin 
filaments (shown in separate eells) inserted into eytoplasmie dense bodies and submembraneous dense plaques to form a three-dimensional network. 
The sareolemma eontains anehoring desmosomes (adherens junctions), gap junctions and eaveolae. B, The eoneertina-like ehange in shape of smooth 
muscle eells as they eontraet. 




■ - 


Fig. 6.4 Transmission eleetron mierographs 
showing the eharaeteristie features of smooth 
muscle eells. Vascular smooth muscle in human 
kidney tissue, showing a eytoplasm paeked 
densely with mierofilaments (aetin and myosin), 
eytoplasmie dense bodies (arrows) and 
submembraneous dense plaques (arrowheads). 

A basal lamina eneloses the eell. The inset shows 
four eaveolae (C) (vesicular invaginations of the 
eell surface at high magnifieation). These are 
assoeiated with reeeptors, enzymes and ion 
ehannels important in smooth muscle function. 
(Courtesy of Dr Bart Wagner, Histopathology 
Department, Sheffield Teaehing Hospitals, UK. 
Inset courtesy of Professor Chun Y Seow, 
University of British Columbia.) 

































































































Smooth rrmsele 


The membrane of smooth muscle eells eontains molecules such as 
proteoglyeans, glyeoproteins and glyeolipids on its exterior surface that 
form a thin, negatively eharged network, the glycocalyx. Whilst less 
studied than that of endothelial eells, the smooth muscle eell glycocalyx 
has been shown to be important for mechanotransduction in small 
blood vessels. There are also a number of eell membrane-spanning 
proteins that extend through the glycocalyx and interaet with the extra- 
cellular matrix, including eadherins and integrins. These provide stme- 
tural and signalling links with the extracellular matrix and other eells, 
e.g. at desmosomes. The eytosolie ends of these proteins interaet with 
eomponents of the eytoskeleton via a complex of other proteins and 
kinases, and provide an important signalling pathway linking eell func- 
tion to the exterior, which ean modulate, for example, gene transerip- 
tion and phenotype (Stegemann 2005). 

Discontinuities occur in the basal lamina between adjaeent eells, and 
here the eell membranes approaeh to 2-4 nm of one another to form 
a gap junction (see Fig. 6.2). These junctions are structurally similar to 
their counterparts in eardiae muscle, and are formed by binding of 
adjaeent connexon complexes on the surface of the two eells. They 
provide a low-resistance ehannel through which eleetrieal excitation 
and small molecules ean pass, e.g. enabling a eoordinated wave of 
eontraetion. The ineidenee of gap junctions varies with the anatomieal 
site of the tissue: they appear more abundant in the type of smooth 
muscle that generates rhythmie (phasie) aetivity and they link the 
endothelium hmetionally with the underlying smooth muscle (myoen- 
dothelial gap junctions) in small resistanee arteries and arterioles. 

Caveolae, cup-like invaginations of the plasma membrane with a 
resemblanee to endoeytotie vesieles, are a eharaeteristie feature of 
smooth muscle eells, and may form up to 30% of the membrane (see 
Fig. 6.4). They are assoeiated with many reeeptors, ion ehannels, kinases 
and the peripheral sareoplasmie reticulum, and may thus aet as highly 
loealized signalling mierodomains. They may also aet as speeialized 
pinoeytotie structures involved in fluid and eleetrolyte transport into 
the eell. Other organelles (mitoehondria, ribosomes, ete.) are largely 
eonfined to the filament-free perinuclear eytoplasm, although in some 
smooth muscle types, including vasailar smooth muscle, peripheral 
mitoehondria, sareoplasmie reticulum and sareolemma form signalling 
mierodomains. 

NEUROVASCULAR SUPPLY 0F SM00TH MUSCLE 
Vascular supply 

The blood supply of smooth muscle is less extensive than that of stri- 
ated muscle. Where the tissue is not too densely paeked, afferent and 
efferent vessels gain aeeess via eonneetive tissue septa, and eapillaries 
mn in the eonneetive tissue between small faseieles. However, unlike 
striated muscle, eapillaries are not found in relation to individual eells. 

Innervation 


Smooth muscle may eontraet in response to nervous or hormonal 
stiimilation, or eleetrieal depolarization transferred from neighbouring 
eells. Some muscles reeeive a dense innervation to all eells; these are 
often referred to as multi-unit smooth imiseles, and most blood vessels 
are of this type. Such innervation ean preeisely define eontraetile aetiv- 
ity; e.g. in the iris, speeifie nervous eontrol ean produce either pupillary 
eonstrietion or dilation. Other muscles are more sparsely innervated. 
They tend to display myogenie aetivity, initiated spontaneously or in 
response to streteh, which may be markedly influenced by hormones. 
In these muscles, which include those in the walls of the gastrointestinal 
traet, urinary bladder, ureter, utems and uterine tube, innervation tends 
to exert a more global influence on the rate and foree of intrinsieally 
generated eontraetions. These imiseles have been referred to as unitary 
smooth muscles. The terms multi-unit and unitary smooth imiseles are 
widely used, but in praetiee such distinetions are better regarded as the 
extremes of a continuous speetmm. 

Smooth muscles are innervated by unmyelinated axons whose eell 
bodies are loeated in autonomic ganglia, either in the sympathetie ehain 
or, in the ease of parasympathetie fibres, eloser to the point of innerva- 
tion (Fig. 6.5). They ramiíy extensively, spreading over a large area of 
the imisele and sending branehes into the imisele fasciculi. The terminal 
portion of eaeh axonal braneh is beaded and eonsists of expanded por- 
tions, varieosities, paeked with vesieles and mitoehondria, separated by 
thin, intervarieose portions. Eaeh varieosity is regarded as a transmitter 
release site and may be eonsidered as a nerve ending in the hinetional 
sense. In this way the axonal arborization of a single autonomic neurone 



Fig. 6.5 A eonfoeal fluorescence mierograph illustrating the innervation of 
airway smooth muscle in the developing human lung. Smooth muscle 
eells are arranged circumferentially and are labelled for aetin (red); nerves 
and ganglia form a loose network around the smooth muscle, separated 
from it by up to 40 jum. Nervous tissue is labelled for PGP 9.5 (green). 
(Reproduced with permission from Sparrow MP, Weichselbaum M, 
McCray PB Jr 1999 Development of the innervation and airway smooth 
muscle in human fetal lung. Am J Respir Cell Mol Biol 20: 550-60.) 


bears a very large number of nerve endings (up to tens of thousands), 
as opposed to a maximum of a few hundred in somatie motor neu- 
rones. The neuromuscular terminals of autonomic efferents are eonsid- 
ered in more detail on page 64. 

The neuromuscular junctions in smooth muscles do not show the 
eonsistent appearanee seen in skeletal muscles. The neurotransmitter 
diffiises aeross a gap that ean vary from 10 to 100 nm; even separations 
of up to 1 jitm may still allow neuromuscular transmission to take plaee, 
although more slowly. The nerve ending is paeked with vesieles but the 
adjaeent area of the muscle eell is not structurally differentiated from 
that of non-junctional regions, i.e. there is no distinet synapse. 

Intramuscular afferent nerves are the peripheral proeesses of small 
sensory neurones in the dorsal root ganglia. Sinee they are unmyelin- 
ated, eontain axonal vesieles and have a beaded appearanee, they are 
difficult to distinguish from efferent fibres, except by differential stain- 
ing for neurotransmitters. 

STRUCTURAL BASIS 0F C0NTRACTI0N 


Although eleetron mieroseopy revealed the presenee of filaments in 
smooth muscle some years ago, this observation alone provided little 
insight into their mode of fimetion because of the laek of any obvious 
organization of the filaments. More reeent work, using high-resolution 
immunocytochemistry, has revealed ffirther details of the internal arehi- 
tecture of the eell and suggests a structural basis for eontraetile ffinetion. 

The model, which is illustrated in figure 6.3, depends on the mutual 
interaetion of two systems of filaments, one forming the eytoskeleton 
and the other the eontraetile apparatus. 

Excluding the perimielear region, the eytoplasm of a smooth muscle 
eell effeetively eonsists of two structural domains. The eytoskeleton 
forms a structural framework that maintains the spindle-like form of 
the eell and provides an internal seaffold with which other elements 
ean interaet. Its major structural eomponent is the intermediate fila- 
ment desmin, with the addition of vimentin (which may also be present 
alone) in vascular smooth muscle. The intermediate filaments are 
arranged mainly in longitudinal bundles, but some filaments intereon- 
neet the bundles with eaeh other and with the sareolemma to form a 
three-dimensional network. The bundles of intermediate filaments 
insert into foeal, eleetron-dense bodies, approximately 0.1 pm in diam- 
eter, which are distributed uniformly throughout the eytoplasm and 
also attaeh to dense plaques underlying the plasma membrane (see Fig. 

6.3A). The eytoplasmie dense bodies and submembraneous dense 
plaques are equivalent to the Z-dises of striated muscle eells. They 
eontain the aetin-binding protein a-aetinin and thus also anehor the 
aetin filaments of the eontraetile apparatus. These form a lattiee of 
obliquely arranged bundles throughout the eytoplasm, which transmit 
foree to the plasma membrane and thus the basal lamina and extracel- 
lular matrix via dense plaques. These are assoeiated with a highly stme- 
tured arrangement of aneillary proteins, including vinculin and talin, 1 25 
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In some blood vessels, notably those of the pulmonary eirenlation, 
and in the airways and probably in other smooth muscle types, there 
is evidenee for heterogeneity of eell phenotype. The smooth muscle eells 
of small blood vessels and bronehioles exhibit different hmetional 
properties from those in larger vessels and airways, and may differ in 
morphology, expression of signalling proteins such as ion ehannels, and 
excitation-contraction coupling meehanisms. Even within individual 
tissues there is evidenee of heterogeneity. Some myofibroblast-like eells 
have a fimetion that is more seeretory than eontraetile. The seeretory 
phenotype is often inereased in disease (e.g. ehronie severe asthma, 
pulmonary hypertension) and is assoeiated with inereased proliferation 
and remodelling, and with seeretion of eytokines and other mediators. 
Many smooth muscles seem to exhibit eonsiderable phenotypie plastie- 
ity between these eontraetile and seeretory phenotypes (Halayko and 
Solway 2001). 
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which in turn attaeh to integrins that eross the membrane and provide 
attaehment to eomponents of the extracellular matrix (Gunst and 

Zhang 2008). 

An analogous arrangement underlies eell-eell attaehment at desmo- 
somes, but here the attaehment between dense plaques is provided by 
transmembrane eadherin glyeoproteins and intracellular eatenins 
instead of integrins and talin. Meehanieal deformation of the eell may 
be linked to eell signalling meehanisms via foeal adhesion kinase (FAK) 
and its substrate paxillin; phosphorylation of talin and paxillin may 
modulate the deformability of the smooth muscle eell. Other regulatory 
proteins also assoeiate speeifieally with aetin, such as ealdesmon and 
ealponin. The eytoskeleton is not a passive structure. It adapts dynami- 
eally to load and is modulated by eell surface reeeptors including 
integrins and agonist binding to G-protein coupled reeeptors, and so 
contributes to eontraetion (Gunst and Zhang 2008). This presumably 
contributes to the low energy requirements of smooth muscle eontrae- 
tion because dynamie reorganization of the eytoskeleton following 
aetive eontraetion allows eell shortening to be maintained without 
fhrther energy expenditure. 

The ratio of aetin to myosin is about eight times greater in smooth 
eompared to striated muscle, refleeting the greater length of aetin fila- 
ments in smooth muscle. Smooth muscle myosin filaments are 
1.5-2 jLtm long, somewhat longer than those of striated muscle. 
Although smooth muscle eells eontain less myosin, the longer filaments 
are eapable of generating eonsiderable foree. The myosin filaments of 
smooth muscle are also assembled differendy, such that their head 
regions lie symmetrieally on either side of a ribbon-like filament, rather 
than imposing a bipolar organization on the filament. Aetin filaments, 
to which they bind, ean thus slide along the whole length of the myosin 
filament during eontraetion. In addition, dynamie polymerization of 
both myosin and aetin monomers during aetivation ean alter the length 
of the eontraetile filaments. These differenees underpin the ability of 
smooth muscle to undergo much greater ehanges in length than striated 
muscle. Aetin-myosin filament sliding generates tension, which trans- 
mits to foeal regions of the plasma membrane, ehanging the eell to a 
shorter, more rounded shape (see Fig. 6.3B) and often deforming the 
nucleus to a corkscrew-like profile. 

Although some smooth muscles ean generate as much foree per unit 
eross-seetional area as skeletal muscle, the foree always develops much 
more slowly than in striated muscle. Smooth muscle ean eontraet by 
more than 80%, a much greater range of shortening than the 30% or 
so to which striated muscle is limited. The signifieanee of this property 
is illustrated by the urinary bladder, which is eapable of emptying 
eompletely from an internal volume of 300 ml or more. Smooth 
muscles ean maintain tension for long periods with very little expendi- 
ture of energy. Many smooth muscle structures are able to generate 
spontaneous eontraetions; examples are found in the walls of the intes- 
tines, ureter and uterine tube. 


EXCITATI0N-C0NTRACTI0N C0UPLING 
(g) IN SM00TH MUSCLE 

Excitation-contraction coupling in smooth muscle is more complex 
than in skeletal or eardiae muscle, and may be eleetromeehanieal or 
pharmaeomeehanieal. Eleetromeehanieal coupling involves depolariza- 
tion of the eell membrane by an aetion potential, and may be generated 
when a membrane reeeptor, usually linked with an ion ehannel, is 
occupied by a neurotransmitter, hormone or other blood-borne sub- 
stanee. It is most eommonly seen in unitary and phasie smooth muscles 
such as those of the viseera, with transmission of eleetrieal excitation 
from eell to eell via gap junctions. In some types of smooth muscle 
depolarization may be the consequence of other stimuli, such as 
eooling, streteh and even light. 

Pharmaeomeehanieal coupling is a reeeptor-mediated and G-protein 
coupled proeess, and is the major meehanism in tonie smooth muscles 
such as in the vasculature and airways. It may involve several pathways, 
including formation of inositol trisphosphate, which triggers intraeel- 
lular calcium release from the sareoplasmie reticulum, aetivation of 
voltage-independent calcium ehannels in the sareolemma, and depo- 
larization causing aetivation of voltage-dependent calcium ehannels 
(reviewed in Berridge (2008)). In addition, many reeeptors also couple 
to kinases that modulate eontraetion in a calcium-independent fashion, 
either via myosin phosphatase (see below) or via the aetin eytoskeleton 
(see above). The extent to which any of these pathways contributes to 
aetivation varies between different types of smooth muscle. 

Whilst the regulation of eontraetion of smooth muscle is largely 
calcium-dependent, in eontrast to eardiae and skeletal muscle, the 
126 effeets of an elevation of intracellular calcium are mediated via myosin 


rather than aetin/tropomyosin. Most smooth muscles eontain little or 
no troponin, and instead calcium binds to calmodulin. The calcium- 
calmodulin complex regulates the aetivity of myosin light ehain kinase, 
which phosphorylates myosin regulatory light ehains and initiates the 
myosin-aetin adenosine S'-triphosphatase (ATPase) eyele. The enzy- 
matie aetivation proeess is therefore inherently slow. Myosin phos- 
phatase dephosphorylates myosin and thus promotes relaxation. The 
degree of myosin phosphorylation and therefore eontraetion depends 
on the relative aetivities of myosin light ehain kinase and myosin phos- 
phatase. Thus inhibition of the phosphatase, e.g. by Rho kinase, in- 
ereases phosphorylation for any level of calcium (i.e. inereases calcium 
sensitivity). The latter is a eentral eomponent of the response to many 
eonstrietor agonists. 

Regiilation of smooth muscle 
intraeelliilar ealeiiim 

Intracellular calcium is a key determinant of smooth muscle 
fimetion, including eontraetion and also proliferation, migration and 
seeretion of mediators. Its regulation in smooth muscle is particularly 
complex, and involves calcium entry via both voltage-dependent and 
independent ion ehannels, release from and reuptake into intracellu- 
lar stores such as the sareoplasmie reticulum, and modulation by 
mitoehondria. 


0RIGIN 0F SM00TH MUSCLE 


It was thought that all smooth muscle eells developed in situ exclusively 
from the splanchnopleuric mesenehyme in the walls of the anlagen of 
the viseera and around the endothelmm of blood vessels. However, 
endothelial and tunica media smooth muscle eells arise from the epi- 
thelial plate of individual somites (Seaal and Christ 2004), and the 
smooth muscle of the sphineter and dilator pupillae is derived from 
neurectoderm. 

Following a period of proliferation, clusters of myoblasts beeome 
elongated in the same orientation. Dense bodies, assoeiated with aetin 
and eytoskeletal filaments, appear in the eytoplasm, and the surface 
membrane starts to acquire its speeialized features, i.e. eaveolae, adhe- 
rens junctions and gap junctions. Cytoskeletal filaments extend to 
insert into the submembraneous dense plaques and eytoplasmie dense 
bodies. Thiek filaments are seen a few days after the first appearanee of 
thin filaments and intermediate filaments, and from this time the eells 
are able to eontraet. During development, dense bodies inerease in 
number and fiirther elements of the eytoskeleton are added. In addi- 
tion to synthesizing the eytoskeleton and eontraetile apparatus, the 
differentiating eells express and seerete eomponents of the extracellular 
matrix. 

In a developing smooth muscle, all the eells express eharaeteristies 
of the same stage of differentiation and there are no successive waves 
of differentiation. From its earliest appearanee to maturity, a smooth 
muscle inereases several hundred-fold in mass, partly by a 2-4-fold 
inerease in the size of individual eells, but mainly by a very large 
inerease in eell number. Growth occurs by division of eells in every part 
of the muscle, not just at its surface or ends. Mitosis occurs in eells in 
which differentiation is already well advaneed, as evideneed by the 
presenee of myofilaments and membrane speeializations. Mitotie 
smooth muscle eells may be found at any stage of life but their numbers 
peak before birth, at a time that differs for different muscles; they are 
rare in the adult unless the tissue is stiimilated to hypertrophy (as in 
the pregnant uterus) or to repair. The ability of mature eells to undergo 
mitosis therefore differs between the three major types of muscle: skel- 
etal muscle eells eannot divide at all after differentiation; eardiae imisele 
eells ean divide but only before birth; and smooth imisele eells appear 
to remain eapable of division throughout life. 

During the early stages of development, smooth muscle expresses 
embryonie and non-imisele isoforms of myosin. The proportions of 
these isoforms deerease progressively. Initially, SM-1 is the dominant or 
exclusive smooth imisele heavy ehain isoform and the SM-2 isoform 
beeomes more established later. For a review of the development of 
vascular smooth muscle, see Owens et al (2004). 


SM00TH MUSCLE REMODELLING IN DISEASE 



The ability of smooth muscle eells to divide and ehange phenotype 
throughout life means that smooth muscle has signifieant plastieity and 
ean adapt to ehanging needs and stimuli, e.g. in the walls of the uterus 
during pregnaney. This ean, however, have detrimental consequences in 
disease. 








Smooth rrmsele and the cardiovascular and lymphatie systems 


The arrangement of peripheral signalling mierodomains (see above) 
is vital to this proeess. Sequential release from inositol trisphosphate 
reeeptors and calcium-sensitive ryanodine reeeptors (calcium release 
ehannels) in the sareoplasmie reticulum, together with reuptake via the 
sareo-endoplasmie reticulum calcium ATPase (SERCA), give rise to slow 
calcium oseillations; it is now thought that the rate of oseillations, 
rather than the average level of ealemm, is the prime driver for smooth 
muscle fhnetion, including eontraetion and aetivation of gene transerip- 
tion (Berridge 2008). 

Sustained stress (physieal or oxidative), tissue damage, inflammatory 
mediators and other stimuli ean promote enhaneed growth, apoptosis 
(programmed eell death, p. 26) and switching to a more seeretory 
phenotype (see above). inereased mediator release as a result of switch- 
ing to a more seeretory phenotype ean potentiate such ehanges and 
attraet inflammatory eells, resulting in a positive feedbaek loop. Chronic 
disease and inflammation ean therefore lead to extensive smooth 
muscle remodelling, a major contributing faetor to, for example, 
ehronie asthma and pulmonary hypertension, which signifieantly wors- 
ens the eonditions (Mahn et al 2010, Stenmark et al 2006). Peripheral 
vascular remodelling may also occur in essential hypertension and 
diabetes. 
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Cardiovascular and lymphatie systems 



GENERAL ORGANIZATION 


Cells of peripheral blood, suspended in plasma, circulate through the 
body in the blood vascular system. Fluid and solutes exchange between 
the plasma and interstitium aeross eapillaries and small vemiles. Excess 
interstitial fluid from peripheral tissues returns to the blood vascular 
system via the lymphatie system, which also provides a ehannel for the 
migration of leukocytes and the absorption of eertain nutrients from 
the gut. 

The cardiovascular system earries mitrients, oxygen, hormones, ete. 
throughout the body and the blood redistributes and disperses heat. As 
a consequence of the hydrostatie pressure, the system also has meehani- 
eal effeets, such as maintaining tissue turgidity. Blood circulates within 
a system made up of the heart, the eentral pump and main motor of 
the system; arteries, which lead away from the heart and earry the blood 
to the periphery; and veins, which return the blood to the heart. The 
heart is essentially a pair of muscular pumps, one feeding the pulmonary 
circulation, which is responsible for gas exchange in the lungs and has 
a low hydrostatie pressure, and the other feeding the systemie circula- 
tion, which has a high hydrostatie pressure and serves the rest of the 
body. With limited exceptions, both circulations form a elosed system 
of tubes, so that blood per se does not usually leave the eiroilation. 

From the eentre to the periphery, the vascular tree shows three main 
modifieations. The arteries inerease in number by repeated bifhreation 
and by sending out side branehes, in both the systemie and the pulmo- 
nary circulation. For example, the aorta, which earries blood from the 
heart to the systemie circulation, gives rise to about 4 x 10 6 arterioles 
and four times as many eapillaries. The arteries also deerease in diam- 
eter, although not to the same extent as their inerease in number, so that 
a hypothetieal eross-seetion of all the vessels will show an inerease in 
total area with inereasing distanee from the heart. At its emergenee from 
the heart, the aorta of an adult man has an outer diameter of approxi- 
mately 30 mm (eross-seetional area of nearly 7 em 2 ). The diameter 
deereases along the arterial tree until it is as little as 10 pm in arterioles 
(eaeh with a eross-seetional area of about 80 pm 2 ). However, given the 
enormous number of arterioles, the total eross-seetional area at this 
level is approximately 150 em 2 , more than 200 times that of the aorta. 
As a result, blood flow is faster near the heart than at the periphery. 

The walls of arteries deerease in thiekness towards the periphery, 
although this is not as substantial as the reduction in vessel diameter. 
Consequently, in the smallest arteries (arterioles), the thiekness of the 
wall represents about half the outer radius of the vessel, whereas in a 
large vessel it represents between one-fifteenth and one-fifth, e.g. in the 
thoraeie aorta the radius is approximately 17 mm and the wall thiek- 
ness 1.1 mm. 

Vemiles, which return blood from the eapillaries, eonverge on eaeh 
other, forming a progressively smaller number of veins of inereasingly 
large size. As with arteries, the hypothetieal total eross-seetional area of 
all veins at a given level reduces nearer to the heart. Eventually, only 
the two largest veins, the superior and inferior venae eavae, open into 
the heart from the systemie circulation. A similar pattern is found 
in the pulmonary eiroilation but here the vascular loop is shorter and 
has fewer braneh points, and consequently, the number of vessels is 
smaller than in the systemie eiroilation. The total end-to-end length of 
the vasoilar network in a typieal adult is twice the eiraimferenee of the 
earth. 

Large arteries, such as the thoraeie aorta and subclavian, axillary, 
femoral and popliteal arteries, lie elose to a single vein that drains the 
same territory as that supplied by the artery. Other arteries are usually 
flanked by two veins, satellite veins (venae eomitantes), which lie on 
either side of the artery and have numerous eross-eonneetions; the 
whole is enelosed in a single eonneetive tissue sheath. The artery and 
the two satellite veins are often assoeiated with a nerve, and when they 
are surrounded by a eommon eonneetive tissue sheath they form a 
neurovascular bundle. 

The elose assoeiation between the larger arteries and veins in the 
limbs allows counterflow exchange of heat. This meehanism promotes 
heat transfer from arterial to venous blood and thus helps to preserve 
body heat. Counterflow heat exchange systems are found in eertain 
organs, e.g. in the testis, where the pampiniform plexus of veins sur- 
rounds the testioilar artery (this arrangement not only eonserves body 
heat, but also maintains the temperature of the testis below average 
body temperature). Counterflow exchange meehanisms are found in 
the microcirculation, as in the arterial and venous sinusoids of the vasa 
reeta in the renal medulla. Here, countercurrent exchange retains solutes 
at a high eoneentration in the medullary interstitium, with efferent 


venous blood transferring solutes to the afferent arterial supply; this 
meehanism is essential for eoneentration of the urine. 

Arteries and veins are named primarily aeeording to their anatomieal 
position. In fimetional terms, four main elasses of vessel are deseribed: 
conducting and distributing vessels (large arteries), resistanee vessels 
(small arteries but mainly arterioles), exchange vessels (eapillaries, sinu- 
soids and small venules) and eapaeitanee vessels (veins). Structurally, 
arteries ean also be divided into elastie and muscular types. Although 
muscle eells and elastie tissue are present in all arteries, the relative 
amount of elastie material is greatest in the largest vessels, whereas the 
relative amount of smooth muscle inereases progressively towards the 
smallest arteries. 

The large conducting arteries that arise from the heart, together with 
their main branehes, are eharaeterized by the predominantly elastie 
properties of their walls. Distributing vessels are smaller arteries sup- 
plying the individual organs, and their walls are eharaeterized by a 
well-developed muscular eomponent. Resistanee vessels include the 
smallest arteries and arterioles, and are highly muscularized. They 
provide the major part of peripheral resistanee to blood flow and so 
cause the largest drop in blood pressure before the blood flows into the 
tissue eapillary beds. 

Capillaries, sinusoids and small (posteapillary) venules are 
eolleetively termed exchange vessels. Their thin walls allow exchange 
between blood and the interstitial fluid that surrounds all eells: this is 
the essential fimetion of a circulatory system. Arterioles, eapillaries and 
venules constitute the microvasculature, the structural basis of the 
microcirculation. 

Larger venules and veins form an extensive but variable, large- 
volume, low-pressure system of vessels eonveying blood baek to the 
heart. Their high eapaeitanee is due to the signifieant distensibility 
(eomplianee) of their walls, so that the eontent of blood is high even 
at low pressures. Veins eontain the greatest proportion of blood, refleet- 
ing their large relative volume. 

Blood from the gastrointestinal traet (with the exception of the lower 
part of the anal eanal) and from the spleen, panereas and gallbladder 
drains to the liver via the portal vein. The portal vein ramifies within 
the substance of the liver like an artery and ends in the hepatie sinu- 
soids. These drain into the hepatie veins, which in turn drain into the 
inferior vena eava. Blood supplying the abdominal organs thus passes 
through two sets of eapillaries before it returns to the heart. The first 
provides the organs with oxygenated blood, and the seeond earries 
deoxygenated blood, rieh in absorption products from the intestine, 
through the liver parenehyma. A venous portal circulation also eonneets 
the median eminenee and infundibulum of the hypothalamus with the 
adenohypophysis. In essenee, a venous portal system is a eapillary 
network that lies between two veins, instead of between an artery and 
a vein, which is the more usual arrangement in the circulation. A eapil- 
lary network may also be interposed between two arteries, e.g. in the 
renal glomemli, where the glomemlar eapillary bed lies between affer- 
ent and efferent arterioles. This maintains a relatively high-pressure 
system, which is important for renal filtration. 

A parallel circulatory system is provided by the lymphatie vessels and 
lymph nodes. Lymphatie vessels originate in peripheral tissues as blind- 
ended endothelial tubes that eolleet excess fluid from the interstitial 
spaees between eells and conduct it as lymph. Lymph is returned to the 
blood vascular system via lymphatie vessels, which eonverge on the 
large veins in the root of the neek. 

The development of blood vessels is deseribed in ehapter 13. 

General features of vessel walls 


All blood vessels, with the exception of eapillaries and venules, have 
walls eonsisting of three eoneentrie layers (tunicae) (see Lig. 6.8). The 
intima (tunica intima) is the innermost layer. Its main eomponent, the 
endothelium, lines the entire vascular tree, including the heart and 
lymphatie vessels. The media (tunica media) eontains muscle eells, 
elastie fibres and eollagen. While it is by far the thiekest layer in arteries, 
the media is absent in eapillaries and is eomparatively thin in veins. 
The adventitia (tunica adventitia) is the outer eoat of the vessel and 
eonsists of eonneetive tissue, nerves and vessel eapillaries (vasa 
vasomm). It links the vessels to the surrounding tissues. Vessels differ 
in the relative thieknesses and detailed eompositions of these layers. 

Large elastie arteries 


The aorta and its largest branehes (braehioeephalie, eommon earotid, 
subclavian and eommon iliae arteries) are large elastie arteries that 
conduct blood to the medium-sized distributing arteries. 
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The intima is made of an endothelmm, resting on a basal lamina, 
and a subendothelial eonneetive tissue layer. The endothelial eells are 
flat, elongated and polygonal in ontline, with their long axes parallel 
to the direetion of blood flow (see Fig. 6.17). The subendothelial layer 
is well developed, eontains elastie fibres and type I eollagen fibrils, 
fibroblasts and smalf smooth muscle-like myointimal eells. The latter 
accumulate lipid with age, and in an extreme form this contributes to 
atheroselerosis. Thiekening of the intima progresses with age and is 
more marked in the distal than in the proximal segment of the aorta. 

A prominent internal elastie lamina, sometimes split, lies between 
intima and media. This lamina is smooth, measures about 1 jiim in 
thiekness, and, with the elastie lamellae of the media, is stretehed under 
the effeet of systolie pressure, reeoiling elastieally in diastole. Elastie 
arteries ean thus sustain continuous blood flow despite the pulsatile 
eardiae output, and smooth out the eyelieal pressure wave. The media 
has a markedly layered structure, in which fenestrated layers of elastin 
(elastie lamellae) alternate with interlamellar smooth muscle eells (Fig. 
6.6), eollagen and fine elastie fibres. The arrangement is very regular, 
such that eaeh elastie lamella and adjaeent interlamellar zone is regarded 
as a 'lamellar unit' of the media. In the human aorta there are approxi- 
mately 52 lamellar units, measuring about 11 jiim in thiekness. Number 
and thiekness of lamellar units inereases during postnatal development, 
from 40 at birth. 

The adventitia is well developed. In addition to eollagen and elastie 
fibres, it eontains flattened fibroblasts with extremely long, thin pro- 
eesses, maerophages and mast eells, nerve bundles and lymphatie 
vessels. The vasa vasomm is usually eonfined to the adventitia. 

Muscular arteries 


Muscular arteries are eharaeterized by the predominanee of smooth 
muscle in the media (Fig. 6.7). The intima eonsists of an endothelium, 
similar to that of elastie arteries, which rests on a basal lamina and 
subendothelial eonneetive tissue. The internal elastie lamina (see Fig. 
6.7; Fig. 6.8) is a distinet, thin layer, sometimes duplicated and oeea- 
sionally absent. It is thrown into wavy folds as a result of eontraetion of 
smooth muscle in the media. Some 75% of the mass of the media eon- 
sists of smooth muscle eells that mn spirally or circumferentially around 
the vessel wall. The relative amount of extracellular matrix is therefore 
less than in large arteries, although fine elastie fibres that mn mainly 
parallel to the muscle eells are present. An external elastie lamina, eom- 
posed of sheets of elastie fibres, forms a less eompaet layer than the 
internal lamina, and separates the media from the adventitia in larger 
muscular arteries. The adventitia is made of fibroelastie eonneetive 
tissue, and ean be as thiek as the media in the smaller arteries. The inner 
part of the adventitia eontains more elastie than eollagen fibres. 

Arterioles 


In arterioles (Figs 6.9-6.10), the endothelial eells are smaller than in 
large arteries, but their nuclear region is thieker and often projeets mark- 
edly into the lumen. The nuclei are elongated and orientated parallel 
to the vessel length, as is the long axis of the eell. The basal surface of 
the endothelium eontaets a basal lamina, but an internal elastie lamina 
is either absent or highly fenestrated and traversed by eytoplasmie proe- 
esses of muscle or endothelial eells. The muscle eells are larger in 
eytoplasmie volume than those in the walls of large arteries and form 
a layer one or two eells thiek. They are arranged circumferentially and 
are tightly wound around the endothelium. In the smallest arterioles 
eaeh eell makes several turns, producing extensive apposition between 
parts of the same eell. Contraction of the muscle eonstriets the lumen, 
and so eontrols blood flow into the eapillary bed; arterioles thus aet 
fhnetionally as preeapillary sphineters, even though the absenee of an 
anatomieally delineated sphineter means that the term is no longer 
eommonly used. Contraction of arterioles is primarily regulated by 
loeal vasoaetive and metabolie faetors, but ean also be eontrolled by 
eentral meehanisms. 

Arterioles are usually densely innervated by sympathetie fibres, via 
small bundles ofvarieose axons paeked with transmitter vesieles, mostly 
of the adrenergie type. The distanee between axolemma and muscle 
eell membrane ean be as little as 50-100 nm and the gap is occupied 
only by a basal lamina. Autonomic neuromuscular junctions are very 
eommon in arterioles. Arteriolar adventitia is very thin. 

eapillaries 


The eapillary wall (Fig. 6.11) is formed by an endothelium and its basal 
lamina, plus a few isolated perieytes. Capillaries are the vessels elosest 



Fig. 6.6 Elastie artery (human aorta), stained for elastie fibres. The dense 
staining of the internal elastie lamina is seen elose to the luminal surface 
(top); elastie lamellae fill the tunica media and merge with the external 
elastie lamina at its junction with the collagenous adventitia (red fibres, 
below). Compare with Figure 6.20. van Gieson stain. (Courtesy of Mr 
Peter Helliwell and the late Dr Joseph Mathew, Department of 
Histopathology, Royal Cornwall Hospitals Trust, UK.) 



Fig. 6.7 The wall of a human muscular artery. The intima (I) forms the 
innermost layer, lined by an endothelium (arrowhead) and separated from 
the middle muscular layer, the media (M), by an internal elastie lamina 
(short arrow). A more diffuse external elastie lamina (long arrow) divides 
the media from the outermost collagenous adventitia (A), within which lie 
the vasa vasomm (V). (Courtesy of Mr Peter Helliwell and the late Dr 
Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals 
Trnst, UK.) 
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Fig. 6.8 The prineipal structural features of the larger blood vessels as 
seen in a muscular artery. 
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Fig. 6.9 An arteriole (A) and aeeompanying venule (V) and lymphatie 
vessel (L) (with a valve, arrow) in adipose tissue around a lymph node 
(human). Note the relative thieknesses of the vessel walls, in eomparison 
with the diameters of their lumens. (Courtesy of Mr Peter Helliwell and the 
late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 



Fig. 6.10 A transmission eleetron mierograph of a small arteriole in the 
epineurium of a peripheral nerve. The vessel lumen eontains erythroeytes 
and is lined by endothelial eells (with nuclei, N, projeeting into the lumen); 
note the electron-lucent internal elastie lamina (pale, wavy line, arrow), 
the media eontaining densely filamentous smooth muscle eells (M) and 
the eonneetive tissue of the adventitia (A) merging with that of the 
epineurium (E). (Courtesy of Dr Bart VVagner, Histopathology Department, 
Sheffield Teaehing Hospitals, UK.) 

to the tissiie they supply and their wall constitutes a minimal barrier 
between blood and the surrounding tissues. Capillary structure varies 
in different loeations. Capillaries measure 4-8 pm in diameter (much 
more in the ease of simisoids) and are hundreds of mierons long. Their 
lumen is just large enough to admit the passage of single blood eells, 
usually with eonsiderable deformation. Typieally a single endothelial 
eell forms the wall of a eapillary, and there are junctional complexes 
between extensions of the same eell. 

Endothelial eells are joined by tight junctions (occluding junctions, 
zonulae adherentes), forming a diffiision barrier. Capillary permeability 
varies greatly among tissues and is eorrelated largely with the type of 
endothelium. The majority of tissues, including brain, muscle, lung and 
eonneetive tissues, eontain eapillaries with a continuous, unbroken 
layer of endothelium (continuous endothelium). This is impermeable 
to proteins, although eleetrolytes ean diffuse through the tight junc- 





Fig. 6.11 Transmission eleetron mierograph of a eapillary in a hiiman 
muscle biopsy speeimen. An endothelial eell with its nucleus in the plane 
of seetion forms adherens junctions (long arrows) with either a seeond 
eell or an extension of itself. The eytoplasm eontains numerous 
transeytotie vesieles (short arrows). A basal lamina surrounds the 
eapillary. (Courtesy of Dr Bart VVagner, Histopathology Department, 
Sheffield Teaehing Hospitals, UK.) 



Fig. 6.12 Expanded sinusoids (S), typieal of endoerine glands and eertain 
other tissues, are seen here eontaining erythroeytes (orange) in the 
adenohypophysis. Endoerine eells stain either blue or reddish-brown, or 
are poorly stained in this triehrome preparation. 

tions, albeit relatively slowly. Their passage is fiirther limited in brain, 
thymie cortex and testis by particularly tight junctions. 

Endothelial eells of some eapillaries have fenestrations, or pores, 
through their eytoplasm, which faeilitate diffusion. Fenestrations are 
approximately circular and 50-100 nm in diameter, and at their edge 
the luminal and abluminal membranes of the endothelial eell eome 
into eontaet. The fenestration itself is usually occupied by a thin, 
eleetron-dense diaphragm eontaining glyeoprotein PV-1, which restriets 
passage of large molecules such as proteins. Fenestrated eapillaries 
occur in intestinal mucosae, endoerine and exocrine glands, and renal 
glomemli, where they may laek a diaphragm. Fenestrations are almost 
invariably present in eapillaries that lie elose to an epithelium, includ- 
ing the skin. 

Sinusoids 


Sinusoids are expanded eapillaries (Fig. 6.12), and are large and irregu- 
lar in shape. They have tme diseontimiities in their walls, allowing 
intimate eontaet between blood and the parenehyma. The discontinui- 
ties are formed by gaps between fenestrated endothelial eells, such that 
the simisoidal lining, and sometimes also the basal lamina, is ineom- 
plete. Sinusoids occur in large numbers in the liver (where a basal 129 
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lamina is eompletely absent), spleen, bone marrow, adenohypophysis 
(see Fig. 6.12) and stiprarenal medulla. 

Veniiles 


When two or more eapillaries eonverge, the resulting vessel is larger 
(10-30 jLtm) and is known as a venule (posteapillary venule). Venules 
(see Fig. 6.9) are essentially tubes of flat, oval or polygonal endothelial 
eells surrounded by basal lamina and, in the larger vessels, by a delieate 
adventitia of a few fibroblasts and eollagen fibres mainly mnning lon- 
gitudinally. Perieytes (see Fig. 6.21) support the walls of these venules. 

Posteapillary venules are sites of leukocyte migration. In venules of 
mucosa-associated lymphoid tissue (MALT), particularly of the gut and 
bronehi, and in the lymph nodes and thynrns, endothelial eells are 
taller and have intercellular junctions through which lymphoeytes and 
other blood eomponents ean readily pass. These are known as high 
endothelial venules (HEVs) (see Figs 6.18-6.19). Elsewhere, venules are 
believed to be a major site where migration of neutrophils, maero- 
phages and other leukocytes into extravascular spaees occurs, and where 
neutrophils may temporarily attaeh, forming marginated pools. 

In generaf the endothelium of venules has few tight junctions and 
is relatively permeable. The intercellular junctions of vemiles are 
sensitive to inflammatory agents, which inerease their permeability to 
fluids and defensive eells, and faeilitate leukocyte extravasation by 
diapedesis. 

Venules do not acquire musculature until they are about 50 pm in 
outer diameter, when they are known as muscular venules. This distine- 
tion is important because posteapillary venules, which laek muscle in 
their walls, are as permeable to solutes as eapillaries and are thus part 
of the microcirculatory bed. At the level of the posteapillary venule the 
eross-seetional area of the vascular tree is at its maximum, and there is 
a dramatie fall in pressure (from 25 mmHg in the eapillary to approxi- 
mately 5 mmHg). Muscular venules eonverge to produce a series of 
veins of progressively larger diameter. Venules and veins are eapaeitanee 
vessels, i.e. they have thin distensible walls that ean hold a large volume 
of blood and aeeommodate luminal pressure ehanges. 

Fluid exchange in the microvasculature 

The microvasculature is important for the ereation and maintenanee of 
the interstitial fluid that bathes the eells. The thin walls of eapillaries 
and small vemiles allow easy difhision of fhiid and most small mole- 
cules, but the endothelial barrier prevents movement of proteins; 
consequently, plasma and interstitial fluid have almost identieal eom- 
positions, except that the latter eontains very little protein. Fluid transfer 
aeross these exchange vessels is driven by the balanee between the 
hydrostatie pressure (i.e. blood pressure within them) foreing fluid into 
the tissues, and the oneotie pressure (eolloidal osmotie pressure, refleet- 
ing the differenee in protein eoneentrations) drawing fluid baek into 
the vessels. These 'Starling forees' are normally elosely balaneed, so dif- 
ferenees in hydrostatie pressure mean that fluid tends to be filtered into 
the tissue at the arterial side of the exchange vessels and largely reab- 
sorbed at the venous side. The balanee forms lymph. Dismption of the 
balanee (e.g. high venous pressure in the feet) ean lead to accumulation 
of tissue fluid (oedema) and swelling. 

Inflammation and endothelial permeability 

Inflammatory mediators inerease the permeability of eapillaries and 
small venules by causing eontraetion of endothelial eells and so loosen- 
ing tight junctions. This faeilitates leukocyte extravasation by diapedesis 
but also dismpts normal barrier fhnetion, allowing extravasation of 
protein and fluids. The consequence is tissue oedema and the swelling 
that is eommonly assoeiated with inflammation. There is eonsiderable 
eross-talk between endothelial eells and eells of the imimrne system. 

Veins 


Veins are eharaeterized by a relatively thin wall in eomparison to arteries 
of similar size and by a large eapaeitanee. Wall thiekness is not eorre- 
lated exactly with the size of the vein and varies in different regions, 
e.g. the wall is thieker in veins of the leg than it is in veins of a similar 
size in the arm. 

The structural plan of the wall is similar to that of other vessels, 
except that the amount of muscle is eonsiderably less than in arteries, 
while eollagen and, in some veins, elastie fibres predominate. In most 
veins, e.g. those of the limbs, the muscle is arranged approximately 
eirailarly. Longitudinal muscle is present in the iliae, braehioeephalie, 
portal and renal veins and in the superior and inferior venae eavae. 
Muscle is absent in the maternal plaeental veins, dural venous sinuses, 


pial and retinal veins, veins of trabecular bone and the venous spaees 
of ereetile tissue; these veins eonsist of endothelium supported by vari- 
able amounts of eonneetive tissue. Distinetion between the media and 
adventitial layers is often difficult, and a diserete internal elastie lamina 
is absent. 

Tethering of some veins to eonneetive tissue faseiae and other sur- 
rounding tissues may prevent eollapse of the vessel even under negative 
pressure (e.g. in the cranium). Pressure within the venous system does 
not normally exceed 5 mmHg, and it deereases as the veins grow larger 
and fewer in number, approaehing zero elose to the heart. As they 
eontain only a small amount of muscle and eommonly have a large 
ealibre, veins have limited influence on blood flow. However, venoeon- 
strietion is an important eomponent of the baroreeeptor reflex because 
it reduces vein eomplianee and therefore eapaeity, effeetively mobilizing 
blood to maintain or inerease eentral venous pressure, and henee 
eardiae output. A sudden fall in blood volume, e.g. following a haemor- 
rhage, also initiates the elastie reeoil and reflex eonstrietion of veins, in 
order to eompensate for the blood loss and maintain eentral venous 
pressure and venous return to the heart. Vasoeonstrietion in cutaneous 
veins in response to eooling is important in thermoregulation. 

Most veins have valves to prevent reflux of blood (Figs 6.13-6.14). 
A valve is formed by an inward projeetion of the intima, strengthened 
by eollagen and elastie fibres, and eovered by endothelium that differs 
in orientation on its two surfaces. Surfaces faeing the vessel wall have 
transversely arranged endothelial eells, whereas on the luminal surface 
of the valve, over which the main stream of blood flows, eells are 
arranged longitudinally in the direetion of flow. Most eommonly two, 
or oeeasionally three, valves lie opposite one another; sometimes only 
one is present. They are found in small veins or where tributaries join 
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Fig. 6.13 The upper portions of the femoral and long saphenous veins 
laid open to show the valves, at about two-thirds of their natural size. 



Fig. 6.14 A valve in a human small vein, formed from flap-like extensions 
of the intima that elose when pressure inereases on the proximal side, 
preventing backflow. (Courtesy of Mr Peter Helliwell and the late Dr 
Joseph Mathew, Department of Histopathology, Royal Cornwall Hospitals 
Trnst, UK.) 
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Fig. 6.15 A, A mieroeireiilatory unit, shovving a terminal arteriole, thoroughfare ehannels (TC) formed of metarterioles, eapillaries (C) and eolleeting 
venule. The distribution of smooth muscle eells and one of the preeapillary sites vvhere perfusion of the eapillary bed is regulated are also shovvn. B, An 
arteriovenous anastomosis. Note the thiek vvall of the anastomotie ehannel eomposed of layers of modified smooth muscle eells. 


larger veins. The valves are semilunar (cusps) and attaehed by their 
convex edges to the venous wall. Their eoneave margins are direeted 
with the flow and lie against the wall as long as flow is towards the 
heart. When blood flow reverses, the valves elose and blood fills an 
expanded region of the wall, a sinus, on the eardiae side of the elosed 
valve. This may give a 'knotted' (varieose) appearanee to the distended 
veins, if these have many valves. In the limbs, espeeially the legs where 
venous return is against gravity, valves are of great importanee in aiding 
venous flow. Blood is moved towards the heart by the intermittent pres- 
sure produced by eontraetions of the surrounding muscles (the muscle 
pump). Valves are absent in the veins of the thorax and abdomen. 

VASCULAR SHUNTS AND ANASTOMOSES 

Arteriovenous shunts and anastomoses 


Communications between the arterial and venous systems are found in 
many regions of the body. In some parts of the mieroeirailation (e.g. 
in the mesenteries), the eapillary eirailation ean be bypassed by wider 
thoroughfare ehannels formed by metarterioles (Fig. 6.15A). These 
have similarities to both eapillaries and the smallest arterioles, and have 
a discontinuous layer of smooth muscle in their walls. Metarterioles ean 
deliver blood direetly to vemiles or to a eapillary bed, aeeording to loeal 
demand and eonditions. When hmetional demand is low, blood flow 
is largely limited to the bypass ehannel. Periodie opening and elosing 
of different arterioles irrigates different parts of the eapillary network. 
The mimber of eapillaries in individual microvascular units and the size 
of their mesh determine the degree of vascularity of a tissue; the small- 
est meshes occur in the lungs and the ehoroid of the eye. 

Arteriovenous anastomoses (Fig. 6.15B) are direet eonneetions 
between smaller arteries and veins. Connecting vessels may be straight 
or eoiled, and often possess a thiek imisoilar tunic. LJnder sympathetie 
eontrol, the vessel is able to elose eompletely, diverting blood into the 
eapillary bed. When patent, the vessel earries blood from artery to vein, 
partially or eompletely excluding the eapillary bed from the eiroilation. 
Simple arteriovenous anastomoses are widespread and occur notably 
in the skin of the nose, lips and ears, nasal and gastrointestinal mucosae, 
ereetile tissue, tongue, thyroid gland and sympathetie ganglia. In the 



Fig. 6.16 A digital arteriovenous anastomosis, prepared by intravascular 
perfusion of stain in a full-thickness speeimen of skin, followed by 
elearanee. The heavily stained, thick-walled, tortuous anastomotie 
ehannels (AC) eontrast with the eentral arterial stem (A) and the thin- 
walled venous (V) outflow ehannels. (Courtesy of the late Professor RT 
Grant, GKT Sehool of Medieine, London.) 


newborn ehild, there are few arteriovenous anastomoses but they 
develop rapidly during the early years. In old age they atrophy, selerose 
and diminish in number. These faetors may contribute to the less effi- 
eient temperature regulation that occurs at the two extremes of age. 

In the skin of the hands and feet, espeeially in digital pads and nail 
beds (see Fig. 7.18), anastomoses form a large number of small units 
termed glomera. Eaeh glomus organ has one or more afferent arteries, 
stemming from branehes of cutaneous arteries that approaeh the 
surface. The afferent artery gives off a number of fine periglomeral 
branehes and then immediately enlarges, makes a sinuous curve, and 
narrows again into a short, fhnnel-shaped vein that opens at right angles 
into a eolleeting vein (Fig. 6.16). 131 
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Arterial anastomoses 


Arteries ean be joined to eaeh other by an anastomosis, so that one ean 
supply the territory of the other. An end-to-end anastomosis occurs 
when two arteries eomimmieate direetly e.g. the uterine and ovarian 
arteries, the right and left gastro-epiploie arteries, the ulnar artery and 
the superficial palmar braneh of the radial artery. Anastomosis by eon- 
vergenee occurs when two arteries eonverge and merge, as happens 
when the vertebral arteries form the basilar artery at the base of the 
brain. A transverse anastomosis occurs when a short arterial vessel links 
two large arteries transversely, e.g. the anastomoses between the two 
anterior eerebral arteries; the posterior tibial artery and the fibular 
artery; and the radial and ulnar arteries at the wrist. 

The angiosome eoneept 
and vascular territories 


The blood supply to the skin and underlying tissues has been mapped 
using ink injeetion studies, eorrosion easts, disseetion, perforator 
mapping and two- and three-dimensional radiographie analyses of 
fresh eadavers and isolated limbs injeeted with solutions eontaining 
lead oxide. 

Findings from these different studies all support the elinieally impor- 
tant eoneept of the angiosome, a three-dimensional bloek of tissue 
supplied by a source artery, its perforating branehes and their aeeom- 
panying veins ( hylor and Palmer 1987, Levy et al 2003, Taylor 2003, 
Pan and Taylor 2009). Angiosomes form a complex three-dimensional 
jigsaw puzzle; some pieees have a predominantly cutaneous eomponent 
while others are predominantly muscular. Eaeh eonsists of arteriosomes 
and venosomes linked to neighbouring angiosomes by either similar 
ealibre (tme) or reduced ealibre (ehoke) anastomoses. Anastomoses 
between adjaeent angiosomes may occur within the skin or within 
muscle. Some muscles are supplied by a single artery and its aeeompa- 
nying veins and therefore lie within one angiosome, while other muscles 
are supplied by more than one vessel and therefore eross more than 
one angiosome. A detailed knowledge of anatomieal vascular territories 
and spatial angiosome architecture is essential in designing, evaluating 
and raising axial flaps based on vascular eonneetions in plastie and 
reeonstmetive surgery. 


MICR0STRUCTURE 0F BL00D VESSELS 
Intima 


The intimal lining of blood vessels eonsists of an endothelium, and a 
variable amount of subendothelial eonneetive tissue, depending on the 
vessel. 

Endothelium 

The endothelium is a monolayer of flattened polygonal eells that 
extends continuously over the luminal surface of the entire vascular tree 
(see Fig. 6.10; Fig. 6.17). Its stmcture varies in different regions of the 
vascular bed. 

The endothelium is a key eomponent of the vessel wall and sub- 
serves several major physiologieal roles. Endothelial eells are in eontaet 
with the blood stream and thus influence blood flow. They regulate the 
diffiision of substances and migration of eells out of and into the eir- 
culating blood. In the brain, endothelial eells of small vessels aetively 
transport substances, e.g. ghieose, into the brain parenehyma. Endothe- 
lial eells play an important role in haemostasis because they produce 
von Willebrand faetor, which promotes platelet adhesion (see below); 
seerete prostaeyelin and thrombomodulin, which limits elot formation; 
and promote fibrinolysis by seereting tissue plasminogen aetivator. 
They have seleetive phagoeytie aetivity and are able to extract substances 
from the blood. For example, the endothelium of pulmonary vessels 
removes and inaetivates several polypeptides, biogenie amines, brady- 
kinin, prostaglandins and lipids from the circulation, and eonverts the 
precursor of angiotensin II to its aetive form. 

Endothelial eells seerete vasoeonstrietor (thromboxane) and vasodi- 
lator (prostaeyelin) prostaglandins, nitrie oxide (NO) and endothelin 
(a vasoeonstrietor). They respond to streteh (e.g. inereased pressure) 
and the shear effeet of blood flow via streteh-sensitive ion ehannels in 
the eell membrane. Endothelial eells synthesize eomponents of the 
basal lamina. They proliferate to provide new eells during growth of 
blood vessels, to replaee damaged endothelium, and to provide solid 
eords of eells that develop into new blood vessels (angiogenesis). 
Angiogenesis, which may be stimulated by endothelial production of 



Fig. 6.17 A seanning eleetron mierograph of the luminal surface of the 
basilar artery. The tightly paeked endothelial eells are elongated in the 
direetion of blood flow. (Courtesy of Masoud Alian, Llniversity College, 
London.) 


autocrine growth faetors in response to loeal hypoxia, is important in 
wound healing and in the growth of tumours. Endothelial eells are also 
aetive partieipants in, and regulators of, inflammatory proeesses (Pober 

and Sessa 2007). 

Although endothelial eells are thin, they extend over a relatively large 
surface area. They are thiekest at the nucleus, where they ean reaeh 
2-3 jLtm, causing a slight bulge into the lumen (see Fig. 6.10). Else- 
where, they are thin and laminar, and are often as little as 0.2 pm thiek 
in eapillaries. They are generally elongated in the direetion of blood 
flow, espeeially in arteries (see Fig. 6.17). 

Except in sinusoids, endothelial eells usually adhere to eaeh other at 
their edges, so there is no diseontimiity in the lining of the lumen. They 
adhere to adjaeent eells through the junctional complex, an area of 
apposition where adherent and tight junctions are found. They also 
communicate via gap junctions, which are most marked in continuous 
eapillaries. Cell eontaets and myoendothelial gap junctions between 
endothelial and smooth muscle eells are eommon in small resistanee 
arteries and arterioles, where the separation between endothelium and 
media is reduced and the inner elastie lamina is either very thin or 
absent. Myoendothelial gap junctions play an important role in the 
integration and regulation of vascular fimetion (Figueroa and Duling 
2009). 

Transeytotie (pinoeytotie) vesieles (see Fig. 6.11) are present in all 
endothelial eells but are particularly numerous in exchange vessels; they 
include eaveolae (see Fig. 6.4) typieal of smooth muscle eells. They 
shuttle small amounts of interstitial fluid or plasma aeross the endothe- 
lial eytoplasm and thus faeilitate bulk exchange of nutrients and metab- 
olites between these eompartments. They are normally the only means 
by which protein ean eross the endothelium. Endothelial eells seerete 
many faetors but they do not have the morphologieal eharaeteristies of 
seeretory eells. 

The Wiebel-Palade body is eharaeteristie of endothelial eells. It is an 
elongated eytoplasmie vesiele, 0.2 x 2-3 jLtm in length, which eontains 
regularly spaeed tubular structures parallel to its long axis. Wiebel- 
Palade bodies play a role in both inflammation and haemostasis 
because they store the adhesion molecule P-seleetin (see below) and 
von Willebrand faetor, which mediates platelet adhesion to the extracel- 
lular matrix after vascular injury. 


Von Willebrand faetor 

Von Willebrand faetor (vWF) is a very large, multimeric glyeoprotein 
eonsisting of at least 80 monomers of 250 kDa eaeh, responsible for 
the eharaeteristie appearanee of Wiebel-Palade bodies. Its fimetion is 
to bind to other proteins and provide a bridge between them. 



Endothelial cell-leukocyte interaetions 

The himinal surface of endothelial eells does not normally support the 
adherenee of leukocytes or platelets. However, many fimetions of 
human vasailar endothelial eells are dynamie rather than fixed. Aeti- 
vated endothelial eells and the eharaeteristie endothelimn of high 
endothelial venules (HEVs) of lymphoid tissues are sites of leukocyte 
attaehment and diapedesis (see below). 
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On release from endothelial eells, vWF binds to eollagen in the 
subendothelial matrix; when this is exposed following vascular damage, 
vWF faeilitates platelet adhesion by binding to platelet glyeoprotein 
reeeptors. This is particularly effieient in high-flow/shear-stress eondi- 
tions, when it also causes platelet aetivation. Although the major source 
of vWF is probably endothelial eells, it is also produced by megakaryo- 
eytes and stored in platelet a-granules. vWF is present in plasma, where 
it binds and stabilizes faetor VIII, a elotting protein seereted into the 
blood stream by hepatoeytes. Hereditary defieieney or defeetive fime- 
tion of vWF causes defeetive haemostasis and a tendeney to bleed (von 
Willebrand disease) (reviewed in Sadler (2005 ). 
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HEVs (Fig. 6.18) are loeated within the T-eell domains, between and 
around lymphoid follieles in all seeondary lymphoid organs and tissues 
except the spleen. They are speeialized venules of 7-30 jiim diameter, 
which possess a conspicuous cuboidal endothelial lining. The luminal 
aspeet of HEVs shows a eobblestone appearanee. The endothelial eells 
rest on a basal lamina and are supported by perieytes and a small 
amount of eonneetive tissue (Fig. 6.19). They are linked by discontinu- 
ous adhesive junctions at their apieal and basal aspeets; the junctions 
are circumnavigated by migrating lymphoeytes. Ultrastructurally, the 
endothelial eells have the eharaeteristies of metabolieally aetive seere- 
tory eells. Thus they eontain large, rounded, euchromatic nuclei with 
one or two nucleoli, prominent Golgi complexes, many mitoehondria, 
ribosomes and pinoeytotie vesieles. Typieally, they also possess Wiebel- 
Palade bodies (see above). 

Many of the adhesion molecules that mediate interaetions between 
blood leukocytes and HEVs or eytokine-aetivated endothelium have 
been identified. They ean be divided into three general families: seleetins, 
integrins and the immunoglobulin supergene family. Seleetins and 



Fig. 6.18 A high endothelial venule in a human lymph node, seetioned 
longitudinally, lined by cuboidal endothelium (arrow). Erythroeytes and 
leukocytes (mainly lymphoeytes and neutrophils) are seen in the lumen. 
(Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 



Fig. 6.19 A high endothelial venule in transverse seetion in a human 
palatine tonsil. The lumen is eompletely filled by a neutrophil (N). Cuboidal 
endothelial eells (EC) line the vessel. Two lymphoeytes (L) with 
heteroehromatie nuclei are seen below, in transit within the wall of the 
vessel. (Courtesy of Dr Marta Perry, Department of Anatomy, St Thomas’s 
Hospital Medieal Sehool, London.) 


integrins are expressed on leukocytes and mediate adhesion of circulat- 
ing eells to the endothelium, which expresses seleetins and members of 
the immunoglobulin supergene family. Regulated expression of these 
molecules by both eell types provides the means by which leukocytes 
reeognize the vessel wall (leukocyte homing antigens and vascular 
addressins), adhere to it and subsequently leave the eirailation. 

The first step in this easeade is the loose binding or tethering of 
leukocytes, and this is initiated via L-, P- or E-seleetin. This weak, revers- 
ible adhesion allows leukocytes to roll along the endothelial surface of 
a vessel lumen at low veloeity, making and breaking eontaet, and sam- 
pling the endothelial eell surfaces. Reeognition of ehemokines (ehemo- 
taetie signalling molecules) presented by the endothelium leads to 
'inside-out' signalling and eonversion of integrins at the leukocyte 
surface into aetively adhesive configurations that bind strongly to their 
endothelial ligands, resulting in stable arrest. Finally, the leukocyte 
migrates through the vessel wall (diapedesis), passing either between 
(paracellular migration) or aeross (transcellular migration) endothelial 
eells. Transcellular migration is thought to be the preferred pathway; 
endothelial transeytotie vesieles (eaveolae), intermediate filaments 
(vimentin) and F-aetin are important in the ereation of transient trans- 
cellular ehannels through which leukocytes pass. They then eross the 
basal lamina and migrate into the surrounding tissue by meehanisms 
that involve CD31 antigen and matrix metalloproteinases (reviewed in 
Vestweber (2007)). 

Cell adhesion molecules 

There are three known members of the seleetin family of adhesive 
proteins: L-seleetin (also known as lymphoeyte homing reeeptor), 
E-seleetin and P-seleetin. L-seleetin is expressed on most leukocytes. 
Endothelial eells of HEVs in lymphoid organs express its oligosaeeha- 
ride ligand, although other molecules such as mucins may be alterna- 
tive ligands. L-seleetin mediates homing of lymphoeytes, espeeially to 
peripheral lymph nodes, but also promotes the accumulation of neu- 
trophils and monoeytes at sites of inflammation. E-seleetin is an induc- 
ible adhesion moleoile that mediates adhesion of leukocytes to 
inflammatory eytokine-aetivated endothelium, and is only transiently 
expressed on endothelimn. P-seleetin is rapidly mobilized from Wiebel- 
Palade bodies, where it is stored, to the endothelial surface after 
endothelial aetivation. It binds to ligands expressed on neutrophils, 
platelets and monoeytes, and, like E-seleetin, tethers leukocytes to 
endothelium at sites of inflammation. P-seleetin is quickly endoeytosed 
by the endothelial eells and so its expression is short-lived. 

The integrins are a large family of molecules that mediate eell-to-eell 
adhesion as well as interaetions of eells with extracellular matrix. 
Oertain (3^ integrin heterodimers are expressed on lymphoeytes 2-4 
weeks after antigenie stimulation (very late antigens, VLAs) and bind to 
the extracellular matrix. Additionally, VLA-4, present on resting lym- 
phoeytes (expression inereases after aetivation), monoeytes and eosi- 
nophils, binds to the vasoilar eell adhesion molecule-l (VCAM-1), the 
ligand on aetivated endothelium. In eontrast to integrins, which 
many eells express, the expression of (3 2 integrins is limited to white 
blood eells. Although the leukocyte integrins are not constitutively 
adhesive, they beeome highly adhesive after eell aetivation and there- 
fore play a key role in the events required for eell migration. The 
endothelial ligands for one such (3 2 integrin are the intercellular adhe- 
sion molecules-l and 2 (ICAM-1 and ICAM-2), which belong to the 
immunoglobulin superfamily. 

Three members of the large immunoglobulin superfamily of pro- 
teins are involved in leukocyte-endothelial adhesion, providing integrin 
counter-receptors on the endothelial eell membrane. ICAM-1 and 
ICAM-2 are constitutively expressed but upregulated by inflammatory 
eytokines. VCAM-1 is absent from resting endothelium but is induced 
by eytokines on aetivated endothelium and promotes extravasation of 
lymphoeytes at sites of inflammation. 

Subendothelial eonneetive tissue 

The subendothelial eonneetive tissue, also termed the lamina propria, 
is a thin but variable layer. It is largely absent in the smallest vessels, 
where the endothelium is supported instead by perieytes (see Fig. 6.21). 
It eontains a typieal fibrocollagenous extracellular matrix, a few fibro- 
blasts and oeeasional smooth muscle eells. Endothelial von Willebrand 
faetor eoneentrates in this layer and partieipates in haemostasis and 
platelet adhesion when the overlying endothelium is damaged. 

Media 


The media eonsists ehiefly of eoneentrie layers of circumferentially or 
helieally arranged smooth muscle eells with variable amounts of elastin 
and eollagen. 
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Smooth miisele 

Smooth muscle forms most of the media of arteries (see Fig. 6.7) and 
arterioles. A thinner layer of smooth muscle is also found in venules 
and veins; small segments of the pulmonary veins nearest to the heart 
eontain striated eardiae muscle. Contraction of the smooth muscle in 
arteries and arterioles reduces the ealibre of the vessel lumen, reducing 
blood flow through the vessel. This is particularly effeetive in small 
resistanee vessels, where the wall is thiek relative to the diameter of the 
vessel. Smooth muscle aetivation also inereases the rigidity of the vessel 
walf reducing its eomplianee. In arteries this affeets propagation of the 
pulse, whereas in veins it effeetively reduces their eapaeity. 

The smooth muscle eells synthesize and seerete elastin, eollagen and 
other extracellular eomponents of the media, which bear direetly on 
the meehanieal properties of the vessels. The meehanies of the muscu- 
lature of the media are complex. Distensibility, strength, self-support, 
elastieity, rigidity, eoneentrie eonstrietion, ete. are interrelated fhnetions 
and are finely balaneed in the different regions of the vascular bed. 

In large arteries, where the blood pressure is high, the muscle eells 
are shorter (60-200 pm) and smaller in vohime than in viseeral muscle. 
In arterioles and veins, smooth muscle eells more elosely resemble those 
from the viseera. The eells are paeked with myofìlaments and other 
elements of the eytoskeleton, including intermediate fìlaments. Vascular 
muscle eells eontain intermediate fìlaments of either vimentin alone or 
both vimentin and desmin, whereas the intermediate fìlaments of vis- 
eeral smooth muscle are exclusively of desmin. Intercellular junctions 
are mainly of the adhesive (adherens) type, coupling eells meehanieally. 
Gap junctions couple eells eleetrieally and allow passage of small signal- 
ling moleailes. Junctions between muscle eells and the eonneetive tissue 
matrix are particularly numerous, espeeially in arteries. 

The muscle eells of the arterial media ean be regarded as multifunc- 
tional mesenehymal eells. After damage to the endothelium, muscle 
eells migrate into the intima and proliferate, forming bundles of longi- 
tudinally orientated eells that reform the layer. In eertain pathologieal 
eonditions, muscle eells (and maerophages) undergo fatty degeneration 
and partieipate in the formation of atheromatous plaques. 

Oollagen and elastin 

Components of the extracellular matrix (see Ch. 2) are major constitu- 
ents of vessel walls; in large arteries and veins they make up more than 
half of the mass of the wall, mainly in the form of eollagen and elastin. 
Other fìbrous eomponents such as fìbroneetin, and amorphous prote- 
oglyeans and glyeosaminoglyeans, are present in the interstitial spaee. 

Elastin is found in all arteries and veins and is espeeially abundant 
in elastie arteries (see Fig. 6.6). Individual elastie fibres (0.1-1.0 pm in 
diameter) anastomose with eaeh other to form net-like structures, 
which extend predominantly in a circumferential direetion. More exten- 
sive fhsion produces lamellae of elastie material, which, though usually 
perforated and thus ineomplete, separate the layers of muscle eells. The 
internal elastie lamina is a conspicuous elastie lamella in arteries, 
between intima and media, which allows the vessel to reeoil after dis- 
tension. When the intraluminal pressure falls below physiologieal 
limits (post mortem), it is eompressed and eoils up into a regular eor- 
mgated shape (Fig. 6.20; see Figs 6.7, 6.10), reducing but not obliterat- 
ing the lumen; the profìle of the artery remains circular. Fenestrations 
in the elastie lamina, which may also be split in thiekness, allow materi- 
als to diffhse between intima and media. An outer elastie lamina, 
similar in appearanee to, but markedly less well developed and less 
eompaet than, the internal elastie lamina, lies at the outer aspeet of the 
media at its boundary with the adventitia (see Fig. 6.7). These laminae 
are less evident in elastie arteries, where elastie fìbres occupy much of 
the media (see Fig. 6.6). 

Collagen fìbrils are found in all three vessel layers. Type III eollagen 
(reticulin) occupies much of the interstitial spaee between the muscle 
eells of the media and is also found in the intima. Collagen is abundant 
in the adventitia, where type I eollagen fìbres form large bundles that 
inerease in size from the junction with the media to the outer limit of 
the vessel wall. In veins, eollagen is the main eomponent of the vessel 
wall and accounts for more than half its mass. 

In general terms, eollagen and elastie fìbres in the media mn parallel 
to, or at a small angle to, the axes of the muscle eells, and they are 
therefore arranged mainly circumferentially. In eontrast, the predomi- 
nant arrangement of eollagen fibres in the adventitia is longitudinal. 
This arrangement imposes eonstraints on length ehange in large vessels 
under pressure, e.g. in large arteries, in which the radial distension 
under the effeet of the pulse far exceeds the longitudinal distension. 
The outer sheath of type I eollagen in the adventitia therefore has a 
structurally supportive role. The more delieate type III eollagen network 
of the media provides attaehment to the muscle eells and its role is to 



Fig. 6.20 The wall of a human muscular artery, stained for elastin (blaek), 
showing the internal elastie lamina (IEL). Fine, ineomplete elastie lamellae 
are interspersed between smooth muscle eells of the tunica media. The 
endothelium is partly detaehed in this postmortem speeimen. van Gieson 
stain. 

transmit foree around the circumference of the vessel. In a distended 
vessel, the elastie fìbres store energy and, by reeoiling, help to restore 
the resting length and ealibre. 

The extracellular material of the media, including eollagen and 
elastin, is produced by the muscle eells. Its turnover is slow eompared 
to that in other tissues. In the adventitia, eollagen is synthesized and 
seereted by fibroblasts, as in other eonneetive tissues. During postnatal 
development, while vessels inerease in diameter and wall thiekness, 
there is an inerease in elastin and eollagen eontent. Subsequent ehanges 
in vessel structure, seen during ageing, include an inerease in the ratio 
of eollagen to elastin, with a reduction in vessel elastieity. 

Adventitia 


The adventitia is formed of general eonneetive tissue, varying in the 
thiekness and density of its eollagen fìbre bundles. 

Vasa vasomm 

In smaller vessels, the nourishment of the tissues of the vessel wall is 
provided by difflision from the blood circulating in the vessel itself. The 
wall thiekness at which simple diffiision from the lumen beeomes 
insufficient is 1 mm. Large vessels have their own vascular supply 
within the adventitia (see Fig. 6.8), in the form of a network of small 
vessels, the vasa vasomm. These originate from, and drain into, periph- 
eral branehes of the vessel they supply. They ramify within the adven- 
titia and, in the largest of arteries, penetrate the outermost part of the 
media. The vasa vasomm of the pulmonary artery arise from adjaeent 
systemie arteries. The larger veins are also supplied by vasa vasomm but 
these may penetrate the wall more deeply, perhaps because of the lower 
oxygen tension. 

Nervi vasomm 

Blood vessels are innervated by efferent autonomic fìbres that regulate 
the state of eontraetion of the musculature (muscular tone) and thus 
the diameter of the vessels, particularly the resistanee arteries and arte- 
rioles. Perivascular nerves braneh and anastomose within the adventitia 
of an artery, forming a meshwork around it. Nerves are oeeasionally 
found within the outermost layers of the media in some of the large 
muscular arteries. 

Nervi vasomm are small bundles of axons, which are almost invari- 
ably unmyelinated and typieally varieose. Most are postganglionie 
axons derived from neurones in sympathetie ganglia. The density of 
innervation varies in different vessels and in different areas of the body; 
it is usually sparser in veins and larger lymphatie vessels. Large veins 
with a pronounced muscle layer, such as the hepatie portal vein, are 
well innervated. Some vessels in the brain may be innervated by intrin- 
sie eerebral neurones, although neural eontrol of brain vessels is of 
minor importanee eompared with metabolie and autoregulation (loeal 
response to streteh stimuli). 

The eontrol of vasailar smooth muscle is complex. Vasoeonstrietor 
adrenergie fìbres release noradrenaline (norepinephrine), which aets 
on a-adrenergie reeeptors in the muscle eell membrane. In addition, 
























Cardiovascular and lymphatie systems 


circulating hormones and faetors such as nitrie oxide, prostaglandins 
and endothelin, which are released from endothelial eells, exert a pow- 
erful effeet on the muscle eells. Neurotransmitters reaeh the muscle 
from the adventitial surface of the media, whereas hormonal and 
endothelial faetors diffhse from the intimal surface. In a few tissues, 
sympathetie eholinergie fibres inhibit smooth muscle eontraetion and 
induce vasodilation. Vasailar smooth muscle exhibits endogenous 
(myogenie) aetivity in response to streteh and shear. 

Most arteries are aeeompanied by nerves that travel in parallel with 
them to the peripheral organs that they supply. However, these paravas- 
cular nerves are quite independent and do not innervate the vessels they 
aeeompany. 

Perieytes 


Perieytes are present at the outer surface of eapillaries and the smallest 
venules (posteapillary venules), where an adventitia is absent and there 
are no muscle eells. They are elongated eells, whose long eytoplasmie 
proeesses are wrapped around the endothelium. Perieytes are seattered 
in a discontinuous layer around the outer circumference of eapillaries. 
They are generally absent from fenestrated eapillaries but form a more 
continuous layer around posteapillary venules (Fig. 6.21). They are 
gradually replaeed by smooth imisele eells as vessels eonverge and 
inerease in diameter. 

Perieytes are enelosed by their own basal lamina, which merges in 
plaees with that of the endothelium. Most display areas of elose apposi- 
tion with endothelial eells, and oeeasionally form adherens junctions 
where their basal laminae are absent. Perieyte eytoplasm eontains aetin, 
myosin, tropomyosin and desmin, which suggests that they are eapable 
of eontraetile aetivity. They also have the potential to aet as mesenehy- 
mal stem eells, and partieipate in repair proeesses by proliferating and 
giving rise to new blood vessel and eonneetive tissue eells. Perieytes, or 
elosely related eells, may be the source of myofibroblasts that contribute 
to fibrosis in disease proeesses (reviewed in Duffield (2012)). 

Oerebral vessels 


Major branehes of eerebral arteries that lie in the subarachnoid spaee 
over the surface of the brain have a thin outer eoating of meningeal 
eells, usually one layer thiek, where adjaeent meningeal eells are joined 
by desmosomes and gap junctions. These arteries have a smooth muscle 
media and a distinet elastie lamina. Veins on the surface of the brain 
have very thin walls, and the smooth muscle layers in the wall are 
often discontinuous. They are eoated externally by a monolayer of 
meningeal eells. 

As arteries enter the subpial spaee and penetrate the brain, they lose 
their elastie laminae, and consequently the eerebral cortex and white 
matter typieally eontain only arterioles, venules and eapillaries. The 
exceptions are the large penetrating vessels in the basal ganglia, where 
many arteries retain their elastie laminae and thiek smooth muscle 
media. Enlarged perivascular spaees form around these large arteries in 
ageing individuals. Arterioles and venules in the cortex and white 
matter ean be distinguished from eaeh other because arterioles are sur- 
rounded by a smooth muscle eoat, whereas veins and venules have 
larger lumina and thinner walls. 



Fig. 6.21 A seanning eleetron mierograph of eapillary (C) and perieytes 
(P) supporting the vessel wall. (Courtesy of T. Fujiwara and Y. Llehara, 
Department of Anatomy, Ehime Llniversity Sehool of Medieine, Japan.) 


Cerebral eapillaries are the site of the blood-brain barrier. They are 
lined by endothelial eells, which are joined by tight junctions. The 
endothelial eytoplasm eontains a few pinoeytotie vesieles. The eells are 
surrounded by a basal lamina (see fig. 3.12); at points of eontaet with 
perivascular astroeytes, the intervening basal lamina is formed by fhsion 
of the endothelial and glial basal laminae. Perieytes, eompletely sur- 
rounded by basal lamina, are present around eapillaries. Perivascular 
maerophages are attaehed to the outer walls of eapillaries and to other 
vessels; they are phenotypieally distinet from parenehymal mieroglia, 
which are also of monoeytie origin. A thin layer of meningeal eells 
derived from the pia mater surrounds arterioles but disappears at the 
level of eapillaries. For fiirther deseriptions of eerebral vessels, see 
Chapter 19. 

LYMPHATIC VESSELS 


Lymphatie eapillaries form wide-meshed plexuses in the extracellular 
matriees of most tissues. They begin as dilated, blind-ended tubes with 
larger diameters and less regular eross-seetional appearanees than those 
of blood eapillaries. Their basal laminae are ineomplete or absent and 
they laek assoeiated perieytes. The smaller lymphatie vessels are lined 
by endothelial eells, which have numerous transeytotie vesieles within 
their eytoplasm and so resemble blood eapillaries. However, unlike 
eapillaries, their endothelium is generally quite permeable to much 
larger molecules: they are readily permeable to large eolloidal proteins 
and partiailate material such as eell debris and mieroorganisms, and 
also to eells. Permeability is faeilitated by gaps between the endothelial 
eells, which laek tight junctions (discontinuous endothelium), and by 
pinoeytosis. The lymphatie system provides an important transport 
pathway for leukocytes and defenee against infeetion (reviewed in Saha- 
rinen et al (2004)). 

Lymph is formed from interstitial fluid, which is derived from blood 
plasma via filtration in the microcirculation. Much of the filtered fluid 
is reabsorbed by the time the blood leaves the venules, but about 15% 
or 8 litres per day enters the lymphaties. Lymphatie vessels take up this 
residual fluid by passive diffiision and the transient negative pressures 
in their lumina, which are generated intrinsieally by eontraetile aetivity 
of smooth muscle in the largest lymphatie vessel walls, and extrinsically 
by eompression of the lymph vessels as a result of eontraetion of adja- 
eent muscle or arterial pulsation. The unidirectional flow of lymph is 
maintained by the presenee of valves in the larger vessels (Fig. 6.22). 
Lymphatie eapillaries are prevented from eollapsing by anehoring fila- 
ments, which tether their walls to surrounding eonneetive tissue stme- 
tures and exert radial traetion. 

In most tissues, lymph is elear and colourless; in the lymphatie eapil- 
laries it has an identieal eomposition to interstitial fluid. In eontrast, 
lymph from the small intestine is dense and milky, refleeting the pres- 
enee of lipid droplets (ehylomierons) derived from fat absorbed by the 
mucosal epithelium. The terminal lymphatie vessels in the mucosa of 
the small intestine are known as laeteals and the lymph as ehyle. Lym- 
phatie eapillaries are not ubiquitous: they are not present in eornea, 
eartilage, thymus, the eentral or peripheral nervous system or bone 
marrow, and there are very few in the endomysium of skeletal muscles. 

Lymphatie eapillaries join into larger vessels that pass to loeal lymph 
nodes. Typieally, lymph pereolates through a series of nodes before 



Fig. 6.22 A valve (V) in a lymphatie vessel (L), aeeompanying a small 
venule (Ven) and arteriole (A) in human eonneetive tissue. (Courtesy of Mr 
Peter Helliwell and the late Dr Joseph Mathew, Department of 
Histopathology, Royal Cornwall Hospitals Trust, UK.) 
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reaehing a major eolleeting duct. There are exceptions to this arrange- 
ment: the lymph vessels of the thyroid gland and oesophagus, and of 
the eoronary and triangular ligaments of the liver, all drain direetly to 
the thoraeie duct without passing through lymph nodes. In the larger 
vessels, a thin external eonneetive tissue eoat supports the endothelium. 
The largest lymphatie vessels (200 jiim) have three layers, like small 
veins, although their lumen is eonsiderably larger than that of veins 
with a similar wall thiekness. The tunica media eontains smooth muscle 
eells, mostly arranged circumferentially. Elastie fibres are sparse in 
the tunica intima, but form an external elastie lamina in the tunica 
adventitia. 

The larger lymphatie vessels differ from small veins in having many 
more valves (see Fig. 6.22). The valves are semihmar, generally paired 
and eomposed of an extension of the intima. Their edges point in the 
direetion of the current, and the vessel wall downstream is expanded 
into a sinus, which gives the vessels a beaded appearanee when they are 
distended. Valves are important in preventing the backflow of lymph. 

Deep lymphatie vessels usually aeeompany arteries or veins, and 
almost all reaeh either the thoraeie duct or the right lymphatie duct, 
which usually joins the left or right braehioeephalie veins respeetively 
at the root of the neek. 

The thoraeie duct is structurally similar to a medium-sized vein but 
the smooth muscle in its tunica media is more prominent. Most lym- 
phatie vessels anastomose freely. Larger vessels have their own plexi- 
form vasa vasomm and aeeompanying nerve fibres. If their walls are 
aaitely infeeted (lymphangitis) this vasailar plexus beeomes eongested, 
marking the paths of superficial vessels by red lines that are visible 
through the skin and tender to the touch. 

Lymphatie vessels repair easily. New vessels form readily after 
damage, beginning as solid cellular sprouts from the endothelial eells 
of persisting vessels that subsequently beeome eanalized. 

jt^l Lymphoedema 

Insufficient lymphatie drainage leads to accumulation of fluid in the 
tissues (oedema) and swelling, typieally in the limbs. 


CARDIAC MUSCLE 


In eardiae muscle, as in skeletal muscle, the eontraetile proteins are 
organized structurally into sareomeres that are aligned in register aeross 
the fibres, producing fine eross-striations that are visible in the light 
mieroseope. Both types of muscle eontain the same eontraetile proteins 
(although eommonly different isoforms), which are assembled in a 
similar way. The moleailar basis for eontraetion, but not its regulation, 
is the same. Elevation of eytosolie calcium triggers eontraetion, eorre- 
sponding to eardiae systole and the pumping phase of the heart eyele. 
Removal of eytosolie calcium induces relaxation, eorresponding to dias- 
tole and eardiae filling. Despite the similarities, there are major firne- 
tional, morphologieal and developmental differenees between eardiae 
and skeletal muscle. 


MICROSTRUCTURE 0F CARDIAC MUSCLE 


The myocardium, the muscular eomponent of the heart, constitutes the 
bulk of its tissues. It eonsists predominantly of eardiae muscle eells, 
which are usually 120 jiim long and 20-30 jLtm in diameter in a normal 
adult. Eaeh eell has one or two large nuclei occupying the eentral part 
of the eell, whereas skeletal muscle has multiple, peripherally plaeed 
nuclei. The eells are branehed at their ends, and the branehes of adjaeent 
eells are so tightly assoeiated that their appearanee under light mieros- 
eopy is of a network of branehing and anastomosing fibres (Fig. 6.23). 
Cells are bound together by elaborate junctional complexes, the inter- 
ealated dises (Fig. 6.24; see Figs 6.23, 6.26). 

Fine fibrocollagenous eonneetive tissue is found between eardiae 
muscle fibres. Although this is equivalent to the endomysimn of skeletal 
muscle, it is less regularly organized because of the complex three- 
dimensional geometry imposed by the branehing eardiae eells. Numer- 
ous eapillaries and some nerve fibres are found within this layer. Coarser 
eonneetive tissue, equivalent to the perimysium of skeletal imisele, 
separates the larger bundles of imisele fibres, and is partioilarly well 
developed near the eondensations of dense fibrous eonneetive tissue 
that form the 'skeleton' of the heart. The ventrieles of the heart are 
eomposed of spiralling layers of fibres that mn in different direetions. 
Consequently, mieroseope seetions of ventricular imisele inevitably 
eontain the profiles of eells cut in a variety of orientations. A linear 
arrangement of eardiae muscle fibres is found only in the papillary 
136 muscles and trabeculae earneae. 



Fig. 6.23 Cardiac muscle fibres in human myocardium, seetioned 
longitudinally. Cell branehing and fine eross-striations are elearly visible 
and indieate the intracellular organization of sareomeres. The dark 
transverse lines are interealated dises (D). Endomysium (E) eontains nuclei 
of endothelial eells and fibroblasts. 
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Fig. 6.24 A three-dimensional reeonstmetion of eardiae muscle eells in 
the region of an interealated dise, a junctional complex between 
neighbouring eells. The interdigitating transverse parts of the interealated 
dise form a faseia adherens, with numerous desmosomes; gap junctions 
are found in the longitudinal parts of the dise. The organization of the 
transverse tubules and sareoplasmie reticulum is also shown. 





















































































































































































































































































Smooth rrmsele and the cardiovascular and lymphatie systems 


In the developed world, seeondary lymphoedema is most eom- 
monly the consequence of treatment for eaneer, particularly breast 
eaneer, following either surgical removal of lymph nodes and vessels, 
or their damage by radiation therapy. Tumours ean themselves cause 
lymphoedema if they eompress and bloek lymph vessels. Lymph node 
infeetions ean also restriet lymph flow. In tropieal regions, invasion of 
the lymphatie vessels by thread-like nematode worms (fìlariasis) ean 
lead to severe swelling, particularly in the legs and genitals (elephan- 
tiasis) (Pfarr et al 2009). Podoeoniosis is a non-filarial elephantiasis 
endemie to tropieal highland areas of Afriea and elsewhere. It is thought 
to be due to an abnormal inflammatory reaetion to voleanie red elay 
soils (Fuller 2005). Both filariasis and podoeoniosis have a large soeio- 
eeonomie impaet. Primary lymphoedema is a rare inherited eondition, 
most eommon in females, and may involve abnormal development of 
lymph nodes or valves in the lymphatie vessels. 
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Cardiac muscle 


Eleetron mierographs of eardiae muscle eells in longitudinal seetion 
show that the myofibrils separate before they pass around the nucleus, 
leaving a zone that is occupied by organelles, including sareoplasmie 
reticulum, Golgi complex, mitoehondria, lipid droplets and glyeogen 
(Fig. 6.25). At the light mieroseopie levef these zones appear in longi- 
tudinal seetions as unstained areas at the poles of eaeh nucleus. They 
often eontain lipofhsein granules, which accumulate there in individu- 
als over the age of 10; the reddish-brown pigment may be visible even 
in unstained longitudinal seetions. 

The eross-striations of eardiae muscle are less conspicuous than 
those of skeletal muscle. This is because the eontraetile apparatus of 
eardiae muscle lies within a mitoehondria-rieh sareoplasm. The myofi- 
brils are also less well delineated in eardiae muscle; in transverse see- 
tions they often fuse into a continuous array of myofilaments, irregularly 
bounded by mitoehondria and longitudinal elements of sareoplasmie 
reticulum. The large mitoehondria, with their elosely spaeed eristae, 
refleet the highly developed oxidative metabolism of eardiae tissue. The 
proportion of the eell volume occupied by mitoehondria (approxi- 
mately 35%) is even greater in eardiae muscle than it is in slow twitch 
skeletal muscle fibres. The high demand for oxygen is also refleeted in 
high levels of myoglobin and an exceptionally rieh network of eapillar- 
ies around the fibres. 

The foree of eontraetion is transferred through the ends of the eardiae 
muscle eells via the junctional strength provided by the interealated 
dises. As in skeletal nmsele, foree is also transmitted laterally to the 
sareolemma and extracellular matrix via vinculin-containing elements 
that bridge between the Z-dises of peripheral myofibrils and the plasma 
membrane. The aetin-binding proteins speetrin and dystrophin, impor- 
tant eomponents of the eardiae muscle eell eytoskeleton, assoeiate inde- 
pendently with the sareolemma to provide meehanieal support. Both 
protein complexes form eomponents of the eostamere (Peter et al 2011; 
Samarel 2005), which, in addition to transmitting foree from sareom- 
eres to the sareolemma and extracellular matrix, is eentral to meehani- 
eally generated signalling meehanisms. 

Atrial muscle eells are smaller than ventrioilar eells. The eytoplasm 
near the Golgi complexes at the poles of the nuclei exhibits dense 
membrane-bound granules that eontain the precursor of atrial natri- 
uretic peptide. This hormone promotes loss of sodium and water in the 
kidneys, reducing blood volume and thereby lowering blood pressure. 
It is released into the blood in response to streteh of the atrial wall. 
Atrial natriuretic peptide and aldosterone have antagonistie effeets on 
renal sodium and water handling, via independent meehanisms. 



Fig. 6.25 A low-power transmission eleetron mierograph of eardiae 
muscle in longitudinal seetion, including the perinuclear zone of one of 
the fibres. Note the abundant large mitoehondria (M) between myofibrils 
(My), and an interealated dise (eireled). (Courtesy of Professor Brenda 
Russell, Department of Physiology and Biophysies, Llniversity of lllinois at 
Chicago.) 


The sareolemma of ventriailar eardiae muscle eells invaginates to 
form T-tubules with a wider lumen than those of skeletal muscle; atrial 
muscle eells have few or no T-tubules. Llnlike skeletal muscle, most 
T-tubules penetrate the sareoplasm at the level of the Z-dises (see Fig. 
6.24). The T-tubules are intereonneeted at intervals by longitudinal 
branehes to form a complex network. They serve a similar fimetion in 
skeletal and eardiae muscle, i.e. to earry the wave of depolarization into 
the eores of the eells. 

The sareoplasmie reticulum is a membrane-bound tubular plexus 
that surrounds and defines, sometimes ineompletely, the outlines of 
individual myofibrils. Its main role, as in skeletal muscle, is the storage, 
release and reaccumulation (sequestration) of calcium ions. The 
calcium-binding protein calsequestrin allows large amounts of calcium 
to be stored within the sareoplasmie reticulum and modulates aetivity 
of the calcium release ehannels (ryanodine reeeptors) (Gyòrke and 
Terentyev 2008). The sareoplasmie reticulum is separated from the 
T-tubules by a 15 nm gap spanned by structures termed junctional 
proeesses, which are thought to be the eytoplasmie part of the calcium 
release ehannels; similar proeesses are found in skeletal muscle at the 
junctional surface of the terminal eisternae. Sareoplasmie reticulum 
bearing junctional proeesses is termed junctional sareoplasmie reticu- 
lum to distinguish it from free sareoplasmie reticulum, which forms a 
longitudinal network. Junctional sareoplasmie reticulum makes eontaet 
with both the T-tubules and the sareolemma (of which the T-tubules 
are an extension). Sareoplasmie reticulum forms small globular exten- 
sions (corbular sareoplasmie reticulum) in the vieinity of the Z-dises, 
but not in immediate relation to T-tubules or the sareolemma. Sinee 
the junctions between T-tubules and sareoplasmie reticulum usually 
involve only one structure of eaeh type, the eorresponding profiles in 
eleetron mierographs are referred to as dyads, rather than triads as in 
skeletal muscle. 

interealated dises 


interealated dises are unique, complex junctions between eardiae myo- 
eytes. In the light mieroseope they are seen as transverse lines erossing 
the traets of eardiae eells (see Fig. 6.23). They may step irregularly 
within or between adjaeent traets, and may appear to jump to a new 
position as the plane of focus is altered. Ultrastructurally, they are seen 
to have transverse and lateral portions (see Fig. 6.24; Fig. 6.26). The 
transverse portions occur wherever myofibrils abut the end of the eell, 
and eaeh takes the plaee of the last Z-dise. At this point, the aetin fila- 
ments of the terminal sareomere insert into a dense subsarcolemmal 
matrix that anehors them, together with other eytoplasmie elements 
such as intermediate filaments, to the plasma membrane. Prominent 
desmosomes, often with a dense line in the intercellular spaee, occur 
at intervals along eaeh transverse portion. This junctional region is 



Fig. 6.26 An interealated dise in eardiae muscle, with several zones of 
eleetron-dense faseia adherens (FA) and a gap junction (arrow). (Courtesy 
of Professor Brenda Russell, Department of Physiology and Biophysies, 
Llniversity of lllinois at Chicago.) 
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SECTION 1 


SMOOTH MUSCLE AND THE CARDIOVASCULAR AND LYMPHATIO SYSTEMS 


homologous with, and probably similar in eomposition to, the stme- 
ture found on the eytoplasmie faee of the myotendinous junction, and 
is a type of faseia adherens junction. It provides firm adhesion between 
eells, and a route for the transmission of eontraetile foree from one eell 
to the next. 

The lateral portions of an interealated dise mn parallel to the myo- 
filaments and the long axis of the eelf for a distanee that eorresponds 
to one or two sareomeres before turning again to form another trans- 
verse portion. They are therefore responsible for the stepwise progres- 
sion of the interealated dise, which is seen mieroseopieally. The lateral 
portions eontain gap junctions between adjaeent eells (see Fig. 6.26), 
which provide eleetrieal coupling and so enable the eleetrieal impulse 
to propagate from one eell to the next, spreading excitation and eontrae- 
tion rapidly along the branehing traets of intereonneeted eells. The 
aetivity of the individual eells of the heart is thus eoordinated so that 
they fimetion as if they were a syncytium. 


influence on the paeemaker region, the simiatrial (SA) node, whereas 
aetivation of the left vagus slows propagation of the impulse mainly 
through its effeet on the atrioventriailar (AV) node. Vagal aetivity has 
little direet effeet on ventricular eontraetility. 

Postganglionie sympathetie nerve fibres from the eervieal sympa- 
thetie ganglia reaeh the heart via the recurrent eardiae nerves. Parasym- 
pathetie fibres in the heart are derived from ganglion eells in the 
eardiae plexuses and atrial walls that are innervated by preganglionie 
eardiae branehes of the vagus. Adrenergie, eholinergie and peptidergie 
endings have been demonstrated in the myocardium. Fibres often end 
elose to muscle eells and blood vessels, but junctional speeializations 
are not seen, and a gap of at least 100 nm remains between myoeyte 
and axon. It is probable that neurotransmitters diffiise aeross this gap 
to the adjaeent eells. Some of the endings represent efferent nerve ter- 
minals, while others fimetion as pain reeeptors, meehanoreeeptors or 
ehemoreeeptors. 


Oontraetile protein isoforms 
[(*) of eardiae muscle 

As in skeletal muscle, the eontraetile proteins of eardiae muscle exist in 
a number of tissue- and stage-speeifie forms. 

Endocardium 


The whole inner surface of the heart is eovered by a thin layer of eells 
forming the endoeardmm, which separates the myocardium from the 
blood. These eells are very similar to the endothelial eells that line 
blood vessels, with a similar biologieal aetivity and embryologieal 
origin. They are now reeognized as playing an important signalling role 
in eardiae muscle fimetion (reviewed in Bmtsaert (2003)). 

NEUROVASCULAR SUPPLY 0F CARDIAC MUSCLE 
Vascular supply 

The aetivity of the heart is equivalent to a eonstant power expenditure 
of 1.3 watts under basal eonditions, and esealates to 3 watts or more 
during physieal exertion. Cardiac muscle eells eontain glyeogen, which 
is a reserve during peaks of aetivity, but the majority of their energy 
requirement is continuous and supplied only through a highly devel- 
oped oxidative metabolism, as is evident from the high proportion of 
the eell volume that is occupied by mitoehondria. This metabolism has 
to be supported by a rieh blood supply. Myocardium has a very high 
perffision rate of 0.5 ml/min/g of tissue (5 times that of liver and 15 
times that of resting skeletal muscle). No eardiae muscle eell is more 
than 8 jLim from a eapillary, and vascular ehannels occupy a high pro- 
portion of the total interstitial spaee. Cardiac muscle is supplied by the 
eoronary vessels. Although there is some variation in the detailed dis- 
tribution of the arterial branehes, the left ventriele, which has the 
highest workload and largest mass, reeeives the highest arterial blood 
flow. Branehes mn in the myocardium along the eoarser aggregations 
of eonneetive tissue and ramiíy extensively in the endomysial layer, 
ereating a rieh plexus of anastomosing vessels. This plexus includes 
lymphatie as well as blood eapillaries, which is not the ease in skeletal 
muscle. 

The high oxygen requirement of the myocardium makes it vulner- 
able to isehaemie damage arising from atheroma or embolism in the 
eoronary arteries. This vulnerability is exacerbated in the left ventriele 
because embedded eoronary arteries are eompressed by eontraetion of 
the myocardium, limiting perffision during systole. Arterial anastomo- 
ses, often more than 100 jiim in diameter, are found throughout the 
heart and are an important faetor in determining whether an adequate 
eollateral circulation may develop after a eoronary occlusion. 

Innervation 


Although the impulse-generating and conducting system of the heart 
establishes an endogenous rhythm, the rate and foree of eontraetion are 
under neural influence. Both divisions of the autonomic nervous system 
supply unmyelinated postganglionie fibres to the heart. The innervation 
is derived bilaterally but it is fimetionally asymmetrieal. Aetivation of 
the left stellate ganglion (sympathetie) has little effeet on heart rate but 
inereases ventricular eontraetility, whereas aetivation of the right stellate 
ganglion influences both rate and eontraetility. Aetivation of the right 
138 vagus nerve (parasympathetie) slows heart rate mainly through its 


EXCITATI0N-C0NTRACTI0N C0UPLING 
IN CARDIAC MUSCLE 


The molecular interaetion between aetin and myosin that underlies the 
generation of foree is initiated by elevation of eytosolie calcium in both 
eardiae and skeletal muscle. However, there are signifieant differenees 
in both the meehanisms by which this occurs and the physieal arrange- 
ment and moleoilar eomposition of the eontraetile elements (reviewed 
in Bers (2002)). 

One of the major fimetional differenees between eardiae and skeletal 
muscle is the way in which eontraetile foree is regulated. Smoothness 
and gradation of eontraetion in skeletal muscle depend on reemitment 
and asynchronous firing of different numbers of motor units. Individ- 
ual motor units ean also build up a eontraetion through a brief series 
of re-excitations. In the heart, the entire mass of muscle must be 
aetivated almost simultaneously, and meehanieal summation by 
re-excitation is not possible, because the eells are eleetrieally refraetory 
until meehanieal relaxation has taken plaee (see below). 

As in skeletal muscle, eardiae muscle eontraetion is initiated when 
calcium binds to troponin-C, a eomponent of the regulatory protein 
complex on the thin filaments. During basal aetivity of the heart, the 
amount of calcium bound to troponin-C during eaeh systole induces 
less than half-maximal aetivation of the eontraetile apparatus. Contrac- 
tile foree ean therefore be inereased by inereasing eytosolie calcium and 
thus the amount bound to troponin-C. This is aehieved by eontrolling 
the amount of free calcium that is released into the eytosol during 
systole. 

A speeial feature of the eardiae muscle eell is the long duration of 
its aetion potential. This is due to aetivation of voltage-dependent 
L-type calcium ehannels in the sareolemma by the initial depolariza- 
tion, through which calcium enters the eell, sustaining the depolariza- 
tion and so causing a long-lasting eleetrieal plateau of equivalent length 
to the eontraetion. However, calcium influx during the plateau only 
accounts for about 25% of the elevation of eytosolie calcium; the rest 
is released from the sareoplasmie reticulum. 

Aetion potentials are conducted into the T-tubules, where they aeti- 
vate L-type ehannels and calcium influx. This causes a loealized inerease 
in free calcium in the narrow spaee between the T-tubules and junc- 
tional sareoplasmie reticulum, which aetivates calcium release ehannels 
on the latter, causing calcium to flood out into the eytosol. This 
'calcium-induced calcium release' is a vital eomponent of eardiae 
muscle aetivation and is the prineipal or only meehanism by which 
calcium ean be released from the sareoplasmie reticulum in the myo- 
cardium. This major differenee between eardiae and skeletal muscle is 
refleeted in tissue-specific isoforms of calcium release ehannels. 

Systolie aetivation is terminated on repolarization of the aetion 
potential by reuptake (sequestration) of calcium from the eytosol baek 
into the sareoplasmie reticulum. This is mediated by a high-affinity 
sareo-endoplasmie reticulum calcium ATPase (SERCA), which rapidly 
reduces eytosolie free ealemm to resting levels. The aetivity of this 
ATPase eontrols the rate of deeay of the calcium transient and is there- 
fore a determinant of the rate of relaxation of the heart. The sareoplas- 
mie reticulum eontains a eardiae form of calsequestrin, a homologue 
of the proteins found in skeletal and smooth muscle. This ealemm- 
binding protein buffers the free ealemm eoneentration inside the sareo- 
plasmie reticulum, allowing it to store eonsiderable amounts of total 
calcium without inereasing the gradient against which SERCA must 
pump. It may also modulate the aetivity of the calcium release ehannels 
(Gyòrke and Terentyev 2008). 

Whilst SERCA therefore allows rapid relaxation of the myocardium, 
the ealemm that entered the eell during the aetion potential nrnst also 











Smooth rrmsele and the cardiovascular and lymphatie systems 


The eardiae isoform of a-aetin is not identieal to the skeletal muscle 
form and is eneoded by a different gene, although the two are so similar 
as to be hmetionally interehangeable. Both skeletal and eardiae iso- 
forms of sareomerie aetin are expressed in fetal ventricular muscle. The 
mRNA for skeletal a-aetin inereases postnatally and exceeds that of 
eardiae aetin in the adult. 

The myosin heavy ehain of human eardiae muscle exists in two 
isoforms, a and (3, both of which are present in the fetal heart. The a- 
form persists as the adult isoform in atrial mnsele, whereas the (3-form 
(which is assoeiated with a slower rate of eontraetion) predominates in 
ventricular muscle. Interestingly the (3-form of myosin heavy ehain in 
eardiae muscle is identieal to the isoform in slow twitch skeletal muscle. 
This identity between eardiae and slow twitch skeletal protein isoforms 
is true of several proteins, including ventricular myosin light ehains and 
eardiae troponin-C. Other proteins, such as troponin-I and T, exist in 
eardiae-speeifie forms in the adult, although skeletal isoforms are 
expressed in the fetus and neonate. The appearanee of eardiae-speeifie 
isoforms of troponin-I and T in the blood, following their release from 
damaged eardiae eells, is now a standard diagnostie test for myoeardial 
infaretion. 
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be transported out again to prevent calcium overload. This is aeeom- 
plished primarily by a sodium-calcium exchanger (NCX) in the sareo- 
lemma, and to a much lesser extent by a sareolemmal calcium ATPase. 
These aet more slowly than SERCA, continuously removing calcium 
from the eell during the diastolie interval as calcium slowly leaks from 
the sareoplasmie reticulum. 

The extent of the elevation of eytosolie calcium and therefore 
foree generation during systole is determined by both the size of the 
initial stimulus (amount of calcium entering through L-type ehannels) 
and the amount of calcium stored within the sareoplasmie reticulum. 
The greater the amount stored, the more is available for release. This 
provides an intrinsie meehanism for matehing any inerease in heart 
rate with a progressive inerease in eontraetile foree. At higher heart 
rates, more calcium enters per unit time, but as the diastolie interval 
is reduced there is less time for ealehim to be removed from the 
eell by the sareolemmal sodium-calcium exchanger. The amount of 
calcium stored in the sareoplasmie reticulum therefore inereases, so 
more ean be released during systole. inereased heart rate is therefore 
coupled with an inerease in foree, a phenomenon ealled the stairease 
response. 

The most potent physiologieal means of enhaneing eardiae eon- 
traetility is through the aetion of (3-adrenergie agents, speeifieally the 
sympathetie neurotransmitter noradrenaline (norepinephrine) and eir- 
culating adrenaline (epinephrine). Aetivation of (3-adrenergie reeeptors 
produces eyelie adenosine monophosphate (eAMP), which enhanees 
calcium influx via L-type ealemm ehannels during depolarization, so 
stimulating greater release from the sareoplasmie reticulum. In addi- 
tion, eyelie AMP enhanees the aetivity of SERCA via promoting phos- 
phorylation of an assoeiated protein, phospholamban. This enables a 
more rapid reduction of the eytosolie calcium pump and aeeelerated 
relaxation, which is important when the heart rate is inereased. Phos- 
phorylation of troponin-I on the thin filaments also inereases the rate 
of eross-bridge eyeling, fhrther aeeelerating relaxation. 

Dysfunction of eardiae muscle: excitation- 
({*) eontraetion coupling in disease 

In eoronary heart disease the myocardium may be inadequately per- 
fiised (myoeardial isehaemia), leading to energy defieit, loss of eontrae- 
tility and eventually eell death. The proeess may culminate in 
irretrievable myoeardial damage and progress to heart failure, which is 
the inability to provide adequate eardiae output for the tissues. 


ORIGIN OF CARDIAC MUSCLE 


Cardiac myoeytes differentiate from the splanchnopleuric eoelomie 
epithelial eells of the pericardium initially subjacent to the endoderm 
(see Lig. 52.6). As the primitive heart tube is formed, the presumptive 
myoeardial eells start to express genes that eneode eharaeteristie myo- 
eardial proteins, including myosin, aetin, troponin and other eompo- 
nents of the eontraetile apparatus. Myofibrils begin to appear in the 
developing myoblasts, and the first fimetional heart beats start soon 
afterwards. 

Committed eardiae myoblasts do not fhse to form multinucleated 
myotubes, as occurs in skeletal muscle, but remain as single eells 
coupled physieally and eleetrieally through intercellular junctions. Dif- 
ferentiated eardiae myoeytes continue to divide during fetal develop- 


ment and withdraw from the eell eyele only after birth. This is markedly 
different from skeletal muscle development, when differentiation, 
including the aetivation of muscle-specific genes, eoineides with with- 
drawal from the eell eyele. During fetal maturation, successive ehanges 
in gene expression give rise to the eharaeteristies of fetal, neonatal and 
adult myocardium, and are responsible for the divergenee of the proper- 
ties of atrial and ventricular muscle eells. 

The regulatory meehanisms underlying differentiation of eardiae 
muscle appear to be distinet from those of skeletal muscle. It is antiei- 
pated that counterparts will be found for the transeriptional faetors 
Myf-5, myogenin, MyoD and Myf-6, which are responsible for inducing 
differentiation of skeletal muscle. It is known that Tbx5 and Nkx2-5 
are required for formation of atrial and ventricular myocardium (see 
Lig. 52.13). 

Concurrent with the development of eontraetile proteins, eardiae 
myoeytes develop numerous speeifie intracellular vesieles eontaining 
substances shown to induce natriuresis and diuresis, and a family of 
polypeptides generally known as atrial natriuretic peptides. These vesi- 
eles develop from the Golgi complex in both atria and ventrieles during 
fetal life but beeome restrieted to atrial muscle in the adult. Atrial 
natriuretic peptide is measurable when the heart is reeognizably 
four-chambered; almost all eells within the atria are eapable of its 
synthesis. 

The impulse-generating (AV node) and conducting systems of the 
heart (AV node; bundle of His, Purkinje fibres) are formed from eardiae 
myoeytes that differ in their morphology from the working myoear- 
dium of the heart ehambers. Cells of the SA and AV nodes tend to be 
smaller with slow eell-to-eell eleetrieal conduction, whilst those of the 
bundle of His and Purkinje fibres are larger in diameter with very rapid 
eleetrieal conduction. 


CARDIAC PLASTICITY AND REGENERATION 
OF CARDIAC MUSCLE 



The heart exhibits a signifieant degree of plastieity. Physiologieal and 
pathophysiologieal stimuli ean initiate eardiae remodelling (reviewed 
in Hill and Olson (2008)). Lor example, inereased loads as a result of 
exercise training or pregnaney induce physiologieal hypertrophy of the 
heart, where the ventricular walls thieken due to an inerease in the size 
(but not number) of eardiae muscle eells. Conversely, hypertrophy 
resulting from eardiae damage, high blood pressure and/or extended 
aetivation of neurohumoral eompensatory meehanisms (e.g. sympa- 
thetie stimulation, production of angiotensin II and aldosterone) ean 
be maladaptive, inereasing the risk and rate of progression of heart 
failure and sudden death due to arrhythmias. 

In skeletal muscle, a population of precursor eells (satellite eells) is 
retained in adult life, constituting a pool of myoblasts eapable of divid- 
ing, fiising with existing muscle fibres and initiating regeneration after 
damage. It was thought that eardiae muscle laeked an equivalent popu- 
lation of eells and was therefore ineapable of regeneration. There is 
some evidenee that the heart does eontain endogenous progenitor eells 
eapable of regenerating myoeardial fimetion (Oh et al 2004), although 
to a very limited extent eompared to skeletal muscle and insufficient to 
restore heart fimetion after isehaemie or other injury. It has been sug- 
gested that there is a slow but continuous renewal of eardiae muscle 
eells throughout life even in healthy individuals, with a turnover of 
between 0.4 and 1% per year (Bergmann et al 2009). 
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The body responds to this ehallenge with a variety of neurohumoral 
meehanisms, including inereased sympathetie stimulation to the heart, 
inereasing heart rate and eontraetility via noradrenaline (norepine- 
phrine; see above). Treatment includes administration of positive ino- 
tropie agents (dmgs that inerease eontraetility) such as (3-adrenergie 
agonists and phosphodiesterase inhibitors that prevent the breakdown 
of eyelie AMP. The elassieal positive inotropie dmg is digitalis (digoxin), 
which at therapeutic doses causes partial inhibition of the sodium 
pump (sodium-potassium ATPase) that maintains the ionie gradient 
aeross the sareolemma. This leads to a reduced sodium eoneentration 
gradient, impairing operation of the sareolemmal sodium-calcium 
exchanger. Less calcium is therefore extmded from the eelf so more is 
left in the sareoplasmie reticulum for release during systole, inereasing 
foree. However, positive inotropes are now only used in the short term 
because, if used ehronieally, they ean hasten progression of the disease. 
The following explains why this is the ease. 

An energy defieit has far-reaehing consequences beyond the inhibi- 
tion of aetin and myosin interaetions. ATP is vital for many cellular 
proeesses: in particular, the aetivities of the sodium pump and SERCA. 
Impaired operation of the sodium pump leads to reduced extmsion of 
calcium (see above). Inhibition of SERCA impairs calcium reuptake into 
the sareoplasmie reticulum and relaxation at the end of systole. The net 
effeet is calcium overload. Mitoehondria ean mitigate the effeets by 
taking up calcium, but eventually this causes mitoehondrial damage 
and so worsens the energy defieit. As ATP falls fhrther, operation of the 
sodium pump deelines, the ionie gradient is dispersed and the eell 
depolarizes, causing calcium entry through L-type ehannels, which 
worsens the calcium overload and leads to eell death. Positive ino- 
tropes, by inereasing both eytosolie calcium and energy requirements, 
will elearly worsen the situation. 


This sequence of events has led to development of agents that aet 
via inereasing the binding of troponin-C to calcium, rather than by 
inereasing ealemm. However, therapy for ehronie heart failure is still 
currently foaised on limiting disease progression, largely by intermpt- 
ing neurohumoral eompensation meehanisms. Paradoxically, this 
includes (3-adrenergie reeeptor antagonists, and also antagonists to 
angiotensin II and aldosterone (reviewed in Taneis (2001 ), which may 
inhibit eardiae remodelling (see below). 

Both inereased meehanieal stress and circulating or loeal mediators 
ean initiate the gene transeription and protein synthesis assoeiated with 
eardiae hypertrophy and remodelling. At least part of the response is 
mediated through ealemm-dependent meehanisms involving eal- 
cineurin, and isoforms of protein kinase C and calcium-calmodulin- 
dependent kinase, but growth faetors, inflammatory eytokines and 
other humoral mediators also aetivate complex signalling easeades that 
modiíy aetivity of transeription faetors. Notably, physiologieal and 
pathologieal eardiae remodelling show signifieant differenees in gene 
transeription and expression of eertain proteins; pathologieal hypertro- 
phy is assoeiated with phenotypie switching towards fetal and less 
effieient isoforms of eontraetile proteins such as myosin heavy ehain 
(Hill and Olson 2008). 

Chronic heart failure is regarded as irreversible and progressive, and 
pathologieal eardiae remodelling plays a major role in its progression. 
Therapy is largely focused on agents that suppress pro-remodelling 
pathways (e.g. (3-bloekers, angiotensin eonverting enzyme inhibitors, 
aldosterone antagonists) and therefore slow progression (Franeis 2001). 
However, reeent developments have raised hope for future treatments 
that might reverse eardiae damage. 
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In this ehapter, the types and fhnetions of skin in different parts of the 
body are deseribed first, followed by the microstructure of the epidermis 
and dermis, and the appendages of skin, including the pilosebaceous 
units and the sweat glands and nails. The development of skin, natural 
skin lines and age-related ehanges, and elinieal aspeets of skin, e.g. 
grafts, surgical skin flaps and wound healing, are also deseribed. The 
integumental system includes the skin and its derivatives, hairs, nails, 
sweat and sebaceous glands; subcutaneous fat and deep faseia; the 
mucocutaneous junctions around the openings of the body orifiees; and 
the breasts. Mucocutaneous junctions and breast tissues are eovered in 
the appropriate regional seetions. 


TYPES AND FUNCTIONS OF SKIN 


The skin is the largest organ of the human body and constitutes approx- 
imately 15% of the total body weight. In an average 70 kg person, the 
skin weighs approximately 13 kg and has a surface area of about 2 m 2 . 
It eovers the entire external surface of the body, including the external 
auditory meatus, the lateral aspeet of the tympanie membrane and the 
vestibule of the nose. It is continuous with the mucosae of the alimen- 
tary, respiratory and urogenital traets, and fhses with the conjunctiva at 
the margins of the eyelids, and with the lining of the laerimal canaliculi 
at the laerimal puncta. The thiekness of the skin ranges from 1.5 to 
5.0 mm and depends mainly on its loeation. 

The skin forms a self-renewing interfaee between the body and its 
environment. It provides an effeetive barrier against mierobial organ- 
isms, and proteets against meehanieal, ehemieal, osmotie, thermal and 
ultraviolet radiation damage. It is an important site of immune surveil- 
lanee against the entry of pathogens and the initiation of primary 
immune responses. For instanee, the skin produces various antimiero- 
bial peptides such as human eathelieidin LL-37, a small eationie peptide 
that ean prevent the immunostimulatory effeets of baeterial wall mol- 
ecules such as lipopolysaeeharide and therefore proteet against endo- 
toxaemia. It ean inhibit neutrophil apoptosis and stiimilate angiogenesis, 
tissue regeneration, and release of eytokines such as interleukin (IL)-8. 
Speeifie innate imimme defenees in the skin are present throughout the 
epidermis, dermis, hair follieles and appendages, and in the absenee of 
skin diseases or trauma, provide a resilient buffer against external 
mieroorganisms. 

Skin performs many bioehemieal synthetie proeesses, including the 
formation of vitamin D under the influence of ultraviolet B (UVB) 
radiation and synthesis of eytokines and growth faetors. Skin is the 
target of a variety of hormones such as thyroxine, androgens and oes- 
trogens. These aetivities ean affeet the appearanee and fimetion of indi- 
vidual skin eomponents, such as the sebaceous glands, the hairs and 
the pigment-producing eells. 

Oontrol of body temperature is an important fimetion of skin, and 
is effeeted mainly by regulation of heat loss from the cutaneous circu- 
lation through the rapid inerease or reduction in the flow of blood to 
an extensive external surface area. This proeess is also assisted by 
sweating. In disorders such as erythroderma, in which more than 90% 
of the skin is inflamed and red, insensible fluid losses ean exceed 
several litres per days and ean result in shoek if treatment is not initi- 
ated promptly. Skin is involved in socio-sexual communication and 
ean signal emotional states by means of muscular and vasailar 
responses. It is a major sensory organ, riehly supplied by nerve termi- 
nals and speeialized reeeptors for touch, temperature, pain and other 
stimuli. 

Skin has good frietional properties, assisting loeomotion and manip- 
ulation by its texture. It is elastie, and ean be stretehed and eompressed 
within limits. The outer surface is eovered by skin lines, some of which 
are large and conspicuous while others are mieroseopie, or are only 
revealed after manipulation or ineision of the skin. 


The colour of human skin is derived from, and varies with, the 
amount of blood (and its degree of oxygenation) in the cutaneous 
circulation, the thiekness of the eornified layer, and the ratio of eumela- 
nin (brown/black) and pheomelanin (red/yellow). Melanin has a pro- 
teetive role against UV radiation and aets as a seavenger of harmfiil free 
radieals. Raeial variations in colour are mainly due to differenees in the 
amount, type and distribution of melanin and are genetieally deter- 
mined. These genetie variants may also determine the prevalenee of 
benign skin lesions such as freekles, as well as susceptibility to eommon 
forms of non-melanoma skin eaneers. 

The appearanee of skin is affeeted by many other faetors, e.g. size, 
shape and distribution of hairs and of skin glands (sweat, sebaceous 
and apoerine), and ehanges assoeiated with maturation, ageing, metab- 
olism and pregnaney. The general state of health is refleeted in the 
appearanee and eondition of the skin, and the earliest signs of many 
systemie disorders may be apparent in the skin. 

CLASSIFICATION 0F SKIN 


Although skin in different parts of the body is fimdamentally of similar 
structure, there are many loeal variations in parameters such as thiek- 
ness, meehanieal strength, softness, flexibility, degree of keratinization 
(eornifieation), size and mimber of hairs, frequency and types of glands, 
pigmentation, vascularity and innervation. There are two main types of 
skin: the thiek, hairless (glabrous) skin, which forms the surfaces of the 
palms of the hands, soles of the feet, and flexor surfaces of the digits; 
and the thinner, hairy type, which eovers large areas of the body (Figs 
7.1-7.2; see Fig. 7.4). 


MICROSTRUCTURE 0F SKIN AND 
SKIN APPENDAGES 


EPIDERMIS 


The epidermis (see Pig. 7.2; Fig. 7.3) is a self-renewing stratified epithe- 
lial tissue eonsisting mainly of keratinoeytes. Other eells within the 
epidermis include melanoeytes (pigment-forming eells from the embry- 
onie neural erest), Langerhans eells (immature antigen-presenting den- 
dritie eells derived from bone marrow), lymphoeytes and Merkel eells. 
Merkel eells may fimetion as sensory meehanoreeeptors or possibly as 
part of the dispersed neuroendocrine system and many are assoeiated 
with nerve endings. Free sensory nerve endings are sparsely present 
within the epidermis. In routine histologieal preparations, the non- 
keratinoeyte eells are almost indistinguishable, and appear as elear eells 
surrounded by a spaee produced by shrinkage during proeessing. Their 
eytoplasm laeks prominent filament bundles. 

The population of keratinoeytes undergoes continuous renewal 
throughout life. This turnover of keratinoeytes is mediated by stem eells 
that reside in the basal layer of the epidermis. These basal eells generate 
daughter eells, which undergo a series of bioehemieal and physieal 
ehanges as they migrate towards the surface of the skin to form the 
various layers of the epidermis. They transform from polygonal living 
eells to non-viable flattened squames fiill of intermediate filament pro- 
teins (keratins) embedded in a dense matrix of eytoplasmie proteins to 
form mature keratin. The proeess is known as eornifieation. 

The epidermis eonsists of several layers: the innermost layer is the 
basal layer (stratum basale) and is succeeded by the spinous or priekle 
eell layer (stratum spinosum), granular layer (stratum granulosum), 
elear layer (stratum lucidum) and eornified layer (stratum corneum), 
which is the most superficial (Fig. 7.4). The first three of these layers 
are metabolieally aetive eompartments through which eells pass and 
ehange their morphology as they undergo cellular differentiation. The 
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Fig. 7.1 The organization of skin, eomparing the structures found in thiek, hairless (plantar and palmar) skin with thin, hairy (hirsute) skin. The epidermis 
has been partially peeled baek to show the interdigitating dermal and epidermal papillae. 



Fig. 7.2 The interfollicular epidermis of human thin skin. Note the thin 
eornified layer (C) in eomparison with the thiek eornified layer in Figure 
7.4 (which is at a lower magnifieation). (Courtesy of Mr Peter Helliwell 
and the late Dr Joseph Mathew, Department of Histopathology, Royal 
Cornwall Hospitals Trust, UK.) 

more superfìcial layers of eells undergo terminal keratinization, or 
eornifieation, which involves not only structural ehanges in keratino- 
eytes, but also molecular and bioehemieal ehanges within the eells and 
their surroundings. 

The epidermal appendages (pilosebaceous units, sweat glands and 
nails) are formed developmentally by the ingrowth of the epidermis. 


Keratinoeytes 


Basal layer 

The basal layer or stratum basale is the innermost layer of the epidermis 
and is adjaeent to the dermis. It is the site of epidermal cellular prolif- 
eration. This layer is in eontaet with a basal lamina (Fig. 7.5; see Fig. 
2.8), which is a thin layer of speeialized extracellular matrix, not usually 
visible by light mieroseopy. By transmission eleetron mieroseopy, the 
basal lamina eonsists of a elear lamina lucida (adjaeent to the basal eell 
plasma membrane) and a darker eleetron-dense lamina densa. The 
basal plasma membrane of the basal keratinoeytes, the extracellular 
basal lamina (lamina lucida and lamina densa) and anehoring fibrils 
eomposed of type VII eollagen within the subjacent dermal matrix (the 
lamina fìbroreticularis), which insert into the lamina densa, eolleetively 
form the basement membrane zone (BMZ) at the dermal-epidermal 
junction. This is a highly convoluted interfaee, particularly in thiek, 
hairless skin, where dermal papillae (rete ridges) projeet into the epi- 
dermis, interloeking with adjaeent downward projeetions of the epider- 
mis (rete pegs) (see Fig. 7.4). 

The majority of basal keratinoeytes (see Fig. 7.3) are eohimnar to 
cuboidal in shape, with large (relative to their eytoplasmie volume), 
mainly euchromatic nuclei and prominent nucleoli. The eytoplasm 
eontains variable numbers of melanosomes and keratin fìlament 
bundles eorresponding to the keratin tonofìlaments of elassie eleetron 
mieroseopy. In the basal keratinoeytes, these keratins eonsist mostly of 
keratin 5 (K5) and keratin 14 (K14) proteins. The plasma membranes 
of intereonneeting eells are coupled by desmosomes while those of the 
basal keratinoeytes are linked to the basal lamina by hemidesmosomes 
(see Figs 7.5, 1.19). Melanoeytes (see Fig. 7.9), Langerhans eells (see 
Figs 7.3 and 7.11) and Merkel eells (see Fig. 3.27) are interspersed 

































































































































Microstructure of skin and skin appendages 
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Fig. 7.3 The main features of the epidermis, including its eell 
layers and different eell types. 



Fig. 7.4 The epidermis and papillary dermis (P) of human thiek skin, 
shovving the thiek eornified layer (C, stratum corneum), the eosinophilie 
elear layer (L, stratum lucidum), the granular layer (G, stratum 
granulosum), the priekle eell layer (S, stratum spinosum) and the basal 
layer (B, stratum basale). Capillary loops (arrovvs) are seen entering the 
deep papillae (rete ridges) of the dermis, betvveen dovvnvvard-projeeting 
epidermal rete pegs. (Courtesy of Mr Peter Hellivvell and the late Dr 
Joseph Mathevv, Department of Histopathology, Royal Cornwall Hospitals 
Trnst, UK.) 

among the basal keratinoeytes. Merkel eells are eonneeted to keratino- 
eytes by desmosomes, but melanoqTes and Langerhans eells laek these 
speeialized eontaets. Intraepithelial lymphoqTes are present in small 
numbers. 

KeratinoqTe stem eells are found within the basal layer of the epi- 
dermis. These eells divide into progeny eells ealled transit (or transient) 
amplifying eells, which also reside within the basal layer. Transit ampli- 
fying eells undergo a few rounds of proliferation before undergoing 
terminal differentiation. The aetivity of stem eells and transit amplifying 
eells in the basal layer provides a continuous supply of differentiating 
eells, which move suprabasally, eventually forming the eornifìed or 
eorneoeyte layer of the epidermis. Stem eells are thought to reside 
mainly in the interfollicular epidermis in the troughs of rete pegs, in 
the outer root sheath bulge of the hair folliele and in sebaceous glands. 
The distribution of stem eells and the size of their proliferative units 
(see below) may be quite variable in human skin. 

The epidermal stem eells and their differentiated progeny are organ- 
ized into columns named epidermal proliferation units. Several layers 
of priekle and gramilar eells overlie a cluster of 6-8 basal eells, forming 
a columnar proliferative unit. Eaeh group of basal eells eonsists of a 
eentral stem eell with an eneireling ring of transit amplifying prolifera- 
tive eells and postmitotie maturing eells. From the periphery of this 
unit, postmitotie eells transfer into the priekle eell layer. The normal 
total epidermal turnover time is between 52 and 75 days. In some skin 
disorders, the turnover rates and transit times are signifieantly short- 
ened, e.g. in psoriasis, the total epidermal turnover time may be as 
little as 8 days. The eontrol of keratinoeyte proliferation and differen- 
tiation is beyond the seope of this publication but is reviewed in Fuchs 
(2007). 
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Fig. 7.5 The major features of a hemidesmosome in the basement 
membrane zone (BMZ) of skin, ineliiding some of the important molecular 
eomponents. Note that laminin 332 was formerly laminin 5. (Original figure 
courtesy of Masatomo Kawano.) 
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Fig. 7.6 The superficial layers of human thiek skin, showing the deeply 
stained keratohyalin granule-containing eells of the granular layer (G) 
between the priekle eell or spinous layer (S) and the elear (or lucid, L) 
and eornified (C) layers above. Note that the elear layer is only translucent 
in unstained preparations and appears eosinophilie, as here, after 
staining. (Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 

Priekle eell layer 

The priekle eell layer, also known as the stratum spinosum (see Fig. 7.3; 
Fig. 7.6), eonsists of several layers of elosely paeked keratinoeytes. These 
eells are eonneeted to eaeh other by desmosomes, speeialized eell-eell 
junctions that provide tensile strength and eohesion to the layer. When 
skin is stained by haematoxylin and eosin and viewed by routine light 
mieroseopy intercellular bridges eorresponding to the loeations of 
desmosomes are seen between the dehydrated keratinoeytes. This 
appearanee gives these suprabasal keratinoeytes their eharaeteristie 
spiny appearanee. The eytoplasm of the keratinoeytes in the priekle eell 
layer eontains prominent bundles of eytokeratin filaments, mostly 
eytokeratins 1 (Kl) and 10 (K10), arranged eoneentrieally around a 
euchromatic nucleus and attaehed to the dense plaques of the desmo- 
somes. The eytoplasm also eontains melanosomes, either singly or 
aggregated within membrane-bound organelles (compound melano- 
somes). Langerhans eells (see Fig. 7.11) and oeeasional lymphoeytes are 
also present in the priekle eell layer. 

Granu!ar layer 

Extensive ehanges in keratinoeyte structure occur in the 3-4 layers of 
flattened eells in the gramilar layer, also known as the stratum granu- 
losum. The nuclei beeome pyknotie and begin to disintegrate. 
Organelles such as ribosomes and membrane-bound mitoehondria 
and Golgi bodies degenerate. Oytokeratin filament bundles beeome 
more eompaet and assoeiated with irregular, densely staining kerato- 
hyalin granules (see Fig. 7.6). Small round gramiles (100 x 300 nm) 
with a lamellar internal structure (lamellar granules, Odland bodies, 
keratinosomes) also appear in the eytoplasm. Keratohyalin granules 
eontain a histidine-rieh, sulphur-poor protein profilaggrin, which 
beeomes modified to filaggrin as the eell reaehes the stratum corneum. 
The lamellar granules release their hydrophobie glyeophospholipid 
eontents into the intercellular spaee within this layer and between the 
granular layer and the eornified layer. These glyeophospholipids form 
an important eomponent of the permeability barrier of the epidermis. 
Defeets in the filaggrin protein, as a result of loss-of-function mutations 
in the filaggrin (FLG) gene, have been shown to cause iehthyosis vul- 
garis, a eommon dry sealy skin eondition, as well as being a major risk 
faetor for atopie eezema. In addition, eopy number variation in the FLG 
gene may influence the amount of filaggrin in the skin and also eon- 
tribute to the pathogenesis of both dry skin and eezema. The degrada- 
tion products of filaggrin, including urocanic aeid, contribute to the 
formation of natural moisturizing faetor, a key eomponent of the epi- 
dermal barrier fimetion. The fimetions of filaggrin are reviewed in 
Brown and MeLean (2012). 

Clear layer 

The elear layer is only found in thiek palmar or plantar skin. It repre- 
sents a poorly understood stage in keratinoeyte differentiation. It stains 
more strongly than the eornified layer with aeidie dyes (see Fig. 7.6). It 
is more optieally refraetile and often eontains nuclear debris. llltrastme- 
turally, the eells eontain eompaeted keratin filaments and resemble the 
ineompletely keratinized eells that are oeeasionally seen in the inner- 
144 most part of the eornified layer of thin skin. 



Fig. 7.7 A seanning eleetron mierograph showing the epidermal surface 
surrounding the aperture of a sweat duct. Note the polygonal, seale-like 
keratinoeytes (squames) of the superficial eornified layer. 


Cornifíed layer 

The eornified layer (see Figs 7.3, 7.6) is the final product of epidermal 
differentiation. It eonsists of elosely paeked layers of flattened polyhe- 
dral squames or eorneoeytes (Fig. 7.7), ranging in surface area from 
800 to 1100 jiim 2 . These eells overlap at their lateral margins and inter- 
loek with eells of apposed layers by ridges, grooves and mierovilli. In 
thin skin, this layer may be a few eells deep, but in thiek skin it may be 
more than 50 eells deep. The plasma membrane of the eorneoeytes 
appears thieker than that of other keratinoeytes, partly due to the eross- 
linking of a soluble precursor, involucrin, at the eytoplasmie faee of the 
plasma membrane, in the complex insoluble eornified envelope. The 
outer surface is also eovered by a monolayer of bound lipid. The inter- 
cellular region eontains extensive lamellar sheets of glyeolipid derived 
from the lamellar granules of the granular layer. The eells laek a nucleus 
and membranous organelles, and eonsist solely of a dense array of 
keratin filaments embedded in a eytoplasmie matrix, which is partly 
eomposed of filaggrin derived from keratohyalin granules. 

Llnder normal eonditions, the production of epidermal keratino- 
eytes in the basal layer is matehed by the loss of eorneoeytes from the 
eornified layer. Desquamation of these eells is normally impereeptible. 
When excessive, it may appear as dandmff on the sealp or the flaking 
or peeling skin that follows sunburn. In eertain skin disorders such as 
psoriasis, there is extensive sealing. The thiekness of the eornified layer 
ean be influenced by loeal environmental faetors including ehronie 
seratehing, which ean lead to a eonsiderable thiekening of the whole 
epidermis including the eornified layer. The soles of the feet beeome 
much thiekened if an individual habitually walks barefoot, and calluses 
develop in areas of frequent pressure, e.g. on various parts of the feet 
from wearing tight shoes; palmar calluses in manual workers; and 
digital calluses in guitar players. 

Keratins 

Epidermal keratinization has historieally been the term applied to the 
final stages of keratinoeyte differentiation and maturation, during 
which eells are eonverted into tough eornified squames. However, this 
is now regarded as ambiguous because the term keratin is assumed to 
refer to the protein of epithelial intermediate filaments, rather than to 
the whole eomplement of proteins in the terminally differentiated eell 
of the stratum corneum. 

Keratins are the intermediate filament proteins found in all epithe- 
lial eells. There are two types: namely, type I (aeidie) and type II (neutral/ 
basie). They form heteropolymers, are co-expressed in speeifie pairs and 
are assembled into 10 nm intermediate filaments. Fifty-four different 
fimetional keratin genes are reeognized in humans. These are expressed 
in highly speeifie patterns and also aeeording to the stage of cellular 
differentiation. Antibodies to individual keratins are useful analytieal 
tools (Fig. 7.8). Keratins K5 and K14 are expressed by basal keratino- 
eytes. Keratins K1 and K10 are synthesized suprabasally. In the granular 
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Fig. 7.8 lmmunofluorescence mieroseopy of human skin showing the 
epidermis (E), eytokeratin 14 (green staining) in the basal layer, the dermis 
(D) and the dermal-epidermal junction (dotted line). 


layer the fìlaments beeome assoeiated with keratohyalin granules eon- 
taining profìlaggrin, a histidine-rieh phosphorylated protein. As the 
eells pass into the eornifìed layer, profìlaggrin is eleaved by phosphatases 
into fìlaggrin, which causes aggregation of the fìlaments and forms the 
matrix in which they are embedded. Other types of keratin expression 
occur elsewhere, particularly in hair and nails, where highly speeialized 
hard keratin is expressed. This beeomes ehemieally modifìed and is 
much tougher than in the epidermis. For a reeent review of keratin 
fhnetion, see Pan et al (2013). 

Epidermal lipids 

The epidermis serves as an important barrier to transepidermal loss of 
water and other substances through the body surface (apart from in 
sweating and sebaceous seeretion). This is possible in part because of 
the presenee of an epidermal lipid layer that eonsists of a variety of 
lipids that are synthesized in the epidermis. These include triglyeerides, 
fatty aeids, phospholipids, eholesterof eholesterol esters, glyeosphingo- 
lipids and eeramides. Fmthermore, 7-dehydroeholesterof an intermedi- 
ate molecule in the eholesterol biosynthesis pathway and a precursor 
of vitamin D, is synthesized in the skin. The eontent and eomposition 
of epidermal lipids ehange with differentiation. Phospholipids and 
glyeolipids fìrst accumulate within keratinoeytes above the basal layer, 
but higher up they are broken down and are praetieally absent from the 
eornified layer. eholesterol and its esters, fatty aeids and eeramides 
accumulate towards the surface and are abundant in the eornified layer. 
The lamellar arrangement of the extracellular lipids is a major faetor in 
their barrier fhnetion. For fhrther reading on eornified layer lipids, see 
Elias et al (2014). 

Melanoeytes 


Melanoeytes are melanin pigment-producing eells derived from the 
neural erest (Figs 7.9-7.10). They are present in the epidermis and its 
appendages, oral epithelium, some mucous membranes, uveal traet 
(ehoroid eoat) of the eyeball, parts of the middle and internal ear, and 
in the pial and araehnoid meninges, prineipally over the ventrolateral 
surfaces of the medulla oblongata. The eells of the retinal pigment 
epithelium, developed from the outer wall of the optie cup, also 
produce melanin, and neurones in different loeations within the brain- 
stem (e.g. the locus coeruleus and substantia nigra) synthesize a variety 
of melanin ealled neuromelanin. In humans there are two elasses, the 
brown-black eumelanin and the red-yellow pheomelanin, both 
derived from the substrate tyrosine. Most natural melanins are mixtures 
of eumelanin and pheomelanin; pheomelanie pigments, triehoehromes, 
occur in red hair. 

Melanoeytes are dendritie eells and laek desmosomal eontaets with 
apposed keratinoeytes, though hemidesmosomal eontaets with the 
basal lamina are present. In routine tissue preparations, melanoeytes 
appear as elear eells in the basal layer of the epidermis. The mimbers 
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Fig. 7.9 Melanoeytes in the basal layer of thin skin, ineliiding that of the 
follieiilar epidermis, in a biopsy of peri-auricular skin in a Caucasian male. 
The pigmented melanoeytes, visualized immunocytochemically using 
antibody against a differentiation marker (Melan A/MART-1), extend 
dendritie proeesses between keratinoeytes of the basal and lower priekle 
eell layers. Melanoeytes are relatively inaetive in this speeimen; no 
melanosomes are visible in the surrounding keratinoeytes. (Courtesy 
of Mr Peter Helliwell and the late Dr Joseph Mathew, Department of 
Histopathology, Royal Cornwall Hospitals Trust, UK.) 



Fig. 7.10 An eleetron mierograph of a basal epidermal melanoeyte, 
showing its nucleus and eytoplasm eontaining melanosomes (white 
arrows). There are no desmosomes eonneeting it with apposed 
keratinoeytes. The eytoplasm of the keratinoeytes is full of dense keratin 
filaments (which are absent from the melanoeyte) and transferred 
melanosomes. The dermo-epidermal junction is indieated (blaek arrows). 
Human tissue. (Courtesy of Dr Bart Wagner, Histopathology Department, 
Sheffield Teaehing Hospitals, UK.) 

per unit area of epidermis range from 2300 per mm 2 in eheek skin to 
800 per mm 2 in abdominal skin. It is estimated that a single melanoeyte 
may be in fhnetional eontaet via its dendritie proeesses with up to 30 
keratinoeytes. The nucleus is large, round and euchromatic, and the 
eytoplasm eontains intermediate fìlaments, a prominent Golgi complex 
and vesieles and assoeiated rough endoplasmie reticulum, mitoehon- 
dria and eoated vesieles, together with a eharaeteristie organelle, the 
melanosome. 

The melanosome is a membrane-bound structure that undergoes a 
sequence of developmental stages during which melanin is synthesized 
and deposited within it by a tyrosine-tyrosinase reaetion. Mature 
melanosomes move into the dendrites along the surfaces of miero- 
tubules and are transferred to keratinoeytes through their phagoeytie 
aetivity (reviewed in Wu and Hammer (2014 ). Eaeh melanoeyte sup- 
plies melanin to approximately 35-40 neighbouring basal keratinoe- 
ytes. Keratinoeytes engulf and internalize the tip of the dendrite with 
the subsequent pinehing-off of melanosomes into the keratinoeyte 
eytoplasm. Here, they may exist as individual granules in heavily pig- 
mented skin, or be paekaged within seeondary lysosomes as melano- 
some complexes in lightly pigmented skin. In basal keratinoeytes they 
ean be seen to accumulate in a ereseent-shaped eap over the distal part 
of the nucleus. As the keratinoeytes progress towards the surface of the 
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epidermis, melanosomes undergo degradation, and melanin remnants 
in the eornified layer form dust-like partieles. Melanosomes are degraded 
more rapidly in light-skinned than in dark-skinned individnals, in 
whom melanosomes persist in eells of the more superficial layers. 
Melanosomes are aeidie, which explains why the larger melanosomes 
present in dark skin types are assoeiated with a more aeidie skin surface 
(pH = 4.3), eompared to lighter skin types (pH = 5.3). 

Melanin proteets the skin against the harmfiil effeets of UV radiation 
on DNA and is also an effieient seavenger of damaging free radieals. 
However, a high eoneentration of melanin may adversely affeet synthe- 
sis of vitamin D in darker-skinned individuals living in northern lati- 
tudes. Melanin pigmentation is both constitutive and facultative. 
Constitutive pigmentation is the intrinsie level of pigmentation and is 
genetieally determined, whereas facultative pigmentation represents 
reversible ehanges induced by environmental agents, e.g. UV and X- 
radiation, ehemieals and hormones. Raeial variations in pigmentation 
are due to differenees in melanoeyte morphology and aetivity rather 
than to differenees in number or distribution. In skin with naturally 
heavy pigmentation, the eells tend to be larger and more dendritie, and 
to eontain more large, late-stage melanosomes than the melanoeytes of 
paler skins. The keratinoeytes in turn eontain more melanosomes, indi- 
vidually dispersed, whereas in light skins the majority are eontained 
within seeondary lysosomes to form melanosome complexes. 

The response to UV light includes immediate tanning with pigment 
darkening and ean occur within minutes as a result of photo-oxidation 
of pre-existing melanin. Delayed tanning occurs after about 48 hours, 
and involves stimulation of melanogenesis within the melanoeytes, and 
transfer of additional melanosomes to keratinoeytes. There may also be 
some inerease in size of aetive melanoeytes, and in their apparent 
numbers, mainly through aetivation of dormant eells. Freekles in the 
skin, partiailarly of red-haired individuals, are usually thought to be 
induced by UV, though they do not appear until several years after birth, 
despite exposure. Paradoxically, melanoeytes are signifieantly fewer in 
freekles than in adjaeent paler epidermis, but they are larger and more 
aetive. 

Adrenoeortieotrophin (ACTH) is thought to affeet melanoeyte aetiv- 
ity, and is probably responsible for the hyperpigmentation assoeiated 
with pituitary and adrenal disorders. In pregnaney, higher levels of 
circulating oestrogens and progesterone are responsible for the inereased 
melanization of the faee, abdominal and genital skin, and the nipple 
and areola, much of which may remain permanently. 

In albinism, the tyrosinase required for melanin synthesis is either 
absent or inaetive, and melanoeytes, though present, are relatively qui- 
eseent eells in an otherwise normal epidermis. Melanoeytes deerease 
signifieantly in nmnbers in old age and are absent from grey-white hair. 
For ffirther reading on melanoeyte fimetion in health and disease, see 
Hearing (2011). 

Langerhans eells 

Langerhans eells (Fig. 7.11) are dendritie antigen-presenting eells that 
are distributed throughout the basal and priekle eell layers of the epi- 
dermis and its appendages. They are also present in other stratified 



Fig. 7.11 Langerhans eells immunolabelled using a peroxidase method 
for the marker protein S100, extending dendrites between keratinoeytes, 
mainly in the priekle eell layer of human thin skin. Basal layer melanoeytes 
and seattered dermal eells (possibly of neural origin) are also positive for 
S100. (Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 


squamous epithelia, including the buccal, tonsillar and oesophageal 
epithelia, as well as the eervieal and vaginal mucosae, and the transi- 
tional epithelium of the bladder. They are found in the conjunctiva but 
not in the eornea. In routine haematoxylin and eosin histologieal prep- 
arations, they appear as elear eells. They enter the epidermis from the 
bone marrow during development to establish the postnatal popula- 
tion (460-1000/mm 2 , 2-3% of all epidermal eells, with regional vari- 
ations), which is maintained by eontimial replaeement from the 
marrow. 

The nucleus is euchromatic and markedly indented, and the eyto- 
plasm eontains a well-developed Golgi complex, lysosomes (which 
often eontain ingested melanosomes) and a eharaeteristie organelle, the 
Birbeek granule, which is the ultrastructural hallmark of the Langerhans 
eell. The latter are diseoid or cup-shaped, or have a distended vesiele 
resembling the head of a tennis raeket; in seetion they often appear as 
a eross-striated rod 0.5 pm long and 30 nm wide. When stimulated by 
antigen, Langerhans eells migrate out of the epidermis to lymphoid 
tissues (see Fig. 4.14). Their mimbers are inereased in ehronie skin 
inflammatory disorders, particularly of an imimme aetiology, such as 
some forms of dermatitis. 

Merkel eells 


Merkel eells (see Gommentary 1.3) are present as elear oval eells, singly 4c 
or in groups, in the basal layer of the epidermis. They are also present 
in the outer root sheath of some large hair follieles. Merkel eells are 
thought to derive embryologieally from the epidermis, although a 
neural erest origin has been eonsidered. They ean be distinguished 
histologieally from other elear eells (melanoeytes and Langerhans eells) 
only by imimmohistoehemieal and ultrastructural eriteria. 

The plasma membrane of a Merkel eell has short, stiff proeesses that 
interdigitate with adjaeent basal keratinoeytes to which it is attaehed by 
small desmosomes. The eytoplasm eontains numerous elosely paeked 
intermediate filaments (mostly K8 and K18, and also K19 and K20) 
and eharaeteristie 80-110 pm dense-eore granules. The basal plasma 
membrane of many Merkel eells is elosely apposed to the membrane 
of an axonal terminal, which eonveys the sensation of touch. Merkel 
eells are thought to fimetion as neuroendocrine sensory reeeptors. They 
are slowly adapting meehanoreeeptors that respond to direetional 
deformations of the epidermis and the direetion of hair movement by 
releasing a transmitter from their dense-eore eytoplasmie granules. 
There is evidenee that a subpopulation of Merkel eells laeks axonal 
eontaet and may serve a neuroendocrine fimetion loeally. For fiirther 
reading on Merkel eells, see Lucarz and Brand (2007). 

Merkel eells ean undergo malignant transformation (see Commen- 
tary 1.3), possibly triggered by the Merkel eell polyomavims, and give rfe 
rise to a rare and aggressive tumour ealled a Merkel eell eareinoma that 
typieally presents with a painless, rapidly growing nodule on sun- 
exposed sites. 


DERMIS 


Beneath the epidermis is the dermis (see Figs 7.1, 7.4, 7.17), which 
is an irregular, moderately dense eonneetive tissue eomposed of an 
interwoven collagenous and elastie network in an amorphous ground 
substance of glyeosaminoglyeans, glyeoproteins and bound water. The 
dermis also eontains nerves, blood vessels, lymphaties and epidermal 
appendages. Meehanieally, the dermis provides eonsiderable strength 
to the skin by virtue of the mimber and arrangement of its eollagen 
fibres (which give it tensile strength) and its elastie fibres (which allow 
it to streteh and reeoil). The density of its fibre meshwork, and therefore 
its physieal properties, varies with different parts of the body, and with 
age and gender. The dermis is vital for the survival of the epidermis, 
and important morphogenetie signals are exchanged at the interfaee 
between the two both during development and postnatally. The dermis 
ean be divided into two zones: a narrow, superficial papillary layer and 
a deeper reticular layer. The boundary between these two zones is 
indistinet. 

Adult dermal eollagen is mainly of types I and III, in proportions of 
80-85% and 15-20% respeetively. Type I eollagen fibres are eoarse and 
found predominantly in the deeper reticular dermis, and the finer type 
III eollagen is found in the papillary dermis and around blood vessels. 
Type IV eollagen is found in the basal lamina between epidermis and 
dermis, and around Schwann eells of peripheral nerves and endothelial 
eells of vessels. Types V, VI and VII are minor collagenous eomponents 
of the dermis. Elastie fibres form a fibrous network interwoven between 
the eollagen bundles throughout the dermis and are more prominent 
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in some regions, e.g. the axilla. Defieieney of type XVII eollagen and 
type VII eollagen, as a result of pathogenie mutations in the COLl 7A1 
and COL7Al genes, leads to junctional and dystrophie epidermolysis 
bullosa, respeetively, which manifest as trauma-induced skin fragility. 

Two major eategories of eell are present in postnatal dermis, perma- 
nent and migrant, as is typieal of all general eonneetive tissues. The 
permanent resident eells include eells of organized structures such as 
nerves, vessels and eells of the arreetor pili muscles, and the fibroblasts, 
which synthesize all eomponents of the dermal extracellular matrix. 
The migrant eells originate in the bone marrow (see Fig. 4.12) and 
inehide maerophages, mast eells, eosinophils, neutrophils, T and B eells 
(including antibody-seereting plasma eells), and dermal interstitial den- 
dritie eells, which are eapable of immune surveillance and antigen 
presentation. 

Layers of the dermis 


Papillary layer 

The papillary layer is immediately subjacent to the epidermis (see Fig. 
7.4). It provides meehanieal anehorage, metabolie support and trophie 
maintenanee to the overlying epidermis, as well as supplying sensory 
nerve endings and blood vessels. The eytoskeleton of the basal epider- 
mal keratinoeytes is linked to the fibrous matrix of the papillary dermis 
through the attaehment of keratin filament bundles to hemidesmo- 
somes, then via anehoring filaments of the basal lamina, to the anehor- 
ing fibrils of type VII eollagen, which extend into the papillary dermis 
(see Fig. 7.5). This arrangement provides a meehanieally stable substra- 
tum for the epidermis. 

The superficial surface of the dermis is shaped into numerous papil- 
lae or rete ridges, which interdigitate with rete pegs in the base of the 
epidermis and form the dermal-epidermal junction at their interfaee. 
The papillae have round or blunt apiees, which may be divided into 
several cusps. In thin skin, espeeially in regions with little meehanieal 
stress and minimal sensitivity, papillae are few and very small, while in 
the thiek skin of the palm and sole of the foot they are much larger, 
elosely aggregated, and arranged in curved parallel lines following the 
pattern of ridges and grooves on these surfaces (see Fig. 7.1). Lying 
under eaeh epidermal surface ridge are two longitudinal rows of papil- 
lae, one on either side of the epidermal rete pegs, through which the 
sweat ducts pass on the way to the surface. Eaeh papilla eontains densely 
interwoven, fine bundles of types I and III eollagen fibres and some 
elastie fibrils. Also present is a eapillary loop (see Fig. 7.4), and in some 
sites, espeeially in thiek hairless skin, Meissners corpuscle nerve 
endings. 

Reticular layer 

The retiailar layer merges with the deep aspeet of the papillary layer. 
Its bundles of eollagen fibres are thieker than those in the papillary layer 
and form a strong but deformable three-dimensional lattiee that eon- 
tains a variable number of elastie fibres. The predominant parallel 
orientation of the eollagen fibres may be related to the loeal meehanieal 
forees on the dermis and may be involved in the development of skin 
lines. 

Hypodermis 


The hypodermis (tela subcutanea; subcutaneous tissue) is a layer of 
loose eonneetive tissue of variable thiekness that merges with the deep 
aspeet of the dermis. It is often adipose, particularly between the dermis 
and musculature of the body wall. It mediates the inereased mobility 
of the skin, and its adipose eomponent contributes to thermal insula- 
tion, aets as a shoek absorber and constitutes a store of metabolie 
energy. Subcutaneous nerves, vessels and lymphaties travel in the hypo- 
dermis, their main trnnks lying in its deepest layer, where adipose tissue 
is sparse. In the head and neek, the hypodermis also eontains striated 
muscles, such as platysma, which are remnants of more extensive sheets 
of skin-assoeiated musculature found in other mammals (panniculus 
adiposus). 

The amount and distribution of subcutaneous fat varies aeeording 
to gender: it is generally more abundant and more widely distributed 
in females, whereas it diminishes from the tmnk to the extremities in 
males. The total amount of subcutaneous fat tends to inerease in both 
males and females in middle age. (At any age, the amount of adipose 
tissue refleets the quantity of lipid stored in adipoeytes rather than a 
ehange in the number of eells.) There is an assoeiation with elimate 
(rather than raee): superficial fat is more abundant in eolder geographi- 
eal regions. The hypodermis is most distinet on the lower anterior 
abdominal wall, where it is rieh in elastie tissue and appears many- 


layered as it passes through the inguinal regions into the thighs. It is 
well differentiated in the limbs and the perineum, but is thin where it 
passes over the dorsal aspeets of the hands and feet, the sides of the 
neek and faee, around the anus, and over the penis and scrotum. It is 
almost absent from the external ears and atypieal in the sealp and in 
the palms and soles. 

PIL0SEBACE0US UNIT 


The pilosebaceous unit eonsists of the hair and its folliele with an 
assoeiated arreetor pili muscle, sebaceous gland and sometimes an 
apoerine gland (see Figs 7.1, 7.12). Not all elements of the unit occur 
together in all body regions. 

Hairs 


Flairs are filamentous eornified structures present over almost the entire 
body surface. They grow out of the skin at an angle (see Fig. 43.1), as 
is evident in the sloping of the hairs on the dorsum of forearm, hand 
and fingers towards the ulnar side. Hairs are absent from several areas 
of the body, including the thiek skin of the palms, soles, the flexor 
surfaces of the digits, the thin skin of the umbilicus, nipples, glans penis 
and elitoris, the labia minora and the inner aspeets of the labia majora 
and prepuce. The presenee, distribution and relative abundance of hair 
in eertain regions such as the faee (in males), pubis and axillae, are 
seeondary sexual eharaeteristies that play a role in socio-sexual eom- 
munication. There are individual and raeial variations in density, form, 
distribution and pigmentation. Hairs assist in thermoregulation, e.g. on 
the sealp they provide some proteetion against injury and the harmfiil 
effeets of solar radiation. They also have a sensory fimetion. 

Hair density varies from approximately 600 per em 2 on the faee to 
60 per em 2 on the rest of the body. In length, hairs range from less than 
a millimetre to more than a metre, and in width from 0.005 to 0.6 mm. 
They ean be straight, eoiled, helieal or wavy, and differ in colour 
depending on the type and degree of pigmentation. Curly hairs tend to 
have a flattened eross-seetion, and are weaker than straight hairs. Over 
most of the body surface, hairs are short and narrow (vellus hairs) and 
in some areas these hairs do not projeet beyond their follieles, e.g. in 
eyelid skin. In other regions they are longer, thieker and often heavily 
pigmented (terminal hairs); these include the hairs of the sealp, the 
eyelashes and eyebrows, and the postpubertal skin of the axillae and 
pubis, and the moustache, beard and ehest hairs of males. The presenee 
in females of eoarse terminal hairs in a male-like pattern is termed 
hirsutism and ean be familial or a sign of an endoerine disorder involv- 
ing excess androgen production. 

Hair folliele 

The hair folliele (see Fig. 7.1; Figs 7.12-7.13A) is a downgrowth of the 
epidermis eontaining a hair. It may extend deep (3 mm) into the hypo- 
dermis, or may be superficial (1 mm) within the dermis. Typieally, the 
long axis of the folliele is oblique to the skin surface; with curly hairs 
it is also curved. There are eyeles of hair growth and loss, during which 
the folliele presents with different appearanees. In the anagen phase, 
the hair is aetively growing and the folliele is at its maximal extent of 


Fig. 7.12 A 

pilosebaceous unit in 
thin, hairy skin seen at 
low magnifieation. The 
hair folliele, hair shaft 
and hair root extend 
almost vertieally 
through the field, the 
folliele joining the 
interfollicular epidermis 
(E). The aeini (A) of a 
sebaceous gland, 
which is also seetioned 
tangentially through its 
capsule (eentre bottom, 
below the portion of 
the hair folliele in 
seetion), open into the 
folliele in eentre field. 
Note the assoeiated 
arreetor pili smooth 
muscle (AP). Compare 
with Figure 7.15. 
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Fig. 7.13 A, The major structural features of the base of a hair folliele, shovving the organization of the major layers of the hair and surrounding sheath, 
arising from the hair bulb. A dermal hair papilla invaginates the bulb, and along the basal layer of the epidermis, at its interfaee with the dermis, 
melanoeytes insert their dendrites among the keratinoeytes forming the hair. B, The hair bulb at the base of the human hair folliele. The dermal hair 
papilla invaginates the bulb from its fibrous outer sheath, earrying a loop of eapillaries. Melanoeytes in the germinal matrix (equivalent to the basal layer 
of interfollicular epidermis) extend dendrites into the adjaeent layers of keratinoeytes, to which they pass melanosomes. The layers of the hair shaft and 
root sheaths are also indieated. (B, Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 


development. In the involuting or eatagen phase, hair growth eeases 
and the folliele shrinks. During the resting or telogen phase, the inferior 
segment of the folliele is absent. This is succeeded by the next anagen 
phase. Further details of the hair growth eyele are given below. 

Anagen folliele 

The anagen folliele has several regions. The innermost part is the infe- 
rior segment, which includes the hair bulb region extending up to the 
level of attaehment of the arreetor pili muscle at the folliailar bulge. 
Between this point and the site of entry of the sebaceous duct is the 
isthmus, above which is the infundibulum, or dermal pilary eanaf 
which is continuous with the intraepidermal pilary eanal. Below the 
sebaceous duct, the hair shaft and follicular wall are elosely eonneeted, 
and towards the upper end of the isthmus the hair beeomes free in the 
pilary eanal. Below the infundibulum, the folliele is surrounded by a 
thiek perifolliailar dermal eoat eontaining type III eollagen, elastin, 
sensory nerve hbres and blood vessels, and into which the arreetor pili 
muscle hbres blend. A thiek, speeialized basal lamina, the glassy mem- 
brane, marks the interfaee between dermis and the epithelium of large 
hair follieles. 

Hair bulb 

The hair bulb forms the lowermost portion of the follioilar epithelium 
and eneloses the dermal hair papilla of eonneetive tissue eells (Fig. 
7.13B). The dermal hair papilla is an important cluster of inductive 
mesenehymal eells, which is required for hair folliele growth in eaeh 
eyele throughout adult life; it is a continuation of the layer of adventi- 
tious mesenehyme that follows the contours of the hair folliele. The 
hair bulb generates the hair and its inner root sheath. A hypothetieal 
line drawn aeross the widest part of the hair bulb divides it into a lower 
germinal matrix and an upper bulb. The germinal matrix is formed of 
elosely paeked, mitotieally aetive pluripotential keratinoeytes, among 
which are interspersed melanoeytes and some Langerhans eells. The 
upper bulb eonsists of eells arising from the matrix. These migrate api- 
eally and differentiate along several lines. Those arising eentrally form 
the hair medulla. Radially successive eoneentrie rings of eells give rise 
to the cortex and oitiele of the hair and, outside this, to the three layers 


of the inner root sheath. The latter are, from innermost to outer, the 
oitiele of the inner root sheath, Hindey's layer and Henle's layer. Henle's 
layer is surrounded by the outer root sheath, which forms the cellular 
wall of the folliele (see Fig. 7.13). Differentiation of eells in the various 
layers of the hair and its inner root sheath begins at the level of the 
upper bulb and is asynchronous, beginning earliest in Henle's layer and 
Huxley's layer. 

Structure of hair and its sheaths 

A fully developed hair shaft eonsists of three eoneentrie zones, which 
are, from outermost to inner, the cuticle, cortex and medulla. Eaeh has 
different types of keratin filament proteins and different patterns of 
eornifieation. In finer hairs the medulla is usually absent. The cuticle 
forms the hair surface and eonsists of several layers of overlapping 
eornified squames direeted apieally and slightly outwards (Fig. 7.14). 
Immature cuticle eells have dense amorphous granules aligned pre- 
dominantly along the outer plasma membrane with a few filaments. 
The cortex forms the greater part of the hair shaft and eonsists of numer- 
ous elosely paeked, elongated squames, which may eontain nuclear 
remnants and melanosomes. Immature eortieal eells eontain bundles 
of elosely paeked filaments but no dense gramiles, and when fully eorni- 
fied, they have a eharaeteristie thumbprint appearanee with filaments 
arranged in whorls. The medulla, when present, is eomposed of loosely 
aggregated and often discontinuous columns of partially disintegrated 
eells eontaining vacuoles, seattered filaments, granular material and 
melanosomes. Air eavities lie between the eells or even within them. 

Henle's layer and Huxley's layer of the inner root sheath eontain 
irregular dense keratohyalin granules and assoeiated filaments in the 
preeornified state. At the level of the upper bulb, Henle's layer begins 
to eornify, as does Huxley's layer at the middle of the inferior folliele. 
When ffilly differentiated, eells of both layers have a thiekened eornified 
envelope enelosing keratin filaments embedded in a matrix. The eells 
of the inner root sheath cuticle undergo terminal differentiation at a 
level eloser to the hair bulb than that of Huxley's layer, but laek a elear- 
cut filament pattern such as is seen in the eortieal eells of the hair shaft. 
As they eornify, the cuticle eells of the inner root sheath and hair 
beeome interloeked. At about the level of entry of the sebaceous duct, 
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Fig. 7.14 A seanning eleetron mierograph of a sealp hair, showing details 
of its surface structure. Note that the cuticular eells overlap eaeh other; 
their free ends point towards the apex of the hair. (Courtesy of Miehael 
Crowder MD.) 



Fig. 7.15 A sebaceous 
gland, showing a group 
of seeretory aeini 
opening into a hair 
folliele (top right). The 
distended seboeytes 
are filled with their oily 
seeretion (sebum), 
which is diseharged 
into the hair folliele by 
the holoerine 
disintegration of 
seeretory eells. 
Compare with 
Figure 7.12. 


above the isthmas, the inner root sheath undergoes fragmentation, and 
the hair then lies free in the pilary eanal. 

The outer root sheath, beginning at the level of the upper bulb, is a 
single or double layer of undifferentiated eells eontaining glyeogen. 
Higher up the folliele it beeomes multilayered. At the isthmus all 
remaining eell layers of the folliele sheath beeome flattened, eom- 
pressed and attenuated. On emerging from the isthmus, the outer root 
sheath assumes the stratified, differentiating eharaeteristies of interfol- 
licular epidermis, with which it beeomes continuous. At the level of 
entry of the sebaceous duct, it forms the wall of the pilary eanal. 

Hair eyele and grovvth of hair 

Recurrent eyelie aetivity of hair follieles involves growth, rest, and shed- 
ding of hair in phases. In humans, these occur in irregular eyeles of 
variable duration; there are regional and other variations in the length 
of the individual phases. In the growing or anagen phase, folliele and 
hair are as deseribed above. Melanoeytes are aetive only in mid-anagen, 
and are eapable of producing both pheo- and eumelanosomes, which 
they pass to preeortieal and medullary keratinoeytes. Changes in hair 
colour of an individual, usually in adoleseenee, are due to alterations 
in the dominant type of melanosome produced. 

Anagen is followed by the involuting or eatagen phase, during which 
mitotie aetivity of the germinal matrix eeases, the base of the hair eon- 
denses into a club that moves upwards to the level of the arreetor pili 
muscle, and the whole inferior segment of the folliele degenerates. The 
dermal papilla also aseends and remains elose to the base of the short- 
ened folliele and its enelosed club hair, a situation that persists during 
the resting or telogen phase. During telogen, melanoeytes beeome 
amelanotie and ean be identified only ultrastructurally. At the beginning 
of the next anagen, the epithelial eells at the base of the folliele divide 
to form a seeondary hair mdiment, which envelops the dermal papilla 
to form a new hair bulb. This grows downwards, reforming the inferior 
segment of the folliele, from which a new hair grows up alongside the 
club hair, which is eventually shed. 

Postnatally, hairs exhibit regional asynehrony of eyele duration and 
phase leading to an irregular pattern of growth and replaeement. In 
some regions, such as the sealp, the eyele is measured in years; in others, 
such as general body hair, the eyele is much shorter and hairs are there- 
fore limited in length. At puberty, hair growth and generation of much 
thieker hairs occurs on the pubes and axillae in both sexes, and on the 
faee and tmnk in males. The aetions of hormones on hair growth are 
complex, and involve not only sex hormones, but also those of the 
thyroid, suprarenal cortex and pituitary glands. Androgens stimulate 
faeial and general body hair formation. After about the first 30 years, 
they tend to cause the thiek terminal hairs of the sealp to ehange to 
small vellus hairs, which produces reeession from the forehead and 
sometimes almost eomplete male pattern baldness. In females, oestro- 
gens tend to maintain vellus hairs; postmenopausal reduction of oes- 
trogens may permit stronger faeial and bodily hair growth. In 
mid-pregnaney, hair growth may be particularly aetive but later, often 
post partum, an unusually large number of hairs enter the telogen phase 


and are shed before the growth eyele reeommenees. In older men, 
growth of hairs on the eyebrows and within the nostrils and external 
ear eanals inereases, whereas elsewhere on the body, growth slows and 
the hairs beeome much finer. 

Measurements of the rate of growth of individual hairs vary eonsid- 
erably, probably because of the influence of the faetors mentioned 
above. A rate of 0.2-0.44 mm per 24 hours in males is usually given; 
the higher rate occurs on the sealp. Contrary to popular myth, shaving 
does not appear to affeet the growth rate and hair growth eeases after 
death. 

Sebaceous glands 


Sebaceous glands are small saccular structures (see Figs 7.1, 7.12; Fig. 
7.15) found in the dermis. Most assoeiate with the hair folliele and 
arreetor pili muscle to form the pilosebaceous unit. They are present 
over the whole body except the thiek, hairless skin of the palm, soles 
and flexor surfaces of digits. Typieally, they eonsist of a cluster of seere- 
tory aeini, which open by a short eommon duct into the dermal pilary 
eanal of the hair folliele. They release their lipid seeretory product, 
sebum, into the eanal by a holoerine meehanism. In some areas of thin 
skin that laek hair follieles, their ducts open instead direetly on to the 
skin surface, e.g. on the lips and eorners of the mouth, the buccal 
mucosa, nipples (Montgomery's glands), areolae of the female breast, 
penis, inner surface of the prepuce, elitoris and labia minora. At the 
margins of the eyelids, the large, complex palpebral tarsal glands (Mei- 
bomian glands) are of this type. They are also present in the external 
auditory meatus (ceruminous glands). 

In general, the numbers of sebaceous glands in any given area refleet 
the distribution of hair follieles, ranging from an average of 100/em 2 
over most of the body to as many as 400-900/em 2 on the faee and 
sealp. They are also numerous in the midline of the baek. Individual 
sebaceous glands are particularly large on the faee, around the external 
auditory meatus, ehest and shoulders, and on the anogenital surfaces. 
Those on the faee are often related to very small vellus hairs whose 
follieles have particularly wide apertures. 

Mieroseopieally, the glandular aeini are enelosed in a basal lamina 
supported by a thin dermal capsule and a rieh eapillary network. Eaeh 
acinus is lined by a single layer of small, flat, polygonal epithelial eells 
(seboeytes), which, when terminally differentiated, produce and accu- 
mulate sebum. They possess euchromatic nuclei and large mieleoli, 
seattered keratin filaments, free ribosomes, smooth endoplasmie reticu- 
lum and rounded mitoehondria, and are attaehed to eaeh other by 
desmosomes. Mitotieally aetive eells give rise to progeny that move 
gradually towards the eentre of the acinus, inereasing in volume and 
accumulating inereasingly large lipid vaoioles. The nuclei beeome 
pyknotie as the eells mature. The huge distended eells ultimately disin- 
tegrate, filling the eentral eavity and its duct with a mass of fatty cellular 
debris (holoerine seeretion; see Figs 2.6, 7.15). The proeess takes 2-3 
weeks. The seeretory products pass through a wide duct lined with 
keratinized stratified squamous epithelium into the infundibulum of 
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the hair folliele and then to the surface of the hair and the general 
epidermis. 

While the full range of fhnetions in the skin remains to be elarified, 
sebum is a key eomponent of the epidermal barrier, as well as having 
a key role in the skin's immune system. Sebum also contributes to a 
eharaeteristie body odour. When first formed, sebum is a complex 
mixture of over 50% di- and triglyeerides, with smaller proportions of 
wax esters, squalene, eholesterol esters, eholesterol and free fatty aeids. 
At birth, sebaceous glands are quite large, regressing later until stimu- 
lated again at puberty. At that time, sebaceous gland growth and seere- 
tory aetivity inerease greatly in both males and females, under the 
influence of androgens (testicular and suprarenal), which aet direetly 
on the gland. Excessive amounts of sebum may beeome impaeted 
within the duct and this, assoeiated with hyperkeratinization, may lead 
to bloekage and formation of a eomedone. This may beeome infeeted 
and inflamed, and is the primary lesion of aene. Aene is the most 
eommon disease caused by dysfimetion of the seboeyte. Oestrogens 
have an effeet opposite to that of androgens, and sebum seeretion is 
eonsiderably lower in women, beeoming greatly deereased after the age 
of 50 years. 

Apoerine glands 


Apoerine glands are particularly large glands found in the dermis or 
subcutaneous fat. They are elassed as a type of sweat gland. In the adult, 
they are present in the axillae, perianal region, areolae, periumbilical 
skin, prepuce, scrotum, mons pubis and labia minora. 

An apoerine gland eonsists of a basal seeretory eoil and a straight 
duct that opens into either the pilary eanal above the duct of the seba- 
ceous gland, or direetly on to the skin surface if there is no assoeiated 
hair. The seeretory region may be as much as 2 mm wide and its eoils 
often anastomose to form a labyrinthine network. Eaeh eoil is lined by 
oaboidal seeretory eells whose apieal eytoplasm projeets into the lumen 
and basally is in eontaet with a layer of myoepithelial eells within a 
thiek basal lamina. The seeretory eells eontain vacuoles, vesieles and 
dense granules of varying size and internal structure; the numbers and 
eharaeter vary with the eyele of synthesis and diseharge. The meehanism 
of seeretion is still not elear but may involve meroerine seeretion of 
granules, apoerine seeretion or eomplete holoerine disintegration of the 
eells (see Fig. 2.6). 

Apoerine aetivity is minimal before puberty, after which it is 
androgen-dependent and responsive to emotional stimuli. It is eontrol- 
led by adrenergie nerves and is sensitive to adrenaline (epinephrine) 
and noradrenaline (norepinephrine). The seeretion is initially sterile 
and odourless, but it undergoes baeterial deeomposition to generate 
odorous and musky compounds, including short-ehain fatty aeids, and 
steroids such as 5a-androstenone. In many animals these are potent 
pheromonal signals but their role in humans is less eertain. Obstmetion 
of apoerine sweat ducts and assoeiated upper hair follieles in the axillae, 
breast areolae and pubic region, mainly in women, is thought to under- 
lie Fox-Fordyce disease. Ohronie inflammation involving the skin 
bearing apoerine glands leads to a painfhl, oeeasionally debilitating 
eondition ealled hidradenitis suppurativa. 

Arreetor pili muscles 


The arreetor pili muscles are small bundles of elosely paeked smooth 
muscle eells that form oblique links between the dermal sheaths of hair 
follieles and the papillary layer of the dermis (see Figs 7.1, 7.12). They 
show the typieal features of smooth muscle eells and are separated by 
narrow spaees eontaining eollagen fibres and unmyelinated noradren- 
ergie sympathetie axons. 

The muscles are attaehed to the bulge region of the follieles by elastin 
fibrils, and are direeted obliquely and towards the side to which the 
hair slopes superficially. The sebaceous gland occupies the angle 
between the muscle and the hair folliele, and muscle eontraetion helps 
to expel the gland eontents. Contraction tends to pull the hair into a 
more vertieal position and to elevate the epidermis surrounding it into 
a small hilloek (goose bump), dimpling the skin surface where the 
muscle is inserted superficially. Arreetor pili muscles are absent from 
faeial, axillary and pubic hairs, eyelashes and eyebrows, and from the 
hairs around the nostrils and the external auditory meati. 


SWEAT GLANDS 


The vast majority of sweat glands (Fig. 7.16) are eeerine, although their 
mode of seeretion includes typieal meroerine meehanisms. The glands 



Fig. 7.16 The eoiled 
seeretory portion of a 
sweat gland (SG) in the 
retieiilar dermis. The 
deeper-stained profiles 
(above) are the origins 
of the duct. An 
autonomic nerve fibre 
(NF) and aeeompanying 
arteriole (A) and venule 
(V) are seen below. 



SD 


Fig. 7.17 A 

sweat duct in a 
triehrome-stained 
seetion of thiek 
skin. The duct 
(SD) spirals 
through the 
dermis and 
epidermis, and 
is visible most 
elearly in the 
eornified 
superficial layer. 


are long, unbranched, tubular structures, eaeh with a highly eoiled, 
seeretory portion up to 0.4 mm in diameter, situated deep in the 
dermis or hypodermis. From there, a narrower, straight or slightly 
helieal ductal portion emerges (see Fig. 7.1). The walls of the duct fuse 
with the base of epidermal rete pegs and the lumen passes between the 
keratinoeytes, often in a tight spiral, particularly in thiek hairless skin 
(Fig. 7.17), and opens via a rounded aperture (pore) on to the skin 
surface (see Fig. 7.7). In thiek hairless skin, sweat glands diseharge 
along the eentres of frietion ridges, ineidentally providing fingerprint 
patterns for forensie analysis. Sweat glands have an important ther- 
moregulatory fimetion, and their seeretion enhanees grip and sensitiv- 
ity of the palms and soles. 

Eeerine sweat glands are absent from the tympanie membrane, 
margins of the lips, nail bed, nipple, inner preputial surface, labia 
minora, penis and elitoris, where apoerine glands are loeated. They are 
numerous elsewhere, their frequency ranging from 80 to over 600/em 2 , 
depending on position and genetie variation. The total number is esti- 
mated to be between 1.6 and 4.5 million, and is greatest on the plantar 
skin of the feet. There are many sweat glands on the faee and flexor 
aspeets of the hands, and least on the surfaces of the limbs. People 
indigenous to warmer elimates tend to have more sweat glands than 
those indigenous to eooler regions. 
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Mieroseopieally, the seeretory eoil eonsists of a pseudostratified epi- 
thelium enelosing a lumen. Three types of eell have been deseribed: 
elear eells, from which most of the seeretion is derived; dark eells, which 
share the same lumen; and myoepithelial eells. Clear eells are approxi- 
mately pyramidal in shape, and their bases rest on the basal lamina or 
are in eontaet with the myoepithelial eells. Their apieal plasma mem- 
branes line lateral intercellular eanaliaili, which eonneet with the main 
lumen. The basolateral plasma membranes are highly folded, interdigi- 
tating with apposed elear eells, and they have the basal membrane 
infoldings typieal of eells involved in transeytotie fluid and ion trans- 
port from the interstitial fluid to the glandular lumen. Their eytoplasm 
eontains glyeogen granules, mitoehondria, rough endoplasmie reticu- 
lum and a small Golgi complex, but few other organelles. The nucleus 
is round and moderately euchromatic. Dark eells are pyramidal and lie 
eloser to the lumen, such that their broad ends form its lining. Their 
eytoplasm eontains a well-developed Golgi complex, numerous vacu- 
oles and vesieles, and dense glyeoprotein granules, which they seerete 
by a typieal meroerine meehanism. Myoepithelial eells (see Figs 2.3, 
2.4) resemble those assoeiated with seeretory aeini of the salivary glands 
and breast, and eontain abundant myofilaments. 

The intradermal sweat duct is eomposed of an outer basal layer and 
an inner layer of himinal eells eonneeted by numerous desmosomes. 
The intraepidermal sweat duct (acrosyringium) is eoiled and eonsists of 
two layers of eells, which, developmentally, are different from the sur- 
rounding keratinoeytes and ean be distinguished from them by the 
presenee of keratin K19. The outer eells near the surface eontain kerato- 
hyalin granules and lamellar granules, and undergo typieal eornifiea- 
tion. The inner eells, from a mid-epidermal level, eontain numerous 
vesieles, undergo an ineomplete form of eornifieation, and are largely 
shed into the lumen at the level of the eornified epidermal layer. 

Sweat is a elear, odourless fluid, hypotonie to tissue fluid, and eon- 
tains mainly sodium and ehloride ions, but also potassium, biearbo- 
nate, calcium, urea, laetate, amino aeids, immunoglobulins and other 
proteins. Excessive sweating ean lead to salt depletion. Heavy metals 
and various organie compounds are eliminated in sweat. When first 
seereted, the fluid is similar in eomposition to interstitial fluid. It is 
modified as it passes along the duct by the aetion mainly of the basal 
eells, which resorb sodium, ehloride and some water. The hormone 
aldosterone enhanees this aetivity. The sweat glands are eapable of 
producing up to 10 litres of sweat per day, in response to thermal, 
emotional and taste stimuli, mediated by unmyelinated sympathetie 
eholinergie fibres. The glands also respond to adrenaline (epinephrine). 
Thermoregulation is eoordinated via a heat eentre in the preoptie 
region, in and near the rostral hypothalamus, which reaets to ehanges 
in blood temperature and afferent stimuli from the skin by initiating 
appropriate responses such as eontrolling cutaneous blood supply, the 
rate and volume of sweat seeretion (for evaporation at the surface) and 
shivering. 
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Nails (Fig. 7.18) are homologous with the eornified layer of the general 
epidermis. They eonsist of eompaeted, anucleate, keratin-filled squames 
in two or three horizontal layers. Ultrastructurally, the squames eontain 
elosely paeked filaments that lie transversely to the direetion of proxi- 
modistal growth, and are embedded in a dense protein matrix. Unlike 
the general epidermis, squames are not shed from the nail plate surface. 
A variety of mineral elements including calcium are present in nail. The 
hardness of nail is determined by the arrangement and eohesion of the 
layers of squames and their internal fibres, and not by the calcium 
eontent. The water eontent of nail is low but nail is 10 times more 
permeable to water than the general epidermis. The softness and elastie- 
ity of the nail plate are related to its degree of hydration. 

The nail apparatus eonsists of the nail plate, proximal and lateral 
nail folds, nail matrix, nail bed and hyponychium. 


Fig. 7.18 The organization and terminology of the structures assoeiated 
with a fingernail. (With permission from Paus R, Peker S 2003 Biology of 
hair and nails. In: Bolognia JL, Jorizzo JL, Rapini RP (eds) Dermatology. 
London: Mosby.) 

bubbles may produce white fleeks. These defeets move distally with the 
growth of the nail plate. 

The nail plate arises from eompaeted eornified epithelial eells derived 
from the dorsal, intermediate and ventral nail matriees. It is densely 
adherent to the matriees on its undersurface but beeomes a free stme- 
ture distal to the onyehodermal band, where it separates from the nail 
bed. The dorsal aspeet of the nail plate originates from the more proxi- 
mal regions of the germinal matrix, i.e. dorsal and intermediate matri- 
ees, whereas the deeper, volar aspeet of the plate originates from the 
ventral matrix. 


Nail folds 


Nail plate 


The nail plate is embedded within the proximal and lateral nail folds. 
It is approximately rectangular in shape and is mostly convex in both 
longitudinal and transverse axes. There is eonsiderable inter- and intra- 
individual variation (see Fig. 7.18). The thiekness of the plate inereases 
proximodistally from about 0.7 mm to 1.6 mm, although the terminal 
thiekness varies between individuals. The surface of the nail plate may 
show fine longitudinal ridges, and its undersurface is grooved by eor- 
responding ridges in the nail bed. Disturbances of growth pattern or 
disease may lead to transverse ridging or grooves. Minute trapped air 


The sides of the nail plate are bordered by the lateral nail folds, which 
are continuous with the proximal fold (see Fig. 7.1 8). They are bounded 
by the attaehment of the skin to the lateral aspeet of the distal phalanx 
margin and the lateral nail. The proximal nail fold provides the visible 
proximal border to the nail apparatus. It eonsists of a superficial and a 
deep epidermal layer. These two layers are separated by a eore of dermis. 
The epidermis of the superficial layer laeks hair follieles and epidermal 
ridges, and its eornified distal margin extends over the nail plate as the 
cuticle or eponychium. The deep layer merges with the nail matrix. 
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The eponychium is bounded by the faseial attaehment of the skin 
to the base of the distal phalanx, distal to the insertion of the extensor 
tendon, and its distal free edge. It adheres to the dorsal aspeet of the 
nail plate and overlies the root of the nail. 

Nail matrix 


The nail matrix is the main source of the nail plate and it ean be sub- 
divided into three parts. Proximally, the dorsal matrix is defined as the 
volar surface (undersurface) of the proximal nail fold. The intermediate 
matrix (germinal matrix) starts where the dorsal matrix folds baek on 
itself and extends as far as the distal portion of the lunula. The ventral 
matrix (sterile matrix) is the remainder of the nail bed; it starts at the 
distal border of the lunula and ends at the hyponychium. 

The matrix epithelium eonsists of typieal basal and priekle layer 
keratinoeytes, among which are seattered melanoeytes and Langerhans 
eells. Cornified eells of the dorsal and ventral aspeets of the matrix are 
steadily extruded distally to form the nail plate. The proximal 50% of 
the nail matrix contributes approximately 80% of the nail plate. This 
proeess continues into the nail bed at the distal edge of the lunula, 
which is formed where the distal portion of the ventral matrix underlies 
the nail plate. 

The lunula is pale, opaque and convex, and is more prominent in 
the thumb than the other digits. It is not known why the lunula is so 
pale eompared with the more distal translucent pink nail bed. The laek 
of colour may refleet the thiekness of the epidermis in the lunula and/ 
or a paucity of eapillaries in the dermis of the lunula. 

Nail bed 


The epidermis of the nail bed extends from the distal margin of the 
lunula to the hyponychium. The distal margin of the nail bed, which 
is the point where the nail plate beeomes free of the nail bed, is ealled 
the onyehodermal band. The surface of the nail bed is ridged and 
grooved longitudinally, eorresponding to a similar pattern on the 
undersurface of the nail plate. This results in a tight interloeking 
between the nail plate and the underlying nail bed, proteeting against 
mierobial invasion and the eolleetion of debris underneath the nail. 
The epidermis of the nail bed is thin and laeks a stratum granulosum. 
It eonsists of 2-3 layers of nucleated eells that laek keratohyalin gran- 
ules, and a thin eornified layer that moves distally with the growing nail 
plate. It eontains an oeeasional sweat gland distally. 

The dermis of the nail bed is anehored to the periosteum of the distal 
phalanx without an underlying subcutaneous layer. It forms a tight 
eompartment, which means that infeetions involving the nail bed or 
an inerease in pressure, e.g. resulting from a haematoma, may cause 
severe pain, which may be relieved by the removal of part or all of the 
nail plate. The dermis of the nail bed is riehly vasailarized. The blood 
vessels are arranged longitudinally and display numerous glomus 
bodies, which are encapsulated arteriovenous anastomoses involved in 
the physiologieal eontrol of peripheral blood flow in relation to tem- 
perature. The dermis is well innervated and eontains numerous sensory 
nerve endings, including Merkel endings and Meissner s corpuscles. 
Nail bed eells differentiate towards the nail plate and contribute to its 
thiekness ventrally. 

Hyponychium 


The hyponychium is the area under the free nail between the onyehoder- 
mal band proximally and the distal groove. It is an epidermal ridge that 
demareates the junction between the finger pulp and the subungual 
structures. 

Nail grovvth 


Nail growth is determined by the turnover rate of the matrix eells, which 
varies with digit, age, environmental temperature and season, time of 
day, mitritional status, trauma and various diseases. Generally, the rate 
of growth is related to the length of the digit, being fastest (approxi- 
mately 0.1 mm per day) in the middle finger of the hand and slowest 
in the little finger. Fingernails grow 3-4 times faster than toenails, more 
quickly in summer than in winter, and faster in the young than in the 
old. A fingernail grows out in about 6 months, whereas a toenail is 
replaeed, on average, in 18 months. 

Genetie keratin disorders (see Haines and Lane (2012)) may lead to 
nail dystrophies such as paehyonyehia eongenita, where the nails 
beeome grossly thiekened. In addition, germline mutations in the 


RSP04 gene, which eneodes R-spondin 4, have been shown to cause 
reeessive anonyehia (absenee of all fingernails and toenails). Further- 
more, mutations in the FZD6 gene, which eneodes the Wnt reeeptor 
protein frizzled 6, have been shown to underlie the molecular basis of 
autosomal reeessive nail dysplasia, as well as twenty-nail dystrophy (a 
eondition that affeets the nails of all the fingers and toes). 


VASCULAR SUPPLY, LYMPHATIC DRAINAGE 
AND INNERVATION 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Cutaneous blood flow amounts to approximately 5% of the eardiae 
output. The cutaneous circulation has an important thermoregulatory 
fimetion, and is organized so that its eapaeity ean be rapidly inereased 
or deereased by as much as 20 times, in response to a need to lose or 
eonserve body heat. The ability to eontrol skin blood flow deereases 
with ageing, making older adults less able to thermoregulate adequately. 
Lifestyle faetors, such as physieal aetivity, diet and smoking, might 
interaet with the ageing proeess to modulate 'normaF age-assoeiated 
ehanges in the cutaneous microcirculation. 

The blood supply to the skin originates from three main sources: the 
direet cutaneous, musculocutaneous and fasciocutaneous systems. The 
direet cutaneous system of vessels is derived from the main arterial 
tmnks and aeeompanying veins. These vessels course in the subcutane- 
ous fat parallel to the skin surface and are eonfined to eertain areas of 
the body, e.g. the supraorbital artery, the superficial circumflex iliae 
artery and the dorsalis pedis artery. The musculocutaneous perforators 
arise from the intramuscular vasculature, pass through the surface of 
the muscle, and pieree the deep faseia to reaeh the skin by spreading 
out in the subcutaneous tissues. The fasciocutaneous system eonsists of 
perforating branehes from deeply loeated vessels (deep to the deep 
faseia) that pass along intermuscular septa and then fan out at the level 
of the deep faseia to reaeh the skin. Examples include the faseioaitane- 
ous perforating vessels from the radial and ulnar arteries. 

The direet cutaneous vessels, musculocutaneous perforators and 
fasciocutaneous perforators eaeh contribute to six anastomosing hori- 
zontal reticular plexi of arterioles (Fig. 7.19), which have vascular eon- 
neetions between them and which ultimately provide the blood supply 
to the skin. Three plexi are loeated in the skin itself and supply all ele- 
ments including the sweat glands and pilosebaceous units. The subpap- 
illary plexus is loeated at the junction of the papillary and reticular 
layers of the dermis and gives off small branehes that form perpendicu- 
lar eapillary loops in the dermal papillae (usually one loop per papilla) 
(see Figs 7.1, 7.4; Fig. 7.20). The retioilar dermal plexus is loeated in 
the middle portion of the dermis and is primarily venous. The deep 
dermal plexus is loeated in the deepest part of the retioilar dermis and 
on the undersurface of the dermis. The elose assoeiation between arte- 
riolar and venous plexi allows the countercurrent heat exchange between 
bloods at different temperatures. 

The remaining three plexi are the subcutaneous plexus, and two plexi 
assoeiated with the deep faseia. The deep faseia has a plexus on its deep 
surface and a more extensive plexus superficially. This arrangement is 
much more pronounced in the limbs than it is in the tmnk. 

The general stmcture and arrangement of the microvasculature is 
deseribed in detail in ehapter 6 and so only features particular to skin 
will be eonsidered here. In the deeper layers of the dermis, arterio- 
venous anastomoses are eommon, partioilarly in the extremities 
(hands, feet, ears, lips, nose), where vessels are surrounded by thiek 
muscular eoats. Under autonomic vasomotor eontrol, these vascular 
shunts, when relaxed, divert blood away from the superficial plexus and 
so reduce heat loss, while at the same time ensuring maintenanee of 
some deep cutaneous circulation and preventing anoxia of stmctures 
such as nerves. Extensive eapillary anastomoses are present. Generally, 
cutaneous blood flow is regulated aeeording to thermoregulatory need 
and also, in some areas of the body, aeeording to emotional state. In 
very eold eonditions, the peripheral circulation is greatly reduced by 
vasoeonstrietion, but intermittent spontaneous vasodilation results in 
periodie inereases in temperature that prevent eooling to the level at 
which frostbite might occur. This is thought to be due to a direet effeet 
of oxygen laek on the arteriolar eonstrietor muscle, rather than to a 
neural influence. 

The lymphaties of the skin, as elsewhere, are small terminal vessels 
that eolleet interstitial fluid and macromolecules for return to the eir- 
culation via larger vessels. They also eonvey lymphoeytes, Langerhans 
eells and maerophages to regional lymph nodes. They begin as blind- 
ended, endothelial-lined tubes or loops just below the papillary dermis. 
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Fig. 7.19 Vascular supply to the skin. A, Note the various horizontal plexuses fed by direet cutaneous, fasciocutaneous and musculocutaneous arteries. 
Compare with Figure 79.6. B, Higher magnifieation of vascular supply. (A, Redrawn from McCarthy JG (ed) 1990 Chapter 9 in Plastie Surgery, Vol 1. 
Philadelphia: Saunders. B, Redrawn from Cormack GC, Lamberty BGH 1994 The Arterial Anatomy of Skin Flaps, 2nd edition. Edinburgh: Churchill 
Livingstone.) 



Fig. 7.20 A thiek vertieal seetion through palmar skin: the arteries, 
arterioles and eapillaries have been injeeted with red gelatin to 
demonstrate the pattern of dermal vascularization. At the base of the 
dermis a broad, flat arterial plexus supplies a more superficial papillary 
plexus, which in turn gives off eapillary loops that enter the dermal 
papillae. 


These drain into a superficial plexus below the subpapillary venous 
plexus, which drains via eolleeting vessels into a deeper plexus at the 
junction of the reticular dermis and subcutis, and this, in turn, drains 
into larger subcutaneous ehannels. 

INNERVATION 


Skin is a major sensory organ, with regional variations in its sensitivity 
to different stimuli. It is riehly innervated and is also involved with 
autonomic fimetions such as thermoregulation. Information about the 
external environment is relayed through reeeptors that are responsive 
to various stimuli, which may be meehanieal (rapid or sustained 
touch, pressure, vibration, stretehing, bending of hairs, ete.), thermal 
(hot and eold) or noxious (pereeived as itehing, diseomfort or pain). 
Paeinian corpuscles subserve deep pressure and vibrational sensation, 
and are loeated deep in the dermis or in the hypodermis, particularly 
of the digits. Meissner s corpuscles are highly speeialized meehanore- 


eeptors found in hairy and glabrous skin. They are loeated in dermal 
papillae elose to the dermal-epidermal junction. They are rapidly 
adapting meehanoreeeptors and are responsible for sensing light 
touch. These reeeptors are particularly suited to deteeting shape and 
texture during aetive exploratory touch and are numerous in the 
finger pads. 

The primary input is transmitted by neurones whose eell bodies lie 
in the spinal and eranial ganglia, and whose myelinated or unmyeli- 
nated axons are terminally distributed, mainly within the dermis. Effer- 
ent autonomic fibres are unmyelinated and ean be either noradrenergie 
or eholinergie. They innervate the arterioles, arreetor pili muscles, and 
the myoepithelial eells of sweat and apoerine glands. In the scrotum, 
labia minora, perineal skin and nipples they also supply the smooth 
muscle fasciculi of the dermis and adjaeent eonneetive tissue. Except in 
the nipples and genital area, the aetivity of the autonomic efferent 
nerves is mainly eoneerned with regulation of heat loss by vasodilation 
and vasoeonstrietion, sweat production and pilo-ereetion (although 
this last is a minor fimetion in humans). 

On reaehing the dermis, the nerve faseiaili braneh extensively to 
form a deep reticular plexus that innervates much of the dermis, includ- 
ing most sweat glands, hair follieles and the larger arterioles. Many 
small fasciculi pass from this plexus to ramify in another superficial 
papillary plexus at the junction between the reticular and papillary 
layers of the dermis. Branehes from this pass superficially into the papil- 
lary layer, ramifying horizontally and vertieally, and terminate either in 
relation to encapsulated reeeptors, or as terminals reaehing the level of 
the basal lamina. In some instanees, they enter the epidermis as free 
endings that are responsive to light pressure and touch sensation or to 
noeieeptive stimuli. As these fasciculi terminate, they lose their epineu- 
rial and perineurial sheaths, leaving the Schwann cell-axonal eom- 
plexes or naked axons enveloped only by basal lamina, in direet eontaet 
with the matrix. These naked distal axonal terminals may be vulnerable 
to pathogens entering via a skin abrasion. The structure and elassifiea- 
tion of sensory endings are deseribed in detail on page 59. 

The segmental arrangement of the spinal nerves is refleeted in the 
sensory supply of the skin: a dermatome is the area supplied by all the 
cutaneous branehes of an individual spinal nerve through its dorsal and 
ventral rami (p. 233 and Fig. 16.10). Typieally, dermatomes extend 
round the body from the posterior to the anterior median line. The 
upper half of eaeh zone is supplemented by the nerve above, the lower 
half by the nerve below. Dermatomes of adjaeent spinal nerves overlap 
markedly, particularly in the segments least affeeted by development of 
the limbs (Ladak et al 2014). The interrelationship between the skin 
and the nervous system is important in the pain seen in eertain polyneu- 
ropathies and after injury to nerve or skin. 1 53 
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SKIN AND ITS APPENDAGES 


DEVELOPMENT OF SKIN AND SKIN APPENDAGES 


The skin develops from the surface eetoderm and its underlying mes- 
enehyme. The surface eetoderm gives rise to the epidermis and its 
appendages such as the pilosebaceous units, sweat glands and nail 
units. interaetions between eetoderm and mesenehyme give rise to the 
oral and nasal epithelia, as well as teeth. Eetodermal eells differentiate 
mainly into the keratinoeytes and probably Merkel eells. Melanoeytes 
are derived from the neural erest while Langerhans eells and lym- 
phoeytes originate from the bone marrow. 

The dermis is derived from the somatopleuric mesenehyme (in the 
limbs and trnnk), and possibly the somitie mesenehyme (eovering the 
epaxial mnsenlatnre), and from the neural erest (in the head). Ang- 
iogenie mesenehyme gives rise to the blood vessels of the dermis. 
Nerves and assoeiated Schwann eells, which are derived from the neural 
erest, enter and traverse the dermis during development. 

EPIDERMIS AND APPENDAGES 
General (interfollicular) epidermis 


In the íìrst 4-5 weeks, embryonie skin eonsists of a single layer of eeto- 
dermal eells overlying a mesenehyme eontaining eells of stellate den- 
dritie appearanee intereonneeted by slender proeesses and sparsely 
distributed in a loosely arranged mierofibrillar matrix (Fig. 7.21). The 
interfaee between eetoderm and mesenehyme, known as the basement 
membrane zone (BMZ), is an important site of mutual interaetions on 
which the maintenanee of the two tissues depends, both in prenatal 
and postnatal life. Eetodermal eells, which eharaeteristieally eontain 
glyeogen deposits, eontaet eaeh other at gap and tight junctions (occlud- 
ing junctions, zonae occludentes). The layer so formed soon develops 
into a bilaminar epithelmm, and desmosomes also appear. The basal 
germinative layer gives rise to the postnatal epidermis, and the superfi- 
eial layer to the periderm, a transient layer eonfined to fetal life. The 
periderm maintains itself, expresses different keratin polypeptides, and 
grows by the mitotie aetivity of its own eells, independent of those of 
the germinative layer. Originally flattened, the periderm eells inerease 
in depth; the eentral area eontaining the nucleus beeomes elevated and 
projeets as a globular elevation towards the amniotie eavity. The plasma 
membrane develops numerous surface mierovilli with an extraneous 


eoat of glyeosaminoglyeans, and eytoplasmie vesieles beeome promi- 
nent deep to it. These developments reaeh a peak between 12 and 18 
weeks of gestation, at which time the periderm is a major source of the 
amniotie fluid to which it may contribute glucose; it also has an absorp- 
tive fimetion. From about 20 weeks onwards, the globular protmsions 
beeome undermined and pinehed off to float free in the amniotie fluid. 
The now-flattened periderm eells undergo terminal differentiation to 
form a temporary proteetive layer for the underlying developing epider- 
mis, against an amniotie fluid of ehanging eomposition as a result of 
the accumulation of products of fetal renal excretion. llp to parturition, 
the periderm squames continue to be east off into the amniotie fluid 
and they contribute to the vernix easeosa, a layer of cellular debris that 
eovers the fetal skin at birth. 

Proliferation in the germinative layer leads to a stratified appearanee 
with successive layers of intermediate eells between it and the periderm. 
From an early stage, eells of all layers are paeked with glyeogen gramiles. 
Differentiation of these layers is not synchronous throughout all regions 
of the developing skin, being more advaneed eranially than caudally, 
and progressing on the body from the mid-axillary line ventrally. Reduc- 
tion in glyeogen eontent of the eells is assoeiated with a shift towards 
biosynthetie aetivity eonneeted with terminal (eornifying) differentia- 
tion, manifested by the presenee of different enzymes and expression 
of keratins. Simple epithelial keratins present from before implantation 
(K8 and K18) are replaeed by typieal keratinoeyte basal eell keratins (K5 
and K14), followed in the first suprabasal eell layer by those of higher 
molecular weight assoeiated with differentiation (K1 and K10) at 10-12 
weeks. This is soon followed by the expression of profilaggrin and filag- 
grin, and the appearanee of keratohyalin granules among filamentous 
bundles of the uppermost intermediate layer eells at approximately 20 
weeks. The first ffilly differentiated keratinoeytes appear shortly after- 
wards. By 24-26 weeks a definite eornified layer exists in some areas, 
and by approximately 30 weeks, apart from some residual glyeogen in 
intermediate eells, the interfolliailar epidermis is essentially similar to 
its postnatal counterpart. 

Non-keratinoeytes are present in developing epidermis from about 
8 weeks' gestation. Langerhans eells ean be seen in the epidermis by 
5-6 weeks and are ffilly differentiated by 12-14 weeks. Their numbers 
inerease at least partially by mitotie division in situ, but at 6 months are 
only 10-20% of those in the adult. It is not known if Langerhans eells 
ffinetion in imimme surveillance in fetal skin. Melanoeytes are present 
in the bilaminar epidermis of eephalie regions as early as 8 weeks. By 
12-14 weeks they ean reaeh a density of 2300 per mm 2 , reducing to 
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Fig. 7.21 Development of the skin. 



































































































































Development of skin and skin appendages 


800 per mm 2 just before birth. Keratinoeytes regulate the final ratio 
between themselves and melanoeytes via growth faetors, cell-surface 
molecules and other signals. Fetal melanoeytes produce melanized 
melanosomes and transfer them to keratinoeytes. This is an intrinsie 
aetivity independent of UV irradiation and suggests that melanin has 
fimetions other than photoproteetion. 

Merkel eells begin to appear in the epidermis of the palm and sole 
of the foot between 8 and 12 weeks, and later in assoeiation with some 
hairs and with dermal axonal-Schwann eell complexes. 

Pilosebaceous unit 


Pilosebaceous units develop in a cranio-caudal direetion at about 9 
weeks' gestation, first in the regions of the eyebrows, lips and ehin. The 
hair plaeode is a eolleetion of eells in the basal layer of the epidermis 
and develops adjaeent to a loeal eoneentration of mesenehymal eells, 
which will eventually beeome the dermal papilla. Further proliferation 
and elongation of the eells lead to a hair germ, which protmdes down- 
wards into the mesenehyme in assoeiation with the primitive dermal 
papilla during weeks 13-15. The hair germ beeomes a hair peg as it 
migrates downwards within the developing skin, and when its bulbous 
lower portion envelops the dermal papilla it beeomes known as a 
bulbous peg. Melanoeytes are individually present at the hair peg stage, 
and abundantly so and quite aetive in the bulbous peg. At this stage 
(approximately week 15), two or three swellings appear on the posterior 
wall. The uppermost is the mdiment of the apoerine gland (present 
only in some follieles), the middle forms the sebaceous gland and the 
lower one is the bulb, to which the arreetor pili muscle (arising from 
underlying mesenehyme) later beeomes attaehed. The eells of the low- 
ermost region of the bulb, the matrix, divide aetively and produce a 
pointed hair eone. This grows upwards to eanalize a developing hair 
traet, along which the fiilly formed hair, derived by fhrther differentia- 
tion of eells advaneing from the matrix, reaehes the surface at approxi- 
mately week 18 of gestation. 

Sebaceous glands develop independently of hair follieles in the nos- 
trils, eyelids (as tarsal glands) and the anal region. Apoerine sweat 
glands are formed at the same time as eeerine (meroerine) glands 
and are at first widely distributed over the body. Their number dimin- 
ishes from 5 months' gestation, producing the distribution seen in 
adult skin. 

Hairs produced prenatally are ealled lanugo hairs, which are short 
and downy, laek a medulla, and in eertain parts of the body are arranged 
in a vortex-like manner into traets. Late in pregnaney, lanugo hairs are 
replaeed by vellus hairs, and these in turn by intermediate hairs, which 
are the predominant type until puberty. New follieles do not develop 
in postnatal skin. 

Eeerine sweat glands 


Eeerine (meroerine) sweat glands are one type of sudoriferous gland. 
Sweat gland mdiments appear in the seeond and third months of gesta- 
tion as eell buds assoeiated with the primary epidermal ridges of the 
finger and toe pads of terminal digits. They elongate into the dermis 
and by 16 weeks the lower portion begins to form the seeretory eoil, 
within which, by 22 weeks, seeretory and myoepithelial eells are present. 
The solid eord of eells eonneeting the eoil to the epidermis beeomes 
the intradermal duct, and the lumina of both are formed by dissolution 
of desmosomal eontaets between the eells. The intraepidermal duct is 
foreshadowed by a column of eoneentrieally arranged inner and outer 
eells within which a lumen is formed and opens on the surface at 22 
weeks. As with hair follieles, no new eeerine sweat glands develop post- 
natally. Emotional sweating occurs in preterm infants from 29 weeks' 
gestational age. 

Epidermal ridges 


The primary epidermal ridges develop as regularly spaeed, small down- 
growths of epidermal eells separated by eorresponding dermal ridges 
during the seeond and third months of gestation. In the fifth month 
seeondary ridges develop, with the pattern beeoming evident on 
the surface; this pattern is finalized through fhrther remodelling 
postnatally. 

Nails 


Fields of proliferative eetoderm appear on the tips of the terminal seg- 
ments of the digits. They progressively reaeh a dorsal position, where, 


at approximately 9 weeks, a flattened nail field limited by proximal, 
distal and lateral nail grooves is apparent. The nail field ultimately 
forms the nail bed, and the primordium of the nail is formed of a wedge 
of eells that grows diagonally, proximally and deeply into the mesen- 
ehyme from the proximal groove towards the underlying terminal 
phalanx. The deeper eells of this wedge form the primordium of the 
matrix, which gives rise to the nail plate. The latter emerges from under 
the now proximal nail fold at about 14 weeks and grows distally over 
an already keratinized nail bed. The nail matrix is usually eonsidered 
to have dorsal and ventral (intermediate) eomponents, but there are 
eonflieting opinions as to the extent to which eaeh contributes to the 
nail, both in ontogeny and postnatally. It is generally agreed that the 
ventral matrix contributes the major part. 

At 20 weeks, the nail plate entirely eovers the nail field (nail bed), 
now limited distally by a distal ridge, which, when the plate projeets 
beyond the tip, beeomes the hyponychium beneath it. At birth, the 
microstructure of the main nail unit eomponents is similar to that 
postnatally. 

DERMIS 


The embryonie dermis is more cellular than the adult dermis, and many 
of these mesenehymal eells are involved in signalling pathways that 
regulate eetodermal differentiation. The mesenehymal eells underlying 
the surface eetoderm and early bi- and trilaminar epidermis eontaet 
eaeh other by slender proeesses to form an intercommunicating 
network. They seerete a matrix that is rieh in ions, water and maero- 
molecules, proteoglyean/glyeosaminoglyeans, fibroneetin, collagenous 
proteins of various types and elastin. Further development of these 
intrinsie eomponents involves the differentiation of individual eell 
types, fibroblasts, endothelial eells, mast eells and the assembly of 
matrix eomponents into organized fibrillar eollagen fibres and elastie 
fibres. During embryogenesis, the matrix is heterogeneous with regard 
to its bioehemieal and macromolecular eomponents. The main gly- 
eosaminoglyeans of embryonie and fetal skin are glycuronic aeid and 
dermatan sulphate. Types I, III, V and VI eollagens are distributed more 
or less uniformly, regardless of fetal age, with some loeal eoneentrations 
of type III and V eollagens, the levels of which are higher than in post- 
natal skin. Collagens of types IV and VII are found predominantly in 
the BMZ. 

The progressive morphologieal differentiation of the dermis in- 
volves its separation from the subcutis at about the third month; 
ehanges in eomposition and size of eollagen fibrils and their organiza- 
tion into bundles, amongst which eells beeome relatively fewer; down- 
growth of epidermal appendages; the organization of nervous and 
vascular plexuses; and the relatively late appearanee of elastie net- 
works. The papillary and reticular regions are present as early as 14 
weeks but the overall organization of the dermis continues to develop 
postnatally. 

Vascular supply and lymphatie drainage 


The dermal vasculature is generally thought to be developed in situ 
by the transformation of angiogenie mesenehymal eells. Closed 
endothelium-lined ehannels eontaining nucleated red eells are present 
by 6 weeks underneath the eetoderm, and by the eighth week are 
arranged in a single plane parallel to the epidermis; these ultimately 
form the subpapillary plexus. A seeond, deeper horizontal plexus is 
evident by 50-70 days. Both plexuses extend by budding and give rise 
to the final patterns of arterioles, venules and eapillaries, which are 
established shortly after birth. Perieytes also develop from mesenehy- 
mal eells. Lymphatie vessels are formed by mesenehymal eells, which 
beeome organized to enelose pools of proteinaceous fluid leaking from 
the developing eapillaries. 

Innervation 


Sensory cutaneous nerves (axons and Schwann eells) are derived from 
the neural erest (via dorsal root and eranial sensory ganglia). Motor 
fibres to vessels and glands arise from neurones in sympathetie ganglia. 
As individual parts of the embryo grow, the nerves grow and lengthen 
with them. Small axons are present superficially at a stage when the 
epidermis is bilaminar, and by 8 weeks of gestation a fimetioning cuta- 
neous plexus is already present. By the fourth gestational month, the 
dermal plexuses are riehly developed and Meissner and Paeinian eor- 
puscles have appeared. 
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SKIN AND ITS APPENDAGES 


EPITHELIAL-MESENCHYMAL INTERACTIONS 
IN DEVELOPING SKIN 


Epidermal-mesenehymal (dermal) interaetions at the BMZ occur 
during development and throughout life. At the eetodermal stage, the 
BMZ eonsists of the basal plasma membrane of an eetodermal eelf 
paralleled on its eytoplasmie side by various eytoskeletal filaments, and 
beneath it by a layer (0.1-0.2 pm) of microfibrillar-amorphous mate- 
rial deposited by the eell. At the bilaminar stage, a continuous lamina 
densa is present, separated from the basal plasma membrane by a 
lamina lucida traversed by loosely fibrillar material; similar filaments 
extend from the lamina densa into the mesenehymal matrix. 

Hemidesmosomes (see Fig. 1.19) begin to appear at 8 weeks as 
stratifieation starts, and anehoring fibrils at 9-10 weeks. By the end of 
the third month, the basie morphology of the interfollicular BMZ is 
essentially similar to that of the postnatal BMZ. 

Laminin and type IV eollagen are present in the developing basal 
lamina at 6 weeks; bullous pemphigoid antigen (BPAG, in hemidesmo- 
somes) and anehoring fibril proteins are expressed later. These immu- 
noeytoehemieal and morphologieal observations are of importanee for 
the prenatal diagnosis of genetieally determined diseases such as epi- 
dermolysis bullosa. The basal lamina provides a physieal supporting 
substrate and attaehment for the developing epidermis, and is thought 
to be seleetively permeable to maeromoleailes and soluble faetors regu- 
lating epidermal-dermal morphogenetie interaetions. 


NEONATAL GR0WTH 


The surface area of the skin inereases with growth. It is estimated that 
the surface area of a premature neonate weighing 1505 g is approxi- 
mately 1266 em 2 , whereas a neonate of 2980 g has a surface area of 
2129 em 2 . The skin of the neonate is thinner than that of older infants 
and ehildren. It eornifies over a period of 2-3 weeks, which provides 
proteetion. In the premature infant the even thinner epidermal layer 
allows absorption of a variety of substances such as chlorhexidine and 
permits a signifieantly higher transepidermal water loss than occurs in 
full-term neonates. At birth the skin is riehly vasoilarized by a dense 
subepidermal plexus. The mature pattern of eapillary loops and of the 
subpapillary venous plexus is not present at birth but develops as a 
result of eapillary budding with migration of endothelia at some sites 
and the absorption of vessels from other sites. Some regions mature 
faster than others. With the exceptions of the palms, soles and nail beds, 
the skin of the neonate has almost no papillary loops. It has a disor- 
dered eapillary network, which beeomes more orderly from the seeond 
week when papillary loops appear; defined loops are not present until 
the fourth or fifth week, and all areas possess loops by 14-17 weeks 
postnatally. 

Neonates exhibit a regional sequence of eeerine gland maturation. 
The earliest sweating occurs on the forehead, followed by the ehest, 
upper arm and, later, more caudal areas. Aeeeleration of maturation of 
the sweating response occurs in premature babies after delivery. 


NATtlRAL SKIN CREASES AND WRINKLES 


SKIN LINES 


The surface of the skin and its deeper structures show various linear 
markings, seen as grooves, raised areas and preferred direetions of 
stretehing. 

Surface pattern lines, tension lines 
and skin ereases 


Externally visible skin lines are related to various patterns of epidermal 
ereasing, ridge formation, searring and pigmentation. A simple lattiee 
pattern of lines occurs on all major areas of the body other than the 
thiek skin of volar and plantar surfaces. The lattiee pattern typieally 
eonsists of polygons formed by relatively deep primary ereases visible 
to the naked eye, which are irregularly divided by finer seeondary 
ereases into triangular areas (Figs 7.22-7.23). These, in turn, are fhrther 
subdivided by tertiary ereases limited to the eornified layer of the epi- 
dermis and, finally, at the mieroseopie level, by quaternary lines, which 
are simply the outlines of individual squames (see Fig. 7.7). Apart from 
the quaternary lines, all the others inerease the surface area of the skin, 
permit eonsiderable stretehing and reeoil, and distribute stresses more 
evenly. Details of the pattern vary aeeording to the region of the body; 



Fig. 7.22 The surface 
of hairless skin from the 
palm of the hand, 
showing epidermal 
frietion (papillary) ridges 
and larger flexure lines 
(left). 



Fig. 7.23 A seanning eleetron mierograph of the surface of thin skin of 
the baek, showing an interlaeing network of fine ereases and 
predominantly triangular areas between them. 


e.g. on the eheek the primary ereases radiate from the hair follieles, on 
the sealp they form hexagons, while on the ealf and thigh they form 
parallelograms. There is a relationship between the type of pattern and 
loeal skin extensibility. 

Wrìnkle lines 


Wrinkle lines are caused by eontraetion of underlying muscles and are 
usually perpendicular to their axis of shortening. On the faee they are 
known as lines of expression, and with progressive loss of skin elastieity 
due to ageing, they beeome permanent. Occupational lines are ereases 
produced by repeated muscular eontraetions assoeiated with particular 
trades or skills. Contour lines are lines of division at junctions of body 
planes, e.g. the eheek with the nose, and lines of dependeney are pro- 
duced by the effeet of gravity on loose skin or fatty tissue, e.g. the ereases 
assoeiated with the pendulous fold beneath the ehin in older age. 

Flexure (joint) lines 


Flexure (joint) lines are major markings found in the vieinity of syno- 
vial joints, where the skin is attaehed strongly to the underlying deep 
faseia (see Fig. 7.22). They are conspicuous on the flexor surfaces of the 
palms, soles and digits, and in eombination with assoeiated skin folds 
they faeilitate movement. The skin lines do not neeessarily eoineide 
with the assoeiated underlying joint line. For example, the flexure lines 
demareating the extended fingers from the palm lie approximately 
12 mm distal to the metaearpophalangeal joints, the positions ofwhich 
are more elosely related to the distal palmar erease. The patterns of 



















































Natural skin ereases and wrinkles 



Fig. 7.24 The palmar aspeet of a 
terminal phalanx to show fingerprint 
ridges. Note the interphalangeal 
flexure line (IPFL). 



Fig. 7.25 A seanning eleetron mierograph of the surface of thiek hairless 
skin from the volar surface of a human digit, showing frietion ridges along 
which lines of sweat ducts open as pores (one pore is arrowed). 

(Courtesy of Professor Lawrence Bannister and Dr Caroline Wigley.) 


flexure lines on the palms and soles may vary and are, to some extent, 
genetieally determined. 

Papillary ridges 


Papillary ridges are eonfined to the palms and soles and the flexor 
surfaces of the digits, where they form narrow parallel or curved arrays 
separated by narrow furrows (Figs 7.24-7.25). The apertures of sweat 
ducts open at regular intervals along the summit of eaeh ridge. The 
epidermal ridges eorrespond to an underlying interloeking pattern of 
dermal papillae, an arrangement that helps to anehor the two layers 
firmly together. The pattern of dermal papillae determines the early 
development of the epidermal ridges. This arrangement is stable 
throughout life, unique to the individual, and therefore signifieant as a 
means of identifieation. The ridge pattern ean be affeeted by eertain 
abnormalities of early development, including genetie disorders such 
as Down's syndrome, and skeletal malformations such as polydaetyly. 
Absenee of epidermal ridges is extremely rare. Functionally, epidermal 
ridges inerease the gripping ability of hands and feet, preventing slip- 
ping. The great density of taetile nerve endings beneath them means 
that they are also important sensory structures. 

The analysis of ridge patterns by studying prints of them (finger- 
prints) is known as dermatoglyphies and is of eonsiderable forensie 


importanee. Measurable parameters include the frequency of ridges in 
partiailar patterns and the disposition of tri-radii, which are junctional 
areas where three sets of parallel ridges meet. Fingerprint ridge patterns 
ean be separated into three major types (see Fig. 7.24): arehes (5%), 
loops (70%) and whorls (25%). Arehes have no tri-radii, loops have 
one tri-radius, and whorls have two or more. Whorl finger patterns are 
more eommon on the right hand, and males generally have more 
whorls and fewer arehes than females, in whom the ridges are relatively 
narrower. The frequency of individual patterns varies with particular 
fingers. Similar patterns are seen on the toes. Adermatoglyphia is an 
extremely rare autosomal dominant eondition in which fingerprint 
ridges are absent, and is caused by mutations in the SMARCAD1 gene. 
Other genetie disorders may also have reduced or absent dermatoglyph- 
ies as part of the elinieal features. 

If the meehanieal demands plaeed on the skin are greater than the 
skin ereases and the dermis ean aeeommodate, the lateral eohesion of 
dermal eollagen fibres beeomes dismpted with assoeiated haemorrhage 
and cellular reaetion, and, eventually, the formation of poorly vascular- 
ized sear tissue. These ehanges are termed intrinsie to distinguish them 
from sears formed by external wounding. Sites of dermal mpture are 
visible externally as lines or striae. They are initially pink in colour, later 
widen and beeome a vivid purple or red (striae mbrae), and eventually 
fade, beeoming paler than the surrounding intaet skin (striae albae). 
They develop on the anterior abdominal wall of some women in preg- 
naney, when they are termed striae gravidamm (streteh marks). 

Variation in pigmentation ean also produce externally visible lines 
on the surface of the skin. Futcher's or Voigt's lines mark differenees in 
pigmentation between the darker extensor and paler flexor surfaces of 
the arms, and occur along the anterior axial lines, extending from the 
sternum to the wrist. They are more eommon in darker-skinned people. 

Lines deteetable after manipulation 
or ineision 


In eertain regions of the body, surgical wounds heal with a better and 
less conspicuous sear if they are orientated in a particular direetion. This 
finding is related to a number of faetors including skin tension and 
naturally formed wrinkle lines. Skin is normally under tension and the 
direetion in which this is greatest varies regionally. Tension is dependent 
on the protmsion of underlying structures, the direetion of underlying 
muscles, and on joint movements. Many anatomists and surgeons have 
therefore attempted to produce a body map to indieate the best diree- 
tion in which to make an eleetive ineision to obtain the most aesthetie 
sear. These maps frequently differ, espeeially in the region of the faee. 
Out of the multitude of deseribed eleavage lines, the most eommonly 
referred to are relaxed skin tension lines (RSTLs), Langer's lines and 
Kraissl's lines. Of these, the RSTLs and KraissLs lines are probably more 
appropriate lines for surgical ineision. 

Relaxed skin tension lines 

Relaxed skin tension lines (RSTLs) are those that eorrespond to the 
direetional pull (which forms furrows) when the skin is relaxed; they 
do not always eorrespond to wrinkle lines. The tension aeross the RSTL 
is eonstant even during sleep but ean be altered (inereased, deereased 
or abolished) by underlying muscle eontraetion. The direetion of the 
RSTLs ean be determined by pinehing the skin in different direetions. 
Pinehing at right angles to the RSTLs will result in fewer and higher 
furrows than pinehing parallel to these lines. 

Lines of Langer and Kraissl 

Langer punctured the skins of eadavers with a circular awl and noted 
the subsequent elliptieal-shaped openings that this protoeol produced. 
By eonneeting the long axes of the holes, he produced the eleavage lines 
named after him. These lines represent skin tension in rigor mortis but 
they frequently do not relate to the lines of ehoiee in making eleetive 
ineisions, e.g. Langer's lines often mn at right angles to the RSTLs on 
the faee. 

KraissLs lines are essentially exaggerated wrinkle lines obtained by 
studying the loose skin of elderly faees whilst eontraeting the mimetie 
muscles of the faee. For the most part, these lines do eorrespond to 
RSTLs but slight variation exists on the faee, espeeially on the lateral 
side of the nose, the lateral aspeet of the orbit, and the ehin. 

Blasehko’s lines 

Blasehko's lines represent a pattern of cutaneous mosaieism that ean be 
observed in a range of eongenital and acquired skin eonditions. They 
do not appear to eorrespond to vascular or neural elements of the skin, 
and may be related to earlier developmental boundaries of a 'mosaie' 
nature. 
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SKIN AND ITS APPENDAGES 


AGE-RELATED SKIN OHANGES 


Two main faetors, ehronologieal and environmentaf are involved in 
skin ageing. Chronological ehanges are physiologieal or intrinsie in 
origin. A major environmental faetor is ehronie exposure to the sun, 
referred to as photoageing, which is to some extent preventable. 

intrinsie ageing 


From about the third deeade onwards there are gradual ehanges in the 
appearanee and meehanieal properties of the skin, which refleet natural 
ageing proeesses. These beeome very marked in old age. Normal ageing 
is aeeompanied by epidermal and dermal atrophy, which result in 
ehanges in the appearanee, microstructure and hmetion of the skin. 
Alterations include wrinkling, dryness, loss of elastieity, thinning and 
easy bmising. Epidermal atrophy is manifested by general thinning and 
loss of the basal rete pegs and flattening of the dermal-epidermal junc- 
tion. Flattening of the junction deereases resistanee to shear, leading to 
poor adhesion of epidermis and its separation following minor injury. 
The thiekness of the eornified layer is not reduced in old age, and its 
permeability eharaeteristies seem little affeeted. Epidermal proliferative 
aetivity and rate of eell replaeement deeline with age, being reduced by 
up to 50% in elderly skin. Synthesis of vitamin D is also reduced. After 
middle age, there is a 10-20% deeline in the mimber of melanoeytes, 
and Langerhans eells beeome sparser, a ehange which is assoeiated with 
a reduction in immune responsiveness. Depigmentation and loss of 
hair, as well as some loeal inereases (eyebrows, nose and ears in males, 
and faee and upper lip in females), are eommonly observed. Alterations 
in non-keratinoeytes may be aggravated by ehronie exposure to FJV 
irradiation. 

Dermal ehanges are mainly responsible for the appearanee of aged 
skin, its stiffness, flaeeidity and wrinkling, as well as loss of extensibility 
and elastieity. Its general, thiekness diminishes as a result of the deeline 
in eollagen synthesis by a reduced population of fibroblasts, though the 
relative proportion of type III eollagen inereases. Senile elastosis is a 
degenerative eondition of eollagen, which may be partly due to exces- 
sive exposure to sun. Vasailarization of the skin is reduced, the eapillary 
loops of the dermal papillae are particularly affeeted, and the tendeney 
towards small spontaneous purpuric haemorrhages indieates a general 
fragility of the cutaneous microvasculature. A deerease in sensitivity of 
sensory pereeption, assoeiated with some loss of speeialized reeeptors, 
occurs. Ageing is also assoeiated with fat redistribution, which may 
contribute to the physieal eharaeteristies of loose, sagging skin. 

Photoageing 


Skin ageing is also influenced by external faetors, such as tobaeeo 
exposure, malnutrition, airborne particulate matter and UV radiation. 
Photoageing, also known as extrinsic skin ageing, occurs as a result of 
the hazardous effeet of UV radiation on human skin. It is a major 
eoneern because of an assoeiation with skin eaneer. Ultraviolet light B 
(UVB) is primarily absorbed in the epidermis and has been shown 
to induce angiogenesis and lymphatie dysfimetion in skin. It causes 
DNA damage by generating cyclobutane pyrimidine dimers and 6,4- 
photoproducts, which are photoeareinogenie. Ultraviolet A is absorbed 
by cellular ehromophores such as melanin, riboflavin and urocanic 
aeid, resulting in the formation of reaetive oxygen speeies, which in turn 
damage lipids, DNA and proteins (for review, see Kohl et al (2011 ). 


CUTANE0US W0UND HEALING AND SCARRING 


The end-point of healing of mammalian skin wounds is usually sear 
formation. Cutaneous sears result from injury to both the epidermis 
and the underlying dermis. The epidermis largely regenerates, but 
dermal architecture is abnormal after repair and the undulating pattern 
of rete ridges at the dermal-epidermal junction is not reproduced. Sear 
tissue is biomeehanieally inferior to unwounded skin. Appendages such 
as hair follieles, sebaceous and sweat glands, which are derived from 
the epidermis, do not regenerate after wounding. 

The moleoilar biology of cutaneous repair involves the eoordination 
of numerous eell types, signalling molecules and matrix proteins. Many 
of these signalling molecules have pleiotropie effeets and it is the 
complex balanee of these mediators, rather than their individual aetion, 
that determines events in wound repair. Wound healing is often eon- 
sidered in four overlapping temporal phases: namely, haemostasis, 
inflammation, proliferation and remodelling (Fig. 7.26). These events 
158 will be disaissed separately for elarity, although this is an artifieial 


division of the complex, interrelated proeesses that constitute the 
wound healing response. For fhrther reading, see Miller and Nanehahal 
(2005) and Rozen et al (2009). 

HAEM0STASIS 


Wounding causes vascular injury and initiates fibrin-fibroneetin elot 
formation. The elot eonsists of platelets (promoted to aggregate by 
fibrillar eollagens type I and III) embedded in a mesh of eross-linked 
fibrin and fibroneetin fibres. It serves as a haemostatie plug, proteets the 
denuded wound with a temporary physieal shield, and forms a provi- 
sional matrix through and over which eells migrate during the repair 
proeess. The elot also aets as a reservoir of growth faetors and eytokines, 
which are released as platelets degranulate, and contribute to inflam- 
matory eell reemitment. 

INFLAMMATI0N 


Neutrophils and monoeytes are reemited to wound sites within minutes 
of injury by a variety of ehemotaetie signals, including eomplement 
faetors, baeterial polysaeeharides, eytokines and growth faetors such as 
tumour neerosis faetor alpha (TNF-a), interleukin (IL)-l, platelet- 
derived growth faetor (PDGF), transforming growth faetor alpha (TGF- 
a) and TGF-(3l,2, basie fibroblast growth faetors (bFGF/FGF-2), 
serotonin and monoeyte ehemotaetie protein-1 (MCP-1). 

Neutrophils are aetive against eontaminating baeteria. Monoeytes 
differentiate into maerophages that phagoeytose not only pathogenie 
organisms, but also expended neutrophils, eell and matrix debris. Both 
neutrophils and maerophages aet as a fhrther source of eytokines and 
growth faetors to amplify stimuli already present in the wound site. 
Maerophages are also a source of additional faetors such as TGF-a, FGF 
and vasoalar endothelial growth faetor (VEGF) that aetivate resident 
fibroblasts, endothelial eells and keratinoeytes, which in turn are eentral 
to the proeesses of re-epithelialization and formation of granulation 
tissue, as disaissed below. 

PR0LIFERATI0N 


The proliferation phase of wound healing involves re-epithelialization 
and granulation tissue formation, which take plaee more or less 
simultaneously. 

Re-epithelialization 


Re-epithelialization begins within hours of wounding as a result of 
keratinoeyte migration and proliferation from the wound edges and 
skin appendages. Cytokines such as epidermal growth faetor (EGF), 
FGF, keratinoeyte growth faetor (KGF/FGF-7), insulin-like growth 
faetor-1 (IGF-1) and TGF-a are released by aetivated fibroblasts and 
keratinoeytes, and stimulate the re-epithelialization proeess. The meeh- 
anisms of keratinoeyte migration are not fhlly understood, although 
dismption of desmosomes and hemidesmosomes, extracellular matrix 
eontaet, formation of eytoplasmie aetin filaments and degradation of 
the fibrin matrix are all likely to be important. There is evidenee that 
keratinoeyte expression of matrix metalloproteinases (MMPs) is assoei- 
ated with re-epithelialization. During this phase of cutaneous wound 
healing, keratinoeyte proliferation is thought to be upregulated after 
migration has started; dividing and migrating eells are found in the first 
suprabasal as well as basal keratinoeyte layers. MMP aetivity is regulated 
by the production of tissue inhibitors of MMPs (TIMPs), and a relative 
imbalanee, with upregulation of eertain MMPs, may be assoeiated with 
impaired wound healing. When the demided wound surface has been 
eovered by a monolayer of keratinoeytes, migration eeases. A stratified 
epidermis with an underlying basal lamina is re-established from the 
margins of the wound inwards. Anehoring fibrils linking the basal 
lamina to the underlying eonneetive tissue mark neo-epidermal 
maturity. 

Granulation tissue formation 


The term granulation tissue refers to the maeroseopie appearanee of 
wound eonneetive tissue, which appears pink and granular. It eontains 
numerous eapillaries that invade the initial wound elot and beeome 
organized into a mierovasoilar network (angiogenesis), together with 
the eells and molecules neeessary to stiimilate neo-matrix deposition. 
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Fig. 7.26 The proeesses involved in the healing of a normal cutaneous wound. Abbreviations: EGF, epidermal growth faetor; FGF, fibroblast growth 
faetor; KGF, keratinoeyte growth faetor; PDGF, platelet-derived growth faetor: TGF, transforming growth faetor; VEGF, vascular endothelial growth faetor. 


Angiogenesis is a complex proeess, promoted by dynamie interaetions 
between endothelial eells, angiogenie eytokines (including FGF-2, VEGF 
(mainly from keratinoeytes), PDGF andTGF-[3l,2) and the extracellular 
matrix environment. 

Eleetron mieroseopie studies have shown that the epidermis, basal 
lamina and papillary dermis all develop on the surface of the gramila- 
tion tissue. Wounds that fail to granulate do not heal satisfaetorily 
suggesting that gramilation tissue formation is a key aspeet of 
wound repair. Excessive granulation is also assoeiated with delayed 
re-epithelialization. 

Aetivated fibroblasts in the healing wound proliferate in response to 
growth faetors, notably TGF-pl, IGF-1, PDGF, FGF and EGF. Within 72 
hours of injury, these fibroblasts synthesize eomponents of the new 
extracellular matrix, which are deposited in an orderly sequence. The 
neo-matrix initially includes fibroneetin and hyaluronan, which form 
a provisional substratum for cellular migration. Fibroneetin aets as an 
initiation site for eollagen fibrillogenesis, and as anehorage for myofi- 
broblasts to effeet wound eontraetion. Hyaluronan forms a highly 
hydrated matrix that is easily penetrated by migrating eells. Ultimately 
this and other neo-matrix eomponents are replaeed, first by eollagen 
type III, and subsequently by eollagen type I, which imparts strength to 
the mature sear (see remodelling, below). Non-structural proteins such 
as tenasein are also found in the neo-matrix of healing wounds and 
provide signals that orehestrate the repair proeess. 

Cellularity deereases during the evolution of gramilation tissue into 
a mature sear (and during other phases of wound healing), mainly as 
a result of apoptosis. 

REMODELLING 


Remodelling of the extracellular matrix is important throughout the 
wound healing proeess and persists for some time after closure of the 
defeet. Fibroblasts are responsible for matrix remodelling, as well as 
deposition. Initially they replaee hyaluronan in the neo-matrix with 
sulphated proteoglyeans, such as deeorin, biglyean and versiean, which 


contribute to tissue resilienee. inereased wound strength eoineides with 
new eollagen deposition. Approximately 3 weeks after injury, eollagen 
breakdown and synthesis equilibrate; subsequent, more gradual 
inereases in wound strength refleet eollagen remodelling, with the for- 
mation of intermolecular eross-links and larger eollagen bundles. Sear 
maturation is assoeiated with proportional inereases in eollagen type I 
relative to eollagen type III. Collagen fibres of the dermis in sears are 
arranged in an irregular fashion and searred skin only reaehes a 
maximum tensile strength of about 70% that of unwounded skin. 

Wound eontraetion 


An important part of remodelling is wound eontraetion. Onee granula- 
tion tissue has been laid down, a proportion of aetivated fibroblasts (or 
other mesenehymal eells) transform into myofibroblasts, which play a 
key role in wound eontraetion; they are thought to generate forees that 
pull normal dermal and adipose tissue into the wound defeet. 

SOARLESS W0UND HEALING 


Wounds heal with reduced or absent searring in eertain circumstances, 
notably cutaneous wounds in the early fetus. The development of a 
major inflammatory response at a wound site appears to be a signifieant 
determinant of whether searring occurs. Searless fetal wound healing is 
eharaeterized by fewer inflammatory eells (which are less differentiated 
than their adult counterparts and which remain in the wound for a 
shorter time), rapid re-epithelialization, reduced angiogenesis and res- 
toration of the eonneetive tissue architecture in which eollagen is 
arranged in the normal reticular pattern. 

An ontogenie transition period, during which cutaneous healing 
ehanges from sear-free to sear-forming, has been identified in the third 
trimester of gestation. Studies of this transition period have led to the 
identifieation of molecules of key importanee in the searring proeess; 
the most extensively eharaeterized faetor to date is TGF-p. Three 
mammalian TGF-(3 isoforms have been identified: TGF-(3l, 2 and 3. 
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Comparisons of fetal sear-free and adult sear-forming wounds show 
thatTGF-pl and 2 are not present in fetal wounds, suggesting that sear- 
less wound healing is assoeiated with TGF-p3 aetivity, rather than TGF- 
(31 and 2. The pl and 2 isoforms are dominant in fetaf neonatal and 
adult wounds that form sears. The main sources of TGF-p3 are fibro- 
blasts and keratinoeytes, whilst TGF-pl and 2 are produced from 
degranulating platelets and subsequently from monoeytes and maero- 
phages; the low levels of TGF-pl seen in fetal wounds have been attrib- 
uted to a relative laek of platelet degranulation and fibrin elot formation. 


SKIN GRAFTS AND FLAPS 


A graft is a pieee of tissue that has been detaehed from its blood supply 
and therefore needs to regain a blood supply from the bed in which it 
is plaeed in order to survive. In eontrast, a flap is a pieee of tissue that 
is surgically raised and transferred from one loeation in the body to 
another while maintaining its blood supply which enters the base 
(pediele) of the flap when it is transplanted. 

GRAFTS 


Grafts ean be eomposed of skin, fat, faseia or bone, either separately or 
together as a eomposite pieee of tissue. Skin grafts ean be either full- 
thiekness grafts or split-thiekness grafts. Full-thickness grafts eonsist of 
the epidermis and the fiill thiekness of the dermis. Split-thiekness grafts 
eonsist of the epidermis and a variable quantity of the dermis. An 
essential differenee is that the donor site following the harvest of a full- 
thiekness graft has no epidermal elements from which new skin ean 
regenerate. These grafts therefore tend to be taken from sites of the body 
where the donor defeet ean be primarily elosed. The donor site from 
split-thiekness grafting eontains adnexal remnants (hair follieles in par- 
ticular), which have the propensity to divide and regenerate new epi- 
dermis, and so resurface the donor defeet. 

Revascularization of grafts is dependent on early and direet eonnee- 
tion between host and graft vessels (inosenlation), before which graft 
survival depends on fluid absorption (imbibition). Revascularization, 
which occurs as early as 48 hours post-transplantation, is by both anas- 
tomosis, whereby the severed ends of pre-existing graft vessels link up 
with vessels of the underlying wound bed; and neovascularization, 
which involves the de novo angiogenie ingrowth of vessels from the 
wound bed into the graft. During the first 2 weeks, blood vessels from 
the reeipient site invade the graft edges along previous vascular ehannels 
in the direetion of an isehaemie stimulus, whereas native graft vasoila- 
ture begins to regress. Endothelial progenitor eells appear to play an 
important role in blood vessel formation, attraeted by isehaemie gradi- 
ents. Inosculation occurs, restoring blood flow to the graft microcircula- 
tion. By the start of the third week, eomplete blood flow in the graft 
vasculature has been established and, in the absenee of a eontimiing 
isehaemie stimulus, neovascularization ends. 

FLAPS 


Flaps are named aeeording to the type of tissue transferred, e.g. a faseio- 
cutaneous flap eontains skin and faseia, and a musculocutaneous flap 
eontains both muscle and the overlying skin, whereas a skin flap, faseial 
flap and muscle flap eontain only the separate elements that their 
names imply. The blood supply to a skin flap ean be randomly orien- 
tated, which limits the flap length-to-breadth proportions to no more 
than 2:1 (except on the faee, where longer flaps ean be performed). 
Much longer skin flaps ean be raised elsewhere if the blood supply to 
the flap is a direet cutaneous artery and vein; these are ealled axial 
pattern flaps and are usually based on the loeal angiosome. An 


angiosome is an anatomieal territory supplied by a source artery and 
drained by aeeompanying veins and lymphatie vessels (p. 132). It may 
include faseia, nerve, muscle and bone, as well as skin. The eoneept is 
important in analysis of patterns of isehaemia and in planning inei- 
sions, and enables the raising of free, eomposite, vasailarized tissue 
flaps. (For fiirther reading about the angiosome eoneept, see Faylor and 
Palmer (1987), Taylor et al (1994) and Yin et al (2013 ). 

A free flap (free tissue transfer) is a speeifie type of flap in which the 
tissue, whether skin, faseia, muscle or bone, or a eombination of these, 
is eompletely removed from its original loeation in the body along with 
a single identifiable artery and vein, and transferred to a remote site. 
The blood vessels in the flap are anastomosed to vessels loeated in the 
new site using microsurgical techniques. This often allows for greater 
flexibility in performing reeonstmetive surgery. 



To maintain, repair and regenerate itself, the skin eontains stem eells, 
which reside in various parts of the hair follieles, including the bulge 
area and isthmus, the basal layer of interfollicular epidermis, the base 
of sebaceous glands and within sweat glands. Stem eells are able to 
self-renew, as well as give rise to differentiating eells. However, it is not 
elear whether every basal keratinoeyte or only a proportion of eells is a 
stem eell. Two possible hypotheses have emerged eoneerning epithelial 
renewal. One theory, known as symmetrieal eell division, divides basal 
keratinoeytes into epidermal proliferation units, which eomprise one 
self-renewing stem eell and about 10 tightly paeked transit ampliíying 
eells, eaeh of which is eapable of dividing a limited number of times 
before exiting the basal layer to undergo terminal differentiation. This 
unit gives rise to a column of larger and flatter eells, which culminates 
in a single hexagonal surface. The alternative theory, known as asym- 
metrieal eell division, is that some interfollioilar stem eells (perhaps up 
to 70% of eells) ean shift their spindle orientation from lateral to per- 
pendicular, such that one daughter eell is eommitted to terminal dif- 
ferentiation while the other maintains its proliferative eapaeity. 
Asymmetrieal eell divisions ean therefore bypass the need for transit 
ampliíying eells. 

Hair folliele stem eells (see Hsu et al (2011) for reeent researeh) are 
found in the bulge regions below the sebaceous glands but also in other 
parts of the hair folliele. These stem eells undergo varying degrees of 
growth, degeneration and rest, which are governed, in part, by Wnt 
signalling and bone morphogenetie protein (BMP) inhibition. The 
bulge area stem eells generate eells of the outer root sheath, which drive 
the highly proliferative matrix eells next to the mesenehymal papillae. 
After proliferating, matrix eells differentiate to form the hair ehannel, 
the inner root sheath and the hair shaft. Hair folliele stem eells ean also 
differentiate into seboeytes and interfollicular epidermis. Despite this 
multipotency, the folliele stem eells only fimetion in pilosebaceous unit 
homeostasis and do not contribute to the interfollicular epidermis 
unless the skin is wounded. Stem eells are also found in the base of 
sebaceous glands; the progeny of these eells differentiate into lipid- 
filled seboeytes. Stem eells in sweat glands ean differentiate into epithe- 
lial, luminal or myo-epithelial daughter eells to maintain skin integrity 
and homeostasis. 

Apart from epithelial stem eells, other eells in the dermis and sub- 
cutis may have stem eell properties. Some stem eells, termed dermal 
sheath eells, reside elose to hair follieles; other stem eells in the dermis, 
known as MHSE (multi-lineage differentiating stress-enduring) eells, 
are pfiiripotent stem eells (see Gommentary 1.2). Trauma and/or de 
hypoxia in the skin, e.g. during wound healing or skin grafting, may 
induce reemitment of epithelial and endothelial progenitors from stem 
eell sources beyond the skin, such as bone marrow, predominantly from 
the mesenehymal stromal eell pool. For review of epidermal stem eells, 
see Beek and Blanpain (2012) and Ghadially (2012). 
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Fluorescence mieroseopy in eell 

biology today 

Dylan M 0 wen 


Fliioreseenee mieroseopy is one of the most widely used tools in eell 
biology today. Its major strength is that it allows the distributions of 
individuaf speeifie protein speeies to be mapped at submicron resolu- 
tion in living eells and even whole organisms. There are several teeh- 
nologies that eame together in the 1990s and early years of the 
twenty-first century to make this possible. These are the development 
of fluorescent fhsion protein eonstmets based on genetieally eneoded 
fluorescent proteins; advanees in excitation and deteetor teehnology 
allowing new levels of speeifieity speed and signal-to-noise; the devel- 
opment of multiphoton excitation permitting imaging deep within 
tissues; and new image analysis and computing techniques for the 
manipulation and quantification of the resulting data. These advanees 
eombined to make fluorescence a standard researeh toof found within 
most laboratories working in the biologieal seienees. However, a new 
wave of teehnologieal development arrived in the last 5-10 years and 
is only now beginning to be adopted by the biologieal seienees eom- 
munity. New fluorescent probes, optieal teehnology and image- 
proeessing algorithms have led to the development of super-resolution 
mieroseopy in which fluorescence images ean be obtained with resolu- 
tion approaehing the molecular seale. In effeet, this allows the mapping 
of all fluorescent molecules in a sample with nanometre accuracy, a 
possibility that is ehanging the way we think about what mieroseope 
images mean. 

Fluorescent fhsion eonstmets allow a protein speeies of interest to 
be genetieally fused to a ffiioreseent protein so that it ean be visualized 
in a mieroseope (Chudakov et al 2010). Originally this meant fiision 
to the green fluorescent protein (GFP) from the Paeifie jellyfish Aec\uoria 
vietoria (Fsien 1998). For the development of this teehnology, the 2008 
Nobel Prize for Chemistry was shared between Osamu Shinomura, who 
identified and purified GFP; Martin ehalfie, who ereated and imaged 
the first ffiioreseent fhsion (Chalfie et al 1994); and Roger Tsien, who 
mutated GFP to ereate a whole palate of possible colours - a palate that 
is now vast (Shaner et al 2005, Giepmans et al 2006). Unlike immu- 
nostaining, in which fluorescently tagged antibodies to the protein of 
interest are introduced into the eell, GFP is genetieally eneoded and is 
therefore eompatible with live eell imaging, so allowing the investiga- 
tion of protein dynamies under physiologieal eonditions. The newest 
fluorescent protein teehnology includes photoaetivatable and colour- 
switchable proteins, which are useful for traeking intracellular events 
(Patterson and Lippincott-Schwartz 2002), and as timers (Subach et al 
2009) and sensors of various environmental parameters, such as pH 
( fantama et al 2011). On the hardware side, advanees in laser teehnol- 
ogy have allowed more speeifie excitation of the sample. Hnlike mercury 
are lamps, laser light is monoehromatie: that is, it eontains only a single 
wavelength. This speeifieity greatly expanded the seope for multichan- 
nel imaging and the visualization of several fluorescent speeies simul- 
taneously. The latest developments in this field eentre on white light 
lasers and tuneable lasers for more flexible imaging (McConnell 2004). 
Simultaneously, deteetors have beeome faster and more sensitive. The 
charge-coupled deviee (CCD) eamera evolved into the eleetron- 
multiplying CCD, which was sensitive enough to deteet individual 
photons and therefore image and traek single molecules within eells. 
Currently, compound metal-oxide semiconductor (CMOS) eamera 
teehnology is transforming mieroseopy with its very high frame rates 
and huge fields of view. For point deteetors such as those used on eon- 
foeal and multiphoton systems, new hybrid deteetors are being imple- 
mented, offering the Holy Grail of extremely high sensitivity and large 
dynamie range. 

While GFP advaneed imaging into the domain of live eells, multi- 
photon excitation allowed imaging in living organisms (Denk et al 
1990, Helmehen and Denk 2005). Here, two low-energy photons from 
a pulsed laser eombine at the sample to excite the fluorophores, rather 
than a single high-energy photon as is normally used. Low-energy (red) 
photons are seattered less by complex biologieal tissue, which means 
that high resolution ean be maintained at greater imaging depths 


(Fig. l.l.la). Model organisms, such as nematodes, zebrafish and fmit 
flies, ean be studied in this way. The newest developments in in vivo 
imaging that are currently transforming the field are based on light 
sheets. Termed SPIM (seleetive plane illumination mieroseopy), a flat 
sheet of excitation light is projeeted through the sample and imaged by 
a perpendiailarly arranged lens (Huisken et al 2004) (Fig. l.l.lb). This 
allows high-resolution three-dimensional imaging at high speed and 
with minimal photo-damage to the sample. 

In all the above techniques, the resolution of the final fluorescence 
image is limited by the diffraetion of light to be 200-300 nm; two fluo- 
reseent objeets separated by less than this distanee would not be distin- 
guishable as two separate entities. In 2008, the emerging field of 
super-resolution far-field mieroseopy or nanoseopy was named Method 
of the Year by Natrne Methods, and in 2014 the Nobel Prize for Chem- 
istry was awarded for the development of the techniques. By a eombina- 
tion of new fluorophores, opties and image analysis, the diffraetion 
limit was circumvented by three new methodologies. Broadly, these are 
techniques based on structured ilfiimination mieroseopy (SIM), in 
which a grid pattern of excitation light is projeeted on to the sample 
(Gustafsson 2000) (Fig. 1.1.2a); stiimilated emission depletion (STED) 
mieroseopy, in which a 'donghnm'-shaped depletion beam is used to 
de-excite fluorophores and narrow the excitation spot used in eonfoeal 
mieroseopy (Hell and Wichmann 1994, Vieidomini et al 2011) (Fig. 
1.1.2b); or single-molecule loealization techniques such as photoaeti- 
vated loealization mieroseopy (PALM), in which individual moleailes 




Fig. 1.1.1 lllustration of in vivo imaging by multiphoton and seleetive- 
plane mieroseopy. A, In multiphoton mieroseopy, excitation only occurs 
where the excitation photons are most dense - at the focus. Not only 
does this generate intrinsie optieal seetioning but also the low seattering 
of long-wavelength (red/infra-red) light means that focus ean be deep into 
tissue. B, Seleetive-plane illumination ereates a flat light sheet projeeted 
from the side by a eylindrieal lens, with fluorescence eolleeted by a 
standard objeetive and imaged using a eamera. This allows extremely 
high-speed three-dimensional imaging. 
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Fig. 1 . 1.2 The main techniques for super-resolution imaging. 

A, Structured illumination mieroseopy (SIM) projeets a pattern of 
excitation light (blue lines) on to the sample (green). Multiple acquisitions 
with different pattern positions and orientations allow a super-resolution 
image to be reeonstmeted computationally. B, Stimulated emission 
depletion (STED) uses a red-wavelength depletion laser beam to eaneel 
out fluorophore excitation at the periphery of a standard eonfoeal 
excitation spot, leading to a narrower effeetive excitation area. 

C, Single-molecule loealisation mieroseopy (SMLM) uses speeial 
fluorophores or ehemieals to image a sparse set of molecules in any one 
frame exclusively, leading to individual point spread functions that ean be 
imaged and eentroided to find the true position of the molecule. Over 
many thousands of frames, the positions of all fluorophores in the sample 
ean be mapped. 


are imaged and loealized in sequence (Betzig and Chichester 1993) 
(Fig. 1.1.2c). 

SIM aehieves resolutions of around 100 nm and is eompatible with 
eonventional fluorophores and live eell imaging. STED typieally aehieves 
50-100 nm in biologieal samples but is more ehallenging for live eell 
imaging because of the damaging laser powers used. PALM and the 
related technique of direet stoehastie optieal reeonstmetion mieroseopy 
(dSTORM) (Rust et al 2006, Heilemann et al 2008) deliver the highest 
resolution of 20-30 nm, but are relatively slow and therefore mainly 
used on fixed eells where new switchable fluorophores allow fluorescent 
molecules to be turned on stoehastieally. Individual molecules are then 
imaged and their eoordinates reeorded before the fluorophores are 
bleaehed and a new subset of molecules is aetivated. In this way, all 
molecules in the sample are imaged in sequence, circumventing the 
diffraetion limit. Hsing PALM, the ability to acquire tables of the x, y 
and z eoordinates of all individual fluorescent molecules, rather than 
images per se, requires new ways of thinking about the analysis and 
quantification of data sets; this ehallenge is only just beginning. Example 
images acquired with these three super-resolution methods are shown 
in Figure 1.1.3. 

While work on new improved fluorophores, laser teehnology, optieal 
eomponents and proeessing algorithms continues, more radieal break- 
throughs in mieroseopie techniques and data analysis are likely. They 
will focus on hirther enhaneements to resolution, imaging speeds and 
applieability to whole-organism imaging: for example, PALM is begin- 
ning to be applied to live eells when the biologieal structure is relatively 
stable (Shroff et al 2008) and the speed of STED has been greatly 
improved (Chmyrov et al 2013). There is no doubt that these advanees 
will make fluorescence mieroseopy an even more valuable tool within 
the biologieal seienees. 
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Fig. 1.1.3 Example data sets acquired with SIM, STED and STORM. 

A, Microtubules (green) and mitoehondria (pink) imaged in U20S eells 
using SIM imaging. B, STED image of the nuclear pore protein Nup153 
in the nucleus of a fixed PtK2 eell. C, STORM image of aetin fibres in 
Cos7 eells. A from York et al, Resolution doubling in live, multicellular 
organisms via multifocal structured illumination mieroseopy. Nature 
Methods 9(7):749-754 (2012); B from Wurm et al, Novel red fluorophores 
with superior performanee in STED mieroseopy. Optieal Nanoseopy 1(1) 
(2012); and C from Xu et al, Dual-objective STORM reveals three- 
dimensional filament organization in the aetin eytoskeleton. Nature 
Methods 9(2):185-188 (2012). 
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lntroduction 


There is a great deal of hype, hope and optimism surrounding the use 
of stem eells in regenerative medieine. Historieally and in reeent years, 
stem eell successes have attraeted widespread media attention, which 
has fhrther fhelled the public pereeption of stem eells and what they 
are eapable of aehieving. Although signifìeant breakthroughs have been 
made in the past deeade in stem eell researeh and the resulting seientifìe 
output has inereased exponentially so far, only a small proportion of 
this researeh has been successfully translated into the elinieal arena. 
Seientifie effort is therefore now focusing on translating this researeh 
from 'beneh' to 'bedside' and on testing the elinieal effìeaey and safety 
of stem eell therapies through elinieal trials. (For fiirther reading, see 
Dimmeler et al (2014).) 

What are stem eells? 


Stem eells may be defìned as eells that exhibit properties of multilineage 
differentiation and self-renewal ( Tomson et al 1998). The term 'mul- 
tilineage differentiation' means that eells have the potential to differen- 
tiate into any of the three embryonie germ layers - eetoderm, mesoderm 
or endoderm. By self-renewing, stem eells are able to generate fhrther 
stem eells, thereby propagating themselves. 

Types of stem eell 


Stem eells ean be broadly eategorized into embryonie or adult stem 
eells. The different types of stem eell are depieted in Figure 1.2.1. From 
an imimmologieal perspeetive, stem eells ean also be syngeneie (from 
identieal twins), autologous (from the same individual), allogeneie 
(from a different member of the same speeies) or xenogeneic (from a 
different speeies altogether). Syngeneie and autologous eells have 
obvious advantages sinee they are unlikely to be rejeeted following 
transplantation. The advantages and disadvantages of the different types 
of stem eell are outlined in Table 1.2.1. 

Embryonie stem eells (ESCs) 

Embryonie stem eells are the arehetypal pluripotent stem eells, derived 
from the embryonie inner eell mass of the blastoeyst and eapable of 
differentiating into any eell type ( homson et al 1998). However, 
current limitations on using ESCs include immunological rejeetion, 
safety eoneerns about the formation of tumours (teratomas) and ethieal 
dilemmas eoneerning the utilization of eells derived from aborted 
fetuses. A reeent trial of ESCs in spinal eord injury patients has been 
halted due to finaneial eonstraints, although elinieal trials are currently 
under way in the UK and HSA within the field of retinal researeh 
(Schwartz et al 2012, Watts 2011). Evidenee suggests that human ESCs 
may be generated through somatie eell nuclear transfer (eloning) teeh- 
niques, a ehallenge previously believed to be insurmountable ( Taehibana 
et al 2013). This has the potential of generating patient-speeifie 
(matehed) ESCs in future that will not be rejeeted by the patient's 
immune system. Preliminary data suggest that reprogramming by 
nuclear transfer may be slightly more effeetive than reprogramming by 
transeription faetors (Kmpalnik and Hanna 2014, Ma et al 2014). 

Amnìotìe fluid stem eells (AFSCs) 

The amniotie fluid that surrounds the developing fetus eontains a rieh 
stem eell population that was first diseovered in 2007 (De Coppi et al 
2007). Such eells are c-kit + (CD117 + ) and fhlfil the eriteria of tme stem 
eells, in that they are pluripotent and exhibit self-renewal. A1 though not 
in elinieal trials as yet, these eells offer the prospeet of eorreeting fetal 
defeets either in utero or at the time of birth. 





Amniotie fliiid 
stem eells 
U mbilieal eord 
stem eells 




Mesenehymal stem eells 


lnduced pluripotent stem eells 


Fig. 1.2.1 Different types of stem eell 


ilmbilieal eord stem eells 

Hmbilieal eord blood is a potential source of stem eells that may be 
used to treat a variety of different diseases, including haemopoietie and 
genetie diseases. Cord blood stem eells display embryonie stem eell 
markers but are negative for blood eell lineage markers. The main 
advantages they offer are ease of procurement with minimal risk to the 
donor; ease of eryopreservation and banking for future use; and minimal 
ethieal eoneerns. 

Adult stem eells 

Mesenehymal stem eells (MSCs) 

Mesenehymal stem eells (MSCs) are broadly multipotent stem eells that 
are eapable of differentiating into a variety of different tissue types, 
being fairly restrieted towards differentiation along the mesodermal 
lineage. Their potential to differentiate into eartilage, bone or adipose 
tissue depends on the ability to ereate the appropriate mieroenviron- 
ment in which this might occur, a goal that continues to be the focus 
of intense study. MSCs are often derived from bone marrow but ean 
also be enriehed from a variety of other sources, including adipose 
tissue, synovium, skeletal muscle and plaeental tissues. They have the 
advantage of generating large numbers of eells and their applieation in 
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Table 1.2.1 Comparison of the different types of stem eell 



vivo should encounter few ethieal eoneerns when eompared to the use 
of ESCs, given that their utilization is eomparable to bone marrow 
transplantation, which is already in widespread elinieal use. MSCs are 
currently in numerous elinieal trials for a variety of different diseases, 
including the treatment of myoeardial infaretion, where initial results 
have been promising. 

Induced pluripotent stem eells (iPSCs) 

Induced pluripotent stem eells are a relatively novel type of stem eell. 
Following their diseovery in 2006 (Takahashi and Yamanaka 2006), 
Yamanaka was awarded the 2012 Nobel Prize in Physiology or Medi- 
eine. If several eritieal transeription faetors are introduced into a eell - 
Oct3/4, Sox2, Klf4, e-Mye (so-ealled 'Yamanaka' or 'stemness' faetors), 
any eell (e.g. a fibroblast) ean be reverted to a pluripotent state. More 
reeently, it has been demonstrated that such eells may be reprogrammed 
to totipoteney (ability of a eell to differentiate into any eell type, includ- 
ing the extra-embryonic membranes and tissues) (Abad et al 2013). 
Limitations of the iPSC approaeh include the low effieieney of the 
proeess, safety eoneerns around viral transduction, immunogenicity of 
the iPSCs and the risk of tumour formation. Current researeh is aimed 
at generating iPSCs without the use of vimses, through the employment 
of dmg moleoiles (Hou et al 2013). In addition, eontrary to earlier 
opinion, it appears that iPSCs, being an autologous eell source, are 
indeed non-immunogenic (Araki et al 2013). Phase I/II elinieal trials 
involving iPSCs are eagerly awaited to determine their overall effieaey 
and safety in disease states. 

Somatie eell reprogramming - stìmiiliis- 
triggered acquisition of pluripotency (STAP): 
faet or fantasy? 


Two papers in Nature in 2014 reported that differentiated mouse 
somatie eells were able to revert to a pluripotent, or possibly even a 
totipotent, phenotype after transient exposure to low pH. The repro- 
gramming did not require either nuclear transfer or genetie manipula- 
tion and was remarkably rapid, unlike the time taken to prepare iPSCs 
(Obokata et al 2014a, Obokata et al 2014b). The reprogrammed eells 
were named STAP (stimulus-triggered acquisition of pluripotency) eells. 
Not surprisingly, the papers were headline news around the world. 
However, what seems to be too good to be tme usually is just that; 
within weeks of publication, the methodology and the nature of the 
eells used in the studies were ealled into serious question and both 
papers were subsequently retraeted ( Natrne editorial 2014). 



Bioreaetor 

Implantation 4 



Fig. 1.2.2 Tissue-engineering an organ for transplantation. 


Regenerative medieine through 
tissue engineering 


Tissue engineering is an interdiseiplinary field that applies the prinei- 
ples and methods of engineering and the life seienees towards the 
development of biologieal substitutes that ean restore, maintain or 
improve tissue fimetion (Langer and Vaeanti 1993). The main approaeh 
to tissue engineering includes using the various types of stem eell 
mentioned above and seeding them, either on or within seaffolds, to 
ereate 'off-the-shelf organs and tissues for transplantation (Fig. 1.2.2). 
Seeding of stem eells on to seaffolds may be undertaken either in vitro 
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Fig. 1.2.3 Blastoeyst eomplementation to generate human organs for transplantation 


Box 1.2.1 Clinical highlights 

Several patients have now reeeived a new traehea using tissue- 
engineering techniques. The patient’s own (autologous) stem eells 
were harvested from the bone marrow and respiratory epithelium, 
and seeded on to either decellularized (Elliott et al 2012, Maeehiarini 
et al 2008) or synthetie (Jungebluth et al 2011) seaffolds before 
being transplanted baek into the patient. Early results have been 
encouraging and elinieal trials of full-scale partial laryngotraeheal 
implants are antieipated in the near future. 


in a bioreaetor, or in vivo iising the host as a 'living' bioreaetor. Tissue 
engineering has the potential to overeome existing organ shortages and 
generate organs and tissues that are not rejeeted by the patient's immune 
system (Fishman et al 2013). The traehea was the fìrst stem-eell- 
based, tissue-engineered organ successfully transplanted into humans 
(Fishman et al 2011) (Box 1.2.1). 

Llsing stem eells to replaee organs and 
tissiies through blastoeyst eomplementation 

A eomplementary approaeh to organ and tissue replaeement using 
interspeeifie blastoeyst eomplementation has been reported reeently. In 
this technique, iPSCs home to developmentally defieient niehes, where 
they regenerate tissues of the donor eell speeies (Kobayashi et al 2010). 
llsing two transgenie pig lines, normal fluorescently-labelled pig 
pluripotent stem eells have been transplanted into genetieally altered 
pigs laeking panereata, resulting in the development of ehimerie pigs 


with fluorescent orange panereata derived from donor eells (Matsunari 
et al 2013). This is an important step towards the generation of human 
organs in large animals by eomplementing pig embryos with human 
iPSCs (Fig. 1.2.3). The elinieal possibilities of using blastoeyst eomple- 
mentation as a means of generating transplantable human organs may 
offer one solution to the current shortfall in organs for transplantation: 
by growing human organs in livestoek animals such as pigs, an unlim- 
ited supply of immunologically matehed human organs might be made 
available for transplantation. Concerns have been raised over possible 
immunological rejeetion (targeting poreine-derived vasculature sur- 
rounding the new organ), and ethieal and safety issues assoeiated with 
injeeting human iPSCs, eapable of differentiating into any eell and/or 
tissue type, into pigs (and so theoretieally generating a new human-pig 
hybrid speeies, espeeially if such eells home to the brain or the 
germline). 

Conclusion 


At present, the jury is still out as to which stem eell is most effeetive 
and safest for tissue regeneration. For this reason, all of the above stem 
eells are being explored as viable options for future therapies without 
relying on a single stem eell at the present time. iPSCs probably offer 
most potential for the future, although it may be that different stem 
eells perform differently under different eonditions (e.g. some stem eells 
may be better at generating one tissue than another). In addition, for 
tissue engineering purposes, a stem eell is required that ean generate 
large numbers of eells in a relatively short period of time. Either way, 
well-conducted elinieal trials will be required to determine the stem 
eell's effieaey, safety and eell fate prior to its widespread use in 
medieine. 
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The epidermis, our outermost layer of skin, serves as a proteetive barrier 
and sensory interfaee with the environment. In vertebrates, these func- 
tions are aeeomplished through the work of only four eonserved eell 
types. Keratinoeytes form a water-tight barrier, melanoeytes proteet 
against ultraviolet damage and Langerhans eells perform immune sur- 
veillanee. Merkel eells, which constitute less than 1 % of the epidermis, 
are an enigmatie eell type whose fhnetion and developmental origin 
have long been debated; however, reeent advanees show that mamma- 
lian Merkel eells are epithelial derivatives that eollaborate with sensory 
neurones to initiate touch sensation. 

As early as the nineteenth century, Merkel eells were proposed to 
contribute to skin's sensory fhnetion. These eells were fìrst deseribed by 
Friedrieh Sigmund Merkel, who named them touch eells (Tastzellen ), 
based on eontaets with nerve terminals (Merkel 1875). Merkel eells are 
found in highly touch-sensitive skin areas, including glabrous (hairless) 
skin of fingertips and lips, some hair follieles, and touch domes on the 
tmnk (Fig. 1.3.1). Most Merkel eells are innervated by a particular elass 
of myelinated (A(3) sensory neurones ealled slowly adapting type I (SAI) 
afferents (Iggo and Muir 1969). These touch reeeptors are unusual 
because they produce biphasie diseharges of aetion potentials that send 
two types of information to the brain (see "ig. 1.3.1); dynamie responses 
to moving stimuli represent an objeet's spatial features (e.g. edges and 
curvature), whereas sustained aetion-potential trains signify steady pres- 
sure (e.g. eontaet with elothing; fohnson 2001). 

Merkel eells were initially proposed to serve as sensory reeeptor eells 
based on their synapse-like eontaets with nerve terminals and dense- 
eore vesieles filled with neurotransmitters (Halata et al 2003). Sensory 
reeeptor eells, such as taste-bud eells or hair eells of the inner ear, trans- 
duce the energy of a sensory stimulus into eleetrieal signals, which then 
trigger neurotransmitter release to excite sensory afferents. The hypo- 
thesis that Merkel eells are meehanosensory reeeptors was ehallenged 
by neurophysiological studies that reported touch sensitivity after 
Merkel-eell loss, which suggested that Merkel eells aet in a non-sensory 
eapaeity. 

Reeent studies in rodent models have reeoneiled these views by 
demonstrating that both Merkel eells and their sensory afferents are 
meehanosensory eells. Three lines of evidenee support this two-receptor- 
site model, which was proposed more than two deeades ago (Yamashita 

and Ogawa 1991). 

First, Merkel eells are touch-sensitive. Like inner-ear hair eells, Merkel 
eells display fast mechanotransduction currents that eonvert cellular 
displaeements into eleetrieal signals (Ikeda et al 2014, Maksimovie et al 
2014, Woo et al 2014). Piezo2, a large, meehanieally aetivated mem- 
brane protein, is required for mechanotransduction currents in Merkel 
eells. Thus, Piezo2 is a leading eandidate gene to eneode sensory trans- 
duction ehannels for touch (see Fig. 1.3.1). 

Seeond, Merkel eells are excitatory eells. This was established with a 
state-of-the-art technique ealled optogeneties, which uses light-gated 
molecules derived from Arehea to aetivate or inhibit eleetrieal signalling 
in speeifìe eells. Transgenie miee were engineered to seleetively express 
light-gated membrane proteins in Merkel eells (Maksimovie et al 2014). 
When the skin is illuminated to aetivate Merkel eells in these miee, their 
sensory afferents produce sustained volleys of aetion potentials that 
mimie the response to statie pressure (see Fig. 1.3.1). Conversely, neu- 
ronal fìring is inhibited when Merkel eells are optogenetieally sileneed. 
These results eonfìrm that Merkel eells are sensory eells eapable of excit- 
ing afferents. 

Third, Merkel eells are neeessary for sustained, but not for dynamie, 
fìring in SAI afferents. Prototypieal SAI responses are abolished in trans- 
genie mouse strains that laek either Merkel eells or epidermal Piezo2 
expression (Marieieh et al 2009, Maksimovie et al 2014, Woo et al 
2014). Instead, sustained touch produces only transient bursts of aetion 
potentials in these miee (see Fig. 1.3.1). This fìnding indieates that 
Merkel eells are essential for eonveying information about statie pres- 
sure to the nervous system. Importantly, they also show that sensory 
afferents are independently eapable of transducing dynamie touch, 
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Fig. 1.3.1 The Merkel cell-neurite complex is a compound touch reeeptor. 
The sehematie shows the innervation of a touch dome. Merkel eells (blue) 
cluster in these highly touch-sensitive spots in humans and other 
mammals. Merkel eells are meehanosensory reeeptor eells derived from 
epidermal progenitors. Adjaeent Merkel eells are innervated by a 
myelinated sensory afferent (yellow) that produces slowly adapting type I 
(SAI) responses. This response has two phases: (1) Dynamie firing. During 
a moving stimulus (blue bar), mechanotransduction ehannels loeated in the 
SAI afferent open to excite a transient neuronal volley (blue aetion 
potentials). (2) Sustained firing. Statie pressure (green bar) aetivates the 
Merkel eells’ Piezo2 -dependent mechanotransduction ehannels to excite 
eleetrieal signalling. Merkel eells then signal to SAI afferent terminals to 
produce sustained aetion-potential firing (green). Although numerous 
neuroactive molecules loealize to dense-eore vesieles, the 
neurotransmitters and reeeptors (orange) that mediate excitatory signalling 
have not been identified. (Reeeptor and ehannel symbols © motifolio.com.) 
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albeit with rediieed aetivity. Finally, touch-driven behaviours are eom- 
promised in rodents laeking fhnetional Merkel eells, which indieates 
that Merkel eells are important for the pereeption of touch (Marieieh 
et al 2012, Ikeda et al 2014, Woo et al 2014). 

Together, these studies demonstrate that the Merkel cell-neurite 
complex is a compound touch reeeptor with two meehanosensory eell 
types arranged in series (see Fig. 1.3.1). A key open question is: which 
neurotransmitters eonvey information between Merkel eells and sensory 
afferents? 

Transgenie mouse studies have also elarified the Merkel eell's onto- 
geny. Although embedded in a stratified epithelium, Merkel eells express 
simple epithelial keratins (e.g. keratin-8, keratin-20) and produce 
dozens of neurochemical markers (Moll et al 1984, Halata et al 2003, 
Haeberle et al 2004). Due to this unusual assortment of epithelial and 
neuronal markers, it was unclear whether Merkel eells derive from 
epithelial precursors or neural erest. These eompeting models were 
tested in transgenie miee by genetieally marking speeifie eell lineages 
based on seleetive expression of Cre reeombinase. Wntl Cre , which marks 
all neural erest eells, failed to label Merkel eells; however, Krtl4 Cre , a 
marker of keratinoeyte-derived eells, labelled Merkel eells in all skin 
areas (Morrison et al 2009, Van Keymeulen et al 2009). Moreover, 
Merkel eells are replenished from epidermal progenitors in mature skin 
(Van Keymeulen et al 2009, Woo et al 2010, Doucet et al 2013). Finally, 
Merkel eells were abolished by eonditional deletion of a developmental 
transeription faetor, Atohl, driven by Krtl4 Cre but not Wntl Cre (Morrison 
et al 2009, Van Keymeulen et al 2009). Together, these studies provide 
a starting point to define transeriptional networks that bestow a neuro- 
sensory fate in epidermal eells (Bardot et al 2013, Lesko et al 2013). 

Despite remarkable progress in Merkel-eell biology, important ques- 
tions about human Merkel eells remain unanswered. Do Merkel eells 


serve additional, non-sensory fimetions in skin? This is particularly 
important in human skin, where a substantial fraetion of Merkel eells 
appear to laek innervation. Are human Merkel eells derived from epi- 
dermis and renewed throughout life? If so, how are these proeesses 
dismpted during ageing, which is aeeompanied by loss of touch reeep- 
tors in extremities? This eondition is proposed to contribute to the 
deeline of taetile acuity, grip strength and postural stability in the 
elderly. 

Meehanisms of Merkel-eell speeifieation may also be important in a 
very different human pathology - Merkel eell eareinoma (MCC). This 
highly aggressive, non-melanoma skin eaneer is linked to Merkel eells 
based on ultrastmcture, neurosecretory markers and keratin-20 immu- 
noreaetivity (Bhatia et al 2011). Reeent genomie profiling studies 
eonfirm that human MCC eells express many of the same genes as 
mouse Merkel eells (Haeberle et al 2004, Harms et al 2013). An impor- 
tant unresolved question is whether Merkel eells or their epidermal 
progenitors aet as eells of origin for MCC. Immune suppression is a 
probable risk faetor for MCC because it is prevalent on sun-exposed 
skin and in immunocompromised patients. Intriguingly, MCC has been 
linked to a newly deseribed vims, Merkel eell polyomavims ( Ang et al 
2008), raising the possibility that viral infeetion plays a role in MCC 
pathogenesis. Aetive areas of investigation include identiíying a causal 
link between MCC and polyoma viral infeetion, and defining meeha- 
nisms that underlie the aggressiveness of MCC. 
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Metaplasia is the appearanee, in adult life, of a pateh of tissue that 
normally belongs elsewhere in the body (Slaek 1985, Slaek 2007). 
Generally, it is understood that the metaplasia originated in situ and 
has not migrated from elsewhere. Therefore, metastatie tumour depos- 
its, for example, are not eonsidered to be metaplasias, and neither are 
tissues misplaeed during embryonie development, such as thyroid resi- 
dues in the thyroglossal duct. 

Metaplasias are very diverse (Willis 1962). They include eetopiebone 
and eartilage arising from eonneetive tissue, squamous metaplasia of 
glandular epithelia, and substitution of one glandular tissue for another. 
The latter group is of particular interest from a biologieal point of view. 
These metaplastie transformations are normally between tissue types 
that originated in embryonie development as neighbours in a eommon 
eell sheet. They may remain neighbours into adult life or may beeome 
separated. For example, intestinal metaplasia of the stomaeh is a well- 
studied type of metaplasia in which patehes of small intestine-like 
epithelium are found in the stomaeh (Stemmermann and Hayashi 
1968, Gutierrez-Gonzalez and Wright 2008). Intestinal metaplasia 
found in the urinary bladder eontains eell types and markers normally 
found in the eolon (Sung et al 2006). The bladder is not part of a 
eommon eell sheet with the intestine in the adult, but in the embryo it 
is, originating from the allantoie diverticulum of the hindgut. Glandular 
metaplasias are particularly eommon in the alimentary eanal and in the 
female reproductive traet (Kurita 2011), perhaps because these are both 


examples of structures in which a number of different tissue types arise 
from a simple epithelial tube in the embryo. 

The elinieal importanee of metaplasias stems from the faet that they 
often predispose to eaneer. For example, eareinomas of the bronchus 
usually arise within areas of squamous metaplasia (Auerbach et al 
1961) and eareinomas of the stomaeh usually arise in regions of intes- 
tinal metaplasia (Busuttil and Boussioutas 2009). 

Metaplasias arise because the eombination of gene aetivities that 
defines the tissue type in embryonie development beeomes altered in 
adult life. The genes in question eneode a limited number of key tran- 
seription faetors. For example, the transeription faetor p63 is essential 
for the formation of squamous epithelia (Koster et al 2004) and is 
always found to be expressed in patehes of squamous metaplasia. In 
experiments with miee, eetopie expression of the Cdx2 gene, normally 
neeessary for intestinal development, leads to patehes of intestinal tissue 
in the stomaeh (Silberg et al 2002, Mutoh et al 2002). Conversely, dele- 
tion of Cdx2 from the intestine leads to oesophagus-like or stomaeh-like 
patehes in the intestine (Gao et al 2009, Stringer et al 2012). In tissues 
that are maintained by continuous renewal from a population of stem 
eells, it is the stem eells whose eharaeter beeomes switched in an initiat- 
ing event. Onee the ehange has occurred, it is irreversible. 

A well-studied example of metaplasia is Barrett's metaplasia, 
eommonly known as Barrett's oesophagus ( "alk 2002, Gilbert et al 
2011) (Fig. 1.4.1). This is eharaeterized by the presenee of eohimnar 





Fig. 1.4.1 Barrett’s metaplasia. A, Normal endoseopie appearanee showing the junction between gastrie columnar and oesophageal squamous 
epithelium (Z-line). B-C, Endoseopies showing two eases of Barrett’s oesophagus. The Z-line has moved proximally and is very irregular. There are 
islands of squamous tissue within the columnar region. D, Histologieal view, haematoxylin and eosin. E, Histologieal view, immunostained for CDX2 
(brown). Seale bar 200 mierons. Abbreviations: BM, metaplastie epithelium (Barrett’s metaplasia); SSQE, stratified squamous epithelium. 
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epithelium in the distal oesophagns, of which some resembles intesti- 
nal epithelium possessing goblet eells. Barrett's metaplasia is important 
because it is a risk faetor for the development of oesophageal adeno- 
eareinoma, a eaneer whose ineidenee rose eonsiderably in the late twen- 
tieth century (Hvid-Jensen et al 2011). In less developed countries, most 
oesophageal eaneers are squamous eell eareinomas, arising from the 
normal squamous lining of the oesophagus but, in the Western world, 
adenoeareinomas are now more eommon. 

At least some metaplasias are monoelonal, i.e. a particular focus 
eonsists of tissue all derived from a single eell. This is the ease for intes- 
tinal metaplasia of the stomaeh, where neighbouring metaplastie erypts 
arise by fission (Gutierrez-Gonzalez et al 2011). In Barrett's metaplasia, 
patehes of erypts ean also be monoelonal (Nieholson 2012), although 
the lesion as a whole is polyelonal. A key property of metaplastie foei 
is that the new tissue is in a situation of eompetitive growth with the 
old tissue that surrounds it. Unless the metaplastie tissue ean outgrow 
the surrounding tissue, then the transformation of a single stem eell 
would not give rise to a maeroseopie lesion. However, this aspeet of 
epithelial biology remains poorly understood. 

The exact eell of origin of Barrett's metaplasia is still not known 
(Barbera and Fitzgerald 2010). The eohimnar lined epithelium of Bar- 
rett's metaplasia is in eontimiation with the columnar lined gastrie 
mucosa and appears as a proximal displaeement of the junction with 
the stratified squamous epithelium (the Z-line). However, it is generally 
thought not to be a phenomenon of eell migration alone, as animal 
experiments indieate that it is possible to elieit patehes of metaplasia 
separated from the gastrie epithelium (Gillen et al 1988, Goldstein 
et al 1997). The normal oesophagus originates from an endodermal 
tube lined with columnar epithelium, which beeomes squamous 
between about 6-7weeks of gestation. Although lined with squamous 


epithelium, the tissue also eontains mucous glands eonneeted by ducts 
to the lumen, which are loeated in the submucosa but originate from 
the original embryonie oesophageal epithelium. Barrett's metaplasia 
probably arises by transformation of the basal eells of the squamous 
epithelium, or from the mucous glands, or both (Nieholson et al 2012, 
Leedham et al 2008). 

The predisposing cause of Barrett's metaplasia is gastro-oesophageal 
reflux, in which stomaeh aeid, and bile from the intestine, enter the 
oesophagus (Souza 2010). It is known that this environment ean induce 
in oesophageal eells expression of some of the key genes involved 
in intestinal development, such as those eneoding CDX faetors and 
hepatoeyte mielear faetors (Eda et al 2003, Debmyne et al 2006, Piessen 
et al 2007). Obesity is a well-known risk faetor for reflux, partly because 
of effeets on intra-abdominal pressure and probably also through the 
effeets of eytokines released from fat (Corley et al 2007). Barrett's meta- 
plasia may progress to dysplasia and to adenoeareinoma. Progression 
is assoeiated with loss of the tumour suppressor gene CDKN2A, eneod- 
ing the protein pl6, which is an inhibitor of eell division; and TP53, 
eneoding the protein p53, required for death of abnormal eells 
(Speehler et al 2010, Chen et al 2011). Studies of the elonal stmcture 
of Barrett's metaplasia have shown that is it complex, eontaining 
eell populations derived from several original progenitors, with 
various eombinations of abnormalities arising from somatie mutation 
(Leedham et al 2008). 

Gastro-oesophageal reflux is normally treated with proton pump 
inhibitors that reduce the levels of stomaeh aeid. This improves assoei- 
ated oesophagitis but does not usually result in regression of any Bar- 
rett's metaplasia. Barrett's metaplasia as such is not normally treated 
but, if it progresses to dysplasia, it may be extirpated by a variety of 
endoseopie techniques (Lim and Litzgerald 2013). 
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lntroduction 


Biologieal eleetron mieroseopy (EM) is pivotal in life seienee researeh. 
A measure of its ubiquity is the diversity of its eapaeity e.g. three- 

O 

dimensional structural information about proteins and vimses at À 
resolution; three-dimensional reeonstmetions of cellular organelles and 
tissues (from a few tens of nanometres to hundreds of mierometres); 
and two-dimensional and topographie information and elemental 
mieroanalysis at subcellular resolution. The eapaeity of EM is now 
fhrther enhaneed by eorrelative light and eleetron mieroseopy (CLEM) 
workflows, where light mieroseopy (LM) events are eo-loealized with 
underlying ultrastmcture. In its simplest form, LM generates a 'Google 
Earth'-like map to identify areas of interest, which are then studied at 
the ultrastmctural level by EM, so overeoming both the physieal size 
limitations imposed on samples by EM and the diffraetion limits of 
resolution imposed by LM (Williams and Carter 2009). CLEM ean also 
be eombined with advaneed EM sample preparation and imaging teeh- 
niques to provide previously unheralded levels of cytoarchitectural 
insight into biologieal systems (MeDonnald 2009, Plitzko et al 2009, 
Sartori et al 2007). 

However, biologieal EM is not without its ehallenges. The eleetron 
beam is generated under vacuum at pressures and temperatures that are 
nominally ineompatible with liquid water, yet water is the most abun- 
dant cellular constituent. Moreover, earbon-based life forms also have 
poor eontrast in the eleetron mieroseope because they are eomposed 
mainly of light elements. In faet, earbon is so 'transparent' in the elee- 
tron mieroseope that it is often employed as a fìlm to support biologieal 
samples. To overeome these eaveats, hydrated 'live' tissue is eonverted 
to a 'fixed' state; eonventional protoeols employ a series of steps, includ- 
ing ehemieal fìxation, aleohol dehydration and resin infìltration. Heavy 
metal salts are added for positive staining of fixed and embedded speei- 
mens or negative staining of whole structures that have been deposited 
on a support fìlm (Glauert and Lewis 1998). More reeently, cryo-fìxation 
has been adopted to allow the 'solidifìeation of a biologieal speeimen 
by eooling with the aim of minimal displaeement of its eomponents' 
(Steinbreeht and Zierold 1987). By using low temperature as a physieal 
fixation strategy, the morphology and dimensions of the living material 
are retained and soluble cellular eomponents are not displaeed, which 
means that proeessing artefaets eommonly encountered in more eon- 
ventional room-temperature EM techniques are either reduced or 
removed. Cryo-EM often allows direet observation of speeimens that 
have not been stained or ehemieally fìxed. 

EM in pathology 


Despite the deeline in diagnostie histopathology by EM from the height 
of its popularity in the 1980s, EM remains an important diagnostie tool 
in several well-defìned areas. Indeed, guidance issued by the HK's Royal 
College of Pathologists eites and supports the Assoeiation of Clinical 
Pathologists Best Praetiee No. 160, which states that 'Many respondents 
[to a review of laboratory praetiee in renal pathologyl expressed the 
opinion that to earry out evaluation of renal biopsy speeimens without 
at least having the availability of eleetron mieroseopy is negligent' (de 
Haro and Furness 2012). Other speeialized areas inehide the diagnosis 
of primary eiliary dyskinesia; eertain skin/eonneetive tissue disorders, 
e.g. inherited bullous lesions and Ehlers-Danlos syndrome; and spe- 
eialized areas of ophthalmie pathology (de Haro and Furness 2012). 
Diagnostie transmission eleetron mieroseopy (TEM) in the elinieal 
setting has been largely stagnant and there has been little ehange in 
procedures or applieation for deeades. In marked eontrast, TEM in the 
researeh setting has experienced an explosion in eapaeity and eapability, 
and there is eonsiderable opportunity for twenty-fìrst century EM to 



Fig. 1.5.1 A Masson triehrome stain of a renal biopsy taken for diagnostie 
histopathology. The arrow highlights a glomemlar eapillary, fringed with 
foot proeesses, which would be seleeted for investigation at higher 
resolution by transmission eleetron mieroseopy (see Video 1.5.1). For 
diagnostie pathology, the whole glomerulus would be examined. Key: red, 
keratin; blue/green, eollagen; light red/pink, eytoplasm. (Image courtesy of 
M Balys.) 


translate to, and to advanee, elinieal researeh and diagnostie pathology 
(Fig. 1.5.1, Video 1.5.1). 

Limitations of traditional proeessing 
techniques and current protoeols 


Traditional EM proeessing strategies introduce artefaets (perturbations 
to structure) (Fig. 1.5.2) that affeet tissue structure, e.g. by shrinkage or 
swelling of the tissue under examination, the shrinkage of cellular 
organelles, and/or the extraction or redistribution of cellular constitu- 
ents such as lipids, proteins and DNA (Boyde and Maeonnaehie 1979). 

Most ehemieal fìxatives reaet with proteins and eross-link peptide 
ehains as part of their aetion (Glauert and Lewis 1998). These reaetions 
ean be highly deleterious to epitopes, signifìeantly eompromising 
immunohistochemical studies. 

Cryo-fìxation has two distinet advantages over ehemieal fixation 
(Nermut and Frank 1971, Nermut 1991). It is rapid (measured in milli- 
seeonds), which means that the sample is preserved, hydrated and in a 
'elose-to-life' state at the point of initiating fìxation, and ensures simul- 
taneous immobilization of all macromolecular eomponents (Robards 
and Sleytr 1995). Many protein networks are labile and prone to dismp- 
tion with even a slight osmotie or temperature ehange; cryo-fìxation 
minimizes these deleterious effeets. Cryo-techniques allow the study of 
biologieal samples with improved ultrastmctural preservation and may 
faeilitate the study of dynamie proeesses. Rapid freezing prevents arte- 
factual aggregations of proteins because tissue fixation and proeessing 
ean be performed with no or minimal use of eross-linking fìxatives, 
which means that samples retain higher antigenieity (Kellenberger 
1991, Hayat 2000, Claeys et al 2004). 

This level of preservation relies on vitrifieation (the transformation 
of water from a liquid to an amorphous state without inducing the e21 
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Fig. 1.5.2 An overvievv of eleetron mieroseopy speeimen preparation vvorkflovv. Areas to the left of the dashed line are at room temperature, indieating 
that samples ean be handled without the requirement for speeialist eryo-operating procedures. Samples to the right of the dashed line must be handled 
in a manner suitable for vitreous biologieal samples, taking speeifie eare to pre-eool tools before approaehing or manipulating samples. Arrows denote 
the direetion of workflow and key stages required to proeess a sample from ‘living/elose to life’ state to final image. Vitreous thin film (VTF) is a 
technique in which a liquid sample is pipetted (4—6|ul) on to a transmission eleetron mieroseopy (TEM) grid and blotted to ereate a thin, even liquid film 
aeross the surface of the grid. Ideally, the TEM grid should have a holey earbon film and, following blotting, the liquid sample will be held as a mono- 
layer (approximately 12 nm thiek) of partieles supported within the holes. This film is then plunged rapidly into a liquid eryogen (ethane) to vitrify the 
sample, generating a vitreous iee film that is amorphous (no long-range structure) and thus a desirable support phase for eryo-eleetron mieroseopy of 
the eneased partieles (Cheng et al 2012). Other abbreviations: CEMOVIS, eryo-eleetron mieroseopy of vitreous seetions; SEM, seanning eleetron 
mieroseopy. (Adapted from Fleek RA 2015 Low-temperature eleetron mieroseopy. In: VVolkers W, Oldenhof H (eds), Methods in Oryopreservation and 
Freeze-Drying Protoeols. Methods in Molecular Biology. Berlin: Springer.) 


nucleation of iee erystals). The nucleation of iee erystals is temperature- 
and pressure-dependent. Crystallization depends on the eooling rate, 
itself dependent on the thermal properties of water, the sample thiek- 
ness, and the heat extraction flow at the surface of the speeimen. Freez- 
ing is a time-dependent proeess. Vitrifieation sits at the beginning of a 
workflow where the sample is either subsequently proeessed to a stable 
room-temperature state for imaging or maintained in its vitreous state 
throughout (see Fig. 1.5.2) (Fleek 2015). 

There are a variety of methods for rapid freeze fixation of tissues. 
However, the depth of vitrifieation is often limited (e.g. a few mierons 
for samples phmged into liquid eryogen). Of the available teehnolo- 
gies, high-pressure freezing (HPF) is by far the most effeetive. First 
introduced by Moor and Riehle in 1968, HPF exploits the physieal 
benefit of high pressure (210 MPa) to reduce the eooling rate required 
for the vitrifieation of water from several 100,000 K.s -1 to a few 
1,000 K.s -1 , making vitrifieation of relatively thiek samples praetieable 
(Moor and Riehle 1968, Studer et al 2008). HPF maehines synehro- 
nize pressurization and eooling of the sample (to below the glass 
transition temperature (Tg)) within 20 ms, in a highly reproducible 
manner (Míiller and Moor 1984, Riehle 1968, Studer et al 2001), 
extending the depth of vitrifieation to as much as 200 pm (Studer et al 
1995, Studer et al 2008). 

Tissue samples prepared this way require fhrther modifieation to 
make them eompatible with the transmission eleetron mieroseope. 
They must either be eonverted to a room-temperature stable state (e.g. 
by freeze substitution into a resin), or be seetioned whilst remaining 
below the glass transition temperature (T g ); when this is done, images 
elose to the native structure of biologieal speeimens ean be aehieved. 
However, despite its benefits, eryo-eleetron mieroseopy of vitreous see- 
tions (CEMOVIS) has not been routinely adopted, prineipally because 
of the teehnieal difficulty of producing a ribbon of frozen seetions and 


transferring it on to an EM grid. A double micromanipulator tool that 
guides the ribbon using an eleetrieally conductive fibre, and then posi- 
tions and attaehes the ribbon to an EM grid has reeently been developed 

(Studer et al 2014) (Fig. 1.5.3). 

Advanees in instmmentation and 
deteetor teehnology 


EM has undergone a revolution in reeent years, largely eoineident 
with the advent of digital charge-couple deviee (CCD) eameras and 
inereasing personal computer (PC) proeessing power. What was prinei- 
pally a two-dimensional technique is now one that readily embraees 
three dimensions by eleetron tomography (Gan and Jensen 2011). 
In this technique, a speeimen is tilted through the ineident beam, 
sequential images are acquired, and, after alignment, a weighted baek- 
projeetion is used to generate a three-dimensional tomographie vohime 
(see Video 1.5.1). These techniques have stimulated instmment ehanges. 
In eonventional TEM, low aeeelerating voltages (80-120 keV) provide 
a strong beam-to-speeimen interaetion in order to inerease eontrast 
from eleetron seattering. Cryo-TEM and tomography require higher 
aeeelerating voltages (200-300 keV), which reduce the beam-to- 
speeimen interaetion; the contribution of ehromatie aberration to the 
image is also reduced, theoretieally improving resolution (Williams and 
Carter 2009). 

Changing the emission source has been another major teehnieal 
advanee. A field emission gun (FEG) is beeoming the preferred 
source of the eleetron beam because it provides a beam of smaller 
diameter, higher eoherenee and a current density (brightness) of up 
to three orders of magnitude greater than was aehieved with eonven- 
tional thermionie emitters (e.g. tungsten or lanthanum hexaboride 

































































Eleetron mieroseopy in the twenty-first century 



Fig. 1.5.3 Cryo-electron mieroseopy of vitreous seetions (CEMOVIS) 
performed using a cryo-ultramicrotome. The eryo-ehamber (Leiea EM 
FC6, Leiea Mierosystems, Austria) is mounted on a eonventional 
room-temperature ultramicrotome (Leiea EM UC6, Leiea Mierosystems, 
Austria). The double manipulators (Manip, Diatome, Switzerland) are then 
attaehed to the top of the eryo-ehamber, allowing preeise eontrol of 
both the vitreous ribbon and the transmission eleetron mieroseopy grid. 
The system is loeated within a glove box to maintain a low-humidity 
environment around the sample that will reduce eontamination during 
seetioning. 


(LaB 6 )-tipped fìlaments) (Kersker 2001). The net resiilts for both sean- 
ning eleetron mieroseopy (SEM) and TEM have been greatly improved 
signal-to-noise ratio and spatial resolntion, coupled with a signifieant 
inerease in emitter life and reliability. FEG has had a major impaet on 
the praetieality of eryo-SEM and resolution in eryo-TEM studies, 
although these higher aeeelerating voltages earry a penalty of deereased 
eontrast. 

Overeomìng the ehallenges of eontrast in 
the transmission eleetron mieroseope 

Zero-loss energy filtering is employed to improve image eontrast in the 
transmission eleetron mieroseope. The filter may be positioned either 
in-column or post-column. inereased seattering eontrast and the exclu- 
sion of the blurred background (as a consequence of the intereeption 
of inelastieally seattered eleetrons) allow speeimens to be imaged eloser 
to focus, and inereases high-resolution eontrast and image resolution 
(Grimm et al 1997, Grimm et al 1998). 

Energy filtered transmission eleetron mieroseopy (EFTEM) imaging 
to remove the contributions of inelastieally seattered eleetrons is advan- 
tageous when imaging thiek biologieal samples. Han et al (1995) dem- 
onstrated that only elastieally seattered eleetrons contributed to the 
eoherent image eomponent when imaging biologieal speeimens of 
more than 0.5 pm thiek at 200 keV; optimization of the zero-loss signal 
required operation at intermediate to high primary aeeelerating voltages 
(over 200 keV). The gain due to EFTEM inereases with speeimen thiek- 
ness, with a linear dependenee for light-seattering elements (Grimm 
et al 1998). These results are important for the accurate reeording of 
images of thiek biologieal speeimens by tomography and to demon- 
strate the inereasing importanee of high aeeelerating voltages in biologi- 
eal TEM (Grimm et al 1998). 

New teehnologies are overeoming previous limitations of low eon- 
trast in the transmission eleetron mieroseope. Zernike phase plates 
(ZP), which are well aeeepted for imaging with the light mieroseope, 
represent a novel approaeh to imaging in the transmission eleetron 
mieroseope. Despite teehnieal hurdles to their use, the potential reward 
in greater eontrast has driven researeh into this teehnology (Fukuda 
et al 2009, Glaeser 2013). An approximate five-fold inerease in eontrast 
is possible with a n / 2 ZP that shifts the phase of only the seattered elee- 
trons (these phase-shifted eleetrons interfere with the unscattered elee- 
trons in the image plane), resulting in amplitude eontrast rather than 
phase eontrast. indireet scintillator-coupled charge-coupled-device 
(SCCD) eameras replaeed film eameras and revolutionized EM because 
they provided a near-instant digital readout and obviated the physieal 
limitation of a fixed number of image plates. Direet deteetion deviees 
(DDD) avoid the fimdamental ineffieieneies of the eleetron-to-light 
eonversion proeess of a seintillator and aehieve unmatched sensitivity 


and resolution with superior deteetive quantum effieieney (DQE) rela- 
tive to a eonventional CCD eamera (Milazzo et al 2010). Moreover, 
direet exposure to the ineident eleetron beam signifieantly improves the 
signal-to-noise ratio in eomparison to an SCCD (Milazzo et al 2010). 
Perhaps more importantly, DDD allow images to be reeorded as movies, 
which means that movement caused by the eleetron beam ean be eor- 
reeted computationally (Grigorieff 2013). As an example, images of 
ribosomes of sufficient quality to permit alignment at an accuracy that 
approaehes near-atomie resolution have been obtained using approxi- 
mately 30,000 images (Bai et al 2013). 

When eombined, ZP, EFTEM and DDD offer a paradigm shift in the 
eapability of the transmission eleetron mieroseope and are likely to 
drive fiirther advanees in EM-based researeh. Whether in isolation or 
eombination, these techniques will translate from cutting edge to 
routine instmmentation, heralding generie benefits to the field. Phase 
eontrast eleetron mieroseopy utilizing ZP has already been applied 
to histoehemieally stained strong-phase (high-eontrast heavy-metal- 
stained) biologieal speeimens (Atsuzawa et al 2009). In seetions of 
various thieknesses speeifieally stained for the Golgi apparatus, a high- 
eontrast gain was observed even for strong-phase objeets, indieating that 
phase eontrast eleetron mieroseopy has an applieation for traditional 
strong-phase-eontrasted biologieal speeimens (Atsuzawa et al 2009), as 
well as for low-phase cryo-fixed biologieal speeimens (e.g. the visualiza- 
tion of eyanophage Syn5 inside its host, Synechococcus, using ZP in 
eombination with eryo-tomography (eryo-ET) to enhanee image eon- 
trast over eonventional eryo-ET) and will permit direet identifieation of 
subcellular eomponents (Dai et al 2013). 

Advanees in the seanning 
eleetron mieroseope 

Cryo-FEGSEM has beeome well established as a researeh tool. The sta- 
bility and emitter life of a FEG source, coupled with the stability and 
low keV sensitivity of a modern seanning eleetron mieroseope, is a 
powerful tool. Unlike TEM, in which high aeeelerating voltages are used 
to transmit the eleetrons through the speeimen, SEM benefits from low 
aeeelerating voltages that limit beam interaetion with the speeimen. 
This is key to successful eryo-SEM but ereates a ehallenge around gen- 
erating sufficient signal for high-resolution imaging. Modern FEGSEM 
systems (with improved deteetor sensitivity and signal-to-noise ratios) 
are now aehieving sub-nm resolution at 1 keV, making them highly 
eapable tools for life seienee researeh, particularly when eombined with 
high-resolution eoating and fracture techniques ( leek 2015) (see Fig. 
1.5.2; Fig. 1.5.4). 

Large three-dimensional volumes may be generated by the assembly 
of sequential two-dimensional images acquired in the seanning elee- 
tron mieroseope. There are essentially three strategies, eaeh with unique 
strengths and weaknesses: focused ion beam (FIB), serial bloek faee 
SEM (SBFSEM) and array tomography (AT). FIB involves milling of 
material in a dual-beam seanning eleetron mieroseope using a fooised 
beam of gallium ions to cut (mill) away layers of material. After eaeh 
cut, the surface is imaged, ultimately producing a staek of two- 
dimensional images that ean be aligned to generate a three-dimensional 
volume. Although FIB ean be eombined with eryo-preparation teeh- 
niques, elemental mieroanalysis and the range of imaging modes avail- 
able within the SEM, it ean be ehallenging (problems include aehieving 
registry between sliees, gallium eontamination of the sample, and 
damage to structural information caused by the milling proeess). 

SBFSEM takes a different approaeh from FIB and ineorporates a 
mierotome within the seanning eleetron mieroseope ehamber (Denk 
and Horstmann 2004). The mierotome cuts a thin seetion from the 
bloek, an image is taken, and the procedure is repeated until a three- 
dimensional volume is generated (Video 1.5.2). SBFSEM is less prone 
to registration issues because the sample essentially remains loeked in 
position below the deteetor. However, like FIB, this technique is destme- 
tive sinee, onee seetioned, the sample is lost. SBFSEM uses room tem- 
perature proeessing techniques with high levels of en bloe heavy metal 
staining that are required to generate a sufficiently robust baek-seattered 
eleetron signal to form an image. The proeessing steps, and the limita- 
tions of the baek-seattered eleetron deteetor, mean that SBFSEM is cur- 
rently ineompatible with elemental mieroanalysis or cryo-techniques. 
However, this is a naseent teehnology that is advaneing rapidly. Novel 
applieations will emerge with advanees in deteetors, improved resins 
(e.g. conductive resins) and the exploitation of eharge suppression 
approaehes in the SEM (e.g. beam deeeleration). 

Hnlike FIB and SBFSEM, AT is not destmetive and material may be 
reeovered and re-imaged. The technique allows samples to be prepared 
by any TEM preparation strategy. Material is seetioned at room tempera- 
ture by ultramicrotomy; the seetions are eolleeted in order as a ribbon 
and may then be stained to enhanee eontrast, or are imimmolabelled. 
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Fig. 1.5.4 Cryo-scanning eleetron mieroseopy (SEM) images. A, Fractured Plasmodium falciparum-\níec\eó erythroeytes. A cross-fractured infeeted 
erythroeyte is shown; the insert depiets a high-magnifieation image of the p-faee of the infeeted erythroeyte with membrane proteins visible on the 
fracture plane. The seale bar represents 1 jum (main image) and 100 nm (inset). B, Cross-fractured Neisseria meningitidis showing surface membrane 
protein organization and polysaeeharide eoat. The seale bar represents 100 nm. Images were taken with a eold-field emission gun eryo-SEM (JSM- 
7401F, JEOL, Japan), equipped with a Baltee/Leiea VCT100 vacuum transfer system and eryo-stage. Coating was applied after fracturing (3 nm Pt/C) 
using multi-angle rotational eoating (BAF060, Baltee/Leiea Mierosystems, Austria). 


Ribbons may be imaged by LM or SEM; individiial seetions ean be 
identifìed, reeovered and imaged at the higher spatial resolution of the 
transmission eleetron mieroseope. Successful AT requires high-preeision 
x-y-z sample stages that ean perform programmed, sequential (in focus) 
imaging of serial seetions. Arguably the most ehallenging aspeet of the 
workflow is the serial seetioning of the sample; to date, this is under- 
taken almost exclusively by highly skilled operators. However, the 
ATUMtome (RMC, USA) employs a tape system to automate the serial 
seetioning proeess and has reeently been eommereialized (Fig. 1.5.5). 
New multibeam-multidetector SEMs (e.g. 61 concurrent beams) are 
being developed that will allow images of up to 1.2billion pixels to be 
acquired in 1 s (Marx 2013) and will further speed data acquisition. 

Developments in thin-film teehnology and mierofabrieation are 
faeilitating the design of liquid eells that will permit improved imaging 
of samples in the liquid phase (de Jonge and Ross 2011). In eombina- 
tion with reeent advanees in ZP, EFTEM and DDD, the new generation 
of liquid eells offers eonsiderable potential for the study of complex 
dynamie cellular proeesses. 


Fig. 1.5.5 ATLIMtome and tape. The ATLIMtome is mounted on an PT-PC 
PowerTome (RMC, USA), showing the tape being transferred from a 
delivery spool (top) to reeeiving spool (bottom) through the boat, which 
maintains a water reservoir behind the edge of the diamond knife (blue) to 
float the seetions and allow their capture by tape. Tape tension is 
maintained throughout by a series of tensioning springs and guides. The 
insert shows individual seetions on tape mounted on earbon tape and 
silieon wafer (to help dissipate speeimen eharging during imaging) ready 
for viewing in the seanning eleetron mieroseope. 
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The reaetion of peripheral nerves 

to injury 

Rolfe Bireh 


Main nerve tmnks eontain many thousands of axons. When a tmnk is 
stretehed, but not ruptured, by disloeation of, say, the femoral or 
humeral heads, or by the nearby passage of a bullet, the axons within 
that nerve may respond in different ways. The degree of injury may vary 
along the length of a particular nerve or transversely aeross its eross- 
seetion: some axons will remain intaet, some will sustain conduction 
bloek but reeover rapidly, and yet others will degenerate throughout 
their entire extent distal to the injury because they have been mptured. 
A proportion reeover spontaneously whilst the remainder never reeover. 

Seddon (1943) introduced the terms neurapraxia for conduction 
bloek, axonotmesis for a degenerative lesion of favourable prognosis, 
and neurotmesis for a degenerative lesion of unfavourable prognosis. 
Sunderland (1951) expanded this elassifieation to five degrees of 
peripheral nerve injury by subdividing neurapraxia aeeording to the 
degree of eonneetive tissue dismption, and MaeKinnon and Dellon 
(1988) subsequently added a sixth eategory. However, the fimdamental 
distinetion between neurapraxia and either axonotmesis or neurotmesis 
remains the persistenee of conduction in the distal segment of the nerve 
in neurapraxia, and the absenee of conduction in axonotmesis or neu- 
rotmesis. In elinieal praetiee, neurotmesis usually signifies transeetion 
of an entire nerve tmnk, its constituent faseieles and their surrounding 
investments of perineurium and epineurium; the proximal and distal 
nerve stumps are frequently separated by an inter-stump gap of varying 
length (Fig. 1.6.1). The early disappearanee of conduction indieates 
impending or actual eritieal isehaemia and is probably the most impor- 
tant indieator that a lesion is deepening (see below). 

Neurapraxia/conduction bloek 


Conduction bloek exhibits eertain eharaeteristie features: paralysis 
exceeds loss of sensation; proprioeeptive nerves are more deeply affeeted 
than those responsible for light touch; and sympathetie nerves to the 
smooth muscles of the blood vessels and sweat glands are least affeeted. 
There are distinet patterns of conduction bloek. Anoxia is important in 
all of them and there are often elements of meehanieal deformation, 
inducing alterations of the nodal and paranodal apparatus in myeli- 
nated axons, and subsequent demyelination either of whole internodes 
or of paranodes. 


Basal lamina Schwann eell nucleus 



Node of Ranvier Myelin sheath Axon 




Fig. 1.6.1 Axonotmesis (eentre) and neurotmesis (bottom) at the moment 
of injury. Note the preservation of the Schwann eell basal lamina in 
axonotmesis. (Courtesy of Rolfe Bireh, all rights reserved, published in 
Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd edition, 2011. 
Springer-Verlag, London.) 


Transient isehaemia Lying in one position without moving for a 
long time (e.g. during eoma, inebriation or anaesthesia), prolonged 
sitting with the legs erossed or prolonged leaning on the elbows are all 
situations in which a limb nerve may be transiently eompressed against 
a bone or a hard surface. The isehaemia thus induced in the eompressed 
nerves causes an anoxic, physiologieal, bloek of both axoplasmic trans- 
port and ion ehannel fimetions along affeeted axons. This is seen during 
operation for the exposure of limb nerves with an inflated cuff in posi- 
tion: stimulation of a nerve evokes a brisk muscular response by trans- 
mission through the neuromuscular junction, which then diminishes 
before disappearing after about 30 mimites, whereas conduction within 
the nerve itself ean be deteeted for about another 30minutes. On the 
other hand, direet stimulation of the muscle provokes a twitch that ean 
be elieited for about another 2 hours; loss of this direet response signals 
impending muscle death. The seleetive vulnerability of different popu- 
lations of nerve fibres is demonstrated by the elassieal experiment of 
applying an inflated cuff about the arm (Lewis et al 1931). The observer 
experiences first a loss of superficial sensibility, then a graduated loss 
of muscle power. The first pain response is lost soon after superficial 
sensibility fails; the delayed pain response is still deteetable after 
40minutes of isehaemia. Large myelinated axons are first affeeted; 
unmyelinated axons and autonomic fibres eseape; and pilo- and vaso- 
motor fimetions are seareely affeeted. All modalities reeover within a 
few minutes of release of the cuff; the unpleasant quality of the residual 
delayed pain sensation, and the burst of painfhl 'pins and needles' after 
release of the cuff, give an insight into the feelings of patients affeeted 
by dysaesthesiae. 

S!owly progressing isehaemia Conduction bloek caused either 

by a haematoma or aneurysm, or by bleeding into eompartments pro- 
duces early and deep autonomic paralysis and loss of power that 
extends over hours or days, whilst deep pressure sense and some joint 
position sense persist. These symptoms are seen in war wounds, when 
nerves beeome eompressed and strangled by sear tissue or by the cicatrix 
deep to split skin grafts, and may progress over a period of weeks or 
months. The reeovery of fimetion and relief of pain are rapid - at times, 
dramatie - after removal of the cause in most of these eases. 

Prolonged conduction bloek assoeiated with foeal demyel- 

ination Severe prolonged pressure causes loeal demyelination and a 
conduction bloek that is not direetly attributable to anoxia and that 
may last for weeks or months (Fig. 1.6.2). Compression-induced foeal 
paranodal myelin deformation may be involved; experimental studies 
using a cuff inflated to high pressure around a limb produced slippage 
of paranodal myelin at nodes of Ranvier lying under the edges of the 
cuff, i.e. where the pressure gradient between eompressed and non- 
eompressed portions of the nerve was likely to be greatest (Oehoa et al 
1972, Dyek et al 2005). Clinically, loeal demyelination and conduction 


Proximal 
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Fig. 1.6.2 The effeet of meehanieal eompression: paranodal and 
juxtaparanodal myelin slippage under the edges of an inflated pressure 
cuff (after Oehoa J, Fowler TJ, Gilliatt RW 1972). (Courtesy of Rolfe Bireh, 
all rights reserved, published in Bireh R, Surgical Disorders of the 
Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 
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Fig. 1.6.3 Hourglass ‘eonstrietion’ of the lateral root of the median nerve: 
the result of traetion injury. There was full spontaneous reeovery. 

(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, 
London.) 

bloek will persist until the source of the external irritation, e.g. a bony 
projeetion, is removed (Bireh and St Clair Strange 1990). Relief of pain 
and reeovery follow rapidly in lesions that have persisted for many 
months, or even years. Meehanieal deformation is the likely explanation 
for the conduction bloek seen in eases of 'homglass' eonstrietion of 
faseieles within a nerve trnnk, where axons may be foeally eonstrieted 
within affeeted faseieles (Fig. 1.6.3). 

Prolonged eondiietion bloek of war wounds The eharaeteristie 

features of elassieal neurapraxia (see above), caused by the nearby 
passage of a missile, are likely to be provoked by a momentary displaee- 
ment or stretehing of the nerve tmnks. However, a different pattern of 
conduction bloek has been reeognized in reeent eonfliets, where the 
patient is exposed, at elose range, to the shoek wave of an explosion 
without any wound or fracture, or signs of signifieant injury to the soft 
tissues at the level of the nerve lesion. In these eases, the smallest fìbres 
are most deeply affeeted and they may not reeover. Pain is rare in both 
of these variants of conduction bloek (Bireh et al 2012). 

Degenerative lesions 


There are essentially two types of degenerative lesion, with very different 
potentials for reeovery. In the first, which approximates to axonotmesis, 
the tubes of Schwann eell basal lamina that surround eaeh axon- 
Schwann eell unit remain intaet, which means that axons may regener- 
ate in an orderly fashion aeross the lesion site and into the distal stump, 
providing that the causative agent is removed and that the length of the 
distal stump (i.e. the distanee from the site of injury to the end organ) 
is not so long that it eompromises axonal regrowth. In the seeond, 
which approximates to neurotmesis, not only the Schwann eell basal 
lamina tubes, but also the eonneetive tissue sheaths around the faseiele 
are intermpted; spontaneous axonal regeneration following this type of 
injury will be imperfeet and disorderly, or may not occur at all. 

Deepening of a lesion in a nerve that has 
not been divided 

Unrelieved aetivity of a noxious agent on an intaet nerve is signified by 
pain and inereasing neurological defieit, indieating that the lesion is 
deepening. Nerves within a swollen isehaemie limb or tense eompart- 
ment beeome eompressed and anoxic. Nerves displaeed by an expand- 
ing haematoma beeome stretehed and anoxic. Nerves that have beeome 
displaeed into a fracture or joint are tethered and beeome subjected to 
eompression, stretehing and anoxia. These nerves are not severed by the 
initial injury; the first lesion is axonotmesis and spontaneous reeovery 
is probable if the cause is removed. However, if this does not happen, 
the lesion continues to deepen into that of neurotmesis and spontan- 
eous reeovery will not occur. The speed of deepening of a lesion is 
related to the cause: (i) A nerve emshed by a plate or strangled by an 
eneireling suture may reeover if the cause is removed within a few 
minutes (Fig. 1.6.4). (ii) A nerve that has beeome eompressed and 
anoxic within a swollen isehaemie limb will reeover if perfiision of the 
tissues is restored within 3hours; the likelihood of full spontaneous 
reeovery diminishes with the passage of every hour after that time (Fig. 



Fig. 1.6.4 The appearanee of a radial nerve after extrication from beneath 
a eompression plate 48hours after the first operation. There was relief of 
pain but only ineomplete reeovery so that subsequent flexor to extensor 
transfer was neeessary. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 



Fig. 1.6.5 Volkmann’s isehaemie contracture. A, The ulnar nerve exposed 
during flexor muscle slide 8weeks after supracondylar fracture. The 
epineurial vessels and also the ulnar recurrent eollateral vessels are 
occluded, and the nerve is eompressed by the swollen infareted muscle. 

B, The appearanee of the hand 14years later. (Courtesy of Rolfe Bireh, all 
rights reserved, published in Bireh R, Surgical Disorders of the Peripheral 
Nerve. 2nd edition, 2011. Springer-Verlag, London.) 

1.6.5). (iii) A nerve displaeed into a fracture or joint will usually reeover 
if it is extricated within a few days, but will be destroyed if a eompres- 
sion deviee has been used to stabilize the skeleton without retrieving 
the nerve (Fig. 1.6.6). (iv) Function may be retained for a long time in 
a nerve exposed to continuing traetion from a malunited fracture. (v) 
Nerves may continue to work for months or years before failing when 
they are exposed to the progressing fibrosis caused by radiotherapy, by 
overlying split skin graft or by other examples of deep sear. (vi) Pain is 
the eardinal symptom of the unrelieved aetion of a noxious agent. 

VVallerian degeneration 

Trauma that physieally separates axons from their eell bodies produces 
Wallerian degeneration (WD). All affeeted axons in the extreme tip of 
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Fig. 1.6.6 Deepening of a lesion. A, A median nerve extricated from a 
supracondylar fracture in a 9-year-old girl 3days after injury; there was 
eomplete reeovery. B, A median nerve extricated from a supracondylar 
fracture in a 13-year-old girl 8weeks after injury; there was no reeovery. 
(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, 
London.) 


the proximal stump and throughout the distal stump degenerate, irre- 
speetive of their ealibre or fhnetional modality; reeovery is often slow 
and ineomplete, and there may be eonsiderable residual loss of func- 
tion. Moreover, although researeh has tended to address issues assoei- 
ated with the molecular and cellular events that occur at the lesion site 
and target tissues, it is important to remember that injury to a periph- 
eral nerve that induces WD also initiates signifieant and often long- 
lasting eentral ehanges in sensory ganglia and aseending and deseending 
pathways within the spinal eord and brain; these ehanges also have a 
signifieant impaet on the likelihood of reeovery. Studies of eell bodies 
of human dorsal root ganglia (DRG) have revealed ehanges in the 
expression of a wide range of reeeptors and a remarkable alteration in 
the expression of genes regulating neuronal aetivity (Lawson 2005, 
Rabert et al 2004, Anand et al 2008). There is an extensive literature on 
WD in both eentral and peripheral nervous systems, and only a brief 
summary of the response in the peripheral nervous system is presented 
here (see Gordon (2015)). 

Neuronal eell body and proximal stump The eentral and the 

peripheral effeets of WD are profound and, in neurotmesis, ultimately 
irreversible. Not only is the neuronal eell body separated from its eon- 
tinual supply of retrogradely transported neurotrophins, but also its 
eentral eonneetions rapidly alter; many neurones thus isolated will die. 
Amputation provides a model of the effeet of permanent axonotomy 
on the spinal eord: there is extensive loss of neurones in the dorsal root 
ganglia and in the anterior horn, and a dimimition of the large myeli- 
nated axons in the ventral and dorsal roots (Dyek et al 1984, Suzuki 
et al 1993). Neuronal death is more severe in more proximal neurot- 
mesis, and less marked after axonotmesis than after neurotmesis. Neu- 
rotmesis in the neonate produces a more rapid and much greater 
ineidenee of sensory and motor neurone death than in the adult. Surviv- 
ing neurones rapidly upregulate a series of genes involved in repair and 
neuroprotection meehanisms following injury (repair-assoeiated genes, 
RAGs), which direet many of the ehanges seen during WD and subse- 
quent reeovery (e.g. Calenda et al 2012). (For a review of the moleailes 


involved in retrograde signalling to initiate expression of RAGs, particu- 
larly the family of glyeoprotein 130 (gpl30) eytokines, see Zigmond 
(2011).) Changes in the expression of ion ehannels and reeeptors in the 
neuronal eell bodies in human DRGs ean be deteeted within a few 
mimites of an injury to the nerve (Lawson 2005). 

Tip of proxÌmal Stlimp Within a few hours of injury, the cut ends 
of a transeeted axon seal off, forming end bulbs. The end bulb that 
forms at the proximal tip of axons in the proximal stump is transformed 
into a growth eone from which multiple needle-like filopodia and 
broader sheet-like lamellipodia grow out. The filopodia are rieh in 
aetin, and may extend or retraet within a matter of minutes. Eaeh axon 
forms new branehes or sprouts: eollateral sprouts arise from nodes of 
Ranvier at levels where the axons are still intaet; terminal sprouts arise 
from the tips of the surviving axons. The axon sprouts and fine eyto- 
plasmie proeesses derived from their assoeiated Schwann eells form 
clusters, regenerating units, surrounded by Schwann eell basal laminae. 
Sprouts within one regenerating unit represent the regenerative effort 
of one neurone and its axon. Within a few days of injury, the ealibre of 
axons in the proximal stumps is reduced and nerve conduction veloeity 
in the proximal segment falls. 

DÌStal Stump During the first 2 or 3 weeks after injury, the constitutive 
tissue response within a denervated distal stump involves numerous 
events: some sequential, others consecutive. These include the produc- 
tion of debris, as axons and their myelin sheaths are degraded; an 
inerease in loeal blood flow; aetivation of resident maerophages, and 
reemitment and influx of exogenous maerophages; and proliferation of 
fibroblasts and Schwann eells. The gliotie response produces a popula- 
tion of dedifferentiated daughter Schwann eells that remain within the 
basal lamina tubes seereted by their parent eells, forming what are now 
ealled Schwann tubes but which were previously known as bands of 
Biingner. They behave acutely as the 'presumed targets' of the regrowing 
axons until the actual targets (muscle or sensory end organ) have been 
reinnervated: they seerete proteins that eolleetively faeilitate axonal 
regrowth, whether by providing trophie support or by establishing a 
supportive growth matrix (for fiirther reading on these interaetions, see 
Hall (2005 , Webber et al (2011), Arthur-Farraj et al (2012), Gordon 
(2015 ). There is a growing consensus that Schwann eells express dis- 
tinet motor and sensory phenotypes, and that this fimdamental differ- 
enee affeets the ability of Schwann eell tubes to seleetively support 
regenerating neurones. For example, expression of osteopontin and 
clusterin is upregulated in Schwann eells in transeeted peripheral 
nerves: the two seereted faetors appear to faeilitate regeneration of 
motor or sensory neurones, respeetively (Wright et al 2014). 

While the mieroenvironment of an aaitely denervated distal stump 
faeilitates axonal regrowth because it provides a vascularized segment 
of longitudinally orientated, laminin-rieh basal lamina tubes filled with 
axon-responsive Schwann eells, a ehronieally denervated distal stump 
is assoeiated with poor axonal regeneration and poor fimetional reeov- 
ery (Sulaiman and Gordon 2009). Biopsies taken during late repairs, 
espeeially when the injury has been eomplieated by arterial injury or 
by sepsis, often show remarkably few Schwann eells lying within a 
densely collagenous matrix. Myelin fragments are deteetable in such 
eases many months after the injury. The residual Schwann eells beeome 
progressively less reeeptive to ingrowing regenerating axons with time; 
experimental studies have shown that they downregulate expression of 
axon-responsive reeeptors that are normally important in Schwann 
cell-axon signalling (Fi et al 1997, Fi et al 1998). These findings under- 
seore the elinieal observation that there is a relatively narrow window 
of opportunity when surgical intervention is most likely to produce 
positive results (Fundborg 2000). 

The speeial ease of preganglionie injury 

The preganglionie lesion is all too eommon in severe traetion injuries 
to the braehial and lumbosacral plexuses. The roots of the spinal nerves 
are torn from the spinal eord, which means that the somatie afferent 
pathway is intermpted between the dorsal root ganglion and the spinal 
eord (see Fig. 1.6.6). The neuronal eell bodies and their axons, investing 
Schwann eells and assoeiated basal laminae remain intaet, healthy and 
conducting for a long time after the injury. The surviving axons include 
all those with eell bodies in the dorsal root ganglion, including many 
Tecurrent' fibres in the ventral root that derived from eells in the dorsal 
root ganglion (Figs 1.6.7-1.6. 9). Somatie efferent fibres, being sepa- 
rated from their eell bodies, degenerate; postganglionie autonomic 
efferent axons also degenerate, as a result of damage to their grey rami 
eomimmieantes. Carlstedt (2007) reekons that about one-half of all 
motor neurones in the affeeted spinal eord segment have disappeared 
by 2weeks after avulsion of the ventral root and he urges 'a swift 
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Fig. 1.6.7 intaet 
(afferent) myelinated 
and unmyelinated fibres 
in a suprascapular 
nerve, 6weeks after an 
avulsion lesion of the 
braehial plexus; 
efferent fibres have 
degenerated. 
Magnifieation x6600. 
(Courtesy of Rolfe 
Bireh, all rights 
reserved, published in 
Bireh R, Surgical 
Disorders of the 
Peripheral Nerve. 2nd 
edition, 2011. Springer- 
Verlag, London.) 



Fig. 1.6.8 Wallerian degeneration in the ventral root of the eighth eervieal 
nerve, 6weeks after avulsion from the spinal eord. A degenerate efferent 
myelinated fibre (right) eompared with a healthy myelinated afferent fibre 
(left). Magnifieation x11115. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 


intervention to re-establish eontaet between the injured nerve eells and 
the periphery with its supply of neurotrophic substances to counteract 
nerve eell loss'. After avulsion injury, human dorsal root ganglion neur- 
ones show dramatie ehanges in the expression of genes involved in 
nenrotransmission, trophism, eytokine fhnetion, signal transduction, 
myelination, transeription regulation and apoptosis (Rabert et al 2004). 

Regeneration and reeovery of fiinetion 



Fig. 1.6.9 Afferent and efferent fibres in a ventral root. Healthy myelinated 
and unmyelinated fibres in the ventral root of the eighth eervieal nerve 
avulsed from the spinal eord 6weeks previously. The myelinated efferent 
fibres have undergone Wallerian degeneration and there is a notable 
inerease in the amount of endoneurial eollagen. (Courtesy of Rolfe Bireh, 
all rights reserved, published in Bireh R, Surgical Disorders of the 
Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 


Regeneration of end organs 

Reinnervation of muscle spindles and Golgi tendon reeeptors is gener- 
ally good after emsh lesions (axonotmesis). Regeneration after repair 
of a divided nerve is much less orderly. A muscle spindle may beeome 
reinnervated by afferents normally destined for the Golgi tendon organ; 
many tendon organs remain denervated and the regenerated endings 
are frequently abnormal in appearanee. The reorganization of motor 
units after repair causes signifieant alterations in the meehanieal input 
to an individual tendon organ. 

Muscles usually exhibit weakness, impaired eoordination and 
reduced stamina after nerve repair. There may be seleetive failure of 
regeneration of the largest-diameter fibres and of eoaetivation of the a 
and y efferents. The normal movement of joints is brought about by 
smoothly eoordinated and eontrolled aetivity in muscles that is pre- 
eisely and delieately regulated by inhibition and faeilitation of the 
motor neurones. The eonversion of an antagonist to an agonist is the 
basis of musculotendinous transfer; it is eommon to see patients 
aetively extending the knee or the ankle and toes as soon as the post- 
operative splint is removed after hamstring to quadriceps transfer or 
anterior transfer of tibialis posterior. Reinnervated muscles usually fail 
to eonvert after muscle transfer, irrespeetive of their power. Perhaps the 
defeetive reinnervation of the deep afferent pathways from the muscle 
spindles and the tendon reeeptors blinds imiseles, which are, after alf 
sensory as well as effeetor organs. 

Cutaneous sensory reeeptors similarly undergo a slow degenerative 
ehange after denervation and after 3years they may disappear. Re- 
innervation tends to reverse these ehanges, although the longer the 
period of denervation, the less eomplete will be the regeneration. It is 
usual to find numerous myelinated axons in the tissues bridging nerve 
stumps in the human, even in failed sutures or in grafts eoming to revi- 
sion (Fig. 1.6.10) ( Terenghi et al 1998); these findings encapsulate the 
differenee between regeneration and reeovery of fimetion. 


'But the jornney of the axon tip to an end organ is only the most 
dramatie of the phases in the proeess of regeneration, and its arrival is 
alone no gmrantee of the retrnn of useful function.' 

Young (1942) 

The cellular mieroenvironment of a normal peripheral nerve does not 
ordinarily support axonal regrowth; indeed, there appear to be 'moleai- 
lar brakes' that prevent axonal sprouting. Somewhat counterintuitively, 
it appears that their expression may be upregulated after injury. WD 
transforms the environment throughout the distal stump of a transeeted 
nerve to one that faeilitates axonal regrowth, albeit for a relatively short 
period (Christie and Zoehodne 2013). Manipulating the many cellular 
and molecular responses that occur during the injury response in the 
peripheral nervous system remains an as yet unachieved goal of reeon- 
stmetive surgery. 


Plastieity in the eentral nervous system 


Nerve transfer involves eonneeting the proximal stump of a healthy 
nerve to the distal stump of one that has been injured in such a way 
that direet repair is not possible. 

There is eonsiderable adaptation of the eentral reeeptor and effeetor 
meehanisms after nerve transfer (Fig. 1.6.11). Independent flexion of 
the elbow without assoeiated aetivity in the flexor muscles of the 
forearm is usual by 24 months after transfer from the ulnar nerve to the 
nerve to bieeps braehii. Reinnervation of the muscle spindles and eor- 
responding reorganization and remapping of the somatosensory cortex 
have been eonfirmed after transfer of intereostal nerves to the musculo- 
cutaneous nerve in adult patients with severe lesions of the braehial 
plexus (Malessy et al 2003, Sai et al 1996). These eentral phenomena 
may explain the remarkably good reeovery of sensation within the hand 
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Fig. 1.6.10 Llseless regeneration in a median nerve sutured 3years 
previously. Proximal to the suture line, the endoneurium eontains thinly 
remyelinated axons, some in regenerating clusters, and extensive 
eollagenization; there was no reeovery of function. Magnifieation x4300. 
(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, 
London.) 



Fig. 1.6.11 A 13-year-old boy with a right-sided lesion: avulsion of C5, 

6 and 7. Repair was undertaken at 2months as follows: aeeessory to 
suprascapular transfer; one bundle of the ulnar nerve to the nerve to 
bieeps and the nerve to the medial head of trieeps; medial cutaneous 
nerve of the forearm to the lateral root of the median nerve. Results at 
18months show a full range of lateral rotation; abduction to 60°; power of 
elbow flexion, Medieal Researeh Council (MRC) grade 4; power of elbow 
extension, MRC grade 3+. There is a full range of aetive flexion and 
extension without obvious eo-eontraetion. (Courtesy of Rolfe Bireh, all 
rights reserved, published in Bireh R, Surgical Disorders of the Peripheral 
Nerve. 2nd edition, 2011. Springer-Verlag, London.) 


c5 

c6 

c7 



Fig. 1.6.12 The method of repair and the likely pathways for afferent 
function. Abbreviations: CS, eool sensation; CW, eotton wool; JPS, 
joint position sense; PP, pinpriek; Vib, vibration threshold; WS, warm 
sensation. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh 
R, Surgical Disorders of the Peripheral Nerve. 2nd edition, 2011. 
Springer-Verlag, London.) 



Fig. 1.6.13 Birth lesions of the braehial plexus. This boy had a group 4 
lesion with rupture of C5 and avulsion of C6, 7, 8 and T1 at birth. At 
10weeks of age, C5 was grafted to the upper trunk and to the ventral 
root of C8 and T1; aeeessory nerve was transferred to the ventral root 
of C7; the sensory divisions of intereostal nerves T3 and T4 were 
transferred to the lateral root of the median nerve. He regained a useful 
grasp between thumb and index finger, and is an extremely well-adjusted 
sportsman and musician. The photograph was taken at lOyears of age. 
(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, 
London.) 


after repair of severe birth lesions of the braehial plexus. Indeed, the 
sensory reeovery is far better than that of skeletal muscle and sympa- 
thetie hmetion. Thus, there is accurate loealization to the dermatomes 
of avulsed spinal nerves that had been reinnervated by intereostal nerves 
transferred from remote spinal segments (Anand and Bireh 2002). 

Case report 

Operation in a 6-month-old boy eonfirmed rupture of C5 with avulsion 
of C6, 7, 8 and T1. The lesion was repaired by transfers of the aeeessory 
nerve to the suprascapular nerve, of C5 to C8 and Tl, and of intereostal 
nerves T3, 4 and 5 to the lateral eord of the braehial plexus. At the age 
of 5years, he was able to loealize eotton wool and pinpriek sensation 
accurately in both hands and was able to feel a pin in the affeeted side. 
Monofilament, vibration thresholds and joint position sense were iden- 
tieal in both hands. The thresholds for warming were 3.1 °C (C5), 0.8°C 
(C6), 4.1 °C (C7), 3.6°C (C8) and 3.3 °C (Tl) on the affeeted side. The 
thresholds for eooling were 2 0 C (C5), 3.9°C (C6), 3.8°C (C7), 2.3°C 
(C8) and normal in Tl. In the unaffected hand, the thresholds were 
less than 3.4°C for warm sensation and less than 2.2°C for eool sensa- 
tion. Sweating was 70% of that of the intaet palm. It seems likely that 
afferent impulses from the thumb, index and, probably, the middle 
fingers entered the spinal eord through the three intereostal nerves, 


whilst afferent impulses from the little and, probably, the ring fingers 
entered the spinal eord through the fifth eervieal nerve as shown in 
Figure 1.6.12. Similar findings have been observed in four other eases 
after transfer of intereostal nerves to the lateral eord (Fig. 1.6.13). The 
situation in the adult is very different. After transfer of the intereostal 
nerves to the lateral or medial eords, it is usual to find that stimulation 
of the reinnervated skin is referred to the ehest wall and only rarely to 
the skin of the hand (Htut et al 2006). Concepts of the meehanisms 
underlying eortieal plastieity following nerve injury and the importanee 
of maintaining an aetive sensory map of the affeeted part in the somato- 
sensory cortex during the deafferentation period are eonsidered fiirther 
by Lundborg (2003 , Rosén and Lundborg (2007), Bjòrkman et al 
(2009 , Rosén et al (2011) and Knox et al (2015^. 

Laboratory and elinieal studies 


There are major differenees between a laboratory investigation, in 
which a eontrolled, preeise and limited lesion is inflieted on a periph- 
eral nerve in an anaesthetized experimental animal, and the situation 
faeed by the elinieian presented with a patient with a massive wound 
involving soft tissues (including blood vessels and muscles) and skeletal 
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elements, and sometimes with other injuries that threaten life and limb. 
That said, the hmdamental cellular proeesses that underlie subsequent 
regeneration are similar in the laboratory, in the injuries of eivilian 
praetiee and in the wounds of war, although in elinieal praetiee they are 
modified by the violenee of the injury, by the effeets of injury on assoei- 
ated tissues and, in particular, by isehaemia and by delay before repair. 
Some general conclusions may be drawn from extensive elinieal and 
laboratory studies. 

The eoneept of retrograde degeneration of the axon extending to the 
first internode applies only to the most benign lesion: that of experi- 
mentally emshing the nerve between the tips of a jeweller's foreeps. The 
extent of longitudinal damage to a nerve is greater in a rupture caused 
by traetion than it is in 'tidy' transeetions caused by knife or glass; this 
effeet worsens with inereasing delay before repair, is worse still when 
healing has been eomplieated by sepsis, and worst of all in negleeted 
isehaemia. 

Failure to repair main vessels and to ensure perfhsion of tissues is 
profoundly deleterious to regeneration and mles out worthwhile reeov- 
ery of fimetion. 


As time goes by, the cellular response in both stumps ehanges from 
one that faeilitates regeneration to one that is less favourable. Dense 
eollagenization, a profhsion of fibroblasts and a loss of Schwann eells 
are eharaeteristies of the ehronieally denervated distal stump and are 
typieal of late eases. 

The normal architecture of a nerve is most elosely restored to normal 
in a well-executed, tension-free primary suture. 

Regeneration through a graft falls away along its length and not 
solely at the suture lines. 

Delay before repair leads to inereasing fibrosis and to shrinking of 
the distal segment so that it beeomes impossible to ensure an accurate 
topographieal mateh. 

Destmetion of the target tissues, of muscle and skin, limits fimetion 
even when there is strong regeneration. 

Chronological age plays an important role: for example, signalling 
meehanisms involved in the reinnervation of skeletal muscle may 
beeome impaired with age (Kawabuchi et al 2011). 
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CHAPTER 



IJnderstanding the spatial and temporal developmental proeesses that 
take plaee within an embryo as it develops from a single eell into a 
reeognizable human is the ehallenge of embryology. The eontrol of 
these proeesses resides within the genome; fhndamental questions 
remain eoneerning the genes and interaetions involved in development. 


STAGING OF EMBRYOS 


For the purposes of embryologieal study, prenatal life is divided into 
an embryonie period and a fetal period. The embryonie period eovers 
the fìrst 8 weeks of development (weeks following ovulation and fertil- 
ization resulting in pregnaney). The ages of early human embryos have 
previously been estimated by eomparing their development with that 
of monkey embryos of known postovulatory ages. Because embryos 
develop at different rates and attain different fìnal weights and sizes, a 
elassifìeation of human embryos into 23 stages occurring during the 
fìrst 8 weeks after ovulation was developed most successfully by Streeter 
(1942 , and the task was continued by O'Rahilly and Miiller (1987). 
An embryo was initially staged by eomparing its development with that 
of other embryos. On the basis of eorrelating particular maternal men- 
stmal histories and the known developmental ages of monkey embryos, 
growth tables were eonstmeted so that the size of an embryo (speeifi- 
eally, the greatest length) could be used to prediet its presumed age in 
postovulatory days (synonymous to postfertilizational days). O'Rahilly 
and Miiller (2000, 2010) emphasize that the stages are based on external 
and internal morphologieal eriteria and are not founded on length or 
age. llltrasonie examination of embryos in vivo has neeessitated the 
revision of some of the ages related to stages, and embryos of stages 
6-16 are now thought to be up to 3 to 5 days older than the previously 
used embryologieal estimates (O'Rahilly and Miiller 1999, 2010). 
Within this staging system, embryonie life eommenees with fertilization 
at stage 1; stage 2 eneompasses embryos from two eells, through eom- 
paetion and early segregation, to the appearanee of the blastoeele. The 
developmental proeesses occurring during the fìrst 10 stages of embry- 
onie life are shown in Figure 8.1. 

Much of our knowledge of the early developmental proeesses is 
derived from experimental studies on amniote embryos, particularly the 
ehiek, mouse and rat. Figure 8.2 shows the eomparative timeseales of 
development of these speeies and human development up to stage 12. 
The size and age, in postovulatory days, of human development from 
stage 10 to stage 23 is given in Figure 8.3. 

Information on developmental age after stage 23 (8 weeks post 
ovulation) is shown in Figure 14.3, where the developmental staging 
used throughout this text is juxtaposed with the obstetrie estimation of 
gestation that is used elinieally. A critique of staging terminology and 
the hazards of the concurrent use of gestational age and embryonie age 
is given in ehapter 14; sizes and ages of fetuses towards the end of 
gestation are ilhistrated in Fig. 14.9. 


FERTILIZATION 


The eentral feature of reproduction is the fhsion of the two gamete 
pronuclei at fertilization. In humans, the male gametes are spermato- 
zoa, which are produced from puberty onwards. Female gametes are 
released as seeondary ooeytes in the seeond meiotie metaphase, usually 
singly, in a eyelieal fashion. The signal for the eompletion of the seeond 
meiotie division is fertilization, which stimulates the eell division eyele 
to resume, eompleting meiosis and extruding the seeond polar body 
(the seeond set of redundant meiotie ehromosomes). 

Fertilization normally occurs in the ampullary region of the uterine 
tube, probably within 24hours of ovulation. Very few spermatozoa 
reaeh the ampulla to aehieve fertilization. They must undergo eapaeita- 
tion, a proeess that is still ineompletely understood, and which may 


involve modifìeations of membrane sterols or surface proteins. They 
traverse the cumulus oophoms and eorona radiata, then bind to speeifie 
glyeoprotein reeeptors on the zona pellucida, ZP3 and ZP2. interaetion 
of ZP3 with the sperm head induces the aerosome reaetion, in which 
fhsion of membranes on the sperm head releases enzymes, such as 
aerosin, which help to digest the zona around the sperm head, allowing 
the sperm to reaeh the perivitelline spaee. In the perivitelline spaee, 
the spermatozoon fuses with the ooeyte mierovilli, possibly via two 
disintegrin peptides in the sperm head and integrin in the oolemma 
(Figs 8.4, 8.5A). 

Fusion of the sperm with the oolemma causes a weak membrane 
depolarization and leads to a calcium wave, which is triggered by the 
sperm at the site of fhsion and erosses the egg within 5-20 seeonds. The 
calcium wave amplifìes the loeal signal at the site of sperm-ooeyte 
interaetion and distributes it throughout the ooeyte eytoplasm. The 
inerease in calcium eoneentration is the signal that causes the ooeyte to 
resume eell division, initiating the eompletion of meiosis II and setting 
off the developmental programme that leads to embryogenesis. The 
pulses of intracellular calcium that occur every few mimites for the fìrst 
few hours of development also trigger the frision of eortieal granules 
with the oolemma. The eortieal seeretory granules release an enzyme 
that hydrolyses the ZP3 reeeptor on the zona pellucida and so prevents 
other sperm from binding and undergoing the aerosome reaetion, thus 
establishing the bloek to polyspermy. The same eortieal gramile seere- 
tion may also modify the vitelline layer and oolemma, making them 
less susceptible to sperm-ooeyte fusion and providing a frirther level of 
polyspermy bloek. 

The sperm head undergoes its protamine —» histone transition as the 
seeond polar body is extruded. The two pronuclei grow, move together 
and eondense in preparation for syngamy and eleavage after approxi- 
mately 24hours (Fig. 8.5B). Nucleolar ribosomal ribonucleic aeid 
(rRNA), and perhaps some messenger RNA (mRNA), are synthesized 
in pronuclei. A succeeding series of eleavage divisions produces eight 
even-sized blastomeres at approximately 55hours, when embryonie 
mRNA is transeribed. 

Several examples of eells that eontain male and female pronuclei, 
termed ootids, have been deseribed. Pronuclear fhsion as such does not 
occur; the two pronuclear envelopes disappear and the two ehromo- 
some groups move together to assume positions on the fìrst eleavage 
spindle. No tme zygote eontaining a membrane-bound nucleus is 
formed. 

The presenee of the promielei from both parental origins is emeial 
for spatial organization and the eontrolled growth of eells, tissues and 
organs. In the mouse, embryos in which the paternal pronucleus has 
been removed and replaeed with a seeond maternal pronucleus develop 
to a relatively advaneed state (25 somites), but with limited develop- 
ment of the trophoblast and extraembryonic tissues. In eontrast, 
embryos in which the maternal pronucleus has been replaeed by a 
seeond paternal pronucleus develop very poorly, forming embryos of 
only six to eight somites, but with extensive trophoblast. Thus it seems 
that the maternal genome is relatively more important for the develop- 
ment of the embryo, whereas the paternal genome is essential for the 
development of the extraembryonic tissues that would lead to plaeental 
formation. 

This fhnetional inequivalence of homologous parental ehromo- 
somes is ealled parental imprinting. The proeess causes the expression 
of particular genes to be dependent on their parental origin; some genes 
are expressed only from the maternally inherited ehromosome and 
others from the paternally inherited ehromosome. The genes involved 
are ealled imprinted genes. The requirement for both parental genomes 
is limited to a subset of the ehromosomes. FJniparental disomy ean arise 
through meiotie and mitotie non-disjunction events, and results in 
individuals who are eompletely disomie or who exhibit mosaieism of 
disomie and non-disomie eells. If imprinted genes reside on the affeeted 
ehromosomes, then the uniparental disomie eells will either express a 
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Fig. 8.1 Developmental proeesses occurring during the first 10 stages of development. In the early stages, a series of binary ehoiees determine the eell 
lineages. Generally, the earliest stages are eoneerned vvith formation of the extraembryonic tissues, vvhereas the later stages are eoneerned with the 
formation of embryonie tissues. 


double dose of the gene or have both eopies repressed. For example, 
the gene eneoding the embryonal mitogen insulin-like grovvth faetor II 
is expressed from the paternally inherited ehromosome, and repressed 
when maternally inherited. 

/n vitro fertilization 
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In vitro fertilization (IVF) of human gametes is a successful way of 
overeoming most forms of infertility (Video 8.1). Controlled stimula- 
tion of the ovaries (e.g. pituitary downregulation using gonadotrophin- 
releasing hormone superactive analogues, followed by stimulation 
with purified folliele stimulating hormone or urinary menopausal 
gonadotrophins) enables many preovulatory ooeytes (often 10 or 
more) to be reemited and matured, and then aspirated transvaginally 
using ultrasound guidance, 34-38 hours after injeetion of human eho- 
rionie gonadotrophin (which is given to mimie the luteinizing 
hormone surge). These ooeytes are then incubated overnight with 
motile spermatozoa in a speeially formulated culture medmm, in an 
attempt to aehieve successful in vitro fertilization. In eases of severe 
male-faetor infertility, in which there are insufficient normal spermato- 
zoa to aehieve in vitro fertilization, individual spermatozoa ean be 
direetly injeeted into the ooeyte in a proeess known as intraeytoplas- 
mie sperm injeetion (IOSI), which is as successful as routine IVF. In 
eases in which there are no spermatozoa in the ejaculate, suitable 
material ean sometimes be direetly aspirated from the epididymis or 
surgically retrieved from the testes, and the extracted sperm are then 
used for intraeytoplasmie injeetion of sperm. 

It is also now possible, in some eases, to test embryos for the pres- 
enee of a particular genetie or ehromosomal abnormality by preimplan- 


tation genetie diagnosis (PGD). A sample (biopsy) is removed from 
either the ooeyte (polar bodies), the embryo itself (a blastomere) or the 
blastoeyst (small pieee of tropheetoderm), and subjected to speeifie 
genetie testing. Ooeytes and embryos ean also be biopsied and sereened 
for aneuploidy (errors in ehromosome eopy numbers) in preimplanta- 
tion genetie sereening (PGS). FTnaffeeted embryos ean then be identified 
for transfer to the patient. Embryos that are surplus to immediate thera- 
peutic requirements ean also be eryopreserved in liquid nitrogen for 
later use. Propanediol or dimethylsulphoxide are eommonly used as 
eryoproteetants for early embryos, and, like glyeerol, may be used for 
blastoeysts. Conception rates per eyele using ovarian stimulation, IVF 
and successive transfers of fresh and eryopreserved embryos exceed 
those obtained during non-assisted, or natural, eoneeption. 


PREIMPLANTATION DEVEL0PMENT 

eieavage 


The first divisions of the zygote are termed eleavages. They distribute 
the eytoplasm approximately equally among daughter blastomeres, so, 
although the eell number of the preimplantation embryo inereases, its 
total mass actually deereases slightly (Fig. 8.6). Cell division ean be 
asynchronous and daughter eells may retain a eytoplasmie link through 
much of the immediately subsequent eell eyele via a midbody, as a 
result of the delayed eompletion of eytokinesis. No eentrioles are 
present until 16-32 eells are seen, but amorphous perieentriolar mat- 
erial is present and serves to organize the mitotie spindles, which are 
eharaeteristieally more barrel- than spindle-shaped at this time. 























Preimplantation development 



Fig. 8.2 Within developmental biology, evidenee eoneerning the natiire of developmental proeesses has eome mainly from studies in vertebrate 
embryos, most eommonly amniote embryos of the ehiek, mouse and rat. This ehart illustrates the eomparative timeseale of development in these 
animals and in humans. 



Days postfertilization 


Fig. 8.3 Human developmental stages 10-23. The greatest embryonie 
length in mm (ordinate) is plotted against age in postfertilizational 
weeks (abseissa), with the stages superimposed aeeording to current 
information. (Data provided by courtesy of Professor R O’Rahilly. See also 

O’Rahilly and MGIIer (2010).) 


All eleavage divisions after fertilization are dependent on continuing 
protein synthesis. In eontrast, passage through the earliest eyeles, up to 
eight eells, is independent of mRNA synthesis. Thereafter, experimental 
inhibition of transeription bloeks fiirther division and development, 
indieating that aetivation of the embryonie genome is required. There 
is also direet evidenee for the synthesis of embryonieally eneoded pro- 
teins at this time. As the genes of the embryo first beeome both aetive 
and essentiaf the previously fimetional maternally derived mRNA is 
destroyed. However, protein made on these maternal templates does 
persist at least during blastoeyst growth. Spontaneous developmental 
arrest of embryos cultured in vitro seems to occur during the eell eyele 
of gene aetivation, but it is not caused by total failure of that aetivation 
proeess. Early eleavage, up to the formation of eight eells, requires 
pymvate or laetate as metabolie substrates, but thereafter more glucose 
is metabolized and may be required. 

The earliest time at which different types of eells ean be identified 
within the eleaving embryo is when 8-16 eells are present. Up to the 
formation of eight eells, eells are essentially spherieal, touch eaeh other 
loosely, and have no speeialized intercellular junctions or signifieant 
extracellular matrix; the eytoplasm in eaeh eell is organized in a radially 
symmetrie manner around a eentrally loeated nucleus. Onee eight eells 
have formed, a proeess of eompaetion occurs. Cells flatten on eaeh other 
to maximize intercellular eontaet, initiate the formation of gap and 
foeal tight junctions, and radieally reorganize their eytoplasmie eonfor- 
mation from a radially symmetrie to a highly asymmetrie phenotype. 
This latter proeess includes the migration of nuclei towards the eentre 
of the embryo, the redistribution of surface mierovilli and an underly- 
ing mesh of mierofilaments and microtubules to the exposed surface, 
and the loealization of endosomes beneath the apieal eytoskeletal 
mesh. As a result of the proeess of eompaetion, the embryo forms a 
primitive protoepithelial eyst, which eonsists of eight polarized eells, in 
which the apiees faee outwards and basolateral surfaces faee internally. 
The foeal tight junctions, which align to beeome inereasingly linear, are 
loealized to the boundary between the apieal and basolateral surfaces. 
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Fig. 8.4 The fertilization pathvvay: a succession of steps. After a sperm binds to the zona pellucida, the aerosome reaetion takes plaee (see detail at top). 
The outer aerosomal membrane (blue), an enzyme-rieh organelle in the anterior of the sperm head, fuses at many points vvith the plasma membrane 
surrounding the sperm head. Then those fused membranes form vesieles, vvhieh are eventually sloughed off from the head, exposing the aerosomal 
enzymes (red). The enzymes digest a path through the zona pellucida, enabling the sperm to advanee. Eventually, the sperm meets and fuses vvith the 
seeondary ooeyte plasma membrane and this triggers eortieal and zona reaetions. First, enzyme-rieh eortieal granules in the ooeyte eytoplasm release 
their eontents (yellovv) into the zona pellucida, starting at the point of fusion and progressing right and left. Next, in the zona reaetion, the enzymes 
modify the zona pellucida, transforming it into an impenetrable barrier to sperm as a guard against polyspermy (multiple fertilization). 




Fig. 8.5 A, An unfertilized human seeondary ooeyte surrounded by the 
zona pellucida; the first polar body ean be seen. Spermatozoa are visible 
outside the zona pellucida. B, A fertilized human ootid before fusion of 
the pronuclei. Tvvo polar bodies ean be seen beneath the zona pellucida. 


Gap jimetions form between apposed basolateral surfaces and beeome 
flmetional. 

The proeess of eompaetion involves the eell surface and the calcium 
dependent eell-eell adhesion glyeoprotein, E-eadherin (also ealled 
L-CAM or uvomorulin). Neutralization of its hmetion disturbs all three 


elements of eompaetion. The entire proeess ean fhnetion in the absenee 
of both mRNA and protein synthesis. Post-translational eontrols are 
suffìcient and seem to involve regulation through protein phosphoryl- 
ation. Signifìeantly although E-eadherin is not synthesized and present 
on the surface of eleaving blastomeres, it fìrst beeomes phosphorylated 
when eight eells are visible, at the initiation of eompaetion. 

The proeess of eompaetion is important for the generation of eell 
diversity in the early embryo. As eaeh polarized eell divides, it retains 
signifìeant elements of its polar organization, so that its daughter eells 
inherit eytoeortieal domains, the nature of which refleets their origin 
and organization in the original parent eell in the eight-eelled embryo. 
Thus, if the axis of division is aligned approximately at right angles to 
the axis of eell polarity, the more superficially plaeed daughter eell 
inherits all the apieal cytocortex and some of the basolateral cytocortex 
and is polar, whereas the more eentrally plaeed eell inherits only baso- 
lateral cytocortex and is apolar. In eontrast, if the axis of division is 
aligned approximately along the axis of the eell polarity, two polar 
daughter eells are formed. In this way, two-cell populations are formed 
in the 16-eell embryo that differ in phenotype (polar, apolar) and posi- 
tion (superficial, deep). The number of eells in eaeh population in any 
one embryo will be determined by the ratio of divisions along, and at 
right angles to, the axis of eight-eell polarity. The theoretieal and 
observed limits of the polar to apolar ratio are 16:0 and 8:8. The outer 
polar eells contribute largely to the tropheetoderm, whereas the inner 






































































































Preimplantation development 



Fig. 8.6 Successive stages of eleavage of a human ootid. A, The two-cell 
stage. B, The three-eell stage. C, The five-eell stage. D, The eight-eell 
stage. 


apolar eells contribute almost exclusively to the inner eell mass in most 
embryos. 

In eleavage, the generation of eell diversity, to either tropheetoderm 
or inner eell mass, occurs in the 16-eell momla and preeedes the forma- 
tion of the blastoeyst. During the 16-eell eyele, the outer polar eells 
continue to differentiate an epithelial phenotype, and display further 
aspeets of polarity and intercellular adhesion typieal of epithelial eells, 
while the inner apolar eells remain symmetrieally organized. During 
the next eell division (16-32 eells), a proportion of polar eells again 
divide differentiatively as in the previous eyele, eaeh yielding one polar 
and one apolar progeny which enter the tropheetoderm and inner eell 
mass lineages, respeetively. Although differentiative division at this time 
is less eommon than at the 8- to 16-eell transition, it has the important 
fhnetion of regulating an appropriate number of eells in the two tissues 
of the blastoeyst. Thus, if differentiative divisions were relatively infre- 
quent at the 8- to 16-eell transition, they will be more frequent at the 
16- to 32-eell transition, and viee versa. 

After division to 32 eells, the outer polar eells eomplete their dif- 
ferentiation into a fhnetional epithelmm, display stmcturally eomplete 
zonular tight junctions and begin to form desmosomes. The naseent 
tropheetoderm engages in veetorial fluid transport in an apieal to basal 
direetion to generate a eavity that expands in size during the 32- to 
64-eell eyeles and eonverts the ball of eells, the momla, to a sphere, the 
blastoeyst (Fig. 8.7). Onee the blastoeyst forms, the diversifieation of 
the tropheetoderm and inner eell mass lineages is eomplete, and troph- 
eetoderm differentiative divisions no longer occur. In the late blastoeyst, 
the tropheetoderm is referred to as the trophoblast, which ean be 
divided into polar trophoblast, lying in direet eontaet with the inner 
eell mass, and mural trophoblast, surrounding the blastoeyst eavity 
(Fig. 8.8). 

Blastoeyst 


The blastoeyst 'hatehes' from its zona pelhieida at 6-7days, possibly 
assisted by an enzyme similar to trypsin (see Figs 8.7C, 8.8). Tropho- 
blast oozes out of a small slit; many embryos form a figure-of-eight 
shape biseeted by the zona pellucida, espeeially if it has been hardened 
during ooeyte maturation and eleavage. Such half-hatehing could result 
in the formation of identieal twins. Hatehed blastoeysts expand and 
differentiation of the inner eell mass proeeeds (see 4g. 8.8). 

The outer eells of the blastoeyst - the trophoblast or tropheetoderm 
- are flattened polyhedral eells, which possess ultrastmctural features 
typieal of a transporting epithelium. The trophoblast eovering the inner 
eell mass is the polar trophoblast and that surrounding the blastoeyst 
eavity is the mural trophoblast. The free, unattached blastoeyst is 
assigned to stage 3 of development at approximately 4 days post ovula- 
tion, whereas implantation (before villus development) occurs within 
a period of 7-12days post ovulation and over the next two stages of 




Fig. 8.7 Human embryos. Formation of a mornla and blastoeyst within 
the zona pellucida and blastoeyst hatehing from the zona pellucida. A, A 
ball of eells, the mornla, with the eells undergoing eompaetion. B, The 
blastoeyst eavity is developing and the inner eell mass ean be seen on 
one side of the eavity. C, The blastoeyst is beginning to hateh from the 
zona pellucida. 



Fig. 8.8 A human blastoeyst nearly eompletely hatehed from the zona 
pellucida. The blastoeyst ean now expand to its full size. 


development. Even at this early stage, eells of the inner eell mass are 
already arranged into an upper layer (i.e. elosest to the polar tropho- 
blast), the epiblast, which will give rise to the embryonie eells, and a 
lower layer, the hypoblast, which has an extraembryonic fate. Thus, the 
dorsoventral axis of the developing embryo and a bilaminar arrange- 
ment of the inner eell mass are both established at or before implanta- 
tion. (The earliest primordial germ eells may also be defìned at this 
stage.) 

Attaehment to the uterine wall 


On the sixth postovulatory day, the blastoeyst adheres to the uterine 
mucosa and the events leading to the speeialized, intimate eontaet of 
trophoblast and endometrium begin. Implantation, which is the term 
used for this eomplieated proeess, includes the following stages: dissohi- 
tion of the zona pellucida; orientation and adhesion of the blastoeyst on 
to the endometrium; trophoblastie penetration into the endometrium; 
migration of the blastoeyst into the endometrium; and spread and pro- 
liferation of the trophoblast, which envelops and speeifieally dismpts 
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and invades the maternal tissues (Ch. 9). The interaetions between the 
hatehed blastoeyst and the maternal endometrium are not well under- 
stood. Developmentally eompetent embryos appear to enhanee the 
uterine environment and promote their own implantation (Brosens 
et al 2014, Maeklon and Brosens 2014). 

The site of implantation is normally in the endometrium of the 
posterior wall of the uterus, nearer to the fundus than to the cervix; it 
may be in the median plane or to one or other side, but may occur 
elsewhere in the uterus, or in an extrauterine or eetopie site. 

Eetopie implantation 


The conceptus may be arrested at any point during its migration through 
the uterine tube and implant in its wall. Previous pelvie inflammation 
damages the tubal epithelium and may predispose to such delay in 
tubal transport. The presenee of an intrauterine eontraeeptive deviee or 
the use of progesterone-based oral eontraeeptives may also predispose 
to eetopie pregnaney, probably because of alteration in the normal tubal 
transport meehanisms. 

Nidation of the embryo as an eetopie pregnaney most frequently 
occurs in the wider ampullary portion of the uterine tube, but may also 
occur in the narrow intramural part or even in the ovary itself. Most 
eetopie pregnaneies are anembryonie, although the eontimiing growth 
of the trophoblast will produce a positive pregnaney test, and may cause 
rupture of the uterine tube and signifieant intraperitoneal haemorrhage. 
Eetopie pregnaneies with a live embryo are the most dangerous because 
they grow rapidly and may be deteeted only when they have eroded the 
uterine tube wall and surrounding blood vessels, as early as 8weeks of 
pregnaney. Similarly, cornual eetopies (in the intraimiral part of the 
tube) may present with eatastrophie haemorrhage because there is a 
substantial blood supply in the surrounding imisailaris. 

Ovarian or abdominal pregnaneies are exceptionally rare. Although 
some are presumed to have been caused by fertilization occurring in 
the vieinity of the ovary (primary), most are probably caused seeondar- 
ily and result from an extrusion of the conceptus through the abdomi- 
nal ostium of the tube. 

Apart from their important elinieal implieations, these eonditions 
emphasize the faet that the conceptus ean implant successfully into 
tissues other than a normal progestational endometrium. Prolonged 
development ean occur in such sites and is usually terminated by a 
meehanieal or vascular aeeident and not by a fimdamental nutritive or 
endoerine insufficiency or by an imimme maternal response. Abdomi- 
nal implantation may occur on any organ, e.g. bowel, liver or omentum. 
If such a pregnaney continues, this makes removal of the plaeenta at 
delivery or abortion hazardous as a result of haemorrhage; eonse- 
quently, the plaeenta is usually left in situ to degenerate spontaneously. 

Twinning 


Spontaneous twinning occurs onee in about every 80 births. Monozy- 
gotie twins arise from a single ovum fertilized by a single sperm. At 
some stage up to the establishment of the axis of the embryonie area 
and the development of the primitive streak, the embryonie eells sepa- 
rate into two parts, eaeh of which gives rise to a eomplete embryo. The 
proeess of hatehing of the blastoeyst from the zona pellucida may result 
in eonstrietion of the emerging eells and separation into two diserete 
entities. There is a gradual deerease in the average thiekness of the zona 
pellucida with inereasing maternal age, which may be causally related 
to the inerease in frequency of monozygotie twinning with inereased 
maternal age. The resultant twins have the same genotype but the 
deseription 'identieal twins' is best avoided, sinee most monozygotie 
twins have differenees in phenotypes. Late separation of twins from a 
single conceptus may result in eonjoined twins; these may be equal or 
unequal, as in aeardia. After twinning, monozygotie embryos enter a 
period of intense catch-up growth. Despite starting out at half the size, 
eaeh twin embryo or fetus is of a size eomparable to a singleton fetus 
in the seeond trimester of pregnaney, but deelines in relative size in the 
last 10weeks of pregnaney. The sex of monozygotie twins will be the 
same. Monoamniotie, monoehorionie, monozygotie twins are most 
likely to be female, as are aeardiae twins. The male to female ratio for 
all monozygotie twins is 0.487, and for monoamniotie, monoehorionie 
twins it is 0.231. 

Dizygotie twins represent the most frequent form of twinning. They 
result from multiple ovulations, which ean be induced by gonado- 
trophins or dmgs eommonly used in patients with infertility. Dizygotie 
twins may be different sexes; like-sex pairs are more eommon. The male 
to female ratio is 0.518. Multiple births greater than twinning, such as 
triplets or quadruplets, ean arise from multiple ovulations, or from a 



Fig. 8.9 Relationships of the extraembryonic membranes in different 
types of twinning. A, Diamnionie, diehorionie separated; i.e. separation 
of the first two blastomeres results in separate implantation sites. 

B, Diamnionie, diehorionie fused; here the ehorionie membranes are fused 
but the fetuses occupy separate ehoria. C, Diamnionie, monoehorionie; 
reduplication of the inner eell mass ean result in a single plaeenta and 
ehorionie saes but separate amniotie eavities. D, Monoamnionie, 
monoehorionie; duplication of the embryonie axis results in two embryos 
sharing a single plaeenta, ehorion and amnion. E, ineomplete separation 
of the embryonie axis results in eonjoined twins. F, Unequal division of 
the embryonie axis or unequal division of the blood supply may result in 
an aeardiae monster. 


single ovum, or both. It is most likely to be seen in women treated with 
dmgs to stimulate ovulation. 

The range of separation of twin embryos is refleeted in the separation 
of the extraembryonic membranes. The types of plaeentation that ean 
occur are shown in Figure 8.9. Monoamniotie, monoehorionie plaeen- 
tae are assoeiated with the greatest perinatal mortality (50%), caused 
both by entanglement of the umbilical eords impeding the blood 
supply and by various vascular shunts between the plaeentae, which 
may divert blood from one fetus to the other. Artery-artery anastomoses 
are the most eommon, followed by artery-vein anastomoses. If the 
shunting of blood aeross the plaeentae from one twin to the other is 
balaneed by more than one vasailar eonneetion, development may 
proeeed unimpaired. However, if this is not the ease, one twin may 
reeeive blood from the other, leading to eardiae enlargement, inereased 
urination and polyhydramnios in the reeipient, and anaemia, oligo- 
hydramnios and atrophy in the donor. 

Dizygotie twins have either eompletely separate ehorionie saes or 
saes that have ffised. Such plaeentae are separated by four membranes, 
two amnia and two ehoria; in addition, these plaeentae have a ridge of 
firmer tissue at the base of the dividing membranes, caused by the abut- 
ting of two expanding plaeental tissues against eaeh other. 


F0RMATI0N 0F EXTRAEMBRY0NIC TISSUES 


The earliest developmental proeesses in mammalian embryos involve 
the production of those extraembryonic structures that will support and 
nourish the embryo during development. Production of these layers 



















































































Formation of extraembryonic tissues 


begins before implantation is eomplete. At present, it is unclear where 
the extraembryonic eell lines arise. The trophoblast was eonsidered to 
be a source but evidenee now points to the inner eell mass as the site 
of origin. Figure 8.1 shows the sequence of development of various 
tissues in the early embryo. 

Epiblast and amniotie eavity 


Epiblast eells are elosest to the implanting faee of the trophoblast and 
have a definite polarity; they are arranged in a radial manner with 
extensive junctions near the eentre of the mass of eells, supported by 
supranuclear organelles. A few epiblast eells are contiguous with 
eytotrophoblast eells; apart from this eontaet, a basal lamina surrounds 
what is initially a spherieal cluster of epiblast eells, and isolates them 
from all other eells. Those epiblast eells adjaeent to the hypoblast 
beeome taller and more columnar than those adjaeent to the tropho- 
blast, and this causes the epiblast sphere to beeome flattened and the 
eentre of the sphere to be shifted towards the polar trophoblast. Amni- 
otie fluid accumulates at the eeeentrie eentre of the now lenticular 
epiblast mass, which is bordered by apieal junctional complexes and 
mierovilli. As fhrther fluid accumulates, an amniotie eavity forms, 
roofed by low cuboidal eells that possess irregular mierovilli. The eells 
share short apieal junctional complexes and assoeiated desmosomes, 
and rest on an underlying basal lamina. The demareation between tme 
amnion eells and those of the remaining definitive epiblast is elear. The 
columnar epiblast eells are arranged as a pseudostratified layer with 
mierovilli, frequently a single cilium, elefted nuclei and large nucleoli; 
the eells have a distinet, continuous basal lamina. Cell division in the 
epiblast tends to occur near the apieal surface, causing this region to 
beeome more crowded than the basal region. At the margins of the 
embryonie dise, the amnion eells are contiguous with the epiblast; there 
is a gradation in eell size from columnar to low cuboidal within a two- 
to three-eell span (Fig. 8.10; see Fig. 9.1). Further development of the 
amnion and amniotie fluid is deseribed on page 178. 

Hypoblast and yolk sae 


Hypoblast is the term used to delineate the lower layer of eells of the 
early bilaminar dise, most eommonly in avian embryos. This layer is 
also termed anterior, or distal, viseeral endoderm in the mouse embryo. 
Just before implantation, the hypoblast eonsists of a layer of squamous 
eells that is only slightly larger in extent than the epiblast. The eells 
exhibit polarity, in that apieal mierovilli faee the eavity of the blastoeyst 
and apieal junctional complexes, but they laek a basal lamina. During 
early implantation, the hypoblast extends beyond the edges of the 
epiblast and ean now be subdivided into those eells in eontaet with the 
epiblast basal lamina, the viseeral hypoblast, and those eells in eontaet 
with the mural trophoblast, the parietal hypoblast. The parietal hypo- 
blast eells are squamous; they may share adhesion junctions with the 


mural trophoblast and, rarely, may also share gap junctions. The viseeral 
hypoblast eells are cuboidal; they have a uniform apieal surface towards 
the blastoeyst eavity but irregular basal and lateral regions, with flanges 
and projeetions underlying one another and extending into intereel- 
lular spaees. There is no basal lamina subjacent to the viseeral hypo- 
blast, and the distanee between the hypoblast eells and the epiblast 
basal lamina is variable. 

A series of modifieations of the original blastoeystie eavity develops 
beneath the hypoblast later than those developing above the epiblast. 
While the amniotie eavity is enlarging within the sphere of epiblast 
eells, the parietal hypoblast eells are proliferating and spreading along 
the mural trophoblast until they extend most of the way around the 
circumference of the blastoeyst, eonverging towards the abembryonie 
pole. At the same time, a spaee appears between the parietal hypoblast 
and the mural trophoblast that limits the circumference of the hypo- 
blastie eavity. A variety of terms have been applied to the parietal 
hypoblast layer: extraembryonic hypoblast, extraembryonic endoderm 
and exocoelomic (Heusers) membrane. The eavity that the layer ini- 
tially surrounds is the primary yolk sae (primary umbilical vesiele), and 
the resultant smaller eavity lined by hypoblast is the seeondary yolk sae. 
It has been suggested that the seeondary yolk sae forms in a variety of 
ways, including eavitation of viseeral hypoblast (a method similar to 
formation of the amnion), rearrangement of proliferating viseeral 
hypoblast and folding of the parietal layer of the primary yolk sae into 
the seeondary yolk sae. Further development of the yolk sae is deseribed 
on page 177. 

The viseeral hypoblast eells are thought to be important in many 
aspeets of the early speeifieation of eell lines and eontrol of the timing 
of early development. They induce the formation and position of the 
primitive streak in the midline of the embryo, thus establishing the first 
axis of the embryonie dise, and they inffiienee the timing of epiblast 
epithelial-to-mesenehyme transition at the primitive streak. Hypoblast 
eells remain beneath the primitive streak; their experimental removal 
in avian embryos causes multiple embryonie axes to form. Hypoblast 
eells are also believed to be neeessary for successful induction of the 
head region and for the successful speeifieation of the primordial germ 
eells. With the later formation of the embryonie eell layers from the 
epiblast, the viseeral hypoblast appears to be sequestered into the see- 
ondary yolk sae wall by the expansion of the newly formed embryonie 
endoderm beneath the epiblast, although there is now evidenee that 
some hypoblast eells may remain in the final endoderm layer and eon- 
tribute to the gut, and that they may also play a role in the induction 
of eardiogenesis. For a review of the roles of hypoblast eells, see Stern 
and Downs (2012). 

After the formation of the seeondary yolk sae, a diverticulum of 
the viseeral hypoblast, the allantois, forms towards one end of the 
embryonie region and extends into the loeal extraembryonic mesoblast. 
It passes from the roof of the seeondary yolk sae to the same plane 
as the amnion. Further development of the allantois is deseribed on 
page 178. 



Hypoblast 



Cytotrophoblast 

Syneytiotrophoblast 


Fig. 8.10 The implanting conceptus at stage 5b. The embryo at this stage 
is eomposed only of the abutting epiblast and hypoblast layers. It is 
suspended within the blastoeyst eavity (ehorionie eavity) and surrounded 
by a layer of eytotrophoblast. A large mass of syneytiotrophoblast, with 
intereonneeting lacunae, is penetrating the maternal endometrium. 


Extraembryonic mesoblast 


By definition, extraembryonic tissues eneompass all tissues that do not 
contribute direetly to the future body of the definitive embryo and, later, 
the fetus. At stage 5, blastoeysts are implanted but do not yet display 
trophoblastie villi (see Fig. 8.10); they range from 7 to 12days in age. 
A feature of this stage is the first formation of extraembryonic meso- 
blast, which will eome to eover the amnion, seeondary yolk sae and the 
internal wall of the mural trophoblast, and will form the eonneeting 
stalk of the embryo with its eontained allantoenterie diverticulum. The 
origin of this first mesoblastie extraembryonic layer is by no means 
elear; it may arise from several sources, including the caudal region of 
the epiblast, the parietal hypoblast and subhypoblastic eells. The tro- 
phoblastie origin of extraembryonic mesoblast is questioned because 
there is always a eomplete basal lamina underlying the trophoblast; the 
migration of eells out of an epithelmm is usually assoeiated with previ- 
ous dismption of the basal lamina. Certainly, the origin of extraembry- 
onie eells will ehange over time as new germinal populations are 
established. 

The first mesoblastie extraembryonic layer gives rise to the layer 
known as extraembryonic mesoblast, arranged as a mesothelfiim with 
underlying extraembryonic mesenehymal eells; this also appears to 
form an extracellular stmcture eorresponding to the magma retiailare, 
between the mural trophoblast and the primary yolk sae in the stage 5 
embryo. Later extraembryonic mesoblast populations mushroom 
beneath the eytotrophoblastie eells at the embryonie pole, forming 
the eores of the developing villus stems, and villi and the angioblastie 
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eells that will give rise to the eapillaries within them and the earliest 
blood eells. 

Initially, the extraembryonic mesoblast eonneets the amnion to the 
ehorion over a wide area. Continued development and expansion of 
the extraembryonic eoelom means that this attaehment beeomes 
inereasingly circumvented to a eonneeting stalk, which is a permanent 
eonneetion between the future caudal end of the embryonie dise and 
the ehorion. The eonneeting stalk forms a pathway along which vascular 
anastomoses around the allantois establish communication with those 
of the ehorion. 



Video 8.1 Human in vitro fertilization and early development. 
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IMPLANTATION 

Implantation involves the initial attaehment of the trophoblastie wall 
of the blastoeyst to the endometrial luminal epithelium and its decidual 
response. It is now apparent that, during this proeess, there is an inter- 
aetive dialogue between the implanting embryo and endometrial 
decidual stromal eells. Competent preimplantation human embryos 
aetively enhanee the uterine environment for their implantation, 
whereas developmentally impaired embryos induce endoplasmie retie- 
ulum stress responses in decidual eells that inhibit implantation 
(Brosens et al 2014). 

The blastoeyst/trophoblast lineage gives rise to three main eell types 
in the human plaeenta: syneytiotrophoblast eells form the epithelial 
eovering of the villous tree and are the main endoerine eomponent of 
the plaeenta; villous eytotrophoblast eells represent a germinative popu- 
lation that proliferates throughout pregnaney fhsing to generate syn- 
eytiotrophoblast; and extravillous trophoblast eells are non-proliferative 
and invade the maternal endometrium. The first two eell lines ean be 
seen from stages 4 and 5 omvards. The eytotrophoblast eells that form 
the mural and polar trophoblast are cuboidal and eovered externally 
with syneytial trophoblast (syneytiotrophoblast), a multinucleated 
mass of eytoplasm that forms initially in areas near the inner eell mass 
after apposition of the blastoeyst to the uterine mucosa (see Fig. 8.10). 

Preimplantation embryos produce matrix metalloproteinases 
(MMPs) that mediate penetration of the maternal subepithelial basal 
lamina by the syneytiotrophoblast. Trophoblast eells express L-seleetin 
(usually seen as a mediator of neutrophil rolling and tethering in 
inflamed endothelmm), and the maternal epithelium upregulates 
seleetin-oligosaeeharide-based ligands. Thus, differentiating eytotro- 
phoblast eells appear to use proeesses that also occur in vasculogenesis 


and during leukocyte emigration from the blood into the tissues. 
Flanges of syneytial trophoblast grow between the eells of the uterine 
luminal epithelium towards the underlying basal lamina without 
apparent damage to the maternal eell membranes or dismption of the 
intercellular junctions. Instead, shared junctions, including tight junc- 
tions, are formed with many of the maternal uterine epithelial eells. 

Implantation continues with erosion of maternal vasailar endothe- 
lium and glandular epithelmm, and phagoeytosis of seeretory products, 
until the blastoeyst occupies an uneven implantation eavity in the 
stroma (interstitial implantation) (Fig. 9.1). In the early postimplant- 
ation phase, the maternal surface is resealed by re-epithelialization and 
the formation of a plug, which may eontain fibrin. As the blastoeyst 
burrows more deeply into the endometrmm, syneytial trophoblast 
forms over the mural eytotrophoblast, but never aehieves the thiekness 
of the syneytial trophoblast over the embryonie pole. 

The syneytiotrophoblast, which expresses neither elass I nor elass II 
major histoeompatibility complex (MHC) antigens, seeretes numerous 
hormones; human ehorionie gonadotrophin (hCG) ean be deteeted in 
maternal urine from as early as 10 days after fertilization and forms the 
basis for tests for early pregnaney. This hCG prolongs the life of the 
corpus luteum, which continues to seerete progesterone and oestrogens 
during approximately the first 2 months of pregnaney until these essen- 
tial hormones are produced by the plaeenta. 

Menstmation eeases on successful implantation. The endometrmm, 
now known as the decidua in pregnaney thiekens to form a suitable 
nidus for the conceptus. Decidualization of the endometrial stroma 
may occur without an intrauterine pregnaney e.g. in the presenee of an 
eetopie pregnaney, after prolonged treatment with progesterone, and in 
the late seeretory phase of a non-eoneeption eyele. 

Decidual differentiation is not evident in the stroma at the earliest 
stages of implantation, and it may not be until a week later that fully 
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Fig. 9.1 The implanting conceptus at stage 6. The embryo is eomposed of epiblast, with the amniotie eavity above it, and hypoblast, with the seeondary 
yolk sae below it (see also Figs 8.10, 10.1). Both eavities are eovered externally with extraembryonic mesoblast, which also lines the larger ehorionie 
eavity. Primary villi eover the outer aspeet of the conceptus and extend into the maternal endometrium, and in plaees, maternal blood fills the lacunae. 
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differentiated eells are present. During decidualization, the interglan- 
dular tissue inereases in quantity (Burton et al 2010). It eontains a 
substantial population of leukocytes (large granular lymphoeytes, 
maerophages and T eells) distributed amongst large decidual eells. The 
most numerous are uterine natural killer (NK) eells, which accumulate 
in the endometrium during the seeretory phase of the eyele and persist 
until mid-pregnaney; they interaet with invading extravillous tropho- 
blast eells expressing human leukocyte antigen G and C (HLA-G, 
HLA-C). Decidual eells are stromal eells that eontain varying amounts 
of glyeogen, lipid and vimentin-type intermediate fìlaments in their 
eytoplasm. They are generally rounded but their shape may vary, 
depending on the loeal paeking density. They may eontain one, two or 
sometimes three nuclei, frequently display rows of club-like eytoplas- 
mie protmsions enelosing granules, and are assoeiated with a eharae- 
teristie capsular basal lamina. Decidual eells produce a range of seeretory 
products, including insulin-like growth faetor binding protein 1 (IGF- 
BPl) and prolaetin, which may be taken up by the trophoblast. These 
seeretions probably play a role in the maintenanee and growth of the 
conceptus in the early part of postimplantational development, and ean 
be deteeted in amniotie fluid in the fìrst trimester of pregnaney. 

Extracellular matrix, growth faetors and protease inhibitors pro- 
duced by the decidua all probably modulate the degradative aetivity of 
the trophoblast and support plaeental morphogenesis and plaeental 
aeeession to the maternal blood supply. Onee implantation is eomplete, 
distinetive names are applied to different regions of the decidua (Fig. 
9.2). The part eovering the conceptus is the decidua capsularis; that 
between the conceptus and the uterine muscular wall is the decidua 
basalis (where the plaeenta subsequently develops); and that which 
lines the remainder of the body of the utems is the decidua parietalis. 
There is no evidenee that their respeetive resident maternal eell popula- 
tions exhibit site-speeifìe properties. 


DEVELOPMENT 0F THE PLAOENTA 


Formation of the human plaeenta requires a developmental progression 
that proeeeds in a speeifie ehronologieal order: the development of 
primary, seeondary and anehoring villi, and the loeal differentiation of 
haemangioblast eells within them, occur concurrently with the modifi- 
eation of maternal blood vessels to ensure their pateney. With the onset 
of the embryonie heart beat, a primitive circulation exists between the 
embryo and the seeondary yolk sae. An embryonie-plaeental circula- 
tion starts around week 8 of gestation; over the course of 40 weeks, the 
plaeenta develops into a highly vascular organ. 


As the blastoeyst implants, the syneytiotrophoblast invades the 
uterine tissues, including the glands and walls of maternal blood vessels 
(see Fig. 9.1; Fig. 9.3), and inereases rapidly in thiekness over the 
embryonie pole (Fig. 9.4). A progressively thinner layer eovers the rest 
of the wall towards the abembryonie pole. Microvillus-lined elefts and 
laainar spaees develop in the syneytiotrophoblastie envelope (days 
9-11 of pregnaney) and establish communications with one another. 
Initially, many of these spaees eontain maternal blood derived from 
dilated uterine eapillaries and veins, as the walls of the vessels are par- 
tially destroyed. As the conceptus grows, the lacunar spaees enlarge, and 
beeome confluent to form intervillous spaees. 

The projeetions of syneytiotrophoblast into the maternal decidua are 
ealled primary villi. They are invaded initially with eytotrophoblast and 
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Fig. 9.2 The gravid uterus in the seeond month. A plaeental site preeisely 
in the uterine fundus, as indieated on the figure, is rather unusual; the 
dorsal, ventral or lateral wall of the corpus uteri is more usual. The 
maternal endometrium is now termed decidua; different regions are 
distinguished. 
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Fig. 9.3 A, The growing syneytiotrophoblast erodes decidual glands and spiral arteries, and their eontents form lacunae within the syneytiotrophoblast. 
Cytotrophoblastic eells extend as villi into the syneytiotrophoblast. B, Cells originating from the eytotrophoblast move into the decidua, forming interstitial 
extravillous trophoblast eells, the third line of eytotrophoblastie eells. These surround the opened glands and spiral arteries in the decidua and inner 
myometrium. Cells that move through the tunicae adventitia, media and interna to enter the lumen of the vessels beeome endovascular extravillous 
trophoblast. These eells remodel the walls and plug the lumen of the spiral arteries, permitting only plasma to enter the forming intervillous spaee. 
Glandular seeretions in the intervillous spaee provide histiotrophie nutrition to the embryo. 














































































































Development of the plaeenta 


then with extraembryonic mesenehyme (days 13-15) to form seeond- 
ary plaeental villi. Capillaries develop in the mesenehymal eore of the 
villi during the third week post eoneeption. The eytotrophoblast within 
the villi continues to grow through the invading syneytiotrophoblast 
and makes direet eontaet with the decidua basalis, forming anehoring 
villi. Further eytotrophoblast proliferation occurs laterally so that neigh- 
bouring outgrowths meet to form a spherieal eytotrophoblastie shell 
around the conceptus (Fig. 9.5; see Fig. 9.3B). Lateral projeetions from 
the main stem villus form tme villi. Elongation of growing eapillaries 
outstrips that of the eontaining villi, leading to looping of vessels. This 
obtmsion of both eapillary loops and new sprouts results in the forma- 
tion of terminal villi. 

As seeondary villi form, single mononuclear eells beeome detaehed 
from the distal (anehoring) eytotrophoblast and infiltrate the maternal 
decidua (Fig. 9.6; see fig. 9.3B). These extravillous eells are the third 
line of the original trophoblastie eells. Interstitial extravillous trophob- 
last eells invade the maternal spiral arteries from their adventitia. The 
smooth muscle and internal elastie lamina are replaeed with extracel- 
lular fibrinoid deposits (Harris 2010). Those eells that pass through the 
endothelial basement membrane and gain aeeess to the vessel lumen 
are termed endovascular extravillous trophoblast (see Figs 9.3B, 9.6). 
These eells plug the maternal spiral arteries until the end of the first 
trimester; the eells also migrate antidromieally, against the flow of 



Fig. 9.4 The eoneeptiis 
at about stage 14. The 
embryonie pole shows 
extensive villous 
formation at the ehorion 
frondosum, whereas 
the abembryonie pole 
is smooth and 
villous-free at the 
ehorion laeve. 
(Photograph courtesy 
of P Collins.) 


maternal blood, along the spiral arteries as far as the inner myometrial 
region (Huppertz et al 2014). 

The definitive plaeenta is eomposed of a ehorionie plate on its fetal 
aspeet and a basal plate on its maternal aspeet, separated by an interven- 
ing intervillous spaee eontaining villous stems with branehes in eontaet 
with maternal blood (see Fig. 9.5). During the first trimester, develop- 
ment takes plaee in a low-oxygen environment supported by histio- 
trophie nutrition from the endometrial glands, which diseharge into 
the intervillous spaee until at least 10 weeks (see Fig. 9.3A) (Burton et al 
2002, Burton et al 2007, Burton and Fowden 2012). When maternal 
blood bathes the surfaces of the ehorion that bound the intervillous 
spaee, the human plaeenta is defined as haemoehorial. Different grades 
of fhsion exist between the maternal and fetal tissues in many other 
mammals (e.g. epithelioehorial, syndesmoehorial, endothelioehorial). 
The ehorion is vascularized by the allantoie blood vessels of the body 
stalk, and so the human plaeenta is also termed ehorio-allantoie 
(whereas, in some mammals, a ehoriovitelline plaeenta either exists 
alone or supplements the ehorio-allantoie variety). The human plaeenta 
is also defined as diseoidal, in eontrast to other shapes in other 
mammals, and deciduate because maternal tissue is shed with the pla- 
eenta and membranes at parturition as part of the afterbirth. 

Growth of the plaeenta 


Expansion of the entire conceptus is aeeompanied by radial growth of 
the villi and, simultaneously, an integrated tangential growth and 
expansion of the trophoblastie shell. Eventually, eaeh villous stem 
forms a complex that eonsists of a single tmnk attaehed by its base to 
the ehorion, from which seeond- and third-order branehes (intermedi- 
ate and terminal villi) arise distally. Terminal villi are speeialized for 
exchange between fetal and maternal circulations; eaeh one starts as a 
syneytial outgrowth and is invaded by eytotrophoblastie eells, which 
then develop a eore of fetal mesenehyme as the villus continues to grow. 
The eore is vascularized by fetal eapillaries (i.e. eaeh villus passes 
through primary, seeondary and tertiary grades of histologieal differen- 
tiation). The germinal eytotrophoblast continues to add eells that fuse 
with the overlying syncytium and so contribute to the expansion of the 
haemoehorial interfaee. Terminal villi continue to form and braneh 
within the eonfines of the definitive plaeenta throughout gestation, 
projeeting in all direetions into the intervillous spaee (see Fig. 9.5). 

From the third week until about the seeond month of pregnaney, 
the entire ehorion is eovered with villous stems. They are thus continu- 
ous peripherally with the trophoblastie shell, which is in elose appos- 
ition with both the decidua capsularis and the decidua basalis. The villi 
adjaeent to the decidua basalis are stouter and longer, and show a 
greater profhsion of terminal villi. As the conceptus continues to 
expand, the decidua capsularis is progressively eompressed and thinned, 
the eirailation through it is gradually reduced, and adjaeent villi slowly 
atrophy and disappear. This proeess starts at the abembryonie pole; by 
the end of the third month, the abembryonie hemisphere of the 
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Fig. 9.6 As the plaeenta grovvs, the interstitial and endovascular extravillous trophoblast eells continue to remodel the spiral arteries into large-bore, 
low-resistance uteroplacental vessels. These arteries remain occluded by endovascular extravillous trophoblast until the end of the first trimester, 
promoting a low oxygen environment. 



conceptus is largely denuded. Evenmally, the whole ehorion apposed 
to the decidua capsularis is smooth and is now termed the ehorion 
laeve; this will later beeome apposed to the amnion, forming ehorio- 
amnion (see Figs 9.2, 9.9). In eontrast, the villous stems of the dise- 
shaped region of ehorion apposed to the decidua basalis inerease 
greatly in size and complexity, and the region is now termed the ehorion 
frondosum (see Fig. 9.4). The ehorion frondosum and the decidua 
basalis constitute the definitive plaeental site (see 7 ig. 9.2). Abnormali- 
ties in this proeess may account for the persistenee of villi at abnormal 
sites in the ehorion laeve of the gestational sae and henee the presenee 
of aeeessory or succenturiate lobes within the membranes of the defini- 
tive plaeenta. The presenee of the entire villous ring of the primitive 
plaeenta beyond the seeond month post-menstmation leads to the 
development of plaeenta membranaeea, a giant definitive plaeental 
stmcture surrounding the whole gestational sae during the remainder 
of pregnaney. 

Coincidentally with the growth of the embryo and the expansion of 
the amnion, the decidua capsularis is thinned and distended, and the 
spaee between it and the decidua parietalis is gradually obliterated. By 
the seeond month of pregnaney, the three endometrial strata reeogniz- 
able in the premenstmal phase, i.e. compactum, spongiosum and 
basale, are better differentiated and easily distinguished. The glands in 
the spongiosum are eompressed and appear as oblique slit-like fissures 
lined by low cuboidal eells. By the beginning of the third month of 
pregnaney, the decidua capsularis and decidua parietalis are in eontaet. 
By the fifth month, the decidua capsularis is greatly thinned, and it 
virtually disappears during the succeeding months. 

Foeal bleeding often occurs in the periphery of the developing pla- 
eenta at the time of the formation of the membranes (8-12 weeks). This 
eomplieation, which is termed threatened misearriage, is a eommon 
elinieal eomplieation of pregnaney and ean lead to a eomplete misear- 
riage if the haematoma extends to the definitive plaeenta (Jauniaux et al 
2006). 

At term, the plaeental diameter varies from 200 to 220 mm, the 
mean plaeental weight is 470 g, its mean thiekness is 25 mm and the 
total villous surface area is 12-14 m 2 , providing an extensive and inti- 
mate interfaee for materno-fetal exchange; the uteroplacental circula- 
tion earries approximately 600 ml of maternal blood per minute. There 
are no lymph vessels in the plaeenta and, equally, no aggregates of 
lymphoid eells. Systematie evaluation and earefiil deseription of the 
plaeenta after delivery have been reeommended for eorrelation with 
later neonatal neurodevelopmental outcomes (Roeseher et al 2014). 


ehorionie plate 

The ehorionie plate is eovered on its fetal aspeet by amniotie epithe- 
lium; on the stromal side of the epithelium, a eonneetive tissue layer 
earries the main branehes of the umbilical vessels (see Fig. 9.5; Fig. 9.7). 
Subjacent to this are a diminishing layer of eytotrophoblast and then 
the inner syneytial wall of the intervillous spaee. The eonneetive tissue 
layer is formed by fiision between the mesenehyme-eovered surfaces of 
amnion and ehorion, and is more fibrous and less eelhilar than Whar- 
ton's jelly (of the umbilical eord), except near the larger vessels. The 
umbilical vessels radiate and braneh from the eord attaehment, with 
variations in the branehing pattern, until they reaeh the bases of the 
tmnks of the villous stems; they then arborize within the intermediate 
and terminal villi. There are no anastomoses between vascular trees of 
adjaeent stems. The two umbilical arteries are normally joined at, or 
just before they enter, the ehorionie plate, by some form of substantial 
transverse anastomosis (Hyrtl's anastomosis). 

Basal plate 

The basal plate, from fetal to maternal aspeet, forms the outer wall of 
the intervillous spaee. The trophoblast and adjaeent decidua are 
enmeshed in layers of fibrinoid and basement membrane-like extracel- 
lular matrix to form a complex junctional zone. In different plaees, the 
basal plate may eontain syncytium, eytotrophoblast or fibrinoid matrix, 
remnants of the eytotrophoblastie shell, and, at the site of implantation, 
areas of neerotie maternal decidua (the so-ealled Nitabuch's stria) (see 
Figs 9.5 and 9.7). Nitabuch's stria and the decidua basalis eontain 
eytotrophoblast and multinucleate trophoblast giant eells derived from 
the monomielear extravillous interstitial eytotrophoblast population 
that infiltrate the decidua basalis during the first 18 weeks of pregnaney. 
These eells penetrate as far as the inner third of the myometrium but 
ean often be observed at or near the decidual-myometrial junction. 
They are not found in the decidua parietalis or the adjaeent myo- 
metrium, suggesting that the plaeental bed giant eell represents a dif- 
ferentiative end stage in the extravillous trophoblast lineage. The striae 
of fibrinoid are irregularly intereonneeted and variable in prominenee. 
Strands pass from Nitabuch's stria into the adjaeent decidua, which 
eontains basal remnants of the endometrial glands and large and small 
decidual eells seattered in a eonneetive tissue framework that supports 
an extensive venous plexus. 

Initially, only the eentral area of a plaeenta eontains extravillous 
trophoblast eells, both within and around the spiral arteries. These eells 
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Fig. 9.7 The arrangement of the plaeental tissues from the ehorionie plate (fetal side) to the basal plate or decidua basalis (maternal side). 


gradually extend laterally reaehing the periphery of the plaeenta around 
mid-gestation; the extent of invasion is progressively shallower towards 
the periphery. Invaded maternal vessels show a 5-10-fold dilation of 
the vessel mouth and altered responsiveness to circulating vasoaetive 
compounds (Hung et al 2001, Burton et al 2009). 

The eonversion of maternal musculoelastic, spiral arteries to large- 
bore, low-resistance uteroplacental vessels is eonsidered key for a suc- 
eessfhl human pregnaney. Failure to aehieve these ehanges is a feature 
of eommon eomplieations of pregnaney, such as early-onset pre- 
eelampsia, misearriage and fetal growth restrietion. 

From the third month onwards, the basal plate develops plaeental 
or eotyledonary septa, which are ingrowths of the eytotrophoblast 
eovered with syncytium that grow towards, but do not fuse with, the 
ehorionie plate (see Fig. 9.5). The septa circumscribe the maternal 
surface of the plaeenta into 15-30 lobes, often termed eotyledons. Eaeh 
eotyledon surrounds a limited portion of the intervillous spaee assoei- 
ated with a villous tmnk from the ehorionie plate. From the fourth 
month, these septa are supported by tissue from the decidua basalis. 
Throughout the seeond half of pregnaney, the basal plate beeomes 
thinned and progressively modifìed: there is a relative diminution of 
the decidual elements, inereasing deposition of fìbrinoid, and admix- 
ture of fetal and maternal derivatives. 

lntervillous spaee 

The intervillous spaee eontains the main tmnks of the villous stems and 
their arborizations into intermediate and terminal villi (see Figs 9.5, 
9.7). A villous tmnk and its branehes may be regarded as the essential 
stmctural, fhnetional and growth unit of the developing plaeenta. 

At term, from the inner myometrium to the intervillous spaee, the 
walls of most spiral arteries eonsist of fibrinoid matrix, within which 
eytotrophoblast is embedded. This arrangement allows expansion of 
the arterial diameter (and so slows the rate of arterial inflow and reduces 
the perfhsion pressure), independent of the loeal aetion of vasoeonstrie- 
tive agents. Endothelial eells, where present, are often hypertrophie. The 
veins that drain the blood away from the intervillous spaee pieree the 
basal plate and join tributaries of the uterine veins. The presenee of a 
marginal venous sinus, which hitherto has been deseribed as a eonstant 


feature occupying the peripheral margin of the plaeenta and commu- 
nieating freely with the intervillous spaee, has not been eonfìrmed. 

Reeent anatomie and in vivo studies have shown that human plaeen- 
tation is, in faet, not tmly haemoehorial in early pregnaney (Video 9.1) 
(Jauniaux et al 2003). From the time of implantation, the extravillous 
trophoblast not only invades the uterine tissues but also forms a eon- 
tinuous shell at the level of the decidua. The eells of this shell anehor 
the plaeenta to the maternal tissue and also form plugs in the tips of 
the uteroplacental arteries (see Ags 9.3B, 9.6) (Burton et al 1999). The 
shell and the plugs aet like a labyrinthine interfaee that filters maternal 
blood, permitting a slow seepage of plasma but no tme blood flow into 
the intervillous spaee (Burton et al 2003). This ereates a physiologieal 
plaeental hypoxia, which may proteet the developing embryo against 
the deleterious and teratogenie effeets of oxygen free radieals. As a 
result, there is a uteroplacental 0 2 gradient that exerts a regulatory effeet 
on plaeental tissue development and hmetion (Jauniaux et al 2003). In 
partioilar, it influences eytotrophoblast proliferation and differenti- 
ation along the invasive pathway, villous vasculogenesis and the form- 
ation of the ehorion laeve. An 0 2 gradient persists within lobules of the 
plaeenta throughout pregnaney, with the eentral region well oxygenated 
eompared to the periphery, owing to the direetion of maternal blood 
flow (Burton and Jauniaux 2011). 

At the end of the fìrst trimester, the endovascular extravillous tro- 
phoblastie plugs are progressively disloeated, allowing maternal blood 
to flow progressively more freely and continuously within the intervil- 
lous spaee (see Figs 9.6, 9.7, Video 9.1). During the transitional phase 
of 10-14 weeks' gestation, two-thirds of the primitive plaeenta disap- 
pears, the ehorionie eavity is obliterated by the growth of the amniotie 
sae, and maternal blood flows progressively throughout the entire pla- 
eenta (Jauniaux et al 2003). These events bring the maternal blood 
eloser to the fetal tissues, faeilitating nutrient and gaseous exchange 
between the maternal and fetal circulations (Gutierrez-Marcos et al 
2012 ). 




Structure of a plaeental villus 

ehorionie villi are the essential stmctures involved in exchanges 
between mother and fetus. The villous tissues separating fetal and 175 
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Fig. 9.8 A, A ehorionie villus and its arterio-capillary-venous system earrying fetal blood. The artery earries deoxygenated blood and vvaste products 
from the fetus, and the vein earries oxygenated blood and nutrients to the fetus. B-C, Transverse seetions through individual ehorionie villi at 10 vveeks 
(B) and at full term (C). The villi would be within the intervillous spaee, bathed externally in maternal blood. The plaeental membrane, eomposed of fetal 


tissues, separates the maternal blood from the fetal blood. 


maternal blood are therefore of emeial fhnetional importanee. From the 
ehorionie plate, progressive branehing occurs into the villous tree, as 
stem villi give way to intermediate and terminal villi. Eaeh villus has a 
eore of eonneetive tissue eontaining eollagen types I, III, V and VI, as 
well as fibroneetin. Cross-banded fibres (30-35 nm) of type I eollagen 
often occur in bundles, whereas type III eollagen is present as thinner 
(10-15 nm) beaded fibres, which form a meshwork that often eneases 
the larger fibres. Collagens V and VI are present as 6-10 nm fibres 
elosely assoeiated with eollagens I and III. Laminin and eollagen type 
IV are present in the stroma assoeiated with the basal laminae that 
surround fetal vessels and also in the trophoblast basal lamina. Overly- 
ing this matrix are ensheathing eyto- and syneytiotrophoblast eells 
bathed by the maternal blood in the intervillous spaee (see ags 9.5, 
9.7; Fig. 9.8). Cohesion between the eells of the eytotrophoblast, and 
also between the eytotrophoblast and the syncytium, is provided by 
numerous desmosomes between the apposed plasma membranes. 

In earlier stages, the eytotrophoblast forms an almost continuous 
layer on the basal lamina. After the fourth month, it gradually expends 
itself producing syneytmm, which eomes to lie on the basal lamina over 
an inereasingly large area (56% at term), and beeomes progressively 
thinner. Cytotrophoblastic eells persist until term but, because the 
inerease in villous surface area outstrips their proliferation, they are 
usually disposed singly. In the first and seeond trimesters, eytotropho- 
blastie sprouts, eovered in syneytmm, are present and represent a stage 
in the development of new villi. Cytotrophoblast columns at the tips 
of anehoring villi extend from the villous basal lamina to the maternal 
decidual stroma. 

The eells of the villous eytotrophoblast (Langhans eells) are pale- 
staining with a slight basophilia. Ultrastructurally, they have a rather 
electron-translucent eytoplasm and relatively few organelles. They 
eontain intermediate filaments, particularly in assoeiation with desmo- 
somes. Between the desmosomes, the membranes of adjaeent eells are 
separated by approximately 20 nm. Sometimes, the intercellular gap 
widens to aeeommodate microvillous projeetions from the eell surfaces; 
oeeasionally, it eontains patehes of fibrinoid. A smaller population of 
intermediate eytotrophoblast may also be found in the ehorionie villi. 
This postmitotie population represents a state of partial differentiation 
between the eytotrophoblast stem eell and the overlying syncytium. 

The syneytiotrophoblast is the multinucleated epithelium of the 
plaeenta and is an intensely aetive tissue layer, aeross which most trans- 
plaeental transport must occur (Ellery et al 2009). It is a seleetively 
permeable barrier that allows water, oxygen and other nutritive sub- 
stanees and hormones to pass from mother to fetus, and some of the 
products of excretion to pass from fetus to mother. It seeretes a range 
of plaeental hormones into the maternal circulation. Syneytial eyto- 


plasm is more strongly basophilie than that of the eytotrophoblastie 
eells and is paeked with organelles eonsistent with its seeretory pheno- 
type. Where the plasma membrane adjoins basal lamina, it is often 
infolded into the eytoplasm, whereas the surface bordering the intervil- 
lous spaee is set with numerous long mierovilli, which constitute the 
bmsh border seen by light mieroseopy. 

Glyeogen is thought to be present in both layers of the trophoblast 
at all stages, although it is not always possible to demonstrate its pres- 
enee histoehemieally. Lipid droplets occur in both layers and are free 
in the eore of the villus. In the trophoblast, they are found prineipally 
within the eytoplasm, but they also occur in the extracellular spaee 
between eytotrophoblast and syncytium, and between the individual 
eells of the eytotrophoblast. The droplets diminish in number with 
advaneing age and may represent fat in transit from mother to fetus, 
and/or a pool of precursors for steroid synthesis. Membrane-bound 
gramilar bodies of moderate eleetron density occur in the eytoplasm, 
partiailarly in the syncytium, some of which are probably seeretion 
gramiles. Other membrane-bound bodies, lysosomes and phagosomes, 
are involved in the degradation of materials engulfed from the intervil- 
lous spaee. 

Although many nuclei are dispersed within the syneytioplasm, other 
are aggregated into speeializations referred to as syneytial knots and 
syneytial sprouts (Burton et al 2003). Knots mustbe distinguished from 
syneytial sprouts, which are markers of trophoblast proliferation. In the 
immature plaeenta, syneytial sprouts represent the first stages in the 
development of new terminal villi, which later beeome invaded by 
eytotrophoblast and villous mesenehyme ( "ogarty et al 2013). Oeea- 
sionally, adjaeent syneytial sprouts make eontaet and fuse to form 
slender syneytial bridges. The sprouts may beeome detaehed, forming 
maternal syneytial emboli, which pass to the lungs. It has been eom- 
puted that some 100,000 sprouts pass daily into the maternal circula- 
tion; deported trophoblast may be a meehanism by which the maternal 
immune system is maintained in a state of toleranee towards paternal 
antigens (Chamley et al 2011). In the lungs, syneytial sprouts provoke 
little loeal reaetion and apparently disappear by lysis. However, they 
may oeeasionally form foei for neoplastie growth. Syneytial sprouts are 
present in the term plaeenta. Syneytial knots are aggregates of nuclei 
with particularly eondensed heteroehromatin, and may represent a 
sequestration phenomenon by which seneseent nuclear material is 
removed from adjaeent metabolieally aetive areas of syncytium. 

Librinoid deposits are frequently found on the villous surface in 
areas laeking syneytiotrophoblast. They may constitute a repair meeha- 
nism in which the fibrinoid forms a wound surface that is subsequently 
re-epithelialized by trophoblast. The extracellular matrix glyeoprotein 
tenasein has been loealized in the stroma adjaeent to these sites. 



















































Fetal membranes 


The eore of a villiis eontains small and large reticulum eells, fibro- 
blasts and maerophages (Hofbauer eells). Early mesenehymal eells 
probably differentiate into small reticulum eells, which, in turn, produce 
fibroblasts or large reticulum eells. The small reticulum eells appear to 
delimit a eollagen-free stromal ehannel system through which Hofbauer 
eells migrate. Mesenehymal eollagen inereases from a network of fine 
fibres in early mesenehymal villi to a densely fibrous stroma within stem 
villi in the seeond and third trimesters. After approximately 14weeks, 
the stromal ehannels found in immature intermediate villi are infilled 
by eollagen to give the fibrous stroma eharaeteristie of the stem villus. 

Fetal plaeental vessels include arterioles and eapillaries; lymphatie 
vessels are not present. Perieytes may be found in elose assoeiation with 
the eapillary endothelium, and from late first trimester, the vessels are 
surrounded externally by a basal lamina. From the seeond trimester 
(and a little later in terminal villi), dilated thin-walled eapillaries are 
found immediately adjaeent to the villous trophoblast; their respeetive 
basal laminae apparently fuse to produce a vasculosyncytial interfaee; 
the distanee separating the maternal and fetal circulations may be 
reduced to as little as 2-3 pm. The endothelial eells are non-fenestrated, 
display numerous eaveolae, and are linked by conspicuous junctional 
complexes ineorporating tight and adherens junctions. 

Transport aeross plaeental villi 

The meehanism of transfer of substances aeross the plaeental barrier 
(membrane) is complex. The volume of maternal blood eirailating 
through the intervillous spaee has been assessed at 500 ml per minute. 
Simple diffiision suffices to explain gaseous exchange. Transfer of ions 
and other water-soluble solutes is by paracellular and transcellular dif- 
fhsion and transport; the relative importanee of eaeh of these for most 
individual solutes is unknown, and the paracellular pathway is mor- 
phologieally undefined. Glucose transfer involves faeilitated diffiision, 
while aetive transport meehanisms earry calcium and at least some 
amino aeids. The fat-soluble and water-soluble vitamins are likely to 
pass the plaeental barrier with different degrees of faeility (Jauniaux and 
Gulbis 2000a, Jauniaux et al 2004, Jauniaux et al 2005). The water- 
soluble vitamins B and C pass readily. Water is interehanged between 
fetus and mother (in both direetions) at approximately 3.5litres per 
hour. The transfer of substances of high molecular weight, such as 
complex sugars, some lipids and hormonal and non-hormonal pro- 
teins, varies greatly in rate and degree and is not so well understood; 
energy-dependent seleetive transport meehanisms, including reeeptor- 
mediated transeytosis, are likely to be involved. 

Fipids may be transported unchanged through and between the eells 
of the trophoblast to the eore of the villus. The passage of maternal 
antibodies (immunoglobulins) aeross the plaeental barrier eonfers 
some degree of passive immunity on the fetus; it is widely aeeepted that 
transfer is by mieropinoeytosis. Investigation of transplaeental meehan- 
isms is eomplieated by the faet that the trophoblast itself is the site of 
synthesis and storage of eertain substances, e.g. glyeogen. 

The plaeenta is an important endoerine organ. Some steroid hor- 
mones, various oestrogens, (3-endorphins, progesterone, hCG and 
human ehorionie somatomammotropin (hCS), also known as plaeental 
laetogen (hPF), are synthesized and seereted by the syncytium. The tro- 
phoblast eontains enzyme systems that are assoeiated with the synthesis 
of steroid hormones, as well as enzymes that inaetivate maternal hor- 
mones, allowing the fetus to develop and mature in a proteeted environ- 
ment; for example, the fetus is proteeted from 10 times higher maternal 
glucocorticoid levels by the plaeental enzyme llbeta-hydroxysteroid 
dehydrogenase 2 (llbeta-HSD2), which eonverts biologieally aetive 
maternal eortisol to inaetive eortisone (Murphy et al 1974). 

It has been suggested that leukocytes may migrate from the maternal 
blood through the plaeental barrier into the fetal eapillaries. It has also 
been shown that some fetal and maternal red blood eells may eross the 
barrier. The former may have important consequences, e.g. in Rhesus 
ineompatibility. 

The majority of dmgs are small molecules and are sufficiently 
lipophilie to pass the plaeental barrier from 7weeks of gestation in 
quantities that yield measurable eoneentrations in both eoelomie and 
amniotie fluid. Many are tolerated by the fetus but some may exert grave 
teratogenie effeets on the developing embryo/fetus, depending on the 
gestational age and the doses used by the mother (e.g. thalidomide, 
eoeaine) (Ross et al 2015). A well-documented assoeiation exists 
between maternal aleohol ingestion and fetal abnormalities. Addietion 
of the fetus ean occur to substances of maternal abuse such as heroin. 

A wide variety of baeteria (Fisteria), protozoa ( Toxoplasma gondii, 
Plasmodiiim faleipamm) and vimses, including eytomegalovims (CMV), 
human immunodeficiency vims (HIV) and mbella, are known to pass 
the plaeental barrier from mother to fetus. Toxoplasma and CMV are 
transferred by cellular invasion of the villous trophoblast during the 


acute phase of a newly acquired maternal infeetion. As the maternal 
circulation inside the plaeenta only starts to fimetion at the end of the 
first trimester, transmission of Toxoplasma to the embryos is rare during 
that period, but highly damaging to the developing fetus. Plasmodinm 
faleipamm is transferred by villous sequestration of maternal infeeted 
erythroeytes or a breakdown of the villous barrier during labour. The 
presenee of maternal mbella in the early months of pregnaney is of 
espeeial importanee in relation to the production of eongenital anoma- 
lies. (For fhrther reading about TORCH perinatal infeetions, caused by 
Toxoplasma gondii, mbella vims, CMV and herpes simplex vims (HSV), 
see Stegmann and Carey (2002).) 

FETAL MEMBRANES 

The implanting conceptus eonsists initially of three eavities and their 
surrounding epithelia. The original blastoeyst eavity, surrounded by 
trophoblast, is now termed the ehorionie eavity (synonymous with 
extraembryonic eoelom). It is a large eavity eontaining the much smaller 
amniotie eavity and seeondary yolk sae (see 4g. 9.1). The apposition 
of the latter two eavities delineates the extent of the early embryo. The 
ehorionie eavity beeomes lined with extraembryonic mesoblast, which 
is also refleeted over the outer surface of the amnion and yolk sae. A 
fourth eavity, the allantois, develops later as a caudal hypoblastie diver- 
ticulum that beeomes embedded within the extraembryonic mesen- 
ehyme, forming the eonneeting stalk of the embryo. It does not have a 
direet mesothelial eovering. 

ehorion 


The ehorion eonsists of developing trophoblast and extraembryonic 
mesothelium. It varies in thiekness during development, both tempor- 
ally and spatially. It is thiekest at the implantation site throughout gesta- 
tion as the ehorion frondosum and then the plaeenta, and thinner as 
gestation progresses over the remainder of its surface as the ehorion 
laeve (see Fig. 9.4). At term, the ehorion eonsists of an inner cellular 
layer eontaining fibroblasts and a reticular layer of fibroblasts and Hof- 
bauer eells, which resembles the mesenehyme of an intermediate villus. 
The outer layer eonsists of eytotrophoblast 3-10 eells deep, resting on 
a pseudo-basement membrane, which extends beneath and between 
the eells. Oeeasional obliterated villi within the trophoblast layer are 
the remnants of villi present in the ehorion frondosum of the first tri- 
mester. Although the interfaee between the trophoblast and decidua 
parietalis is uneven, no trophoblast infiltration of the decidua parietalis 
occurs. 

Yolk sae 


As the seeondary yolk sae forms, it delineates a eavity lined with par- 
ietal, and perhaps viseeral, hypoblast, continuous with the developing 
endoderm from the primitive streak (Ch. 10; see Fig. 10.10). The see- 
ondary yolk sae is the first structure that ean be deteeted ultrasono- 
graphieally within the ehorionie eavity (Jauniaux et al 1991). Its 
diameter inereases slightly between 6 and 10weeks of gestation, reaeh- 
ing a maximum of 6-7 mm, after which its size deereases. 

The inner eells of the yolk sae (denoted endoderm in many studies, 
although this layer is restrieted to the embryo itself) display a few short 
mierovilli and are linked by juxtaluminal tight junctions (Jones and 
Jauniaux 1995). Their eytoplasm eontains numerous mitoehondria, 
whorls of rough endoplasmie reticulum, Golgi bodies and seeretory 
droplets, giving them the appearanee of being highly aetive synthetie 
eells. With fiirther development, the epithelium beeomes folded to 
form a series of eyst-like structures or tubules, only some of which eom- 
municate with the eentral eavity. The eells synthesize several semm 
proteins in eommon with the fetal liver, such as a-fetoprotein (AFP), 
oe-l-antitrypsin, albumin, pre-albumin and transferrin (Gulbis et al 
1998). With rare exceptions, the seeretion of most of these proteins is 
eonfined to the embryonie eompartments (Jauniaux and Gulbis 2000b). 

The yolk sae beeomes eoated with extraembryonic mesenehyme, 
which forms mesenehymal and mesothelial layers. A diffiise eapillary 
plexus develops between the mesothelial layer and the underlying see- 
ondary yolk sae wall, and subsequently drains through vitelline veins 
to the developing liver. The mesothelial layer bears a dense eovering of 
mierovilli; the presenee of numerous eoated pits and pinoeytotie vesi- 
eles gives it the appearanee of an absorptive epithelium (Jones and 
Jauniaux 1995, Burke et al 2013). 

The seeondary yolk sae plays a major role in the early embryonie 
development of all mammals. In laboratory rodents, it has been 177 
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demonstrated as one of the initial sites of haemopoiesis. Human data 
indieate that it has an absorptive role for molecules of maternal and 
plaeental origin found in the ehorionie eavity (Gulbis et al 1998), and 
mediates the main movement of moleoiles passing from the ehorionie 
eavity to the yolk sae and, subsequently, to the embryonie gut and 
circulation. 

After week 9, the cellular eomponents of the wall of the seeondary 
yolk sae start to degenerate, and their fhnetion is subsumed into 
exchanges at the plaeental ehorionie plate. With embryonie develop- 
ment of the midgut, the eonneetion of the yolk sae to the embryo 
beeomes attemiated to a slender and elongated vitelline intestinal duct. 
Both the yolk sae and its duct remain within the extraembryonic eoelom 
(ehorionie eavity) throughout gestation, loeated between the amnion 
and ehorion as they fuse, near the plaeental attaehment of the umbilical 
eord. 

Allantois 


The allantoenterie diverticulum (see Fig. 10.10) arises early in the third 
week as a solid, endodermal outgrowth from the dorsocaudal part of 
the yolk sae into the mesenehyme of the eonneeting stalk. It soon 
beeomes eanalized. When the hindgut is developed, the proximal 
(enterie) part of the diverticulum is ineorporated in its ventral wall. The 
distal (allantoie) part remains as the allantoie duct and is earried ven- 
trally to open into the ventral aspeet of the eloaea or terminal part of 
the hindgut (Fig. 9.9A). The allantois is a site of angiogenesis, giving 
rise to the umbilical vessels that eonneet to the plaeental circulation. 
The extraembryonic mesenehyme around the allantois forms the eon- 
neeting stalk, which is later ineorporated into the umbilical eord. 

In the fetus, the allantoie duct, which is eonfined to the proximal 
end of the umbilical eord, elongates and thins. However, it may persist 
as an intermpted series of epithelial strands at term, in which ease the 
proximal strand is often continuous at the umbilicus with the median 
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Fig. 9.9 A, A Longitudinal seetion of a conceptus showing the eavities 
assoeiated with development. The amniotie eavity and yolk sae are both 
eovered with extraembryonic mesoblast and are eontained within the 
larger ehorionie eavity, which is lined with extraembryonic mesoblast. The 
embryo is attaehed to the ehorion frondosum by the eonneeting stalk into 
which the allantois projeets. B, A longitudinal seetion of a conceptus at a 
later stage, showing the diminution of the ehorionie eavity, expansion of 
the amniotie eavity, relative attenuation of the yolk sae and the structures 
that give rise to the umbilical eord. 


intra-abdominal urachus; this, in turn, eontimies into the apex of the 
bladder. 

Amnion (ehorio-amnion) 


The original amniotie eells develop from the edges of the epiblast of 
the embryonie dise, which ultimately form the interfaee with the skin 
at the umbilical region. Between the tenth and twelfth weeks of preg- 
naney, the amniotie eavity expands until it makes eontaet with the 
ehorion to form the ehorio-amnion, an avascular membrane that per- 
sists to term. The amniotie membrane extends along the eonneeting 
stalk and forms the outer eovering of the umbilical eord. After birth, 
the site of this embryonic/extraembryonic junction is important because 
the extraembryonic eell lines will die, causing the umbilical eord to 
degenerate and detaeh from the body wall. In eases of anomalous 
development of the ventral body wall, e.g. gastrosehisis and exompha- 
los, the refleetions of the amnion along the forming umbilical eord may 
be ineomplete (see below). 

The inner surface of the amnion eonsists of a simple cuboidal epi- 
thelium. It has a microvillous apieal surface, beneath which is a eortieal 
web of intermediate filaments and mierofilaments. There are no tight 
junctional complexes between adjaeent eells and eationie dyes penetrate 
between the eells as far as the basal lamina. The intercellular elefts 
present seattered desmosomes, but elsewhere the elefts widen and 
eontain interlaeing mierovilli. These features are eonsistent with selee- 
tive permeability properties. The epithelium synthesizes and deposits 
extracellular matrix into the eompaet layer of acellular stroma loeated 
beneath the basal lamina, as well as the basal lamina itself. 

Towards the end of gestation, inereasing numbers of amniotie 
eells undergo apoptosis. Apoptotie eells beeome detaehed from the 
amnion and are found in the amniotie eavity at term. The highest inei- 
denee is in weeks 40-41, independent of the onset of labour. Apoptosis 
may play a role in the fragility and rupture of the fetal membranes 
at term. 

Human amniotie epithelial eells are thought to be pluripotent 
because they arise so early from the conceptus. They ean be distin- 
guished from the epiblast eells from day 8. Amniotie eells laek the MHC 
antigen and so the amnion ean be exposed to the maternal immune 
system without elieiting a maternal immune response. Cultured human 
amniotie epithelial eells express a range of neural and glial markers, 
including glial fibrillary aeidie protein, myelin basie protein, vimentin 
and neurofilament proteins, suggesting that these eells may supply 
neurotrophic faetors to the amniotie fluid. They also appear to have a 
hepatoeyte gene expression profile, showing albumin production, gly- 
eogen storage and albumin seeretion in culture. In organ culture, they 
have been shown to seerete 30-fold larger amounts of albumin than in 
monolayer culture, and to seerete a-1-antitrypsin ( lakashina et al 
2004). Amnion is used in the repair of eorneas after trauma and as a 
graft material for reeonstmeting vaginas in women with eloaeal 
abnormalities. 

Prenatal ehanges to the ehorìo-amnion 

At term, the surface area of the ehorio-amnion is 1000-1200 em 2 , with 
30% overlying the plaeenta and the remaining 70% in eontaet with the 
decidua (Myatt and Sun 2010). There is a dimimition of the decidual 
eomponent of the ehorion and an inerease in ehorionie apoptosis 
towards term at the supracervical site, overlying the eervieal os, which 
eneompasses the site of mpture (Chai et al 2013). The amnion and 
choriodecidua show varying degrees of separation over the putative 
rupture site; the mean mpture strength of the zone is 60% of the 
remaining membranes, assoeiated with ehanges in eollagen organiza- 
tion and inerease in MMP-9 (Strauss 2013). Term vaginal delivery is 
assoeiated with a three-fold inerease in apoptosis in the ehorion elose 
to the mpture site, eompared to fetal membranes from non-labour, 
eleetive eaesarean delivery (Harirah et al 2012). 

In preterm, premature mpture of membranes (PPROM), the ehorion 
is reported to be thinner at all sites (Fortner et al 2014). The presenee 
of baeteria in the ehorion at term, aseending via the vagina, has been 
reported without eoneomitant ehorio-amnionitis. However, ehorio- 
amnionitis rates are higher in preterm labour and this may be a eon- 
tributing cause (Harirah et al 2012, Fortner et al 2014). Loss of 
ehorio-amnion intracellular eytokeratins, which beeome downregu- 
lated in infeetion, is thought to make the amnion vulnerable to apop- 
tosis, shear stress and mpture (Vanderhoeven et al 2014). 

There is inereasing evidenee that infeetion and inflammation of the 
ehorio-amnion is assoeiated with prenatal ehanges to the developing 
brain, espeeially the cortex, periventricular white matter and the devel- 
oping eerebral blood vessels (Harteman et al 2013, Roeseher et al 
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2014). This assoeiation also extends to the neonatal period and post- 
natal gut maturation (Wynn and Neu 2012). Histologieally eoníìrmed 
ehorio-amnionitis is assoeiated with ehanges in eerebral blood flow 
soon after birth; male infants appear to be more affeeted than female 

(Koeh et al 2014). 

AMNIOTie FLUID 

The amniotie fluid, or liquor amnii, provides a buoyant medium that 
supports the delieate tissues of the young embryo and allows free move- 
ment of the fetus up to the later stages of pregnaney. It also diminishes 
the risk to the fetus of injury from outside. Amniotie fluid is derived 
from imiltiple sources throughout gestation. These include seeretions 
from amniotie epithelmm, filtration of fluid from maternal vessels via 
the parietal decidua and amnioehorion, filtration from the fetal vessels 
via the ehorionie plate or the umbilical eord, and fetal urine and fetal 
lung seeretions. In early pregnaney, difftision from intraeorporeal 
vessels via fetal skin provides another source. Onee the gut is formed, 
fetal swallowing of amniotie fluid is a normal occurrence; the fluid is 
absorbed into the fetal circulation. 

Amniotie fluid volume inereases logarithmieally during the first half 
of pregnaney, from less than 10 ml at 8 weeks' gestation to 30 ml at 22 
weeks and 770 ml at 28 weeks. After 30weeks, the volume may remain 
unchanged to 36 weeks. It deereases towards the expected delivery date, 
and volumes deerease sharply in post-term gestation, averaging 515 ml 
at 41 weeks (Beall et al 2007, Ross and Beall 2014). 

Human fetal urine output from the metanephrie kidney inereases 
from 110 ml/kg/day at 25 weeks to almost 200 ml/kg/day at term; this 
eorresponds to almost 1000 ml/day. The rate of human fetal lung seere- 
tion has not been measured but is presumed to be in the range of 
60-100 ml/kg/day near term (Callen 2008). Animal studies indieate 
that lung fluid production is about one-third that of urine production, 
and that half of the fluid leaving the lungs enters the amniotie fluid and 
half is swallowed (Beall et al 2007, Ross and Beall 2014). 

It is estimated that human fetuses swallow up to 760 ml/day of 
amniotie fluid near term, although this deereases in the days before 
delivery. The remainder of the amniotie fluid is thought to be absorbed 
via an intramembranous pathway direetly aeross the amniotie eavity 
and fetal surface of the plaeenta into fetal blood vessels (Beall et al 
2007, Ross and Beall 2014). Intramembranous flow is thought to reaeh 
400 ml/day at term (Callen 2008). 

Amniotie fluid volume is estimated at routine antenatal ultrasound 
seans, despite some eoneerns about its objeetivity (Beattie and Rieh 
2007, Callen 2008, Gilbert 2012); it may be expressed as an amniotie 
fluid index. A defieieney of amniotie fluid is termed oligohydramnios 
and absent amniotie fluid is anhydramnios. Oligohydramnios in the 
seeond or third trimester is usually the result of urinary traet malforma- 
tions, e.g. bilateral renal agenesis or obstmetion of the lower urinary 
traet, uteroplacental insufficiency or premature mpture of the mem- 
branes. The urachus may play a eritieal role in the resolution of oligo- 
hydramnios in lower urinary traet obstmetion by aeting as a fistula 
between the bladder and the amniotie spaee. The major eoneern with 
oligohydramnios at less than 20weeks is the signifieant risk of pulmo- 
nary hypoplasia and neonatal death. A volume of amniotie fluid in 
excess of 2 litres is generally eonsidered to be abnormal and constitutes 
polyhydramnios (see Fig. 14.5A). Maternal causes include eardiae and 
renal problems and diabetes mellitus, which causes fetal hyperglyeae- 
mia and polyuria. Fetal causes include reduced fetal swallowing due to 
eongenital malformations, e.g. aneneephaly; upper intestinal traet 
obstmetion (oesophageal and duodenal atresia); eompressive pulmo- 
nary disorders (eongenital diaphragmatie hernia); and neuromuscular 
impairment of swallowing. 

Amniotie fluid has, for many years, been regarded as a medium that 
physieally supports the developing embryo and fetus. More reeently, it 
has also been conceptualized as part of the embryonie and early fetal 
extracellular matrix, and its eomposition throughout pregnaney has 
been investigated ( "ong et al 2009). Techniques for bioehemieal analy- 
sis have revealed similarities and differenees between amniotie fluid and 
fetal umbilical eord blood and maternal semm. Although, early in 
development, amniotie flrnd resembles blood plasma, it also demon- 
strates extremely low oxygen tension, refleeting the physiologieal pla- 
eental hypoxia noted in the first trimester (Ross and Beall 2014, Jauniaux 
et al 2003). In the seeond and third trimesters, primary eleetrolytes are 
similar in amniotie fluid, umbilical eord blood and maternal semm, 
whereas glucose, eholesterol and some enzymes are markedly lower in 
amniotie fluid. Hmbilieal eord blood and maternal semm eontain 8 
and 12.5 times more protein than amniotie fluid, respeetively ( "ong 
et al 2009). More than 100 metabolites, inehiding eortisol and a range 


of eytokines, have also been deteeted in amniotie fhiid; the eoneentra- 
tions of most eytokines differ from those in maternal blood and refleet 
the physiologieal status of the fetus ( Tong 2013). Proteomie analysis of 
human amniotie fluid at 16-18 weeks has identified more than 800 
proteins and peptides (Cho et al 2007). It appears that amniotie fluid 
may be aeting as a pathway for the transport of signalling molecules to 
target eells. In animal studies, substances injeeted into the amniotie 
eavity were deteeted within the embryos within 2 mimites, demonstrat- 
ing a rapid exchange with all fetal tissues ( Tong 2013). 

A number of elinieal markers in amniotie fluid are used as predie- 
tors of fetal health, including interleukin (IL)-10, IL-6, eell free fetal 
DNA and eell free fetal mRNA. Genes and proteins speeifie to the fetal 
brain, lung, kidney, blood and heart have been identified in amniotie 
fluid, differential gene expression investigated in a range of trisomie 
fetuses and lung maturity predieted by measurement of leeithin, sphin- 
gomyelin and phosphatidylglyeerol (Edlow and Bianehi 2012, Ross 
and Beall 2014). Baeterial speeies have been isolated from amniotie 
fluid, and mierobial invasion of the amniotie eavity is eonsidered a 
leading cause of preterm premature delivery (DiGiulio 2012). It is 
thought such baeteria aeeess the amniotie eavity via the vagina and 
cervix, although many oral baeteria have also been identified, suggest- 
ing that a haematogenous route is also likely. The establishment of 
pathogenesis is influenced by mierobial adhesion, biofilm formation, 
and immune evasion and the maternal and fetal immune systems 
(DiGmlio 2012). 

UMBILICAL C0RD 

The formation of the eonneeting stalk and the early formation of the 
umbilical eord are deseribed in ehapter 10. The umbilical eord ulti- 
mately eonsists of an outer eovering of flattened amniotie epithelial 
eells and an interior mass of mesenehyme of diverse origins (see Fig. 
9.9). It eontains two tubes of hypoblastie origin, the vitelline-intestinal 
and allantoie ducts, and their assoeiated vitelline and allantoie (umbili- 
eal) blood vessels. The yolk stalk and eontimiing duct extend the length 
of the eord, whereas the allantoie duct extends only into its proximal 
part. 

The mesenehymal eore is derived from the somatopleuric extra- 
embryonie mesenehyme eovering the amniotie folds, splanchnopleuric 
extraembryonic mesenehyme of the yolk stalk (which earries the vitel- 
line vessels and elothes the yolk duct), and similar allantoie mesen- 
ehyme of the eonneeting stalk (which elothes the allantoie duct and 
initially earries two umbilical arteries and two umbilical veins). These 
various mesenehymal eompartments fhse and are gradually trans- 
formed into the loose eonneetive tissue (Wharton's jelly) that eharaeter- 
izes the more mature eord. The tissue eonsists of widely spaeed elongated 
fibroblasts separated by a delieate three-dimensional meshwork of fine 
eollagen fibres, which eontains a variety of hydrated glyeosaminogly- 
eans and is partiailarly rieh in hyaluronic aeid. 

The vitelline and allantoie (umbilical) vessels, which are initially 
symmetrieal, beeome modified as a result of ehanges in the eiroilation. 
The vitelline vessels involute, whereas most of the allantoie (umbilical) 
vessels persist. The right umbilical vein disappears but the two umbilical 
arteries normally remain. Oeeasionally, one umbilical artery may disap- 
pear; there is some eorrelation within structural anomalies, most often 
eardiae, in such eases. The vessels of the umbilical eord are rarely 
straight, and are usually twisted into either a right- or left-handed eylin- 
drieal helix. The number of turns involved ranges from a few to over 
300. This eonformation may be produced by unequal growth of the 
vessels, or by torsional forees imposed by fetal movements. Its ftme- 
tional signifieanee is obscure; perhaps the pulsations and eontraetions 
of the helieal vessels assist the venous return to the fetus in the umbili- 
eal vein. 

Anomalies of the fetal anterior abdominal wall, such as exomphalos 
and gastrosehisis, may affeet the arrangement of the outer eovering of 
amnion eells along the proximal end of the umbilical eord. Exomphalos 
arises from a failure of the lateral folds along the ventral surface of the 
embryo, resulting in failure of the normal embryonie regression of the 
midgut from the umbilical stalk into the abdominal eavity. The abdomi- 
nal eontents, including intestines and liver or spleen, eovered by a sae 
of parietal peritoneum and amnion, protmde into the base of the 
umbilical eord. In gastrosehisis, the insertion of the umbilical eord is 
intaet and there is eviseeration of the intestine through a small abdomi- 
nal wall defeet that is usually loeated to the right of the umbilical eord; 
this results in free loops of bowel in the amniotie eavity. Theories eon- 
eerning the aetiology of this defeet include abnormal involution of the 
right umbilical vein or dismption of the omphalomesenterie artery by 
isehaemia. 
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Mature umbilical vessels, particularly the arteries, have a strong mus- 
cular eoat that eontraets readily in response to meehanieal stimuli. The 
outermost bundles pursue an interlaeing spiral course, and when they 
eontraet, they produce shortening of the vessel and thiekening of the 
media, with folding of the interna and eonsiderable narrowing of the 
lumen. This aetion may account for the periodie sharp eonstrietions of 
contour, the so-ealled valves of Hoboken, which often eharaeterize 
these vessels. 

The fully developed umbilical eord is, on average, some 50 em long 
and 1-2 em in diameter. Its length varies from 20 to 120 em; exception- 
ally short or long eords are assoeiated with fetal problems and eompli- 
eations during labour. A long umbilical eord may prolapse through the 
cervix into the vagina onee the fetal membranes rupture and this may 
be exacerbated by eonditions that prevent the fetal head from fully 
occupying the maternal pelvis, e.g. pelvie tumours (fibroids), ovarian 
eysts, plaeenta praevia and prematurity. Compression of the eord by the 
presenting part of the fetus, or an umbilical artery spasm, will lead to 
fetal hypoxia and death, if untreated. The risk of perinatal death rises 
as the interval from diagnosis to delivery inereases. The treatment is 
either firnie replaeement (pushing the eord baek above the fetal head) 
or, more eommonly, immediate eaesarean seetion, depending on faetors 
such as fetal viability. 

The distal end of the umbilical eord usually attaehes in the eentral 
portion of the plaeenta, but in 0.2% of pregnaneies, velamentous inser- 
tion is observed (i.e. into the membranes) and this may be assoeiated 


with vulnerability to injury and fetal haemorrhage. This is espeeially 
important if the plaeenta is low-lying, and may be assoeiated with vasa 
praevia, in which ease fetal blood vessels mn aeross the internal os. 
Inadvertent mpture of the fetal vessels in spontaneous labour or at the 
time of amniotomy (artifieial mpture of membranes to induce labour) 
will cause fetal haemorrhage and may prove fatal. infeetion of the 
umbilical eord, fimisitis, is assoeiated with ehorio-amnionitis and later 
neurodevelopmental outcomes (Roeseher et al 2014, Buhimschi and 
Buhimschi 2012). 

Reeent studies have examined the optimal time for cutting the 
umbilical eord after delivery and found that early elamping is assoeiated 
with neonatal anaemia and iron defieieney. Delayed elamping, defined 
as ligation of the umbilical eord 2-3 mimites after birth or when eord 
pulsation stops, reduces the prevalenee of iron defieieney at 4 months 
of age and results in improved ferritin levels (Andersson et al 2011, 
MeDonald et al 2013). 



KEY REFERENCES 



Brosens JJ, Salker MS, Teklenburg G et al 2014 IJterine seleetion of human 
embryos at implantation. Sei Rep 4:3894. 

Study showing that developmentally impaired human embryos elieit an 
endoplasmie stress response in human decidual eells and snggesting that 
distinet positive and negative meehanisms eontrihnte to aetive seleetion of 
human embryos at implantation. 

Burton GJ, Jauniaux E 2011 Oxidative stress. Best Praet Res Clin Obstet 
Gynaeeol 25:287-99. 

A review of the evidenee implieates oxidative stress in the pathophysiology 
of plaeental related eomplieations of human pregnaney ranging from 
misearriage to pre-eelampsia and prematme rupture of the membranes. 

Burton GJ, Jauniaux E, Watson AL 1999 Maternal arterial eonneetions to the 
plaeental intervillous spaee during the first trimester of human preg- 
naney: the Boyd eolleetion revisited. Am J Obstet Gyneeol 181: 
718-24. 

Ltsing hystereetomy speeimens from the Boyd anatomy eolleetion, this study 
shows that the maternal eirenlation to the plaeenta must be extremely 
sluggish before the eighth week of pregnaney, supporting the eoneept that 
development of the human fetoplaeental unit during most of the first 
trimester takes plaee in a low-oxygen environment. 

Burton GJ, Watson AL, Hempstoek J et al 2002 Hterine glands provide his- 
tiotrophie nutrition for the human fetus during the fìrst trimester of 
pregnaney. J Clin Endoerinol Metab 87:2954-9. 

The first study to demonstrate that the nterine glands are an important 
source of nutrients during organogenesis, when metabolism is essentially 
anaerobie. JJterine glands remain aetive until at least week 10 of pregnaney, 
and their seeretions are delivered freely into the plaeental intervilions spaee, 
supporting the eoneept of histiotrophie nntrition as opposed to hemoehorial 
nntrition. 

Cho CK, Shan SJ, Winsor EJ, Diamandis EP 2007 Proteomies analysis of 
human amniotie ffiiid. Mol Cell Proteomies 6:1406-15. 

This paper presents an extensive profile of the normal human amniotie fluid 
proteome and eonsiders the moìeeniar functions of amniotie fluid inciuding 
the deveiopment of biomarkers for pregnaney-assoeiated abnormaiities. 


Gulbis B, Jauniaux E, Cotton F et al 1998 Protein and enzyme patterns in 
the fluid eavities of the first trimester gestational sae: relevanee to the 
absorptive role of seeondary yolk sae. Mol Hum Reprod 4:857-62. 
Study demonstrating that the seeondary yoik sae membrane is an important 
zone of transfer between the extra-embryonic and embryonie eompartments 
and snggesting that therapentie protoeois making use of fetai somatie gene 
therapy couid be performed by injeeting transduced eeiis into the 
exocoeÌomic eavity. 

Jauniaux E, Gulbis B 2000a Fluid eompartments of the embryonie environ- 
ment. Hum Reprod Update 6:268-78. 

This paper reviews the eomposition, bioiogy and roie of the extraembryonic 
eoeiomie or ehorionie fluid eavity and its eonneetions with the seeondary 
yoik sae and deveioping piaeenta during the first trimester of human 
pregnaney. 

Ross MG, Beall MH 2014 Amniotie ffiiid dynamies. In: Creasy R, Resnik R, 
Iams JD et al (eds) Saunders' Maternal-Fetal Medieine: Prineiples and 
Praetiee, 7th ed. Philadelphia: Elsevier, Saunders; Ch. 3, pp. 47-52. 
This ehapter provides an overview of the production, circuiation and 
absorption of amniotie fluid during gestation. 

Strauss JF 2013 Extracellular matrix dynamies and fetal membrane mpture. 
Repro Sei 20:140-53. 

This paper presents the eomposition and biomeehanieai properties of the 
fetai membrane extraceiiuiar matrix. It eonsiders the ehanges in 
extracehuiar matrix eomposition during normai pregnaney and term deiivery 
and those seen in preterm prematme rupture of membranes. 

Tong X 2013 Amniotie ffiiid may aet as a transporting pathway for signalling 
molecules and stem eells during the embryonie development of amni- 
otes. J Chinese Med Ass 76:606-10. 

This paper eonsiders the bi-direetionai substance exchange between amniotie 
fluid and fetai tissues, its roie in transporting signaiing moieenies and the 
dynamie nature of amniotie fluid throughout pregnaney. 


180 








Implantation and plaeentation 


REFERENCES 


Andersson O, Hellstròm-Westas L, Andersson D et al 2011 Effeet of delayed 
versus early umbilical eord elamping on neonatal outcomes and iron 
status at 4 months: a randomised eontrolled trial. BMJ 343:d7157. 

Beall MH, van den Wijngaard JPHM, van Gemert MJC et al 2007 Amniotie 
fluid water dynamies. Plaeenta 28:816-23. 

Beattie RB, Rieh DA 2007 Disorders of amniotie fluid, plaeenta and mem- 
branes. In: Twining P, McHugo JM, Pilling DW (eds) Textbook of Fetal 
Abnormalities. London: Elsevier, Churchill Livingstone; Ch 5, pp. 
75-94. 

Brosens JJ, Salker MS, Teklenburg G et al 2014 Hterine seleetion of human 
embryos at implantation. Sei Rep 4:3894. 

Study showing that developmentally impaired human embryos elieit an 
endoplasmie stress response in human deeidnal eells and suggesting that 
distinet positive and negative meehanisms eontribnte to aetive seleetion of 
human embryos at implantation. 

Buhimschi IA, Buhimschi CS 2012 Proteomies/diagnosis of ehorioamnion- 
itis and of relationships with the fetal exposome. Sem Fetal Neonatal 
Med 17:36-45. 

Burke KA, Jauniaux E, Burton GJ et al 2013 Expression and immunolocalisa- 
tion of the endoeytie reeeptors megalin and cubilin in the human yolk 
sae and plaeenta aeross gestation. Plaeenta 34:1105-9. 

Burton GJ, Fowden AL 2012 Review: The plaeenta and developmental pro- 
gramming: balaneing fetal nutrient demands with maternal resource 
alloeation. Plaeenta 33 Suppl:S23-7. 

Burton GJ, Jauniaux E 2011 Oxidative stress. Best Praet Res Clin Obstet 
Gynaeeol 25:287-99. 

A review of the evidenee implieates oxidative stress in the pathophysiology 
of plaeental related eomplieations of human pregnaney ranging from 
misearriage to pre-eelampsia and prematme rupture of the membranes. 

Burton GJ, Jauniaux E, Watson AL 1999 Maternal arterial eonneetions to the 
plaeental intervillous spaee during the first trimester of human preg- 
naney; the Boyd Collection revisited. Am J Obstet Gyneeol 181:718-24. 
JJsing hystereetomy speeimens from the Boyd anatomy eolleetion, this study 
shows that the maternal eireniation to the plaeenta must be extremely 
sluggish before the eighth week of pregnaney supporting the eoneept that 
development of the human fetoplaeental unit during most of the first 
trimester takes plaee in a low-oxygen environment. 

Burton GJ, Watson AL, Hempstoek J et al 2002 Uterine glands provide his- 
tiotrophie nutrition for the human fetus during the fìrst trimester of 
pregnaney. J Clin Endoerinol Metab 87:2954-9. 

The first study to demonstrate that the nterine glands are an important 
sonree of nntrients dnring organogenesis , when metabolism is essentially 
anaerobie. JJterine glands remain aetive until at least week 10 of pregnaney, 
and their seeretions are delivered freely into the plaeental intervillons spaee, 
supporting the eoneept of histiotrophie nntrition as opposed to hemoehorial 
nntrition. 

Burton GJ, Skepper JN, Hempstoek J et al 2003 A reappraisal of the eontrast- 
ing morphologieal appearanees of villous eytotrophoblast eells during 
early human pregnaney; evidenee for both apoptosis and primary neero- 
sis. Plaeenta 24:297-305. 

Burton GJ, Jauniaux E, Charnock-Jones DS 2007 Human early plaeental 
development: potential roles of the endometrial glands. Plaeenta 28 
Suppl A:S64-9. 

Burton GJ, Woods AW, Jauniaux E et al 2009 Rheologieal and physiologieal 
consequences of eonversion of the maternal spiral arteries for uteropla- 
eental blood flow during human pregnaney. Plaeenta 30:473-82. 

Burton GJ, Jauniaux E, Chernock-Jones DS 2010 The influence of the intra- 
uterine environment on the human plaeental development. Int J Dev 
Biol 54:303-12. 

Callen PW 2008 Amniotie fluid volume: its role in fetal health and disease. 
In: Callen PW (ed) Ultrasonography in Obstetries and Gyneeology, 5th 
ed; Ch. 20, pp. 758-79. 

Chai M, Walker SP, Riley C et al 2013 Effeet of supracervical apposition and 
spontaneous labour on apoptosis and matrix metalloproteinases in 
human fetal membranes. Biomed Res Int 2013:316146. 

Chamley LW, Chen Q, Ding J et al 2011 Trophoblast deportation: just a waste 
disposal system or antigen sharing? J Reprod Immunol 88:99-105. 

Cho CK, Shan SJ, Winsor EJ et al 2007 Proteomies analysis of human amni- 
otie flmd. Mol Cell Proteomies 6:1406-15. 

This paper presents an extensive profile of the normal human amniotie fluid 
proteome and eonsiders the moleenlar functions of amniotie fluid including 
the development of biomarkers for pregnaney-assoeiated abnormalities. 


DiGmlio DB 2012 Diversity of mierobes in amniotie fhiid. Sem Fetal Neo- 
natal Med 17:2-11. 

Edlow AG, Bianehi DW 2012 Traeking fetal development through molecular 
analysis of maternal biofluids. Bioehim Biophys Aeta 1822:1970-80. 

Ellery PM, Cindrova-Davies T, Jauniaux E et al 2009 Evidenee for transerip- 
tional aetivity in the syneytiotrophoblast of the human plaeenta. Pla- 
eenta 30:329-34. 

Fogarty NM, Ferguson-Smith AC, Burton GJ 2013 Syneytial knots (Tenney- 
Parker ehanges) in the human plaeenta: evidenee of loss of transerip- 
tional aetivity and oxidative damage. Am J Pathol 183:144-52. 

Fortner KB, Grotegut CA, Ransom CE et al 2014 Baeteria loealization and 
ehorion thinning among preterm premature mpture of membranes. 
PLOS One 9:e83338. 

Gilbert WM 2012 Amniotie fluid disorders. In: Gabbe SG, Niebyl JR, 
Simpson JL et al (eds). Obstetries: Normal and Problem Pregnaneies, 
6th ed. Philadelphia: Elsevier, Saunders; Ch. 33, pp. 759-68. 

Gulbis B, Jauniaux E, Cotton F et al 1998 Protein and enzyme pattern in 
the fluid eavities of the first trimester human gestational sae: relevanee 
to the absorptive role of the seeondary yolk sae. Mol Hum Reprod 
4:857-62. 

Study demonstrating that the seeondary yolk sae membrane is an important 
zone of transfer between the extra-embryonic and embryonie eompartments 
and suggesting that therapeutic protoeols making use of fetal somatie gene 
therapy could be performed by injeeting transduced eells into the 
exocoelomic eavity. 

Gutierrez-Marcos JF, Constància M, Burton GJ 2012 Maternal to offspring 
resource alloeation in plants and mammals. Plaeenta 33 Suppl 2: 
e310. 

Harirah HM, Borahay MA, Zaman W et al 2012 inereased apoptosis in 
ehorionie trophoblasts of human fetal membranes with labor at term. 
Int J Clin Med 3:136-42. 

Harris LK 2010 Review: Trophoblast-vascular eell interaetions in early 
pregnaney: how to remodel a vessel. Plaeenta 31 Suppl:S93-8. 

Harteman JC, Nikkels PGJ, Benders MJNL et al 2013 Plaeental pathology in 
full-term infants with hypoxic-ischemic neonatal eneephalopathy and 
assoeiation with magnetie resonanee imaging pattern of brain injury. 
J Pediatr 163:968-95. 

Hung TH, Skepper JN, Burton GJ 2001 In vitro ischemia-reperfusion injury 
in term human plaeenta as a model for oxidative stress in pathologieal 
pregnaneies. Am J Pathol 159:1031-43. 

Huppertz B, Weiss G, Moser G 2014 Trophoblast invasion and oxygenation 
of the plaeenta: measurements versus presumptions. J Reprod Immunol 
101-2:74-9. 

Jauniaux E, Gulbis B 2000a Fluid eompartments of the embryonie environ- 
ment. Hum Reprod Update 6:268-78. 

This paper reviews the eomposition, biology and role of the extraembryonic 
eoelomie or ehorionie fluid eavity and its eonneetions with the seeondary 
yolk sae and developing plaeenta dnring the first trimester of human 
pregnaney. 

Jauniaux E, Gulbis B 2000b In vivo investigation of plaeental transfer early 
in human pregnaney. Eur J Obstet Gyneeol Reprod Biol 92:45-9. 

Jauniaux E, Jurkovic D, Henriet Y et al 1991 Development of the seeondary 
human yolk sae: eorrelation of sonographie and anatomie features. 
Hum Reprod 6:1160-6. 

Jauniaux E, Gulbis B, Burton GJ 2003 The human first trimester gestational 
sae limits rather than faeilitates oxygen transfer to the foetus: a review. 
Plaeenta Suppl A 24:S86-93. 

Jauniaux E, Cindrova-Davies T, Johns J et al 2004 Distribution and transfer 
pathways of antioxidant molecules inside the first trimester human 
gestational sae. J Clin Endoerinol Metab 89:1452-8. 

Jauniaux E, Hempstoek J, Teng C et al 2005 Polyol eoneentrations in the 
ffiiid eompartments of the human conceptus during the first trimester 
of pregnaney: maintenanee of redox potential in a low oxygen environ- 
ment. J Clin Endoerinol Metab 90:1171-5. 

Jauniaux E, Poston L, Burton GJ 2006 Plaeental-related diseases of preg- 
naney: involvement of oxidative stress and implieations in human evo- 
lution. Hum Reprod Update 12:747-55. 

Jones CPJ, Jauniaux E 1995 Ultrastmcture of the materno-embryonie inter- 
faee in the first trimester of pregnaney. Mieron 2:145-73. 

Koeh FR, Wagner CL, Jenkins DD et al 2014 Sex differenees in eerebral blood 
flow following ehorioamnionitis in healthy term infants. J Perinatol 34: 
197-202. 


180.e1 


CHAPTER 9 




SEOTION 2 


IMPLANTATION AND PLAOENTATION 


MeDonald SJ, Middleton P, Dowswell T et al 2013 Effeet of timing of umbili- 
eal eord elamping of term infants on maternal and neonatal outcomes. 
Cochrane Database Syst Rev 7:CD004074. 

Murphy BE, Clark SJ, Donald IR et al 1974 Conversion of maternal eortisol 
to eortisone during plaeental transfer to the human fetus. Am J Obstet 
Gyneeol 118:538-41. 

Myatt L, Sun K 2010 Role of fetal membranes in signaling of fetal maturation 
and parturition. Int J Dev Biol 54:545-53. 

Roeseher AM, Timmer Erwich JJ, Bos AF 2014 Plaeental pathology, perinatal 
death, neonatal outcome, and neurological development: a systematie 
review. Plos One 9:e89419. 

Ross MG, Beall MH 2014 Amniotie fluid dynamies. In: Creasy R, 
Resnik R, Iams JD et al (eds) Saunders' Maternal-Fetal Medieine: Prin- 
eiples and Praetiee, 7th ed. Philadelphia: Elsevier, Saunders; Ch. 3, pp. 
47-52. 

This ehapter provides an overview of the production , circulation and 
absorption of amniotie fluid dnring gestation. 

Ross EJ, Graham DL, Money KM et al 2015 Developmental consequences 
of fetal exposure to dmgs: what we know and what we still must learn. 
Neuropsychopharmacology 40:61-87. 

Stegmann BJ, Carey JC 2002 TORCH infeetions. Toxoplasmosis, Other 
(syphilis, varieella-zoster, parvovims B19), Rubella, Cytomegalovims 
(CMV), and Herpes infeetions. Curr Womens Health Rep. 2:253-8. 

Strauss JF 2013 Extracellular matrix dynamies and fetal membrane mpture. 
Reprod Sei 20:140-53. 


This paper presents the eomposition and biomeehanieal properties of the 
fetal membrane extracellular matrix. It eonsiders the ehanges in 
extracellular matrix eomposition dnring normal pregnaney and term delivery 
and those seen in preterm prematme rupture of membranes. 

Takashina S, Ise H, Zhao P et al 2004 Human amniotie epithelial eells 
possess hepatoeyte-like eharaeteristies and functions. Cell Stmet Funct 
3:13-84. 

Tong X 2013 Amniotie fhiid may aet as a transporting pathway for signalling 
molecules and stem eells during the embryonie development of amni- 
otes. J Chin Med Assoe 76:606-10. 

This paper eonsiders the bi-direetional substance exchange between amniotie 
fluid and fetal tissues , its role in transporting signaling moleenles and the 
dynamie natrne of amniotie fluid throughout pregnaney. 

Tong X, Wang L, Gao T et al 2009 Potential hinetion of amniotie fluid in 
fetal development - novel insights by eomparing the eomposition of 
human amniotie fluid with umbilical eord and maternal semm at mid 
and late gestation. J Chin Med Assoe 72:368-73. 

Vanderhoeven JP, Bierle CJ, Kapur RP et al 2014 Group B streptoeoeeal 
infeetion of the choriodecidua induces dyshinetion of the eytokeratin 
network in amniotie epithelium: a pathway to membrane weakening. 
PLOS Pathog 10:el003920. 

Wynn JL, Neu J 2012 The neonatal gastrointestinal traet as a conduit to 
systemie inflammation and developmental delays. Neu J: Gastroenterol- 
ogy and Nutrition: Neonatology Questions and Controversies, 2nd ed. 
Philadelphia: Elsevier, Saunders; Ch.l9, pp. 293-304. 


180.e2 




(JHAPTER 

10 


C0NCEPTUS WITH A BILAMINAR 
EMBRY0NIC DISC 


At stage 6, the conceptus is eomposed of the walls of three eavities: the 
large ehorionie eavity is surrounded by a meshwork of trophoblast and 
developing villi, and lined with extraembryonic mesoblast. The ehorion, 
trophoblast and extraembryonic mesoblast enelose the extraembryonic 
eoelom and eontain the much smaller amniotie eavity and yolk sae (see 
Fig. 9.1). These latter eavities abut at the embryonie bilaminar dise 
where the epithelial epiblast and viseeral hypoblast are approximated. 
A fourth eavity the allantois, will form as a hypoblastie diverticulum in 
stage 7. The 'bilaminar dise' eommonly referred to in embryology texts 
does not yet possess the definitive layers of embryonie eetoderm and 
endoderm that will give rise to embryonie structures. Only the epiblast 
will give rise to the embryo; all other layers produced so far are extra- 
embryonie. The amnion and ehorion (and surrounding mesoblast) are 
part of the extraembryonic somatopleure, whereas the yolk sae, allan- 
tois and surrounding extraembryonic mesoblast constitute extraembry- 
onie splanchnopleure. At the junctional zone surrounding the margins 
of the embryonie area, where the walls of the amnion and yolk sae 
eonverge, the somatopleuric and splanchnopleuric layers of extraem- 
bryonie mesoblast are continuous. 

The terms epiblast and hypoblast are used to make the distinetion 
between the earliest bilaminar dise layers and the later embryonie 
layers. Epiblast and hypoblast eontain mixed populations of eells with 
little restrietion, which establish the plaeental structures and extraem- 
bryonie tissues before the production of embryonie eell lines at gastmla- 
tion. The older terminology depieting three germ layers that give rise to 
the skin, gut lining and intervening tissues is thus ineorreet for the 
bilaminar and trilaminar embryonie dise. The applieation and retention 
of this aged terminology for the early stages of embryology continue to 
cause eonfhsion and inhibit the development of more pertinent deserip- 
tive language to deseribe these early events. The earliest three eell line- 
ages, not layers, that give rise to the extraembryonic membranes and 
the embryo are trophoblast, hypoblast and epiblast; eaeh expresses dif- 
ferent lineage-speeifie genes for its establishment, maintenanee and 
differentiation (Artus and Hadjantonakis 2012). 

At early stage 6, the epiblast is producing extraembryonic mesen- 
ehyme from its caudal margin. With the appearanee of the primitive 
streak, a proeess is begun whereby eells of the epiblast either pass deep 
to the epiblast layer to form the populations of eells within the embryo, 
or remain on the dorsal aspeet of the embryo to beeome the embryonie 
eetoderm. Although human embryos do not form a gastmla' as such, 
the term gastmlation is used here to denote an early period of develop- 
ment during which signifieant rearrangements, migrations and folding 
of the early embryo occur. The primitive streak is the site of organizer 
eells analogous to those found in embryos that do undergo gastmla- 
tion. The appearanee of the primitive streak therefore marks the begin- 
ning of a period when gross alterations in morphology and complex 
rearrangements of eell populations occur. During this time, the epiblast 
will give rise to a complex multilaminar stmcture with a defined eranio- 
caudal axis. By the end of gastmlation, eell populations from different, 
often widely separated, regions of the embryonie dise will beeome 
spatially related and the embryonie shape will have been produced. 

Primitive streak and node 


Seen from the dorsal (epiblastie) aspeet, at stage 6, the embryonie dise 
appears elongated. The primitive streak is first seen in the caudal region 
of the embryonie dise at this stage as a eolleetion of pluripotent eells, 
orientated along its long axis in the median position, eonferring 
the future craniocaudal axis of the embryo (Figs 10.1-10.2). Although 
the future eranial and caudal regions of the embryo are well within the 
boundaries of the embryonie dise, it has beeome the praetiee to term 


Extraembryonic mesoblast- 



Mesenehyme 


Notoehord 


Fig. 10.1 A longitudinal seetion through an early conceptus. Ingression of 
mesoblast is occurring at the primitive streak and the notoehord is 
ingressing via the primitive (Hensen’s) node. 


P rimitive streak 



Hypoblast 


Endodermal and 
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Fig. 10.2 A transverse seetion through the embryonie plate at the level of 
the primitive streak to show the early movement of mesoblast between 
the epiblast and underlying hypoblast. 


the region of the dise elosest to the streak 'caudal', and the region of 
the dise fiirthest from the streak 'eranial' or 'rostral'. With the develop- 
ment of the streak, the terms medial and lateral ean be used. The relative 
dimensions of the primitive streak and the fates of the eells that pass 
through it ehange with the developmental stage. Thus, the streak 
extends half way along the dise in the stage 6 embryo, reaehing its 
greatest relative length in stage 7 and its maximum length in stage 8. 

Formation of the primitive streak is induced by the underlying vis- 
eeral hypoblast, which remains beneath the streak even at later stages. 
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The primitive streak may be eonsidered to be generally homologous 
with the blastopore of lower vertebrates (e.g. amphibia), with the nodal 
region eorresponding to the dorsal lip. Experiments elearly show the 
lip of the blastopore to be a dynamie wave front on which eells are 
earried into the interior to form the roof of the arehenteron, a situation 
analogous to ingression through the node of the preehordal plate and 
endoderm. The primitive streak similarly may be eonsidered analogous 
to the eoapted, or fused, lateral lips of the blastopore, and the eloaeal 
membrane and its immediate environs are eonsidered analogous to the 
ventral lip of the blastopore. 

At the primitive streak, epiblast eells undergo a period of intense 
proliferation, the rate of division being much faster than that of blasto- 
meres during eleavage. Streak formation is assoeiated with the loeal 
production of several eell layers, extensive dismption of the basal 
lamina, inerease in adhesive plaques and gap junctions, synthesis of 
vimentin, and loss of eytokeratins by the emerging eells. 

As the epiblast eells proliferate, two ridges are formed on eaeh side 
of the primitive streak, which appears to sink between them. The lower 
midline portion of the streak is termed the primitive groove. The proeess 
by which eells beeome part of the streak and then migrate away from 
it beneath the epiblast is termed ingression. 

The primitive node, or Hensen's node, is the most rostral region of 
the primitive streak. It appears as a curved ridge of eells similar in shape 
to the top of an old-fashioned keyhole. Cells ingressing from the ridge 
pass into the primitive pit (the most rostral part of the primitive groove), 
and then migrate rostrally beneath the epiblast. The primitive node has 
been reeorded in all stage 7 human embryos; it produces axial eell 
populations, the preehordal plate, notoehord, embryonie endoderm 
and the medial halves of the somites. Experimental removal of the 
node results in eomplete absenee of the notoehord and a failure of 
neurulation. 

Reeent studies on the dynamies of ingression at the primitive streak 
have shown movement of the underlying extracellular tissues as well as 
of the overlying eells. Re-examination of the proeesses of eell movement 
relative to the surrounding extracellular molecules in embryos has 
found that vertieal and eonvergent extension motion patterns, previ- 
ously thought to be limited to the epiblast, also occur in sub-epiblastic 
extracellular matrix fibrils of fibroneetin (Zamir et al 2008, Szabó et al 
2011 ). 

Position and time of ingression through the 
primitive streak 


Studies of eell fate have shown that epiblast eells that will pass through 
the streak are randomly loeated within the epiblast layer before their 
ingression, and that epiblast fate is determined at or before the time of 
ingression through the streak, indieating that passage through the prim- 
itive streak is the most important faetor for future differentiation. 

The position and time of ingression through either streak or node 
direetly affeet the developmental fate of eells. Passage through the streak 
is speeified aeeording to position, e.g. via the node, or rostral, middle 
or caudal regions of the streak. Cells that ingress through the primitive 
node give rise to the axial eell lines, the preehordal mesenehyme and 
notoehord, and to the endoderm and the medial halves of the somites. 
The rostral portion of the primitive streak produces eells for the lateral 
halves of the somites, whereas the middle streak produces the lateral 
plate mesoblast. The adjaeent caudal portion of the streak gives rise to 
the primordial germ eells, which ean be distinguished histologieally and 
histoehemieally, and the most caudal portion of the streak contributes 
eells to the extraembryonic mesoblast until the somites are visible. A 
eomposite of the information on the position of ingression through the 
streak and node is shown in Figure 10.3. The epiblast eells that do not 
pass through the streak but instead remain within the epiblast popula- 
tion give rise to the neural and surface eetoderm of the embryo. 

Preehordal plate 


The earliest eells migrating through the primitive node and streak give 
rise to both the embryonie endoderm and the notoehord. The pre- 
ehordal plate is first seen at stage 7. It has been defined as a loealized 
thiekening of the endoderm rostral to the notoehordal proeess, although 
it is seen as a highly developed mesenehymal mass in eontaet with the 
floor of the neural groove, rostral to the notoehordal proeess, rather 
than as an epithelial layer. The preehordal plate is a temporary eollee- 
tion of eells that underlies the neural plate during stage 9. It is eom- 
posed of eells that are similar to, or larger and more spherieal than, the 
ingressing endodermal eells (Miiller and O'Rahilly 2003). In stage 8 
embryos, the preehordal plate is up to eight eells deep and extends 
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Fig. 10.3 The predietive fates of the epiblast eell popiilation at the time 
the primitive streak is present. 


along the long axis of the embryonie dise. By stages 9 and 10, the eells 
at the lateral edge of the plate have begun to migrate laterally as free 
mesenehymal eells and the plate reduces in height to two eells deep. At 
stage 11, the migrating preehordal mesenehyme forms bilateral pre- 
mandibular mesenehymal eondensations and is no longer a median 
structure. The extent of preehordal eells remaining within the endoderm 
is not elear. 

Notoehord 


The notoehord, also ealled ehordamesoderm, the head proeess or 
ehorda, arises from epiblast eells of the medial part of the primitive 
node. It passes through several stages during development. The eells of 
the early notoehordal proeess express myogenie markers transitorily as 
they migrate beneath the epiblast, but later they beeome epithelial, 
forming junctions and a basal lamina. The notoehordal eells are inti- 
mately mixed with endodermal eells, as both eell lines ingress at the 
same time (see Figs 10.1-10.2; Fig. 10.4). In the stage 8 embryo, the 
ingressing notoehordal eells remain in the midline along the eephalo- 
caudal axis. They form a rostral part, which is eomposed of a eell mass 
continuous with the preehordal mesenehyme; a mid portion, in which 
eells are arranged in a tube with a eentral notoehordal eanal; and a 
caudal epithelial layer of eells, the notoehordal plate, which is contigu- 
ous with the embryonie endoderm and forms a roof to the seeondary 
yolk sae. There is a transitory opening between the primitive node (and 
amniotie eavity) and the seeondary yolk sae ealled the neurenteric eanal 
(so named because its upper opening is in the future caudal floor of 
the neural groove, and its lower opening is into the arehenteron, which 
is the primitive gut); it may still be found at stage 9, and the site of the 
neurenteric eanal ean be reeognized in stage 10 embryos. The ingression 
of notoehordal eells at the primitive node is matehed by speeifieation 
of the overlying neural eetodermal eells, and the notoehordal plate is 
thus matehed in length by the future neural floor plate. Both the noto- 
ehord and the region of the floor plate of the neural tube may arise 
from a eommon progenitor eell. The early notoehord is important for 
the maintenanee and subsequent development of the neural floor plate 
and the induction of motor neurones. Removal of the notoehord results 
in elimination of the neural floor plate and motor neurones, and 
expression of sensory eell types. 

Caudal eminenee 


From stages 9 and 10, the region between the neurenteric eanal and the 
eloaeal membrane (see below), including the primitive streak, is termed 
the caudal eminenee. It eonsists of the caudal region of the tmnk, eom- 
posed of mesenehyme derived from the primitive streak and epiblast, 
and eovered with surface eetoderm. Whereas ingression of eells through 
the primitive streak gives rise to the preehordal and notoehordal plates, 
and eells rostral to the neurenteric eanal (see below), the eells of the 
caudal eminenee arise from loeal division of a mesenehymal popula- 
tion positioned caudal to the neurenteric eanal. The caudal portions of 
the notoehord, which form later in development when seeondary neur- 
ulation proeesses begin, arise from these eell populations, sometimes 
termed the caudoneural hinge or junction. This tissue is thieker and 
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Fig. 10.4 A, The iinfolded embryo, shovving the disposition of the intraembryonie eoelom vvithin the embryonie dise. The lines aeross the embryo shovv 
the level of transverse seetions through the dise shovvn in B-D. B-D, Transverse seetions through the dise at the points indieated in A. E, A longitudinal 
seetion through the dise. 


more advaneed in differentiation than the tissues derived from the early 
primitive streak. 

Embryonie endoderm 


Before ingression, definitive embryonie endoderm eells are found in the 
epiblast, loeated at the primitive node and rostral primitive streak. In 
the monse, the endodermal eells lie beneath the epiblast mainly in the 
midline, interspersed with presumptive notoehordal eells, forming 
the roof of the seeondary yolk sae. The ingressing endoderm displaees 
the viseeral hypoblast into the seeondary yolk sae wall by a dramatie 
territorial expansion that is brought about by a ehange in the morph- 
ologyofthe eells (see Figs 10.1-10.2, 10.4). The putative endoderm eells 
are cuboidal epithelial eells within the node but they beeome squamous 
in the endoderm layer; this could result in a four-fold inerease in the 
surface area eovered by the eells. A eomplete replaeement of the viseeral 
hypoblast has not yet been eonfirmed and there may be a mixed popu- 
lation of eells in the endodermal layer in the early stages. Ingression of 
eells through the streak and node in the human is apparent at stage 6, 
and, by stage 7, a population of endoderm and notoehord eells is 
present beneath the epiblast (see Figs 10.1-10.2, 10.4). During stages 
6-11, the midline roof of the seeondary yolk sae beeomes populated 
mainly by the notoehordal plate, which remains in direet lateral eonti- 
nuity with the endodermal eells. It is not until stage 11, after the defini- 
tive notoehord is formed, that the endoderm eells ean join aeross the 
midline. For the developmental fate of the embryonie endoderm, see 
Figure 12.3. 


intraembryonie mesoblast (mesenehyme) 


Epiblast eells ingress through the eranial and middle parts of the streak 
individually, maintaining their apieal epithelial eontaets while elong- 
ating ventrally. The eells beeome flask-shaped, with thin, attenuated 
apieal neeks and broad basal regions. Their basal and lateral surfaces 
form lamellipodia and filopodia, and the apieal eontaet is released. The 
eells are now free mesoblast eells, their fibroblastie, stellate morphology 
refleeting the release from the epithelial layer. Onee through the streak, 
the eells migrate away from it, using the basal lamina of the overlying 
epiblast and extracellular matrix as a substratum. The eells eontaet one 
another by filopodia and lamellipodia, with which they also eontaet 
the basal lamina. Gap junctions have been observed between filopodia 
and eell bodies. With the appearanee of the mesoblast, spaees form 
between the epiblast and viseeral hypoblast that are filled with extracel- 
lular matrix rieh in glyeosaminoglyeans. The migrating mesoblast has a 
leading edge of eells that open up the migration routes, and the follow- 
ing eells seem to be pulled along behind in a eoordinated mass move- 
ment. Mesoblast formed by eells migrating through the primitive node 
and rostral primitive streak will form the paraxial mesenehyme, whereas 
eells migrating through the middle to caudal streak will form the lateral 
plate mesenehyme (see Figs 10.1-10.2). 

Embryonie eetoderm 


When the ingression of eells through the primitive streak is eompleted, 
the epithelial eells remaining in the epiblast layer are termed embryonie 
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eetoderm eells. This layer still eontains a mixed population because 
both surface eetoderm eells and neural eetoderm eells are present. It is 
believed that these eells were originally in the eranial half of the dise 
when the primitive streak first appeared, at which time the neural-fated 
eells were elosest to the streak, and the surface eetoderm eells were most 
eranial (see Fig. 10.3). The proeess of primary neumlation reloeates 
most of the neuroepithelial eells (see below). 

Primordial germ eells 


Although early studies on human embryos have reported primordial 
germ eells, and deseribed their development from the early endoderm 
of the yolk sae and allantois, it is now elear from animal experimenta- 
tion that the primordial germ eells arise from epiblast ingressing at the 
caudal end of the primitive streak (see Fig. 10.3). It is not known 
whether these eells originate from rostral regions that migrate to the 
streak or from loeal caudal regions. Extremely early segregation of the 
germ eells, when the epiblast layer eonsists of only 10-13 eells, has been 
demonstrated. It has been suggested that the primordial germ eells 
remain sequestered in the extraembryonic mesenehyme at the caudal 
end of the embryo until the embryonie endoderm has been produced 
and gastmlation eompleted, and that they start to migrate along the 
allantoie and hindgut endoderm as the folding of the embryo begins. 
The formation of the tail fold brings the proximal portion of the allan- 
tois within the body, so reducing the final distanee over which the eells 
migrate to the genital ridges. Further development of the germ eells is 
deseribed in ehapter 72. 


TRILAMINAR DISC 


Although the stage 8 embryo is termed a trilaminar dise, the eoneept 
of three epithelial layers forming a trilaminar dise is ineorreet; the 
middle, mesoblast, layer is several eells thiek with intervening extracel- 
lular matrix. The embryo at this stage, approximately 23 days after ovu- 
lation, is pear-shaped, and broader eranially than caudally (Fig. 10.5). 
The upper epiblast eells are tall and form a pseudostratified columnar 
epithelial layer with a basal lamina, except at the primitive streak, where 
the eells are ingressing to form the other layers. The more eentrally 
plaeed epiblast will give rise to neural eetoderm (neurectoderm) and 
the more laterally plaeed epiblast will give rise to surface eetoderm. The 
future neural eetoderm is seen as a neural plate that matehes the length 
of the notoehordal plate direetly beneath, being slightly wider near the 
preehordal plate. The lower embryonie endoderm, a simple squamous 
layer with a developing basal lamina, is not always eomplete at this 
stage, particularly in the midline caudal to the preehordal plate, which 
is still occupied by the notoehordal proeess or plate. 

The middle, mesoblast, layer is eomposed of free eells migrating 
eranially, laterally and caudally from the primitive streak (see Fig. 10.4). 
They produce extracellular matrix, which separates the epiblast and 
endoderm of the embryonie area and permits their passage. The streams 
of mesoblast extend between the epiblast and endoderm over all of the 
dise area except eranially at the buccopharyngeal membrane (where the 
endoderm and eetoderm beeome apposed onee the preehordal mesen- 
ehyme has migrated laterally), and caudally at the eloaeal membrane 
(a pateh of thiekened endoderm, similar to the buccopharyngeal mem- 
brane, caudal to the primitive streak). The mesoblast on eaeh side of 
the notoehord is termed paraxial mesenehyme. 
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Fig. 10.5 The extent and shape of the neural plate in an unfolded embryo. 


Mesoblast that passes in a eranial direetion flanks the notoehordal 
plate and passes around the preehordal plate region, eonverging medi- 
ally to fiise in the midline beyond its eephalie border. This transmedian 
mass, in which the heart and pericardium will develop, is initially 
termed the eardiogenie mesoblast. It fhses with the junctional zone of 
extraembryonic mesoblast around the extreme eephalie margin of the 
embryonie area. This region will eventually form the septum transver- 
sum and primitive ventral mesentery of the foregut. Mesoblast passing 
laterally from the streak soon approaehes and beeomes confluent with 
the extraembryonic mesoblast around the margins of the dise, i.e. at the 
junctional zone where the splanehnie and somatie strata of extraembry- 
onie mesoblast merge. Mesoblast that streams caudally from the primi- 
tive streak skirts the margins of the eloaeal membrane and then 
eonverges towards the caudal midline extremity of the embryonie dise 
to beeome continuous with the extraembryonic mesoblast of the eon- 
neeting stalk. It is unclear if the lower layer of the eloaeal membrane 
eonsists of viseeral hypoblast, like the more eranial primitive streak 
(the hypoblast is neeessary for maintaining the streak), or if it is 
replaeed by migrating embryonie endoderm, or if there is a region for 
ingression of endoderm at the caudal end of the streak, similar to the 
node eranially. 

Still fiirther caudally, the embryonie dise develops a midline diver- 
ticulum adjaeent to the eloaeal membrane. This diverticulum, the 
allantois, projeets into the extraembryonic eonneeting stalk (see Figs 
9.9, 10.4; Fig. 10.6). There is little information about which eells 
form the allantois, i.e. whether it is eomposed of viseeral hypoblast, 
parietal hypoblast or embryonie endoderm. The allantois later devel- 
ops a rieh anastomotie blood supply around it, in the manner of the 
yolk sae. 

The generation of eells at the primitive node produces midline endo- 
derm, notoehord and the floor plate of the future neural tube. As the 
notoehord grows and elongates, there is a matehed growth of neural 
floor plate eells until both eell lines extend to the buccopharyngeal 
membrane. The epiblast lateral to the midline eontains both future 
surface and neural eetoderm. The latter beeomes arranged between the 
primitive node and buccopharyngeal membrane; eells destined to be in 
the neural plate lie medially, and those destined for the neural erest lie 
along the junction between the neural plate and surface eetoderm (see 
Fig. 10.5). A smaller subpopulation of neuronal eells, the eetodermal 
plaeodes, are arranged either elose to the neural erest or within the 
rostral limit of the neural plate itself. 


F0LDING 0F THE EMBRY0 


In a diagrammatie representation of the trilaminar dise prior to folding 
and viewed from the eetodermal aspeet, all of the future external surface 
of the body is delimited (see Fig. 10.5). The ends of the gut tube are 
speeified on the eetodermal surface at the buccopharyngeal and eloaeal 
membranes, which are regions where the eetoderm and underlying 
endoderm are apposed without intervening mesoblast. In the midline 
between these membranes, proliferation of the neural eetoderm matehes 
the underlying migration of mesoblast from the primitive streak, so 
that the neural plate eovers the paraxial mesenehyme on eaeh side of 
the notoehord (see Fig. 10. 6E). As the paraxial mesenehyme segments, 
the formation of the epithelial somites elevates the edges of the neural 
plate and initiates primary neurulation (see Fig. 10.6F; Figs 10.7-10.8). 
The neural plate itself undergoes concurrent morphologieal ehanges. 
The most medial eells beeome wedge-shaped, forming the neural 
groove. Further elevation of the edges of the neural groove permits 
fhsion of the neuronal populations in the dorsal midline to form the 
neural tube. The surface eetoderm forms the putative dorsal epidermis 
(see Figs 10.6G, 10.7-10.8). Cells at the lateral edge of the neural plate, 
termed neural erest eells, remain as a linearly arranged mesenehymal 
population between these two epithelia. Fusion of the neural tube 
begins in the future rhombeneephalie region of the embryo and pro- 
eeeds rostrally and caudally to about the level of somite 29. Neurulation 
is deseribed fiirther in Ohapter 17. A population of neural epithelial 
eells remain within the surface eetoderm; at this stage they are termed 
eetodermal plaeodes. 

The representation of a person on the trilaminar dise (Fig. 10.9) 
shows, to some extent, the way in which the positions of the main body 
structures are already speeified in the unfolded embryo. Eetoderm 
lateral to the neural plate and the paraxial mesenehyme will form 
structures within the baek. The portion of the dise between the bucco- 
pharyngeal membrane and the edge of the dise will beeome the ventral 
thoraeie wall and the ventral abdominal wall eranial to the umbilicus. 
Further caudally, midway along the neural axis, the lateral portions of 
the dise will beeome the lateral and ventral abdominal walls of the 
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Fig. 10.6 Head and tail (A-D) and lateral (E-G) folding of the embryo. A-D, Median sagittal 
(longitudinal or axial) seetions through the embryonie dise at successive stages; the relative 
positions of the buccopharyngeal and eloaeal membranes have been maintained; thus, the 
movement of the most rostral and caudal portions of the dise ean be follovved. As these portions 
of the dise move ventrally, the initially vvide-open yolk sae beeomes eonstrieted and fore- and 
hindgut divisions ean be seen; the midgut is that region remaining in wide eonneetion to the yolk 
sae. E-G, Transverse seetions through the midpoint of the embryonie dise at successive stages to 
illustrate lateral folding that occurs as neurulation proeeeds. 


tmnk. The portion of the dise beyond the eloaeal membrane will form 
the ventral abdominal wall caudal to the umbilicus. The circumference 
of the dise, where the embryonie tissue meets the extraembryonic mem- 
branes, will beeome restrieted to the eonneetion between the ventral 
abdominal wall and the umbilical eord, i.e. the umbilicus. 

Head folding begins at stage 9, when the fusing eranial neural plate 
rises above the surface eetoderm and the portion of the dise rostral to 
the buccopharyngeal membrane (which eontains the eardiogenie mes- 
enehyme) moves to lie ventral to the developing brain (see Fig. 10.6). 
The proseneephalon and buccopharyngeal membrane are now the most 
rostral stmctures of the embryo. The previously flat region of endoderm, 
which may eontain eells from the preehordal plate, is now modified 
into a deep tube, the primitive foregut. Tail folding ean be seen in stage 
10 embryos, when the entire embryo eomes to rise above the level of 
the yolk sae. Similar movement of the part of the dise caudal to the 
eloaeal membrane results in its repositioning ventral to the neural plate. 
Generally, as the embryo rises above the edges of the dise, the lateral 
regions of the dise are drawn ventrally and medially, contributing to 
the lateral folding of the embryo. 


F0RMATI0N 0F THE INTRAEMBRYONIO 00EL0M 

At and just before stage 9 (before formation of the head fold), vesieles 
appear between the mesenehymal eells eranial to the buccopharyngeal 
membrane and within the eranial lateral plate mesenehyme. At the 
periphery of the vesieles, the mesenehymal eells develop junctional 
complexes and apieal polarity, and form an epithelium. The vesieles 
beeome confluent to form a horseshoe-shaped tube, the intraembryonie 
eoelom, which extends caudally to the level of the first somite and lat- 
erally into the lateral plate mesenehyme towards the extraembryonic 
mesenehyme. The lateral plate mesenehyme thus develops somatopleu- 
rie eoelomie epithelium subjacent to the eetoderm, and a splanehno- 
pleuric eoelomie epithelium next to the embryonie endoderm (see Fig. 
12.2C(iv)). At this stage, the intra- and extraembryonic eoeloms do not 
eomimmieate. 

During development of the head fold, the morphologieal move- 
ments that organize the foregut and buccopharyngeal membrane have 
a similarly profound effeet on the shape of the intraembryonie eoelom. 


The midline portion of the originally flat, horseshoe-shaped eoelom 
moves ventrally, leaving the caudal arms of the horseshoe in their origi- 
nal position. In this way, the midline part of the eoelom, which was 
originally just rostral to the buccopharyngeal membrane, eomes to lie 
ventral to the foregut (caudal to the buccopharyngeal membrane), and 
the two lateral extensions of the eoelom pass elose to the lateral walls 
of the foregut on eaeh side. The caudal portions of the eoelom (the two 
arms of the horseshoe), which, in the unfolded dise, communicated 
laterally with the extraembryonic eoelom, turn 90° to lie lateral to the 
gut, and communicate with the extraembryonic eoelom ventrally. 

Compartments of the eoelom that will give rise to the body eavities 
later in development ean already be seen. The midline ventral portion, 
caudal to the buccopharyngeal membrane, beeomes the perieardial 
eavity. The eanals lateral to the foregut (perieardioperitoneal eanals) 
beeome the pleural eavities and the uppermost part of the peritoneal 
eavity. The remaining portion of the eoelom beeomes the peritoneal 
eavity. By stage 11, the intraembryonie eoelom within the lateral plate 
mesenehyme extends caudally to the level of the caudal wall of the yolk 
sae. The intra- and extraembryonic eoeloms communicate widely on 
eaeh side of the midgut along the length of the embryo from the level 
of the fourth somite (Fig. 10.10). 

In the early embryo, the intraembryonie eoelom provides a route for 
the circulation of eoelomie fluid and, with the beating of the heart tube, 
fimetions as a primitive circulation that takes nutritive fluid deep into 
the embryo until it is superseded by the blood vasailar system. The 
eoelomie ehannel, and the primitive circulation that passes through it, 
is of paramount importanee up to stage 13. Whereas the superficial 
tissues of the embryo ean reeeive mitrients via the amniotie sae and yolk 
sae fluids, the deeper tissues are, until the formation of the eoelom, 
under eonditions similar to those found in tissue culture. However, 
from stage 10, exocoelomic fluid, propelled by the first eontraetions of 
the developing heart, is brought into eontaet with the deeply plaeed 
mesenehyme. This early 'eirenlation' ensures that an adequate supply 
of nutrients reaehes the rapidly inereasing amount of embryonie tissue, 
and meets most of the requirements of the deeper mesenehymal deriva- 
tives. From stage 12, the endothelial system expands and fills rapidly 
with plasma, which passes aeross the loeally thinned eoelomie epithe- 
lium into the large hepatoeardiae ehannels that projeet into the peri- 
eardioperitoneal eanals at the level of the seventh somite. 
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Fig. 10.7 Seanning eleetron mierographs of rat embryos at the time of 
neurulation. A, Ventral view, showing the neural fold (NF), and the heart 
(H), with the somatopleuric perieardial membrane and surface eetoderm 
removed; the arrow indieates the entranee to the foregut via the eranial 
intestinal portal. B, Dorsolateral view; the arrows indieate the extent of 
rostral (to the right) and caudal (to the left) neural tube formation. 
(Photographs by P Collins; printed by S Cox, Eleetron Mieroseopy Llnit, 
Southampton General Hospital.) 
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Fig. 10.8 A human embryo at stage 10, 2.1 mm long, with nine somites: 
right lateral and dorsal aspeets. Nearly all the yolk sae and the caudal 
186 amnion have been excised. 



Position ofthe 
perieardial eoelom 


Fig. 10.9 A representation of a person on the flat embryonie dise. 

The position of the eentral nervous system has been matehed to the 
dimensions of the neural plate, and the position of the heart in the thorax 
to the position of the perieardial eoelom. The limbs, although represented 
in this diagram, are not present on the dise at this stage. The usefulness 
of this diagram lies in its illustration of the extent of the anterior body wall 
both rostral to the buccopharyngeal membrane and caudal to the eloaeal 
membrane. The future dorsal regions of the body are found medially on 
the dise, while the ventral regions of the body are situated laterally and 
peripherally on the dise. After head and tail folding and lateral folding, the 
peripheral edge of the dise beeomes eonstrieted as the edge of the 
umbilicus. 


In spite of the importanee of the eoelom in defining the body eavi- 
ties, and of the eoelomie epithelium in the production of the major 
mesenehymal populations of the tmnk (Streeter 1942, Langemeijer 
1976, O'Rahilly and Miiller 1987) (see Fig. 12.2), until reeently the 
overall contribution of the eoelom and its epithelium to the embryo 
has reeeived relatively little attention (Oarmona et al 2013). The eoelom 
is a single, tubular organ that may be eompared to the neural tube, in 
that it possesses a speeialized wall that eneloses a eavity. Like neural 
eetoderm, proliferating eoelomie epithelium is a pseudostratified 
columnar epithelium with an inner germinal layer, from which cellular 
progeny migrate. After the germinal phase, both epithelia ultimately 
form the lining of a eavity, ependyma for the neural epithelium, and 
mesothelium for the eoelomie epithelium. Coelomic epithelium, like 
neural epithelium, produces eells destined for different fates from dif- 
ferent sites and at different developmental times. Coelomic eells are like 
the neural epithelium, in that they have apieal epithelial speeializations 
and tapering basal proeesses that are in direet eontaet with the underly- 
ing mesenehyme, without an intervening basal lamina. The possibility 
of the tapering proeesses forming direetional signals for migrating 
progeny, similar to the radial glia of the neural tube, has not been 
examined. 


EMBRY0NIC CELL P0PULATI0NS 
AT GASTRULATI0N 


After gastmlation, the eells of the embryo contribute to two fimdamen- 
tal types of tissue, namely: epithelial and mesenehymal. Differentiation 
of speeialized circulating blood eells and other eell types occurs in 
sequence. Embryonie and fetal eell types are replaeed later in develop- 
ment or after birth. 

Epithelia 


Epithelial populations in the embryo have many of the morphologieal 
eharaeteristies of differentiated epithelia, i.e. they are eomposed of 
sheets of elosely paeked, polarized eells, with narrow intercellular elefts 
eontaining minimal extracellular material, and a developed basal 
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Fig. 10.10 A, An early stage in development of a human blastoeyst. B, A blastoeyst seetioned through the longitudinal axis of an embryo, shovving the 
early formation of the allantois and the eonneeting stalk. C, A longitudinal seetion of an embryo at a later stage of development; the perieardial eavity 
ean be seen at the most rostral part of the embryonie area. D, A longitudinal seetion of an embryo at a later stage, shovving formation of the head 
and tail folds, the expansion of the amnion and the delimitation of the umbilicus. E, A transverse seetion along the line a-b in D; observe that the 
intraembryonie eoelom communicates freely with the extraembryonic eoelom. F, A longitudinal seetion of an embryo at a later stage, showing full 
expansion of the amniotie eavity and the umbilical eord. 


lamina eontaining speeifìe proteins synthesized by the epithelium itself. 
The eells usually show juxtaluminal lateral surface speeializations, such 
as desmosomes, tight junctions, gap junctions, and so on, and speeial- 
izations of the apieal surface, such as mierovilli or eilia. 

Epithelial polarity faetors establish the extent of the apieal, lateral 
and basal domains of the individual eells forming an epithelium. Three 
main eontrol pathways have been identified in maintaining apieobasal 
polarity (St Jonston and Sanson 2011). The apieal domain is speeified 
by the Crumbs transmembrane protein; Baz/PAR-3 speeifies the posi- 
tion and extent of the intercellular junction; and Seribble restriets the 
size of the junctional domains. Onee established with an underlying 
basal lamina, the basal surface displays integrins. Changes in the mor- 
phology of an epithelial sheet will involve relative ehanges in the apieal, 
lateral and basal domains of all eells. Planar polarity of epithelia is 
driven by intercellular eortieal aetin and myosin. Epithelial eells are 
contiguous via aetomyosin eontraetile networks, which eontaet the 
lateral eell membrane through E-eadherin adhesion (Gorfinkiel and 
Blanshard 2011). Wnt/planar eell polarity signalling pathways are 
involved in these epithelial morphogenetie movements and also in 
orientated eell division which occurs in epithelial sheets ( Tao et al 
2009). 

Embryonie epithelia differ from those in the fetus and adult. Two 
distinet types ean be identified. Early germinal epithelia, which give rise 
to epithelial or mesenehymal populations of the embryo and eonfer 


their early patterning are termed organizers, e.g. the primitive streak. 
Later germinal epithelia give rise to system-speeifie progenitor popula- 
tions, e.g. the ventricular zone of the neural tube. All epithelia other 
than speeial germinal epithelia divide to produce embryonie growth 
throughout development and may retain stem eells that will divide 
throughout life. 

eharaeteristieally, epithelia elothe internal and external surfaces as 
simple or compound cellular sheets that separate phases of differing 
eomposition (e.g. the external environment and the subepithelial tissue 
fluids; intravascular and extravascular fluids, and so on). Traffie of mat- 
erials in the intercellular elefts is limited. Traffie occurs aeross the eells 
because their limiting membranes, which fimetion as energy-dependent 
seleetive barriers, enhanee the passage of some materials and impede 
the passage of others. 

Mesenehyme 


The terms mesoblast and mesenehyme are used in this text in a speeifie 
manner and are not interehangeable. Previously, eells forming a popula- 
tion between the epiblast and hypoblast were termed mesoderm and, 
more reeently, mesenehyme. The terms primary and seeondary mesen- 
ehyme have been used to distinguish between those eells that arise 
from ingression through the primitive streak and those that arise from 
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neural erest ingression, respeetively. Primary mesenehymal eells revert 
to epithelia at their destinations. However, whereas some primary 
mesenehymal eells may beeome epithelial within a short timeframe, 
e.g. somites and lateral plate, other eells may transform later, e.g. the 
epithelium lining blood vessels. To address these terminologieal eon- 
fliets, the mixed population of epiblast eells that ingress through the 
primitive streak and eome to lie between the epiblast and embryonie 
endoderm is termed mesoblast until the eells have migrated to their 
final position, at which time the populations of mesenehyme ean be 
identified and their fates inferred. 

Mesoblastie and mesenehymal eells have no polarity. They form 
junctional complexes, which are not exclusively juxtaluminaf and they 
produce extracellular matrix molecules and fibres from the entire eell 
surface. Mesenehymal populations are formed from a range of germinal 
epithelia and by proliferation of mesenehymal eells direetly and occupy 
all the regions between the various epithelial layers deseribed above. 
The term mesoderm is reserved for the eoelomie epithelia that later 
form mesothelia. 

Mesenehymal eells support epithelia throughout the developing 
body, both loeally where they contribute to the basement membrane 
and form the lamina propria and smooth muscle of tubes, and 
generally where they differentiate into eonneetive tissue. Speeifie 
mesenehymal populations eontrol the patterning of loeal regions of 
epithelium (e.g. the zone of polarizing aetivity on the postaxial limb 
border posterior to the apieal eetodermal ridge). 

Extracellular matrix 


routes, removes the support for overlying epithelia, and dismpts the 
normal branehing of glandular systems. 

Fibroneetin deposited extracellularly along a migration pathway will 
affeet eells that touch it later, causing realignment of their intracellular 
aetin filaments and thus of their orientation; it also induces eell migra- 
tion. The reeeptors for extracellular matrix moleailes such as fibroneetin 
and laminin were originally termed integrins because they integrate 
extracellular proteins and intracellular eytoskeletal elements (via a and 
p subunits that span the eell membrane), allowing them to aet together; 
the binding preferenee of integrins depends on their eombination of 
subunits and environmental eonditions. 

It is known that extracellular matrix is stmctured rather than random. 
Epithelial and mesenehymal eell populations ean structure the spaee 
around them by seeretion of particular matrix moleailes or growth 
faetors, which, in turn, ean organize the eells that eontaet them. Cell- 
matrix interaetions and matrix-cell interaetions eontrol the position of 
migration routes and cellular 'deeisions' to migrate or to begin to dif- 
ferentiate. Matrix molecules propagate developmental instmetions from 
eell to eell and form a far-reaehing four-dimensional (spatial and tem- 
poral) meehanism of communication. Mapping the moleoilar path- 
ways and the biomeehanieal proeesses that underlie morphogenesis, the 
dynamie epigeneties of early mesenehyme eells and their seereted three- 
dimensional extracellular matriees, and the meehanisms by which the 
stiffness of the surrounding matrix affeets the aetions of the eells within 
it and the speeifie deposition of fibrillary proteins ereates tissue bounda- 
ries and zones of tension, are all the subject of ongoing researeh (e.g. 
Davidson et al 2010, Loganathan et al 2012). 


The spaee beneath epithelia and between mesenehyme eells is filled 
with extracellular matrix; both epithelial and mesenehymal eells syn- 
thesize extracellular matrix molecules and their reeeptors. Epithelial 
eells produce a two-dimensional basal lamina, which eontains a variety 
of matrix molecules, including laminin, fibroneetin, type IV eollagen 
and various proteoglyeans. The particular moleoiles ean vary during 
development aeeording to spatial and temporal patterns, resulting in 
ehanges in the behaviour of the underlying mesenehymal eells (e.g. in 
patterning of the basal regions of the skull). Mesenehymal eells produce 
extracellular matrix molecules in three dimensions. Those adjaeent to 
an epithelial layer will eonneet with its basal lamina, forming a base- 
ment membrane that secures the epithelial layer to the underlying 
tissue. Cells deep within a mesenehymal population may synthesize 
matrix molecules (fibrillar or granular) to separate eells loeally, open 
up migration routes or leave information within the matrix to aet on 
eell populations passing at a later time. 

Molecules of the extracellular matrix are complex; they include more 
than 19 individual types of eollagen (some of which are eapable of 
being individually splieed to give more than 100 variants), proteogly- 
eans and glyeoproteins (which eome in a wide variety of forms, with 
and without binding proteins), and elastie fibres (see Ch. 2). Hyaluronic 
aeid, a glyeosaminoglyean, has a vast eapaeity to bind water molecules 
and so ereate and structure the spaee between the mesenehymal eells, 
thereby producing much of the overall shape of an embryo. Experimen- 
tal removal of hyaluronic aeid prevents the formation of eell migration 


Transition between epithelial and 
mesenehyme states 


Transformations of eell morphology from epithelium to mesenehyme, 
and viee versa, occur in speeifie plaees and times during development, 
and ean be seen as ways of dispersing germinal eentres with inereasing 
restrietion. The first epithelial-to-mesenehyme transition oeoirs at the 
primitive streak, a germinal epithelium that eonfers embryonie speeifi- 
eation on the resultant mesoblast population. The mesoblast so formed 
migrates and the eells undergo mesenehyme-to-epithelial transitions 
when they reaeh their final destinations. Series of small epithelial ger- 
minal eentres, the somites, are formed, as are larger, more extensive, 
germinal epithelial sheets that line the walls of the intraembryonie 
eoelom. The eoelomie walls, espeeially those derived from somato- 
pleure and splanchnopleure, form germinal epithelia that give rise to 
the major mesenehymal populations that form the viseera. The early 
epithelial somites undergo fhrther loeal epithelial-to-mesenehyme tran- 
sitions to form the selerotomes, and subsequently form several germinal 
epithelia in the epithelial plate of eaeh somite. Later mesenehyme-to- 
epithelium transitions are not assoeiated with the formation of germi- 
nal epithelia; the most eommon involve the transition of mesenehyme 
into the endothelium of the vasoilar system. The nephrons of the mes- 
onephrie and metanephrie systems also form from mesenehyme-to- 
epithelial transition. 
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EMBRYONIC INDUCTION AND CELL DIVISION 

The stages of genomie aetivity that unfold in the fertilized zygote from 
eleavage onwards are not yet fhlly elucidated. An admittedly simplistie 
but useful approaeh likens developmental proeesses to a series of binary 
ehoiees (see Fig. 8.1), the first being the ehoiee between trophoblast 
and inner eell mass, which speeifies if the future tissue will be plaeenta 
and fetal membranes or embryo. 

Bioinformatie databases use embryologieal ontologies wherein the 
lineage of organs and tissues to be retraeed to the earliest time (see 
Cj Gommentary 2.1). They provide a temporal and spatial framework 
against which the sequential aetivation of genes preeeding ehanges in 
eell and tissue morphology ean be matehed. They also provide a means 
of viewing all of the complex partonomy, lineage data and temporal 
information occurring within embryos within a speeifie timeframe and 
of linking these to adult anatomieal tissue types. As our knowledge of 
the complexity of early developmental events inereases, ontologieal 
databases will assist the eorrelation of embryologieal information: 
current limitations are disaissed in Bard (2012). 

Our knowledge of the early events that occur in a range of mam- 
malian speeies and our interpretation of the signifieanee of particular 
sequences of gene expression is limited. The upregulation of early genes 
appears to refleet the time period of implantation. In the mouse, 
implantation occurs one day after blastoeyst formation, thus genes 
relevant to implantation are expressed early, whereas in eattle, implan- 
tation occurs after 14 days, by which time gastmlation has occurred and 
neurulation has been initiated (Oron 2012). 

Within the developing blastoeyst, the position of eells relative to 
eaeh other leads to epigenetie ehanges. The acquisition of eell polarity 
is fimdamental, because this speeifies apieal and basolateral domains, 
eell surface speeializations, the position and nature of eelkeell junctions 
and the eoneomitant positioning of intracellular organelles and 
eytoskeletal elements, which in turn leads to the loeation of future 
deposition of extracellular proteins. The two eell phenotypes, epithelial 
and non-epithelial eells, are speeified during eleavage and early eompae- 
tion within the zona pellucida. All relevant genes required to maintain 
these eell shapes and behaviours are upregulated at these very early 
stages. During the formation of trophoblast, hypoblast (primitive endo- 
derm) and epiblast, the eells respond loeally to their environment, 
speeifieally to other eells that are positioned lateral and basal to them. 
The genes operating at these early times in the mouse embryo are given 
in Takaoka and Hamada (2012). 

Cell populations within the embryo interaet to provide the develop- 
mental integration and fine eontrol neeessary to aehieve tissue-specific 
morphogenesis. In the early embryo, such interaetions may occur only 
if partioilar regions of the embryo are present, e.g. signalling eentres or 
organizers. As the embryo matures, some interaetions tend to occur 
between adjaeent eell populations, e.g. epithelium and mesenehyme, 
and later between adjaeent differentiating tissues, e.g. between nerves 
and muscle, or between muscle and skeletal elements. The interaetions 
between adjaeent epithelia and underlying eonneetive tissue continue 
throughout embryonie and fetal life and extend into postnatal life. In 
the adult, these interaetions also permit the metaplastie ehanges that 
tissues ean undergo in response to loeal environmental eonditions. 

Tissue interaetions result in ehanges or reorganization of one or 
both tissues, which would not have occurred in the absenee of the 
tissue interaetions. The proeess of tissue interaetion is also ealled induc- 
tion, i.e. one tissue is said to induce another. The ability of a tissue to 
respond to inductive signals is ealled eompetenee, and denotes the 
ability of a eell population to develop in response to the environments 
present in the embryo at that particular stage. After a eell population 
has been induced to develop along a eertain pathway, it will lose eom- 
petenee and beeome restrieted. Onee restrieted, eells are set on a par- 
tioilar pathway of development; after a number of binary ehoiees 


(ffirther restrietions), they are said to be determined. Determined eells 
are programmed to follow a proeess of development that will lead to 
differentiation. The determined state is a heritable eharaeteristie of eells 
and is the final step in restrietion. Onee a eell has beeome determined, 
it will progress to a differentiated phenotype if the environmental 
faetors are suitable. 

The proeess of determination and differentiation within embryonie 
eell populations is refleeted by the ability of these populations to 
produce speeifie proteins. Primary proteins (colloquially termed house- 
keeping proteins) are eonsidered essential for cellular metabolism, 
whereas proteins synthesized as eells beeome determined, those speeifie 
to the state of determination, are termed seeondary proteins; for 
example, liver and kidney eells, but not muscle eells, produce arginase. 
Fully differentiated eells produce tertiary proteins, which no other eell 
line ean synthesize, e.g. haemoglobin in erythroeytes. The range of 
housekeeping, regulatory, and tissue-specific proteomes in adult eells is 
presented in the Human Protein Atlas (www.proteinatlas.org). 

As populations of eells beeome progressively determined, they ean 
be deseribed within a hierarehy of cellular development as transiently 
amplifying eells, progenitor eells, stem eells and terminally differenti- 
ated eells. 

Transiently amplifying eells Transiently amplifying eells undergo 
proliferative eell mitosis and produce eells that are equally determined. 
At some stage, and as a result of an inductive stimulus, these eells will 
enter a quantal eyele that culminates in a quantal mitosis. This will 
result in an inerease in the restrietion of their progeny, which continue 
to undergo proliferative mitoses at a progressive level of determination. 
The quantal mitosis eorresponds to the time of binary ehoiee when the 
eommitment of the progeny is different from that of the parent. 

Progenitor eells Progenitor eells are already determined along a 
particular pathway. They may individually follow that differentiation 
pathway, or may proliferate and produce large numbers of similarly 
determined progenitor eells that subsequently differentiate; neuroblasts 
or myoblasts are examples of progenitor eells. 

Either individually or as a population, stem eells ean both 
produce determined progeny and reproduce themselves (see Commen- 
tary 1.2). It is generally believed that stem eells undergo asymmetrie 
divisions, in which one daughter eell remains as a stem eell, while the 
other proeeeds along a differentiation pathway; in marked eontrast, 
proliferative eell division may be symmetrieal, producing derived eells 
with an identieal determination. Human embryonie stem eells (hESCs) 
are pluripotent eells that ean be derived from the inner eell mass of 
human blastoeysts in vitro ; or obtained surplus to in vitro fertilization 
fertility programmes; or ereated from ooeytes donated and fertilized for 
that purpose. Although not yet aehieved, it is hoped that hESCs ean be 
coaxed down partioilar pathways under appropriate pharmaceutical 
eonditions to produce differentiated eells that will be effeetive in revers- 
ing some degenerative diseases (e.g. dopamine-producing neurones for 
Parkinson's disease, insulin-producing islet eells for diabetes), or to 
replaee acutely damaged tissues (e.g. motor neurones for acute spinal 
eord injury, eardiomyoeytes in acute myoeardial infaretion). Proof of 
prineiple has been demonstrated in some animal models, and multipo- 
tent haemopoietie progenitor stem eells from human umbilical eord 
blood are now used as an alternative treatment to bone marrow trans- 
plantation for the treatment of some inherited genetie disorders (thalas- 
saemia) and blood malignaneies (leukaemias). 

Terminally differentiated eells By virtue of their extreme speeial- 

ization, terminally differentiated eells ean no longer divide, e.g. eryth- 
roeytes and neurones. Apoptosis is a particular variety of terminal 
differentiation in which the final outcome is the death of the individual 
eells or eell populations. It occurs in the developing limb, where eells 
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die along the pre- and postaxial limits of the apieal eetodermal ridge, 
limiting its extent, and also between the digits, permitting their 
separation. 

Tissue interaetions 


There are two types of eell and tissue interaetion, namely: permissive 
and instmetive. 

In a permissive interaetion, a signal from an apposing tissue is neees- 
sary for the successful self-differentiation of the responding tissue. This 
means that a particular eell population (or the matrix molecules 
seereted by the eells that it eontains) will maintain mitotie aetivity in 
an adjaeent eell population. Sinee a variety of different eell populations 
may permit a speeifie eell population to undergo mitosis and eell dif- 
ferentiation, no speeifie instmetion or signal that may limit the devel- 
opmental options of the responding tissue is involved; this signal 
therefore does not influence the developmental pathway seleeted and 
there is no restrietion. The responding tissue has the intrinsie eapaeity 
to develop, and only needs appropriate environmental eonditions in 
order to express this eapaeity. Permissive interaetions often occur later 
in development, when a tissue whose fate has already been determined 
is maintained and stabilized by another. 

An instmetive (direetive) interaetion (induction) ehanges the eell 
type of the responding tissue, so that the eell population beeomes 
restrieted. Wessells (1977) proposed four general prineiples in most 
instmetive interaetions: in the presenee of tissue A, responding tissue B 
develops in a eertain way; in the absenee of tissue A, responding tissue 
B does not develop in that way; in the absenee of tissue A, but in the 
presenee of tissue C, tissue B does not develop in that way; and in the 
presenee of tissue A, a tissue D, which would normally develop differ- 
ently, is ehanged to develop like tissue B. 

These prineiples are exemplified during induction of the lens vesiele 
by the optie cup. An example of last-mentioned prineiple is the experi- 
mental assoeiation of ehieken flank eetoderm with mouse mammary 


mesenehyme, which results in the morphogenesis of mammary 
gland-like structures; ehiekens do not normally develop mammary 
glands. 

Tissue interaetions continue into adult life and are probably respon- 
sible for maintaining the fimetional heterogeneity of adult tissues and 
organs. This is exemplified by the complex tissue heterogeneity, with 
sharply eompartmentalized boundaries, that occurs in the oral eavity. 
The junctions between the mucosa of the vestibule and the lip, and 
between the vermilion border and the faeial skin, are distinet bound- 
aries of speeifie epithelial and mesenehymal differentiation, and are 
almost eertainly maintained by eontimiing epithelial-mesenehymal 
interaetions in adult life. Perturbation of these interaetions throughout 
the body may underlie a wide variety of adult diseases, including sus- 
eeptibility to eaneer and proliferative disorders. 

Signalling betvveen embryonie eells 
and tissues 


Cellular interaetions may be signalled by four prineipal meehanisms: 
direet eell-eell eontaet; eell adhesion molecules and their reeeptors; 
extracellular matrix moleailes and their reeeptors; and growth faetors 
and their reeeptors. Many of these meehanisms interaet, and it is likely 
that eombinations of them are involved in development. Figure 11.1 
illustrates some ways by which mesenehymal eells could signal to epi- 
thelial eells. An additional set of identieal meehanisms could operate 
for epithelial-mesenehymal eell signalling. Clearly, the complexity of 
these meehanisms will inerease in reeiproeal interaetions; moreover, a 
single molecule may have different effeets on epithelial and mesen- 
ehymal eells. 

Direet eell-eell eontaet permits the eonstmetion of gap junctions, 
which are important for communication and the transfer of informa- 
tion between eells. The transient production of gap junctions is seen as 
epithelial somites are formed, between neuroepithelial eells within 
rhombomeres, and in the tunica media of the outflow traet of the heart. 


Epithelium 


Basal lamina 


Mesenehyme eell 



1 Direet eell-eell eontaet by gap junctions. 


2 Cell-eell eontaet by eell adhesion molecules. 


3 A soluble faetor (grovvth faetor) reaeting with a reeeptor forthat faetor on the epithelial eells. 


4 Extracellularmatrix molecule seereted by the mesenehyme eells interaeting with a reeeptoron the epithelial eell. 


5 A soluble faetor (growth faetor) seereted by a mesenehymal eell having a biphasie aetion interaeting (i) with a reeeptoron an 
epithelial eell, causing itto express a speeifie extracellularmatrix molecule reeeptor; (ii) with a reeeptoron a mesenehyme eell, 
causing itto seerete a speeifie extracellular matrix molecule which then interaets with the induced epithelial reeeptor. 


6 A soluble faetor (growth faetor) seereted by a mesenehyme eell interaeting with a reeeptoron an epithelial eell, causing itto 
express a reeeptor or seerete a faetor, which interaets with anotherfaetor synthesized, or reeeptor expressed, by another 
mesenehyme eell. 


7 A soluble faetor seereted by a mesenehyme eell interaeting with a reeeptoron an epithelial eell, causing itto synthesize an 
extracellularmatrix molecule (ora reeeptorfor such a molecule) which then interaets with a speeifie reeeptorfor that molecule 
on another mesenehyme eell. 


8 A soluble faetor seereted from a mesenehyme eell interaeting with a reeeptoron an epithelial eell, causing itto synthesize a 
molecule which stabilizes orenhanees the interaetion between a mesenehymal-derived faetorand its epithelial reeeptor. 


9 A soluble faetor seereted by a mesenehyme eell interaeting with a reeeptor on an epithelial eell, causing the inhibition of 
synthesis/assembly of a faetor or reeeptor. 


30 A soluble faetor seereted by a mesenehyme eell binding to the extracellular matrix ofthe basal lamina, where it remains aetive 
and subsequently interaets with a reeeptor on an epithelial eell which appears at a later developmental time. 


Fig. 11.1 The many ways by which mesenehyme eells could signal to epithelial eells. Preeisely the same meehanisms ean operate in reverse, i.e. 
epithelium to mesenehyme. 

























































































































































































Morphogenesis and pattern formation 


Endogenous eleetrieal fields are also believed to have a role in eell-eell 
communication. Such fields have been demonstrated in a range of 
amphibian embryos, and in vertebrate embryos during primitive streak 
ingression. Neuroepithelial eells are eleetrieally coupled, regardless of 
their position relative to inter-rhombomerie boundaries. 

The spatial and temporal distribution of a variety of eell adhesion 
molecules has been loealized in the early embryo. The appearanee of 
these moleailes eorrelates with a variety of morphogenetie events that 
involve eell aggregation or disaggregation; e.g. an early response of 
groups of eells to embryonie inductive influences is the expression of 
eadherins, calcium-dependent adhesion molecules typieally found in 
epithelial populations. Other molecules found in the extracellular 
matrix, e.g. fibroneetin and laminin, inter alia, ean modulate eell adhe- 
sion by their degree of glyeosylation. Self-assembly or eross-linking by 
matrix molecules may affeet eell adhesiveness by inereasing the avail- 
ability of binding sites or by obscuring them. 

Extracellular matrix molecules include loealized molecules of the 
basal lamina, e.g. laminin, fibroneetin, and much larger complex asso- 
eiations of eollagen, glyeosaminoglyeans, proteoglyeans and glyeopro- 
teins between the mesenehyme eells. Mutations of the genes that eode 
for extracellular matrix moleailes give rise to a mimber of eongenital 
disorders, e.g. mutations in type I eollagen produce osteogenesis imper- 
feeta; mutations in type II eollagen produce disorders of eartilage; and 
mutations in fibrillin are assoeiated with Marfan's syndrome. 

Growth faetors are distinguished from extracellular matrix mol- 
ecules. They ean be delivered to, and aet on, eells in a variety of ways, 
namely: endoerine, autocrine, paraerine, intraerine, juxtacrine and 
matrierine (Fig. 11.2). Many growth faetors are seereted in a latent form, 
e.g. assoeiated with a propeptide (lateney-assoeiated peptide) in the 
ease of transforming growth faetor beta, or attaehed to a binding 
protein, in the ease of insulin-like growth faetors. 


MORPHOGENESIS AND PATTERN FORMATION 


Morphogenesis may be deseribed as the assumption of form by the 
whole, or part, of a developing embryo. As a term, it is used to denote 
the movement of eell populations and the ehanging shape of an 
embryo, particularly during early development. 

The most obvious examples of morphogenesis are the large migra- 
tions that occur during gastmlation; loeal examples include branehing 
morphogenesis, which occurs in the developing lungs and kidneys, for 
example, and in most glandular organs. The development of branehes 
from a tubular duct occurs over a period of time. An interaetion between 
the proliferating epithelium of the duct and its surrounding mesen- 
ehyme and extracellular matrix results in a series of elefts that produce 
a eharaeteristie branehing pattern (Fig. 11.3). During tubular and aeinar 
development, hyaluronidase seereted by the underlying mesenehymal 
eells breaks down the basal lamina produced by the epithelial eells; this 
inereases epithelial mitoses loeally and results in an expanding acinus. 
Cleft formation is initiated by the mesenehyme, which produces eol- 
lagen III fibrils within putative elefts. (If the eollagen is removed, no 
elefts develop, whereas if excess eollagen is not removed, supernumer- 
ary elefts appear.) The eollagen aets to proteet the basal lamina from 
the effeets of the hyaluronidase, which means that the overlying epithe- 
lia have a loeally reduced rate of mitosis. The region of rapid mitoses 


at the tip of the acinus is therefore split into two, and two branehes 
develop from this point. 

Pattern formation eoneerns the proeesses whereby the individual 
members of a mass of eells, initially apparently homogeneous, follow 
a number of different avenues of differentiation that are preeisely 
related to eaeh other in an orderly manner in spaee and time. The pat- 
terns embraeed by the term apply not only to regions of regular geo- 
metrie order, e.g. the erystalline lens, but also to asymmetrie structures 
such as the limb. For such a proeess to occur, individual eells must be 
informed of their position within the embryo, and utilize that informa- 
tion for appropriate differentiation. Patterning of regions is seen in: the 



Extracellular matrix 


Blood vessel 


Mesenehyme eell 


1 Endoerine Delivery of growth faetor by the blood stream from a distant biosynthetie site to the 
targetmesenehyme eell. 

2 AiiDerine Synthesis of growth faetorby the eell, its seeretion, binding and aetivation of a surface 
reeeptor elsewhere on its own surface. 

3 Raraerine Synthesis ofgrowth faetorby the eell, its seeretion and diffusion to an adjaeent eell 
(or group of eells) where it binds to and aetivates a eell surface reeeptor. 

4 J uxtacrine Synthesis of growth faetor by the eell. The growth faetor remains on the eell surface 
and binds to and aetivates a reeeptor on an immediately adjaeent eell. 

5 irtraerine Synthesis ofgrowth faetor within the eytoplasm ofthe eell. The growth faetormoves to 
the nucleus and binds and aetivates its own nuclear reeeptors. 

6 ivfetrierine Synthesis and exportof growth faetorfrom the eell. The growth faetor binds to the 
extracellularmatrix where itremains aetive and subsequently binds to and aetivates a reeeptorfor 
that growth faetor on the same or a different eell. 

Fig. 11.2 ln addition to the meehanisms deseribed in Figure 11.1, eells 
may also communicate by the reeeption, production and seeretion of 
growth faetors. A typieal embryonie mesenehyme eell may reeeive and 
produce growth faetors in this way. 



Narrow eleft 


Collagen fibrils 


Mesenehyme eells 



Collagen 



Fig. 11.3 Branehing of a tubular duct may occur as a result of an interaetion between the proliferating epithelium of the duct and its surrounding 
mesenehyme and extracellular matrix. A, Mesenehymal eells initiate eleft formation by producing eollagen III fibrils loeally within the development elefts 
and hyaluronidase over other parts of the epithelium. Collagen III prevents loeal degradation of the epithelial basal lamina by hyaluronidase and slows 
the rate of mitosis of the overlying epithelial eells. B, In regions where no eollagen III is produced, hyaluronidase breaks down the epithelial basal lamina 
and loeally inereases epithelial mitoses, forming an expanded acinus (see arrows). (Adapted from Gilbert SF 1991 Developmental Biology. Sunderland, 
MA: Sinauer Assoeiates.) 
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progress zone and zone of polarizing aetivity within the limbs; the fates 
of the medial and lateraf and later the eranial and caudal, halves of the 
somites; and the neural erest mesenehyme within the pharyngeal 
arehes. For details of patterning in vertebrate development, see fiekle 
(2003). 

Genes in development 


Two related themes have emerged from experimental studies of devel- 
opment: first, that the eontrol of embryonie morphology has been 
highly eonserved in evolution between vertebrates and invertebrates; 
and seeond, that this eontrol involves families of genes eoding for 
proteins that aet as transeriptional regulators. 

Homeobox genes are believed to be responsible, at least in part, for 
the evohitionary origin of the embryonie body plan (Robert 2001). 
Experimental study of transgenie animals in which the homeobox genes 
have been knoeked out provide some evidenee of their fimetion; 
however, because developmental proeesses permit signifieant reeovery 
from insult, some of the outcomes eannot be direetly interpreted as 
demonstrating the effeet of such gene loss. 

Other gene families required for normal development include the 
T-box family, Helix-Loop-Helix transeription faetors and Sox genes; the 
signalling faetors, transforming growth faetor beta (TGF-(3), bone mor- 
phogenetie proteins (BMPs), fibroblast growth faetor family (FGF), the 


Wnt family and hedgehog signalling molecules. A range of eell reeeptor 
moleailes are also required. For details on individual members within 
this range of faetors, see Carlson (2014). 

Experimental approaehes to embryology 

One of the most exciting techniques to provide information on eell 
movements and fates during development is the use of ehimerie 
embryos. Small portions of an embryo are excised and replaeed with 
similar portions of an embryo from a different speeies at the same stage, 
and the resulting development is then studied. This technique has been 
particularly effeetive using ehiek and quail embryos because the nucle- 
olus is espeeially prominent in all quail eells, whereas it is not promi- 
nent in ehiek eells, which means that quail eells may be easily identified 
within a ehiek embryo after ehimerie transplantation (Le Douarin 
1969). The technique has also eonfirmed the reeiproeity of tissue inter- 
aetion between the embryonie speeies, a phenomenon that had previ- 
ously been illustrated, for a limited period, in co-cultures of embryonie 
avian and mammalian tissues. Somite development and vertebral for- 
mation have been studied in mouse-chick ehimeras (Fontaine-Péms 
2000). The production, in vitro, of human-animal ehimerie eell lines is 
providing new ways of studying cellular pathways, as is the introduction 
of human artifieial ehromosome veetors into animal eells to study their 
interaetion. 
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SPECIFICATION OF THE BODY AXES AND THE 
BODY PLAN 

Embryos may be thought of as being eonstmeted with three orthogonal 
spatial axes (cephalocaudal, dorsoventral and laterolateral), plus a tem- 
poral axis. In mammalian embryos, axes eannot be speeified at very 
early stages; embryonie axes ean be defined only after the early extra- 
embryonie stmctures have been formed and the inner eell mass ean be 
seen. The position of the future epiblast ean be predieted in human 
embryos when the hollow blastoeyst has formed. The inner eell mass 
beeomes (seemingly) randomly loeated on the inside of the tropheeto- 
derm and forms a population of epiblast eells subjacent to the tropho- 
blast. This region implants first. It is not known whether the 
tropheetoderm in eontaet with the inner eell mass initiates implanta- 
tion, so that the future dorsal surface of the embryo is elosest to the 
dismpted maternal vessels at the implantation site, or whether the inner 
eell mass ean travel around the inside of the trophoblast to gain a posi- 
tion subjacent to the implantation site onee implantation has started. 

Axes may be eonferred on the whole embryonie dise, which is ini- 
tially flat and mainly two-dimensional. However, their subsequent ori- 
entation in the folded three-dimensional embryo will be eompletely 
different. The dorsal stmctures of the folded embryo form from a eir- 
cumscribed eentral ellipse of the early flat embryonie dise (see Fig. 
10.5). Lateral and ventral stmctures form from the remainder of the 
dise, and the peripheral edge of the dise eventually beeomes eonstrieted 
at the umbilicus (see Figs 10.9-10.10). Although the appearanee of part 
of the epiblast is taken to speeify the dorsal surface of the embryo, the 
inner layer, i.e. the hypoblast, is not, by default, a ventral embryonie 
stmcture. 

The primary, cephalocaudal, axis is eonferred by the appearanee of 
the primitive streak in the bilaminar dise. The primitive streak patterns 
eells during ingression, and so also speeifies the dorsoventral axis, 
which beeomes apparent after embryonie folding. The position of 
ingression through the streak eonfers axial, medial or lateral eharaeter- 
isties on the forming mesenehyme eells. The axial and medial popula- 
tions remain as dorsal structures in the folded embryo, and the surface 
eetoderm above them will exhibit dorsal eharaeteristies. The lateral plate 
mesenehyme will assume lateral and ventral positions after embryonie 
folding, and the surface eetoderm above this population will gain 
ventral eharaeteristies. 

The third and last spatial axis is the bilateral, or laterolateral, axis, 
which appears as a consequence of the development of the former two 
axes. Initially, the right and left halves of the embryonie body are bilat- 
erally symmetrie. Lateral projeetions, the upper and lower limbs, 
develop in two plaees on eaeh side of the body wall (somatopleure). 

With the last axis established, the temporal modifieation of the 
original embryonie axes ean be seen. The segmental arrangement of the 
cephalocaudal axis is very obvious in the early embryo and is retained 
in many structures in adult life. Similarly, dorsal embryonie structures 
remain dorsal and undergo relatively little ehange. However, structures 
that were originally midline and ventral, espeeially those derived from 
splanchnopleuric mesenehyme, e.g. the cardiovascular system and the 
gut, are subject to extensive shifts, and ehange from a bilaterally sym- 
metrie arrangement to an entire body that is now ehiral, i.e. has distinet 
left and right sides. 

The development of all the body organs and systems, organogenesis, 
begins after the dramatie events of gastmlation, when the embryo has 
attained a reeognizable body plan. In human embryos, this eorresponds 
to the end of stage 10 (Fig. 12.1). The head and tail folds are well 
formed, with enclosure of the foregut and hindgut (proenteron and 
metenteron), although the midgut (mesenteron) is only partly eon- 
strieted from the yolk sae. The forebrain projeetion dominates the 
eranial end of the embryo, and the buccopharyngeal membrane and 
eardiae prominenee are caudal and ventral to it. The eardiae prominenee 


eontains the transmedian perieardial eavity, which communicates 
dorsocaudally with right and left perieardioperitoneal eanals. These 
pass dorsally to the transverse septum mesenehyme and open caudally 
into the extraembryonic eoelom on eaeh side of the midgut. The intra- 
embryonie mesenehyme has begun to differentiate and the paraxial 
mesenehyme is being segmented into somites. Neural groove closure is 
progressing caudally, so that a neural tube is forming between the newly 
segmenting somites. Rostrally, the early brain regions, which have not 
yet fused, ean be diseerned. The neuroepithelium is separated from the 
dorsal aspeet of the gut by the notoehord. The earliest blood vessels 
have appeared and a primitive tubular heart occupies the perieardmm. 
The ehorionie circulation is soon to be established, after which the 
embryo rapidly beeomes eompletely dependent on the maternal blood 
stream for its requirements. The embryo is eonneeted to the developing 
plaeenta by a mesenehymal eonneeting stalk in which the umbilical 
vessels develop, and which also eontains the allantois, a hindgut diver- 
ticulum. The lateral body walls are still widely separated. The embryo 
has eontaet with three different vesieles: the amnion, which is in eontaet 
with the surface eetoderm; the yolk sae, which is in eontaet with the 
endoderm; and the ehorionie eavity, eontaining the extraembryonic 
eoelom, which is in eontaet with the intraembryonie eoelomie lining 
(see Fig. 10.10). 

The early body plan of the embryo is segmented. The boundaries 
between the segments are maintained by the differential expression of 
genes and proteins that restriet eell migration in these regions. Organo- 
genetie proeesses either retain the segmental plan, e.g. spinal nerves, or 
replaee it loeally, e.g. the modifieations of somatie intersegmental 
vessels by the development of longitudinal anastomoses. Abnormalities 
may result from improper speeifieation of segments along the eephalo- 
caudal axis and may fail to produce the appropriately modified segmen- 
tal plan. 

The degree to which vertebrate embryos are developmentally eon- 
strained at this period of development is eontroversial. Comparative 
studies on the timing at which speeifie embryonie structures appear, 
heteroehrony, have shown that other embryonie speeies do not follow 
the same developmental sequence as humans (Riehardson and Keuck 
2002). Although some developmental meehanisms are highly eon- 
served, e.g. the homeobox gene eodes, others may have been dissoeiated 
and modified in different vertebrate speeies during evolution. 

Organogenesis, the fiirther development of body regions and organs 
that is deseribed elsewhere in this book, starts from about stage 10 
(approximately 28days). Although it is both eonventional and eonven- 
ient to eonsider the ffirther development of eaeh body system on an 
individual basis, not only do all systems develop simultaneously, but 
also they interaet and modify eaeh other as they develop. This neeessary 
interdependenee is supported by the evidenee of experimental embry- 
ology and reinforeed by the phenomena of growth anomalies, which 
cut aeross the artifieial boundaries of systems in most instanees. For 
these reasons, it is reeommended that the development of an individual 
system or body region should be studied in relation to others, espeeially 
those most elosely assoeiated with it, whether spatiotemporally or 
causally. 

EMBRY0NI0 CELL P0PULATI0NS AT THE START 
0F 0RGAN0GENESIS 

The developmental proeesses operating in the embryo between stages 
5 and 9 enabled the eonstmetion of the bi- and trilaminar embryonie 
dise, the intraembryonie eoelom and new proliferative epithelia. From 
the end of stage 10, a range of loeal epithelial and mesenehymal popula- 
tions now interaet to produce viseera and appendages. The inductive 
influences on these tissues and their repertoire of responses are very 
different from those seen at the onset of gastmlation. The range of 
tissues present at the start of organogenesis, when the body plan is elear, 
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Fig. 12.1 A, The embryo at stage 11, shovving the position of the intraembryonie eoelom (eontained by the vvalls coloured blue). B, The three major 
epithelial populations vvithin a stage 11 embryo, vievved from a ventrolateral position. The neural tube lies dorsal to the gut. Ventrally, the intraembryonie 
eoelom erosses the midline at the level of the foregut and hindgut, but is lateral to the midgut and a portion of the foregut. 


is given below and shown in Figures 12.1 and 12.2. For a summary of 
the fates of the embryonie eell populations, see Figure 12.3. 

Epithelial populations in the embryo 


Surface eetoderm 

During embryogenesis, the surface eetoderm shows regional differenees 
in thiekness. Eetoderm over the dorsal region of the head and tmnk is 
thin, as is the perieardial eovering; this has been interpreted as a eon- 
sequence of the expansion of this epithelium over stmctures that are 
enlarging rapidly as development proeeeds. After the surface eetoderm 
has eompleted a mimber of early interaetions it forms the periderm, 
which remains throughout fetal life and differentiates into epidermis. 

Eetodermal ring and eetodermal plaeodes 

The eetoderm on the head and lateral borders of the embryo shows a 
zone of epithelial thiekening, the eetodermal ring, which ean be dis- 
eerned from stage 10 and is eompleted by stage 12. Rostrally, it eontains 
populations of neuroectoderm that remain in the eetoderm after 
primary neurulation and are termed eetodermal plaeodes; these pla- 
eodes may be eonsidered to be neuroepithelial eells that remain within 
the surface eetoderm until eentral nervous system development has 
progressed sufficiently for their inclusion into sensory epithelia and 
eranial nerve ganglia. The neuronal plaeodes may invaginate in toto to 
form a vesiele, or remain as a neuronal layer, or contribute individually 
to neuronal structures with eells of other origins. The midline eetoder- 
mal thiekening, the adenohypophysial plaeode, invaginates as Rathke's 
pouch and forms a vesiele immediately rostral to the buccopharyngeal 
membrane. The eetodermal ring then passes bilaterally to eneompass 
the olfaetory and optie plaeodes, which give rise to the olfaetory sensory 
epithelium and the lens of the eye, respeetively. It then overlays the 
pharyngeal arehes, where it gives rise to epibranehial plaeodes; these 
remove themselves individually from the eetoderm at stage 10-11 and 
beeome assoeiated with the neural erest eells within the eranial sensory 
ganglia supplying the arehes. It also forms speeializations of the eeto- 
derm on the frontonasal, maxillary and mandibular proeesses, which 
give rise to the tooth buds and the outer eoating of the teeth. The paired 
otie plaeodes overlying the rhombeneephalon at the lateral portion of 
the seeond pharyngeal areh invaginate to form the otie vesieles, which 
give rise to the membranous labyrinth of the ear. The eetodermal ring 


then passes over the oeeipital and eervieothoraeie parts of the embryo, 
superficial to the four oeeipital somites and later to the oeeipitoeervieal 
junction. Further caudally, it is assoeiated with the upper limb field, 
where it will give rise to the apieal eetodermal ridge. O'Rahilly and 
Míiller (1985 have ealled the portion of the ring between the upper 
and lower limbs the intermembral part. It overlies the underlying 
intraembryonie eoelom, and later (between stages 12 and 13), the 
mesonephrie duct and ridge. In stages 14 and 15, this portion of the 
eetodermal ring gives rise to the mammary line. Caudal to the lower 
limb field, in the unfolded embryo, the ring passes distal to the eloaeal 
membrane. In the folded embryo, this region beeomes superior to the 
eloaeal membrane and eorresponds to the eetoderm assoeiated with the 
external genitalia, particularly the genital tubercle and urogenital swell- 
ings, where it influences the internal and external deseent of the testis 
and the formation of the inguinal eanal. 

Neural eetoderm 

The neuroepithelium at the time of primary neurulation is pseudos- 
tratified. It has a midline hinge region, which, with eoneomitant 
wedging of the eells in the lateral wall of the neural groove, promotes 
neural tube formation. The proeesses of the neuroepithelium abut on 
to internal and external limiting membranes. This epithelium prolifer- 
ates to form all the eell lines of the eentral nervous system and, via the 
production of neural erest, all the eell lines of the peripheral nervous 
system. 

Notoehord 

During stage 10, the notoehordal plate undergoes a proeess that is 
similar to, but a mirror image of, neurulation, and forms an epithelial 
tube from caudal to rostral, ending with the pharynx. The notoehordal 
plate forms a deep groove, the vertieal edges of the groove move medi- 
ally and touch, and then the endodermal epithelium from eaeh side 
fhses ventral to the notoehord. The eells swell and develop an internal 
pressure (turgor) that eonfers rigidity on the notoehord. The notoehord 
is surrounded by a basal lamina, which is initially referred to as a peri- 
notoehordal sheath; this term is subsequently applied to mesenehymal 
populations that surround the notoehord. After stage 11, the tubular 
notoehord is in eontaet with the neural tube dorsally and the endoderm 
ventrally. It is not a proliferative epithelium, but it has inductive effeets 
on the overlying neural tube and the adjaeent somites, and later pro- 
vides a focus for selerotomal migration. 
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Fig. 12.2 A, Mesoblast populations vvithin the early embryonie dise. B, A stage 11 embryo, shovving the position of the intraembryonie eoelom 
(eontained by the vvalls coloured blue) and the positions of the seetions (i)-(iv) shovvn in C. C, Transverse seetions, arranged eranial to caudal, from a 
stage 11 embryo; the populations of mesenehyme and the sites of mesenehymal proliferation are indieated. 


Endoderm 

The eranioeaiidal progression of development means that the endo- 
derm of the early stomodeum develops ahead of other portions of the 
endodermal epithelium. The development of the pharyngeal arehes and 
pouches (Ch. 36) is elosely assoeiated with the development of the 
neural eetoderm and proliferation of the neural erest. The respiratory 
diverticulum arises slightly later, when the postpharyngeal gut may 
also be distinguished. The endoderm gives rise to the epithelial lining 
of the respiratory and gastrointestinal traets, the biliary system, and the 
bladder and urethra. 

Coelomic epitheliiim 

The eoelomie epithelium lines the intraembryonie eoelom, which is 
subdivided into a midline perieardial eavity, two bilateral perieardio- 
peritoneal eanals, and the initially bilateral peritoneal eavities; the 
latter are continuous with the extraembryonic eoelom. The eoelomie 
epithelium is a germinal epithelium. It produces the myocardium 
and eonneetive tissue populations for the viseera, and also gives rise to 
the supporting eells for the germ eells, the epithelial lining of the uro- 
genital traets, and the mesothelial lining of the perieardiaf pleural and 
peritoneal eavities. 


Somites 

Somites are diserete epithelial spheres formed by the transformation of 
paraxial mesoblast eells to epithelium onee their migration is eomplete. 
Speeifie regions of the somitie epithelium form loeal proliferative 
eentres and, like neural and eoelomie epithelmm, it produces eells 
destined for different fates, at different developmental times. Somites 
ean be seen on eaeh side of the fusing neural tube in the human embryo 
from stage 9. Development proeeeds in a craniocaudal direetion. The 
original epithelial somites form the base of the skulf and the vertebral 
column and ribs; the dorsolateral portion, the dermomyotome, gives 
rise to the majority of the skeletal muscle of the body including that 
in the limbs. 

The relative dispositions of the neuraf endodermal and eoelomie 
epithelia are shown in Figure 12.1. 

Mesenehymal populations in the embryo 

In the stage 10 embryo, the major mesenehymal populations are in 
plaee. Mesoblast is still being generated at the primitive streak and 
moving into the presomitie mesenehymal population adjaeent to the 
notoehord. Some mesoblast is also contributing to the lateral regions 
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Fig. 12.3 Structures that will be derived from speeifie epithelial and mesenehymal populations in the early embryo. Abbreviation: CNS, eentral nervous 
system. 
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of the embryo. The different mesenehymal populations within the 
embryo from stage 10 onwards are deseribed below. The relative 
dispositions of the early mesenehymal populations are shown in 

Figure 12.2. 

Axìal mesenehyme 

The fìrst epiblast eells to ingress through the primitive streak form the 
endoderm and notoehord, and initially occupy a midline position. The 
earliest population of endodermal eells rostral to the notoehordal plate 
is termed the preehordal plate. The notoehordal eells remain medially 
and the endodermal eells subsequently flatten and spread laterally. The 
population of eells that remain mesenehymal in eontaet with the floor 
of the neural groove, just rostral to the notoehordal plate, is termed 
preehordal mesenehyme (Fig. 12.4). These axial mesenehyme eells are 
tightly paeked, unlike the more lateral paraxial eells but, unlike the 
notoehord, they are not eontained in an extracellular sheath. They are 
displaeed laterally at the time of head flexion and form bilateral pre- 
mandibular mesenehymal eondensations. They beeome assoeiated with 
the loeal paraxial mesenehyme. Orthotopie grafting has demonstrated 
that these eells leave the edges of the preehordal mesenehyme and 
migrate laterally into the periocular mesenehyme, where they give rise 
to all of the extrinsic ocular muscles. 

Paraxial mesenehyme 

Paraxial mesoblast is a transient structure that forms somites at its 
eranial end, whilst unsegmented mesoblast is added caudally by the 
primitive streak. Epiblast eells that migrate through the primitive node 
and rostral primitive streak during gastmlation form mesoblast eells 
that migrate to a position lateral to the notoehord and beneath the 
developing neural plate. Cells that ingress through the primitive node 
form the medial part of this paraxial mesoblast, and eells that ingress 
through the rostral streak form the lateral part (see Fig. 10.3). The 
paraxial mesoblast extends eranially from the primitive streak to the 
preehordal plate, which is immediately rostral to the notoehord. Before 
somite formation, this mesenehymal tissue is also termed presomitie 
or unsegmented mesenehyme in mammals (analogous to the segmen- 
tal plate in birds). Paraxial mesoblast rostral to the otie vesiele was 
previously believed not to segment. 

Caudal to the otie vesiele, the paraxial mesoblast on eaeh side of the 
rhombeneephalon segments into somites as the neural folds elevate 
and neurulation begins; somites are therefore post-otie. During somito- 
genesis, mesoblastie eells show ehanges in shape and in eell-eell adhe- 
sion, and beeome organized into epithelial somites; this proeess begins 
at the eighth somitomere, just caudal to the midpoint of the noto- 
ehordal plate. Somite one is also termed the first oeeipital somite. The 
post otie paraxial eell population is termed paraxial mesoderm in eon- 
temporary literature. 

Skeletal muscle throughout the body is derived from paraxial 
mesoblast-derived somatie epithelmm, which proliferates to form 
myoblastie populations that migrate to the head, body and limbs. 

Septum transversum 

Early mesenehyme that invaginates through the middle part of the 
primitive streak eomes to lie rostral to the buccopharyngeal membrane, 
where the eells form the epithelial wall of the perieardial eoelom. As 
this epithelium proliferates, the viseeral perieardial wall gives rise to 
myocardium. The parietal perieardial wall forms mesenehyme, initially 
termed preeardiae, or eardiae, mesenehyme, which is able to induce 
proliferation of hepatie endodermal epithelium. With further prolifera- 
tion, the preeardiae mesenehyme forms a ventral mass caudal to the 
heart, the septum transversum, separating the foregut endoderm from 
the perieardial eoelom (see Fig. 12.2). By stage 11, the septum transver- 
sum extends dorsally on eaeh side of the developing gut and beeomes 
continuous with the mesenehymal populations that proliferate from 
the walls of the perieardioperitoneal eanals. Cells of the septum trans- 
versum give rise to the simisoids of the liver, the eentral portions of the 
diaphragm and the epicardium. 

Neural erest 

The neural erest is unique: it gives rise to neural populations in the 
head and trnnk, and also provides an extensive mesenehymal popula- 
tion in the head with attributes similar, in terms of patterning, to 
somatopleuric mesenehyme. Neural erest eells arise from eells that lie 
initially at the outermost edges of the neural plate, between the pre- 
sumptive epidermis and the neural tube, and are eommitted to a neural 
erest lineage before the neural plate begins to fold. After neurulation, 
neural erest eells form a transient axial population and then disperse, 
in some eases migrating over eonsiderable distanees, to a variety of dif- 
ferent developmental fates. llnlike mesoblast, which is produced from 


the primitive streak, none of the eells that arise from the neural erest 
beeome arranged as epithelia. The development and fate of head and 
tmnk neural erest eells are very different and therefore they will be 
eonsidered separately. 

Head neural erest 

Head neural erest migrates before the neural tube eloses. Two popula- 
tions of erest eells develop. Some retain a neuronal lineage and eon- 
tribute to the somatie sensory and parasympathetie ganglia in the head 
and neek. Others produce extensive mesenehymal populations; the 
erest eell population arising from the head is larger than that found at 
any tmnk level. Eaeh brain region has its own erest population that 
migrates dorsolaterally around the sides of the neural tube to reaeh the 
ventral side of the head. Crest eells surround the proseneephalie and 
optie vesieles, and occupy eaeh of the pharyngeal arehes (Ch. 36). They 
provide mesenehyme eells that will produce the eonneetive tissue in 
parts of the neuro- and viseeroerania. All eartilage, bone, ligament, 
tendon, dermal eomponents and glandular stroma in the head are 
derived from the head neural erest. Head neural erest also contributes 
to the tunica media of the aortie areh arteries. 

Trunk neural erest 

Hnlike its counterpart in the head, tmnk neural erest is formed as the 
neural tube eloses craniocaudally, which means that various stages of 
erest development ean be found in the more caudal regions of an 
embryo. As the neural tube begins to fuse dorsally in the midline, the 
neural erest eells lose their epithelial eharaeteristies and junctional eon- 
neetions, and form a band of loosely arranged mesenehyme eells imme- 
diately dorsal to the neural tube and beneath the eetoderm. Initially, 
most of the erest eells lie with their long axes perpendicular to the long 
axis of the neural tube. Later, the eell population expands laterally and 
around the neural tube as a sheet. Tmnk neural erest eells move from 
their position dorsal to the neural tube via three routes (see Fig. 17.11): 
dorsolaterally, to form dorsal root ganglia throughout the tmnk; ven- 
trally, to form sympathetie ganglia, enterie nerves and the suprarenal 
medulla; and rostrocaudally, along the aorta, to form the pre-aortie 
ganglia. In a seeond migration route, erest eells pass dorsolaterally 
between the eetoderm and the epithelial plate of the somite into the 
somatopleure, where they eventually form melanoeytes in the skin. 

Lateral plate 

Lateral plate is the term for the early unsegmented mesoblast popula- 
tion lateral to the paraxial mesenehyme. Mesoblastie eells, which arise 
from the middle of the primitive streak (primary mesenehyme), migrate 
eranially, laterally and caudally to reaeh their destinations, where they 
revert to epithelium and form a continuous layer that adheres to the 
eetoderm dorsally and the endoderm ventrally. The epithelium faees a 
new intraembryonie eavity, the intraembryonie eoelom, which beeomes 
confluent with the extraembryonic eoelom and provides a route for the 
eirodation of eoelomie fluid through the embryo. Onee formed, the 
intraembryonie eoelomie wall beeomes a proliferative epithelium that 
produces new populations of mesenehymal eells. The mesenehymal 
population subjacent to the eetoderm is termed somatopleuric mesen- 
ehyme and is produced by the somatopleuric eoelomie epithelium. The 
mesenehymal population surrounding the endoderm is termed splaneh- 
nopleuric mesenehyme and is produced by the splanchnopleuric eoel- 
omie epithelium (see Fig. 12.2). 

It is important to note that these terms are relevant only caudal to 
the third pharyngeal areh. Rostral to this, there is a sparse mesenehymal 
population between the pharynx and the surface eetoderm prior to 
migration of the head neural erest, and there are no landmarks with 
which to demareate lateral from paraxial mesenehyme. This unsplit 
lateral plate is believed to contribute to the erieoid and arytenoid ear- 
tilages, the traeheal rings and the assoeiated eonneetive tissue. 

Somatopleuric mesenehyme 

Somatopleuric mesenehyme produces a mixed population of eonnee- 
tive tissues and has a signifieant organizing effeet at the level of the 
developing limbs. The pattern of limb development is eontrolled by 
information eontained in the somatopleuric mesenehyme. Regions of 
the limb are speeified by interaetion between the surface eetoderm 
(apieal eetodermal ridge) and underlying somatopleuric mesenehyme; 
together, these tissues form the progress zone of the limb. The somato- 
pleuric mesenehyme in the limb bud also speeifies the postaxial border 
of the developing limb. Somatopleuric mesenehyme gives rise to the 
eonneetive tissue elements of the appendioilar skeleton, including the 
peetoral and pelvie girdles and the bones and eartilage of the limbs, 
and their assoeiated ligaments and tendons. It also gives rise to the 
dermis of the skin of the ventral and lateral body walls and of the limbs. 197 
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Fig. 12.4 The organization of the head and pharynx in an embryo at about stage 14. The individual tissue eomponents have been separated but are 
aligned in register through the numbered zones. 
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Splanchnopleuric mesenehyme 

Splanchnopleuric mesenehyme surrounds the developing gut and res- 
piratory tubes, contributing eonneetive tissue eells to the lamina propria 
and snbmneosa, and smooth muscle eells to the muscularis mucosae 
and muscularis externa. It plays a patterning role in endodermal devel- 
opment, speeifying the region and villus type in the gut, and the braneh- 
ing pattern in the respiratory traet. 

Intermediate mesenehyme 

Intermediate mesenehyme is a loose eolleetion of eells found between 
the somites and the lateral plate (see Fig. 12.2). Its development is 
elosely related to the progress of differentiation of the somites and the 
proliferating eoelomie epithelium from which it is derived. Intermedi- 
ate mesenehyme is not present before somitogenesis or the formation 
of the eighth somite. In embryos with 8-10 somites, it is present lateral 
to the sixth somite but does not extend eranially. The mesenehyme eells 
are arranged as layers, one continuous with the dorsal side of the par- 
axial mesenehyme and the somatopleure, the other with the ventral side 
of the paraxial mesenehyme and the splanchnopleure. 

As development proeeeds, the intermediate mesenehyme forms a 
loosely paeked dorsolateral eord of eells, which lengthens at the caudal 
end and ultimately joins the eloaea. It gives rise to the nephrie system, 
gonads and reproductive ducts. 

Angioblastie mesenehyme 

Mesenehymal eells, which give rise to the cellular elements of the 
blood, the endothelium and the mesenehymal layers of the tunica 
externa and adventitia of blood and lymphatie vessels, arise from 
extraembryonic and intraembryonie sources. Evidenee suggests that 


endodermal tissues are neeessary for endothelial differentiation, par- 
ticularly the early foregut. Angioblastie mesenehyme forms early in 
the third week of development from extraembryonic mesenehyme in 
the splanchnopleure of the yolk sae, in the body stalk (eontaining the 
allantois), and in the somatopleure of the ehorion. The peripheral eells 
flatten as a vasoilar endothelmm, whereas the eentral eells transform 
into primitive red blood corpuscles. Later, contiguous islands merge, 
forming a continuous network of fine vessels. intraembryonie blood 
vessels are first seen at the endoderm-mesenehyme interfaee within the 
lateral splanehnie mesenehyme at the caudolateral margins of the 
eranial intestinal portal. Angioblastie eompetenee has been demon- 
strated within the ventral (splanchnopleuric) mesenehymes with which 
the endoderm interaets. However, the notoehord and preehordal plate 
do not eontain angiogenie eells. Similarly, eetodermal tissues do not 
appear to give rise to angiogenie eells. Somites, derived from paraxial 
mesenehyme, have been shown to be a source of angioblasts that either 
differentiate with the somite derivatives, or migrate to the neural tube, 
ventrolateral body wall, limb buds, mesonephros and the dorsal part 
of the aorta. 

The earliest angiogenie mesenehymal eells form blood vessels by 
vasailogenesis, a proeess in which new vessels (e.g. endothelial heart 
tubes, dorsal aortae, umbilical and early vitelline vessels) develop in situ 
(Ch. 13). Later vessels develop by angiogenesis, sprouting and braneh- 
ing from the endothelium of pre-existing vessels; this proeess is the 
means by which most other vessels develop. The ultimate pattern of 
vessels is eontrolled by the surrounding, non-angiogenie mesenehyme; 
vessels beeome morphologieally speeifie for the organ in which they 
develop, and also immunologically speeifie, expressing organ-speeifie 
proteins. 
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CHAPTER 



Early embryonie circulation 


The early embryonie circulation is symmetrieal (Fig. 13.1). It is modi- 
fied throughout development to produce a fimetioning fetal circulation 
that is eonneeted to the plaeenta, and ehanges rapidly at birth to aeeom- 
modate diseonneetion from the plaeenta and the start of gaseous 
exchange in the lungs. Major restructuring of early vessels occurs as 
the embryo grows; anastomoses form and then disappear, eapillaries 
fuse and give rise to arteries or veins, and the direetion of blood flow 
may reverse several times before the final arrangement of vessels is 
eompleted. 

ANGIOGENESIS 

The earliest circulatory eomponents develop by vasculogenesis in the 
extraembryonic tissues. The endothelial heart tubes, dorsal aortae, 
umbilical and early vitelline vessels arise by vasculogenesis within the 
embryo. Further vessel development occurs by a proeess of angiogenesis 
in which angioblasts, arising in splanehnie and somitie tissues, add 
endothelial sprouts and branehes to earlier vessels. None of the main 
vessels of the adult arises as a single tmnk in the embryo. A eapillary 
network is first laid down along the course of eaeh vessel; the larger 
arteries and veins are defined by seleetion and enlargement of definite 
paths in this network. Lymphatie vessels develop after the main arteries 
and veins are formed; they arise initially by angiogenesis from the ear- 
dinal veins and subsequently by proliferation of lymphangioblasts to 
form lymphatie eapillaries. 

Five stages have been deseribed during angiogenesis: endothelial tip 
eell speeifieation and sprout initiation; sprout elongation and loeal 


guidance, where the distal tip eell extends supported by proximal stalk 
eells that may divide; sprout elongation in response to cues from the 
extracellular matrix; lumen formation, which is initially by the conflu- 
enee of intracellular vacuoles, followed by establishment of apieal basal 
polarity of the eells of the endothelial sprout; and fusion of the tip eell 
to another sprout tip with confluence of the two lumina established 
(Chappell et al 2012, Kuijper et al 2007). The developmental proeesses 
of angiogenesis are similar to those seen in both neoplasia and acute 
inflammation in adult tissue. The seientifie literature on angiogenesis 
is extensive and the proeess will not be eonsidered in detail here; the 
interested reader is direeted to Senger and Davis (2011), Beets et al 
(2013 , Herbert and Stainier (2011) and Eiehmann and Pardanaud 
(2014). 

Studies have eonsidered the development of eapillary beds within 
the surrounding mesenehymal tissues destined to beeome laminae pro- 
priae, but few have looked at how eapillary beds form within tissues 
undergoing morphogenetie movements. Czirok et al (2011) disaissed 
the temporal imperative for free-living embryos to develop rapidly in 
eontrast to amniote embryos, which do not have to fend for themselves. 
They concluded that amniote vasailar patterns of development, prior 
to the establishment of a eiroilation, are not predetermined by a 
network of patterning genes and eell signalling pathways, but rather that 
the tissue movements during organogenesis and the realignment and 
tension that develop within extracellular matrix fibres may guide eell 
migration and the position of early vessels. 

Extracellular matrix plays a eritieal role in angiogenesis and vessel 
stabilization in the embryo and in the adult; differenees in the eomposi- 
tion and abundance of speeifie extracellular matrix eomponents between 
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Fig. 13.1 The early, symmetrieal blood vascular system. A, Ventrolateral view of the endothelial profile of the heart, the first aortie areh arteries and the 
dorsal aorta shown in relation to the major epithelial populations. B, Ventrolateral view of the main venous ehannels shown in relation to the major 
epithelial populations. C, Left lateral view of the blood vascular system of a stage 11 human embryo; only the endothelial lining of the heart tube is 
shown. At this stage, the arteries and veins are in the proeess of development and no true circulation is yet established. 
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Fig. 13.2 Profile reeonstmetions of the blood vascular system of a stage 13 human embryo. The early circulation is now asymmetrieal; the venous 
vessels are enlarging on the right and diminishing on the left. A, Seen from the right side, showing the main venous ehannels to the heart. B, Seen from 
the left side, showing the aortie areh arteries, the main vessels arising from the dorsal aorta and umbilical arteries. Note that only the endothelial lining of 
the heart ehambers is shown and, because the muscular wall has been omitted, the perieardial eavity appears much larger than the eontained heart. 


the embryo and adult mean that there are likely to be signifìeant dif- 
ferenees in the proeess at different ages. Fibroneetin is required for 
normal vascular development; its deposition is related to interaetions 
between endothelial eells and perieytes, and loeal tensional forees that 
occur between blood vessel basement membrane and loeal extracellular 
matrix assembly (Davis and Senger 2005; Senger and Davis 2011). Early 
blood vessels are initially surrounded by a fibroneetin-rieh matrix that 
is later ineorporated into the endothelial basal lamina along with 
laminin, a particularly early constituent. Several layers of fibroneetin- 
expressing eells are seen around larger vessels, such as the dorsal aortae. 
The endothelium does not synthesize a basal lamina in those regions 
where remodelling and angiogenesis are aetive, and the mesenehyme 
around such endothelium does not express a-aetin or laminin until 
branehing has stopped and differentiation of the tunica media begins 
(after a stable vascular pattern has formed). It is not known how dif- 
ferentiation of perieytes and smooth muscle eells is induced; the major- 
ity of arteries accumulate medial smooth muscle from the surrounding 
mesenehyme. 

Although studies have elucidated the genes involved in vasculogen- 
esis and angiogenesis, the drivers that lead to development of asym- 
metrie vessels from an early symmetrieal pattern and the speeifieation 
of the position of particular arteries, veins and lymphatie vessels are still 
not elear. In early development, the arteries of the embryo are dispro- 
portionately large and their walls eonsist of little more than a single 
layer of endothelium. The eardiae orifiees are also relatively large and 
the foree of the eardiae eontraetion is weak; consequently, the circula- 
tion is sluggish, despite the rapid rate of eontraetion of the developing 
heart. However, the tissues are able to draw nourishment not only from 
the eapillaries but also from the large arteries and the intraembryonie 
eoelomie fhfid. 

It has been suggested that the rapidly expanding cardiovascular 
system is filled with plasma by the movement of fluid from the intra- 
embryonie eoelom to the veins. In general, the wall of the intraembry- 
onie eoelom is eomposed of proliferating eells that produce the 
splanchnopleuric and somatopleuric mesenehymal populations. How- 
ever, the walls of a portion of the perieardioperitoneal eanals are thin- 
ner, and possibly more permeable to eoelomie flmd, at the time when 
the eanals surround the hepatoeardiae ehannels (veins). The latter 
lie between the hepatie plexus and the sinus venosus; the hepatoear- 
diae ehannel on the right side is more developed and on the left it is 
more plexiform, with only a transitory eonneetion to the sinus veno- 
sus. The differentiation of this speeifie eoelomie region occurs just in 
advanee of the expansion and filling of the right and left atria, at about 
stage 12. 


As the heart muscle thiekens, eompaets and strengthens, the eardiae 
orifiees beeome both relatively and absolutely reduced in size, the valves 
inerease their effieieney, and the large arteries acquire their muscular 
walls and undergo a relative reduction in size. From this time omvards, 
the embryo is dependent for its nourishment on the expanding eapillary 
beds, and the fimetion of the larger arteries beeomes restrieted to that 
of eontrollable distribution ehannels to keep the embryonie tissues 
eonstantly and appropriately supplied. 

The heart starts to beat early, before the development of the conduc- 
tion system, and a circulation is established before a eompetent valvular 
meehanism has formed. Cardiac output inereases in proportion with 
the weight of the embryo and eardiae rate inereases with development. 
However, most of the inerease in eardiae output results from a geomet- 
rie inerease in stroke volume. When dorsal aortie blood flow is matehed 
to embryonie weight, blood flow remains eonstant over a more than 
150-fold ehange in mass of the embryo. 

After head folding, the embryo has bilateral primitive aortae, eaeh 
eonsisting of ventral and dorsal parts that are continuous through the 
first embryonie aortie arehes (Ch. 36). The ventral aortae are ffised and 
form a dilated aortie sae. The dorsal aortae mn caudally, one on eaeh 
side of the notoehord. In the fourth week, they fuse from about the 
level of the fourth thoraeie to that of the fourth lumbar segment to 
form a single definitive deseending aorta (see Fig. 13.1A,C; Fig. 13.2B). 
In general, more mature endothelial ehannels are seen in the rostral, 
more advaneed regions of the embryo whereas, more caudally, a 
ehanging eapillary plexus eonstantly remodels until it beeomes conflu- 
ent with the vascular ehannels of the eonneeting stalk. The dorsal 
continuation of the primitive dorsal aortae direets blood into an anas- 
tomosing network around the allantois, which will form the umbilical 
arteries. Blood is ehannelled baek to the developing heart from the 
allantois via umbilical veins, from anastomoses in the primitive yolk 
sae via the vitelline veins, and from the body via pre- and posteardinal 
veins that join to form the eommon eardinal veins (see Figs 13.1B,C, 
13.2A). 

Vascular anomalies Loealized defeets of vascular development, 
eharaeterized by foeal inereases in the nrnnber of vessels that are abnor- 
mally tortuous and enlarged, have been shown to have genetie causes 
and mapped to the predisposing gene and ehromosomal locus (Boon 
et al 2011). It has been suggested that a range of eapillary malforma- 
tions, venous malformations, telangieetasia and lymphatie malforma- 
tions, including lymphoedema, is assoeiated with faetors identified in 
the early formation of blood and lymphatie vessels (Brouillard and 
Vikkula 2007, Boon et al 2011). 
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Fig. 13.3 The segmental and intersegmental arteries. The small red 
dilations indieate the positions of the longitudinal anastomoses. 


EMBRY0NIC ARTERIES 


Initially, the dorsal aortae are the only longitudinal vessels present. 
Their branehes all mn at right angles to the long axis of the embryo. 
Later, these transverse arteries beeome eonneeted by longitudinal anas- 
tomosing ehannels that persist in part, forming arteries such as the 
vertebral, internal thoraeie, superior and inferior epigastrie, and gastro- 
epiploie. Eaeh primitive dorsal aorta gives off somatie arteries (interseg- 
mental branehes to the body wall), a caudal continuation that passes 
into the body stalk (the umbilical arteries), lateral splanehnie arteries 
(paired segmental branehes to the mesonephrie ridge), and ventral 
splanehnie arteries (paired segmental branehes to the digestive tube). 

Somatie arteries 


The somatie arteries are intersegmental in position. They persist, almost 
unchanged, in the thoraeie and lumbar regions, as the posterior inter- 
eostal, subcostal and lumbar arteries. Eaeh gives off a dorsal ramus, 
which passes backwards in the intersegmental interval and divides into 
medial and lateral branehes to supply the muscles and superficial 
tissues of the baek (Fig. 13.3). The dorsal ramus also gives off a spinal 
braneh, which enters the vertebral eanal and divides into a series of 
branehes that supply the walls and joints of the osteoligamentous eanal, 
and neural branehes to the spinal eord and spinal nerve roots. After 
giving off its dorsal ramus, eaeh intersegmental artery mns ventrally in 
the body wall, gives off a lateral braneh and terminates in muscular and 
cutaneous rami. 

Early umbilical arteries 


Initially, the umbilical arteries are the direet caudal continuation of the 
primitive dorsal aortae. They are present in the body stalk before any 
vitelline or viseeral branehes emerge, indieating the dominanee of the 
allantoie over the vitelline circulation in the human embryo. (On a 
eomparative basis, the umbilical vessels are ehorio-allantoie and there- 
fore 'somatoviseeral'.) After the dorsal aortae fuse, the umbilical arteries 
arise from their ventrolateral aspeets and pass medial to the primary 
excretory duct to the umbilicus. Later, the proximal part of eaeh umbili- 
eal artery is joined by a new vessel that leaves the aorta at its termination 
and passes lateral to the primary excretory duct. This, possibly the fifth 
lumbar intersegmental artery, constitutes the dorsal root of the umbili- 
eal artery (the original stem, the ventral root). The dorsal root gives off 
the axial artery of the lower limb, branehes to the pelvie viseera and, 
more proximally, the external iliae artery. The ventral root disappears 
entirely, and the umbilical artery now arises from that part of its dorsal 
root distal to the external iliae artery, i.e. the internal iliae artery. 

Lateral splanehnie arteries 


The lateral splanehnie arteries supply, on eaeh side, the mesonephros, 
metanephros, testis or ovary, and the suprarenal gland. All these stme- 
tures develop, in whole or in part, from the intermediate mesenehyme, 
later termed the aorta-gonad-mesonephros region. One testicular or 
ovarian artery and three suprarenal arteries persist on eaeh side. The 
phrenie artery branehes from the most eranial suprarenal artery, and the 


renal artery arises from the most caudal. Additional renal arteries are 
frequently present and may be regarded as branehes of persistent lateral 
splanehnie arteries. 

Ventral splanehnie arteries 


The ventral splanehnie arteries are originally paired vessels distributed 
to the eapillary plexus in the wall of the yolk sae. After fhsion of the 
dorsal aortae, they merge as unpaired tmnks that are distributed to the 
inereasingly defined and lengthening primitive digestive tube. Longitu- 
dinal anastomotie ehannels eonneet these branehes along the dorsal 
and ventral aspeets of the tube, forming dorsal and ventral splanehnie 
anastomoses (see Fig. 13.3). These vessels obviate the need for so many 
'snbdiaphragmatie ventral splanehnie arteries, and these are reduced to 
three: the eoeliae tmnk and the superior and inferior mesenterie arter- 
ies. As the viseera supplied deseend into the abdomen, their origins 
migrate caudally by differential growth: the origin of the eoeliae artery 
is transferred from the level of the seventh eervieal segment to the level 
of the twelfth thoraeie; the superior mesenterie from the seeond thoraeie 
to the first lumbar segment; and the inferior mesenterie from the twelfth 
thoraeie to the third lumbar segment. However, above the diaphragm, 
a variable number of ventral splanehnie arteries persist, usually four or 
five, and supply the thoraeie oesophagus. The dorsal splanehnie anas- 
tomosis persists in the gastroepiploie, pancreaticoduodenal and primary 
branehes of the eolie arteries, whereas the ventral splanehnie anasto- 
mosis forms the right and left gastrie and the hepatie arteries. 


EMBRY0NIC VEINS 


The early embryonie veins are often segregated into two groups, viseeral 
and somatie, for eonvenienee and apparent simplieity. The viseeral 
group eontains the derivatives of the vitelline and umbilical veins, and 
the somatie group includes all remaining veins. It should be noted that, 
with time, embryonie veins ehange the prineipal tissues they drain. They 
may reeeive radieles from obviously parietal tissues, which beeome 
confluent with drainage ehannels that are elearly viseeral, and so form 
a compound vessel. The arrangement of the early embryonie veins is 
initially symmetrieal. The primitive tubular symmetrie heart reeeives its 
venous return through the right and left sinual horns, which are initially 
embedded in the mesenehyme of the septum transversum. Eaeh horn 
reeeives, most medially, the termination of the prineipal vitelline vein; 
more laterally, the umbilical vein; and, most laterally, having eneireled 
the pleuroperitoneal eanal, the eommon eardinal vein. This symmetrie 
pattern ehanges as the heart and gut develop and the eardiae return is 
diverted to the right side of the heart. 

Vitelline veins 


The vitelline veins drain eapillary plexuses that develop in the splaneh- 
nopleuric mesenehyme of the seeondary yolk sae. With head, tail and 
lateral fold formation, the upper reeesses of the yolk sae are enelosed 
within the embryo as the splanchnopleuric gut tube, which extends 
from the stomodeal buccopharyngeal membrane to the proetodeal 
eloaeal membrane. Derivatives from all these levels possess a venous 
drainage that is originally vitelline. 

Early umbilical veins 


The umbilical veins form by the eonvergenee of vemiles that drain the 
splanchnopleure of the extraembryonic allantois. The human endoder- 
mal allantois is very small; it projeets into the embryonie end of the 
eonneeting stalk, which is therefore regarded as precociously formed 
allantoie mesenehyme, whereas the umbilical vessels are eonsidered to 
be allantoie. The peripheral venules drain the mesenehymal eores of the 
ehorionie villous stems and terminal villi (extraembryonic somatopleu- 
rie structures). These are the radieles of the vena umbilicalis impar 
(usually single), which traverses the eompaeting mixed mesenehyme of 
the umbilical eord to reaeh the caudal rim of the umbilicus. Here, the 
single eordal vein divides into primitive right and left umbilical veins. 
Eaeh curves rostrally in the somatopleuric lateral border of the umbili- 
cus, i.e. where intraembryonie and extraembryonic or amniotie somato- 
pleure are continuous, lying lateral to the communication between 
both the intraembryonie and the extraembryonic eoeloms. Rostrolateral 
to the umbilicus, the two umbilical veins reaeh, enter and traverse the 
junctional mesenehyme of the septum transversum and eonneet with 
septal eapillary plexuses. They then eontimie, entering their eorrespond- 
ing eardiae sinual horns lateral to the terminations of the vitelline veins. 
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Fig. 13.4 Somatie venous development. A, A sehematie seetion through the embryonie trunk. Prineipal longitudinal veins are colour-coded. 
intereonneetions and intersegmental veins are uncoloured. B, The development of the prineipal somatie veins, from the early symmetrie state, through 
states of inereasing asymmetry, to the definitive arrangement. Abbreviations: IVC, inferior vena eava. 


This early symmetrie disposition of the vitelline veins and anastomoses, 
umbilical and eommon eardinal veins, and the locus of the hepatie 
primordial complex are summarized in Figures 13.1B and 13.2A. For 
fhrther development of the vitelline and umbilical veins, see Chapter 
60 (Figs 60.8-60.10). 

Oardinal veins and somatie 
venous complexes 


The initial venous ehannels in the early embryo have traditionally been 
termed eardinal because of their importanee at this stage. The eardinal 
venous complexes are fìrst represented by two large vessels on eaeh side, 
the preeardinal portion being rostral and the posteardinal being caudal 
to the heart. The two veins on eaeh side unite to form a short eommon 
eardinal vein, which passes ventrally, lateral to the pleuropericardial 
eanaf to open into the eorresponding horn of the sinus venosus (see 
Figs 13.1B and 13.2A; Fig. 13.4B). The preeardinal veins undergo 
remodelling as the head develops. The posteardinal veins, which, in the 
early embryo, drain the body wall, are insufficient ehannels for venous 
return from the developing mesonephros and gonads and for the 
growing body wall. As the embryo inereases in size, they are supple- 


mented by a range of bilateral longitudinal ehannels that anastomose 
with the posterior eardinal system and with eaeh other. These ehannels 
are the subcardinal, supracardinal, azygos line, subcentral and preeostal 
veins (Fig. 13.4). 

Siibeardinal veins 

Subcardinal veins form in the ventromedial parts of the mesonephrie 
ridges and beeome eonneeted to the posteardinal veins by a number of 
vessels traversing the medial part of the ridges. The subcardinal veins 
assume the drainage of the mesonephros and intercommunicate by a 
pre-aortie anastomotie plexus, which later constitutes the part of the 
left renal vein that erosses anterior to the abdominal aorta. 

Supracardinal veins 

Supracardinal veins form dorsolateral to the aorta and lateral to the 
sympathetie tmnk and take over the intersegmental venous drainage 
from the posterior eardinal vein. The supracardinal veins are also 
referred to as the thoracolumbar line or lateral sympathetie line veins. 

Azygos line veins 

Azygos line veins form dorsolateral to the aorta and medial to the 
sympathetie tmnk. These ehannels, also referred to as the medial 
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sympathetie line veins, gradually take over the intersegmental venous 
drainage from the supracardinal veins. The intersegmental veins now 
reaeh their longitudinal ehannel by passing medial to the autonomic 
trnnk, a relationship that the lumbar and intereostal veins subsequently 
maintain. Cranially the azygos lines join the persistent eranial ends of 
the posterior eardinal veins. 

Subcentral veins 

Subcentral veins form direetly dorsal to the aorta in the interval between 
the origins of the paired intersegmental arteries. These veins communi- 
eate freely with eaeh other and with the azygos line veins; these eon- 
neetions ultimately form the retro-aortie parts of the left lumbar veins 
and of the hemiazygos veins. 

Preeostal or lumbocostal venous lìne 

A preeostal or lumbocostal venous line, anterior to the vertebroeostal 
element and posterior to the supracardinaf is reeognized by some 
authorities. A possible derivative is the aseending lumbar vein. 

Further development of the somatie veins 


The supracardinal veins lie lateral to the aorta and the sympathetie 
tmnks, which therefore intervene between them and the azygos lines 
(see Fig. 13.4). They eomimmieate caudally with the iliae veins and 
eranially with the subcardinal veins in the neighbourhood of the pre- 
aortie intersubcardinal anastomosis. The supracardinal veins also eom- 
municate freely with eaeh other through the medium of the azygos lines 
and the subcentral veins. The most eranial of these eonneetions, together 
with the supracardinal-subcardinal and the intersubcardinal anasto- 
moses, eomplete a venous ring around the aorta below the origin of the 
superior mesenterie artery termed the 'renal eollar'. 

The ultimate arrangement of these embryonie abdominal and thor- 
aeie longitudinal eardinal veins may be summarized as follows. The 
terminal part of the left posteardinal vein forms the distal part of the 
left superior intereostal vein. On the right side, its eranial end persists 
as the terminal part of the azygos vein. The caudal part of the subcar- 
dinal vein is, in part, ineorporated in the testicular or ovarian vein and 
partly disappears. The eranial end of the right subcardinal vein is ineor- 
porated into the inferior vena eava and also forms the right suprarenal 
vein. The left subcardinal vein, eranial to the intersubcardinal anasto- 
mosis, is ineorporated into the left suprarenal vein. The renal and tes- 
ticular or ovarian veins on both sides join the supracardinal-subcardinal 
anastomosis. On the left side, this is eonneeted direetly to the part of 
the inferior vena eava that is of subcardinal status via an intersubcardi- 
nal anastomosis. The right supracardinal vein forms much of the post- 
renal (caudal) segment of the inferior vena eava. The left supracardinal 
vein disappears entirely. The right azygos line persists in its thoraeie part 
to form all but the terminal part of the azygos vein. Its lumbar part ean 
usually be identified as a small vessel that leaves the vena azygos on the 
body of the twelfth thoraeie vertebra and deseends on the vertebral 
column, deep to the right ems of the diaphragm, to join the posterior 
aspeet of the inferior vena eava at the upper end of its postrenal segment. 
The left azygos line forms the hemiazygos veins. The subcentral veins 
give rise to the retro-aortie parts of the left lumbar veins and of the 
hemiazygos veins (see Fig. 13.4). 


g) LYMPHATie VESSELS 


The earliest lymphatie vessels arise from budding of lymphatie endothe- 
lial eells from the eardinal veins to form lymph saes (Eiehmann et al 
2005). Six early lymph saes ean be identified; two are paired (the jugular 
and the posterior lymph saes) and two are unpaired (the retroperitoneal 
sae and the eisterna ehyli). In lower mammals, an additional pair (sub- 
elavian) is present, but in the human embryo, these are merely exten- 
sions of the jugular saes. 

The jugular lymph sae is the first to appear, at the junction of the 
subclavian vein with the preeardinal vein, with later prolongations 
along the internal and external jugular veins. The posterior lymph sae 
eneireles the left eommon iliae vein. The retroperitoneal sae appears in 
the root of the mesentery near the suprarenal glands. The eisterna ehyli 
appears opposite the third and fourth lumbar vertebrae (Fig. 13.5). The 
lymph vessels bud out from the lymph saes along lines that eorrespond 
more or less elosely with the course of embryonie blood vessels (most 
eommonly, veins); many also arise de novo in the mesenehyme and 
establish eonneetions with existing vessels. In the body wall and the 
wall of the intestine, the deeper plexuses are the first to be developed; 
the vessels in the superficial layers are gradually formed by continued 
204 growth. Lymph vessel expansion appears to be influenced by loeal 
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Fig. 13.5 Relative positions of the primary lymph saes (as originally 
determined by Sabin (1912)). 


mechanotransduction with lymphatie endothelial eells elongating as a 
consequence of high interstitial fhiid volume (Planas-Paz et al 2012). 
For more details on the morphogenesis of lymphatie vessels, see Tatin 
and Makinen (2014). 

The formation of jugular lymph saes and their normal remodelling 
as the lymphatie system develops are of particular interest because delay 
or dismption is noted in aneuploidic fetuses. inereased accumulation 
of tissue fluid between the skin and soft tissues, posterior to the forming 
eervieal spine - termed nuchal translucency - ean be identified on 
ultrasound examination between 10 and 14 weeks' gestation. Approxi- 
mately 75% of trisomy 21 fetuses show an inereased distanee of nuchal 
transhieeney at this time (see Fig. 14.4). In the majority of eases, early 
nuchal fluid accumulation resolves for normal and ehromosomally 
abnormal fetuses between 14 and 20 weeks, and is thought to refleet 
inereased lymphatie system development, the onset of urine production 
by the metanephrie kidneys and a deerease in plaeental resistanee 
(Nafziger and Vilensky 2014). 

In the fetus, lymphatie flow rates appear to be higher than in the 
neonate, which, in turn, are higher than in the adult; overall fetal lymph 
flow is thought to be five times greater than in adults (Bellini et al 
2006). The production of pulmonary fluid seereted into the amniotie 
eavity is related to the lymphatie drainage of the lungs. In the neonate, 
pulmonary ventilation is important in regulating lymphatie flow in the 
lungs. The proeess of parturition causes signifieant ehanges in the dis- 
tribution of body water in the neonate, including movement of blood 
from the plaeenta to the fetus and a temporary shift of fluid from the 
intravasailar eompartment to the interstitial eompartment; restoration 
of fluid balanee between intravascular, lymphatie and interstitial eom- 
partments occurs eoneomitant with an inerease in postnatal oxygena- 
tion (Bellini et al 2006). 


LYMPH N0DES AND LYMPH0ID TISSUES 


Lymph vessels ean be seen in the embryo in the eervieal region from 
stage 16. Lymph nodes, which provide regional proliferative foei for 
lymphoeytes, have been identified from week 9. Early lymph saes 
beeome infiltrated by lymphoid eells, and the outer portion of eaeh sae 
beeomes the subcapsular sinus of the lymph node. Morphologieal dif- 
ferentiation of medullary and eortieal eompartments has not been 
observed until the end of week 10 (Lonar et al 2001). At the same time 
as these early lymph nodes are developing, the nasopharyngeal wall is 
infiltrated by lymphoid eells that are believed to herald the early devel- 
opment of the tubal and pharyngeal tonsils. 

In the neonate, a eonsiderable proportion of the total amount of 
lymphoid tissue is loealized in lymph nodes; the subsequent inerease 
in the amount of lymphoid tissues that occurs during ehildhood refleets 
the growth of these nodes. Definitive follieles with germinal eentres are 
formed during the first postnatal year. The pharyngeal tonsil reaehes its 
maximal development at 6 years and its subsequent involution is eom- 
pleted by puberty. Details of the development of gut-associated lym- 
phoid tissue are given in ehapter 60. 




























Early embryonie circulation 


Lymphatie endothelial eells in lymphatie eapillaries display a dis- 
continuous basal lamina and basement membrane. They are held by 
anehoring fìlaments to the surrounding extracellular matrix. Their dif- 
ferentiation in the mouse starts with expression of Sox-18 and Prox-l, 
a Prospero homeobox transeription faetor, in a subset of eardinal veins 
(Park et al 2011, Zhou et al 2010). Prox-l is the most speeifie and firne- 
tional lymphatie marker: its dismption leads to failure of lymphatie 
vessel development. Abnormal or absent lymphatie development is also 
seen with laek of vasoilar endothelial growth faetor 3 (VEGFR3) and 
laek of angiopoietin 1, respeetively (Yamashita 2007). Abnormalities of 
development and of remodelling of primary lymphatie vessels also 
occur if Akt, a serine/theonine protein kinase, is absent, possibly due 
to insufficient reemitment of smooth muscle eells to larger lymphatie 
vessels (Zhou et al 2010). 
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PRENATAL STAGES 

The absolute size of an embryo or fetus does not afford a reliable indi- 
eation of either its ehronologieal age or the stage of structural organiza- 
tion, even though graphs based on large numbers of observations have 
been eonstmeted to provide averages. All such data suffer from the dif- 
ficulty of timing the moment of eoneeption in humans. It has long 
been aistomary to compute the age, whether in a normal birth or an 
abortion, from the first day of the last menstmal period of the mother 
but, as ovulation usually occurs near the fourteenth day of a menstmal 
eyele, this 'menstmal age' is an overestimate of about 2 weeks. Where a 
single coitus ean be held to be responsible for eoneeption, a 'eoital age' 
ean be established, and the 'fertilization age' eannot be much less than 
this because of the limited viability of both gametes. It is usually held 
that the differenee may be several days, which is a highly signifieant 
interval in the earlier stages of embryonie development. Even if the 
time of ovulation and coitus were known in instanees of spontaneous 
abortion, not only would some uncertainty still persist with regard to 
the time of fertilization, but also there would remain an indefinable 
period between the eessation of development and the actual reeovery 
of the conceptus. 

To overeome these diffiailties, early embryos have been graded or 
elassified into developmental stages or 'horizons', on the basis of both 
internal and external features. The study of the Carnegie eolleetion of 
embryos by Streeter (1942, 1945, 1948), and the eontimiation of this 
work by O'Rahilly and Míiller (1987 , provided, and continues to 
provide, a sound foundation for embryonie study and a means of eom- 
paring stages of human development with those of the animals rou- 
tinely used for experimental study, namely: the ehiek, mouse and rat. 
Reeent use of ultrasound for the examination of human embryos and 
fetuses in utero has eonfirmed much of the staging data. 

The development of a human from fertilization to birth is divided 
into two periods: embryonie and fetal. The embryonie period has been 
defined by Streeter as 8weeks post fertilization, or 56days. This time- 
seale is divided into 23 Carnegie stages, a term introduced by O'Rahilly 
and Míiller (1987) to replaee developmental 'horizons'. The designation 
of stage is based on external and internal morphologieal eriteria and 
not on length or age. 

Embryonie staging 


Embryonie stages 1-10 are shown in detail in Figure 8.1. Estimations 
of embryonie length may be 1-5 mm less than equivalent in vivo esti- 
mates, refleeting the shrinkage caused by the fixation procedures that 
are inevitably used in embryologieal studies. O'Rahilly and Míiller 
(2000, 2010) have revised some of the ages that were previously assigned 
to early embryonie stages, pointing out that interembryonie variation 
may be greater than had been thought and that, consequently, some 
ages may have been underestimated. They note that, as a guide, the age 
of an embryo ean reasonably be estimated from the embryonie length 
within the range 3-30 mm, by adding 29 to the length. Correlating the 
age of any stage of development to an approximate day may be unreli- 
able, and a generalization using the number of weeks of development 
might now be more appropriate. 

The stages of development eneompass all aspeets of internal and 
external morphogenetie ehange that occur within the embryo within 
the duration of the stage. They are used to eonvey a snapshot of the 
status of the development of all body systems within a particular time- 
frame. Figure 14.1 shows the external appearanee of embryos from 
stage 6 to stage 23, with details of their size and age in days. The eorrel- 
ation of external appearanee of the embryo with internal development 
is shown in Figure 14.2. 

Obvious external features provide some guidance to the ehanges 
occurring within embryos during successive stages. Somite number is 


related to early embryonie stages, and onee the number of somites is 
too great to count with aeoiraey, the degree of development of the 
pharyngeal arehes is often used. External staging beeomes more obvious 
when the limb buds appear. The upper limb bud is elearly visible at 
stage 13 and, by stage 16, the acquisition of a distal paddle on the upper 
limb bud is eharaeteristie. At stage 18, the lower limb bud now has a 
distal paddle, whereas the upper limb bud has digit rays that are begin- 
ning to separate. By stage 23, the embryo has a head that is almost ereet 
and rounded, and eyelids are beginning to form. The limbs look far 
more in proportion and fingers and toes are separate. At this stage, the 
external genitalia are well developed, although they may not be suffi- 
eiently developed for the aeoirate determination of the sex. 

Historieally, the onset of bone marrow formation in the humerus 
was used by Streeter to indieate the end of the embryonie and the begin- 
ning of the fetal period of prenatal life. The fetal period occupies the 
remainder of intrauterine life; growth is accentuated, although differ- 
entiative proeesses eontimie up to and beyond birth. Overall, the fetus 
inereases in length from 30 mm to 500 mm, and inereases in weight 
from 2-3 g to more than 3000 g. 

Fetal staging 


Currently, there is no satisfaetory system of morphologieal staging of 
the fetal period of development, and the terminology used to deseribe 
this time period refleets this eonfhsion. The terms 'gestation', 'gesta- 
tional age' and 'gestational weeks' are eonsidered ambiguous by 
O'Rahilly and Miiller (2000 , who reeommend that they should be 
avoided. However, they are widely used colloquially within obstetrie 
praetiee. Staging of fetal development and growth is based on an esti- 
mate of the duration of a pregnaney. Whereas development of a human 
from fertilization to full term averages 266 days, or 9.5lunar months 
(28day units), the start of pregnaney is traditionally determined elini- 
eally by counting days from the last menstmal period; estimated in this 
manner, pregnaney averages 280days, or 10lunar months (40weeks). 
Figure 14.3 shows the embryonie timeseale used in all deseriptions of 
embryonie development and the obstetrie timeseale used to gauge the 
stage of pregnaney. 

The predieted date of full term and delivery is revised after routine 
ultrasound examination of the fetus. Early ultrasound estimation of 
gestation inereases the rate of reported preterm delivery (delivery at 
<37weeks) eompared with estimation based on the date of the last 
menstmal period (Yang et al 2002), possibly because delayed ovulation 
is more frequent than early ovulation; the predieted age of a fetus esti- 
mated from the date of the last menstmal period may differ by more 
than 2 weeks from estimates of postfertilization days. 

Obstetrie staging 


In obstetrie praetiee, the duration of the period of gestation is regarded 
as 9 ealendar months, which is approximately 270days. The period of 
pregnaney is divided into thirds, termed trimesters. The first and seeond 
trimesters eaeh eover a period of 12 weeks, and the third trimester eovers 
the period from 24weeks to delivery. Although the expected date of 
delivery is computed at 40weeks of pregnaney, the term of the preg- 
naney, i.e. its eompletion resulting in delivery, is eonsidered normal 
between 37 and 42 weeks. Neonates delivered before 37weeks are ealled 
preterm (or premature); those delivered after 42weeks are post-term. 
The period from the end of week 24 and up to 7 days after birth is 
termed the perinatal period. Fetuses that are delivered and die before 
24 weeks are eonsidered to be misearriages of pregnaney, although teeh- 
nologieal advanees in neonatal eare ean now assist the delivery and 
support of infants younger than 24weeks. Infants born after 24weeks 
of pregnaney who subsequently die are elassed as stillborn and eontrib- 
ute to the statisties of perinatal mortality. Studies that discuss fetal 
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Fig. 14.1 The external appearanee and size of embryos betvveen stages 6 and 23. Early in development, external features are used to deseribe the 
stage, e.g. somites, pharyngeal arehes or limb buds. (Adapted with permission from Rodeek CH, VVhittle MJ 1999 Fetal Medieine. London: Churchill 
Livingstone.) 


development and the gestational age of neonates, particularly those 
born before 40weeks' gestation, use the obstetrie estimated stages and 
age (menstmal age), unless they speeifieally eorreet for this. If a fetal 
ageing system is used, it is important to remember that the age of the 
fetus may be 2 weeks more than a eomparable fetus that has been aged 
from postovulatory days. 

llltrasoimd staging 


The difficulty of eorrelating the appearanee of a ehorionie sae, embryo 
or fetus on an ultrasound sean with age during the first trimester is 
related to the speeifieity of reporting the age. An age reported as within 
a week of pregnaney e.g. week 12, will eover a period of 6 days (12 weeks 
Odays up to 12weeks 6days). Therefore, it is reeommended that sono- 
graphie estimation of age should be given as menstmal weeks and days 
(i.e. 12weeks indieates 12weeks Odays) (Galan et al 2008). 

An early ultrasound sean will deteet implanta- 
tion and viability of the embryo onee a heart beat is deteeted, eonfirm 
multiple pregnaney and estimate the date of delivery. Cardiac aetivity 
ean be identified by the sixth menstmal week (Galan et al 2008). Crown- 
mmp length measurement is the most accurate predietor of menstmal 
age of the embryo during the first trimester (Galan et al 2008). Nuchal 
translucency is measured between 10 and 14weeks to diagnose trisomy 
21. The development of three-dimensional ultrasound seanning has 
enabled early deteetion of many anomalies previously diagnosed in the 
seeond trimester, including aneneephaly, hydrocephalus and eneepha- 
loeele (Pretorius etal 2014). Normograms of fetal spine growth have 
been eonstmeted for a Taiwan population, which show mean spine 
length inereasing linearly between 11 and 14weeks (Cheng etal 2010). 
The study also noted a tendeney for spinal extension as early as 11 weeks. 

Routine seanning at 18-20 weeks (obstetrie 
staging) is used to eonfirm the delivery date, and assess not only the 
position of the plaeenta but also the presenee of fetal anomalies that 
would require speeial intervention following delivery, such as eardiae 


defeets, lung immaturity, renal agenesis, polyhydramnios and defeets of 
the anterior abdominal wall (gastrosehisis and exomphalos). Estima- 
tions are made of the following: biparietal skull diameter, taken through 
a plane of seetion that traverses the third ventriele and thalami; head 
circumference through a plane that traverses the third ventriele and 
thalami plus the cavum septi pellucidi anteriorly and the tentorial 
hiatus posteriorly; abdominal circumference through a plane where the 
transverse diameter of the liver is greatest, the appearanee of the lower 
ribs is symmetrieal and the junction of the left and right portal veins is 
identified; and femoral length, which measures the ossified portions of 
the diaphysis and metaphysis (Fig. 14.4). 

Between 15 and 28weeks, the biparietal diameter is the most accu- 
rate index of fetal menstmal age and the expected date of delivery. Other 
measurements that may also be taken include transverse eerebellar 
diameter and foot length. The amount and type of fetal movement, 
breathing movements and viseeral fimetions, exemplified by bladder 
emptying, peristaltie aetion and eolonie eehogenieity, are noted. Three- 
and four-dimensional ultrasound seans are now routinely eonstmeted 
(Video 14.1). 

Gender ean be identified later in development but this information 
is not always routinely passed on to parents. 

Constmctions of ultrasound biometry eharts for fetal aging now take 
into account the ethnie population under eonsideration; it is reeom- 
mended that loeally developed eharts speeifie to the population should 
be used. The use of these eharts means that faetors that may influence 
fetal biometry, including maternal age and mitritional status, maternal 
height, weight, parity and smoking habits, are noted, faeilitating accu- 
rate predietion of small-for-date and growth-retarded fetuses. The World 
Health Organization (WHO) has published a protoeol for the eollee- 
tion of data for a multicentre study of fetal growth (Merialdi et al 2014). 
INTERGROWTH-21 st, an international, multicentre projeet, also aims 
to standardize protoeols for eolleeting anthropometrie measurements 
and eonstmeting eharts deseribing optimal fetal and preterm postnatal 
growth (Sarris et al 2013, Uauy et al 2013). 

An outcome of routine ultrasound examination of embryos and 
fetuses for anomalies may be a ehange to the perinatal management, 
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Fig. 14.2 A timetable of development of the body systems. The development of individual systems ean be seen progressing from left to right. Embryonie 
stages and vveeks of development are shovvn. Embryonie stages are assoeiated with external and internal morphologieal features rather than embryonie 
length. To identify the systems and organs at risk at any time of development, follow a vertieal progression from top to bottom. 
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Fig. 14.3 The two timeseales used to depiet human development. Embryonie development, in the upper seale, is counted from fertilization (or from 
ovulation, i.e. in postovulatory days; see O’Rahilly and Muller (1987)). Throughout this book, times given for development are based on this seale. The 
elinieal estimation of pregnaney is counted from the last menstmal period and is shown on the lower seale; throughout this book, fetal ages relating to 
neonatal anatomy and growth will have been derived from the lower seale. Note that there is a 2-week diserepaney between these seales. The perinatal 
period is very long because it includes all preterm deliveries. 
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Ultrasound planes examined in 20-week sean 


Transventricular (B) 



Transeerebellar (D) 



Heart - three-vessel view (E) 



Heart - four-chamber view (F) 



Cord insertion (H) 



Nuchal translucency (A) 


Longitudinal spine (A) 


Aortieareh (A) 





A 



Bladder(l) 



20-week sean biometry for 
delivery date estimation 

Transthalamie - biparietal diameter (C) 



Transthalamie - head circumference (C) 



Abdominal circumference (G) 



Femur length (J) 



Fig. 14.4 Ultrasound planes examined in a routine seeond-trimester antenatal sean (left) and measurements taken to prediet the estimated date of 
delivery (right). The top three images are in the sagittal plane (A). The other planes are transverse, apart from J, vvhieh is longitudinal. Abbreviations: 
Ao, aorta; DA, ductus arteriosus; DV, ductus venosus; LA, left atrium; LPV, left portal vein; LV, left ventriele; PA, pulmonary artery; RA, right atrium; 
RPV, right portal vein; RV, right ventriele; SVC, superior vena eava. 
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Grovvth in utero 


i.e. to the time, method and plaee of delivery of the fetus, or the parents 
may ehoose to terminate the pregnaney to minimize eoneerns about 
fetal and neonatal suffering and long-term disability. Termination may 
be ehosen for severe, untreatable inherited metabolie disorders (e.g. 
Tay-Saehs disease), severe ehromosomal anomalies (e.g. trisomy 13), 
lethal bone dysplasias, lethal anomalies such as aneneephaly and other 
extreme neurological defeets, and bilateral renal agenesis (Cass 2011). 
Improvements in prenatal sereening and diagnosis have led to an 
overall inerease in the prevalenee of reported birth defeets and overall 
lower perinatal mortality rates, refleeting inereased early terminations 
of pregnaney (Cass 2011). 

Magnetie resonanee imaging 


Advanees in prenatal ultrafast magnetie resonanee imaging (MRI) now 
provide fhrther ways to deteet fetal anomalies, capturing particularly 
elear images (Sepulveda et al 2012) (Fig. 14.5). MRI is eonsidered a 
useful adjunct to ultrasound imaging at 20-22 weeks because it enables 
better management planning for known or suspected anomalies (Reddy 
et al 2014). 

Fetal development 


Although accurate morphologieal stages are not available for the fetal 
period, the developmental progression is broadly elear. During the 
fourth and fifth months, the fetus has a head and upper limbs that are 



Bowel 


Llmbilieal eord 


Fig. 14.5 MRI seans of fetal anomalies. A, Polyhydramnios may arise as 
a result of oesophageal eompression, impaired swallowing and laek of 
absorption of amniotie fluid from the gut. B, Gastrosehisis with loops of 
bowel in the extracellular eoelom (ehorionie eavity) and normal insertion 
of the umbilical eord. (With permission from Sepulveda W, Ximenes R, 
Wong AE, et al 2012 Fetal magnetie resonanee imaging and three- 
dimensional ultrasound in elinieal praetiee: Applieations in prenatal 
diagnosis. Best Praet Res Clin Obstet Gynaeeol 26:593-624.) 


still disproportionately large. (Although the rates of growth of the tmnk 
and lower limbs inerease during the remainder of intrauterine life, the 
disproportion is present after birth and, to a diminishing degree, is 
retained throughout ehildhood and on into the years of puberty.) A 
eovering of primary hair, lanugo, appears. Towards the end of this 
period, sebaceous glands beeome aetive; the sebum that is seereted 
blends with desquamated epidermal eells to form a eheesy eovering 
over the skin, the vernix easeosa, which is usually eonsidered to proteet 
the skin from maeeration by the amniotie fhiid. At about this time, the 
mother beeomes conscious of fetal movement, formerly termed 
'dniekening'. 

In the sixth month, the lanugo darkens, the vernix easeosa is more 
abundant and the skin beeomes markedly wrinkled. The eyelids and 
eyebrows are now well developed. During the seventh month, the hair 
of the sealp is lengthening and the eyebrow hairs and the eyelashes are 
well developed. The eyelids themselves separate and the pupillary mem- 
brane disappears. The body beeomes more plump and rounded in 
contour and the skin loses its wrinkled appearanee as a result of the 
inereased deposition of subcutaneous fat. Fetal length has inereased to 
approximately 350 mm and weight to about 1.5 kg. Towards the end 
of this month, the fetus is viable; if born prematurely, it may be able 
to survive without the teehnologieal assistanee found in neonatal inten- 
sive eare units and its postnatal development ean proeeed normally. 

Throughout the remaining lunar months of normal gestation, the 
eovering of vernix easeosa is prominent. There is a progressive loss of 
lanugo, except for the hairs on the eyelids, eyebrows and sealp. The 
bodily shape beeomes more infantile but, despite some aeeeleration in 
their growth, the legs have not quite equalled the arms in length pro- 
portionately, even at the time of birth. The thorax broadens relative to 
the head, and the infra-umbilical abdominal wall shows a relative 
inerease in area, so that the umbilicus gradually beeomes more eentrally 
situated. Average lengths and weights for the eighth, ninth and tenth 
months are 40, 45 and 50 em and 2, 2.5 and 3-3.5 kg, respeetively. The 
rate of fetal growth slows from 36 to 40weeks in response to the physi- 
eal limitation imposed by the maternal uterus. Birth weight thus refleets 
the maternal environment more than the genotype of the ehild. This 
slowing of the growth rate enables a genetieally larger ehild developing 
within a small mother to be delivered successfully. After birth, the 
growth rate of the neonate inereases; the rate of weight gain reaehes a 
peak some 2 months postnatally. 

Just before birth, the lanugo almost disappears and the umbilicus is 
eentral. The testes, which begin to deseend with the processus vaginalis 
of peritoneum during the seventh month and are approaehing the 
scrotum in the ninth month, are usually serotal in position. The ovaries 
are not yet in their final position at birth; although they have attained 
their final relationship to the uterine folds, they are still above the level 
of the pelvie brim. 


Fetal siirgery 



The use of routine ultrasound examination and MRI of fetuses has led 
to the development of a number of prenatal surgical interventions: e.g. 
to eorreet plaeental or membrane anomalies resulting in twin-to-twin 
transfhsion and the production of amniotie bands (Deprest et al 2014); 
or to offer improved outcomes for meningomyeloeele on the basis that 
the neural tissue may beeome seeondarily damaged due to exposure to 
amniotie fluid and meehanieal traumatic injury during gestation 
(Adziek 2013, Danzer and Johnson 2014, Cohen et al 2014). 


GR0WTH IN UTER0 



Alterations in the availability of nutrients to the fetus at particular stages 
of pregnaney elieit adaptive responses by the fetus. These may ensure 
fetal eoping but may also result in pathology in adult life; the nutri- 
tional status of pregnant females is therefore of fimdamental impor- 
tanee for the health of the next generation. llnder- or overnutrition 
during fetal life may lead to metabolie ehanges in ehildhood, adoles- 
eenee and adulthood, and pass to successive generations. Poor nutrition 
at eritieal stages of fetal life permanently alters the normal developmen- 
tal pattern of a range of organs and tissues, e.g. the endoerine panereas, 
liver and blood vessels, resulting in their pathologieal responses to 
eertain eonditions in later adult life (Barker et al 1993, Catalano and 
Hauguel-De Mouzon 2011). Maternal hyperglyeaemia leads to ehanges 
in fetal metabolism and pathology in the ehild and adult (Pedersen 
1952). 

An inerease in plaeental size occurs in pregnaney as an adaptive 
response to both high altitude and mild undernutrition, partioilarly 209 
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Pre- and postnatal development 


Other eonditions have also been treated prenatally with limited 
improvement in mortality. Thus, eongenital diaphragmatie hernia may 
be treated by percutaneous fetoseopie endoluminal traeheal occlusion 
from 25 to 33 weeks' gestation to prevent loss of lung fluid and enhanee 
lung growth (Deprest et al 2004). Fetal airway pateney has also been 
preserved during birth through perinatal ex utero intrapartum (EXIT) 
treatment, where a portion of the fetus is delivered through a hysteree- 
tomy ineision for surgery while the fetus remains attaehed to the utero- 
plaeental circulation. After the airway procedure is eompleted, the fetus 
is eompletely delivered (Deprest et al 2014). 
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during mid-pregnaney. However, although a larger plaeenta may be 
better able to deliver the fiill nutritional requirements of the fetus, the 
perfiision of a larger plaeenta is not without problems. It may produce 
ehanges in fetal blood flow and plaeental enzymes, and in the normal 
structure of the fetal vessel wall or of its responses to circulating 
trophins, e.g. eateeholamines or angiotensin II, which will continue 
into adult life. Undernutrition in later pregnaney does not produce the 
same sequelae and plaeental enlargement does not occur. However, fetal 
growth slows and fetal wasting may occur as oxygen, glucose and amino 
aeids are redistributed to the plaeenta to maintain its fhnetion. 

Transition to extrauterine life 


The type of birth eonfers developmental outcomes on the neonate that 
affeet its subsequent growth. Caesarean seetion for preterm delivery 
appears not to be assoeiated with improved neonatal outcomes but is 
assoeiated with inereased risk of respiratory distress syndrome due to 
slower postnatal movement of fluid out of the lungs (Werner et al 2012, 
Bhatta and Keriakos 2011, Bellini et al 2006). The dramatie rise of this 
delivery method is not neeessarily driven by improved neonatal out- 
eomes because eaesarean seetion has been shown to inerease the odds 
of developing asthma and type 1 diabetes in later life by 20%. Meta- 
analyses indieate that the endoerine milieu during eaesarean seetion 
may lead to epigenetie effeets on hepatie and metabolie fhnetion and 
so affeet immune fhnetion in adult life, leading, in some instanees, to 
food allergy and obesity (Steer and Modi 2009, Hyde and Modi 2012, 
Song et al 2013). 

Prior to birth, the gut is exposed to hundreds of proteins, metabo- 
lites and eytokines that are swallowed in amniotie fluid; there is some 
evidenee for the presenee of baeterial speeies in amniotie fluid prior 
to delivery. Establishment of the gut mierobiota by exposure to mater- 
nal vaginal and eolonie baeteria during vaginal delivery leads to normal 
maturation of the gut wall. Gut eolonization in preterm infants is 
delayed (Cilieborg et al 2012). Infants born via eaesarean seetion may 
have primary gut flora disturbance for up to 6 months after birth and 
assoeiated delay in postnatal immune development (Neu and Rushing 
2011, Neu and Mai 2012, Matamoros et al 2013). 

The establishment of enteral feeding has profound effeets on early 
postnatal maturation. Human breast milk eontains many bioaetive sub- 
stanees that enhanee gut maturity. It improves gastrie emptying, encour- 
ages the growth of the mierobiotome and eontains a range of proteins, 
including large amounts of seeretory immunoglobulin A and eytokines 
(e.g. interleukin (IL)-10) (Jakaitis and Denning 2014). Feeding preterm 
infants human milk is assoeiated with less feeding intoleranee and is 
thought to provide proteetion against diabetes and obesity in later life 
(Valentine and Morrow 2012). The rate of growth of infants fed breast 
milk for the first 6months of postnatal life is different to that of 
formula-fed infants. Delivery of low-weight preterm babies, followed 
by parenteral feeding with no enteral nutrition, dismpts normal gut 
maturation and may lead to neerotizing enteroeolitis (Wynn and Neu 
2012). However, a balanee with the gut mierobiome is neeessary; 
although fhll-term neonates born in tropieal countries have similar 
villous height to those born in temperate elimates, villous length in the 
small intestine shortens within 2-12months of birth as a consequence 
of tropieal enteropathy (Ramakrishna et al 2006). 

The time of transition to extrauterine life is permanently reeorded 
in the primary teeth and ean be reliably demonstrated in forensie 
dental identifieation. The eireadian growth rhythm of dentine and 
enamel deposition in tooth germs is temporarily bloeked by the meta- 
bolie stress of delivery; the resultant ehange in enamel prism deposi- 
tion is seen as a neonatal line or ring that ean be deteeted in all 
deciduous teeth and permanent first molar teeth of live births. The 
thiekness of the line is related to birth diffiailties, being thinner in 
eaesarean seetion and thieker in vaginal delivery (Sabel et al 2008, 
Canturk et al 2014). 

NE0NATE 

The neonatal period extends from birth to 28days postnatally; it is 
divided into an early neonatal period from birth to 7 days, and a late 
neonatal period from 7 to 28 days. Teehnologieal advanees have enabled 
successful management of preterm infants, many at ages that were 
eonsidered non-viable a deeade or two previously. Maturational pro- 
eesses involving loeal interaetions and pattern formation still drive 
development at loeal and body-system levels in preterm infants. The 
sudden release of such fetuses into a gaseous environment of varying 
temperature, with full gravity and a range of mieroorganisms, promotes 


the rapid maturation of some systems and the eompensatory growth of 
others (in terms of responses to the effeet of gravity or enteral feeding 
or exposure to mieroorganisms). 

Details of the relative positions of the viseera and the skeleton in a 
fiill-term neonate are shown in Figures 14.6-14.8. The newborn infant 
is not a miniature adult, and extremely preterm infants are not the same 
as fiill-term infants. There are immense differenees in the relations of 
some structures between the fiill-term neonate, ehild and adult, and 
there are also major differenees between the 20-week-gestation fetus 
and the 40-week fetus, just before birth. The study of fetal anatomy at 
20, 25, 30 and 35weeks is vital for the investigative and life-saving 
procedures earried out on preterm infants today. 

Neonatal measiirements and period 
of time in utero 


The tenth to ninetieth eentile ranges for length of fiill-term neonates 
are 48-53 em (Fig. 14.9A). Length of the newborn is measured from 
crown to heel. In utero, length has been estimated either from crown- 
mmp length, i.e. the greatest distanee between the vertex of the skull 
and the isehial tuberosities, with the fetus in the natural curved posi- 
tion, or from the greatest length exclusive of the lower limbs. Greatest 
length is independent of fixed points and thus much simpler to measure; 
it is generally taken to be the sitting height in postnatal life, and is the 
measurement reeommended by O'Rahilly and Mfiller (2000) as the 
standard in ultrasound examination. 

At birth, weight refleets the maternal environment, the number of 
conceptuses, the sex of the baby and the parity of the mother. Generally, 
ffill-term female babies are lighter than ffill-term males, twins are lighter 
than singletons, and later ehildren tend to be heavier than the first-born. 
The tenth to ninetieth eentile ranges for the weight of a ffill-term infant 
at parturition are 2700-3800 g (Fig. 14.9B), the average being 3400 g; 
75-80% of this weight is body water and a fiirther 15-28% is eomposed 
of adipose tissue. 

Birth weight is noted against eharts appropriate for ethnieity and 
eategorized as low, normal and high. Low birth weight has been defined 
as less than 2500 g, very low birth weight as less than 1500 g, and 
extremely low birth weight as less than 1000 g. Infants may weigh less 
than 2500 g but not be premature by gestational age. Measurement of 
the range of weights that fetuses may attain before birth has led to the 
production of weight eharts, which allow babies to be deseribed aeeord- 
ing to how appropriate their birth weight is for their gestational age, 
e.g. small for gestational age, appropriate for gestational age or large for 
gestational age (Fig. 14.10). Small-for-gestational-age infants, also 
termed 'small-for-dates', are often the outcome of intrauterine growth 
retardation. 

For both premature and growth-retarded infants, an assessment of 
gestational age, which eorrelates elosely with the stage of maturity, is 
desirable. Gestational age at birth is predieted by its proximity to the 
estimated date of delivery and the results of ultrasonographic examin- 
ations during pregnaney. It is currently assessed in the neonate by evalu- 
ation of a number of external physieal and neuromuscular signs. Seoring 
of these signs results in a cumulative seore of maturity that is usually 
within ±2 weeks of the tme age of the infant. The seoring seheme has 
been devised and improved over many years. 

Estimation of large-for-dates infants is based on assessment of fetal 
weight through ultrasound evaluation and some biometrieal indiees. 
Assessment of anterior abdominal wall width is thought to prediet 
large-for-gestational-age babies (Walsh and McAuliffe 2012). Fetal mae- 
rosomia is defined as an absolute birth weight greater than 4000 g, 
4500 g or 5000 g, or as a aistomized birth weight eentile greater than 
the ninetieth, ninety-fifth or ninety-seventh eentile for the infant's gesta- 
tion age (Walsh and McAuliffe 2012, Schwartz et al 2014). The preeise 
definition may not neeessarily be helpffil, as some at-risk infants, not 
identified as large for dates from growth curve eharts, might go unrec- 
ognized (Larma and Landon 2011). There is a eorrelation between 
maerosomia and short maternal stature; maerosomie fetuses are at risk 
of shoulder dystoeia and braehial plexus injuries during vaginal 
delivery. 


GR0WTH IN INFAN0Y AND CHILDH00D 


After birth, there is a general deerease in the total body water but a rela- 
tive inerease in intracellular fluid. Normally, the newborn loses about 
10% of its birth weight by 3-4 days postnatally because of loss of excess 
extracellular fluid. By 1 year, total body water makes up 60% of the body 
weight. 
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Pre- and postnatal development 


Animal studies have verified that maternal starvation during preg- 
naney deereases fetal intrauterine growth faetor (IGF)-I eoneentrations 
and, together with a general hypoglyeaemia, impairs the development 
of the fetal (3 eells of the panereas. Moreover, fetal undernutrition 
induces insulin resistanee in the tissues. The coexistence of insulin 
resistanee and impaired (3-eell development in the fetus appears to be 
important in the pathogenesis of type 2 diabetes. The risk of developing 
this type of diabetes is greatest in those individuals with low weight at 
birth and at 1 year, and who beeome obese as adults, thus ehallenging 
an already impaired glucose-insulin metabolism. Fetal IGF-I eoneentra- 
tions are also lower in infants who are short at birth as a result of a 
long period of maternal undernutrition; these individuals have an exag- 
gerated response to growth hormone-releasing faetor, which, together 
with low IGF-I eoneentrations, suggests a degree of growth hormone 
resistanee. 

It is now thought that the balanee of hormonal environment in 
intrauterine and early postnatal life is neeessary for future adult health. 
The presenee of altered eoneentrations of hormones during eritieal 
periods of development may aet as endogenous fimetional teratogens 

(Plagemann 2004). 

Different birth phenotypes have been eorrelated with different path- 
ologieal sequelae. Infants who are thin at birth, with a low ponderal 
index (weight/length 3 ), tend to develop a eombination of insulin resist- 
anee, hypertension, type 2 diabetes and lipid disorders, whereas those 
who are short in relation to head size tend to develop hypertension and 
high plasma fibrinogen eoneentrations. These assoeiations have been 
reported in babies born small for dates, rather than in those born pre- 
maturely. Some babies of average weight also develop cardiovascular 
pathology; they are either thin at birth and small in relation to the size 
of their plaeenta, or of average weight but short in relation to head size 
and have below average weight gain during the first year (Barker et al 
1993). For more reeent views on this eoneept, the reader is direeted to 
consult Godfrey and Barker (2000), Ross and Beal (2008), and Kel- 
ishadi and Poursafa (2014). 

Obesity has beeome inereasingly prevalent sinee the end of the 
twentieth century, leading to an inerease in type 2 diabetes, hyperten- 
sion, hyperlipidaemia, atheroselerosis and inflammation in later life. In 
pregnaney, an observed deerease in insulin sensitivity as pregnaney 
advanees leads to inereased nutrient transfer to the fetus. In response, 
the fetus inereases insulin seeretion, stimulates IGF-I production, and 
fetal growth and fat deposition are promoted (Vraehnis et al 2012). 
Obese females start their pregnaney with greater insulin resistanee than 
females of normal weight, which means that their fetuses produce more 
IGF-I and continue to grow. The risk of fetal maerosomia is three times 
higher in females with poorly eontrolled gestational diabetes because 
their inereased weight refleets fat mass rather than lean body mass 
(Catalano and Hauguel-De Mouzon 2011). Adiposity at birth is related 
to obesity and metabolie dysfimetion in ehildhood, which may be 
perpetuated through adulthood in an ongoing eyele through the genera- 
tions (Catalano and Hauguel-De Mouzon 2011, Poston 2012). A range 
of risk faetors for pre-, peri- and postnatal issues in maternal obesity is 
given in McGuire et al (2010). 
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From eranial to caudal, the follovving structures are indieated 


From eranial to caudal, the follovving structures are indieated 


From eranial to caudal, the follovving structures are indieated 




m 







Superior sagittal sinus 
Brain 

Thyroid gland 

Thymus 

Liver 


Gallbladder 


Spleen 

Panereas 


Blood vessels 







Larynx and traehea 
Gastrointestinal traet 


Panereas 


Llrinary bladder 
Prostate gland 





□ 


Maxillae and mandible 
Costal eartilages 
Lungs 

Suprarenal glands 

Lobulated kidneys 

Llreter passing to the posterior 
surface of the urinary bladder 

Right uterine tube, 
uterus and vagina 

Left testis and vas deferens 


Oxygenated blood (red) is returned to the fetal heart via the 
umbilical vein, vvhieh passes from the umbilicus to the liver. 
The right atrium eontains oxygenated blood, vvhieh mainly 
passes to the left atrium. The right ventriele reeeives some 
oxygenated blood from this flovv and also the deoxygenated 
blood from the head and neek. Blood is returned to the 
plaeenta via tvvo umbilical arteries. 


Note that the apex of the bladder continues as the urachus 
to the umbilicus. 


Note that the lovver border of the lung is belovv the eentral, 
upper border of the liver. 

Note that the suprarenal glands are relatively large and 
superomedial to the lobulated kidneys. 


Fig. 14.6 A-C, Topographieal representations of the anatomy of a fiill-term neonate. The siirfaee markings of all organs are shovvn, with some coloured 
and others only in outline. The female genital traet is shown on the right of the body, and the male traet is shown on the left. 
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From eranial to caudal, the follovving structures are indieated: 


Superior sagittal sinus 



Maxillae and mandible 


Thyroid gland 




Somatopleuric mesenehyme 






Thymus 

Sternum 


Heart 


Gastrointestinal traet 


Viseeral peritoneum 
Llrinary bladder and urethra 
Uterus and vagina 


Fig. 14.8 The extent of the ossified skeleton in a full-term neonate. Note 
the derivation of the parts of the skeleton: the skull is derived from 
paraxial mesenehyme and neural erest mesenehyme; the axial skeleton, 
vertebrae and ribs are derived from paraxial mesenehyme; and the 
skeletal elements in the limbs are derived from somatopleuric 
mesenehyme, vvhieh forms the limb buds. 


Fig. 14.7 A topographieal representation of the anatomy of a full-term 
female neonate. The cut surfaces of the organs are the same colours as 

in Figure 14.6. 
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Fig. 14.9 Standardized graphs of (A) fetal length and (B) vveight from 24weeks of pregnaney, showing the tenth, fiftieth and ninetieth eentiles. 



Fig. 14.10 lntrauterine growth status and its appropriateness for 
gestational age. Gestational age is more elosely related to maturity than 
birth weight. The mortality for the weight ranges is indieated. 


Growth rates of infants born prematurely differ from those born 
naturally at term. Normally fetuses grow rapidly between 20 and 
40weeks. Optimum growth of premature infants is eonsidered to be 
equivalent to intrauterine rates. However, whereas, in utero, fetuses show 
a slowing growth veloeity before term, preterm infants show linear 
growth. Growth eharts for preterm infants have been eonstmeted 
(Fenton and Kim 2013). The INTERGROWTH-21st projeet is eolleeting 
data for preterm growth (see above). 


Growth has always been regarded as a regular proeess. The rates of 
prenatal and postnatal growth ean be indieated by inerements in body 
length or weight, which, when plotted, form a growth curve (see Fig. 
14.9). Growth curves ean be plotted for individuals if accurate measure- 
ments are taken, preferably by the same person, for the entire period 
of gmvvth, i.e. a longitudinal study. An alternative method is to eolleet 
a series of averages for eaeh year of age obtained from different indi- 
viduals, i.e. a eross-seetional study. Cross-sectional studies are valuable 
for the eonstmetion of standards for height and weight attained by 
healthy ehildren at speeifie ages, and ean establish eentile limits of 
normal growth, but they eannot reveal individual differenees in either 
the rate of growth or the timing of particular phases of growth. 

The data from longitudinal and eross-seetional studies ean also be 
used to plot the inerements in height or weight from one age to the 
next. This produces a veloeity curve, which refleets a ehild's state at any 
partioilar time much better than the growth curve, in which eaeh point 
is dependent on the preeeding one. The oldest published longitudinal 
study still of great value today was made by Count Philibert de Mont- 
beillard on his son (Fig. 14.11). It shows that the veloeity of growth in 
height deereases from birth onwards, and that a marked aeeeleration of 
growth, the adoleseent growth spurt, occurs from 13 to 15years (see 
below; see Fig. 14.14). 

Cross-sectional data permit eomparison of prenatal and postnatal 
growth. Childhood growth eharts are used to prediet normal ehildhood 
development. The veloeity curve for the prenatal and postnatal period 
(Fig. 14.12) shows that the peak veloeity for length is reaehed at about 
4months (note that these prenatal eharts use the obstetrie measure- 
ments of gestational time, in which fetal age is estimated from the last 
menstmal period, 2weeks before fertilization). Growth in weight 
usually reaehes its peak veloeity after birth. 

Tanner (in Harrison et al (1964)) noted that the more earefhlly 
measurements are taken, the more regular is the succession of points 
on a growth curve. However, a longitudinal study of growth measured 
weekly, semi-weekly and daily reeorded that growth in length and head 
circumference occurred by saltatory inerements, with a mean amplitude 
of 1.01 em for length (Lampl 2002); growth stasis, steep ehanges in 
growth and ineremental growth have all been reeorded in infaney, ehild- 
hood and adoleseenee (Caino et al 2006). 

Charts of height and weight eorrelated to age are eompiled from 
extensive eross-seetional growth studies. Such eharts show the mean 
height or weight attained at eaeh age, termed the fiftieth eentile, and 
also the eentile lines for the seventy-fifth, ninetieth and ninety-seventh 
eentiles, in addition to the twenty-fifth, ninth and seeond eentiles. The 
data shown in Figure 14.13 are derived from Hnited Kingdom eross- 
seetional referenees. Any eomparison of an individual growth curve 


213 


CHAPTER 1 4 














































































































































































































































SEOTION 2 


PRE- AND POSTNATAL DEVELOPMENT 


214 




Fig. 14.11 A longitiidinal study of growth. A, The height of de Montbeillard’s son (1759-1777) from birth to 18years. B, A growth veloeity curve, plotting 
inerements in height from year to year. (After D’Arey Thompson, On Growth and Form, 1942, Oambridge Llniversity Press.) 



with these data must also take into account ethnieity and the nutritional 
and family history of that individual. 

Plotting the growth of ehildren on such eharts provides guidelines 
for the predietion of normal growth and indieates when investigation 
of possible growth anomalies should occur. Ohildren who grow in an 
environment that does not eonstrain their growth exhibit a pattern of 
growth that is mainly parallel to a particular eentile, a phenomenon 
that has been termed homeorhesis or eanalization (following the same 
imaginary 'eanal' on the growth ehart). After deviation from this eentile 
as a consequence of the adoleseent growth spurt, most ehildren return 
to the same eentile position in adnlthood, a finding that suggests that 
this pattern is genetieally determined within individuals (Oameron 
2002). For a eomprehensive account of all aspeets of postnatal growth, 
the reader is direeted to consult Human Groivth and Development 
(Oameron 2002). 

The WHO published growth eharts for birth to 5years and 5-19years 

(2006). The eharts were derived from ehildren eonsidered to be growing 
under optimal environmental eonditions: they were breastfed, raised in 
environments that minimized poor diets and infeetion, and had non- 
smoking mothers. Similar growth eharts have been published by WHO 
for speeified regions (Mansourian et al 2012). 


AD0LESCENT GR0WTH SPURT AND ADULT SIZE 


B 12 



Months 

Fig. 14.12 Cross-sectional data showing growth. A, Growth in length in 
the prenatal and early postnatal periods. B, The eorresponding veloeity 
curve for this period. (After D’Arey Thompson, On Growth and Form, 
1942, Cambridge Llniversity Press.) 


Growth eharts reveal that body length inereases from a neonatal range 
of 48-53 em to about 75 em during the first year after birth, and 
inereases by 12-13 em in the seeond year. Thereafter, 5-6 em is added 
eaeh year. In individual longitudinal grovvth curves, an inerease in the 
veloeity of growth occurs between 10.5 and llyears in girls, and 12.5 
and 13years in boys. This rapid inerease in growth is the adoleseent 
growth spurt (Fig. 14.14; see Fig. 14.13). In both sexes, it lasts for 
2-2.5years. Girls gain about 16 em in height during the spurt, with a 
peak veloeity at 12years of age. Boys gain about 20 em in height (mostly 
by growth of the trnnk), with a peak veloeity at 14years of age, during 
which time they may be growing at the rate of 10 em a year. 

Humans seem to be the only speeies to have a long quiescent interval 
between the rapid growth that takes plaee immediately after birth and 
the adoleseent growth spurt. This type of growth has been termed the 
Infancy/Childhood/Puberty (ICP) growth model (Stevens et al 2013). 
It has been suggested that the quiescent interval allows the brain to 
mature, and complex soeial learning to take plaee, before individuals 
pass through puberty and beeome sexually aetive. 

Apart from the expected ehange in growth veloeity that occurs during 
puberty, it is now apparent that taller ehild height is prospeetively 
assoeiated with elevated risk of obesity (Johnson et al 2012, Van Dom- 
melen 2014). Growth in height continues at a slower rate after the 
adoleseent growth spurt. Notieeable growth is said to stop at 18years 
in females and 20years in males; longitudinal studies have indieated 
an average figure of 16.25years (females) and 17.75years (males) with 
a normal variation of ±2years ( larrison et al 1964). After this time, any 
inerements that occur as a result of appositional growth at the eranial 
and caudal ends of the vertebral bodies and intervening intervertebral 





























Adoleseent grovvth spurt and adult size 
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Fig. 14.13 Standard grovvth eharts of British boys and girls shovving the ninetieth, fiftieth and tenth eentiles. (© Child Grovvth Foiindation.) 


dises are so small as to be difficult to measure. There is a loss of height 
after middle age. 

Development-related gene expression eorrelates with three phases of 
human growth (infaney/early ehildhood; childhood/puberty; final 
height); the expression of clusters of growth-related, evolutionarily eon- 
served genes varies in a development-dependent manner in human 
tissues (Stevens et al 2013). The outcomes of the Human Genome 
Projeet have been linked to anthropomorphie traits in meta-analyses of 
genome-wide assoeiation data that have identified genetie variants at 
hundreds of loei relevant to growth in pre-puberty, puberty and adult- 
hood, particularly those assoeiated with ehildhood and adult obesity 
(Genome-wide Investigation of ANThropometrie measures - GIANT). 
A genome-wide assoeiation study has shown genetie loei linking 


pubertal timing, height and growth with ehildhood obesity (Cousminer 

et al 2013). 

The phenomenal growth rates of adoleseenee are most obvious in 
the inerease in height. Weight gain is more variable. The birth weight 
is normally tripled by the end of the first year, and quadrupled by the 
end of the seeond year. Thereafter, weight inereases by 2.25-2.75 kg 
annually until the adoleseent growth spurt, when boys may add 20 kg 
to their weight and girls 16 kg. The peak veloeity for weight gain lags 
behind the peak veloeity for height by about 3 months. Body weight 
does not reaeh adult values until some time after adult height is 
attained. In reeent years, the global estimates of the nmnbers of adults 
who are overweight or obese in adult life has exceeded the numbers 
who do not have sufficient food (Maseie-Taylor and Goto 2007). 
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Fig. 14.14 Typieal individual veloeity curves for height: British boys and 
girls. (After Tanner JM, Whitehouse RH, Takaishi IM 1966 Standards from 
birth to maturity for height, weight, height veloeity and weight veloeity. 
Areh Dis Child 41:454-71, with permission from BMJ Publishing.) 
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Fig. 14.15 The duration of multiplicative growth for various human 
tissues. 
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Fig. 14.16 Allometrie growth in humans. The head is very large in proportion to the rest of the body during the embryonie period. After this time, the 
head grows more slowly than the torso and limbs and, by adulthood, the head is only one-eighth of the body length. 


INTEGRATION OF TYPES OF GR0WTH DURING 
DEVELOPMENT AND LIFE 


In the later prenatal months and in the postnatal period, the various 
types of growth occur in differing patterns. The extent of tissue growth 
in organs depends on the speeifie duration of multiplicative growth for 
the eell types (Fig. 14.15). Different eell populations eomplete their 
initial developmental proliferation and beeome differentiated at differ- 
ent times; the final stage of differentiation is usually the eessation of 
eell division. 

Growth of a body ean be deseribed in two ways: isometrie and allo- 
metrie. isometrie growth implies a progressive proportional inerease in 


all organs and systems with time; it does not occur in the developing 
embryo, which displays differential rates of growth. Allometrie growth 
deseribes the differenees in the relative rates of growth between one part 
of the body and another, and is most elearly seen in the ehanges in 
body proportion between fetuses, neonates, ehildren and adults. 
Between 6 and 7 weeks after fertilization, the head is nearly one-half of 
the total embryonie length. It subsequently grows proportionally more 
slowly and, at birth, it is one-quarter of the entire length. During ehild- 
hood, this pattern of growth eontimies with lengthening of the torso 
and limbs until, in adults, the head is one-eighth of the total length 
(Fig. 14.16). 

Growth of the liver, spleen, kidneys, skeletal and muscular tissues 
generally follows pre- and postnatal growth curves given for the 
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Fig. 14.17 Grovvth eiirves of different tissiies, regions of the body and 
systems. Note that the grovvth of lymphoid tissue, thymus, lymph nodes 
and intestinal lymph masses deereases after puberty. (Adapted with 
permission from Tanner JM 1962 Growth at Adoleseenee, 2nd ed. Oxford: 
Blackwell Publishing.) 


entire body. Other tissues have very different growth rates; the brain, 
skull, lymphoid tissues and reproductive organs all show differing 
growth rates during ehildhood and adoleseenee (Kappelou et al 2006) 

(Fig. 14.17). 

Ohanges in growth at a tissue level are complex; differential growth 
rates during puberty ean lead to temporal-speeifie assoeiated pathology. 
For example, 30% of ehildhood fractures affeet the radius, mostly the 
distal metaphysis, during the pubertal growth spurt, after which the 
ineidenee of these fractures deereases rapidly (Rauch 2012). Loeal dif- 
ferential rates of bone growth are seen in bone growth plates, peripheral 
and eentral trabecular bone, and in bone remodelling. During prepu- 
bertal growth, the distal radial growth plate adds about 9 mm to the 
length of the radius per year; the spaees between the peripheral trabecu- 
lae are filled with mineralized bone. It is suggested that ineomplete 
trabecular eoaleseenee during this rapid growth, rather than bone 
remodelling (which takes at least 6 months to eomplete), leads to lower 
bone mineral density, espeeially in boys, (which deereases rapidly after 
the pubertal growth spurt), and higher loeal metaphysial eortieal por- 
osity (Wang et al 2010, Rauch 2012). 



Video 14.1 Ultrasound features of the fetus at 26 weeks. 
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LIMB BUDS 


The limbs develop from the lateral body wall; their outgrowth is initi- 
ated at defined positions along the embryonie axis where eells eontimie 
to proliferate, giving rise to loeal thiekenings that soon develop into 
limb buds. These buds are eneased in an eetodermal epithelium rimmed 
by a longitudinal ridge of columnar epithelial eells: the apieal eetoder- 
mal ridge. Figure 15.1 shows the main stages in the development of a 
human upper limb; the stages in development of the lower limb are 
basieally the same. The early limb bud elongates and, gradually the 
different limb regions beeome apparent. A broad plate forms at the tip 
and, within it, digital rays develop that mark the position of the forming 
digits. The digits later separate and beeome tipped with nails. For 
fhrther details of upper and lower limb development, see the appropri- 
ate regional ehapters. 

The early limb bud eontains a mixed population of mesenehymal 
eells: somatopleuric mesenehyme eells that give rise to the eonneetive 
tissues, including eartilage, bone, tendon, loose eonneetive tissue and 


dermis; and paraxial mesenehyme eells that have migrated from the 
somites, and which give rise to the myogenie eells of the muscles and 
to some of the endothelial eells that produce an extensive vascular 
network in the early limb bud. The eetodermal epithelium eovering the 
limb bud gives rise to the epidermis of the skin. Motor and sensory 
nerves and their assoeiated Schwann eells, together with melanoeytes 
destined for the skin, migrate into the developing limb somewhat later; 
the Schwann eells and melanoeytes are derived from the neural erest. 

AXES OF LIMBS 


For deseriptive, experimental and conceptual purposes, various 'axes', 
borders, surfaces and lines in relation to the developing limb bud are 
defined and named (Fig. 15.2). An imaginary line from the eentre of 
the elliptieal base of the bud, through the eentre of its mesenehymal 
eore to the eentre of the apieal eetodermal ridge, defines the proximo- 
distal axis of the limb bud (previously known in deseriptive embryology 
simply as the axis). Named in relation to the proximodistal axis, the 



Fig. 15.1 Seanning eleetron mierographs to show the development of the upper limb. A, An early limb bud viewed from the postaxial border. B, A limb 
bud viewed from the postaxial border; the apieal eetodermal ridge (arrows) ean be seen. C, A limb bud, dorsolateral view; the shoulder and elbow region 
ean be diseerned, and a hand plate has formed. The apieal eetodermal ridge is still obvious at the margin of the hand plate. D, Digital rays are present in 
the hand plate and the margin of the plate is beeoming notehed. E, The fingers are nearly separated and proliferation is eommeneing at the distal end of 
eaeh digit to form the nail bed. F, The fingers eaeh have taetile pads distally, and nail development continues. (Photographs courtesy of P Collins; 
printed by S Cox, Eleetron Mieroseopy Unit, Southampton General Hospital.) 
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Limb buds 


A Proximodistal 


B Craniocaudal 


P roximal 



Distal 



C Dorsoventral 




Apieal eetodermal ridge (AER) 


Mesenehyme 
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Dorsal eetoderm 


ZPA 



Ventral eetoderm 


Mesenehyme 


Zone of polarizing aeivity (ZPA) 


Fig. 15.2 Axes of the developing limb and speeifieation of structures along the different axes. A, Proximodistal; limb bud vievved from the dorsal side. 

B, Craniocaudal; limb bud vievved from the dorsal side. C, Dorsoventral; limb bud vievved from the distal end. The development of limb structures 
and the eetodermal speeializations are eontrolled by the limb mesenehyme. Outgrowth of limb bud is eontrolled by the apieal eetodermal ridge and 
aeeompanied by the laying down of structures along the proximodistal axis; craniocaudal pattern is eontrolled by the zone of polarizing aetivity 
(polarizing region); dorsoventral pattern is eontrolled by signals from dorsal and ventral eetoderm, shown in eross-seetion; the seetion taken in the plane 
is shown by the dotted line. The limb bud in the diagram is equivalent to that of a human embryo at approximately stage 14. 


eranially plaeed limb border is the preaxial border and the caudally 
plaeed limb border is the postaxial border. (In vertebrate embryos used 
as experimental models, e.g. ehiek embryos, the pre- and postaxial 
borders are termed anterior and posterior borders, respeetively.) Any 
line that passes through the limb bud from preaxial to postaxial border, 
orthogonal to the proximodistal axis, constitutes a craniocaudal axis. 
The dorsal and ventral eetodermal surfaces elothe their respeetive 
aspeets from preaxial to postaxial borders, and any line that passes from 
dorsal to ventral aspeet, orthogonal to both proximodistal and eranio- 
caudal axes, constitutes a dorsoventral axis. It should be noted here that 
the terms dorsal and ventral axial lines are to be used exclusively in 
relation to developing and definitive patterns of cutaneous innervation 
of the limbs and their assoeiated levels of the tmnk. 

The three developmental axes (proximodistaf craniocaudal and 
dorsoventral) ean be identified in the human developing limb bud by 
stage 13. Experiments on ehiek embryos have shown that a different set 
of eell-eell interaetions eontrol the development of stmctures in rela- 
tion to eaeh of the three prineipal axes of the limb bud: proximodistal 
(e.g. humems to fingers), craniocaudal (e.g. thumb to little finger) and 
dorsoventral (e.g. extensors to flexors) (see Fig. 15.2). These experi- 
ments are deseribed in detail in Hineheliffe and Johnson (1980). 

Outgrowth of the limb bud along its proximodistal axis is eontrolled 
by interaetions between the apieal eetodermal ridge and underlying 
somatopleuric mesenehyme, and is aeeompanied by the sequential for- 
mation of limb stmctures along the proximodistal axis. Growth and 
development along its craniocaudal axis involves an interaetion between 
a small population of mesenehyme eells on the postaxial border of the 
limb bud, termed the zone of polarizing aetivity or polarizing region, 
and adjaeent mesenehyme. The development of the dorsoventral axis 
of the limb involves an interaetion between the surface eetoderm on 
the sides of the limb bud and the underlying mesenehyme. These sets 
of eell-eell interaetions are eoordinated so that the developing limb 
develops properly with respeet to all three axes. 

Early differential growth of parts of the limb bud results in two main 
ehanges to the originally symmetrieal axes of the limb. The dorsal aspeet 
of the limb grows faster than the ventral, which causes the limb bud to 


curve around the body wall; the ventral surface of the limb (elosest to 
the body wall) remains relatively flat, but the dorsal surface bulges into 
the amniotie eavity. The apieal eetodermal ridge, originally faeing lat- 
erally, beeomes inereasingly direeted caudally (upper limb) and ven- 
trally (lower limb) as the limbs extend around the body. 

Apieal eetodermal ridge 


The apieal eetodermal ridge is required for limb bud outgrowth. When 
it is removed from a ehiek wing bud, outgrowth eeases and a tmneated 
wing results, whereas when a seeond apieal eetodermal ridge is grafted, 
a new outgrowth is induced that develops digits (Saunders et al 1976) 
(Fig. 15.3). The moleailar basis of the eell-eell interaetions between 
apieal ridge and underlying mesenehyme is eonserved between different 
vertebrates; the apieal eetodermal ridge of a mouse limb bud ean 
promote outgrowth of a ehiek wing bud. 

There is evidenee that the limb mesenehyme beneath the apieal 
eetodermal ridge provides a faetor that is essential for maintaining 
aetivity of the ridge (the so-ealled apieal ridge maintenanee faetor). 
Thus, the craniocaudal extent of production of apieal eetodermal ridge 
maintenanee faetor determines the length of the apieal eetodermal 
ridge. When ehiek leg bud eells are grafted to the tip of a wing bud 
beneath the apieal eetodermal ridge, the ridge is maintained and out- 
growth continues. It should be noted that the leg eells, even though 
plaeed in a wing bud, still form distal leg stmctures, i.e. toes (Saunders 
and Gasseling 1959) (see Fig. 15.3). In addition, leg mesenehyme 
will pass information to loeal wing eetoderm, elieiting appropriate 
epidermal development: in this ease, formation of seales rather than 
feathers. 

For many years, it was thought that a timing meehanism linked to 
limb bud outgrowth speeified structures along the proximodistal axis. 
The timing meehanism was postulated to operate at the tip of a devel- 
oping limb bud beneath the apieal eetodermal ridge in the zone of 
proliferating undifferentiated mesenehyme eells, which were therefore 
ealled the progress zone. It was assumed that, as eells left the progress 
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Fig. 15.3 A-C, Experimental manipulations that identified the fundamental eell-eell interaetions involved in patterning the three main axes of the limb in 
the ehiek. Abbreviation: ZPA, zone of polarizing aetivity. 


zone during limb bud ontgrovvth, their proximodistal fate beeame fixed. 
Thus, eells spending a short time at the tip of the limb bud would be 
speeified to form proximal stmemres, while eells spending a longer time 
would be speeified to form distal stmctures (Summerbell et al 1973). 
However, it now seems that the proximodistal pattern is speeified in the 
very early limb bud (Dudley et al 2002) and that the prespeeified stme- 
tures are progressively elaborated as the bud grows out. 

ZONE 0F POLARIZING ACTIVITY 


The zone of polarizing aetivity (or polarizing region) at the postaxial 
border was diseovered by a grafting experiment on ehiek wing buds 
(Saunders and Gasseling 1968). When a polarizing region is grafted to 
the preaxial border of an early ehiek wing bud, so that there are polar- 
izing region eells at both borders, duplication of distal limb stmctures 
occurs, with two ulnae (instead of an anterior radius and posterior 


ulna) and a mirror-image pattern of six digits (the normal ehiek wing 
has three digits (see Fig. 15.3)). The digit elosest to the polarizing region 
is always the most postaxial digit (in the ehiek wing, traditionally des- 
ignated as digit 4), while more preaxial digits develop fhrther away. 
Thus, the signal from the polarizing region appears to eontrol both digit 
number and digit pattern. Digit number is eontrolled by regulating the 
width of the limb bud: both direetly, via promoting eell proliferation, 
and indireetly, by eontrolling production of the apieal eetodermal ridge 
maintenanee faetor. Digit pattern is speeified by eoneentration of a dif- 
fhsible morphogen produced by the polarizing region. The width of the 
limb bud is also limited by zones of programmed eell death on the 
preaxial and postaxial borders. (It should be noted that, in the literature 
relating to work on animal embryos, pre- and postaxial borders are 
termed anterior and posterior borders, respeetively, and therefore the 
regions in which programmed eell death occurs are termed the anterior 
and posterior neerotie zones.) When the length of the apieal eetodermal 
ridge is reduced, fewer digits form (oligodaetyly), while, when the apieal 
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eetodermal ridge beeomes longer, more digits form (polydaetyly). 
Other regions of apoptotie eell death occur between the digits and result 
in digital separation, but these appear later than the anterior and pos- 
terior neerotie zones; the resultant debris in all of the neerotie zones is 
removed by maerophages. 

Grafts of the zone of polarizing aetivity only generate mirror-image 
digit patterns when plaeed beneath or adjaeent to the apieal eetoder- 
mal ridge, suggesting that the ridge produces a faetor that maintains 
polarizing region aetivity. A positive feedbaek loop, where the polariz- 
ing region and the apieal eetodermal ridge mutually maintain eaeh 
others aetivity, would ensure that development of craniocaudal and 
proximodistal axes is eoordinated. Like that of the apieal eetodermal 
ridge, the hmetion of the polarizing region is eonserved aeross speeies. 
Thus, grafts of the postaxial border of limb buds from mammals, 
inehiding human limb buds ( "allon and Crosby 1977), generate addi- 
tional ehiek digits, showing that the polarizing region produces the 
same molecular signal, although its interpretation depends on the 
responding eells. 

EdODERMAL INTERAdlON 


Signals from the eetoderm eontrol the dorsoventral axis. It is possible 
to remove the surface eetodermal epithelium (like peeling off a glove) 
from the mesenehymal eore of an early ehiek limb bud. When the 
eetodermal epithelium from a left limb bud is reeombined with the 
mesenehymal eore from a right limb bud, keeping the craniocaudal axis 
in register, the distal part of the limb that develops eonforms to the 
polarity of the eetoderm rather than the polarity of the mesenehyme 
(MacCabe et al 1974) (see Fig. 15.3). This ean be seen in the pattern 
of muscles, orientation of the joints and eventual eharaeteristie differ- 
entiation of the epidermis. 

MOLECULAR BASIS OF CELL-CELL INTERAdlONS 

The apieal eetodermal ridge produces fibroblast growth faetors, extracel- 
lular eell-eell signalling molecules that aet on the underlying mesen- 
ehyme eells and are essential for limb bud outgrowth (Niswander et al 
1993). Fibroblast growth faetors also maintain the aetivity of the polar- 
izing region. The latter expresses Sonie hedgehog (Shh ), a gene eneoding 
another elass of seereted protein that aets as an extracellular signalling 
molecule (Riddle et al 1993). Sonie hedgehog protein (Shh) aets on 
adjaeent mesenehyme eells, eontrolling their proliferation and also 
maintaining the expression of the Gremlin gene, eneoding an extracel- 
lular antagonist of seereted bone morphogenetie proteins. Gremlin 
fimetions as the apieal eetodermal ridge maintenanee faetor (Zuniga 
et al 1999). Sonie hedgehog plays a pivotal role in the speeifieation of 
the craniocaudal digit pattern: it spreads aeross the limb bud so that 
eells at different positions aeross the craniocaudal axis are exposed to 
different Shh eoneentrations ( Tiekle and Barker 2013). Responding eells 
transduce the signal through the Gli family of transeription faetors. (The 
Gli proteins are bifimetional effeetors of Shh signalling and ean lead to 
either aetivation or repression of expression of target genes.) Dorsal 
limb eetoderm expresses Wnt7a, eneoding another extracellular signal- 
ling molecule that aets as a dorsalizing signal (Parr and MeMahon 
1995). 

Among the genes expressed in response to eell-eell signalling mol- 
ecules in the limb are 5' members of the Hox-a and Hox-d complexes. 
Hox genes eode for transeription faetors that aet in a cell-autonomous 
fashion to eontrol expression of many target genes. Hox-d gene expres- 
sion in the distal limb bud shows a nested arrangement similar to that 
of Russian babushka dolls: the postaxial border of the limb bud tip 
expresses five Hox-d genes (d-13, d- 12, d- 11, d- 10 and d- 9), while in the 
adjaeent, more preaxial, portion, only four genes are expressed (d-12, 
d- 11, d- 10 and d- 9), and so on, moving aeross the limb until only Hoxd-9 
is expressed at the preaxial border (Dollé et al 1989). The faet that five 
different Hox-d expression domains ean be distinguished prompted the 
suggestion that this may be why we have five fingers (and toes) ( Tabin 
1992): an attraetive but unlikely explanation because, in the ehiek wing 
bud, the digits all eome from the region that expresses all five Hox-d 
genes. The gene eneoding the transeription faetor Lmxbl is expressed 
in the dorsal part of the limb in response to Wnt 7a signalling by dorsal 
eetoderm. 

The moleailar basis of limb development is eonserved in humans. 
Mutations assoeiated with many of the genes deseribed above are 
responsible for human eongenital limb malformations. Details ean be 
found in Ferretti and Tiekle (2006), Zeller et al (2009) and Zuniga et al 
( 2012 ). 



DEVELOPMENT 0F B0NE AND C0NNECTIVE TISSUE 
IN THE LIMB 


The first signs of the formation of skeletal elements are regions of 
inereased eell density in the eore of the limb bud. The eells in these 
regions go on to differentiate into ehondroeytes, which produce large 
quantities of extracellular matrix, in which they beeome embedded, 
giving rise to a eartilage model of the bone to be developed. One eentre 
of ehondrogenesis forms in the proximal region of an early human limb 
bud; two eentres of ehondrogenesis then form more distally as the limb 
bud lengthens, followed by five eentres in the broadened distal tip. The 
Sox9 transeription faetor is essential for ehondroeyte differentiation in 
mouse embryos; the Sox9 gene is expressed before and during deposi- 
tion of eartilage (Wright et al 1995). Sox9 gene transeripts are expressed 
in the humerus and forearm skeletal elements of human embryos at 
approximately 44 days, and in the earpals, metaearpals and phalanges, 
in addition to the more proximal elements, at approximately 52days 
(Fig. 15.4). Mutations in human Sox9 are assoeiated with eampomelie 
dysplasia, a skeletal dysmorphology syndrome (Foster et al 1994). 
Some bony eminenees, which are sites of entheses, have been shown 
to derive from ehondrogenie foei which form separately and later than 
the eartilage model of the long bones (Blitz et al 2013). The eells eo- 
express Sox9 and the transeription faetor scleraxis (Scj). Bloekage of Scx 
or Bmp4 expression in the limb arrests eminenee development. It is 
suggested that as the fully formed eminenees are subjected to tension 
whereas joint surfaces are subjected to eompression, then different 
developmental pathways are in operation to eope with different fime- 
tional parameters (Blitz 2013). Scx eneoding the transeription faetor 



Fig. 15.4 Sox9 expression in the skeleton of developing limbs of human 
embryos. A, Stage 18; approximately 44days post ovulation. Key: 

1, humerus; 2, ribs; 3, heart; 4, forearm; 5, vertebral body; 6, scapula. 

B, Stage 21; approximately 52days post ovulation. Key: 1, earpal; 2, 
metaearpal; 3, phalanges; 4, humerus; 5, scapula; 6, rib. Sox9 transeripts 
are deteeted in seetions with radioaetively labelled probes followed by 
autoradiography. Positive signal is represented by silver grains that 
show up as white areas. Seale bars represent 500 jiim in both A and B. 
(The human tissue was provided by the joint MRC-Wellcome Human 
Developmental Biology Resource (http://www.hdbr.org) at the lnstitute 
of Human Geneties, Newcastle upon Tyne, UK. By courtesy of Dr Susan 
Lindsay, lnstitute of Human Geneties, University of Newcastle upon 
Tyne, UK.) 
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DEVELOPMENT OF THE LIMBS 


Scleraxis is expressed in the early limb subjacent to the eetoderm. 
Studies of Scx knockout miee show that the differentiation of foree- 
transmitting tendons ean be distinguished from muscle-anchoring 
tendons (Muchison et al 2007). A population of Scx + /Sox9 + progenitor 
eells have been shown to give rise to Scx~/Sox9 + ehondroeytes and Scx + / 
Sox9~ tenoeytes/ligamentoeytes. The Scx + /Sox9 + eells contribute particu- 
larly to establishing the enthesis organ between the eartilage and tendon 
(Blitz et al 2013). The eloser the tendon is to the eartilage primodium 
(anehoring tendon), the more tenoeytes arise from the Sox9 + lineage. 
In generaf the number of such derived tenoeytes deereases with inereas- 
ing distanee from the eartilage model, although there is variation 
between individual foree-transmitting tendons (Sugimoto et al 2013). 

The first evidenee of bone formation is seen at the mid seetion of 
the diaphyses of long bones at 7-8weeks in human embryos. Vascular 
invasion of the eartilage matrix preeedes the formation of a periostial 
eollar, and subsequently extends proximally and distally until it reaehes 
the future epiphysial levef where a growth plate will be established. By 
10weeks, columns of ehondroeytes ean be seen at the epiphysial level 
of most bones. However, only the lower end of the femur and upper 
end of the tibia develop seeondary ossifieation eentres before birth. 

For fiirther details deseribing the development of eartilage, see page 
84; for the development of bone, see page 91. For ffirther details deserib- 
ing the development of speeifie limb bones, see the appropriate regional 
ehapter. It should be noted that maternal nutrition and vitamin status 
affeets fetal bone growth and that despite vitamin supplementation in 
Western eonntries, pregnant women in northern latitudes may remain 
vitamin D defieient in winter pregnaneies. Infant length was shorter in 
pregnaneies with early semm 25-hydroxyvitamin D below the median 
value (Walsh et al 2013). 

DEVEL0PMENT 0F J0INTS IN THE LIMB 


Regions of developing eartilage are easily reeognized histologieally in 
the developing limb because they eonsist of widely spaeed eells sur- 
rounded by matrix. These regions are separated by transverse bands of 
relatively flattened eells - interzones - which mark the sites of future 
joints. Their subsequent development varies aeeording to the type of 
joint that is formed. 

In developing fibrous joints, the interzone is eonverted into eollagen, 
which is the definitive medium eonneeting the bones involved. In 
developing synehondroses, the interzone beeomes (growth) eartilage of 
the modified hyaline type; in developing symphyses, it is predomi- 
nantly fibroeartilage. In developing synovial joints, the interzonal mes- 
enehyme beeomes trilaminar when a more tenuous intermediate zone 
appears, splitting the mesenehyme into two dense strata. As the skeletal 
elements ehondriíy, and in part ossify, the dense strata of the interzonal 
mesenehyme also beeome cartilaginous; subsequent eavitation of the 
intermediate zone establishes the eavity of the joint. The loose mesen- 
ehyme around the eavity forms the synovial membrane and probably 
also gives rise to all other intra-articular stmctures, such as ligaments, 
dises and menisei. In joints eontaining dises or menisei, and in eom- 
pound artiailations, more than one eavity may appear initially some- 
times merging later into a complex single eavity. As development 
proeeeds, thiekenings in the fibrous capsule ean be reeognized as the 
speeializations peculiar to a particular joint. (In some joints, such aeees- 
sions to the fibrous capsule are derived from neighbouring tendons, 
muscles or cartilaginous elements.) Although the initial stages in the 
proeess of eavitation of joints are independent of movements, a tme 
joint eavity ean generally form only in the presenee of movements. 

DEVEL0PMENT 0F MUSCLE IN THE LIMB 


It is now well established that all limb myogenie precursor eells origi- 
nate from the somites (Chevallier et al 1977, Kardon et al 2003). These 
eells are eommitted at an early stage and ean be identified in the lateral 
halves of the somites. After the mesenehymal selerotome eells have 
migrated from the epithelial somite, the remaining dorsolateral portion 
is termed the epithelial plate or dermomyotome of the somite (see Fig. 
44.3). Cells from the dorsomedial edge of the dermomyotomes form 
the axial musculature, whereas, at limb levels, eells de-epithelialize and 
migrate from the ventrolateral edges of the dermomyotome into the 
limb bud. These precursor limb myoblasts migrate through a non- 
random, structured network of extracellular fibrils. At their leading 
ends, the migrating eells exhibit filopodia, which are in eontaet with 
the extracellular fibrils or with other eells; it is believed that the orienta- 
tion of the extracellular fibrils may direet the migration of the eells. The 
222 preoirsor muscle eells do not differentiate into muscle before their 


migration into the limb, probably because of inhibitory signals pro- 
duced by the somatopleuric mesenehyme. Muscle differentiation 
depends on the key aetivity of the MyoD family of transeription faetors 

(Weintraub et al 1991). 

The myogenie eells eolonize the limb bud in a proximodistal diree- 
tion but never reaeh the most distal portion of the limb. Experiments 
in ehiek embryos revealed that myogenie eells are still indifferent 
regarding their region-speeifie determination when they first enter the 
limb. Thus, when braehial-level somites are grafted opposite the leg- 
forming region, or when pelvie-level somites are grafted opposite the 
wing-forming region, a normal limb musculature develops, irrespeetive 
of the origin of the somites, i.e. the muscle eells, unlike the somato- 
pleuric mesenehyme, are not speeified to be wing or leg (Chevallier et al 
1977). Other experiments show that the muscle pattern developed in 
the limb refleets the pattern of the skeletal elements: duplication or laek 
of digits is aeeompanied by the duplication or laek of the eorresponding 
muscles (Robson et al 1994). 

The first myogenie eells to arrive in the limb form the prineipal 
dorsal and ventral premuscle masses. It is believed that, in all elasses of 
tetrapods, limb muscle development begins with these masses, which 
produce all the skeletal muscle in the limb. The premuscle masses 
undergo a stereotyped spatiotemporal sequence of divisions and sub- 
divisions as the limb lengthens. In human embryos, this leads to the 
individualization of about 19 muscles in the upper limb and 14 muscles 
in the lower limb. The meehanisms that divide the muscle masses are 
not known; one suggestion is that these divisions are ereated by invad- 
ing somatopleuric eells. In the upper limb, the premuscle masses first 
divide into three masses, the next division gives rise to the muscles 
attaehed to the carpus, and the final division produces the long muscles 
of the digits. A similar pattern is seen in the lower limb. 

Eaeh anatomieal muscle appears as a eomposite structure. The 
imisele eells and myosatellite eells are of somitie origin, and the eon- 
neetive tissue envelopes and the tendons are of somatopleuric origin. 
The preeise way in which the muscles beeome anehored to the develop- 
ing bones by the tendons is not elear. For fhrther development of 
skeletal muscle, see page 109. 

The literature suggests that all musculoskeletal elements are in their 
appropriate positions in human limbs by 10weeks. For detailed 
accounts of the proeess, consult O'Rahilly and Gardner (1975) and 
Uhthoff (1990). For reeent reviews on limb development, including 
tissue formation, see Lane and Tiekle (2003). 

DEVELOPMENT 0F NERVES IN THE LIMB 


During development, the spinal eord opposite the limbs beeomes spe- 
eialized, with the formation of longitudinal minicolumns (columels) 
along its rostrocaudal axis. The columels eonsist of groups of individual 
pools of differentiated motor neurones, preeisely organized aeeording 
to fimetion (Jessell et al 2011). Motor neurones within eaeh individual 
pool innervate a particular imisele. Neurones in medial pools express 
the transeription faetor Isletl and their axons innervate ventral limb 
muscles, while neurones in lateral pools express the related transerip- 
tion faetor, Liml, and innervate dorsal limb muscles. Neurones also 
express different Hox proteins aeeording to their position along the 
rostrocaudal axis of the spinal eord, and this determines their identity 
and their position within the spinal eord (Dasen et al 2005). 

Motor axons enter the developing limbs earlier than sensory axons 
at the time when dorsal and ventral imisele masses have started to form. 
Guidance of the growing axons is not dependent on the presenee of 
migrating myoblasts; when these are absent, the main nerve tmnks in 
the limb still form, although the smaller motor branehes that would 
innervate individual muscles do not form (Lewis et al 1981, Honig et al 
2005). Motor axons grow into the dorsal and ventral muscle masses 
and innervate imisele groups in a proximo-distal progression. Correct 
axonal routing depends on both repulsive and attraetive cues. The 
pathfinding of motor axons is an important model system for under- 
standing binary axon guidance deeisions: glial eell (line)-derived neu- 
rotrophie faetor (GDNF) attraets motor neurone growth eones, and 
interaets synergistieally with ephrin-As to determine growth eone diree- 
tionality (Dreseher 2011). Experimental studies in miee and ehiekens 
have shown that axons of neurones in lateral pools grow into the dorsal 
part of the limb as a result of repulsive interaetions between the reeeptor 
EphA4 (expressed by these motor neurones) and its ligand, ephrinA 
(expressed by ventral limb eells). The axons of EphB-expressing motor 
neurones in medial pools grow into the ventral part of the limb as a 
result of repulsive interaetions with ephrinB-expressing eells in the 
dorsal limb (Dreseher 2010). The dorso-ventral differenees in Ephrin 
expression in the limb are eontrolled by the system that establishes the 







Vasculature of the limb 


dorso-ventral axis of the limb and that results in dorsal expression of 
Lmxb 1. 

Sensory neurones in the dorsal root ganglia opposite the limbs send 
axons peripherally to terminate in the skin and to innervate proprioeep- 
tors in the limb muscles. The trajeetories of sensory axons into the limb 
ean be influenced by interaetion with motor axons. When sensory axons 
grow into the developing limb, it has already been invaded by motor 
axons and the environment will have been altered by any extracellular 
faetors they may have seereted. If motor axons are removed before 
sensory axons extend into the limb, those sensory axons, which would 
normally terminate in muscle (Ia afferent axons), appear unable to do 
so and instead beeome cutaneous nerves (Honig et al 1986, Honig and 
Rutishauser 1996, Honig et al 1998). 

The developing skin (eetoderm and immediately underlying somato- 
pleuric mesenehyme) is essential for the normal development of cuta- 
neous sensory axons. If the eetoderm is removed, the cutaneous nerves 
that would projeet to it are absent. This ean be prevented by applying 
the signalling molecule BMP4 (Honig et al 2004, Honig et al 2005). 
Cutaneous sensory axons are not matehed to particular regions of skin 
in the limb and ean innervate regions outside their usual anatomieal 
dermatomes, or expand into regions of skin where the cutaneous inner- 
vation is eliminated (Wang and Seott 2002). 

Proprioeeptive sensory neurones are eharaeterized by expression of 
the transeription faetor Runx3 and also express a neurotrophic faetor 
reeeptor (TrkC) that binds speeifieally to the neurotrophic faetor NT-3. 
NT-3 is expressed in the limb bud and may serve as a short-distanee 
guide to the ingrowing axons (Gene et al 2004). There is a reeiproeal 
interaetion with the neuronal soma: in the absenee of NT-3, proprioeep- 
tive neurones in the dorsal root ganglia die. The eentral proeesses of the 
proprioeeptive sensory neurones innervating limb muscle form mono- 
synaptie eonneetions to motor neurones in the spinal eord after their 
peripheral axons have extended into the limbs. However, the pattern 
for these sensory/motor eonneetions appears to be speeified early. The 
proximo-distal position of the sensory endings in the limb is linked to 
the dorso-ventral loeation of the target motor neurones in the spinal 
eord, such that proximal sensory axons will eonneet to ventral motor 
columels (Siirmeli et al 2011). NT-3 is also expressed in ventral neural 
tube and, as in the periphery, may help guide the axons to the eorreet 
loeation in the spinal eord. 

The different types of sensory endings show aetivation at different 
developmental times; meehanoreeeptors and proprioeeptors are aetive 
ahead of noeieeptive neurones prenatally. A third wave of meehanosen- 
sitivity acquisition by the remaining noeieeptors occurs just after birth 

(Leehner et al 2009). 

EMBRY0NIC M0VEMENTS 


Embryonie movements are vital for development of the musculoskel- 
etal system (Pitsillides 2006, Nowlan et al 2010). Simple movements of 
an extremity have been observed sporadieally as early as the seventh 
week of gestation in human embryos. Combined movements of limb, 
tmnk and head eommenee between 12 and 16weeks of gestation. 
Movements of the embryo and fetus encourage normal skin growth 
and flexibility, in addition to the progressive maturation of the muscu- 
loskeletal system. 

FETAL M0VEMENTS 


Fetal movements have been deteeted by ultrasonography in the seeond 
month of gestation. Those related to tmnk and lower limb movements 
are pereeived eonsistently by the mother from about 16 weeks' gestation 
(quickening). Movements of the fetus often involve slow and asym- 
metrie twisting and stretehing movements of the tmnk and limbs, 
which resemble athetoid movements. There may also be rapid, repeti- 
tive, wide-amplitude limb movements, similar to myoclonus. 

By 32weeks' gestation, symmetrie flexor movements are most fre- 
quent. By term, the quality of the movements has generally matured to 
smooth, alternating movement of the limbs, with medium speed and 
intensity. The reduced effeet of gravity in utero may cause eertain fetal 
movements to appear, on ultrasonography, more fluent than the equiva- 
lent movements observed postnatally. The number of spontaneous 


movements deereases after the thirty-fifth week of gestation and, from 
this time, there is an inerease in the duration of fixed postures. This 
restrietion of normal fetal movements in late gestation refleets the 
degree of eomplianee of the maternal uterus; there is a slowing of 
growth at this time. 

In addition to promoting normal musculoskeletal development, 
movements of the fetus encourage skin growth and flexibility indireetly. 
Fetuses with in utero muscular dystrophies, or other eonditions that 
result in small or atrophied muscles, have webs of skin, pterygia, which 
pass aeross the flexor aspeet of the joints and severely limit movement. 
Multiple pterygium syndrome is eharaeterized by webbing aeross the 
neek, the axillae and antecubital fossae. Usually, the legs are maintained 
straight and webbing is not seen at the hip and knee. A group of eon- 
genital disorders, eolleetively termed 'multiple eongenital contractures', 
may result from genetie causes, or limitations of embryonie and fetal 
joint mobility, or may be seeondary to muscular, eonneetive tissue, 
skeletal or neurological abnormalities. These eonditions may be reeog- 
nized on prenatal ultrasound examination by the appearanee of fixed, 
immobile limbs in bizarre positions, or by webbing in limb flexures. 
Speeifie syndromes, lethal multiple pterygium syndrome and eongenital 
muscular dystrophy, have been deseribed. 

The workload undertaken by the musculoskeletal system before 
birth is relatively light because the fetus is supported by the amniotie 
fluid and, therefore, under essentially weightless eonditions. The load 
on the muscles and bones is generated by the fetus itself, with little 
gravitational effeet. The reduction of gravitational foree afforded by the 
supporting fluid means that all parts of the fetus are subject to relatively 
equal forees and that the position assumed by the fetus relative to 
gravity is of little consequence. This is important to ensure the normal 
modelling of fetal bones, espeeially the skull. Skulls of premature 
babies may beeome distorted as a result of the weight of the head on 
the mattress, despite regular ehanges in position, and the applieation 
of oxygen therapy via a mask attaehed by a band around the head ean 
cause dysostosis of the oeeipital bone. 

VASCULATURE 0F THE LIMB 
ARTERIES 

The early limb bud reeeives blood via intersegmental arteries that eon- 
tribute to a primitive eapillary plexus. At the tip of the limb bud, there 
is a terminal plexus, which is eonstantly renewed in a distal direetion 
as the limb grows (see 7 igs 47.1, 79.1). Fater, one main vessel, the axial 
artery, supplies the limb and the terminal plexus. 

The development of the vasculature in the limb preeedes the mor- 
phologieal and molecular ehanges that occur within the limb mesen- 
ehyme as tissues begin to form. Cartilage differentiation within the 
ehiek limb bud occurs only after loeal vascular regression begins, and 
only in areas with few or no eapillaries (Hallmann et al 1987). It is not 
known whether the presenee, or laek, of blood vessels affords different 
loeal environmental stiimili for mesenehymal eells (by varying the 
supply of nutrients to the tissue), or whether the loeal environment is 
eontrolled by the endothelial eells. Similarly, it is not elear whether 
inductive faetors from the limb mesenehyme cause the ehanges that 
occur in the pattern of blood vessels. Work on ehiek wing buds suggests 
that the position of the eentral artery in the primitive limb bud vascu- 
lature depends on Shh signalling from the polarizing region (Davey 
et al 2007). 

VEINS 


At the tip of the early limb bud, blood in the terminal eapillary plexus 
returns to the body via a marginal vein that develops along the pre- and 
postaxial borders of the limb. As the limb enlarges, the marginal vein 
ean be subdivided into pre- and postaxial veins, which mn along their 
respeetive borders and which are the preoirsors of the superficial veins 
of the limb. Generally, the preaxial (superficial) veins join the deep 
veins at the proximal joint, and the postaxial (superficial) veins join the 
deep veins at the distal joint of the limb. Deep veins develop in situ 
alongside the arteries. 
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Human anatomy informaties 

Jonathan B L Bard, Paul N Sehofield 


lntroduction 


Formal deseription of anatomy, both adult and developmental, has 
beeome a neeessary eomponent of informaties in the biomedieal sei- 
enees because it provides the natural infrastructure for integrating very 
large amounts of tissue-associated data. This effort started with the 
formalizations of human, fmit fly and mouse anatomy in the 1990s 
and now includes all the major model organisms (Bard 2005, Dmzin- 
sky et al 2013). The types of data that are assoeiated with tissues cur- 
rently include gene expression, diseases and abnormal phenotypes. 

Although most users do not need to know in detail how anatomy is 
handled within a computational context, there are two key aspeets that 
should be appreeiated. First, the sort of formal knowledge held online 
in databases is stmctured as a eolleetion of triadie statements (Triples') 
of the general style: 

<A> <relationship> <B> 

For an anatomieal faet, A and B might represent tissues and typieal 
relationships would include part_of, derivesjrom (embryonie lineage), 
starts_at and ends_at (developmental stages) and is_a (tissue-type elas- 
sifieation). Part_of, in particular, has several meanings and these may 
or may not need to be distinguished (e.g. eonneeted parts such as the 
bones of a limb, and distributed parts such as the eomponents of 
the glandular system). The great advantage of this approaeh is that the 
triples ean be easily linked (the interventricular septum is part_of the 
heart is part_of the cardiovascular system) to make a hierarehy or 
network (more formally, this is a mathematieal graph made of nodes 
and edges). Such graphs are the normal way of handling complex sets 


of knowledge in an informaties context, and readers will already have 
eome aeross them through, for example, Linnaean elassifieations (rela- 
tionship: is_a ) and evolutionary elades (relationship: deseends_with_ 
modifieationjrom). These relationships enable speeifie queries about 
the knowledge included in the ontology to be answered (e.g. what are 
the parts of the heart?). Graphs that deal with a speeifie domain of 
knowledge (e.g. anatomy, eell or tissue type) are known as ontologies, 
and a large number of bio-ontologies are available at the OBO 
Foundry site. Ontologies are not meant to be read as text but, if 
written in the OBO format, a list of triples based on IDs ean be visual- 
ized in browsers such as OBO-Edit (see Fig. 2.1.3). Details of all 
online resources are included in Fable 2.1.1. 

Seeond, every term in such bio-ontologies - be it a tissue, a gene, a 
disease or any other entity - has assoeiated with it a unique identity of 
the general form abcd:wxyz, where abed is a unique marker for the ontol- 
ogy (its namespaee) and wxyz is a number assoeiated with the item 
(thus, EHDAA2:0002091 represents the tropheetoderm of the human 
embryo). Llsers never need to know such IDs but it is these that are sent 
from one computer to another when a user wants to aeeess database- 
assoeiated information (e.g. gene expression) about, say, a tissue; this 
is because databases use these IDs internally instead of names, as they 
are unambiguous. 

Formalizations of human anatomy 

Adult human anatomy has been catalogued in two very different ways. 
The Federative International Programme on Anatomieal Terminologies 
(FIPAT) has produced three formal and eomprehensive terminologies 


Table 2. Online resources assoeiated with normal and abnormal human anatomy 


Resource 

Namespaee 

Website 

Deseription 

DECIPHER 


http://decipher.sanger.ac.uk/ 

A Sanger-based database that links ehromosomal information with disease data 

Elements of Morphology 


http://elementsofmorphology.nih.gov/ 

A National lnstitutes of Health (NIH)-funded projeet aimed at standardization of 
terms used to deseribe human morphology. So far, the head and neek, and hands 
and feet have been terminologieally formalized, with further regions to be developed 

Federative International Programme on 
Anatomieal Terminologies (FIPAT) 


http://www.ifaa.net/index.php/fipat 

Digital eopies of the eontents of Terminologia Anatomiea, Terminologia Histologiea 
and Terminologia Embryologiea as published in books produced by IFAA 

Foundational Model of Anatomy (FMA) 

Explorer 

FMAID 

http://sig.biostr.washington.edu/ 

A viewer that shows the rieh information stored in the FMA 

Human Developmental Anatomy 

EHDAA2 


Anatomieal and tissue-associated data for Carnegie stage 1-20 embryos 

Human Developmental Studies Netvvork 
(HLIDSEN) 


http://www.hudsen.org/ 

A source eontaining human embryologieal gene expression and image data 

Human Phenotype Ontology (HPO) 

HP 

http://www.human-phenotype-ontology.org/ 

A standardized vocabulary of phenotypie abnormalities encountered in human 
disease 

0B0 Foundry 


http://www.obofoundry.org/ 

A repository for bio-ontologies 

OBO-Edit 


http://oboedit.org/ 

A downloadable Java-based viewer for analysing ontologies in the 0B0 format 

Online Mendelian inheritanee in Man (OMIM) 


http://www.omim.org/ 

An online catalogue of human Mendelian genetie disease with detailed phenotype 
annotations 

Orphanet 


http://www.orpha.net/ 

A portal for rare disease information with a elassifieation and eneyelopaedia of rare 
diseases, listing genes involved and detailed phenotypie deseriptions 

Pictures of Standard Syndromes and 
llndiagnosed Malformations (POSSIJM) 


http://www.possum.net.au/ 

A source of information on over 4000 syndromes, including multiple malformations, 
ehromosomal abnormalities, skeletal dysplasias and metabolie disorders, linked to 
over 30,000 images including photos, X-rays, seans, diagrams and histology 

Uber-anatomy Ontology 

UBER0N 

http://uberon.github.io/ 

A eross-speeies anatomy ontology elassified aeeording to traditional anatomieal 
eriteria such as structure, function and developmental lineage; includes 
eomprehensive relationships to taxon-specific anatomieal ontologies bridging 
Drosophila to Homo sapiens 

Virtual Physiologieal Human 


http://physiomeproject.org/ 

A projeet aiming to integrate computer models of the meehanieal, physieal and 
bioehemieal functions of a living human body 

Winter—Baraitser Dysmorphology Database 
(WBBD) 


http://www.lmdatabases.com/index.html 

A resource developed initially in 1987 as the London Dysmorphology Database, 
eontaining information on over 4700 dysmorphie, multiple eongenital anomaly and 
mental retardation syndromes 






Human anatomy informaties 


alimentary system 

TÁCode Keyvvortì 

AO5.4,0 ì*006 ab-dominal 

AO 5.1*03,012 aeeessory 
AO5.9*01,018 aeeessory 
A0S.9,01,017 aeeessory 
A05. K02.006 aeeessory 
A05,1*03i070 aeeessory 
AO 5. 4* 01, 009 adventioa 
A0 5,6* 01,014 aggregatetì 
A05.7*02,009 aggregateó 
AO5.0*00,000 alimentary 
AO 5.8. 02,01 7 ampulla 
A05,8*02,017 ampolfa 
AO 5*7. 04,008 ampulía 
A05,6*02,018 ampulla 
A05.6.02,003 ampulfa 
AQ5,7,Q5,001 anal 
A05.7*05,004 anal 
A05,7,05,010 anal 
A05*7*05*006 anal 
AO 5.7.05*01 1 anal 
AO 5, 7. 05* 007 anal 
A05,7.05,005 anaf 
A05.1.01,013 angte 
A05v5.01,006 angular 
AO 5.7.05,008 anocutaneaus 

A05,1 *03,071 anomalous 
A05.7.04.014 anoperinealís 

AO 5.7.05,002 anoreetal 
A05.7.05,003 anorèetal 

AO5*7*04,012 anoreetoperíneaí 
AO 5,9* 01,011 anteríor 
A05.8*01,063 anteríor 
A05.2*01*106 snterior 

A05,8.01,040 anterior 
A05,8*01*050 anterior 
AO5,8*01.047 anteríor 


Éngirsh temn 

abdominal oart 


aeeessorv cuso 
aeeessory oanereas 
aeeessorv oanereatie duct 



aeeessory root 
adventitia 

aeieiregated lymghoid nodules 

aanreoaied Ivmphoid nodijies 


alimentarv svstem 

biliaropanereatie ampulla 



reetaJ ampylla 
sohineter of ampylla 

ampylia 

anal eanal 
anal eotomns 

anal peeten 

anal sinuses 

intemal anal sphineter 

an.al transition 2 one 

anal valves 
anale of mouth 


anpylar íncisure 



anomalous mberete 

anoóerinealis 
anoreeial f!exure 

anoreetal iunction 
anoreetoperiiieal mtiseíes- 
anterior border 

anterior braneh 

amerior taseiele 
left anierior fateral segment 
anteríor laieraE seoment 
anterior mediai segment 


Fig. 2.1.1 An excerpt from the Federative 
International Programme on Anatomieal 
Terminologies (FIPAT) human anatomy 
terminology. (Courtesy of FIPAT, sponsored by the 
Llniversity of Fribourg (Switzerland).) 


in English and Latin for embryologieal and adult human anatomy, and 
for histology (e.g. Fig. 2.1.1); translations for other languages are cur- 
rently being made. These are, however, referenee catalogues of standard 
names rather than formal ontologies (they do not include the relation- 
ships between structures); henee, they are very different from the Foun- 
dational Model of Anatomy (FMA) (Rosse and Mejino 2003 and 2007). 
This very rieh resource inelndes, within a single graph, 94,000 elasses 
and over 170,000 terms, integrated to give approximately 2.4 million 
relationship instanees from over 227 relationship types, and is stored 
in its own database. It aims to provide a eomplete model of human 
anatomy, and its viewer (the Foundational Model Explorer; Fig. 2.1.2) 
allows a user to see structure-based anatomieal information. FMA 
includes eoneepts such as anatomieal spaees, non-cellular substances, 
boundaries and topologieal relations. 

A little simpler is the ontology of Human Developmental Anatomy, 
which eovers the fìrst 20 Theiler stages of human embryogenesis (up to 
about 7 weeks) ( "heiler 1989, Bard et al 1998, Xue et al 2011, Xue et al 
2013) and inehides detailed lineage, staging, eell type and tissue elas- 
sifìeation information for around 2,000 anatomieal items, from simple 
tissues of a single eell type up to eomplete systems (Fig. 2.1.3). This 
has been written in the standard OBO format (essentially, a list of 
triples and defìnitions). Many 'faets' from this ontology and the FMA 
have been ineorporated into the Uber-anatomy Ontology (Uberon), an 
ontology of eomparative anatomy that allows users to integrate data 
from different biologieal databases (see below). 


Human informaties resources 


For many model organisms, anatomieal ontology IDs ean be used to 
aeeess tissue-associated data, but human data resources currently lag 
behind those for model organisms in implementing links to formal 
anatomieal ontologies. There are, however, a range of resources where 
data ean be aeeessed on the basis of tissue names rather than IDs. One 
important example is the Human Developmental Studies Network 
(HHDSEN) database of human development, which includes gene 
expression and image data. In Array Express (http://www.ebi.ac.uk/ 
arrayexpress/), a database of gene expression array data, human gene 
expression data ean be searehed using a custom-built ontology (Experi- 
mental Faetor Ontology) where human anatomieal names are mapped 
to a subset of FMA terms. 

The FMA is currently being used as the basis for systems model 
building in the Virtual Physiologieal Human or Physiome projeet and 
is likely to beeome much more familiar to medieal praetitioners and 
biomedieal seientists alike as such applieations beeome much more 
developed. The next few years are likely to see a rapidly inereasing need 
for formal anatomieal model annotation, and, for example, extensions 
to the FMA are planned for the human brain-mapping projeet to for- 
malize the nomenclature of cortex pareellation. 

Whilst anatomieal terminology relating to the human has ehanged 
little in the last century, anatomieal eoneepts have evolved much more 
rapidly and there is great value in novel deseriptions and views. intrinsie e33 
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Anatomy Ontology (FMA), Llniversity of 
Washington.) 


to the development eyele of the biomedieal ontologies are openness 
and £lexibility, so that new terms and eoneepts ean be added as they 
beeome useful or as there is demand. For example, the Human Pheno- 
type Ontology grew by 600 elasses between 2009 and 2010. 

Abnormal anatomy and dysmorphology 

The accurate deseription of abnormal anatomy is much more difficult 
than that of eanonieal anatomy, or even what might be aeeepted as 
normal variation within the population. Some abnormalities are so 
signifieantly distinet from eanonieal anatomy that new terms have trad- 
itionally been eoined to capture the abnormal qualities of the structure, 
such as tmrieephaly or braehytelephalangy. Although such terms have 
definitions that are obvious to humans, articulating the differenees 
between the normal and the abnormal phenotype in ways that are 
eomprehensive computationally turns out to be difficult, and this leads 
to problems of relating different abnormalities to eaeh other and to 
eanonieal structures. What follows is a brief summary of some of the 
informaties resources assoeiated with abnormal human anatomy that 
are currently being developed. Such is the nature of the field that some 
will be expanded at the expense of others, and future interested readers 
will need to explore the sites to see how the subject is developing. 

The history and use of elinieal dysmorphology terms are complex 
and very much dependent on the tradition of training and praetiee in 
which the praetitioner is raised. This requires any resource aiming to 
use these terms to capture all synonyms and equivalence elasses within 


the terminology, if it is to be of general use. The Pictures of Standard 
Syndromes and Undiagnosed Malformations (POSSUM - www.possum 
.net.au) (Stromme 1991) and Winter-Baraitser Dysmorphology data- 
bases both use traditional terminology to deseribe normal and abnor- 
mal anatomy but provide rieh resources of images and phenotype 
deseriptions for genetie diseases. 

While an ambitious initiative to standardize deseriptions of dysmor- 
phology has begun in the Elements of Morphology projeet, the most 
widely used approaeh currently is the eolleetion and relation of syno- 
nyms. Anatomieal abnormalities are formally captured in the Human 
Phenotype Ontology (HPO) (Kohler et al 2014), one of several speeies- 
speeifie phenotype or trait-deseription frameworks developed for 
humans and model speeies. The HPO was originally derived from the 
phenotype deseriptions in Online Mendelian inheritanee in Man 
(OMIM) and now eontains more than 9500 terms eovering the whole 
domain of human phenotype abnormality. HPO is being adopted by 
an inereasing number of elinieal resources, including the DEOIPHER 
database of human genetie eopy number variation (Firth et al 2009) 
and Orphanet, and is used for indexing and searehing OMIM and 
Orphanet through HPO projeet tools. 

There is also the broader context to be eonsidered; computational 
relations of different human phenotype eoneepts to eaeh other and to 
those of other speeies are important in eomparing the effeets of genetie 
variation within and between speeies, and in linking phenotype varia- 
tion to gene expression. This integration task will now beeome inereas- 
ingly important, if the burgeoning data on human disease and model 
organism phenotypes are to be used to the greatest advantage. It is here 
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Fig. 2.1.3 The entry for the tropheetoderm in the ontology of human developmental anatomy, shown in the OBO-Edit browser. The hierarehies showing 
lineage and parts are on the left and the relationships included in the ontology are on the right. (With permission from Day-Riehter J, Harris MA, 
Haendel M et al 2007 OBO-Edit—an ontology editor for biologists. Bioinformaties 23(16):2198-2200.) 


that the eross-speeies anatomy ontology llberon (Mungall et al 2012) 
has beeome eritieal, as it ean be used to define phenotype ontology 
terms from all speeies and, thus, allow erossing of the speeies divide. 
llsing this approaeh, it is possible, for example, to assert that there is a 
relationship between elinodaetyly in humans, bent digits in the mouse 
and, more distantly, peetoral fin abnormalities in zebrafish. Reeent 
advanees that use model organism data to prioritize eandidate genes 
for rare diseases would not be possible without the formalization and 
integration of anatomieal ontologies (Hoehndorf et al 2013). 

Prospeets 


The current state of human anatomy informaties is that the eore ontolo- 
gies are in plaee but their formal tissue IDs (FìsAAlD and EHDAA2 ) have 
yet to be used to annotate data in the ways now being employed for 
other model organisms. Over the eoming few years, we ean expect a 
start to be made in annotating human data on gene expression and 


abnormal (diseased) phenotypes to defined elements of anatomy 
(Sehofield and Haneoek 2012). Onee this has happened, eollating and 
integrating a wide range of human tissue-associated data computation- 
ally will beeome possible (Yue et al 2005). 

In the elinie, we are now beginning to see the applieation of formal 
anatomy ontology frameworks to diagnosties and interventions. For 
example, the FMA has been ineorporated into RadLex, the unified lan- 
guage of radiology terms from the Radiologieal Soeiety of North 
Ameriea, which is used by radiologists and instmment developers for 
indexing and retrieval of radiology information resources (Mejino et al 
2008). More reeently, FMA terms have been integrated with eortieal 
pareellation terminologies ( rurner et al 2010), presaging the future pen- 
etration of ontologies through imaging, radiotherapy and surgery. Clini- 
eians are inereasingly beeoming used to handling and interpreting data 
from highly sophistieated instmmentation, and it will be neeessary to 
include an understanding of the informatie basis of the software used 
in daily praetiee in medieal training: a topie missing now from all but 
the most speeialized and advaneed courses. 
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Fig. 2.2.1 Normal and abnormal internalization of the lovver posterior 
pharyngeal arehes. A, A longitudinal seetion through the pharyngeal 
arehes at the point vvhere the seeond pharyngeal areh is expanding to 
eover the posterior arehes. B, The end results of the expansion of the 
seeond pharyngeal areh. The caudal edge of the seeond pharyngeal areh 
has fused with the subjacent tissue, which results in formation of a sinus 
between the inner surface of the seeond areh and the external surface of 
the posterior arehes. This sinus is subsequently eradieated. C, Two of the 
consequences that result from the ineomplete loss of the sinus following 
the fusion of the caudal edge of the seeond areh; if the sinus is not lost, 
then this eavity persists as a eervieal eyst. If the caudal edge of the 
seeond areh also does not fuse properly with the subjacent tissue, then 
this results in a eyst with an external opening, or fistula. D, The two other 
consequences that ean result from ineomplete loss of the sinus following 
fusion of the caudal edge of the seeond areh. A eyst will form and this 
ean have an internal opening, or fistula, or it may have both internal and 
external openings, or fistulae. 


The pharynx is a complex region of the body that is involved in numer- 
ous eritieal fhnetions; in pondering its mature anatomieal organiza- 
tion, it ean be difficult to diseern the mles that underpin its 
eonstmetion. However, there is an underlying logie that is evident if 
one eonsiders how this region of the body is formed during embryo- 
genesis. The pharyngeal apparatus has its developmental origin in a 
series of bulges found on the lateral surface of the head at early stages: 
the pharyngeal arehes. In humans, there are five pharyngeal arehes, 
numbered 1, 2, 3, 4 and 6. It has been suggested that a fifth areh exists 
transiently during embryogenesis, although there is no substantive evi- 
denee to support this. 

The development of the pharyngeal arehes is complex, because they 
eomprise a number of disparate embryonie eell types (see Fig. 36.3). 
Externally, the arehes are circumscribed by eetoderm, and internally, by 
endoderm; eaeh has a mesenehymal eore of neural erest eells that sur- 
round a eentral group of eranial paraxial mesodermal eells. The differ- 
ent embryonie populations that constitute the arehes must be 
eoordinated so that eaeh will form the appropriate derivative at the right 
time and plaee, and so that those derivatives have the morphology 
assoeiated with their speeifie pharyngeal areh. 

For many years, it was believed that it was the neural erest eells that 
direeted the development of the arehes. However, it was subsequently 
shown that mdimentary pharyngeal arehes ean form in the absenee of 
neural erest eells (Veiteh et al 1999). Moreover, other studies have high- 
lighted the signifieanee of the segmentation of the endoderm in direet- 
ing pharyngeal areh development. A key event in the development of 
the pharyngeal arehes is the formation of outpocketings within the 
endoderm, the pharyngeal pouches, of which there are four; mutants 
that fail to segment the endoderm fail to form pharyngeal arehes (Pio- 
trowski et al 2000). The pharyngeal pouches form at distinet positions 
along the rostrocaudal axis and will eventually eontaet the overlying 
eetoderm, which invaginates to meet the pouches (see Figs 36.3, 36.4). 
It should be noted that in animals and animal embryos the rostrocaudal 
axis is referred to as anteroposterior. These portions of the eetoderm are 
termed the pharyngeal elefts. It is this apposition between the pouches 
and elefts that will define the anterior and posterior (rostral and caudal) 
margins of eaeh pharyngeal areh. Signifieantly, it is the formation of the 
pharyngeal pouches that is the first indieation of pharyngeal areh for- 
mation. Thus, neural erest eells and eranial paraxial mesoderm migrate 
into pre-existing epithelial segments that have been previously formed 
by the pharyngeal pouches. The endoderm then signals to other tissues 
of the arehes and direets their development. It has been shown that 
fibroblast growth faetor (FGF) signalling emanating from the endoderm 
promotes ehondrogenesis within the neural erest, and the pouches also 
induce the formation of the epibranehial plaeodes (Graham 2008). 
These are eetodermal thiekenings that will give rise to the neurones of 
the genioilate, petrosal and nodose ganglia. However, in general, sub- 
sequent pharyngeal areh development will involve a complex interplay 
of signals from the different constituent tissues. 

At later stages, this segmental origin of our pharynx is obscured as 
development progresses, with the majority of the arehes partaking in a 
complex remodelling that results in their obliteration (Fig. 2.2.1; see 
also Table 36.1, Fig. 36.7). This proeess involves the posterior expansion 
of the seeond pharyngeal areh, so that it eomes to eover all posterior 
arehes (see Fig. 2.2.1) (Riehardson et al 2012). This results in these 
posterior arehes beeoming enelosed in a eavity, the eervieal sinus of His, 
which, in turn, is eliminated by the apposition and fusion of its walls, 
yielding a smooth outline to the external surface of the neek (see Fig. 
2.2.1, Fig. 36.10). Signifieantly, there are instanees in which this remod- 
elling is abnormal and this ean result in the presenee of a eervieal eyst, 
arising from the persistenee of the sinus; this may or may not be assoei- 
ated with internal and/or external openings, or fistulae (see Figs 2.2.1, 
36.4C). Such malformations represent the seeond most eommon eon- 
genital lesions of the head and neek in ehildren. 


It is also important to note that there are signifieant differenees 
between the development of the anterior and posterior pharyngeal 
arehes. The two most anterior pharyngeal pouches form at the same 
time, while the more posterior pouches form sequentially. The develop- 
ment of the posterior pouches is also under the eontrol of distinet 
signalling pathways. It has been shown that retinoid and Wnt signalling 
is required for the formation of the more posterior pouches but not the 
anterior (Quinlan et al 2002, Choe et al 2013). One key gene for the 
formation of the posterior, but not anterior, pharyngeal pouches is Tbxl 
(Xu et al 2005). This gene is required to drive proliferation within the 
endoderm; in mutants that laek Tbxl fimetion, the posterior pharyngeal 
pouches fail to form and the neural erest fails to beeome segregated. 
Patients with DiGeorge syndrome present with defeets of posterior 
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pharyngeal areh derivatives and this is strongly assoeiated with muta- 
tions in Tbxl, suggesting that the aetiologieal basis of this syndrome 
lies in a failure of the formation of the posterior pouches. 

A pervasive influence on how the pharyngeal region is organized is 
its evolutionary history; it is through this that one ean appreeiate the 
signifieanee of the differenees between development of the anterior 
versus the posterior pharyngeal arehes. In all gnathostomes, the first 
two pharyngeal arehes form the jaw and hyoid, while the more pos- 
terior arehes are gill-bearing. In many fish, these are eovered by a protee- 
tive flap, the operculum, which helps to draw water into the pharyngeal 
eavity and pass it over the gills, aiding respiration. Thus, the vertebrate 
pharynx is fhndamentally split into an anterior region primarily eon- 
eerned with feeding and a posterior region eoneerned with respiration. 
However, it is believed that, when the vertebrates eolonized land, the 
pharynx was substantially remodelled; with a shift to lung-based respi- 
ration, the gills and the operculum were lost. 

Yet, more reeently, it has been demonstrated that the gills were not 
lost from amniotes but were transformed into the parathyroid primor- 
dia. The development of both the gills and the parathyroid glands 


requires the gene gcm2, and both arise from the posterior pharyngeal 
pouches where the early developmental programme for gill formation 
persists in the amniote posterior pharynx (Okabe and Graham 2004). 
Furthermore, although as adults we do not have an operculum, this 
structure does exist as an embryonie entity (Riehardson et al 2012). The 
posteriorly expanding seeond areh that eovers our posterior arehes is 
homologous to the developing operculum of fish. This is driven by shh 
signalling in both amniotes and fish, and these structures express the 
same key genes. The situation in amniotes differs from that in fish, 
however, in that the leading edge of the caudally expanding seeond areh 
fhses with the epithelium at the level of the eardiae eminenee. Crucially, 
this event mirrors what is seen during amphibian metamorphosis, 
where the gills are also internalized; signifieantly, both the proper 
fhsion of the posterior edge of the seeond areh in amniotes and amphib- 
ian metamorphosis require thyroid hormone signalling. Thus, the faet 
that the anterior and posterior pharyngeal arehes are underpinned by 
different developmental programmes betrays our evolutionary history 
and indieates that the aneestral fhnetional division between the anterior 
and posterior pharynx still exists in amniotes. 
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CHAPTER 



The human nervous system is the most complex product of evolution. 
The aetivity of its billions of neurones and glia constitutes the physieal 
basis of eonseiomness, experience, thought and behaviour. Researeh to 
elucidate the systems and circuits involved in normal neural develop- 
ment and hmetion is one of the most aetive areas of eontemporary 
biology and medieine, and yet our understanding of these proeesses, 
which is essential for translational success, remains far from 
eomplete. 

The nervous system has two major divisions, the eentral nervous 
system (CNS) and the peripheral nervous system (PNS). The CNS eon- 
sists of the brain, spinal eord, optie nerve and retina, and eontains the 
majority of neuronal eell bodies. The PNS includes all nervous tissue 
outside the CNS and eonsists of the eranial and spinal nerves, the 
peripheral autonomic nervous system (ANS) and the speeial senses 
(taste, olfaetion, vision, hearing and balanee). It is eomposed mainly 
of the axons of sensory and motor neurones that pass between the CNS 
and the body. The ANS is subdivided into sympathetie and parasympa- 
thetie eomponents. It eonsists of neurones that innervate seeretory 
glands and eardiae and smooth muscle, and is eoneerned primarily with 
eontrol of the internal environment. Neurones in the wall of the gas- 
trointestinal traet form the enterie nervous system (ENS) and are 
eapable of sustaining loeal reflex aetivity that is independent of the 
CNS. The ENS eontains as many intrinsie neurones in its ganglia as 
the entire spinal eord and is often eonsidered as a third division of 
the nervous system. 

The detailed microstructure of the nervous system is deseribed in 
Chapter 3 and the development of the nervous system is deseribed in 

Chapter 17. 



The brain and spinal eord (see Fig. 45. 1A) eontain the great majority 
of neuronal eell bodies in the nervous system. In many parts of the 
CNS, neuronal eell bodies are grouped together and are, more or less, 
segregated from axons. The generie term for such eolleetions of eell 
bodies is grey matter. Small aggregations of neuronal eell bodies, which 
usually share a eommon fhnetional role, are termed nuclei. Neuronal 
dendrites and synaptie interaetions are mostly eonfined to grey matter. 
Axons tend to be grouped together to form white matter, so ealled 
because axons are often ensheathed in myelin, which eonfers a paler 
colouration. Axons that pass between similar origins or destinations 
within the CNS tend to mn together in defined pathways, or traets. 
These often eross the midline (decussate), which means that one half 
of the body is, in many respeets, eontrolled by, and sends information 
to, the opposite side of the brain. 

Some groups of neurones in the spinal eord and brainstem that 
subserve similar fhnetions are organized into longitudinal columns. 
The neurones in these columns may be eoneentrated into diserete, 
discontinuous nuclei in some areas, e.g. the eranial nerve nuclei of the 
brainstem, or they may form more or less continuous longitudinal 
bands, as in much of the spinal eord (Fig. 16.1). Efferent neurones 
constitute three such columns. The axons of motor neurones in the 
somatie motor column innervate muscles derived from head somites. 
The two other columns are related to speeialized features of head mor- 
phology: neurones in the branehial motor column innervate muscles 
derived from the wall of the embryonie pharynx (branehial muscles) 
and the viseeral motor column supplies preganglionie parasympathetie 
fibres to glands and viseeral smooth muscle. Four longitudinal eell 
columns are related to sensory fhnetions. The general somatie sensory 
column essentially deals with general sensory information from the 
head; speeial somatie sensory neurones are related to the speeial senses 
and reeeive vestibular and auditory input; general viseeral sensory neu- 
rones deal with information from widespread and varied viseeral 


sensory endings; and speeial viseeral sensory neurones are related to the 
speeial sense of taste. 

The spinal eord and brain communicate with the rest of the body 
via the spinal and eranial nerves respeetively. These nerves eontain affer- 
ent fibres that bring information into the CNS from sensory reeeptors, 
and efferent fibres that eonvey instmetions from the CNS to peripheral 
effeetor organs. The spinal eord and brainstem ean eontrol many aspeets 
of bodily fhnetion by reflex aetion mediated via intereonneetions of 
varying complexity between the afferent and efferent eomponents of 
the spinal and eranial nerves. Numerous deseending eonneetions from 
the brain may modulate this aetivity. Afferent input to the spinal eord 
and brainstem is ehannelled into various aseending pathways, some of 
which eventually impinge upon the eerebral cortex, eonferring eon- 
scious awareness. 

To provide the energy required by eonstant neuronal aetivity, the 
CNS has a high metabolie rate and a rieh blood supply (Ch. 19). A 
blood-brain barrier eontrols the neuronal environment and imposes 
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Fig. 16.1 The arrangement of sensory and motor eell columns in the 
spinal eord and brainstem. In eaeh of parts A, B and C, dorsal is towards 
the top of the diagram. A, The organization of the primitive spinal eord 
with a dorsal sensory column, a ventral motor column, and segmentally 
arranged dorsal and ventral nerve roots. B, The adult thoraeie spinal eord 
with sensory and somatie motor columns and an additional intermediate 
(lateral) viseeral motor column. C, The arrangement of multiple 
longitudinal columns in the brainstem, where the motor column is now 
subdivided into three, and the sensory column into four. For further 
information about the embryologieal aspeets of the early nervous system, 
consult Chapter 17. 
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Fig. 16.2 A transverse seetion through the spinal eord, illustrating the 
disposition of grey and vvhite matter and the attaehment of dorsal and 
ventral spinal nerve roots. 


severe restrietions on the types of substance that ean pass from the 
bloodstream into nervous tissue. 


SPINAL C0RD 


The spinal eord lies vvithin the vertebral column, in the upper two- 
thirds of the vertebral eanal, and is continuous rostrally with the 
medulla oblongata of the brainstem. For the most part, the spinal eord 
reeeives afferent input from, and eontrols the fhnetions of, the tmnk 
and limbs. Afferent and efferent eonneetions between the periphery and 
the spinal eord travel in 31 pairs of segmentally arranged spinal nerves 
that attaeh to the eord as a linear series of dorsal and ventral rootlets. 
Adjaeent groups of rootlets unite to form dorsal and ventral roots that 
eombine to form the spinal nerves proper (Fig. 16.2). The dorsal and 
ventral roots are hmetionally distinet. Dorsal roots earry primary affer- 
ent nerve fibres from neuronal eell bodies loeated in dorsal root ganglia, 
whereas ventral roots earry efferent fìbres from neuronal eell bodies 
loeated in the spinal grey matter. 

Internally, the spinal eord eonsists of a eentral eore of grey matter 
surrounded by white matter. The grey matter is confìgured in a eharae- 
teristie H, or butterfly, shape that has projeetions known as dorsal 
(posterior) and ventral (anterior) horns (Fig. 16.3). In general, neu- 
rones situated in the dorsal horn are primarily eoneerned with sensory 
hmetions whilst those in the ventral horn are mostly assoeiated with 
motor aetivities. At thoraeie and upper lumbar levels of the spinal eord 
a small lateral horn is additionally present, marking the loeation of the 
eell bodies of preganglionie sympathetie neurones. The eentral eanal, a 
vestigial eomponent of the ventriailar system, lies at the eentre of the 
spinal grey matter and mns the length of the eord. The white matter of 
the spinal eord eonsists of aseending and deseending traets that link 
spinal eord segments to one another and the spinal eord to the brain. 


BRAIN 


The brain (eneephalon) lies within the cranium. The brain reeeives 
information from, and eontrols the aetivities of, the tmnk and limbs, 
mainly through eonneetions with the spinal eord. It also possesses 12 
pairs of eranial nerves through which it communicates mostly with 
structures of the head and neek. The brain is divided into major regions 
on the basis of ontogenetie growth and phylogenetie prineiples (Figs. 
16.4-16.6). Aseending in sequence from the spinal eord, the prineipal 
divisions are the rhombeneephalon or hindbrain, the meseneephalon 
or midbrain, and the proseneephalon or forebrain. 

The rhombeneephalon is subdivided into the myeleneephalon or 
medulla oblongata, meteneephalon or pons, and the eerebelhim. The 
medulla oblongata, pons and midbrain are eolleetively referred to as 
the brainstem, which lies upon the basal portions of the oeeipital and 
sphenoid bones (clivus). The medulla oblongata is the most caudal part 
of the brainstem and is continuous with the spinal eord below the level 
of the foramen magnum. The pons lies rostral to the medulla and is 
distinguished by a mass of transverse nerve fìbres that eonneet it to the 
cerebellum. The midbrain is a short segment of brainstem, rostral to 



Grey matter — 1 1 — Ventral horn 

Fig. 16.3 A transverse seetion through the spinal eord at lumbar level. 
The seetion has been stained for nerve fibres, leaving the grey matter 
relatively unstained. (Figure enhaneed by B Oossman.) 


the pons. The eerebelhim eonsists of paired hemispheres united by a 
median vermis and lies within the posterior eranial fossa, dorsal to the 
pons, medulla and caudal midbrain, with all of which it has numerous 
fìbre eonneetions. 

The proseneephalon is subdivided into the dieneephalon and the 
teleneephalon. The dieneephalon equates mostly to the thalamus and 
hypothalamus, but also includes the smaller epithalamus and subtha- 
lamus. The teleneephalon is mainly eomposed of the two eerebral 
hemispheres or eerebmm. The dieneephalon is almost eompletely 
embedded in the eerebmm and is, therefore, largely hidden from the 
exterior. The human eerebmm constitutes the major part of the brain. 
It occupies the anterior and middle eranial fossae and is direetly related 
to the eranial vault. It eonsists of two eerebral hemispheres. The surface 
of eaeh hemisphere is convoluted into a complex pattern of ridges (gyri) 
and furrows (sulci). Internally, eaeh hemisphere has an outer layer of 
grey matter, the eerebral cortex, beneath which lies a thiek mass of white 
matter (Fig. 16.7). One of the most important eomponents of the 
eerebral white matter, the internal capsule (see Fig. 16.9), eontains 
nerve fìbres that pass to and from the eerebral cortex and lower levels 
of the neuraxis. Several large nuclei of grey matter, the basal ganglia or 
basal nuclei, are partly embedded in the subcortical white matter. Nerve 
fìbre eonneetions between eorresponding areas on either side of the 
brain eross the midline within commissures, by far the largest being the 
corpus callosum. 

During prenatal development, the walls of the neural tube thieken 
greatly but never eompletely obliterate the eentral lumen. Although the 
latter remains in the spinal eord as the vestigial eentral eanal, it beeomes 
greatly expanded in the brain to form a series of intereonneeted eavities 
or ventrieles (Ch. 18). In two regions, the fore- and hindbrain, parts of 
the roof of the neural tube do not generate nerve eells but beeome thin, 
folded sheets of highly vascular seeretory tissue, the ehoroid plexuses. 
These seerete eerebrospinal fluid that fills the ventrieles. The eavity of 
the rhombeneephalon beeomes expanded to form the fourth ventriele, 
which lies dorsal to the pons and upper half of the medulla. Caudally, 
the fourth ventriele is continuous with a eanal in the caudal medulla 
and, through this, with the eentral eanal of the spinal eord. The fourth 
ventriele is continuous with the subarachnoid spaee through three 
openings in its roof (the foramina of Luschka and of Magendie). At its 
rostral extent, the fourth ventriele is continuous with a narrow ehannel, 
the eerebral aqueduct, which passes through the midbrain. The rostral 
end of the eerebral aqueduct opens out into the third ventriele, a 
narrow, slit-like, midline eavity that is bounded laterally by the dien- 
eephalon. At the rostral end of the third ventriele, a small aperture on 
eaeh side leads into the large lateral ventriele that is loeated within eaeh 
eerebral hemisphere (see Fig. 16.4C). 
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Fig. 16.4 Nomenelatiire and arrangement of the major divisions of the brain. A, The major features of the basie brain plan, including their relationships to 
the major speeial sensory organs of the head. B, The eorresponding regions in the adult brain, seen in sagittal seetion. C, The organization of the 
ventricular system in the brain. 



Fig. 16.5 The base of the brain, shovving the major divisions and eranial 
nerves (see also Fig. 19.2). (Figure enhaneed by B Oossman.) 


0VERVIEW OF ASOENDING SENSORY PATHWAYS 

Sensory modalities are eonventionally deseribed as being either speeial 
senses or general senses. The speeial senses are olfaetion, vision, taste, 
hearing and vestibular fhnetion. Afferent information is eneoded by 
highly speeialized sense organs and transmitted to the brain in eranial 
nerves I, II, VII, VIII and IX. 


The general senses include touch, pressure, vibration, pain, thermal 
sensation and proprioeeption (pereeption of posture and movement). 
Stimuli from the external and internal environments aetivate a diverse 
range of reeeptors in the skin, viseera, muscles, tendons and joints (Ch. 
3). Afferent impulses from the tmnk and limbs are eonveyed to the 
spinal eord in spinal nerves, while those from the head are earried to 
the brain in eranial nerves. The detailed anatomy of the complex path- 
ways by which the various general senses impinge on consciousness 
levels is better understood by referenee to eertain eommon organiza- 
tional prineiples. Whilst undoubtedly oversimplified and subject to 
exceptions, this sehema is helpfhl in emphasizing the essential similari- 
ties that exist between the aseending sensory systems. 

In essenee, aseending sensory projeetions related to the general 
senses eonsist of a sequence of three neurones that extends from periph- 
eral reeeptor to eontralateral eerebral cortex (Fig. 16.8). These are often 
referred to as primary, seeondary and tertiary neurones or first-, seeond- 
and third-order neurones. Primary afferents have peripherally loeated 
sensory endings and eell bodies that lie in dorsal root ganglia or the 
sensory ganglia assoeiated with eertain eranial nerves. Their axons enter 
the CNS through spinal or eranial nerves and terminate by synapsing 
on the eell bodies of ipsilateral seeond-order neurones; the preeise loea- 
tion of this termination depends on the modality. 

Primary afferent fibres earrying pain, temperature and eoarse touch/ 
pressure information from the tmnk and limbs terminate in the dorsal 
horn of the spinal grey matter, near their point of entry into the spinal 
eord. Homologous fibres from the head terminate in the trigeminal 
sensory nucleus of the brainstem. The eell bodies of seeond-order neu- 
rones are loeated in either the dorsal horn or the trigeminal sensory 
nucleus. Their axons decussate and aseend to the ventral posterior 
nucleus of the eontralateral thalamus as the spinothalamie or the 
trigeminothalamie traet, respeetively; they synapse on the eell bodies of 
third-order neurones in the thalamus. Axons of third-order neurones 
pass through the internal capsule to reaeh the eerebral cortex, terminat- 
ing in the posteentral gyms of the parietal lobe, which is also known 
as the primary somatosensory cortex. 

Primary afferent fibres earrying proprioeeptive information and fine 
(diseriminative) touch from the tmnk and limbs aseend ipsilaterally in 
the spinal eord as the dorsal columns (fasciculus graeilis and fasciculus 
cuneatus); they end by synapsing on seeond-order neurones in the 
dorsal column mielei (nucleus graeilis and nucleus cuneatus) of the 
medulla. Axons of seeond-order neurones decussate in the medulla and 
then aseend as the medial lemniscus to the ventral posterior nucleus of 
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Fig. 16.6 A sagittal seetion of the brain. (Figure 
enhaneed by B Oossman.) 
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Fig. 16.7 A seetion through the eerebral hemisphere and brainstem, 
shovving the disposition of grey and vvhite matter, the basal ganglia and 
the internal capsule. (Disseetion by EL Rees; photograph by Kevin 
Fitzpatriek, London.) 

the eontralateral thalamiis, where they synapse on the eell bodies of 
third-order neurones. Axons of third-order neurones pass through the 
internal capsule to reaeh the eerebral cortex, terminating in the primary 
somatosensory cortex. A similar homologous projeetion exists for affer- 
ents derived from the head. 

0VERVIEW 0F DESOENDING M0T0R PATHWAYS 

Corticofugal fibres deseend through the internal capsule and pass into 
the brainstem, where many of them terminate, innervating the eranial 
nerve nuclei and other brainstem nuclei such as the red nucleus, reticu- 
lar nuclei, olivary nuclei, ete. The term 'corticobulbar' has been used for 
many years to deseribe eortieal projeetions to brainstem nuclei but it is 
a misnomer. The suffix 'bulbar is derived from 'bulb', an obsolete name 
for the medulla oblongata: elearly, eortieofhgal fibres that terminate in 
the midbrain and/or pons eannot be deseribed as corticobulbar. The 
term 'corticobulbar' has been replaeed by 'corticonuclear' 



Fig. 16.8 The organization of general sensory pathways showing 
first-order, seeond-order and third-order neurones. 


Terminologia Anatomiea speeifies eortieal axons that innervate 
motor or sensory nuclei of eranial nerves aeeording to their eonneetions 
as follows: fibrae corticonucleares bulbi (medullary corticonuclear 
fibres); fibrae corticonuclearis pontinis (pontine corticonuclear fibres); 
and fibrae eortieomielearis meseneephali (meseneephalie corticonu- 
elear fibres). 

Corticospinal (pyramidal traet) fibres originate from widespread 
regions of the eerebral cortex, including the primary motor cortex of 
the frontal lobe where the opposite half of the body is represented in 
a detailed somatotopie fashion. The fibres deseend throughout the 
length of the brainstem. The majority then eross to the eontralateral 
side in the motor decussation of the pyramids in the medulla. Thereaf- 
ter, they eontimie caudally as the lateral eortieospinal traet of the spinal 
eord, which terminates in assoeiation with interneurones and motor 
neurones of the spinal grey matter (Fig. 16.9). The prineipal fimetion 
of the corticonuclear and eortieospinal traets is the eontrol of fine, 
fraetionated movements, particularly of those parts of the body where 
delieate muscular eontrol is required. These traets are particularly 
important in speeeh (eortieomielear traet) and movements of the hands 
(eortieospinal traet). 

















































































Peripheral nervous system 



The eoneept of 'tipper' and 'lower' motor neurones is hmdamental 
in elinieal neurology because the motor signs and symptoms of damage 
to eaeh eategory are different and are indieative of the anatomieal site 
of the lesion. Lower motor neurones are the alpha motor neurones 
loeated in the brainstem and spinal eord that innervate the extrafusal 
muscle fibres of skeletal muscle. The term upper motor neurones refers 
eolleetively to all the deseending pathways that impinge upon the aetiv- 
ity of lower motor neurones but, in eommon parlanee, the term is often 
equated with the corticonuclear and eortieospinal traets. The terms 
upper and lower motor neurone lesion are used elinieally to distin- 
guish, for example, between the effeets of a stroke in the internal capsule 
(a typieal upper motor neurone lesion) and those of motor neurone 
disease (a typieal lower motor neurone lesion). 

Lower motor neurone lesions cause paralysis or paresis of speeifie 
muscles because they have lost their direet innervation. There is also 
loss or reduction of tendon reflex aetivity and reduced muscle tone. 
Spontaneous muscular eontraetions (fasciculation) occur and affeeted 
muscles atrophy over time. Lfpper motor neurone lesions cause paraly- 
sis or paresis of movements as a result of loss of higher eontrol. There 
is inereased tendon reflex aetivity and inereased muscle tone, and no 
muscle atrophy occurs. A positive plantar (Babinski) reflex is present. 
The eombination of paralysis, inereased tendon reflex aetivity and 
hypertonia is referred to as spastieity. 

The pathophysiology underlying the symptoms of upper motor 
neurone lesions is complex. This is because many deseending pathways 
other than the corticonuclear and eortieospinal traets exist and they also 
influence lower motor neurone aetivity. These pathways include eorti- 
eofhgal projeetions to the brainstem (e.g. corticoreticular and eortieo- 
pontine) that traverse the internal capsule and numerous pathways that 
originate within the brainstem itself (e.g. retiailospinaf vestibulospi- 
nal). eiearly, these pathways may be eompromised to varying extents, 
depending on the site of a lesion. Their involvement is believed to be 
important in the pathophysiologieal meehanisms that underlie the gen- 
eration of spastieity. Pure eortieospinal traet lesions, which are exceed- 
ingly rare in humans because eortieospinal traet fibres lie in elose 
relationship to other pathways throughout most of their course, are 
believed speeifieally to cause defieits in delieate, fraetionated move- 
ments and to induce the positive plantar reflex. 

Two other major systems that contribute to the eontrol of movement 
are the basal ganglia and the cerebellum. The basal ganglia are a group 
of large subcortical nuclei, the major eomponents being the caudate 
nucleus, putamen and globus pallkhis (see Fig. 16.7; Ch. 24). These 
structures have important eonneetions with the eerebral cortex, eertain 


nuclei of the thalamus and subthalamus, and with the brainstem. They 
appear to be involved in the seleetion of appropriate behavioural 
patterns/movements and the suppression of inappropriate ones. Disor- 
ders of the basal ganglia cause either too little movement (akinesia) or 
abnormal involuntary movements (dyskinesias), as well as tremor and 
abnormalities of muscle tone (Crossman and Neary 2014). The basal 
ganglia are sometimes deseribed as being part of the so-ealled 'extrapy- 
ramidal (motor) system'. This term is used to distinguish between the 
effeets of basal ganglia disease and those of damage to the 'pyramidal' 
(eortieospinal) system. However, the progressive elucidation of the 
anatomy of the basal ganglia and of the pathophysiology of motor 
disorders has revealed the elose fimetional interrelationship between 
the two 'systems', and has rendered the terms that distinguish them 
largely obsolete (Brodal 1981). The cerebellum (Ch. 22) has rieh eon- 
neetions with the brainstem, particularly the reticular and vestibular 
nuclei, and with the thalamus. It is eoneerned with the eoordination of 
movement; eerebellar disorders cause ataxia, intention tremor and 
hypotonia. 


PERIPHERAL NERV0US SYSTEM 


The PNS is eomposed mainly of spinal nerves, eranial nerves, their 
ganglia and their ramifieations that earry afferent and efferent neurones 
between the CNS and the rest of the body. It also includes the peripheral 
part of the autonomic nervous system, notably the sympathetie tmnks 
and ganglia, and the enterie nervous system, eomposed of plexuses of 
nerve fibres and eell bodies in the wall of the gastrointestinal traet. 

SPINAL NERVES 


Spinal nerves are the means by which the CNS reeeives information 
from, and eontrols the aetivities of, the tmnk and limbs. Spinal nerves 
are eonsidered in detail elsewhere on a regional basis (Seetions 4-9). 

There are 31 pairs of spinal nerves (8 eervieal, 12 thoraeie, 5 lumbar, 
5 saeral, 1 eoeeygeal) and these eontain a mixture of sensory and motor 
fibres. They originate from the spinal eord as continuous series of dorsal 
and ventral nerve rootlets. Adjaeent groups of rootlets ffise to form 
dorsal and ventral roots, which then merge to form the spinal nerves 
proper. The dorsal roots of spinal nerves eontain afferent nerve fibres 
from eell bodies loeated in dorsal root ganglia. These eells give off both 
eentrally and peripherally direeted proeesses and do not have synapses 
on their eell bodies. The ventral roots of spinal nerves eontain efferent 
fibres from eell bodies loeated in the spinal grey matter. These include 
motor neurones innervating skeletal muscle and preganglionie auto- 
nomie neurones. 

Spinal nerves exit from the vertebral eanal via their eorresponding 
intervertebral foramina. They then divide to form a large ventral (ante- 
rior) ramus and a smaller dorsal (posterior) ramus. In general terms, 
the ventral ramus innervates the limbs together with the muscles and 
skin of the anterior part of the tmnk. The dorsal ramus innervates the 
post-vertebral muscles and the skin of the baek. The nerve fibres within 
the ventral rami serving the upper and lower limbs are redistributed 
within braehial and lumbosacral plexuses, respeetively. 

ORANIAL NERVES 


Cranial nerves are the means by which the brain reeeives information 
from, and eontrols the aetivities of, the head and neek, and to a lesser 
extent the thoraeie and abdominal viseera. The eomponent fibres, their 
route of exit from the eranial eavity, their subsequent peripheral course 
and the distribution and fimetions of the eranial nerves are eonsidered 
in detail elsewhere on a regional basis (Seetions 4, 7, 8). Their origins, 
destinations and eonneetions within the CNS are eonsidered in this 
seetion. 

There are 12 pairs of eranial nerves that are individually named and 
numbered (Roman numerals) in a rostrocaudal sequence ( ?able 16.1). 

Unlike spinal nerves, only some eranial nerves are mixed in fimetion, 
earrying both sensory and motor fibres; others are purely sensory or 
purely motor. The first eranial nerve (I; olfaetory) has an aneient lineage 
and is derived from the foremnner of the eerebral hemisphere. It retains 
this unique position through the eonneetions of the olfaetory bulb, and 
is the only sensory eranial nerve that projeets direetly to the eerebral 
cortex rather than indireetly via the thalamus. The areas of eerebral 
cortex reeeiving olfaetory input have a primitive cellular organization 
and are an integral part of the limbie system, which is eoneerned with 
the emotional aspeets of behaviour. The seeond eranial nerve (II; optie) 231 
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SECTION 3 


OVERVIEW OF THE NERVOIIS SYSTEM 


Table 16.1 Summary of eranial nerves 


No. 

Name 

Components 

Cells of origin 

1 

Olfaetory 

Speeial somatie afferent 

Olfaetory reeeptor eells 
in nasal mucosa 

II 

Optie 

Speeial somatie afferent 

Ganglion eells of retina 

III 

Oculomotor 

Somatie efferent 

Oculomotor nucleus 

III 

Oculomotor 

General viseeral efferent 

Edinger—Westphal 
nucleus 

IV 

Troehlear 

Somatie efferent 

Troehlear nucleus 


Main eentral eonneetions 

To olfaetory bulb, anterior perforated 
substance, piriform cortex 
To lateral geniculate nucleus of 
thalamus, preteetal area of 
midbrain 

From visual eortieal areas, medial 
longitudinal fasciculus 
From preteetal area of midbrain 


Exit from skull 

Foramina of 
eribriform plate 
Optíe eanal 


Distribution and function 


Olfaetion 


Vision 


Superior orbital 
fissure 

Superior orbital 
fissure 


From visual eortieal areas, medial 
longitudinal fasciculus 


Superior orbital 
fissure 


Motor to medial rectus, inferior rectus, superior 
rectus, inferior oblique, levator palpebrae superioris 
Parasympathetie to sphineter pupillae and eiliary 
rrmseles, via eiliary ganglion, mediating pupillary 
eonstrietion and aeeommodation 
Motor to superior oblique 


Trigeminal division: 

V 


VI 






IX 


IX 


IX 

IX 


IX 


XI 


Ophthalmie (V|) 

Maxillary (V N ) 

Mandibular (V Ni ) 

General somatie afferent 

General somatie afferent 

General somatie afferent 

General somatie afferent 

Trigeminal (semilunar) 
ganglion 

Trigeminal (semilunar) 
ganglion 

Trigeminal (semilunar) 
ganglion 

Meseneephalie part of 
trigeminal sensory 
nucleus 

To trigeminal sensory nucleus 

To trigeminal sensory nucleus 

To trigeminal sensory nucleus 

To trigeminal sensory nucleus, 
cerebellum 

Superior orbital 
fissure 

Foramen rotundum 

Foramen ovale 

Foramen ovale 

Sensation from forehead, sealp, eyelids, nose and 
eye, including conjunctiva 

Sensation from mid-faee, lower eyelid, nasal eavity 
and paranasal sinuses, upper lip, maxillary teeth 
and palate 

Sensation from lower faee and sealp, tongue and floor 
of mouth, mandibular teeth and part of external ear 
Proprioeeption from muscles of mastieation, 
temporomandibular joint 

Mandibular (V iN ) 

Branehial (speeial 
viseeral) efferent 

Trigeminal motor nucleus 

From preeentral gyrus 

Foramen ovale 

Motor to muscles of mastieation (temporalis, 
masseter, medial and lateral pterygoids), tensor 

Abducens 

Somatie efferent 

Abducens nucleus 

From visual eortieal areas, medial 
longitudinal fasciculus 

Superior orbital 
fissure 

Motor to lateral rectus 

Faeial 

General somatie afferent 

Geniculate ganglion 

To trigeminal sensory nucleus, 
cerebellum 

Internal acoustic 
meatus 

Sensation from part of tympanie membrane, external 
acoustic meatus and skin behind pinna. 

Proprioeeption from faeial muscles 

Faeial 

Speeial viseeral afferent 

Geniculate ganglion 

To nucleus solitarius 

Internal acoustic 
meatus 

Taste from anterior two-thirds of tongue 


VII Faeial 


General viseeral efferent Superior salivatory 

nucleus 


From olfaetory areas, nucleus 
solitarius 


Internal acoustic 
meatus 


Faeial 


Branehial (speeial 


Faeial nucleus 


From preeentral gyrus 


Internal acoustic 


Parasympathetie to laerimal gland and mucous 
membrane of nasal and oral eavities (via 
pterygopalatine ganglion) and submandibular and 
sublingual salivary glands (via submandibular 
ganglion) causing seeretion and vasodilation 
Motor to ‘muscles of faeial expression’, stapedius, 


Vestibulocochlear 






Vestibular division 

Speeial somatie afferent 

Vestibular ganglion 

To vestibular nuclei, cerebellum 

Internal acoustic 
meatus 

Sensations of equilibrium and motion 

Cochlear division 

Speeial somatie afferent 

Spiral ganglion 

To eoehlear nuclei 

Internal acoustic 
meatus 

Hearing 

Glossopharyngeal 

General somatie afferent 

Glossopharyngeal ganglia 

To trigeminal sensory nucleus 

Jugular foramen 

General sensation from posterior one-third of tongue, 
oropharynx and middle ear 


Glossopharyngeal General viseeral afferent Glossopharyngeal ganglia To nucleus solitarius 


Jugular foramen 


Sensory from earotid body (ehemoreeeptors) and 
earotid sinus 



Glossopharyngeal Speeial viseeral afferent Glossopharyngeal ganglia To nucleus solitarius 
Glossopharyngeal 


Jugular foramen 


Taste from posterior one-third of tongue 


General viseeral efferent Inferior salivatory 

nucleus 

Glossopharyngeal Branehial (speeial Nucleus ambiguus 

efferent 


From olfaetory areas, nucleus 
solitarius 

From preeentral gyrns 


Jugular foramen 
Jugular foramen 


Parasympathetie to parotid salivary gland (via otie 
ganglion), causing seeretion and vasodilation 
Motor to stylopharyngeus 



X 

Vagus 

General somatie afferent 

Superior (jugular) 
ganglion 

To trigeminal sensory nucleus 

Jugular foramen 

General sensation from pharynx, larynx, traehea, 
oesophagus, part of auricle and external auditory 
meatus 

X 

Vagus 

General viseeral afferent 

Inferior (nodose) ganglion 

To nucleus solitarius 

Jugular foramen 

Sensory from thoraeie and abdominal viseera 

Sensory from aortie areh (baroreeeptors) and aortie 
bodies (ehemoreeeptors) 

X 

Vagus 

General viseeral efferent 

Dorsal motor nucleus of 
vagus 

From hypothalamus, nucleus 
solitarius 

Jugular foramen 

Parasympathetie to glands and smooth muscle in the 
pharynx, larynx, thoraeie and abdominal viseera 

X 

Vagus 

Branehial (speeial 

Nucleus ambiguus 

From preeentral gyrns, sensory 

Jugular foramen 

Motor to pharyngeal, external laryngeal and 



efferent 


nuclei of brainstem 



striated muscles 


*Accessory 
Oranial root 


Spinal root 
XII Hypoglossal 


Branehial (speeial 
viseeral) efferent 
Branehial (speeial 
viseeral) efferent 
Somatie efferent 


Nucleus ambiguus 

Spinal eord segments 
C1-C5 

Hypoglossal nucleus 


From preeentral gyrns, sensory 
nuclei of brainstem 
From preeentral gyrns 

From preeentral gyrns 


Jugular foramen 
Jugular foramen 
Hypoglossal eanal 


Motor to muscles of soft palate and intrinsie muscles 
of larynx (distributed via vagus) 

Motor to sternoeleidomastoid and trapezius 

Motor to all intrinsie and extrinsic muscles of the 
tongue, except palatoglossus 



General somatie afferent 
Speeial somatie afferent 
General viseeral afferent 
Speeial viseeral afferent 
Somatie efferent 
General viseeral efferent 
Branehial (speeial viseeral) efferent 


*The existence ofa ‘eranial root’ of the aeeessory nerve, with its eell bodies in the nucleus ambiguus and a distribution as given in Table 16.1, is eontroversial. There is a view that the ‘spinal root’ of the aeeessory nerve 
should be regarded as the aeeessory nerve proper (sometimes ealled the ‘spinal aeeessory nerve’) and that the vagus nerve supplies the muscles of the soft palate and the intrinsie muscles of the \arynx. See Ohapter 21 for 
further details. 
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Autonomic nervous system 


eonsists of the axons of seeond-order visual neurones and these termi- 
nate in the thalamus. The other ten pairs of eranial nerves attaeh to the 
brainstem and most of their eomponent fibres originate from, or ter- 
minate in, the eranial nerve nuclei of the brainstem. 

The sensory fibres in individual spinal and eranial nerves have ehar- 
aeteristie, but often overlapping, peripheral distributions. As far as the 
innervation of the body surface is eoneerned, the area that is supplied 
by a particular spinal or eranial nerve is referred to as a dermatome 
(Greenberg 2003), whereas the areas of skin supplied by particular 
peripheral nerves are often referred to as the peripheral nerve fields (or 
cutaneous nerve distributions). There is marked overlap between der- 
matomes of adjaeent spinal nerves, particularly for the segments least 
affeeted by development of the limbs, i.e. the seeond thoraeie to the 
first himbar (Ladak et al 2013). In some regions, e.g. the upper anterior 
thoraeie wall, the cutaneous nerves that supply adjoining areas are not 
derived from consecutive spinal nerves and in these instanees the 
overlap between dermatomes is minimal; these boundaries give more 
reliable and elinieally useful borders (Apok et al 2011). Maps of der- 
matome distribution are useful in elinieal neurology as a guide to 
identiíy the loeation of pathology in patients with peripheral sensory 
defieits, but it is important to remember that they are approximations. 
Dermatome maps are somewhat ineonsistently reported by different 
authors, refleeting the faet that the maps are eomposites that have been 
eompiled to a large extent by elinieal observations on patients with 
eranial or spinal nerve pathology, and also that eonsiderable normal 
individual variation exists (Fig. 16.10) (Lee et al 2008). Common to all 
published maps are areas of sensory overlap along borders of contigu- 
ous spinal nerves and axial lines where non-contiguous spinal nerves 
meet, and aeross which very little or no sensory overlap occurs. Detailed 
dermatome maps are deseribed on a regional basis. The motor axons 
of individual spinal and eranial nerves tend to innervate anatomieally 
and fimetionally related groups of skeletal muscles, which are referred 
to as myotomes. 



The autonomic nervous system represents the viseeral eomponent of 
the nervous system. It eonsists of neurones loeated within both the CNS 
and the PNS that are eoneerned with the eontrol of the internal environ- 
ment, through the innervation of seeretory glands and eardiae and 
smooth muscle. Its fimetions are, however, elosely integrated with those 
of the somatie nervous system. 

Viseeral efferent pathways differ from their somatie equivalents in 
that the former are intermpted by peripheral synapses, there being a 
sequence of at least two neurones between the CNS and the target 
structure (Fig. 16.11). These are referred to as preganglionie and post- 
ganglionie neurones, respeetively. The somata of preganglionie neu- 
rones are loeated in the viseeral efferent nuclei of the brainstem and in 
the lateral grey columns of the spinal eord. Their axons, which are 
usually finely myelinated, exit from the CNS in eertain eranial and 
spinal nerves, and then pass to peripheral ganglia, where they synapse 
with postganglionie neurones. The axons of postganglionie neurones 
are usually unmyelinated. Postganglionie neurones are more numerous 
than preganglionie ones; one preganglionie neurone may synapse with 
15-20 postganglionie neurones, which permits the wide distribution of 
many autonomic effeets. 

The autonomic nervous system is divided into three major parts: 
sympathetie, parasympathetie and enterie. These differ in organization 
and structure but are fimetionally integrated. Most, but not all, stme- 
tures innervated by the autonomic nervous system reeeive both sympa- 
thetie and parasympathetie fibres, whereas the enterie nervous system 
is a network of neurones intrinsie to the wall of the gastrointestinal 
traet. 

Two long-held dogmas are that the sympathetie and parasympa- 
thetie nervous systems are fimetionally antagonistie (because aetivation 
of their respeetive efferents has opposing aetions on target stmctures) 





Fig. 16.10 Typieal dermatome maps, illiistrating some of the variations reported by different authors. A, Dermatome map based on Keegan JJ, Garrett 
FD 1948 The segmental distribution of the cutaneous nerves in the limbs of man. Anat Ree 102:409-439. Mainly used in literature in the USA. 

B, Dermatome map based on Moffat DB 1993 Lecture Notes on Anatomy, 2nd edn. Oxford: Blackwell Seientifie. Mainly used in literature in the UK. 
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Dilator pupillae 
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Oesophagus 

Stomaeh 

Abdominal vessels 

Liver and ducts 
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Sexual organs 


External genitalia 


Fig. 16.11 Efferent pathvvays of the autonomic 
nervous system. 


and that sympathetie reaetions are mass responses vvhereas parasympa- 
thetie reaetions are usually more loealized. A better eoneept is that the 
two sets of neurones constitute an integrated system for the eoordinated 
neural regulation of viseeral and homeostatie fhnetions. Moreover, even 
though widespread aetivation of the sympathetie nervous system may 
occur, e.g. in assoeiation with fear or rage, it is reeognized that the 
sympathetie nervous system is also eapable of diserete aetivation. In 
generaf sympathetie aetivity results in the eonstrietion of cutaneous 
arteries (inereasing blood supply to the heart, muscles and brain), 
eardiae aeeeleration, an inerease in blood pressure, eontraetion of 
sphineters and depression of peristalsis, all of which mobilize body 
energy stores for dealing with inereased aetivity. Parasympathetie aetiv- 
ity results in eardiae slowing and an inerease in intestinal glandular 
and peristaltie aetivities, which may be eonsidered to eonserve body 
energy stores. 

Autonomic aetivity is not initiated or eontrolled solely by the reflex 
eonneetions of general viseeral afferent pathways; nor do impulses in 
these pathways neeessarily aetivate general viseeral efferents. For 
example, in many situations demanding general sympathetie aetivity, 
the initiator is somatie and typieally arises from the speeial senses 
or the skin. Rises in blood pressure and pupillary dilation may result 


from the stimulation of somatie reeeptors in the skin and other tissues. 
Peripheral autonomic aetivity is integrated at higher levels in the brain- 
stem and eerebmm, including various nuclei of the brainstem reticular 
formation, thalamus and hypothalamus, the limbie lobe and prefrontal 
neocortex, together with the aseending and deseending pathways that 
intereonneet these regions. 

The elassieal eoneept of autonomic neurotransmission is that pre- 
ganglionie neurones of both sympathetie and parasympathetie systems 
are eholinergie and that postganglionie parasympathetie neurones are 
also eholinergie while those of the sympathetie nervous system are 
noradrenergie. The diseovery of neurones that do not use either aeetyl- 
eholine or noradrenaline (norepinephrine) as their primary transmitter, 
and the reeognition of a multiplicity of substances in autonomic nerves 
which frilfil the eriteria for a neurotransmitter or neuromodulator, have 
greatly eomplieated neuropharmacological eoneepts of the autonomic 
nervous system (Burnstock 2013). Thus, adenosine S'-triphosphate 
(ATP), numerous peptides and nitrie oxide have all been implieated in 
the meehanisms of eell signalling in the autonomic nervous system. The 
prineipal eo-transmitters in sympathetie nerves are ATP and neuropep- 
tide Y; in parasympathetie nerves vasoaetive intestinal polypeptide 
(VIP); and in enterie nerves ATP, VIP and substance P. 






























































































































Autonomic nervous system 


SYMPATHETIC NERVOUS SYSTEM 


The sympathetie tmnks are two ganglionated nerve eords that extend 
on either side of the vertebral column from the eranial base to the 
coccyx. The ganglia are joined to spinal nerves by short eonneeting 
nerves ealled white and grey rami eomimmieantes. Preganglionie axons 
join the tmnk through the white rami eomimmieantes while postgan- 
glionie axons leave the tmnk in the grey rami. In the neek, eaeh sym- 
pathetie tmnk lies posterior to the earotid sheath and anterior to the 
transverse proeesses of the eervieal vertebrae. In the thorax, the tmnks 
are anterior to the heads of the ribs, in the abdomen they lie anterola- 
teral to the bodies of the lumbar vertebrae, and in the pelvis they are 
anterior to the saemm and medial to the anterior saeral foramina. 
Anterior to the coccyx the two tmnks meet in a single, median, terminal 
ganglion. Cervical sympathetie ganglia are usually reduced to three by 
fhsion. The internal earotid nerve, a continuation of the sympathetie 
tmnk, issues from the eranial pole of the superior ganglion and aeeom- 
panies the internal earotid artery through its eanal into the eranial 
eavity. There are between 10 and 12 (usually 11) thoraeie ganglia, 4 
lumbar ganglia, and 4 or 5 ganglia in the saeral region. 

The eell bodies of preganglionie sympathetie neurones are loeated 
in the lateral horn of the spinal grey matter of all thoraeie segments and 
the upper two or three lumbar segments (Fig. 16.12). Their axons are 
myelinated with diameters of 1.5-4 pm. They leave the eord in the 
eorresponding ventral nerve roots and pass into the spinal nerves, 
but soon leave in white rami eomimmieantes to join the sympathetie 
tmnk (Fig. 16.13). Neurones like those in the lateral grey eohimn 
exist at other levels of the eord above and below the thoracolumbar 
outflow and small numbers of their fibres leave in other ventral roots. 



Dorsal horn 


Lateral horn 

Ventral horn 


Fig. 16.12 A transverse seetion through the thoraeie spinal eord. 
Preganglionie sympathetie neurones are loeated in the lateral horn. (Figure 
enhaneed by B Crossman.) 



Fig. 16.13 Outflow from preganglionie sympathetie neurones in the lateral 
horn of the spinal eord. Preganglionie axons may synapse on a 
postganglionie neurone in a sympathetie ganglion at the same segmental 
level, or may pass into the sympathetie ehain to synapse on a 
postganglionie neurone in a more rostral or caudal sympathetie ganglion, 
or may pass to a ganglion in an autonomic plexus in the abdominal 
eavity, e.g. the eoeliae ganglion. 


Preganglionie sympathetie neurones release aeetyleholine as their prin- 
eipal neurotransmitter. 

On reaehing the sympathetie tmnk, preganglionie fibres behave in 
one of several ways (see Fig. 16.13). They may synapse with neurones 
in the nearest ganglion, or traverse the nearest ganglion and aseend or 
deseend in the sympathetie ehain to end in another ganglion. A pre- 
ganglionie fibre may terminate in a single ganglion or, through eollat- 
eral branehes, synapse with neurones in several ganglia. Preganglionie 
fibres may traverse the nearest ganglion, aseend or deseend and, without 
synapsing, emerge in one of the medially direeted branehes of the 
sympathetie tmnk to synapse in the ganglia of autonomic plexuses 
(mainly situated in the midline, e.g. around the eoeliae and mesenterie 
arteries). More than one preganglionie fibre may synapse with a single 
postganglionie neurone. llniquely, the suprarenal gland is innervated 
direetly by preganglionie sympathetie neurones that traverse the sym- 
pathetie tmnk and eoeliae ganglion without synapse. 

The somata of sympathetie postganglionie neurones are loeated 
mostly either in the ganglia of the sympathetie tmnk or in ganglia in 
more peripheral plexuses. The axons of postganglionie neurones are, 
therefore, generally longer than those of preganglionie neurones, an 
exception being some of those that innervate pelvie viseera. The axons 
of ganglionie eells are unmyelinated. They are distributed to target 
organs in various ways. Those from a ganglion of the sympathetie tmnk 
may return to the spinal nerve of preganglionie origin through a grey 
ramus communicans, which usually joins the nerve just proximal to the 
white ramus, and are then distributed through ventral and dorsal spinal 
rami to blood vessels, sweat glands, hairs, ete., in their zone of supply. 
Segmental areas vary in extent and overlap eonsiderably. The extent of 
innervation of different effeetor systems, e.g. vasomotor, sudomotor, 
ete., by a particular nerve may not be the same. Alternatively, postgan- 
glionie fibres may pass in a medial braneh of a ganglion direet to par- 
ticular viseera, or innervate adjaeent blood vessels, or pass along them 
externally to their peripheral distribution. They may aseend or deseend 
before leaving the sympathetie tmnk as deseribed above. Many fibres 
are distributed along arteries and ducts as plexuses to distant 
effeetors. 

The prineipal neurotransmitter released by postganglionie sympa- 
thetie neurones is noradrenaline (norepinephrine). The sympathetie 
system has a much wider distribution than the parasympathetie. It 
innervates all sweat glands, the arreetor pili muscles, the muscular walls 
of many blood vessels, the heart, lungs and respiratory tree, the abdomi- 
nopelvie viseera, the oesophagus, the muscles of the iris, and the non- 
striated muscle of the urogenital traet, eyelids and elsewhere. 

Postganglionie sympathetie fibres that return to the spinal nerves are 
vasoeonstrietor to blood vessels, seeretomotor to sweat glands and 
motor to the arreetor pili muscles within their dermatomes. Those that 
aeeompany the motor nerves to voluntary muscles are probably only 
dilatory. Most, if not all, peripheral nerves eontain postganglionie sym- 
pathetie fibres. Those reaehing the viseera are eoneerned with general 
vasoeonstrietion, bronehial and bronehiolar dilation, modifieation of 
glandular seeretion, pupillary dilation, inhibition of gastrointestinal 
muscle eontraetion, ete. A single preganglionie fibre probably synapses 
with the postganglionie neurones in only one effeetor system, which 
means that effeets such as sudomotor and vasomotor aetions ean be 
separate. 


PARASYMPATHETIC NERV0US SYSTEM 


Preganglionie parasympathetie neuronal eell bodies are loeated in 
eertain eranial nerve nuclei of the brainstem (see Fig. 21.1) and in the 
intermediate grey matter of the seeond to fourth saeral segments of the 
spinal eord. Efferent fibres, which are myelinated, emerge from the CNS 
only in the oculomotor, faeial, glossopharyngeal and vagus nerves, and 
in the seeond to fourth saeral spinal nerves. Preganglionie parasympa- 
thetie neurones are eholinergie. 

The eell bodies of postganglionie parasympathetie neurones are 
mostly sited distant from the CNS, either in diserete ganglia loeated 
near the structures innervated, or dispersed in the walls of viseera. In 
the eranial part of the parasympathetie system there are four small 
peripheral ganglia - eiliary, pterygopalatine, submandibular and otie 
- that are all deseribed on a regional basis in Seetion 4. These are effer- 
ent parasympathetie ganglia, unlike the trigeminal, faeial, glossopha- 
ryngeal and vagal sensory ganglia, all of which are eoneerned exclusively 
with afferent impulses and eontain the eell bodies of sensory neurones. 
The eranial parasympathetie ganglia are also traversed by afferent fibres, 
postganglionie sympathetie fibres and, in the ease of the otie ganglion, 
by branehial efferent fibres; however, none of these fibres synapse in 
the ganglia. Postganglionie parasympathetie fibres are usually unmyeli- 
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nated and shorter than their counterparts in the sympathetie system 
because the ganglia in which the parasympathetie fibres synapse are 
either in or near the viseera they supply. Postganglionie parasympathetie 
neurones are eholinergie. 


ENTERIC NERVOIIS SYSTEM 
AND INTRINSIC NEUR0NES 


Many peripheral autonomic ganglia eontain neurones derived from the 
neural erest during embryonie development that are anatomieally dis- 
tinet from elassieal sympathetie and parasympathetie neurones. Con- 
neetions between these intrinsie neurones allow them to sustain and 
modulate viseeral aetivities by loeal reflex meehanisms. The enterie 
nervous system eonsists of many millions of neurones and enterie 
glial eells grouped into ganglionated plexuses lying in the wall of 
the gastrointestinal traet; ganglia eontaining neuronal eell bodies 
and glia are eonneeted by bundles of axons to form myenterie and 
submucous plexuses that extend from the oesophagus to the anal 
sphineter. This intrinsie circuitry mediates numerous reflex fimetions 
including the eontraetions of the muscular eoats of the gastrointestinal 
traet, seeretion of gastrie aeid, intestinal transport of water and eleetro- 
lytes, and the regulation of mucosal blood flow (Poole and Furness 
2012). Although complex interaetions occur between the enterie and 
sympathetie and parasympathetie nervous systems, the enterie nervous 
system is eapable of sustaining loeal reflex aetivity independent of 
the CNS. 

Sinee intrinsie neurones survive after seetion of the extrinsic sympa- 
thetie and parasympathetie nerves, organs that are transplanted are not 
tmly denervated. Separation from their autonomic input often has no 
obvious impaet on the non-striated muscle or glands innervated by 
autonomic fibres; eontraetion may be unaffected and no stmctural 
ehanges ensue. This has been variously attributed to the continued 
aetivity of loeal plexuses or to the intrinsie aetivity of viseeral muscle. 
In some important instanees, however, denervation does result in ees- 
sation of aetivity e.g. in sweat glands, pilomotor mnsele, orbital non- 
striated muscle and the suprarenal medulla. 


VISCERAL AFFERENT PATHWAYS 


Viseeral afferent pathways in many ways resemble somatie afferent path- 
ways. The peripheral proeesses of viseeral afferents mn through auto- 
nomie ganglia or plexuses, and possibly through somatie nerves. Their 
eentral proeesses aeeompany somatie afferent fibres through eranial 
nerves or dorsal spinal roots into the CNS, where they establish eon- 
neetions that mediate autonomic reflexes and viseeral sensation. 

General viseeral afferent fibres from the viseera and blood vessels 
aeeompany their efferent counterparts, and are the peripheral proeesses 
of unipolar eell bodies loeated in some eranial nerve and dorsal root 
ganglia. They are eontained in the vagus, glossopharyngeal and possibly 
other eranial nerves; the seeond to fourth saeral spinal nerves, distrib- 
uted with the pelvie splanehnie nerves; and thoraeie and upper lumbar 
spinal nerves, distributed through rami communicantes and alongside 
the efferent sympathetie innervation of viseera and blood vessels. 

The eell bodies of vagal general viseeral afferent fibres are in the 
superior and inferior vagal ganglia. Their peripheral proeesses are dis- 
tributed to terminals in the pharyngeal and oesophageal walls where, 
aeting synergistieally with glossopharyngeal viseeral afferents in the 
pharynx, they are eoneerned with swallowing reflexes. Vagal afferents 
are also believed to innervate the thyroid and parathyroid glands. In 
the heart, vagal afferents innervate the walls of the great vessels, the 
aortie bodies and pressor reeeptors, where they are stimulated by raised 
intravascular pressure. In the lungs they are distributed via the pulmo- 
nary plexuses. They supply bronehial imieosa, where they are probably 
involved in cough reflexes; bronehial muscle, where they eneirele myo- 
eytes and end in tendrils, which are sometimes regarded as imisele 
spindles and which are believed to be stimulated by ehange in the 
length of myoeytes; interalveolar eonneetive tissue, where their knob- 
like endings, together with terminals on myoeytes, may evoke Hering- 
Breuer reflexes; the adventitia of pulmonary arteries, where they may 
be pressor reeeptors; and the intima of pulmonary veins, where they 
may be ehemoreeeptors. Vagal viseeral afferent fibres also end in the 
gastrie and intestinal walls, digestive glands and the kidneys. Fibres 
ending in the gut and its ducts respond to streteh or eontraetion. Gastrie 
impulses may evoke sensations of hunger and nausea. 

The eell bodies of glossopharyngeal general viseeral afferents are in 
the glossopharyngeal ganglia. Their peripheral proeesses innervate the 


posterior lingual region, the palatine tonsils and pharynx, but they do 
not innervate taste buds. They also innervate the earotid sinus and the 
earotid body, which eontain reeeptors sensitive to tension and ehanges 
in ehemieal eomposition of the blood. Impulses from these reeeptors 
are essential to circulatory and respiratory reflexes. 

Viseeral afferents that enter the spinal eord through spinal nerve 
roots terminate in the spinal grey matter. Almost all the eentral proe- 
esses of vagal and glossopharyngeal afferent fibres end in the nucleus 
solitarius of the medulla. About 5% of the vagal afferents projeet 
direetly to, and terminate in, the upper eervieal spinal eord (Cl-2), 
where they are believed to contribute to referred sensations, as well as 
to propriospinal meehanisms of noeieeptive modulation. Viseeral affer- 
ents establish eonneetions within the CNS that mediate autonomic 
reflexes. In addition, afferent impulses probably mediate viseeral sensa- 
tions such as hunger, nausea, sexual excitement, vesieal distension, ete. 
Viseeral pain fibres may follow these routes. Although viseera are insen- 
sitive to cutting, emshing or burning, excessive tension in smooth 
muscle and some pathologieal eonditions produce viseeral pain. In 
viseeral disease, vague pain may be felt near the viscus itself (viseeral 
pain) or in a cutaneous area or other tissue whose somatie afferents 
enter spinal segments reeeiving afferents from the viscus, a phenome- 
non known as referred pain. If inflammation spreads from a diseased 
viscus to the adjaeent parietal serosa (e.g. the peritoneum), somatie 
afferents will be stimulated, causing loeal somatie pain, which is eom- 
monly spasmodie. Referred pain is often assoeiated with loeal cutane- 
ous tenderness. For fiirther reading on viseeral pain, see Bielefeldt and 
Gebhart (2013). 

Afferent fibres in pelvie splanehnie nerves innervate pelvie viseera 
and the distal part of the eolon. Vesieal reeeptors are widespread; those 
in muscle strata are assoeiated with thiekly myelinated fibres and are 
believed to be streteh reeeptors, possibly aetivated by eontraetion. Pain 
fibres from the bladder and proximal urethra traverse both the pelvie 
splanehnie nerves and the inferior hypogastrie plexus, hypogastrie 
nerves, superior hypogastrie plexus and lumbar splanehnie nerves to 
reaeh their eell bodies in ganglia on the lower thoraeie and upper 
lumbar dorsal spinal roots; the signifieanee of this dual sensory pathway 
is uncertain. Lesions of the cauda equina abolish pain from vesieal 
overdistension, but hypogastrie seetion is ineffeetive. Pain fibres from 
the utems traverse the hypogastrie plexus and lumbar splanehnie nerves 
to reaeh somata in the lowest thoraeie and upper lumbar spinal ganglia, 
and hypogastrie division may relieve dysmenorrhoea. Afferents from 
the uterine cervix traverse the pelvie splanehnie nerves to reaeh their 
somata in the upper saeral spinal ganglia; stretehing the cervix uteri 
causes pain but cauterization and biopsy excisions do not. 

In general, afferent fibres that aeeompany pre- and postganglionie 
sympathetie fibres have a segmental arrangement and end in spinal eord 
segments from which preganglionie fibres innervate the region or viscus 
eoneerned. General viseeral afferents entering thoraeie and upper 
lumbar spinal segments are largely eoneerned with pain. Noeieeptive 
impulses from the pharynx, oesophagus, stomaeh, intestines, kidneys, 
ureter, gallbladder and bile ducts seem to be earried in sympathetie 
pathways. Cardiac noeieeptive impulses enter the spinal eord in the first 
to fifth thoraeie spinal nerves, mainly via the middle and inferior 
eardiae nerves, but some fibres pass direetly to the spinal nerves. It is 
said that there are no general viseeral afferents in the superior eardiae 
nerves. Peripherally, the fibres pass through the eardiae plexuses and 
along the eoronary arteries. Myoeardial anoxia may evoke symptoms of 
angina peetoris in which pain is typieally presternal, and is also referred 
to much of the left ehest, and radiates to the left shoulder, the medial 
aspeet of the left arm, along the left side of the neek to the jaw and 
occiput, and down to the epigastrium. Cardiac afferents earried in vagal 
eardiae branehes are eoneerned with the reflex depression of eardiae 
aetivity. Ureteric pain fibres, also mnning with sympathetie fibres, are 
presumably involved in the agonizing renal eolie that follows obstme- 
tion by calculi. Afferent fibres from the testis and ovary mn through the 
eorresponding plexuses to somata in the tenth and eleventh thoraeie 
dorsal root ganglia. 

Some primary afferent neurones, innervating the gut, lungs, heart 
and blood vessels, also appear to have an efferent fimetion in that they 
release transmitters from their peripheral endings during the axon 
reflex. The primary substances released in this way are substance P, 
ealeitonin gene-related peptide (CGRP) and ATP. These aet on target 
eells to produce vasodilation, inereased venular permeability, ehanges 
in smooth muscle eontraetility, degramilation of mast eells and a variety 
of effeets on leukocytes and fibroblasts, a proeess eolleetively known as 
'peripheral neurogenic inflammation / . The loeal release of such sub- 
stanees may play a trophie role in the maintenanee of tissue integrity 
and repair in response to injury (for fiirther reading, see Xanthos and 
Sandkiihler (2014)). 
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Fig. 16.14 The prineipal aggregations of ‘elassie’ ehromaffin tissue in the 
human neonate. The aggregates in pale blue lie deep to overlying 
structures. 


PARAGANGLIA 


Paraganglia are extra-suprarenal aggregations of neuroepithelial eells. 
They are all derived from the neural erest and all synthesize and store 
eateeholamines (Fig. 16.14). Paraganglia ean be divided into two broad 
eategories: non-ehromaffin, related to the parasympathetie system, par- 
ticularly in the head and neek, where they tend to be assoeiated with 
the glossopharyngeal or vagus nerves (earotid body promontory of the 
middle ear, tunica adventitia of the jugular bulb, faeial eanaf ganglion 
nodosnm, larynx); and ehromaffin, eonneeted with the orthosympa- 
thetie system (in the sympathetie ganglia of various viseera and a variety 
of thoracolumbar para-aortie retroperitoneal sites). Small paraganglia 
have also been reported ineidentally in the urinary bladder, prostate, 
gallbladder, splenie capsule and mesosigmoid. Their fimetions differ 
with loeation: some eells aet as interneurones, others as sources of 
neuroendocrine seeretion. Paraganglionie eateeholamine release occurs 
mainly in response to ehemieal rather than to neural stimuli. Extra- 
suprarenal ehromaffin tissue is prominent in the fetus, and aets as the 
main source of eateeholamines while the suprarenal medulla is imma- 
ture. Although many paraganglia degenerate soon after birth, others 
persist into adulthood, often as mieroseopie paraganglia. 

Paraganglia are well vascularized and their seeretory eells are usually 
elose to one or more fenestrated eapillaries. Most have a sympathetie 
innervation and aet as endoerine organs, e.g. suprarenal medullary 
ehromaffin eells. Those assoeiated with the parasympathetie system 
probably have aetivities on loeal nerve endings, e.g. the earotid body. 
Paraganglia produce regulatory peptides, particularly enkephalins, and 
store them as eytoplasmie granules until stimulated to release them. 
Their seeretions may exert a loeal paraerine aetion on nearby eells, in 
addition to having remote endoerine effeets. 

Paragangliomas have been found in praetieally every site in which 
normal paraganglia are known to occur; earotid body paragangliomas 
are the most eommon and important group of extra-suprarenal para- 
gangliomas (accounting for approximately 60% of head and neek para- 
gangliomas). For fiirther reading, see Rosai (2011) and Laek and 
VVieneke (2013). 


SURFACE ANATOMY 


The surface positions of eerebral structures, meningeal arteries and 
dural venous simises may be approximated via a number of standard- 
ized referenee lines and planes. 

Oerebral sulci and lobes 


The eentral sulcus (Rolandie fissure) and lateral sulcus (Sylvian fissure) 
of the eerebral hemispheres ean be landmarked via the cranium using 
multiple methods, the most eommon being that developed by Taylor 
and Haughton (Fig. 16.15) (Taylor and Haughton 1900, Taylor et al 
1980). Reeent analysis of these methods has shown them to be accurate 
to within a few millimetres (Reis et al 2011). Hsing Taylor-Haughton 
eraniometrie lines, the lateral sulcus sits on the frontozygomatie 
(Sylvian) line, which passes from the frontozygomatie suture to a point 
75% the way along the nasion-inion midsagittal line. The lateral sulcus 
extends posteroinferiorly from the Sylvian point, which is loeated 
around the region of the pterion. The lateral sulcus has also been shown 
to align with the anterior part of the squamosal suture in a zone 
2.5-4.0 em anterior to the external acoustic meatus (Rahmah et al 
2011). The position of the eentral sulcus is approximated via a line 
passing from the superior Rolandie point, situated approximately 2 em 
posterior to the midpoint of the nasion-inion midsagittal line, to the 
inferior Rolandie point, situated at the interseetion of the frontozygo- 
matie line with the pre-auricular/condylar line. Alternatively, the posi- 
tion of the eentral sulcus ean be approximated using a line passing from 
the superior Rolandie point to the midpoint of the zygomatie areh, with 
the eentral sulcus ending at the point of interseetion of this line with 
the frontozygomatie line (Rhoton 2002). The superior extent of the 
parieto-oeeipital sulcus sits at the point of interseetion of the frontozy- 
gomatie line and the 75% point on the nasion-inion line. The approxi- 
mate positions of the lobes of the brain, and of the preeentral and 
posteentral gyri, ean be determined following loealization of the eentral, 
lateral and parieto-oeeipital sulci (Fig. 16.16). 




Vertebral column, spinal eord and meninges 


The surface positions of the termination of the spinal eord and dural 
sae ean be mapped relative to the vertebrae and their spinous proeesses 
(see Ch. 43). 

Dural venous sinuses 


The superior sagittal sinus passes along the nasion-inion midsagittal 
line on the inner surface of the eranial vault (Fig. 16.17). In the majority 
of subjects it deviates to the right of the sagittal plane/superior sagittal 
suture by up to 11 mm (Tubbs et al 2001, Samadian et al 2011). The 
confluence of the dural venous sinuses (torcular herophili) sits mainly 
to the upper right side of the inion (Sheng et al 2012). The position of 
the lower border of the proximal transverse sinus is best approximated 
via the insertion of semispinalis eapitis into the cranium ( Tibbs et al 
2000). The course of the transverse sinus has been shown to vary widely 
and no single plane or surface marking ean be used to prediet its route 
accurately (Sheng et al 2012). The asterion, found at the junction of the 
lambdoid, oeeipitomastoid and parietomastoid sutures, sits over the 
junction between the transverse and sigmoid sinuses in 81% of subjects, 
inferior to it in 15% and superior to it in 4% (Sheng et al 2012). 



Middle meningeal artery 


The surface positions of the anterior and posterior branehes of the 
middle meningeal artery ean be determined relative to eranial land- 
marks (see Fig. 26.8A). 


f® Bonus e-book images 

Fig. 16.15 Cranial referenee lines, eraniometrie points and eerebral 
sulci. 

Fig. 16.16 Cerebral sulci, gyri and lobes. 

Fig. 16.17 Cranial suture joints, fontanelles and dural venous 
sinuses. 
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Fig. 16.15 Cranial referenee lines, eraniometrie points and eerebral sulci. 
Key: 1, Rolandie line/eentral sulcus (green line); 2, pre-auricular/ 
mandibular eondylar line orientated perpendicular to the infra-orbitomeatal 
line; 3, frontozygomatie/Sylvian line passing from the frontozygomatie 
suture (16) to a point 75% of the way along the nasion-inion midsagittal 
line; 4, lateral sulcus/Sylvian fissure (red line); 5, nasion-inion midsagittal 
line; 6, lateral sulcus/Sylvian fissure alternative loeation (blue line): aligns 
anteriorly with the anterior part of the squamosal suture in a zone 
2.5-4.0 em anterior to the external acoustic meatus; 7, line from the 
superior Rolandie point (green dot) to the midpoint of the zygomatie areh 
(15, blue dot); 8, Reid’s baseline/Frankfurt plane; 9, infra-orbitomeatal line; 
10 (green dot), superior Rolandie point 2 em posterior to the midpoint of 
the nasion-inion line (at the 53-55% point of the nasion-inion line); 11 
(yellow dot), inferior Rolandie point; 12 (orange dot), porion; 13 (blaek 
dot), orbitale; 14 (red dot), auricular point; 15 (blue dot), midpoint of 
zygomatie areh; 16 (pink dot), frontozygomatie suture; 17 (purple dot), 
superior extent of the parieto-oeeipital sulcus. (Adapted with permission 
from Drake RL, Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), 

Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 


Nasion 



Fig. 16.16 Cerebral sulci, gyri and lobes. Key: 1, Rolandie line/eentral 
sulcus (green line); 2, pre-auricular/mandibular eondylar line orientated 
perpendicular to the infra-orbitomeatal line; 3, frontozygomatie/Sylvian 
line passing from the frontozygomatie suture (8) to a point 75% of the 
way along the nasion-inion midsagittal line; 4, lateral sulcus/Sylvian 
fissure (red line); 5, nasion-inion midsagittal line; 6 (green dot), superior 
Rolandie point 2 em posterior to the midpoint of the nasion-inion line (at 
the 53-55% point of the nasion-inion line); 7 (yellow dot), inferior Rolandie 
point; 8 (pink dot), frontozygomatie suture; 9 (purple dot), superior extent 
of the parieto-oeeipital sulcus. (Adapted with permission from Drake RL, 
Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), Gray’s Atlas of 
Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 
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Fig. 16.17 Cranial suture joints, fontanelles and dural venous sinuses. 
Key: 1, bregma (site of infant anterior fontanelle); 2, superior sagittal 
sinus: eommonly deviates to the right of the sagittal suture by up to 
11 mm (blaek arrows); 3, sagittal suture: sits on the nasion-inion 
midsagittal line; 4, eoronal suture; 5, lambda (site of infant posterior 
fontanelle); 6, inion: normally sits below and left of the confluence of 
sinuses and below the level of the internal oeeipital protmberanee; 

7, lambdoid suture; 8, asterion (site of infant posterolateral mastoid 
fontanelle): sits over (in 81%), just below (in 15%) or just above (in 4%) 
the transverse-sigmoid sinus junction; 9, transverse sinus: the variable 
course makes accurate surface loealization difficult; 10, pterion (site of 
infant anterolateral sphenoidal fontanelle). (Adapted with permission from 
Tunstall R, Shah N; Surface Anatomy (Poeket Tutor series), 2012, JP 
Medieal Ltd.) 
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The entire nervous system and the speeial sense organs originate from 
three sources, eaeh derived from speeifie eell populations of the early 
epiblast termed neural eetoderm. The first source to be elearly deline- 
ated is the neural plate, which gives rise to the eentral nervous system 
(CNS), the somatie motor nerves and the preganglionie autonomic 
nerves. The seeond source is from eells at the perimeter of the neural 
plate, neural erest eells, which remove themselves by epithelial/ 
mesenehymal transition from the plate and migrate away just prior to 
its fhsion into a neural tube. These eells give rise to the majority of the 
neurones and glia of the peripheral nervous system (PNS), i.e. the 
somatie sensory nerves, the somatie and autonomic ganglia, postgan- 
glionie autonomic nerves, and suprarenal and ehromaffin eells. They 
also give rise to signifieant mesenehymal populations in the head. The 
third source is from eetodermal plaeodes, which constitute a foeal 
thiekening of the eetoderm eovering the embryonie head. They eontrib- 
ute eells to the eranial sensory neurones and form the olfaetory epithe- 
lia, the epithelia of the inner ear and, by a non-neuronal contribution, 
the lens of the eye. 



Primary neurulation begins at stage 9 and is eompleted during stage 12 
(Fig. 17.1). The proeess, although continuous spatially and temporally 
has been envisaged as four stages. It begins with loeal elongation of the 
eetoderm eells in a midline zone of the embryonie dise and their re- 
organization into a pseudostratified epithelmm, the neural plate. This 
is followed by reshaping and bending of the neural plate into a neural 
groove, which subsequently eloses to form a neural tube bidireetionally 
from the mid portion to its eranial and caudal ends. A continuous 
surface eetoderm forms dorsal to the tube. 

Primary neurulation depends on cellular ehanges within the neural 
plate; in the trnnk, it may also involve movements of the paraxial 



Fig. 17.1 A seanning eleetron mierograph of a neurulating rat embryo 
eomparable to a stage 10 human embryo (22-24 days). The expanded 
brain region ean be seen at the top of the image, with somite formation 
occurring eentrally as neurulation proeeeds caudally. Caudally, the ridge 
of underlying neural erest eells ean be seen medial to the unsegmented 
paraxial mesenehyme. (Photograph by P Oollins; printed by S Cox, 
Eleetron Mieroseopy Unit, Southampton General Hospital.) 


mesenehyme. There is fusion initially of the surface eetoderm, followed 
by ffision of the neural eetoderm. The neural eetodermal eells beeome 
elongated and then wedge-shaped. It has been suggested that the forees 
needed to shape the neural tube are intrinsie to the eells of the neurec- 
toderm and, indeed, it has been demonstrated that human embryonie 
stem eells ean self-organize into three-dimensional neural structures 
(Sasai et al 2012, Eiraku and Sasai 2012). Epithelial populations are 
established in the embryo with the formation of the epiblast. Three 
main eontrol pathways that maintain apieobasal polarity have been 
deseribed. When the neural tube is elosing, its walls eonsist of a pseu- 
dostratified layer of columnar neural epithelial eells (see below). The 
eells inerease in length and develop numerous longitudinally disposed 
microtubules. The borders of their luminal ends are firmly attaehed to 
adjaeent eells by junctional complexes; the eytoplasmie aspeet of the 
complexes is assoeiated with a dense paraluminal web of mierofila- 
ments. The nuclei assume basal positions, which, together with eontrae- 
tion of apieally arranged aetin, imparts a slight wedge eonformation on 
some of the eells, and ereates a hinge point. 

The position of hinge points within the neural plate eonfers different 
eharaeteristies on the formed neural tube. With a median hinge point, 
the neural folds remain relatively straight and the tube in this position 
has a slit-shaped lumen; this ean be seen from the initial region of 
ffision rostrahvards. If dorsolateral hinge points are added, the resulting 
neural tube is rhombie, and the hinge points deseribe the position of 
the sulcus limitans. If all the neuroepithelial eells exhibit some apieal 
narrowing, then the resulting tube has a circular lumen. The rostral 
slit-shaped profile of the neural tube may depend more on support 
from adjaeent tissues than the caudal end of the tube, where neurula- 
tion is generated by the neuroepithelium. The transition from primary 
to seeondary neurulation (see below) continues the production of a 
neural tube with a eirailar lumen. 

Fusion of the neural tube starts in embryos with 4-6 somites, at the 
level of somites 1 and 2, forming the future rhombeneephalon. The 
tube eloses caudally and rostrally, forming sequentially eervieal and 
thoraeie eord regions, then meseneephalie and proseneephalie brain 
regions. Rostrally, two sites of ffision ean be seen. The initial ffision, 
termed a, or the dorsal lip of the rostral neuropore, proeeeds caudo- 
rostrally. A seeond site, termed (3, or the terminal lip of the rostral 
neuropore, eloses from the rostral end of the neural plate and proeeeds 
rostrocaudally (O'Rahilly and Mfiller 2002). Closure of these lips of the 
rostral neuropore is eompleted when 19-20 pairs of somites are present. 
Caudal neuropore closure starts when approximately 29 somites are 
present and the site of closure eorresponds to the level of the future 
somite 31 (the level of the future seeond saeral vertebra) (O'Rahilly and 
Mfiller 2004). 

Seeondary neurulation starts from the closure of the caudal neuro- 
pore at stage 12 and ends at about stage 17; it is the proeess by which 
the caudal portion of the neural tube is formed in the absenee of a 
neural plate. At the time of caudal neuropore closure, the caudal midline 
eells are generieally termed the caudal eminenee (O'Rahilly and Mfiller 
2004). A speeifie population of mesenehymal eells, the caudoneural 
hinge or junction, shares the same molecular markers as the primitive 
node. These eells aggregate at the midline and undergo mesenehymal/ 
epithelial transformation, producing a cellular eylinder that is contigu- 
ous with the caudal end of the neural tube. Further elongation of the 
caudal neural tube involves eavitation of the neural eylinder. Neural 
erest eells delaminate from the dorsal surface of the eylinder in a rostro- 
caudal direetion and, concurrently, the paraxial mesenehyme undergoes 
somitogenesis. 


EARLY BRAIN REGI0NS 


Prior to the closure of the neural tube, the neural folds beeome eonsid- 
erably expanded in the head region; the first indieation of a brain and 
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Fig. 17.2 The primary brain regions, neuromeres and their expansion during neurulation 


its major divisions ean be seen at stage 10 (Fig. 17.2). Regional expan- 
sions - proseneephalon (forebrain), meseneephalon (midbrain) and 
rhombeneephalon (hindbrain) - have been ealled the three primary 
eerebral vesieles, although the term vesiele' in this context has been 
eonsidered inappropriate to deseribe loealized aeeelerations of growth 
in the wall of the brain. As the neural tube eloses, the neural wall 
appears to form a series of ridges and depressions perpendicular to 
its long axis. These transient repeating segments are termed primary 
nemomeres, and initially six ean be identified: the proseneephalon, 
meseneephalon and four subdivisions of the rhombeneephalon, rhom- 
bomeres A, B, C and D. The primary neuromeres themselves beeome 
subdivided during stages 10, 11 and 12, and a total of 16 seeondary 
neuromeres have been identified. The proseneephalon gives rise to the 
teleneephalon, dieneephalon 1 (Dl) and dieneephalon 2 (D2), which 
has three subdivisions. The meseneephalon is subdivided into mesen- 
eephalon 1 (Ml) and meseneephalon 2 (M2). The rhombeneephalon 
is subdivided into the isthmus rhombeneephali and rhombomeres 1-8; 
the original rhombomere A gives rise to seeondary rhombomeres 1, 2 
and 3; rhombomere B gives rise to seeondary rhombomere 4; rhom- 
bomere C gives rise to seeondary rhombomeres 5, 6 and 7; and rhom- 
bomere D gives rise to seeondary rhombomere 8 (O'Rahilly and Miiller 
1999). As the rhombeneephalon grows, the rhombomerie boundaries 
beeome less distinet. With the early appearanee of the cerebellum from 
the isthmus rhombeneephali and rhombomere 1, the rhomben- 
eephalon is traditionally divided into the meteneephalon, which 
extends to about rhombomere 3, and the myeleneephalon, which 
extends to the spinomedullary junction. A summary of the derivatives 
of the eerebral regions is given in Fable 17.1. 

The elongation of the brain occurs at the same time as the appear- 
anee of three flexures, which also appear prior to the closure of the 
neural tube; two are eoneave ventrally and one eoneave dorsally. During 
stages 13 and 14, the brain bends at the meseneephalon (meseneephalie 
flexure) so that the proseneephalon bends in a ventral direetion around 


Table 17.1 Derivatives of the eerebral regions from caudal to rostral 


Oerebral region 

Derivatives 

Rhombeneephalon (or hindbrain) 

1. Myeleneephalon 

Medulla oblongata 

Caudal part of the fourth ventriele 

Inferior eerebellar peduncles 

2. Meteneephalon 

Pons 

Cerebellum 

Middle part of the fourth ventriele 

Middle eerebellar peduncles 

3. Isthmus rhombeneephali 

Superior medullary velum 

Superior eerebellar peduncles 

Meseneephalon (or 
midbrain) 

Cerebral peduncles 

Tegmentum 

Tectum 

Aqueduct 

Proseneephalon (or forebrain) 

1. Dieneephalon 

Thalamus 

Metathalamus 

Subthalamus 

Epithalamus 

Caudal part of the hypothalarrms 

Caudal part of the third ventriele 

2. Teleneephalon 

Rostral part of the hypothalamus 

Rostral part of the third ventriele 

Cerebral hemispheres 

Lateral ventrieles 

Cortex (archaeocortex, palaeocortex, neocortex) 
Corpus striatum 
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Fig. 17.3 Formation of the meseneephalie, eervieal and pontine flexures; human embryos, lateral vievvs. The roof of the rhombeneephalon has been 
removed in eaeh ease. A, 9 mm long. B, approximately 10.2 mm long. C, 13.6 mm long. 


the eephalie end of the notoehord and foregut until its floor lies almost 
parallel with that of the rhombeneephalon (Fig. 17.3). A bend also 
appears at the junction of the rhombeneephalon and spinal eord (eervi- 
eal flexure). This inereases from the fifth week to the end of the seventh, 
by which time the rhombeneephalon forms nearly a right angle to the 
spinal eord. However, after the seventh week, extension of the head 
takes plaee and the eervieal flexure diminishes and eventually disap- 
pears. The third bend, the pontine flexure, is direeted ventrally between 
the meteneephalon and myeleneephalon. It does not substantially 
affeet the outline of the head. In this region, the roof plate thins until 
it is eomposed only of a single layer of eells and pia mater: the tela 
ehoroidea. The flexure of the neural tube at this point produces a 
rhombie shape in the roof, which later forms the medullary velum. 

EARLY CELLULAR ARRANGEMENT 0F 
THE NEURAL TUBE 


The dorsoventral patterning of the neural tube is initiated by the under- 
lying notoehord. As neurulation proeeeds, the neural tube elongates by 
eonvergent extension (Bay and Caspary 2012). Histologieally, the early 
neural tube is eomposed of a pseudostratified neuroepithelium, in 
which the apieal surfaces of the eells faee the lumen of the neural tube 
and their basal surfaces eontaet the outer limiting layer of neural erest 
mesenehyme, which will beeome the pia mater. Initially, eaeh eell has 
an apieal, non-motile primary cilium with an internal 9 + 0 configura- 
tion of microtubules and a system of intraflagellar transport. The mem- 
brane of the primary cilium expresses reeeptors and ion ehannels, and 


modulates signalling pathways for Shh, Wnt and PDGFa (Lee and 

Gleeson 2010). 

The neuroepithelium eontains stem eells that will give rise to popu- 
lations of neuroblasts and glioblasts. A population of radial glia, eaeh 
with a primary cilium, differentiates very early. They elongate as the 
epithelium develops, maintaining eontaet with both the lumen and the 
outer surface, and provide a seaffold on which eell progeny ean migrate. 
Arll3b, a eilia-speeifie small guanosine triphosphatase (GTPase), is 
essential for the formation of radial glia (Higginbotham et al 2013). 

Three zones or layers develop, termed ventricular, mantle and mar- 
ginal zones (Figs 17.4-17.6). The inner, ventricular zone (germinal, 
primitive ependymal or matrix layer) eorresponds to the apieal region 
of the radial glial eells and eontains the nucleated parts of the columnar 
eells and rounded eells undergoing mitosis. The mantle, or intermedi- 
ate, zone eontains the migrant eells from the divisions occurring in the 
ventrioilar zone. The outer, marginal zone initially eonsists of the exter- 
nal (basal) eytoplasmie proeesses of the radial glia. It is soon invaded 
by traets of axonal proeesses that grow from neuroblasts developing in 
the mantle zone, together with varieties of non-neuronal eells (glial 
eells and, later, vascular endothelium and perivascular mesenehyme). 
For fhrther development of these layers, see page 245. 

At first, the neural tube caudal to the brain is oval in transverse 
seetion and its lumen is narrow and slit-like (see Fig. 17.4). The original 
floor plate and the dorsal site of fhsion of the tube initially eontain 
non-neural eells. With cellular proliferation, the lateral walls thieken 
and the lumen, now the eentral eanal, widens in its dorsal part and is 
somewhat diamond-shaped on eross-seetion (see Fig. 17.6). The widen- 
ing of the eanal is assoeiated with the development of a longitudinal 




































































Neural erest 


sulcus limitans on eaeh side, dividing the ventricular and mantle (inter- 
mediate) zones in eaeh lateral wall into a ventrolateral lamina or basal 
plate, and a dorsolateral lamina or alar plate, respeetively. This separa- 
tion underlies a hmdamental fiinetional differenee. 

Throughout the neural tube, a generie pattern in the position of the 
neurones is speeified by the juxtaposition of the notoehord to the 
neural tube. Experimental lateral or dorsal grafting of a notoehord 
results in the induction of a floor plate overlying the grafted notoehord 
and the induction of eetopie motor neurones dorsally. Similarly lateral 
or dorsal grafts of a floor plate also result in the induction of a new 
floor plate overlying the graft and the induction of eetopie dorsal motor 
neurones. Removal of the notoehord results in the elimination of 
the floor plate and the motor neurones, and the differentiation of 
dorsal eell types in the ventral region of the eord (Dodd et al 1998) 
(Fig. 17.7). 

The basal plate is normally eoneerned predominantly with motor 
fimetion, and eontains the eell bodies of motor neurones that will 
occupy the future anterior and lateral grey columns. The alar plate 
reeeives sensory inflow from external dorsal root ganglia. Motor and 
sensory axons eombine to form the mixed nerves. 

FAILLIRE OF NEURULATION 


Failure of neurulation produces the eonditions of eranioraehisehisis 
totalis (where the entire neural tube is unfused in the dorsal midline), 
eraniosehisis or aneneephaly (where the neural tube is fused dorsally 
to form the spinal eord but is not fhsed dorsally in the brain), and spina 
bifida (where loeal regions of the spinal neural tube are unfused, or 
there is failure of formation of the vertebral neural arehes) (Fig. 17.8; 
see also Ch. 44). Aneneephalie fetuses display severe disturbances in 
the shape, position and ossifieation of the basichondrocranium and in 
the course of the intraeranial notoehord, and so the eondition is more 
eomplieated than 'simply' a failure of neural tube fhsion. Defeets in the 


structure or fimetion of the primary cilium are assoeiated with ehanges 
in eortieal formation that are thought to underlie eognitive defieits and 
mental retardation in a range of reeessive eiliopathies (Higginbotham 

et al 2013). 



The neuronal populations of the early epiblast beeome arranged in the 
medial region of the embryonie dise as the neural plate. Laterally neural 
folds or erests indieate the transitional region between neural and 
surface eetoderm. Along most of the neuraxis, the eells at the tips of the 
neural folds undergo an epithelial/mesenehyme transformation. They 
acquire migratory properties and leave the epithelimn just prior to its 
fhsion with the eontralateral fold in the dorsal midline. The migratory 
eells so formed are eolleetively termed the neural erest. Cells within the 
rostral proseneephalie neural fold and smaller populations of eells in 
bilateral sites lateral to the early brain do not form migratory neural 
erest eells but remain within the surface epithelium as eetodermal 
plaeodes. 

Neural erest populations arise from the neural folds as primary 
neurulation proeeeds and simultaneously progresses rostrally and cau- 
dally. Crest eells migrate from the neural folds of the brain prior to 
tube closure. Caudally from approximately somite 29, seeondary neu- 
mlation proeesses produce the most caudal neural erest. Two distinet 
populations of neural erest eells are formed: a neuronal population 
produced throughout the brain and spinal eord, which gives rise to 
sensory and autonomic neurones and glia; and a non-neuronal mesen- 
ehymal population, which arises only from the brain (Figs 17.9- 
17.10). Melanoeytes develop from a subpopulation of neural erest eells 
derived from both the head and the tmnk. They form one of the three 
pigment eell types (the others being retinal pigment epithelium and 
the pigment eells of the pineal organ, which both originate from the 
dieneephalon). 
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Fig. 17.4 The spinal eord of a 4-week-old human embryo. Transverse 
seetion. 
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Fig. 17.6 The spinal eord in the eervieal region of a human embryo early 
in the sixth week; crown-rump length 8 mm. Transverse seetion. 
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Fig. 17.5 The early development of the neural tube. Three layers are delineated in the spinal eord and brainstem. 
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Fig. 17.7 A-D, Successive stages in the development of the neiiral tube and spinal eord. A, The neural plate eonsists of epithelial eells. Cells in the 
midline of the neural plate are eontaeted direetly by the notoehord. More lateral regions of the neural plate overlie the paraxial mesenehyme (not shovvn). 
B, During neurulation, the neural plate bends at its midline and this elevates the lateral edges of the plate as the neural folds. Contact betvveen the 
midline of the neural plate and the notoehord is maintained at this stage. C, The neural tube is formed when the dorsal tips of the neural folds fuse. Cells 
in the region of fusion form the roof plate, a speeialized group of dorsal midline eells. D, Cells at the ventral midline of the neural tube retain proximity to 
the notoehord and differentiate into the floor plate. After neural tube closure, neuroepithelial eells continue to proliferate and eventually differentiate into 
defined elasses of neurones at different dorsoventral positions within the spinal eord. For example, sensory relay, commissural and other elasses of 
dorsal neurones differentiate near to the roof plate, and motor neurones differentiate ventrally near the floor plate, which, by this time, is no longer in 
eontaet with the notoehord. E-H, A summary of the results obtained from experiments in ehiek embryos, in which either a notoehord or floor plate is 
grafted to the dorsal midline of the neural tube, or the notoehord is removed before neural tube closure. E, The normal eondition: motor neurones are 
loeated ventrally and sensory relay neurones are loeated dorsally. F, Dorsal grafts of a notoehord result in the induction of a floor plate in the dorsal 
midline and eetopie dorsal motor neurones. G, Dorsal grafts of a floor plate induce a new floor plate in the dorsal midline and eetopie dorsal motor 
neurones. H, Removal of the notoehord results in the elimination of the floor plate and motor neurones, and the expression of dorsal eell types in the 
ventral region of the spinal eord. 
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Fig. 17.8 Defeets caused by failure of neural tube formation. A, Total failure of neurulation. B, Failure of rostral neurulation. C, Failure of caudal 
neurulation. Abbreviations: CSF, eerebrospinal fluid. 


In the trnnk, the migration patterns of neural erest eells are ehan- 
nelled by the somites. As the erest eells move laterally and ventrally 
they ean pass between the somites and within the rostral selerotomal 
half of eaeh somite, but they eannot penetrate the caudal moiety of the 
selerotomal mesenehyme. Thus, the segmental distribution of the spinal 
and sympathetie ganglia is imposed on the neural erest eells by a pre- 
pattern that exists within the somitie paraxial mesenehyme (Fig. 17.11). 
The origin of the cranial-caudal patterning of the ventral neural erest 
eells is not elear. 

Rostral to the otie vesiele, neural erest eells arise from speeifie regions 
of the brain. Early in development, a number of transverse subdivisions 
perpendicular to the long axis of the brain ean be seen within the 
rhombeneephalon, dividing it into segments termed rhombomeres 


(Míiller and O'Rahilly 1997). Eight main rhombomeres extend from 
the midbrain-hindbrain boundary rostrally to the spinal eord caudally 
(see Fig. 17.2). Rhombomeres 8 and 7 give rise to neural erest eells that 
migrate into the fourth and sixth pharyngeal arehes; rhombomere 6 
erest eells invade pharyngeal areh 3. Rhombomere 4 erest eells migrate 
into areh 2, whereas rhombomeres 5 and 3 give rise to a very small 
number of neural erest eells that migrate rostrally and caudally to enter 
the adjaeent even-numbered neighbours. Rhombomeres 1 and 2 pro- 
duce erest eells that invade the first pharyngeal areh. In eaeh rhom- 
bomere, mesenehymal populations and the sensory and autonomic 
ganglia are formed from the erest eells (see Fig. 12.4). 

Further rostrally, neural erest from the meseneephalon migrates 
into the first areh maxillary and mandibular proeesses. Crest eells are 
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Fig. 17.9 A, A fate map along the neural erest of the presiimptive 
territories that yield eetomesenehyme, sensory, parasympathetie and 
sympathetie ganglia, and neural erest-derived mesenehyme in normal 
development. B, Developmental potentials for the same eell types. If 
neural erest eells from any level of the neural axis are implanted into the 
appropriate sites of a host embryo, they ean give rise to almost all the 
eell types forming the various kinds of peripheral nervous system ganglia. 
This is not true for neural erest-derived mesenehyme, vvhose precursors 
are eonfined to the eephalie area of the erest dovvn to the level of somite 
5. Abbreviations: S, somite. 


prodiieed from the dieneephalon up to the level of the pineal gland 
(epiphysis). Neural erest eells that are produced from this rostral portion 
of the brain contribute mesenehymal populations to the frontonasal 
proeess. The most rostral proseneephalie neural fold does not give rise 
to neural erest. 


EdODERMAL PLAOODES 


Before the neural tube eloses, the elevating neural folds eontain two 
distinetive neuronal populations. The larger popnlation, neural erest 
eells, migrates from the neural epithelium prior to neural tube fusion. 
The smaller popnlation, neuroepithelial eells, beeomes ineorporated 
into the surface eetoderm after neural tube closure. These areas of 
neuroepithelium within the surface eetoderm have been termed eeto- 
dermal plaeodes. Although the majority of the eetodermal plaeodes 
form nervous tissue, non-neurogenic plaeodes also occur (Begbie and 
Graham 2001). After an appropriate inductive stimulus, the plaeodes 
thieken and either they generate migratory neuronal eells that will 
contribute to the eranial sensory ganglia, or the whole plaeodal region 
invaginates to form a vesiele beneath the remaining surface eetoderm. 
Neurogenic plaeodes undergo both proeesses. Paired non-neurogenic 
plaeodes invaginate to form the lens vesieles under the inductive influ- 
enee of the optie vesieles (Ch. 40). 
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Fig. 17.10 A fate map of the rostral region of the neural primordium, as 
established by the quail-chick ehimera system. A, The various territories 
yielding rostral head are indieated on the neural plate and neural fold of a 
1-3-somite embryo. B, The results obtained in the avian embryo have 
been extrapolated to the human head. For example, the neural fold area 
coloured green in A yields the epithelium of the nose, philtmm and 
primary palate. 
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Fig. 17.11 The migration routes taken by neural erest eells in the trunk. 
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The neural folds meet in the rostral midline adjaeent to the bucco- 
pharyngeal membrane. This rostral neural fold does not generate 
neural erest but gives rise to the hypophysial plaeode, i.e. the future 
Rathke's pouch, which remains within the surface eetoderm direetly 
rostral to the buccopharyngeal membrane. The rostral neural fold also 
gives rise to the olfaetory plaeodes, which remain as paired, laterally 
plaeed plaeodes, and to the epithelium of the nasal eavity (see 
Fig. 17.10). 

Further caudally, similar neurogenic plaeodes ean be identified and 
divided into three eategories: namely, the epibranehial, otie and trigem- 
inal plaeodes (Fig. 17.12). The epibranehial plaeodes appear in the 
surface eetoderm immediately dorsal to the area of pharyngeal 
(branehial) eleft formation. The first epibranehial plaeode is loeated at 
the level of the first pharyngeal groove and contributes eells to the distal 
(geniailate) ganglion of the faeial nerve; and the seeond and third 
epibranehial plaeodes contribute eells to the distal ganglia of the 
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Fig. 17.12 A seheme of a human embryo at stage 13 (4 mm, 32 somites), 
rendered flat to eliminate the eerebral flexures. The eranial sensory 
ganglia and otoeyst, derived from the epibranehial plaeodes, are shown 
on the left. The levels of origin of the neural erest that contribute to the 
eranial sensory ganglia and mesenehymal populations in the head are 
indieated on the right. This arrangement may vary in other speeies. 
(Courtesy of Professor R O’Rahilly and Dr F Muller.) 


glossopharyngeal (petrosal) and vagus (nodose) nerves, respeetively. 
These plaeodes thieken and eells begin to detaeh from their epithelium 
soon after the pharyngeal pouches have eontaeted the overlying eeto- 
derm. Concurrently, the neural erest eells reaeh and move beyond these 
lateral extensions of the pharynx. Neurones migrate from the epi- 
branehial plaeodes internally to the sites of ganglion formation, where 
they show signs of early differentiation into neurones, including the 
formation of neurites. 

The otie plaeodes, loeated lateral to the myeleneephalon, invaginate 
to form otie vesieles from which the membranous labyrinth of the ear 
develops. Neurones of the vestibulocochlear nerve ganglia arise from 
neurones that bud off the ventromedial aspeet of the otie cup, after 
which they ean be distinguished in the acoustic and vestibular ganglia 
(Ch. 39). 

The profimdal and maxillomandibular trigeminal plaeodes, which 
fhse in humans to form a single entity, lie rostral of the otie plaeodes, 
alongside the meseneephalie-rhombeneephalie junction. Prospeetive 
neuroblasts migrate from foei dispersed throughout the surface eeto- 
derm lateral and ventrolateral to the caudal meseneephalon and 
meteneephalon to contribute to the distal portions of the trigeminal 
ganglia. 



Fig. 17.13 A seanning 
eleetron mierograph 
of the roof of the 
pharynx showing the 
invagination of plaeodal 
eetoderm to form the 
adenohypophysis 
(Rathke’s pouch, 
arrow) and ehoanal 
membranes 
(arrowheads). 
(Photograph by P 
Oollins; printed by 
S Cox, Eleetron 
Mieroseopy Unit, 
Southampton General 
Hospital.) 
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Fig. 17.14 A-B, Sagittal seetions of heads of early embryos showing 
initial stages in the development of the hypophysis. 





















































































































Meehanisms of neural development 


g) PITUJTARY GLAND (HYPOPHYSIS OEREBRI) 

The hypophysis eerebri eonsists of the adenohypophysis and the neuro- 
hypophysis (Ch. 23). Priorto neurulation, the eell populations that give 
rise to these two portions of the pituitary gland are found next to eaeh 
other within the rostral portion of the floor of the neural plate and the 
contiguous midline neural fold. As neurulation proeeeds, the future 
neurohypophysis remains within the floor of the proseneephalon. The 
eells of the future adenohypophysis are displaeed into the surface eeto- 
derm, where they form the hypophysial plaeode in elose apposition and 
adherent to the overlying proseneephalon. 

The most rostral portion of the neural plate, which will form the 
hypothalamus, is in eontaet rostrally with the future adenohypophysis 
in the rostral neural ridge, and caudally with the neurohypophysis, in 
the floor of the neural plate (see Fig. 17.10). After neurulation, the eells 
of the rostral neural ridge remain in the surface eetoderm and form the 
hypophysial plaeode, which is in elose apposition and adherent to the 
overlying proseneephalon. 

Neural erest mesenehyme later moves between the proseneephalon 
and surface eetoderm, except at the region of the plaeode. Before rupture 
of the buccopharyngeal membrane, proliferation of the periplaeodal 
mesenehyme means that the plaeode forms the roof and walls of a sae- 
cular depression. This hypophysial reeess (pouch of Rathke; Figs 17.13- 
17.14) is the mdiment of the adenohypophysis. It lies immediately 
ventral to the dorsal border of the buccopharyngeal membrane, extend- 
ing in front of the rostral tip of the notoehord, and retaining eontaet 
with the ventral surface of the proseneephalon, which will beeome the 
hypothalamus. It is eonstrieted by continued proliferation of the sur- 
rounding mesenehyme to form a elosed vesiele, but remains, for a time, 
eonneeted to the eetoderm of the stomodeum by a solid eord of eells, 
which ean be traeed down the posterior edge of the nasal septum. 
Masses of epithelial eells form, mainly on eaeh side and in the ventral 
wall of the vesiele, and the development of the adenohypophysis 
progresses by the ingrowth of a mesenehymal stroma. Differentiation 
of epithelial eells into stem eells and three differentiating types is said 
to be apparent during the early months of fetal development. It has 
been suggested that different types of eells arise in succession, and that 
they may be derived in differing proportions from different parts of the 
hypophysial reeess. A eraniopharyngeal eanal, which sometimes mns 
from the rostral part of the hypophysial fossa of the sphenoid to the 
exterior of the skull, is often said to mark the original position of the 
hypophysial reeess. Traees of the stomodeal end of the reeess are usually 
present at the junction of the septum of the nose with the palate. Others 
have elaimed that the eraniopharyngeal eanal itself is a seeondary for- 
mation caused by the growth of blood vessels, and is quite unconnected 
with the stalk of the adenohypophysis. 

A small endodermal diverticulum, Seessel's pouch, projeets towards 
the brain from the eranial end of the foregut, immediately caudal to 
the buccopharyngeal membrane. In some marsupials, this pouch forms 
a part of the hypophysis but, in humans, it is not well defined and 
disappears entirely. 

Just caudal to, but in eontaet with, the adenohypophysial reeess, a 
hollow diverticulum elongates towards the stomodeum from the floor 
of the neural plate just caudal to the hypothalamus (see Fig. 17.14B); 
this region of neural outgrowth is the neurohypophysis. It forms an 
infundibular sae; its walls inerease in thiekness until the lumen is oblit- 
erated, except at its upper end, where it persists as the infundibular 
reeess of the third ventriele. The neurohypophysis beeomes invested by 
the adenohypophysis, which extends dorsally on either side. The adeno- 
hypophysis gives off two proeesses from its ventral wall that grow along 
the infundibulum and fiise to surround it, eoming into relation 
with the tuber cinereum and forming the tuberal portion of the hypo- 
physis. The original lumen of Rathke's pouch remains first as a eleft, 
and later as seattered vesieles, and ean be identified readily in sagittal 
seetions through the mature gland. The dorsal wall of Rathke's pouch 
remains thin and fuses with the adjoining part of the neurohypophysis 
as the pars intermedia. 

At birth, the hypophysis is about one-sixth of the weight of the adult 
gland; it inereases in weight to beeome about one-half of the weight of 
the adult gland at 7 years, and attains adult weight at puberty. Through- 
out postnatal life, the gland appears larger in females, in both size and 
weight. 



Glial eells that support neurones in the CNS and PNS are derived from 
three lineages: namely, neuroectoderm, neural erest and angioblastie 
mesenehyme. In the PNS, neural erest eells produce Schwann eells and 


astroeyte-like support eells in the enterie nervous system. Angioblastie 
mesenehyme gives rise to a variety of blood eell types, including circu- 
lating monoeytes that infiltrate the brain as mieroglial eells later in 
development (Ch. 3). 

In the CNS, eells of the proliferating ventriailar zone give rise to 
astroeytes and oligodendroeytes. After the proliferative phase, the eells 
remaining at the ventriailar surface differentiate into ependymal eells, 
which are speeialized in many regions of the ventrioilar system as eir- 
oimventriailar organs. Planar eell polarity (PCP) genes are involved in 
the differentiation of ependymal eells into a eiliated epithelium ( fissir 
and Goffinet 2010). PCP signalling regulates the position of the eiliary 
basal bodies. Defeets in basal body polarity lead to disorganized beating 
of eilia and impaired direetion of flow of the eerebrospinal fluid (Wall- 
ingford 2010), and this may result in defeets in neuronal migration as 
development proeeeds (Sawamoto et al 2006). 

The ventrioilar zone lining the early eentral eanal of the spinal eord 
and the eavities of the brain gives rise to neurones and glial eells (see 
Figs 17.4-17.5). Radial glia are speeialized glia with radial proeesses 
that extend both outwards to form the outer limiting membrane deep 
to the pia mater, and imvards to form the inner limiting membrane 
around the eentral eavity. These proeesses may provide eontaet guidance 
paths for eell migrations, both neuronic and glioblastie. A seeondary 
radial glial seaffold is formed in the late developing cerebellum and 
dentate gyms, and serves to transloeate neurones, formed in seeondary 
germinal eentres, to their definitive adult loeations. Radial glia eventu- 
ally lose their eonneetions with both inner and outer limiting mem- 
branes, except those persisting in the retina as Miiller eells, in the 
cerebellum as Bergmann glia and in the hypothalamus as tanyeytes. 
They ean differentiate into neurones as well as astroeytes. They may 
partially elothe the somata of neighbouring developing neurones 
(between presumptive synaptie eontaets), or similarly enwrap the inter- 
synaptie surfaces of their neurites. Glial proeesses may expand around 
intraneural eapillaries as perivascular end-feet. Other glioblasts retain 
an attaehment (or form new expansions) to the pia mater, the inner- 
most stratum of the meninges, as pial end-feet. Glioblasts also line the 
eentral eanal and eavities of the brain as generalized or speeialized 
ependymal eells, but lose their peripheral attaehments. In some situa- 
tions, e.g. the ventral (anterior) median fissure of the spinal eord, 
ependymal eells retain their attaehments to both the inner and the outer 
limiting membranes. Glia fimetion as perineuronal satellites, providing 
cellular ehannels that eonneet extracerebral and intraventricular eere- 
brospinal fluid, the eerebral vasoilar bed, the intercellular ereviees of 
the neuropil, and the eytoplasm of all neural eell varieties. 

Mieroglia appear in the CNS after it has been penetrated by blood 
vessels and invade it in large numbers from eertain restrieted regions; 
from here, they spread in what have picturesquely been ealled 'fountains 
of mieroglia', to extend deeply among the nervous elements (Ch. 3). 



For more than a century, the meehanisms that operate during the devel- 
opment of the nervous system have been studied experimentally; while 
much has been established, answers to many fimdamental questions 
remain obscure. Signifieant advanees in our understanding of the meeh- 
anisms that regulate the behaviour of early neural populations are 
based on work on amphibian, ehieken, mouse and fish embryos, using 
a eombination of genetie, embryologieal, bioehemieal and moleoilar 
techniques. 

The CNS has a fimdamental structure of layers and eells, which are 
all derived from a pluripotential neuroepithelium. Developing neu- 
rones produce axons that traverse great distanees to reaeh their target 
organs. Within the CNS, they form myriad eonneetions with other 
neurones in response to loeally seereted cues. 

HISTOGENESIS 0F THE NEURAL TUBE 


The wall of the early neural tube eonsists of an internal ventricular zone 
(sometimes termed the germinal matrix) abutting the eentral lumen. It 
eontains the apieal, nucleated parts of the pseudostratified columnar 
neuroepithelial eells and rounded eells undergoing mitosis. The early 
ventricular zone also eontains a population of radial glial eells, whose 
proeesses pass from the ventrioilar surface to the pial surface, thus 
forming the internal and external glia limitans (glial limiting mem- 
brane). As development proeeeds, the early, pseudostratified epithelium 
proliferates and an outer layer, the marginal zone, devoid of nuclei but 
eontaining the external eytoplasmie proeesses of eells, is delineated. 
Subsequently, a middle, mantle layer (intermediate zone) forms as the 245 
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Mouse embryonie stem eells in three-dimensional enltnre, induced 
to form co-cultures of rostral hypothalamie neuroepithelium and oral 
eetoderm, spontaneously self-sort and form oral eetodermal epithelial 
pouches, of similar dimensions to Rathke's pouch and expressing the 
pituitary plaeode marker Lim3. Multiple pouches form under these 
experimental eonditions, suggesting that the proeess of pouch forma- 
tion per se (including morphogenesis and rough size determination) is 
driven loeally by an intrinsie self-organizing meehanism, whereas the 
speeifie plaee and number of pituitary plaeodes are under the eontrol 
of complex positional instmetions from region-speeifie regulators 
(Sasai et al 2012). 
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Fig. 17.15 The eell eyele in the ventricular zone of the developing neural 
tube. The nuclei of the proliferating stem eells show interkinetie migration. 
(Reprinted with permission from Journal of Comparative Neurology 120: 
37-42, S Fujita, 1963. Wiley-Liss.) 


newly formed neurones migrate ventriculofugally from the ventriailar 
zone (see Fig. 17.5). 

Most CNS eells are produced in the proliferative zone adjaeent to 
the future ventricular system; in some regions, this area is the only 
aetively mitotie zone. Aeeording to the monophyletie theory of neuro- 
genesis, it is assumed to produce all eell types. The early neural epithe- 
lium, including the deeply plaeed ventricular mitotie zone, eonsists of 
a homogeneous population of phiripotent eells whose varying appear- 
anees refleet different phases in a proliferative eyele. The ventricular 
zone is eonsidered to be populated by a single basie type of progenitor 
eell and to exhibit three phases. The eells show an 'elevator movement' 
as they pass through a eomplete mitotie eyele, progressively approaeh- 
ing and then reeeding from the internal limiting membrane, which 
eorresponds to the apieal region of the radial glial eells (Fig. 17.15). 
DNA replieation occurs while the eells are extended and their nuclei 
approaeh the pial surface; they then enter a premitotie resting period 
while the eells shorten and their nuclei pass baek towards the ventricu- 
lar surface. The eells now beeome rounded elose to the internal limiting 
membrane and undergo mitosis. They then elongate and their nuclei 
move towards the outer edge during the postmitotie resting period, after 
which DNA synthesis eommenees onee more and the eyele is repeated. 
The eells so formed may then either start another proliferative eyele or 
migrate outwards (i.e. radially) and differentiate into neurones as they 
approaeh and enter the adjaeent stratum. This differentiation may be 
initiated as they pass outwards during the postmitotie resting period. 
The proliferative eyele eontimies with the production of elones of neu- 
rones and glioblasts. This sequence of events has been ealled inter- 
kinetie nuclear migration; it eventually deelines. At the last division, 
two postmitotie daughter eells are produced and they differentiate at 
the ventriailar surface into ependyma. 

The progeny of some of these divisions move away from the ven- 
tricular zone to form an intermediate zone of neurones. The early 
spinal eord and much of the brainstem show only these three main 
layers, i.e. ventricular, intermediate and marginal zones. However, in 
the teleneephalon, the region of cellular proliferation extends deeper 
than the ventricular zone where the esealator movement of interkinetie 
migration is seen, and a subventricular zone appears between the ven- 
tricular and intermediate layers (see "ig. 17.15). Here, eells continue to 
multiply to provide fhrther generations of neurones and glia, which 
subsequently migrate into the intermediate and marginal zones. A 
population of eells resulting from the asymmetrie division of stem eells 
at the ventriailar zone move to the subventricular zone, where they 
divide symmetrieally. These eells are termed intermediate neural pro- 
genitor eells or basal progenitors to emphasize the faet that they are no 
longer attaehed to the apieal (ventricular) surface. They transloeate 
their nucleus to an abventriailar loeation for mitosis. The eells are Tbr- 
2-positive and appear to migrate tangentially rather than radially in 
the developing cortex (Miyata et al 2010, Sessa et al 2010, Fietz and 
Huttner 2011). 

In eertain regions of the nervous system (e.g. the eerebellar cortex), 
some mitotie subventricular stem eells migrate aeross the entire neural 
wall to form a subpial population and establish a new zone of eell 
division and differentiation. Many eells formed in this site remain 
subpial in position, but others migrate baek towards the ventriele 


through the developing nervous tissue, and fìnish their migrations in 
various defìnitive sites where they differentiate into neurones or mae- 
roglial eells. In the eerebral hemispheres, a zone termed the eortieal 
plate is formed outside the intermediate zone by radially migrating eells 
from the ventrioilar zone. The most reeently formed eells migrate to 
the outermost layers of the eortieal plate, so that earlier-formed and 
migrating eells beeome subjacent to those migrating at a later time. The 
subplate zone is an additional transient stratum found deep to the early 
eortieal plate in the forebrain. 


LINEAGE AND GR0WTH IN THE NERV0US SYSTEM 

Neurones are derived from three embryonie sources: CNS neurones 
originate from the pluripotential neural plate and tube, whereas gan- 
glionie neurones originate from the neural erest and eetodermal pla- 
eodes. The neural plate also provides ependymal and maeroglial eells. 
Peripheral Schwann eells and ehromaffin eells arise from the neural 
erest. The origins and lineages of eells in the nervous system have been 
determined experimentally by the use of autoradiography, mieroinjee- 
tion or retroviral labelling of progenitor eells, in eell culture. 

During development, neurones are formed before glial eells. The 
timing of events differs in various parts of the CNS and between speeies. 
Most neurones are formed prenatally in mammals but some postnatal 
neurogenesis does occur, e.g. the small granular eells of the cerebellum, 
olfaetory bulb and hippocampus, and neurones of the eerebral cortex. 
Gliogenesis continues after birth in periventrioilar and other sites. Dif- 
ferent elasses of neurones develop at speeifie times. Large neurones, 
such as prineipal projeetion neurones, tend to differentiate before small 
ones, such as loeal circuit neurones. However, their subsequent migra- 
tion appears to be independent of the times of their initial formation. 
Neurones ean migrate extensively through populations of maturing, 
relatively statie eells, to reaeh their destination, e.g. eerebellar granule 
eells pass through a layer of Purkinje eells en route from the external 
pial layer to their fìnal eentral position. Later, the fìnal form of their 
projeetions, eell volume and, indeed, their continuing survival depend 
on the establishment of patterns of fhnetional eonneetion. 

Initially immature neurones are rotund or fusiform. Their eytoplasm 
eontains a prominent Golgi apparatus, many lysosomes, glyeogen and 
numerous unattached ribosomes. As maturation proeeeds, eells send 
out fìne eytoplasmie proeesses that eontain neurofilaments, microtu- 
bules and other structures, often including eentrioles at their bases 
where microtubules form. Internally, endoplasmie reticulum eisternae 
appear and attaehed ribosomes and mitoehondria proliferate, whereas 
the glyeogen eontent progressively diminishes. One proeess beeomes 
the axon and other proeesses establish a dendritie tree. Axonal growth, 
studied in tissue culture, may be as much as 1 mm per day. 

Successful neuronal eonneetivity is the product of a series of tightly 
regulated, programmed events that include axon initiation, growth eone 
formation and navigation, formation and pmning of dendritie trees and 
synapses (Chiu et al 2013). 

Grovvth eones 


During development, the growing axons of neuroblasts navigate with 
preeision over eonsiderable distanees, often pursuing complex courses 
to reaeh their targets. Eventually, they make hmetional eontaet with 
their appropriate end organs (neuromuscular endings, seeretomotor 
terminals, sensory corpuscles or synapses with other neurones). Ramón 
y Cajal (1890) was the fìrst to deseribe the expanded growing tips of 
axons, naming them growth eones. These tips are eonstantly aetive, 
ehanging shape, and extending and withdrawing small protuberances, 
filopodia and lamellipodia that apparently 'explore' the loeal environ- 
ment for a suitable surface over which to extend. This ineessant palpa- 
tory aetivity depends on the organization and dynamies of aetin 
fìlaments that fill the growth eone leading margin (peripheral (P-) 
domain) and is regulated by aetin-binding proteins that eontrol all 
aspeets of fìlament assembly, turnover, interaetions with other fìlaments 
and eytoplasmie eomponents, and the production of meehanieal forees. 
Adhesive ligands and extrinsic guidance cues bind growth eone reeep- 
tors to their substratum and trigger signalling aetivities involving Rho 
GTPases, kinases, phosphatases, eyelie nucleotides, and Ca 2+ fluxes. 
Adhesion to the substratum appears to be important for transient eon- 
solidation (stabilization) of the growth eone, elaboration of the axonal 
eytoskeleton in the direetion of growth and transduction of meehanieal 
forees into traetion in order to pull the axon towards its next target 
(Gomez and Letourneau 2014). Following eonsolidation of the 
growth eone, the exploratory behaviour begins again, resembling the 


























Meehanisms of neural development 


behaviour at the leading edge of migratory eells such as fibroblasts and 
neutrophils. 

Axon guidance involves the eoordinate aetion of four types of cues: 
short-range, loeal cues and long-range, diffiisible cues, eaeh of which 
ean be either positive (permissive or attraetive) or negative (inhibitory 
or repellent); meehanisms may involve eontaet attraetion or ehemo- 
attraetion, eontaet repulsion or chemorepulsion. ehanges in the loeal 
proteome enable growth eones to respond rapidly to these cues by 
elongating, turning or eollapsing. Different axons may respond to the 
same cue differently, aeeording to the distribution of reeeptors or eom- 
ponents of the relevant signal transduction pathways on their surfaces. 
Axon extension occurs when growth eones encounter a permissive, 
physieal substrate eontaining short-range cues such as appropriate 
extracellular matrix eomponents, transmembrane phosphatases and 
eadherins; axonal repulsion requires negative cues that inhibit the 
progress of the growth eone. Long-range cues diffiise from distant 
targets down gradients of speeifie faetors, inducing neurones to turn 
their axons either towards the source of an attraetive signal or away from 
a repulsive signal. Topographie projeetions, such as the retinoteetal 
pathway, are established as speeifie populations of growth eones follow 
spatial gradients of guidance cues (see Kalil et al (2011 ). 

Several families of signalling molecules are known to be instmetive 
guidance cues. The original eanonieal group of netrins, semaphorins, 
slits and ephrins has now been amplified by members of three families 
of developmental morphogens (bone morphogenetie protein (BMP), 
Hedgehog and Wnt families) and a number of growth faetors (hepato- 
eyte growth faetor (HGF), fibroblast growth faetors (FGFs) and glial 
eell-derived neurotrophic faetor (GDNF)) for subsets of motor axons, 
neurotrophins (brain-derived neurotrophic faetor (BDNF) and neuro- 
trophin 3 (NT3)) for sensory axons, neuregulins for thalamoeortieal 
axons, and vascular endothelial growth faetor A (VEGFA) for eommis- 
sural axons (Kolodkin and Tessier-Lavigne 2013). 

Dendritie trees and synaptogenesis 


Onee growth eones have arrived in their appropriate target area, they 
form terminals and synapses. Extensive dendritie trees are generated 
and subsequently shaped by dendrite retraetion and pmning. Signalling 
meehanisms underlying these proeesses are poorly understood: eentro- 
somal CaMKII(3 signalling has been proposed as a meehanism restriet- 
ing dendrite elaboration while promoting dendrite pmning (Puram 
et al 2011). The final shape of dendritie trees is influenced by patterns 
of afferent eonneetions and their aetivity, and is neeessary for the accu- 
rate formation of neuronal circuitry. Defeets in dendrite patterning have 
been implieated in the pathology of mental retardation and autism 
speetmm disorders. 

Aetivity-dependent stabilization, coupled with the seleetive elimina- 
tion of surplus synapses, is a key meehanism for generating diversity in 
neuronal eonneetivity. Dendritie spine density in ehildhood exceeds 
adult values by two- to three-fold and begins to deerease during puberty. 
However, the overproduction and later pmning of supernumerary syn- 
apses continues well into the third deeade of life before stabilizing 
(Petanjek et al 2011, Kolb et al 2013). Onee established, dendritie trees 
appear remarkably stable; partial deafferentation usually affeets only 
dendritie spines. 

Neurotrophins 


If neurones lose all afferent eonneetions or are totally deprived of 
sensory input, much of the dendritie tree, and even the whole soma, 
will atrophy. Different regions of the nervous system vary quantitatively 
in their response to such anterograde transneuronal degeneration. 
Similar effeets occur in retrograde transneuronal degeneration. Thus, 
neurones are dependent on peripheral stmctures for their survivak Loss 
of muscles or sensory nerve endings, e.g. in the developing limb, will 
result in reduction in mimbers of motor and sensory neurones. Speeifie 
faetors that these target organs produce, such as the neurotrophins, are 
taken into nerve endings and transported baek to the neuronal somata; 
they are neeessary for the survival of many types of neurone during early 
development, and for the growth of their axons and dendrites, and also 
promote the synthesis of neurotransmitters and enzymes. 

Neurotrophins belong to several families of stmcturally and fime- 
tionally related molecules, including nerve growth faetor (NGF) super- 
family and GDNF family (Cimlli and Alleva 2009, Park and Poo 2013, 
West et al 2014). The NGF superfamily includes BDNF, NT-3 and 
NT-4/5, which exert their survival effeets seleetively on particular subsets 
of neurones. NGF is speeifie to sensory ganglion eells from the neural 
erest, sympathetie postganglionie neurones and basal forebrain eholin- 


ergie neurones. BDNF promotes the survival of retinal ganglion eells, 
motor neurones, and some plaeode-derived neurones, such as those of 
the nodose ganglion, that are unresponsive to NGF. NT-3 has effeets on 
motor neurones, limb proprioeeptive neurones and both plaeode- and 
neural erest-derived sensory neurones. Other growth faetors found to 
influence the growth and survival of neural eells include the FGFs and 
eiliary neurotrophic faetor (CNTF), all of which are unrelated in 
sequence to the NGF family. Members of the FGF family support the 
survival of embryonie neurones from many regions of the CNS. CNTF 
may eontrol the proliferation and differentiation of sympathetie gan- 
glion eells and astroeytes. 

Eaeh of the neurotrophins binds speeifieally to eertain reeeptors on 
the eell surface. The reeeptor termed p75 NTR binds all the neurotrophins 
with similar affinity. By eontrast, members of the family of reeeptor 
tyrosine kinases (Trks) bind with higher affinity and display binding 
preferenees for particular neurotrophins. However, the presenee of a Trk 
reeeptor seems to be required for p75 NTR fimetion. 

Nervous tissue influences the metabolism of its target tissues. If, 
during development, a nerve fails to eonneet with its muscle, both 
degenerate. If the innervation of slow (red) or fast (white) skeletal 
muscle is exchanged, the muscles ehange structure and properties to 
refleet the new innervation, indieating that the nerve determines muscle 
type and not viee versa. Concomitant anterograde signalling by a 
neurone to its target tissues and retrograde signalling from target tissues 
to the same neurone implies instmetive interaetions; they occur during 
development, postnatally and in adult life (Harris 2008, da Silva and 
Wang 2011). 

INDUCTI0N AND PATTERNING 0F THE BRAIN 
AND SPINAL C0RD 


The generation of neural tissue involves an inductive signal from the 
underlying ehordamesoderm (notoehord), termed the 'organizer'. The 
observation by Spemann and Mangold in 1924 that, in intaet amphib- 
ian embryos, the presenee of an organizer caused eetodermal eells to 
form nervous tissue, whereas in its absenee they formed epidermis, led 
to the diseovery of neural induction. However, experiments performed 
much later in the century revealed that, when eetodermal eells were 
dissoeiated, they also gave rise to neural tissue. The paradox was resolved 
by the finding that intaet eetodermal tissue is prevented from beeoming 
neural by an inhibitory signal(s) that is diluted out when eells are dis- 
soeiated. Many lines of evidenee now indieate that this inhibitory signal 
is mediated by members of a family of seereted proteins, the BMPs. 

These moleoiles are found throughout eetodermal tissue during early 
development, and their inhibitory effeet is antagonized by several 
neural inducers that are present within the organizer, i.e. noggin, 
ehordin and follistatin. Eaeh of these faetors is eapable of bloeking 
BMP signalling - in some eases, by preventing it from binding to its 
reeeptor(s). 

The regional pattern of the nervous system is induced before and 
during neural tube closure. The patterning in the ventrodorsal domain 
is imposed on the neural plate/tube by external signals (notoehord), 
whereas the longitudinal patterning is based on loeal expression 
domains. Early eoneepts about regional patterning envisaged that 
regionalization within mesenehymal populations that transmit induc- 
tive signals to the eetoderm impose a similar mosaie of positional 
values on the overlying neural plate. For example, transplantation of 
caudal mesenehyme beneath the neural plate in amphibia induced 
spinal eord, whereas rostral mesenehyme induced brain, as assessed by 
the morphology of the neuroepithelial vesieles. However, later work 
indieated a more complex seenario, in which organizer grafts from early 
embryos induced mainly head structures, while later grafts induced 
mainly tmnk stmctures. Subsequent molecular data have tended to 
support a model in which neural-inducing faetors released by the 
organizer, such as noggin, ehordin and follistatin, neuralize the eeto- 
derm and promote a mainly rostral neural identity. Later, seereted 
signals then aet to caudalize this rostral neural tissue, setting up an 
entire array of axial values along the neural tube. Candidates for these 
later, caudalizing, signals have been shown to be retinoie aeid, FGFs 
and the WNT seereted proteins, which are present in the paraxial mes- 
enehyme and, later, in its derivatives, the somites. This eombination of 
signals does not seem to be sufficient to produce the most rostral, 
forebrain structures. Other seereted proteins resident in the rostralmost 
part of the earliest ingressing axial populations of endoderm and mes- 
enehyme are also eapable of inducing markers of forebrain identity 
from eetodermal eells (Withington et al 2001). 

As the neural tube grows and is modified in shape, a number 
of meehanisms refine the emde rostrocaudal pattern that has been 247 
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imposed during neurulation. Molecules that difflise from tissues adja- 
eent to the neural tube, such as the somites, have patterning influences. 
The neural tube possesses a number of intrinsie signalling eentres, such 
as the midbrain-hindbrain boundary, which produce diffhsible mole- 
cules eapable of influencing tissue development at a distanee. In this 
way, extrinsic and intrinsie faetors serve to subdivide the neural tube 
into a number of fairly large domains, on which loeal influences ean 
then aet. Domains are distinguished by their expression of particular 
transeription faetors, which, in many eases, have been causally related 
to the development of partiailar regions. Examples of such genes are 
the Hox family, which are expressed in the spinal eord and hindbrain, 
and the Dlx, Emx and Otx families of genes, which are expressed in 
various regions of the forebrain. All of these are developmental eontrol 
genes that lie high up in the hierarehy, and are eapable of initiating 
easeades of expression of other genes to ereate a more fine-grained 
pattern of cellular differentiation. In eontrast to the aforementioned 
seereted molecules, these genes eneode proteins that are retained in the 
eell nucleus, and so ean aet on DNA to induce or repress fhrther gene 
expression. 

Segmentation in the neiiral tube 


The early neural tube is visibly divided into segments, termed neuro- 
meres, by shallow transverse folds that extend perpendicular to its long 
axis. Primary neuromeres ean be identified at stage 9, and 16 seeondary 
neuromeres are present at stage 14. They are espeeially noted in the 
rhombeneephalon, where they are termed rhombomeres, emeial units 
of pattern formation ( Timpel et al 2009). Domains of expression of 
developmental eontrol genes abut rhombomere boundaries; single-eell 
labelling experiments have revealed that eells within rhombomeres 
form segregated non-mixing populations (Fig. 17.16). The neural erest 
also shows intrinsie segmentation in the rhombeneephalon, and is 
segregated into streams at its point of origin in the dorsal neural tube. 
This may represent a meehanism whereby morphogenetie speeifìeation 
of the premigratory neural erest eells is eonveyed to the pharyngeal 
arehes (see Fig. 12.4). Although these segmental units lose their mor- 
phologieal prominenee with subsequent development, they represent 
the fhndamental ground plan of this part of the neuraxis, ereating a 
series of semi-autonomous units, within which loeal variations in 
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Fig. 17.16 Hox gene expression domains in the branehiorhombomerie 
area in the mouse embryo at E9.5. The arrows indieate neural erest eells 
migrating from the rhombeneephalon and midbrain. Cells migrating from 
the rhombeneephalon are shaded to indieate the Hox genes they express. 
The same eombination of Hox genes is expressed in the rhombomeres 
and in the superficial eetoderm of the pharyngeal arehes at the 
eorresponding rostrocaudal levels. The four Hox clusters are represented 
below. (Modified with permission from the Annual Review of Cell and 
Developmental Biology, Volume 8, 1992 by Annual Reviews 
www.annualreviews.org.) 



patterning ean then develop. The consequences of early segmentation 
for events later in development, such as the formation of definitive 
neuronal nuclei within the brainstem, and of peripheral axonal projee- 
tions remain to be explored. 

Other brain regions are not segmented in quite the same way as 
the hindbrain. However, morphologieal boundaries, domains of eell 
lineage restrietion and of eell mixing, and regions of gene expression 
that abut sharp boundaries, are found in the dieneephalon and telen- 
eephalon. It is thus likely that eompartmentation of eell groups with 
some, if not all, the features of rhombomeres plays an important role 
in the formation of various brain regions. 

The signifieanee of intrinsie segmentation in the hindbrain is under- 
lined by the absenee of overt segmentation of the adjaeent paraxial 
mesenehyme. There is no firm evidenee for intrinsie segmentation in 
the spinal eord. Instead, segmentation of the neural erest, motor axons 
and thus, eventually, the spinal nerves is dependent on the segmenta- 
tion of the neighbouring somites. Both neural erest eell migration and 
motor axon outgrowth occur through only the rostral and not the 
caudal selerotome of eaeh somite, so that dorsal root ganglia form only 
at intervals. The caudal selerotome possesses inhibitory properties that 
deter neural erest eells and motor axons from entering. This illustrates 
the general prineiple that the nervous system is elosely interloeked, in 
terms of morphogenesis, with the 'periphery', i.e. surrounding non- 
nervous structures, and eaeh is dependent on the other for its effeetive 
structural and fimetional maturation. 

Genes such as the Hox and Pax gene families, which eneode tran- 
seription faetor proteins, show intriguing expression patterns within the 
nervous system. Genes of the Hox-b cluster, for example, are expressed 
throughout the caudal neural tube, and up to diserete limits in the 
hindbrain that eoineide with rhombomere boundaries. The ordering of 
these genes within a cluster on the ehromosome is the same as 

the caudal to rostral limits of expression of eonseaitive genes. This 
eharaeteristie pattern is surprisingly similar in fish, frogs, birds and 
mammals. Hox genes play a role in patterning not only of the neural 
tube but also of much of the head region, eonsistent with their expres- 
sion in neural erest eells, and within the pharyngeal arehes. Dismption 
of Hox a-3 gene in miee mimies DiGeorge's syndrome, a eongenital 
human disorder eharaeterized by the absenee (or near-absenee) of the 
thymus, parathyroid and thyroid glands, by the hypotrophy of the walls 
of the arteries derived from the aortie arehes, and by subsequent 
eonotmneal eardiae malformations. Some Pax genes are expressed in 
different dorsoventral domains within the neural tube. Pax-3 is expressed 
in the alar lamina, including the neural erest, while Pax-6 is expressed 
in the intermediate plate. The Pax-3 gene has the same ehromosomal 
loealization as the mouse mutation Sploteh and the affeeted locus in 
the human Waardenburg's syndrome, both of which are eharaeterized 
by neural erest disturbances with pigmentation disorders and oeea- 
sional neural tube defeets. Both Hox and Pax genes have restrieted 
expression patterns with respeet to the rostrocaudal and the dorsoven- 
tral axes of the neural tube, eonsistent with roles in positional speeifiea- 
tion. (For reviews of the expression patterns of these genes, see Kmmlauf 
et al (1993).) 

While craniocaudal positional values are probably eonferred on the 
neuroepithelium at the neural plate or early neural tube stage, dorso- 
ventral positional values may beeome fixed later. The development of 
the dorsoventral axis is heavily influenced by the presenee of the under- 
lying notoehord. The notoehord induces the ventral midline of the 
neural tube, the floor plate. This speeialized region eonsists of a strip 
of non-neural eells with distinetive adhesive and fimetional properties. 
Notoehord and floor plate together partieipate in inducing the differ- 
entiation of the motor columns. Motor neurone differentiation occurs 
early, giving some grounds for the idea of a ventral to dorsal wave of 
differentiation. The notoehord/floor plate complex may also be respon- 
sible for allotting the values of more dorsal eell types within the tube 
(see Fig. 17.7). For example, the dorsal domain of expression of Pax-3 
extends more ventrally in embryos experimentally deprived of noto- 
ehord and floor plate, while grafting an extra notoehord adjaeent to the 
dorsal neural tube leads to a repression of Pax-3 expression. 


PERIPHERAL NERV0US SYSTEM 

S0MATIC NERVES 
Spinal nerves 


Eaeh spinal nerve is eonneeted to the spinal eord by a ventral root and 
a dorsal root (Fig. 17.17). The fibres of the ventral roots grow out from 
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Fig. 17.17 The developing spinal eord of hiiman embryos. Transverse seetions. A, Approximately 6weeks. B, Approximately 3months. 
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vestibulocochlear, glossopharyngeal, vagus and aeeessory nerves. 


eell bodies in the anterior and lateral parts of the intermediate zone. 
These pass through the overlying marginal zone and external limiting 
membrane. Some enter the myotomes of the somites, and some pen- 
etrate the somites, reaehing the adjaeent somatopleure; in both sites, 
they ultimately form the a-, (3- and y-efferents. At appropriate levels, 
these are aeeompanied by the outgrowing axons of preganglionie sym- 
pathetie neuroblasts (segments T1-L2) or preganglionie parasympa- 
thetie neuroblasts (S2-S4). 

The fìbres of the dorsal roots extend from eell somata in dorsal root 
ganglia into the spinal eord and also extend into the periphery. Neural 
erest eells are produced continuously along the length of the spinal 
eord, but gangliogenie eells migrate only into the rostral part of eaeh 
somitie selerotome, where they eondense and proliferate to form a 
bilateral series of oval-shaped primordial spinal ganglia (dorsal root 
ganglia) (see Fig. 17.11). Negative faetors in the caudal selerotome deter 
neural erest from entering. The rostral selerotome has a mitogenie effeet 
on the erest eells that settle within it. From the ventral region of eaeh 
ganglion, a small part separates to form sympathoehromaffm eells, 
while the remainder beeomes a defìnitive spinal ganglion (dorsal root 
ganglion). The spinal ganglia are arranged symmetrieally at the sides of 
the neural tube and, except in the caudal region, are equal in number 
to the somites. The eells of the ganglia, like the eells of the intermediate 
zone of the early neural tube, are glial and neuronal precursors. The 
glial preoirsors develop into satellite eells (which beeome elosely 
applied to the ganglionie nerve eell somata), Schwann eells and, pos- 
sibly, other eells. The neuroblasts, at fìrst round or oval, soon beeome 


fhsiform, and their extremities gradually elongate into eentral and 
peripheral proeesses. The eentral proeesses grow into the neural tube as 
the fibres of dorsal nerve roots, while the peripheral proeesses grow 
ventrolaterally to mingle with the fìbres of the ventral root, thus forming 
a mixed spinal nerve. As development proeeeds, the original bipolar 
form of the eells in the spinal ganglia ehanges; the two proeesses 
beeome eloser and ultimately fuse to form a single stem, producing the 
eharaeteristie morphology of a unipolar neurone. The bipolar form is 
retained in the ganglion of the vestibulocochlear nerve. For details of 
the timing of spinal nerve maturation, see Ashwell and Waite (2012). 

Cranial nerves 


Cranial nerves may eontain motor, sensory or both types of fibres. With 
the exception of the olfaetory and optie nerves, the eranial nerves 
develop in a manner similar, in some respeets, to eomponents of the 
spinal nerves. The somata of motor neuroblasts originate within the 
neuroepithelium, while those of sensory neuroblasts are derived from 
the neural erest, with the addition in the head of contributions from 
eetodermal plaeodes (Fig. 17.18; see Fig. 12.4). 

The motor fibres of the eranial nerves that projeet to striated muscle 
are the axons of eells originating in the basal plate of the midbrain and 
hindbrain. The hmetional and morphologieal distinetion between the 
neurones within these various nerves is based on the types of muscle 
innervated. In the tmnk, the motor roots of the spinal nerves all emerge 
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from the spinal eord elose to the ventral midline to supply the muscles 
derived from the somites. 

In the head, the motor outflow is traditionally segregated into two 
pathways (see Figs 17.3B, 17.18). General somatie efferent neurones 
exit ventrally in a similar manner to those of the spinal eord. Thus 
the oculomotor, troehlear, abducens and hypoglossal nerves parallel 
the organization of the somatie motor neurones in the spinal eord. The 
seeond motor eomponent, speeial branehial efferent, eonsists of the 
motor parts of the trigeminal, faeial, glossopharyngeal and vagus nerves 
that supply the pharyngeal (branehial) arehes, and the aeeessory nerve. 
These nerves all have nerve exit points more dorsally plaeed than the 
somatie motor system. 

The eranial nerves also eontain general viseeral efferent (parasympa- 
thetie preganglionie) neurones that travel in the oculomotor, faeial, 
glossopharyngeal and vagus nerves, and leave the hindbrain via the 
same exit points as the speeial branehial efferent fibres. All three eatego- 
ries of motor neurones probably originate from the same region of the 
basal plate, adjaeent to the floor plate. The definitive arrangement of 
nuclei refleets the differential migration of neuronal somata. It is not 
known whether all these eell types share a eommon precursor within 
the rhombeneephalon; however, in the spinal eord, somatie motor and 
preganglionie autonomic neurones are linearly related. 

These motor neurone types have been designated aeeording to the 
types of imiseles or structures they innervate. General somatie efferent 
nerves supply striated muscle derived from the eranial (oeeipital) 
somites and preehordal mesenehyme. Myogenie eells from the ventro- 
lateral edge of the epithelial plate of oeeipital somites give rise to the 
intrinsie imiseles of the tongue, while the preehordal mesenehyme gives 
rise to the extrinsic ocular muscles. Speeial branehial efferent nerves 
supply the striated muscles developing within the pharyngeal (branehial) 
arehes (see Fig. 12.4), which are derived from paraehordal mesenehyme 
between the oeeipital somites and the preehordal mesenehyme. All the 
voluntary muscles of the head originate from axial (preehordal) or 
paraxial mesenehyme, which renders the distinetion between somatie 
efferent supply and branehial efferent supply somewhat artifieial. 
However, the obviously speeial nature of the areh musculature, its pat- 
terning by the neural erest eells, its particularly rieh innervation for both 
voluntary and reflex aetivity, and the different origins from the basal 
plate of the branehial efferent nerves eompared to the somatie efferent 
nerves make the retention of a distinetion between the two of some 
value. 

General viseeral efferent (parasympathetie preganglionie) neurones 
innervate glands of the head, the thoraeie and abdominal viseera, and 
sphineter pupillae and eiliaris. 

The eranial sensory ganglia are derived in part from the neural erest, 
and in partfrom eells ofthe eetodermal plaeodes (see figs 17.12, 17.18). 
Generally, neurones distal to the brain are derived from plaeodes while 
proximal ones are derived from the neural erest (see 7 ig. 17.18). Sup- 
porting eells of all sensory ganglia arise from the neural erest. The most 
rostral sensory ganglion, the trigeminal, eontains both neural erest- and 
plaeode-derived neurones that mediate general somatie afferent firne- 
tions. In the ease of more caudal eranial nerves (the faeial, glossopha- 
ryngeal and vagus), the same applies, but the two eell populations form 
separate ganglia in the ease of eaeh nerve. The proximal series of ganglia 
is neural erest-derived (forming the proximal ganglion of the faeial 
nerve, the superior ganglion of the glossopharyngeal nerve and the 
jugular ganglion of the vagus) while the distal series is derived from 
plaeodal eells (forming the geniculate ganglion of the faeial nerve, the 
petrosal ganglion of the glossopharyngeal nerve and the nodose gan- 
glion of the vagus). These ganglia eontain neurones that mediate speeial, 
general viseeral and somatie afferent fimetions. The vestibular ganglion 
eontains both erest and plaeodal eells, and the acoustic ganglion eon- 
tains only plaeodal neurones; the axons from these eells are speeial 
somatie afferents and they all travel in the vestibulocochlear nerve. 

The neurones and supporting eells of the eranial autonomic ganglia 
in the head and the tmnk originate from neural erest eells. Caudal to 
the vagal ganglion, the oeeipital region of the neural erest is eoneerned 
with the 'ganglia' of the aeeessory and hypoglossal nerves. Rudimentary 
ganglion eells may occur along the hypoglossal nerve in the human 
embryo but they subsequently regress. Ganglion eells are found on the 
developing intraspinal root of the aeeessory nerve and are believed to 
persist in the adult. The eentral proeesses of the eells of these various 
ganglia, where they persist, enter the alar lamina of the hindbrain. Their 
peripheral proeesses join the efferent eomponents of the nerve to be 
distributed to the various tissues innervated. Some ineoming fibres 
from the faeial, glossopharyngeal and vagus nerves eolleet to form an 
oval bundle, the tractus solitarius, on the lateral aspeet of the myelen- 
eephalon. This bundle is the homologue of the oval bundle of the 
spinal eord, but in the hindbrain it beeomes more deeply plaeed by the 


overgrowth, folding and subsequent fhsion of tissue derived from the 
rhombie lip on the external aspeet of the bundle. 

For details of the development of sensory and eranial nerve nuclei, 

see Ashwell and Mai (2012). 


AUT0N0MIC NERVOIJS SYSTEM 


Autonomic nerves, apart from the preganglionie motor axons arising 
from the CNS, are formed by the neural erest. For the purposes of the 
following deseription, the autonomic nervous system eneompasses 
sympathetie and parasympathetie neurones and their aeeompanying 
glia in the peripheral ganglia, the neurones and glia of the enterie 
nervous system, and ehromaffin eells in the suprarenal medulla. 

In the tmnk at neumlation, neural erest eells migrate from the neural 
epithelium to lie transitorily on the fhsed neural tube. Thereafter, erest 
eells migrate laterally and then ventrally to their respeetive destinations 
(see Fig. 17.11). Within the head, the neural erest eells migrate prior to 
neural fiision, producing a vast mesenehymal population as well as 
autonomic neurones. 

The four major regions of neural erest eell distribution to the auto- 
nomie nervous system are eranial, vagal, tmnk and lumbosacral. The 
eranial neural erest gives rise to the eranial parasympathetie ganglia, 
whereas the vagal neural erest gives rise to the thoraeie parasympathetie 
ganglia. The tmnk neural erest gives rise to the sympathetie ganglia, 
mainly the paravertebral ganglia, and suprarenomedullary eells. This 
eategory is often referred to as the sympathosuprarenal lineage. 

Neurones of the enterie nervous system are deseribed as arising from 
the vagal erest, i.e. neural erest derived from somite levels 1-7, and the 
saeral erest, caudal to the twenty-eighth somite. At all of these levels, 
the erest eells also differentiate into glial-like support eells alongside 
the neurones (Fig. 17.19). 
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Fig. 17.19 The derivatives of neural erest eells in the trunk. The fate of 
erest eells arising at particular somite levels is shown. 












































































Peripheral nervous system 


Parasympathetie ganglia 


Neural erest eells migrate from the region of the meseneephalon and 
rhombeneephalon prior to neural tube closure. From rostral to caudaf 
three populations of neural erest have been noted: eranial neural erest, 
eardiae neural erest and vagal neural erest. The migration of the saeral 
neural erest and the formation of the caudal parasympathetie ganglia 
have attraeted little researeh interest. 

Neural erest eells from the caudal third of the meseneephalon and 
the rostral meteneephalon migrate along or elose to the ophthalmie 
braneh of the trigeminal nerve and give rise to the eiliary ganglion. 
Cells migrating from the nucleus of the oculomotor nerve may also 
contribute to the ganglion; a few seattered eells are always demonstra- 
ble in postnatal life along the course of this nerve. Preotie myelen- 
eephalie neural erest eells give rise to the pterygopalatine ganglion, 
which may also reeeive contributions from the ganglia of the trigemi- 
nal and faeial nerves. The otie and submandibular ganglia are also 
derived from myeleneephalie neural erest and may reeeive contribu- 
tions from the glossopharyngeal and faeial eranial nerves, respeetively 
(see Fig. 12.4). 

Neural erest from the region loeated between the otie plaeode and 
the caudal limit of somite 3 has been termed eardiae neural erest. Cells 
derived from these levels migrate through pharyngeal arehes 3, 4 and 
6, where they provide, inter alia, support for the embryonie aortie areh 
arteries, eells of the aorticopulmonary septum and truncus arteriosus. 
Some of these neural erest eells also differentiate into the neural anlage 
of the parasympathetie ganglia of the heart. Sensory innervation of the 
heart is from the inferior ganglion of the vagus, which is derived from 
the nodose plaeodes. Neural erest eells migrating from the level of 
somites 1-7 are eolleetively termed vagal neural erest; they migrate to 
the gut along with saeral neural erest. 

Sympathetìe ganglia 


Neural erest eells migrate ventrally within the body segments, penetrate 
the underlying somites and continue to the region of the future para- 
vertebral and prevertebral plexuses, where they form the sympathetie 
ehain of ganglia and the major ganglia around the ventral viseeral 
branehes of the abdominal aorta (see Figs 17.11, 17.19). Neural erest 
eells are induced to differentiate into sympathetie neurones by the 
dorsal aorta through the aetions of the signalling molecules Bmp-4 and 
Bmp-7. The sympathetie tmnk ean be seen in the lower eervieal and 
thoraeie regions by 4-5weeks, and the sympathetie outflow from the 
lumbosacral sympathetie tmnk to the seiatie nerve between 18 and 
21 weeks (Ashwell and Waite 2012). 

There is eell-speeifie reeognition of postganglionie neurones and the 
growth eones of sympathetie preganglionie neurones. They meet during 
their growth, and this may be important in guidance to their appropri- 
ate target. The position of postganglionie neurones, and the exit point 
from the spinal eord of preganglionie neurones, may influence the types 
of synaptie eonneetions made, and the affinity for particular postgan- 
glionie neurones. When a postganglionie neuroblast is in plaee, it 
extends axons and dendrites, and synaptogenesis occurs. The earliest 
axonal outgrowths from the superior eervieal ganglion occur at about 
stage 14; although the axon is the first eell proeess to appear, the posi- 
tion of the neurones does not apparently influence the appearanee of 
the eell proeesses. 

The loeal environment plays a major role in eontrolling the appro- 
priate differentiation of the presumptive autonomic ganglion neurones. 
The identity of the faetors responsible for subsequent adrenergie, 
eholinergie or peptidergie phenotype has yet to be elucidated; it has 
been proposed that fibroneetin and basal lamina eomponents initiate 
adrenergie phenotypie expression at the expense of melanoeyte num- 
bers. eholinergie eharaeteristies are acquired relatively early and the 
appropriate phenotypie expression may be promoted by eholinergie 
differentiation faetor and eiliary neurotrophic faetor. 

Neuropeptides are expressed by autonomic neurones in vitro and 
may be stimulated by various target tissue faetors in sympathetie and 
parasympathetie neurones. Some neuropeptides are expressed more 
intensely during early stages of ganglion formation. 

Enterie nervous system 


The enterie nervous system is different from the other eomponents of 
the autonomic nervous system because it ean mediate reflex aetivity 
independently of eontrol by the brain and spinal eord. The number of 
enterie neurones that develop is believed to be of the same magnitude 
as the mimber of neurones in the spinal eord, whereas the mimber of 


preganglionie fibres that supply the intestine, and therefore modulate 
the enterie neurones, is much fewer. 

The enterie nervous system is derived from the neural erest. The axial 
levels of erest origin are shown in Figure 17.19. Premigratory neural 
erest eells are not pre-patterned for speeifie axial levels; rather, they 
attain their axial value as they leave the neuraxis. Onee within the gut 
wall, there is a regionally speeifie pattern of enterie ganglia formation, 
which may be eontrolled by the loeal splanchnopleuric mesenehyme. 
Oranial neural erest from somite levels 1-7 contributes to the enterie 
nervous system, forming both neuroblasts and glial support eells. 

The most caudal derivatives of neural erest eells, from the lumbosac- 
ral region, somites 28 onwards, form eomponents of the pelvie plexus 
after migrating through the somites towards the level of the eolon, 
rectum and eloaea. Initially, the eells eome to lie within the developing 
mesentery, then transiently between the layers of the differentiating 
muscularis externa, before finally forming a more substantial intramu- 
ral plexus eharaeteristie of the adult enterie nervous system. The gut has 
a partially established enterie nervous system with a fiill eomplement 
of enterie neurotransmitters by 24 weeks. Maturation eontimies into the 
postnatal period (Ashwell and Waite 2012). 

Hirsehspmngs disease appears to resultfrom afailure of neural erest 
eells to eolonize the gut wall appropriately. The rectum is always affeeted 
and the proximal extent of the eondition is variable. The eondition is 
eharaeterized by a dilated segment of eolon proximally (or small bowel 
in eases of total eolonie Hirsehspmng's disease) and laek of peristalsis 
in the segment distal to the dilation. The eondition is also eharaeterized 
by a transition zone with reduced innervation. It is important to be 
aware that the transition zone may follow an asymmetrie course around 
the circumference of the bowel and a single biopsy may be unreliable. 
Neonates with Hirsehspmng's disease show delay in the passage of 
meconium, eonstipation, vomiting and abdominal distension. In 
humans, Hirsehspmngs disease is often seen assoeiated with other 
defeets of neural erest development, e.g. Waardenburg type II syndrome, 
which includes deafness and faeial elefts with megaeolon. 

Of the neural erest eells that eolonize the bowel, some in the foregut 
may acquire the ability to migrate outwards and eolonize the develop- 
ing panereas. 

ehromaffin eells 


ehromaffin eells are derived from the neural erest and found at numer- 
ous sites throughout the body. They are the elassie ehromaffin eells of 
the suprarenal medulla, bronehial neuroepithelial eells, dispersed epi- 
thelial endoerine eells of the gut (formerly known as argentaffin eells), 
earotid body eells, and the paraganglia (Ch. 16). 

The sympathetie ganglia, suprarenal medulla and ehromaffin eells 
are all derived from the eells of the sympathosuprarenal lineage. In the 
suprarenal medulla, these eells differentiate into a number of types 
eonsisting of small and intermediate-sized neuroblasts or sympatho- 
blasts, and larger, initially rounded phaeoehromoeytoblasts. 

Large eells with pale nuclei, thought to be the progenitors of ehro- 
maffin eells, ean be deteeted from 9 weeks in human fetuses, and clus- 
ters of small neurones are evident from 14weeks. 

Intermediate-sized neuroblasts differentiate into the typieal multi- 
polar postganglionie sympathetie neurones (which seerete noradrena- 
line (norepinephrine) at their terminals) of elassie autonomic 
neuroanatomy. The smaller neuroblasts have been equated with the 
small, intensely fluorescent (SIF) eells, types I and II, which store 
and seerete dopamine type I and are thought to fimetion as tme in- 
terneurones, synapsing with the prineipal postganglionie neurones. 
Type II eells probably operate as loeal neuroendocrine eells, seereting 
dopamine into the ganglionie microcirculation. Both types of SIF eells 
ean modulate preganglionie/postganglionie synaptie transmission in 
the ganglionie neurones. The large eells differentiate into masses of 
eohimnar or polyhedral phaeoehromoeytes (elassie ehromaffin eells), 
which seerete either adrenaline (epinephrine) or noradrenaline (nor- 
epinephrine). These eell masses are termed paraganglia and may be 
situated near, on the surface of, or embedded in, the capsules of the 
ganglia of the sympathetie ehain, or in some of the large autonomic 
plexuses. The largest members of the latter are the para-aortie bodies 
that lie along the sides of the abdominal aorta in relation to the infe- 
rior mesenterie artery. During ehildhood, the para-aortie bodies and 
the paraganglia of the sympathetie ehain partly degenerate and ean no 
longer be isolated by gross disseetion, but even in the adult, ehromaf- 
fin tissue ean still be reeognized mieroseopieally in these various sites. 
Both phaeoehromoeytes and SIF eells belong to the amine precursor 
uptake and decarboxylation (APHD) series of eells and are paraneuro- 
nal in nature. 
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CENTRAL NERV0US SYSTEM 


SPINAL C0RD 


In the fntiire spinal eord, the median roof plate (dorsal lamina) 
and floor plate (ventral lamina) of the neural tube do not partieipate 
in the cellular proliferation that occurs in the lateral walls and so 
remain thin. Their eells contribute largely to the formation of the 
ependyma. 

The neuroblasts of the lateral walls of the tube are large and, at first, 
round or oval (apolar). Soon, they develop proeesses at opposite poles 
and beeome bipolar neurones. However, one proeess is withdrawn and 
the neuroblast beeomes unipolar, although this is not invariably so in 
the ease of the spinal eord. Further differentiation leads to the develop- 
ment of dendritie proeesses and the eells beeome typieal multipolar 
neurones. In the developing eord, they occur in small clusters represent- 
ing elones of neurones. The development of a longitudinal sulcus limi- 
tans on eaeh side of the eentral eanal of the eord divides the ventricular 
and intermediate zones in eaeh lateral wall into a basal (ventrolateral) 
plate or lamina, and an alar (dorsolateral) plate or lamina (see Fig. 
17.17). This separation indieates a fimdamental fimetional differenee. 
Neural precursors in the basal plate include the motor eells of the 
anterior (ventral) and lateral grey columns, while those of the alar plate 
exclusively form 'internemones' (which possess both short and long 
axons), some of which reeeive the terminals of primary sensory neu- 
rones. Caudally the eentral eanal of the eord ends as a fiisiform dilation, 
the terminal ventriele. 

Anterior (ventral) grey column 


The eells of the ventricular zone are elosely paeked at this stage and 
arranged in radial eohimns (see Fig. 17.6). Their disposition may be 
determined in part by eontaet guidance along the earliest radial array 
of glial fibres that eross the fiill thiekness of the early neuroepithelium. 
The eells of the intermediate zone are more loosely paeked. They 
inerease in number initially in the region of the basal plate. This 
enlargement outlines the anterior (ventral) column of the grey matter 
and causes a ventral projeetion on eaeh side of the median plane; the 
floor plate remains at the bottom of the shallow groove so produced. 
As growth proeeeds, these enlargements, which are fhrther inereased by 
the development of the anterior funiculi (traets of axons passing to 
and from the brain), eneroaeh on the groove until it beeomes eon- 
verted into the slit-like anterior median fissure of the adult spinal eord. 
The axons of some of the neuroblasts in the anterior grey column eross 
the marginal zone and emerge as bundles of ventral spinal nerve root- 
lets on the anterolateral aspeet of the spinal eord. These constitute, 
eventually both the a-efferents that establish motor end-plates on 
extrafusal striated muscle fibres and the y-efferents that innervate the 
eontraetile polar regions of the intrafhsal muscle fibres of the muscle 
spindles. 

Lateral grey column 


In the thoraeie and upper lumbar regions, some intermediate zone 
neuroblasts in the dorsal part of the basal plate outline a lateral column. 
Their axons join the emerging ventral nerve roots and pass as pregan- 
glionie fibres to the ganglia of the sympathetie tmnk or related ganglia, 
the majority eventually myelinating to form white rami communi- 
eantes. The axons within the rami synapse on the autonomic ganglionie 
neurones, and axons of some of the latter pass as postganglionie fibres 
to innervate smooth muscle eells, adipose tissue or glandular eells. 
Other preganglionie sympathetie efferent axons pass to the eells of the 
suprarenal medulla. An autonomic lateral column is also laid down in 
the mid-saeral region. It gives origin to the preganglionie parasympa- 
thetie fibres that mn in the pelvie splanehnie nerves. 

The anterior region of eaeh basal plate initially forms a continuous 
column of eells throughout the length of the developing eord. This soon 
develops into two eohimns (on eaeh side): one is medially plaeed and 
eoneerned with innervation of axial musculature, and the other is later- 
ally plaeed and innervates the limbs. At limb levels, the lateral column 
enlarges enormously but regresses at other levels. 

Axons arising from ventral horn neurones, i.e. a-, (3- and y-efferent 
fibres, are aeeompanied at thoraeie, upper lumbar and midsaeral levels 
by preganglionie autonomic efferents from neuroblasts of the develop- 
ing lateral horn. Numerous interneurones develop in these sites (includ- 
ing Renshaw eells); it is uncertain how many of these differentiate 
direetly from ventrolateral lamina (basal plate) neuroblasts and how 


many migrate to their final positions from the dorsolateral lamina (alar 
plate). 

In the human embryo, the definitive grouping of the ventral column 
eells, which eharaeterizes the mature eord, occurs early; by the four- 
teenth week (80 mm), all the major groups ean be reeognized. As the 
anterior and lateral grey columns assume their final form, the germinal 
eells in the ventral part of the ventricular zone gradually stop dividing. 
The layer beeomes reduced in thiekness until, ultimately, it forms the 
single-layered ependyma that lines the ventral part of the eentral eanal 
of the spinal eord. 

Posterior (dorsal) grey column 


The posterior (dorsal) column develops later; consequently, the 
ventricular zone is, for a time, much thieker in the dorsolateral lamina 
(alar plate) than it is in the ventrolateral lamina (basal plate) (see 

Figs 17.6, 17.17A). 

While the columns of grey matter are being defined, the dorsal 
region of the eentral eanal beeomes narrow and slit-like, and its walls 
eome into apposition and fuse with eaeh other (see Fig. 17.17). In this 
way, the eentral eanal beeomes relatively reduced in size and somewhat 
triangular in outline. 

At about the end of the fourth week, advaneing axonal sprouts 
invade the marginal zone. The first to develop are those destined to 
beeome short intersegmental fibres from the neuroblasts in the inter- 
mediate zone, and fibres of dorsal roots of spinal nerves that pass into 
the spinal eord from neuroblasts of the early spinal ganglia. The earlier 
dorsal root fibres that invade the dorsal marginal zone arise from small 
dorsal root ganglionie neuroblasts. By the sixth week, they form a well- 
defined oval bundle near the peripheral part of the dorsolateral lamina 
(see Figs 17.6-17.7A). This bundle inereases in size and, spreading 
towards the median plane, forms the primitive posterior funiculus of 
fine ealibre. Later, fibres derived from new populations of large dorsal 
root ganglionie neuroblasts join the dorsal root; they are destined to 
beeome fibres of much larger ealibre. As the posterior funiculi inerease 
in thiekness, their medial surfaces eome into eontaet, separated only by 
the posterior medial septum, which is ependymal in origin and neuro- 
glial in nature. It is thought that the displaeed primitive posterior fimie- 
ulus may form the basis of the dorsolateral traet or fasciculus (of 
Lissauer). 

Maturation of the spinal eord 


Long intersegmental fibres begin to appear at about the third month 
and eortieospinal fibres are seen at about the fifth month. All nerve 
fibres at first laek myelin sheaths. Myelination starts in different groups 
at different times, e.g. the ventral and dorsal nerve roots at about the 
fifth month, the eortieospinal fibres after the ninth month. In periph- 
eral nerves, the myelin is formed by Schwann eells (derived from neural 
erest eells), and in the CNS by oligodendroeytes (which develop from 
the ventriailar zone of the neural tube). Myelination persists until 
overall growth of the CNS and PNS has eeased. In many sites, slow 
growth continues for long periods, even into the postpubertal years. The 
eervieal and lumbar enlargements appear at the time of the develop- 
ment of their respeetive limb buds. 

Aseent of conus medullaris 

In early embryonie life, the spinal eord occupies the entire length of the 
vertebral eanal, and the spinal nerves pass at right angles to the eord. 
From the seeond trimester, the vertebral column grows more rapidly 
than the spinal eord; the relationship between the conus medullaris and 
the vertebral column therefore ehanges as the conus gradually aseends 
to lie at higher vertebral levels (Barson 1970). Most of this relative 
rostral migration occurs during the first half of intrauterine life. By the 
twenty-fifth week, the terminal ventriele of the spinal eord has altered 
in level from the seeond eoeeygeal vertebra to the third lumbar, a dis- 
tanee of nine segments. As the ehange in level begins rostrally, the 
caudal end of the terminal ventriele, which is adherent to the overlying 
eetoderm, remains in situ, and the walls of the intermediate part of the 
ventriele and its eovering pia mater beeome drawn out to form a delieate 
filament, the filum terminale. The separated portion of the terminal 
ventriele persists for a time, but it usually disappears before birth. It 
does, however, oeeasionally give rise to eongenital eysts in the neigh- 
bourhood of the coccyx. In the definitive state, the upper eervieal spinal 
nerves retain their position roughly at right angles to the eord. Proeeed- 
ing caudally, the nerve roots lengthen and beeome progressively more 
oblique. By fhll term (40weeks), the conus medullaris lies between the 
first and third lumbar vertebrae. 


















Oentral nervous system 


Determining the prenatal position of the conus medullaris relative 
to speeifie vertebrae is a widely used method of identifying the termina- 
tion of the spinal eord. Studies of formalin fixed foetuses, usually of 
preterm stillbirths that may be small for dates, have provided the main 
timeseales; more reeently values have been derived from antenatal 
ultrasound and magnetie resonanee imaging (MRI) examinations. The 
often wide diserepaneies between published values attest to the faet that 
ageing preterm infants remains an inexact seienee. Measurements may 
be influenced by faetors such as plaeental health, maternal diet, ethnie 
biometrieal variation, fetal sex, and the interpretation and eorrelation 
of results obtained using differing methodologies (eadaverie disseetion, 
ultrasound, MRI). 

BRAIN 


A summary of the derivatives of the eerebral regions from caudal to 
rostral is given in Table 17.1. 

Rhombeneephalon 


By the time the midbrain flexure appears, the length of the rhomben- 
eephalon is greater than that of the eombined extent of the mesen- 
eephalon and proseneephalon. Rostrally it exhibits a eonstrietion, the 
isthmus rhombeneephali (see Fig. 17.3B), best viewed from the dorsal 
aspeet. Ventrally, the hindbrain is separated from the dorsal wall of the 
primitive pharynx only by the notoehord, the two dorsal aortae and a 
small amount of mesenehyme; on eaeh side, it is elosely related to the 
dorsal ends of the pharyngeal arehes. 

The pontine flexure appears to 'streteh' the thin, epithelial roof plate, 
which beeomes widened. The greatest inerease in width eorresponds to 
the region of maximum convexity, so that the outline of the roof plate 
beeomes rhomboidal. By the same ehange, the lateral walls beeome 
separated, particularly dorsally, and the eavity of the hindbrain, subse- 
quently the fourth ventriele, beeomes flattened and somewhat triangu- 
lar in eross-seetion. The pontine flexure beeomes inereasingly acute 
until, at the end of the seeond month, the laminae of its eranial (meten- 
eephalie) and caudal (myeleneephalie) slopes are opposed to eaeh other 
(see Fig. 17.21); at the same time, the lateral angles of the eavity extend 
to form the lateral reeesses of the fourth ventriele. 

At about 4Xweeks of development, when the pontine flexure is first 
diseernible, the assoeiation between the rhombomeres and the underly- 
ing motor nuclei of eertain eranial nerves ean be seen. The general 
pattern of distribution of motor nuclei is as follows: rhombomere 1 
eontains the troehlear nucleus, rhombomeres 2 and 3 eontain the 
trigeminal nucleus, rhombomeres 4 and 5 eontain the faeial nucleus, 
rhombomere 5 eontains the abducens nucleus, rhombomeres 6 and 7 
eontain the glossopharyngeal nucleus, and rhombomeres 7 and 8 
eontain the vagal, aeeessory and hypoglossal nuclei. Rhombomerie seg- 
mentation represents the ground plan of development in this region of 
the brainstem and is pivotal for the development of regional identity 
(see Fig. 12.4). However, with fhrther morphogenesis, the obvious 


eonstrietions of the rhombomere boundaries disappear, and the 
medulla onee again assumes a smooth contour. The differentiation of 
the lateral walls of the hindbrain into basal (ventrolateral) and alar 
(dorsolateral) plates has a similar signifieanee to the eorresponding 
differentiation in the lateral wall of the spinal eord, and ventricular, 
intermediate and marginal zones are formed in the same way. 

Ce//s of the basal plate (ventrolateral lamina) 

Cells of the basal plate form three elongated, discontinuous, columns 
that are positioned ventrally and dorsally with an intermediate column 
between (Fig. 17.20). 

The most ventral column is continuous with the anterior grey 
column of the spinal eord and will supply muscles eonsidered 'myo- 
tomie' in origin. It is represented in the caudal part of the hindbrain by 
the hypoglossal nucleus, and it reappears at a higher level as the nuclei 
of the abducens, troehlear and oculomotor nerves (somatie efferent 
nuclei). The intermediate column is represented in the upper part of 
the spinal eord and caudal brainstem (medulla oblongata and pons), 
and its neurones supply branehial (pharyngeal) and postbranehial mus- 
culature. It is discontinuous, forming the elongated nucleus ambiguus 
in the caudal brainstem, which gives fibres to the ninth, tenth and 
eleventh eranial nerves, and continues into the eervieal spinal eord as 
the origin of the aeeessory nerve. At higher levels, parts of this column 
give origin to the motor nuclei of the faeial and trigeminal nerves. The 
nucleus ambiguus and the faeial and trigeminal motor nuclei are 
termed branehial (speeial viseeral) efferent nuclei. Neurones in the 
most dorsal column of the basal plate (represented in the spinal eord 
by the lateral grey column) innervate viseera. The column is diseontimi- 
ous; its large caudal part forms some of the dorsal nucleus of the vagus 
and its eranial part forms the salivatory nucleus. These nuclei are termed 
general viseeral (general splanehnie) efferent nuclei, and their neurones 
give rise to preganglionie, parasympathetie nerve fibres. 

It is important to note that the neurones of the basal plate and their 
three columnar derivatives are only motor in the sense that some of 
their number form either motor neurones or preganglionie parasympa- 
thetie neurones. The remainder, which greatly outnumber the former, 
differentiate into fimetionally related interneurones and, in some loei, 
into neuroendocrine eells. 

Cell columns of the alar plate 
(dorsolateral lamina) 

Cell columns of the alar plate are discontinuous and give rise to general 
viseeral (general splanehnie) afferent, speeial viseeral (speeial splaneh- 
nie) afferent, general somatie afferent, and speeial somatie afferent 
nuclei (their relative positions, in simplified transverse seetion, are 
shown in Fig. 17.20). The general viseeral afferent column is represented 
by a part of the dorsal nucleus of the vagus, the speeial viseeral afferent 
column by the nucleus of the tractus solitarius, the general somatie 
afferent column by the afferent nuclei of the trigeminal nerve, and the 
speeial somatie afferent column by the nuclei of the vestibulocochlear 
nerve. (The relatively simple fimetional independenee of these afferent 
columns implied by the foregoing elassifieation is, in the main, an aid 
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Fig. 17.20 A transverse seetion through the 
developing hindbrain of a human embryo 10.5 mm 
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with the different varieties of nerve eomponents are 
derived. Postganglionie neurones are assoeiated 
with the general viseeral efferent column, bipolar 
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unipolar afferent neurones are assoeiated with the 
other alar plate columns. 
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to elementary learning. The emergent neurobiological meehanisms are, 
in faet, much more complex and less well understood.) Although they 
tend to retain their primitive positions, some of these nuclei are later 
displaeed by differential growth patterns, by the appearanee and growth 
of neighbouring fibre traets, and possibly by aetive migration. 

It has been suggested that a neurone tends to remain as near as pos- 
sible to its predominant source of stimulation, and that, to aehieve this 
aim, it will migrate around intervening structures, towards the greatest 
density of stimuli. The curious paths of the axons arising from the faeial 
nucleus and the nucleus ambiguus have been regarded as exemplars of 
this phenomenon of neurobiotaxis. In a 10 mm embryo, the faeial 
nucleus lies in the floor of the fourth ventriele, occupying the position 
of the speeial viseeral efferent column, and it is plaeed at a higher level 
than the abducens nucleus. As growth proeeeds, the faeial nucleus 
migrates at first caudally and dorsally, relative to the abducens nucleus, 
and then ventrally to reaeh its adult position. As it migrates, the axons 
to which its somata give rise elongate and their subsequent course is 
assumed to map out the pathway along which the faeial nucleus has 
travelled. Similarly, the nucleus ambiguus initially arises immediately 
deep to the ventricular floor but, in the adult, it is more deeply plaeed 
and its efferent fibres pass first dorsally and medially before curving 
laterally to emerge at the surface of the medulla oblongata. 

Myeleneephalon 

The caudal slope of the embryonie hindbrain constitutes the myelen- 
eephalon, which develops into the medulla oblongata (see Figs 17.3, 
17.18, 17.21). The nuclei of the ninth, tenth, eleventh and twelfth 
eranial nerves develop in the positions already indieated, and afferent 
fibres from the ganglia of the ninth and tenth nerves form an oval 
marginal bundle in the region overlying the alar (dorsolateral) lamina. 
Throughout the rhombeneephalon, the dorsal edge of this lamina is 
attaehed to the thin, expanded roof plate and is termed the rhombie 
lip. (The inferior rhombie lip is eonfined to the myeleneephalon, the 
superior rhombie lip to the meteneephalon.) As the walls of the 
rhombeneephalon spread outwards, the rhombie lip protmdes as a 
lateral edge that beeomes folded over the adjoining area. The rhombie 
lip may later beeome adherent to this area, and its eells migrate aetively 
into the marginal zone of the basal plate. In this way, the oval bundle 
that forms the tractus solitarius beeomes buried. Alar plate eells that 
migrate from the rhombie lip are believed to give rise to the olivary and 
araiate nuclei and to the seattered grey matter of the nuclei pontis. 
While this migration is in progress, the floor plate is invaded by fibres 
that eross the median plane (aeeompanied by neurones that cluster in 
and near this plane), and it beeomes thiekened to form the median 
raphe. Some of the migrating eells from the rhombie lip in this region 
do not reaeh the basal plate and form an oblique ridge, the corpus 
pontobulbare (nucleus of the circumolivary bundle), aeross the dorso- 
lateral aspeet of the inferior eerebellar peduncle. 

The lower part (caudal half) of the myeleneephalon takes no part in 
the formation of the fourth ventriele and, in its development, it elosely 
resembles the spinal eord. The graeile and cuneate nuclei, and some 
retioilar nuclei, are derived from the alar plate, and their efferent 
arcuate fibres and interspersed neurones play a large part in the forma- 
tion of the median raphe. 

At about the fourth month, the deseending eortieospinal fibres 
invade the ventral part of the medulla oblongata to initiate formation 
of the pyramids. Dorsally, the inferior eerebellar peduncle is formed, 
contemporaneously, by aseending fibres from the spinal eord, and by 
olivoeerebellar and parolivoeerebellar fibres, external aroiate fibres, and 
two-way reticulocerebellar and vestibulocerebellar intereonneetions. 
(The reticular nuclei of the lower medulla probably have a dual origin 
from both basal and alar plates.) In the neonate, the brainstem is more 
oblique and has a distinet bend as it passes through the foramen 
magnum to beeome the spinal eord. 

Meteneephalon 

The rostral slope of the embryonie hindbrain is the meteneephalon, 
from which both the cerebellum and the pons develop. Before forma- 
tion of the pontine flexure, the dorsolateral laminae of the meten- 
eephalon are parallel with one another. After its formation, the roof 
plate of the hindbrain beeomes rhomboidal and the dorsal laminae of 
the meteneephalon lie obliquely. They are elose at the eranial end of 
the fourth ventriele, but widely separated at the level of its lateral angles 
(see Figs 17.18, 17.21). Accentuation of the flexure approximates the 
eranial angle of the ventriele to the caudal, and the alar plates of the 
meteneephalon now lie almost horizontally. 

The basal plate of the meteneephalon beeomes the pons. Ventricular, 
intermediate and marginal zones are formed in the usual way, and the 
nuclei of the trigeminal, abducens and faeial nerves develop in the 


intermediate layer. It is possible that the grey matter of the reticular 
formation is derived from the basal plate and that of the nuclei pontis 
from the alar plate by the aetive migration of eells from the rhombie 
lip. However, at about the fourth month, the pons is invaded by eortieo- 
pontine, eortieomielear and eortieospinal fibres, beeomes proportion- 
ately thieker, and takes on its adult appearanee; it is relatively smaller 
in the full-term neonate. 

The region of the isthmus rhombeneephali undergoes a series of 
ehanges that are notoriously difficult to interpret, but which result in 
the ineorporation of the greater part of the region into the caudal end 
of the midbrain. Only the roof plate, in which the superior medullary 
velum is formed, and the dorsal part of the alar plate, which beeomes 
invaded by eonverging fibres of the superior eerebellar peduncles, 
remain as reeognizable derivatives in the adult. Early in development, 
the deoissation of the troehlear nerves is caudal to the isthimis, but as 
growth ehanges occur, it is displaeed rostrally until it reaehes its adult 
position. 

Fourth ventriele and ehoroid plexus 

Caudal to the developing cerebellum, the roof of the fourth ventriele 
remains epithelial, and eovers an approximately triangular zone from 
the lateral angles of the rhomboid fossa to the median obex (see Figs 
17.18, 17.21). Nervous tissue fails to develop over this region and vas- 
cular pia mater is elosely applied to the subjacent ependyma. At eaeh 
lateral angle and in the midline caudally, the membranes breakthrough, 
forming the lateral (Luschka) and median (Magendie) apertures of the 
roof of the fourth ventriele. These beeome the prineipal routes by which 
eerebrospinal fluid, produced in the ventrieles, eseapes into the sub- 
araehnoid spaee. The vascular pia mater (tela ehoroidea), in an inverted 
V formation eranial to the apertures, invaginates the ependyma to form 
vasoilar fringes, which beeome the vertieal and horizontal parts of the 
ehoroid plexuses of the fourth ventriele. 

Cerebellum 

The cerebellum develops from the rhombie lip (dorsal rhombomere 1 
(rl)), the dorsal part of the alar plate of the meteneephalon, which 
constitutes the rostral margin of the diamond-shaped fourth ventriele. 
This region is speeified as the isthimis organizer (Yu et al 2013). Two 
rounded swellings develop, which, at first, projeet partly into the ven- 
triele (Fig. 17.21), formingthe mdimentary eerebellar hemispheres. The 
most rostral part of the roof of the meteneephalon originally separates 
the two swellings, but it beeomes invaded by eells derived from the alar 
plate, which form the mdiments of the vermis. At a later stage, extrover- 
sion of the cerebellum occurs, its intraventrioilar projeetion is reduced 
and the dorsal extraventricular prominenee inereases. The cerebellum 
now eonsists of a bilobar (dumbbell-shaped) swelling stretehed aeross 
the rostral part of the fourth ventriele (see Fig. 17.21). It is continuous 
rostrally with the superior medullary velum, formed from the isthmus 
rhombeneephali, and caudally with the epithelial roof of the myelen- 
eephalon. With growth, a number of transverse grooves appear on the 
dorsal aspeets of the eerebellar mdiment: these are the preoirsors of the 
numerous fissures that eharaeterize the surface of the mature eerebel- 
lum (Fig. 17.22). 

The first fissure to appear on the eerebellar surface is the lateral part 
of the posterolateral fissure, which forms the border of a caudal region 
eorresponding to the flocculi of the adult. The right and left parts of 
this fissure subsequently meet in the midline, where they form the 
boundary between the most caudal vermian lobule, the nodule, and the 
rest of the vermis. The flocculonodular lobe ean now be reeognized as 
the most caudal eerebellar subdivision at this stage and it serves as the 
attaehment of the epithelial roof of the fourth ventriele. Because of the 
expansion of the other divisions of the cerebellum, the flocculonodular 
lobe eomes to oeoipy an anteroinferior position in adults. At the end 
of the third month, a transverse sulcus appears on the rostral slope of 
the eerebellar mdiment and deepens to form the fissura prima. This 
cuts into the vermis and both hemispheres, and forms the border 
between the anterior and posterior lobes. Contemporaneously, two 
short transverse grooves appear in the caudal vermis. The first is the 
fissura secunda (postpyramidal fissure), which forms the rostral border 
of the uvula; the seeond, the pre-pyramidal fissure, demareates the 
pyramid. The cerebellum now grows dorsally, rostrally, caudally and 
laterally, and the hemispheres expand much more than the inferior 
vermis, which therefore beeomes buried at the bottom of a deep hollow, 
the valleoila. Numerous other transverse grooves develop, the most 
extensive being the horizontal fissure. 

Cellular development of the cerebellum 

The cerebellum eonsists of a cortex, beneath which are buried a series 
of deep nuclei. The organization of the eerebellar cortex is similar to 
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Fig. 17.21 A, The developing brainstem of a hiiman fetus at 
approximately 3months, left dorsolateral aspeet. B, The developing 
cerebellum in the fifth month, dorsal aspeet. 
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Fig. 17.22 Median sagittal seetions through the developing cerebellum, at 
four ehronologieally later stages. 


that of the eerebral cortex, except that the latter has six layers while the 
former has only three. However, whereas, in the eerebral cortex, neuro- 
blasts originate from the ventriailar zone and migrate ventriculofugally 
towards the pial surface (in an 'inside-ont' fashion), early in eerebellar 
development a layer of eells derived exclusively from the meteneephalie 
rhombie lip initially migrates ventriculofugally to form a layer beneath 
the glia limitans over the surface of the developing cerebellum. These 
eells form the external germinative layer and, later in development, their 
progeny will migrate ventriculopetally (in an 'outside-in' manner), 


into the cerebellum. Thus, the cerebellum has an intraventriailar 
portion (eells proliferating from the ventrioilar zone) and an extraven- 
tricular portion (eells proliferating from the external germinative layer) 
during development. The extraventricular portion beeomes larger at 
the expense of the intraventricular part, the so-ealled extroversion of the 
cerebellum. Before the end of the third month, the main mass of the 
cerebellum is extraventricular. 

The developed eerebellar cortex eontains three layers: namely, the 
moleoilar layer, the Purkinje layer and the granular layer. The early 
bilateral expansion of the ventrioilar surface refleets the production, by 
the meteneephalie alar plate ventrioilar epithelium, of neuroblasts that 
will give rise to the radial glia, eerebellar nuclei and efferent neurones 
of the eerebellar cortex (the Purkinje eells) (Fig. 17.23). The radial glia 
play a role in guiding the Purkinje eells to the meningeal surface of the 
eerebellar anlage. During this early stage of eerebellar development, 
which is dominated by the production and migration of efferent eere- 
bellar neurones, the surface of the eerebellar anlage remains smooth. 
The extroversion of the cerebellum begins later when eells of the exter- 
nal germinative layer, also termed the superficial matrix, begin prolifera- 
tion and migration. These eells produce the granule eells, which migrate 
inwards along the radial glia, through the layers of Purkinje eells, set- 
tling deep to them in the gramilar layer. This stage eoineides with the 
emergenees of the transverse folial pattern. Proliferation and migration 
of granule eells lead to a great rostrocaudal expansion of the meningeal 
surface of the cerebellum, forming the transverse fissures and transform- 
ing the multicellular layer of Purkinje eells into a monolayer. Purkinje 
eells and mielear eells are formed prior to the gramile eells, and gramile 
eells serve as the reeipient of the main afferent (mossy fibre) system of 
the cerebellum. Thus, the development of the efferent neurones of the 
eerebellar cortex and nuclei preeedes the development of its afferent 
organization. 

The early bilateral eerebellar anlage is ehanged into a unitary stme- 
ture by fhsion of the bilateral intraventricular bulges and the disappear- 
anee of the ependyma at this site, the merging of the left and right 
primitive eerebellar cortex over the midline, and the development of 
the eerebellar commissure by ingrowth of afferent fibres and outgrowth 
of efferent axons of the medial eerebellar nucleus. 

When the external germinative layer is initially formed, the multicel- 
lular Purkinje eell layer beneath is not uniform, but subdivided into 
ehisters that form rostrocaudally extending columns (Fig. 17.24). The 
medial Purkinje eell clusters develop into the future vermis. These 
Purkinje eells will grow axons that eonneet to neurones in the vestibular 
nuclei and the fastigial nucleus. The lateral clusters belong to the future 
hemispheres and will grow axons terminating in the interposed and 
dentate nuclei. The sharp border in the efferent projeetions from the 
vermis and hemispheres is thus established at an early age. These clus- 
ters will give rise to Purkinje eell zones in the adult cerebellum, which 
projeet to a single vestibular or eerebellar nucleus. 

In the developing human brain, only the external germinative layer 
ean be seen at 17 -18 weeks; the Purkinje eells beeome apparent between 
20 and 23weeks. After 30weeks, four layers ean be reeognized: the 
external germinative layer (external granular layer), formed by 6-8 rows 
of densely paeked small round eells; the Purkinje eell layer, formed by 
5-6 layers of larger, round, immature neurones external to the internal 
granular layer; and the moleoilar layer, eontaining eells that resemble 
external granular layer eells in migration (Lavezzi et al 2006). The exter- 
nal granular layer involutes between 5 and 7 months after birth; it is 
only a discontinuous layer at lOmonths, and is totally absent by 
12 months, after which time the eerebellar cortex shows a three-layered 
structure. From 5 to 7 months, the Purkinje eells are reduced in number 
and more widely spaeed, displaying mature polygonal somata with 
evident axons and dendrites. 

Relatively little is known about the molecular meehanisms involved 
in eerebellar development in the human (but see Manto and Jissendi 
(2012), Yu et al (2013), Martinez et al (2013^). Very small preterm 
infants are at partioilar risk of later eerebellar dysfimetion with eonse- 
quences for eognition and behaviour. Cerebellar maturation oeoirs 
postnatally and so there is interest in therapeutic agents that may 
improve long-term outcomes for such infants (Manto and Jissendi 
2012 ). 

Meseneephalon 


The meseneephalon or midbrain is subdivided early in development 
into two neuromeres, meseneephalon 1 and meseneephalon 2. It per- 
sists for a time as a thin-walled tube enelosing a eavity of some size, 
separated from that of the proseneephalon by a slight eonstrietion 
and from the rhombeneephalon by the isthmus rhombeneephali (see 


255 


CHAPTER 1 7 



























































SECTION 3 


DEVELOPMENT OF THE NERVOIIS SYSTEM 


256 



B 


Purkinje eell layer 


Cerebellar nuclei 


Ependyma: exhausted 
ventricular matrix 


Choroid plexus 



C 


Purkinje eell layer 


Internal granular layer 


Ependyma 


Cerebellar nuclei 


Choroid plexus 







Meseneephalon 

Meteneephalon 




D 


Purkinje eell layer 


Ependyma 


Cerebellar nucleus 


Internal granular layer 


Choroid plexus 



Myeleneephalon 
Fourth ventriele 




Ventricular zone, germinative layer 
Cerebellar external germinative layer 


Rostral 





Caudal 


Fig. 17.23 The histogenesis of the eerebellar 
cortex and the eerebellar nuclei. A, Purkinje 
eells and eells of the eerebellar nuclei are 
produced by the ventricular zone and migrate 
to their future positions. The eells of the 
superficial matrix (the external granular layer) 
take their origin from the ventricular epithelium 
at the caudal pole of the eerebellar anlage and 
migrate rostrally over its surface. B, After 
migration, the Purkinje eells constitute a 
multicellular layer beneath the external 
germinative layer. Cell production in the 
ventricular epithelium has stopped. The 
remaining eells transform into ependymal eells. 
C, Granule eells produced by the external 
germinative layer migrate invvards through the 
Purkinje eell layer to their position in the 
internal granular layer. Purkinje eells spread 
into a monolayer. D, The adult position of 
eortieal and nuclear neurones. 



Fig. 17.24 A eoronal seetion through the cerebellum and the brainstem of 
65 mm human fetus. The Purkinje eells are loeated in five multicellular 
clusters (stars) on both sides of the midline. The anlage of the dentate 
nucleus occupies the eentre of the most lateral Purkinje eell cluster. 
Abbreviations: B, brainstem; D, dentate nucleus; EGL, external granular 
layer; m, midline; 4, fourth ventriele. (Courtesy of the Sehenk Collection, 

Dr Johan M Kros, Division of Neuropathology, Department of Pathology, 
Erasmus Medieal Centre, Rotterdam, The Netherlands.) 

Fig. 17.3; Fig. 17.25). Later, its eavity beeomes relatively reduced in 
diameter and, in the adult brain, it forms the eerebral aqueduct. The 
basal (ventrolateral) plate of the midbrain inereases in thiekness to 
form the eerebral peduncles, which are at fìrst of small size but enlarge 
rapidly after the fourth month, when their numerous fibre traets begin 
to appear in the marginal zone. The neuroblasts of the basal plate of 
meseneephalon 2 give rise to the nuclei of the oculomotor nerve and 
some grey masses of the tegmentum, while the nucleus of the troehlear 
nerve remains in the region of the isthmus rhombeneephali. The eells 


that give rise to the trigeminal meseneephalie nucleus arise either side 
of the dorsal midline, from the isthmus rhombeneephali rostrally aeross 
the roof of the meseneephalon. The progenitors of these eells do not 
express neural erest eell markers. 

The eells of the dorsal part of the alar (dorsolateral) plates proliferate 
and invade the roof plate, which therefore thiekens and is later divided 
into eorpora bigemina by a median groove. Caudally this groove 
beeomes a median ridge, which persists in the adult as the frenulum 
veli. The eorpora bigemina are later subdivided into the superior and 
inferior colliculi by a transverse furrow. The red nucleus, substantia 
nigra and reticular nuclei of the midbrain tegmentum may first be 
defined at the end of the third month. Their origins are probably mixed, 
from neuroblasts of both basal and alar plates. 

The detailed histogenesis of the tectum and its main derivatives, the 
colliculi, will not be followed here but, in general, the prineiples out- 
lined for the eerebellar cortex, the palaeopallium and neopallium also 
apply to this region. A high degree of geometrie order exists in the 
developing retinoteetal projeetion (the equivalent of the retinogenicu- 
late projeetion) and in the teetospinal projeetion. (For fhrther reading, 
see Cang and Feldheim (2013).) 

Proseneephalon 


At an early stage, a transverse seetion through the forebrain shows the 
same parts as are displayed in similar seetions of the spinal eord and 
medulla oblongata, i.e. thiek lateral walls eonneeted by thin floor and 
roof plates. Eaeh lateral wall is divided into a dorsal area and a ventral 
area separated internally by the hypothalamie sulcus (see Fig. 17.25). 
This sulcus ends rostrally at the medial end of the optie stalk. In the 
fiilly developed brain, it persists as a slight groove extending from the 
interventricular foramen to the eerebral aqueduct. It is analogous to, if 
not the homologue of, the sulcus limitans. The thin roof plate remains 
epithelial but invaginated by vasailar mesenehyme, the tela ehoroidea 
of the ehoroid plexuses of the third ventriele. Later, the lateral margins 
of the tela undergo a similar invagination into the medial walls of the 
eerebral hemispheres. The floor plate thiekens as the nuclear masses of 
the hypothalamus and subthalamus develop. 
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Fig. 17.25 The shape of the developing ventrieiilar system and the expansion of the medial portion of the teleneephalon. The roof of the meteneephalon 
and myeleneephalon has been removed in eaeh ease. A, A human embryo, approximately 10.2 mm long, left lateral surface of the dieneephalon and 
teleneephalon removed. B, A human embryo 13.6 mm long, median seetion. C, A human fetus, approximately 3months old, median seetion. 


At a very early period, before the closure of the rostral nenropore, 
the subdivision of the proseneephalon into the most rostral telen- 
eephalon and two subdivisions of the dieneephalon, D1 and D2, is 
heralded (see Fig. 17.2). At this early time, two eye fields are separated 
by the future neurohypophysis in the floor of the future Dl. After head 
folding, the eye fields expand as two lateral optie evaginations, which 
beeome optie vesieles, one on eaeh side of the early brain. For a time, 
they eomimmieate with the eavity of the proseneephalon by relatively 
wide openings. The distal parts of the optie vesieles expand, while the 
proximal parts beeome the tubular optie stalks. The optie vesieles 
(which are deseribed with the development of the eye in Ch. 40) are 
thus derived from the lateral walls of the D1 subdivision of the pros- 
eneephalon before the teleneephalon ean be elearly identified. The optie 
ehiasma is often regarded as the boundary between dieneephalon and 
teleneephalon. 

As the most rostral portion of the proseneephalon enlarges, it curves 
ventrally, and two fhrther diverticula expand rapidly from it, one on 
eaeh side. These diverticula, which are rostrolateral to the optie stalks, 


subsequently form the eerebral hemispheres. Their eavities are the mdi- 
ments of the lateral ventrieles and they communicate with the median 
part of the forebrain eavity by relatively wide openings, which ulti- 
mately beeome the interventricular foramina. The rostral limit of the 
median part of the forebrain eonsists of a thin sheet, the lamina termi- 
nalis (see Fig. 17.25), which stretehes from the interventricular foramina 
to the reeess at the base of the optie stalks. The rostral part of the fore- 
brain, including the mdiments of the eerebral hemispheres, eonsists of 
the teleneephalon and the caudal part of the dieneephalon; both eon- 
tribute to the formation of the third ventriele, although the latter pre- 
dominates. The fate of the lamina terminalis is deseribed below. 

Dieneephalon 

The dieneephalon, D2, is broadly divided by the hypothalamie sulcus 
into dorsal (pars dorsalis dieneephali) and ventral (pars ventralis dien- 
eephali) parts; eaeh contributes to diverse neural stmctures. The dorsal 
part develops into the (dorsal) thalamus and metathalamus along 
the immediate suprasulcal area of its lateral wall, while the highest 
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Fig. 17.26 The development of the basal nuclei and internal capsule, eoronal vievvs. (Redravvn with permission from Hamilton WJ, Boyd JD, Mossman 
HW 1972 Human Embryology: Prenatal Development of Form and Function. Baltimore: Williams and Wilkins.) 


dorsoeaiidal lateral wall and roof form the epithalamiis. The thalamus 
(see Fig. 17.25) is fìrst visible as a thiekening that involves the rostral 
part of the dorsal area. Caudal to the thalaimis, the lateral and medial 
geniculate bodies, or metathalamus, are reeognizable at fìrst as surface 
depressions on the internal aspeet and as elevations on the external 
aspeet of the lateral wall. As the thalami enlarge as smooth ovoid 
masses, the wide interval between them gradually narrows into a verti- 
eally eompressed eavity that forms the greater part of the third ventriele. 
After a time, these medial surfaces may eome into eontaet and beeome 
adherent over a variable area, the eonneetion (single or multiple) eon- 
stituting the interthalamie adhesion or massa intermedia. The caudal 
growth of the thalamus excludes the geniculate bodies from the lateral 
wall of the third ventriele. 

At first, the lateral aspeet of the developing thalamus is separated 
from the medial aspeet of the eerebral hemisphere by a eleft but, with 
growth, the eleft beeomes obliterated (Fig. 17.26) as the thalaimis fuses 
with the part of the hemisphere in which the corpus striatum is devel- 
oping. Later, with the development of the projeetion fibres (eortieofiigal 
and eortieopetal) of the neocortex, the thalamus beeomes related to the 
internal capsule, which intervenes between it and the lateral part of the 
corpus striatum (lentiform nucleus). Ventral to the hypothalamie 
sulcus, the lateral wall of the dieneephalon, in addition to median 
derivatives of its floor plate, forms a large part of the hypothalaimis and 
subthalamus. 

The epithalaimis, which includes the pineal gland, the posterior and 
habenular commissures and the trigonum habenulae, develops in asso- 
eiation with the caudal part of the roof plate and the adjoining regions 
of the lateral walls of the dieneephalon. At an early period (12-20 mm 
crown-rump length), the epithalamus in the lateral wall projeets into 
the third ventriele as a smooth ellipsoid mass, larger than the adjaeent 
mass of the (dorsal) thalaimis and separated from it by a well-defined 
epithalamie sulcus. In subsequent months, growth of the thalaimis 
rapidly overtakes that of the epithalaimis and the intervening sulcus is 
obliterated. Thus, structures of epithalamie origin ultimately are rela- 
tively diminutive topographieally. 

The pineal gland arises as a hollow outgrowth from the roof plate, 
immediately adjoining the meseneephalon. Its distal part beeomes 
solid by cellular proliferation but its proximal stalk remains hollow, 
eontaining the pineal reeess of the third ventriele. In many reptiles, the 
pineal outgrowth eonsists of a rostral outgrowth (parapineal organ) that 
develops into the pineal or parietal eye, and a glandular caudal out- 
growth; the caudal outgrowth is homologous with the pineal gland in 
humans. The rostral outgrowth also develops in the human embryo but 
soon disappears entirely. 

The nucleus habenulae, which is the most important constituent of 
the trigomim habenulae, develops in the lateral wall of the dien- 
eephalon and is, at first, in elose relationship with the geniculate bodies, 
from which it beeomes separated by the dorsal growth of the thalamus. 
The habemilar commissure develops in the eranial wall of the pineal 
reeess. The posterior commissure is formed by fibres that invade the 
caudal wall of the pineal reeess from both sides. 

The ventral part of the dieneephalon forms the subsulcal lateral walls 
of the third ventriele and takes part in the formation of the hypothala- 
mus, including the mammillary bodies, the tuber cinereum and 
infundibulum of the hypophysis. The mammillary bodies arise as a 
single thiekening that beeomes divided by a median furrow during the 
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Fig. 17.27 A eoronal seetion of the left eerebral hemisphere in a 73 mm 
fetus. (Redrawn with permission from Hamilton WJ, Boyd JD, Mossman 
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third month. The tuber cinereum develops rostral to the mammillary 
bodies as a cellular proliferation that extends forwards as far as the 
infundibulum. In front of the tuber cinereum, a wide-mouthed diver- 
ticulum forms in the floor of the dieneephalon, grows towards the 
stomodeal roof, and eomes into eontaet with the posterior aspeet of a 
dorsally direeted ingrowth from the stomodeum (Rathke's pouch). 
These two diverticula together form the hypophysis eerebri (see Fig. 
17.14). An extension of the third ventriele persists in the base of the 
neural outgrowth as the infundibular reeess. The remaining caudo- 
lateral walls and floor of the ventral dieneephalon are an extension of 
the midbrain tegmentum, the subthalamus. This forms the rostral limits 
of the red nucleus, substantia nigra, numerous reticular nuclei and a 
wealth of interweaving, aseending, deseending and oblique nerve fibre 
bundles, which have many origins and destinations. 

Third ventriele and ehoroid plexus 

The roof plate of the dieneephalon rostral to the pineal gland, and 
continuing over the median teleneephalon, remains thin and epithelial 
in eharaeter and is invaginated by the ehoroid plexuses of the third 
ventriele (see Fig. 17.26; Fig. 17.27). Before the development of the 
corpus callosum and the fornix, it lies at the bottom of the longitudinal 
fissure, between and reaehing the two eerebral hemispheres. It extends 
as far rostrally as the interventricular foramina and lamina terminalis. 
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Here, and elsewhere, ehoroid plexuses develop by the elose apposition 
of vascular pia mater and ependyma without intervening nervous tissue. 
With development, the vasailar layer is infolded into the ventriailar 
eavity and develops a series of small villous projeetions, eaeh eovered 
by a oiboidal epithelium derived from the ependyma. The cuboidal 
eells display numerous mierovilli on their ventrioilar surfaces and 
complex folding of their basal plasma membranes. The early ehoroid 
plexuses seerete a protein-rieh eerebrospinal fluid into the ventrioilar 
system, which may provide a nutritive medium for the developing 
epithelial neural tissues. As the latter beeome inereasingly vasoilarized, 
the histoehemieal reaetions of the oiboidal eells and the eharaeter of 
the fluid ehange to the adult type. Many regions of the lining of the 
third ventriele beeome highly speeialized, and develop eoneentrations 
of tanyeytes or other modified eells that are eolleetively termed the 
circumventricular organs, e.g. the subfornical organ, the organum vas- 
culosum (intercolumnar tubercle) of the lamina terminalis, the sub- 
commissural organ, and the linings of the pineal, suprapineal and 
infundibular reeesses. 

Teleneephalon 

The teleneephalon eonsists of two lateral diverticula eonneeted by a 
median region, the teleneephalon impar. The rostral part of the third 
ventriele develops from the impar, and is elosed below and in front by 
the lamina terminalis. The lateral divertioila are outpouchings of the 
lateral walls of the teleneephalon, which may eorrespond to the alar 
lamina, although this is uncertain. Their eavities are the future lateral 
ventrieles, and their walls are formed by the presumptive nervous tissue 
of the eerebral hemispheres. The roof plate of the median part of the 
teleneephalon remains thin and is continuous behind with the roof 
plate of the dieneephalon (see Figs 17.25-17.26). The rostral parts of 
the hypothalaimis, which include the optie ehiasma, optie reeess and 
related nuclei, develop in the floor plate and lateral walls of the pros- 
eneephalon, ventral to the primitive interventrioilar foramina. The 
ehiasma is formed by the meeting, and partial decussation, of the optie 
nerves in the ventral part of the lamina terminalis. The optie traets 
subsequently grow backwards from the ehiasma to end in the dien- 
eephalon and midbrain. 

Cerebral hemispheres 

The eerebral hemispheres arise as diverticula of the lateral walls of the 
teleneephalon, with which they remain in eontimiity around the 
margins of initially relatively large interventricular foramina, except 
caudally, where they are continuous with the rostral part of the lateral 
wall of the dieneephalon (see Figs 17.3, 17.25). As growth proeeeds, 
eaeh hemisphere enlarges forwards, upwards and backwards and 
acquires an oval outline, medial and superolateral walls, and a floor. As 
a result, the medial surfaces approaeh, but are separated by, a vasoilar- 
ized mesenehyme and pia mater, which fills the median longitudinal 
fissure (see Fig. 17.27). At this stage, the floor of the fissure is the epi- 
thelial roof plate of the teleneephalon, which is direetly continuous 
caudally with the epithelial roof plate of the dieneephalon. 

At the early oval stage of hemispherie development, regions are 
named aeeording to their future prineipal derivatives. The rostromedial 
and ventral floor beeomes linked with the forming olfaetory apparatus 
and is termed the primitive olfaetory lobe. The floor (ventral wall, or 
base) of the remainder of eaeh hemisphere forms the anlage of the 
primitive corpus striatum and amygdaloid complex, including its asso- 
eiated rim of lateral and medial walls (the striate part of the hemi- 
sphere). The rest of the hemisphere, i.e. the medial, lateral, dorsal and 
caudal regions, is the suprastriate part of the hemisphere. Although it 
is the largest in terms of surface area, initially it possesses eomparatively 
thin walls. The rostral end of eaeh oval hemisphere beeomes the defini- 
tive frontal pole. As the hemisphere expands, its original posterior pole 
moves relatively in a caudoventral and lateral direetion, following a 
curve like a ram's horn; it oirves towards the orbit in assoeiation with 
the growth of the caudate nucleus and other structures to form the 
definitive temporal pole. A new posterior part persists as the definitive 
oeeipital pole of the mature brain (Figs 17.28-17.29). 

The migration and differentiation of neural progenitors to form 
nuclei is either minimal or limited throughout the brainstem and spinal 
eord; the progeny of these progenitors remain immediately extra- 
ependymal or partially displaeed towards the pial exterior, and are 
arrested deeply embedded in the myelinated fibre 'white matter of the 
region. In marked eontrast, proliferation and migration of neuroblasts 
in the eerebral hemispheres produce a superficial layer of grey matter 
in both the striate and the suprastriate regions, but not in the eentral 
areas of the original medial wall (where seeondary fhsion with the 
dieneephalon occurs). The superficial layer of grey matter eonsists of 
neuronal somata, dendrites, the terminations of ineoming (afferent) 



Fig. 17.28 Lateral views of developing brains show the formation of the 
basal nuclei and lateral ventrieles as the teleneephalon develops. 
(Redrawn with permission from Hamilton WJ, Boyd JD, Mossman HW 
1972 Human Embryology: Prenatal Development of Form and Function. 
Baltimore: Williams and Wilkins.) 


axons, the stems (or the whole) of efferent axons, and glial eells and 
endothelial eells. Successive generations of neuroblasts migrate through 
the layers of earlier generations to attain subpial positions (see below 
and Fig. 17.32), which means that the surface of the eerebral hemi- 
spheres expands at a rate greater than that of the hemispheres as a 
whole; the great expansion of the eerebral hemispheres is eharaeteristie 
of mammals and espeeially of humans. Neuroblast differentiation pro- 
duces a highly organized subpial surface eoat of grey matter termed the 
cortex or pallium. The growing hemispheres subsequently overlap, suc- 
eessively, the dieneephalon and the meseneephalon, and then meet the 
rostral surface of the cerebellum. The temporal lobes embraee the flanks 
of the brainstem. 

The terminology used to deseribe regions of the cortex is based on 
evolutionary eoneepts. The oldest portions of cortex reeeive information 
eoneerned with olfaetion; they are termed the archicortex (arehipal- 
lium) and palaeocortex (palaeopallium), and both are subdivisions of 
an overall allocortex. The archicortex is the foremnner of the hippo- 
eampal lobe, and the palaeocortex gives rise to the piriform area. The 
remaining eortieal surface expands greatly in mammals, forming the 
neocortex (young cortex), which displaees the earlier eortiees so that 
they eome to lie partially internally in eaeh hemisphere. The six-layered 
mammalian neocortex is also deseribed as isocortex. 

Olfaetory bulb 

A longitudinal groove appears in the anteromedial part of the floor of 
eaeh developing lateral ventriele at about the fifth week of embryonie 
development. It deepens and forms a hollow diverticulum, which is 
continuous with the hemisphere by a short stalk. The diverticulum 
beeomes eonneeted on its ventral or inferior surface to the olfaetory 
plaeode. Plaeodal eells give rise to afferent axons that terminate in the 
walls of the diverticulum. As the head inereases in size, the diverticulum 
grows forwards, loses its eavity and beeomes eonverted into the solid 
olfaetory bulb. The forward growth of the bulb is aeeompanied by 
elongation of its stalk, which forms the olfaetory traet. The part of the 
floor of the hemisphere to which the traet is attaehed constitutes the 
piriform area. 

Lateral ventrieles and ehoroid plexus 

The early diverticulum or anlage of the eerebral hemisphere initially 
eontains a simple spheroidal lateral ventriele that is continuous with 
the third ventriele via the interventricular foramen. The rim of the 
foramen is the site of the original evagination. The expanding ventriele 
develops the ram's horn shape of the surrounding hemisphere, beeom- 
ing first roughly ellipsoid and then a oirved eylinder that is convex 259 
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Fig. 17.29 A-G, The superolateral surfaces of 
human fetal eerebral hemispheres at the ages 
indieated, shovving the ehanges in size, profile and 
the emerging pattern of eerebral sulci with 
inereasing maturation. Note the ehanging 
prominenee and relative positions of the frontal, 
oeeipital and, particularly, the temporal pole of the 
hemisphere. At the earliest stage (A), the lateral 
eerebral fossa is already obvious; its floor eovers 
the developing corpus striatum in the depths of 
the hemisphere and progressively matures into the 
cortex of the insula. The fossa is bounded by 
overgrowing eortieal regions - the frontal, temporal 
and parietal opercula - which gradually eonverge 
to bury the insula; their approximation forms the 
lateral eerebral sulcus. By the sixth month, the 
eentral, pre- and posteentral, superior temporal, 
intraparietal and parieto-oeeipital sulci are all 
elearly visible. In the subsequent stages shown, all 
the remaining prineipal and subsidiary sulci rapidly 
appear, and by 40weeks, all the features that 
eharaeterize the adult hemisphere in terms of 
surface topography are present in miniature. 
(Photographs provided by Dr Sabina Striek, The 
Maudsley Hospital, London.) 


dorsally (see Fig. 17.28). The ends of the eylinder expand towards, but 
do not reaeh, the frontal and (temporary) oeeipital poles; differentiat- 
ing and thiekening neural tissues separate the ventricular eavities and 
pial surfaces at all points, except along the line of the ehoroidal fissure. 
Pronounced ehanges in ventrioilar form aeeompany the emergenee of 
a temporal pole. The original caudal end of the curved eylinder expands 
within its substance and the temporal extensions in eaeh hemisphere 
pass ventrolaterally to eneirele both sides of the upper brainstem (see 
Fig. 17.26). Another extension may develop from the root of the tem- 
poral extension in the substance of the definitive oeeipital pole and pass 
caudomedially; it is quite variable in size, often asymmetrieal on the 
two sides, and one or both may be absent. Although the lateral ventriele 
is a continuous system of eavities, speeifie parts are now given regional 
names. The eentral part (body) extends from the interventricular 
foramen to the level of the posterior edge (splenium) of the corpus 
callosum. Three cornua (horns) diverge from the body: anterior towards 
the frontal pole, posterior towards the oeeipital pole, and inferior 
towards the temporal pole. 

At these early stages of hemispherie development, the term pole is 
preferred, in most instanees, to lobe. Lobes are defined by speeifie 
surface topographieal features that will appear over several months, and 
differential growth patterns persist for a eonsiderable period. 

The pia mater, which eovers the epithelial roof of the third ventriele 
at this stage, is itself eovered with loosely arranged mesenehyme and 
developing blood vessels. These vessels subsequently invaginate the 
roof of the third ventriele on eaeh side of the median plane to form its 
ehoroid plexuses (see Fig. 17.26). The lower part of the medial wall of 
the eerebral hemisphere, which immediately adjoins the epithelial roof 
of the interventricular foramen and the rostral extremity of the dien- 
eephalon, also remains epithelial. It eonsists of ependyma and pia 
mater; elsewhere, the walls of the hemispheres are thiekening to form 
the pallium. The thin part of the medial wall of the hemisphere is 
invaginated by vascular tissue, which is continuous in front with the 
ehoroid plexus of the third ventriele and constitutes the ehoroid plexus 
of the lateral ventriele. This invagination occurs along a line that arehes 
upwards and backwards, parallel with and initially limited to, the 
rostral and upper boundaries of the interventrioilar foramen. This 
oirved indentation of the ventricular wall, where no nervous tissue 


develops between ependyma and pia mater, is termed the ehoroidal 
fissure (see Figs 17.25C, 17.26). The subsequent assumption of the 
definitive form of the ehoroidal fissure depends on related growth pat- 
terns in neighbouring structures. Of partioilar importanee are the rela- 
tively slow growth of the interventrioilar foramen, the seeondary 
'fiision' between the lateral dieneephalon and medial hemisphere walls, 
the eneompassing of the upper brainstem by the forward growth of the 
temporal lobe and its pole towards the apex of the orbit, and the 
massive expansion of two great eerebral commissures (the fornix and 
corpus callosum). The ehoroidal fissure is now elearly a caudal exten- 
sion of the much-reduced interventricular foramen, which arehes above 
the thalamus and is here only a few millimetres from the median plane. 
Near the caudal end of the thalamus, it diverges ventrolaterally, its curve 
reaehing and continuing in the medial wall of the temporal lobe over 
much of its length (i.e. to the tip of the inferior horn of the lateral 
ventriele). The upper part of the areh will be overhung by the corpus 
callosum and, throughout its convexity, it is bordered by the fornix and 
its derivatives. 

Basal nuclei 

At first, growth proeeeds more aetively in the floor and the adjoining 
part of the lateral wall of the developing hemisphere, and elevations 
formed by the mdimentary corpus striatum eneroaeh on the eavity of 
the lateral ventriele (see Figs 17.25-17.30). The head of the caudate 
nucleus appears as three successive parts - medial, lateral and interme- 
diate - which produce elevations in the floor of the lateral ventriele. 
Caudally, these merge to form the tail of the caudate nucleus and the 
amygdaloid complex, which both remain elose to the temporal pole of 
the hemisphere. When the oeeipital pole grows backwards, and the 
general enlargement of the hemisphere earries the temporal pole 
downwards and forwards, the tail of the caudate is eontimied from the 
floor of the eentral part (body) of the ventriele into the roof of its tem- 
poral extension, the future inferior horn (see Fig. 17.28). The amy- 
gdaloid complex encapsulates its tip. Rostrally, the head of the caudate 
nucleus extends forwards to the floor of the interventricular foramen, 
where it is separated from the developing rostral end of the thalaimis 
by a groove; later, the head expands in the floor of the anterior horn of 
the lateral ventriele. The lentiform nucleus develops from two laminae 
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of eells, medial and lateral, which are eontiniioiis with both the medial 
and lateral parts of the caudate nucleus. The internal capsule appears 
fìrst in the medial lamina and extends laterally through the outer 
lamina to the cortex. It divides the laminae into two, the internal parts 
join the caudate nucleus and the external parts form the lentiform 
nucleus (see Figs 17.26-17.27). In the latter, the remaining medial 
lamina eells give rise mainly to the globus pallidus and the lateral 
lamina eells to the putamen. The putamen subsequently expands eon- 
currently with the intermediate part of the caudate nucleus. 

Fusion of dieneephalie and teleneephalie walls 

As the hemisphere enlarges, the caudal part of its medial surface over- 
laps and hides the lateral surface of the dieneephalon (thalamie part), 
from which it is separated by a narrow eleft occupied by vascular eon- 
neetive tissue. At this stage (about the end of the seeond month), a 
transverse seetion made caudal to the interventricular foramen would 
pass from the third ventricular eavity successively through the develop- 
ing thalamus, the narrow eleft just mentioned, the thin medial wall of 
the hemisphere, and the eavity of the lateral ventriele, with the corpus 
striatum in its floor and lateral wall (see Fig. 17.26). 

As the thalamus inereases in extent, it acquires a superior surface in 
addition to medial and lateral surfaces. The lateral part of its superior 
surface fuses with the thin medial wall of the hemisphere so that this 
part of the thalamus is finally eovered with the ependyma of the lateral 
ventriele immediately ventral to the ehoroidal fissure. As a result, the 
corpus striatum is approximated to the thalaimis and is separated from 
it only by a deep groove, which beeomes obliterated by inereased 
growth along the line of eontaet. The lateral aspeet of the thalamus is 
now in continuity with the medial aspeet of the corpus striatum so that 
a seeondary union between the dieneephalon and the teleneephalon is 
affeeted over a wide area, providing a route for the subsequent passage 
of projeetion fibres to and from the cortex (see fig. 17.26). 

Formation of the insula 

At the end of the third month, while the corpus striatum is developing, 
there is a relative restrietion of growth between the frontal and temporal 
lobes. The region lateral to the striatum beeomes depressed to form a 
lateral eerebral fossa with a portion of cortex, the insula, at its base (see 
Figs 17.28-17.29). As the temporal lobe continues to protmde towards 
the orbit, and with more rapid growth of the temporal and frontal 
eortiees, the surface of the hemisphere expands at a rate greater than 
the hemisphere as a whole, and the eortieal areas beeome folded, 
forming gyri and sulci. The insula is gradually overgrown by these 
adjaeent eortieal regions and they overlap it, forming the opercula, the 
free margins of which form the anterior part of the lateral fissure. This 
proeess is not eompleted until after birth. The lentiform nucleus remains 
deep to and coextensive with the insula. 

Olfaetory nerve, limbie lobe and hippocampus 

The growth ehanges in the temporal lobe that help to submerge the 
insula produce important ehanges in the olfaetory and neighbouring 
limbie areas. As it approaehes the hemispherie floor, the olfaetory traet 
diverges into lateral, medial and (variable) intermediate striae. The 
medial stria is elothed with a thin arehaeoeortieal medial olfaetory 
gyms. This curves up into fhrther arehaeoeortieal areas rostral to the 
lamina terminalis (paraterminal gyms, prehippoeampal mdiment, 
parolfaetory gyms, septal nuclei) and these eontimie into the indusium 
griseum. The lateral stria, elothed by the lateral olfaetory gyms, and the 
intermediate stria (when present) terminate in the rostral parts of the 
piriform area, including the olfaetory trigone and tubercle, anterior 
perforated substance, uncus and entorhinal area of the anterior part of 
the future parahippoeampal gyms. The lateral limit of the lateral stria 
is indieated by the rhinal sulcus. The forward growth of the temporal 
pole and the general expansion of the neocortex cause the lateral olfae- 
tory gyms to bend laterally, the summit of the convexity lying at the 
anteroinferior eorner of the developing insula. During the fourth and 
fifth months, much of the piriform area beeomes submerged by the 
adjoining neocortex and, in the adult, only a part of it remains visible 
on the inferior aspeet of the eerebmm. 

The limbie lobe is the first part of the cortex to differentiate and, at 
first, it forms a continuous, almost circular, strip on the medial and 
inferior aspeets of the hemisphere. Below and in front, where the stalk 
of the olfaetory traet is attaehed, it constitutes a part of the piriform 
area. The portion outside the curve of the ehoroidal fissure (see Fig. 
17.26; Fig. 17.30) constitutes the hippoeampal formation. In this 
region, the neural progenitors of the developing cortex proliferate and 
migrate. The wall of the hemisphere thiekens, producing an elevation 
that projeets into the medial side of the ventriele. The elevation is the 
hippocampus; it appears first on the medial wall of the hemisphere, in 
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Fig. 17.30 The anterior and posterior commissures in the brain of a 
16-week human fetus; medial aspeet of the left half of the brain. 


the area above and in front of the lamina terminalis (paraterminal 
area), and gradually extends backwards, curving into the region of the 
temporal pole, where it adjoins the piriform area. The marginal zone 
in the neighbourhood of the hippocampus is invaded by neurones to 
form the dentate gyms. Both extend from the paraterminal area baek- 
wards above the ehoroidal fissure and follow its curve downwards and 
forwards towards the temporal pole, where they continue into the piri- 
form area. A shallow groove, the hippoeampal sulcus, erosses the medial 
surface of the hemisphere throughout the hippoeampal formation. The 
efferent fibres from the eells of the hippocampus eolleet along its 
medial edge and mn forwards immediately above the ehoroidal fissure. 
Rostrally, they turn ventrally and enter the lateral part of the lamina 
terminalis to gain the hypothalaimis, where they end in and around the 
mammillary body and neighbouring nuclei. These efferent hippoeam- 
pal fibres form the fimbria hippoeampi and the fornix. 

Projeetion fibres, internal capsule 

The growth of the neocortex, and its enormous expansion during the 
latter part of the third month, are assoeiated with the initial appearanee 
of eortieofiigal and eortieopetal projeetion fibres and the internal 
capsule. The fibres follow the route provided by the apposition of the 
lateral aspeet of the thalamus with the medial aspeet of the corpus 
striatum. They divide the latter, almost eompletely, into a lateral part, 
the lentiform nucleus, and a medial part, the caudate nucleus; these two 
nuclei remain confluent only in their anteroinferior regions (see Figs 
17.26-17.27). The eortieospinal traets begin to develop in the ninth 
week of fetal life, they reaeh the caudal medulla oblongata at 15 weeks, 
eomplete the pyramidal decussation by 17weeks, extend to the eervieal 
and thoraeie segments of the spinal eord by 19weeks, and reaeh their 
caudal, lumbosacral, limits by 29weeks. The fibres destined for the 
eervieal and upper thoraeie regions, which innervate the upper limbs, 
are in advanee of those that innervate the lower limbs, and these, in 
turn, are in advanee of fibres that innervate the faee; the timing of the 
appearanee of reflexes assoeiated with these three parts of the body is 
similarly staggered. The proportions of erossed and uncrossed fibres in 
eaeh eortieospinal traet vary; a dominant uncrossed eortieospinal traet 
and a eomplete absenee of pyramidal decussation have been found in 
posterior fossa malformations such as oeeipital eneephaloeele, Dandy- 
Walker malformation and Joubert's syndrome. There is evidenee of 
substantial plastie reorganization of the motor cortex and eortieospinal 
projeetions following pre- or perinatal lesions to the eortieospinal 
system (Eyre 2007). For fhrther reading about the development of the 
human pyramidal traet, see ten Donkelaar et al (2004). 

The majority of subcortical nuclear masses reeeive terminals from 
deseending fibres of eortieal origin. These are joined by thalamoeortieal, 
hypothalamoeortieal and other afferent aseending bundles. The internal 
capsular fibres pass lateral to the head and body of the caudate nucleus, 
the anterior cornu and eentral part of the lateral ventriele, the rostro- 
ventral extensions and body of the fornix, the dorsal thalamus and 
dorsal ehoroidal fissure, and medial to the lentiform nucleus (see Figs 
17.26-17.27). 

Formation of gyri and sulci 

Apart from the shallow hippoeampal sulcus and the lateral eerebral 
fossa, the surfaces of the hemisphere remain smooth and uninterrupted 
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until early in the fourth month (see Fig. 17.29). The parieto-oeeipital 
sulcus appears at about that time on the medial aspeet of the hemi- 
sphere. Its appearanee seems assoeiated with an inerease in the number 
of splenial fibres in the corpus callosum. Over the same period, the 
posterior part of the ealearine sulcus appears as a shallow groove 
extending forwards from a region near the oeeipital pole. It is a tme 
infolding of the cortex in the long axis of the striate area and produces 
an elevation, the ealear avis, on the medial wall of the posterior horn 
of the ventriele. 

During the fifth month, the cingulate sulcus appears on the medial 
aspeet of the hemisphere, and sulci appear on the inferior and supero- 
lateral aspeets in the sixth month. The eentral, preeentral and posteen- 
tral sulci appear, eaeh in two parts, upper and lower, which usually 
eoalesee shortly afterwards, although they may remain discontinuous. 
The superior and inferior frontal, the intraparietal, oeeipital, superior 
and inferior temporal, oeeipitotemporal, eollateral and rhinal sulci all 
make their appearanee during the same period. By the end of the eighth 
month, all the important sulci ean be reeognized (see Fig. 17.29). 

Development of commissures 

The development of the commissures causes a very profound alteration 
of the medial wall of the hemisphere. At the time of their appearanee, 
the two hemispheres are eonneeted to eaeh other by the median part 
of the teleneephalon. The roof plate of this area remains epithelial, 
while its floor beeomes invaded by the decussating fibres of the optie 
nerves and developing hypothalamie nuclei. These two routes are thus 
not available for the passage of commissural fibres passing from hemi- 
sphere to hemisphere aeross the median plane, and these fibres there- 
fore pass through the rostral wall of the interventriailar foramen, i.e. 
the lamina terminalis. The first commissures to develop are those asso- 
eiated with the palaeocortex and archicortex. Fibres of the olfaetory 
traets eross in the ventral or lower part of the lamina terminalis and, 
together with fibres from the piriform and pre-piriform areas and the 
amygdaloid bodies, form the rostral part of the anterior commissure 
(see Fig. 17.30; Fig. 17.31). In addition, the two hippoeampi beeome 
intereonneeted by transverse fibres that eross from fornix to fornix in 
the upper part of the lamina terminalis as the commissure of the fornix 
(hippoeampal commissure). Various other decussating fibre bundles 
(known as the supraoptic commissures, although they are not tme 
commissures) develop in the lamina terminalis immediately dorsal to 
the optie ehiasma, between it and the anterior commissure. 

The commissures of the neocortex develop later and follow the 
pathways already established by the commissures of the limbie system. 
Fibres from the tentorial surface of the hemisphere join the anterior 
commissure and constitute its larger posterior part. All the other eom- 
missural fibres of the neocortex assoeiate themselves elosely with the 
commissure of the fornix and lie on its dorsal surface. These fibres 
inerease enormously in number and the bundle rapidly outgrows its 
neighbours to form the corpus callosum (see Figs 17.30-17.31). 

The corpus callosum originates as a thiek mass eonneeting the two 
eerebral hemispheres around and above the anterior commissure. (This 
site has been ealled the precommissural area, but this use has been 
rejeeted here because of the inereasing use of the adjeetive preeommis- 
sural to denote the position of parts of the limbie lobe, i.e. prehippo- 
eampal mdiment, septal areas and nuclei and strands of the fornix, in 
relation to the anterior commissure of the mature brain.) The upper 
end of this neoeortieal commissural area extends backwards to form the 
tmnk of the corpus callosum. The rostmm of the corpus callosum 
develops later and separates some of the rostral end of the limbie area 
from the remainder of the eerebral hemisphere. Further backward 
growth of the tmnk of the corpus callosum then results in the entrapped 
part of the limbie area beeoming stretehed out to form the bilateral 
septum pellucidum. As the corpus callosum grows backwards, it extends 
above the ehoroidal fissure, earrying the commissure of the fornix on 
its undersurface. In this way, a new floor is formed for the longitudinal 
fissure, and additional stmctures eome to lie above the epithelial roof 
of the third ventriele. In its backward growth, the corpus callosum 
invades the area hitherto oeoipied by the upper part of the arehaeoeorti- 
eal hippoeampal formation, and the eorresponding parts of the dentate 
gyms and hippocampus are reduced to vestiges, the indusium griseum 
and the longitudinal striae. However, the posteroinferior (temporal) 
arehaeoeortieal regions of both dentate gyms and hippocampus persist 
and enlarge. 

Cellular development of the eerebral cortex 

Cortical neurones are not generated within the cortex itself but in pro- 
liferative transient embryonie zones such as the ventrioilar (VZ) and 
subventricular (SVZ) zones. Preeise patterns of eell division and the 
subsequent migration of the progeny of these divisions along the shafts 
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Fig. 17.31 Median seetions showing the formation of the eommissiires. 
The teleneephalon gives rise to commissural traets that integrate the 
aetivities of the left and right eerebral hemispheres. Traets include 
the anterior and hippoeampal commissures and the corpus callosum. The 
small posterior and habenular commissures arise from the epithalamus. 


of a transient population of radial glial eells transform the neuroepi- 
thelium of the embryonie forebrain into the adult eerebral cortex 
(Noetor et al 2004). Neurones are derived from a lineage of radial glia 
stem eells and transit amplifying intermediate progenitor eells; expan- 
sion in one or both eell populations has been proposed as a potential 
meehanism for neoeortieal expansion (Kriegstein and Gotz 2003, Lui 
et al 2011). The earliest-generated eortieal neurones accumulate in an 
outside-in sequence to form the preplate. Subsequent generations of 
neurones migrate into the preplate, forming a series of layers ealled the 
eortieal plate, which splits the preplate into a superficial layer at the pial 
surface, the marginal zone, and a deeper layer, the subplate. Subplate 
neurones integrate into the intra- and extracortical circuitry; they extend 
axons via the internal capsule towards the thalamus and superior eol- 
liculus at times before other eortieal neurones have been born (Kanold 
and Luhmann 2010). In humans, the subplate is maximal at approxi- 
mately 25weeks' gestation and reeedes by 6months postnatally (Kos- 
tovie et al 2012). For a review of subplate development, modulation 
and demise, see Hoerder-Suabedissen and Molnar (2015). Subplate 
neurones are vulnerable to injury during prenatal stages; their prema- 
ture loss has been implieated in the pathogenesis of ehronie defieits 
such as eognitive delay, behavioural problems and epilepsy assoeiated 
with preterm birth (Jantzie et al 2014). 

Neurones migrate along radial glial proeesses (see Fig. 17.5). The 
migration of neuronal precursors from the ventrioilar and intermediate 
zones oeoirs radially towards the pial surface (Kriegstein and Noetor 
2004). From the pial surface inwards, the following zones may be 
defined: marginal, eortieal plate, subplate, intermediate, subventricular 
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Fig. 17.32 A, The layers of the developing teleneephalon. The early pseiidostratified arrangement of the neural tube is defined by radial glia extending 
from the ventricular surface to the pial surface. Neuroblasts and glioblasts divide in the ventricular and subventricular zones and migrate radially along 
the radial glia to form a eortieal plate and then a subplate. The preplate, subplate, subventricular and ultimately the ventricular zones reeede during 
development and early postnatal life. B, Successive migration of neuroblasts from the ventricular and subventricular zones to the cortex. The first eells to 
migrate to the eortieal plate and subplate zone form the deep eortieal laminae. Later eells migrate radially betvveen these eells to the outer part of the 
developing cortex. Note the extensive early proliferation of the subventricular zone and its later diminution as the eells it eontains migrate radially to the 
cortex. The effeet of this radial eell migration tovvards the developing eortieal surface is expansion of the eortieal area rather than an inerease in eortieal 
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and ventrieiilar (Fig. 17.32). (For a review of the nomenclature of the 
developing zones, see Bystron et al (2008).) The marginal zone, the 
outermost layer of the developing eerebral cortex, will form layer 1, and 
the neurones of the eortieal plate and subplate form the neurones of 
the remaining (2-6) eortieal laminae, the complexity varying in differ- 
ent loeations and with hirther additions of neurones from the deeper 
zones. The intermediate zone gradually transforms into the white 
matter of the hemisphere. Meanwhile, other deep progenitor eells 
produce generations of glioblasts, which also migrate into the more 
superficial layers. As proliferation wanes and finally eeases in the ven- 
tricular and subventricular zones, their remaining eells differentiate 
into general or speeialized ependymal eells, tanyeytes or subependymal 
glial eells. 


The time of the proliferation of different eortieal neurones varies 
aeeording to their laminar destination and eell type. The first groups of 
eells to migrate are destined for the deep eortieal laminae and later 
groups pass through them to more superficial regions. The subplate 
zone is most prominent during mid-gestation; it eontains neurones 
surrounded by a dense neuropil and is the site of the most intense 
synaptogenesis in the embryonie cortex. The cumulative effeet of this 
radial and tangential growth is evident in a marked expansion of the 
surface area of the cortex without a eomparable inerease in its thiekness 
(Rakie 1988, Rakie 2009). 

In the pallial walls of the mammalian eerebral hemisphere, the 
phylogenetieally oldest regions, which are the first to differentiate 
during ontogeny, are those that border the interventricular foramen and 
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Fig. 17.33 A, The ganglionie eminenee of the subpallium is subdivided 
into three regions: lateral (LGE), medial (MGE) and caudal (CGE), 
aeeording to the expression patterns of various transeription faetors (Dlx2, 
Mashl, Nksx2.1 and Lhx6 ) and of the cellular retinol-binding protein 1 
(CRBP1). B, The main migratory paths of interneurones derived from the 
three subdivisions of the ganglionie eminenee. MGE eells tend to migrate 
laterally and spread throughout the cortex, and CGE eells migrate 
predominantly tovvards the caudal teleneephalon, vvhereas LGE eells 
migrate rostrally and contribute to interneurones in the olfaetory bulb. It 
has been suggested that most MGE eells differentiate into parvalbumin 
(PV)- and somatostatin (SS)-immunoreactive interneurones, vvhereas most 
CGE eells differentiate into ealretinin (CR)-immunoreactive interneurones. 
Figure based on Métin et al 2006. 


its extension, the ehoroidal fissure, the lamina terminalis and the piri- 
form lobe. The pallidum also contributes interneurones to the forma- 
tion of the eerebral cortex. A large portion of GABAergie inhibitory 
(non-pyramidal) eells are not generated in the eortieal ventricular zone, 
but migrate tangentially through the striatoeortieal junction to reaeh 
the cortex (Wonders and Anderson 2006, Métin et al 2006, Molnar and 
Butt 2013, Hansen et al 2013; Fig. 17.33). 

The vast speeies differenees between invertebrate, murine, non- 
human primate and primate nervous systems have long posed particu- 
lar, sometimes intraetable, problems for neuroscientists exploring the 
evolution of the human eerebral cortex. Current understanding of the 
pre- and postnatal events that regulate the numbers of neurones and 
their assoeiated glia; the dynamies of neuronal migration to proper 
layers, columns and regions; the enormous expansion of the eortieal 
surface; and the development of eonneetivity, particularly networks 
mediating higher eognitive fimetions and language, remains in its 
infaney for the human cortex. (For fhrther reading on the evolution of 
the neocortex, see Rakie (2009), Lui et al (2011), Geschwind and Rakie 
(2013), Lister et al (2013).) 

The Allen Human Brain Atlas (http://human.brain-map.org/) uses 
DNA mieroarrays for transeriptional profiling of several hundred loea- 
tions spanning the adult human neocortex (Hawrylycz et al 2012), 
while the NIH Blueprint Non-Human Primate Atlas profiles individual 
eortieal layers in therhesus monkey (http://www.blueprintnhpatlas.org/) . 
Similarly, the BrainSpan Atlas of the Developing Human Brain (http:// 
www.brainspan.org/) is a resource for studying the transeriptome aeross 
human brain development, using RNA sequencing on diserete eortieal 
regions aeross the entire lifespan, as well as with mieroarrays at higher 
resolution in the mid-gestational cortex on laser-mierodisseeted indi- 
vidual layers of different regions of the developing neocortex. 

Although the biologieal signifieanee of the inside-out gradient of 
neurogenesis is yet to be established, it is known that, if that gradient 
is disturbed, by either genetie or epigenetie faetors, neurones display 
abnormal eortieal fimetion. The consequences of failure or delay in 
neuronal migration cause a wide range of disorders, such as lissen- 
eephaly, sehizophrenia, autism and mental retardation (Wu et al 2014). 


Neonatal brain and reflexes 


The brain of the full-term neonate ranges from 300 to 400 g in weight, 
with an average of 350 g; the brains of neonatal males are slightly 
heavier than those of females. Because the head is large at birth, measur- 
ing one-quarter of the total body length, the brain is also proportionally 
larger and constitutes 10% of the body weight, eompared with 2% in 
the adult. At birth, the volume of the brain is 25% of its volume in 
adult life. The greater part of the inerease occurs during the first year, at 
the end of which the volume of the brain has inereased to 75% of its 
adult volume. The growth ean be accounted for partly by inerease in 
the size of nerve eell somata, the profiision and dimensions of their 
dendritie trees, axons and eollaterals, and by the growth of the neuro- 
glial eells and eerebral blood vessels, but mostly it refleets the myelina- 
tion of many of the axons: the sensory pathways - visual, auditory and 
somatie - myelinate first, and the motor fibres later. During the seeond 
and subsequent years, growth proeeeds much more slowly. The brain 
reaehes 90% of its adult size by the fifth year and 95% by lOyears, 
attaining adult size by the seventeenth or eighteenth year, largely as a 
result of the eontimiing myelination of various groups of nerve fibres. 

The sulci of the eerebral hemispheres appear from the fourth month 
of gestation (see Fig. 17.29). At full term, the general arrangement of 
sulci and gyri is present, but the insula is not eompletely eovered, the 
eentral sulcus is situated fiirther rostrally, and the lateral sulcus is more 
oblique than in the adult. Most of the developmental stages of sulci 
and gyri have been identified in the brains of premature infants. Of the 
eranial nerves, the olfaetory nerve and the optie nerve at the ehiasma 
are much larger than in the adult, whereas the roots of the other nerves 
are relatively smaller. 

The brain occupies 97.5% of the eranial eavity from birth to 6years 
of age, after which the spaee between the brain and skull inereases in 
volume until the adult brain occupies only 92.5% of the eranial eavity. 
The eerebral ventrieles are larger in the neonatal brain than they are in 
the adult. The newborn has a total of 10-15 ml of eerebrospinal fluid 
when delivered vaginally and 30 ml when delivered by eaesarean 
seetion. As the head moves down the birth eanal and is eompressed, 
the eerebrospinal fluid is pushed out into the venous sinuses; this does 
not happen in a eaesarean delivery. 

Myelination 

Axons from eortieal neurones elongate during prenatal and postnatal 
life forming white matter traets and fasciculi (Fig. 17.34). Oligodendro- 
eyte progenitor eells are prevalent initially in the subventricular zone 
and later (19-22 weeks' gestation) in the subplate zone (jakoveevski 
et al 2009). Studies suggest three successive stages of the human oligo- 
dendroeyte lineage (pre-oligodendroeyte, immature oligodendroeyte, 
and mature oligodendroeyte) in human eerebral white matter between 
midgestation and term birth (Baek et al 2001). Ventrodorsal gradients 
of oligodendroeyte precursor eell density and of myelination are 
deseribed in the teleneephalon. 

Myelination occurs over a protraeted period that starts during the 
seeond trimester in the PNS. Motor roots start to myelinate before 
sensory roots in the PNS, whereas sensory nerves start to myelinate 
before motor nerves. The eranial nerves of the midbrain, pons and 
medulla oblongata begin to myelinate at about 6 months' gestation. For 
reviews of the moleailar meehanisms currently known to regulate many 
of the stages involved in myelination in the CNS and PNS (including 
precursor speeifieation, proliferation, migration, differentiation and 
myelination of appropriate axons), see Mitew et al (2013) and Pereira 
et al (2012), respeetively. 

The sequence of myelination of the motor pathways may explain, at 
least partially, the order of development of muscle tone and posture in 
the premature infant and neonate. Myelination of the eortieospinal 
traets starts some 10-14days after birth in the internal capsule and 
eerebral peduncles, and then proeeeds simultaneously in both traets. 
Myelination of the various subcorticospinal pathways (vestibulospinal, 
reticulospinal, olivospinal and teetospinal) starts at 24-30 weeks' gesta- 
tion for the medial traets, and at 28-34 weeks'gestation for the lateral 
traets. Evidenee from diffiision tensor imaging (DTI) suggests that mye- 
lination is the dominant proeess during the first year of life, starting 
eentrally and spreading peripherally, and spreading forwards from the 
oeeipital to the frontal lobe (Gao et al 2009). Myelin appears to start 
first around longer axons; thus, in the preterm infant, axial extension 
preeedes flexion, whereas finger flexion preeedes extension. By term, the 
neonate at rest has a strong flexor tone aeeompanied by adduction of 
all limbs. Neonates also display a distinet preferenee for a head position 
faeing to the right, which appears to be independent of handling prae- 
tiees and may refleet the normal asymmetry of eerebral fimetion at this 
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Fig. 17.34 A general timeline of white matter development. (Based on Dubois et al 2014.) 


age. Comparison of postnatal rates of myelination in human and 
primate brains shows that humans aehieve approximately 60% of adult 
myelination during adoleseenee (eompared to 96% in ehimpanzees). 
Myelin growth continues in humans to the end of the third deeade. 
Miller et al (2012) suggest this schedule of neural eonneetivity in 
humans might contribute to the development of fhnetional circuitry 
with greater plastieity and eapaeity to be shaped by postnatal environ- 
mental and soeial interaetions. The greatest delay in myelination is seen 
in the prefrontal cortex, an area where many neural circuits eoneerned 
with learning and memory develop only after sexual maturity has been 
attained. 

Reflexes present at birth 

A number of reflexes are present at birth and their demonstration is 
used to indieate normal development of the nervous system and 
responding muscles. Five tests of neurological development are most 
useful in determining gestational age. The pupillary reflex is eonsist- 
ently absent before 29weeks' gestation and present after 31weeks; the 
glabellar tap, a blink in response to a tap on the glabella, is absent 
before 32weeks and present after 34weeks; the neek-righting reflex 
appears between 34 and 37weeks; the traetion response, where flexion 
of the neek or arms occurs when the baby is pulled up by the wrists 
from the supine position, appears after 33weeks; and head-turning in 
response to light appears between 32 and 36weeks. The spinal reflex 
are is fully developed by the eighth week of gestation and lower limb 
flexor tone is deteetable from about 29weeks. The Babinski response, 
which involves extension of the great toe with spreading of the remain- 
ing toes in response to stiimilation of the lateral aspeet of the sole of 
the foot, is elieited frequently in neonates; it refleets poor eortieal 
eontrol of motor hmetion by the immature brain. Generally reflexes 
develop as muscles gain tone. They appear in a sequential manner 
from caudal to eephalie, i.e. in the lower limb before the upper, and 
eentripetally i.e. distal reflexes appear before proximal ones (Allen and 
Capute 1990). 

The usual reflexes that ean be elieited in the neonate include Moro, 
asymmetrie tonie neek response, rooting-sneking, grasp, plaeing (eon- 
taeting the dorsum of the foot with the edge of a table produces a 
'stepping over the edge' response), stepping, and tmnk incurvation 
(elieited by stroking down the paravertebral area with the infant in the 


prone position). Examination of the motor system and evaluation of 
these reflexes allow assessment of the nervous system in relation to 
gestational age. The neonate also exhibits complex reflexes, such as 
nasal reflexes and sucking and swallowing. Infants with a eorreeted 
gestational age of 32weeks or more have a better-developed sucking 
reflex and are quicker in aehieving oral feeding (Neiva et al 2014). 

An auditory reflex present at term is the production of otoacoustic 
emissions from sensory eell aetivity in the inner ear in response to 
sound and is now routinely tested in neonates as an assessment of 
normal hearing. 

Nasal reflexes produce apnoea via the diving reflex, sneezing, sniff- 
ing, and both somatie and autonomic reflexes. Stimulation of the faee 
or nasal eavity with water or loeal irritants produces apnoea in neonates. 
Breathing stops in expiration, with laryngeal closure, and infants 
exhibit bradyeardia and a lowering of eardiae output. Blood flow to the 
skin, splanehnie areas, muscles and kidneys deereases, whereas flow to 
the heart and brain is proteeted. Different fluids produce different 
effeets when introduced into the pharynx of preterm infants. A eom- 
parison of the effeets of water and saline in the pharynx showed that 
apnoea, airway obstmetion and swallowing occur far more frequently 
with water than with saline, suggesting the presenee of an upper airway 
chemoreflex. Reflux of gastrie eontent into the oesophagus is a well- 
reeognized cause of apnoea and constitutes an acute life-threatening 
event in infants. Reflex responses to the temperature of the faee and 
nasopharynx are neeessary to start pulmonary ventilation. Midwives 
have, for many years, blown on the faees of neonates to induce the first 
breath. 

Sucking and swallowing are a particularly complex set of reflexes, 
partly conscious and partly unconscious. As a eombined reflex, sucking 
and swallowing require the eoordination of several of the 12 eranial 
nerves. The neonate ean, within the first couple of feeds, suck at the rate 
of onee per seeond, swallow after five or six sucks, and breathe during 
every seeond or third suck. Air moves in and out of the lungs via the 
nasopharynx, and milk erosses the pharynx en route to the oesophagus 
without apparent intermption of breathing and swallowing, or signifi- 
eant misdireetion of air into the stomaeh or fluids in the traehea. 

Swallowing movements are first noted at about 11 weeks' gestation; 
in utero fetuses swallow 450 ml of amniotie fluid per day. Sucking and 
swallowing in premature infants (1700 g) is not assoeiated with primary 
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peristaltie waves in the intestine; however, in older babies and full-term 
neonates, at least 90% of swallows will initiate primary peristaltie 
waves. 

Sucking develops, generally, slightly later than swallowing, although 
mouthing movements have been deteeted in premature babies as early 
as 18-24weeks' gestation, and infants delivered at 29-30 weeks' gesta- 
tion make sucking movements a few days after birth. Coordinated 
aetivities are not noted before 33-34weeks. The eoneept of non- 
nutritive and nutritive sucking has been introduced to account for the 
different rates of sucking seen in the neonate. Non-nutritive sucking, 
when rhythmie negative intraoral pressures are initiated that do not 
result in the delivery of milk, ean be spontaneous or stimulated by an 
objeet in the mouth. This type of sucking tends to be twice as fast as 
nutritive sucking; the sucking frequency for non-nutritive sucking is 
1.7sucks/second in 37-38-week premature babies, 2sucks/second in 
term neonates, and 2.7sucks/second at 7-9months postnatally. Cor- 
responding times for nutritive sucking are about 1 suck/second in term 
neonates, inereasing to 1.5 sucks/second by 7months postnatally. 

The taste of the flmd, as well as mitrient eontent, affeets the effieieney 
of nutritive sucking in the early neonatal period. There is more sucking 
with milk than with 5% dextrose; however, sucking aetivities inerease 
with solutions that are determined to be sweet by adult appraisal. 

In fhll-term neonates, the plaeing of a spoon or food on to the 
anterior part of the tongue elieits an extrusion reflex: the lips are pursed 
and the tongue pushes vigorously against the objeet. By 4-6months, 
the reflex ehanges and food deposited on the anterior part of the tongue 
is moved to the baek of the tongue, into the pharynx, and swallowed 
(see Ch. 34 for a deseription of swallowing in the adult). Rhythmie 
biting movements occur by 7-9 months postnatally, even in the absenee 
of teeth. 

Difficulties in sucking and swallowing in infaney may be an early 
indieation of disturbed nervous system fimetion. There is an interesting 
eorrelation between feeding styles of neonates and later eating habits. 
Children who were obese at 1 and 2 years of age, as measured by trieeps 
skin-fold thiekness, had a feeding pattern in the first month of life that 
was eharaeterized by sucking more rapidly, producing higher pressures 
during prolonged bursts of sucking, and having shorter periods between 
bursts of sucking. Fewer feeds and higher sucking pressure seem to be 
assoeiated with greater adiposity. Infants who are unable to feed orally 
in the first few weeks of life as a result of a eongenital anomaly such as 
oesophageal atresia may develop food aversion. 

Postnatal brain maturation 

Anatomieal studies of neonatal and postnatal brains to evaluate matur- 
ational progression are now possible using diffiision tensor magnetie 
resonanee imaging (DTMRI). A mimber of studies have assessed the 
growth status of white matter traets from gestational ages to early ehild- 
hood (Huang et al 2006, Huang et al 2009, Lodygensky et al 2010, 
Huang and Vasung 2014) (see 7 ig. 17.34). Those babies born premature 
and with very low birth weight have been shown to have ehanged eorti- 
eal thiekness, which is still present in late teenage years (Bjuland et al 
2013), and white matter injury, including periventricular leukomalacia 
(Ment and Sould 2012, Molnar and Rutherford 2013). It is not elear 
whether such ehanges are a consequence of preterm delivery, of perina- 
tal brain injury or of fetal inflammatory response syndrome. 


MENINGES 


The meningeal layers originate from paraxial mesenehyme in the tmnk 
and caudal regions of the head and from neural erest in regions rostral 
to the meseneephalon (the preehordal plate has also been suggested as 
making a contribution). Those skull bones that are formed from neural 
erest, i.e. the base of the skull rostral to the sella turcica, and the frontal, 
parietal and squamous temporal bones, overlie meninges that are also 
formed from erest eells. 

The meninges may be divided in development into the pachymeninx 
(dura mater) and leptomeninges (araehnoid mater, subarachnoid spaee 
with araehnoid eells and fibres, and pia mater). All meningeal layers 
are derived from loose mesenehyme that surrounds the developing 
neural tube, termed meninx primitiva, or primary meninx. (For a 
detailed account of the development of the meninges in the human, 
consult O'Rahilly and Mfiller (1986).) 

The first indieation of pia mater, eontaining a plexus of blood vessels 
that forms on the neural surface, is seen at stage 11 (24days), around 
the caudalmost part of the medulla; this extends to the meseneephalie 
level by stage 12. The pial basement membrane is formed from interae- 
tion between the neural erest and the end feet of the radial glial eells. 
Removal of the meninges halts tangential migration of eells within the 


marginal zone (Siegenthaler and Pleasure 2011). Should the meningeal 
layer be ineomplete, neural tissue may herniate in a eobblestone 
manner, as is seen in type II lisseneephaly (Sun and Hevner 2014). 
Mesenehymal eells projeeting from the rostral end of the notoehord, 
and those in the region of the preehordal plate, extend rostrally into 
the meseneephalie flexure and form the earliest eells of the tentormm 
eerebelli; at the beginning of its development, the medial part of the 
tentorium is predominantly leptomeningeal. By stage 17 (41 days), dura 
mater ean be seen in the basal areas where the future chondrocranium 
is also developing. The precursors of the venous sinuses lie within the 
pachymeninx at stage 19 (48days), and by stage 20, eell populations in 
the region of the future falx eerebri are proliferating, although the dorsal 
regions of the brain are not yet eovered with putative meninges. 

By stage 23 (57 days), the dura is almost eomplete over the rhomben- 
eephalon and meseneephalon but is only present laterally around the 
proseneephalon. Subarachnoid spaees and most of the eisternae are 
present from this time, after the araehnoid mater beeomes separated 
from the primitive dura mater by the accumulation of eerebrospinal 
fluid (which now has a net movement out of the ventriailar system). 
The medial part of the tentorium is beeoming thinner. A dural eompo- 
nent of the tentorimn is seen from stage 19. The earlier medial portion 
disappears, leaving an ineomplete partition that separates a subarach- 
noid area eontaining the teleneephalon and dieneephalon from one 
eontaining the cerebellum and rhombeneephalon. 

There is a very elose relationship, during development, between the 
mesenehyme from which the eranial dura mater is formed and that 
which is either ehondrified and ossified, or ossified direetly, to form the 
skull. These layers are only elearly differentiated as the venous sinuses 
develop. The relationship between the developing skull and the under- 
lying dura mater continues during postnatal life while the bones of the 
ealvaria are still growing. 

The growth of the eranial vault is initiated from ossifieation eentres 
within the desmoeranial mesenehyme. A wave of osteodifferentiation 
moves radially outwards from these eentres, stopping when adjaeent 
bones meet at regions where sutures are induced to form. Onee sutures 
are formed, a seeond phase of development occurs, in which growth of 
the eranial bones takes plaee at the sutural margins. This growth forms 
most of the skull (Ch. 36). A mimber of hypotheses have been gener- 
ated to explain the proeess of sutural morphogenesis. It has been sug- 
gested that the dura mater eontains fibre traets that extend from fixed 
positions in the eranial base to sites of dural refleetion underlying eaeh 
of the eranial sutures, and that the tensional forees so generated dietate 
the position of the sutures and loeally inhibit precocious ossifieation. 
Other hypotheses support the eoneept of loeal faetors in the ealvaria 
that regulate suture morphogenesis. Following removal of the entire 
ealvaria, the skull regenerates and sutures and bones develop in ana- 
tomieally eorreet positions, suggesting that the dura ean dietate suture 
position, at least in regeneration of the neonatal ealvaria. In transplants 
of sutures in which the fetal dura mater was left intaet, a continuous 
fibrous suture remained between developing vault bones, whereas bony 
ffision oeoirred in transplants in which the fetal dura mater was 
removed (Opperman et al 1993). 

The presenee of fetal dura is not required for initial suture mor- 
phogenesis, which appears to be eontrolled by mesenehymal eell pro- 
liferation and fibrous extracellular matrix synthesis induced by the 
overlapping of the advaneing osteo-inductive fronts of the ealvarial 
bones. It is thought that, following overlap of the bone fronts, a signal 
is transferred to the underlying dura, which induces ehanges in loeal- 
ized regions beneath the sutures. Onee a suture has formed, it serves 
as a primary site for eranial bone growth; eonstant interaetion with 
the dura is required to avoid ossiferous obliteration. 


VASCULAR SUPPLY 
ARTERIES 


Cranial arteries 


The eranial extensions of the dorsal aortae that supply the head reeeive 
blood entirely through the third aortie arehes. The internal earotid 
artery is formed progressively from the third areh artery (which eontrib- 
utes its proximal part) (see 4g 36.9) and a fiirther forward continuation 
that differentiates, at the time of regression of the first and seeond aortie 
arehes, from the eapillary plexus extending to the walls of the forebrain 
and midbrain. At its anterior extremity, this primitive internal earotid 
artery divides into eranial and caudal divisions. The former terminates 
as the primitive olfaetory artery and supplies the developing regions 
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implied (see 7 ig. 36.8). The latter sweeps caudally to reaeh the ventral 
aspeet of the midbrain; its terminal branehes are the primitive mesen- 
eephalie arteries. Simnltaneonsly, bilateral longitudinal ehannels dif- 
ferentiate along the ventral surface of the hindbrain from a plexus fed 
by intersegmental and transitory presegmental branehes of the dorsal 
aorta and its forward continuation. The most important of the preseg- 
mental branehes is elosely related to the fifth nerve, the primitive 
trigeminal artery. Otie and hypoglossal presegmental arteries occur and 
may persist. The longitudinal ehannels later eonneet eranially with the 
caudal divisions of the internal earotid arteries (eaeh of which gives rise 
to an anterior ehoroidal artery supplying branehes to the dieneephalon, 
including the telae ehoroideae and midbrain), and caudally with the 
vertebral arteries through the first eervieal intersegmental arteries. 
Fusion of the longitudinal ehannels results in the formation of the 
basilar artery, while the caudal division of the internal earotid artery 
beeomes the posterior communicating artery and the stem of the pos- 
terior eerebral artery. The remainder of the posterior eerebral artery 
develops eomparatively late, probably from the stem of the posterior 
ehoroidal artery, which is annexed by the caudally expanding eerebral 
hemisphere, its distal portion beeoming a ehoroidal braneh of the 
posterior eerebral artery. The posterior ehoroidal artery supplies the tela 
ehoroidea at the future temporal end of the ehoroidal fissure; its rami 
advanee through the tela to beeome confluent with branehes of the 
anterior ehoroidal artery. The eranial division of the internal earotid 
artery gives rise to anterior ehoroidal, middle eerebral and anterior 
eerebral arteries. The stem of the primitive olfaetory artery remains as 
a small medial striate braneh of the anterior eerebral artery. The eerebel- 
lar arteries, of which the superior is the first to differentiate, emerge 
from the eapillary plexus on the wall of the rhombeneephalon. 

The source of the blood supply to the territory of the trigeminal 
nerve varies at different stages in development. When the first and 
seeond aortie areh arteries begin to regress, the supply to the eorre- 
sponding arehes is derived from a transient ventral pharyngeal artery, 
which grows from the aortie sae. It terminates by dividing into man- 
dibular and maxillary branehes. 

Leptomeningeal arteries 

At stage 20-23 (7-8weeks), fhrther expansion of the eerebral hemi- 
spheres produces the eompletion of the eirele of Willis; the anterior 
communicating arteries develop by 8weeks' gestation. An anular 
network of leptomeningeal arteries, originating mainly from eaeh 
middle eerebral artery, passes over eaeh developing eerebral hemi- 
sphere. Caudally, similar meningeal branehes arise from the vertebral 
and basilar arteries and embraee the cerebellum and brainstem. The 
fhrther development of the teleneephalon somewhat obscures this early 
pattern over the eerebmm. 

The meningeal arteries so formed have been elassified into three 
groups: namely, paramedian, short circumferential and long circumfer- 
ential arteries. They ean be deseribed both supratentorially and infraten- 
torially, and all give off fine side branehes and end as penetrating 
arteries. Of the supratentorial vessels, the paramedian arteries have a 
short course prior to penetrating the eerebral neuropil (e.g. branehes of 
the anterior eerebral artery); the short circumferential arteries have a 
slightly longer course before beeoming penetrating arteries (e.g. the 
striate artery); and the long circumferential arteries reaeh the dorsal 
surface of the hemispheres. Infratentorial meningeal arteries are very 
variable. The paramedian arteries, after arising from the basilar or ver- 
tebral arteries, penetrate the brainstem direetly. The short circumferen- 
tial arteries end at the lateral surface of the brain before penetration 
and the long circumferential arteries later form the range of eerebellar 
arteries. These vessels, arranged as a series of loops over the brain, 
arise from the eirele of Willis and brainstem vessels on the base of 
the brain. 

At 16weeks' gestation, the anterior, middle and posterior eerebral 
arteries that contribute to the formation of the eirele of Willis are well 
established. The leptomeningeal arteries arising from them display a 
simple pattern with little tortuosity and very few branehes. With the 
inereasing age of the fetus and acquisition of the gyral pattern on the 
surface of the brain, their tortuosity, diameter and number of branehes 
all inerease. The branehing pattern is eompleted by 28weeks' gestation 
and the number of branehes does not inerease fhrther. Numerous anas- 
tomoses (varying in size from 200 to 760 pm) occur between the 
meningeal arteries in the depths of the developing sulci, nearly always 
in the eortieal boundary zones of the three main eerebral arteries sup- 
plying eaeh hemisphere. The number, diameter and loeation of these 
anastomoses ehange as fetal growth progresses, refleeting the regression 
and simplifieation of the complex embryonie eerebral vascular system. 
The boundary zones between the eerebral arteries may be the sites of 
inadequate perfusion in the premature infant. 


1 /ascularization of the brain 

The brain beeomes vasailarized by angiogenesis (angiotrophie vascu- 
logenesis) rather than by direet invasion by angioblasts. Blood vessels 
form by sprouting from vessels in the pial plexus that surrounds the 
neural tube from an early stage. These sprouts form branehes that elon- 
gate at the junction between the ventriailar and marginal zones; the 
branehes projeet laterally within the inter-rhombomerie boundaries 
and longitudinally adjaeent to the median floorplate. Subsequently, 
additional sprouts penetrate the inter-rhombomerie regions on the 
walls and floor of the hindbrain. Branehes from the latter elongate 
towards and join the branehes in the inter-rhombomerie junctions, 
forming primary vasoilar ehannels between rhombomeres and longi- 
tudinally on eaeh side of the median floorplate. Later additional sprouts 
invade the hindbrain within the rhombomeres, anastomosing in all 
direetions. 

The leptomeningeal perforating branehes pass into the brain paren- 
ehyma as eortieal, medullary and striate branehes (Fig. 17.35). The 
eortieal vessels supply the cortex via short branehes, which may form 
preeapillary anastomoses, whereas the medullary branehes supply the 
white matter. The latter eonverge towards the ventriele but rarely reaeh 
it; they often follow a tortuous course as they pass around bundles of 
nerves. The striate branehes, which penetrate into the brain through the 
anterior perforated substance, supply the basal nuclei and internal 
capsule via a sinuous course; they are larger than the medullary branehes 
and the longest of them reaeh elose to the ventriele. The periventricular 
region and basal nuclei are also supplied by branehes from the tela 
ehoroidea, which develops from the early pial plexus but beeomes 
medially and deeply plaeed as the teleneephalon enlarges. 

The eortieal and medullary branehes irrigate a series of corticosub- 
eortieal eone-shaped areas, eaeh eentred around a sulcus eontaining an 
artery. They supply a peripheral portion of the eerebmm and are 
grouped as ventrioilopetal arteries. In eontrast, striate branehes arborize 
elose to the ventriele and supply a more eentral portion of the eerebmm; 
together with branehes from the tela ehoroidea, they give rise to ven- 
trioilofiigal arteries, which supply the ventricular zone (germinal matrix 
of the brain) and send branehes towards the cortex. The ventriculopetal 
and ventriculofugal arteries mn towards eaeh other but they do not 
make any eonneetions or anastomoses; the ventrioilopetal arteries form 
networks of small arterioles (see Fig. 17.35). The ventrioilopetal vessels 
supply relatively more mature regions of the brain eompared to the 
ventriculofugal vessels, which are subject to eonstant remodelling and 
do not develop tunicae mediae until ventricular zone proliferation is 
eompleted. The boundary zone between these two systems (an outer 
eentripetal and inner eentrifiigal) has praetieal implieations related to 
the loeation of isehaemie lesions (periventricular leukomalacia, PVL) in 
the white matter of premature infant brains. Although it was believed 
that the distribution of isehaemie lesions in PVL eoineided with the 
demareation zone between the eentrifiigal and eentripetal vasoilar arte- 
rial systems, this is now not thought to provide the eomplete answer. 

A number of major interaeting faetors contribute to the pathology seen 
in PVL: the ineomplete state of development of the vasculature in the 
ventrioilar zone, the maturation-dependent impairment of eerebral 
blood flow regulation in premature infants, the vulnerability of oligo- 
dendroblasts in the periventrioilar region (which are partioilarly 
affeeted by swings in eerebral isehaemia and reperffision) and prenatal 
systemie infeetion and inflammation (Volpe 2001, Volpe et al 2011). 

The same pattern of eentripetal and eentrifiigal arteries develops 
around the fourth ventriele. The ventrioilofiigal circulation is more 
extensive in the cerebellum than in the teleneephalon. The arteries arise 
from the various eerebellar arteries and course, with the eerebellar 
peduncles, direetly to the eentre of the cerebellum, bypassing the cortex. 

The ventriculopetal arteries are derived from the meningeal vessels over 
the eerebellar surface, and most terminate in the white matter. 

At 24weeks' gestation, the blood supply to the basal nuclei and 
internal capsule is relatively well developed, via a prominent Heubner s 
artery (arteria reoirrens anterior), a braneh of the anterior eerebral 
artery. In eontrast, the cortex and the white matter regions are rather 
poorly vascularized at this stage. The distribution of arteries and veins 
on the lateral aspeet of the eerebral hemispheres is affeeted by the for- 
mation of the lateral fissure and development of eerebral sulci and gyri. 

Between 12 and 20weeks' gestation, the middle eerebral artery and its 
branehes are relatively straight, branehing in an open-fan pattern. At 
the end of 20weeks, the arteries beeome more oirved as the opercula 
begin to appear and submerge the insular cortex. The area supplied by 
the middle eerebral artery beeomes dominant when eompared to the 
territories supplied by the anterior and posterior eerebral arteries. Early 
arterial anastomoses appear around 16weeks' gestation and inerease in 
size with advaneing age. The sites of anastomoses between the middle 
and anterior eerebral arteries move from the convexity of the brain 267 
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Fig. 17.35 Development of eerebral blood 
vessels. A, The brain is surrounded by a 
system of leptomeningeal arteries from afferent 
trnnks at its base. intraeerebral arteries 
arise from this system and eonverge 
(ventriculopetally) tovvards the ventriele (the 
inner eirele in this diagram). B, A few deep, 
penetrating vessels supply the brain elose to 
the ventriele and send ventriculofugal arteries 
towards the ventriculopetal vessels without 
making anastomoses. C, The arrangement of 
ventriculopetal and ventriculofugal vessels 
around a eerebral hemisphere. D, The similar 
arrangement of vessels around the cerebellum. 

E, Changes in the arterial pattern of the human 
eerebmm between 24 and 34weeks’ gestation. 

F, Arterial supply to the basal nuclei at 
30weeks’ gestation. (A-D, With permission 
from Van den Bergh R, Van der Eeeken H 
1968 Anatomy and embryology of eerebral 
circulation. Prog Brain Res 30: 1-25; E-F, With 
permission from the BMJ Publishing Group 
from Hambleton G, Wigglesworth J S 1976 
Origin of intraventricular haemorrhage in the 
preterm infant. Areh Dis Ohild 51: 651-659.) 
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towards the superior sagittal sinus. Anastomotie eonneetions between 
the middle and posterior eerebral arteries shift towards the basal aspeet 
of the brain. 

By 32-34 weeks, marked involution of the ventricular zone (germi- 
nal matrix) has occurred and the cortex acquires its complex gyral 
pattern and an inereased vascular supply. Ventricular zone eapillaries 
are gradually remodelled to blend with the eapillaries of the caudate 
nucleus. Heubners artery eventually supplies only a small area at the 
medial aspeet of the head of the caudate nucleus. In the cortex, there 
is progressive elaboration of eortieal blood vessels (see Fig. 17.35), and 
towards the end of the third trimester, the balanee of eerebral circula- 
tion shifts from one that is eentral and basal nuclei-orientated, to one 
that predominantly serves the cortex and white matter. These ehanges 
in the pattern of eerebral circulation are of major signifieanee in the 
pathogenesis and distribution of hypoxic/ischaemic lesions in the 
developing human brain. In a premature brain, the majority of isehae- 
mie lesions occur in the boundary zone between the eentripetal and 
eentrifiigal arteries, i.e. in the periventricular white matter, whereas, in 
a full-term infant, the eortieal boundary zones and watershed areas 
between different arterial blood supplies are similar to those in adults, 
and so, presumably, are the risks of isehaemie lesion. 

Vessels of the ventricular zone (germinal matrix) 

The germinal matrix (ventricular zone) is the end zone or border zone 
between the eerebral arteries and the eolleetion zone of the deep eere- 
bral veins. The germinal matrix is probably particularly prone to 


isehaemie injury in the immature infant because of its unusual vascular 
architecture. The subependymal veins (septal, ehoroidal, thalamostriate 
and posterior terminal) flow towards the interventricular foramen. 
There is a sudden ehange of flow at the level of the foramen, and the 
veins recurve at an acute angle to form the paired internal eerebral veins. 
The eapillary ehannels in the germinal matrix open at right angles 
direetly into the veins, and it has been postulated that these small 
vessels may be points of vascular rupture and the site of subependymal 
haemorrhage. 

The eapillary bed in the ventricular zone is supplied mainly by 
Heubner's artery and terminal branehes of the lateral striate arteries 
from the middle eerebral artery. The highly cellular structure of the 
ventricular zone is a temporary feature, and the vascular supply to this 
area displays some primitive features; it has the eapaeity to remodel 
when the ventricular zone eells migrate and the remaining eells dif- 
ferentiate as ependyma towards the end of gestation. 

Vessel density is relatively low in the ventricular zone, suggesting that 
this area may normally have a relatively low blood flow. Immature 
vessels, without a complex basal lamina or glial sheet, have been 
deseribed at up to 26weeks' gestation in the zone; the endothelium of 
these vessels is apparently thinner than in the eortieal vessels. In infants 
of less than 30weeks' gestation, the vessels in the ventricular zone 
eontain no smooth muscle, eollagen or elastie fibres. Oollagen and 
smooth muscle are seen in other regions after 30weeks but are not 
deteeted in the remains of the germinal matrix. The laek of these eom- 
ponents could make the vessels in this zone vulnerable to ehanges in 
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intraluminal pressure, and the laek of smooth muscle would preclude 
them from partieipating in autoregulatory proeesses. Cerebral vessels in 
premature infants laek elastie fibres and have a disproportionately small 
number of reticulin fibres. Comparison of the eortieal and ventricular 
zone blood vessels shows that, in infants of between 25 and 32 
weeks' gestation, the walls of vessels in the germinal matrix eonsist eom- 
monly of 1-2 endothelial eells with an oeeasional perieyte, and the 
eapillary lumina are larger than those of the vessels in the cortex. In 
more mature infants, the basal lamina surrounding germinal matrix 
vessels is thieker and more irregular when eompared to eortieal vessels 
and it is defieient in fibroneetin. The periventricular germinal matrix is 
the site of origin of intraventricular haemorrhage in the premature 
neonate. Rieh vascularity and immaturity of the vessels within the 
matrix predispose to haemorrhage. Immaturity of the germinal matrix 
vasculature is indieated by circular eross-seetional shape of the vessels 
eompared with a flattened shape in the eerebral cortex (Ballabh 2010). 

Glial fibrillary aeidie protein-positive eells have been deteeted 
around blood vessels in the germinal matrix from 23 weeks'gestation. 
Glial eells may contribute to ehanges in the nature of endothelial inter- 
cellular junctions in brain eapillaries. 

Blood-brain barrier 

Barriers between the blood supply and neural tissue, neurovascular 
units, fimetion during development. Astroeytes are not required to 
induce the blood-brain barrier. Perieytes are required for endothelial- 
astroeyte barrier formation during development, and dismption of 
perieyte-endothelial eell interaetion may lead to barrier dysfimetion. 
The ventriailar zone operates a brain-eerebrospinal fluid barrier during 
development but not onee the ventricular zone has eeased as a dividing 
layer and the eells have differentiated to form ependyma. The ehoroid 
plexuses, sites of a blood-eerebrospinal fluid barrier, fimetion during 
development, eontrolling paracellular transport to the eerebrospinal 
fluid (Neuwelt et al 2011). 

VEINS 

Oerebral veins 


From 16weeks onwards, eerebral veins ean be identified. The superior, 
middle, inferior, anterior and posterior eerebral veins appear more tor- 
tuous than meningeal arteries. Veins draining the cortex, white matter 
and deeper stmctures are reeognized in the mid trimester. Subcortical 
veins drain the deep white matter, deep eortieal and subcortical super- 
fieial tissue; they terminate together with eortieal veins, which drain the 
cortex, in the meningeal veins. The deep white matter and eentral nuclei 
are drained by longer veins that meet and join subependymal veins 
from the ventricular zone. Anastomoses between various groups of 
eortieal veins ean be reeognized by 16weeks' gestation. The inferior 
anastomotie vein (of Labbé), an anastomosis between the middle eere- 
bral and inferior eerebral veins, beeomes reeognizable at 20weeks, but 
the superior anastomotie vein (of Trolard), eonneeting the superior and 
middle eerebral veins, does not appear before the end of 30weeks. 

Rapid eortieal development is eorrelated with the regression of the 
middle eerebral vein and its tributaries, and development of aseending 
and deseending eortieal veins and intraparenehymal (medullary) arter- 
ies and veins. 

Cerebral venous drainage in a fiill-term baby is essentially eomposed 
of two prineipal venous arrays, the superficial veins and the deep 
Galenie venous system; anastomoses between these two systems persist 
into adult life. 

Veins of the head 


The earliest vessels form a transitory primordial hindbrain ehannel, 
which drains into the preeardinal vein. This is soon replaeed by the 
primary head vein, which mns caudally from the medial side of the 
trigeminal ganglion, lateral to the faeial and vestibulocochlear nerves 
and otoeyst, and then medial to the vagus nerve, to beeome continuous 
with the preeardinal vein. An anastomosis to other, more lateral, venous 
ehannels developing over the hindbrain ultimately brings the primary 
head vein lateral to the vagus nerve. The eranial part of the preeardinal 
vein forms the internal jugular vein. 

The primary eapillary plexus of the head is separated into three fairly 
distinet strata by the differentiation of the skull and meninges. The 
superficial vessels drain the skin and underlying soft parts, and eventu- 
ally diseharge in large part into the external jugular system, although 
they retain some eonneetions with the deeper veins through so-ealled 
emissary veins. The next layer of vessels is the venous plexus of the dura 
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Fig. 17.36 Successive stages in the development of the veins of the 
head and neek. A, At approximately 8 mm crown-rump length. B, At 
approximately 24 mm crown-rump length. 


mater, from which the dural venous sinuses differentiate; vessels from 
the plexus eonverge on eaeh side into anterior, middle and posterior 
dural stems (Fig. 17.36). The anterior stem drains the proseneephalon 
and meseneephalon, and enters the primary head vein rostral to the 
trigeminal ganglion. The middle stem drains the meteneephalon and 
empties into the primary head vein caudal to the trigeminal ganglion. 
The posterior stem drains the myeleneephalon into the start of the 
preeardinal vein. The deepest eapillary stratum is the pial plexus, from 
which the veins of the brain differentiate. It drains at the dorsolateral 
aspeet of the neural tube into the adjaeent dural venous plexus. The 
primary head vein also reeeives, at its eranial end, the primitive maxil- 
lary vein, which drains the maxillary prominenee and region of the 
optie vesiele. 

The vessels of the dural plexus undergo profound ehanges, largely 
aeeommodating the growth of the cartilaginous otie capsule of 
the membranous labyrinth and the expansion of the eerebral hemi- 
spheres. As the otie capsule grows, the primary head vein is gradually 
reduced and a new ehannel, joining anterior, middle and posterior 
dural stems, appears dorsal to the eranial nerve ganglia and the capsule. 
The adult sigmoid sinus is formed where this ehannel joins the middle 
and posterior stems, together with the posterior dural stem itself (see 
Fig. 17.36B). 
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A curtain of eapillary veins, the sagittal plexus, forms between the 
growing eerebral hemispheres and along the dorsal margins of the 
anterior and middle plexuses, in the position of the future falx eerebri. 
Rostrodorsally, this plexus forms the superior sagittal sinus. It is eon- 
tinuous behind with the anastomosis between the anterior and middle 
dural stems, which forms most of the transverse sinus. Ventrally, the 
sagittal plexus differentiates into the inferior sagittal and straight sinuses 
and the great eerebral vein; it eommonly drains into the left transverse 
sinus. 

The vessels along the ventrolateral edge of the developing eerebral 
hemisphere form the transitory tentorial simis, which drains the convex 
surface of the eerebral hemisphere and basal ganglia, and the ventral 
aspeet of the dieneephalon, into the transverse sinus. With expansions 
of the eerebral hemispheres and, in particular, the emergenee of the 
temporal lobe, the tentorial sinus beeomes elongated and attemiated, 
eventually disappearing; its territory is drained by enlarging anastomo- 
ses of pial vessels that beeome the basal veins, radieles of the great 
eerebral vein. 

The anterior dural stem disappears and the caudal part of the primary 
head vein dwindles; it is represented in the adult by the inferior petrosal 


sinus. The eranial part of the primary head vein, medial to the trigemi- 
nal ganglion, persists and still reeeives the stem of the primitive maxil- 
lary vein. The latter has now lost most of its tributaries to the anterior 
faeial vein, and its stem beeomes the main tmnk of the primitive 
supraorbital vein, which will form the superior ophthalmie vein of the 
adult. The main venous drainage of the orbit and its eontents is now 
earried via the augmented middle dural stem, the pro-otie sinus, into 
the transverse sinus and, at a later stage, into the cavernous sinus. The 
cavernous sinus is formed from a seeondary plexus derived from the 
primary head vein and lying between the otie and basioeeipital earti- 
lages. The plexus forms the inferior petrosal sinus, which drains through 
the primordial hindbrain ehannel into the internal jugular vein. The 
superior petrosal sinus arises later from a ventral meteneephalie tribu- 
tary of the pro-otie sinus and it communicates seeondarily with the 
cavernous sinus. The pro-otie sinus, meanwhile, has developed a new 
and more caudally situated stem, the petrosquamosal sinus, which 
drains into the sigmoid sinus. With progressive ossifieation of the skull, 
the pro-otie sinus beeomes diploie in position. 

The development of the venous drainage and portal system of the 
hypophysis eerebri is elosely assoeiated with that of the venous sinuses. 
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The eerebral ventricular system eonsists of a series of intereonneeting 
spaees and ehannels within the brain (Figs 18.1 and 18.2), which are 
derived from the eentral lumen of the embryonie neural tube and the 
eerebral vesieles to which it gives rise (Ch. 17). Eaeh eerebral hemi- 
sphere eontains a large lateral ventriele that communicates near its 
rostral end with the third ventriele via the interventricular foramen 
(foramen of Monro). The third ventriele is a midline, slit-like eavity 
lying between the right and left thalamus and hypothalamus. Caudally, 
the third ventriele is continuous with the eerebral aqueduct, a narrow 
tube that passes the length of the midbrain, and which is continuous 
in turn with the fourth ventriele, a wide eavity lying between the brain- 
stem and cerebellum. The fourth ventriele eomimmieates with the 
subarachnoid spaee of the eisterna magna through the foramen of 
Magendie, and with the eerebellopontine angles through the foramina 
of Luschka; caudally it is continuous with the vestigial eentral eanal of 
the spinal eord. 

The ventricular system eontains eerebrospinal fluid (CSF), which is 
mostly seereted by the ehoroid plexuses loeated within the lateral, third 
and fourth ventrieles. 



LATERAL VENTRICLE 



Viewed from its lateral aspeet, the lateral ventriele has a roughly 
C-shaped proíìle (see Figs 18.1-18.2; Fig. 18.3). The shape is a eonse- 
quence of the developmental expansion of the frontal, parietal and 
oeeipital regions of the hemisphere, which displaees the temporal lobe 
inferiorly and anteriorly. Both the caudate nucleus and the fornix, 
which lie in the wall of the ventriele, have adopted a similar morph- 
ology, so that the tail of the caudate nucleus eneireles the thalamus in 
a C shape, and the fornix traees the outline of the ventriele forwards to 
the interventricular foramen. 


The lateral ventriele is customarily divided into a body and anterior 
(frontal), posterior (oeeipital) and inferior (temporal) horns (Rhoton 

2002 ). 

The anterior horn lies within the frontal lobe. The posterior aspeet 
of the gemi and the rostmm of the corpus callosum bound it anteriorly, 
and its roof is formed by the anterior part of the body of the corpus 
callosum. The anterior horns of the two ventrieles are separated by the 
septum pellucidum. The eoronal proíìle of the anterior horn is roughly 
that of a flattened triangle in which the rounded head of the caudate 
nucleus forms the lateral wall and floor (Figs 18.4-18.5). The anterior 
horn extends baek as far as the interventriailar foramen. 

Cavum septum pellucidum (CSP) deseribes a septum pellucidum 
that has a separation between its two leaflets (septal laminae). The 
eavity eontains eerebrospinal fluid that filters from the ventrieles 
through the septal laminae. The most eommon type of eavrnn septum 
pellucidum is non-communicating, i.e. it is not eonneeted to the ven- 
triailar system. Cavum septum pellucidum is present in 100% of fetuses 
below 36 weeks' gestation. Its prevalenee at 36, 38 and 40 weeks is 69%, 
54% and 36% respeetively, deereasing to 10% in ehildren under 1 year, 
5-6% at 2-5 years, 2.7% at 6-9 years and 2.3% at 10-14 years ( ; arrug- 
gia 1981, Mott et al 1992, Nakano et al 1981). 

The body of the lateral ventriele lies within the frontal and parietal 
lobes, and extends from the interventricular foramen to the splenium 
of the corpus callosum. The bodies of the lateral ventrieles are separated 
by the septum pellucidum, which eontains the columns of the forniees 
in its lower edge. The lateral wall of the body of the ventriele is formed 
by the caudate nucleus superiorly and the thalamus inferiorly. The 
boundary between the thalaimis and caudate nucleus is marked by a 
groove that is oeaipied by a faseiele of nerve fibres, the stria terminalis, 
and by the superior thalamostriate vein (see Fig. 18.4). The inferior 
limit of the body of the ventriele and its medial wall are formed by the 
body of the fornix (Fig. 18.6). The fornix is separated from the thala- 
mus by the ehoroidal fissure. The ehoroid plexus occludes the ehoroidal 
fissure and eovers part of the thalaimis and fornix (Nagata 1988) (Fig 
18.7). The body of the lateral ventriele widens posteriorly to beeome 
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Fig. 18.1 The ventricular system. A, Anterior view. B, Left lateral view. 
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Ventricular system and subarachnoid spaee 



Fig. 18.2 The ventricular system. Three-dimensional computer-reformatted volumetric T2-weighted magnetie resonanee images display the ventrieles in 
lateral (A, D), superior (B, E) and anterior (C, F) views. A-C, Orientation of the ventricular system within the head, seen through the partially transparent 
skin surface. D-F, Magnified display of the isolated ventrieles in the same orientation. See also Videos 18.1 and 18.2, and 28.1-28.3 for an interaetive 
rotation. (With permission from Rios JC, Galper MW, Naidieh TP, Ventrieles and intraeranial subarachnoid spaees. In: Naidieh TP, Oastillo M, Cha S, 
Smirniotopoulos JG (eds), Imaging of the Brain. 2013, Saunders, Elsevier.) 
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continuous with the posterior and inferior horns at the eollateral 
trigone or atrium. 

The posterior horn curves posteromedially into the oeeipital lobe. It 
is usually diamond-shaped or square in outline, and the two sides are 
often asymmetrieal. Fibres of the tapetum of the corpus callosum sepa- 
rate the ventriele from the optie radiation, and form the roof and lateral 
wall of the posterior horn. Fibres of the splenium of the corpus eallo- 
sum (foreeps major) pass medially as they sweep baek into the oeeipital 
lobe, and produce a rounded elevation in the upper medial wall of 
the posterior horn. Lower down, a seeond elevation, the ealear avis, 
eorresponds to the deeply infolded cortex of the anterior part of the 
ealearine sulcus. 

The inferior horn is the largest eompartment of the lateral ventriele 
and extends forwards into the temporal lobe. It curves round the pos- 
terior aspeet of the thalamus (pulvinar), passes downwards and poste- 
rolaterally and then curves anteriorly to end within 2.5 em of the 
temporal pole, near the uncus. Its position relative to the surface of 
the hemisphere usually eorresponds to the superior temporal sulcus. 
The roof of the inferior horn is formed mainly by the tapetum of the 
corpus callosum, but also by the tail of the caudate nucleus and the 
stria terminalis, which extend forwards in the roof to terminate in 
the amygdala at the anterior end of the ventriele. The floor of the infe- 
rior horn eonsists of the hippocampus medially and the eollateral 
eminenee, formed by the infolding of the eollateral sulcus, laterally. The 
inferior part of the ehoroid fissure lies between the fimbria (a distinet 
bundle of efferent fibres that leaves the hippocampus) and the stria 
terminalis in the roof of the inferior horn (Fig. 18.8). The temporal 
extension of the ehoroid plexus fills this fissure and eovers the outer 
surface of the hippocampus. 


Anterior (frontal) horn 
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Fig. 18.3 AT1-weighted sagittal MRI, showing the C-shaped profile of 
the lateral ventriele. 


THIRD VENTRICLE 


The third ventriele is a midline, slit-like eavity, which is derived from 
the primitive forebrain vesiele (see Figs 18.1, 18.6, 15.6; Figs 18.9- 
18.10) (Rhoton 2002). The upper part of the lateral wall of the ventriele 
is formed by the medial surface of the anterior two-thirds of the thala- 
mus, and the lower part is formed by the hypothalamus anteriorly and 
the subthalamus posteriorly. An indistinet hypothalamie sulcus extends 
horizontally on the ventricular wall between the interventricular 
foramen and the eerebral aqueduct, and marks the boundary between 
the thalamus and hypothalamus. Dorsally, the lateral wall is limited by 
a ridge eovering the stria medullaris thalami. The lateral walls of the 
third ventriele are eommonly joined by an interthalamie adhesion, or 
massa intermedia, a band of grey matter that extends from one thala- 
mus to the other. An interthalamie adhesion is almost always found in 
humans, more often in women, in whom it is larger by an average of 
53% (Orly 2005). 

Anteriorly, the third ventriele extends to the lamina terminalis (see 
Fig. 18.10). This thin structure stretehes from the optie ehiasma to the 
rostmm of the corpus callosum and represents the rostral boundary of 
the embryonie neural tube. The lamina terminalis forms the roof of a 
small virtual eavity, the eistern of the lamina terminalis, which lies 
immediately below the ventriele and is an extension of the interpedun- 
cular eistern. This is elinieally important because it eontains the anterior 
communicating artery; aneurysm development and mpture at this site 
may cause intraventricular haemorrhage through the thin membrane of 
the lamina terminalis. Above the lamina terminalis, the anterior wall 
of the third ventriele is formed by the diverging columns of the forniees 
and the transversely orientated anterior commissure, which erosses the 
midline. The narrow interventricular foramen is loeated immediately 
posterior to the column of the fornix and separates the fornix from the 
anterior nucleus of the thalamus. 
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Fig. 18.5 A eoronal T2-weighted MRI sean, at the level of the anterior 
horn of the lateral ventriele. 
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Fig. 18.4 A horizontal seetion of the eerebmm 
disseeted to remove the roofs of the lateral 
ventrieles. 
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Topography and relations of the ventricular system 



Fig. 18.6 The lateral and third ventrieles, eoronal seetion. 



Fig. 18.7 An endoseopie view into the right lateral ventriele. The 
thalamostriate vein (white arrow) runs along the lateral wall and eonverges 
with the anterior septal vein (short blaek arrow) before eonverging and 
entering the foramen of Monro as the internal eerebral vein. The superior 
ehoroidal vein (long blaek arrow) is also seen coursing through the 
ehoroid plexus. (With permission from Winn HR, editor. Youmans 
Neurological Surgery. 6th edition. 2011 Philadelphia, W. B. Saunders, 
Elsevier.) 


A small, angular, optie reeess occurs ineonsistently at the base of the 
lamina terminalis, just dorsal to and extending into the optie ehiasma. 
Behind it, the anterior part of the floor of the third ventriele is formed 
mainly by hypothalamie structures. The thin infundibular reeess lies 
immediately behind the optie ehiasma and extends into the pituitary 
stalk. Behind this reeess, the tuber cinereum and the mammillary 
bodies form the floor of the ventriele (see Fig. 18.10; Fig. 18.11). 

The roof of the third ventriele is a thin ependymal layer that extends 
from its lateral walls to the ehoroid plexus, which spans the ehoroidal 
fissure. The body of the fornix lies above the roof (see Fig. 18.6). 

The posterior boundary of the ventriele is marked by a suprapineal 
reeess, the habemilar commissure, a pineal (epiphysial) reeess, which 
extends into the pineal stalk, and by the posterior commissure. Below 
the posterior commissure the ventriele is continuous with the eerebral 
aqueduct of the midbrain (see Fig. 18.10). 

The third ventriele is larger in infants with trisomy 21 eompared with 
eontrols (Sehimmel et al 2006). 



Pia mater 
Ependyma 



CEREBRAL AQUEDUCT 

The eerebral aqueduct is a small tube, roughly circular in transverse 
seetion and 1-2 mm in diameter. The length of the aqueduct in ehil- 
dren, as measured at neeropsy, is shown in Table 18.1. In ehildren, the 
mean eross-seetional area of the aqueduct is 0.5 mm 2 , and the narrow- 
est eross-seetional area eompatible with normal ventricular size is 
0.1 mm 2 (Emery and Stasehak 1972). 

The aqueduct extends throughout the dorsal quarter of the midbrain 
in the midline and is surrounded by the periaqueductal (eentral) grey 
matter (see Figs 18.10, 21.17). Rostrally, it eommenees immediately 
below the posterior commissure, where it is continuous with the caudal 
aspeet of the third ventriele. Caudally, it is continuous with the lumen 
of the fourth ventriele at the junction of the midbrain and pons. The 
superior and inferior colliculi are dorsal to the aqueduct and the mid- 
brain tegmentum is ventral. Primary aqueductal stenosis is a feature of 
von Recklinghausen's disease in ehildren (Spadaro et al 1986); this is 
not the only cause and population studies suggest that genetie faetors 
may play a more important role in hydrocephalus than previously 
aeeepted (Munch et al 2012). 


F0URTH VENTRI0LE 


The fourth ventriele lies between the brainstem and the cerebellum (see 
Figs 18.1, 18.9-18.10, 21.5; Fig. 18.12) (Rhoton 2000). Rostrally, it is 
continuous with the eerebral aqueduct, and caudally with the eentral 
eanal of the spinal eord. In sagittal seetion, the fourth ventriele has a 
eharaeteristie triangular profile, and the apex of its tented roof protmdes 
into the inferior aspeet of the cerebellum. The ventriele is at its widest 
at the level of the pontomedullary junction, where a lateral reeess on 
both sides extends to the lateral border of the brainstem. At this point 
the lateral apertures of the fourth ventriele (foramina of Luschka) open 
into the subarachnoid spaee at the eerebellopontine angle, behind the 
upper roots of the glossopharyngeal nerves. 

The floor of the fourth ventriele is a shallow diamond-shaped, or 
rhomboidal, depression (rhomboid fossa) on the dorsal surfaces of the 
pons and the rostral half of the medulla (see fig. 18.2). It eonsists 
largely of grey matter and eontains important eranial nerve nuclei (V- 
XII). The preeise loeation of some nuclei is diseernible from surface 
features. The superior part of the ventriailar floor is triangular in shape 
and is limited laterally by the superior eerebellar peduncles as they 
eonverge towards the eerebral aqueduct. The inferior part of the ven- 
triailar floor is also triangular in shape and is bounded caudally by the 
graeile and cuneate tubercles, which eontain the dorsal column nuclei, 
and, more rostrally, by the diverging inferior eerebellar peduncles. A 
longitudinal median sulcus divides the floor of the fourth ventriele. 
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Fig. 18.9 A sagittal T2-weighted MRI sean of the 
head. 
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Fig. 18.10 The third and fourth ventrieles, sagittal hemiseetion of the brain. 


Eaeh half is itself divided, by an often indistinet sulcus limitans, into a 
medial region known as the medial eminenee and a lateral region 
known as the vestibular area. The vestibular nuclei lie beneath the 
vestibular area. In the superior part, the medial eminenee is represented 
by the faeial colliculus, a small elevation produced by an underlying 
loop of efferent fibres from the faeial nucleus, which eovers the abdu- 
eens nucleus. Between the faeial colliculus and the vestibular area the 
sulcus limitans widens into a small depression, the superior fovea. In 
its upper part, the sulcus limitans constitutes the lateral limit of the 
floor of the fourth ventriele. Here, a small region of bluish-grey pigmen- 
tation denotes the presenee of the subjacent locus coeruleus. Caudal to 
the faeial colliculus, at the level of the lateral reeess of the ventriele, a 
variable group of nerve fibre faseieles, known as the striae medullarís, 
mns transversely aeross the ventricular floor and passes into the median 
sulcus. In the inferior part, the medial eminenee is represented by the 
hypoglossal triangle (trigone), which lies over the hypoglossal nucleus. 
Laterally, the sulcus limitans widens to produce an indistinet inferior 
fovea. Caudal to the inferior fovea, between the hypoglossal triangle 


and the vestibular area, is the vagal triangle (trigone), which eovers the 
dorsal motor nucleus of the vagus. A narrow translucent ridge, the 
funiculus separans, which is separated from the graeile tubercle by the 
small area postrema, erosses below the vagal triangle. 

The roof of the fourth ventriele is formed by the superior and inferior 
medullary veli. The thin superior medullary velum stretehes aeross the 
ventriele between the eonverging superior eerebellar peduncles (see Fig. 
18.12) and is continuous with the eerebellar white matter. Dorsally, it 
is eovered by the lingula of the superior vermis. The inferior medullary 
velum is more complex and is mostly eomposed of a thin sheet, devoid 
of neural tissue, formed by ventricular ependyma and the pia mater of 
the tela ehoroidea. Just inferior to the nodule of the cerebellum, a 
median aperture, the foramen of Magendie, opens the roof of the fourth 
ventriele into the eisterna magna. 

The aperture forms when a membranous structure (Blake's pouch) 
perforates into the fourth ventriele at the ninth week of fetal develop- 
ment; persistenee of this membrane results in eystie obstmetion of the 
median outlet from the fourth ventriele (Paladini et al 2012). 



















































































Topography and relations of the ventricular system 


g) CIRCUMVENTRICULAR ORGANS 

The walls of the ventricular system are lined with ependymal eells that 
eover a subependymal layer of glia. At eertain midline sites in the ven- 
trioilar walls, eolleetively referred to as circumventricular organs, the 
blood-brain barrier is absent and speeialized ependymal eells ealled 



Fig. 18.11 An endoseopie view of the floor of the third ventriele. The ideal 
spot for fenestration is in the midline, midway between the dorsum sellae 
(short blaek arrow) and the basilar artery (short white arrow). The paired 
mammillary bodies (long blaek arrow) and the infundibular reeess (long 
white arrow) are also seen. (With permission from Winn HR. Youmans 
Neurological Surgery. 6th edition. 2011 Philadelphia, W. B. Saunders, 
Elsevier.) 


tanyeytes are present (Horsburg and Massoud 2013) (Fig. 18.13). The 

fhnetions of ependyma and tanyeytes may include seeretion into the 
CSF; transport of neurochemicals from subjacent neurones, glia or 
vessels to the CSF; transport of neurochemicals from the CSF to the 
same subjacent structures; and ehemoreeeption (Rodriguez et al 2005). 
Adult mammalian neurogenesis occurs in diserete neurogenic niehes 
that are best eharaeterized in the ependymal and subependymal glial 
eell layers in the subgranular zone of the dentate gyms and in the sub- 
ventricular zone; the existence of adult human neurogenic niehes is 
eontroversial. 

The circumventricular organs include the vasoilar organ (organum 
vasculosum), subfornical organ, neurohypophysis, median eminenee, 
subcommissural organ, pineal gland and area postrema (see Fig. 
18.13). 

The vasailar organ lies in the lamina terminalis between the optie 
ehiasma and the anterior commissure. Its external zone eontains a 
riehly fenestrated vascular plexus that eovers glia and a network of nerve 
fìbres. The ependymal eells of the vascular organ, like those of other 
circumventricular organs, are flattened and have few eilia. The major 
inputs appear to eome from the subfornical organ, locus coemleus and 
a number of hypothalamie nuclei. The vasailar organ projeets to the 
median preoptie and supraoptic nuclei. It is involved in the regulation 
of fluid balanee and may also have neuroendocrine fhnetions. 

The subfornical organ lies atthe level ofthe interventricularforamen. 
It eontains many neurones, glial eells and a dense fenestrated eapillary 


Table 18.1 The length of the eerebral aqueduct, as measured at neeropsy in ehildren 


Crown-rump 
length (em) 

Length of 
aqueduct (mm) 

Apparent equivalent 
age of ehildren 

Mean range 

35 

12.8 

9.5-15.0 

Birth to 6 weeks 

45 

15.5 

13.0-17.6 

3-9 months 

55 

17.4 

15.2-18.8 

1 -4 years 

65 

18.2 

16.6-19.4 

5-7 years 

75 

18.8 

17.6-20.0 

>8 years 


(Wìth permission from Emery JL, Stasehak MC. The size and form of the eerebral aqueduct in ehildren. 
Brain 1972; 95:591-598.) 
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Fig. 18.12 The floor of the fourth ventriele, dorsal 
aspeet of the brainstem. 
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Fig. 18.13 The loeations of the circumventricular organs, median sagittal 
seetion of the brain. 


plexus, and is eovered by flattened ependyma. It is believed to have 
widespread hypothalamie intereonneetions and to fhnetion in the regu- 
lation of fluid balanee and thirst. 

The neurohypophysis (posterior pituitary) is the site of termination 
of neurosecretory projeetions from the supraoptic and paraventricular 
nuclei of the hypothalamus. Neurones in these nuclei release vaso- 
pressin and oxytocin respeetively into the eapillary bed of the neurohy- 
pophysis, where the hormones gain aeeess to the general circulation. 

The median eminenee eontains the terminations of axons of hypo- 
thalamie neurosecretory eells. Peptides released from these axons eon- 
trol the hormonal seeretions of the anterior pituitary via the pituitary 
portal system of vessels. 

The subcommissural organ lies ventral to and below the posterior 
eommissnre, near the inferior wall of the pineal reeess. 

The pineal gland is a small structure, approximately 8 mm in diam- 
eter, situated rostrodorsal to the superior colliculus and behind the stria 
medullaris. 

The area postrema is a bilaterally paired structure, loeated at the 
caudal limit of the floor of the fourth ventriele. It is an important 
ehemoreeeptive area that triggers vomiting in response to the presenee 
of emetie substances in the blood. The area postrema, along with the 
nucleus of the solitary traet and the dorsal motor nucleus of the vagus, 
makes up the so-ealled dorsal vagal complex, which is the major termi- 
nation site of vagal afferent nerve fibres. 


CH0R0ID PLEXUS AND OEREBROSPINAL FLUID 


OHOROID PLEXUS 


The vascular pia mater in the roofs of the third and fourth ventrieles, 
and in the medial wall of the lateral ventriele along the line of the 
ehoroid fissure, is elosely apposed to the ependymal lining of the ven- 
trieles, without any intervening brain tissue. It forms the tela ehoroidea, 
which gives rise to the highly vasodarized ehoroid plexuses from which 
CSF is seereted into the lateraf third and fourth ventrieles (see figs 18.4, 
18.6, 18.8). The body or stroma of the ehoroid plexus eonsists of many 
eapillaries, separated from the ventrieles by the pia mater and ehoroid 
ependymal eells (Strazielle 2000). 

In the lateral ventriele, the ehoroid plexus extends anteriorly as far 
as the interventriadar foramen, through which it is continuous aeross 
the third ventriele with the plexus of the opposite lateral ventriele. From 
the interventriadar foramen, the plexus passes posteriorly, in eontaet 
with the thalamus, curving round its posterior aspeet to enter the infe- 
rior horn of the ventriele and reaeh the hippocampus. Throughout the 
body of the ventriele, the ehoroid fissure lies between the fornix supe- 
riorly and the thalamus inferiorly (see Fig. 18.6). 

From above, the tela ehoroidea is triangular with a rounded apex 
between the interventricular foramina, often indented by the anterior 


columns of the forniees. Its lateral edges are irregular and eontain 
ehoroid vascular fringes. At the posterior basal angles of the tela, these 
fringes eontimie and curve on into the inferior horn of the ventriele. 
When the tela is removed, a transverse slit (the transverse fissure) is left 
between the splenium and the junction of the ventrioilar roof with the 
tectum. The transverse fissure eontains the roots of the ehoroid plexus 
of the third ventriele and of the lateral ventrieles. 

The ehoroid plexus of the third ventriele is attaehed to the tela 
ehoroidea, which is, in effeet, the thin roof of the third ventriele as it 
develops during fetal life. In eoronal seetions of the eerebral hemi- 
spheres, it ean be seen that the ehoroid plexus of the third and lateral 
ventrieles are continuous. 

The ehoroid plexus of the fourth ventriele is similar in structure to 
that of the lateral and third ventrieles. The roof of the inferior part of 
the fourth ventriele develops as a thin sheet in which the pia mater is 
in direet eontaet with the ependymal lining of the ventriele. This thin 
sheet, the tela ehoroidea of the fourth ventriele, lies between the eerebel- 
lum and the inferior part of the roof of the ventriele. The ehoroid plexus 
of the fourth ventriele is T-shaped, with vertieal and horizontal limbs, 
but the preeise form varies widely from a single vertieal limb to an 
elongated 'T' that extends out through the foramina of Luschka into the 
eerebellopontine angle. The vertieal (longitudinal) limb is double, 
flanks the midline and is adherent to the roof of the ventriele. The limbs 
fuse at the superior margin of the median aperture (foramen of Magen- 
die) and are often prolonged on to the ventral aspeet of the eerebellar 
vermis. The horizontal limbs of the plexus projeet into the lateral 
reeesses of the ventriele. Small tufts of plexus may pass through the 
lateral apertures (foramina of Luschka) and emerge, still eovered by 
ependyma, in the subarachnoid spaee of the eerebellopontine angle. 
The mean thiekness of the ehoroid plexus in the fourth ventriele in 
ehildren is 2.5 mm (Madhukar et al 2012). 

The blood supply of the ehoroid plexus in the tela ehoroidea of the 
lateral and third ventrieles is usually via a single vessel from the anterior 
ehoroidal braneh of the internal earotid artery and several ehoroidal 
branehes of the posterior eerebral artery; the two sets of vessels anasto- 
mose to some extent. Capillaries drain into a rieh venous plexus served 
by a single ehoroidal vein. The blood supply of the fourth ventricular 
ehoroid plexus is from the inferior eerebellar arteries. 

Physiologieal ealeifieation of the ehoroid plexus and pineal gland 
are the most frequently deseribed intraeranial ealeifieations ineidentally 
diseovered during head computed tomography (CT) examinations 
(Doyle and Anderson 2006). 

CEREBR0SPINAL FLUID 


CSF is a elear, colourless liquid. Normal CSF eontains small amounts 
of protein and differs from blood in its eleetrolyte eontent. It is not 
simply an ultrafiltrate of blood but is aetively seereted by the ehoroid 
plexuses in the lateral, third and fourth ventrieles. 

The ehoroid plexus epithelium constitutes a blood-CSF barrier. 
Choroid plexus epithelial eells (see Figs 3.17, 3.18) have the eharaeter- 
isties of transport and seeretory eells; their apieal surfaces have miero- 
villi, and their basal surfaces exhibit interdigitations and folding. Tight 
junctions (occluding junctions, zomilae adherentes) at the apieal ends 
of the eells are permeable to small molecules. Fenestrated eapillaries lie 
just beneath the epithelial eells in the stroma of the ehoroid plexus. The 
ependymal lining of the ventrieles and the extracellular fluid from the 
brain parenehyma are additional sources of CSF, but how much eaeh 
source contributes to CSF production is unclear. 



SUBARACHN0ID SPACE 


The subarachnoid spaee lies between the araehnoid and the pia mater 
(Videos 18.1 and 18.2). It is continuous with the lumen of the fourth 
ventriele via the median aperture (foramen of Magendie) and the paired 
lateral apertures (foramina of Luschka). The subarachnoid spaee eon- 
tains CSF, the larger arteries and veins that traverse the surface of the 
brain, and the intraeranial or intravertebral portions respeetively of the 
eranial and spinal nerves. 

Trabeculae, in the form of sheets or fine filiform structures, eaeh 
eontaining a eore of eollagen, eross the subarachnoid spaee from the 
deep layers of the araehnoid mater to the pia mater (Fig. 18.14). The 
trabeoilae are attaehed to the large blood vessels within the subarach- 
noid spaee and may form eompartments, particularly in the perivasoilar 














































Ventrieiilar system and subarachnoid spaee 


The ependymal eells on the dorsal aspeet of the eerebral aqueduct 
are tall, columnar and eiliated, with granular basophilie eytoplasm; they 
may be involved in the seeretion of materials into the CSF from adjoin- 
ing axonal terminals or eapillaries. 

It is part of the epithalamus and eonsists of internal lobules of pin- 
ealoeytes and sparse neurones eovered by a pial capsule. It seeretes 
melatonin, which appears to be involved in the inhibition of puberty 
in ehildren and in the regulation of the sleep-wake eyele in both ehil- 
dren and adults. 











Fig. 18.16 The supratentorial subarachnoid eisterns. FIESTA MR images colour-coded to provide a visual approximation to the borders of the 
individually named supratentorial eisterns. These images are arrayed so that eaeh row depiets a single eistern, in the axial plane (column 1), eoronal 
plane (column 2) and sagittal plane (column 3). This montage is intended to indieate the general loeation for eaeh eistern within the sea of multiple 
confluent CSF spaees around the brain. A-C, Paired Sylvian eisterns. D-F, Paired earotid eisterns. G-l, Midline ehiasmatie eistern. J-L, Midline eistern of 
the lamina terminalis. M-O, Midline perieallosal eistern. P-R, Paired olfaetory eisterns. S-U, Midline perimeseneephalie eistern. V-X, Cistern of the velum 
interpositum. The perimeseneephalie eistern is often eonsidered in four portions (S-U): midventral interpeduncular fossa (red), paired anterolateral ernral 
eisterns (green), paired posterolateral ambient eisterns (blue), and mid-dorsal quadrigeminal plate (vein of Galen) eistern (yellow). (With permission from 
Rios JC, Galper MW, Naidieh TP. Ventrieles and intraeranial subarachnoid spaees. In: Naidieh TP, Castillo M, Cha S, Smirniotopoulos JG (eds), Imaging 
of the Brain. Chapter 13, 245-271. 2013, Elsevier, Saunders.) 
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Fig. 18.17 Infratentorial siibaraehnoid eisterns. FIESTA MR images colour-coded to provide a visual approximation to the borders of the individually 
named infratentorial eisterns. These images are arrayed so that eaeh row depiets a single eistern, in axial plane (column 1), eoronal plane (column 2) and 
sagittal plane (column 3) images. This montage is intended to indieate the general loeation for eaeh eistern within the sea of multiple confluent CSF 
spaees around the brain. A-C, Midline quadrigeminal plate (vein of Galen) eistern (yellow). D-F, Midline prepontine eistern. G-l, Midline premedullary 
eistern. J-L, Midline superior vermian eistern. M-O, Midline eisterna magna. P-R, Paired eerebellopontine angle eisterns. S-U, Paired cerebellomedullary 
eisterns. (With permission from Rios JC, Galper MW, Naidieh TP. Ventrieles and intraeranial subarachnoid spaees. In: Naidieh TP, Castillo M, Cha S, 
Smirniotopoulos JG (eds), Imaging of the Brain. Chapter 13, 245-271. 2013, Elsevier, Saunders.) 
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Subarachnoid spaee and circulation of eerebrospinal fluid 
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Fig. 18.14 The relationships betvveen the 
dura mater, the leptomeninges and the 
blood vessels that enter and leave the 
eerebral cortex. The subarachnoid spaee 
is divided by trabeculae. 



Fig. 18.15 The prineipal subarachnoid eisterns, sagittal seetion. 



regions, thereby possibly faeilitating direetional flow of CSF through 
the spaee. A thin layer of leptomeninges, often only one eell thiek, eoats 
the trabeculae, vessels and nerves that eross the subarachnoid spaee; it 
fuses with the araehnoid mater at the margins of the exit foramina in 
the skull and vertebral column. 

Araehnoid and pia mater are in elose apposition over the convexities 
of the brain, such as the eortieal gyri, whereas eoneavities are followed 
by the pia but spanned by the araehnoid. This arrangement produces a 
subarachnoid spaee of greatly variable depth that is loeation-dependent. 
The more expansive spaees form subarachnoid eisterns (Figs 18.15- 
18.17), which are continuous with the general subarachnoid spaee and 
erossed by long, fìlamentous trabeculae (Inoue et al 2009). 

The largest eistern, the eisterna magna (cerebellomedullary eistern) 
is formed where the araehnoid bridges the interval between the medulla 
oblongata and the inferior surface of the cerebellum. The eistern is 
continuous above with the lumen of the fourth ventriele through its 
median aperture, the foramen of Magendie, and below with the spinal 
subarachnoid spaee. It eontains the vertebral arteries and the origins of 


the posterior inferior eerebellar arteries, the glossopharyngeal, vagus, 
aeeessory and hypoglossal nerves, and the ehoroid plexus. 

On either side, the paired eerebellopontine eisterns (angle eisterns 
or eerebellopontine angle eisterns) are situated in the lateral angle 
between the cerebellum and the pons. They are traversed by the trigemi- 
nal, faeial and vestibulocochlear nerves, the anterior inferior eerebellar 
arteries and the superior petrosal veins. 

The prepontine eistern (pontine eistern) is an extensive spaee ventral 
to the pons, which is continuous below with the spinal subarachnoid 
spaee, behind and laterally with the eerebellopontine eisterns, and ros- 
trally with the interpeduncular eistern. The basilar artery mns through 
the pontine eistern into the interpeduncular eistern, which also eon- 
tains the origins of the anterior inferior eerebellar and superior eerebel- 
lar arteries, and the abducens nerves. 

The quadrigeminal eistern (superior eistern, vein of Galen eistern, 
peripineal eistern) lies posterior to the brainstem and third ventriele, 
and occupies the interval between the splenium of the corpus callosum 
and the superior eerebellar surface. The great eerebral vein (formed by 
the union of the basal veins of Rosenthal and the internal eerebral 
veins) traverses this eistern and the pineal gland protmdes into it. It 
also eontains the P3 segments of the posterior eerebral arteries and 
portions of the medial and lateral posterior ehoroidal arteries. 

The paired ambient eisterns are extensions of the quadrigeminal 
eistern. On eaeh side, they lie between the parahippoeampal and 
dentate gyri of the temporal lobes laterally and the lateral surface of the 
midbrain behind the eerebral peduncles medially; they therefore extend 
laterally and anteriorly around the midbrain on either side to the 
interpeduncular eistern (basal eistern) (see Figs 18.16, 21.3). They are 
divided into supra- and infratentorial eompartments and eontain the 
basal vein of Rosenthal, the P2 segment of the posterior eerebral artery, 
the superior eerebellar artery and the troehlear nerves. 

The average width of the ambient eistern in ehildren is greatest at 
1-3 years (2.8±0.6 mm) and lowest at 4-10 years (2.4±0.6 mm); it is 
reported to be larger anteriorly in boys (Skadorwa et al 2010). 

The paired emral eisterns lie between the posterior borders of the 
unci and the eerebral peduncles on eaeh side and eontain the P1 
segment of the posterior eerebral artery and the postoptie part of the 
anterior ehoroidal artery. The midline interpeduncular eistern (basal 
eistern) lies between the two eerebral peduncles, bordered superiorly 
and inferiorly by the dieneephalie and meseneephalie leaves respee- 
tively of Liliequist's membrane. It eontains the basilar artery, the origins 
of the posterior eerebral and thalamoperforating arteries, the proximal 
portion of the anterior pontomeseneephalie vein and the proximal por- 
tions of the oculomotor nerves. Anteriorly, the interpeduncular eistern 
extends to the optie ehiasma. 

The paired eisterns of the lateral fossa (Sylvian eistern) are formed 
on either side by the araehnoid as it bridges the lateral sulcus between 
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the frontal, parietal and temporal opercula and eontain the middle 
eerebral artery and veins. 

Several smaller eisterns have been deseribed. They include the ehi- 
asmatie eistern (suprasellar eistern), which is related to the optie 
ehiasma, and the eistern of the lamina terminalis and the supracallosal 
eistern, all of which are extensions of the interpeduncular eistern and 
eontain the anterior eerebral arteries. The subarachnoid spaee extends 
through the optie foramina into the orbits, where it is bounded by the 
sheath of the optie nerve. The latter is formed by fusion of the araeh- 
noid mater and dura mater, and surrounds the orbital portion of eaeh 
optie nerve as far as the baek of the globe, where the dura fuses with 
the selera of the eyeball. For fhrther reading, see Rios et al (2013). 


g) CIRCULATI0N 0F 0EREBR0SPINAL FLUID 

The total volume of CSF in the adult ranges from 140 to 270 ml. The 
volume of the ventrieles is about 25 ml. CSF is produced at a rate of 
0.2-0.7 ml per minute (600-700 ml per day), which means that the 
entire CSF volume is replaeed approximately 4 times per day. 

In ehildren, CSF production, as measured by output through exter- 
nal ventricular drainage, inereases during infaney, reaehing 64% of the 
output of a 15-year-old ehild by 2 years of age. There is a logarithmie 
inerease in CSF output with age and body weight (Yasuda et al 2002). 

Mixing of CSF from different sources within the subarachnoid spaee 
is probably assisted by eilia on the ependymal eells lining the ventrieles 
and by arterial pulsations. 

g Araehnoid villi and granulations 

Araehnoid villi and gramilations (Paeehionian bodies) are foeal pouches 
of araehnoid mater and subarachnoid spaee that protmde through the 
walls of the dural venous sinuses, very often elose to points where veins 
enter the sinuses. They are found in the superior sagittal, transverse, 
superior petrosal and straight simises in deereasing frequency and are 
most prominent along the margins of the great longitudinal fissure, 
eommonly in the lateral lacunae of the superior sagittal sinus. 

At the base of eaeh araehnoid granulation, a thin neek of araehnoid 
mater projeets through an aperture in the dural eovering of a venous 
sinus and then expands to form a eore of collagenous trabeculae and 
interwoven ehannels (Fig. 18.18). An apieal eap of araehnoid eells, 
some 150 pm thiek, surmounts the eore and is attaehed to the endothe- 
lium of the sinus over an area some 300 pm in diameter. The rest of 
the eore of the granulation is separated from the endothelium by a 
fibrous dural cupula. ehannels extend through the eap to reaeh the 
subendothelial regions of the granulation. Meningiomas, the most 
eommon benign intraeranial tumours, arise from araehnoid eap eells. 

Dural depressions in the venous wall eontaining mieroseopie clus- 
ters of araehnoidal eells penetrating between the dural fibres are seen 
in the twenty-sixth fetal week. At 35 weeks they develop into araehnoid 
villi, which are simple protmsions through the dura. At full term, the 
number and complexity of the villi inerease. It is generally believed that 
the fetal and early infantile villi do not ffilly penetrate the dural wall of 
the eranial venous sinus. With maturation they grow in size, number 
and stmctural complexity, aehieve penetration through the wall of the 
venous sinus, and are thereafter referred to as araehnoid granulations. 
Gramilations are visible to the naked eye in the parieto-oeeipital region 
of the superior sagittal sinus by the age of 18 months. In the elderly, 
the araehnoid membrane thiekens and the araehnoid granulations 
degenerate and often ealeiíy. 

The fimetion of araehnoid gramilations is ineompletely 
understood. 

Hydrocephalus 
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Obstmetion of the circulation of CSF leads to accumulation of fluid 
within the ventricular system (hydrocephalus; Fig. 18.19). Within the 
brain, eritieal points at which obstmetion may occur eorrespond to the 
narrow foramina and passages of the ventricular system. Thus, obstme- 
tion of the interventricular foramen causes enlargement of the lateral 
ventrieles; obstmetion of the eerebral aqueduct leads to enlargement of 
both the lateral ventrieles and the third ventriele; and obstmetion or 
eongenital absenee of the apertures of the fourth ventriele leads to 
enlargement of the entire ventricular system. Membranes in the sub- 
araehnoidal eisterns ean cause extraventricular obstmetion to CSF flow. 
Hydrocephalus in the presenee of intaet communications between the 
ventricular and subarachnoid spaees, 'communicating hydrocephalus', 
is most often assoeiated with defeetive absorption of CSF. 


Endothelium of 
venous sinus 



Araehnoid mater 


C erebral cortex 


Subarachnoid spaee 


Pia mater 


Fig. 18.18 An araehnoid granulation. (Modified with permission from 
Springer-Verlag, Prineiples of Pediatrie Neurosurgery, Vol 4: Morphology 
of CSF drainage pathways in man. Raimondi (ed), Kida and Weller 1994.) 


PIA MATER 


The pia mater is a delieate membrane that elosely invests the surface of 
the brain and spinal eord, from which it is separated by a mieroseopie 
subpial spaee. It follows the contours of the brain into eoneavities and 
the depths of fissures and sulci (see Fig. 18.14). In the spinal eanal, it 
contributes to the formation of the dentate ligaments and the filum 
terminale (Adeeb et al 2013). 

Pia mater is formed from a layer of leptomeningeal eells, often only 
1-2 eells thiek, in which the eells are joined by desmosomes and gap 
junctions but few, if any, tight junctions. The eells are continuous with 
the eoating of the subarachnoid trabeculae and separated from the basal 
lamina of the glia limitans by bundles of eollagen, fibroblast-like eells 
and mieroseopie vessels that lie in the subpial spaee (Mereier et al 2002) 
(see Fig. 18.14). 

It was long thought that the subarachnoid spaee was eonneeted 
direetly with the perivascular spaees (Virchow-Robin spaees) that sur- 
round blood vessels in the brain. However, it is now reeognized that 
the pia mater is refleeted from the surface of the brain on to the surface 
of blood vessels in the subarachnoid spaee, which means that the sub- 
araehnoid spaee is separated by a layer of pia from the subpial and 
perivasailar spaees of the brain (see Fig. 18.14). The pia mater appears 
to form a regulatory interfaee between the subarachnoid spaee and the 
brain, aeross which small molecules may difffise between the interstitial 
spaee and the CSF through the perivascular spaee. This may allow move- 
ment of metabolites and could play a role in blood-brain barrier fime- 
tion (Zhang et al 1990). 

During development the pia mater beeomes apposed to the epend- 
yma in the roof of the teleneephalon and fourth ventriele to form the 
tela ehoroidea. It shares a eommon embryologieal origin and structural 
similarity with the araehnoid mater. 










































































































Ventricular system and subarachnoid spaee 
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Fig. 18.19 Axial CT images post eontrast shovving aeiite hydrocephalus (from posterior fossa meningioma). Note the transudation of fluid into the 
juxtaventricular vvhite matter seeondary to acute hydrocephalus. 


Magnetie resonanee imaging with fluid movement-sensitive se- 
quences performed on normal subjects has shown CSF flow to be 
pulsating and bidireetional between the eompartments of the ventriai- 
lar system, probably with a net flow in a direetion towards the fourth 
ventriele (Yamada 2008). The flow of CSF ehanges at the age of 2 years 
from an infantile to a mature pattern. The infantile pattern is eharaeter- 
ized by flow direeted into the ventriailar system, and the mature pattern 
by flow direeted out of the ventrieles (Bateman and Brown 2012). The 
route of CSF through the subarachnoid spaee is even more complex and 
less understood, and it is debated whether CSF moves mainly over the 
eerebral convexities or mainly at the eranial base. It is known that CSF 
is absorbed into the superior sagittal sinus, but also that this site is 
insufficient to account for all CSF absorption and that this absorption 
system may only start to operate when CSF pressure is inereased. There- 
fore one or more additional routes of absorption must exist but their 
preeise loeation, hmetion and mutual contributions to CSF absorption 
have yet to be elarified (Pollay 2010). Absorption through pial and 
subarachnoid vessels, aeross the ependymal ventriadar surfaces and 
pial surfaces and via extracranial lymphaties may all be involved 
(Zakharov 2004). 


It has long been thought that araehnoid villi and araehnoid granula- 
tions constitute the major pathway for the absorption of CSF from the 
subarachnoid spaee into the blood, and there are observations both to 
support and to question this. Their relative paucity in the fetal and early 
postnatal period strongly suggests the importanee of other absorption 
routes. The degenerative ehanges in araehnoid granulations in old age 
could be the substrate for the eondition of 'normal pressure hydro- 
cephalus' and for deereased CSF absorption, which could play an 
important role in degenerative brain diseases of the elderly. 

An alternative, and not neeessarily mutually exclusive, view of araeh- 
noid granulations is that they are involved in dissipating the pressure 
wave that occurs in the subarachnoid spaee during arterial systole 
(caused by the pulsation of the arterial vessels within the spaee). Sinee 
the dural venous sinuses lie within thiek, non-eompliant dural eover- 
ings, pressure ehanges within them flmetionally represent the extracra- 
nial venous eompartment; systolie dilation of the araehnoid gramilations 
would therefore dissipate intraeranial pressure ehanges into the extra- 
eranial venous system. 


278.e1 


CHAPTER 1 8 


























Key referenees 


f® Bonus e-book images and videos 

Video 18.1 interaetive 3D rotation of the 
subarachnoid spaee. 

Video 18.2 interaetive 3D rotation of the 
ventrieles and eisterns. 


Fig. 18.2 The ventricular system. Fig. 18.19 Axial CT images post eontrast 

showing acute hydrocephalus (from a 

Fig. 18.16 Supratentorial subarachnoid eisterns. posterior fossa meningioma). 

Fig. 18.17 Infratentorial subarachnoid eisterns. 
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The brain is a highly vascular organ, its profhse blood supply eharaeter- 
ized by a densely branehing arterial network (Kaplan and Ford 1966). 
It has a high metabolie rate that refleets the energy requirements of 
eonstant neural aetivity. It reeeives about 15% of the eardiae output and 
utilizes 25% of the total oxygen consumption of the body. The brain is 
supplied by two internal earotid arteries and two vertebral arteries that 
form a complex anastomosis (circulus arteríosus, eirele of Willis) on 
the base of the brain. Vessels diverge from this anastomosis to supply 
the various eerebral regions. In generaf the internal earotid arteries 
and the vessels arising from them supply the forebrain, with the excep- 
tion of the oeeipital lobe of the eerebral hemisphere, and the vertebral 
arteries and their branehes supply the oeeipital lobe, the brainstem and 
the cerebellum. Venous blood from the brain drains into sinuses within 
the dura mater. Acute intermption of the blood supply to the brain for 
more than a few minutes causes permanent neurological damage. Such 
isehaemie strokes, along with intraeranial haemorrhage, are major eon- 
temporary sources of morbidity and mortality. 


ARTERIES OF THE BRAIN 


The arterial supply of the brain is derived from the internal earotid and 
vertebral arteries, which lie, together with their proximal branehes, 
within the subarachnoid spaee at the base of the brain. 

INTERNAL OAROTID ARTERY 


The internal earotid arteries (Fig. 19.1) and their major branehes (the 
internal earotid system or 'anterior circulation) supply blood to the 
majority of the forebrain. Some parts of the oeeipital and temporal 


lobes are supplied by branehes of the vertebrobasilar system (see 

Fig. 19.5). 

The internal earotid artery arises from the bifhreation of the eommon 
earotid artery, aseends in the neek and enters the earotid eanal of the 
temporal bone. Its subsequent course is said to have petrous, cavernous 
and intraeranial parts. 

Petrous part 

The petrous part of the internal earotid artery aseends in the earotid 
eanal, curves anteromedially and then superomedially above the earti- 
lage that fills the foramen laeemm, and enters the eranial eavity. It lies 
at first anterior to the eoehlea and tympanie eavity, and is separated 
from the latter and the pharyngotympanie tube by a thin, bony lamella 
that is eribriform in the young and partly absorbed in old age. Further 
anteriorly, it is separated from the trigeminal ganglion by the thin roof 
of the earotid eanal, although this is often defieient. The artery is sur- 
rounded by a venous plexus and by the earotid autonomic plexus, 
derived from the internal earotid braneh of the superior eervieal gan- 
glion. The petrous part of the artery gives rise to two branehes. The 
earotieotympanie artery is a small, oeeasionally double, vessel that 
enters the tympanie eavity by a foramen in the earotid eanal and anas- 
tomoses with the anterior tympanie braneh of the maxillary artery and 
the stylomastoid artery. The pterygoid artery is ineonsistent; when 
present, it enters the pterygoid eanal with the nerve of the same name, 
and anastomoses with a (recurrent) braneh of the greater palatine 
artery. 

Cavernous part 

The cavernous part of the internal earotid artery aseends to the posterior 
elinoid proeess. It turns anteriorly to the side of the body of the sphe- 
noid within the cavernous sinus and then curves superiorly and medial 


lntracavernous portion of 
internal earotid artery 



Ophthalmie artery 


lntrapetrous portion of Posterior communicating 

internal earotid artery artery 


Anterior eerebral Middle eerebral artery 
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lntrapetrous portion of lntracavernous portion 

internal earotid artery of internal earotid artery 


Fig. 19.1 Internal earotid arteriograms. A, Lateral projeetion. B, Towne’s projeetion. 
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to the anterior elinoid proeess, to emerge through the dural roof of the 
sinus. The oculomotor, troehlear, ophthalmie and abducens nerves are 
lateral to it within the cavernous sinus. The abducens nerve is elosely 
related to the lateral wall of the internal earotid artery, whilst the ocu- 
lomotor and troehlear nerves are situated in the lateral wall of the 
cavernous sinus (see Figs 28.9, 28.10). This explains the higher risk of 
abducens nerve injury seeondary to pathology such as aneurysms of the 
cavernous part of the earotid artery. Oeeasionally, the earotieoelinoid 
ligament between the anterior and middle elinoid proeesses beeomes 
ossified, forming a bony ring (earotieoelinoid foramen) around the 
artery (Ray and Gupta 2006). 

The cavernous part of the artery gives off a number of small vessels. 
Branehes supply the trigeminal ganglion, the walls of the cavernous and 
inferior petrosal sinuses, and the nerves eontained therein. A minute 
meningeal braneh passes over the lesser wing of the sphenoid to supply 
the dura mater and bone in the anterior eranial fossa, and also anasto- 
moses with a meningeal braneh of the posterior ethmoidal artery. 
Numerous small hypophysial branehes supply the neurohypophysis, 
and are of particular importanee because they form the pituitary portal 
system (see Fig. 23.11). 

intraeranial part 

After piereing the dura mater, the internal earotid artery turns baek 
below the optie nerve to mn between it and the oailomotor nerve. It 
reaehes the anterior perforated substance at the medial end of the lateral 
fissure and terminates by dividing into the anterior and middle eerebral 
arteries (Fig. 19.2). 

Several preterminal vessels leave the eerebral portion of the internal 
earotid. The ophthalmie artery arises from the anterior part of the inter- 
nal earotid as it leaves the cavernous sinus, often at the point of piereing 
the dura, and enters the orbit through the optie eanal. The posterior 
communicating artery (Fig. 19.3) mns baek from the internal earotid 
above the ooilomotor nerve, and anastomoses with the posterior eer- 
ebral artery (a terminal braneh of the basilar artery), thereby contribut- 
ing to the circulus arteriosus around the interpeduncular fossa. The 
posterior communicating artery is usually very small. However, some- 
times it is so large that the posterior eerebral artery is supplied via the 


posterior communicating artery rather than from the basilar artery 
('fetal posterior communicating artery'); it is often larger on one side 
only. Small branehes from its posterior half pieree the posterior perfo- 
rated substance together with branehes from the posterior eerebral 
artery. Collectively they supply the medial thalamie surface and the 
walls of the third ventriele. The anterior ehoroidal artery leaves the 
internal earotid just distal to its posterior communicating braneh and 
passes baek above the medial part of the uncus. It erosses the optie traet 
to reaeh and supply the ems eerebri of the midbrain, then turns laterally, 
reerosses the optie traet, and gains the lateral side of the lateral genicu- 
late body, which it supplies with several branehes. It finally enters the 
inferior horn of the lateral ventriele via the ehoroidal fissure and ends 
in the ehoroid plexus. This small, but important, vessel also contributes 
to the blood supply of the globus pallidus, caudate nucleus, amygdala, 
hypothalamus, tuber cinereum, red nucleus, substantia nigra, posterior 
limb of the internal capsule, optie radiation, optie traet, hippocampus 
and the fimbria of the fornix. 

The eombination of the petrous, cavernous and intraeranial parts of 
the internal earotid artery is ealled the 'earotid siphon' because of its 
sigmoid course (see Fig. 19.1). However, in infants, the parasellar region 
of the internal earotid artery does not form a siphon but takes a rela- 
tively straight course (Weninger and Muller 1999). The eranial and 
sympathetie nerves therefore have different topographieal relationships 
with the artery in the infant eompared with that found in older ehildren 
and adults. 

Anterior eerebral artery 


The anterior eerebral artery is the smaller of the two terminal branehes 
of the internal earotid (see Fig. 19.3). 

Surgical nomenclature divides the vessel into three parts: A x - from 
the termination of the internal earotid artery to the junction with the 
anterior communicating artery; A 2 - from the junction with the anterior 
communicating artery to the origin of the eallosomarginal artery; and 
A 3 - distal to the origin of the eallosomarginal artery; this segment is 
also known as the perieallosal artery. 



Optie nerve 


Internal earotid artery 
Middle eerebral artery 


Choroidal artery 


Posterior eerebral artery 
S uperior eerebellar artery 
Labyrinthine artery 


Anterior spinal artery 


Fig. 19.2 The arteries on the base of the brain. The anterior part of the left temporal lobe has been removed to display the initial course of the middle 
eerebral artery within the lateral fissure. 
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Fig. 19.3 The circulus arteriosus on the base of the brain shovving the distribution of eentral (perforating or ganglionie) branehes. 


A 


B 


Oalearine 

artery 


Parieto-oeeipital 

artery 


Perieallosal 

artery 


Oallosomarginal 

artery 



Posterior 
eerebral artery 


Anterior 
eerebral artery 


Preeentral 

artery 


Oentral 


Temporo- 


Anterior eerebral 

artery 


Prefrontal 

artery 


Middle eerebral 

artery 

Anterior temporal 

artery 

Middle temporal 

artery 


Vertebral 

artery 

Fig. 19.4 The major arteries supplying the medial (A) and lateral (B) aspeets of the brain. 
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The anterior eerebral artery starts at the medial end of the stem of 
the lateral fissure. It passes anteromedially above the optie nerve to the 
great longitudinal fissure where it eonneets with its fellow by a short 
transverse anterior communicating artery. The anterior communicating 
artery is about 4 mm in length and may be double. It gives off numer- 
ous anteromedial eentral branehes that supply the optie ehiasma, 
lamina terminalis, hypothalamns, para-olfaetory areas, anteriorcolumns 
282 of the fornix and the cingulate gyms (Fig. 19.4A). 


The two anterior eerebral arteries travel together in the great longi- 
tudinal fissure. They pass around the curve of the genu of the corpus 
callosum and then along its upper surface to its posterior end, where 
they anastomose with posterior eerebral arteries. They give off eortieal 
and eentral branehes. 

The eortieal branehes of the anterior eerebral artery are named 
aeeording to their distribution. Two or three orbital branehes ramify on 
the orbital surface of the frontal lobe and supply the olfaetory cortex, 
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Fig. 19.5 The arteries supplying the left eerebral hemispheres. A, Lateral surface. B, Medial surface. 


gyrns rectus and medial orbital gyms. Frontal branehes supply the 
corpus eallosmn, cingulate gyms, medial frontal gyms and paraeentral 
lobule. Parietal branehes supply the precuneus, while the frontal and 
parietal branehes both send twigs over the superomedial border of the 
hemisphere to supply a strip of territory on the superolateral surface 
(Figs 19.4B, 19.5). Cortical branehes of the anterior eerebral artery, 
therefore, supply the areas of the motor and somatosensory eortiees that 
represent the lower limb. 

Central branehes of the anterior eerebral artery arise from its proxi- 
mal portion and enter the anterior perforated substance (see 7 ig. 19.3) 
and lamina terminalis. eolleetively, they supply the rostmm of 
the corpus callosum, the septum pellucidum, the anterior part of the 
putamen, the head of the caudate nucleus and adjaeent parts of the 
internal capsule. Immediately proximal or distal to its junction with 
the anterior eomimmieating artery, the anterior eerebral artery gives 
rise to the medial striate artery, which supplies the anterior part of the 
head of the caudate nucleus and adjaeent regions of the putamen and 
internal capsule. 

Middle eerebral artery 

The middle eerebral artery is the larger terminal braneh of the internal 
earotid. 

Surgical nomenclature divides the vessel into four parts: M x - from 
the termination of the internal earotid artery to the bi-/trifurcation, this 
segment also being known as the sphenoidal; M 2 - the segment mnning 
in the lateral (Sylvian) fissure, also known as the insular; M 3 - eoming 
out of the lateral fissure, also known as the operailar; and M 4 - eortieal 
portions. 

The middle eerebral artery mns at first in the lateral fissure, then 
posterosuperiorly on the insula, and divides into branehes distributed 
to the insula and the adjaeent lateral eerebral surface (see figs 19.3- 
19.5). Like the anterior eerebral artery, it has eortieal and eentral 
branehes. 

Cortical branehes send orbital vessels to the inferior frontal gyms 
and the lateral orbital surface of the frontal lobe. Frontal branehes 
supply the preeentral, middle and inferior frontal gyri. Two parietal 
branehes are distributed to the posteentral gyms, the lower part of the 
superior parietal lobule and the whole inferior parietal lobule. Two or 
three temporal branehes supply the lateral surface of the temporal lobe. 
Cortical branehes of the middle eerebral artery therefore supply the 
motor and somatosensory eortiees that represent the whole of the body 
(other than the lower limb), the auditory area and the insula. 

Small eentral branehes of the middle eerebral artery, the lateral stri- 
ate or lenticulostriate arteries, arise at its origin and enter the anterior 
perforated substance together with the medial striate artery. Lateral stri- 
ate arteries aseend in the external capsule over the lower lateral aspeet 
of the lentiform complex, then turn medially, traverse the lentiform 
complex and the internal capsule and extend as far as the caudate 
nucleus. 


VERTEBRAL ARTERY 


The vertebral arteries and their major branehes (sometimes referred to 
as the Vertebrobasilar system') essentially supply blood to the upper 
spinal eord, the brainstem and cerebellum, and a signifieant but vari- 
able part of the posterior eerebral hemispheres (Fig. 19.6; see Fig. 19.5). 

The vertebral arteries are derived from the subclavian arteries 
(p. 457). They aseend through the neek in the foramina transversaria 
of the upper six eervieal vertebrae and enter the eranial eavity through 
the foramen magnum, elose to the anterolateral aspeet of the medulla 
(see Fig. 19.2). They eonverge medially as they aseend the medulla and 
unite to form the midline basilar artery at approximately the level of 
the junction between the medulla and pons. 

One or two meningeal branehes arise from the vertebral artery near 
the foramen magnum and ramiíy between the bone and dura mater in 
the posterior eranial fossa. They supply bone, diploè and the falx 
eerebelli. 

A small anterior spinal artery arises near the end of the vertebral 
artery, and deseends anterior to the medulla oblongata to unite with its 
fellow from the opposite side at mid-medullary level. The single tmnk 
then deseends on the ventral midline of the spinal eord, and is rein- 
foreed sequentially by small spinal rami from the vertebral, aseending 
eervieal, posterior intereostal and first lumbar arteries, which all enter 
the vertebral eanal via intervertebral foramina. Branehes from the ante- 
rior spinal arteries and the beginning of their eommon tmnk are dis- 
tributed to the medulla oblongata. 

The largest braneh of the vertebral artery is the posterior inferior 
eerebellar artery (see Fig. 19.6A). It arises near the lower end of the olive 
and then aseends behind the roots of the glossopharyngeal and vagus 
nerves to reaeh the inferior border of the pons. Here it curves and 
deseends along the inferolateral border of the fourth ventriele before it 
turns laterally into the eerebellar valleoila between the hemispheres, 
and divides into medial and lateral branehes. The medial braneh mns 
baek between the eerebellar hemisphere and inferior vermis, and sup- 
plies both. The lateral braneh supplies the inferior eerebellar surface as 
far as its lateral border and anastomoses with the anterior inferior and 
superior eerebellar arteries (from the basilar artery). The tmnk of the 
posterior inferior eerebellar artery supplies the medulla oblongata 
dorsal to the olivary nucleus and lateral to the hypoglossal nucleus and 
its emerging nerve roots. It also supplies the ehoroid plexus of the 
fourth ventriele and sends a braneh lateral to the eerebellar tonsil to 
supply the dentate nucleus. The posterior inferior eerebellar artery is 
sometimes absent. 

A posterior spinal artery usually arises from the posterior inferior 
eerebellar artery, but may originate direetly from the vertebral artery 
near the medulla oblongata. It passes posteriorly and deseends as two 
branehes, which lie anterior and posterior to the dorsal roots of the 
spinal nerves. These are reinforeed by spinal twigs from the vertebral, 
aseending eervieal, posterior intereostal and first lumbar arteries, all of 
which reaeh the vertebral eanal by the intervertebral foramina, and 
sustain the posterior spinal arteries to the lower spinal levels. 
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Fig. 19.6 Vertebral arteriograms. A, Lateral projeetion. B, Tovvne’s projeetion. 


Minute medullary arteries arise from the vertebral artery and its 
branehes, and are distributed widely to the medulla oblongata. 


BASILAR ARTERY 


The basilar artery is a large median vessel formed by the union of the 
vertebral arteries at the junction of the medulla and pons (see Figs 
19.2-19.3, 19.6). It lies in the pontine eistern, and follows a shallow 
median groove on the ventral pontine surface, extending to the upper 
border of the pons. It ends by dividing into two posterior eerebral arter- 
ies at a variable level behind the dorsum sellae, usually in the interpe- 
duncular eistern. 

Numerous small pontine branehes arise from the front and sides of 
the basilar artery along its course and supply the pons. The long and 
slender labyrinthine (internal auditory) artery has a variable origin. It 
usually arises from the anterior inferior eerebellar artery, but variations 
in its origin include the lower part of the basilar artery, the superior 
eerebellar artery or, oeeasionally, the posterior inferior eerebellar artery. 
The labyrinthine artery aeeompanies the faeial and vestibulocochlear 
nerves into the internal acoustic meatus and is distributed to the inter- 
nal ear. 

The anterior inferior eerebellar artery (see "ig. 19.2) is given off from 
the lower part of the basilar artery and mns posterolaterally, usually 
ventral to the abducens, faeial and vestibulocochlear nerves. It eom- 
monly exhibits a loop into the internal acoustic meatus below the 
nerves, and when this occurs, the labyrinthine artery may arise from the 
loop. The anterior inferior eerebellar artery supplies the inferior eerebel- 
lar surface anterolaterally and anastomoses with the posterior inferior 
eerebellar braneh of the vertebral artery. A few branehes supply the 
inferolateral parts of the pons and oeeasionally also supply the upper 
medulla oblongata. 

The superior eerebellar artery (see Figs 19.3, 19.6) arises near the 
distal portion of the basilar artery, immediately before the formation 
of the posterior eerebral arteries. It passes laterally below the oculomo- 
tor nerve, which separates it from the posterior eerebral artery, and 
curves round the eerebral peduncle below the troehlear nerve to gain 
the superior eerebellar surface. Here it divides into branehes that ramiíy 
in the pia mater and supply this aspeet of the cerebellum, and also 
anastomose with branehes of the inferior eerebellar arteries. The supe- 
rior eerebellar artery supplies the pons, pineal body, superior medullary 
velum and tela ehoroidea of the third ventriele. 


Posterior eerebral artery 


The paired posterior eerebral arteries are the terminal branehes of the 
basilar artery (see Figs 19.2-19.4). Surgical nomenclature divides the 
vessel into three parts: Pj - from the basilar bifurcation to the junc- 
tion with the posterior communicating artery; P 2 - from the junction 
with the posterior communicating artery to the portion in the peri- 
meseneephalie eistern; and P 3 - the portion that mns in the ealearine 
fissure. 

The posterior eerebral artery is larger than the superior eerebellar 
artery, from which it is separated near its origin by the oailomotor nerve 
and, lateral to the midbrain, by the troehlear nerve. It passes laterally, 
parallel with the superior eerebellar artery, and reeeives the posterior 
communicating artery. It then winds round the eerebral peduncle and 
reaehes the tentorial eerebral surface, where it supplies the temporal 
and oeeipital lobes. Like the anterior and middle eerebral arteries, the 
posterior eerebral artery has eortieal and eentral branehes. 

The eortieal branehes of the posterior eerebral artery are named 
aeeording to their distribution. Temporal branehes, usually two, are 
distributed to the uncus and parahippoeampal, medial oeeipitotempo- 
ral and lateral oeeipitotemporal gyri. Oeeipital branehes supply the 
cuneus, lingual gyms and posterolateral surface of the oeeipital lobe. 
Parieto-oeeipital branehes supply the cuneus and precuneus. The pos- 
terior eerebral artery supplies the visual areas of the eerebral cortex and 
other stmctures in the visual pathway. 

The eentral branehes supply subcortical stmctures. Several small 
posteromedial eentral branehes arise from the beginning of the poste- 
rior eerebral artery (see Fig. 19.3) and, together with similar branehes 
from the posterior communicating artery, pieree the posterior perfo- 
rated substance to supply the anterior thalamus, subthalamus, lateral 
wall of the third ventriele and globus pallidus. One or more posterior 
ehoroidal branehes pass over the lateral geniculate body and supply it 
before entering the posterior part of the inferior horn of the lateral 
ventriele via the lower part of the ehoroidal fissure. Branehes also curl 
round the posterior end of the thalamus and pass through the trans- 
verse fissure, or go to the ehoroid plexus of the third ventriele, or traverse 
the upper ehoroidal fissure. Collectively these branehes supply the 
ehoroid plexuses of the third and lateral ventrieles and the fornix. Small 
posterolateral eentral branehes arise from the posterior eerebral artery 
beyond the eerebral peduncle, and supply the peduncle and the poste- 
rior thalamus, superior and inferior colliculi, pineal gland and medial 
geniculate body. 
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CIRCULUS ARTERIOSUS 


The circulus arteriosus (eirele of Willis) is a large arterial anastomosis 
that unites the internal earotid and vertebrobasilar systems (see Figs 
19.3, 19.6B). It lies in the subarachnoid spaee within the basal eisterns 
that surround the optie ehiasma and infundibulum. The anterior eer- 
ebral arteries are derived from the internal earotid arteries and are 
linked by a small, but fhnetionally important, anterior communicating 
artery. Posteriorly, the two posterior eerebral arteries, formed by the 
division of the basilar artery, are joined to the ipsilateral internal earotid 
artery by a posterior eomimmieating artery. 

There is eonsiderable individual variation in the pattern and ealibre 
of vessels that make up the circulus arteriosus (Puchades-Orts et al 
1976). Although a eomplete circular ehannel almost always exists, one 
vessel is usually sufficiently narrowed to reduce its role as a eollateral 
route and the eirele is rarely fimetionally eomplete. Oerebral and eom- 
municating arteries individually may all be absent, variably hypoplas- 
tie, double or even triple. The haemodynamies of the eirele are 
influenced by variations in the ealibre of communicating arteries and 
in the segments of the anterior and posterior eerebral arteries that lie 
between their origins and their junctions with the eorresponding eom- 
municating arteries. The greatest variation in ealibre between individu- 
als occurs in the posterior communicating artery, which is normally 
very small, so that only limited flow is possible between the anterior 
and posterior circulations. Commonly, the diameter of the pre- 
eomimmieating part of the posterior eerebral artery is larger than that 
of the posterior communicating artery, in which ease the blood supply 
to the oeeipital lobes is mainly from the vertebrobasilar system. 
However, sometimes the diameter of the pre-eomimmieating part of the 
posterior eerebral artery is smaller than that of the posterior eomimmi- 
eating artery, in which ease the blood supply to the oeeipital lobes is 
mainly from the internal earotids via the posterior communicating 
arteries. Sinee the primary purpose of the vasailar eirele is to provide 
anastomotie ehannels if one vessel is occluded, it is important to note 
that a normal-sized posterior communicating artery eannot usually 
fiilfil this role. Agenesis or hypoplasia of the initial segment of the 
anterior eerebral artery is more frequent than anomalies in the anterior 
communicating artery and contribute to defeetive circulation in about 
one-third of individuals. 


CENTRAL OR PERFORATING 
ARTERIES 


Numerous small eentral (perforating or ganglionie) arteries arise from 
the circulus arteriosus or from vessels near it (see Fig. 19.3). Many of 
these enter the brain through the anterior and posterior perforated 
substances. Central branehes supply nearby structures on or near the 
base of the brain together with the interior of the eerebral hemisphere, 
including the internal capsule, basal ganglia and thalaimis. These 
branehes form four prineipal groups. The anteromedial group arises 
from the anterior eerebral and anterior communicating arteries, and 
passes through the medial part of the anterior perforated substance. 
These arteries supply the optie ehiasma, lamina terminalis, anterior, 
preoptie and supraoptic areas of the hypothalamus, septum pelluci- 
dum, para-olfaetory areas, anterior columns of the fornix, cingulate 
gyms, rostmm of the corpus callosum and the anterior part of the 
putamen and the head of the caudate nucleus. The posteromedial 
group eomes from the entire length of the posterior communicating 
artery and from the proximal portion of the posterior eerebral artery. 
Anteriorly, these arteries supply the hypothalaimis and pituitary gland, 
and the anterior and medial parts of the thalamus via thalamo- 
perforating arteries. Caudally, branehes of the posteromedial group 
supply the mammillary bodies, subthalamus, the lateral wall of the 
third ventriele, including the medial thalamus, and the globus pallidus. 
The anterolateral group is mostly eomprised of branehes from the 
proximal part of the middle eerebral artery that are also known as 
striate, lateral striate or lenticulostriate arteries. They enter the brain 
through the anterior perforated substance and supply the posterior 
striatum, lateral globus pallidus and the anterior limb, genu and pos- 
terior limb of the internal capsule. The medial striate artery, derived 
from the middle or anterior eerebral arteries, supplies the rostral part 
of the caudate nucleus and putamen, and the anterior limb and genu 
of the internal capsule. The posterolateral group is derived from the 
posterior eerebral artery distal to its junction with the posterior eom- 
municating artery, and supplies the eerebral peduncle, colliculi, pineal 
gland and, via thalamogeniculate branehes, the posterior thalamus and 
medial geniculate body. 


REGIONAL ARTERIES OF THE BRAIN 
Brainstem 


The medulla oblongata is supplied by branehes of the vertebral, anterior 
and posterior spinal, posterior inferior eerebellar and basilar arteries, 
entering along the ventral (anterior) median fissure and the posterior 
median sulcus. Vessels that supply the eentral substance enter along the 
rootlets of the glossopharyngeal, vagus and hypoglossal nerves. There 
is an additional supply via a pial plexus from the same main arteries. 
The ehoroid plexus of the fourth ventriele is supplied by the posterior 
inferior eerebellar arteries. The pons is supplied by the basilar artery 
and the anterior inferior and superior eerebellar arteries. Direet branehes 
from the basilar artery enter the pons along the basilar sulcus. Other 
vessels enter along the trigeminal, abducens, faeial and vestibulococh- 
lear nerves and from the pial plexus. The midbrain is supplied by the 
posterior eerebral, superior eerebellar and basilar arteries. The emra 
eerebri are supplied by vessels entering on their medial and lateral sides. 
The medial vessels enter the medial side of the ems and also supply the 
superomedial part of the tegmentum, including the oculomotor 
nucleus. Lateral vessels supply the lateral part of the ems and the teg- 
mentum. The eollioili are supplied by three vessels on eaeh side from 
the posterior eerebral and superior eerebellar arteries. An additional 
supply to the emra, and the colliculi and their peduncles, eomes from 
the posterolateral group of eentral branehes of the posterior eerebral 
artery. 

Cerebellum 


The cerebellum is supplied by the posterior inferior, anterior inferior 
and superior eerebellar arteries. The eerebellar arteries form superficial 
anastomoses on the eortieal surface. Anastomoses between deeper, sub- 
eortieal, branehes have been postulated (Duvernoy et al 1983). 

Optie ehiasma, traet and radiation 


The blood supply to the optie ehiasma, traet and radiation is of eonsid- 
erable elinieal importanee. The ehiasma is supplied in part by the 
anterior eerebral arteries but its median zone depends upon rami from 
the internal earotid arteries reaehing it via the stalk of the hypophysis. 
The anterior ehoroidal and posterior eomimmieating arteries supply the 
optie traet, and the optie radiation reeeives blood through deep branehes 
of the middle and posterior eerebral arteries. 

Dieneephalon 


The thalamus is supplied ehiefly by branehes of the posterior commu- 
nieating, posterior eerebral and basilar arteries (Plets et al 1970). A 
contribution from the anterior ehoroidal artery is often noted but this 
has been disputed. The medial braneh of the posterior ehoroidal artery 
supplies the posterior commissure, habenular region, pineal gland and 
medial parts of the thalaimis, including the pulvinar. Small eentral 
branehes, which arise from the circulus arteriosus and its assoeiated 
vessels, supply the hypothalamus. The pituitary gland is supplied by 
hypophysial arteries derived from the internal earotid artery, and the 
anterior eerebral and anterior eomimmieating arteries supply the 
lamina terminalis. 

The ehoroid plexuses of the third and lateral ventrieles are supplied 
by branehes of the internal earotid and posterior eerebral arteries. 

Basal ganglia 


The majority of the arterial supply to the basal ganglia eomes from the 
striate arteries, which are branehes from the roots of the anterior and 
middle eerebral arteries. They enter the brain through the anterior per- 
forated substance and also supply the internal capsule. The caudate 
nucleus reeeives blood additionally from the anterior and posterior 
ehoroidal arteries. The posteroinferior part of the lentiform complex is 
supplied by the thalamostriate branehes of the posterior eerebral artery. 
The anterior ehoroidal artery, a preterminal braneh of the internal 
earotid artery, contributes to the blood supply of both segments of the 
globus pallidus and the caudate nucleus. Famously, the ligation of this 
vessel during a neurosurgical procedure on a patient suffering from 
Parkinson's disease led to alleviation of the parkinsonian symptoms, 
presumably as a consequence of infaretion of the globus pallidus. This 
ehanee observation led to the initiation of pallidal surgery (pallidot- 
omy) for this eondition (see also p. 371). 
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Internal capsule 


The internal capsule is supplied by eentral, or perforating, arteries that 
arise from the circulus arteriosus and its assoeiated vessels. These 
include the lateral and medial striate arteries that eome from the middle 
and anterior eerebral arteries and also supply the basal ganglia. The 
lateral striate arteries supply the anterior limb, genu and much of the 
posterior limb of the internal capsule and are eommonly involved in 
isehaemie and haemorrhagie stroke. One of the larger striate branehes 
of the middle eerebral artery is known as 'Ohareot's artery of eerebral 
haemorrhage'. The medial striate artery a braneh of the proximal part 
of either the middle or anterior eerebral artery supplies the anterior 
limb and genu of the internal capsule and the basal ganglia. The ante- 
rior ehoroidal artery also contributes to the supply of the ventral part 
of the posterior limb and the retrolenticular part of the internal capsule. 

Oerebral cortex 


The entire blood supply of the eerebral cortex eomes from eortieal 
branehes of the anterior, middle and posterior eerebral arteries (see Figs 
19.4-19.5; Duvernoy et al 1981). In general, long branehes traverse the 
cortex and penetrate the subjacent white matter for 3 or 4 em without 
communicating. Short branehes are eonfined to the eerebral cortex and 
form a eompaet network in the middle zone of the grey matter, whereas 
the outer and inner zones are sparingly supplied. Although adjaeent 
vessels anastomose on the surface of the brain, they beeome end arteries 
as soon as they enter it. In general, superficial anastomoses only occur 
between mieroseopie branehes of the eerebral arteries, and there is little 
evidenee that they ean provide an effeetive alternative circulation after 
the occlusion of larger vessels. 

The lateral surface of the hemisphere is mainly supplied by the 
middle eerebral artery. This includes the territories of the motor and 
somatosensory eortiees, which represent the whole of the body, apart 
from the lower limb, and also the auditory cortex and language areas. 
The anterior eerebral artery supplies a strip next to the superomedial 
border of the hemisphere, as far baek as the parieto-oeeipital sulcus. 
The oeeipital lobe and most of the inferior temporal gyms (excluding 
the temporal pole) are supplied by the posterior eerebral artery. 

Medial and inferior surfaces of the hemisphere are supplied by the 
anterior, middle and posterior eerebral arteries. The area supplied by 
the anterior eerebral artery is the largest; it extends almost to the parieto- 
oeeipital sulcus and includes the medial part of the orbital surface. The 
rest of the orbital surface and the temporal pole are supplied by the 
middle eerebral artery, and the remaining medial and inferior surfaces 
are supplied by the posterior eerebral artery. 

Near the oeeipital pole, the junctional zone between the territories 
of the middle and posterior eerebral arteries eorresponds to the visual 
(striate) cortex, which reeeives information from the maaila. When the 
posterior eerebral artery is occluded, a phenomenon known as 'macular 
sparing may occur, in which vision with the eentral part of the retina 
is preserved. Collateral circulation of blood from branehes of the 
middle eerebral artery into those of the posterior eerebral artery may 
account for this phenomenon. In addition, in some individuals, the 
middle eerebral artery may itself supply the maoilar area. 


g) CEREBRAL BLOOD FL0W 

The brain is devoid of either glucose stores or a means of storing oxygen 
and is, therefore, dependent minute by minute on an adequate blood 
supply. It has a high metabolie rate in eomparison to other organs, 
which refleets the metabolie demands of eonstant neural aetivity. The 
blood supply of grey matter is more copious than that of white matter. 

Cerebral blood flow in the human brain is approximately 
50 mlg -1 min -1 . Global eerebral blood flow is autoregulated, i.e. it 
remains eonstant in normal individuals despite variations in mean 
arterial blood pressure over a range of 8.7-18.7 kPa (65-140 mmHg). 
If the blood pressure falls below this range, eerebral blood flow 
deereases. Alternatively, if the pressure rises above this range, eerebral 
blood flow may inerease. Arterial and arteriolar intraluminal pressure 
direetly eontrol eontraetion of intramural muscle; e.g. an inerease in 
arterial pressure causes arterial eonstrietion, and blood flow remains 
eonstant. 

Although autoregulation normally ensures that global eerebral 
blood flow remains eonstant, regional blood flow varies in response to 
the level of neural aetivity and, thus, to loeal metabolie demand. This 
has been demonstrated for many brain areas including the motor and 
286 sensory eortieal regions, areas involved in convulsive aetivity and even 


eortieal areas involved in complex thought proeesses. The prineipal 
loeal faetors affeeting regional blood flow are the loeal hydrogen ion 
(H + ) or earbon dioxide eoneentrations, which cause arterial dilation 
both by a direet aetion on the endothelium and through indireet media- 
tors, such as nitrie oxide. 

Not all substances circulating in arterial blood have aeeess to the 
brain parenehyma. Particulate matter, such as baeteria, is excluded. In 
general, lipophilie molecules and small molecules, such as oxygen and 
earbon dioxide, ean eross the blood-brain barrier but hydrophilie ones 
(excluding glucose) eannot. The cellular basis for the blood-brain 
barrier is disaissed on page 50. 

isehaemie Stroke Stroke refers to the elinieal syndrome of a rapidly 
developing foeal neurological defieit that is not due to seizure aetivity. 
If the cause is laek of, or reduced, blood supply to a portion of the 
brain, then the term isehaemie stroke (Fig. 19.7) is used, as opposed 



Stenosis 



infaretion 


Fig. 19.7 A, A frontal projeetion of a seleetive eatheter angiogram of the 
left internal earotid artery, showing a foeal narrowing at the termination of 
the left internal earotid artery and the origin of the left middle eerebral 
artery. B, A eoronal T2-weighted image of the brain at the level of the 
basal ganglia. There is an abnormal high signal in the left putamen and 
adjaeent white matter, eonsistent with infaretion. It is likely that the 
infaretion was due to occlusion of small perforating vessels originating in 
the area of the stenosis and supplying the basal ganglia. 

























Vascular supply and drainage of the brain 


It is diffìcult to make trnly quantiíìable measurements of regional 
eerebral blood flow, partiailarly in young ehildren, but this has been 
attempted using, for example, 133Xe single-photon emission computed 
tomography (SPECT). These studies have shown that regional eerebral 
blood flow to the cortex in newborns tends to be eonsiderably lower 
than that in adults; there is a continuing inerease through infaney and 
by the age of 5-6 years the eortieal flow is at least 50% higher than in 
adults (Chiron et al 1992). After that age, the eortieal blood flow 
deereases and adult levels are attained at between 15 and 19 years. It 
should be appreeiated that eerebral blood flow, in its strietest sense of 
mierovasailar perfusion, eannot be measured by less invasive methods 
such as ultrasonography. That said, it is possible, using these teeh- 
niques, to estimate blood veloeity and/or maeroseopie bulk flow in 
large vessels such as the internal earotid artery or middle eerebral artery, 
and to demonstrate a signifieant inerease in blood flow to the brain 
with inereasing gestational age in premature and term babies. 
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Arteries of the brain 


to haemorrhagie stroke, e.g. subarachnoid haemorrhage. The laek of 
blood flow ean be due to pathology in the vessel lumen, such as throm- 
bosis or embolus (eommon); pathology outside the blood vessef such 
as occlusion from the mass effeet of a tumour or haematoma (rare); or 
pathology of the vessel walf such as inflammatory or infeetive arter- 
itides (rare). The symptoms and signs of isehaemie stroke depend on 
the loeation and extent of the arterial infaretion (Bogousslavsky and 
Caplan 2002). In eertain loeations, even a small-volume stroke ean have 
devastating effeets. For example, the internal capsule and most of the 
adjaeent basal ganglia are supplied by small perforating arteries, which 
are a eommon site for isehaemie stroke. Corticonuclear and eortieospi- 
nal motor pathways and third-order thalamoeortieal sensory fibres all 
pass through the internal capsule, so that it is effeetively the only route 
eonneeting the eerebral cortex with other regions of the neuraxis. The 
neurological defieits that result from stroke in the internal capsule, 
therefore, may include eontralateral spastie hemiparesis, eontralateral 
hemisensory loss and psyehologieal defieits. 

It is possible for a major vessel, such as the internal earotid artery in 
the neek, to beeome occluded and for the individual to remain asymp- 
tomatie, providing an appropriate flow of blood ean be reemited to 
supply the affeeted brain region from other sources (eollateral supply). 
The primary role of the circulus arteriosus is to allow for this eventual- 
ity by redireeting blood from other sources, such as the eontralateral 
internal earotid and vertebrobasilar system in the example given above. 
If the circulus arteriosus is eomplete, two or even three of the four 
major arteries supplying the brain ean occlude without producing an 
isehaemie stroke. Unfortunately, the circulus arteriosus is rarely haemo- 
dynamieally eomplete; isehaemie stroke is, therefore, often caused 
because the eollateral supply is inadequate. For example, an individual 
in whom neither anterior nor posterior communicating arteries are 
patent will suffer an isehaemie stroke if there is occlusion of one inter- 
nal earotid artery because the proximal anterior and middle eerebral 
arteries eannot reeeive eollateral flow from the ineomplete circulus 
arteriosus. Some eollateral flow may be available from anastomoses 
between distal branehes of the external earotid artery (e.g. middle 
meningeal artery) but invariably this is not sufficient to supply the 
whole hemisphere. 

Somewhat paradoxically, the more distally the occlusion occurs in 
the eerebral vasculature, the more likely it is to cause an isehaemie 
stroke (although the volume of infareted tissue will be less). This is 
because the major eapaeity to form eollateralization is proximal, mainly 
at the circulus arteriosus. For example, an embolus formed in the proxi- 
mal internal earotid artery may travel to the M^ portion of the ipsilateral 
middle eerebral artery and occlude the vessel. There is very little seope 
for eollateralization at this site and an isehaemie stroke is unavoidable, 
unless the embolus ean be eleared and flow restored in good time. 

Watershed areas Regions of the brain lying at the extreme edges of 
the major eerebral arterial territories are ealled watershed areas; they are 
the first to be deprived of sufficient blood flow in the event of eerebral 
hypoperhision. isehaemie infarets of the cortex and adjaeent subcortical 
white matter in the border zones between these territories are known 
as watershed, boundary-zone or border-zone infarets. There is some 
evidenee that a seeond arterial border zone, the internal arterial border 
zone, exists within the white matter of the eentmm semiovale and 
eorona radiata (between the lenticulostriate perforators and the deep 
penetrating branehes of the distal middle eerebral artery). 



Cerebral anetirysms Aneurysms are balloon-like swellings that 
occur on arteries as a result of defeets in the vessel wall. They are most 
eommonly found on the vessels of the circulus arteriosus, particularly 
at or near the junctions of vessels. Aneurysms on the internal earotid 
artery near its termination may eompress the lateral aspeet of the optie 
ehiasma and eompromise axons derived from the temporal side of the 
ipsilateral retina, which causes a defeet in the nasal visual field. Aneu- 
rysms in the vieinity of the ooilomotor nerve, e.g. on the posterior 
communicating artery, superior eerebellar artery or the tip of the basilar 
artery, ean cause damage to the oculomotor nerve by eompression 
(Fig. 19.8, Video 19.1). 


Sllbaraehnoid haemorrhage Bleeding into the subarachnoid 

eompartment, subarachnoid haemorrhage, is the most eommon pathol- 
ogy that involves the subarachnoid spaee (Sengupta and MeAllister 
1986). There are many causes: in adults, the most eommon is rupture 
of an aneurysm of the intraeranial vessels that mn within the subarach- 
noid spaee. A person who has had a subarachnoid haemorrhage usually 
eomplains of a headaehe of very sudden onset that is frequently 
deseribed as being their 'worst ever headaehe' or 'like being hit on the 
head with a hammer'. When this is suspected, the first investigation is 



Aneurysm Posterior communicating artery 

Fig. 19.8 An intra-arterial digital subtraction angiogram of the right 
internal earotid artery in a patient with a eomplete right oculomotor nerve 
palsy, lateral projeetion. 


Subarachnoid 
haemorrhage 
in suprasellar 
eistern- 



Subarachnoid 
haemorrhage in 
interhemispherie 
fissure 

Subarachnoid 
haemorrhage in 
Sylvian fissure 


Fig. 19.9 An axial CT image (without intravenous eontrast agent) at the 
level of the posterior elinoids. There is abnormally high attenuation in the 
basal eisterns and subarachnoid spaee of the interhemispherie fissure, 
indieating an acute subarachnoid haemorrhage, subsequently shown to 
be due to a ruptured aneurysm on the anterior communicating artery. 


an X-ray CT examination, which has a very high sensitivity for deteeting 
fresh haemorrhage. Blood will be seen in the basal eisterns and entering 
the depths of the eortieal sulci, i.e. delineating the anatomy of the 
subarachnoid spaee, a presentation that permits an aeoirate diagnosis 
(Fig. 19.9). In marked eontrast, the spread of blood in a subdural 
haemorrhage is limited by the araehnoid mater on its deep surface, and 
the blood therefore remains on the surface of the brain. 


ArterÌOVenoilS malformations Arteriovenous malformations 
(AVMs) of the brain are developmental abnormalities of the blood 
vessels supplying the brain and are thought to occur in 1-2/10,000 
people. In the normal brain, blood flows from a eerebral artery into a 
eapillary system and then into a draining vein(s). When an AVM is 
present, arterial blood passes into a tangle (nidus) of abnormal blood 
vessels that allows passage into the venous system without passing 
through normal eapillaries (Fig. 19.10). As a result, there is often rapid, 
high-volume blood flow through the nidus, which, coupled with 
abnormal vessel walls, leads to a high risk of rupture. The resulting 
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haemorrhage from a eerebral AVM is assoeiated with high mortality/ 
morbidity and recurrent haemorrhages are eommon in survivors. Not 
all brain AVMs present with rupture but they may cause headaehes, 
seizures or foeal neurological defieits and some brain AVMs are diseov- 
ered ineidentally. There are several treatment options for brain AVMs, 
including surgical reseetion, endovascular obliteration and stereotaetie 
radiosurgery. In some circumstances, eonservative management is 
appropriate. 



The venous drainage of the brain occurs through a complex system of 
deep and superficial veins (Andeweg 1996) devoid of valves and with 
thin walls that laek muscular tissue. They pieree the araehnoid mater 
and the inner layer of the dura mater to open into the dural venous 
sinuses. 


VEINS OF THE OEREBRAL HEMISPHERE 



Superficial and deep eerebral veins drain the surfaces and the interior 
of the eerebral hemisphere respeetively (Figs 19.11-19.14). The super- 
fieial veins may be divided into three groups, namely: superior, middle 
and inferior. Between 8 and 12 superior eerebral veins drain the supero- 
lateral and medial surfaces of eaeh hemisphere. They mainly follow the 
sulci, although some pass aeross gyri. They aseend to the superomedial 
border of the hemisphere, where they reeeive small veins from the 
medial surface, and then open into the superior sagittal sinus. Superior 
eerebral veins in the anterior part of the hemisphere join the sinus 
almost at right angles. The larger posterior veins are direeted obliquely 
forwards, against the direetion of flow in the sinus, an arrangement that 
may resist their eollapse when intraeranial pressure is raised. 

The superficial middle eerebral vein drains most of the lateral surface 
of the hemisphere, and follows the lateral fissure to end in the eavern- 
ous sinus. A superior anastomotie vein mns posterosuperiorly between 


VEINS OF THE POSTERIOR FOSSA 


The veins of the brainstem form a superficial venous plexus deep to the 
arteries. 

Veins of the medulla oblongata drain into the veins of the spinal 
eord or the adjaeent dural venous sinuses, or into variable radicular 
veins that aeeompany the last four eranial nerves to either the inferior 
petrosal or oeeipital sinuses, or to the superior bulb of the jugular vein. 
Anterior and posterior median medullary veins may mn along the 
ventral (anterior) median fissure and posterior median sulcus, to 
beeome continuous with the spinal veins in eorresponding positions. 
Pontine veins, which may include a median vein and a lateral vein on 
eaeh side, drain into the basal vein, eerebellar veins, the petrosal or 
transverse simises or the venous plexus of the foramen ovale. Veins 
of the midbrain join the great eerebral vein (of Galen) or the basal 
vein. 

The veins of the cerebellum drain mainly into sinuses adjaeent to 
them or, from the superior surface, into the great eerebral vein. The 
eerebellar veins course on the eerebellar surface, and eonsist of supe- 
rior and inferior groups. Superior eerebellar veins either mn anterome- 
dially aeross the superior vermis to the straight sinus or great eerebral 
vein, or they mn laterally to the transverse and superior petrosal 
sinuses. Inferior eerebellar veins include a small median vessel that 
mns backwards on the inferior vermis to enter the straight or sigmoid 
sinus. Laterally coursing vessels join the inferior petrosal and oeeipital 
sinuses. 



Fig. 19.11 The eerebral venous system showing the prineipal superficial 
and deep veins of the brain and their relationship to the dural venous 
sinuses, viewed from the left side. 


Vein (Rolandie) of the eentral sulcus 



Fig. 19.12 A, Veins and sinuses of the brain, viewed from the left side. Continued 


































































Vascular supply and drainage of the brain 



Fig. 19.10 Seleetive eatheter angiograms shovving an arteriovenous malformation (AVM) in the left eerebral hemisphere. A, injeetion of eontrast medium 
into the left internal earotid artery shovvs the nidus of an AVM being supplied by enlarged posterior branehes of the middle eerebral artery (arrovv). B, An 
image taken one-third of a seeond later shovvs better filling of the nidus (arrovv) and early filling of a draining vein (arrovvheads). C, One seeond after the 
original image was taken, abnormally large eortieal veins ean be seen draining towards the superior sagittal sinus. D, Two seeonds after the original, the 
superior sagittal sinus is opaeified but the remainder of the dural venous system is not filled with eontrast, indieating rapid shunting through the AVM. 
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Veins of the brain 


Ophthalmie vein 


Sphenoparietal sinus 


Anterior intercavernous sinus 
-Anterior eerebral vein 

-Sphenoparietal sinus 


Superficial middle eerebral vein 

Cavernous sinus- 


Superior petrosal sinus 

Inferior petrosal sinus- 
Sigmoid sinus- 


Transverse sinus 


Superficial middle eerebral vein 


— Deep middle eerebral vein 

— Basal vein (of Rosenthal) 
Posterior intercavernous sinus 


Straight sinus 


Cerebellar veins 



Confluence of sinuses 


Fig. 19.12, eont’d B, Veins and sinuses on the anterior (ventral) surface of the hemisphere. The eerebelliim, pons and caudal midbrain have been 
removed. For elarity, the petrosal sinuses are shovvn only on the left and the basal vein (of Rosenthal) only on the right sides of the figure. In life, these 
vessels are bilateral. (With permission from Haines, D, Fundamental Neuroscience for Basie and Clinical Applieations, 4th Edition, 2013, Saunders, 
Elsevier.) 



Corpus callosum 


Thalamostriate 
vein- 


Thalamus — 

Internal 
eerebral vein 


Great 

eerebral vein 



— Septum 
pellucidum 

-Caudate 

nucleus 


C horoidal 
vein 

—ehoroid 
plexus 

Basal vein 


Fig. 19.13 The internal (deep) eerebral veins, vievved from above after 
removal of the eentral portion of the corpus callosum. 


the siiperfìeial middle eerebral vein and the superior sagittal sinus, thus 
eonneeting the superior sagittal and cavernous sinuses. An inferior anas- 
tomotie vein courses over the temporal lobe and eonneets the superfì- 
eial middle eerebral vein to the transverse sinus. The deep middle 
eerebral vein drains the insular region and joins the anterior eerebral 
and striate veins to form a basal vein. Regions drained by the anterior 
eerebral and striate veins eorrespond approximately to those supplied 


by the anterior eerebral artery and the eentral branehes that enter the 
anterior perforated substance. The basal veins pass baek alongside the 
interpeduncular fossa and midbrain, reeeive tributaries from this viein- 
ity and join the great eerebral vein. 

Inferior eerebral veins on the orbital surface of the frontal lobe join 
the superior eerebral veins and thus drain to the superior sagittal sinus. 
Those on the temporal lobe anastomose with basal veins and middle 
eerebral veins, and drain to the cavernous, superior petrosal and trans- 
verse simises. 

The basal vein begins at the anterior perforated substance by the 
union of a small anterior eerebral vein, which aeeompanies the anterior 
eerebral artery; a deep middle eerebral vein, which reeeives tributaries 
from the insula and neighbouring gyri, and mns in the lateral eerebral 
fìssure; and striate veins, which emerge from the anterior perforated 
substance. The basal vein passes baek round the eerebral peduncle to 
the great eerebral vein and reeeives tributaries from the interpeduncular 
fossa, inferior horn of the lateral ventriele, parahippoeampal gyms and 
midbrain. 

The internal eerebral vein drains the deep parts of the hemisphere 
and the ehoroid plexuses of the third and lateral ventrieles. It is formed 
near the interventricular foramen, behind the column of the fornix, 
primarily by union of the thalamostriate and ehoroidal veins, although 
numerous smaller veins from surrounding stmctures also eonverge 
here. The thalamostriate vein mns anteriorly, between the caudate 
nucleus and thalamus, and reeeives many tributaries from both. The 
ehoroidal vein mns a convoluted course along the whole ehoroid 
plexus, and reeeives veins from the hippocampus, fornix, corpus eal- 
losum and adjaeent stmctures. After their formation, the two internal 
eerebral veins travel baek parallel to one another beneath the splenium 
of the corpus callosum, where they unite to form the great eerebral vein. 
The great eerebral vein is a short median vessel that curves sharply up 
around the splenium of the corpus callosum and opens into the ante- 
rior end of the straight sinus after reeeiving the right and left basal veins. 


intraeranial venosinus thrombosis One of the most potentially 

serious pathologies affeeting the intraeranial venous system is veno- 
sinus thrombosis (Fig. 19.15). In this eondition, blood elots within the 
dural sinuses and/or intraeranial veins, and the resulting obstmetion of 
venous drainage may produce life-threatening eomplieations. 
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Vascular supply and drainage of the brain 


In many eases, the cause of the venosinus thrombosis is not found; 
trauma involving the dural sinuses and infeetions in the vieinity of 
the simises (e.g. mastoiditis) present signifieant risk. Conditions that 
inerease the coagulability of the blood, such as the oral eontraeeptive 
pill, pregnaney, dehydration and inborn abnormalities of the coagula- 
tion pathways, are also risk faetors. 

Individuals with intraeranial venosinus thrombosis at its most severe 
present moribund, in eoma or with major seizure aetivity; in these situ- 
ations the prognosis is poor. The elot within the dural sinuses and/or 
eortieal veins obstmets the drainage of venous blood from the brain 
and causes venous hypertension. As the pressure in the venous system 
approaehes the arterial pressure, the blood flow perfhsing the affeeted 
parts of the brain deereases. If it dips below a eritieal level, the brain 
tissue will beeome isehaemie and may die (venous infaretion). As 
the arterial supply to the brain is still present, the infareted areas of 
the brain frequently undergo major haemorrhage and this is often the 
faetor that kills the patient. 


dinieians distinguish between thrombosis that affeets the 'superfi- 
eial' and 'deep' venous systems, although they may occur together (see 
Fig. 19.11). Superficial thrombosis usually occurs in the superior sagittal 
sinus (with or without involvement of the eortieal veins), whilst deep 
intraeranial thrombotie disease usually affeets the great eerebral vein 
and the straight sinus. The parts of the eerebral hemispheres affeeted 
are different in the two situations: superficial thrombosis affeets the 
eerebral hemispheres (particularly the white matter) and deep throm- 
bosis affeets the thalami and basal ganglia. However, one eommon 
feature is the tendeney for bilateral involvement because all of the main 
draining venous ehannels are in the midline and aeeept venous drain- 
age from both hemispheres. 

If the extent of the intraeranial venosimis thrombosis is less severe, 
or if alternative venous drainage has been aeeommodated by reasonable 
eollateral ehannels, the patient may have more modest symptoms such 
as headaehes or visual disturbance. Those symptoms are due to raised 
intraeranial pressure and, if untreated, may beeome ehronie. 



Fig. 19.15 Venosiniis thrombosis. Images from a magnetie resonanee study in an adult patient with a 6-day history of headaehe and inereasingly 
severe seizures. A, The sagittal T1-weighted image shows abnormal high signal along the course of the superior sagittal sinus (arrows). B, The axial 
T2-weighted image also shows high signal in the enlarged superior sagittal sinus (arrow). This pattern of abnormal signal indieates extensive subacute 
thrombus in the sinus. There are abnormal high signal ehanges in the left paraeentral lobule (arrowheads), indieating venous infaretion. This was shown 
to be bilateral and haemorrhagie on other images. 
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Fig. 19.14 Phase eontrast magnetie resonanee venograms taken at 3.0T in lateral (A), frontal (B) and superior (C) projeetions. D, A CT venogram, 
midsagittal seetion. 


f@ Bonus e-book images and video 

Fig. 19.10 Seleetive eatheter angiograms 
showing an arteriovenous malformation 
(AVM) in the left eerebral hemisphere. 

Fig. 19.15 Venosinus thrombosis. 

Video 19.1 Rotational angiography of an 
intraeranial aneurysm. 
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The spinal eord provides innervation for the tmnk and limbs via spinal 
nerves and their peripheral ramifieations. It reeeives primary afferent 
fibres from peripheral reeeptors loeated in widespread somatie and 
viseeral stmctures, and sends motor axons to skeletal muscle. It also 
eontains the eell bodies of all the preganglionie neurones responsible 
for the sympathetie innervation of eardiae and smooth muscle and 
seeretory glands, and for the parasympathetie innervation of smooth 
muscle in the distal part of the hindgut, the pelvie viseera and the 
ereetile tissues of the external genitalia. Many bodily fimetions are regu- 
lated at an unconscious level by intraspinal reflex eonneetions between 
afferent and efferent neurones. Profhse aseending and deseending path- 
ways link the spinal eord with the brain, allowing higher eentres to 
monitor and pereeive external and internal stimuli and to modulate 
and eontrol spinal efferent aetivity. 


EXTERNAL FEATIIRES AND RELATIONS 


The topographieal anatomy of the spinal eord and its external features 
and relations are deseribed in more detail in ehapter 45. In brief, the 
eord lies within the vertebral eanal. It is continuous rostrally with the 
medulla oblongata, just below the level of the foramen magnum and 
it terminates caudally as the conus medullaris, which is continuous 
with the filum terminale and is anehored to the dorsum of the coccyx. 
The eord is ensheathed by spinal meninges that are continuous with 
the eranial meninges through the foramen magnum. Although it is 
approximately circular in eross-seetion, the diameter of the spinal 
eord varies aeeording to level; it bears two enlargements, eervieal and 
lumbar. 

The spinal eord is essentially a segmental structure, giving rise to 31 
bilaterally paired spinal nerves. These attaeh to the eord as a linear series 
of smaller dorsal and ventral nerve rootlets. Dorsal rootlets eontain 
afferent nerve fibres and ventral rootlets eontain efferent fibres (see Fig. 
16.2). Groups of adjaeent rootlets eoalesee to form dorsal or ventral 
nerve roots that eross the subarachnoid spaee and unite to form fime- 
tionally mixed spinal nerves as they pass through the intervertebral 
foramina. The dorsal roots bear dorsal root ganglia that eontain the eell 
bodies of primary afferent neurones. 



In transverse seetion, the spinal eord is ineompletely divided into sym- 
metrieal halves by a dorsal (posterior) median septum and a ventral 
(anterior) median fissure (sulcus) (Fig. 20.1). It eonsists of an outer 
layer of white matter and an inner eore of grey matter; their relative 
sizes and configuration vary aeeording to level. The amount of grey 
matter refleets the number of neuronal eell bodies present; it is propor- 
tionately largest in the eervieal and lumbar enlargements, which eontain 
the neurones that innervate the limbs. The absolute amount of white 
matter is greatest at eervieal levels and deereases progressively at lower 
levels because deseending traets shed fibres as they deseend and aseend- 
ing traets accumulate fibres as they aseend. 

A diminutive eentral eanal, lined by columnar, eiliated epithelium 
(ependyma) and eontaining eerebrospinal fluid (CSF), extends the 
whole length of the spinal eord, lying in the eentre of the spinal grey 
matter. Rostrally, the eentral eanal extends into the caudal half of the 
medulla oblongata and then opens into the fourth ventriele. 


SPINAL GREY MATTER 


In transverse seetion, the spinal grey matter is often deseribed as being 
'bntterfly-shaped' or resembling the letter 'H' (see Fig. 20.1). It eonsists 
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Fig. 20.1 Transverse seetions through the spinal eord at representative 
levels. Approximately x5. (Figure enhaneed by B Oossman.) 
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Fig. 20.2 A transverse seetion of a spinal eord at a mid-lumbar level. 
Groups of the larger motor neurones in the ventral grey column are 
prominent. Stained with eresyl fast violet. 


of four linked cellular masses: the right and left dorsal horns, which 
projeet dorsolaterally, and the right and left ventral horns which projeet 
ventrolaterally towards the surface. The grey matter that immediately 
surrounds the eentral eanal and unites the two sides constitutes the 
dorsal and ventral grey commissures. The dorsal horn is the site of 
termination of the primary afferent fibres that enter the eord via the 
dorsal roots of spinal nerves. The tip of the dorsal horn is separated 
from the dorsolateral surface of the eord by a thin fasciculus or traet (of 
Lissauer), in which primary afferent fibres aseend and deseend for a 
short distanee before terminating in the subjacent grey matter. The 
ventral horn eontains efferent neurones whose axons leave the spinal 
eord in ventral nerve roots. A small intermediate, or lateraf horn is 
present at thoraeie and upper lumbar levels; it eontains the eell bodies 
of preganglionie sympathetie neurones. 

Spinal grey matter (Fig. 20.2) is a complex mixture of neuronal eell 
bodies, their proeesses and synaptie eonneetions, neuroglia and blood 
vessels. Neurones in the grey matter are multipolar. They vary in size 
and features such as the length and the arrangement of their axons and 
dendrites. Neurones may be intrasegmentaf i.e. eontained within a 
single segment, or intersegmentaf i.e. their ramifieations spread through 
several segments. 

Neuronal eell groups of the spinal eord 

The grey matter of the spinal eord may be divided, on the basis of 
cytoarchitecture, into 10 zones, known as Rexed's laminae, which are 
numbered sequentially from dorsal to ventral. The laminae are defined 
on the basis of neuronal size, shape, eytologieal features and density. 
Some of these lamina are equated with eell groupings of particular 
fimetional types (Fig. 20.3) (Rexed 1952). 

Laminae I-IV eorrespond to the dorsal part of the dorsal horn, and 
are the main site of termination of cutaneous primary afferent termi- 
nals and their eollaterals. Many complex polysynaptie reflex paths (ipsi- 
lateral, eontralateral, intrasegmental and intersegmental) start from 
this region, as also do many long aseending traet fibres, which pass to 
higher levels. Lamina I (lamina marginalis) is a very thin layer with an 
ill-defined boundary at the dorsolateral tip of the dorsal horn. It has a 
retiailar appearanee, refleeting its eontent of intermingling bundles of 
eoarse and fine nerve fibres. It eontains small, intermediate and large 
neuronal somata, many of which are fiisiform in shape. The much 
larger lamina II eonsists of densely paeked small neurones, responsible 
for its dark appearanee in Nissl-stained seetions. With myelin stains, 
lamina II is eharaeteristieally distinguished from adjaeent laminae by 


A 




Fig. 20.3 Rexed’s laminae shown in the eervieal eord (A) and in the 
thoraeie eord (B). Abbreviations: CC, eentral eanal; IL, intermediolateral; 
IM, intermediomedial; T, posterior thoraeie nucleus. (A, Redrawn with 
permission from Crossman AR, Neary D 2010 Neuroanatomy, 4th edn. 
Edinburgh: Churchill Livingstone; B, Redrawn with permission from 
Carpenter MB 1991 Core Text of Neuroanatomy, 4th edn. Baltimore: 
Williams and Wilkins.) 


the almost total laek of myelinated fibres. Lamina II eorresponds 
approximately to the substantia gelatinosa. Lamina III eonsists of 
somata that are mostly larger, more variable and less elosely paeked 
than those in lamina II. It also eontains many myelinated fibres. The 
ill-defined nucleus proprius of the dorsal horn eorresponds to some of 
the eell constituents of laminae III and IV. Lamina IV is a thiek, loosely 
paeked, heterogeneous zone permeated by fibres. Its neuronal somata 
vary eonsiderably in size and shape, from small and round, through 
intermediate and triangular, to very large and stellate (Sehoenen and 
Faull 1990). 

Laminae V and VI lie at the base of the dorsal horn. They reeeive 
most of the terminals of proprioeeptive primary afferents, profhse eor- 
tieospinal projeetions from the motor and sensory cortex, and input 
from subcortical levels, suggesting their involvement in the regulation 
of movement. Lamina V is a thiek layer, divisible into a lateral third 
and medial two-thirds. Both have a mixed eell population but the 
former eontains many prominent well-staining somata interlaeed by 
numerous bundles of transverse, dorsoventral and longitudinal fibres. 
Lamina VI is most prominent in the limb enlargements. It has a 
densely staining medial third of small, densely paeked neurones and a 
lateral two-thirds eontaining larger, more loosely paeked, triangular or 
stellate somata. 

Lamina VII occupies the region just ventral to lamina VI and extend- 
ing aeross the spinal grey matter on eaeh side. This region is known as 
the intermediate zone and within the thoraeie eord includes the lateral 
horn. The size of lamina VII varies at different spinal levels. In the eervi- 
eal and lumbar enlargements, lamina VII extends laterally and ventrally 




































Internal organization 


throughout the ventral horn eontaining eell groups of lamina IX neu- 
rones embedded within it. In the thoraeie region, lamina VII occupies 
the intermediate zone and the dorsal part of the ventral horn only. 
Three important nuclear groups are eontained within lamina VII: the 
posterior thoraeie nucleus (nucleus thoracicus posterior, eiarke's 
column), which extends throughout the thoraeie and upper lumbar 
segments and gives rise to the dorsal spinoeerebellar traet; the interme- 
diolateral nucleus, which is loeated between T1 and L2 and gives rise 


to the preganglionie sympathetie fibres; and the intermediomedial 
nucleus, which extends the full length of the eord and may be involved 
in the eontrol of viseeral motor neurones (Fig. 20.4). 

Lamina VIII spans the base of the ventral horn in the thoraeie region 
but is restrieted to the medial aspeet of the ventral horn in the eervieal 
and lumbar enlargements. Its neurones display a heterogeneous mixture 
of sizes and shapes from small to moderately large. Lamina VIII is a 
mass of propriospinal interneurones. It reeeives terminals from the 
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Fig. 20.4 The groups of nerve eells in the grey columns of the spinal eord. The relative positions of these columnar groups and their extent through 
spinal segments are indieated. (Modified with permission of Simon & Schuster from Correlative Anatomy of the Nervous System by E Crosby, 

T Humphrey, E Lauer. Copyright © 1962 Maemillan Publishing Company.) 
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adjaeent laminae, many commissural fibres from the eontralateral 
lamina VIII, and deseending eonneetions from the interstitiospinaf 
reticulospinal and vestibulospinal traets and the medial longitudinal 
fasciculus. The axons from these interneurones influence a motor 
neurone aetivity bilaterally, perhaps direetly but more probably by exci- 
tation of small y motor neurones supplying efferent fibres to muscle 
spindles. 

Lamina IX eonsists of several distinet groups of somatie motor neu- 
rones loeated throughout the ventral horn. In the thoraeie eord, these 
nuclear groups are embedded within lamina VIII, whereas in the eervi- 
eal and lumbar enlargements, the lamina IX eell groups are embedded 
within both lamina VII and lamina VIII. Lamina IX is a complex array 
of eells eonsisting of a and y motor neurones and many interneurones. 
The large a motor neurones supply motor end-plates of extrafusal 
muscle fibres in striated muscle. Reeording techniques have demon- 
strated tonie and phasie a motor neurones. The former have a lower 
rate of firing and lower conduction veloeity, and tend to innervate type 
S muscle units. The latter have higher conduction veloeity and tend to 
supply fast twitch (type FR, FF) muscle units. The smaller y motor neu- 
rones give rise to small-diameter efferent axons (fiisimotor fibres), 
which innervate the intrafiisal muscle fibres in muscle spindles. There 
are several fimetionally distinet types of y motor neurone. The 'statie' 
and 'dynamie responses of muscle spindles have separate eontrols 
mediated by statie and dynamie ffisimotor fibres, which are distributed 
variously to nuclear ehain and nuclear bag fibres (Boyd and Gladden 
1985). 

Lamina X surrounds the eentral eanal and eonsists of the dorsal and 
ventral grey commissures. 


Dorsal horn 


The dorsal horn is a major zone of termination of primary afferent 
fibres, which enter the spinal eord through the dorsal roots of spinal 
nerves. Dorsal root fibres eontain numerous moleeiiles, which are either 
known, or suspected, to fiilfil a neurotransmitter or neuromodulator 
role. These include glutamic aeid, substance P, ealeitonin gene-related 
peptide (CGRP), bombesin, vasoaetive intestinal polypeptide (VIP), 
eholeeystokinin (CCK), somatostatin, dynorphin and angiotensin II. 
Dorsal root afferents earry exteroceptive, proprioeeptive and interoeep- 
tive information. Laminae I-IV are the main cutaneous reeeptive areas; 
lamina V reeeives fine afferents from the skin, muscle and viseera; and 
lamina VI reeeives proprioeeptive and some cutaneous afferents. Most, 
if not all, primary afferent fibres divide into aseending and deseending 
branehes on entering the eord. These then travel for variable distanees 
in the traet of Lissauer, near the surface of the eord, and send eollaterals 
into the subjacent grey matter. 

The lamina marginalis (lamina I) is a thin lamina of neurones at the 
dorsolateral tip of the dorsal horn, deep to the traet of Lissauer. Beneath 
it lies the substantia gelatinosa (laminae II), which is present at all 
levels, and eonsists mostly of small neurones, together with some larger 
neurones. The substantia gelatinosa reeeives afferents via the dorsal 
roots, and its neurones give rise to fibres that form the eontralateral 
spinothalamie traet. The large propriospinal neurones of the nucleus 
proprius lie ventral to the substantia gelatinosa within lamina III and 
lamina IV; they link segments for the mediation of intraspinal eoordina- 
tion (see Fig. 20.2). 

The posterior thoraeie nucleus lies at the base of the dorsal horn 
within lamina VII. At most levels, it is near the dorsal white funiculus 
and may projeet into it. It ean usually be identified from the eighth 
eervieal to the third or fourth lumbar segments. Neurones of the pos- 
terior thoraeie nucleus vary in size but most are large, espeeially in the 
lower thoraeie and lumbar segments. Some send axons into the dorsal 
spinoeerebellar traets and others are interneurones. 

Pain pathvvays 

Fifty years ago, a paper was published that not only had a profound 
effeet on thinking about sensory proeessing and pereeption at the time 
but also continues to influence researeh in the field of pain pereeption. 
The authors deseribed a meehanism by which noeieeptive input from 
the skin was modulated ('gated') by loeal circuits within the dorsal horn 
and by deseending inputs from the brain; the theory was known as the 
gate eontrol theory (GCT; Melzaek and Wall 1965). Interneurones in 
the substantia gelatinosa, SG eells, were east in the role of the meta- 
phorieal gate, modulating patterns of afferent input to noei-responsive 
projeetion neurones (T eells, traet eells), found mainly in lamina I of 
the dorsal horn, and responsible for onward transmission of noxious 
messages to the brain. Aeeording to the GCT, inereased aetivity in the 
eollaterals of large-ealibre innocuous afferents excited SG eells, which 


in turn inhibited the T eells, i.e. the gate was elosed. Aetivity in small- 
ealibre noeieeptive afferents had the opposite effeet of inhibiting the 
SG interneurones and opening the gate (Fig. 20.5). Sinee all primary 
afferents are excitatory, the model implied that inhibition of the SG 
eells was the product of interneuronal circuitry, although the partieipat- 
ing eells had yet to be identified. 

More is now known about the dorsal horn circuitry that generates 
the gate. Interneurones in laminae I-IV are morphologieally, topo- 
graphieally and neurochemically heterogeneous: islet, eentral, radial 
and vertieal eells have been identified in experimental animal studies. 
Islet eells are predominantly GABAergie (transmitting or seereting 
y-aminobutyric aeid); a subset co-express glyeine and are presumed to 
be exclusively inhibitory. Radial and vertieal eells are predominantly 
glutamatergic and presumed to be excitatory, and eentral eells include 
both inhibitory and excitatory subsets. The input from C noeieeptors is 
eoneentrated in lamina I and lamina II; reeent evidenee has refocused 
attention on the eoneept of labelled lines (eaeh sensory modality is 
proeessed via a fixed path from skin to brain) for noxious heat, eold, 
noxious meehanieal stimulation and pmritogens, at least at the level of 
the primary afferent input. The main elements in the circuitry by which 
noxious and innocuous primary afferent inputs are thought to influence 
projeetion neurones within the dorsal horn of the spinal eord are 
shown in Figure 20.6. (For fiirther reading, see Ma (2010 , Moayedi and 
Davis (2013 , Todd and Koerber (2013), Zhang et al (2013 , Braz et al 
(2014), Mendell (2014).) 

Onward transmission in the lateral spinothalamie traet is likely to 
evoke the pereeption of pain at supraspinal levels, although the aetivity 
of spinothalamie traet neurones may be modified by deseending pain 
modulatory systems. In the brainstem, the regions inducing such effeets 
eorrespond to a number of midbrain and rhombeneephalie nuclei, 
which, with their eonneetions, constitute an endogenous analgesie 
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Fig. 20.6 Routes by which noxious and innocuous primary afferent inputs 
may engage projeetion neurones in lamina I. Note that the excitatory 
aetivation circuits have a ventral-to-dorsal organization. Noeieeptive C 
and A5 fibres (purple) aetivate vertieal eells (V) of the outer part of lamina 
II (llo) direetly and these, in turn, excite neurokinin 1 (NK1)-expressing 
projeetion neurones of lamina I (green axon). Noeieeptive C fibres also 
aetivate eentral eells (C) of lamina II (lli); the C eells eontaet, and probably 
excite, V eells in lamina llo. The projeetion neurones in lamina I also 
reeeive direet noeieeptive C and A5 input. Non-noeieeptive Ap fibres 
(blue) projeet to deeper laminae (III—IV), where they establish 
monosynaptie eonneetions with loeal excitatory interneurones (E), which 
direetly aetivate V eells. The majority of the inhibitory neurones (I) in 
lamina II are islet eells (l-i). These dorsally direeted circuits are the route 
through which both noxious and innocuous primary afferent input ean 
engage the projeetion neurones of lamina I. The excitatory circuits in the 
superficial dorsal horn are subject to profound inhibitory eontrols (red). 
The majority of the inhibitory neurones (I) in lamina II are islet eells (l-i) 
and these ean be direetly engaged by input from low-threshold, 
meehanoreeeptive C fibres (blue). The islet eells in turn establish 
monosynaptie inhibitory eonneetions with both vertieal eells of lamina llo 
and NK1 receptor-expressing projeetion neurones of lamina I. Low- 
threshold A5 (D-hair; blue) and Ap fibres also direetly engage inhibitory 
interneurones in laminae lli-IV. The latter in turn exert inhibitory eontrol of 
a variety of excitatory interneurones, including vertieal (V) and eentral (C) 
eells. The Ap-to-inhibitory eell circuit presumably underlies the circuit 
through which the ‘gate’ of the gate eontrol theory may be elosed. 
(Redrawn with permission from Braz J, Solorzano C, Wang X, et al 2014 
Transmitting pain and iteh messages: a eontemporary view of the spinal 
eord circuits that generate gate eontrol, Neuron 82:522-536.) 




























Spinal eord: internal organization 
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Fig. 20.5 The basie arrangement of the sensory ‘gate’ meehanism in the 
dorsal laminae of the grey matter of the spinal eord. (Redrawn with 
permission from Melzaek R, Wall PD. Pain meehanisms: a new theory. 
Seienee 150:971-979. Copyright 1965 Ameriean Assoeiation for the 
Advaneement of Seienee.) 
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system. In the midbrain, these regions are the periaqueductal grey 
matter, dorsal raphe nucleus and part of the cuneiform nucleus. Neu- 
rones in these sites eontain 5-HT (5-hydroxytryptamine, serotonin), 
GABA, substance P, CCK, neurotensin, enkephalin and dynorphin. The 
periaqueductal grey matter reeeives afferents from the frontal somato- 
sensory and cingulate neocortex, the amygdala, numerous loeal reticu- 
lar nuclei and the hypothalamus. Afferents from the latter are separate 
bundles, which earry histamine, luteinizing hormone-releasing hor- 
mone (LHRH), vasopressin, oxytocin, adrenoeortieotrophie hormone 
(AeTH), melanocyte-stimulating hormone (y-MSH), endorphin and 
angiotensin II. Some fibres deseend from the periaqueductal grey matter 
to rhombeneephalie eentres, while others pass direetly to the spinal 
eord. 

In the rhombeneephalon, the nucleus raphe magnus and the medial 
reticular column constitute an important multineuromediator eentre. 
Neurones in these sites eontain 5-HT, substance P, CCK, thyrotrophin- 
releasing hormone (TRH), enkephalin and dynorphin; some neurones 
eontain two or even three neuromediators. Deseending eortieospinal 
fibres pass to the nucleus of the spinal traet of the trigeminal nerve and 
its continuation, the substantia gelatinosa. The latter extends through- 
out the length of the eord and eontains populations of neurones that 
express many different neuromediators, e.g. GABA, substance P, neuro- 
tensin, enkephalin and dynorphin. There is abundant physiologieal 
and pharmaeologieal evidenee that all of these regions are intimately 
eoneerned with the eontrol of noeieeptive (and probably other modal- 
ity) inputs. 

Stimulation of forebrain sites, including the periventricular grey 
matter, the ventral posterolateral nucleus of the thalaimis, and the 
primary sensory (Sl) and posterior parietal eortiees, inhibit spinotha- 
lamie traet eells. In eontrast, some spinothalamie traet eells are excited 
by stiimilation of the medullary reticular formation and the primary 
motor cortex (the latter effeet probably being mediated by the eortieo- 
spinal traet). 

Modern neuroimaging and moleailar, genetie and behavioural 
studies eonfirm that the experience of pain involves a complex network 
of responsive brain regions. The somatosensory eortiees (S1 and S2) 
and the insula are thought to eneode the sensory features of pain, 
whereas the prefrontal cortex and eomponents of the limbie system 
(anterior cingulate cortex, amygdala, ventral tegmental area and nucleus 
accumbens) mediate the affeetive and contextual aspeets of pain. Meeh- 
anisms underlying 'deep' viseeral, imisailar, neuropathic and persistent, 
ehronie pain remain even less elear than those mediating cutaneous 
pain (Devor 2013). Patients with ehronie pain may have anatomieal 
alterations within the regions involved in the eognitive and emotional 
modulation of pain, e.g. the dorsolateral and medial prefrontal cortex, 
anterior cingulate gyms and insula (Bushnell et al 2013, Denk et al 
2014) and dysregulation of the deseending pain modulation systems 
(Ossipov et al 2014). 

Lateral horn 


The lateral horn is a small lateral projeetion of grey matter loeated 
between the dorsal and ventral horns in lamina VII. It is present from 
the eighth eervieal or first thoraeie segment to the seeond or third 
lumbar segment. It eontains the eell bodies of preganglionie sympa- 
thetie neurones. These develop in the embryonie eord dorsolateral to 
the eentral eanal and migrate laterally, forming the intermediolateral 
eell columns. Their axons travel via ventral spinal roots and white rami 
communicantes to the sympathetie tmnk. A similar eell group is found 
in the seeond to fourth saeral segments but, unlike the thoracolumbar 
lateral eell column, it does not form a visible lateral projeetion. It is the 
source of the saeral outflow of parasympathetie preganglionie nerve 
fibres. 

Ventral horn 


Lamina IX neurones in the ventral horn vary in size. The largest eell 
bodies, which may exceed 25 pm in diameter, are those of a motor 
neurones, the axons of which emerge in ventral roots to innervate 
extrafusal fibres in striated skeletal muscles. Large mimbers of smaller 
neurones, 15-25 jitm in diameter, are also present. Some of these are y 
motor neurones, which innervate intrafhsal fibres of muscle spindles, 
and the rest are interneurones. Motor neurones utilize aeetyleholine as 
their neurotransmitter. 

The basie building bloek of the motor neurones in lamina IX is 
represented by a longitudinally disposed group of neurones, which 
innervate a given muscle, and in which the a and y motor neurones are 
intermixed. The various groups innervating different muscles are aggre- 


C8 



Fig. 20.7 The approximate loeation of motor neurone groups at the C8 
segmental level of the spinal eord. 

gated into two major longitudinal columns: medial and lateral. In 
transverse seetion these form the medial and lateral eell groups in the 
ventral horn (Fig. 20.7). The motor neurones of lamina IX are soma- 
totopieally organized. The basie arrangement is that medial eell groups 
innervate the axial musculature, and lateral eell groups innervate the 
limbs. 

The medial nuclear group is divisible into a posteromedial and 
anteromedial group. This group innervates the imiseles attaehed to the 
axial skeleton. The medial nuclear group extends throughout the length 
of the spinal eord. Its neurones innervate epaxial muscle groups (which 
extend the head and vertebral column) and hypaxial muscle groups 
(which flex the head and vertebral column). Epaxial muscles include 
the ereetor spinae group, while hypaxial muscles include prevertebral 
imiseles of the neek, intereostal and anterior abdominal wall muscles. 
The epaxial muscles are innervated by branehes of the dorsal primary 
rami of the spinal nerves, and the hypaxial muscles by branehes of 
the ventral primary rami. In the medial column, motor neurones sup- 
plying epaxial muscles are sited ventral to those supplying hypaxial 
muscles. 

The lateral nuclear group innervates the rest of the body imisoila- 
ture. In the thoraeie region, it is small and innervates the lateral tmnk 
muscles, inehiding the intereostal muscles. In the eervieal and lumbar 
enlargements, the lateral nuclear group is enlarged and a number of 
subgroups may be distinguished, including the anterolateral (ventrola- 
teral), posterolateral (dorsolateral), eentral and retroposterolateral (ret- 
rodorsolateral) groups. 

In the eervieal and lumbar enlargements, the lateral mielear group 
innervates muscles of the upper and lower limbs, respeetively. These 
neurones are somatotopieally organized. Passing round the eervieal 
ventral horn clockwise from ventromedial to dorsolateral, a motor 
neurones successively innervate muscles of the tmnk, shoulder girdle, 
upper arm and lower arm (see Fig. 20.4). The proximal muscles of the 
limb are supplied from motor eell groups loeated more rostrally in the 
enlargement than those supplying the distal muscles, e.g. motor neu- 
rones in C8 and T1 innervate the intrinsie muscles of the hand, and 
motor neurones in C5 and C6 innervate shoulder muscles. There is a 
similar overall arrangement in the lumbosacral eord for motor neu- 
rones innervating the imiseles in the lower limb (Fig. 20.8). 

The spinal nucleus of the aeeessory nerve (SAN) eontains motor 
neurones that innervate sternoeleidomastoid and trapezius. Deseribed 
as a oirvilinear band of motor neurones extending within the ventral 
horn from Cl/2 to C5/6 (Orhan et al 2009; Saylam et al 2009) in line 
rostrally with the nucleus ambigmis, the spinal nucleus of the aeeessory 
nerve is unusual in that it not only lies between the most medial 
column in the ventral horn (innervating axial muscles) and the lateral 
column (innervating upper limb imiseles) (Routal and Pal 2000) but 
also its rootlets exit the spinal eord just dorsal to the ligamentum den- 
ticulatum (Jenny et al 1988). They subsequently eombine to form the 
intraspinal portion of the aeeessory nerve, which aseends the vertebral 
eanal to enter the posterior eranial fossa via the foramen magnum. The 
supranuclear innervation of the spinal nucleus of the aeeessory nerve is 
uncertain. The bulk of current evidenee favours bilateral hemispherie 
innervation of motor neurones in the rostral spinal nucleus of the aeees- 
sory nerve (innervating sternoeleidomastoid), although opinion varies 
as to the extent of the ipsilateral input, but predominantly eontralateral 
supranuclear eontrol of the neurones in the caudal spinal nucleus of 
the aeeessory nerve (innervating the upper and middle fibres of trape- 
zius). This pattern is analogous to the supranuclear innervation of the 
faeial nerve motor nucleus. 
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Fig. 20.8 The segmental arrangement of motor neurones innervating 
muscles of the lovver limb. Obt. ext. = obturator externus; Tib. ant. = 
tibialis anterior; Tib. post. = tibialis posterior; Ten. fas. latae = tensor 
faseiae latae; Glut. med. and min. = gluteus medius and minimus; Ext. 
hall. I. = extensor hallucis longus; Fib. tert. = fibularis tertius; Fib. brevis = 
fibularis brevis; Fib. longus = fibularis longus; Lat. hip. rot. = lateral hip 
rotators; Gastroen. = gastrocnemius; Soleus and plant. = soleus and 
plantaris; Gluteus max. = gluteus maximus; Flex. hall. I. and b. = flexors 
hallucis longus and brevis; Flex. dig. I. and b. = flexors digitomm longus 
and brevis. 


The nucleus of Onuf, which is thought to innervate the perineal 
striated imiseles, is an anterolateral group of lamina IX eells in the 
fìrst and seeond saeral segments. The eentrally situated phrenie 
nucleus, eontaining the motor neurones that innervate the dia- 
phragm, lies in the third to seventh eervieal segments. The lumbosac- 
ral nucleus is also eentrally loeated and its axons have an unknown 
distribution. 

The main afferent eonneetions to motor neurones are: direet mono- 
synaptie eonneetions from proprioeeptive dorsal root afferents in the 
same or nearby segments; eonneetions from axonal eollaterals of dorsal 
horn and other interneurones; direet monosynaptie eonneetions from 
the vestibulospinal and eortieospinal traets. 


SPINAL VVHITE MATTER 


The spinal white matter surrounds the eentral eore of grey matter. The 
white matter eonsists primarily of longitudinally mnning nerve fibres. 
Fibres subserving related fimetions, or those with eommon origins or 
destinations, are generally grouped together anatomieally to form traets 
(faseiaili), which may be aseending, deseending and propriospinal. 
Aseending traets eonsist either of primary afferent fibres, which enter 
the eord via the dorsal roots of spinal nerves, or fibres derived from 
intrinsie spinal neurones, which earry afferent impulses to supraspinal 
levels. Deseending traets eontain fibres that deseend from the eerebral 
cortex or brainstem nuclei to eontrol the aetivity of spinal neurones. 
Propriospinal traets eontain the axons of neurones that are loealized 
entirely to the spinal eord; they eontain both aseending and deseending 
eomponents, eolleetively mediating intersegmental eoordination. 

The spinal white matter is eonventionally deseribed as being arranged 
into three large, bilaterally paired masses, the dorsal, lateral and ventral 
fimiaili, eaeh of which eontains a number of speeifie traets (see Fig. 
20.1; Fig. 20.9). The dorsal (posterior) funiculus lies between the dorsal 
horn and the posterior median septum. The lateral funiculus lies 
between the dorsal root entry zone and the site where the ventral roots 
emerge. The ventral (anterior) funiculus lies between the ventral median 
fissure and the site where the ventral roots emerge. Narrow dorsal and 
ventral white commissures mn between the two halves of the eord. 


Fibres in the spinal white matter vary in ealibre. Many are small and 
lightly myelinated or unmyelinated. Most regions eontain a wide spee- 
tmm of fibre diameters, from 1 pm or less to 10 pm. Some traets typi- 
eally eontain only small fibres, e.g. the dorsolateral traet, fasciculus 
graeilis and eentral part of the lateral funiculus. The fasciculus cuneatus, 
ventral funiculus and peripheral zone of the lateral funiculus all eontain 
many large-diameter fibres. 

Whilst the aseending and deseending traets are, to a large extent, 
diserete and regularly loeated, signifieant overlap between adjaeent 
traets does occur. Their general disposition is shown in Figure 20.9 
(Parent and Oarpenter 1996). 

Aseending pathways 


Dorsal eoliimns 

The dorsal funiculus eonsists of two large aseending traets, the fasciculus 
graeilis and fasciculus cuneatus (Fig. 20.10), which are also known as 
the dorsal columns. They are separated by a posterointermediate 
septum. The dorsal columns eontain a high proportion of myelinated 
fibres earrying proprioeeptive (position sense and kinaesthesia), extero- 
eeptive (touch-pressure) and vibratory sensation to higher levels. These 
fibres eome from several sources: long primary afferent fibres, which 
enter the eord in the dorsal roots of spinal nerves and aseend to the 
dorsal column nuclei in the medulla oblongata; shorter primary affer- 
ent fibres projeeting to neurones of the posterior thoraeie nucleus and 
other spinal neurones; and axons from seeondary neurones of the 
spinal eord aseending to the dorsal column nuclei. The dorsal columns 
also eontain axons of propriospinal neurones. 

The fasciculus graeilis begins at the caudal end of the spinal eord. It 
eontains long aseending branehes of primary afferents, which enter the 
eord through ipsilateral dorsal spinal roots and aseending axons of 
seeondary neurones in laminae IV-VI of the ipsilateral dorsal horn. As 
the fibres aseend, they are joined by axons of successive dorsal roots. 
Fibres entering in eoeeygeal and lower saeral regions are shifted medi- 
ally by successive additions of fibres entering at higher levels. 

The fasciculus graeilis lies medial to the fasciculus cuneatus in the 
upper spinal eord (see fig. 20.9). At upper eervieal levels, the fasciculus 
graeilis eontains a larger proportion of afferents from cutaneous reeep- 
tors than from deep proprioeeptors because many of the latter leave the 
fasciculus at lower segments to synapse in the posterior thoraeie 
nucleus. Indeed, proprioeeption from the lower limb mostly reaehes 
the thalamus by relaying in the posterior thoraeie nucleus and then 
again in nucleus Z. Axons of the fasciculus graeilis, from both primary 
and seeondary neurones, terminate in the nucleus graeilis of the dorsal 
medulla. 

The fasciculus cuneatus (see Fig. 20.9) begins at mid-thoraeie level 
and lies lateral to the fasciculus graeilis. It is eomposed mostly of 
primary afferent fibres of the upper thoraeie and eervieal dorsal roots. 
At upper eervieal levels, it eontains a large population of afferents from 
both deep and cutaneous reeeptors of the upper limb. In addition, some 
of its axons arise from seeondary neurones in laminae IV-VI of the 
ipsilateral dorsal horn. Many axons (both primary and seeondary) that 
aseend in the fasciculus cuneatus terminate in the nucleus cuneatus of 
the dorsal medulla. Some also end in the lateral (external or aeeessory) 
cuneate nucleus; neurones in this nucleus projeet to the cerebellum via 
the cuneocerebellar pathway. 

Many aseending fibres of the fasciculus graeilis and fasciculus cunea- 
tus terminate by synapsing on neurones of the dorsal column nuclei 
(nucleus graeilis and nucleus cuneatus, respeetively) in the medulla 
oblongata. (The eonneetions of the dorsal column nuclei are deseribed 
fhrther with the medulla oblongata; Ch. 21.) Axons arising from neu- 
rones in the dorsal column nuclei areh ventromedially round the 
eentral grey matter of the medulla as internal arcuate fibres (see Fig. 
21.7) and decussate in the great sensory decussation to form the medial 
lemniscus. They aseend to the ventral posterolateral nucleus of the 
thalamus, from where neurones projeet to the somatosensory cortex in 
the posteentral gyms of the parietal lobe (areas 1, 2 and 3). Some neu- 
rones of the dorsal column nuclei form posterior external arcuate fibres 
that enter the cerebellum. 

The high degree of somatotopie organization that is present in the 
dorsal columns is preserved as the pathways aseend through the dorsal 
column nuclei and thalaimis to reaeh the primary somatosensory 
cortex. In the dorsal column nuclei, the lower limb is represented in 
the nucleus graeilis, the upper limb in the nucleus cuneatus, and the 
tmnk in an intermediate position between them. Fibres are also segre- 
gated by modality in the dorsal columns; fibres from hair reeeptors are 
most superficial, while those from taetile and vibratory reeeptors lie in 
deeper layers. 
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Fig. 20.9 The approximate positions of nerve fibre traets in the spinal eord at mid-eervieal (A) and liimbar (B) levels 


Spinoeerebellar traets 

The dorsal (posterior) and ventral (anterior) spinoeerebellar traets 
occupy the periphery of the lateral aspeet of the spinal white matter 
(see Fig. 20.9; Fig. 20.11) and earry proprioeeptive and cutaneous infor- 
mation to the cerebellum for the eoordination of movement. 
Both traets eontain large-diameter myelinated fibres but there are more 
in the dorsal traet. Finer-ealibre fibres are assoeiated with the ventral 
traet. 

The dorsal spinoeerebellar traet lies lateral to the lateral eortieospinal 
traet. It begins at about the level of the seeond or third lumbar segment 
and enlarges as it aseends. Axons of the traet originate ipsilaterally from 
the larger neurones of the posterior thoraeie nucleus, in lamina VII 
throughout spinal segments T1-L2. The posterior thoraeie nucleus 
reeeives input from eollaterals of long aseending primary afferents of 
the dorsal columns and terminals of shorter aseending primary affer- 
ents of the dorsal columns. Many of these afferent fìbres aseend from 
segments caudal to L2. In the mednlla, the dorsal spinoeerebellar traet 
passes through the restiform body and thenee the inferior eerebellar 
peduncle to terminate ipsilaterally in the rostral and caudal parts of the 
eerebellar vermis. 

The ventral spinoeerebellar traet lies immediately ventral to the 
dorsal traet. The eells of origin are in laminae V-VII of the lumbosacral 
eord and the traet earries information from the lower limb. Most of the 
axons forming the traet decussate but some remain ipsilateral. The traet 
begins in the upper lumbar region and aseends through the medulla 


oblongata to reaeh the upper pontine levef from where it deseends in 
the dorsal part of the superior eerebellar peduncle to terminate, mainly 
eontralaterally in the anterior eerebellar vermis. 

The rostral spinoeerebellar traet originates from eell groups of the 
intermediate zone and horn of the eontralateral eervieal enlargement 
and is eonsidered to be the upper limb and upper tmnk equivalent of 
the ventral spinoeerebellar traet. 

Experimental traeing studies in animals have demonstrated a eervieo- 
spinoeerebellar traet arising from a eentral eervieal nucleus in the upper 
eervieal spinal eord (Cl-C4); the eentral eervieal nucleus, possibly 
Cajal's nucleus intermedms, reeeives primary afferents from the vestibu- 
lar labyrinth and muscle afferents from the deep muscles of the neek. 
A similar pathway may exist in humans where the nucleus intermedius 
of Cajal reeeives fibres from only the upper two eervieal roots (Marani 
and Sehoen 2005). 

The dorsal and ventral spinoeerebellar traets are organized such that 
fibres from lower spinal segments are most superficial. Both traets 
eonvey proprioeeptive and exteroceptive information, but they are func- 
tionally different. Neurones of the posterior thoraeie nucleus are excited 
monosynaptieally by Ia and Ib primary afferent fibres (from muscle 
spindles and tendon organs, respeetively) and also by group II muscle 
afferents, and cutaneous touch and pressure afferents. The proprioeep- 
tive impulses often arise from a single muscle or from synergistie 
muscles aeting at a eommon joint. Thus, the dorsal spinoeerebellar traet 
transmits modality-speeifie and spaee-speeifie information that is used 
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Fig. 20.10 The dorsal columns. Primary afferent fibres from different 
levels and their assoeiated seeond- and third-order neurones are depieted 
in different colours. 


Fig. 20.11 The spinoeerebellar traets. (Redravvn with permission from 
Carpenter MB 1991 Core Text of Neuroanatomy, 4th edn. Baltimore: 
VVilliams and VVilkins.) 


in the fìne eoordination of individual limb muscles. On the other hand, 
the eells of the ventral traet are aetivated monosynaptieally by Ib affer- 
ents and transmit information from large reeeptive fields that include 
different segments of a limb. The ventral traet laeks subdivisions for 
different modalities and transmits information for the eoordinated 
movement and posture of the entire lower limb. 


Sinee the posterior thoraeie nucleus diminishes rostrally (see Fig. 
20.4) and does not extend above the lowest eervieal segment, it follows 
that the dorsal spinoeerebellar traet earries information from the tmnk 
and lower limb. Proprioeeptive and exteroceptive information from the 
upper limb travel in primary afferent fìbres of the fasciculus cuneatus. 
These fìbres end somatotopieally in the aeeessory (external or lateral) 
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cuneate nucleus and the adjoining part of the cuneate nucleus situated 
in the medulla oblongata. Cells of these nuclei give rise to the posterior 
external arcuate fibres that form the cuneocerebellar traet (see Fig. 
20. 11), which enters the eerebelhim via the ipsilateral inferior eerebellar 
peduncle. The eells in the aeeessory cuneate nucleus and the lateral part 
of the omeate nucleus are eonsidered to be homologous to the eells in 
the posterior thoraeie nucleus. The cuneocerebellar traet is, therefore, 
fimetionally allied to the dorsal spinoeerebellar traet, and is its upper- 
limb equivalent. 

Axons of all the spinoeerebellar traets and the ameoeerebellar traet 
form part of the 'mossy-fibre system'. They end in the eerebellar cortex 
in a highly organized, somatotopieal and fimetional pattern. 

Spinothalamie traets 

The spinothalamie traets (see Fig. 20.9) eonsist of seeond-order neu- 
rones that eonvey pain, temperature, eoarse (non-diseriminative) touch 
and pressure information to the somatosensory region of the thalamus. 
The eells of origin lie in various laminae of all segments of the spinal 
eord. Fibres deaissate in the ventral white commissure to reaeh the 
eontralateral spinothalamie traets; pain and temperature fibres do so 
promptly, within about one segment of their origin, whilst fibres earry- 
ing other modalities may aseend for several segments before erossing. 
Spinothalamie fibres mostly aseend in the white matter ventrolateral to 
the ventral horn, partly intermingled with aseending spinoreticular 
fibres and deseending retioilospinal fibres. Some authorities deseribe 
two spinothalamie traets (lateral and ventral) with more or less distinet 
anatomieal loeations and fimetions. However, physiologieal studies in 
animals support the notion that these traets may be best eonsidered as 
a structural and fimetional continuum. 

The lateral spinothalamie traet (Fig. 20.12) is sited in the lateral 
funiculus, lying medial to the ventral spinoeerebellar traet. Oinieal 
evidenee indieates that it subserves pain and temperature sensations. 
The ventral spinothalamie traet (Fig. 20.13) lies in the ventral fimioihis 
medial to the point of exit of the ventral spinal nerve roots and dorsal 
to the vestibulospinal traet, which it overlaps. On the basis of elinieal 
evidenee, it subserves eoarse taetile and pressure modalities. 

A dorsolateral spinothalamie traet has been deseribed in animals. 
The axons arise mainly from neurones in lamina I, and eross to aseend 
in the eontralateral dorsolateral funiculus. These neurones respond 
maximally to noxious, meehanieal and thermal cutaneous stimuli. 
Examples of elinieal pain relief following dorsolateral eordotomy 
suggest that a similar projeetion exists in humans. 

On reaehing the lower brainstem, spinothalamie traet axons sepa- 
rate. Axons in the ventral traet join the medial lemniscus. Axons in the 
lateral traet continue as the spinal lemniscus. 

There is elear somatotopie organization of the fibres in the spinotha- 
lamie traets throughout their extent. Fibres erossing at any eord level 
join the deep aspeet of those that have already erossed, which means 
that both traets are segmentally laminated (Fig. 20.14). Somatotopy is 
maintained throughout the medulla oblongata and pons. In the mid- 
brain, fibres in the spinal lemniscus eonveying pain and temperature 
sensation from the lower limb extend dorsally, while those from the 
tmnk and upper limb are more ventrally plaeed. Both lemnisei aseend 
to end in the thalaimis. The major spinothalamie projeetions in humans 
are to the ventral posterolateral nucleus, and also to the eentrolateral 
intralaminar nucleus. 

Neurones of the spinothalamie traets 

The speeifie loealization of spinothalamie traet eell bodies is poorly 
documented in humans. In animals, about one-third are loealized to 
the upper three eervieal segments. About 20% are loeated in lower eervi- 
eal segments, 20% in the thoraeie region (mostly in segments Tl-3), 
20% in the lumbar region and 10% in the saeroeoeeygeal eord. Cells 
are loeated in laminae I and IV-VIII, the greatest eoneentration being 
in laminae VI and VII. Cell bodies giving rise to spinothalamie traet 
axons are predominantly eontralateral, although a relatively small 
number (10%), mostly in the upper three eervieal segments, are 
ipsilateral. 

Neurones of the spinothalamie traets have varied reeeptive fields. 
Speeifieity of separate types of afferents, as it exists in the dorsal column 
nuclei, is absent in the spinothalamie nuclei. Convergence of different 
fimetional types of afferent fibres on to an individual traet eell is a 
eommon feature in the eord. On the basis of laminar site, fimetional 
properties, and speeifie thalamie termination of their axons, spinotha- 
lamie traet neurones may be divided into three separate groups. These 
are the apieal eells of the dorsal grey eohimn (lamina I), deep dorsal 
column eells (laminae IV-VI), and eells in the ventral grey column 
(laminae VII and VIII). There are speeies differenees and the deseription 
below is derived from studies in non-human primates. 
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Fig. 20.12 The lateral spinothalamie traet. (Redrawn with permission from 
Carpenter MB 1991 Core Text of Neuroanatomy, 4th edn. Baltimore: 
VVilliams and VVilkins.) 


Lamina I eells projeet to the thalamus. They respond maximally to 
noxious or thermal cutaneous stimulation and eonsist mainly of high- 
threshold but also some wide-dynamic-range units (responding to 
various different intensities of stimulus). Their reeeptive fields are 
usually small, representing a part of a digit or a small area of skin 
involving several digits. Lamina I spinothalamie traet neurones reeeive 
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Fig. 20.13 The ventral (anterior) spinothalamie traet. (Redravvn with 
permission from Carpenter MB 1991 Core Text of Neuroanatomy, 
4th edn. Baltimore: VVilliams and VVilkins.) 


input from A5 and C fìbres, and some respond to eonvergent input from 
deep somatie and viseeral reeeptors. Spinothalamie traet eells in the 
thoraeie eord display marked viseerosomatie eonvergenee. Henee pain 
from eardiae disease such as angina or a myoeardial infaretion is eom- 
monly felt as a tightness around the ehest wall (referred pain). This is 
very similar to the pain that may be felt after an infaret of the spinal 
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Fig. 20.14 The general plan of the segmental organization of fibres in the 
dorsal funiculus, the lateral eortieospinal traet and the spinothalamie 
traets. The probable eross-seetional areas of these traets are 
sehematieally enlarged. This general plan applies to all segmentally 
organized traets, whether aseending, deseending, ipsilateral or 
eontralateral. 


eord (Combarros et al 2002). Lamina I spinothalamie traet neurones 
projeet preferentially to the ventral posterolateral nucleus of the thala- 
mus, with limited projeetions to the eentrolateral intralaminar and 
mediodorsal thalamie nuclei. 

The population of deep dorsal column (laminae IV-VI) spinotha- 
lamie neurones of the lumbar eord eontains units of the wide-dynamic- 
range (60%), high-threshold (30%) and low-threshold (10%) types. 
They ean accurately eode both innocuous and noxious cutaneous 
stiimili. Some eells also respond to input from deep somatie and vis- 
eeral reeeptors. In the lumbar eord, their reeeptive fields are small or 
medium-sized; they are larger than the area of the foot but smaller than 
the entire leg. In the thoraeie eord, the fields of these laminar eells are 
larger and often include the entire upper limb plus part of the ehest. 
Many of the deep dorsal grey column spinothalamie traet neurones in 
the thoraeie segments reeeive eonvergent input from sympathetie affer- 
ent fibres. 

Laminae IV-VI spinothalamie traet units projeet either to the ventral 
posterolateral nucleus or to the eentrolateral intralaminar nucleus of 
the thalaimis, and sometimes to both. Units projeeting to the ventral 
posterolateral nucleus reeeive input from all elasses (A(3, A5 and C) of 
cutaneous fìbres. 

Ventral grey column (laminae VII and VIII) spinothalamie traet eells 
respond mainly to deep somatie (imisele and joint) stimuli but also to 
innocuous and/or noxious cutaneous stimuli. In the thoraeie regions 
of the spinal eord, they also reeeive eonvergent input from viseeral 
sources. The majority of laminae VII and VIII spinothalamie traet neu- 
rones have large, complex reeeptive fields (often bilateral), which 
eneompass widespread areas of the body. Cells of this group, which 
projeet exclusively to the medial thalamus, reeeive input from A(3, A5 
and C elasses of afferent fibres, and many respond to eonvergent input 
from reeeptors of deep structures. This population of neurones eontains 
wide-dynamic-range (25%), high-threshold (63%) and low-threshold 
(12%) units. Most of the spinothalamie traet eells in the ventral grey 
column projeet to the intralaminar nuclei of the thalamus. The wide- 
dynamie-range type of neurones are particularly effeetive for diserimi- 
nating between different intensities of painfiil stiimilation. 

Spinoreticular pathvvay 

Spinoreticular fibres are intermingled with those of the spinothalamie 
traets and aseend in the ventrolateral quadrant of the spinal eord 
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Fig. 20.15 The reticular traets. (Redravvn with permission from Carpenter 
MB 1991 Core Text of Neuroanatomy, 4th edn. Baltimore: Williams and 
Wilkins.) 


(Fig. 20.15). Evidenee from animal studies suggests that eells of origin 
occur at all levels of the spinal eord, particularly in the upper eervieal 
segments. Most neurones are in lamina VII, some are in lamina VIII, 
and others are in the dorsal horn, espeeially lamina V. Most axons in 
the lumbar and eervieal enlargements eross the midline, but there is a 
large uncrossed eomponent in eervieal regions. Most axons are myeli- 
nated. The pattern of anterograde degeneration, in both human post- 
mortem studies and in experimental animals following anterolateral 
eordotomy, indieates the existence of spinoreticular projeetions to many 
nuclei of the medial pontomedullary reticular formation. There is also 
a projeetion to the lateral reticular nucleus (a preeerebellar relay 
nucleus). These projeetions do not appear to be somatotopieally organ- 
ized. Spinoreticular neurones respond to inputs from the skin or deep 
tissues. Innocuous cutaneous stimuli may inhibit or excite a particular 
eell, whereas noxious stimuli are often excitatory. A spino-reticulo- 
thalamo-eortieal pathway has been proposed as an important route 


serving pain pereeption. Like other aseending pathways, the traet eells 
are influenced by deseending eontrol. For example, eleetrieal stimula- 
tion of the periaqueductal grey matter inhibits the responses of eertain 
spinoreticular eells to input from cardiopulmonary afferents. Stimula- 
tion of the retiailar formation also alters the aetivity of spinoreticular 
neurones. 

Spinoeervieothalamie pathvvay 

The lateral eervieal nucleus is small in humans. It lies in the lateral 
funiculus, ventrolateral to the dorsal horn in the upper two eervieal 
segments. In some human eord speeimens, the nucleus is not distinetly 
defìned and is possibly ineorporated into the dorsal horn. It reeeives 
axons from the spinoeervieal traet, which aseends in the dorsolateral 
funiculus. The traet eells are found in laminae III—V at all levels of the 
spinal eord, ipsilateral to the nucleus. Most neurones of the nucleus 
projeet to the eontralateral thalamus via the medial lemniscus, and 
some projeet to the eontralateral midbrain. Speeifie thalamie targets 
include the ventral posterolateral nucleus and part of the posterior 
complex. Spinoeervieal traet neurones respond to hair movement, 
pressure, pineh and thermal stimuli and to high-threshold muscle 
input; many also respond to noxious stimuli. Like traet eells of other 
aseending pathways, they are under tonie deseending inhibitory 
eontrol. 

Spinomeseneephalie pathvvay 

The spinomeseneephalie pathway eonsists of a number of traets aseend- 
ing from the spinal eord to various regions of the midbrain. It includes 
the spinoteetal traet projeeting to the superior colliculus, neurones 
synapsing in the periaqueductal grey matter, and other spinal eord 
projeetions that terminate in the parabraehial nucleus, the preteetal 
nuclei and the nucleus of Darkschewitsch. Cells of origin are loeated 
throughout the length of the spinal eord, particularly in the eervieal 
segments and the lumbosacral enlargement, mostly in lamina I, but 
they are also present in laminae IV-VIII, where they are eoneentrated 
in lamina V. Most are eontralateral, but a prominent ipsilateral group 
is also found at upper eervieal levels. Spinomeseneephalie fibres are 
mostly myelinated and aseend in the white matter of the ventrolateral 
quadrant of the spinal eord, in assoeiation with the spinothalamie and 
spinoretiailar traets. 

Spinomeseneephalie neurones are of low-threshold, wide-dynamic- 
range or high-threshold elasses. Their reeeptive fields may be small, or 
very complex and eneompass large surface areas of the body. Many 
spinomeseneephalie eells are noeieeptive and are likely to be involved 
in the motivational-affeetive eomponent of pain. Eleetrieal stimulation 
of their site of termination in the periaqueductal grey matter results in 
severe pain in humans. Furthermore, the eells of the deeper layers of 
the superior colliculus, where spinoteetal fibres synapse, are aetivated 
by noxious stimuli. 

Spino-olivary traet 

The spino-olivary traet is deseribed in animals as arising from neurones 
in the deeper laminae of grey matter. Axons forming the traet eross and 
then aseend superficially at the junction of the ventral and lateral white 
funiculi, to end in the dorsal and medial aeeessory olivary nuclei. The 
traet earries information from muscle and tendon proprioeeptors, and 
also from cutaneous reeeptors. A fimetionally similar route, the dorsal 
spino-olivary traet, aseends in the dorsal white fimiaili, and relays in 
the dorsal column nuclei to the eontralateral inferior olivary nucleus. 
Information on these traets in primates is seant, but postmortem evi- 
denee following eordotomies in humans has revealed degenerating 
axonal terminals in the inferior olivary nucleus. 

Deseending traets 


Deseending pathways to the spinal eord originate primarily from the 
eerebral cortex and from numerous sites within the brainstem (see Fig. 
20.15; Figs 20.16-20.17). Theyare eoneerned with the eontrol ofmove- 
ment, muscle tone and posture, the modulation of spinal reflex meeha- 
nisms and the modulation of transmission of afferent information to 
higher levels. They also mediate eontrol over spinal autonomic neu- 
rones (Kuypers 1981). 

Corticospinal and corticonuclear traets 

Corticospinal and eortieomielear fibres arise from neurones in the eere- 
bral cortex. They projeet, in a somatotopieally organized fashion, to 
neurones that are mostly loeated in the eontralateral spinal eord or 
brainstem respeetively (see Fig. 20.16). The majority of eortieospinal 
and eortieomielear fibres arise from eells situated in the primary motor 
cortex (area 4) and the premotor cortex (area 6). A small contribution 
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Fig. 20.16 The eortieospinal traets. (Redravvn with permission from 
Carpenter MB 1991 Core Text of Neuroanatomy, 4th edn. Baltimore: 
VVilliams and VVilkins.) 


eomes from eells in the posteentral gyrns (somatosensory cortex; areas 
3, 1 and 2) and the adjaeent parietal cortex (area 5). In the monkey, 
30% of eortieospinal fìbres arise from area 4, 30% from area 6, and 
40% from the parietal regions. The eells of origin of eortieospinal and 
corticonuclear fibres vary in size aeeording to their eortieal origins and 



Fig. 20.17 A simplified seheme of some of the major deseending 
pathways of the spinal eord, including their overlapping zones of 
termination in the grey matter. VVithin the grey matter the dotted lines 
show the laminar pattern, while within the white matter they are an 
approximate guide to the topography of the traets. 


are clustered into groups or strips. The largest neurones (giant pyrami- 
dal neurones, Betz eells) are loeated in the primary motor cortex of the 
preeentral gyms. 

Corticospinal and corticonuclear fìbres deseend through the subcor- 
tieal white matter to enter the genu and posterior limb of the internal 
capsule. They then pass through the ventral part of the midbrain in the 
ems eerebri. As they continue caudally through the pons, they are sepa- 
rated from its ventral surface and fragmented into faseieles by trans- 
versely mnning pontoeerebellar fìbres. Corticonuclear fìbres leave to 
terminate in assoeiation with the eranial nerve motor nuclei of the 
midbrain, pons and medulla. In the medulla oblongata, the residual 
eortieospinal fìbres form a diserete bundle, the pyramid, which is visible 
as a prominent longitudinal column on the ventral surface of the 
medulla (see Fig. 21.4); the eortieospinal traet is, therefore, also referred 
to as the pyramidal traet. Eaeh pyramid eontains about a million axons 
of varying diameter. The majority are myelinated. Most have a diameter 
of 1-4 pm; approximately 10% have diameters of 5-10 jLtm; and a very 
few have diameters of 11-22 pm. The largest-diameter axons arise from 
the giant pyramidal neurones. 

Just rostral to the level of the spinomedullary junction, 75-90% of 
the eortieospinal fìbres in the pyramid eross the median plane in the 
motor decussation (decussation of the pyramids) and continue cau- 
dally as the lateral eortieospinal traet. The rest of the fibres continue 
uncrossed as the ventral eortieospinal traet. The lateral eortieospinal 
traet (see Fig. 20.16) deseends in the lateral funiculus throughout most 
of the length of the spinal eord until about the fourth saeral segment. 
It oeaipies an oval area, ventrolateral to the dorsal horn and medial to 
the dorsal spinoeerebellar traet (see Fig. 20.9). In the lumbar and saeral 
regions, where the dorsal spinoeerebellar traet is absent, the lateral 
eortieospinal traet reaehes the dorsolateral surface of the eord. The 
lateral eortieospinal traet is somatotopieally organized such that axons 
destined for spinal segments innervating the upper limbs are loeated 
more medially than those destined for eord segments innervating the 
lower limbs (see Fig. 20.14). As it deseends, its fìbres terminate in pro- 
gressively lower spinal segments, which means that the traet diminishes 
in size. The lateral eortieospinal traet also eontains some uncrossed 
eortieospinal fìbres. 

The smaller ventral eortieospinal traet (see Fig. 20.16) deseends in 
the ventral funiculus. It lies elose to the ventral median fìssure, and is 
separated from it by the sulcomarginal fasciculus (see Fig. 20.9). The 
ventral eortieospinal traet diminishes as it deseends and usually disap- 
pears eompletely at mid-thoraeie eord levels. It may either be absent or, 
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very rarely, eontain almost all the eortieospinal fibres. Near their termi- 
nation, most fibres of the traet eross the median plane in the ventral 
white commissure to synapse on eontralateral neurones. The vast 
majority of eortieospinal fibres, irrespeetive of the traet in which they 
deseend, therefore terminate in the spinal eord on the side eontralateral 
to their eortieal origin. 

Knowledge of the detailed termination of eortieospinal fibres is 
based largely on animal studies, but is supplemented by data from 
postmortem studies on human brains using anterograde degeneration 
methods. Most eortieospinal fibres are believed to terminate eontralat- 
erally on interneurones in the lateral parts of laminae IV-VI and both 
lateral and medial parts of lamina VII; some are also distributed to 
lamina VIII bilaterally. Terminals are also assoeiated with eontralateral 
motor neuronal eell groups in lamina IX, in the dorsolateral group and 
the lateral parts of both eentral and ventrolateral groups (see Fig. 
20.17). 

Corticospinal fibres from the frontal cortex, including motor and 
premotor areas 4 and 6, terminate mostly on interneurones in laminae 
V-VIII, with the densest eoneentration ending in the lateral part of 
lamina VI. They influence a and y motor neurones of lamina IX, via 
these interneurones. As the widespread dendrites of multipolar neu- 
rones in lamina IX penetrate lamina VII, direet monosynaptie axoden- 
dritie eontaets also occur on large a motor neurones. Direet termination 
on motor neurones is most abundant in the spinal enlargements. 

Experimental evidenee shows that preeentral eortieospinal axons 
influence the aetivities of both a and y motor neurones, faeilitating 
flexor muscles and inhibiting extensors, which are the opposite effeets 
to those mediated by lateral vestibulospinal fibres. Evidenee from 
animal studies shows that direet projeetions from the preeentral eortieal 
areas to spinal motor neurones are eoneerned with highly fraetionated, 
preeision movements of the limbs. Aeeordingly, in primates, preeentral 
eortieospinal fibres are mainly distributed to motor neurones supplying 
the distal limb muscles. Corticospinal projeetions may use glutamate 
or aspartate, often eo-loealized, as excitatory neurotransmitters. 

Corticospinal fibres from parietal sources end mainly in the eontra- 
lateral dorsal horn, in the lateral parts of laminae IV-VI and lamina VII. 
Phylogenetieally these fibres represent the oldest part of the eortieospi- 
nal system. Axons from the sensory cortex terminate ehiefly in laminae 
IV and V. They are eoneerned with the supraspinal modulation of the 
transmission of afferent impulses to higher eentres, including the motor 
cortex. 

Experimental studies in primates indieate that isolated transeetion 
of eortieospinal fibres at the level of the pyramid (pyramidotomy) 
results in flaeeid paralysis or paresis of the eontralateral limbs and loss 
of independent hand and finger movements. Destmetion of eortieospi- 
nal fibres at the level of the internal capsule, eommonly caused by a 
eerebral vascular aeeident or 'stroke', results in a eontralateral hemiple- 
gia. The paralysis is initially flaeeid but later beeomes spastie, and is 
most marked in the distal muscles of the extremities, espeeially those 
eoneerned with individual movements of the fingers and hand. Assoei- 
ated signs on the paralysed side are: hyperaetive deep tendon reflexes; 
inereased tone; the loss of superficial abdominal and eremasterie 
reflexes; and the appearanee of dorsiflexion of the toes (Babinski's sign) 
in response to stroking the sole of the foot. The latter is usually inter- 
preted as pathognomonie of eortieospinal damage, but it is not always 
present in patients with eonfirmed eortieospinal lesions. Moreover, Bab- 
inski's sign is normally present in human infants up to about 2 years 
of age; its subsequent disappearanee may refleet the eompletion of 
myelination of the eortieospinal fibres and/or the establishment of 
direet eortieal eonneetions to lower motor neurones. 

Some of the sequelae of stroke damage in the internal capsule, in 
partiailar hyperreflexia and hypertonia, are due to the involvement of 
other pathways in addition to the eortieospinal traet. These include 
deseending eortieal fibres to brainstem nuclei, such as the vestibular 
and reticular nuclei, which also give rise to deseending projeetions that 
influence motor neurone aetivity. 

Rubrospinal traet 

The mbrospinal traet arises from neurones in the caudal magnocellular 
part of the red nucleus (an ovoid mass of eells situated eentrally in the 
midbrain tegmentum; p. 324). This part of the nucleus eontains some 
150-200 large neurones, interspersed with smaller neurones. 

The origin, loealization, termination and fimetions of mbrospinal 
eonneetions are poorly defined in humans, and the traet appears to be 
mdimentary. Rubrospinal fibres eross in the ventral tegmental decussa- 
tion and deseend in the lateral funiculus of the eord, where they lie 
ventral to, and intermingled with, fibres of the lateral eortieospinal traet 
(see Fig. 20.9). In animals, the traet deseends as far as lumbosacral 
levels, whereas in humans it appears to projeet only to the upper three 


eervieal eord segments. Rubrospinal fibres are distributed to the lateral 
parts of laminae V-VI and the dorsal part of lamina VII of the spinal 
grey matter. The terminal zones of the traet eorrespond to those of 
eortieospinal fibres from the motor cortex. Animal studies demonstrate 
that the effeets of mbrospinal fibres on a and y motor neurones are 
similar to those of eortieospinal fibres. 

Teetospinal traet 

The teetospinal traet arises from neurones in the intermediate and 
deep layers of the superior colliculus of the midbrain. It erosses ventral 
to the periaqueductal grey matter in the dorsal tegmental deoissation 
and deseends in the medial part of the ventral funiculus of the spinal 
eord (see Fig. 20.9). Fibres of the traet projeet only to the upper eervi- 
eal eord segments, ending in laminae VI-VIII. They make polysynaptie 
eonneetions with motor neurones serving muscles in the neek, faeili- 
tating those that innervate eontralateral muscles and inhibiting those 
that innervate ipsilateral ones. In animals, unilateral eleetrieal stimula- 
tion of the superior colliculus causes turning of the head to the 
eontralateral side, an effeet mainly mediated through the teetospinal 
traet. 

1 /estibiilospinal traets 

The vestibular nuclear complex lies in the lateral part of the floor of the 
fourth ventriele, at the level of the pontomedullary junction. It gives 
rise to the lateral and medial vestibulospinal traets, which are fimetion- 
ally and topographieally distinet (Fig. 20.18). 

The lateral vestibulospinal traet arises from small and large neu- 
rones of the lateral vestibular nucleus (Deiters' nucleus). It deseends 
ipsilaterally, initially in the periphery of the ventrolateral spinal white 
matter, but subsequently migrating into the medial part of the ventral 
funiculus at lower spinal levels. Fibres of this traet are somatotopieally 
organized. Thus, fibres projeeting to the eervieal, thoraeie and lum- 
bosaeral segments of the eord arise from neurones in the rostroventral, 
eentral and dorsocaudal parts, respeetively, of the lateral vestibular 
nucleus. Lateral vestibulospinal fibres end ipsilaterally, mostly in the 
medial part of the ventral horn in lamina VIII and the medial part of 
lamina VII. 

The medial vestibulospinal traet (see Fig. 20.18) arises mainly from 
neurones in the medial vestibular nucleus, but some are also loeated 
in the inferior and lateral vestibular nuclei. It deseends in the medial 
longitudinal fasciculus into the ventral funiculus of the spinal eord, 
where it lies elose to the midline in the so-ealled sulcomarginal fas- 
eiaihis (see 7 ig. 20.9). ITnlike the lateral traet, it eontains both erossed 
and uncrossed fibres, and does not extend beyond the mid-thoraeie 
eord level. Fibres of the medial traet projeet mainly to the eervieal 
eord segments, ending in lamina VIII and the adjaeent dorsal part of 
lamina VII. 

The vestibular nuclei exert a strong excitatory infhienee upon the 
antigravity muscles by way of the medial and lateral vestibulospinal 
traets. The antigravity muscles include the epaxial muscles of the verte- 
bral column and the extensor muscles of the lower limbs. 

Reticulospinal traets 

The reticulospinal traets pass from the brainstem reticular formation to 
the spinal eord. The pontine reticulospinal traet (see Fig. 20.15) origi- 
nates from the pontine tegmentum. The medullary reticulospinal traet 
arises from the nucleus gigantocellularis, which lies dorsal to the infe- 
rior olivary complex. The terminals of reticulospinal fibres are distrib- 
uted to lamina VIII, and the eentral and medial parts of lamina VII. The 
medullary reticulospinal terminals are more widely distributed, ending 
additionally in the lateral parts of laminae VI and VII, and also direetly 
on motor neurones. Terminations of reticulospinal fibres that originate 
in the medulla are, in general, more dorsally plaeed than those that 
originate in the pons, although there is eonsiderable overlap. 

The course and loeation of the reticulospinal traets are poorly 
defined in humans. Some anatomieal texts elassiíy the reticulospinal 
traets into medial, ventral and ventrolateral traets, but this is based 
mainly on studies in animals (see Fig. 20.9). Studies in humans have 
reported that the retioilospinal fibres in general do not form well- 
defined traets but are seattered throughout the ventral and lateral 
columns (Nathan et al 1996). 

Both a and y motor neurones are influenced by reticulospinal fibres, 
through polysynaptie and monosynaptie eonneetions. The pontine 
reticulospinal traet appears to be tonieally aetive and is excitatory to the 
antigravity muscles, including the epaxial muscles of the vertebral 
column and the extensor muscles of the lower limbs. 

On the other hand, the medullary reticulospinal traet is inhibitory 
to antigravity muscles. The eells of origin of the medullary reticulospi- 
nal traet reeeive input from the eortieospinal traet and the mbrospinal 303 
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Fig. 20.18 The vestibulospinal traets. (Redravvn with permission from 
Carpenter MB 1991 Core Text of Neuroanatomy, 4th edn. Baltimore: 
VVilliams and VVilkins.) 


traet. The reticulospinal traets normally fhnetion in a eoordinated, bal- 
aneed fashion to eontrol muscle tone. However, if the deseending 
eontrol from higher eentres is lost, such as occurs after a stroke in the 
internal capsule, then the natural excitability of the pontine reticulo- 
spinal traet, eombined with the aetivity of the vestibulospinal traets, 
causes the antigravity muscles to beeome hypertonie and hyperreflexic 
(spastieity) (Guyton and Hall 2006). 

Interstitiospinal traet 

The interstitiospinal traet arises from neurones in the interstitial nucleus 
(of Cajal) and the immediate surrounding area, and deseends via the 
medial longitudinal fasciculus into the ventral funiculus of the spinal 
eord. Its fibres projeet, mainly ipsilaterally, as far as lumbosacral levels, 
and are mostly distributed to the dorsal part of lamina VIII and the 
dorsally adjoining part of lamina VII. They establish some monosyn- 
aptie eonneetions with motor neurones supplying neek muscles, but 
their main eonneetions are disynaptie with motor neurones supplying 
limb muscles. 


Solitariospinal traet 

The solitariospinal traet is a small group of mostly erossed fibres that 
arises from neurones in the ventrolateral part of the nucleus solitarius 
of the medulla. Deseending in the ventral funiculus and ventral part of 
the lateral funiculus of the eord, these axons terminate on phrenie 
motor neurones supplying the diaphragm and thoraeie motor neurones 
that innervate intereostal muscles. A pathway with somewhat similar 
course and terminations to that of the solitariospinal traet originates 
from the nucleus retroambiguus. Both pathways subserve respiratory 
aetivities by driving inspiratory muscles, and some deseending axons 
from the nucleus retroambiguus faeilitate expiratory motor neurones. 
There is elinieal evidenee that bilateral ventrolateral eordotomy at high 
eervieal levels abolishes rhythmie ventilatory movements. 

Hypothalamospinal fibres 

Hypothalamospinal fibres exist in animals. They arise from the paraven- 
tricular nucleus and other areas of the hypothalamus, and deseend 
ipsilaterally, mainly in the dorsolateral region of the eord, to be distrib- 
uted to sympathetie and parasympathetie preganglionie neurones in the 
intermediolateral column. Fibres from the paraventricular nucleus 
show oxytocin and vasopressin immunoreactivity. They are also distrib- 
uted to laminae I and X. Deseending fibres from the dopaminergie eell 
group (All) situated in the caudal hypothalamus innervate sympathetie 
preganglionie neurones and neurones in the dorsal horn. That similar 
pathways exist in humans may be inferred from ipsilateral sympathetie 
defieits (e.g. Horners syndrome), which follow lesions of the hypotha- 
lamus, the lateral tegmental brainstem, or the lateral funiculus of 
the eord. 

Monoaminergie spinal pathvvays 

Monoaminergie eell groups utilize dopamine, adrenaline (epineph- 
rine), noradrenaline (norepinephrine) and 5-HT as neurotransmitters. 
They occur widely throughout the brainstem and in the hypothalamus. 
They projeet rostrally to many forebrain areas and caudally to the spinal 
eord, and appear to be eoneerned with the modulation of sensory 
transmission, and the eontrol of autonomic and somatie motor neuro- 
nal aetivities. 

The projeetions to the spinal eord arise from several sources. Coer- 
uleospinal projeetions originate from noradrenergie eell groups A4 and 
A6 in the locus coeruleus complex in the pons and deseend via the 
ventrolateral white matter to innervate all eord segments bilaterally. 
They end in the dorsal grey matter (laminae IV-VI) and the intermedi- 
ate and ventral horns. They also projeet extensively to preganglionie 
parasympathetie neurones in the saeral eord. Deseending noradrenergie 
fibres, which arise from the lateral tegmental eell groups A5 and A7 of 
the pons, travel in the dorsolateral white matter. They are distributed 
to laminae I—III, and particularly to the intermediate grey horn. 
Deseending fibres from adrenergie eell groups C1 and C3 of the medulla 
oblongata have been traeed into the ventral funiculus of the eord and 
are extensively distributed to the intermediolateral column. Dopamin- 
ergie fibres projeeting to the spinal eord travel in the hypothalamospi- 
nal pathway. 

The raphe nuclei pallidus (Bl), obscurus (B2) and magnus (B3) in 
the brainstem give rise to two serotoninergie deseending bundles. The 
lateral raphe spinal bundle, from B3 neurones, is eoneerned with the 
eontrol of noeieeption. It deseends elose to the lateral eortieospinal 
traet and ends in the dorsal horn (laminae I, II and V). The ventral 
bundle, eomposed mainly of axons from B1 neurones, travels in the 
medial part of the ventral white column and ends in the ventral horn 
(laminae VIII and IX). It faeilitates extensor and flexor motor neurones. 
Some deseending serotoninergie fibres projeet to sympathetie pregan- 
glionie neurones and are eoneerned with the eentral eontrol of eardio- 
vasailar fimetion. 

Propriospinal pathways 


Propriospinal pathways (fasciculi proprii) eonsist of the aseending and 
deseending fibres of intrinsie spinal neurones. They eontaet other neu- 
rones within the same segment and/or in more distant segments of the 
spinal eord and so subserve intrasegmental and intersegmental integra- 
tion and eoordination. The majority of spinal neurones are propriospi- 
nal neurones, most of which lie in laminae V-VIII. Propriospinal fibres 
are mainly eoneentrated around the margins of the grey matter (see Ag. 
20.9), but are also dispersed difffisely in the white funiculi. 

The propriospinal system plays important roles in spinal fimetions. 
Deseending pathways end on speeifie subgroups of propriospinal neu- 
rones and these, in turn, relay to motor neurones and other spinal 
neurones. The system mediates all those automatic fimetions that 











































































Spinal reflexes 


continue after transeetion of the spinal eord, e.g. sudomotor and vaso- 
motor aetivities, and bowel and bladder fbnetions. 

Some propriospinal axons are very short and span only one segment, 
while others mn the entire length of the eord. The shortest axons lie 
immediately adjaeent to the grey matter and the longer ones are situ- 
ated more peripherally. Propriospinal neurones ean be eategorized 
aeeording to the length of their axons as long, intermediate or short 
neurones. Long propriospinal neurones distribute their axons through- 
out the length of the eord, mainly via the ventral and lateral funiculi; 
their eell bodies are in lamina VIII and the dorsally adjoining part of 
lamina VII. Axons from the long propriospinal neurones of the eervieal 
eord deseend bilaterally, whereas those from the eorresponding lum- 
bosaeral neurones aseend mainly eontralaterally. Most of the fibres are 
fine (less than 3 pm in diameter). Some are the first spinal traet axons 
to beeome myelinated. Intermediate propriospinal neurones occupy the 
eentral and medial parts of lamina VII and projeet mainly ipsilaterally. 
Short propriospinal neurones are found in the lateral parts of laminae 
V-VIII and their axons mn ipsilaterally in the lateral funiculus. 

Propriospinal fibres in the different parts of the white funiculi are 
distributed preferentially to speeifie regions of the spinal grey matter. 
In the spinal enlargements, the propriospinal fibres in the dorsolateral 
funiculus projeet to the dorsal and lateral parts of the intermediate 
zone, and also to spinal motor neurones that supply distal limb muscles, 
espeeially those of the hand and the foot. The propriospinal fibres in 
the ventral part of the ventrolateral funiculus are distributed to the 
eentral and medial parts of lamina VII and to motor neurones of proxi- 
mal limb and girdle muscles. Other propriospinal fibres mn in the 
medial part of the ventral funiculus and travel mainly to the ventrome- 
dial part of the intermediate zone, which eharaeteristieally eontains 
long propriospinal neurones, and to motor neurones innervating axial 
and girdle muscles. 

The traet of Lissauer 

The traet of Lissauer (dorsolateral traet) lies between the apex of the 
dorsal horn and the surface of the spinal eord, where it surrounds the 
ineoming dorsal root fibres. It is present throughout the spinal eord and 
is most developed in the upper eervieal regions. 

The traet eonsists of fine myelinated and unmyelinated axons. Many 
are the branehes of axons in the lateral bundles of the dorsal roots. 
These axons bifiireate into aseending and deseending branehes as they 
enter the eord. The branehes travel in the traet of Lissauer for one or 
two segments and give off eollaterals that end on and around neurones 
in the dorsal horn. The traet also eontains propriospinal fibres, some 
being short axons of small substantia gelatinosa neurones, which 
re-enter the dorsal horn. 


SPINAL REFLEXES 


The intrinsie eonneetions of the spinal eord and brainstem subserve a 
number of reflexes by which the fimetions of peripheral stmctures are 
modulated in response to afferent information in a relatively automatic 
or autonomous fashion. The fimdamental eomponents of such reflex 
'ares' are an afferent and an efferent neurone, although in all but the 
simplest of reflexes, interneurones intervene between the afferent and 
efferent eomponents, eonferring inereased versatility and complexity on 
reflex responses. Reflexes may be eonfined to a single eord level 
(intrasegmental) or involve several eord segments (intersegmental). 
Reflexes, by their very nature, are relatively fixed and stereotyped in 
form. Nevertheless, they are strongly influenced and modulated by 
deseending eonneetions. In the ease of spinal reflexes, these deseending 
eontrols eome from both the brainstem and the eerebral cortex. Pathol- 
ogy of deseending supraspinal pathways eommonly causes abnormali- 
ties of spinal reflex aetivity, which are routinely tested for in neurological 
examination; reflexes may be absent (areflexia), diminished (hypore- 
flexia) or exaggerated (hyperreflexia). During development, deseending 
eontrol meehanisms suppress what may be regarded as 'prímitive' 
spinal reflex responses, such as the extensor plantar reflex and the grasp 
reflex. When the higher eontrol meehanisms beeome damaged, these 
reflexes are released and reappear as a sign of eentral nervous system 
pathology (e.g. the Babinski reflex). 

Muscle streteh reflex 

The muscle streteh reflex (also known as the tendon reflex or deep 
tendon reflex) is the meehanism by which streteh applied to a muscle 
elieits its reflex eontraetion. It is essential for the maintenanee of both 
muscle tone and an upright stanee (via the innervation of the postural 
muscles of the neek, baek and lower limbs). Anatomieally it is the 
simplest of reflexes, sinee it is mediated solely by an afferent and an 
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Fig. 20.19 The pathway for the patellar tendon reflex and reeiproeal 
inhibition (left) and aiitogenie inhibition (right). The inhibitory glyeinergie 
interneurones are represented by the red open eell bodies. (Redrawn with 
permission from Haines D, Fundamental Neuroscience for Basie and 
eiinieal Applieations, 4th Edition, 2013, Saunders, Elsevier.) 


efferent neurone, and it is therefore also known as a monosynaptie 
streteh reflex or a myotaetie reflex. The afferent eomponent arises from 
streteh reeeptors assoeiated with intraffisal muscle fibres loeated within 
muscle spindles. The primary or anulospiral endings of these reeeptive 
eells give rise to primary afferent fibres that enter the spinal eord, where 
they make excitatory synaptie eontaet direetly on to a motor neurones 
innervating the same muscle (Fig. 20.19). The a motor neurones of 
antagonistie muscles are simultaneously inhibited via eollateral eonnee- 
tions to inhibitory interneurones (reeiproeal innervation). 

Gamma reflex 

As well as a motor neurones innervating extrafusal muscle fibres, mus- 
eles also reeeive y motor neurones, which innervate intrafiisal muscle 
fibres. Aetivation of y motor neurones inereases the sensitivity of the 
intrafiisal fibres to streteh; ehanges in y aetivity have a profound effeet 
on the streteh reflex and on muscle tone. Like a motor neurones, y 
motor neurones are under the influence of deseending pathways from 
the brainstem and eerebral cortex. ehanges in muscle tone and in the 
aetivity of the streteh reflex are eommonly found in disorders of the 
eentral nervous system as well as the peripheral nervous system. 

Flexor reflex and erossed extensor reflex 

Painfiil stimulation of the limbs leads to flexion withdrawal, mediated 
by a polysynaptie reflex (Fig. 20.20) in which interneurones link the 
afferent and efferent neurones. Thus, aetivation of noeieeptive primary 
afferents indireetly causes aetivation of limb flexor motor neurones. 
Collateralization of fibres to nearby spinal segments mediates flexion 
of a limb at several joints, depending on the intensity of the stimulus. 
Decussating eonneetions to the eontralateral side of the eord aetivate a 
motor neurones innervating eorresponding extensor muscles, which 
produces a erossed extensor reflex (Fig. 20.21). In prineiple, virtually 
any cutaneous stimulus has the potential to induce a flexor reflex but, 
other than in the ease of noxious stimuli, this response is normally 
inhibited by deseending pathways. When deseending influences are 
lost, even harmless cutaneous stimulation ean elieit flexion of the limbs. 
The Babinski (extensor plantar) reflex, which is generally regarded as 
pathognomonie of damage to the eortieospinal traet, is part of a flexion 
withdrawal of the lower limb in response to stiimilation of the sole of 
the foot. 
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Fig. 20.20 The pathvvay for the flexor reflex. The inhibitory glyeinergie 
interneurone is represented by the red open eell and the excitatory 
glutaminergic interneurone by the green elosed eell. In addition to being 
involved in reflexes, this noeieeptive input is also relayed to higher levels 
of the neuraxis via the anterolateral system (aseending blaek fibre). (With 
permission from Haines D, Fundamental Neuroscience for Basie and 
eiinieal Applieations, 4th Edition, 2013, Saunders, Elsevier.) 


Fig. 20.21 The pathvvay for the erossed extensor reflex. Glyeinergie 
interneurones (inhibitory) are represented by the open red eell bodies and 
glutaminergic interneurones (excitatory) by the elosed green eells. 
(Redravvn with permission from Haines D, Fundamental Neuroscience for 
Basie and Clinical Applieations, 4th Edition, 2013, Saunders, Elsevier.) 



Meehanieal eompression and seeondary isehaemie damage to underly- 
ing nervous tissue cause surgically relevant spinal eord disease (mye- 
lopathy). The site and the level of damage to the eord determine the 
particular elinieal syndrome, e.g. whether the lesion involves the upper 
or lower eervieaf thoraeie or lumbosacral spinal eord. At eaeh of these 
levels, symptoms and signs are determined by direet destmetion of 
segmental tissue, i.e. transversely distributed damage, and diseonnee- 
tion of suprasegmental aseending and deseending traets above and 
below the level of a lesion, i.e. longitudinally distributed damage (Fig. 
20.22). For example, a lower eervieal spinal eord lesion damages the 
segmental sensory and motor contributions to the nerve roots and 
braehial plexus, causing sensory loss, weakness and wasting of the 
muscles and loss of tendon reflexes in the upper limbs. Dismption of 
the aseending sensory pathways in the lateral and dorsal columns of 
the eervieal spinal eord leads to loss of sensation to pain and tempera- 
ture (lateral spinothalamie traets) and touch and proprioeeption (dorsal 
columns) below the 'sensory leveT eorresponding to the segment of the 
spinal eord. Damage to the deseending eortieospinal traets in the lateral 
columns of the spinal eord produces a spastie paraparesis, i.e. inereased 
tone of the muscles, weakness that is of an upper motor neurone pattern 
(weakness of extensors more than flexors in the upper limbs; weakness 
of flexors more than extensors in the lower limbs), exaggerated tendon 
reflexes and abnormal superficial reflexes, e.g. extensor plantar responses 


and absent abdominal reflexes. Deseending pathways to the bladder are 
intermpted and this produces a 'neurogenic bladder'. 

The same prineiples apply to lesions at other levels of the spinal eord 
and they are illustrated in Figure 20.22. 

The time course of spinal eord disease is very important in suggesting 
the likely cause, as the rate of evolution of a disorder varies depending 
on the aetiology. Disorders with sudden or rapid onset are usually 
caused by trauma or by a vasailar aeeident (i.e. stroke). When a eondi- 
tion develops over days it is often due to an inflammatory disorder such 
as multiple selerosis. Neoplastie lesions such as a spinal eord meningi- 
oma often progress over months. Degenerative problems usually 
progress over months (such as amyotrophie lateral selerosis or motor 
neurone disease) or even years (e.g. hereditary spastie paraparesis). 

In the online supplementary data there are ease histories that illus- 


trate typieal patterns of spinal eord disease (Boxes 20.1-20.5). A good 
knowledge of spinal eord anatomy is vital in making the eorreet 
diagnosis. 


(@ Bonus e-book image 

Fig. 20.5 The basie arrangement of the sensory ‘gate’ meehanism 
in the dorsal laminae of the grey matter of the spinal eord. 
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Spinal eord: internal organization 


Box 20.1 Case history 1: Complete transeetion of the spinal eord 

A 29-year-old man fractured his eervieal spine after a road traffie 
aeeident, leading to transeetion of the spinal eord at C5. When 
examined 6 months later, he had paralysis of all four limbs but 
shoulder abduction and elbow flexion were spared (i.e. all muscles 
innervated by nerve fibres arising below C5 were paralysed). Tone 
was inereased in the limbs with brisk reflexes and extensor plantar 
responses (i.e. the weakness was upper motor neurone or pyramidal 
weakness). He had eomplete loss of sensation below C5 and a 
neurogenic bladder. 


Box 20.2 Case history 2: Hemiseetion of the spinal eord giving 
rise to the Brown-Séquard syndrome 

A 20-year-old woman presented with a 4-day history of gradually 
worsening right leg weakness, burning pain and loss of sensation in 
the left leg. On examination she had pyramidal pattern weakness of 
the right leg (i.e. hip and knee flexion and ankle dorsiflexion were 
mainly affeeted). Tone was inereased in the right leg: there were 
brisk right leg reflexes and a right extensor plantar response (i.e. 
right pyramidal weakness). There was impaired proprioeeption in the 
right leg. The patient had reduced pinpriek sensation affeeting the 
left leg and side up to the umbilicus. 

This ease illustrates a Brown-Séquard syndrome resulting from 
hemiseetion of the eord caused by a right-sided eord lesion in the 
thoraeie spine. Involvement of the pyramidal traet causes pyramidal 
weakness below the level of the lesion on the same side as the 
lesion (because the pyramidal traet erosses in the medulla). 
Involvement of the dorsal columns causes impaired proprioeeption 
below the level of the lesion on the same side as the lesion 
(because the fibres in the dorsal columns also eross in the medulla). 
Involvement of the spinothalamie traet causes loss of pinpriek 
sensation below the lesion on the eontralateral side (because the 
spinothalamie traet erosses the midline soon after entering the 
eord). The progression of symptoms over several days suggests an 
inflammatory problem. Magnetie resonanee imaging of the eord 
showed a right-sided area of eord inflammation (myelitis) at T10. 

The patient had previously had an episode of inflammation affeeting 
the optie nerve (optie neuritis) and the diagnosis was therefore one 
of multiple selerosis. 


Box 20.4 Case history 4: Posterior eord syndrome 

A 73-year-old man presented with a 6-month history of 
unsteadiness on walking. VVhen examined, he had an unsteady gait, 
a tendeney to fall when asked to stand still with his eyes elosed 
(positive Romberg’s test), and impaired proprioeeption in all four 
limbs. Spinothalamie sensation (pinpriek sensation) was intaet and 
his power was normal. 

Investigations revealed signal ehange in the posterior eervieal eord 
on magnetie resonanee imaging and his vitamin B 12 levels were very 
low. A diagnosis of posterior eord syndrome seeondary to B 12 
defieieney was made. Posterior eord syndromes involve the dorsal 
columns, leading to impaired proprioeeption. Although not illustrated 
in this ease, B 12 defieieney sometimes affeets the eortieospinal traet, 
causing weakness in the limbs, and may also sometimes affeet the 
peripheral nerves. 


Box 20.5 Case history 5: Central eord syndrome 

A 20-year-old woman presented with a 4-month history of painless 
injuries to her hands. For example, after gardening she would 
sometimes eome inside and notiee later that there were rose thorns 
stieking into her hands. Examination showed reduced pinpriek 
sensation (spinothalamie sensation) over the upper limbs. 

Magnetie resonanee imaging of her eervieal spine showed a 
eolleetion of fluid in the eentre of the eervieal spinal eord 
(syringomyelia). A diagnosis of eentral eord syndrome seeondary to 
syringomyelia was made. As spinothalamie traet fibres eross over 
from the dorsal horn to run in the eontralateral spinothalamie traet, 
they pass very elose to the eentre of the eord. Central eord 
syndromes thus initially damage the spinothalamie traets, resulting 
in altered pain sensation at the level of the lesion. As the lesion 
expands to involve the ventral horns, patients may develop lower 
motor neurone weakness of the upper limbs. They may 
subsequently experience upper motor neurone problems in the legs 
if the lesion expands further to involve the eortieospinal traets. 


Box 20.3 Case history 3: Anterior eord syndrome 

A 75-year-old man with diabetes and hypertension presented with 
sudden onset of weakness and sensory disturbance in both legs. 
VVhen examined 6 months later, he had pyramidal weakness of both 
legs with inereased tone, brisk reflexes and extensor plantar 
responses, and a eomplete loss of pinpriek sensation below T10. 
Proprioeeption was normal. 

The acute onset suggested a vascular problem. The diagnosis was 
one of an anterior spinal artery infaretion. Proprioeeption was 
spared because the anterior spinal artery supplies only the anterior 
eord, whereas the posterior eord, including the dorsal columns, is 
supplied by the posterior spinal arteries, and so was spared. 
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Spinal eord lesions 


Cranial nerves and motor system 


Reflexes 


Sensation 


Coordination 






Llpper eervieal eord lesion 

A high eervieal eord lesion eaiises spastie tetraplegia with hyperreflexia, extensor plantar responses (upper motor neurone lesion), ineontinenee, sensory loss below the level of the lesion and 'sensory' ataxia. 



Cranial nerves and motor system Reflexes Sensation Coordination 



Lower eervieal eord lesion 

A lower eervieal eord lesion causes weakness, wasting and fasciculation of muscles and areflexia of the upper limbs (lower motor neurone lesion). In addition, there is spastie paraparesis, hyperreflexia and 
extensor plantar responses (upper motor neurone lesion) in the lower limbs, ineontinenee, sensory loss below the level of the lesion and 'sensory' ataxia. 


Cranial nerves and motor system 


Reflexes 


Sensation 


Coordination 







++++++ 




Thoraeie eord lesion 

A thoraeie eord lesion causes a spastie paraparesis, hyperreflexia and extensor plantar responses (upper motor neurone lesion), ineontinenee, sensory loss below the level of the lesion and 'sensory' ataxia 


Fig. 20.22 Lesions of the spinal eord. Continued 
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SPINAL CORD: INTERNAL ORGANIZATION 


Cranial nerves and motor system Reflexes Sensation Coordination 



Lumbar eord lesion 

A lumbar eord lesion causes weakness, wasting and fasciculation of muscles, areflexia of the lower limbs (lower motor neurone lesion), ineontinenee, sensory loss below the level of the lesion and 'sensory' ataxia. 


Cranial nerves and motor system 


Reflexes 


Sensation 


Coordination 




Proprioeeption 
and touch loss 



Hemiseetion of the eord gives rise to the Brown-Séquard syndrome 

This is eharaeterized by ipsilateral loss of proprioeeption and upper motor neurone signs (hemiplegia/monoplegia) plus eontralateral loss of pain and temperature sensation. 

Fig. 20.22, eont’d Lesions of the spinal eord. (With permission from Crossman AR, Neary D 2010 Neuroanatomy, 4th edn. Edinburgh: Churchill 
Livingstone.) 
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The brainstem eonsists of the medulla oblongata, pons and midbrain. 
It is situated in the posterior eranial fossa, and its ventral surface lies 
on the clivus. It eontains numerous intrinsie neuronal eell bodies and 
their proeesses, some of which are the brainstem homologues of 
spinal eell groups. Some brainstem eell groups are the nuclei of eranial 
nerves and are eoneerned with the sensory, motor and autonomic 
innervation of the head and neek. Other autonomic (viseeromotor) 
fibres that arise from the brainstem are distributed widely within the 
thorax and abdomen via branehes of the vagus nerve. The brainstem 
also eontains a complex and sometimes ill-defined network of neu- 
rones, known as the reticular formation (Haines 2013, 01szewski and 
Baxter 1954), which extends throughout its length, and is continuous 
caudally with its spinal counterpart. Some reticular nuclei are referred 
to as vital eentres because they are eoneerned with regulation of 
eardiae and respiratory aetivities; other parts of the reticular formation 
are essential for eerebral eortieal arousal and the maintenanee of eon- 
sciousness, or are involved in the regulation of muscle tone, posture 
and reflex aetivities. The brainstem is the site of origin and/or termi- 
nation of numerous aseending and deseending fibres and is traversed 
by many others. The anterolateral system (spinal lemniscus), medial 
lemniscus and the trigeminothalamie traets all aseend through the 
brainstem to reaeh the thalamus. Prominent eortieospinal projeetions 
deseend through the brainstem and eortieomielear projeetions end 
within it. 

Damage to the brainstem is often devastating and life-threatening 
(Posner et al 2007). This is because it is a structurally and fimetionally 
eompaet region, where even small lesions ean destroy vital eentres 
(eardiae and respiratory), diseonneet forebrain motor areas from brain- 
stem and spinal motor neurones, and sever ineoming sensory fibres 
from higher eentres of consciousness, pereeption and eognition. Irre- 
versible eardiae and respiratory arrest follows eomplete destmetion of 
the neural respiratory and eardiae eentres in the medulla. Clinically, this 
is part of a complex event ealled brain death (eerebral death), a eondi- 
tion that includes eessation of brainstem fimetion. Accurate diagnosis 
is essential because brainstem death may occur in patients whose res- 
piratory and eardiae fimetions may be artifieially maintained indefi- 
nitely on life support. 

THE BRAINSTEM IN A CLINICAL C0NTEXT 

The advent of computed tomography (CT) and magnetie resonanee 
imaging (MRI) has revolutionized elinieal medieine and forever altered 
how we look at the brainstem in an educational setting. This is espe- 
eially the ease when the goal is to teaeh neuroanatomical eoneepts in 
a manner most applieable to the way in which these eoneepts are 
viewed and used in the elinieal environment. 

The time-honoured approaeh to teaehing brainstem neurobiology is 
in an anatomieal orientation, where dorsal/posterior is up' in the image 
and ventral/anterior is 'down' (Figs 21.1-21.2). Loeation of internal 
stmctures and the arrangement of somatotopie maps follow aeeord- 
ingly. Learning neuroanatomy in this orientation is eorreet but may not 
be the most appropriate for the elinieal setting. Moreover, there is no 
standard of laterality in brainstem images viewed anatomieally; the 
observers right may be either the right or the left side. These ineonsist- 
eneies disappear when the brainstem is taught using a elinieal orienta- 
tion: the shape of the image (stained seetion or line drawing) matehes 
that of the eorresponding MRI or CT (see Figs 21.1-21.2); the orienta- 
tion of all images, irrespeetive of their source (stained seetion, drawing, 
CT, MRI), is the same, i.e. the observer's right is the patient's left and 
the observers left is the patient's right; and so the eoneept of laterality, 
which is enormously important in diagnosis, is reinforeed for the 
student. When learned in a elinieal orientation, somatotopieally organ- 
ized traets and pathways map exactly on to their counterparts in a 
patient (see Fig. 21.1). In reeognition of the inherent vafiie of contex- 
tualizing neuroanatomical eoneepts within elinieal reality, examples 
will be integrated into this ehapter. 


Anterolateral system 



Spinal traet of trigeminal nerve 


Spinal nucleus of trigeminal nerve 


Spinal traet of trigeminal nerve 
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Fig. 21.1 Somatotopy of the spinal traet of the trigeminal nerve and its 
termination in the spinal nucleus, mainly the pars caudalis, in elinieal 
orientation. Note the dorsal-ventral arrangement of the traet and the 
rostral-caudal distribution of its terminals in the nucleus as eorrelated with 
the faeial dermatomes. (Redrawn with permission from Haines D, 
Fundamental Neuroscience for Basie and Clinical Applieations, 4th 
Edition, 2013, Saunders, Elsevier.) 
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Basis pedunculi 
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Fig. 21.2 The topographie relationship of the midbrain regions and the adjaeent eisterns, with eomparable (A) T2- and (B) T1-weighted MR images. 
(Redrawn from Haines D, Fundamental Neuroscience for Basie and Clinical Applieations, 4th Edition, 2013, Saunders, Elsevier.) 
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Fig. 21.3 A, The eranial 
nerve nuclei. The 
eomponents of the 
vestibular nuclei are 
indieated by the dotted 
lines. B, The eomponents 
of the vestibular and 
eoehlear nuclei shown in 
more detail. 




The eranial nerves are the routes by which the brain reeeives informa- 
tion direetly from, and eontrols the hmetions of, structures that are 
loeated mainly, although not exclusively within the head and neek. All 
but 3 of the 12 pairs of eranial nerves are regarded as being attaehed to 
the brainstem, the exceptions being the olfaetory, optie and aeeessory 
nerves. 

The eranial nerves are individually named and numbered, using 
Roman nmnerals, in a rostro-caudal sequence, refleeting their order of 
attaehment to the brain (Haines 2015) (see Table 16.1). The olfaetory 
nerve (I) arises from the olfaetory epithelium in the nasal eavity and 
terminates direetly in eortieal and subcortical areas of the frontal and 
temporal lobes; it is elosely assoeiated fhnetionally with the limbie 
system and is deseribed in that context. The axons of the optie nerve 
(II) pass into the optie ehiasma, where medially positioned axons dee- 
310 ussate; all of the axons emerge as the optie traet, which terminates in 


the lateral geniculate nucleus of the thalamus (the visual pathways are 
discussed in Ch. 42). The oailomotor (III) and troehlear (IV) nerves 
arise in, and are attaehed to, the midbrain. The trigeminal nerve (V) 
attaehes to the pons, medial to the middle eerebellar peduncle. The 
abducens (VI), faeial (VII) and vestibulocochlear (VIII) nerves attaeh 
to the brainstem at, or elose to, the pontomedullary junction. The glos- 
sopharyngeal (IX), vagus (X) and hypoglossal (XII) nerves all attaeh to 
the medulla. The aeeessory nerve (XI) arises from eervieal levels Cl-C5/ 
C6, enters the cranium through the foramen magnum and then exits 
via the jugular foramen, together with the glossopharyngeal and vagus 
nerves. 

Cranial nerves III—X and XII are assoeiated with brainstem eell 
groupings referred to eolleetively as the eranial nerve nuclei (Fig. 21.3). 
The latter are either the origin of efferent eranial nerve fibres or the site 
of termination of eranial nerve or deseending eerebral eortieal afferents. 
They are eonsidered to be organized into six discontinuous longitudinal 
eell columns eorresponding to columns that may be identified in the 
embryo (see Fig. 16.1). Three eohimns are 'sensory' and three are 
'motor in fimetion. 


















































































































Brainstem 


For well over a eentiiry, the aeeessory nerve has been deseribed as 
having two roots: a eranial root eomposed of a variable number of small 
rootlets that emerge from the postolivary groove of the dorsolateral 
mednlla, caudal to the rootlets of the vagus, and a spinal root eomposed 
of fibres derived from the eervieal segments of the spinal eord. Aeeord- 
ing to this deseription, the eranial rootlets earry axons of motor neu- 
rones loeated in the caudal part of the nucleus ambiguus, and the spinal 
rootlets earry axons of motor neurones loeated in a nucleus in the 
ventral horn of the eervieal spinal eord in line with the nucleus ambig- 
uus (Ch. 18). The spinal root aseends the vertebral eanal and enters the 
skull via the foramen magnum. The eranial and spinal roots join, either 
before or within the jugular foramen, and the bundle so formed then 
divides into internal and external branehes on leaving the jugular 
foramen. The internal braneh joins the vagus nerve and its fibres inner- 
vate branehiomerie muscles via the pharyngeal and laryngeal branehes 
of the vagus nerve. The external braneh deseends into the neek to inner- 
vate sternoeleidomastoid and the upper and middle fibres of trapezms. 
In reeent years, this deseription has been ehallenged: the eranial root 
has been redesignated as anatomieally and fimetionally part of the 
vagus nerve, and the spinal root has beeome, de faeto, the aeeessory 
nerve. The issue is not simply one of contentious anatomieal terminol- 
ogy; rather, it refleets the need to elarify the relevant microsurgical 


anatomy in order to minimize potential eomplieations during surgery 
in the region. Paradoxically, meticulous eadaverie disseetion studies, 
often undertaken stereomieroseopieally, have failed to reaeh a eonsen- 
sus, finding either no eonneetions between rootlets arising from the 
dorsolateral medulla and the spinal root of the aeeessory nerve because 
the eranial root was absent, or signifieant variations in the arrangement 
and size of plexiform eonneetions between the eranial rootlets and the 
spinal root. Plexiform intereonneetions between neighbouring eranial 
nerves are not uncommon and are eertainly not eonfined to the aeees- 
sory and vagus nerves (Shoja et al 2014); their fimetional signifieanee 
is often uncertain. (For fiirther reading, see Krammer et al (1987), 
Laehman et al (2002 , Ryan et al (2007 , Wiles et al (2007), Benninger 
and MeNeil (2010 , Skinner (2011), Liu et al (2014), Tubbs et al (2014).) 

In addition to the interaetion between fibres of the eortieospinal and 
mbrospinal systems at the spinal level, there is yet another faetor that 
relates to the fimetional eharaeteristies deseribed above. Experimental 
lesions in primates that target either of these traets are usually stereo- 
taxically plaeed, damaging very speeifie fibre populations. On the other 
hand, spontaneous lesions in humans invariably damage, in addition 
to eortieospinal axons, other axon populations that direetly, or indi- 
reetly, influence spinal alpha motor neurones. This is also a major 
contributor to the differential results seen in primates versus humans. 
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Medulla oblongata 


The sensory nucleus of the trigeminal nerve, which extends through- 
out the length of the brainstem and into the eervieal spinal eord, rep- 
resents a general somatie afferent eell column (Haines 2013, Haines 
2015, 01szewski 1950). Its prineipal afferents are earried in the trigemi- 
nal nerve. General viseeral afferents earried by the faeial, glossopharyn- 
geal and vagus nerves end in the nucleus solitarius of the medulla. The 
speeial somatie afferent column eorresponds to the vestibular and eoeh- 
lear nuclei, which are loeated beneath the vestibular area of the floor 
of the fourth ventriele. 

The general somatie efferent eell column eonsists of four nuclei that 
lie near the midline and give rise to motor fibres that mn in nerves of 
the same name. From rostral to caudal, these are the oculomotor, tro- 
ehlear and abducens nuclei, which innervate the extraocular muscles, 
and the hypoglossal nucleus, which innervates all but one of the 
muscles of the tongue. The general viseeral efferent, or parasympathetie, 
eell column is made up of the Edinger-Westphal preganglionie nucleus 
of the midbrain, the salivatory nuclei of the pons, and the vagal nucleus 
of the medulla. Cells in the speeial viseeral efferent column innervate 
muscles derived from the branehial arehes and lie in the trigeminal 
motor nucleus, the faeial nucleus and the nucleus ambiguus. 


MEDULLA 0BL0NGATA 


EXTERNAL FEATURES AND RELATIONS 


The medulla oblongata extends from just above the fìrst pair of eervieal 
spinal nerves to the lower border of the pons (Haines 2013). It is 
approximately 3 em in length and 2 em in diameter at its widest. The 
ventral surface of the medulla is separated from the basilar part of the 
oeeipital bone and apex of the dens by the meninges and occipito-axial 
ligaments. Caudally, the dorsal surface of the medulla is adjaeent to 
the eisterna magna, a subarachnoid eistern between the eerebellar 
hemispheres. 

The ventral and dorsal surfaces of the medulla (Figs 21.4-21.5) 
possess a longitudinal median fìssure and sulcus, respeetively, which 
are continuous with their spinal counterparts. Caudally, the ventral 
(anterior) median fìssure is intermpted by the obliquely erossing fasei- 
eles of the motor decussation (pyramidal decussation). Rostrally, it 
ends at the pontine border in a dimimitive depression, the foramen 
caecum. A prominent elongated ridge, the pyramid, which eontains 
deseending eortieospinal axons, lies immediately lateral to the ventral 
median fissure. The lateral margin of the pyramid is indieated by a 
shallow ventrolateral sulcus. A linear series of rootlets forming the 
hypoglossal nerve emerge from this sulcus in line with the ventral 
spinal nerve roots. The abducens nerve emerges at the caudal border of 
the pons generally in line with the rootlets of the hypoglossal nerve. 
Caudally, most fìbres of the pyramid taper, decussate and enter the 
lateral funiculus of the spinal eord. Lateral to the pyramid and the 
ventrolateral sulcus is an oval prominenee, the olive (see Fig. 21.4), 
which eontains the inferior olivary mielear complex. The posterolateral 
sulcus is lateral to the olive; the glossopharyngeal and vagus nerves join 
the brainstem along the line of this sulcus, in line with the dorsal spinal 
nerve roots. 

The spinal eentral eanal extends into the caudal half of the medulla, 
migrating progressively more dorsally until it opens out into the lumen 
of the fourth ventriele at the obex. This divides the medulla into a elosed 
part, which eontains the eentral eanal, and an open part, which eontains 
the caudal half of the fourth ventriele (see Fig. 21.5). 

In the elosed part of the medulla, a shallow dorsal intermediate 
sulcus, on either side of the dorsal median sulcus, is continuous with 
its eervieal spinal counterpart and indieates the loeation of the dorsal 
(posterior) columns (fasciculi graeilis and cuneatus). The aseending 
fasciculi are parallel to eaeh other, but in the caudal medulla they 
diverge slightly to end in elongated swellings, the graeile and cuneate 
tubercles, produced by the subjacent nuclei graeilis and cuneatus respee- 
tively (see Fig. 21.5; Figs 21.6-21.7). Most fibres in the faseioili synapse 
with neurones in their respeetive nuclei. The latter projeet to the eon- 
tralateral thalamus, which, in turn, projeets to the primary somaesthetie 
cortex (see Fig. 20.10). The restiform body lies dorsolaterally in the 
medulla, forming a rounded ridge between the caudal part of the fourth 
ventriele and the glossopharyngeal and vagal rootlets on eaeh side. It 
eontains a wide variety of fìbres (dorsal spinoeerebellar, cuneocerebel- 
lar, olivoeerebellar, reticulocerebellar, and other eerebellar afferents) 
(see Fig. 21.9). The restiform bodies on the two sides diverge and ineline 
to enter the eerebellar hemispheres as the major eomponent of the 
inferior eerebellar peduncles. They are erossed at this point by the striae 
medullares, which mn medial to lateral on the ventrioilar floor (see 
Fig. 21.5). Usually, eaeh inferior eerebellar peduncle also eontains a 



Fig. 21.4 The ventral aspeet of the brainstem. Key: 1, infundibulum; 2, 
tuber cinereum; 3, mammillary body; 4, basilar pons; 5, abducens nerve; 

6, foramen caecum; 7, olive; 8, glossopharyngeal nerve; 9, vagus nerve; 

10, rootlets of hypoglossal nerve; 11, aeeessory nerve; 12, olfaetory traet; 

13, optie nerve; 14, optie ehiasma; 15, optie traet; 16, oculomotor nerve; 

17, uncus; 18, troehlear nerve; 19, trigeminal nerve; 20, faeial nerve; 21, 
vestibulocochlear nerve; 22, flocculus; 23, pyramid; 24, motor decussation 
(decussation of pyramids). 

small contribution from the juxtarestiform body (long Purkinje eell 
axons and efferents from the fastigial nuclei that traverse the vestibular 
nuclei; see Fig. 21.12). The inferior eerebellar peduncles form the ante- 
rior and rostral boundaries of the lateral reeesses of the fourth ventriele; 
these are continuous with the subarachnoid spaee through the lateral 
apertures of the fourth ventriele (foramina of Luschka). A tuft of ehoroid 
plexus, continuous with that of the fourth ventriele, protmdes from the 
foramina on either side. 

INTERNAL 0RGANIZATI0N 

Transverse seetion of the medulla at the 
level of the motor (pyramidal) decussation 

A transverse seetion of the lower medulla oblongata (see Eig. 21.6) 
interseets the dorsal, lateral and ventral funiculi, which are continuous 
with their counterparts in the spinal eord. The ventral funiculi are sepa- 
rated from the eentral grey matter by eortieospinal fibres, which eross 
in the motor (pyramidal) deoissation to reaeh the eontralateral lateral 
funiculi (see Lig. 21.16). The deoissation displaees the eentral grey 
matter and eentral eanal dorsally (Haines 2015). Continuity between 
the ventral grey column and eentral grey matter, which is maintained 
throughout the spinal eord, is lost. The column subdivides into the 
supraspinal nucleus (continuous above with that of the hypoglossal 
nerve), which is the efferent source of the first eervieal nerve, and the 
nucleus of the aeeessory nerve, which is in line rostrally with the nucleus 
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Fig. 21.5 The dorsal aspeet of the brainstem. The floor of the fourth ventriele has been exposed by cutting the eerebellar peduncles and removing the 
cerebellum. (VVith permission from Neuroanatomy by FA Mettler (1948) 2nd edn; St Louis: The CV Mosby Company.) 
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Fig. 21.6 A transverse seetion through the medulla oblongata at the level of the motor decussation. Figures 21.6-21.8, 21.10-21.12 and 21.15-21.16 are 
all prepared using a stain for myelinated nerve fibres (blue). 


312 





























































































Medulla oblongata 


Dorsal median sulcus 

Nucleus 
graeilis 


Fasciculus 

graeilis 


Internal 
arcuate fibres 



trigeminal nerve 


Spinal nucleus of 
trigeminal nerve- 


Dorsal spino- 
eerebellar traet 



Ventral spino- 
eerebellar traet 

Sensory 
decussation 

Anterior external 
arcuate fibres 


Olivary complex 


Dorsal inter- 
mediate sulcus 


Fasciculus 

cuneatus 

Nucleus 
cuneatus 

Oentral 
eanal 


Reticular 
formation 


Medial aeeessory 
olivary nucleus 


Pyramid 


Medial lemniscus 


Ventral median fissure 


Fig. 21.7 A transverse seetion through the 
medulla oblongata at the level of the sensory 
decussation. 


The dorsal grey column is also modified at this level as the nucleus 
graeilis appears in the ventral part of the fasciculus graeilis. The nucleus 
graeilis begins caudal to the nucleus cuneatus; the latter invades the 
fasciculus cuneatus from its ventral aspeet in similar fashion. 

The spinal nucleus and traet of the trigeminal nerve are visible ven- 
trolateral to the dorsal columns and are continuous with the substantia 
gelatinosa and traet of Lissauer of the spinal eord. 

Transverse seetion of the medulla at the 
level of the sensory decussation of the 
dorsal column-medial lemniscus system 


The medullary white matter is rearranged above the level of the motor 
decussation (see ?ig. 21 .7). The pyramids form two large ventral bundles 
flanking the ventral median fissure on the ventral surface of the medulla; 
they eontain eortieospinal fibres of ipsilateral origin. 

The nucleus graeilis is prominent on the dorsal medullary aspeet, 
with diminishing numbers of fibres of the fasciculus graeilis loeated on 
its margins. The nucleus cuneatus is well developed. Both nuclei retain 
continuity with the eentral grey matter at this level but this is lost more 
rostrally. First-order afferent fibres eontained within the fasciculi graeilis 
and cuneatus synapse on neurones in their respeetive nuclei (Millar and 
Basbaum 1975). Seeond-order axons emerge from the nuclei as internal 
araiate fibres, at first curving ventrolaterally around the eentral grey 
matter and then ventromedially between the spinal traet of the trigemi- 
nal nerve and the eentral grey matter. The fibres deaissate in the midline, 
as the sensory decussation, and thereafter form the medial lemnisens, 
which aseends to the thalamus (Haines 2012). The deoissation of these 
internal arcuate fibres is loeated dorsal to the pyramids and ventral to 
the eentral grey matter, which is therefore more dorsally displaeed than 
in the previous seetion. 

The medial lemniscus aseends from the sensory decussation as a 
flattened traet near the median raphe. The pyramidal traet lies ventrally, 
and the medial longitudinal fasciculus and the teetospinal traet lie 
dorsally. Decussating internal arcuate fibres are rearranged as they eross, 
so that those derived from the nucleus graeilis lie ventral to those from 
the nucleus cuneatus. Above this level, the medial lemniscus is fhrther 
rearranged so that graeile fibres migrate laterally, while omeate fibres 
migrate medially. At pontine levels, the medial lemniscus is somato- 
topieally organized with Cl-S4 spinal segments represented sequen- 
tially from medial to lateral (Nieuwenhuys et al 2008). 

The spinal nucleus of the trigeminal nerve is separated from the 
eentral grey matter by internal aroiate fibres, and from the lateral med- 
ullary surface by the spinal traet of the trigeminal nerve and by some 
dorsal spinoeerebellar traet fibres. The latter progressively ineline dor- 


sally to enter the restiform body and then the inferior eerebellar pedun- 
ele at a higher level. 

Transverse seetion of the mediilla at the 
caudal end of the fourth ventriele 


A transverse seetion at the caudal end of the fourth ventriele (Fig. 21.8) 
shows some new features together with most of those already deseribed. 
The total area of grey matter is inereased by the presenee of the large 
inferior olivary nuclear complex and the nuclei of the vestibulocochlear, 
glossopharyngeal and vagus nerves. 

A smooth, oval elevation, the olivary eminenee, or olive, lies between 
the ventrolateral and dorsolateral sulci of the medulla. It is formed by 
the underlying inferior olivary complex and lies lateral to the pyramid, 
separated from it by the ventrolateral sulcus and emerging hypoglossal 
nerve fibres. The roots of the faeial nerve emerge between its rostral end 
and the lower pontine border, in the eerebellopontine angle. The 
arcuate nuclei are curved, intermpted bands, loeated on the pyramids, 
and are said to be displaeed pontine nuclei. Aroiatoeerebellar fibres and 
those of the striae medullares are derived from them. They projeet 
mainly to the eontralateral cerebellum through the inferior eerebellar 
peduncle (Fig. 21.9). 

The inferior olivary complex (dorsal aeeessory, medial aeeessory, 
prineipal nuclei) is an irregularly erenated mass of grey matter with a 
medially direeted hilum, through which numerous fibres enter and 
leave the nucleus (Nieuwenhuys et al 2008). It has prominent eonnee- 
tions with the cerebellum and is deseribed more fhlly in Chapter 22. 

The eentral grey matter at this level constitutes the ventricular floor. 
It eontains (sequentially from medial to lateral): the hypoglossal 
nucleus, dorsal motor nucleus of the vagus, nucleus solitarius, and the 
caudal ends of the inferior and medial vestibular nuclei. 

The tractus and nucleus solitarius extend throughout the length of 
the medulla. The traet is eomposed of general viseeral afferents from 
the vagus and glossopharyngeal nerves. The nucleus and its eentral eon- 
neetions with the reticular formation subserve the reflex eontrol of 
eardiovasoilar, respiratory and eardiae fimetions (Ciriello 1983). The 
rostral portion of the nucleus solitarius (the gustatory nucleus) reeeives 
taste fibres from eranial nerves VII, IX and X. These same eranial nerves 
send general viseeral sensation to the caudal portion of the nucleus 
solitarius (the eardiorespiratory nucleus). 

The medial longitudinal fasciculus is a small eompaet traet near the 
midline, ventral to the hypoglossal nucleus. It eontains fibre bundles 
including medial vestibulospinal traet fibres. At this medullary level, it 
is displaeed dorsally by the pyramidal and lemniseal deoissations. It 
aseends in the pons and midbrain, maintaining its relationship to the 
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Fig. 21.8 A transverse seetion through the 
medulla oblongata at the caudal end of the fourth 
ventriele. 
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Fig. 21.9 Some of the afferent eomponents of the restiform body. The 
efferent eomponents have been omitted. 


eentral grey matter and midline, and is therefore near the somatie effer- 
ent nuclear column. Fibres from a variety of sources course for variable 
distanees in this traet. 

The spinoeerebellar, spinoteetaf vestibulospinal and mbrospinal 
traets and the anterolateral system (spinal lemniseal) all lie in the ven- 
trolateral area of the medulla at this level (Nathan and Smith 1982). 
These traets are limited dorsally by the spinal traet and nucleus of the 
trigeminal nerve, and ventrally by the pyramid. 

Numerous islets of grey matter are seattered eentrally in the ventro- 
lateral mednlla, an area interseeted by nerve fìbres that mn in all 


direetions. This is the reticular formation, which exists throughout the 
medulla and extends into the pontine tegmentum and midbrain 

(01szewski and Baxter 1954). 

Corticospinal (pyramidal) traet 

Eaeh pyramid eontains deseending eortieospinal fibres, derived from 
the ipsilateral eerebral cortex, which have traversed the internal capsule, 
midbrain and pons (see Fig. 20.16). Some 75-90% of the axons in the 
medullary pyramid eross the midline internal to the ventral median 
fissure as the motor (pyramidal) decussation. In the rostral part of the 
deaissation, fibres eross ventromedially, whereas more caudally they 
pass dorsally, erossing ventral to the eentral grey matter. The deoissation 
is orderly: fibres to eervieal levels eross in its rostral part, whereas fibres 
to lumbosacral levels eross in its caudal portion. Fibres continue to pass 
dorsolaterally as they deseend, to reaeh the eontralateral lateral funicu- 
lus, where they form the erossed lateral eortieospinal traet. A modest 
number of uncrossed eortieospinal fibres deseend in the ipsilateral 
ventral funiculus, as the ventral eortieospinal traet, and a smaller 
uncrossed eomponent joins the lateral eortieospinal traets (see Fig. 
20.16). These small, uncrossed faseieles have no signifieant elinieal 
relevanee. The eortieospinal traets display somatotopy at almost all 
levels. In the pyramids the arrangement is like that at higher brainstem 
levels in that the lower extremity is represented laterally and the upper 
extremity is represented medially (Haines 2013, Nieuwenhuys et al 
2008). Similar somatotopy is aseribed to the lateral eortieospinal traets 
within the spinal eord. 

Dorsal column nuclei 

The nuclei graeilis and cuneatus, the dorsal column nuclei, are part of 
the pathway, eommonly ealled the dorsal column-medial lemniscus 
system, that is the major route for diseriminative aspeets of taetile and 
proprioeeptive sensation (Haines 2015, Millar and Basbaum 1975, 
Nieuwenhuys et al 2008). The upper regions of both nuclei are reticular 
and eontain small and large multipolar neurones with long dendrites. 
The lower regions eontain clusters of large, round neurones with short 
and profhsely branehing dendrites. Hpper and lower zones differ in 
their eonneetions but both reeeive terminals from the dorsal spinal 
roots at all levels. Dorsal funicular fibres from neurones in the spinal 
grey matter are eomponents of the postsynaptie dorsal column system 
and terminate only in the superior, reticular zone. Variable ordering and 
overlap of terminals, on the basis of spinal root levels, occur in both 
zones. The lower extremity is represented medially, the tmnk ventrally 
and the digits dorsally. There is modal speeifieity, i.e. lower levels 
respond to low-threshold cutaneous stimuli, and upper reticular levels 
to inputs from fibres serving reeeptors in the skin, joints and muscles. 
The nucleus cuneatus is divided into several parts. Its middle zone 
eontains a large pars rotunda, in which rostrocaudally elongated, 
medium-sized neurones are clustered between bundles of densely 











































Medulla oblongata 


myelinated íìbres. The retieiilar poles of its rostral and caudal zones 
eontain seattered, but evenly distributed, neurones of various sizes. The 
pars triangularis is smaller and laterally plaeed. 

There is a somatotopie pattern of termination of cutaneous inputs 
from the upper limb on the eell clusters of the pars rotunda. Termina- 
tions are difhise in the reticular poles. 

The nucleus graeilis and nucleus cuneatus serve as relays between 
the spinal eord and higher levels. Primary spinal afferents synapse with 
multipolar neurones in the nuclei that form the major nuclear efferent 
projeetion. The nuclei also eontain interneurones, many of which are 
inhibitory. Deseending afferents from the somatosensory cortex reaeh 
the nuclei through the corticonuclear traets, and appear to be restrieted 
to the upper, reticular zones. These afferents both inhibit and enhanee 
aetivity and are believed to be involved in sensory modulation. The 
reticular zones also reeeive eonneetions from the reticular formation. 

Neurones of the dorsal column nuclei reeeive terminals of long, 
uncrossed, primary afferent fibres of the fasciculi graeilis and cuneatus, 
which earry information eoneerning deformation of skin, movement of 
hairs, joint movement and vibration. Unit reeording of the neurones in 
the dorsal column nuclei shows that their taetile reeeptive fields (i.e. 
the skin area in which a response ean be elieited) vary in size, although 
they are espeeially small for the digits and the faee and lips. Some fields 
have excitatory eentres and inhibitory surrounds, which means that 
stimulation just outside its excitatory field inhibits the neurone. Neu- 
rones in the nuclei are spatially organized into a somatotopie map of 
the periphery (in aeeord with the similar loealization in the dorsal 
columns). In general, speeifieity is high. Many eells reeeive input from 
one or a few speeifie reeeptor types, e.g. hair, type I and II slowly adapt- 
ing reeeptors and Paeinian corpuscles, and some eells respond to Ia 
muscle spindle input. However, some neurones reeeive eonvergent 
input from taetile pressure and hair folliele reeeptors. 

A variety of eontrol meehanisms ean modulate the transmission of 
impulses through the dorsal column-medial lemniscus pathway. Con- 
eomitant aetivity in adjaeent dorsal column fibres may result in presy- 
naptie inhibition by depolarization of the presynaptie terminals of one 
of them. Stimulation of the sensory-motor cortex also modulates the 
transmission of impulses by both pre- and postsynaptie inhibitory 
meehanisms, and sometimes by faeilitation. These deseending influ- 
enees are mediated by the eortieospinal traet. Modulation of transmis- 
sion by inhibition also results from stimulation of the reticular 
formation, raphe nuclei and other sites. 

The aeeessory cuneate nucleus, dorsolateral to the cuneate nucleus, 
is part of the spinoeerebellar system of preeerebellar relay nuclei (see 
Fig. 21.9). It eontains large neurones like those in the posterior thoraeie 
nucleus (Clarke's column) and reeeives the lateral fibres of the faseiai- 
lus cuneatus, which earry proprioeeptive impulses from the upper limb 
that enter the eervieal spinal eord rostral to the thoraeie nucleus. The 
aeeessory cuneate neurones give rise to the posterior external arcuate 


(cuneocerebellar) fibres that enter the cerebellum by the ipsilateral 
inferior eerebellar peduncle. A group of neurones, nucleus Z, identified 
in animals between the upper pole of the nucleus graeilis and the infe- 
rior vestibular nucleus, is said to be present in the human medulla. Its 
input is probably from the dorsal spinoeerebellar traet, which earries 
proprioeeptive information from the ipsilateral lower limb, and it 
projeets through internal arcuate fibres to the eontralateral medial 
lemniscus. 

Sensory nucleus of the trìgeminal nerve 

The sensory nucleus of the trigeminal nerve is a large eell group 
that reeeives the primary afferents of the trigeminal nerve. It extends 
caudally into the eervieal spinal eord and rostrally into the midbrain; 
its prineipal divisions are the spinal trigeminal, prineipal sensory and 
meseneephalie nuclei (see Figs 21.10-21.12) (Nieuwenhuys et al 2008; 
01szewski 1950). 

On entering the pons, the fibres of the sensory root of the trigeminal 
nerve mn dorsomedially towards the prineipal sensory nucleus, which 
is situated at this level. Before reaehing the nucleus, approximately 50% 
of the fibres divide into aseending and deseending branehes; the others 
aseend or deseend without division. The deseending fibres, of which 
90% are less than 4 pm in diameter, form the spinal traet of the trigemi- 
nal nerve, which embraees the spinal nucleus of the trigeminal nerve 
and reaehes the upper eervieal spinal eord (see Figs 21.6-21.8; Fig. 
21.10). There is a preeise somatotopie organization within the traet (see 
Fig. 21.1). Fibres from the ophthalmie division of the trigeminal nerve 
lie ventrally, those from the mandibular division lie dorsally, and those 
from the maxillary division lie between. The traet is eompleted on its 
dorsal rim by fibres from the sensory roots of the faeial, glossopharyn- 
geal and vagus nerves. All of these fibres synapse in the pars caudalis of 
the spinal nucleus of the trigeminal nerve. 

The detailed anatomy of the spinal traet of the trigeminal nerve 
excited early elinieal interest because it was reeognized that dissoeiated 
sensory loss could occur in the trigeminal area. For example, in Wall- 
enbergs syndrome (lateral medullary syndrome), occlusion of the pos- 
terior inferior eerebellar artery (a braneh of the vertebral artery) leads 
to loss of pain and thermal sense on the ipsilateral half of the faee with 
retention of eommon sensation (Haines 2013). Neurosurgery in this 
region, as early as the 1890s, attempted to alleviate paroxysmal trigemi- 
nal neuralgia. The introduction of medullary traetotomy eonfirmed that 
dissoeiated thermoanalgesia of the faee was assoeiated with destmetion 
of the traet. 

There are eonflieting opinions on the pattern of termination of the 
fibres in the spinal nucleus. It has long been held that fibres are organ- 
ized rostrocaudally within the traet. Aeeording to this view, ophthalmie 
fibres are ventral and deseend to the lower limit of the first eervieal 
spinal segment, and maxillary fibres are eentral and do not extend below 
the medulla oblongata, whilst mandibular fibres are dorsal and do not 
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Fig. 21.10 A transverse seetion throiigh the superior half of the medulla oblongata at the level of the inferior olivary nucleus. 
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extend miieh below the mid-medullary level. The results of seetion of 
the spinal traet in eases of severe trigeminal neuralgia support this 
distribution. It was found that a seetion 4 mm below the obex rendered 
the ophthalmie and maxillary areas analgesie, but taetile sensibility, 
apart from the abolition of 'tiekle', was much less affeeted. To include 
the mandibular area it was neeessary to seetion at the level of the obex. 

More reeently, it has been proposed that fibres are arranged dorso- 
ventrally within the spinal traet. There appear to be sound anatomieo- 
physiologieal and elinieal reasons for believing that all divisions 
terminate throughout the whole nucleus, although the ophthalmie divi- 
sion may not projeet fibres as far caudally as the maxillary and man- 
dibular divisions. Fibres from the posterior faee (adjaeent to C2) 
terminate in the lower (caudal) part, whilst those from the upper lip, 
mouth and nasal tip terminate at a higher level. This ean give rise to a 
segmental (eross-divisional) sensory loss in syringobulbia. Traetotomy 
of the spinal traet, if earried out at a lower levef ean spare the perioral 
region, a finding that would aeeord with the 'onion-skin' pattern of loss 
of pain sensation. However, in elinieal praetiee, the progression of 
anaesthesia on the faee is eommonly 'divisional' rather than strietly 
'onion-skin' in distribution. 

Fibres of the glossopharyngeaf vagus and faeial nerves subserving 
eommon sensation (general somatie afferent) enter the dorsal region 
of the spinal traet of the trigeminal nerve and synapse with eells in the 
caudal part of the spinal nucleus. Consequently, operative seetion of 
the dorsal part of the spinal traet results in analgesia that extends to the 
mucosa of the tonsillar sinus, the posterior third of the tongue and 
adjoining parts of the pharyngeal wall (supplied by the glossopharyn- 
geal nerve), and the cutaneous areas of the ear. Other afferents that 
reaeh the spinal nucleus are from the dorsal roots of the upper eervieal 
nerves and from the sensory-motor cortex. 

The spinal nucleus of the trigeminal nerve eonsists of three parts: 
the pars oralis (which adjoins the prineipal sensory nucleus); the pars 
interpolaris; and the pars caudalis (which is continuous with the dorsal 
horn of the spinal eord). The pars caudalis is different from the other 
parts because it has a structure analogous to that of the dorsal horn of 
the spinal eord, with a similar arrangement of eell laminae (subnuclei 
zonalis, gelatinosus and magnoeellnlaris), and is involved in trigeminal 
pain pereeption. Cutaneous noeieeptive afferents and small-diameter 
muscle afferents terminate in layers I, II, V and VI of the pars caudalis 
(see Fig. 21.1). Low-threshold meehanosensitive afferents of A(3 neu- 
rones terminate in layers III and IV of the pars caudalis and in the rostral 
(interpolaris, oralis, prineipal sensory) nuclei. 

Many of the neurones in the pars caudalis that respond to cutaneous 
or tooth-pulp stimulation are also excited by stimulation of jaw or 
tongue muscles. This indieates that eonvergenee of superficial and deep 
afferent inputs via wide-dynamic-range or noeieeptive-speeifie neurones 
occurs in this nucleus. Similar eonvergenee of superficial and deep 
inputs occurs in the rostral nuclei and may account for the poor loeali- 
zation of trigeminal pain, and for the spread of pain, which often makes 
diagnosis difficult. 

There are distinet subtypes of eells in lamina II. Afferents from 
'higher eentres' arborize within it, as do axons from noeieeptive and 
low-threshold afferents. Deseending influences from these higher 
eentres include fibres from the periaqueductal grey matter and from the 
nucleus raphe magnus and assoeiated reticular formation. 

The nucleus raphe magnus projeets direetly to the pars caudalis, 
probably via enkephalin, noradrenaline (norepinephrine) and 5-HT 
(5-hydroxytryptamine, serotonin)-containing terminals. These fibres 
direetly, or indireetly through loeal interneurones, influence pain per- 
eeption. Stimulation of periaqueductal grey matter or nucleus raphe 
magnus inhibits the jaw-opening reflex to noeieeption, and may induce 
primary afferent depolarization in tooth-pulp afferents and other noei- 
eeptive faeial afferents. Neurones in the pars caudalis ean be suppressed 
by stimuli applied outside their reeeptive field, particularly by noxious 
stimuli. The pars caudalis is an important site for relay of noeieeptive 
input and fimetions as part of the pain 'gate eontrol'. However, rostral 
nuclei may also have a noeieeptive role. Tooth-pulp afferents via wide- 
dynamie-range and noeieeptive-speeifie neurones may terminate in 
rostral nuclei, which all projeet to the subnucleus caudalis. 

Most fibres arising in the trigeminal sensory nuclei eross the midline 
and aseend as trigeminothalamie fibres (trigeminal lemniscus). They 
end in the eontralateral ventral posteromedial thalamie nudeus, from 
which third-order neurones projeet to the eortieal posteentral gyms 
(areas 3, 1, 2). However, some trigeminal nuclear efferents aseend to 
the ipsilateral ventral posteromedial nucleus. 

Fibres from the pars caudalis, espeeially from laminae I, V and VI, 
also projeet to the rostral trigeminal nuclei, cerebellum, periaqueductal 
grey of the midbrain, parabraehial area of the pons, the brainstem 
reticular formation and the spinal eord. Fibres from lamina I projeet to 
the subnucleus rnedms of the medial thalamus. 


Vagal nucleus 

The vagal nucleus (the dorsal motor nucleus of the vagus) lies slightly 
dorsolateral to the hypoglossal nucleus, from which it is separated by 
the nucleus intercalatus. It extends caudally to the first eervieal spinal 
segment and rostrally to the open part of the medulla under the vagal 
trigone in the floor of the fourth ventriele (see Fig. 21.8). 

The vagal nucleus is a general viseeral efferent nucleus and is the 
largest parasympathetie nucleus in the brainstem. Most (80%) of its 
neurones give rise to the preganglionie parasympathetie fibres of the 
vagus nerve. The remainder are interneurones or projeet eentrally. The 
vagal nucleus innervates the non-striated (smooth, eardiae) muscle of 
the viseera of the thorax (heart, bronehi, lungs and oesophagus) and 
abdomen (stomaeh, liver, panereas, spleen, small intestine and proxi- 
mal part of the eolon), and glandular epithelium. Neurones within the 
nucleus are heterogeneous and ean be elassified into nine subnuclei, 
which are regionally grouped into rostral, intermediate and caudal divi- 
sions. Topographie maps of viseeral representation in animals suggest 
that the heart and lungs are represented in the caudal and lateral part 
of the nucleus, the stomaeh and panereas in intermediate regions, and 
the remaining abdominal organs in the rostral and medial part of the 
nucleus. 

There is a sparse sensory afferent supply, which arises in the nodose 
ganglion and projeets direetly to the nucleus and possibly beyond into 
the nucleus tractus solitarius. 


Hypoglossal nucleus 

The prominent hypoglossal nucleus lies near the midline in the dorsal 
medullary grey matter. It is approximately 2 em long. Its rostral part lies 
beneath the hypoglossal trigone in the floor of the fourth ventriele (see 
Fig. 21.5) and its caudal part extends into the elosed part of the medulla. 

The hypoglossal nucleus eonsists of large motor neurones inter- 
spersed with myelinated fibres. It is organized into dorsal and ventral 
nuclear tiers, eaeh divisible into medial and lateral subnuclei. There is 
a musculotopic organization of motor neurones within the nuclei that 
eorresponds to the structural and fimetional divisions of tongue mus- 
culature. Thus, motor neurones innervating tongue retmsor muscles are 
loeated in dorsal/dorsolateral subnuclei, whereas motor neurones 
innervating the main tongue protmsor muscle are loeated in ventral/ 
ventromedial regions of the nucleus. Although relatively little is known 
about the organization of motor neurones innervating the intrinsie 
muscles of the tongue, experimental evidenee suggests that motor neu- 
rones of the medial division of the hypoglossal nucleus innervate 
tongue muscles that are orientated in planes transverse to the long axis 
of the tongue (transverse and vertieal intrinsies and genioglossus), 
whereas motor neurones of the lateral division innervate tongue 
muscles that are orientated parallel to this axis (styloglossus, hyoglos- 
sus, superior and inferior longitudinal). 

Hypoglossal fibres emerge ventrally from their nucleus, traverse the 
reticular formation lateral to the medial lemniscus, pass medial to the 
inferior olivary nuclei, and curve laterally to emerge as a linear series of 
10-15 rootlets in the ventrolateral sulcus between the pyramid and 
olivary eminenee (see Fig. 21.8). 

The hypoglossal nucleus reeeives corticonuclear fibres from the pre- 
eentral gyms and adjaeent areas of predominately the eontralateral 
hemisphere. They synapse either on motor neurones of the nucleus 
direetly or on interneurones. Evidenee indieates that the most medial 
hypoglossal subnuclei may reeeive projeetions from both hemispheres. 
The nucleus may eonneet with the cerebellum via adjaeent perihy- 
poglossal nuclei, and perhaps also with the medullary reticular forma- 
tion, the trigeminal sensory nuclei and the nucleus solitarms. 



Inferior olivary nucleus 

The olivary nuclear complex eonsists of a large prineipal olivary nucleus 
and smaller medial aeeessory and dorsal aeeessory olivary nuclei (see 
Figs 21.8, 21.10). They are also preeerebellar nuclei, a group that 
includes the pontine, arcuate, vestibular, reticulocerebellar and spinoe- 
erebellar nuclei, all of which reeeive afferents from speeifie sources and 
projeet to the cerebellum. The inferior olivary nucleus eontains small 
neurones, most of which form the olivoeerebellar traet, which emerges 
primarily from the hilum to mn medially and interseet the medial 
lemniscus (see Fig. 21.8). Its fibres eross the midline and sweep either 
dorsal to, or through, the opposite olivary nuclei. They interseet the 
lateral spinothalamie and mbrospinal traets and the spinal nucleus of 
the trigeminal nerve, and enter the eontralateral restiform body (and 
eventually the inferior eerebellar peduncle), where they constitute its 
major eomponent. Fibres from the eontralateral inferior olivary complex 
terminate on Purkinje eells in the cerebellum as elimbing fibres; there 
is a one-to-one relationship between Purkinje eells and neurones in the 
complex (Nieuwenhuys et al 2008). Afferent eonneetions to the inferior 
olivary nuclei are both aseending and deseending. Aseending fibres, 










Brainstem 


Several smaller groups of eells lie near the hypoglossal nucleus (peri- 
hypoglossal mielei), but none is known for eertainty to be eonneeted 
with the hypoglossal nerve or nucleus. They include the nucleus inter- 
calatus, sublingual nucleus, nucleus prepositus hypoglossi and nucleus 
paramedianus dorsalis (reticularis). Gustatory and viseeral eonneetions 
are attributed to the nucleus intercalatus. 





Pons 


mainly erossed, arrive from all spinal levels in the spino-olivary traets 
and via the dorsal columns. Deseending ipsilateral fibres eome from 
the eerebral cortex, eerebellar nuclei, thalamus, red nucleus and eentral 
grey of the midbrain. In part, the two latter projeetions make up the 
eentral tegmental traet. 

({*) Nucleus solitarius 

The nucleus solitarius (solitary nucleus, nucleus of the solitary traet) 
lies lateral or ventrolateral to the vagal nucleus (see fig. 21.8). A neu- 
ronal group ventrolateral to the nucleus solitarms has been termed the 
nucleus parasolitarius. The nucleus solitarius is intimately related to, 
and reeeives fibres from, the tractus solitarius, which earries afferent 
fibres from the faeial, glossopharyngeal and vagus nerves (Ciriello 1983, 
Haines 2013, Hamilton and Norgren 1984). These fibres enter the traet 
in deseending order and eonvey gustatory information from the lingual 
and palatal mucosa. They may also eonvey viseeral impulses from the 
pharynx (glossopharyngeal and vagus) and from the oesophagus and 
abdominal alimentary eanal (vagus). There is some overlap in this verti- 
eal representation. 

The nucleus solitarms is thought to projeet to the sensory thalamus 
and thenee to the eerebral cortex (Hamilton and Norgren 1984). It may 
also projeet to the upper levels of the spinal eord through a solitario- 
spinal traet. Seeondary gustatory axons eross the midline. Many subse- 
quently aseend the brainstem in assoeiation with the medial lemniscus 
and synapse on the most medial neurones of the ventral posteromedial 
thalamie nucleus (in a region sometimes termed the aeeessory arcuate 
nucleus). Axons from the ventral posteromedial nucleus radiate through 
the internal capsule to the anteroinferior area of the sensory-motor 
cortex and the insula. It is thought that other aseending paths end in a 
number of the hypothalamie nuclei, and so mediate the route by which 
gustatory information may reaeh the limbie system and allow appropri- 
ate autonomic reaetions to be made. 

((*) Nucleus ambiguus 

The nucleus ambiguus is a group of large motor neurones, situated deep 
in the medullary reticular formation (see Fig. 21.10). It extends rostrally 
as far as the upper end of the vagal nucleus, while caudally it is in line 
with, but is not continuous with, the nucleus of the aeeessory nerve. 
Fibres emerging from it pass dorsomedially, then curve laterally. Rostral 
fibres join the glossopharyngeal nerve. Caudal fibres join the vagus and 
are distributed to the pharyngeal eonstrietors, intrinsie laryngeal muscles 
and striated muscles of the palate and upper oesophagus. 

The nucleus ambigmis reeeives corticonuclear fibres bilaterally with 
a eontralateral preponderanee and is eonneeted to many brainstem 
eentres. At its upper end, a small retrofaeial nucleus intervenes between 
it and the faeial nucleus. Although the nucleus ambiguus is generally 
regarded as a speeial viseeral efferent nucleus, it is also a reputed source 
of general viseeral efferent fibres to the vagus. 

Swallowing and gag reflexes 

Swallowing is initiated when food or liquid stimulates sensory nerves 
in the oropharynx and is usually regarded as programmed motor behav- 
iour rather than a reflex. The patterning and timing of striated muscle 
eontraetion that occur in the pharynx, larynx and oesophagus during 
swallowing are generated in the brainstem in a network of neural eir- 
cuits. The afferent limb is the glossopharyngeal nerve: information is 
relayed via the nucleus solitarius to the nucleus ambiguus, which eon- 
tains the motor neurones innervating the muscles of the palate, pharynx 
and larynx. If stimulation of the oropharynx occurs other than during 
swallowing, a gag reflex may be initiated. There is a reflex eontraetion 
of the muscles of the pharynx, soft palate and fauces that, if extreme, 
may result in retehing and vomiting. 

Cough and sneeze reflexes 

The cough reflex is normally initiated by irritation of traeheal or laryn- 
geal mucosae: there is evidenee of both meehanosensing and ehemo- 
sensing cough reeeptors (MeGarvey 2014). Coughing involves a 
sequence of eoordinated events that produce the profound ehange in 
breathing pattern needed to expel an irritant from the lower airway. 
Rapid inspiration is followed by an expiratory effort against a elosed 
glottis, the rapid generation of intrapulmonary pressure and the sudden 
opening of the glottis and eontraetion of intereostal and abdominal 
wall muscles, eolleetively producing a high-veloeity flow of expired air 
that sweeps irritant material up towards the pharynx in a foreefiil exha- 
lation (cough). Laryngeal branehes of the vagus nerve earrying general 
viseeral afferent information (with eell bodies in the inferior vagal 
ganglion) terminate in the nucleus of the solitary traet. Seeond-order 
neurones projeet to medullary respiratory eentres (including a putative 
cough eentre) and to the nucleus ambiguus, reemiting motor neurones 
innervating pharyngeal, laryngeal, diaphragmatie, intereostal and ab- 
dominal muscles. 


Stimulation of nasal mucosa by physieal or ehemieal irritants initi- 
ates a sneezing reflex. Afferent impulses travel via the ethmoidal and 
maxillary nerves to the spinal nucleus of the trigeminal nerve. Interneu- 
rones projeet to the nucleus ambiguus and a putative 'sneezing eentre' 
in the rostral dorsolateral medulla (Seijo-Martínez et al 2006). Reemit- 
ment of a eritieal number of inspiratory and expiratory neurones initi- 
ates a sneeze, which involves eye elosing and deep inspiration, followed 
by explosive exhalation as deseribed above. If the oropharyngeal 
isthmus is elosed by the aetion of palatoglossus, the air flow is diverted 
through the nasal eavity; otherwise the stream of expelled air flows 
through both oral and nasal eavities. 


P0NS 


EXTERNAL FEATIJRES AND RELATI0NS 


The pons lies rostral to the medulla and caudal to the midbrain (see 
Fig. 21.4). On the ventral surface of the brainstem, the transition 
between medulla and pons is elearly demareated by a transverse sulcus. 
Laterally, in a region known as the eerebellopontine angle, the faeial, 
vestibulocochlear and glossopharyngeal nerves emerge. The ventral 
surface of the pons is separated from the clivus (basisphenoid and 
dorsum sellae) by the pontine eistern (eisterna pontis) (see Fig. 18.15). 
It is markedly convex transversely but less so vertieally, and abuts the 
petrous part of the temporal bone laterally up to the internal acoustic 
meatus. The surface of the basilar pons has a shallow median sulcus, 
in which the basilar artery mns, bounded bilaterally by prominenees 
formed partly by deseending eortieospinal fibres. Bundles of transverse 
fibres, bridging the midline and originating from nuclei in the basal 
pons (nuclei pontis, pontine nuclei), eonverge on eaeh side into the 
large middle eerebellar peduncle and projeet to the cerebellum (Brodal 
and Bjaalie 1992, Haines 2013, Nieuwenhuys et al 2008). The trigemi- 
nal nerve emerges near the mid-pontine level; the basilar pons is infe- 
rior to this exit and the middle eerebellar peduncle superior and caudal 
to it. It has a small superomedial motor root (portio minor) and a large 
inferolateral sensory root (portio major). 

The dorsal surface of the pons is hidden by the cerebellum, which 
eovers the rostral half of the rhomboid fossa, into which the eerebral 
aqueduct empties. The roof of the fossa is formed by a thin sheet of 
tissue, the superior medullary velum, which is overlain by the lingula 
of the eerebellar vermis. The velum is attaehed on eaeh side to the 
superior eerebellar peduncles and is enelosed by pia mater above and 
ependyma below (see fig. 21.5). The troehlear nerves decussate in the 
rostral aspeet of the velum. 

INTERNAL 0RGANIZATI0N 
Transverse seetions of the pons 


Transverse seetions (Figs 21.11-21.12) reveal that the pons eonsists of 
a tegmental part, which is a continuation of the medulla (excluding the 
pyramids), and a basilar part. The latter eontains bundles of longitudi- 
nal deseending fibres, some of which continue into the pyramids, while 
others end in the many pontine or medullary nuclei. It also eontains 
numerous transverse fibres and pontine nuclei. 

Basilar pons 


The basilar pons is similar in structure at all levels. The longitudinal 
fibres of the eortieopontine, corticonuclear and eortieospinal traets 
deseend from the ems eerebri of the midbrain and enter the pons eom- 
paetly. They rapidly disperse into faseieles, which are separated by the 
pontine nuclei and transverse pontine fibres. Corticospinal fibres mn 
unintermpted through the pons to the medullary pyramids, where they 
again eonverge into eompaet traets. Corticonuclear fibres terminate in 
eontralateral (and some ipsilateral) nuclei of eranial nerves and other 
nuclei in the pontine tegmentum. Clinical evidenee supports the view 
that the neurones of the faeial nucleus, and, in particular, those serving 
the muscles of the upper faee, reeeive bilateral eortieal eontrol. The 
lower half of the faee is eontrolled predominately by the eontralateral 
cortex. 

The pontine nuclei (see Fig. 21.11) include all the neurones (in 
humans, some 20 million) that are seattered throughout the basilar 
pons. They are probably all glutamatergic, and most projeet to the 
eontralateral eerebellar cortex, with eollaterals to the eerebellar nuclei. 

Efferent axons from the pontine nuclei constitute the transverse pontine 31 7 
(pontoeerebellar) fibres, which decussate and continue as the major 
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Brainstem 


The medial aeeessory olivary niieleiis is a curved grey lamina, eoneave 
laterally, between the medial lemniscus and pyramid and the ventro- 
medial aspeet of the prineipal olivary nucleus. The dorsal aeeessory 
olivary nucleus is a similar lamina, dorsomedial to the prineipal olivary 
nucleus. Both aeeessory nuclei are eonneeted with the cerebellum. These 
nuclei are phylogenetieally older than the prineipal olivary nucleus, and 
are eonneeted with the paleocerebellum. In all eonneetions, eerebral, 
spinal and eerebellar, the olivary nuclei display speeifie topographieal 
organization (Ch. 22). 

Termination of speeial viseeral afferents (taste) within the nucleus 
shows a viseerotopie pattern, predominantly in the rostral region (the 
gustatory nucleus). Experimental evidenee suggests that fibres from the 
anterior two-thirds of the tongue and the roof of the oral eavity (which 
travel via the ehorda tympani and greater petrosal branehes of the faeial 
nerve) terminate in the extreme rostral part of the solitary complex. 
Those from the circumvallate and foliate papillae of the posterior third 
of the tongue, tonsils, palate and pharynx (which travel via the lingual 
braneh of the glossopharyngeal nerve) are distributed throughout the 
rostrocaudal extent of the nucleus, predominately rostral to the obex. 
Gustatory afferents from the larynx and epiglottis (which travel via the 
superior laryngeal braneh of the vagus) have a more caudal and lateral 
distribution. The nucleus solitarius may also reeeive fibres from the 
spinal eord, eerebral cortex and cerebellum. 

Medial and commissural subnuclei in the caudal part of the nucleus 
appear to be the primary site of termination for gastrointestinal affer- 
ents; this is the eardiorespiratory nucleus. Ventral and interstitial sub- 
nuclei probably reeeive traeheal, laryngeal and pulmonary afferents and 
play an important role in respiratory eontrol and possibly rhythm gen- 
eration. The earotid sinus and aortie body nerves terminate in the dorsal 
and dorsolateral region of the nucleus solitarius, which may be involved 
in eardiovasoilar regulation. 

The nucleus ambiguus eontains several cellular subgroups, and some 
topographieal representation of the muscles innervated has been estab- 
lished. Individual laryngeal muscles are innervated by relatively diserete 
groups of eells in more caudal zones. Neurones that innervate the 
pharynx lie in the intermediate area, and neurones that innervate the 
oesophagus and soft palate are rostral. 
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Fig. 21.11 A transverse seetion through the pons at the level of the faeial colliculus 


Fourth ventriele 


Meseneephalie traet of 
trigeminal nerve 


Medial longitudinal 
fasciculus 


Oentral tegmental traet 


Lateral lemniscus 


Trapezoid nucleus 



Middle eerebellar peduncle 


Medial lemniscus and 
trapezoid body 


Transverse pontine fibres 


Superior medullary velum 


Superior eerebellar 

peduncle 


Prineipal sensory 
nucleus of trigeminal nerve 


Motor nucleus 
of trigeminal nerve 


Corticospinal and 
eortieopontine fibres 


Fig. 21.12 A transverse seetion of the pons at the level of the prineipal sensory and motor nuclei of the trigeminal nerve 


eonstitiient of the eontralateral middle eerebellar peduncle. All pon- 
toeerebellar fibres end as mossy fibres in the eerebellar cortex, and a 
degree of somatotopy is maintained in these eonneetions. 

Corticopontine fibres, from the frontal, temporal, parietal and oeeip- 
ital eortiees, end on neurones in the pontine nuclei. Frontopontine 
fibres end rostral to the level of the trigeminal nerve, and eonneet with 
pontine neurones that projeet to the eontralateral cerebellum in the 
more rostral transverse pontine fibres. Corticopontine fibres arise 
mainly from neurones in layer V of the premotor, somatosensory, pos- 
terior parietal, extrastriate visual and cingulate neoeortiees. Projeetions 
from prefrontal, temporal and striate eortiees are sparse. The terminal 
fields, although divergent, form topographieally segmented patterns 
resembling overlapping columns, slabs or lamellae within the pons. 

Subcortical projeetions to the pontine nuclei include those from the 
superior eolliaihis to the dorsolateral pons, and the medial mammil- 
lary nucleus to the rostromedial pons and preteetal nuclei. The lateral 
geniculate nucleus, dorsal column nuclei, trigeminal nuclei, hypotha- 
lamus and eerebellar nuclei also projeet to restrieted neurones of the 


pons. Functionally related subcortical and eerebroeortieal afferents eon- 
verge, e.g. those from the somatosensory cortex and dorsal column 
nuclei. There is also non-speeifie input from the reticular formation, 
raphe nuclei, locus coeruleus and periaqueductal grey matter. 

Pontine tegmentum 


The pontine tegmentum varies in cytoarchitecture at different levels 
(Haines 2015, Nieuwenhuys et al 2008, 01szewski and Baxter 1954). 

However, a eonsistent feature is that all eranial nerves assoeiated with 
the pons have their nuclei (motor or sensory) within the tegmentum, 
although their axons may traverse the basilar pons. The pedunculopon- 
tine nucleus, as its name implies, lies in the caudal part of the tegmen- 
tum of the midbrain and extends into the rostral part of the dorsolateral 
tegmentum of the pons; it is deseribed below. 

A transverse seetion through the lower pontine tegmentum transeets 
the faeial colliculus in the floor of the fourth ventriele (see Fig. 21.11; 
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Fig. 21.13 A transverse seetion of the pons, vievved from the rostral 
aspeet, shovving the eentral course of fibres of the faeial nerve. 


Fig. 21.13). This colliculus eontains the nucleus of the abducens nerve 
and the fibres of the internal genu of the faeial nerve. More deeply 
plaeed are the faeial nuclei, the nearby vestibular and eoehlear nuclei, 
and other isolated neuronal groups. The vestibular nuclei are laterally 
plaeed in the rhomboid fossa of the fourth ventriele, subjacent to the 
vestibular area, which spans the rostral medulla and caudal pons (see 
Figs 21.3, 21.5). 

The striae medullares of the fourth ventriele (see Fig. 21.10) are an 
aberrant eerebropontoeerebellar eonneetion, in which the arcuatocere- 
bellar fibres are involved. Axons from arcuate nuclei spread round the 
medulla, above and below the olivary eminenee, where they are super- 
fieially visible as the circumolivary fasciculus. All these fibres, eollee- 
tively known as the external arcuate fibres, enter the restiform body (see 
Fig. 21.9). Some fibres from arcuate nuclei pass dorsally through the 
medulla near its midline (as arcuatocerebellar fibres), decussate near 
the floor of the fourth ventriele, then turn laterally under the ependyma 
and enter the cerebellum through the inferior peduncle via the resti- 
form body. 

In addition to the traets already noted at lower levels, the lower 
pontine tegmentum eontains the trapezoid body, lateral lemniscus and 
emerging fibres of the abducens and faeial nerves. The medial lemnis- 
cus is ventral, its transverse outline now a flat oval. It extends laterally 
from the median raphe (see Figs 21.11, 21.12) and is laterally related to 
the anterolateral system and trigeminal lemniscus. The fibres of the 
latter originate from neurones of the eontralateral spinal trigeminal 
nucleus, serving pain and thermal sensibility in faeial, nasal and oral 
eavities and the conjunctiva. Here these fibres form a transverse band 
that is eomposed, in lateral order from the midline, of the medial lem- 
niscus, trigeminal lemnisei, the anterolateral system and the lateral 
lemnisais. 

The trapezoid body eontains eoehlear fibres, mainly from the ventral 
eoehlear and trapezoid nuclei. They aseend transversely in the ventral 
tegmentum, pass either through or ventral to the medial lemniseal 
fibres, and decussate with the eontralateral fibres in the median raphe. 
Below the emerging faeial axons, the trapezoid fibres turn rostral to 
enter the lateral lemniscus. As the lateral lemniscus aseends, it lies near 
the dorsolateral surface of the brainstem. Rostrally, its fibres enter the 
inferior colliculus and medial geniculate body. The aseending auditory 
pathway is deseribed in detail on page 655. 

The medial longitudinal fasciculus is paramedian, ventral to the 
fourth ventriele, near the midline and adjaeent to motor nuclei of 
eranial nerves III, IV, VI and XII. It is the main intersegmental traet in 
the brainstem, particularly for interaetions between nuclei of eranial 
nerves innervating the extraocular muscles and the vestibular system. 
In the lower pons it reeeives fibres from vestibular, and perhaps 
dorsal trapezoid, nuclei. Its greater part is formed by vestibular 
contributions. 

A transverse seetion at an upper pontine tegmental level eontains 
trigeminal elements (see Fig. 21.12), but otherwise shows little notable 
alteration from a seetion through a lower pontine tegmental level. Its 
dorsolateral parts are invaded by the superior eerebellar peduncles. The 
small nucleus of the lateral lemniscus, a relay in the auditory pathway, 
lies medial to its traet in the upper pons and reeeives some lemniseal 
terminals. Some of its efferent fibres enter the medial longitudinal 
fasciculus, while others return to the lemniscus. 


The medial lemniscus (see Figs 21.11, 21.12) retains its position in 
the ventral pontine tegmentum, where it lies a little lateral to the 
median raphe, and is joined medially by fibres from the prineipal 
sensory nucleus of the trigeminal nerve. The trigeminal lemniscus, ante- 
rolateral system, and the lateral lemniscus and its nucleus all lie 
dorsolaterally. 


Cochlear nuclei 

Fibres of the eoehlear division of the vestibulocochlear nerve partially 
eneirele the restiform body laterally and end in the dorsal and ventral 
eoehlear nuclei. The dorsal (posterior) eoehlear nucleus forms a bulge, 
the auditory tubercle, on the posterior surface of the restiform body, 
and is continuous medially with the vestibular area in the rhomboid 
fossa. The ventral (anterior) eoehlear nucleus is ventrolateral to the 
dorsal eoehlear nucleus, and lies between the eoehlear and vestibular 
fibres of the vestibulocochlear nerve. 

Cochlear nerve fibres, which are derived from neuronal somata in 
the spiral ganglion, bifurcate on entering the brainstem and terminate 
in both dorsal and ventral eoehlear nuclei (see Fig. 38.20). The ventral 
eoehlear nucleus has a complex cytoarchitecture. 

It eontains many neuronal types with distinet dendritie field eharae- 
teristies. Marked topographieal order has been demonstrated in eoeh- 
lear nerve terminals within the nucleus. Different parts of the spiral 
ganglion and differing stimulation frequencies are related to neurones 
that are serially arrayed anteroinferiorly in the ventral nucleus. All eoeh- 
lear nerve fibres enter the nucleus. There are approximately 25,000 
axons in the human eoehlear nerve, and they projeet on to a much larger 
number of neurones in the eoehlear nucleus. The number of eoehlear 
fibres in the lateral lemniscus greatly exceeds that in the eoehlear nerve. 
A minor fraetion of the eoehlear neurones reeeive terminals from the 
nerve, though eaeh fibre may eonneet with several neurones. Terminals 
are limited to the anteroinferior region of the ventral nucleus, where 
the neurones are probably mostly loeal interneurones. 

The dorsal (posterior) eoehlear nucleus is generally continuous with 
the ventral nucleus, from which it is separated only by a thin stratum 
of nerve eell bodies and fibres. Giant eells predominate, and their den- 
dritie fields are aligned with the ineoming auditory fibres. 

Though the cellular origins are not preeisely known, axons of most 
neuronal types in the eoehlear nuclei leave to end at pontine levels in 
the superior olivary, trapezoid and lateral lemniseal nuclei (see Fig. 
21.12). They leave the eoehlear nuclei by three routes. The largest group 
of axons lies ventrally and deaissates as the trapezoid body, level with 
the pontomedullary junction (see Figs 21.11, 21.12). Most of these 
axons aseend slightly, deoissate and relay in the eontralateral nuclei. A 
few do not eross, and synapse in the ipsilateral superior olivary nuclei. 
From both nuclei, the next-order axons aseend in the eorresponding 
lateral lemniscus. Oeeasional decussating fibres traverse the eontralat- 
eral superior olive and enter the lateral lemnisois to relay in lemniseal 
nuclei. 

Some axons from ventral eoehlear neurones pass dorsally, superficial 
to deseending trigeminal spinal fibres, eerebellar fibres in the restiform 
body and axons of the dorsal eoehlear nucleus. This bundle of ventral 
eoehlear fibres is smaller than that of the trapezoid decussation. It 
swerves ventromedially aeross the midline, ventral to the medial longi- 
tudinal fasciculus, as the intermediate acoustic striae. Its ffirther path 
is uncertain, but it most likely aseends in the eontralateral lateral 
lemniscus. 

The most dorsally plaeed axons issue from the dorsal eoehlear 
nucleus. They curve dorsomedially round the restiform body towards 
the midline as the dorsal acoustic striae, ventral to the striae medullares. 
They ineline ventromedially and eross the midline to aseend in the 
eontralateral lateral lemniscus, probably relaying in its nuclei. 

The nuclei of the lateral lemnisois eonsist of small groups of neu- 
rones (counts of 18,000-24,000 have been reeorded in humans) that 
lie among the fibres of the lateral lemniscus. Dorsal, ventral and inter- 
mediate groups probably reeeive afferent axons from both eoehlear 
nuclei. Their efferents enter the midbrain along the lateral lemniscus 
and terminate in the inferior colliculi. 

Some efferent axons travel in the eoehlear nerves to the spiral organ; 
these eomprise the olivoeoehlear traet (bundle of Rasmussen). Though 
few in number, they are involved in hearing, perhaps by modulating 
sensory transduction through reflexes via eoehlear nuclei. The neurones 
of origin are loeated at the hilus and along the lateral border of the 
lateral superior olivary nucleus and lateral edge of the ventral trapezoid 
nucleus. Fibres from both sides proeeed to both eoehleae. 



Vestibular nuclei 

The vestibular complex eonsists of the medial (Schwalbe), lateral 
(Deiters' nucleus), superior (Bechterew) and inferior vestibular nuclei 31 9 
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The siiperior olivary complex is sited in the tegmentum of the caudal 
pons, lateral in the reticular formation at the level of the pontomedul- 
lary junction. This complex includes several named nuclei and nameless 
smaller groups. In humans, the lateral superior olivary nucleus is made 
up of some six small cellular clusters. The medial (aeeessory) superior 
olivary nucleus is large and eompaet. Cells in the immediate vieinity of 
these nuclei give rise to the olivoeoehlear traet. The trapezoid nucleus 
is medial and the retro-olivary group, also a potential source of eoehlear 
efferents, is dorsal. Some intermielear eonneetions have been deseribed. 
The medial superior olivary nucleus reeeives impulses from both spiral 
organs, and may be involved in sound source loealization. The superior 
olivary complexes and the trapezoid nuclei are relay stations in the 
aseending auditory projeetion. These intrieate eonneetions have not 
been definitively established in humans. 

The medial nuclei of the trapezoid body are small in humans. They 
have a ventral eomponent, which eonsists of large neurones seattered 
among the trapezoid faseieles, and a more eompaet dorsal nucleus, 
medial to the superior olivary complex. This nucleus lies at the level of 
the exiting abducens nerve roots, anterior to the eentral tegmental traet. 
It is likely that the human trapezoid nuclei fimetion in the auditory 
relay pathway. Some trapezoid axons may enter the medial longitudinal 
fasciculus, and aseend to end in trigeminal, faeial, oculomotor, troeh- 
lear and abducens nuclei, where they mediate reflexes involving tensor 
tympani, stapedms and oculogyric muscles, respeetively. 
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(Haines 2013). The medial vestibular nucleus is the largest. It broad- 
ens, and then narrows as it aseends from the upper olivary level into 
the lower pons, where it is loeated lateral and superior to viseeromotor 
nuclei of eranial nerves IX and X. It is erossed by the striae medullares, 
mnning nearer the floor, and is continuous with the nucleus intereala- 
tus below. The inferior vestibular nucleus (which is the smallest) lies 
between the medial vestibular nucleus and restiform body, from the 
level of the upper end of the nucleus graeilis to the pontomedullary 
junction. It is traversed by deseending fibres of the vestibular nerve, 
from the cerebellum, and the vestibulospinal traet. The lateral vestibu- 
lar nucleus lies just above the inferior nucleus and is ventrolateral to 
the upper part of the medial nucleus. It aseends almost to the level of 
the abducens nucleus and its rostral end is continuous with the caudal 
end of the superior nucleus. The lateral vestibular nucleus is eomposed 
of large multipolar neurones, which are the main source of lateral ves- 
tibulospinal traet fibres. The superior vestibular nucleus is small and 
lies above the medial and lateral nuclei. It extends higher into the pons 
than other subdivisions, and occupies the upper part of the vestibular 
area. 

Through its eonneetions, the vestibular system infhienees move- 
ments of the eyes and head, and of the muscles of the tmnk and limbs, 
in order to maintain equilibrium (Nieuwenhuys et al 2008). The ves- 
tibular nuclei reeeive fibres from the vestibular part of the vestibuloco- 
ehlear nerve, cerebellum, brainstem reticular formation and spinal 
eord. They send axons to the cerebellum, medial longitudinal fascicu- 
lus, spinal eord and lateral lemniscus. Evidenee suggests that the ves- 
tibular apparatus is spatially represented in the nuclei. Vestibular fibres 
of the vestibulocochlear nerve enter the medulla between the restiform 
body and the spinal traet of the trigeminal nerve, and approaeh the 
vestibular area, where they bifhreate into deseending and aseending 
branehes. The former deseend medial to the restiform body and end in 
medial, lateral and inferior vestibular nuclei; the latter enter the supe- 
rior and medial nuclei. A few vestibular fibres enter the cerebellum 
direetly through the juxtarestiform body (the medial part of the inferior 
eerebellar peduncle), and end in the fastigial nucleus, flocculonodular 
lobe and uvula. 

The vestibular nuclei projeet extensively to the cerebellum and also 
reeeive axons from the eerebellar cortex and the fastigial nuclei. Vestibu- 
loeerebellar fibres (primary and seeondary) travel via the juxtarestiform 
body mainly to the flocculus and nodule. Cerebellovestibular fibres pass 
to the nuclei, also via the juxtarestiform body. They arise mainly in the 
flocculus and nodule (posterior lobe), but some fibres are derived from 
the anterior lobe and fastigial nucleus. The vestibular nuclear complex 
projeets to the pontine reticular nuclei and to motor nuclei of the ocu- 
logyrie muscles in the medial longitudinal fasciculus. The complex also 
projeets to the spinal eord via medial and lateral vestibulospinal traets, 
the former one part of the medial longitudinal fasciculus (see Fig. 
20.18). 

Information from the vestibular nuclei also reaehes the eerebral 
cortex by way of the thalamus (probably via posterior parts of the ven- 
troposterior complex and the medial pulvinar). The primary vestibular 
eortieal area is loeated in the parietal lobe at the junction between the 
intraparietal and the posteentral sulci, which is adjaeent to that portion 
of the posteentral gyms where the head is represented. There may be 
an additional representation of the vestibular system in the superior 
temporal gyms near the auditory cortex. 

Abducens nucleus 

The abducens nucleus is a group of approximately 6500 neurones, 
occupying a paramedian position in the eentral grey matter, in line with 
the troehlear, oailomotor and hypoglossal nuclei, with which it forms 
a somatie motor column (see Fig. 21.3). It lies laterally adjaeent to the 
medial longitudinal fasciculus, which is the means by which vestibular, 
eoehlear and other eranial nerve nuclei, espeeially the oculomotor, 
eonneet with the abducens. The abducens nucleus eontains large motor 
neurones and small multipolar interneurones, which are intermixed, 
although the latter are most heavily eoneentrated in its lateral and 
ventral aspeets. Axons of abducens interneurones eross the midline at 
the level of the nucleus and aseend in the medial longitudinal fasciculus 
to all three medial rectus subnuclei of the oculomotor nucleus. 

Efferent abducens motor axons pass ventrally through the reticular 
formation, trapezoid body and medial lemnisois, and traverse the 
ventral pons to emerge at its inferior border (see Fig. 21.13); they inner- 
vate the lateral rectus muscle. 

The abducens nucleus reeeives afferent eonneetions from corticonu- 
elear fibres (which are prineipally eontralateral, some of the fibres being 
aberrant eortieospinal fibres that deseend from the midbrain to this 
level in the medial lemnisois); the medial longitudinal fasciculus (by 
320 which it is eonneeted to oculomotor, troehlear and vestibular nuclei); 


the tectobulbar traet (from the deep layers of the superior colliculus); 
the paramedian pontine reticular formation (which lies rostral and 
caudal to the nucleus); the nucleus prepositus hypoglossi; and the 
eontralateral medullary reticular formation. 

Faeial nucleus 

The faeial (motor) nucleus lies in the caudal pontine reticular forma- 
tion, posterior to the dorsal trapezoid nucleus and ventromedial to 
the spinal traet and nucleus of the trigeminal nerve (Haines 2013, 
Nieuwenhuys et al 2008). Groups of faeial neurones form columns, 
which innervate individual muscles or which eorrespond to branehes 
of the faeial nerve. Neurones innervating muscles in the sealp and upper 
faee are dorsal, and those supplying the lower faeial musculature are 
ventral. 

Efferent fibres of the large motor neurones of the faeial nucleus form 
the motor root of the faeial nerve. The motor nucleus is part of the 
pharyngeal efferent column, but it lies much more deeply in the pons 
than might be expected and its axons have an unusual course (see Fig. 
21.13). At first they ineline dorsomedially towards the fourth ventriele, 
caudal to the abducens nucleus, and aseend medial to it, near the 
medial longitudinal fasciculus. They then curve round the rostral pole 
of the abducens nucleus and deseend ventrolaterally through the retioi- 
lar formation. Finally, they pass between their own nucleus medially 
and the spinal nucleus of the trigeminal nerve laterally. They emerge 
between the olive and restiform body at the eerebellopontine angle. 

The faeial nucleus reeeives corticonuclear fibres forvolitional eontrol. 
Neurones that innervate muscles in the sealp and upper faee reeeive 
bilateral corticonuclear fibres, while those supplying lower faeial mus- 
culature reeeive a predominately eontralateral innervation. Clinically, 
upper and lower motor neurone lesions of the faeial nerve ean be dif- 
ferentiated because the former results in paralysis that is eonfined to 
the eontralateral lower faee (supranuclear faeial palsy), whilst the latter 
results in a eomplete ipsilateral paralysis (Bell's palsy). 

The faeial nucleus also reeeives ipsilateral afferents from the nucleus 
solitarius and from the sensory nucleus of the trigeminal nerve, estab- 
lishing important reflex eonneetions. 

Some efferent fibres of the faeial nerve originate from viseeromotor 
neurones in the superior salivatory nucleus, which is in the reticular 
formation dorsolateral to the faeial nucleus. These preganglionie para- 
sympathetie neurones belong to the general viseeral efferent column. 
They send fibres into the sensory root of the faeial nerve, a part of 
the intermediate nerve. These fibres travel via the ehorda tympani to the 
submandibular ganglion and via the greater petrosal nerve and the 
nerve of the pterygoid eanal to reaeh the pterygopalatine ganglion. 

Corneal and blink reflexes 

Touching the eornea of one eye elieits reflex closure of both eyes via the 
eorneal reflex. The afferent limb of the pathway involves mainly naso- 
eiliary branehes of the ophthalmie division of the trigeminal nerve, with 
eell bodies in the trigeminal ganglion and eentral proeesses synapsing 
on seeond-order neurones in the ipsilateral spinal traet and ehief 
sensory nuclei of the trigeminal nerve. These neurones drive a polysy- 
naptie ehain of interneurones in the lateral reticular formation in the 
pons and medulla, which, in turn, aetivate neurones innervating the 
palpebral eomponents of orbicularis oculi in both ipsilateral and eon- 
tralateral faeial motor nuclei; the stiimilated muscles eontraet to produce 
a bilateral blink. The sweep of the eyelids earries laerimal seeretions 
aeross the eye, helping to remove any irritating partieles. 

Shining a bright light into one eye elieits a similar reflex closure of 
both eyes via the blink reflex; the afferent limb of this reflex involves 
stiimilation of the retina and optie pathway. 

Trigeminal sensory nucleus 

On entering the pons, the fibres of the sensory root of the trigeminal 
nerve mn dorsomedially towards the prineipal sensory nucleus (see 
Fig. 21.12). About 50% of the fibres divide into aseending and deseend- 
ing branehes; the others aseend or deseend without division. The 
deseending fibres form the spinal traet of the trigeminal nerve, which 
terminates in the medially adjaeent spinal nucleus of the trigeminal 
nerve. 

Some aseending trigeminal fibres, many of them heavily myelinated, 
synapse around the small neurones in the prineipal sensory nucleus 
(see Fig. 21.12), which lies lateral to the motor nucleus and medial to 
the middle eerebellar peduncle, and is continuous inferiorly with the 
spinal nucleus of the trigeminal nerve. The prineipal nucleus is eonsid- 
ered to be mainly eoneerned with taetile stimuli. 

Other aseending fibres enter the meseneephalie nucleus (Fig. 21.14). 
This eohimn of eells eontains the only primary sensory unipolar neu- 
rones with somata in the CNS rather than in a sensory ganglion. The 
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peripheral proeesses of these neurones may eonvey proprioeeptive im- 
pulses from the mastieatory mnseles, and possibly also from the teeth 
and the faeial and oculogyric muscles. The nucleus is the relay for the 
'jaw jerk', the only signifieant supraspinal monosynaptie reflex, elieited 
by lightly tapping the relaxed open jaw in a downward direetion. Nerve 
fibres that aseend to the meseneephalie nucleus may give eollaterals to 
the motor nucleus of the trigeminal nerve and to the cerebellum. 


Jaw jerk reflex 

Rapid stretehing of the muscles that elose the jaw (masseter, temporalis, 
medial pterygoid) aetivates muscle spindle afferents, which travel via 
the mandibular division of the trigeminal nerve to the brain stem. The 
eell bodies of these primary afferent neurones are loeated in the mes- 
eneephalie trigeminal nucleus. Collaterals projeet monosynaptieally to 
the motor nucleus of the trigeminal nerve in the pons. Motor axons 
arising in the nucleus travel via the mandibular nerve to innervate the 
muscles that aet on the temporomandibular joint and elose the jaw 
(Chapter 32). 

Most fibres that arise in the trigeminal sensory nuclei eross the 
midline and aseend in the trigeminal lemniscus. They end in the eon- 
tralateral ventral posteromedial thalamie nucleus, from which third- 
order neurones projeet to the posteentral gyms (areas 3, 1, 2). Some 
trigeminal nuclear efferents aseend to the ventral posteromedial nucleus 
of the thalamus. 

Trigeminal motor nucleus 

The motor nucleus of the trigeminal nerve is ovoid in outline and lies 
in the upper pontine tegmentum, under the lateral part of the floor of 
the fourth ventriele (see Fig. 21.3). It lies medial to the prineipal sensory 
nucleus, and is separated from it by fibres of the trigeminal nerve. It 
forms the rostral part of the pharyngeal (speeial viseeral) efferent 
column. 

The motor nucleus eontains eharaeteristie large imiltipolar neu- 
rones interspersed with smaller multipolar eells. The neurones are 
organized into a number of relatively diserete subnuclei, the axons 
from which innervate individual imiseles. It reeeives fibres from both 
eortieomielear traets. These fibres leave the traets at the mielear level or 
higher in the pons (aberrant eortieospinal fibres), and may end on 
motor neurones or interneurones. The motor nucleus reeeives afferents 
from the sensory nuclei of the trigeminal nerve, possibly including 
some from the meseneephalie nucleus, which form monosynaptie 
reflex ares for proprioeeptive eontrol of the mastieatory muscles. It also 
reeeives afferents from the retiailar formation, red nucleus and tectum, 
the medial longitudinal fasciculus and possibly from the locus eoem- 
leus. Collectively, these represent pathways by which salivary seeretion 
and mastieation may be eoordinated. 

Tensor tympani and stapedius reflex 

Loud sound elieits reflex eontraetion of tensor tympani and stapedms, 
which attenuates movement of the tympanie membrane and middle 
ear ossieles. Afferent impulses travel in the eoehlear nerve to the eoeh- 
lear nuclei in the brainstem. Efferent fibres to tensor tympani arise in 
the motor nucleus of the trigeminal nerve and travel in the mandibular 
division of the nerve. Efferent fibres to stapedius originate in the faeial 
nucleus and travel in the faeial nerve. 

Salivatory nuclei 

The salivatory nuclei are near the upper pole of the vagal nucleus, just 
above the pontomedullary junction and near the inferior pole of the 
faeial nucleus. They are divided into superior and inferior salivatory 
nuclei, which send preganglionie parasympathetie fibres into the faeial 
and glossopharyngeal nerves, respeetively, for the eontrol of the salivary 
and laerimal glands. 


MIDBRAIN 


EXTERNAL FEATIJRES AND RELATIONS 


The midbrain traverses the tentorial noteh and eonneets the pons and 
cerebellum with the dieneephalon. It is the shortest brainstem segment, 
not more than 2 em in length, and much of it lies in the posterior 
eranial fossa (Haines 2013, Nieuwenhuys et al 2008). Lateral to it are 
the parahippoeampal gyri, which hide its sides when the inferior surface 
of the brain is examined. For deseriptive purposes, the midbrain may 
be divided into a tectum eontaining the preteetal area and eorpora 
quadrigemina, and a basis pedunculi eonsisting of the substantia nigra 
and the ems eerebri (see Fig. 21.2). The former eontains pigmented eells 
and the latter elinieally important deseending traets. The midbrain teg- 
mentum is the eentral midbrain area between the tectum and the 
substantia nigra; the eerebral aqueduct is loeated at the interfaee of 
tectum and tegmentum within the periaqueductal grey (Haines 2013). 
The eerebral peduncle may be regarded as the midbrain loeated below 
the tectum (the tegmentum plus basis pedunculi). 

The emra eerebri are superficially eormgated and emerge from 
the eerebral hemispheres. They eonverge as they deseend, forming the 
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Fig. 21.15 A transverse seetion of the midbrain at the level of the inferior colliculi 


caudolateral boundaries of the interpeduncular fossa, and eventually 
enter the basilar pons (Figs 21.15-21.16). At the level of the tentorial 
incisure, the basilar artery divides in the interpeduncular fossa into the 
right and left Pj segments of the posterior eerebral arteries. The superior 
eerebellar arteries braneh from the basilar artery immediately before 
this bifhreation. The posterior eerebral and superior eerebellar arteries 
both mn laterally around the ventral surface of the ems, the former 
passing above the tentorium eerebelli, the latter passing below. The 
oculomotor and troehlear nerves lie between these two arteries. The 
roots of the oailomotor nerve emerge from the medial aspeet of 
the ems via the oculomotor sulcus. The posterior communicating artery 
joins the posterior eerebral artery on the medial surface of the peduncle 
in the interpeduncular fossa. The numerous small openings in the 
interpeduncular fossa constitute the posterior perforated substance, 
which is piereed by eentral branehes of the posterior eerebral arteries. 
The optie traet is loeated at the point where the ems emerges from the 
eerebral hemispheres. 

The superior and inferior colliculi are two paired eminenees on the 
dorsal surface of the midbrain (see Fig. 21.5). They lie rostral to the 
superior medullary velum, inferior to the pineal gland and caudal to 
the posterior commissure. Below the splenium of the corpus callosum, 
they are inferior and medial to the pulvinar of the thalamus. The supe- 
rior and inferior colliculi are separated by a emeiform sulcus. The upper 
limit of the sulcus expands into a depression for the pineal gland, and 
a median frenulum veli is prolonged from its caudal end down over the 
superior medullary velum. The troehlear nerve emerges lateral to the 
frenulum and caudal to the inferior colliculus, passes ventrally over 
the lateral aspeets of the eerebral peduncles and traverses the interpe- 
duncular eistern to the petrosal end of the cavernous sinus. The superior 
colliculi, larger than the inferior, are eentres for visual reflex responses. 
The inferior colliculi are a part of the aseending auditory pathway. 

A brachium passes ventrolaterally from the lateral aspeet of eaeh 
colliculus (see Fig. 21.5). The brachium of the superior colliculus (supe- 
rior quadrigeminal brachium) passes below the pulvinar, partly over- 
lapping the medial geniculate body, and eonveys fibres from the retina 
to the superior colliculus. The brachium of the inferior colliculus (infe- 
rior quadrigeminal brachium) aseends ventrally and eonveys fibres 
from the lateral lemniscus and inferior colliculus to the medial genicu- 
late body. 


INTERNAL ORGANIZATION 
Transverse seetions of the midbrain 


In transverse seetion, the eerebral peduncles are seen to be eomposed 
of dorsal and ventral regions separated by the substantia nigra (see Figs 
21.15-21.16). On eaeh side, the dorsal region is the tegmentum and 
the ventral part is the ems eerebri. The tegmenti are continuous aeross 
the midline but the emra are separated. 

Crus eerebri 


The ems eerebri is approximately semilunar in seetion, being convex 
externally and eoneave internally. It eontains eortieomielear, eortieospi- 
nal and eortieopontine fibres. Corticonuclear fibres terminate at various 
brainstem levels, many in assoeiation with the eranial nerve nuclei. 
Corticospinal fibres pass unintermpted through the brainstem to enter 
the medullary pyramid and, thereafter, form the eortieospinal traets of 
the spinal eord (see Fig. 20.17). Corticonuclear and eortieospinal fibres 
occupy about the middle two-thirds of the ems eerebri. Corticopontine 
fibres arise in the eerebral cortex and form two groups, both of which 
end in the pontine nuclei. Frontopontine fibres from the frontal lobe, 
prineipally areas 6 and 4, traverse the internal capsule and then occupy 
the medial fourth of the ipsilateral ems eerebri. Temporopontine fibres, 
which originate largely from the posterior region of the temporal lobe, 
traverse the internal capsule and then mn in the lateral part of the 
ipsilateral ems. Parietopontine and oeeipitopontine fibres are also 
deseribed in the ems, lying medial to the temporopontine fibres; eol- 
leetively, these fibres occupy about the lateral third of the ems. There 
are few fibres from the primary sensory cortex in eortieopontine 
projeetions. 

Substantia nigra 


The substantia nigra is a large nucleus that extends through the entire 
length of the midbrain, loeated between the ems eerebri ventrolaterally 
and aseending lemniseal fibres dorsomedially (see Figs 21.15-21.16). 
Its medial part is traversed by oculomotor axons passing to their point 
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Fig. 21.16 A transverse seetion of the midbrain at the level of the siiperior colliculi 
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Fig. 21.17 A transverse seetion through the midbrain to show the 
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nigra (left) and serotoninergie eell groups B7 and B8 in the raphe. 


of exit in the interpeduncular fossa. The substantia nigra is divided into 
a larger part eonsisting of a dorsal pars eompaeta and a ventral pars 
reticularis and a smaller pars lateralis. 

The pars eompaeta eonsists of darkly pigmented neurones, which 
eontain neuromelanin granules. Their arrangement is irregular and they 
partially penetrate the subjacent pars retiailaris. Pigmentation inereases 
with age, is most abundant in primates, maximal in humans, and 
present even in albinos. The pigmented neurones synthesize dopamine 
as their neurotransmitter and eorrespond to the dopaminergie eell 
group A9 (Fig. 21.17). They projeet predominately to the caudate 
nucleus and putamen in a topographieally organized fashion, but also 
projeet to the globus pallidus and subthalamic nucleus. Together with 
the retrombral nucleus (A8), they eomprise most of the dopaminergie 
neurone population of the midbrain and are the source of the meso- 
striatal dopamine system that projeets to the striatum. The pars eom- 
paeta of eaeh side is continuous with its eontralateral counterpart 
through the ventral tegmental dopamine group AIO, which is some- 
times known as the paranigral nucleus. This is the source of the 


mesolimbie dopamine system, which supplies the ventral striatum, 
neighbouring parts of the dorsal striatum, and the prefrontal and ante- 
rior cingulate eortiees. The dopaminergie neurones of the pars eompaeta 
(A9) and adjaeent ventral tegmental area (AIO) also eontain eholeeysto- 
kinin (CCK) or somatostatin. 

The pars reticularis extends rostrally as far as the subthalamic region. 
It eonsists of clusters of large multipolar neurones, many of which 
intermingle with fibres of the ems eerebri. It is eonsidered to be a 
homologue of the internal (medial) segment of the globus pallidus, 
which it resembles in terms of eell type and eonneetivity. It eontains 
neurones that are very similar to those of the globus pallidus; their 
dise-like dendritie trees, like those of the pallidum, are orientated at 
right angles to afferents from the striatum, probably making en passant 
eontaets. Most pars reticularis neurones are GABAergie and also eontain 
high levels of iron. They projeet rostrally to the ventral anterior and 
dorsomedial thalamie nuclei and the deep (polysensory) layers of the 
superior colliculus, and caudally to the pedunculopontine nucleus and 
brainstem reticular formation, from where impulses are relayed to 
spinal ventral horn neurones. The eonneetion from the striatum to the 
superior colliculus, via the pars retiailaris, is thought to fimetion in the 
eontrol of gaze in a manner analogous to the pathway that initiates 
general body movement via the pallidum, thalamus and supplementary 
motor cortex. The uncontrolled or fixed-gaze disturbances of advaneed 
Parkinson's disease, progressive supranuclear palsy and Huntington's 
disease tend to support this. 

There are reeiproeal eonneetions between the substantia nigra and 
the basal ganglia, and these are disoissed in Ohapter 24. Briefly, topo- 
graphieally organized striatonigral axons, some of which may be eol- 
laterals of striatopallidal axons, originate from the caudate nucleus and 
putamen and projeet to the pars retioilaris. They utilize GABA and 
substance P or eneephalin, and are distributed differentially in the pars 
reticularis in that enkephalinergie axons terminate in the medial part, 
whereas substance P axons terminate throughout. The head of the 
caudate nucleus projeets to the rostral third of the substantia nigra, 
while the putamen projeets to all parts. The fibres end in axodendritic 
synapses. A small number of GABAergie pallidonigral fibres from the 
external (lateral) segment of the globus pallidus end mostly in the pars 
reticularis. The subthalamic nucleus sends an important glutamatergic 
projeetion to the pars retioilaris and to the globus pallidus. Some eor- 
tieonigral fibres appear to exist, passing from preeentral and posteentral 
gyri to neurones in the pars retioilaris: this is predominantly a gluta- 
matergie projeetion. 

The pars lateralis projeets to the ipsilateral superior colliculus, and 
may be involved in the eontrol of saeeadie eye movements. 

Two other dopaminergie eell groups are found in the ventral tegmen- 
tum: eell group AIO in the rostromedial region, which eorresponds to 
the ventral tegmental area (of Tsai), and eell group A8 in the dorsola- 
teral reticular area, which forms the nucleus parabraehialis pigmentosus 
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SECTION 3 


BRAINSTEM 


(Nieuwenhuys 1985). The whole ventral tegmental system of dopamin- 
ergie neurones aets as an integrative eentre for adaptive behaviour. It 
projeets via a mimber of pathways, mainly through aseending fibres in 
the ipsilateral medial forebrain bundle. These pathways are a mesodi- 
eneephalie system, which terminates in thalamie and hypothalamie 
nuclei; a mesostriatal projeetion to the caudate nucleus and putamen; 
a mesolimbie pathway to the nucleus accumbens, olfaetory tubercle, 
lateral septum, interstitial nucleus of the stria terminalis, amygdala and 
entorhinal cortex; and mesoeortieal fibres that projeet to most eortieal 
areas, particularly the prefrontal, orbitofrontal and cingulate eortiees. 

Meseneephalie tegmentiim 


The meseneephalie tegmentum (see fig. 21.2) is continuous caudally 
with the pontine tegmentum. At inferior collicular levels, grey matter is 
restrieted to eolleetions of neurones forming the reticular formation 
and the eentral (periaqueductal) grey surrounding the eerebral aque- 
duct. The troehlear nucleus lies in the latter region, near the midline, 
in a position eorresponding to the abducens and hypoglossal nuclei at 
more caudal levels. It extends through the lower half of the midbrain, 
just caudal to the oculomotor nucleus and immediately dorsal to the 
medial longitudinal fasciculus. 

The meseneephalie nucleus of the trigeminal nerve occupies a lateral 
position in the eentral grey matter. It aseends from the prineipal sensory 
nucleus of the trigeminal nerve in the pons to the level of the superior 
colliculus in the midbrain. Its large ovoid neurones are unipolar, like 
those in peripheral sensory ganglia. They are arranged in many small 
groups that extend as curved laminae on the lateral margins of the 
periaqueductal grey matter; neurones are most numerous caudally. 

Apart from these nuclei, the meseneephalie tegmentum eontains 
many other seattered neurones, most of which are included in the 
retioilar formation. 

The white matter of the meseneephalie tegmentum eontains the 
majority of the traets present in the pontine tegmentum. The deaissa- 
tion of the superior eerebellar peduncles is particularly prominent. 
Numerous fibres that enter the meseneephalie tegmentum arise from 
the eerebellar nuclei, pass ventromedially, and deoissate at the level of 
the inferior colliculus (see Fig. 21.15). Thereafter, these aseending fibres 
laterally encapsulate and penetrate the red nucleus, in which some 
fibres, or their eollaterals, terminate (see Fig. 21.16). However, the 
majority of these fibres aseend to terminate in the nucleus ventralis 
lateralis of the thalamus. A relatively small number of uncrossed fibres 
are believed to end in the periaqueductal grey matter and reticular 
formation, the interstitial nucleus and the nucleus of the posterior eom- 
missure. Deseending erossed fibres from the deoissation of the superior 
eerebellar peduncle also end in the pontine nuclei, the medullary reticu- 
lar formation, the nuclei of the inferior olivary complex and, possibly, 
some eranial nerve motor nuclei. 

The medial longitudinal faseiaihis adjoins the somatie efferent eell 
column, dorsal to the deoissating superior eerebellar peduncles (see 
Fig. 21.15). The medial, trigeminal, lateral and spinal lemnisei (antero- 
lateral system) form a curved band dorsomedial to the substantia 
nigra. Fibres in the medial, trigeminal and spinal lemnisei continue a 
rostral course to synapse with neurones in the lateral (VPL) and medial 
(VPM) parts of the ventral posterior thalamie nucleus. Some fibres of 
the lateral lemniscus end in the nucleus of the inferior colliculus, or 
send eollaterals to it. The remaining lateral lemniseal fibres join with 
fibres originating in the inferior colliculus and enter the brachium of 
the inferior colliculus, which earries them to the medial geniculate 
body. 

At the level of the superior colliculus, the tegmentum eontains the 
red nucleus, which extends rostrally into the subthalamic region. The 
ventromedial eentral grey matter around the eerebral aqueduct also 
eontains the elongated oculomotor nucleus, which is adjaeent to the 
medial longitudinal fasciculus, and caudally reaehes the troehlear 
nucleus. The oculomotor nucleus is divisible into neuronal groups that 
are eorrelated with the motor distribution of the ooilomotor nerve. A 
group of parasympathetie neurones that eontrol the aetivity of smooth 
muscle within the eyeball, the Edinger-Westphal preganglionie nucleus, 
lies dorsal to the ooilomotor nucleus. The Edinger-Westphal complex, 
based on its eonneetions, eonsists of an Edinger-Westphal pregangli- 
onie nucleus projeeting only to the eiliary ganglion, and an Edinger- 
Westphal eentrally projeeting nucleus that has a variety of targets in the 
eentral nervous system but does not target the eiliary ganglion (Koziez 
et al 2011). 

Red nucleus 

The red nucleus is a pink, ovoid mass, approximately 5 mm in diameter 
and lying dorsomedial to the substantia nigra (see Fig. 21.16). The tint 


appears only in fresh material and is caused by a ferrie iron pigment in 
its multipolar neurones. The latter are of varying size, and their relative 
proportions and arrangement vary between speeies. In primates the 
more caudal magnocellular part is deereased, and there is a reeiproeal 
inerease in the size of the more rostral parvocellular part. Small multipo- 
lar neurones occur in all parts of the nucleus. In humans, the larger 
neurones of the magnocellular part have been estimated to be as few 
as 200 in number. The magnoeelhilar element is eonsidered phyloge- 
netieally old, which aeeords with the parvocellular predominanee in 
primates. Rostrally, the red nucleus is poorly demareated, and it blends 
into the reticular formation and caudal pole of the interstitial nucleus. 
It is traversed and surrounded by faseieles of nerve fibres, including 
many from the ooilomotor nucleus. 

The prineipal afferent eonneetions of the red nucleus are eortieomb- 
ral and eerebellombral fibres. Uncrossed eortieombral fibres originate 
from primary somatomotor and somatosensory areas. In animals, the 
red nucleus reeeives fibres from the eontralateral nucleus interpositus 
(which eorresponds to the human globose and emboliform nuclei) and 
dentate nucleus, via the superior eerebellar peduncle. It has bilateral, 
and probably reeiproeal, eonneetions with the superior colliculi. In 
humans, the mbrospinal traet is small and originates from the magno- 
cellular part of the red nucleus. These fibres deoissate in the ventral 
tegmental decussation, ventral to the teetospinal decussation, and ven- 
tromedial to the red nucleus. On reaehing the grey matter ventral to the 
inferior eerebellar peduncle, the traet turns caudally to deseend adjaeent 
to the lateral lemniscus. It continues deseending ventral to the spinal 
traet of the trigeminal nerve and nucleus throughout the medulla, and 
enters the upper part of the eervieal eord intermingled with fibres of the 
lateral eortieospinal traet (Nathan and Smith 1982). Some efferent 
axons form a rubrobulbar traet to motor nuclei of the trigeminal, faeial, 
oculomotor, troehlear and abducens nerves. Few fibres reaeh the eervi- 
eal eord. 

The largest group of efferents from the red nucleus in humans is a 
deseending eomponent of the ipsilateral, eentral tegmental traet. Ini- 
tially, this traet lies ventrolateral to the medial longitudinal fasciculus 
and dorsolateral to both the red nucleus and the deoissation of the 
superior eerebellar peduncles (see Figs 21.10-21.12, 21.15). Most of its 
fibres arise from the parvocellular part of the red nucleus and pass to 
the ipsilateral inferior olivary complex in the medulla. Some traet fibres 
terminate in the brainstem reticular nuclei. Aseending and deseending 
axons from the brainstem reticular formation also mn in the eentral 
tegmental traet. These axons include dorsal and ventral aseending 
noradrenergie bundles, a ventral aseending serotoninergie bundle, and 
some fibres of dorsal and ventral aseending eholinergie bundles. 

As mentioned elsewhere, lesions of the eortieospinal system in 
humans result in permanent paresis or paralysis. In monkeys, although 
initially eomplete, the paralysis disappears and good reeovery ensues. 
The explanation for this interprimate variability in reeovery from eorti- 
eospinal lesions appears to lie in the differential eapaeity of the mbro- 
spinal system to eompensate for loss of eortieospinal drive. Monkeys 
never fully reeover from eombined lesions of both the eortieospinal and 
mbrospinal traets, which suggests that the two systems are fimetionally 
interrelated in the eontrol of movement. Both eneode foree, veloeity 
and direetion parameters, but the mbrospinal system primarily direets 
aetivity both during the terminal phase of a movement and preeeding 
a movement. There is, thus, overlap of aetivity in the two systems for 
all parameters during movements of limbs and even of individual 
digits. The eortieospinal system is most aetive during the learning of 
new movements, whereas the mbrospinal system is most aetive during 
the execution of learned automated movements. 

The mbro-olivary projeetion, which travels in the eentral tegmental 
traet, eonneets the red nucleus indireetly to the eontralateral cerebellum 
via olivoeerebellar fibres. The cerebellum is thought to play a role in 
motor learning, and so the mbro-olivary system could switch the 
eontrol of movements from the eortieospinal to the mbrospinal system 
for programmed automation. The relative absenee of a mbrospinal 
system in humans could explain the poor reeovery of motor fimetion 
after stroke. 


Oculomotor nucleus 

The mielear complex from which the ooilomotor nerve arises eonsists 
of several groups of large motor neurones (eolleetively, the oculomo- 
tor nucleus; see Fig. 21.16) and smaller preganglionie parasympa- 
thetie neurones (the Edinger-Westphal preganglionie nucleus). The 
motor neurone groups of the ooilomotor nucleus innervate, in dorso- 
ventral order, the ipsilateral inferior rectus, inferior oblique and 
medial rectus. A medially plaeed column of eells innervates the eon- 
tralateral superior rectus; the axons from this subnucleus decussate in 
its caudal part. 
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Brainstem 


The medial rectus subnucleus eonsists of three anatomieally distinet 
subpopulations. The ventral portion, which eontains the largest number 
of motor neurones, occupies the rostral two-thirds; a subpopulation of 
smaller motor neurones lies dorsally throughout the rostral two-thirds 
of the nucleus and innervates the small orbital fibres of the medial 
rectus; and another subpopulation lies dorsolaterally in the caudal two- 
thirds of the nucleus. 

A median subnucleus of large neurones, the caudal eentral nucleus, 
lies at the caudal pole of the oculomotor nucleus adjaeent to the supe- 
rior rectus and medial rectus subnuclei. In non-human primates, 
approximately 30% of the motor neurones in this subnucleus innervate 
levator palpebrae superioris bilaterally, which is unique for paired skel- 
etal muscles. 
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Midbrain 


The Edinger-Westphal preganglionie nnelens, eomposed of smalf 
mnltipolar, parasympathetie nemones, lies dorsal to the main oculo- 
motor nucleus. Its neurones give rise to axons that travel in the oculo- 
motor nerve and synapse with postganglionie neurones in the eiliary 
ganglion (Koziez et al 2011). 

Faseieles of axons from these subnuclei course forwards in the mid- 
brain and emerge as the oailomotor nerve in the interpeduncular fossa. 
The faseieles are most probably arranged from medial to lateral subserv- 
ing the pupif inferior rectus, medial rectus, levator palpebrae superioris 
and superior rectus, and inferior oblique. The human oculomotor nerve 
eontains approximately 15,000 axons. 

Afferent inputs to the oailomotor nuclear complex include fibres 
from the rostral interstitial nucleus of the medial longitudinal fasciculus 
and the interstitial nucleus of Cajal, both of which are involved in the 
eontrol of vertieal and torsional gaze. Other inputs eome, either direetly 
or indireetly, from the nuclei of the posterior commissure, the intersti- 
tial nucleus of Cajal, the frontal eye fields, the superior colliculus, the 
dentate nucleus and other eortieal areas. The medial longitudinal fas- 
ciculus earries eonneetions from the troehlear, abducens and vestibular 
nuclei; the medial and lateral vestibular nuclei projeet to the medial 
rectus subnucleus. 

Afferent inputs to the Edinger-Westphal preganglionie nucleus 
eome primarily from the preteetal nuclei bilaterally, mediating the 
pupillary light reflex, and from the visual cortex, mediating 
aeeommodation. 

Troehlear nucleus 

The troehlear nucleus lies in the ventromedial periaqueductal grey 
immediately adjaeent to the medial longitudinal fasciculus at the level 
of the inferior eollioihis (see Figs 21.3, 21.15). It is in line with the 
ventromedial part of the ooilomotor nucleus, in the position of the 
somatie efferent column. The troehlear nucleus is caudal to the oculo- 
motor nucleus and distinguished by the smaller size of its neurones. 
The afferent inputs to the troehlear nucleus are similar to those deseribed 
for the oculomotor nucleus. Troehlear efferent fibres pass laterodorsally 
round the eentral grey matter, deseending caudally medial to the mes- 
eneephalie nucleus as they do so, to reaeh the upper end of the superior 
medullary velum, where they decussate and emerge lateral to the frenu- 
lum and caudal to the inferior colliculus. A few fibres may remain 
ipsilateral. 

Medial longitudinal fasciculus 

The medial longitudinal faseioihis (see Figs 21.12, 21.15) is a heavily 
myelinated eomposite traet, lying adjaeent to the midline, ventral to the 
periaqueductal and periventrioilar grey matter. It aseends to the inter- 
stitial nucleus of Cajal, which lies in the lateral wall of the third ventri- 
ele, just above the eerebral aqueduct. The fasciculus retains its position 
relative to the eentral grey matter through the midbrain, pons and upper 
medulla, but is displaeed ventrally by the motor (pyramidal) deoissa- 
tion eontaining eortieospinal fibres. 

The medial longitudinal fasciculus intereonneets the ooilomotor, 
troehlear, abducens, Edinger-Westphal preganglionie, vestibular, retie- 
ular and spinal aeeessory nuclei, eoordinating conjugate eye move- 
ments and assoeiated movements of the head and neek. Lesions cause 
internuclear ophthalmoplegia. All four vestibular nuclei contribute 
aseending fibres. Those from the superior nucleus remain uncrossed, 
while the others are partly erossed. Some fibres reaeh the interstitial 
and posterior commissural nuclei, and some deoissate to the eontra- 
lateral nuclei. Deseending axons, from the medial vestibular nuclei 
and perhaps the lateral and inferior nuclei, partially decussate and 
deseend in the fasciculus to form the medial vestibulospinal traet, 
which travels in the medial longitudinal fasciculus into the ventral 
funiculus of the spinal eord (see Ch. 20 and Fig. 20.18). Fibres join the 
fasciculus from the dorsal trapezoid, lateral lemniseal and posterior 
commissural nuclei, which means that both the eoehlear and vestibu- 
lar eomponents of the vestibulocochlear nerve may influence move- 
ments of the eyes and head via the medial longitudinal fasciculus. 
Some vestibular fibres may aseend in the medial longitudinal fascicu- 
lus as far as the thalamus. 

Tectum 


[(*) Inferior colliculus 

The inferior colliculus (see Fig. 21.15) is part of the aseending auditory 
pathway and is the prineipal site of termination of the lateral lemnisois. 
It has a eentral, ovoid, main nucleus, which is lateral to the periaque- 
ductal grey matter. It is surrounded by a lamina of nerve fìbres, many 
from the lateral lemnisois, which terminate in it. The eentral nucleus 


has dorsomedial and ventrolateral zones, which are eovered by a dorsal 
cortex. In humans, the cortex has four eytoarehiteetonie layers: layer I 
eontains small neurones with flattened radial dendritie fields; layer II, 
medium-sized neurones with ovoid dendritie fields aligned parallel 
with the eollioilar surface; layer III, medium-sized neurones with spher- 
ieal dendritie fields; and layer IV, large neurones with variably shaped 
dendritie fields. 

Most efferent fibres from the inferior colliculus travel via the inferior 
brachium to the ipsilateral medial geniculate nucleus. Lemniseal fibres 
relay only in the eentral nucleus, and some pass without relay to 
the medial genioilate nucleus. In humans, the ventral division of the 
medial genioilate nucleus reeeives a topographie projeetion from the 
eentral nucleus and the dorsal division reeeives a similar projeetion 
from the dorsal cortex. Some colliculogeniculate fibres do not relay in 
the genioilate nucleus but continue, with those that do, via the auditory 
radiation to the auditory cortex. A deseending projeetion from the audi- 
tory cortex reaehes the inferior colliculus via the medial geniculate 
nucleus. Some fibres may traverse this projeetion without relay. This 
deseending path may produce effeets at levels from the medial genicu- 
late nucleus downwards, and it probably links with efferent eoehlear 
fibres, through the superior olivary and eoehlear nuclei. 


Superior colliculus 

The superior colliculus is an obviously laminated structure. At succes- 
sive depths from the external surface, it may be divided into seven layers 
termed zonal, superficial grey, optie, intermediate grey, deep grey, deep 
white and periventricular strata, eomposed alternately of neuronal 
somata or their proeesses. The zonal layer eonsists ehiefly of myelinated 
and non-myelinated fibres from the oeeipital cortex (areas 17, 18 and 
19), which arrive as the external eortieoteetal traet. It also eontains a 
few small neurones, which are horizontally arrayed. The superficial grey 
layer (stratum cinereum) forms a ereseentie lamina over the deeper 
layers and eontains many small multipolar interneurones, on which 
eortieal fibres synapse. The optie layer eonsists partly of fibres from the 
optie traet. As they terminate, they permeate the entire anterior- 
posterior extent of the superficial layers with numerous eollateral 
branehes. This arrangement provides a retinotopie map of the eontra- 
lateral visual field, in which the fovea is represented anterolaterally. 
Retinal axons terminate in clusters from speeifie retinoteetal neurones 
and as eollaterals of retinogenioilate fibres. The layer also eontains 
some large multipolar neurones. Efferent fibres to the retina are said to 
start in this layer. 

The intermediate grey and white layers eolleetively constitute the 
main reeeptive zone. The main afferent input is the medial eortieoteetal 
path from layer V neurones of the ipsilateral oeeipital cortex (area 18), 
and from other neoeortieal areas that are eoneerned with ocular follow- 
ing movements. Afferent fibres are also reeeived from the eontralateral 
spinal eord (via spinoteetal fibres in the anterolateral system), the infe- 
rior colliculus, and the locus coeruleus and raphe nuclei (from noradren- 
ergie and serotoninergie neurones). The deep grey and deep white layers 
adjaeent to the periaqueductal grey matter are eolleetively ealled the 
parabigeminal nucleus. They eontain neurones whose dendrites extend 
into the optie layer, and whose axons form many of the eollioilar 
efferents. 

The superior colliculus reeeives afferents from many sources includ- 
ing the retina, spinal eord, inferior colliculus and oeeipital and tempo- 
ral eortiees. The first three of these pathways eonvey visual, taetile and 
probably thermal, pain and auditory impulses. Collicular efferents 
pass to the retina, lateral geniculate nucleus, pretectum, parabigeminal 
nucleus, the inferior, medial and lateral pulvinar, and to numerous 
sites in the brainstem and spinal eord. Fibres passing from the pulvi- 
nar are relayed to primary and seeondary visual eortiees and form an 
extrageniculate retinoeortieal pathway for visual orientation and 
attention. 

The teetospinal and tectobulbar traets start from neurones in the 
superior eollioili. They sweep ventrally around the eentral grey matter 
to deoissate ventral to the oculomotor nuclei and medial longitudinal 
fasciculi as part of the dorsal tegmental decussation. The teetospinal 
traet deseends ventral to the medial longitudinal fasciculus throughout 
the brainstem, diverges ventrolaterally at the level of the motor decus- 
sation, and moves medially into the ventral funiculus in assoeiation 
with the medial longitudinal fasciculus. Teetospinal fibres deseend to 
eervieal segments. The tectobulbar traet, mainly erossed, deseends near 
the teetospinal traet, and ends in the pontine nuclei and motor nuclei 
of the eranial nerves, particularly those innervating the oculogyric 
muscles. It subserves reflex ocular movements. Other teetotegmental 
fibres reaeh various tegmental retioilar nuclei in the ipsilateral mesen- 
eephalie and eontralateral pontomedullary retioilar formation (gigan- 
tocellular reticular, caudal pontine reticular, oral pontine retioilar 
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The eentral nucleus eontains indistinet laminae. Bands of eells with 
dise-shaped or stellate dendritie fields orthogonally span the fibre layers 
in which the terminals of lateral lemniseal fibres ramiíy. The neurones 
are sharply tuned to frequency, and the laminae may represent the 
structural basis of tonal diserimination. Experimental studies have 
found eells driven by low frequencies in the dorsal laminae, and others 
driven by high frequencies in the ventral laminae. Neurones are broadly 
frequency-tuned in the dorsal cortex and lateral nucleus. 

Inferior collicular projeetions to the brainstem and spinal eord 
appear to traverse the superior colliculi before they deseend. In this way 
they eonneet with the origins of the teetospinal and teetotegmental 
traets. These projeetions are relatively small and probably mediate reflex 
turning of the head and eyes in response to sounds. 

In experimental animals, lesions of either the inferior colliculus or 
its brachium produce defeets in tonal diserimination, sound loealiza- 
tion and auditory reflexes. The effeets of such lesions are poorly docu- 
mented in humans. 
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nnelei), and the substantia nigra and red nucleus. Teetopontine fibres, 
which probably deseend with the teetospinal traet, terminate in dorso- 
lateral pontine nuclei, with a relay to the cerebellum. 

Preteetal nucleus 

The preteetal nuclei, of which the olivary preteetal nucleus is one, is a 
poorly defined mass of neurones at the junction of the meseneephalon 
and dieneephalon. It extends from a position dorsolateral to the pos- 
terior commissure caudally towards the superior colliculus, with which 
it is partly continuous. It reeeives fibres from the visual cortex via the 
superior quadrigeminal brachium, from the retina via the lateral root 
of the optie traet, and from the superior colliculus. Its efferent fibres 
reaeh the Edinger-Westphal preganglionie nuclei bilaterally. Those that 
deaissate pass ventral to the aqueduct or through the posterior eom- 
missure. In this way, the sphineter pupillae eontraet in both eyes in 
response to impulses from either eye. This bilateral light reflex may not 
be the sole aetivity of the preteetal nucleus. Some of its efferents projeet 
to the pulvinar and deep laminae of the superior colliculus, and provide 
another extrageniculate path to the eerebral cortex. 


g) 

The brainstem eontains extensive fields of intermingled neuronal eell 
bodies and nerve fibres, which are eolleetively termed the reticular 
formation (Haines 2013, Nieuwenhuys et al 2008, 01szewski and 
Baxter 1954). The reticular regions are often regarded as phylogeneti- 
eally aneient, representing a primitive nerve network on which more 
anatomieally organized, fimetionally seleetive eonneetions have devel- 
oped during evolution. 

Reticular regions tend to be ill-defined eolleetions of neurones with 
diffiise eonneetions. Their conduction paths are difficult to define, often 
complex and polysynaptie, and they have aseending and deseending 
eomponents that are erossed, uncrossed and sometimes bilateral. Their 
eomponents subserve somatie and viseeral fimetions. They also include 
some distinet and important eell groups, which are distinguished on 
the basis of their eonneetions and neurotransmitter substances. These 
include dopaminergie and noradrenergie neurones (group A), sero- 
toninergie (group B), adrenergie (group C) and eholinergie (group Ch) 
neurones (Dahlstròm and Fuxe 1964, Dahlstròm and Fuxe 1965, Nieu- 
wenhuys 1985, Siegel et al 1999). 



Reticular neurones have long dendrites that spread along the long 
axis of the brainstem. The dendrites may spread into 50% of the eross- 
seetional area of their half of the brainstem, and they are interseeted 
by, and may synapse with, a complex of aseending and deseending 
fibres. Many axons of reticular neurones aseend or deseend, or biffireate 
in both direetions. They often travel far, perhaps through the whole 
brainstem and beyond. 

Multitudes of afferent fibres eonverging on individual neurones, and 
the myriad destinations of efferent fibres provide the structural basis for 
eonsidering the reticular formation to be 'polymodal', 'diffiise' or 'non- 
speeifie' in fimetion. 

A eontrasting dendritie form is also found, in which dendrites are 
short, sinuous or oirved, and braneh profiisely at the perimeter of a 
nuclear group, defining a boundary between it and its environs. In dif- 
ferent zones, the proportion of different sizes of neuronal somata varies. 
Some regions eontain only small to intermediate multipolar eells (par- 
vocellular regions). However, there are a few areas where these mingle 
with large multipolar neurones in 'gigantocellular or 'magnoeelMlar' 
nuclei. 

In general terms, the retioilar formation is a continuous eore that 
traverses the whole brainstem, and is continuous below with the reticu- 
lar intermediate spinal grey. It is divisible, on the basis of eytoarehitee- 
tonie, ehemoarehiteetonie and fimetional eriteria, into three bilateral 
longitudinal columns: median; medial, eontaining mostly large reticu- 
lar neurones; and lateral, eontaining mostly small to intermediate neu- 
rones (Fig. 21.18). 


MEDIAN C0LUMN 0F RETICULAR NUCLEI 



The median column of reticular nuclei extends throughout the medulla, 
pons and midbrain and eontains neurones that are largely aggregated 
in bilateral, vertieal sheets, loeated immediately adjaeent to the midline 
and oeoipying the paramedian zones. Collectively they are ealled the 
nuclei of the raphe, or raphe nuclei. Many neurones in raphe nuclei are 
serotoninergie and are grouped into nine clusters, Bl-9 (see 4g. 21.17) 
(Dahlstròm and Fuxe 1964, Dahlstròm and Fuxe 1965, Nieuwenhuys 
1985, Hornung 2003). The raphe pallkfiis nucleus (Bl) and assoeiated 
raphe obscurus nucleus (B2) lie in the upper two-thirds of the medulla 
and eross the pontomedullary junction. The raphe magnus nucleus, 
eorresponding to many B3 neurones, minimally overlaps with B1 and 
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Fig. 21.18 The dorsal aspeet of the brainstem 
showing the approximate loeation of niielei of the 
reticular formation. Nuclei of the median and 
paramedian nuclear column, pink; medial column 
nuclei, purple; lateral column nuclei, blue. 
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A teeto-olivary projeetion, from deeper collicular laminae to the 
upper third of the medial aeeessory olivary nucleus, exists in primates. 
It is erossed and links with the posterior vermis. 

In animals, eentral collicular stimulation produces eontralateral 
head movement as well as movements involving the eyes, tmnk and 
limbs, which implieates the superior colliculus in the integration of 
vision and body movement. 

As an example, a bifiireating axon from a eell in the magnocellular 
medullary nucleus may projeet rostrally into the upper medulla, pons, 
midbrain tegmentum, subthalamus, hypothalamus, dorsal thalamus, 
septum, limbie system and neocortex, while its deseending braneh 
innervates the reticular eore of the lower medulla and may reaeh the 
eervieal spinal intermediate grey of laminae V and VI. Many retiailar 
neurones have unidirectional, shorter axons that synapse with the radi- 
ating dendrites of numerous other neurones en route f and give off eol- 
laterals that synapse with eells in 'speeifie' brainstem nuclei or eortieal 
formations, such as the cerebellum. 
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B2, and aseends into the caudal pons. Above it is the pontine raphe 
nnelens, which is formed by eell group B5. Also loeated in the pons is 
the eentral superior raphe nucleus, which eontains parts of eell groups 
B6 and B8. The dorsal (rostral) raphe nucleus, approximating to eell 
group B7, extends through much of the midbrain. B4 and B9 are small 
eell groups loeated in the medulla and midbrain, respeetively. 

Axons originating from the serotoninergie raphe neurones ramify 
extensively throughout the CNS. 

All raphe nuclei provide deseending serotoninergie projeetions, 
which terminate in the brainstem and spinal eord. Brainstem eonnee- 
tions are multiple and complex. For example, the dorsal raphe nucleus, 
in addition to sending a large number of fibres to the locus coeruleus, 
projeets to the dorsal tegmental nucleus and most of the rhomben- 
eephalie reticular formation, together with the eentral superior, pontine 
raphe and raphe magnus nuclei. 

Raphe-spinal serotoninergie axons originate mainly from neurones 
in the raphe magnus, pallidus and obscurus nuclei. They projeet as 
ventral, dorsal and intermediate spinal traets in the ventral and lateral 
funiculi, and terminate respeetively in the ventral horns and laminae I, 
II and V of the dorsal horns of all segments, and in the thoracolumbar 
intermediolateral sympathetie and saeral parasympathetie pregangli- 
onie eell columns. The dorsal raphe spinal projeetions fimetion as a 
pain eontrol pathway that deseends from a meseneephalie pain eontrol 
eentre loeated in the periaqueductal grey matter, dorsal raphe and 
cuneiform nuclei. The intermediate raphe-spinal projeetion is inhibi- 
tory and, in part, modulates eentral sympathetie eontrol of eardiovas- 
cular fimetion. The ventral raphe-spinal system excites ventral horn 
eells and could fimetion to enhanee motor responses to noeieeptive 
stiimili. 

Prineipally, the meseneephalie serotoninergie raphe system is reeip- 
roeally intereonneeted rostrally with the limbie system, septum, pre- 
frontal cortex and hypothalaimis. Efferents aseend and form a large 
ventral and a diminutive dorsal pathway. 

Major afferents to the meseneephalie raphe mielei include those 
from the interpeduncular nucleus, linking the limbie and serotoniner- 
gie systems; from the lateral habenular nucleus, linking the septum, 
preoptie hypothalamus and prefrontal cortex via the fasciculus retro- 
flexus and the medial forebrain bundle; and from the pontine eentral 
grey matter. 

The aseending raphe system probably fimetions to moderate fore- 
brain aetivities, particularly limbie, septal and hypothalamie aetivities. 
A degree of region-speeifie eonneetivity suggests that it exerts preeise, as 
well as tonal, eontrol. 


g) MEDIAL C0LUMN OF RETICULAR NUCLEI 

The medial column of reticular nuclei is eomposed predominantly of 
neurones of medium size, although very large neurones are found in 
some regions, and most have proeesses orientated in the transverse 
plane. In the lower medulla the column is indistinet, and is perhaps 
represented by a thin lamina lateral to the raphe nuclei. However, in 
the upper medulla it expands into the medullary gigantocellular (mag- 
nocellular) nucleus, which lies ventrolateral to the hypoglossal nucleus, 
ventral to the vagal nuclei and dorsal to the inferior olivary complex. 
Aseending fiirther, the column continues as the pontine gigantocellular 
(magnocellular) nucleus, which lies medially in the tegmentum. Its 
neurones suddenly diminish in size to form, in rostral order, the almost 
coextensive caudal and oral pontine tegmental reticular nuclei. It then 
expands into the ameiform nucleus and subcuneiform nucleus, before 
fading away in the midbrain tegmentum (Haines 2013, Nieuwenhuys 
et al 2008). 

Axons of medial reticular column neurones form a multisynaptic 
aseending and deseending system within the column, and ultimately 
enter the spinal eord and dieneephalon. Deseending fibres form pontine 
(medial) reticulospinal and medullary (lateral) reticulospinal traets. 
Pontine retioilospinal axons arise from neurones in the caudal and oral 
parts of the pontine reticular nucleus, deseend largely uncrossed in the 
ventral spinal funiculus, and terminate in spinal eord laminae VII, VIII 
and IX. Medullary retioilospinal axons deseend bilaterally with an ipsi- 
lateral preponderanee to end in laminae VII, VIII, IX and X, and ipsi- 
laterally to end in laminae IV, V and VI. The system modulates spinal 
motor fimetion and segmental noeieeptive input. 

Afferent eomponents to the medial reticular mielear column include 
the spinoreticular projeetion and eollaterals of eentrally projeeting 
spinal trigeminal, vestibular and eoehlear fibres. Spinoreticular fibres, 
part of the anterolateral system, arise from neurones in the intermediate 
grey matter of the spinal eord. They decussate in the ventral white eom- 
missure, aseend in the ventrolateral funiculus, and terminate not only 


at all levels of the medial column of retioilar nuclei but also in the 
intralaminar nuclei of the thalamus. 


LATERAL C0LUMN 0F RETICULAR NUCLEI 



The lateral column of reticular nuclei eontains six nuclear groups. These 
are the parvocellular reticular area, superficial ventrolateral retioilar 
area, lateral pontine tegmental noradrenergie eell groups Al, A2, A4-A7 
(A3 is absent in primates), adrenergie eell groups Cl-C3 and eholiner- 
gie eell groups Ch5-Ch6 (Nieuwenhuys 1985, Siegel et al 1999). Cell 
groups Chl-Ch4 are loeated in the basal forebrain. The column 
deseends through the lower two-thirds of the lateral pontine tegmen- 
tum and upper medulla, where it lies between the gigantocellular 
nucleus medially, and the sensory nuclei of the trigeminal nerve later- 
ally. It eontimies caudally and expands to form most of the retioilar 
formation lateral to the raphe mielei. It abuts the superficial ventrola- 
teral reticular area, nucleus solitarius, nucleus ambiguus and vagal 
nucleus, and there eontains the adrenergie eell group C2 and the 
noradrenergie group A2. 

The lateral paragigantocellular nucleus lies at the rostral pole of the 
diffiise superficial ventrolateral reticular area (at the level of the faeial 
nucleus). The zone extends caudally as the nucleus retroambiguus and 
deseends into the spinal eord. It eontains noradrenergie eell groups Al, 

A2, A4 and A5, and the adrenergie eell group Cl. The ventrolateral 
retioilar area is involved in eardiovasoilar, respiratory, vasoreeeptor and 
ehemoreeeptor reflexes, and in the modulation of noeieeption. The A2 
or noradrenergie dorsal medullary eell group lies in the nucleus of the 
tractus solitarius, vagal nucleus and adjoining parvocellular reticular 
area. Adrenergie group C1 lies rostral to the A2 eell group. Noradren- 
ergie eell group A4 extends into the lateral pontine tegmentum, along 
the subependymal surface ofthe superior eerebellar peduncle. Noradren- 
ergie group A5 forms part of the paragigantocellular nucleus in the 
caudolateral pontine tegmentum. Noradrenergie eell group A5 and 
adrenergie eell group C1 probably fimetion as eentres of vasomotor 
eontrol. The entire region is subdivided into fimetional areas on the 
basis of experiments in animals, in which vasoeonstrietor, eardio- 
aeeelerator, depressor, inspiratory, expiratory and sudomotor responses 
have been elieited. 

The lateral pontine tegmental reticular grey matter is related to the 
superior eerebellar peduncle and forms the medial and lateral parabra- 
ehial nuclei and the ventral Kòlliker-Fuse nucleus, a pneumotaxic 
eentre. The locus coeruleus (noradrenergie eell group A6), area sub- 
coeruleus, noradrenergie eell group A7 and eholinergie group Ch5 in 
the pedunculopontine tegmental nucleus (nucleus tegmentalis pedun- 
oilopontimis) are all loeated in the lateral pontine and meseneephalie 
tegmental reticular zones. A4 is sometimes eonsidered part of the eoem- 
leus complex. The meseneephalie group Ch5 is continuous caudally 
with eell group Ch6 in the pontine eentral grey matter. 

Cell group A6 (also parts of A4) eontains all the noradrenergie eells 
in the eentral region of the locus coemleus. Group A6 has ventral 
(nucleus subcoemleus, A6sc), rostral and caudolateral extensions 
(A6cg), the latter merging with the A4 group. The locus coeruleus 
probably fimetions as an attention eentre, focusing neural fimetions to 
prevailing needs. The noradrenergie A7 group occupies the rostroven- 
tral part of the pontine tegmentum and is continuous with groups 
A5 and A1 through the lateral rhombeneephalie tegmentum. The 
A7, A5, A1 complex is also eonneeted by noradrenergie eell clusters 
with group A2, caudally, and group A6, rostrally. The A5 and A7 groups 
lie mainly within the medial parabraehial and Kòlliker-Fuse nuclei. 

Reticular neurones in the lateral pontine tegmental reticular area, like 
those of the ventrolateral zone, fimetion to regulate respiratory, eardio- 
vascular and gastrointestinal aetivity. Two micturition eentres are 
loeated in the dorsomedial and ventrolateral parts of the lateral 
pontine tegmentum. 

The eonneetions of the lateral column reticular nuclei are complex. 

The short aseending and deseending axons of the parvocellular reticular 
area constitute medullary reflex pathways, which eonneet all branehio- 
motor nuclei and the hypoglossal nucleus with eentral afferent eranial 
nerve complexes through a propriobulbar system. This area also reeeives 
deseending afferents from the eontralateral motor cortex via the eorti- 
eotegmental traet, and from the eontralateral red nucleus via the mbro- 
spinal traet. The longitudinal eateeholamine bundle passes through the 
parvocellular reticular formation. 

The superficial ventrolateral reticular area reeeives its prineipal input 
from the nucleus solitarius, and subserves cardiovascular, baroreeeptor, 
ehemoreeeptor and respiratory reflexes; it also reeeives some input from 
the spinal eord, insular cortex and amygdala. Reticulospinal fibres from 
this region terminate bilaterally on sympathetie preganglionie neurones 327 
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Although many of these fibres are diffiisely distributed, some have 
more speeifie eonneetions. For example, whereas the eentral superior 
raphe nucleus projeets divergently to all areas of the eerebral cortex, 
different neurones in the dorsal raphe nucleus projeet speeifieally not 
only to circumscribed regions of the frontal, parietal and oeeipital eor- 
tiees, but also to fimetionally related regions of the eerebellar cortex. 
Similarly, the caudate nucleus and putamen reeeive a preferential input 
from the dorsal raphe nucleus, whereas the hippocampus, septum and 
hypothalamus are innervated mainly by eells in the eentral superior 
meseneephalie raphe nucleus. 

Both originate from neurones in the dorsal and eentral superior 
raphe nuclei. The raphe magnus nucleus also contributes to the dorsal 
aseending serotoninergie pathway, which is at first ineorporated into 
the dorsal longitudinal fasciculus (of Sehiitz). A few fibres terminate in 
the eentral meseneephalie grey matter and posterior hypothalamus, but 
most continue into the medial forebrain bundle and merge with the 
axons of the ventral pathway, which are distributed to the same targets. 
The fibres of the ventral aseending serotoninergie pathway exit the 
ventral aspeet of the meseneephalie raphe nuclei, and then course ros- 
trally through the ventral tegmentum from where fibres pass to the 
ventral tegmental area, substantia nigra and interpeduncular nucleus. A 
large number of fibres then enter the fasciculus retroflexus (habenulo- 
interpeduncular traet) and mn rostrally to innervate the habenular 
nucleus, intralaminar, midline, anterior, ventral and lateral dorsal tha- 
lamie nuclei, and the lateral geniculate body. The ventral aseending 


serotoninergie pathway enters the medial forebrain bundle in the lateral 
hypothalamie area and splits to pass medially and laterally. The fibres 
in the medial traet terminate in the mammillary body, dorsomedial, 
ventromedial, infundibular, anterior and lateral hypothalamie, medial 
and lateral preoptie and suprachiasmatic nuclei. Those in the lateral 
traet take the ansa peduncularis-ventral amygdalofiigal path to the 
amygdala, striatum and neocortex. The medial forebrain bundle earries 
the remaining ventral aseending serotoninergie axons into the medul- 
lary stria, stria terminalis, fornix, diagonal band, external capsule, ein- 
gulate fasciculus and medial olfaetory stria, to terminate in all the 
structures that these systems intereonneet. 

Three areas of the medial reticular zone reeeive particularly high 
densities of terminations. These are the eombined caudal and rostral 
ends of the gigantocellular and eentral nuclei, respeetively, and the 
caudal pontine reticular nucleus and the pontine tegmentum. Retino- 
teetal and tectoreticular fibres relay visual information and the medial 
forebrain bundle transmits olfaetory impulses. 

Efferents from the medial column of reticular nuclei projeet through 
a multisynaptic pathway within the column to the thalamus. Areas of 
maximal termination of spinoreticular fibres also projeet direetly to the 
intralaminar thalamie nuclei. The multisynaptic pathway is integrated 
into the lateral column of reticular nuclei with eholinergie neurones in 
the lateral pontine tegmentum. The intralaminar thalamie nuclei 
projeet direetly to the striatum and neocortex. 
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in the thoraeie spinal eord. Fibres from the pneumotaxic eentre projeet 
to an inspiratory eentre in the ventrolateral part of the nucleus soli- 
tarms, and a mixed expiratory-inspiratory eentre in the superficial 
ventrolateral reticular area. Inspiratory neurones in both eentres mono- 
synaptieally projeet to the phrenie and intereostal motor neurones. 
Axons of expiratory neurones terminate on lower motor neurones that 
innervate intereostal and abdominal musculature. 

Reticulospinal fibres deseend from the lateral pontine tegmentum. 
A mainly ipsilateral subcoeruleospinal pathway is distributed to all 
spinal segments of the eord through the lateral spinal funiculus. Crossed 
pontine reticulospinal fibres deseend from the ventrolateral pontine 
tegmentum, decussate in the rostral pons and occupy the eontralateral 
dorsolateral spinal funiculus. They terminate in laminae I, II, V and VI 
of all spinal segments of the eord. Fibres from the pneumotaxic eentre 
innervate the phrenie nucleus and T1-T3 sympathetie preganglionie 
neurones bilaterally through this projeetion system. 

Bilateral projeetions from the micturition eentres travel in the lateral 
spinal funiculus. They terminate on preganglionie parasympathetie 
neurones in the saeral eord (which innervate the detmsor muscle in the 
urinary bladder), and on neurones in the nucleus of Onuf (which 
innervate the musculature of the pelvie floor and the anal and urethral 
sphineters). 

Deseending fibres of the A6 noradrenergie neurones of the locus 
coeruleus projeet into the longitudinal dorsal fasciculus (as the caudal 
limb of the dorsal periventricular pathway), and into the caudal limb 
of the dorsal noradrenergie bundle (as part of the longitudinal eateeho- 
lamine bundle). In this way they innervate, mainly ipsilaterally, all 
other rhombeneephalie reticular areas, prineipal and spinal nuclei of 
the trigeminal nerve, pontine nuclei, eoehlear nuclei, nuclei of the 
lateral lemniscus, and bilaterally, all spinal preganglionie autonomic 
neurones and the ventral region of the dorsal horn in all segments of 
the spinal eord. 

Most aseending fibres from the locus coemleus pass in the dorsal 
noradrenergie (or tegmental) bundle; others mn either in the rostral 
limb of the dorsal periventricular pathway or in the superior eerebellar 
peduncle. The latter fibres terminate on the eerebellar nuclei. The dorsal 
noradrenergie bundle is large and mns through the ventrolateral peri- 
aqueductal grey matter to join the medial forebrain bundle in the 
hypothalamus, from where fibres continue forwards to innervate all 
rostral areas of the brain. The pathway eontains efferent and afferent 
axons that reeiproeally eonneet the locus coemleus with adjaeent stme- 
tures along its course, e.g. eentral meseneephalie grey matter, dorsal 
raphe nucleus, superior and inferior colliculi, interpeduncular nucleus, 
epithalamus, dorsal thalamus, habenular nuclei, amygdala, septum, 
olfaetory bulb and anterior olfaetory nucleus, the entire hippoeampal 
formation and neocortex. 

Pedunculopontine nucleus 

The pedunculopontine nucleus (nucleus tegmentalis pedunculoponti- 
nus; PPN) lies in the dorsolateral part of the pontomeseneephalie teg- 
mentum. Despite some terminologieal eonfhsion, most authors agree 


that the pedunculopontine nucleus is bounded laterally by the medial 
lemniscus, medially by the superior eerebellar peduncle and its decus- 
sation, dorsally by the pontine cuneiform and subcuneiform nuclei and 
ventrally by the pontine reticular formation. Rostrally, its ventral border 
eontaets the dorsomedial aspeet of the substantia nigra and it is sepa- 
rated from the subthalamic nucleus by the retrombral field. Its most 
caudal pole is adjaeent to the locus coemleus (Pahapill and Lozano 
2000 ). 

The pedunculopontine nucleus has been subdivided into two terri- 
tories based on their eytoarehiteetonie and neurochemical eharaeteris- 
ties: namely, a caudal pars eompaeta eonsisting mainly of eholinergie 
neurones, and a rostral pars dissipata eonsisting of approximately equal 
numbers of eholinergie and glutamatergic neurones seattered from the 
mid-meseneephalie to mid-pontine levels (Hamani et al 2007). The 
pedunculopontine nucleus is eneireled by the meseneephalie loeomo- 
tor region (MLR), a region that also includes the cuneiform and subcu- 
neiform nuclei. Based on experimental studies in animals, where 
stimulation of the meseneephalie loeomotor region elieits loeomotion, 
the pedunculopontine nucleus has been implieated in the initiation 
and modulation of gait and other stereotyped movements. Function- 
ally, the pedunculopontine nucleus is assoeiated with the reticular aeti- 
vating system via its eholinergie and glutaminergic eonneetions with 
intralaminar thalamie nuclei. However, its most important and complex 
eonneetions are reeiproeal pathways with the basal ganglia, espeeially 
the internal globus pallidus and the substantia nigra; these pathways 
are deseribed in detail in ehapter 24. 



GENERAL C0NCEPTS 


Brainstem lesions (Figs 21.19-21.20) may arise as a result of extrinsic 
eompression of the brainstem by space-occupying tumours (e.g. men- 
ingioma, vestibular schwannoma, metastatie eareinoma) or may be 
caused by intrinsie disease (e.g. glioma, demyelination, stroke). The 
elinieal syndrome is generally eharaeterized by: ipsilateral eranial nerve 
defieits, and a eontralateral hemiplegia (eortieospinal involvement) 
and/or eontralateral hemianaesthesia (anterolateral system, dorsal 
eohmm-medial lemniscus). Brainstem lesions may also result in eere- 
bellar signs (damage to eerebellar afferents or efferents) or in symptoms 
refleeting small defeets (nystagmus, internuclear ophthalmoplegia) 
(Haines 2013, Posner et al 2007). 

In eases of brainstem lesions, the eranial nerve defieit is the best 
loealizing sign; it speeifies the side of the lesion (eranial nerves reeeive 
input from and projeet to the ipsilateral side) and the level within the 
brainstem. Midbrain lesions (eranial nerves III, IV) cause ophthalmo- 
plegia, pupillary dilation and ptosis (oculomotor nerve palsy), and 
impaired upward gaze (e.g. due to a pinealoma). Mid-pontine lesions 
(eranial nerve V) may result in a loss of sensation on the faee and in 
the oral eavity and weakness of the mastieatory muscles. Tumours or 
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Fig. 21.19 Brainstem lesions. (With permission from Crossman AR, Neary D 2010 Neuroanatomy, 4th edn. Edinburgh: Churchill Livingstone.) 
































































Brainstem 


The siiperfìeial ventrolateral area is also the seat of the viseeral alert- 
ing response'. Fibres from the hypothalamns, periaqueductal grey 
matter and midbrain tegmentum mediate inereased respiratory aetivity 
raised blood pressure, taehyeardia, vasodilation in skeletal muscle and 
renal and gastrointestinal vasoeonstrietion. Aseending efferents from 
the superficial ventrolateral area synapse on neurones of the supraoptic 
and paraventriailar hypothalamie nuclei. Excitation of these neurones 
causes release of vasopressin from the neurohypophysis. Medullary 
noradrenergie eell groups A1 and A2 also innervate (direetly and indi- 
reetly) the median eminenee, and eontrol the release of growth 
hormone, luteinizing hormone and adrenoeortieotrophie hormone. 

The lateral pontine tegmentum, particularly the parabraehial region, 
is reeiproeally eonneeted to the insular cortex. It shares reeiproeal pro- 
jeetions with the amygdala through the ventral amygdalofhgal pathway, 
medial forebrain bundle and eentral tegmental traet, and with hypotha- 
lamie, median preoptie and paraventricular nuclei, which preferentially 
projeet to the lateral parabraehial nucleus and the micturition eentres. 
It also shares reeiproeal bulbar projeetions, many from the pneumotaxic 
eentre, with the nucleus solitarius and superficial ventrolateral reticular 
area. 

Other axons that contribute to the longitudinal eateeholamine 
bundle originate from eell groups Cl, Al, A2, A5 and A7. The main 
projeetion is a deseending one from eell groups C1 and A5, which are 
sudomotor neural eontrol eentres and innervate preganglionie sympa- 
thetie neurones. 

Fibres from the locus coeruleus that travel in the rostral limb of the 
dorsal periventricular pathway aseend in the ventromedial periaqueduc- 
tal grey matter adjaeent to the longitudinal dorsal fasciculus and termi- 
nate in the parvocellular part of the paraventriailar nucleus in the 
hypothalamus. 

The fimetions of the locus coeruleus and related tegmental noradren- 
ergie eell groups are ineompletely understood. The diversity of their 
rostral and caudal projeetions suggests a widespread role in eentral 


proeessing. In animals, firing rates of locus coeruleus neurones peak 
during wakefulness and deerease during sleep - they eease almost eom- 
pletely during rapid eye movement (REM) sleep. During wakefulness, 
firing rates are augmented when novel stimuli are presented. The locus 
coeruleus may, therefore, fimetion to eontrol the level of attentiveness. 
Other fimetions that have been aseribed to the locus coeruleus include 
eontrol of the wake-sleep eyele, regulation of blood flow, and mainte- 
nanee of synaptie plastieity. 

The Al, A2, A5 and A7 noradrenergie eell groups projeet rostrally, 
mainly through the eentral tegmental traet. Their axons constitute a 
major longitudinal eateeholamine pathway that continues through the 
medial forebrain bundle and ends in the amygdala, lateral septal 
nucleus, bed nucleus of the stria terminalis, nucleus of the diagonal 
band and the hypothalamus. The aseending dorsal periventricular 
pathway eontains a few non-eoemlean noradrenergie fibres, which ter- 
minate in the periventricular region of the thalamus. 

Projeetions arising in the rhombeneephalon reeeive contributions 
from the diffiisely organized dorsal medullary and lateral tegmental 
noradrenergie eell groups. These intereonneet eranial nerve nuclei and 
other reticular eell groups, partiailarly those of the vagus, faeial and 
trigeminal nerves, and the rhombeneephalie raphe and parabraehial 
mielei. 

Preeerebellar nuclei are those that send axons to the eerebellar cortex 
and nuclei. The three related to the reticular formation are the lateral 
and paramedian reticular nuclei, and the retioilotegmental nucleus; 
these are involved in the relay of spinal information into primarily the 
vermis and paravermal regions of the ipsilateral eerebellar hemisphere. 
They reeeive inputs from the eontralateral primary motor and sensory 
neoeortiees, and the ipsilateral eerebellar and vestibular mielei and 
spinal eord (the latter through the aseending spinoreticular pathway). 
This system augments the dorsal and ventral spinoeerebellar, cuneocere- 
bellar, aeeessory cuneocerebellar and trigeminoeerebellar traets. 


328.e1 


CHAPTER J 










Key referenees 


Falx eerebri 



Tentorium 

eerebelli 


A Cingulate herniation under falx, potential anterior eerebral artery damage 
B Herniation into opposite hemisphere, potential deeortieate posturing 
C Transtentorial oreentral herniation, potential deeerebrate posturing, somnolenee 
D llneal/parahippoeampal gyrns herniation, pupil signs, hemiparesis, somnolenee, stupor 
E Upward eerebellar herniation, inereased intraeranial pressure, hydrocephalus, impaired upward gaze 
F Tonsillar herniation, potential eardiae and respiratory arrest 

Fig. 21.20 Space-occupying lesions (SOL). 


lesions at the level of the pontomediillary junction (eranial nerves VI, 
VII, VIII) may produce weakness of the lateral rectus muscle, a loss of 
faeial sensation, and deafness, vertigo or tinnitus. Medullary lesions 
(eranial nerves IX, X, XII and traversing fibres of XI) may cause a 'bulbar 
palsy': dysarthria, dysphagia and dysphonia, with wasting of the hemi- 
tongue, and deviation, weakness and wasting of sternoeleidomastoid 
and trapezms. All are usually aeeompanied by signs or symptoms of 
long traet involvement (motor, sensory or both). 

Herniation syndromes 


Damage to the brainstem resulting in eharaeteristie defieits is a major 
element of what are ealled herniation syndromes. An inerease in 


intraeranial pressure, signalled by headaehe, nausea and papilloedema 
in one eompartment (tumour, haemorrhage, abseess, metabolie dis- 
order), usually results in an extrusion of CNS structures from a loeation 
of higher pressure to an adjaeent loeation of lower pressure: the brain 
herniates. All herniation syndromes, direetly or indireetly, will eompro- 
mise brainstem viability (Posner et al 2007, Haines 2015). 

An expanding lesion in parietofrontal areas, a supratentorial posi- 
tion, may result in herniation of structures such as the cingulate gyms 
underneath the edge of the falx eerebri (see Fig. 21.20A). This may 
initially be a 'silent' event (no signs or symptoms) or may present as 
lower-extremity weakness related to eompression of the anterior eere- 
bral artery (ipsilateral, eontralateral or bilateral) and deereased levels of 
consciousness. 

Hemisphere lesions may enlarge, impinge into the opposite side of 
the brain, and produce a eharaeteristie series of defieits (see Fig. 21.20B). 
These include deerease in consciousness indieating damage to the tha- 
lamie relays of the reticular aetivating system, generally inereased 
muscle tone, a ehange in respiratory patterns, and altered pupils and 
eye movements. These patients may beeome deeortieate: lower extremi- 
ties extended, upper extremities flexed. 

As a eerebral mass eompromises the available supratentorial spaee 
and the elinieal picture deteriorates, the herniation traverses the tento- 
rial noteh as a transtentorial (or eentral) herniation (see Fig. 21.20C). 
These patients have a signifieant deerease in the level of consciousness 
(some may be stuporous or in eoma); breathing patterns are irregular 
(taehypnoea, Cheyne-Stokes); and eye movements are eompromised 
- pupils are dilated and may be fixed. A state of deeortieation may 
eonvert to deeerebrate rigidity, when all extremities are extended. 

Lesions loeated in the temporal lobe may expand medially, foreing 
the uncus and possibly the parahippoeampal gyrns over the edge of 
the tentorium eerebelli with impingement on the midbrain (see Fig. 
21.20D). This is uncal herniation and may present in two forms. First, 
the midbrain injury involves structures on the side of the herniation 
with predietable defieits: ipsilateral pupil dilation and ophthalmople- 
gia, eontralateral weakness of upper and lower extremities, an altered 
level of consciousness and hyperaetive reflexes. Seeond, the herniation 
may shift the midbrain to the side opposite the herniation (e.g. with 
herniation on the right, the midbrain shifts to the left). In this ease the 
dilated pupil and third nerve ophthalmoplegia are on the right, and the 
ems eerebri damaged on the left results in a right hemiplegia; both 
motor defieits are on the right side. The eortieospinal defieit, in this 
ease, is a false loealizing sign. 

Pressure inerease in the posterior fossa, an infratentorial loeation, 
may result in herniation upwards through the tentorial noteh or down- 
wards into the foramen magnum. Upward eerebellar herniation (see 
Fig. 21.20E) displaees the brainstem against the tentorium and into the 
noteh with resultant symptoms of inereased intraeranial pressure, paral- 
ysis of upward gaze, motor defieits and altered consciousness. Extmsion 
of the eerebellar tonsils (see Fig. 21.20F) downwards into the foramen 
magnum may result in damage to medullary eardiae and respiratory 
eentres, with resultant ehanges in heart and respiratory rates. Both of 
these syndromes may constitute a medieal emergeney, the former due 
to rapidly developing hydrocephalus, the latter due to eompromise of 
eardiae and respiratory eentres. 
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The cerebellum occupies the posterior eranial fossa, separated from the 
oeeipital lobes of the eerebral hemispheres by the tentorium eerebelli. 
It is the largest part of the hindbrain; in adults, the weight ratio of 
eerebelhim to eerebmm is approximately 1:10, and in infants 1:20. 
The cerebellum lies dorsal to the pons and medulla, from which it is 
separated by the fourth ventriele. It is joined to the brainstem by three 
bilaterally paired eerebellar peduncles. 

The basie internal organization of the cerebellum is of a superficial 
cortex overlying a eore of white matter. The cortex is highly convoluted, 
forming lobes and lobules that are fhrther subdivided into folia (leaf- 
lets), separated by intervening transverse fissures. Aggregations of neu- 
ronal eell bodies embedded within the white matter form the fastigial 
(medial), globose (posterior interposed), emboliform (anterior inter- 
posed) and dentate (lateral) nuclei, which are eolleetively known as the 
(deep) eerebellar nuclei. 

The cerebellum may be subdivided into a mimber of modules, eaeh 
eonsisting of a longitudinal eortieal zone, a eerebellar or vestibular 
target nucleus, and a supporting olivoeerebellar elimbing fibre system. 
Apart from their eonneetions, the longitudinal eortieal zones are ehar- 
aeterized by their immunohistochemical properties. The cerebellum 
reeeives input from peripheral reeeptors and from motor eentres in the 
spinal eord and brainstem and from large parts of the eerebral cortex 
through two different afferent systems: mossy and elimbing fibres. It is 
loeated as a side path to the main aseending sensory and deseending 
motor systems, and it fimetions to eoordinate movement. During move- 
ment, the cerebellum provides eorreetions that are the basis for preei- 
sion and accuracy, and it is eritieally involved in motor learning and 
reflex modifieation. Cerebellar output is direeted to the thalamus and 
from there to the eerebral cortex, and also to brainstem eentres such as 
the red nucleus, vestibular nuclei and reticular nuclei, which themselves 
give rise to deseending spinal pathways. 

Ideas on the involvement of the cerebellum in motor fimetions were 
derived mainly from movement disorders seen in experimental studies, 
summarized by Luciani (1891) in his triad of atonia, astasia and asthe- 
nia, and in human patients with eerebellar lesions who displayed the 
well-known symptoms of gait disturbances, limb ataxia, dysmetria, 
atonia and eye movement disorders (Gliekstein et al 2009). Latterly, the 
observation that lesions of the eerebellar hemisphere not only resulted 
in minor and transient motor symptoms but also induced a eerebellar 
eognitive/affeetive syndrome (Sehmahmann 2004) prompted the sug- 
gestion that the human cerebellum is also eoneerned with non-motor 
fimetions. These conceptual developments went hand in hand with the 
use of more sensitive experimental methods to traee eerebellar eon- 
neetivity, mainly in subhuman primates, and the applieation of modern 
imaging techniques to the human brain. Although it is now reeognized 
that the cortex is more heterogeneous than previously supposed, and 
despite our extensive knowledge of the sphere of infhienee of the eere- 
bellum and the microcircuitry of its cortex and nuclei, we still do not 
fhlly understand how it contributes to motor and non-motor systems. 
The observation by Thomas Willis (1681) that 'the Spirits inhabiting 
the Cerebel perform unperceivedly and silently their Work of Nature 
without our Knowledge or Care' remains tme today. 


EXTERNAL FEATIIRES AND RELATI0NS 


The cerebellum eonsists of two large, laterally loeated hemispheres 
that are united by a midline vermis (Figs 22.1-22.3). Numerous sulci 
and fissures of varying depth subdivide it into lobes, lobules and folia 
(leaflets) (Figs 22.4-22.5). The primary fissure, the deepest fissure on 
a sagittal seetion, divides it into anterior and posterior lobes. Paramed- 
ian fissures, shallow in the anterior cerebellum but prominent more 
posteriorly, separate the vermis from the eerebellar hemispheres. 
Both the anterior and posterior vermis and hemisphere are subdi- 
vided into lobules that reeeived their names in the eighteenth and 



Fig. 22.1 A horizontal seetion through the cerebellum and brainstem. 

1. Ethmoidal air eells. 2. Temporal lobe of brain. 3. Hypophysis. 4. Pons. 
5. Cochlea. 6. Sigmoid sinus. 7. Fourth ventriele. 8. Vermis. 9. Diploé of 
oeeipital bone. 10. Eyeball. 11. Optie nerve. 12. Internal earotid artery. 
13. Middle eerebellar peduncle. 14. Petrous temporal bone. 15. Superior 
eerebellar peduncle. 16. Dentate nucleus. 17. Folia of eerebellar cortex. 
(Courtesy of Dr GJA Maart.) 


nineteenth centuries from their shape, their position or their likeness 
to anatomieal stmctures in other body parts (Gliekstein et al 2009). 
This elassieal nomenclature (see Fig. 22.4, right panel) was largely 
replaeed in the early twentieth century by a nomenclature based on 
Bolk's (1906) eomparative anatomieal investigations (see Fig. 22.4, 
left panel). 

Bolk distinguished the relatively independent Tolial ehains' of the 
vermis and the hemispheres. In later studies, this relative independenee 
was found to refleet the continuity or discontinuity of the cortex 
between the lobules within a folial ehain, or between the folial ehains 
of the vermis and the hemispheres. Bolk used the eerebelhim of a small 
lemur for his initial deseription (see Fig. 22.5F-G) and summarized the 
configuration of the folial ehains in a stiek diagram (see Fig. 22.5H). 
His deseription proved to be applieable to the eerebella of all the 
mammals he studied, including the human cerebellum. 

Larsell (Larsell and Jansen 1972) based his subdivision of the eere- 
bellum on embryologieal studies of the emergenee of the transverse 
fissures with time. Contrary to Bolk, who emphasized the continuity 
within the folial ehains, Larsell attaehed great importanee to the medio- 
lateral continuity of the lobules of the vermis and the hemispheres, and 
distinguished 10 lobules in the cerebellum, indieated using Roman 
numerals I-X for the vermis and the prefix H for the hemisphere. The 
eorrespondenee of LarselLs lobules with the elassieal nomenclature is 
shown in Figure 22.4. 

Lobules (H)I-V constitute the anterior lobe. Lobule I, the lingula, is 
eonjoined with the superior medullary velum. Lobules VI (deelive) and 
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Fig. 22.2 Magnetie resonanee images of the cerebellum of a 16-year-old female. A, Sagittal view. B, Axial view. C, Coronal view. (Courtesy of Drs JP 
Finn and T Parrish, Northwestern Llniversity Sehool of Medieine, Chicago.) 
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External features and relations 



Fig. 22.3 The terminology of the eerebellar lobes and fissures, using a sehematie ‘unrolled’ diagram as a frame of referenee. A, llnrolled eerebellar 
cortex. The lobules are labelled by numbers and the fissures between the lobules are listed. B, The cerebellum viewed from above. C, A median sagittal 
seetion of cerebellum. The lobules are numbered and listed. D, The cerebellum viewed from below. Key and abbreviations: Anterior lobe\ 1, lingula; 2, 
eentral; 3, culmen, vermis. Posterior lobe\ 4, deelive; 5, folium; 6, tuber; 7, pyramis; 8, uvula; 9, nodule. Fissures\ apm, ansoparamedian; hzl, horizontal; 
intb, intrabiventral; peen, preeentral; plat, posterolateral; preb, prebiventral; precul, preculminate; prim, primary; psup, posterior superior; see, seeondary. 
Hemisphere\ 1a, wing of lingula; 2a, wing of eentral lobule; 3a, anterior quadrangular lobule; 4a, posterior quadrangular lobule; 5a, superior semilunar 
lobule; 6a, inferior semilunar lobule; 7a, graeile lobule; 8a, biventral lobule; 9a, tonsil of cerebellum, lOa, flocculus. 




1. Primary fissure 

2. Posterior superior fissure 

3. Intercrural fissure 

4. Ansoparamedian fissure 

5. Prepyramidal fissure 

6. Seeondary fissure 

7. Posterolateral fissure 
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Fig. 22.4 Cerebellar nomenclature. The left-hand panel illustrates the eomparative anatomieal nomenclature for the hemisphere and Larsell’s numbering 
system for the lobules of the vermis (Larsell and Jansen 1972). The right-hand panel shows the elassieal nomenclature. The homology of these lobules is 
indieated using the same colour. Asterisks denote areas devoid of cortex in the eentre of the folial rosettes of the ansiform lobule and the paraflocculus. 
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Fig. 22.5 A-D, Anterior, dorsal, posterior and ventral vievvs of the human cerebellum. E, A sagittal seetion of the human cerebellum. F-G, Dorsal and 
ventral vievvs of the cerebellum of Lemur albifrons, Bolk’s (1906) prototype for his ground plan of the mammalian cerebellum. Two loops are present in 
the folial ehain of the hemisphere: (1) as the ansiform lobule, (2) as the paraflocculus. The course of the folial ehains of the vermis and hemisphere in 
A-D and F-G is indieated with red lines. H, Bolk’s stiek diagram of the folial ehains of the vermis and hemisphere. Key and abbreviations: 1, 2, Ansiform 
and parafloccular loops of the folial ehain of the hemisphere; Ce, eentral lobule; Cu, culmen; De, deelive; FA, fastigium; F/T, folium and tuber; lep, inferior 
eerebellar peduncle; Li, lingula; Mep, middle eerebellar peduncle; Nod, nodulus; PFLD, dorsal paraflocculus; PFLV, ventral paraflocculus; Py, pyramis; 
Sep, superior eerebellar peduncle; Sl, simplex (posterior quadrangular) lobule; Uv, uvula; Vma, anterior (superior) medullary velum; Vmp, posterior 
medullary velum. 


HVI (posterior quadrangular lobule) are also known as Bolk's simplex 
lobule. Behind the primary fissme, the folium (lobule VIIA) and tuber 
vermis (VIIB) are separated by the deep paramedian fissure from the 
superior semilunar lobule (HVIIA), the inferior semilunar lobule and 
the graeile lobule (together eorresponding to HVIIA). Superior and 
inferior semilunar lobules eorrespond to the ems I and II of Bolk's 
ansiform lobule. Their folia fan out from the deep horizontal fissure 
that represents the interemral fissure. The graeile lobule eorresponds to 
the rostral part of Bolk's paramedian lobule. Its caudal portion is 


formed by the biventral lobule (HVIII), the hemisphere from the 
pyramis (VIII). Lobule VIII (the pyramis) is continuous with the biven- 
tral lobule (HVIII) laterally. The graeile lobule eorresponds to the rostral 
part of Bolk's paramedian lobule; the biventral lobule eorresponds to 
its caudal portion. The tonsil (HIX) eorresponds to the dorsal parafloe- 
culus in the monkey. In the human, the folial loop of the tonsil is 
direeted medially, eontrary to the situation in most mammals, where 
the paraflocculus arehes laterally. The flocculus appears as a double 
folial rosette; its dorsal leaf is known as the aeeessory paraflocculus of 





































































Internal organization 


Cerebral peduncle Superior eerebellar peduncle 



Fig. 22.6 Disseetion of the left eerebellar hemisphere and its peduncles. 


Henle, while its ventral leaf represents the tme flocculus. The aeeessory 
paraflocculus eorresponds to the ventral paraflocculus in the monkey. 
Both these lobules belong to the vestibulocerebellum. The cortex 
between the tonsil and the aeeessory paraflocculus is intermpted. 
Between lobule X (the nodulus) and the flocculus (HX) with the aeees- 
sory paraflocculus, the cortex is absent and the tissue is stretehed out 
as the inferior medullary velum. 

Two magnetie resonanee imaging (MRI) atlases of the cerebellum 
have been published to aid loealization in fhnetional MRI (fMRI) 
(Sehmahmann et al 1999, Diedriehsen 2006). The authors use Larsell's 
numerals and retain Bolk's terms ems I and II, but diseard Larsell's use 
of the prefìx H for the lobules of the hemisphere. As a consequence, it 
is difficult to determine whether deseriptions of lobules using these 
eriteria refer to the vermis or to the hemisphere. 

CEREBELLAR PEDUNCLES 


Three pairs of peduncles eonneet the cerebellum with the brainstem 

(Fig. 22.6; see also Fig. 21.19). 

The middle eerebellar peduncle is the most lateral and by far the 
largest of the three. It passes obliquely from the basal pons to the eere- 
bellum and eontains the massive pontoeerebellar mossy fibre pathway, 
which is eomposed almost entirely of fibres that arise from the eontra- 
lateral basal pontine nuclei, with a small addition from nuclei in the 
pontine tegmentum. 

The inferior eerebellar peduncle is loeated medial to the middle 
peduncle. It eonsists of an outer, eompaet fibre traet - the restiform 
body - and a medial, juxtarestiform body. The restiform body is 
a purely afferent system; it reeeives spinoeerebellar fibres and the 
trigeminoeerebellar, cuneocerebellar, reticulocerebellar and olivoeere- 
bellar traets from the medulla oblongata (see Fig. 21.19). The juxtares- 
tiform body is mainly an efferent system, made up almost entirely of 
efferent Purkinje eell axons destined for the vestibular nuclei and 
uncrossed fibres from the fastigial nucleus. It also eontains primary 
afferent mossy fibres from the vestibular nerve and seeondary afferent 
fibres from the vestibular nuclei. The erossed fibres from the fastigial 
nucleus pass dorsal to the superior eerebellar peduncle as the uncinate 
traet, and enter the brainstem at the border of the juxtarestiform and 
restiform bodies. 

The superior eerebellar peduncle eontains all of the efferent fibres 
from the dentate, emboliform and globose nuclei, and a small faseiele 
from the fastigial nucleus. Its fibres decussate in the caudal mesen- 
eephalon, and are destined to synapse in the eontralateral red nucleus 
and thalamus. The ventral spinoeerebellar traet reaehes the upper part 
of the pontine tegmentum, looping around the entranee of the trigemi- 
nal nerve to join this peduncle and unite with the spinoeerebellar fibres 
entering through the restiform body. 


INTERNAL 0RGANIZATI0N 


The vast majority of eerebellar neuronal eell bodies are loeated within 
the outer, highly convoluted eortieal layer. Beneath the cortex, the eere- 
bellar white matter forms an extensive eentral eore, from which a 


eharaeteristie branehing pattern of nerve fibres (arbor vitae) extends 
towards the eortieal surface (see Fig. 22.2). The white matter eonsists 
of afferent and efferent fibres travelling to and from the eerebellar 
cortex. Fibres eross the midline in the white eore of the cerebellum 
and the superior medullary velum, effeetively constituting a eerebellar 
'commissure' 

CEREBELLAR C0RTEX 


Although the human cerebellum makes up approximately one-tenth of 
the entire brain by weight, the surface area of the eerebellar cortex, if 
unfolded, would be about half that of the eerebral cortex. The great 
majority of eerebellar neurones are small granule eells, so densely 
paeked that the eerebellar cortex eontains many more neurones than 
the eerebral cortex. Hnlike the eerebral cortex, where a large number of 
diverse eell types are arranged differently in different regions, the eere- 
bellar cortex eontains a relatively small number of different eell types, 
which are intereonneeted in a highly stereotyped way. 

The elements of the eerebellar cortex possess a preeise geometrie 
order, arrayed relative to the tangential, longitudinal and transverse 
planes in individual folia. Three layers are distinguished in the eerebel- 
lar cortex (Figs 22.7-22.8). A monolayer of large neurones with apieal 
dendrites, first identified by Purkinje (Gliekstein et al 2009), separates 
a layer of small granule eells from the superficial, eell-poor molecular 
layer. The Purkinje eell layer eontains the large, pear-shaped somata of 
the Purkinje eells and the smaller somata of Bergmann glia. Clumps of 
granule eells and oeeasional Golgi eells penetrate between the Purkinje 
eell somata. The gramilar layer eonsists of the somata of granule eells 
and the initial segments of their axons; dendrites of granule eells; 
branehing terminal axons of afferent mossy fibres; elimbing fibres 
passing through the granular layer en route to the molecular layer; and 
the somata, basal dendrites and complex axonal ramifieations of Golgi 
neurones. 

The molecular layer eontains a sparse population of neurones, den- 
dritie arborizations, unmyelinated axons and radial fibres of neuroglial 
eells. 

Purkinje eells 


Purkinje eells are the only output neurones of the cortex. They are 
arranged in a single layer between the molecular and gramilar layers, 
and have a speeifie geometry that is eonserved in all vertebrate elasses 

(Fig. 22.9). 

Their dendritie trees are flattened and orientated perpendicular to 
the parallel fibres in a plane transverse to the long axes of the folia (see 
Figs 22.7-22.8; see also Figs 3.3, 3.6). Large primary dendrites arise 
from the outer pole of a Purkinje eell. The proximal dendritie branehes 
are smooth and are eontaeted by elimbing fibres. The distal branehes 
earry a dense array of dendritie spines (spiny branehlets) that reeeive 
synapses from the terminals of parallel fibres. Inhibitory synapses are 
also reeeived from basket and stellate eells, and from the recurrent eol- 
laterals of Purkinje eell axons that eontaet the shafts of the proximal 
dendrites. The total number of dendritie spines per Purkinje neurone 
is in the order of 180,000. The axon of a Purkinje eell leaves the inner 
pole of the soma and erosses the gramilar layer to enter the subjacent 
white matter. The initial axon segment reeeives axo-axonal synaptie 
eontaets from distal branehes of basket eell axons. Beyond the initial 
segment, the axon enlarges, beeomes myelinated and gives off eollateral 
branehes. The main axon ultimately terminates in one of the eerebellar 
or vestibular nuclei; recurrent axonal eollaterals form a sagittally orien- 
tated plexus with terminations on neighbouring Purkinje eells and 
Golgi eells. Purkinje eells are inhibitory and use y-aminobutyric aeid 
(GABA) as their neurotransmitter. 

Cortical interneurones 


The eerebellar eortieal interneurones were deseribed by Ramón y Cajal 
(1906) (see Fig. 22.8). They ean be divided into the interneurones of 
the moleailar layer, the stellate and basket eells, and the Golgi eells of 
the granular layer. All interneurones are inhibitory. Those of the mole- 
cular layer use GABA as their neurotransmitter. Most Golgi eells are 
glyeinergie. Stellate eells are loeated in the upper molecular layer, their 
axons terminating on Purkinje eell dendrites. Basket eells occupy the 
deep molecular layer, their axons terminating on a series of Purkinje 
eells with baskets surrounding their somata, ending in a plume around 
their initial axon. The dendrites of these interneurones and their axons 
are oriented in the sagittal plane. Golgi eell dendrites are loeated in the 
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Fig. 22.7 The circuitry of the eerebellar cortex. 
Glutamatergic neurones are shovvn in dark grey, 
GABAergie neurones in red and glyeinergie 
elements in blue. A, A transparent dorsal vievv of 
the cortex shovving the orientation of its major 
elements. Dendrites of Purkinje, stellate and basket 
eells, the eollateral plexus of Purkinje eells, the eell 
bodies of the Lugaro eells, and the elimbing fibres 
and the axonal plexus of the Golgi eells are 
orientated in the sagittal plane. B, A transverse 
seetion. Parallel fibres and the axons of the Lugaro 
eells are the only elements with a transverse 
orientation. 


C erebellar output system 



Fig. 22.8 A sagittal seetion through a eerebellar folium showing the 
different eell types of the eerebellar cortex. Abbreviations: A, molecular 
layer; a, Purkinje eell; B, granular layer; b, basket eells; C, white matter; 
d, baskets of basket eell; e, stellate eell; f, Golgi eell; g, granule eell with 
aseending axon; h, mossy fibre; m, astroeyte; n, elimbing fibre; o, Purkinje 
eell axon with eollaterals; j, p, Bergmann glial eells. (Redrawn from Cajal 
SR y. 1906 Histologie du système nerveux de l’homme et des vertebrés. 
Maloine, Paris.) 


granular and molecular layers. Their axonal plexus occupies the granu- 
lar layer, where it terminates on the gramile eell dendrites, and also has 
its greatest dimension in the sagittal plane (see Fig. 22.7). Golgi eells 
are innervated by eollaterals of mossy fibres and Purkinje eell axons. 
The dendrites of interneurones in the molecular layer are eontaeted by 
the parallel fibres. Synaptie eontaets between elimbing fibres and the 
dendrites or eell bodies of eerebellar interneurones in the moleailar or 
granular layers have not been observed. However, interneurones of the 
moleailar layer ean be aetivated by 'spillover of glutamate from the 
elimbing fibres (Galliano et al 2013, Szapiro and Barbour 2007). Golgi 
eells, therefore, provide feed-baek inhibition to the gramile eells. 
Interneurones of the moleailar layer provide feed-forward inhibition 
to the Purkinje eells. Stellate eells (Mann-Metzer and Yarom 2000) and 
Golgi eells (Dugué et al 2009) are eleetrotonieally coupled. The extent 
of this coupling is not known; it may be restrieted to the sagittal eom- 
partments that are one of the main features of the eonneetivity of the 
cerebellum, discussed below. 

Two other types of interneurone exist. Lugaro eells are eigar-shaped 
neurones loeated at the level of the Purkinje eells (Lainé and Axelrad 
1996) (see Fig. 22.7). These glyeinergie neurones innervate the stellate 
and basket eells, and provide a long, transversely orientated axon that 
terminates on Purkinje eells. They reeeive a strong input from an extra- 
eerebellar serotoninergie system. Monopolar bmsh eells are excitatory 
neurones, mainly found in vestibular-dominated regions of the eerebel- 
lum (Mugnaini et al 1997), where they are eonsidered to be a 'booster 
system for vestibular mossy fibre input. Mossy fibres terminate with 
extremely large synapses on the base (the 'bmsh') of these eells. Their 
axons terminate as mossy fibres on the gramile eells. 

CEREBELLAR NUCLEI 


The four eerebellar nuclei were first deseribed by Stilling (1864) as 
eomprising (from medial to lateral) the fastigial nucleus, the emboli- 
form and globose nuclei, and the dentate nucleus (Fig. 22.10). The 















































































































Cerebellar circuitry 
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Fig. 22.9 The general organization of the 
eerebellar cortex. A single folium has been 
seetioned vertieally, both in its longitudinal axis 
(right side of diagram) and transversely. 
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Fig. 22.10 The human eerebellar nuclei. 

A-E, Transverse seetions through the eerebellar 
nuclei, A being the most rostral level. The dentate 
nucleus ean be subdivided into dorsomedial 
mierogyrie and ventrocaudal maerogyrie parts. 

F, A VVeigert-stained seetion through the dentate 
nucleus, showing its subdivision into miero- and 
maerogyrie parts. (A-E Redrawn from Larsell O, 
Jansen J 1972 The eomparative anatomy and 
histology of the cerebellum. III. The human 
cerebellum, eerebellar eonneetions, and eerebellar 
cortex. Minneapolis, Llniversity of Minnesota 
Press. F, Reproduced with permission from 
VVinkler C 1926 De bouw van het zenuwstelsel. 
Haarlem, de erven Bohn.) 


emboliform and globose nuclei are also known as the anterior and 
posterior interposed nuclei. The nuclei form two intereonneeted groups: 
a rostrolateral group eonsisting of the emboliform and dentate nuclei, 
and a caudomedial group including the fastigial and globose nuclei. 

A eolleetion of smalf eholinergie neurones extends from the floee- 
ulus to the nodulus in the roof of the fourth ventriele, invading the 
spaees between the nuclei. These eells are known as the basal interstitial 
nucleus (Langer 1985); their eonneetions are not known. 

The dentate nucleus is loeated most laterally and is by far the largest 
of the group. It has the shape of a emmpled purse; the main efferent 
pathway of the cerebellum, the brachium conjunctivum, emerges from 
its hilus. The convolutions of the dentate nucleus are narrow rostro- 
medially and much wider ventrocaudally. Interestingly, these miero- 
and maerogyral eharaeteristies of the human dentate were observed by 
Vicq-d'Azir, who eoined its name in the eighteenth century (Gliekstein 
et al 2009). Reeently, rostromedial motor and ventrocaudal non-motor 
divisions have been distinguished in the human dentate nucleus using 
fMRI (Kiiper et al 2012). Their signifìeanee and the possible eorrespond- 
enee with the anatomieal subdivisions of the dentate are eonsidered 
below. 

The eerebellar nuclei eontain eells of all sizes. Glutamatergic relay 
neurones provide the main output of the nuclei. Small GABAergie neu- 
rones innervate the eontralateral inferior olive. Both GABAergie and 
glyeinergie interneurones have been identifìed ( Iusisaari and Knòpfel 


2011); as far as we know, all eell types reeeive an inhibitory input from 
Purkinje eells and an excitatory input from mossy and elimbing fìbre 
eollaterals. 


CEREBELLAR CIRCUITRY 


The main circuitry of the cerebellum was deseribed by Ramón y Cajal 
in the late nineteenth century and published in his Histologie du système 
nerveux (1906). It involves two extracerebellar afferent systems (elimb- 
ing fìbres and mossy fibres), intrinsie eortieal neurones, including 
Purkinje, granule, stellate and basket eells, and neurones in the eerebel- 
lar nuclei (see Figs 22.7-22.9). The widely diverging mossy fibre-parallel 
fìbre system terminates on Purkinje eells (the only output neurones of 
the cortex projeeting to the eerebellar and vestibular nuclei); a elimbing 
fìbre terminates on the proximal, smooth Purkinje eell dendrites; Golgi 
eells provide backward inhibition to granule eells; and stellate and 
basket eells provide forward inhibition to Purkinje eells. 

eiimbing fìbres and most mossy fibres are excitatory and use gluta- 
mate as their neurotransmitter. All elimbing fìbres take their origin from 
the eontralateral inferior olivary nucleus in the medulla oblongata. In 
the cerebellum, they split into several branehes, eaeh braneh providing 
a elimbing fìbre to a single Purkinje eell. The branehes of a single 
olivoeerebellar fìbre innervate one or more sagittally orientated strips 
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Fig. 22.11 The orientation and branehing pattern 
of mossy and elimbing fibres. Left-hand panels: 
mossy fibres are orientated transversely. They 
distribute bilaterally and emit eollaterals at 
speeifie, symmetrieal loeations. These eollaterals 
terminate as sagittally orientated aggregates 
of mossy fibre terminals. Right-hand panels: 
olivoeerebellar fibres braneh in the sagittal plane. 
Eaeh braneh provides a Purkinje eell with a single 
elimbing fibre. These elimbing fibres form narrow, 
longitudinally orientated strips that may 
eorrespond to the mierozones; strips of Purkinje 
eells that share the same elimbing fibre reeeptive 
fields. Abbreviations: Py, pyramis; Uv, uvula. 
(Reproduced with permission from Nieuwenhuys, 

R, Voogd J, van Huijzen 2008 The Human Nervous 
System. 4th Ed Springer Verlag.) 


Mossy fibre 


eiimbing fibre 


of Purkinje eells (Fig. 22.11). These strips probably eorrespond to 
'mierozones' eonsisting of a narrow strip of Purkinje eells innervated by 
elimbing fìbres sharing the same reeeptive field. Mierozones, with their 
Purkinje eells, are eonsidered to be the basie structural and fimetional 
unit of the eerebellar cortex (Andersson and Osearsson 1978). 

Mossy fibres take their origin from multiple sources in the spinal 
eord and brainstem. Their myelinated axons terminate on the claw-like 
dendrites of the granule eells and on Golgi eells. The gramile eells give 
rise to an aseending axon that splits in the molecular layer into two 
parallel fibres that mn for some distanee in the direetion of the long 
axis of the folia. Parallel fibres terminate on the spines of the spiny 
branehes of the Purkinje eell dendritie tree and the dendrites of 
interneurones that they meet along their course (see Figs 22.7, 22.9). 
The length of the parallel fibres in the human eerebellar cortex is not 
known but the two branehes probably do not exceed 10 mm. Like the 
elimbing fibres, mossy fìbres braneh profiisely in the eerebellar white 
matter (see Fig. 22.11). The parent fibres enter the eerebelhim laterally 
and mn a transverse course to decussate in the eerebellar commissure. 
During their course, they emit thin eollaterals that enter the white 
matter of the lobules and terminate in imiltiple, longitudinally orien- 
tated and symmetrieally distributed aggregates of mossy fibre terminals 
in the gramilar layer (Wu et al 1999). 

The elimbing fibre mierozones and the subjacent mossy fibre aggre- 
gates have been found to share the same peripheral reeeptive fields in 
regions of the cerebellum reeeiving somatosensory information from 
the periphery (Ekerot and Larson 1980, Ekerot and Jòrntell 2003). A 
similar topographieal relationship between mierozones and mossy fibre 
terminal aggregates exists in other parts of the eerebellar cortex; their 
eommon denominator remains unknown (Pijpers et al 2006). The sig- 
nifieanee of such a topographieal relationship is difficult to understand 
because the parallel fibres would disperse a loealized mossy fibre input 
over a wide, mediolateral region of the molecular layer. Different 
hypotheses to explain this topographieal relationship have been pro- 
posed, some of the more reeent ones involving the interneurones of the 
eerebellar cortex, but the matter remains undecided (Ekerot and Jòrntell 
2003, Barmaek and Yakhnitsa 2011). 

THE M0DULAR 0RGANIZATI0N 0F THE 
CEREBELLUM AND THE C0RTIC0NUCLEAR AND 
0LIV0CEREBELLAR PR0JECTI0NS 


The output of the cerebellum is organized as a series of parallel, sagittal 
modules (Voogd and Bigaré 1980, Voogd and Ruigrok 2012). Eaeh 
module eonsists of one or more longitudinal Purkinje eell zones that 
projeet to one of the eerebellar or vestibular nuclei (Fig. 22.12A). Some 
of these Purkinje eell zones are restrieted to eertain lobules; others span 
the entire rostrocaudal length of the cerebellum. eiimbing fibres from 


a subdivision of the eontralateral inferior olive terminate on the 
Purkinje eells of a partioilar zone and also send a eollateral innervation 
to the eorresponding deep eerebellar nucleus. This eollateral innerva- 
tion is reeiproeated by the, mainly erossed, nucleo-olivary pathway that 
originates from the small GABAergie neurones of the eerebellar nuclei. 
Modules ean be visualized because their Purkinje eell axons and their 
elimbing fibre afferents eolleet in eompartments in the eerebellar white 
matter. The borders between these eompartments, i.e. between the 
modules, beeome visible when stained for aeetyleholine esterase 
(AChE) (Fig. 22.12B). The modular organization of the cerebellum has 
been studied in most detail in rodents and earnivores, and has been 
eonfirmed in non-human primates. For the human cerebellum, 
evidenee for its presenee is mainly embryologieal. 

The modular organization of the cerebellum appears very early 
during its development, long before the emergenee of any of its trans- 
verse fissures. Purkinje eells, born in the ventricular matrix of the eere- 
bellar anlage, migrate to the meningeal surface, where they form a series 
of mediolaterally arranged clusters (Korneliussen 1968, Kappel 1981). 
During the later inerease of the eerebellar surface in the rostrocaudal 
dimension, refleeting the proliferation of millions of granule eells in 
the transient external matrix (the external granular layer) (see Fig. 
22.15), the Purkinje eell clusters inerease in length and thus are trans- 
formed into Purkinje eell zones. The Purkinje eells beeome loeated in 
a monolayer and the original borders between the clusters are no longer 
visible. This mode of development has been studied in different speeies 
and ean also be reeognized in the human fetal cerebellum. Purkinje eell 
clustering in the human does not differ from that in other speeies, with 
the exception of the immense size of the most lateral cluster, which is 
elearly related to the anlage of the dentate nucleus (Fig. 22.13). This 
cluster develops into the D2 zone, the most lateral Purkinje eell zone, 
responsible for the large size of the human eerebellar hemisphere. 

Eight or nine of the modules ean be reeognized in the cerebellum 
of subhuman primates and lower mammals (see fig. 22.14A). Purkinje 
eell zones differ in their elimbing fibre afferents and their eerebellar or 
vestibular target nucleus. Moreover, Purkinje eells of the different zones 
differ in their immunohistochemical properties (Voogd and Ruigrok 
2012). A Purkinje eell-speeifie antibody, known as zebrin 2', is distrib- 
uted in a pattern of zebrin-positive and zebrin-negative Purkinje eell 
zones (Fig. 22.14D-E). This pattern has been shown to be eongment 
with the olivoeerebellar and corticonuclear projeetion zones (Voogd 
et al 2003, Sugihara and Shinoda 2004). Many substances, such as 
the enzymes aldolase C, 5' nucleotidase, protein kinase C and the 
metabotropie glutamate transporter 1A, eo-loealize with zebrin 2. Neu- 
rotransmission in different Purkinje eell zones may therefore differ: 
zebrin-positive Purkinje eells fire at a slower rate than the zebrin- 
negative eells (Zhou et al 2014). 

In the following, the olivoeerebellar elimbing fibre and the efferent 
corticonuclear projeetions of the Purkinje eell zones will be deseribed. 
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Fig. 22.12 A, A eerebellar module. Purkinje eell axons and elimbing fibres 
are loeated in a vvhite matter eompartment, shovvn as a transparent 
structure in this diagram. B, An aeetyleholinesterase-stained seetion 
through the anterior lobe: macaque monkey. The borders of the vvhite 
matter eompartments of the modules A-C are heavily stained. 
Abbreviations: m, midline. 


Data are from experimental studies in the eat, the rat and subhuman 
primates (reviewed in Voogd and Ruigrok (2012 ). The subdivision of 
the inferior olive, the sole source of the elimbing fibres, is summarized 

in Figure 22.15. 

The A zone is loeated next to the midline and extends over the entire 
vermis (see Fig. 22.14A). It is eomposed of several zebrin-positive and 
zebrin-negative subzones that may be present over limited segments of 
its extent. It projeets to the fastigial and vestibular mielei, and reeeives 
its elimbing fibres from the caudal medial aeeessory olive. Whereas the 
A zone extends over the entire vermis, the X and B zones are restrieted 
to the vermis of the anterior lobe, the simplex lobule (VI) and lobule 
VIII (the pyramis). The narrow X zone separates the A zone from the B 
zone, which occupies the lateral vermis of these lobules. The X zone 
projeets to the interstitial eell groups, loeated between the fastigial and 
posterior interposed nuclei and reeeives elimbing fìbres from the inter- 
mediate region of the medial aeeessory olive. The B zone projeets to 
Deiters' lateral vestibular nucleus and is innervated by elimbing fìbres 
from the caudal part of the dorsal aeeessory olive. The dorsal aeeessory 
olive, the B zone and the lateral vestibular nucleus are somatotopieally 
organized. In the B zone, the hindlimb is represented laterally and the 
forelimb is represented medially (Andersson and Osearsson 1978). In 
rodents, Purkinje eells of the X and B zones are zebrin-negative. 

The hemisphere is eomposed of the Cl-C3 and the Dl, Y and D2 
zones. Like the X and B zones, Cl, C3 and the Y are restrieted to the 
anterior lobe, the simplex lobule (HVI) and the paramedian lobule 
(HVIIB - the graeile lobule, and HVIII - the biventral lobule). Moreover, 
the Purkinje eells of these zones are zebrin-negative and thus appear as 
blank spaees in suitably immunostained histologieal seetions of the 



1 mm 


Fig. 22.13 A transverse seetion through the cerebellum of a 65 mm 
human fetus, showing the Purkinje eell clusters that will develop into the 
A, B, C1-C3 and D Purkinje eell zones. Note the large size of the D 
cluster. Abbreviations: EGL, external granular layer. (From the Sehenk 
eolleetion of the Dept. of Pathology of the Erasmus Medieal Center 
Rotterdam.) 


anterior and posterior cerebellum (see Fig. 22.14E). The Cl, C3 and Y 
zones projeet to the anterior interposed nucleus and reeeive their elimb- 
ing fìbre input from the rostral dorsal aeeessory olive (DAOr) (Fig. 
22.16). This subnucleus reeeives an input from peripheral reeeptors 
through dorsal column and trigeminal pathways. The elimbing fìbre 
projeetions of the rostral dorsal aeeessory olive to the Cl, C3 and Y 
zones and the anterior interposed nucleus are somatotopieally organ- 
ized. In eaeh of the zones, the hindlimb is represented rostrally in the 
anterior cerebellum and caudally in the posterior lobe; the forelimb 
and faee occupy more eentral areas (Ekerot and Larson 1979) (see Fig. 
22.16). This rostrocaudal distribution elearly differs from the medi- 
olateral somatotopy in the vermal B zone. The somatotopieal loealiza- 
tion is an extremely detailed one, repeated in eaeh of the zones. The 
Cl, C3 and Y zones eonneet with motor eentres in the brainstem and 
the eerebral cortex. The hemisphere of the anterior lobe and the simplex 
lobule, and the paramedian lobule (HVIIB - the graeile lobule, and 
HVIII - the biventral lobule) are eonsidered as the motor regions of the 
cerebellum. 

The C2, D1 and D2 zones extend beyond the anterior and posterior 
motor regions, where they interdigitate with the Cl, C3 and Y zones, 
over most of the rostrocaudal length of the cerebellum. In rodents, these 
zones are zebrin-positive. The C2 zone projeets to the posterior inter- 
posed nucleus and reeeives its elimbing fìbre input from the rostral 
medial aeeessory olive (see Fig. 22.18). A somatotopieal organization 
is laeking in the C2 zone. The D1 and D2 zones projeet to the caudal 
and rostral dentate and reeeive their elimbing fìbres from the ventral 
and dorsal laminae of the prineipal olive, respeetively. The main eon- 
neetions of the C2 and the D zones are with the eerebral cortex. The 
seetions of the C2 and D2 zones loeated in the anterior and posterior 
motor regions of the eerebellar hemisphere are eonneeted with motor, 
premotor and parietal eortieal areas; these seetions of the D2 zone are 
somatotopieally organized. Seetions of the C2 and the D zones loeated 
in the ansiform lobule (HVII) and the paraflocculus (the tonsil, HIX) 
subserve visuomotor and non-motor hmetions. 

The modular organization of the vestibulocerebellum is fairly 
complex; multiple Purkinje eell zones, innervated by elimbing fìbres 
from subnuclei in the inferior olive, transmit optokinetie and vestibular 
information. 

Eaeh lobule of the cerebellum eontains a particular set of Purkinje 
eell zones. Apart from the parallel fìbres, which may eross several 
Purkinje eell zones or mierozones in their course through the molecular 
layer, there is no eross-talk between the modules. Parallel fìbres are, 
therefore, a key element in the integrative hmetion of the cerebellum. 
The relative independenee of the eerebellar modules is an important 
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Fig. 22.14 The eonneetions of the Purkinje eell zones of the mammalian cerebellum. A, The flattened eerebellar cortex. B, Target nuclei of Purkinje eells. 
C, Sources of elimbing fibres assoeiated with Purkinje eells, shown in the flattened eontralateral inferior olive (see Fig. 22.15) and indieated in the same 
colour. D, Zebrin-positive and zebrin-negative Purkinje eell bands. The zebrin-positive bands are numbered from 1 to 7. A eomparison with panel A 
shows that the A zone is a eomposite of zebrin-positive and zebrin-negative subzones; the X, B, C1, C3 and Y zones eonsist of zebrin-negative Purkinje 
eells. E, The zebrin-positive and zebrin-negative bands of the cerebellum of a rat. Abbreviations: A-D2, Purkinje eell zones A-D2; ANS, ansiform lobule; 
Beta, group beta; DAOe/r, caudal/rostral dorsal aeeessory olive; Dc, dorsal eap; Dmcc, dorsomedial eell column; Fast, fastigial nucleus; ICG, interstitial 
eell groups; M, midline, MAOe/int/r, caudal/intermediate/rostral medial aeeessory olive; PMD, paramedian lobule; POdL, dorsal lamina of the prineipal 
olive; POvL, ventral lamina of the inferior olive; PY, pyramis (lobule VIII); UV, uvula (lobule IX); VII, vermal lobule VII; VLO, ventrolateral outgrowth. 


differenee between the cerebellum and the eerebral cortex, where dif- 
ferent hmetional areas are intimately intereonneeted. 

C0NNECTI0NS 0F THE OEREBELLAR NUCLEI: 
RECIPR0CAL ORGANIZATION 0F THE 
C0RTIC0-0LIVARY SYSTEM 


The eonneetions of the eerebellar nuclei with the brainstem, the thala- 
mus and the spinal eord determine the sphere of influence of the eere- 
bellar modules. The A, X and B zones of the vermis projeet to the 


fastigial nucleus, the interstitial eell groups and the lateral vestibular 
nucleus, respeetively (see Fig. 22.14). In all mammals, the fastigial 
nucleus gives rise to the uncinate traet, which deaissates in the eerebel- 
lar commissure, hooks around the brachium conjunctivum, and is 
distributed to the vestibular nuclei and the medullary and pontine 
reticular formation. A braneh of the uncinate traet aseends to the ipsi- 
lateral midbrain and thalamus. Projeetions to the eerebral cortex are 
bilateral because the erossed aseending fibres of the uncinate fasciculus 
subsequently reeross in the thalamus. Their projeetion to the eerebral 
cortex is ineompletely known. The uncrossed, direet fastigiobulbar traet 
passes along the lateral margin of the fourth ventriele. It is distributed 
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Fig. 22.15 Transverse seetions through the human inferior olive, seetion 1 
being the most rostral. Lower panel: the flattened inferior olive showing 
the levels of seetions 1-4 in the upper panel. Note the large size of the 
convoluted dorsal lamina of the prineipal olive (POdL), and the small 
ventral lamina (POvL). Other abbreviations: Beta, group beta; DAOe/r, 
caudal/rostral dorsal aeeessory olive; Dc, dorsal eap; Dmcc, dorsomedial 
eell column; MAOe/r, caudal/rostral medial aeeessory olive; VLO, 
ventrolateral outgrowth. 


to the vestibiilar nuclei and the reticular formation in a symmetrieal 
manner that mirrors that of the uncinate traet (Batton et al 1977). 
The direet fastigiobulbar traet is an inhibitory, glyeinergie system 
(Bagnall et al 2009). Small GABAergie neurones give rise to a nucleo- 
olivary pathway terminating in the eontralateral caudal medial aeees- 
sory olive. 

The caudal pole of the fastigial nucleus reeeives its Purkinje eell 
afferents from lobule VII (folium and tuber vermis). This lobule is also 
known as the visual vermis because it is involved in the long-term 
adaptation of saeeades and, possibly, in other eye movements. The 
projeetions of the oculomotor region of the fastigial nucleus (Fig. 
22.17) are eompletely erossed. They terminate in the pontine para- 
median reticular formation (the horizontal gaze eentre), the superior 
eolliaihis, the rostral interstitial nucleus of the medial longitudinal 
fasciculus (the vertieal gaze eentre) and in the thalamie nuclei that may 
include the frontal and parietal eye fields as their targets (Noda et al 
1990). The fastigial nucleus influences viseeromotor systems via pro- 
jeetions of the vestibular nuclei and eonneetions with the eateehol- 
aminergie nuclei of the brainstem and the hypothalamus (Zhu et al 
2006). 

The projeetions of the interstitial eell groups loeated between the 
fastigial and posterior interposed nuclei, the target nucleus of the X 
module, have not been studied in primates. In lower mammals, these 
neurones provide eollaterals to the superior colliculus, thalamus and 
spinal eord (Bentivoglio and Kuypers 1982). 

The lateral vestibular nucleus (Deiters' nucleus) is the target nucleus 
of the lateral vermal B zone. This nucleus might better be eonsidered 
as one of the eerebellar nuclei. It does not reeeive a primary input from 
the labyrinth and, eontrary to the other vestibular nuclei, reeeives a 
eollateral innervation from the elimbing fibres innervating the B zone. 
It gives rise to the lateral vestibulospinal traet. Its nucleo-olivary pathway 
targets the caudal dorsal aeeessory olive. 

The zones of the eerebellar vermis are in a position to affeet neuro- 
transmission in the vestibulospinal and reticulospinal systems, bilat- 
erally eontrolling postural and vestibular reflexes of the axial and 


Motor cortex 
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Fig. 22.16 The eonneetions of the emboliform (anterior interposed) 
niieleiis. The entire system is somatotopieally organized: this organization 
is more detailed than indieated in the diagram. Abbreviations: rostral 
DAO, rostral dorsal aeeessory olive. 


proximal musculature, and in the oculomotor eentres in the brainstem. 
The skeletomotor and oculomotor fimetions are loeated in speeifie seg- 
ments of the vermis: skeletomotor fimetions in the anterior vermis and 
posterior lobule VIII (pyramis) (the X and B zones are restrieted to these 
lobules), and oailomotor fimetions in lobule VII. Caudalmost, lobule 
X (nodulus) belongs to the vestibulocerebellum and is eonsidered 
below. Other fimetions, such as vegetative regulation, are subserved by 
the vermis but have not been studied in detail. 

The anterior interposed (emboliform) nucleus is the target of the 
Cl, C3 and Y zones. The detailed somatotopieal organization of these 
Purkinje eell zones is maintained in the anterior interposed nucleus, 
where Purkinje eells of different zones, but with the same elimbing fibre 
input from a particular region of the body, projeet to a eommon set of 
neurones (see Fig. 22.16). Aseending axons from the anterior inter- 
posed nucleus enter the brachium conjunctivum. This traet decussates 
at the border of the pons and the meseneephalon. The aseending 
braneh enters and surrounds the magnocellular red nucleus and pro- 
eeeds to the thalamus, from where the anterior interposed nucleus is 
eonneeted with the eontralateral primary motor cortex. The deseending 
braneh of the brachium conjunctivum terminates in the nucleus retioi- 
laris tegmenti pontis (reticular tegmental nucleus of the pons). The 
entire system, including the magnocellular red nucleus and the primary 
motor cortex and their efferent traets, is somatotopieally organized. A 
nucleo-olivary pathway from the anterior interposed nucleus terminates 
in the rostral dorsal aeeessory olive. 

The motor cortex and the magnocellular red nucleus give rise to the 
two main deseending motor systems: the eortieospinal (pyramidal) 
traet and the mbrospinal traet. Both of these traets eross the midline, 
the former at the bulbospinal junction and the latter at its level of origin 
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Fig. 22.17 A transverse seetion through the cerebellum and medulla 
oblongata, shovving the symmetrieal distribution of the erossed and 
uncrossed eonneetions of the fastigial nucleus. The inset depiets a 
sagittal seetion, shovving the eonneetions of the visual vermis (lobule VII) 
with the caudal pole of the fastigial nucleus and its efferent pathways in 
red. Abbreviations: Bc, brachium conjunctivum; PPRF, paramedian 
pontine reticular formation; riMLF, rostral interstitial nucleus of the medial 
longitudinal fasciculus. 


in the midbrain. The eortieospinal traet provides the magnocellular red 
nucleus with a eollateral innervation. Both traets influence distal move- 
ments of the limbs. During primate evolution, the eortieospinal system 
inereases in prominenee at the eost of the mbrospinal system, which 
eomes to occupy a subsidiary position in the human brain. 

eiimbing fibres innervating the 01,03 and Y zones and the anterior 
interposed nucleus take their origin from the rostral dorsal aeeessory 
olive, which reeeives a somatotopieally organized cutaneous input, 
mainly through the dorsal column and trigeminal nuclei, and eontains 
a refined cutaneous map of the entire eontralateral body surface 
(Gellman et al 1983). The eortieospinal and mbrospinal traets provide 
the dorsal column nuclei with a eollateral innervation. 

It should be emphasized that the eoneept of the cerebellum as a 
motor system is elosely allied to the circuitry of the 01, 03 and Y zones, 
and to the anterior interposed nucleus and its output systems. The 
double decussation of the brachium conjunctivum and the mbrospinal 
and eortieospinal traets is responsible for the elinieal observation that 
lesions of the cerebellum affeet the ipsilateral half of the body. For most 
of the other modules with predominantly eerebral eortieal eonneetions, 
the hmetional relations are much less elear. 

The eonneetions of the posterior interposed (globose) and dentate 
nuclei are arranged aeeording to the same plan. They aseend and decus- 
sate in the brachium conjunctivum, and terminate in a group of nuclei 
at the mesodieneephalie junction that includes the parvocellular red 
nucleus and the nucleus of Darkschewitsch in the eentral grey, and in 
the thalamie nuclei that projeet to motor, premotor, prefrontal and 
posterior parietal eortieal areas and the frontal and parietal eye fields 


(Fig. 22.18A). The nuclei at the mesodieneephalie junction give rise to 
the ipsilaterally deseending tegmental traets that terminate in the infe- 
rior olive, forming reeiproeally organized loops; the fhnetion of these 
prominent recurrent loops has never been studied. 

The posterior interposed (globose) nucleus projeets to the nucleus 
of Darkschewitsch and, via the thalamus, to most, if not all, eortieal 
areas (Fig. 22.18B). Reeiproeal eonneetions ofthe eerebral cortexto the 
nucleus of Darkschewitsch have been reported for most eortieal areas. 
The nucleus of Darkschewitsch gives rise to a recurrent elimbing fibre 
loop to the C2 zone that eonsists of the medial tegmental traet and the 
rostral medial aeeessory olive. Motor and visual divisions ean be distin- 
guished in this system. The segments of the C2 zone loeated in the 
anterior and posterior motor regions of the cerebellum and the rostro- 
medial posterior interposed nucleus reeeive input from the motor 
cortex. Visual and prefrontal input dominates in segments loeated in 
the ansiform lobule (HVII), the paraflocculus (HIX) and the flocculus 
(HX). The nucleo-olivary pathway from the posterior interposed nucleus 
innervates the eontralateral rostral medial aeeessory olive. 

The rostral and caudal dentate nucleus give rise to different path- 
ways. Neurones of the caudal pole of the dentate nucleus are known to 
be aetivated by eye movements (van Kan et al 1993). The caudal dentate 
projeets to a dorsomedial subnucleus of the parvocellular red nucleus, 
loeated medial to the fasciculus retroflexus (Fig. 22.180). Its thalamo- 
eortieal projeetions include the frontal and parietal eye fields, which are 
reeiproeally eonneeted with the dorsomedial subnucleus. The latter 
projeets to the ventral lamina of the prineipal olive, which innervates 
the D1 zone. Although fairly prominent in lower mammals, the ventral 
lamina of the prineipal olive is represented by the narrow medial 
lamina of the human olive (see Fig. 22.15). This module, presumably, 
is much reduced in the human cerebellum. Orossed nucleo-olivary 
pathways from the rostral and caudal dentate terminate in the dorsal 
and ventral laminae of the prineipal olivary nucleus, respeetively. 

The rostral dentate includes the major part of the dentate nucleus. 
In monkeys, it has been divided into rostromedial motor and ventro- 
caudal non-motor portions (Striek et al 2009) (Fig. 22.18E). The motor 
division is somatotopieally organized, with the hindlimb represented 
rostrally and the faee more caudally; it reeeives projeetions from motor 
regions of the cerebellum. The caudal non-motor portion reeeives its 
corticonuclear projeetions from the ansiform lobule (HVII) and the 
paraflocculus (the tonsil, HIX). A similar subdivision of the dentate has 
been proposed in humans (Kíiper et al 2012); it seems likely that these 
divisions eorrespond with the rostromedial mierogyrie and ventrocau- 
dal maerogyrie regions of the human dentate (see Fig. 22.10). 

The rostral dentate projeets to the major, ventrolateral, portion of 
the parvocellular red nucleus. Its thalamoeortieal projeetions target the 
motor, premotor and posterior parietal eortiees (Fig. 22.18D-E). Pro- 
jeetions from the caudal dentate include the dorsal prefrontal cortex. 
Reeiproeal eonneetions between these eortieal areas and the parvoeell- 
ular red nucleus have been documented, mainly for the motor and 
premotor areas. These projeetions are somatotopieally organized; they 
occupy the lateral portion of the parvocellular red nucleus. Prefrontal 
projeetions are loeated more medially. The parvocellular red nucleus 
eonneets with the dorsal lamina of the prineipal olivary nucleus through 
the eentral tegmental traet. Motor input is transmitted by the dorsal 
lamina to segments of the D2 zone loeated in the motor regions of the 
cerebellum; non-motor input is transmitted to the ansiform lobule 
(HVII) and the tonsil (HIX). 

In humans, the D2 zone accounts for most of the eerebellar hemi- 
sphere. This is exemplified by its development (see Fig. 22.13) and by 
the size of the different eomponents of its eiroiitry. In Figure 22.19, 
the first ever published lithograph of a seetion through the pontine 
tegmentum (Stilling 1846), the eentral tegmental traet ean be reeog- 
nized immediately as one of the largest fibre systems in the brainstem. 
Several explanations have been offered for the size of the dentate and 
its eonneetions. They include the complexity of the eortieal motor 
system, which is a major target of the dentate nucleus. (Multiple, 
intereonneeted premotor and posterior parietal areas involved in the 
preparation of movement eonverge on the primary motor cortex; the 
preeise contribution of the cerebellum to these proeesses is not 
known.) Other possible explanations are the inereased eonneetivity of 
the dentate with the prefrontal cortex subserving its non-motor func- 
tions (Stoodley and Sehmahmann 2009), and an inerease in the 
dentate-parietal projeetion, given that non-motor hmetions also 
involve the parietal cortex. 

During evolution, the shapes of the dentate and the prineipal olivary 
nucleus ehange from eompaet nuclei to intrieately folded sheets. This 
may indieate the presenee of a detailed topieal loealization in the eor- 
ticonuclear and elimbing fibre afferent eonneetions in the D2 zone, but 
almost nothing is known about its intrinsie organization. 
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Fig. 22.18 A, Cortical areas targeted by the eerebellothalamie pathvvays of the posterior interposed and dentate nuclei. The primary motor area (M1) vvith 
the primary sensory area (S1), the premotor cortex vvith the posterior parietal areas and the frontal and parietal eye fields constitute intereonneeted 
netvvorks. B, The eonneetions of the globose (posterior interposed) nucleus. C, The eonneetions of the caudal pole of the dentate nucleus. D, The 
eonneetions of the rostral dentate nucleus. E, The subdivision of the rostral dentate into rostral motor and caudal non-motor divisions, shovving the 
loeation of neurones retrogradely labelled from injeetion sites indieated in the diagram of the eerebral cortex in D. F, The flattened eerebellar cortex 
shovving loealization of the C2, D1 and D2 zones. Abbreviations: AIP, anterior intraparietal area; FEF, frontal eye field; PMV, ventral premotor cortex; 

PO, prineipal olive; rostral MAO, rostral medial aeeessory olive; SMA, supplementary motor area; 7b, 46d, 91, eortieal areas. (D, Modified vvith permission 
from Striek PL, Dum RP, Fiez JA 2009 Cerebellum and nonmotor function. Annu Rev Neurosci 32:413-434.) 


AFFERENT MOSSY FIBRE C0NNECTI0NS 
0F THE CEREBELLUM 


Mossy fìbre systems take their origin from miiltiple sites in the spinal 
eord and the brainstem. The pontoeerebellar pathway is the major 
mossy fìbre system in primates. Although mossy fìbre systems have 
rarely been traeed with experimental methods in primates, fMRI has 
provided information on their organization in the human cerebellum. 


Mossy fìbre systems share several eommon features. Individual 
mossy fìbres distribute bilaterally and give off eollaterals at speeifìe 
mediolateral positions that terminate in longitudinal aggregates of 
mossy fìbre rosettes (see Fig. 22.11). Entire mossy fìbre systems termi- 
nate as mnltiple, bilaterally distributed bands of mossy fìbre terminals 
(Fig. 22.20A). These bands are not eontimiom, but are often restrieted 
to either the apiees or the bases of the folia. Exteroceptive eomponents 
of mossy fìbre systems terminate superficially whereas proprioeeptive 
systems terminate in the bases of the folia (Ekerot and Larson 1972) 
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Fig. 22.19 A lithograph of a transverse seetion through the pons, shovving 
the loealization of the eentral tegmental traet in the pontine tegmentum. 
Abbreviation: NRTP, nucleus reticularis tegmenti pontis. (Reproduced 
from Stilling B 1846 Untersuchungen uber den Bau und die Verrichtungen 
des Gehirns. I. Uber den Bau des Hirnknotens oder der Varolisehen 
BrGeke. Jena, Druck und Verlag von Friedrieh Make.) 


(Fig. 22.20B). The mossy fibre aggregates are not as distinet as the 
elimbing fibre zones and often merge in the bases of the fissures. Mossy 
fibre aggregates of different systems interdigitate or overlap; preeise 
information is laeking. 

The termination of the spinoeerebellar, reticulocerebellar, cuneocere- 
bellar and trigeminoeerebellar traets is restrieted to the anterior and 
posterior motor regions of the cerebellum, i.e. to the anterior lobe, the 
simplex lobule (VI and HVI), lobule VIII and the paramedian lobule 
(graeile HVIIB and biventral HVIII lobules). These lobules also reeeive 
primary and seeondary vestibulocerebellar inputs and pontoeerebellar 
mossy fibres relaying information from eortieal motor areas. Many of 
these mossy fibre systems terminate aeeording to a somatotopieal 
pattern (Fig. 22.20C). A very similar somatotopieal organization occurs 
in the Cl, C3 and Y elimbing fibre zones that are restrieted to the 
hemisphere of the same lobules (see Fig. 22.16). 

Spinoeerebellar, trigeminoeerebellar, 
retieiiloeerebellar and 
vestibulocerebellar fibres 


The spinal eord is eonneeted to the cerebellum through the spinoeere- 
bellar and cuneocerebellar traets, and through indireet mossy fibre 
pathvvays relayed by the lateral reticular nucleus in the medulla oblon- 
gata. These pathvvays are all excitatory in nature. Some of them give 
eollaterals to the eerebellar nuclei before ending on eortieal granule 
eells. 
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Fig. 22.20 A, The termination of spinoeerebellar fibres as multiple sagittal bands in the anterior lobe of Tupaia glis. B, A sagittal seetion through the 
cerebellum shovving the termination of exteroceptive mossy fibre systems in the apiees of the lobules of the anterior lobe, the simplex lobule and lobule 
VIII (pyramis), and of proprioeeptive systems in the bases of the fissures. C, The somatotopie organization of the termination of the exteroceptive 
eomponents of the spinoeerebellar, cuneocerebellar and trigeminoeerebellar traets in the hemisphere of the anterior lobe, the simplex lobule and the 
paramedian (biventral) lobule. D, The origin of the spinoeerebellar, cuneocerebellar and reticulocerebellar traets. Abbreviations: CE, external cuneate 
nucleus; Cl, internal cuneate nucleus; DV, nucleus of the spinal traet of the trigeminal nerve; G, graeile nucleus; NRL, lateral reticular nucleus. 
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The dorsal spinoeerebellar traet transmits information from the ipsi- 
lateral lower limb (Ch. 20). It eontains proprioeeptive fibres that arise 
from neurones in the posterior thoraeie nucleus (Clarke's column) in 
the thoraeie and upper lumbar spinal eord, and exteroceptive fibres 
from the thoraeie and lumbar dorsal horns. It enters the cerebellum in 
the inferior eerebellar peduncle to terminate bilaterally in the vermis 
and hemisphere of the anterior and posterior lower limb regions. 

The omeoeerebellar traet is eonsidered as the upper limb equivalent 
of the dorsal spinoeerebellar traet (Ch. 20). It takes its origin from the 
dorsal column nuclei, the exteroceptive eomponent from the internal 
cuneate and graeile nuclei, and the proprioeeptive eomponent from the 
external cuneate nucleus. Both eomponents terminate in the anterior 
and posterior upper limb regions: the proprioeeptive eomponent bilat- 
erally in the bases of the fissmes, and the exteroceptive eomponent 
ipsilaterally in the apiees of the lobules of the hemisphere. The extero- 
eeptive eomponent has been shown to terminate in multiple longitu- 
dinal zones eongment with the elimbing fibre zones of this region; 
these zones share the same detailed somatotopieal organization as the 
Cl, C3 and the Y elimbing fibre zones (Ekerot and Larson 1980). 

The ventral spinoeerebellar traet is a eomposite pathway. It informs 
the cerebellum about the state of aetivity of spinal reflex ares related to 
the lower limb and lower tmnk. Its fibres originate in the intermediate 
grey matter and the spinal border eells of the lumbar and saeral seg- 
ments of the spinal eord, eross near their origin, and aseend elose to 
the surface as far as the lower midbrain before looping around the 
entranee of the trigeminal nerve to join the superior eerebellar pedun- 
ele. Most of these fibres eross again in the eerebellar white matter. 

The rostral spinoeerebellar traet originates from eell groups of the 
intermediate zone and horn of the eontralateral eervieal enlargement. 
Although eonsidered to be the upper limb and upper tmnk equivalent 
of the ventral spinoeerebellar traet, most of its fibres remain ipsilateral 
throughout their course. They enter the cerebellum through both the 
superior and the inferior eerebellar peduncles and terminate in the 
anterior and posterior vermis. 

An upper (eentral) eervieal spinoeerebellar traet originates from a 
eentral eervieal nucleus at high eervieal levels (Cl-C4). The traet termi- 
nates bilaterally in the bases of the fissures of the entire cerebellum, 
laeks a somatotopieal organization and eonveys labyrinthine informa- 
tion and proprioeeption from neek muscles (Matsushita and Tanami 
1987). 


Trigeminoeerebellar mossy fibres stem from the ipsilateral prineipal 
sensory nucleus and the nucleus of the spinal traet of the trigeminal 
nerve, and terminate in the hemisphere in the anterior and posterior 
faee regions (simplex lobule - HVI - and graeile lobule - HVIIB). 

The distinet somatotopie organization of the anterior and posterior 
motor regions of the hemispheres is refleeted in the termination of the 
exteroceptive eomponents of the dorsal spinoeerebellar, cuneocerebel- 
lar and trigeminoeerebellar traets. It is much less distinet for proprioeep- 
tive systems, such as the eentral eervieal spinoeerebellar traet. 

Reticulocerebellar mossy fibres stem from the lateral and paramed- 
ian reticular nuclei of the medulla oblongata (Ch. 21). The lateral 
reticular nucleus supplies major eollateral projeetions to the eerebellar 
nuclei. Spinoreticular fibres terminate in a somatotopieal pattern within 
the ventral lateral reticular nucleus, which projeets bilaterally, mainly 
to the vermis. Spinoreticular fibres from the eervieal eord overlap with 
eollaterals from the mbrospinal traet and a projeetion from the eerebral 
cortex, and all terminate in the dorsal part of the nucleus, which projeets 
to forelimb regions of the ipsilateral hemisphere. The eerebellar eortieal 
projeetion of the paramedian reticular nucleus is very similar to that of 
the ventral lateral reticular nucleus. 

Primary vestibulocerebellar mossy fibres enter the cerebellum with 
the aseending braneh of the vestibular nerve, pass through the superior 
vestibular nucleus and juxtarestiform body, and terminate, mainly ipsi- 
laterally, in the gramilar layer of the nodule, caudal part of the uvula, 
ventral part of the anterior lobe and bases of the deep fissures of the 
vermis (Fig. 22.21A). Seeondary vestibulocerebellar mossy fibres arise 
from the superior vestibular nucleus and the caudal portions of the 
medial and inferior vestibular nuclei, and terminate bilaterally, 
not only in the same regions that reeeive primary vestibulocerebellar 
fibres, but also in the flocculus and the adjaeent ventral paraflocculus 
(the aeeessory paraflocculus of the human cerebellum), which laek 
a primary vestibulocerebellar projeetion (Fig. 22.21B). Some of the 
mossy fibres from the medial and inferior vestibular nuclei are 
eholinergie. 

C0RTIC0P0NT0CEREBELLAR PROJEOTION 

The eerebral cortex is the largest single source of fibres that projeet 
to the pontine nuclei (Fig. 22.22). The fibres traverse the eerebral 
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Fig. 22.21 Vestibiiloeerebellar mossy fibre projeetions. A, Primary vestibulocerebellar projeetions from the bipolar neurones of the vestibular ganglion. 
B, Seeondary vestibulocerebellar projeetions from the vestibular nuclei. C, A sagittal seetion showing the distribution of both sets of afferents. 
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peduncle: those from the frontal lobe occupy the medial part of the 
peduncle; corticonuclear and eortieospinal fibres occupy its eentral part; 
and fibres from the parietaf oeeipital and temporal lobes occupy its 
lateral part. The mediolateral sequence of the fibres in the eerebral 
peduncle is approximately maintained in their termination in the 
pontine nuclei. Prefronto-pontine fibres and the frontal eye fields 
projeet medially and rostrally; motor and premotor projeetions termi- 
nate eentrally and caudally; and parietaf oeeipital and temporal fibres 
terminate in the lateral pontine nuclei (Sehmahmann and Pandya 
1997). Motor and premotor projeetions are somatotopieally organized, 
such that the faee is represented rostrally and the hindlimb caudally in 
the nuclei. In monkeys, the majority of the eortieopontine fibres stem 
from motor, premotor and parietal areas. The prefrontal, general 
sensory and visual projeetions are relatively minor (Gliekstein et al 
1985). A prefrontal projeetion from the dorsal prefrontal cortex has 
been eonfirmed for humans (Beek 1950). Many eortieopontine fibres 
are eollaterals of axons that projeet to other targets in the brainstem 
and spinal eord ( Igolini and Kuypers 1986). The pontoeerebellar pro- 
jeetion is almost eompletely erossed. Fibres from the pontine nuclei 
aeeess the cerebellum via the middle eerebellar peduncle and terminate 
throughout the entire eerebellar cortex, with the exception of lobule X 
(nodulus). Visual eortieal mossy fibre input is found in the parafloee- 
ulus (tonsil, HIX). The pontoeerebellar projeetion is still ineompletely 
known; the relevant literature has been reviewed by Nieuwenhuys et al 
(2008) and by Voogd and Ruigrok (2012). Figure 22.22C is a simplified 
version of this projeetion (Gliekstein et al 1985). 

The nucleus reticularis tegmenti pontis (tegmental reticular nucleus 
of the pons) is loeated along the midline, dorsal to the pontine nuclei 
(see Fig. 22.22C). It gives rise to bilateral eomponents of the middle 
eerebellar peduncle and reeeives a projeetion from the eerebellar nuclei 


via the erossed deseending braneh of the superior eerebellar peduncle. 
The medial, visuomotor, division of the nucleus reticularis tegmenti 
pontis reeeives visuomotor afferents from the frontal eye fields, the 
eontralateral superior colliculus (the teetopontine traet) and other 
visuomotor eentres in the brainstem, and targets lobule VII, the visual 
vermis and the adjaeent ems I, the flocculus and the adjaeent ventral 
paraflocculus. The bilateral projeetion of its lateral, motor, portion 
overlaps with similar projeetions from the pontine nuclei. Mossy fibres 
from the nucleus reticularis tegmenti pontis provide the eerebellar 
nuclei with a eollateral innervation eomplementary to that of the lateral 
retiailar nucleus. An uncrossed eomponent of the teetopontine traet 
terminates in the dorsolateral eorner of the pontine nuclei, where it 
overlaps extrastriatal visual afferents. 

‘0CUL0M0T0R CEREBELLUM’ 


Traditionally, the flocculus and the nodulus are known as the Vestib- 
ulocerebellum' because they maintain afferent and efferent eonnee- 
tions with the vestibular system. They also belong to the fimetionally 
more eomprehensive oculomotor division of the cerebellum, which 
includes lobule VII (visual vermis), the adjaeent ansiform lobule, 
dorsal lobule IX (uvula), the ventral paraflocculus (the human aeees- 
sory paraflocculus) and the dorsal paraflocculus (the human tonsil). 
The mossy fibre projeetion of the nucleus prepositus hypoglossi, a key 
element in the saccade-producing system (Ch. 41), outlines the entire 
oculomotor cerebellum, with the exception of the dorsal paraflocculus 
(Belknap and McCrea 1988) (Fig. 22.23B). The fimetion of lobule X 
(nodulus) is not an exclusive oculomotor one because it also influences 
labyrinthine and postural reflexes and vegetative systems. 
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Fig. 22.22 The eortieopontoeerebellar system. A, The origin of eortieopontine fibres from the eerebral cortex in the monkey (macaque). B, The relative 
proportions of eortieopontine neurones in different areas of the eerebral cortex of the monkey, indieated in panel A. C, A transverse seetion through the 
pons showing the distribution of eortieopontine fibres in the pontine nuclei and the nucleus reticularis tegmenti pontis (NRTP). D, The flattened cortex 
of the monkey cerebellum showing the distribution of pontoeerebellar mossy fibres. (B, Modified from Gliekstein M, May JG, 3rd, Mereier BE 1985 
Corticopontine projeetion in the macaque: the distribution of labelled eortieal eells after large injeetions of horseradish peroxidase in the pontine nuclei. 
J Comp Neurol 235:343-359.) 
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Fig. 22.23 A, A flattened map of the eerebellar cortex of the mammalian cerebellum showing the distribution of vestibulocerebellar mossy fibres in 
orange. The hatehed lobules belong to the oculomotor cerebellum. B, The distribution of mossy fibres originating from the nucleus prepositus hypoglossi 
outlines the oculomotor cerebellum of the squirrel monkey, with the exception of the dorsal paraflocculus (PFLD). Other abbreviations: ANS, ansiform 
lobule; FL, flocculus; PETR, petrosal lobule; PFLV, ventral paraflocculus; PMD, paramedian lobule; Sl, simplex lobule; VII—X, lobules VII—X. (Reproduced 
with permission from Belknap DB, MeOrea RA 1988 Anatomieal eonneetions of the prepositus and abducens nuclei in the squirrel monkey. J Comp 
Neurol 268:13-28.) 




The oeiilomotor cerebellum is involved in long-term adaptation of 
saeeades, ocular stabilization reflexes and smooth pursuit (reviewed in 
Voogd et al (2012)). The role of the flocculus and the adjaeent ventral 
paraflocculus in long-term adaptation of the vestibulo-ocular reflex 
(VOR) has been extensively studied. It is one of the few instanees where 
the fhnetion of the cerebellum is elearly understood. 

Vestibulo-ocular reflex 


The VOR is an aneient reflex, being present in agnatha and fishes. It 
stabilizes the position of the retina in spaee, during movements of the 
head, by rotating the eyeball in the opposite direetion. The VOR is an 
open reflex; there is no time for a feed-baek eonneetion that would 
eompensate for inaccuracies in the execution of the reflex. This hmetion 
is taken over by the long-term adaptation of the reflex by the flocculus. 
The circuitry of the floeailm, similar to the VOR, is organized on the 
eoordinate system of the semicircular eanals (Simpson and Graf 1981, 
van der Steen et al 1994). The VOR eonsists of different eomponents. 
One eomponent eonneets the lateral (horizontal) semicircular eanal, 
via ooilomotor neurones in the vestibular nuclei, with the oculogyric 
muscles that move the eyes in a plane eo-linear with the plane of the 
lateral eanal (Fig. 22.24). The anterior semicircular eanal influences the 
ipsilateral superior oblique and the eontralateral inferior oblique 
muscles that move the eye in the plane of this eanal. (For fhrther details, 
see Chs 38 and 41.) 

Five Purkinje eell zones are present in the cortex of the flocculus and 
the adjaeent ventral paraflocculus. Apart from the C2 zone, loeated most 
medially, two pairs of zones occupy its lateral portion. Zones F1 and 
F3 eonneet with the oculomotor neurones in the vestibular nuclei, 
subserving the anterior eanal VOR. The F2 and F4 zones eonneet with 
oculomotor neurones of the horizontal eanal VOR. The flocculus and 
ventral paraflocculus reeeive vestibular mossy fibre input, relaying an 
efferent eopy of the output of the vestibulo-oculomotor neurones. They 
also reeeive elimbing fibre input, signalling retinal slip that oeoirs when 
the stabilization of the retina by the VOR is ineomplete. Retinal slip is 
pereeived by two groups of neurones in the meseneephalon. In the 
horizontal plane, it is relayed by the nucleus of the optie traet. This 
nucleus, loeated in the pretectum, reeeives fibres of the eontralateral 
optie nerve via the optie traet and projeets to the dorsal eap of the 
inferior olive, loeated dorsomedial to the caudal medial aeeessory olive 
(see Fig. 22.15). The dorsal eap provides the F2 and F4 zones with 
elimbing fibres. Retinal slip in the plane of the anterior eanal is eonveyed 
by the lateral and medial nuclei of the aeeessory system, which belong 
to a group of nuclei loeated on the periphery of the rostral mesen- 
eephalon, reeeiving optie nerve fibres from an offshoot of the optie 


nerve, known as the aeeessory optie traet. These nuclei projeet to the 
ventrolateral outgrowth of the inferior olive, loeated immediately rostral 
to the dorsal eap (see Fig. 22.15). The ventrolateral outgrowth innervates 
the F1 and F3 zones. Repeated simultaneous aetivation of the vestibular 
mossy fibre-parallel fibre input and the elimbing fibres, relaying retinal 
slip, induces plastie ehanges in the Purkinje eell output that eompen- 
sates for the retinal slip. Combinations of the horizontal and anterior 
eanal systems ensure eompensation of retinal slip in all possible planes. 
Knowledge of this system has been instmmental in the eoneept that 
elimbing fibres are earriers of error signals, used in eerebellar learning 
(Marr 1969, Ito 1982). 


NEUR0IMAGING AND THE FUNCTI0NAL DIVISIONS 
0F THE CEREBELLUM 


Mossy fibre projeetions have been studied in the human brain using 
fMRI. In the cerebellum, aetivity in elimbing fibres and Purkinje eells 
is overwhelmed by the massive aetivity of the mossy fibres (Diedrieh- 
sen et al 2010), which means that the modular organization of the 
cerebellum therefore eannot be visualized with this method. The divi- 
sion of the human cerebellum into anterior and posterior motor and 
intermediate non-motor portions has been observed in numerous 
neuroimaging studies (reviewed by Stoodley and Sehmahmann 
(2009 ). The somatotopieal loealization in eaeh hemisphere of the 
anterior lobe and the simplex and biventral lobules in the posterior 
lobe has been eonfirmed with fMRI (Grodd et al 2001, Buckner et al 
2011, Yeo et al 2011). A systematie somatotopieal gradient has been 
reported for the digits of the hand in the hemisphere of lobule V 
(Wiestler et al 2011). 

The emra of the ansiform lobule (HVII) are aetivated during the 
execution of eognitive tasks. More reeently, resting-state fhnetional eon- 
neetivity fMRI has been used to map topographieal eorrelations between 
remote, flmetionally coupled regions in the eerebral cortex and the 
cerebellum. Several hmetional networks in the eerebral cortex have been 
identified with this method (Yeo et al 2011) (Fig. 22.25). However, it 
does not provide information on the anatomieal eonneetions or the 
excitatory or inhibitory nature of the constituent areas of eaeh of these 
systems; eonneetions between the eerebmm and the cerebellum could 
be indireet, e.g. through eortieal assoeiation systems or brainstem nuclei 
other than the pontine nuclei. The networks are distributed in a mir- 
rored fashion in the anterior and posterior cerebellum. The default 
mode network, a network of brain regions that are aetive when an 
individual is not fooised on the outside world (Buckner et al 2008; 
Commentary 3.1), occupies a eentral position. 
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Fig. 22.24 The circuitry used by the 
flocculus in long-term adaptation of the 
vestibulo-ocular reflex (VOR). The 
system is organized in the planes of the 
semicircular eanals. For an explanation, 
see the text. Abbreviations: C2, C2 
Purkinje eell zone; DC, dorsal eap; 
F1-F4, floccular Purkinje eell zones 
F1-F4; VLO, ventrolateral outgrowth. 
(Modified with permission from Voogd J 
et al 2012 Visuomotor cerebellum in 
human and nonhuman primates. 
Cerebellum 11:392-410.) 
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Fig. 22.25 A map of the topographieal eorrelations between remote, functionally coupled regions in the human eerebral cortex and the cerebellum using 
resting state functional eonneetivity fMRI. A, Networks distinguished in the eerebral cortex. B, An anterior view of the human cerebellum showing regions 
that are functionally coupled to the different eerebral networks. C, A dorsal view of the human cerebellum. D, A caudal view of the human cerebellum. 
Abbreviation: FEF, frontal eye field. (A, Redrawn from Yeo BTT, Krienen FM, Sepulere J 2011 The organization of the human eerebral cortex estimated 
by intrinsie functional eonneetivity. J Neurophysiol 106:1125-1165; B-D, Reeonstmetions based on the transverse seetions illustrated in Buckner RJ, 
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The dieneephalon is part of the proseneephalon (forebrain), which 
develops from the foremost primary eerebral vesiele and differentiates 
into a caudal dieneephalon and rostral teleneephalon. The eerebral 
hemisphere develops from the side of the teleneephalon, eontaining a 
lateral ventriele. The sites of evagination beeome the interventricular 
foramina, through which the two lateral ventrieles and midline third 
ventriele communicate. The dieneephalon eorresponds largely to the 
structures that develop lateral to the third ventriele. The lateral walls of 
the dieneephalon form the epithalamus most superiorly, the thalamus 
eentrally, and the subthalamus and hypothalamus inferiorly. 



The thalaimis plays a emeial role in many brain hmetions, serving as a 
proeessing and distribution eentre, relaying and regulating information 
from the outside world and the internal milieu to the eerebral cortex 
and viee versa. It is involved in multiple aetivities, including conscious- 
ness, sleep, memory and sensory and motor fhnetions. Our inereasing 
understanding of the role of the thalamus is providing insights into 
pathologieal disorders of the brain and is opening up the possibility of 
targeting its various constituent mielei to treat a variety of disorders, 
including epilepsy, Parkinson's disease, pain and psyehiatrie disorders 
(fable 23.1; see "ig. 23.5) (For review, see Lozano and Lipsman 2013.) 

Morphologieally, the thalamus is a large ovoid nuclear mass, about 
4 em long, which borders the dorsal part of the third ventriele (Figs 
23.1-23.2). Its narrow anterior pole lies elose to the midline and forms 
the posterior boundary of the interventriailar foramen. Posteriorly, an 
expansion, the pulvinar, extends beyond the third ventriele to overhang 
the superior colliculus (see Fig. 21.5). The brachium of the superior 
colliculus (superior quadrigeminal brachium) separates the pulvinar 
above from the medial geniculate body below. A small oval elevation, 
the lateral geniculate body, lies lateral to the medial geniculate. 

The superior (dorsal) surface of the thalaimis is eovered by a thin 
layer of white matter, the stratum zonale. This curved surface is sepa- 
rated from the overlying body of the fornix by the ehoroid fissure with 
the tela ehoroidea within it. More laterally, it forms part of the floor of 
the lateral ventriele. The lateral border of the superior surface of the 
thalamus is marked by the stria terminalis and overlying thalamostriate 
vein, which separate the thalamus from the body of the caudate nucleus. 
Laterally, a slender sheet of white matter, the external medullary lamina, 
separates the main body of the thalaimis from the retioilar nucleus. 
Lateral to this, the thiek posterior limb of the internal capsule lies 
between the thalaimis and the lentiform complex. 

The medial surface of the thalaimis is the superior (dorsal) part of 
the lateral wall of the third ventriele. It is usually eonneeted to the 


Table 23.1 Thalamie deep brain stimulation targets 


indieation 

Target 

Referenees 

Pain 

VPI/VPm, PVG 

Boeeard et al 2013 

Tremor 

VL (Vim) 

Benabid et al 1991, Hubble et al 1996 

Epilepsy 

Anterior thalamus 

Hodaie et al 2002 

Obsessive-compulsive 

disorder 

Inferior thalamie 
peduncle 

Jiménez et al 2013 

Minimally conscious state 

CM (eentral thalamus) 

Giaeino et al 2012 

Tourette’s syndrome 

CM 

Piedad et al 2012 

Dystonia 

VL (Voa/Vop), VL (Vim) 

Cooper 1976, Tasker et al 1988 

Myoclonus-dystonia 

Vim 

Grnber et al 2010 


Abbreviations: CM, eentromedian nucleus of thalamus; PVG, periventricuiar grey; Vim, ventral intermediate 
nucleus of thalamus (nucleus ventrointermedius); VL, ventral lateral thalamie nucleus (nucleus 
ventrolateralis); Voa, nucleus ventro-oralis anterior; Vop, nucleus ventro-oralis posterior; VPI, ventral 
posterolateral nucleus; VPm, ventral posteromedial nucleus. 


eontralateral thalaimis by an interthalamie adhesion ( 7 ig. 18.10). The 
boundary with the hypothalaimis is marked by a faint hypothalamie 
sulcus, which curves from the upper end of the eerebral aqueduct to the 
interventrioilar foramen. The thalamus is continuous with the mid- 
brain tegmentum, the subthalamus and the hypothalaimis. 

Internally, the greater part of the thalaimis is divided into anterior, 
medial and lateral mielear groups by a vertieal Y-shaped sheet of white 
matter, the internal medullary lamina (Figs 23.3-23.4; Table 23.2). In 
addition, intralaminar nuclei lie embedded within the internal medul- 
lary lamina and midline nuclei abut the lateral walls of the third ven- 
triele. The reticular nucleus forms a shell-like lateral eovering to the 
main nuclear mass, separated from it by an external medullary lamina 
of nerve fibres. 

In general, thalamie nuclei both projeet to and reeeive fibres from 
the eerebral cortex (Jones 1985, Maeehi and Jones 1997) (see Fig. 23.4). 

The whole eerebral cortex, including neocortex, paleocortex of the piri- 
form lobe and archicortex of the hippoeampal formation, is reeiproeally 
eonneeted with the thalamus. The thalamus is the major route by which 
subcortical neuronal aetivity influences the eerebral cortex, and the 
greatest input to most thalamie mielei eomes from the eerebral cortex. 

The projeetion to the thalamus from the cortex is preeisely reeipro- 
eal; eaeh eortieal area projeets in a topographieally organized manner 
to all sites in the thalaimis from which it reeeives an input (see Fable 
23.2). Thalamoeortieal fibres terminate predominantly in layer IV of 
the cortex. Corticothalamic fibres that reeiproeate 'speeifie' thalamoeor- 
tieal pathways arise from modified pyramidal eells of layer VI, whereas 
those reeiproeating 'non-speeifie' inputs arise from typieal pyramidal 
eells of layer V, and may in part be axon eollaterals of other eortieo- 
subcortical pathways. 

It is oistomary to eonsider thalamie nuclei as either 'speeifie' nuclei, 
which mediate finely organized and preeisely transmitted sensory infor- 
mation to diserete eortieal sensory areas, or as 'non-speeifie nuclei, with 
less preeisely defined fimetions. 

The speeifie nuclei are fiirther subdivided into relay nuclei and asso- 
eiation mielei. However, many nuclei elassified as speeifie may also send 
non-speeifie projeetions to widespread eortieal areas. Similarly, the divi- 
sion of thalamie nuclei into relay and assoeiation groups rests on the 
assumption that relay nuclei reeeive a major subcortical pathway, 
whereas assoeiation nuclei are reeiproeally eonneeted to eortieal areas 
that are traditionally referred to as assoeiation areas and which reeeive 
their prineipal non-eortieal input from other subcortical structures. 



Corpus callosum 
Left thalamus 

Third ventriele 
Left hippocampus 

Left inner ear vestibular 
apparatus (semicircular eanals) 


Fig. 23.1 A eoronal T2-weighted magnetie resonanee image at the level 
of the thalamiis and third ventriele. (Courtesy of Professor Alan Jaekson, 
VVolfson Molecular Imaging Centre, The llniversity of Manehester, 
Manehester, UK.) 
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Fig. 23.2 The prineipal parts of the dieneephalon and 
basal ganglia, eoronal seetion. 


Table 23.2 Main thalamie mielei and their major afferent and efferent eonneetions 


Group 

Nucleus 

Major subcortical 
eonneetion 

Major eortieal 
eonneetions 

System 

Anterior 

Anterior 

Mammillary bodies 
(MTT) 

Cingulate and 
parahippoeampal 
gyrns 

Relay limbie 

Medial 

Lateral 

Dorsomedial 

Amygdala, thalamie 
nuclei 

Prefrontal cortex 

Assoeiation 

Ventral 

VA 

GPi, SNr 

Premotor cortex 

Relay motor 


VL 

Ipsilateral GPi, 
eontralateral 
cerebellum 

Supplementary and 
primary motor 
cortex 

Relay motor 


VPI, VPm 

STT to VPI, TTT to 
VPm, MLT to 
anterior surface 

Somatosensory 
cortex, insula 

Relay sensory 


LGB 

Optie traet 

Visual cortex 

Visual 


MGB 

Auditory pathway 
(inferior brachium) 

Auditory cortex 

Auditory 

Dorsal 

Pulvinar - LP 

LD 

Superior colliculus 

Pretectum and 
superior colliculus 

Parieto-oeeipito- 

temporal 

Cingulate, 

parahippocampus 

Assoeiation 

Intralaminar 

Reticular 

CM 

GPi, cerebellum 

Widespread 

eonneetions 

Striatum, motor 
cortex 

Widespread 

eonneetions 



Abbreviations: CM, eentromedian nucleus of thalamus; GPi, internal segment of globus pallidus; LD, lateral 
dorsal nucleus of thalamus; LGB, lateral geniculate body; LP, lateral posterior nucleus of thalamus; MGB, 
medial geniculate body; MLT, medial lemniseal traet; MTT, mammillothalamie traet; SNr, substantia nigra 
pars reticularis; STT, spinothalamie traet; TTT, trigeminothalamie traet; VA, ventral anterior nucleus; 

I VL, ventral lateral nucleus; VPI, ventral posterolateral nucleus; VPm, ventral posteromedial nucleus. 


There is little evidenee of signifieant intrathalamie eonneetivity, but 
there are inereasing indieations of non-eortieal afferent pathways linked 
to so-ealled assoeiation nuclei; the extensive eonneetivity between the 
reticular nucleus and other thalamie nuclei is a notable exception. 

ANTERIOR THALAMIO NUCLEI 


The anterior group of nuclei lie between the arms of the Y-shaped 
internal medullary lamina, and underlie the anterior thalamie tubercle 
(see Figs 21.5, 23.4). Three subdivisions are reeognized: the largest 
is the anteroventral nucleus, the others being the anteromedial and 
anterodorsal nuclei. 


The anterior nuclei are the prineipal reeipients of the mammil- 
lothalamie traet, which arises from the mammillary nuclei of the 
hypothalamus. 

The mammillary nuclei reeeive fibres from the hippoeampal forma- 
tion via the fornix. The medial mammillary nucleus projeets to the 
ipsilateral anteroventral and anteromedial thalamie nuclei, and the 
lateral mammillary nucleus projeets bilaterally to the anterodorsal 
nuclei. The nuclei of the anterior group also reeeive a prominent eholin- 
ergie input from the basal forebrain and the brainstem. 

The eortieal targets of efferent fibres from the anterior nuclei of the 
thalamus lie largely on the medial surface of the hemisphere. They 
include the anterior limbie area (in front of and inferior to the corpus 
callosum), the cingulate gyms and the parahippoeampal gyms (includ- 
ing the medial entorhinal cortex and the presubiculum and parasubicu- 
lum). There also appear to be minor eonneetions between the anterior 
nuclei and the dorsolateral prefrontal and posterior areas of neocortex. 
The anterior thalamie nuclei are believed to be involved in the regula- 
tion of alertness and attention and in the acquisition of memory. 


MEDIAL THALAMIC NUCLEI 


The single eomponent of this thalamie region is the mediodorsal or 
dorsomedial nucleus, which is particularly large in humans. Laterally, 
it is limited by the internal medullary lamina and intralaminar nuclei. 

Medially, it abuts the midline parataenial and reuniens (medioventral) 
nuclei. It is divided into anteromedial magnocellular and posterolateral 
parvocellular parts. 

The smaller magnocellular division reeeives olfaetory input from 
the piriform and adjaeent cortex, the ventral pallidum, and the 
amygdala. 

The mediobasal amygdaloid nucleus projeets to the dorsal part of 
the anteromedial magnocellular nucleus, and the lateral nuclei projeet 
to the more eentral and anteroventral regions. The anteromedial mag- 
nocellular nucleus projeets to the anterior and medial prefrontal cortex, 
notably to the lateral posterior and eentral posterior olfaetory areas on 
the orbital surface of the frontal lobe. In addition, fibres pass to the 
ventromedial cingulate cortex and some to the inferior parietal cortex 
and anterior insula. These eortieal eonneetions are reeiproeal. 

The larger, posterolateral parvocellular division eonneets reeiproeally 
with the dorsolateral and dorsomedial prefrontal cortex, the anterior 
cingulate gyms and the supplementary motor area. In addition, efferent 
fibres pass to the posterior parietal cortex. 

The mediodorsal nucleus appears to be involved in a wide variety of 
higher fimetions. Damage may lead to a deerease in anxiety, tension, 
aggression or obsessive thinking. There may also be transient amnesia, 351 
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Fig. 23.3 The main nuclear aggregations of eell bodies in the 
dieneephalon, eoronal seetions. A, At the level of the mammillary bodies. 
B, At the level of the tuber cinereum. Note the variations in eell size, 
shape and paeking density, vvhieh eharaeterize the nuclear masses of the 
thalamus, subthalamus and hypothalamus at these levels. 


with eonflision developing particularly over the passage of time. Much 
of the neuropsychology of medial nuclear damage refleets defeets in 
fhnetions similar to those performed by the prefrontal cortex, with 
which it is elosely linked. The effeets of ablation of the mediodorsal 
nuclei parallef in part, the results of prefrontal lobotomy. 


LATERAL THALAMIC NUCLEI 


The lateral nuclear complex, lying lateral to the internal medullary 
lamina, is the largest division of the thalamus. It is divided into dorsal 
and ventral tiers of nuclei. The lateral dorsal nucleus, lateral posterior 
nucleus and the pulvinar all lie dorsally. The lateral and medial genicu- 
late nuclei lie inferior to the pulvinar near the posterior pole of the 
thalamus. The ventral-tier nuclei are the ventral anterior, ventral lateral 
and ventral posterior nuclei. 

Ventral anterior nucleus 


The ventral anterior (VA) nuclear complex lies at the anterior pole of 
the ventral nuclear group. It is limited anteriorly by the reticular nucleus 
and posteriorly by the ventral lateral nucleus, and lies between the 
external and internal medullary laminae. It eonsists of a prineipal part 


(VApe) and a magnoeelhilar part (VAme). The subcortical eonneetions 
to this region are largely ipsilateral from the internal pallidum and the 
pars retiailaris of the substantia nigra. The terminal fields from these 
origins do not overlap. Fibres from the globus pallidus end in the prin- 
eipal part of the ventral anterior nuclear complex. The substantia nigra 
projeets to the magnocellular part of the ventral anterior nuclear 
complex. Corticothalamic fìbres from the premotor cortex (area 6) 
terminate in the prineipal part and fìbres from the frontal eye field (area 
8) terminate in the magnocellular part. The ventral anterior thalamus 
does not appear to reeeive fìbres direetly from the motor cortex. The 
efferent projeetions from the ventral anterior nuclear complex are 
ineompletely known. Some pass to intralaminar thalamie nuclei and 
others projeet to widespread regions of the frontal lobe and to the 
anterior parietal cortex. Their hmetions are unclear. The ventral anterior 
thalamus appears to play a eentral role in the transmission of the eorti- 
eal 'reemiting response', a phenomenon in which stimulation of the 
thalaimis ean initiate long-lasting, high-voltage, repetitive negative elee- 
trieal waves over much of the eerebral cortex. 


Ventral lateral nucleus 


The ventral lateral (VL) nucleus eonsists of two major divisions with 
distinetly different eonneetions and fhnetions. The anterior division, or 
pars oralis (VLo), reeeives topographieally organized fìbres from the 
ipsilateral internal pallidum. The posterior division, or pars caudalis 
(VLe), reeeives topographieally organized fìbres from the eontralateral 
deep eerebellar nuclei. Additional subcortical projeetions have been 
reported from the spinothalamie traet and the vestibular nuclei. Numer- 
ous eortieal afferents to both the pars oralis and the pars caudalis origi- 
nate from preeentral motor eortieal areas, including both area 4 and 
area 6. 

The pars oralis of the ventral lateral nucleus sends efferent fibres to 
the supplementary motor cortex on the medial surface of the hemi- 
sphere and to the lateral premotor cortex. The pars caudalis of the 
ventral lateral nucleus projeets efferent fibres to the primary motor 
cortex, where they end in a topographieally arranged fashion. The head 
region of area 4 reeeives fìbres from the medial part of pars caudalis, 
and the leg region reeeives fìbres from the lateral pars caudalis. 

Approximately 70% of ventral lateral neurones are large relay neu- 
rones, and the other 30% are loeal circuit interneurones. Responses ean 
be reeorded in ventral lateral thalamie neurones during both passive 
and aetive movement of the eontralateral body. The topography of its 
eonneetions, and reeordings made within the nucleus, suggest that the 
pars caudalis eontains a body representation eomparable to that in the 
ventral posterior nucleus. In patients with tremor, clusters of ventral 
lateral neurones fìre in bursts that are synchronous with peripheral 
tremor: these eells have been designated as 'tremor eells'. 

Stereotaxic surgery of the ventral lateral nucleus is sometimes used 
in the treatment of essential tremor (see Lable 23.1; Fig. 23.5). In the 
past, thalamotomy was used extensively for the treatment of Parkinson's 
disease. The internal pallidum and the subthalamic nucleus are now 
the preferred neurosurgical targets for Parkinson's disease. 



Ventral posterior nucleus 



The ventral posterior (VP) nucleus is the prineipal thalamie relay for 
the somatosensory pathways. It is thought to eonsist of two major divi- 
sions: the ventral posterolateral (VPl) and ventral posteromedial (VPm) 
nuclei. The ventral posterolateral nucleus reeeives the medial lemniseal 
and spinothalamie pathways, and the ventral posteromedial nucleus 
reeeives the trigeminothalamie pathway. Connections from the vestibu- 
lar nuclei and lemniseal fìbres terminate along the ventral surface of the 
ventral posterior nucleus. 

There is a well-ordered topographie representation of the body in 
the ventral posterior nucleus. The ventral posterolateral nucleus is 
organized so that saeral segments are represented laterally and eervieal 
segments medially. The latter abut the faee area of representation 
(trigeminal territory) in the ventral posteromedial nucleus. Taste fìbres 
synapse most anteriorly and ventromedially within the ventral postero- 
lateral nucleus. 

At a more detailed level, single body regions are represented as 
curved lamellae of neurones, parallel to the lateral border of the VP 
nucleus, such that there is a continuous overlapping progression of 
adjaeent reeeptive fields from dorsolateral to ventromedial. Consider- 
ably less ehange in loeation of reeeptive field on the body is seen when 
passing anteroposteriorly through the nucleus. While not preeisely der- 
matomal in nature, these curvilinear lamellae of eells probably derive 
from afferents related to a few adjaeent spinal segments. There is 
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Fig. 23.5 Magnetie resonanee images from four different patients with neurological or psyehiatrie disorders, showing the position of deep brain- 
stimulating (DBS) eleetrodes. A, Bilateral anterior thalamie DBS for epilepsy. B, Left thalamie DBS for pain, with eleetrodes in the sensory relay nucleus 
(ventral caudal nucleus of the thalamus) laterally and the periventricular grey medially. C, DBS eleetrode in the ventral intermediate nucleus of the 
thalamus in a patient with essential tremor. D, Bilateral inferior thalamie peduncle DBS eleetrodes in a patient with obsessive-compulsive disorder. 
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Fig. 23.4 The main nuclear masses of the thalamus (vievved from the lateral aspeet in the lovver illustration), colour-coded to indieate the areas of 
eerebral neocortex vvith vvhieh they are intereonneeted. The laek of colour in the eentromedian, intralaminar and reticular nuclei and in areas of the frontal 
and temporal lobes is not related to the colour eode. The reticular nucleus lies lateral to the main mass of the thalamus. Only the anterior pole of the 
reticular nucleus is shovvn, its posterior extent being depieted by the heavy intermpted line. 


eonsiderable distortion of the body map within the nnelens, refleeting 
the differenees in the density of peripheral innervation that occur in 
different body regions, e.g. many more neurones respond to stimula- 
tion of the hand than of the tmnk. VVithin a single lamella, neurones 
in the anterodorsal part of the nucleus respond to deep stimnli, includ- 
ing movement of joints, tendon streteh, and manipulation of muscles. 
Most ventrally, neurones onee again respond to deep stimuli, particu- 
larly tapping. Intervening eells within a single lamella respond only to 
cutaneous stimuli. This organization has been eonfìrmed by reeordings 
made in the human ventral posterior nucleus. 

The ventral posterior nucleus projeets to the primary somatie sensory 
cortex (SI) of the posteentral gyms and to the seeond somatie sensory 
area (SII) in the parietal operculum. The posterior part of the ventral 
posteromedial nucleus projeets to the insular cortex. Within the primary 
sensory cortex, the eentral cutaneous eore of the ventral posterior 
nucleus projeets solely to area 3b; dorsal and ventral to this, a narrow 
band of eells projeets to both area 3b and area 1. The most dorsal and 
ventral deep stimulus reeeptive eells projeet to areas 3a and 2. The 
whole nucleus projeets to the seeond somatie sensory area. 

Medial geniculate nucleus 


The medial geniculate nucleus, which is a part of the auditory pathway, 
is loeated within the medial geniculate body, a rounded elevation situ- 
ated posteriorly on the ventrolateral surface of the thalamus, and sepa- 
rated from the pulvinar by the superior quadrigeminal brachium. It 
reeeives fìbres travelling in the inferior quadrigeminal brachium. Three 
major subnuclei - medial, ventral and dorsal - are reeognized within 
it. The inferior brachium separates the medial (magnocellular) nucleus, 
which eonsists of sparse, deeply staining neurones, from the lateral 
nucleus, which is made up of medium-sized, densely paeked and darkly 
staining eells. The dorsal nucleus overlies the ventral nucleus and 
expands posteriorly; it is, therefore, sometimes known as the posterior 
nucleus of the medial geniculate. It eontains small- to medium-sized, 


pale-staining eells, which are less densely paeked than those of the 
lateral nucleus. The ventral nucleus reeeives fìbres from the eentral 
nucleus of the ipsilateral inferior colliculus via the inferior quadrigemi- 
nal brachium and also from the eontralateral inferior colliculus. The 
nucleus eontains a eomplete tonotopie representation. Low-pitched 
sounds are represented laterally, and progressively higher-pitehed 
sounds are encountered as the nucleus is traversed from lateral to 
medial. The dorsal nucleus reeeives afferents from the perieentral 
nucleus of the inferior colliculus and from other brainstem nuclei of 
the auditory pathway. A tonotopie representation has not been deseribed 
in this subdivision and eells within the dorsal nucleus respond to a 
broad range of frequencies. The magnocellular medial nucleus reeeives 
fìbres from the inferior colliculus and from the deep layers of the 
superior colliculus. Neurones within the magnocellular subdivision 
may respond to modalities other than sound. However, many eells 
respond to auditory stimuli, usually to a wider range of frequencies 
than neurones in the ventral nucleus. Many units show evidenee of 
binaural interaetion, with the leading effeet arising from stimuli in the 
eontralateral eoehlea. The ventral nucleus projeets primarily to the 
primary auditory cortex. The dorsal nucleus projeets to auditory areas 
surrounding the primary auditory cortex. The magnocellular division 
projeets diffusely to auditory areas of the cortex and to adjaeent insular 
and operailar fìelds. 


Lateral geniculate nucleus 



The lateral geniculate body, which is part of the visual pathway, is a 
small, ovoid, ventral projeetion from the posterior thalamus (see Figs 
21.5, 23.4). The superior quadrigeminal brachium enters the postero- 
medial part of the lateral geniculate body dorsally, lying between the 
medial geniculate body and the pulvinar. 

The lateral geniculate nucleus is an inverted, somewhat flattened, 
U-shaped nucleus and is laminated (Fig. 23. 6A). Its internal organiza- 
tion is usually deseribed on the basis of six laminae, although seven or 
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Dieneephalon 


Single lemniseal axons have an extended anteroposterior terminal 
zone within the nucleus. Rods of eells mnning the length of the antero- 
posterior, dorsoventrally orientated, lamellae respond with elosely 
similar reeeptive field properties and loeations, derived from a small 
bundle of lemniseal afferents. It appears, therefore, that eaeh lamella 
eontains the eomplete representation of a single body part, e.g. a finger. 
Lamellae eonsist of multiple narrow rods of neurones, orientated 
anteroposteriorly, eaeh of which reeeives input from the same small 
region of the body that is represented within the lamella, and from the 
same type of reeeptors. These thalamie 'rods' form the basis for both 
plaee- and modality-speeifie input to eohimns of eells in the somatie 
sensory cortex. Spinothalamie traet afferents to the ventral posterola- 
teral nucleus terminate throughout the nucleus. The neurones from 
which these axons originate appear to be mainly of the wide-dynamic- 
range' elass, responding to both low-threshold meehanoreeeptors and 
high-threshold noeieeptors; a smaller proportion of neurones respond 
exclusively to high-threshold noeieeptors. Some neurones respond to 
temperature ehanges. There is evidenee that spinothalamie traet neu- 
rones earrying noeieeptive and thermal information terminate in a 
distinet nuclear area, identified as the posterior part of the ventral 
medial nucleus (VMpo). 
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eight may be present. The laminae are numbered 1-6, from the inner- 
most ventral to the outermost dorsal (Fig. 23.6BC). Laminae 1 and 2 
eonsist of large eells, the magnocellular layers, whereas layers 4-6 have 
smaller neurones, the parvocellular laminae. The apparent gaps between 
laminae are ealled the interlaminar zones. Most ventrally, an additional 
superficiaf or S, lamina is reeognized. 

The lateral geniculate nucleus reeeives a major afferent input from 
the retina. The eontralateral nasal hemiretina projeets to laminae 1, 4 
and 6, whereas the ipsilateral temporal hemiretina projeets to laminae 
2, 3 and 5. The parvocellular laminae reeeive axons predominantly of 
X-type retinal ganglion eells, i.e. more slowly conducting eells with 
sustained responses to visual stimuli. The faster-conducting, rapidly 
adapting Y-type retinal ganglion eells projeet mainly to the magnoeel- 
lular laminae 1 and 2, and give off axonal branehes to the superior 
colliculus. A third type of retinal ganglion eell, the W eells, which have 
large reeeptive fields and slow responses, projeet to both the superior 
colliculus and the lateral geniculate nucleus, where they terminate par- 
ticularly in the interlaminar zones and in the S lamina. 

The lateral geniculate nucleus is organized in a visuotopic manner 
and it eontains a preeise map of the eontralateral visual field. The verti- 
eal meridian is represented posteriorly, the peripheral anteriorly, the 
upper field laterally, and the lower field medially. Similar preeise, point- 
to-point representation is also found in the projeetion of the lateral 
geniculate nucleus to the visual cortex. Radially arranged inverted pyra- 
mids of neurones in all laminae respond to a single small area of the 
eontralateral visual field and projeet to a circumscribed area of cortex. 
The termination of geniculocortical axons in the visual cortex is eon- 
sidered in detail elsewhere. 

The efferent fibres of the lateral geniculate nucleus pass prineipally 
to the primary visual cortex (area 17) in the banks of the ealearine 
sulcus. It is possible that additional small projeetions pass to extrastriate 
visual areas in the oeeipital lobe, possibly arising primarily in the inter- 
laminar zones. For fhrther reading on proeessing in the lateral genicu- 
late nucleus, see Casagrande and iehida (2011). 

Lateral dorsal nucleus 


The lateral dorsal nucleus is the most anterior of the dorsal tier of lateral 
nuclei. Its anterior pole lies within a splitting of the internal medullary 
lamina, and posteriorly it merges with the lateral posterior nucleus. 
Subcortical afferents to the lateral dorsal nucleus are from the pretectum 
and superior colliculus. It is eonneeted with the cingulate, retrosplenial 
and posterior parahippoeampal eortiees, the presubiculum of the hip- 
poeampal formation, and the parietal cortex. 

Lateral posterior nucleus 


The lateral posterior nucleus, which lies dorsal to the ventral posterior 
nucleus, reeeives its subcortical afferents from the superior colliculus. 
It is reeiproeally eonneeted with the superior parietal lobe. Additional 
eonneetions have been reported with the inferior parietal, cingulate and 
medial parahippoeampal cortex. 


L M 

6 3 2 1 


L: lateral 

M: medial 

1-6: eell laminae 

Fig. 23.6 A, A eoronal seetion showing the lateral geniculate nucleus. 
B-C, Coronal seetions through the lateral geniculate nucleus illustrating 
the laminar arrangement of neurones (B) near its eentral region and (C) 
near its posterior pole. (A, Photograph by Kevin Fitzpatriek, London.) 


Pulvinar 


The pulvinar eorresponds to the posterior expansion of the thalamus, 
which overhangs the superior colliculus (see Fig. 21.5). It has three 
major subdivisions, which are the medial, lateral and inferior pulvinar 
nuclei. The medial pulvinar nucleus is dorsomedial and eonsists of 
eompaet, evenly spaeed neurones. The inferior pulvinar nucleus lies 
laterally and inferiorly, and is traversed by bundles of axons in the 
mediolateral plane, an arrangement that eonfers a fragmented appear- 
anee of horizontal eords or sheets of eells separated by fibre bundles. 
The inferior pulvinar nucleus lies most inferiorly and laterally, and is a 
more homogeneous eolleetion of eells. 

The subcortical afferents to the pulvinar are uncertain. Medial and 
lateral pulvinar nuclei may reeeive fibres from the superior colliculus. 
It has been suggested that the inferior pulvinar nucleus reeeives fibres 
both from the superior colliculus and direetly from the retina, and that 
it eontains a eomplete retinotopie representation. 

The eortieal targets of efferent fibres from the pulvinar are wide- 
spread. In essenee, the medial pulvinar nucleus projeets to assoeiation 
areas of the parietotemporal cortex, whereas lateral and inferior pulvi- 
nar nuclei projeet to visual areas in the oeeipital and posterior tempo- 
ral lobes. Thus, the inferior pulvinar nucleus eonneets with the striate 
and extrastriate cortex in the oeeipital lobe, and with visual assoeiation 
areas in the posterior part of the temporal lobe. The lateral pulvinar 
nucleus eonneets with extrastriate areas of the oeeipital cortex, with 



















































Dieneephalon 


Aside from retinal afferents, the lateral geniculate nucleus reeeives a 
major eortieothalamie projeetion, the axons of which ramify densely in 
the interlaminar zones. The major part of this projeetion arises from 
the primary visual cortex, Brodmann's area 17, but smaller projeetions 
from extrastriate visual areas pass to the magnocellular and S laminae. 
Other afferents include: fibres from the superficial layer of the superior 
colliculus (which terminate in the interlaminar zone between laminae 
1 and 2, and 2 and 3, and around lamina S); noradrenergie fibres from 
the locus coeruleus; serotoninergie afferents from the midbrain raphe 
nuclei; and eholinergie fibres from the pontine and meseneephalie 
reticular formation. 








Hypothalamus 


posterior parts of the temporal assoeiation cortex and with the parietal 
cortex. The medial pulvinar nucleus eonneets with the inferior parietal 
cortex, with the posterior cingulate gyms and with the widespread 
areas of the temporal lobe, including the posterior parahippoeampal 
gyms and perirhinal and entorhinal cortex. It also has extensive eon- 
neetions with prefrontal and orbitofrontal eortiees. Similarly, the 
lateral pulvinar nucleus may also eonneet with the rostromedial pre- 
frontal cortex. 

Little is known of the hmetions of the pulvinar. The inferior pulvinar 
nucleus eontains a eomplete retinotopie representation, and lateral and 
medial pulvinar nuclei also eontain visually responsive eells. However, 
the latter nucleus, at least, is not purely visual - other modality responses 
ean be reeorded and some eells may be polysensory. Given the complex- 
ity of hmetions of the assoeiation areas to which they projeet, particu- 
larly in the temporal lobe (e.g. pereeption, eognition and memory), it 
is likely that the role of the pulvinar in modulating these fhnetions is 
equally complex. 

Anteriorly, the major subdivisions of the pulvinar blend into a 
poorly differentiated region, within which several mielear eomponents 
have been reeognized, including the anterior or oral pulvinar, the supra- 
geniculate limitans nucleus and the posterior nuclei. The eonneetivity 
of this complex is also not well understood. It is reeognized that differ- 
ent eomponents reeeive subcortical afferents from the spinothalamie 
traet and the superior and inferior colliculi. Cortical eonneetions eentre 
primarily on the insula and adjaeent parts of the parietal operculum 
posteriorly. Stimulation of this region has been reported to elieit pain, 
and large lesions may alleviate painfiil eonditions. Similarly, excision 
of its eortieal target in the parietal operculum, or small infarets in this 
eortieal region, may result in hypoalgesia. 

INTRALAMINAR NUCLEI 


The term intralaminar nuclei refers to eolleetions of neurones within 
the internal medullary lamina of the thalamus (see Fig. 23.4). Two 
groups of nuclei are reeognized. The anterior (rostral) group is subdi- 
vided into eentral medial, paraeentral and eentral lateral nuclei. The 
posterior (caudal) intralaminar group eonsists of the eentromedian and 
parafaseiailar nuclei. The designations eentral medial and eentrome- 
dian are open to eonfhsion; however, they are an aeeepted part of the 
terminology of thalamie mielei in eommon usage. The eentromedian 
nucleus is much larger, is eonsiderably expanded in humans in eom- 
parison with other speeies, and is importantly related to the globus 
pallidus, deep eerebellar nuclei and motor cortex. Anteriorly, the inter- 
nal medullary lamina separates the mediodorsal nucleus from the 
ventral lateral complex. It is occupied by the paraeentral nucleus later- 
ally, and the eentral medial nucleus ventromedially, as the two laminae 
eonverge towards the midline. A little more posteriorly, the eentral 
lateral nucleus appears dorsally in the lamina as the latter splits to 
enelose the lateral dorsal nucleus. More posteriorly, at the level of 
the ventral posterior nucleus, the lamina splits to enelose the ovoid 
eentromedian nucleus. The smaller parafascicular nucleus lies more 
medially. 

The anterior intralaminar mielei, i.e. eentral medial, paraeentral and 
eentral lateral, have reeiproeal eonneetions with widespread eortieal 
areas. There is some evidenee of areal preferenee: the eentral lateral 
nucleus projeets mainly to parietal and temporal assoeiation areas; the 
paraeentral nucleus to oeeipitotemporal and prefrontal cortex; and the 
eentral medial nucleus to orbitofrontal and prefrontal cortex and to the 
cortex on the medial surface. In eontrast, the posterior nuclei, i.e. een- 
tromedian and parafascicular mielei, have more restrieted eonneetions, 
prineipally with the motor, premotor and supplementary motor areas. 
Both anterior and posterior intralaminar nuclei also projeet to the 
striatum. Many eells throughout the anterior mielei have branehed 
axons, which pass to both the cortex and the striatum. Dual projeetions 
are less frequent in the posterior nuclei. The thalamostriate projeetion 
is topographieally organized. The posterior intralaminar nuclei reeeive 
a major input from the internal pallidum. Additional afferents eome 
from the pars retioilaris of the substantia nigra, the deep eerebellar 
nuclei, the pedunculopontine nucleus of the midbrain, and possibly 
the spinothalamie traet. The anterior nuclei have widespread subcortical 
afferents. The eentral lateral nucleus reeeives afferents from the spi- 
nothalamie traet, and all eomponent nuclei reeeive fìbres from the 
brainstem reticular formation, the superior colliculus and several pre- 
teetal nuclei. Afferents to all intralaminar nuclei from the brainstem 
reticular formation include a prominent eholinergie pathway. 

The preeise fhnetional role of the intralaminar mielei is unclear. They 
appear to mediate eortieal aetivation from the brainstem reticular for- 
mation and to play a part in sensory-motor integration. Damage to the 


intralaminar nuclei may contribute to thalamie negleet, i.e. the unilat- 
eral negleet of stimuli originating from the eontralateral body or extra- 
personal spaee. This may arise particularly from unilateral damage to 
the centromedian-parafascicular complex. The latter has been targeted 
in humans for the neurosurgical eontrol of pain and epilepsy. Bilateral 
injury to the posterior intralaminar nuclei leads to a kinetie mutism 
with apathy and loss of motivation. A seeond syndrome assoeiated with 
damage involving the intralaminar nuclei is that of unilateral motor 
negleet, in which there is eontralateral paucity of spontaneous move- 
ment and motor aetivity. 

MIDLINE NUCLEI 


There is eonsiderable divergenee between different authors as to which 
elements of the medial dieneephalon constitute the nuclei of the 
midline thalamie group. In the present account, the midline group of 
nuclei includes those medial thalamie structures ventral to the eentral 
medial nucleus, i.e. the rhomboid and reuniens nuclei, together with 
the parataenial nuclei more dorsolaterally. 

The midline nuclei reeeive subcortical afferent fìbres from the 
hypothalamus, the periaqueductal grey matter of the midbrain, the 
spinothalamie traet and the medullary and pontine reticular formation. 
They are the major thalamie target of aseending noradrenergie and 
serotoninergie axons from the locus coeruleus and raphe nuclei respee- 
tively, and they also reeeive a eholinergie input from the midbrain. 
Efferents from the midline nuclei pass to the hippoeampal formation, 
the amygdala and the nucleus accumbens. Additional thalamoeortieal 
axons reaeh the cingulate, and possibly orbitofrontal, cortex. The dual 
eortieal and basal nuclear relationship of these nuclei has often led to 
their being eonsidered a part of the intralaminar system. The eortieal 
projeetions are reeiproeal. The relationships of the midline nuclei 
elearly identify them as part of the limbie system. There is some evi- 
denee that they may play a role in memory and arousal, and, pathologi- 
eally, may be important in the regulation of seizure aetivity. 

RETICULAR NUCLEUS 


The reticular nucleus is a oirved lamella of large, deeply staining fusi- 
form eells that wraps around the lateral margin of the thalamus, sepa- 
rated from it by the external medullary lamina. Anteriorly, it oirves 
around the rostral pole of the thalamus to lie between it and the pre- 
thalamie nuclei, notably the bed nucleus of the stria terminalis. The 
nucleus is so named because it is eriss-erossed by bundles of fìbres that, 
as they pass between thalamus and cortex, produce a reticular 
appearanee. 

The nucleus is thought to reeeive eollateral branehes of eortieotha- 
lamie, thalamoeortieal and probably thalamostriatal and pallidotha- 
lamie fìbres as they traverse it. It reeeives an additional, probably 
eholinergie, afferent pathway from the nucleus cuneiformis of the mid- 
brain. Broadly speaking, the afferents from the cortex and thalamus 
are topographieally arranged. The reticular nucleus eontains visual, 
somatie and auditory regions, eaeh with a emde topographie represen- 
tation of the sensorium eoneerned. Cells within these regions respond 
to visual, somatie or auditory stimuli with a lateney, suggesting that 
these properties arise from aetivation by thalamoeortieal axon eollater- 
als. Only in areas where representations abut do eells show modality 
eonvergenee. 

The efferent fibres from the reticular nucleus pass into the body of 
the thalaimis and are GABAergie. The projeetions into the main tha- 
lamie nuclei broadly, but not entirely, reeiproeate the thalamoreticular 
eonneetions. There may also be projeetions to the eontralateral dorsal 
thalaimis. The reticular nucleus is believed to fhnetion in gating infor- 
mation relayed through the thalaimis. 


HYPOTHALAMUS 


The hypothalamus eonsists of only 4 em 3 of neural tissue, or 0.3% of 
the total brain. Nevertheless, it eontains the integrative systems that, via 
the autonomic and endoerine effeetor systems, eontrol fluid and elee- 
trolyte balanee, food ingestion and energy balanee, reproduction, ther- 
moregulation, and immune and many emotional responses. 

The hypothalamus extends from the lamina terminalis to a vertieal 
plane posterior to the mammillary bodies, and from the hypothalamie 
sulcus to the base of the brain beneath the third ventriele. It lies beneath 
the thalamus (see Fig. 16.6) and anterior to the tegmental part of 
the subthalamus and the meseneephalie tegmentum. Laterally, it is 355 
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Fig. 23.7 The inferior aspeet of the hypothalamus and surrounding 
structures. The cut end of the troehlear nerve on the left side has folded 
during proeessing. (Photograph by Kevin Fitzpatriek, London.) 


bordered by the anterior part of the snbthalanms, internal capsule and 
optie traet. Structures in the floor of the third ventriele reaeh the pial 
surface in the interpeduncular fossa. From anterior to posterior they are 
the optie ehiasma, the tuber cinereum, the median eminenee and the 
infundibular stalk, the mammillary bodies and the posterior perforated 
substance (Fig. 23.7). The latter lies in the interval between the diverg- 
ing emra eerebri, and is piereed by small eentral branehes of the poste- 
rior eerebral arteries. It eontains the small interpeduncular nucleus, 
which reeeives terminals of the fasciculus retroflexus (habenulo- 
interpeduncular traet) of both sides, and has other eonneetions with 
the meseneephalie reticular formation and mammillary bodies. 

The mammillary bodies are smooth, hemispherieal, pea-sized emi- 
nenees, lying side by side, anterior to the posterior perforated substance, 
eaeh with nuclei enelosed in faseieles of fibres derived largely from the 
fornix. The tuber cinereum, between the mammillary bodies and the 
optie ehiasma, is a convex mass of grey matter. From it, the median, 
eonieal, hollow infundibulum beeomes continuous ventrally with the 
posterior lobe of the pituitary. Around the base of the infundibulum is 
the median eminenee, which is demareated by a shallow tubero- 
infundibular sulcus. 

Hypothalamie lesions have long been linked with widespread and 
bizarre endoerine syndromes and with metabolie, viseeral, motor and 
emotional disturbances. The hypothalamus has major interaetions with 
the neuroendocrine system and the autonomic nervous system, inte- 
grating responses to both internal and external afferent stimuli with the 
complex analysis of the world provided by the eerebral cortex. 

The hypothalamus eontrols the endoerine system in a variety of 
ways: through magnocellular neurosecretory projeetions to the poste- 
rior pituitary; through parvocellular neurosecretory projeetions to the 
median eminenee (these eontrol the endoerine output of the anterior 
pituitary and thereby the peripheral endoerine organs); and via the 
autonomic nervous system (Nieuwenhuys 1985). The posterior pitui- 
tary neurohormones, vasopressin and oxytocin, are primarily involved 
in the eontrol of osmotie homeostasis and various aspeets of reproduc- 
tive fimetion, respeetively. Through its effeets on the anterior pituitary, 
the hypothalamus influences the thyroid gland (thyroid-stimulating 
hormone, TSH), suprarenal cortex (adrenoeortieotrophie hormone, 
ACTH), gonads (luteinizinghormone, LH; follicle-stimulatinghormone, 
FSH; prolaetin), mammary gland (prolaetin), and the proeesses of 
growth and metabolie homeostasis (growth hormone, GH). 

The hypothalamus influences both parasympathetie and sympa- 
thetie divisions of the autonomic nervous system. In general, parasym- 
pathetie effeets predominate when the anterior hypothalamus is 
stimulated; sympathetie effeets depend more on the posterior 
hypothalamus. 

Stimulation of the anterior hypothalamus and paraventriailar 
nucleus ean cause deereased blood pressure and deereased heart 
rate. Stimulation in the anterior hypothalaimis induces sweating and 
vasodilation (and thus heat loss) via projeetions that pass through 
the medial forebrain bundle to autonomic eentres in the brainstem 


and spinal eord. Damage to the anterior hypothalamus, e.g. during 
surgery for suprasellar extensions of pituitary tumours, ean result in an 
uncontrollable rise in body temperature. Projeetions to the ventrome- 
dial hypothalaimis eonjointly regulate food intake; damage to these 
structures during surgery for hypothalamie lesions (e.g. eraniopharyn- 
gioma) ean result in uncontrolled eating and consequent obesity. Stim- 
ulation in the posterior part of the hypothalamus induces sympathetie 
arousal, which produces vasoeonstrietion, piloereetion, shivering and 
inereased metabolie heat production. Circuitry mediating shivering is 
loeated in the dorsomedial posterior hypothalamus. However, this does 
not imply the existence of diserete parasympathetie and sympathetie 
'eentres'. Stiimili in many different parts of the hypothalamus ean cause 
profound ehanges in heart rate, eardiae output, vasomotor tone, periph- 
eral resistanee, differential blood flow in organs and limbs, the fre- 
quency and depth of respiration, motility and seeretion in the alimentary 
traet, ereetion and ejaculation. 


HYPOTHALAMIC NUCLEI 


The hypothalamus eontains a number of neuronal groups that have 
been elassified on phylogenetie, developmental, eytoarehiteetonie, syn- 
aptie and histoehemieal grounds into named nuclei, many of which are 
not very elearly delimited, espeeially in the adult. While the hypotha- 
lamus eontains a few large myelinated traets, many of the eonneetions 
are diffiise and unmyelinated, and the preeise paths of many afferent, 
efferent and intrinsie eonneetions are uncertain. 

The hypothalaimis ean be divided anteroposteriorly into ehiasmatie 
(supraoptic), tuberal (infundibulotuberal) and posterior (mammillary) 
regions, and mediolaterally into periventricular, intermediate (medial) 
and lateral zones. Between the intermediate and lateral zones is a para- 
median plane, which eontains the prominent myelinated fibres of the 
column of the fornix, the mammillothalamie traet and the fasciculus 
retroflexus. For this reason, some authors group the periventrioilar and 
intermediate zones as a single medial zone. These divisions are artifieial 
and fimetional systems eross them. The main nuclear groups and myeli- 
nated traets are illustrated in Figures 23.8 and 23.9 and are summarized 
in Table 23.3. 

The periventriailar zone of the hypothalamus borders the third 
ventriele. In the anterior wall of the ventriele is the vascular organ 
of the lamina terminalis (OVLT, orgamim vasculosum), which is eon- 
tinuous dorsally with the median preoptie nucleus and subfornical 
organ. On eaeh side in the ehiasmatie region are part of the preoptie 
nucleus, the small, sexually dimorphie suprachiasmatic nucleus and 
periventriailar neurones, which are medial to, and blend with, the 
paraventrioilar nucleus. In the tuberal region, the periventricular eell 
group expands around the base of the third ventriele to form the aroiate 
nucleus, which overlies the median eminenee. In the posterior region, 
the narrow periventriailar zone is continuous laterally with the poste- 
rior hypothalamie area and behind that with midbrain periaqueductal 
grey matter. The periventrioilar zone also eontains a prominent peri- 
ventricular fibre system. 


Siipraehiasmatie nucleus 



Although it eontains only a few thousand neurones, the suprachias- 
matie nucleus is a remarkable structure. Sometimes ealled the master 
eireadian paeemaker in mammals, it appears to be the neural substrate 
for day-night eyeles in motor aetivity, body temperature, plasma eon- 
eentration of many hormones, renal seeretion, sleeping and waking, 
and many other variables. Lesions of the suprachiasmatic region lead 
to a disordered sleep-wake eyele. (For fiirther reading, see Mohawk and 
Takahashi (2011).) 

The suprachiasmatic nucleus has two prineipal subdivisions: ventro- 
lateral and dorsomedial. Retinal fibres terminate in the ventrolateral 
subdivision, eharaeterized by neurones immunoreactive for vasoaetive 
intestinal polypeptide (VIP). This appears to be a general input zone, 
which also reeeives afferents from the midbrain raphe and parts of the 
lateral geniculate nucleus of the thalamus. The dorsomedial subdivision 
has relatively sparse afferent innervation, and eharaeteristieally eontains 
parvocellular neurones immunoreactive for arginine vasopressin (AVP). 
Neurones within the suprachiasmatic nuclei that reeeive direet retinal 
input do not respond to pattern, movement or colour. Instead, they 
operate as luminance deteetors, responding to the onset and offset of 
light, and their firing rates vary in proportion to light intensity, thereby 
synehronizing to the light-dark eyele. 

The suprachiasmatic nucleus reeeives glutamatergic afferents from 
retinal ganglion eells that entrain the rhythm to the light-dark eyele, 
but these are not essential for the production of the rhythm, which 
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Fig. 23.8 The hypothalamie region of the left eerebral hemisphere vievved from the medial aspeet and disseeted to display the major hypothalamie 
nuclei. A, The medially plaeed nuclear groups have been removed. B, Both lateral and medial groups are included. Lateral to the fornix and the 
mammillothalamie traet is the lateral hypothalamie region, in vvhieh the tuberomammillary nucleus is situated posteriorly and the lateral preoptie nucleus 
rostrally. Surrounding the fornix is the perifornieal nucleus, vvhieh joins the lateral hypothalamie area with the posterior hypothalamie nucleus. The 
medially plaeed nuclei (yellow) fill in much of the region between the mammillothalamie traet and the lamina terminalis, but also projeet caudal to the 
traet. The lateral tuberal nuclei are situated ventrally, largely in the lateral hypothalamie area. The supraoptic nucleus may form three rather separate 
parts. The intermediate nuclei form three groups between the supraoptic and paraventricular nuclei. (Modified from Nauta WJH, Haymaker W 1969 
Hypothalamie nuclei and fibre eonneetions. In: Haymaker W, Anderson E, Nauta WJH (eds) The Hypothalamus, by permission of Charles C Thomas 
Publisher, Ltd, Springfield, lllinois.) 


persists in the blind. It eontains many different neurotransmitters, 
including vasopressin, VIP, neuropeptide Y (NPY) and neurotensin. 
Axons from the suprachiasmatic nucleus pass to many other hypotha- 
lamie nuclei, including the paraventricular, ventromedial, dorsomedial 
and arcuate nuclei. 

Neurones producing growth hormone-releasing hormone (GHRH) 
are largely restrieted to the arcuate nucleus. Some extend dorsally into 
the periventriailar nucleus and laterally into the retroehiasmatie area. 
Their fìbres mn through the periventricular region to the neurovascular 
zone of the median eminenee. The neurones reeeive afferent informa- 
tion from glucose reeeptors in the ventromedial nucleus. Inputs from 
the hippoeampal-amygdala-septal complex could explain the release 
of GH during stress. In humans, midline defeets such as septo-optie 
dysplasia are assoeiated with defeetive GH seeretion. Dopamine has a 
stimulatory effeet. 

Neurones producing somatostatin (growth hormone release- 
inhibiting hormone) are loeated in the periventriailar nucleus. GHRH 
and somatostatin are seereted in intermittent (3-5-hour) reeiproeal 
pulses but the origin of the pulses is unclear. A large pulse of GH is 
seereted at the onset of slow-wave sleep. Somatostatin also inhibits 
release of pituitary TSH. 

Neurones producing gonadotrophin-releasing hormone (GnRH) 
and projeeting to the median eminenee are loeated in the periventriai- 
lar and aroiate nuclei. Other GnRH neurones are found in the median 
preoptie area, but these appear to projeet to the vascular organ of the 


lamina terminalis. LH and FSH are seereted by the adenohypophysis 
in eirehoral (hourly) pulses, which are stimulated by GnRH, and are 
influenced by eentral monoamine and y-aminobutyric aeid (GABA), 
by oestrogen and progesterone aeting indireetly through other neu- 
rones, by eortieotrophin-releasing faetor, and by endogenous opioids. 
Gonadotrophin-inhibitory hormone (GnlH) is produced by neurones 
loeated in the dorsomedial hypothalamie area that projeet to the 
median eminenee. GnlH inhibits gonadotrophin synthesis and release 
by deereasing the aetivity of GnRH neurones and also by aeting direetly 
on pituitary gonadotropes. 

Corticotrophin-releasing hormone (CRH) is loeated primarily 
in parvocellular periventricular neurones. They are profoundly stimu- 
lated by neurogenic (limbie input) and hypoglyeaemie (ventromedial 
nucleus) stress, and are also eontrolled by negative feedbaek by 
eortisol. 

Thyrotrophin-releasing hormone (TRH) neurones are rather more 
widely distributed in the periventricular, ventromedial and dorsomedial 
nuclei. TRH release is influenced by eore temperature, sensed in the 
anterior hypothalamus, and by negative feedbaek of thyroid hormones. 
It stimulates release of pituitary TSH and also aets to excite eold-sensitive 
neurones in the preoptie area and to inhibit warm-sensitive ones. 

Other tubero-infundibular aroiate neurones eontain NPY and 
neurotensin. Arcuate neurones eontaining pro-opiomelanoeortin pep- 
tides projeet to the periventrioilar nucleus rather than the median 
eminenee. 
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The siipraehiasmatie nucleus also infkienees the aetivity of upper 
spinal preganglionie sympathetie neurones. These neurones in turn 
projeet to superior eervieal ganglion neurones, which projeet to the 
pineal gland. Circadian variation in this postganglionie sympathetie 
input causes parallel variation in pineal N-aeetyltransferase aetivity and 
thus pineal melatonin production. The role of the pineal gland in 
humans is uncertain: pineal tumours ean influence reproductive devel- 
opment, and administration of melatonin has been advoeated to allevi- 
ate jet-lag. 

Parvocellular neurosecretory neurones lie within the periventricular 
zone: in particular, in the medial parvocellular part of the paraven- 
triailar nucleus, and the arcuate nucleus. The arcuate nucleus is 
median in the post-infundibular part of the tuber cinereum; it extends 
forwards into the median eminenee and almost eneireles the infhndib- 
ular base, but does not meet anteriorly, where the infundibulum 
adjoins the median part of the optie ehiasma. Its numerous neurones 
are all small and round in eoronal seetion, and oval or fusiform in 
sagittal seetion. No glial layer intervenes between the nucleus and the 
ependymal tanyeytes lining the infundibular reeess of the third ventri- 
ele. Circadian variation in the seeretion of all anterior pituitary hor- 
mones suggests that projeetions from the suprachiasmatic nucleus 
must reaeh parvocellular neurosecretory neurones. Afferents from the 
limbie system probably mediate the widespread effeets of stress, and 
5-HT (5-hydroxytryptamine, serotonin) and noradrenaline (norepine- 
phrine) from the brainstem influence the output of most anterior pitu- 
itary hormones. The axons of parvocellular neurones eonverge on the 
infundibulum, forming a tubero-infundibular traet, which ends on the 
eapillary loops that form the hypophysial portal vessels. 
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Fig. 23.9 A horizontal seetion showing the major eell groups and traets in 
and around the hypothalamus. Abbreviations: III, third ventriele; AHA, 
anterior hypothalamie area; Are, arcuate nucleus; AV, anteroventral 
preoptie nucleus; BST, bed nucleus of stria terminalis; DBB, nucleus of 
diagonal band; DM, dorsomedial nucleus; LHA, lateral hypothalamie area; 
MeP, median preoptie nucleus; MM, mammillary body (mainly medial 
mammillary nucleus); MP, medial preoptie nucleus; Nae, nucleus 
accumbens; OVLT, vascular organ of the lamina terminalis; PAG, 
periaqueductal grey matter; PHA, posterior hypothalamie area; PM, 
posteromedial nucleus in the chiasmatic/tuberal region of the 
hypothalamus; PV, periventricular nucleus (PVa, anterior part; PVp, 
posterior part; PVpo, preoptie part); PVH, paraventricular (hypothalamie) 
nucleus; SCh, suprachiasmatic nucleus; Se, septal cortex; SNe, 
substantia nigra pars eompaeta; SNr, substantia nigra pars reticularis; 

T, midbrain tegmentum; TM, tuberomammillary nucleus; VM, ventromedial 
nucleus. Fibre traets: CP, eerebral peduncle; F, fornix; IC, internal 
capsule; MFB, medial forebrain bundle; MTT, mammillothalamie traet; 

OT, optie traet. (Modified with permission from Elsevier. Progress in Brain 
Researeh, vol 87, Swanson LW, Bioehemieal switching in hypothalamie 
circuits mediating responses to stress, pp. 181-200, 1991.) 


Table 23.3 Main hypothalamie nuclei and their function 


Region 


Nucleus 

Hormone seereted 

Function 

Chiasmatic 

Medial 

Median preoptie 

GnRH 




Periventricular 

GnRH, somatostatin, 





CRH, TRH 




Suprachiasmatic 


‘Master’ eloek 


Intermediate 

Supraoptic 

Vasopressin 




Paraventricular 

Vasopressin, oxytocin 


Tuberal 

Medial 

Dorsomedial 

TRH, ANP 




Ventromedial 

TRH 

Satiety eentre 



Arcuate 

GHRH, dopamine 

Seerete to portal 





system 


Lateral 

Lateral 


Feeding eentre 

Posterior 

Medial 

Mammillary body 


Memory 


Abbreviations: ANP, atrial natriuretic peptide; CRH, eortieotrophin-releasing hormone; GHRH, grovvth 
hormone-releasing hormone; GnRH, gonadotrophin-releasing hormone; TRH, thyrotrophin-releasing 
hormone. 


In addition to these peptide-eontaining eells, dopamine neurones 
in the arcuate nucleus (A12 group) have terminals in the median emi- 
nenee and infundibulum. Dopamine aets as the prineipal prolaetin 
release-inhibiting hormone, and also inhibits seeretion of TSH (like- 
wise, TSH aets as a prolaetin-releasing hormone). Noradrenergie termi- 
nals are found in the median eminenee, where they may aet largely in 
a paraerine manner. 

The intermediate zone of the hypothalamus eontains the best- 
differentiated nuclei. These are: the paraventricular and supraoptic 
nuclei; Tntermediate' nuclear groups, which show sexual dimorphism; 


ventromedial and dorsomedial nuclei; the mammillary body; and 
tuberomammillary nuclei. Magnocellular neurosecretory neurones are 
found in the supraoptic nucleus and paraventricular nucleus, and as 
isolated clusters of eells between them. 

Supraoptic and paraventricular nuclei 


The supraoptic nucleus, curved over the lateral part of the optie ehiasma, 
eontains a uniform population of large neurones. Behind the ehiasma, 
a thin plate of eells in the floor of the brain forms the retroehiasmatie 
part. 

Supraoptic neurones synthesize vasopressin and they all appear to 
projeet to the neurohypophysis. The magnocellular vasopressin neu- 
rones deteet as little as 1% inerease in the osmotie pressure of the 
blood and stiimilate release of vasopressin from the posterior pituitary. 
A fall in blood volume or blood pressure of greater than 5-10% stiimi- 
lates the release of vasopressin and the urge to drink. These responses 
are mediated via volume reeeptors in the walls of the great veins and 
atria and baroreeeptors in the earotid sinus, which all projeet via the 
vagus and glossopharyngeal nerves to the nucleus tractus solitarius and 
thenee to the magnocellular nuclei. A bioehemieal defeet in vaso- 
pressin prodnetion, or intermption of the supraopticohypophysial 
pathway (e.g. due to a head injury), ean cause eranial diabetes 
insipidus. 

The paraventricular nucleus extends from the hypothalamie sulcus 
downwards aeross the medial aspeet of the column of the fornix, its 
ventrolateral angle reaehing towards the supraoptic nucleus. Its neu- 
rones are more diverse. Magnocellular neurones, which projeet to the 
nemohypophysis, tend to lie laterally; parvocellular neurones, which 
projeet to the median eminenee and infimdibnhim, lie more medially; 
and intermediate-sized neurones, which may projeet caudally lie pos- 
teriorly. The axons of the paraventricular magnocellular neurones pass 
towards the supraoptic nucleus (paraventriculohypophysial traet), 
where they join axons of supraoptic neurones to form a supraoptico- 
hypophysial traet. This mns down the inhmdibnlmn, superhcially and 
into the neural lobe, where the axons are distended and braneh repeat- 
edly around the eapillaries. Vasopressin and oxytocin are produced by 
separate neurones; vasopressin neurones tend to cluster in the ventro- 
lateral part of the paraventricular nucleus and the oxytocin neurones 
lie around them. 

The hypothalamus is essential for the eontrol of pituitary oxytocin, 
gonadotrophin and prolaetin seeretion. The release of oxytocin from 
neurosecretory nerve terminals in the nemohypophysis induces eon- 
traetion of the utems and of the myoepithelial eells that surround the 
mammary gland alveoli. Two neuroendocrine rehexes are involved. 
Stretehing of the cervix of the uterus during ehildbirth stimulates a 
imiltisynaptie afferent pathway that passes via the pelvie plexus, antero- 
lateral column and brainstem to the magnocellular oxytocin neurones 
(the Ferguson reflex). This is a positive feedbaek meehanism, which is 
terminated by the birth of the ehild. The milk ejeetion reflex is evoked 
by suckling of the nipple, which aetivates intereostal nerves and, thereby 
an afferent eonneetion to the hypothalamus. The reflex ean be both 
eonditioned to a baby's ery and inhibited by stress. 

At the tuberal levef the ventromedial nucleus is well defined by a 
surrounding neurone-poor zone but the dorsomedial nucleus above it 
is much less distinet. The ventromedial nucleus eontains neurones 
reeeptive to plasma levels of glucose and other nutrients, and reeeives 
viseeral somatie afferents via the nucleus tractus solitarius. The lateral 
hypothalamus reeeives olfaetory afferents, which aet as important food 
signals. Both areas reeeive extensive inputs from limbie structures. Stim- 
ulation and lesion experiments, together with human ease studies, 
suggest that the ventromedial nuclei aet together as a 'satiety eentre'. 
Bilateral ventromedial nucleus damage promotes overeating (hyper- 
phagia), and restrieting food intake may provoke rage-like outbursts. 
The resultant obesity is usually coupled with hyposexuality (Fròhlieh 
syndrome). Interestingly in infants, ventromedial damage ean lead to 
emaeiation despite apparently normal feeding. Experimental lesions in 
the lateral hypothalamus promote hypophagia or aphagia, while stimu- 
lation ean prolong feeding, supporting the eoneept of a lateral hypotha- 
lamie 'feeding eentre'. 

The ventromedial nucleus, lateral hypothalamie area and paraven- 
tricular nucleus also influence intermediate metabolism through the 
autonomic and endoerine systems. These appear to eomplement the 
effeets on feeding behaviour. Thus, ventromedial stimulation faeilitates 
glucagon release and inereases glyeogenolysis, gluconeogenesis and 
lipolysis, whereas lateral hypothalamie stimulation causes insulin 
release and the opposite metabolie effeets. Lesions of the ventromedial 
nucleus also cause inereased vagal and deereased sympathetie tone. 








































Pituitary gland 


The medial mammillary niielei, which form the bulk of the mam- 
millary bodies, are very prominent. The distinet existence of a lateral 
mammillary nucleus is eontroversiaf though a group of larger eells does 
occur along the lateral border of the medial mammillary nucleus. 
Lateral to this is the tuberomammillary nucleus, which gives rise to 
widespread axons that diffusely innervate the entire eerebral cortex, 
hypothalamus and brainstem. 

The lateral zone of the hypothalamus forms a eontimmm that mns 
from the preoptie nucleus through the lateral hypothalamie area to the 
posterior hypothalamus. In the tuberal region, the lateral tuberal nuclei 
are large and well defined, and surrounded by fine fibres. 


C0NNECTI0NS OF THE HYPOTHALAMIIS 


The hypothalamus has reeiproeal interaetion with the rest of the body 
via two (possibly three) quite distinet routes: neural eonneetions, the 
bloodstream and (probably) the eerebrospinal fluid. 

Some hypothalamie neurones have speeifie reeeptors that sense the 
temperature, osmolarity, glucose, free fatty aeid and hormone eontent 
of the blood. Neurosecretory neurones seerete neurohormones into the 
blood. These eontrol the anterior pituitary and aet on organs such as 
the kidney, breast, uterus and blood vessels. Some of the neural eon- 
neetions, espeeially those to the mammillary bodies, form diserete 
myelinated faseieles, but most are diffiise and unmyelinated, and their 
origin and termination are uncertain. Most pathways are multisynaptic 
and many of the synapses on hypothalamie neurones are derived from 
intrinsie interneurones. 

Broadly, neural inputs to the hypothalamus are derived from the 
aseending viseeral and somatie sensory systems, the visual and olfaetory 
systems, and numerous traets from the brainstem, thalamus, 'limbie 
structures and neocortex. Efferent neural projeetions are reeiproeal to 
most of these and, in particular, they impinge on and eontrol the eentral 
origins of autonomic nerve fibres. The hypothalamus therefore exerts 
eontrol via the autonomic and endoerine systems and through its eon- 
neetions to the teleneephalon. 

Afferent eonneetions 


The hypothalaimis reeeives viseeral, gustatory and somatie sensory 
information from the spinal eord and brainstem. It reeeives largely 
polysynaptie projeetions from the nucleus tractus solitarius, probably 
direetly and indireetly via the parabraehial nucleus and medullary 
noradrenergie eell groups (ventral noradrenergie bundle); eollaterals of 
lemniseal somatie afferents (to the lateral hypothalamus); and projee- 
tions from the dorsal longitudinal reticular formation. Many enter via 
the medial forebrain bundle (see Fig. 23.9) and periventrioilar fibre 
system. Others eonverge in the midbrain tegmentum, forming the 
mammillary peduncle to the mammillary body. 

The major forebrain inputs to the hypothalamus are derived from 
structures in the limbie system, including the hippoeampal formation, 
amygdala and septum, and from the piriform lobe and adjaeent 
neocortex. These eonneetions, which are reeiproeal, form prominent 
fibre systems, i.e. the fornix, stria terminalis and ventral amygdalofiigal 
traets. 

The hippoeampal formation - in particular, the subiculum and CA1 
- is reeiproeally eonneeted to the hypothalamus by the fornix, a complex 
traet that also eontains commissural eonneetions. As the fornix curves 
ventrally towards the anterior commissure, it is joined by faseieles from 
the cingulate gyms, indusium griseum and the septal area. It divides 
around the anterior commissure into pre- and postcommissural parts. 
The precommissural fornix is distributed to the septum and preoptie 
hypothalamus, and the septum in turn sends numerous fibres to the 
hypothalaimis. The postcommissural fornix passes ventrally and poste- 
riorly through the hypothalamus to the medial mammillary nucleus. 
In its course it gives off many fibres to the medial and lateral hypotha- 
lamie mielei. 

The amygdala innervates most hypothalamie nuclei anterior to the 
mammillary bodies. Its eortieomedial nucleus innervates preoptie and 
anterior hypothalamie areas and the ventromedial nucleus. The eentral 
nuclei projeet to the lateral hypothalamus. The fibres reaeh the hypotha- 
lamus by two routes. The short ventral amygdalofiigal path passes medi- 
ally over the optie traet, beneath the lentiform complex, to reaeh the 
hypothalaimis. The long curved stria terminalis mns parallel to the 
fornix, separated from it by the lateral ventriele, passes through the bed 
nucleus of the stria terminalis, and is then distributed to the anterior 
hypothalamus via the medial forebrain bundle. 

Olfaetory afferents reaeh the hypothalamus largely via the nucleus 
accumbens and septal nuclei, and most terminate in the lateral hypotha- 


laimis. Visual afferents leave the optie ehiasma and pass dorsally into 
the suprachiasmatic nucleus. No auditory eonneetions have been iden- 
tified, though it is elear that such stimuli influence hypothalamie aetiv- 
ity. However, many hypothalamie neurones respond best to complex 
sensory stimuli, suggesting that sensory information reaehing the neo- 
cortex has eonverged and been proeessed by the amygdala, hippoeam- 
pus and neocortex. Neoeortieal eortieohypothalamie afferents to the 
hypothalaimis are poorly defined, but probably arise from frontal and 
insular eortiees. Some may relay in the mediodorsal thalamie nucleus 
and projeet into the hypothalaimis via the periventricular route. Other 
direet eortieohypothalamie fibres may end in lateral, dorsomedial, 
mammillary and posterior hypothalamie nuclei, but all these eonnee- 
tions are questioned. 

Like the rest of the forebrain, the hypothalamus also reeeives diffiise 
aminergie inputs from the locus coeruleus and raphe nuclei. In addi- 
tion, it reeeives input from the ventral tegmental aseending eholinergie 
pathway: a noradrenergie input to dorsomedial, periventrioilar, para- 
ventricular, supraoptic and lateral hypothalamie nuclei from the ventral 
tegmental noradrenergie bundle, and fibres from the mesolimbie 
dopaminergie system. Group All innervates the medial hypothalamie 
nuclei, and groups A13 and A14 supply the dorsal and rostral hypotha- 
lamie mielei. Many of these fibres also run in the medial forebrain 
bundle. 

The medial forebrain bundle is a loose grouping of fibre pathways 
that mostly mn longitudinally through the lateral hypothalaimis (see 
Fig. 23.9). It eonneets forebrain autonomic and limbie stmctures with 
the hypothalamus and brainstem, reeeiving and giving small faseieles 
throughout its course. It eontains deseending hypothalamie afferents 
from the septal area and orbitofrontal cortex, aseending afferents from 
the brainstem, and efferents from the hypothalaimis. 

Efferent eonneetions 


Hypothalamie efferents include reeiproeal paths to the limbie system, 
deseending polysynaptie paths to autonomic and somatie motor neu- 
rones, and neural and neurovascular links with the pituitary. 

Septal areas and the amygdaloid complex have reeiproeal hypotha- 
lamie eonneetions along the paths deseribed above. The medial preoptie 
and anterior hypothalamie areas give short projeetions to nearby hy- 
pothalamie groups. The ventromedial nucleus has more extensive pro- 
jeetions that pass via the medial forebrain bundle to the bed nucleus of 
the stria terminalis, nucleus basalis (basal nucleus of Meynert), eentral 
nucleus of the amygdala, and midbrain reticular formation. The poste- 
rior hypothalamus projeets largely to the midbrain eentral grey matter. 
Some tuberal and posterior lateral hypothalamie neurones projeet di- 
reetly to the entire neocortex and appear to be essential for maintaining 
eortieal arousal, but the topography of these projeetions is unclear. 

Hypothalamie neurones projeeting to autonomic neurones are 
found in the paraventrioilar nucleus (oxytocin and vasopressin 
neurones), perifornieal and dorsomedial nuclei (atrial natriuretic 
peptide neurones), lateral hypothalamie area (a-melanocyte-stimulating 
hormone; a-MSH neurones) and zona ineerta (dopamine neurones). 
These fibres mn through the medial forebrain bundle into the tegmen- 
tum, ventrolateral medulla and dorsal lateral funiculus of the spinal 
eord. In the brainstem, fibres innervate the parabraehial nucleus, 
nucleus ambiguus, nucleus of the solitary traet and dorsal motor 
nucleus of the vagus. In the spinal eord, they end on sympathetie and 
parasympathetie preganglionie neurones in the intermediolateral 
column. Both oxytocin- and vasopressin-eontaining fibres ean be traeed 
to the most caudal spinal autonomic neurones. 

The medial mammillary nucleus gives rise to a large aseending fibre 
bundle, which diverges into the mammillothalamie and mammilloteg- 
mental traets (see Fig. 23.9). The mammillothalamie traet aseends 
through the lateral hypothalamus to reaeh the anterior thalamie nuclei, 
whence massive projeetions radiate to the cingulate gyms. The mam- 
millotegmental traet curves inferiorly into the midbrain ventral to the 
medial longitudinal fasciculus, and is distributed to tegmental reticular 
nuclei. 


PITUITARY GLAND 



The pituitary gland, or hypophysis eerebri (Fig. 23.10; see Fig. 18.10), 
is a reddish-grey, ovoid body, about 12 mm in transverse and 8 mm in 
anteroposterior diameter, and with an average adult weight of 500 mg. 

It is continuous with the infundibulum, a hollow, eonieal, inferior 
proeess from the tuber cinereum of the hypothalamus. It lies within the 
pituitary fossa of the sphenoid bone, where it is eovered superiorly by 359 
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Fig. 23.10 A median seetion through the 
hypophysis eerebri. 


a eireiilar diaphragma sellae of dura mater. The latter is piereed eentrally 
by an aperture for the infundibulum and separates the anterior superior 
aspeet of the pituitary from the optie ehiasma. Inferiorly the pituitary 
is separated from the floor of the fossa by a venous sinus that eom- 
municates with the circular sinus. The meninges blend with the pitui- 
tary capsule and are not separate layers. 

The pituitary (Sam and Frohman 2008) has two major parts, the 
neurohypophysis and adenohypophysis, which differ in their origin, 
structure and fhnetion. The neurohypophysis is a dieneephalie down- 
growth eonneeted with the hypothalamus. The adenohypophysis is an 
eetodermal derivative of the stomatodeum. Both include parts of the 
infundibulum (whereas the older terms 'anterior lobe' and 'posterior 
lobe' do not). The infundibulum has a eentral infundibular stem, which 
eontains neural hypophysial eonneetions and is continuous with the 
median eminenee of the tuber cinereum. Thus, the term neurohypo- 
physis includes the median eminenee, infundibular stem and neural 
lobe or pars posterior. Surrounding the infundibular stem is the pars 
tuberalis, a eomponent of the adenohypophysis. The main mass of the 
adenohypophysis may be divided into the pars anterior (pars distalis) 
and the pars intermedia, which are separated in fetal and early postnatal 
life by the hypophysial eleft, a vestige of Rathke's pouch, from which it 
develops. 

The neurohypophysis includes the pars posterior (pars nervosa, pos- 
terior or neural lobe), infundibular stem and median eminenee. The 
adenohypophysis includes the pars anterior (pars distalis or glandula- 
ris), pars intermedia and pars tuberalis. 


denohypophysis 



The adenohypophysis is highly vascular. It eonsists of epithelial eells of 
varying size and shape arranged in eords or irregular follieles, between 
which lie thin-walled vascular simisoids supported by a delieate reticu- 
lar eonneetive tissue (Fig. 23.12). Most of the hormones synthesized 
by the adenohypophysis are trophie (see Table 23.4 for a summary of 
pituitary hormones). They include the peptides GH, involved in the 
eontrol of body growth, and prolaetin, which stimulates both growth 
of breast tissue and milk seeretion. Glyeoprotein trophie hormones are 
the large pro-opiomelanoeortin precursor of ACTH, which eontrols the 
seeretion of eertain suprarenal eortieal hormones; TSH; FSH, which 
stimulates growth and seeretion of oestrogens in ovarian follieles and 
spermatogenesis (aeting on testicular Sertoli eells); and LH, which 
induces progesterone seeretion by the corpus luteum and testosterone 
synthesis by Leydig eells in the testis. Pro-opiomelanoeortin is eleaved 
into a number of different molecules, including ACTH. Beta-lipotropin 
is released from the pituitary but its lipolytie fhnetion in humans is 
uncertain. Beta-endorphin is another eleavage product released from 
the pituitary. 

Neurones that seerete the peptides and amines that eontrol the 
anterior lobe are widely distributed within the hypothalamus. They are 
situated mainly in the medial zone, in the arcuate nucleus, medial 
parvocellular part of the paraventriailar nucleus, and periventricular 
nucleus. 



[® Neurohypophysis 
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In early fetal life, the neurohypophysis eontains a eavity continuous 
with the third ventriele. Axons arising from groups of hypothalamie 
neurones (e.g. the magnocellular neurones of the supraoptic and para- 
ventricular nuclei) terminate in the neurohypophysis. The long magno- 
cellular axons pass to the main mass of the neurohypophysis. They form 
the neurosecretory hypothalamohypophysial traet and terminate near 
the sinusoids of the posterior lobe. Some smaller parvocellular neu- 
rones in the periventricular zone have shorter axons, and end in the 
median eminenee and infundibular stem among the superior eapillary 
beds of the venous portal circulation. These small neurones produce 
releasing and inhibitory hormones, which eontrol the seeretory aetivi- 
ties of the adenohypophysis via its portal blood supply. 

The neurohormones stored in the main part of the neurohypophysis 
are vasopressin (antidiuretic hormone; ADH), which eontrols reabsorp- 
tion of water by renal tubules, and oxytocin, which promotes the eon- 
traetion of uterine smooth muscle in ehildbirth and the ejeetion of milk 
from the breast during laetation (pituitary hormones are summarized 
in fable 23.4). Storage gramiles eontaining aetive hormone polypep- 
tides bound to a transport glyeoprotein, neurophysin, pass down axons 
from their site of synthesis in the neuronal somata (Fig. 23.11). 


Arteries and veins of the pituitary gland 


The arteries of the pituitary arise from the internal earotid arteries via 
a single inferior and several superior hypophysial arteries on eaeh side 
(Page 1982). The former eome from the cavernous part of the internal 
earotid artery, the latter from its supraclinoid part and from the anterior 
and posterior eerebral arteries. The inferior hypophysial arteries divide 
into medial and lateral branehes, which anastomose aeross the midline 
and form an arterial ring around the infundibulum. Fine branehes from 
this eiroilar anastomosis enter the neurohypophysis to supply its eapil- 
lary bed. The superior hypophysial arteries supply the median emi- 
nenee, upper infundibulum and, via the artery of the trabecula, the 
lower infundibulum. (The trabecula is a eompaet band of eonneetive 
tissue and blood vessels lying within the pars distalis on either side of 
the midline; it forms a prominent fibrovascular tuft elose to the junction 
of the eentral and lateral parts of the pars distalis; Xuereb et al (1954).) 
A confluent eapillary net, extending through the neurohypophysis, is 
supplied by both sets of hypophysial vessels. Reversal of flow ean occur 
in eerebral eapillary beds lying between the two supplies. 

The arteries of the median eminenee and infundibulum end in ehar- 
aeteristie sprays of eapillaries, which are most complex in the upper 
infundibulum. In the median eminenee, these form an external or 
'mantle' plexus and an internal or 'deep' plexus. The external plexus, fed 


















































Dieneephalon 


Usually obliterated in ehildhood, remnants may persist in the form 
of eystie eavities, often present near the adenoneurohypophysial fron- 
tier, which sometimes invade the neural lobe. The human pars inter- 
media is mdimentary. It may be partially displaeed into the neural lobe, 
and has been included in the anterior and posterior parts by different 
observers. Apart from this equivocation, which is of little signifieanee, 
the pars anterior and pars posterior may be equated with the anterior 
and posterior lobes. When the assoeiated infundibular parts continuous 
with these lobes are included, the names adenohypophysis and neuro- 
hypophysis beeome appropriate. 

The thin, unmyelinated axons of the neurohypophysis are ensheathed 
by typieal astroeytes in the infundibulum (see Fig. 23.12). Near the 
posterior lobe, astroeytes are replaeed by pituicytes. These are dendritie 
neuroglial eells of variable appearanee, often with long proeesses 
mnning parallel to adjaeent axons; they constitute most of the non- 
excitable tissue in the neurohypophysis. Typieally, their eytoplasmie 
proeesses end on the walls of eapillaries and simisoids between nerve 
terminals. Axons also end in perivascular spaees; they lie elose to the 
walls of sinusoids but remain separated from them by two basal 
laminae, one around the nerve endings and the other underlying the 
fenestrated endothelial eells. The spaees between the basal laminae are 
occupied by fine eollagen fibrils. 

The epithelial endoerine eells, which seerete the different adenohy- 
pophysial hormones, may be distinguished in part by their differing 
affinities for aeidie and basie dyes. Cells staining strongly are deseribed 
as ehromophils, while those with low affinity for dyes are ehromo- 
phobes. Aeidophils stain strongly with aeidie dyes, whereas basophils, 
which are more prevalent in the eentral part of the gland, stain strongly 
with basie dyes. Cells may also be elassified aeeording to the hormones 
they synthesize into somatotrophs (GH-seereting aeidophils, the most 
numerous ehromophil type); laetotrophs (prolaetin-seereting aeido- 
phils, which are dominant in pregnaney and hypertrophy during 
laetation); gonadotrophs (FSH- and LH-seereting basophils); thyro- 
trophs (TH-seereting basophils); and eortieotrophs (ACTH-secreting 
basophils). Chromophobes are thought to be quiescent or degramilated 
ehromophils, or immature precursor eells, and constitute up to half of 
the eells of the adenohypophysis. 

The pars intermedia eontains follieles of ehromophobe eells that 
surround eyst-like structures lined by epithelium and are filled, to 
varying degrees, with glyeosylated eolloidal material. Seeretory products 
of this region may include eleavage products of pro-opiomelanoeortin 
but their fimetional signifieanee is uncertain. The pars tuberalis eontains 
a large number of blood vessels, between which are eords or clusters of 
gonadotrophs and undifferentiated eells. 


Table 23.4 Pituitary hormones 


Hormone 

Cell type 

Fimetion / effeetor 
site 

Releasing 

faetor 

Inhibitor 

ACTH 

Corticotrophs 

(basophils) 

Suprarenal cortex 

CRH 


TSH 

Thyrotrophs 

(basophils) 

Thyroid gland 

TRH 

Somatostatin 

LH, FSH 

Gonadotrophs 

(basophils) 

Gonads 

GnRH 

(pulsatile) 

GnlH 

GH 

Somatotrophs 

(aeidophils) 

Body grovvth and 
metabolism 

GHRH 

Somatostatin 

Prolaetin 

Laetotrophs 

(aeidophils) 

Mammary gland 


Dopamine 

Vasopressin 

(ADH) 

Magnocellular 
hypothalamie neurons 

Water absorption in 
distal renal tubule 



Oxytocin 

Magnocellular 
hypothalamie neurons 

Contraction of uterine 
smooth muscle and 
ejeetion of breast milk 




Abbreviations: ACTH, adrenoeortieotrophie hormone; ADH, antidiuretic hormone; CRH, eortieotrophin- 
releasing hormone; FSH, follicle-stimulating hormone; GH, grovvth hormone; GHRH, grovvth hormone- 
releasing hormone; GnlH, gonadotrophin-inhibitory hormone; GnRH, gonadotrophin-releasing hormone; 
LH, luteinizing hormone; TRH, thyrotrophin-releasing hormone; TSH, thyroid-stimulating hormone. 


A small eolleetion of adenohypophysial tissue lies in the mucoperio- 
steum of the human nasopharyngeal roof. By 28 weeks in utero it is well 
vascularized and eapable of seeretion, reeeiving blood from the systemie 
vessels of the nasopharyngeal roof. At this stage, it is eovered posteriorly 
by fibrous tissue. This is replaeed in the seeond half of fetal life by 
venous sinuses, and a trans-sphenoidal portal venous system develops, 
bringing the nasopharyngeal tissue under the same hypothalamie 
eontrol as the eranial adenohypophysial tissue. The peripheral vasailar- 
ity of the pharyngeal hypophysis persists until about the fifth year. The 
organ is then reinvested by fibrous tissue and presumed to be eontrolled 
onee more by faetors present in systemie blood. Though it does not 
ehange in size after birth in males, in females it beeomes smaller, return- 
ing to natal volume during the fifth deeade, when onee again it may be 
eontrolled via a trans-sphenoidal extension of the hypothalamo- 
hypophysial portal venous system. The human pharyngeal hypophysis 
may be a reserve of potential adenohypophysial tissue, which may be 
stimulated, particularly in females, to synthesize and seerete adenohy- 
pophysial hormones in middle age, when intraeranial adenohypophy- 
sial tissue is beginning to fail. 
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Fig. 23.11 The main systems eontrolling the endoerine seeretory aetivities of the pituitary gland 



Fig. 23.12 The pituitary gland (triehrome-stained). A, The endoerine eells of the adenohypophysis. Chromophils ean be distinguished as aeidophils 
(yellovv) and basophils (pink). Chromophobes are pale-staining eells. A netvvork of sinusoids is seen betvveen clusters of seeretory eells. B, The 
neurohypophysis (right), vvith nerve fibres and pituicytes. To the left is the pars intermedia (Pl) with seattered, deeper-staining seeretory eells and a eyst 
eontaining eolloid (top left), representing the remnants of Rathke’s pouch (RP). 


by the superior hypophysial arteries, is continuous with the infundibular 
plexus and is drained by long portal vessels, which deseend to the pars 
anterior. The internal plexus lies within and is supplied by the external 
plexus. It is continuous posteriorly with the infundibular eapillary bed 
and, like the external plexus, is drained by long portal vessels. Short 
portal vessels mn from the lower infundibulum to the pars anterior. 
Both types of portal vessel open into vascular simisoids, which lie 
between the seeretory eords in the adenohypophysis and provide most 
of its blood. There is no direet arterial supply. The portal system earries 
hormone-releasing faetors, probably elaborated in parvocellular groups 
of hypothalamie neurones, and these eontrol the seeretory eyeles of eells 
in the pars anterior. The pars intermedia appears to be avasailar. 

There are three possible routes for venous drainage of the neurohy- 
pophysis: to the adenohypophysis, via long and short portal vessels; 
into the dural venous sinuses, via the large inferior hypophysial veins; 
and to the hypothalanms, via eapillaries passing to the median emi- 
nenee. The venous drainage earries hypophysial hormones from the 


gland to their targets and also faeilitates feedbaek eontrol of seeretion. 
However, venous drainage of the adenohypophysis appears restrieted: 
few vessels eonneet it direetly to the systemie veins and so the routes 
by which blood leaves remain obscure. 



The subthalamus is a complex region of mielear groups and fibre traets 
(see Fig. 24.12). The main mielear groups are the subthalamic nucleus, 
the reticular nucleus, the zona ineerta, the fields of Forel and the pre- 
geniculate nucleus. The rostral poles of the red nucleus and substantia 
nigra also extend into this area. 

The main subthalamic traets are: the upper parts of the medial, 
spinal and trigeminal lemnisei and the solitariothalamie traet, 
all approaehing their terminations in the thalamie nuclei; the denta- 
tothalamie traet from the eontralateral superior eerebellar peduncle 
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aeeompanied by ipsilateral mbrothalamie fibres; the faseieiiliis retro- 
flexus; the fasciculus lenticularis; the fasciculus subthalamicus; the ansa 
lentioilaris; faseieles from the prembral field (H field of Forel); the 
continuation of the fasciculus lenticularis (in the H 2 field of Forel); and 
the fasciculus thalamiais (the Hi field of Forel). 

SUBTHALAMIC NUCLEUS 

The subthalamic nucleus is stmcturally and fimetionally related to the 
basal ganglia and is therefore eonsidered with them on page 369. 

ZONA INCERTA AND FIELDS OF FOREL 

The zona ineerta is an aggregation of small eells that lies between the 
ventral part of the external medullary lamina of the thalamus and the 
eerebral peduncle. It is linked to the retioilar nucleus dorsolaterally. 
More medially there is a seattered group of eells in a matrix of fibres 
known as the H field of Forel (see fig. 24.11). Field H^ of Forel eonsists 
of the thalamie faseienlns, which lies dorsal to the zona ineerta. Field 
H 2 of Forel eontains the fasciculus lenticularis and lies ventrally, between 
the zona ineerta and the subthalamic nucleus (see Figs 24.6, 24.12). 

The zona ineerta reeeives fibres from the sensorimotor cortex, the 
pregeniculate nucleus, the deep eerebellar nuclei, the trigeminal nuclear 
complex and the spinal eord. It projeets to the spinal eord and the 
preteetal region. Its fimetions are unknown. 

The neurones of the H field of Forel reeeive afferents from the spinal 
eord, the reticular formation of the brainstem and, possibly, the internal 
pallidum. They may projeet to the spinal eord. Like the zona ineerta, 
their fimetions are unknown. 

In addition to terminal parts of the lemniseal, dentatothalamie and 
mbrothalamie traets, the subthalamus eontains massive fibre traets 
derived from the globus pallidus. The fasciculus lenticularis is the dorsal 
eomponent of pallidofiigal fibres that traverse the internal capsule. It 
turns medially near the medial aspeet of the capsule, partly intermin- 
gled with the dorsal zone of the subthalamic nucleus and the ventral 
part of the zona ineerta, where the fasciculus traverses the H 2 field of 
Forel. Reaehing the medial border of the zona ineerta, the fasciculus 
intermingles with fibres of the ansa lentioilaris, seattered elements of 
the prembral nucleus, and dentatothalamie and mbrothalamie fibres. 
This merging of diverse pathways and assoeiated eell groups is variously 
ealled the prembral, tegmental or H field of Forel. 

The ansa lenticularis has a complex origin from both parts of the 
globus pallidus and possibly other adjaeent structures. It oirves medi- 
ally round the ventral border of the internal capsule, and continues 
dorsomedially to mingle with other fibres in the prembral field. Some 
fibres in the fasciculus lenticularis and ansa lentioilaris synapse in the 
subthalamic nucleus, prembral field and zona ineerta. The remainder 
eontimie laterally, with other faseieles, into the thalamie nuclei, particu- 
larly the ventral anterior, ventral lateral and eentromedian nuclei. 

The thalamie fasciculus extends from the prembral field, and its ter- 
ritory is termed the H x field of Forel. It lies dorsal to, and also partly 
traverses, the zona ineerta, and is related dorsally to the ventral thalamie 
nuclei. It eontains eontimiations of the fasciculus lenticularis and ansa 
lentioilaris, and dentatothalamie, mbrothalamie and thalamostriate 
fibres. 

The subthalamic fasciculus eonneets the subthalamic nucleus with 
the globus pallidus. It eontains an abundant two-way array of fibres that 
traverse the internal capsule, interweaving with it at right angles. 


EPITHALAMUS 


The epithalamus eonsists of the anterior and posterior paraventricular 
nuclei, the medial and lateral habenular nuclei, the stria medullaris 
thalami, posterior commissure and the pineal body. 

HABENULAR NUCLEI AND STRIA 
MEDULLARIS THALAMI 


The habenular nuclei lie posteriorly at the dorsomedial aspeet of the 
thalamus, immediately deep to the ependyma of the third ventriele, 
with the stria medullaris thalami above and laterally. The medial 
habenular nucleus is a densely paeked, deeply staining mass of eholin- 
ergie neurones, whereas the lateral nucleus is more dispersed and paler- 
staining. The fasciculus retroflexus (habenulo-interpeduncular traet) 
emerges from the ventral margin of the nuclei and courses ventrally, 
skirts the inferior zone of the thalamie mediodorsal nucleus, and 


traverses the superomedial region of the red nucleus to reaeh the 
interpeduncular nucleus. The habenular nuclear complex is limited 
laterally by a fibrous lamina, which enters the fasciculus retroflexus. 
Posteriorly, the nuclei of the two sides and the internal medullary 
laminae are linked aeross the midline by the habenular commissure. 
The tela ehoroidea of the third ventriele usually arises from the epend- 
yma at the superolateral eorner of the medial habenular nucleus. 

Afferent fibres to the habemilar nuclei travel in the stria medullaris 
from the prepiriform cortex bilaterally, the nucleus basalis (of Meynert) 
and the hypothalamus. Afferents from the internal pallidum aseend 
through the thalaimis and may be eollaterals of pallidothalamie axons. 
Additional inputs eome from the pars eompaeta of the substantia nigra, 
the midbrain raphe nuclei and the lateral dorsal tegmental nucleus. The 
afferent pathways mostly end in the lateral habenular nucleus. The only 
identified afferent fibres to the medial habenular nucleus eome from 
the septofimbrial nucleus. 

The medial habenular nucleus sends efferent fibres to the interpe- 
duncular nucleus of the midbrain. The lateral habenular nucleus sends 
fibres to the raphe mielei and the adjaeent reticular formation of the 
midbrain, the pars eompaeta of the substantia nigra and the ventral 
tegmental area, and to the hypothalaimis and basal forebrain. 

The main habenular outflow reaehes the interpeduncular nucleus, 
mediodorsal thalamie nucleus, meseneephalie tectum and retioilar for- 
mation, the largest eomponent constituting the fasciculus retroflexus to 
the interpeduncular nucleus. The latter provides relays to the midbrain 
reticular formation, from which teetotegmentospinal traets and dorsal 
longitudinal fasciculi eonneet with autonomic preganglionie neurones 
eontrolling salivation, gastrie and intestinal seeretory aetivity and motil- 
ity, and motor nuclei for mastieation and deglutition. 

The stria medullaris erosses the superomedial thalamie aspeet, skirts 
medial to the habenular trigone and sends many fibres into the ipsilat- 
eral habenula. Other fibres eross in the anterior pineal lamina and 
deoissate, as the habenular commissure, to reaeh the eontralateral 
habenula. Some fibres are really commissural and intereonneet the 
amygdaloid complexes and hippoeampal eortiees. They are aeeompa- 
nied by erossed teetohabemilar fibres. Serotonin-eontaining fibres from 
the ventral aseending tegmental serotoninergie bundle, which join the 
fasciculus retroflexus to reaeh the nuclei, may eontrol neurones of the 
habenulopineal traet, and thus influence innervation of pinealoeytes. 
Similarly, habenular mielear afferents from the dorsal aseending teg- 
mental noradrenergie bundle may influence pinealoeytes. 

Little is known of the physiologieal fimetions of the habemilar 
nuclei. It has been suggested that they may be involved in the eontrol 
of sleep meehanisms. Though the human habenula is relatively small, 
it is a focus of integration of diverse olfaetory, viseeral and somatie 
afferent paths. Lesions that include this area of the medial dieneephalon 
indieate that it plays a role in the regulation of viseeral and neuroen- 
doerine fimetions. Ablation of the habemila causes extensive ehanges 
in metabolism and in endoerine and thermal regulation. 

POSTERIOR COMMISSURE 


The posterior commissure, which is of unknown constitution in 
humans, is a small fasciculus that deoissates in the inferior pineal 
lamina. Various small nuclei are assoeiated with it. Among these are the 
interstitial nuclei of the posterior commissure, the nucleus of Dark- 
schewitsch in the periaqueductal grey matter, and the interstitial nucleus 
of Cajal near the upper end of the ooilomotor complex, elosely linked 
with the medial longitudinal fasciculus. Fibres from all these nuclei and 
the fasciculus eross in the posterior commissure. It also eontains fibres 
from thalamie and preteetal nuclei and the superior eollioili, together 
with fibres that eonneet the teetal and habenular nuclei. The destina- 
tions and fimetions of many of these fibres are obsoire. 

PINEAL GLAND 


The pineal gland or epiphysis eerebri (see figs 18.10, 25.48B) is a small, 
reddish-grey organ, oeoipying a depression between the superior eol- 
liculi. It is inferior to the splenium of the corpus callosum, from which 
it is separated by the tela ehoroidea of the third ventriele and the eon- 
tained eerebral veins. It is enveloped by the lower layer of the tela, which 
is refleeted from the gland to the tectum. The pineal is about 8 mm 
long. Its base, direeted anteriorly, is attaehed by a peduncle, which 
divides into inferior and superior laminae, separated by the pineal 
reeess of the third ventriele, and eontaining the posterior and habenular 
commissures respeetively. Aberrant commissural fibres may invade the 
gland but do not terminate near parenehymal eells. 
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Septa extend into the pineal gland from the surrounding pia mater. 
They divide the gland into lobules and earry blood vessels and fine 
unmyelinated sympathetie axons. The gland has a rieh blood supply. 
The pineal arteries are branehes of the medial posterior ehoroidal 
arteries, which are themselves branehes of the posterior eerebral 
artery. Within the gland, branehes of the arteries supply fenestrated 
eapillaries whose endothelial eells rest on a tenuous and sometimes 
ineomplete basal lamina. The eapillaries drain into numerous pineal 
veins, which open into the internal eerebral veins and/or into the great 
eerebral vein. 

Postganglionie adrenergie sympathetie axons (derived from neu- 
rones in the superior eervieal ganglion) enter the dorsolateral aspeet of 
the gland from the region of the tentorium eerebelli as the nervus 
eonarii, which may be single or paired. The nerve lies deep to the 
endothelium of the wall of the straight sinus and is assoeiated with 
blood vessels and parenehymal eells within the pineal. 

The pineal gland eontains eords and ehisters of pinealoeytes, assoei- 
ated with astroeyte-like neuroglia. Neuroglia are the main cellular eom- 
ponent of the pineal stalk. Pinealoeytes are highly modified neurones. 
They eontain multiple synaptie ribbons, randomly distributed between 
adjaeent eells, and are coupled by gap junctions. Two or more proeesses 
extend from eaeh eell body and end in bulbous expansions near eapil- 
laries or, less frequently on ependymal eells of the pineal reeess. These 
terminal expansions eontain rough endoplasmie reticulum, mitoehon- 
dria and dense-eored vesieles that store melatonin. Melatonin, and its 
precursor 5-HT (serotonin), are synthesized from tryptophan by the 
pinealoeytes, and seereted into the surrounding network of fenestrated 
eapillaries. 

The pineal is an endoerine gland of major regulatory importanee 
(Maeehi and Bmee 2004). It modifies the aetivity of the adenohypophy- 
sis, neurohypophysis, endoerine panereas, parathyroids, suprarenal 
cortex, suprarenal medulla and gonads. Its effeets are largely inhibitory. 
Indoleamine and polypeptide hormones seereted by pinealoeytes are 
believed to reduce the synthesis and release of hormones by the pars 
anterior, either by direet aetion on its seeretory eells or indireetly by 
inhibiting production of hypothalamie releasing faetors. Pineal seere- 
tions may reaeh their target eells via the eerebrospinal fluid or the blood 
stream. Some pineal indoleamines, including melatonin and enzymes 
for their biosynthesis (e.g. 5-HT, N-aeetyltransferase), show eireadian 
rhythms in eoneentration. The level rises during darkness, and falls 
during the day, when seeretion may be inhibited by sympathetie aetivity. 
It is thought that the intrinsie rhythmieity of an endogenous eireadian 



Pineal ealeifieation 


Calcified ehoroid plexus within 
(lateral) temporal horn of left 
lateral ventriele. 


Fig. 23.13 An axial CT image showing ealeifieation of the pineal gland 
and ehoroid plexus. 


oseillator in the suprachiasmatic nucleus of the hypothalamus governs 
eyelieal pineal behaviour (see above). 

From the seeond deeade, calcareous deposits accumulate in pineal 
extracellular matrix, where they are deposited eoneentrieally as eorpora 
arenaeea or 'brain sand' (Fig. 23.13). Pineal gland and ehoroid plexus 
ealeifieations are the most frequent sites of intraeranial ealeifieations 
ineidentally diseovered among head computed tomography examina- 
tions; ealeifieation ean provide a useful indieator of a space-occupying 
lesion if the gland is signifieantly displaeed from the midline. 


Bonus e-book images and table 

Fig. 23.5 Magnetie resonanee images from four different patients 
with neurological or psyehiatrie disorders, showing the position of 
deep brain-stimulating eleetrodes. 

Table 23.4 Pituitary hormones. 
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(JHAPTER 



The term basal ganglia is used to denote a number of subcortical 
nuclear masses that lie in the inferior part of the eerebral hemisphere, 
in elose relationship with the internal capsule (Fig. 24.1; see Pig. 25.43). 
The traditional definition of the basal ganglia included the corpus 
striamm, claustrum and amygdaloid complex. The term has now been 
restrieted to the corpus striatum and, aeeording to some authorities, 
other nuclei in the dieneephalon and midbrain (prineipally the subtha- 
lamie nucleus, substantia nigra, pedunculopontine nucleus) that eol- 
leetively form a fimetional complex involved in the eontrol of movement 
and motivational aspeets of behaviour (jankovie 2012). The fimetion 
of the claustrum is unknown; the amygdala is more elosely related to 
the limbie system and is, therefore, deseribed in that context. 

Disorders of the basal ganglia are prineipally eharaeterized by abnor- 
malities of movement, muscle tone and posture. There is a wide spee- 
tmm of elinieal presentations ranging from poverty of movement and 
hypertonia at one extreme (typified by Parkinson's disease) to abnormal 
involuntary movements (dyskinesias) at the other. The underlying 
pathophysiologieal meehanisms that mediate these disorders have been 
much studied in reeent years and are better understood than for any 
other type of complex neurological dysfimetion (Penney and Young 
1986, jankovie 2012). This has led to the introduction of new rational 
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Fig. 24.1 Axial (A) and eoronal (B) magnetie resonanee images of the 
brain showing the basal ganglia, thalamus and internal capsule. (Courtesy 
of Alan Jaekson.) 


therapeutic strategies for both medieal and neurosurgical treatments of 
movement disorders. 



The corpus striatum eonsists of the caudate nucleus, putamen and 
globus pallidus (Fig. 24.2). Because of their elose proximity, the 
putamen and globus pallidus were onee eonsidered as an entity, the 
lentiform (lenticular) complex or nucleus. However, although the name 
has been retained in gross anatomieal terminology and in some eom- 
pound names (e.g. sublenticular, retrolenticular), the putamen and 
globus pallidus have quite different eonneetions. Rather, it is now 
known that the putamen and caudate nucleus share a eommon ehemo- 
cytoarchitecture and eonneetions, and they are referred to jointly as the 
neostriatum, or simply the striatum. 

The striatum is eonsidered to be the prineipal 'inpnt' structure of the 
basal ganglia sinee it reeeives the majority of afferents from other parts 
of the neuraxis. Its prineipal efferent eonneetions are to the globus pal- 
lidus and pars retiailaris of the substantia nigra. The globus pallidus 
and, more partioilarly, its medial segment, together with the pars reticu- 
laris of the substantia nigra, is regarded as the main 'ontpnt' structure 
because it is the source of basal ganglia efferent fibre projeetions, mostly 
direeted to the thalamus. 


LENTIFORM C0MPLEX 


The lentiform complex (see Figs 16.7, 24.1; Fig. 24.3) lies deep to the 
insular cortex, with which it is roughly coextensive, although they are 
separated by a thin layer of white matter and by the claustrum. The 
latter splits the insular subcortical white matter to ereate the extreme 


Basal ganglia 

-.. , 4 



Fig. 24.2 Terminology and relationships of structures forming the basal 
ganglia. 
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and external capsules; the external capsule separates the claustrum from 
the putamen. The internal capsule separates the lentiform complex 
from the caudate nucleus. 

The lentiform complex eonsists of the laterally plaeed putamen and 
the more medially plaeed globus pallidus (pallidum), which are sepa- 
rated by a thin layer of fibres, the external medullary lamina. The globus 
pallidus is itself divided into two segments, a lateral (external) segment 
and a medial (internal) segment, separated by an internal medullary 
lamina. The two segments have distinet afferent and efferent eonnee- 
tions. Inferiorly a little behind the fundus striati, the lentiform complex 
is grooved by the anterior commissure, which eonneets inferior parts of 
the temporal lobes and the anterior olfaetory cortex of the two sides 
(see Fig. 24.6). The area above the commissure is referred to as the 
dorsal pallidiim, and that below it as the ventral pallidum. 



The striatum eonsists of the caudate nucleus, putamen and ventral 
striatmn, which are all highly cellular and well vascularized. The vast 
bulk of the caudate nucleus and putamen are often referred to as the 
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Fig. 24.3 The anterior aspeet of a eoronal seetion through the left 
eerebral hemisphere. 


dorsal striatum. A smaller inferomedial part of the rostral striatum is 
referred to as the ventral stríatum, and includes the nucleus accumbens. 
The caudate and putamen are traversed by numerous small bundles of 
thinly myelinated, or immyelinated, small-diameter axons, which are 
mostly striatal afferents and efferents. They radiate through the striatal 
tissue as though eonverging on, or radiating from, the globus pallidus. 
The bundles are oeeasionally referred to by the arehaie term 'Wilson's 
peneils' and they account for the striated appearanee of the corpus 
striatum. 


CAUDATE NUCLEUS 


The caudate nucleus is a curved, tadpole-shaped mass. It has a large 
anterior head, which tapers to a body, and a down-curving tail (Fig. 
24.4). The head is eovered with ependyma and lies in the floor and 
lateral wall of the anterior horn of the lateral ventriele, in front of the 
interventricular foramen. The tapering body is in the floor of the body 
of the ventriele, and the narrow tail follows the curve of the inferior 
horn, and so lies in the ventricular roof, in the temporal lobe. Medially, 
the greater part of the caudate nucleus abuts the thalamus, along a 
junction that is marked by a groove, the sulcus terminalis. The sulcus 
eontains the stria terminalis, lying deep to the ependyma (Fig. 24.5). 
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Fig. 24.4 The striatum within the left eerebral hemisphere. (With 
permission from Crossman AR, Neary D 2010 Neuroanatomy, 4th edn. 
Edinburgh: Churchill Livingstone.) 
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Fig. 24.5 An oblique seetion through the 
dieneephalon and basal ganglia. Abbreviations: 
ICV, internal eerebral veins; H, H-i, H 2 , subthalamic 
fields of Forel. 
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SECTION 3 


BASAL GANGLIA 
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Fig. 24.6 Coronal seetions through the corpus 
striatum and anterior perforated substance. A is 
anterior to B. 
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Fig. 24.7 The posterior aspeet of a eoronal seetion through the anterior 
horn of the lateral ventrieles. 


The sulcus terminalis is espeeially prominent anterosuperiorly (because 
of the large size of the head and body of the caudate nucleus relative 
to the tail), and here the stria terminalis is aeeompanied by the thala- 
mostriate vein. 

The corpus callosum lies above the head and body of the caudate 
nucleus. The two are separated laterally by the fronto-oeeipital fascicu- 
lus, and medially by the subcallosal fasciculus, which eaps the nucleus 
(see Fig. 24.5; Fig. 24.6). The caudate nucleus is largely separated from 
the lentiform complex by the anterior limb of the internal capsule (see 
Figs 24.1, 24.6; Fig. 24.7). However, the inferior part of the head of the 
caudate beeomes continuous with the most inferior part of the putamen 
immediately above the anterior perforated substance; this junctional 
region is sometimes known as the fundus striati (see Fig. 24.6). Variable 
bridges of eells eonneet the putamen to the caudate nucleus for most 
of its length. They are most prominent anteriorly, in the region of the 
fundus striati and the head and body of the caudate nucleus, where 
they penetrate the anterior limb of the internal capsule (see Fig. 24.7). 
In the temporal lobe, the anterior part of the tail of the caudate nucleus 
beeomes continuous with the posteroinferior part of the putamen. 


VENTRAL STRIATIJM 


The ventral striatum eonsists of the nucleus aeaimbens and the olfae- 
tory tubercle. In front of the anterior commissure, much of the 
grey matter of the anterior perforated substance, and espeeially the 
olfaetory tubercle, is indistinguishable from, and continuous with, 
the fundus striati, in terms of cellular eomposition, histoehemistry and 
intereonneetions. The caudate nucleus is continuous medially with the 


nucleus accumbens (see Fig. 24.6), which abuts the nuclei of the 
septum, elose by the paraolfaetory area, diagonal band of Broea and the 
fornix. 

The nucleus accumbens reeeives a dopaminergie innervation from 
the midbrain ventral tegmental area (eell group AIO). It is believed to 
represent the neural substrate for the rewarding effeets of several elasses 
of dmgs of abuse and is, therefore, a major determinant of their addie- 
tive potential. The experimental observation that the loeomotor aetivat- 
ing effeets of psyehomotor stimulant dmgs such as amphetamine and 
eoeaine (which aet presynaptieally on dopaminergie neurones to 
enhanee dopamine release or bloek its reuptake, respeetively) are 
dependent on dopamine transmission in the nucleus accumbens, led 
to the hypothesis that the reinforeing or rewarding properties of these 
dmgs are mediated by the mesolimbie dopamine system. 


STRIATAL CONNECTIVITY 


Neurones of both dorsal and ventral striatum are mainly medium-sized 
multipolar eells. They have round, triangular or fhsiform somata, mixed 
with a smaller number of large multipolar eells. The ratio of medium 
to large eells is at least 20:1. The large neurones have extensive spherieal 
or ovoid dendritie trees up to 60 pm aeross. The medium-sized neu- 
rones also have spherieal dendritie trees, approximately 20 pm aeross, 
which reeeive the synaptie terminals of many striatal afferents. The 
dendrites of both medium and large striatal eells may be either spiny 
or non-spiny. The most eommon neurone (approximately 75% of the 
total) is a medium-sized eell with spiny dendrites (so-ealled medium 
spiny neurones). These eells utilize y-aminobutyric aeid (GABA) as their 
transmitter and also express the genes eoding for either enkephalin or 
substance P/dynorphin, depending on their efferent eonneetions. 
Enkephalinergie neurones express D2 dopamine reeeptors. Substance 
P/dynorphin neurones express D1 reeeptors. These neurones are the 
major, and perhaps exclusive, source of striatal efferents to the pallidum 
and substantia nigra pars retiailaris. The other medium-sized striatal 
neurones are aspiny, and are intrinsie eells that eontain aeetyleholinester- 
ase (AChE), eholine aeetyltransferase (CAT) and somatostatin. Large 
neurones with spiny dendrites eontain AChE and CAT; most, perhaps 
all, are intrinsie neurones. Aspiny large neurones are all intrinsie 
neurones. 

intrinsie synapses are probably largely asymmetrie (type II), while 
those derived from external sources are symmetrie (type I). The amin- 
ergie afferents from the substantia nigra, raphe and locus coeruleus all 
end as profhsely branehing axons with varieosities, which eontain 
dense-eore vesieles (the presumed store of amine transmitters). Many 
of these varieosities have no eonventional synaptie membrane speeiali- 
zations, and may release transmitter in a way analogous to that found 
in peripheral postsynaptie sympathetie axons. 

Neuroactive ehemieals, whether intrinsie or derived from afferents, 
are not distributed uniformly in the striatum. For example, 5-HT 
(5-hydroxytryptamine, serotonin) and glutamic aeid decarboxylase 
(GAD) eoneentrations are highest caudally, while substance P, aeetyl- 
eholine (ACh) and dopamine are highest rostrally. However, there is a 
finer-grain neurochemical organization showing that the striatum eon- 
sists of a mosaie of islands or striosomes (sometimes referred to as 
patehes), eaeh 0.5-1.5 mm aeross, paeked into a background matrix. 
Striosomes eontain substance P and enkephalin. During development, 





































































Striatum 


the first dopamine terminals from the substantia nigra are found in 
striosomes. Although this exclusivity does not persist after birth, strio- 
somes in the adult caudate nucleus still eontain a higher eoneentration 
of dopamine than the matrix. The latter eontains ACh and somatosta- 
tin, and is the target of thalamostriatal axons. Reeeptors for at least some 
neurotransmitters are also differentially distributed. For example, opiate 
reeeptors are found almost exclusively within striosomes, and mus- 
earinie reeeptors predominantly so. Moreover, the distribution of neu- 
roaetive substances within the striosomes is not uniform. In humans, 
the striosome/matrix patchwork is more evident in the caudate than the 
putamen, the latter eonsisting predominantly of matrix. 

All afferents to the striatum terminate in a mosaie manner. The size 
of a cluster of terminals is usually 100-200 jLtm aeross. Some afferent 
terminal clusters are not arranged in register with the elear striosome/ 
matrix distributions seen in nigrostriatal and thalamostriatal axons. In 
general, afferents from the neocortex end in striatal matrix and those 
from the allocortex end in striosomes. However, the distinetion is not 
absolute: although afferents from the neocortex arise in layers V and VI, 
those from the superficial part of layer V end predominantly in striatal 
matrix, whereas those from deeper neocortex projeet to striosomes. 
Striatal eell bodies that are the sources of efferents also form clusters 
but, again, are not uniformly related to striosomes. For example, the 
eell bodies of some striatopallidal and striatonigral axons lie clustered 
within striosomes, but others lie outside them, still in clusters. The 
neurones and neuropil of the ventral striatum are essentially similar to 
those of the dorsal striatum, but the striosomal/matrix organization is 
less well defìned and seems to eonsist predominantly of striosomes. 

The major eonneetions of the striatum are summarized in Figure 
24.8. Although the eonneetions of the dorsal and ventral divisions 
overlap, the generalization ean be made that the dorsal striatum is 
predominantly eonneeted with motor and assoeiative areas of the eer- 
ebral cortex, whilst the ventral striatum is eonneeted with the limbie 
system and orbitofrontal and temporal eortiees. For both dorsal and 
ventral striatum, the pallidum and substantia nigra pars retiailaris are 
key efferent structures. The fhndamental arrangement is the same for 
both divisions. The eerebral cortex projeets to the striatum, which in 
turn projeets to the pallidum and substantia nigra pars retiailaris. Effer- 
ents from the pallidum and substantia nigra pars retioilaris influence 
the eerebral cortex (either the supplementary motor area or prefrontal 
and cingulate eortiees via the thalamus) and the superior colliculus (see 
below). 

The entire neocortex sends glutamatergic axons to the ipsilateral 
striatum. Previously, these axons were thought to be eollaterals of eorti- 
eal efferents to other regions, but it is now known that they arise exclu- 
sively from small pyramidal eells in layers V and VI. It has also been 
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Fig. 24.8 Connections of the striatum. The major afferent projeetions to 
the striatum are shown on the right and major efferent projeetions from 
the striatum on the left. 


suggested that some of the eells of origin lie in the supragranular 'eorti- 
eal assoeiation' layers II and III. The projeetion is organized topographi- 
eally. The greater part of the input from the eerebral cortex to the dorsal 
striatum is derived from the frontal and parietal lobes, with that from 
the oeeipitotemporal cortex being relatively small. Thus, the orbitofron- 
tal assoeiation cortex projeets to the inferior part of the head of the 
caudate nucleus, which lies next to the ventral striatum. The dorsola- 
teral frontal assoeiation cortex and frontal eye fields projeet to the rest 
of the head of the caudate nucleus, and much of the parietal lobe 
projeets to the body of the nucleus. The somatosensory and motor 
eortiees projeet predominantly to the putamen. Their terminals estab- 
lish a somatotopie pattern, in which the lower body is represented later- 
ally and the upper body is represented medially. The motor cortex is 
unique in also sending axons through the corpus callosum to the oppo- 
site putamen, where they end with the same spatial ordering. The 
oeeipital and temporal eortiees projeet to the tail of the caudate nucleus 
and to the inferior putamen. 

The striatum reeeives afferents from the polysensory intralaminar 
thalamus and these are more emdely organized spatially. The nucleus 
eentralis lateralis, which reeeives a eerebellar input, projeets to the 
anterior striatum (espeeially the caudate nucleus), while the eentrome- 
dian nucleus, which reeeives input from both the cerebellum and inter- 
nal (medial) globus pallidus, projeets to the putamen. 

The aminergie inputs to the caudate and putamen are derived from 
the substantia nigra pars eompaeta (dopaminergie group A9; see Fig. 
21.17), the retrombral nucleus (dopaminergie group A8), the dorsal 
raphe nucleus (serotoninergie group B7) and the locus coeruleus 
(noradrenergie group A6). The nigrostriatal input is sometimes referred 
to as the 'mesostriataF dopamine pathway. It reaehes the striatum by 
traversing the H fields (of Forel) in the subthalamus and mnning in 
the medial forebrain bundle. These aminergie inputs appear to modu- 
late the responses of the striatum to eortieal and thalamie afferent 
influences. 

Efferents from the striatum pass to both segments of the globus pal- 
lidus and to the substantia nigra pars reticularis, where they end in a 
topieally ordered fashion. Fibres ending in either the external or inter- 
nal pallidum originate from different striatal eells (see Fig. 24.8). Those 
projeeting to the external pallidum eome from neurones that eo-loealize 
GABA and eneephalin, and give rise to the so-ealled 'indireet pathway' 
This name refers to the faet that these striatal neurones influence the 
aetivity of basal ganglia output neurones in the internal pallidum via 
the intermediary of the subthalamic nucleus. Other striatal neurones, 
which eo-loealize GABA and substance P/dynorphin, projeet direetly to 
the internal pallidum and are, therefore, deseribed as the 'direet 
pathway' 

The striatal projeetion to the pars retioilaris of the substantia nigra 
also has both direet and indireet eomponents, via the external pallidum 
and subthalamic nucleus (Figs 24.9-24.10). The axons of the direet 
striatonigral projeetion constitute the laterally plaeed 'eomb' system, 
which is spatially quite distinet from the aseending dopaminergie 
nigrostriatal pathway. Striatonigral fibres end in a spatially ordered way 
in the pars retioilaris. 

The ventral striatum is the primary target of fibres from limbie eor- 
tiees, including allocortex, and from limbie assoeiated regions (see Fig. 
24.9). Thus, the hippocampus (through the fornix) and orbitofrontal 
cortex (through the internal capsule) projeet to the nucleus accumbens, 
and the olfaetory, entorhinal, anterior cingulate and temporal visual 
eortiees projeet to both the nucleus accumbens and olfaetory tubercle. 
The olfaetory tubercle also reeeives afferents from the amygdala. The 
contiguity of the eortieal areas that projeet to the ventral striatum and 
neighbouring dorsal striatum emphasizes the impreeise nature of the 
boundaries between these two divisions. All the eortieal regions abut 
and overlap with neighbouring areas and they projeet to neighbouring 
parts of the dorsal striatum as well as to the ventral striatum. The fundus 
striati and ventromedial caudate nucleus abut the olfaetory tubercle and 
nucleus accumbens (see Fig. 24.6) and reeeive eonneetions from the 
orbitofrontal cortex and, to a lesser extent, from the lateral prefrontal 
and anterior cingulate eortiees (which also projeet to the contiguous 
head of the caudate nucleus). 

This continuity of the ventral and dorsal striata, as revealed by the 
arrangements of eortieostriatal projeetions, is reinforeed by eonsidera- 
tion of the aminergie inputs to the ventral striatum. They are derived 
from the dorsal raphe (serotoninergie group B7), the locus coeruleus 
(noradrenergie group A6) and the ventral tegmental area (dopamine 
group A10), as well as the most medial part of the substantia nigra pars 
eompaeta (A9) (see Fig. 21.17). The dopamine projeetions constitute 
the so-ealled mesolimbie dopamine pathway, which also projeets to 
the septal nuclei, hippocampus and amygdala, and prefrontal and ein- 
gulate eortiees through the medial forebrain bundle. The lateromedial 
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Fig. 24.9 The prineipal output eonneetions of the basal ganglia derived from dorsal (A) and ventral (B) divisions of the striatum. In eaeh ease, pathways 
established through the pallidum are distinguished from those passing through the substantia nigra pars reticularis. Abbreviations: DA, dopamine; NA, 
noradrenaline (norepinephrine); 5-HT, 5-hydroxytryptamine (serotonin). 
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Fig. 24.10 The prineipal eonneetions of the basal ganglia with the dieneephalon and brainstem 


continuity of eell groups A9 and 10 is thus refleeted in the relative posi- 
tions of their aseending fibres in the subthalamus and hypothalamus 
(the H fields and medial forebrain bundle, respeetively), as well as in 
the lateromedial topography of the dorsal and ventral striata (see Fig. 
24.6), which in turn have contiguous and overlapping sources of eorti- 
eal afferents. 


As with the dorsal striatum, efferents from the ventral striatum 
projeet to the pallidum (in this ease, the ventral pallidum) and the 
substantia nigra pars reticularis (see Figs 24.9-24.10). In the latter 
ease, the eonneetion is both direet and indireet, via the subthalamic 
nucleus. The projeetions from the pars retioilaris are as deseribed for 
the dorsal system, but axons from the ventral pallidum reaeh 






















































































Substantia nigra 


the thalamie mediodorsal niieleiis (which projeets to cingulate and 
prefrontal assoeiation cortex) and midline nuclei (which projeet to the 
hippocampus). Ventral pallidal axons also reaeh the habenular complex 
of the limbie system. 

The brain areas beyond the basal ganglia, substantia nigra and sub- 
thalamie nucleus to which both ventral and dorsal systems appear to 
projeet are, therefore, the prefrontal assoeiation and cingulate eortiees 
and the deep superior colliculus. 



The globus pallidus (pallidum) lies medial to the putamen and lateral 
to the internal capsule. It eonsists of external (lateral) and internal 
(medial) segments separated by an internal medullary lamina, which 
have substantially different eonneetions. Both segments reeeive large 
numbers of fibres from the striatum and subthalamic nucleus. The 
external segment projeets to the subthalamic nucleus as part of the 
'indireet pathway' The internal segment is eonsidered to be a homo- 
logue of the pars reticularis of the substantia nigra, with which it 
shares similar cellular and eonneetional properties. Together, therefore, 
these structures constitute the main output of the basal ganglia to 
other levels of the neuraxis, prineipally to the thalamus and superior 
colliculus. 

The eell density of the globus pallidus is less than one-twentieth that 
of the striatum. The morphology of the majority of eells is identieal in 
the two segments. They are large multipolar GABAergie neurones that 
elosely resemble those of the substantia nigra pars retioilaris. The den- 
dritie fields are diseoid, with planes at right angles to ineoming striato- 
pallidal axons, eaeh of which, therefore, potentially eontaets many 
pallidal dendrites en passant. This arrangement, coupled with the diam- 
eters of the dendritie fields (500 pm), suggests that a preeise topo- 
graphieal organization is unlikely within the pallidum. 

Striatopallidal fibres are of two main types. They projeet to either 
the external or the internal pallidum. Those projeeting to the external 
segment constitute the beginning of the so-ealled 'indireet pathway' 
They utilize GABA as their primary transmitter and also eontain 
enkephalin. Efferent axons from neurones in the external segment pass 
through the internal capsule in the subthalamic fasciculus and travel to 
the subthalamic nucleus (Fig. 24.11). 

Striatopallidal axons destined for the internal pallidum constitute 
the so-ealled 'direet pathway' Like the indireet projeetion, these utilize 
GABA as their primary transmitter but they also eontain substance P 
and dynorphin. Efferent axons from the internal pallidum projeet 
through the ansa lenticularis and fasciculus lenticularis (see Fig. 24.11). 
The former mns round the anterior border of the internal capsule and 
the latter penetrates the capsule direetly. Having traversed the internal 


capsule, both pathways unite in the subthalamic region, where they 
follow a horizontal hairpin trajeetory, and turn upwards to enter the 
thalamus as the thalamie fasciculus. The trajeetory circumnavigates the 
zona ineerta and ereates the so-ealled 'H' fields of Forel (see Figs 24.5, 
24.11). Within the thalamus, pallidothalamie fibres end in the ventral 
anterior and ventral lateral nuclei and in the intralaminar eentromedian 
nucleus. These in turn projeet excitatory (presumed glutamatergic) 
fibres primarily to the frontal cortex, including the primary and sup- 
plementary motor areas. The internal pallidum also projeets fibres 
caudally to the pedunculopontine nucleus, as deseribed below (see 
Fig. 24.10). 



The subthalamic nucleus is a biconvex, lens-shaped nucleus in the 
subthalamus of the dieneephalon. It lies medial to the internal capsule, 
immediately rostral to the level at which the latter beeomes continuous 
with the ems eerebri of the midbrain (see Figs 24.5, 24.3). Within the 
nucleus, small interneurones intermingle with large imiltipolar eells 
with dendrites that extend for about one-tenth the diameter of the 
nucleus. Dorsally, the nucleus is encapsulated by axons, many of which 
are derived from the subthalamic fasciculus; these earry a major 
GABAergie projeetion from the external segment of the globus pallidus 
as part of the indireet pathway. The nucleus also reeeives afferents from 
the eerebral cortex. It is unique in the intrinsie circuitry of the basal 
ganglia in that its eells are glutamatergic and projeet excitatory axons 
to both the globus pallidus and substantia nigra pars reticularis. Within 
the pallidum, subthalamic efferent fibres end predominantly in the 
internal segment but many also end in the external segment. 

The subthalamic nucleus plays a eentral role in the normal fimetion 
of the basal ganglia and in the pathophysiology of basal ganglia-related 
disorders. Destmetion of the nucleus, which occurs rarely as a result of 
stroke, results in the appearanee of violent, uncontrolled involuntary 
movements of the eontralateral side of the body, known as ballism 
(hemiballismus). The subthalamic nucleus is emeially involved in the 
pathophysiology of Parkinson's disease and is a target for fimetional 
neurosurgical therapy of the eondition. (For a detailed deseription of 
the anatomieal structure and variability of the subthalamic nucleus seen 
using high-field magnetie resonanee imaging (MRI) with histologieal 
validation, see Massey et al (2012) and Massey and Yousry (2010).) 


SUBSTANTIA NIGRA 


The substantia nigra is a nuclear complex deep to the ems eerebri 
in eaeh eerebral peduncle of the midbrain (see Fig. 21.16); its 
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Fig. 24.11 A eoronal seetion of the brain showing the major eonneetions of the basal ganglia with the dieneephalon 
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cytoarchitecture and eonneetions are deseribed in Chapter 21. Briefly, it 
eonsists of a pars eompaeta, a pars retiailaris and a smaller pars lateralis. 
The pars eompaeta and pars lateralis eorrespond to the dopaminergie 
eell group A9. The pars eompaeta projeets heavily to the caudate nucleus 
and putamen; lesser projeetions end in the globus pallidus and the 
subthalamic nucleus. The neurones of the pars reticularis and the inter- 
nal pallidum eolleetively constitute the output neurones of the basal 
ganglia system. In Parkinson's disease, the levels of dopamine in the 
substantia nigra and striatum deerease dramatieally as a result of 
the degeneration of pars eompaeta neurones and their terminals in 
the neostriatum. 


PEDUNCUL0P0NTINE NUCLEUS 


The pedunculopontine nucleus (nucleus tegmentalis pedunculoponti- 
nus) lies in the dorsolateral part of the pontomeseneephalie tegmen- 
tum. Anterograde traet-traeing studies in non-human primates and 
rodents have revealed multiple afferent and efferent eonneetions 
between the pedunculopontine nucleus and the basal ganglia, eerebel- 
lum, substantia nigra, thalamus, eerebral cortex and spinal eord. 

The pedunculopontine nucleus reeeives GABAergie efferent fibres 
from the globus pallidus and substantia nigra. In animal models of 
Parkinson's disease, these projeetions are overaetive and the peduncu- 
lopontine nucleus is inhibited. Taken in conjunction with other experi- 
mental evidenee, this suggests that the pedunculopontine nucleus is 
involved in the pathophysiology of disturbances of loeomotion, gait 
and posture in Parkinson's disease (Mena-Segovia et al 2004). That 
said, the variation in mielear eonneetivity between quadripedal and 
bipedal animals must be eonsidered when evaluating evidenee from 
any non-primate animal model (Alam et al 2011, Stein and Aziz 
2012 ).) 


PATH0PHYSI0L0GY 0F BASAL 
GANGLIA DIS0RDERS 


The basal ganglia might be said to guide intention into aetion. As far 
as their role in movement eontrol is eoneerned, they appear to promote 
and support patterns of behaviour that are appropriate in the prevail- 
ing circumstances and to inhibit unwanted or inappropriate move- 
ments. This is exemplified by disorders of the basal ganglia, which are 
eharaeterized, depending on the underlying pathology by an inability 
to initiate and execute wanted movements (as in Parkinson's disease) 
or an inability to prevent unwanted movements (as in Huntington's 
disease). 

Parkinson's disease is the most eommon pathologieal eondition 
affeeting the basal ganglia. It is eharaeterized by akinesia, muscular 
rigidity and tremor due to degeneration of the dopaminergie neurones 
of the substantia nigra pars eompaeta (which projeet to the striatum in 
the nigrostriatal pathway). As a consequence, dopamine terminals are 
lost in the striatum and dopamine levels are severely depleted. 
Dopamine reeeptors, which are loeated on medium spiny neurones and 
are the target of the nigrostriatal pathway, are spared. 

Dopamine appears to have a dual aetion on medium spiny striatal 
neurones. It inhibits those of the indireet pathway and excites those of 
the direet pathway. Consequently when dopamine is lost from the 
striatmn, the indireet pathway beeomes overaetive and the direet 
pathway beeomes underactive (Fig. 24.12). Overaetivity of the striatal 
projeetion to the external pallidum results in inhibition of pallidosub- 
thalamie neurones and, consequently, overaetivity of the subthalamic 
nucleus. Subthalamic efferents mediate excessive excitatory drive to the 
internal globus pallidus and substantia nigra pars reticularis. This is 
exacerbated by underactivity of the GABAergie, inhibitory direet 
pathway. Overaetivity of basal ganglia output then inhibits the motor 
thalamus and its excitatory thalamoeortieal eonneetions. While this 
deseription is little more than a first approximation of the underlying 
pathophysiology, this model of the basis of parkinsonian symptoms 
has led to the introduction of new neurosurgical approaehes to the 
treatment of Parkinson's disease, based upon lesioning and deep-brain 
stimulation of the internal globus pallidus and subthalamic nucleus 
(see below). 

The current medieal treatment for Parkinson's disease largely relies 
on levodopa (l-DOPA; L-dihydroxyphenylalanine), the immediate 
metabolie precursor of dopamine, or on dopamine agonists. Whilst 
these usually provide good symptomatie relief for many years, eventu- 
ally they lead to the development of side-effeets, including dyskinesias. 
The involuntary movements that occur as a consequence of long-term 
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Fig. 24.12 The pathophysiology of Parkinson’s disease (A) and 
dyskinesias (B). (Adapted with permission from Oossman AR, Neary D 
2010 Neuroanatomy, 4th edition. Edinburgh: Churchill Livingstone.) 


treatment of Parkinson's disease resemble those seen in Huntington's 
disease, tardive dyskinesia and ballism. Experimental evidenee suggests 
that these may share a eommon neural meehanism (see Fig. 24.12). 
Thus, the indireet pathway beeomes underactive, e.g. due to the effeets 
of dopaminergie dmgs in Parkinson's disease, or the degeneration of 
the striatopallidal projeetion to the external pallidum in Huntington's 
disease. This leads to physiologieal inhibition of the subthalamic 
nucleus by overaetive pallidosubthalamic neurones. The involvement 
of the subthalamic nucleus explains why the dyskinetie movements of 
levodopa-induced dyskinesia and Huntington's disease resemble those 
of ballism produced by lesion of the subthalamic nucleus. Hnderaetiv- 
ity of the subthalamic nucleus removes the excitatory drive from inter- 
nal pallidal neurones, which are known to be underactive in dyskinesias 
(Crossman 1990). Onee again, this anatomieal model of basal ganglia 
fhnetion is an oversimplifieation. Whilst it is tme that underactivity of 
the internal globus pallidus is assoeiated with dyskinesias, it is also 
known that lesions of the globus pallidus alleviate them. This so-ealled 
'pallidotomy paradox' suggests that the dynamie aspeets of pallidal and 
nigral efferent aetivity are important faetors in the generation of dyski- 
nesia (Marsden and Obeso 1994). A more reeent 'rate model' of basal 
ganglia hmetion hypothesizes that speeifie eomponents oseillate in neu- 
ronal synehrony at different frequencies to seleet speeifie voluntary 
motor patterns (Little and Brown 2014). Both rodent eleetrophysiology 
and reeording from deep-brain eleetrodes implanted in patients with 
Parkinson's disease suggest that neuronal aetivity suppression in the 
8-30 Hz beta frequency band eorrelates with relief of parkinsonian 
akinesia and rigidity by both dopamine and subthalamic nucleus deep- 
brain stimulation. 

There is evidenee that dysfhnetion of the basal ganglia is also 
involved in other complex, less well understood, behavioural disorders. 
In animal experiments, lesions of the basal ganglia, espeeially of the 
caudate nucleus, induce uncontrollable hyperaetivity (e.g. obstinate 
progression, ineessant paeing and other eonstantly repeated behav- 
iours). This and other evidenee has led to the notion that the corpus 
striatum enables the individual to make motor ehoiees and to avoid 
'stimulus-bound' behaviour. Positron emission tomography (PET) 
studies in humans have shown that sufferers from obsessive-compulsive 
disorder (OCD), which is eharaeterized by repeated ritualistic motor 
behaviour and intmsive thoughts, exhibit abnormal aetivity in the pre- 
frontal cortex and caudate nuclei. There are similar suggestive observa- 
tions in ehildhood attention defieit hyperaetivity disorder (ADHD) and 
Gilles de la Tourette's syndrome. In this respeet, it may be signifieant 
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that the basal ganglia, besides reeeiving eonneetions from the frontal 
lobe and limbie eortiees, also have an aseending influence on the pre- 
frontal and cingulate eortiees through the substantia nigra pars reticu- 
laris and dorsomedial and ventromedial thalamus in parallef 
fhnetionally segregated, eortieostriatothalamie circuits subserving loeo- 
motor, oculomotor, eognitive and affeetive behaviour (Alexander et al 
1986; see Fig. 24.9). 

Before the advent of levodopa therapy, neurosurgery for Parkinson's 
disease was eommonplaee. The globus pallidus and thalamus were 
favoured targets for ehemieal or thermal lesions. Pallidotomy and tha- 
lamotomy often improved rigidity and tremor, but they produced little 
eonsistent benefieial effeet on akinesia. With the arrival of levodopa 
therapy which very effeetively alleviates akinesia, the surgical treatment 
of Parkinson's disease underwent a progressive deeline. It soon beeame 
elear, however, that long-term use of levodopa was assoeiated with a 
number of side-effeets such as dyskinesias, Vearing-off and the 'on-off 
phenomenon. More reeent advanees in understanding the pathophysio- 
logy of movement disorders, and of Parkinson's disease in particular, 
have stimulated a renaissanee in the use of neurosurgery to treat move- 
ment disorders. 

Lesioning the subthalamic nucleus in experimental primates that 
had been made parkinsonian with the neurotoxin MPTP dramatieally 
alleviated the parkinsonian symptoms, suggesting that that the subtha- 
lamie nucleus might be an appropriate elinieal target (Pereira and Aziz 
2006). While therapeutic surgical lesions of the subthalamic nucleus 
ean alleviate tremor, rigidity and bradykinesia in patients with Parkin- 
son's disease, the risk of side-effeets is not trivial: the subthalamic 
nucleus is a small structure wrapped by fibres of passage and elose to 
the hypothalaimis and internal capsule. 

In 1992, Laitinen et al reintroduced pallidotomy for the treatment 
of end-stage Parkinson's disease, but eonfined the lesions to the postero- 
ventral part of the internal pallidum. These lesions were found to be 
extremely reliable in abolishing eontralateral rigidity and drug-induced 
dyskinesias, with slightly less effieaey on tremor and bradykinesia 
(Laitinen et al 1992). 

Implantation of deep-brain eleetrodes, through which high- 
frequency pulses generated by a paeemaker could inhibit eells in the 
vieinity, has been a eoneept sinee the early 1970s but did not beeome 
a widespread reality until the late 1980s, as a result of teehnologieal 
advanees. The introduction of the technique of deep-brain stimulation 
(DBS), which avoids making permanent lesions, made bilateral surgery 
safer. There have been numerous reports of the effeetiveness of both 
bilateral pallidal and subthalamic nucleus stiimilation in Parkinson's 
disease (Rodriguez-Oroz et al 2012; Figs 24.13-24.14). Subthalamic 
nucleus stimulation is favoured by most for relieving akinesia and rigid- 
ity, with pallidal stimulation eonsidered to ameliorate dyskinesias. Sub- 
thalamie stimulation is more effeetive than pallidal stimulation in 
allowing patients to reduce their anti-parkinsonian medieation. Tremor 
is best relieved by stiimilation of either the eontralateral ventral inter- 
mediate thalamie nucleus or the zona ineerta. 

Another manifestation of basal ganglia dysfimetion is dystonia, 
which is eharaeterized by inereased muscle tone and abnormal pos- 
tures. Dystonia may occur as a consequence of levodopa treatment in 
Parkinson's disease or inherited disease (e.g. early-onset torsion, or 
Oppenheim's dystonia, an autosomal dominant disorder most eom- 
monly assoeiated with a imitation in the DYTl gene that eneodes torsin 
A). Although the pathophysiologieal basis of dystonia is unclear (Hallett 
2006), it is probably caused by underactivity of basal ganglia output. 
The observation that painfhl dystonie posturing of the limbs in parkin- 
sonian patients responds dramatieally to bilateral pallidal stimulation 
led to the development of bilateral pallidal stiimilation for dystonia. 
Intriguingly, in dystonia the pallidal neurones are held to fire at rates 
below normal, and so it is open to question how this stiimilation works. 
Moreover, while the effeet of stimulation is immediate in the ease of 
Parkinson's disease, in dystonia the improvement may take weeks to 
emerge, suggesting that the neural meehanism(s) underlying the thera- 
peutic effeet of stimulation for these eonditions is/are different and 
implieating a role for neuroplasticity in dystonia. 

An even more reeent neurosurgical development in the therapy of 
Parkinson's disease has involved targeting the pedunculopontine 
nucleus, which both reeeives fibres from and sends fibres to basal 
ganglia and related nuclei. Reeently, DBS of the pedunculopontine 
nucleus through implanted eleetrodes has been applied in dmg-resistant 
akinetie parkinsonian patients (Fig. 24.15). Low-frequency stimulation 
alleviates postural instability and on-medieation gait freezing and 
falling, symptoms that eonventional medieation and surgery fail to 
improve. 



Fig. 24.13 A magnetie resonanee image showing the plaeement of 
deep-brain stimulating eleetrodes (arrows) bilaterally in the globus pallidus 
of a patient with Parkinson’s disease. (Courtesy of Mr L Zrinzo and 
Professor M Hariz, National Hospital of Neurology and Neurosurgery, 
London, UK.) 



Fig. 24.14 A magnetie resonanee image showing the plaeement of 
deep-brain stimulating eleetrodes (arrows) bilaterally in the subthalamic 
nucleus of a patient with Parkinson’s disease. (Courtesy of Mr L Zrinzo 
and Professor M Hariz, National Hospital of Neurology and Neurosurgery, 
London, UK.) 
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Fig. 24.15 Stimulation loeations represented in Montreal Neurological lnstitute spaee in pedunculopontine nucleus deep-brain stimulation for Parkinson’s 
disease. The relative extent of the pedunculopontine nucleus has been outlined based on eholine aeetyltransferase immunohistochemistry. A, Coronal 
view. B, Sagittal view. Abbreviations: IC, inferior colliculus; PM line, pontomeseneephalie line eonneeting the pontomeseneephalie junction to the caudal 
end of the inferior colliculi; SC, superior colliculus. (Courtesy of Mr J A Hyam, Departments of Neurosurgery, Oxford Llniversity Hospitals and adapted 
from Thevathasan et al., Alpha oseillations in the pedunculopontine nucleus eorrelate with gait performanee in parkinsonism. Brain. 2012 Jan;135(Pt 
1): 148—60.) 
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(JHAPTER 



The eerebral hemispheres are the largest and most developed part 
of the hiiman brain. They eontain the primary motor and sensory eor- 
tiees, the highest levels at which motor aetivities are eontrolled and to 
which general and speeial sensory systems projeet, and which provide 
the neural substrate for the conscious experience of sensory stimuli. 
Assoeiation areas are both modality-speeifie and imiltimodafi enabling 
complex analyses of the internal and external environment and of the 
relationship of the individual with the external world. The elements of 
the limbie system are particularly eoneerned with memory and the 
emotional aspeets of behaviour, and provide an affeetive overtone to 
conscious experience as well as an interfaee with subcortical areas such 
as the hypothalaimis, through which widespread physiologieal aetivities 
are integrated. Other eortieal areas, primarily within the frontal region, 
are eoneerned with the highest aspeets of eognitive fimetion and eon- 
tribute to personality judgment, foresight and planning. 

The external surface of eaeh hemisphere is highly convoluted into a 
series of folds or gyri, separated by furrows or sulci (Fig. 25.1). The 
configuration of the main eerebral sulci and gyri provides the basis for 
dividing the hemispheres into frontafi parietafi oeeipitafi temporafi 
insular and limbie lobes. The internal white matter eontains assoeia- 
tion fibres limited to eaeh hemisphere, commissural fibres linking 
eorresponding areas of both hemispheres, and projeetion fibres eon- 
neeting the eerebral cortex of eaeh hemisphere with subcorticafi brain- 
stem and spinal eord nuclei. Some of these bundles (traets, fasciculi) 
are relatively well defined maeroseopieally and mieroseopieally while 
others are less easy to identify. A detailed knowledge of the three- 
dimensional anatomieal interrelationships of white matter traets is a 
requisite for the planning, intraoperative monitoring and execution of 
neurosurgical reseetive procedures, e.g. for tumour surgery, and epi- 
lepsy and deep brain stimulation procedures. Current understanding 
of these relationships owes much to the seminal work of Josef Klingler 
and his meticulous disseetion of white matter traets using formalin- 
fixed, freeze-thawed brains (Agrawal et al 2011). Contemporary neuro- 
surgical anatomieal studies seek to define and delineate these fibre 
bundles, particularly in areas of complexity such as fibre erossing, by 
eorrelating anatomieal findings obtained using Klingler's disseetion 
techniques with the results obtained from diffusion-weighted mag- 
netie resonanee imaging, fimetional MRI (fMRI), intraoperative elee- 


trostimulation and behavioural analyses (Alareon et al 2014, Jin et al 
2014). Some details of the anatomy of the gyri, sulci, assoeiation fibres 
and the amygdaloid nuclear complex are deseribed online only ( ags 

25.2; 25.9-25.13; 25.14; 25.17; 25.18; 25.20; 25.22; 25.27; 25.36; 
25.37; 25.46-25.49). 



CEREBRAL HEMISPHERE SURFACES, 
SULCI AND GYRI 



Eaeh hemisphere has superolateral, medial and inferior (basal) surfaces, 
separated by superomedial, inferolateral, medial orbital and medial 
oeeipital margins respeetively. 

The superolateral surface is convex and lies beneath the bones of the 
eranial vault; the frontal, parietal, temporal and oeeipital lobes eorre- 
spond approximately in surface extent to the overlying bones from 
which they take their names. The frontal and parietal lobes are sepa- 
rated from the temporal lobe by the prominent lateral (Sylvian) fissure. 

The inferior surface is divided by the anterior part of the lateral 
fissure into a small anterior orbital part and a larger posterior tentorial 
part. The orbital part is the eoneave orbital surface of the frontal lobe 
and rests on the floor of the anterior eranial fossa. The posterior part is 
formed by the basal aspeets of the temporal and oeeipital lobes, and 
rests on the floor of the middle eranial fossa and the upper surface of 
the tentorium eerebelli, which separates it from the superior surface 
of the cerebellum. The medial surface is flat and vertieal, separated from 
the opposite hemisphere by the longitudinal fissure and the falx eerebri. 
Anteriorly, the eerebral hemisphere terminates at the frontal and tem- 
poral poles, and posteriorly at the oeeipital pole. 

The eerebral sulci delineate the brain gyri and are extensions of the 
subarachnoid spaee (Butler and Hodos 2005, Sarnat and Netsky 1981, 
Park et al 2007, Chi et al 1977, Nishikuni and Ribas 2013, Ono et al 
1990, Catani and Thiebaut de Sehotten 2012, Duvernoy 1991, Naidieh 
et al 2013). When they are deep and anatomieally eonstant, they are 
referred to as fissures. The main sulci have depths of 1-3 em, and their 
walls harbour small gyri that eonneet with eaeh other (transverse gyri). 
Sulci that separate the transverse gyri vary in length and depth, and may 
beeome visible as incisures at the surface of the brain. The indentations 
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Fig. 25.1 The lateral aspeet of the left eerebral 
hemisphere, indieating the major gyri and sulci. 
(Disseetion by EL Rees; photograph by Kevin 
Fitzpatriek on behalf of GKT Sehool of Medieine, 
London; figure enhaneed by B Crossman.) 
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Fig. 25.3 A sagittal seetion of the brain, with the 
brainstem removed, showing the major gyri and 
siilei on the medial aspeet of the left eerebral 
hemisphere. (Photograph by Kevin Fitzpatriek on 
behalf of GKT Sehool of Medieine, London; figure 
enhaneed by B Crossman.) 



caused by eortieal arteries ean have an appearanee similar to that of the 
incisures. The sulci of the superolateral and inferior surfaces of the 
hemisphere are usually orientated towards the nearest ventriailar eavity. 

On the brain surface, the sulci ean be long or short, intermpted or 
continuous. Sulci that are usually continuous include the lateral fissure 
and the eallosaf ealearine, parieto-oeeipitaf eollateral and, generally, 
the eentral sulcus. 

On the superolateral surface of the hemisphere, the frontal and 
temporal regions are eaeh eomposed of three horizontal gyri (superior, 
middle and inferior frontal and temporal gyri). The eentral area is 
eomposed of two slightly oblique gyri (pre- and posteentral gyri). The 
parietal region is eomprised of two semicircular lobules (superior and 
inferior parietal lobules, the inferior being formed by the supramarginal 
and angular gyri) (see fig. 25.1). The oeeipital region is eomposed of 
two or three less well-defined gyri (superior, middle and inferior oeeipi- 
tal gyri). The insula, which lies deep in the floor of the lateral fissure, 
eonsists of 4-5 diagonal gyri (short and long insular gyri) (Fig. 25.2). 

The orbital part of the inferior surface is eovered by the orbital gyri 
and the basal aspeet of the rectus gyri, and the tentorial part of the 
inferior surface is eovered by the basal aspeets of the inferior temporal, 
inferior oeeipital and lingual gyri, and the fiisiform gyms. The medial 
surface of the hemisphere is eharaeterized by a very well defined 
C-shaped inner ring eomposed primarily of two continuous gyri (ein- 
gulate and parahippoeampal gyri), surrounded by a much less well 
defined outer ring of gyri (medial aspeets of rectus and superior frontal 
gyri, paraeentral lobule, precuneus, cuneus, and medial aspeet of lingual 
gyrus) (Fig. 25.3). 



The mieroseopie stmcture of the eerebral cortex is an intrieate complex 
of nerve eells and fibres, neuroglia and blood vessels. The neocortex 
essentially eonsists of three neuronal eell types. Pyramidal eells are the 
most abundant. Non-pyramidal eells, also ealled stellate or granule 
eells, are divided into spiny and non-spiny types. All types have been 
ffirther subdivided on the basis of size and shape (Fig. 25.4; see 
Fig. 3.3). 


g) LAMINAR ORGANIZATION 

The most obvious mieroseopie feature of a thin seetion of the neoeor- 
tex stained to demonstrate eell bodies or fibres is its horizontal lami- 
nation. The extent to which this organization aids the understanding 
of eortieal fimetional organization is debatable, but the use of eytoar- 
ehiteetonie deseription to identify regions of cortex is eommon. Typieal 
neocortex is deseribed as having six layers, or laminae, lying parallel to 
the surface (Fig. 25.5). These are the molecular or plexiform layer; 
external granular lamina; external pyramidal lamina; internal granular 
lamina; internal pyramidal (ganglionie) lamina; and multiform (or 
fiisiform/pleiomorphie) layer. 


NE0C0RTICAL STRUCTURE 


Five regional variations in neoeortieal structure are deseribed (Fig. 
374 25.6). While all are said to develop from the same six-layered pattern, 


two types - gramilar and agranular - are regarded as virtually laeking 
eertain laminae, and are referred to as heterotypieal. Homotypieal vari- 
ants, in which all six laminae are found, are ealled frontal, parietal and 
polar, names that link them with speeifie eortieal regions in a somewhat 
misleading manner (e.g. the frontal type also occurs in parietal and 
temporal lobes). 

The agranular type is eonsidered to have diminished, or absent, 
granular laminae (II and IV) but always eontains seattered stellate 
somata. Large pyramidal neurones are found in the greatest densities 
in agranular cortex, which is typified by the numerous efferent projee- 
tions of pyramidal eell axons. Although it is often equated with motor 
eortieal areas such as the preeentral gyms (area 4), agranular cortex also 
occurs elsewhere, e.g. areas 6, 8 and 44, and parts of the limbie system. 

In the granular type of cortex the granular layers are maximally 
developed and eontain densely paeked stellate eells, among which small 
pyramidal neurones are dispersed. Laminae III and IV are poorly devel- 
oped or unidentifiable. This type of cortex is particularly assoeiated with 
afferent projeetions. However, it does reeeive efferent fibres, derived 
from the seattered pyramidal eells, although they are less numerous 
than elsewhere. Granular cortex occurs in the posteentral gyms (soma- 
tosensory area), striate area (visual area) and superior temporal gyms 
(acoustic area), and in small areas of the parahippoeampal gyms. 
Despite its very high density of stellate eells, espeeially in the striate 
area, it is almost the thinnest of the five main types. In the striate cortex, 
the external band of Baillarger (lamina IV) is well defined as the stria 
(white line) of Gennari. 

The other three types of cortex are intermediate forms. In the frontal 
type, large numbers of small- and medium-sized pyramidal neurones 
appear in laminae III and V, and gramilar layers (II and IV) are less 
prominent. The relative prominenee of these major forms of neurone 
varies reeiproeally wherever this form of cortex exists. 

The parietal type of cortex eontains pyramidal eells, which are mostly 
smaller in size than in the frontal type. In marked eontrast, the granular 
laminae are wider and eontain more of the stellate eells: this kind of 
cortex occupies large areas in the parietal and temporal lobes. The polar 
type is elassieally identified with small areas near the frontal and oeeipi- 
tal poles, and is the thinnest form of cortex. All six laminae are repre- 
sented, but the pyramidal layer (III) is reduced in thiekness and not so 
extensively invaded by stellate eells as it is in the granular type of cortex. 
In both polar and granular types, the multiform layer (VI) is more 
highly organized than in other types. 

It is customary to refer to some diserete eortieal territories not only 
by their anatomieal loeation in relation to gyri and sulci, but also in 
relation to their eytoarehiteetonie eharaeteristies (Brodmann's areas) 
(Fig. 25.7). Some of the areas so defined, e.g. the primary sensory and 
motor eortiees, have elear relevanee in terms of anatomieal eonneetions 
and fimetional signifieanee, others less so. 


C0RTICAL LAMINATION AND 
C0RTICAL C0NNECTI0NS 


The eortieal laminae represent, to some extent, horizontal aggregations 
of neurones with eommon eonneetions. This is most elearly seen in 
the lamination of eortieal efferent (pyramidal) eells. The internal 
pyramidal lamina, layer V, gives rise to eortieal projeetion fibres, most 
notably eortieostriate, corticobulbar (including eortieopontine) and 
eortieospinal axons. In addition, a signifieant proportion of feedbaek 


















































Oerebral hemispheres 


Four main types of sulci have been deseribed: large primary sulci 
(e.g. eentral, preeentraf posteentral and continuous sulci); shortprimary 
sulci (e.g. rhinaf olfaetory lateral and oeeipital sulci); short sulci eom- 
posed of several branehes (e.g. orbital and subparietal sulci); and short, 
free supplementary sulci (e.g. medial frontal and hrnate sulci) (Ono 
et al 1990). Sulci often have side branehes that may be unconnected or 
eonneeted (with end-to-side, end-to-end or side-to-side eonneetions 
that ean also join two neighbouring parallel sulci). 

Pyramidal eells have a flask-shaped or triangular eell body ranging 
from 10 to 80 pm in diameter. The soma gives rise to a single thiek 
apieal dendrite and multiple basal dendrites. The apieal dendrite 
aseends towards the eortieal surface, tapering and branehing, to end in 
a spray of terminal twigs in the most superficial lamina, the molecular 
layer. From the basal surface of the eell body dendrites spread more 
horizontally for distanees up to 1 mm for the largest pyramidal eells. 
Like the apieal dendrite, the basal dendrites braneh profiisely along 
their length. All pyramidal eell dendrites are studded with a myriad of 
dendritie spines. These beeome more numerous as distanee from the 
parent eell soma inereases. A single slender axon arises from the axon 
hilloek, which is usually situated eentrally on the basal surface of the 
pyramidal neurone. llltimately, in the vast majority of eases, if not in 
all, the axon leaves the eortieal grey matter to enter the white matter. 
Pyramidal eells are thus, perhaps universally, projeetion neurones. They 
use an excitatory amino aeid, either glutamate or aspartate, as their 
neurotransmitter. 

Spiny stellate eells are the seeond most numerous eell type in the 
neocortex and, for the most part, occupy lamina IV. They have relatively 
small multipolar eell bodies, eommonly 6 to 10 pm in diameter. Several 
primary dendrites, profiisely eovered in spines, radiate for variable dis- 
tanees from the eell body. Their axons ramiíy within the grey matter 
predominantly in the vertieal plane. Spiny stellate eells probably use 
glutamate as their neurotransmitter. 

The smallest group eomprises the heterogeneous non-spiny or 
sparsely spinous stellate eells. All are interneurones, and their axons are 
eonfined to grey matter. In morphologieal terms, this is not a single 
elass of eell but a multitude of different forms, including basket, ehan- 
delier, double bouquet, neurogliaform, bipolar/ffisiform and horizon- 
tal eells. Various types may have horizontally, vertieally or radially 
ramifying axons. 

Neurones with mainly horizontally dispersed axons include basket 
and horizontal eells. Basket eells have a short, vertieal axon, which 
rapidly divides into horizontal eollaterals, and these end in large termi- 
nal sprays synapsing with the somata and proximal dendrites of pyrami- 
dal eells. The eell bodies of horizontal eells lie mainly at the superficial 
border of lamina II, oeeasionally deep in lamina I (the moleoilar or 
plexiform layer). They are small and fiisiform, and their dendrites 
spread short distanees in two opposite direetions in lamina I. Their 
axons often stem from a dendrite, then divide into two branehes, which 
travel away from eaeh other for great distanees in the same layer. 

Neurones with an axonal arborization predominantly perpendicular 
to the pial surface include ehandelier, double bouquet and bipolar/ 
ffisiform eells. Chandelier eells have a variable morphology, although 
most are ovoid or ffisiform and their dendrites arise from the upper and 
lower poles of the eell body. The axonal arborization, which emerges 
from the eell body or a proximal dendrite, is eharaeteristie and identifies 
these neurones. A few eells in the more superficial laminae (II and Illa) 
have deseending axons, deeper eells (laminae ille and IV) have aseend- 
ing axons, and intermediate neurones (Illb) often have both. The axons 
ramify elose to the parent eell body and terminate in numerous verti- 
eally orientated strings, which mn alongside the axon hilloeks of 
pyramidal eells, with which they synapse. Double bouquet (or bitufted) 
eells are found in laminae II and III and their axons traverse laminae II 
and V. Generally, these neurones have two or three main dendrites, 
which give rise to a superficial and deep dendritie tuft. A single axon 
arises usually from the oval or spindle-shaped eell soma and rapidly 
divides into an aseending and deseending braneh. These branehes eol- 
lateralize extensively, but the axonal arbor is eonfined to a perpendicu- 
larly extended, but horizontally eonfined, eylinder, 50-80 pm aeross. 
Bipolar eells are ovoid with a single aseending and a single deseending 
dendrite, which arise from the upper and lower poles, respeetively. 
These primary dendrites braneh sparsely and their branehes mn verti- 
eally to produce a narrow dendritie tree, rarely more than 10 pm aeross, 
which may extend through most of the eortieal thiekness. Commonly, 
the axon originates from one of the primary dendrites, and rapidly 
branehes to give a vertieally elongated, horizontally eonfined axonal 
arbor, which elosely parallels the dendritie tree in extent. 



Fig. 25.2 The basie organization of the main eerebral gyri. 

A, Superolateral surface, left side. B, Medial and basal surfaces, right 
side. Red lines indieate eonstant gyri. The frontal and temporal regions 
eaeh eonsist of three horizontal gyri; the eentral area eonsists of two 
slightly oblique gyri; the parietal region eonsists of two lobules (a 
quadrangular superior lobule and an inferior lobule eonsisting of two 
semicircular gyri); the oeeipital region eonsists of three irregular, less well 
defined, predominantly longitudinal gyri that eonverge towards the 
oeeipital pole; and the insula is eomposed of four or five diagonal gyri. 
Medially, the external lateral gyri and lobules extend along the superior 
and inferolateral borders of eaeh hemisphere. Together, they constitute 
an outer medial ring that surrounds a well-defined, C-shaped inner ring 
eomposed of two continuous gyri. (With permission from Ribas GC, The 
eerebral sulci and gyri, Neurosurg Focus 2010 Feb;28(2):E2.) 


The prineipal reeognizable neuronal type is the neurogliaform or 
spiderweb eell. These small spherieal eells, 10-12 pm in diameter, are 
found mainly in laminae II—IV, depending on eortieal area. Seven to 
ten thin dendrites typieally radiate out from the eell soma, some 
branehing onee or twice to form a spherieal dendritie field of approxi- 
mately 100-150 pm diameter. The slender axon arises from the eell 
body or a proximal dendrite. Almost immediately, it branehes proffisely 
within the vieinity of the dendritie field (and usually somewhat 
beyond), to give a spherieal axonal arbor up to 350 pm in diameter. 

The majority of non-spiny or sparsely spinous non-pyramidal eells 
probably use y-aminobutyric aeid (GABA) as their prineipal neurotrans- 
mitter. This is almost eertainly the ease for basket, ehandelier, double 
bouquet, neurogliaform and bipolar eells. Some are also eharaeterized 
by the coexistence of one or more neuropeptides, including neuropep- 
tide Y, vasoaetive intestinal polypeptide (VIP), eholeeystokinin (CCK), 
somatostatin and substance P. Aeetyleholine is present in a subpopula- 
tion of bipolar eells, which may additionally be GABAergie and eontain 
VIP. 
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SECTION 3 


CEREBRAL HEMISPHERES 


The moleeiilar or plexiform layer is eell-sparse, eontaining only seat- 
tered horizontal eells and their proeesses enmeshed in a eompaeted 
mass of tangentiaf prineipally horizontal axons and dendrites. These 
are afferent fibres, which arise from outside the eortieal area, together 
with intrinsie fibres from eortieal interneurones, and the apieal den- 
dritie arbors of virtually all pyramidal neurones of the eerebral cortex. 
In histologieal seetions stained to show myelin, layer I appears as a 
narrow horizontal band of fibres. The external granular lamina eontains 
a varying density of small neuronal eell bodies, inehiding both small 
pyramidal and non-pyramidal eells; the latter may predominate. Myelin 
fibre stains show mainly vertieally arranged proeesses traversing the 
layer. The external pyramidal lamina eontains pyramidal eells of varying 
sizes, together with seattered non-pyramidal neurones. The size of the 
pyramidal eells is smallest in the most superficial part of the layer and 
greatest in the deepest part. This lamina is frequently fhrther subdivided 
into Illa, Illb and ille, with Illa most superficial and ille deepest. As in 
layer II, myelin stains reveal a mostly vertieal organization of fibres. The 
internal granular lamina is usually the narrowest of the cellular laminae. 
It eontains densely paeked, small, round eell bodies of non-pyramidal 
eells, notably spiny stellate eells and some small pyramidal eells. Within 
the lamina, in myelin stained seetions, a prominent band of horizontal 
fibres (outer band of Baillarger) is seen. The internal pyramidal (gan- 
glionie) lamina typieally eontains the largest pyramidal eells in any 
eortieal area, though actual sizes vary eonsiderably from area to area. 
Seattered non-pyramidal eells are also present. In myelin stains, the 
lamina is traversed by aseending and deseending vertieal fibres, and also 
eontains a prominent eentral band of horizontal fibres (inner band of 
Baillarger). The multiform (or fiisiform/pleiomorphie) layer eonsists of 
neurones with a variety of shapes, including reeognizable pyramidal, 
spindle, ovoid and many other shapes of somata. Typieally, most eells 
are small to medium in size. This lamina blends gradually with the 
underlying white matter, and a elear demareation of its deeper bound- 
ary is not always possible. 
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Cerebral lobes 




Fig. 25.4 A, Characteristic 
neoeortieal neurones. 

From left to right are 
shovvn Martinotti, 
neurogliaform, basket, 
horizontal, fusiform, 
stellate and pyramidal 
types of neurone. B, The 
most frequent types of 
neoeortieal neurone, 
shovving typieal 
eonneetions with eaeh 
other and with afferent 
fibres. The right and left 
afferent fibres are 
assoeiation or 
eortieoeortieal 
eonneetions; the eentral 
afferent is a speeifie 
sensory fibre. Neurones 
are shown in their 
eharaeteristie lamina but 
many have somata in 

Afferent fibres more than one layer. 

Efferent neurones 

Neurones limited to cortex 


Neuronetypes: 

B Basket 
F Fusiform 
H Horizontal 
M Martinotti 
N Neurogliaform 
P Pyramidal 
S Stellate 


eortieoeortieal axons arise from eells in this layer, as do some eortieo- 
thalamie fibres. Layer VI, the multiform lamina, is the major source of 
eortieothalamie fibres. Supragranular pyramidal eells, predominantly 
layer III but also lamina II, give rise primarily to both assoeiation and 
commissural eortieoeortieal pathways. Generally short eortieoeortieal 
fibres arise more superficially and long eortieoeortieal (both assoeiation 
and commissural) axons eome from eells in the deeper parts of layer 
III. Major afferents to a eortieal area tend to terminate in layers I, IV 
and VI. Quantitatively lesser projeetions end either in the intervening 
laminae II/III and V, or sparsely throughout the depth of the cortex. 
Numerically the largest input to a eortieal area tends to terminate 
mainly in layer IV. This pattern of termination is seen in the major 
thalamie input to visual and somatie sensory cortex. In generaf non- 
thalamie subcortical afferents to the neocortex, which are shared by 
widespread areas, tend to terminate throughout all eortieal layers, but 
the laminar pattern of their endings still varies eonsiderably from area 
to area. 

C0LUMNS AND M0DULES 


Experimental physiologieal and eonneetional studies have demon- 
strated an internal organization of the cortex, which is at right angles 
to the pial surface, with vertieal columns or modules mnning through 
the depth of the cortex. The term 'column' refers to the observation that 
all eells encountered by a mieroeleetrode penetrating and passing per- 
pendicularly through the cortex respond to a single peripheral stimulus, 
a phenomenon first identified in the somatosensory cortex. In the visual 
cortex, narrow (50 jiim) vertieal strips of neurones respond to a bar 
stimulus of the same orientation (orientation columns), and wider 
strips (500 jiim) respond preferentially to stimuli deteeted by one eye 


(ocular dominanee columns). Adjaeent orientation columns aggregate 
within an ocular dominanee column to form a hypereolmnn, respond- 
ing to all orientations of stimulus for both eyes for one point in the 
visual field. Similar fimetional columnar organization has been 
deseribed in widespread areas of neocortex, including motor cortex and 
assoeiation areas. 


CEREBRAL LOBES 


Eaeh eerebral hemisphere is divided into six lobes: frontaf parietaf 
oeeipitaf temporaf insular and limbie lobes. The surface features of the 
hemispheres exhibit eonsiderable inter-individual variation in terms of 
the depth and size of their sulci and the resulting patterns of gyral sepa- 
ration (Ribas 2010). Connections between sulci are eommon; differing 
interpretations of these patterns of eonneetivity continue to contribute 
to ineonsisteneies in the literature, e.g. the use of different boundaries 
to demareate the temporaf parietal and oeeipital lobes (Fig. 25.8). 

In what follows, eaeh lobe will be deseribed in terms of its external 
sulci and gyri, internal eortieal structure and eonneetivity. LTnless other- 
wise indieated in the eaption, the disseetions in this ehapter display 
features in left eerebral hemispheres. 

FR0NTAL L0BE 


The frontal lobe is the largest part of the eerebral hemisphere. It eon- 
tains the primary motor area (MI) within the preeentral gyms, the 
supplementary motor area (SMA) anteriorly and medially, and the 
premotor areas anteriorly and laterally. While movement is thought to 
be initiated from within MI, the supplementary motor and premotor 
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Plexiform (molecular) 
External granular 
Pyramidal 


Internal granular and external band of Baillarger 
Ganglionie layer, eontaining inner band of Baillarger 
Multiform (polymorphous) 



Golgi Nissl VVeigert 


Fig. 25.5 The layers of the eerebral cortex. The three vertieal columns 
represent the disposition of cellular elements, as revealed by the staining 
techniques of Golgi (impregnating whole neurones), Nissl (staining eell 
bodies) and VVeigert (staining nerve fibres). 
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areas are believed to instmet the MI area. The most anterior and basal 
aspeets of the frontal lobes are related to judgement and complex 
aspeets of volitional behaviour. 

Frontal lobe sulci and gyri 

The frontal lobe is delimited posteriorly by the eentral sulcus, medially 
by the (great) longitudinal fissure and inferolaterally by the lateral 
fissure (Figs 25.9-25.10; see figs 25.1, 25.8). The area of the frontal 
lobe anterior to the preeentral gyms is divided into longitudinal supe- 
rior, middle and inferior frontal gyri; the frontal pole lies anterior to 
these gyri (see Figs 25.1, 25.8, 25.21B). Its superolateral (dorsal) surface 
is eovered by the frontal bone. Its basal (ventral) surface lies over the 
orbital part of the frontal bone and the eribriform plate of the ethmoid 
bone, and displays the orbital and rectus gyri. The medial surface faees 
the falx eerebri. 

The eentral sulcus is the boundary between the frontal and parietal 
lobes. It demareates the primary motor and somatosensory areas of 
the cortex, loeated in the preeentral and posteentral gyri respeetively. It 
starts in or near the superomedial border of the hemisphere, a little 
behind the midpoint between the frontal and oeeipital poles, and 
mns sinuously, resembling a lengthened letter S, downwards and for- 
wards, to end usually a little above the posterior ramus of the lateral 
sulcus. The eentral sulcus is usually a continuous sulcus in both 
hemispheres. 

The preeentral gyms lies obliquely over the superolateral surface of 
the eerebral hemisphere, its upper aspeet extending on to the medial 
surface. It is continuous superiorly and inferiorly with the posteentral 
gyms along eonneetions that eneirele both extremities of the eentral 
sulcus. 

The pre- and the posteentral gyri are roughly parallel to the eoronal 
suture; the preeentral sulcus is loeated slightly posterior to it. The 


superior, middle and inferior frontal gyri are disposed longitudinally, 
anterior to the preeentral gyms, and are separated by superior and 
inferior frontal sulci (see Fig. 25.1); they are frequently referred to as 
F], F 2 and F 3 respeetively. 

On its medial surface, the frontal lobe is limited inferiorly by the 
cingulate sulcus, which starts within the subcallosal region and extends 
over the cingulate gyms. The cingulate sulcus may oeeasionally be 
double anteriorly and enelose a eonneetion of the anterior aspeet of the 
cingulate gyms and the medial and anterior aspeets of the superior 
frontal gyms. It frequently has side branehes that are direeted inferiorly 
(see Fig. 25.10). 



Frontal lobe internal striietiire 
and eonneetivity 


Primary motor cortex 

The primary motor cortex (MI) eorresponds to the preeentral gyms 
(area 4), and is the area of cortex with the lowest threshold for elieiting 
eontralateral muscle eontraetion by eleetrieal stimulation. It eontains a 
detailed topographieally organized map (motor homunculus) of the 
opposite body half, with the head represented most laterally, and the 
leg and foot represented on the medial surface of the hemisphere in 
the paraeentral lobule (Fig. 25.15). A striking feature is the dispropor- 
tionate representation of body parts in relation to their physieal size: 
large areas represent the muscles of the faee and hand, which are 
eapable of finely eontrolled or fraetionated movements. 

The cortex of area 4 is agranular, and layers II and IV are diffiailt to 
identiíy. The most eharaeteristie feature is the presenee in lamina V of 
some extremely large pyramidal eell bodies, Betz eells, which may 
approaeh 80 pm in diameter. These neurones projeet their axons into 
the eortieospinal and corticonuclear traets. 

The major thalamie eonneetions of area 4 are with the ventral 
posterolateral nucleus, which in turn reeeives afferents from the deep 
eerebellar nuclei. The ventral posterolateral nucleus also eontains a 
topographie representation of the eontralateral body half, which is 
preserved in its point-to-point projeetion to area 4, where it terminates 
largely in lamina IV. Other thalamie eonneetions of area 4 are with the 
eentromedian and parafascicular mielei. These appear to provide the 
only route through which output from the basal ganglia, routed via 
the thalamus, reaehes the primary motor cortex, sinee the projeetion of 
the internal segment of the globus pallidus to the ventrolateral nucleus 
of the thalamus is eonfined to the anterior division, and there is no 
overlap with eerebellothalamie territory. The anterior part of the vent- 
rolateral nucleus projeets to the premotor and supplementary motor 
areas of cortex with no projeetion to area 4. 

The ipsilateral somatosensory cortex (SI) projeets in a topographi- 
eally organized way to area 4, and the eonneetion is reeiproeal. The 
projeetion to the motor cortex arises in areas 1 and 2, with little or no 
contribution from area 3b. Fibres from SI terminate in layers II and III 
of area 4, where they eontaet mainly pyramidal neurones. Evidenee 
suggests that neurones aetivated monosynaptieally by fibres from SI, as 
well as those aetivated polysynaptieally, make eontaet with layer V 
pyramidal eells, including Betz eells, which give rise to eortieospinal 
fibres. Movement-related neurones in the motor cortex that ean be 
aetivated from SI tend to have a late onset of aetivity, mainly during the 
execution of movement. It has been suggested that this pathway plays 
a role primarily in making motor adjustments during a movement. 
Additional ipsilateral eortieoeortieal fibres to area 4 from behind the 
eentral sulcus eome from the seeond somatie sensory area (SII). 

Neurones in area 4 are responsive to peripheral stimulation, and 
have reeeptive fields similar to those in the primary sensory cortex. Cells 
loeated posteriorly in the motor cortex have cutaneous reeeptive fields, 
whereas more anteriorly situated neurones respond to stimulation of 
deep tissues. 

The motor cortex reeeives major frontal lobe assoeiation fibres from 
the premotor cortex and the supplementary motor area, and also fibres 
from the insula. It is probable that these pathways modulate motor 
eortieal aetivity in relation to the preparation, guidance and temporal 
organization of movements. Area 4 sends fibres to, and reeeives fibres 
from, its eontralateral counterpart, and also projeets to the eontralateral 
supplementary motor cortex. 

Apart from its contribution to the eortieospinal traet, the motor 
cortex has diverse subcortical projeetions. The eonneetions to the stria- 
tum and pontine nuclei are heavy. It also projeets to the subthalamic 
nucleus. The motor cortex sends projeetions to all nuclei in the brain- 
stem, which are themselves the origin of deseending pathways to the 
spinal eord: namely, the reticular formation, the red nucleus, the supe- 
rior colliculus, the vestibular nuclei and the inferior olivary nucleus. 























































































































































































































Oerebral hemispheres 
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Fig. 25.9 The main sulci (A) and gyri (B) of the superolateral surface of the brain. Abbreviations: AG, angular gyrus; ASCR, anterior subcentral ramus of 
Sylvian fissure; CS, eentral sulcus; IFG, inferior frontal gyrus; IFS, inferior frontal sulcus; IOS, inferior oeeipital sulcus; IPS, intraparietal sulcus; ISJ, 
intermediary sulcus of Jensen; ITG, inferior temporal gyrus; ITS, inferior temporal sulcus; MFG, middle frontal gyrus; MFS, middle frontal sulcus; MOG, 
middle oeeipital gyrus; MTG, middle temporal gyrus; Op, opercular part of inferior frontal gyrus; Orb, orbital part of inferior frontal gyrus; PostOG, 
posteentral gyrus; PostOS, posteentral sulcus; PreCG, preeentral gyrus; PreCS, preeentral sulcus; PSCR, posterior subcentral ramus of Sylvian fissure; 
SFG, superior frontal gyrus; SFS, superior frontal sulcus; SMG, supramarginal gyrus; SOG, superior oeeipital gyrus; SOS, superior oeeipital sulcus; 
SPLob, superior parietal lobule; STG, superior temporal gyrus; STS, superior temporal sulcus; SyF, lateral or Sylvian fissure; Tr, triangular part of inferior 
frontal gyrus. (Adapted with permission from Ribas GC. The eerebral sulci and gyri. Neurosurg Focus 2010, 28(2):E2.) 


The inferior eonneetion eorresponds to the subcentral gyms, deline- 
ated anteriorly and posteriorly by the anterior and posterior subcentral 
rami of the lateral fissure. It ean either be situated eompletely over the 
lateral fissure or be in part internal to the fissme, in this situation giving 
the false impression that the eentral sulcus is a braneh of the lateral 
fissure. The superior eonneetion eorresponds to the paraeentral lobule 
(of Eeker) disposed along the medial surface of the hemisphere inside 
the interhemispherie fissure, delineated anteriorly by the paraeentral 
sulcus and posteriorly by the aseending and distal part (marginal 
ramus) of the cingulate sulcus. Broea deseribed a middle eonneetion 
between the pre- and posteentral gyri (pli de passage moyen of Broea) 
that may be present as a gyral bridge, usually hidden within the eentral 
sulcus; on the eortieal surface, this eorresponds to the elassie, posteriorly 
convex, middle genu of the eentral sulcus. When this middle eonnee- 
tion is sufficiently developed so that it reaehes the brain surface, it 
intermpts the eentral sulcus (Régis et al 2005). 


The loealization of motor and sensory hand areas has been studied 
by eorrelating imaging eortieal stimulation and postmortem eadaverie 
studies. The motor hand area has been loealized by fMRI to a protmsion 
of the preeentral gyms that eorresponded preeisely to the middle genu 
of the eentral sulcus, at the distal end of the superior frontal sulcus 
(Yousry et al 1997, Ribas 2010) (Figs 25.11-25.12). Postmortem studies 
revealed that this protmsion was delimited by two anteriorly direeted 
fissures that deepened towards the base of the protmsion. Hand sensory 
fimetion has been loealized to the posteentral eomponent of the middle 
eonneetion of the pre- and posteentral gyri (Boling and Olivier 2004, 
Boling et al 2008). 

The preeentral gyms is delimited anteriorly by the preeentral sulcus, 
itself divided into superior and inferior preeentral sulci by the eonnee- 
tion of the middle frontal gyms with the preeentral gyms. Further eon- 
neetions of the superior, middle and inferior frontal gyri may divide the 
superior and the inferior preeentral sulci into additional segments. The 
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A RoCC CaS CiS PreCS PaCS CS MaCiS POS 



PaTeG RhiS OTS ColS 
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Fig. 25.10 The main sulci (A) and gyri (B) of the medial and basal temporo-oeeipital surfaces of the right side of the brain. Abbreviations: AntCom, 
anterior commissure; Ant and PostOlfS, anterior and posterior paraolfaetory sulcus; CaF, ealearine fissure; CaN, caudate nucleus; CaS, eallosal sulcus; 
CC, corpus callosum; CiG, cingulate gyrus; CiPo, cingulate pole; CiS, cingulate sulcus; ColS, eollateral sulcus; CS, eentral sulcus; Cu, cuneus; Fo, fornix; 
FuG, fusiform gyrus; GRe, gyrus rectus; IIIV, third ventriele; InfRosS, inferior rostral sulcus; Ist, isthmus of cingulate gyrus; ITG, inferior temporal gyrus; 
IVeFo, interventricular foramen of Monro; LatV, lateral ventriele; LiG, lingual gyrus; MaCiS, marginal ramus of the cingulate sulcus; MedFG, medial frontal 
gyrus; OTS, oeeipitotemporal sulcus; PaCLob, paraeentral lobule; PaCS, paraeentral sulcus; PaOlfG, paraolfaetory gyri; PaTeG, paraterminal gyrus; PHG, 
parahippoeampal gyri; POS, parieto-oeeipital sulcus; PreCS, preeentral sulcus; PreCu, precuneus; RhiS, rhinal sulcus; RoCC, rostmm of the corpus 
callosum; SFG, superior frontal gyrus; Spl, splenium of corpus callosum; SubPS, subparietal sulcus; SupRosS, superior rostral sulcus; TePo, temporal 
pole; Tha, thalamus; Un, uncus. (Adapted with permission from Ribas GC. The eerebral sulci and gyri. Neurosurg Focus 2010, 28(2):E2.) 
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superior part of the preeentral sulcus is very often intermpted superiorly 
by a eonneetion between the superior frontal and preeentral gyri, pro- 
ducing a more medial segment, the medial preeentral sulcus, that eor- 
responds to the sulcus preeentralis medialis of Eberstaller. More dorsally, 
within the preeentral region, the marginal preeentral sulcus (sulcus 
preeentralis marginalis of Cunningham) may merge with the superior 
preeentral or eentral sulci. The inferior segment of the preeentral sulcus 
always ends inside the opercular part of the inferior frontal gyms, pro- 
ducing its eharaeteristie U shape. 

The superior frontal gyms is continuous anteriorly and inferiorly 
with the rectus gyms; it may also be eonneeted to the orbital gyri and 
the middle frontal gyms. Posteriorly, it is eonneeted to the preeentral 
gyms by at least one fold, which most eommonly lies medially along 
the interhemispherie fissure. Usually the superior longitudinal gyms is 
subdivided into two longitudinal portions by a medial frontal sulcus; 
its medial portion is sometimes termed the medial frontal gyms. The 
supplementary motor area is loeated along the most medial portion of 
the superior frontal gyrns, immediately faeing the preeentral gyms; it 
varies between individuals and has poorly defined borders. The middle 
frontal gyms is usually the largest of the frontal gyri, frequently eon- 
neeted superficially to the preeentral gyms by a prominent root that lies 
between the extremities of a marked intermption in the preeentral 
sulcus. It harbours a complex of multiple shallow sulcal segments 
known eolleetively as the middle or intermediate frontal sulcus (Petrides 


2012). Superiorly, the inferior frontal gyms is erossed by various small 
branehes of the intermpted inferior frontal sulcus; the triangular sulcus 
typieally pierees the superior aspeet of the triangular part. In the domi- 
nant hemisphere, the opercular and triangular parts of the inferior gyms 
eorrespond to Broea's area, which is responsible for the production of 
spoken language (Fig. 25.13) (Quinones-Hinojosa et al 2003). The 
most posterior aspeet of the inferior frontal gyms, identifiable by the 
eonneetion of its opercular part with the preeentral gyms, eorresponds 
to the ventral premotor eortieal area; its bilateral stimulation causes 
speeeh arrest (Duffau 2011). 

The superior frontal sulcus separates the superior and middle frontal 
gyri. It is very deep and is frequently continuous, ending posteriorly by 
eneroaehing on the preeentral gyms at the level of its omega region 
(eorresponding to the motor eortieal representation of the eontralateral 
hand). The superior frontal sulcus therefore tends to point the way to 
the middle frontoparietal pli de passage, as well as to the middle genu 
of the preeentral gyms, where there is also a motor representation of 
the hand (Boling et al 1999). 

The inferior frontal sulcus is always intermpted by the multiple eon- 
neetions mnning between the middle and inferior gyri and usually has 
three parts: orbitaf triangular and opercular. The orbital part is the most 
prominent. The triangular part is usually more retraeted, such that there 
is a small widening of the lateral fissure at its base eorresponding to the 
anterior Sylvian point. It is eharaeterized by horizontal and anterior 
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Fig. 25.11 The hand motor aetivation site eorresponds to a knob-like 
eortieal area of the eontralateral preeentral gyrus, vvhieh in MRI axial 
planes usually resembles an inverted omega shape (the area vvithin the 
red eirele) and may be identified by its relationship to the posterior end of 
the superior frontal sulcus. Abbreviations: PreCG, preeentral gyrus; 

PreCS, preeentral sulcus; SFS, superior frontal sulcus (non-continuous, 
intermpted). (Courtesy of Professor Edson Amaro Jr MD, Department of 
Radiology, Llniversity of Sào Paulo Medieal Sehool.) 


aseending rami of the lateral fìssure that eonsistently divide the lateral 
fìssure into anterior and posterior branehes. The opercular part is always 
ll-shaped and harbours the inferior aspeet of the preeentral sulcus; it 
is continuous posteriorly with the basal aspeet of the preeentral gyms 
over the anterior subcentral ramus of the lateral fìssure (Fig. 25.14). 
The anterior basal portion of the opercular part is sometimes divided 
by another braneh of the lateral fissure, the diagonal sulcus of 
Eberstaller. 

Inferiorly the orbital part continues with the lateral orbital gyms, at 
times passing under a shallow sulcus known as the fronto-orbital 
sulcus. The basal apex of the triangular part is always superior to the 
lateral fissure; the base of the opercular part ean be loeated either supe- 
riorly or within the fissure. Anteriorly the inferior frontal gyms termi- 
nates by merging with the anterior portion of the middle frontal gyms. 
All of the frontal gyri are delineated anteriorly by the frontomarginal 
sulcus (frontomarginal sulcus of Wernicke), which lies superior and 
parallel to the supraciliary margin, separating the superolateral and 
orbital frontal surfaces. Posteriorly the inferior frontal gyms is eon- 
neeted to the preeentral gyms along the posterior aspeet of its opercular 
part. 

The olfaetory sulcus lies longitudinally in a paramedian position on 
the frontobasal or orbital surface of eaeh frontal lobe. It aeeommodates 
the olfaetory traet and bulb. Posteriorly the olfaetory traet is divided 
into medial and lateral striae, which delineate the most anterior aspeet 
of the anterior perforated substance (see Figs 25.20B, 25.32). The 
narrow gyms rectus, medial to the olfaetory sulcus, is eonsidered to be 
the most anatomieally eonstant of the eerebral gyri. The orbital gyri, 
lateral to the olfaetory sulcus, account for the greatest proportion of the 
frontobasal surface. The anterior, posterior, medial and lateral orbital 
gyri are delineated by the lateraf medial and transverse orbital sulci and 
the emeiform sulcus of Rolando, which together form a eharaeteristie 
H shape. The posterior orbital gyms lies anterior to the anterior perfo- 
rated substance and typieally presents a configuration similar to a 
trieorn hat, a feature that may faeilitate its identifieation in anatomieal 
speeimens where the H-shaped orbital sulcus is less obvious. The 
remaining orbital gyri are eonneeted to the superior, middle and infe- 
rior frontal gyri along the frontal pole. 
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Fig. 25.12 A reeonstmetion of the short U-shaped 
(red) and long projeetion (green) traets of the 
hand-knob motor region in the left hemisphere. 

A, Left lateral view. B, Top view. C, Posterior view. 
The eonneetions of the hand region resemble a 
‘poppy flower’ with a green stem and four red 
‘petals’ (1, posterior; 2, inferior; 3, anterior; 4, 
superior). The posterior (1) and inferior (2) petals 
eorrespond to the frontoparietal U-tracts between 
the preeentral (PrCG) and posteentral (PoCG) gyri 
(i.e. hand superior and hand middle, respeetively). 
The anterior (3) and superior (4) petals eorrespond 
to the U-shaped eonneetions between the 
preeentral gyrus and the middle frontal gyrus 
(MFG), and the middle frontal gyrus and superior 
frontal (SFG) gyrus, respeetively. The ‘green stem’ 
is formed by aseending thalamoeortieal projeetion 
fibres and deseending projeetions to the putamen 
(eortieostriatal), pons (eortieopontine) and spinal 
eord (eortieospinal traet). (With permission from 
Catani M, Dell’acqua F, Vergani F et al; Short 
frontal lobe eonneetions of the human brain. 

Cortex 2012 Feb;48(2):273-91.) 
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Fig. 25.13 Fiinetional magnetie resonanee images (fMRI) of the language 
eortieal areas (left eerebral hemisphere) aetivated by rhyme tasks (A, red), 
semantie tasks (B, blue) and fluency tasks (C, green). Abbreviations: MFG, 
middle frontal gyrus; Op, opercular part of inferior frontal gyrus; Orb, 
orbital part of inferior frontal gyrus; SOG, superior oeeipital gyrus; STS, 
superior temporal sulcus; Tr, triangular part of inferior frontal gyrus. 
(Courtesy of Prof. Edson Amaro Jr MD, Department of Radiology, 
Llniversity of Sáo Paulo Medieal Sehool.) 


The paraeentral lobule, bounded posteriorly by the marginal ramus 
and anteriorly by the paraeentral sulcus (a braneh of the cingulate 
sulcus), eontains the distal part of the eentral sulcus and, inferior to it, 
the so-ealled paraeentral fossa. Anterior to the paraeentral lobule, the 
medial aspeet of the superior frontal gyms lies over the cingulate sulcus 
and the cingulate gyms, merging inferiorly with the gyms rectus. The 
latter is bounded superiorly by the superior rostral sulcus and aeeom- 
modates the shallower inferior rostral sulcus along its surface. The 
cingulate gyms systematieally eonneets with the gyms rectus around the 
posterior end of the superior rostral sulcus by a prominent U-shaped 
eortieal fold known as the cingulate pole, which is loeated immediately 
anterior to the subcallosal gyri. Small supraorbital sulci lie within the 
medial surface of the frontal pole, superior to the superior rostral sulcus 
at the level of the genu of the corpus callosum. 
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Fig. 25.14 eomponents of the frontoparietal operculum. A, A eadaverie speeimen. B, MRI. The triangular part of the inferior frontal gyrus usually 
eontains a deseending braneh of the inferior frontal sulcus (IFS). Three U-shaped convolutions are formed by the opercular part of the inferior frontal 
gyrus, which always harbours the inferior part of the preeentral sulcus (PreCS); the subcentral gyrus or Rolandie operculum (the inferior eonneetion of the 
pre- and posteentral gyri enelosing the inferior part of the eentral sulcus (CS)); and the eonneetion between the posteentral and supramarginal gyri that 
eontains the inferior part of the posteentral sulcus (PostCS). The most distal eomponent of the operculum is a C-shaped convolution that eonneets the 
supramarginal and superior temporal gyri, and eneireles the posterior end of the lateral (Sylvian) fissure. The bases of the U-shaped convolutions and 
their related sulcal extremities may be either superior to the fissure, as indieated in this speeimen, or inside the fissure. Other abbreviations: ASyP, 
anterior Sylvian point; IRP, inferior Rolandie point. (Adapted with permission from Ribas GC, Ribas EC, Rodrigues CJ: The anterior sylvian point and the 
suprasylvian operculum. Neurosurg Focus 18:E1-E6, 2005.) 
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Fig. 25.6 The distribiition (A) and eharaeteristies (B) of the five major types of eerebral cortex. 



Fig. 25.7 The lateral (A) and medial (B) surfaces of the left eerebral hemisphere depieting Brodmann’s areas. 


Oortieospinal traet 

The eortieospinal or pyramidal traet provides direet eontrol by the eere- 
bral cortex over motor eentres of the spinal eord (Ch. 20). A homolo- 
gous pathway to the brainstem, the corticonuclear projeetion, ftilfils a 
similar hmetion in relation to motor nuclei of the brainstem (Ch. 21). 

The pereentage of eortieospinal fibres that arise from the primary 
motor cortex may be in the region of 20-30%. They arise from pyrami- 
dal eells in layer V and give rise to the largest-diameter eortieospinal 
axons. There is also a widespread origin from other parts of the frontal 
lobe, including the premotor cortex and the supplementary motor area. 
Many axons from the frontal cortex, notably the motor cortex, termi- 


nate in the ventral horn of the spinal eord. In eord segments mediating 
dexterous hand and finger movements, they terminate in the lateral part 
of the ventral horn, in elose relationship to motor neuronal groups. A 
small pereentage establish direet monosynaptie eonneetions with a 
motor neurones. Between 40 and 60% of pyramidal traet axons arise 
from parietal areas, including area 3a, area 5 of the superior part of the 
parietal lobe, and SII in the parietal operculum. The majority of parietal 
fibres to the spinal eord terminate in the deeper layers of the dorsal 
horn. 

Motor eortieal neurones are aetive in relation to the foree of eontrae- 
tion of agonist muscles; their relation to amplitude of movement is less 
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Fig. 25.8 Lobar boundaries and nomenclature. A, Lateral surface, left 
side. The eentral sulcus (1) separates the frontal (F) from the parietal (P) 
lobes. The Sylvian fissure (3) separates the frontal from the temporal (T) 
lobes. The demareation of the temporal, parietal and oeeipital lobes 
aeeording to two different systems is shown. In one system, a 
parietotemporal line is drawn from the lateral edge of the parieto-oeeipital 
sulcus (2) to the preoeeipital noteh (temporo-oeeipital incisure) (4). This 
line sets the arbitrary anterior border of the oeeipital lobe (O), separating it 
from the parietal and temporal lobes anterior to it. A seeond arbitrary 
temporo-oeeipital line (5) is drawn from the posterior deseending ramus 
of the Sylvian fissure (3) to the middle of the parietotemporal line (6). This 
line sets the arbitrary parietotemporal boundary. B, Medial surface, right 
side. The eentral sulcus (1) usually curves onto the medial surface 
perpendicular to the marginal segment of the cingulate sulcus. A line 
drawn from the eentral sulcus to the cingulate sulcus establishes the 
frontoparietal border. The deep parieto-oeeipital sulcus (2) demareates 
the parietal lobe from the oeeipital lobe. An arbitrary basal 
parietotemporal line (8) drawn from the inferior end of the parieto-oeeipital 
sulcus to the preoeeipital noteh establishes the temporal (T)/occipital (O) 
border. The limbie lobe (L) is delimited by the cingulate sulcus (9), the 
subparietal sulcus (10) and the eollateral sulcus (11). The number 7 
indieates the orbital surface. (With permission from Naidieh TP, Tang CY, 
Ng JC, Delman BN, Surface Anatomy of the Cerebrum. In: Naidieh TP, 
Oastillo M, Cha S, Smirniotopoulos JG (eds) Imaging of the Brain, 2013, 
Elsevier, Saunders.) 

elear. Their aetivity preeedes the onset of eleetromyographie aetivity by 
50-100 milliseeonds, suggesting a role for eortieal aetivation in generat- 
ing rather than monitoring movement. 

Premotor cortex 

Brodmann's area 6 lies immediately in front of the primary motor 
cortex (Fig. 25.16). It extends on to the medial surface, where itbeeomes 
contiguous with area 24 in the cingulate gyms, anterior and inferior to 
the paraeentral lobule. A number of hmetional motor areas are eon- 
tained within this eortieal region. Lateral area 6, the area over most of 
the lateral surface of the hemisphere, eorresponds to the premotor 
cortex. 

The premotor cortex is divided into a dorsal and a ventral area (PMd 
and PMv respeetively) on fhnetional grounds, and on the basis of ipsi- 
lateral eortieoeortieal assoeiation eonneetions. 



Fig. 25.15 A, The motor homunculus showing proportional somatotopieal 
representation in the main motor area. B, The sensory homunculus 
showing proportional somatotopieal representation in the somaesthetie 
cortex. 


The major thalamie eonneetions of the premotor cortex are with the 
anterior division of the ventrolateral nucleus and with the eentrome- 
dian, parafaseioilar and eentrolateral eomponents of the intralaminar 
nuclei. Subcortical projeetions to the striatum and pontine nuclei are 
prominent, and this area also projeets to the superior colliculus and the 
reticular formation. Both dorsal and ventral areas contribute to the 
eortieospinal traet. Commissural eonneetions are with the eontralateral 
premotor, motor and superior parietal (area 5) cortex. Ipsilateral eorti- 
eoeortieal eonneetions with area 5 in the superior parietal cortex, and 
inferior parietal area 7b, are eommon to both dorsal and ventral sub- 
divisions of the premotor cortex, and both send a major projeetion to 
the primary motor cortex. The dorsal premotor area also reeeives fibres 
from the posterior superior temporal cortex and projeets to the sup- 
plementary motor cortex. The frontal eye field (area 8) projeets to the 
dorsal subdivision. Perhaps the greatest fimetionally signifieant differ- 
enee in eonneetivity between the two premotor area subdivisions is 
that the dorsal premotor area reeeives fibres from the dorsolateral 
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Fig. 25.16 The lateral surface of the left eerebral hemisphere showing the 
frontal eye field (parts of areas 6, 8, 9), the motor speeeh (Broea’s) area 
(areas 44, 45) and VVernieke’s area. The perimeter of these areas is 
delineated by an intermpted line to indieate uncertainty as to their preeise 
extent. VVernieke’s area is variously depieted by different authorities as 
eneompassing a large parietotemporal area that includes areas 39 and 
40. Areas 22 and 37 are eonsidered by some to be respeetively auditory 
and visuo-auditory areas assoeiated with speeeh and language. 


prefrontal cortex, whereas the ventral subdivision reeeives fibres from 
the ventrolateral prefrontal cortex. All of these assoeiation eonneetions 
are likely to be, or are known to be, reeiproeal. 

Neuronal aetivity in the premotor cortex in relation to both prepara- 
tion for movement and movement itself has been extensively studied 
experimentally. Direetion seleetivity for movement is a eommon feature 
of many premotor neurones. In behavioural tasks, neurones in the 
dorsal premotor cortex show antieipatory aetivity and task-related dis- 
eharge as well as direetion seleetivity but little or no stimulus-related 
ehanges. The dorsal premotor cortex is probably important in establish- 
ing a motor set or intention, contributing to motor preparation in 
relation to internally guided movement. In eontrast, ventral premotor 
cortex is more related to the execution of externally (espeeially visually) 
guided movements in relation to a speeifie external stimulus. 

Fron tal eye field 

The frontal eye field eorresponds to parts of Brodmann's areas 6, 8 and 
9 (see Fig. 25.16). As its name implies, it is important in the eontrol of 
eye movements. It reeeives its major thalamie projeetion from the par- 
vocellular mediodorsal nucleus, with additional afferents from the 
medial pulvinar, the ventral anterior nucleus and the suprageniculate- 
limitans complex, and eonneets with the paraeentral nucleus of the 
intralaminar group. The thalamoeortieal pathways to the frontal eye 
field form part of a pathway from the superior colliculus, the substantia 
nigra and the dentate nucleus of the cerebellum. The frontal eye field 
has extensive ipsilateral eortieoeortieal eonneetions, reeeiving fibres 
from several visual areas in the oeeipital, parietal and temporal lobes, 
including the medial temporal area (V5) and area 7a. There is also a 
projeetion from the superior temporal gyms, which is auditory rather 
than visual in fimetion. From within the frontal lobe, the frontal eye 
field reeeives fibres from the ventrolateral and dorsolateral prefrontal 
eortiees. It projeets to the dorsal and ventral premotor eortiees and to 
the medial motor area, probably to the supplementary eye field adja- 
eent to the supplementary motor area proper. It projeets prominently 
to the superior colliculus, to the pontine gaze eentre within the pontine 
retiailar formation, and to other oailomotor related nuclei in the 
brainstem. 

Supp!ementary motor cortex 

The supplementary motor area (SMA; MII) lies medial to area 6, and 
extends from the most superolateral part to the medial surface of the 
hemisphere. Area 24 in the cingulate gyms adjaeent to area 6 eontains 
several motor areas, which are termed cingulate motor areas. An addi- 
tional fimetional subdivision, the pre-supplementary motor area, lies 
anterior to the supplementary motor area on the medial surface of the 
cortex. In the present discussion, these additional medial motor areas 
are included with the supplementary motor cortex. 

The supplementary motor area reeeives its major thalamie input 
from the anterior part of the ventral lateral nucleus, which in turn is 
the major reeipient of fibres from the internal segment of the globus 
pallidus. Additional thalamie afferents are from the ventral anterior 


nucleus, the intralaminar nuclei - notably the eentrolateral and eentro- 
medial nuclei, and also from the mediodorsal nucleus. The eonneetions 
with the thalamus are reeiproeal. The supplementary motor cortex 
reeeives eonneetions from widespread regions of the ipsilateral frontal 
lobe, including from the primary motor cortex, the dorsal premotor 
area, the dorsolateral and ventrolateral prefrontal, medial prefrontal 
and orbitofrontal cortex, and the frontal eye field. These eonneetions 
are reeiproeal but the major ipsilateral efferent pathway is to the motor 
cortex. Parietal lobe eonneetions of the supplementary motor cortex are 
with the superior parietal area 5 and possibly inferior parietal area 7b. 
Contralateral eonneetions are with the supplementary motor area, and 
motor and premotor eortiees of the eontralateral hemisphere. Subcorti- 
eal eonneetions, other than with the thalamus, pass to the striatum, 
subthalamic nucleus and pontine nuclei, the brainstem reticular forma- 
tion and the inferior olivary nucleus. The supplementary motor area 
makes a substantial contribution to the eortieospinal traet, contributing 
as much as 40% of the fibres from the frontal lobe. 

The supplementary motor area eontains a representation of the body 
in which the leg is posterior and the faee anterior, with the upper limb 
between them. Its role in the eontrol of movement is primarily in 
complex tasks that require temporal organization of sequential move- 
ments and in the retrieval of motor memory. 

Stimulation of the supplementary motor area in conscious patients 
has been reported to elieit the sensation of an urge to move, or of 
antieipation that a movement is about to occur. A region anterior to the 
supplementary motor area for faee representation (areas 44, 45) is 
important in voealization and speeeh production (see fig. 25.16). 

Prefrontal cortex 

The prefrontal cortex on the lateral surface of the hemisphere eom- 
prises predominantly Brodmann's areas 9, 46 and 45 (see "ig. 25.16). 

In non-human primates, two subdivisions of the lateral prefrontal 
cortex are reeognized: a dorsal area equivalent to area 9, and perhaps 
including the superior part of area 46; and a ventral area, eonsisting of 
the inferior part of area 46 and area 45. Areas 44 and 45 are particularly 
notable in humans sinee, in the dominant hemisphere, they constitute 
the motor speeeh area (Broea's area) within the opercular and triangu- 
lar parts of the inferior frontal gyms, immediately anterior to the most 
inferior aspeet of the preeentral gyms. Both the dorsolateral and vent- 
rolateral prefrontal areas reeeive their major thalamie afferents from the 
mediodorsal nucleus, and there are additional contributions from the 
medial pulvinar, from the ventral anterior nucleus and from the para- 
eentral nucleus of the anterior intralaminar group. The dorsolateral 
area reeeives long assoeiation fibres from the posterior and middle 
superior temporal gyms (including auditory assoeiation areas), from 
parietal area 7a, and from much of the middle temporal cortex. From 
within the frontal lobe it also reeeives projeetions from the frontal pole 
(area 10), and from the medial prefrontal cortex (area 32) on the 
medial surface of the hemisphere. It projeets to the supplementary 
motor area, the dorsal premotor cortex and the frontal eye field. All 
these thalamie and eortieoeortieal eonneetions are reeiproeal. Commis- 
sural eonneetions are with the homologous area and with the eontral- 
ateral inferior parietal cortex. The ventrolateral prefrontal area reeeives 
long assoeiation fibres from both area 7a and area 7b of the parietal 
lobe, from auditory assoeiation areas of the temporal operculum, from 
the insula and from the anterior part of the lower bank of the superior 
temporal sulcus. From within the frontal lobe it reeeives fibres from the 
anterior orbitofrontal cortex and projeets to the frontal eye field and 
the ventral premotor cortex. It eonneets with the eontralateral homolo- 
gous area via the corpus callosum. These eonneetions are probably all 
reeiproeal. 

The cortex of the frontal pole (area 10) reeeives thalamie input from 
the mediodorsal nucleus, the medial pulvinar and the paraeentral 
nucleus. It is reeiproeally eonneeted with the cortex of the temporal 
pole, the anterior orbitofrontal cortex and the dorsolateral prefrontal 
cortex. The orbitofrontal cortex eonneets with the mediodorsal, antero- 
medial, ventral anterior, medial pulvinar, paraeentral and midline 
nuclei of the thalamus. Cortical assoeiation pathways eome from the 
inferotemporal cortex, the anterior superior temporal gyms and the 
temporal pole. Within the frontal lobe it has eonneetions with 
the medial prefrontal cortex, the ventrolateral prefrontal cortex and 
medial motor areas. Commissural and other eonneetions follow the 
general pattern for all neoeortieal areas. 

The medial prefrontal cortex is eonneeted with the mediodorsal, 
ventral anterior, anterior medial pulvinar, paraeentral, midline and 
suprageniculate-limitans nuclei of the thalamus. It reeeives fibres from 
the anterior cortex of the superior temporal gyms. Within the frontal 
lobe, it has eonneetions with the orbitofrontal cortex, and the medial 
motor areas of the dorsolateral prefrontal cortex. 379 
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The parietal lobe lies posterior to the eentral sulcus on the superolateral 
and medial surfaces of the eerebral hemisphere (see Figs 25.1, 
25.8-25.10). This region is part of the complex language network (see 
below). Posterior to the supramarginal gyms and again in the dominant 
hemisphere, the cortex of the angular gyms is related to neuronal 
proeessing assoeiated with reading and writing. 


[(*) Parietal lobe siilei and gyri 

The parietal gyri are morphologieally poorly defined and tortuous; 
some are termed lobules. Posteriorly, the parietal lobe is delineated on 
the medial aspeet by the parieto-oeeipital sulcus and on the lateral 
aspeet by an imaginary line mnning from the point where the parieto- 
oeeipital sulcus emerges on to the superolateral border to the preoe- 
eipital noteh (a small sulcus situated on the inferolateral border 
approximately 5 em anterior to the oeeipital pole). The inferior bound- 
ary is the posterior ramus of the lateral fissure and its imaginary poste- 
rior prolongation. 

The lateral aspeet of the parietal lobe is divided into three areas by 
the posteentral and intraparietal sulci. The intraparietal sulcus lies 
predominantly longitudinally along the midportion of the parietal 
superolateral surface (see Fig. 25.1). It delineates the superior parietal 
lobule, continuous medially with the precuneus, and the inferior 
parietal lobule, made up of the supramarginal and angular gyri and a 
more posterior convolution continuous with the oeeipital lobe. The 
inferior aspeet of the supramarginal gyms within the inferior parietal 
lobule of the dominant hemisphere eorresponds to Wernicke's area, 
which extends along the posterior aspeet of the superior temporal 
gyms. 

The posteentral gyms lies posterior to the preeentral gyms and is 
eonneeted to it along the superior and inferior extremities of the 
eentral sulcus. It is usually narrower than the preeentral gyms. Both 
gyri are loeated obliquely on the superolateral surface of the hemi- 
sphere, just superior to the lateral fissure; their midportions eorre- 
spond approximately to the anteroposterior eentre of eaeh eerebral 
hemisphere. The superior portions of the pre- and posteentral gyri, 
which constitute the paraeentral lobule on the medial surface of the 
eerebral hemisphere, are topographieally related to the ventricular 
atrium, situated posterior to the thalamus. The inferior portions of 
both gyri eover the posterior half of the insula and are topographieally 
related to the body of the lateral ventriele, situated superior to the 
thalamus. The portion of the subcentral gyms eorresponding to the 
base of the posteentral gyms eonsistently lies over the transverse gyri of 
Hesehl, situated on the operailar surface of the temporal lobe (Wen 
et al 1999). 

Parietal lobe internal structure 
and eonneetivity 


Somatosensory cortex 

The posteentral gyms eorresponds to the primary somatosensory cortex 
(SI; Brodmann's areas 3a, 3b, 1 and 2). Area 3a lies most anteriorly, 
apposing area 4, the primary motor cortex of the frontal lobe; area 3b 
is buried in the posterior wall of the eentral sulcus; area 1 lies along the 
posterior lip of the eentral sulcus; and area 2 occupies the crown of the 
posteentral gyms. 

The primary somatosensory cortex eontains within it a topographieal 
map of the eontralateral half of the body. The faee, tongue and lips are 
represented inferiorly, the tmnk and upper limb are represented on the 
superolateral aspeet, and the lower limb on the medial aspeet of the 
hemisphere, giving rise to the familiar 'homunculus' map (see Fig. 
25.15). 

The somatosensory properties of SI depend on its thalamie input 
from the ventral posterior nucleus of the thalamus, which in turn 
reeeives the medial lemniseal, spinothalamie and trigeminothalamie 
pathways. The nucleus is divided into a ventral posterolateral part, 
which reeeives information from the tmnk and limbs, and a ventral 
posteromedial part, in which the head is represented. Within the ventral 
posterior nucleus, neurones in the eentral eore respond to cutaneous 
stimuli and those in the most dorsal anterior and posterior parts, which 
areh as a 'shell' over this eentral eore, respond to deep stimuli. This is 
refleeted in the differential projeetions to SI: the cutaneous eentral eore 
projeets to 3b, the deep tissue-responsive neurones send fibres to areas 
3a and 2, and an intervening zone projeets to area 1. Within the ventral 
380 posterior nucleus, anteroposterior rods of eells respond with similar 


modality and somatotopie properties. They appear to projeet to 
restrieted foeal patehes in SI of approximately 0.5 mm width, which 
form narrow strips mediolaterally along SI. The laminar termination of 
thalamoeortieal axons from the ventral posterior nucleus is different in 
the separate eytoarehiteetonie subdivisions of SI. In 3a and 3b, these 
axons terminate mainly in layer IV and the adjaeent deep part of layer 
III, whereas in areas 1 and 2 they end in the deeper half of layer III, 
avoiding lamina IV. Additional thalamoeortieal fibres to SI arise from 
the intralaminar system, notably the eentrolateral nucleus. 

There is a complex internal eonneetivity within SI. An apparently 
stepwise hierarehieal progression of information proeessing occurs 
from area 3b through area 1 to area 2. Outside the posteentral gyms, 
SI has ipsilateral eortieoeortieal assoeiation eonneetions with a seeond 
somatosensory area (SII); area 5 in the superior part of the parietal lobe; 
area 4, the motor cortex, in the preeentral gyms; and the supplementary 
motor cortex in the medial part of area 6 of the frontal lobe. 

SI has reeiproeal commissural eonneetions with its eontralateral 
homologue, with the exception that the eortiees eontaining the repre- 
sentation of the distal extremities are relatively devoid of such eon- 
neetions. Callosal fibres in SI arise mainly from the deep part of 
layer III and terminate in layers I-IV. Pyramidal eells contributing eal- 
losal projeetions reeeive monosynaptie thalamie and commissural 
eonneetions. 

SI has reeiproeal subcortical eonneetions with the thalamus and 
claustmm, and reeeives afferents from the nucleus basalis (basal nucleus 
of Meynert), the locus coemleus and the midbrain raphe. It has other 
prominent subcortical projeetions. Corticostriatal fibres, arising in layer 
V, pass mainly to the putamen of the same side. Corticopontine and 
eortieoteetal fibres from SI arise in layer V. SI projeets to the main 
pontine nuclei and to the nucleus reticularis tegmenti pontis (pontine 
tegmental reticular nucleus). In addition, axons arising in SI pass to the 
dorsal column nuclei and the spinal eord. Corticospinal pyramidal eells 
are found in layer V of SI. The topographieal representation in the cortex 
is preserved in terms of the spinal segments to which different parts of 
the posteentral gyms projeet. Thus, the arm representation projeets to 
the eervieal enlargement, the leg representation to the lumbosacral 
enlargement, and so on. Within the grey matter of the spinal eord, fibres 
from SI terminate in the dorsal horn, in Rexed's laminae 3-5; fibres 
from 3b and 1 end more dorsally, and those from area 2 more 
ventrally. 

The seeond somatosensory area (SII) lies along the upper bank of 
the lateral fissure, posterior to the eentral sulcus. SII eontains a soma- 
totopie representation of the body, with the head and faee most ante- 
riorly, adjaeent to SI, and the saeral regions most posteriorly. SII is 
reeiproeally eonneeted with the ventral posterior nucleus of the thala- 
mus in a topographieally organized fashion. Some thalamie neurones 
probably projeet to both SI and SII via axon eollaterals. Other thalamie 
eonneetions of SII are with the posterior group of nuclei and with the 
intralaminar eentral lateral nucleus. SII also projeets to laminae IV-VII 
of the dorsal horn of the eervieal and thoraeie spinal eord, the dorsal 
column nuclei, the prineipal trigeminal nucleus, and the periaqueductal 
grey matter of the midbrain. 

Within the cortex, SII is reeiproeally eonneeted with SI in a topo- 
graphieally organized manner and projeets to the primary motor cortex. 
SII also projeets in a topographieally organized way to the lateral part 
of area 7 (area 7b) in the superior part of the parietal lobe, and makes 
eonneetions with the posterior cingulate gyms. Both right and left SII 
areas are intereonneeted aeross the corpus callosum, although distal 
limb representations are probably excluded. There are additional eal- 
losal projeetions to SI and area 7b. 

Experimental studies show that neurones in SII respond particularly 
to transient cutaneous stimuli, e.g. bmsh strokes or tapping, which are 
eharaeteristie of the responses of Paeinian corpuscles in the periphery. 
They show little response to maintained stimuli. 


Superior and inferior parietal lobules 

Posterior to the posteentral gyms, the superior part of the parietal lobe 
is eomposed of areas 5, 7a and 7b (see Fig. 25.7). Area 5 reeeives a 
dense feed-forward projeetion from all eytoarehiteetonie areas of SI in 
a topographieally organized manner. The thalamie afferents to this area 
eome from the lateral posterior nucleus and from the eentral lateral 
nucleus of the intralaminar group. Ipsilateral eortieoeortieal fibres from 
area 5 go to area 7, the premotor and supplementary motor eortiees, 
the posterior cingulate gyms and the insular granular cortex. Commis- 
sural eonneetions between area 5 on both sides tend to avoid the areas 
of representation of the distal limbs. The response properties of eells in 
area 5 are more complex than in SI, with larger reeeptive fields and 
evidenee of submodality eonvergenee. Area 5 contributes to the eorti- 
eospinal traet. 













Oerebral hemispheres 


The posteentral sulcus delineates the posterior boundary of the post- 
eentral gyms. It is frequently intermpted by eonneetions with the supe- 
rior and inferior parietal lobules. The inferior part of the posteentral 
sulcus always ends at a basal eonneetion between the posteentral and 
the supramarginal gyri (Ribas 2010). The intraparietal sulcus, which 
originates from around the midpoint of the posteentral sulcus, is prom- 
inent on the superolateral surface of the parietal lobe, mnning parallel 
with the superior margin of the hemisphere. Anteriorly, the intraparietal 
sulcus is usually continuous with the inferior portion of the posteentral 
sulcus and posteriorly it passes into the oeeipital lobe as the intra- 
oeeipital sulcus (superior oeeipital sulcus), which eontimies more pos- 
teriorly into the transverse oeeipital sulcus. The intraparietal sulcus 
divides the superolateral parietal surface into superior and inferior 
parietal lobules; along its length, it typieally gives rise to superior and 
inferior vertieal sulcal branehes. The superior vertieal sulcal braneh 
(transverse parietal sulcus of Brissaud) divides the superior parietal 
lobule. The inferior vertieal sulcal braneh (intermediate sulcus of 
Jensen; sulcus intermedius primus of Jensen) separates the supramar- 
ginal gyms anteriorly from the angular gyms posteriorly. 

The supramarginal gyms is always a very well defined curved gyms. 
It surrounds the distal portion of the lateral fissure (its posterior aseend- 
ing braneh) and beeomes continuous with the posterior portion of the 
superior temporal gyms. Above the distal end of the lateral fissure, the 
supramarginal gyms is eonneeted anteriorly to the posteentral gyms 
through a fold that mns underneath the inferior aspeet of the posteen- 
tral sulcus. Posteriorly, it oeeasionally rounds the inferior extremity of 
the intermediate sulcus and eonneets to the angular gyms. The angular 
gyms is a curved gyms, often poorly defined morphologieally. It always 
surrounds one of the distal segments of the superior temporal sulcus, 
usually the middle one (angular sulcus), and its most inferior portion 
is continuous with the middle temporal gyms. The configuration of the 
angular gyms is defined by the distal branehing of the superior temporal 
sulcus, which typieally ends as three continuous or intermpted caudal 
branehes. 

The most superior distal braneh of the superior temporal sulcus has 
an aseending course; it may either penetrate the supramarginal gyms or 
eoineide with the intermediate sulcus of Jensen separating the supra- 
marginal and angular gyri. The seeond braneh is usually more horizon- 
tal and enters the angular gyms as the angular sulcus. The most inferior 
caudal braneh of the superior temporal sulcus is less evident and less 
eonstant. It courses underneath a posterior fold that frequently eonneets 
the angular gyms and the most lateral aspeet of the oeeipital lobe, and 
is usually continuous with the anterior oeeipital sulcus, lying predomi- 
nantly vertieally along the anterior edge of the middle oeeipital gyms. 
The bulge of the supramarginal and angular gyri is responsible for the 
eranial parietal tuberosity (bossa). 

The superior parietal lobule has a quadrangular shape. It is deline- 
ated anteriorly by the superior aspeet of the posteentral sulcus and later- 
ally by the intraparietal sulcus; medially, it is continuous with the 
precuneus gyms along the superomedial border (Fig. 25.17). Anteri- 
orly, it is typieally eonneeted to the posteentral gyms via a fold that 
transeets the most superior portion of the posteentral sulcus and, oeea- 
sionally, via a fold that intermpts the posteentral sulcus more inferiorly. 
Posteriorly, the superior parietal lobule continues to the superior oeeipi- 
tal gyms via the prominent parieto-oeeipital arcus. 

On the medial surface of eaeh hemisphere, the precuneus lies pos- 
terior to the paraeentral lobule as a medial extension of the superior 
parietal lobule. The precuneus and the medial aspeet of the posteentral 
gyms eorrespond to the medial portion of the parietal lobe (see Figs 
25.3, 25.10B). The precuneus is quadrangular (quadrangular lobule of 
Foville), delineated anteriorly by the marginal braneh of the cingulate 
sulcus, posteriorly by the parieto-oeeipital sulcus and inferiorly by mul- 
tiple Y-shaped sulcal segments that constitute the subparietal sulcus. 
Inferior to the subparietal sulcus, the precuneus is eonneeted to the 
isthmus of the cingulate gyms, which is continuous with the parahip- 
poeampal gyms. 

The parieto-oeeipital sulcus separating the precuneus from the 
cuneus is deep and eontains many small sulci and gyri. The precuneal 
limiting sulcus and the cuneal limiting sulcus delineate the inferior 
(posterior) limit of the precuneus and the superior (anterior) limit of 
the cuneus, respeetively. They lie along the most superficial aspeets of 
the superior and inferior margins of the parieto-oeeipital sulcus. Small 
cuneal gyri lie along its inner surfaces. The superior parietal lobule and 
the precuneus are also referred to as Pi and the supramarginal and 
angular gyri are referred to as P 2 and P c 3 or P 3 respeetively. 
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Fig. 25.17 A superior view of the eerebral hemispheres. Abbreviations: 
AG, angular gyrus; CaS, ealearine sulcus; CS, eentral sulcus; IOG, inferior 
oeeipital gyrus; IPaLob, inferior parietal lobule; IPS, intraparietal sulcus; 
MOG, middle oeeipital gyrus; PaCLob, paraeentral lobule; POAre, 
parieto-oeeipital areh; POS, parieto-oeeipital sulcus; PosOS, posteentral 
sulcus; PostOG, posteentral gyrus; PreOG, preeentral gyrus; PreCu, 
precuneus; PreOeeNo, pre-oeeipital noteh; SFG, superior frontal gyrus; 
SMG, supramarginal gyrus; SOG, superior oeeipital gyrus; SPaLob, 
superior parietal lobule. (Adapted with permission from Ribas GC. The 
eerebral sulci and gyri. Neurosurg Focus 2010, 28(2):E2.) 


In non-human primates, the inferior parietal lobule is area 7. In 
humans, this area is more superior; areas 39 and 40 intervene inferiorly. 
The counterparts for the latter areas in monkeys are unclear and little 
experimental evidenee is available on their eonneetions and fimetions. 
Their role in human eerebral proeessing is disoissed below. In the 
monkey, area 7b reeeives somatosensory inputs from area 5 and SII. 
Connections pass to the posterior cingulate gyms (area 23), insula and 
temporal cortex. Area 7b is reeiproeally eonneeted with area 46 in the 
prefrontal cortex and the lateral part of the premotor cortex. Commis- 
sural eonneetions of area 7b are with the eontralateral homologous area 
and with SII, the insular granular cortex and area 5. Thalamie eonnee- 
tions are with the medial pulvinar nucleus and the intralaminar para- 
eentral nucleus. 

In monkeys, area 7a is not related to the eortieal pathways for 
somatosensory proeessing but instead forms part of a dorsal eortieal 
pathway for spatial vision. The major ipsilateral eortieoeortieal eonnee- 
tions to area 7a are derived from visual areas in the oeeipital and tem- 
poral lobes. In the ipsilateral hemisphere, area 7a has eonneetions 
with the posterior cingulate cortex (area 24) and with areas 8 and 46 
of the frontal lobe. Commissural eonneetions are with its eontralateral 
homologue. Area 7a is eonneeted with the medial pulvinar and intra- 
laminar paraeentral nuclei of the thalamus. In experimental studies, 
neurones within area 7a are visually responsive; they relate largely to 
peripheral vision, respond to stimulus movement, and are modulated 
by eye movement. 
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Cerebral lobes 


OCCIPITAL LOBE 


On the siiperolateral eerebral surface, the oeeipital lobe is situated pos- 
terior to an imaginary line eonneeting the point of emergenee of the 
parieto-oeeipital fissure on the superomedial border of the eerebral 
hemisphere with the preoeeipital noteh of Meynert (approximately 
5 em anterior to the oeeipital pole) (see Fig. 25.8). On the medial 
surface, the oeeipital lobe is limited anteriorly by the parieto-oeeipital 
sulcus and by its prolongation towards the tentorium eerebelli. Along 
the inferior eerebral surface, the base of the oeeipital lobe is continuous 
with the base of the temporal lobe. The superolateral surface of the 
oeeipital lobe lies mostly beneath the squamous part of the oeeipital 
bone; its medial surface faees the most posterior aspeet of the falx 
eerebri, and the inferior surface lies over the tentorium eerebelli. The 
sulci and gyri of the oeeipital lobe, espeeially of its superolateral surface, 
exhibit a greater degree of anatomieal variation than is seen in the other 
lobes: this is refleeted in an often confusing literature where the same 
sulcus may be identified using different names, and two obviously dif- 
ferent sulci may be ealled by the same name. The particular complexity 
of sulcal, and therefore gyral, variability in this part of the oeeipital lobe 
has been attributed to variations in regional eortieal folding that are 
refleeted in the diversity of sulcal origin, degree of segmentation, length, 
depth and intrasulcal geometry. Regarding the major named sulci, there 
appears to be reasonable consensus that the parieto-oeeipital, ealearine, 
paraealearine, lingual, transverse oeeipital, inferior lateral oeeipital and 
anterior oeeipital sulci, together with the oeeipital parts of the eollateral 
and lateral oeeipitotemporal sulci, are eonstant features of the surface 
of the oeeipital lobe, whereas the superior oeeipital, superior lateral 
oeeipital, inferior oeeipital, lunate and oeeipitopolar sulci are less eon- 
stant. (For ffirther details, consult Iaria and Petrides (2007), Iaria et al 
(2008 , Alves et al (2012 , Malikovie et al (2012).) 

Oeeipital lobe sulci and gyri 



There are two or three gyri (superior, middle and inferior, or Ol, 02 
and 03, respeetively) on the superolateral eerebral surface of the oeeipi- 
tal lobe (see Figs 25.9B, 25.17). They eonverge posteriorly to form the 
oeeipital pole. Oommonly, only the superior and inferior gyri are 
present; the area eorresponding to the middle oeeipital gyms lies 
between the inferior extension of the intra-oeeipital (or superior oeeipi- 
tal or transverse oeeipital) sulcus and the lateral (or inferior oeeipital) 
sulcus. 

The ffisiform or lateral temporo-oeeipital gyms lies along the 
temporo-oeeipital transition. Its posterior or oeeipital part is bounded 
medially by the eollateral sulcus and laterally by the oeeipitotemporal 
sulcus; henee it lies between the lingual gyms medially and the inferior 
oeeipital gyms laterally. The oeeipital part of the ffisiform gyms (0 4 ) 
lies over the tentorium eerebelli just posterior to the petrous part of the 
temporal bone. Topographieally, it eorresponds to the floor of the ven- 
tricular atrium; the temporal part of the gyms lies underneath the 
temporal or inferior horn of the lateral ventriele. 

The oeeipitotemporal sulcus rarely extends posteriorly as far as the 
oeeipital pole; both the eollateral and oeeipitotemporal sulci frequently 
have seeondary side branehes and merge anteriorly. The inferior or basal 
aspeet of the inferior oeeipital gyms lies lateral to the fiisiform gyms 
and constitutes the most inferior portion of the lateral aspeet of the 
oeeipital lobe. Along the inferolateral border of the hemisphere, the 
inferior temporal gyms is continuous with the inferior oeeipital gyms 
over the preoeeipital noteh, and the inferior oeeipital gyms is continu- 
ous with the lingual gyms along the oeeipital pole. Along the parietal 
and oeeipital aspeets of the superomedial border of the hemisphere, the 
superior parietal lobule is continuous with the precuneus, and the 
superior oeeipital gyms is continuous with the cuneus above the eal- 
earine sulcus and with the lingual gyms below the ealearine sulcus. 


Oeeipital lobe internal structure 
[(*) and eonneetivity 

The oeeipital lobe is eomposed almost entirely of Brodmann's areas 17, 
18 and 19. Area 17, the striate cortex, is the primary visual cortex (VI). 
A host of other distinet visual areas reside in the oeeipital and temporal 
cortex. Functional subdivisions V2, V3 (dorsal and ventral) and V3A lie 
within Brodmann's area 18. Other ffinetional areas at the junction of 
the oeeipital cortex with the parietal or temporal lobes lie wholly or 
partly in area 19. 

The primary visual cortex is mostly loeated on the medial aspeet of 
the oeeipital lobe and is coextensive with the subcortical nerve fibre 
stria of Gennari in layer IV; henee its alternative name, the striate cortex. 


It occupies the upper and lower lips and depths of the posterior part of 
the ealearine sulcus and extends into the cuneus and lingual gyms. 

The primary visual cortex reeeives afferent fibres from the lateral 
geniculate nucleus via the optie radiation (Fig. 25.19). The latter curves 
posteriorly and spreads through the white matter of the oeeipital lobe. 
Its fibres terminate in striet point-to-point fashion in the striate area. 
The cortex of eaeh hemisphere reeeives impulses from two hemi-retinae, 
which represent the eontralateral half of the binocular visual field. 
Superior and inferior retinal quadrants are eonneeted with eorrespond- 
ing areas of the striate cortex. Thus, the superior retinal quadrants 
(representing the inferior half of the visual field) are eonneeted with 
the visual cortex above the ealearine sulcus, and the inferior retinal 
quadrants (representing the upper half of the visual field) are eonneeted 
with the visual cortex below the ealearine sulcus. The peripheral parts 
of the retinae aetivate the most anterior parts in the visual cortex. The 
macula impinges on a disproportionately large posterior part around 
the oeeipital pole. 

The striate cortex is granular. Layer IV, bearing the stria of Gennari, 
is eommonly divided into three sublayers. Passing from superficial to 
deep, these are IVA, IVB (which eontains the stria) and IVC. The densely 
cellular IVC is ffirther subdivided into a superficial IVCa and a deep 
IVC(3. Layer IVB eontains only sparse, mainly non-pyramidal neurones. 
The input to area 17 from the lateral geniculate nucleus terminates 
predominantly in layers IVA and IVC. Other thalamie afferents, from 
the inferior pulvinar nucleus and the intralaminar group, pass to layers 
I and VI. Geniculocortical fibres terminate in alternating bands. Axons 
from geniculate laminae that reeeive information from the ipsilateral 
eye (laminae 2, 3 and 5) are segregated from those of laminae that 
reeeive input from the eontralateral eye (laminae 1, 4 and 6). Neurones 
within layer IVC are monoailar, i.e. they respond to stimulation of 
either the ipsilateral or eontralateral eye, but not both. This horizontal 
segregation forms the anatomieal basis of the ocular dominanee 
column in that neurones encountered in a vertieal strip from pia to 
white matter, although binocular outside layer IV, exhibit a preferenee 
for stimulation of one or other eye. The other major ffinetional basis 
for visual eortieal columnar organization is the orientation column. 
This deseribes the observation that an eleetrode passing through the 
depth of the cortex, at right angles to the plane from pia to white 
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Fig. 25.19 The superior aspeet of a horizontal seetion through the left 
eerebral hemisphere. 
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Oerebral hemispheres 


The superior oeeipital gyms is always well defined, and is continuous 
along the superomedial margin of the hemisphere with the cuneus. 
Superiorly, it is delimited by the depth of the parieto-oeeipital fissure 
on the superolateral hemispherie surface. It is continuous with the 
superior parietal lobule through the parieto-oeeipital arcus (eorre- 
sponding to the first or superior parieto-oeeipital 'pli de passage' of 
Gratiolet). Laterally, the superior oeeipital gyms may be delimited by 
either the intra-oeeipitaf transverse oeeipital or superior oeeipital 
sulcus. 

The inferior oeeipital gyms lies horizontally along the inferolateral 
margin of the hemisphere, with its base lying over the tentorium eere- 
belli. Anteriorly, it is usually continuous with the inferior temporal 
gyms; posteriorly, it extends medially around the oeeipital pole, beeom- 
ing continuous with the lingual gyms on the medial surface of the 
hemisphere. Superiorly, the inferior oeeipital gyms is delimited by the 
lateral or inferior oeeipital sulcus. 

The lateral oeeipital sulcus is a very evident horizontal sulcus. Ante- 
riorly, it is frequently eonneeted to the inferior temporal sulcus; inferi- 
orly, it may be aeeompanied by a shorter aeeessory lateral oeeipital 
sulcus. Both of these sulci may be eonneeted with a sulcal complex 
known as the anterior oeeipital sulcus, which, when present, lies along 
the anterior aspeet of the middle oeeipital gyms. The inferior oeeipital 
sulcus is sometimes deseribed as a distinet and very small sulcus loeated 
near the inferior margin of the inferior oeeipital gyms, but here the 
lateral and inferior oeeipital sulci are eonsidered to be part of the same 
stmcture. 

The intraparietal sulcus extends longitudinally and inferiorly into 
the oeeipital lobe, where it beeomes the intra-oeeipital sulcus. The latter 
may oeeasionally deseend to the oeeipital pole but it usually terminates 
on reaehing the transverse oeeipital sulcus, dividing it into lateral and 
medial parts that penetrate the superior oeeipital gyms (see Fig. 25.17). 
Sinee the lateral (inferior) oeeipital sulcus is always present and elearly 
divides the superolateral oeeipital surface into an inferior part, eonsti- 
tuted by the inferior oeeipital gyms, and a superior part, it has been 
suggested that the gyral pattern of the superior part depends mainly on 
the morphology of the lateral aspeet of the transverse oeeipital sulcus. 
When this sulcal segment deseends towards the oeeipital pole as an 
inferior extension of the intra-oeeipital sulcus, it divides the upper 
oeeipital convexity into superior and middle oeeipital gyri. The lunate 
sulcus, although conspicuous in monkeys and apes, is only sometimes 
identifiable in human brains, when it appears as a well-defined vertieal 
and backward-curved sulcus anterior to the oeeipital pole. 

Despite signifieant anatomieal variation, the superolateral oeeipital 
convolutions are eonneeted to the parietal and temporal convolutions 
by eonsistent eortieal folds. Aeeording to the elassie deseription by 
Gratiolet, four folds eonneet the parietal and temporal lobes with the 
oeeipital lobe: the superior parieto-oeeipital fold (parieto-oeeipital 
arcus) eonneets the superior parietal lobule with the superior oeeipital 
gyms; the inferior parieto-oeeipital fold, a posterior extension of the 
angular gyms, eonneets with the middle oeeipital gyms and oeeasion- 
ally also with the superior oeeipital gyms; the first temporo-oeeipital 
fold is the continuation of the middle temporal gyms with the inferior 
oeeipital gyms; and the seeond temporo-oeeipital fold is the continua- 
tion of the inferior temporal gyms with the inferior oeeipital gyms. 

The medial surface of the oeeipital lobe shows less morphologieal 
variation than the superolateral surface. It is separated from the parietal 
lobe by the parieto-oeeipital sulcus and dominated by the ealearine 
sulcus. The dorsal part of this region, above the ealearine sulcus and 
posterior to the parieto-oeeipital fissure, is the cuneus. The ventral part 
of this region, lying below the ealearine sulcus and extending as far as 
the oeeipital extension of the eollateral fissure, is the lingual gyms (see 
Fig. 25.10B). The ealearine sulcus starts anteriorly underneath the sple- 
nium of the corpus callosum, delineating the inferior aspeet of the 
isthmus of the cingulate gyms, and mns posteriorly just above the 
inferomedial margin of the hemisphere. The parieto-oeeipital fissure 
emerges superiorly from the ealearine sulcus, separates the cuneus from 
the precuneus of the parietal lobe, and divides the ealearine sulcus into 


an anterior and a posterior part. The parieto-oeeipital and ealearine sulci 
appear continuous on the surface, but when their borders are retraeted 
it beeomes obvious that they are separated by one or more small gyri. 
The anterior part of the ealearine sulcus is elassified as a eomplete sulcus 
because its depth ereates an elevation (ealear avis) in the medial wall 
of the oeeipital horn of the lateral ventriele. The posterior part of the 
ealearine sulcus is eonsidered an axial sulcus, given that its axis mns 
along the visual cortex. Only the posterior part includes the primary 
visual eortieal areas, which are loeated on its superior (cuneal) and 
inferior (lingual) surfaces. This part of the ealearine sulcus frequently 
harbours the cuneolingual gyms that links both gyri. 

At the level of the oeeipital pole, the ealearine sulcus usually branehes 
in a T or Y shape as the retroealearine sulcus. The gyms deseendens of 
Eeker lies posterior to and along the retroealearine sulcus and is oeea- 
sionally bounded posteriorly by the oeeipitopolar sulcus. The retroeal- 
earine sulcus and its variations are sometimes referred to as external 
ealearine sulci. 

Given the anatomieal eonstaney of the ealearine and parieto-oeeipital 
fissures on the medial oeeipital surface, the cuneus (O e ) is always a 
well-defined wedge-like convolution. The real anterior border of the 
cuneus is the cuneal limiting sulcus within the parieto-oeeipital fissure. 
Posteriorly, the cuneus rests over the posterior part of the ealearine 
sulcus and over the posterior aspeet of the lingual gyms. Superior to the 
posterior part of the ealearine sulcus, the cuneus harbours the paraeal- 
earine or cuneal sulcus (the inferior sagittal sulcus of the cuneus of 
Retzms) and, fhrther dorsally, the oeeipital paramedial sulcus (the para- 
mesial sulcus of Elliot Smith or superior sagittal sulcus of Retzms). 

The basal or inferior surface of the oeeipital lobe is continuous with 
the basal surface of the temporal lobe. It is formed, from medial to 
lateral, by the lingual, fiisiform and inferior oeeipital gyri respeetively 
(see Fig. 25.10B; Fig. 25.18). For details of the sulcal and gyral anatomy 
of the basal oeeipital-temporal lobe, see Chau et al (2014). 

The lingual gyms (medial temporo-oeeipital gyms, 0 5 ) lies inferiorly 
along the entire length of the ealearine sulcus, forming the mediobasal 
portion of the oeeipital lobe. It is continuous anteriorly with the para- 
hippoeampal gyms and its basal surface rests on the tentorium eerebelli. 
Posteriorly, it is frequently divided into a superior and inferior part by 
an intralingual sulcus, which may be a posteromedial ramus of the 
eollateral sulcus. 



RhiS 

ColS 

OTS 


ColS 


Fig. 25.18 The basal temporo-oeeipital surface. Abbreviations: ColS, 
eollateral sulcus; FuG, fusiform gyrus; IOG, inferior oeeipital gyrus; ITG, 
inferior temporal gyrus; LiG, lingual gyrus; OTS, oeeipitotemporal sulcus; 
PHG, parahippoeampal gyri; RhiS, rhinal sulcus; Un, uncus. (Adapted with 
permission from Ribas GC. The eerebral sulci and gyri. Neurosurg Focus 
2010, 28(2):E2.) 
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matter, encounters neurones that all respond preferentially to either a 
stationary or a moving straight line of a given orientation within the 
visual field. Cells with simple, complex and hypercomplex reeeptive 
fields occur in area 17. Simple eells respond optimally to lines in a 
narrowly defined position. Complex eells respond to a line anywhere 
within a reeeptive field, but with a speeifie orientation. Hypercomplex 
eells are similar to complex eells except that the length of the line or 
bar stimulus is also eritieal for an optimal response. There is a relation- 
ship between the complexity of response and the position of eells in 
relation to the eortieal laminae. Simple eells are mainly in layer IV, and 
complex and hypercomplex eells predominate in either layers II and III 
or layers V and VI. 

The seeond visual area (V2) occupies much of area 18 but is not 
coextensive with it. It eontains a eomplete retinotopie representation of 
the visual hemifield, which is a mirror image of that in area 17, with 
the vertieal meridian represented most posteriorly along the border 
between areas 17 and 18. The major ipsilateral eortieoeortieal feed- 
forward projeetion to V2 eomes from VI. Feed-forward projeetions from 
V2 pass to several other visual areas (and are reeiproeated by feedbaek 
eonneetions), including the third visual area (V3) and its various sub- 
divisions (V3/V3d; VP/V3v; V3a); the fourth visual area (V4); areas in 
the temporal and parietal assoeiation eortiees; and the frontal eye field. 
Thalamie afferents to V2 eome from the lateral geniculate nucleus, the 
inferior and lateral pulvinar nuclei and parts of the intralaminar group 
of nuclei. Additional subcortical afferents are as for eortieal areas in 
general. Subcortical efferents arise predominantly in layers V and VI. 
They pass to the thalamus, claustrum, superior colliculus, pretectum, 
brainstem reticular formation, striatum and pons. As for area 17, the 
eallosal eonneetions of V2 are restrieted predominantly to the cortex, 
which eontains the representation of the vertieal meridian. 

The third visual area (V3) is a narrow strip adjoining the anterior 
margin of V2, probably still within area 18 of Brodmann. V3 has been 
subdivided into dorsal (V3/V3d) and ventral (VP/V3v) regions on the 
basis of its afferents from area VI, myeloarchitecture, eallosal and asso- 
eiation eonneetions, and reeeptive field properties. The dorsal subdivi- 
sion reeeives from VI, whereas the ventral does not. Functionally, the 
dorsal part shows less wavelength seleetivity, greater direetion seleetivity 
and smaller reeeptive fields than does the ventral subdivision. Both 
areas reeeive a feed-forward projeetion from V2 and are intereonneeted 
by assoeiation fibres. A fiirther visual area, area V3a, lies anterior to the 
dorsal subdivision of V3. It reeeives afferent assoeiation eonneetions 
from VI, V2, V3/V3d and VP/V3v, and has a complex and irregular 
topographie organization. All subdivisions projeet to diverse visual 
areas in the parietal, oeeipital and temporal eortiees, including V4, and 
to the frontal eye fields. 

The fourth visual area, V4, lies within area 19 anterior to the V3 
complex. It reeeives a major ipsilateral feed-forward projeetion from V2. 
Colour seleetivity as well as orientation seleetivity may be transmitted 
to V4 and bilateral damage causes aehromatopsia. V4 is more complex 
than a simple colour diserimination area because it is also involved in 
the diserimination of orientation, form and movement. It sends a feed- 
forward projeetion to the inferior temporal cortex and reeeives a feed- 
baek projeetion. It also eonneets with other visual areas that lie more 
dorsally in the temporal lobe, and in the parietal lobe. Thalamoeortieal 
eonneetions are with the lateral and inferior pulvinar and the intra- 
laminar nuclei. Other subcortical eonneetions eonform to the general 
pattern for all eortieal areas. Callosal eonneetions are with the eontra- 
lateral V4 and other oeeipital visual areas. 

Visual proeessing in inferior temporal and temporoparietal eortiees 
involves two parallel pathways (dorsal and ventral visual streams) that 
emanate from the oeeipital lobe and are speeialized for aetion and 
pereeption respeetively (Goodale and Milner 1992, Goodale et al 
2005). The dorsal pathway, eoneerned primarily with visuospatial dis- 
erimination, projeets from VI and V2 to the superior temporal and 
surrounding parietotemporal areas, and ultimately to area 7a of the 
parietal cortex; it mediates the sensory-motor transformations required 
to enable visually guided aetions direeted at an objeet. The fourth visual 
area, V4, is a key relay station for the ventral stream of projeetions, 
which is related to the perceptual identifieation of objeets. Its eonnee- 
tions pass sequentially along the inferior temporal gyms in a feed- 
forward manner, from V4 to posterior, intermediate and then anterior, 
inferior temporal eortiees. Ultimately, they feed into the temporal polar 
and medial temporal areas and so interfaee with the limbie system. 


TEMPORAL LOBE 


The lateral surface of the temporal lobe is inferior to the lateral fissure, 
and lies beneath the squamous portion of the temporal bone. The basal 


surface lies over the floor of the middle eranial fossa posterior to the 
greater wing of the sphenoid bone. The opercular surface lies inside the 
lateral fissure (see Figs 25.1, 25.9). Along the superolateral surface of 
the hemisphere, the posterior limit of the temporal lobe is arbitrarily 
defined by imaginary lines that mn from the superomedial part of the 
parieto-oeeipital sulcus to the preoeeipital noteh or incisure, and by a 
posterior prolongation of the lateral fissure. Functionally, the temporal 
lobe is bilaterally related with auditory fimetions and in the dominant 
hemisphere mostly with the eomprehension of language. (For fiirther 
reading on the microsurgical anatomy of the temporal lobe, see Kucuky- 
uruk et al (2012).) 



Temporal lobe sulci and gyri 



The lateral surface is eomposed of superior, middle and inferior tem- 
poral gyri (Tl, T2 and T3 respeetively), separated by the superior and 
inferior temporal sulci and all lying parallel to the lateral fissure (see 
Figs 25.1, 25.8). Anteriorly, the middle temporal gyms is generally 
shorter; when this occurs, the superior and inferior gyri eome together 
to form the temporal pole (see Fig. 25.9B; Fig. 25.20A). 



Temporal lobe internal structure 
and eonneetivity 


The superior, middle and inferior temporal gyri eorrespond to Brod- 
mann's areas 22, 21 and 20 respeetively, and the temporal pole eorre- 
sponds to area 38. The anterior transverse temporal gyms and adjoining 
part of the superior temporal gyms are auditory in fimetion, and are 
eonsidered to be Brodmann's area 42. The anterior gyms is approxi- 
mately area 41. 

The temporal operculum houses the primary auditory cortex, AI. 
This is coextensive with the granular area 41 in the transverse temporal 
gyri. Surrounding areas constitute auditory assoeiation cortex. The 
primary auditory cortex is reeiproeally eonneeted with all subdivisions 
of the medial geniculate nucleus, and may reeeive additional thalamo- 
eortieal projeetions from the medial pulvinar. The geniculocortical 
fibres terminate densely in layer IV. AI eontains a tonotopie representa- 
tion of the eoehlea in which high frequencies are represented posteri- 
orly and low frequencies anteriorly. Single-eell responses are to single 
tones of a narrow frequency band. Cells in single vertieal eleetrode 
penetrations share an optimum frequency response. 

The auditory cortex intereonneets with prefrontal cortex, though the 
projeetions from AI are small. In general, posterior parts of the opercu- 
lum projeet to areas 8 and 9. Central parts projeet to areas 8, 9 and 46. 
More anterior regions projeet to areas 9 and 46, to area 12 on the orbital 
surface of the hemisphere, and to the anterior cingulate gyms on the 
medial surface. Oontralateral eortieoeortieal eonneetions are with the 
same and adjaeent regions in the other hemisphere. Onward eonnee- 
tions of the auditory assoeiation pathway eonverge with those of the 
other sensory assoeiation pathways in eortieal regions within the supe- 
rior temporal sulcus. 

The posterior eortieal area of the dominant hemisphere, Wernicke's 
area, is intrinsieally related to the auditory cortex. It is partioilarly 
responsible for the eomprehension of language but its stimulation 
causes speeeh arrest. Wernicke's area is not well defined anatomieally 
but occupies mainly the posterior aspeet of the superior temporal gyms 
and the basal aspeet of the supramarginal gyms. It may extend inferiorly 
along the middle temporal gyms and anteriorly to within 3 em of the 
temporal pole (Ojemann et al 1989). 

Evidenee suggests that area 21, the middle temporal cortex, is 
polysensory in humans, and that it eonneets with auditory, somatosen- 
sory and visual eortieal assoeiation pathways. The auditory assoeiation 
areas of the superior temporal gyms projeet in a complex ordered 
fashion to the middle temporal gyms, as does the parietal cortex. The 
middle temporal gyms eonneets with the frontal lobe: the most poste- 
rior parts projeet to posterior prefrontal cortex, areas 8 and 9, while 
intermediate regions eonneet more anteriorly with areas 19 and 46. 
Further forwards, the middle temporal region has eonneetions with 
anterior prefrontal areas 10 and 46, and with anterior orbitofrontal 
areas 11 and 14. The most anterior middle temporal cortex is eonneeted 
with the posterior orbitofrontal cortex, area 12, and with the medial 
surface of the frontal pole. Further forwards, this middle temporal 
region projeets to the temporal pole and the entorhinal cortex. Tha- 
lamie eonneetions are with the pulvinar nuclei and the intralaminar 
group. Other subcortical eonneetions follow the general pattern for all 
eortieal areas. Some projeetions (e.g. to the pons), partioilarly from 
anteriorly in the temporal lobe, are minimal. Physiologieal responses 
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Fig. 25.20 A, An anterior view of eerebral hemispheres. B, A view of the 
basal frontotemporal surface. Abbreviations: AntOrbG, anterior orbital 
gyrus; AntPerfSubst, anterior perforated substance; ARSyF, anterior 
ramus or stem of lateral or Sylvian fissure; BrSt, brainstem (pons); ColS, 
eollateral sulcus; FMaS, frontomarginal sulcus; FuG, fusiform gyrus; GRe, 
gyrus rectus; HySta, hypophysial stalk; IFG, inferior frontal gyrus; IFS, 
inferior frontal sulcus; IHF, interhemispherie fissure; Ist, isthmus of 
cingulate gyrus; ITG, inferior temporal gyrus; ITS, inferior temporal sulcus; 
LatOlfStr, lateral olfaetory striae; LatOrbG, lateral orbital gyrus; MaBo, 
mammillary body; MedOlfStr, medial olfaetory striae; MedOrbG, medial 
orbital gyrus; MeFS, medial frontal sulcus; MFG, middle frontal gyrus; 
MFS, middle frontal sulcus; MTG, middle temporal gyrus; OeN, 
oculomotor nerve; OlfBu, olfaetory bulb; OlfS, olfaetory sulcus; OlfTr, 
olfaetory traet; ON, optie nerve; OptTr, optie traet; Orb, orbital part of 
inferior frontal gyrus; OrbGi, orbital gyri; OrbS, orbital sulcus; OTS, 
oeeipitotemporal sulcus; PHG, parahippoeampal gyri; PostMedOrbLob, 
posteromedial orbital lobule; PostOrbG, posterior orbital gyrus; 
PostPerfSubst, posterior perforated substance; RhiS, rhinal sulcus; SFG, 
superior frontal gyrus; SFS, superior frontal sulcus; Spl, splenium of 
corpus callosum; STG, superior temporal gyrus; STS, superior temporal 
sulcus; TePo, temporal pole; Un, uncus. (Adapted with permission from 
Ribas GC. The eerebral sulci and gyri. Neurosurg Focus 2010, 28(2):E2.) 


Ipsilateral eortieoeortieal fìbres pass from area 17 to a variety of 
flmetional areas in areas 18 and 19 and in the parietal and temporal 
eortiees. Fibres from area 17 pass to area 18 (which eontains visual areas 
V2, V3 and V3a); area 19 (which eontains V4); the posterior intrapari- 
etal and the parieto-oeeipital areas; and to parts of the posterior tem- 
poral lobe, the middle temporal area and the medial superior temporal 
area. Subcortical efferents of the striate cortex pass to the superior eol- 
liculus, pretectum and parts of the brainstem reticular formation. Pro- 
jeetions to the striatum (notably the tail of the caudate nucleus) and to 
the pontine nuclei are sparse. Geniculo- and claustrocortical projeetions 
are reeiproeated by prominent deseending projeetions, which arise in 
layer VI. 


The superior temporal sulcus is well defined and deep. Typieally, it 
is intermpted and eomposed of up to four segments but it may be 
continuous (Oehiai et al 2004). It terminates within the inferior pari- 
etal lobule, posterior to the end of the lateral fìssure, by trifurcating into 
an aseending sulcal segment and an inferior braneh that mns towards 
the oeeipital lobe. The superior temporal gyms always continues poste- 
riorly to the supramarginal gyms eneireling the terminal portion of the 
lateral fissure. The middle temporal gyms is always eonneeted to the 
angular gyms beneath the distal and horizontal portion of the superior 
temporal sulcus. The inferior temporal gyms is continuous posteriorly 
with the inferior oeeipital gyms over the preoeeipital noteh. The inferior 
temporal sulcus is usually discontinuous. Both superior and inferior 
temporal sulci start at the most anterior aspeet of the temporal pole 
and end posterior to the arbitrary border of the temporal lobe; both of 
them have their depths direeted towards the inferior or temporal horn 
of the lateral ventriele. Topographieally, the depth of the posterior part 
of the superior temporal sulcus is particularly related to the ventriailar 
atrium. 

The basal surface of the temporal lobe is eomposed laterally by the 
inferior surface of the inferior temporal gyms and medially by the 
anterior or temporal portion of the hisiform or lateral temporo-oeeipital 
gyms; the gyri are separated by the temporo-oeeipital sulcus. Medially, 
the fhsiform gyms is delimited by the eollateral sulcus (inferior longi- 
tudinal sulcus of Huschke), which separates it from the parahippoeam- 
pal gyms of the limbie lobe (see Fig. 25.18). Short and seeondary sulci 
(fhsiform sulci) are found within its surface. Although not extensive, 
the fusiform gyms has an anterior or temporal part, T 4 (between the 
inferior and parahippoeampal gyri), and a posterior or oeeipital part, 
0 4 (between the inferior oeeipital and lingual gyri). The anterior part 
of the fhsiform gyms is typieally curved or pointed, resembling an 
arrow; its anterior border usually lies elose to the level of the eerebral 
peduncle. The temporal portion of the fusiform gyms lies over the 
posterior aspeet of the floor of the middle fossa and the upper surface 
of the petrous part of the temporal bone. The oeeipital part of the fusi- 
form gyms lies underneath the ventrioilar atrium. 

Anterior to the fhsiform gyms, the eollateral sulcus may be continu- 
ous with the rhinal sulcus. Alternatively, and more frequently, these 
sulci are separated by the so-ealled temporolimbie passage. The rhinal 
sulcus separates the entorhinal cortex of the uncus medially from the 
neocortex of the temporal pole laterally. 

The superior or opercular surface of the temporal lobe is formed by 
the superior surface of the superior temporal gyms, which lies within 
the lateral fìssure and is eomposed of multiple transverse gyri. One 
of these is the voluminous transverse gyms. It originates around the 
midpoint of the superior temporal gyms and is orientated diagonally 
towards the posterior vertex of the floor of the lateral fìssure, with its 
longest axis orientated towards the ventricular atrium. This gyms, which 
may be single or double, is Hesehl's gyms; it is bounded anteriorly by 
the fìrst transverse sulcus and posteriorly by the more defined sulcus of 
Hesehl, and divides the temporal opercular surface into an anterior, 
polar plane and a posterior, temporal plane. The sulcus acusticus, an 
infrequent, small superior extension of the superior temporal sulcus 
anterior to Hesehl's gyms, indieates the anterior aspeet of HesehFs gyms 
on the superolateral surface of the temporal lobe. If the transverse 
temporal sulcus, which lies posterior to HesehFs sulcus within the 
temporal plane, reaehes the lateral surface of the superior temporal 
gyms, it indieates the posterior aspeet of HesehFs gyms. The transverse 
gyms of Hesehl and the most posterior aspeet of the superior temporal 
gyms eorrespond to the primary auditory cortex. 

The surface of the polar plane is eomposed of multiple transverse 
gyri direeted obliquely towards the inferior part of the insular circular 
sulcus (inferior limiting sulcus) (Fig. 25.21A). The temporal plane is 
flat, perpendicular to the brain surface, and triangular in shape. Its 
internal vertex eorresponds to the posterior vertex of the base of the 
lateral (Sylvian) fìssure, at the point where the superior part of the 
insular circular sulcus (superior limiting sulcus) meets the inferior part 
of the insular circular sulcus (inferior limiting sulcus), lying immedi- 
ately over the atrium. The temporal plane is usually larger in the domi- 
nant hemisphere, supposedly refleeting its assoeiation with language 
fhnetions (Geschwind and Levitsky 1968). Topographieally, the oblique 
polar plane eovers the insular surface, HesehFs gyms underlies the 
operoilar surface of the posteentral gyms, and the flat surface of the 
temporal plane underlies the opercular surface of the supramarginal 
gyms. 
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Fig. 25.21 The lateral (A) and anterior (B) surfaces 
of the insula. Abbreviations: AntLimS, anterior 
limiting sulcus; Ap, insular apex; ClnsS, eentral 
insular sulcus; CS, eentral sulcus; IFG, inferior 
frontal gyrus; InfLimS, inferior limiting sulcus; ITG, 
inferior temporal gyrus; LIG, long insular gyri; 
MedOrbG, medial orbital gyrus; MFG, middle 
frontal gyrus; MTG, middle temporal gyrus; PoPI, 
polar plane of the opercular temporal surface; 
PostOrbG, posterior orbital gyrus; SFG, superior 
frontal gyrus; ShlG, short insular gyri; STG, 
superior temporal gyrus; SupLimS, superior 
limiting sulcus of insula; SyF, lateral or Sylvian 
fissure; TrlnsG, transverse insular gyrus. (Adapted 
with permission from Ribas GC. The eerebral sulci 
and gyri. Neurosurg Focus 2010, 28(2):E2.) 
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of eells in this middle temporal region show eonvergenee of different 
sensory modalities, and many neurones respond to faees. 

The inferior temporal cortex, area 20, is a higher visual assoeiation 
area. The posterior inferior temporal cortex reeeives major ipsilateral 
eortieoeortieal fibres from oeeipitotemporal visual areas, notably V4. It 
eontains a eoarse retinotopie representation of the eontralateral visual 
field, and sends a major feed-forward pathway to the anterior part of 
the inferior temporal cortex. The anterior inferior temporal cortex 
projeets on to the temporal pole and to paralimbie areas on the medial 
surface of the temporal lobe. Additional ipsilateral assoeiation eonnee- 
tions of the inferior temporal cortex are with the anterior middle tem- 
poral cortex, in the walls of the superior temporal gyrns, and with visual 
areas of the parietotemporal cortex. Frontal lobe eonneetions are with 
area 46 in the dorsolateral prefrontal cortex (posterior inferior tempo- 
ral) and with the orbitofrontal cortex (anterior inferior temporal). The 
posterior area also eonneets with the frontal eye field. Reeiproeal tha- 
lamie eonneetions are with the pulvinar nuclei; the posterior part is 
related mainly to the inferior and lateral nuclei, and the anterior part 
to the medial and adjaeent lateral pulvinar. Intralaminar eonneetions 
are with the paraeentral and eentral medial nuclei. Other subcortical 
eonneetions eonform to the general pattern of all eortieal regions. Cal- 
losal eonneetions are between eorresponding areas and the adjaeent 
visual assoeiation areas of eaeh hemisphere. 

The cortex of the temporal pole reeeives feed-forward projeetions 
from widespread areas of temporal assoeiation cortex that are immedi- 
ately posterior to it. The dorsal part reeeives predominantly auditory 


input from the anterior part of the superior temporal gyms. The inferior 
part reeeives visual input from the anterior area of the inferior temporal 
cortex. Other ipsilateral eonneetions are with the anterior insular, the 
posterior and medial orbitofrontaf and the medial prefrontal eortiees. 
The temporal pole projeets onwards into limbie and paralimbie areas. 
Thalamie eonneetions are mainly with the medial pulvinar nucleus and 
with intralaminar and midline nuclei. Other subcortical eonneetions 
are as for the cortex in generaf although some projeetions, such as that 
to the pontine nuclei, are very small. Physiologieal responses of eells in 
this and more medial temporal cortex eorrespond particularly to behav- 
ioural performanee and to the reeognition of high-level aspeets of soeial 
stimuli. 

The cortex of the medial temporal lobe includes major subdivisions 
of the limbie system, such as the hippocampus and entorhinal cortex. 
Areas of neocortex adjaeent to these limbie regions are grouped together 
as medial temporal assoeiation cortex. 

Nuclei of the amygdala projeet to, and reeeive fibres from, neoeorti- 
eal areas, predominantly of the temporal lobe, and possibly inferior 
parietal cortex. The density of these pathways inereases towards the 
temporal pole. 


INSLILAR LOBE 


The insula forms the base of the Sylvian eistern and lies between the 
frontal and temporal lobes (see Fig. 25.21; Fig. 25.22). 
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Fig. 25.22 The temporal opercular surface, the insula and the temporal 
stem, right side. A, View from above: the right frontal and oeeipital lobes 
have been seetioned horizontally and their superior parts removed. B, The 
hippocampus (Hippoe) lying along the temporal horn. Other abbreviations: 
AntLimS, anterior limiting sulcus; Atr, atrium of lateral ventriele; BoFo, 
body of fornix; CaN, caudate nucleus; Cl, claustrum; CS, eentral sulcus; 

Fi, fimbria; HeG, Hesehl gyrus; lntCap, internal capsule; Ins, insula; Orb, 
orbital part of inferior frontal gyrus; PaCLob, paraeentral lobule; PoPI, 
polar plane of the opercular temporal surface; Put, putamen; SupLimS, 
superior limiting sulcus of insula; TempSt, temporal stem; TePI, temporal 
plane; Tha, thalamus. (Adapted with permission from Ribas GC. The 
eerebral sulci and gyri. Neurosurg Focus 2010, 28(2):E2.) 
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SECTION 3 


CEREBRAL HEMISPHERES 


[(*) Insiilar lobe sulci and gyri 

The insiila has both lateral and anterior surfaces. The superior and 
inferior limiting sulci are morphologieally tme sulci that delineate the 
lateral insular surface from the frontoparietal operculum, the lateral 
insular surface and the temporal operculum ( ure et al 1999). The 
anterior limit of the insula is eonsiderably deeper and morphologieally 
eharaeteristie of a tme fissure or spaee and separates the anterior surface 
of the insula from the fronto-orbital operculum. The upper half of the 
fundus of the anterior limiting sulcus is separated from a tme anterior 
reeess of the lateral ventriele, anterior to the head of the caudate nucleus, 
by the fibres of the thin anterior limb of the internal capsule, whereas 
the fundus of the lower half continues to the ventral striatopallidal or 
anterior perforated substance region (Heimer 2003). 


Insular lobe internal structure 
and eonneetivity 


Cytoarchitectonically three zones are reeognized within the insula. 
Anteriorly, and extending caudally into the eentral insula, the cortex is 
agranular. It is surrounded by a belt of dysgramilar cortex, in which 
laminae II and III ean be reeognized, and this in turn is surrounded by 
an outer zone of homotypieal gramilar cortex that extends to the caudal 
limit of the insula. 

Thalamie afferents to the insula eome from subdivisions of the 
ventral posterior nucleus and of the medial geniculate body, from the 
oral and medial parts of the pulvinar, the suprageniculate/nucleus limi- 
tans complex, the mediodorsal nucleus and the nuclei of the intralami- 
nar and midline groups. It appears that the anterior (agranular) cortex 
is eonneeted predominantly with the mediodorsal and ventroposterior 
nuclei, while the posterior (granular) cortex is eonneeted predomi- 
nantly with the pulvinar and the ventral posterior nuclei. The other 
nuclear groups appear to eonneet with all areas. 

Ipsilateral eortieal eonneetions of the insula are diverse. Somatosen- 
sory eonneetions are with SI, SII and surrounding areas, and areas 5 
and 7b of the parietal lobe. The insular cortex also has eonneetions with 
the orbitofrontal cortex. Several auditory regions in the temporal lobe 
intereonneet with the posterior gramilar insula and the dysgranular 
cortex more anteriorly. Connections with visual areas are virtually 
absent. The anterior agranular cortex of the insula appears to have eon- 
neetions primarily with olfaetory, limbie and paralimbie structures, 
including, most prominently, the amygdala. 

The insula reeeives somatosensory, viseerosensory, homeostatie and 
noeieeptive information from the entire body. (For a discussion of the 
role of the operculo-insular region in the proeessing of somatosensory 
inputs, see Mazzola et al (2012).) 


LIMBIC LOBE 


Limbus means edge or border; the deseriptive term limbie was first used 
in the sixteenth century (Morgane and Mokler 2006), but is more 
usually assoeiated with Broea, who deseribed the cingulate and parahip- 
poeampal gyri as the greater limbie lobe, and eonsidered the different 
sulci that limited these two gyri as parts of a single sulcus that he ealled 
the limbie sulcus (Broea 1877). On phylogenetie grounds, Broea eon- 
sidered that these structures might be assoeiated with olfaetion and for 
many years the term rhineneephalon ('smell brain') was used synony- 
mously with limbie lobe; the term is no longer used. 

The limbie lobe eontains the eortieal structures on the most medial 
edge of the hemisphere and includes the cingulate, parahippoeampal 
and dentate gyri, the cingulate isthmus, the subcallosal area (paraolfae- 
tory and paraterminal gyri), the eollateral and rhinal sulci, the uncus 
and the hippoeampal formation. (The Terminologia Anatomiea restriets 
the hippoeampal representation in the limbie lobe to the fimbria of the 
hippocampus; other authors include the hippoeampal formation (e.g. 
Chronister and Hardy 2006).) 


Limbie lobe sulci and gyri 
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Within the inner aspeet of the medial surface of eaeh eerebral hemi- 
sphere, the cingulate gyms wraps around the corpus callosum and 
eontimies posteriorly and inferiorly to the parahippoeampal gyms (see 
Fig. 25.10B). Lying above the eallosal sulcus and below the cingulate 
sulcus, the cingulate gyms starts within the subcallosal area below 
the rostmm of the corpus callosum and aseends around the genu of the 


corpus callosum, frequently eonneeting with the medial aspeet of the 
superior frontal gyms in its course. It is eonneeted to the paraeentral 
lobule as it lies over the body of the corpus callosum; more posteriorly, 
it is eonneeted to the precuneus. Posterior to the splenium of the corpus 
callosum, it narrows to beeome the isthmus, and continues to the 
parahippoeampal gyms. Anteriorly and basally, the cingulate sulcus 
may be continuous with the anterior paraolfaetory sulcus under the 
rostmm of the corpus callosum; when this occurs, the cingulate gyms 
is continuous with the paraolfaetory or subcallosal gyri. The cingulate 
sulcus may be double and parallel; the additional superior fold is the 
paracingulate sulcus. 

Anteriorly, the parahippoeampal gyms folds baek on itself medially 
to form the uncus, which is ineorporated superiorly into the most 
lateral aspeet of the frontobasal region via a well-defined neural pedun- 
ele anterior to the inferior horn of the lateral ventriele (see Figs 25.18 
and 25.20B). Along its axial extension, the basal and medial surface of 
the parahippoeampal gyms curves laterally, forming a flat superior 
surface, the subiculum. The latter is slightly triangular with an anterior 
vertex; it eorresponds to the floor of the lateral part of the transverse 
fissure. This portion of the transverse fissure harbours the so-ealled 
lateral wing of the ambient eistern. Laterally, the parahippoeampal 
gyms is contiguous with the fiisiform gyms underneath the depths 
of the eollateral sulcus. Posteriorly, it is continuous with the lingual 
gyms and the cingulate gyms along its isthmus. Medially, it lies under 
the thalamus along the ehoroidal fissure. Superiorly, it is attaehed 
along the inferior aspeet of the insular lobe via fibres that eover the 
inferior horn. 

The indusium griseum is a thin layer of grey matter lying over the 
corpus callosum and eovered by medial and lateral longitudinal striae 
mnning within the eallosal sulcus beneath eaeh cingulate gyms. Ante- 
riorly, the indusium griseum is eonneeted to the paraterminal gyms 
via the prehippoeampal mdiment. Posteriorly, it eireles the splenium 
of the corpus callosum and mns along the faseiolar gyms on eaeh 
side. 

In the subcallosal area, the anterior and posterior paraolfaetory gyri 
lie anterior to the paraterminal gyms, separated by the anterior paraol- 
faetory sulcus. Anteriorly, a eonsistent fold eonneets the most basal 
portion of the cingulate gyms with the gyms rectus, eneireling the pos- 
terior end of the superior rostral sulcus, ealled the cingulate pole 
(Yasargil 1994). The paraterminal gyms lies on the medial wall of the 
eerebral hemisphere posterior to the paraolfaetory gyri, immediately 
faeing the lamina terminalis, and delineated anteriorly by the short, 
vertieal posterior olfaetory sulcus. Inferiorly, the paraterminal gyms 
extends along the diagonal band of Broea and the lateral olfaetory 
stria. 

The ehoroidal fissure extends between the entire fornix and thala- 
mus, from the inferior ehoroidal point between the head and the body 
of the hippocampus to the interventrioilar foramen. Anterior to the 
inferior ehoroidal point (the point at which the anterior ehoroidal 
artery enters the temporal pole of the lateral ventriele (Tubbs et al 
2010)), the anterior and mesial parts of the temporal lobe and the 
parahippoeampal gyms merge with the basal and lateral aspeet of the 
frontal lobe through a neural peduncle that constitutes the so-ealled 
temporal stem (see below). Posterior to the inferior ehoroidal point, 
the ehoroidal fissure lies within the inferior horn between the fimbria 
of the fornix and the inferior aspeet of the thalamus, along the parape- 
duncular spaee that harbours the ambient eistern. More posteriorly, the 
ehoroidal fissure within the atrium lies between the emra and the pul- 
vinar, lateral to the quadrigeminal or pineal eistern. More superiorly 
and anteriorly, the ehoroidal fissure lies between the body of the fornix 
and the superior surface of the thalamus. 

The eollateral sulcus is a long, deep sulcus that extends along the 
basal temporal and oeeipital surface, with multiple side branehes. Its 
temporal segment bulges into the ventrioilar floor as the eollateral 
eminenee, loeated lateral to the hippocampus. Its oeeipital segment 
eorresponds to the eollateral trigone that forms the triangular, flat 
surface of the ventrioilar atrium and posterior horn. The rhinal sulcus, 
which is not always readily identifiable, separates the uncus from the 
rest of the temporal pole. The subcallosal, cingulate, subparietal, ante- 
rior ealearine, eollateral and rhinal sulci are frequently eonsidered to 
form the limbie fissure. 



Uncus 

The uncus is triangular. It has a medial vertex; its anteromedial surface 
faees the earotid eistern and its posteromedial surface faees and eneir- 
eles the meseneephalie peduncle (see Fig. 25.18). The semifimar gyms, 
a lateral extension of the lateral olfaetory stria, and the ambient gyms 
form two small prominenees on its medial and anterior surface. Both 
gyri eover the amygdala and are separated by the semi-annular sulcus, 













Oerebral hemispheres 


The anterior surface of the insula is eovered by the fronto-orbital 
operculum (the posterior portion of the posterior orbital gyms and the 
orbital part of the inferior frontal gyrns). Its lateral surface is eovered 
superiorly by the frontoparietal operculum (triangular and opercular 
parts of the inferior frontal gyms, subcentral gyms, and anterior and 
basal part of the supramarginal gyms) and inferiorly by the temporal 
operculum (polar plane of the superior temporal gyms; see Fig. 25.14). 

The lateral surface of the insula may be conceptualized as a pyramid 
with a triangular base; its anteroinferior vertex is the limen insulae and 
its summit is the insular apex. The limen insulae eonsists of a narrow 
strip of olfaetory cortex that extends along the lateral aspeet of the 
lateral olfaetory stria, eonjoining the insular cortex and anterior perfo- 
rated substance. The surface of the insula is divided into anterior and 
posterior parts by a deep eentral sulcus that courses obliquely from the 
limen insulae towards the eentral sulcus of the eerebral hemisphere. The 
anterior part of the insular surface is eomposed of transverse, aeeessory 
and short insular gyri (anterior, middle and posterior short insular gyri), 
all arising from the region of the insular apex. The middle and posterior 
short insular gyri are separated by the preeentral insular sulcus. 

The transverse insular gyms mns along the limen insulae, eonneeting 
the anterior insula with the posteromedial orbital lobule. The latter is 
the eonneetion between the posterior portion of the medial orbital 
gyms and the posterior orbital gyms, and is loeated anterior to and 
along the lateral olfaetory stria. The aeeessory gyms extends from the 
anterior portion of the anterior short gyms superiorly to the transverse 
insular gyms, beneath the fronto-orbital operculum. Both gyri eonsti- 
tute the insular pole within the anterior aspeet of the insula ( riire et al 
1999, riire et al 2000). The posterior part of the insula is loeated behind 
its eentral sulcus and is eomposed of anterior and posterior insular long 
gyri. Both of these gyri are separated by the posteentral insular sulcus; 
the anterior long gyms is usually larger, and may be single and divided 
at its upper end. 

The insular surface is delineated peripherally by the peri-insular 
sulcus (eirailar sulcus of Reil), which is intermpted by the transverse 
insular gyms mnning aeross the limen insulae. Given the triangular 
shape of the insula, the peri-insular sulcus is usually divided into three 
parts, variously named either as the anterior, superior and inferior peri- 
insular sulci ( 'Tire et al 1999), or the anterior, superior and inferior 
limiting sulci of the insula (Rhoton 2003). 
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Cerebral lobes 


which harbours the anterior ehoroidal artery. Inferiorly, the free edge 
of the tentorium eerebelli is frequently assoeiated with another depres- 
sion. The most rostral and anterior aspeets of the uncus eorrespond to 
the entorhinal cortex. The posterior half of the uncus eontains the head 
of the hippocampus and is separated inferiorly from the parahippo- 
eampal gyms by the uncal sulcus. The medial surface of the uncus faees 
the emral eistern. Its inferior surface is hidden inside the uncal sulcus, 
in which the posterior half of the uncus harbours the uncinate gyms 
anteriorly and the uncal apex (intralimbie gyms, hippocampus inver- 
sus) posteriorly, separated by the band of Giaeomini. eolleetively, these 
stmctures eorrespond to the extraventricular part of the head of the 
hippocampus. The band of Giaeomini eorresponds to the tail of the 
dentate gyms, which vanishes on the medial aspeet of the uncus. Along 
the eerebral base, the parahippoeampal gyms is delineated laterally by 
the eollateral sulcus, separating it from the fiisiform gyms, and more 
anteriorly by the rhinal sulcus, which is oeeasionally continuous with 
the eollateral sulcus. 



Hippoeampiis 

The hippocampus (hippocampus proper, cornu ammonis, Ammon's 
horn) is a convex elevation, approximately 5 em long, within the para- 
hippoeampal gyms inside the inferior (temporal) horn of the lateral 
ventriele (Duvernoy 1998) (Figs 25.23-25.24). Maeroseopieally, it ean 
be divided into a head, a body and a tail (see Fig. 25.22B). Anteriorly, 
the head is expanded and bears two or three shallow grooves (pes hip- 
poeampi). The surface of the hippocampus, the alveus, is eovered by 
the ependyma inside the ventriailar eavity. 

The dentate gyms eonsists of small eortieal prominenees that form 
a ehain along the medial aspeet of the hippocampus (Fig. 25.25). Along 
its medial margin, it is separated from the subiculum of the parahip- 
poeampal gyms by the hippoeampal sulcus, usually a shallow sulcus 
that terminates anteriorly within the uncus (see 7 ig. 25.23). More supe- 
riorly and medially, the dentate gyms is separated from the fimbria of 


the fornix by the fimbriodentate sulcus lying parallel to the hippoeam- 
pal sulcus (Fig. 25.26). 

The main outflow bundle of the hippocampus, the fornix, wraps 
round the thalamus, from which it is separated by the ehoroidal fissure 
and the ehoroid plexus (see Fig. 25.3). It has several named parts: 
fimbria, ems, body and column (pillar). The fibres of the alveus eon- 
verge to form the fimbria along the medial portion of the floor of the 
inferior horn of the lateral ventriele. At a point beneath the splenium 
of the corpus callosum, the white matter of the fimbria separates from 
the hippocampus to beeome the ems of the ipsilateral fornix. The two 
emra pass upwards and forwards beneath the corpus callosum, mirror- 
ing its areh but with a tighter curve. They are joined via fibres that eross 
in the commissure of the fornix (hippoeampal commissure). Beyond 
this point, the emra merge to beeome the body of the fornix, which 
continues anteriorly within the roof of the third ventriele, below the 
lower border of the septum pellucidum and near the midline (Figs 


25.27-25.28). At the level of the interventriailar foramen (foramen of QgJ 
Munro) and the anterior commissure, the most anterior segment of the 
body diverges from its eontralateral counterpart, and passes in an ante- 
rior, lateral and inferior direetion as the column (pillar) of the fornix 
to penetrate the hypothalamie parenehyma towards the ipsilateral 
mammillary body. As they separate from the underlying thalamus, the 
columns of the fornix form the anterior margins of the interventrioilar 
foramen. 


Limbie lobe internal structure 
and eonneetivity 


Cingulate and parahippoeampal cortex 

The cingulate gyms may be divided rostrocaudally into several eytoar- 
ehiteetonieally diserete areas: prelimbie (area 32) and infralimbie 
(area 25) eortiees, anterior cingulate cortex (areas 23, 24, 32 and 33) 


Dentate gyrus 

Hippocampus 
(cornu ammonis) 


Subiculum 
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Fig. 25.23 A series of eoronal seetions of the temporal lobe and inferior horn of the lateral ventriele illustrating the relationships between the eomponents 
of the hippoeampal formation. 
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Fig. 25.24 A disseetion of the left eerebral 
hemisphere demonstrating eomponents of the 
limbie system. The body of the corpus callosum 
has been divided sagittally; the left frontal, 
temporal and oeeipital lobes have been seetioned 
horizontally and their superior parts removed. The 
left lentiform complex and thalamus have been 
removed and the floor of the inferior horn of the 
lateral ventriele opened. (Disseetion by AM Seal; 
photograph by Kevin Fitzpatriek on behalf of GKT 
Sehool of Medieine, London; figure enhaneed by 
B Oossman.) 
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Cerebral hemispheres 


CiG StTerm Fo AntCom 




Tha Hypothal MaThTr MaBo 


Cl Put AntCom CC Fo SeptPell Ro Ge Sept 



B VeStrPa LamTer ON 


Fig. 25.27 The fornix and related structures, right side of the brain. 

A, Medial structures after the removal of the corpus callosum, diselosing 
neural structures related to limbie circuits. B, The ventral striatopallidal 
region (VeStrPa) inferior and anterior to the anterior commissure 
(AntCom). The septal region (Sept) lies anterior to the anterior commissure 
and posterior to the cingulate pole. The column of the fornix (Fo) runs 
posterior to the anterior commissure. Other abbreviations: CC, corpus 
callosum; CiG, cingulate gyrus; Cl, claustrum; Ge, genu of corpus 
callosum; Hypothal, hypothalamus; LamTer, lamina terminalis; MaBo, 
mammillary body; MaThTr, mammillothalamie traet; ON, optie nerve; Put, 
putamen; SeptPell, septum pellucidum; Ro, rostmm of corpus callosum; 
StTerm, stria terminalis; Tha, thalamus. (Disseetion courtesy of Professor 
Guilherme Ribas.) 
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SECTION 3 


OEREBRAL HEMISPHERES 


and part of the posterior cingulate or retrosplenial cortex (area 29) 

B (Commentary 3.1). 

The cingulate gyms eontains speeifie motor areas and has extensive 
eonneetions with neoeortieal areas of the frontal lobe and with soma- 
tosensory and visual assoeiation areas of the parietaf oeeipital and 
temporal lobes. The afferents to the cingulate gyms are predominantly 
from neoeortieal areas on the lateral surface of the hemisphere. Within 
the cingulate cortex, most projeetions pass caudally, ultimately into the 
parahippoeampal gyms. Through this system, afferents from wide- 
spread areas of assoeiation cortex eonverge on the medial temporal lobe 
and hippoeampal formation. There are parallel stepwise routes to these 
targets through eortieal areas on the lateral surface. The anterior cingu- 
late gyms appears to be a eomponent of a fimetional circuit that medi- 
ates pain pereeption and proeessing. The cingulate motor cortex 
subregion of the anterior cingulate gyms is one of the first eortieal brain 
regions aetivated in pain proeessing; its probable fimetion is to mediate 
withdrawal aetions and so minimize fiirther injury. (For ffirther reading, 
see Weston (2012).) The insula has strong fimetional eonneetions with 
anterior and dorsal subregions of the anterior cingulate gyms (areas 24 
and 32), 

The parahippoeampal gyms includes areas 27, 28 (entorhinal 
cortex), 35, 36, 48 and 49, and temporal eortieal fields. It has complex 
intereonneetions with the cingulate cortex and with the hippoeampal 
formation. In monkeys, the infralimbie cortex (area 25) has been 
shown to projeet to areas 24a and 24b. Area 25 also has reeiproeal eon- 
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neetions with the entorhinal cortex. Projeetions between the paralimbie 
area 32 and the limbie cortex (anterior, retrosplenial and entorhinal 
cortex) are somewhat less prominent. Areas 24 and 29 are eonneeted 
with the paralimbie posterior cingulate area 23. In primates, the para- 
hippoeampal gyms projeets to virtually all assoeiation areas of the 
cortex; it also provides the major fimnel through which polymodal 
sensory inputs eonverge on the hippocampus. 

Hippoeampal cortex 

The hippocampus is eomposed of trilaminar archicortex: a single 
layer of pyramidal eells sandwiched between plexiform layers. It is 
divided into three distinet fields: CA1, CA2 and CA3 (see Fig. 25.26; 
Fig. 25.29). 

Field CA3 borders the hilus of the dentate gyms at one end, and field 
CA2 at the other. Field CA3 pyramidal eells are the largest in the hip- 
pocampus and reeeive the mossy fibre input from dentate gramile eells 
on their proximal dendrites. The whole pyramidal eell layer in this field 
is about 10 eells thiek. The border between CA3 and CA2 is not well 
marked. The CA2 field has the most eompaet layer of pyramidal eells. 
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Fig. 25.25 The basal aspeet of the brain disseeted to display the dentate 
gyrus, uncus and fimbria on the left. 


Fig. 25.26 The hippoeampal formation showing the disposition of the 
various eell fields. 
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Fig. 25.28 Components of the limbie system 
(yellow). The medial aspeet of the left eerebral 
hemisphere. The approximate loeations of some 
Brodmann’s areas are indieated. 
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Fig. 25.29 A eoronal, thionin-stained seetion of the human hippoeampal 
formation. Abbreviations: a, moleeiilar layer of the dentate gyrus; b, 
granule eell layer of the dentate gyrus; e, plexiform layer of the dentate 
gyrus; CA1-3, fields of the hippocampus; d, stratum oriens layer of 
the hippocampus; DG, dentate gyrus; e, pyramidal eell layer of the 
hippocampus; EC, entorhinal cortex; f, stratum radiatum of the 
hippocampus; fim, fimbria; g, stratum lacunosum-moleculare of 
the hippocampus; PaS, parasubiculum; PRC, perirhinal cortex; 

PrS, presubiculum; S, subiculum. (Courtesy of D Amaral.) 


It eompletely laeks a mossy fìbre input from dentate granule eells 
and reeeives a major input from the supramammillary region of the 
hypothalamus. Field CA1 is usually deseribed as the most complex of 
the hippoeampal subdivisions and its appearanee varies along its trans- 
verse and rostrocaudal axes. The CA1/CA2 border is not sharp, and at 
its other end CA1 overlaps the subiculum for some distanee. Approxi- 
mately 10% of neurones in this field are interneurones. 

It is eommon to deseribe several strata within the layers of the hip- 
pocampus. Working from the ventriailar aspeet, these are the alveus 
(eontains subicular and hippoeampal pyramidal eell axons eonverging 
on the fimbria of the fornix); stratum oriens (mainly the basal dendrites 
of pyramidal eells and some interneurones); stratum pyramidalis; 
stratum lucidum (eontains mossy fibres that make eontaet with the 
proximal dendrites of pyramidal eells in field CA3); stratum radiatum; 
and stratum lacunosum-moleculare. The stratum lucidum is not as 
prominent in humans as it is in other primates, and is not present in 
fields CA1 and CA2. 

In the stratum radiatum and stratum oriens, CA3 and CA2 eells 
reeeive assoeiational eonneetions from other rostrocaudal levels of the 
hippocampus, as well as afferents from subcortical structures, such as 
the septal nuclei and supramammillary region. The projeetions from 
pyramidal eells of fields CA3 and CA2 to CA1, often ealled Sehaffer 
eollaterals, also terminate in the stratum radiatum and stratum oriens. 
The projeetions from the entorhinal cortex to the dentate gyms (the 
perforant pathway) travel in the stratum lacunosum-moleculare, where 
they make synaptie eontaet en passant with the distal apieal dendrites 
of hippoeampal pyramidal eells. 

The trilaminar cortex of the dentate gyms is the least complex of the 
hippoeampal fields (see Fig. 25.29). Its major eell type is the gramile 
eell, found in the dense gramile eell layer. Granule eells have unipolar 
dendrites that extend into the overlying molecular layer. The latter 
reeeives most of the afferent projeetions to the dentate gyms, primarily 
from the entorhinal cortex (Fig. 25.30). The gramile eell and molecular 
layers are sometimes referred to as the faseia dentata. The polymorphie 
layer, or hilus of the dentate gyms, eontains eells that give rise primarily 
to ipsilateral assoeiation fibres. They remain within the dentate gyms 
and do not extend into other hippoeampal fields. 



The limbie system is an extended neural network that is eoneerned with 
emotional and motivational aetivity and other basie psyehologieal firne- 
tions such as memory and learning. The complex eonneetivity of its 



— Pyramidal neurones ofthe cornu ammonis and their axons, which 

form the efferent hippoeampal fibres ofthe alveus and fimbria 

— Afferentfibres to the cornu ammonis from the fimbria 

— Afferentfibres from the entorhinal cortex via the perforant path 

— Basket neurones 

— Neurones ofthe dentate gyrus and their axons, 

which form the mossy fibres of the hippocampus 

— Subicular efferentfibres to the fornix via the alveus 

Fig. 25.30 The neuronal organization and eonneetions of the dentate 
gyrus, hippocampus (cornu ammonis), subiculum and parahippoeampal 
gyrus. 


eomponents has always rendered it anatomieally and fimetionally dif- 
ficult to disseet. Although much of the earliest researeh was neeessarily 
undertaken in non-human primates, eats and rodents, the use of non- 
invasive imaging, deep-brain stimulation and elinieal behavioural 
studies is enabling detailed analyses of the human limbie system in 
both normal and pathologieal states. 

Most deseriptions of the limbie system include the structures within 
the limbie lobe; the amygdaloid nuclear complex; various nuclei of the 
hypothalamus, particularly those assoeiated with the mammillary 
body; the septal nuclei; nucleus accumbens; cingulate cortex; major 
areas of the prefrontal cortex habenula; anterior thalamie nuclei; parts 
of the basal ganglia; ventral tegmental area; and limbie midbrain areas, 
including the periaqueductal grey (Morgane and Mokler 2006). The 
term 'limbie brain' eneompasses all of these structures and their projee- 
tions to forebrain, midbrain, lower brainstem and spinal eord limbie 
systems, prineipally via the fornix, stria terminalis, ventral amygdalo- 
fhgal pathway and the mammillothalamie traet. The appropriateness of 
continuing to regard the limbie system as the sole theoretieal framework 
for emotional fimetions has been questioned (Heimer and van Hoesen 
2006, Heimer 2008). (Seminal studies by Papez (1937), Kliiver and 
Bucy (1937) and Nauta (1958) document the development of ideas 
about the limbie system.) 

Hippoeampal formation 


The hippoeampal formation includes the dentate gyms, hippocampus 
proper, subicular complex (subiculum, presubiculum, parasubiculum) 
and entorhinal cortex (area 28). Passing medially from the eollateral 
sulcus, the neocortex of the parahippoeampal gyms merges with the 
transitional juxtallocortex of the subiculum (see Fig. 25.23). The latter 
curves superomedially to the inferior surface of the dentate gyms, then 
laterally to the laminae of the hippocampus. This curvature continues, 
first superiorly, then medially above the dentate gyms, and ends point- 
ing towards the eentre of the superior surface of the dentate gyms. 387 
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Glutamate and/or aspartate appears to be the major excitatory trans- 
mitter in three pathways in the hippoeampal formation: namely, the 
perforant pathway, which arises in the entorhinal cortex and terminates 
primarily in the dentate gyms; the mossy fibres, which mn from the 
dentate granule eells to the pyramidal eells of the CA3 field; and in the 
Sehaffer eollaterals of CA3 pyramidal eells, which terminate on CA1 
pyramidal eells. GABAergie neurones are found in the deep portions of 
the granule eell layer in the dentate gyms (basket eells). 

The highest eoneentration of GABA reeeptors is found in the molecu- 
lar layer of the dentate gyms. In the hippocampus proper, GABAergie 
eells are found mostly in the stratum oriens, but also in the pyramidal 
eell layer and stratum radiatum. 

There are many peptide-eontaining neurones in the hippoeampal 
formation. Granule eells in the dentate gyms appear to eontain the 
opioid peptide dynorphin, which is also present in mossy fibres mnning 
to the CA3 field. Enkephalin, or a related peptide, may be present in 
fibres arising in the entorhinal cortex. There is a dense plexus of 
somatostatin-immunoreactive fibres in the moleailar layer of the 
dentate gyms and also in the stratum lacunosum-moleculare of the 
hippocampus. The polymorphie layer of the dentate gyms, stratum 
oriens of the hippocampus and the deep layers of the entorhinal 
cortex all eontain somatostatin-immunoreactive neurones. VIP- 
imimmoreaetive neurones are plentiful in many hippoeampal fields, 
espeeially in the superficial layers of the entorhinal cortex. Cells eon- 
taining CCK immunoreactivity are found in the hilar region of the 
dentate gyms, in all layers of the hippocampus, espeeially in the pyrami- 
dal eell layer, and also throughout the subicular complex and entorhi- 
nal cortex. There are also substantial plexuses of CCK-immunoreactive 
fibres in the stratum lacunosum-moleculare, subicular complex and 
entorhinal cortex. Hippoeampal CCK-immunoreactive eells may give 
rise to extrinsic projeetions, e.g. to the lateral septum and medial mam- 
millary nucleus, because CCK-immunoreactive fibres are found in the 
fimbria/fornix. 

The medial septal complex and the supramammillary area of the 
posterior hypothalamus are the two major sources of subcortical affer- 
ents to the hippoeampal formation. There are also projeetions from the 
amygdaloid complex and claustrum (to the subicular complex and 
entorhinal cortex), as well as monoaminergie projeetions from the 
ventral tegmental area, the meseneephalie raphe nuclei and the locus 
coeruleus. The noradrenergie and serotoninergie projeetions reaeh all 
hippoeampal fields but are espeeially dense in the dentate gyms. Neu- 
rones in the supramammillary area projeet to the hippoeampal forma- 
tion via the fornix and a ventral route; they terminate most heavily in 
the dentate gyms and fields CA2 and CA3 of the cornu ammonis. All 
divisions of the anterior thalamie nuclear complex and assoeiated 
lateral dorsal nucleus projeet to the hippoeampal formation, predomi- 
nantly to the subicular complex. Some midline thalamie nuclei, particu- 
larly the parataenial, eentral medial and reuniens nuclei, projeet 
espeeially to the entorhinal cortex. 

Subicular complex 

The subicular complex is generally subdivided into subiculum, pre- 
subiculum and parasubiculum. The subiculum eonsists of a superficial 
molecular layer eontaining apieal dendrites of subicular pyramidal eells, 
a pyramidal eell layer and a deep polymorphie layer. The presubiculum, 
lying medial to the subiculum, is distinguished by a densely paeked 
superficial layer of pyramidal eells and forms the boundary between the 
subicular complex and the entorhinal cortex. The eell layers deep to 
the parasubiculum are indistinguishable from the deep layers of the 
entorhinal cortex. 

The major subcortical projeetions of the hippoeampal formation, to 
the septal nucleus, lateral and medial mammillary nuclei, nucleus 
accumbens, anterior thalamus and entorhinal cortex, all arise from 
pyramidal neurones of the subicular complex. The presubiculum, in 
particular, projeets to the anterior thalamie nuclear complex (antero- 
medial, anteroventral and laterodorsal nuclei). The subicular complex 
reeeives numerous direet eortieal inputs, e.g. from the temporal polar, 
perirhinal and dorsolateral eortiees and the parahippoeampal and supe- 
rior temporal gyri. 

Entorhinal cortex 

The entorhinal cortex is the most posterior part of the piriform cortex 
and is divided into medial and lateral areas (Brodmann's areas 28a and 
28b). It extends rostrally to the anterior limit of the amygdala and 
caudally it overlaps a portion of the hippoeampal fields. The lateral 
areas reeeive fibres from the olfaetory bulb and the piriform and peri- 
amygdaloid eortiees; more caudal regions do not generally reeeive 
primary olfaetory inputs. 


The entorhinal cortex is divisible into six layers and is quite distinet 
from other neoeortieal regions. Layer I is acellular and plexiform. Layer 
II is a narrow cellular layer, which eonsists of islands of large pyramidal 
and stellate eells. These eell islands are a distinguishing feature of the 
entorhinal cortex. They form small bumps on the surface of the brain 
that ean be seen by the naked eye (vermeae hippoeampi) and provide 
an indieation of the boundaries of the entorhinal cortex. Layer III eon- 
sists of medium-sized pyramidal eells. There is no internal granular 
layer (another elassie feature of entorhinal cortex); in its plaee is an 
acellular region of dense fibres ealled the lamina disseeans, which is 
sometimes ealled layer IV. Layers III and V are apposed in regions where 
the lamina disseeans is absent. Layer V eonsists of large pyramidal eells 
five or six deep. Layer VI is only readily distinguishable from layer V 
elose to the border with the perirhinal cortex. Its eells continue around 
the angular bundle (subcortical white matter deep to the subicular 
complex made up largely of perforant path axons) to lie beneath the 
pre- and parasubiculum. 

The entorhinal cortex has reeiproeal eonneetions with the hippo- 
campus and neoeortieal regions. It reeeives afferents from many areas, 
including the parahippoeampal gyms and dorsal bank of the superior 
temporal gyms, and perirhinal (Brodmann's area 35), temporal polar, 
agranular insular, posterior orbitofrontal, dorsolateral prefrontal 
(Brodmann's areas 9, 10, 46), medial frontal (Brodmann's areas 25, 32), 
cingulate (Brodmann's areas 23, 24) and retrosplenial eortiees. It 
projeets to the perirhinal and temporal polar eortiees and the caudal 
parahippoeampal and cingulate gyri. Evidenee from elinieal and animal 
studies suggests that the entorhinal cortex plays an essential role within 
a frontotemporal eortieal memory network (Takehara-Nishiuchi 2014). 

Septum 


The septum is a midline and paramedian stmcture (see Fig. 24.6). Its 
upper portion eorresponds largely to the bilateral laminae of fibres, 
sparse grey matter and neuroglia known as the septum pellucidum, 
which separates the lateral ventrieles (see Lig. 25.28). Below this, the 
septal region is made up of four main mielear groups: dorsal, ventral, 
medial and caudal. The dorsal group is essentially the dorsal septal 
nucleus, the ventral group eonsists of the lateral septal nucleus, the 
medial group eontains the medial septal nucleus and the nucleus of the 
diagonal band of Broea, and the caudal group eontains the fimbrial and 
triangular septal nuclei. 

The major afferents to the region terminate primarily in the lateral 
septal nucleus. They include fibres earried in the fornix that arise from 
hippoeampal fields CA3 and CA1 and the subiculum, and afferents 
arising from the preoptie area, anterior, paraventricular and ventrome- 
dial hypothalamie nuclei, and the lateral hypothalamie area. The lateral 
septum reeeives a rieh monoaminergie innervation, including noradren- 
ergie afferents from the locus coeruleus and medullary eell groups (Al, 
A2), serotoninergie afferents from the midbrain raphe nuclei, and 
dopaminergie afferents from the ventral tegmental area (A10). 

Efferents from the lateral septum projeet to the medial and lateral 
preoptie areas, anterior hypothalamus, supramammillary and midbrain 
ventral tegmental area, via the medial forebrain bundle, and to the 
medial habenular nucleus and some midline thalamie nuclei via 
the stria medullaris thalami. The projeetions from the habemila via the 
fasciculus retroflexus to the interpeduncular nucleus and adjaeent 
ventral tegmental area in the midbrain provide a route through which 
forebrain limbie structures influence midbrain nuclear groups. 

Efferents from the medial septal and vertieal limb nuclei of the 
diagonal band travel via the dorsal fornix, fimbria, supracallosal striae 
and a ventral route through the amygdaloid complex. While these pro- 
jeetions reaeh all hippoeampal fields, the most prominent terminations 
are in the dentate gyms, field CA3, presubiculum, parasubiculum and 
entorhinal cortex. Many are GABAergie or eholinergie. 


Amygdala 



The amygdala (amygdaloid nuclear complex) eonsists of lateral, eentral 
and basal nuclei lying in the dorsomedial temporal pole, anterior to 
the hippocampus, elose to the tail of the caudate nucleus and partly 
deep to the gyms semilunaris, gyms ambiens and uncinate gyms (Figs 
25.31-25.32; see Fig. 25.28). Collectively, the nuclei form the ventral, 
superior and medial walls of the tip of the inferior horn of the lateral 
ventriele. The amygdala is partly continuous above with the infero- 
medial margin of the claustrum. Fibres of the external capsule and 
substriatal grey matter, including the eholinergie magnocellular nucleus 
basalis of Meynert, partially separate it from the putamen and globus 
pallidus. Laterally, the amygdala lies elose to the optie traet. 
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Fig. 25.31 The iineinate fasciculus has been 
removed to expose the anterior commissure and 
the lateral fibres of the anterior commissure have 
been removed to expose the optie radiation. 
Abbreviations: AntCom, anterior commissure; 
AnsaPed, ansa peduncularis; CaN, caudate 
nucleus; CoRa, eorona radiata; GloPa, globus 
pallidus; lntCap, internal capsule; OptRad, optie 
radiation; SupLongFasc, superior longitudinal 
fasciculus. (Courtesy of Riehard Gonezalo Párraga. 
Adapted from: Párraga RG, Ribas GC, Welling LC, 
Alves RV, de Oliveira E. Microsurgical anatomy of 
the optie radiation and related fibres in 
3-dimensional images. Neurosurgery 2012, 

71[ONS Suppl 1]:ons160-ons172.) 
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Fig. 25.32 The inferior aspeet of the brain. The brainstem has been 
removed and the right temporal pole has been displaeed laterally to 
expose underlying structures. Abbreviations: APS, anterior perforated 
substance; EA, entorhinal area; GA, gyrus ambiens; GS, gyrus 
semilunaris; UG, uncinate gyrus. 


The lateral nucleus has dorsomedial and ventrolateral subnuclei. The 
basal nucleus is eommonly divided into dorsal magnocellular and 
intermediate parvicellular basal nuclei and a ventral band of darkly 
staining eells, the paralaminar basal nucleus, so ealled because it 
borders the white matter ventral to the amygdaloid complex. The aeees- 
sory basal nucleus lies medial to the basal nuclear divisions and may 
be divided into dorsal, magnocellular and ventral, parvicellular parts. 
The lateral and basal nuclei are often referred to eolleetively as the 
basolateral area (nuclear group) of the amygdaloid complex. It has been 
suggested that the basolateral nuclear complex (lateral, basal, aeeessory 
basal) should be eonsidered as a quasicortical structure because it shares 
several eharaeteristies with the cortex. Although it laeks a laminar stme- 
ture, it has direet, often reeiproeal, eonneetions with adjaeent temporal 
and other areas of cortex, and it projeets to the motor or premotor 
cortex. It reeeives a direet eholinergie and non-eholinergie input from 
the magnocellular eortieopetal system in the basal forebrain, and has 
reeiproeal eonneetions with the mediodorsal thalamus. The distribu- 
tion of small peptidergie neurones in the basolateral nuclear complex, 
e.g. those eontaining neuropeptide Y (NY), somatostatin (SOM) and 
CCK, are also similar in form and density to those found in the adjaeent 
temporal lobe cortex. Projeetion neurones from this part of the amyg- 


dala appear to utilize, at least in part, the excitatory amino aeids gluta- 
mate or aspartate as a transmitter. Moreover, they projeet to the ventral 
striatum rather than to hypothalamie and brainstem sites. Thus, it may 
be appropriate to eonsider this part of the amygdaloid complex as a 
polymodal cortex-like area, separated from the eerebral cortex by fibres 
of the external capsule. 

The eentral nucleus is present through the caudal half of the amyg- 
daloid complex. It lies dorsomedial to the basal nucleus and is divided 
into medial and lateral parts. The medial part, which eontains larger 
eells than the lateral part, resembles the adjaeent putamen. The medial 
and eentral nuclei appear to have an extension aeross the basal fore- 
brain, as well as within the stria terminalis, which merges with the bed 
nucleus of the stria terminalis. This extensive mielear complex is some- 
times referred to as the 'extended amygdala' (Fig. 25.33). It is formed 
by the eentromedial amygdaloid complex (medial nucleus, medial and 
lateral parts of the eentral nucleus), the medial bed nucleus of the stria 
terminalis, and the eell columns that traverse the sublenticular substan- 
tia innominata, which lies between them. Developmental and eyto- and 
ehemoarehiteetonie studies suggest that the subnuclei of the bed 
nucleus of the stria terminalis are aligned along an anterior to posterior 
rather than a medial to lateral gradient (Crestani et al 2013). Portions 
of the medial nucleus accumbens may also be included in the extended 
amygdala. 

A eonsistent feature of the intrinsie eonneetions among amygdaloid 
nuclei is that they arise primarily in the lateral and basal nuclei, and 
terminate in the eentral and medial nuclei, suggesting a largely unidi- 
reetional flow of information. In brief, the lateral nucleus projeets to 
all divisions of the basal nucleus, aeeessory basal nucleus, paralaminar 
and anterior eortieal nuclei, and less heavily to the eentral nucleus; it 
reeeives few afferents from other nuclei. The magnocellular, parvieel- 
lular and intermediate parts of the basal nucleus projeet to the aeeessory 
basal, eentral (espeeially the medial part) and medial nuclei, as well as 
to the periamygdaloid cortex and the amygdalohippoeampal area. The 
aeeessory basal nucleus projeets densely to the eentral nucleus, espe- 
eially its medial division, as well as to the medial and eortieal nuclei. 
Its major intra-amygdaloid afferents arise from the lateral nucleus. The 
medial nucleus projeets to the aeeessory basal, anterior eortieal and 
eentral nuclei, as well as to the periamygdaloid cortex and amygdalo- 
hippoeampal area, while afferents arise espeeially from the lateral 
nucleus. The intrinsie eonneetions of the eortieal nucleus are not well 
understood. The posterior part of the eortieal nucleus projeets to the 
medial nucleus but it has been difficult to differentiate this projeetion 
from that arising in the amygdalohippoeampal area. The eentral nucleus 
projeets to the anterior eortieal nucleus and the various eortieal transi- 
tion zones. It forms an important focus for afferents from many of the 
amygdaloid nuclei, espeeially the basal and aeeessory basal nuclei, and 
it has major extrinsic eonneetions. 
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The amygdaloid complex has particularly extensive and rieh eonnee- 
tions with many areas of the neocortex in unimodal and polymodal 
regions of the frontaf cingulate, insular and temporal neoeortiees. It 
reeeives numerous projeetions from the brainstem, inehiding the 
peripeduncular and parabraehial nuclei. The amygdala reeeives a rieh 
monoaminergie innervation. The noradrenergie projeetion arises pri- 
marily from the locus coeruleus, serotoninergie fibres arise from the 
dorsal and, to some extent the median, raphe mielei, and the dopamin- 
ergie innervation arises primarily in the midbrain ventral tegmental area 
(AIO). The basal and parvicellular aeeessory basal nuclei, the amygdalo- 
hippoeampal area and nucleus of the lateral olfaetory traet reeeive a 
very dense eholinergie innervation arising from the magnocellular 
nucleus basalis of Meynert. 


olfaetory cortex in the orbitofrontal region of prefrontal cortex, bypass- 
ing the thalamus; many of their terminal fields are primitive eortieal 
areas that are eonsidered to be parts of the limbie system, an arrange- 
ment that underscores the ability of odours to modulate emotional 
proeessing and behaviour (Gottfried 2006). 

The olfaetory nerves arise from olfaetory reeeptor neurones in the 
olfaetory mucosa. The axons eolleet into numerous small bundles 
ensheathed by a population of unique glia and surrounded by layers of 
meninges, and enter the anterior eranial fossa by passing through the 
foramina in the eribriform plate of the ethmoid bone. They attaeh to 
the inferior surface of the olfaetory bulb, which is situated at the ante- 
rior end of the olfaetory sulcus on the orbital surface of the frontal lobe, 
and terminate in the bulb. 


OLFAdORY PATHWAYS 


The organization of the olfaetory system refleets its phylogenetieally 
aneient lineage. Afferent olfaetory pathways proeeed direetly to the 




Nucleus accumbens 
M agnocellular basal forebrain 


Fig. 25.33 A eoronal seetion through the basal forebrain and temporal 
pole, illustrating the relationship between the striatum, nucleus 
accumbens, globus pallidus, ventral pallidum, extended amygdala and 
magnocellular basal forebrain system. 


Olfaetory bulb 



The olfaetory bulb is continuous posteriorly with the olfaetory traet, 
through which the output of the bulb passes direetly to the ipsilateral 
piriform cortex, amygdala and rostral entorhinal cortex. There is a elear 
laminar structure in the olfaetory bulb (Fig. 25.34). From the surface 
inwards, the laminae are the olfaetory nerve layer, glomemlar layer, 
external plexiform layer, mitral eell layer, internal plexiform layer and 
gramile eell layer. The olfaetory nerve layer eonsists of the unmyelinated 
axons of the olfaetory neurones. The continuous turnover of reeeptor 
eells means that axons in this layer are at different stages of growth, 
maturity or degeneration. The glomemlar layer eonsists of a thin sheet 
of glomemli where the ineoming olfaetory axons divide and synapse 
on terminal dendrites of seeondary olfaetory neurones, i.e. mitral, 
tufted and periglomemlar eells. The external plexiform layer eontains 
the prineipal and seeondary dendrites of mitral and tufted eells. The 
mitral eell layer is a thin sheet eomposed of the eell bodies of mitral 
eells, eaeh of which sends a single prineipal dendrite to a glomemlus, 
seeondary dendrites to the external plexiform layer, and a single axon 
to the olfaetory traet. It also eontains a few granule eell bodies. The 
internal plexiform layer eontains axons, recurrent and deep eollaterals 
of mitral and tufted eells, and gramile eell bodies. The granule eell layer 
eontains the majority of the gramile eells and their superficial and deep 
proeesses, together with numerous eentripetal and eentrifiigal nerve 
fibres that pass through the layer. 

Different odour moleailes are represented by different patterns of 
spatial aetivity in the olfaetory bulb (Shepherd 2006). The prineipal 
neurones in the olfaetory bulb are the mitral and tufted eells; their 
axons form its output via the olfaetory traet. 

The granule eell layer of the bulb is extended into the olfaetory traet 
as seattered medium-sized multipolar neurones that constitute the ante- 
rior olfaetory nucleus. Many eentripetal axons from mitral and tufted 
eells relay in, or give eollaterals to, the anterior olfaetory nucleus; the 
axons from the nucleus eontimie with the remaining direet fibres from 
the bulb into the olfaetory striae. 

Afferent inputs to the olfaetory bulb arise from a variety of eentral 
sites. Neurones of the anterior olfaetory nucleus and eollaterals of 
pyramidal neurones in the olfaetory cortex projeet to the granule eells 
of the olfaetory bulb. Cholinergic neurones in the horizontal limb 
nucleus of the diagonal band of Broea, part of the basal forebrain 
eholinergie system, projeet to the granule eell layer and also to the 
glomemlar layer. Other afferents to the granule eell layer and the 
glomemli arise from the pontine locus coeruleus and the meseneephalie 
raphe nucleus. 




Fig. 25.34 Organization of the olfaetory bulb. 





































































Oerebral hemispheres 


The amygdaloid nuclear complex has rieh intereonneetions with 
alloeortieal, juxtallocortical and, espeeially, neoeortieal areas. It projeets 
to widely dispersed neoeortieal fields, prineipally from the basal 
nucleus. The complex projeets to virtually all levels of the visual cortex 
in both temporal and oeeipital lobes; the largest eomponent of these 
projeetions arises from the magnocellular basal nucleus. It has been 
suggested that a direet pathway to the amygdala that bypasses the 
primary sensory eortiees and relies on emde sensory input in the visual 
domain may represent a neural 'alarm' system for rapid alerting to 
sources of threat, without the need for conscious appraisal (Liddell et al 
2005). The amygdala also reeiproeates projeetions to the auditory cortex 
in the rostral half of the superior temporal gyms. Projeetions to the 
polymodal sensory areas of the temporal lobe generally reeiproeate the 
amygdalopetal projeetions. Efferents from the lateral and aeeessory 
basal nuclei are direeted to the temporal pole, particularly the medial 
perirhinal area. The insular cortex is heavily innervated by the amyg- 
daloid medial and anterior eortieal nuclei. The orbital cortex and 
medial frontal eortieal areas 24, 25 and 32, including parts of the ante- 
rior cingulate gyms, reeeive a heavy projeetion, whereas areas 8, 9, 45 
and 46 of the dorsolateral prefrontal cortex, as well as the premotor 
cortex (area 6), are reported to reeeive a patehy innervation. The basal 
nucleus is an important source of these projeetions, which are aug- 
mented by contributions from the aeeessory basal (magnocellular and 
parvicellular divisions) and lateral nuclei. 

In addition to direet projeetions from the olfaetory bulb to the 
nucleus of the lateral olfaetory traet, anterior eortieal nucleus and the 
periamygdaloid cortex (piriform cortex), there are also assoeiational 
eonneetions between all parts of the primary olfaetory cortex and these 
same superficial amygdaloid stmctures. The anterior temporal lobe pro- 
vides the largest proportion of the eortieal input to the amygdala, 
predominantly to the lateral nucleus. Rostral parts of the superior tem- 
poral gyms, which may represent unimodal auditory assoeiation cortex, 
projeet to the lateral nucleus. There are also projeetions from polymo- 
dal sensory assoeiation eortiees of the temporal lobe, including perirhi- 
nal cortex (areas 35 and 36), the caudal half of the parahippoeampal 
gyms, the dorsal bank of the superior temporal sulcus, and both the 
medial and lateral areas of the cortex of the temporal pole. The CA1 
field of the hippocampus and adjaeent subiculum, and possibly the 
entorhinal cortex, projeet to the amygdala, mainly to the parvicellular 
basal nucleus. The rostral insula projeets heavily to the lateral, parvieel- 
lular basal and medial nuclei. The caudal insula, which is reeiproeally 
eonneeted with the seeond somatosensory cortex, also projeets to the 
lateral nucleus, thus providing a route by which somatosensory infor- 
mation reaehes the amygdala. The caudal orbital cortex projeets to the 
basal, magnoeelhilar aeeessory basal and lateral nuclei. The medial 
prefrontal cortex projeets to the magnocellular divisions of the aeees- 
sory and basal nuclei. 

The eentral nucleus is the major relay for amygdaloid projeetions to 
the hypothalamus. Amygdaloid fibres reaeh the bed nucleus of the stria 
terminalis primarily via the stria terminalis, but also via the ventral 
amygdalofiigal pathway. In general, eentral and basal nuclei projeet to 
the lateral bed nucleus, and medial and posterior eortieal nuclei projeet 
to the medial bed nucleus. Anterior eortieal and medial nuclei projeet 
largely to the medial preoptie area and anterior medial hypothalamus 
(including the paraventricular and supraoptic nuclei) and to the ven- 


tromedial and premammillary nuclei. The amygdala projeets to the 
rostrocaudal extent of the lateral hypothalamus. The majority of the 
fibres originate in the eentral nucleus and mn prineipally in the ventral 
amygdalofiigal pathway and medial forebrain bundle. There is a rieh 
projeetion to the medial, magnocellular part of the mediodorsal 
nucleus of the thalamus, particularly from the lateral, basal and aeees- 
sory basal nuclei and the periamygdaloid cortex. The eentral and 
medial nuclei projeet to the midline nuclei, espeeially the nucleus een- 
tralis and nucleus reuniens. The parvicellular division of the basal 
nucleus, magnocellular aeeessory basal nucleus (but not the magnoeel- 
lular basal nucleus) and the eentral nucleus all projeet to basal fore- 
brain eholinergie eell groups, notably the nucleus basalis of Meynert 
and the horizontal limb nucleus of the diagonal band. The striatum, 
and particularly the nucleus aeaimbens, reeeives prominent projee- 
tions from the amygdaloid complex, predominantly from the basal and 
aeeessory basal nuclei. The ventral striatum sends many fibres to the 
ventral pallidum, which in its turn projeets to the mediodorsal nucleus 
of the thalamus. The ventral striatopallidal system thus provides an 
additional route by which the amygdala ean influence mediodorsal 
thalamie-prefrontal eortieal proeesses. The lateral, magnocellular 
aeeessory basal and parvicellular basal nuclei contribute the largest 
proportion of efferents to the hippoeampal formation. The main pro- 
jeetion is from the lateral nucleus to the rostral entorhinal cortex, but 
many fibres also terminate in the hippocampus proper and the subicu- 
lum. There appears to be marked polarity in amygdalohippoeampal 
eonneetions in that the amygdala has a greater influence on hippoeam- 
pal proeesses than viee versa. Amygdala-eortieal fimetional eonneetiv- 
ity underlies a range of eognitive and affeetive proeesses. The appropriate 
development of these fimetional eonneetions has been eorrelated with 
the emotional behaviour of adults; extensive and speeifie ehanges 
in these eonneetions emerge between ehildhood and adoleseenee 
(Gabard-Durnam et al 2014). Atypieal fimetional eonneetivity patterns 
have been implieated in eonditions including depression, sehizophre- 
nia and bipolar disorder. 

The eentral nucleus is also the major relay for projeetions from the 
amygdala to the brainstem and reeeives many reeiproeal projeetions. It 
projeets to the periaqueductal grey matter, ventral tegmental area, sub- 
stantia nigra pars eompaeta, peripeduncular nucleus, meseneephalie 
tegmental reticular formation, parabraehial nucleus, nucleus of the soli- 
tary traet and the dorsal motor nucleus of the vagus. 

These eells are morphologieally similar and most use an excitatory 
amino aeid, probably glutamate or aspartate, as their neurotransmitter. 
The mitral eell spans the layers of the bulb and reeeives the sensory 
input superficially at its glomemlar tuft. The axons of mitral and tufted 
eells appear to be parallel output pathways from the olfaetory bulb. The 
main types of interneurones in the olfaetory bulb are the periglomemlar 
eells and gramile eells. The majority of periglomemlar eells are dopamin- 
ergie (eell group A15) but some are GABAergie; their axons are distrib- 
uted laterally and terminate within extraglomemlar regions. Granule 
eells are similar in size to periglomemlar eells. Their most eharaeteristie 
feature is the absenee of an axon and they therefore resemble amaerine 
eells in the retina. Granule eells have two prineipal spine-bearing den- 
drites that pass radially in the bulb; they appear to be GABAergie. The 
gramile eell is likely to be a powerful inhibitory influence on the output 
neurones of the olfaetory bulb. 
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White matter of the eerebral hemispheres 


Olfaetory traet and anterior 
perforated substance 



As the olfaetory traet approaehes the anterior perforated siibstanee 
(ventral striatopallidal region), it flattens and splays out as the olfaetory 
trigone. Fibres of the traet continue from the caudal angles of the 
trigone as diverging medial and lateral olfaetory striae, which border 
the anterior perforated substance (see Figs 25.20B, 25.32). The lateral 
olfaetory stria follows the anterolateral margin of the anterior perfo- 
rated substance to the limen insulae, where it bends posteromedially 
to merge with an elevated region, the gyms semilunaris, at the rostral 
margin of the uncus in the temporal lobe. The lateral olfaetory gyms 
forms a tenuous grey layer eovering the lateral olfaetory stria; it merges 
laterally with the gyms ambiens, part of the limen insulae. Together, 
the lateral olfaetory gyms and gyms ambiens form the prepiriform 
region of the cortex, which passes caudally into the entorhinal area of 
the parahippoeampal gyms. The prepiriform and periamygdaloid 
regions and the entorhinal area (area 28) together make up the piriform 
cortex, the largest eortieal olfaetory area. The medial olfaetory stria 
passes medially along the rostral boundary of the anterior perforated 
substance towards the medial continuation of the diagonal band of 
Broea and together they curve up on the medial aspeet of the hemi- 
sphere, anterior to the attaehment of the lamina terminalis. The anterior 
perforated substance is continuous laterally with the peduncle of the 
temporal stem and the amygdaloid complex, and medially with the 
septal region. 

The main targets of the lateral olfaetory traet are the piriform cortex, 
amygdala and rostral entorhinal cortex (Gottfried 2006). Neurones in 
the piriform cortex projeet widely to targets that include the neocortex 
(espeeially the orbitofrontal cortex), agranular insula, thalamus (espe- 
eially the medial dorsal thalamie nucleus), hypothalamus, amygdala 
and hippoeampal formation. 


WHITE MATTER 0F THE OEREBRAL 
HEMISPHERES 


The use of diffhsion tensor imaging (DTI) as a tool with which to 
explore gross fibre architecture non-invasively has enabled the virtual 
disseetion and visualization of those traets in the living human brain; 
the impaet of this teehnology, e.g. in neurosurgery, has been dramatie 
(Fernández-Miranda et al 2008a, Martino et al 2011). The extensive 
traetography literature should be consulted not only for anatomieal 
details that are beyond the seope of this book but also for eritieal analy- 
ses of the methodologieal issues that eompromise interpretation of 
image reeonstmetions, particularly where fibres ehange direetion 
abmptly or bundles eross or Tiss' eaeh other. While an undoubtedly 
powerful tool, DTI does not provide information about fimetional or 
synaptie eonneetions. 

The white matter of the eerebral hemispheres is eomposed of three 
eategories of myelinated axons. Assoeiation fibres link different eortieal 


areas in the same hemisphere; commissural fibres link eorresponding 
eortieal areas in the two hemispheres; and projeetion fibres eonneet the 
eerebral cortex with the corpus striatum, dieneephalon, brainstem and 
spinal eord. 


ASSOdATION FIBRES 


Assoeiation fibres may be either short or long. They serve to eonneet 
regions of grey matter reeiproeally, establishing spatially defined net- 
works that determine fimetion. Short assoeiation fibres (arcuate or 
Fl-fibres) may be entirely intraeortieal, passing between the walls of a 
sulcus, or they may pass subcortically between adjaeent gyri. They 
eonneet clusters of eortieal areas subserving similar fimetions, e.g. in the 
frontal lobe, short intralobar traets eonneet the supplementary motor 
area and presupplementary motor area with posterior Broea's region 
(frontal 'aslant' traet); posterior orbitofrontal cortex with the anterior 
polar region (fronto-orbitopolar traet); and the posterior preeentral 
cortex with anterior prefrontal cortex (frontal superior longitudinal 
fasciculus) (Catani et al 2012). 

Fasciculi (bundles, traets) of long assoeiation fibres eonneet ana- 
tomieally distant yet fimetionally highly integrated areas of the ipsilat- 
eral cortex. It is assumed that they enable rapid feed-forward propagation 
of sensory input to the eortieal circuitry responsible for the performanee 
of complex behavioural and eognitive fimetions. They include the supe- 
rior, middle and inferior longitudinal faseiaili, inferior fronto-oeeipital 
fasciculus, uncinate fasciculus, cingulum and fornix (Martino and de 
Lucas 2014). Individual variability in both the three-dimensional 
topography and size of these traets has been reported. 


Superior longitudinal fasciculus 



The superior longitudinal fasciculus (SLF) is eomposed of three subsets 
of fibres: a frontoparietal or horizontal segment; a temporoparietal or 
vertieal segment; and a temporofrontal segment or arcuate fasciculus 

(Catani et al 2005, Fernández-Miranda et al 2008a, Martino and Brogna 
2011) (Figs 25.35-25.37; see Fig. 25.41). 



Inferior longitudinal fasciculus 


The inferior longitudinal fasciculus eonneets the anterior aspeet of 
the temporal lobe with the posterior aspeet of the oeeipital lobe and 
mns predominantly within the depth of the fiisiform gyms (see 
Fig. 25.35). It eonsists of a direet and a more lateral indireet pathway. 
The direet pathway eonneets with the anterior portions of the temporal 
gyri, ffisiform and parahippoeampal gyri and with the amygdala and 
hippocampus (Catani and Thiebaut de Sehotten 2008). The indireet, 
oeeipitotemporal pathway eonsists of short U-shaped bundles eonneet- 
ing adjaeent gyri in the inferior temporal and oeeipital convexities. 
The fimetion of the inferior longitudinal fasciculus has not been 



Fig. 25.35 A diffiision tensor imaging traetography 
reeonstmetion of the assoeiation bundles of a left 
hemisphere. Key: 1, inferior fronto-oeeipital 
fasciculus; 2, inferior longitudinal fasciculus; 3, 
uncinate fasciculus; 4, arcuate fasciculus; 5, 
horizontal segment of the superior longitudinal 
fasciculus; 6, vertieal segment of the superior 
longitudinal fasciculus. Ant, anterior; Post, 
posterior. (With permission from Martino J, De Witt 
Hamer PC, Vergani F, et al, Cortex-sparing fiber 
disseetion: an improved method for the study of 
white matter anatomy in the human brain, J Anat 
2011 Oct;219(4):531-41). 
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Fig. 25.36 A progressive fibre disseetion of the 
lateral aspeet of the left eerebral hemisphere. 

Parts of the superior longitudinal fasciculus 
(SupLongFasc) have been removed to expose the 
eorona radiata, and the sagittal stratum (SagStr), 
inferior fronto-oeeipital fasciculus (IFOF) and 
uncinate fasciculus (LlneFase) ean be identified 
passing along the basal portion of the insular 
cortex. Other abbreviations: AntOom, anterior 
commissure; OoRa, eorona radiata; GloPa, globus 
pallidus. (Courtesy of Riehard Gonezalo Párraga. 
Adapted from: Párraga RG, Ribas GC, Welling LC, 
Alves RV, de Oliveira E. Microsurgical anatomy of 
the optie radiation and related fibres in 
3-dimensional images. Neurosurgery 2012, 
71[ONS Suppl 1]:ons160-ons172.) 


SupLF FPSeg TPSeg 

(Horizontal) (Vertieal) 



TFSeg 


Fig. 25.37 A diffusion tensor imaging reeonstmetion of the superior 
longitudinal fasciculus (SupLF). Abbreviations: FPSeg, frontoparietal 
or horizontal segment; TFSeg, temporal-frontal segment; TPSeg, 
temporoparietal or vertieal segment. (Courtesy of Prof. Edson Amaro 
Jr MD, Department of Radiology, Llniversity of Sào Paulo Medieal Sehool.) 


Frontoparietal fìbres mn deeply underneath the frontoparietal oper- 
culum, eonneeting the posterior aspeet of the inferior frontal gyms 
(Broea's area) with the inferior parietal lobule (supramarginal and 
angular gyri). This frontoparietal portion of the superior longitudinal 
fasciculus appears to eonsist of three eomponents: SLF I eonneets the 
superior parietal lobule and the precuneus with the premotor and pre- 
frontal cortex (areas 6, 8 and 9, and the supplementary motor area); 
SLF II mns above the superior limiting sulcus of the insula and eonneets 
the angular gyms with the dorsal premotor and prefrontal areas; and 
SLF III eonneets the supramarginal gyms with the ventral premotor and 
prefrontal cortex (Broea's area) and eorresponds to the horizontal 
segment itself (Makris et al 2005). 

Temporal-parietal fibres eonneet the posterior portions of the supe- 
rior and middle temporal gyri (Wernicke's area) with the inferior pari- 
etal lobule (Catani et al 2005, Fernández-Miranda et al 2008a, Martino 
and Brogna 2011). The temporal-frontal segment eonneets more diffiise 
areas of the posterior aspeet of the temporal lobe with the posterior 
aspeet of the frontal lobe and eorresponds to the arcuate fasciculus. This 
longer portion of the superior longitudinal fasciculus is anatomieally 
more defined posteriorly where it arehes around the distal aspeet of the 
lateral fissure (Bernal and Altman 2010, Bernal and Ardila 2009, Glasser 
and Rilling 2008, Martino and Brogna 2011). The superior longitudinal 
fasciculus thus forms an indireet pathway that links Broea's area with 
Wernicke's area through the inferior parietal lobule and by a direet and 
deeper pathway eorresponding to the arcuate fasciculus. 
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established: there is speeiilation that it is involved in aetivities such as 
semantie language proeessing, faee reeognition and visual pereeption. 

Inferior fronto-oeeipital faseieiiliis 



eo 


The inferior fronto-oeeipital fasciculus mns mostly along the temporal 
lobe and eonneets the dorsolateral aspeets of the frontal and oeeipital 
lobes (Forkel et al 2014, Sambbo et al 2013) (see Figs 25.35-25.36). 

Two eomponents of the inferior fronto-oeeipital fasciculus have been 
deseribed in postmortem brains disseeted using the Klingler fibre dis- 
seetion technique. A superficial, dorsal part eonneets the frontal lobe, 
superior parietal lobule and the posterior portions of the superior and 
middle oeeipital gyri. A deep, ventral subpart eonneets the frontal lobe 
with the posterior portion of the inferior oeeipital gyms and the poste- 
rior temporobasal area. Anteriorly, the fasciculus is intermingled with 
other assoeiation fasciculi and with the most anterior fibres of the 
external capsule, the latter eonsisting mainly of claustrocortical fibres. 
Inferiorly, the fibres of the inferior fronto-oeeipital fasciculus eross the 
anteroinferior portion of the external capsule and claustmm in order 
to join the temporal stem, underneath the anterior aspeet of the inferior 
limiting sulcus of the insula and just behind the limen insulae and the 
uncinate fasciculus. While the uncinate fasciculus eorresponds to the 
anterior one-third of the temporal stem, the inferior fronto-oeeipital 
fasciculus eorresponds to its posterior two-thirds, reaehing the level of 
the lateral geniculate body underneath the inferior limiting sulcus 
(Martino et al 2010a, Martino et al 2010b). Within the temporal lobe, 
the inferior fronto-oeeipital fasciculus joins the sagittal stratum eovering 
the temporal horn and the atrium superiorly and laterally, mnning just 
superior to the optie radiation and inferior to the auditory radiation 
( riire et al 2000). Aeeording to the findings of studies based on subcor- 
tieal brain mapping by intraoperative electrostimulation, the superior 
longitudinal fasciculus is related to phonologieal aspeets of language, 
whereas the inferior fronto-oeeipital fasciculus is more related to its 
semantie aspeet (Duffau 2008). 


Uncinate fasciculus 



The uncinate fasciculus is a hook-shaped bundle that eonneets the 
anteromedial temporal lobe (superior, middle and inferior temporal 
gyri, eortieal nuclei of the amygdala) with the orbitofrontal region 
(medial and posterior orbital cortex, gyms rectus and subcallosal area) 
see Figs 25.35-25.36). The ventromedial part originates in the mesial 
temporal lobe and is eonneeted to the medial frontal areas. The dorso- 
lateral part originates from the superior and middle temporal gyri and 
reaehes the orbital gyri (Wang et al 2011). Its fibres constitute a well- 
defined traet along the temporal stem, where it occupies its anterior 
one-third, immediately posterior to the limen insulae and anterior to 
the inferior fronto-oeeipital fasciculus, underneath the most anterior 
aspeet of the inferior limiting sulcus of the insula. Both the uncinate 
fasciculus and the inferior fronto-oeeipital fasciculus intermingle with 
the most ventral fibres of the extreme and external capsules ( "ernández- 
Miranda et al 2008b). 


Middle longìtudinal fasciculus 


The middle longitudinal fasciculus mns in the white matter within the 
superior temporal gyms, eonneeting the angular gyms (area 39) with 
the superior temporal gyms (area 22) up to the temporal pole (area 38) 
(Makris and Pandya 2009) (Fig. 25.38). It lies medial and ventral to 
segment II of the superior longitudinal fasciculus and the arcuate fas- 
ciculus; lateral and superior to the inferior fronto-oeeipital fasciculus; 
and dorsal to the inferior longitudinal fasciculus. Posteriorly, it is elose 
to the inferior longitudinal fasciculus in the sagittal stratum. Its firne- 
tion is unknown: initial speculation that it is essential for language 
fimetion has not been supported by electrostimulation mapping in 
glioma patients during surgical reseetion (De Witt Hamer et al 2011). 

Cingulum 


The cingulum lies within the depth of the cingulate and parahippo- 
eampal gyri, starting below the rostmm of the corpus callosum within 
the paraolfaetory gyri. It eontains fibres of different length; the longest 
mn from the anterior temporal gyms to the orbitofrontal cortex, while 
short U-shaped fibres eonneet the medial frontal, parietal, oeeipital and 
temporal lobes and different portions of the cingulate cortex. The ein- 
gulum reeeives fibres of the anterior thalamie nuclei, superior frontal 
gyms, paraeentral lobule and precuneus along its curved course, which 
enlarge it signifieantly. The cingulum ends within the presubiculum and 
entorhinal cortex of the parahippoeampal gyms. 

Fornix 


The fornix is the largest single pathway linking the hippocampus with 
distal brain sites. It eontains many different hippoeampal eonneetions: 
some appear to be exclusively efferent, e.g. from the hippocampus to 
the anterior thalamie nuclei (anterior medial, anterior ventral and ante- 
rior dorsal thalamie nuclei), mammillary bodies, ventral striatum and 
prefrontal cortex; some are reeiproeal e.g. with the medial septum and 
nucleus reuniens; some are exclusively afferent to the hippocampus, e.g. 
from the supramammillary and raphe nuclei and the locus coemleus 
(Aggleton et al 2010, Jang and Kwon 2013, Jang and Kwon 2014). As a 
midline white matter traet, the fornix is particularly susceptible to 
involvement by tumours that favour this route of spread, e.g. glioblas- 
toma multiforme, and to rotational shearing injuries responsible for 
diffiise axonal injury ( "homas et al 2011). The topography of the fornix 
is deseribed with the hippoeampal formation (Fig. 25.39). 

Temporoparietal fibre interseetion area 


The temporoparietal fibre interseetion area has been deseribed as a 
eritieal neural erossroads involving millions of axons (Martino et al 
2013). Loeated deep to the angular gyms and the posterior portions of 
the supramarginal, superior, middle and inferior temporal gyri, the 
temporoparietal fibre interseetion area is traversed by the superior 




Fig. 25.38 A diffusion tensor imaging traetography 
reeonstmetion of the middle longitudinal fasciculus 
(1) and inferior longitudinal fasciculus (2). (With 
permission from Martino J, De Lucas EM. 
Subcortical anatomy of the lateral assoeiation 
faseieles of the brain: a review. Clin Anat 2014 
May;27(4):563-9.) 
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Fig. 25.39 The loeation of the fornix and its divisions. The blue arrows 
show fornieal eonneetions that are solely efferent from the hippoeampal 
formation, the green arrows show fornieal eonneetions that are solely 
afferent to the hippoeampal formation, and the red arrows show 
reeiproeal eonneetions within the fornix. Abbreviations: AC, anterior 
commissure; ATN, anterior thalamie nuclei; Hypoth, hypothalamus; LC, 
locus coeruleus; LD, thalamie nucleus lateralis dorsalis; MB, mammillary 
bodies; MTT, mammillothalamie traet; NAee, nucleus accumbens; RE, 
nucleus reuniens; SUM, supramammillary nucleus. (With permission from 
Aggleton JP, O’Mara SM, Vann SD et al, Hippoeampal-anterior thalamie 
pathways for memory: uncovering a network of direet and indireet 
aetions, Eur J Neurosci 2010 Jun;31(12):2292-307.) 


longitudinal fasciculus (horizontal portion and arcuate fasciculus), 
middle longitudinal fasciculus, inferior longitudinal faseienlns, inferior 
fronto-oeeipital fasciculus, optie radiations and tapetum. Given the 
organizational complexity of the area, a lesion within the temporo- 
parietal fibre interseetion area is likely to produce diseonneetions 
involving more than one fasciculus. 


C0MMISSURAL FIBRES 
Corpus callosum 


The corpus callosum eontains 150-200 million fibres and is the largest 
fibre pathway of the brain. It forms an anteroposterior midline areh 
approximately 10 em long and divided into four portions for deserip- 
tive purposes, namely: rostmm, genu, tmnk and splenium (see Fig. 
25.3). The genu eorresponds to the anterior wall of the frontal horn of 
the lateral ventriele; the rostmm eorresponds to its floor. 

The genu is the most anterior portion, and is loeated approximately 
4 em from the frontal poles. The ventral aspeet of the genu curves pos- 
teroinferiorly in front of the septum pellucidum, then diminishes 
rapidly in thiekness and is prolonged to the upper end of the lamina 
terminalis as the rostmm. Posterior to the genu, the tmnk of the corpus 
callosum arehes backwards, convex above, and ends posteriorly in the 
expanded splenium. This is the thiekest part of the corpus callosum and 
is loeated approximately 6 em from the oeeipital poles. Superiorly, the 
median region of the tmnk of the corpus callosum forms the floor of 
the longitudinal fissure, supporting the anterior eerebral arteries and 
lying underneath the lower border of the falx eerebri, which may eontaet 
it behind. On eaeh side, the tmnk is overlapped by the cingulate gyms, 
from which it is separated by the eallosal sulcus. The inferior surface of 
the corpus callosum is eoneave in its long axis, and attaehed to the 
septum pellucidum along the tmnk, genu and rostmm. It is fused with 
the emra of the fornix and with the commissure of the fornix under- 
neath the splenium. The inferior surface of the splenium eovers the 
pineal region. 

The layers of the septum pellucidum are attaehed superiorly to the 
eallosal tmnk, anteriorly to the genu, and inferiorly to the rostmm 
(anteriorly) and the bodies of the forniees (posteriorly); the two layers 
eorrespond to the medial walls of the frontal horns and bodies of the 
lateral ventrieles. Both layers of the septum pellucidum end at the level 
where the bodies of the forniees beeome emra and attaeh to the inferior 
surface of the splenium, thereby establishing the anatomieal limit 
between the lateral ventricular body and the atrium within eaeh hemi- 
sphere (Rhoton 2003). 

The splenium of the corpus callosum overhangs the posterior ends 
of the thalami, the pineal gland and tectum, but is separated from them 
by several stmctures. On eaeh side the ems of the fornix and gyms 


faseiolaris curve up to the splenium. The ems continues forwards 
on the inferior surface of the eallosal tmnk, but the gyms faseiolaris 
skirts above the splenium, then rapidly diminishes into the indusium 
griseum. 

A superior and an inferior layer of tela ehoroidea advanee below the 
splenimn through the transverse fissure, forming the velum interposi- 
tum eistern within the roof of the third ventriele and between the 
thalami, just below the bodies of the forniees; it eontains the distal 
branehes of the medial posterior ehoroidal arteries and the internal 
eerebral veins. The internal eerebral veins join together distally giving 
rise to the great eerebral vein (of Galen), which mns upwards around 
the posterior aspeet of the splenium to join the straight sinus loeated 
along the junction between the falx and the tentorium eerebelli. 

Axons of the corpus callosum radiate into the white matter eore of 
eaeh hemisphere, thereafter dispersing to the eerebral cortex. Commis- 
sural fibres forming the rostmm extend laterally, below the anterior 
horn of the lateral ventriele, eonneeting the orbital surfaces of the 
frontal lobes. Fibres in the genu curve forwards, as the foreeps minor, 
to eonneet the lateral and medial surfaces of the frontal lobes (Fig. 
25.40). Fibres of the tmnk pass laterally, interseeting with the projeetion 
fibres of the eorona radiata to eonneet wide neoeortieal areas of the 
hemispheres. Fibres of the tmnk and splenmm, which form the roof 
and lateral wall of the atrium and the lateral wall of the inferior horn 
of the lateral ventriele, constitute the tapetum, which mns underneath 
the optie radiation within the sagittal stratum. The remaining fibres of 
the splenium curve baek into the oeeipital lobes as the foreeps major. 

interhemispherie eonneetions through the corpus callosum do not 
all represent a simple linking of loei in one hemisphere with the same 
loei in the other. In areas eontaining a elear representation of a eontra- 
lateral sensorium (e.g. body surface, visual field), only those areas that 
are fimetionally related to midline representation are linked to the 
eontralateral hemisphere. This is most elearly seen for the visual areas, 
where the cortex eontaining the representation of eaeh midline retinal 
zone is linked to its counterpart on the eontralateral side. A similar 
arrangement is seen in somatie areas, where the tmnk representation is 
eallosally linked, but the peripheral limb areas (hand and foot) are not. 
Connections that link the same, or similar, areas on eaeh side are 
termed homotopie eonneetions. The corpus callosum also intereon- 
neets heterogeneous eortieal areas on the two sides (heterotopie 
eonneetions). These may serve to eonneet fimetionally similar, but 
anatomieally different, loei in the two hemispheres, and/or to eonneet 
fimetional areas in one hemisphere with regions that are speeialized for 
a unilaterally eonfined fimetion in the other. 



Anterior commissure 


The anterior commissure is a eompaet bundle, about 4 mm in diameter, 
eontaining approximately 3.5 million myelinated axons (Peltier et al 
2011). It mns within the basal forebrain and fans out laterally within 
the temporal lobe. It is believed to eonneet areas that include the olfae- 
tory bulb and anterior olfaetory nucleus; the anterior perforated sub- 
stanee, olfaetory tubercle and diagonal band of Broea; the prepiriform 
cortex; the entorhinal area and adjaeent parts of the parahippoeampal 
gyms; part of the amygdaloid complex (espeeially the nucleus of the 
lateral olfaetory stria); the bed nucleus of the stria terminalis and the 
nucleus accumbens; and the anterior regions of the middle and inferior 
temporal gyri. 

The anterior commissure has the shape of a elassie bieyele handlebar. 

It erosses the midline just ventral to the supraoptic reeess of the third 
ventriele, immediately anterior to the major eomponent of the column 
of the fornix that projeets to the mammillary body, and posterior to the 
smaller eomponents of the fornix that projeet to the septal nuclei (see ,— 
Figs 25.27A, 25.28). At this point, the anterior commissure bulges & 
inside the third ventriele, just underneath the interventricular foramen. 

The lamina terminalis is attaehed superiorly to the midline segment of 
the anterior commissure and inferiorly to the upper surface of the optie 
ehiasma; the optie reeess of the third ventriele is the eleft between the 
lamina terminalis and the midportion of the superior surface of the 
ehiasma. 

Eaeh side of the anterior commissure is eomposed of a well-defined 
posterolateral bundle (the hemispherie part) and a smaller, anterior 
eomponent (the olfaetory part) (Déjérine 1895). The anterior eompo- 
nent curves forwards and vertieally through the anterior perforated 
substance towards eaeh olfaetory tubercle. The hemispherie eomponent 
curves posterolaterally, passing through a deep groove on the anteroin- 
ferior aspeet of the globus pallidus (see Fig. 25.31), and fanning out 
mostly to the anterior part of the temporal lobe, including the parahip- 
poeampal gyms, but also reaehing the oeeipital lobe posteriorly. 
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Fig. 25.40 The superior aspeet of the corpus callosum revealed by partial 
removal of the eerebral hemispheres. 
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SECTION 3 


OEREBRAL HEMISPHERES 


When passing under the inferior limiting sulcus of the insula, supe- 
rior to the temporal horn of the lateral ventriele, the fibres of the ante- 
rior commissure join the temporal stem, merging with the fibres of the 
uncinate and inferior fronto-oeeipital faseiaili. They pass posteriorly as 
the sagittal stratum, together with the inferior fronto-oeeipital fasciculus 
and the fibres of the optie radiation, over the lateral aspeet of the tem- 
poral horn and ventriailar atrium. Within the temporal stem, the fibres 
of the anterior commissure are mostly medial to the uncinate fasciculus; 
both are inferior to the inferior fronto-oeeipital fasciculus. Within the 
sagittal stratum, they intermingle but mn predominantly below the 
inferior fronto-oeeipital fasciculus, superior to the fibres of the optie 
radiation. The line between the anterior and posterior commissures, the 
AC-PC line, is a very important landmark in stereotaetie atlases, used 
when loealizing neuroanatomical targets for stereotaetie neurosurgical 
procedures. 

Hippoeampal commissure 


The hippoeampal commissure (commissure of the fornix) is a thin 
triangular sheet of fibres that lies between the emra of the forniees, 
eonneeting the hippoeampi. It is situated underneath and attaehed to 
the splenium, overhanging the pineal region. 

Posterior commissure 


The posterior commissure lies below the pineal reeess of the third ven- 
triele, erossing the midline along the caudal lamina of the pineal stalk, 
at the level of the upper aspeet of the eerebral aqueduct. It eontains 
both decussating and commissural fibres that eonneet dieneephalie and 
meseneephalie nuclei: the interstitial and dorsal nuclei of the posterior 
commissure loeated within the periventrioilar grey matter; nucleus of 
Darkschewitsch of the periaqueductal grey matter; interstitial nucleus 
of Cajal loeated at the rostral end of the ooilomotor nucleus and elosely 
linked with the medial longitudinal fasciculus; and posterior thalamie, 
preteetal, teetal and habenular nuclei. 

Habermlar commissure 


The habenular commissure lies between the habenulae, small protuber- 
anees of the thalami loeated at the distal ends of the striae medullaris. 
It eontains both decussating fibres (e.g. tectohabenular) and eommis- 
sural fibres (eonneeting the habenular nuclei). The habemilar nuclei 
reeeive olfaetory inputs from the septal nuclei, and transmit them 


mainly to the interpeduncular nucleus of the meseneephalon and to 
the rostral salivatory nucleus in the floor of the fourth ventriele to aeti- 
vate reflex salivation (Peltier et al 2011). The pineal gland is attaehed 
superiorly to the habenular commissure and inferiorly to the posterior 
commissure, and so the pineal reeess of the third ventriele lies between 
these two commissures. 


PR0JECTI0N FIBRES 


Projeetion fibres eonneet the eerebral cortex with lower levels in the 
brain and spinal eord. They include large numbers of both eortieofiigal 
and eortieopetal projeetions. Corticofugal projeetion fibres eonverge 
from all direetions to form the dense subcortical white matter mass of 
the eorona radiata (Figs 25.41-25.42). Large mimbers of fibres pass to 
the corpus striatum and the thalamus, interseeting commissural fibres 
of the corpus callosum en route. The eorona radiata is continuous with 
the internal capsule, which eontains the majority of the eortieal projee- 
tion fibres. 



Internal capsule 


The internal capsule has the shape of a V in horizontal seetion (axial 
images), with its vertex (genu) loeated medially between the head of 
the caudate nucleus and the thalamus. For deseriptive purposes, the 
internal capsule is arbitrarily divided into five parts: anterior limb, 
loeated between the putamen and the head of the caudate nucleus; 
genu, approximating to its vertex; posterior limb, loeated between the 
putamen and the thalamus; retrolenticular or retrolentiform portion, 
loeated posterior to the putamen; and sublenticular (or sublentiform) 
portion, loeated inferior to the putamen (see Fig. 25.19; Figs 
25.43-25.44). 

Cortical efferent fibres of the internal capsule eonverge as they 
deseend. Fibres derived from the frontal lobe tend to pass posteromedi- 
ally, while temporal and oeeipital fibres pass anterolaterally. Many, but 
not all, eortieoffigal fibres pass into the ems eerebri of the ventral mid- 
brain. Here, eortieospinal and eortieomielear fibres are loeated in the 
middle half of the ems. Frontopontine fibres are loeated medially, 
whereas eortieopontine fibres from temporal, parietal and oeeipital 
eortiees are found laterally. 

The anterior limb of the internal capsule eontains frontopontine 
fibres, which arise from the cortex in the frontal lobe. They synapse 
with eells in the pontine nuclei. Axons of these eells enter the oppo- 
site eerebellar hemisphere through the middle eerebellar peduncle. 


CorRad 



Fig. 25.41 A diffusion tensor imaging 
reconstruction of the eorona radiata (CorRad), 
superior longitudinal fasciculus (SupLF) and 
inferior fronto-oeeipital fasciculus (IFOF). (Courtesy 
of Prof. Edson Amaro Jr MD, Department of 
Radiology, Llniversity of Sáo Paulo Medieal 
Sehool.) 
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Fig. 25.42 A series of disseetions of the left eerebral hemisphere at progressively deeper levels to demonstrate the relationships of the internal capsule. 
A, intaet brain. B, Cortical gyri of the insula exposed by removal of the frontal, temporal and parietal opercula. C, Removal of the insular cortex, extreme 
capsule, claustrum and external capsule to expose the lateral aspeet of the putamen. D, Removal of the lentiform complex to display fibres of the 
internal capsule. E, Removal of part of the temporal lobe to show the internal capsule fibres eonverging on the crus eerebri of the midbrain. F, Removal 
of the optie traet and superficial disseetion of the pons and upper medulla, emphasizing the continuity of the eorona radiata, internal capsule, crus 
eerebri, longitudinal pontine fibres and the medullary pyramid. (Disseetion by E.L. Rees; photograph by Kevin Fitzpatriek on behalf of GKT Sehool of 
Medieine, London; figure enhaneed by B Crossman.) 
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Fig. 25.43 A horizontal seetion of the brain through the frontal and 
oeeipital poles of the eerebral hemispheres. (Figure enhaneed by B 
Crossman.) 
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Fig. 25.44 A horizontal seetion through the internal capsule illustrating its 
main fibre eomponents. 


Anterior thalamie radiations intereonneet the medial and anterior tha- 
lamie nuclei and various hypothalamie nuclei and limbie structures 
with the frontal cortex. The genu of the internal capsule is usually 
regarded as eontaining corticobulbar fìbres, which are mainly derived 
from area 4 and terminate mostly in the eontralateral motor nuclei of 
eranial nerves. Anterior fibres of the superior thalamie radiation, 
between the thalamus and cortex, also extend into the genu. The pos- 
terior limb of the internal capsule includes the eortieospinal or pyram- 
idal traet. The fibres eoneerned with the upper limb are anterior, and 
the more posterior regions eontain fibres representing the tmnk and 
lower limbs. 

The eortieospinal traet fibres that arise within the preeentral gyms 
are disposed as a fan throughout the eorona radiata and eonverge 
towards the internal capsule genu and posterior limb (see Figs 25.31, 
25.41; Fig. 25.45). The eortieospinal fibres' transition between the 
eorona radiata and the internal capsule is defined medially by the 
superior aspeet of the body of the caudate nucleus and the fibres of the 
splenium, eolleetively forming the lateral upper edge of the body of 
the lateral ventriele, and laterally by the superior aspeet of the putamen 
and the superior insular sulcus. To join the internal capsule, as well as 



Fig. 25.45 A diffusion tensor imaging reeonstmetion of the eortieospinal 
traets of the right (red) and left (green) eerebral hemispheres. (Courtesy of 
Prof. Edson Amaro Jr MD, Department of Radiology, Llniversity of Sào 
Paulo Medieal Sehool.) 


eonverging, the eortieospinal traet fibres undergo an internal rotation 
of approximately 90 degrees, sinee the main axes of the preeentral gyms 
and of the internal capsule genu and posterior limb are almost perpen- 
diailar. Throughout their eonvergenee and rotation the fibres keep 
their somatotopieal motor arrangement, originated aeeording to the 
homuncular eortieal representation, and end up having an anterior- 
eranial to a posterior-caudal disposal along the genu and the anterior 
portion of the internal capsule posterior limb. Radiologieally and surgi- 
eally, this important portion of the internal capsule ean have its topog- 
raphy estimated from the position of the interventriailar foramen (of 
Monro) that lies medially and adjaeent to the internal capsule genu, 
which eontains the corticonuclear bundle. 

Other deseending axons include frontopontine fibres, particularly 
from areas 4 and 6, and eortieombral fibres, which eonneet the frontal 
lobe to the red nucleus. Most of the posterior limb also eontains fibres 
of the superior thalamie radiation (the somaesthetie radiation) aseend- 
ing to the posteentral gyms. 

The retrolentioilar part of the internal capsule eontains parietopon- 
tine, oeeipitopontine and oeeipitoteetal fibres. It also includes the pos- 
terior thalamie radiation and the optie radiation, and intereonneetions 
between the oeeipital and parietal lobes and caudal parts of the thala- 
mus, espeeially the pulvinar. 

The fibres of the optie radiation arise from the lateral genioilate 
body and the pulvinar, join the retrolenticular and the sublenticular 
parts of the internal capsule, mn within the sagittal stratum over the 
inferior horn and ventrioilar atrium, and projeet posteriorly, passing 
superiorly and inferiorly to the posterior horn as part of the posterior 
thalamie peduncle to reaeh both the superior and inferior lips of the 
ealearine sulcus. Within the temporal lobe, the fibres of the optie radia- 
tion are loeated along the depths of the superior and middle temporal 
gyri about 2 em from the brain surface, inferior to the vertieal segment 
of the superior longitudinal fasciculus, and always superior to the infe- 
rior temporal sulcus. In eoronal seetions, the optie radiation appears 
predominantly flat anteriorly and eomma-shaped posteriorly. Its fibres 
are divided into anterior, eentral and posterior bundles. 

The sublenticular part of the internal capsule eontains temporopon- 
tine and some parietopontine fibres, the auditory radiation from the 
medial genioilate body to the superior temporal and transverse tempo- 
ral gyri (areas 41 and 42), and a few fibres that eonneet the thalamus 
with the temporal lobe and insula. Fibres of the auditory radiation 
sweep anterolaterally below and behind the lentiform complex to reaeh 
the cortex, and are superior to the inferior horn, the atrium and the 
optie radiation. 
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SECTION 3 


CEREBRAL HEMISPHERES 


OVERVIEW OF C0RTICAL CONNECTIVITY 


All neoeortieal areas have axonal eonneetions with other eortieal areas 
on the same side (assoeiation fibres) and the opposite side (eommis- 
sural fibres), and with subcortical structures (projeetion fibres). The 
primary somatosensory, visual and auditory areas give rise to ipsilateral 
eortieoeortieal eonneetions to the assoeiation areas of the parietal, 
oeeipital and temporal lobes, respeetively, which then progressively 
projeet towards the medial temporal limbie areas: notably, the parahip- 
poeampal gyrns, entorhinal cortex and hippocampus. Thus, the first 
(primary) somatie sensory area (SI) projeets to the superior parietal 
cortex (Brodmann's area 5), which in turn projeets to the inferior pari- 
etal cortex (area 7). From here, eonneetions pass to cortex in the walls 
of the superior temporal sulcus, and so on to the posterior parahip- 
poeampal gyms, and on into limbie cortex. Similarly, for the visual 
system, the primary visual cortex (area 17) projeets to the parastriate 
cortex (area 18), which in turn projeets to the peristriate region (area 
19). Information then flows to inferotemporal cortex (area 20), to 
cortex in the walls of the superior temporal sulcus, then to medial 
temporal cortex in the posterior parahippoeampal gyms, and so to 
limbie areas. The auditory system shows a similar progression from 
primary auditory cortex to temporal assoeiation cortex, and so to the 
medial temporal lobe. 

In addition to this stepwise outward progression from sensory areas 
through posterior assoeiation cortex, eonneetions also occur at eaeh 
stage with parts of the frontal cortex. Thus, taking the somatie sensory 
system as an example, primary somatie sensory cortex (SI) in the post- 
eentral gyms is reeiproeally eonneeted with the primary motor cortex 
(area 4) in the preeentral gyms. The next step in the outward progres- 
sion, the superior parietal lobule (area 5), is intereonneeted with the 
premotor cortex (area 6), and this in turn is eonneeted with area 7 in 
the inferior parietal lobule. This has reeiproeal eonneetions with pre- 
frontal assoeiation cortex on the lateral surface of the hemisphere (areas 
9 and 46), and temporal assoeiation areas, which eonneet with more 
anterior prefrontal assoeiation areas and, ultimately in the sequence, 
with orbitofrontal cortex. Similar stepwise links exist between areas on 
the visual and auditory assoeiation pathways in the oeeipitotemporal 
lobe and areas of the frontal assoeiation cortex. The eonneetions 
between sensory and assoeiation areas are reeiproeal. 

All neoeortieal areas are eonneeted with subcortical regions, although 
their density varies between areas. First among these are eonneetions 
with the thalamus. All areas of the neocortex reeeive afferents from 
more than one thalamie nucleus, and all such eonneetions are reeipro- 
eal. The vast majority of, if not all, eortieal areas projeet to the striatum, 
tectum, pons and brainstem reticular formation. Additionally, all eorti- 
eal areas are reeiproeally eonneeted with the claustmm; the frontal 
cortex eonneets with the anterior part and the oeeipital lobe with the 
posterior part. 

All eortieal areas reeeive topographieally organized eholinergie pro- 
jeetions from the basal forebrain, noradrenergie fibres from the locus 
coeruleus, serotoninergie fibres from the midbrain raphe nuclei, 
dopaminergie fibres from the ventral midbrain, and histaminergie fibres 
from the posterior hypothalamus. 

Different eortieal areas have widely different afferent and efferent 
eonneetions. Some have eonneetions that are unique, e.g. the eortieos- 
pinal traet arises from pyramidal eells in a restrieted area around the 
eentral sulcus. 

Widely separated, but fimetionally intereonneeted, areas of cortex 
share eommon patterns of eonneetions with subcortical nuclei, and 
within the neocortex. For example, contiguous zones of the striatum, 
thalamus, claustmm, eholinergie basal forebrain, superior colliculus 
and pontine nuclei eonneet with anatomieally widely separated areas 
in the prefrontal and parietal cortex, which are themselves intereon- 
neeted. In eontrast, other fimetionally distinet eortieal regions, e.g. areas 
in the temporal and parietal cortex, do not share such contiguity in their 
subcortical eonneetions. 


THE TEMPORAL STEM AND THE 
(g) SAGITTAL SJRATUM_ 

The term temporal stem is derived from the appearanee of temporal 
lobe fibres on eoronal seetions of the brain (Horel 1978, Choi et al 
2010). As these fibres eonverge towards the medial part of the temporal 
lobe along the inferior aspeet of the inferior limiting sulcus of the 
insula, they resemble the stem of an inelined tree. The terms temporal 
stem and sagittal stratum are a means of conceptualizing the arrange- 
396 ment of fibre traets within the temporal lobe. They are of signifieanee 


particularly in the interpretation of neuroimages and in temporal lobe 
microneurosurgery. Although there is debate as to their exact eomposi- 
tion, in broad outline, the temporal stem lies anterior to the inferior 
horn and eonneets anteromedial temporal structures to the basolateral 
frontal portion of the hemisphere. The sagittal stratum eorresponds to 
fibres mnning along the inferior limiting sulcus of the insula forming 
the roof and lateral walls of the inferior horn and ventriailar atrium. 


CEREBRAL OENTRAL C0RE 


The eerebral eentral eore, lying between the insula and the midline, 
eontains all the white matter fibres and grey matter nuclei that eonneet 
the eerebral cortex with subcortical nuclei in the brainstem and spinal 
eord. It therefore includes the extreme, external and internal capsules; 
claustmm; putamen; globus pallidus; caudate nucleus; amygdala; dien- 
eephalon; substantia innominata; fornix; anterior commissure; mam- 
millothalamie traet; fasciculus retroflexus; thalamicpeduncles, including 
optie and auditory radiations; ansa peduncularis; thalamie fasciculus; 
and lentioilar fasciculus. On either side, the eentral eore is attaehed to 
the rest of the eerebral hemisphere by the eerebral isthmus, a bundle 
of white matter fibres loeated between the dorsolateral margin of the 
caudate nucleus and the fiill circumference of the eiroilar sulcus of 
the insula. The rostral fibres of the corpus callosum are included in 
the frontal portion of the eerebral isthmus. 

The extreme capsule lies beneath the superior and inferior limiting 
sulci of the insula (see 4g. 25.48A). It mns between the inferior frontal 
gyms (Broea's area) and the superior temporal gyms, extending into the 
inferior parietal lobule (Wernicke's area); its outer layer eontains 
U-shaped fibres eonneeting individual insular gyri and the frontopari- 
etal and temporal operculi. The extreme capsule has been deseribed as 
distinguishable from adjaeent fasciculi (uncinate fasciculus; external 
capsule; middle longitudinal fasciculus; arcuate bundle; eomponents of 
the superior longitudinal fasciculus and inferior longitudinal fascicu- 
lus) (Makris and Pandya 2009); alternatively, it has been deseribed as 
having a deeper portion that eonsists of fibres of the oeeipitofrontal and 
uncinate fasciculi (Wang et al 2011). 

The claustmm (meaning enelosed or hidden spaee) is a fine lamina 
of grey matter beneath the extreme capsule, along the entire rostrocau- 
dal extent of the striatum ( ^ernández-Miranda et al 2008b) (see Fig. 
25.19). Its ventral portion is thinner and populated by small islands of 
grey matter within the white matter; its dorsal portion is thieker and 
better defined. Little is known about the eonneetions and fimetional 
signifieanee of the claustrum in the human brain; several hypotheses 
have been put forward (Mathur 2014, Smythies et al 2014). The external 
capsule lies beneath the claustmm and eonsists mainly of fibres origi- 
nating within the claustrum; anteriorly, its fibres intermingle with those 
of the uncinate and inferior oeeipitofrontal faseiaili ( "ernández- 
Miranda et al 2008b). 



0EREBRAL ASYMMETRY 


The two human eerebral hemispheres are not simply mirror images of 
eaeh other. Much information on the lateralization of eerebral fimetion 
has eome from studying patients in whom the corpus callosum had 
been divided (commissurotomy) as a treatment for intraetable epilepsy 
(Sperry 1974), and from those rare individuals who laek part, or all, of 
their corpus callosum. Commissurotomy produces the 'split-brain' syn- 
drome, which has provided evidenee supporting the notion that abili- 
ties or fimetions are predominantly assoeiated with one or other 
hemisphere. Knowledge of the lateralization of fimetion has been 
advaneed signifieantly by fimetional brain imaging techniques, such as 
positron emission tomography (PET) and fMRI. 

The left hemisphere usually prevails for verbal and linguistic fime- 
tions, for mathematieal skills and for analytieal thinking. The right 
hemisphere is mostly non-verbal. It is more involved in spatial and 
holistie or 'Gestalt' thinking, in many aspeets of musical appreeiation 
and in some emotions. Memory also shows lateralization. Thus, verbal 
memory is primarily a left hemisphere fimetion, while non-verbal 
memory is represented in the right hemisphere. These asymmetries are 
relative, not absolute, and vary in degree aeeording to the fimetion and 
individual eoneerned. Moreover, they apply primarily to right-handed 
men. Those men with left-hand preferenee, or mixed handedness, make 
up a heterogeneous group, which (as an approximation) shows reduced 
or anomalous lateralization, rather than a simple reversal of the situa- 
tion in right-handers. For example, speeeh representation ean occur in 
either or both hemispheres. Women show less fimetional asymmetry, 
on average, than men. 























Oerebral hemispheres 


The most anterior fibres in the tree eorrespond to the upper exten- 
sion of the posterior aspeet of the anterior half of the uncus, and appear 
as a tme neural peduncle loeated between the limen insulae and the 
inferior horn of the lateral ventriele (Figs 25.46-25.47). The external 
surface of this peduncle is the transverse insular gyms along the limen 
insulae, eonneeting the insula to the posteromedial orbital lobule. This 
gyms harbours, from anterior to posterior, the anterobasal aspeet of the 
extreme capsule (subcortical insular white matter); the uncinate faseiai- 
lus (eonneeting mesial temporal stmctures with the fronto-orbital 
region); the inferior fronto-oeeipital fasciculus (mns immediately pos- 
terior to the uncinate fasciculus); the ventral amygdalofiigal fibres of 
the ansa peduncularis; the anterior commissure; and, more medially, 
the superior extension of the amygdala towards the globus pallidus. 


The ansa peduncularis sweeps around the eerebral peduncle and 
eontains amygdaloseptal, amygdalohypothalamie and amygdalotha- 
lamie fibres (Gloor 1997, Peuskens et al 2004). The extracapsular tha- 
lamie peduncle lies immediately posterior and superior to the ansa 
peduncularis, earrying fibres from the amygdala and the cortex of the 
anterior temporal region to the medial thalamie nucleus and the 
hypothalamus. As its name implies, the extracapsular thalamie pedun- 
ele mns within the ventral striatopallidal region and not through the 
internal capsule. The ansa lenticularis mns posterior to the extracapsu- 
lar thalamie peduncle. The amygdala extends posteriorly, partially eov- 
ering the head of the hippocampus. The stria terminalis mns along the 
roof of the inferior horn medially to the tail of the caudate nucleus, 
towards the bed nucleus of the stria terminalis (Párraga et al 2012). 


PosteentGyr CentSul PreeentGyr ParsOper ParsTri 
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Fig. 25.46 A, The lower and upper portions of the frontal and temporal opercula respeetively have been removed to reveal the relationships between 
opercular and insular structures. The eentral insular sulcus courses superficial to, and almost parallel with, the eentral sulcus. B, Sagittal seetion, 
disseeted to show the relationship between the insula and the temporal horn. The temporal stem is between the lower circular sulcus of the insula and 
the roof of the temporal horn. Abbreviations: AeeGyr, aeeessory gyrus; ALG, anterior long gyrus; AntLimSul, anterior limiting sulcus; ASG, anterior short 
gyrus; CentlnsSul, eentral insular sulcus; CentSul, eentral sulcus; ChPlex, ehoroid plexus; HippoBody, body of hippocampus; HippoHead, head of 
hippocampus; lnfLimSul, inferior limiting sulcus; Limenlns, limen insula; MSG, middle short gyrus; ParsOper, pars opercularis; ParsTri, pars triangularis; 
PLG, posterior long gyrus; PosteentGyr, posteentral gyrus; PreeentGyr, preeentral gyrus; PSG, posterior short gyrus; TempStem, Temporal stem. (With 
permission from Wang F, Sun T, Li X, et al, Microsurgical and traetographie anatomieal study of insular and transsylvian transinsular approaeh, Neurol 
Sei 2011 Oct;32(5):865-74.) 
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Fig. 25.47 Removal of the inferior frontal gyrus, 
the basal aspeets of the pre- and posteentral gyri, 
and of the supramarginal, angular, superior and 
middle temporal gyri to expose the insular surface 
and the subcortical white matter of the temporal 
lobe. Abbreviations: CS, eentral sulcus; 
lnfTempSulcus, inferior temporal sulcus; InfLimS, 
inferior limiting sulcus; ITG, inferior temporal gyrus; 
MFG, middle frontal gyrus; PostCG, posteentral 
gyrus; PreCG, preeentral gyrus; SPLob, superior 
parietal lobule; TePo, temporal pole; TeWM, 
subcortical temporal white matter over sagittal 
stratum. (Courtesy of Riehard Gonezalo Párraga). 
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SECTION 3 


OEREBRAL HEMISPHERES 


Anteriorly, the tail of the caudate nucleus merges with the amygdala, 
still within the roof of the inferior horn. A ventral extension of the 
eentromedial amygdala, mnning along the basal forebrain and also 
towards the bed nucleus of the stria terminalis, has also been deseribed. 
The amygdala is situated inside the anterior half of the uncus, which 
means that all these extensions of the amygdala and the fibres and 
cortex that lie over them have to be surgically severed in order to dis- 
eonneet the anterior part of the temporal lobe; on that basis, these 
structures are therefore included within the anteromedial temporal 
peduncle. 

The sagittal stratum lies beneath the subcortical white matter of the 
temporal lobe and the temporal extension of the superior longitudinal 
fasciculus; its fibres are organized in layers. From superior to inferior, 
the layers are the fibres of the inferior fronto-oeeipital faseienlns, which 


aseend and vanish within the external capsule; the fibres of the anterior 
commissure, which group more anteriorly and medially; the posterior 
and inferior thalamie peduncles, which include the auditory and optie 
radiations; and the tapetum (Ludwig and Klingler 1956, Tiire et al 
2000). The tapetum lies under the optie radiation and is separated from 
the ventriailar eavity only by the ependymal; it eonneets both posterior 
temporal areas (Catani et al 2012) (Fig. 25.48). The fibres in the ante- 
rior commissure leave the sagittal stratum and join the anterior and 
mesial temporal peduncle. The most anterior fibres in Meyer's loop 
reaeh the anterior temporal peduncle but stay lateral to it and do not 
group with its fibres. Any dorsal temporal surgical approaeh to the 
inferior horn or to the ventriailar atrium will divide the sagittal stratum, 
including the fibres of the optie radiation, to some degree. 


CoRa SupLongFasc 



Fig. 25.48 A, A lateral view of the left hemisphere: 
the vertieal segment of the superior longitudinal 
fasciculus (SupLongFasc) has been removed. The 
tapetum is exposed via a window in the sagittal 
stratum (SagStr). B, A medial view of the left 
hemisphere: the ependyma of the lateral ventriele 
has been removed. The tapetum lies underneath 
the optie radiation along the lateral wall of the 
atrium. Other abbreviations: AntOom, anterior 
commissure; OorpOall, corpus callosum; CoRa, 
eorona radiata; ExtCap, external capsule; ExtrCap, 
extreme capsule; Hab, habenula; LoG, long gyri of 
insula; MaBo, mammillary body; OeN, oculomotor 
nerve; PiGI, pineal gland; PostComm, posterior 
commissure; StrMedTh, stria medullaris thalami; 
SubNucl, subthalamic nucleus; ThRad, thalamie 
radiation. (Courtesy of Riehard Gonezalo Párraga. 
Adapted from: Párraga RG, Ribas GC, VVelling LC, 
Alves RV, de Oliveira E. Microsurgical anatomy of 
the optie radiation and related fibres in 
3-dimensional images. Neurosurgery 2012, 
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Oognitive functions 


Certain eerebral anatomieal asymmetries are apparent at both the 
maeroseopie and histologieal levels. One of the most notable is in the 
planum temporale, which is usually larger on the left than the right 
side. Subtle asymmetries in the superior temporal lobe have been dem- 
onstrated in terms of overall size and shape, sulcal pattern and eytoar- 
chitecture, and at the neuronal level. It seems reasonable to assume that 
these differenees underlie some of the hmetional asymmetry for lan- 
guage representation. 

Asymmetries in areal size, cytoarchitecture or neurocytology occur 
elsewhere in the eerebral cortex as well as subcortically. For example, 
many brains have a wider right frontal pole and a wider left oeeipital 
pole. Brodmann's area 45 in the inferior frontal lobe, eorresponding to 
Broea's area, eontains a population of large pyramidal neurones that 
are found only on the left side. The eortieal surface surrounding the 
eentral sulcus is larger in the left hemisphere, espeeially in the areas 
eontaining the primary somatosensory and motor maps of the arm, 
suggesting that one eerebral manifestation of hand preferenee is a larger 
amount of neural circuitry in the relevant parts of the cortex. Histologi- 
eal asymmetries are also found in areas that are not usually eonsidered 
to be elosely related either to language or to handedness. The left 
entorhinal cortex has signifieantly more neurones than the right. 


eOGNITIVE FUNCTIONS 



The eognitive or high eortieal fimetions of pereeption, spatial analysis, 
learned skilled movement, language, memory, problem-solving (all 
executive fimetions) and emotion are organized within the eerebral 
hemispheres (Fig. 25.49). Aeeording to Mesulam, five well-defined net- 
works are most relevant to elinieal praetiee: a left-dominant perisylvian 
network for language; a right-dominant parietofrontal network for 
spatial eognition; an oeeipitotemporal network for faee and objeet 
reeognition; a limbie network for retentive memory; and a prefrontal 
network for attention and eomportment (Mesulam 2011, Catani et al 
2005). 

The organization of eognitive fimetions is highly loealized and 
involves the assoeiation areas of the neocortex and the limbie system. 
The parietal assoeiation areas are eoneerned with the perceptual reeog- 
nition of objeets by kinaesthetie and visual stimuli, and the visuospatial 
orientation of the body and its parts in spaee. Large foeal lesions (par- 
ticularly of the right eerebral hemisphere) and bilateral lesions (e.g. in 
Alzheimers disease) lead to visual disorientation in spaee, with an 
inability to navigate the environment, loeate objeets, and dress in rela- 
tionship to body parts. Acute foeal lesions (espeeially of the right eere- 
bral hemisphere) lead to negleet of the body and spaee in the opposite 
side of eorporeal and visual spaee (negleet). Failure of reeognition of 
objeets by touch or vision represents taetile or visual agnosia. The 
parietal-temporal eortieal eonneetions are particularly important for 
visual objeet reeognition and lesions lead to an inability to identiíy, 
eopy or mateh objeets (appereeptive visual agnosia). 

The anterior superior parts of the parietal lobes and the related eon- 
neetions with the premotor areas, including the supplementary motor 
areas, are eoneerned in the execution of skilled movements through 
development and experience (praxis). Lesions of these areas lead to 
eontralateral loss of skilled movements of the faee, mouth and limbs 
(ideomotor apraxia). 

The anterior temporal neocortex (middle and inferior temporal gyri) 
is eoneerned in aseribing meaning to perceptual stimuli. Bilateral 
lesions of these areas (e.g. in semantie dementia) lead to loss of reeogni- 
tion of words and pereepts. Unilateral lesions in the left hemisphere 
particularly affeet word meaning and naming (semantie or transeortieal 
aphasia), whereas lesions of the right hemisphere lead primarily to loss 


of reeognition of visual pereepts (assoeiative visual agnosia) and faees 
(prosopagnosia), and objeets ean be eopied or matehed but not identi- 
fied for meaning or name. 

The premotor areas (frontal assoeiation cortex, parietal and tempo- 
ral assoeiation cortex) eombine to form the 4anguage area' in the cortex 
that surrounds the lateral fissure in the left dominant hemisphere 
(Ojemann et al 1989). Foeal lesions of the language area lead to break- 
down in verbal communication (aphasia) and loss of the ability to read 
(alexia), write (agraphia) and calculate (aealailia). The aphasie syn- 
dromes of Broea, conduction and Wernicke eorrespond to lesions 
within the frontal, parietal and temporal eortieal areas, respeetively. 
Lesions of the parietal cortex immediately posterior to the language area 
(angular gyms) ean lead to alexia, agraphia and acalculia, in the absenee 
of aphasia. 

The prefrontal assoeiation cortex and its eonneetions with the 
limbie system, and in particular, with the amygdala, are essential for 
problem-solving behaviour (executive fimetions) and the affeetive 
motivational aspeets of behaviour. Bilateral lesions of these areas (e.g. 
in frontotemporal dementia) lead to the Trontal lobe syndrome', in 
which there is a radieal ehange in personality, with loss of reason, 
judgement and insight, together with loss of personal and soeial feel- 
ings (sympathy and empathy). The restrieted involvement of the orbital 
frontal areas and limbie eonneetions leads to overaetivity and disinhi- 
bition (pseudo-psychopathic behaviour). Spread of lesions into the 
dorsolateral surface of the prefrontal area leads to an inert, apathetie 
state (pseudo-depression). Unilateral foeal lesions of the prefrontal 
areas are not usually assoeiated with obvious eognitive or behavioural 
ehange. 

The limbie allocortex and its eonneetions eomprising the Papez 
circuit (hippocampus, mammillary body, anterior nucleus of the thala- 
mus and cingulate gyms) are thought to be responsible for the laying 
down of autobiographical (episodie) memory. Medial dieneephalie 
stmctures such as the nucleus reuniens and retrosplenial cortex may 
also have mnemonie fimetions independent of the hippocampus, sug- 
gesting that there may be parallel, disynaptie routes enabling prefrontal 
eontrol of hippoeampal aetivity (Aggleton 2014). Bilateral lesions (e.g. 
in Alzheimer's disease) or following aleoholie eneephalopathy (Korsa- 
koff psyehosis) lead to the loss of the ability to learn new information 
(anterograde amnesia) or remember experiences in the relatively reeent 
past (retrograde amnesia), although perceptual information about the 
world and language (semantie memory) is preserved because the tem- 
poral neoeortieal assoeiation areas are spared. 

Patients with ehronie epilepsy who have undergone surgical seetion 
of the corpus callosum in order to relieve their seizures portray few 
difficulties under normal circumstances. However, when these 'split- 
brain' patients undergo psyehologieal testing, the two halves of the 
brain appear to behave relatively autonomously, e.g. visual informa- 
tion direeted to the right eerebral hemisphere alone does not evoke a 
verbal response, and consequently individuals eannot name objeets or 
read words solely presented to the left visual field. A single lesion in 
the splenium of the corpus callosum intermpting white matter traets 
mnning from the visual eortiees of both hemispheres to the left 
angular gyms, or lesions to the splenmm and the left primary visual 
cortex, or lesions involving the splenium and the lateral geniculate 
nucleus, either by posterior eerebral artery territory infaret, tumours or 
demyelinating disease such as multiple selerosis, lead to the posterior 
diseonneetion syndrome of 'alexia without agraphia'. Diseonneetion of 
visual proeesses in the right hemisphere from the verbal proeesses of 
the dominant left eerebral hemisphere means that the language zone 
is robbed of its visual inputs but remains intaet, and so these individu- 
als speak and write without difficulty but eannot understand written 
material (alexia). 



Fig. 25.2 The basie organization of the main 
eerebral gyri. 

Fig. 25.9 The main sulci and gyri of the 
superolateral surface of the brain. 

Fig. 25.10 The main sulci and gyri of the 
medial and basal temporo-oeeipital surfaces 
of the right side of the brain. 


Fig. 25.11 The hand motor aetivation site 
eorresponds to a knob-like eortieal area of 
the eontralateral preeentral gyrus, which in 
MRI axial planes usually resembles an 
inverted omega shape and may be identified 
by its relationship to the posterior end of the 
superior frontal sulcus. 


Fig. 25.12 A reeonstmetion of the short 
U-shaped (red) and long projeetion (green) 
traets of the hand-knob motor region in the 
left hemisphere. 

Fig. 25.13 Functional magnetie resonanee 
images (fMRI) of the language eortieal areas 
(left eerebral hemisphere), aetivated by 


Continued 


397 


CHAPTER 25 















Cerebral hemispheres 


Executive function 

(frontal lobe syndrome) 


Central sulcus 


> 








Praxis 

(apraxia) 


Spatial function 

(spatial disorientation, 
negleet) 





Jr 


- 


Lateral fissure 


Semantie conceptual system 

(semantie aphasia, 
assoeiative agnosia) 


Memory 

(amnesia) 


Pereeption 

(appereeptive 

agnosia) 


Language 

(aphasia, alexia, agraphia, acalculia) 
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SECTION 3 


OEREBRAL HEMISPHERES 



rhyme tasks, semantie tasks and fluency 
tasks. 

Fig. 25.14 Components of the frontoparietal 
operculum. 

Fig. 25.17 A superior view of the eerebral 
hemispheres. 

Fig. 25.18 The basal temporo-oeeipital 
surface. 

Fig. 25.20 A, An anterior view of eerebral 
hemispheres. B, A view of the basal 
frontotemporal surface. 

Fig. 25.22 The temporal opercular surface, 
the insula and the temporal stem, right side. 

Fig. 25.27 The fornix and related structures, 
right side of the brain. 


Fig. 25.36 A progressive fibre disseetion of 
the lateral aspeet of the left eerebral 
hemisphere. 

Fig. 25.37 A diffusion tensor imaging 
reeonstmetion of the superior longitudinal 
fasciculus. 

Fig. 25.40 The superior aspeet of the 
corpus callosum revealed by partial removal 
of the eerebral hemispheres. 

Fig. 25.42 A series of disseetions of the left 
eerebral hemisphere at progressively deeper 
levels to demonstrate the relationships of 
the internal capsule. 

Fig. 25.46 A, The lower and upper portions 
of the frontal and temporal opercula 
respeetively have been removed to reveal 
the relationships between opercular and 


insular structures. B, Sagittal seetion, 
disseeted to show the relationship between 
the insula and the temporal horn. 

Fig. 25.47 Removal of the inferior frontal 
gyrus, the basal aspeets of the pre- and 
posteentral gyri, and of the supramarginal, 
angular, superior and middle temporal gyri 
in order to expose the insular surface and 
the subcortical white matter of the temporal 
lobe. 

Fig. 25.48 A, Lateral view of the left 
hemisphere. B, Medial view of the left 
hemisphere. 

Fig. 25.49 Regional loealization of eognitive 
function (dysfunction) in the eerebral 
hemisphere. 
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The resting human brain and the 
predietive potential of the default 
mode network 

Stefano Sandrone 


COMMENTARY 




Wilton Street, London, August 1858. Having eompleted the main text 
of Anatomy: Deseriptive and Smgieal, Henry Gray opened the prefaee to 
his book with the following sentenee: 'This Work is intended to fhrnish 
the Student and Praetitioner with an accurate vieiv of the Anatomy of 
the Human Body, and more espeeially the applieation of this seienee to 
Praetieal Surgery' At that time, the idea of generating a non-invasive 
vievv of the human brain and of using that view to prediet imminent 
events within the brain was ineoneeivable. Today, view-based predie- 
tions are tangibly elose to realization. 

The development of neuroimaging techniques, such as computed 
axial tomography (CAT seanning), fhnetional magnetie resonanee 
imaging (fMRI) and positron emission tomography (PET), has been 
one of the major biomedieal aehievements of the past hundred years. 
These techniques gave new impetus to medieine, neurology, psyehiatry, 
psyehology, philosophy and related fields by providing two unprece- 
dented types of insight. On the one hand, by yielding structural images 
of brain anatomy, these techniques enabled the deteetion of pathologi- 
eal abnormalities, and henee constituted a major breakthrough in 
medieal diagnosis. On the other hand, as well as providing fhnetional 
insights, neuroimaging has shed ample light on philosophieal ques- 
tions that are intimately linked to who we are' and are as old as 
mankind. 

While medieine was focused on diagnostie imaging and neuro- 
seienee in the designing of experimental paradigms that might isolate 
human emotion, thoughts, language, and consciousness, ete. (i.e. task- 
based modes of investigation), aneillary fMRI reeordings of the brain 
during resting state, namely a behavioural state eharaeterized by quiet 
repose with the eyes either elosed or open, with or without visual fixa- 
tion (Raiehle 2009), showed regular and low-frequency eerebral fluctua- 
tions indieating that the brain was aetive even when in a resting state 


(Biswal et al 1995, Biswal 2012). It is tme that a similar brain fluctua- 
tion had already been reeorded in 1929 by means of the eleetroen- 
eephalogram (Berger 1929, Raiehle and Snyder 2007), but at that time 
this aetivity was eonsidered to be uninformative noise and not worthy 
of investigation. 

At the beginning of the new millennium, the boundaries of this 
resting aetivity started to be defìned. It was demonstrated that during 
resting state a spontaneously organized neural aetivity occurs in a 
unique eonstellation of brain regions. Defined as the default mode 
network (DMN), this eonstellation mainly involves the posterior ein- 
gulate cortex, the precuneus and regions of the ventromedial prefrontal 
cortex (Fig. 3 . 1 . 1 ) (Raiehle et al 2001, Buckner 2012, Snyder and 
Raiehle 2012). In the faee of a eertain degree of seeptieism (Moreom 
and Fleteher 2007), researeh on this topie continued, producing 
inter-speeies, longitudinal, inter-individual and physiopathologieal 
studies. 

DMN aetivity has subsequently also been deteeted in ehimpanzees 
(Rilling et al 2007), monkeys (Kojima et al 2009, Mantini et al 2011) 

and rats (Lu et al 2012), findings that suggest that such aetivity could 
be a fhndamental aspeet of the mammalian brain. The same aetivity 
also manifests at several stages in the human life eyele, from its emer- 
genee in 2-day-old newborns (Gao et al 2009) to its disappearanee in 
brain-dead patients (Boly et al 2009). DMN-related differenees between 
individuals (Power et al 2010) and between healthy and pathologieal 
eonditions have started to emerge (Sandrone 2012). 

Remarkably, these differenees and abnormalities not only constitute 
neuropathophysiological eorrelates of in fieri neurological and psyehi- 
atrie diseases ( "ox and Raiehle 2007), but also offer informative and 
predietive markers about the pathology that is going to impaet on the 
brain (Sandrone 2012). In faet, they often appear before the overt 
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Fig. 3.1.1 Modern deseriptions of the defaiilt mode network. A, A surface projeetion of the defaiilt mode network is displayed from the Shulman et al. 
(1997) data. The regions in blue represent those regions more aetive during passive task states than a variety of aetive tasks. B, A near-eomplete 
topography of the default network ean be accounted for by exploring regions functionally coupled to the posterior cingulate, dorsal medial prefrontal 
cortex (dMPFC) and hippoeampal formation (HF+). However, detailed analysis of the coupling properties reveals that the default network is not a single, 
eoherent system but rather is made up of multiple, functionally interaeting subsystems. Other abbreviations: Ins, insula; IPL, inferior parietal lobule; LTC, 
lateral temporal cortex; pCC, posterior cingulate cortex; PFC, prefrontal cortex; Rsp, retrosplenial cortex; vMPFC, ventral medial prefrontal cortex. (With 
permission from Buckner RL 2012 The serendipitous diseovery of the brain’s default network. Neurolmage 62: 1137-1145; Elsevier.) 
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SECTION 3 


THE RESTING HLIMAN BRAIN AND THE PREDIOTIVE POTENTIAL OF THE DEFALILT MODE NETWORK 


onset of pathologieal phenotypes: abnormal patterns of DMN aetivity 
and eonneetivity seem to antieipate future behavioural phenotypes 
and elinieal impairment (Sandrone 2013). They ean represent reliable 
non-invasive biomarkers for differential diagnosis and disease moni- 
toring, providing us with novel vieivs on the fnnetional architecture of 
the human brain and opening up an intriguing medieal field. 

This predietive potential of DMN has been seen in a plethora of 
diseased eonditions (Table 3.1.1). For example, elinieopathologieal 
phenotypes of dementia with Lewy bodies and Alzheimers disease 
often overlap, making diserimination difficult; notably DMN fnne- 
tional eonneetivity abnormalities ean support early diserimination 
between them (Galvin et al 2011) and traeks elinieal deterioration in 
Alzheimer patients (Damoiseaux et al 2012). Functional dismption of 
DMN in eognitively unimpaired patients with Parkinson's disease has 
been reported even in the absenee of signifieant stmctural differenees 
between patients and eontrols (Tessitore et al 2012, Sandrone and 
Catani 2013). Ohanges of resting-state fimetional eonneetivity prediet 
the persistenee of eognitive rehabilitation effeets in patients with mul- 
tiple selerosis (Parisi et al 2014). The extent of DMN reduction depends 
on the elinieal severity of the manifestations in disorders of conscious- 
ness (vegetative state versus minimally conscious state versus emerging 
from a minimally conscious state) ( "ernández-Espejo et al 2012), and 
DMN eonneetivity may serve as an indieator of the extent of eortieal 
dismption and prediet reversible impairments in consciousness (Norton 
et al 2012). Speeifie differenees in resting-state fimetional network eon- 
neetivity might be eandidate psyehosis endophenotypes diseriminating 
between sehizophrenia and psyehotie bipolar probands and unaffected 
relatives (Meda et al 2012). Moreover, whole-brain resting-state fime- 
tional eonneetivity analyses ean identify subjects with major depressive 
disorder from healthy eontrols, with the most diseriminating eonnee- 
tions loeated aeross or within the DMN (Zeng et al 2012). Failure to 
deaetivate the DMN has been highlighted as a possible endophenotype 
of autism (Speneer et al 2012), and other reports also point towards the 
feasibility of a fimetional eonneetivity MRI diagnostie assay for autism 
with DMN regions playing a key role (Anderson et al 2011, but see also 
Lyneh et al 2013). These promising resting biomarkers are of particular 
interest because they avoid performanee-related confounding variables 
that are eommonly present in patients with eognitive or sensorimotor 
defeets (Zhang and Raiehle 2010). 

Observation of the resting brain as a predietor of elinieal outcome 
and the use of DMN abnormalities as pathologieal markers and diag- 
nostie and prognostie tools are great ehallenges for the eoming years. 
Future researeh will undoubtedly shed light on the ability of DMN to 
diseriminate single patients from single healthy eontrols with inereasing 
sensitivity and high speeifieity. Systematie replieation of DMN experi- 


ments on larger samples is emeial to test and improve the accuracy rate 
of every predietion. Additionally, resting state acquisition is currently 
performed differently by different researeh groups, and greater experi- 
mental design homogeneity is needed. Methodologieal guidelines 
should aeeordingly be standardized to ensure eomparability between 
all resting-state studies (Northoff et al 2010, Northoff et al 2011). 
Resting-state fMRI data eohereneies still need to be fiirther eharaeterized 
and quantified aeross subjects and sessions (Damoiseaux et al 2006); 
teehnieal optimization, experimental refinement and a balaneed eom- 
parison between the differing methods are required (Cole et al 2010, 
Birn 2012, Lee et al 2013). 

Further work is needed to elarify the anatomieal and fimetional 
boundaries of the eerebellar contribution to intrinsie eonneetivity net- 
works (Habas et al 2009, Krienen and Buckner 2009), given that most 
of the human cerebellum is linked to assoeiation networks including 
the executive eontrol network and the DMN (Buckner 2013). An inte- 
grative exploration of the 'fimetional eonneetome' and the related aber- 
rant intrinsie networks aeross diseases (Menon 2011, but see also 
Barkhof et al 2014 and Fox et al 2014), as well as detailed guidelines 
for researeh on elinieal populations ( : ox and Greicius 2010, Sandrone 
2013), are needed to bridge the gap between basie researeh studies and 
their translational applieation. Basie researeh studies rely on homogen- 
eous eriteria, whereas elinieal praetiee deals with heterogeneous eondi- 
tions and eomorbidity of diseases. Moreover, the ontologieal meaning 
of this resting aetivity still needs to be fiilly elucidated: so far, aetivations 
and deaetivations of DMN brain regions have often been related to 
self-speeifie proeesses in both healthy (Gusnard et al 2001) and dis- 
eased subjects (Sheline et al 2009, Irish et al 2012). 

DMN-based researeh will eertainly enrieh our understanding of 
brain fimetion and will undoubtedly gravitate to the eentre-stage of 
medieal investigation. From an epistemologieal point of view, the pre- 
dietive potential of DMN and resting state does not belong a priori to 
any aeademie domain, and its impaet will neeessarily be eross- 
diseiplinary. As such, it will ehallenge the boundaries of medieal sei- 
enees and neutralize the traditional demareations between neurology 
and psyehiatry. 

We will witness an intriguing paradigm shift (Kuhn 1962). Although 
time-to-eompletion estimates would be foolhardy, researeh will gener- 
ate a DMN-based 'fimetional taxonomy' of the human brain, in which 
elinieal subpopulations and subtypes are identified on the basis of their 
resting eerebral aetivity (Sandrone 2013). In the ehallenging and never- 
resting seareh for a better understanding of the human brain and a cure 
for eerebral diseases, it will be a resting person inside a neuroimaging 
seanner who will push forward the medieal field and revolutionize the 
way we deal with medieal diagnosis and prognosis. 



Table 3.1.1 The predietive potential of the DMN in disease 


Condition 


Evidenee 


Referenee 


Ageing, amnestie mild eognitive 
impairment and Alzheimer’s disease 

Amnestie mild eognitive impairment 


Alzheimer’s disease and frontotemporal 
dementia 


Functional alteration patterns of DMN derived from simultaneous eomparison of the three 
different groups 

Dismpted functional brain eonneetome in amnestie mild eognitive impairment individuals 
at risk for Alzheimer’s disease 

Early onset of the functional/topological reorganization of the DMN 

Behavioural variant frontotemporal dementia and Alzheimer’s disease lead to divergent 
network eonneetivity patterns 


Alzheimer’s disease and dementia with 
Lewy bodies 


Resting blood oxygen level-dependent (B0LD) fMRI differentiates Alzheimer disease from 
dementia with Lewy bodies 


Alzheimer’s disease 


DMN aetivity distinguishes Alzheimer’s disease from healthy ageing 

Seleetive ehanges of resting-state networks in individuals at risk for Alzheimer’s disease 


Resting-state functional eonneetivity in preelinieal Alzheimer’s disease 
Functional eonneetivity traeks elinieal deterioration in Alzheimer’s disease 
Functional dismption of the DMN occurs early in the course of autosomal dominant 
Alzheimer’s disease, beginning before elinieally evident symptoms and worsening with 
inereased impairment 

Amyotrophie lateral selerosis Ohanges of resting-state brain networks in amyotrophie lateral selerosis 

Divergent brain network eonneetivity and alteration of large-seale functional networks 
assoeiated with eognition, even in the absenee of overt dementia 
Independent eomponent analysis and maehine learning ean support identifieation of the 
amyotrophie lateral selerosis diseased brain 

Autism spectrum disorder Functional eonneetivity MRI elassifieation/diagnostie assay for autism 

Failure to deaetivate the DMN as possible endophenotype of autism 
Differential deaetivation during mentalizing and elassifieation of autism based on DMN 
eonneetivity 

Large-seale evaluation of the intrinsie brain architecture in autism 

Bipolar disorder Correlation of DMN aetivation with bipolarity index in young people with mood disorders 


Cha et al 2013 Eur J Neurosci 37:1916-24 

Wang et al 2013 Biol Psyehiatry 73:472-81 

Wang et al 2013 Radiology 268:501-14 

Zhou et al 2010 Brain 133:1352-67; but see also Zhou and 
Seeley 2014 Biol Psyehiatry 75:565-73 

Galvin et al 2011 Neurology 76:1797-803 

Greicius et al 2004 Proe Natl Aead Sei U S A 101:4637-42 
Sorg et al 2007 Proe Natl Aead Sei U S A 104:18760-5; 
Wang et al 2013 Biol Psyehiatry 73:472-81; but see also 
Fjell et al 2013 J Neurosci 33:8237-42 and Jaeobs et al 
2013 Neurosci Biobehav Rev 37:753-65 
Sheline and Raiehle 2013 Biol Psyehiatry 74:340-7 
Damoiseaux et al 2012 Neurobiol Aging 33:828.e19-30 
Chhatwal et al 2013 Neurology 81:736-44 


Mohammadi et al 2009 Exp Neurol 217:147-53 
Agosta et al 2013 Neurobiol Aging 34:419-27 

Welsh et al 2013 Front Hum Neurosci 7:251 

Anderson et al 2011 Brain 134:3742-54 

Speneer et al 2012 Mol Autism 3:15 
Murdaugh et al 2012 PLoS One 7:e50064 

Di Martino et al 2014 Mol Psyehiatry 19:659-67 

Ford et al 2013 J Affeet Disord 150:1174-8; but see also Vargas 
et al 2013 J Affeet Disord 150:727-35 
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Table 3.1.1 The predietive potential of the DMN in disease—eont’d 


Condition Evidenee 

Referenee 


Disorder of consciousness 


Generalized anxiety disorder 


Epilepsy 


Huntington’s disease 


Major depression 


Obsessive-compulsive disorder 


Multiple selerosis 


Parkinson’s disease 


Sehizophrenia 


Sehizophrenia and psyehotie bipolar 
probands 


Traumatic brain injury 


DMN eonneetivity is deereased in severely brain-damaged patients in proportion to their 
degree of consciousness impairment 

DMN integrity eorrelates with the level of remaining consciousness in eoma, vegetative 
state and minimally conscious state 

Connectivity biomarkers ean differentiate patients with different levels of consciousness 
Functional network dysfunction in anxiety and anxiety disorders 


The decoupling of functional and structural eonneetivity may refleet the progress of 
long-term impairment in idiopathie generalized epilepsy 
Resting-state network dismption in temporal lobe epilepsy 

DMN eonneetivity indieates episodie memory eapaeity in mesial temporal lobe epilepsy 

DMN ehanges identified at preelinieal level 

Reduced brain eonneetivity before and after disease onset 


Whole-brain functional eonneetivity analyses ean identify major depressive individuals 
from healthy eontrols, with the most diseriminating eonneetions loeated aeross and 
within the DMN 

Evidenee of a dissoeiation pattern in resting-state DMN eonneetivity in first-episode, 
treatment-naíve major depression patients 

Persistent abnormal functional eonneetivity within the anterior subnetwork in reeovered 
depressed subjects may constitute a biomarker of asymptomatie depression and 
potential for relapse 

Maehine learning approaehes to major depression 


Dismpted eortieal network as a vulnerability marker for obsessive-compulsive disorder 


Functional abnormalities eoneerning DMN occur in patients with relapsing—remitting 
multiple selerosis 

Maintenanee of DMN aetivity during sustained attention is a sensitive and speeifie 
neurophysiological biomarker of episodie memory functioning 

Changes of brain resting-state functional eonneetivity prediet the persistenee of eognitive 
rehabilitation effeets 

Dysfunctions of eerebral networks preeede reeognition memory defieits in early 
Parkinson’s disease 

Functional dismption of the DMN in eognitively unimpaired patients with Parkinson’s 
disease in the absenee of signifieant structural differenees between patients and 
eontrols 

DMN integrity is levodopa equivalent dose-dependent 

Brain network eonneetivity in individuals with sehizophrenia and their siblings 

Subjects at inereased genetie risk of developing sehizophrenia exhibit abnormal intrinsie 
eonneetivity within the midline DMN 

Links among resting-state DMN, salienee network, and symptomatology in sehizophrenia 


Speeifie differenees in resting-state functional network eonneetivity might be eandidate 
psyehosis endophenotypes diseriminating between sehizophrenia and psyehotie bipolar 
probands and unaffected relatives 

DMN eonneetivity prediets sustained attention defieits after traumatic brain injury 
Resting-state fMRI aetivity and eonneetivity and eognitive outcome 


Vanhaudenhuyse et al 2010 Brain 133:161-71; see also Norton 
et al 2012 Neurology 78:175-81 
Fernández-Espejo et al 2012 Ann Neurol 72:335-43; 
Guldenmund et al 2012 Areh Ital Biol 150:107-21 

Hòller et al 2014 Clin Neurophysiol 125:1545-55 

Andreescu et al 2014 Int J Geriatr Psyehiatry 29:704-12; 
Sylvester et al 2012 Trends Neurosci 35:527-35 

Zhang et al 2011 Brain 134:2912-28 

Voets et al 2012 Brain 135:2350-7; Cataldi et al 2013 Epilepsia 
54:2048-59 

McCormick et al 2013 Epilepsia 54:809-18 

Wolf et al 2012 Exp Neurol 237:191-8 
Dumas et al 2013 Neuroimage: Clin 2:377-84; Werner et al 
2014 Hum Brain Mapp 35:2582-93 

Zeng et al 2012 Brain 135:1498-1507 


Zhu et al 2012 Biol Psyehiatry 71:611-17 
Li et al 2013 Biol Psyehiatry 74:48-54 


Lord et al 2012 PLoS One 7:e41282; Zeng et al 2014 Hum Brain 
Mapp 35:1630-41 

Peng et al 2014 Brain Stmet Funct 219:1801-12; but see also 
Stern et al 2012 PLoS One 7:e36356 and Beucke et al 2014 
Br J Psyehiatry 205:376-82 

Roeea et al 2012 Neurology 79:1449-57; but see also Kingwell 
2012 Nat Rev Neurol 8:593 
Sumowski et al 2013 Mult Seler 19:199-208 


Parisi et al 2014 Mult Seler 20:686-94 


lbarretxe-Bilbao et al 2011 Neuroimage 57:589-97 

Tessitore et al 2012 Neurology 79:2226-32; Sandrone and 
Catani 2013 Neurology 81 :e172—5 

Krajeovieova et al 2012 J Neural Transm 119:443-54 

Repovs et al 2011 Biol Psyehiatry 69:967-73 
van Buuren et al 2012 Sehizophr Res 142:237-43; Whitfield- 
Gabrieli and Ford 2012 Annu Rev Clin Psyehol 8:49-76 
Orliae et al 2013 Sehizophr Res 148:74-80; but see also 
Wotruba et al 2014 Sehizophr Bull 40:1095-104 

Meda et al 2012 Biol Psyehiatry 71:881-9; Khadka et al 2013 
Biol Psyehiatry 74:458-66 


Bonnelle et al 2011 J Neurosci 31:13442-51; Sandrone and 
Bacigaluppi 2012 J Neurosci 32:1915-17 
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CHAPTER 



Head and neek: overvievv and 

surface anatomy 


This ehapter eontains an overview of the topographieal anatomy of the 
head and neek deseribed in detail in ehapters 27-42, and an account 
of the elinieally relevant surface anatomy. 



FACE AND SCALP 


The superficial faseia of the sealp is firm, dense, fibroadipose, and 
elosely adherent to the skin and to the underlying muscle, epicranius 
and the epieranial aponeurosis. Posteriorly, the faseia is continuous 
with the superficial faseia of the baek of the neek, and laterally it is 
prolonged into the temporal region, where it is looser in texture. Three 
faseial layers (a subcutaneous fibroadipose tissue, a superficial musculo- 
aponeurotic system (SMAS) and the parotid-masseterie faseia) are ree- 
ognized on the faee superficial to the plane of the faeial nerve and its 
branehes. On the lateral side of the head, above the zygomatie areh, the 
temporoparietal faseia lies in the same plane as, but does not blend 
with, the superficial musculo-aponeurotic system. It is superficial to the 
temporal faseia and blends superiorly with the epieranial aponeurosis. 
The parotid gland is surrounded by a fibrous capsule derived from the 
deep eervieal faseia. 

NECK 


The superficial eervieal faseia is a zone of loose eonneetive tissue 
between dermis and deep faseia, and is joined to both. It eontains a 
variable amount of adipose tissue and platysma but is hardly dem- 
onstrable as a separate layer. The deep eervieal faseia is eonventionally 
subdivided into three sheets (superficial investing, middle and deep 
layers) that surround the muscles and viseera of the neek to varying 
degrees, and the earotid sheath, a eondensation of deep faseia around 
the eommon and internal earotid arteries, internal jugular vein, vagus 
and ansa eerviealis. The faseial layers of the neek define a number of 
potential tissue 'spaees' above and below the hyoid bone (Ch. 31). In 
health, the tissues within these spaees are either elosely applied to eaeh 
other or are filled with relatively loose eonneetive tissue. However, they 
offer potential routes by which unchecked infeetion may spread within 
the head and neek, and between the tissue spaees of the faee and the 
mediastinmn. They also offer eonvenient planes for disseetion during 
surgery. 


BONES AND JOINTS 


SKULL AND MANDIBLE 


The skull is eomposed of 28 separate bones, most of them paired (Ch. 
27). It ean be divided into the cranium, eonsisting of the ealvaria (brain 
box) and basicranium, which together surround and proteet the brain; 
a delieate faeial skeleton eomposed mainly of thin-walled bones, some 
of which eontain air-filled eavities that are known eolleetively as the 
paranasal sinuses; and the mandible. The eranial eavity eontains the 
brain and the intraeranial portions of the eranial nerves; the blood 
vessels that supply and drain the brain and the haemopoietie marrow 
of the overlying bones; the meninges (dura, araehnoid and pia mater); 
and the eerebrospinal fluid in the subarachnoid spaee. The eavity is 
ineompletely divided by dural partitions, notably the falx eerebri, lying 
between the eerebral hemispheres, and the tentorimn eerebelli, lying 
between the cerebellum and oeeipital lobes. Almost all of the venous 
blood from the brain and eranial bones drains via sinuses lying between 
the endosteal and meningeal layers of the dura mater into the internal 
jugular vein. Internally, the eranial base is divided into anterior, middle 
and posterior eranial fossae, which eontain the frontal and temporal 


lobes of the eerebral hemispheres and the cerebellum, respeetively. 
Foramina in the bones of the skull base and faeial skeleton transmit 
neurovascular bundles that may be eompromised at these sites by 
pathology or trauma. 

The bony orbits eontain the eyeballs, oculogyric muscles and lae- 
rimal glands with their assoeiated neurovascular supplies (Chs 41 and 
42). The temporal bones eontain the inner, middle and external ears 
(Chs 37 and 38). The maxillae are the largest of the pneumatized bones 
of the midfaee; they eontain the maxillary air sinuses and bear the upper 
teeth. The mandible bears the lower teeth and articulates with the tem- 
poral bones at the temporomandibular joints. The skull articulates with 
the first eervieal vertebra (atlas); movements of the skull on the eervieal 
vertebrae occur at the atlanto-oeeipital joints. 

The skull provides attaehments for many muscles, including all the 
eraniofaeial muscles, the oailogyrie muscles, the muscles that aet on 
the temporomandibular joint, the superior eonstrietor of the pharynx, 
the muscles of the soft palate, all but one of the extrinsic muscles 
of the tongue, the muscles of the suboccipital region, and the eranial 
attaehments of trapezius and sternoeleidomastoid. 

CERVICAL VERTEBRAE 


There are seven eervieal vertebrae. They are the smallest of the movable 
vertebrae and are eharaeterized by a disproportionately large vertebral 
eanal. All but the seventh are also eharaeterized by a foramen in eaeh 
transverse proeess, the foramen transversarium (these foramina may be 
absent or sometimes duplicated in the seventh eervieal vertebra). The 
first (atlas), seeond (axis) and seventh (vertebra prominens) eervieal 
vertebrae are atypieal. 

HYOID BONE AND LARYNGEAL CARTILAGES 

The hyoid bone lies in the midline at the front of the neek at the level 
of the third eervieal vertebra. It is suspended from the styloid proeesses 
by the stylohyoid ligaments and gives attaehment to the suprahyoid 
and infrahyoid groups of muscles. The skeletal framework of the larynx 
is formed by a series of eartilages intereonneeted by ligaments and 
fibrous membranes, and moved by a number of muscles (Ch. 35). The 
laryngeal eartilages are the single erieoid, thyroid and epiglottie earti- 
lages, and the paired arytenoid, cuneiform, corniculate and tritiate 
eartilages. 


MUSCLES 


The striated muscles of the head and neek produce the movements 
of the faeial soft tissues that animate so many aspeets of communica- 
tion; the movements at the temporomandibular joint that occur during 
mastieation and speeeh (Ch. 32); the conjugate movements of the 
eyeballs; and the eoordinated movements that occur during aetivities 
such as swallowing, speaking and turning the head in response to 
visual and/or auditory stimuli. The 'extrinsic' imiseles that mn between 
the axial skeleton and upper limb aet on the scapula and humems 
(Ch. 48). 

The superior tarsal muscle, sphineter and dilator pupillae and the 
eiliary muscle are eomposed of smooth muscle (Chs 41 and 42). 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


ARTERIES 


The main arterial supply of the head and neek is derived from branehes 
of the earotid and subclavian arteries (Figs 26.1-26.2). Branehes of the 
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Fig. 26.1 An overvievv of the siiperfieial 
arteries of the head and neek. 
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Fig. 26.2 An overvievv of the deep 
arteries of the head and neek. 
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SECTION 4 


HEAD AND NECK: OVERVIEVV AND SURFACE ANATOMY 


internal earotid and vertebral arteries anastomose in the eirele of Willis 
within the interpeduncular eistern on the ventral aspeet of the brain 

(Ch. 19). 

Carotid system 


The eervieal portion of the eommon earotid artery is similar on both 
sides. Eaeh lies vvithin the earotid sheath of deep eervieal faseia, together 
with the internal jugular vein and vagus nerve. In the lower part of the 
neek, the arteries are separated by a narrow gap that eontains the 
traehea, and higher up they are separated by the thyroid gland, larynx 
and pharynx. At the level of the upper border of the thyroid eartilage 
(C4), the eommon earotid artery bifurcates into external and internal 
earotid arteries (see below). The external earotid artery passes upwards 
on either side of the neek, inelined at first slightly forwards and then 
backwards and a little laterally. It usually gives off the aseending 
pharyngeal, superior thyroid, lingual, faeial, oeeipital and posterior 
auricular arteries, and then enters the parotid salivary gland where it 
divides into its terminal branehes, the superficial temporal and maxil- 
lary arteries. The branehes of the external earotid artery supply the faee, 
sealp, tongue, upper and lower teeth and gingivae, palatine tonsil, para- 
nasal sinuses and nasopharyngeal tube, external and middle ears, 
pharynx, larynx and superior pole of the thyroid gland. They also anas- 
tomose with branehes of the internal earotid arteries on the sealp, 
forehead and faee, in the orbit, nasopharynx and nasal eavity, and with 
branehes of the subclavian artery in the pharynx, larynx and thyroid 
glands. 

The internal earotid artery supplies most of the ipsilateral eerebral 
hemisphere, eye and aeeessory organs, the forehead and, in part, the 
external nose, nasal eavity and paranasal sinuses. It passes up the neek 
anterior to the transverse proeesses of the upper three eervieal vertebrae 
and enters the eranial eavity via the earotid eanal in the petrous part of 
the temporal bone. The artery has no branehes in the neek and so is 
easily distinguishable from the external earotid artery, should the latter 
require ligation, e.g. to eontrol haemorrhage from a penetrating injury 
to the neek. 


Subclavian artery 


The subclavian arteries give off several branehes that supply structures 
in the head and neek. The vertebral arteries supply the upper spinal 
eord, brainstem, cerebellum and oeeipital lobe of the eerebmm. They 
pass through the foramina transversaria of the first six eervieal vertebrae, 
enter the eranial eavity through the foramen magnum and unite at the 
lower border of the pons to form the basilar artery (henee this system 
is often ealled the vertebrobasilar system). Branehes from the thyro- 
eervieal tmnk supply the inferior poles of the thyroid gland and the 
parathyroid glands, the larynx and the pharynx, and branehes from the 
eostoeervieal tmnks supply deep eervieal muscles. 

VEINS 


The veins of the neek lie superficial or deep to the deep investing faseia. 
Superficial veins ultimately drain into either the external, anterior or 
posterior external jugular veins; they drain a much smaller vohime of 
tissue than the deep veins. Deep veins tend to drain into either the 
internal jugular vein or the subclavian vein. The internal jugular vein 
drains blood from the skull, brain, superficial faee and much of the 
neek. It deseends in the neek within the earotid sheath and unites with 
the subclavian vein behind the sternal end of the elaviele to form the 
braehioeephalie vein (Figs 26.3-26.4). At its junction with the internal 
jugular vein, the left subclavian vein usually reeeives the thoraeie duct, 
and the right subclavian vein reeeives the right lymphatie duct. 

LYMPHATIC DRAINAGE 


Lymph nodes in the head and neek are arranged in two horizontal rings 
and two vertieal ehains on either side of the neek (Fig. 26.5). The outer, 
superficial, ring eonsists of the oeeipital, preauricular (parotid), sub- 
mandibular and submental nodes, and the inner, deep, ring is formed 
by clumps of mucosa-associated lymphoid tissue (MALT) loeated 
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Fig. 26.3 An overview of the superficial veins 
of the head and neek. 
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Fig. 26.4 An overvievv of the deep veins of the head 
and neek. 


primarily in the nasopharynx and oropharynx (Waldeyer's ring). The 
vertieal ehain eonsists of superior and inferior groups of nodes related 
to the earotid sheath. All lymph vessels of the head and neek drain into 
the deep eervieal nodes, either direetly from the tissues or indireetly via 
nodes in outlying groups. Lymph is returned to the systemie venous 
circulation via either the right lymphatie duct or the thoraeie duct. 



CRANIAL NERVES 


There are 12 pairs of eranial nerves. They are individually named and 
nmnbered (using Roman numerals) in a rostrocaudal sequence (see 
Table 16.1). Some are hmetionally mixed, others are either purely 
motor or purely sensory and some also earry pre- or postganglionie 
parasympathetie fibres that are seeretomotor to the salivary and laerimal 
glands or motor to the smooth muscle vvithin the eyeball and orbit. 
Branehes of the oculomotor, troehlear, trigeminal, abducens, faeial, 
glossopharyngeal, vagus, aeeessory and hypoglossal nerves supply 
muscle groups vvithin the eyeball, faee, neek, pharynx, larynx and 
tongue. Branehes of the trigeminal, glossopharyngeal and vagus nerves 
transmit general sensory information from the skin of the faee and part 
of the sealp; the epithelium lining the oral and nasal eavities, the para- 
nasal sinuses, middle ear, pharynx and larynx, and the dorsal surface of 
the tongue and the eornea; the intraeranial meninges; and the perios- 
teum and bones of the skull. Branehes of the trigeminal nerve innervate 
the temporomandibular joint. The olfaetory, optie, trigeminal, faeial, 
vestibulocochlear and vagus nerves eontain axons that transmit the 
speeial sensations of olfaetion, vision, hearing, balanee and taste. The 
olfaetory nerve is the only sensory eranial nerve that projeets direetly to 
the eerebral cortex rather than indireetly via the thalamus (Ch. 25). The 
optie nerve terminates in the thalamus (Ch. 23). The other ten pairs of 
eranial nerves are attaehed to the brainstem or, in the ease of the aeees- 
sory nerve, to the upper eervieal spinal eord; their eomponent fibres 
arise from or terminate in named eranial nerve nuclei. The eranial 
nerves pass through named foramina in the skull, often vvith named 
vessels. 

With one exception, all of the eranial nerves are eonfined to the head 
and neek. The exception is the vagus, vvhieh travels through the neek 


and thorax, and enters the abdominal eavity by passing through the 
diaphragm vvith the oesophagus. 

Reflexes 


A number of reflexes involving structures in the head and neek are 
mediated by sensory and motor branehes of eertain of the eranial 
nerves, eoordinated via appropriate mielei in the brainstem. They 
include svvallovving, gagging, retehing and vomiting, sneezing and 
coughing; laerimation; javv jerk; visual reflexes (pupillary light reflex 
and aeeommodation); and the eorneal 'blink' reflex and the stapedial 
reflex. Reflexes that involve energetie exhalation, e.g. sneezing and 
coughing, also involve the reemitment of eervieal and thoraeie spinal 
neurones to mediate the eoordinated eontraetion of intereostal and 
abdominal vvall muscles that this aetivity requires. 

SPINAL NERVES 


There are eight pairs of eervieal spinal nerves (Fig. 26.6). Cutaneous 
branehes of the dorsal rami of the seeond, third, fourth and fifth eervieal 
nerves innervate the sealp and the skin over the baek of the neek, and 
motor branehes of all of the eervieal dorsal rami supply eervieal post- 
vertebral imiseles. All of the eervieal ventral rami supply anterior and 
lateral groups of prevertebral muscles. The upper four eervieal ventral 
rami form the eervieal plexus, vvhose branehes eolleetively innervate the 
infrahyoid strap muscles and the diaphragm, and the skin eovering the 
lateral and anterior parts of the neek, and the angle of the mandible. 
The lovver four eervieal ventral rami, together vvith most of the first 
thoraeie ventral ramus, form the braehial plexus. 

PARASYMPATHETIC NERVES 


In the head and neek, the parasympathetie system innervates the sal- 
ivary and laerimal glands, the mucous glands of the oral and nasal 
eavities and paranasal sinuses, and the sphineter pupillae and eiliary 
muscles in the eyeball. Many thousands of preganglionie parasympa- 
thetie axons travel in the vagus from eell bodies in the dorsal motor 
nucleus of the vagus in the medulla. Although they travel through the 
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Fig. 26.5 An overvievv of the lymph nodes of the head and neek. 


neek in the right and left vagi, they are destined for pulmonary, eardiae, 
oesophageal, gastrie and intestinal targets; they synapse in minute 
ganglia in the vvalls of the viseera and do not innervate structures in the 
head and neek. 

There are four pairs of parasympathetie ganglia in the head, named 
eiliary, pterygopalatine, otie and submandibular (Fig. 26.7). 

eiliary ganglion 


Preganglionie axons originate in the Edinger-Westphal preganglionie 
nucleus of the midbrain (Ch. 21). They travel via a braneh of the ocu- 
lomotor nerve (nerve to the inferior oblique) to the eiliary ganglion, 
where they synapse. Postganglionie fibres travel in the short eiliary 
nerves, which pieree the seleral eoat of the eyeball and mn forwards in 
the periehoroidal spaee to enter the eiliary muscle and sphineter pupil- 
lae. Their aetivation mediates aeeommodation of the eye to near objeets 
and pupillary eonstrietion. 

Submandibular ganglion 


Preganglionie axons originate in the superior salivatory nucleus. They 
emerge from the brainstem in the nervus intermedius and leave the 
main faeial nerve tmnk in the middle ear to join the ehorda tympani, 
which subsequently joins the lingual nerve. In this way they reaeh the 
submandibular ganglion, where they synapse. Postganglionie fibres 
innervate the submandibular, sublingual and lingual salivary glands; 
some axons presumably re-enter the lingual nerve to aeeess the lingual 
glands, while others pass direetly along blood vessels to enter the sub- 
mandibular and sublingual glands. 


Some preganglionie fibres may synapse around eells in the hilum of 
the submandibular gland. Stimulation of the ehorda tympani dilates 
the arterioles in both glands, as well as having a direet seeretomotor 
effeet. 

Pterygopalatine ganglion 


Preganglionie axons travel in the greater petrosal braneh of the faeial 
nerve and the nerve of the pterygoid eanaf and relay in the pterygo- 
palatine ganglion. Postganglionie seeretomotor axons innervate seere- 
tory aeini and blood vessels in the palatine, pharyngeal and nasal 
mucosa via the palatine and nasal nerves, but whether they also inner- 
vate the laerimal gland via the zygomatie and zygomatieotemporal 
branehes of the maxillary nerve, as was onee thought, is less eertain. It 
is likely that postganglionie orbital branehes, earrying a mixture of 
postganglionie parasympathetie and somatie sensory axons, pass 
through the inferior orbital fissure and innervate the laerimal gland 
and ophthalmie artery direetly. Some axons pass into the eranial eavity 
via the ethmoidal vessels to innervate the ehoroid; the pterygopalatine 
ganglion is believed to be the main source of parasympathetie input to 
the ehoroid. 

Otie ganglion 


Preganglionie axons originate in the inferior salivatory nucleus 
and travel in the glossopharyngeal nerve and its tympanie braneh. 
They traverse the tympanie plexus and lesser petrosal nerve, and pass 
through the foramen ovale to reaeh the otie ganglion, where they 
synapse. Postganglionie fibres pass by communicating branehes to the 
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Fig. 26.6 An overvievv of the nerves forming the eervieal and braehial 
plexuses. (With permission from Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 
2013.) 


auriculotemporal nerve, which eonveys them to the parotid gland. 
Stimulation of the lesser petrosal nerve produces vasodilator and se- 
eretomotor effeets. 


SYMPATHETIC NERVES 


In the neek, the sympathetie tmnk lies behind and medial to the earotid 
sheath and anterior to the transverse proeesses of the eervieal vertebrae 
and the prevertebral muscles. There are usually three eervieal ganglia on 
eaeh side - superior, middle and inferior (eervieothoraeie); they may 
be eonneeted by a solid tmnk or by two or three fibrous strands. The 
ganglia reeeive preganglionie fibres from neurones whose eell bodies 
lie in the intermediolateral column of the upper thoraeie spinal eord; 
there is no preganglionie output from the eervieal spinal eord. Postgan- 
glionie fibres reaeh their target tissues in the head and neek via the eervi- 
eal spinal nerves and perivasailar nerve plexuses distributed along the 
earotid and vertebral arteries (see Fig. 26.7). 


SURFACE ANATOMY 

SURFACE ANATOMY 0F THE HEAD 
Skeletal landmarks 


The palpable bony landmarks of the head ean be examined from the 
baek, sides and front (Figs 26.8-26.9). The perieranioeervieal line, 
which demareates the head from the neek, mns from the midpoint of 
the ehin anteriorly to the external oeeipital protuberance posteriorly. 

Oalvaria 

Most of the superficial aspeet of the ealvaria is eovered by skin, subcu- 
taneous tissue and thin muscles; many bony prominenees and surfaces 
are therefore palpable through the hair and are visible in bald people. 


Suture lines ean be palpated as irregular ridges. The anterior fontanelle, 
at the junction of the eoronal and sagittal sutures, may be palpated 
up to 18 months after birth. The mastoid proeess is palpable medial to 
the lobule of the pinna. Deep palpation immediately anteroinferior to 
the mastoid apex reveals the relatively indistinet resistanee offered by 
the styloid proeess and assoeiated soft tissues, and posteroinferior pal- 
pation reveals the firm mass of the transverse proeess of atlas (Cl). The 
external oeeipital protuberance (inion) is a palpable bony protuberance 
loeated on the posterior midline of the oeeipital bone. The confluence 
of the dural venous sinuses sits mainly to the upper right side of the 
inion (Sheng et al 2012). The superior nuchal lines are palpable passing 
laterally from the inion. The asterion ean be palpated as a slight depres- 
sion 1-2 em behind the pinna at a level approximately at the junction 
of the upper third and lower two-thirds of the pinna. It marks the junc- 
tion of the oeeipitomastoid, parietomastoid and oeeipitoparietal 
sutures, and is eommonly employed to define the loeation of transverse- 
sigmoid sinus junction (Day and Tsehabitseher 1998), although it does 
not always do so (Sheng et al 2012). 

Mandible 

The mental tubercles are palpable on the anterior ehin, and the man- 
dibular body, alveolar proeesses and teeth are palpable through the 
eheek. The lower border of the mandible ean be traeed to the angle at 
vertebral level C2. The mental foramen, which transmits the mental 
nerve and vessels, gradually migrates posteriorly after birth and through 
ehildhood (Balcioglu et al 2011). In adults, it lies an average of 2.5 em 
from the midline faee ( Idhaya et al 2013), between the root apiees of 
mandibular teeth 4 and 5 (range: teeth 3-6) (Fishel et al 1976, von Arx 
et al 2013, lldhaya et al 2013). Most foramina usually sit either level 
with or inferior to the tooth root apex ( fishel et al 1976), and aeeessory 
mental foramina, if present, are mainly situated posterior or inferior to 
the main foramen (Katakami et al 2008). The mandibular foramen sits 
on the medial surface of the ramus an average of 1.9 em posterior to 
the third molar (Nieholson 1985); a 21 mm needle is therefore suffi- 
eient to reaeh the foramen for dental anaesthesia (Menke and Gowgiel 
1979). The foramina almost always (Mbajiorgu and Ekanem 2000, 
Nieholson 1985) sit level with or below the occlusal plane, the remain- 
der sitting above. 

The mandibular ramus is largely eovered by masseter and the parotid 
gland. Its posterior border is palpable through the parotid up to the 
neek of the mandibular eondylar proeess, which lies anterior to the 
lower tragus/intertragal noteh of the pinna. Movement of the eondylar 
head at the temporomandibular joint is palpable anterior to the tragus 
during mouth opening/elosing. The eoronoid proeess is palpable an- 
terior to the eondylar proeess through the buccal mucosa. 



The lateral aspeet of the faee, from above downwards, eonsists of the 
temporal region, eheek and lower jaw (Ch. 30). The temporal region 
lies in front of the external ear and above the zygomatie areh. It is 
demareated superiorly and posteriorly by the palpable superior tem- 
poral line, anteriorly by the frontal proeess of the zygoma, and inferi- 
orly by the zygomatie areh. The palpable zygomatie areh is formed by 
the zygomatie proeess of the temporal bone posteriorly and the tem- 
poral proeess of the zygomatie bone anteriorly, both of which artiailate 
via the palpable zygomatieotemporal suture. The variable prominenee 
of the 'eheekbone' (zygoma) is largely attributable to the shape of the 
body of the underlying zygomatie bone. The sharp posterior margin of 
the frontal proeess of the zygomatie bone ean be palpated superiorly 
to its artioilation with the zygomatie proeess of the frontal bone at the 
palpable zygomatieofrontal suture. From here, the superior temporal 
line ean be palpated passing posteriorly in the line of a gentle curve. 
The lower temporal line terminates by curving downwards and forwards 
to end just above the root of the mastoid proeess as the supramastoid 
erest on the squamous part of the temporal bone. The suprameatal 
triangle overlies the lateral wall of the mastoid (tympanie) antmm and 
is demareated superiorly by the palpable supramastoid erest (a palpable 
ridge of bone posterior to the upper pinna), anteroinferiorly by the 
posterosuperior margin of the external acoustic meatus, and posteriorly 
by a vertieal line through the posterior border of the external acoustic 
meatus. The lateral/Sylvian fissure of the brain aligns with the anterior 
part of squamosal suture in a zone 2.5-4.0 em anterior to the external 
acoustic meatus (Rahmah et al 2011). The pterion represents the junc- 
tion of the frontal, sphenoid, parietal and temporal sutures within the 
temporal fossa. It is situated within a 1 em diameter eirele eentred 
approximately 2.6 em posterior and 1.3 em superior to the postero- 
lateral margin of the zygomatieofrontal suture (Ma et al 2012). Alter- 
natively, the pterion is loeated approximately 4 em above the midpoint 
of the zygomatie areh (llkoha et al 2013). It usually marks the position 
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of the anterior (frontal) braneh of the middle meningeal artery, with 
the remainder of arteries sitting immediately posterior (Ma et al 2012) 
(Ch. 28). Knowledge of middle meningeal artery surface anatomy is 
important for accurate positioning of burr-holes to evacuate extradural 
haematomas. The posterior (parietal) arterial braneh mns backwards 
and parallel with the upper border of the zygomatie areh and is usually 
exposed vertieally above the mastoid proeess on a level horizontal with 
the upper margin of the orbit. The asterion is a eraniometrie point at 
the site of the posterolateraf or mastoid, fontanelle. It is found at the 
junction of the lambdoid, oeeipitomastoid and parietomastoid sutures. 
It has been used as a landmark in lateral approaehes to the posterior 
fossa as it defines the superior limit of bone removal for the eraniee- 
tomy. However, the asterion almost always sits over the junction 
between the transverse and sigmoid sinuses, or sometimes inferior to 
the sinus junction (Sheng et al 2012). 

The forehead extends from the hair margin of the sealp to the eye- 
brows. The rounded frontal tuberosity may be felt approximately 3 em 
above the midpoint of eaeh supraorbital margin. The superciliary areh 
is usually palpable above the orbit and is better marked in the male 
than the female. The glabella, a small horizontal ridge, is easily palpable 
between the superciliary arehes. Below the glabella, the nasal bones 
meet the frontal bone in a small depression, the nasion, at the root of 
the nose. With a little finger inserted into the nostril, the bony margins 
of the anterior nasal aperture ean be felt; they are formed by the inferior 
border of the nasal bone, the sharp margins of the nasal noteh, and the 
eoapted nasal spines of the maxillae (Ch. 33). 

The orbital opening is relatively quadrangular and its margins pal- 
pable (Ch. 41). The supraorbital margin is formed entirely by the 
frontal bone. The supraorbital foramen/noteh ean be palpated along 
the superomedial orbital margin and sits an average of 2.7 em (range 
1.8-4.3 em) from the midline faee (Chrcanovic et al 2011). Foramen 
position ean vary with gender, raee, side and elimatie origin (Chrcanovic 
et al 2011, Tomaszewska et al 2012). This noteh/foramen transmits the 
supraorbital nerve and vessels, and pressure exerted here with the fin- 
gernail ean be painfiil. An additional noteh may be found more towards 
the bridge of the nose; it transmits the supratrochlear neurovascular 
bundle. 

The lateral margin of the orbit eonsists of the frontal proeess of the 
zygomatie bone and the zygomatie proeess of the frontal bone. The 


frontozygomatie suture between them may be palpated as a depression. 
Approximately 1 em below this suture, a tubercle (Whitnall's) may be 
palpated within the orbital opening; it gives attaehment to the lateral 
palpebral and eheek ligaments. The inferior border of the orbit is 
formed by the zygomatie bone laterally and the maxilla medially. It 
blends into the medial margin, which is less obvious, and is formed 
above by the frontal bone and below by the laerimal erest of the frontal 
proeess of the maxilla. A shallow fossa behind the lower part of the 
medial wall houses the laerimal sae. The anterior laerimal erest is a 
guide to the loeation of the anterior ethmoidal artery, which may oeea- 
sionally require ligation to eontrol severe epistaxis, and which lies 
approximately 2.4 em posterior to the erest. The optie eanal lies approx- 
imately 4.5 em posterior to the infraorbital margin (approximately 
4.2 em from the anterior laerimal erest); these distanees are important 
in orbital floor exploration in order to avoid optie nerve injury. The 
inferior orbital fissure lies approximately 2 em posterolateral to the 
infraorbital margin; it does not eontain any important structures and 
therefore surgery ean be performed safely in this region. The infraorbital 
foramen, which transmits the infraorbital nerve and vessels, lies below 
the middle of the infraorbital margin. It eommonly aligns with a verti- 
eal axis passing through maxillary tooth 5 (Rasehke et al 2013) and sits 
an average of 2.5 em (range 1.8-3.3 em) from the midline faee and 
6.4 mm (range 3.2-12.1 mm) below the inferior orbital margin, with 
differenees noted between genders and side (Chrcanovic et al 2011, 
Rasehke et al 2013). In neonates, the infraorbital nerve is loeated 
approximately half-way along a line drawn from the angle of the mouth 
to the midpoint of the palpebral fissure (Bosenberg and Kimble 1995). 

The anterior surface of the maxilla is extensive and may be palpated 
between the infraorbital margin and the alveolar proeesses that bear the 
upper teeth. The eanine eminenee overlies the roots of the eanine tooth 
and separates the ineisive fossa anteriorly from the deeper eanine fossa 
posteriorly. The bone of the eanine fossa is thin and may be removed 
easily to aeeess the maxillary sinus via an intraoral approaeh as part 
of a Caldwell-Luc procedure. The palatine proeess of the maxilla 
and palatine bone form the palpable roof of the mouth. The ineisive/ 
nasopalatine foramen sits in the midline palate, immediately posterior 
to the ineisive papilla approximately 7.4 mm from the labial surface of 
the alveolar ridge (Mraiwa et al 2004) and transmits the sphenopalatine 
artery and nasopalatine nerve. The greater palatine foramen, which 
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Fig. 26.8 The lateral aspeet of the head and neek. A, Pterion, meningeal arteries, earotid bifurcation, mental and mandibular foramen. Key: 1, anterior 
braneh of the middle meningeal artery: sits deep to the pterion in over half of subjects; 2, zone of loeation of the pterion: in a 1 em diameter eirele 
eentred 2.5 em posterior and 1.5 em superior (blaek arrows) to the frontozygomatie suture; 3, lateral (Sylvian) fissure: aligns anteriorly with the anterior 
part of the squamosal suture in a zone approximately 3 em anterior to the external acoustic meatus; 4, mastoid line; 5, posterior braneh of the middle 
meningeal artery: runs parallel to the zygomatie areh and sits level with the supraorbital margin on the mastoid line; 6, asterion: sits almost always over 
or sometimes just below (blaek arrow) the transverse-sigmoid sinus junction; 7, suprameatal triangle; 8, occlusal plane; 9, zone of loeation (white) of the 
mandibular foramen: in the majority of eases, the foramen sits level with or below the occlusal plane (8), an average of 2 em posterior to tooth 8; 10, 
zone of loeation (white) of the mental foramen: the foramen eommonly sits between the roots of teeth 4 and 5 (range 3-6), usually level with or inferior to 
the tooth root apex; X (green), transverse proeess of C1 (atlas); X (blue), transverse proeess of C2 (axis); 11, zone of loeation (white) of the bifurcation of 
the eommon earotid artery: usually above the level of the thyroid lamina; X (red), most eommon level of eommon earotid bifurcation (C3). B, Parotid 
gland and duct, CN VII & XI, cutaneous branehes of eervieal plexus and internal jugular vein. Key: 1, porion line; 2, zygomatie sutural line; 3, zone of 
loeation of the (fronto)temporal nerve; 4, parotid gland; 5, zone of loeation (white) of the parotid duct (green line): sits within 1.5 em of the middle half of 
a line passing from the lower tragus to the ehelion; 6, lower tragus-chelion line; 7, marginal mandibular nerve; 8, zone of emergenee of the cutaneous 
branehes of the eervieal plexus (white), posterior to the middle third of sternoeleidomastoid; 9, zone of loeation of the aeeessory nerve, from 3-10 em 
below the tip of the mastoid proeess to 1-10 em above the insertion of trapezius into the elaviele; 10, hyoid bone; 11, thyroid eartilage (laryngeal 
prominenee); 12, erieothyroid ligament/membrane; 13, erieoid eartilage; 14, external jugular vein; X (blue), angle of the mandible; X (red), faeial artery and 
anterior border of masseter erossing the lower border of the mandible; X (orange), superficial temporal artery. (Adapted from Drake RL, Vogl AW, Mitehell 
A, et al (eds), Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 


transmits the greater palatine artery and nerve, is eommonly loeated in 
the region medial to maxillary tooth 8 (range: from level with tooth 7 
to distal to tooth 8 (Sujatha et al 2005, Jaffar and Hamadah 2003) 

approximately 16 mm from the midline (Wang et al 1988). 

Soft tìssues and viseera 


The muscular, fatty and cutaneous features that so elearly differentiate 
individuals are readily apparent on inspeetion. The external features of 
the eyelids and eyebrows are deseribed on page 680 and page 475, 
respeetively. The tympanie membrane may be examined under direet 
vision using an auroscope and is deseribed on page 633. The retinal 
vascular supply may be examined direetly by ophthalmoseopy. 

Temporalis is palpable if the flat of the hand is plaeed over the tem- 
poral region and the jaw is elenehed and relaxed. The anterior border 
of masseter is palpable and prominent when the jaw is elenehed. The 
masseter is thieker in boys than in girls in both the relaxed and eon- 
traeted state (Charalampidou et al 2008). With the mouth open, it is 
possible to examine the teeth, gingiva, tongue and the palatine tonsils 
lying between the faucial (palatine) arehes formed by palatoglossus 
(anterolaterally) and palatopharyngeus (posteromedially). Peritonsillar 
abseess (quinsy) ean cause ipsilateral tonsillar enlargement with eon- 
tralateral displaeement of the uvula, and parapharyngeal tumours also 
displaee the ipsilateral tonsil and palate medially. The openings of the 
submandibular gland ducts ean be seen on either side of the lingual 


frenulum at its point of interseetion with the sublingual mucosal folds. 

The lingual nerve often passes elose to the lingual side of the root of 
mandibular tooth 8 (Behnia et al 2000), and ean sit posteriorly on the 
retromolar ridge (Pogrel and Goldman 2004). 

Parotìd gland 

The parotid gland is soft and indistinet to palpation. The superior 
border sits inferior to the zygomatie areh and passes from the mandibu- 
lar eondyle towards masseter. The anterior border passes inferiorly 
along the posterior border of masseter, often overlying its lateral surface, 
then over the mandibular angle to meet the anterior border of sterno- 
eleidomastoid, approximately 2 em posteroinferior to the angle. The 
posterior border eorresponds to a curve traeed from the mandibular 
eondyle to the mastoid proeess. The deep part of the gland lies within 
the prestyloid part of the parapharyngeal spaee. Tumours arising in this 
region present with medial displaeement of the soft palate and tonsil. 

The parotid duct arises from the anterior margin of the gland and ean 
be palpated on the anterior border of a elenehed masseter. It passes 
along, or within 1.5 em of, the middle half of a line drawn from the 
lower border of the tragus to the ehelion (a bilateral landmark loeated 
at the outermost eorner of the mouth where the upper and lower lips 
meet) (Stringer et al 2012) (see Fig 26.8B). The duct mns over masseter 
to its anterior border, and then bends sharply and pierees the underly- 
ing buccinator and buccal mucosa opposite maxillary tooth 7, where 
the duct orifiee is visible and palpable. Duct cannulation is required for 411 
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Fig. 26.9 The anterior aspeet of the faee. Key: 1, zone of supraorbital 
foramen and neurovascular bundle (white) approximately 3 em from the 
midline of the faee; 2, zone of loeation of the infraorbital foramen and 
neurovascular bundle (white), approximately 2.5 em from the midline of 
the faee: aligns with a vertieal axis passing through maxillary tooth 5; 3, 
vertieal axis through maxillary tooth 5; 4, zone of loeation of the mental 
foramen and neurovascular bundle (white), approximately 2.5 em (range, 
apiees of teeth 3-6) from the midline of the faee. (Adapted from Drake 
RL, Vogl AW, Mitehell A, et al (eds), Gray’s Atlas of Anatomy, Elsevier, 
Churchill Livingstone. Copyright 2008.) 


sialography, ductal dilation and basket retrieval of ductal stones 
(sialoliths). 

Pulses 

The faeial artery ean be palpated as it erosses the lower mandibular 
border immediately anterior to masseter and on the faee approximately 
1 em lateral to the angle of the mouth. The superficial temporal artery 
is palpable immediately anterior to the tragus of the pinna. The artery 
divides into frontal and parietal branehes approximately 2.5 em above 
the zygomatie areh. 

Faeial nerve 

The faeial nerve may be injured in its extratemporal course as a result 
of faeial trauma and laeeration, or iatrogenieally during surgery involv- 
ing the parotid or submandibular glands or the temporomandibular 
joint, or during faeelift procedures. Knowledge of the topographieal and 
surgical landmarks is therefore essential if the nerve is to be preserved 
during surgery. 

The nerve exits the skull at the stylomastoid foramen and so is ini- 
tially deep to the posterior margin of the external acoustic meatus; the 
nerve tmnk lies approximately 1 em inferomedial to the tip of the tragal 
pointer, and mns anterior to the mastoid apex and C1 transverse 
proeess, within 9 mm and 14 mm, respeetively (Greyling et al 2007). 
It usually divides within the parotid gland into five main branehes that 
radiate aeross the faee (Fig. 26.10; see Fig. 30.24). Cadaveric and intra- 
operative mierodisseetion studies have revealed that the course of its 
branehes is highly variable and therefore surface eoordinates only 
approximate their trajeetory. The temporal/frontotemporal branehes 
emerge from the superior surface of the parotid, eross the zygomatie 
areh and travel towards the pterion and the superolateral brow. The 
majority pass in the zone between two lines: line 1 (porion line) joins 
two points eaeh situated 12 mm from the porion on both the supra- 
orbitomeatal line and the infraorbitomeatal line; and line 2 (zygomatie 
sutural line) is a line joining the zygomatieotemporal and frontozygo- 
matie sutures (Davies et al 2012). These branehes may be injured in 
faeial rhytideetomy, eoronal or endoseopie brow lifting, and temporal 
eraniotomy. The buccal branehes mn both above and below the parotid 
duct. The marginal mandibular nerve emerges from the anteroinferior 
parotid and passes anteriorly. When posterior to the faeial artery, the 
nerve almost always lies inferior to the lower border of the mandible 
by an average of 1.2 em (range 0.9-1.75 em) (Batra et al 2010). The 
branehes that enter the neek re-enter the faee by erossing the lower 
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Fig. 26.10 The distribiition of the cutaneous branehes of the trigeminal nerve and of the eervieal plexus, and the motor branehes of the faeial nerve in 
the faee and neek. 
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Surface anatomy 


border of the mandible at the anterior border of masseter and pass 
superficial to the faeial artery and vein. Regional ineisions are therefore 
made at least 1.5 em below the lower mandibular border to avoid nerve 
injury, which results in an upturned ipsilateral mouth via paralysis of 
depressor anguli oris and depressor labii inferioris (Chowdhry et al 
2010 ). 

Dermatomes 

Our knowledge of individual dermatome position is based on elinieal 
evidenee. The dermatomes of the faee arise mainly from cutaneous 
branehes of the three major divisions of the trigeminal nerve (see Fig. 
26.10). The skin eovering the front and sides of the neek, and over the 
angle of the mandible, and over the lateral sealp and posterior aspeet 
of the pinna is supplied by branehes of the eervieal plexus (C2-C4), 
and the skin over the baek of the head is supplied by the greater oeeipi- 
tal nerve (C2, posterior primary ramus) (see Figs 26.10, 30.22, 43.3 and 
43.76). 

SURFACE ANAT0MY 0F THE NECK 
Skeletal and eartilaginoiis landmarks 

The neek extends from the perieranioeervieal line superiorly to the level 
of the elaviele, scapula and thoraeie inlet (first rib and superior manu- 
brium) inferiorly, where it is continuous with the thoraeie eavity and 
upper limb. The spines of the seeond and seventh eervieal vertebrae are 
the most prominent and may be palpated in the midline of the pos- 
terior neek (the former via deep palpation). The remaining eervieal 
spines are indistinet because they are eovered by the ligamentum 
nuchae, on either side of which lie the masses of the postvertebral 
musculature. The transverse proeess of the first eervieal vertebra is pal- 
pable in the hollow region posteroinferior to the mastoid apex, and 
deep palpation inferior to this reveals the transverse proeess of the 
seeond eervieal vertebra. 

The hyoid bone body ean be felt in the midline neek a few eenti- 
metres below and behind the ehin, at the junction of the skin of the 
anterior neek and the floor of the mouth. The greater horns may be 
palpated between a finger and thumb, and moved from side to side. In 
the adult, the body of the hyoid bone sits level with the fourth eervieal 
vertebra (range C3-C5/6) (Mirjalili et al 2012b); it is higher in ehildren. 
The laryngeal prominenee (Adam's apple) of the thyroid eartilage is 
palpable in the midline neek, and the thyroid laminae ean be felt 
passing posterolaterally. In the male, the prominenee is usually visible, 
whereas in the female it is not usually apparent. The curved upper 
border of the thyroid eartilage, the midline thyroid noteh and the su- 
periorly loeated depression of the thyrohyoid membrane/ligament are 
easily palpable. The upper border of the thyroid eartilage usually lies 
between the fourth and fifth eervieal vertebrae (Mirjalili et al 2012b). 
The firm, smooth anterior areh of the erieoid eartilage is palpable below 
the inferior border of the thyroid eartilage. The inferior border of the 
erieoid eommonly sits at the level of the seventh eervieal vertebra (range 
C5-T1); the posterior erieoid overlaps the sixth eervieal vertebra (Mir- 
jalili et al 201 2b). The indentation between the thyroid and erieoid 
eartilages is eovered by the anterior/median erieothyroid ligament, a 
useful site for emergeney aeeess to the airway in eases of obstmetion at 
or above the voeal eords (erieothyroid puncture or erieothyroidotomy). 
In the neonate, the dimensions of the erieothyroid membrane are too 
small to allow safe passage of an airway (Navsa et al 2005). Confirm- 
ation of the surface anatomy of the hyoid bone, thyroid and erieoid 
eartilages, and suprasternal noteh is essential prior to performing a 
traeheostomy (Ellis et al 2004). 

The elaviele is a sigmoid-shaped bone that is easily visible in thin 
people and is palpable in all except the morbidly obese. Its medial 
two-thirds are rounded and convex anteriorly and the lateral third is 
flat and eoneave anteriorly. The suprasternal (jugular) noteh lies between 
the expanded medial ends of the elavieles; the superior edge of the 
sternal manubrium forms its inferior border. For much of its length, 
the elaviele may be almost eneireled by two fingers, but medially its 
ligamentous attaehments make definition more diffiailt. The posterior 
end of the first rib may be felt indistinetly within the floor of the pos- 
terior triangle of the neek. 

Soft tissues and viseera 


Triangles and root of the neek 

The neek is divided into anterior and posterior triangles by sternoeleido- 
mastoid (Fig. 26.11). In eadaverie speeimens, the anterior triangle may 



Fig. 26.11 The anterior and posterior triangles of the neek. Key: 

1, thyroid noteh with thyrohyoid ligament (indented region) above; 

2, laryngeal prominenee; 3, median erieothyroid ligament; 4, erieoid 
eartilage; 5, isthmus of thyroid gland; 6, greater supraclavicular fossa (of 
posterior triangle); 7, sternal head of sternoeleidomastoid; 8, eommon 
earotid artery; 9, lesser supraclavicular fossa overlying the internal jugular 
vein; 10, clavicular head of sternoeleidomastoid; 11, course of braehial 
plexus (upper trunk); 12, subclavian artery; 13, trapezius. (Adapted from 
Drake RL, Vogl AW, Mitehell A, et al (eds), Gray’s Atlas of Anatomy, 
Elsevier, Churchill Livingstone. Copyright 2008.) 


be fiirther subdivided into submental, muscular, earotid and digastrie 
triangles, and the posterior triangle may be divided into oeeipital and 
supraclavicular triangles. Above the hyoid bone, the musculature mns 
in a predominantly horizontal or oblique direetion, and below the 
hyoid it mns in a vertieal direetion. The muscles forming the boundaries 
of the subtriangles of the neek are not readily palpable or visible, 
although they may be landmarked aeeording to their attaehment points, 
e.g. the two bellies of digastrie lie along a line from the anterior midline 
ehin to the lateral aspeet of the hyoid body and then towards the medial 
part of the mastoid proeess. 

The root of the neek is the transitional zone between the neek, 
thorax and both upper limbs. Communication with the thorax via the 
thoraeie inlet is marked anteriorly by the superior manubrium. The 
traehea is palpable in the midline superior to the sternal noteh, a 
region that may also eontain the left braehioeephalie vein. The apiees 
of the lungs lie posterior to the medial third of the elaviele (Mirjalili 
et al 201 2a). 

Anterior triangle 

The base of the anterior triangle is formed by the inferior border of the 
mandible and a line from its angle to the mastoid proeess. The sides 
are formed by the midline anteriorly and by the anterior border of 
sternoeleidomastoid laterally. The triangle is best palpated bimanually 
with the examiner standing behind the subject and using both hands 
to examine the structures within. inspeetion reveals the rounded tendin- 
ous sternal head of sternoeleidomastoid, which arises from the supero- 
lateral angle of the manubrium, and the broader, more vertieal clavicular 
head, which arises from the upper surface of the medial third of the 
elaviele. The indentation of the lesser supraclavicular fossa sits between 
the two heads, anterior to the internal jugular vein before it joins the 
subclavian vein posterior to the sternoclavicular joint; the fossa there- 
fore represents an aeeess point for eentral venous eanmilation. 

The traehea and its cartilaginous 'rings' may be palpated in the 
midline inferior to the erieoid eartilage and above the sternal noteh. It 
may be deviated laterally by thyroid masses/growth, ateleetasis or 
tension pneumothorax. The thyroid gland eonsists of two soft, palpa- 
ble lobes lying on either side of the lower half of the laminae of the 
thyroid eartilage and upper part of the traehea, their lower borders 
extending towards the sternal end of the elaviele on eaeh side. Swal- 
lowing may assist palpation of the gland. The lobes are joined by the 
isthmus (approximately 2 em wide), which sits anterior to the seeond 
and third traeheal eartilages; these eartilages may therefore be 
impalpable. 

Apart from a few retroviseeral nodes and some nodes deep to sterno- 
eleidomastoid, all head and neek lymph nodes groups are elinieally 
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palpable when enlarged. Lymph nodes above the hyoid bone tend to 
be disposed in a horizontal plane either on or below the perieranio- 
eervieal line, and in front of and behind the pinna, whereas the deep 
eervieal nodes mn vertieally and are related to the internal jugular vein. 
The jugulodigastric node group are palpable in the indented region 
posterior to the mandibular angle and anterior to sternoeleidomastoid. 
Palpation medial and deep to the inferior border of the mandible ean 
reveal nodes within the submental and submandibular triangles. Super- 
fieial eervieal nodes lie adjaeent to the external and anterior jugular 
veins and are landmarked with them. 

The submandibular gland is palpable within the submandibular 
triangle. It extends approximately 2 em beneath the lower border of the 
posterior part of the body of the mandible and may reaeh the greater 
horn of the hyoid bone. Its posterior border is level with the angle of 
the mandible and its anterior border extends approximately 4 em 
anteriorly. 

Posterior triangle 

The posterior triangle is bounded by the posterior border of sterno- 
eleidomastoid, the middle third of the superior surface of the elaviele 
(the base), and the anterior margin of trapezius. Its apex is the point 
where sternoeleidomastoid and trapezius approximate at the superior 
nuchal line. The lower portion of the posterior triangle forms the greater 
supraclavicular fossa, an important elinieal area that lies just above and 
behind the elaviele at the eonfhienee of the thoraeie inlet and the aditus 
to the axilla and arm. It is best inspeeted from in front but palpated 
from behind. Scalenus anterior and medius are palpable as firm masses 
in the floor of the triangle, posterior to the lower part of sternoeleido- 
mastoid. The near-vertieal intersealene groove is palpable between 
them; at or near the level of the sixth eervieal vertebra, it serves as a 
landmark for the upper tmnk of the braehial plexus. 

When the greater supraclavicular fossa is inspeeted, the pulsation of 
the great veins may be seen if the eentral venous pressure is raised. The 
fossa is also a eommon site in which to feel pathologieally enlarged 
supraclavicular lymph nodes. In particular, eaneers of the lung ean 
spread to left- and right-sided nodes, and eaneers of the upper gastro- 
intestinal traet ean spread to left-sided nodes. The subclavian artery may 
be felt pulsating as it erosses the first rib, posterior to the medial end 
of the elaviele, and the upper and middle tmnks of the braehial plexus 
may be felt above and behind it. The posterior end of the first rib may 
be felt as a fhllness in the posterior aspeet of the fossa. A point approxi- 
mately 2.5 em above the middle of the medial third of the elaviele 
marks the level of the neek of the first rib and is thus the surface marking 
for the apex of the dome of the eervieal pleura and lung eovered by the 
suprapleural membrane (Sibson's faseia). Any penetrating injury (iatro- 
genie or otherwise) in this region will mn the risk of ereating a 
pneumothorax. 

Course of vessels 


Oarotid arteries 

In the neek, the eommon earotid artery and its continuation, the intern- 
al earotid artery, may be represented by a more or less straight line 
passing from the sternoelaviailar joint to a point just behind the man- 
dibular eondyle. The level at which the eommon earotid artery bifur- 
eates into internal and external earotid arteries is variable (Lo et al 
2006). It ranges from the first to the fifth eervieal vertebra (Furukawa 
et al 2012), and is found most eommonly at the level of the third eervi- 
eal vertebra ( ; umkawa et al 2012, Mirjalili et al 201 2b). Bifhreations 
almost always sit above the upper border of the thyroid eartilage lamina 
by an average of 1.6 em (Mirjalili et al 201 2b). Almost half occur at the 
superior border of the thyroid eartilage, and less frequently opposite 
the hyoid bone or between the thyroid eartilage and hyoid bone 
(Al-Rafiah et al 2011). The eommon earotid artery may be eompressed 
against the prominent transverse proeess of the sixth eervieal vertebra 
(Chassaignac's or earotid tubercle), which sits lateral to the erieoid 
eartilage. Above this level, the artery is superficial and its pulsation may 
be readily felt beneath the anterior border of sternoeleidomastoid. 

Subclavian artery 

The subclavian artery enters the root of the neek behind the sterno- 
clavicular joint. It passes through the inferior part of the palpable 
intersealene groove and arehes upwards to reaeh a point approximately 
2 em above the elaviele deep to the posterior border of sternoeleido- 
mastoid, before passing aeross the upper surface of the first rib behind 
the middle of the elaviele. The subclavian pulse may be deteeted behind 
the elaviele at the lateral border of sternoeleidomastoid or where it 
erosses the first rib. 


Siibelavian vein 

The subclavian vein sits anterior to the subclavian artery and follows a 
similar course by passing over the first rib into the root of the neek. It 
joins the internal jugular vein to form the braehioeephalie vein pos- 
terior to the sternoelaviailar joint (Mirjalili et al 201 2a) and lies elosest 
to the elaviele at the junction of its middle and medial thirds, approxi- 
mately 7 em from the midline (Hale et al 2010). Subclavian vein ean- 
nulation is deseribed in ehapter 29. 

Anterior jugular vein 

The anterior jugular vein mns downwards from beneath the ehin, 
approximately a finger's breadth from the midline. It turns laterally, 
approximately 2.5 em from the sternal end of the elaviele, and passes 
beneath sternoeleidomastoid to drain into the external jugular vein. The 
veins of eaeh side join to form a jugular areh just above the manubrium 
sterni. The anterior jugular vein may be encountered if the operator 
drifts laterally while ereating a surgical airway. 

External jugular vein 

The external jugular vein lies superficial to sternoeleidomastoid and 
may be represented by a line that starts just below and behind the angle 
of the mandible and mns to a point elose to the lateral extent of the 
junction of sternoeleidomastoid with the elaviele. It drains into the 
subclavian vein after penetrating the investing layer of deep eervieal 
faseia and may be kinked at this point. If the proximal part of the vein 
is damaged, it may be held open by the surrounding faseia; air may 
then be sucked in, resulting in an air embolus. The external jugular vein 
ean be distended if venous pressure is raised, e.g. by performing a Val- 
salva manoeuvre (foreed expiration against a elosed glottis and mouth, 
and bloeked nostrils), by supraclavicular digital pressure or if the vessel 
is kinked. 

Internal jugular vein 

The internal jugular vein mns in the earotid sheath, lying just lateral or 
anterolateral to the pulsating earotid arteries. It therefore has similar 
surface markings to those deseribed for the eommon and internal 
earotid arteries, and is represented by a broad band from the lobule of 
the ear to the sternoclavicular joint, where it joins the subclavian vein 
(Mirjalili et al 2012a). The inferior bulb of the internal jugular vein lies 
in the lesser supraclavicular fossa (the depression between the sternal 
and elavioilar heads of sternoeleidomastoid), where it may be aeeessed 
for eentral vein cannulation. In ehildren under the age of 5 years, the 
vein is less than 1 em deep to skin (Roth et al 2008). The jugular venous 
pulse refleets the jugular venous pressure (eentral venous pressure) and 
is a measure of eardiae fimetion. Pulsation of the great veins may be 
seen in this region if the eentral venous pressure is raised (e.g. right- 
sided heart failure). Internal jugular vein cannulation is deseribed in 
Chapter 29. 

Course of nerves 


Aeeessory nerve 

The aeeessory nerve may follow a straight or tortuous course; deserip- 
tions vary (Symes and Ellis 2005, Mirjalili et al 201 2c). Its course has 
traditionally been approximated by a line passing aeross the floor of 
the posterior triangle, from the junction of the upper and middle thirds 
of the posterior border of sternoeleidomastoid (Erb's point; see Fig. 
26.11) to the junction of the lower and middle thirds of the anterior 
border of trapezius. However, morphometrie studies have demonstrated 
eonsiderable positional variability. The nerve emerges from the poste- 
rior border of sternoeleidomastoid approximately 6.5 em below the tip 
of the mastoid proeess, and penetrates the anterior border of trapezius 
approximately 4.5 em above the clavicular insertion of trapezms (Symes 
and Ellis 2005; Mirjalili et al 2012c) (Figs 26.8B, 26.10). Aeeessory 
nerves usually divide into 2-4 branehes prior to trapezms (Mirjalili et al 
201 2c). 

Cervical plexus 

The cutaneous branehes of the eervieal plexus emerge from behind the 
posterior border of the middle third of sternoeleidomastoid, usually 
below the aeeessory nerve (see figs 26.8B, 26.10). The great auricular 
nerve ean be damaged during rhytideetomy. It passes superiorly over 
sternoeleidomastoid towards the lobule and angle of the mandible; it 
ean sit over the mid-belly of sternoeleidomastoid, approximately 6.5 em 
below the lower border of the external acoustic meatus, with the exter- 
nal jugular vein sitting 0.5 em anteriorly at this position (MeKinney and 
Katrana 1980). 
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Braehial plexus 

The roots and tmnks of the braehial plexus ean be represented by a line 
passing between the middle of the posterior border of sternoeleidomas- 
toid and the middle of the elaviele. In thin individuals, the sealene 
muscles are visible when the head is laterally flexed to the eontralateral 
side; the roots/upper tmnk are palpable in the almost vertieal inter- 
sealene groove, which is loeated posterior to scalenus anterior. The 
tmnks lie in the posterior triangle of the neek, and the divisions lie 
behind the elaviele near the lateral border of the first rib. The eords enter 
the axilla above the first part of the subclavian artery, embraee its seeond 
part and give off branehes around the third part. 


Cervical sympathetie ganglia 

The superior eervieal ganglion lies slightly anterior to the (palpable) 
transverse proeess of the seeond eervieal vertebra, while the middle 
eervieal ganglion, when present, lies just in front of the transverse 
proeess of the sixth eervieal vertebra, the tubercle of which is palpable 
via the anterior neek, lateral to the erieoid eartilage. The inferior eervieal 
ganglion may be fused with the first thoraeie eervieal ganglion, forming 
the stellate or eervieothoraeie ganglion. Stellate ganglion bloek is often 
employed to perform a sympathetie nerve bloek to the head and neek, 
or to the arm (Ellis et al 2004). 
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SUBSECTION: Head and neek 


CHAPTER 



Externa sku 


The skull is the bony skeleton of the head. It houses the brain, the 
organs of speeial sense, and the upper parts of the respiratory and diges- 
tive systems, and provides attaehments for many of the muscles of the 
head and neek. Movement is restrieted and is found only in relation to 
the mandible at the temporomandibular joint and at the atlanto- 
oeeipital joint for movement of the head in relation to the neek. 

The skull eonsists of the eranmm, faeial skeleton and mandible. The 
cranium may be subdivided into the ealvaria (sometimes ealled the 
eranial vault) and the basicranium (eranial base). It eneloses the brain, 
eranial nerves, meninges, blood vessels and eerebrospinal fluid within 
the eranial eavity. Internally, the eranial base ean be divided into three 
regions eorresponding to the floor of the anterior, middle and posterior 
eranial fossae. An alternative subdivision of the skull distinguishes 
between the neurocranium (ealvaria and basicranium) and the viseero- 
cranium (faeial skeleton), which hangs down from the front of the 
neurocranium and houses the organs of sight, smell and taste, as well 
as the openings to the respiratory and digestive systems via the nose 
and mouth, respeetively. In elinieal parlanee, the terms skull base and 
eranial base are frequently used as though they are synonymous. Indeed, 
inspeetion of the inferior surface of a skull eonfìrms that the middle 
and posterior eranial bases are the same as the middle and posterior 
skull bases. However, the anterior eranial base and the anterior skull 
base should not be used interehangeably because the anterior skull base 
includes the inferior surface of the faeial skeleton, whereas the internal 
surface of the anterior eranial base is the floor of the anterior eranial 
fossa and may be fhrther subdivided into a midline (eentral) and 
two lateral parts. Developmentally, the parts of the skull where the 
bones are derived by endoehondral ossifìeation constitute the ehon- 
drocranium; the remaining bones are derived by intramembranous 
ossifieation. 

The skull is the most complex bony structure in the body: the young 
adult skull is eomposed of an average of 28 separate bones, many of 
which are paired; some in the median plane are single, though sym- 
metrieal. Most of the vault bones are flat, and eonsist of two tables or 
plates of eompaet bone enelosing a narrow layer of relatively dense 
cancellous marrow (diploie bone). The marrow within the skull bones 
is a site of haemopoiesis, at least in the young individual. These bones 
form by intramembranous ossifìeation of a highly vascular eonneetive 
tissue membrane and have often been referred to as 'dermal' in defer- 
enee to their alleged aneient phylogenetie origin. The inner table is 
thinner and more brittle while the outer tends to be thieker and more 
resilient; this is important to remember when examining fractures to 
the skull caused by either blunt or sharp trauma. This bone type is also 
of eonsiderable value in eranial bone grafting in the young, where the 
two tables ean be split to produce an autograft. The skull bones vary in 
thiekness in different regions, with the bones of the viscerocranium 
being rather delieate and therefore particularly susceptible to fracture. 

The majority of bones in the skull articulate via fìbrous joints termed 
sutures, which faeilitate growth rather than movement in the develop- 
ing skull. The three main sutural morphologies refleet the magnitude 
of strain plaeed on them. Thus the margins of adjaeent bones of a suture 
may be smooth and meet end to end, giving a simple (butt-end) suture 
(e.g. median palatine suture); may be bevelled, so that the border of 
one bone overlaps the other (e.g. parietotemporal suture); or may 
present numerous projeetions that interloek, giving a serrated jigsaw 
appearanee (e.g. lambdoid suture). The complexity of serrated sutures 
inereases from the inner to the outer surface. Fusion aeross sutures 
(synostosis) ean start early in the third deeade, although its variability 
precludes using this information to assess age with any degree of accu- 
raey. The proeess of fusion starts on the internal surface of the cranium 
fìrst and proeeeds externally; the eoronal and sagittal sutures are often 
the fìrst to display synostosis. By middle age, many of the larger sutures 
will show evidenee of synostosis, although there are some that rarely 
show fusion, e.g. the zygomatieofaeial. Premature fusion of sutures 


during the early growth phase of the skull will result in various 
abnormalities. 

The bones forming the base of the skull develop mainly via endo- 
ehondral ossiheation, and also play an important part in the overall 
growth of the faee and the neurocranium. The joints between bones in 
the skull base are primary cartilaginous joints. One of the most impor- 
tant is the spheno-oeeipital synehondrosis, between the body of the 
sphenoid anteriorly and the basilar part of the oeeipital bone posteri- 
orly; fhsion between them is generally eompleted between 13 and 18 
years of age. 

There are only two sites of synovial articulation assoeiated with the 
exterior of the skull, namely: the temporomandibular joint and the 
atlanto-oeeipital joint (between the eondyles of the oeeipital bone and 
the superior articular faeets of the atlas). Movement at these joints does 
not faeilitate rotation but partieipates in flexion and extension in the 
anteroposterior plane and bilateral flexion in the transverse plane. 

Many important neurological and vasoilar structures enter and exit 
the skull via foramina (openings). The skull is a prime site for fractures 
resulting from trauma, which means that these structures are at risk of 
damage following head injury. In addition to the main foramina, irregu- 
lar emissary foramina allow veins situated externally on the faee and 
sealp to eomimmieate with those lying intraeranially; spread of infee- 
tion along these routes may have serious elinieal consequences. 

In the account of the skull that follows, only generalized standard 
views will be eonsidered. A more detailed account of eaeh individual 
bone will be found assoeiated with the relevant regional text (Berkovitz 
and Moxham 1994). 


FRONTAL (ANTERIOR) VIEW 

Viewed from the front, the skull is generally ovoid in shape and is wider 
above than below (Fig. 27.1). The upper part is formed by the frontal 
bone, which underlies the forehead region above the orbits. Supero- 
medial to eaeh orbit is a rounded superciliary areh (more pronounced 
in males), between which there may be a median elevation, the glabella. 
The glabella may show the remains of the interfrontal (metopie) suture, 
which usually eloses in the fìrst postnatal year (Weinzweig et al 2003), 
but persists in a small pereentage of adult skulls in various ethnie 
groups. The frontal bone articulates with the two nasal bones at the 
frontonasal sutures, marked by a depression at the root of the nose; 
the point at which the frontonasal and internasal sutures meet is the 
anthropometrie landmark known as the nasion. 

The upper part of the faee is occupied by the orbits and the bridge 
of the nose. Eaeh orbital opening is roughly quadrangular in shape (Ch. 
41). The upper, supraorbital, margin is formed entirely by the frontal 
bone, intermpted at the junction of its sharp lateral two-thirds and 
rounded medial third by the supraorbital noteh or foramen, which 
transmits the supraorbital vessels and nerve. The lateral margin of the 
orbit is formed largely by the frontal proeess of the zygomatie bone and 
is eompleted above by the zygomatie proeess of the frontal bone; the 
suture between them (frontozygomatie) lies in a palpable depression. 
The infraorbital margin is formed by the zygomatie bone laterally and 
the maxilla medially. Both lateral and infraorbital margins are sharp 
and palpable. The medial margin of the orbit is formed above by the 
frontal bone and below by the laerimal erest of the frontal proeess of 
the maxilla. 

The eentral part of the faee is occupied mainly by the paired maxillae, 
separated by the anterior nasal aperture. Eaeh maxilla contributes to 
the upper jaw, the floor and medial wall of the orbital eavity, the 
lateral wall of the nose, the floor of the nasal aperture and the bone 
of the eheek. The anterior nasal spine marks the upper limit of the 
intermaxillary suture at the lower margin of the anterior nasal aperture 
and is palpable in the nasal septum. The infraorbital foramen transmits 
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Fig. 27.1 A, The bones of the adult skull, frontal aspeet. B, An 
anteroposterior view of the skull and upper eervieal spine, young adult. 
Key: 1, sagittal suture; 2, frontal sinus; 3, erista galli; 4, mastoid air eells; 
5, nasal septum; 6, inferior eoneha; 7, dens of axis. C, Reformatted 
volume rendered CT sean of anteroposterior view of the skull. (A, With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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the infraorbital vessels and nerve, and lies about 1 cm below the middle 
of the infraorbital margin. The maxillary alveolar proeess bears the 
upper teeth. The short, thiek zygomatie proeess of the maxilla has an 
oblique upper surface that articulates with the zygomatie bone at the 
zygomaticomaxillary suture. The frontal proeess of the maxilla aseends 
posterolateral to the nasal bone to articulate with it medially, the frontal 
bone superiorly and the laerimal bone laterally. 

The anterior nasal aperture is piriform in shape, wider below than 
above and bounded by the paired nasal bones and maxillae. The upper 
boundary of the aperture is formed by the nasal bones while the 
remainder is formed by the maxillae. In life, several eartilages (septaf 
lateral nasaf major and minor alar) help to delineate two nasal eavities. 
The shape of these bones ean be used quite successfully to prediet the 
shape of the cartilaginous nose in forensie faeial reeonstmetions 
(Wilkinson and Rynn 2012). 

The lower part of the faee, below the nose, is formed from the alveo- 
lar areh of the maxillae and the upper dentition, the body of the man- 
dible, the alveolar proeess of the mandible and the lower dentition. In 
the midline, the mental protuberance produces the eharaeteristie prom- 
inenee of the ehin. The mental foramen, which transmits the mental 
nerve and aeeompanying vessels, lies in the same vertieal plane as the 
supraorbital and infraorbital foramina. 

Anteroposterior radiographs of the skull elearly show the eentral 
loeation of the paranasal air sinuses in the frontal bone, maxilla and 
ethmoid. These ean be particularly useful indieators of identity when 
postmortem images are eompared with antemortem elinieal fìlms. 


P0STERI0R VIEW 


The parietal, temporal and oeeipital bones form the entirety of the 
posterior view (Fig. 27.2). The superolateral region is occupied by the 
parietal bones, the mastoid region of the temporal bones makes up 
the inferolateral regions, and the eentral portion is occupied by the 
oeeipital bone, which is the reason why this aspeet is also referred to as 
the oeeipital view. The parietal bones articulate with the oeeipital bone 
at the lambdoid suture, which extends inferiorly into the oeeipitomas- 
toid and the parietomastoid sutures behind and above the mastoid 
proeesses, respeetively. The lambda is the anthropometrie point where 
the oeeipital bone meets the two parietal bones. Aeeessory sutural bones 
are islands of bone that may be found within a suture. They may arise 
from separate eentres of ossifieation and they appear to have no elinieal 
signifieanee, being of genetie rather than pathologieal aetiology; their 
initial formation is thought to be caused by a degree of dural strain and 
inereased sutural width (Bellary et al 2013). A large, eentral interparietal 
bone is not uncommon and is sometimes referred to as an inea bone 
(see Fig. 27.2). 


The external oeeipital protuberance is a midline elevation on the 
oeeipital bone that ean beeome particularly well developed and palpa- 
ble in males. The loeation of the protuberance eoineides with the 
anthropometrie inion. Superior nuchal lines extend laterally from 
the protuberance and represent the boundary between the sealp and 
the neek. Inferior nuchal lines mn parallel to, and below, the superior 
nuchal lines; a set of highest nuchal lines may sometimes occur above 
the superior lines. The external oeeipital protuberance, nuchal lines and 
roughened external surface of the oeeipital bone between the nuchal 
lines all afford attaehment to muscles of the neek. 


SIIPERIOR VIEW 


Seen from above, the contour of the ealvaria varies greatly but is usually 
ellipsoid, or more strietly, a modified ovoid with its greatest width lying 
nearer to the oeeipital pole (Fig. 27.3). Four bones constitute this view 
and articulate via three well-defined sutures. The squamous part of the 
frontal bone is anterior, the squamous part of the oeeipital bone is 
posterior and the two parietal bones meet in the midline and separate 
the frontal from the oeeipital bone. The maximal parietal convexity on 
eaeh site is palpable at the parietal tuber or eminenee; it is most eon- 
spicuous in the female (retention of a paedomorphie appearanee). The 
superior and inferior temporal lines mn elose to the parietal eminenee 
but are best seen in a lateral view. 

The eoronal suture marks the artioilation between the posterior 
margin of the frontal bone and the anterior margins of the two pari- 
etal bones. It deseends aeross the ealvaria and projeets inferiorly until 
it meets the junction between the greater wing of the sphenoid and 
the squamous temporal bone at the pterion. The sagittal suture mns 
in the midline between the two parietal bones and extends from the 
bregma anteriorly to the lambda posteriorly. The lambdoid suture 
delineates the articulation between the posterior borders of the 
right and left parietal bones and the superior border of the oeeipital 
bone. 

The bregma represents the position of the anterior fontanelle in the 
young ehild. This diamond-shaped, membrane-filled spaee loeated 
between the two frontal and two parietal bones of the developing fetal 
skull persists until approximately 18 months after birth. The lambda, 
at the junction of the sagittal and lambdoid sutures, represents the site 
of the posterior fontanelle, which persists for the first 2-3 months after 
birth. 

A parietal foramen may pieree either or both parietal bones near the 
sagittal suture about 3.5 em anterior to the lambda. It transmits a small 
emissary vein from the superior sagittal sinus. The vertex is the highest 
point on the skull and it usually occupies a position in the middle third 
of the sagittal suture. 
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Fig. 27.2 The bones of the adult skull, 
posterior aspeet. (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, Urban & 
Fiseher. Copyright 2013.) 
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Fig. 27.3 The bones of the adult skull, superior aspeet. 
(With permission from Waschke J, Paulsen F (eds), 

Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban 
& Fiseher. Copyright 2013.) 


LATERAL VIEW 


The skull, viewed from the side, ean be subdivided into three zones: 
faee (anterior), temporal region (middle) and oeeipital region (poste- 
rior) (Fig. 27.4). The faee has been eonsidered in the seetion on the 
anterior view of the skull. 

The temporal region ean be divided into an upper temporal fossa 
and a lower infratemporal fossa, separated by the position of the zygo- 
matie areh. The upper temporal fossa is bounded inferiorly by the 
zygomatie areh, superiorly and posteriorly by the temporal lines, and 
anteriorly by the frontal proeess of the zygomatie bone, and is continu- 
ous inferiorly with the infratemporal fossa deep to the zygomatie areh. 
The temporal lines often present anteriorly as distinet ridges but beeome 
much less prominent as they areh posteriorly aeross the parietal bone. 
The inferior temporal line beeomes more prominent as it curves down 
the posterior part of the squamous temporal bone, forming a supra- 
mastoid erest at the base of the mastoid proeess. The superior temporal 
line gives attaehment to the temporal faseia while the inferior temporal 
line provides attaehment for temporalis. 

The floor of the temporal fossa is formed by the frontal and parietal 
bones superiorly and the greater wing of the sphenoid and squamous 
part of the temporal bone inferiorly. All four bones of one side meet at 
a roughly H-shaped sutural junction termed the pterion. This is an 
important anthropometrie landmark because it eommonly overlies 
both the anterior braneh of the middle meningeal artery and the lateral 
fissure of the eerebral hemisphere (Ma et al 2012). The pterion eorre- 
sponds to the site of the anterolateral (sphenoidal) fontanelle of the 
neonatal skulf which eloses in the third month after birth. 

The vertieal suture between the sphenoid and temporal bones, the 
sphenosquamosal suture, is formed by articulation between the pos- 
terior border of the greater wing of the sphenoid and the anterior border 
of the squamous part of the temporal bone. 

The lateral surface of the ramus of the mandible will be deseribed 
briefly here because it lies within the middle region of this view of the 
skull. The ramus is a plate of bone projeeting upwards from the body 
of the mandible; its lateral surface gives attaehment to masseter. The 
ramus bears two prominent proeesses superiorly the eoronoid proeess 
anteriorly and the eondylar proeess posteriorly, separated by the man- 
dibular noteh. The eoronoid proeess is the site of insertion of tempo- 
ralis; the eondylar proeess articulates with the mandibular fossa of the 
temporal bone at the temporomandibular joint. The inferior and pos- 
terior borders of the mandible meet at the angle; it is more eommonly 
splayed in the male, refleeting the larger site of attaehment for medial 
pterygoid on the internal surface. 


The zygomatie areh stands proud of the rest of the skull, and the 
temporal and infratemporal fossae communicate via the gap thus 
ereated. In life, this spaee is largely filled by temporalis. The zygomatie 
bone is the prineipal bone of the eheek together with the zygomatie 
proeesses of the maxilla and temporal bones. The term zygomatie areh' 
is generally restrieted to the temporal proeess of the zygomatie bone 
and the zygomatie proeess of the temporal bone, which articulate at the 
zygomatieotemporal suture. The suture between the zygomatie proeess 
of the frontal bone and the frontal proeess of the zygomatie bone is the 
frontozygomatie suture; the suture between the maxillary margin of the 
zygomatie bone and the zygomatie proeess of the maxilla is the zygo- 
maticomaxillary suture; and the suture between the sphenoid and zygo- 
matie bones is the sphenozygomatie suture. As the zygomatie proeess 
of the temporal bone passes posteriorly, it widens to form the articular 
tubercle of the mandibular fossa anteriorly. 

The temporal bone is a prominent structure on the lateral aspeet of 
the skull. Its squamous part lies in the floor of the upper temporal 
fossa and its zygomatie proeess contributes to the structure of the 
eheek. Additional eomponents visible in the lateral view of the skull 
are the mandibular (glenoid) fossa and its articular eminenee (tuber- 
ele), the tympanie plate, the external acoustic meatus (external audi- 
tory meatus), and the mastoid and styloid proeesses. The mandibular 
fossa is bounded in front by the articular eminenee and behind by the 
tympanie plate. The articular eminenee provides a surface over which 
the mandibular eondyle glides during mandibular movements. The 
tympanie plate of the temporal bone contributes most of the margin 
of the external acoustic meatus; the squamous part forms the postero- 
superior region. The external margin is roughened to provide an attaeh- 
ment for the cartilaginous part of the meatus. A small depression, the 
suprameatal triangle, lies above and behind the meatus and is related 
to the lateral wall of the mastoid antmm. The mastoid proeess is an 
inferior projeetion of the temporal bone. It lies posteroinferior to the 
external acoustic meatus and is the site of attaehment of sternoeleido- 
mastoid. It is in eontaet behind with the posteroinferior angle of the 
parietal bone at the parietomastoid suture and with the squamous part 
of the oeeipital bone at the oeeipitomastoid suture. These two sutures 
meet the lateral end of the lambdoid suture at the asterion. This eoin- 
eides with the site of the posterolateral fontanelle in the neonatal skull, 
which eloses during the seeond year. A mastoid foramen may be found 
near, or in, the oeeipitomastoid suture; it transmits an emissary vein 
from the sigmoid sinus. Sutural bones may appear in the parietomas- 
toid suture. 

The styloid proeess lies anterior and medial to the mastoid proeess 
and gives attaehment to several muscles and ligaments. Its base is partly 
ensheathed by the tympanie plate and it deseends anteromedially, its 
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Fig. 27.4 A, The bones of the adiilt skull, lateral aspeet. B, A true eephalometrie lateral skull and eervieal spine, young adult. Key: 1, frontal sinus; 

2, nasal bone; 3, hard palate; 4, hyoid bone; 5, anterior elinoid proeess; 6, posterior elinoid proeess; 7, lambdoid suture; 8, sphenoidal sinus; 9, mastoid 
air eells; 10, posterior tubercle of atlas; 11, spinous proeess of axis. C, Reformatted volume rendered CT sean of lateral view of the skull. (A, with 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


420 






























































































Inferior view 


tip usually reaehing a point medial to the posterior margin of the man- 
dibular ramus. The styloid proeess is very variably developed. Its length 
ranges from a few millimetres to a few eentimetres and inereases with 
age (Krmpotió Nemanió et al 2009). 

The infratemporal fossa is an irregular, postmaxillary spaee deep to 
the ramus of the mandible. It eomimmieates with the upper temporal 
fossa deep to the zygomatie areh. It is best visualized when the mandi- 
ble is removed but, for eompleteness, is eonsidered here. Its roof is the 
infratemporal surface of the greater wing of the sphenoid, the lateral 
pterygoid plate lies medially, and the ramus of the mandible and styloid 
proeess lie laterally and posteriorly, respeetively. The infratemporal 
fossa has no anatomieal floor. Its anterior and medial walls are sepa- 
rated above by the pterygomaxillary fissure lying between the lateral 
pterygoid plate and the posterior wall of the maxilla. The infratemporal 
fossa communicates with the pterygopalatine fossa through the ptery- 
gomaxillary fissure. 


INFERIOR VIEW 


With the mandible removed, the inferior surface of the skull extends 
from the upper ineisor teeth anteriorly to the superior nuchal lines of 
the oeeipital bone posteriorly (Fig. 27.5). The region eontains many of 
the foramina through which structures enter and exit the eranial eavity. 


The inferior surface may be eonveniently subdivided into anterior, 
middle, posterior and lateral parts. The anterior part eontains the hard 
palate and the dentition of the upper jaw, and lies at a lower level than 
the rest of the eranial base. The middle and posterior parts may be 
arbitrarily divided by a transverse plane passing through the anterior 
margin of the foramen magnum. The middle part is occupied mainly 
by the sphenoid bone, the apiees of the petrous proeesses of the tem- 
poral bones, and the basilar part of the oeeipital bone. The lateral part 
eontains the zygomatie arehes, mandibular fossae, tympanie plates and 
the styloid and mastoid proeesses. The posterior part lies in the midline 
and is formed almost exclusively from the oeeipital bone. Whereas the 
middle and posterior parts are direetly related to the eranial eavity (the 
middle and posterior eranial fossae), the anterior part is some distanee 
from the anterior eranial fossa, being separated from it by the nasal 
eavities. 

ANTERIOR PART 0F INFERIOR SURFACE 


The bony palate within the superior alveolar areh is formed by the pala- 
tine proeesses of the maxillae anteriorly and the horizontal plates of 
the palatine bones posteriorly, all meeting at a emeiform system of 
sutures (see Sfig. 27.5). The median palatine suture mns anteroposteri- 
orly and divides the palate into right and left halves. This suture is 
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Fig. 27.5 The external surface of the base of the adult skull. (With permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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continuous with the intermaxillary suture between the maxillary eentral 
ineisor teeth. The transverse palatine (palatomaxillary) sutures mn 
transversely aeross the palate between the maxillae and the palatine 
bones. The palate is arehed sagittally and transversely; its depth and 
breadth are variable but are always greatest in the molar region. The 
ineisive fossa lies behind the eentral ineisor teeth, and the lateral inei- 
sive foramina, through which ineisive eanals pass to the nasal eavity, lie 
in its lateral walls. Median ineisive foramina are present in some skulls 
and open on to the anterior and posterior walls of the fossa. The ineisive 
fossa transmits the nasopalatine nerve and the termination of the 
greater palatine vessels. When median ineisive foramina occur, the left 
nasopalatine nerve usually traverses the anterior foramen and the right 
nerve traverses the posterior foramen. The greater palatine foramen lies 
near the lateral palatal border of the transverse palatine suture; a vas- 
cular groove, deeper behind and shallower in front, leads forwards from 
the foramen. The lesser palatine foramina, usually two, lie behind the 
greater palatine foramen and pieree the pyramidal proeess of the pala- 
tine bone, which is wedged between the lower ends of the medial and 
lateral pterygoid plates. The palate is piereed by many other small 
foramina and is marked by pits for palatine glands. Variably prominent 
palatine erests extend medially from behind the greater palatine 
foramina. The posterior border projeets baek as the posterior nasal 
spine. In the adult, the alveolar areh normally bears a maximum of 16 
soekets or alveoli for the teeth; the soekets vary in size and depth, and 
some are single and some are subdivided by septa, aeeording to the 
morphology of the dental roots. 

The nasal fossae lie above the hard palate and are separated by the 
nasal septum in the midline. The bony nasal septum is formed from 
the perpendicular plate of the ethmoid superiorly and the vomer in- 
feriorly. The upper border of the vomer approximates to the inferior 
aspeet of the body of the sphenoid, where it expands into an ala on 
eaeh side. The two posterior nasal apertures (ehoanae) are loeated at 
the end of the nasal fossae; they are separated by the free posterior 
border of the vomer, and bounded below by the posterior border of the 
horizontal plates of the palatine bones, above by the sphenoid and 
laterally by the medial pterygoid plates. 

MIDDLE PART OF INFERIOR SURFACE 


The middle part of the inferior surface is made up from the sphenoid, 
petrous parts of the temporal bones and the basiocciput (see Fig. 27.5). 
It extends from the posterior nares anteriorly to an artifieial line drawn 
transversely through the anterior margin of the foramen magnum pos- 
teriorly. In the adult, the body of the sphenoid fuses with the basi- 
occiput to form a midline bar of bone that extends posteriorly to the 
foramen magnum (internally, this is known as the clivus). The basi- 
occiput bears a small midline pharyngeal tubercle, which gives attaeh- 
ment to the pharyngeal raphe, the highest attaehment of the superior 
pharyngeal eonstrietor. 

The petrous proeesses of the two temporal bones pass from the 
lateral sides of the base of the skull and fill the triangular spaee between 
the greater wing of the sphenoid anteriorly and the lateral margins of 
the basiocciput posteriorly. Eaeh petrous proeess meets the basilar part 
of the oeeipital bone at a petro-oeeipital junction, which is defieient 
posteriorly at the jugular foramen. The petrosphenoidal junction and 
the groove for the pharyngotympanie tube lie between the petrous 
proeess and the infratemporal surface of the greater wing of the sphe- 
noid. The apex of the petrous proeess does not meet the spheno- 
oeeipital synehondrosis; the defieit so produced is the foramen laeemm. 

Pterygoid proeesses deseend from the junction between the greater 
wing and body of the sphenoid, separated by a pterygoid fossa. An- 
teriorly, the plates are fhsed, except inferiorly, where they are separated 
by the pyramidal proeess of the palatine bone. Sutures are usually dis- 
eernible at this site in young skulls. Laterally, the pterygoid plates are 
separated from the posterior maxillary surface by the pterygomaxillary 
fissure, which leads into the pterygopalatine fossa. The posterior border 
of the medial pterygoid plate is sharp, and bears a small projeetion near 
the midpoint, above which it is curved and attaehed to the pharyngeal 
end of the pharyngotympanie tube. Above, the medial pterygoid plate 
divides to enelose the seaphoid fossa. Below, it projeets as a slender 
pterygoid hamulus, which curves laterally and is grooved anteriorly by 
the tendon of tensor veli palatini. The pterygoid hamulus gives origin 
to the pterygomandibular raphe. The lateral pterygoid plate projeets 
posterolaterally and its lateral surface forms the medial wall of the in- 
fratemporal fossa. Superiorly and laterally, the pterygoid proeess is 
continuous with the infratemporal surface of the greater wing of the 
sphenoid bone, which forms part of the roof of the infratemporal fossa. 
This surface forms the posterolateral border of the inferior orbital 


fissure and bears an infratemporal erest assoeiated with the origin of 
the upper part of lateral pterygoid. The infraorbital and zygomatie 
branehes of the maxillary nerve and aeeompanying vessels pass through 
the inferior orbital fissure. Laterally, the greater wing of the sphenoid 
articulates with the squamous part of the temporal bone. 

The medial aspeet of the greater wing of the sphenoid presents a 
ereseent of foramina of which only the most posterior two, foramen 
ovale and foramen spinosum, ean be viewed on the basal aspeet. The 
foramen ovale lies medial to the foramen spinosum and lateral to the 
foramen laeemm on the infratemporal surface of the greater wing of 
the sphenoid bone. It transmits the mandibular division of the trigemi- 
nal nerve, the lesser petrosal nerve, the aeeessory meningeal braneh of 
the maxillary artery and an emissary vein that eonneets the cavernous 
venous sinus to the pterygoid venous plexus in the infratemporal fossa. 
Posterolaterally, the smaller and rounder foramen spinosum transmits 
the middle meningeal artery and a recurrent meningeal braneh of the 
mandibular nerve. The irregular spine of the sphenoid projeets postero- 
lateral to the foramen spinosum. The medial surface of the spine is flat 
and, with the adjoining posterior border of the greater wing of the 
sphenoid, forms the anterolateral wall of a groove that is eompleted 
posteromedially by the petrous part of the temporal bone. This groove 
eontains the cartilaginous pharyngotympanie tube, which leads postero- 
laterally into the bony portion of the tube that lies within the petrous 
part of the temporal bone. Oeeasionally, the foramen ovale and foramen 
spinosum are confluent or the posterior edge of the foramen spinosum 
may be defeetive. A small foramen, the sphenoidal emissary foramen 
(of Vesalius), is sometimes found between the foramen ovale and 
seaphoid fossa. When present, it eontains an emissary vein linking the 
pterygoid venous plexus in the infratemporal fossa with the cavernous 
sinus in the middle eranial fossa. 

The foramen laeemm is bounded in front by the body and adjoining 
roots of the pterygoid proeess and greater wing of the sphenoid bone; 
posterolaterally, by the apex of the petrous part of the temporal bone; 
and medially, by the basilar part of the oeeipital bone. Although nearly 
1 em long, it is not traversed by any major structure. The almost circular 
earotid eanal lies behind and posterolateral to the foramen laeemm in 
the petrous part of the temporal bone. The internal earotid artery enters 
the skull through this foramen, aseends in the earotid eanal, and turns 
anteromedially to reaeh the posterior wall of the foramen laeemm. It 
aseends through the upper end of the foramen laeemm, aeeompanied 
by venous and sympathetie nerve plexuses. Meningeal branehes of the 
aseending pharyngeal artery and emissary veins from the cavernous 
sinus also traverse the foramen laeemm. In life, the lower part of the 
foramen laeemm is partially occluded by cartilaginous remnants of the 
embryologieal chondrocranium. The pterygoid eanal ean be seen on 
the base of the skull at the anterior margin of the foramen laeemm, 
above and between the pterygoid plates of the sphenoid bone. It leads 
into the pterygopalatine fossa and transmits the nerve of the pterygoid 
eanal and aeeompanying blood vessels. 

POSTERIOR PART OF INFERIOR SURFACE 


The posterior part of the inferior surface of the skull is predominantly 
formed by the oeeipital bone (see Fig. 27.5). Prominent features are the 
foramen magnum and assoeiated oeeipital eondyles, jugular foramen, 
mastoid noteh and the squamous part of the oeeipital bone up to the 
external oeeipital protuberance and the superior nuchal lines, hypoglos- 
sal eanals (anterior eondylar eanals) and eondylar eanals (posterior 
eondylar eanals). 

The foramen magnum lies in an anteromedian position and leads 
into the posterior eranial fossa. It is oval and wider behind, with its 
greatest diameter being anteroposterior. It eontains the lower end of the 
medulla oblongata, meninges, eerebrospinal fluid, vertebral arteries 
and veins, and the aeeessory nerves; the apieal ligament of the dens and 
the teetorial membrane pass through it to attaeh to the internal basi- 
occiput. Anteriorly, the margin of the foramen magnum is slightly 
overlapped by the oeeipital eondyles, which projeet down to articulate 
with the superior articular faeets on the lateral masses of the atlas. Eaeh 
oeeipital eondyle is oval in outline and orientated obliquely so that its 
anterior end lies nearer the midline than its posterior end. It is markedly 
convex anteroposteriorly, less so transversely, and its medial aspeet is 
roughened by ligamentous attaehments. The hypoglossal eanal, direeted 
laterally and slightly forwards, traverses deep to eaeh eondyle and trans- 
mits the hypoglossal nerve, a meningeal braneh of the aseending pha- 
ryngeal artery and an emissary vein from the basilar plexus. A depression, 
the eondylar fossa, lies immediately posterior to the eondyle and may 
eontain a (posterior) eondylar eanal for an emissary vein from the 
sigmoid sinus. This fossa aeeommodates the posterior margin of the 
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atlas when the head is fhlly extended. A jugular proeess articulates with 
the petrous part of the temporal bone lateral to eaeh eondyle and its 
anterior free border forms the posterior boundary of the jugular 
foramen. 

Laterally the oeeipital bone approximates with the petrous part of 
the temporal bone anteriorly at the petro-oeeipital jnnetion, and the 
mastoid proeess of the temporal bone more posteriorly at the oeeipito- 
mastoid suture. The jugular foramen, a large, irregular hiatus, lies at the 
posterior end of the petro-oeeipital junction between the jugular proeess 
of the oeeipital bone and the jugular fossa of the petrous part of the 
temporal bone (see Fig. 37.1C) (Vogl and Bisdas 2009). A number of 
important structures pass through this foramen: inferior petrosal sinus 
(anterior); glossopharyngeaf vagus and aeeessory eranial nerves 
(middle); and internal jugular vein (posterior). A mastoid canaliculus 
mns through the lateral wall of the jugular fossa and transmits the 
auricular braneh of the vagus nerve. The canaliculus for the tympanie 
braneh of the glossopharyngeal nerve lies on the ridge between the 
jugular fossa and the opening of the earotid eanal. A small noteh, 
related to the inferior glossopharyngeal ganglion, may be found medi- 
ally on the upper boundary of the jugular foramen (it is more easily 
identified internally). The orifiee of the eoehlear canaliculus may be 
found at the apex of the noteh. 

The squamous part of the oeeipital bone exhibits the external 
oeeipital protuberance, supreme, superior and inferior nuchal lines, 
and the external oeeipital erest, all of which lie in the midline, poste- 
rior to the foramen magnum. The region is roughened for the attaeh- 
ment of muscles whose primary fimetion is extension of the skull at 
the neek. 


LATERAL PART 0F INFERIOR SURFACE 


The lateral part of the inferior surface eonsists of the zygomatie areh 
and infratemporal fossa anteriorly and the mandibular fossa, tympanie 
plate and styloid and mastoid proeesses posteriorly (see Fig. 27.5). The 
anterior stmctures have been eonsidered earlier in this ehapter. 

The mandibular fossa is a thin-walled, smooth, eoneave depression 
in the temporal bone and is most easily inspeeted when the mandible 
is removed. The zygomatie areh extends laterally in front of the fossa 
and a distinet ridge, the articular eminenee, lies anterior to the fossa. 
Three fissures ean be distinguished behind the mandibular fossa. The 
squamotympanic fissure extends from the spine of the sphenoid, 
between the mandibular fossa and the tympanie plate of the temporal 
bone, and curves up the anterior margin of the external acoustic meatus. 
A thin wedge of bone forming the inferior margin of the tegmen 
tympani lies within the fissure and divides the squamotympanic fissure 
into petrotympanie and petrosquamous fissures. The petrotympanie 
fissure transmits the ehorda tympani braneh of the faeial nerve from 
the intraeranial eavity into the infratemporal fossa. The tympanie plate 
forms the floor of the external acoustic meatus. 

The stylomastoid foramen lies between the mastoid and styloid 
proeesses on the lateral aspeet of the temporal bone. It transmits the 
faeial nerve and the stylomastoid artery. The distanee from the styloid 
proeess to the stylomastoid foramen deereases with age (Krmpotió 
Nemanió et al 2009). A groove, the mastoid noteh, lies medial to the 
mastoid proeess and gives origin to the posterior belly of digastrie. A 
groove related to the oeeipital artery often lies medial to the mastoid 
noteh. A mastoid foramen may be present near, or in, the oeeipitomas- 
toid suture; when present, it transmits an emissary vein from the 
sigmoid sinus. The external acoustic meatus lies in front of the mastoid 
proeess. It is surrounded inferiorly by the tympanie plate, which partly 
ensheathes the base of the styloid proeess as the vaginal proeess. 


CRANIAL FOSSAE 'ANTERIOR, 
MIDDLE, P0STERI0R) 


The eranial fossae are deseribed in ehapter 28. 


DISARTICULATED INDIVIDUAL BONES 


Individual bones are deseribed in the appropriate ehapters. The bones 
of the faeial skeleton and eranial vault are deseribed in the ehapters on 
the faee and sealp (Ch. 30), nose and paranasal sinuses (Ch. 33), exter- 
nal and middle ear (Ch. 37), and orbit (Ch. 41). The sphenoid and 
mandible are deseribed in the ehapter on the infratemporal fossa 
(Ch. 32) and the oeeipital bone is deseribed in the ehapter on the baek 
(Ch. 43). 


J0INTS 


The general eharaeteristies of eranial sutures and the detailed anatomy 
of the temporomandibular joint and the atlanto-oeeipital joints are 
deseribed in ehapter 5 and on page 541 and page 736, respeetively. 
Sutural bones are deseribed below on page 425. 



THE SKULL AT BIRTH 


At birth, the ealvaria is large in proportion to other skeletal parts, refleet- 
ing precocious eerebral maturation. The faeial region is relatively small 
and constitutes only about one-eighth of the neonatal skull, whereas it 
constitutes about half of the adult skull (Fig. 27.6). Smallness of the 
faee at birth is due mainly to the mdimentary stage of development of 
the mandible and maxillae; the teeth are unerupted and the maxillae 
are not yet pneumatized (invaded by air eells). The nose lies almost 
entirely between the orbits, and the lower border of the nasal aperture 
is only slightly lower in position than the orbital floors. Bones of the 
ealvaria are unilaminar and laek diploè. Frontal and parietal tuberosi- 
ties are prominent; in the frontal view, the greatest width occurs between 
the parietal tuberosities. The glabella, superciliary arehes and mastoid 
proeesses are not developed and the eranial base is relatively short and 
narrow. 

Ossifieation is ineomplete, and many bones are still in several ele- 
ments that are united by fibrous tissue or eartilage. The 'os incisivum' 
is continuous with the maxilla; pre- and postsphenoids may have just 
united, but the two halves of the frontal bone and the mandible, and 
the squamous, lateral and basilar parts of the oeeipital bone, are all 
separate, as are the petromastoid and squamotympanic parts of the 
temporal bone. The fibrous membrane that forms the ealvaria remains 
unossified at the six angles of the parietal bones, producing six fonta- 
nelles: two single midline (anterior and posterior) and two lateral pairs 
(sphenoidal/anterolateral and mastoid/posterolateral). The anterior 
fontanelle is the largest, measuring approximately 4 em in anteropos- 
terior and 2.5 em in transverse dimensions. It occupies the junction 
between the sagittal, eoronal and frontal sutures and is rhomboid in 
shape. The posterior fontanelle lies at the junction between the sagittal 
and lambdoid sutures and is triangular in shape. The sphenoidal (an- 
terolateral) and mastoid (posterolateral) fontanelles are small and 
irregular in shape and lie at the sphenoidal and mastoid angles of the 
parietal bones, respeetively. 

At birth, the orbits appear relatively large. The developing tooth 
germs are generally eontained within the alveolar erypts, although emp- 
tion of the upper eentral ineisor teeth ean occur prior to, or shortly after, 
birth. Temporal bones differ greatly from their adult form. The internal 
ear, tympanie eavity, auditory ossieles and mastoid antmm are all 
almost adult in size, the tympanie plate is an ineomplete ring that has 
usually started to fuse with the squamous part, and the mastoid proeess 
is absent. The external acoustic meatus is short, straight and wholly 
cartilaginous. The external aspeet of the tympanie membrane faees 
more inferiorly than laterally, in aeeord with the basal eranial contour. 
The stylomastoid foramen is exposed on the lateral surface of the skull, 
the styloid proeess has not yet eommeneed ossifieation, the mandibular 
fossa is flat and more lateral, and its articular tubercle is undeveloped. 
The paranasal sinuses are mdimentary or absent and only the maxillary 
sinuses are usually identifiable. 

The skull is moulded by slow eompression during vaginal birth. That 
part of the sealp that is more eentral in the birth eanal is often tempo- 
rarily oedematous (caput succedaneum) as a result of interferenee with 
venous return. Fontanelles and the openness and width of the sutures 
allow bones of the eranial vault some overlap during the proeess of 
birth; the skull is eompressed in one plane with eompensatory orthogo- 
nal elongation. These deformations disappear within the first week after 
birth. 



P0STNATAL GR0WTH 


Although postnatal growth of the ealvaria (eranial vault) and faeial 
skeleton usually proeeeds in a eoordinated fashion, these regions 
exhibit different rates and temporal periods of expression. In general, 
early growth of the vault is largely influenced by eerebral maturation 
while growth of the faeial skeleton responds to spatial requirement for 
the development of the teeth and the muscles of mastieation. Growth 423 
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Fig. 27.6, E-G, Normal three-dimensional ealvarial anatomy. E, Frontal 
aspeet. F, Lateral aspeet. G, Basal aspeet; there is a linear fracture in 
the right parietal bone (double arrows). Abbreviations: F, frontal bone; 

O, oeeipital bone; P, parietal bone; Sp, sphenoid bone; Ts, temporal 
bone, squamous portion. (E-G, With permission from Y. Pekeevik, 

E. Hasbay, R. Pekeevik; Izmir/TR; Diagnostie value of three-dimensional 
CT in pediatrie ealvarial pathologies, ECR 2013 / C-1263, EPOS™, 
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Fig. 27.6 A-D, The neonatal skull. A, Frontal aspeet. B, Lateral aspeet. C, Superior aspeet. D, Basal aspeet. (A-D, With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


of the eranial base is largely independent of both vault and faeial devel- 
opment, and therefore the three regions will be eonsidered separately. 
(For fhrther reading, see Belden (1998), Sgouros et al (1999), Scheuer 
and Blaek (2000) and Sperber and Guttmann (2001).) 

Grovvth of the ealvaria 


Growth of the ealvaria is rapid during the fìrst year and then eontimies 
at a slower rate until the seventh year, when it has reaehed almost adult 
dimensions. For most of this period, expansion is largely eoneentrie; 
overall form is determined early in the fìrst year and remains largely 
unaltered thereafter. However, the shape of the vault is not solely related 
to eerebral growth, but is also influenced by genetie faetors that mani- 
fest in an extensive range of shapes and sizes that may be sufficient to 
allow an evaluation of ethnie origin. During the fìrst and early seeond 
years, growth occurs primarily through ossifìeation at apposed margins 
of bones (which possess an osteogenie layer), aeeompanied by some 
aeeretion and absorption of bone at surfaces in order to adapt to eon- 
tinually altering curvatures. Growth in breadth is said to occur at the 


sagittal, sphenofrontal, sphenotemporal, oeeipitomastoid and petro- 
oeeipital junctions, while growth in height is said to occur at the fronto- 
zygomatie and squamosal sutures, pterion and asterion. During this 
period, fontanelles are elosed by progressive ossifìeation of the bones 
around them, but separate isolated eentres of ossifìeation may develop 
into sutural bones. The sphenoidal and posterior fontanelles elose 
within 2 or 3 months of birth and the mastoid fontanelles usually elose 
near the end of the fìrst year. Wide variability in both the size and the 
timing of closure of the anterior fontanelle has been reported, but most 
will have elosed by the middle of the seeond year and almost all will 
have elosed by 24 months (Pindrik et al 2014). 

Early in the fìrst years, the ealvarial bones eommenee interloeking at 
sutural junctions. Further expansion is largely aehieved by aeeretion and 
absorption on external and internal bone surfaces, respeetively. At the 
same time the bones also thieken, although this is not a uniform 
proeess. At birth, the vault is unilaminar but the tabular structure with 
intervening diploé is generally apparent soon thereafter. Thiekening of 
the vault and development of external muscular markings refleet the 
influences of musculoskeletal maturation. The mastoid proeesses do 
not usually develop until the seeond year and they are pneumatized in 
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the sixth year (Scheuer and Blaek 2000). (For fhrther reading about 
eraniofaeial morphology in preterm infants, see Paulsson and Bonde- 
mark 2009.) 

Grovvth of the eranial base 


Growth of the eranial base is largely responsible for eranial lengthening. 
It occurs at the cartilaginous joints between the sphenoid and ethmoid 
anteriorly, and espeeially between the sphenoid and oeeipital bones 
posteriorly (Lieberman et al 2000). Most of the growth occurs during 
the first five years of life (Sgouros et al 1999); it continues at the 
spheno-oeeipital synehondrosis until mid-teenage years. The prolonged 
period of eontimied expansion refleets a signifieant delaying meeha- 
nism that allows the continued and relatively late emption of the per- 
manent dentition. There is some evidenee that growth may eease at 
about 15 years following emption of the seeond molars, and this ean 
often lead to insufficient spaee for growth of the third molars. A puber- 
tal growth spurt has been aseribed to both sexes; it tends to occur some 
2 years earlier in females and is likely to continue until the eighteenth 
year in the male. The anterior eranial base is signifieantly shorter in 
extremely preterm infants (under 28 weeks) (Paulsson and Bondemark 
2009). 

Grovvth of the faeial skeleton 


Growth of the faeial skeleton occurs over a longer time period than is 
witnessed for the ealvaria. The ethmoid and the orbital and upper nasal 
eavities have almost eompleted growth by the seventh year. Orbital and 
upper nasal growth is aehieved by sutural aeeretion, with deposition of 
bone preferentially occurring on the faeial aspeets of the sutural junc- 
tions. The maxilla is earried downwards and forwards by expansion of 
the orbits and nasal septum and by sutural growth, espeeially at the 
fontanelles and zygomaticomaxillary and pterygomaxillary sutures. In 
the first year, growth in width occurs at the symphysis menti and mid- 
palatal, internasal and frontal sutures; such growth diminishes or even 
eeases when the symphysis menti and frontal suture elose during the 
first few years, even though the mid-palatal suture persists until mature 
years. Faeial growth continues up to puberty and shows a period of 
expansion that is linked to the growth spurt and hormonal influences 
of seeondary sexual alteration. After sutural growth, near the end of the 
seeond year, expansion of the faeial skeleton oeoirs by surface aeeretion 
on the faee, alveolar proeesses and palate, and resorption in the walls 
of the maxillary sinuses, the upper surface of the hard palate and the 
labial aspeet of the alveolar proeess. Coordinated growth and diver- 
genee of the pterygoid proeesses refleet deposition and resorption of 
bone on appropriate surfaces. 

Obliteration of the ealvarial sutures progresses with age, starting 
between 20 and 30 years internally, and somewhat later on the exterior. 
Closure times vary greatly. Obliteration usually begins in the eoronal 
or sagittal sutures and then extends into the lambdoid suture. The size 
of the mandible and maxillae diminish following the loss of teeth and 
consequent resorption of alveolar bone; this reduces the vertieal depth 
of the faee and inereases the mandibular angles. 

Sutural bones 


Additional ossifieation eentres may occur in or near sutures, giving rise 
to isolated sutural bones (also ealled Wormian bones) (Bellary et al 
2013). Usually irregular in size and shape, and most frequent in the 
lambdoid suture, they also occur at fontanelles, espeeially the posterior 
fontanelle. They may represent a pre-interparietal element, a tme inter- 
parietal, or a eomposite. An isolated bone at the lambda is sometimes 
referred to as an inea bone or Goethe's ossiele. One or more pterion 
ossieles or epipterie bones may appear between the sphenoidal angle 
of the parietal and the greater wing of the sphenoid; they vary greatly 
in size but are more or less symmetrieal. Sutural bones usually have 
little morphologieal signifieanee. However, they appear in great numbers 
in hydroeephalie skulls (Fig. 27.7), and they have therefore been linked 
with rapid eranial expansion. 

Craniosynostosis 


Sutural growth makes an important contribution to growth of the skull, 
espeeially during the first few years of life. Premature closure of sutures 
(eraniosynostosis) leads to restrietion of growth along the sutures, pro- 
ducing morphologieal ehanges that may result in skull deformity 
(Sharma 2013). Biomeehanieal forees and genetieally determined loeal 



Fig. 27.7 The hydroeephalie skull of a 25-year-old male showing 
numerous sutural bones. A, Lateral view. B, Posterior view. (Courtesy of 
the Museum of the Royal College of Surgeons of England, photograph by 
Mr J Carr.) 


expression of growth faetors have been implieated in the aetiology of 
premature fusion but the reasons are not fiilly understood. Premature 
ffision may occur in one or more of the eranial sutures; when the sutures 
around the eranial base are involved, severe limitation of faeial bone 
growth will occur. Metabolie disorders such as riekets and familial 
hypophosphatasia ean also result in synostosis. Raised intraeranial pres- 
sure with or without hydrocephalus, visual deterioration and mental 
retardation may result. Seaphoeephaly (sagittal eraniosynostosis) is the 
most eommon and leads to lengthening of the vault in an anteropos- 
terior direetion; it ean also occur in conjunction with other sutures, e.g. 
Crouzon's syndrome. Coronal synostosis, either unilateral (plagioeeph- 
aly) orbilateral (brachycephaly/oxycephaly), is the next most frequently 
seen and results in reduced anteroposterior development with marked 
supraorbital reeession. When it is unilateral, the faee develops asym- 
metrieally and is rotated away from the side with premature ffision. 
Metopie eraniosynostosis (trigonoeephaly) and pansynostosis (turri- 
eephaly), where both the eoronal and sphenofrontal sutures are 
involved, are much less eommon. 

Craniofacial dysostosis syndromes, such as Crouzon's, Apert's, 
Saethre-Chotzen, Pfeiffer s and Carpenter s, show varying degrees of 
ealvarial synostoses that are usually aeeompanied by a signifieant laek 
of growth in the midfaee. Early release of the ealvarial synostoses does 
not result in normal faeial growth, and a midfaeial osteotomy at the Le 
Fort III level is usually required later in life. When signifieant orbital 
hypertelorism develops, a transeranial bipartitioning procedure is 
needed in order to bring the two orbits together. 

Altered patterns of skull growth resulting in altered profiles ean also 
be aehieved deliberately by affeeting sutural growth using binding and 
other pressure, as has been praetised in eertain cultures of the world 
(Fig. 27.8) (rubbs et al 2006). The earliest known reeord of the praetiee 
is from Iraq and dates baek to 45,000 BCE (Gerszten and Gerszten 
1995). 
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Fig. 27.8 Intentional skull modifieation: eharaeteristie elongation of the 
eranial vault produced by head-binding of a nevvborn. (Courtesy of John 
Langdon.) 


Oongenital abnormalities affeeting the skull 

A large number of malformations and anomalies affeet the bones and 
assoeiated soft tissue structures of the skull and are the result of a loeal- 
ized error of morphogenesis during embryologieal development. Many 
are reeognized patterns of malformation that are presumed to have the 
same aetiology. They do not arise as the result of just one isolated error 
in morphogenesis and are deseribed as syndromes; speeifie texts should 
be consulted for fiirther details. 


IDENTIFIGATION FROM THE SKULL 


There are many ways of identifying an individual; in physieal and 
forensie anthropology, the most important eoneern biologieal and per- 
sonal identity (Wilkinson and Rynn 2012). Biologieal identity pertains 
to those features that allow an individual to be elassified in relation to 
features present in other individuals, e.g. sex, age, ethnie origin and 
stature, whereas personal identity establishes eriteria that are eharaeter- 
istie and diseriminatory for a particular individual, e.g. DNA, finger- 
prints and dental information. The skull is a useful source of information 
for the establishment of both biologieal and personal identity and is 
probably the most studied region of the skeleton. The foundation of 
this obsession has many historieal roots, but fimdamentally it has 
arisen from the importanee that humans plaee on the eoneept that the 
skull is the repository of 'self, and that it is the means by which inter- 
personal communication is effeeted. Our faee is our primary means of 
reeognition and communication, and therefore it plays a pivotal role 
in establishing and reeonstmeting the identity of an individual (Lahr 
1996). 

SEX DETERMINATION 


The determination of sex from a juvenile skull is notoriously unreliable. 
While sexual differenees have been deteeted in measurements of the 
mandible, orbits, tooth size and pattern of dental emption, they do not 
reaeh a level of statistieal diserimination that will allow accurate and 
reliable assessment. It is equally difficult to assign sex to the faee of a 
ehild because the faees of prepubertal boys and girls are eomparable; 
pereeivable sexual dimorphism is not generally manifest until seeond- 
ary sexual ehanges are eompleted. Growth in the female faee eeases in 
advanee of that of the male, and consequently, female sex-related ehar- 
aeteristies are more paedomorphie. The defining eharaeteristies of sex 
in an adult skull are therefore male in orientation and refleet the effeets 
of the inereased mass of the muscles of mastieation, which attaeh to 
the mandible, and the muscles assoeiated with maintaining the ereet 
426 head. It is reported that using the skull alone, sex ean be predieted with 


over 80% accuracy in the adult. This is extremely encouraging, given 
that researeh has shown that the eorreet sex ean usually be predieted 
from the adult living faee with only 96% accuracy. 

Generally speaking, the male skull is more robust and the female 
more graeile, although there are obvious genetie, and therefore ethnie, 
variations that must be eonsidered when attempting to assign sex from 
a skull. The female forehead is generally higher, more vertieal and more 
rounded than that of the male, with retention of the frontal eminenees. 
The male mandible is more robust and larger than that of the female; 
it generally displays a greater height in the region of the symphysis 
menti, the ehin is squarer, the eondyles are larger, the muscle attaeh- 
ments are more pronounced and the gonial angle is generally less than 
125°. A male skull has thieker and more rounded orbital margins, 
pronounced supraorbital ridges, and often a well-defined glabella that 
oeoipies the midline above the root of the nose. The temporal lines are 
more pronounced in the male and the supramastoid erest generally 
extends posterior to the external acoustic meatus. 

Other sites of muscle attaehment on the skull refleet the biomeehani- 
eal requirement to keep the more robust male head ereet. They include 
the mastoid proeess for sternoeleidomastoid, which is generally more 
robust in the male and more graeile in the female, and the nuchal lines, 
espeeially the external oeeipital protuberance for the attaehment of the 
ligamentum nuchae. The eranial base in the male is generally more 
robust and the bone is thieker, which means that this area of the skull 
survives inhumation particularly well and is therefore of value in sex 
identifieation from fragmentary remains. 

AGE DETERMINATION 


Age is a continuous variable; to establish ehronologieal age from a skull 
requires that structures ehange with age at a relatively eonstant and 
predietable rate. The relationship between ehronologieal age and skel- 
etal maturity is elosest in the juvenile years, and therefore greater accu- 
raey is aehieved in the predietion of age from the juvenile than from 
the adult skull. 

The neonatal skull has been deseribed above. Examples of additional 
features that allow reliable age determination throughout the subadult 
years are: development of the nasal spine (by year 3), eompletion of 
the hypoglossal eanal (by year 4), formation of the foramen of Huschke 
(by year 5), ossifieation of the dorsum sellae (by year 5), and ffision of 
the different parts of the oeeipital bone (by year 7). The fontanelles are 
usually all elosed by the middle of the seeond year; the posterolateral 
is the first to elose in the first 2 months after birth, and the anterior 
fontanelle is the last to elose around the middle of the seeond year. The 
mastoid proeess appears in the seeond year and the metopie suture 
between the two frontal bones is usually elosed by the end of the first 
year. The spheno-oeeipital synehondrosis will ffise between 11 and 16 
years in the female and 13 and 18 years in the male, while the vomer 
and the ethmoid will fuse between 20 and 30 years of age. The last part 
of the skull to show aetive age-related growth is the jugular growth plate, 
a small triangular area sited posterolateral to the jugular foramen in the 
oeeipitotemporal suture. Fusion here does not begin until the third 
deeade, and bilateral ffision may not be eompleted before the middle 
of the fourth deeade; in a small proportion of individuals, the plate 
may remain unfused into the sixth deeade. Closure of the eranial sutures 
is age-related but the eorrelation is not strong and displays strong 
genetie variation. Thus, while it ean be said that suture closure may 
begin in the early part of the third deeade, and it is likely that many of 
the sutures will be obliterated with advaneing age, it is not a reliable 
means of establishing the age of an individual. See Scheuer and Blaek 
(2000) for ffirther information on age determination from the juvenile 
skeleton. 

The most accurate means of determining age from the skull (of both 
a living and a deeeased individual) is by assessment of dental matur- 
ation. Tooth development ean be studied throughout the entire juvenile 
age span (from the early embryo to the adoleseent), and importantly, 
dental age and ehronologieal age have been shown to exhibit a stronger 
eorrelation than skeletal and ehronologieal age. Further, the teeth tend 
to survive inhumation successfully and are remarkably resilient to fire 
and explosion, ensuring their value in forensie investigations. 

The ehronologieal pattern of dental maturation is well dooimented 
and is an extremely important tool for age evaluation. Tooth develop- 
ment ean be separated into a number of well-defined stages: deciduous 
mineralization (crown and root), deciduous emergenee and matur- 
ation, deciduous root resorption, shedding of deciduous teeth, mineral- 
ization (crown and root) of permanent dentition, emergenee and 
maturation of deciduous dentition, and attrition of permanent crowns. 
These stages do not occur in a linear fashion; while some of the 
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deciduous teeth are emerging, permanent teeth are already being 
formed. For example, mineralization of the deciduous eentral ineisor 
eommenees around the fifteenth week post fertilization, and this is the 
first tooth to emerge within the first 5 months after birth. All deciduous 
teeth are in occlusion by around 3 years of age. The first deciduous teeth 
to be shed are generally the eentral and lateral ineisors around 7 years 
of age, when the permanent ineisors emerge. The last deciduous tooth 
to be shed is generally the seeond molar in the tenth year. The first 
permanent tooth to show mineralization is the first molar, which occurs 
around the time of birth (sometimes earlier and sometimes later); it is 
also the first permanent tooth to emerge at around 6 years of age, and 
it will reaeh occlusion by the end of the seventh year. The last perma- 
nent tooth to emerge is the third molar; the variability of this occur- 
renee makes it of restrieted value for age predietion. 

The time taken for a crown to form ean be ealailated from ground 
seetions with eonsiderable accuracy by counting the number of daily 
eross-striations from the neonatal line. For permanent teeth, the time 
taken for the crown to form ean be ealailated by counting the number 
of the enamel striae and multiplying by the individual's periodieity. 
Patterns of mineralization, emergenee and shedding may be supple- 
mented by analyses of tooth length, cementum apposition, seeondary 
dentine formation, ineremental enamel lines, attrition rates, root trans- 
lucency and dentine transpareney (Whittaker and MaeDonald 1989). 
Chemical analysis of the stable isotopes of earbon, oxygen and nitrogen 
from teeth ean provide important information eoneerning the nature 
of the diet of an individual, and is used in paleodiet analysis and in 
studies of pathophysiology and nutrition in arehaeologieal and living 
human populations (Reitsema 2013). 


DETERMINATION 0F ETHNIC ORIGIN 


The determination of ethnie or genetie origin is particularly difficult to 
aehieve, although it is something that both physieal and forensie 
anthropologists are frequently asked to attempt. The traditional view of 
ethnieity is that it is 'one of the major zoologieal subdivisions of 
mankind, regarded as having a eommon origin and exhibiting a rela- 
tively eonstant set of physieal traits' (Bamshad and Olson 2003). Clas- 
sifying groups on this basis is rather restrietive and, in our migrant 
modern world, somewhat artifieial. It is still useful to be able to attempt 
to assign a 'most likely' genetie group, espeeially when dealing with 
unidentified forensie remains, but there are signifieant areas of overlap 
between the eharaeteristies, and within any ethnie group there is often 
a full speetmm of representation. Yet we persist in elassifieation on the 
basis of visual eharaeteristies, and the area of the body that is most often 
analysed in this way is the skull. 

Early anthropologists elassified humans largely through geographi- 
eal origins and reeognized physieal traits. The four traditional raees of 
humans were: Caucasoid, Negroid, Mongoloid and Australoid. The 
Caucasoid raee is geographieally from Europe, North Afriea, the Middle 
East, the Indian subcontinent and parts of Central Asia. Classically, the 
Caucasoid skull has a rounded to long shape (doliehoeephalie) with a 
narrow nasal aperture, moderately developed supraorbital ridging, a 
prominent nasal spine, a steeple-shaped nasal root, little prognathism 
and a narrow interorbital distanee. The forehead is steep, the ehin is 
prominent, the palate is long and narrow, the eheek bones are not 
overly prominent, and there is a tendeney to maxillary protmsion or 
mandibular retmsion. The Negroid raee is geographieally represented 
by Saharan, sub-Saharan and West Afriean groups. The typieal Negroid 
skull is also long with a wide nasal aperture, strong alveolar prognath- 
ism, low nasal root, guttering of the nasal aperture and a wide inter- 
orbital distanee. The forehead is rounder, the palate is wider and the 
teeth are larger. The Mongoloid raee is geographieally represented by 
groups in East Asia, South East Asia, Central Asia, the Amerieas, Green- 
land, Inuit regions, Polynesia, South Asia and Eastern Europe. The 
typieal Mongoloid skull is generally deseribed as round with a nasal 
aperture of medium width, well-developed and high eheek bones, mod- 
erate prognathism, a tented nasal root, short nasal spine and shovel- 
shaped ineisors. The palate is foreshortened, the forehead is vertieal, the 
nasal bridge is low and there is a tendeney for a forward rotation of the 
mandible. The Australoid raee is geographieally represented by Austral- 
ian Aborigines, Maori, Paeifie Islanders, Fijians and Papuans. The skull 


of this rather heterogeneous group is generally represented by a broad 
nasal aperture, well-developed supraorbital ridging and glabella, and a 
wide palate with large teeth. 

There is a current resurgence in researeh into ethnie determination 
that is largely eentred on genetie markers, and consequently, skeletal 
indieators now play a signifieantly reduced role in this task (Gill and 

Rhine 2004). 


FACIAL APPR0XIMATI0N (REC0NSTRUCTI0N) 

Onee the biologieal identity of an individual has been established (i.e. 
sex, age, stature and ethnie origin), an attempt to establish personal 
identity may be neeessary, particularly in relation to a forensie investiga- 
tion. Aehieving a possible name for a vietim is neeessary before eom- 
parison of antemortem and postmortem data ean be aehieved and a 
positive identity established. One of the aeeepted ways to aehieve this 
is to reeonstmet the faee from the skull, thereby producing a faeial 
approximation that ean be released to the community or the public at 
large in an attempt to identiíy the vietim. Experts in this diseipline 
utilize the many variations in the skull to reeonstmet individual pos- 
sible representations of the faee from the material available. Biologieal 
variation will dietate the appropriate data used for tissue thiekness that 
are applied to the skeletal seaffold. 

There are fimdamentally two approaehes to faeial reeonstmetion. 
The first approaeh is computer reeonstmetion - the skull is usually 
seanned by a laser three-dimensional seanner and an 'average' virtual 
faee is wrapped around the skeletal seaffold. This approaeh is largely 
automated and requires limited training and expertise. It is rapid to 
aehieve and relatively inexpensive, but relies on a large data set to 
ensure that the 'average' faee utilized is appropriate. The seeond 
approaeh is modelled reeonstmetion - the skull is usually east, and pegs 
are inserted into the east at the appropriate tissue depth requirements. 
In the 'Ameriean' approaeh, a skin of elay is then moulded over the pegs 
to approximate the faee. In the 'Manehester' method, eaeh sequential 
muscle and soft tissue layer is built up around the pegs before a elay 
skin is moulded over the underlying structures. The modelling approaeh 
is elearly more dependent on experience, takes longer to aehieve and is 
more eostly. 

There is great debate over which approaeh is the most aeoirate and, 
as yet, no agreement has been reaehed. Most praetitioners state that the 
proeess aehieves an approximation of one of the potential faees for the 
deeeased and does not purport to reeonstmet the actual faee. The ration- 
ale is to produce an image that will jog the memory of the public and 
provide some possible names that will allow eomparison of antemor- 
tem and postmortem identity data. 


FACIAL SUPERIMP0SITI0N 


Onee a possible name has been derived, it may be neeessary to eompare 
the skull with photographs of the suspected individual. In these eiraim- 
stanees, an image of the skull is superimposed on to an image of the 
faee of the missing person (Fig. 27.9). This relies on aehieving a live 
capture image of the skull so that it ean be rotated and manipulated 
into an identieal position and to an identieal size as the photograph. 
Features that do not ehange are lined up; a photograph that shows teeth 
is ideal because teeth ean be lined up with the dentition on the skull. 
The image of the skull and photograph ean then be faded in and out; 
if this is undertaken at speed, any diserepaneies will show up on the 
image as distortion. 



Fig. 27.6 E-G, Normal three-dimensional ealvarial anatomy. 

E, Frontal aspeet. F, Lateral aspeet. G, Basal aspeet; there is a 
linear fracture in the right parietal bone. 
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Fig. 27.9 Faeial superimposition: a 
live capture image of the skull has 
been manipulated into the identieal 
position and size of the faee in the 
photograph. (Courtesy of Professor 
Caroline Wilkinson and Professor Sue 
Blaek, Centre for Anatomy and 
Human identifieation, llniversity of 
Dundee.) 
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The neurocranium (ealvaria and eranial base) eontains the brain, the 
intraeranial portions of the eranial nerves, blood vessels, meninges and 
eerebrospinal fluid. Its walls are formed by parts of the frontaf ethmoid, 
parietaf sphenoid, temporal and oeeipital bones. 


INTERNAL SURFACE OF CALVARIA 


The internal surface of the ealvaria is deeply eoneave. It includes most 
of the frontal and parietal bones and the squamous part of the oeeipital 
bone, variously united at the eoronaf sagittal and lambdoid sutures 
(Fig. 28.1). With inereasing age, these sutures beeome obliterated by a 
gradual proeess that begins on their intraeranial surfaces. ineonstant 
foramina may occur in the parietal bones near the sagittal sulcus and 
anterior to the lambdoid suture; they admit emissary veins assoeiated 
with the superior sagittal sinus. The internal surfaces of the frontal and 
parietal bones are grooved by furrows that house the frontal and 


parietal branehes of the middle meningeal vessels; the grooves eontain 
the openings of minute ehannels that admit perforating vessels to the 
haemopoietie marrow within the diploie bone. Impressions for eerebral 
gyri are less distinet on the bones of the ealvaria than they are on the 
eranial base. 

The falx eerebri, a dural partition that separates the two eerebral 
hemispheres of the brain, is attaehed anteriorly to a backward-projecting 
anteromedian frontal erest. The erest exhibits a groove that widens as 
it passes baek below the sagittal suture and beeomes continuous with 
the sagittal sulcus, which houses the superior sagittal sinus. Irregular 
depressions, granular foveolae, which beeome larger and more numer- 
ous with age, lie on either side of the sulcus and usually house araeh- 
noid granulations. 
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Fig. 28.1 The internal surface of the eranial vault. (With permission from 
Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd 
ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


The base of the eranial eavity is divided into three distinet fossae: the 
anterior, middle and posterior eranial fossae (Fig. 28.2). The floor of 
the anterior eranial fossa is at the highest level and the floor of the 
posterior fossa is at the lowest. 

Detailed deseriptions of the microsurgical anatomy of eaeh region 
of the eranial base are beyond the seope of this book, and the interested 
reader is direeted in the first instanee to Rhoton (2007). 


ANTERIOR CRANIAL FOSSA 


The anterior eranial fossa is formed by the frontaf ethmoid and sphe- 
noid bones, and supports the frontal lobes of the eerebral hemispheres. 
Its floor is eomposed of the orbital plate of the frontal bone, the eribri- 
form plate and erista galli of the ethmoid bone, and the lesser wings, 
jugum sphenoidale, and preehiasmatie sulcus of the sphenoid. 

A perforated plate of bone, the eribriform plate of the ethmoid bone, 
spreads aeross the midline between the orbital plates of the frontal bone 
and is depressed below them, forming part of the roof of the nasal 
eavity. Olfaetory nerves pass from the nasal mucosa to the olfaetory bulb 
of the brain through numerous small foramina in the eribriform plate. 
Anteriorly, a spur of bone, the erista galli, projeets upwards between the 
eerebral hemispheres and serves as an attaehment for the falx eerebri. 
A depression between the erista galli and the erest of the frontal bone 
is erossed by the frontoethmoidal suture. It bears the foramen eaeaim, 
which is usually a small blind-ended depression formed by the devel- 
opmental involution of a dural diverticulum that extends through the 
foramen caecum to the columella; in adults, it oeeasionally aeeommo- 
dates a vein draining from the nasal mucosa to the superior sagittal 
sinus. Failure of the foramen caecum to elose may cause nasal dermoid 
eysts and nasoethmoidal eneephaloeoeles in ehildren. 

The anterior ethmoidal nerve and vessels enter the eranial eavity 
where the eribriform plate meets the orbital part of the frontal bone. 
They then pass into the roof of the nasal eavity via a small foramen by 
the side of the erista galli. The posterior ethmoidal eanal, which trans- 
mits the posterior ethmoidal nerve and vessels, opens at the junction 
of the posterolateral eorner of the eribriform plate and jugum sphenoi- 
dale. The convex orbital plate of the frontal bone separates the brain 
from the orbit and bears impressions of eerebral gyri and small grooves 
for meningeal vessels. Posteriorly, it articulates with the anterior border 
of the lesser wing of the sphenoid laterally and the jugum sphenoidale 
medially. The jugum sphenoidale is a flat surface on the upper aspeet 
of the sphenoid bone that eonneets the two lesser wings, also known 
as the plamim sphenoidale. The limbus of the sphenoid bone is a 
prominent ridge on the body of the sphenoid that forms the posterior 
border of the jugum sphenoidale and the anterior border of the preehi- 
asmatie sulcus. The latter is an osseous groove that mns transversely 
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Fig. 28.2 The floor of eranial eavity shovving the 
eranial fossae. (Adapted vvith permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, Urban & 
Fiseher, 2013.) 


between the optie eanals. The optie ehiasma usually lies above the 
preehiasmatie sulcus, while the medial orbital surface of the frontal 
lobes and olfaetory traets lie above the jugum sphenoidale (see Figs 
28.2; 28.9). 

The posterior boundary of the lesser wing forms the posterior 
boundary of the anterior eranial fossa; the medial end of the lesser wing 
constitutes the anterior elinoid proeess. The lesser wing and the anterior 
elinoid proeess join the sphenoid body by two roots that are separated 
by the optie eanal. The anterior root, broad and flat, forms the roof of 
the optie eanal and is continuous with the jugum sphenoidale, while 
the smaller and thieker posterior root, also known as the optie stmt, 
joins the body of the sphenoid bone at the lateral aspeet of the posterior 
bank of the preehiasmatie sulcus or tuberculum sellae (see Fig. 28.2). 
The optie stmt of the anterior elinoid proeess separates the optie eanal 
from the superior orbital fissure (Kerr et al 2012). Eaeh optie eanal 
transmits the optie nerve and ophthalmie artery. 


MIDDLE ORANIAL FOSSA 
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The middle eranial fossa is formed by the sphenoid and temporal bones 
and supports the temporal lobes of the eerebral hemispheres. It is 
bounded in front by the posterior aspeet of the lesser and greater wings 
of the sphenoid, behind by the superior border of the petrous part of 
the temporal bone, laterally by the squamous part of the temporal bone 
and greater wing of the sphenoid, and medially by the lateral aspeet of 
the sphenoid body, including the earotid sulcus, sella turcica and 
dorsum sellae. 

The middle eranial fossa communicates with the orbits by the su- 
perior orbital fissures, eaeh bounded above by a lesser wing, below by 
a greater wing, and medially by the body of the sphenoid bone and 
optie stmt. The fissures eontain the ooilomotor, troehlear and abducens 
nerves, and the laerimal, frontal and nasoeiliary branehes of the oph- 
thalmie division of the trigeminal nerve, together with filaments from 
the internal earotid plexus (sympathetie), the superior and inferior 
ophthalmie veins, the orbital braneh of the middle meningeal artery, 
and the recurrent braneh of the laerimal artery. 

The eentral part of the eranial base, loeated between both middle 
eranial fossae, is formed by the body of the sphenoid bone, which 
eontains the sphenoidal sinuses. The body of the sphenoid bone is 
deeply eoneave and houses the pituitary gland (hypophysis); it is there- 
fore termed the pituitary (hypophysial) fossa, also known as the sella 
turcica because it resembles the shape of a Turkish saddle (Paluzzi et al 
2012) (Videos 28.1-28.3). The faee and floor of the sella turcica are 


loeated within the sphenoidal air sinuses, which is why the most direet 
surgical route to the pituitary fossa is the trans-sphenoidal approaeh. 
The anterior edge of the sella is formed by a bony prominenee known 
as the tuberculum sellae, which continues anteriorly with the preehias- 
matie sulcus; the posterior boundary presents a vertieal pillar of bone, 
the dorsum sellae. The superolateral angles of the dorsum are expanded 
as the posterior elinoid proeesses. A fold of dura, the diaphragma sellae, 
is attaehed to the anterior and posterior elinoid proeesses and roofs over 
the pituitary fossa. The cavernous sinus lies lateral to the pituitary fossa. 
The lateral wall of the body of the sphenoid eontains a shallow earotid 
sulcus related to the internal earotid artery as it aseends from the earotid 
eanal and mns through the cavernous sinus. 

Eaeh anterior elinoid proeess eovers the roof of the cavernous sinus 
and the paraelinoidal segment of the internal earotid artery as it leaves 
the cavernous sinus and pierees the dura to enter the intradural spaee. 
The anterior elinoid proeess gives attaehment to the anterior petroeli- 
noidal ligament, which forms the free margin of the tentorium eere- 
belli, and the interelinoidal ligament, which lies between the anterior 
and posterior elinoids. The middle elinoid proeess arises from the body 
of the sphenoid bone at the anterolateral margin of the sella turcica 
and may be eonneeted to the anterior elinoid proeess by a thin osseous 
bar, formed by ossifieation of the earotieoelinoid ligament. The result- 
ing earotieoelinoid foramen or ring surrounds the paraelinoidal segment 
of the internal earotid artery (Fernandez-Miranda et al 2012). While 
anterior and posterior elinoids are always present, middle elinoids are 
not eonstant. A reeent study revealed that the middle elinoid proeess 
was usually identifiable in fine-oit head computed tomogram- 
angiogram seans, and sometimes had at least one earotieoelinoid ring. 

The greater wing of the sphenoid bone eontains three eonsistent 
foramina and other small variable foramina. The foramen rotundum, 
situated just below the medial end of the superior orbital fissure, leads 
forwards into the medial aspeet of the inferior orbital fissure and opens 
into the pterygopalatine fossa; it eontains the maxillary nerve (seeond 
division of trigeminal nerve). 

Behind the foramen rotundum is the foramen ovale, which transmits 
the mandibular nerve (third division of trigeminal nerve). The foramen 
spinosum lies just posterolateral to the foramen ovale and transmits 
the middle meningeal artery and veins; these vessels groove the floor 
and lateral wall of the middle eranial fossa. The foramen ovale and 
foramen spinosum open into the underlying infratemporal fossa. The 
small foramen of Vesalius sometimes occurs in skulls and lies antero- 
medial to the foramen ovale and lateral to the foramen rotundum; it 
transmits an emissary vein through which the cavernous sinus and 
pterygoid plexus communicate. 
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The foramen laeemm is a misnomer because it is a gap, not a tme 
foramen, formed by the ineomplete confluence of the petrosphenoidal 
and petroelival fissures. It may therefore also be ealled the sphenopetro- 
elival synehondrosis. It lies posteromedial to the foramen ovale at the 
transition between the earotid sulcus of the sphenoid bone and the 
petrous earotid eanaf bounded laterally by the lingula of the sphenoid 
and the petrolingual ligament extending to the petrous apex. The lower 
portion of the foramen laeemm is filled with fibroeartilage extending 
from the pharyngotympanie tube and basopharyngeal faseia. The upper 
portion of the foramen eontains the laeeral segment of the internal 
earotid artery and should be eonsidered as the rostral extension of the 
petrous earotid eanal (Tauber et al 1999). The only stmctures that enter 
or exit the intraeranial eavity through the foramen laeemm are the 
pterygoid (Vidian) nerve and vessels, terminal branehes of the aseend- 
ing pharyngeal artery and small emissary veins eonneeting the extra- 
eranial pterygoid plexus with the intraeranial cavernous sinus. 

The superior border of the petrous part of the temporal bone sepa- 
rates the middle and the posterior eranial fossae, and is grooved by the 
superior petrosal sinus. The trigeminal impression, which aeeommo- 
dates the trigeminal ganglion, is situated on the anterior surface of the 
petrous part of the temporal bone near its apex. A smooth trigeminal 
noteh leads into the impression and lies on the upper border of the 
petrous part, anteromedial to the groove for the superior petrosal 
sinus. At the level of the noteh, the trigeminal nerve passes from the 
posterior to the middle eranial fossa, and separates the superior petro- 
sal sinus from the underlying bone. The petrosphenoidal ligament (of 
Gmber) lies at the anterior end of the trigeminal noteh, attaehed to a 
minute bony spicule, the petrous tubercle (iaeonetta et al 2003). The 
ligament mns in a superior, anterior and medial direetion to attaeh to 
the posterior and lateral aspeet of the posterior elinoid. The abducens 
nerve bends sharply aeross the upper petrous border and medially over 
the lateral edge of the dorsum sellae, and typieally passes under the 
petrosphenoidal ligament to enter the cavernous sinus (Ozveren et al 
2002). This interdural spaee (between dural layers), limited superiorly 
by the petrosphenoidal ligament, laterally by the petrous apex, and 
medially by the dorsum sellae, is known as Dorello's eanal (Ambekar 
et al 2012). It is also defined as the petroelival venous confluence 
because it is filled with blood from the adjaeent venous sinuses, 
namely: the inferior and superior petrosal, cavernous and basilar 
plexus (Barges-Coll et al 2010). 

Lateral to the trigeminal impression, a narrow groove passes postero- 
laterally into the hiatus for the greater petrosal nerve (also known as 
the faeial hiatus); the hiatus and groove for the lesser petrosal nerve lies 
even fiirther laterally (Kakizawa et al 2007). Posterolateral to the faeial 
hiatus, a rounded arcuate eminenee is produced by the underlying 
superior semicircular eanal. A line biseeting the angle subtended by the 
arcuate eminenee and the greater petrosal nerve estimates the loeation 
of the roof of the internal acoustic meatus (internal auditory eanal) in 
the middle fossa. The petrous segment of the internal earotid artery mns 
from the earotid foramen to the foramen laeemm within the earotid 
eanal of the petrous part of the temporal bone. The greater petrosal 
nerve travels above and parallel to the petrous earotid eanal, which may 
be dehiseent. The osseous portion of the pharyngotympanie tube and 
tensor tympani mn parallel and just lateral to the petrous earotid eanal 
within the floor of the middle fossa. The eoehlea is situated within the 
petrous part of the temporal bone, just medial to the posterior aspeet 
of the petrous earotid eanal and anterior to the internal acoustic meatus 
and arcuate eminenee. The portion of petrous bone that is limited 
anteriorly by the mandibular nerve, laterally by the greater petrosal 
nerve, medially by the superior petrosal sinus, and posteriorly by the 
internal acoustic meatus and eoehlea is named the posteromedial or 
Kawase's triangle of the middle fossa. The surgical procedure known as 
anterior petroseetomy eonsists of removal of this bone in order to aeeess 
the posterior fossa from the middle fossa approaeh (Kawase et al 1985) 
(Ch. 38). 

The lateral surface of the petrous part of the temporal bone is formed 
by the tegmen tympani, a thin osseous lamina that separates the 
tympanie eavity (middle ear) from the middle fossa. Chronically ele- 
vated intraeranial pressure may cause erosion of the tegmen tympani 
and spontaneous eerebrospinal fluid otorrhoea. The posterior part of 
the tegmen tympani forms the roof of the mastoid antmm, lateral to 
the arcuate eminenee, and is also ealled the tegmen mastoideum. In 
young skulls, a petrosquamous suture may be visible at the lateral limit 
of the tegmen tympani but it is obliterated in adults. The tegmen 
tympani then turns down as the lateral wall of the osseous portion of 
the pharyngotympanie tube, and its lower border may appear in the 
squamotympanic fissure. Lateral to the anterior part of the tegmen 
tympani, the squamous part of the temporal bone is thinned over a 
small area that eoineides with the deepest part of the mandibular fossa. 


P0STERI0R ORANIAL F0SSA 


The posterior eranial fossa is formed by the sphenoid, temporal and 
oeeipital bones, and eontains the eerebelhim, pons and medulla oblon- 
gata. It is bounded in front by the dorsum sellae, posterior aspeets of 
the body of the sphenoid bone, and the basilar (or elival) part of the 
oeeipital bone; behind by the squamous part of the oeeipital bone; and 
laterally by the petrous and mastoid parts of the temporal bones and 
by the lateral (eondylar) parts of the oeeipital bone. 

The most prominent feature in the floor of the posterior eranial 
fossa is the foramen magnum in the oeeipital bone. The medulla 
oblongata exits the eranial eavity through the foramen magnum to 
continue as the spinal eord (Ch. 20). The cerebellum is ffilly eon- 
tained within the posterior fossa. When the lower part of the eerebel- 
lum, the tonsils, deseend abnormally through the foramen magnum, 
they may cause eompression of the medulla at the level of the 
foramen magnum, a eondition ealled tonsillar herniation or Chiari 
malformation. 

The clivus is a sloping surface that extends from the sella turcica to 
the foramen magnum, and is formed successively by the dorsum sellae, 
the posterior part of the body of the sphenoid and the basilar (elival) 
part of the oeeipital bone. The spheno-oeeipital synehondrosis is 
evident on the clivus of a growing ehild but not in adults. The clivus is 
loeated at the eentre of the posterior skull base and separates the 
nasopharynx from the posterior eranial fossa. Cranial ehordomas are 
malignant tumours that histologieally are reminiseent of embryonie 
notoehordal tissue and typieally arise within the elival bone ( "ernandez- 
Miranda et al 2014). The clivus reaehes its final length at the age of 11 
years in both sexes (Krmpotió-Nemanie et al 2005). On eaeh side, the 
clivus is separated from the petrous part of the temporal bone by a 
petro-oeeipital (or petroelival) fissure, filled by a thin plate of eartilage 
and extending from the foramen laeemm (extracranially) and eavern- 
ous sinus (intraeranially) to the jugular foramen. The intraeranial 
margins of the fissure are grooved by the inferior petrosal sinus. Chon- 
drosareomas are malignant tumours eomposed of transformed eells 
that produce eartilage; their most eommon intraeranial loeation is pre- 
eisely the petroelival fissure. 

The jugular foramen is a large opening loeated between the temporal 
and oeeipital bones at the posterior end of the petro-oeeipital fissure, 
above and lateral to the foramen magnum. The lower border of the 
jugular foramen is smooth and is formed by the lateral part of the 
oeeipital bone. The upper border is sharp and irregular, and is formed 
by the petrous part of the temporal bone. It eontains a noteh, the intra- 
jugular proeess, which divides the foramen into a large posterolateral 
eompartment, the sigmoid part, which reeeives the drainage of the 
sigmoid sinus; and a small anteromedial eompartment, the petrosal 
part, which reeeives the drainage of the inferior petrosal sinus. The 
aeeessory, vagus and glossopharyngeal nerves course in the medial side 
of the intrajugular proeess; they lie between the petrosal part (which 
eontains the inferior petrosal sinus aeeompanied by a meningeal braneh 
of the aseending pharyngeal artery) and the sigmoid part (which eon- 
tains the sigmoid sinus aeeompanied by a meningeal braneh of the 
oeeipital artery). The eoehlear canaliculus or aqueduct, which eontains 
the perilymphatie 'duct', is sited in the deepest part of the intrajugular 
proeess. The jugular foramina are typieally asymmetrie: the right 
foramen is usually larger than the left, refleeting the right dominanee 
of the sigmoid sinus and jugular vein. 

The jugular tubercle is a rounded prominenee loeated at the junc- 
tion of the basilar and lateral parts of the oeeipital bone, just medial to 
the jugular foramen. The aeeessory, vagus and glossopharyngeal nerves 
eross the posterior portion of the tubercle on their way to the jugular 
foramen. The hypoglossal (anterior eondylar) eanal lies just inferior to 
the jugular tubercle, superior to the oeeipital eondyle, and medial to 
and below the lower border of the jugular foramen (Morera et al 2010). 
It transmits the hypoglossal nerve and its recurrent braneh, together 
with the meningeal braneh of the aseending pharyngeal artery and an 
emissary vein that links the (intraeranial) basilar plexus with the 
(extracranial) internal jugular vein. The eanal may be divided by bony 
septa for different rootlets of the hypoglossal nerve. The oeeipital eon- 
dyles form the lateral (or eondylar) part of the oeeipital bone, and they 
lie within the anterior and lateral aspeet of the foramen magnum. On 
eaeh side, their medial surface bears a tubercle that gives attaehments 
to the alar ligaments of the odontoid proeess, and their inferior surface 
is convex and articulates with the upper surface of the lateral mass of 
the atlas. The posterior eondylar eanal, when present, is loeated in the 
extracranial surface behind and above eaeh oeeipital eondyle; its inter- 
nal orifiee is posterolateral to that of the hypoglossal eanal and eon- 
tains the supracondylar vein and a meningeal braneh of the oeeipital 
artery. 
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The posterior surface of the petrous part of the temporal bone forms 
much of the anterolateral wall of the posterior eranial fossa. It eontains 
the internal acoustic meatus, which lies anterosuperior to the jugular 
foramen, and transmits the faeial and vestibulocochlear nerves, the 
nervus intermedius and labyrinthine vessels. A small subarcuate fossa 
lined with dura mater lies posteriorly between the internal acoustic 
meatus and the opening of the vestibular aqueduct, and houses the 
saccus and ductus endolymphaticus and a small artery and vein. The 
suprameatal tubercle is a bony prominenee loeated superiorly between 
the internal acoustic meatus and the petrous ridge (Seoane and Rhoton 
1999). 

The mastoid part of the temporal bone lies behind the petrous part 
of the temporal bone in the lateral wall of the posterior eranial fossa. 
Anteriorly, it is grooved by a wide sigmoid sulcus that mns forwards 
and downwards, then downwards and medially, and finally forwards to 
the jugular foramen; it eontains the sigmoid sinus. Superiorly where 
the groove touches the mastoid angle of the parietal bone, it beeomes 
continuous with a groove that transmits the transverse sinus, and then 
erosses the parietomastoid suture and deseends behind the mastoid 
antmm. A mastoid foramen, which transmits an emissary vein from the 
sigmoid sinus and a meningeal braneh of the oeeipital artery may be 
sited here. The lowest part of the sigmoid sulcus erosses the oeeipito- 
mastoid suture and grooves the jugular proeess of the oeeipital bone. 
The right sigmoid sulcus is usually larger than the left. 

The squamous part of the oeeipital bone displays a median internal 
oeeipital erest. This mns posteriorly from the foramen magnum to an 
internal oeeipital protuberance, gives attaehment to the falx eerebelli, 
and may be grooved by the oeeipital sinus. The internal oeeipital pro- 
tuberance is elose to the confluence of the simises. It is grooved bilater- 
ally by the transverse sinuses, which curve laterally with an upward 
convexity to the mastoid angles of the parietal bones. The groove for 
the transverse sinus is usually deeper on the right, where it is generally 
a continuation of the superior sagittal sinus, while on the left it is fre- 
quently a continuation of the straight sinus. On both sides, the trans- 
verse sulcus is continuous with the sigmoid sulcus. Below the transverse 
sulcus, the internal oeeipital erest separates two shallow fossae that 
house the eerebellar hemispheres. The posterior elinoid proeess and 
the margins of the grooves for the transverse and superior petrosal 
sinuses all provide anehorage for the attaehed margin of the tentorium 
eerebelli. 


MENINGES 


Three eoneentrie membranes, the meninges, envelop the brain and 
spinal eord. They provide support and proteetion for the delieate tissues 
they surround. The individual layers, in order from outside to inside, 
are the dura mater (pachymeninx), araehnoid mater and pia mater. The 
dura is an opaque, tough, fibrous eoat that ineompletely divides the 
eranial eavity into eompartments and aeeommodates the dural venous 
sinuses. The araehnoid is much thinner than the dura and is mostly 
translucent. It loosely surrounds the brain, eranial nerves and vessels, 
spanning fissures and sulci. The pia mater is a transparent, mieroseopi- 
eally thin membrane that follows the contours of the brain and is 
elosely adherent to its surface. 

The dura is separated from the araehnoid by a narrow subdural 
spaee. The araehnoid is separated from the pia by the subarachnoid 
spaee, which varies greatly in depth; the larger expanses are termed 
subarachnoid eisterns. The subarachnoid spaee eontains eerebrospinal 
fluid (CSF), which is seereted by the ehoroid plexuses of the eerebro- 
ventricular system. CSF circulates within the subarachnoid spaee and is 
reabsorbed into the venous system through araehnoid villi and granul- 
ations assoeiated with the dural venous sinuses. 

Cranial and spinal meninges are continuous through the foramen 
magnum. The eranial meninges are deseribed in this seetion and the 
spinal meninges are deseribed on page 764. 


DURA MATER 


Dura mater is thiek, dense and fibrous. It is predominantly acellular, 
and eonsists mainly of densely paeked faseieles of eollagen fibres 
arranged in laminae. The faseieles mn in different direetions in adjaeent 
laminae, producing a lattiee-like appearanee that is particularly obvious 
in the tentorium eerebelli and around the defeets or perforations that 
sometimes occur in the anterior portion of the falx eerebri. 

The eranial dura, which lines the eranial eavity, differs from the 
spinal dura mainly in its relationship to the surrounding bones. It has 
an inner, or meningeal, layer and an outer, or endosteal, layer. As a 


general mle, the meningeal layer eovers neural tissues, while the endos- 
teal layer adheres to the osseous structures. These layers are united 
except where they separate to enelose the venous simises that drain 
blood from the brain. There is little histologieal differenee between 
the endosteal and meningeal layers. Both eontain fibroblasts, and the 
endosteal layer also eontains osteoblasts. Foeal ealeifieation may occur 
in the falx eerebri and near the superior sagittal sinus. 

The endosteal layer of dura adheres to the internal surfaces of the 
eranial bones, particularly at the sutures and the eranial base, and 
around the foramen magnum. Fibrous bands pass from the dura into 
the bones, and it is difficult to remove the dura from the suture lines 
in young skulls. However, as the suture lines fuse, the dura beeomes 
separated from them. The endosteal layer of the dura is continuous with 
the perieranmm through the eranial sutures and foramina and with the 
orbital periosteum through the superior orbital fissure. The meningeal 
layer provides tubular sheaths for the eranial nerves as they pass out 
through the eranial foramina, and these sheaths fuse with the epineur- 
ium as the nerves emerge from the skull. The dural sheath of the optie 
nerve is continuous with the ocular selera. The dura fhses with the 
adventitia of major vessels, such as the internal earotid and vertebral 
arteries, at sites where they pieree it to enter the eranial eavity. 

The inner, meningeal, layer of dura is elosely applied to the araeh- 
noid over the surface of the brain. However, the two membranes are 
physieally joined only at sites where veins pass from the brain into 
venous sinuses, e.g. the superior sagittal sinus. 


Extradural haematoma 

The anatomieal organization of the dura, and its relationships to the 
major venous sinuses, sutures and blood vessels, are elinieally signifi- 
eant. Separation of the dura from the eranial bones requires signifieant 
foree, and consequently happens when high-pressure arterial bleeding 
takes plaee into the extradural or epidural spaee. This ean result from 
damage to any meningeal vessel, eommonly following skull fracture. 
The elassie site for such injury is along the course of the middle menin- 
geal artery, where a direet blow causing a fracture of the temporal and/ 
or parietal bones ean rupture the artery and cause rapid eolleetion of 
blood into the extradural spaee. An extradural haematoma therefore 
aets as a rapidly expanding intraeranial mass lesion that causes acute 
brain eompression and displaeement; it is a elassie medieal emergeney 
that requires immediate diagnosis and surgery through a eraniotomy 
for epidural blood elot evacuation and coagulation of the ruptured 
vessel (see Fig. 28.12). 



Dural partitions 


The meningeal layer of the dura is refleeted inwards to form four septa, 
namely: the falx eerebri, falx eerebelli, diaphragma sellae and tentorium 
eerebelli, which partially divide the eranial eavity into eompartments. 

Falx eerebrì 

The falx eerebri is a strong, ereseent-shaped sheet that lies in the sagittal 
plane and occupies the longitudinal fissure between the two eerebral 
hemispheres (Fig. 28.3). The ereseent is narrow in front, where the falx 
is fixed to the erista galli, and broad behind, where it blends with the 
tentorium eerebelli; the straight sinus mns along this line of attaehment 
to the tentorimn (see Fig. 28.3). The anterior part of the falx is thin and 
may have a number of irregular perforations. Its convex upper margin 
is attaehed to the internal eranial surface on eaeh side of the midline, 
as far baek as the internal oeeipital protuberance. The superior sagittal 
sinus mns in a eranial groove within the dura along this margin; the 
falx is attaehed to the lips of this groove. The lower edge of the falx is 
free and eoneave, and eontains the inferior sagittal sinus. 

Falx eerebelli 

The falx eerebelli is a small midline fold of dura mater that lies below 
the tentorium eerebelli and projeets forwards into the posterior eerebel- 
lar noteh between the eerebellar hemispheres. Its base is direeted 
upwards and is attaehed to the posterior part of the inferior surface of 
the tentorium eerebelli in the midline. Its posterior margin eontains the 
oeeipital sinus and is attaehed to the internal oeeipital erest. The lower 
apex of the falx eerebelli frequently divides into two small folds, which 
disappear at the sides of the foramen magnum. 

Dlaphragma sellae 

The diaphragma sellae is a small, circular, horizontal sheet of dura 
mater. It forms a roof over the sella turcica and eovers the pituitary 
gland. The infundibulum (also known as pituitary stalk) passes into the 
pituitary fossa through a eentral opening in the diaphragma. There is 
wide individual variation in the size of this opening. The diaphragma 
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Fig. 28.3 A, The eerebral dura mater, its refleetions and assoeiated major venous sinuses. B, An anatomieal disseetion of a silieon-injeeted speeimen. 
(A, Adapted from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


sellae is an important landmark structure in pituitary surgery because 
large pituitary tumours extend above it and may adopt a eharaeteristie 
dumbbell shape. A trans-sphenoidal approaeh is currently the preferred 
option for aeeessing pituitary tumours, irrespeetive of whether there is 
suprasellar extension beyond the diaphragma sellae. 

Tentorium eerebelli 

The shape of the tentorium eerebelli (see Fig. 28. 3B) is reminiseent of 
a single-poled tent, from which its name is derived. It lies between the 
cerebellum and the oeeipital lobes of the eerebral hemispheres, and 
divides the eranial eavity into supratentorial and infratentorial eompart- 
ments, which eontain the forebrain and hindbrain, respeetively. Its 
eoneave anterior edge is free and separated from the dorsum sellae of 
the sphenoid bone by a large curved hiatus, the tentorial incisure or 
noteh, which is filled by the midbrain and the anterior part of the 
superior aspeet of the eerebellar vermis. The convex outer limit of the 
tentorium is attaehed posteriorly to the lips of the transverse sulci of 
the oeeipital bone and to the posterior inferior angles of the parietal 
bones, where it eneloses the transverse simises. Laterally, it is attaehed 
to the superior borders of the petrous parts of the temporal bones, 
where it eontains the superior petrosal sinuses. On eaeh side, near the 
apex of the petrous temporal bone, the lower layer of the tentorium is 
evaginated anterolaterally under the superior petrosal sinus to form a 
reeess, Meekel's eave, between the endosteal and meningeal layers in the 
middle eranial fossa. The eave is entered by the posterior root of the 
trigeminal nerve and eontains eerebrospinal fluid and the trigeminal 
ganglion; the evaginated meningeal layer fuses in front with the anterior 
part of the ganglion. 

The arrangement of the dura mater in the eentral part of the middle 
eranial fossa is complex. The tentorium forms the medial part of the 
floor of the middle eranial fossa. On both sides, the rim of the tentorial 
incisure is attaehed to the apex of the petrous temporal bone and 
continues forwards as a ridge of dura, known as the anterior petroeli- 
noidal ligament, to attaeh to the anterior elinoid proeess. This ligament 
marks the junction of the roof and the lateral wall of the cavernous 
sinus. The periphery of the tentorium eerebelli (attaehed to the superior 
border of the petrous temporal bone), erosses under the free border of 
the tentorial incisure at the apex of the petrous temporal bone, and 
continues forwards to the posterior elinoid proeess as a rounded ridge 
of the dura mater known as the posterior petroelinoidal ligament. The 
dural extension between the anterior and posterior petroelinoidal liga- 
ments forms the roof of the cavernous sinus. On either side, it is piereed 
superiorly by the oailomotor nerve and behind by the troehlear nerve, 
which proeeed anteroinferiorly into the lateral wall of the cavernous 
sinus. 

In the anteromedial part of the middle eranial fossa, the dura aseends 
as the lateral wall of the cavernous sinus, reaehes the ridge produced by 
the anterior petroelinoidal ligament, and mns medially as the roof of 


the cavernous sinus, where it is piereed by the internal earotid artery. 
The interelinoidal ligament, between the anterior and posterior elinoid 
proeesses, forms the medial limit of the roof of the cavernous sinus and 
continues medially with the diaphragma sellae. At, or just below, the 
opening in the diaphragma for the pituitary stalk, the dura of the dia- 
phragma and the suprasellar araehnoid blend with eaeh other and with 
the capsule of the pituitary gland; the subarachnoid spaee does not 
extend into the sella turcica. 

Transtentorial eoning 

Normally, the arrangement of dural partitions such as the falx eerebri 
and tentorium eerebelli may help to stabilize the brain within the 
eranial eavity. However, when there is foeal brain swelling or a foeal 
space-occupying lesion within the brain or eranial eavity, mass effeet 
and raised intraeranial pressure may cause the brain to herniate under 
the falx eerebri or, more signifieantly, through the tentorial incisure. In 
this ease, the medial temporal lobe, and partioilarly the uncus, will 
eompress the ooilomotor nerve, midbrain and the posterior eerebral 
arteries. This life-threatening event and neurosurgical emergeney, 
oeoirring in patients with supratentorial spaee-oeoipying lesions, is 
known as transtentorial uncal herniation. Similarly, space-occupying 
lesions in the smaller infratentorial eompartment may cause upward 
herniation of the eerebellar vermis through the tentorial hiatus 
(upward transtentorial herniation) or downward herniation of the eer- 
ebellar tonsils through the foramen magnum (tonsillar herniation) 
(see Fig. 21.20); these neurosurgical emergeneies require a suboccipital 
eranieetomy. 

Innervation of the eranial dura mater 


The innervation of the eranial dura mater is derived mainly from the 
three divisions of the trigeminal nerve, the seeond and third eervieal 
spinal nerves, and the eervieal sympathetie tmnk (Fig. 28.4). Less well- 
established meningeal branehes have been deseribed arising from the 
vagus and hypoglossal nerves, and possibly from the faeial and glos- 
sopharyngeal nerves. 

In the anterior eranial fossa, the dura is innervated by meningeal 
branehes of the anterior and posterior ethmoidal nerves and anterior 
filaments of the meningeal rami of the maxillary (nervus meningeus 
medius) and mandibular (nervus spinosus) divisions of the trigeminal 
nerve. Nervi meningeus medhis and spinosus are, however, largely dis- 
tributed to the dura of the middle eranial fossa, which also reeeives fila- 
ments from the trigeminal ganglion. The nervus spinosus re-enters the 
cranium through the foramen spinosum with the middle meningeal 
artery, and divides into anterior and posterior branehes that aeeompany 
the main divisions of the artery and supply the dura mater in the middle 
eranial fossa and, to a lesser extent, the anterior fossa and calvarium. 
The anterior braneh communicates with the meningeal braneh of the 
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Fig. 28.4 The innervation of the eranial meninges. 


maxillary nerve; the posterior braneh also supplies the mucous lining 
of the mastoid air eells. The nervus spinosus eontains sympathetie 
postganglionie fibres from the middle meningeal plexus. The nervus 
tentorii, a recurrent braneh of the intraeranial portion of the ophthal- 
mie division of the trigeminaf supplies the supratentorial falx eerebri 
and the tentorium eerebelli. Intraoperative meehanieal stimulation of 
the falx may trigger the trigeminoeardiae reflex (Bauer et al 2005). The 
dura in the posterior eranial fossa is innervated by aseending meningeal 
branehes of the upper eervieal nerves, which enter through the anterior 
part of the foramen magnum (seeond and third eervieal nerves) and 
through the hypoglossal eanal and jugular foramen (first and seeond 
eervieal nerves). 

Meningeal branehes from the vagus apparently start from the supe- 
rior vagal ganglion and are distributed to the dura mater in the posterior 
eranial fossa. Those from the hypoglossal leave the nerve in its eanal 
and supply the diploè of the oeeipital bone, the dural walls of the 
oeeipital and inferior petrosal sinuses, and much of the floor and an- 
terior wall of the posterior eranial fossa. These meningeal rami may 
not eontain vagal or hypoglossal fibres but aseending, mixed sensory 
and sympathetie fibres from the upper eervieal nerves and superior 
eervieal sympathetie ganglion. All meningeal nerves eontain a postgan- 
glionie sympathetie eomponent, either from the superior eervieal sym- 
pathetie ganglion or by communication with its perivascular intraeranial 
extensions. The role of the autonomic nerve supply of the eranial dura 
mater is uncertain. 

Sensory nerve endings are restrieted to the dura mater and eerebral 
blood vessels, and are not found in either the brain itself, or in the 
araehnoid or pia mater. Stimulation of these nerve endings causes pain, 
as evideneed during awake eraniotomy procedures, and is the basis of 
eertain forms of headaehe. The density of dural innervation, particularly 
around the dural venous sinuses, inereases during the later part of ges- 


tation, peaking at term and subsequently deereasing during the first year 
of postnatal life (Davidson et al 2012). 


Dural venous sinuses 


Dural venous sinuses form a complex network of venous ehannels that 
drain blood from the brain and eranial bones (see Figs 28.3, 19.11; Figs 
28.5-28.6). They lie between the endosteal and meningeal layers of 
dura mater, are lined by endothelium and have no valves; their walls 
are devoid of muscular tissue (Kilig and Akakm 2008). They develop 
initially as venous plexuses; most adult sinuses preserve a plexiform 
arrangement (to a variable degree), rather than being simple vessels 
with a single lumen. Plexiform arrays of small veins adjoin the superior 
and inferior sagittal and straight sinuses, and, less frequently, the trans- 
verse simises; ridges of'spongy' venous tissue, known as venous lacunae, 
often projeet into the lumina of the superior sagittal and transverse 
sinuses (Browder and Kaplan 1976, Kaplan and Browder 1976). 

The structure of eranial venous sinuses, their plexiform nature and 
their wide eonneetions with eerebral and eerebellar veins vary eonsider- 
ably, partiailarly in earlier years, e.g. in infaney the falx eerebelli may 
eontain large plexiform ehannels and venous lacunae that augment the 
oeeipital sinus. These variations must be established for the individual 
by eatheter-based angiography, magnetie resonanee (MR) venography 
or computed tomographie (CT) venography, when elinieal neeessity 
arises. The existence of arteriovenous shunts has been inferred from the 
demonstration of a eonneetion between the middle meningeal arteries 
and the superior sagittal sinus (Browder and Kaplan 1976). Dural ar- 
teriovenous fistulae are thought to be acquired lesions that form in an 
area of thrombosis within a sinus. If the sinus remains eompletely 
thrombosed, venous drainage from these lesions takes plaee through 











































































Meninges 



Internal earotid arteries 


Superior ophthalmie vein 
Sphenoparietal sinus 

Cavernous sinus 
Anterior temporal diploie vein 

Middle meningeal vein 
lntercavernous sinus 

Basilar plexus 
Inferior petrosal sinus 

Superior petrosal sinus 

Sigmoid sinus 
Vertebral artery 


Oeeipital sinus 
Transverse sinus 


Fig. 28.5 The major venous sinuses at the base of the 
skull. A, The sinuses coloured dark blue have been 
opened up. 
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Fig. 28.6 The superior sagittal sinus and venous lacunae. A, An anatomieal disseetion of a silieon-injeeted speeimen. B, The superior sagittal sinus 
opened up after removal of the eranial vault. Note the fibrous bands that eross the sinus from two of the venous lacunae. (A, From the Rhoton 
Collection.) 


eortieal veins, or, if the sinus is partially open, venous drainage is 
usually into the involved sinus. When the sinus remains elosed, the 
elevated pressure within the eortieal veins reeeiving the arterial flow 
earries the risk of haemorrhage. 

The named sinuses are the superior and inferior sagittal, straight, 
transverse, sigmoid, oeeipital, cavernous, intercavernous, superior and 
inferior petrosal, sphenoparietal, basilar and marginal. 


Superior sagittal sinus 

The superior sagittal sinus mns in the attaehed convex margin of the 
falx eerebri. It grooves the internal surface of the frontal bone, the 
adjaeent margins of the two parietal bones and the squamous part of 
the oeeipital bone (see Figs 28.3, 28.6, 19.11). It begins near the erista 
galli, a few millimetres posterior to the foramen caecum, and reeeives 
primary tributaries from eortieal veins of the superior part of the frontal, 
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Fig. 28.5 B-C, Digitally subtracted venograms, venous phase. B, Sagittal 
view. C, Posterior view; note the asymmetry of the transverse sinuses. 
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parietal and oeeipital lobes, and from the anterior part of the orbital 
surface of the frontal lobe. The sinus is triangular in eross-seetion, with 
the apex direeted downwards and continuous with the falx eerebri. Its 
lumen is invaded in its intermediate third by projeetions from its dural 
walls, which may divide its lumen into superior and inferior ehannels. 
It is narrow anteriorly and widens gradually to approximately 1 em in 
diameter as it mns backwards. At its posterior end, the sinus enters the 
confluence of the sinuses (also known as the torcular herophili or the 
toraila, although the term actually deseribes the bony gutter in which 
the confluence lies), which is situated to one side (usually the right) 
of the internal oeeipital protuberance (see "ig. 28.3). At the eonfhienee 
of the sinuses, the superior sagittal sinus usually deviates to beeome 
continuous with the right transverse sinus, but it also usually eonneets 
with the oeeipital and eontralateral transverse sinuses. The size and 
degree of eomimmieation of the ehannels meeting at the confluence are 
highly variable; any sinus involved may be duplicated, narrowed or 
widened near the confluence. 

There are usually two or three lateral venous lacunae on eaeh side 
of the midline, named frontal (small), parietal (large) and oeeipital 
(intermediate) lacunae; they tend to beeome confluent in the elderly, 
producing a single elongated lacuna on eaeh side. Fine fibrous bands 
eross the lacunae, and numerous araehnoid granulations projeet into 
them (see Fig. 28.6; Fig. 28.7). The lacunae mainly drain diploie and 
meningeal veins. The eortieal veins typieally pass beneath the lacunae 
on their way to the sinus. The largest eortieal vein that eonneets the 
superficial Sylvian (middle eerebral) vein and the superior sagittal sinus 
is the superior anastomotie vein (vein of Trolard); it often mns in the 
preeentral, eentral or posteentral sulci. Near its posterior end, the supe- 
rior sagittal sinus reeeives veins from the pericranium that pass through 
parietal foramina. Acute and eomplete thrombosis of the superior sagit- 
tal sinus is an extremely severe eondition causing acute elevation of the 
intraeranial pressure and herniation. Slow and progressive occlusion 
of the sinus, as is typieal for sagittal meningiomas, may be eompen- 
sated by the development of eollateral venous drainage with no elinieal 
consequences. 

Inferior sagittal sinus 

The inferior sagittal sinus is loeated in the posterior half or two-thirds 
of the free margin of the falx eerebri (see Fig. 28.3). It inereases in size 
posteriorly, ends in the straight sinus, and reeeives veins from the falx 
and sometimes from the medial surfaces of the eerebral hemispheres 
(anterior perieallosal veins). 

Straight sinus 

The straight sinus lies in the junction of the falx eerebri with the ten- 
torium eerebelli (see Figs 28.3, 19.11). It mns posteroinferiorly as a 
eontimiation of the inferior sagittal sinus and drains into the transverse 
sinus, most eommonly into the left one. It is not (or is only tenuously) 
continuous with the superior sagittal sinus. Its tributaries include the 
great eerebral vein (vein of Galen), which is formed by the eonvergenee 
of the internal eerebral and basal veins, and some superior eerebellar 
veins. The latter may drain first into a short sinus within the tentormm, 
known as the medial tentorial sinus. 


Transverse sinus 

The transverse sinuses begin at the confluence of sinuses and attaeh to 
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Fig. 28.8 The relations of the brain, the middle meningeal artery and the 
transverse and sigmoid sinuses to the surface of the skull. The area 
enelosed in the yellow eirele (including the pterion) is used when 
performing a pterional eraniotomy over the frontal braneh of the middle 
meningeal artery and lateral Sylvian fissure; the area enelosed in the 
green eirele is used when performing a retrosigmoid eraniotomy extending 
to the confluence of the transverse and sigmoid sinuses. 


the right, is direetly continuous with the superior sagittal sinus, and the 
other with the straight sinus. The right transverse sinus is thus typieally 
larger and drains blood from the superficial parts of the brain, while 
the left transverse sinus mainly drains blood from the deep parts of the 
brain. On either side, the simises mn in the attaehed margin of the 
tentorium eerebelli, first on the squama of the oeeipital bone, then on 
the mastoid angle of the parietal bone. Eaeh follows a gentle antero- 
lateral curve, inereasing in size as it does so, to the posterolateral part 
of the petrous temporal bone. Here it turns down as a sigmoid sinus, 
which ultimately beeomes continuous with the internal jugular vein. 
The transverse sinuses reeeive tributaries from the lateral temporal 
surface and basal surface of the temporal and oeeipital lobes. The in- 
ferior anastomotie vein (vein of Labbé) is the largest vein eonneeting 
the veins of the Sylvian fissure with the transverse sinus. All tributaries 
of eaeh transverse sinus may drain first into a lateral tentorial sinus. The 
superior petrosal sinuses drain into the transition between the trans- 
verse and sigmoid sinuses on either side (see Figs 28.3, 28.5). 



Sigmoid sinus 

The sigmoid sinuses are continuations of the transverse sinuses, begin- 
ning where these leave the tentorium eerebelli (see Fig. 28.5; Fig. 28.8). 
Eaeh sigmoid sinus curves inferomedially in a groove on the mastoid 
proeess of the temporal bone, erosses the jugular proeess of the oeeipital 
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Fig. 28.9 The sellar region and adjaeent middle and anterior eranial fossae, vievved from above, in a silieon-injeeted anatomieal speeimen. The dura has 
been removed on the right half of the speeimen to show the roof of the cavernous sinus (oculomotor triangle), and the maxillary and mandibular nerves 
mnning on the floor of the middle fossa. 


bone and turns forwards to the superior jugular bulb, lying posterior 
in the jugular foramen. Anteriorly, a thin plate of bone separates its 
upper part from the mastoid antmm and air eells. It eonneets with 
perieranial veins via mastoid and eondylar emissary veins. Neurosurgi- 
eal approaehes to the lateral aspeet of the posterior fossa (eerebellopon- 
tine angle) are elassified as retrosigmoid, when the eranieetomy is 
loeated just behind the sigmoid sinus, and presigmoid, when the 
mastoid bone in front of the sinus is drilled away to provide a more 
anterior eorridor into the posterior fossa. 

Superior petrosal sinus 

—. These small, narrow sinuses drain the cavernous sinus into the trans- 
verse sinus on either side (see Figs 28.3, 28.5; Figs 28.9-28.10). Eaeh 
leaves the posterosuperior part of the cavernous sinus and mns postero- 
laterally in the attaehed margin of the tentorium eerebelli, erosses above 
the trigeminal nerve to lie in a groove on the superior border of the 
petrous part of the temporal bone and ends by joining the transverse 
sinus at the point where this curves down to beeome the sigmoid sinus. 
The superior petrosal sinuses may reeeive eerebellar and brainstem 
veins, such as the superior petrosal vein, and rarely the inferior eerebral 
and tympanie veins; they eonneet with the inferior petrosal sinuses and 
the basilar plexus. 


Inferior petrosal sinus 

_ The inferior petrosal sinuses drain the cavernous sinus into the internal 

jugular veins (see Figs 28.5, 19.1 ). They begin at the posteroinferior 
aspeet of the cavernous sinus and mn baek in the petroelival fissure, a 
groove between the petrous temporal and basilar oeeipital bones. On 
eaeh side, the inferior petrosal sinus next passes through the antero- 
medial part of the jugular foramen, aeeompanied by a meningeal 
braneh of the aseending pharyngeal artery, and deseends obliquely 
backwards to drain into the superior jugular bulb. It sometimes drains 
via a vein in the hypoglossal eanal to the suboccipital vertebral plexus. 

The inferior petrosal sinuses are often plexiform. Eaeh reeeives laby- 
rinthine veins via the eoehlear canaliculus and the vestibular aqueduct, 
and tributaries from the medulla oblongata, pons and inferior eerebel- 
lar surface. The venous spaees in the sphenopetroelival area, which are 
filled anteriorly by blood from the cavernous sinus, medially by blood 
from the basilar plexus, and laterally by blood from the superior pet- 
rosal sinus, typieally drain into the inferior petrosal sinuses (iaeonetta 
et al 2003). 



Cavernous sinus 

The cavernous simises are two large venous plexuses that lie on either 
side of the body of the sphenoid bone, extending from the superior 
orbital fissure to the apex of the petrous temporal bone, with an average 
length of 2 em and width of 1 em (see Fig. 28.5). The eavity of the 
cavernous sinus is formed when the two layers of dura that eover 
the anterior aspeet of the pituitary gland separate from eaeh other at 
the lateral margin of the sella; the outer (endosteal) layer continues 
laterally to form the anterior (or sphenoidal) wall of the cavernous 
sinus, while the inner (meningeal) layer remains attaehed to the pitui- 
tary gland and mns baek towards the dorsum sellae to form the medial 


(or sellar) wall of the cavernous sinus. The posterior dural wall is 
loeated behind the dorsum sellae and upper clivus, and is shared with 
the basilar plexus. The lateral wall extends from the superior orbital 
fissure to the petrous apex, and separates the cavernous sinus from 
MeekeFs eave, which is loeated inferior and posterior to the sinus. The 
roof of the cavernous sinus is formed by the dura lining the lower 
margin of the anterior elinoid proeess anteriorly (elinoidal triangle), 
and the pateh of dura between the anterior and posterior elinoids and 
the petrous apex, the oculomotor triangle (see Figs 28.9-28.10). 

Eaeh sinus eontains the cavernous segment of the internal earotid 
artery, assoeiated with a perivascular sympathetie plexus. The cavernous 
earotid artery has several portions, from proximal to distal: short 
aseending, posterior genu, horizontal, anterior genu. The anterior genu 
of the cavernous earotid artery continues as the paraelinoidal segment 
of the earotid artery, which typieally protmdes into the sphenoidal 
sinus eavity. The cavernous earotid gives off two major arterial branehes: 
the meningohypophysial and inferolateral tmnks (see Pig. 28.10). The 
meningohypophysial tmnk arises typieally from the posterior genu and 
gives off the inferior hypophysial, tentorial and dorsal meningeal arter- 
ies. The inferolateral tmnk arises a few millimetres distal to the menin- 
gohypophysial and distributes around the nerves on the lateral wall of 
the sinus. (For more detailed deseriptions of these branehes, including 
their main variations, see Krisht et al (1994), Reiseh et al (1996), 
Tekdemir et al (1998b).) 

Several eranial nerves mn forwards through the cavernous sinus to 
enter the orbit via the superior orbital fissure (see Fig. 28.10). The oculo- 
motor and troehlear nerves and the ophthalmie division of the trigemi- 
nal nerve all lie in the lateral wall of the sinus. The abducens nerve 
enters the cavernous sinus by passing below the petrosphenoidal liga- 
ment within a dural tunnel (Dorello's eanal) just behind the short 
aseending portion of the cavernous earotid artery, and then mns on the 
inferolateral side of the horizontal portion of the cavernous earotid, just 
medial to the ophthalmie nerve. The spaee between the troehlear and 
ophthalmie nerves at the lateral wall of the sinus, known as the infra- 
troehlear or Parkinson's triangle, gives aeeess to the horizontal eavern- 
ous earotid and posterior genu, meningohypophysial tmnk and 
abducens nerve. llnlike the ophthalmie division of the trigeminal nerve, 
the maxillary division of the trigeminal nerve does not mn through the 
cavernous sinus or its lateral wall, but courses beneath the dura of the 
middle eranial fossa below the level of the cavernous sinus (see 
Fig. 28.10). 

Several major venous spaees ean been identified within the sinus in 
relation to the cavernous earotid artery: superior, posterior, inferior 
and lateral (modified from Harris and Rhoton 1976). The superior 
and inferior ophthalmie veins drain into the inferior spaee; the basilar 
plexus and inferior petrosal sinus drain into the posterior spaee; the 
superior petrosal sinus opens into the superior spaee; and the super- 
fieial middle eerebral vein, inferior eerebral veins and sphenoparietal 
sinus may drain into the lateral eompartment. Veins traversing the 
emissary sphenoidal foramen, foramen ovale and foramen laeemm 
may also drain into the cavernous sinus. Less frequently, the eentral 
retinal vein and frontal tributary of the middle meningeal vein also 
drain into it. 
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Fig. 28.10 A, A lateral view of the right middle eranial fossa and lateral wall of the eavernoiis sinus in a silieon-injeeted anatomieal speeimen. B, The 
ophthalmie nerve has been retraeted inferiorly to show the inside of the cavernous sinus (abducens nerve, internal earotid artery and its branehes) 
through the infratroehlear triangle. 


Tumours ean arise within the cavernous sinus (meningiomas, haem- 
angiomas, schwannomas) or extend into the cavernous sinus from 
adjaeent regions (typieally, pituitary adenomas that invade the medial 
wall of the sinus). Transeranial microsurgical approaehes enter the eav- 
ernous sinus through the lateral wall (infratroehlear triangle) or roof 
(oculomotor triangle) of the sinus. Reeently introduced endoseopie 
endonasal approaehes faeilitate aeeess to the cavernous sinus from its 
anterior (sphenoidal) and medial (sellar) walls. (For more detailed 
deseriptions of the microsurgical anatomy of the cavernous sinus, see 
Dolene (1987), Umanskyet al (1994), Seoane et al (1998 , Yasuda et al 
(2004), Dolene and Rogers (2009).) 

Caroticocavernous sinus fistula and cavernous 
sinus thrombosis 

Direet communication between the intracavernous portion of the in- 
ternal earotid artery and the cavernous sinus, ereating a earotieoeavern- 
ous sinus fistula (CCF), may occur as a result of either severe head 
trauma or aneurysmal vessel disease. The elassie signs are ptosis, prop- 
tosis (which may be pulsatile), ehemosis, periorbital oedema, and ex- 
traoailar dysmotility causing diplopia seeondary to a eombination of 
third, fourth and sixth eranial nerve palsies. Hypo- or hyperaesthesia of 
the ophthalmie divisions of the fifth eranial nerve and a deereased 
eorneal reflex may also be deteeted. There may be evidenee of dilated, 
tortuous retinal veins and papilloedema. These ehanges ean cause per- 
manent blindness. CCFs are most eommonly treated by passing a eath- 
eter up the earotid into the fistula, and then occluding it with dilatable 
balloons or flexible metal eoils. Any spreading infeetion involving the 
upper nasal eavities, paranasal sinuses, eheek (espeeially near the 
medial canthus), upper lip, anterior nares, or even an upper ineisor or 
eanine tooth, may very rarely lead to septie thrombosis of the cavernous 
sinuses; infeeted thrombi pass from the faeial vein or pterygoid venous 


complex into the sinus via either ophthalmie veins or emissary veins 
that enter the eranial eavity through the foramen ovale. This is a eritieal 
medieal emergeney with a high risk of disseminated eerebritis and 
eerebral venous thrombosis. 


lntercavernous sinuses 

The two cavernous sinuses are eonneeted by superior, inferior and pos- 
terior intercavernous sinuses, and the basilar plexus (see Figs 28.5, 
28.9). The superior and posterior intercavernous sinuses lie in the 
anterior and posterior attaehed borders of the diaphragma sellae and 
they thus form a eomplete circular venous sinus. The inferior intereav- 
ernous sinuses are irregular and plexiform in nature, and eommonly 
encountered in a surgical transnasal approaeh to the pituitary gland. 
Obliteration of any intercavernous sinus has no elinieal consequences 
because all eonneetions are valveless and the direetion of flow in them 
is reversible. 



Basilar venous plexus 

The basilar sinus and plexus eonsist of intereonneeting ehannels 
between the two layers of dura mater on the clivus (see Figs 28.5, 28.9). 
The basilar venous plexus intereonneets the cavernous sinuses and in- 
ferior and superior petrosal simises, and joins the internal vertebral 
venous plexus. 



Sphenoparietal sinus 

The sphenoparietal sinuses are ineonstant dural venous ehannels lying 
under the lesser wings of the sphenoid bone, near their posterior edge 
(see Fig. 28.5). Eaeh sinus curves medially to open into the anterior 
part of the cavernous sinus, and reeeives small veins from the adjaeent 
dura mater and sometimes the frontal ramus of the middle meningeal 
vein. Eaeh may also reeeive eonneeting rami, in its middle course, 
from the superficial middle eerebral vein, temporal lobe veins and the 
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anterior temporal diploie vein. When these eonneetions are well devel- 
oped, the sphenoparietal sinus is a large ehannel. It has been suggested 
that the term sphenoparietal sinus should be abandoned on the basis 
that it is not an anatomieal entity, but an artifieial eombination of two 
independent meningeal vessels, namely: the parietal portion of the 
anterior braneh of the middle meningeal veins and the sinus of the 
lesser wing of the sphenoid (Ruíz et al 2004). 



Oeeipital sinus 

The oeeipital sinus is the smallest of the simises and it is typieally larger 
in ehildren. It lies in the attaehed margin of the falx eerebelli (see Fig. 
28.5) and is oeeasionally paired. It eommenees near the foramen 
magnum in several small ehannels, one joining the end of the sigmoid 
sinus, and eonneets with the internal vertebral plexuses. It ends in the 
eonfhienee of the sinuses (torcula). 


Marginal sinus 

The marginal sinus eneireles the foramen magnum. It eomimmieates 
anteriorly with the basilar plexus and with the oeeipital sinus posteri- 
orly. It typieally drains to the sigmoid sinus or jugular bulb by small 
sinuses and may eonneet extracranially to the internal vertebral venous 
plexus or the paravertebral or deep eervieal veins in the suboccipital 
region. 


Emissary veins 

Emissary veins traverse eranial apertures and make eonneetions between 
intraeranial venous sinuses and extracranial veins. Some are relatively 
eonstant, while others may be absent. These eonneetions are of elinieal 
signifieanee in determining the spread of infeetion from extracranial 
foei to venous sinuses, e.g. the spread of infeetion from the mastoid to 
the venous sinuses or from the paranasal sinuses to the cavernous sinus. 
They are also important because they may provide alternative drainage 
pathways in eases of venous sinus thrombosis. 

The following emissary veins have been reeognized. A mastoid emis- 
sary vein in the mastoid foramen eonneets the sigmoid sinus with the 
posterior auricular or oeeipital veins. A parietal emissary vein in the 
parietal foramen eonneets the superior sagittal sinus with the veins of 
the sealp. The venous plexus of the hypoglossal eanal, which is oeea- 
sionally a single vein, eonneets the sigmoid sinus and the internal 
jugular vein. A supracondylar emissary vein eonneets the sigmoid sinus 
and veins in the suboccipital triangle via the posterior eondylar eanal. 
A plexus of emissary veins (venous plexus of foramen ovale) eonneets 
the cavernous sinus to the pterygoid plexus via the foramen ovale. Two 
or three small veins traverse the foramen laeemm and eonneet the 
cavernous sinus and the pharyngeal veins and pterygoid plexus. A vein 
in the emissary sphenoidal foramen (of Vesalius) eonneets the eavern- 
ous sinus with the pharyngeal veins and pterygoid plexus. The internal 
earotid venous plexus, which passes through the earotid eanal, eonneets 
the cavernous sinus and the internal jugular vein. The petrosquamous 
sinus is an emissary vein that courses over the lateral superior surface 
of the petrous part of the temporal bone. It arises from the dorsolateral 
portion of the transverse sinus, before its confluence with the superior 
petrosal sinus, and drains anteroinferiorly into the retromandibular 
vein and anteromedially into the pterygoid venous plexus. It usually 
disappears during the development of adult venous patterns in the last 
3 months of prenatal life. A vein may traverse the foramen caecum and 
eonneet nasal veins with the superior sagittal sinus. An oeeipital emis- 
sary vein usually eonneets the confluence of sinuses with the oeeipital 
vein through the oeeipital protuberance, and also reeeives the oeeipital 
diploie vein. The oeeipital sinus eonneets with variably developed veins 
around the foramen magnum (so-ealled marginal sinuses) and thus 
with the vertebral venous plexuses; this pathway provides an alternative 
venous drainage when the jugular vein is bloeked or tied. The ophthal- 
mie veins are potentially emissary because they eonneet intraeranial to 
extracranial veins. 


Meningeal arteries and veins 
and diploie veins 


Despite their names, the eranial meningeal arteries are predominantly 
periosteal (Fig. 28.11A). Their main targets are bone and haemopoietie 
marrow, and only some arterial branehes are distributed to the eranial 
dura mater per se. 

The branehes of the meningeal vessels lie mainly in the endosteal 
layer of dura. In the anterior eranial fossa, the dura is supplied by the 
anterior meningeal branehes of the anterior and posterior ethmoidal 
and internal earotid arteries and a braneh of the middle meningeal 
artery. In the middle eranial fossa, it is supplied by the middle and ae- 
eessory meningeal branehes of the maxillary artery, a braneh of the 


aseending pharyngeal artery (entering via the foramen laeemm), 
branehes of the internal earotid and a recurrent braneh of the laerimal 
artery. In the posterior fossa, the dura is supplied by the meningeal 
branehes of the oeeipital artery (one enters the skull by the jugular 
foramen and another by the mastoid foramen), the posterior meningeal 
branehes of the vertebral artery, oeeasional small branehes of the 
aseending pharyngeal artery, which enter by the jugular foramen and 
hypoglossal eanal, and the dorsal meningeal and tentorial arteries 
arising from the meningohypophysial tmnk. The anatomy of the 
meningeal arteries explains the vascular supply for tumours arising 
from the meninges (meningiomas) and the architecture of dural ar- 
teriovenous fistulae and malformations. (For detailed information on 
the surgical anatomy of the meningeal arteries, see Lasjaunias et al 
(2001), Martins et al (2005).) 

Middle meningeal artery 

The middle meningeal artery is the largest of the meningeal arteries. It 
arises from the first part of the maxillary artery in the infratemporal 
fossa and passes between the roots of the auriculotemporal nerve. It lies 
lateral to tensor veli palatini, then enters the eranial eavity through the 
foramen spinosum and mns in an anterolateral groove on the squa- 
mous part of the temporal bone, dividing into frontal and parietal 
branehes (see Figs 28.10-28.11). The larger frontal (anterior) braneh 
erosses the greater wing of the sphenoid and enters a groove or eanal 
in the sphenoidal angle of the parietal bone (the sphenoparietal eanal). 
It divides into branehes between the dura mater and cranium; some 
branehes aseend to the vertex. The parietal (posterior) braneh curves 
baek on the squamous temporal bone, reaehes the lower border of the 
parietal bone anterior to its mastoid angle and divides to supply the 
posterior parts of the dura mater and cranium. These frontal and pari- 
etal branehes anastomose with their fellows and with the anterior and 
posterior meningeal arteries. 

Ganglionie branehes supply the trigeminal ganglion and assoeiated 
roots. The petrosal braneh enters the hiatus for the greater petrosal 
nerve, supplies the faeial nerve, geniculate ganglion and tympanie 
eavity, and anastomoses with the stylomastoid artery (El Khouly et al 
2008). The superior tympanie artery mns in the eanal for tensortympani 
and supplies the muscle and the mucosa that lines the eanal. Temporal 
branehes traverse minute foramina in the greater wing of the sphenoid 
and anastomose with deep temporal arteries that supply temporalis. An 
anastomotie braneh enters the orbit laterally in the superior orbital 
fissure, and anastomoses with a recurrent braneh of the laerimal artery; 
enlargement of this anastomosis is believed to account for the oeea- 
sional origin of the laerimal artery from the middle meningeal artery. 

Aeeessory meningeal artery 

The aeeessory meningeal artery may arise from the maxillary or the 
middle meningeal artery. It enters the eranial eavity through the foramen 
ovale, and supplies the trigeminal ganglion, dura mater and bone. Its 
main distribution is extracranial, prineipally to medial pterygoid, lateral 
pterygoid (upper head), tensor veli palatini, the greater wing and ptery- 
goid proeesses of the sphenoid bone, the mandibular nerve and otie 
ganglion. It is sometimes replaeed by separate small arteries. 

Meningeal veins 

Meningeal veins begin from plexiform vessels in the dura mater and 
drain into efferent vessels in the outer dural layer that eonneet with 
laomae assoeiated with some of the eranial sinuses. They include the 
middle meningeal and the diploie veins. intraeranial veins also eom- 
municate with extracranial vessels via emissary veins. 

Middle meningeal vein (sinus) 

The frontal (anterior) braneh of the middle meningeal vein erosses the 
floor of the middle eranial fossa, from either foramen ovale or foramen 
spinosum, to the pterion, usually in the form of two parallel ehannels 
that aeeompany the middle meningeal artery. The vein subsequently 
passes eranially along the anterior margin of the parietal squama to 
empty into the venous lakes of the superior sagittal sinus. As they course 
under the most lateral aspeet of the lesser sphenoidal wing, the anterior 
branehes of the middle meningeal vessels are eontained for a short 
distanee within a bony eanal, the sphenoparietal eanal (of Trolard), 
which they leave to enter a groove on the internal surface of the parietal 
squama. The veins lie eloser to the bone than the artery, and sometimes 
oeoipy separate grooves; they are partioilarly liable to tear in eranial 
fractures. Before entering the sphenoparietal eanal, the anterior braneh 
of the middle meningeal vein usually eonneets with the sinus of the 
lesser sphenoidal wing. The latter is eonneeted medially with the anter- 
ior and superior aspeet of the cavernous sinus by a ehannel that erosses 
over the superior ophthalmie vein to reaeh the cavernous sinus. 
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Intraeranial region 



Fig. 28.12 A, A head CT sean showing a right-sided extradural (epidural) 
haematoma. The blood elot is biconvex. B, A bone flap from the same 
patient. Note the ramifying grooves in the inner table of the squamous 
parts of the temporal and parietal bones. A fracture line erossing these 
grooves has torn branehes of the middle meningeal artery. C, An acute 
subdural haematoma. The ereseent-shaped blood elot is causing a severe 
midline shift and brain herniation. D, A bilateral subacute subdural 
haematoma. E, A right-sided ehronie subdural haematoma. 
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Fig. 28.11 A, The meningeal arteries. B, The diploie eanals and veins after removal of the external table of the ealvaria. (A, Adapted from Drake RL, Vogl 
AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010. B, With permission from Waschke J, Paulsen 
F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher, 2013.) 



The parietal (posterior) tmnk of the middle meningeal vein 
may traverse the foramen spinosum to end in the pterygoid venous 
plexus. The frontal tmnk may also reaeh this plexus via the foramen 
ovale, or it may end in the sphenoparietal or cavernous sinus (see 
Fig. 28.5). The middle meningeal vein reeeives meningeal tributaries 
and small inferior eerebral veins, and eonneets with the diploie and 
superficial middle eerebral veins. It frequently bears araehnoid 
granulations. 


Diploie veins 

The diploie veins are large, thin-walled vessels that occupy ehannels in 
the diploè of the eranial bones (see Fig. 28.11B). Four main tmnks are 
usually deseribed; these are the frontaf anterior and posterior temporaf 
and oeeipital diploie veins. The frontal opens into the supraorbital vein 
and the superior sagittal sinus; the anterior temporal is mainly eonfined 
to the frontal bone, and opens into the sphenoparietal sinus, and one 
of the deep temporal veins through an aperture in the great wing of the 
sphenoid; the posterior temporal is situated in the parietal bone, and 
440 empties into the transverse sinus either through an opening at the 


mastoid angle of the parietal bone or through the mastoid foramen; 
and the oeeipitaf the largest of the four, is eonfined to the oeeipital 
bone, and may open externally into the oeeipital vein, or internally into 
either the transverse sinus or the confluence of the sinuses. 

Sinus perieranii 

Sinus perieranii is a rare eondition involving eongenital or acquired 
anomalous eonneetions between an extracranial blood-filled nodule 
and an intraeranial dural venous sinus via dilated diploie and/or emis- 
sary veins of the skull (Sheu et al 2002). 


ARAOHNOID AND PIA MATER 


The araehnoid mater and the pia mater together are sometimes referred 
to as the leptomeninges. They are separated by the subarachnoid spaee 
and joined by trabeculae. They are eomposed of eells that share a 
eommon embryologieal origin from the mesenehyme that surrounds 
the developing nervous system. The outer layer of the araehnoid, the 
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dura-arachnoid interfaee, is formed from five or six layers of eells joined 
by numerous desmosomes and tight junctions. This layer forms a 
barrier that normally prevents permeation of CSF through the araeh- 
noid into the subdural spaee. The eentral portion of the araehnoid is 
elosely apposed to the outer layer, and is formed from tightly paeked 
polygonal eells joined by desmosomes and gap junctions. The eells are 
more loosely paeked in the inner layer of the araehnoid, where they 
intermingle with bundles of eollagen continuous with the trabeculae 
that eross the subarachnoid spaee. The leptomeningeal eells are not 
surrounded by basement membrane, except where they are in eontaet 
with eollagen in the inner layers of the araehnoid and on the deep 
aspeets of the pia mater. 

The anatomieal relationships of the araehnoid and pia differ to some 
extent in the eerebral and spinal regions. The eerebral part of the araeh- 
noid mater invests the brain loosely. It does not enter the sulci or fis- 
sures, other than the interhemispherie and Sylvian fissures, and it eoats 
the superior surface of the pituitary fossa. The araehnoid is easily sepa- 
rated from the dura over the surface of the brain, but it is adherent to 
the adventitia of the internal earotid and the vertebral arteries where 
they enter the subarachnoid spaee. The araehnoid is refleeted on to the 
surface of blood vessels and eranial nerves in the subarachnoid spaee, 
and this is the basis for microsurgical subarachnoid disseetion to expose 
brain vessels and eranial nerves. The subarachnoid eisterns are eavities 
formed by the wide separation of the pia and araehnoid, and this is 
partiailarly eommon on the basal aspeet of the brain, where the basal 
eisterns are loeated. Knowledge of the neural and vascular eontents of 
eaeh of the basal eisterns is of particular value to the neurosurgeon in 
the planning and execution of intraeranial procedures. This is, however, 
beyond the seope of this ehapter and the interested reader is direeted 
in the first instanee to Yasargil (1984). 

Subdural haematoma 

Separation of the araehnoid and dura mater requires little physieal 
foree, which means that damage to small bridging veins in the spaee 
ean result in subdural haematoma after even relatively mild head 
trauma. In eases of ehronie or subacute subdural haematomas, the 
accumulation is of relatively low pressure and seldom presents as a 
medieal emergeney; even sizeable accumulations may be tolerated on 


a ehronie basis with mild or no symptoms, and ean be surgically 
drained through small openings in the skull (burr-holes). In many 
eases, there is some predisposing faetor, such as eerebral atrophy or 
inereased size of the underlying subarachnoid spaee. In eases of acute 
subdural haematoma, there is rapid accumulation of blood in the sub- 
dural spaee, typieally after severe head trauma, which requires emer- 
geney neurosurgical drainage through a large eraniotomy or eranieetomy. 
The distinetion between subdural and extradural haematoma on a CT 
sean relies on the anatomieal features of the elot. Extradural eolleetions 
tend to be lentiform in shape, refleeting the pressure required to sepa- 
rate the dura and periosteum. They will not pass deep to any major 
dural sinus and eannot extend along the falx eerebri or tentorium 
eerebelli. In eontrast, acute subdural haematomas tend to be bieoneave 
in shape and often follow the line of the dura along the falx or tento- 
rium (Fig. 28.12). 




Fig. 28.5 B-C, Digitally subtracted venograms, venous phase. 

Fig. 28.12 A, A head CT sean showing a right-sided extradural 
(epidural) haematoma. B, A bone flap from the same patient. 

C, An acute subdural haematoma. D, A bilateral subacute 
subdural haematoma. E, A right-sided ehronie subdural 
haematoma. 

Video 28.1 3D surface rotation of the sella turcica in the horizontal 
plane. 

Video 28.2 3D surface rotation of the sella turcica in the multiaxial 
plane. 

Video 28.3 3D surface rotation of the sella turcica in the vertieal 
plane. 
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The neek extends from the base of the cranium and the inferior border 
of the mandible to the thoraeie inlet. 


SKIN 


The skin in the neek is normally under tension. Lines of greatest tension 
have been termed 'relaxed skin tension lines'; surgical ineisions made 
along these lines are said to heal with minimal postoperative 
searring. 

Cutaneous vascular supply and 
lymphatie drainage 


The blood vessels supplying the skin of the neek are derived prineipally 
from the faeiaf oeeipitaf posterior auricular and subclavian arteries. 
They form a rieh network within platysma and in the subdermal plexus, 
which accounts for the viability of the various skin flaps raised during 
bloek disseetion of the neek, irrespeetive of whether they include 
platysma. Great eare must be taken in their design to avoid three-point 
junctions if the area has been irradiated previously and its viability 
eompromised. 

The anterior eervieal skin is supplied mainly by the superior thyroid 
artery and the transverse eervieal braneh of the subclavian artery. The 
posterior skin is supplied by branehes from the oeeipital artery and the 
deep eervieal and transverse eervieal branehes of the subclavian artery. 
The superior skin is supplied by the oeeipital artery and its upper sterno- 
eleidomastoid braneh, and the submandibular and submental branehes 
of the faeial artery. Inferiorly, the skin is supplied by the transverse eervi- 
eal and/or suprascapular branehes of the subclavian artery. 

The pattern of venous drainage of the skin of the neek mirrors the 
arterial supply: the veins drain into the jugular and faeial veins. 

Many lymphatie vessels draining the superficial eervieal tissues skirt 
the borders of sternoeleidomastoid to reaeh the superior or inferior 
deep eervieal nodes. Some pass over sternoeleidomastoid and the pos- 
terior triangle to drain into the superficial eervieal and oeeipital nodes 
(see Fig. 29. 15). Lymph from the superior region of the anterior triangle 
drains to the submandibular and submental nodes. Vessels from the 
anterior eervieal skin inferior to the hyoid bone pass to the anterior 
eervieal lymph nodes near the anterior jugular veins, and their efferents 
go to the deep eervieal nodes of both sides, including the infrahyoid, 
prelaryngeal and pretraeheal groups. An anterior eervieal node often 
occupies the suprasternal spaee. 

Cutaneous innervation 


The eervieal skin is innervated by branehes of eervieal spinal nerves, via 
both dorsal and ventral rami (see Fig. 45.8). The dorsal rami supply 
skin over the baek of the neek and sealp, and the ventral rami supply 
skin eovering the lateral and anterior portions of the neek, and the angle 
of the mandible (Fig. 29.1). The dorsal rami of the first, sixth, seventh 
and eighth eervieal nerves have no cutaneous distribution in the neek. 
The greater oeeipital nerve mainly supplies the sealp; it eomes from the 
medial braneh of the dorsal ramus of the seeond eervieal nerve. The 
medial branehes of the dorsal rami of the third, fourth and fifth eervieal 
nerves pieree trapezius to supply skin over the baek of the neek sequen- 
tially. The ventral rami of the seeond, third and fourth eervieal nerves 
supply named cutaneous branehes (the lesser oeeipital, great auricular, 
transverse cutaneous and supraclavicular nerves), via the eervieal plexus 
(see Fig. 29.1) (see p. 463 for details of the motor branehes of the eervi- 
eal plexus). 

Lesser oeeipital nerve 

The lesser oeeipital nerve is derived mainly from the seeond eervieal 
nerve (although fibres from the third eervieal nerve may sometimes 


contribute). It first passes anterior to the plane of the aeeessory nerve 
(previously ealled the spinal aeeessory nerve; p. 310) before winding 
around it and beeoming anterior to it. It next aseends along the pos- 
terior margin of sternoeleidomastoid. Near the eranmm it perforates 
the deep faseia and passes up on to the sealp behind the auricle to 
supply the skin and eonneet with the great auricular and greater oeeipi- 
tal nerves and the auricular braneh of the faeial nerve. Its auricular 
braneh supplies the skin on the upper third of the medial aspeet of the 
auricle and eonneets with the posterior braneh of the great auricular 
nerve. The auricular braneh is oeeasionally derived from the greater 
oeeipital nerve. It has been suggested that eompression or stretehing of 
the lesser oeeipital nerve contributes to eervieogenie headaehe (Lucas 
et al 1994). 

Great auricular nerve 

The great auricular nerve is the largest aseending braneh of the eervieal 
plexus. It arises from the seeond and third eervieal rami, eneireles the 
posterior border of sternoeleidomastoid, perforates the deep faseia and 
aseends on the muscle beneath platysma with the external jugular vein. 
On reaehing the parotid gland, it divides into anterior and posterior 
branehes. The anterior braneh is distributed to the faeial skin over the 
parotid gland and eonneets in the gland with the faeial nerve. This 
eross-innervation between somatie sensory supply (great auricular) and 
parasympathetie seeretomotor fibres to the parotid is eonsidered to be 



Sternoeleidomastoid 


Transverse eervieal nerve 


Lesser oeeipital nerve 
G reat auricular nerve 


Aeeessory nerve 


Trapezius 



Area supplied by supraclavicular nerves 


Fig. 29.1 The cutaneous branehes of the eervieal plexus. The aeeessory 
nerve is also shown as it erosses the posterior triangle to supply 
trapezius. Note that the interval between the upper attaehments of 
sternoeleidomastoid and trapezius is not normally as extensive as shown 
here. (Adapted from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy 
for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 




























Triangles of the neek 


part of the anatomieal basis for the phenomenon of gustatory sweating 
(Frey's syndrome), seen after parotideetomy with its inherent dismp- 
tion of the seeretomotor nerve supply. The posterior braneh supplies 
the skin over the mastoid proeess and on the baek of the auricle (except 
its upper part); a filament pierees the auricle to reaeh the lateral surface, 
where it is distributed to the lobule and eoneha. Efforts are made to 
preserve the posterior braneh at parotid surgery in order to avoid a 
sensory defieit of the pinna. The posterior braneh communicates with 
the lesser oeeipital nerve, the auricular braneh of the vagus and the 
posterior auricular braneh of the faeial nerve. 

Transverse eervieal cutaneous nerve 

The transverse eervieal cutaneous nerve arises from the seeond and third 
eervieal rami. It curves round the posterior border of sternoeleidomas- 
toid near its midpoint and mns obliquely forwards, deep to the external 
jugular vein, to the anterior border of the muscle. It perforates the deep 
eervieal faseia, and divides under platysma into aseending and deseend- 
ing branehes that are distributed to the anterolateral areas of the neek. 
The aseending branehes aseend to the submandibular region, forming 
a plexus with the eervieal braneh of the faeial nerve beneath platysma. 
Some branehes pieree platysma and are distributed to the skin of the 
upper anterior areas of the neek. The deseending branehes pieree 
platysma and are distributed anterolaterally to the skin of the neek, as 
low as the sternum. 

Supraclavicular nerves 

The supraclavicular nerves arise from a eommon tmnk formed from 
rami from the third and fourth eervieal nerves, and emerge at the pos- 
terior border of sternoeleidomastoid. Deseending under platysma and 
the deep eervieal faseia, the tmnk divides into medial, intermediate and 
lateral (posterior) branehes, which diverge to pieree the deep faseia a 
little above the elaviele. The medial supraclavicular nerves mn infero- 
medially aeross the external jugular vein and the clavicular and sternal 
heads of sternoeleidomastoid to supply the skin as far as the midline 
and as low as the seeond rib. They also supply the sternoclavicular joint. 
The intermediate supraclavicular nerves eross the elaviele to supply the 
skin over peetoralis major and deltoid down to the level of the seeond 
rib, next to the area of supply of the seeond thoraeie nerve. Overlap 
between these nerves is minimal. The lateral supraclavicular nerves 
deseend superficially aeross trapezms and the aeromion, supplying the 
skin of the upper and posterior parts of the shoulder. 


BONES, JOINTS AND OARTILAGES 


The bones and eartilages of the neek are the eervieal vertebrae and the 
hyoid bone, and the eartilages of the upper respiratory traet, including 
the larynx. The eervieal vertebrae, the oeeipital bone and the atlanto- 
oeeipital and atlanto-axial joints are deseribed in Ohapter 43, and the 
laryngeal eartilages are deseribed in Ohapter 35. 

HYOID BONE 


The IJ-shaped hyoid bone (Fig. 29.2) is suspended from the tips of the 
styloid proeesses by the stylohyoid ligaments. It has a body and two 
greater and two lesser horns, or cornua. 

Body 


The body is irregular, elongated and quadrilateral. Its anterior surface 
is convex, faees anterosuperiorly, and is erossed by a transverse ridge 
with a slight downward convexity. A vertieal median ridge often biseets 
the upper part of the body but rarely extends to the lower part. The 
posterior surface is smooth and eoneave, faees posteroinferiorly, and is 
separated from the epiglottis by the thyrohyoid membrane and loose 
areolar tissue. There is a bursa between the hyoid bone and the 
membrane. 

Geniohyoid is attaehed to most of the anterior surface of the body, 
above and below the transverse ridge; the medial part of hyoglossus 
invades the lateral geniohyoid area. The lower anterior surface gives 
attaehment to mylohyoid, the line of attaehment lying above sterno- 
hyoid medially and omohyoid laterally. The lowest fibres of genioglos- 
sus, the hyoepiglottie ligament and (most posteriorly) the thyrohyoid 
membrane are all attaehed to the rounded superior border. Sterno- 
hyoid is attaehed to the inferior border medially and omohyoid is 
attaehed laterally. Oeeasionally, the medial fibres of thyrohyoid and, 
when present, levator glandulae thyroideae, are attaehed along the 
inferior border. 




Fig. 29.2 The hyoid bone. A, Anterosiiperior aspeet. B, Anterosuperior 
aspeet, showing the positions of muscular attaehments. C, Lateral aspeet. 

Greater cornua 


In early life, the greater cornua are eonneeted to the body by eartilage, 
but after middle age they are usually united by bone. They projeet 
backwards (curving posterolaterally) from the lateral ends of the body. 
They are horizontally flattened and taper posteriorly, and eaeh ends in 
a tubercle. When the throat is gripped between finger and thumb above 
the thyroid eartilage, the greater cornua ean be identified and the bone 
ean be moved from side to side. 

The middle pharyngeal eonstrietor and, more laterally (i.e. super- 
fieially), hyoglossus are attaehed along the whole length of the upper 
surface of eaeh greater cornu. Stylohyoid is attaehed near the junction 
of the cornu with the body. The fibrous loop for the digastrie tendon 
is attaehed lateral and a little posterior to hyoglossus. The thyrohyoid 
membrane is attaehed to the medial border and thyrohyoid is attaehed 
to the lateral border. The oblique inferior surface is separated from the 
thyrohyoid membrane by fibroareolar tissue. 

Lesser cornua 


The lesser cornua are two small eonieal projeetions at the junctions of 
the body and greater cornua. At its base, eaeh is eonneeted to the body 
by fibrous tissue and oeeasionally to the greater cornu by a synovial 
joint that oeeasionally beeomes ankylosed. 

The middle pharyngeal eonstrietors are attaehed to the posterior and 
lateral aspeets of the lesser cornua. The stylohyoid ligaments are 
attaehed to their apiees and are often partly ealeified, and the ehon- 
droglossi are attaehed to the medial aspeets of their bases. 

Ossifieation 


The hyoid bone develops from eartilages of the seeond and third pha- 
ryngeal arehes, the lesser cornua from the seeond, the greater cornua 
from the third, and the body from the fused ventral ends of both. 
ehondrifieation begins in the fifth fetal week in these elements and is 
eompleted in the third and fourth months. Ossifieation proeeeds from 
six eentres, i.e. a pair for the body and one for eaeh cornu. Ossifieation 
begins in the greater cornua towards the end of intrauterine life, in the 
body shortly before or after birth, and in the lesser cornua around 
puberty. The greater eormial apiees remain cartilaginous until the third 
deeade and epiphyses may occur here. They fuse with the body. Synovial 
joints between the greater and lesser cornua may be obliterated by 
ossifieation in later deeades. 

JOINTS 


The atlanto-oeeipital and atlanto-axial joints are deseribed in Ohapter 43 . 



Anterolaterally, the neek appears as a somewhat quadrilateral area, 
limited superiorly by the inferior border of the mandible and a line 
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Splenius eapitis 



Fig. 29.3 The anterior and posterior triangles of the neek, left lateral 
aspeet. See the note in the eaption to Figure 29.1. (Adapted from Drake 
RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, 
Elsevier, Churchill Livingstone. Copyright 2010.) 


continued from the angle of the mandible to the mastoid proeess, 
inferiorly by the upper border of the elaviele, anteriorly by the anterior 
median line, and posteriorly by the anterior margin of trapezms. This 
quadrilateral area ean be fiirther divided into anterior and posterior 
triangles by sternoeleidomastoid, which passes obliquely from the 
stermim and elaviele to the mastoid proeess and oeeipital bone (Fig. 
29.3). It is tme that these triangles and their subdivisions are somewhat 
arbitrary because many major stmctures - arteries, veins, lymphaties, 
nerves and some viseera - transgress their boundaries without intermp- 
tion; nevertheless they have a topographieal value in deseription. More- 
over, some of their subdivisions are easily identified by inspeetion and 
palpation, and provide invaluable assistanee in surface anatomieal and 
elinieal examination. 


ANTERIOR TRIANGLE 0F THE NECK 


The anterior triangle of the neek is bounded anteriorly by the median 
line of the neek and posteriorly by the anterior margin of sternoeleido- 
mastoid. Its base is the inferior border of the mandible and its projee- 
tion to the mastoid proeess, and its apex is at the manubrium sterni. It 
ean be subdivided into suprahyoid and infrahyoid areas above and 
below the hyoid bone, and into digastrie, submentaf muscular and 
earotid triangles by the passage of digastrie and omohyoid aeross the 
anterior triangle (see Fig. 29.5). 

Digastrie triangle 


The digastrie triangle is bordered above by the lower border of the 
mandible and its projeetion to the mastoid proeess, posteroinferiorly 
by the posterior belly of digastrie and by stylohyoid, and anteroinferi- 
orly by the anterior belly of digastrie. It is eovered by the skin, superficial 
faseia, platysma and deep faseia, which eontain branehes of the faeial 
and transverse cutaneous eervieal nerves. Its floor is formed by mylo- 
hyoid and hyoglossus. The anterior region of the digastrie triangle eon- 
tains the submandibular gland, which has the faeial vein superficial to 
it and the faeial artery deep to it. The submental and mylohyoid arteries 
and nerves lie on mylohyoid. The submandibular lymph nodes are 
variably related to the submandibular gland. The posterior region 
of the digastrie triangle eontains the lower part of the parotid gland. 
The external earotid artery, passing deep to stylohyoid, curves above 
the muscle, and overlaps its superficial surface as it aseends deep to the 
parotid gland before entering it. The internal earotid artery, internal 
jugular vein and vagus nerve lie deeper and are separated from the 
external earotid artery by styloglossus, stylopharyngeus and the glos- 
sopharyngeal nerve. 


Submental triangle 

The single submental triangle is demareated by the anterior bellies of 
both digastrie muscles. Its apex is at the ehin, its base is the body of the 
hyoid bone and its floor is formed by both mylohyoid muscles. It eon- 
tains lymph nodes and small veins that unite to form the anterior 
jugular vein. The structures within the digastrie and submental triangles 
are deseribed in more detail with the floor of the mouth. 

Muscular triangle 

The muscular triangle is bounded anteriorly by the median line of 
the neek from the hyoid bone to the sternmn, inferoposteriorly by the 
anterior margin of sternoeleidomastoid and posterosuperiorly by the 
superior belly of omohyoid. The triangle eontains omohyoid, sterno- 
hyoid, sternothyroid and thyrohyoid. 

Oarotid triangle 


The earotid triangle is limited posteriorly by sternoeleidomastoid, an- 
teroinferiorly by the superior belly of omohyoid and superiorly by 
stylohyoid and the posterior belly of digastrie. In the living (except the 
obese), the triangle is usually a small visible triangular depression, 
sometimes best seen with the head and eervieal vertebral column 
slightly extended and the head eontralaterally rotated. The earotid tri- 
angle is eovered by the skin, superficial faseia, platysma and deep faseia 
eontaining branehes of the faeial and cutaneous eervieal nerves. The 
hyoid bone forms its anterior angle and adjaeent floor; it ean be loeated 
on simple inspeetion and verified by palpation. Parts of thyrohyoid, 
hyoglossus and inferior and middle pharyngeal eonstrietor muscles 
form its floor. The earotid triangle eontains the upper part of the 
eommon earotid artery and its division into external and internal 
earotid arteries. Overlapped by the anterior margin of sternoeleidomas- 
toid, the external earotid artery is first anteromedial, then anterior to 
the internal earotid artery. Branehes of the external earotid artery are 
encountered in the earotid triangle. Thus the superior thyroid artery 
mns anteroinferiorly, the lingual artery anteriorly with a eharaeteristie 
upward loop, the faeial artery anterosuperiorly, the oeeipital artery pos- 
terosuperiorly and the aseending pharyngeal artery medial to the in- 
ternal earotid artery. Arterial pulsation greets the examining finger. The 
superior thyroid, lingual, faeial, aseending pharyngeal and sometimes 
the oeeipital veins eorrespond to the branehes of the external earotid 
artery, and all drain into the internal jugular vein. The hypoglossal nerve 
erosses the external and internal earotid arteries. It curves round the 
origin of the lower sternoeleidomastoid braneh of the oeeipital artery, 
and at this point the superior root of the ansa eerviealis leaves it to 
deseend anteriorly in the earotid sheath. The internal laryngeal nerve 
and, below it, the external laryngeal nerve lie medial to the external 
earotid artery below the hyoid bone. Many stmctures in this region, 
such as all or part of the internal jugular vein, assoeiated deep eervieal 
lymph nodes, and the vagus nerve, may be variably obscured by sterno- 
eleidomastoid, and, pedantieally, are thus 'outside the triangle'. 

P0STERI0R TRIANGLE 0F THE NECK 


The posterior triangle is delimited anteriorly by the posterior edge of 
sternoeleidomastoid, posteriorly by the anterior edge of trapezms, and 
inferiorly by the middle third of the elaviele (see fig. 29.3). Its apex is 
between the attaehments of sternoeleidomastoid and trapezius to the 
occiput and is often blunted, so that the 'triangle' beeomes quadrilat- 
eral. The roof of the posterior triangle is formed by the investing layer 
of the deep eervieal faseia. The floor of the triangle is formed by the 
prevertebral faseia overlying splenius eapitis, levator scapulae and the 
sealene muscles. It is erossed, approximately 2.5 em above the elaviele, 
by the inferior belly of omohyoid, which subdivides it into oeeipital 
and supraclavicular triangles. The eontents of the posterior triangle 
include fat, lymph nodes (level V), the aeeessory nerve, cutaneous 
branehes of the eervieal plexus, inferior belly of omohyoid, branehes of 
the thyroeervieal tmnk (transverse eervieal and suprascapular arteries), 
the third part of the subclavian artery, and the external jugular vein. The 
anterior and lateral groups of prevertebral muscles form the floor of the 
posterior triangle. 

Oeeipital triangle 

The oeeipital triangle constitutes the upper and larger part of the pos- 
terior triangle, with which it shares the same borders, except that 

































Cervical faseia 


inferiorly it is limited by the inferior belly of omohyoid. Its floor, from 
above down, is formed by splenius eapitis, levator scapulae, and sealeni 
medius and posterior; semispinalis eapitis oeeasionally appears at the 
apex. The triangle is eovered by skin, superficial and deep faseiae, and 
inferiorly by platysma. The aeeessory nerve pierees sternoeleidomastoid 
and erosses levator scapulae obliquely downwards and backwards to 
reaeh the deep surface of trapezius. The surface marking of its course is 
in a line from the junction of the superior third and inferior two-thirds 
of sternoeleidomastoid, to the junction of the inferior third and su- 
perior two-thirds of trapezius. Cutaneous and muscular branehes of the 
eervieal plexus emerge at the posterior border of sternoeleidomastoid. 
Inferiorly, supraclavicular nerves, transverse eervieal vessels and the 
uppermost part of the braehial plexus eross the triangle. Lymph nodes 
lie along the posterior border of sternoeleidomastoid from the mastoid 
proeess to the root of the neek. 

Supraclavicular triangle 


The supraclavicular triangle is the lower and smaller division of the 
posterior triangle, with which it shares the same boundaries, except that 
superiorly it is limited by omohyoid. It eorresponds in the living neek 
with the lower part of a deep, prominent hollow, namely: the greater 
supraclavicular fossa. Its floor eontains the first rib, sealemis medius and 
the first slip of serratus anterior. Its size varies with the extent of the 
clavicular attaehments of sternoeleidomastoid and trapezius, and also 
the level of the inferior belly of omohyoid. The triangle is eovered by 
skin, superficial and deep faseiae, and platysma, and erossed by the 
supraclavicular nerves. Just above the elaviele, the third part of the 
subclavian artery curves inferolaterally from the lateral margin of sea- 
lenus anterior aeross the first rib to the axilla. The subclavian vein is 
behind the elaviele and is not usually in the triangle, but it may rise as 
high as the artery and even aeeompany it behind scalenus anterior. The 
braehial plexus is partly superior, and partly posterior, to the artery and 
is always elosely related to it. The trnnks of the braehial plexus may 
easily be palpated here if the neek is eontralaterally flexed and the 
examining finger is drawn aeross the tmnks at right angles to their 
length. With the musculature relaxed, pulsation of the subclavian artery 
may be felt and the arterial flow ean be eontrolled by retroclavicular 
eompression against the first rib. The suprascapular vessels pass trans- 
versely behind the elaviele, below the transverse eervieal artery and vein. 
The external jugular vein deseends behind the posterior border of ster- 
noeleidomastoid to end in the subclavian vein. It reeeives the transverse 
eervieal and suprascapular veins, which form a plexus in front of the 
third part of the subclavian artery; oeeasionally, it is joined by a small 
vein that erosses the elaviele anteriorly from the eephalie vein. Other 
stmctures within the triangle include the nerve to subclavius, which 
erosses the triangle, and lymph nodes. 


CERVICAL FASCIA 


The organization of the layers of the eervieal faseia, and of the tissue 
'spaees' they enelose, may determine the spread of disease in 
the head and neek, and faeilitates both the differential diagnosis and 
the surgical management of that disease, particularly in the suprahyoid 
neek. Deseriptions of the detailed anatomy of these layers and their 
assoeiated spaees have a long and chequered history: Malgaigne (1838) 
eommented that 'the eervieal faseiae appear in a new form under the 
pen of eaeh author who attempts to deseribe them' The situation seems 
to have ehanged very little in the intervening years, and details of the 
attaehments and distribution of the layers and spaees still vary in 
modern surgical, radiologieal, oneologieal and anatomieal literature 
(Som and Curtin 2011, Guidera et al 2012). Interestingly, there is more 
consensus on why the eonfhsion persists, e.g. the difficulties of defining 
what constitutes faseia, or the limits of layers that split to ensheathe 
muscles and neurovascular bundles and then merge with other faseial 
layers. 

SUPERFICIAL CERVICAL FASCIA 


Like superficial faseia elsewhere in the body, the superficial eervieal 
faseia is not a separate stratum but a zone of loose eonneetive tissue 
between dermis and deep faseia, and is joined to both. It eovers platysma 
but is hardly demonstrable as a separate layer. It may eontain eonsider- 
able amounts of adipose tissue, espeeially in females, which presuma- 
bly explains why it is sometimes referred to simply as subcutaneous fat. 
In the lower eervieal region, aponeurotic fibres of platysma gradually 


fan out in this layer and either beeome skin ligaments or eontimie into 
the faseia eovering peetoralis major and deltoid (Nash et al 2005). 

DEEP CERVICAL FASCIA 

Deseriptions of the organization of the deep eervieal faseia are largely 
based on the elassie work of Grodinsky and Holyoke in 1938. Con- 
ventionally, three layers - superficial investing, middle and deep - are 
reeognized (Fig. 29.4). Details of their preeise attaehments and eon- 
tents vary between authors. (For fiirther reading, see Som and Curtin 
( 2011 ).) 

Investing layer of deep eervieal faseia 


The investing or superficial layer of the deep eervieal faseia eneireles the 
neek, ensheathing trapezius and sternoeleidomastoid. The portions 
between trapezius and sternoeleidomastoid, and in the anterior triangle 
of the neek, are formed of areolar tissue, indistinguishable from that in 
the superficial eervieal faseia and deep potential tissue spaees. Superi- 
orly, the deep faseia ffises with periosteum along the superior nuchal 
line of the oeeipital bone, over the mastoid proeess and along the entire 
base of the mandible. Between the angle of the mandible and the an- 
terior edge of sternoeleidomastoid, it is partiailarly strong. Between the 
mandible and the mastoid proeess, it is related to the parotid gland, 
extending beneath it to beeome attaehed to the zygomatie areh. From 
this region, the strong stylomandibular ligament aseends to the styloid 
proeess. Inferiorly, along trapezius and sternoeleidomastoid, the invest- 
ing layer of the deep eervieal faseia is attaehed to the aeromion, elaviele 
and manubrium sterni, fiising with their periostea. A short distanee 
above the manubrium, the investing layer interweaves with aponeurotic 
fibres of platysma and the faseia investing the strap muscles. It is organ- 
ized into superficial and deep layers, which are attaehed to the anterior 
border of the manubrium, and to the posterior border and the inter- 
elavioilar ligament, respeetively. Between these two layers, a slit-like 
interval, the suprasternal spaee, eontains a small amount of areolar 
tissue, the lower parts of the anterior jugular veins and the jugular 
venous areh, the sternal heads of the sternoeleidomastoid muscles and 
sometimes a lymph node. 

Middle layer of deep eervieal faseia 


Many of the variations in the deseriptions of eervieal faseia eoneern the 
middle layer. (For a detailed discussion, see Som and Curtin (2011).) It 
is usually subdivided into a muscular layer that surrounds the infra- 
hyoid strap muscles and a viseeral layer that includes both the pretraeh- 
eal and buccopharyngeal faseiae. The viseeral layer extends inferiorly 
from the base of the skull posteriorly and the hyoid bone and thyroid 
eartilage anteriorly and laterally, and provides faseial sheaths of varying 
thiekness for the thyroid gland, larynx, traehea, pharynx and oesopha- 
gus. Inferiorly, it continues into the superior mediastinum along the 
great vessels and ffises with the fibrous pericardium. Laterally, it merges 
with the investing layer of deep eervieal faseia and with the earotid 
sheath (see Fig. 29.4). 

Deep layer of deep eervieal faseia 


The deep layer of eervieal faseia eonsists of dorsal and ventral layers: 
the prevertebral and alar faseiae, respeetively. In some deseriptions, the 
prevertebral layer is synonymous with the deep layer. 

The prevertebral faseia lies elosest to the vertebral bodies, eovering 
the anterior surface of longus eapitis and longus eolli. It extends infer- 
iorly from the skull base, deseending in front of longus eolli into the 
superior mediastinum, where it blends with the anterior longitudinal 
ligament. It passes laterally and posteriorly as the sealene faseia, which 
eovers the sealene muscles, splenius eapitis and levator scapulae. All the 
ventral rami of the eervieal nerves are initially behind the prevertebral 
faseia. The nerves to the rhomboids and serratus anterior and the proxi- 
mal portions of the phrenie nerve retain this position throughout their 
course in the neek, but the aeeessory nerve lies superficial to the prever- 
tebral faseia. As the subclavian artery and the braehial plexus emerge 
from behind scalenus anterior, they earry the prevertebral faseia down- 
wards and laterally behind the elaviele as the axillary sheath. The pre- 
vertebral faseia is attaehed to the spinous proeesses of the vertebrae and 
forms a faseial floor for the posterior triangle of the neek. 

The alar faseia is a eoronally orientated sheet, attaehed to the trans- 
verse proeess of the eervieal vertebrae. It lies anterior to the prevertebral 
faseia, from which it is separated by loose eonneetive tissue that fills 
the so-ealled danger spaee (see below), and posterior to the pharynx/ 
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SECTION 4 


NECK 



Superficial eervieal faseia 

= Subcutaneous tissue/platysmal layer/SMAS 


Superficial layerofdeep eervieal faseia (SLDCF) 

= Investing faseia/investing layer DCF/parotidomasseterie faseia 


Carotid sheath 


Middle layerof deep eervieal faseia (MLDCF) 

= Pretraeheal faseia/viseeral fascia/buccopharyngeal faseia 
± M uscular layer 

Deep layerofdeep eervieal faseia (DLDCF) 

= Prevertebral faseia 

(± Separate eomponentof alarfaseia) 



Superficial spaee 

Central eompartment = Viseeral spaee oreompartment 

= Pretraeheal spaee 
± Oesophageal eompartment 

Carotid spaee = Carotid sheath 

Retropharyngeal spaee 

± Retroviseeral or retro-oesophageal spaee 

'Danger' spaee 

= Third spaee 

= Posterior eompartment of retropharyngeal spaee 

Prevertebral spaee 

= Perivertebral spaee 
± Paraspinal spaee 


Fig. 29.4 A, The layers of eervieal faseia. Abbreviation: SMAS, siiperfieial musculo-aponeurotic system. B, The deep ‘spaees’ in the neek. (A and B, 
Infrahyoid transverse seetion of the neek, adapted from MeMinn RMH, Last’s Anatomy. Redravvn with permission from Guidera AK, Dawes PJD, Stringer 
MD 2012 Cervical faseia: a terminologieal pain in the neek. ANZ Surg 82:786-791.) 


oesophagus and the viseeral layer of the middle deep eervieal faseia, 
from which it is separated by loose eonneetive tissue that fills the retro- 
pharyngeal spaee (see Fig. 29.4). It passes anterolaterally to fuse with 
the prevertebral faseia and extends inferiorly from the skull base to 
about the level of the seventh eervieal vertebra (it varies between C6 
and T4), where it fuses with the viseeral layer of middle eervieal faseia, 
thereby delimiting the lowest extent of the retropharyngeal and danger 
spaees. 

Oarotid sheath 


The eonventional deseription of the earotid sheath is that it is a eon- 
densation of deep eervieal faseia around the eommon and internal 
earotid arteries, internal jugular vein, vagus nerve and ansa eerviealis. It 
is thieker around the arteries than the vein, an arrangement that allows 
the vein to expand. Peripherally the sheath is eonneeted to adjaeent 
faseial layers by loose areolar tissue. There is disagreement about 
whether the earotid sheath is formed by all three layers of the deep 
eervieal faseia, or exclusively by the deep or the superficial layer, or even 
that it laeks a demonstrable faseial ensheathment (Guidera et al 2012). 

Suprapleural membrane (Sibson’s faseia) 

The suprapleural membrane (Sibson's faseia) serves as a plane of 
separation between the lower neek and the thorax. It is attaehed ante- 
riorly to the inner border of the first rib, and posteriorly to the anterior 
border of the transverse proeess of the seventh eervieal vertebra and is 
eovered and strengthened by a few spreading muscular fibres derived 
from the sealeni. 


Tissue spaees and the spread of infeetion 
and injeetate 


The faseial layers of the neek define a number of potential tissue 'spaees' 
above and below the hyoid bone. In health, the tissues within these 
spaees are elosely applied to eaeh other or are filled with relatively loose 
eonneetive tissue. However, infeetions arising superiorly, such as dental, 
tonsillar, vertebral or intervertebral dise-related infeetions, ean alter 
these relationships. The organisms responsible are often (3-haemolytie 
streptoeoeei or a variety of anaerobes. Streptoeoeei produce proteolytie 
enzymes that digest the loose eonneetive tissue and so open up the 
tissue spaees. Sinee there are no tissue barriers mnning horizontally in 
the neek, infeetions that are not treated promptly ean rapidly spread 
from the infratemporal fossa down to the mediastinum below, eross 
the midline through the sublingual and submental spaees, and even 
traek into the axilla. 

Understanding the configuration of the eervieal faseiae and spaees 
is essential for the plaeement of loeal anaesthetie eervieal plexus bloeks 
in the neek to faeilitate operations such as thyroideetomy, parathyroid- 
eetomy and earotid endartereetomy (Pandit et al 2000). 

The spaees are best conceptualized in terms of their loeation, remem- 
bering that some eomimmieate with eaeh other and/or with the axilla 
or thorax, and that some eontain only loose areolar tissue whilst others 
eontain dense eonneetive tissue. Thus, spaees may be assoeiated with 
the faee (buccal, eanine, mastieator, parotid), suprahyoid (peritonsillar, 
submandibular, sublingual, parapharyngeal) or infrahyoid (anterior 
viseeral), or extend the length of the neek (retropharyngeal, danger, 
prevertebral, earotid). (For ffirther reading, see Oliver and Gillespie 
(2010).) Tissue spaees assoeiated with the faee are deseribed in ehapter 
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31. Tissiie spaees around the pharynx and larynx are deseribed on pages 
578 and 594, respeetively. 

Viseeral spaee or eompartment 

The viseeral spaee or eompartment eontains the pharynx, eervieal 
oesophagus, larynx, traehea, thyroid and parathyroid glands, recurrent 
laryngeal nerves, and the eranial sympathetie tmnk. It is bounded anter- 
iorly by the faseia that eneloses the infrahyoid strap muscles (muscular 
layer of middle deep eervieal faseia), posteriorly by the alar faseia, and 
laterally by the earotid sheath on either side. It may be subdivided into 
an anterior viseeral (pretraeheal) spaee and a posterior viseeral spaee; 
these spaees communicate freely between the levels of the mid-thyroid 
eartilage and the inferior thyroid artery, but are separated inferiorly by 
the faseia assoeiated with the artery. 

Anterior viseeral (pretraeheal) spaee 

The viseeral division of the middle layer of deep eervieal faseia eneloses 
the anterior viseeral spaee, a surgical and radiologieal term also trad- 
itionally (and eonfhsingly) ealled the pretraeheal' spaee. It eontains the 
traehea, as well as the thyroid and parathyroid glands, larynx, eervieal 
oesophagus, recurrent laryngeal nerves and the eranial sympathetie 
tmnks. The spaee extends superiorly from the hyoid bone and the 
attaehments of the strap muscles and their faseiae to the hyoid bone 
and thyroid eartilage down into the anterior portion of the superior 
mediastinum. It communicates freely with the posterior viseeral spaee 
around the sides of the larynx, the caudal portion of the pharynx and 
the upper eervieal oesophagus, but beeomes separated from the pos- 
terior viseeral spaee at lower levels by dense eonneetive tissue assoeiated 
with the inferior thyroid artery as the latter approaehes the thyroid 
gland. infeetion usually spreads into the anterior viseeral spaee by either 
perforation of the anterior wall of the oesophagus by endoseopie instm- 
mentation, foreign bodies or trauma or from the posterior viseeral 
spaee. Radiologieally, the portion of the anterior viseeral spaee between 
the strap faseia and the faseia of the thyroid gland is referred to as the 
anterior eervieal spaee; its posterolateral border is either the earotid 
sheath or the faseia eovering sternoeleidomastoid. The anterior eervieal 
spaee often provides a symmetrie landmark on transverse imaging 
(Smoker and Harnsberger 1991). 

Posterior viseeral spaee 

The posterior viseeral spaee lies posterior to the pharynx and eervieal 
oesophagus, extending from the skull base down to the superior medi- 
astinum, its caudal limit being the level of fusion between the alar and 
viseeral layers of faseia. The posterior viseeral spaee is often referred to 
as the retropharyngeal spaee in the upper neek. 

Prevertebral spaee 

The prevertebral tissue spaee is the potential spaee lying between the 
prevertebral faseia and the vertebral column. It extends from the skull 
base to the coccyx, and eneloses the prevertebral muscles. Almost all of 
the pathology that affeets the prevertebral spaee arises from either the 
adjaeent vertebrae or their intervertebral dises, or the spinal eord and 
assoeiated nerve roots and spinal nerves. Tuberculosis of the spine may 
breaeh the spaee and form a Pott's abseess. 

Danger spaee 

The danger spaee lies between the alar and prevertebral faseia, and 
extends from the skull base down to the posterior mediastinum, where 
the alar, viseeral and prevertebral layers of deep eervieal faseia fuse. 
The potential spaee so ereated is elosed superiorly, inferiorly and lat- 
erally; infeetions ean only enter by penetrating its walls. The danger 
spaee is so ealled because its loose areolar tissue offers a potential route 
for the rapid downward spread of infeetion, primarily from the retro- 
pharyngeal, parapharyngeal or prevertebral spaees, to the posterior 
mediastinum. 

Oarotid spaee 

The earotid sheath is a layer of loose eonneetive tissue demareated by 
adjaeent portions of the investing layer of deep eervieal faseia, the pre- 
traeheal faseia and the prevertebral faseia. The literature about the 
existence of a earotid spaee is eonfhsing: some authors dispute that a 
potential eavity exists within the earotid sheath that could permit the 
spread of infeetions from the upper neek down into the lower neek 
and mediastinum, while others eonsider that the suprahyoid sheath 
should be regarded as part of the parapharyngeal spaee (see discus- 
sion in Som and Curtin (2011)). infeetions around the earotid sheath 
may be restrieted because, superiorly (near the hyoid bone) and inferi- 
orly (near the root of the neek), the eonneetive tissues adhere to the 
vessels. 


Cellulitis in the neek 

The most eommon causes of cellulitis of the neek are infeetions arising 
from the region of the mandibular molar teeth and the palatine tonsils. 
Several faseial spaees are aeeessible from this area, and several anatomi- 
eal faetors contribute to the spread of infeetion. Thus, the apiees of the 
seeond and, more espeeially, the third, mandibular molar teeth are 
often elose to the lingual surface of the mandible. The apiees of the 
roots of the third mandibular molars are usually, and the seeond molars 
are often, below the attaehment of mylohyoid on the inner aspeet of 
the mandible and so drain direetly into the submandibular tissue spaee. 
The posterior free border of mylohyoid is elose to the soekets of the 
third mandibular molars, and at this point, the floor of the mouth 
eonsists only of mucous membrane eovering part of the submandibular 
salivary gland. Any vimlent periapieal infeetion of the mandibular third 
molar teeth may therefore penetrate the lingual plate of the mandible 
and is then at the entranee to the submandibular and sublingual spaees 
anteriorly, and the parapharyngeal and pterygoid spaees posteriorly. 
infeetion in this area may also spread from an acute perieoronitis, par- 
ticularly when the deeper tissues are opened to infeetion by extraction 
of the tooth during the acute phase. 

In general, cellulitis around the jaw is only likely to develop when 
the tissues are infeeted by vimlent and invasive organisms at a point 
where there is aeeess to the faseial spaees; the predisposing causes do 
not often eoineide, and cellulitis is therefore uncommon. Cellulitis in 
the region of the maxilla is even more uncommon, but faseial spaee 
infeetions may develop in various sites as the result of infeeted loeal 
anaesthetie needles. Sinee there are no barriers mnning horizontally 
with respeet to the tissue spaees in the neek, infeetion entering in this 
site ean rapidly spread more or less unhindered down the neek and may 
enter the mediastinum. 

All forms of cellulitides of the neek or deep neek spaee infeetions 
are potentially very serious. Obstmetion of the upper airway develops 
as a result of inflammation and oedema, compounded by salivary 
pooling consequent on dysphagia, and this ean be quite eatastrophie. 
This situation is very diffiailt to manage by eonventional techniques. 
inereased rigidity and reduced eomplianee of the tissues make manoeu- 
vres such as manual anterior jaw thmst or laryngoseopy almost impos- 
sible. Speeialized techniques, e.g. flexible fibreoptie-assisted traeheal 
intubation or surgical traeheostomy under loeal anaesthesia, are usually 
required to provide safe general anaesthesia to faeilitate the surgical 
drainage and treatment of the cellulitis or deep spaee abseess. (For 
fiirther reading see Hedge et al (2012), Maroldi et al (2012).) 


MUSCLES 


The superficial muscles of the neek are platysma, which lies in the 
subcutaneous tissue of the neek, and sternoeleidomastoid and trapez- 
ius. Sternoeleidomastoid is a key landmark because it divides the neek 
into anterior and lateral regions (anterior and posterior triangles, 
respeetively); the anterior region may be hirther subdivided into several 
smaller named triangles (see above). Muscles in the anterior region are 
organized into supra- and infrahyoid groups, and, with one exception, 
are all attaehed to the hyoid bone. The suprahyoid muscles, which 
eonneet the hyoid bone to the mandible and the base of the skull, 
include mylohyoid, geniohyoid, stylohyoid and digastrie. The infra- 
hyoid (strap) muscles, which eonneet the hyoid, sternum, elaviele and 
scapula, are arranged in two planes: a superficial plane eonsisting of 
sternohyoid and omohyoid, and a deep plane eonsisting of sterno- 
thyroid and thyrohyoid. 

The muscles that form part of the musculoskeletal column in the 
neek are deseribed in ehapter 43. They ean be eonsidered in three 
groups - anterior, lateral and posterior; very broadly speaking, the 
muscles in these groups lie anterior, lateral or posterior to the eervieal 
vertebrae. The anterior and lateral groups include longi eolli and eapitis; 
reeti eapitis anterior and lateralis; and sealeni anterior, medius, poste- 
rior and minimi (when present). The posterior muscle group is eom- 
posed of the eervieal eomponents of the intrinsie imiseles of the baek, 
overlaid by some of the extrinsic 'immigrant' muscles of the baek that 
mn between the upper limb and the axial skeleton (trapezms, levator 
scapulae; Chapter 48). The intrinsie muscles are arranged in superficial 
and deep layers. The superficial layer eontains splenius eapitis and eer- 
vieis. The deeper layers include the transversospinal group (semispi- 
nales eervieis and eapitis, multifidus and rotatores eervieis), interspinales 
and intertransversarii, and the suboccipital group (reeti eapitis posterior 
major and minor, and obliquus eapitis superior and inferior). 

The muscles assoeiated with the pharynx and larynx are deseribed 
in Chapters 34 and 35, respeetively. 
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Platysma 

Platysma is a broad sheet of miisele of varying prominenee that arises 
from the faseia eovering the upper parts of peetoralis major and deltoid. 
Its fibres eross the elaviele and aseend medially in the side of the neek. 
Anterior fibres interlaee aeross the midline with the fibres of the eon- 
tralateral nrnsele, below and behind the symphysis menti. Other fibres 
attaeh to the lower border of the mandible or to the lower lip, or eross 
the mandible to attaeh to skin and subcutaneous tissue of the lower 
faee. Careful elevation of a myocutaneous flap in the subplatysmal 
plane as part of a neek disseetion will include this muscle and its assoei- 
ated blood supply, thereby minimizing the risk of skin neerosis and 
wound breakdown. 

Vaseillar SLipply Platysma is supplied by the submental braneh of 
the faeial artery and by the suprascapular artery (from the thyroeervieal 
tmnk of the subclavian artery). 

Innervation Platysma is innervated by the eervieal braneh of the faeial 
nerve, which deseends on the deep surface of the muscle elose to the 
angle of the mandible. 

Aetìons Contraction diminishes the eoneavity between the jaw and 
the side of the neek, and produces tense, oblique ridges in the skin of 
the neek. Platysma may assist in depressing the mandible, and, via its 
labial and modiolar attaehments, it ean draw down the lower lip and 
eorners of the mouth in expressions of horror or surprise. 

Sternoeleidomastoid 

Sternoeleidomastoid (Fig. 29.5) deseends obliquely aeross the side of 
the neek and forms a prominent surface landmark, espeeially when 
eontraeted. It is thiek and narrow eentrally, and broader and thinner at 
eaeh end. The muscle is attaehed inferiorly by two heads. The medial 
or sternal head is rounded and tendinous, arises from the upper part 
of the anterior surface of the manubrium sterni, and aseends postero- 
laterally. The lateral or elaviailar head, which is variable in width and 
eontains muscular and fibrous elements, aseends almost vertieally from 
the superior surface of the medial third of the elaviele. The two heads 
are separated near their attaehments by a triangular interval that eor- 
responds to a surface depression, the lesser supraclavicular fossa. As 
they aseend, the clavicular head spirals behind the sternal head and 
blends with its deep surface below the middle of the neek, forming a 
thiek, rounded belly. Sternoeleidomastoid inserts superiorly by a strong 
tendon into the lateral surface of the mastoid proeess from its apex to 
its superior border, and by a thin aponeurosis into the lateral half of 
the superior nuchal line. The elaviailar fibres are direeted mainly to the 


mastoid proeess; the sternal fibres are more oblique and superficial, and 
extend to the occiput. The direetion of pull of the two heads is therefore 
different, and the muscle may be elassed as 'emeiate' and slightly 
'spiralized'. 

Relations The superficial surface of sternoeleidomastoid is eovered by 
skin and platysma, between which lie the external jugular vein, the great 
auricular and transverse eervieal nerves, and the superficial lamina of 
the deep eervieal faseia. Near its insertion, the muscle is overlapped by 
a small part of the parotid gland. The deep surface of the muscle near 
its origin is related to the sternoelaviailar joint and sternohyoid, sterno- 
thyroid and omohyoid. The anterior jugular vein erosses deep to it 
but superficial to the infrahyoid muscles, immediately above the elavi- 
ele. The earotid sheath and the subclavian artery are deep to these 
imiseles. Between omohyoid and the posterior belly of digastrie, the 
anterior part of sternoeleidomastoid lies superficial to the eommon, 
internal and external earotid arteries, the internal jugular, faeial and 
lingual veins, the deep eervieal lymph nodes, the vagus nerve and the 
rami of the ansa eerviealis. The sternoeleidomastoid braneh of the 
superior thyroid artery erosses deep to the muscle at the upper border 
of omohyoid. The posterior part of sternoeleidomastoid is related on 
its internal surface to splenius eapitis, levator scapulae and the sealene 
muscles, the eervieal plexus, the upper part of the braehial plexus, the 
phrenie nerve and the transverse eervieal and suprascapular arteries. 
The oeeipital artery erosses deep to the muscle at, or under eover of, the 
lower border of the posterior belly of digastrie. At this point, the aeees- 
sory nerve passes deep to sternoeleidomastoid, then pierees and sup- 
plies the muscle, before it reappears just above the middle of the 
posterior border. At its insertion, the imisele lies superficial to the 
mastoid proeess, splenius eapitis, longissimus eapitis and the posterior 
belly of digastrie. 

Vaseillar SLipply Sternoeleidomastoid reeeives its blood supply from 
branehes of the oeeipital and posterior auricular arteries (upper part of 
imisele), the superior thyroid artery (middle part of muscle) and the 
suprascapular artery (lower part of imisele). A superiorly based flap ean 
be raised on sternoeleidomastoid to include a paddle of skin supplied 
by perforator vessels (Froes et al 1999), and has been used to reeon- 
stmet the lips, floor of mouth and inner aspeet of the eheeks. It is not 
a very reliable flap and its use has been superseded by microvascular 
free transfer flaps or by eonventional myocutaneous flaps such as the 
peetoralis major flap. 

Innervation Sternoeleidomastoid is supplied by the aeeessory nerve. 
Branehes from the ventral rami of the seeond, third, and sometimes 
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Fig. 29.5 Miiseles of the neek. Note 
that the head is slightly extended in 
order to expose the suprahyoid 
muscles. (With permission from 
Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 
2013.) 
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Muscles 


fourth eervieal spinal nerves also enter the muscle. Although these eervi- 
eal rami were believed to be solely proprioeeptive, elinieal evidenee 
suggests that some of their fibres are motor. 

Aetions Aeting alone, eaeh sternoeleidomastoid will tilt the head 
towards the ipsilateral shoulder, simultaneously rotating the head so as 
to turn the faee towards the opposite side. This movement occurs in an 
upward, sideways glanee. A more eommon visual movement is a level 
rotation from side to side, and this probably represents the most fre- 
quent use of the sternoeleidomastoids. Aeting together from below, the 
muscles draw the head forwards and so help longi eolli to flex the eervi- 
eal part of the vertebral column, which is a eommon movement in 
feeding. The two sternoeleidomastoids are also used to raise the head 
when the body is supine; when the head is fixed, they help to elevate 
the thorax in foreed inspiration. 

Branehial eysts and fistulae Branehial eysts usually present in the 

upper neek in early adulthood as fluctuant swellings at the junction of 
the upper and middle thirds of the anterior border of sternoeleidomas- 
toid. The eyst typieally passes backwards and upwards through the 
earotid bifhreation and ends at the pharyngeal eonstrietor muscles, a 
course that brings it into intimate assoeiation with the hypoglossal, 
glossopharyngeal and aeeessory nerves. Great eare must be taken to 
avoid damage to these nerves during surgical removal of a branehial 
eyst. 

Branehial fistulae represent a persistent eonneetion between the 
C) seeond branehial pouch and the eervieal sinus ( Fommentary 2.2). The 
fistula typieally presents as a small pit adjaeent to the anterior border 
of the lower third of sternoeleidomastoid, which may weep saliva and 
beeome intermittently infeeted. Excision involves following the traet of 
the fistula up the neek - often through the earotid bifiireation - and 
into the distal tonsillar fossa, where it opens into the pharynx. 

Branehial eysts, sinuses and fistulae are thought to arise from inclu- 
sions of salivary gland tissue in lymph nodes; they may also develop 
around the parotid gland. 

MUSCLES OF THE ANTERIOR TRIANGLE 
OF THE NECK 


Apart from the superficial neek muscles already deseribed, the anterior 
triangle eontains two of the suprahyoid muscles - namely, digastrie and 
stylohyoid - and the four infrahyoid strap muscles (see Fig. 29.5). The 
other suprahyoid muscles, namely mylohyoid and geniohyoid, are 
deseribed with the floor of the mouth on page 509. 

Digastrie 

Digastrie has two bellies and lies below the mandible, extending from 
the mastoid proeess to the ehin (see Fig. 29.5). The posterior belly, 
which is longer than the anterior, is attaehed in the mastoid noteh of 
the temporal bone, and passes downwards and forwards. The anterior 
belly is attaehed to the digastrie fossa on the base of the mandible near 
the midline, and slopes downwards and backwards. The two bellies 
meet in an intermediate tendon that perforates stylohyoid and mns in 
a fibrous sling attaehed to the body and greater cornu of the hyoid bone; 
it is sometimes lined by a synovial sheath. The two bellies of digastrie 
mark out the borders of the submandibular triangle. 

Variations Digastrie may laek the intermediate tendon and is then 
attaehed midway along the body of the mandible. The posterior belly 
may be augmented by a slip from the styloid proeess or arise wholly 
from it. The anterior belly may eross the midline and it is not uncom- 
mon for it to ffise with mylohyoid. 

Relations Superficial to digastrie are platysma, sternoeleidomastoid, 
splenius eapitis, longissimus eapitis and stylohyoid, the mastoid 
proeess, the retromandibular vein, and the parotid and submandibular 
salivary glands. Mylohyoid is medial to the anterior belly, and hyoglos- 
sus, superior oblique and rectus eapitis lateralis, the transverse proeess 
of the atlas vertebra, the aeeessory nerve, internal jugular vein, oeeipital 
artery, hypoglossal nerve, internal and external earotid, faeial and 
lingual arteries are all medial to the posterior belly. 

Vascular supply The posterior belly is supplied by the posterior 
auricular and oeeipital arteries. The anterior belly of digastrie reeeives 
its blood supply ehiefly from the submental braneh of the faeial artery. 

Innervation The anterior belly of digastrie is supplied by the mylo- 
hyoid braneh of the inferior alveolar nerve, and the posterior belly is 


supplied by the faeial nerve. The different innervation of the two parts 
refleets their separate derivations from the mesenehyme of the first and 
seeond branehial arehes. 

Aetions Digastrie depresses the mandible and ean elevate the hyoid 
bone. The posterior bellies are espeeially aetive during swallowing and 
chewing. 

Stylohyoid 

Stylohyoid arises by a small tendon from the posterior surface of the 
styloid proeess, near its base. Passing downwards and forwards, it inserts 
into the body of the hyoid bone at its junction with the greater cornu 
(and just above the attaehment of the superior belly of omohyoid). It 
is perforated near its insertion by the intermediate tendon of digastrie 
(see Fig. 29.5). The muscle may be absent or double. It may lie medial 
to the external earotid artery and may end in the suprahyoid or infra- 
hyoid muscles. 

Vascular supply Stylohyoid reeeives its blood supply from branehes 
of the faeial, posterior auricular and oeeipital arteries. 

Innervation Stylohyoid is innervated by the stylohyoid braneh of the 
faeial nerve, which frequently arises with the digastrie braneh, and 
enters the middle part of the muscle. 

Aetìons Stylohyoid elevates the hyoid bone and draws it backwards, 
elongating the floor of the mouth. 

Stylohyoid ligament 

The stylohyoid ligament is a fibrous eord extending from the tip of the 
styloid proeess to the lesser cornu of the hyoid bone. It gives attaehment 
to the highest fibres of the middle pharyngeal eonstrietor and is inti- 
mately related to the lateral wall of the oropharynx. Below, it is over- 
lapped by hyoglossus. The ligament is derived from the eartilage of the 
seeond branehial areh, and may be partially ealeified. 

INFRAHYOID MUSCLES 


The infrahyoid muscles are organized so that sternohyoid and omo- 
hyoid lie superficially, and sternothyroid and thyrohyoid lie more 
deeply (see Fig. 29.5). The imiseles are involved in movements of the 
hyoid bone and thyroid eartilage during voealization, swallowing and 
mastieation, and are mainly innervated from the ansa eerviealis. 

Sternohyoid 

Sternohyoid is a thin, narrow strap muscle that arises from the posterior 
surface of the medial end of the elaviele, the posterior sternoclavicular 
ligament and the upper posterior aspeet of the manubrium (see Fig. 
29.5). It aseends medially and is attaehed to the inferior border of the 
body of the hyoid bone. Inferiorly, there is a eonsiderable gap between 
the muscle and its eontralateral fellow, but the two usually eome 
together in the middle of their course and are contiguous above this. 
Sternohyoid may be absent or double, augmented by a clavicular slip 
(eleidohyoid), or intermpted by a tendinous interseetion. 

Vaseillar SLipply Sternohyoid is supplied by branehes from the su- 
perior thyroid artery. 

Innervation Sternohyoid is innervated by branehes from the ansa 
eerviealis (Cl, 2, 3). 

Aetìons Sternohyoid depresses the hyoid bone after it has been 
elevated. 

Omohyoid 

Omohyoid eonsists of two bellies united at an angle by an intermediate 
tendon (see Fig. 29.5). The inferior belly is a flat, narrow band, which 
inelines forwards and slightly upwards aeross the lower part of the neek. 
It arises from the upper border of the scapula, near the scapular noteh, 
and oeeasionally from the superior transverse scapular ligament. It then 
passes behind sternoeleidomastoid and ends there in the intermediate 
tendon. The superior belly begins at the intermediate tendon, passes 
almost vertieally upwards near the lateral border of sternohyoid, and is 
attaehed to the lower border of the body of the hyoid bone lateral to 
the insertion of sternohyoid. The length and form of the intermediate 
tendon vary, although it usually lies adjaeent to the internal jugular vein 
at the level of the areh of the erieoid eartilage. The angulated course of 
the muscle is maintained by a band of deep eervieal faseia, attaehed 
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below to the elaviele and the first rib, which ensheathes the tendon. A 
variable amount of skeletal muscle may be present in the faseial band; 
either belly may be absent or double; and the inferior belly may be 
attaehed direetly to the elaviele and the superior is sometimes fused 
with sternohyoid. 

Vascular Slipply Omohyoid is supplied by branehes from the su- 
perior thyroid and lingual arteries. 

Innervation The superior belly of omohyoid is innervated by branehes 
from the superior ramus of the ansa eerviealis (Cl). The inferior belly 
is innervated from the ansa eerviealis itself (Cl, 2 and 3). 

Aetions Omohyoid depresses the hyoid bone after it has been ele- 
vated. It has been speculated that the muscle tenses the lower part of 
the deep eervieal faseia in prolonged inspiratory efforts, reducing the 
tendeney for soft parts to be sucked inwards. 

Sternothyroid 

Sternothyroid is shorter and wider than sternohyoid, and lies deep and 
partly medial to it (see Fig. 29.5). It arises from the posterior surface of 
the manubrium sterni inferior to the origin of sternohyoid and from 
the posterior edge of the eartilage of the fìrst rib. It is attaehed above to 
the oblique line on the lamina of the thyroid eartilage, where it delin- 
eates the upward extent of the thyroid gland. In the lower part of the 
neek, the muscle is in eontaet with its eontralateral fellow, but the two 
diverge as they aseend. 

Vaseillar SLipply Sternothyroid is supplied by branehes from the 
superior thyroid and lingual arteries. 

Innervation Sternothyroid is innervated by branehes from the ansa 
eerviealis (Cl, 2 and 3). 

Aetìons Sternothyroid draws the larynx downwards after it has been 
elevated by swallowing or voeal movements. In the singing of low notes, 
this downward traetion would be exerted with the hyoid bone relatively 
fixed. 

Thyrohyoid 

Thyrohyoid is a small, quadrilateral muscle that may be regarded as an 
upward eontimiation of sternothyroid (see Fig. 29.5). It arises from the 
oblique line on the lamina of the thyroid eartilage, and passes upwards 
to attaeh to the lower border of the greater cornu and adjaeent part of 
the body of the hyoid bone. 
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Fig. 29.6 The anterior and lateral vertebral muscles. Scalenus anterior 
and longus eapitis have been removed on the right side. 


Aetions Rectus eapitis anterior flexes the head at the atlanto-oeeipital 
joints. 

Rectus eapitis lateralis 

Rectus eapitis lateralis is a short, flat muscle that arises from the upper 
surface of the transverse proeess of the atlas and inserts into the inferior 
surface of the jugular proeess of the oeeipital bone. In view of its attaeh- 
ments and its relation to the ventral ramus of the first spinal nerve, 
rectus eapitis lateralis is regarded as homologous with the posterior 
intertransverse muscles. 

Vaseillar SLipply Rectus eapitis lateralis is supplied by branehes from 
the vertebral, oeeipital and aseending pharyngeal arteries. 


Vaseillar Slipply Thyrohyoid is supplied by branehes from the su- 
perior thyroid and lingual arteries. 

Innervation Flnlike the other infrahyoid muscles, thyrohyoid is not 
innervated by the ansa eerviealis. In eommon with geniohyoid, it is 
supplied by fibres from the first eervieal spinal nerve that braneh off 
from the hypoglossal nerve beyond the deseendens hypoglossi. 

Aetions Thyrohyoid depresses the hyoid bone. With the hyoid 
bone stabilized, it pulls the larynx upwards, e.g. when high notes are 
sung. 

ANTERIOR VERTEBRAL MUSCLES 


The anterior vertebral group of muscles are longi eolli and eapitis, and 
reeti eapitis anterior and lateralis (Fig. 29.6), all of which are flexors of 
the head and neek to varying degrees. Together with the lateral vertebral 
muscles, they form the prevertebral muscle group. 

Rectus eapitis anterior 

Rectus eapitis anterior is a short, flat muscle situated behind the upper 
part of longus eapitis. It arises from the anterior surface of the lateral 
mass of the atlas and the root of its transverse proeess, and aseends 
almost vertieally to the inferior surface of the basilar part of the oeeipital 
bone immediately anterior to the oeeipital eondyle. 

VaSdllar Slipply Rectus eapitis anterior is supplied by branehes from 
the vertebral and aseending pharyngeal arteries. 

Innervation Rectus eapitis anterior is innervated by branehes from the 
loop between the ventral rami of the first and seeond eervieal spinal 
nerves. 


Innervation Rectus eapitis lateralis is innervated by branehes from the 
loop between the ventral rami of the first and seeond eervieal spinal 
nerves. 

Aetions Rectus eapitis lateralis flexes the head laterally to the same 
side. 

Longus eapitis 

Longus eapitis (see 7 ig. 29.6) has a narrow origin from tendinous slips 
from the anterior tubercles of the transverse proeesses of the third, 
fourth, fifth and sixth eervieal vertebrae, and beeomes broad and thiek 
above, where it is inserted into the inferior surface of the basilar part 
of the oeeipital bone. 

VaSdllar Slipply Longus eapitis is supplied by the aseending pha- 
ryngeal, aseending eervieal braneh of the inferior thyroid and the ver- 
tebral arteries. 

Innervation Longus eapitis is innervated by branehes from the ventral 
rami of the first, seeond and third eervieal spinal nerves. 

Aetions Longus eapitis flexes the head. 

Longus eolli 

Longus eolli (see Fig. 29.6) is applied to the anterior surface of the 
vertebral column, between the atlas and the third thoraeie vertebra. It 
ean be divided into three parts, which all arise by tendinous slips. The 
inferior oblique part is the smallest, mnning upwards and laterally from 
the anterior surfaces of the bodies of the first two or three thoraeie 
vertebrae to the anterior tubercles of the transverse proeesses of the fifth 
and sixth eervieal vertebrae. The superior oblique part passes upwards 
and medially from the anterior tubercles of the transverse proeesses of 
the third, fourth and fifth eervieal vertebrae, to be attaehed by a narrow 



























Vascular supply and lymphatie drainage 


tendon to the anterolateral surface of the tubercle on the anterior areh 
of the atlas. The vertieal intermediate part aseends from the anterior 
surfaces of the bodies of the upper three thoraeie and lower three eervi- 
eal vertebrae to the fronts of the bodies of the seeond, third and fourth 
eervieal vertebrae. 

Vascular supply Longus eolli is supplied by branehes from the ver- 
tebral, inferior thyroid and aseending pharyngeal arteries. 

Innervatìon Longus eolli is innervated by branehes from the ventral 
rami of the seeond, third, fourth, fifth and sixth eervieal spinal nerves. 

Aetions Longus eolli flexes the neek forwards. In addition, the oblique 
parts may flex it laterally, and the inferior oblique part rotates it to the 
opposite side. Its main antagonist is longissimus eervieis. 

LATERAL VERTEBRAL MUSCLES 


Sealeni anterior, medius and posterior extend obliquely between the 
upper two ribs and the eervieal transverse proeesses. Scalenus minimus 
(pleuralis) is assoeiated with the suprapleural membrane and eervieal 
pleura, and is deseribed on page 954. 

Sealemjs anterior 

Scalenus anterior lies at the side of the neek deep (posteromedial) to 
sternoeleidomastoid (see Figs 29.5, 29.18). Above, it is attaehed by 
musculotendinous faseieles to the anterior tubercles of the transverse 
proeesses of the third, fourth, fifth and sixth eervieal vertebrae. These 
eonverge, blend and deseend almost vertieally, to be attaehed by a 
narrow, flat tendon to the sealene tubercle on the inner border of the 
first rib, and to a ridge on the upper surface of the rib anterior to the 
groove for the subclavian artery (see Fig. 29.6). 

Relations Scalenus anterior forms an important landmark in the root 
of the neek because the phrenie nerve passes anterior to it and the 
subclavian artery posterior to it; the braehial plexus lies at its lateral 
border. The elaviele, subclavius, sternoeleidomastoid and omohyoid, 
lateral part of the earotid sheath, transverse eervieal, suprascapular and 
aseending eervieal arteries, subclavian vein, prevertebral faseia and 
phrenie nerve are all anterior to sealemis anterior. Posteriorly are the 
suprapleural membrane, pleura, roots of the braehial plexus and the 
subclavian artery; the latter two separate scalenus anterior from sealemis 
medius. The proximity of the muscle to the braehial plexus and sub- 
elavian artery and vein ean give rise to eompression syndromes. Below 
its attaehment to the sixth eervieal vertebra, the medial border of the 
muscle is separated from longus eolli by an angular interval in which 
the vertebral artery and vein pass to and from the foramen transvers- 
arium of the sixth eervieal vertebra. The inferior thyroid artery erosses 
this interval from the lateral to the medial side near its apex. The sym- 
pathetie tmnk and its eervieothoraeie ganglion are elosely related to the 
posteromedial side of this part of the vertebral artery. On the left side, 
the thoraeie duct erosses the triangular interval at the level of the seventh 
eervieal vertebra and usually eomes into eontaet with the medial edge 
of scalenus anterior. The musculotendinous attaehments of scalenus 
anterior to anterior tubercles are separated from those of longus eapitis 
by the aseending eervieal braneh of the inferior thyroid artery. 

Innervation Scalenus anterior is innervated by branehes from the 
ventral rami of the fourth, fifth and sixth eervieal spinal nerves. 

Aetions Aeting from below, scalenus anterior bends the eervieal 
portion of the vertebral column forwards and laterally, and rotates it 
towards the opposite side. Aeting from above, the muscle helps to 
elevate the first rib. 

Sealenijs medius 

Scalenus medius, the largest and longest of the sealeni, is attaehed above 
to the transverse proeess of the axis and the anterior surface of the 
posterior tubercles of the transverse proeesses of the lower five eervieal 
vertebrae (see Fig. 29.6). It frequently extends upwards to the transverse 
proeess of the atlas. Below it is attaehed to the upper surface of the first 
rib between the tubercle of the rib and the groove for the subclavian 
artery. 

Relations The anterolateral surface of the muscle is related to sterno- 
eleidomastoid (see Fig. 29.5). It is erossed anteriorly by the elaviele and 
omohyoid, and it is separated from scalenus anterior by the subclavian 
artery and ventral rami of the eervieal spinal nerves. Levator scapulae 


and sealemis posterior lie posterolateral to it. The upper two roots of 
the nerve to serratus anterior and the dorsal scapular nerve (to the 
rhomboids) pieree the muscle and appear on its lateral surface. 

Innervation Scalenus medius is supplied by branehes from the ventral 
rami of the third to eighth eervieal spinal nerves. 

Aetions Aeting from below, scalenus medius bends the eervieal part 
of the vertebral column to the same side. Aeting from above, it helps to 
raise the first rib. The sealene muscles, particularly scalenus medius, are 
aetive during inspiration, even during quiet breathing in the ereet 
attitude. 

Sealemis posterior 

Scalenus posterior is the smallest and most deeply situated of the 
sealene muscles (see Fig. 29.6). It passes from the posterior tubercles of 
the transverse proeesses of the fourth, fifth and sixth eervieal vertebrae 
to the outer surface of the seeond rib, behind the tubercle for serratus 
anterior, where it is attaehed by a thin tendon. 

Scalenus posterior is oeeasionally blended with scalenus medius. 
The sealene muscles vary a little in the number of vertebrae to which 
they are attaehed, in their degree of separation and in their segmental 
innervation. 

Vaseillar Slipply All the sealene muscles are ehiefly supplied by the 
aseending eervieal braneh of the inferior thyroid artery. Scalenus pos- 
terior reeeives an additional supply from the superficial eervieal artery. 

Innervation Scalenus posterior is innervated by branehes from the 
ventral rami of the lower three eervieal spinal nerves. 

Aetions When the seeond rib is fixed, scalenus posterior bends the 
lower end of the eervieal part of the vertebral column to the same side. 
When its upper attaehment is fixed, it helps to elevate the seeond rib. 

POSTERIOR VERTEBRAL MUSCLES 


Splenius eapitis and splenius eervieis are deseribed in ehapter 43. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


ARTERIES OF THE NECK 


The eommon earotid, internal earotid and external earotid arteries 
provide the major source of blood to the head and neek (Figs 29.7A, 
29.8). Additional arteries arise from branehes of the subclavian artery, 
particularly the vertebral artery. 

The eommon, internal and external earotid arteries and aeeompany- 
ing veins and nerves all lie in a eleft that is bound posteriorly by the 
transverse proeesses of eervieal vertebrae and attaehed muscles, medi- 
ally by the traehea, oesophagus, thyroid gland, larynx and pharyngeal 
eonstrietors, and anterolaterally by sternoeleidomastoid and, at differ- 
ent levels, omohyoid, sternohyoid, sternothyroid, digastrie and stylo- 
hyoid muscles. The eommon and internal earotid arteries lie within the 
earotid sheath, aeeompanied by the internal jugular vein and the vagus 
nerve. 

Common earotid artery 


The eommon earotid arteries differ on the right and left sides with 
respeet to their origins. On the right, the eommon earotid arises from 
the braehioeephalie artery as it passes behind the sternoclavicular joint. 

On the left, the eommon earotid artery eomes direetly from the areh of 
the aorta in the superior mediastinum. The right eommon earotid, 
therefore, has only a eervieal part whereas the left eommon earotid has 
eervieal and thoraeie parts. Following a similar course on both sides, 
the eommon earotid artery aseends, diverging laterally from behind the 
sternoelaviailar joint to the level of the upper border of the thyroid 
eartilage of the larynx (C3-4 junction), where it divides into external 
and internal earotid arteries. This bifiireation ean sometimes be at a 
higher or lower level (see 4g. 29.7B). The angle of bifiireation remains 
unchanged from infaney to adulthood. However, there is a signifieant 
ehange in the angle of the split between the internal and the external 
earotid arteries relative to the eommon earotid artery (Seong et al 
2005). The artery may be eompressed against the prominent transverse 
proeess of the sixth eervieal vertebra (Chassaignac s tubercle); above this 
level it is superficial and its pulsation ean be easily felt. 451 
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Fig. 29.7 A, Vessels and nerves of the neek, left lateral 
view. Sternoeleidomastoid and the greater part of 
omohyoid and the internal jugular vein have been 
removed. Compare with Figure 29.17, which shows a 
deeper level of disseetion. B, The variation in levels of 
bifurcation of the eommon earotid artery, related to the 
eervieal vertebrae. (A and B, With permission from 
VVasehke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 
2013.) 


Relations In the lower part of the neek, the eommon earotid arteries 
are separated by a narrow gap that eontains the traehea. Above this, the 
arteries are separated by the thyroid gland, larynx and pharynx. Eaeh 
artery is eontained within the earotid sheath of deep eervieal faseia, 
which also eneloses the internal jugular vein and vagus nerve. The vein 
lies lateral to the artery, and the nerve lies between them and posterior 
to both. 

The artery is erossed anterolaterally, at the level of the erieoid earti- 
lage, by the intermediate tendon - sometimes the superior belly - of 
omohyoid. Below omohyoid, it is sited deeply, and eovered by skin, 
superficial faseia, platysma, deep eervieal faseia, and sternoeleidomas- 
toid, sternohyoid and sternothyroid. Above omohyoid, it is more super- 
fieial, and eovered merely by skin, superficial faseia, platysma, deep 
eervieal faseia and the medial margin of sternoeleidomastoid; it is 
erossed obliquely from its medial to lateral side by the sternoeleido- 
mastoid braneh of the superior thyroid artery. The superior root of the 
ansa eerviealis, joined by its inferior root from the seeond and third 
eervieal spinal nerves, lies anterior to, or embedded within, the earotid 
sheath as it erosses it obliquely. The superior thyroid vein usually 
erosses near the upper border of the thyroid eartilage, and the middle 
thyroid vein erosses a little below the level of the erieoid eartilage. The 
anterior jugular vein erosses the eommon earotid artery above the elavi- 
ele, separated from it by sternohyoid and sternothyroid. Posterior to the 


earotid sheath are the transverse proeesses of the fourth to sixth eervieal 
vertebrae, to which are attaehed longus eolli, longus eapitis and ten- 
dinous slips of scalenus anterior. The sympathetie tmnk and aseending 
eervieal braneh of the inferior thyroid artery lie between the eommon 
earotid artery and the muscles. Below the level of the sixth eervieal 
vertebra, the artery is in an angle between scalenus anterior and longus 
eolli, anterior to the vertebral vessels, inferior thyroid and subclavian 
arteries, sympathetie tmnk and, on the left, the thoraeie duct. The 
oesophagus, traehea, inferior thyroid artery, recurrent laryngeal nerve 
and, at a higher level, the larynx and pharynx are medial to the sheath 
and its eontents. The thyroid gland overlaps it anteromedially. The 
internal jugular vein lies lateral and, in the lower neek, also anterior to 
the artery, while the vagus nerve lies posterolaterally in the angle 
between artery and vein. 

On the right side, low in the neek, the recurrent laryngeal nerve 
erosses obliquely behind the artery. The right internal jugular vein 
diverges from it below but the left vein approaehes and often overlaps 
its artery. 

The right eommon earotid artery sometimes arises above the level 
of the sternoelaviailar joint, or it may be a separate braneh from 
the aorta. The left eommon earotid artery varies in origin more than the 
right and may arise with the braehioeephalie artery. Division of the 
eommon earotid may occur higher, near the level of the hyoid bone, or, 


























































































































Vascular supply and lymphatie drainage 


Superficial temporal artery 
Aseending pharyngeal artery 

Maxillary artery 
External earotid artery 
Stylopharyngeus 

Glossopharyngeal nerve 


Internal earotid artery 


Posterior auricular artery 


Faeial artery 


Hypoglossal nerve 


Lingual artery 

Internal laryngeal nerve 

Superior thyroid artery 
External laryngeal nerve 


Superior root of ansa eerviealis 


Ansa eerviealis 


Common earotid artery 


Styloid proeess 

Aeeessory nerve 

Pharyngeal 
braneh of vagus 

Superior 
laryngeal nerve 

Digastrie, 
posterior belly 


Llpper 
sternoeleidomastoid 
braneh of oeeipital artery 



Oeeipital artery 


Vagus nerve 

Lower 
sternoeleidomastoid 
braneh of oeeipital artery 


Inferior root of 
ansa eerviealis 


Internal jugular vein 


Fig. 29.8 The branehes of the external earotid artery. Note the structures 
that either eross the internal jugular vein and the earotid arteries or 
intervene betvveen the external and internal earotid arteries. 


more rarely, at a lower level alongside the larynx. Very rarely it aseends 
without division, so that either the external or internal earotid is absent, 
or it may be replaeed by separate external and internal earotid arteries 
that arise direetly from the aorta, on one side, or bilaterally. 

Although the eommon earotid artery usually has no branehes, it may 
oeeasionally give rise to the vertebral, superior thyroid, superior laryn- 
geal, aseending pharyngeal, inferior thyroid or oeeipital arteries. 

External earotid artery 


The external earotid artery (see Figs 29.7A, 29.8) begins lateral to the 
upper border of the thyroid eartilage, level with the intervertebral dise 
between the third and fourth eervieal vertebrae. A little curved and with 
a gentle spiral, it fìrst aseends slightly forwards and then inelines baek- 
wards and a little laterally, to pass midway between the tip of the 
mastoid proeess and the angle of the mandible. Here, in the substance 
of the parotid gland behind the neek of the mandible, it divides into 
its terminal branehes, the superficial temporal and maxillary arteries. 
As it aseends, it gives off several large branehes and diminishes rapidly 
in ealibre. In ehildren the external earotid is smaller than the internal 
earotid, but in adults the two are of almost equal size. At its origin, it 
is in the earotid triangle and lies anteromedial to the internal earotid 
artery. It later beeomes anterior, then lateral, to the internal earotid as 
it aseends. At mandibular levels, the styloid proeess and its attaehed 
structures intervene between the vessels; the internal earotid is deep, 
and the external earotid superficial, to the styloid proeess. A fingertip 
plaeed in the earotid triangle pereeives a powerful arterial pulsation, 
which represents the termination of the eommon earotid, the origins 
of external and internal earotids, and the stems of the initial branehes 
of the external earotid. 

Relations The skin and superficial faseia, the loop between the eervi- 
eal braneh of the faeial nerve and the transverse cutaneous nerve of the 
neek, the deep eervieal faseia and the anterior margin of sternoeleido- 
mastoid all lie superficial to the external earotid artery in the earotid 
triangle. The artery is erossed by the hypoglossal nerve and its vena 
eomitans, and by the lingual, faeial and, sometimes, the superior 
thyroid veins. Leaving the earotid triangle, the external earotid artery is 
erossed by the posterior belly of digastrie and by stylohyoid, and 
aseends between these muscles and the posteromedial surface of the 
parotid gland, which it next enters. Within the parotid, the artery lies 


medial to the faeial nerve and the junction of the superficial temporal 
and maxillary veins. The pharyngeal wall, superior laryngeal nerve and 
aseending pharyngeal artery are the initial medial relations of the 
artery. At a higher level, it is separated from the internal earotid artery 
by the styloid proeess, styloglossus and stylopharyngeus, glossopharyn- 
geal nerve, pharyngeal braneh of vagus nerve and part of the parotid 
gland. The artery is equally likely to lie medial to the parotid gland, or 
within it. 

The external earotid artery has eight named branehes distributed to 
the head and neek. The superior thyroid, lingual and faeial arteries arise 
from its anterior surface, the oeeipital and posterior auricular arteries 
arise from its posterior surface, and the aseending pharyngeal artery 
arises from its medial surface. The maxillary and superficial temporal 
arteries are its terminal branehes within the parotid gland. 

Siiperior thyroid artery 

The superior thyroid artery is the first braneh of the external earotid 
artery, and arises from the anterior surface of the external earotid just 
below the level of the greater cornu of the hyoid bone (see Figs 29.7A, 
29.8). It deseends along the lateral border of thyrohyoid to reaeh the 
apex of the lobe of the thyroid gland. Lying medially are the inferior 
eonstrietor muscle and the external laryngeal nerve; the nerve is often 
posteromedial, and therefore at risk when the artery is being ligated. 
Oeeasionally, it may issue direetly from the eommon earotid. 

Branehes 

The superior thyroid artery supplies the thyroid gland and some adja- 
eent skin. Glandular branehes are: anterior, which mns along the 
medial side of the upper pole of the lateral lobe to supply mainly the 
anterior surface; a braneh that erosses above the isthmus to anastomose 
with its fellow of the opposite side; and posterior, which deseends on 
the posterior border to supply the medial and lateral surfaces, and 
anastomoses with the inferior thyroid artery. Sometimes, a lateral 
braneh supplies the lateral surface. The artery also has the following 
named branehes: infrahyoid, superior laryngeal, sternoeleidomastoid 
and erieothyroid. 

Infrahyoid artery The infrahyoid artery is a small braneh that mns 

along the lower border of the hyoid bone deep to thyrohyoid and 
anastomoses with its fellow of the opposite side to supply the infra- 
hyoid strap muscles. 

Superìor laryngeal artery The superior laryngeal artery aeeompa- 
nies the internal laryngeal nerve. Deep to thyrohyoid, it pierees the 
lower part of the thyrohyoid membrane to supply the tissues of the 
upper part of the larynx. It anastomoses with its fellow of the opposite 
side and with the inferior laryngeal braneh of the inferior thyroid 
artery. 

Sternoeleidomastoid artery The sternoeleidomastoid artery 

deseends laterally aeross the earotid sheath and supplies the middle 
region of sternoeleidomastoid. Like the parent artery itself, it may arise 
direetly from the external earotid artery. 

erieothyroid artery The erieothyroid artery erosses high on the 
anterior erieothyroid ligament, anastomoses with its fellow of the oppo- 
site side and supplies erieothyroid. 

Aseending pharyngeal artery 

The aseending pharyngeal artery is the smallest braneh of the external 
earotid. It is a long, slender vessel, which arises from the medial (deep) 
surface of the external earotid artery near the origin of that artery. It 
aseends between the internal earotid artery and the pharynx to the base 
of the cranium. The aseending pharyngeal artery is erossed by styloglos- 
sus and stylopharyngeus, and longus eapitis lies posterior to it. It gives 
off numerous small branehes to supply longus eapitis and longus eolli, 
the sympathetie tmnk, the hypoglossal, glossopharyngeal and vagus 
nerves, and some of the eervieal lymph nodes. It anastomoses with the 
aseending palatine braneh of the faeial artery and the aseending eervieal 
braneh of the vertebral artery. Its named branehes are the pharyngeal, 
inferior tympanie and meningeal arteries. 

Pharyngeal artery The pharyngeal artery gives off three or four 
branehes to supply the eonstrietor muscles of the pharynx and stylo- 
pharyngeus. A variable ramus supplies the palate, and may replaee the 
aseending palatine braneh of the faeial artery. The artery deseends for- 
wards between the superior border of the superior eonstrietor and 
levator veli palatini to the soft palate, and also supplies a braneh to the 
palatine tonsil and the pharyngotympanie tube. 
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Inferior tympanie artery The inferior tympanie artery is a small 
braneh that traverses the temporal canaliculus with the tympanie 
braneh of the glossopharyngeal nerve and supplies the medial wall of 
the tympanie eavity. 

Meningeal branehes The meningeal branehes are small vessels that 

supply the nerves that traverse the foramen laeemm, jugular foramen 
and hypoglossal eanal, and the assoeiated dura mater and adjoining 
bone. One braneh, the posterior meningeal artery, reaehes the eerebellar 
fossa via the jugular foramen, and is usually regarded as the terminal 
braneh of the aseending pharyngeal artery. 

Lingual artery 

The lingual artery provides the ehief blood supply to the tongue and 
the floor of the mouth (see Figs 29.8, 31.8). It arises anteromedially 
from the external earotid artery opposite the tip of the greater cornu of 
the hyoid bone, between the superior thyroid and faeial arteries. It often 
arises with the faeial or, less often, with the superior thyroid artery. It 
may be replaeed by a ramus of the maxillary artery. Aseending medially 
at first, it loops down and forwards, passes medial to the posterior 
border of hyoglossus and then mns horizontally forwards deep to it. 
The lingual artery next aseends again almost vertieally, and courses sinu- 
ously forwards on the inferior surface of the tongue as far as its tip. The 
fiirther course of the lingual artery is deseribed on page 513. 

Relations Its relationship to hyoglossus naturally divides the lingual 
artery into deseriptive 'thirds'. In its fìrst part, the lingual artery is in the 
earotid triangle. Skin, faseia and platysma are superficial to it, while the 
middle pharyngeal eonstrietor muscle is medial. The artery aseends a 
little medially, then deseends to the level of the hyoid bone, and the 
loop so formed is erossed externally by the hypoglossal nerve. The 
seeond part passes along the upper border of the hyoid bone, deep to 
hyoglossus, the tendons of digastrie and stylohyoid, the lower part of 
the submandibular gland and the posterior part of mylohyoid. Hyoglos- 
sus separates it from the hypoglossal nerve and its vena eomitans. Here, 
its medial aspeet adjoins the middle eonstrietor muscle and it erosses 
the stylohyoid ligament aeeompanied by lingual veins. The third part 
is the arteria profhnda linguae, which turns upwards near the anterior 
border of hyoglossus and then passes forwards elose to the inferior 
lingual surface near the frenulum, aeeompanied by the lingual nerve. 
Genioglossus is a medial relation, and the inferior longitudinal muscle 
of the tongue lies lateral to it below the lingual mucous membrane. 
Near the tip of the tongue, the lingual artery anastomoses with its fellow 
of the opposite side. Its named branehes are the suprahyoid, dorsal 
lingual and sublingual arteries. 

Suprahyoid artery 

The suprahyoid artery is a small braneh that mns along the upper 
border of the hyoid bone to anastomose with the eontralateral artery. 
It supplies adjaeent structures. 

Dorsal lingual arteries 

The dorsal lingual arteries are deseribed on page 513. 

Siiblingiial artery 

The sublingual artery is deseribed on page 513. 

Faeial artery 

The faeial artery (see 7 igs 29.7, 29.8, 30.25) arises anteriorly from the 
external earotid in the earotid triangle, above the lingual artery and 
immediately above the greater cornu of the hyoid bone. In the neek, at 
its origin, it is eovered only by the skin, platysma, faseiae and often by 
the hypoglossal nerve. It mns up and forwards, deep to digastrie and 
stylohyoid. At fìrst on the middle pharyngeal eonstrietor, it may reaeh 
the lateral surface of styloglossus, separated there from the palatine 
tonsil only by this muscle and the lingual fìbres of the superior eonstrie- 
tor. Medial to the mandibular ramus, it arehes upwards and grooves the 
posterior aspeet of the submandibular gland. It then turns down and 
deseends to the lower border of the mandible in a lateral groove on the 
submandibular gland, between the gland and medial pterygoid. Reaeh- 
ing the surface of the mandible, the faeial artery curves round its inferior 
border, anterior to masseter, to enter the faee; its further course is 
deseribed on page 498. The artery is very sinuous throughout its extent. 
In the neek, this may be so that the artery is able to adapt to the move- 
ments of the pharynx during deglutition, and similarly on the faee, so 
that the artery ean adapt to movements of the mandible, lips and 
eheeks. Faeial artery pulsation is most palpable where the artery erosses 
the mandibular base, and again near the eorner of the mouth. Its 
branehes in the neek are the aseending palatine, tonsillar, submental 
and glandular arteries. 


Aseending palatine artery The aseending palatine artery arises 
elose to the origin of the faeial artery. It passes up between styloglossus 
and stylopharyngeus to reaeh the side of the pharynx, along which it 
aseends between the superior eonstrietor of the pharynx and medial 
pterygoid towards the eranial base. It bifhreates near levator veli pal- 
atini. One braneh follows this muscle, winding over the upper border 
of the superior eonstrietor of the pharynx to supply the soft palate and 
to anastomose with its fellow of the opposite side and the greater pala- 
tine braneh of the maxillary artery. The other braneh pierees the su- 
perior eonstrietor muscle to supply the tonsil and pharyngotympanie 
tube, and to anastomose with the tonsillar and aseending pharyngeal 
arteries (see Fig. 34.7). 

Tonsillar artery The tonsillar artery provides the main blood supply 
to the palatine tonsil. It aseends between medial pterygoid and sty- 
loglossus, penetrates the superior eonstrietor of the pharynx at the 
upper border of styloglossus, and enters the inferior pole of the tonsil. 
Its branehes ramify in the tonsil and in the musculature of the posterior 
part of the tongue. The tonsillar artery may sometimes arise from the 
aseending palatine artery. 

Submenta artery The submental artery is the largest eervieal 
braneh of the faeial artery (see Fig. 29.7). It arises as the faeial artery 
separates from the submandibular gland and turns forwards on mylo- 
hyoid below the mandible. It supplies the overlying skin and muscles, 
and anastomoses with a sublingual braneh of the lingual and mylo- 
hyoid braneh of the inferior alveolar artery. At the ehin, it aseends over 
the mandible, and divides into superfìcial and deep branehes, which 
anastomose with the inferior labial and mental arteries to supply the 
ehin and lower lip. 

Glandular branehes Three or four large vessels supply the sub- 

mandibular salivary gland and assoeiated lymph nodes, adjaeent 
muscles and skin. 

Oeeipital artery 

The oeeipital artery arises posteriorly from the external earotid artery, 
approximately 2 em from its origin (see 7 igs 29.7A, 29.8). At its origin, 
the artery is erossed superfìcially by the hypoglossal nerve, which winds 
round it from behind. The artery next passes backwards, up and deep 
to the posterior belly of digastrie, and erosses the internal earotid artery, 
internal jugular vein, and hypoglossal, vagus and aeeessory nerves. 
Between the transverse proeess of the atlas and the mastoid proeess, the 
oeeipital artery reaehes the lateral border of rectus eapitis lateralis. It 
then mns in the oeeipital groove of the temporal bone, medial to the 
mastoid proeess and attaehments of sternoeleidomastoid, splenius 
eapitis, longissimus eapitis and digastrie, and lies successively on rectus 
eapitis lateralis, obliquus superior and semispinalis eapitis. Finally, 
aeeompanied by the greater oeeipital nerve, it turns upwards to pieree 
the investing layer of the deep eervieal faseia eonneeting the eranial 
attaehments of trapezius and sternoeleidomastoid, and aseends tortu- 
ously in the dense superficial faseia of the sealp, where it divides into 
many branehes (see Fig. 43.76). 

The oeeipital artery has two main branehes (upper and lower) to the 
upper part of sternoeleidomastoid in the neek. The lower braneh arises 
near the origin of the oeeipital artery, and may sometimes arise direetly 
from the external earotid artery. It deseends backwards over the 
hypoglossal nerve and internal jugular vein, enters sternoeleidomastoid 
and anastomoses with the sternoeleidomastoid braneh of the superior 
thyroid artery. The upper braneh arises as the oeeipital artery erosses the 
aeeessory nerve, and mns down and backwards superfìcial to the intern- 
al jugular vein. It enters the deep surface of sternoeleidomastoid with 
the aeeessory nerve. 

Posterior aiirieiilar artery 

The posterior auricular artery is a small vessel that branehes posteriorly 
from the external earotid just above digastrie and stylohyoid. It aseends 
between the parotid gland and the styloid proeess to the groove between 
the auricular eartilage and mastoid proeess, and divides into auricular 
and oeeipital branehes, which are deseribed with the faee on page 499. 
In the neek, it provides branehes to supply digastrie, stylohyoid, sterno- 
eleidomastoid and the parotid gland. It also gives origin to the stylo- 
mastoid artery - deseribed as an indireet braneh of the posterior 
auricular artery in about a third of subjects - which enters the stylo- 
mastoid foramen to supply the faeial nerve, tympanie eavity, mastoid 
antmm air eells and semicircular eanals. In the young, its posterior 
tympanie ramus forms a circular anastomosis with the anterior tym- 
panie braneh of the maxillary artery. 
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Fig. 29.9 Internal earotid artery 
anatomy shovvn on volume 
rendering of a computed 
tomographie angiogram. The 
eervieal internal earotid artery 
(vvhite arrovv) is a branehless 
vessel. Note the course of the 
vertebral artery (blaek arrovv). (With 
permission from Kaufman JA, and 
Lee MJ, Carotid and vertebral 
arteries. In: Kaufman JA, Vascular 
and Interventional Radiology: The 
Requisites, Chapter 5, 99-118. 
Saunders.) 


Internal earotid artery 


The internal earotid artery supplies most of the ipsilateral eerebral 
hemisphere, eye and aeeessory organs, forehead and, in part, the nose. 
From its origin at the earotid bifiireation (see Fig. 29.8; Fig. 29.9) 
(where there is usually a earotid sinus), it aseends in front of the trans- 
verse proeesses of the upper three eervieal vertebrae to the inferior 
aperture of the earotid eanal in the petrous part of the temporal bone. 
Here, it enters the eranial eavity and turns anteriorly through the eavern- 
ous sinus in the earotid groove on the side of the body of the sphenoid 
bone. It terminates below the anterior perforated substance by division 
into the anterior and middle eerebral arteries. It may be divided eon- 
veniently into eervieal, petrous, cavernous and eerebral parts. Rarely, 
persistent embryonie branehes to the basilar artery from the eervieal 
part of the internal earotid artery may be encountered at the Cl-C2 
(persistent hypoglossal artery) and C2-C3 (pro-atlantal intersegmental 
artery) levels. 

Relations The internal earotid artery is initially superficial in the 
earotid triangle, and then passes deeper, medial to the posterior belly 
of digastrie. Except near the skull, the internal jugular vein and vagus 
nerve are lateral to it within the earotid sheath. The external earotid 
artery is fìrst anteromedial, but then curves baek to lie superfìcial. Pos- 
teriorly, the internal earotid adjoins longus eapitis, and the superior 
eervieal sympathetie ganglion lies between them. The superior laryngeal 
nerve erosses obliquely behind it. The pharyngeal wall lies medial to 
the artery, which is separated by fat and pharyngeal veins from the 
aseending pharyngeal artery and superior laryngeal nerve. Anterolaterally, 
the internal earotid artery is eovered by sternoeleidomastoid. Below the 
posterior belly of digastrie, the hypoglossal nerve and superior root of 
the ansa eerviealis and the lingual and faeial veins are superficial to the 
artery. At the level of the digastrie, the internal earotid is erossed by 
stylohyoid and the oeeipital and posterior auricular arteries. Above the 
digastrie, it is separated from the external earotid artery by the styloid 
proeess, styloglossus and stylopharyngeus, the glossopharyngeal nerve 
and the pharyngeal braneh of the vagus, and the deeper part of the 
parotid gland. At the base of the skull, the glossopharyngeal, vagus, 


aeeessory and hypoglossal nerves lies between the internal earotid artery 
and the internal jugular vein, which here has beeome posterior. The 
length of the artery varies with the length of the neek and the point of 
the earotid bifhreation. It may arise from the aortie areh, in which ease 
it lies medial to the external earotid as far as the larynx, where it erosses 
behind it. The eervieal portion is normally straight but may be very 
tortuous, when it lies eloser to the pharynx than usual, very near the 
tonsil. In ehildren, the tonsilloearotid distanee inereases with growth to 
a maximum value of 25 mm (Deutsch et al 1995). The internal earotid 
artery enters the cranium without giving off any branehes. It may oeea- 
sionally be absent. 

Occlusive atheroselerotie disease within either the internal earotid 
or eommon earotid artery may cause strokes or transient isehaemie 
attaeks (TIAs) eharaeterized by weakness of the eontralateral side. It may 
also result in visual disturbances eharaeterized elassieally as a 'airtain' 
falling down over the visual fìeld (amaurosis fugax). These episodes will 
be experienced in the ipsilateral eye. 

Oarotid sinus and earotid body 

The eommon earotid artery has two speeialized organs near its bifur- 
eation: the earotid sinus and the earotid body. They relay information 
eoneerning the pressure and ehemieal eomposition of the arterial 
blood, respeetively, and are innervated prineipally by the earotid 
braneh(es) of the glossopharyngeal nerve, with small contributions 
from the eervieal sympathetie tmnk and the vagus nerve. 

The earotid sinus usually appears as a dilation of the lower end of 
the internal earotid in late adoleseenee (Seong et al 2005) and hmetions 
as a baroreeeptor. 

The earotid body is a reddish-brown, oval stmcture, 5-7 mm in 
height and 2.5-4 mm in width. It lies either posterior to the earotid 
bifhreation or between its branehes, and is attaehed to, or sometimes 
partly embedded in, their adventitia. Oeeasionally, it takes the form of 
a group of separate nodules. Aberrant miniature earotid bodies, miero- 
stmcturally similar but with diameters of 600 jLtm or less, may appear 
in the adventitia and adipose tissue near the earotid sinus. 

The earotid body is surrounded by a fibrous capsule, from which 
septa divide the enelosed tissue into lobules. Eaeh lobule eontains 
glomus (type I) eells, which are separated from an extensive network 
of fenestrated sinusoids by sustentacular (type II) eells (Fig. 29.10). 
Glomus eells store a mimber of peptides, particularly enkephalins, 
bombesin and neurotensin, and amines including dopamine, sero- 
tonin (5-hydroxytryptamine, 5-HT), adrenaline (epinephrine) and 
noradrenaline (norepinephrine), and are therefore regarded as paraneu- 
rones. Hnmyelinated axons lie in a collagenous matrix between the 
sustentacular eells and the sinusoidal endothelium, and many synapse 
on the glomus eells. They are viseeral afferents, which travel in the 
earotid sinus nerve to join the glossopharyngeal nerve. Preganglionie 
sympathetie axons and fibres from the earotid sinus synapse on para- 
sympathetie and sympathetie ganglion eells, which lie either in isola- 
tion or in small groups near the surface of eaeh earotid body. 
Postganglionie axons travel to loeal blood vessels; the parasympathetie 
efferent fìbres are probably vasodilatory and the sympathetie ones are 
vasoeonstrietor. 

The earotid body reeeives a rieh blood supply from branehes of the 
adjaeent external earotid artery, which is eonsistent with its role as an 
arterial ehemoreeeptor. When stimulated by hypoxia, hypereapnia or 
inereased hydrogen ion eoneentration (low pH) in the blood flowing 
through it, it elieits reflex inereases in the rate and volume of ventilation 
via eonneetions with brainstem respiratory eentres. The bodies are most 
prominent in ehildren and normally involute in older age, when they 
are infìltrated by lymphoeytes and fìbrous tissue. Individuals with 
ehronie hypoxia, or who live at high altitude or suffer from lung disease, 
may have enlarged earotid bodies as a result of hyperplasia. Dismpted 
earotid body maturation may play a role in sudden infant death syn- 
drome (Porzionato et al 2013). 

Other small bodies, resembling earotid bodies and also eonsidered 
to be ehemoreeeptors, are present near the arteries of the fourth and 
sixth pharyngeal arehes and henee are found near the aortie areh, liga- 
mentum arteriosum and right subclavian artery; they are supplied by 
the vagus nerve. 

Subclavian artery 


The right subclavian artery arises from the braehioeephalie tmnk, 
the left from the aortie areh (see Figs 29.14, 29.18). For deseription, 
eaeh is divided into a fìrst part, from its origin to the medial border 
of sealemis anterior; a seeond part behind this muscle; and a third 
part from the lateral margin of scalenus anterior to the outer border 
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Fig. 29.10 The cellular, neural and vascular architecture of the earotid body. Functional pathvvays are indieated. 


of the fìrst rib, where the artery beeomes the axillary artery. Eaeh siib- 
elavian artery arehes over the eervieal pleura and pulmonary apex. 
Their fìrst parts differ, whereas the seeond and third parts are almost 
identieal. 

First part of right subclavian artery 

The right subclavian artery branehes from the braehioeephalie tmnk 
behind the upper border of the right sternoclavicular joint, and passes 
superolaterally to the medial margin of sealemis anterior. It usually 
aseends 2 em above the elaviele but this varies. 

elations The artery is deep to the skin, superficial faseia, platysma, 
supraclavicular nerves, deep faseia, clavicular attaehment of sternoelei- 
domastoid, sternohyoid and sternothyroid. It is at fìrst behind the 
origin of the right eommon earotid artery; more laterally, it is erossed 
by the vagus nerve, the eardiae branehes of the vagus and the sympa- 
thetie ehain, and by internal jugular and vertebral veins; the subclavian 
sympathetie loop eneireles it. The anterior jugular vein diverges laterally 
in front of it, separated by sternohyoid and sternothyroid. Below and 
behind the artery are the pleura and pulmonary apex; they are separated 
from the artery by the suprapleural membrane, the ansa subclavia, a 
small aeeessory vertebral vein and the right recurrent laryngeal nerve, 
which winds round the lower and posterior part of the vessel. 

First part of left subclavian artery 

The fìrst part of the left subclavian artery springs from the aortie areh, 
behind the left eommon earotid, level with the dise between the third 
and fourth thoraeie vertebrae. It aseends into the neek, and then arehes 
laterally to the medial border of scalenus anterior. 

Relations In the neek, near the medial border of scalenus anterior, 
the artery is erossed anteriorly by the left phrenie nerve and the termin- 
ation of the thoraeie duct. Otherwise, anterior relations are the same as 
those of the fìrst part of the right subclavian artery. Posteriorly and 
inferiorly, the relations of both vessels are identieal but the left recurrent 
laryngeal nerve, medial to the left subclavian artery in the thorax, is not 
direetly related to its eervieal part. 

Seeond part of subclavian artery 

The seeond part of the subclavian artery lies behind scalenus anterior; 
it is short and constitutes the highest part of the vessel (see Fig. 29.18). 


Relations The skin, superfìcial faseia, platysma, deep eervieal faseia, 
sternoeleidomastoid and scalenus anterior are anterior. The right 
phrenie nerve is often deseribed as being separated from the seeond 
part of the subclavian artery by scalenus anterior, whereas it erosses the 
fìrst part of the left subclavian artery. However, both nerves may some- 
times lie anterior to the muscle. The suprapleural membrane, pleura 
and lung, and the lower tmnk of the braehial plexus are posteroinferior; 
the upper and middle tmnks of the plexus are superior; and the sub- 
elavian vein is anteroinferior, separated by scalenus anterior. 

Third part of subclavian artery 

The third part of the subclavian artery deseends laterally from the lateral 
margin of scalenus anterior to the outer border of the fìrst rib, where it 
beeomes the axillary artery. It is the most superficial part of the artery 
and lies partly in the supraclavicular triangle, where its pulsations may 
be felt and it may be eompressed. The third part of the subclavian artery 
is the most aeeessible segment of the artery. Sinee the line of the pos- 
terior border of sternoeleidomastoid approximates to the (deeper) 
lateral border of scalenus anterior, the artery ean be felt in the antero- 
inferior angle of the posterior triangle. It ean only be effeetively eom- 
pressed against the fìrst rib: with the shoulder depressed, pressure is 
exerted down, baek and medially in the angle between sternoeleido- 
mastoid and the elaviele. The palpable tmnks of the braehial plexus may 
be injeeted with loeal anaesthetie allowing major surgical procedures 
to the arm. 

Relations The skin, superfìcial faseia, platysma, supraclavicular nerves 
and deep eervieal faseia are anterior. The external jugular vein erosses 
its medial end and here reeeives the suprascapular, transverse eervieal 
and anterior jugular veins, which eolleetively often form a venous 
plexus. The nerve to subclavius deseends between the veins and the 
artery; the latter is terminally behind the elaviele and subclavius, where 
it is erossed by the suprascapular vessels. The subclavian vein is antero- 
inferior and the lower tmnk of the braehial plexus is posteroinferior, 
between the subclavian artery and the scalenus medius (and on the fìrst 
rib). The upper and middle tmnks of the braehial plexus (which are 
palpable here) and the inferior belly of omohyoid are superolateral. 
The fìrst rib is inferior. 

The right subclavian artery may arise above or below sternoclavicular 
level; it may be a separate aortie braneh and be the fìrst or last braneh 
of the areh. When it is the fìrst braneh, it is in the position of a 
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Fig. 29.11 A disseetion of the brainstem and the upper part of the spinal eord after removal of large portions of the oeeipital and parietal bones, the 
eerebelliim and the roof of the fourth ventriele. On the left side, the foramina transversaria of the atlas and the third, fourth and fifth eervieal vertebrae 
have been opened to expose the vertebral artery. On the right side, the posterior areh of the atlas and the laminae of the succeeding eervieal vertebrae 
have been divided and have been removed, together with the vertebral spines and the eontralateral laminae. The tentorium eerebelli and the transverse 
sinuses have been divided and their posterior portions removed. 


braehioeephalie tmnk. When it is the last braneh, it arises from the left 
end of the areh, and aseends obliquely to the right behind the traehea, 
oesophagus and right eommon earotid to the fìrst rib. When this 
happens, the right recurrent laryngeal nerve hooks round the eommon 
earotid artery. Sometimes, when the right subclavian artery is the last 
aortie braneh, it passes between the traehea and oesophagus and ean 
cause dysphagia, a eondition known as dysphagia lusoria. It may per- 
forate scalenus anterior, and very rarely may pass anterior to it. Some- 
times, the subclavian vein aeeompanies the artery behind scalenus 
anterior. The artery may aseend as high as 4 em above the elaviele or it 
may reaeh only its upper border. The left subclavian artery is oeeasion- 
ally eombined at its origin with the left eommon earotid artery. 

Vertebral artery 

The vertebral artery arises from the superoposterior aspeet of the fìrst 
part of the subclavian artery. It passes through the foramina in the 
transverse proeesses of all of the eervieal vertebrae except the seventh, 
curves medially behind the lateral mass of the atlas and enters the 
cranium via the foramen magnum (Fig. 29 . 11 ). The artery joins its 
fellow to form the basilar artery at the lower pontine border. Oeeasion- 
ally it may enter the eervieal vertebral column via the fourth, fifth or 
seventh eervieal vertebra (Fig. 29 . 12 ). 



Fig. 29.12 The level of 
entry of the vertebral artery 
into the foramina 
transversaria of the eervieal 
vertebrae. Note that 90% 
enter at the level of the 
sixth eervieal vertebra. 
(Redrawn with permission 
from Waschke J, Paulsen F 
(eds), Sobotta Atlas of 
Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. 
Oopyright 2013.) 
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Relations The first part, VI, passes baek and upwards between longus 
eolli and scalenus anterior, behind the eommon earotid artery and the 
vertebral vein. It is erossed by the inferior thyroid artery, and by the 
thoraeie duct on the left side and the right lymphatie duct on the right 
side. The seventh eervieal transverse proeess, the inferior eervieal gan- 
glion and ventral rami of the seventh and eighth eervieal spinal nerves 
lie posterior to the artery. The seeond part, V2, aseends through the 
transverse foramina of the remaining eervieal vertebrae, aeeompanied 
by a large braneh from the inferior eervieal ganglion and a plexus of 
veins that form the vertebral vein low in the neek. It lies anterior to the 
ventral rami of the eervieal spinal nerves (C2-C6), and aseends almost 
vertieally to pass through the transverse proeess of the axis, where it 
turns laterally to gain aeeess to the transverse foramen of the atlas (see 
Fig. 29.11). The third part, V3, issues medial to rectus eapitis lateralis, 
and curves backwards and medially behind the lateral mass of the atlas, 
with the fìrst eervieal ventral spinal ramus lying on its medial side. In 
this position, it lies in a groove on the upper surface of the posterior 
areh of the atlas, and it enters the vertebral eanal below the inferior 
border of the posterior atlanto-oeeipital membrane. This part of the 
artery, eovered by semispinalis eapitis, lies in the suboccipital triangle. 
The first eervieal dorsal spinal ramus separates the artery from the pos- 
terior areh. The fourth part, V4, pierees the dura and araehnoid mater, 
and aseends anterior to the hypoglossal roots. It inelines anterior to the 
medulla oblongata and unites with its eontralateral fellow to form the 
midline basilar artery at the lower border of the pons. 

Cervical branehes of vertebral artery 

Spinal branehes The spinal branehes enter the vertebral eanal via 
the intervertebral foramina and supply the spinal eord and its mem- 
branes. They fork into aseending and deseending rami, which unite 
with those above and below, to form two lateral anastomotie ehains on 
the posterior surfaces of the vertebral bodies near the attaehment of 
their pedieles. Branehes from these ehains supply the periosteum and 
vertebral bodies, and others communicate with similar branehes aeross 
the midline; from these eonneetions small rami join similar ones above 
and below, to form a median anastomotie ehain on the posterior sur- 
faees of the vertebral bodies. 

Muscular branehes Muscular branehes arise from the vertebral 
artery as it curves round the lateral mass of the atlas. They supply the 
deep muscles of the suboccipital region and anastomose with the oeeip- 
ital, aseending and deep eervieal arteries. 

Internal thoraeìe artery 

The internal thoraeie artery arises inferiorly from the first part of the 
subclavian artery, 2 em above the sternal end of the elaviele, opposite 
the root of the thyroeervieal tmnk (see Fig. 51.2). It is deseribed fhrther 

on page 942. 

Thyroeervieal trunk 

The thyroeervieal tmnk is a short, wide artery that arises from the front 
of the fìrst part of the subclavian artery near the medial border of sea- 
lenus anterior, and divides almost at onee into the inferior thyroid, 
suprascapular and superficial eervieal arteries. 

Inferior thyroid artery 

The inferior thyroid artery loops upwards anterior to the medial border 
of scalenus anterior, turns medially just below the sixth eervieal trans- 
verse proeess, and then deseends on longus eolli to the lower border of 
the thyroid gland (see Figs 29.7A, 29.17). It passes anterior to the ver- 
tebral vessels and posterior to the earotid sheath and its eontents (and 
usually the sympathetie tmnk, whose middle eervieal ganglion fre- 
quently adjoins the vessel). On the left, near its origin, the artery is 
erossed anteriorly by the thoraeie duct as the latter curves inferolaterally 
to its termination. Relations between the terminal branehes of the artery 
and recurrent laryngeal nerve are very variable and of eonsiderable 
surgical importanee. The artery usually passes behind the nerve as it 
nears the gland. However, very elose to the gland, the right nerve is 
equally likely to be anterior, posterior or amongst the branehes of the 
artery, and the left nerve is usually posterior. The artery is not aeeom- 
panied by the inferior thyroid vein. 

Mliseillar branehes These supply the infrahyoid muscles, longus 
eolli, scalenus anterior and the inferior pharyngeal eonstrietor. 

Aseending eervieal artery The aseending eervieal artery is a small 

braneh that arises as the inferior thyroid turns medially behind the 
earotid sheath and aseends on the anterior tubercles of the eervieal 
transverse proeesses between scalenus anterior and longus eapitis. It 


supplies the adjaeent muscles and gives off one or two spinal branehes 
that enter the vertebral eanal through the intervertebral foramina to 
supply the spinal eord and membranes and vertebral bodies, and 
thereby supplement the spinal branehes of the vertebral artery. The 
aseending eervieal artery anastomoses with the vertebral, aseending 
pharyngeal, oeeipital and deep eervieal arteries. 

Inferior laryngeal The inferior laryngeal artery aseends on the 
traehea with the recurrent laryngeal nerve, enters the larynx at the lower 
border of the inferior eonstrietor and supplies the laryngeal muscles 
and mucosa. It anastomoses with its eontralateral fellow, and with the 
superior laryngeal braneh of the superior thyroid artery. 

Pharyngeal branehes These supply the lower part of the pharynx. 
Traeheal branehes supply the traehea and anastomose with the bron- 
ehial arteries; oesophageal branehes supply the oesophagus and anas- 
tomose with the oesophageal branehes of the thoraeie aorta; and 
inferior and aseending glandular branehes supply the posterior and 
inferior regions of the thyroid gland, and anastomose with the eontra- 
lateral inferior and ipsilateral superior thyroid arteries. The aseending 
braneh also supplies the parathyroid glands. 

Suprascapular artery 

The suprascapular artery deseends laterally aeross sealemis anterior and 
the phrenie nerve, posterior to the internal jugular vein and sternoeleido- 
mastoid (see Fig. 29.7A). Itthen erosses anteriorto the subclavian artery 
and braehial plexus, posterior to, and parallel with, the elaviele, sub- 
clavius and the inferior belly of omohyoid, to reaeh the superior scapu- 
lar border. 

Superficial eervieal artery 

The superficial eervieal artery is given off at a higher level than the 
suprascapular artery. It erosses anterior to the phrenie nerve, scalenus 
anterior and the braehial plexus, and is eovered by the internal jugular 
vein, sternoeleidomastoid and platysma. It erosses the floor of the pos- 
terior triangle to reaeh the anterior margin of levator scapulae, and 
aseends deep to the anterior part of the trapezms, which it supplies, 
together with the adjoining muscles and the eervieal lymph nodes. It 
anastomoses with the superficial ramus of the deseending braneh of the 
oeeipital artery. About a third of the superficial eervieal and dorsal 
scapular arteries arise in eommon from the thyroeervieal tmnk, with a 
superficial (superficial eervieal artery) and a deep (dorsal scapular 
artery) braneh (see Figs 26.1, 26.2). The latter passes laterally anterior 
to the braehial plexus and then posterior to levator scapulae. 

Costocervical trnnk 

On the right, this short vessel arises posteriorly from the seeond part of 
the subclavian artery, and, on the left, from its first part. It arehes baek 
above the eervieal pleura to the neek of the first rib, where it divides 
into superior intereostal and deep eervieal branehes. 

Deep eervieal artery 

The deep eervieal artery usually arises from the eostoeervieal tmnk (see 
Fig. 26.1). It is analogous in its first segment to a posterior braneh of a 
posterior intereostal artery, and oeeasionally is a separate braneh of the 
subclavian artery. It passes baek above the eighth eervieal spinal nerve 
between the transverse proeess of the seventh eervieal vertebra and the 
neek of the first rib (sometimes between the transverse proeesses of the 
sixth and seventh eervieal vertebrae). It then aseends between semi- 
spinales eapitis and eervieis to the level of the seeond eervieal vertebra. 
It supplies adjaeent muscles and anastomoses with the deep braneh of 
the deseending braneh of the oeeipital artery and branehes of the ver- 
tebral artery. A spinal braneh enters the vertebral eanal between the 
seventh eervieal and first thoraeie vertebrae. 

Dorsal scapular artery 

The dorsal scapular artery arises from the third, or less often the seeond, 
part of the subclavian artery. It gives off a small braneh (which 
sometimes arises direetly from the subclavian artery) to sealemis 
anterior. It passes laterally through the braehial plexus in front of sea- 
lenus medius and then deep to levator scapulae to the superior scapular 
angle. 

VEINS OF THE NECK 


Veins in the neek show eonsiderable variation. They are superficial or 
deep to the deep faseia but are not entirely separate systems. Superficial 
veins are tributaries - some with speeifie names, given below - of the 





Vascular supply and lymphatie drainage 


Digastrie, anterior belly 
Anterior jugular vein 

Submental vein 


Faeial vein 


Retromandibular vein 


Faeial vein 


Internal jugular vein 
S uperior thyroid vein 

External jugular vein 


Common earotid artery 


Inferior thyroid vein 


J ugularvenous areh 



Sternoeleidomastoid 


Superficialis eervieal vein 


Transverse eervieal vein 
Omohyoid, inferior belly 


Faeial artery 


Hypoglossal nerve 


Oeeipital vein 


Faeial vein 


Superior thyroid vein 


Internal jugular vein 


lsthmus thyroid gland 
E xternal jugular vein 

Anterior jugular vein 

Omohyoid 
Trapezius 


Peetoralis major 


Oephalie vein 


Thoraeo-aeromial vein 


Axillary vein 


Fig. 29.13 The veins of the neek, seen 
from the front. The greater part of 
sternoeleidomastoid has been removed 
on the left side and the cut lovver 
edges have been refleeted over the 
elaviele. (With permission from 
Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 
2013.) 


anterior, external and posterior jugular veins (Figs 29.13-29.14). They 
drain a much smaller volume of tissue than the deep veins. The latter 
drain all but the subcutaneous structures, mostly into the internal 
jugular vein and also into the subclavian vein. 

External jugular vein 

The external jugular vein mainly drains the sealp and faee, although it 
also drains some deeper parts. The vein is formed by the union of the 
posterior division of the retromandibular vein with the posterior auric- 
ular vein and begins near the mandibular angle just below or in the 
parotid gland (see Fig. 26.3). It deseends from the angle to the mid- 
elaviele, mnning obliquely, superficial to sternoeleidomastoid, to the 
root of the neek. Here, it erosses the deep faseia and ends in the sub- 
elavian vein, lateral or anterior to scalenus anterior. There are valves at 
its entranee into the subclavian but they do not prevent regurgitation. 
Its wall is adherent to the rim of the faseial opening. It is eovered by 
platysma, superficial faseia and skin, and is separated from sternoeleido- 
mastoid by deep eervieal faseia. The vein erosses the transverse cutane- 
ous nerve and lies parallel with the great auricular nerve, posterior to 
its upper half. In size, the external jugular vein is inversely propor- 
tional to the other veins in the neek and may be double. Between the 
entranee into the subclavian vein and a point approximately 4 em 
above the elaviele, the vein is often dilated, producing a so-ealled 
sinus. 

Triblltaries In addition to formative tributaries, the external jugular 
reeeives the posterior external jugular and, near its end, transverse eervi- 
eal, suprascapular and anterior jugular veins. In the parotid gland, it is 
often joined by a braneh from the internal jugular. The oeeipital vein 
oeeasionally joins it. 

Posterior externai juguiar vein 

The posterior external jugular vein begins in the oeeipital sealp, and 
drains the skin and the superficial muscles that lie posterosuperior in 
the neek. It usually joins the middle part of the external jugular vein. 


Anterior jugular vein 

The anterior jugular vein arises near the hyoid bone from the confluence 
of the superficial submandibular veins. It deseends between the midline 
and the anterior border of sternoeleidomastoid. Turning laterally, low 
in the neek, deep to sternoeleidomastoid but superficial to the infra- 
hyoid strap muscles, it either joins the end of the external jugular vein 
or may enter the subclavian vein direetly (see 7 ig. 26.3). In size, it is 
usually inverse to the external jugular vein. It communicates with the 
internal jugular vein, and reeeives the laryngeal veins and sometimes a 
small thyroid vein. There are usually two anterior jugular veins, united 
just above the manubrium by a large transverse jugular areh, reeeiving 
the inferior thyroid tributaries. They have no valves and may be replaeed 
by a midline tmnk. 

Internal jugular vein 

The internal jugular vein eolleets blood from the skull, brain, superficial 
parts of the faee and much of the neek. It begins at the eranial base in 
the posterior eompartment of the jugular foramen, where it is eontimi- 
ous with the sigmoid sinus. At its origin, it is dilated as the superior 
bulb, which lies below the posterior part of the tympanie floor. The 
internal jugular vein deseends in the earotid sheath, and unites with 
the subclavian vein, posterior to the sternal end of the elaviele, to form 
the braehioeephalie vein (see Fig. 29.14). Near its termination, the vein 
dilates into the inferior bulb, above which is a pair of valves. The jugular 
bulb is a dynamie structure; it forms after 2 years of age and its size 
stabilizes in adulthood ( "riedmann et al 2011). 

Relations From above, rectus eapitis lateralis, the transverse proeess 
of the atlas, levator scapulae, scalenus medius, scalenus anterior, the 
eervieal plexus, the phrenie nerve, thyroeervieal tmnk, vertebral vein 
and the first part of the subclavian artery all lie posterior to the vein. 
On the left, the internal jugular erosses anterior to the thoraeie duct. 
The internal and eommon earotid arteries and the vagus nerve are 
medial to the vein; the nerve lies between vein and arteries but posterior 
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Fig. 29.14 The veins of the neek, 
seen from the front and at a 
deeper level than shovvn in Figure 
29.13. Both sternoeleidomastoids 
have been removed, and additional 
disseetion has exposed the thyroid 
gland and some of the structures 
that pass through the upper 
thoraeie aperture. (With permission 
from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, llrban & Fiseher. 
Oopyright 2013.) 


to them. Sometimes, the aeeessory nerve is found posterior to the vein. 
Snperfieially, the internal jugular vein is overlapped above, then eovered 
belovv, by sternoeleidomastoid, and is erossed by the posterior belly of 
digastrie and the superior belly of omohyoid. The parotid gland, styloid 
proeess, aeeessory nerve (almost always), and the posterior auricular 
and oeeipital arteries eross the vein superior to the posterior belly of 
digastrie. Between digastrie and omohyoid, the sternoeleidomastoid 
arteries and inferior root of the ansa eerviealis eross it, although the 
nerve often passes between the vein and the eommon earotid artery. 
Below omohyoid, the vein is eovered by the infrahyoid muscles and 
sternoeleidomastoid, and is erossed by the anterior jugular vein. 
Deep eervieal lymph nodes lie along the internal jugular, mainly on its 
superficial aspeet. At the root of the neek, the right internal jugular vein 
is separated from the eommon earotid artery, but the left usually over- 
laps its artery. At the base of the skulf the internal earotid artery is 
anterior to the vein, separated from it by the ninth to twelfth eranial 
nerves. 

Triblltaries The inferior petrosal sinus, faeial, linguaf pharyngeaf 
superior and middle thyroid veins, and oeeasionally the oeeipital vein, 
are all tributaries of the internal jugular vein. The internal jugular vein 
may communicate with the external jugular vein. The thoraeie duct 
opens near the union of the left subclavian and internal jugular veins, 
and the right lymphatie duct opens at the same site on the right. 

Inferior petrosal sinus 

The inferior petrosal sinus leaves the skull through the anterior part of 
the jugular foramen, erosses lateral or medial to the ninth to eleventh 
eranial nerves, and joins the superior jugular bulb. 

Faeial vein 

The initial part of the faeial vein as it lies on the faee is deseribed on 
page 500 (see Fig. 26.3). From the faee, it passes over the surface of 
masseter, erosses the body of the mandible and enters the neek, where 


it mns obliquely baek under platysma. Here it lies superficial to the 
submandibular gland, digastrie and stylohyoid (see Fig. 29.13). Just 
anteroinferior to the mandibular angle, it is joined by the anterior divi- 
sion of the retromandibular vein, and then deseends superficial to the 
loop of the lingual artery, the hypoglossal nerve and external and inter- 
nal earotid arteries, to enter the internal jugular near the greater cornu 
of the hyoid bone, i.e. in the upper angle of the earotid triangle. Near 
its end, a large braneh often deseends along the anterior border of 
sternoeleidomastoid to the anterior jugular vein. Its uppermost 
segment, above its junction with the superior labial vein, is often 
termed the angular vein. 

Tributaries Submental, tonsillar, external palatine (paratonsillar) and 
submandibular veins, vena eomitans of the hypoglossal nerve (some- 
times), and pharyngeal and superior thyroid veins are all tributaries of 
the portion of the faeial vein that lies below the mandible. 

Lingual vein 

The lingual veins follow two routes. The dorsal lingual veins drain the 
dorsum and sides of the tongue, join the lingual veins aeeompanying 
the lingual artery between hyoglossus and genioglossus, and enter the 
internal jugular near the greater cornu of the hyoid bone. The deep 
lingual vein begins near the tip of the tongue and mns baek, lying near 
the mucous membrane on the inferior surface of the tongue. Near the 
anterior border of hyoglossus, it joins a sublingual vein, from the sub- 
lingual salivary gland, to form the vena eomitans nervi hypoglossi, 
which mns baek between mylohyoid and hyoglossus with the hypoglos- 
sal nerve to join the faeial, internal jugular or lingual vein (see fig. 26.3). 

Pharyngeal veins 

The pharyngeal veins begin in a pharyngeal plexus external to the 
pharynx. They reeeive meningeal veins and a vein from the pterygoid 
eanal, and usually end in the internal jugular vein, but may sometimes 
end in the faeial, lingual or superior thyroid vein. 






























































Vascular supply and lymphatie drainage 


Superíor thyroid vein 

The siiperior thyroid vein is formed by deep and superficial tributaries 
eorresponding to the arterial branehes in the upper part of the thyroid 
gland (see Figs 29.13-29.14). It aeeompanies the superior thyroid 
artery reeeives the superior laryngeal and erieothyroid veins, and ends 
in the internal jugular or faeial vein. 

Middie thyroid vein 

The middle thyroid vein drains the lower part of the gland and also 
reeeives veins from the larynx and traehea. It erosses anterior to the 
eommon earotid artery to join the internal jugular vein behind the 
superior belly of omohyoid. 

Tympanie body 

The tympanie body (glomus jugulare) is ovoid, 0.5 mm long and 
0.25 mm broad, and lies in the adventitia of the upper part of the 
superior bulb of the internal jugular vein. It is similar in structure to 
the earotid body and is presumed to have a similar fimetion. The pre- 
dominant eell type has morphologieal similarities to adrenal ehromaf- 
fin eells, and is derived from the neural erest. Cells obtained from 
glomus jugulare paragangliomas show spontaneous neurite outgrowth 
in culture and have vasoaetive intestinal peptide (VlP)-like aetivity. The 
tympanie body may be present as two or more parts near the tympanie 
braneh of the glossopharyngeal nerve or the auricular braneh of the 
vagus as they lie within their eanals in the petrous part of the temporal 
bone. Tumours of tympanie bodies often involve the adjaeent eranial 
nerves and present with pulsatile tinnitus and a husky voiee. These 
tumours grow into the hypotympanum of the middle ear; intraluminal 
growth, both proximally and distally, is well reeognized. 

Subciavian vein 

The subclavian vein is a eontimiation of the axillary vein and extends 
from the outer border of the first rib to the medial border of sealemis 
anterior, where it joins the internal jugular vein to form the braehio- 
eephalie vein (see Fig. 29.14). The elaviele and subclavius lie anterior 
to it; the subclavian artery is posterosuperior, separated by scalenus 
anterior and the phrenie nerve; and the first rib and pleura are inferior. 
The vein usually has a pair of valves 2 em from its end. Its tributaries 
are the external jugular, dorsal scapular and sometimes the anterior 
jugular vein. At its junction with the internal jugular, the left subclavian 
vein reeeives the thoraeie duct, and the right subclavian vein reeeives 
the right lymphatie duct. 

Vertebrai vein 

Numerous small tributaries from internal vertebral plexuses leave the 
vertebral eanal above the posterior areh of the atlas and join small 
veins from loeal deep muscles in the suboccipital triangle. Their union 
produces a vessel that enters the foramen in the transverse proeess of 
the atlas and forms a plexus around the vertebral artery. It deseends 
through successive transverse foramina and ends as the vertebral vein. 
The vein emerges from the sixth eervieal transverse foramen, from 
where it deseends, at first anterior, then anterolateral, to the vertebral 
artery. It may join the deep eervieal vein before it opens superoposteri- 
orly into the braehioeephalie vein (see Fig. 26.4); the opening has a 
paired valve. As it deseends, it passes behind the internal jugular vein 
and anterior to the first part of the subclavian artery. A small aeeessory 
vertebral vein usually deseends from the vertebral plexus, traverses the 
seventh eervieal transverse foramen and turns forwards between the 
subclavian artery and the eervieal pleura to join the braehioeephalie 
vein. 

Triblltaries The vertebral vein eonneets with the sigmoid sinus by a 
vessel in the posterior eondylar eanal, when the latter exists. It also 
reeeives branehes from the oeeipital vein, prevertebral muscles, and 
internal and external vertebral plexuses. It is joined by anterior vertebral 
and deep eervieal veins (see below), and sometimes, near its end, by 
the first intereostal vein. 

Anterior vertebral vein 

The anterior vertebral vein starts in a plexus around the upper eervieal 
transverse proeesses, deseends near the aseending eervieal artery between 
attaehments of scalenus anterior and longus eapitis, and opens into the 
end of the vertebral vein. 


forwards between the seventh eervieal transverse proeess and the neek 
of the first rib to end in the lower part of the vertebral vein. 

Oentral venous aeeess 

Central venous cannulation permits monitoring of the eentral venous 
pressure and the administration of dmgs direetly into the eentral 
circulation. 


Internal jugular vein cannulation 



Available with the Gray’s Anatomy e-book 


Subclavian vein cannulation 



Available with the Gray’s Anatomy e-book 


CERVICAL GR0UPS 0F LYMPH NODES 


Lymph nodes in the head and neek are distributed in terminal and 
outlying groups (Fig. 29.15; see 4g. 26.5). The terminal group is related 
to the earotid sheath and the nodes it eontains are the deep eervieal 
lymph nodes. All lymph vessels of the head and neek drain into this 
group, either direetly from tissues or indireetly through nodes in the 
outlying groups. Efferents of the deep eervieal nodes form the jugular 
tmnk. The right jugular tmnk eolleets lymph from the right arm, right 
half of the thorax and the right head and neek, and may end in the 
jugulosubclavian junction or the right lymphatie duct. The left jugular 
tmnk usually enters the thoraeie duct, but it may join the internal 
jugular or subclavian vein. For fhrther reading, see Shah and Patel 
( 2012 ). 
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Deep eervieal vein 

The deep eervieal vein aeeompanies its artery between semispinales 
eapitis and eervieis. It is formed in the suboccipital region by the union 
of communicating branehes of the oeeipital vein; veins from suboccipi- 
tal muscles; and veins from plexuses around the eervieal spines. It passes 


Fig. 29.15 The siiperfieial lymphatie system in the head and neek. The 
nodes are organized into a siiperfieial group around the head, superficial 
eervieal nodes along the external jugular vein, and deep eervieal nodes 
along the internal jugular vein. (From Drake RL, Vogl AW, Mitehell 
A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill 
Livingstone. Copyright 2010.) 
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Neek 


The patient is plaeed in the supine position with the head turned 
slightly towards the eontralateral side. The key anatomieal landmarks 
are the two inferior heads of sternoeleidomastoid, which form two sides 
of a triangle with the elaviele as its base. The internal jugular vein lies 
between the two heads of the muscle, slightly lateral and anterior to the 
eommon earotid artery. In infants and ehildren, cannulation of the vein 
earries a high ineidenee of earotid artery puncture; the vein overlaps the 
artery in the neutral position and head rotation alters the anatomieal 
relation of the two vessels (Hong et al 2010). After the skin has been 
prepared, loeal anaesthetie is injeeted around the apex of the triangle. 
With one hand palpating the earotid artery, the physieian inserts a 
needle at the apex of the triangle and the tip is direeted lateral to the 
midpoint of the triangle, with a downward angulation of 30°. From a 
high internal jugular approaeh, the needle is inserted at the midpoint 
of the medial border of sternoeleidomastoid and direeted towards the 
ipsilateral nipple with a downward angulation of 30-45°. When the 
left internal jugular vein is cannulated, additional eare must be taken 
to avoid the thoraeie duct and the cupula of the pleura, which is higher 
than on the right side, an arrangement that inereases the risk of aeei- 
dental pneumothorax. The left internal jugular vein is often smaller in 
diameter than the right (Matthers et al 1992). 


Subclavian vein cannulation is performed with the patient supine, the 
head turned slightly to the opposite side, and the arms plaeed by the 
side. The bed is tilted down by 10 0 and a small bedroll may be plaeed 
between the shoulder blades in order to ensure that the infraclavicular 
area is more prominent. The skin is eleaned and loeal anaesthetie 
injeeted into the skin 3 em lateral to the midpoint of the elaviele. The 
eentral venous needle is then inserted from the inferior edge of the 
elaviele towards the suprasternal noteh. The needle is direeted so that 
it passes just below the posterior border of the elaviele; eare must be 
taken to avoid downward direetion of the needle, which may cause a 
pneumothorax. Gentle aspiration of the syringe is performed while the 
needle is being advaneed until the subclavian vein is punctured. In 
ehildren under the age of 3 years, the supraclavicular approaeh to the 
subclavian vein is assoeiated with a shorter puncture time and a reduced 
ineidenee of guidewire misplaeement eompared with the infraclavicular 
approaeh (Byon et al 2013). 
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Lymphatie drainage of the neek 

Many vessels draining the superficial eervieal tissues skirt the borders 
of sternoeleidomastoid to reaeh the superior or inferior deep eervieal 
nodes. Others pass to the superficial eervieal and oeeipital nodes. 
Lymph from the superior region of the anterior triangle drains to the 
submandibular and submental nodes. Vessels from the anterior eervi- 
eal skin inferior to the hyoid bone pass to the anterior eervieal lymph 
nodes near the anterior jugular veins. Their efferents go to the deep 
eervieal nodes of both sides, including the infrahyoid, prelaryngeal 
and pretraeheal groups. An anterior eervieal node often occupies the 
suprasternal spaee. Lymph from tissues of the head and neek internal 
to the deep faseia drains to the deep eervieal nodes direetly or through 
outlying groups that include the retropharyngeaf paratraeheaf 
linguaf infrahyoid, prelaryngeal and pretraeheal groups. The lym- 
phatie drainage assoeiated with the nasal region, larynx and oral 
eavity is deseribed in the appropriate regions. The deep eervieal lym- 
phatie nodes lie alongside the earotid sheath, and form superior and 
inferior groups. 

Sliperíor deep eervieal nodes The superior deep eervieal nodes 

adjoin the upper part of the internal jugular vein. Most are deep to 
sternoeleidomastoid but a few extend beyond it. One subgroup, eonsist- 
ing of one large and several small nodes, is in a triangular region 
bounded by the posterior belly of digastrie and the faeial and internal 
jugular veins, and is known as the jugulodigastric group. It is eoneerned 
espeeially with drainage of the tongue. Efferents from the upper deep 
eervieal nodes drain either to the lower group or direet to the jugular 
tmnk. 

Inferior deep eervieal nodes The inferior deep eervieal nodes are 

partly deep to sternoeleidomastoid and are particularly related to the 
lower part of the internal jugular vein. Some are elosely related to the 
braehial plexus and subclavian vessels. The jugulo-omohyoid node lies 
on, or just above, the intermediate tendon of omohyoid, and is eon- 
eerned espeeially with lymphatie drainage from the tongue. Efferents 
from this lower group join the jugular lymph tmnk. 

Retropharyngeal nodes Retropharyngeal nodes lie between the 

pharyngeal and prevertebral faseiae and form a median and two lateral 
groups, the latter anterior to the lateral masses of the atlas along the 
lateral borders of longus eapitis. The nodes reeeive afferents from the 
nasopharynx, pharyngotympanie tube, and atlanto-oeeipital and 
atlanto-axial joints, and drain to the upper deep eervieal nodes. 

Paratraeheal nodes The paratraeheal nodes flank both traehea and 
oesophagus along the recurrent laryngeal nerves. Efferents pass to the 
eorresponding deep eervieal nodes. 

Infrahyoid, prelaryngeal and pretraeheal nodes The infra- 

hyoid, prelaryngeal and pretraeheal nodes lie beneath the deep eervieal 
faseia. They drain afferents from the anterior eervieal nodes, and their 
efferents join the deep eervieal nodes. Infrahyoid nodes are anterior to 
the thyrohyoid membrane, prelaryngeal nodes lie on the erieovoeal 
membrane, and pretraeheal nodes lie anterior to the traehea near the 
inferior thyroid veins. 

Lingiial nodes Lingual nodes are small and ineonstant, and are situ- 
ated on the external surface of hyoglossus and also between the genio- 
glossi. They drain to the upper deep eervieal nodes. 

Spread of malignant disease in the neek 


Cancers arising in the head and neek from regions such as the thyroid 
gland, larynx, oral eavity and oropharynx, nasopharynx and paranasal 
sinuses have predietable patterns of spread through the ehains of lymph 
nodes in the neek. When operating on malignant disease in this region, 
it is vitally important to understand these patterns of spread so that, for 
any individual eaneer, the appropriate operation is undertaken. Clinical 
experience has shown that the lymph nodes in the neek fall into five 
distinet groups (see Fig. 26.5). Level I nodes lie in the submandibular 
triangle bounded by the anterior and posterior bellies of digastrie and 
the lower border of the mandible above. Level II (upper jugular) nodes 
lie around the upper portion of the internal jugular vein and the upper 
part of the aeeessory nerve. They extend from the skull base to the 
bifhreation of the eommon earotid artery or the hyoid bone. Level III 
(middle jugular) nodes lie around the middle third of the internal 
jugular vein from the inferior border of level II to the superior belly of 


omohyoid or erieothyroid membrane. Level IV (lower jugular) nodes 
lie around the lower third of the internal jugular vein from the inferior 
border of level III to the elaviele. The anterior and posterior borders for 
levels II, III and IV are the lateral border of sternohyoid and the pos- 
terior border of sternoeleidomastoid, respeetively. Level V (posterior 
triangle) nodes lie around the lower part of the aeeessory nerve and the 
transverse eervieal vessels. 

Knowing which levels of nodes are likely to be involved in the meta- 
statie spread of a particular eaneer arising in the head and neek means 
that appropriate nodal elearanee ean be undertaken. The elassie radieal 
neek disseetion first deseribed by Crile in 1906 involved a thorough 
elearanee of levels I-V, including the saerifiee of sternoeleidomastoid, 
the internal jugular vein and the aeeessory nerve. Modified radieal neek 
disseetions (so-ealled fimetional neek disseetions) still remove level I-V 
nodes but spare either or all of sternoeleidomastoid, the internal jugular 
vein and the aeeessory nerve. Seleetive neek disseetions remove seleeted 
groups of nodes, e.g. the supra-omohyoid neek disseetion removes level 
I—III nodes, the lateral neek disseetion removes level II—IV nodes, and 
the posterolateral neek disseetion removes level II-V nodes. 

Oervieal lymphovenous portals 


Lymph is returned to the systemie venous circulation via right and left 
lymphovenous portals sited at, or near, the junctions of the internal 
jugular and subclavian veins (Fig. 29.16). The arrangement of these 
terminations is variable. Usually, three small lymph tmnks eonverge 
towards their venous junctions on either side of the body and they are 
joined, on the left side only, by the larger thoraeie duct. 

On the right side, the three tmnks are the right jugular, right sub- 
elavian and right bronehomediastinal. The right jugular tmnk extends 
from the terminal lower deep eervieal nodes along the ventrolateral 
aspeet of the internal jugular vein, and eonveys all the lymph from the 
right half of the head and neek. The right subclavian tmnk drains from 
the terminal apieal axillary group. It extends along the axillary and 
subclavian veins, and eonveys lymph from the right upper limb and 
superficial tissues of the right half of the thoraeo-abdominal wall, down 
to the umbilicus anteriorly and iliae erest posteriorly (and includes 
much of the breast). The right bronehomediastinal tmnk aseends 
over the traehea towards the lymphovenous portal and eonveys lymph 
from the thoraeie walls, the right cupula of the diaphragm and subja- 
eent liver, the right lung, bronehi and traehea, the greater part of the 
'right heart' - of elinieal parlanee, not the geometrie right half - and a 
proportionately small drainage from the thoraeie oesophagus. 

The three right lymphatie tmnks usually open independently (see 
Fig. 29.16B). Their orifiees are ehistered either on the ventral aspeet of 
the jugulo/subclavian junction, or in the nearby wall of either of the 
great veins. Sometimes, one or more of the tmnks may biffireate (or 
even triffireate) preterminally and then terminate via multiple orifiees. 
Rarely, the three tmnks fuse to form a short, single, right lymphatie duct 
(about 1 em long) that inelines aeross the medial border of scalenus 
anterior at the root of the neek to reaeh the ventral aspeet of the venous 
junction, where its orifiee is guarded by a bicuspid semilunar valve. An 
ineomplete right lymphatie duct may be present if the subclavian and 
jugular tmnks, or any eombination of their terminals, are ffised. When 
this occurs, the bronehomediastinal tmnk almost invariably opens 
separately. 

On the left, the four tmnks that eonverge on the left lymphovenous 
portal are the left jugular and left subclavian tmnks, which have a dis- 
position eorresponding to that of their counterparts on the right; the 
left bronehomediastinal tmnk, which has a drainage similar to that of 
the right tmnk but which drains more of the heart - the Teft' and part 
of the 'right' hearts of elinieal parlanee - and more of the oesophagus; 
and the thoraeie duct, which drains all of the rest of the body (see Fig. 
29.16A). 


INNERVATION 


The skin, joints, viseera and muscles of the neek are innervated by 
branehes of the glossopharyngeal, vagus and aeeessory nerves, the eervi- 
eal spinal nerves and the eervieal sympathetie tmnk. 

The first and seeond eervieal dorsal root ganglia lie on the vertebral 
arehes of the atlas and axis, respeetively. The first eervieal ganglion may 
be absent. Smaller aberrant ganglia sometimes occur on the upper eervi- 
eal dorsal roots between the ganglia and eord. The upper four eervieal 
roots are small, and the lower four are large. In general, eervieal dorsal 
roots have a thiekness ratio to the ventral roots of 3 :1, which is greater 
than is seen in other regions. The first dorsal root is an exception, being 









Innervation 


A 


R ight internal jugular vein 


J ugulartrunk 


Subclavian 


R ight subclavian 


R ight lymphatie 


R ight braehioeephalie 


Bronehomediastinal 


Superior 


Left internal jugular vein 


J ugulartrunk 



Subclavian trunk 


Left subclavian vein 


Bronehomediastinal trunk 


braehioeephalie vein 


Thoraeie duct 




Lymph node of deep 
eervieal ehain 

Internal jugular vein 
J ugulartrunk 
Subclavian trunk 

Bronehomediastinal trnnk 
Subclavian vein 

Lymph node of parasternal 
ehain 



R ight lymphatie duct 
Subclavian trunk 

Bronehomediastinal trnnk 



J ugulartrunk 


Right lymphatie duct 


Bronehomediastinal trunk 


Lymph node of parasternal ehain 


Fig. 29.16 A, The termination of the right lymphatie trunk and the thoraeie 
duct. B, Variations in the terminal lymphatie trunk nodes of the right side. 
(A, From Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for 
Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


smaller than the ventral; oeeasionally, it is absent. The first and seeond 
eervieal roots are short, and mn almost horizontally to their exit from 
the vertebral eanal. From the third to the eighth eervieal, they slope 
obliquely down. Obliquity and length inerease successively; however, 
the distanee between spinal attaehment and vertebral exit never exceeds 
the height of one vertebra. For details of the neural anastomoses 
between the upper eervieal nerves and branehes of the faeial, vagus, 
hypoglossal and aeeessory nerves, see Shoja et al (2014). 


CERVICAL VENTRAL RAMI 


Oervieal ventral rami, except the first, appear between the anterior and 
posterior intertransverse muscles. The upper four form the eervieal 
plexus, and the lower four, together with most of the first thoraeie 
ventral ramus, form the braehial plexus. Eaeh reeeives at least one grey 
ramus communicans, the upper four from the superior eervieal sympa- 
thetie ganglion, the fifth and sixth from the middle ganglion, and the 
seventh and eighth from the eervieothoraeie ganglion. 

The first eervieal ventral ramus, the suboccipital nerve, emerges 
above the posterior areh of the atlas, and passes forwards lateral to its 
lateral mass and medial to the vertebral artery. It supplies rectus eapitis 
lateralis, emerges medial to it, deseends anterior to the transverse 
proeess of the atlas and posterior to the internal jugular vein, and joins 
the aseending braneh of the seeond eervieal ventral ramus. 

The seeond eervieal ventral ramus issues between the vertebral arehes 
of the atlas and axis. It aseends between their transverse proeesses, 
passes anterior to the first posterior intertransverse muscle and emerges 
lateral to the vertebral artery, generally between longus eapitis and 
levator scapulae. The ramus divides into an aseending braneh, which 
joins the first eervieal nerve, and a deseending braneh, which joins the 
aseending braneh of the third eervieal ventral ramus. 

The third eervieal ventral ramus appears between longus eapitis and 
sealemis medius. The remaining ventral rami emerge between scalenus 
anterior and the scalenus medius. 

Oervieal plexus 


The eervieal plexus is formed by the ventral rami of the upper four eervi- 
eal nerves, and supplies some neek muscles and the diaphragm, and 
areas of skin on the head, neek and ehest (see 7 igs 26.6, 29.1). It is situ- 
ated in the neek opposite a line drawn down the side of the neek from 
the root of the auricle to the level of the upper border of the thyroid 
eartilage. It lies deep to the internal jugular vein, the deep faseia and 
sternoeleidomastoid, and anterior to scalenus medms and levator seap- 
ulae. Eaeh ramus, except the first, divides into aseending and deseend- 
ing parts, which unite in communicating loops. From the first loop (C2 
and 3), superficial branehes supply the head and neek; cutaneous nerves 
of the shoulder and ehest arise from the seeond loop (C3 and 4). Mus- 
cular and communicating branehes arise from the same nerves. The 
branehes are superficial or deep. The superficial branehes perforate the 
eervieal faseia to supply the skin, while the deep branehes in general 
supply muscles. The superficial branehes either aseend (the lesser oeeip- 
ital, great auricular and the transverse cutaneous nerves) or deseend 
(supraclavicular nerves). These nerves are deseribed in detail in this 
ehapter on page 442. The deep branehes form medial and lateral series. 

Deep branehes - medial serìes 

CommunÌcatÌng branehes Communicating branehes pass from 
the loop between the first and seeond eervieal rami to the vagus and 
hypoglossal nerves and to the sympathetie tmnk. The hypoglossal 
braneh later leaves the hypoglossal nerve as a series of branehes, namely: 
the meningeal, superior root of ansa eerviealis, nerves to thyrohyoid 
and to geniohyoid. A braneh also eonneets the fourth and fifth eervieal 
rami. The first four eervieal ventral rami eaeh reeeive a grey ramus eom- 
municans from the superior eervieal sympathetie ganglion. 

The superior root of the ansa eerviealis (deseendens hypoglossi) (see 
Figs 29.7A, 29.8) leaves the hypoglossal nerve where it curves round the 
oeeipital artery and then deseends anterior to or in the earotid sheath. 
It eontains only fibres from the first eervieal spinal nerve. After giving a 
braneh to the superior belly of omohyoid, it is joined by the inferior 
root of the ansa from the seeond and third eervieal spinal nerves. The 
two roots form the ansa eerviealis (ansa hypoglossi), from which 
branehes supply sternohyoid, sternothyroid and the inferior belly of 
omohyoid. Another braneh is said to deseend anterior to the vessels 
into the thorax to join the eardiae and phrenie nerves. 

Muscular branehes Muscular branehes supply rectus eapitis latera- 
lis (Cl), rectus eapitis anterior (Cl, 2), longus eapitis (Cl-3) and 
longus eolli (C2-4). The inferior root of the ansa eerviealis and the 
phrenie nerve are additional muscular branehes. 

The inferior root of the ansa eerviealis (nervus deseendens eerviealis) 
(see Figs 29.7A, 29.8) is formed by the union of a braneh from the 
seeond with another from the third eervieal ramus. It deseends on 
the lateral side of the internal jugular vein, erosses it a little below the 
middle of the neek, and continues forwards to join the superior root 
anterior to the eommon earotid artery, forming the ansa eerviealis (ansa 
hypoglossi), from which all infrahyoid muscles except thyrohyoid are 
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Fig. 29.17 Vessels and nerves of the 
neek, left lateral view. The left 
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of the infrahyoid group of muscles 
and numerous vessels have been 
removed in order to expose deeper 
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Phrenienerve and C8, respeetively. (With 

permission from Waschke J, Paulsen 
F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, llrban & 
Fiseher. Copyright 2013.) 
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supplied. The inferior root almost always eomes from the seeond and 
third eervieal ventral rami, but sometimes from the seeond to fourth, 
and oeeasionally from the third alone. Oeeasionally too, it may be 
derived either from the seeond alone or from the fìrst to third. 

Phrenie nerve The phrenie nerve arises ehiefly from the fourth eervi- 
eal ventral ramus but also has contributions from the third and fifth. It 
is formed at the upper part of the lateral border of scalenus anterior 
and deseends almost vertieally aeross its anterior surface behind the 
prevertebral faseia (see Fig. 29.7A; Figs 29.17-29.18). It deseends pos- 
terior to sternoeleidomastoid, the inferior belly of omohyoid (near its 
intermediate tendon), the internal jugular vein, transverse eervieal and 
suprascapular arteries and, on the left, the thoraeie duct. At the root of 
the neek, it mns anterior to the seeond part of the subclavian artery, 
from which it is separated by scalenus anterior (some accounts state 
that on the left side the nerve passes anterior to the first part of the 
subclavian artery), and posterior to the subclavian vein. The phrenie 
nerve enters the thorax by erossing medially in front of the internal 
thoraeie artery. 

In the neek, eaeh nerve reeeives variable filaments from the eervieal 
sympathetie ganglia or their branehes and may also eonneet with 
internal thoraeie sympathetie plexuses. 

Aeeessory phrenie nerve The aeeessory phrenie nerve is eom- 

posed of fibres from the fifth eervieal ventral ramus that mn in a braneh 
of the nerve to subclavius. This lies lateral to the phrenie nerve and 
deseends posterior (oeeasionally anterior) to the subclavian vein. The 
aeeessory phrenie nerve usually joins the phrenie nerve near the first 
rib, but may not do so until near the pulmonary hilum or beyond. The 
aeeessory phrenie nerve may be derived from the fourth or sixth eervieal 
ventral rami or from the ansa eerviealis. 

Deep branehes - lateral series 

CommunÌcatÌng branehes Lateral deep branehes of the eervieal 

plexus (C2, 3, 4) may eonneet with the aeeessory nerve within sterno- 
eleidomastoid, the posterior triangle or beneath trapezius. 


Muscular branehes Muscular branehes are distributed to sterno- 
eleidomastoid (C2, 3, 4), trapezius (C2 and possibly C3), levator scapu- 
lae (C3, 4) and scalenus medius (C3, 4). Branehes to trapezius eross 
the posterior triangle obliquely below the aeeessory nerve. 

Braehial plexus 


The braehial plexus is formed by the union of the ventral rami of the 
lower four eervieal nerves and the greater part of the ventral ramus of 
the first thoraeie spinal nerve. It may also reeeive contributions from 
the fourth eervieal and seeond thoraeie spinal nerves. As its name sug- 
gests, its branehes supply the muscles, joints and skin of the upper limb. 
The relations and distribution of the nerves derived from the braehial 
plexus are deseribed in detail in the appropriate ehapters in Seetion 6. 
However, it is also mentioned here because, at its origin, the braehial 
plexus lies in the posterior triangle of the neek, in the angle between 
the elaviele and the lower posterior border of sternoeleidomastoid. It 
emerges between the sealeni anterior and medius, superior to the third 
part of the subclavian artery, and is eovered by platysma, deep faseia 
and skin, through which it is palpable (see Fig. 29.17). It is erossed by 
the supraclavicular nerves, the nerve to subclavius, the inferior belly of 
omohyoid, the external jugular vein and the superficial ramus of the 
transverse eervieal artery. The plexus passes posterior to the medial two- 
thirds of the elaviele, subclavius and the suprascapular vessels, and lies 
on the first digitation of serratus anterior and on subscapularis. 

CERVICAL DORSAL RAMI 


Eaeh eervieal spinal dorsal ramus except the first divides into medial 
and lateral branehes, and all innervate muscles. In general, only medial 
branehes of the seeond to fourth, and usually the fifth, supply skin. 
Except for the first (sometimes ealled the suboccipital nerve) and 
seeond, eaeh dorsal ramus passes baek medial to a posterior intertrans- 
verse muscle, curving round the articular proeess into the interval 
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betvveen semispinalis eapitis and semispinalis eervieis. The eervieal 
dorsal rami are deseribed in detail on page 768. 


CRANIAL NERVES 

Glossopharyngeal nerve 


The glossopharyngeal nerve (see Figs 29.8, 29.11, Fig. 29.19) supplies 
motor fibres to stylopharyngeus, parasympathetie seeretomotor fibres 
to the parotid gland (derived from the inferior salivatory nucleus), 
sensory fibres to the tympanie eavity, pharyngotympanie tube, fauces, 
tonsils, nasopharynx, uvula and posterior (postsulcal) third of the 
tongue, and gustatory fibres for the postsulcal part of the tongue. 

The nerve leaves the skull through the anteromedial part of the 
jugular foramen, anterior to the vagus and aeeessory nerves, and in a 
separate dural sheath. In the foramen, it is lodged in a deep groove 
leading from the eoehlear aqueductal depression, and is separated by 
the inferior petrosal sinus from the vagus and aeeessory nerves. The 
groove is bridged by fibrous tissue, which is sometimes ealeified. After 
leaving the foramen, the nerve passes forwards between the internal 
jugular vein and internal earotid artery, and then deseends anterior to 
the latter, deep to the styloid proeess and its attaehed muscles, to reaeh 
the posterior border of stylopharyngeus. It curves forwards on stylopha- 
ryngeus and either pierees the lower fibres of the superior pharyngeal 
eonstrietor or passes between it and the middle eonstrietor to be distrib- 
uted to the tonsil, the mucosae of the pharynx and postsulcal part of 
the tongue, the vallate papillae, and oral mucous glands (see Fig. 34.6). 

Two ganglia, superior and inferior, are situated on the glossopharyn- 
geal nerve as it traverses the jugular foramen. The superior ganglion is 
in the upper part of the groove occupied by the nerve in the jugular 
foramen. It is small, has no branehes and is usually regarded as a 
detaehed part of the inferior ganglion. The inferior ganglion is larger 
and lies in a noteh in the lower border of the petrous part of the tem- 
poral bone. Its eells are typieal unipolar neurones, whose peripheral 
branehes eonvey gustatory and taetile signals from the mucosa of the 
tongue (posterior third, including the sulcus terminalis and vallate 
papillae) and general sensation from the oropharynx, where it is 
responsible for initiating the gag reflex. 

Communicating branehes 

The glossopharyngeal nerve eomimmieates with the sympathetie tmnk 
and vagus and faeial nerves. Its inferior ganglion is eonneeted with the 
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Fig. 29.19 The glossopharyngeal nerve in the anterior triangle of the 
neek. (From Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for 
Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


superior eervieal sympathetie ganglion. Two filaments from the inferior 
ganglion pass to the vagus, one to its auricular braneh and the other to 
its superior ganglion. A braneh to the faeial nerve arises from the glos- 
sopharyngeal nerve below the inferior ganglion, and perforates the 
posterior belly of digastrie to join the faeial nerve near the stylomastoid 
foramen. 

Branehes of distribution 

The glossopharyngeal nerve has tympanie, earotid, pharyngeal, muscu- 
lar, tonsillar and lingual branehes. 

mpanie nerve The tympanie nerve leaves the inferior ganglion, 
aseends to the tympanie eavity through the inferior tympanie 
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Fig. 29.20 The interearotid plexus and its main trnnks. A, Formation of the superficial trunk. B, Formation of the intermediate trunk. C, Formation of the 
deep trunk. D, Superimposition of A, B and C. Key: 1, earotid sinus nerve; 2, superficial braneh of the earotid sinus nerve; 3, deep braneh of the earotid 
sinus nerve; 4, earotid braneh of the vagus nerve; 5, pharyngeal braneh of the vagus nerve with its earotid braneh; 6, earotid braneh of the hypoglossal 
nerve; 7, superficial trunk of the interearotid plexus; 8, inferior braneh of the superior eervieal sympathetie ganglion (SCSG); 9, communicating 
sympathetie braneh to the deep braneh of the earotid sinus nerve; 10, intermediate trunk of the interearotid plexus; 11, superior laryngeal nerve; 12, 
communicating braneh of the superior laryngeal nerve to the sympathetie; 13, deep trunk of the interearotid plexus. (Redrawn with permission from Shoja 
M, Oyesiku NM, Shokouhi G, et al 2014 Anastomoses between lower eranial and upper eervieal nerves: a eomprehensive review with potential 
signifieanee during skull base and neek operations, part II: glossopharyngeal, vagus, aeeessory, and hypoglossal nerves and eervieal spinal nerves 1-4. 
Clin Anat. 2014;27(1):118-30.) 


canaliculus and divides into branehes that contribute to the tympanie 
plexus. The lesser petrosal nerve is derived from the tympanie plexus. 

arotid braneh The earotid braneh is often double. It arises just 
below the jugular foramen and deseends on the internal earotid artery 
to the wall of the earotid sinus and to the earotid body. The nerve eon- 
tains primary afferent fibres from ehemoreeeptors in the earotid body 
and from the baroreeeptors lying in the earotid sinus wall. It may eom- 
immieate with the inferior ganglion of the vagus, or with one of its 
branehes, and with a sympathetie braneh from the superior eervieal 
ganglion (Fig. 29.20). 

Pharyngeal branehes The pharyngeal branehes are three or four 
filaments that unite with the pharyngeal braneh of the vagus and the 
laryngopharyngeal branehes of the sympathetie tmnk to form the pha- 
ryngeal plexus near the middle pharyngeal eonstrietor. They constitute 
the route by which the glossopharyngeal nerve supplies sensory fibres 
to the mucosa of the pharynx. 

Mliseillar braneh The muscular braneh supplies stylopharyngeus. 

Tonsillar, lingual and lesser petrosal branehes The tonsillar, 

lingual and lesser petrosal branehes are deseribed on pages 577, 514 
and 562, respeetively. 

Lesions of the glossopharyngeal nerve 

Damage to the glossopharyngeal nerve is rarely seen without assoeiated 
involvement of other lower eranial nerves. Transient or sustained hyper- 
tension may follow surgical seetion of the nerve and indieates involve- 
ment of the earotid braneh. Isolated lesions of the glossopharyngeal 
nerve lead to loss of sensation over the ipsilateral soft palate, fauces, 
pharynx and posterior third of the tongue, although this is difficult to 
assess elinieally and eonfirmation requires galvanie stimulation. The 
palatal and pharyngeal (gag) reflexes are reduced or absent and salivary 
seeretion from the parotid gland may also be reduced. Weakness of 
stylopharyngeus eannot be tested individually. Glossopharyngeal neur- 
algia eonsists of episodie brief but severe pain, often preeipitated by 
swallowing and experienced in the throat, behind the angle of the jaw 
and within the ear. Superior jugular bulb thromboses (e.g. in otitis 
media) and jugular foramen syndrome (assoeiated with nasopharyn- 
geal eareinoma or a jugular paraganglioma) may cause lesions of the 
adjaeent glossopharyngeal, vagus and aeeessory nerves, with assoeiated 
weakness in the muscles supplied in the pharynx and larynx. 

Vagus nerve 

The vagus is a large mixed nerve. It has a more extensive course 
and distribution than any other eranial nerve and mns through the 
neek, thorax and abdomen. Its eentral eonneetions are deseribed in 
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The vagus exits the skull through the jugular foramen, aeeompanied 
by the aeeessory nerve, with which it shares an araehnoid and a dural 
sheath. Both nerves lie anterior to a fibrous septum that separates them 
from the glossopharyngeal nerve. The vagus deseends vertieally in the 
neek in the earotid sheath, between the internal jugular vein and the 
internal earotid artery, to the upper border of the thyroid eartilage, and 
then passes between the vein and the eommon earotid artery to the root 
of the neek. Its relationships in this part of its course are therefore 
similar to those deseribed for these stmctures (see Figs 29.7A, 29.8, 
29.17). Its fhrther course differs on the two sides. The right vagus 
deseends posterior to the internal jugular vein to eross the first part of 
the subclavian artery and enter the thorax. The left vagus enters the 
thorax between the left eommon earotid and subclavian arteries, and 
behind the left braehioeephalie vein. 

After emerging from the jugular foramen, the vagus bears two 
marked enlargements: a small, round, superior ganglion and a larger 
inferior ganglion. 

Superior (jugular) ganglion 

The superior ganglion is greyish, spherieal and approximately 4 mm in 
diameter. It is eonneeted to the inferior glossopharyngeal ganglion and 
the sympathetie tmnk, the latter by a filament from the superior eervieal 
ganglion. 

Inferior (nodose) ganglion 

The inferior or nodose ganglion is larger than the superior ganglion, 
and is elongated and eylindrieal in shape with a length of 25 mm and 
a maximum breadth of 5 mm. It is eonneeted with the hypoglossal 
nerve, the loop between the first and seeond eervieal spinal nerves, and 
with the superior eervieal sympathetie ganglion. Most viseeral afferent 
fibres have their eell bodies in the nodose ganglion. 

Both vagal ganglia are exclusively sensory and eontain somatie, 
speeial viseeral and general viseeral afferent neurones. The superior 
ganglion is ehiefly somatie and most of its neurones enter the auricular 
nerve, whilst neurones in the inferior ganglion are eoneerned with 
viseeral sensation from the heart, larynx, lungs and the alimentary traet 
from the pharynx to the transverse eolon. Some fibres transmit 
impulses from taste endings in the vallecula and epiglottis. Large affer- 
ent fibres are derived from muscle spindles in the laryngeal muscles. 
Vagal sensory neurones in the nodose ganglion may show some soma- 
totopie organization. Both ganglia are traversed by parasympathetie, 
and perhaps some sympathetie, fibres but there is no evidenee that 
vagal parasympathetie eomponents relay in the inferior ganglion. Pre- 
ganglionie motor fibres from the dorsal vagal nucleus and the speeial 
viseeral efferents from the nucleus ambiguus, which deseend to the 
inferior vagal ganglion, eommonly form a visible band, skirting the 
ganglion in some mammals. These larger fibres probably provide 
motor innervation to the larynx in the recurrent laryngeal nerve, 
together with some contribution to the superior laryngeal nerve sup- 
plying erieothyroid. 
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Branehes in the neek 

The branehes of the vagiis in the neek are the meningeal, anrienlar, 
pharyngeal, earotid body, superior and recurrent laryngeal nerves and 
eardiae branehes. 

Meningeal branehes Meningeal branehes appear to start from 

the superior vagal ganglion and pass through the jugular foramen to 
be distributed to the dura mater in the posterior eranial fossa (see 

Fig. 28.4B). 

Alirieillar braneh The auricular braneh (Arnold's nerve) arises from 
the superior vagal ganglion and is joined by a braneh from the inferior 
ganglion of the glossopharyngeal nerve. It passes behind the internal 
jugular vein and enters the mastoid canaliculus on the lateral wall of 
the jugular fossa. Traversing the temporal bone, it erosses the faeial 
eanal approximately 4 mm above the stylomastoid foramen and here 
supplies an aseending braneh to the faeial nerve. Fibres of the nervus 
intermedius may pass to the auricular braneh at this point, which may 
explain the cutaneous vesiculation in the auricle that sometimes aeeom- 
panies geniculate herpes. The auricular braneh then traverses the tym- 
panomastoid fissure and divides into two rami. One ramus joins the 
posterior auricular nerve and the other is distributed to the skin of part 
of the ear and to the external acoustic meatus. 

Pharyngeal branel The pharyngeal braneh of the vagus is the main 
motor nerve of the pharynx (p. 582). It emerges from the upper part of 
the inferior vagal ganglion, passes between the external and internal 
earotid arteries to the upper border of the middle pharyngeal eonstrie- 
tor, and divides into numerous filaments that join rami of the sympa- 
thetie tmnk and glossopharyngeal nerve to form a pharyngeal plexus. 
A minute filament, the ramus lingualis vagi, joins the hypoglossal nerve 
as it curves round the oeeipital artery. 

Branehes tO the earotid body Branehes to the earotid body are 

variable in number. They may arise from the inferior ganglion or travel 
in the pharyngeal braneh, and sometimes in the superior laryngeal 
nerve. They form a plexus with the glossopharyngeal rami and branehes 
of the eervieal sympathetie tmnk. 

Superíor laryngeal nerve The superior laryngeal nerve is larger 
than the pharyngeal braneh and issues from the middle of the inferior 
vagal ganglion. It reeeives a braneh from the superior eervieal sympa- 
thetie ganglion and deseends alongside the pharynx, at first posterior, 
then medial, to the internal earotid artery, and divides into the internal 
and external laryngeal nerves (see Figs 29.8, 35.12). 

The internal laryngeal nerve is sensory to the laryngeal mucosa down 
to the level of the voeal folds. It also earries afferent fibres from the 
laryngeal neuromuscular spindles and other streteh reeeptors. It 
deseends to the thyrohyoid membrane, pierees it above the superior 
laryngeal artery and divides into an upper and lower braneh. The upper 
braneh is horizontal and supplies the mucosa of the pharynx, the epi- 
glottis, vallecula and laryngeal vestibule. The lower braneh deseends in 
the medial wall of the piriform reeess, supplies the aryepiglottie fold, 
the mucosa on the baek of the arytenoid eartilage and one or two 
branehes to transverse arytenoid (the latter unite with twigs from the 
reairrent laryngeal to supply the same muscle). The internal laryngeal 
nerve ends by piereing the inferior pharyngeal eonstrietor to unite with 
an aseending braneh from the recurrent laryngeal nerve. As it aseends 
in the neek, it supplies branehes, more numerous on the left, to the 
mucosa and tunica muscularis of the oesophagus and traehea, and to 
the inferior eonstrietor. 

The external laryngeal nerve, smaller than the internal, deseends 
behind sternohyoid with the superior thyroid artery, but on a deeper 
plane. It lies first on the inferior pharyngeal eonstrietor, and then pierees 
it to curve round the inferior thyroid tubercle and reaeh erieothyroid, 
which it supplies. The nerve also gives branehes to the pharyngeal 
plexus and the inferior eonstrietor. Behind the eommon earotid artery, 
the external laryngeal nerve eomimmieates with the superior eardiae 
nerve and superior eervieal sympathetie ganglion. 

Recurrent laryngeal nerve The recurrent laryngeal nerve differs, 

in origin and course, on the two sides. On the right, it arises from the 
vagus anterior to the first part of the subclavian artery, and curves baek- 
wards below and then behind it to aseend obliquely to the side of the 
traehea behind the eommon earotid artery. Near the lower pole of the 
lateral lobe of the thyroid gland, it is elosely related to the inferior 
thyroid artery and erosses either in front of, behind or between its 
branehes. On the left, the nerve arises from the vagus on the left of the 


aortie areh, curves below it immediately behind the attaehment of the 
ligamentum arteriosum to the eoneavity of the aortie areh, and aseends 
to the side of the traehea (see Figs 57.3, 57.61). As the reoirrent laryn- 
geal nerve oirves round the subclavian artery, or the aortie areh, it gives 
eardiae filaments to the deep eardiae plexus. On both sides, the recur- 
rent laryngeal nerve aseends in or near a groove between the traehea 
and oesophagus. It is elosely related to the medial surface of the thyroid 
gland before it passes under the lower border of the inferior eonstrietor, 
and it enters the larynx behind the articulation of the inferior thyroid 
cornu with the erieoid eartilage. The recurrent laryngeal nerve supplies 
all laryngeal muscles, except the erieothyroid, and it eomimmieates with 
the internal laryngeal nerve, supplying sensory filaments to the laryn- 
geal mucosa below the voeal folds. It also earries afferent fibres from 
laryngeal streteh reeeptors. The recurrent laryngeal nerve is deseribed 
fhrther with the larynx. 

Aeeessory nerve 


The aeeessory nerve (see Figs 29.7A, 29.11, 29.17) arises from an elon- 
gated nucleus of motor neurones in the lateral aspeet of the ventral 
horn. Some rootlets emerge direetly, while others turn eranially before 
exiting; their line of exit is irregular rather than linear. They join to form 
a tmnk, the aeeessory nerve, which aseends intradurally within the 
vertebral eanal between the ligamentum denticulatum and the dorsal 
roots of the spinal nerves. The nerve enters the skull via the foramen 
magnum, behind the vertebral artery. It then turns upwards and passes 
laterally to reaeh the jugular foramen, which it traverses in a eommon 
dural sheath with the vagus, but separated from that nerve by a fold of 
araehnoid mater. 

As the aeeessory nerve exits the jugular foramen, it mns posterolat- 
erally and passes either medial or lateral to the internal jugular vein; 
oeeasionally, it may pass through the vein. The extradural part of the 
nerve then erosses the transverse proeess of the atlas, and is erossed by 
the oeeipital artery before deseending obliquely, medial to the styloid 
proeess, stylohyoid and the posterior belly of digastrie. Running with 
the superior sternoeleidomastoid braneh of the oeeipital artery, it 
reaehes the upper part of sternoeleidomastoid and enters its deep 
surface, to form an anastomosis with fibres from C2 alone, C3 alone, 
or C2 and C3 (the ansa of Maubrac). It may also communicate with 
the anterior root of the first eervieal nerve (MeKenzie braneh). 

The aeeessory nerve oeeasionally terminates in sternoeleidomastoid. 

More eommonly, it emerges a little above the midpoint of the posterior 
border of sternoeleidomastoid, generally above the emergenee of the 
great auricular nerve (usually within 2 em of it) and between 4 and 
6 em from the tip of the mastoid proeess. However, the point of emer- 
genee is very variable. The nerve then erosses the posterior triangle on 
levator scapulae (see Fig. 29.7A), separated from it by the prevertebral 
layer of deep eervieal faseia and adipose tissue. Here the nerve is rela- 
tively superficial and related to the superficial eervieal lymph nodes. 

Some 3-5 em above the elaviele, it passes behind the anterior border 
of trapezms, often dividing to form a plexus on its deep surface, which 
reeeives contributions from C2-4 (see below), and then enters the deep 
surface of the muscle. 

The eervieal course of the aeeessory nerve follows a line from the 
lower anterior part of the tragus to the tip of the transverse proeess of 
the atlas, and then aeross the sternoeleidomastoid and the posterior 
triangle to a point on the anterior border of the trapezius 3-5 em above 
the elaviele. 

The aeeessory nerve is thought to provide the sole motor supply to 
sternoeleidomastoid; the seeond and third eervieal nerves are believed 
to earry proprioeeptive fibres from it. The supranuclear pathway of 
fibres destined for sternoeleidomastoid is not simple; current evidenee 
favours bilateral hemispherie innervation, although opinion varies as 
to the extent of the ipsilateral input. The motor supply to the deseend- 
ing (upper) and transverse (middle) portions of trapezius is primarily 
from the aeeessory nerve under predominantly eontralateral supra- 
nuclear eontrol. Usually, trapezius reeeives an innervation from the 
eervieal plexus, in most eases from C3 and C4 ( mbbs et al 2011). A 
study using intraoperative electroneurography and histoehemieal analy- 
ses found that, when present, the eervieal fibres did not eonsistently 
innervate all three parts of the muscle (deseending, transverse and 
aseending), and that fibres from C2 usually travelled via the aeeessory 
nerve, while fibres from C3 and C4 innervated trapezius independently 
(Pu et al 2008). In addition to their motor contribution, C3 and C4 
also earry proprioeeptive fibres from trapezius. 

On the basis of the ineomplete denervation of the muscle that some- 
times happens following saerifiee of both the aeeessory nerve and the 
eervieal plexus, it has been suggested that trapezms reeeives a partial 467 
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motor siipply from other sonrees, possibly via thoraeie roots. (For a 
detailed review of the applied siirgieal anatomy of the aeeessory nerve 
plexus, see Brown (2002).) 

Sensory ganglia have been deseribed along the course of the intra- 
dural portion of the nerve. 

Lesions affeeting the aeeessory nerve 

Lesions of the aeeessory nerve may be sustained eentrally, at its exit from 
the skull or in the neek. The supranuclear fibres that influence motor 
neurones innervating sternoeleidomastoid decussate twice; a lesion of 
the pyramidal system above the pons therefore produces weakness of 
the ipsilateral sternoeleidomastoid and eontralateral trapezius. Episodie 
eontraetion of sternoeleidomastoid and trapezms, often aeeompanied 
by eontraetion of other muscle groups, e.g. splenms eapitis, occurs in 
spasmodie tortieollis, a foeal dystonia. In jugular foramen syndrome, 
caused by pathologies including nasopharyngeal eareinoma or a jugular 
paraganglioma, lesions of the glossopharyngeaf vagus and aeeessory 
nerves coexist. The aeeessory nerve ean be injured more distally in the 
neek by trauma or by surgical exploration in the posterior triangle. If 
the aeeessory nerve is saerifieed as part of a radieal neek disseetion and 
the innervation of trapezius is lost, the patient develops intraetable 
neuralgia due to traetion on the braehial plexus caused by the unsup- 
ported weight of the shoulder and arm. 

Hypoglossal nerve 


The hypoglossal nerve is motor to all the muscles of the tongue, except 
palatoglossus. The hypoglossal rootlets mn laterally behind the verte- 
bral artery, eolleeted into two bundles that perforate the dura mater 
separately opposite the hypoglossal eanal in the oeeipital bone, and 
unite after traversing it. The eanal is sometimes divided by a spicule of 
bone. The nerve emerges from the eanal in a plane medial to the intern- 
al jugular vein, internal earotid artery and ninth, tenth and eleventh 
eranial nerves, and passes inferolaterally behind the internal earotid 
artery and glossopharyngeal and vagus nerves to the interval between 
the artery and the internal jugular vein (see Fig. 29.8). Here, it makes 
a half-spiral turn round the inferior vagal ganglion and is united with 
it by eonneetive tissue. It then deseends almost vertieally between the 
vessels and anterior to the vagus to a point level with the angle of the 
mandible, beeoming superficial below the posterior belly of digastrie 
and emerging between the internal jugular vein and internal earotid 
artery. It loops round the inferior sternoeleidomastoid braneh of the 
oeeipital artery, erosses lateral to both internal and external earotid 
arteries and the loop of the lingual artery a little above the tip of the 
greater cornu of the hyoid, and is itself erossed by the faeial vein (see 
Figs 29.7A, 29.8, 29.17). Its course is deseribed fhrther on page 514. 

Communicating branehes 

The hypoglossal nerve communicates with the sympathetie tmnk, the 
lingual, glossopharyngeal and vagus nerves and the pharyngeal plexus. 
Near the atlas, it is joined by branehes from the superior eervieal sym- 
pathetie ganglion and by a filament from the loop between the first 
eervieal ventral ramus and the aseending braneh of the seeond eervieal 
ventral ramus that leaves the hypoglossal as the upper root of the ansa 
eerviealis. The vagal eonneetions are elose to the skull, and numerous 
filaments pass between the hypoglossal nerve and the inferior vagal 
ganglion in the eonneetive tissue uniting them. As the hypoglossal nerve 
curves round the oeeipital artery, it reeeives the ramus lingualis vagi 
from the pharyngeal plexus. Near the anterior border of hyoglossus, it 
is eonneeted with the lingual nerve by many filaments that aseend on 
the muscle. 

Branehes of distribution 

The branehes of distribution of the hypoglossal nerve are meningeal, 
deseending, thyrohyoid and muscular nerves. 

Meningeal branehes Meningeal branehes leave the nerve in the 
hypoglossal eanal and return through it to supply the diploè of the 
oeeipital bone, the dural walls of the oeeipital and inferior petrosal 
simises, and much of the floor of the anterior wall of the posterior 
eranial fossa, probably through pathways other than that of the 
hypoglossal nerve, e.g. upper eervieal spinal nerves (see Fig. 28.4B). 

Deseending braneh The deseending braneh (deseendens hypo- 
glossi) eontains fibres from the first eervieal spinal nerve. It leaves the 
hypoglossal nerve when it curves around the oeeipital artery, and mns 
down on the earotid sheath. It provides a braneh to the superior belly 
of omohyoid before joining with the deseendens eerviealis to form the 
ansa eerviealis (see 4gs 29.7A, 29.8). 


Nerves to thyrohyoid and geniohyoid The nerves to thyrohyoid 

and geniohyoid arise near the posterior border of hyoglossus. They 
represent the remaining fibres from the first eervieal spinal nerves. 

Lesions of the hypogiossai nerve 

The hypoglossal nerve may be damaged during neek disseetion. Com- 
plete hypoglossal division causes unilateral lingual paralysis and event- 
ual hemiatrophy; the protmded tongue deviates to the paralysed side, 
and, on retraetion, the wasted and paralysed side rises higher than the 
unaffected side. The larynx may deviate towards the aetive side in swal- 
lowing, due to unilateral paralysis of the hyoid depressors assoeiated 
with loss of the first eervieal spinal nerve, which mns with the hypoglos- 
sal nerve. If paralysis is bilateral, the tongue is motionless. Taste and 
taetile sensibility are unaffected but artioilation is slow and swallowing 
very diffioilt. 

The hypoglossal nerve is often used to reanimate the faee in patients, 
particularly the elderly, whose faeial nerves have been transeeted. Direet 
end-to-end, end-to-side or split-nerve grafts are reliable and offer a 
robust, effeetive and quick alternative to more complex reanimation 
procedures. 

CERVICAL SYMPATHETIC TRUNK 


The eervieal sympathetie tmnk lies on the prevertebral faseia behind the 
earotid sheath and eontains three intereonneeted ganglia: the superior, 
middle and inferior (stellate or eervieothoraeie) (see Figs 29.17-29.18). 
There may oeeasionally, however, be two or four ganglia. The eervieal 
sympathetie ganglia send grey rami eomimmieantes to all the eervieal 
spinal nerves but reeeive no white rami communicantes from them. 
Their spinal preganglionie fibres emerge in the white rami eomimmi- 
eantes of the upper five thoraeie spinal nerves (mainly the upper three), 
and aseend in the sympathetie tmnk to synapse in the eervieal ganglia. 
In their course, the grey rami eomimmieantes may pieree longus eapitis 
or scalenus anterior. 

Siiperior eervieal ganglíon 


The superior eervieal ganglion is the largest of the three ganglia (see Fig. 
29.17). It lies on the transverse proeesses of the seeond and third eervi- 
eal vertebrae and is probably formed from four fhsed ganglia, judging 
by its grey rami to Cl-4. The internal earotid artery within the earotid 
sheath is anterior, and longus eapitis is posterior. The lower end of the 
ganglion is united by a eonneeting tmnk to the middle eervieal gan- 
glion. Postganglionie branehes are distributed in the internal earotid 
nerve, which aseends with the internal earotid artery into the earotid 
eanal to enter the eranial eavity, and in lateral, medial and anterior 
branehes. They supply vasoeonstrietor and sudomotor nerves to the faee 
and neek, dilator pupillae and smooth imisele in the eyelids and 
orbitalis. 

Lateral branehes The lateral branehes are grey rami communicantes 
to the upper four eervieal spinal nerves and to some of the eranial 
nerves. Branehes pass to the inferior vagal ganglion, the hypoglossal 
nerve, the superior jugular bulb and assoeiated jugular glomus or 
glomera, and to the meninges in the posterior eranial fossa. Another 
braneh, the jugular nerve, aseends to the eranial base and divides into 
two; one part joins the inferior glossopharyngeal ganglion and the other 
joins the superior vagal ganglion. 

Medial branehes The medial branehes of the superior eervieal gan- 
glion are the laryngopharyngeal and eardiae. The laryngopharyngeal 
branehes supply the earotid body and pass to the side of the pharynx, 
joining glossopharyngeal and vagal rami to form the pharyngeal plexus. 
A eardiae braneh arises by two or more filaments from the lower part 
of the superior eervieal ganglion and oeeasionally reeeives a twig from 
the tmnk between the superior and middle eervieal ganglia. It is thought 
to eontain only efferent fibres, the preganglionie outflow being from 
the upper thoraeie segments of the spinal eord, and to be devoid of 
pain fibres from the heart. It deseends behind the eommon earotid 
artery, in front of longus eolli, and erosses anterior to the inferior 
thyroid artery and recurrent laryngeal nerve. The courses on the two 
sides then differ. The right eardiae braneh usually passes behind, but 
sometimes in front of, the subclavian artery and mns posterolateral to 
the braehioeephalie tmnk to join the deep (dorsal) part of the eardiae 
plexus behind the aortie areh. It has other sympathetie eonneetions. 
About mid-neek, it reeeives filaments from the external laryngeal nerve. 
Inferiorly, one or two vagal eardiae branehes join it. As it enters the 
thorax, it is joined by a filament from the reoirrent laryngeal nerve. 







Viseera 


Filaments from the nerve also communicate with the thyroid branehes 
of the middle eervieal ganglion. The left eardiae braneh, in the thorax, 
is anterior to the left eommon earotid artery and erosses in front of the 
left side of the aortie areh to reaeh the superficial (ventral) part of the 
eardiae plexus. Sometimes, it deseends on the right of the aorta to end 
in the deep (dorsal) part of the eardiae plexus. It communicates with 
the eardiae branehes of the middle and inferior eervieal sympathetie 
ganglia and sometimes with the inferior eervieal eardiae branehes of the 
left vagus, and branehes from these mixed nerves form a plexus on the 
aseending aorta. 

Anterior branehes The anterior branehes of the superior eervieal 
ganglion ramiíy on the eommon and external earotid arteries and the 
branehes of the external earotid, and form a delieate plexus around 
eaeh, in which small ganglia are oeeasionally found. The plexus around 
the faeial artery supplies a filament to the submandibular ganglion; the 
plexus on the middle meningeal artery sends one ramus to the otie 
ganglion and another, the external petrosal nerve, to the faeial ganglion. 
Many of the fibres coursing along the external earotid and its branehes 
ultimately leave them to travel to faeial sweat glands via branehes of 
the trigeminal nerve. 

Middle eervieal ganglion 


The middle eervieal ganglion is the smallest of the three and is oeeasion- 
ally absent, in which ease it may be replaeed by minute ganglia in the 
sympathetie tmnk or may be fused with the superior ganglion. It is 
usually found at the level of the sixth eervieal vertebra, anterior or just 
superior to the inferior thyroid artery or it may adjoin the inferior eervi- 
eal ganglion. It probably represents a eoaleseenee of the ganglia of the 
fifth and sixth eervieal segments, judging by its postganglionie rami, 
which join the fifth and sixth eervieal spinal nerves (but sometimes also 
the fourth and seventh). It is eonneeted to the inferior eervieal ganglion 
by two or more very variable eords. The posterior eord usually splits to 
enelose the vertebral artery, while the anterior eord loops down anterior 
to, and then below, the first part of the subclavian artery, medial to the 
origin of its internal thoraeie braneh, and supplies rami to it. This loop 
is the ansa subclavia and is frequently multiple, lies elosely in eontaet 
with the eervieal pleura, and typieally eonneets with the phrenie nerve, 
and sometimes with the vagus (see Fig. 29.18). 

The middle eervieal ganglion gives off thyroid and eardiae branehes. 
The thyroid branehes aeeompany the inferior thyroid artery to the 
thyroid gland. They eomimmieate with the superior eardiae, external 
laryngeal and recurrent laryngeal nerves, and send branehes to the 
parathyroid glands. Fibres to both glands are largely vasomotor but 
some reaeh the seeretory eells. The eardiae braneh, the largest sympa- 
thetie eardiae nerve, arises either from the ganglion itself or more often 
from the sympathetie tmnk eranial or caudal to it. On the right side, it 
deseends behind the eommon earotid artery, in front of or behind the 
subclavian artery, to the traehea, where it reeeives a few filaments from 
the recurrent laryngeal nerve before joining the right half of the deep 
(dorsal) part of the eardiae plexus. In the neek, it eonneets with the 
superior eardiae and recurrent laryngeal nerves. On the left side, the 
eardiae nerve enters the thorax between the left eommon earotid and 
subclavian arteries to join the left half of the deep (dorsal) part of the 
eardiae plexus. Fine branehes from the middle eervieal ganglion also 
pass to the traehea and oesophagus. 

Inferior (or eervieothoraeie/stellate) ganglion 

The inferior eervieal ganglion (eervieothoraeie/stellate) is irregular in 
shape and much larger than the middle eervieal ganglion (see Fig. 
29.18). It is probably formed by a fusion of the lower two eervieal and 
first thoraeie segmental ganglia, sometimes including the seeond and 
even third and fourth thoraeie ganglia. The first thoraeie ganglion may 
be separate, leaving an inferior eervieal ganglion above it. The sympa- 
thetie tmnk turns backwards at the junction of the neek and thorax, and 
so the long axis of the eervieothoraeie ganglion beeomes almost antero- 
posterior. The ganglion lies on or just lateral to the lateral border of 
longus eolli between the base of the seventh eervieal transverse proeess 
and the neek of the first rib (which are both posterior to it). The verte- 
bral vessels are anterior, and the ganglion is separated from the pos- 
terior aspeet of the eervieal pleura inferiorly by the suprapleural 
membrane. The eostoeervieal tmnk of the subclavian artery branehes 
near the lower pole of the ganglion, and the superior intereostal artery 
is lateral. 

A small vertebral ganglion may be present on the sympathetie tmnk 
anterior or anteromedial to the origin of the vertebral artery and direetly 
above the subclavian artery. When present, it may provide the ansa 
subclavia and is also joined to the inferior eervieal ganglion by fibres 


enelosing the vertebral artery. It is usually regarded as a detaehed part 
of the middle eervieal or inferior eervieal ganglion. Like the middle 
eervieal ganglion, it may supply grey rami eomimmieantes to the fourth 
and fifth eervieal spinal nerves. The inferior eervieal ganglion sends grey 
rami eomimmieantes to the seventh and eighth eervieal and first thor- 
aeie spinal nerves, and gives off a eardiae braneh, branehes to nearby 
vessels and sometimes a braneh to the vagus nerve. 

The grey rami eomimmieantes to the seventh eervieal spinal nerve 
vary from one to five (two being the usual number). A third often 
aseends medial to the vertebral artery in front of the seventh eervieal 
transverse proeess. It eonneets with the seventh eervieal nerve, and sends 
a filament upwards through the sixth eervieal transverse foramen in 
eompany with the vertebral vessels to join the sixth eervieal spinal nerve 
as it emerges from the intervertebral foramen. An ineonstant raimis may 
traverse the seventh eervieal transverse foramen. Grey rami to the eighth 
eervieal spinal nerve vary from three to six in mimber. 

The eardiae braneh deseends behind the subclavian artery and along 
the front of the traehea to the deep eardiae plexus. Behind the artery, it 
eonneets with the recurrent laryngeal nerve and the eardiae braneh of 
the middle eervieal ganglion (the latter is often replaeed by fine branehes 
of the inferior eervieal ganglion and ansa subclavia). 

The branehes to blood vessels form plexuses on the subclavian artery 
and its branehes. The subclavian supply is derived from the inferior 
eervieal ganglion and ansa subclavia, and typieally extends to the first 
part of the axillary artery, although a few fibres may extend ffirther. An 
extension of the subclavian plexus to the internal thoraeie artery may 
be joined by a braneh of the phrenie nerve. 

Within the foramina transversaria and intertransverse spaees, the 
eervieal grey rami eomimmieantes form intersegmental areades as they 
eomimmieate with one another and the ventral rami of the upper five 
or six eervieal spinal nerves. These areades aeeompany the seeond part 
of the vertebral artery and ereate the appearanee of a long nerve known 
as the vertebral nerve. Fine filaments from this nerve and the grey rami 
eomimmieantes form the vertebral plexus on the surface of the vertebral 
artery. This plexus eontains not only sympathetie efferent fibres but also 
somatie sensory fibres from the adventitia of the artery, whose eell 
bodies are loeated in the eervieal dorsal root ganglia. The vertebral nerve 
sends filaments to the posterolateral eorners of the eervieal interverte- 
bral dises (Bogduk et al 1988), and gives rise to the meningeal branehes 
(sinuvertebral nerves) at eaeh eervieal segment. The vertebral plexus, 
which eontains some neuronal eell bodies, continues into the skull 
along the vertebral and basilar arteries and their branehes as far as the 
posterior eerebral artery, where it meets a plexus from the internal 
earotid artery. The plexus on the inferior thyroid artery reaehes the 
thyroid gland and eonneets with the recurrent and external laryngeal 
nerves, the eardiae braneh of the superior eervieal ganglion, and the 
eommon earotid plexus. 

Horner’s syndrome 

Any eondition or injury that destroys the sympathetie tmnk aseending 
from the thorax through the neek into the faee results in Horner's syn- 
drome, eharaeterized by a drooping eyelid (ptosis), sunken globe 
(enophthalmos), narrow palpebral fissure, eontraeted pupil (meiosis), 
vasodilation and laek of thermal sweating (anhydrosis) on the affeeted 
side. eiassieally, this is seen in patients with bronehial eareinomas that 
have invaded the sympathetie tmnk and is also a reeognized eomplie- 
ation of eervieal sympatheetomy or a radieal neek disseetion. Avulsion 
of the first thoraeie nerve from the spinal eord may be diagnosed by 
development of the syndrome after elosed traetion lesion of the supra- 
clavicular braehial plexus. Congenital Horner s syndrome has been 
reported in assoeiation with ipsilateral internal earotid artery agenesis 
( "ons et al 2009). Speeial features of eongenital Horners syndrome are 
iris heteroehromia, a differenee in colour between the two eyes that 
results from interferenee with melanoeyte pigmentation of the iris by a 
laek of sympathetie stimulation during development, and unilateral 
straight hair. 



The main eervieal viseera are the submandibular salivary glands, the 
thyroid and parathyroid glands, and the eervieal portions of the traehea 
and oesophagus. 

SUBMANDIBULAR SALIVARY GLAND 


Eaeh submandibular salivary gland is situated behind and below the 
ramus of the mandible, in the region of the submandibular triangle, 469 
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between the anterior and posterior bellies of digastrie (see 7 ig. 29.7A). 
The gland is deseribed in detail on page 528. 

THYROID GLAND 


The thyroid gland, brownish-red and highly vascular, is plaeed 
anteriorly in the lower neek, level with the fifth eervieal to the first 
thoraeie vertebrae (see Fig. 29.17). It is ensheathed by the pretraeheal 
layer of deep eervieal faseia and eonsists of right and left lobes eon- 
neeted by a narrow, median isthmus. It usually weighs 25 g but this 
varies. The gland is slightly heavier in females and enlarges during 
menstmation and pregnaney. Estimation of the size of the thyroid 
gland is elinieally important in the evaluation and management of 
thyroid disorders and ean be aehieved non-invasively by means of 
diagnostie ultrasound. Mean thyroid volume inereases with age (Cha- 
noine et al 1991). No signifieant differenee in thyroid gland volume 
has been observed between males and females from 8 months to 
15 years. 

The lobes of the thyroid gland are approximately eonieal. Their 
aseending apiees diverge laterally to the level of the oblique lines on 
the laminae of the thyroid eartilage, and their bases are level with the 
fourth or fifth traeheal eartilages. Eaeh lobe is usually 5 em long, its 
greatest transverse and anteroposterior extents being 3 em and 2 em, 
respeetively. The posteromedial aspeets of the lobes are attaehed to the 
side of the erieoid eartilage by a lateral thyroid ligament (Berry's liga- 
ment). The isthmus eonneets the lower parts of the two lobes, although 
oeeasionally it may be absent. It measures 1.25 em transversely and 
vertieally, and is usually anterior to the seeond and third traeheal earti- 
lages, although it ean be higher or even sometimes lower because its 
site and size vary greatly. A eonieal pyramidal lobe often aseends 
towards the hyoid bone from the isthmus or the adjaeent part of either 
lobe (more often the left). It is oeeasionally detaehed or in two or more 
parts. A fibrous or fibromuscular band, the levator of the thyroid gland, 
musculus levator glandulae thyroideae, sometimes deseends from the 
body of the hyoid to the isthmus or pyramidal lobe. For fhrther reading, 
see Mohebati and Shaha (2012). 

Eetopie thyroid tissue is rare but may be found around the course 
of the thyroglossal duct or laterally in the neek, as well as in distant 
plaees such as the tongue (lingual thyroid), mediastinum and the sub- 
diaphragmatie organs (Noussios et al 2011). The most frequent loeation 
of eetopie thyroid tissue is at the base of the tongue, in partiailar at the 
region of the foramen caecum; often it is the only thyroid tissue present. 
Small, detaehed masses of thyroid tissue may occur above the lobes or 
isthmus as aeeessory thyroid glands. Vestiges of the thyroglossal duct 
may persist between the isthmus and the foramen caecum of the tongue, 
sometimes as aeeessory nodules or eysts of thyroid tissue near the 
midline or even in the tongue, where they are ealled thyroglossal duct 
eysts. 

Siirfaees and relations 


The convex lateral (superficial) surface is eovered by sternothyroid, 
whose attaehment to the oblique thyroid line prevents the upper pole 
of the gland from extending on to thyrohyoid. More anteriorly lie ster- 
nohyoid and the superior belly of omohyoid, overlapped inferiorly by 
the anterior border of sternoeleidomastoid. The medial surface of the 
gland is adapted to the larynx and traehea; its superior pole eontaets 
the inferior pharyngeal eonstrietor and the posterior part of erieo- 
thyroid, which separate it from the posterior part of the thyroid lamina 
and the side of the erieoid eartilage. The external braneh of the superior 
laryngeal nerve is medial to this part of the gland as it passes to supply 
erieothyroid. Inferiorly, the traehea and, more posteriorly, the recurrent 
laryngeal nerve and oesophagus (which is eloser on the left) are medial 
relations. The posterolateral surface of the thyroid gland is elose to the 
earotid sheath and overlaps the eommon earotid artery. 

The anterior border of the gland is thin, and near the anterior braneh 
of the superior thyroid artery it slants down medially. The posterior 
border is rounded and related inferiorly to the inferior thyroid artery 
and its anastomosis with the posterior braneh of the superior thyroid 
artery. On the left side, the lower end of the posterior border lies near 
the thoraeie duct. The parathyroid glands are usually related to the 
posterior border. 

The isthmus is eovered by sternothyroid, from which it is separated 
by pretraeheal faseia. More superficially it is eovered by sternohyoid, the 
anterior jugular veins, faseia and skin. The superior thyroid arteries 
anastomose along its upper border and the inferior thyroid veins leave 
the gland at its lower border. 


Vascular supply and lymphatie drainage 
Arteries 

The thyroid gland is supplied by the superior and inferior thyroid arter- 
ies and sometimes by an arteria thyroidea ima from the braehioeephalie 
tmnk or aortie areh (see Figs 29.14, 29.17). The arteries are large and 
their branehes anastomose frequently both on and in the gland, ipsi- 
laterally and eontralaterally. The superior thyroid artery, which is elosely 
related to the external braneh of the superior laryngeal nerve, pierees 
the thyroid faseia and then divides into anterior and posterior branehes. 
The anterior braneh supplies the anterior surface of the gland, and the 
posterior braneh supplies the lateral and medial surfaces. The inferior 
thyroid artery approaehes the base of the thyroid gland and divides into 
superior (aseending) and inferior thyroid branehes to supply the infe- 
rior and posterior surfaces of the gland. The superior braneh also sup- 
plies the parathyroid glands. The relationship between the inferior 
thyroid artery and the recurrent laryngeal nerve is highly variable and 
of eonsiderable elinieal importanee; iatrogenie injury to the nerves that 
supply the larynx represents a major eomplieation of thyroid surgery 
(Yalcxin 2006). The recurrent laryngeal nerve is usually related to the 
posterior braneh of the inferior thyroid artery, which may be replaeed 
by a vasoilar network (Moreau et al 1998). 

Veins 

The venous drainage of the thyroid gland is usually via superior, middle 
and inferior thyroid veins (see Figs 29.13, 29.14, 29.17). The superior 
thyroid vein emerges from the upper part of the gland and mns with 
the superior thyroid artery towards the earotid sheath; it drains into the 
internal jugular vein. The middle thyroid vein eolleets blood from the 
lower part of the gland; it emerges from the lateral surface of the gland 
and drains into the internal jugular vein. The inferior thyroid veins arise 
in a glandular venous plexus, which also eonneets with the middle and 
superior thyroid veins. These veins form a pretraeheal plexus, from 
which the left inferior vein deseends to join the left braehioeephalie 
vein, and the right deseends obliquely aeross the braehioeephalie artery 
to join the right braehioeephalie vein at its junction with the superior 
vena eava. The inferior thyroid veins often open via a eommon tmnk 
into the superior vena eava or left braehioeephalie vein. They drain the 
oesophageal, traeheal and inferior laryngeal veins and have valves at 
their terminations. 

Lymphaties 

Thyroid lymphatie vessels communicate with the traeheal plexus, and 
pass to the prelaryngeal nodes just above the thyroid isthmus and to 
the pretraeheal and paratraeheal nodes; some may also drain into the 
braehioeephalie nodes related to the thymus in the superior mediasti- 
num. Laterally, the gland is drained by vessels lying along the superior 
thyroid veins to the deep eervieal nodes. Thyroid lymphaties may drain 
direetly, with no intervening node, to the thoraeie duct. 

Innervation 


The thyroid gland reeeives its innervation from the superior, middle and 
inferior eervieal sympathetie ganglia. Postganglionie fibres from the 
inferior eervieal ganglion form a plexus on the inferior thyroid artery, 
which aeeompanies the artery to the thyroid gland, and communicates 
with the reoirrent laryngeal and external braneh of the superior laryn- 
geal nerves, with the superior eardiae nerve, and with the plexus on the 
eommon earotid artery. 

Imaging 


The follicular nature of the thyroid gland is not resolved by current 
imaging techniques and thus presents a homogeneous texture on eross- 
seetional imaging (ultrasound, computed tomography, magnetie reso- 
nanee imaging (MRI)). Its superficial loeation makes the thyroid an 
ideal organ for sonographie examination (Fig. 29.21). The thyroid 
gland is highly vascular and demonstrates intense eontrast enhanee- 
ment and inereased signal on T 2 -weighted MRI (Fig. 29.22). Radiomi- 
elide imaging of the thyroid may be performed with technetium ( 99m Tc) 
perteehnetate. This readily available radionuclide is trapped by the 
thyroid in the same way as iodine but is not organified. It yields mor- 
phologieal information and will reveal the presenee of eetopie thyroid 
tissue. Functional data ean be obtained with the use of 123 iodine or 
131 iodine, which is trapped and organified. For fiirther reading, see 
Intenzo et al (2012). 
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Fig. 29.21 A thyroid sonogram 
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Fig. 29.22 A T 2 -weighted magnetie resonanee image at the level of the 
thyroid isthmus. Vessels show flow void; eompare with Figure 29.21. 


Microstructure 


The thyroid gland has a thin capsule of eonneetive tissne, which extends 
into the glandular parenehyma and divides eaeh lobe into irregularly 
shaped and sized lobules. The hmetional units of the thyroid are fol- 
lieles, which are spherieal and eyst-like, between 0.02 and 0.9 mm 
in diameter. Follieles eonsist of a eentral eolloid eore surrounded by 
a single-layered epithelium resting on a basal lamina (Fig. 29.23). 
Colloid eonsists almost entirely of an iodinated glyeoprotein, iodothy- 
roglobulin, which is the inaetive, stored form of the aetive thyroid 
hormones, tri-iodothyronine (T 3 ) and tetra-iodothyronine or thyroxine 
(T 4 ), and is produced by the follicular epithelial eells. Sufficient iodothy- 
roglobulin is stored extracellularly within follieles to regulate the meta- 
bolie aetivity of the body for up to 3 months. Follieles are surrounded 
by a delieate eonneetive tissue stroma, eontaining dense plexuses of 
fenestrated eapillaries, extensive lymphatie networks and sympathetie 
nerve fibres that supply the arterioles and eapillaries. Some nerve fibres 
end elose to the follicular epithelial eells. 



Fig. 29.23 A seetion through parts of several human thyroid follieles, one 
of which is labelled (F), showing the follicular epithelium (arrows) 
enelosing a lumen filled with eolloidal thyroglobulin (CT). Calcitonin- 
seereting C eells are not readily identifiable in routine preparations of 
human tissue, where they appear as poorly staining (elear) eells within 
follieles; an example is indieated by the asterisk. A network of blood 
vessels (BV) within eonneetive tissue septa surrounds the follieles. 
(Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 


are short in resting eells, but elongate and often braneh on stimulation 
by TSH. Follieles showing differing levels of aetivity may coexist. 

Aetive follicular eells are highly polarized fimetionally. The seeretion 
ofTSH leads to endoeytosis of eolloidal droplets at the himinal epithe- 
lium (see Fig. 29.23). The hormone provokes the eells to extend eyto- 
plasmie proeesses into the luminal eolloid and sequester droplets of 
eolloid. The iodinated thyroglobulin in the intraeelhilar eolloid drop- 
lets is then degraded by follicular eell lysosomes, liberating T 3 and T 4 , 
which pass to the base of the eell, where they are released. They are 
exported from the thyroid mainly via the blood eapillaries and lym- 
phaties. Prolonged high levels of circulating TSH induce follicular eell 
hypertrophy, progressive resorption of eolloid and inereased stromal 
vascularity, and this ean result in thyroid enlargement. 

C eells Thyroid parenehyma also eontains C (elear) eells, so ealled 
because they have pale-staining eytoplasm, which is more pronounced 
in some speeies than in the human thyroid. C eells are members of the 
amine precursor uptake and decarboxylation (APHD) system of dis- 
persed neuroendocrine eells. They produce the peptide hormone ealei- 
tonin (thyroealeitonin), which lowers blood calcium by inhibiting bone 
resorption and calcium reeovery from renal tubule ultrafiltrate. C eells 
populate the middle third of eaeh lateral lobe of the thyroid and are 
typieally found seattered within thyroid follieles, lying inside the basal 
lamina but not reaehing the folliele lumen. Oeeasionally, they occur in 
clusters in the interfollicular stroma, which is why they are also ealled 
parafollicular eells. 

Thyroideetomy 


Apart from variable enlargement during menstmation and pregnaney, 
any thyroid swelling is a goitre, which may press on related structures. 
Symptoms most eommonly are the consequence of pressure on the 
traehea or on the recurrent laryngeal nerves, and there may also be 
venous engorgement. During thyroideetomy, eare must be taken when 
tying off the superior and inferior thyroid arteries to avoid damage to 
adjaeent nerves. The external laryngeal nerve mns elose to the superior 
thyroid artery, and the recurrent laryngeal nerve mns elose to the infer- 
ior thyroid artery. Total thyroideetomy may be neeessary in the treat- 
ment of hyperthyroidism (overaetive thyroid), as well as for thyroid 
enlargement in the euthyroid state. The parathyroid glands and the 
recurrent laryngeal nerves are preserved. 


Follieillar eells Follioilar eells vary from squamous or low cuboidal 
to columnar, depending on their level of aetivity, which is eontrolled 
mainly by eiroilating hypophysial thyroid-stimulating hormone (TSH, 
thyrotropin). Resting follieles are large and lined by squamous or low 
cuboidal epithelium with abundant luminal eolloid. Apieal mierovilli 


PARATHYROID GLANDS 


The parathyroid glands are small, yellowish-brown, ovoid or lentiform 
stmctures, usually lying between the posterior lobar borders of the 
thyroid gland and its capsule. They are eommonly 6 mm long, 3-4 mm 
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aeross and 1-2 mm from baek to front, eaeh weighing about 50 mg. 
Typieally, there are two on eaeh side, superior and inferior, but there 
may be more or there may be only three or many minute parathyroid 
islands seattered in eonneetive tissue near the usual sites. Very oeeasion- 
ally, an occult gland may follow a blood vessel into a groove on the 
surface of the thyroid. Normally, the inferior parathyroids migrate only 
to the inferior thyroid poles, but they may deseend with the thymus 
into the thorax or they may be sessile and remain above their normal 
level near the earotid bifurcation. The anastomotie eonneetion between 
the superior and inferior thyroid arteries that occurs along the posterior 
border of the thyroid gland usually passes very elose to the parathyroids, 
and is a useful aid to their identifieation. 

The superior parathyroid glands are more eonstant in loeation than 
the inferior and are usually to be found midway along the posterior 
borders of the thyroid gland, although they may be higher. The inferior 
pair are more variably situated (related to their embryologieal develop- 
ment) and may be either within the faseial thyroid sheath, below the 
inferior thyroid arteries and near the inferior lobar poles; or outside the 
sheath, immediately above an inferior thyroid artery; or in the thyroid 
gland near its inferior pole. These variations are surgically important 
(Fig. 29.24). A tumour of the inferior parathyroid situated within the 
faseial thyroid sheath may deseend along the inferior thyroid veins 
anterior to the traehea into the superior mediastinum, whereas if it is 
outside the sheath, it may extend posteroinferiorly behind the oesopha- 
gus into the posterior mediastinum. The superior parathyroids are 
usually dorsal, and the inferior parathyroids ventral, to the recurrent 
laryngeal nerves. 

The parathyroid glands are very flattened in eross-seetion and are not 
normally visible by current imaging methods, including seintigraphy, 
unless they are enlarged. 

Vascular supply and lymphatie drainage 


Both superior and inferior parathyroid glands are usually supplied by 
the inferior thyroid arteries; the superior thyroid may be supplied by 
the superior thyroid artery or from anastomoses between the superior 
and inferior thyroid arteries sometimes. The glands drain into the 
plexus of veins on the anterior surface of the thyroid. Lymph vessels are 
numerous and assoeiated with those of the thyroid and thymus glands. 

Innervation 


The nerve supply is sympathetie, either direet from the superior or 
middle eervieal ganglia, or via a plexus in the faseia on the posterior 


lobar aspeets. Parathyroid aetivity is eontrolled by variations in blood 
calcium level; it is inhibited by a rise and stimulated by a fall. The nerves 
are believed to be vasomotor but not seeretomotor. 

Microstructure 


Eaeh parathyroid gland has a thin eonneetive tissue capsule with intra- 
glandular septa but laeks distinet lobules. The parathyroids synthesize 
and seerete parathyroid hormone (PTH, parathormone), a single-ehain 
polypeptide of 84 amino-aeid residues eoneerned with the eontrol of 
the level and distribution of calcium and phosphoms. In ehildhood, 
the gland eonsists of wide, irregular, intereonneeting columns of ehief 
or prineipal eells separated by a dense plexus of fenestrated simisoidal 
eapillaries. After puberty, adipose tissue accumulates in the stroma and 
typieally accounts for about one-third of the adult tissue mass, inereas- 
ing further with age. 

Chief eells differ ultrastmcturally aeeording to their level of aetivity; 
aetive ehief eells have large Golgi complexes with numerous vesieles 
and small membrane-bound granules. Glyeogen granules are most 
abundant in inaetive eells, which have few of the eytoplasmie features 
of synthetie or seeretory aetivity, and appear histologieally as 'elear' eells. 
In normal human parathyroid glands, inaetive ehief eells outnumber 
aetive eells in a ratio of 3-5:1 (Fig. 29.25). In eontrast to the thyroid, 
where the aetivities of adjaeent follicular eells are eoordinated, indi- 
vidual ehief eells of the parathyroid glands go through eyeles of seere- 
tory aetivity and rest independently, aeeording to semm calcium levels. 

A seeond eell type, the oxyphil (eosinophil) eell, appears just before 
puberty and inereases in number with age. Oxyphil eells are larger than 
ehief eells and eontain more eytoplasm, which stains deeply with eosin. 
Their nuclei are smaller and more darkly staining than those of ehief 
eells, and their eytoplasm is unusually rieh in mitoehondria. The func- 
tional signifieanee of oxyphil eells and their relationship to ehief eells 
are uncertain. 


R00T 0F THE NECK 


The root of the neek is a zone of transition between four diserete ana- 
tomieal spaees: the neek, the thorax and both upper limbs (see Fig. 
29.18). It eontains the subclavian vessels; eommon earotid artery; 
tmnks of the braehial plexus; sympathetie tmnk; phrenie, vagus and 
recurrent laryngeal nerves (all bilaterally); the terminal portion of the 
thoraeie duct (on the left side only); the terminal portion of the right 
lymphatie duct (on the right side only); and the oesophagus and traehea 
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Fig. 29.24 The distribution of superior (A-C) and inferior (D-G) parathyroid glands. A, Cricothyroidal and juxtathyroidal. B, Behind the upper pole of the 
thyroid. C, Retropharyngeal and retro-oesophageal. D, Lower thyroid. E, intrathymie. F, Juxtathyroidal. G, Eetopie. 



























Root of the neek 



Fig. 29.25 A seetion of the parathyroid gland, showing clusters and eords 
of small, tightly paeked ehief eells surrounded by vascular sinusoids. 
Seattered oxyphil eells (arrows) are generally larger and more eosinophilie. 
(Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 


(in the midline). The braehioeephalie veins are formed by the union of 
the internal jugular and subclavian veins at the junction of the neek 
and thorax, behind the head of the elaviele. 

The essential anatomieal landmark in orientating and understanding 
the root of the neek is sealemis anterior, eovered by the prevertebral 
layer of deep eervieal faseia. Anteriorly lie sternoeleidomastoid and 
snbelavms, the intermediate tendon of omohyoid, the subclavian vein, 
branehes from the thyroeervieal tmnk of the fìrst part of the subclavian 
artery (transverse eervieal, suprascapular and aseending eervieal arter- 
ies), and the phrenie nerve. The nerve lies on the surface of scalenus 
anterior in the root of the neek, before passing between it and the 
subclavian vein to enter the superior mediastinum, and is the anatomi- 
eal key to identifying the muscle intraoperatively. Posteriorly, the roots 
of the braehial plexus and the seeond part of the subclavian artery sepa- 
rate scalenus anterior from scalenus medius. Pathologies that cause 
impingement on either braehial plexus or subclavian artery may present 
elinieally as an upper limb eompression syndrome. The suprapleural 
membrane and pleura are intimate posterior relations of sealemis an- 
terior. On eaeh side, the apieal (eervieal) pleura and the apex of the 
lung bulge up into the root of the neek. The height to which the apieal 
pleura rises - with referenee to the fìrst pair of ribs and eostal eartilages 
- varies in different individuals aeeording to the obliquity of the thor- 
aeie inlet. Posteriorly, the apieal pleura typieally reaehes the level of the 
neek of the fìrst rib; it forms a domed roof over eaeh side of the thoraeie 
eavity that is strengthened by the suprapleural membrane. Scalenus 
anterior eovers the anterolateral part of the dome of the pleura and 
separates it from the subclavian vein. The subclavian artery erosses the 
dome below its summit, immediately above the vein. The eostoeervieal 
tmnk arehes backwards from the subclavian artery and erosses the 
summit of the dome; its superior intereostal braneh deseends behind 
the dome, between the fìrst intereostal nerve laterally and the fìrst thor- 
aeie sympathetie ganglion medially. 

Medial relations of scalenus anterior are longus eolli and the inferior 
thyroid artery. The two muscles are separated by an angular interval 
through which the vertebral artery and vein pass to gain aeeess to the 
foramen transversarium of the sixth eervieal vertebra, and more anteri- 
orly the inferior thyroid artery arehes from lateral to medial on its way 
to the thyroid gland. The eervieal sympathetie ehain and the inferior 
eervieal ganglion lie elose to the posteromedial aspeet of the vertebral 
artery here. The internal thoraeie artery deseends from the fìrst part of 
the subclavian artery; it passes behind the braehioeephalie vein and, on 
the right side, is erossed by the phrenie nerve. The vagus deseends anter- 
ior to the fìrst part of the subclavian artery; on the right side only, its 
recurrent laryngeal braneh usually turns around the lower border of the 
artery. The terminal portions of the thoraeie duct and the right lym- 
phatie duct, on the left and right sides, respeetively, eross the triangular 
interval at the level of the seventh eervieal vertebra, eoming into eontaet 
with the medial edge of sealemis anterior. 

The axillary sheath, an extension of the prevertebral faseia that 
aeeompanies the axillary artery and tmnks of the braehial plexus, lies 
lateral to scalenus anterior. 


Cervical rib 

A small additional rib (eervieal rib) may develop in the root of the neek 
in assoeiation with the seventh eervieal vertebra. It is often fìbrous in 
nature, although in some eases it may have undergone ossifieation. A 
eervieal rib may cause eompression of the subclavian artery and the 
lower roots of the braehial plexus, in which ease affeeted individuals 
will eomplain of pain, paraesthesia and even pallor of the affeeted upper 
limb, a eondition known as thoraeie outlet syndrome. The oeeasional 
co-occurrence of mdimentary or absent twelfth ribs with eervieal ribs 
indieates that a homeotie shift had occurred over a larger part of the 
vertebral eohimn in affeeted fetuses (Bots et al 2011). For further reading 
on homeotie transformations of vertebrae, see Ten Broek et al (2012). 

0ES0PHAGUS - CERVICAL P0RTI0N 


The oesophagus is a muscular tube approximately 25 em long, eonneet- 
ing the pharynx to the stomaeh. It begins in the neek, level with the 
lower border of the erieoid eartilage and the sixth eervieal vertebra. It 
deseends, largely anterior to the vertebral column, into the superior 
mediastinum. Generally vertieal and median, it inelines to the left as 
far as the root of the neek, and also bends in an anteroposterior plane 
to follow the eervieal curvature of the vertebral column. 

Relations The traehea lies anterior to the oesophagus, attaehed to it 
by loose eonneetive tissue. The vertebral column, longus eolli and pre- 
vertebral layer of deep eervieal faseia are posterior, and the eommon 
earotid artery and posterior part of the thyroid gland are lateral on eaeh 
side. In the lower neek, where the oesophagus deviates to the left, it 
beeomes eloser to the left earotid sheath and thyroid gland than it is 
on the right. The thoraeie duct aseends for a short distanee along its left 
side. The recurrent laryngeal nerves aseend on eaeh side in or near the 
groove between the traehea and the oesophagus. 

Vascular supply and lymphatie drainage The eervieal part of 

the oesophagus is mainly supplied by branehes from the inferior 
thyroid arteries. The oesophageal veins drain into the braehioeephalie 
veins, and lymphatie vessels pass to retropharyngeal, paratraeheal or 
deep eervieal lymph nodes. 

Innervation The eervieal part of the oesophagus is innervated by the 
recurrent laryngeal nerves and by the sympathetie plexus around the 
inferior thyroid artery. 

TRACHEA - CERVICAL P0RTI0N 


The traehea is a tube 10-11 em long, formed of eartilage and fibromus- 
cular membrane. It deseends from the larynx, and extends from the level 
of the sixth eervieal vertebra to the upper border of the fifth thoraeie 
vertebra (see Figs 29.14, 29.22). It lies approximately in the sagittal 
plane but its point of bifhreation is usually a little to the right. The 
traehea is flexible and ean rapidly alter in length. It is flattened pos- 
teriorly so that in transverse seetion it is shaped, with some individual 
variation, like a letter D. Its external transverse diameter is 2 em in adult 
males, and 1.5 em in adult females. The lumen in live adults is 1.2 em 
in transverse diameter. In ehildren, the traehea is smaller, more deeply 
plaeed and more mobile. Traeheal diameter does not exceed 3 mm in 
the first postnatal year; during later ehildhood its diameter in milli- 
metres is about equal to age in years. 

Relations The relationships of the traehea to other eervieal structures 
is of elinieal signifieanee: traeheostomy is not an uncommon elinieal 
procedure (see below). Anteriorly, the eervieal part of the traehea is 
erossed by skin and by the superficial and deep faseiae. It is also erossed 
by the jugular areh and overlapped by sternohyoid and sternothyroid. 

The seeond to fourth traeheal eartilages are erossed by the isthmus of 
the thyroid gland, above which an anastomotie artery eonneets the 
bilateral superior thyroid arteries. Below and in front are the pretraeheal 
faseia, inferior thyroid veins, thymie remnants and the arteria thyroidea 
ima (when it exists). In ehildren, the braehioeephalie artery erosses 
obliquely in front of the traehea at or a little above the upper border 
of the manubrium. The left braehioeephalie vein may also rise a little 
above this level. The oesophagus lies posterior to the traehea and sepa- 
rates it from the vertebral column. The paired lobes of the thyroid 
gland, which deseend to the fifth or sixth traeheal eartilage, and the 
eommon earotid and inferior thyroid arteries all lie lateral to the 
traehea. The recurrent laryngeal nerves aseend on eaeh side, in or near 
the grooves between the sides of the traehea and oesophagus. 473 
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Vascular supply and lymphatie drainage The eervieal part of 

the traehea is mainly supplied by branehes from the inferior thyroid 
arteries. The traeheal veins drain into the braehioeephalie veins via the 
inferior thyroid plexus, and lymphatie vessels drain into the pretraeheal 
and paratraeheal nodes. 

Innervation The traehea is innervated by branehes from the vagi, 
recurrent laryngeal nerves and sympathetie tmnks. 

Surgical airway The traehea may be aeeessed direetly in the neek via 

erieothyroidotomy or traeheostomy. There are numerous indieations for 
performing an eleetive traeheostomy. They include the need to provide 
prolonged intubation and pulmonary toilet, and to manage acute 
airway obstmetion from supraglottic or glottie pathology or trauma 
(e.g. mid-faee, mandibular or laryngeal fractures). 


For detailed deseriptions of the operative procedures, appropriate 
surgical texts should be consulted. It is worth emphasizing here, 
however, the importanee of understanding the relevant regional 
anatomy. In ereating a surgical airway, potential hazards ean be avoided 
by disseeting in the midline. In the midline, the isthmus of the thyroid 
gland, which normally overlies the seeond and third traeheal rings, 
should be divided. Careful haemostasis minimizes the risk of eata- 
strophie postoperative bleeding. A high bifurcation of the braehio- 
eephalie tmnk, or aberrant anterior jugular veins (which usually lie 
between the midline and anterior border of sternoeleidomastoid) are 
additional anatomieal eomplieations (Gerand Evans 1993, Jarvis 1966, 
Raeie et al 2005). 

Cricothyroidotomy endangers the erieothyroid artery (a braneh of 
the superior thyroid artery), which is usually found elose to the midline, 
and which reaehes the median erieothyroid ligament elose to the 
thyroid eartilage. 
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CHAPTER 



SKIN 


The sealp and biieeolabial tissues are deseribed here. The structure of 
the eyelids is discussed on page 680. 

SCALP 


The sealp extends from the top of the forehead in front to the superior 
nuchal line behind. Laterally, it projeets down to the zygomatie areh 
and external acoustic meatus. It eonsists of five layers: skin, subcutane- 
ous tissue, oeeipitofrontalis (epicranius) and its aponeurosis, subap- 
oneurotic loose areolar tissue and periosteum of the skull (pericranium). 

The skin of the sealp is hairy and rieh in sebaceous glands; it is the 
most eommon site for sebaceous eysts. The dense subcutaneous eon- 
neetive tissue has the riehest cutaneous blood supply in the body. The 
anterior and posterior muscular bellies of oeeipitofrontalis are eon- 
neeted by a tough, fibrous, epieranial aponeurosis, and this layer is 
therefore often ealled the aponeurotic layer (galea aponeurotica). These 
three upper layers of the sealp ean easily slide on the underlying layer 
of loose eonneetive tissue. A sealp flap ean be raised within the plane 
between the galea and the pericranium without eompromising either 
the blood or the nerve supply of the sealp because all of these structures 
lie in the subcutaneous layer (superficial faseia). Anteriorly based sub- 
galeal sealp flaps (bieoronal) provide excellent aeeess to the eraniofaeial 
skeleton for the eorreetion of eongenital deformity such as eraniosyn- 
ostoses; treatment of eraniofaeial fractures involving the frontal bone, 
nasoethmoidal complex, orbit or zygomatie areh; skull-base surgery; or 
eraniotomies. Perieranial flaps ean be used to separate the frontal sinus 
floor from the nasal eavity in the management of fractures of the pos- 
terior wall of the frontal sinus (frontal sinus eranialization). Traumatic 
sealp avulsion may occur if hair beeomes trapped in moving maehinery 
or a shearing foree is applied in the subgaleal plane during a road traffie 
aeeident or fall injury. 

The arterial blood supply to the sealp is particularly rieh, and there 
are free anastomoses between branehes of the oeeipital and superficial 
temporal vessels. Sealp laeerations continue to bleed profiisely because 
the elastie fibres of the underlying galea aponeurotica prevent initial 
vessel retraetion. Their repair requires a two-layer closure technique to 
approximate the galea aponeurotica and skin layers. The perieranial 
layer, if involved, eannot usually be elosed because it retraets. 

EYEBR0WS 


The eyebrows are two arehed eminenees of skin that surmount the 
orbits. Numerous short, thiek hairs are set obliquely in them. Fibres of 
orbiailaris oculi, eormgator and the frontal part of oeeipitofrontalis are 
inserted into the dermis of the eyebrows. 

BUCC0LABIAL TISSUE 
Cheeks 


The eheeks are continuous in front with the lips. The external junction 
is indieated by the nasolabial groove (sulcus) and ffirther laterally by 
the nasolabial fold, which deseends from the side of the nose to the 
angle of the mouth. The eheek is eovered on the outer surface by skin 
and on the inner surface by mucosa. Eaeh eheek eontains the buccinator 
muscle, and a variable, but usually eonsiderable, amount of adipose 
tissue, which is often encapsulated to form a bieoneave mass, the buccal 
fat pad (of Biehat), particularly evident in infants. The walls of the eheek 
also eontain fibrous eonneetive tissue, vessels, nerves and numerous 


small buccal mucous (salivary) glands. The buccal fat pad ean be used 
to reeonstmet small intraoral defeets of the palate and buccal and retro- 
molar regions following surgery. 

Lips 


The lips are two fleshy folds surrounding the oral orifiee. The eentre of 
eaeh lip eontains a thiek fibrous strand, eonsisting of parallel bundles 
of skeletal muscle fibres (orbicularis oris, together with incisivus su- 
perior and inferior, and the direet labial traetors), and their attaehments 
to skin, mucosa or other muscle fibres. The free external surface of eaeh 
lip is eovered by a thin keratinized epidermis, and is continuous with 
the imieosa at the vermilion (red) zone of the lip. The dermis is well 
vascularized and eontains numerous hair follieles (many of them large 
in the male), sebaceous glands (Fordyee spots) and sweat glands. Sub- 
cutaneous adipose tissue is seanty. The internal mucous surfaces are 
lined with a thiek, non-keratinizing, stratified squamous epithelium. 
The submucosa is well vascularized and eontains numerous minor sal- 
ivary glands, which may be harvested for histologieal eonfirmation of 
Sjògren's eonneetive tissue disease. 

Between the skin and imieosa, the vermilion zone is eovered with a 
speeialized keratinized stratified squamous epithelium, which is thin 
near the skin, inereases in thiekness slightly as the mucosa is approaehed, 
and then thiekens abmptly when tme mucosa is reaehed. The epithe- 
lium is eovered with transparent, dead squames and its deep surface is 
highly convoluted, interdigitating with abundant long dermal papillae. 
The latter earry a rieh eapillary plexus that imparts a dusky red colour. 
These surfaces are hairless, their dermis laeks sebaceous, sweat or 
mucous glands, and they are moistened with saliva by the tip of the 
tongue. The dense innervation of the lips is refleeted in their acute 
sensitivity to light touch sensation, attributable mainly to the inereased 
density of Meissner's corpuscles (see flg 3.27) in the dermal papillae. 

The size and curvature of the exposed red-lip surfaces is subject to 
eonsiderable individual, gender and ethnie variation. The attainment of 
adult dimensions is faster in the upper than in the lower lip; the cutane- 
ous upper lip height normally reaehes its adult size at the age of 3 years 
in females and 6 years in males (Farkas et al 1992). In ehildren, all lip 
dimensions (distanees, areas, volumes) are larger in boys than in girls 
(Ferrario et al 2000). IJpper lip length is signifieantly shorter in females 
than in males and follows the growth pattern of the upper airway. 
Growth plateaus between the ages of 6 and 9 years, inereases again from 
9 to 16 years, and plateaus between 16 and 18 years (Gongalves 
et al 2011). 

The line of eontaet between the lips, the oral fissure, lies just above 
the ineisal edges of the anterior maxillary teeth. On eaeh side, a labial 
commissure forms the angle (eorner) of the mouth, usually near the 
first premolar tooth. The labial epithelia and internal tissues radiate 
over the boundaries of the commissure to beeome continuous with 
those of the eheek. With age, buccolabial (labiomarginal) grooves 
appear at the eorners of the mouth. On eaeh side, the upper lip is sepa- 
rated from the eheek laterally by the nasolabial groove and is eontimi- 
ous above the nasal ala with the eiraimalar groove (sulcus). The lower 
lip is separated from the ehin by the mentolabial groove (sulcus). 

Externally, the eentral region of the upper lip presents a shallow 
vertieal groove, the philtmm, which is limited above by its attaehment 
to the columella of the nose, and ends below in a slight tubercle limited 
by lateral ridges. The lower lip shows a small depression in the midline 
that eorresponds to the tubercle. The junction between the external, 
hair-bearing skin and the red, hairless surface of the upper lip almost 
invariably takes the form of a double-curved Cupid's bow. From the 
eentre, it rises rapidly on eaeh side to an apex that eorresponds to the 
lower end of eaeh ridge of the philtmm, and then slopes gently down- 
wards towards the angle of the mouth. The line of eontaet between the 
red-lip surfaces is typieally almost horizontal. The Cupid's bow is inter- 
mpted in eleft lip anomalies. 
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Fig. 30.1 The distribution of relaxed skin 
tension lines (Kraissl’s lines). A, Lateral view. 
B, Anterior view. 


In the upper lip, a narrow band of smooth tissue related to the 
subnasal maxillae marks the point at which labial mucosa beeomes 
continuous with gingival mucosa. The eorresponding reflexion in the 
lower lip eoineides approximately with the mentolabial sulcus, and here 
the lip is continuous with mental tissues. The upper and lower lips 
differ in eross-seetional profile in that neither is a simple fold of uniform 
thiekness. The upper lip has a bulbous asymmetrieal proíìle: the skin 
and red-lip have a slight external convexity, and the adjoining red-lip 
and mucosa a pronounced internal convexity ereating a mucosal ridge 
or shelf that ean be wrapped around the ineisal edges of the parted 
teeth. The lower lip is on a more posterior plane than the upper lip. In 
the position of neutral lip eontaet, the external surface of the lower lip 
is eoneave and there is little or no elevation of the internal mucosal 
surface. The profìle of the lips ean be modified by muscular aetivity. 

RELAXED SKIN TENSION LINES AND SKIN FLAPS 
0N THE FACE 


The direetion in which faeial skin tension is greatest varies regionally. 
Skin tension lines, which follow the furrows formed when the skin is 
relaxed, are known as 'relaxed skin tension lines' (Borges and Alexander 
1962). In the living faee, these lines frequently (but not always) eoin- 
eide with wrinkle lines (Fig. 30.1) and ean therefore aet as a guide in 
planning eleetive ineisions. 

When lesions on the faee, such as sears, pigmented lesions and skin 
eaneers, are excised, the dimensions of these lesions often require exci- 
sion as an ellipse, so that the resulting defeet ean be elosed as a straight 
line. If the resulting sear is to be aesthetieally aeeeptable, it is important 
to make the long axis of the ellipse parallel to the natural relaxed skin 
tension lines, so that the sear will look like a natural skin erease. If the 
excision line mns eontrary to the skin tension lines, the sear may be 
more conspicuous and will tend to streteh transversely as a result of 
natural expressive faeial movements. 

When larger lesions are excised, it may be neeessary to advanee or 
rotate adjaeent soft tissue to fill the defeet. The ability to raise these skin 
flaps is entirely dependent on the regional blood supply, and both 
random pattern and axial pattern skin flaps are used surgically. Because 
of the riehness of the subdermal plexus in the faee, random pattern flaps 
ean be raised with a greater length:breadth ratio than in any other area 
of the body. 

The following are examples of axial pattern flaps that ean be used to 
reeonstmet defeets on the faee and sealp. Supratrochlear/supraorbital 
arteries support forehead flaps that are useful for nasal reeonstmetion; 
there is usually enough skin laxity to allow the majority of the donor 
site to be elosed direetly. The frontal braneh of the superficial temporal 
artery anastomoses in the midline with its opposite number, and eon- 
sequently the entire forehead skin ean be raised on a narrow pediele 
based on just one of the superficial temporal arteries. These flaps ean 
be used to repair many faeial defeets and also intraoral defeets, but the 
donor site defeet eannot be elosed direetly and must be eovered by a 
skin graft. The parietal braneh of the superficial temporal artery and the 


oeeipital artery ean support hair-bearing flaps from the sealp, which are 
useful for reeonstmeting defeets involving the sealp. The nasolabial flap 
utilizes the lax skin just lateral to the nasolabial groove. It is not sup- 
plied by a named axial artery but rather its blood supply is provided by 
many small branehes from the underlying faeial artery. These branehes 
mn perpendiailar to the skin surface. Nasolabial flaps ean be either 
superiorly or inferiorly based. 


SOFT TISSIIE 


FASCIAL LAYERS 


Faseia of sealp 


The superficial faseia of the sealp is firm, dense and fibroadipose, and 
adheres elosely to both skin and the underlying epicranius and its 
aponeurosis. Posteriorly, it is continuous with the superficial faseia of 
the baek of the neek; laterally, it is prolonged into the temporal region, 
where it is looser in texture. 

Faseial layers and tissue planes in the faee 

On the basis of gross disseetion and eomplementary histologieal 
studies, four distinet tissue planes are reeognized on the faee superficial 
to the plane of the faeial nerve and its branehes. From superficial to 
deep, these layers are the skin; a subcutaneous layer of fibroadipose 
tissue; the superficial musculo-aponeurotic system (SMAS); and the 
parotid-masseterie faseia. 

Subcutaneous fibroadipose tissue 

This homogeneous layer is present throughout the faee, although the 
degree of adiposity varies in different parts of the faee and with age. 
Anteriorly, it erosses the nasolabial fold on to the lip; superiorly, it 
erosses the zygomatie areh. In both loeations, the layer is more faseial 
than fatty. The fat eontent of the subcutaneous tissue in the eheek 
accounts for the eheek mass; part of the subcutaneous adipose tissue is 
the malar fat pad, a more or less diserete aggregation of fatty tissue 
inferolateral to the orbital margin. 

Superficiai muscuio-aponeurotic 
system (SMAS) 

This is deseribed as a single tissue plane in the faee. In some areas, it is 
eomposed of muscle fibres, and elsewhere it is eomposed of fibrous or 
fibroaponeurotic tissue; it is not direetly attaehed to bone. When traeed 
below the level of the lower border of the mandible, it beeomes eon- 
tinuous with platysma in the neek. Mierodisseetion has revealed that 
the superficial musculo-aponeurotic system beeomes indistinet on the 
lateral aspeet of the faee approximately 1 em below the level of the 
zygomatie areh. Anteromedially, the superficial musculo-aponeurotic 
system layer beeomes continuous with some of the mimetie muscles, 























Bones of the faeial skeleton and eranial vault 


temporal faseia is a dense aponeiirotie layer that lies deep to the tem- 
poroparietal fat pad and eovers temporalis; the deep surface of the 
faseia affords attaehment to the superficial fibres of temporalis. Above, 
it is a single layer attaehed along the length of the superior temporal 
line, blending with the periosteum. Below, at approximately the level 
of the superior orbital rim, it splits into superficial and deep laminae 
that mn downwards to attaeh to the lateral and medial margins of the 
upper surface of the zygomatie areh, respeetively. These faseial attaeh- 
ments have a elinieal applieation in the reduction of fractures of the 
zygomatie complex via a Gillies approaeh: an instmment is inserted 
deep to the deep lamina of temporalis faseia through a sealp ineision 
and used to elevate depressed zygomatie complex fractures. The fat 
enelosed between these two layers is termed the superficial temporal fat 
pad; it eontains the zygomatieo-orbital braneh of the superficial tem- 
poral artery and a cutaneous nerve, the zygomatieotemporal braneh of 
the maxillary nerve. The temporal faseia is overlapped by auriculares 
anterior and superior, the epieranial aponeurosis and part of orbicularis 
oculi, and the superficial temporal vessels and auriculotemporal nerve 
aseend over it. 

Buccopharyngeal faseia 

Buccinator is eovered by a thin layer of faseia, the buccopharyngeal 
faseia, which also eovers the superior eonstrietor of the pharynx 

(Ch. 34). 


including zygomaticus major, frontalis and the periorbital fibres of 
orbiailaris oculi (Yousif and Mendelson 1995). 

In most areas of the faee, a distinet sub-superficial musculo- 
aponeurotic system plane ean be defined deep to the superficial 
musculo-aponeurotic system. It is continuous with the plane between 
platysma and the underlying investing layer of deep eervieal faseia in 
the neek. However, where it overlies the parotid gland, the superficial 
musculo-aponeurotic system is firmly blended with the superficial layer 
of the parotid faseia, which means that a elear sub-superficial musculo- 
aponeurotic system plane is difficult, if not impossible, to define in the 
region of the parotid. 

Parotid-masseteríe faseia 

This is a thin, translucent and tough faseial layer that eovers the parotid 
duct and the buccal braneh of the faeial nerve and intereonneeting 
branehes from the mandibular nerve as these structures all lie on the 
surface of masseter. Further anteriorly, the parotid-masseterie faseia 
overlies the buccal fat pad lying superficial to buccinator. Having 
erossed the surface of the buccal fat pad, the faseia blends with the 
epimysium on the surface of buccinator. It is continuous with the 
investing layer of deep eervieal faseia below the lower border of 
the mandible. 

Parotid faseia (capsule) 

The parotid gland is surrounded by a fibrous capsule ealled the parotid 
faseia or capsule. Traditionally, this has been deseribed as an upward 
continuation of the investing layer of deep eervieal faseia in the neek, 
which splits to enelose the gland within a superficial and a deep layer. 
The superficial layer is attaehed above to the zygomatie proeess of the 
temporal bone, the cartilaginous part of the external acoustic meatus, 
and the mastoid proeess. The deep layer is attaehed to the mandible, 
and to the tympanie plate, styloid and mastoid proeesses of the tempo- 
ral bone. The prevailing view is that the deep layer of the parotid capsule 
is derived from the deep eervieal faseia. However, the superficial layer 
of the parotid capsule appears to be continuous with the faseia assoei- 
ated with platysma, and is now regarded as a eomponent of the super- 
fieial musculo-aponeurotic system (Mitz and Peyronie 1976, Wassef 
1987, Gosain et al 1993). It varies in thiekness from a thickfibrous layer 
anteriorly to a thin translucent membrane posteriorly. It may be traeed 
forwards as a separate layer which passes over the masseterie faseia 
(itself derived from the deep eervieal faseia), separated from it by a eel- 
lular layer that eontains branehes of the faeial nerve and the parotid 
duct. Histologieally, the parotid faseia is atypieal in that it eontains 
muscle fibres that parallel those of platysma, espeeially in the lower part 
of the parotid capsule. Although thin fibrous septa may be seen in the 
subcutaneous layer at the histologieal level, maeroseopieally there is 
little evidenee of a distinet layer of superficial faseia. 

The deep faseia eovering the muscles forming the parotid bed (digas- 
trie and styloid group of muscles) eontains the stylomandibular and 
mandibulostylohyoid ligaments. The stylomandibular ligament passes 
from the styloid proeess to the angle of the mandible. The more exten- 
sive mandibulostylohyoid ligament (angular traet) passes between the 
angle of the mandible and the stylohyoid ligament for varying dis- 
tanees, generally reaehing the hyoid bone. It is thiek posteriorly but 
thins anteriorly in the region of the angle of the mandible. There is 
some dispute as to whether the mandibulostylohyoid ligament is part 
of the deep eervieal faseia (Ziarah and Atkinson 1981) or lies deep to 
it (Shimada and Gasser 1988). The stylomandibular and mandibulo- 
stylohyoid ligaments separate the parotid gland region from the super- 
fieial part of the submandibular gland, and so are landmarks of surgical 
interest. 

Temporoparietal and temporal faseiae 

Above the level of the zygomatie areh, on the lateral side of the head, 
the temporoparietal faseia (superficial temporal faseia) constitutes a 
faseial layer that lies in the same plane as, but is not continuous with, 
the superficial musculo-aponeurotic system. It is quite separate from, 
and superficial to, the temporal faseia (deep temporal faseia). More 
superiorly, it blends with the galea aponeurotica. The plane between 
the temporoparietal faseia and the underlying deep temporal faseia 
eontains loose areolar tissue and a small amount of fat. This tissue 
plane, the temporoparietal fat pad, is continuous superiorly with the 
subgaleal plane of loose areolar tissue in the sealp. Running superiorly 
in the temporoparietal faseia or just deep to it are the superficial tem- 
poral vessels, the auriculotemporal nerve and its branehes, and the 
temporal branehes of the faeial nerve. When raising a bieoronal flap, 
identifieation of the temporoparietal fat pad helps to separate these two 
faseial layers; subsequent disseetion in a plane deep to the temporo- 
parietal faseia proteets the temporal braneh of the faeial nerve. The 


Retaining ligaments of the faee 

These ligaments are faseial bands at speeifie sites, which serve to anehor 
the skin to the underlying bone. The general cutaneous laxity that 
attends the ageing proeess ( lommentary 4.3) renders faeial skin subject |t§ 
to gravitational pull. However, at sites where retaining ligaments are 
present, the effeet of gravitational pull is resisted. When performing 
faeelift procedures, these ligaments must be surgically divided in order 
to faeilitate redraping of faeial skin. Examples of retaining ligaments in 
the faee are the zygomatie ligament (also known as MeGregor's pateh) 
and the mandibular ligament. 


Faseial spaees 

Two tissue spaees on the faee may be involved in the spread of odon- 
togenie infeetion. They are the buccal tissue spaee, lying between the 
skin and the surface of buccinator, and the infraorbital tissue spaee, 
lying between the bony attaehments of levator labii superioris and 
levator anguli oris. 


BONES OF THE FAOIAL SKELETON AND 
ORANIAL VAULT 


The faeial skeleton is the anterior part of the skull and includes 
the mandible. The bones of the nasoethmoidal and zygomaticomaxil- 
lary complexes are deseribed here. The mandible is deseribed in 

Chapter 32. 

PARIETAL BONE 


The two parietal bones form most of the eranial roof and sides of the 
skull. Eaeh is irregularly quadrilateral and has two surfaces, four borders 
and four angles (Fig. 30.2). 

The external surface is convex and smooth, with a eentral parietal 
tuber (tuberosity). Curved superior and inferior temporal lines eross it 
and form posterosuperior arehes. The temporal faseia is attaehed to the 
superior line or areh, and temporalis is attaehed to the inferior line or 
areh. The epieranial aponeurosis lies above these lines, and part of the 
temporal fossa lies below. Posteriorly, elose to the sagittal (superior) 
border, an ineonstant parietal foramen transmits a vein from the su- 
perior sagittal sinus and sometimes a braneh of the oeeipital artery. 

The internal surface is eoneave and marked by impressions of eere- 
bral gyri and by grooves for the middle meningeal vessels. The latter 
aseend, inelining backwards, from the sphenoidal (anteroinferior) 
angle and posterior half (or more) of its inferior border. A groove for 
the superior sagittal sinus lies along the sagittal border and is eompleted 
by the groove on the opposite parietal bone. The falx eerebri is attaehed 
to the edges of the groove. Granular foveolae for araehnoid granulations 
flank the sagittal sulcus and are most pronounced in old age. 

The dentated sagittal border, longest and thiekest, articulates with 
the opposite parietal bone at the sagittal suture. The anterior part of the 
squamosal (inferior) border is short, thin and tmneated, bevelled exter- 
nally and overlapped by the greater wing of the sphenoid. The middle 
part of the inferior border is arehed, bevelled externally and overlapped 477 
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Fig. 30.2 The left parietal bone. A, External view. B, Internal view. 


by the squamous part of the temporal bone. The posterior part of the 
inferior border is short, thiek and serrated for articulation with the 
mastoid part. 

The frontal border is deeply serrated, bevelled externally above and 
internally below, and articulates with the frontal bone to form one half 
of the eoronal suture. The oeeipital border, deeply dentated, articulates 
with the oeeipital bone, forming one half of the lambdoid suture. 

The frontal (anterosuperior) angle, which is approximately 90°, is 
at the bregma, where sagittal and eoronal sutures meet, and marks the 
site of the anterior fontanelle in the neonatal skull. The sphenoidal 
(anteroinferior) angle lies between the frontal bone and greater wing 
of the sphenoid. Its internal surface is marked by a deep groove or eanal 
that earries the frontal branehes of the middle meningeal vessels. The 
frontal, parietal, sphenoid and temporal bones usually meet at the 
pterion, which marks the site of the sphenoidal fontanelle in the embry- 
onie skull. The frontal bone sometimes meets the squamous part of the 
temporal bone, in which ease the parietal bone fails to reaeh the greater 
wing of the sphenoid bone. The rounded oeeipital (posterosuperior) 
angle is at the lambda, the meeting of the sagittal and lambdoid sutures, 
which marks the site of the posterior fontanelle in the neonatal skull. 
The blunt mastoid (posteroinferior) angle articulates with the oeeipital 
bone and the mastoid portion of the temporal bones at the asterion. 
Internally, it bears a broad, shallow groove for the junction of the 
transverse and sigmoid sinuses. 

Ossifieation 


Eaeh parietal bone is ossified from two eentres that appear in dense 
mesenehyme near the tuberosity, one above the other, at about the 
seventh week in utero. These two eentres unite early and ossifieation 


subsequently radiates from them towards the margins. The angles are 
therefore the last parts to be ossified, and fontanelles occur at these 
sites. At birth, the temporal lines are low down; they only reaeh their 
final position after the emption of the molar teeth. Oeeasionally, the 
parietal bone is divided by an anteroposterior suture. 

FRONTAL BONE 


The frontal bone is like half of a shallow, irregular eap forming the 
forehead or frons (Fig. 30.3). It has three parts and eontains two eavi- 
ties, the frontal sinuses. 

Squamous part 


The squamous part forms the major portion of the frontal bone. Its 
external surface has a rounded frontal tuber (tuberosity) approximately 
3 em above the midpoint of eaeh supraorbital margin. These tubera 
vary, but are espeeially prominent in young skulls and more so in adult 
females than males. Below them, and separated by a shallow groove, 
are two curved superciliary arehes, medially prominent and joined by 
a smooth median elevated glabella. The arehes are more prominent in 
males; prominenee depends partly on the size of the frontal sinuses, 
but is oeeasionally assoeiated with small sinuses. The oirved supra- 
orbital margins of the orbital openings lie inferior to the superciliary 
arehes. The lateral two-thirds of eaeh margin are sharp, the medial third 
rounded; a supraorbital noteh or foramen, which transmits the supra- 
orbital vessels and nerve, lies at the junction between them. A small 
frontal noteh or foramen lies medial to the supraorbital noteh in half 
of skulls. Both features show sexual dimorphism. The supraorbital 
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Fig. 30.3 The frontal bone. A, Anterior view. B, Inferior view, including the articulations between the frontal, ethmoid and nasal bones. (With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


margin ends laterally in a strong, prominent zygomatie proeess that 
articulates with the zygomatie bone. A line curves posterosuperiorly 
from the proeess and divides into superior and inferior temporal lines, 
which are continued on the squamous part of the temporal bone. The 
area of the frontal bone below and behind the temporal lines is known 
as the temporal surface and forms the anterior part of the temporal 
fossa. The parietal (posterior) margin is thiek, deeply serrated, and 
bevelled internally above and externally below. Inferiorly it beeomes a 
rough, triangular surface that articulates with the greater wing of the 
sphenoid. 

The internal surface of the frontal bone is eoneave. Its upper, median, 
part displays a vertieal sulcus whose edges unite below as the frontal 
erest. The sulcus eontains the anterior part of the superior sagittal sinus. 
The erest ends in a small noteh that is eompleted by the ethmoid bone 
to form a foramen eaeaim. The anterior portion of the falx eerebri is 
attaehed to the margins of the sulcus and to the frontal erest. The in- 
ternal surface shows impressions of eerebral gyri, small furrows for 
meningeal vessels, and granular foveolae for araehnoid granulations 
near the sagittal sulcus. 

Nasal part 


The nasal part of the frontal bone lies between the supraorbital margins. 
A serrated nasal noteh articulates with the nasal bones inferiorly and 
with the frontal proeesses of the maxillae and the laerimal bones 


laterally. From the eentre of the noteh posteriorly, the bone projeets 
anteroinferiorly behind the nasal bones and the frontal proeesses of the 
maxillae, and supports the nasal bridge. The region ends in a sharp 
nasal spine, on eaeh side of which a small grooved surface partly roofs 
the ipsilateral nasal eavity. The nasal spine makes a very small contribu- 
tion to the nasal septum; it articulates anteriorly with the erest of the 
nasal bones and posteriorly with the perpendicular plate of the ethmoid 
bone. 

Orbital parts 


Most of the frontal bone is thiek and eonsists of trabecular tissue lying 
between two eompaet laminae. In eontrast, the orbital plates eonsist 
entirely of eompaet bone and are thin and often translucent posteriorly; 
indeed, they may be partly absorbed in old age. 

The orbital plates form the largest part of the orbital roofs and are 
two thin, oirved, triangular laminae separated by a wide ethmoidal 
noteh. The orbital surface of eaeh plate is smooth and eoneave, and 
bears a shallow anterolateral fossa for the laerimal gland. The troeh- 
lear fovea (or spine) for attaehment of a fibrocartilaginous troehlea, 
through which the tendon of superior oblique plays, lies below and 
behind the medial end of the supraorbital margin, midway between 
the supraorbital noteh and frontolaerimal suture. The convex eerebral 
surface is marked by frontal gyri and faint grooves for meningeal 
vessels. 
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The quadrilateral ethmoidal noteh is occupied by the eribriform 
plate of the ethmoid bone. Inferior to its lateral margins, the bone 
articulates with the labyrinths of the ethmoid bone, and impressions 
of the ethmoidal air eells ean be seen on this surface. Two transverse 
grooves aeross eaeh margin are eonverted into anterior and posterior 
ethmoidal eanals by articulation with the ethmoid bone; these eanals 
open on the medial orbital wall and transmit the anterior and posterior 
ethmoidal nerves and vessels. The posterior borders of the orbital plates 
are thin and serrated, and articulate with the lesser wings of the sphe- 
noid; their lateral parts usually appear in the middle eranial fossa 
between the greater and lesser wings of the sphenoid. 

The frontal sinuses are two irregular eavities that aseend posterolat- 
erally for a variable distanee between the frontal laminae. They are 
separated by a thin septum and usually defleeted from the median 
plane, which means that they are rarely symmetrieal. The sinuses are 
variable in size and usually larger in males. Their openings lie anterior 
to the ethmoidal noteh and lateral to the nasal spine, and eaeh eom- 
municates with the middle meatus in the ipsilateral nasal eavity by a 
frontonasal eanal. 

The frontal sinuses are mdimentary at birth and ean barely be dis- 
tinguished. They show a primary expansion with emption of the first 
deciduous molars at about 18 months, and again when the permanent 
molars begin to appear in the sixth year. Growth is slow in the early 
years but it ean be deteeted radiographieally by 6 years. They reaeh full 
size after puberty, although, with advaneing age, osseous absorption 
may lead to fhrther enlargement. Their degree of development appears 
to be linked to the prominenee of the superciliary arehes, which is 
thought to be a response to mastieatory stresses. The frontal sinuses are 
deseribed on page 566. 

Ossifieation 


The frontal bone is ossified in fìbrous mesenehyme from two primary 
eentres that appear in the eighth week in utero, one near eaeh frontal 
tuber. Ossifìeation extends superiorly, to form half of the main part of 
the bone; posteriorly, to form the orbital part; and inferiorly, to form 
nasal parts. Two seeondary eentres for the nasal spine appear about the 
tenth year. At birth, the bone eonsists of two halves. The median suture 
usually eloses in the fìrst postnatal year, but may persist as the metopie 
suture in a small pereentage of individuals in various ethnie groups 
(see Fig. 27. 6A). 

ETHMOID BONE 


The ethmoid bone is cuboidal and fragile (see Fig. 30.3B; Figs 30.4- 
30.6). It lies anteriorly in the eranial base and contributes to the medial 


walls of the orbit, the nasal septum, and the roof and lateral walls of 
the nasal eavity. It has a horizontal perforated eribriform plate, a median 
perpendicular plate, and two lateral labyrinths that eontain the ethmoi- 
dal air eells. 

Cribriform plate and erista galli 

The eribriform plate fills the ethmoidal noteh of the frontal bone and 
forms a large part of the nasal roof. It derives its name from the faet 
that it is penetrated by numerous foramina that transmit branehes of 
the olfaetory nerves and their assoeiated meninges. A thiek, smooth, 
triangular, median proeess, the erista galli, projeets upwards from the 
eentre of the eribriform plate. The falx eerebri is attaehed to its thin and 
curved posterior border, while its shorter, thiek, anterior border articu- 
lates with the frontal bone by two small alae, so eompleting the foramen 
caecum. Its sides are generally smooth, but may show slight bulges that 
are related to underlying ethmoidal air eells. On both sides of the erista 
galli, the eribriform plate is narrow and depressed, and is related to the 
gyms rectus and the olfaetory bulb, which lie above it. On eaeh side of 
the erista anteriorly, there is a small slit occupied by dura mater. Just 
anterolateral to the slit, a foramen transmits the anterior ethmoidal 
nerve and vessels to the nasal eavity. A groove mns forwards to the 
foramen caecum from the anterior ethmoidal eanal. 

Perpendicular plate 


The perpendicular plate is thin, flat, quadrilateral and median. It 
deseends from the eribriform plate to form the upper part of the nasal 
septum, usually deviating slightly from the midline. Its anterior border 
articulates with the nasal spine of the frontal bone and the erests of the 
nasal bones, and its posterior border articulates with the erest of the 
body of the sphenoid bone above and the vomer below. The thiek 
inferior border is attaehed to the nasal septal eartilage. Its surfaces are 
smooth, except for above, where numerous grooves and eanals that 
transmit filaments of the olfaetory nerves lead to medial foramina in 
the eribriform plate. 

Ethmoidal labyrinths 


The ethmoidal labyrinths eonsist of thin-walled ethmoidal air eells 
between two vertieal plates. The lateral surface (orbital plate) of the 
labyrinth is part of the medial orbital wall. The air eells are arranged in 
anterior, middle and posterior groups. On average, there are 11 anterior 
ethmoidal air eells, three middle and six posterior. In the disarticulated 
bone, many air eells are open, but in life, and in the articulated skull, 
they are elosed by proximity to adjoining bones, except where they 
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Fig. 30.4 A sagittal view of the faeial 
skeleton, viewed from the right side of 
the nasal septum, looking towards the 
left. (With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 
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Fig. 30.5 A, B, Sagittal vievvs of the faeial skeleton, shovving the floor of the anterior eranial fossa, the lateral wall of the nasal eavity, the hard palate and 
the sphenoidal air sinus. In B, the middle eoneha in the lateral wall of the nasal eavity has been removed to reveal the iineinate proeess. (With 
permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


open into the nasal eavity. The superior surface is erossed by two grooves 
that are eonverted into the anterior and posterior ethmoidal eanals by 
the frontal bone; it shows open air eells that are eovered by the edges 
of the ethmoidal noteh of the frontal bone. On the posterior surface, 
open air eells are eovered by the sphenoidal eonehae and the orbital 
proeess of the palatine bone. The middle and posterior ethmoidal air 
eells are eovered by a thin, smooth, oblong orbital plate that articulates 
superiorly with the orbital plate of the frontal bone, inferiorly with 
the maxilla and orbital proeess of the palatine bone, anteriorly with the 
laerimal bone, and posteriorly with the sphenoid bone. The walls of the 


air eells lying anterior to the orbital plate are eompleted by the laerimal 
bone and frontal proeess of the maxilla. 

A thin, curved uncinate proeess, variable in size, projeets postero- 
inferiorly from the labyrinth. The upper edge of this proeess is a medial 
boundary of the hiatus semilunaris in the middle meatus. The uncinate 
proeess appears in the medial wall of the maxillary sinus as it erosses 
the ostium of the maxillary sinus to join the ethmoidal proeess of the 
inferior nasal eoneha. 

The medial surface of the labyrinth forms part of the lateral nasal 
wall. It appears as a thin lamella that deseends from the inferior surface 
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Fig. 30.6 A, A sagittal view of the 
faeial skeleton, showing the bones 
forming the lateral wall of the left 
orbit and the maxillary air sinus. 

B, The bones forming the medial 
wall and the floor of the left orbit. 
(With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 
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of the eribriform plate and ends as the convoluted middle nasal eoneha. 
Snperiorly, the surface eontains numerous vertieal grooves that transmit 
bundles of olfaetory nerves. Posteriorly, it is divided by the narrow, 
oblique superior meatus, bounded above by the thin, curved superior 
nasal eoneha. Posterior ethmoidal air eells open into the superior 
meatus. The convex surface of the middle nasal eoneha extends along 
the entire medial surface of the labyrinth, anteroinferior to the superior 
meatus. Its lower edge is thiek, and its lateral surface is eoneave and 
forms part of the middle meatus. Middle ethmoidal air eells produce a 
swelling, the bulla ethmoidalis, on the lateral wall of the middle 
meatus, and open into the meatus, either on the bulla or above it. A 
curved infundibulum extends up and forwards from the middle meatus 
and eomimmieates with the anterior ethmoidal simises. In more than 
half of erania it continues up as the frontonasal duct to include the 


drainage point for the frontal sinus. (The ethmoidal air eells are 
deseribed further on page 568.) 

Ossifieation 

The ethmoid bone ossifies in the cartilaginous nasal capsule from three 
eentres: one in the perpendicular plate, and one in eaeh labyrinth. The 
latter two appear in the orbital plates between the fourth and fifth 
months in utero f and extend into the ethmoidal eonehae. At birth, the 
labyrinths, although ill-developed, are partially ossified, and the 
remainder are cartilaginous. The perpendicular plate begins to ossify 
from the median eentre during the first year, and fuses with the laby- 
rinths early in the seeond year. The eribriform plate is ossified partly 
from the perpendiailar plate and partly from the labyrinths. The erista 


482 


























































Bones of the faeial skeleton and eranial vault 


galli ossiíìes diiring the seeond year. The parts of the ethmoid bone 
unite to form a single bone at around 3 years of age. Ethmoidal air eells 
begin to develop at about 3 months in utero, and are therefore present 
at birth; however, they are difficult to visualize radiographieally until 
the end of the first year. They grow slowly and have almost reaehed 
adult size by the age of 12 years. 

INFERIOR NASAL C0NCHA 


The inferior nasal eonehae are curved horizontal laminae in the lateral 
nasal walls (see Fig. 30.5). Eaeh has two surfaces (medial and lateral), 
two borders (superior and inferior) and two ends (anterior and poste- 
rior). The medial surface is convex, much perforated, and longitudinally 
grooved by vessels. The lateral surface is eoneave and part of the inferior 
meatus. The superior border, thin and irregular, may be divided into 
three regions: an anterior region articulating with the eonehal erest of 
the maxilla; a posterior region articulating with the eonehal erest of the 
palatine bone; and a middle region with three proeesses, which are 
variable in size and form. The laerimal proeess is small and pointed, 
and lies towards the front. It articulates apieally with a deseending 
proeess from the laerimal bone, and at its margins with the edges of 
the nasolaerimal groove on the medial surface of the maxilla, thereby 
helping to eomplete the nasolaerimal eanal. Most posteriorly, a thin 
ethmoidal proeess aseends to meet the uncinate proeess of the ethmoid 
bone. An intermediate thin maxillary proeess curves inferolaterally to 
articulate with the medial surface of the maxilla at the opening of the 
maxillary sinus. The inferior border is thiek and spongiose, espeeially 
in its mid part. Both the anterior and posterior ends of the inferior nasal 
eoneha are more or less tapered, the posterior more so than the 
anterior. 

Ossifieation 


Ossifieation is from one eentre that appears at about the fifth month in 
utero in the incurved lower border of the cartilaginous lateral wall of 
the nasal capsule. The inferior eoneha loses continuity with the nasal 
capsule during ossifieation. 

LACRIMAL BONE 


The laerimal bones are the smallest and most fragile of the eranial bones 
and lie anteriorly in the medial walls of the orbits (see figs 30.5B, 
30.6B). Eaeh has two surfaces (medial and lateral) and four borders 
(anterior, posterior, superior and inferior). The lateral (orbital) surface 
is divided by a vertieal posterior laerimal erest. Anterior to the erest is 
a vertieal groove whose anterior edge meets the posterior border of the 
frontal proeess of the maxilla to eomplete the fossa that houses the 
laerimal sae. The medial wall of the groove is prolonged by a deseending 
proeess that contributes to the formation of the nasolaerimal eanal by 
joining the lips of the nasolaerimal groove of the maxilla and the lae- 
rimal proeess of the inferior nasal eoneha. A smooth part of the medial 
orbital wall lies behind the posterior laerimal erest; the laerimal part of 
orbiailaris oculi is attaehed to this surface and erest. The surface ends 
below in the laerimal hamulus, which, together with the maxilla, eom- 
pletes the upper opening of the nasolaerimal eanal. The hamulus may 
appear as a separate lesser laerimal bone. The anteroinferior region of 
the medial (nasal) surface is part of the middle meatus. Its posterosu- 
perior part meets the ethmoid to eomplete some of the anterior eth- 
moidal air eells. The anterior border of the laerimal bone articulates 
with the frontal proeess of the maxilla, the posterior border with the 
orbital plate of the ethmoid bone, the superior border with the frontal 
bone, and the inferior border with the orbital surface of the maxilla. 

Ossifieation 


Ossifieation is from a eentre that appears at about the twelfth week in 
utero in mesenehyme around the nasal capsule. In later life, the laerimal 
bone is subject to patehy erosion. 

NASAL BONE 


The nasal bones are small, oblong, variable in size and form, and plaeed 
side by side between the frontal proeesses of the maxillae (see Figs 30.4, 
30.5, 30.6B). They jointly form the nasal bridge. Eaeh nasal bone has 
two surfaces (external and internal) and four borders (superior, inferior, 


lateral and mesial). The external surface has a deseending eoneavo- 
convex profile and is transversely convex. It is eovered by proeems and 
nasalis, and perforated eentrally by a small foramen that transmits a 
vein. The internal surface, transversely eoneave, bears a longitudinal 
groove that houses the anterior ethmoidal nerve. The superior border, 
thiek and serrated, articulates with the nasal part of the frontal bone. 
The inferior border, thin and notehed, is continuous with the lateral 
nasal eartilage. The lateral border articulates with the frontal proeess of 
the maxilla. The medial border, thieker above, articulates with its fellow 
and projeets behind as a vertieal erest, thereby forming a small part of 
the nasal septum. It articulates from above with the nasal spine of the 
frontal bone, the perpendiailar plate of the ethmoid bone, and the 
nasal septal eartilage. 

Ossifieation 


Ossifieation is from a eentre that appears early in the third month in 
utero in the mesenehyme overlying the cartilaginous anterior part of the 
nasal capsule. 

VOMER 


The vomer is thin, flat and almost trapezoid (see Eig. 30.4). It forms 
the posteroinferior part of the nasal septum and presents two surfaces 
and four borders. Both surfaces are marked by grooves for nerves and 
vessels. A prominent groove for the nasopalatine nerve and vessels lies 
obliquely in an anteroinferior plane. The superior border is thiekest, 
and possesses a deep furrow between projeeting alae, which fits the 
rostmm of the body of the sphenoid bone. The alae articulate with the 
sphenoidal eonehae, the vaginal proeesses of the medial pterygoid 
plates of the sphenoid bone, and the sphenoidal proeesses of the pala- 
tine bones. Where eaeh ala lies between the body of the sphenoid and 
the vaginal proeess, its inferior surface helps to form the vomerovaginal 
eanal. The inferior border articulates with the median nasal erests of the 
maxilla and palatine bones. The anterior border is the longest, and 
articulates in its upper half with the perpendioilar plate of the ethmoid 
bone. Its lower half is eleft to reeeive the inferior margin of the nasal 
septal eartilage. The eoneave posterior border is thiek and bifid above 
and thin below; it separates the posterior nasal apertures. The anterior 
extremity of the vomer artioilates with the posterior margin of the 
maxillary ineisor erest and deseends between the ineisive eanals. 

Inability to identiíy the vomer during antenatal ultrasound seanning 
in the first and early seeond trimesters of pregnaney has been suggested 
as a marker for trisomy 13 or 21, with a diagnostie accuracy of 0.985 
(Mihailovie et al 2012). 

Ossifieation 


The nasal septum is at first a plate of eartilage, part of which is ossified 
above to form the perpendioilar plate of the ethmoid. Its anteroinferior 
region persists as septal eartilage. The vomer is ossified in a layer of 
eonneetive tissue, which eovers the eartilage posteroinferiorly on eaeh 
aspeet. At about the eighth week in utero, two eentres appear flanking 
the midline, and in the twelfth week these unite below the eartilage, to 
form a deep groove for the nasal septal eartilage. Elnion of the bony 
lamellae progresses anterosuperiorly while the intervening eartilage is 
absorbed. By puberty, the lamellae are almost united, but evidenee of 
their bilaminar origin remains in the everted alae and anterior marginal 
groove. 

ZYG0MATIC B0NE 


Eaeh zygomatie bone forms the prominenee of a eheek, contributes to 
the floor and lateral wall of the orbit, and the walls of the temporal and 
infratemporal fossae, and eompletes the zygomatie areh. Eaeh is roughly 
quadrangular and is deseribed as having three surfaces, five borders and 
two proeesses (Fig. 30.7). 

The lateral (faeial) surface is convex and is piereed near its orbital 
border by the zygomatieofaeial foramen, which is often double and 
oeeasionally absent, and transmits the zygomatieofaeial nerve and 
vessels. This surface gives attaehment to zygomaticus major posteriorly 
and zygomatiois minor anteriorly. The posteromedial (temporal) 
surface has a rough anterior area for articulation with the zygomatie 
proeess of the maxilla, and a smooth, eoneave posterior area that 
extends up posteriorly on its frontal proeess as the anterior aspeet of 
the temporal fossa. It also extends baek on the medial aspeet of the 
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Fig. 30.7 The zygomatie bone. A, Anterolateral aspeet, showing muscle attaehments. B, Posterolateral aspeet 


temporal proeess as an ineomplete lateral wall for the infratemporal 
fossa. The zygomatieotemporal foramen pierees this surface near the 
base of the frontal proeess. The smooth and eoneave orbital surface 
forms the anterolateral part of the floor and adjoining lateral wall of 
the orbit, and extends up on the medial aspeet of its frontal proeess. It 
usually bears zygomatieo-orbital foramina that represent the openings 
of eanals leading to the zygomatieofaeial and zygomatieotemporal 
foramina. 

The smoothly eoneave anterosuperior (orbital) border forms the 
inferolateral circumference of the orbital opening, and separates the 
orbital and lateral surfaces of the bone. The anteroinferior (maxillary) 
border articulates with the maxilla. Its medial end tapers to a point 
above the infraorbital foramen. A part of levator labii superioris is 
attaehed at this surface. The posterosuperior (temporal) border is 
sinuous, convex above and eoneave below, and is continuous with the 
posterior border of the frontal proeess and upper border of the zygo- 
matie areh. The temporal faseia is attaehed to this border. There is often 
a small, easily palpable, marginal tubercle below the frontozygomatie 
suture. The posteroinferior border is roughened for the attaehment of 
masseter. The serrated posteromedial border articulates with the greater 
wing of the sphenoid bone above, and the orbital surface of the maxilla 
below. Between these serrated regions a short, eoneave, non-articular 
part usually forms the lateral edge of the inferior orbital fissure. Oeea- 
sionally absent, the fissure is then eompleted by the articulation of the 
maxilla and sphenoid (or with a small sutural bone between them). 

The frontal proeess, thiek and serrated, articulates above with the 
zygomatie proeess of the frontal bone and behind with the greater wing 
of the sphenoid bone. A tubercle of varying size and form, Whitnall's 
tubercle, is usually present on its orbital aspeet, within the orbital 
opening and about 1 em below the frontozygomatie suture. This tuber- 
ele provides attaehment for the lateral palpebral ligament, the suspen- 
sory ligament of the eye, and part of the aponeurosis of levator palpebrae 
superioris. The temporal proeess, direeted backwards, has an oblique, 
serrated end that articulates with the zygomatie proeess of the temporal 
bone to eomplete the zygomatie areh. 

Ossifieation 


Ossifieation is from one eentre that appears in fibrous tissue about the 
eighth week in utero. The bone is sometimes divided by a horizontal 
suture into a larger upper and smaller lower part. 

MAXILLA 


The maxillae are the largest of the faeial bones, other than the mandible, 
and jointly form the whole of the upper jaw. Eaeh bone forms the 
greater part of the floor and lateral wall of the nasal eavity, and of the 
floor of the orbit; contributes to the infratemporal and pterygopalatine 
fossae; and bounds the inferior orbital and pterygomaxillary fissures. 
Eaeh maxilla has a body and four proeesses, namely: the zygomatie, 
frontal, alveolar and palatine proeesses (see Fig. 30.6; Fig. 30.8). 

Body 


The body of the maxilla is roughly pyramidal, and has anterior, 
infratemporal (posterior), orbital and nasal surfaces that enelose the 
maxillary sinus. 


Anterior surface 

This surface faees anterolaterally and displays inferior elevations over- 
lying the roots of teeth. There is a shallow ineisive fossa above the 
ineisors to which depressor septi is attaehed. A slip of orbicularis oris 
is attaehed to the alveolar border below this fossa, and nasalis is 
attaehed superolateral to it. Lateral to the ineisive fossa is a larger, 
deeper eanine fossa; levator anguli oris is attaehed to the bone of this 
fossa. The ineisive and eanine fossae are separated by the eanine emi- 
nenee, which overlies the soeket of the eanine tooth. The infraorbital 
foramen lies above the fossa and transmits the infraorbital vessels and 
nerve. Above the foramen, a sharp border separates the anterior and 
orbital surfaces of the bone and contributes to the infraorbital margin. 
Levator labii superioris is attaehed here above the infraorbital foramen 
and levator anguli oris below it. Medially, the anterior surface ends at 
a deeply eoneave nasal noteh, terminating in a pointed proeess that, 
with its eontralateral fellow, forms the anterior nasal spine. Nasalis and 
depressor septi are attaehed to the anterior surface near the noteh. 

Infratemporal surface 

This surface is eoneave and faees posterolaterally, forming the anterior 
wall of the infratemporal fossa. It is separated from the anterior surface 
by the zygomatie proeess and a ridge (jugal erest) that aseends to it from 
the first molar soeket. Near its eentre are the openings of two or three 
alveolar eanals, which transmit posterior superior alveolar vessels and 
nerves. Posteroinferior is the maxillary tuberosity, roughened supero- 
medially where it articulates with the pyramidal proeess of the palatine 
bone. A few fibres of medial pterygoid are attaehed here. Above the 
tuberosity, the smooth anterior boundary of the pterygopalatine fossa 
is grooved by the maxillary nerve as it passes laterally and slightly 
upwards into the infraorbital groove on the orbital surface. 

Orbital surface 

This surface is smooth and triangular, and forms most of the floor of 
the orbit. Anteriorly, its medial border bears a laerimal noteh, behind 
which it articulates with the laerimal bone, the orbital plate of the 
ethmoid and, posteriorly, with the orbital proeess of the palatine bone. 
Its posterior border is smoothly rounded and forms most of the anterior 
edge of the inferior orbital fissure. The infraorbital groove lies eentrally. 
The anterior border is part of the orbital margin, and is continuous 
medially with the laerimal erest of the frontal proeess of the maxilla. 
The infraorbital groove transmits the infraorbital vessels and nerve, and 
begins midway on the posterior border, where it is continuous with a 
groove on the posterior surface. It passes forwards into the infraorbital 
eanal, which opens on the anterior surface below the infraorbital 
margin. Near its midpoint, the infraorbital eanal gives off a small lateral 
braneh, the eanalis sinuosus, which transmits the anterior superior 
alveolar nerve and vessels. The eanalis sinuosus deseends in the orbital 
floor lateral to the infraorbital eanal, curves medially in the anterior 
wall of the maxillary sinus, and then passes below the infraorbital 
foramen to the margin of the anterior nasal aperture in front of the 
anterior end of the inferior eoneha. It follows the lower margin of the 
aperture and opens near the nasal septum in front of the ineisive eanal. 
The site of the attaehment of inferior oblique may be indieated by a 
small depression in the bone at the anteromedial eorner of the orbital 
surface, lateral to the laerimal groove. 

Nasal surface 

This surface displays posterosuperiorly a large, irregular maxillary hiatus 
that leads into the maxillary sinus. Parts of air sinuses that are 
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Fig. 30.8 A, The maxilla, lateral view. 
B, The maxilla and palatine bone, 
medial view. (With permission from 
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Atlas of Human Anatomy, 15th ed, 
Elsevier, llrban & Fiseher. Copyright 
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eompleted by artieiilation with the ethmoid and laerimal bones lie at 
the upper border of the hiatus. The smooth eoneave surface below the 
hiatus is part of the inferior meatus. Posteriorly, the surface is rough- 
ened where it articulates with the perpendiailar plate of the palatine 
bone. This surface is traversed by a groove that deseends forwards from 
the mid-posterior border, and is eonverted into a greater palatine eanal 
by the perpendicular plate. Anterior to the hiatus, a deep nasolaerimal 
groove, continuous above with the laerimal groove, makes up about 
two-thirds of the circumference of the nasolaerimal eanal. The rest is 
contributed by the deseending part of the laerimal bone and the lae- 
rimal proeess of the inferior nasal eoneha. This eanal eonveys the naso- 
laerimal duct to the inferior meatus. More anteriorly, an oblique eonehal 
erest articulates with the inferior nasal eoneha. The eoneavity below it 
is part of the inferior meatus, while the surface above it is part of the 
atrium of the middle meatus. 

Zygomatie proeess 


Anterior, infratemporal and orbital surfaces of the maxilla eonverge at 
a pyramidal projeetion, the zygomatie proeess. Anteriorly, the proeess 
merges into the faeial surface of the body of the maxilla. Posteriorly, it 
is eoneave and continuous with the infratemporal surface. Superiorly, 
it is roughly serrated for articulation with the zygomatie bone. Inferi- 
orly, a bony arehed ridge, the zygomatieo-alveolar ridge or jugal erest, 
separates the faeial (anterior) and infratemporal surfaces. 

Frontal proeess 


The frontal proeess projeets posterosuperiorly between the nasal and 
laerimal bones. Its lateral surface is divided by a vertieal anterior 


laerimal erest, which gives attaehment to the medial palpebral ligament 
and is continuous below with the infraorbital margin. A small, palpable 
tubercle at the junction of the erest and orbital surface is a guide to the 
laerimal sae. The smooth area anterior to the laerimal erest merges 
below with the anterior surface of the body of the maxilla. Parts of 
orbioilaris oculi and levator labii superioris alaeque nasi are attaehed 
here. Behind the erest, a vertieal groove eombines with a groove on the 
laerimal bone to eomplete the laerimal fossa. The medial surface is part 
of the lateral nasal wall. A rough subapical area articulates with the 
ethmoid, and eloses anterior ethmoidal air eells. Below this, an oblique 
ethmoidal erest artioilates posteriorly with the middle nasal eoneha, 
and anteriorly underlies the agger nasi, a ridge anterior to the eoneha 
on the lateral nasal wall. The ethmoidal erest forms the upper limit of 
the atrium of the middle meatus. The frontal proeess articulates above 
with the nasal part of the frontal bone. Its anterior border articulates 
with the nasal bone and its posterior border articulates with the lae- 
rimal bone. 


The alveolar proeess is thiek and arehed, wide behind, and soeketed 
for the roots of the upper teeth. The eight soekets on eaeh side vary 
aeeording to the tooth type. The soeket for the eanine is deepest, the 
soekets for the molars are widest and subdivided into three by 
septa, those for the ineisors and seeond premolar are single, and that 
for the fìrst premolar is usually double. Buccinator is attaehed to the 
external alveolar aspeet as far forwards as the fìrst molar. In articu- 
lated maxillae, the proeesses form the alveolar areh. Oeeasionally, a 
variably prominent maxillary toms is present in the midline of the 
palate. 


Alveolar proeess 
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Palatine proeess 


The palatine proeess, thiek and horizontal, projeets medially from the 
lowest part of the medial aspeet of the maxilla. It forms a large part of 
the nasal floor and hard palate, and is much thieker in front. Its infer- 
ior surface is eoneave and uneven, and with its eontralateral fellow it 
forms the anterior three-quarters of the osseous (hard) palate. The 
palatine proeess displays numerous vascular foramina and depressions 
for palatine glands and, posterolaterally, two grooves that transmit the 
greater palatine vessels and nerves. The infundibular ineisive fossa is 
plaeed between the two maxillae, behind the ineisor teeth. The median 
intermaxillary palatal suture mns posterior to the fossa, and although 
a little uneven, is usually relatively flat on its oral aspeet. Its bony 
margins are sometimes raised into a prominent longitudinal palatine 
toms. Two lateral ineisive eanals, eaeh aseending into its half of the 
nasal eavity, open in the ineisive fossa; they transmit the terminations 
of the greater palatine artery and nasopalatine nerve. Two additional 
median openings, anterior and posterior ineisive foramina, are oeea- 
sionally present; they transmit the nasopalatine nerves, the left usually 
passing through the anterior, and the right through the posterior 
foramen. On the inferior palatine surface, a fine groove, sometimes 
termed the ineisive suture, and prominent in young skulls, may be 
observed in adults. It extends anterolaterally from the ineisive fossa to 
the interval between the lateral ineisor and eanine teeth. The superior 
surface of the palatine proeess is smooth, is eoneave transversely, and 
forms most of the nasal floor. The ineisive eanal lies anteriorly, near its 
median margin. The lateral border is continuous with the body of the 
maxilla. The medial border, thieker in front, is raised into a nasal erest 
that, with its eontralateral fellow, forms a groove for the vomer. The 
front of this ridge rises higher as an ineisor erest, prolonged forwards 
into a sharp proeess that, with its fellow, forms an anterior nasal spine. 
The posterior border is serrated for articulation with the horizontal 
plate of the palatine bone. 

Maxillary sinus 


The maxillary sinus is the largest of the paranasal sinuses and is situated 
in the body of the maxilla. It is deseribed in detail on page 568. 

Ossifieation 


The maxilla ossifies from a single eentre in a sheet of mesenehyme that 
appears above the eanine fossa at about the sixth week in utero and 
spreads into the rest of the maxilla and its proeesses. The pattern of 
spread of ossifieation may initially leave an unmineralized zone roughly 
eorresponding to a site where a premaxillary suture may occur. However, 
this defieieney is soon ossified; there is no evidenee of a separate eentre 
of ossifieation for the ineisor-bearing portion of the maxilla (i.e. 
premaxilla). 

The maxillary sinus appears as a shallow groove on the nasal aspeet 
at about the fourth month in utero. Though small at birth, the sinus is 
identifiable radiologieally. After birth, it enlarges with the growing 
maxilla, though it is only fhlly developed following the emption of the 
permanent dentition. The infraorbital vessels and nerve are, for a time, 
in an open groove in the orbital floor; the anterior part of the groove 
is subsequently eonverted into a eanal by a lamina that grows in from 
the lateral side. 

At birth, the transverse and sagittal maxillary dimensions are greater 
than the vertieal. The frontal proeess is prominent, but the body is little 
more than an alveolar proeess because the alveoli reaeh almost to the 
orbital floor. In adults, the vertieal dimension is the greatest, refleeting 
the development of the alveolar proeess and enlargement of the sinus. 
When teeth are lost, the bone reverts towards its infantile shape; its 
height diminishes, the alveolar proeess is absorbed, and the lower parts 
of the bone eontraet and beeome reduced in thiekness at the expense 
of the labial wall. 


PALATINE BONE 


The palatine bones are posteriorly plaeed in the nasal eavity, between 
the maxillae and the pterygoid proeesses of the sphenoid bones. They 
contribute to the floor and lateral walls of the nose, to the floor of the 
orbit and the hard palate, to the pterygopalatine and pterygoid fossae, 
and to the inferior orbital fissures. Eaeh has two plates (horizontal and 
perpendiailar), arranged as an L-shape, and three proeesses (pyramidal, 
orbital and sphenoidal) (Fig. 30.9). 
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Fig. 30.9 The palatine bone, posterior view 


Horizontal plate 


The horizontal plate is quadrilateral, with two surfaces (nasal and pala- 
tine) and four borders (anterior, posterior, lateral and medial). The 
nasal surface, transversely eoneave, forms the posterior nasal floor. The 
palatine surface forms the posterior quarter of the bony palate with its 
eontralateral fellow. There is often a curved palatine erest near its pos- 
terior margin. The posterior border is thin and eoneave; the expanded 
tendon of tensor veli palatini is attaehed to it and to its adjaeent surface 
behind the palatine erest. Medially, with its eontralateral fellow, the 
posterior border forms a median posterior nasal spine to which the 
uvular muscle is attaehed. The anterior border is serrated and articulates 
with the palatine proeess of the maxilla. The lateral border is continu- 
ous with the perpendiailar plate of the palatine bone and is marked by 
a greater palatine groove. The medial border is thiek and serrated, and 
articulates with its eontralateral fellow in the midline, forming the 
posterior part of the nasal erest which artioilates with the posterior part 
of the lower edge of the vomer. 

Perpendicular plate 


The perpendioilar plate is thin and oblong, and has two surfaces (nasal 
and maxillary) and four borders (anterior, posterior, superior and in- 
ferior) (see figs 30.8B, 30.9). The nasal surface bears two erests (eonehal 
and ethmoidal) and shows areas that contribute to the inferior, middle 
and superior meatuses. Inferiorly, the nasal surface is eoneave where it 
contributes to part of the inferior meatus. Above this is a horizontal 
eonehal erest that artioilates with the inferior eoneha. Above the 
eonehal erest, the surface presents a shallow depression that forms part 
of the middle meatus; it is limited above by an ethmoidal erest for the 
middle nasal eoneha, above which a narrow, horizontal groove forms 
part of the superior meatus. 

The maxillary surface is largely rough and irregular, and artioilates 
with the nasal surface of the maxilla. Posterosuperiorly, it forms a 
smooth medial wall to the pterygopalatine fossa. Its anterior area, also 
smooth, overlaps the maxillary hiatus from behind to form a posterior 
part of the medial wall of the maxillary sinus. A deep, obliquely 
deseending greater palatine groove (eonverted into a eanal by the 
maxilla) lies posteriorly on this maxillary surface; it transmits the 
greater palatine vessels and nerve. 

The anterior border is thin and irregular. Level with the eonehal erest, 
a pointed lamina projeets below and behind the maxillary proeess of 
the inferior eoneha; it articulates with it and so appears in the medial 
wall of the maxillary sinus. The posterior border articulates via a ser- 
rated suture with the medial pterygoid plate. It is continuous above with 
the sphenoidal proeess of the palatine bone and expands below into 
its pyramidal proeess. Orbital and sphenoidal proeesses projeet from 
the superior border and are separated by the sphenopalatine noteh, 
which is eonverted into a foramen by articulation with the body of the 
sphenoid. This foramen eonneets the pterygopalatine fossa to the pos- 
terior part of the superior meatus, and transmits sphenopalatine vessels 
and the posterior superior nasal nerves. The inferior border is eontimi- 
ous with the lateral border of the horizontal plate and bears the lower 
end of the greater palatine groove in front of the pyramidal proeess. 



































Bones of the faeial skeleton and eranial vault 


Pyramidal proeess 


The pyramidal proeess slopes down posterolaterally from the junction 
of the horizontal and perpendicular palatine plates into the angle 
between the pterygoid plates of the sphenoid bone. On its posterior 
surface, a smooth, grooved triangular area, limited on eaeh side by 
rough articular furrows that articulate with the pterygoid plates, eom- 
pletes the lower part of the pterygoid fossa. Anteriorly the lateral surface 
articulates with the maxillary tuberosity. This area gives attaehment to 
fibres of the superficial head of medial pterygoid. Posteriorly, a smooth 
triangular area appears low in the infratemporal fossa between the 
tuberosity and the lateral pterygoid plate. The inferior surface, near its 
union with the horizontal plate, bears the lesser palatine foramina, 
which transmit the lesser palatine nerves and vessels. 

Orbital proeess 


The orbital proeess is direeted superolaterally from in front of the per- 
pendiailar plate and has a eonstrieted 'neek'. It eneloses an air sinus 
and presents three articular and two non-articular surfaces. Of the artie- 
ular surfaces, the oblong anterior (maxillary) surface faees down and 
anterolaterally and articulates with the maxilla. The posterior (sphenoi- 
dal) surface is direeted up and posteromedially and bears the opening 
of an air sinus. It usually communicates with the sphenoidal sinus and 
is eompleted by a sphenoidal eoneha. The medial (ethmoidal) surface 
faees anteromedially and articulates with the labyrinth of the ethmoid 
bone. The sinus of the orbital proeess sometimes opens on the surface, 
and eomimmieates with the posterior ethmoidal air eells. More rarely 
it opens on both the ethmoidal and sphenoidal surfaces, and commu- 
nieates with both posterior ethmoidal air eells and the sphenoidal 
sinus. 

Of the non-articular surfaces, the triangular superior (orbital) surface 
is direeted superolaterally to the posterior part of the orbital floor. The 
lateral surface is oblong, faees the pterygopalatine fossa, and is separ- 
ated from the orbital surface by a rounded border that forms a medial 
part of the lower margin of the inferior orbital fissure. This surface may 
present a groove, direeted superolaterally, for the maxillary nerve, and 
is continuous with the groove on the upper posterior surface of the 
maxilla. The border between the lateral and posterior surfaces deseends 
anterior to the sphenopalatine noteh. 

Sphenoidal proeess 


The sphenoidal proeess is a thin plate that is smaller and lower than 
the orbital proeess, and is direeted superomedially. Its superior surface 
articulates with the sphenoidal eoneha and, above it, with the root of 
the medial pterygoid plate. It earries a groove that contributes to the 
formation of the palatovaginal eanal. The eoneave inferomedial surface 
forms part of the roof and lateral wall of the nose. Posteriorly, the lateral 
surface articulates with the medial pterygoid plate, while its smooth 
anterior region forms part of the medial wall of the pterygopalatine 
fossa. The posterior border articulates with the vaginal proeess of the 
medial pterygoid plate. The anterior border is the posterior edge of 
the sphenopalatine noteh. The medial border articulates with the ala of 
the vomer. The sphenopalatine noteh, between the two proeesses, is 
eonverted into a foramen by articulation with the body of the sphenoid 
bone. 

Ossifieation 


Ossifieation is in mesenehyme from one eentre in the perpendicular 
plate that appears during the eighth week in utero. From this eentre, 
ossifieation spreads into all parts. At birth, the height of the perpendicu- 
lar plate equals the width of the horizontal plate, but in adults it is 
almost twice as great, a ehange in proportions that aeeords with those 
that occur in the maxilla. 


FRACTURES OF THE FAdAL SKELETON 


Trauma to the faee is eommon; outcomes are related to the meehanism 
of the injury in terms of its severity and to delays in treatment. Both 
soft and hard tissues are affeeted. Moderate to severe injuries produce 
faeial skeletal dismption that eompromises mastieatory and orbital 
fimetion. Inadequate skeletal support of soft tissues contributes to faeial 
asymmetry, and the additional loss of soft tissues and subsequent 
searring merely compound this. Some fractures pass through neural 


foramina, damage branehes of the trigeminal nerve and result in sensory 
defieits. Fracture configurations vary aeeording to the amount of energy 
absorbed and loeal anatomieal faetors that constitute sites of 
weakness. 

The direetion and magnitude of the applied forees determine the 
displaeement of these fractures, which are modified aeeording to muscle 
attaehments and the state of the dentition. For example, an unerupted 
mandibular third molar may produce a weak point at the mandibular 
angle. 

The lateral pterygoid muscles frequently displaee a fractured man- 
dibular eondyle medially. Masseter, temporalis and medial pterygoid 
may stabilize fractures of the mandible when vertieally or horizontally 
favourable, but displaee those that are vertieally and horizontally unfa- 
vourable. Severe injuries to the middle third of the faee may result in 
eraniofaeial dysjunction, the middle third sliding inferiorly down the 
angulated and strong anterior skull base. This causes an apparent 
lengthening of the faee and a dish-faeed appearanee. Airway obstmetion 
may result from this downward and backward displaeement. Fractures 
of the anterior mandible may cause loss of support of the muscles 
eontrolling the anterior tongue position and may also contribute to loss 
of the airway. 

Although the fractures caused by severe injuries are often complex, 
it is eonvenient to deseribe them as arising in the upper, middle and 
lower thirds of the faee, even though fractures may involve one or more 
of these areas. FJpper third fractures involve the frontal bones. Middle 
third fractures involve the nasoethmoidal complex, orbit, zygomatie 
complex and maxilla. Lower third fractures eorrespond to fractures of 
the mandible (Video 30.1). 



Upper third of faee 


Fractures in the upper third of the faee are almost invariably eommin- 
uted and are often assoeiated with fractures of the middle third of the 
faee. Fractures of the frontal bone may involve the frontal sinuses and/ 
or orbital roof. If the frontonasal duct is traumatized, its drainage may 
be impaired, which predisposes to aseending intraeranial infeetion and 
mucocele development within the frontal sinuses (Eljamel and Foy 
1990; Fig. 30.10). This risk may be minimized with frontonasal stents 
or frontonasal duct and frontal sinus obliteration with autogenous 
bone graft. Fractures that involve both the anterior and the posterior 
walls of the frontal sinus also earry a risk of early and delayed intraera- 
nial infeetion, and often it is neeessary to obliterate the frontal sinuses 
or eranialize the frontal sinuses in order to prevent this eomplieation. 
Cranialization of the frontal simises involves the removal of the poste- 
rior wall and all frontal sinus mucosa, typieally through a frontal erani- 
otomy approaeh. Fractures of the posterior wall of the frontal sinus may 
be assoeiated with dural tears (and eerebrospinal rhinorrhoea), which 
must be repaired at the same time. Fractures involving the orbital roof 
may be assoeiated with displaeement of the globe of the eye, diplopia 
and supraorbital nerve injury. 



Middle third of faee 


The middle third of the faee is defined as that area bounded above by 
a transverse line eonneeting the two zygomatieofrontal sutures, passing 
through the frontomaxillary and frontonasal sutures, and limited below 
by the occlusal plane of the maxillary teeth. Posteriorly, the region is 
limited by the sphenoethmoidal junction, but it includes the free 
margins of the pterygoid plates inferiorly. Fractures of the middle third 
of the faeial skeleton (Le Fort 1901) may involve the maxillae, palatine 
bones, zygomatie bones, zygomatie proeesses of the temporal bones, 
nasal bones, vomer, ethmoid bone together with its nasal eonehae, and 
the body and greater and lesser wings of the sphenoid bone. A elassifiea- 
tion system that subdivides the fractures into eentral bloek fractures and 
those that involve the lateral middle third is now largely of historieal 
value, but finds use as an initial deseription that is later elaborated by 
defining extensions of the fracture pattern into the upper third and the 
cranium. 

Oentral middle thìrd of faee 

The majority of the skeleton of the eentral middle third is eomposed 
of wafer-thin sheets of eortieal bone with stronger reinforeements, i.e. 
the palate and alveolar proeess; the lateral rim of the piriform aperture 
extending upwards (via the eanine fossa) to the medial orbital rim, and 
finally to the glabella; the zygomatie buttress and its eonneetions to the 
inferior and lateral orbital margins and the zygomatie areh; and the 
orbital rims and the pterygoid plates. Whatever the fracture configur- 
ation, pterygoid plate dismption is seen in all examples of maxillary 487 
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Faee and sealp 



Fig. 30.10 A compound eraniofaeial fracture with dismption of the 
anterior and posterior walls of the frontal sinus, torn dura, and intraeranial 
bone. Treatment is direeted at establishing a safe sinus, i.e. sealing off 
the frontonasal duct and removing all traees of sinus epithelium. It is also 
important to establish an intaet fronto-orbital bar, to enable an accurate 
seaffold on which to attaeh the root of the nose and midfaee, if implieated 
in the fracture pattern, and to assure good eosmesis. 
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fracture. The strength lies in the faeial surface of the skeleton, which, 
although thin in most areas, is eross-braeed. The design is ideally suited 
to transmit occlusal forees vertieally to the skull base. 

Central middle third fractures may involve the nasoethmoidal 
complex in isolation or as part of a more complex Le Fort pattern of 
injury. Le Fort I, II or III fractures inevitably involve the infratemporal 
fossa. The bones of the midfaee transmit the forees of impaet direetly 
to the cranium. The most important stmt related to the infratemporal 
and pterygopalatine fossae is the pterygomaxillary stmt. Fractures 
involving this stmt may extend elsewhere to involve the eranial base 
and orbit. The assoeiated soft tissue damage that aeeompanies these 
fractures may damage nerves, blood vessels and muscles. Injuries to the 
seeond or third divisions of the trigeminal nerve or the ehorda tympani 
nerve result in altered sensation to the oral eavity, faee and jaws, includ- 
ing impaired taste; fractures extending into the orbit may result in 
deereased visual acuity and ophthalmoplegia, and neural damage to 
motor nerves or direet damage to muscles may result in problems with 
chewing, swallowing, speeeh, middle ear fhnetion and eye movements; 
injuries involving the pterygopalatine or otie ganglia interfere with 
laerimation, nasal seeretions and salivation. Faeial deformity with laek 
of nasal projeetion asymmetry and occlusal disturbance and vertieal 
and anteroposterior malposition of the globe are often seen. 




Nasoethmoidal COmplex Fractures may involve the osteoeartilagi- 

nous framework of the nose in isolation or as part of complex injuries 
that also involve the paranasal sinuses and/or the orbits (Fig. 30.11). 

Simple fractures involve the nasal bones and/or frontal proeess of 
the maxilla. Only if there is displaeement of the bones is a elosed reduc- 
tion of the fraetme required. The terminal braneh of the anterior eth- 
moidal nerve and its aeeompanying vessels are at risk when injuries 
involve the dorsum of the nose. 

Complex nasal injuries may include nasofrontal suture disjunction, 
nasolaerimal and frontonasal duct injury, and fraetme of the ethmoidal 
complex (Markowitz et al 1991). The skeletal foundation of the 
nasoethmoidal complex eonsists of a strong triangular-shaped frame. 
However, all these structures are fragile and any foree sufficient to frae- 
ture the frame results in severe comminution and displaeement. The 
ethmoidal air eells aet as a emmple zone proteeting the skull base from 
meehanieal forees. A severe impaet delivered to the midfaee, particularly 
over the bridge of the nose, may result in these stmetmes being driven 
backwards between the orbits. This may result in traumatic hyper- 
telorism, producing an inerease in distanee between the pupils. Assoei- 
ated displaeement of the medial eanthal ligaments results in traumatic 
telecanthus. inereased intereanthal distanee (normal range 24-39 mm 
in Caucasians) may be eorreeted using mieroplates, stainless steel wire 
and aerylie eanthal splints. Damage to the laerimal system requires 
approximation of the severed canalicular ends or daeryoeystorhinos- 
tomy. Comminution of the eribriform plates of the ethmoid may result 
in dural tears and eerebrospinal rhinorrhoea. Often, nasoethmoidal 
fractures are eombined with more extensive fractures of the frontal 
bone. The complexity of the injury has implieations for subsequent 
faeial reeonstmetion (Video 30.2, Fig. 30.12). 


Le Fort I fractures (Guerin’s fracture) Le Fort I fraemres eonsist 

of a horizontal fracture line above the level of the floor of the nose 
involving the lower third of the nasal septum. The mobile segment 
eonsists of the palate, the alveolar proeess and the lower thirds of the 
pterygoid plates. 


Le Fort II fractures (pyramidal fracture) Le Fort n fraetmes are 

pyramidal fractures involving the maxillary bones. From the nasal 
bridge, the fracture enters the medial wall of the orbit to involve the 
laerimal bone and then erosses the inferior orbital rim, usually at the 
junction of the medial third and lateral two-thirds, and often involves 
the infraorbital foramen. The fracture line then mns beneath the zygo- 
maticomaxillary suture, traversing the lateral wall of the maxillary sinus 
to extend posteriorly and horizontally aeross the pterygoid plates. The 
zygomatie bones and arehes remain attaehed to the skull base. 


downwards and backwards aeross the pterygopalatine fossa to involve 
the root of the pterygoid plates. The zygomatie areh is usually fractured 
at the zygomatieotemporal suture (Le Fort 1901). 

Open reduction and internal fixation are conducted through aes- 
thetieally favourable ineisions in the hairline, upper eyelid, oral eavity 
and lower eyelid (subciliary and transconjunctival) (Fig. 30.13). 



Lateral middle third of faee 

Fractures of the lateral middle third involve the zygomaticomaxillary 
complex (Fig. 30.14). The zygomatie bone forms the prominenee of 
the eheek. Sinee the most eommon cause of a zygomatie fracture is a 
blow from a fist, depressed fractures of the zygomaticomaxillary 
complex are a eommon injury. These injuries may be sustained in isola- 
tion or in assoeiation with orbital blowout fractures. Isolated zygomatie 
areh fractures from a well-directed lateral blow are also eommon. 

Classic zygomatie complex fractures involve the zygomaticomaxil- 
lary, zygomatieotemporal, zygomatieofrontal and sphenozygomatie 
sutures. The fracture line extends from the lateral wall of the orbit lat- 
erally into the infratemporal fossa at the zygomatieofrontal suture. 
From this point, the fracture line extends inferiorly to join the most 
lateral aspeet of the inferior orbital fissure, continues inferiorly along 
the posterior surface of the zygomatie buttress - where it communicates 
with the lateral bulge of the maxillary antmm - and mns around the 
zygomatie buttress, high in the buccal sulcus in the upper molar region, 
and then extends upwards towards the infraorbital foramen. It finally 
mns laterally along the floor of the orbit to reaeh the lateral extension 
of the inferior orbital fissure. Clinical signs may include faeial asym- 
metry, infraorbital nerve paraesthesia/anaesthesia, limitation of mouth 
opening (if there is impingement of the eoronoid proeess by a depressed 
areh fracture) and signs of orbital blowout fracture (see below; Videos 
30.3 and 30.4). 

As zygomatie fractures involve the maxillary sinus (the lateral wall 
of which is frequently comminuted) and the infratemporal fossa, there 
is potential for spread of infeetion between these stmctures and then 
via foraminae in the skull base to the middle eranial fossa. Patients with 
zygomatie complex fractures must be advised to refrain from sneezing 
or nose-blowing, which may foree air from the antmm into the sur- 
rounding tissues (surgical emphysema) or into the orbit, resulting in 
proptosis of the eye. While the zygoma may be reduced transorally (the 
Keen approaeh) or via the brow (Dingman approaeh) or a eheek-hook 
technique (Poswillo approaeh), it is perhaps the Gillies temporal 
approaeh that is worthy of mention here because it exploits the anatomy 
of the region (Gillies et al 1927). The ineision is hidden in the hairline 
and the approaeh depends on the faet that the superior temporal faseia 
is attaehed to the superior temporal line of the skull superiorly and the 
zygomatie areh inferiorly, and that temporalis mns under the areh. An 
ineision through the temporalis faseia, but not through the muscle, 
therefore allows a metal elevator to be passed from the hairline to the 
zygomatie areh and body. Outward traetion, coupled with rotation, 
allows preeise loealization of the bone. 




Orbital fraetlires The orbit is invariably involved in fractures of the 
zygomatie bone and in Le Fort II and III fraetmes. The orbit may also 
be involved in fractures of the frontal bone and extensive nasal complex 
injuries. Direet blunt trauma to the globe may result in displaeement 
of the globe and fracture of the thin orbital floor (or medial wall) 
without assoeiated rim involvement and is known as a 'blowout' frae- 
ture (Ahmas et al 2006). This proteetive meehanism of injury helps to 
maintain the integrity of the globe itself in preferenee to the orbital 
walls. There may be assoeiated herniation of periorbital fat (Fig. 30.15) 
and/or inferior rectus, resulting in restrietion of eye movement, diplo- 
pia, ipsilateral lowering of pupillary height, and enophthalmos (due to 
inereased orbital volume) (Manson et al 1986). Fortunately, the optie 
foramen, which is situated within the lesser wing of the sphenoid bone, 
is surrounded by dense bone and is only rarely involved in fractures. 
Direet injury to the optie nerve is therefore unusual. The orbital floor 
is normally repaired by the insertion of an alloplastie or autogenous 
graft (Fig. 30.16) (Ellis and Tan 2003). 




Le Fort III fraetlires Le Fort III fractures mn parallel with the base 
of the skull, separating the entire midfaeial skeleton from the eranial 
base. The fracture extends through the nasal base and eontimies pos- 
teriorly aeross the ethmoid bone. The fracture then erosses the lesser 
wing of the sphenoid and, on oeeasion, involves the optie foramen. 
Usually, however, it slopes down medially, passing below the optie 
foramen to reaeh the pterygomaxillary fissme and pterygopalatine 
fossa. From the base of the inferior orbital fissure, the fracture mns later- 
ally and upwards, separating the greater wing of the sphenoid from the 
488 zygomatie bone, to reaeh the frontozygomatie suture. It also extends 


Lower third of faee (mandible) 


The mandible is essentially a tubular bone bent into a bhrnt V shape 
(Ch. 32). This basie eonfigmation is modified by sites of muscle attaeh- 
ment, prineipally masseter and medial pterygoid at the angle, and 
temporalis at the eoronoid proeess. The presenee of teeth, particularly 
those with long roots such as the eanines, or of unempted teeth pro- 
duces lines of weakness in the mandible. When the teeth are lost or fail 
to develop, the subsequent progressive resorption of the alveolar bone 
means that the mandible reverts to its underlying tubular stmetme. Like 














Faee and sealp 



Fig. 30.11 An extended naso-orbito-ethmoid (NOE) fracture. The frontal 
sinus and frontal bone fracture (red arrows) need to be reeonstmeted to 
provide a stable platform for the NOE. The NOE fracture (blue arrows) 
extends into the anterior maxilla and blends with the extended 
comminuted zygomatie fracture (green arrows). 



Fig. 30.12 A typieal high-energy pan-faeial injury. This injury 
demonstrates several eomplieated levels of Le Fort type maxillary 
fracture. The red arrows demonstrate the Le Fort III pattern (although the 
major fragment is further comminuted). The green arrows demonstrate the 
Le Fort II pattern, and the dark blue arrows demonstrate the Le Fort I 
pattern, although the maxilla is itself fractured sagittally (purple arrows). 
There are also bilateral eondylar neek fractures and a mandibular 
symphysial fracture (light blue arrows). Note the avulsed lower left 
premolar and dental fracture of the right ineisor (yellow arrows). Exclusion 
of inhaled dental teeth and fragments is important. 



Fig. 30.13 Various examples of plating 
configurations and titanium alloplastie 
reeonstmetions. The aim of surgery is to 
reeonstmet anatomy in order to provide a seaffold 
on which to overlay the soft tissues. 
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Fig. 30.14 A typieal left zygomatie fracture. In this 
ease, navigation planning takes the normal green 
right side and mirrors to the left. The red and 
orange outlines indieate where the bone should 




Fig. 30.15 Image fusion of computed tomography and magnetie 
resonanee imaging, showing an extensive left medial wall fracture 
(arrows). There is obvious herniation of orbital eontents and dismption of 
the soft tissue eontents of the orbit. 
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Muscles of the faee 


all tiibiilar bones, the strength of the mandible resides in a dense eorti- 
eal plate, thiekened anteriorly and at its lower border; it follows that 
the mandible is strongest anteriorly in the midline and is progressively 
weaker posteriorly towards the eondylar proeesses. Again, like all 
tubular bones, the mandible has great resistanee to eompressive forees, 
but fractures at sites of tensile strain. It is liable to particular patterns 
of distribution of tensile strain when forees are applied to it. Anterior 
forees applied to the mental symphysis, or over the body of the man- 
dible, lead to strain at the eondylar neeks and also along the lingual 
eortieal plates on the eontralateral side in the molar region. The man- 
dible therefore often fractures at two sites and isolated fractures are 
relatively unusual. In order of frequency, fractures occur most eom- 
monly at the neek of the eondyle, the angle, the parasymphysial region 
and the body of the mandible. 

Oondylar proeess 

The eondyle is proteeted from direet injury by the zygomatie arehes. 
Fractures occur usually by the transmission of foree following a blow 
to the front of the mandible or to the eontralateral body. Fractures are 
seen at all levels of the eondyle (Loukota et al 2005). Except in ehildren, 
most eondylar fractures are not intracapsular, and occur in the neek. 
They usually mn obliquely downwards and backwards from the man- 
dibular noteh. The eondyle is usually displaeed anteromedially (because 
of the attaehment of lateral pterygoid to the temporomandibular joint 
dise, capsule and anterior border of the neek of the eondyle). Nowadays, 
most eondylar fractures are managed by open reduction and early 
mobilization. 

Angle of mandible 

The majority of fractures of the mandible mn posteriorly and inferiorly 
from the alveolar bone to the angle. The presenee of a third molar tooth 
produces a line of weakness, and a fracture line will pass through its 
soeket. The unopposed pull of the powerful elevator muscles (masseter, 
medial pterygoid and temporalis) will typieally displaee the posterior 
fragment superiorly, anteriorly and medially. 

Ramus and eoronoid proeess 

Fractures at the ramus exhibit very little displaeement as a consequence 
of the splinting aetivity of medial pterygoid medially and masseter lat- 
erally, the pterygomasseterie sling; their wide attaehments to the ramus 
extend aeross the fracture lines. Similarly, the eoronoid proeess is rarely 
displaeed signifieantly because it is splinted by the tendinous insertion 
of temporalis. 

Body of mandible 

Most fractures of the body of the mandible occur as the result of direet 
trauma and tend to be eoneentrated in the first molar or eanine region. 
The more anterior the site of the fracture, the more the upward displaee- 
ment of the elevators is counteracted by the downward pull of genio- 
hyoid and the anterior belly of digastrie. When teeth are present, 
displaeement is limited by the dental occlusion (i.e. fhrther displaee- 
ment is resisted by the lower and upper teeth), whereas displaeement 
may be eonsiderable in an edentulous patient. 

Oampbell’s lines 


CampbelFs lines are five lines that are systematieally traeed when assess- 
ing maxillofacial radiographs. Line 1 joins the two zygomatieofrontal 
sutures; it mns along the superior orbital margins and erosses the 
midline in the region of the glabella. Line 2 mns along the zygomatie 
bone and the inferior orbital margin, erosses the frontal proeess of the 
maxilla and lateral wall of the nose, and then passes through the nasal 
septum to follow a similar course to the eontralateral zygomatie bone. 
Line 3 begins at the eondyle of the mandible, passes aeross the man- 
dibular noteh and eoronoid proeess of the mandible, then erosses the 
maxillary sinus from its lateral to medial walls and continues through 
the lateral wall of the nose at the level of the nasal floor; it follows a 
similar course on the eontralateral side. Line 4 follows the occlusal 
plane of the upper and lower teeth, and line 5 follows the lower border 
of the mandible. 

Cranial base 


The eranial base - elinieally regarded as, the frontal, ethmoid, sphenoid 
and oeeipital bones - is a relatively solid platform inelined at an angle 
of 45 0 to the maxillary occlusal plane. Lractures of the eranial base are 
not readily visible on normal radiographs and are best deteeted on CT 
seans. They result in bleeding in the floor of the middle eranial fossa, 
which often presents as bmising over the mastoid proeess (Battle's 
sign). These fractures may be assoeiated with dural tears and eseape of 


eerebrospinal fluid from the nose (rhinorrhoea) or ruptured tympanie 
membrane (otorrhoea). Alternatively, if this membrane remains intaet, 
it may be seen as blue and bulging (haemotympanum). 

SKELETAL ACCESS SURGERY 


The eraniofaeial skeleton has an excellent blood supply and so ean be 
dismantled as a series of osteoplastie flaps. The surgical disarticulation 
of the eraniofaeial skeleton has been used to gain aeeess to otherwise 
inaeeessible sites in order to allow the surgeon to attend to pathology 
in the skull base, eervieal spine and anterior and posterior eranial fossae. 
The aim is to provide inereased and more direet exposure of both the 
pathology and the adjaeent vital stmctures without the need to reseet 
uninvolved stmctures. The eraniofaeial skeleton ean be divided into a 
series of modular osteotomies, which permit both independent and 
eonjoined mobilization. 

The zygomatie and nasal bones and the maxilla may be exposed and 
mobilized, and pedieled on the overlying soft tissues either unilaterally 
or bilaterally. These approaehes improve aeeess to the nasal eavity, 
maxillary, ethmoidal and sphenoidal sinuses, the soft palate and 
nasopharynx, and the infratemporal fossa and pharyngeal spaee. The 
exposures may be extended to gain aeeess to the anterior and middle 
eranial fossae, cavernous sinus, clivus, eranioeervieal junction and upper 
eervieal vertebrae. 

A variety of different aeeess osteotomies have been deseribed and 
found to be useful in speeifie elinieal situations. Most of the osteot- 
omies deseribed follow the eonventional patterns of faeial fractures 
deseribed above. The entire hemimaxilla and zygoma ean be mobilized, 
and pedieled on the soft tissues of the faee by making bone cuts that 
follow the lines of a Le Lort II fracture on one side. The osteotomy is 
eompleted by dividing the upper alveolus and palate just to the side of 
the nasal septum and perpendiailar plate of the vomer. The maxilla 
may be mobilized at the Le Fort I level and down-fractured, pedieled 
on the palatoglossal muscles and soft tissue attaehments. This gives 
good aeeess to the nasopharynx, clivus and upper eervieal spine, par- 
tioilarly if the palate is divided in the midline. 

Lateral zygomatie osteotomies may be performed to gain aeeess to 
the orbital apex and infratemporal fossa. The surgical approaeh is from 
behind using a hemi- or bieoronal flap. The zygomatie complex is 
mobilized inferiorly, pedieled on masseter. When eombined with a 
mandibular ramus osteotomy, aeeess is gained to the retromaxillary area 
and pterygoid spaee as well as to the infratemporal fossa. In eombin- 
ation with a frontotemporal eraniotomy, the zygomatie osteotomy has 
been used for aeeess to the middle eranial fossa, cavernous sinus, apex 
of the petrous temporal bone and the interpeduncular eistern. 

Dividing the lower lip in the midline, and dividing the mandible 
either in the midline or just in front of the mental foramen, allows the 
hemimandible to be swung laterally. The technique is used to give 
improved aeeess to the floor of the mouth, the base of the tongue, 
tonsillar fossa, soft palate, oropharynx, posterior pharyngeal wall, 
supraglottic larynx and pterygomandibular region. By extending the 
disseetion laterally, aeeess is gained to the pterygoid spaee, infratempo- 
ral fossa and parapharyngeal spaee. By disseeting more medially, aeeess 
is gained to the nasopharynx, lower part of the clivus and all seven of 
the eervieal vertebrae. A modifieation of the mandibular swing proee- 
dure inereases aeeess up to the skull base, by eombining the elassie 
mandibular swing with a horizontal osteotomy of the mandibular 
ramus above the level of the lingula. 


MUSCLES 0F THE FACE 


Craniofacial muscles are assoeiated with the orbital margins and eyelids, 
external nose and nostrils, lips, eheeks and mouth, pinna, sealp and 
eervieal skin, and eolleetively are often ealled, not very accurately, 

'imiseles of faeial expression' (Fig. 30.17). Their organization differs 
from that of muscles in most other regions of the body because there 
is no deep membranous faseia beneath the skin of the faee, and many 
small slips of muscle that are attaehed to the faeial skeleton insert 
direetly into the skin. 

Although these muscles produce movements of the faeial skin that 
refleet emotions, it is usually argued that their primary fimetion is to 
aet as sphineters and dilators of the faeial orifiees and that the fimetion 
of faeial expression has developed seeondarily. Embryologieally, they 
are derived from the mesenehyme of the seeond branehial areh and so 
are innervated by the faeial nerve. Topographieally and fimetionally, the 
muscles of faeial expression may be subdivided into epieranial, eiraim- 
orbital and palpebral, nasal, and buccolabial groups (Fig. 30.18). 489 
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Faee and sealp 




Fig. 30.16 A, A typieal large medial wall and floor fracture. The bone here, 
the lamina papyraeea, is the thinnest in the orbit. The intaet medial wall 
on the right side is outlined in green. B, In this ease, the intaet right 
medial wall (green line) was mirrored; the red line outlines the defeet 
on the left orbit. C, A titanium plate was then plaeed through a 
transconjunctival ineision, with lateral eantholysis; the position was 
eheeked with intraoperative navigation. 
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Fig. 30.17 A, An anterior view of the skiill, showing the miisele attaehments. Continued 


EPICRANIAL MUSCLE GROUP 

Epicranius 

Epicranius eonsists of oeeipitofrontalis and temporoparietalis. 

Oeeipitofrontalis 

Oeeipitofrontalis eovers the dome of the skull from the highest nuchal 
lines to the eyebrows. It is a broad, musculofibrous layer and eonsists 
of four thin, muscular quadrilateral parts, two oeeipital and two frontal, 
eonneeted by the epieranial aponeurosis. Eaeh oeeipital part (oeeipi- 
talis) arises by tendinous fibres from the lateral two-thirds of the highest 
nuchal line of the oeeipital bone and the adjaeent region of the mastoid 
part of the temporal bone, and extends forwards to join the aponeurosis. 
The gap between the two oeeipital parts is occupied by an extension of 
the epieranial aponeurosis. Eaeh frontal part (frontalis) is adherent to 
the superficial faseia, particularly of the eyebrows. Although frontalis has 
no bony attaehments of its own, its fibres blend with those of adjaeent 
muscles - proeems, eormgator supercilii and orbiailaris oculi - and 
aseend to join the epieranial aponeurosis in front of the eoronal suture. 

Vaseillar supply Oeeipitofrontalis is supplied by branehes of the 
superficial temporal, ophthalmie, posterior auricular and oeeipital 
arteries. 

Innervation The oeeipital part of oeeipitofrontalis is supplied by the 
posterior auricular braneh of the faeial nerve, and the frontal part is 
supplied by the temporal branehes of the faeial nerve. 

Aetions Aeting from above, the frontal parts raise the eyebrows and 
the skin over the root of the nose (e.g. as in expressions of surprise or 


horror). Aeting from below, the frontal parts draw the sealp forwards, 
throwing the forehead into transverse wrinkles. The oeeipital parts draw 
the sealp backwards. Aeting alternately, the oeeipital and frontal parts 
ean move the entire sealp backwards and forwards. 

Variations A thin muscular slip, transversus nuchae, is sometimes 
present. It arises from the external oeeipital protuberance or from the 
superior nuchal line, either superficial or deep to trapezius. It is fre- 
quently inserted with auricularis posterior but may blend with the 
posterior edge of sternoeleidomastoid. 

Epieranial aponeurosis 

The epieranial aponeurosis eovers the upper part of the cranium and, 
with the epieranial muscle, forms a continuous fibromuscular sheet that 
extends from the occiput to the eyebrows. Posteriorly, between the 
oeeipital parts of oeeipitofrontalis, it is attaehed to the external protu- 
beranee and highest nuchal line of the oeeipital bone. Anteriorly, it 
splits to enelose the frontal parts and sends a short, narrow prolong- 
ation between them. Laterally, the anterior and superior auricular 
muscles are attaehed to it; the aponeurosis is thinner, and continues 
over the temporal faseia to the zygomatie areh. It is united to the skin 
lying over the eranial vault by fibrous superficial faseia, but it is eon- 
neeted more loosely to the underlying pericranium by areolar tissue, an 
arrangement that allows it to move freely, earrying with it the skin of 
the sealp. 

Temporoparietalis 

Temporoparietalis is a variably developed sheet of muscle that lies 
between the frontal parts of oeeipitofrontalis and the anterior and 
superior auricular muscles. 
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Fig. 30.17, eont’d B, A basal view of the skull, showing the muscle attaehments. C, A lateral view of the skull, showing muscle attaehments 
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Fig. 30.18 The superficial muscles of the head and neek. A, Frontal view. B-D, The muscles of the left lateral side of the head and upper part of the 
neek, shown at progressively deeper levels. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 
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Fig. 30.18, eont’d 
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CIRCUMORBITAL AND PALPEBRAL MUSCLE GROUP 

The eireiimorbital and palpebral group of muscles are orbicularis oculi, 
eormgator supercilii and levator palpebrae superioris. The íìrst two are 
deseribed here; levator palpebrae superioris is deseribed on page 670. 

Orbieiilarìs oculi 

Orbioilaris oculi is a broad, flat, elliptieal muscle that surrounds the 
circumference of the orbit and spreads into the adjaeent regions of the 
eyelids, anterior temporal region, infraorbital eheek and superciliary 
region (see Fig. 30.18). It has orbital, palpebral and laerimal parts, and 
a small eiliary bundle. 

The orbital part arises from the nasal eomponent of the frontal bone, 
the frontal proeess of the maxilla and from the medial palpebral liga- 
ment. The fibres form eomplete ellipses, without intermption on the 
lateral side, where there is no bony attaehment. The upper orbital fibres 
blend with the frontal part of oeeipitofrontalis and eormgator supercilii. 
Many of them are inserted into the skin and subcutaneous tissue of the 
eyebrow and constitute depressor supercilii. Inferiorly and medially, the 
ellipses overlap or blend to some extent with adjaeent muscles (levator 
labii superioris alaeque nasi, levator labii superioris and zygomatiais 
minor). At the extreme periphery, seetors of eomplete, and sometimes 
ineomplete, ellipses have a loose areolar eonneetion with the temporal 
extension of the epieranial aponeurosis. 

The palpebral part arises from the medial palpebral ligament, mainly 
from its superficial surface, and from the bone immediately above and 
below the ligament. The fibres sweep aeross the eyelids anterior to the 
orbital septum, interlaeing at the lateral commissure to form the lateral 
palpebral raphe. A small group of fine fibres, elose to the margin of eaeh 
eyelid behind the eyelashes, constitutes the eiliary bundle. 

The laerimal part arises from the upper part of the laerimal erest, and 
the adjaeent lateral surface, of the laerimal bone. It passes laterally 
behind the nasolaerimal sae (where some fibres are inserted into the 
assoeiated faseia) and divides into upper and lower slips. Some fibres 
are inserted into the tarsi of the eyelids elose to the laerimal canaliculi, 
but most continue aeross in front of the tarsi and interlaee in the lateral 
palpebral raphe. 

Vaseillar Slipply Orbicularis oculi is supplied by branehes of the 
faeial, superficial temporal, maxillary and ophthalmie arteries. 

Innerva ion Orbicularis oculi is supplied by temporal and zygomatie 
branehes of the faeial nerve. 

Aetions Orbicularis oculi is the sphineter muscle of the eyelids and 
plays an important role in faeial expression and various ocular reflexes. 
The orbital portion is usually aetivated under voluntary eontrol. Con- 
traetion of the upper orbital fibres produces vertieal furrowing above 
the bridge of the nose, narrowing of the palpebral fissure, and bunching 
and protmsion of the eyebrows, which reduces the amount of light 
entering the eyes. Eye closure is largely affeeted by lowering of the upper 
eyelid but there is also eonsiderable elevation of the lower eyelid. The 
palpebral portion ean be eontraeted voluntarily, to elose the lids gently 
as in sleep, or reflexly, to elose the lids proteetively in blinking. The 
palpebral part has upper depressor and lower elevator faseieles. The 
laerimal part of the muscle draws the eyelids and the laerimal papillae 
medially, thereby exerting traetion on the laerimal faseia, and may aid 
drainage of tears by dilating the laerimal sae. It may also influence pres- 
sure gradients within the laerimal gland and ducts. This aetivity may 
assist in the sinuous flow of tears aeross the eornea, direet the laerimal 
punctum into the lacus laerimalis, and express seeretions of the eiliary 
and tarsal glands. When the entire orbiailaris oculi muscle eontraets, 
the skin is thrown into folds that radiate from the lateral angle of the 
eyelids. Such folds, when permanent, cause wrinkles in middle age (the 
so-ealled 'crow's feet'). 

Corrugator supercilii 

Cormgator supercilii is a small pyramidal imisele loeated at the medial 
end of eaeh eyebrow, lying deep to the frontal part of oeeipitofrontalis 
and orbicularis oculi, with which it is partially blended (see Fig. 
30.18A). It arises from bone at the medial end of the superciliary areh 
and its fibres pass laterally and slightly upwards to exert traetion on the 
skin above the middle of the supraorbital margin. 

Vaseillar SLipply eormgator supercilii is supplied by branehes from 
adjaeent arteries, mainly from the superficial temporal and ophthalmie 
arteries. 

Innervation eormgator supercilii is innervated by temporal branehes 
494 of the faeial nerve. 


Aetions Corrugator supercilii eooperates with orbicularis oculi to 
draw the eyebrows medially and downwards to shield the eyes in bright 
sunlight. It is also involved in frowning. The eombined aetion of the 
two muscles produces mainly vertieal wrinkles on the supranasal strip 
of the forehead. 

NASAL MUSCLE GR0UP 


The nasal muscle group, which eonsists of proeems, nasalis and depres- 
sor septi, is deseribed on page 558. 

BUCC0LABIAL MUSCLE GR0UP 


The shape of the mouth and the posture of the lips are eontrolled by a 
complex three-dimensional assembly of muscular slips (Yousif and 
Mendelson 1995). These include elevators, retraetors and evertors of 
the upper lip (levator labii superioris alaeque nasi, levator labii superi- 
oris, zygomaticus major and minor, levator anguli oris and risorius); 
depressors, retraetors and evertors of the lower lip (depressor labii 
inferioris, depressor anguli oris, and mentalis); a compound sphineter 
(orbioilaris oris, incisivus superior and inferior); and buccinator (see 
Fig. 30.18). 

Levator labii superioris alaeque nasi 

Fevator labii superioris alaeque nasi is deseribed on page 559. 

Levator labii superioris 

Fevator labii superioris arises from the maxilla and zygomatie bone 
above the infraorbital foramen. Its fibres eonverge into the muscular 
substance of the upper lip between the lateral slip of levator labii su- 
perioris alaeque nasi and zygomatiois minor. 

Vaseillar Slipply Fevator labii superioris is supplied by the faeial 
artery and the infraorbital braneh of the maxillary artery. 

Innervation Fevator labii superioris is innervated by the zygomatie 
and buccal branehes of the faeial nerve. 

Aetions Fevator labii superioris elevates and everts the upper lip. 
Aeting with other muscles, it modifies the nasolabial furrow. In some 
faees, this furrow is a highly eharaeteristie feature and it is often deep- 
ened in expressions of sadness or seriousness. 

Zygomaticus major 

Zygomatiois major arises from the zygomatie bone, just in front of the 
zygomatieotemporal suture, and passes to the angle of the mouth where 
it blends with the fibres of levator anguli oris, orbicularis oris and more 
deeply plaeed muscular bands. 

Vaseillar SLipply Zygomaticus major is supplied by the superior 
labial braneh of the faeial artery. 

Innervation Zygomaticus major is innervated by the zygomatie and 
buccal branehes of the faeial nerve. 

Aetions Zygomaticus major draws the angle of the mouth upwards 
and laterally, as in laughing. 

Zygomaticus minor 

Zygomatiois minor arises from the lateral surface of the zygomatie 
bone immediately behind the zygomaticomaxillary suture, and passes 
downwards and medially into the muscular substance of the upper lip. 
Superiorly, it is separated from levator labii superioris by a narrow tri- 
angular interval and, inferiorly, it blends with this muscle. 

Vaseillar Slipply Zygomaticus minor is supplied by the superior 
labial braneh of the faeial artery. 

Innervation Zygomaticus minor is innervated by the zygomatie and 
buccal branehes of the faeial nerve. 

Aetions Zygomaticus minor elevates the upper lip, exposing the max- 
illary teeth. It also assists in deepening and elevating the nasolabial 
furrow. Aeting together, the main elevators of the lip - levator labii 
superioris alaeque nasi, levator labii superioris and zygomaticus minor 
- curl the upper lip in smiling and in expressing smugness, eontempt 
or disdain. 






Muscles of the faee 


Levator angiili oris 

Levator anguli oris arises from the eanine fossa of the maKÌlla, just 
below the infraorbital foramen, and inserts into and below the angle 
of the mouth. Its fibres mingle there with other muscle fibres (zygo- 
maticus major, depressor anguli oris, orbicularis oris). Some superficial 
fibres curve anteriorly and attaeh to the dermal floor of the lower part 
of the nasolabial furrow. The infraorbital nerve and aeeompanying 
vessels enter the faee via the infraorbital foramen between the origins 
of levator anguli oris and levator labii superioris. 

Vascular supply Levator anguli oris is supplied by the superior labial 
braneh of the faeial artery and the infraorbital braneh of the maxillary 
artery. 

Innervation Levator anguli oris is innervated by the zygomatie and 
buccal branehes of the faeial nerve. 

Aetions Levator anguli oris raises the angle of the mouth in smiling, 
and contributes to the depth and contour of the nasolabial furrow. 

Malaris 

Malaris is a thin sheet of muscle that is sometimes found eovering and 
blending with zygomaticus major and minor, and levator labii superi- 
oris. It is subject to eonsiderable variation (Zufferey 2013). When 
present, it is continuous with the inferior limit of orbicularis oculi, from 
which it is possibly derived. Its fibres ineline medially and downwards. 
Some of its superficial faseieles have a dermal attaehment to the naso- 
labial ridge and sulcus, and others pass direetly to the angle of the 
mouth and to the outer third of the upper lip to interseet with bundles 
of orbicularis oris. 

Mentalis 

Mentalis is a eonieal fasciculus lying at the side of the frenulum of the 
lower lip. The fibres arise from the ineisive fossa of the mandible and 
deseend to attaeh to the skin of the ehin. 

Vaseillar SLipply Mentalis is supplied by the inferior labial braneh 
of the faeial artery and the mental braneh of the maxillary artery. 

Innervation Mentalis is innervated by the mandibular braneh of the 
faeial nerve. 

Aetions Mentalis raises the lower lip, wrinkling the skin of the ehin. 
It raises the base of the lower lip and therefore helps in protmding and 
everting the lower lip in drinking and also in expressing doubt or 
disdain. 

Depressor labiì inferioris 

Depressor labii inferioris is a quadrilateral muscle that arises from the 
oblique line of the mandible, between the symphysis menti and the 
mental foramen. It passes upwards and medially into the skin and 
mucosa of the lower lip, blending with its eontralateral fellow and with 
orbicularis oris. Below and laterally, it is continuous with platysma. 

Vaseillar Slipply Depressor labii inferioris is supplied by the inferior 
labial braneh of the faeial artery and the mental braneh of the maxillary 
artery. 

Innervation Depressor labii inferioris is innervated by the mandibular 
braneh of the faeial nerve. 

Aetions Depressor labii inferioris draws the lower lip downwards and 
a little laterally in mastieatory aetivity, and may assist in eversion of the 
lower lip. It contributes to the expressions of irony, sorrow, melaneholy 
and doubt. 

Depressor anguli oris 

Depressor anguli oris has a long, linear origin from the mental tubercle 
of the mandible and its eontimiation, the oblique line, below and 
lateral to depressor labii inferioris. It eonverges into a narrow fasciculus 
that blends at the angle of the mouth with orbicularis oris and risorius, 
and some fibres continue into levator anguli oris. Depressor anguli oris 
is continuous below with platysma and eervieal faseiae. Some of its 
fibres may pass below the mental tubercle and eross the midline to 
interlaee with their eontralateral fellows, thereby forming transversus 
menti (the 'mental sling). 

VaSdllar Slipply Depressor anguli oris is supplied by the inferior 
labial braneh of the faeial artery and the mental braneh of the maxillary 
artery. 


Innervation Depressor anguli oris is innervated by the buccal and 
mandibular branehes of the faeial nerve. 

Aetions Depressor anguli oris draws the angle of the mouth down- 
wards and laterally in opening the mouth and in expressing sadness. 
During opening of the mouth, the mentolabial sulcus beeomes more 
horizontal and its eentral part deepens. 

Buccinator 

The muscle of the eheek, buccinator, is a thin quadrilateral muscle that 
occupies the interval between the maxilla and the mandible (see Fig. 
30.18D). Its upper and lower boundaries are attaehed to the outer 
surfaces of the alveolar proeesses of the maxilla and mandible, respee- 
tively, opposite the molar teeth, and its posterior border is attaehed to 
the anterior margin of the pterygomandibular raphe. In addition, a few 
fibres spring from a fine tendinous band that bridges the interval 
between the maxilla and the pterygoid hamulus, between the tuberosity 
of the maxilla and the upper end of the pterygomandibular raphe. On 
its way to the soft palate, the tendon of tensor veli palatini pierees the 
pharyngeal wall in the small gap that lies behind this tendinous band. 
The posterior part of buccinator is deeply plaeed, internal to the man- 
dibular ramus and in the plane of the medial pterygoid plate. Its anterior 
eomponent curves out behind the third molar tooth to lie in the sub- 
mucosa of the eheek and lips. The fibres of buccinator eonverge towards 
the modiolus near the angle of the mouth. Here the eentral (pterygo- 
mandibular) fibres interseet, those from below eross to the upper part 
of orbiailaris oris, and those from above eross to the lower part. The 
highest (maxillary) and lowest (mandibular) fibres of buccinator eon- 
tinue forwards to enter their eorresponding lips without decussation. 
As buccinator courses through the eheek and modiolus, substantial 
numbers of its fibres are diverted internally to attaeh to submucosa. 

elations Posteriorly, buccinator lies in the same plane as the su- 
perior pharyngeal eonstrietor, which arises from the posterior margin 
of the pterygomandibular raphe, and is eovered there by the buccopha- 
ryngeal faseia. Superficially, the buccal pad of fat separates the posterior 
part of buccinator from the ramus of the mandible, masseter and part 
of temporalis. Anteriorly, the superficial surface of buccinator is related 
to zygomaticus major, risorius, levator and depressor anguli oris, and 
the parotid duct. It is erossed by the faeial artery, faeial vein and branehes 
of the faeial and buccal nerves. The deep surface of buccinator is related 
to the buccal glands and mucous membrane of the mouth. The parotid 
duct pierees buccinator opposite the third upper molar tooth, and lies 
on the deep surface of the muscle before opening into the mouth 
opposite the maxillary seeond molar tooth. 

VaSdllar SLipply Buccinator is supplied by branehes from the faeial 
artery and the buccal braneh of the maxillary artery. 

Innervation Buccinator is supplied by the buccal braneh of the faeial 
nerve. 

Aetions Buccinator eompresses the eheek against the teeth and gums 
during mastieation, and assists the tongue in direeting food between 
the teeth. As the mouth eloses, the teeth glide over the buccolabial 
mucosa, which must be retraeted progressively from their occlusal sur- 
faees by buccinator and other submucosally attaehed muscles. When 
the eheeks have been distended with air, the buccinators expel it 
between the lips, an aetivity important when playing wind instmments, 
and which accounts for the name of the muscle (Latin buccinator = 
tmmpeter). 

Pterygomandibular raphe 

The pterygomandibular raphe is a thin band of tendinous fibres that 
stretehes from the hamulus of the medial pterygoid plate down to the 
posterior end of the mylohyoid line of the mandible. It is easily pal- 
pated medially, where it is eovered by the mucous membrane of the 
mouth, and laterally it is separated from the ramus of the mandible by 
a quantity of adipose tissue. It gives attaehment posteriorly to the su- 
perior eonstrietor of the pharynx, and anteriorly to the eentral part of 
buccinator. The pterygomandibular raphe (see Fig. 31.1) is a useful ana- 
tomieal landmark for the administration of inferior alveolar nerve 
bloeks because the nerve lies lateral to it. 

Orbicularis oris 

Orbiailaris oris is so named because it was onee assumed that the oral 
fissure was surrounded by a series of eomplete ellipses of striated muscle 
that aeted together in the manner of a sphineter. However, it is now 
reeognized that the muscle actually eonsists of four substantially 
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independent quadrants (upper, lower, left and right), eaeh of which 
eontains a larger pars peripheralis and a smaller pars marginalis. Mar- 
ginal and peripheral parts are apposed along lines that eorrespond 
externally to the lines of junction between the vermilion zone of the 
lip and the skin. Thus, orbicularis oris is eomposed of eight segments, 
eaeh of which is named systematieally aeeording to its loeation. Eaeh 
segment resembles a fan that has its stem at the modiolus and is open 
in peripheral segments and almost elosed in marginal segments. 

Pars peripheralis 

Pars peripheralis has, in eaeh quadrant, a lateral stem attaehed to the 
labial side of the modiolus over its full thiekness, from apex to base, 
including the eorresponding upper or lower cornu. Most of these stem 
fibres are thought to originate within the modiolus (although it is pos- 
sible that some are direet eontimiations from the other modiolar 
muscles). The consensus view is that stem fibres are reinforeed direetly 
by fibres from buccinator (upper fibres and decussating lower eentral 
fibres), levator anguli oris and the superficial part of zygomatiais major 
in the upper lip, and from buccinator (lower fibres and decussating 
upper eentral fibres) and depressor anguli oris in the lower lip. 

The fibres of orbioilaris oris enter their respeetive superior and in- 
ferior labial areas, and diverge to form triangular muscular sheets. These 
are thiekest at the junctions between skin and the vermilion zone, and 
beeome progressively thinner as they reaeh the limits of the labial 
region (as defined above). The greater part of eaeh sheet enters the free 
lip, where its fibres aggregate into eylindrieal bundles orientated parallel 
to the vermilion zone. Fibres of the direet labial traetors pass to their 
submucosal attaehments between these eylindrieal bundles and between 
pars peripheralis and pars marginalis. In the upper lip, the highest fibres 
mn near the nasolabial sulcus, a few fibres attaeh to the sulcus, and a 
few to the nasal ala and septum. In the lower lip, the lowest fibres reaeh 
and attaeh to the mentolabial sulcus. A small proportion of the main 
body of fibres is thought to end in the labial eonneetive tissue, dermis 
or submucosa as it traverses its quadrant of free lip. Most fibres eontimie 
towards the median plane and eross some 5 mm into the opposite 
half-lip. At this point, the fibres from the two sides interlaee on their 
way to their dermal insertions, ereating the ridges of the philtmm of 
the upper lip and the less marked eorresponding depression in the 
lower lip. 

Pars marginalis 

Pars marginalis of orbicularis oris is developed to a unique extent in 
human lips and is elosely assoeiated with speeeh and the production 
of some kinds of imisieal tone. In eaeh quadrant, the pars marginalis 
eonsists of a single (oeeasionally double) band of narrow-diameter 
muscle fibres lodged within the tissues of eaeh vermilion zone. At their 
medial end, the marginal fibres meet and interlaee with their eontra- 
lateral fellows and then attaeh to the dermis of the vermilion zone a 
few millimetres beyond the median plane in a manner similar to pars 
peripheralis. At their lateral ends, the fibres eonverge and attaeh to the 
deepest part of the modiolar base along a horizontal strip level with 
the buccal angle. 

The relations between pars marginalis and pars peripheralis are 
complex. In a full-thickness seetion of an upper lip at right angles to 
the vermilion zone, the eylindrieal bundles of peripheralis fibres form 
an S shape, with an external convexity above and an internal convexity 
below; the elassie analogy is to the shank and initial curved part of a 
hook. Beyond peripheralis, the hook shape is eompleted by the blunted 
triangular profile of marginalis, which occupies the eore of the vermil- 
ion zone with its base adjaeent to peripheralis and its apex reaehing 
upwards and anteriorly towards the junction between vermilion zone 
and skin. In a similar seetion through the lower lip, peripheralis bundles 
form a continuous curve that is eoneave towards the external surface. 
This is surmounted by the flattened triangular profile of marginalis, 
which curves anteriorly, its apex again nearing the vermilion/cutaneous 
junction. Thus, throughout the vermilion zones of both lips, marginalis 
lies substantially anterior to the adjaeent bundles of peripheralis. 
However, as the imiseles are traeed laterally beyond the vermilion zone 
and aeross the buccal angle, this relationship alters and marginalis 
beeomes inverted as it wraps progressively around the adjaeent edge of 
peripheralis to reaeh its deep (submucosal) surface, and maintains this 
position up to its attaehment at the modiolar base. 

Vaseillar SLipply Orbicularis oris is supplied mainly by the superior 
and inferior labial branehes of the faeial artery, the mental and infra- 
orbital branehes of the maxillary artery, and the transverse faeial braneh 
of the superficial temporal artery. 

Nerve SLipply Orbioilaris oris is supplied by the buccal and man- 
dibular branehes of the faeial nerve. 


Aetions The aetions of orbicularis oris are eonsidered in detail in the 
next seetion. 

IneisìvLis labii superioris 

Incisivus labii superioris has a bony origin from the floor of the ineisive 
fossa of the maxilla above the eminenee of the lateral ineisor tooth. 
Initially, it lies deep to the superior part of orbioilaris oris pars periph- 
eralis. Arehing laterally, its fibre bundles beeome interealated between, 
and parallel to, the orbicular bundles. Approaehing the modiolus, it 
segregates into superficial and deep parts; the former blends partially 
with levator anguli oris and attaehes to the body and apex of the modio- 
lus, and the latter is attaehed to the superior cornu and base of the 
modiohis. 

Incisivus labii inferioris 

Incisivus labii inferioris, an aeeessory muscle of the orbicularis oris 
muscle complex, has many features in eommon with incisivus labii 
superioris. Its osseous attaehment is to the floor of the ineisive fossa of 
the mandible, lateral to mentalis and below the eminenee of the lateral 
ineisor tooth. Curving laterally and upwards, it blends to some extent 
with the inferior part of orbioilaris oris pars peripheralis before reaeh- 
ing the modiolus, where superficial bundles attaeh to the apex and 
body, and deep bundles attaeh to the base and inferior cornu. 

Platysma 

Platysma is deseribed as a muscle of the neek but it is eonsidered 
here as a contributor to the orbioilaris oris muscle complex. It has 
mandibular, labial and modiolar parts. Pars mandibularis attaehes to 
the lower border of the body of the mandible. Posterior to this attaeh- 
ment, a substantial flattened bundle separates and passes superomedi- 
ally to the lateral border of depressor anguli oris, where a few fibres 
join this muscle. The remainder eontimie deep to depressor anguli oris 
and reappear at its medial border. Here, they continue within the tissue 
of the lateral half of the lower lip, as a direet labial traetor, platysma 
pars labialis. Pars labialis occupies the interval between depressor 
anguli oris and depressor labii inferioris, and is in the same plane 
as these imiseles. The adjaeent margins of all three muscles blend and 
they have similar labial attaehments. Platysma pars modiolaris eonsti- 
tutes all the remaining bundles posterior to pars labialis, other than 
a few fine faseieles that end direetly in buccal dermis or submucosa. 
Pars modiolaris is posterolateral to depressor anguli oris and passes 
superomedially, deep to risorius, to apieal and subapical modiolar 
attaehments. 

Risorius 

Risorius is a highly variable muscle that ranges from one or more 
slender faseieles to a wide, thin, superficial fan. Its peripheral attaeh- 
ments may include some or all of the following: the zygomatie areh, 
parotid faseia, faseia over the masseter anterior to the parotid, faseia 
enelosing platysma pars modiolaris, and faseia over the mastoid pro- 
eess. Its fibres eonverge to apieal and subapical attaehments at the 
modiohis. 

Vaseillar Slipply Risorius is supplied mainly by the superior labial 
braneh of the faeial artery. 

Nerve SLipply Risorius is supplied by buccal branehes of the faeial 
nerve. 

Aetìons Risorius pulls the eorner of the mouth laterally in numerous 
faeial aetivities, including grinning and laughing. 

MOVEMENTS OF THE FACE AND LIPS 


Direet labial traetors 

Direet labial traetors, as their name suggests, pass direetly into the 
tissues of the lips and not via the modioli. In broad terms, the foree 
exerted by traetors is direeted vertieally at an approximate right angle 
to the oral fissure. Their aetion will therefore elevate and/or evert the 
whole, or part, of the upper lip and depress and/or evert the whole, or 
part, of the lower lip. The traetors are, from medial to lateral, the labial 
part of levator labii superioris alaeque nasi; levator labii superioris and 
zygomatiois minor in the upper lip; and depressor labii inferioris and 
platysma pars labialis in the lower lip. 

In both upper and lower lips, the traetors blend into a continuous 
sheet that divides into a series of superimposed eoronal sheets that are 
anterior to the muscle bundles of orbicularis oris pars peripheralis as 
they enter the free lip. The sheets may be divided into three groups at 
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Fig. 30.19 A, A sagittal seetion of the upper lip in repose. On the left is 
thin skin with oblique hair follieles; on the right is thiek mucosa with 
mucous glands and mucosal shelf; between them is the vermilion 
zone. B, As A but slightly eontraeted, forming a narrowed profile (labial 
eord). 


inereasing depths from the skin surface, eaeh with a distinet zone of 
attaehment (Fig. 30.19). The superficial group eomprises a succession 
of fine fibre bundles, which curve anteriorly a short distanee before 
attaehing in a series of horizontal rows to the dermis between the hair 
follieles, sebaceous glands and sweat glands. The intermediate group 
attaehes to the dermis of the vermilion zone, which they reaeh by two 
routes: the more superficial bundles eontimie past the skin/vermilion 
junction, then curve posteriorly over orbicularis oris pars marginalis to 
punctate attaehments on the ventral half of the dermis of the vermilion 
zone, while the deeper bundles first pass posteriorly between pars 
peripheralis and pars marginalis, then curve anteriorly to punctate 
attaehments on the dorsal half of the dermis of the vermilion zone. The 
deep group is elosely applied to the anterior surface of orbicularis oris 
pars peripheralis, and sends fine traetor fibres between its parallel 
bundles to attaeh posteriorly into the submucosa and periglandular 
eonneetive tissue. 

Movements of the lips 

The various groups of direet labial traetors may aet together or individu- 
ally, and their effeets may involve a eomplete labial quadrant or be 
restrieted to a short segment. For example, partial eontraetion of the 
superior labial traetors ean result in loealized elevation of a segment of 
the upper lip, in a postural expression reminiseent of the 'eanine snarl'. 
Normally, however, the aetivity of the traetors is modified by the super- 
imposed aetivity of orbicularis oris and the modiolar muscles. The 
resultant aetions range from delieate adjustments of the tension and 
profile of the lip margins to large inereases of the oral fissure with ever- 
sion of the lips. 

Lip protmsion is passive in its initial stages. It may be suppressed by 
powerful eontraetion of the whole of orbicularis oris or enhaneed by 
seleetive aetivation of parts of the direet labial traetors. However, lip 
movements must aeeommodate separation of the teeth brought about 
by mandibular depression at the temporomandibular joints. Beyond a 
eertain range of mouth opening, labial movements are almost eom- 
pletely dominated by mandibular movements. Thus, over the last 
2.5-3 em interineisal distanee of wide jaw separation, strong eontrae- 
tion of orbicularis oris eannot effeet lip eontaet, and instead it causes 
fhll-thiekness infleetion of upper and lower lips, inehiding the vermil- 
ion zone, towards the oral eavity, wrapping them around the ineisal 
edges, eanine cusps and premolar occlusal surfaces. The involvement of 
the lips in speeeh is deseribed in ehapter 35, but some aspeets relevant 
to the aetions of orbicularis oris pars marginalis will be deseribed here. 
Contraction of marginalis is eonsidered to alter the eross-seetional 
profile of the free margin of the vermilion zone such that both the 
gentle bulbous profile of the upper lip and the smooth posterosuperior 
convexity of the lower lip ehange to a narrow, symmetrie, triangular 
profile. The transformed rims, whose length and tension ean be deli- 
eately eontrolled, have been named labial eords. They are known to be 
involved in the production of some eonsonantal (labial) sounds. A 
labial eord may also fimetion as a Vibrating reed' in whistling or playing 
a wind instmment such as the tmmpet. 


The modiolus and its role 
in faeial movements 

On eaeh side of the faee, a number of muscles eonverge towards a focus 
just lateral to the buccal angle, where they interlaee to form a dense, 
eompaet, mobile, fibromuscular mass ealled the modiolus. This ean be 
palpated most effeetively by using the opposed thumb and index finger 
to eompress the mucosa and skin simultaneously. At least nine muscles, 
depending on the elassifieation employed, are attaehed to eaeh modi- 
olus. Moreover, the imiseles lie in different planes, their modiolar stems 
are often spiralized, and most divide into two bundles - some into three 
or four, eaeh of them interlaeing and attaehing in a distinetive way. Not 
surprisingly, therefore, the three-dimensional organization of the modi- 
olus has proved difficult to analyse. 

The shape and dimensions of the modiolus are given approximately 
because they are subject to individual, age, sexual and ethnie variation. 
Furthermore, the modiolus has no preeise histologieal boundaries, and 
is an irregular zone where dense, eompaet, interlaeing tissue grades into 
the stems of individually reeognizable imiseles. The modiolus has the 
rough form of a blunt eone. The base of the eone (basis moduli) is 
adjaeent and adherent to the mucosa. It is roughly elliptieal in outline 
and extends vertieally 20 mm above and 20 mm below a horizontal 
line through the buccal angle. It also extends laterally a similar distanee 
from the angle. The blunt apex of the eone (apex moduli) is 4 mm 
aeross, and is eentred approximately 12 mm lateral to the buccal angle. 
From mucosa to dermis, the thiekness of the mass is usually 10 mm, 
divided approximately equally into basal, eentral and apieal parts. The 
eentral body has an oblique fibrous eleft or ehannel that transmits the 
faeial artery, an arrangement that may limit the extent to which it is 
eompressed by eontraetion of the buccolabial musculature. The eone 
shape is modified by two round-edged flanges (or cornua) that extend 
into the lateral free lip tissues above and below the eorner of the mouth. 
The tip of the superior cornu extends 5.5 mm medial to the buccal 
angle, the tip of the inferior cornu only 3.5 mm. With these additions, 
the modiolar base beeomes kidney-shaped, with the buccal angle pro- 
jeeting towards the hilum. 

The apex of the modiolus is deep and adherent to the panniculus 
carnosus, which extends posteromedially as a thin, sloping sheet down 
to the buccal angle. There, its free border forms a ereseentie, narrow, 
flexible, subcutaneous, fibroelastie eord that aeeommodates the varying 
postures of the modioli, lips, mouth and jaws. 

Controlled three-dimensional mobility of the modioli enables them 
to integrate the aetivities of the eheeks, lips and oral fissure, the oral 
vestibule and the jaws. Such aetivities include biting, chewing, drinking, 
sucking, swallowing, ehanges in vestibular eontents and pressure, the 
innumerable subtle variations involved in speeeh, the modulation (and 
oeeasional generation) of imisieal tones, production of harsher sounds 
in shouting and sereaming, erying, and all the permutations of faeial 
expression, ranging from mere hints to gross distortion, symmetrie or 
asymmetrie. Major modiolar movements appear to involve many, if not 
all, of its assoeiated muscles, and there is little value in eonsidering the 
aetions of the individual muscles in isolation. While the most obvious 
determinant of modiolar position and mobility is the balanee between 
the forees exerted by muscles that are direetly attaehed to it, another 
influential faetor is the degree of separation or 'gape' between the upper 
and lower teeth. Starting from the occlusal position, and with the lips 
maintained in eontaet, the teeth ean be separated by approximately 
1.25 em near the midline, and the mentolabial sulcus deseends by a 
similar distanee. With fiirther separation, the lips part, and as gape 
inereases to its maximum, interlabial and interdental distanees approaeh 

4 em, at which point the mentolabial sulcus has deseended a fiirther 
2 em. In this posture, the modiolus has deseended about 1 em to lie 
over the interdental spaee, into which its basal and surrounding buccal 
mucosa projeets a few millimetres, and its cornua diverge into their 
respeetive lips at an obtuse angle to eaeh other, the dispositions of the 
modiolar muscles being eorrespondingly modified. The general hexag- 
onal shape of the labial area ehanges as the mouth and jaws open 
progressively. In maximal opening, the distanee between the superior 
and inferior boundaries has inereased by 3-3.5 em at the eentre; the 
transverse distanee between its lateral angles has deereased by 1 em 
and the angles are obtuse; the nasolabial sulci are longer, straighter and 
more vertieal; and the inferior buccolabial sulci are less deep and 
curved. These soft tissue ehanges radiate from the bilateral modioli. 

With the lips in eontaet and the teeth in tight occlusion, the modi- 
olus ean move a few millimetres in all direetions. However, mobility is 
maximal when there is 2-3 mm elearanee between the teeth; the apex 
of the modiolus may then move vertieally upwards 10 mm, downwards 

5 mm, posterolaterally 10 mm, and anteromedially 10 mm, these 
movements occurring in the curved planes of the eheek and lips. 


497 


CHAPTER 30 














SECTION 4 


FACE AND SCALP 


498 


Zygomatieotemporal 
artery and vein 


Supratrochlear 
artery and vein 

Supraorbital 
artery and vein 


Angular artery 
and vein 


Lateral nasal 
artery and vein 


S uperior labial 
artery and vein 


Inferior labial 
artery and vein 


Faeial artery 
Faeial vein 



Zygomatieofaeial 
artery and vein 


Transverse faeial 
artery and vein 


Superficial temporal 
artery and vein 


Oeeipital artery and vein 


Posterior auricular vein 


Posterior auricular artery 
Oeeipital vein 


Oeeipital artery 


E xternal jugular vein 


Internal jugular vein 


Fig. 30.20 The arteries and 
veins of the left side of the 
faee, head and neek and 
their main branehes. The 
infraorbital artery is shovvn 
in Figure 26.1 . 


Speeifìe movements of the modioliis may occur to any point, and along 
any path, within the boundaries of the envelope of movement thus 
defined. When the mouth is opened wide, the modiolus beeomes 
immobile. From the neutral position, the modiohis may be displaeed 
superficially along its apieobasal axis for up to 5-10 mm by liquids or 
solids in the vestibule, or by an inerease in air pressure that 'balloons' 
the eheeks and lips. 

Many aetivities take plaee in three phases. Initially, a particular modi- 
olar muscle group beeomes dominant over its antagonists and the 
modiolus is rapidly reloeated. Next, the modiolus is transiently fixed in 
this new site by simultaneous eontraetion of modiolar muscles, prinei- 
pally zygomaticus major, levator anguli oris, depressor anguli oris and 
platysma pars modiolaris, and this provides a fixed base from which 
the main physiologieal effeetors, buccinator and orbicularis oris, earry 
out their speeifie aetions. These aetions are usually integrated with 
partial separation or closure of the jaws, and with varying degrees of 
aetivity in the direet labial traetors. All these faetors eombine to deter- 
mine the positions of the lips and oral fissure from moment to moment. 
Modiolar movements may be bilaterally symmetrieal, unilateral or 
asymmetrieal. 

MUSCLES 0F MASTICATI0N 


Masseter and temporalis, two of the muscles of mastieation, are seen 
on the faee. Masseter eovers the ramus of the mandible, and temporalis 
lies over the temporal fossa. These muscles are deseribed in detail with 
the other main muscles of mastieation in Chapter 32. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
0F THE FACE AND SCALP 


ARTERIES 


The main arterial supply to the faee is derived from the faeial and 
superficial temporal arteries, with additional supply from branehes of 
the maxillary and ophthalmie arteries. The baek of the sealp is supplied 
by the posterior auricular and oeeipital arteries. There are numerous 
anastomoses between the branehes. 


Faeial artery 


The faeial artery arises in the neek from the external earotid artery 
(see Figs 26.1, 29.8). It initially lies beneath platysma, passing on to 
the faee at the anteroinferior border of masseter, where its pulse ean be 
felt as it erosses the mandible. The artery is deep to skin, the fat of the 
eheek and, near the angle of the mouth, zygomaticus major and riso- 
rius, and superficial to buccinator and levator anguli oris. It may pass 
over or through levator labii superioris, and pursues a tortuous course 
along the side of the nose towards the medial eorner of the eye. At its 
termination, it is embedded in levator labii superioris alaeque nasi. 

Oeeasionally, the faeial artery barely extends beyond the angle of the 
mouth, in which ease its normal territory beyond this region is taken 
over by an enlarged transverse faeial braneh from the superficial tem- 
poral artery and by branehes from the eontralateral faeial artery. The 
faeial vein is posterior to the artery and mns a more direet course aeross 
the faee. At the anterior border of masseter, the two vessels are in 
eontaet, whereas in the neek the vein is superficial to the artery. 

The faeial artery supplies branehes to the muscles and skin of the 
faee (Fig. 30.20). Its named branehes on the faee are the premasseterie 
artery, the superior and inferior labial arteries and the lateral nasal 
artery. The part of the artery distal to its terminal braneh is ealled the 
angular artery. 

Premasseterie artery The premasseterie artery is small and ineon- 
stant. When present, it passes upwards along the anterior border of 
masseter and supplies the surrounding tissues. 

Inferior labial artery The inferior labial artery arises near the angle 
of the mouth, passes upwards and forwards under depressor anguli oris, 
and then penetrates orbicularis oris to mn sinuously near the margin 
of the lower lip, between the muscle and the mucous membrane. It 
supplies the inferior labial glands, mucous membrane and muscles, and 
anastomoses with its eontralateral fellow and with the mental braneh 
of the inferior alveolar artery. 

Superìor labial artery The superior labial artery is larger and more 
tortuous than the inferior labial artery. It pursues a similar course along 
the superior labial margin, between the mucous membrane and orbicu- 
laris oris, anastomoses with its eontralateral fellow, and supplies the 
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upper lip. It gives off an alar braneh and a septal braneh, which ramifies 
anteroinferiorly in the nasal septum. 

Lateral nasal artery The lateral nasal artery is given off by the side 
of the nose, supplies the dorsum and alae of nose, and anastomoses 
with its eontralateral fellow. The lateral nasal artery may be replaeed by 
a braneh from the superior labial artery. 

Superficial temporal artery 


The superficial temporal artery is the smaller terminal braneh of the 
external earotid artery (see Figs 26.1, 30.20). It arises in the parotid 
gland behind the neek of the mandible, where it is erossed by temporal 
and zygomatie branehes of the faeial nerve. Initially deep, it beeomes 
superficial as it passes over the posterior root of the zygomatie proeess 
of the temporal bone, where its pulse ean be felt. It then mns up 
the sealp for approximately 4 em and divides into frontal (anterior) 
and parietal (posterior) branehes. The artery is aeeompanied by eorre- 
sponding veins, and by the auriculotemporal nerve, which lies just 
posterior to it. 

The superficial temporal artery supplies the skin and muscles at the 
side of the faee and in the sealp, the parotid gland and the temporo- 
mandibular joint. It is oeeasionally biopsied when a histologieal diag- 
nosis of giant eell arteritis is required. The named branehes of the 
superficial temporal artery are the transverse faeial, auricular, zygomatieo- 
orbital, middle temporal, frontal and parietal arteries. The relative sizes 
of the frontal, parietal and transverse faeial branehes vary; the frontal 
and parietal branehes may be absent, and the transverse faeial may 
replaee a shortened transverse faeial artery. 

Transverse faeial artery The transverse faeial artery arises before 
the superficial temporal artery emerges from the parotid gland. It 
traverses the gland, erosses masseter between the parotid duct and the 
zygomatie areh (aeeompanied by one or two faeial nerve branehes), and 
divides into numerous branehes that supply the parotid gland and duct, 
masseter and adjaeent skin. The branehes anastomose with the faeial, 
masseterie, buccal, laerimal and infraorbital arteries, and may have a 
direet origin from the external earotid artery. 

Alirieillar artery The branehes of the auricular artery are distributed 
to the lobule and lateral surface of the auricle and to the external acous- 
tie meatus. 

Zygomatieo-orbital artery The zygomatieo-orbital artery may 
arise independently from the superficial temporal artery or from its 
middle temporal or parietal branehes. It mns elose to the upper border 
of the zygomatie areh, between the two layers of temporal faseia, to the 
lateral orbital angle. It supplies orbicularis oculi and anastomoses with 
the laerimal and palpebral branehes of the ophthalmie artery. A well- 
developed zygomatieo-orbital artery is assoeiated with a delayed div- 
ision into frontal and parietal branehes. 

iiddle temporal artery The middle temporal artery arises just 
above the zygomatie areh and perforates the temporal faseia to supply 
temporalis. It anastomoses with the deep temporal branehes of the 
maxillary artery. 

Frontal (anterior) braneh The frontal braneh passes upwards 
towards the frontal tuberosity and supplies the muscles, skin and peri- 
cranium in this region. It anastomoses with its eontralateral fellow and 
with the supraorbital and supratrochlear branehes of the ophthalmie 
artery. 

Parietal (posterior) braneh The parietal braneh is larger than the 

frontal braneh of the superficial temporal artery. It curves upwards and 
backwards, remains superficial to the temporal faseia, and anastomoses 
with its eontralateral fellow and with the posterior auricular and oeeipi- 
tal arteries. 

Faeial branehes of the maxillary artery 


The maxillary artery is the larger of the two terminal branehes of the 
external earotid artery, and has three branehes that supply the faee, 
namely: the mental, buccal and infraorbital arteries (see figs 26.1, 26.2). 

Mental artery The mental artery arises from the first part of the maxil- 
lary artery as a terminal braneh of the inferior alveolar artery. It emerges 
on to the faee from the mandibular eanal at the mental foramen, sup- 
plies muscles and skin in the ehin region, and anastomoses with the 
inferior labial and submental arteries. 


Blieeal artery The buccal artery is a braneh of the seeond part of the 
maxillary artery. It emerges on to the faee from the infratemporal fossa, 
erosses buccinator to supply the eheek, and anastomoses with the 
infraorbital artery and with branehes of the faeial artery. 

Infraorbital artery The infraorbital artery arises from the third part 

of the maxillary artery. It mns through the infraorbital foramen and on 
to the faee, supplying the lower eyelid, the lateral aspeet of the nose 
and the upper lip. The infraorbital artery has extensive anastomoses 
with the transverse faeial and buccal arteries and with branehes of the 
ophthalmie and faeial arteries. 

Faeial branehes of the ophthalmie artery 

The ophthalmie artery is a braneh of the internal earotid artery (see Fig. 
41.3). Its supratrochlear, supraorbital, laerimal, medial palpebral and 
external (dorsal) nasal branehes supply the faee (see Fig. 30.20). 

Slipratroehlear artery The supratrochlear artery emerges from the 
orbit on to the faee at the frontal noteh. It supplies the medial parts of 
the upper eyelid, forehead and sealp, and anastomoses with the supra- 
orbital artery and with its eontralateral fellow. 

Slipraorbítal artery The supraorbital artery leaves the orbit through 
the supraorbital noteh or foramen. It divides into superficial and deep 
branehes that supply the skin and muscle of the upper eyelid, forehead 
and sealp. It anastomoses with the supratrochlear artery, frontal braneh 
of the superficial temporal and its eontralateral fellow. At the supra- 
orbital margin, it often sends a braneh to the diploé of the frontal bone 
and may also supply the mucoperiosteum in the frontal sinus. 

Laerimal artery The laerimal artery appears on the faee at the upper 
lateral eorner of the orbit and supplies the lateral part of the eyelids. 
Within the orbit, it gives off a zygomatie artery, which subdivides into 
zygomatieofaeial and zygomatieotemporal arteries. The zygomatieo- 
faeial artery passes through the lateral wall of the orbit to emerge on to 
the faee at the zygomatieofaeial foramen, and supplies the region over- 
lying the prominenee of the eheek. The zygomatieotemporal artery also 
passes through the lateral wall of the orbit, via the zygomatieotemporal 
foramen, and supplies the skin over the non-beard part of the temple. 
The laerimal artery anastomoses with the deep temporal braneh of the 
maxillary artery and the transverse faeial braneh of the superficial tem- 
poral artery. 

Medial palpebral arteries Superior and inferior medial palpebral 
arteries arise from the ophthalmie artery below the troehlea. They 
deseend behind the nasolaerimal sae to enter the eyelids, where eaeh 
divides into two branehes that course laterally along the edges of the 
tarsal plates, forming the superior and inferior arehes and supplying the 
eyelids. They anastomose with branehes of the supraorbital, zygomatieo- 
orbital and laerimal arteries. The inferior areh also anastomoses with 
the faeial artery. 

External (dorsal) nasal artery The external nasal artery is a termi- 

nal braneh of the anterior ethmoidal artery, which arises from the 
ophthalmie artery. It emerges at the junction of the nasal bone and the 
lateral nasal eartilage and supplies the skin eovering the external nose. 

Oeeìpital artery 


The oeeipital artery arises in the neek from the external earotid artery 
(see Fig. 29.8). It mns in a groove on the temporal bone, medial to the 
mastoid proeess. Aeeompanied by the greater oeeipital nerve, the oeeipi- 
tal artery enters the baek of the sealp by piereing the investing layer of 
deep eervieal faseia that eonneets the eranial attaehments of trapezius 
and sternoeleidomastoid. Tortuous branehes mn between the skin and 
the oeeipital belly of oeeipitofrontalis, anastomosing with the opposite 
oeeipital, posterior auricular and superficial temporal arteries, as well 
as with the transverse eervieal braneh of the subclavian artery. These 
branehes supply the oeeipital belly of oeeipitofrontalis and the skin and 
pericranium assoeiated with the sealp as far forwards as the vertex. The 
artery may give off a meningeal braneh, which traverses the parietal 
foramen. 

Posterior auricular artery 


The posterior auricular artery arises in the neek from the external earotid 
artery and aseends between the auricle and mastoid proeess. It supplies 
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the eranial surface of the auricle via its auricular braneh, and the oeeipi- 
tal belly of oeeipitofrontalis and the sealp behind and above the auricle 
via its oeeipital braneh. The posterior auricular artery anastomoses with 
the oeeipital artery. 


VEINS 


The veins of the faee are subject to eonsiderable variations; the follow- 
ing deseription eoneerns those that are relatively eonstant (see Fig. 
30.20). 

Supratrochlear vein 


The supratrochlear vein starts on the forehead from a venous network 
eonneeted to the frontal tributaries of the superficial temporal vein. 
Veins from this network form a single tmnk that deseends to the bridge 
of the nose, near the midline and parallel with its eontralateral fellow. 
The veins are joined by a nasal areh aeross the nose. They then diverge, 
eaeh joining a supraorbital vein to form the faeial vein near the medial 
canthus of the eye. 

Supraorbital vein 


The supraorbital vein begins near the zygomatie proeess of the frontal 
bone, eonneeting with branehes of the superficial and middle tempor- 
al veins. It passes medially above the orbital opening, pierees orbicu- 
laris oculi and unites with the supratrochlear vein near the medial 
canthus of the eye to form the faeial vein. A braneh passes through the 
supraorbital noteh, where it reeeives veins from the frontal sinus and 
frontal diploè, and subsequently eonneets with the superior ophthal- 
mie vein. 

Faeial vein 


The faeial vein is the main vein of the faee. After reeeiving the supra- 
troehlear and supraorbital veins, it travels obliquely downwards by the 
side of the nose, passes under zygomaticus major, risorius and 
platysma, deseends to the anterior border and then passes over the 
surface of masseter. It erosses the body of the mandible and mns down 
in the neek to drain into the internal jugular vein. The faeial vein ini- 
tially lies behind the more tortuous faeial artery but erosses the artery 
at the lower border of the mandible. The uppermost segment of 
the faeial vein, above its junction with the superior labial vein, is 
also ealled the angular vein; any infeetion of the mouth or faee ean 
spread via the angular veins to the cavernous sinuses, resulting in 
thrombosis. 

Triblltaries Near its origin, the faeial vein eonneets with the superior 
ophthalmie vein, both direetly and via the supraorbital vein, and so is 
linked to the cavernous sinus. The faeial vein reeeives tributaries from 
the side of the nose and, below this, an important deep faeial vein from 
the pterygoid venous plexus. It also reeeives the inferior palpebral, 
superior and inferior labial, buccinator, parotid and masseterie veins, 
and other tributaries that join it below the mandible. 

Superficial temporal vein 


A widespread venous network aeross the sealp reeeives branehes from 
the supratrochlear, supraorbital, posterior auricular and oeeipital veins. 
Anterior and posterior tributaries from this network unite above the 
zygomatie areh to form the superficial temporal vein on eaeh side. The 
vein aeeompanies its artery, usually lying behind it; erosses the posterior 
root of the zygoma; and enters the parotid gland, where it joins the 
maxillary vein to form the retromandibular vein. 

Triblltaries The tributaries are the parotid veins, rami draining the 
temporomandibular joint, anterior auricular, transverse faeial and 
middle temporal veins. The middle temporal vein reeeives the orbital 
vein (formed by the lateral palpebral veins), pierees the temporal faseia 
and then passes baek between the layers of the faseia to join the super- 
fieial temporal vein just above the level of the zygomatie areh. 

Buccal, mental and infraorbital veins 


The buccal, mental and infraorbital veins drain the eheek and ehin 
regions and pass into the pterygoid venous plexus. 


Posterior auricular and oeeipital veins 


The posterior auricular vein arises in a parieto-oeeipital network that 
also drains into tributaries of the oeeipital and superficial temporal 
veins. It deseends behind the auricle to join the posterior division of 
the retromandibular vein in, or just below, the parotid gland, to form 
the external jugular vein. It reeeives a stylomastoid vein and tributaries 
from the eranial surface of the auricle, drains the region of the sealp 
behind the ear and drains into the external jugular vein. The oeeipital 
vein begins in a posterior network in the sealp, pierees the eranial 
attaehment of trapezius, turns into the suboccipital triangle and joins 
the deep eervieal and vertebral veins. It may be joined by a vein draining 
the diploè in the oeeipital bone and then passes to either the internal 
jugular, posterior auricular, deep eervieal or vertebral veins. Emissary 
veins eonneet the oeeipital vein to the intraeranial venous sinuses via 
the mastoid and parietal foramina and through the posterior eondylar 
eanal and oeeipital protuberances. 


LYMPHATIC DRAINAGE 0F THE FACE AND SCALP 

Lymph vessels from the frontal region above the root of the nose drain 
to the submandibular nodes (Fig. 30.21; see Fig. 29.15). Vessels from 
the rest of the forehead, temporal region, upper half of the lateral 
auricular aspeet and anterior wall of the external acoustic meatus drain 
to the superficial parotid nodes, which lie just anterior to the tragus, 
either on or deep to the parotid faseia. These nodes also drain lateral 
vessels from the eyelids and skin of the zygomatie region, and their 
efferent vessels pass to the upper deep eervieal nodes. A strip of sealp 
above the auricle, the upper half of the eranial aspeet and margin of the 
auricle, and the posterior wall of the external acoustic meatus all drain 
to the upper deep eervieal and posterior auricular nodes. The posterior 
auricular nodes are superficial to the mastoid attaehment of sterno- 
eleidomastoid and deep to auricularis posterior, and drain to the upper 
deep eervieal nodes. The auricular lobule, floor of the external acoustic 
meatus and skin over the mandibular angle and lower parotid region 
all drain to the superficial eervieal or upper deep eervieal nodes. Super- 
fieial eervieal nodes lie along the external jugular vein superficial to 
sternoeleidomastoid. Some efferents pass round the anterior border of 
sternoeleidomastoid to the upper deep eervieal nodes, while others 


Posterior auricular nodes 
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To upper deep eervieal nodes 


Pre-auricular and parotid nodes 


Fig. 30.21 The lymphatie drainage of the faee and sealp. Arrows indieate 
the direetion of flow. (From Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 
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Students, 2nd ed, Elsevier, 
Churchill Livingstone. 
Oopyright 2010.) 


follovv the external jugular vein to the lower deep eervieal nodes in the 
subclavian triangle. 

The oeeipital region of the sealp drains partly to the oeeipital nodes, 
and partly to a vessel that mns along the posterior border of sterno- 
eleidomastoid to the lower deep eervieal nodes. Oeeipital nodes are 
eommonly superfìcial to the upper attaehment of trapezius but oeea- 
sionally lie in the superior angle of the posterior triangle. 

There are usually three submandibular nodes, internal to the deep 
eervieal faseia in the submandibular triangle. One lies at the anterior 
pole of the submandibular gland, and two flank the faeial artery as it 
reaehes the mandible. Other nodes are often embedded in the gland or 
deep to it. Submandibular nodes drain a wide area, including vessels 
from the submental, buccal and lingual groups of nodes, and their 
efferents pass to the upper and lower deep eervieal nodes. The external 
nose, eheek, upper lip and lateral parts of the lower lip drain direetly 
to the submandibular nodes; the afferent vessels may have a few buccal 
nodes along their course and near the faeial vein. The mucous mem- 
brane of the lips and eheek drains to the submandibular nodes, and 
the lateral part of the eheek drains to the parotid nodes. The eentral 
part of the lower lip, buccal floor and tip of the tongue all drain to the 
submental nodes, which lie on mylohyoid between the anterior bellies 
of the digastrie muscles. These nodes reeeive afferents bilaterally, some 
decussating aeross the ehin; their efferents pass to the submandibular 
and jugulo-omohyoid nodes. 



The numerous muscles of faeial expression are supplied by the faeial 
nerve, while the two muscles of mastieation that relate to the faee are 
innervated by the mandibular division of the trigeminal nerve. The 
sensory innervation is primarily from the three divisions of the trigem- 
inal nerve, with smaller contributions from the eervieal spinal nerves. 
The detailed innervation of the auricle is eonsidered on page 629. 

TRIGEMINAL NERVE 


Three large areas of the faee ean be mapped out to indieate the periph- 
eral nerve fields assoeiated with the three divisions of the trigeminal 


nerve. The fields are not horizontal but curve upwards (Fig. 30.22), 
apparently because the faeial skin moves upwards with growth of the 
brain and skull. Embryologieally, eaeh division of the trigeminal nerve 
is assoeiated with a developing faeial proeess that gives rise to a speeifie 
area of the adult faee: the ophthalmie nerve is assoeiated with the 
frontonasal proeess, the maxillary nerve with the maxillary proeess, 
and the mandibular nerve with the mandibular proeess. 

Ophthalmie nerve 


The cutaneous branehes of the ophthalmie nerve supply the conjunc- 
tiva, skin over the forehead, upper eyelid and much of the external 
surface of the nose. 

Supratrochlear nerve 

The supratrochlear nerve is the smaller terminal braneh of the frontal 
nerve. It mns anteromedially in the roof of the orbit, passes above the 
troehlea, and supplies a deseending fìlament to the infratroehlear 
braneh of the nasoeiliary nerve. The nerve emerges between the troehlea 
and the supraorbital foramen at the frontal noteh, curves up on the 
forehead elose to the bone with the supratrochlear artery, and supplies 
the conjunctiva and the skin of the upper eyelid. It then aseends beneath 
the eormgator and the frontal belly of oeeipitofrontalis before dividing 
into branehes that pieree these muscles to supply the skin of the lower 
forehead near the midline. 

Supraorbital nerve 

The supraorbital nerve is the larger terminal braneh of the frontal nerve. 
It traverses the supraorbital noteh or foramen and supplies palpebral 
íìlaments to the upper eyelid and conjunctiva. It aseends on the fore- 
head with the supraorbital artery, and divides into medial and lateral 
branehes that supply the skin of the sealp nearly as far baek as the 
lambdoid suture. These branehes are at first deep to the frontal belly of 
oeeipitofrontalis. The medial braneh perforates the muscle to reaeh the 
skin, while the lateral braneh pierees the epieranial aponeurosis. 

Laerimal nerve 

The laerimal nerve is the smallest of the main ophthalmie branehes and 
pierees the orbital septum to end in the lateral region of the upper 
eyelid, which it supplies. It anastomoses with filaments of the faeial 
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nerve. Oeeasionally, it is absent, in which ease it is replaeed by the 
zygomatieotemporal nerve; the relationship is reeiproeal, and when 
the zygomatieotemporal nerve is absent it is replaeed by a braneh of 
the laerimal nerve. 

infratroehlear nerve 

The infratroehlear nerve branehes from the nasoeiliary nerve. It leaves 
the orbit below the troehlea and supplies the skin of the eyelids, the 
conjunctiva, laerimal sae, laerimal eamnele and the side of the nose 
above the medial canthus. 

External nasal nerve 

The external nasal nerve is the terminal braneh of the anterior ethmoi- 
dal nerve. It deseends through the lateral wall of the nose and supplies 
the skin of the nose below the nasal bones, excluding the alar portion 
around the external nares. 

Maxillary nerve 


The maxillary nerve passes through the orbit to supply the skin of the 
lower eyelid, the prominenee of the eheek, the alar part of the nose, 
part of the temple, and the upper lip. It has three cutaneous branehes: 
the zygomatieotemporal, zygomatieofaeial and infraorbital nerves. 

Zygomatieotemporal nerve 

The zygomatieotemporal nerve traverses a eanal in the zygomatie bone 
and emerges into the anterior part of the temporal fossa, where it 
aseends between the bone and temporalis before piereing the temporal 
faseia about 2 em above the zygomatie areh to supply the skin of the 
temple. It communicates with the faeial and auriculotemporal nerves. 
As it pierees the deep layer of the temporal faseia, it sends a slender 
twig between the two layers of the faseia towards the lateral angle of 
the eye. It was thought that the braneh earried parasympathetie post- 
ganglionie fibres from the pterygopalatine ganglion to the laerimal 
gland; it is now believed that these fibres innervate the laerimal gland 
direetly. 

Zygomatieofaeial nerve 

The zygomatieofaeial nerve traverses the inferolateral angle of the orbit 
and emerges on the faee through a foramen in the zygomatie bone. It 
perforates orbicularis oculi to supply the skin on the prominenee of the 
eheek and forms a plexus with zygomatie branehes of the faeial nerve 
and palpebral branehes of the maxillary nerve. Oeeasionally, the nerve 
is absent. 

Infraorbital nerve 

The infraorbital nerve emerges on to the faee at the infraorbital foramen, 
where it lies between levator labii superioris and levator anguli oris. It 
gives off palpebral, nasal and superior labial branehes. The palpebral 
branehes aseend deep to orbicularis oculi, pieree the muscle to supply 
the skin in the lower eyelid, and join with the faeial and zygomatieo- 
faeial nerves near the lateral canthus. Nasal branehes supply the skin of 
the side of the nose and of the movable part of the nasal septum, and 
join the external nasal braneh of the anterior ethmoidal nerve. Superior 
labial branehes, which are large and numerous, deseend behind levator 
labii superioris to supply the skin of the anterior part of the eheek and 
upper lip. They are joined by branehes from the faeial nerve to form 
the infraorbital plexus. The infraorbital nerve is eommonly implieated 
in trigeminal neuralgia, and is amenable to eryotherapy where medieal 
therapy fails. 

Mandibular nerve 


The mandibular nerve supplies skin over the mandible, the lower lip, 
the fleshy part of the eheek, part of the auricle of the ear and part of 
the temple via the buccal, mental and auriculotemporal nerves. 

Buccal nerve 

The buccal nerve emerges on to the faee from behind the ramus of the 
mandible and passes laterally in front of masseter to unite with the 
buccal branehes of the faeial nerve. It supplies the skin over the anterior 
part of buccinator. 

Mental nerve 

The mental nerve is the terminal braneh of the inferior alveolar nerve. 
It enters the faee through the mental foramen, where it is direeted 
backwards, and supplies the skin of the lower lip and labial gingivae. 
Oeeasionally, the mental nerve is important aetiologieally in the pain 
of trigeminal neuralgia, and it is amenable to eryotherapy surgery. 


Auriculotemporal nerve 

The auriculotemporal nerve emerges on to the faee behind the tem- 
poromandibular joint within the superior surface of the parotid gland. 
It aseends posterior to the superficial temporal vessels, passes over the 
posterior root of the zygoma, and divides into superficial temporal 
branehes (see figs 32.20, 32.25). The cutaneous branehes of the auric- 
ulotemporal nerve supply the tragus and part of the adjoining auricle 
of the ear and the posterior part of the temple. The nerve may be 
damaged during parotid gland surgery, resulting in impaired sensation 
of the tragus and temple. It communicates with the temporofaeial divi- 
sion of the faeial nerve, usually by two rami that pass anterolaterally 
behind the neek of the mandible. These communications anehor the 
faeial nerve elose to the lateral surface of the eondylar proeess of the 
mandible and limit its mobility during surgery. Communications with 
the temporal and zygomatie branehes of the faeial nerve loop around 
the transverse faeial and superficial temporal vessels. 


FACIAL NERVE 


The faeial nerve emerges from the base of the skull at the stylomastoid 
foramen and almost immediately gives off the nerves to the posterior 
belly of digastrie and stylohyoid, and the posterior auricular nerve, 
which supplies the oeeipital belly of oeeipitofrontalis and some of the 
auricular muscles (Fig. 30.23). 

The nerve next enters the parotid gland high up on its posteromedial 
surface and passes forwards and downwards behind the mandibular 
ramus. Within the substance of the gland, it branehes into superior 
(temporofaeial) and inferior (eervieofaeial) tmnks, usually just behind 
and superficial to the retromandibular vein. The tmnks braneh fiirther 
to form a parotid plexus (pes anserinus). Five main terminal branehes 
arise from the plexus; they diverge within the gland and leave by its 
anteromedial surface, medial to its anterior margin, to supply the 
muscles of faeial expression (see Fig. 30.23). Six distinetive anastomotie 
patterns were originally elassified by Davis et al (1956) and these are 
ilhistrated in Figure 30.24. Numerous mierodisseetion studies have 
demonstrated that branehing patterns and anastomoses between 
branehes, both within the parotid and on the faee, exhibit eonsiderable 
individual variation (e.g. Lineaweaver et al 1997, Kwak et al 2004); the 
account that follows is therefore an overview. In surgical terms, these 
anastomoses are important, and presumably explain why aeeidental or 
deliberate division of a small braneh often fails to result in the expected 
faeial nerve weakness. The surface anatomy of the faeial nerve is 
deseribed on page 412. 

The temporal braneh usually divides into anterior and posterior rami 
soon after piereing the parotidomasseterie faseia below the zygomatie 
areh; there is often a middle (frontal) ramus. These rami eross the areh 
in subcutaneous tissue and above the areh lie in the subgaleal spaee, 
where their course is extremely variable. Twigs supply intrinsie muscles 
on the lateral surface of the auricle, and the anterior and superior 
auricular muscles, and communicate with the zygomatieotemporal 
braneh of the maxillary nerve and the auriculotemporal braneh of the 
mandibular nerve. The more anterior branehes supply the frontal belly 
of oeeipitofrontalis, orbicularis oculi and eormgator, and join the 
supraorbital and laerimal branehes of the ophthalmie nerve. 

Zygomatie branehes are generally multiple. They eross the zygomatie 
bone to the lateral canthus of the eye and supply orbicularis oculi; they 
may also supply muscles innervated by the buccal braneh. Twigs eom- 
municate with filaments of the laerimal nerve and the zygomatieofaeial 
braneh of the maxillary nerve. 

The buccal braneh is usually single. It has a elose relationship to the 
parotid duct for about 2.5 em after emerging from the parotid gland, 
and typieally lies below the duct. Superficial branehes mn beneath the 
subcutaneous fat and superficial musculo-aponeurotic system (SMAS). 
Some branehes pass deep to proeems and join the infratroehlear and 
external nasal nerves. Llpper deep branehes supply zygomaticus major 
and levator labii superioris, and form an infraorbital plexus with the 
superior labial branehes of the infraorbital nerve. They also supply 
levator anguli oris, zygomaticus minor, levator labii superioris alaeque 
nasi and the small nasal imiseles; these branehes are sometimes 
deseribed as lower zygomatie branehes. Lower deep branehes supply 
buccinator and orbiailaris oris; they communicate with filaments of the 
buccal braneh of the mandibular nerve. 

There are usually two marginal mandibular branehes. They mn for- 
wards towards the angle of the mandible under platysma, and then turn 
upwards aeross the body of the mandible to pass under depressor anguli 
oris. The branehes supply risorius and the imiseles of the lower lip and 
ehin, and filaments eomimmieate with the mental nerve. The marginal 
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Fig. 30.24 The pattern of branehing of the faeial nerve. (Modified with permission from Berkovitz BKB, Moxham BJ 2002 Head and Neek Anatomy. 
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mandibular braneh has an important surgical relationship with the 
lower border of the mandible. 

The eervieal braneh emerges from the lower part of the parotid gland 
and runs anteroinferiorly under platysma to the front of the neek. Typi- 
eally single, it supplies platysma and communicates with the transverse 
cutaneous eervieal nerve. 

Cutaneous branehes of the faeial nerve aeeompany the auricular 
braneh of the vagus; they are believed to innervate the skin on both 
auricular aspeets, in the eonehal depression and over its eminenee. 


Lesions of the faeial nerve 

Faeial paralysis may be due to an upper motor neurone lesion (when 
frontalis is partially spared because of the bilateral innervation of the 
muscles of the upper part of the faee) or a lower motor neurone lesion 
(when all branehes may be involved). Ipsilateral lower motor neurone 
faeial paralysis is most eommonly idiopathie (Bell's palsy). There are a 
large number of other reeognized causes, including geniculate herpes 
zoster (Ramsay Hunt syndrome) and tumours of the parotid and tem- 
poral bone; sadly, a number are the iatrogenie results of parotid and 
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Fig. 30.25 The prineipal immediate deep 
relations of the parotid gland. The outline 
of the parotid gland is indieated by the 
intermpted blaek line. 


vestibular schwannoma surgery. Only those muscles innervated by 
degenerating or demyelinating branehes of the faeial nerve beeome 
weak. 

The faeial nerve is routinely isolated as part of a superficial parotid- 
eetomy operation, typieally in the treatment of parotid tnmonrs, when 
that part of the gland lying superficial to the plane of the faeial nerve 
is removed along with the tumour. Although this ean affeet all the 
branehes of the faeial nerve, the weakness is often eonfined to the ter- 
ritory innervated by the marginal mandibular braneh, which is most 
likely to be stretehed during surgical intervention and is manifested by 
a weakness of the lower lip on the affeeted side. 

CERVICAL SPINAL NERVES 


Cervical spinal nerves have cutaneous branehes that supply areas of skin 
in the faee and sealp (see Fig. 30.22). The named branehes are the great 
auricular and lesser oeeipital nerves, which are part of the eervieal plexus 
and are deseribed on page 442 (see Fig. 29.1), and the greater oeeipital 
nerve, which is deseribed on page 768 (see Figs 43.76, 45.8). 


PAROTID SALIVARY GLAND 


The paired parotid glands are the largest of the salivary glands. Eaeh has 
an average weight of 25 g and is an irregular, lobulated, yellowish mass, 
lying largely below the external acoustic meatus between the mandible 
and sternoeleidomastoid. The gland also projeets forwards on to the 
surface of masseter (see Fig. 30.23B). Sometimes, a small, usually 
detaehed, part ealled the aeeessory parotid gland (pars aeeessoria or 
soeia parotidis) lies between the zygomatie areh above and the parotid 
duct below (Fromer 1977). The overall shape of the parotid gland is 
variable. Viewed laterally, in half of eases it is roughly triangular in 
outline. Sometimes, however, the gland is more or less of even width 
throughout, and the upper and lower poles are rounded. 

In its usual inverted pyramidal form, the parotid gland presents a 
small superior surface, and superficial, anteromedial and posteromedial 
surfaces. It tapers inferiorly to a blunt apex. The eoneave superior 
surface is related to the cartilaginous part of the external acoustic 
meatus and posterior aspeet of the temporomandibular joint. Here, the 
auriculotemporal nerve curves round the neek of the mandible, embed- 
ded in the capsule of the gland. The apex overlaps the posterior belly 
of digastrie and the earotid triangle to a variable extent. 


The superficial surface is eovered by skin and superficial faseia, which 
eontains the faeial branehes of the great auricular nerve, superficial 
parotid lymph nodes and the posterior border of platysma. It extends 
upwards to the zygomatie areh, backwards to overlap sternoeleidomas- 
toid, downwards to its apex posteroinferior to the mandibular angle, 
and forwards to lie on masseter below the parotid duct. 

The anteromedial surface is grooved by the posterior border of the 
mandibular ramus. It eovers the posteroinferior part of masseter, the 
lateral aspeet of the temporomandibular joint and the adjoining part 
of the mandibular ramus. It passes forwards, medial to the ramus of 
the mandible, to reaeh medial pterygoid. The gland may therefore be 
subdivided into a larger superficial part and a smaller part, the deep 
'lobe', deep to the ramus, the two being joined by an isthmus. Branehes 
of the faeial nerve emerge on the faee from the anterior margin of this 
surface. 

The posteromedial surface is moulded to the mastoid proeess, 
sternoeleidomastoid, posterior belly of the digastrie, and the styloid 
proeess and its assoeiated muscles. The external earotid artery grooves 
this surface before entering the gland, and the internal earotid artery 
and internal jugular vein are separated from the gland by the styloid 
proeess and its assoeiated muscles (Fig. 30.25). The anteromedial and 
posteromedial surfaces meet at a medial margin that may projeet so 
deeply that it eontaets the lateral wall of the pharynx. 

Deep lobe tumours The deep 'lobe' of the gland extends behind 
the mandibular ramus, where its deep surface lies immediately lateral 
to the superior eonstrietor of the pharynx. When a parotid tumour, 
either benign or malignant, develops in the deep 'lobe', the mass 
presents as a swelling in the lateral wall of the oropharynx and not as 
a faeial swelling. 

STRUCTURES WITHIN THE PAROTID GLAND 

The external earotid artery, retromandibular vein and faeial nerve 
(Langdon 1998), either in part or in whole, traverse the gland and 
braneh within it. The external earotid artery enters the posteromedial 
surface and divides into the maxillary artery, which emerges from the 
anteromedial surface, and the superficial temporal artery, which gives 
off its transverse faeial braneh in the gland and aseends to leave its 
upper limit (see Fig. 30.23). The posterior auricular artery may also 
braneh from the external earotid artery within the gland, leaving by its 
posteromedial surface. 















































































Parotid salivary gland 


The retromandibular vein, formed by the union of the maxillary and 
superficial temporal veins (which enter near the points of exit of the 
eorresponding arteries), is superficial to the external earotid artery. It 
deseends in the parotid gland and emerges behind the apex of the 
gland, where it usually divides into an anterior braneh, which passes 
forwards to join the faeial vein, and a posterior braneh, which joins the 
posterior auricular vein to form the external jugular vein. Oeeasionally 
it is not eonneeted to the external jugular vein, which is then smalf and 
the anterior jugular vein is enlarged. 

PAROTID CAPSULE 


The parotid gland is enelosed within an unyielding parotid capsule 
derived from the investing layer of deep eervieal faseia. Acute inflam- 
mation of the parotid gland (acute sialadenitis) may cause exquisite 
pain in the pre-auricular region as a result of stretehing of the capsule 
and stimulation of the great auricular nerve. The pain is usually exacer- 
bated at mealtimes when the gustatory stimulus to the gland results in 
fhrther turgor within the capsule. Causes of acute sialadenitis include 
parotid duct obstmetion (calculus, mucus plug and duct stricture) and 
mumps. 

PAROTID DUCT 


The average dimensions of the parotid duct are 5 em long and 3 mm 
wide (although it is narrower at its oral orifiee). It begins by the eonfhi- 
enee of two main tributaries within the anterior part of the parotid 
gland; the duct appears at the anterior border of the upper part of the 
gland and passes horizontally aeross masseter, approximately midway 
between the angle of the mouth and the zygomatie areh (see Figs 
30.18C, 30.25, 31.39). If the duct arises lower down, it may mn 
obliquely upwards. It erosses masseter, turns medially at its anterior 
border at almost a right angle, and traverses the buccal fat pad and 
buccinator opposite the crown of the upper third molar tooth. The duct 
then mns obliquely forwards for a short distanee between buccinator 
and the oral mucosa before it opens on a small papilla opposite the 
seeond upper molar crown. The submucosal passage of the duct serves 
as a valvular meehanism, preventing inflation of the gland with raised 
intraoral pressures. While erossing masseter, the duct lies between the 
upper and lower buccal branehes of the faeial nerve, and may reeeive 
the aeeessory parotid duct. 

The aeeessory part of the gland (Fromer 1977) and the transverse 
faeial artery lie above the parotid duct; the buccal braneh of the man- 
dibular nerve, emerging from beneath temporalis and masseter, lies just 
below, at the anterior border of masseter. The parotid duct may be 
erossed by anastomosing branehes between the zygomatie and buccal 
branehes of the faeial nerve. 

The ramifieations of the ductal systems, and their patterns and eali- 
bres, ean be demonstrated radiographieally by injeeting a radio-opaque 
substance into the parotid duct via a cannula. In a lateral parotid sialo- 
gram, the main duct ean be seen to be formed near the eentre of the 
posterior border of the mandibular ramus by the union of two or three 
ducts that aseend or deseend, respeetively, at right angles to the main 
duct. As it erosses the faee, the main duct also reeeives from above five 
or six ductules from the aeeessory parotid gland (Fig. 30.26). As it 
curves round the anterior border of masseter, it is often eompressed and 
its shadow is attemiated. Deep laeerations of the eheek, where the 
integrity of the parotid duct is in doubt, should be explored and 
repaired using microsurgical techniques, to prevent saliva leaking into 
the soft tissues of the eheek and subsequent sialoeele formation. 



Fig. 30.26 An oblique lateral radiograph showing a normal parotid duct 
outlined after injeetion of radio-opaque eontrast medium (sialogram). Note 
that here the main duct is formed by the union of three smaller ducts at 
the posterior border of the ramus of the mandible. (Courtesy of Dr N 
Drage.) 


VASCULAR SUPPLY AND LYMPHATIO DRAINAGE 

The parotid gland reeeives its arterial supply from the external earotid 
artery and its branehes within and near the gland. The veins drain to 
the external jugular vein via loeal tributaries. 

Lymph nodes occur in the skin overlying the parotid gland (pre- 
auricular nodes) and in the substance of the gland. There are usually 
ten lymph nodes present in the gland; the majority lie in the superficial 
part of the gland above the plane related to the faeial nerve. Lymph 
from the parotid gland drains to the upper deep eervieal lymph nodes. 

INNERVATION 


Preganglionie nerves travel in the lesser petrosal braneh of the glos- 
sopharyngeal nerve and synapse in the otie ganglion (Ch. 32 and see 
Fig. 26.7). Postganglionie seeretomotor fibres reaeh the gland via the 
auriculotemporal nerve. 

Gustatory sweating (Frey’s syndrome or auriculotemporal 

Syndrome) Gustatory sweating (auriculotemporal syndrome) eom- 
monly develops after parotid surgery or other surgery or trauma that 
results in opening of the parotid capsule. It is thought to refleet aberrant 
innervation of sweat glands on the faee by regrowing parasympathetie 
seeretomotor axons that would previously have innervated the parotid 
gland. Frey's syndrome is eharaeterized by sweating, warmth and 
redness of the faee as a result of salivary stimulation by the smell or 
taste of food. The management of Frey's syndrome is difficult. Denerv- 
ation by tympanie neurectomy or auriculotemporal nerve avulsion has 
been advoeated but is often not curative. The symptoms ean be managed 
by the subcutaneous infiltration of purified botulinum toxin into the 
affeeted area and use of antiperspirant. 

Microstructure of the salivary glands is deseribed in Chapter 31 . 
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Bonus e-book images and videos 


Fig. 30.10 A eompoiind eraniofaeial fraetiire 
with dismption of the anterior and posterior 
walls of the frontal sinus, torn dura, and 
intraeranial bone. 

Fig. 30.11 An extended naso-orbito-ethmoid 
(NOE) fracture. 

Fig. 30.12 A typieal high-energy pan-faeial 
injury. 

Fig. 30.13 Various examples of plating 
configurations and titanium alloplastie 
reeonstmetions. 


Fig. 30.14 A typieal left zygomatie fracture. 

Fig. 30.15 Image fusion of computed 
tomography and magnetie resonanee 
imaging, showing an extensive left medial 
wall fracture. 

Fig. 30.16 A, A typieal large medial wall and 
floor fracture. The bone here, the lamina 
papyraeea, is the thinnest in the orbit. The 
intaet medial wall on the right side is 
outlined in green. B, In this ease, the intaet 
right medial wall (green line) was mirrored; 
the red line outlines the defeet on the left 
orbit. C, A titanium plate was then plaeed 


through a transconjunctival ineision, with 
lateral eantholysis; the position was eheeked 
with intraoperative navigation. 

Video 30.1 Pan-faeial fractures. 

Video 30.2 Postoperative eranio-orbital 
imaging. 

Video 30.3 A comminuted zygomatie 
fracture (plus Le Fort I) pattern. 

Video 30.4 A comminuted zygomatie 
fracture pattern - post reduction. 
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SUBSECTION: IJpper aerodigestive traet 



CHAPTER 



The mouth or oral eavity extends from the lips and eheeks externally to 
the anterior pillars of the fauces internally where it continues into the 
oropharynx. The mouth ean be subdivided into the vestibule external 
to the teeth and the oral eavity proper internal to the teeth (Fig. 31.1). 
The palate forms the roof of the mouth and separates the oral and nasal 
eavities. The floor of the mouth is formed by the mylohyoid muscles 
and is occupied mainly by the tongue. The lateral walls of the mouth 
are defined by the eheeks and retromolar regions. Three pairs of major 
salivary glands (parotid, submandibular and sublingual) and numerous 
minor salivary glands (labiaf buccaf palataf lingual) open into the 
mouth. The muscles in the oral eavity are assoeiated with the lips, 
eheeks, floor of the mouth and tongue. The muscles of the lips and 
eheeks are deseribed with the faee in ehapter 30. The muscles of the 
soft palate are deseribed with the pharynx in Chapter 34 (Berkovitz and 
Moxham 2002). 

The mouth is eoneerned primarily with the ingestion and masti- 
eation of food, which is mainly the fimetion of the teeth. The mouth 
is also assoeiated with phonation and ventilation. 


CHEEKS 


The external features of the eheeks are deseribed on page 475. Internally 
the mucosa of the eheek is tightly adherent to buccinator and is thus 
stretehed when the mouth is opened and wrinkled when elosed. Eetopie 
sebaceous glands may be evident as yellow patehes (Fordyee spots). 
Their numbers inerease in puberty and in later life. 


Few structural landmarks are visible. The parotid duct drains into 
the eheek opposite the maxillary seeond molar tooth at a small parotid 
papilla. A hyperkeratinized line (the linea alba) may be seen at a posi- 
tion related to the occlusal plane of the teeth. In the retromolar region, 
a fold of mucosa eontaining the pterygomandibular raphe extends from 
the upper to the lower alveolus. The entranee to the pterygomandibular 
spaee (which eontains the lingual and inferior alveolar nerves) lies 
lateral to this fold and medial to the ridge produced by the anterior 
border of the ramus of the mandible; this is the site for injeetion for an 
inferior alveolar nerve bloek, eommonly used to anaesthetize the ipsi- 
lateral lower teeth and gums. 

Vascular supply and innervation 


The eheek reeeives its arterial blood supply prineipally from the buccal 
braneh of the maxillary artery, and is innervated by cutaneous branehes 
of the maxillary division of the trigeminal nerve, via the zygomatieo- 
faeial and infraorbital nerves, and by the buccal braneh of the mandibu- 
lar division of the trigeminal nerve. 


LIPS 


The external features of the lips are deseribed on page 475. The eentral 
part of the lips eontains orbicularis oris. Internally the labial mucosa 
is smooth and shiny, and shows small elevations caused by underlying 
mucous glands. 
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Fig. 31.1 The oral eavity. The tongue and soft palate have been removed. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 
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The position and aetivity of the lips are important in eontrolling 
the degree of protmsion of the ineisors. With normal (eompetent) lips, 
the tips of the maxillary ineisors lie below the upper border of the 
lower lip, and this arrangement helps to maintain the 'normal' inelina- 
tion of the ineisors. When the lips are ineompetent, the maxillary inei- 
sors may not be so eontrolled and the lower lip may even lie behind 
them, thus producing an exaggerated proelination of these teeth. A 
tight, or overaetive, lip musculature may be assoeiated with retroelined 
maxillary ineisors. The lips are kept moist both by tongue deposition 
of saliva and by numerous minor salivary glands within them. These 
glands are liable to trauma by the teeth, particularly in the lower lip; 
this ean produce a mucocele as a result of either extravasation of saliva 
into the submucosal tissues or retention of saliva within the gland or 
its duct. 

Vascular supply and innervation 


The lips are mainly supplied by the superior and inferior labial branehes 
of the faeial artery. The upper lip is innervated by superior labial 
branehes of the infraorbital nerve, and the lower lip is innervated by 
the mental braneh of the mandibular division of the trigeminal. 


ORAL VESTIBIILE 


The oral vestibule is a slit-like spaee between the lips or eheeks on one 
side and the teeth on the other. When the teeth occlude, the vestibule 
is a elosed spaee that only communicates with the oral eavity proper in 
the retromolar regions behind the last molar tooth on eaeh side. Where 
the mucosa that eovers the alveolus of the jaw is refleeted on to the lips 
and eheeks, a trough or sulcus is formed, which is ealled the fornix 
vestibuli. A variable number of siekle-shaped folds eontaining loose 
eonneetive tissue mn aeross the fornix vestibuli. In the midline, these 
are the upper and lower labial frena (or frenula). Other folds may 
traverse the fornix near the eanines or premolars. The folds in the lower 
fornix are said to be more pronounced than those in the upper fornix 
(Fig. 31.2). 

The upper labial frenulum is normally attaehed well below the 
alveolar erest. A large frenulum with an attaehment near or on the erest 
may be assoeiated with a midline gap (diastema) between the maxil- 
lary first ineisors. This ean be eorreeted by simple surgical removal of 
the frenulum (frenulectomy) because it eontains no stmctures of elini- 
eal importanee. Prominent frena may eompromise the stability of 
dentures. 


ORAL MUC0SA 


The oral mucosa is continuous with the skin at the labial margins (ver- 
milion border) and with the pharyngeal mucosa at the oropharyngeal 
isthmus. It varies in stmcture, fhnetion and appearanee in different 
regions of the oral eavity and is traditionally divided into lining, mas- 
tieatory and speeialized mucosae (Presland and Dale 2000). 



Fig. 31.2 An anterior view of the dentition in eentrie occlusion, with the 
lips retraeted. Note the pale pink, stippled gingivae and the red, shiny, 
smooth alveolar mucosa. The degree of overbite is rather pronounced, 
and the gingiva and its epithelial attaehment have reeeded on to the root 
of the upper left eanine. Note the frena (arrows). 


LINING MUC0SA 


The lining mucosa is red in colour, and eovers the soft palate, ventral 
surface of the tongue, floor of the mouth, alveolar proeesses excluding 
the gingivae, and the internal surfaces of the lips and eheeks. It has a 
non-keratinized stratified squamous epithelmm, which overlies a 
loosely fibrous lamina propria, and the submucosa eontains some fat 
deposits and eolleetions of minor mucous salivary glands. The oral 
mucosa eovering the alveolar bone - which supports the roots of the 
teeth - and the neeks (eervieal region) of the teeth is divided into two 
main eomponents. That portion lining the lower part of the alveohis is 
loosely attaehed to the periosteum via a diffiise submucosa and is 
termed the alveolar mucosa. It is delineated from the mastieatory gin- 
gival mucosa, which eovers the upper part of the alveolar bone and the 
neeks of the teeth, by a well-defined junction, the mucogingival junc- 
tion. The alveolar mucosa appears dark red; the gingival appears pale 
pink (see Fig. 31.2). These colour differenees relate to differenees in the 
type of keratinization and the proximity to the surface of underlying 
small blood vessels, which may sometimes be seen coursing beneath 
the alveolar mucosa. 


MASTICAT0RY MUC0SA AND THE GINGIVAE 

Mastieatory mucosa, i.e. mucosa that is subjected to mastieatory stress, 
is bound firmly to underlying bone or to the neeks of the teeth, and 
forms a mucoperiosteum in the gingivae and palatine raphe. Gingival, 
palatal and dorsal lingual mucosae are keratinized or parakeratinized 

(Sehroeder and Listgarten 1997). 

The gingivae may be fiirther subdivided into the attaehed gingivae 
and the free gingivae. Attaehed gingivae are firmly bound to the perios- 
teum of the alveolus and to the teeth, whereas free gingivae, which 
constitute approximately a 1 mm margin of the gingivae, lie unattached 
around the eervieal region of eaeh tooth. The free gingival groove 
between the free and attaehed gingivae eorresponds roughly to the floor 
of the gingival sulcus that separates the inner surface of the attaehed 
gingivae from the enamel. The interdental papilla is that part of the 
gingivae that fills the spaee between adjaeent teeth. The surface of the 
attaehed gingivae is eharaeteristieally stippled, although there is eonsid- 
erable inter-individual variation in the degree of stippling, and variation 
aeeording to age, sex and the health of the gingivae. The free gingivae 
are not stippled. A mucogingival line delineates the attaehed gingivae 
on the buccal surface of the upper and lower jaws (see Fig. 31.2) and 
the lingual surface of the lower jaw from the alveolar mucosa. There is 
no eorresponding obvious division between the attaehed gingivae and 
the remainder of the palatal mucosa because this whole surface is 
orthokeratinized mastieatory mucosa, which is pink. 

A submucosa is absent from the gingivae and the midline palatine 
raphe, but is present over the rest of the hard palate. Posterolaterally, it 
is thiek where it eontains mucous salivary glands and the greater pala- 
tine nerves and vessels, and it is anehored to the periosteum of the 
maxillae and palatine bones by collagenous septa. 

Vascular supply and lymphatie drainage 

The gingival tissues derive their blood supply from the maxillary and 
lingual arteries. The buccal gingivae around the maxillary eheek teeth 
are supplied by gingival and perforating branehes from the posterior 
superior alveolar artery and by the buccal braneh of the maxillary artery. 
The labial gingivae of anterior teeth are supplied by labial branehes of 
the infraorbital artery and by perforating branehes of the anterior su- 
perior alveolar artery. The palatal gingivae are supplied primarily by 
branehes of the greater palatine artery. 

The buccal gingivae assoeiated with the mandibular eheek teeth are 
supplied by the buccal braneh of the maxillary artery and by perforating 
branehes from the inferior alveolar artery. The labial gingivae around 
the anterior teeth are supplied by the mental artery and by perforating 
branehes of the ineisive artery. The lingual gingivae are supplied by 
perforating branehes from the inferior alveolar artery and by its lingual 
braneh, and by the main lingual artery, a braneh of the external earotid 
artery. 

No accurate deseription is available eoneerning the venous drainage 
of the gingivae, although it may be assumed that buccal, lingual, greater 
palatine and nasopalatine veins are involved. These veins mn into the 
pterygoid plexuses (apart from the lingual veins, which may pass 
direetly into the internal jugular veins). 

The lymph vessels of the labial and buccal gingivae of the maxillary 
and mandibular teeth unite to drain into the submandibular nodes, 
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though in the labial region of the mandibular ineisors they may drain 
into the submental lymph nodes. The lingual and palatal gingivae drain 
into the jugulodigastric group of nodes, either direetly or indireetly 
through the submandibular nodes. 

Innervation 


The nerves supplying the gingivae in the upper jaw eome from the 
maxillary nerve via its greater palatine, nasopalatine, and anterior, 
middle and posterior superior alveolar branehes (see Table 31.2). Surgi- 
eal division of the nasopalatine nerve, e.g. during the removal of an 
eetopie eanine tooth, causes no obvious sensory defieit in the anterior 
part of the palate, which suggests that the territory of the greater palatine 
nerve reaehes as far forwards as the gingivae lingual to the ineisor teeth 
or that the nerve has large regenerative potential. The mandibular nerve 
innervates the gingivae in the lower jaw by its inferior alveolar, lingual 
and buccal branehes. 

SPECIAUZED ORAL MUC0SA 


The speeialized mucosa eovering the anterior two-thirds of the dorsum 
of the tongue is deseribed on page 515. 


OROPHARYNGEAL ISTHMUS 


The oropharyngeal isthmus lies between the soft palate and the dorsum 
of the tongue, and is bounded on both sides by the palatoglossal arehes. 
Eaeh palatoglossal areh mns downwards, laterally and forwards, from 
the soft palate to the side of the tongue, and eonsists of palatoglossus 
and its eovering mucous membrane (Fig. 31.3). The approximation of 
the arehes shuts off the mouth from the oropharynx, and is essential 
for deglutition. 


may aid breast feeding (National Institute for Health and Oinieal Excel- 
lenee 2005, Webb et al 2013). The submandibular salivary ducts open 
into the mouth at the sublingual papilla (eamnele), which is a large, 
eentrally positioned protuberance at the base of the tongue. 

The sublingual folds lie on either side of the sublingual papilla and 
eover the underlying submandibular ducts and sublingual salivary 
glands. The blood supply of the floor of the mouth is deseribed with 
the blood supply of the tongue. The main muscle forming the floor 
of the mouth is mylohyoid, with geniohyoid lying immediately 
above it. 

Mylohyoid 

Mylohyoid lies superior to the anterior belly of digastrie and, with its 
eontralateral fellow, forms a muscular floor for the oral eavity. It is a 
flat, triangular sheet attaehed to the whole length of the mylohyoid line 
of the mandible (Fig. 31.4A; see Figs 31.1, 31.7, 31.10). The mylohyoid 
line is of variable length, sometimes ending before the lower third 
molar (wisdom) tooth. The posterior fibres of mylohyoid pass medially 
and slightly downwards to the front of the body of the hyoid bone near 
its lower border. The middle and anterior fibres from eaeh side decus- 
sate in a median fibrous raphe that stretehes from the symphysis menti 
to the hyoid bone. The median raphe is sometimes absent, in which 
ease the two muscles form a continuous sheet, or it may be fused with 
the anterior belly of digastrie. In about one-third of subjects, there is a 
hiatus in the muscle through which a proeess of the sublingual gland 
protmdes. 

Relations The inferior (external) surface is related to platysma, the 
anterior belly of digastrie the superficial part of the submandibular 
gland, the faeial and submental vessels, and the mylohyoid vessels and 
nerve. The superior (internal) surface is related to geniohyoid, part of 
hyoglossus and styloglossus, the hypoglossal and lingual nerves, the 
submandibular ganglion, the sublingual gland, the deep part of the 
submandibular gland and its duct, the lingual and sublingual vessels, 
and, posteriorly, the mucous membrane of the mouth. 


FL00R 0F THE M0UTH 


The floor of the mouth is a small, horseshoe-shaped region situated 
beneath the movable part of the tongue and above the muscular dia- 
phragm formed by the mylohyoid muscles. A fold of tissue, the lingual 
frenulum, extends on to the inferior surface of the tongue from near 
the base of the tongue. It oeeasionally extends aeross the floor of the 
mouth to be attaehed on to the mandibular alveolus, a eondition ealled 
ankyloglossia (known colloquially as a 'tongue tie'); historieally, the 
'tied' frenulum has been divided to aid speeeh but the evidenee for this 
procedure is seanty. However, there is some evidenee that frenulotomy 


Vaseillar Slipply Mylohyoid reeeives its arterial supply from the 
sublingual braneh of the lingual artery, the maxillary artery, via the 
mylohyoid braneh of the inferior alveolar artery, and the submental 
braneh of the faeial artery. 

Innervation Mylohyoid is supplied by the mylohyoid braneh of the 
inferior alveolar nerve, which ean sometimes also supply aeeessory 
innervation to the posterior mandibular teeth. 

Aetions Mylohyoid elevates the floor of the mouth in the first 
stage of deglutition. It may also elevate the hyoid bone or depress the 
mandible. 
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Fig. 31.3 The oral eavity, oropharyngeal 
isthmus and muscles of the palate. (With 
permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, Llrban & Fiseher. 

—Greater palatine artery Copyright 2013.) 
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Fig. 31.4 The floor of the mouth. A, View from above when the bulk of the tongue musculature has been removed. Note the relationships between the 
lingual nerve and the submandibular duct, and between the submandibular and sublingual salivary glands. B, The ventral surface of the tongue, visible 
when the tip of the tongue is turned upwards. (With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Copyright 2010.) 


Geniohyoid 

Geniohyoid is a narrow muscle that lies above the medial part of mylo- 
hyoid (see Figs 31.6, 31.10). It arises from the inferior mental spine 
(genial tubercle) on the baek of the symphysis menti, and mns baek- 
wards and slightly downwards to attaeh to the anterior surface of the 
body of the hyoid bone. The paired muscles are contiguous and may 
oeeasionally fuse with eaeh other or with genioglossus. 

Vaseillar Slipply The blood supply to geniohyoid is derived from 
the lingual artery (sublingual braneh). 

Innervation Geniohyoid is supplied by the first eervieal spinal nerve, 
through the hypoglossal nerve. 

Aetions Geniohyoid elevates the hyoid bone and draws it forwards, 
and therefore aets partly as an antagonist to stylohyoid. When the hyoid 
bone is fixed, geniohyoid depresses the mandible. 


PALATE 

The palate forms the roof of the mouth and is divisible into two regions, 
namely: the hard palate in front and soft palate behind. 

SOFT PALATE 

The soft palate is deseribed with the pharynx on page 575. 

HARD PALATE 

The hard palate is formed by the palatine proeesses of the maxillae and 
the horizontal plates of the palatine bones (see Figs 30.8B, 30.9, 
31.16A). The hard palate is bounded in front and at the sides by the 
tooth-bearing alveolus of the upper jaw and is continuous posteriorly 
with the soft palate. It is eovered by a thiek mucosa bound tightly to 
the underlying periosteum. In its more lateral regions, it also possesses 
a submucosa eontaining the main neurovascular bundle. The mucosa 
is eovered by keratinized stratified squamous epithelium, which shows 
regional variations and may be ortho- or parakeratinized. 

The periphery of the hard palate eonsists of gingivae. A narrow ridge, 
the palatine raphe, devoid of submucosa, mns anteroposteriorly in the 
midline. An oval prominenee, the ineisive papilla, lies at the anterior 
extremity of the raphe. It eovers the ineisive fossa at the oral opening 
of the ineisive eanal and also marks the position of the fetal nasopala- 
tine eanal. Irregular transverse ridges or mgae, eaeh eontaining a eore 
of dense eonneetive tissue, radiate outwards from the palatine raphe in 
the anterior half of the hard palate; their pattern is unique to the 
individual. 


The submucosa in the posterior half of the hard palate eontains 
minor mucous-type salivary glands. They seerete via numerous small 
ducts, which often drain into a larger duct that opens bilaterally at the 
paired palatine foveae. These depressions, sometimes a few millimetres 
deep, flank the midline raphe at the posterior border of the hard palate. 
They provide a useful landmark for the extent of an upper denture; they 
cause an overextended denture to beeome unstable when the soft palate 
moves during deglutition and mastieation. The upper surface of the 
hard palate is the floor of the nasal eavity and is eovered by eiliated 
respiratory epithelium. 

Vascular supply and lymphatie drainage 
of the hard palate 


The palate derives its blood supply prineipally from the greater palatine 
artery, a braneh of the third part of the maxillary artery. The greater 
palatine artery deseends with its aeeompanying nerve in the palatine 
eanal, where it gives off two or three lesser palatine arteries, which are 
transmitted through the lesser palatine eanals and foramina to supply 
the soft palate and tonsil, and anastomose with the aseending palatine 
braneh of the faeial artery. The greater palatine artery emerges on to the 
oral surface of the palate at the greater palatine foramen adjaeent to the 
seeond maxillary molar and mns in a curved groove near the alveolar 
border of the hard palate to the ineisive eanal. It aseends this eanal and 
anastomoses with septal branehes of the nasopalatine artery to supply 
the gingivae, palatine glands and mucous membrane. 

The veins of the hard palate aeeompany the arteries and drain largely 
to the pterygoid plexus. 

Innervation of the hard palate 


The sensory nerves of the hard palate are the greater palatine and 
nasopalatine branehes of the maxillary nerve, which all pass through 
the pterygopalatine ganglion. The greater palatine nerve deseends 
through the greater palatine eanal, emerges on the hard palate from the 
greater palatine foramen, mns forwards in a groove on the inferior 
surface of the bony palate almost to the ineisor teeth and supplies the 
gums and the mucosa and glands of the hard palate (see Fig. 31.3). It 
also communicates with the terminal filaments of the nasopalatine 
nerve. As it leaves the greater palatine eanal, it supplies palatine branehes 
to both surfaces of the soft palate. The lesser (middle and posterior) 
palatine nerves, which are much smaller, deseend through the greater 
palatine eanal and emerge through the lesser palatine foramina in the 
tubercle of the palatine bone to supply the uvula, tonsil and soft palate. 
The nasopalatine nerves enter the palate at the ineisive foramen and are 
branehes of the maxillary nerve that pass through the pterygopalatine 
ganglion to supply the anterior part of the hard palate behind the 
ineisor teeth. 






































































Tongue 


Fibres eonveying taste impulses from the palate probably pass via 
the palatine nerves to the pterygopalatine ganglion, and travel through 
it without synapsing to join the nerve of the pterygoid eanal and the 
greater petrosal nerve to the faeial ganglion, where their eell bodies are 
situated. The eentral proeesses of these neurones traverse the sensory 
root of the faeial nerve (nervus intermedius) to pass to the gustatory 
nucleus in the nucleus of the tractus solitarius. Parasympathetie post- 
ganglionie seeretomotor fibres from the pterygopalatine ganglion mn 
with the nerves to supply the palatine mucous glands. 


T0NGUE 


The tongue is a highly muscular organ of deglutition, taste and speeeh. 
It is partly oral and partly pharyngeal in position, and is attaehed by its 
muscles to the hyoid bone, mandible, styloid proeesses, soft palate and 
the pharyngeal wall. It has a root, an apex, a curved dorsum and an 
inferior surface. Its mucosa is normally pink and moist, and is attaehed 
elosely to the underlying muscles. The dorsal mucosa is eovered by 
numerous papillae, some of which bear taste buds. intrinsie muscle 
fibres are arranged in a complex interlaeing pattern of longitudinal, 
transverse, vertieal and horizontal fasciculi, and this allows great mobil- 
ity. Fasciculi are separated by a variable amount of adipose tissue, which 
inereases posteriorly. The root of the tongue is attaehed to the hyoid 
bone and mandible, and between them it is in eontaet inferiorly with 
geniohyoid and mylohyoid. The dorsum (posterosuperior surface) is 
generally convex in all direetions at rest. It is divided by a V-shaped 
sulcus terminalis into an anterior, oral (presulcal) part that faees 
upwards, and a posterior, pharyngeal (postsulcal) part that faees pos- 
teriorly. The anterior part forms about two-thirds of the length of the 
tongue. The two limbs of the sulcus terminalis mn anterolaterally to 
the palatoglossal arehes from a median depression, the foramen 
caecum, which marks the site of the upper end of the embryonie thyroid 
diverticulum (thyroglossal duct). The oral and pharyngeal parts of the 
tongue differ in their mucosa, innervation and developmental origins. 


ORAL (PRESULCAL) PART 

The presulcal part of the tongue is loeated in the floor of the oral eavity. 
It has an apex touching the ineisor teeth, a margin in eontaet with the 
gums and teeth, and a superior surface (dorsum) related to the hard and 
soft palates. On eaeh side, in front of the palatoglossal areh, there are 
four or five vertieal folds, the foliate papillae, which represent vestiges 
of larger papillae found in many other mammals. The dorsal mucosa 
has a longitudinal median sulcus and is eovered by filiform, fiingiform 
and circumvallate papillae (Fig. 31.5). The mucosa on the inferior 
(ventral) surface is smooth, purplish and refleeted on to the oral floor 
and gums; it is eonneeted to the oral floor anteriorly by the lingual 
frenulum. The deep lingual vein, which is visible, lies lateral to the 
frenulum on either side. The pliea fimbriata (fimbriated fold), a fringed 
mucosal ridge direeted anteromedially towards the apex of the tongue, 
lies lateral to the vein. This part of the tongue develops from the lingual 
swellings of the mandibular areh and from the tuberculum impar, and 
this embryologieal derivation explains its sensory innervation. 


PHARYNGEAL (POSTSULCAL) PART 

The postsulcal part of the tongue constitutes its base and lies posterior 
to the palatoglossal arehes. Although it forms the anterior wall of the 
oropharynx, it is deseribed here for eonvenienee. Its mucosa is refleeted 
laterally on to the palatine tonsils and pharyngeal wall, and posteriorly 
on to the epiglottis by a median and two lateral glossoepiglottie folds, 
which surround two depressions or valleculae. The pharyngeal part of 
the tongue is devoid of papillae and exhibits low elevations. There are 
underlying lymphoid nodules, which are embedded in the submucosa 
and eolleetively termed the lingual tonsil. The ducts of small sero- 
mucous glands open on the apiees of these elevations. The postsulcal 
part of the tongue develops from the hypobranehial eminenee. On 
the rare oeeasions that the thyroid gland fails to migrate away from the 
tongue during development, it remains in the postsulcal part of the 
tongue as a fimetioning lingual thyroid gland. 


MUSCLES OF THE T0NGUE 


The tongue is divided by a median fibrous septum, attaehed to the body 
of the hyoid bone. There are extrinsic and intrinsie muscles in eaeh half, 
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Fig. 31.5 The dorsum of the tongiie, adjoining palatoglossal and 
palatopharyngeal arehes, and epiglottis. The palatine tonsils lie in the 
tonsillar reeesses between the palatoglossal and palatopharyngeal 
arehes. 


the former extending outside the tongue and moving it bodily, the latter 
wholly within it and altering its shape. The extrinsic musculature eon- 
sists of four pairs of muscles, namely: genioglossus, hyoglossus, stylo- 
glossus (and chondroglossus) and palatoglossus. 

Genioglossus 

Genioglossus is triangular in sagittal seetion, lying near and parallel to 
the midline. It arises from a short tendon attaehed to the superior genial 
tubercle behind the mandibular symphysis, above the origin of genio- 
hyoid. From this point, it fans out backwards and upwards (Fig. 31.6). 
The inferior fibres of genioglossus are attaehed by a thin aponeurosis 
to the upper anterior surface of the hyoid body near the midline (a few 
fasciculi passing between hyoglossus and chondroglossus to blend with 
the middle eonstrietor of the pharynx). Intermediate fibres pass baek- 
wards into the posterior part of the tongue, and superior fibres aseend 
forwards to enter the whole length of the ventral surface of the tongue 
from root to apex, intermingling with the intrinsie muscles. The muscles 
of opposite sides are separated posteriorly by the lingual septum. An- 
teriorly, they are variably blended by decussation of fasciculi aeross the 
midline. The attaehment of the genioglossi to the genial tubercles pre- 
vents the tongue from sinking baek and obstmeting respiration; there- 
fore, anaesthetists pull the mandible forwards to obtain the fiill benefit 
of this eonneetion. In infants and ehildren, 'ehin liff and 'jaw thmst' 
are standard resuscitative manoeuvres that rely on this anatomieal 
arrangement to relieve obstmetion of the pharynx by the tongue falling 
baek. 

Vaseillar SLipply Genioglossus is supplied by the sublingual braneh 
of the lingual artery and the submental braneh of the faeial artery. 

Innervation Genioglossus is innervated by the hypoglossal nerve. 

Aetions Genioglossus brings about the forward traetion of the tongue 
to protmde its apex from the mouth. Aeting bilaterally, the two imiseles 
depress the eentral part of the tongue, making it eoneave from side to 
side. Aeting unilaterally, the tongue diverges to the opposite side. 

Hyoglossus 

Hyoglossus is thin and quadrilateral, and arises from the whole length 
of the greater cornu and the front of the body of the hyoid bone (see 
Fig. 31.6). It passes vertieally up to enter the side of the tongue between 
styloglossus laterally and the inferior longitudinal muscle medially. 
Fibres arising from the body of the hyoid overlap those from the greater 
cornu. 


511 


> daidVHO 




































SECTION 4 


ORAL OAVITY 


512 


Pterygomandibular raphe 


Genioglossus 


Geniohyoid 


S 



Thyrohyoid membrane 


Tensorveli palatini 

Levator veli palatini 

Pterygoid hamulus 

Rectus eapitis 
lateralis 

Obliquus eapitis superior 

Stylohyoid ligament (cut) 

Transverse 
proeess of atlas 

Obliquus eapitis inferior 
Vertebral artery 

Anterior intertransverse 
muscle 

Transverse 
proeess ofaxis 

Stylopharyngeus 

Stylohyoid 


Middle eonstrietor 


Inferior eonstrietor 


C rieothyroid 


Fig. 31.6 Muscles of the tongue and 
pharynx. Palatoglossus is not shovvn here 
but is depieted in Figure 34.3A, see also 

Fig. 34.6. 


Relations Hyoglossus is related at its superfìcial surface to the digas- 
trie tendon, stylohyoid, styloglossus and mylohyoid, the lingual nerve 
and submandibular ganglion, the sublingual gland, the deep part of the 
submandibular gland and duct, the hypoglossal nerve and the deep 
lingual vein. By its deep surface it is related to the stylohyoid ligament, 
genioglossus, the middle eonstrietor and the inferior longitudinal 
muscle of the tongue, and the glossopharyngeal nerve. Posteroinferiorly, 
it is separated from the middle eonstrietor by the lingual artery. This 
part of the muscle is in the lateral wall of the pharynx, below the pala- 
tine tonsil. Passing deep to the posterior border of hyoglossus are, in 
deseending order: the glossopharyngeal nerve, stylohyoid ligament and 
lingual artery. 

Vaseillar SLipply Hyoglossus is supplied by the sublingual braneh of 
the lingual artery and the submental braneh of the faeial artery. 

Innervation Hyoglossus is innervated by the hypoglossal nerve. 

Aetions Hyoglossus depresses the tongue. 

Chondroglossus 

Sometimes deseribed as a part of hyoglossus, this muscle is separated 
from it by some fibres of genioglossus, which pass to the side of the 
pharynx. It is about 2 em long, and arises from the medial side and 
base of the lesser cornu and the adjoining part of the body of the hyoid. 
It aseends to merge into the intrinsie musculature between hyoglossus 
and genioglossus. A small slip oeeasionally springs from the eartilago 
tritieea and enters the tongue with the posterior fibres of hyoglossus. 

Vascular supply, innervation and aetions These are similar to 

those deseribed for hyoglossus. 

Styloglossus 

Styloglossus is the shortest and smallest of the three imiseles attaehed 
to the styloid proeess (see fig. 31.6). It arises from the anterolateral 
aspeet of the styloid proeess near its apex, and from the styloid end of 
the stylomandibular ligament (Mérida-Velaseo et al 2006). Passing 
downwards and forwards, it divides at the side of the tongue into a 
longitudinal part, which enters the tongue dorsolaterally to blend with 
the inferior longitudinal muscle in front of hyoglossus, and an oblique 
part, overlapping hyoglossus and decussating with it. 

Vascular supply Styloglossus is supplied by the sublingual braneh 
of the lingual artery. 

Innervation Styloglossus is innervated by the hypoglossal nerve. 


Aetions Styloglossus draws the tongue up and backwards. 

Stylohyoid ligament 

The stylohyoid ligament is a fibrous eord that extends from the tip of 
the styloid proeess to the lesser cornu of the hyoid bone (see Fig. 31.6). 
It gives attaehment to some fibres of styloglossus and the middle eon- 
strietor of the pharynx, and is elosely related to the lateral wall of the 
oropharynx. Below it is overlapped by hyoglossus. The ligament is 
derived embryologieally from the seeond branehial areh. It may be 
partially ealeified. 

Palatoglossus 

Palatoglossus is elosely assoeiated with the soft palate in fimetion and 
innervation, and is deseribed with the other palatal muscles. 

intrìnsie muscles 

The intrinsie muscles of the tongue are the bilateral superior and in- 
ferior longitudinal, the transverse and the vertieal (Fig. 31.7). 

Superior longitudinal 

The superior longitudinal muscle constitutes a thin stratum of oblique 
and longitudinal fibres lying beneath the mucosa of the dorsum of the 
tongue. It extends forwards from the submucous fibrous tissue near the 
epiglottis and from the median lingual septum to the lingual margins. 
Some fibres are inserted into the mucous membrane. 

Inferior longitudinal 

The inferior longitudinal muscle is a narrow band of muscle elose to 
the inferior lingual surface between genioglossus and hyoglossus. It 
extends from the root of the tongue to the apex. Some of its posterior 
fibres are eonneeted to the body of the hyoid bone. Anteriorly, it blends 
with styloglossus. 

T ransverse 

The transverse muscles pass laterally from the median fibrous septum 
to the submucous fibrous tissue at the lingual margin, blending with 
palatopharyngeus. 

Vertieal 

The vertieal muscles extend from the dorsal to the ventral aspeets of the 
tongue in the anterior borders. 

Vascular supply Of intrinsie muscles The intrinsie muscles are 

supplied by the lingual artery. 

Innervation Of intrinsie muscles All intrinsie lingual muscles are 

innervated by the hypoglossal nerve. 
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Fig. 31.8 The left half of the tongue, vievved from the medial side, 
shovving the lingual artery and ramifieations of the hypoglossal and lingual 
nerves. 


Aetions The intrinsie muscles alter the shape of the tongue. Thus, 
eontraetion of the superior and inferior longitudinal muscles tend to 
shorten the tongue, but the former also turns the apex and sides 
upwards to make the dorsum eoneave, while the latter pulls the apex 
down to make the dorsum convex. The transverse muscle narrows and 
elongates the tongue, while the vertieal muscle makes it flatter and 
wider. Aeting alone or in pairs and in endless eombination, the intrinsie 
muscles give the tongue preeise and highly varied mobility, important 
not only in alimentary fhnetion but also in speeeh. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
OF THE T0NGUE 


Lingual artery 


The tongue and the floor of the mouth are supplied ehiefly by the 
lingual artery, which arises from the anterior surface of the external 
earotid artery. It passes between hyoglossus and the middle eonstrietor 
of the pharynx to reaeh the floor of the mouth, aeeompanied by the 
lingual veins and the glossopharyngeal nerve. At the anterior border of 
hyoglossus, the lingual artery bends sharply upwards (Fig. 31.8). It is 
eovered by the mucosa of the tongue and lies between genioglossus 
medially and the inferior longitudinal muscle laterally. Near the tip of 
the tongue, it anastomoses with its eontralateral fellow; this contribu- 
tion is important in maintaining the blood supply to the tongue in any 
surgical reseetion of the tongue. The branehes of the lingual artery form 
a rieh anastomotie network, which supplies the musculature of the 
tongue, and a very dense submucosal plexus. Named branehes of the 
lingual artery in the floor of the mouth are the dorsal lingual, sublingual 
and deep lingual arteries. 

Dorsal lìngiial arteries 

The dorsal lingual arteries are usually two or three small vessels. They 
arise medial to hyoglossus and aseend to the posterior part of the 


dorsum of the tongue. The vessels supply its mucous membrane and 
the palatoglossal areh, tonsil, soft palate and epiglottis. They anasto- 
mose with their eontralateral fellows. 

Sublingual artery 

The sublingual artery arises at the anterior margin of hyoglossus. It 
passes forwards between genioglossus and mylohyoid to the sublingual 
gland, and supplies the gland, mylohyoid and the buccal and gingival 
mucous membranes. One braneh pierees mylohyoid and joins the sub- 
mental branehes of the faeial artery. Another braneh courses through 
the mandibular gingivae to anastomose with its eontralateral fellow. A 
single artery arises from this anastomosis and enters a small foramen 
(lingual foramen) on the mandible, situated in the midline on the 
posterior aspeet of the symphysis immediately above the genial 
tubercles. 

Deep lingual artery 

The deep lingual artery is the terminal part of the lingual artery and is 
found on the inferior surface of the tongue near the lingual frenulum. 

In addition to the lingual artery, the tonsillar and aseending palatine 
branehes of the faeial and aseending pharyngeal arteries also supply 
tissue in the root of the tongue. In the region of the valleculae, epiglottie 
branehes of the superior laryngeal artery anastomose with the inferior 
dorsal branehes of the lingual artery. 

Lingual veins 


The lingual veins are formed from the union of the dorsal lingual and 
deep lingual veins and the vena eomitans of the hypoglossal nerve. The 
veins draining the tongue follow two routes. Dorsal lingual veins drain 
the dorsum and sides of the tongue, join the lingual veins aeeompany- 
ing the lingual artery between hyoglossus and genioglossus, and empty 
into the internal jugular vein near the greater cornu of the hyoid bone. 
The deep lingual vein begins near the tip of the tongue and mns baek 
just beneath the mucous membrane on the inferior surface of the 
tongue. It joins a sublingual vein from the sublingual salivary gland 
near the anterior border of hyoglossus and forms the vena eomitans 
nervi hypoglossi, which mns baek with the hypoglossal nerve between 
mylohyoid and hyoglossus to join the faeial, internal jugular or lingual 
vein. The lingual veins usually join the faeial and retromandibular veins 
(anterior division) to form the eommon faeial vein, which drains into 
the internal jugular vein. 

Lymphatie drainage 


The mucosa of the pharyngeal part of the dorsal surface of the tongue 
eontains many lymphoid follieles aggregated into dome-shaped groups: 
the lingual tonsils. Eaeh group is arranged around a eentral deep erypt, 
or invagination, which opens on to the surface epithelium. The ducts 
of mucous glands open into the bases of the erypts. Small isolated fol- 
lieles also occur beneath the lingual mucosa. The lymphatie drainage 
of the tongue ean be divided into three main regions: marginal, eentral 
and dorsal. The anterior region of the tongue drains into marginal and 
eentral vessels, and the posterior part of the tongue behind the circum- 
vallate papillae drains into the dorsal lymph vessels. The more eentral 
regions may drain bilaterally, and this must be borne in mind when 
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Fig. 31.9 The lymphatie drainage of the tongue. Removal of 
sternoeleidomastoid has exposed the vvhole ehain of deep eervieal lymph 
nodes. 


planning to remove malignant tumours of the tongue that are approaeh- 
ing the midline. If the tumour has a propensity for lymphatie spread, 
both eervieal ehains may be involved. 

Marginal vessels 

Marginal vessels from the apex of the tongue and the lingual frenulum 
area deseend under the mucosa to vvidely distributed nodes. Some 
vessels pieree mylohyoid as it eontaets the mandibular periosteum to 
enter either the submental or anterior or middle submandibular nodes, 
or else to pass anterior to the hyoid bone to the jugulo-omohyoid node. 
Vessels arising in the plexus on one side may eross under the frenulum 
to end in eontralateral nodes. Efferent vessels of median submental 
nodes pass bilaterally. Some vessels pass inferior to the sublingual gland 
and aeeompany the eompanion vein of the hypoglossal nerve to end in 
jugulodigastric nodes. One vessel often deseends fhrther to reaeh the 
jugulo-omohyoid node, and passes either superficial or deep to the 
intermediate tendon of digastrie. 

Vessels from the lateral margin of the tongue eross the sublingual 
gland, pieree mylohyoid and end in the submandibular nodes. Others 
end in the jugulodigastric or jugulo-omohyoid nodes. Vessels from the 
posterior part of the lingual margin traverse the pharyngeal wall to the 
jugulodigastric lymph nodes (Fig. 31.9). 

Oentral vessels 

The regions of the lingual surface draining into the marginal or eentral 
vessels are not distinet. Oentral lymphatie vessels aseend between the 
fibres of the two genioglossi; most pass between the muscles and 
diverge to the right or left to follow the lingual veins to the deep eervieal 
nodes, espeeially the jugulodigastric and jugulo-omohyoid nodes. 
Some pieree mylohyoid to enter the submandibular nodes. 

Dorsal vessels 

Vessels draining the postsulcal region and the circumvallate papillae mn 
posteroinferiorly. Those near the median plane may pass bilaterally. 
They turn laterally joining the marginal vessels, and all pieree the pha- 
ryngeal walf passing around the external earotid arteries to reaeh the 
jugulodigastric and jugulo-omohyoid lymph nodes. One vessel may 
deseend posterior to the hyoid bone, perforating the thyrohyoid mem- 
brane to end in the jugulo-omohyoid node. 


INNERVATION OF THE T0NGUE 


The muscles of the tongue, with the exception of palatoglossus, are 
supplied by the hypoglossal nerve. Palatoglossus is supplied via the 
pharyngeal plexus. The pathways for proprioeeption assoeiated with 
the tongue musculature are unknown, but presumably may involve 
the lingual, glossopharyngeal or hypoglossal nerves, and the eervieal 
spinal nerves that eomimmieate with the hypoglossal nerve. 


The sensory innervation of the tongue refleets its embryologieal 
development: the anterior two-thirds (presulcal part) is derived from 
first areh mesenehyme and the posterior third (postsulcal part) from 
third areh mesenehyme. The nerve of general sensation to the anterior 
two-thirds is the lingual nerve. Taste sensation travels in the ehorda 
tympani braneh of the faeial nerve. The nerve supplying both general 
and taste sensation to the posterior third is the glossopharyngeal nerve. 
An additional area in the region of the valleculae is supplied by the 
internal laryngeal braneh of the vagus nerve. 

Lingual nerve 


The lingual nerve is sensory to the imieosa of the floor of the mouth, 
mandibular lingual gingivae and mucosa of the presulcal part of the 
tongue (excluding the circumvallate papillae). It also earries postgan- 
glionie parasympathetie fibres from the submandibular ganglion to the 
sublingual and anterior lingual glands. 

The lingual nerve arises from the posterior tmnk of the mandibular 
nerve in the infratemporal fossa (see Fig. 32.23), where it is joined by 
the ehorda tympani braneh of the faeial nerve and often by a braneh 
of the inferior alveolar nerve. It then passes below the mandibular 
attaehment of the superior pharyngeal eonstrietor and pterygoman- 
dibular raphe, elosely applied to the periosteum of the medial surface 
of the mandible. Here it lies opposite the distal (posterior) root of the 
third molar tooth, where it is eovered only by the gingival mucoperios- 
teum. In about 1 in 7 eases, the lingual nerve may be loeated above the 
lingual bony plate and is susceptible to damage during surgery in the 
region. It next passes medial to the mandibular attaehment of mylo- 
hyoid, which earries it progressively away from the mandible, and sepa- 
rates it from the alveolar bone eovering the mesial root of the third 
molar tooth. The lingual nerve then passes downwards and forwards 
on the deep surface of mylohyoid (i.e. the surface nearer the mucosa 
eovering the floor of the mouth), erossing the lingual sulcus beneath 
the mucosa. In this position, it lies on the deep portion of the sub- 
mandibular gland, which bulges over the top of the posterior border of 
mylohyoid. It passes below the submandibular duct, which erosses it 
from medial to lateral, and curves upwards, forwards and medially to 
enter the tongue by medial and lateral branehes (see Fig. 31.8; Fig. 
31.10). Within the tongue, the medial braneh sends small branehes to 
the medial part of the ventrolateral tongue, and the lateral braneh mns 
along the lateral border of the tongue and sends larger branehes to 
innervate the mucosa of the anterior tip of the tongue. The lingual nerve 
is eonneeted to the submandibular ganglion (see Fig. 32.23) by two or 
three branehes. It forms eonneeting loops with twigs of the hypoglossal 
nerve at the anterior margin of hyoglossus (Fitzgerald and Faw 1958) 
and within the tongue (Zur et al 2004). 

The lingual nerve is at risk during surgical removal of (impaeted) 
lower third molars: patients oeeasionally develop lingual sensory dis- 
turbance postoperatively but this is rarely persistent (Renton 2011). The 
nerve is also at risk during operations to remove the submandibular 
salivary gland because the duct must be disseeted from the lingual 
nerve, and because its eonneetion to the submandibular ganglion pulls 
it into the operating field. 

Glossopharyngeal nerve 


The glossopharyngeal nerve is distributed to the posterior third of the 
tongue and the circumvallate papillae. It communicates with the lingual 
nerve. The course of the glossopharyngeal nerve in the neek is deseribed 

on page 465. 

Hypoglossal nerve 


The course of the hypoglossal nerve in the neek is deseribed on page 
468. After erossing the loop of the lingual artery a little above the tip 
of the greater cornu of the hyoid, it inelines upwards and forwards on 
hyoglossus, passing deep to stylohyoid, the tendon of digastrie and the 
posterior border of mylohyoid. Between mylohyoid and hyoglossus, the 
hypoglossal nerve lies below the deep part of the submandibular gland, 
the submandibular duct and the lingual nerve, with which it commu- 
nieates. It then passes on to the lateral aspeet of genioglossus, continu- 
ing forwards in its substance as far as the tip of the tongue (see Fig. 
31.8). It distributes fibres to styloglossus, hyoglossus and genioglossus 
and to the intrinsie muscles of the tongue. Cadaveric tongues stained 
using Sihlers stain (a whole mount nerve staining technique that 
renders a large speeimen transparent while counterstaining all nerves) 
or aeetyleholinesterase or silver stains show the basie mammalian 
intralingual pattern of hypoglossal nerve distribution but with notable 
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differenees, even from non-human primates. Thus, many muscle fibres, 
particularly in the transverse group of intrinsie mnseles, eontain mul- 
tiple en grappe motor end-plates (suggesting that they are some variant 
of slow tonie muscle fibres). Presumably these speeializations faeilitate 
the fine motor eontrol of tongue shape that is required in speeeh and 
swallowing (Mu and Sanders 2010) (Fig. 31.11). If the nerve suffers 
either iatrogenie or pathologieal damage, the tongue, on protmsion, 
will deviate towards the affeeted side and there may also be wasting of 
the muscles on the affeeted side. 


Speeial sensory innervation of the tongue 


The sense of taste is dependent on seattered groups of sensory eells, the 
taste buds, which occur in the oral eavity and pharynx, and are particu- 
larly plentifhl on the lingual papillae of the dorsal lingual mucosa. 

Dorsal lìngual mucosa 

The dorsal mucosa is somewhat thieker than the ventral and lateral 
mucosae, is direetly adherent to underlying muscular tissue with no 
diseernible submucosa, and is eovered by numerous papillae. The 
dorsal epithelium eonsists of a superficial stratified squamous epithe- 
lmm, which varies from non-keratinized stratified squamous epithe- 
lium posteriorly, to fhlly keratinized epithelium overlying the filiform 
papillae more anteriorly. These features probably refleet the faet that the 
apex of the tongue is subject to greater dehydration than the posterior 
and ventral parts and is subject to more abrasion during mastieation. 
The underlying lamina propria is a dense fibrous eonneetive tissue, with 
numerous elastie fibres, and is continuous with similar tissue extending 
between the lingual muscle fasciculi. It eontains numerous vessels and 
nerves from which the papillae are supplied, and also large lymph 
plexuses and lingual glands. 

Lingual papillae 

Lingual papillae are projeetions of the mucosa eovering the dorsal 
surface of the tongue (see Fig. 31.5). They are limited to the presulcal 
part of the tongue, produce its eharaeteristie roughness and inerease the 
area of eontaet between the tongue and the eontents of the mouth. 
There are four prineipal types, named filiform, fimgiform, foliate and 
circumvallate papillae, and all except the filiform papillae bear taste 
buds. Papillae are more visible in the living when the tongue is dry. 



Fig. 31.12 The dorsal surface of the anterior tongue showing non- 
keratinized fungiform papillae (left) and two keratinized filiform papillae 
(eentre and right) with non-keratinized regions between. (With permission 
from Young B, Heath JW 2000 Wheater’s Functional Histology. 
Edinburgh: Churchill Livingstone.) 


fimetions appear to be to inerease the frietion between the tongue and 
food, and to faeilitate the movement of partieles by the tongue within 
the oral eavity. 

Fungiform papillae 

Fungiform papillae occur mainly on the lingual margin but also irregu- 
larly on the dorsal surface, where they may oeeasionally be numerous 
(see Fig. 31.12). They differ from filiform papillae because they are 
larger, rounded and deep red in colour, this last refleeting their thin, 
non-keratinized epithelium and highly vascular eonneetive tissue eore. 
Eaeh usually bears one or more taste buds on its apieal surface. 

Foliate papillae 

Foliate papillae lie bilaterally in two zones at the sides of the tongue 
near the sulcus terminalis, eaeh formed by a series of red, leaf-like 
mucosal ridges, eovered by a non-keratinized epithelium. They bear 
numerous taste buds. 


Filiform papillae 

Filiform papillae are minute, eonieal or eylindrieal projeetions that 
eover most of the presulcal dorsal area, and are arranged in diagonal 
rows that extend anterolaterally, parallel with the sulcus terminalis, 
except at the lingual apex, where they are transverse. They have irregular 
eores of eonneetive tissue and their epithelium, which is keratinized, 
may split into whitish fine seeondary proeesses (Fig. 31.12). Their 


Circumvallate papillae 

Circumvallate papillae are large eylindrieal structures, varying in number 
from 8 to 12, which form a V-shaped row immediately in front of the 
sulcus terminalis on the dorsal surface of the tongue. Eaeh papilla, 
1-2 mm in diameter, is surrounded by a slight circular mucosal eleva- 
tion (vallum or wall), which is separated from the papilla by a circular 
sulcus (Figs 31.13-31.14). The papilla is narrower at its base than its 
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Fig. 31.11 A,B, Entire nerve maps of an adiilt 
human tongue, Sihler’s stain. Several muscles, 
including genioglossus and the posterior 
transverse (T) and vertieal (V) intrinsie muscles, 
were removed in order to traek individual nerves. 
The hypoglossal nerve (XII) and its lateral (l-XII) 
and medial (m-XII) branehes lie between the 
lingual (LN) and glossopharyngeal (IX) nerves in 
the posterior part of the tongue. The lateral braneh 
is derived from the main trunk of the hypoglossal 
nerve as either a short single braneh (left side in 
A) or multiple branehes (right side in A and both 
sides in B). Other abbreviations: VP, vallate 
papillae. (With permission from Mu L, Sanders I 
2010 Human tongue neuroanatomy: nerve supply 
and motor endplates. Olin Anat 23:777-91.) 
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Fig. 31.13 A seetion through a circumvallate papilla. Serous glands (of 
von Ebner) empty via ducts into the base of the treneh. Numerous taste 
buds (pale structures on the inner wall of the eleft, left side) are eontained 
within the stratified epithelium of the papillary wall. (With permission from 
Young B, Heath JW 2000 Wheater’s Functional Histology. Edinburgh: 
Churchill Livingstone.) 



Fig. 31.14 A circumvallate papilla. A, A seanning eleetron mierograph 
showing a circumvallate papilla surrounded by a treneh. B, A seetion of a 
circumvallate papilla showing pale barrel-shaped taste buds (B) in its 
walls. Other abbreviations: P, apieal pore. (A, courtesy of S Franey and 
with permission from Berkovitz BKB, Holland GR, Moxham BJ 2009 Oral 
Anatomy, Embryology and Histology, 4th ed. Edinburgh: Mosby; B, with 
permission from Dr JB Kerr, Monash Llniversity, from Kerr JB 1999 Atlas 
of Functional Histology. London: Mosby.) 


apex and the entire structure is generally eovered with non-keratinized 
stratified squamous epithelium. Numerous taste buds are seattered in 
both walls of the sulcus, and small serous glands (of von Ebner) open 
into the sulcal base. 

Taste buds 

Taste buds are mieroseopie barrel-shaped epithelial structures that 
eontain ehemosensory eells in synaptie eontaet with the terminals of 
gustatory nerves. They are numerous on all types of lingual papillae 
(except filiform papillae), particularly on their lateral aspeets. Taste 
buds are not restrieted to the papillae; they are seattered over almost 
the entire dorsal and lateral surfaces of the tongue and, rarely, on the 
epiglottis and lingual aspeet of the soft palate. Eaeh taste bud is linked 
by synapses at its base to one of three eranial nerves that earry taste, i.e. 
the faeiaf glossopharyngeal or vagus. They share some physiologieal 
features with neurones, e.g. aetion potential generation and synaptie 
transmission, and are therefore often referred to as paraneurones. 

There is eonsiderable individual variation in the distribution of taste 
buds in humans. They are most abundant on the posterior parts of the 
tongue, espeeially around the walls of the circumvallate papillae and 
their surrounding sulci, where there is an average of 250 taste buds for 
eaeh of the 8-12 papillae. Over 1000 taste buds are distributed over the 
sides of the tongue, particularly over the more posterior folds of the 
foliate papillae, whereas they are rare, and sometimes even absent, on 
fimgiform papillae (53 per papilla). Taste buds have been deseribed on 
the fetal epiglottis and soft palate but most disappear from these sites 
during postnatal development. 

Microstructure of taste buds 

Eaeh taste bud is a barrel-shaped cluster of 50-150 fhsiform eells, which 
lies within an oval eavity in the epithelium and eonverges apieally on 
a gustatory pore, a 2 pm wide opening on the mucosal surface. The 
whole structure is about 70 jitm in height by 40 jiim aeross and is sepa- 
rated by a basal lamina from the underlying lamina propria. A small 
fasciculus of afferent nerve fibres penetrates the basal lamina and spirals 
around the sensory eells. Chemical substances dissolved in the 
oral saliva diffhse through the gustatory pores of the taste buds to 
reaeh the taste reeeptor eell membranes, where they cause membrane 
depolarization. 

Innervation of taste buds 

Individual nerve fibres braneh to give a complex distribution of taste 
bud innervation. Eaeh fibre may have many terminals, which may 
spread to innervate widely separated taste buds or may innervate more 
than one sensory eell in eaeh bud. Conversely, individual buds may 
reeeive the terminals of several different nerve fibres. These eonvergent 
and divergent patterns of innervation may be of eonsiderable fimetional 
importanee. 

The gustatory nerve for the anterior part of the tongue, excluding the 
circumvallate papillae, is the ehorda tympani, which travels via the 
lingual nerve. In most individuals, taste fibres mn in the ehorda tympani 
to eell bodies in the faeial ganglion, but oeeasionally they diverge to 
the otie ganglion, which they reaeh via the greater petrosal nerve. Taste 
buds in the inferior surface of the soft palate are supplied mainly by 
the faeial nerve, through the greater petrosal nerve, pterygopalatine 
ganglion and lesser palatine nerve; they may also be supplied by the 
glossopharyngeal nerve. Taste buds in the circumvallate papillae, post- 
sulcal part of the tongue and in the palatoglossal arehes and the 
oropharynx are innervated by the glossopharyngeal nerve, and those in 
the extreme pharyngeal part of the tongue and epiglottis reeeive fibres 
from the internal laryngeal braneh of the vagus. 

Eaeh taste bud reeeives two distinet elasses of fibre: one branehes in 
the periphery of the bud to form a perigemmal plexus, whereas the 
other forms an intragemmal plexus within the bud itself, which inner- 
vates the bases of the reeeptor eells. The perigemmal fibres eontain 
various neuropeptides including ealeitonin gene-related peptide 
(CGRP) and substance P, and appear to represent free sensory endings. 
Intragemmal fibres braneh within the taste bud and eaeh forms a series 
of synapses. 

Oentral eonneetions 

On entering the brainstem, gustatory afferents constitute the tractus 
solitarms and terminate in the rostral third of the nucleus solitarms of 
the medulla oblongata. 

Taste diserimination 

Historieally, gustatory reeeptors have been reported to deteet four 
main qualities of taste sensation; these so-ealled basie tastes are salt 
(typieally NaCl), sour (typieally aeids), sweet (typieally sugars) and 
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bitter (typieally quinine). More reeently a fifth basie taste has been 
identified, namely umami (Japanese for delicious taste), which is a 
glutamate-like reeeptor stimulated by monosodium glutamate (Smith 

and Margolskee 2006). 

Although it is eommonly stated that particular areas of the tongue 
are speeialized to deteet these different tastes, evidenee indieates that 
all areas of the tongue are responsive to all taste stimuli. Eaeh afferent 
nerve fibre is eonneeted to widely separated taste buds and may respond 
to several different ehemieal stimuli. Some respond to all four elassie 
eategories, others to fewer or only one. Within a particular elass of 
tastes, reeeptors are also differentially sensitive to a wide range of 
similar ehemieals. Moreover, taste buds alone are able to deteet only a 
rather restrieted range of ehemieal substances in aqueous solution. It is 
diffiailt to separate the pereeptions of taste and smell because the oral 
and nasal eavities are continuous. Indeed, much of what is pereeived as 
taste is the result of airborne odorants from the oral eavity that pass 
through the nasopharynx to the olfaetory area above it (Linden 1998). 

Pereeived sensations of taste are the results of the proeessing (pre- 
sumably eentral) of a complex pattern of responses from particular 
areas of the tongue. 

In newborn infants, oral sucrose has been shown to reduce proeed- 
ural pain from single events; the meehanism of this noeieeptive effeet 
is not yet fully understood (Stevens et al 2013). 

Autonomic innervation of the tongue 


The parasympathetie innervation of the various lingual mucous glands 
is via the ehorda tympani braneh of the faeial nerve, which synapses in 
the submandibular ganglion; postganglionie branehes are distributed 
to the lingual mucosa either via the lingual nerve or via plexuses around 
the lingual arteries. 

The postganglionie sympathetie supply to lingual glands and vessels 
arises from the earotid plexus (fibres derived from neurones in the 
superior eervieal ganglion) and enters the tongue through plexuses 
around the lingual arteries. Isolated nerve eells, perhaps postganglionie 
parasympathetie neurones, have been reported in the postsulcal region; 
presumably, they innervate glandular tissue and vascular smooth 
muscle. 


TEETH 

g) INTR0DUCTI0N AND TERMIN0L0GY 



Humans have two generations of teeth: the deciduous (primary) denti- 
tion (Fig. 31.15) and the permanent (seeondary) dentition. The first 
deciduous teeth empt into the mouth at about 6 months after birth and 
all of the deciduous teeth have empted by 3 years of age. The first 


permanent molar empts around 6 years, and thenee the deciduous teeth 
are exfoliated one by one, to be replaeed by their permanent successors. 
A eomplete permanent dentition is present when the third molars empt 
at around the age of 18-21 years. In the eomplete deciduous dentition, 
there are 20 teeth, 5 in eaeh jaw quadrant. In the eomplete permanent 
dentition, there are 32 teeth, 8 in eaeh jaw quadrant (Berkovitz et al 
2009). 

There are three basie tooth forms in both dentitions: ineisiform, 
eaniniform and molariform. ineisiform teeth (ineisors) are cutting teeth 
and have thin, blade-like crowns. Caniniform teeth (eanines) are pier- 
eing or tearing teeth and have a single, stout, pointed, eone-shaped 
crown. Molariform teeth (molars and premolars) are grinding teeth and 
possess a number of cusps on an otherwise flattened biting surface. 
Premolars are bicuspid teeth that are restrieted to the permanent denti- 
tion and replaee the deciduous molars. 

The tooth-bearing region of the jaws ean be divided into four quad- 
rants: the right and left maxillary and mandibular quadrants. A tooth 
may thus be identified aeeording to the quadrant in which it is loeated 
(e.g. a right maxillary tooth or a left mandibular tooth). In both the 
deciduous and permanent dentitions, the ineisors may be distinguished 
aeeording to their relationship to the midline. Thus, the ineisor nearest 
the midline is the eentral (first) ineisor and the ineisor that is more 
laterally positioned is termed the lateral (seeond) ineisor. The perma- 
nent premolars and the permanent and deciduous molars ean also be 
distinguished aeeording to their mesiodistal relationships. The molar 
most mesially positioned is designated the first molar, and the one 
behind it is the seeond molar. In the permanent dentition, the tooth 
most distally positioned is the third molar. The mesial premolar is the 
first premolar, and the premolar behind it is the seeond premolar. 

The terminology used to indieate tooth surfaces is shown in Figure 
31.16B. The aspeet of teeth adjaeent to the lips or eheeks is termed labial 
or buccal, that adjaeent to the tongue being lingual (or palatal in the 
maxilla). Labial and lingual surfaces of an ineisor meet medially at a 
mesial surface and distally at a distal surface, terms that are also used 
to deseribe the equivalent surfaces of premolar and molar (posteanine) 
teeth. On account of the curvature of the dental areh, mesial surfaces 
of posteanine teeth are direeted anteriorly and distal surfaces are 
direeted posteriorly. Thus, the point of eontaet between the eentral inei- 
sors is the datum point for mesial and distal. The biting or occlusal 
surfaces of posteanine teeth are tuberculated by cusps that are separated 
by fissures forming a pattern eharaeteristie of eaeh tooth. The biting 
surface of an ineisor is the ineisal edge. 


T00TH M0RPH0L0GY 


There are two ineisors, a eentral and a lateral, in eaeh half jaw or quad- 
rant (see Eig. 31.16; Fig. 31.17). In labial view, the crowns are trapezoid, 


Central ineisor 
Lateral ineisor 

Canine 
F irst premolar 

Seeond premolar 
Firstmolar 


Seeond molar 


Third molar 




Fig. 31.16 The permanent teeth: occlusal aspeet. A, The upper dental areh. B, The lower dental areh. The terminology employed for the identifieation of 
teeth aeeording to their loeation is shown in the lower jaw; the same terminology is used to deseribe the teeth in the upper jaw. 
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Natal and/or neonatal teeth (teeth present at birth and teeth empted 
within the fìrst month of life, respeetively) are rare, with an ineidenee 
of 1 in 3000 births. More than 90% of natal and neonatal teeth are 
prematurely empted deciduous mandibular ineisors, while less than 
10% are supernumerary. Several syndromes have been assoeiated with 
natal teeth, namely: Ellis-van Creveld, Hallermann-Streiff, Jadassohn- 
Lewandowski and Pierre Robin syndromes. Histologieal features are 
failure of root formation, a large vascular pulp, irregular dentine form- 
ation and a faihire of cementum formation (Mhaske et al 2013). 


Fig. 31.15 The primary dentition. An anterior view of the eomplete 
deciduous (primary) dentition at age 3 years. (Courtesy of Miss Vietoria 
Clark.) 
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Fig. 31.17 The permanent upper and lovver teeth of the right side: labial 
and buccal surfaces. 


and the maxillary ineisors (particularly the eentral) are larger than the 
mandibular. On emption, the biting or ineisal edges initially have three 
tubercles or mamelons, which are rapidly removed by wear. In mesial 
or distal view, their labial profìles are convex while their lingual surfaces 
are concavo-convex (the convexity near the eervieal margin is caused by 
a low ridge or cingulum, which is prominent only on upper ineisors). 
The roots of ineisors are single and rounded in maxillary teeth, but 
flattened mesiodistally in mandibular teeth. The upper lateral ineisor 
may be eongenitally absent or may have a reduced form (peg-shaped 
lateral ineisor). 

Behind eaeh lateral ineisor is a eanine tooth with a single cusp 
(henee the Ameriean term cuspid) instead of an ineisal edge. The maxil- 
lary eanine is stouter and more pointed than the mandibular eanine, 
whose cusp tip is inelined lingually. The eanine root, which is the 
longest of any tooth, produces a bulge (eanine eminenee) on the alveo- 
lar bone externally, particularly in the upper jaw. Although eanines 
usually have single roots, those of the lower jaw may sometimes be 

bifid. 

Distal to the eanines are two premolars, eaeh with a buccal and 
lingual cusp (henee the term bicuspid). The occlusal surfaces of the 
maxillary premolars are oval (the long axis is buccopalatal) and a 
mesiodistal fissure separates the two cusps. In buccal view, premolars 
resemble the eanines but are smaller. The maxillary first premolar has 
two roots (one buccal, one palatal) but may have one root, or very rarely 
three roots (two buccal and one palatal); this makes the tooth more 
likely to fracture on removal. The maxillary seeond premolar usually 
has one root. The occlusal surfaces of the mandibular premolars are 
more eiroilar or squarer than those of the upper premolars. The buccal 
cusp of the mandibular first premolar towers above a dimimitive lingual 
cusp to which it is eonneeted by a ridge separating the mesial and distal 
occlusal pits. In the mandibular seeond premolar, a mesiodistal fissure 
usually separates a buccal from two smaller lingual cusps. Eaeh lower 
premolar has one root, but very rarely the root of the first is bifid. Rarely, 
lower seeond premolars fail to develop. 

Posterior to the premolars are three molars whose size deereases 
distally. Eaeh has a large rhomboid (upper jaw) or rectangular (lower 
jaw) occlusal surface with four or five cusps. The maxillary first molar 
has a cusp at eaeh eorner of its occlusal surface, and the mesiopalatal 
cusp is eonneeted to the distobuccal by an oblique ridge. A smaller 
cusplet or tubercle (aisplet of Carabelli) usually appears on the mesio- 
palatal cusp (most eommonly in Caucasian groups). The tooth has 
three widely separated roots: two buccal, of which the mesiobuccal is 
larger and broader and the distobuccal is rounder and smaller, and one 
large palatal. Their proximity to the maxillary air sinus is thought to be 
the reason first molar roots are wide apart and seeond and third molar 
roots are eonverged. The smaller maxillary seeond molar has a reduced 
or oeeasionally absent distopalatal cusp. Its three roots show varying 
degrees of fhsion. The maxillary third molar, the smallest, is very vari- 
able in form. It usually has three cusps (the distopalatal being absent) 
and eommonly the three roots are fused. 

The mandibular first molar has three buccal and two lingual cusps 
on its rectangular occlusal surface, the smallest cusp being distal. The 
cusps of this tooth are all separated by fissures. It has two widely sepa- 
rated roots: one mesial and one distal. The smaller mandibular seeond 
518 molar is like the first, but has only four cusps (it laeks the distal cusp 
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Fig. 31.18 The deciduous upper and lower teeth of the right side: labial 
and buccal surfaces. 



Fig. 31.19 A, The upper deciduous dentition. Note the ehannels (arrows) 
leading to the developing permanent teeth. B, The lower deciduous 
dentition. (With permission from Berkovitz BKB, Moxham BJ 1994 Color 
Atlas of the Skull. London: Mosby.) 

of the first molar) and its two roots are eloser together. The mandibular 
third molar is smaller still and, like the upper third molar, is variable 
in form. Its crown may resemble that of the lower first or seeond molar 
and its roots are frequently ffised. One or more third molars (upper or 
lower) often fail to develop. 

Deciduous teeth 


The ineisors, eanine and premolars of the permanent dentition replaee 
two deciduous ineisors, a deciduous eanine and two deciduous molars 
in eaeh jaw quadrant (Figs 31.18-31.19). The deciduous ineisors and 
eanine are shaped like their successors but are smaller and whiter and 
beeome extremely worn in older ehildren. The deciduous seeond molars 
resemble the first permanent molars rather than their successors, the 
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Fig. 31.20 The development of the deciduous (blue) and permanent (yellow) teeth. (Modified with permission from Schour I, Massler M 1941 The 
development of the human dentition. J Am Dent Assoe 28:1153-1160.) 


premolars. The upper fìrst deciduous molar has a triangular occlusal 
surface (its rounded 'apex' is palatal), and a fissure separates a double 
buccal cusp from the palatal cusp. The lower first deciduous molar is 
long and narrow; its two buccal cusps are separated from its two lingual 
cusps by a zigzagging mesiodistal fissure. Both deciduous molars have 
large buccal protuberances on their mesial aspeet. IJpper deciduous 
molars have three roots (fusion of the palatal and distobuccal root is 
eommonplaee), and lower deciduous molars have two roots. These 
roots diverge more than those of permanent teeth because eaeh devel- 
oping premolar tooth crown is aeeommodated direetly under the crown 
of its deciduous predeeessor. The roots of deciduous teeth are progres- 
sively resorbed by osteoelast-like eells (odontoelasts) prior to being 
shed. 

Eruption of teeth 


Information on the sequence of development and emption of teeth into 
the oral eavity (Fig. 31.20) is important in elinieal praetiee and also in 
forensie medieine and arehaeology. Dental development is one of the 
best indieators of ehronologieal age when no reeord of birth exists 
(Garn et al 1965). The tabulated data provided in Iable 31.1 are largely 
based on European-derived populations and there is evidenee of ethnie 
variation. When a permanent tooth empts, about two-thirds of the root 
is formed and it takes about another 3 years for the root to be eom- 
pleted. For deciduous teeth, root eompletion is more rapid. The devel- 
opmental stages of initial ealeifieation and crown eompletion are less 
affeeted by environmental influences than is emption, the timing of 
which may be modified by several faetors such as early tooth loss and 
severe malnutrition. 

Figure 31.21 shows the panoramie appearanee of the dentition seen 
with orthopantomograms at the time of birth and at 2 l / 2l 6/ lr 10 and 
16 years of age. 

Dental alignment and occlusion 

It is possible to bring the jaws together so that the teeth meet or occlude 
in many positions. When opposing occlusal surfaces meet with maximal 
'interaispation' (i.e. maximum eontaet), the teeth are said to be in 


Table 31.1 ehronology of the hiiman dentition 


Dentition 

Tooth 

First evidenee 
of ealeifieation 
(weeks in utero 
for deeidiioiis 
teeth) 

Crown 

eompleted 

(months) 

Emption 

(months) 

Root 

eompleted 

(years) 

Deciduous 

il 

14 

1)4 

10 (8-12) 

1)4 

upper 

i2 

16 

2)4 

11 (9-13) 

2 


C 

17 

9 

19(16-22) 

3% 


ml 

15/4 

6 

16 (13-19) 

2)4 


m2 

19 

11 

29 (25-33) 

3 


il 

14 

2)4 

8 (6-10) 

1)4 


i2 

16 

3 

13 (10-16) 

1)4 

Deciduous 

C 

17 

9 

20 (17-23) 

3% 

lower 

ml 

15/4 

5)4 

16 (14-18) 

2% 


m2 

18 

10 

27 (23-31) 

3 


11 

3-4 months 

4-5 years 

7-8 years 

10 


12 

10-12 months 

4-5 years 

8-9 years 

11 

Permanent 

C 

4-5 months 

6-7 years 

11-12 years 

13-15 

upper 

P1 

1)4-1% years 

5-6 years 

10-11 years 

12-13 


P2 

2 - 2 / years 

6-7 years 

10-12 years 

12-14 


M1 

At birth 

2)4-3 years 

6-7 years 

9-10 


M2 

2 94—3 years 

7-8 years 

12-13 years 

14-16 


M3 

7-9 years 

12-16 years 

17-21 years 

18-25 


11 

3-4 months 

4-5 years 

6-7 years 

9 


12 

3-4 months 

4-5 years 

7-8 years 

10 

Permanent 

C 

4-5 months 

6-7 years 

9-10 years 

12-14 

lower 

P1 

1%-2 years 

5-6 years 

10-12 years 

12-13 


P2 

2)>-2)4 years 

6-7 years 

1 -12 years 

13-14 


M1 

At birth 

2 /4~3 years 

6-7 years 

9-10 


M2 

2)4-3 years 

7-8 years 

11-13 years 

14-15 


M3 

8-10 years 

12-16 years 

17-21 years 

18-25 


(Modified with permission from Ash MM 1993 Denfal Anatomy, Physiology and Occlusion. Philadelphia: 
WB Saunders.) 


eentrie occlusion. In this position, the lower teeth are normally opposed 
symmetrieally and lingually with respeet to the upper. Some important 
features of eentrie occlusion in a normal (idealized) dentition may be 
noted. Eaeh lower posteanine tooth is slightly in front of its upper 
equivalent and the lower eanine occludes in front of the upper. Buccal 
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Fig. 31.21 Orthopantomograms of the dentition at birth (A), 2 y 2 years (B), 
6/ 2 years (C), 10 years (D) and 16 years (E). (B-E, With permission from 
Berkovitz BKB, Holland GR, Moxham BJ 2009 Oral Anatomy, Embryology 
and Histology, 4th ed. Edinbiirgh: Mosby; D-E, Courtesy of Dr Erie 
Whaites.) 


cusps of the lower posteanine teeth lie between the buccal and palatal 
cusps of the upper teeth. Thus, the lower posteanine teeth are slightly 
lingual and mesial to their upper equivalents. Lower ineisors bite 
against the palatal surfaces of upper ineisors, the latter normally obscur- 
ing about one-third of the crowns of the lower. This vertieal overlap of 
ineisors in eentrie occlusion is the overbite. The extent to which upper 
ineisors are anterior to lowers is termed the overjet. In the most habitual 
jaw position, the resting posture, the teeth are slightly apart, the gap 
between them being the freeway spaee or interocclusal elearanee. 
During mastieation, espeeially with lateral jaw movements, the food is 
eomminmed, which faeilitates the early stages of digestion. 

The ideal occlusion is a rather subjective eoneept. If there is an ideal 
occlusion, it ean only presently be defined in broad hmetional terms. 
Therefore, the occlusion ean be eonsidered 'ideal' when the teeth are 
aligned such that the mastieatory loads are within physiologieal range 
and aet through the long axes of as many teeth in the areh as possible; 
mastieation involves alternating bilateral jaw movements (and not 
habituaf unilateral biting preferenees as a result of adaptation to occlu- 
sal interferenee); lateral jaw movements occur without undue meehani- 
eal interferenee; in the rest position of the jaw, the gap between teeth 
(the freeway spaee) is eorreet for the individual eoneerned; and the 
tooth alignment is aesthetieally pleasing to its possessor. 

Variations from the ideal occlusion may be termed malocclusions 
(although these could be regarded as normaf sinee they are more eom- 
monly found in the population: the majority of the population in the 
USA has some degree of occlusal 'disharmony'). However, the majority 
of malocclusions should be regarded as anatomieal variations rather 
than abnormalities, as they are rarely involved in mastieatory dysfhne- 
tion or pain, although they may be aesthetieally displeasing. 


Variations in tooth niimber, size and form 



The ineidenee of variation in number and form, which is often related 
to ethnieity, is rare in deciduous teeth but not uncommon in the per- 
manent dentition. One or more teeth may fail to develop, a eondition 
known as hypodontia. Oonversely, additional or supernumerary teeth 
may form, producing hyperdontia (Fig. 31.22). The third permanent 
molar is the most frequently missing tooth. In deelining order of inei- 
denee, other missing teeth are the maxillary lateral ineisors, maxillary 
or mandibular seeond premolars, mandibular eentral ineisors and max- 
illary fìrst premolars. 


GENERAL ARRANGEMENT 0F DENTAL TISSUES 

A tooth eonsists of a crown eovered by very hard translucent enamel 
and a root eovered by yellowish bone-like cementum (Fig. 31.26A). 
These meet at the neek or eervieal margin. A longitudinal ground 
seetion (Fig. 31.26B) reveals that the body of a tooth is mostly dentine 
with an enamel eovering over 2 mm thiek, while the cementum is much 
thinner. The dentine surrounds a eentral pulp eavity, expanded at its 
eoronal end into a pulp ehamber and narrowed in the root as a pulp 
eanal, opening at or near its tip by an apieal foramen, oeeasionally 
multiple. The pulp is a soft eonneetive tissue, continuous with the peri- 
odontal ligament via the apieal foramen. It eontains vessels for the 
support of the dentine and sensory nerves. 

The root is surrounded by alveolar bone, its cementum separated 
from the osseous soeket (alveolus) by the eonneetive tissue of the peri- 
odontal ligament, approximately 0.2 mm thiek (Fig. 31.27). Coarse 

































Oral eavity 


Hyperdontia affeets the maxillary areh much more eommonly than 
the mandibular dentition. The extra teeth are usually situated on the 
palatal aspeet of the permanent ineisors or distal to the molars. More 
rarely, additional premolars develop. Supernumerary teeth in the 
ineisor region ean often impede the emption of the permanent teeth 
(Figs 31.23-31.24) and indeed this is often the first indieation of their 
presenee. A supernumerary tooth situated between the eentral ineisors 
is known as a mesiodens. Teeth may be unusually large (maerodontia) 
or small (mierodontia), e.g. the crowns of maxillary eentral ineisors may 
be abnormally wide mesiodistally; in eontrast, a eommon variant of the 
maxillary lateral ineisor has a smalf peg-shaped crown. Epidemiologi- 
eal studies reveal that hyperdontia tends to be assoeiated with maero- 
dontia, and hypodontia with mierodontia (Fig. 31.25), the most 
severely affeeted individuals representing the extremes of a continuum 
of variation. Together with family studies, this indieates that the 
causation is mnltifaetorial, eombining polygenie and environmental 
influences. 

Some differenees in the form of teeth display geographieal variation 
and are of anthropologieal and forensie interest. Mongoloid dentitions 
tend to have shovel-shaped maxillary ineisors with enlarged palatal 
marginal ridges. The additional cusp of Carabelli is eommonly found 
on the mesiopalatal aspeet of maxillary first permanent or seeond deeid- 
uous molars in Caucasian but rarely in Mongoloid dentitions. In 
Afriean raees, the mandibular seeond permanent molar often has five 
rather than four cusps. 



Fig. 31.23 An orthopantomogram showing supernumerary teeth in the 
upper ineisor region preventing the exfoliation of the upper primary 
eentral ineisors and impeding the emption of the upper permanent eentral 
ineisors. (Courtesy of Miss Vietoria Clark.) 



Fig. 31.24 A ehild with retained maxillary eentral deciduous ineisors 
caused by the presenee of supernumerary teeth. (Courtesy of Miss 
Vietoria Clark.) 



Fig. 31.25 A ehild with mixed dentition showing hypodontia and 
mierodontia (small eonieal-shaped teeth). (Courtesy of Miss Vietoria 
Clark.) 
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Teeth 


bimdles of eollagen fibres, embedded at one end in cementum, eross 
the periodontal ligament to enter the osseous alveolar walf these insert- 
ing bundles of eollagen being termed Sharpey's fibres. Near the eervieal 
margin, the tooth, periodontal ligament and adjaeent bone are eovered 
by the gingiva. On its internal surface, the gingiva is attaehed to the 
tooth surface by the junctional epithelmm, a zone of profound elinieal 
importanee because just above it is a slight reeess, the gingival sulcus. 
As the sulcus is not neeessarily self-eleansing, dental plaque may accu- 
mulate in it and this predisposes to periodontal disease. 

Enamel 


Enamel is an extremely hard and rigid material that eovers the crowns 
of teeth. It is a heavily mineralized epithelial eell seeretion, eontaining 



Fig. 31.22 A plaster east of the maxilla of a 25-year-old male showing 1 
supplemental premolar and 12 peg-shaped supernumerary teeth on the 
palatal side of the permanent teeth. (With permission from Berkovitz BKB, 
Holland GR, Moxham BJ 2009 Oral Anatomy, Histology and Embryology, 
4th ed. Edinburgh: Mosby. Courtesy of Royal Oollege of Surgeons of 
England.) 


95-96% by weight erystalline apatites (88% by vohime) and less than 
1% organie matrix. The organie matrix eomprises mainly unique 
enamel proteins, amelogenins and non-amelogenins such as enamelins 
and tuftelins. Although eomprising a very small pereentage of the 
weight and volume of enamel, the organie matrix permeates the whole 
of enamel. As its formative eells are lost from the surface during tooth 
emption, enamel is ineapable of fiirther growth. Repair is limited to the 
remineralization of minute carious lesions. 

Enamel reaehes a maximum thiekness of 2.5 mm over cusps and 
thins at the eervieal margins. It is eomposed of elosely paeked enamel 
prisms or rods. In longitudinal seetion, enamel prisms extend from 
elose to the enamel-dentine junction to within 20 pm of the surface, 
where they are generally replaeed by prismless (non-prismatie, 



Fig. 31.27 A demineralized seetion of a tooth with its root attaehed to the 
surrounding bone by the periodontal ligament. Abbreviations: A, alveolar 
bone; C, root of tooth lined by cementum. The arrow indieates the 
periodontal spaee. (Courtesy of Dr D Lunt.) 
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Fig. 31.26 The prineipal parts of a tooth. A, An 
extracted upper right eanine tooth viewed from 
its mesial aspeet. The root is eovered by 
cementum (partially removed), and the curved 
eervieal margin is convex towards the cusp 
of the tooth. B, A ground seetion of a young 
(permanent) lower first premolar tooth seetioned 
in the buccolingual longitudinal plane, 
photographed with transmitted light. The enamel 
striae are ineremental lines of enamel growth 
(eompare with Fig. 31.30). Within the dentine, the 
lines of the dentinal tubules are visible, forming 
S-shaped curves in the apieal region but 
straighter in the root. 


521 


> aaidVHO 


































SECTION 4 


ORAL OAVITY 







Fig. 31.28 Enamel. A, A seanning eleetron mierograph of aeid-etehed outer enamel (O) showing enamel prisms, approximately 5 jum wide. A layer of 
prismless enamel (E) is evident on the surface. B, A ground eross-seetion showing the eross-seetional keyhole (fish seale) appearanee of enamel prisms 
(pattern 3). C, A ground longitudinal seetion viewed with phase eontrast showing prisms (vertieal lines) and eross-striations (horizontal lines). D, A 
low-power seanning eleetron mierograph illustrating the relationship of enamel prism direetion (long arrow), striae of Retzius (SR) and surface perikymata 
(SP). E, A ground longitudinal seetion showing enamel striae (arrows). Viewed between erossed polarizing filters. (A, Courtesy of Professor D VVhittaker; 
B-C, VVith permission from Berkovitz BKB, Holland GR, Moxham BJ 2009 Oral Anatomy, Embryology and Histology, 4th ed. Edinburgh: Mosby; D, VVith 
permission from Kelley J, Smith TM 2003 Age at first molar emergenee in early Mioeene Afropithecus turkanensis and life-history evolution in the 
Hominoidea. Journal of Human Evolution 44:307-329; E, Courtesy of Dr AD Beynon.) 


aprismatie) enamel (Fig. 31.28A). In eross-seetion, the prisms are 
mainly horseshoe-shaped and are arranged in rows that are staggered, 
such that the tails of the prisms in one row lie between the heads of 
the prism in the row above (prism pattern 3) (Fig. 31.28B) and the tails 
are direeted rootwards. The appearanee of prism boundaries results 
from sudden ehanges in erystallite orientation. Prisms have a diameter 
of approximately 5 jiim, and are paeked with flattened hexagonal 
hydroxyapatite erystals, far larger than those found in eollagen-based 
mineralized tissues. 

Two types of ineremental lines are visible in enamel: short-term and 
long-term. At intervals that average 4 jLtm - with a range of 2-3 jLtm at 
the enamel-dentine junction and 4-6 jnm in outer enamel - along its 
length, eaeh prism is erossed by a line, probably refleeting diurnal swell- 
ing and shrinking in diameter during its growth. This short-term daily 
growth line is known as a eross-striation (Fig. 31.28C). The longer-term 
ineremental lines pass from the enamel-dentine junction obliquely to 
the surface, where they end in shallow furrows, perikymata, visible on 
newly empted teeth (Fig. 31.28D). Eaeh line, known as an enamel stria 
(of Retzms) (Fig. 31.28E), usually represents a period of between 7 and 
9 days of enamel growth with a modal value of 9 days. This is known 
as an individual's periodieity and it is eonstant in all teeth from the 
same individual. Periodieities of 6, 10, 11 and perhaps even 12 days 
have been reported, but eolleetively they account for less than 10% of 
the observed periodieities in large samples of teeth (Reid and Dean 
2006). 

A prominent striation, the neonatal line, is formed in teeth whose 
mineralization spans birth. Neonatal lines are present in the enamel 
and dentine of teeth mineralizing at the time of birth (all the deciduous 
teeth and the first permanent molars) and are therefore of forensie 
importanee, indieating that an infant has survived for a few days after 
birth. They refleet a disturbance in mineralization during the first few 
days after birth. Other accentuated lines ean be observed throughout 
enamel growth; these are generally refleetions in disturbances in amelo- 
blast seeretion caused by illness or nutritional defieieneies. In serious 
eases, these disturbances will manifest as hypoplasia (enamel thinning 
on the tooth surface). 

Dentine 


Dentine is a yellowish avascular tissue that forms the bulk of a tooth. 
522 It is a tough and eompliant eomposite material, with a mineral eontent 


of 70% dry weight (largely erystalline hydroxyapatite with some calcium 
earbonate) and 20% organie matrix (type I eollagen, glyeosamino- 
glyeans and phosphoproteins). Its conspicuous feature is the regular 
pattern of mieroseopie dentinal tubules, 3 jiim in diameter, which 
extend from the pulpal surface to the enamel-dentine junction. The 
tubules show lateral and terminal branehing near the enamel-dentine 
junction (Fig. 31.29A) and may projeet a short distanee into the enamel 
(enamel spindles). Eaeh tubule eneloses a single eytoplasmie proeess of 
an odontoblast whose eell body lies in a pseudostratified layer that lines 
the pulpal surface. Proeesses are believed to extend the full thiekness of 
dentine in newly empted teeth, but in older teeth they may be partly 
withdrawn and occupy only the pulpal third, while the outer regions 
eontain probably only extracellular fluid. The diameter of the dentine 
tubule is narrowed by deposition of peritubular dentine. This is differ- 
ent from normal dentine (intertubular dentine) because it is more 
highly mineralized and laeks a collagenous matrix. Peritubular dentine 
ean therefore be identified by mieroradiography (Fig. 31.29B). In time, 
it may eompletely fill the tubule, a proeess that gives rise to translucent 
dentine and that eommenees in the apieal region of the root. 

The outermost zone (10-20 jiim) of dentine differs in the crown and 
the root. In the crown, it is referred to as mantle dentine and differs in 
the orientation of its eollagen fibres. In the root, the peripheral zone 
presents a granular layer - with less overall mineral - beyond which is 
a hyaline layer that laeks a tubular stmcture and may fhnetion to 
produce a good bond between the cementum and dentine. 

Dentine is formed slowly throughout life, and so there is always an 
unmineralized zone of predentine at the surface of the mineralized 
dentine, adjaeent to the odontoblast layer at the periphery of the pulp. 
Bioehemieal ehanges within the mineralizing matrix mean that preden- 
tine stains differently to the matrix of the mineralized dentine. The 
predentine-dentine border is generally sealloped, because dentine min- 
eralizes both linearly and as mieroseopie spherieal aggregates of erystals 
(ealeospherites). Dentine, like enamel, is deposited inerementally, and 
exhibits both short- and long-term ineremental lines (Dean 2000). 
Long-term lines are known as Andresen lines and in the mid-axial 
region are approximately 20 jiim apart; they represent inerements of 
about 6-12 days (Fig. 31.29C). Daily ineremental lines (von Ebner 
lines) in the mid-axial plane are typieally 4 jLtm apart; they are eonsider- 
ably eloser together (1-2 jiim apart) at the enamel-dentine junction 
and in root dentine. Where mineralization spans birth (i.e. all decidu- 
ous teeth and usually the first permanent molars), a neonatal line is 
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Fig. 31.29 Dentine. A, A ground longitudinal seetion showing branehing of dentine tubules near the enamel-dentine junction (arrow). B, A 
mieroradiograph of transversely seetioned dentinal tubules surrounded by a more radiopaque and therefore more mineralized zone of peritubular dentine. 
C, A ground longitudinal seetion viewed in polarized light showing alternate light and dark bands representing long-period ineremental lines (Andresen 
lines). The bands are orientated approximately at right angles to the direetion of the dentinal tubules (arrows). (With permission from Berkovitz BKB, 
Holland GR, Moxham BJ 2009 Oral Anatomy, Embryology and Histology, 4th ed. Edinburgh: Mosby; B, Courtesy of Dr G Mekay.) 
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Fig. 31.30 A longitudinal ground seetion of an ineisor tooth. 


formed in dentine similar to that which is seen in enamef and it signals 
the abmpt ehange in both environment and nutrition that occurs at 
birth. As with enamel, disturbances in growth of dentine will exhibit as 
accentuated lines, eommonly ealled contour lines of Owen. 

Primary dentine formation proeeeds at a steady but deelining rate 
as fìrst the crown and then the root is eompleted. A slow and intermit- 
tent deposition of dentine (regular seeondary dentine) continues 
throughout life and further reduces the size of the pulp ehamber; it is 
distinguished from primary dentine by the reduction and less regular 
arrangement of dentinal tubules within it. The presenee of the odonto- 
blast proeess means that dentine is a vital tissue. It responds to adverse 
external stimuli - such as rapidly advaneing earies, excessive wear or 
tooth breakage - by forming poorly mineralized dead traets, in which 
the odontoblasts of the affeeted region die and the tubules remain 
empty (tertiary dentine). A dead traet may be sealed from the pulp by 
a thin zone of selerosed dentine and the deposition of irregular (ter- 
tiary) dentine by newly differentiated pulp eells (Fig. 31.30). 

Dental pulp 


Dental pulp provides the nutritive support for the synthetie aetivity of 
the odontoblast layer. It is a well-vascularized, soft, loose eonneetive 
tissue, enelosed by dentine and continuous with the periodontal liga- 
ment via apieal and aeeessory foramina. Several thin-walled arterioles 
enter by the apieal foramen and mn longitudinally within the pulp to 
an extensive subodontoblastic plexus. Blood flow rate per unit volume 
of tissue is greater in the pulp than in other oral tissues, and tissue fluid 
pressures within the pulp appear to be unusually high. 

As well as typieal eonneetive tissue eells, pulp uniquely eontains the 
eell bodies of odontoblasts whose long proeesses occupy the dentinal 
tubules. Pulp also has dendritie antigen-presenting eells. Approximately 
60% of pulpal eollagen is type I, and the bulk of the remainder is type 
III. As dentine deposition inereases with age, the pulp reeedes until the 
whole of the crown may be removed without aeeessing the pulp. 

Dental pulp is extensively innervated by unmyelinated postgangli- 
onie vasoeonstrietor sympathetie nerve fibres from the superior eervieal 


ganglion, which enter with the arterioles, and by myelinated (A6) and 
unmyelinated (C) sensory nerve fibres from the trigeminal ganglion, 
which traverse the pulp longitudinally and ramify as a plexus (Raseh- 
kow's plexus) beneath the odontoblast layer (Figs 31.31-31.32). Here, 
any myelinated nerve fìbres lose their myelin sheaths and continue into 
the odontoblast layer, and some enter the dentinal tubules, espeeially 
the region beneath the cusps. Stimulation of dentine, whether by 
thermal, meehanieal or osmotie means, evokes a pain response. Pulp 
nerves release numerous neuropeptides such as CGRP, substance P and 
neuropeptide Y that maintain homeostasis within the pulp. 

Cementum 


Cementum is a bone-like tissue that eovers the dental roots, and is 50% 
by weight mineralized (mainly hydroxyapatite erystals). However, 
unlike bone, cementum is avasoilar and laeks nerves. The cementum 
generally overlaps the enamel slightly, although it may meet it end on. 
Oeeasionally, the two tissues may fail to meet, in which ease dentine is 
exposed in the mouth. If the exposed dentinal tubules remain patent, 
then the teeth may be sensitive to stimuli such as eold water. In older 
teeth, the root may beeome exposed in the mouth as a consequence of 
occlusal drift and gingival reeession, and cementum is often abraded 
away by ineorreet tooth bmshing and dentine is exposed. 

Like bone, cementum is perforated by Sharpey's fibres, which repre- 
sent the attaehment bundles of eollagen fìbres in the periodontal liga- 
ment (extrinsic fibres). New layers of cementum, which are deposited 
inerementally throughout life to eompensate for tooth movements, 
ineorporate new Sharpey's fibres. ineremental lines are irregularly 
spaeed. The first (primary) cementum to be formed is thin (up to 
200 pm) and acellular, and eontains only extrinsic fibres. Cementum 
formed later (seeondary cementum) towards the root apex is produced 
more rapidly and eontains eells, the eementoeytes, lying in laomae 
joined by canaliculi. The latter are mainly direeted towards their source 
of nutrients from the periodontal ligament. This cementum eontains 
mainly intrinsie eollagen fibres of eementoblastie origin, which lie par- 
allel to the surface. Varying arrangements of layering between cellular 
and acellular eement occur. With inereasing age, cellular eement may 
reaeh a thiekness of a millimetre or more around the apiees and at the 
branehing of the roots, where it eompensates for the loss of enamel by 
attrition. Cementum is not remodelled but small areas of resorption 
with evidenee of repair may be seen. 

Periodontal ligament 


The prineipal fimetions of the periodontal ligament are to support the 
teeth, generate the foree of tooth emption and provide sensory informa- 
tion about tooth position and forees to faeilitate reflex jaw aetivity 
during chewing movements. The periodontal ligament is a soft, dense, 
fibrous eonneetive tissue 0.2 mm wide, which eontains eells assoeiated 
with the development and maintenanee of alveolar bone (osteoblasts 
and osteoelasts) and of cementum (eementoblasts and odontoelasts). 
It also eontains a network of epithelial eells (epithelial eell rests of 
Malassez, ERM eells), which are embryologieal remnants of an epithe- 
lial root sheath. Although their fimetion remains speculative, ERM eells 
have been implieated in root development and proteetion against root 
resorption, and in reparative/regenerative fimetions of the pulp and 
periodontal tissues such as apexogenesis and periodontal healing 
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Fig. 31.31 A longitiidinal seetion of a tooth and its surrounding tissues. 



Fig. 31.32 A 

longitudinal 
demineralized seetion 
of a tooth stained with 
a silver impregnation 
technique. Note the 
small bundle of nerves 
within the pulp (*); one 
of the fine axons from 
the bundle (A) passes 
between the 
odontoblasts (B) lining 
the surface of the 
predentine (C). 


(Keinan and Cohen 2013). Proliferation of ERM eells may play a role 
in the evolution of odontogenie eysts and tumours. 

The majority of eollagen fibres of the periodontal ligament are 
arranged as variously orientated dense fibre bundles that eonneet alveo- 
lar bone and cementum, and which may help to resist movement in 
speeifie direetions (Fig. 31.33; see Fig. 31.31). About 80% of the eolla- 
gen in the periodontal ligament is type I, most of the remainder being 
type III. The rate of turnover of eollagen is probably the highest of any 
site in the body, for reasons that are as yet unclear. A very small volume 
of fibres are oxytalan (pre-elastin) fibres. Fibroblast density in human 
periodontal ligament tissue deereases with age (Krieger et al 2013). 

The periodontal ligament is innervated by autonomic and sensory 
fibres, the former earrying vasomotor information and the latter earry- 
ing noeieeptive and proprioeeptive information. Three types of nerve 
endings have been identified: free nerve endings (originating from 
myelinated and unmyelinated nerve fibres), Ruffini-like endings (mostly 
found at the apieal part of the periodontal ligament) and lamellated 
corpuscles (for fiirther reading, see Huang et al (2011 ). The periodontal 
ligament has a rieh blood supply; the vessels tend to lie towards the 
bone side of the periodontal ligament and the eapillaries are fenestrated 
(see below for fiirther details). 

Alveolar bone 


That part of the maxilla or mandible that supports and proteets the 
teeth is known as alveolar bone. An arbitrary boundary at the level of 
the root apiees of the teeth separates the alveolar proeesses from the 
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Fig. 31.33 A deealeified 
longitiidinal seetion of a 
tooth shovving groups 
of periodontal ligament 
fibres (the alveolar 
erest fibres and the 
horizontal fibres) in the 
region of the alveolar 
erest. Van Gieson stain. 
(With permission from 
Berkovitz BKB, Holland 
GR, Moxham BJ 2009 
Oral Anatomy, 
Embryology and 
Histology, 4th ed. 
Edinburgh: Mosby.) 
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Fig. 31.34 The anterior part of the left side of the mandible, vvith 
superficial bone removed on the buccal side to shovv the roots of a 
number of teeth, some of vvhieh have also been seetioned vertieally. Note 
the eortieal plate of eompaet bone lining the soekets of the teeth (the 
lamina dura of radiographs; see Fig. 31.36), and the flat table of bone 
surmounting the interdental bone septa. In this speeimen, the mandibular 
eanal is vvidely separated from the roots of the teeth, a variable eondition. 


body of the mandible or the maxilla (Fig. 31.34). Like bone in other 
sites, alveolar bone fhnetions as a mineralized supporting tissue, gives 
attaehment to imiseles, provides a framework for bone marrow and aets 
as a reservoir for ions, espeeially calcium. It is dependent on the pres- 
enee of teeth for its development and maintenanee, and requires func- 
tional stimuli to maintain bone mass. Where teeth are eongenitally 
absent - as in anodontia, for example - it is poorly developed, and it 
atrophies after tooth extraction, which ean cause difficulties in the 
prosthodontie rehabilitation of patients. 

The alveolar tooth-bearing portion of the jaws eonsists of outer and 
inner alveolar plates. The individual soekets are separated by plates of 
bone termed the interdental septa, while the roots of multirooted teeth 
are divided by inter-radicular septa. The eompaet layer of bone that lines 
the tooth soeket has been ealled either the eribriform plate, on account 
of its eontent of vascular (Volkmann's) eanals, which pass from the 
alveolar bone into the periodontal ligament; or bundle bone, because 
numerous bundles of Sharpey's fibres pass into it from the periodontal 
ligament (Fig. 31.35). 



Fig. 31.35 A deealeified seetion of a root of a tooth showing Sharpey’s 
fibres from the periodontal ligament entering alveolar bone (A). The 
Sharpey’s fibres in bone (thiek arrows) are seen to be thieker, but less 
numerous, than those entering the cementum (B) on the tooth surface 
(thin arrows). Van Gieson stain. (With permission from Berkovitz BKB, 
Holland GR, Moxham BJ 2009 Oral Anatomy, Embryology and Histology, 
4th ed. Edinburgh: Mosby.) 



Fig. 31.36 A bite-wing radiograph of teeth and surrounding bone. Note 
the different radiopaeities of enamel and dentine. In a healthy tooth, such 
as the first molar illustrated here, the lamina dura is eomplete and 
appears as a radiopaque line. In the ease of the adjaeent seeond molar 
tooth, in which the bulk of the crown has been lost due to dental earies, 
an abseess (*) has formed at the base of the tooth and, as a result, the 
lamina dura has lost its continuity. (Courtesy of Ms Nadine White.) 


In elinieal radiographs, the bone lining the alveolus eommonly 
appears as a continuous dense white line about 0.5-1 mm thiek: the 
lamina dura (Fig. 31.36). However, this appearanee gives a misleading 
impression of the density of alveolar bone; the X-ray beam passes tan- 
gentially through the soeket wall, and so the radiopaeity of the lamina 
dura is an indieation of the quantity of bone the beam has passed 
through, rather than the degree of mineralization of the bone. Super- 
imposition also obscures the Volkmann's eanals. Chronic infeetions of 
the dental pulp spread into the periodontal ligament, which leads to 
resorption of the lamina dura around the root apex. The presenee of a 
continuous lamina dura around the apex of a tooth therefore usually 
indieates a healthy apieal region (except in acute infeetions where 
resorption of bone has not yet begun). 

On the labial and buccal aspeets of upper teeth, the two eortieal 
plates usually fuse, and there is very little cancellous bone between 
them, except where the buccal bone thiekens over the molar teeth near 
the root of the zygomatie areh. It is easier and more eonvenient to 
extract upper and lower teeth by widening the tooth soeket in a buccal 
direetion due to its thinness. Anteriorly in the lower jaw, labial and 
lingual plates are thin, but in the molar region the buccal plate is thiek- 
ened as the external oblique line. Near the lower third molar, the lingual 
bone is much thinner than the buccal and it is important to realize that 
the lingual nerve is easily damaged by poor technique. 
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VASCULAR SUPPLY AND LYMPHATIC 
DRAINAGE OF THE TEETH AND 
SUPPORTING STRUCTURES 


The main arteries to the teeth and their supporting structures are derived 
from the maxillary artery, one of the two terminal branehes of the 
external earotid artery. The upper teeth are supplied by branehes from 
the superior alveolar arteries, and the lower teeth by branehes from the 
inferior alveolar arteries. 

Superior alveolar arteries 


The upper jaw is supplied by posterior, middle and anterior superior 
alveolar (dental) arteries. The posterior superior alveolar artery usually 
arises from the third part of the maxillary artery in the pterygopalatine 
fossa. It deseends on the infratemporal surface of the maKÌlla, and 
divides to give branehes that enter the alveolar eanals to supply molar 
and premolar teeth, adjaeent bone and the maxillary sinus, and other 
branehes that continue over the alveolar proeess to supply the gingivae. 
The middle and anterior superior alveolar arteries are branehes from 
the infraorbital artery. 

The infraorbital artery often arises with the posterior superior alveo- 
lar artery. It enters the orbit posteriorly through the inferior orbital 
fissure and mns in the infraorbital groove and eanal with the infra- 
orbital nerve. When the small middle superior alveolar artery is present, 
it mns down the lateral wall of the maxillary sinus and forms anasto- 
motie areades with the anterior and posterior vessels, terminating 
near the eanine tooth. The anterior superior alveolar artery curves 
through the eanalis sinuosus to supply the upper ineisor and eanine 
teeth and the mucous membrane in the maxillary sinus. The eanalis 
sinuosus swerves laterally from the infraorbital eanal and inferomedi- 
ally below it in the wall of the maxillary simis, following the rim of the 
anterior nasal aperture, between the alveoli of eanine and ineisor teeth 
and the nasal eavity. It ends near the nasal septum where its terminal 
braneh emerges. The eanal may be up to 55 mm long. 

Inferior alveolar artery 


The inferior alveolar (dental) artery, a braneh of the maxillary artery, 
deseends in the infratemporal fossa posterior to the inferior alveolar 
nerve. Here, it lies between bone laterally and the sphenomandibular 
ligament medially. Before entering the mandibular foramen it gives off 
a mylohyoid braneh, which pierees the sphenomandibular ligament to 
deseend with the mylohyoid nerve in its groove on the inner surface of 
the ramus of the mandible. The mylohyoid artery ramifies superficially 
on the muscle and anastomoses with the submental braneh of the faeial 
artery. The inferior alveolar artery then traverses the mandibular eanal 
with the inferior alveolar nerve to supply the mandibular molars and 
premolars, and divides into the ineisive and mental branehes near the 
first premolar. 

The ineisive braneh continues below the ineisor teeth (which it sup- 
plies) to the midline, where it anastomoses with its fellow, although 
few anastomotie vessels eross the midline. In the eanaf the arteries 
supply the mandible, tooth soekets and teeth via branehes that enter 
the minute hole at the apex of eaeh root to supply the pulp. The mental 
artery leaves the mental foramen and supplies the ehin; it anastomoses 
with the submental and inferior labial arteries. Near its origin, the 
inferior alveolar artery has a lingual braneh, which deseends with the 
lingual nerve to supply the lingual mucous membrane. The pattern of 
branehing of the inferior alveolar artery refleets that of the nerves of the 
same name. 

Arterial supply of periodontal ligaments 

The periodontal ligaments supporting the teeth are supplied by dental 
branehes of alveolar arteries. One braneh enters the alveolus apieally 
and sends two or three small rami into the dental pulp through the 
apieal foramen, and other rami into the periodontal ligament. Inter- 
dental arteries aseend in the interdental septa, sending branehes at right 
angles into the periodontal ligament, and terminate by communicating 
with gingival vessels that also supply the eervieal part of the ligament. 
The periodontal ligament therefore reeeives its blood from three 
sources: from the apieal region; aseending interdental arteries; and 
deseending vessels from the gingivae. These vessels anastomose with 
eaeh other, which means that when the pulp of a tooth is removed 
during endodontie treatment, the attaehment tissues of the tooth 
remain vital. 


Table 31.2 Innervation of the teeth and gingivae 



Nasopalatine nerve 

Greater palatine nerve 

Palatal gingivae 

Maxilla 

Anterior superior 
alveolar nerve 

Middle superior 
alveolar nerve 

Posterior superior 
alveolar nerve 

Teeth 


Infraorbital nerve 

Posterior superior alveolar nerve and 
buccal nerve 

Buccal gingivae 


1 2 3 

4 

5 6 

7 8 

Tooth position 


Mental nerve 

Buccal nerve and perforating 
branehes of inferior alveolar 
nerve 

Buccal gingivae 

Mandible 

ineisive nerve 

Inferior alveolar nerve 

Teeth 


Lingual nerve and perforating branehes of inferior 
alveolar nerve 

Lingual gingivae 


(Wìth permission from Berkovitz BKB, Holland Gfí, Moxham BJ 2009 Oral Anatomy, Embryology and 
Histology, 4th ed. Edinburgh: Mosby.) 


Venous drainage of the teeth 

Veins aeeompanying the superior alveolar arteries drain the upper jaw 
and teeth anteriorly into the faeial vein, or posteriorly into the pterygoid 
venous plexus. Veins from the lower jaw and teeth eolleet either into 
larger vessels in the interdental septa or into plexuses around the root 
apiees and thenee into several inferior alveolar veins. Some of these 
veins drain through the mental foramen to the faeial vein; others drain 
via the mandibular foramen to the pterygoid venous plexus. 

Lymphatie drainage of the teeth 


The lymph vessels from the teeth usually mn direetly into the ipsilateral 
submandibular lymph nodes. Lymph from the mandibular ineisors, 
however, drains into the submental lymph nodes. Oeeasionally, lymph 
from the molars may pass direetly into the jugulodigastric group of 
nodes. 

INNERVATION OF THE TEETH 


The regional innervation of the teeth and gingivae is shown in Table 
31.2. The teeth in the upper jaw are supplied by the superior alveolar 
nerves, while those in the lower jaw are supplied by the inferior alveolar 
nerve (Rodella et al 2012). 

Superior alveolar nerves 


The teeth in the upper jaw are supplied by the three superior alveolar 
(dental) nerves that arise from the maxillary nerve in the pterygopala- 
tine fossa or in the infraorbital groove and eanal. The posterior superior 
alveolar (dental) nerve leaves the maxillary nerve in the pterygopalatine 
fossa and mns anteroinferiorly to pieree the infratemporal surface of 
the maxilla, at which point it is possible to perform a loeal anaesthetie 
bloek that will anaesthetize the pulps of the premolar and molar ipsi- 
lateral teeth; it then deseends under the mucosa of the maxillary sinus. 
After supplying the lining of the sinus, the nerve divides into small 
branehes that link up as the molar part of the superior alveolar plexus, 
supplying twigs to the molar teeth. It also supplies a braneh to the upper 
gingivae and the adjoining part of the eheek. 

The middle superior alveolar (dental) nerve arises from the infra- 
orbital nerve as it mns in the infraorbital groove, and mns downwards 
and forwards in the lateral wall of the maxillary sinus. It ends in small 
branehes that link up with the superior dental plexus, supplying small 
rami to the upper premolar teeth. This nerve is variable, and it may be 
duplicated or triplieated, or absent. 

The anterior superior alveolar (dental) nerve leaves the lateral side 
of the infraorbital nerve near the midpoint of its eanal and traverses the 
eanalis sinuosus in the anterior wall of the maxillary sinus. It curves 
first under the infraorbital foramen, then passes medially towards the 
nose, and finally turns downwards and divides into branehes to supply 
the ineisor and eanine teeth. It assists in the formation of the superior 
dental plexus and it gives off a nasal braneh, which passes through a 
minute eanal in the lateral wall of the inferior meatus to supply the 
mucous membrane of the anterior area of the lateral wall as high as the 
opening of the maxillary sinus, and the floor of the nasal eavity. It eom- 
municates with the nasal branehes of the pterygopalatine ganglion and 
finally emerges near the root of the anterior nasal spine to supply the 
adjoining part of the nasal septum. 




























Salivary glands 


Parotid duct 


Buccinator 


Mucous membrane 
(cut edge) with 
sublingual ducts 

Lingual nerve 


Sublingual gland 


Hyoglossus 


Digastrie, anterior belly 


Platysma (cut edge) 



(turned down) 


Submandibularduct 


Aeeessory part of parotid gland 
Parotid gland 

Masseter 

Body of mandible 

Sternoeleidomastoid 

Digastrie, posterior belly 

S ubmandibular gland 
(superficial part) 

Stylohyoid 

Submandibular gland (deep part) 


Fig. 31.39 The 

salivary glands of 
the left side. The 
eranial region of the 
siiperfieial part of 
the submandibular 
gland has been 
excised and 
mylohyoid has been 
cut and turned 
down to expose a 
portion of the deep 
part of the gland. 


[(^) Inferior alveolar (dental) nerve 

The course of the inferior alveolar nerve in the infratemporal fossa is 
deseribed on page 551. Just before entering the mandibular eanaf the 
inferior alveolar nerve gives off a small mylohyoid braneh that pierees 
the sphenomandibular ligament and enters a shallow groove on the 
medial surface of the mandible, following a course roughly parallel to 
its parent nerve. It passes below the origin of mylohyoid to lie on the 
superfìcial surface of the muscle, between it and the anterior belly of 
digastrie, both of which it supplies. It gives a few fìlaments to supply 
the skin over the point of the ehin. 

In the mandibular eanaf the inferior alveolar nerve mns downwards 
and forwards, generally below the apiees of the teeth until below the 
fìrst and seeond premolars, where it divides into terminal ineisive and 
mental branehes. The ineisive braneh eontimies forwards in a bony 
eanal or in a plexiform arrangement, giving off branehes to the fìrst 
premolar, eanine and ineisor teeth, and the assoeiated labial gingivae. 
The lower eentral ineisor teeth reeeive a bilateral innervation, fìbres 
probably erossing the midline within the periosteum to re-enter the 
bone via numerous eanals in the labial eortieal plate. 

The mental nerve passes upwards, backwards and outwards to 
emerge from the mandible via the mental foramen between and just 
below the apiees of the premolar teeth. It immediately divides into 
three branehes, two of which pass upwards and forwards to form an 
ineisor plexus labial to the teeth, supplying the gingiva (and probably 
the periosteum). From this plexus and the dental branehes, fìbres turn 
downwards and then lingually to emerge on the lingual surface of the 
mandible on the posterior aspeet of the symphysis or opposite the 
premolar teeth, probably communicating with the lingual or mylo- 
hyoid nerve. The third braneh of the mental nerve passes through the 
intermingled fìbres of depressor anguli oris and platysma to supply the 
skin of the lower lip and ehin. Branehes of the mental nerve also eom- 
immieate with terminal fìlaments of the mandibular braneh of the 
faeial nerve. 

Variations in the fascicular organization of the inferior alveolar nerve 
are elinieally important when extracting impaeted third molars. The 
nerve may appear as a single bundle lying a few millimetres below the 
roots of the teeth, or it may lie much lower and almost reaeh the lower 
border of the bone, so that it gives off a variable number of large rami 
that pass anterosuperiorly towards the roots before dividing to supply 
the teeth and interdental septa. Only rarely is it plexiform. The nerve 
may lie on the lingual or buccal side of the mandible (slightly more 
eommonly on the buccal side). Even when the third molar tooth is in 
a normal position, the nerve may be so intimately related to it that it 
grooves its root. Exceptionally, the nerve may be similarly related to the 
seeond molar. 


Pain sensation in teeth 


The teeth are supplied by noeieeptors that generate pain sensation of a 
very high order. The meehanism underlying this sensitivity is of eon- 
siderable elinieal signifìeanee and is eontroversial. Currently, the most 
widely aeeepted view is that fluid movements through the dentine 
tubules stimulate nerve endings at the periphery of the dental pulp 
(hydrodynamie hypothesis). 

Loeal analgesia 


Available with the Gray’s Anatomy e-book 


SALIVARY GLANDS 


Salivary glands are compound, tubuloacinar exocrine glands whose 
ducts open into the oral eavity. They seerete saliva, a fluid that lubricates 
food to assist deglutition, moistens the buccal mucosa, which is impor- 
tant for speeeh, and provides an aqueous solvent neeessary for taste 
and a flmd seal for sucking and suckling. Salivary glands also seerete 
digestive enzymes, e.g. salivary amylase, and antimierobial agents, e.g. 
immunoglobulin A (IgA), lysozyme and laetoferrin, into saliva. Condi- 
tions in which there is a signifieant deerease in the production of saliva 
(xerostomia) may result in periodontal inflammation and dental earies. 
An illustration of the position of the major salivary glands and their 
ducts is given in Figure 31.39. 

The major salivary glands are the paired parotid, submandibular and 
sublingual glands. In addition, there are numerous minor salivary 
glands seattered throughout the mouth. 

Approximately 0.5 1 of saliva is seereted per day. Salivary flow rates 
are typieally 0.3 ml/min when unstimulated, and rise to 1.5-2 ml/min 
when stimulated. Flow rate is negligible during sleep. In the unstimu- 
lated state, the parotid gland contributes 20%, the submandibular 
gland 65%, and the sublingual and minor salivary glands 15% of the 
daily output of saliva. When stimulated, the parotid contribution rises 
to 50%. 


PAROTID GLAND 


The parotid gland is the largest salivary gland and is almost entirely 
serous. The parotid duct mns through the eheek and drains into the 
mouth opposite the maxillary seeond permanent molar tooth. The 
parotid gland is deseribed in detail on page 504. 
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Oral eavity 


The failure of eomplete anaesthesia to the mandibular teeth follow- 
ing an inferior alveolar nerve bloek, which is meant to anaesthetize the 
nerve before its entranee into the mandibular eanaf indieates that there 
are alternative pathways for sensory nerves to the teeth. Knowledge of 
these alternative pathways is important in helping elinieians to obtain 
eomplete dental anaesthesia. These alternative pathways involve ana- 
tomieal variation in the distribution of the inferior alveolar nerve, the 
buccal braneh of the mandibular nerve, the mylohyoid nerve, the 
lingual nerve, the deep temporal nerves and the eervieal plexus. 

The inferior alveolar nerve may give multiple branehes before enter- 
ing the mandibular eanaf one or more of which may eseape anaesthesia 
following inferior alveolar nerve bloek. They may then re-enter the 
mandible via small aeeessory foramina in the retromolar region to 
supply sensation to the molar teeth. 

The buccal braneh of the mandibular nerve, which supplies the 
buccal gingivae of the molar teeth, may also possess a braneh that 
passes through a small retromolar foramen to supply the molar teeth. 
Oeeasionally, mandibles may present with retromolar foramina. 

Although primarily a motor nerve supplying mylohyoid and the 
anterior belly of the digastrie, the mylohyoid nerve earries some sensory 
fibres that may enter the mandible via one or more small retromental 
foramina in the vieinity of the genial tubercles to supply some sensation 
to the anterior teeth. 

Communications exist between the inferior alveolar and lingual 
nerves. If the lingual nerve is not anaesthetized during an inferior alveo- 
lar nerve bloek, this pathway could account for any remaining sensation 
in the teeth. 

Although the deep temporal nerves are primarily motor, it has been 
suggested that terminal branehes may pass from the substance of tem- 
poralis to enter the mandible through foramina in the retromolar 
region to supply some sensation to molar teeth. 

In the eervieal plexus, the great auricular nerve, formed by the anter- 
ior primary rami of the seeond and third eervieal spinal nerves, supplies 
skin over the angle of the mandible (p. 442). It is possible that this 
nerve may provide a braneh that penetrates the mandible to supply one 
or more of the eheek teeth. 

If a successful inferior alveolar nerve bloek does not eompletely 
anaesthetize teeth in a jaw quadrant, additional loeal injeetions of 
anaesthetie solution around the tooth in question may be neeessary to 
bloek the alternative pathways deseribed above. In addition, there is the 
possibility of overlap aeross the midline involving the ineisive and 
mylohyoid nerves. In ehildren, there is evidenee to suggest that the 
lingula is variable in position and its position from the occlusion plane 
inereases with age. It is therefore not eonsidered an appropriate land- 
mark for inferior alveolar nerve bloek (Ezoddini Ardakani et al 2010). 

impaeted mandibular third molars in many subjects, there is a 

disproportion between the size of the teeth and the size of the jaws, 
such that there is insufficient spaee for all the teeth to empt. As the third 
mandibular molar teeth (the wisdom teeth) are the last to empt, they 
are often impeded in their emption and either beeome impaeted or 
remain unempted deeply within the jaw bone. If the tooth is eompletely 
eovered by bone and mucosa, it is very unlikely to cause any symptoms, 
and the subject remains unaware of its presenee unless the tooth is seen 
on a routine dental radiograph. Very rarely, the surrounding dental fol- 
liele may undergo eystie degeneration, which ean 'hollow out' the jaw, 
usually the mandible, to a eonsiderable degree. The developing eyst may 
displaee the tooth as it expands and the tooth may end up as far away 
as the eondylar neek or eoronoid proeess. 

More eommonly, the empting wisdom tooth empts partially before 
impaeting against the distal aspeet of the seeond molar. When this 
occurs, symptoms are eommon due to recurrent soft tissue inflamma- 
tion and infeetion around the partially empted tooth caused by food 
impaetion. This eondition is known as perieoronitis and, if the infeeting 
organism is vimlent, the infeetion may rapidly spread into the adjaeent 
tissue spaees as deseribed elsewhere. The tooth only merits surgical 
removal if the patient suffers a severe bout or multiple bouts of peri- 
eoronitis. Surgery is not immediately indieated because it is assoeiated 
with a degree of morbidity: the lingual and inferior alveolar nerves, 
which are often in elose proximity to the tooth, may be damaged during 
its removal. 


The lingual nerve passes aeross the surface of the periosteum lin- 
gually to the lower wisdom tooth, separated from the tooth only by a 
eortieal plate of bone no thieker than an eggshell. Damage to this nerve 
results in altered sensation (paraesthesia) to the ipsilateral side of the 
tongue and floor of mouth. 

A major problem when extracting mandibular third molar teeth, 
espeeially if they are impaeted, is possible damage to the inferior alveo- 
lar nerve. Indeed, surgical treatment may only neeessitate the removal 
of the crown, leaving behind the roots (after suitable root filling). Max- 
illary third molars are only rarely impaeted because they empt postero- 
inferiorly. A elear radiograph is required before any tooth extraction is 
undertaken in order to alert the dental surgeon to any problems that 
may be encountered. For example, although the inferior alveolar nerve 
and its aeeompanying vessels generally lie beneath the roots of the third 
permanent molar in the mandibular eanal, the neurovascular bundle 
may occupy a higher position, elose to the roots, and may even mn 
between the roots. This may be evident in routine periapieal or ortho- 
pantomograph radiographs as a eonstrietion or deviation of the man- 
dibular eanal or as a radiolucent eanal overlying the roots of the third 
molar (Fig. 31.37). In this situation, the inferior alveolar nerve is at risk 
during extraction of third molars; damage to the nerve may result in 
paraesthesia in the distribution of the mental nerve, with consequent 
altered sensation or mimbness in the lower lip. The root of a mandibu- 
lar premolar may oeeasionally be unusually long and may be in elose 
relationship to the mental nerve, which may then be at risk during 
extraction of this tooth. 

Routine radiographs are no longer eonsidered satisfaetory for reveal- 
ing the elose relationship of the inferior alveolar nerve to the third 
molars; eone beam computed tomography (CBCT) is the method of 
ehoiee to show this relationship in three dimensions. CBCT is also 
routinely used prior to insertion of a dental implant to determine not 
only the exact position of the inferior alveolar nerve and its mental 
braneh but also the topography of the surrounding bone, to establish 
whether it is suitable for reeeiving a dental implant. 



Fig. 31.37 A radiograph indieating that the mandibiilar eanal eontaining 
the inferior alveolar eanal and its eontents (arrow) are elosely related to 
the roots of the impaeted permanent mandibular third molar. (With 
permission from Berkovitz BKB, Holland GR, Moxham BJ 2009 Oral 
Anatomy, Histology and Embryology, 4th ed. Edinburgh, Mosby.) 
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It is teehnieally possible to aehieve profoimd regional anaesthesia by 
depositing loeal anaesthetie solution adjaeent to the trigeminal nerve 
tmnks or their branehes within the infratemporal fossa. These injee- 
tions ean either be performed transorally - posterior superior alveolar 
nerve bloek, maxillary nerve bloek, inferior alveolar nerve bloek, lingual 
nerve bloek and mandibular nerve bloek - or, more rarely, by an exter- 
nal route through the skin of the faee - maxillary nerve bloek, inferior 
alveolar nerve bloek and mandibular nerve bloek. 

In the ease of the mandible, the anterior teeth ean be anaesthetized 
by simple diffhsion techniques, as the bone is relatively thin. However, 
this is not adequate for the eheek teeth due to the inereased thiekness 
of the bone. In this ease, the inferior alveolar nerve has to be anaesthe- 
tized before it enters the inferior alveolar eanal. The needle has to be 
plaeed within the pterygomandibular spaee to aehieve a successful in- 
ferior alveolar nerve bloek. The lingual nerve is also usually bloeked, as 
it lies elose to the inferior alveolar nerve. Because of the other stmctures 
within the infratemporal fossa, it is important for the operator to have 
a detailed knowledge of the anatomy in this region in order to under- 
stand, and therefore try to avoid, the eomplieations that may arise. Any 
damage to blood vessels in the infratemporal fossa - generally, the 
pterygoid venous plexus - ean lead to haematoma formation. In 
extreme eases, bleeding ean traek through the inferior orbital fissure, 
resulting in a retrobulbar haematoma, which ean lead to loss of visual 
acuity or blindness. Intravascular injeetion of loeal anaesthetie solution 
(which usually eontains adrenaline (epinephrine)) ean have profound 
systemie effeets, and for this reason an aspirating syringe is always used 
to eheek that the needle has not entered a vessel prior to injeetion 
(vessels in this area that theoretieally may be entered include the maxil- 
lary and internal earotid arteries). If the needle is plaeed too medially, 
it may enter medial pterygoid; if direeted too laterally, it may penetrate 
temporalis. In either ease, there will be a laek of anaesthesia, followed 
later by trismus. If the needle is plaeed too deeply, anaesthetie solution 
may cause a temporary faeial nerve palsy due to loss of conduction from 
the faeial nerve in the region of the parotid gland. Loeal anaesthetie 
solution may enter the orbit via the inferior orbital fissure and give 
orbital symptoms, the most likely being a temporary paralysis of the 
abducens nerve with loss of aetivity of lateral rectus. 

The root apiees of the maxillary eheek teeth are elose to, and may 
even invaginate, the maxillary sinus. The permanent tooth most eom- 
monly involved is the seeond molar, followed by the first molar; less 
frequently, premolars and the third molar may be involved. The likeli- 
hood of eavitation of the maxillary sinus inereases signifieantly after 
tooth extraction. During removal of fractured root apiees in this region, 
eare must therefore be taken to ensure that the root fragment is not 
pushed into the sinus. Similarly, during root eanal treatment, eare must 
be taken to ensure that any filling material is not pushed into the sinus. 
When routine radiographs fail to provide sufficient definition of the 
elose relationship between the floor of the maxillary sinus and root 
apiees, CBCT may be neeessary to provide additional detail (Fig. 31.38). 


M 



Fig. 31.38 A, A routine orthopantomogram showing the roots of the 
permanent maxillary molar teeth and the maxillary sinus (M). The preeise 
relationship of the root apiees to the floor of the maxillary sinus is not 
elear. B, Cone beam computed tomography of the same patient shown in 
A; the image in the sagittal plane elearly shows the two buccal root 
apiees (arrow) of the permanent maxillary seeond molar tooth invaginating 
into the maxillary sinus (M). (Courtesy of Dr J Davies.) 
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SUBMANDIBULAR SALIVARY GLAND 


The submandibular gland is irregular in shape and about the size of a 
walnut. It eonsists of a larger superficial and a smaller deep part, eon- 
tinuous with eaeh other around the posterior border of mylohyoid. It 
is a seromucous (but predominantly serous) gland. 

Superficial part of the submandibular gland 

The superficial part of the gland is situated in the digastrie triangle, 
where it reaehes forwards to the anterior belly of digastrie and baek to 
the stylomandibular ligament, by which it is separated from the parotid 
gland. Above, it extends medial to the body of the mandible. Below, it 
usually overlaps the intermediate tendon of digastrie and the insertion 
of stylohyoid. This part of the submandibular gland presents inferior, 
lateral and medial surfaces, and is partially enelosed between two layers 
of deep eervieal faseia that extend from the greater cornu of the hyoid 
bone. The superficial layer is attaehed to the lower border of the man- 
dible and eovers the inferior surface of the gland. The deep layer is 
attaehed to the mylohyoid line on the medial surface of the mandible 
and eovers the medial surface of the gland. 

The inferior surface, eovered by skin, platysma and deep faseia, is 
erossed by the faeial vein and the eervieal braneh of the faeial nerve. 
Near the mandible, the submandibular lymph nodes are in eontaet with 
the gland and some may be embedded within it. 

The lateral surface is related to the submandibular fossa on the 
medial surface of the body of the mandible and the mandibular attaeh- 
ment of medial pterygoid. The faeial artery grooves its posterosuperior 
part, lies at first deep to the gland and then emerges between its lateral 
surface and the mandibular attaehment of the medial pterygoid to reaeh 
the lower border of the mandible. 

The medial surface is related anteriorly to mylohyoid, from which it 
is separated by the mylohyoid nerve and vessels and branehes of the 
submental vessels. More posteriorly, it is related to styloglossus, the 
stylohyoid ligament and the glossopharyngeal nerve, which separate it 
from the pharynx. In its intermediate part, the medial surface is related 
to hyoglossus, from which it is separated by styloglossus, the lingual 
nerve, submandibular ganglion, hypoglossal nerve and deep lingual 
vein (sequentially from above down). Below, the medial surface is 
related to the stylohyoid muscle and the posterior belly of digastrie. 

Deep part of the submandibular gland 


The deep part of the gland extends forwards to the posterior end of the 
sublingual gland. It lies between mylohyoid inferolaterally, hyoglossus 
and styloglossus medially, the lingual nerve superiorly, and the 
hypoglossal nerve and deep lingual vein inferiorly (see Figs 31.10, 
31.39). 

Vascular supply and lymphatie drainage 

The arteries supplying the gland are branehes of the faeial and lingual 
arteries. The lymph vessels drain into the deep eervieal group of lymph 
nodes (particularly the jugulo-omohyoid node), intermpted by the sub- 
mandibular nodes. 

Innervation 


The seeretomotor supply to the submandibular gland is derived from 
the submandibular ganglion. The vasomotor supply is derived from the 
superior eervieal ganglion. 

Submandibular ganglion 


This small, fhsiform body is a peripheral parasympathetie ganglion. It 
lies on the upper part of hyoglossus, superior to the deep part of the 
submandibular gland and inferior to the lingual nerve, to which it is 
eonneeted by several filaments. The posterior filament is the motor, 
parasympathetie root. It eonveys preganglionie fibres from the superior 
salivatory nucleus in the brainstem via the faeial, ehorda tympani and 
lingual nerves to the ganglion, where they synapse. Five or six postgan- 
glionie seeretomotor branehes from the ganglion supply the sub- 
mandibular gland and its duct, and the sublingual and anterior lingual 
glands, by travelling either through the anterior filaments that eonneet 
the submandibular gland to the lingual nerve or along adjaeent blood 
vessels to their targets. Neuronal eell bodies and small ganglia have 
528 been deseribed in the interlobular eonneetive tissue stroma of human 


submandibular ganglia, elose to salivary parenehymal eells and blood 
vessels ( "osios et al 2010). The sympathetie root is derived from the 
plexus on the faeial artery and eonsists of postganglionie fibres from 
the superior eervieal ganglion that traverse the submandibular ganglion 
without synapsing. These fibres are vasomotor to the blood vessels of 
the submandibular and sublingual glands. Sensory fibres derived from 
the lingual nerve may also pass through the ganglion. 

Submandibular duct 


The submandibular duct is about 5 em long and has a thinner wall than 
the parotid duct. It begins from numerous tributaries in the superficial 
part of the gland and emerges from the medial surface of this part of 
the gland behind the posterior border of mylohyoid. It traverses the 
deep part of the gland, and then passes at first up and slightly baek for 
approximately 5 mm, this sharp bend over the free edge of mylohyoid 
being known as the genu of the duct. It then mns forwards between 
mylohyoid and hyoglossus, passing between the sublingual gland and 
genioglossus to open in the floor of the mouth on the summit of the 
sublingual papilla at the side of the frenulum of the tongue (see Figs 
31.4, 31.10). It lies between the lingual and hypoglossal nerves on 
hyoglossus but, at the anterior border of the muscle, it is erossed lat- 
erally by the lingual nerve, terminal branehes of which aseend on its 
medial side. As the duct traverses the deep part of the gland, it reeeives 
small tributaries draining this part of the gland. It has been suggested 
previously that the genu of the duct predisposes to the stasis of saliva 
and thereby encourages salivary stone (sialolith) formation, but this is 
somewhat eontroversial and largely unproven. 

Like the parotid gland, the duct system of the submandibular gland 
ean be visualized by sialography (Fig. 31.40). 

SUBLINGUAL SALIVARY GLAND 


The sublingual gland is the smallest of the main salivary glands; eaeh 
gland is narrow, flat, shaped like an almond, and weighs approximately 
4 g. The sublingual gland lies on mylohyoid, and is eovered by the 
mucosa of the floor of the mouth, which is raised as a sublingual fold 
(see Fig. 31.4). The anterior end of the eontralateral sublingual gland 
lies in front, and the deep part of the submandibular gland lies behind. 
The mandible above the anterior part of the mylohyoid line, the sub- 
lingual fossa, is lateral, and genioglossus is medial, separated from the 
gland by the lingual nerve and submandibular duct. 

The sublingual glands are seromucous but predominantly 
mucous. 

Vascular supply, innervation 
and lymphatie drainage 


The arterial supply is from the sublingual braneh of the lingual artery 
and the submental braneh of the faeial artery. Innervation is via the 
submandibular ganglion. Lymphatie drainage is to the submental 
nodes. 



Fig. 31.40 A sialogram showing a normal submandibular duct (long 
arrow). Unusually, a sublingual duct is also evident (short arrow). 
(Courtesy of Dr N Drage.) 

















Salivary glands 


Sublingual ducts 


The sublingual gland has 8-20 excretory ducts (see Fig. 31.10). Smaller 
sublingual ducts open, usually separately, from the posterior part of the 
gland on to the summit of the sublingual fold (a few sometimes open 
into the submandibular duct). Small rami from the anterior part of the 
gland sometimes form a major sublingual duct (Bartholin's duct), 
which opens with, or near to, the orifiee of the submandibular duct. 
This duct may be visualized oeeasionally in a submandibular sialogram 
(see Fig. 31.40). 

Ranula 


If the ducts draining any salivary gland beeome obstmeted, the gland 
itself is at risk of developing a retention eyst where the retained seere- 
tions dilate the gland itself rather like a balloon. This phenomenon is 
seen mostly in the minor salivary glands that line the lips and oral 
eavity, where it is known as a mucocele. Trauma, such as persistent lip 
biting, results in searring of the overlying oral mucosa and obstmetion 
of the small drainage duct. When trauma occurs in the floor of the 
mouth and obstmets the drainage duct/s of the sublingual gland, the 
resulting retention eyst is known as a ranula. (Ranula is the Latin name 
for a frog and is used here because the tense eystie swelling is said to 
resemble the throat of a eroaking frog.) 

A ranula usually presents as a large, tense, bluish swelling anteriorly 
in the floor of the mouth just to one side of the midline, which often 
displaees the tongue (Fig. 31.41). Oeeasionally, the developing reten- 
tion eyst herniates through a midline dehiseenee where the two mylo- 
hyoid muscles fail to meet in the midline anteriorly, and then the 
ramila may present as a submental swelling or as a eombined submen- 
tal and floor-of-mouth swelling, a 'plnnging ranula (Harrison et al 
2013). The treatment for a ranula is excision of the sublingual gland 
responsible. 

MINOR SALIVARY GLANDS 


The minor salivary glands of the mouth include the labial, buccal, 
palatoglossal, palatal and lingual glands. The labial and buccal glands 
eontain both mucous and serous elements. The palatoglossal glands are 
mucous glands and are loeated around the pharyngeal isthmus. The 
palatal glands are mucous glands and occur in both the soft and hard 
palates. The anterior and posterior lingual glands are mainly mucous. 
The anterior glands are embedded within muscle near the ventral 
surface of the tongue and open by means of four or five ducts near the 
lingual frenulum, and the posterior glands are loeated in the root of 
the tongue. The deep posterior lingual glands are predominantly serous. 
Serous glands (of von Ebner) occur around the circumvallate papillae; 
their seeretion is watery, and they probably assist in gustation by spread- 
ing taste stimuli over the taste buds and then washing them away. 



Fig. 31.41 A raniila (arrow) in the floor of the mouth, caused by trauma 
that damaged the floor of the mouth and the sublingual gland. (With 
permission from Berkovitz BKB, Holland GR, Moxham BJ 2009 Oral 
Anatomy, Histology and Embryology. 4th ed. Edinburgh: Mosby. Courtesy 
of Dr JD Harrison.) 


MICR0STRUCTURE 


Salivary glands have numerous lobes eomposed of smaller lobules sep- 
arated by dense eonneetive tissue that is continuous with the capsule 
of the gland, and eontains excretory (eolleeting) ducts, blood vessels, 
lymph vessels, nerve fibres and small ganglia. Eaeh lobule has a single 
duct, whose branehes terminate at dilated seeretory 'end-pieees', which 
are tubular or aeinar in shape (Fig. 31.42). Their primary seeretion is 
modified as it flows through interealated, striated and excretory ducts 
into one or more main ducts that diseharge saliva into the oral eavity. 
They eontain a variable amount of intralobular adipose tissue; adi- 
poeytes are particularly numerous in the parotid gland. 

The seeretory end-pieees of the human parotid gland are almost 
exclusively serous aeini (Fig. 31.43A); mucous tubules or aeini are rare. 
In the submandibular gland, seeretory units are predominantly serous 
aeini, with some mucous tubules and aeini (Fig. 31.43B). Mucous 
tubules are often assoeiated with groups of serous eells at their blind 
ends, appearing as ereseent-shaped serous demilunes in routine histo- 
logieal preparations. However, this appearanee is a fixation artefaet, as 
tissue prepared by rapid freezing methods laeks serous demilunes and 
the serous seeretory eells align with mucous eells around a eommon 
lumen (Yamashina et al 1999). In the sublingual gland, mucous tubules 
and aeini predominate (Fig. 31.43C) but serous eells also occur, as aeini 
or as serous demilunes. 

Serous eells are approximately pyramidal in shape. Their nuclei vary 
in shape and position, but are more rounded and situated less basally 
than in mucous eells. Apieally, the eytoplasm is filled by proteinaceous 
seeretory (zymogen) granules with high amylase aetivity. Additionally, 
serous eells seerete kallikrein, laetoferrin and lysozyme, an antibaeterial 
enzyme whose synthesis has been loealized in particular to the serous 
demilunes of the submandibular and sublingual glands, and which is 
important in the defenee against oral pathogens. In the human parotid 
and submandibular glands, zymogen granules also show a positive 
periodie aeid-Sehiff staining reaetion, which indieates the presenee of 
polysaeeharides, and some texts refer to these eells as seromucous. 
Mucous eells are eylindrieal and have flattened, basal nuclei. Their apieal 
eytoplasm is typieally paeked with large, pale-staining and eleetron- 
translucent seeretory droplets. The histologieal appearanee of serous 
and mucous eells will vary aeeording to the stage in the seeretory eyele. 

Ducts 


interealated, striated (both intralobular) and extralobular eolleeting 
ducts lead consecutively from the seeretory end-pieees. The lining eells 
of interealated ducts are flat nearest the seeretory end-pieee but beeome 
cuboidal. interealated ducts fimetion primarily as a conduit for saliva 
but, together with the striated ducts, may also modify its eontent of 
eleetrolytes and seerete IgA. Striated ducts are lined by a low columnar 
epithelium and are so ealled because their lining eells have eharaeteristie 
basal striations. The latter are regions of highly infolded basal plasma 
membrane, between which lie columns of vertieally aligned mitoehon- 
dria. The nuclei are consequently displaeed by the basal striations from 
a typieal ductal basal position to a eentral or even apieal loeation (see 
Fig. 31.43). Infolding of the basal plasma membrane and loeal abun- 
danee of mitoehondria are typieal features of epithelial eells that aetively 
transport eleetrolytes. Here, the eells transport potassium and biearbo- 
nate into saliva; they produce a hypotonie saliva by reabsorbing sodium 
and ehloride ions in excess of water. Striated ducts modiíy eleetrolyte 
eomposition and seerete IgA, lysozyme and kallikrein. IgA is produced 
by subepithelial plasma eells and transported transeytotieally aeross the 
epithelial barrier to be seereted, onee it has been dimerized by epithelial 
seeretory eomponent, into the saliva (Garrett et al 1998). This is also a 
fimetion of serous aeinar eells and other seeretory epithelia, notably the 
laetating breast. The intralobular ductal system of the sublingual gland 
is less well developed than that of the parotid and submandibular 
glands. 

Collecting ducts are metabolieally relatively inert conduits that mn 
within interlobular eonneetive tissue septa in the glands. They transport 
saliva to the main duct, which opens on to the mucosal surface of the 
buccal eavity. The lining epithelium of eolleeting ducts varies. It may be 
pseudostratified columnar, stratified cuboidal or columnar in the larger 
ducts, and has a distinet basal layer. It beeomes a stratified squamous 
epithelium near the buccal orifiee. 

Myoepithelial eells 


Myoepithelial eells (see Fig. 31.42) are eontraetile eells assoeiated with 
seeretory end-pieees and with much of the ductal system (Ogawa 2003) . 529 
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Fig. 31.42 The architecture of a generalized salivary gland. Solid blaek arrovvs indieate the direetion of transport of salivary eomponents, and the open 
vvhite arrovv the direetion of salivary flow. The innervation of the ducts, seeretory units and arterioles is shown. 


They lie between the basal lamina and the epithelial eells proper. They 
extend numerous eytoplasmie proeesses around serous aeini and are 
often termed basket eells. Myoepithelial eells assoeiated with ducts are 
more fhsiform in shape and are aligned along the length of the duct. 
Their eytoplasm eontains abundant aetin mierofìlaments, which 
mediate eontraetion. 

Although stimulated by the autonomic nervous system, the preeise 
fhnetional role of myoepithelial eells in salivary seeretion awaits elari- 
fìeation (Garrett 1998). Functional studies elearly indieate that myoepi- 
thelial aetivity ean aeeelerate the initial outflow of saliva, reduce luminal 
volume, contribute to the seeretory pressure, support the underlying 
parenehyma, reduce baek-permeation of fluid and help salivary flow to 
overeome inereases in peripheral resistanee (although, if this is exces- 
sive, it may lead to sialeetatie damage of striated ducts, thereby inereas- 
ing overall permeability). 

Basal eells 


A population of basal eells is present in the striated and eolleeting ducts 
(Riva et al 1992). They are sparsely distributed in the striated ducts and 
more densely distributed in the eolleeting ducts, in which they form a 
continuous layer as the ducts pass fhrther towards the hilum. A small 
population of basal eells is found on the abluminal surface of ductal 
eells assoeiated with both striated and eolleeting ducts. These eells ean 
be distinguished from other parenehymal eells by a eombination of 
their morphology, their co-expression of eytokeratin 14 and the anti- 
apoptotie faetor el-2, and a proliferative index of about 3%, which is 
the highest of any eell in the region. Basal eells have been implieated 
as potential stem eells during turnover and/or eell regeneration in sal- 
ivary glands and during metaplasia, when oneoeytes and sebaceous eells 
may appear. However, some eell division is seen in all parenehymal eell 
types, including myoepithelial eells, and all these eells may be involved 
in salivary gland regeneration. 

Lymph nodes 


Lymph nodes are situated both on the surface and within the parotid 
gland, but are not found within the other salivary glands. 


C0NTR0L 0F SALIVARY GLAND AOTIVITY 


The observed wide and rapid variation in the eomposition, quantity 
and rate of salivary seeretion in response to various stimuli suggests an 
elaborate eontrol meehanism. Seeretion may be continuous but at a low 
resting level, and may also occur spontaneously. It is mainly a response 
to the drying of the oral and pharyngeal mucosae. A rapid inerease ean 
be superimposed on the resting level, e.g. during mastieation or when 
stimulated by the autonomic innervation. The eontrolled variation in 
the aetivity of the many types of salivary effeetor eells (serous, sero- 
mucous and mucous seeretory eells, myoepithelial eells, epithelial eells 
of all the ductal elements and the smooth muscle of loeal blood vessels) 
affeets the quantity and quality of saliva. There is no elear evidenee that 
circulating hormones evoke seeretion direetly at physiologieal levels but 
they may alter the response of glandular eells to neural stimuli. 

The eontrol of salivation depends on reflex nerve impulses. The 
afferent inputs to the reflex are pass to brainstem salivatory eentres, 
espeeially from taste and meehanoreeeptors in the mouth. A variety of 
other sensory modalities in and around the mouth are also involved, 
e.g. smell, for eertain aspeets of submandibular seeretion in humans. 
The afferent input is integrated eentrally by the salivatory eentres, which 
are themselves influenced by higher eentres. The latter may provide 
faeilitatory or inhibitory influences, which presumably explains why the 
mouth beeomes dry under stress. The efferent drive to the glands passes 
via parasympathetie and sympathetie outputs from the eentres. Rela- 
tively little is known about the eonneetions of the preganglionie para- 
sympathetie neurones in the salivatory eentres, and virtually nothing is 
known about either the eentral loeation of the sympathetie pregangli- 
onie neurones, or the output pathways. No peripheral inhibitory meeh- 
anisms exist in the glands (Garrett et al 1999). 

The typieal pattern of innervation is shown in Figure 31.42, but 
details vary in different glands and with age. Only the more eonstant 
features are illustrated and deseribed here. Cholinergic nerves often 
aeeompany ducts and arborize freely around seeretory end-pieees, but 
adrenergie nerves usually enter glands along arteries and ramify with 
them. The main seeretomotor nerves are predominantly unmyelinated 
axons; the few myelinated axons that have been seen are presumably 
either preganglionie efferent or viseeral afferent. Within the glands, the 
nerve fibres intermingle, such that eholinergie and adrenergie axons 
































































































Tissue spaees around the jaws 



Fig. 31.43 The microstructure of the salivary glands. A, The parotid 
gland. B, Mixed seeretory units of the submandibular gland. C, Mucous 
aeini in the sublingual gland. Asterisks indieate the lumen of a striated 
duct. (Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall Hospitals Trust, UK.) 


often lie in adjaeent invaginations of one Schwann eell. Seeretion and 
vasoeonstrietion are mediated via separate sympathetie axons. A single 
parasympathetie axon may, through serial en passant terminals, induce 
vasodilation, seeretion and myoepithelial eontraetion. 

Seeretory end-pieees are usually the most densely innervated stme- 
tures in the gland; individual eells often have both eholinergie and 
adrenergie innervation. Seeretion of water and eleetrolytes, which 
ereates the foundation for the volume of saliva seereted, is the outcome 
of a complex set of proeesses that is largely induced by parasympathetie 
impulses. Seeretion of protein is an ongoing constitutive proeess wher- 
ever it occurs. The regulated exocytosis of pre-paekaged proteins, which 
is the prineipal source of protein seeretion into saliva, depends on the 
relative levels of aetivity in sympathetie and parasympathetie fibres. 

The ductal elements of salivary glands ean markedly modify the 
eomposition of saliva. They are less densely innervated than seeretory 


end-pieees but their aetivity is also under neural eontrol. Adrenal aldos- 
terone promotes resorption of sodirnn and release of potassimn into 
saliva by striated ductal eells, as it does in kidney tubules. Myoepithelial 
eontraetion is stimulated mainly by adrenergie innervation but there 
may be an additional role for eholinergie axons. 

Age ehanges in salivary glands 


A wide range of age ehanges has been documented in salivary glands. 
In neonates, aeini and ducts are immature and widely separated by 
abundant vasailar eonneetive tissue. After the age of 6 months, glandu- 
lar structure is more eompaet and there are numerous lymphoeytie foei 
(Seott 1979). Over the age of 50 years, the amount of glandular tissue 
deereases and the amount of fibrous tissue, adipoeytes, inflammatory 
eells and oneoeytes inereases. An inerease in duct volume has also been 
deseribed, although it may in part refleet shrinkage of aeini, giving the 
appearanee of duct-like forms (Seott 1986). 

With such a signifieant loss of parenehyma (in both major and 
minor glands), it might be assumed that there would be a reduction in 
the amount of saliva produced in the aged population, giving rise to 
the elinieal eondition ofxerostomia (dry mouth). However, in healthy, 
unmedicated individuals, this is not the ease. This could be interpreted 
as the result of salivary glands being able to produce more saliva than 
is needed, but is more likely to be a seeondary effeet related to the 
inereased use of medieation (many dmgs depress salivary production 
and many, such as antidepressants and antihistamines, are antieholin- 
ergie). Saliva is important in the maintenanee of oral health; deereased 
seeretion from the salivary glands results in an inereased ineidenee in 
oral eonditions such as periodontal disease, dental earies and eandidal 
infeetions ('thmsh'). 


TISSIIE SPACES AR01IND THE JAWS 


The dissemination of infeetion in soft tissues is influenced by the 
natural barriers presented by bone, muscle and faseia. However, the 
tissue spaees around the jaws are primarily defined by muscles, prinei- 
pally mylohyoid, buccinator, masseter, medial pterygoid, superior eon- 
strietor and orbiailaris oris (Fig. 31.44). None of these 'spaees' is 
actually empty and they should merely be regarded as potential spaees 
that are normally occupied by loose eonneetive tissue. It is only when 
inflammatory products such as hyaluronase destroy the loose eonnee- 
tive tissue that a definable spaee is produced. 

The spaees are paired except for the submental, sublingual and 
palatal spaees. 


POTENTIAL TISSLJE SPACES AR0UND 
THE L0WER JAW 


The important potential tissue spaees of the lower jaw are the submen- 
tal, submandibular, sublingual, buccal, submasseteric, parotid, pterygo- 
mandibular, peritonsillar, parapharyngeal and retropharyngeal spaees 
(see Fig. 31.44) (Langdon et al 2002). 

The submental and submandibular spaees are loeated below the 
inferior border of the mandible beneath mylohyoid, in the suprahyoid 
region of the neek. The submental spaee lies beneath the ehin in the 
midline, between the mylohyoid muscles and the investing layer of 
deep eervieal faseia. It is bounded laterally by the two anterior bellies 
of the digastrie muscles. The submental spaee communicates posteriorly 
with the two submandibular spaees. The submandibular spaee is situ- 
ated between the anterior and posterior bellies of the digastrie muscle 
and eomimmieates with the sublingual spaee around the posterior free 
border of mylohyoid. The sublingual spaee lies in the floor of the 
mouth, above the mylohyoid muscles, and is continuous aeross the 
midline; it communicates with the submandibular spaees over the pos- 
terior free borders of the mylohyoid muscles, helped by the submandib- 
ular gland's slight extension over this edge. 

The remaining tissue spaees are illustrated in Figure 31.44B. The 
buccal spaee is loeated in the eheek, on the lateral side of buccinator. 
The submasseteric spaees are a series of spaees between the lateral 
surface of the ramus of the mandible and masseter; they are formed 
because the fibres of masseter have multiple insertions on to most of 
the lateral surface of the raimis. The pterygomandibular spaee lies 
between the medial surface of the ramus of the mandible and medial 
pterygoid, and the parotid spaee lies behind the ramus of the mandible, 
in and around the parotid gland. The parapharyngeal spaee is bounded 
by the superior eonstrietor of the pharynx and the medial surface of 
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Fig. 31.44 Potential tissue spaees around the jaws. A, A eoronal seetion showing the sublingual and submandibular spaees in the floor of the mouth and 
the possible routes for the spread of infeetions from periapieal dental abseesses (left). B, A horizontal seetion through the mandibular molar region 
showing the assoeiated tissue spaees. C, An inferior view of the floor of the mouth (suprahyoid region of the neek) showing the position of the 
submandibular and sublingual tissue spaees. (B and C, With permission from Berkovitz BKB, Moxham BJ 2002 Head and Neek Anatomy. London: 

Martin Dunitz.) 


medial pterygoid. It is restrieted to the infratemporal region of the head 
and the suprahyoid region of the neek, and communicates with the 
retropharyngeal spaee, which itself extends into the retroviseeral spaee 
in the lower part of the neek (the tissue spaees of the neek are deseribed 
on p. 446, and those of the pharynx on p. 578). The peritonsillar spaee 
lies around the palatine tonsil between the pillars of the fauces, and is 
part of the intrapharyngeal spaee. It is bounded by the medial surface 
of the superior eonstrietor of the pharynx and its mucosa. 

POTENTIAL TISSLIE SPAOES AR0UND 
THE UPPER JAW 


The tissue spaees of the upper jaw are usually assoeiated with spread of 
infeetion from the teeth. They are the eanine (infraorbital), palatal and 
infratemporal spaees. The eanine (infraorbital) spaee assoeiated with 
the eanine fossa lies between levator labii superioris and the zygomati- 
cus muscles. The palatal spaee is not tmly a tissue spaee in the hard 
palate, sinee the mucosa there is firmly bound to the periosteum. 
However, inflammation ean strip away some of this periosteum to 
produce a well-circumscribed abseess. The infratemporal spaee is the 
upper extremity of the pterygomandibular spaee. It is elosely related to 
the maxillary tuberosity and therefore the upper molars. 

DENTAL ABSOESS 


Abseesses developing in relation to the apiees of roots ultimately pen- 
etrate the surrounding bone where it is thinnest. The position of the 
resultant swelling in the soft tissues is largely determined by the rela- 
tionship between muscle attaehments and the sinus (the path taken by 
the infeeted material) in the bone. Thus, in the lower ineisor region, 


because the labial bone is thin, abseesses generally appear as a swelling 
in the labial sulcus, above the attaehment of mentalis. The abseess may 
open below mentalis, when it will point beneath the ehin. If an abseess 
from a lower posteanine tooth opens below the attaehment of buccin- 
ator, the swelling is in the faee; if it opens above, the swelling is in the 
buccal sulcus of the mouth. If an abseess opens lingually above mylo- 
hyoid, the swelling is in the lingual sulcus; if it is below, the swelling 
is in the neek. Third molar abseesses tend to traek into the neek rather 
than the mouth because mylohyoid aseends posteriorly and the termi- 
nation of its attaehment is variable, sometimes terminating before the 
position of the third molar and thereby allowing relatively unhindered 
aeeess into the tissue spaees of the neek. 

Apart from eanine teeth, which have long roots, abseesses on upper 
teeth usually open buccally below, rather than above, the attaehment 
of buccinator. Because its root apex is oeeasionally curved towards the 
palate, abseesses of the upper lateral ineisors may traek into the palatal 
submucosa. Abseesses of upper eanines often open faeially just below 
the orbit. Here, the swelling may obstmet drainage in the angular part 
of the faeial vein, which has no valves, and it is therefore possible for 
infeeted material to travel via the angular and ophthalmie veins into 
the cavernous sinus, potentially causing a cavernous sinus thrombosis. 
Abseesses on the palatal roots of upper molars usually open on the 
palate. Hpper seeond premolars and first and seeond molars are related 
to the maxillary sinus. When this is large, the root apiees of these teeth 
may be separated from its eavity solely by the lining mucosa. Sinus 
infeetions may stimulate the nerves entering the teeth, simulating 
toothaehe in the ipsilateral premolars and molars; this phenomenon is 
known as referred pain. Hpper first premolars and third molars may be 
elosely related to the maxillary sinus. 

With loss of teeth, alveolar bone is extensively resorbed. Thus, in the 
edentulous mandible, the mental nerve, originally inferior to premolar 
roots, may lie near the erest of the bone. In the edentulous maxilla, the 
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sinus may enlarge to approaeh the oral surface of the bone. Both of 
these faets are of importanee when planning surgery in this area. 

Oeeasional bony prominenees, termed the toms mandibnlaris, toms 
maxillaris and toms palatimis, may lie lingual to the lower premolars 
or molars, or the upper molars. They lie in the midline of the palate 


and may need surgical removal before satisfaetory dentures ean be 
fitted. 

Severe systemie infeetions during the time the teeth are developing 
may lead to faults in enamel, which are visible as horizontal lines 
(ef. Harris's growth lines). 



Fig. 31.11 A, B, Entire nerve maps of an 
adult human tongue, Sihler’s stain. 

Fig. 31.15 The primary dentition. 

Fig. 31.23 An orthopantomogram showing 
supernumerary teeth in the upper ineisor 
region preventing the exfoliation of the 
upper primary eentral ineisors and impeding 
the emption of the upper permanent eentral 
ineisors. 


Fig. 31.24 Two supernumerary teeth 
overlying the permanent eentral ineisors. 

Fig. 31.25 A ehild with mixed dentition 
showing hypodontia and mierodontia (small 
eonieal-shaped teeth). 

Fig. 31.37 A radiograph indieating that the 
mandibular eanal eontaining the inferior 
alveolar eanal and its eontents are elosely 


related to the roots of the impaeted 
permanent mandibular third molar. 

Fig. 31.38 A, A routine orthopantomogram 
showing the roots of the permanent 
maxillary molars, molar teeth and the 
maxillary sinus. B, Cone beam computed 
tomography of the same patient. 


KEY REFERENCES 



Berkovitz BKB, Holland GR, Moxham BJ 2009 Oral Anatomy, Histology and 
Embryology, 4th ed. Edinburgh: Mosby. 

A textbook that deseribes in àetail the gross morphology, histology and 
development of hnman teeth. 

Garrett JR 1998 Myoepithelial aetivity in salivary glands. In: Garrett JR, 
Ekstròm J, Anderson LC (eds) Glandular Meehanisms of Salivary Seere- 
tion. Frontiers in Oral Biology, vol. 10. Basel: Karger, pp. 132-52. 

A paper that àisensses the aetivity of myoepithelial eells in the seeretory 
proeess. 

Garrett JR, Ekstròm J, Anderson LC (eds) 1999 Neural Meehanisms of Sal- 
ivary Seeretion. Frontiers of Oral Biology, vol. 11. Basel: Karger. 

A book that eontains much basie information eoneerning the role of nerves 
in the seeretory proeess of salivary glands. 

Harrison JD, Kim A, Al-Ali S et al 2013 Post-mortem investigation of mylo- 
hyoid hiatus and hernia: aetiologieal faetors of plunging ranula. Clin 
Anat 26:693-9. 

A paper that deseribes the anatomy of the mylohyoid mnsele in relation to 
the aetiology of ramdas. 

Langdon J, Berkovitz BKB, Moxham BJ 2002 infeetion and the infratemporal 
fossa and assoeiated tissue spaees. In: Langdon J, Berkovitz BKB, 
Moxham BJ (eds) Surgical Anatomy of the Infratemporal Fossa. London: 
M. Dunitz, pp. 77-99. 


A ehapter that deseribes the tissne spaees in the floor of the mouth and how 
they beeome involved in the spread of infeetion. 

Reid DJ, Dean CM 2006 Variation in modern human enamel formation 
times. J Hum Evol 50:329-46. 

A paper that deseribes variations in the formation times of modern teeth 
from two populations (South Afriea and Northern Europe) using 
ineremental lines in enamel. 

Renton T 2011 Minimising and managing iatrogenous trigeminal nerve 
injuries in relation to dental procedures. In: Bireh R Surgical Disorders 
of the Peripheral Nerves. Berlin: Springer. Ch. 11, pp. 501-25. 

A ehapter that deseribes smgieal technic\ues for avoiding damage to 
branehes of the mandibular nerve during tooth extraction. 

Seott J 1986 Stmcture and fimetion in aging human salivary glands. Geron- 
tology 5:149-58. 

A paper that gives cjuantitative information on ehanges that occur in the 
parenehyma of the major salivary glands with age, and àisensses the resnlts 
in terms of xerostomia. 

Yamashina S, Tamaki H, Katsumata O 1999 The serous demifiine of the rat 
sublingual gland is an artifieial stmcture produced by eonventional fix- 
ation. Areh Histol Cytol 62:347-54. 

A paper that deseribes the steps needed to avoid fxation artefaets when 
studying the histologieal appearanee of salivary glands. 


533 


CHAPTER ( 








Oral eavity 


REFERENCES 


Berkovitz BKB, Holland GR, Moxham BJ 2009 Oral Anatomy, Histology and 
Embryology, 4th ed. Edinburgh: Mosby. 

A textbook that deseribes in detail the gross morphology, histology and 
development of hnman teeth. 

Berkovitz BKB, Moxham BJ 2002 Head and Neek Anatomy: A Clinical Refer- 
enee. London: M. Dunitz. 

Dean MC 2000 ineremental markings in enamel and dentine: what they ean 
tell us about the way teeth grow. In: Teaford M, Smith MM, Ferguson M 
(eds) Development, Function and Evolution of Teeth. Cambridge: Cam- 
bridge Hniversity Press. 

Ezoddini Ardakani F, Bahrololoumi Z, Zangouie Booshehri M et al 2010 The 
position of lingula as an index for inferior alveolar nerve bloek injeetion 
in 7-11-year-old ehildren. J Dent Res Dent Clin Dent Prospeets 4: 
47-51. 

Fitzgerald MJ, Law ME 1958 The peripheral connexions between the lingual 
and hypoglossal nerves. J Anat 92:178-88. 

Garn SM, Lewis AB, Kerewsky RS 1965 Genetie, nutritional and matura- 
tional eorrelates of dental development. J Dent Res 44:228-42. 

Garrett JR 1998 Myoepithelial aetivity in salivary glands. In: Garrett JR, 
Ekstròm J, Anderson LC (eds) Glandular Meehanisms of Salivary Seere- 
tion. Frontiers in Oral Biology, vol. 10. Basel: Karger, pp. 132-52. 

A paper that disensses the aetivity of myoepithelial eells in the seeretory 
proeess. 

Garrett JR, Ekstròm J, Anderson LC (eds) 1998 Glandular Meehanisms of 
Salivary Seeretion. Frontiers of Oral Biology, vol. 10. Basel: Karger. 

Garrett JR, Ekstròm J, Anderson LC (eds) 1999 Neural Meehanisms of Sali- 
vary Seeretion. Frontiers of Oral Biology, vol. 11. Basel: Karger. 

A book that eontains much basie information eoneerning the role of nerves 
in the seeretory proeess of salivary glands. 

Harrison JD, Kim A, Al-Ali S et al 2013 Post-mortem investigation of mylo- 
hyoid hiatus and hernia: aetiologieal faetors of phmging ranula. Clin 
Anat 26:693-9. 

A paper that deseribes the anatomy of the mylohyoid mnsele in relation to 
the aetiology of ramdas. 

Huang Y, Corpas LS, Martens W et al 2011 Histomorphologieal study of 
myelinated nerve fibres in the periodontal ligament of human eanine. 
Aeta Odontol Seand 69:279-86. 

Keinan D, Cohen RE 2013 The signifìeanee of epithelial rests of Malassez in 
the periodontal ligament. J Endod 39:582-7. 

Krieger E, Hornikel S, Wehrbein H 2013 Age-related ehanges of fibroblast 
density in the human periodontal ligament. Head Faee Med 9:22. 

Langdon J, Berkovitz BKB, Moxham BJ 2002 infeetion and the infratemporal 
fossa and assoeiated tissue spaees. In: Langdon J, Berkovitz BKB, 
Moxham BJ (eds) Surgical Anatomy of the Infratemporal Fossa. London: 
M. Dunitz, pp. 77-99. 

A ehapter that deseribes the tissne spaees in the floor of the mouth and how 
they beeome involved in the spread of infeetion. 

Linden RWA (ed) 1998 The Seientifie Basis of Eating: Taste and Smell, Saliv- 
ation, Mastieation and Swallowing and their Dysfiinetions. Frontiers of 
Oral Biology, vol. 9. Basel: Karger. 

Mérida-Velaseo JR, Rodríguez-Vazquez JF, de la Cuadra Blaneo C et al 2006 
Origin of the styloglossus muscle in the human fetus. J Anat 208: 
649-53. 

Mhaske S, Yuwanati MB, Mhaske A et al 2013 Natal and neonatal teeth: an 
overview of the literature. ISRN Pediatr 2013:956269. 


Mu L, Sanders I 2010 Human tongue neuroanatomy: nerve supply and 
motor endplates. Clin Anat 23:777-91. 

National Institute for Health and Ginieal Excellence 2005 Division of anky- 
loglossia (tongue-tie) for breastfeeding. London: NICE. 

Ogawa Y 2003 Immunocytochemistry of myoepithelial eells in the salivary 
glands. Prog Histoehem Cytochem 38:343-426. 

Presland RB, Dale BA 2000 Epithelial stmctural proteins of the skin and oral 
eavity: fimetion in health and disease. Crit Rev Oral Biol Med 11: 
383-408. 

Reid DJ, Dean CM 2006 Variation in modern human enamel formation 
times. J Hum Evol 50:329-46. 

A paper that deseribes variations in the formation times of modern teeth 
from two populations (South Afriea and Northern Europe) using 
ineremental lines in enamel. 

Renton T 2011 Minimising and managing iatrogenous trigeminal nerve 
injuries in relation to dental procedures. In: Bireh R Surgical Disorders 
of the Peripheral Nerves. Berlin: Springer. Ch. 11, pp. 501-25. 

A ehapter that deseribes smgieal technic\ues for avoiding damage to 
branehes of the mandibniar nerve drning tooth extraction. 

Riva A, Serra GP, Proto E et al 1992 The myoepithelial and basal eells of 
ducts of human major salivary glands: a SEM study. Areh Histol Cytol 
55:Suppl: 115-24. 

Rodella LF, Buffoli B, Labanea M et al 2012 A review of the mandibular and 
maxillary nerve supplies and their elinieal relevanee. Areh Oral Biol 
57:323-34. 

Sehroeder HE, Listgarten MA 1997 The gingival tissues: the architecture of 
periodontal proteetion. Periodontol 2000 13:91-120. 

Seott J 1979 Qualitative and quantitative ehanges in the histology of the 
human submandibular salivary gland during postnatal growth. J Biol 
Buccale 7:341-52. 

Seott J 1986 Stmcture and fimetion in aging human salivary glands. Geron- 
tology 5:149-58. 

A paper that gives cfuantitative information on ehanges that oeem in the 
parenehyma of the major salivary glands with age, and disensses the resnits 
in terms of xerostomia. 

Smith DV, Robert F, Margolskee RF 2006 Making sense of taste. Seientifie 
Ameriean 16:84-92. 

Stevens B, Yamada J, Lee GY et al 2013 Sucrose for analgesia in newborn 
infants undergoing painfiil procedures. Cochrane Database of System- 
atie Reviews 1:CD001069. 

Tosios KI, Nikolakis M, Prigkos AC et al 2010 Nerve eell bodies and small 
ganglia in the eonneetive tissue stroma of human submandibular 
glands. Neurosci Lett 475:53-5. 

Webb AN, Hao W, Hong P 2013 The effeet of tongue-tie division on breast- 
feeding and speeeh articulation: a systematie review. Int J Pediatr Oto- 
rhinolaryngol 77:635-46. 

Yamashina S, Tamaki H, Katsumata O 1999 The serous demilune of the rat 
sublingual gland is an artifieial stmcture produced by eonventional fix- 
ation. Areh Histol Cytol 62:347-54. 

A paper that deseribes the steps needed to avoid fixation artefaets when 
studying the histoiogieai appearanee of saiivary giands. 

Zur KB, Mu L, Sanders I 2004 Distribution pattern of the human lingual 
nerve. Gin Anat 17:88-92. 


533.e1 


> aaidVHO 









CHAPTER 





INFRATEMPORAL FOSSA 


The infratemporal fossa lies deep to the ramiis of the mandible. It eom- 
municates with the temporal fossa superiorly deep to the zygomatie 
areh, the orbit anteriorly through the inferior orbital fissure, and the 
pterygopalatine fossa medially through the pterygomaxillary fissure. It 
also communicates with the middle fossa through the foramina ovale 
and spinosum. The major structures that occupy the infratemporal fossa 
are the lateral and medial pterygoid muscles, the mandibular division 
of the trigeminal nerve, the ehorda tympani braneh of the faeial nerve, 
the otie parasympathetie ganglion, the maxillary artery and the ptery- 
goid venous plexus. 

The infratemporal fossa has a roof and anterior, lateral and medial 
walls, and is open to the neek posteroinferiorly i.e. it has no anatomieal 
floor. Approximately 80% of the roof is formed by the infratemporal 
surface of the greater wing of the sphenoid. The remainder is formed 
by the infratemporal surface of the temporal bone, ending at the articu- 
lar eminenee of the temporomandibular joint and the spine of the 
sphenoid on the deep medial aspeet. It eontains the foramina ovale and 
spinosum. The anterior wall is formed by the posterior surface of the 
maKÌlla, ending inferiorly at the maxillary tuberosity. The inferior 
orbital fissure forms the upper limit of the anterior walf meeting the 
pterygomaxillary fissure at right angles. The medial wall is formed 
anteriorly by the lateral pterygoid plate of the pterygoid proeess of the 
sphenoid, and more posteromedially by the pharynx and tensor and 
levator veli palatini. It eontains the pterygomaxillary fissure, aeross 
which structures pass between the infratemporal and pterygopalatine 
fossae (Fig. 32.1). The lateral wall is formed by the medial surface of 
the ramus of the mandible. 

Lateral pterygoid provides a key to understanding the relationships 
of structures within the infratemporal fossa. This muscle lies in the roof 
of the fossa and mns anteroposteriorly in a more or less horizontal 
plane from the region of the pterygoid plates to the mandibular eondyle 
(see Fig. 32.1). Branehes of the mandibular nerve and the main origin 
of medial pterygoid are deep relations and the maxillary artery is super- 
fieial. The buccal braneh of the mandibular nerve passes between the 
two heads of lateral pterygoid. Medial pterygoid and the lingual and 


inferior alveolar nerves emerge below its inferior border, and the deep 
temporal nerves and vessels emerge from its upper border. A venous 
network, the pterygoid venous plexus, lies around and within lateral 
pterygoid and is important in the spread of infeetion. 

BONES 


The sphenoid bone, the paired maxillae and temporal bones, the pala- 
tine bones and the mandible eolleetively provide the skeletal framework 
to the infratemporal and pterygopalatine regions. The mandible and the 
two temporal bones articulate at the right and left temporomandibular 
joints. The disarticulated maxilla and palatine bone are deseribed on 
pages 484 and 486, respeetively the temporal bone is deseribed on page 
624, and the sphenoid and mandible are deseribed here. 

Sphenoid bone 


The sphenoid bone lies in the base of the skull between the frontal, 
temporal and oeeipital bones. It has a eentral body, paired greater and 
lesser wings that spread laterally from the body, and two pterygoid 
proeesses that deseend from the junction of the body and greater wings 

(Fig. 32.3). 

Body 

The body of the sphenoid is aiboidal. It eontains two air sinuses, sepa- 
rated by a septum. Its eerebral (superior) surface articulates in front 
with the eribriform plate of the ethmoid bone. Anteriorly lies the 
smooth jugum sphenoidale, which is related to the gyri reeti and olfae- 
tory traets. The jugum is bounded behind by the anterior border of the 
sulcus chiasmaticus, which leads laterally to the optie eanals. Posteri- 
orly lies the tuberculum sellae, behind which is the deeply eoneave 
sella turcica. In life, the sella eontains the hypophysis eerebri in the 
hypophysial fossa. Its anterior edge is eompleted laterally by two 
middle elinoid proeesses, while posteriorly the sella turcica is bounded 
by a square dorsum sellae, the superior angles of which bear variable 
posterior elinoid proeesses. The diaphragma sella and the tentorium 
eerebelli are attaehed to the elinoid proeesses. On eaeh side, below the 
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Fig. 32.1 A, The pterygopalatine fossa after detaehment of the mandible and removal of the zygomatie areh. B, Anteromedial view. C, Lateral view; 
the arrows show that the floor of the temporal fossa is open medially to the infratemporal fossa and laterally to the region eontaining the masseter. 
(With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 
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Infratemporal and pterygopalatine fossae and temporomandibiilar joint 


There is a laek of consensus in the surgical literature with regard to 
both the boundaries and eontents of the infratemporal fossa. Thus, the 
fossa is sometimes defined as the anatomieal spaee beneath the floor 
of the middle fossa, ineorporating the remainder of the subcranial 
temporal bone as part of the roof, with the exception of the glenoid 
fossa of the temporomandibular joint. In this deseription, the fossa is 
limited posteriorly by the prevertebral faseia and includes the internal 
earotid artery, the internal jugular vein, the lower eranial nerves, the 
eervieal sympathetie tmnk, and the styloid proeess with its attaehed 
muscles and ligaments. Alternatively, the 'extended' infratemporal fossa 
is said to eonsist of the parapharyngeal and mastieator spaees 
(Fig. 32.2) (Faleon et al 2010, Hosseini et al 2012, Bejjani et al 1998, 
Joo et al 2013). 



TMJ (Mandibular fossa) 


Fig. 32.2 The ‘extended’ infratemporal fossa. The boundaries of the 
infratemporal fossa are delineated by the dotted line. Note that the lateral 
pterygoid plate and pharyngotympanie tube constitute the medial wall of 
the fossa, and that the temporomandibular joint (TMJ) forms part of its 
lateral wall. The earotid and jugular foramina lie in the posterior part of 
this extended infratemporal fossa. (Adapted with permission from 
Berkovitz BKB, Moxham BJ, Telling D 1994 Color Atlas of the Skull, 
London, Mosby and Hosseini SMS, Razfar A, Carrau RL, et al. Endonasal 
transpterygoid approaeh to the infratemporal fossa: eorrelation of 
endoseopie and multiplanar CT anatomy. Head and Neek. 
2012;34:313-320.) 
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Fig. 32.3 The sphenoid bone. A, Anterior view. B, Posterior view. C, Superior view. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


dorsiim sellae, a small petrosal proeess articulates with the apex of 
the petrous part of the temporal bone. The body of the sphenoid 
slopes direetly into the basilar part of the oeeipital bone posterior 
to the dorsum sellae; together these bones form the clivus. In the 
growing ehild, this is the site of the spheno-oeeipital synehondrosis; 
premature closure of this joint gives rise to the skull appearanees seen 
in aehondroplasia. 


The lateral surfaces of the body are united with the greater wings 
and the medial pterygoid plates. A broad earotid sulcus aeeommodates 
both the internal earotid artery and the eranial nerves assoeiated with 
the cavernous sinus above the root of eaeh wing. The sulcus is deepest 
posteriorly. It is overhung medially by the petrosal part of the temporal 
bone and has a sharp lateral margin, the lingula, which continues baek 
over the posterior opening of the pterygoid eanal. 
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SECTION 4 


INFRATEMPORAL AND PTERYGOPALATINE FOSSAE AND TEMPOROMANDIBLILAR JOINT 
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A median triangular, bilaminar sphenoidal erest on the anterior 
surface of the body of the sphenoid makes a small contribution to the 
nasal septum. The anterior border of the erest joins the perpendicular 
plate of the ethmoid bone, and a sphenoidal sinus opens on eaeh side 
of it. In the artiailated state, the sphenoidal sinuses are elosed anter- 
oinferiorly by the sphenoidal eonehae, which are largely destroyed 
when disarticulating a skull. Eaeh half of the anterior surface of the 
body of the sphenoid possesses a superolateral depressed area joined 
to the ethmoidal labyrinth that eompletes the posterior ethmoidal 
sinuses; a lateral margin that articulates with the orbital plate of the 
ethmoid above and the orbital proeess of the palatine bone below; and 
an inferomediaf smooth, triangular area, which forms the posterior 
nasal roof, and near whose superior angle lies the orifiee of a sphenoi- 
dal sinus. 

The inferior surface of the body of the sphenoid bears a median 
triangular sphenoidal rostmm, embraeed above by the diverging lower 
margins of the sphenoidal erest. The narrow anterior end of the rostmm 
fits into a fissure between the anterior parts of the alae of the vomer, 
and the posterior ends of the sphenoidal eonehae flank the rostmm, 
articulating with its alae. A thin vaginal proeess projeets medially from 
the base of the medial pterygoid plate on eaeh side of the posterior part 
of the rostmm, behind the apex of the sphenoidal eoneha. 

Greater wings 

The greater wings of the sphenoid curve broadly superolaterally from 
the body. Posteriorly, eaeh is triangular, fitting the angle between the 
petrous and squamous parts of the temporal bone at a sphenosqua- 
mosal suture. The eerebral surface contributes to the anterior part of the 
middle eranial fossa. Deeply eoneave, its undulating surface is adapted 
to the anterior gyri of the temporal lobe of the eerebral hemisphere. 
The foramen rotundum lies anteromedially and transmits the maxillary 
nerve. Posterolateral to the foramen rotundum is the foramen ovale, 
which transmits the mandibular nerve, aeeessory meningeal artery and 
sometimes the lesser petrosal nerve, although the latter nerve may have 
its own canaliculus innominatus medial to the foramen spinosum. A 
small emissary sphenoidal foramen (foramen of Vesalius), which trans- 
mits a small vein from the cavernous sinus, sometimes lies medial to 
the foramen ovale (on one or both sides). The foramen spinosum, 
which transmits the middle meningeal artery and meningeal braneh of 
the mandibular nerve, lies behind the foramen ovale. 

The lateral surface is vertieally convex and divided by a transverse 
infratemporal erest into temporal (upper) and infratemporal (lower) 
surfaces. Temporalis is attaehed to the temporal surface. The infratem- 
poral surface is direeted downwards and, with the infratemporal erest, 
is the site of attaehment of the upper fibres of lateral pterygoid. It eon- 
tains the foramen ovale and foramen spinosum. The small downward- 
projeeting spine of the sphenoid lies posterior to the foramen spinosum; 
the sphenomandibular ligament is attaehed to its tip. The medial side 
of the spine bears a faint anteroinferior groove for the ehorda tympani 
nerve and appears in the lateral wall of the sulcus for the pharyngotym- 
panie (auditory) tube. Medial to the anterior end of the infratemporal 
erest, a ridge passes downwards to the front of the lateral pterygoid 
plate, thereby forming a posterior boundary of the pterygomaxillary 
fissure. 

The quadrilateral orbital surface of the greater wing faees antero- 
medially and forms the posterior part of the lateral wall of the orbit. It 
has a serrated upper edge, which articulates with the orbital plate of the 
frontal bone, and a serrated lateral margin, which articulates with the 
zygomatie bone. Its smooth inferior border is the posterolateral edge 
of the inferior orbital fissure, and its sharp medial margin forms the 
inferolateral edge of the superior orbital fissure, on which a small 
tubercle gives partial attaehment to the eommon anular ocular tendon. 
Below the medial end of the superior orbital fissure, a grooved area 
forms the posterior wall of the pterygopalatine fossa; the latter is piereed 
by the foramen rotundum. 

The irregular margin of the greater wing, from the body of the sphen- 
oid to the spine, is an anterior limit of the medial half of the foramen 
laeemm. It also displays the posterior aperture of the pterygoid eanal. 
Its lateral half articulates with the petrous part of the temporal bone at 
a sphenopetrosal synehondrosis. Inferior to this, the sulcus tubae eon- 
tains the cartilaginous pharyngotympanie (auditory) tube. Anterior to 
the spine of the sphenoid the eoneave squamosal margin is serrated - 
bevelled internally below, externally above - for artiailation with the 
squamous part of the temporal bone. The tip of the greater wing, bevel- 
led internally, articulates with the sphenoidal angle of the parietal bone 
at the pterion. Medial to this, a triangular rough area articulates with 
the frontal bone; its medial angle is continuous with the inferior 
boundary of the superior orbital fissure, and its anterior angle joins the 
zygomatie bone by a serrated articulation. Fractures of the zygomatie 


bone preferentially pass through this articulation with the greater wing 
because it is a line of weakness in the lateral orbit. 

Lesser wings 

The lesser wings of the sphenoid are triangular pointed plates that 
protmde laterally from the anterosuperior regions of the body. The 
superior surface of eaeh wing is smooth and related to the frontal lobe 
of the eerebral hemisphere. The inferior surface is a posterior part of 
the orbital roof and upper boundary of the superior orbital fissure, and 
overhangs the middle eranial fossa. The posterior border projeets into 
the lateral fissure of the eerebral hemisphere. The medial end of the 
lesser wing forms the anterior elinoid proeess. The anterior and middle 
elinoid proeesses are sometimes united to form a earotieoelinoid 
foramen. The lesser wing is eonneeted to the body by a thin, flat anterior 
root and a thiek, triangular posterior root (the optie stmt), between 
which lies the optie eanal. The optie stmt extends from the base of the 
anterior elinoid proeess to the body and separates the optie eanal from 
the superior orbital fissure. The optie eanal is bounded by the body of 
the sphenoid medially, the lesser wing superiorly, and the optie stmt 
inferiorly and laterally. 

Superior orbital fissure 

The superior orbital fissure eonneets the eranial eavity with the orbit. It 
is bounded medially by the body of the sphenoid, above by the lesser 
wing of the sphenoid, below by the medial margin of the orbital surface 
of the greater wing, and laterally, between the greater and lesser wings, 
by the frontal bone. The eontents of the superior orbital fissure are 
deseribed on p. 667 (see Fig. 41.4). 

Pterygoid proeesses 

The pterygoid proeesses deseend perpendicularly from the junctions of 
the greater wings and body. Eaeh eonsists of a medial and lateral plate, 
whose upper parts are fhsed anteriorly. The plates are separated below 
by the angular pterygoid fissure, whose margins articulate with the 
pyramidal proeess of the palatine bone, and diverge behind. Medial 
pterygoid lies in the cuneiform pterygoid fossa between the plates. 
Above is the small, oval, shallow seaphoid fossa, which is formed by 
division of the upper posterior border of the medial plate. Part of tensor 
veli palatini is attaehed to the fossa. The anterior surface of the root of 
the pterygoid proeess is broad and triangular, and forms the posterior 
wall of the pterygopalatine fossa; it is piereed by the anterior opening 
of the pterygoid eanal. 

Lateral pterygoid plate 

The lateral pterygoid plate is broad, thin and everted. The lateral surface 
forms part of the medial wall of the infratemporal fossa; the lower part 
of lateral pterygoid is attaehed to it. The medial surface is the lateral 
wall of the pterygoid fossa; most of the deep head of medial pterygoid 
is attaehed to it. The upper part of its anterior border is a posterior 
boundary of the pterygomaxillary fissure, and the lower part articulates 
with the palatine bone. The posterior border is free. 

Medial pterygoid plate 

The medial pterygoid plate is narrower and longer than the lateral. Its 
lower end is eontimied into an unciform projeetion, the pterygoid 
hamulus, which oirves laterally. The pterygomandibular raphe is 
attaehed to the hamulus, and the tendon of tensor veli palatini winds 
around the hamulus. The lateral surface forms the medial wall of the 
pterygoid fossa and the medial surface provides a lateral boundary of 
the posterior nasal aperture. The medial plate is prolonged above on 
the inferior aspeet of the body of the sphenoid as a thin vaginal proeess 
that articulates anteriorly with the sphenoidal proeess of the palatine 
bone and medially with the ala of the vomer. The plate articulates with 
the posterior border of the perpendicular plate of the palatine bone in 
the lower part of its anterior margin. Inferiorly, it bears a furrow, which 
is eonverted anteriorly into the palatovaginal eanal by the sphenoidal 
proeess of the palatine bone. The palatovaginal eanal transmits pharyn- 
geal branehes of the maxillary artery and pterygopalatine ganglion. The 
pharyngobasilar faseia is attaehed to the whole of the posterior margin 
of the medial plate, and the superior pharyngeal eonstrietor is attaehed 
to its lower end. The small pterygoid tubercle is found at the upper end 
of the plate, just below the posterior opening of the pterygoid eanal. 
The processus tubarius, which supports the cartilaginous pharyngeal 
end of the pharyngotympanie tube, projeets baek near the midpoint of 
the margin of the medial pterygoid plate. 

Though adjaeent, the medial and lateral pterygoid plates have dis- 
tinet roles. The lateral plate is the provinee of the infratemporal fossa 
and mastieator spaee, forming part of the medial boundary of the 
infratemporal fossa and providing origin to the lateral and medial 
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pterygoids. The medial plate is fanetionally related to the pharynx, 
providing attaehment for the pharyngobasilar faseia, superior eonstrie- 
tor and pterygomandibular raphe. 

Midfaee fraetlires Midfaee fractures at Le Fort I, II and III levels 
invariably involve the pterygoid plates; displaeement of the outlines of 
these bones radiographieally eonfìrms the diagnosis. 

Sphenoidal eonehae 

The sphenoidal eonehae are two thin, curved small plates, attaehed 
anteroinferiorly to the body of the sphenoid bone. The superior eoneave 
surface of eaeh forms the anterior wall and part of the floor of a 
sphenoidal sinus. In situ, eaeh has vertieal quadrilateral anterior and 
horizontal triangular posterior parts. The anterior part eonsists of a 
superolateral depressed area, which eompletes the posterior ethmoidal 
sinuses and joins below with the orbital proeess of a palatine bone, and 
a smooth and triangular inferomedial area, which forms part of the 
nasal roof and is perforated above by the round opening eonneeting 
the sphenoidal sinus and spheno-ethmoidal reeess. 

Anterior parts of the two bones meet in the midline, and protmde 
as the sphenoidal erest. The horizontal part appears in the nasal roof 
and eompletes the sphenopalatine foramen. Its medial edge artiailates 
with the rostmm of the sphenoid and the ala of the vomer. Its apex, 
direeted posteriorly, is superomedial to the vaginal proeess of the 
medial pterygoid plate and joins the posterior part of the ala. A small 
eonehal part sometimes appears in the medial wall of the orbit, lying 
between the orbital plate of the ethmoid in front, the orbital proeess 
of the palatine bone below and the frontal bone above. 

Ossifieation 

Until the seventh or eighth month in utero, the sphenoid body has a 
presphenoidal part, anterior to the tuberculum sellae, with which the 
lesser wings are continuous, and a postsphenoidal part, eonsisting of 
the sella turcica and dorsum sellae, and integral with the greater wings 
and pterygoid proeesses. Much of the bone is preformed in eartilage. 
There are six ossifieation eentres for the presphenoidal parts and eight 
for the postsphenoidal parts. 

Presphenoidal part 

At about the ninth week of fetal life, a eentre appears in eaeh wing, 
lateral to the optie eanal, and a little later two bilateral eentres appear 
in the presphenoidal body. Eaeh sphenoidal eoneha has a eentre, 
appearing superoposteriorly in the nasal capsule in the fifth month in 
utero. As this enlarges, it partly surrounds a posterosuperior expansion 
of the nasal eavity, which beeomes the sphenoidal sinus. The pos- 
terior eonehal wall is absorbed and the sinus invades the presphenoi- 
dal eomponent. In the fourth year, the eoneha fuses with the 
ethmoidal labyrinth and, before puberty, it fhses with the sphenoid 
and palatine bones. Its anterior defieieney persists as an opening for 
the sphenoidal sinus. 

Postsphenoidal part 

The first eentres appear in the greater wings at about the eighth week 
of fetal life, one in the basal eartilage of eaeh wing below the foramen 
rotundum. These eentres only contribute to the root of the greater wing 
(near the foramen rotundum and pterygoid eanal). The remainder of 
the greater wing and the lateral pterygoid plate are ossified in mesen- 
ehyme. At about the fourth month of fetal life, two eentres appear, 
flanking the sella turcica, and soon fuse. The medial pterygoid plates 
are also ossified in 'membrane', a eentre in eaeh probably appearing in 
about the ninth or tenth week. The hamulus is ehondrified during the 
third fetal month and at onee begins to ossify. Medial and lateral ptery- 
goid plates join at about the sixth fetal month. During the fourth 
month, a eentre appears for eaeh lingula, soon joining the body. 
The optie eanal in the neonate is relatively large and has a keyhole or 
'figme of eight' shape rather than the circular profile seen in the adult 
(Lang 2001). 

Postnatal details 

Presphenoidal and postsphenoidal parts fuse at about the eighth month 
in utero but an unciform eartilage persists after birth in lower parts of 
the junction. At birth, the bone is tripartite and eonsists of a eentral part 
(body and lesser wings) and two lateral parts (eaeh eonsisting of a 
greater wing and pterygoid proeess). During the first year, the greater 
wings and body unite around the pterygoid eanals, and the lesser wings 
extend medially above the anterior part of the body, meeting to form 
the smooth, elevated jugum sphenoidale. By the twenty-fifth year, 
sphenoid and oeeipital bones are eompletely fused. An oeeasional vas- 
cular foramen, often erroneously termed the eraniopharyngeal eanal, is 
oeeasionally seen in the anterior part of the hypophysial fossa. 


Although the sphenoidal sinus ean be identified in the fourth month 
of fetal life as an evagination of the posterior part of the nasal capsule, 
by birth it represents an outgrowth of the spheno-ethmoidal reeess. 
Pneumatization of the body of the sphenoid eommenees at around 7 
months of age and a distinet eell is visible by the age of 2 years. Pneu- 
matization spreads first into the presphenoid and later invades the 
postsphenoid part. The sinus reaehes full size in adoleseenee, but often 
enlarges fhrther by absorption of its walls as age advanees. 

Oertain parts of the sphenoid are eonneeted by ligaments that may 
oeeasionally ossify, e.g. the pterygospinous ligament between the 
sphenoidal spine and the upper part of the lateral pterygoid plate; the 
interelinoid ligament joining the anterior to the posterior elinoid 
proeess; and the earotieoelinoid ligament that eonneets the anterior to 
the middle elinoid proeess. 

Premature synostosis of the junction between pre- and postsphenoi- 
dal parts, or of the spheno-oeeipital suture, produces a eharaeteristie 
appearanee, obvious in profile, of an abnormal depression of the nasal 
bridge. 

Stylohamular plane 

(§) Available with the Gray’s Anatomy e-book 

Mandible 


The mandible is the largest, strongest and lowest bone in the faee. It 
has a horizontally curved body that is convex forwards, and two broad 
rami that aseend posteriorly (Fig. 32.5). The body of the mandible 
supports the mandibular teeth within the alveolar proeess. The rami 
bear the eoronoid and eondylar proeesses. Eaeh eondyle articulates with 
the adjaeent temporal bone at the temporomandibular joint. 

Body 

The body is somewhat U-shaped. It has external and internal surfaces 
separated by upper and lower borders. Anteriorly, the upper external 
surface shows an ineonstant faint median ridge indieating the site of 
the fhsed symphysis menti. Inferiorly, this ridge divides to enelose a 
triangular mental protuberance; its base is eentrally depressed but raised 
on eaeh side as a mental tubercle. The mental protuberance and mental 
tubercles constitute the ehin. The mental foramen, from which the 
mental neurovascular bimdle emerges, lies below either the interval 
between the premolar teeth, or the seeond premolar tooth, midway 
between the upper and lower borders of the body. The posterior border 
of the foramen is smooth and aeeommodates the nerve as it emerges 
posterolaterally. A faint external oblique line aseends backwards from 
eaeh mental tubercle, and sweeps below the mental foramen; it beeomes 
more marked as it continues into the anterior border of the ramus. 

The lower border of the body, the base, extends posterolaterally from 
the mandibular symphysis into the lower border of the ramus behind 
the third molar tooth. Near the midline on eaeh side, there is a rough 
digastrie fossa, which gives attaehment to the anterior belly of digastrie. 
Behind the fossa, the base is thiek and rounded: it has a slight antero- 
posterior convexity that ehanges to a gentle eoneavity as the ramus is 
approaehed, and so the base has an overall sinuous profile. 

The upper border, the alveolar part, eontains 16 alveoli for the roots 
of the lower teeth. It eonsists of buccal and lingual plates of bone joined 
by interdental and inter-radioilar septa. Near the seeond and third 
molar teeth, the external oblique line is superimposed on the buccal 
plate. As in the maxilla, the form and depth of the tooth soekets is 
related to the morphology of the roots of the mandibular teeth. The 
soekets of the ineisor, eanine and premolar teeth usually eontain a 
single root, while those for the three molar teeth eaeh eontain two or 
three roots. The third molar is variable in its position and root presen- 
tation. It may be impaeted vertieally, horizontally, mesially or distally, 
and its roots may be bulbous, hooked, divergent or eonvergent, and 
oeeasionally embraee the mandibular (inferior dental) eanal. The inter- 
nal surface of the mandible is divided by an oblique mylohyoid line 
that gives attaehment to mylohyoid (and, above its posterior end, to 
the superior pharyngeal eonstrietor, some retromolar faseieles of buc- 
einator, and the pterygomandibular raphe behind the third molar). The 
mylohyoid line extends from a point approximately 1 em from the 
upper border behind the third molar as far forwards as the mental 
symphysis; it is sharp and distinet near the molars but faint fhrther 
forwards. The mylohyoid groove extends downwards and forwards from 
the ramus below the posterior part of the mylohyoid line and eontains 
the mylohyoid neurovascular bundle. The area below the line is a 
slightly eoneave submandibular fossa and is related to the submandibu- 
lar gland. The area above the line widens anteriorly into a triangular 
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A plane exists between the pharyngeal side wall and the infratemporal 
fossa/mastieator spaee. It is readily identified by palpating the tip of the 
styloid proeess and with gentle blunt finger disseetion passing anter- 
iorly and medially to the pterygoid hamulus at the lower border of the 
medial pterygoid plate. Termed the 'stylohamular plane' (Friedman 
et al 1981), it defines the medial and superior boundary of the infratem- 
poral fossa and is the medial boundary for tumours eonfined to the 
infratemporal fossa. With reseetions using the stylohamular plane as a 
guide, the internal earotid, internal jugular vein and the vagus nerve 
should not be at risk because they are deep to the styloid apparatus 
(Fig. 32.4). 



Fig. 32.4 The stylohamular plane (dotted line). Key: 1, pterygoid hamulus; 
2, styloid proeess; 3, foramen spinosum; 4, foramen ovale; 5, lateral 
pterygoid plate. 
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INFRATEMPORAL AND PTERYGOPALATINE FOSSAE AND TEMPOROMANDIBLILAR JOINT 
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Fig. 32.5 The adiilt mandible. A, Anterior view. B, Inferior view. C, Lateral view (with muscle attaehments in D). E, Internal view (with muscle attaehments 
in F). (Redrawn with permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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sublingual fossa and is related to the sublingual gland; the bone is 
eovered by mucosa above the sublingual fossa as far baek as the third 
molar. In an edentulous subject, it may be neeessary to reduce any 
ridge-like prominenee of the mylohyoid line in order for dentures to fìt 
without traumatizing the overlying oral mucosa. 

Above the anterior ends of the mylohyoid lines, the posterior sym- 
physial aspeet bears a small elevation, often divided into upper and 
lower parts, the mental spines (genial tubercles). The spines are some- 
times fused to form a single eminenee, or they may be absent, in which 
ease their position is indieated merely by an irregularity of the surface. 
The upper part gives attaehment to genioglossus, the lower part to 
geniohyoid. Midline lingual (genial) foramina, above and/or below the 
genial tubercles, and lateral lingual foramina in the premolar region are 
present in most mandibles and are of importanee in the vasoilar supply 
to the symphysis. A rounded elevation of eompaet bone, the toms 
mandibularis, sometimes develops above the mylohyoid line; it is most 
prominent in the premolar region, is usually bilateral and only of elini- 
eal signifìeanee if repeatedly traumatized. 

Ramus 

The mandibular ramus is quadrilateral, and has two surfaces (lateral 
and medial), four borders (superior, inferior, anterior and posterior) 
and two proeesses (eoronoid and eondylar). The lateral surface is rela- 
tively featureless and bears the (external) oblique ridge in its lower part. 
The mandibular foramen, through which the inferior alveolar neuro- 
vascular bundle passes to gain aeeess to the mandibular eanal (see 
below), is sited midway between the anterior and posterior borders of 
the ramus about level with the occlusal surfaces of the teeth. It is over- 
lapped anteromedially by a thin, sharp, triangular spine, the lingula, to 
which the sphenomandibular ligament is attaehed, and which is also 
the landmark for an inferior alveolar loeal anaesthetie bloek injeetion. 
Below and behind the foramen, the mylohyoid groove mns obliquely 
downwards and forwards. 

The inferior border is continuous with the mandibular base and 
meets the posterior border at the angle, which is typieally everted in 
males but frequently inverted in females. The thin superior border 
bounds the mandibular incisure (sigmoid or mandibular noteh, 
incisura semilunaris), which is surmounted in front by the somewhat 
triangular, flat eoronoid proeess and behind by the eondylar proeess. 
The thiek, rounded posterior border extends from the eondyle to the 
angle, and is gently convex backwards above and eoneave below. The 
anterior border is thin above, where it is continuous with the edge 
of the eoronoid proeess, and thieker below, where it is continuous with 
the external oblique line. The temporal erest is a ridge that deseends on 
the medial side of the eoronoid proeess from its tip to the bone just 
behind the third molar tooth. The triangular depression between the 
temporal erest and the anterior border of the ramus is the retromolar 
fossa (retromolar trigone). 

The ramus and its proeesses provide attaehment for the four primary 
muscles of mastieation. Masseter is attaehed to the lateral surface, 
medial pterygoid is attaehed to the medial surface, temporalis is inserted 
into the eoronoid proeess and lateral pterygoid is attaehed to the 
eondyle. The thiekness of the ramus deereases markedly behind the 
external oblique line laterally, the temporal erest medially, and above 
the lingula; there may be fhsion of the lateral and medial eortieal plates. 
This is of importanee in mandibular ramus osteotomies and also influ- 
enees the frequency of fractures of the mandibular angle. 


Antilingula 




Mandibular eanal 

The mandibular foramen leads into the mandibular eanal, which mns 
downwards and forwards within the ramus, gently curving inferiorly 
within the body under the roots of the molar teeth, with which it eom- 
municates by small openings, and aseending in the premolar region to 
the mental foramen. The eanal is not always easy to define on plain 
X-rays, espeeially anterior to the mental foramen. Its walls may be 
formed either by a thin layer of eortieal bone or, more frequently, by 
trabecular bone. Although the buccal-lingual and superior-inferior 
positions of the eanal vary eonsiderably between mandibles, in general, 
the mandibular eanal is situated nearer the lingual eortieal plate in the 
posterior two-thirds of the bone, and eloser to the labial eortieal plate 
in the anterior third. Bilateral symmetry (loeation of the eanal in eaeh 
half of the mandible) is reported to be eommon. Near the mental 
foramen, the inferior alveolar nerve branehes into the mental nerve, 
which ultimately leaves the mandible via the mental foramen, and the 
ineisive nerve, which remains within the bone and supplies the anterior 


teeth. The mental nerve may extend anteriorly for 2-3 mm within the 
mandible before curving baek to the mental foramen (the 'anterior 
loop' of the mental nerve). Appreeiation of the three-dimensional 
course of the mandibular eanal during its passage through the mandible 
from the mandibular to the mental foramina is essential if damage to 
the inferior alveolar nerve is to be avoided in third molar surgery, man- 
dibular osteotomies, dental implant surgery and harvesting of man- 
dibular bone grafts. 

Ooronoid proeess 

The eoronoid proeess projeets upwards and slightly forwards as a trian- 
gular plate of bone. Its posterior border bounds the mandibular incisure, 
and its anterior border continues into that of the ramus. 


Coronoid hyperplasia 



Available with the Gray’s Anatomy e-book 


Oondylar proeess 

The mandibular eondyle varies eonsiderably in both size and shape. 
When viewed from above, the eondyle is roughly ovoid in outline, its 
anteroposterior dimension (approximately 1 em) being roughly half its 
mediolateral dimension. The long axis of the eondyle is at right angles 
to the mandibular ramus but, due to the flare of the ramus, the lateral 
pole of the eondyle is slightly anterior to the medial; if the long axes 
of the two eondyles are extended, they meet at an obtuse angle, varying 
from 145 0 to 160°, at the anterior border of the foramen magnum. The 
slender neek of the eondyle, which expands transversely upwards, joins 
the ramus to the artiodar head. The pterygoid fovea, a small depression 
situated on the anterior surface of the neek below the articular surface, 
reeeives part of the attaehment of lateral pterygoid. 

The eondyle eonsists of a eore of cancellous bone eovered by a thin 
outer layer of eompaet bone whose intra-articular aspeet is eovered by 
layers of fibroeartilage. The eondyle is one of the most eommon sites 
for mandibular fractures. 


Condylar hyperplasia 



Aeeessory foramina of the mandible 

Aeeessory mandibular foramina are usually unnamed and infrequently 
deseribed, and yet they are numerous. They may transmit auxiliary 
nerves to the teeth (from faeial, mylohyoid, buccal, transverse eervieal 
cutaneous, lingual and other nerves), and their occurrence is signifieant 
in dental anaesthetie bloeking techniques. The innervation of the teeth 
is discussed on page 526. The aeeessory lingual foramina in the man- 
dibular symphysis are particularly relevant in dental implant surgery 
and osteotomies, e.g. genioplasty, at this site (see below). 

Ossifieation 

The mandible forms in dense fibromembranous tissue lateral to the 
inferior alveolar nerve and its ineisive braneh, and also in the lower 
parts of Meekel's eartilage (first branehial areh). Eaeh half is ossified 
from a eentre that appears near the mental foramen at about the sixth 
week in utero. From this site, ossifieation spreads medially and postero- 
eranially to form the body and ramus, first below, and then around, the 
inferior alveolar nerve and its ineisive braneh. Ossifieation then spreads 
upwards, initially forming a trough, and later erypts, for the developing 
teeth. By the tenth week, Meekel's eartilage below the ineisor mdiments 
is surrounded and invaded by bone. The mandibular eondyle and eoro- 
noid proeess do not develop from the primary (Meekel's) eartilage but 
from seeondary eartilages that appear later (Fig. 32.6). A eonieal mass, 
the eondylar eartilage, extends from the mandibular head downwards 
and forwards in the ramus, and contributes to its growth in height. 
Although it is largely replaeed by bone by midfetal life, its proximal end 
persists as proliferating eartilage under the fibrous articular lining until 
about the third deeade. Another seeondary eartilage, which soon ossi- 
fies, appears along the anterior eoronoid border, and disappears before 
birth. One or two cartilaginous nodules also occur at the symphysis 
menti. At about the seventh month in utero, these may ossify as variable 
mental ossieles in symphysial fibrous tissue; they unite with adjaeent 
bone before the end of the first postnatal year. 

Age ehanges in the mandible 

At birth, the two halves of the mandible are united by a fibrous sym- 
physis menti (Fig. 32.7B). The anterior ends of both mdiments are 
eovered by eartilage, separated only by a symphysis. llntil fusion occurs, 
new eells are added to eaeh eartilage from symphysial fibrous tissue, 
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The term 'antilingnla' has been used to deseribe an ineonstant bony 
prominenee on the lateral aspeet of the ramus. This loealized bulge, 
initially thought to be the result of the entranee of the inferior alveolar 
neurovascular bundle into the medial ramus, has been used as a guide 
to the position of the mandibular foramen in mandibular osteotomies. 
However, there is little eorrelation between the position of the antilin- 
gula and the mandibular foramen. It has been suggested that the promi- 
nenee (when present) on the lateral ramus could refleet the insertion 
of fibres of masseter (Lang 1995, Hogan and Ellis 2006, Park 2014). 

The availability of computed tomography (CT), eone beam CT 
(CBCT) imaging and computer-assisted intraoperative navigation 
permits the assessment of the course of the mandibular eanal through- 
out its length both prior to and during any surgical procedure that 
could plaee the inferior alveolar nerve and/or the mental nerve at risk 
(Aizenbud et al 2012, Wittwer 2012). 

Elongation of the eoronoid proeess may be found bilaterally or unilat- 
erally, resulting in progressive, painless restrietion of mandibular 
opening, due to the impingement of the eoronoid proeess on the 
medial aspeet of the zygomatie areh(es). This rare eondition is more 
eommon in males and usually presents in the middle of the third 
deeade, although it has been reported in neonates. The aetiology is 
unknown. Treatment involves the reseetion of the eoronoid proeess(es) 
(Satoh et al 2006, McLoughlin et al 1995, Mulder et al 2012). 

Hyperplasia of the mandibular eondyle is a rare unilateral eondition 
that results in faeial asymmetry and an altered occlusion (bite). The 
eondition may occur at any age and, if it occurs prior to puberty, growth 
may not eease at the end of the growth period. Reports vary as to 
male:female ratio. Although eondylar hyperplasia is said to be self- 
limiting, removal of the growth site in the eondyle may be neeessary to 
arrest the eondition. Correction of the asymmetry of the jaw is usually 
performed; however, self-eorreetion ofthe asymmetry has been reported. 
A variety of elassifieation systems have been suggested (Obwegeser and 
Make 1986, Nitzan et al 2008, Nitzan 2009, Wolford 2014). 
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Fig. 32.6 The left half of a mandible of a hiiman embryo, 95 mm long. 
A, Lateral aspeet. B, Medial aspeet. Blue: eartilage; yellovv: bone. 
(Courtesy of A Low.) 




Fig. 32.7 A, An edentulous mandible; note the position of the mental 
foramen. B, A neonatal mandible. (Redrawn with permission from 
VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Llrban & Fiseher. Copyright 2013.) 


and ossifieation on its mandibular side proeeeds towards the midline. 
When the latter proeess overtakes the former and ossifieation extends 
into median fibrous tissue, the symphysis fhses. At this stage, the body 
is a mere shell, which eneloses the imperfeetly separated soekets of 
deciduous teeth. The mandibular eanal is near the lower border, and 
the mental foramen opens below the first deciduous molar and is 
direeted forwards. The eondyle is almost in line with the occlusal plane 
of the mandible and the eoronoid projeets above the eondyle. During 
the first three postnatal years, the two halves join at their symphysis 
from below upwards, although separation near the alveolar margin may 
persist into the seeond year. The body elongates, espeeially behind the 
mental foramen, providing spaee for three additional teeth. During the 
first and seeond years, as a ehin develops, the mental foramen alters 
direetion; it no longer faees forwards but now faees backwards, as in 
the adult mandible, and aeeommodates the ehanging direetion of the 
emerging mental nerve. 

In general terms, inerease in height of the body of the mandible is 
aehieved primarily by formation of alveolar bone assoeiated with the 
developing and empting teeth, although some bone is also deposited 
on the lower border. inerease in length of the mandible is aeeomplished 
by deposition of bone on the posterior surface of the ramus and eon- 
eomitant eompensatory resorption on the anterior surface (aeeompa- 
nied by deposition of bone on the posterior surface of the eoronoid 
proeess and resorption on the anterior surface of the eondylar proeess); 
a part of the ramus is therefore modelled into an addition to the man- 
dibular body. inerease in width of the mandible is produced by depos- 
ition of bone on the outer surface of the mandible and resorption on 
the inner surface. An inerease in the eomparative size of the ramus 
eompared with the body of the mandible occurs during postnatal 
growth and tooth emption. 

The role of the eondylar eartilages in mandibular growth remains 
eontroversial. One view states that eontimied proliferation of this ear- 
tilage is primarily responsible for the inerease in both the mandibular 
length and the height of the ramus. Alternatively, there is persuasive 
experimental evidenee that proliferation of the eondylar eartilage is an 
adaptive response to fimetion, rather than being genetieally determined. 
Oondylar grovvth and remodelling have been shown to be influenced 
signifieantly by loeal faetors - notably, movement and loading of the 
temporomandibular joint - and to be relatively immune to systemie 
influences such as vitamin C and D defieieney. Considering the ehanges 
that occur in the dentition throughout life, continuous adaptation of 
the temporomandibular artiailation is required in order to maintain 
fimetional occlusal alignment between the upper and lower arehes of 
teeth; this adaptation is thought to be largely the result of ongoing 
eondylar remodelling. 

In adults, alveolar and subalveolar regions are about equal in depth, 
and the mental foramen appears midway between the upper and lower 
borders. If teeth are lost, alveolar bone is resorbed, and both the mental 
foramen and the mandibular eanal eome to lie eloser to the superior 
border (see Fig. 32.7A). The mental foramen is plaeed higher than the 
mandibular eanal posterior to it, and so resorption of the alveolus in 
edentulous patients exposes the nerve at the foramen, i.e. prior to the 
nerve in the mandibular eanal (Cawood and Howell 1988, Lang 1995, 
Eufinger et al 1997). 


Bone resorption in the mandible 



Available with the Gray’s Anatomy e-book 


Blood supply of the mandible 

The blood supply to the body of the mandible is derived from its prin- 
eipal nutrient artery, the inferior alveolar artery, and from the vessels 
supplying genioglossus, geniohyoid and the anterior belly of digastrie 
(which are all attaehed to its lingual aspeet between the mental 
foramina). The blood supply to these muscles is from the sublingual 
braneh of the lingual artery and the submental braneh of the faeial 
artery. Branehes of these vessels may perforate the lingual eortieal plate 
through lateral lingual foramina in the premolar region and genial 
foramina in the midline, when these foramina are present (Fig. 32.10). 
Anastomoses between these vessels are eommon. A braneh of the sub- 
mental artery may anastomose with the mental artery, permitting ret- 
rograde vascular supply to the body and symphysis (relevant in 
mandibular fractures). The vascular supply to the mandibular symphy- 
sis is of importanee in dental implant surgery. The ramus, including the 
mandibular angle, is supplied by the inferior alveolar artery and from 
the vessels supplying masseter and medial pterygoid. Vessels supplying 
temporalis supply the eoronoid proeess. The vascular supply to the 
mandibular eondyle, temporomandibular joint and the individual 








































Infratemporal and pterygopalatine fossae and temporomandibiilar joint 


The pattern of bone resorption (atrophy) of the mandible following the 
loss of teeth is said to be in a eentrifngal ('down and out') direetion, 
eompared to a eentripetal direetion in the maxilla. These differenees 
produce a progressive inerease in the ineongmity of the alveolar pro- 
eesses of the jaws. Bone loss is not limited to the alveolar part; it ean 
involve the base (basal bone) to varying degrees. Progressive remodel- 
ling of the mandible and maxilla aeeompany the bone loss; it is not 
limited to the body of the mandible but also involves the eoronoid 
proeess and the mandibular eondyle, and reduction in both the height 
and width of the ramus. This bone loss has implieations in denture 
eonstmetion, dental implant surgery and mandibular fractures (Figs 
32.8-32.9) (Aziz and Najjar 2009, Ellis and Priee 2008, Cawood and 
Howell 1988, Eufinger et al 1997, Sutton et al 2004). 



Fig. 32.8 The opposing direetion (arrows) of resorption ('atrophy’) of 
the mandible and maxilla, resulting in inereasing ineongmity between 
the jaws. The resorption involves the alveolus and the basal bone. 
(Image courtesy of Dr Alf Nastri, Royal Melbourne Hospital.) 



Fig. 32.9 A bilateral fracture of an edentulous atrophie mandible. There is 
eomplete loss of the alveolar proeess, extending into the underlying basal 
bone. The mental foramen (narrow arrows) and the mandibular eanal 
(broad arrows) are at the superior border. 



Fig. 32.10 A CT image showing the lateral lingual foramina (arrows). 
(Courtesy of Dr Koh Nakajima, with permission from Nakajima K, Tagaya 
A, Otonari-Yamamoto M, et al. Composition of the blood supply in the 
sublingual and submandibular spaees and its relationship to the lateral 
lingual foramen of the mandible. Oral Surg Oral Med Oral Pathol Oral 
Radiol 2014;117(1):e32-8.) 
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Temporomandibular joint 


mastieatory muscles is deseribed below (Janfanza et al 2001, MeDonnel 
et al 1994, jaeobs et al 2007, Romanos et al 2012, Nakajima et al 2014). 

Endosseous blood supply to the mandible via 
lingual foramina 



TISSLIE SPACES 



Deseriptions of the various 'spaees' in the head and neek and the faseial 
arrangements of the head and neek in the literature laek elarity, and are 
variable and open to misinterpretation. There is even eontroversy as to 
what constitutes 'faseia' (Guidera et al 2012). No gold standard exists 
as to what constitutes eervieal faseia; however, the landmark paper by 
Grodinsky and Holyoke (1938) is suggested as a useful initial point of 
referenee. 

The eontents of the infratemporal fossa are eontained within a well- 
defined spaee that is bounded by and ineorporates the mastieatory 
muscles; this is termed the mastieator spaee. The mastieator spaee is 
elosed posteriorly by the attaehment of the deep eervieal faseia, medial 
pterygoid and masseter (pterygomasseterie sling), and anteriorly, lateral 
to the ramus, by the firm attaehment of masseter (the submasseteric 
spaee is a potential spaee). The mastieator spaee is elosed superiorly by 
both the temporal faseia laterally and the firm attaehment of temporalis 
to the bone of the temporal fossa (the deep temporal spaee is also only 
a potential spaee). Medial to the ramus of the mandible, the pterygo- 
mandibular spaee (part of the mastieator spaee) communicates freely 
with the pterygopalatine fossa, offering little resistanee to the spread of 
infeetion or tumours. Posteriorly penetrating maxillary tumours direetly 
involve the mastieator spaee/infratemporal fossa and the pterygopala- 
tine fossa. Reseetion of the mastieator spaee has been termed a eom- 
partment' reseetion of the mandible (MeMahon et al 2013, Blanehaert 
and Ord 1998) (Fig. 32.12). 

Above the level of the zygomatie areh, the temporal faseia provides 
both the superior and lateral limits, by its attaehments to the superior 
temporal line and the zygomatie areh, respeetively. Below the zygo- 
matie areh, the investing layer of deep eervieal faseia (superficial layer 
of deep eervieal faseia) splits into two laminae to enelose masseter, 
the lower part of temporalis and medial pterygoid, fiirther defining 
the boundaries of the mastieator spaee. The superficial (lateral) 
lamina eovers masseter and attaehes to the zygomatie areh, and the 
deep (medial) lamina mns on the deep surface of medial pterygoid, 
attaehing to the skull base medial to the foramen ovale (Guidera et al 
2014). This faseial eovering of the mastieatory muscles is felt to be 
distinet from the parotid faseia (capsule). The eontents of the masti- 
eator spaee are temporalis, masseter, medial and lateral pterygoid, the 
ramus and eoronoid proeess of the mandible, the mandibular nerve 
and otie ganglion, the maxillary artery and the pterygoid venous 
plexus, and part of the buccal fat pad anterolaterally. The submasse- 
terie, pterygomandibular, superficial and deep temporal spaees are 
eontained within. 

The superficial temporal spaee lies between the temporal faseia lat- 
erally and temporalis medially. The deep temporal spaee, like the sub- 
masseterie spaee, is a potential spaee. It lies between temporalis laterally 
and the temporal fossa of the skull medially. Both spaees are in eom- 
munication with the remainder of the mastieator spaee inferiorly. 

There is debate as to the upper limit of the mastieator spaee, with 
the suggestion that it should be at the level of the zygomatie areh. Sinee 
both temporal spaees communicate with the remainder of the masti- 
eator spaee, a single mastieator spaee ineorporating the temporal faseia, 
muscles and temporal spaees is favoured (Guidera et al 2014). 



The temporomandibular joint (TMJ) is a synovial joint between the 
glenoid fossa (mandibular fossa) of the temporal bone above and the 
mandibular eondyle. It is unusual in that its articular surfaces are lined 
by fibroeartilage, rather than hyaline eartilage; fibroeartilage is less sus- 
eeptible to degeneration and has a greater repair eapaeity. The joint 
eavity is divided into upper and lower eompartments ('spaees') by a 
fibrocartilaginous articular dise. 

The anterior limit of the glenoid fossa is the articular eminenee. This 
transverse ridge of dense bone, tilted down at an angle of approximately 
25 ° to the occlusal plane, forms most of the articular surface of the 
mandibular fossa. It is strongly convex in the sagittal plane with a slight 
eoneavity in the eoronal plane. It extends out laterally to the zygomatie 


areh as the articular tubercle. The roof of the glenoid fossa, by eontrast, 
is thin and often translucent when held to the light, eonfirmation that 
this is not a major load-bearing area of the joint (Hylander 2006). The 
posterior wall is formed by the tympanie plate, which also forms the 
anterior wall of the external acoustic meatus. 

The anterior articular area of the fossa (articular fossa) is formed 
entirely from the squamous portion of the temporal bone and lined by 
articular tissue that extends anteriorly beyond the articular summit on 
to the preglenoid plane. The squamotympanic fissure marks the junc- 
tion with the posterior non-articular (tympanie) area. The tegmen 
tympani, a bony plate of the petrous temporal, intervenes in the medial 
aspeet of the fissure, where the squamotympanic fissure beeomes the 
petrotympanie fissure. The postglenoid tubercle at the root of the zygo- 
matie areh, just anterior to the squamotympanic fissure, separates the 
squamotympanic fissure laterally from the tympanie plate. 

The eondylar head, tilted forwards on the neek at an angle of 
approximately 30° (physiologieal anteversion), articulates with the 
fossa on its anterior and superior surfaces. Like the eminenee, both its 
slope and shape are variable, influenced by age, fimetion and dentition. 
In the eoronal plane, its shape varies from that of a gable (particularly 
marked in those whose diet is hard) to roughly horizontal (in the 
edentulous). 

It is probably impossible to measure the pressure developed on the 
artiailar surfaces of the human jaw joint when biting; however, direet 
measurement of loads aeross the joint in animals has demonstrated 
signifieant intermittent loading during mastieation. There is also irrefiit- 
able theoretieal evidenee based on Newtonian meehanies that the jaw 
joint is a weight-bearing joint. With a vertieal bite foree of 500 N on 
the left first molar, the right eondyle must support a load of well over 
300 N (Osborn 1995). The non-working eondyle is more loaded than 
the eondyle on the working side, which may help explain why patients 
with a fractured eondyle ehoose to bite on the side of the fracture. 


FIBR0LJS CAPSULE 


The lower part of the joint is surrounded by tight fibres, which attaeh 
the eondyle of the mandible to the dise (eollateral ligament). The upper 
part of the joint is surrounded by loose fibres, which attaeh the dise to 
the temporal bone (Fig. 32.13). Thus the articular dise is attaehed sepa- 
rately to the temporal bone and to the mandibular eondyle, forming 
what could be eonsidered two joint capsules. These attaehments stabil- 
ize the dise but allow rotation over the eondyle. Longer fibres joining 
the eondyle direetly to the temporal bone may be regarded as reinfor- 
eing. The capsule is attaehed above to the anterior edge of the pregle- 
noid plane, posteriorly to the lips of the squamotympanic fissure, 
between these to the edges of the articular fossa, and below to the 
periphery of the neek of the mandible. 


LIGAMENTS 


The ligaments of the temporomandibular joint are the temporoman- 
dibular (lateral) ligament, the sphenomandibular ligament and the 
stylomandibular ligament. 

Temporomandibular (lateral) ligament 


The broad temporomandibular ligament, reinforeing the joint capsule 
laterally, is attaehed above to the articular tubercle on the root of the 
zygomatie proeess of the temporal bone (see Fig. 32.13). It extends 
downwards and backwards at an angle of approximately 45° to the 
horizontal, to attaeh to the lateral surface and posterior border of the 
neek of the eondyle, deep to the parotid gland. A short, almost hori- 
zontal, band of eollagen eonneets the articular tubercle in front to the 
lateral pole of the eondyle behind. It may fimetion to prevent posterior 
displaeement of the resting eondyle and also initiates translation of the 
eondyle on mouth opening. 

Sphenomandibular ligament 


The sphenomandibular ligament is medial to, and normally separate 
from, the capsule (see Fig. 32.13). It is a flat, thin band that deseends 
from the spine of the sphenoid and widens as it reaehes the lingula 
of the mandibular foramen; it has an average width at its insertion 
into the mandible of about 12 mm. Some fibres traverse the medial end 
of the petrotympanie fissure and attaeh to the anterior malleolar 
proeess. This part is a vestige of the dorsal end of MeekeLs eartilage. 
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The endosseous supply of the mandibular symphysis via the lingual 
foramina, and the rieh vascular supply to the anterior floor of the 
mouth are of particular importanee in dental implant surgery and oste- 
otomies, e.g. genioplasty at this site. 

Foramina at the level of, or above, the genial tubercle (superior 
genial foramen) and below the genial tubercle (inferior genial foramen) 
are almost always found (MeDonnel et al 1994, jaeobs et al 2007). 
Lateral lingual foramina are usually identified, with an average distanee 
above the lower border of the mandible of 5 mm (Romanos et al 2012). 
The superior genial foramen may eontain a braneh of the lingual artery 
and nerve. The inferior foramen may eontain a braneh of the sublingual 
or submental arteries and a braneh of the mylohyoid nerve. The lateral 
foramen may eontain a braneh of the submental artery (jaeobs et al 

2007, Nakajima et al 2014). Although the relative contributions from 
the individual vessels vary, anastomoses between these perforating 
vessels and the inferior alveolar artery, within the mandible, are 
eommon. The soft tissues in the anterior floor of the mouth adjaeent 
to the mandible are supplied by contributions from the sublingual, 
submental and mylohyoid arteries; there are eonsiderable anastomoses 
between them (Romanos et al 2012, Nakajima et al 2014, Loukas et al 

2008, Flanagan 2003). Brisk, potentially life-threatening haemorrhage 
has been reported with dental implant plaeement in the mandibular 
symphysis, usually assoeiated with perforation of the lingual eortieal 
plate of the mandible (Romanos et al 2012, Loukas et al 2008, Woo 
et al 2006, Dubois et al 2010) (Fig. 32.11) and death has resulted from 
genioplasty, seeondary to haemorrhage in the anterior floor of the 
mouth (personal eomimmieation). The preeise source of the haemor- 
rhage ean be difficult to deteet and may arise from both within the 
mandible and the soft tissues in the floor of the mouth, from any of 
the above-named vessels. The anastomoses between the vessels may 
result in haemorrhage on both sides of mylohyoid and thus into the 
sublingual and the submental/submandibular spaees bilaterally. As the 
lateral and midline lingual foramina are eloser to the lower border of 
the mandible, caution with longer implants has been reeommended in 
this region. 



Fig. 32.11 A three-dimensional reformatted CT image showing an implant 
perforating the lingual eortieal plate (arrow), leading to haemorrhage in the 
anterior floor of the mouth. A traeheostomy was required to secure the 
airway. (With permission from Dubois L, de Lange J, Baas E, Van Ingen J. 
Excessive bleeding in the floor of the mouth after endosseous implant 
plaeement: a report of two eases. Int J Oral Maxillofac Surg 
2010;39:412-415.) 
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Fig. 32.12 A transverse seetion at the level of the hard palate demonstrating the eranial faseia (left) and assoeiated eompartments (right). (With 
permission from Guidera, A. K., Dawes, P. J. D., Fong, A., Stringer, M. D. (2014), Head and neek faseia and eompartments: No spaee for spaees. Head 
Neek, 36:1058-1068.) 
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Fig. 32.13 The left temporomandibular joint. A, Lateral aspeet. B, Medial 
aspeet. 


With the jaw elosed, there is approximately 5 mm slaek within the 
ligament, but it beeomes taut when the jaw is about half open. Super- 
iorly, lateral pterygoid, the auriculotemporal nerve and the maxillary 
artery and vein are lateral to the ligament, the nerve and vessels mnning 
between the ligament and the eondylar neek. The ehorda tympani lies 
medially and oeeasionally grooves the spine of the sphenoid. Antero- 
inferiorly the inferior alveolar nerve and vessels and a parotid lobule 
separate the ligament from the ramus of the mandible. The vessels and 
nerves to mylohyoid pieree the ligament adjaeent to the lingula. Medial 
pterygoid is inferolateral. The sphenomandibular ligament is separated 
from the pharynx by fat and a pharyngeal vein. 

Stylomandibular ligament 


The stylomandibular ligament is a thiekened band of deep eervieal 
faseia that stretehes from the apex and adjaeent anterior aspeet of the 
styloid proeess to the angle and posterior border of the mandible (see 
Fig. 32.13). Its position and orientation indieate that it eannot meehan- 
ieally eonstrain any normal movements of the mandible and does not 
seem to warrant the status of a ligament of the joint. 


SYNOVIAL MEMBRANE 


The synovial membrane lines the inside of the capsule of the joint but 
does not eover the dise or the articular surfaces (eondyle, fossa or 


articular eminenee). The synovium is most abundant in the bilaminar 
zone of the artiailar dise, forming loose folds posteriorly when the 
eondyle is positioned in the glenoid fossa. These folds disappear when 
the eondyle is protmded and the synovium is stretehed. 

Synovial fluid and joint liibrieation 

The eoeffieient of frietion between the artioilating surfaces of the tem- 
poromandibular joint is almost zero (Niekel et al 2006), refleeting the 
net result of a eombination of adequate joint lubrication, the surface 
stmcture of the artioilating surfaces and the artioilar dise. Joint lubrica- 
tion depends on the synovial fluid, which also provides proteetion and 
mitrition to the articular surfaces and is the sole supplier of mitrients 
to the avascular dise. Surface aetive phospholipids (SAPLs) and 
hyaluronic aeid are the key lubricants of the joint and aet to proteet the 
artioilar surfaces. It has been hypothesized that abnormalities of the 
joint lubrication system, e.g. ehanges resulting from uncontrolled oxi- 
dative stress, may play a role in the onset of temporomandibular joint 
disorders (Nitzan 2001). 


ARTICULAR SURFACES 


The anterior and superior surfaces of the mandibular eondyle, and the 
artioilar eminenee and preglenoid plane of the squamous temporal 
bone are the prineipal artioilating surfaces of the joint. This is refleeted 
in the thiekness of the articular tissue eovering these surfaces. The fibro- 
cartilaginous eovering of the eondyle is eomposed of four distinet layers 
(De Bont et al 1984). The most superficial layer eonsists of densely 
paeked fibres of type I eollagen that is arranged mostly parallel to the 
artioilar surface and aligned in an anteroposterior direetion (this ean 


be seen as striation on arthroseopy - Video 32.1). This eovers a thin QgJ 
cellular layer, the proliferative zone that is continuous with the eambial 
layer of the periosteum beyond the margins of the joint. The third layer, 
of hypertrophie eartilage, is rieh in intercellular matrix; it eontains 
ehondroeytes seattered throughout its depth, and randomly orientated 
fibres of eollagen type II. The fourth layer, immediately above the 
subchondral bone, is the zone of ealeifieation. Although the number of 
ehondroeytes within the hypertrophie zone deereases with age, undif- 
ferentiated mesenehymal eells have been identified in postmortem 
speeimens of all ages (Hansson et al 1977). This indieates that a eap- 
aeity for proliferation and repair persists in eondylar eartilage, and may 
be the reason why eondylar remodelling occurs throughout life 
(Robinson 1993, Toller 1974). 


ARTICULAR DISC 


The articular dise divides the joint into a superior (diseotemporal) spaee 
and an inferior (discomandibular) spaee, both filled with synovial fluid. 

The transversely oval dise is eomposed of avasoilar dense fibrous eon- 
neetive tissue with some ehondrifieation in areas of maximum loading 
(Fig. 32.14). It has a thiek margin, which forms a peripheral anulus 
and a eentral depression in its lower surface that aeeommodates the 
articular surface of the mandibular eondyle. The depression probably 
develops as a meehanieal response to pressure from the eondyle as it 
rotates inside the anulus. The dise is stabilized on the eondyle in three 
ways. Its edges are fused with the part of the capsular ligament that 
tightly surrounds the lower joint eompartment and is attaehed around 
the neek of the eondyle; well-defined bands in the capsular ligament 
attaeh the dise to the medial and lateral poles of the eondyle (eollateral 
ligaments), and additionally, the thiek anulus prevents the dise sliding 
off the eondyle (self-eentring eapability - see below), provided that the 
eondyle and dise are firmly lodged against the articular fossa (as is 
normally the ease). 

In sagittal seetion, the dise has three distinet parts: an anterior band, 
a thinner intermediate zone and a posterior band. The posterior band 
is the thiekest. Its upper surface is concavo-convex where it fits against 
the convex articular eminenee and the eoneavity of the articular fossa. 
Posteriorly, the dise is attaehed to a riehly vascularized and innervated 
region, the bilaminar zone (posterior attaehment), which splits into 
two laminae; unlike the rest of the dise, its normal fimetion is to provide 
attaehment rather than intra-articular support. The upper lamina is 
eomposed of fibroelastie tissue and is attaehed to the squamotympanic 
fissure. There is a eondensation of elastie fibres in the medial portion 
of the upper lamina, which is visible as the posterior oblique protuber- — 
anee on arthroseopy (see Video 32.1). The lower lamina is eomposed m 
of fibrous non-elastie tissue and is attaehed to the posterior aspeet of 
the eondyle. The intervening eonneetive tissue between the upper and 
lower laminae eontains a vascular plexus and is well innervated, but the 
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Fig. 32.14 Sagittal seetions through the right temporomandibular joint. A, Note the relationship of the external acoustic meatus and articular dise to the 
mandibular eondyle. B, The microstructure of eondylar eartilage. (A, Courtesy of Professor Cristina Manzanares Céspedes, Anatomy and Human 
Embryology llnit, Bellvitge Campus, Llniversity of Bareelona.) 


eentral part of the dise itself is avascular and not innervated. With 
anterior movement of the dise-eondyle complex, the volume of the 
posterior attaehment inereases as a result of the negative pressures 
generated, resulting in an influx of blood into the venous plexus. This 
pumping meehanism is important in the nutrition of the joint 
(Stegenga and de Bont 2006). 



Llpper and lower joint eompartments 

The upper joint spaee eontains approximately 1.2 ml of synovial fhiid 
and the lower approximately 0.9 ml. Both spaees may be eonsider- 
ably distended with fluid for diagnostie purposes in temporoman- 
dibular joint arthrography, for therapeutic purposes in arthroeentesis, 
and to improve aeeess and visibility in arthroseopy. Both joint spaees 
have an anterior and posterior reeess or pouch, and are lined by syn- 
ovium, which has a grey hue when viewed through an arthroseope 
(see Video 32.1). 


during movement. The dise moves in an almost eongment manner rela- 
tive to the eondyle eontrolled by neuromuscular forees: the upper head 
of lateral pterygoid anteriorly and the elastie tissue in the bilaminar 
region posteriorly together pull the dise forwards or backwards. In addi- 
tion, the shape of the dise with its thiek, 'self-seating' anulus helps to 
prevent the dise sliding off the eondyle. An alternative view is that a 
slippery articular dise doubles the number of virtually frietion-free 
sliding surfaces, and so destabilizes the eondyle in the same way that 
stepping on a banana skin destabilizes the foot. These two roles are 
not mutually exclusive. A deformable dise stabilizes the eondyle 
within the joint whilst, by doubling the frietion-free surfaces, the dise- 
eondyle assembly slides freely under eompressive loading and so is 
'destabilized'. 


RELATIONS 


|1*) Functions of the articular dise 

The articulating surfaces of the mandibular eondyle and the articular 
fossa are highly ineongment. Wear of the artiailar surfaces may be 
reduced by the presenee of a deformable articular dise, which not 
only distributes eompressive joint loading over a larger eontaet area but 
also signifieantly reduces the frietional foree on the eondyle and the 
artioilar fossa by separating slide and rotation into different joint 
eompartments. 

The dise may aid joint lubrication by storing fluid squeezed out from 
loaded areas to ereate a weeping lubricant. In addition, its flexibility 
due to its high water eontent and viseoelastie properties, allows it to 
fimetion almost like a fluid, fhrther reducing frietion within the joint 
and thereby aiding joint lubrication. The frietion between the articul- 
ating surfaces in the absenee of the dise is 2-3 times greater than with 
the dise in situ. 

The role of the dise in relation to joint stability is eontroversial. One 
view is that a deformable and viseoelastie dise stabilizes the eondyle 
within the joint by filling the ehanging and irregular joint spaee ereated 


Superiorly the thin roof of the glenoid fossa has a mean thiekness of 
0.9 mm (range 0.2-4 mm) and separates the upper joint spaee from 
the middle eranial fossa. This bony partition is oeeasionally fenestrated 
by inflammatory proeesses or inadvertently during surgery to the joint, 
particularly for release of ankylosis, and rarely by the eondyle being 
driven superiorly by violent trauma to the mandible. The maxillary 
artery and its proximal branehes, most notably the middle meningeal 
artery, lie medially just beyond the joint capsule. The uppermost part 
of the parotid capsule enelosing the branehes of the faeial nerve that 
supply the muscles of the upper faee, including orbiailaris oenli, are 
lateral to the joint capsule; the thread-like nerves are at risk during surgi- 
eal approaeh to the joint. The upper part of the infratemporal fossa, 
which eontains the two heads of lateral pterygoid, is anterior to the 
eondyle (Fig. 32.15). It is into this spaee anterior to the artioilar emi- 
nenee that the eondyle is displaeed in eases of disloeation of the tem- 
poromandibular joint or fracture disloeation of the eondylar head due 
to the veetor of pull from lateral pterygoid, which inserts into the anter- 
ior eondylar neek. Posteriorly, the tympanie plate and tegmen tympani 
separate the joint from the middle ear eavity. Perforation through this 
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Infratemporal and pterygopalatine fossae and temporomandibiilar joint 


The articular dise is designed to withstand eompressive and shearing 
loads, and has viseoelastie properties, allowing it both to deform when 
loaded and to eonform to the surfaces causing this deformation. 
Removal of the dise inereases surface frietion within the joint by 2-3 
times eompared to joints with an intaet dise. Long-term follow-up of 
patients who have had the dise removed ('diseeetomy') demonstrates 
that the joint undergoes signifieant remodelling similar to that seen in 
osteoarthrosis. There is flattening, slight roughening and selerosis of the 
eondylar head and articular fossa. These ehanges, which are believed to 
be adaptive responses of the eondyle and fossa to the absenee of an 
intervening dise, eolleetively produce a broader eontaet, deereasing the 
load per unit area. 

The main purpose of eollagen in tissue is to resist tensile forees. The 
orientation of the eollagen fibres in the dise varies in the individual 
regions, refleeting the direetion of the tensile forees imparted to the dise. 
In the intermediate zone, they are predominantly orientated in an 
anteroposterior direetion. Around the periphery the eollagen forms a 
ring-like structure with a three-dimensional framework of eollagen 
fibrils. In the posterior and anterior bands, the predominant orientation 
is lateral-medial and superior-inferior. Type 1 eollagen, similar to that 
found in the superficial layers of the head of the eondyle and the articu- 
lar fossa, predominates in the dise. 

ehondroitin sulphate and dermatan sulphate are the prineipal gly- 
eosaminoglyeans (GAGs) in the intercellular matrix. GAGs are very 
hydrophilie and, as such, play an important role in the resistanee and 
distribution of eompressive load applied to the temporomandibular 
joint. Their eoneentration varies with the area of the dise, being highest 
in the superficial layer of the intermediate zone (Niekel and MeLaehlan 
1994, Tanaka et al 2006, Miloro and Henriekson 2010, Detamore and 
Athanasiou 2003, Obrez and Gallo 2006, Paegle et al 2003). 
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Fig. 32.15 An axial T1 vveighted MRI at the level of the external acoustic 
meatus. Key: 1, body of zygoma; 2, pterygopalatine fossa; 3, temporalis; 
4, lateral pterygoid; 5, eondyle; 6, parapharyngeal fat stripe; 7, internal 
earotid artery; 8, jugular bulb/foramen; 9, eoronoid proeess; 10, lateral 
pterygoid plate; 11, torus tubarius; 12, fossa of RosenmGller; 13, longus 
eolli; 14, external auditory meatus; 15, superficial lobe of parotid gland. 
Abbreviations: MA, maxillary antrnm; PNS, postnasal spaee. *, anterior 
areh of atlas. 


thin, bony wall into the middle ear is a reeognized eomplieation of 
temporomandibular joint arthroseopy. 


VASCULAR SUPPLY AND INNERVATION 


The articular tissues and the dense part of the articular dise have no 
nerve supply. The nerve supply to the temporomandibular joint is from 
branehes from the mandibular division of the trigeminal nerve, mostly 
through the auriculotemporal braneh, along with branehes from 
the masseterie and deep temporal nerves. Postganglionie sympathetie 
nerves supply the tissues assoeiated with the capsular ligament and 
the looser posterior bilaminar extension of the dise. The temporoman- 
dibular joint capsule, lateral ligament and retroarticular tissue eontain 
meehanoreeeptors and noeieeptors. The input from meehanoreeeptors 
provides a source of proprioeeptive sensation that helps eontrol man- 
dibular posture and movement. 

The joint derives its arterial supply from the superficial temporal 
artery laterally and the maxillary artery medially. Penetrating vessels 
that supply lateral pterygoid may also supply the eondyle. Veins drain 
the anterior aspeet of the joint and assoeiated tissues into the plexus 
surrounding lateral pterygoid; posteriorly they drain into the vascular 
region that separates the two laminae of the bilaminar region of the 
dise. Positive and negative pressure produced by forward and backward 
movement of the eondyle shunts blood between these regions. Lym- 
phaties drain deeply to the upper eervieal lymph nodes surrounding the 
internal jugular vein. 


JAW MOVEMENTS 


Movements of the eondyle in 
the temporomandibular joint 

The major function of the mandible is to exert, via the teeth, the foree 
neeessary to break down food into smaller partieles and so faeilitate 
digestion. Pure vertieal movements of the lower teeth ereate a emshing 
foree that is ineffeetive in breaking up tough fibrous food. Humans use 
a lateral movement of the lower jaw to ereate a shear foree that enhanees 
the effeetiveness of the power stroke of mastieation. Bodily lateral 
movement of the whole jaw, the Bennett shift, is insignifieant. Exten- 
sive lateral movement is only possible when the jaw is rotated horizon- 
tally about one eondyle while the other eondyle slides backwards and 
forwards. The temporomandibular joint is structurally adapted to 
aeeommodate both sliding/translation and rotation/hinging in a sagit- 
tal plane. Sliding/translation occurs because the capsular ligament that 
surrounds the upper joint eompartment is loose, whereas the capsular 


ligament that eneloses the lower joint eompartment is tight, and only 
allows the eondyle to rotate over the depression inside the anulus of 
the artiailar dise. The normal range of maximum mouth opening 
measured between the upper and lower ineisor tips is 35-50 mm, the 
first 15-25 mm of which is due to hinging of the eondyle; the remain- 
der is due to eondylar translation. The adult range of movements is 
reaehed at around 10 years in females and 15 years in males. Lateral 
excursions of the ehin ean normally aehieve 8-12 mm of movement at 
the lower ineisors. At the limit of normal opening, the eondyle has 
translated on to the peak or just beyond the peak of the articular emi- 
nenee. Translation beyond this results in subluxation and disloeation 
of the joint. 

Symmetrieal opening 

Symmetrieal jaw opening is assoeiated with preparation for ineising. At 
the start, eaeh mandibular eondyle rotates in the lower joint eompart- 
ment inside the anulus of its dise. After a few degrees of opening, the 
eondyle continues rotating inside its dise and, in addition, both slide 
forwards down the articular eminenee of the upper joint eompartment. 
Without this forward slide or translation, it beeomes impossible to 
continue opening the jaw beyond a gape of approximately 25 mm. 

Opinions differ as to why this forward slide should occur; the faet 
that the eondyle in a eadaver still slides forwards when the jaw is rotated 
open suggests that it is not a neuromuscular response but rather the 
result of meehanieal eonstraints. When the jaw is rotated open, the 
temporomandibular ligament rapidly beeomes taut (Osborn 1995). 
The taut ligament aets as a eonstraint that allows the mandible only 
two rotary movements: it ean swing about the upper attaehment of the 
ligament and rotate about the lower attaehment. The lower end of the 
taut ligament aets as a moving fiilemm that eonverts the downward and 
backward pull of the opening rotary foree (ereated at the front by digas- 
trie and geniohyoid) into one that drives the eondyle upwards and 
forwards into the eoneavity of the overlying artioilar dise. This now 
pushes the dise forward. Swing about the upper attaehment ereates 
spaee above for the dise to slide ffirther forwards, which is possible 
because the upper part of the capsular ligament is loose. The two move- 
ments, rotation and swing, are inextricably linked by the taut ligament 
and, via the eondyle, eombine to keep the dise in firm eontaet with the 
articular eminenee while the jaw is opened. The dise is stabilized by its 
tight attaehment to the eondyle (eollateral ligament) and by the thiek- 
ened margins of its anulus that prevent it sliding through the thinner 
eompressed region between the eentre of the eondyle and the artioilar 
eminenee. 

As forward slide of the eondyle continues, the eontrolling influence 
exerted by the temporomandibular ligament diminishes. The lingula of 
the mandible moves away from the spine of the sphenoid, tautening 
the originally slaek sphenomandibular ligament, which now aets in the 
same way as the temporomandibular ligament, to maintain the eondyle 
against the articular eminenee. Symmetrieal opening thus appears to 
eonsist of at least three separate phases: an early phase eontrolled by 
the temporomandibular ligament and articular eminenee; a short 
middle phase in which either both temporomandibular and spheno- 
mandibular ligaments, or neither, aet to eonstrain movements; and a 
late phase eontrolled by the sphenomandibular ligament and articular 
eminenee. 

Ohanges in dise position during movement 

With the teeth in occlusion, the eondyle is in the glenoid fossa and the 
intra-articular dise sits on the eondylar head, with its posterior band at 
the 12 o'eloek position from the eentre of the eondylar head in the 
sagittal plane (Fig. 32.16A). As mouth opening begins (Fig. 32.16B), 
the eondyle rotates within the lower joint spaee and the dise remains 
stationary. At about mid-opening, the eondyle and dise begin to move 
forwards together so that their relative position is maintained (Fig. 
32.16C). At maximum gape (Fig. 32.16D), the eondylar head slides 
ffirther anteriorly than the dise; the dise is rotated backwards relative to 
the eondyle by the pull of the elastie superior lamina of the posterior 
attaehment, so that the anterior band of the artioilar dise is above the 
summit of the eondyle. This differential movement results in the dise 
moving only about half the distanee of the eondyle. Mouth closure 
involves the dise moving baek in tandem with the eondyle under the 
influence of the elastie fibres in the upper lamina of the bilaminar area 
posterior to the dise itself (Fig. 32.16E), which also reverses its angular 
rotation (Fig. 32.16F) to reassume the starting position of the eyele. 

The ehanges in dise position may beeome out of phase with the 
eondyle, causing obstmetion to smooth mandibular movement. The 
dise is typieally pulled anteromedially by the lateral pterygoid, so pre- 
venting forward translation of the eondyle. With the dise in this posi- 
tion, the posterior band of the dise is anterior to the eondyle, which 
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Fig. 32.16 Changing 
relationships of the eondyle of 
the mandible, the articular dise 
and the articular surface of the 
temporal bone during one 
eomplete opening (A -> D) and 
elosing (D —> A) eyele of the 
mouth. 


causes an obstmetion to forward translation of the eondyle. As the foree 
from the eondyle on the dise inereases, the elastie posterior attaehments 
of the dise are stretehed until the resistanee to movement is overeome 
and the dise reduces into a normal relationship with the eondyle, which 
is assoeiated with an audible eliek (audible to the patient and oeeasion- 
ally to others). Onee the normal dise-eondyle relation is re-established, 
the mouth is free to aehieve maximum opening (see Fig. 32.160,0). 
The dise may then snap baek in front of the eondyle on mouth closure. 
This phenomenon is ealled reeiproeal elieking or dise displaeement 
with reduction. If the dise remains eompletely anterior to the eondylar 
head and does not reduce into a normal relationship with the eondyle 
during opening, the eondyle is prevented from fhrther forward transla- 
tion and mouth opening is restrieted. This is a eommon elinieal eondi- 
tion and is known appropriately as elosed loek or dise displaeement 
without reduction (see below). 

Eeeentrie jaw opening 

Jaw movement during mastieation ean be divided into three parts: 
opening, elosing and power strokes. Eeeentrie jaw opening is assoeiated 
with preparing for the power stroke of mastieation. The mandibular 
eondyle on the non-working side slides baek and forth during lateral 
movements assoeiated with the power stroke on the working side. 
Although the jaw muscles now have the major eontrol over mandibular 
movements, the temporomandibular and sphenomandibular ligaments 
keep the eondyle fìrmly against its articular eminenee during opening. 

Eeeentrie and symmetrieal jaw elosing 

During closure of the jaw, the mastieatory muscles aet in eombination 
to foree the joint surfaces together. This eompresses the joint tissues and 


potentially shortens the ligaments so that they no longer eonstrain jaw 
movements. Under these eonditions, jaw movements and the positions 
of the eondyles are eontrolled by neuromuscular proeesses (within the 
limits of eonstraints imposed by the articular eminenee, the occluding 
surfaces of the teeth and the presenee of food between them). Note that 
the non-working eondyle moves the hirthest, and is the most heavily 
loaded, during the power stroke of mastieation. The loads on eaeh joint, 
balaneing and working, drive eaeh eondyle more foreefhlly into its 
artiailar eminenee. 

The envelope of motion 

The envelope of motion is the volume of spaee within which all move- 
ments of a point on the mandible have to occur because the limits are 
set by anatomieal features, i.e. by the shape or size of the upper and 
lower jaws, by tooth eontaets, and by the attaehment of muscle and 
ligaments. The mandibular movements at these extremes are termed 
'border movements'. 

In consciously eontrolled movement of the jaw from the rest posi- 
tion to the fully opened position, the trajeetory of the mandibular 
ineisal edge is two-phased. The fìrst phase is a hinge-like movement 
during which the eondyles are retmded within the mandibular fossae. 
When the teeth are opened by approximately 25 mm, the seeond phase 
of opening occurs by anterior movement or protmsion of the eondyles 
down the articular eminenees with fhrther rotation. 

If conscious effort is used, a closure path ean then be followed in 
which the jaw is elosed to an extreme protmded tooth eontaet position, 
after which it has to be retmded to the starting position. Similar eon- 
siderations apply to lateral movements; mandibular rotation around a 
retmding eondyle and the protraetion of the opposite eondyle are 
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anatomieally limiting faetors that are again rarely encountered in 
normal fhnetion. 

Although all mandibular movement occurs within or along the 
border movements, knowledge of the extent of border movements pro- 
vides little information on the nature of the movements during chewing 
or on the free ('empty'), habitual movements during both opening and 
elosing, which have a more limited trajeetory. 

Dise position and internal derangement 

Considerable attention has been direeted at abnormalities of dise posi- 
tion (eolleetively known as internal derangements) as a cause of joint 
noises (elieking), limitation of jaw movement and/or pain. The position 
of the dise is eonsidered to be normal when, with the mandible at rest, 
the posterior band is positioned in the 12 o'eloek position from the 
eentre of the eondyle in the sagittal plane. Displaeement of the dise 
anteromedially is most eommon. MRI and arthrography have dem- 
onstrated that, although dise position and elinieal symptoms are often 
linked, a signifieant proportion of subjects with apparently normal 
temporomandibular joint fimetion have dise displaeement on imaging 
and, eonversely, patients with normally positioned dises may have 
severe restrietion of mouth opening. Similarly, individuals with dis- 
plaeed dises who have undergone dise repositioning surgery often show 
fimetional improvement despite persistent displaeement of their intra- 
articular dise and viee versa. 

It is appreeiated that limited mouth opening is not always related to 
dise displaeement or non-reducibility but may be the result of impaired 
joint lubrication and dise mobility. It is also suggested that, in an oth- 
erwise asymptomatie jaw with normal movements, an anteriorly 'dis- 
plaeed' dise could be eonsidered a normal variant (Stegenga and de 
Bont 2006) or, at the least, not an indieation for treatment. 

It would appear that the adaptive remodelling eapaeity of the joint 
(both the mandibular eondyle and articular fossa) and adequate joint 
lubrication are important for maintaining fimetion of the temporo- 
mandibular joint. 


DEVELOPMENT 0F THE 
TEMPOROMANDIBIJLAR JOINT 


The bony eomponents of the seeondary jaw joint develop in membrane 
as two separate eondensations of neural erest mesenehyme between the 
eighth and twelfth week in utero. This arrangement is different from that 
seen with most synovial joints, where a single blastema eavitates to 
form a joint spaee and the articulating bones are derived from the same 
eondensation of tissue. The separate development of the temporal and 
eondylar parts of the temporomandibular joint means that the articular 
surface of eaeh bone is eovered by a persisting layer of proliferative eells 
that is continuous with the periosteum surrounding eaeh separate bony 
eomponent (Fig. 32.17). 


MUSCLES 


The four prineipal muscles of mastieation are medial and lateral ptery- 
goid, temporalis and masseter; their aetions produce movements of the 
mandible at the temporomandibular joints. 

The infratemporal fossa eontains medial and lateral pterygoid and 
the tendon of temporalis. Masseter lies on the faee, on the lateral surface 
of the ramus of the mandible, but will be eonsidered here. 




J oirteavitation 




J oirteavitation 


Fig. 32.17 A,B, 

Development of the 
temporomandibular 
joint; the temporal and 
eondylar eomponents 
of the joint develop 
from two separate 
eondensations of 
neural erest 
mesenehyme. 


Condensation of putative dise 


Masseter 

Masseter (Fig. 32.18) is a quadrilateral muscle that eonsists of three 
layers that blend anteriorly. The superficial layer is the largest. It arises 
by a thiek aponeurosis from the maxillary proeess of the zygomatie 
bone and from the anterior two-thirds of the inferior border of the 
zygomatie areh. Its fibres pass downwards and backwards, to insert into 
the angle and lower posterior half of the lateral surface of the mandibu- 
lar ramus. The superficial fibres are angled approximately 10° from the 
vertieal, as is visible in lean individuals. In the eoronal (frontal) plane, 
the muscle forms a 10 ° angle with the mandibular ramus. Intramuscu- 
lar tendinous septa in this layer are responsible for the ridges on the 
surface of the ramus. The middle layer of masseter arises from the 
medial aspeet of the anterior two-thirds of the zygomatie areh and from 
the lower border of the posterior third of this areh. It inserts into the 
eentral part of the ramus of the mandible. The deep layer arises from 
the deep surface of the zygomatie areh and inserts into the upper part 
of the mandibular ramus and into its eoronoid proeess. The deep fibres 
mn vertieally, and are evident just anterior to the temporomandibular 
joint, where they are not eovered by the more superficial layers. There 
is still debate as to whether fibres of masseter are attaehed to the antero- 
lateral part of the artiailar dise of the temporomandibular joint. Hyper- 
trophy of the masseter may occur either unilaterally or bilaterally. The 
aetiology is uncertain and there may be assoeiated prominenee of the 
mandibular angle. Treatment may involve surgical reduction of the deep 
aspeet of the muscle and contouring of the mandibular angle or injee- 
tions of botulinum toxin to paralyse the motor nerves. 

Relations Skin, platysma, risorius, zygomaticus major, the parotid 
gland and duct, branehes of the faeial nerve and the transverse faeial 
branehes of the superficial temporal vessels are all superficial relations. 
Temporalis and the ramus of the mandible lie deep to masseter. The 
anterior margin of masseter is separated from buccinator and the buccal 
braneh of the mandibular nerve by a buccal pad of fat and erossed 
by the faeial vein. The posterior margin of the muscle is overlapped 
by the parotid gland. The masseterie nerve and artery reaeh the 
deep surface of masseter by passing over the mandibular incisure 
(mandibular noteh). 

Vaseillar Slipply Masseter is supplied by the masseterie braneh of 
the maxillary artery, the faeial artery and the transverse faeial braneh of 
the superficial temporal artery. 

Innervation Masseter is supplied by the masseterie braneh of the 
anterior tmnk of the mandibular nerve. 


C ut temporal faseia 
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Fig. 32.18 Masseter and temporalis muscles. (Adapted from Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Copyright 2010.) 

































Temporomandibular joint 


Aetions Masseter elevates the mandible to occlude the teeth in mas- 
tieation and has a small effeet in side-to-side movements, protraetion 
and retraetion. Its eleetrieal aetivity in the resting position of the man- 
dible is minimal. 


fossa above and the major eomponents of the infratemporal fossa 
below. Behind the tendon of the mnsele, the masseterie nerve and 
vessels traverse the mandibular noteh. The anterior border is separated 
from the zygomatie bone by a mass of fat. 


Sllbmasseterie spaee infeetions The submasseteric spaee is a 

potential spaee (see 'mastieator spaee', p. 541) produced by the firm 
attaehment of masseter to the ramus. Sometimes, infeetion around a 
mandibular third molar tooth traeks backwards, lateral to the mandibu- 
lar ramus, and pus loealizes deep to the attaehment of masseter in the 
submasseteric tissue spaee. Such an abseess, lying deep to this thiek 
mnsele, produces little visible swelling but is aeeompanied by profound 
muscle spasm and severe limitation of jaw opening (trismus). 

Temporalis 

Temporalis (see Figs 32.18, 32.20) arises from the whole of the tempo- 
ral fossa up to the inferior temporal line - except the part formed by 
the zygomatie bone - and from the deep surface of the temporal faseia. 
Its fibres eonverge and deseend into a tendon that passes through the 
gap between the zygomatie areh and the side of the skull. A plane exists 
beneath the temporal faseia, which is attaehed to the superior surface 
of the zygomatie areh, and the muscle, which passes beneath the areh. 
An elevator introduced into this plane through an ineision above the 
hairline may therefore be plaeed beneath a fractured zygomatie areh or 
bone in order to reduce the fracture (Gillies approaeh). Temporalis is 
attaehed to the medial surface, apex, anterior and posterior borders of 
the eoronoid proeess and to the anterior border of the mandibular 
ramus almost up to the third molar tooth. Its anterior fibres are orien- 
tated vertieally, the most posterior fibres almost horizontally, and the 
intervening fibres with intermediate degrees of obliquity, in the manner 
of a fan. Fibres of temporalis may oeeasionally gain attaehment to the 
articular dise. Though less eommon than enlargement of masseter, 
hypertrophy of temporalis may develop unilaterally or bilaterally, pro- 
ducing prominenee of the temporal fossa, which may be eonsidered 
unsightly; botulinum toxin to paralyse the motor nerves is the preferred 
treatment for this eondition. 

Relations Skin, auriculares anterior and superior, temporal faseia, 
superficial temporal vessels, the auriculotemporal nerve, temporal 
branehes of the faeial nerve, the zygomatieotemporal nerve, the epi- 
eranial aponeurosis, the zygomatie areh and the masseter muscle are all 
superficial relations. Posterior relations of temporalis are the temporal 


Vaseillar SLipply Temporalis is supplied by deep temporal branehes 
from the seeond part of the maxillary artery, which enter on its deep 
aspeet, and middle temporal branehes from the superficial temporal 
artery, which enter on its lateral aspeet. The anterior deep temporal 
artery supplies 20% of the muscle anteriorly; the posterior deep tem- 
poral artery, entering the mid-portion of the muscle, supplies 40% of 
the muscle in the mid-region; and the middle temporal artery, entering 
the muscle posteriorly, supplies 40% of the muscle in its posterior 
region. Oonsiderable vasailar anastomoses are present within the 
muscle (Cheung 1996). 



Innervation Temporalis is supplied by the anterior, middle and 
posterior deep temporal branehes of the anterior tmnk of the man- 
dibular nerve. 


Aetions Temporalis elevates the mandible and so eloses the mouth 
and approximates the teeth. This movement requires both the upward 
pull of the anterior fibres and the backward pull of the posterior fibres 
because the head of the mandibular eondyle rests on the articular 
eminenee when the mouth is open. The muscle also contributes to 
side-to-side grinding movements. The posterior fibres retraet the man- 
dible after it has been protmded. The posterior fibres of temporalis, 
which are almost horizontal, are the only source of mandibular 
retmsion. 

Lateral pterygoid 

Lateral pterygoid (Fig. 32.20) is a short, thiek muscle eonsisting of two 
parts. The upper head arises from the infratemporal surface and 
infratemporal erest of the greater wing of the sphenoid bone. The lower 
head arises from the lateral surface of the lateral pterygoid plate. From 
the two origins, the fibres eonverge, and pass backwards and laterally, 
to be inserted into a depression on the front of the neek of the mandible 
(the pterygoid fovea). A part of the upper head may be attaehed to the 
capsule of the temporomandibular joint and to the anterior and medial 
borders of its articular dise. FTnlike the other muscles of mastieation, 
lateral pterygoid is not pennate, nor does it have a signifieant number 
of Golgi tendon organs assoeiated with its attaehments. 
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Fig. 32.20 Arteries and 
nerves of the head; deeper 
lateral regions. Most of the 
zygomatie areh and the ramus 
and body of the mandible 
have been removed; masseter 
has been cut and refleeted 
laterally. (With permission 
from VVasehke J, Paulsen F 
(eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 
2013.) 


Faeial artery 


— Lingual nerve 

Medial pterygoid 
Mylohyoid nerve 


547 


> baidVHO 


























































Infratemporal and pterygopalatine fossae and temporomandibiilar joint 


The arterial supply is axial, i.e. the vessels mn the entire length of 
the muscle. It is this vascular arrangement that permits the use of tem- 
poralis as an inferiorly based pedieled flap, either dynamie or statie 
(inereased length being obtained with division of the eoronoid proeess), 
for the reeonstmetion of a variety of loeal faeial and oral defeets and in 
the treatment of faeial paralysis. The temporalis faseia ean be ineorpo- 
rated with the flap. The muscle may be split longitudinally (along its 


long axis), retaining its axial supply from individual arteries; the vessels 
are identified at operation if neeessary, with a Doppler. A fhrther vas- 
cular advantage is that the arterial supply is disposed medially (deep 
temporal) and laterally (middle temporal), and there are few vessels in 
the mid-sagittal plane, which means that splitting of the muscle flap in 
the sagittal plane is possible (Fig. 32.19) (Cheung 1996). 




Fig. 32.19 The arterial network of the human 
temporalis. A, Lateral plane. B, Coronal plane. In 
the lateral plane, the muscle is supplied by the 
three primary arteries: the anterior deep temporal 
artery in the anterior portion, the posterior deep 
temporal artery in the mid-portion and the middle 
deep temporal artery in the posterior portion. In 
the eoronal plane, the arterial distribution is 
eoneentrated mainly lateral (L) and medial (M) with 
less vascular density in the mid-sagittal region of 
the muscle. (With permission from Cheung LK. 

The vascular anatomy of the human temporalis 
muscle: implieations for surgical splitting 
techniques. Int J Oral Maxillofac Surg 
1996;25:414-421.) 


547.el 


CHAPTER í 
















SECTION 4 


INFRATEMPORAL AND PTERYGOPALATINE FOSSAE AND TEMPOROMANDIBLILAR JOINT 


548 


Relations The mandibular ramus and masseter, the maxillary artery, 
which erosses either deep or superficial to the imisele, and the super- 
fieial head of medial pterygoid and the tendon of temporalis are all 
superficial relations. Deep to the muscle are the deep head of medial 
pterygoid, the sphenomandibular ligament, the middle meningeal 
artery and the mandibular nerve. The upper border is related to the 
temporal and masseterie branehes of the mandibular nerve and the 
lower border is related to the lingual and inferior alveolar nerves. A 
deeply plaeed posterior superior alveolar nerve bloek has been known 
also to anaesthetize the lingual nerve. The buccal nerve and the maxil- 
lary artery pass between the two heads of the muscles. In temporoman- 
dibular joint dysfimetion syndrome, spasm of lateral pterygoid ean give 
rise to tenderness when palpating behind the maxillary tuberosity high 
in the buccal sulcus (the pterygoid sign). 

Vascular Stipply Lateral pterygoid is supplied by pterygoid branehes 
from the maxillary artery that are given off as the artery erosses the 
muscle and from the aseending palatine braneh of the faeial artery. 

Innervation The nerves to lateral pterygoid (one for eaeh head) arise 
from the anterior tmnk of the mandibular nerve, deep to the imisele. 
The upper head and the lateral part of the lower head reeeive their 
innervation from a braneh given off from the buccal nerve. However, 
the medial part of the lower head has a braneh arising direetly from the 
anterior tmnk of the mandibular nerve. 

Aetions Lateral pterygoid has assumed a speeialized role in mandibu- 
lar opening that is mediated by its horizontally orientated fibres. When 
left and right imiseles eontraet together, the eondyle is pulled forwards 
and slightly downwards. This protmsive movement alone has little or 
no fimetion except to assist in opening the jaw. Digastrie and genio- 
hyoid are the main jaw opening muscles; unlike lateral pterygoid, when 
aeting alone, they rotate the jaw open, provided other muscles attaehed 
to the hyoid prevent it from being pulled forwards. If only one lateral 
pterygoid eontraets, the jaw rotates about a vertieal axis passing roughly 
through the opposite eondyle and is pulled medially towards the oppo- 
site side. This eontraetion, together with that of the adjaeent medial 
pterygoid (both attaehed to the lateral pterygoid plate), provides most 
of the strong medially direeted eomponent of the foree used when 
grinding food between teeth of the same side. It is arguably the most 
important fimetion of the inferior head of lateral pterygoid. 

It is often stated that the upper head is used to pull the articular dise 
forwards when the jaw is opened. However, eleetromyographie studies 
(e.g. MeNamara 1973, Juniper 1981) have demonstrated that the upper 
and lower heads are reeiproeally innervated, so that the lower head 
eontraets during mouth opening whilst the upper head relaxes, the situ- 
ation reversing during closure. An explanation for this surprising aetiv- 
ity is as follows (Osborn 1995). Most of the power of a elenehing foree 
is due to eontraetions of masseter and temporalis. The assoeiated baek- 
ward pull of temporalis is greater than the assoeiated forward pull of 
(superficial) masseter, and so their eombined jaw-closing aetion poten- 
tially pulls the eondyle backwards. This is prevented by the simultan- 
eous eontraetion of the upper head of lateral pterygoid, which stabilizes 
the eondylar head against the articular eminenee during closure, par- 
ticularly during biting and mastieation. 

Medial pterygoid 

Medial pterygoid (see fig. 32.20) is a thiek, quadrilateral muscle with 
two heads of origin. Mirroring masseter (which lies laterally), its fibres 
deseend posteroinferiorly at an angle of about 10° to the vertieal. In 
the eoronal plane, it forms a 30° angle with the ramus. The major 
eomponent is the deep head that arises from the medial surface of the 
lateral pterygoid plate of the sphenoid bone and is therefore deep to 
the lower head of lateral pterygoid. The small, superficial head arises 
from the maxillary tuberosity and the pyramidal proeess of the palatine 
bone, and therefore lies on the lower head of lateral pterygoid. The 
fibres of medial pterygoid deseend posterolaterally and are attaehed by 
a strong tendinous lamina to the posteroinferior part of the medial 
surface of the ramus and angle of the mandible, as high as the man- 
dibular foramen and almost as far forwards as the mylohyoid groove. 
This area of attaehment is often ridged. Inferior alveolar nerve bloek 
injeetion ean oeeasionally cause haemorrhage into the muscle, which 
may give rise to painfiil trismus. Medial pterygoid and masseter aet 
together to support the angle of the mandible as the pterygomasseterie 
sling. Their strong muscle attaehments resist lengthening of the man- 
dibular raimis surgically. 

Relations The lateral surface of medial pterygoid is related to the 
mandibular ramus, from which it is separated above its insertion by 


lateral pterygoid, the sphenomandibular ligament, the maxillary artery, 
the inferior alveolar vessels and nerve, the lingual nerve and a proeess 
of the parotid gland. The medial surface is related to tensor veli palatini 
and is separated from the superior pharyngeal eonstrietor by styloglos- 
sus and stylopharyngeus and by some areolar tissue. 

Vaseillar Slipply Medial pterygoid derives its main arterial supply 
from the pterygoid branehes of the maxillary artery. 

Innervation Medial pterygoid is innervated by the medial pterygoid 
braneh of the mandibular nerve. 

Aetions The medial pterygoid muscles assist in elevating the man- 
dible. Aeting with the lateral pterygoids, they protmde it. When the 
medial and lateral pterygoids of one side aet together, the eorrespond- 
ing side of the mandible is rotated both forwards and to the opposite 
side, with the opposite mandibular head as a vertieal axis. Alternating 
aetivity in the left and right sets of imiseles produces side-to-side move- 
ments, which are used to triturate food. 

Pterygospinous ligament 

The pterygospinous ligament, which is oeeasionally replaeed by imisele 
fibres, stretehes between the spine of the sphenoid bone and the pos- 
terior border of the lateral pterygoid plate near its upper end. It is 
sometimes ossified, and then eompletes a foramen that transmits the 
branehes of the mandibular nerve to temporalis, masseter and lateral 
pterygoid. 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Maxillary artery 

The maxillary artery, the larger terminal braneh of the external earotid 
artery, arises behind the neek of the mandible and is at first embedded 
in the parotid gland. It then erosses the infratemporal fossa to enter the 
pterygopalatine fossa through the pterygomaxillary fissure. The artery 
is widely distributed to the mandible, maxilla, teeth, muscles of masti- 
eation, palate, nose and eranial dura mater (see Fig. 32.20; Fig. 32.21). 
It will be deseribed in three parts: mandibular, pterygoid and 
pterygopalatine. 

The mandibular part mns horizontally by the medial surface of the 
ramus. It passes between the neek of the mandible and the spheno- 
mandibular ligament, parallel with and slightly below the auriculotem- 
poral nerve. It next erosses the inferior alveolar nerve and skirts the 
lower border of lateral pterygoid. The pterygoid part aseends obliquely 
forwards medial to temporalis and is usually superficial to the lower 
head of lateral pterygoid. When it mns deep to lateral pterygoid, it lies 
between the muscle and branehes of the mandibular nerve, and may 
projeet as a lateral loop between the two parts of lateral pterygoid. 
Asymmetry in this pattern of distribution may occur between the right 
and left infratemporal fossae, and ethnie differenees have been reported. 
Where the maxillary artery mns superficial to the lower head of lateral 
pterygoid, the most eommon pattern is that the artery passes lateral to 
the inferior alveolar, lingual and buccal nerves. Less frequently, only the 
buccal nerve erosses the artery laterally, and rarely the artery passes deep 
to all the branehes of the mandibular nerve. The pterygopalatine part 
passes between the two heads of lateral pterygoid to reaeh the pterygo- 
maxillary fissure before it passes into the pterygopalatine fossa, where 
it terminates as the third part of the maxillary artery. 

The mandibular part of the maxillary artery has five branehes that 
all enter bone, namely: deep auricular, anterior tympanie, middle 
meningeal, aeeessory meningeal and inferior alveolar arteries. The 
pterygoid part of the maxillary artery has five branehes that do not enter 
bone but supply muscle, and include deep temporal, pterygoid, mas- 
seterie and buccal arteries. The branehes of the pterygopalatine part of 
the artery aeeompany similarly named branehes of the maxillary nerve 
(including those assoeiated with the pterygopalatine ganglion) and are 
deseribed on page 552. 

Deep auricular artery 

The deep auricular artery pierees the osseous or cartilaginous wall of 
the external acoustic meatus and supplies the skin of the external acous- 
tie meatus and part of the tympanie membrane. A small braneh eon- 
tributes to the arterial supply of the temporomandibular joint. 

Anterior tympanie artery 

The anterior tympanie artery passes through the petrotympanie fissure 
to supply part of the lining of the middle ear and aeeompanies the 
ehorda tympani nerve. 
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Fig. 32.21 A, Vessels and nerves 
of the head, exposed at a level 
deeper than that shovvn in Figure 
32.20. Note the pterygoid venous 
plexus. B-E, Variations in the 
course of the maxillary artery. 

B, The maxillary artery passes 
medial to lateral pterygoid, and to 
the lingual and inferior alveolar 
nerves. C, The artery passes 
betvveen the lingual and inferior 
alveolar nerves. D, The artery 
passes through a loop formed by 
the inferior alveolar nerve. E, The 
middle meningeal artery branehes 
off distal to the inferior alveolar 
artery. (With permission from 
Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, 

Urban & Fiseher. Copyright 2013.) 




Middle meningeal artery 

The middle meningeal artery is the main source of blood to the bones 
of the vault of the skull (Fig. 32.22). It may arise either direetly from 
the first part of the maxillary artery or from a eommon tmnk with the 
inferior alveolar artery. When the maxillary artery lies superficial to 
lateral pterygoid, the middle meningeal artery is usually the first braneh 
of the maxillary artery. However, when the maxillary artery takes a deep 
course in relation to the imisele, this is not usually the ease. The middle 
meningeal artery aseends between the sphenomandibular ligament and 
lateral pterygoid, passes between the two roots of the auriculotemporal 
nerve, and leaves the infratemporal fossa through the foramen spino- 
sum to enter the eranial eavity medial to the midpoint of the zygomatie 
bone. Its fiirther course is deseribed on page 439. 

Aeeessory meningeal artery 

The aeeessory meningeal artery mns through the foramen ovale into the 
middle eranial fossa and may arise direetly from the maxillary artery or 
as a braneh of the middle meningeal artery itself. In its course in the 
infratemporal fossa, the aeeessory meningeal artery is elosely related to 
tensor and levator veli palatini and usually mns deep to the mandibular 
nerve. Although it mns intraeranially, its main distribution is extra- 
eraniaf prineipally to medial pterygoid, lateral pterygoid (upper head), 
tensor veli palatini, the greater wing and pterygoid proeesses of the 
sphenoid, branehes of the mandibular nerve and the otie ganglion. The 
aeeessory meningeal artery is sometimes replaeed by separate small 
arteries. 


Inferior alveolar artery 

The inferior alveolar artery deseends in the infratemporal fossa pos- 
terior to the inferior alveolar nerve, between the ramus laterally and the 
sphenopalatine ligament medially. Two anterior branehes are given off 
the artery prior to its entry into the mandibular foramen. The fiirther 
course of the artery is deseribed on page 526. 

Deep temporal arteries 

The arterial supply to the temporalis in the eoronal plane is eoneen- 
trated mainly on its medial and lateral aspeets. The anterior and 
posterior branehes of the deep temporal arteries pass between 
temporalis and the perieranmm, producing shallow grooves in the 
bone. They anastomose with the middle temporal braneh of 
the superficial temporal artery situated laterally (Cheung 1996). The 
anterior deep temporal artery eonneets with the laerimal artery by 
small branehes which perforate the zygomatie bone and greater wing 
of the sphenoid. 

Masseterie artery 

The masseterie artery, which is smalf aeeompanies the masseterie 
nerve as it passes behind the tendon of temporalis through the man- 
dibular incisure (noteh) to enter the deep surface of masseter (see Fig. 
32.20). Its branehes ean also supply the temporomandibular joint. 
The masseterie artery anastomoses with the masseterie branehes of 
the faeial artery and with the transverse faeial braneh of the superfi- 
eial temporal artery. 
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Fig. 32.22 Variations in the origin of the middle meningeal artery. A, The middle meningeal artery branehes off proximal to the inferior alveolar artery. 
B, The artery branehes off opposite the inferior alveolar artery. C, The artery branehes off distal to the inferior alveolar artery. (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


Pterygoid arteries 

The pterygoid arteries are irregular in number and origin, and are dis- 
tributed to lateral and medial pterygoid. 

Buccal artery 

The buccal artery mns obliquely forwards between medial pterygoid 
and the attaehment of temporalis, and supplies the skin and mucosa 
over buccinator, aeeompanying the lower part of the buccal braneh of 
the mandibular nerve (see Fig. 32.21A). It anastomoses with branehes 
of the faeial and infraorbital arteries. A small lingual braneh may be 
given off to aeeompany the lingual nerve and supply stmctures in the 
floor of the mouth. 

Maxillary veins and the pterygoid 
venous plexus 


Maxillary vein 

The maxillary vein is a short tmnk that aeeompanies the fìrst part of the 
maxillary artery (see Fig. 32.21A). It is formed from the eonfhienee of 
veins from the pterygoid plexus and passes baek between the spheno- 
mandibular ligament and the neek of the mandible, to enter the parotid 
gland. It unites within the substance of the gland with the superfìcial 
temporal vein to form the retromandibular vein. 

Pterygoid venous plexus 

The pterygoid plexus of veins eonsists of copious large-ealibre veins 
surrounding the pterygoid segment of the maxillary artery. It is found 
partly between temporalis and lateral pterygoid, and partly between the 
two pterygoid muscles. Sphenopalatine, deep temporal, pterygoid, mas- 
seterie, buccal, alveolar (dental), greater palatine and middle meningeal 
veins and a braneh or branehes from the inferior ophthalmie vein are 
all tributaries. The plexus eonneets with the faeial vein via the deep 
faeial vein, with the cavernous sinus through veins that pass through 
the sphenoidal emissary foramen (of Vesalius), foramen ovale and 
foramen laeemm and with the orbit via the inferior ophthalmie vein(s). 
Its deep temporal tributaries often eonneet with tributaries of the 
anterior diploie veins and thus with the middle meningeal veins. 

Lymphatie drainage 

Lymphatie drainage of the infratemporal fossa (and the temporal fossa) 
is to the superior deep eervieal nodes. 

INNERVATION 


The infratemporal fossa eontains the major subdivisions of the man- 
dibular braneh of the trigeminal nerve, together with the ehorda tym- 
pani, which enters the fossa and joins the lingual nerve, and the otie 
ganglion, which is hmetionally related to the parotid gland. The main 
sensory branehes of the mandibular nerve extend beyond the infratem- 
poral fossa and their distribution to the faee is deseribed on page 502. 

Mandibular nerve 


The mandibular nerve is the largest trigeminal division and is a mixed 
nerve. Its sensory branehes supply the teeth and gums of the mandible, 


the skin in the temporal region, part of the auricle - including the 
external meatus and tympanie membrane - and the lower lip, the lower 
part of the faee and the mucosa of the anterior two-thirds (presulcal 
part) of the tongue and the floor of the oral eavity (see Figs 32.20, 
32.21A; Fig. 32.23). The motor branehes innervate the muscles of mas- 
tieation. The large sensory root emerges from the lateral part of the 
trigeminal ganglion and exits the eranial eavity through the foramen 
ovale. The small motor root passes under the ganglion and through the 
foramen ovale to unite with the sensory root just outside the skull. As 
it deseends from the foramen ovale, the nerve is usually around 4 em 
from the surface and a little anterior to the neek of the mandible. The 
mandibular nerve immediately passes between tensor veli palatini, 
which is medial, and lateral pterygoid, which is lateral, and gives off a 
meningeal braneh and the nerve to medial pterygoid from its medial 
side. The nerve then divides into a small anterior and large posterior 
tmnk. The anterior division gives off branehes to the four main muscles 
of mastieation and a buccal braneh that is sensory to the eheek. The 
posterior division gives off three main sensory branehes - the auriculo- 
temporal, lingual and inferior alveolar nerves - and motor fibres that 
supply mylohyoid and the anterior belly of digastrie. 

As is the ease with the extraocular muscles, the mastieatory muscles 
fhnetion as a group; only when pathology intervenes do their individual 
aetions, or laek of aetion, beeome apparent. Wasting of the mastieatory 
muscles, most evident in the temporal fossa, happens when tumours 
affeet the motor root of the mandibular nerve. The mandible deviates 
to the side of the pathology as a result of the unopposed aetion of the 
eontralateral lateral and medial pterygoids. 

Meningeal braneh (nervus spinosus) 

The meningeal braneh re-enters the cranium through the foramen 
spinosum with the middle meningeal artery. It divides into anterior and 
posterior branehes, which aeeompany the main divisions of the middle 
meningeal artery and supply the dura mater in the middle eranial fossa 
and, to a lesser extent, in the anterior fossa and calvarium. 

Nerve to medial pterygoid 

The nerve to medial pterygoid is a slender raimis that enters the deep 
aspeet of the muscle. It supplies one or two filaments that pass through 
the otie ganglion without intermption to supply tensor tympani and 
tensor veli palatini. 

Anterior trunk of mandibular nerve 

The anterior tmnk of the mandibular nerve gives rise to the buccal 
nerve, which is sensory, and the masseterie, deep temporal and lateral 
pterygoid nerves, which are all motor. 

Buccal nerve 

The buccal nerve passes between the two heads of lateral pterygoid (see 
Fig. 32.23). It deseends deep to the tendon of temporalis, passes later- 
ally in front of masseter, and anastomoses with the buccal branehes of 
the faeial nerve. It earries the motor fibres to lateral pterygoid, and these 
are given off as the buccal nerve passes through the imisele. It may also 
give off the anterior deep temporal nerve. The buccal nerve supplies 
sensation to the skin over the anterior part of buccinator and the buccal 
mucous membrane, together with the posterior part of the buccal gin- 
givae adjaeent to the seeond and third molar teeth. 

Nerve to masseter 

The nerve to masseter passes laterally above lateral pterygoid, on to the 
skull base, anterior to the temporomandibular joint and posterior to 
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2013.) 


the tendon of temporalis. It erosses the posterior part of the mandibular 
noteh with the masseterie artery and ramifies on and enters the deep 
surface of masseter. It also provides articular branehes that supply the 
temporomandibular joint. 

[® Deep temporal nerves 

The deep temporal nerves usually eonsist of two branehes, anterior and 
posterior, although there may be a middle braneh. They pass above 
lateral pterygoid to enter the deep surface of temporalis. The anterior 
nerve frequently arises as a braneh of the buccal nerve. The small pos- 
terior nerve sometimes arises in eommon with the nerve to masseter. 

Nerve to lateral pterygoid 

The nerve to lateral pterygoid enters the deep surface of the muscle. It 
may arise separately from the anterior division of the mandibular nerve 
or from the buccal nerve. 

Posterior triink of mandibular nerve 

The posterior tmnk of the mandibular nerve is larger than the anterior 
and is mainly sensory, although it reeeives fibres from the motor root 
for the nerve to mylohyoid. It divides into auriculotemporal, lingual 
and inferior alveolar (dental) nerves (see Fig. 32.20A). 

Auriculotemporal nerve 

The auriculotemporal nerve usually has two roots that eneirele the 
middle meningeal artery. It mns baek under lateral pterygoid on the 
surface of tensor veli palatini, passes between the sphenomandibular 
ligament and the neek of the mandible, and then mns laterally behind 
the temporomandibular joint related to the upper part of the parotid 
gland. Emerging from behind the joint, it aseends over the posterior 
root of the zygoma, posterior to the superficial temporal vessels, and 
divides into superficial temporal branehes. It communicates with the 
faeial nerve and otie ganglion. The rami to the faeial nerve, usually two, 
pass anterolaterally behind the neek of the mandible to join the faeial 
nerve at the posterior border of masseter. Filaments from the otie gan- 
glion join the roots of the auriculotemporal nerve elose to their origin. 
The sensory distribution of the auriculotemporal nerve on the faee is 
deseribed on page 502. 


Lingual nerve 

The lingual nerve is sensory to the mucosa of the anterior two-thirds of 
the tongue, the floor of the mouth and the mandibular lingual gin- 
givae. It arises from the posterior tmnk of the mandibular nerve and at 
first mns beneath lateral pterygoid and superficial to tensor veli pala- 
tini, where it is joined by the ehorda tympani braneh of the faeial nerve, 
and often by a braneh of the inferior alveolar nerve. Emerging from 
under eover of lateral pterygoid, the lingual nerve then mns downwards 
and forwards on the surface of medial pterygoid (see Fig. 32.23), and 
is thus earried progressively eloser to the medial surface of the man- 
dibular ramus. It beeomes intimately related to the bone a few milli- 
metres below and behind the junction of the vertieal ramus and 
horizontal body of the mandible. Here it lies anterior to, and slightly 
deeper than, the inferior alveolar (dental) nerve. It next passes below 
the mandibular attaehment of the superior pharyngeal eonstrietor and 
pterygomandibular raphe, elosely applied to the periosteum of the 
medial surface of the mandible, until it lies opposite the posterior root 
of the third molar tooth, where it is eovered only by the gingival muco- 
periosteum. At this point, it usually lies approximately 3 mm below the 
alveolar erest with a mean distanee from the bone of 2 mm. Signifi- 
eantly, in more than 25% of eases, the nerve may be in direet eontaet 
with the bone at this site, but sometimes it lies above the alveolar erest. 
It next passes medial to the mandibular origin of mylohyoid, and this 
earries it progressively away from the mandible, and separates it from 
the alveolar bone eovering the mesial root of the third molar tooth 
(Pogrel et al 1995). The rest of the nerve is deseribed with the mouth 
and oral eavity on page 514. 

Inferior alveolar (dental) nerve 

The inferior alveolar nerve deseends behind lateral pterygoid. At the 
lower border of the muscle, the nerve passes between the sphenoman- 
dibular ligament and the mandibular ramus, and enters the mandibular 
eanal via the mandibular foramen (Barker and Davies 1972). Below 
lateral pterygoid, it is aeeompanied by the inferior alveolar artery (see 
Fig. 32.23), a braneh of the first part of the maxillary artery, which also 
enters the eanal with assoeiated veins. The subsequent course of the 
inferior alveolar nerve is deseribed on page 527. 
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Infratemporal and pterygopalatine fossae and temporomandibiilar joint 


The anterior deep temporal nerve may arise from the buccal nerve, 
and the posterior deep temporal nerve may arise from the nerve to 
masseter. In addition, branehes from the buccal and masseterie nerves 
may supply the inferior aspeet of the muscle independently from the 
deep temporal nerves. Diserete neuromuscular subunits have been iden- 
tified within the muscle based on the anterior, middle and posterior 
deep temporal nerves, suggesting the possibility of individual dynamie 
muscle flaps, eaeh with a different veetor, in the treatment of faeial palsy 
(Chang et al 2013) (Fig. 32.24). 


3 




5 


1 


Fig. 32.24 The foramen ovale, inferolateral view. Nerves siipplying 
temporalis originate from the anterior trunk of the mandibular division of 
the trigeminal nerve V3 (arrow). Key: 1, (long) buccal nerve; 2, anterior 
deep temporal nerve; 3, middle deep temporal nerve; 4, posterior deep 
temporal nerve; 5, nerve to masseter. (Courtesy of David Cantelmi, 
Llniversity of Toronto, Canada. With permission from Chang Y, Cantelmi 
D, Wisco J, et al. Evidenee for the functional eompartmentalization of the 
temporalis muscle: a 3-dimensional study of innervation. J Oral Maxillofac 
Surg 2013;71:1170-1177.) 
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SECTION 4 


INFRATEMPORAL AND PTERYGOPALATINE FOSSAE AND TEMPOROMANDIBLJLAR JOINT 


Neural anastomoses with 
the mandibular nerve 

(g) Available with the Gray’s Anatomy e-book 

Otie ganglion 


The otie ganglion is a small (major diameter 3-4 mm), oval, flat 
reddish-grey ganglion situated just below the foramen ovale. It is a 
peripheral parasympathetie ganglion related topographieally to the 
mandibular nerve but eonneeted fhnetionally with the glossopharyn- 
geal nerve (see Fig. 37.13). Near its junction with the trigeminal motor 
root, the mandibular nerve lies lateral to the ganglion; tensor veli pal- 
atini lies medially separating the ganglion from the cartilaginous part 
of the pharyngotympanie tube, and the middle meningeal artery is 
posterior to the ganglion. The otie ganglion usually surrounds the 
origin of the nerve to medial pterygoid. 

Like all parasympathetie ganglia, there are three roots: motor, sym- 
pathetie and sensory. Only the parasympathetie fibres relay in the gan- 
glion (see Fig. 26.7). The motor, parasympathetie, root of the otie 
ganglion is the lesser petrosal nerve, eonveying preganglionie fibres 
from the glossopharyngeal nerve, which originate from neurones in the 
inferior salivatory nucleus. The lesser petrosal nerve mns intraeranially 
in the middle eranial fossa on the anterior surface of the petrous bone 
before passing through either the foramen ovale or the sphenopetrosal 
fissure or the innominate eanal of Arnold (a eanal in the greater wing 
of the sphenoid elose to the foramen spinosum), to join the otie gan- 
glion. The nerve synapses in the otie ganglion, and postganglionie fibres 
pass by a eomimmieating braneh to the auriculotemporal nerve and so 
to the parotid gland. The sympathetie root arises from a plexus on the 
middle meningeal artery. It eontains postganglionie fibres from the 
superior eervieal sympathetie ganglion, which traverse the otie ganglion 
without relay and emerge with parasympathetie fibres in the eonneetion 
with the auriculotemporal nerve to supply blood vessels in the parotid 
gland. The sensory fibres from the gland are derived from the auriculo- 
temporal nerve. Oinieal observations suggest that in humans the gland 
also reeeives seeretomotor fibres through the ehorda tympani. 

Branehes 

A braneh eonneets the otie ganglion to the ehorda tympani nerve, while 
another ramus aseends to join the nerve of the pterygoid eanal. These 
branehes may form an additional pathway by which gustatory fibres 
from the anterior two-thirds of the tongue may reaeh the faeial ganglion 
without traversing the middle ear, and they do not synapse in the otie 
ganglion. Motor branehes to tensor veli palatini and tensor tympani, 
derived from the nerve to medial pterygoid, also pass through the gan- 
glion without synapsing. (For fhrther reading, see Senger et al (2014).) 

Chorda tympani 


The ehorda tympani nerve enters the infratemporal fossa region by 
passing through the medial end of the petrotympanie fissure behind 
the capsule of the temporomandibular joint. The nerve deseends medial 
to the spine of the sphenoid bone - which it sometimes grooves - lying 
posterolateral to tensor veli palatini. It is erossed medially by the middle 
meningeal artery, the roots of the auriculotemporal nerve and by the 
inferior alveolar nerve (see fig. 32.23). The ehorda tympani joins the 
posterior aspeet of the lingual nerve at an acute angle. It earries taste 
fibres for the anterior two-thirds of the tongue and efferent pregangli- 
onie parasympathetie (seeretomotor) fibres destined for the sub- 
mandibular ganglion in the floor of the mouth. 


SPREAD 0F INFECTI0N FROM 
THE INFRATEMPORAL FOSSA 


infeetions from most teeth in the upper jaw or the front of the lower 
jaw usually drain harmlessly into the oral eavity, either via the vestibule 
buccally, or via the palate or mouth lingually. In eontrast, a perieoronitis 
that affeets a mandibular third molar tooth that communicates with 
the oral eavity, or, less eommonly, either a dental abseess assoeiated 
with this tooth, or a postoperative infeetion, may spread along tissue 
planes. Spread may be buccal; submandibular; submental; parapharyn- 
geal; sublingual; less eommonly, submasseteric; and, more rarely, 
infratemporal. The main symptom caused by infeetion of the pterygo- 
mandibular region is trismus (painful reflex muscle spasm), which 
552 usually affeets medial pterygoid. There are few anatomieal barriers to 


the spread of infeetion between neighbouring tissue spaees from the 
pterygomandibular spaee. When the submandibular, sublingual and 
submental areas are affeeted either unilaterally or bilaterally (bilateral 
involvement is known as Ludwigs angina), there is a riskthatthe airway 
may beeome obstmeted. infeetion may (potentially) spread fhrther, 
usually to the parapharyngeal, and oeeasionally to the retropharyngeal, 
spaees or the tissue planes of the faee above, when it may even reaeh 
the orbit via the inferior orbital fissure. Life-threatening cavernous sinus 
thrombosis is a remote possibility onee infeetion has spread to the 
orbit, with fìirther spread direetly through the superior orbital fissure 
into the eranial eavity. infeetion may also spread to the cavernous sinus 
from the pterygoid plexus and ophthalmie veins (Smyth 2007, Guidera 
et al 2014) (Fig. 32.26). 


PTERYGOPALATINE FOSSA 



The pterygopalatine fossa is a small pyramidal spaee below the apex of 
the orbit on the lateral side of the skull. Plaeed between the infratem- 
poral fossa laterally and the nasopharynx medially, it hinetions as a 
neurovascular conduit. The body of the sphenoid forms the roof, the 
posterior boundary is the root of the pterygoid proeess and adjoining 
anterior surface of the greater wing of the sphenoid, and the anterior 
boundary is the superomedial part of the infratemporal surface (pos- 
terior wall) of the maxilla. The perpendicular plate of the palatine bone, 
with its orbital and sphenoidal proeesses, forms the medial boundary, 
and the pterygomaxillary fissure is the lateral boundary. There are two 
openings in the posterior wall of the pterygopalatine fossa: the foramen 
rotundum, which transmits the maxillary nerve, and the pterygoid eanal 
(Vidian eanal), which transmits the nerve of the pterygoid eanal (Vidian 
nerve). When the anterior aspeet of the pterygoid plate is examined in 
a disarticulated sphenoid, the foramen rotundum is seen to lie above 
and lateral to the pterygoid eanal (see Figs 32.3A, B). 

The fossa eomimmieates with the nasal eavity via the sphenopalatine 
foramen; with the orbit via the medial end of the inferior orbital fissure; 
and with the infratemporal fossa via the pterygomaxillary fissure, which 
lies between the baek of the maxilla and the pterygoid proeess of the 
sphenoid and transmits the maxillary artery. It also communicates with 
the middle fossa via foramen rotundum and the pterygoid eanal, and 
with the oral eavity via the greater palatine eanal, which opens in the 
posterolateral aspeet of the hard palate. Its proximity to these adjaeent 
areas permits the ready spread of both tumours and infeetion. 

The main eontents of the pterygopalatine fossa are the third part 
of the maxillary artery, the maxillary nerve and many of its branehes, 
and the pterygopalatine ganglion. 

Maxillary artery 


The maxillary artery passes through the pterygomaxillary fissure from 
the infratemporal fossa into the pterygopalatine fossa, where it termin- 
ates as the third part of the maxillary artery. The artery has a variable 
and tortuous course in its short passage through the pterygopalatine 
fossa, where it gives off numerous branehes, including the posterior 
superior alveolar and infraorbital arteries and the artery of the pterygoid 
eanal (Vidian artery), and terminates in the sphenopalatine and greater 
palatine arteries. 

Posterior siiperior alveolar artery 

The posterior superior alveolar artery arises from the maxillary artery 
within the pterygopalatine fossa and runs through the pterygomaxillary 
fissure on to the maxillary tuberosity. It gives off branehes that penetrate 
the bone here to supply the maxillary molar and premolar teeth and 
the maxillary air sinus, and other branehes that supply the buccal 
mucosa. Oeeasionally, the posterior superior alveolar artery arises from 
the infraorbital artery. 

Infraorbital artery 

The infraorbital artery enters the orbit through the inferior orbital 
fissure. It mns on the floor of the orbit in the infraorbital groove and 
infraorbital eanal, and emerges on to the faee at the infraorbital foramen 
to supply the lower eyelid, part of the eheek, the side of the external 
nose, and the upper lip. While within the infraorbital eanal, it gives off 
the anterior superior alveolar artery, which mns downwards to supply 
the anterior teeth and the anterior part of the maxillary sinus. A middle 
superior alveolar artery is also often deseribed. When present, it 
branehes from the infraorbital artery within the infraorbital eanal and 
mns inferiorly along the lateral wall of the maxillary sinus towards the 
region of the eanine and lateral ineisor teeth, anastomosing with the 
anterior and posterior superior alveolar arteries. 
















Infratemporal and pterygopalatine fossae and temporomandibiilar joint 


Extensive anastomoses, which may be sensory-to-sensory, sensory-to- 
motor or motor-to-motor, exist between the lower eranial nerves and 
upper eervieal nerves. Variable anastomoses exist between all three of 
the divisions of the trigeminal nerve with branehes of the faeial nerve. 
The eonneetion between the lingual nerve and the ehorda tympani 
braneh of the faeial is the most familiar intereonneetion with the man- 
dibular nerve. Connections have almost always been demonstrated 
between the auriculotemporal nerve and branehes of the faeial nerve 
(Fig. 32.25). The buccal braneh may communicate with the buccal and 
zygomatie branehes of the faeial via the 'eommimieating buccal nerve'. 
intereonneetions between the mental nerve and the buccal and mar- 
ginal mandibular braneh of the faeial have been demonstrated. It is 
suggested that one possible explanation for these trigeminal-faeial 
intereonneetions relates to the proprioeeptive innervation of the faeial 
musculature. A braneh from the auriculotemporal may join the inferior 
alveolar nerve within the infratemporal fossa with evident implieations 
for referred pain. The hmetional signifieanee of some of the neural eon- 
neetions has yet to be determined (Shoja et al 2014). 


Auriculotemporal nerve 


Anastomosis between the 
auriculotemporal nerve and 
temporofaeial division of the 
faeial nerve - 


Temporofaeial division 
of the faeial nerve— 


Cervicofacial division of 
the faeial nerve- 


Faeial nerve 


Anastomosis between the great 
auricular nerve and eervieofaeial 
division of the faeial nerve- 


Great auricular nerve 



Fig. 32.25 Anastomoses of the auriculotemporal nerve with the 
temporofaeial division of the faeial nerve, and of the great auricular nerve 
with the eervieofaeial division of the faeial nerve in the parotid and 
periparotid regions. (With permission from Shoja MM, Oyesiku NM, 
Grissenauer CJ et al. Anastomoses between lower eranial and upper 
eervieal nerves: a eomprehensive review with potential signifieanee during 
skull base and neek operations, Part 1: Trigeminal, faeial and 
vestibulocochlear nerves. Olin Anat. 2014;27(1 ):118-30.) 



Fig. 32.26 A, Ludwig’s angina: spread of infeetion from an infeeted lower 
left third molar to the pterygomandibular spaee and thenee into the 
submandibular, sublingual and submental spaees bilaterally. The infeetion 
is life-threatening due to restrieted mouth opening and a eompromised 
airway. B, In this ease, the airway was secured with awake fibreoptie 
intubation followed by traeheostomy. Aggressive through-and-through 
drainage was initiated (note the grey discolouration of the tissues). Prior 
to the availability of antibioties, Ludwig’s angina had a mortality rate of 
75%. Aggressive early treatment with surgical drainage and intravenous 
antibioties has reduced the mortality to approximately 5%. The narrow 
white arrow indieates the cut edge of mylohyoid. The broad white arrow 
indieates through-and-through eormgated drains. (Smyth AG 2007 
Management of orofaeial infeetions. In: Ward-Booth P, Sehendel SA, 
Hausamen JE (eds) Maxillofacial Surgery, 2nd ed. Ch. 80, pp. 1550-71.) 
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SECTION 4 


INFRATEMPORAL AND PTERYGOPALATINE FOSSAE AND TEMPOROMANDIBLILAR JOINT 


Some aiithors deseribe anterior and posterior 'eompartments' of the 
pterygopalatine fossa, where the anterior eompartment eontains the 
third part of the maxillary artery and its branehes, and the posterior 
eompartment eontains the maxillary division of the trigeminal nerve 
and the nerve of the pterygoid eanaf together with the pterygopalatine 
ganglion and its branehes (Figs 32.27-32.28) (Alfieri et al 2003, 
Cavallo et al 2005, Faleon et al 2010). 


Infraorbital artery 
and nerve- 

Deep temporal artery 
and branehes- 


Inferior alveolar artery— 

Posterior superior alveolar 
artery and nerve- 


Maxillary artery 



Maxillary nerve 
at foramen rotundum 

Pterygopalatine ganglion 
Sphenopalatine artery 


Greater palatine 
arteryand nerve 


Lateral pterygoid plate 


Fig. 32.27 An endoseopie view demonstrating the 
anterior (vascular) eompartment of the right 
pterygopalatine fossa (00 lens endoseope). The 
vascular structures are anterior to the neural 
structures. Fat has been removed. (Image courtesy 
of Professor C Snyderman, Llniversity of 
Pittsburgh Medieal Center.) 



Maxillary nerve exiting 
foramen rotundum — 


Pterygopalatine 
ganglion- 


Fig. 32.28 An endoseopie view demonstrating the 
posterior (neural) eompartment of the right 
pterygopalatine fossa (00 lens endoseope). The 
prineipal vascular structures and fat have been 
removed. (Image courtesy of Professor C 
Snyderman, Llniversity of Pittsburgh Medieal 
Center.) 


— (Vidian) nerve exiting 
pterygoid (Vidian) eanal 
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Pterygopalatine fossa 


ít*) Artery of the pterygoid eanal 

The artery of the pterygoid eanal (Vidian artery) usually arises as a 
braneh of the distal part of the maxillary artery or sometimes as a 
braneh of the petrous segment of the internal earotid artery. It passes 
through the pterygoid eanal and anastomoses with the pharyngeaf 
ethmoidal and sphenopalatine arteries in the pterygopalatine fossa and 
with the aseending pharyngeaf aeeessory meningeaf aseending pala- 
tine and deseending palatine arteries in the oropharynx and around 
the pharyngotympanie tube. Through these complex anastomoses, the 
artery of the pterygoid eanal contributes to the supply of part of the 
pharyngotympanie tube, the tympanie eavity and the upper part of 
the pharynx. It may also anastomose with the artery of the foramen 
rotundum and so eomimmieate with branehes of the cavernous portion 
of the internal earotid artery. 

Pharyngeal artery 

The pharyngeal braneh of the maxillary artery passes through the pala- 
tovaginal eanaf aeeompanying the nerve of the same name, and is 
distributed to the mucosa of the nasal roof, nasopharynx, sphenoidal 
air sinus and pharyngotympanie tube. 

({*) Greater (deseending) palatine artery 

The greater palatine artery leaves the pterygopalatine fossa through the 
greater (anterior) palatine eanaf within which it gives off two or three 
lesser palatine arteries. The greater palatine artery supplies the inferior 
meatus of the nose, then passes on to the roof of the hard palate at the 
greater (anterior) palatine foramen and mns forwards to supply the 
hard palate and the palatal gingivae of the maxillary teeth. It gives off 
a braneh that mns up into the ineisive eanal to anastomose with the 
nasopalatine artery, and so contribute to the arterial supply of the nasal 
septum. The lesser palatine arteries emerge on to the palate through the 
lesser (posterior) palatine foramen, or foramina, and supply the soft 
palate. 

((*) Sphenopalatine artery 

The sphenopalatine artery and the greater palatine artery are the termi- 
nal branehes of the maxillary artery. The sphenopalatine artery is the 
prineipal artery supplying the mucosa of the nose. It enters the nasal 
eavity through the sphenopalatine foramen posterior to the superior 
meatus. From here, its posterior lateral nasal branehes ramify over the 
eonehae and meatuses, anastomosing with the ethmoidal arteries and 
nasal branehes of the greater palatine artery to supply the frontal, maxil- 
lary, ethmoidal and sphenoidal air simises. The sphenopalatine artery 
next erosses anteriorly on the inferior surface of the sphenoid and ends 
on the nasal septum in a series of posterior septal branehes that anas- 
tomose with the ethmoidal arteries (see Fig. 33.9). 

Spatial arrangement of the neurovascular 
eontents in the pterygopalatine fossa 



The maxillary artery and its branehes are loeated in a plane anterior to 
the maxillary nerve, pterygopalatine ganglion and the nerve of the 
pterygoid eanal. This spatial arrangement is particularly relevant in 
endoseopie approaehes to the pterygopalatine fossa (Video 32.2). The 
veins aeeompanying the third (pterygopalatine) part of the maxillary 
artery, in eommon with those aeeompanying the seeond (pterygoid) 
part, are in the form of a venous plexus. Profiise haemorrhage may be 
encountered from this pterygopalatine venous plexus. 


Maxillary nerve 


The maxillary division of the trigeminal nerve is wholly sensory (Fig. 
32.30). It leaves the skull via the foramen rotundum and enters the 
upper part of the pterygopalatine fossa, from which all its extracranial 
branehes are derived. The meningeal braneh is given off in the middle 
fossa. Crossing the pterygopalatine fossa, the nerve gives off two large 
ganglionie branehes that eontain fibres destined for the nose, palate and 
pharynx, and these pass through the pterygopalatine ganglion without 
synapsing. It then inelines sharply laterally on the posterior surface of 
the orbital proeess of the palatine bone and on the upper part of the 
posterior surface of the maxilla in the inferior orbital fissure (which is 
continuous posteriorly with the pterygopalatine fossa); it lies outside 
the orbital periosteum, and gives off its zygomatie and then posterior 
superior alveolar branehes. About halfway between the orbital apex and 
the orbital rim, the maxillary nerve turns medially to enter the infra- 
orbital eanal as the infraorbital nerve. The subsequent course of the 
maxillary nerve is deseribed on page 502. 


The maxillary nerve gives off many of its branehes in the pterygo- 
palatine fossa. They ean be subdivided into those that eome direetly from 
the nerve, and those that are assoeiated with the pterygopalatine para- 
sympathetie ganglion. Named branehes from the main tmnk are menin- 
geal, ganglionie, zygomatie, posterior, middle and anterior superior 
alveolar and infraorbital nerves. Named branehes from the pterygo- 
palatine ganglion are orbital, nasopalatine, posterior superior nasal, 
greater (anterior) palatine, lesser (posterior) palatine and pharyngeal. 

Meningeal nerve 

The meningeal braneh of the maxillary nerve arises within the middle 
eranial fossa and mns with the middle meningeal vessels. It contributes 
to the innervation of the dura mater. 

Ganglionie branehes 

There are usually two ganglionie branehes that eonneet the maxillary 
nerve to the pterygopalatine ganglion. 

Zygomatie nerve 

The zygomatie braneh of the maxillary nerve leaves the pterygopalatine 
fossa through the inferior orbital fissure together with the maxillary 
nerve. Its subsequent course is deseribed on page 502. 

Posterior siiperior alveolar nerve 

The posterior superior alveolar nerve leaves the maxillary nerve in the 
pterygopalatine fossa. Its subsequent course and distribution are 
deseribed on page 526. 

Infraorbital nerve 

The infraorbital nerve ean be regarded as the terminal braneh of the 
maxillary nerve. It leaves the pterygopalatine fossa to enter the orbit at 
the inferior orbital fissure, and its subsequent course and distribution 
are deseribed on page 502. 

Orbital branehes 

Fine orbital branehes enter the orbit through the inferior orbital fissure 
and supply orbital periosteum. Some fibres also pass through the pos- 
terior ethmoidal foramen to supply the sphenoidal and ethmoidal 
sinuses. The orbital branehes are believed to join branehes of the intern- 
al earotid nerve to form a 'retro-orbital' plexus, from which orbital 
stmctures such as the laerimal gland and orbitalis reeeive an autonomic 
innervation (Ruskell 2004). 

Nasopalatine nerve 

The nasopalatine nerve leaves the pterygopalatine fossa through the 
sphenopalatine foramen and enters the nasal eavity. It passes aeross the 
eavity to the baek of the nasal septum, mns downwards and forwards 
on the septum in a groove in the vomer, and then turns down through 
the ineisive fossa in the anterior part of the hard palate to enter the roof 
of the mouth (see Fig. 33.11). When an anterior and a posterior ineisive 
foramen exist in this fossa, the left nasopalatine nerve passes through 
the anterior foramen, and the right nerve passes through the posterior 
foramen. The nasopalatine nerve supplies the lower part of the nasal 
septum and the anterior part of the hard palate, where it eomimmieates 
with the greater palatine nerve. The nasopalatine artery, a braneh of the 
maxillary artery, aeeompanies the nasopalatine nerve, ending in the 
ineisive eanal, where it anastomoses with greater palatine artery and the 
septal braneh of the superior labial artery. 

Posterior siiperior nasal nerves 
(lateral and medial) 

The posterior superior alveolar nerves enter the baek of the nasal eavity 
through the sphenopalatine foramen. Lateral posterior superior nasal 
nerves (about six) innervate the mucosa lining the posterior part of the 
superior and middle nasal eonehae and the posterior ethmoidal sinuses. 
Two or three medial posterior superior nasal nerves eross the nasal roof 
below the opening of the sphenoidal sinus to supply the mucosa of the 
posterior part of the roof and of the nasal septum. 

Palatine nerves (greater and lesser) 

The greater and lesser palatine nerves pass downwards from the pterygo- 
palatine ganglion through the greater palatine eanal. The greater pala- 
tine nerve deseends through the greater palatine eanal, emerges on the 
hard palate from the greater palatine foramen and mns forwards in a 
groove on the inferior surface of the bony palate almost to the ineisor 
teeth. It supplies the gingivae, mucosa and glands of the hard palate 
and also communicates with the terminal filaments of the nasopalatine 
nerve. In the greater palatine eanal, it gives off posterior inferior nasal 
branehes that emerge through the perpendicular plate of the palatine 
bone and ramify over the inferior nasal eoneha and walls of the middle 
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The internal earotid artery-external earotid artery communication 
via the artery of the pterygoid eanal is one of a number of eollateral 
vascular pathways that exist between the external earotid artery and 
branehes of the petrous and intracavernous segments of the internal 
earotid artery. Albeit small and difficult to demonstrate angiograph- 
ieally, these vascular eonneetions may nevertheless provide the arterial 
supply for arteriovenous malformations, dural-based fistulae and skull 
base tumours, and may also eompensate for occlusion of the internal 
earotid artery. They also pose a risk of inadvertent embolization of the 
brain parenehyma during interventional angiography of the external 
earotid artery system. 

In view of the extensive communications between the artery of the 
pterygoid eanal and the highly vascular nasopharyngeal mucosa, for 
example, embolization of the external earotid artery branehes may 
result in ineomplete obliteration of a vascular nasopharyngeal lesion 
when the artery of the pterygoid eanal arises from the internal earotid 
artery. Oonversely, the eollateral circulation provided by the artery of 
the pterygoid eanal may play a role in maintaining eerebral circulation 
if there is stenosis of the petrous internal earotid artery proximal 
to the point where the artery of the pterygoid eanal joins it; the flow 
in the post-stenotie segment of the internal earotid artery will be 
supplemented from the external earotid artery via the artery of the 
pterygoid eanal (Fig. 32.29) (Tubbs et al 2007, Takeuchi et al 2005, 
Allen et al 2005). 

As the greater palatine artery mns the length of the hard palate, it 
permits axial mucoperiosteal flaps to be raised, if neeessary bilaterally, 
for the reeonstmetion of loeal defeets. It is also possible to pediele the 
entire mucoperiosteum of the hard palate on a single greater palatine 
artery. The vascular supply to the denuded palatal bone is sufficient, 
presumably from its nasal surface, to permit regeneration of the palatal 
soft tissue. Contracture of the regenerated tissue does not occur because 
the defeet lies over the palatal bone (Gullane and Arena 1977, Gullane 
and Arena 1985, Salins and Benjamin 2009). 

Ligation of the sphenopalatine artery may be neeessary in the eontrol 
of refraetory epistaxis. It is usually loeated endoseopieally at the 
posterior/inferior end of the middle turbinate. Multiple branehes may 
be encountered. The sphenopalatine artery provides the axial blood 
supply to the nasal septal mucosal flap (nasoseptal flap) used in endo- 
seopie skull-base repair, a refleetion of its contribution to the vasailar 
supply to the nasal eavity (Hadad et al 2006). 



Fig. 32.29 A right eommon earotid angiogram, left anterior oblique view. 
The aseending pharyngeal artery provides a eollateral blood flow to the 
petrous internal earotid artery via the artery of the pterygoid eanal (arrow). 
(With permission from Takeuchi M, Kuwayama N, Kubo M, et al. Vidian 
artery as a eollateral ehannel between the external and occluded internal 
earotid arteries. Neuro Med Chir (Tokyo) 2005;45:470-471.) 
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Fig. 32.30 A, Maxillary and mandibular nerves. B, The nerves of the pterygoid eanal and the pterygopalatine ganglion. The trigeminal ganglion has been 
lifted forvvards out of the trigeminal impression. Note the sympathetie plexus on the internal earotid artery. (With permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


and inferior meatuses. As it leaves the greater palatine eanaf it gives off 
branehes that are distributed to both surfaces of the adjaeent part of the 
soft palate (see Fig. 31.3). 

The lesser (middle and posterior) palatine nerves are much smaller 
than the greater palatine nerve. They deseend through the greater pala- 
tine eanaf from which they diverge low down to emerge through the 
lesser palatine foramina in the tubercle or pyramidal proeess of the 
palatine bone. They innervate the uvula, tonsil and soft palate. 

Fibres eonveying taste impulses from the palate probably pass via 
the palatine nerves to the pterygopalatine ganglion. They pass through 
the ganglion without synapsing and leave via the greater petrosal 
nerve. Their eell bodies are loeated in the faeial ganglion and their 
eentral proeesses pass via the sensory root of the faeial nerve (nervus 
intermedius) to the gustatory nucleus in the nucleus of the tractus 
solitarius. 


Pharyngeal nerve 

The pharyngeal braneh of the maxillary nerve leaves the pterygopalatine 
ganglion posteriorly. It passes through the palatovaginal eanal with the 
pharyngeal braneh of the maxillary artery and supplies the mucosa of 
the nasopharynx behind the pharyngotympanie tube. 

Neural anastomoses with the maxillary nerve 

g) Available with the Gray’s Anatomy e-book 

Pterygopalatine ganglion 


The pterygopalatine ganglion, the largest of the peripheral parasympa- 
thetie ganglia, is well proteeted, deep in the pterygopalatine fossa. 
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Extensive anastomoses, which may be sensory-to-sensory, sensory-to- 
motor or motor-to-motor, exist between the lower eranial nerves and 
upper eervieal nerves. Variable anastomoses exist between all three of 
the divisions of the trigeminal nerve with branehes of the faeial nerve. 
The majority of trigeminal nerve intereonneetions are with the faeial 
nerve. Connections between the zygomatieotemporal braneh of the 
maxillary nerve and the temporal branehes of the faeial nerve, and the 
zygomatieofaeial braneh of the maxillary nerve and the zygomatie 
branehes of the faeial nerve have been demonstrated (Shoja et al 2014). 
The eonneetion between the zygomatieotemporal and laerimal nerves 
in the orbit providing parasympathetie seeretomotor fibres to the lae- 
rimal gland, as was onee thought, is less eertain. It is more likely that 
the postganglionie orbital branehes pass through the inferior orbital 
fissure and innervate the laerimal gland direetly (Ruskell 2004). It has 
been suggested that one possible explanation for these trigeminal-faeial 
intereonneetions relates to the proprioeeptive innervation of the faeial 
musculature but the fimetional signifieanee of some of the neural eon- 
neetions has yet to be determined. 



Key referenees 


Immediately anterior to the pterygoid eanal, the ganglion lies below 
and medial to the foramen rotundum and the maxillary nerve, and 
lateral to the sphenopalatine foramen (see Fig. 32.30B). It is flattened 
and reddish-grey in colour, and lies just below the maxillary nerve as it 
erosses the pterygopalatine fossa. The majority of the 'branehes' of 
the ganglion are eonneeted with it morphologieally but not fhnetion- 
ally, because they are primarily sensory branehes of the maxillary nerve. 
Thus they pass through the ganglion without synapsing and enter the 
maxillary nerve through its ganglionie branehes; they eonvey some 
parasympathetie fibres to the palatine, pharyngeal and nasal mucous 
glands. 

Preganglionie parasympathetie fibres destined for the pterygopala- 
tine ganglion run initially in the greater petrosal braneh of the faeial 
nerve, and then in the nerve of the pterygoid eanal (Vidian nerve), after 
the greater petrosal unites with the deep petrosal nerve. The nerve of 
the pterygoid eanal enters the ganglion posteriorly. Postganglionie para- 
sympathetie fibres leave the ganglion; some may join the maxillary 
nerve via a ganglionie braneh and then travel via the zygomatie and 


zygomatieotemporal branehes of the maxillary nerve to the laerimal 
gland, but most are thought to travel by orbital branehes to the gland 
(see above). The parasympathetie supply to the pre-ocular part of the 
eentral artery of the retina is believed to be derived mainly from the 
pterygopalatine ganglion and is vasodilatory (Ch. 42). Preganglionie 
seeretomotor fibres of uncertain origin also travel in the nerve of the 
pterygoid eanal. They synapse in the pterygopalatine ganglion, and 
postganglionie fibres are distributed to palatine, pharyngeal and nasal 
mucous glands via palatine and nasal branehes of the maxillary nerve. 

Postganglionie sympathetie fibres pass through the ganglion without 
synapsing and supply blood vessels and orbitalis. They arise in the 
superior eervieal ganglion and travel via the internal earotid plexus and 
deep petrosal nerve to enter the pterygopalatine ganglion within the 
nerve of the pterygoid eanal. 

General sensory fibres destined for distribution via orbital, nasopala- 
tine, superior alveolar, palatine and pharyngeal branehes of the maxil- 
lary division of the trigeminal nerve mn through the ganglion without 
synapsing. 



Fig. 32.2 The ‘extended’ infratemporal 
fossa. 

Fig. 32.4 The stylohamular plane. 

Fig. 32.8 The opposing direetion of 
resorption ('atrophy’) of the mandible and 
maxilla, resulting in inereasing ineongmity 
between the jaws. 

Fig. 32.9 A bilateral fracture of an 
edentulous atrophie mandible. 

Fig. 32.10 A CT image showing the lateral 
lingual foramina. 

Fig. 32.11 A three-dimensional reformatted 
CT image showing an implant perforating 
the lingual eortieal plate, leading to 
haemorrhage in the anterior floor of the 
mouth. 


Fig. 32.12 A transverse seetion at the level 
of the hard palate demonstrating the eranial 
faseia and assoeiated eompartments. 

Fig. 32.19 The arterial network of the human 
temporalis muscle. 

Fig. 32.24 The foramen ovale, inferolateral 
view. 

Fig. 32.25 Anastomoses of the 
auriculotemporal nerve with the 
temporofaeial division of the faeial nerve, 
and of the great auricular nerve with the 
eervieofaeial division of the faeial nerve in 
the parotid and periparotid regions. 

Fig. 32.26 Ludwig’s angina: spread of 
infeetion from an infeeted lower left third 
molar to the pterygomandibular spaee and 
thenee into the submandibular, sublingual 
and submental spaees bilaterally. 


Fig. 32.27 An endoseopie view 
demonstrating the anterior (vascular) 
eompartment of the right pterygopalatine 
fossa (00 lens endoseope). 

Fig. 32.28 An endoseopie view 
demonstrating the posterior (neural) 
eompartment of the right pterygopalatine 
fossa (00 lens endoseope). 

Fig. 32.29 A right eommon earotid 
angiogram, left anterior oblique view. 

Video 32.1 Temporomandibular joint 
arthroseopy demonstrating intracapsular 
anatomy of the joint. 

Video 32.2 Endoseopie anatomy of the 
infratemporal and pterygopalatine fossae. 
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Box 33.1 A note on terminology 

‘The advent of endoseopie sinus surgery led to a resurgence of 
interest in the detailed anatomy of the internal nose and paranasal 
sinuses. Hovvever, the offieial Terminologia Anatomiea used by basie 
anatomists omits many of the structures of surgical importanee. 

This led to numerous elinieal anatomy papers and much discussion 
about the exact names and definitions for the structures of surgical 
relevanee. The European position paper on the anatomieal 
terminology of the internal nose and paranasal sinuses vvas 
eoneeived to re-evaluate the anatomieal terms in eommon usage by 
endoseopie sinus surgeons and to eompare this vvith the offieial 
Terminologia Anatomiea ’ (Lund et al 2014). 

VVhere appropriate, the terms used in this ehapter are those 
eommonly used in surgical praetiee as set out in the ‘European 
position paper on the anatomieal terminology of the internal nose 
and paranasal sinuses’ (Table 33.1). Conflicts inevitably arise but 
hopefully have been minimized. The terms ‘eoneha’ and ‘turbinate’ 
are often used interehangeably but anatomists rarely use the latter 
term, vvhile elinieians rarely use the former; in this ehapter, eoneha 
is used to deseribe the bony structure seen in dried skulls, vvhile 
turbinate is used to deseribe the bony structures, together vvith their 
overlying soft tissue and mucosa, that are encountered during 
surgery. ‘Ethmoturbinal’ does not appear in Terminologia Anatomiea 
but is the eolleetive term for the superior and middle turbinates, 
oeeasionally supplemented by a supreme turbinate. VVith regard to 
the terms ‘skull base’ and ‘eranial base’, although they are 
frequently used as though synonymous (the term ‘skull base’ is 
favoured in the position paper), the anterior skull base includes the 
inferior surface of the faeial skeleton and vvill therefore be 
distinguished from the anterior eranial base, vvhieh is delimited by 
the inner and outer surfaces of the anterior eranial fossa (Ch. 27). 



Box 33.1 and Table 33.1 present a note on terminology relating to the 
structures deseribed in this ehapter. 



Sphenoidal 


sinuses 


Frontal sinuses 



Ethmoidal aireells 


Nasolaerimal duct 


-Maxillary sinuses 

Fig. 33.1 An overvievv of the spatial relationships betvveen the nasal 
eavity, paranasal sinuses and nasolaerimal ducts. (From Drake RL, Vogl 
AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Copyright 2010.) 


continuous with the forehead, and its free tip forms the apex, which 
projeets anteriorly. The overall shape of the external nose is very variable. 
The lateral surfaces of the nose unite in the median plane to form the 
dorsmn, which is narrowest at the medial canthus. The lobule is an area 
eontaining the tip of the nose. Its base eontains two ellipsoidal aper- 
tures, the external nares or nostrils, which open on to its inferior surface, 
separated by the nasal septum and columella. The columella usually 
projeets below the alar margin. The alar sulcus is a groove in the skin 
bounding the nasal alae above and joining the nasiolabial sulcus. Below, 
it curves towards the tip of the nose but does not reaeh it. 


The nose is the fìrst part of the upper respiratory traet and is responsible 
for warming, humidifying and, to some extent, fìltering inspired air. It 
also houses the olfaetory epithelmm, which eontains olfaetory reeeptor 
neurones responsible for deteeting airborne odorant molecules. 

The nose may be subdivided into an external nose, which opens 
anteriorly on to the faee through the nostrils or nares, and an internal 
ehamber, divided sagittally by a septum into right and left eavities, 
which open posteriorly into the nasopharynx through the posterior 
nasal apertures or ehoanae. The nasal eavities are housed in a support- 
ing framework eomposed of bone and fìbroelastie eartilages. The larger 
bones in this framework eontain air-fìlled spaees lined with respiratory 
epithelmm, deseribed eolleetively as the paranasal sinuses. The sinuses 
and the nasolaerimal ducts drain into the nasal eavity via openings in 
its lateral walls (Fig. 33.1). 


EXTERNAL NOSE 


The external nose is a pyramidal structure loeated in the midline of the 
midfaee and attaehed to the faeial skeleton. Its upper angle or root is 


FACIAL AND NASAL PR0P0RTI0NS 


Available with the Gray’s Anatomy e-book 

SKIN AND SOFT TISSUE 


The skin and soft tissue eovering the nose vary in thiekness. They are 
usually thin over the dorsum in the mid third, espeeially at the osseo- 
cartilaginous junction, the rhinion, and loosely eonneeted to the nasal 
aponeurosis and the nmsele fìbres that fan out within it. It is thieker 
over the nasofrontal angle, and at the tip, where it has numerous large 
sebaceous glands and is more adherent. These variations affeet the fìnal 
nasal contour and profìle after rhinoplasty. 

The skin of the nose is separated from the underlying osteoeartilagi- 
nous framework by four layers. These are the superfìcial fatty pannicu- 
lus; the fìbromuscular layer, a continuation of the faeial superfìcial 
musculo-aponeurotic system (SMAS) (see ehapter 30); the deep fatty 
layer; and the periosteum or perichondrium. 








































Nose, nasal eavity and paranasal siniises 


Table 33.1 Terminology 



Present ‘siirgieal’ 
terminology 

Rhinologieal and anatomieal synonyms 
(textbooks, literature) 

Terminologia Anatomiea 

Suggested English 
terminology (position paper) 

Frequency of variant 
in literature 

1 

Nasal eavity 

Inner nose 

Cavum nasi 

Cavitas nasi 

Nasal eavity 


1.1 

Lateral nasal wall 

Lateral nasal wall 

n.e. 

Lateral nasal wall 


1.2 

Floor of nasal eavity 

Nasal floor 

n.e. 

Nasal floor 


1.3 

Nasal septum 

Septum nasi 

Septum nasi 

Nasal septum 


1.3.1 

Cartilaginous portion 

Cartilaginous part of the nasal septum 
Cartilaginous segment 

Septal eartilage 

Lamina quadrangularis 

Pars eartilaginea (septi nasi) 
Cartilago septi nasi 

Septal eartilage 


1.3.2 

Bony part 

Bony/osseous septum 

Bony/osseous part of the nasal septum 

Pars ossea septi nasi 

Bony septum 


1.3.2.1 

Lamina perpendicularis 

Perpendicular plate of ethmoid 

Lamina perpendicularis ossis 
ethmoidalis 

Perpendicular plate of ethmoid 


1.3.2.2 

Vomer 

Vomer 

Pars ossea septi nasi 

Vomer 


1.3.3 

Membranous portion 

Membranous portion 

Pars membranaeea septi nasi 

Membranous portion (of nasal 
septum) 


1.3.4 

Jaeobson’s organ 

Vomero-nasal organ 

Organum vomeronasale 

Vomero-nasal organ 


1.3.5 

Septal tubercle 

Tuberculum septi nasi 

Zuckerkandl’s tubercle 

Morgagni’s tubercle 

Septal swell body 

n.e. 

Septal tubercle 


1.4 

Inferior turbinate 

Inferior nasal turbinate 

Maxilloturbinal 

Concha inferior 

Lower turbinate 

Concha nasi inferior 

Inferior tiirbinate 


1.4.1 

Inferior meatus 

Inferior nasal meatus 

Lower nasal meatus 

Meatus nasi inferior 

Inferior meatus 


1.4.1.1 

Nasolaerimal duct opening 

Hasner’s valve 
(Naso)laerimal duct ostium 

Ostium laerimale 

Apertura/ostium ductus 
nasolaerimalis 

Nasolaerimal dnet opening 


1.5 

Middle turbinate 

Middle nasal turbinate 

First (persisting) ethmoturbinal 

First ethmoidal turbinate 

Middle eoneha 

Concha media 

Concha nasi media 

Middle tiirbinate 


1.5.1 

Basal lamella of middle 
turbinate 

Ground lamella of middle turbinate 

Third basal lamella 

n.e. 

Basal lamella of middle 
turbinate 


1.5.2 

Paradoxically curved 
middle turbinate 

Concave middle turbinate 

Inverse middle turbinate 

n.e. 

Paradoxical middle tiirbinate 

3-26% 

1.5.3 

Concha bullosa (of middle 
turbinate) 

Bullosa middle turbinate/concha 

n.e. 

Concha bullosa (of middle 
tiirbinate) 

17-36% 

-50% in Turkish 

1.5.3.1 

Interlamellar eell 

Interlamellar eell 

n.e. 

Interlamellar eell 


1.6 

Middle meatus 

Meatus medius 

Middle nasal meatus 

Meatus nasi medius 

Middle meatus 


1.7 

Ostiomeatal complex 

Ostiomeatal complex 

n.e. 

Ostiomeatal complex 


1.8 

Superior turbinate 

Superior nasal turbinate 

Seeond (persisting) ethmoturbinal 

Seeond ethmoidal turbinate 

Superior eoneha 

Concha superior 

Concha nasi superior 

Siiperior turbinate 


1.8.1 

Concha bullosa (of superior 
turbinate) 

Concha bullosa (of superior turbinate) 

n.e. 

Ooneha bullosa (of superior 
tiirbinate) 

1-2% 

1.9 

Superior meatus 

Superior nasal meatus 

Llpper nasal meatus 

Meatus nasi superior 

Siiperior meatus 


1.10 

Supreme turbinate 

Supreme nasal turbinate 

Third (persisting) ethmoturbinal 

Third ethmoidal turbinate 

Supreme eoneha 

Highest nasal eoneha 

Concha (nasalis) suprema 
(Morgagni) 

Concha nasi suprema 

Supreme turbinate 


1.11 

Supreme meatus 

Supreme nasal meatus 

n.e. 

Supreme meatus 


2 

Spheno-ethmoidal reeess 

Recessus spheno-ethmoidalis 

Recessus sphenoethmoidalis 

Spheno-ethmoidal reeess 


3 

Sphenopalatine foramen 

Foramen of sphenopalatine artery 

Foramen sphenopalatinum 

Sphenopalatine foramen 


4 

Olfaetory eleft 

Olfaetory ridge 

Olfaetory groove 

Olfaetory fissure 

Olfaetory area 

Sulcus olfactorius 

Olfaetory eleft 


4.1 

Olfaetory fibre(s) 

Olfaetory fibre(s) 

Fila olfaetoria 

Fila olfaetoria 
(sing: filum olfactorium) 

Olfaetory fibre(s) 


5 

Ohoana 

(plur: ehoanae) 

Posterior nasal aperture(s) 

Nares posteriores 

Choana (plur: ehoanae) 

Apertura nasalis posterior 

Ohoana 


6 

Maxillary sinus 

Maxillary antmrn 

Sinus maxillaris 

Maxillary sinns 


6.1 

Maxillary sinus ostium 

Maxillary opening 

n.e. 

Maxillary sinus ostium 


6.1.1 

Aeeessory maxillary ostium 
(plur: ostia) 

Additional maxillary sinus ostium 

n.e. 

Aeeessory ostinm 

5% normal 

25% CRS patients 

6.1.2 

Maxillary hiatus 

Maxillary hiatus 

Hiatus maxillaris 

Maxillary liiatiis 


6.2 

Infraorbital nerve eanal 

Infraorbital eanal 

Canalis infraorbitalis 

Infraorbital eanal 



Continued 
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SECTION 4 


NOSE, NASAL OAVITY AND PARANASAL SINUSES 


Table 33.1 Terminology—eont’d 



Present ‘siirgieal’ 
terminology 

Rhinologieal and anatomieal synonyms 
(textbooks, literature) 

Terminologia Anatomiea 

Suggested English 
terminology (position paper) 

Frequency of variant 
in literature* 

6.3 

Zygomatie reeess 

Recessus zygomaticus 

n.e. 

Zygomatie reeess 


6.4 

Alveolar reeess 

Recessus alveolaris 

n.e. 

Alveolar reeess 


6.5 

Prelaerimal reeess 

Prelaerimal reeess 

n.e. 

Prelaerimal reeess 


6.6 

Laerimal eminenee 

Eminentia laerimalis 

Bulging of nasolaerimal duct 

n.e. 

Laerimal eminenee 


6.7 

Canine fossa 

Canine fossa 

Fossa eanina 

Fossa eanina 

Oanine fossa 


6.8 

Anterior (nasal) fontanelle 

Fontanella nasal anterior 

n.e. 

Anterior fontanelle 


6.9 

Posterior (nasal) fontanelle 

Fontanella nasal posterior 

n.e. 

Posterior fontanelle 


6.10 

Maxillary artery 

(Internal) maxillary artery 

Arteria maxillaris 

Maxillary artery 


7 

Ethmoidal complex 

Ethmoid 

Ethmoidal sinus(es) 

Ethmoidal labyrinth 

Labyrinthus ethmoidalis 

Cellulae ethmoidales 

Ethmoidal complex 


7.1 

Anterior ethmoidal eells 

Anterior ethmoid 

Sinus ethmoidalis anterior 

Cells of anterior ethmoid 

Anterior ethmoid complex 

Cellulae ethmoidales anteriores 

Anterior ethmoidal eells 


7.2 

Middle ethmoidal eells 


Cellulae ethmoidales mediae 

t.b.a. 


7.3 

Posterior ethmoidal eells 

Posterior ethmoid 

Sinus ethmoidalis posterior 

Dorsal ethmoidal eells 

Cells of posterior ethmoid 

Cellulae ethmoidales posteriores 

Posterior ethmoidal eells 


7.4 

Anterior ethmoidal artery 

Anterior ethmoidal artery 

Arteria ethmoidalis anterior 

Anterior ethmoidal artery 


7.5 

Middle ethmoidal artery 

Third ethmoidal artery 

Aeeessory ethmoidal artery 

Intermediate ethmoidal artery 

Arteria ethmoidalis tertia (40%) 

n.e. 

Aeeessory ethmoidal artery 

(Var) up to 45% if it 
equates to any 
situation where 
>2 arteries 

7.6 

Posterior ethmoidal artery 

Posterior ethmoidal artery 

Arteria ethmoidalis posterior 

Posterior ethmoidal artery 


8 

Anterior ethmoidal 
complex 

Anterior ethmoidal eells 

Cellulae ethmoidales anteriores 

Anterior ethmoidal complex 


8.1 

Agger nasi 

Operculum eonehae mediae 

Agger nasi 

Agger nasi 


8.1.1 

Agger nasi eell 

Pneumatized agger nasi 

Agger eell 

n.e. (cellula ethmoidalis anterior) 

Agger nasi eell 

>90% 

9 

Llneinate proeess 

Llneinate proeess 

Processus uncinatus 

Uncinate proeess 


9.1 

Defleeted uncinate proeess 

Doubled middle turbinate 

Anteriorly curved uncinate proeess 

Everted uncinate proeess 

n.e. 

Everted uncinate proeess 

5-22% 

9.2 

Aerated uncinate proeess 

Bullous uncinate proeess 

Pneumatized uncinate proeess 

n.e. 

Aerated uncinate proeess 

1-2% 

9.3 

Basal lamella of uncinate 
proeess 

Ground lamella of uncinate proeess 

Llneinate lamella 

First basal lamella 

n.e. 

Basal lamella of uncinate 
proeess 


9.4 

Hiatus semilunaris 

Semilunar hiatus 

Hiatus semilunaris inferior 

Semilunar gap 

Hiatus semilunaris 

Inferior semilunar hiatns 


9.4 

Hiatus semilunaris 
(superior) 

Hiatus semilunaris superior 

Hiatus semilunaris posterior 

Superior semilunar hiatus 

n.e. 

Superior semilunar hiatns 

(Var) 

9.5 

Ethmoidal bulla 

Bulla ethmoidalis 

Bulla ethmoidalis 

Ethmoidal bulla 


9.5.1 

Non-pneumatized 
ethmoidal bulla 

Torns bullaris 

n.e. 

t.b.a. 

8% 

9.5.2 

Bulla lamella 

Seeond ground lamella 

Basal lamella of ethmoidal bulla 

Seeond basal lamella 

n.e. 

Basal lamella of ethmoidal 
bulla 


9.5.3 

Suprabullar reeess 

Sinus lateralis 

Suprabullar eell 

Recessus bullaris 

n.e. 

Suprabullar reeess 

71% 

9.5.4 

Retrobullar reeess 

Hiatus semilunaris superior 

n.e. 

Retrobullar reeess 

94% 

9.5.5 

Supraorbital reeess 

Supraorbital eell 

Supraorbital ethmoid eell 

Cellula orbitalis 

n.e. 

Supraorbital reeess 

(Var) 17% 

9.5.6 

Infraorbital eell 

Haller eell 

Orbito-ethmoidal eell 

n.e. 

Infraorbital eell 

4-15% 

9.6 

Ethmoidal infundibulum 

Ethmoidal infundibulum 

Infundibulum ethmoidale 

Ethmoidal infundibulum 


9.6.1 

Terminal reeess 

Terminal reeess of ethmoidal infundibulum 
Recessus terminalis 

n.e. 

Terminal reeess 

(Var) 49-85% 

9.7 

Frontal reeess 

Recessus frontalis 

Frontal outflow traet 

n.e. 

Frontal reeess 


9.7.1 

lnfundibular eells 

lnfundibular eells 

n.e. 

Anterior ethmoidal eells 

(Var) 

9.7.2 

Laerimal eells 

Laerimal eells 

n.e. 

Anterior ethmoidal eells 

(Var) 33% 

9.7.3 

Nasofrontal duct 

Frontal outflow traet 

Frontal reeess 

Ductus nasofrontalis 

t.b.a. 


9.7.4 

Maxillary erest 

Laerimal erest 

Maxillary line 

n.e. 

Laerimal bulge 


9.7.5 

Ethmoidal erest 

Crista ethmoidalis 

Ethmoidal erest of the palatine bone 

Crista ethmoidalis 

Ethmoidal erest 
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Table 33.1 Terminology—eont’d 



Present ‘surgicar 
terminology 

Rhinoiogieal and anatomieal synonyms 
(textbooks, literature) 

Terminologia Anatomiea 

Suggested English 
terminology (position paper) 

Frequency of variant 
in literature* 

9.7.6 

Frontal sinus drainage 
pathvvay 

Nasofrontal duct 

Frontal outflow traet 

Frontal reeess 

n.e. 

Frontal siims drainage 
pathvvay 


10 

Frontal siniis 

Frontal sinus 

Sinus frontalis 

Frontal sinus 


10.1 

Interfrontal septum 

Frontal sinus septum 

Septum sinuum frontalium 

Frontal intersinus septum 


10.2 

Frontal sinus infundibulum 

Frontal sinus infundibulum 

n.e. 

Frontal sinus infundibulum 


10.3 

Intrafrontal eells 

Frontal sinus eells 

Kuhn type 3/4 eells 

Bullae frontales 
(sing: bulla frontalis) 

Frontoethmoidal eells 

(Var) 

10.4 

lntersinus septal eell 

lntersinus septal eell 

n.e. 

lntersinus septal eell 


10.5 

Frontal bulla 

Frontal bulla 

n.e. (cellula ethmoidalis anterior) 

tb.a. 

(Var) 

10.6 

Frontal sinus ostium 

Frontal ostium 

Opening of frontal sinus 

Apertura sinus frontalis 

Frontal sinus opening 


10.7 

Frontal beak 

Nasal beak 

Superior nasal spine 

Spina frontalis (ossis frontalis) 

Spina nasalis interna 

Frontal beak 


11 

Posterior ethmoidal 
complex 

Posterior ethmoidal eells 

Cellulae ethmoidales posteriores 

Posterior ethmoidal complex 


11.1 

Onodi eell 

Spheno-ethmoidal eell 

Gruenwald eell 

n.e. (cellula ethmoidalis posterior) 

Sphenoethmoidal eell 

4-65% 

8-14% Caucasians, 
26-29% Asians 

11.2 

Basal lamella of superior 
turbinate 

Fourth basal lamella 

n.e. 

Basal lamella of superior 
turbinate 


11.3 

Lamina papyraeea 

Medial orbital wall 

Papyraceous lamina 

Lamina orbitalis ossis ethmoidalis 

Lamina papyraeea 


11.4 

Orbital apex 

Orbital apex 

n.e. 

Orbital apex 


11.5 

Anulus of Zinn 

Oommon tendinous ring 

Oommon anular tendon 

Anulus tendineus communis 

Anulus of Zinn 


11.6 

Ophthalmie artery 

Ophthalmie artery 

Arteria ophthalmiea 

Ophthalmie artery 


12 

Sphenoid sinus 

Sphenoid sinus 

Sinus sphenoidalis 

Sphenoid sinus 


12.1 

Intersphenoidal septum 

Intersphenoidal septum 

Sphenoid sinus septum 

Septum sinuum sphenoidalium 

Sphenoid intersinns septum 


12.2 

Aeeessory sphenoidal 
septum (plur: septa) 

ineomplete sphenoidal septations 

Partial sphenoidal septations 

Sphenoid sinus subseptations 

n.e. 

Sphenoid septations 

(Var) 

76% 

12.3 

Sphenoid sinus ostium 

Sphenoid (sinus) ostium 

Sphenoid (sinus) opening 

Natural sphenoid ostium 

Ostium (apertura) sinus 
sphenoidalis (plur: ostia 
sinuum sphenoidalium) 

Sphenoid sinus ostium 


12.4 

Planum sphenoidale 

Sphenoid sinus roof 

Jugum sphenoidale 

Sphenoidal yoke 

Jugum sphenoidale 

Planum sphenoidale 


12.5 

Sellar floor 

Floor of sella 

Sellar bulge 

n.e. 

Sellar floor 


12.6 

Vidian eanal 

Pterygoid eanal 

Oanalis nervi pterygoidei 

Canalis pterygoideus 

Pterygoid (Vidian) eanal 


12.7 

Foramen rotundum 

Oanalis rotundus 

Round foramen 

Foramen rotundum 

Foramen rotundum 


12.8 

Lateral reeess of sphenoid 
sinus 

Lateral reeess of sphenoid sinus 

n.e. 

Lateral reeess of sphenoid 
sinus 

(Var) 

12.9 

Optie tubercle 

Optieal nerve tubercle 

Prominentia nervi optiei 

Tuberculum nervi optiei 

Optie nerve tubercle 


12.9.1 

Optie nerve eanal 

Eminentia nervi optiei 

Optie nerve bulging 

Optie nerve eanal contour 

Canalis opticus 

Optie nerve eanal 

(Var) 

12.9.2 

Oarotid artery prominenee 

Prominentia eanalis earotiei 

n.e. 

Oarotid artery bulge 

(Var) 

12.9.3 

Optieo-earotid reeess 

Oarotid-optieal reeess 
infraoptieal reeess 

n.e. 

Optieo-earotid reeess 

(Var) 

12.9.4 

Sternberg’s eanal 

Oanalis craniopharyngicus lateralis 

n.e. 

Lateral eraniopharyngeal 
(Sternberg’s) eanal 

4% adults 

13 

Sphenoidal rostmm 

Rostmm 

Rostmm sphenoidale 

Sphenoid rostmm 


14 

Vomerovaginal eanal 

Vomerovaginal eanal 

Canalis vomerovaginalis 

Vomerovaginal eanal 


15 

Palatovaginal eanal 

Palatovaginal eanal 

Canalis palatovaginalis 

Palatovaginal eanal 


16 

Skull base 

Oranial base 

Basicranium 

Basis eranii 

Skull base 


16.1 

Inner skull base 

Internal surface of eranial base 

Basis eranii interna 

Inner skull base 


17 

Anterior eranial fossa 

Anterior eranial fossa 

Fossa eranii anterior 

Anterior eranial fossa 


17.1 

Olfaetory fossa 

Ethmoidal noteh 

Fovea ethmoidalis 

n.e. 

Olfaetory fossa 


17.2 

Oribriform plate 

Lamina eribrosa 

Roof of inner nose 

Lamina eribrosa (ossis 
ethmoidalis) 

Oribriform plate 


17.2.1 

Oribriform foramina 

Oribriform openings 

Foramina eribrosa 

Oribriform foramina 


17.2.2 

Lateral lamella of 
eribriform plate 

Lateral lamella of eribriform plate 

n.e. 

Lateral lamella of eribriform 
plate 


17.3 

Ethmoidal roof 

Foveae ethmoidales (ossis frontalis) 

n.e. 

Ethmoidal roof 


17.4 

Orista galli 

Crista galli 

Crista galli 

Orista galli 


17.4.1 

Pneumatized erista galli 

Pneumatized erista galli 

n.e. 

Pneumatized erista galli 

13% 

17.5 

Foramen caecum 

Foramen caecum 

Foramen caecum 

Foramen caecum 

Open (Var: 1.4%) 


Continued 
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Table 33.1 Terminology—eont’d 



Present ‘siirgieal’ 
terminology 

Rhinologieal and anatomieal synonyms 
(textbooks, literature) 

Terminologia Anatomiea 

Suggested English 
terminology (position paper) 

Frequency of variant 
in literature* 

18 

Middle eranial fossa 

Middle eranial fossa 

Fossa eranii media 

Middle eranial fossa 


18.1 

Sella 

Hypophysial fossa 

Pituitary fossa 

Sella turcica 

Sella (turcica) 


18.2 

Sellar tubercle 

Suprasellar noteh 

Tuberculum sellae 

Tuberculum sellae 


18.3 

Dorsum sellae 

Dorsum sellae 

Dorsum sellae 

Dorsum sellae 


18.4 

Anterior elinoid proeess 

Anterior elinoid proeess 

Processus clinoideus anterior 
(plur: processus elinoidei 
anteriores) 

Anterior elinoid proeess 

Pneumatized (Var: 

16.5%) 

18.5 

Posterior elinoid proeess 

Posterior elinoid proeess 

Processus clinoideus posterior 
(plur: processus elinoidei 
posteriores) 

Posterior elinoid proeess 


19 

Posterior eranial fossa 

Posterior eranial fossa 

Fossa eranii posterior 

Posterior eranial fossa 


19.1 

Clivus 

Clivus 

Clivus 

dÌVLJS 



Abbreviations: n.e., non existent; sing., singular; plur., plural; t.b.a., to be abandoned. 

* The frequency of speeifie variations in the anatomy varies eonsiderably in the literature, which relates to the definitions used, the methodology utilized, i. e. anatomieal disseetion or imaging, whether the study included normal 
eontrols and/or patients with ehronie rhinosinusitis (CRS), and the ethnieity of the subjects. 

(With permission from Lund I /J, Stammberger H, Fokkens WJ, et al 2014 European position paper on the anatomieal terminology of the internal nose and paranasal sinuses. Rhinology 50:Supp 24:1-34.) 


The proportions of the nose and faee, both from in front and from the 
side, are of enormous signifieanee to the rhinoplastie surgeon. Aesthetie 
proportions of the nose vary depending on sex, age, ethnieity and faeial 
eharaeteristies; however, ranges of normality are deseribed to assist in 
aesthetie assessment (Akguner et al 1998). The female nose is slightly 
smaller and narrower than the male nose; it is often slightly eoneave in 
profile view, with a slightly obtuse nasolabial angle (inereased tip rota- 
tion). In terms of overall proportion, the faee may be divided into hori- 
zontal thirds and vertieal fifths, with the nose occupying the middle 
seetion of eaeh. The width of the nose is roughly 70% of the length; the 
width of the alar base is usually equal to the intereanthal distanee. The 
height of the nose is defined by tip projeetion, where the proportion of 
the length of a line from the tip to the alar groove to the length of a 
line from nasion to alar groove is in the range of 0.55-0.60. The nasola- 
bial angle, refleeting upward rotation of the nose from the upper lip, 
normally lies within a range of 105-120° in females and 90-105° in 
males. On basal view, the nose is roughly shaped as an equilateral tri- 
angle. The nares usually measure 1.5-2 em anteroposteriorly and 
0.5-1 em transversely, and are narrower in front; they occupy approxi- 
mately two-thirds of the height of the base. The midline columella, 
eontaining the caudal end of the nasal septum and the medial emra of 
the lower lateral eartilages, usually extends 3-5 mm below the nares on 
lateral views (Fig. 33.2). 



Fig. 33.2 The adult male nose. A, Basal view. B, Frontal view. The faee 
ean be divided into horizontal thirds and vertieal fifths, with the nose filling 
the eentral segment in terms of both width and height. The basal view 
may also be divided into horizontal thirds, with the nostrils filling the lower 
two-thirds. 
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Nasal bone 
Frontal proeess of maxilla 
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septal eartilage 

Superior margin of 
septal eartilage 
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Major alar eartilage 
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Laerimal bone 
Superior eoneha 


Middle eoneha 


Nasal bone 


LJneinate proeess of ethmoid 


Septal eartilage 


I 
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ineisor erest 


Medial pterygoid plate of 

sphenoid bone 

Perpendicular plate 
of palatine bone 


Inferior eoneha 


Nasal bone 


Frontal proeess 
of maxilla 



Lateral proeess 
of septal 
eartilage 


Minor alar 
eartilage 


Fig. 33.3 The bony and cartilaginous skeletons of the nose. A, The external nose, frontal view. B, The external nose, lateral view. C, An inferior view of 
the eartilages. D, The nasal eavity, medial wall. E, The nasal eavity, lateral wall (left side). 


Soft tissiie areas of the nose 


Four soft tissue areas of the nose laek cartilaginous support. They have 
been given numerous eponymous names and deseriptions, but were 
reelassified by Huizing (2003). 

Paraseptal soft tissue area 

The supratip area eontains the paired lateral eartilages, which gradually 
separate from the septum to a level just above the septal angle. The 
amount of flare varies, and eneloses a small paraseptal soft tissue trian- 
gle on eaeh side of the septum. 

Lateral soft tissue area 

The lateral margin of the lateral eartilage, the piriform aperture and the 
eranial margin of the lateral ems of the major alar eartilage enelose a 
triangle eontaining loose fibroareolar tissue, the transverse portion of 
nasalis, and one or more small sesamoid eartilages. 

Caudal lobular noteh 

The domal segment of the intermediate ems of the major alar eartilage 
has a small indentation. The apex of the nostril is a soft tissue triangle 
with little soft tissue separating the internal and external skin. ineisions 
in this area may cause unsightly searring and deformity. 

Alar soft tissue area 

The lateral ems fails to extend to the lateral limit of the lobule, forming 
the fourth soft tissue area. 


BONES AND OARTILAGE 

Bony skeleton of the external nose 


The piriform aperture has sharp edges. It is bounded below and laterally 
by the maxilla and above by the nasal bones (Fig. 33.3). The lateral 
part of the inferior edge of the piriform aperture merges into its lateral 
wall, which is formed by the frontal proeess of the maxilla. It is bounded 
above by the nasal part of the frontal bone and superomedially by the 
lateral edge of the nasal bone. 

The paired nasal bones vary in thiekness and width, which is of 
signifieanee in planning osteotomies. They are thiekest and widest at 
the nasofrontal suture, narrow at the nasofrontal angle before they 
widen, and beeome thinner 9-12 mm below the nasofrontal angle. 
They average 25 mm in length but this ean vary widely. The perpendicu- 
lar plate of the ethmoid bone (part of the bony nasal septum) articu- 
lates with the undersurface of the nasal bones and provides support to 
the dorsum of the nose. A midline bony spine deep to the fused nasal 
bone projeets inwards to articulate with the perpendicular plate of the 
ethmoid and fuses with the fibrous tissue eonneeting the lateral nasal 
eartilages and cartilaginous septum. This is known as the keystone area 
and provides essential support to the nasal dorsum. 

Fraetlires Of the nasal bones The most eommon injury to the 

faeial skeleton is a fracture of the nasal bones. In simple fractures, the 
break often occurs between the proximal thieker bone and the thinner 
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bone distally. Displaeed fractures require reduction to avoid eosmetie 
deformity. The terminal braneh of the anterior ethmoidal nerve and its 
aeeompanying vessels are at risk when injuries involve the dorsum of 
the nose. 

Cartilaginous skeleton of the external nose 


The cartilaginous framework eonsists of the paired lateral and major 
eartilages and several minor alar nasal eartilages (see Fig. 33.3). 

Lateral (superior/upper lateral) 
nasal eartilage 

The lateral nasal eartilage is triangular, and its anterior margin is thieker 
than the posterior margin. The upper part fuses with the septal eartilage, 
but anteroinferiorly it may be separated from it by a narrow fissure. 
The superior margin of the lateral nasal eartilage is attaehed to the nasal 
bone and frontal proeess of the maxilla, and the inferior margin is eon- 
neeted by fibrous tissue to the lateral ems of the major alar eartilage. 
Laterally the eartilage is attaehed indireetly to the margins of the piri- 
form aperture by loose fibroareolar eonneetive tissue, which may also 
eontain one or more small sesamoid eartilages. The angle formed 
between the caudal end of the lower lateral and the septum, the internal 
nasal valve, is usually between 10 and 15 0 and represents the narrowest 
eross-seetional area and the area of greatest airflow resistanee. Stmctural 
abnormalities in this area are likely to produce symptomatie nasal 
obstmetion. 


Major alar (lower lateral) eartilage 

The major alar eartilage is a highly complex, thin, flexible plate, which 
is integral to the nasal lobule. It lies below the upper lateral eartilage 
and curves acutely around the anterior part of its naris. The medial part, 
the narrow medial ems (septal proeess), is loosely eonneeted by fibrous 
tissue to its eontralateral counterpart and to the anteroinferior part of 
the septal eartilage. The intermediate ems forms the margin of the apex 
of the nostril. The domes give rise to the tip-defining points of the nose. 
The lateral ems lies lateral to the naris and mns superolaterally away 
from the margin of the nasal ala. The upper border of the lateral ems 
of the major alar eartilage is attaehed by fibrous tissue to the lower 
border of the lateral nasal eartilage. Its lateral border is eonneeted to 
the frontal proeess of the maxilla by a tough fibrous membrane eontain- 
ing three or four minor alar eartilages. The junction between the lateral 
emra of the major alar and lateral eartilages is variable; the two edges 
may form a 'seroll', with an outcurving of the lateral eartilage meeting 
an incurving of the major alar eartilage, in which ease the lateral ems 
is then the more lateral at the junction. The lateral ems is shorter than 
the lateral margin of the naris; the most lateral part of the margin of 
the ala nasi is fibroadipose tissue eovered by skin. In front, the angul- 
ations or 'domes' between the medial and lateral emrae of the major 
alar eartilages are separated by a noteh palpable at the tip of the nose. 


Alar eartilage morphology 



Available with the Gray’s Anatomy e-book 


MUSCLES 


The nasal muscle group includes proeems, nasalis, dilator naris anterior, 
depressor septi and levator labii superioris alaeque nasi (Fig. 33.4, see 
Figs 30.17, 30.18). These muscles are involved in respiration and faeial 
expression. Any or all of these muscles may be absent in eleft lip de- 
formities with eorresponding fimetional and aesthetie consequences. 

Proeems 

Proeems is a small pyramidal muscle that lies elose to, and is often 
partially blended with, the medial side of the frontal part of oeeipito- 
frontalis. It arises from a faseial aponeurosis attaehed to the periosteum 
eovering the lower part of the nasal bone, the perichondrium eovering 
the upper part of the lateral nasal eartilage, and the aponeurosis of the 
transverse part of nasalis. It is inserted into the glabellar skin over the 
lower part of the forehead between the eyebrows. 

Vaseillar Slipply Proeems is supplied mainly by branehes from the 
faeial artery. 

Innervation Proeems is supplied by temporal and lower zygomatie 
branehes from the faeial nerve (a supply from the buccal braneh has 
been deseribed). 


Nasalis 

Depressor sepd 

nasi 



Levatorlabisiperioris 
alaeque nasi 


Naris 


Fig. 33.4 The nasal musculature. (From Drake RL, Vogl AW, Mitehell A 
(eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill 
Livingstone. Copyright 2010.) 


Aetions Proeems draws down the medial angle of the eyebrow and 
produces transverse wrinkles over the bridge of the nose. It is aetive in 
frowning and 'eoneentration', and helps to reduce the glare of bright 
sunlight. Not surprisingly, it is a eommon target in non-surgical faeial 
rejuvenation techniques, using botulinum toxin. 

Nasalis 

Nasalis eonsists of transverse and alar eomponents. The transverse part 
(eompressor naris) is attaehed to the maxilla above and lateral to the 
ineisive fossa, and lateral to the alar part. Its fibres pass upwards and 
medially, and expand into a thin aponeurosis that merges with its 
counterpart aeross the bridge of the nose, with the aponeuroses of 
proeems, and with fibres from levator labii superioris alaeque nasi. 
Fibres from the transverse part may also blend with the skin of the 
nasolabial and alar folds. The alar part (pars alaris or dilator naris 
posterior) is attaehed to the maxilla above the lateral ineisor and eanine, 
lateral to the bony attaehment of depressor septi, and medial to the 
transverse part, with which it partly merges. Its fibres pass upwards 
and anteriorly, and are attaehed to the skin of the ala above the lateral 
ems of the lower lateral eartilage, and to the posterior part of the 
mobile septum. The pars alaris helps to produce the upper ridge of the 
philtmm. 

Dilator naris anterior (also known as apieis nasi or the small dilator 
muscle of the nose) is a very small muscle attaehed to the upper lateral 
eartilage, the alar part of nasalis, the caudal margin of the lateral ems 
and the lateral alar ems. It eneireles the naris and aets as a primary 
dilator of the nostril. 

Vaseillar Slipply Nasalis is supplied by branehes from the faeial 
artery and from the infraorbital braneh of the maxillary artery. 

Innervation Nasalis is supplied by the buccal braneh of the faeial 
nerve. It may also be supplied by the zygomatie braneh of the faeial 
nerve. 

Aetions The transverse part eompresses the nasal aperture at the junc- 
tion of the vestibule and the nasal eavity. The alar parts draw the alae 
and posterior part of the columella downwards and laterally, and so 
assist in widening the nares and in elongating the nose. They are aetive 
immediately before inspiration. Dilator naris anterior and the alar part 
of nasalis (dilator naris posterior) probably fimetion to prevent eollapse 
of the nasal valve during inspiration. Their eleetromyographie aetivity 
is direetly proportional to ventilatory resistanee and is modified by 
signals that travel from pulmonary meehano- and pressure reeeptors via 
afferent vagal pathways to the brainstem respiratory eentre; the efferent 
limb of the reflex are mns in the faeial nerve. 

Depressor septi 

Depressor septi lies immediately deep to the mucous membrane of the 
upper lip. It is usually attaehed to the periosteum eovering the maxilla 





















Nose, nasal eavity and paranasal sinuses 


The medial ems has two eomponents, a footplate segment and a colu- 
mellar segment, which angulate with eaeh other in two planes; they 
diverge in the basal plane, and rotate upwards in the lateral plane. There 
is usually asymmetry in the pairs of medial emra. 

The medial ems joins the intermediate ems at what is usually 
the most convex point of the eohimella, known as the columellar 
breakpoint. 

The intermediate ems is also deseribed in two eomponents. The 
lobular segment is usually flared and forms the transition between the 
medial ems and the domal segment of the intermediate ems. The domal 
segment may be convex, producing an aesthetieally pleasing tip; flat, 
giving a 'boxy' appearanee; or convex, producing a 'double-dome' The 
domal or tip-defining points are usually formed by the most anterior 
projeetion of the domal segment. The amount of divergenee of the 
domes, and the thiekness of the overlying soft tissue envelope, deter- 
mine the relative position of the tip-defining points. The dome projeets 
up to 8-10 mm caudaf and 3-6 mm anterior, to the anterior septal 
angle, the differenee between the two ereating the supratip break-point. 
Dismption of this relationship with rhinoplasty with loss of projeetion 
of the tip, may produce a 'polybeak' deformity. 

eiassieally transverse eonneetive tissue fibres have been deseribed 
binding the medial and intermediate emra; interdomaf interemral and 
septoemral ligaments have been deseribed. Cadaveric studies by Zhai 
et al (1995) disputed the presenee of transverse fibres, and found that 
all eonneetive tissue fibres mn parallel to the eartilages. These findings 
notwithstanding, the fibrous eonneetions along the length of the medial 
and intermediate emra form a single fhnetional unit in the tip. 

The large lateral ems determines the shape of the alar lateral wall. 
Medially, it is a eontimiation of the intermediate ems, while laterally it 
eonneets with aeeessory eartilages. It mns at the caudal edge of the alar 
rim in the anterior half, then moves eephalieally, leaving a soft tissue 
area in the rim laterally. Typieally, the longitudinal axis of the lateral 
ems forms an angle of 45 0 with the septum. More vertieal, or eephalie, 
positioning results in a 'parenthesis' tip deformity. 


The lateral ems may take a highly variable position, being either 
convex or eoneave, or a eombination of both, in medial and lateral 
portions; asymmetry from side to side has been reported in over half 
of anatomieal speeimens. 

A ehain of lateral aeeessory eartilages with dense fibrous attaehments 
eonneet to the lateral ems and the piriform aperture, and to the anterior 
nasal spine through eonneetion in the floor of the nose. 

Tip support 

The inherent strength and shape of the cartilaginous framework, and 
its attaehments to surrounding stmctures, provide support to the tip of 
the nose. Typieally, 'major' and 'minor' tip support meehanisms are 
deseribed. 

Major tìp Slipport meehanisms The major meehanisms support- 
ing the tip are: the size, shape and strength of the major alar eartilages; 
the medial emral footplate attaehment to the caudal part of the septum; 
the attaehment of the caudal border of the lateral eartilages to the 
eephalie border of the major alar eartilages; and the cartilaginous dorsal 
septum. 

Minor tip Slipport meehanisms The minor meehanisms support- 
ing the tip are: the ligamentous sling spanning the domes of the lower 
lateral eartilages (i.e. the interdomal ligament); the sesamoid complex 
of major alar eartilages; the attaehment of the major alar eartilages to 
the overlying skin/soft tissue envelope; the nasal spine; and the mem- 
branous septum. 

Rhinoplasty approaehes, either through an intercartilaginous inei- 
sion between the lateral and the major alar eartilages (elosed rhino- 
plasty), or through an ineision caudal to the major alar eartilages and 
degloving the entire cartilaginous framework (open rhinoplasty), 
dismpt the tip support meehanisms; the integrity of these meehanisms 
must be restored during the procedure to prevent loss of tip support 
and subsequent tip ptosis. 
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Nasal eavity 


above the eentral and lateral ineisors and the anterior nasal spine, and 
to the fibres of orbicularis oris above the eentral ineisor. Its fibres pass 
to the eohimella, the mobile part of the nasal septum and the base of 
the medial ems of the nasal eartilage. A few muscle slips may pass 
between the medial emra into the nasal tip. Depressor septi may be 
absent or mdimentary. 

Vaseillar Slipply Depressor septi is supplied by the superior labial 
braneh of the faeial artery. 

Innervation Depressor septi is innervated by the buccal braneh, and 
sometimes by the zygomatie braneh, of the faeial nerve. 

Aetions Depressor septi pulls the eohimella, the tip of the nose and 
the nasal septum downwards. It tenses the nasal septum at the start of 
nasal inspiration and, with the alar part of nasalis, widens the nasal 
apertme, as well as causing the nose to 'dip' when some people smile. 

Levator labii superioris alaeque nasi 

Levator labii superioris alaeque nasi arises from the upper part of the 
frontal proeess of the maxilla and, passing obliquely downwards and 
laterally divides into medial and lateral slips. The medial slip blends 
into the perichondrium of the lateral ems of the major alar eartilage of 
the nose and the skin over it. The lateral slip is prolonged into the lateral 
part of the upper lip, where it blends with levator labii superioris and 
orbicularis oris. Superficial fibres of the lateral slip curve laterally aeross 
the front of levator labii superioris and attaeh along the floor of the 
dermis at the upper part of the nasolabial furrow and ridge. 
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CUTANEOUS INNERVATION 


Nasal skin is innervated by the infratroehlear and external nasal 
branehes of the nasoeiliary nerve (ophthalmie division, trigeminal 
nerve), and the nasal braneh of the infraorbital nerve (maxillary div- 
ision, trigeminal nerve). 


Vascular supply Levator labii superioris alaeque nasi is supplied by 
the faeial artery and the infraorbital braneh of the maxillary artery. 

Innervation Levator labii superioris alaeque nasi is innervated by 
zygomatie and superior buccal branehes of the faeial nerve. 

Aetions The lateral slip raises and everts the upper lip and raises, 
deepens and inereases the curvature of the top of the nasolabial furrow. 
The medial slip pulls the lateral ems superiorly, displaees the circumalar 
furrow laterally, and modifies its curvature; it is a dilator of the naris. 
Depressor septi and the medial slip of levator labii superioris alaeque 
nasi are sometimes deseribed as seeondary nasal dilators; there is little 
evidenee that either of these muscles has any direet influence on the 
nasal valve. 

Anomalous nasal muscles 

Anomalous, ineonstant, nasal muscles have been deseribed. They 
include anomalous nasi, attaehed to the frontal proeess of the maxilla, 
proeems, transverse part of nasalis and the upper lateral eartilage (i.e. 
in a region normally devoid of muscle), and eompressor narium minor, 
which passes between the anterior part of the lower lateral eartilage and 
the skin near the margins of the nares. The existence of a small levator 
septi nasi has been questioned. 

Superficial muscular aponeurotic 
system (SMAS) 

(§) Available with the Gray’s Anatomy e-book 

CUTANEOUS VASCULAR SUPPLY AND 
LYMPHATIC DRAINAGE 


Nasal skin reeeives its blood supply from branehes of the faeial, oph- 
thalmie and infraorbital arteries. The alae and lower part of the nasal 
septum are supplied by lateral nasal and septal branehes of the faeial 
artery, and the lateral aspeets and dorsum of the nose are supplied by 
the dorsal nasal braneh of the ophthalmie artery and the infraorbital 
braneh of the maxillary artery. The venous networks draining the exter- 
nal nose do not mn parallel to the arteries but eorrespond to arterio- 
venous territories of the faee. The frontomedian region of the faee, 
including the nose, drains to the faeial vein, and the orbitopalpebral 
area of the faee, including the root of the nose, drains to the ophthalmie 
veins. The eonneetions of the veins of the nose, upper lip and eheek 
(the 'danger triangle of the faee') with the drainage area of the valveless 
ophthalmie veins, and henee to the cavernous sinus, are elinieally sig- 
nifieant because they ean be a route for spreading infeetion that initiates 
thrombosis of the major intraeranial sinuses. Lymph drainage is pri- 
marily to the submandibular group of nodes, although lymph draining 
from the root of the nose drains to superficial parotid nodes. 


NASAL CAVITY 


The nasal eavity is an irregular spaee between the roof of the mouth 
and the eranial base. It is wider below than above, and widest and verti- 
eally deepest in its eentral region, where it is divided by a vertieal, 
midline, osseocartilaginous septum. The bony part of the sepftim 
reaehes the posterior limit of the eavity. 

The nasal eavity communicates with the paranasal sinuses and opens 
into the nasopharynx through a pair of oval openings, the posterior 
nasal aperftires or ehoanae. The latter are separated by the posterior 
border of the vomer, and eaeh is limited above by the vaginal proeess 
of the medial pterygoid plates, laterally by the perpendicular plate of 
the palatine bone and the medial pterygoid plate, and below by the 
horizontal plate of the palatine bone (Fig. 33.5). The parameters of the 
intranasal spaees depend on age and gender: growth is usually eom- 
pleted by the age of 16 (Samolinski et al 2007). The adult ehoana typi- 
eally measures 2.5 em in vertieal height and 1.3 em transversely; size is 
not usually affeeted by deviations of the nasal septum. The vomerov- 
aginal and palatovaginal eanals are found in the roof of this region. 

Eaeh half of the nasal eavity has a vestibule, roof, floor, medial 
(septal) and lateral walls. 

NASAL VESTIBULE 


The nasal vestibule lies just inside the naris. It is limited above and 
behind by a curved ridge, the limen nasi, raised where the greater ala 
of the lateral cartilaginous ems overlaps the lower edge of the lateral 
nasal eartilage on eaeh side. On the septal side of the nasal eavity, the 
superior edge of the medial ems of the major alar eartilage (the medial 
intumescence) marks the boundary between the nasal vestibule and the 
nasal eavity. The medial wall of the vestibule is formed by a mobile 
septum eonsisting of the columella (which does not eontain eartilage) 
and the underlying medial emra of the alar eartilages. 

R00F 


The roof is horizontal in its eentral part and slopes downwards in front 
and behind (see Fig. 33.3D and E). The anterior slope is formed by the 
nasal spine of the frontal bones and by the nasal bones. The eentral 
region is formed by the eribriform plate of the ethmoid bone, which 
separates the nasal eavity from the floor of the anterior eranial fossa. It 
eontains numerous small perforations that transmit the olfaetory nerves 
and their ensheathing meningeal layers, and a separate anterior foramen 
that transmits the anterior ethmoidal nerve and vessels. The height of 
the eranial base is greatest anteriorly; henee, when disseeting along the 
eranial base during sinus surgery, it is safest to do so from baek to front, 
addressing the lower-lying posterior region first to avoid inadvertent 
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Nose, nasal eavity and paranasal sinuses 


Although eaeh muscle is independent in terms of innervation and func- 
tion, the mimetie muscles of the nose form a continuous layer with 
eonneetions between all the muscular and ligamentous eomponents 
(Saban et al 2008). Thus, the superficial muscular aponeurotic system 
is continuous from the nasofrontal proeess to the nasal tip, splitting at 
the caudal end of the lateral eartilage into superficial and deep layers, 
eaeh with medial and lateral eomponents (Oneal et al 1999). Dissee- 
tion in rhinoplasty is usually performed in a sub-superficial muscular 
aponeurotic system plane. (For fhrther information on the superficial 
muscular aponeurotic system, see p. 476.) 



SECTION 4 


NOSE, NASAL OAVITY AND PARANASAL SINUSES 


560 


intraeranial penetration. Posteriorly, the roof of the nasal eavity is 
formed by the anterior aspeet of the body of the sphenoid, intermpted 
on eaeh side by an opening of a sphenoidal simis, and the sphenoidal 
eonehae or superior eonehae. 


FL00R 


The floor of the nasal eavity is smooth and eoneave transversely and 
slopes up from the anterior to the posterior apertures. The greater part 
is formed by the palatine proeesses of the maxillae, which articulate 
posteriorly with the horizontal plates of the palatine bones at the pal- 
atomaxillary suture (see "igs 33.3D, E). Anteriorly, near the septum, a 
small infundibular opening in the bone of the nasal floor leads into 
the ineisive eanals that deseend to the ineisive fossa; this opening is 
marked by a slight depression in the overlying mucosa. 

The floor of the nose may be defieient as a result of eongenital elef- 
ting of the hard and/or soft palate. 

MEDIAL WALL 


The medial wall of eaeh nasal eavity is the nasal septum, a thin sheet 
of bone (posteriorly) and eartilage (anteriorly) that lies between the 
roof and floor of the eavity (see Figs 30.4, 33. 3D). 

Bony septiim 


The septum is usually relatively featureless but sometimes exhibits 
ridges or bony spurs. The posterosuperior part of the septum and its 
posterior border are formed by the vomer, which extends from the body 
of the sphenoid to the nasal erest of the palatine bones and maxilla 
(see Fig. 30.4). The nasopalatine nerves and vessels groove its surface. 
(The nasopalatine artery, also known as the septal artery, is a braneh of 
the maxillary artery; it leaves the pterygopalatine fossa through a eanal 
inside the palatine bone, mns parallel to the nasopalatine nerve and 
ends in the ineisive eanal, where it anastomoses with the greater pala- 
tine artery.) The anterosuperior part of the septum is formed by the 
perpendiailar plate of the ethmoid, which is continuous above with 
the eribriform plate and the frontal bone. Other bones that make minor 
contributions to the septum at the upper and lower limits of the medial 
wall are the nasal bones and the nasal spine of the frontal bones 
(anterosuperior), the rostmm and erest of the sphenoid (posterosupe- 
rior), and the nasal erests of the maxilla and palatine bones 
(inferior). 

Cartilaginous septum 


The septal eartilage is almost quadrilateral and may extend baek (espe- 
eially in ehildren) for some distanee between the vomer and the per- 
pendicular plate of the ethmoid. Its anterosuperior margin is eonneeted 
above to the posterior border of the internasal suture, and the distal 
end of its superior portion is continuous with the upper lateral earti- 
lages. The anteroinferior border is eonneeted by fibrous tissue on eaeh 
side to the medial emrae of the major alar eartilage. Anteroinferiorly, 
the cartilaginous septum is attaehed to the anterior nasal spine, which 
is formed by anterior projeetions of eaeh maxillary erest, and it has a 
strong, tongue-in-groove attaehment with the premaxilla and vomer. 
The cartilaginous septum anterior to the spine is essential in tip support 
and should not be excised during septal surgery in order to prevent 
columellar retraetion or loss of tip support. The posterosuperior border 
joins the perpendicular plate of the ethmoid, while the posteroinferior 
border is attaehed to the vomer and, anterior to that, to the nasal erest 
and anterior nasal spine of the maxilla. The anteroinferior part of the 
nasal septum between the nares is devoid of eartilage and is therefore 
ealled the membranous septum; it is continuous with the columella 
anteriorly. 

Above the ineisive eanals, at the lower edge of the septal eartilage, a 
depression pointing downwards and forwards is all that remains of the 
nasopalatine eanal, which eonneeted the nasal and buccal eavities in 
early fetal life. Near this reeess, a minute orifiee leads baek into a blind 
tubule, 2-6 mm long, which lies on eaeh side of the septum and houses 
remnants of the vomeronasal organ (see below). 

LATERAL WALL 


The lateral wall of the nasal eavity is formed anteroinferiorly by the 
maxilla and its anterior and posterior fontanelles (bony defieieneies in 


Arrow in orifiee of sphenoidal sinus, 
passing into sphenoethmoidal reeess 

Orifiee of posterior group 
of ethmoidal air eells 

Orifiees of bullar sinuses opening 
into bulla ethmoidalis 



Orifiee of maxillary sinus 


Orifiees of frontonasal ducts 
or ethmoidal infundibulum 


Orifiee of nasolaerimal duct 


Fig. 33.6 The lateral wall of the nasal eavity. The eonehae have been 
removed to show the positions of the ostia of the paranasal sinuses and 
the nasolaerimal duct. (From Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 


the medial wall of the maxilla that are obliterated to varying degrees by 
fibrous tissue); posteriorly by the perpendicular plate of the palatine 
bone; and superiorly by the labyrinth of the ethmoid bone (Fig. 33.6; 
see Figs 33.3E, 30.5). It eontains three projeetions of variable size: the 
inferior, middle and superior nasal eonehae or turbinates. 

The eonehae curve inferomedially in general, eaeh roofing a groove, 
or meatus, which is open to the nasal eavity. The middle eoneha may 
also curve inferolaterally; less eommonly, it may sometimes be expanded 
by an enelosed air eell to form a so-ealled 'eoneha bullosa', or oeeasion- 
ally may have a eoneave medial surface, known as a paradoxical tur- 
binate. The main features of the lateral nasal wall are a rounded 
elevation, the bulla ethmoidalis, and a curved eleft, the hiatus semilu- 
naris, formed by the posterior edge of the uncinate proeess and the 
anterior faee of the ethmoidal bulla. This constitutes the medial limit 
of the ethmoidal infundibulum, a slit-like spaee that leads towards the 
maxillary ostium. The maxillary ostium is normally found lateral to the 
anteroinferior aspeet of the uncinate proeess. The latter may be attaehed 
to either the lateral nasal wall (50%), or the anterior eranial fossa (25%) 
or the middle eoneha (25%). Where the uncinate proeess is attaehed 
determines whether the frontal sinus drains lateral to the ethmoidal 
infundibulum or into it. If the uncinate proeess is attaehed to the lateral 
wall, the frontal sinus will drain into the middle meatus and not into 
the ethmoidal infundibulum, whereas with the other configurations, 
the sinus will drain into the infundibulum, and thus near or into the 
maxillary ostium. Agger nasi air eells are anterior ethmoidal air eells 
that lie anterior to the ethmoidal bulla (see Fig. 33.6). The posterior 
fontanelle lies posterior to the uncinate proeess where there is no bone 
in the medial wall of the maxillary sinus, inferoposterior to the hiatus, 
and frequently has an aeeessory opening (Fig. 33.7). 



Inferior eoneha and inferior meatus 


The inferior eoneha is a thin, curved, independent bone (for more 
details, see p. 483). It artioilates with the nasal surface of the maxilla 
and the perpendioilar plate of the palatine bone. Its free lower border 
is gently curved and the subjacent inferior meatus reaehes the nasal 
floor. The inferior meatus is the largest meatus, extending along almost 
all the lateral nasal wall. It is deepest at the junction of its anterior and 
middle thirds, where it admits the inferior opening of the nasolaerimal 


































Nose, nasal eavity and paranasal siniises 
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Fig. 33.7 A, An endoseopie view of the nasal eavity showing inferior and middle turbinates (MT). B, A view of the middle meatus and left lateral wall of 
the nose. C, An endoseopie view of the nose showing the middle turbinate and the pneumatized uncinate proeess in the middle meatus (asterisk). D, An 
endoseopie view of the nose demonstrating a deviated nasal septum (asterisk) making eontaet with the left inferior turbinate. E, An endoseopie view of 
the posterior nasal spaee. 
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Nasal eavity 


eanal. The eanal is formed by the articulations between the laerimal 
groove of the maxilla, the deseending proeess of the laerimal bone and 
the laerimal proeess of the inferior eoneha. During postnatal develop- 
ment, the ostium of the nasolaerimal duct moves upwards and is 
inereasingly hidden under the over-arehing inferior eoneha. Ineonsist- 
ent epithelial folds (the valve of Hasner) may remain at its distal 
opening. 


ereetile tissue, linked to trigeminal innervation deteeting airflow and 
temperature; eongestion and deeongestion of the venous sinusoids 
regulate nasal resistanee. Turbinates are also essential for filtration, 
heating and humidification of inspired air. They direet airflow to the 
olfaetory eleft, and some areas reeeive direet innervation from the olfae- 
tory bulb. Hypertrophy of the turbinates in allergy or environmental 
irritation results in nasal obstmetion. 


Middle eoneha and middle meatus 


NASAL AIRFL0W AND THE NASAL CYCLE 


The middle eoneha is a medial proeess of the ethmoidal labyrinth and 
may be pneumatized (eonehal sinus). It extends baek to articulate with 
the perpendioalar plate of the palatine bone. The region beneath it is 
the middle meatus, which is deeper in front than behind, lies below 
and lateral to the middle eoneha, and eontimies anteriorly into a 
shallow fossa above the vestibule, termed the atrium of the middle 
meatus. 

Sphenopalatine foramen 

The sphenopalatine foramen, which is really a fissure, transmits the 
sphenopalatine artery and nasopalatine and superior nasal nerves from 
the pterygopalatine fossa. It is posterior to the middle meatus, and 
bounded above by the body and eoneha of the sphenoid, below by the 
superior border of the perpendiailar plate of the palatine bone, and in 
front and behind by the orbital and sphenoidal proeesses of the pala- 
tine bone, respeetively. The erista ethmoidalis, a small bony erest formed 
by the attaehment of the basal lamella of the middle turbinate to the 
aseending palatine bone, is found anterior to the foramen, and is a 
reliable surgical landmark. 

Ethmoturbinals 

The ethmoturbinals are the superior and middle turbinates, oeeasion- 
ally supplemented by a supreme turbinate. They appear during weeks 
nine and ten of gestation as multiple folds on the developing lateral 
nasal wall and subsequently fuse into three or four ridges, eaeh with an 
anterior (aseending) and a posterior (deseending) ramus, separated by 
grooves. The first ridge develops into the agger nasi and the uncinate 
proeess. The seeond is thought to beeome the ethmoidal bulla and the 
fourth, if present, develops into the superior and supreme turbinates. 
The third is known as the basal lamella of the middle turbinate. 

Attaehments of the basal lamella of 
the middle turbinate 

An understanding of the attaehment of the middle turbinate to the roof 
and lateral wall of the nose is essential when undertaking sinus surgery. 
Anteriorly, it attaehes to the erista ethmoidalis of the maxilla, and pos- 
teriorly it attaehes to the erista ethmoidalis of the palatine bone, an- 
terior to the sphenopalatine foramen. In between these points, the 
insertion lies in three different planes. The anterior third inserts verti- 
eally into the eranial base. The middle third turns laterally aeross the 
eranial base to the lamina papyraeea, where it turns inferiorly; it may 
be indented by either anterior or posterior ethmoidal eells, but sepa- 
rates the two groups of eells. The posterior third mns horizontally, 
attaehing to the lamina and the medial wall of the middle turbinate. 

Siiperior eoneha and superior meatus 


The superior eoneha is a medial proeess of the ethmoidal labyrinth and 
presents as a small curved lamina, posterosuperior to the middle 
eoneha. It roofs the superior meatus and is the shortest and shallowest 
of the three eonehae. Above the superior eoneha, the sphenoidal sinus 
opens into the triangular sphenoethmoidal reeess, which separates the 
superior eoneha and anterior aspeet of the body of the sphenoid. The 
superior meatus is a short oblique passage extending about halfivay 
along the upper border of the middle eoneha. The posterior ethmoidal 
sinuses open, via a variable number of apertures, into its anterior part. 

Highest (supreme) nasal eoneha 


Oeeasionally, a fourth eoneha, the highest or supreme nasal eoneha, 
appears on the lateral wall of the sphenoethmoidal reeess. The passage 
immediately below it is ealled the supreme nasal meatus; it may eontain 
an opening for the posterior ethmoidal sinus. 

Functions of the nasal turbinates 


In vivo, the eonehae are eovered with a thiek, vascular, glandular soft 
tissue layer with pseudostratified columnar epithelium. They eontain 



Nasal obstruction 


Disturbances of the normal airflow pattern, whether produced by 
mucocutaneous or skeletal ehanges within the nose, affeet normal 
nasal breathing and are usually pereeived as some form of nasal 
obstmetion. 

The septum may be displaeed by injury or by disproportionate 
growth of the eartilage that may cause it to bend; sometimes, the devi- 
ation may cause unilateral nasal obstmetion. Variations in the anatomy 
of the lateral nasal wall, usually assoeiated with variations in the size 
and position of the anterior ethmoidal eells, may obstmet frontal or 
maxillary sinus drainage, e.g. frontal eells, supraorbital ethmoidal eells, 
and infraorbital or Haller's eells, which represent an extension of an- 
terior ethmoidal pneumatization along the infraorbital margin, some- 
times within the roof of the maxillary sinus (see below). 


NASAL AND 0LFACT0RY MUC0SAE 
Nasal mucosa 


The lining of the anterior part of the nasal eavity and vestibule is eon- 
tinuous with the skin, and eonsists of keratinized stratified squamous 
epithelium overlying a eonneetive tissue lamina propria. Inferiorly, the 
skin bears eoarse hairs (vibrissae), which curve towards the naris and 
help to arrest the passage of partieles in inspired air. In males, after 
middle age, these hairs inerease eonsiderably in size. Further posteriorly, 
at the limen nasi, this ehanges into a mucosa, lined initially by non- 
keratinizing stratified squamous epithelium, and then by pseudostrati- 
fied eiliated (respiratory) epithelium rieh in goblet eells (see fig. 2.2D). 
Respiratory epithelium forms most of the surface of the nasal eavity, i.e. 
it eovers the eonehae, meatuses, septum, floor and roof, except superi- 
orly in the olfaetory eleft, where the olfaetory epithelium is present. It 
is adherent to the periosteum or periehondrmm of the neighbouring 
skeletal structures. In some areas, eells of the respiratory epithelium 
may be low columnar or cuboidal, and the proportion of eiliated to 
non-eiliated eells is variable. 

There are numerous seromucous glands within the lamina propria 
of the nasal mucosa. Their seeretions make the surface stieky so that it 
traps partieles in the inspired air. The mucous film is eontimially moved 
by eiliary aetion (the mucociliary esealator or rejeetion current) poster- 
iorly into the nasopharynx at a rate of 6 mm per minute. Palatal move- 
ments transfer the mucus and its entrapped partieles to the oropharynx 
for swallowing, but some also enters the nasal vestibule anteriorly. The 
seeretions of the nasal mucosa eontain the baeterioeides lysozyme, 
(3-defensin and laetoferrin, and also seeretory immunoglobulins (IgA). 
The mucosa is continuous with the nasopharyngeal mucosa through 
the posterior nasal apertures, the conjunctiva through the nasolaerimal 
duct and laerimal canaliculi, and the mucosa of the sphenoidal, 
ethmoidal, frontal and maxillary sinuses through their openings into 
the meatuses. 

The mucosa is thiekest and most vasoilar over the eonehae, espe- 
eially at their extremities, and also on the anterior and posterior parts 
of the nasal septum and between the eonehae. The mucosa is very thin 
in the meatuses, on the nasal floor and in the paranasal sinuses. Its 
thiekness reduces the volume of the nasal eavity and its apertures sig- 
nifieantly. The lamina propria eontains cavernous vascular tissue with 
large venous sinusoids. 


Olfaetory mucosa 


Olfaetory mucosa (Fig. 33.8) eovers approximately 5 em 2 of the pos- QgJ 
terior upper parts of the lateral nasal wall, including the upper part of 
the vertieal portion of the middle eoneha (where it is interspersed with 
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Nose, nasal eavity and paranasal sinuses 


The paired nasal valves are eritieal regulators of nasal airflow and resist- 
anee. Eaeh is divided into external and internal portions, although often 
only the internal portion is regarded as the 'nasal valve' or flow-limiting 
segment. The external valve is made up of the ala, the skin of the ves- 
tibule, the nasal sill and the contour of the medial crus of the lower 
lateral eartilage. The external valve has a tendeney to eollapse at high 
flow rates, even in normal individuals. 

The upper lateral eartilages are in continuity with the superior border 
of the nasal septum. A valve-like meehanism exists at its distal end that 
regulates nasal airflow. The nasal valve area and internal nasal valve are 
two entities that should not be confused. The nasal valve area is the 
narrowest portion of the nasal passage. It is bounded medially by the 
septum and the tuberculum of Zuckerkandl, and superiorly and later- 
ally by the caudal margin of the upper lateral eartilage, its fibroadipose 
attaehment to the piriform aperture and the anterior end of the inferior 
turbinate; inferiorly, it eonsists of the floor of the piriform aperture. The 
nasal valve, on the other hand, is the speeifie slit-like segment between 
the caudal margin of the upper lateral eartilage and the septum. It is 
measured in degrees and normally ranges between 10 and 15°. Dilator 
naris anterior and the alar part of nasalis support the nasal valves. 

Airflow dynamies are reeognized as playing a key role in eondition- 
ing (i.e. warming, humidiíying and filtering) inspired air; however, 
these dynamies are still poorly understood (Churchill et al 2004, Boyee 


and Eeeles 2006). It is generally agreed that airflow within the nose is 
both laminar and turbulent. Inspired air is foreed to pass through the 
nasal valve and then expands as it passes fiirther into the nasal eavity, 
which offers little airflow resistanee. This sudden ehange in speed and 
pressure produces turbulence and eddies. These currents allow adequate 
eontaet of inspired air with respiratory epithelium and faeilitate odorant 
transport to the olfaetory area. Chewing also affeets nasal airflow; pulses 
of aroma-laden air are pumped out of the mouth into the retronasal 
region with eaeh chew. 

The eross-seetional area of the nasal airway depends on the dimen- 
sions of the septal partition and inferior turbinates (which are modu- 
lated by ehanges in the dimensions of the ereetile tissue that eovers 
them), and on the stability of the lateral nasal walls during breathing. 
The nasal eyele is an alternating fluctuation of nasal engorgement and 
airflow through the nasal passages, with period lengths ranging from 1 
to 5 hours. The meehanism involves ehanges in sympathetie tone to 
the venous ereetile tissue of the nasal mucosa; inereased sympathetie 
vasoeonstrietion causes resistanee to fall. These alterations in the thiek- 
ness and contours of the mucosal surfaces are visible as a swelling or 
shrinkage of the nasal lining, and may serve to proteet the mucosae 
from desieeation. The paeemaker for the eyele is believed to lie within 
the suprachiasmatic nucleus. The rhythmieity of the eyele deereases 
with age. 



Fig. 33.8 C, A higher-power view of the expanded end of an olfaetory reeeptor neurone. The eleetron-dense, osmiophilie material within the adjaeent 
supporting eell (S) is thought to contribute to the pigmentation of the olfaetory epithelium. Other abbreviations: B, basal body with projeeting 
‘feet’; C, olfaetory cilium; M, microtubules. D, A seetion of human olfaetory epithelium immunostained with anti-OMP (olfaetory marker protein). 

An immunopositive olfaetory reeeptor neurone lies between two unstained supporting eells (S). Other abbreviations: V, mierovilli. 
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Fig. 33.8 A, The ehief eytologieal features of the olfaetory epithelium. Reeeptor eells (neurones) (R) are situated among columnar sustentacular eells. The 
axons of the reeeptor eells emerge from the epithelium in bundles enelosed by ensheathing glial eells (G). Rounded globose basal eells (B) and flattened 
horizontal basal eells (not shown) lie on the basal lamina, and the subepithelial glands (of Bowman) (S) open on to the surface via their intraepithelial 
ducts (I). At the surface are eilia of the reeeptor eells and mierovilli of the supporting eells. B-D, Longitudinal seetions through human olfaetory 
epithelium. B, Ciliated olfaetory reeeptor neurones with eharaeteristie expanded ends (N) projeet into the nasal lumen. The edge of a Bowman’s gland 
(BG) lies deeper in the lamina propria. Other abbreviations: B, basal eells resting on the basal lamina; M, mierovillar eell; S, supporting or sustentacular 
eells eontaining eleetron-dense material. (B-D, Courtesy of Professor Bruce Jafek, Department of Otolaryngology, Llniversity of Colorado, Denver, USA.) 


respiratory epithelium in a chequerboard fashion) and the opposite 
part of the nasal septum, the superior eoneha, the sphenoethmoidal 
reeess, the upper part of the perpendicular plate of the ethmoid and the 
portion of the roof of the nose that arehes between the septum and 
lateral walf including the underside of the eribriform plate (constitut- 
ing the olfaetory eleft or groove). It eonsists of a yellowish-brown 
pigmented pseudostratified epithelmm, eontaining olfaetory reeeptor 
neurones, sustentacular eells and two elasses of basal eelf lying on a 
subepithelial lamina propria eontaining subepithelial olfaetory glands 
(of Bowman) and bundles of axons derived from the olfaetory reeeptor 
neurones that course through the mucosa on their way to the eribriform 
plate. The glands seerete a predominantly serous fluid through ducts 
that open on to the epithelial surface. These seeretions form a thin fluid 
layer in which sensory eilia and the mierovilli of the sustentacular eells 
are embedded. 




Olfaetory reeeptor neurones Olfaetory reeeptor neurones are 

bipolar. Their eell bodies and nuclei are loeated in the middle zone of 
the olfaetory epithelium. Eaeh neurone has a single unbranched apieal 
dendrite, 2 pm in diameter, which extends to the epithelial surface; and 
a basally direeted unmyelinated axon, 0.2 pm in diameter, which passes 
in the opposite direetion, penetrates the basal lamina and enters the 
lamina propria. The tips of the dendrites projeet into the overlying 
seeretory fluid and are expanded into eharaeteristie endings (knobs) 
(see Fig. 33. 8B). Groups of up to 20 eilia radiate from the circumference 
of eaeh ending and extend for long distanees parallel to the epithelial 
surface. Internally, the short proximal part of eaeh cilium has the '9 + 2' 
pattern of microtubules typieal of motile eilia, while the longer distal 
trailing end eontains only the eentral pair of microtubules. The olfae- 
tory eilia laek dynein arms and are thought to be non-motile; their 
primary purpose is to inerease the surface area of sensory reeeptor 
membrane available for the effieient deteetion of odorant molecules 
transferred aeross the mucous layer by odorant-binding proteins. 
Mature olfaetory neurones express olfaetory marker protein (OMP), an 
abundant eytoplasmie protein involved in olfaetory signal transduction 
(see Fig. 33. 8D). Eaeh olfaetory reeeptor neurone expresses reeeptors 
for a single odorant molecule (or very few). In humans, over 1000 genes 
eode for fimetional odorant reeeptors; the number of fimetional genes 
is much higher in maerosmotie animals (Buck and Axel 1991). Although 
neurones with the same reeeptor speeifieity are randomly distributed 
within anatomieal zones of the epithelium, their axons all eonverge on 


the same glomerulus in the olfaetory bulb. Speeifie odours aetivate a 
unique speetmm of reeeptor neurones, which in turn aetivate restrieted 
groups of glomemli and their seeond-order neurones. 

The axons form small intraepithelial faseieles among the proeesses 
of sustentacular and basal eells. The faseieles penetrate the basal lamina 
and are immediately surrounded by olfaetory ensheathing eells. Groups 
of up to 50 such faseieles join to form larger olfaetory nerve rootlets 
that pass through the eribriform plate of the ethmoid bone, wrapped 
in meningeal sheaths. They immediately enter the overlying olfaetory 
bulbs, where they synapse in glomemli with mitral eells and, to a lesser 
extent, with smaller tufted eells. 


Mierovillar eells Mierovillar eells occupy a superficial position in the 
olfaetory epithelium. They are flask-shaped and electron-lucent, and the 
apieal end of eaeh eell gives rise to a tuft of mierovilli that projeet into 
the mucus layer lining the nasal eavity (see Fig. 33. 8B). Cell counts in 
longitudinal seetions reveal that mierovillar eells occur with a density 
that is approximately one-tenth of the density of eiliated olfaetory 
neurones; their fimetion and origin have yet to be determined. 


SllStentaeillar eells Sustentacular, or supporting, eells are columnar 
eells that separate and partially ensheathe the olfaetory reeeptor neur- 
ones. Their large nuclei form a layer superficial to the neuronal nuclei 
within the epithelium. The eells are eapped by numerous long, irregular, 
mierovilli, which lie in the seeretory fluid layer that eovers the surface 
of the epithelmm, intermingled with the trailing ends of the eilia on 
the olfaetory reeeptor endings. Their expanded bases eontain numerous 
lamellated dense bodies, which are the remnants of seeondary lyso- 
somes, and which contribute signifieantly to the pigmentation of the 
olfaetory area (see Fig. 33.8B,C). The gramiles gradually accumulate 
with age, and because these eells are long-lived, the intensity of pigmen- 
tation also inereases with age. Neighbouring sustentacular eells are 
linked by desmosomes elose to the epithelial surface, an arrangement 
that helps to stabilize the epithelium meehanieally. Sustentacular eells 
and olfaetory reeeptor neurones are linked by tight junctions at the level 
of the epithelial surface. 



Basal eells There are horizontal and globose basal eells. Horizontal 
basal eells are flattened against the basal lamina. Their nuclei are eon- 
densed and their darkly staining eytoplasm eontains numerous inter- 
mediate filaments of the eytokeratin family, inserted into desmosomes 

















































































































Nasal eavity 


between the basal eells and surrounding sustentacular eells. Globose 
eells are rounded or elliptieal in shape, and have pale, euchromatic 
nuclei and pale eytoplasm. They form a distinet zone that is slightly 
internal to the basal surface of the epithelium and eharaeterized by 
mitotie figures; globose basal eells are the immediate source of new 
olfaetory reeeptor neurones. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE OF 
THE NASAL CAVITY 


Many of the vessels and nerves supplying the nasal eavities arise within 
the pterygopalatine fossa and these origins are deseribed in Ohapter 32. 


Olfaetory ensheathing eells Olfaetory ensheathing eells share 

properties with astroeytes and non-myelinating Schwann eells, but also 
possess distinetive features that indieate they are a separate elass of glia. 
Developmentally, they are derived from the olfaetory plaeode rather 
than the neural erest. They ensheathe olfaetory axons in a unique 
manner throughout their entire course and aeeompany them into the 
olfaetory bulb, where they contribute to the glia limitans. In reeent 
years, olfaetory ensheathing eells have been the focus of intense experi- 
mental semtiny in the seareh for a source of transplantable glia eapable 
of supporting neuronal regeneration within the eentral nervous system, 
possibly in the treatment of paraplegia. 

Olfaetory glands Olfaetory (Bowman's) glands are branehed tubulo- 
alveolar stmctures that lie beneath the olfaetory epithelium and seerete 
their products on to the epithelial surface through narrow, vertieal 
ducts. Their seeretions, which include defensive substances, lysozyme, 
laetoferrin, IgA and sulphated proteoglyeans, together with odorant- 
binding proteins which inerease the effieieney of odour deteetion, bathe 
the dendritie endings and eilia of the olfaetory reeeptors. The fluid aets 
as a solvent for odorant molecules, allowing their diffiision to the 
sensory reeeptors. 

Turnover of olfaetory reeeptor neurones Olfaetory reeeptor 

neurones are lost and replaeed throughout life. Individual reeeptor eells 
have a variable lifespan, thought to average 1-3 months. Stem eells situ- 
ated near the base of the epithelimn undergo periodie mitotie division 
throughout life, giving rise to new olfaetory reeeptor neurones, which 
then grow a dendrite to the olfaetory surface and an axon to the olfae- 
tory bulb. The eell bodies of these new reeeptor neurones gradually 
move apieally until they reaeh the region just below the supporting eell 
nuclei. When they degenerate, dead neurones either are shed from the 
epithelfiim or are phagoeytosed by sustentacular eells. The rate of reeep- 
tor eell loss and replaeement inereases after exposure to damaging 
stimuli but deelines slowly with age, a phenomenon that presumably 
contributes to diminishing olfaetory sensory fimetion in old age. Biopsy 
speeimens from normosmie adults have revealed that patehy replaee- 
ment of olfaetory with respiratory epithelfiim occurs even in young 
healthy adults (Paik et al 1992, Holbrook et al 2005). 


Arteries 


Branehes of the ophthalmie, maxillary and faeial arteries supply differ- 
ent territories within the walls, floor and roof of the nasal eavity (Fig. 
33.9). They ramify to form anastomotie plexuses within and deep to 
the nasal mucosa. Anastomoses also occur between some larger arterial 
branehes. The anterior and posterior ethmoidal branehes of the oph- 
thalmie artery supply the ethmoidal and frontal sinuses and the roof 
of the nose (including the septum). The anterior ethmoidal artery 
usually mns within the bone of the anterior skull base, unless this is 
well pneumatized with a supraorbital eell, in which ease the artery is 
more likely to be positioned away from the skull base and to be more 
prone to surgical damage. The sphenopalatine braneh of the maxillary 
artery supplies the mucosa of the turbinates, meatuses and posteroin- 
ferior part of the nasal septum, i.e. it is the prineipal vessel supplying 
the nasal mucosa. The artery eomes out of a fissure (erroneously termed 
a foramen), and normally divides before it enters the nasal eavity 
behind the erista ethmoidalis into posterior lateral nasal and posterior 
septal branehes. Sometimes, the artery may divide before it leaves the 
foramen. The number and distribution of its branehes show great vari- 
ation, with a median of three or four branehes (Babin et al 2003). The 
greater palatine braneh of the maxillary artery supplies the region of 
the inferior meatus. A braneh erosses the sphenoidal rostmm, below its 
natural ostfiim, to supply the nasal septum. This is utilized to provide 
pedieled, vascularized nasoseptal flaps in skull-base reeonstmetion. Its 
terminal part aseends through the ineisive eanal to anastomose on the 
septum with branehes of the sphenopalatine and anterior ethmoidal 
arteries, and with the septal braneh of the superior labial artery. This 
septal region (Little's area or Kiesselbaeh's plexus) is a eommon site of 
bleeding from the nose. The infraorbital artery and the superior, ante- 
rior and posterior alveolar branehes of the maxillary artery supply the 
mucosa of the maxillary sinus. The pharyngeal braneh of the maxillary 
artery supplies the sphenoidal sinus. 

Nose bleeds 
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Fig. 33.9 The arterial supply of the nasal eavity. A, The lateral wall of the left nasal eavity. B, The medial wall of the left nasal eavity. (From Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 
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Nose, nasal eavity and paranasal sinuses 


The vast majority of nose bleeds, particularly in ehildren, occur as a 
result of digital trauma to the anastomosis of arterioles and veins in 
Little's area, on the nasal septum just inside the nasal vestibule. This 
area is amenable to cautery when required. In older patients, brisker 
bleeding may occur as a result of the spontaneous rupture of arteries 
fhrther baek in the nose. These may be eontrolled by applying pressure 
with a nasal paek, but where this fails, knowledge of the pattern of 
arterial blood supply to the nasal eavity permits intermption of the 
appropriate blood supply by ligation or embolization of the feeding 
vessel. The sphenopalatine artery may be ligated under endoseopie visu- 
alization as it enters the nose through the sphenopalatine foramen. The 
ethmoidal arteries may be exposed within the orbit and ligated to arrest 
bleeding high up in the nasal eavity. The maxillary artery may be 
exposed surgically behind the posterior wall of the maxillary sinus and 
ligated, or alternatively it may be identified radiologieally, using a radi- 
opaque dye, so that it may be bloeked by embolization (Simmen and 
Jones 2010). 
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Veins 


A rieh submucosal cavernous plexus is espeeially dense in the posterior 
part of the septum and in the middle and inferior turbinates (Fig. 
33. 10). Numerous arteriovenous anastomoses are present in the deep 
layer of the mucosa and around the mucosal glands. The cavernous 
turbinate plexuses resemble those in ereetile tissue; the nasal eavity is 
susceptible to bloekage, should they beeome engorged. Veins from the 
posterior part of the nose generally pass to the sphenopalatine vein that 
mns baek through the sphenopalatine foramen to drain into the 


Drainage to cavernous 
sinus in eranial eavity 


Drainage to pterygoid 
plexus in 

infratemporal fossa 


Nasal vein in 
foramen caecum 



Drainage to 
faeial vein 


Fig. 33.10 The venoiis drainage of the nasal eavity: the lateral wall of the 
left nasal eavity. (From Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 


pterygoid venous plexus. The anterior part of the nose is drained mainly 
through veins aeeompanying the anterior ethmoidal arteries, and these 
veins subsequently pass into the ophthalmie or faeial veins. injeetion 
of vasoeonstrietive agents or eortieosteroids during surgery particularly 
to the inferior turbinates, may permit aeeess to the intraeranial and 
ophthalmie circulations. Blindness has been reported in rare eases fol- 
lowing such injeetions. A few veins pass through the eribriform plate 
to eonneet with those on the orbital surface of the frontal lobes of the 
brain. When the foramen caecum is patent, it transmits a vein from the 
nasal eavity to the superior sagittal sinus. 

Lymphatie drainage 


Lymph vessels from the anterior region of the nasal eavity pass super- 
fieially to join those draining the external nasal skin and end in the 
submandibular nodes. The rest of the nasal eavity, paranasal sinuses, 
nasopharynx and pharyngeal end of the pharyngotympanie tube all 
drain to the upper deep eervieal nodes, either direetly or through the 
retropharyngeal nodes. The posterior nasal floor probably drains to the 
parotid nodes. 

INNERVATION 0F THE NASAL OAVITY 


Olfaetion is mediated via the olfaetory nerves. General sensation (touch, 
pain and temperature) from the nasal mucosa is earried by branehes of 
the ophthalmie and maxillary divisions of the trigeminal nerves (Fig. 
33.11). Trigeminal fibres elose to, and within, the epithelial layer are 
sensitive to noxious ehemieals, e.g. ammonia and sulphur dioxide. 
Autonomic fibres innervate mucous glands and eontrol eyelieal and 
reaetive vasomotor aetivity. 

Trigeminal innervation 


The anterior ethmoidal braneh of the nasoeiliary nerve leaves the eranial 
eavity through a small slit near the erista galli and enters the roof of the 
nasal eavity where it mns in a groove on the inner surface of the nasal 
bone, supplying the roof of the nasal eavity. It gives off a lateral internal 
braneh to supply the anterior part of the lateral walf and a medial 
internal braneh to the anterior and upper parts of the septum, before 
emerging at the inferior margin of the nasal bone as the external nasal 
nerve to supply the skin of the external nose to the nasal tip; damage 
following nasal trauma may result in paraesthesia of the tip. The 
infraorbital nerve supplies the nasal vestibule. The anterior superior 
alveolar nerve supplies part of the septum, the floor near the anterior 
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Fig. 33.11 The innervation of the nasal eavity. A, The lateral wall of the left nasal eavity. B, The medial wall of the left nasal eavity. (From Drake RL, Vogl 
AW, Mitehell A (eds), Gray’s Anatomy for Stiidents, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 





























































Paranasal sinuses 


nasal spine and the anterior part of the lateral wall as high as the 
opening of the maxillary sinus; the lateral posterior superior nasal and 
the posterior inferior nasal branehes of the greater palatine nerve 
together supply the posterior three-quarters of the lateral walf roof and 
floor; the medial posterior superior nasal nerves and the nasopalatine 
nerve supply the inferior part of the nasal septum; and branehes from 
the nerve of the pterygoid eanal supply the upper and posterior part of 
the roof and septum. 

Autonomic innervation 


The deep petrosal nerve (postganglionie sympathetie fibres) and the 
greater petrosal nerve (preganglionie parasympathetie fibres) eonverge 
to form the nerve of the pterygoid eanal (Vidian nerve in the Vidian 
eanal). The eanal enters the pterygopalatine fossa, and the nerve joins 
the pterygopalatine ganglion, where the parasympathetie fibres synapse, 
but the sympathetie fibres pass through without synapsing (Ch. 32). 
The nerve of the pterygoid eanal is an important landmark to the 
petrous portion of the internal earotid artery, and may also rarely be 
transeeted to treat intraetable rhinorrhoea. Sympathetie postganglionie 
vasomotor fibres are distributed to the nasal blood vessels. Postgangli- 
onie parasympathetie fibres derived from the pterygopalatine ganglion 
provide the seeretomotor supply to the nasal mucous glands, and are 
distributed via branehes of the maxillary nerves. 

Olfaetory nerves 


Olfaetory nerves are bundles of very small axons derived from olfae- 
tory reeeptor neurones in the olfaetory mucosa. The axons are un- 
myelinated, and in varying stages of maturity, refleeting the eonstant 
turnover of olfaetory neurones that takes plaee in the olfaetory epithe- 
lium. Bundles of axons surrounded by olfaetory ensheathing eells form 
a plexiform network in the subepithelial lamina propria of the mucosa. 
The bundles unite into as many as 20 branehes that eross the eribri- 
form plate in lateral and medial groups, and enter the overlying olfae- 
tory bulb, where they end in glomemli. Eaeh braneh is ensheathed by 
dura mater and pia araehnoid as it passes through the eribriform plate 
(Fig. 33.12). The dura subsequently beeomes continuous with the 
nasal periosteum, and the pia araehnoid merges with the eonneetive 
tissue sheaths surrounding the nerve bundles, an arrangement that 
may favour the spread of infeetion into the eranial eavity from the 
nasal eavity. 

In severe injuries involving the anterior eranial fossa, the olfaetory 
bulb may be separated from the olfaetory nerves or the nerves may be 
torn, producing anosmia, i.e. loss of olfaetion. Fractures may involve 
the meninges, so that eerebrospinal fluid may leak into the nose, result- 
ing in eerebrospinal rhinorrhoea. Such injuries open up avenues for 
intraeranial infeetion from the nasal eavity. 



Vomeronasal organ 
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The paranasal sinuses are the frontal, ethmoidal, sphenoidal and maxil- 
lary sinuses, housed within the bones of the same name (see Fig. 33.1; 
Figs 33.13-33.15). They all open into the lateral wall of the nasal eavity 
by small apertures that permit both the equilibration of air between the 
various air spaees and the elearanee of mucus from the sinuses into the 
nose via a mucociliary esealator. The detailed position of these aper- 
tures, and the preeise form and size of eaeh of the simises, vary enor- 
mously between individuals (Lang 1989, Beale et al 2009, Navarro 
1997). Respiratory epithelium extends through the apertures of the 
paranasal sinuses to line their eavities, a feature that unfortunately 
favours the spread of infeetions. Sinus mucosa is thinner and less vas- 
cular, and has fewer goblet eells, than nasal mucosa. Cilia are always 
present in the imieosa near the apertures but less evenly distributed 
elsewhere within the sinuses. 

The fimetions of the paranasal sinuses remain speoilative. They 
elearly add some resonanee to the voiee, and also allow the enlargement 
of loeal areas of the skull while minimizing a eorresponding inerease 
in bony mass. It is likely that such growth-related ehanges serve to 
strengthen particular regions, e.g. the alveolar proeesses of the maxillae 
when the seeondary dentition empts, but they may also fimetion in 


Fig. 33.12 Axial (A, B) and sagittal (C) seans through the olfaetory groove. 
A, Computed tomogram (CT). B-C, Magnetie resonanee fast imaging 
employing steady-state acquisition (FIESTA) sequence. Key: 1, ethmoid 
plate; 2, inferior orbital fissure; 3, olfaetory bulb. (With permission from 
Linn J Cranial nerves. In: Naidieh TP, Castillo M, Cha S, Smirniotopoulos 
JG (eds) Imaging of the Brain. 2013, Elsevier, Saunders.) 
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Nose, nasal eavity and paranasal sinuses 


In most amphibians, reptiles and mammals, the vomeronasal organ is 
the peripheral sensory organ of the aeeessory olfaetory system. In these 
animals, paired vomeronasal organs are loeated either at the base of the 
nasal septum or in the roof of the mouth, and are involved in ehemieal 
communication that is often, but not exclusively, mediated via phero- 
mones. In many maerosomatie animals, the vomeronasal organ eon- 
sists of a vomeronasal duct that eontains ehemosensory eells, and a 
vomeronasal nerve that terminates eentrally in the aeeessory olfaetory 
bulb. The vomeronasal organ exists in the developing human fetus but 
its existence in the adult has long been eontroversial. A bilateral stme- 
ture in the anteroinferior wall of the nasal septum just dorsal to the 
paraseptal eartilages, which is presumed to be analogous to the vomero- 
nasal organ of other vertebrates, has been demonstrated in adult human 
tissue; while there is no evidenee that this structure has any neurorecep- 
tive hmetion, it has been suggested that it might have an as yet unknown 
endoerine fhnetion (Wessels et al 2014). 
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Fig. 33.13 A eoronal seetion through the nasal eavity, vievved from the posterior aspeet. The plane of the seetion on the right side is more anterior. 
The normal orifiee of the maxillary sinus is shovvn on the right side and an aeeessory orifiee on the left side. 


Foramen rotundum 


Anterior elinoid proeess 



Lateral pterygoid plate Medial pterygoid plate Pterygoid (Vidian) eanal 

Fig. 33.14 A eoronal CT sean shovving the sphenoidal air sinus. 
Abbreviations: C, posterior ehoanae; S, sphenoidal sinus. 


contouring the head to provide visual signals indieating the individuaTs 
status in a soeial context (e.g. gender, sexual maturity and group 
identity). 

Most sinuses are mdimentary or absent at birth, but enlarge appreei- 
ably during the emption of the permanent teeth and after puberty, 
events that signifieantly alter the size and shape of the faee. 


DEVELOPMENT OF THE PARANASAL SINUSES, 

AND ANATOMIOAL VARIATIONS IN CHILDH00D 

At birth, both small ethmoidal and maxillary sinuses are present, but 
the frontal sinus is nothing more than an out-pouching from the 
nasal eavity, and there is no pneumatization of the sphenoid bone. 


IJnderstanding the development of the sinuses at eaeh stage of ehild- 
hood is essential for interpreting pathology and planning surgery. 
Cadaveric and radiologieal studies have provided normative data for 
sinus development. 


Birth 



1-4 years 



4-8 years 



8-12 years 
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Variations in sinus development 
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FRONTAL SINUS 


The paired frontal sinuses are posterior to the superciliary arehes, 
between the outer and inner tables of the frontal bone (see Figs 33.13, 
33.15A, B). Eaeh usually underlies a triangular area on the surface of 
the faee, its angles formed by the nasion, a point 3 em above the nasion 
and the junction of the medial third and lateral two-thirds of the 
supraorbital margin. The two sinuses are rarely symmetrie, sinee the 
septum between them usually deviates from the median plane. Eaeh 
sinus may be further divided into a number of communicating reeesses 
by ineomplete bony septa. 

The average dimensions of an adult frontal sinus are: height 3.2 em; 
breadth 2.6 em; and depth 1.8 em. Eaeh usually has a frontal portion 
that extends upwards above the medial part of the eyebrow, and an 
orbital portion that extends baek into the medial part of the roof of the 
orbit. One or both sinuses may rarely be hypoplastie or even absent; 
raeial differenees have been reported. The prominenee of the supercil- 
iary arehes is no indieation of the presenee or size of the frontal sinuses. 








































































Nose, nasal eavity and paranasal sinuses 


The turbinates at birth are usually bulky and the inferior and middle 
meatuses are underdeveloped. The uncinate, hiatus semilunaris and 
ethmoidal bulla are already well-defined, fixed landmarks, and both the 
anterior and posterior ethmoidal eells are already almost eompletely 
developed in terms of number but not size. The eells are separated by 
eonneetive tissue, which beeomes eompressed with subsequent expan- 
sion of the eells. The ethmoid complex ranges from 8 to 12 mm in 
length, 1 to 3 mm in width and 1 to 5 mm in height; the complexes 
expand rapidly in size in the first few years of life. The maxillary sinus 
is roughly spherieal, with a volume of 6-8 em 3 , and measures 10 mm 
in length, 4 mm in height and 3 mm in width. It lies initially medial 
to the orbit, but projeets laterally under the orbit by the end of the first 
year of life. The sphenoid is devoid of air, although a blind mucosal sae 
may sometimes be identified. At birth, the sphenoid has two major 
ossifieation eentres; failure of fhsion between the two may give rise to 
anatomieal variations such as a persistent 'eraniopharyngeal eanal'. The 
Eustachian tube is found within the nasal eavity, behind the posterior 
end of the inferior turbinate. The frontal sinus is no more than a small 
out-pouching that drains into the infundibulum. 

The supreme turbinate has usually disappeared, while the remaining 
three turbinates reduce relatively in size. The inferior meatus develops 
and contributes to the nasal airway. The maxillary sinus enlarges rapidly 
up to the age of 4 years, reaehing laterally as far as the infraorbital eanal, 
and inferiorly to the attaehment of the inferior turbinate; it ranges 
between 22 and 30 mm in length, 12 and 18 mm in height and 11 and 
19 mm in width. The ethmoidal eells enlarge in all direetions, starting 
anteriorly and then progressing posteriorly. By the age of 4, they are 
well developed; variants such as the agger nasi eell, infraorbital eell and 
eoneha bullosa are identifiable. Sphenoidal pneumatization eom- 
menees around 7 months of age; a distinet eell is visible by the age of 
2 years. By 4 years of age, it is roughly pea-sized, with a diameter of 
4-8 mm. The frontal sinus is the last to develop and is impereeptible 
in infants less than 1 year old. It begins to pneumatize after the age of 
2, gradually enlarging as an out-pouching from the anterior ethmoids. 
Early growth is slow; by 4 years, the vertieal height reaehes only 
half the height of the orbit (between 6 and 9 mm in height) (Wolf 
et al 1993). 

By 8 years, the simises have expanded in all direetions. The maxillary 
sinus has reaehed the maxillary bone laterally and the plane of the hard 
palate, beeoming tetrahedral in shape. It ranges from 34 to 38 mm in 
length, 22 to 26 mm in height and 18 to 24 mm in width. The dental 
buds of unerupted teeth are elosely related to the floor of the sinus. The 
ethmoidal eells continue to enlarge, but more slowly than before; the 
posterior eells beeome larger than the anterior eells. 

Pneumatization into the vertieal plate of the frontal bone does not 
usually begin until the fifth year, at which time the frontal sinus may 
be identified radiologieally. The frontal sinus pneumatizes rapidly and 
begins to pneumatize into the vertieal plate of the frontal bone; its 
height reaehes the orbital roof at 8 years (Ruf and Paneherz 1996). 

By 12 years, the sinuses have almost reaehed adult proportions. The 
maxillary sinus pneumatizes into the maxillary alveolus after emption 
of the permanent dentition, so that the floor of the sinus now sits 
4-5 mm below the level of the floor of the nasal eavity. The ethmoidal 
sinuses reaeh adult size, and the frontal sinuses extend into the frontal 
bone, continuing to enlarge until puberty. The sphenoidal sinus reaehes 
its fiill size by the age of 14 years. 

Asymmetry in the size and shape of the simises, hypoplasia and ana- 
tomieal variants are eommon (Navarro 1997). llnilateral or bilateral 
maxillary hypoplasia occurs infrequently; the eondition is rarely bilat- 
eral. Pneumatization of an ethmoidal eell into the middle eoneha 
ereates a eoneha bullosa, and inferolaterally ereates an infraorbital eell. 
The degree of pneumatization of the sphenoid is highly variable but 
aplasia is very rare. In eontrast, unilateral aplasia of the frontal sinus is 
present in 15% of adults, and present bilaterally in 5%. 
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Paranasal sinuses 



Frontal sinus 


Agger nasi (anterior ethmoidal air eell) 


Sphenoidal sinus 


Frontal sinus Ethmoidal bulla Posterior ethmoidal eells 



Middle eoneha Inferior eoneha Hiatus semilunaris Sphenoidal sinus 


Fig. 33.15 A-B, Sagittal CT seans showing the frontal, ethmoidal and 
sphenoidal siniises. Arrows indieate the hiatus semilunaris in A. 

(A, Courtesy of Professor D Bell.) 



They are more prominent in males, and lend the forehead an obliquity 
that eontrasts with the vertieal or convex profìle typieal of ehildren and 
females. 

The aperture of eaeh frontal sinus opens either into the anterior part 
of the eorresponding middle meatus by the ethmoidal infundibulum 
as a frontonasal reeess (rather than a duct), or medial to the hiatus 
semilunaris if the uncinate proeess is attaehed to the lateral nasal wall 
or an agger nasi eell (Kuhn 2002). The frontal reeess is actually the most 
anterior part of the anterior ethmoidal complex but is deseribed here 
because of its importanee in the drainage of the frontal sinus. Its lateral 
wall is the lamina papyraeea; the medial wall is formed by the middle 
turbinate; and posteriorly, the wall is made up of either the eranial base, 
in a suprabullar reeess, or the insertion of the bulla, if this reaehes the 
eranial base. Anteriorly, the wall extends from the frontal sinus proper 
to the anterior attaehment of the middle turbinate. In its simplest form, 
it takes the shape of an inverted fhnnel, forming an hourglass shape 
with the floor of the frontal sinus. However, the frontal reeess is often 
narrowed both from in front and from behind by anterior ethmoidal 
eells, such that it may be highly convoluted (Fig. 33.16). These fronto- 
ethmoidal eells are elassifìed with regard to their attaehments to the 
inner walls of the frontal sinus and relationship to the frontal reeess as 
anterior or posterior, medial or lateral (Lund et al 2014). 



Inferior eoneha 


Middle eoneha 


Ethmoidal bulla 


Fig. 33.17 A eoronal CT sean through the ostiomeatal complex. Red 
arrows indieate the direetion of mucociliary flow; the blue area, the middle 
meatus; and the green stars, the infundibulum. 


Ethmoidal sinuses 


Orbital fat 



Sphenoidal sinus 


— Internal earotid artery 
Nasal septum 


Fig. 33.18 A horizontal seetion of the head showing the ethmoidal and 
sphenoidal sinuses. (With permission from Berkovitz BKB, Moxham BJ 
2002 Head and Neek Anatomy. London: Martin Dunitz.) 


Vascular supply, lymphatie drainage 
and innervation 

The frontal simises reeeive their arterial supply from the supraorbital 
and anterior ethmoidal arteries. The veins drain into an anastomotie 
vein in the supraorbital noteh that eonneets the supraorbital and su- 
perior ophthalmie veins. Lymphatie drainage is to the submandibular 
nodes. The sinuses are innervated by branehes of the supraorbital nerves 
(general sensation) and the orbital branehes of the pterygopalatine 
ganglia (parasympathetie seeretomotor fìbres). 


SPHEN0IDAL SINUS 


The sphenoidal sinuses are two large, irregular eavities within the body 
of the sphenoid and therefore lie posterior to the upper part of the nasal 
eavity (see Figs 33.14-33.15; Figs 33.17-33.18). Eaeh opens into the 
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Nose, nasal eavity and paranasal siniises 



Fig. 33.16 A, A eoronal CT demonstrating the frontal siniis (F), agger nasi eell (bliie arrow) and uncinate proeess inserting into the middle turbinate 
(yellow arrow). B, An absent frontal sinus (asterisk). C, A eoronal CT demonstrating variations in the frontal sinus with multiple eells within the frontal 
reeess. 
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eorresponding sphenoethmoidal reeess via an aperture high on the 
anterior wall of the sinus. The sphenoid ostium is usually medial to 
the superior turbinate, although the height of the osthim is highly vari- 
able. The average dimensions of the adult sphenoid are: vertieal height 
2 em; transverse breadth 1.8 em; and anteroposterior depth 2.1 em. The 
simises are usually separated by a septum that usually deviates from the 
midline, so that they are unequal in size and form. Their lumina may 
be further partially divided by bony laminae and aeeessory septa, espe- 
eially in the region of former synehondroses, and these septa eommonly 
insert on to the internal earotid artery. Oeeasionally, one sinus overlaps 
the other above and, rarely, they intercommunicate. Bony ridges, pro- 
duced by the internal earotid artery, pterygoid eanal, maxillary braneh 
of trigeminal and sometimes the optie nerve, may projeet into the 
sinuses from their lateral walls. The sphenoidal simises are related 
above to the optie ehiasma and hypophysis eerebri, and on eaeh side 
to the internal earotid artery and cavernous sinus. One or both simises 
may partially eneirele the optie eanal. Dehiseenees in the osseous walls 
may oeeasionally leave their mucosa in eontaet with the overlying dura 
mater, optie nerve or earotid artery. 

The extent of pneumatization of surrounding bone is highly vari- 
able. Sometimes, a lateral reeess may extend into the greater and lesser 
wings of the sphenoid or the pterygoid proeesses, separating the ptery- 
goid (Vidian) eanal and foramen rotundum, and may even invade the 
basilar part of the oeeipital bone almost to the foramen magnum. A 
posterior ethmoidal sinus may extend posterosuperior to the relatively 
smaller sphenoidal sinuses. In such eases, the sphenoid is medial and 
inferior to this sphenoethmoidal eell (Onodi eell), which itself will be 
elosely related to the optie nerve and earotid artery. An attempt to 
approaeh the sphenoid through a sphenoethmoidal eell plaees these 
structures at risk of injury. Sphenoethmoidal eells are readily identified 
on computed tomographie (CT) imaging, where a horizontal bar ean 
be seen in the eoronal plane. The anterior elinoid proeess may be pneu- 
matized in up to 15% of sphenoidal eells. 

The shape and position of the sphenoidal sinus are of elinieal 
importanee in an endoseopie trans-sphenoidal surgical approaeh to 
the hypophysis eerebri. The sinuses may be elassified into three main 
types: sellar, the most eommon type, in which the sinus extends for 
a variable distanee beyond the tuberculum sellae; presellar, in which 
the sinus oeeasionally extends posteriorly towards, but not beyond, the 
tuberculum sellae; and eonehal, the rarest type, in which a small sinus 
is separated from the sella turcica by approximately 10 mm of trabee- 
ular bone. The anterior midline septum often beeomes deviated to one 
side posteriorly; identifieation of this septation is important prior to 
surgery (Fig. 33.19). 


Vascular supply, lymphatie drainage 
and innervation 

The sphenoidal sinuses reeeive their arterial supply from the posterior 
ethmoidal branehes of the ophthalmie arteries and nasal branehes of 
the sphenopalatine arteries. Venous drainage is through the posterior 
ethmoidal veins draining into the superior ophthalmie veins. Lymph 
drainage is to the retropharyngeal nodes. The simises are innervated by 
the posterior ethmoidal branehes of the ophthalmie nerves (general 
sensation) and the orbital branehes of the pterygopalatine ganglia 
(parasympathetie seeretomotor fibres). 


ETHMOIDAL SINUSES 


The ethmoidal sinuses differ from the other paranasal simises in that 
they are formed of multiple thin-walled eavities in the ethmoidal laby- 
rinth (see Figs 33.13, 33.15-33.18). The number and size ofthe eavities 
vary, from 3 large to 18 small simises on eaeh side. They lie between 
the upper part of the nasal eavity and the orbit, and are separated from 
the latter by the paper-thin lamina papyraeea or orbital plate of the 
ethmoid (this presents a poor barrier to infeetion, which may therefore 
spread into the orbit). Pneumatization may extend into the middle 
eoneha, or into the body and wings of the sphenoid bone lateral to the 
sphenoidal sinus. (There is a view that the ethmoidal sinuses are aerated 
after birth, rather than pneumatized, as happens with the other para- 
nasal sinuses (Jankowski 2013).) 

The ethmoidal sinuses are divided elinieally into anterior and pos- 
terior groups on eaeh side, distinguished by their embryologieal devel- 
opment, sites of communication with the nasal eavity, their mucociliary 
drainage, and their relation to the basal lamella of the middle turbinate. 
(Cells wrongly designated previously as belonging to a middle group 
are now included with the anterior group (Stammberger and Kennedy 
1995).) The anterior and posterior groups are separated from eaeh other 
568 by the basal lamella; this may be indented by eells from either group 


and therefore it forms a rather tortuous barrier between them. Within 
eaeh group, the simises are only partially separated by ineomplete bony 
septa. 


Anterior ethmoidal sinuses 


Up to 11 anterior ethmoidal air eells drain into the ethmoidal infundibu- 
lum, a three-dimensional, fimnel-shaped eleft between the uncinate 
and lateral wall of the nose, by one or more orifiees. The most anterior 
group, developmental remnants of the first ethmoturbinals, are the 
agger nasi eells. These eells are almost always present. They are medial 
relations of the laerimal sae and duct, and invaginate beneath the 
frontal sinus on the lateral wall of the nasal eavity anteriorly. Removal 
of the superior walls of the agger nasi, 'uncapping the egg, is a key part 
of surgery of the frontal reeess. The ethmoidal bulla, arising from the 
seeond ethmoturbinal of the nose, eonsists of a group of the largest and 
least variable anterior ethmoidal eells. The eleft between the posterior 
edge of the uncinate bone and the faee of the ethmoidal bulla is known 
as the hiatus semilunaris. When the bullar lamella reaehes the eranial 
base, this forms the posterior wall of the frontal reeess. In other eases, 
a suprabullar reeess may be found. Infraorbital (Haller) eells may 
develop medially beneath the orbital floor (Fig. 33.20). 



Posterior ethmoidal sinuses 

Up to seven posterior ethmoidal air eells usually drain by a single orifiee 
into the superior meatus; one may drain into the supreme meatus when 
present, and one or more into the sphenoidal sinus (Fig. 33.21). The 
posterior group lies very elose to the optie eanal and optie nerve; optie 
nerve injury is a devastating potential eomplieation of endoseopie sinus 
surgery, particularly if a sphenoethmoidal eell (Onodi eell) is present. 
The reported ineidenee varies widely (3.5 to 51%), aeeording to raeial 
group; it is more eommon in non-Caucasians. The sphenoethmoidal 
eell is usually regarded as the most posterior ethmoidal eell that pneu- 
matizes lateral and superior to the sphenoidal sinus, and is intimately 
assoeiated with the optie nerve; it may eontain a tuberculum nervi 
optiei, where the optie eanal bulges into the wall of the eell. 



Roof of the ethmoid 

The ethmoid bone is open superiorly; the roof is elosed by the orbital 
plate of the frontal bone. Ethmoidal air eells indent this plate; eaeh 
one is a Tovea ethmoidalis'. The thin, lateral eribriform lamella (one of 
the thinnest parts of the eranial base) forms the medial wall of the 
roof, extending from the middle turbinate to the eribriform plate, and 
the lateral wall of the olfaetory fossa or niehe. The olfaetory fossa 
varies in depth and is frequently asymmetrieal; it is at risk during sinus 
surgery. 


ilneinate proeess 

The uncinate proeess in a thin, hook-shaped bone that articulates with 
the perpendioilar plate of the palatine bone and the ethmoidal proeess 
of the inferior eoneha. Its posterosuperior margin is free, forming the 
hiatus semilunaris with the ethmoidal bulla. It may sometimes refleet 
medially into the middle meatus and usually overlies the ostium of the 
maxillary sinus. It is frequently removed during sinus surgery (Beeker 
1994). 


Vascular supply and innervation 

The ethmoidal simises reeeive their arterial supply from nasal branehes 
of the sphenopalatine artery and the anterior and posterior ethmoidal 
branehes of the ophthalmie artery. Venous drainage is by the eorres- 
ponding veins. The lymphaties of the anterior group drain to the 
submandibular nodes, and those of the posterior group to the retro- 
pharyngeal nodes. The simises are innervated by the anterior and 
posterior ethmoidal branehes of the ophthalmie nerves (general sensa- 
tion) and the orbital branehes of the pterygopalatine ganglia (parasym- 
pathetie seeretomotor fibres). 


MAXILLARY SINUS 


The maxillary sinus is the largest of the paranasal sinuses. It usually fills 
the body of the maxilla and is pyramidal in shape (see figs 30.8B, 
33.13, 33.17; Fig. 33.22). The base is medial and forms much of the 
lateral wall of the nasal eavity. The floor, which often lies below the 
nasal floor, is formed by the alveolar proeess and part of the palatine 
proeess of the maxilla. It is related to the roots of the teeth, espeeially 
the seeond premolar and first molar, but may extend posteriorly to the 
third molar tooth and/or anteriorly to ineorporate the first premolar, 
and sometimes the eanine. Defeets in the bone overlying the roots are 













Nose, nasal eavity and paranasal siniises 



Fig. 33.19 A, A eoronal CT demonstrating a normal right-sided sphenoidal sinus and a small left-sided sphenoidal sinus (S). The left sphenoethmoidal 
eell is also shown (asterisk). Pneumatization of the left anterior elinoid proeess (green arrow) means that the optie nerve (yellow arrow) lies exposed 
within the sphenoethmoidal eell. The foramen rotundum (blue arrow) and pterygoid (Vidian) eanal (red arrow) ean also be seen. B, An endoseopie view of 
a right Onodi eell; the optie nerve is visible in the posterolateral wall of the eell (asterisk). C, A eoronal CT demonstrating well-pneumatized sphenoidal 
sinuses. The foramen rotundum (asterisk) and internal earotid artery (arrow) are also shown. D, A sagittal CT demonstrating the sphenoidal sinus (S), 
pituitary fossa (arrow) and posterior sphenoethmoidal eell (asterisk). 




Fig. 33.20 A, The anterior ethmoidal air eells (E). B, An endoseopie view 
showing a partially opened agger nasi eell (asterisk). C, An infraorbital 
ethmoidal eell (Haller eell, asterisk), seen as a variation of anterior 
ethmoidal anatomy. 
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Fig. 33.21 A, A eoronal CT demonstrating the posterior ethmoidal eells. 

A bony spur ean be seen in the nasal septum. B, The posterior ethmoidal 
air eells and the sphenoethmoidal reeess (arrow). 
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Paranasal sinuses 


not uncommon. The roof of the sinus forms the major part of the floor 
of the orbit. It eontains the infraorbital eanaf which may exhibit dehis- 
eenees. The lateral tmneated apex of the pyramid extends into the 
zygomatie proeess of the maxilla, and may reaeh the zygomatie bone, 
in which ease it forms the zygomatie reeess, which throws a V-shaped 
shadow over the antmm on a lateral radiograph. 

The faeial surface of the maxilla forms its anterior walf and is 
grooved internally by a delieate eanal (eanalis sinuosus) that houses 
the anterior superior alveolar nerve and vessels as they pass forwards 
from the infraorbital eanal. The posterior wall is formed by the 
infratemporal surface of the maxilla; it eontains alveolar eanals that 
may produce ridges in the sinus and that also conduct the posterior 
superior alveolar vessels and nerves to the molar teeth. The medial wall 
is defieient posterosuperiorly at the maxillary hiatus, a large opening 
that is partially elosed in an articulated skull by portions of the perpen- 
dicular plate of the palatine bone, the uncinate proeess of the ethmoid 
bone, the inferior nasal eoneha, the laerimal bone and the overlying 
nasal imieosa, to form an ostium and anterior and posterior fonta- 
nelles. The ostium usually opens into the inferior part of the ethmoidal 
infundibulum, and thenee into the middle meatus, via the hiatus semi- 
lunaris (the hiatus forms the area above the superior edge of the unci- 
nate proeess). The ostium is not normally visible on examination of 
the nose, without prior reseetion of the uncinate proeess. The fonta- 
nelles are eovered only by periosteum and imieosa, and may eontain 
aeeessory ostia that may be visible on nasendoseopy and CT. All of the 
openings are nearer the roof than the floor of the simis, which means 
that the natural drainage of the maxillary sinus is reliant on an intaet 
mucociliary esealator; the eilia of the sinus mucoperiosteum normally 
beat towards the ostium. 

The maxillary sinus may be ineompletely divided by septa; eomplete 
septa are very rare. The thinness of its walls is elinieally signifieant in 
determining the spread of tumours from the maxillary sinus. A tumour 
may push up the orbital floor and displaee the eyeball; projeet into the 
nasal eavity, causing nasal obstmetion and bleeding; protmde on to 
the eheek, causing swelling and numbness if the infraorbital nerve is 
damaged; spread baek into the infratemporal fossa, causing restrietion 
of mouth opening due to pterygoid muscle damage and pain; or spread 
down into the mouth, loosening teeth and causing malocclusion. 
Extraction of molar teeth may damage the floor, and impaet may frae- 
ture its walls. Rarely, hypoplasia of one maxillary antmm is present. 

Ostiomeatal complex 

The term ostiomeatal complex, or ostiomeatal unit, refers to the area 
that includes the maxillary sinus ostfiim, ethmoidal infundibulum and 
the hiatus semilunaris (see Fig. 33.17); it is a fimetional complex rather 
than a elearly defined anatomieal stmcture (see Fig. 33.22A). The 
complex is the eommon pathway for drainage of seeretions from the 
maxillary and anterior group of ethmoidal sinuses; where the uncinate 
proeess attaehes to the lateral nasal wall, the complex also drains the 
frontal sinus. 

Vascular supply, lymphatie drainage 
and innervation 

The arterial supply of the maxilla is derived mainly from the maxillary 
arteries via the anterior, middle and posterior superior alveolar branehes 
and from the infraorbital and greater palatine arteries. Branehes of the 


posterior superior alveolar artery and the infraorbital artery form an 
anastomosis in the bony wall of the sinus, which also supplies the 
mucous membrane that lines the nasal ehambers. An extraosseous 
anastomosis frequently exists between the posterior superior alveolar 
artery and the infraorbital artery. The intra- and extraosseous anasto- 
moses form a double arterial areade that supplies the lateral antral wall 
and, partly, the alveolar proeess. Veins eorresponding to the arteries 
drain into the faeial vein or pterygoid venous plexus on either side. 
Lymph drainage is to the submandibular nodes. The sinuses are inner- 
vated by the infraorbital and anterior, middle and posterior superior 
alveolar branehes of the maxillary nerves (general sensation), and nasal 
branehes of the pterygopalatine ganglia (parasympathetie seeretomotor 
fibres). 


IMAGING OF THE PARANASAL SINUSES 


Standard radiologieal images are no longer reeommended in the diag- 
nosis of rhinosinusitis because of their poor speeifieity and sensitivity, 
although they may be used to eonfirm the presenee of acute frontal or 
maxillary sinusitis that has failed to respond to medieal treatment and 
requires urgent drainage. CT defines anatomieal variations but should 
not be used in isolation for diagnosis because 1 in 3 asymptomatie 
individuals show ineidental mucosal ehanges. Spiral CT provides good- 
quality axial, eoronal and sagittal images that faeilitate an appreeiation 
of the size and relationship of the paranasal sinuses (Fig. 33.23). 



SPREAD OF INFECTION FROM THE SINUSES 

llneontrolled paranasal sinus infeetion ean cause very signifieant mor- 
bidity. In the pre-antibiotie era, it was often assoeiated with mortality 
from meningitis and brain abseess. Paranasal sinus infeetion has the 
potential to spread to the orbit, cavernous sinuses, meninges and brain. 
The ability to overeome infeetion at this site depends on the vimlenee 
of the infeeting organism, the speed with which appropriate treatment 
is delivered, innate immunity and individual anatomieal aspeets of the 
sinuses that may predispose to spread of infeetion. Normal mucociliary 
elearanee of the nasal and paranasal mucosa beeomes paralysed or 
uncoordinated very quickly with the onset of infeetion and patent or 
potentially patent drainage pathways beeome paramount. The middle 
meatus forms the eommon drainage pathway for the anterior ethmoi- 
dal, frontal and maxillary sinuses. The posterior ethmoidal and sphe- 
noidal sinuses drain into the superior meatus and sphenoethmoidal 
reeess. Endoseopie examination will usually show infeeted mucus 
draining from these areas in this situation (Simmen and lones 2005). 

The bony walls of the simises are paper-thin in plaees and dehis- 
eenees of them, particularly of the lamina papyraeea and eribriform 
plate of the ethmoids, the lateral wall of the sphenoid, and the orbital 
and posterior walls of the frontal sinus, bring infeeted sinus mucosa 
into direet eontaet with orbital periosteum, the dura of the anterior 
eranial fossa and the cavernous sinus. Septie thrombophlebitis then 
develops and infeetion spreads rapidly by this route. Sequelae ean 
include blindness, intra- and extradural eolleetions, cavernous sinus 
thrombosis, meningitis, frontal lobe abseess and osteomyelitis of the 
eranial vault if diploie veins are involved. 



Fig. 33.2 The adult male nose. A, Basal 
view. B, Frontal view. 

Fig. 33.7 A, An endoseopie view of the 
nasal eavity showing inferior and middle 
turbinates. B, A view of the middle meatus 
and left lateral wall of the nose. C, An 
endoseopie view of the nose showing the 
middle turbinate and the pneumatized 
uncinate proeess in the middle meatus. 

D, An endoseopie view of the nose 
demonstrating a deviated nasal septum 
making eontaet with the left inferior 
turbinate. E, An endoseopie view of the 
posterior nasal spaee. 


Fig. 33.8 C, A higher-power view of the 
expanded end of an olfaetory reeeptor 
neurone. D, A seetion of human olfaetory 
epithelium immunostained with anti-OMP 
(olfaetory marker protein). 

Fig. 33.16 A, A eoronal CT demonstrating 
the frontal sinus, agger nasi eell and 
uncinate proeess inserting into the middle 
turbinate. B, An absent frontal sinus. C, A 
eoronal CT demonstrating variations in the 
frontal sinus with multiple eells within the 
frontal reeess. 


Fig. 33.19 A, A eoronal CT demonstrating a 
normal right-sided sphenoidal sinus and a 
small left-sided sphenoidal sinus. B, An 
endoseopie view of a right Onodi eell; the 
optie nerve is visible in the posterolateral 
wall of the eell. C, A eoronal CT 
demonstrating well-pneumatized sphenoidal 
sinuses. D, A sagittal CT demonstrating the 
sphenoidal sinus, pituitary fossa and 
posterior sphenoethmoidal eell. 

Fig. 33.20 A, The anterior ethmoidal air 
eells. B, An endoseopie view showing a 
partially opened agger nasi eell. C, An 
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Fig. 33.22 A, A eoronal seetion demonstrating the maxillary and anterior ethmoidal sinuses. The ostiomeatal complex (ringed) and infundibulum (yellovv 
arrovv) are shovvn. The anterior ethmoidal artery ean be seen leaving the orbit (red arrovv). The uncinate proeess is also visible (green arrovv). B, A eoronal 
CT demonstrating the maxillary sinuses and a right-sided, pneumatized middle eoneha (eoneha bullosa; asterisk). C, A sagittal CT demonstrating the 
relationship betvveen the posterior vvall of the maxillary sinus (M), the pterygopalatine fossa (arrovv) and a lateral extension of the sphenoidal sinus (S). 

D, A sagittal CT shovving the course of the infraorbital nerve through the maxillary sinus (arrovv). 
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Fig. 33.23 A, A eoronal seetion of the skiill. Medial rectus (purple arrovv); inferior turbinate (yellovv arrovv); anterior ethmoidal air eells (green arrovv). 
Abbreviations: C, eoneha bullosa (pneumatized middle turbinate); M, maxillary sinus; O, olfaetory eleft; S, nasal septum. B, An axial seetion of the skull. 
Medial rectus (blue arrovv); orbital apex (purple arrovv). Abbreviations: E, ethmoidal sinus; S, sphenoidal sinus. C, A sagittal seetion of the skull. 
Abbreviations: E, ethmoidal sinus; F, frontal sinus; IT, inferior turbinate; MT, middle turbinate; P, pituitary fossa; S, sphenoidal sinus. 
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infraorbital ethmoidal eell (Haller eell), seen 
as a variation of anterior ethmoidal anatomy. 

Fig. 33.21 A, A eoronal CT demonstrating 
the posterior ethmoidal eells. B, The 
posterior ethmoidal air eells and the 
sphenoethmoidal reeess. 

Fig. 33.22 A, A eoronal seetion 
demonstrating the maxillary and anterior 


ethmoidal sinuses. B, A eoronal CT 
demonstrating the maxillary sinuses and a 
right-sided, pneumatized middle eoneha 
(eoneha bullosa). C, A sagittal CT 
demonstrating the relationship between the 
posterior wall of the maxillary sinus, the 
pterygopalatine fossa and a lateral extension 
of the sphenoidal sinus. D, A sagittal CT 
showing the course of the infraorbital nerve 
through the maxillary sinus. 


Fig. 33.23 A, A eoronal seetion of the skull. 
B, An axial seetion of the skull. C, A sagittal 
seetion of the skull. 

Table 33.1 Terminology. 
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The pharynx is a 12-14 cm long musculomembranous tube shaped like 
an inverted eone. It extends from the eranial base to the lower border 
of the erieoid eartilage (the level of the sixth or seventh eervieal verte- 
bra), where it beeomes continuous with the oesophagus. The width of 
the pharynx varies eonstantly because it is dependent on muscle tone, 
espeeially of the eonstrietors; at rest, the pharyngo-oesophageal junc- 
tion is elosed as a result of tonie closure of the upper oesophageal 
sphineter, and during sleep, muscle tone is low and the dimensions of 
the pharynx are markedly deereased (which may give rise to snoring 
and sleep apnoea). The pharynx is limited above by the posterior part 
of the body of the sphenoid and the basilar part of the oeeipital bone, 
and it is continuous with the oesophagus below. Behind, it is separated 
from the eervieal part of the vertebral column and the prevertebral 
faseia, which eovers longus eolli and longus eapitis, by loose eonneetive 
tissue in the retropharyngeal spaee above and the retroviseeral spaee 
below. 

The muscles of the pharynx are three eirailar eonstrietors and three 
longitudinal elevators. The eonstrietors may be thought of as three 
overlapping eones that arise from structures at the sides of the head and 
neek, and pass posteriorly to insert into a midline fibrous band, the 
pharyngeal raphe. The arterial supply to the pharynx is derived from 


branehes of the external earotid artery, particularly the aseending pha- 
ryngeal artery, but also from the aseending palatine and tonsillar 
branehes of the faeial artery, the maxillary artery (greater palatine and 
pharyngeal arteries and the artery of the pterygoid eanal) and dorsal 
lingual branehes of the lingual artery. The pharyngeal veins begin in a 
plexus external to the pharynx, reeeive meningeal veins and a vein from 
the pterygoid eanal, and usually end in the internal jugular vein. Lym- 
phatie vessels from the pharynx and eervieal oesophagus pass to the 
deep eervieal nodes, either direetly or through the retropharyngeal or 
paratraeheal nodes. The motor and sensory innervation is prineipally 
via branehes of the pharyngeal plexus. 

The pharynx lies behind, and eomimmieates with, the nasal, oral 
and laryngeal eavities via the nasopharynx, oropharynx and laryngo- 
pharynx, respeetively (Figs 34.1-34.2). Its lining mucosa is continuous 
with that lining the pharyngotympanie tubes, nasal eavity, mouth and 
larynx. The retropharyngeal and parapharyngeal spaees surround the 
pharynx; the retropharyngeal spaee lies anterior to the prevertebral and 
alar faseia and thus to the alar, danger spaee that lies between them. 
For fhrther reading, including reviews of some of the more important 
historieal literature, see Flint et al (2010), Graney et al (1998 , Hollin- 
shead (1982), Wood-Jones (1940). 


Nasopharynx - 


Oropharynx - 


Laryngopharynx - 


Sphenoid 
Internal earotid artery 

Nasal septum 
Posterior nasal aperture 

Tensorveli palatini 


P osterior part of tongue 

Epiglottis 

Aryepiglottie fold 

Cuneiform tubercle 
Corniculate tubercle 

Palatopharyngeus 


Tendon of origin of 
longitudinal fibres 
ofoesophagus 







P haryngotympanie tube 


Mastoid partoftemporal bone 


Levator veli palatini 

Palatopharyngeus 

Salpingopharyngeus 
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Musculus uvulae and 
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Palatine tonsil 


Stylopharyngeus 


Internal braneh of 
superior laryngeal nerve 


P osterior erieoarytenoid 


Circular muscle 
ofoesophagus 


Fig. 34.1 The nasopharynx, oropharynx and laryngopharynx, exposed by cutting the median pharyngeal raphe and refleeting the eonstrietor muscles 
laterally on either side, posterior view. 
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A 


Ostium of pharyngotympanie tube 


Pharyngeal tonsil 


Salpingopalatine fold 


Sphenoid, body 


Salpingopharyngeal fold 


Atlas vertebra 


Palatopharyngeal fold 


Oeeipital bone 


Transverse ligament, atlas 


Palatine tonsil 


Pharynx 


Oesophagus 


Traehea 



Soft palate 


Genioglossus 


Retropharyngeal spaee 


Geniohyoid 
Mylohyoid 

Hyoid bone 


Epiglottis 
Pre-epiglottie fat body 


Orieoid eartilage, lamina 


Thyroid eartilage 
Vestibular and voeal folds 


Orieoid eartilage, areh 


Prevertebral layer, 
eervieal deep faseia 


Pretraeheal layer, eervieal deep faseia 


Thyroid gland, isthmus 


Inferior thyroid vein 



Fig. 34.2 A, A sagittal seetion through 
the head and neek, including the nasal 
and oral eavities but excluding the 
intraeranial region. B, A eorresponding 
magnetie resonanee image (MRI), vvhieh 
also includes the posterior eranial fossa, 
cerebellum and eervieal spinal eord. Key: 

® 1, hard palate; 2, soft palate; 3, uvula; 

4, epiglottis; 5, hyoid bone; 6, dens of 
axis; 7, lamina of erieoid eartilage; 8, 
oesophagus. (A, With permission from 

7 Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, 

8 Elsevier, Urban & Fiseher, 2013.) 


NAS0PHARYNX 


Boundaries 


The nasopharynx lies above the soft palate and behind the posterior 
nares, which allow free respiratory passage between the nasal eavities 
and the nasopharynx (see Figs 34.1-34.2). The nasal septum separates 


the two posterior nares, eaeh of which measures approximately 25 mm 
vertieally and 12 mm transversely. Just within these openings lie the 
posterior ends of the inferior and middle nasal conchael/turbinates 
(Ch. 33). The nasopharynx has a roof, a posterior walf two lateral walls 
and a floor. These are rigid (except for the floor, which ean be raised 
or lowered by the soft palate), and the eavity of the nasopharynx is 
therefore never obliterated by muscle aetion, unlike the eavities of the 
oro- and laryngopharynx. The nasal and oral parts of the pharynx 
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Nasopharynx 


A 


Pterygomandibular raphe 


B 


Cartilage of pharyngotympanie tube 


Pharyngeal tonsil 
Tensor veli palatini 
Levator veli palatini 

Aseending 
palatine artery 

Salpingopharyngeus 

Palatoglossus 

Styloglossus 

Superior eonstrietor 
Stylopharyngeus 


Palatopharyngeus 


Stylohyoid ligament 


Glossopharyngeal 

nerve 


Inferior eonstrietor 


Middle eonstrietor 


Mucous membrane 

of pharynx 


Frontal sinus 



Tensor veli palatini 


Levator veli palatini 


Epiglottis 


Superior eonstrietor 


Passavant's muscle 
(palatopharyngeal 

sphineter) 

Levator veli palatini 



-Palatopharyngeus 


Fig. 34.3 A, The interior of the pharynx, exposed by removal of the mucous membrane, sagittal seetion. The bodies of the eervieal vertebrae have been 
removed, the cut posterior wall of the pharynx retraeted dorsolaterally and palatopharyngeus refleeted dorsally to show the eranial fibres of the inferior 
eonstrietor. The dorsum of the tongue has been pulled ventrally to display a part of styloglossus in the angular interval between the mandibular and the 
lingual fibres of origin of the superior eonstrietor. B, Muscles of the left half of the soft palate and adjoining part of the pharyngeal wall, sagittal seetion. 


eommimieate through the pharyngeal isthmns, which lies between the 
posterior border of the soft palate and the posterior pharyngeal wall. 
Elevation of the soft palate and eonstrietion of the palatopharyngeal 
sphineter elose the isthmus during swallowing. 

The roof and posterior wall form a continuous eoneave slope that 
leads down from the nasal septum to the oropharynx. It is bounded 
above by mucosa overlying the posterior part of the body of the sphen- 
oid, and fiirther baek by the basilar part of the oeeipital bone as far as 
the pharyngeal tubercle. Further down, the mucosa overlies the pharyn- 
gobasilar faseia and the upper fibres of the superior eonstrietor, and 
behind these, the anterior areh of the atlas. A lymphoid mass, the pha- 
ryngeal tonsil (adenoid, nasopharyngeal tonsil), lies in the mucosa of 
the upper part of the roof and posterior wall in the midline. 

The lateral walls of the nasopharynx display a number of important 
surface features. On either side, eaeh reeeives the opening of the pha- 
ryngotympanie tube (auditory or Eustachian tube), situated 10-12 mm 
behind and a little below the level of the posterior end of the inferior 
nasal eoneha (see Fig. 34.2). The tubal aperture is approximately trian- 
gular in shape, and is bounded above and behind by the tubal elevation 
that eonsists of mucosa overlying the protmding pharyngeal end of 
the eartilage of the pharyngotympanie tube. A vertieal mucosal fold, the 
salpingopharyngeal fold, deseends from the tubal elevation behind the 
aperture (see Fig. 34.2) and eovers salpingopharyngeus in the wall of 
the pharynx (Fig. 34.3); a smaller salpingopalatine fold extends from 
the anterosuperior angle of the tubal elevation to the soft palate in front 
of the aperture. As levator veli palatini enters the soft palate, it produces 
an elevation of the mucosa immediately around the tubal opening (see 
Fig. 34.3). A small variable mass of lymphoid tissue, the tubal tonsil, 
lies in the mucosa immediately behind the opening of the pharyngo- 
tympanie tube. Further behind the tubal elevation is a variable depres- 
sion in the lateral wall, the lateral pharyngeal reeess (fossa of 
Rosenmiiller), loeated between the posterior wall of the nasopharynx 
and the salpingopharyngeal fold. The floor of the nasopharynx is 
formed by the nasal, upper surface of the soft palate. 

The relations of the nasopharynx are important in understanding 
the spread of nasopharyngeal eareinoma (Chong and Ong 2008). The 
mucosa of the nasopharynx is separated from the mastieator spaee by 
the parapharyngeal spaee. The earotid sheath, eontaining the earotid 
spaee, lies posterior and lateral to the parapharyngeal spaee. The 


glossopharyngeal, vagus, aeeessory and hypoglossal nerves lie within 
the upper part of the earotid sheath and they eome to lie within the 
superior part of the parapharyngeal spaee, along with the sympathetie 
ehain. The foramen laeemm lies superolateral to the fossa of Rosen- 
miiller; in life, the foramen is elosed by eartilage, over which the internal 
earotid artery mns. The foramen ovale, which transmits the mandibular 
division of the trigeminal nerve, lies still fhrther laterally; the mandibu- 
lar nerve passes through the parapharyngeal spaee and then the masti- 
eator spaee in order to innervate the muscles of mastieation. The 
retropharyngeal spaee is posterior to the nasopharynx. 

Microstructure of non-tonsillar nasopharynx The nasopha- 

ryngeal epithelium anteriorly is eiliated, pseudostratified respiratory in 
type with goblet eells (see Fig. 2.2D). The ducts of mucosal and sub- 
mucosal seromucous glands open on to its surface. Posteriorly, the 
respiratory epithelium ehanges to non-keratinized stratified squamous 
epithelium which continues into the oropharynx and laryngopharynx. 
The transitional zone between the two types of epithelium eonsists of 
columnar epithelium with short mierovilli instead of eilia. Superiorly, 
this zone meets the nasal septum; laterally, it erosses the orifiee of the 
pharyngotympanie tube; and it passes posteriorly at the union of the 
soft palate and the lateral wall. Numerous mucous glands surround 
the tubal orifiees. 

Innervation Much of the mucosa of the nasopharynx behind the 
pharyngotympanie tube is supplied by the pharyngeal braneh of the 
pterygopalatine ganglion, which traverses the palatovaginal eanal with 
a pharyngeal braneh of the maxillary artery. 


PHARYNGEAL TONSIL 



The pharyngeal tonsil (adenoid, nasopharyngeal tonsil) is a median 
mass of mucosa-associated lymphoid tissue (MAFT; see Ch. 4) situated 
in the roof and posterior wall of the nasopharynx (Fig. 34.4). At its 
maximal size (during the early years of life), it is shaped like a tmneated 
pyramid, often with a vertieally orientated median eleft, so that its apex 
points towards the nasal septum and its base to the junction of the roof 
and posterior wall of the nasopharynx (Papaioannou et al 2013). 573 
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Fig. 34.4 A, A pharyngeal tonsil follovving 
adenoideetomy by curettage. The rostral surface 
is to the left; surface folds radiate forvvards from a 
median reeess (arrovv). In this example, the 
impression left by eontaet with the left Eustachian 
cushion is evident laterally (arrowhead). B, A 
transnasal endoseopie view of a pharyngeal tonsil. 
Key: 1, pharyngeal tonsil (in posterior naris); 2, 
inferior eoneha (posterior view); 3, posterior end of 
nasal septum. (A, Speeimen provided by Professor 
MJ Gleeson, Sehool of Medieine, King’s College 
London. B, Courtesy of Mr Simon A Hiekey.) 


The free siirfaee of the pharyngeal tonsil is marked by folds that 
radiate forwards and laterally from a median blind reeess, the pharyn- 
geal bursa (bursa of Luschka), which extends backwards and up. The 
reeess is present in the fetus and the young but only oeeasionally present 
in the adult, and marks the rostral end of the embryologieal notoehord. 
The number and position of the folds and of the deep fissures that sepa- 
rate them vary. A median fold may pass forwards from the pharyngeal 
bursa towards the nasal septum, or instead a fissure may extend forwards 
from the bursa, dividing the nasopharyngeal tonsil into two distinet 
halves that refleet its paired developmental origins (see Fig. 34.4). 

The prenatal origins of the pharyngeal tonsil are deseribed on page 
615. After birth, it initially grows rapidly, but usually undergoes a degree 
of involution and atrophy from the age of 8-10 years (although hypo- 
plasia may still occur in adults up to the seventh deeade). Relative to 
the volume of the nasopharynx, the size of the tonsil is largest at 5 years, 
which may account for the frequency of nasal breathing problems in 
presehool ehildren, and the ineidenee of adenoideetomy in this age 
group. 

Vascular supply and lymphatie drainage The arterial supply 

of the pharyngeal tonsil is derived from the aseending pharyngeal 
and aseending palatine arteries, the tonsillar branehes of the faeial 
artery, the pharyngeal braneh of the maxillary artery and the artery of 
the pterygoid eanal (see Figs 34.6-34.7). In addition, a mitrient or 
emissary vessel to the neighbouring bone, the basisphenoidal artery, 
which is a braneh of the inferior hypophysial arteries, supplies the bed 
of the pharyngeal tonsil and is a possible cause of persistent post- 
adenoideetomy haemorrhage in some patients. 

Numerous communicating veins drain the pharyngeal tonsil into 
the internal submucous and external pharyngeal venous plexuses. They 
emerge from the deep lateral surface of the tonsil and join the external 
palatine (paratonsillar) veins, and pieree the superior eonstrietor either 
to join the pharyngeal venous plexus, or to unite to form a single vessel 
that enters the faeial or internal jugular vein; they may also eonneet 
with the pterygoid venous plexus. 

Mìcrostructure The pharyngeal tonsil is eovered laterally and in- 

feriorly mainly by eiliated respiratory epithelium that eontains seattered 
small patehes of non-keratinized stratified squamous epithelium. Its 
superior surface is separated from the periosteum of the sphenoid and 
oeeipital bones by a eonneetive tissue hemicapsule. The fibrous frame- 
work of the tonsil, eonsisting of a mesh of eollagen type III (reticular) 
fibres supporting a lymphoid parenehyma similar to that in the palatine 
tonsil, is anehored to the hemicapsule. 

The nasopharyngeal epithelimn lines a series of mucosal folds 
around which the lymphoid parenehyma is organized into follieles and 
extrafollicular areas. Internally, the tonsil is subdivided into 4-6 lobes 
by eonneetive tissue septa, which arise from the hemicapsule and pen- 
etrate the lymphoid parenehyma. Seromucous glands lie within the 
eonneetive tissue, and their ducts extend through the parenehyma to 
reaeh the nasopharyngeal surface. 

Functìons The pharyngeal tonsil forms part of the circumpharyngeal 
lymphoid ring (Waldeyer's ring) and therefore presumably contributes 
to the defenee of the upper respiratory traet. The territories served by 
its lymphoeytes are uncertain but may include the nasal eavities, 
nasopharynx, pharyngotympanie tubes and the middle and inner ears. 

Adenoideetomy Surgical removal of the pharyngeal tonsil (adenoid) 
is eommonly performed to elear nasopharyngeal obstmetion and as 
part of the treatment of ehronie seeretory otitis media. A variety of 
methods are employed, including suction diathermy, suction miero- 


debridement and, most eommonly, blind curettage. When using the 
latter, it is important to avoid hyperextension of the eervieal spine, as 
this throws the areh of the atlas into prominenee and may result in 
damage to the prevertebral faseia and anterior spinal ligaments, with 
resultant infeetion and eervieal instability. Extreme lateral curettage ean 
result in damage to the tubal orifiee and excessive bleeding because the 
vasculature is denser laterally. Removal of the pharyngeal tonsil in 
ehildren ean result in an impairment in the ability of the soft palate to 
elose the pharyngeal isthmus fhlly (velopharyngeal insufficiency, VPI), 
causing excessive nasality of speeeh (Gray and Pinborough-Zimmerman 
1998). 

PHARYNGOTYMPANIC TUBE 


The pharyngotympanie tube (see Figs 34.9A, B, 37.6-37.7) eonneets 
the tympanie eavity to the nasopharynx. It has several fimetions related 
to maintaining the health of the middle ear, including pressure equali- 
zation on both aspeets of the tympanie membrane, mucociliary elear- 
anee and 'drainage', and proteetion from the influences of the 
nasopharyngeal environment and loud sounds. Approximately 36 mm 
long, it deseends anteromedially from the tympanie eavity to the 
nasopharynx at an angle of approximately 45 0 with the sagittal plane 
and 30° with the horizontal (these angles inerease with age and elonga- 
tion of the eranial base). It is formed partly by eartilage and fibrous 
tissue, and partly by bone. 

The cartilaginous part, which is approximately 24 mm long, is 
formed by a triangular plate of eartilage, the greater part of which is in 
the posteromedial wall of the tube. Its apex is attaehed by fibrous tissue 
to the circumference of the jagged rim of the bony part of the tube, and 
its base is direetly under the mucosa of the lateral nasopharyngeal wall, 
forming a tubal elevation (toms tubarius; Eustachian cushion) behind 
the pharyngeal orifiee of the tube (see Fig. 31.1). The upper part of the 
eartilage is bent laterally and downwards, producing a broad medial 
lamina and narrow lateral lamina. In transverse seetion, it is hook-like 
and ineomplete below and laterally, where the eanal is eomposed of 
fibrous tissue. The eartilage is fixed to the eranial base in the groove 
between the petrous part of the temporal bone and the greater wing of 
the sphenoid, and ends near the root of the medial pterygoid plate. In 
adults, the cartilaginous and bony parts of the tube are not in the same 
plane, the former deseending a little more steeply than the latter. The 
diameter of the tube is greatest at the pharyngeal orifiee and least at 
the junction of the two parts (the isthmus), inereasing again towards 
the tympanie eavity. At birth, the pharyngotympanie tube is about half 
its adult length; it is more horizontal and its bony part is relatively 
shorter but much wider. 

The bony part, approximately 12 mm long, is oblong in transverse 
seetion, with its greater dimension in the horizontal plane. It starts from 
the anterior tympanie wall and gradually narrows to end at the junction 
of the squamous and petrous parts of the temporal bone, where it has 
a jagged margin for the attaehment of the cartilaginous part. The earotid 
eanal lies medially. 

The mucosa of the pharyngotympanie tube is continuous with the 
nasopharyngeal and tympanie mucosae. The bony eanal is lined by a 
prolongation of the low cuboidal, eiliated mucosa that lines the middle 
ear. The histology ehanges to pseudostratified, eiliated, columnar epi- 
thelium typieal of the upper respiratory traet after the bony/cartilaginous 
junction. Within the cartilaginous tube, the floor eontains numerous 
mucus-producing goblet eells and is heavily mgated, whereas the walls 
in the upper half of the tube eontain fewer goblet eells and are generally 
smooth. Mucosal folding is a feature of the ehildhood tube; the 
inereased surface area and eoneomitant inereased numbers of eiliated 

























Pharynx 


Thonrvvaldt's eyst is an embryonie remnant of the persisting eranial 
end of the notoehord that sometimes develops if the pharyngeal bursa 
is occluded (Fig. 34.5). Usually benign and asymptomatie, these eysts 
ean beeome infeeted; symptoms include halitosis, oeeipital headaehe 
and postnasal drip (Yuca and Varsak 2012). 


Inferior turbinate 
Maxillary antmrn 

Lateral pterygoid 
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Longus eapitis 



Sphenoidal sinus 
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Fig. 34.5 Thornwaldt’s eyst. A, axial view; B, sagittal view. 
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Oropharynx 


eells are presumed to faeilitate improved elearanee of the imieoeiliary 
blanket. Folds deerease with age up to the age of 20 years, when adult 
eharaeteristies are reaehed. Mucous glands predominate in neonates; 
mucous, serous and mixed glands are present in equal amounts in 
young ehildren; and serous glands predominate in later life (Orita et al 
2002). The smoothness of the wall in the upper half of the tube may 
fhnetion in pressure equalization and gas exchange. The pharyngeal 
orifiee is a narrow slit, level with the palate and without a tubal eleva- 
tion. A lymphoid mass, the tubal tonsif is found near the pharyngeal 
orifiee; it is variable and sometimes eonsiderable. (For fhrther reading 
see Sade (1989), Bhiestone (1998 , O'Reilly and Sando (2010).) 

Relations Salpingopharyngeus is attaehed to the inferior part of the 
cartilaginous tube near its pharyngeal opening. Posteromedially are the 
petrous part of the temporal bone and levator veli palatini, which arises 
partly from the medial lamina of the tube. Anterolaterally, tensor veli 
palatini separates the tube from the otie ganglion, the mandibular nerve 
and its branehes, the ehorda tympani nerve and the middle meningeal 
artery. 

Vaseillar Slipply The osseous part of the pharyngotympanie tube is 
supplied by the tubal artery (a braneh of the aeeessory meningeal artery) 
and the earotieotympanie branehes of the internal earotid artery. The 
cartilaginous part of the tube is supplied by the deep auricular and 
pharyngeal branehes of the maxillary artery, the aseending palatine 
artery (usually a braneh of the faeial artery but sometimes branehing 
direetly from the external earotid artery) and the aseending pharyngeal 
braneh of the external earotid artery. The veins of the pharyngotympanie 
tube usually drain to the pterygoid venous plexus. 

Innervation The pharyngotympanie tube is innervated by filaments 
from the tympanie plexus and from the pharyngeal braneh of the 
pterygopalatine ganglion. The tympanie plexus ramifies on the prom- 
ontory in the middle ear eavity and is formed by the tympanie braneh 
of the glossopharyngeal nerve and earotieotympanie nerves of sympa- 
thetie origin (see Fig. 37.13). 

EqualÌzatìon Of pressure At rest, the cartilaginous part of the 

pharyngotympanie tube is elosed at the nasopharyngeal orifiee. In 
normal individuals, the tube opens in order to equalize middle ear 
pressure to ambient pressure. Analysis of slow-motion video-endoseopy 
reveals four stages in tubal opening. Initially, the soft palate is elevated, 
the lateral pharyngeal wall moves medially and the medial lamina of 
the pharyngotympanie tube rotates medially (levator veli palatini is 
thought to open the distal part of the tube). The lateral wall of the 
pharyngotympanie tube moves laterally, so that the orifiee is dilated 
both laterally and vertieally. Tubal dilation propagates from distal to 
proximal by the aetion of dilator tubae. Finally, the proximal eartilagi- 
nous tube adjaeent to the junctional region opens. Opening usually 
lasts for 0.3-0.5 see but is prolonged during yawning. Closure depends 
on adhesion of the intraluminal mucous blanket, elastie forees of the 
supporting tissues, and hydrostatie pressure of venous blood. 
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Boundaries 


The oropharynx extends from below the soft palate to the upper border 
of the epiglottis (see Figs 34.1-34.2). It opens into the mouth through 
the oropharyngeal isthmus, demareated by the palatoglossal areh, and 
faees the pharyngeal aspeet of the tongue. Its lateral wall eonsists of the 
palatopharyngeal areh and palatine tonsil (see Fig. 31.3). Posteriorly, it 
is level with the bodies of the seeond, and upper part of the third, eervi- 
eal vertebrae (see Fig. 34.2). 

S0FT PALATE 


The soft palate is a mobile flap suspended from the posterior border of 
the hard palate, sloping down and baek between the oral and nasal 
parts of the pharynx (see Figs 34.2-34.3). The boundary between the 
hard and soft palate is readily palpable and may be distinguished by a 
ehange in colour, the soft palate being a darker red with a yellowish 
tint. The soft palate is a thiek fold of mucosa enelosing an aponeurosis, 
muscular tissue, vessels, nerves, lymphoid tissue and mucous glands; 
almost half its thiekness is represented by numerous mucous glands 
that lie between the muscles and the oral surface of the soft palate. The 
latter is eovered by a stratified squamous epithelium, while the nasal 


surface is eovered with a eiliated columnar epithelium. Taste buds are 
found on the oral aspeet of the soft palate. 

In most individuals, two small pits, the fovea palatini, may be seen, 
one on eaeh side of the midline; they represent the orifiees of ducts 
from some of the minor mucous glands of the palate. In its usual 
relaxed and pendant position, the anterior (oral) surface of the soft 
palate is eoneave and has a median raphe. The posterior aspeet is convex 
and continuous with the nasal floor, the anterosuperior border is 
attaehed to the posterior margin of the hard palate, and the sides blend 
with the pharyngeal wall. The inferior border is free and hangs between 
the mouth and pharynx. A median eonieal proeess, the uvula, projeets 
downwards from its posterior border (see Fig. 31.3). It may be eongeni- 
tally bifid and assoeiated with submucous eleft palate, hypoplastie 
orifiee of the pharyngotympanie tube and absenee of the salpingo- 
pharyngeal folds. 

The anterior third of the soft palate eontains little muscle and eon- 
sists mainly of the palatine aponeurosis. This region is less mobile and 
more horizontal than the rest of the soft palate and is the ehief area 
aeted on by tensor veli palatini. 

A small bony prominenee, produced by the pterygoid hamulus, ean 
be felt just behind and medial to eaeh upper alveolar proeess, in the 
lateral part of the anterior region of the soft palate. The pterygoman- 
dibular raphe (a tendinous band between buccinator and the superior 
eonstrietor) passes downwards and outwards from the hamulus to the 
posterior end of the mylohyoid line (see Fig. 34.8). When the mouth 
is opened wide, this raphe raises a fold of mucosa that indieates the 
internal, posterior boundary of the eheek; it is an important landmark 
for an inferior alveolar nerve bloek (Ch. 31). (For fhrther reading, see 
Wood-Jones (1940).) 

Palatine aponeiirosis A thin, fibrous, palatine aponeurosis, eom- 

posed of the expanded tendons of the tensor veli palatini muscles, 
strengthens the soft palate. It is attaehed to the posterior border and 
inferior surface of the hard palate behind any palatine erests, and 
extends medially from behind the greater palatine foramina. It is thiek 
in the anterior two-thirds of the soft palate but very thin fiirther baek. 
Near the midline, it eneloses the musculus uvulae. All the other palatine 
muscles are attaehed to the aponeurosis. 

Palatoglossal and palatopharyngeal arehes The lateral wall 

of the oropharynx presents two prominent folds, the palatoglossal and 
palatopharyngeal folds (anterior and posterior pillars of the fauces, 
respeetively) (see Figs 31.3, 34.6). The palatoglossal areh, the anterior 
fold, mns from the soft palate to the side of the tongue and eontains 
palatoglossus. The palatopharyngeal areh, the posterior fold, projeets 
more medially and passes from the soft palate to merge with the lateral 
wall of the pharynx; it eontains palatopharyngeus. A triangular tonsillar 
fossa (tonsillar sinus) lies on eaeh side of the oropharynx between the 
diverging palatopharyngeal and palatoglossal arehes, and eontains the 
palatine tonsil. 

Vaseillar Slipply The arterial supply of the soft palate is usually 
derived from the aseending palatine braneh of the faeial artery. Some- 
times, this is replaeed or supplemented by a braneh of the aseending 
pharyngeal artery, which deseends forwards between the superior 
border of the superior eonstrietor and levator veli palatini, and aeeom- 
panies the latter to the soft palate. The veins of the soft palate usually 
drain to the pterygoid venous plexus. 

Innervation General sensation from most of the soft palate is earried 
by branehes of the lesser palatine nerve (a braneh of the maxillary 
nerve) and from the posterior part of the palate by pharyngeal branehes 
from the glossopharyngeal nerve and from the plexus around the tonsil 
(formed by tonsillar branehes of the glossopharyngeal and lesser pala- 
tine nerves). The speeial sensation of taste from taste buds in the oral 
surface of the soft palate is earried in the lesser palatine nerve; the taste 
fibres initially travel in the greater petrosal nerve (a braneh of the faeial 
nerve) and pass through the pterygopalatine ganglion without synaps- 
ing. The lesser palatine nerve also earries the seeretomotor supply to 
most of the mucosa of the soft palate, via postganglionie branehes from 
the pterygopalatine ganglion. Postganglionie seeretomotor parasympa- 
thetie fibres may pass to the posterior parts of the soft palate from the 
otie ganglion (which reeeives preganglionie fibres via the lesser petrosal 
braneh of the glossopharyngeal nerve). Postganglionie sympathetie 
fibres mn from the earotid plexus along arterial branehes supplying the 
palate. 

Uvulopalatopharyngoplasty 

í 0 Available with the Gray’s Anatomy e-book 
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Pharynx 


The pharyngeal airway is kept patent in awake individuals by the eom- 
bined dilating aetion of genioglossns, tensor veli palatini, geniohyoid 
and stylohyoid, which aet to counter the negative pressure generated in 
the lumen of the pharynx during inspiration. The tone in the imiseles 
is reduced during sleep, and is also affeeted by aleohol and other seda- 
tives, hypothyroidism and a variety of neurological disorders. If the 
dilator muscle tone is insufficient, the walls of the pharynx may beeome 
apposed. Intermittent pharyngeal obstmetion may cause snoring, and 
eomplete obstmetion may cause apnoea, hypoxia and hyperearbia, 
which lead to arousal and sleep disturbance. Obstmetive sleep apnoea 
(OSA) is a serious syndrome affeeting up to 4% of middle-aged people; 
it has potentially life-threatening consequences. The pathophysiologieal 
causes of OSA include an anatomieally small upper airway, in which 
augmented pharyngeal dilator muscle aetivation ean maintain airway 
pateney when the individual is awake but not when asleep, coupled 
with instability in the respiratory eontrol system. Individuals with OSA 
may demonstrate some or all of the following anatomieal features: an 
inerease in soft palate length and thiekness; a shortened mandible; a 
lowered hyoid bone position; and inereases in the volume of fat in soft 
palate and parapharyngeal fat pads in the retropalatal and retroglossal 
region. While these studies differ in their assessment of the relative 
ineidenee and signifieanee of these faetors, they all eonfirm that the 
anatomieal ehanges in OSA have the eombined effeet of both narrowing 
and shortening the airway. At the same time, physiologieal meehanisms 
that exist to ensure that the airways remain dilated and patent seem to 
suffer a sleep-induced fall in aetivity in OSA sufferers. The muscles 
primarily responsible for maintaining a dilated airway under normal 
eonditions are the muscles affeeting the position of the hyoid bone, the 
infrahyoid and suprahyoid muscles, the muscles of the tongue, espe- 
eially genioglossus, and the muscles that move the soft palate. (For 
fhrther reading, see Ison et al (1997), Fogel et al (2004), Johal et al 
(2007), Malhotra and White (2002).) 

Surgical techniques involving reduction in the length of the soft 
palate, removal of the tonsils and plieation of the tonsillar pillars ean 
be used to raise the intrinsie dilating tone in the pharyngeal wall and 
to reduce the bulk of (and to stiffen) the soft palate. This will reduce 
the tendeney of the soft palate to vibrate and generate noise during 
periods of ineipient eollapse of the pharynx. An alternative treatment 
is to deliver air to the pharynx at above atmospherie pressure via a 
elosely fitting faeemask, thus inflating the pharynx and countering its 
tendeney to eollapse. 
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Fig. 34.6 The tonsillar bed, sagittal seetion. 


PALATINE TONSIL 


The right and left palatine tonsils form part of the circumpharyngeal 
lymphoid ring. Eaeh tonsil is an ovoid mass of lymphoid tissue situated 
in the lateral wall of the oropharynx (Fig. 34.6; see Figs 31.3, 31.5). Size 
varies aeeording to age, individuality and pathologieal status (tonsils 
may be hypertrophied and/or inflamed). It is therefore difficult to 
define the normal appearanee of the palatine tonsil. For the first 5 or 6 
years of life, the tonsils inerease rapidly in size. They usually reaeh a 
maximum at puberty, when they average 20-25 mm in vertieaf and 
10-15 mm in transverse, diameters, and they projeet conspicuously 
into the oropharynx. Between the ages of 1 and 11 years, the tonsil and 
adenoid grow proportionally to the lower faeial skeleton (Arens et al 
2002). Tonsillar involution begins at puberty, when the reaetive lym- 
phoid tissue begins to atrophy, and by old age only a little tonsillar 
lymphoid tissue remains. 

The long axis of the tonsil is direeted from above, downwards and 
backwards. Its mediaf free, surface usually presents a pitted appearanee. 
The pits, 10-20 in number, lead into a system of blind-ending, often 
highly branehing, erypts that extend through the whole thiekness of the 
tonsil and almost reaeh the eonneetive tissue hemicapsule. In a healthy 
tonsif the openings of the erypts are fissure-like and the walls of the 
erypt lumina are eollapsed so that they are in eontaet with eaeh other. 
The human tonsil is polyeryptie. The branehing erypt system reaehes its 
maximum size and complexity during ehildhood. The mouth of a deep 
tonsillar eleft (intratonsillar eleft, recessus palatinus) opens in the upper 
part of the medial surface of the tonsil. It is often erroneously ealled 
the supratonsillar fossa, and yet it is not situated above the tonsil but 
within its substance. The mouth of the eleft is semilunar, curving paral- 
lel to the convex dorsum of the tongue in the sagittal plane. The upper 
wall of the reeess eontains lymphoid tissue that extends into the soft 
palate as the pars palatina of the palatine tonsil. After the age of 5 years, 
this embedded part of the tonsil diminishes in size. There is a tendeney 
for the whole tonsil to involute from the age of 14 years, and for the 
tonsillar bed to flatten out. During young adult life, a mucosal fold, the 
pliea triangularis, stretehes baek from the palatoglossal areh down to 
the tongue. It is infiltrated by lymphoid tissue and frequently represents 
the most prominent (anteroinferior) portion of the tonsil. It rarely 
persists into middle age. 

The lateral or deep surface of the tonsil spreads downwards, upwards 
and forwards. Inferiorly, it invades the dorsum of the tongue; superiorly, 
it invades the soft palate; and, anteriorly, it may extend for some dis- 
tanee under the palatoglossal areh. This deep, lateral aspeet is eovered 


by a layer of fibrous tissue, the tonsillar hemicapsule. The latter is sepa- 
rable with ease for most of its extent from the underlying muscular wall 
of the pharynx, which is formed here by the superior eonstrietor, and 
sometimes by the anterior fibres of palatopharyngeus, with styloglossus 
on its lateral side. Anteroinferiorly, the hemicapsule adheres to the side 
of the tongue and to palatoglossus and palatopharyngeus. In this 
region, the tonsillar artery, a braneh of the faeial artery, pierees the 
superior eonstrietor to enter the tonsil, aeeompanied by venae eomi- 
tantes. An important and sometimes large vein, the external palatine or 
paratonsillar vein, deseends from the soft palate lateral to the tonsillar 
hemicapsule before piereing the pharyngeal wall. Haemorrhage from 
this vessel from the upper angle of the tonsillar fossa may eomplieate 
tonsilleetomy. The muscular wall of the tonsillar fossa separates the 
tonsil from the aseending palatine artery, and, oeeasionally, from the 
tortuous faeial artery itself, which may lie near the pharyngeal wall at 
the lower tonsillar level. The glossopharyngeal nerve lies immediately 
lateral to the muscular wall of the tonsillar fossa (see Figs 34.3A, 34.6); 
it is at risk if the wall is piereed, and is eommonly temporarily affeeted 
by oedema following tonsilleetomy. The internal earotid artery lies 
approximately 25 mm behind and lateral to the tonsil. In some indi- 
viduals, the styloid proeess may be elongated and deviate towards the 
tonsillar bed. 

Microstructure 

Eaeh tonsil is a mass of lymphoid tissue assoeiated with the oropha- 
ryngeal mucosa and fixed in its position, unlike most other examples 
of mucosa-associated lymphoid tissue. It is eovered on its oropharyn- 
geal aspeet by non-keratinized stratified squamous epithelium. The 
whole of the tonsil is supported internally by a delieate meshwork of 
fine eollagen type III (reticulin) fibres which are eondensed in plaees to 
form more robust eonneetive tissue septa that also eontain elastin. 
These septa partition the tonsillar parenehyma, and merge at their ends 
with the dense irregular fibrous hemicapsule on the deep aspeet of the 
tonsil and with the lamina propria on the pharyngeal surface. Blood 
vessels, lymphaties and nerves braneh or join within the eonneetive 
tissue eondensations. The hemicapsule forms its lateral boundary with 
the oropharyngeal wall, and with the mucosa that eovers its highly 
invaginated free surface. 

The 10-20 erypts formed by invagination of the free surface mucosa 
are narrow tubular epithelial diverticula that often braneh within the 
tonsil and frequently are paeked with plugs of shed epithelial eells, 
lymphoeytes and baeteria, which may ealeify. The epithelium lining the 
erypts is mostly similar to that of the oropharyngeal surface, i.e. strati- 
fied squamous, but there are also patehes of reticulated epithelium, 
which is much thinner, and which has a complex structure that is of 
great importanee in the immunological fimetion of the tonsil. 

Retieillated epithelilim Reticulated epithelium laeks the orderly 
laminar structure of stratified squamous epithelium. Its base is deeply 
invaginated in a complex manner so that the epithelial eells, with their 
slender branehed eytoplasmie proeesses, provide a eoarse mesh to 
aeeommodate the infiltrating lymphoeytes and maerophages. The basal 
lamina of this epithelium is discontinuous. Although the oropharyn- 
geal surface is unbroken, the epithelium may beeome exceedingly thin 
in plaees, so that only a tenuous eytoplasmie layer separates the pha- 
ryngeal lumen from the underlying lymphoeytes. Epithelial eells are 
held together by small desmosomes, anehored into bundles of keratin 
filaments. Interdigitating dendritie eells (antigen-presenting eells, APCs) 
are also present (Ch. 4). The intimate assoeiation of epithelial eells and 
lymphoeytes faeilitates the direet transport of antigen from the external 
environment to the tonsillar lymphoid eells, i.e. reticulated epithelial 
eells are fimetionally similar to the mierofold (M) eells of the gut. The 
total surface area of the reticulated epithelium is very large because of 
the complex branehed nature of the tonsillar erypts, and has been esti- 
mated at 295 em 2 for an average palatine tonsil. 

Tonsillar lymphoid tissue There are four lymphoid eompartments 
in the palatine tonsils. Lymphoid follieles (Ch. 4), many with germinal 
eentres, are arranged in rows roughly parallel to neighbouring eonnee- 
tive tissue septa. Their size and cellular eontent varies in proportion to 
the immunological aetivity of the tonsil. The mantle zones of the fol- 
lieles, eaeh with elosely paeked small lymphoeytes, form a dense eap, 
always situated on the side of the folliele nearest to the mucosal surface. 
These eells are the products of B-lymphoeyte proliferation within the 
germinal eentres. Extrafollicular, or T-lymphoeyte, areas eontain a spe- 
eialized microvasculature including high endothelial venules (HEVs), 
through which circulating lymphoeytes enter the tonsillar parenehyma. 
The lymphoid tissue of the reticulated erypt epithelium eontains pre- 
dominantly IgG- and IgA-producing B lymphoeytes (including some 
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Fig. 34.7 The arterial supply to the palatine tonsil. 


matiire plasma eells), T lymphoeytes and antigen-presenting eells. There 
are numerous eapillary loops in this subsurface region. 

Vascular supply and lymphatie drainage 

The arterial blood supply to the palatine tonsil is derived from branehes 
of the external earotid artery (see Fig. 34.6; Fig. 34.7). Three arteries 
enter the tonsil at its lower pole. The largest is the tonsillar artery which 
is a braneh of the faeiaf or sometimes the aseending palatine, artery. It 
aseends between medial pterygoid and styloglossus, perforates the su- 
perior eonstrietor at the upper border of styloglossus, and ramifies in 
the tonsil and posterior lingual musculature. The other arteries found 
at the lower pole are the dorsal lingual branehes of the lingual artery, 
which enter anteriorly, and a braneh from the aseending palatine artery, 
which enters posteriorly to supply the lower part of the palatine tonsiL 
The upper pole of the tonsil also reeeives branehes from the aseending 
pharyngeal artery, which enter the tonsil posteriorly, and from the 
deseending palatine artery and its branehes, the greater and lesser pala- 
tine arteries. All of these arteries enter the deep surface of the tonsil, 
braneh within the eonneetive tissue septa, narrow to beeome arterioles 
and then give off eapillary loops into the follieles, interfollicular areas 
and the eavities within the base of the retiailated epithelium. The eapil- 
laries rejoin to form venules, many with high endothelia, and the veins 
return within the septal tissues to the hemicapsule as tributaries of the 
pharyngeal drainage. The tonsillar artery and its venae eomitantes often 
lie within the palatoglossal fold, and may haemorrhage if this fold is 
damaged during surgery. 

IJnlike lymph nodes, the palatine tonsils do not possess afferent 
lymphaties or lymph simises. Instead, dense plexuses of fine lymphatie 
vessels surround eaeh folliele and form efferent lymphaties, which pass 
towards the hemicapsule, pieree the superior eonstrietor, and drain to 
the upper deep eervieal lymph nodes direetly (espeeially the jugulo- 
digastrie nodes) or indireetly through the retropharyngeal lymph nodes. 
The jugulodigastric nodes are typieally enlarged in tonsillitis, when they 
projeet beyond the anterior border of sternoeleidomastoid and are 
palpable superficially 1-2 em below the angle of the mandible; when 
enlarged, they represent the most eommon swelling in the neek. 

Innervation 

The tonsillar region is innervated by tonsillar branehes of the maxillary 
and glossopharyngeal nerves (see Fig. 34.6). The fibres from the maxil- 


lary nerve pass through, but do not synapse in, the pterygopalatine 
ganglion; they are distributed through the lesser palatine nerves and 
form a plexus (the circulus tonsillaris) around the tonsil together with 
the tonsillar branehes of the glossopharyngeal nerve. Nerve fibres from 
this plexus are also distributed to the soft palate and the region of the 
oropharyngeal isthmus. The tympanie braneh of the glossopharyngeal 
nerve supplies the mucous membrane lining the tympanie eavity. infee- 
tion, malignaney and postoperative inflammation of the tonsil and 
tonsillar fossa may therefore be aeeompanied by pain referred to the 
ear. 

Tonsiiieetomy 

Surgical removal of the pharyngeal tonsils is eommonly performed to 
prevent recurrent acute tonsillitis or to treat airway obstmetion by 
hypertrophied or inflamed palatine tonsils. Oeeasionally, the tonsil may 
be removed to treat an acute peritonsillar abseess, which is a eolleetion 
of pus between the superior eonstrietor and the tonsillar hemicapsule. 
Many methods have been employed, the most eommon being dissee- 
tion in the plane of the fibrous hemicapsule, followed by ligation or 
electrocautery to the vessels divided during the disseetion. The nerve 
supply to the tonsil is so diffiise that tonsilleetomy under loeal anaes- 
thesia is performed successfully by loeal infiltration rather than by 
bloeking the main nerves. Surgical aeeess to the glossopharyngeal nerve 
may be aehieved by separating the fibres of superior eonstrietor. 

VValdeyer’s ring 


Waldeyer's ring is a circumpharyngeal ring of mucosa-associated lym- 
phoid tissue that surrounds the openings into the digestive and respira- 
tory traets. It is made up anteroinferiorly by the lingual tonsil, laterally 
by the palatine and tubal tonsils, and posterosuperiorly by the pharyn- 
geal tonsil and smaller eolleetions of lymphoid tissue in the intertonsil- 
lar intervals. 


LARYNGOPHARYNX 

Boundaries 


The laryngopharynx is situated behind the entire length of the larynx 
(known elinieally as the hypopharynx) and extends from the superior 
border of the epiglottis, where it is delineated from the oropharynx by 
the lateral glossoepiglottie folds, to the inferior border of the erieoid 
eartilage, where it beeomes continuous with the oesophagus (see Figs 
34.1-34.2). The laryngeal inlet lies in the upper part of its ineomplete 
anterior wall, and the posterior surfaces of the arytenoid and erieoid 
eartilages lie below this opening. 

Piriform fossa A small piriform fossa lies on eaeh side of the laryn- 
geal inlet, bounded medially by the aryepiglottie fold and laterally by 
the thyroid eartilage and thyrohyoid membrane. Branehes of the in- 
ternal laryngeal nerve lie beneath its mucous membrane. At rest, the 
laryngopharynx extends posteriorly from the lower part of the third 
eervieal vertebral body to the upper part of the sixth. During deglutition, 
it may be elevated eonsiderably by the hyoid elevators. 

Inlet of larynx The obliquely sloping inlet of the larynx lies in the 
anterior part of the laryngopharynx and is bounded above by the epi- 
glottis, below by the arytenoid eartilages of the larynx, and laterally by 
the aryepiglottie folds (see Fig. 34.1). Below the inlet, the anterior wall 
of the laryngopharynx is formed by the posterior surface of the erieoid 
eartilage. 



The two named layers of faseia in the pharynx are the pharyngobasilar 
and buccopharyngeal faseia. The fibrous layer that supports the pharyn- 
geal mucosa is thiekened above the superior eonstrietor to form the 
pharyngobasilar faseia (see Fig. 34.10). It is attaehed to the basilar part 
of the oeeipital bone and the petrous part of the temporal bone medial 
to the pharyngotympanie tube, and to the posterior border of the 
medial pterygoid plate and the pterygomandibular raphe. Inferiorly, it 
diminishes in thiekness but is strengthened posteriorly by a fibrous 
band attaehed to the pharyngeal tubercle of the oeeipital bone, which 
deseends as the median pharyngeal raphe of the eonstrietors. This 
fibrous layer is really the internal epimysial eovering of the muscles and 
their aponeurotic attaehment to the base of the skull. The thinner, 
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PHARYNX 


external part of the epimysiiim is the biieeopharyngeal faseia, which 
eovers the superior eonstrietor and passes forwards over the pterygo- 
mandibular raphe to eover buccinator. 


PHARYNGEAL TISSUE SPACES 


Pharyngeal tissue spaees ean be subdivided into peripharyngeal and 
intrapharyngeal spaees. The anterior part of the peripharyngeal spaee is 
formed by the submandibular and submental spaees, posteriorly by the 
retropharyngeal spaee and laterally by the parapharyngeal spaees. The 
retropharyngeal spaee is an area of loose eonneetive tissue that lies 
behind the pharynx and anterior to the prevertebral faseia, extending 
upwards to the base of the skull and downwards to the retroviseeral 
spaee in the infrahyoid part of the neek. Eaeh parapharyngeal spaee 
passes laterally around the pharynx and is continuous with the retro- 
pharyngeal spaee. However, unlike the retropharyngeal spaee, it is a 
spaee that is restrieted to the suprahyoid region. It is bounded medially 
by the pharynx, laterally by the pterygoid muscles (where it is part of 
the infratemporal fossa) and by the sheath of the parotid gland, super- 
iorly by the base of the skulf and inferiorly by suprahyoid stmctures, 
particularly the sheath of the submandibular gland; it may be helpfiil 
to think of it as shaped like an inverted pyramid extending from the 
base of the skull to the greater cornu of the hyoid bone. The parapha- 
ryngeal spaee is divided into an anterior, or prestyloid, eompartment 
and a posterior, or retrostyloid, eompartment (Maran et al 1984). The 
prestyloid eompartment eontains the retromandibular portion of the 
parotid gland, fat and lymph nodes. The retrostyloid eompartment 
eontains the internal earotid artery, the internal jugular vein, the glos- 
sopharyngeal, vagus, aeeessory and hypoglossal nerves, the sympathetie 
ehain, fat and lymph nodes. Any of these stmctures may be damaged 
by penetrating injuries direeted posterolaterally in the region; more 
lateral injuries may result in penetration of the parotid gland. 

An intrapharyngeal spaee potentially exists between the inner surface 
of the eonstrietor muscles and the pharyngeal mucosa. infeetions in this 
spaee either are restrieted loeally or spread through the pharynx into 
the retropharyngeal or parapharyngeal spaees. The peritonsillar spaee is 
an important part of the intrapharyngeal spaee; it lies around the pala- 
tine tonsil between the pillars of the fauces. infeetions in the intratonsil- 
lar spaee usually spread up or down the intrapharyngeal spaee, or 
through the pharynx into the parapharyngeal spaee. 

Tissue spaees between the layers of eervieal faseia are deseribed on 
page 446; tissue spaees around the larynx are deseribed on page 594. 


SPREAD OF INFECTION 


infeetion that spreads into the parapharyngeal spaee will produce pain 
and trismus. There may be swelling in the oropharynx that extends up 
to the uvula, displaeing it to the eontralateral side, and dysphagia. 
Posterior spread from the parapharyngeal spaee into the retropharyn- 
geal spaee will produce bulging of the posterior pharyngeal wall, dys- 
pnoea and nuchal rigidity. Involvement of the earotid sheath may 
produce symptoms caused by thrombosis of the internal jugular vein 
and eranial nerve symptoms involving the glossopharyngeal, vagus, 
aeeessory and hypoglossal nerves. If the infeetion continues to spread 
unchecked, mediastinitis will ensue. A vimlent infeetion in the retro- 
pharyngeal spaee may spread through the prevertebral faseia into the 
underlying danger spaee; infeetion in this tissue spaee may deseend into 
the thorax and even below the diaphragm, and results in ehest pain, 
severe dyspnoea and retrosternal diseomfort. 

Pharyngeal infeetion from mucosa-associated lymph tissues such as 
the palatine tonsil, or as a result of a penetrating injury (e.g. from an 
ingested foreign body), may result in the spread of infeetion into the 
tissue spaees of the neek adjaeent to the pharynx. This is an extremely 
serious situation because there is potential for rapid spread throughout 
the neek and, more dangerously, to the superior mediastinum, to cause 
overwhelming life-threatening infeetion. 


PARAPHARYNGEAL SPACE TUM0URS 


Tumours that develop in the parapharyngeal tissue spaee may remain 
asymptomatie for some time. When they do present, it may be with a 
diffhse pattern of symptoms, refleeting the effeets of eompression on 
the lower eranial nerves, e.g. dysarthria, resulting from impairment of 
tongue movements seeondary to hypoglossal nerve damage; dysphagia, 
with overspill and aspiration of ingested material into the airway, result- 
ing from loss of sensory information from the territory of the pharyn- 


geal plexus nerves; motor dysfhnetion of the pharynx and larynx, 
resulting from loss of motor innervation via the pharyngeal plexus and 
the reairrent laryngeal braneh of the vagus to the intrinsie muscles of 
the larynx; and voiee ehanges refleeting involvement of the laryngeal 
branehes of the vagus. These tumours may also give rise to snoring as 
a result of narrowing of the nasopharynx. 

Several surgical approaehes have been deseribed for the management 
of parapharyngeal spaee tumours, including transeervieal, transparotid, 
transcervical-transmandibular and transoral approaehes. Transoral 
robotie surgery uses the oral eavity as a surgical eorridor; as yet, there 
have been relatively few studies from the transoral perspeetive of the 
relevant surgical anatomy (Dallan et al 2011, Moore et al 2012, Wang 
et al 2014). 


MUSCLES 0F THE SOFT PALATE AND PHARYNX 


The muscles of the soft palate and pharynx are levator veli palatini, 
tensor veli palatini, palatoglossus, palatopharyngeus, musculus uvulae, 
salpingopharyngeus, stylopharyngeus, and the superior, middle and 
inferior eonstrietors. 

Levator veli palatini 

Levator veli palatini arises by a small tendon from a quadrilateral 
roughened area on the medial end of the inferior surface of the petrous 
part of the temporal bone, in front of the lower opening of the earotid 
eanal (see Fig. 34.3; Figs 34.8-34.10). Additional fibres arise from the 
inferior aspeet of the cartilaginous part of the pharyngotympanie tube 
and from the vaginal proeess of the sphenoid bone. At its origin, the 
muscle is inferior rather than medial to the pharyngotympanie tube and 
only erosses medial to it at the level of the medial pterygoid plate. It 
passes medial to the upper margin of the superior eonstrietor and 
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Fig. 34.8 Muscles of the pharynx, lateral view. 
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Fig. 34.9 Muscles of the soft palate. A, Inferior view. B, Superior view. 


anterior to salpingopharyngeiis. Its fìbres spread in the medial third of 
the soft palate between the two strands of palatopharyngeus to attaeh 
to the upper surface of the palatine aponeurosis as far as the midline, 
where they interlaee with those of the eontralateral muscle. Thus, the 
two levator muscles form a sling above and just behind the palatine 
aponeurosis. 

Vaseillar SLipply The blood supply of levator veli palatini is derived 
from the aseending palatine braneh of the faeial artery and the greater 
palatine braneh of the maxillary artery ( Teelander 1992). 

Innervation Levator veli palatini is innervated via the pharyngeal 
plexus. 

Aetions The primary role of the levator veli palatini muscles is to 
elevate the almost vertieal posterior part of the soft palate and pull it 
slightly backwards; during swallowing, the soft palate is elevated so that 
it touches the posterior wall of the pharynx, separating the nasopharynx 
from the oropharynx. By additionally pulling on the lateral walls of 
the nasopharynx posteriorly and medially, the levator veli palatini 
muscles also narrow that spaee. The muscle has little or no effeet on 
the pharyngotympanie tube, although it might allow passive opening. 


Tensor veli palatini 

Tensor veli palatini arises from the seaphoid fossa of the pterygoid 
proeess and posteriorly from the medial aspeet of the spine of the sphen- 
oid bone (see Figs 32.3A, B, 34.3, 34.8-34.10). Between these two sites, 
it is attaehed to the anterolateral membranous wall of the pharyngo- 
tympanie tube (including its narrow isthmus where the cartilaginous 
medial two-thirds meets the bony lateral third). Some fibres may be 
continuous with those of tensor tympani. Inferiorly, the fibres eonverge 
on a delieate tendon that turns medially around the pterygoid hamulus 
to pass through the attaehment of buccinator to the palatine aponeur- 
osis and the osseous surface behind the palatine erest on the horizontal 
plate of the palatine bone. There is a small bursa between the tendon 
and the pterygoid hamulus (see Fig. 131-8 in Cummings Otolaryngol- 
ogy Head & Neek Surgery 5e). 

The muscle is thin and triangular, and lies lateral to the medial 
pterygoid plate, pharyngotympanie tube and levator veli palatini. Its 
lateral surface eontaets the upper and anterior part of medial pterygoid, 
the mandibular, auriculotemporal and ehorda tympani nerves, the otie 
ganglion and the middle meningeal artery. 

Dilator tllbae Some fibres of tensor veli palatini that arise from the 
hamulus of the medial pterygoid plate are attaehed to the short lateral 
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Fig. 34.10 Muscles of the pharynx and the pharyngobasilar faseia, posterior view. 


lamina of the eartilage of the pharyngotympanie, to a eondensation of 
eonneetive tissue lateral to the tubal wall and to a portion of Ostmann's 
fat pad; these fibres are sometimes referred to as dilator tubae. 

Vaseillar Slipply The blood supply of tensor veli palatini is derived 
from the aseending palatine braneh of the faeial artery and the greater 
palatine braneh of the maxillary artery ( Teelander 1992). 

Innervation The motor innervation of tensor veli palatini is derived 
from the mandibular nerve via the nerve to medial pterygoid, and 
refleets the development of the muscle from the first branehial areh. 

Aetions Tensor veli palatini is said to have three anehoring points on 
which it isometrieally eontraets: the pterygoid hamulus, Ostmann's fat 
pad and medial pterygoid (O'Reilly and Sando 2010). Aeting together, 
the two tensor veli palatini muscles tauten the soft palate, prineipally 
its anterior part, and depress it by flattening its areh. Aeting unilaterally, 
the muscle pulls the soft palate to one side. Although eontraetion of 
both muscles will slightly depress the anterior part of the soft palate, it 
is often assumed that the inereased rigidity aids palatopharyngeal 
closure. A primary role of the tensor is to open the pharyngotympanie 
tube, e.g. during deglutition and yawning, via its dilator tubae eompo- 
nent, and so aid equalization of air pressure between the middle ear 
and nasopharynx. 

Palatoglossus 

Palatoglossus is narrower at its middle than at its ends (see Figs 34.3, 
34.6). Together with its overlying mucosa, it forms the palatoglossal 
areh or fold (see Fig. 31.3). It arises from the oral surface of the palatine 
aponeurosis, where it is continuous with its eontralateral fellow. It 
extends forwards, downwards and laterally in front of the palatine tonsil 
to the side of the tongue. Some of its fibres spread over the dorsum of 


the tongue, while others pass deeply into its substance to intermingle 
with fibres of the intrinsie transverse muscle. 

Vaseillar SLipply Palatoglossus reeeives its blood supply from the 
aseending palatine braneh of the faeial artery and from the aseending 
pharyngeal artery. 

Innervation Palatoglossus is innervated via the pharyngeal plexus, 
and is therefore unlike all the other muscles of the tongue, which are 
supplied by the hypoglossal nerve. 

Aetions Palatoglossus elevates the root of the tongue and approxi- 
mates the palatoglossal areh to its eontralateral fellow, thus shutting off 
the oral eavity from the oropharynx. 

Pala topharynge us 

Palatopharyngeus and its overlying mucosa form the palatopharyngeal 
areh (see Fig. 31.3). Within the soft palate, palatopharyngeus is eom- 
posed of two faseiaili that are attaehed to the upper surface of the pala- 
tine aponeurosis; they lie in the same plane but are separated from eaeh 
other by levator veli palatini (see Figs 34.3, 34.9). The thieker, anterior 
fasciculus arises from the posterior border of the hard palate as well 
as the palatine aponeurosis, where some fibres interdigitate aeross the 
midline. The posterior fasciculus is in eontaet with the mucosa of 
the pharyngeal aspeet of the palate, and joins the posterior band of 
the eontralateral muscle in the midline. The two layers unite at the 
posterolateral border of the soft palate, and are joined by fibres 
of salpingopharyngeus. Passing laterally and downwards behind the 
tonsil, palatopharyngeus deseends posteromedial to and in elose 
eontaet with stylopharyngeus, to be attaehed with it to the posterior 
border of the thyroid eartilage. Some fibres end on the side of the 
pharynx, attaehed to pharyngeal fibrous tissue, and others eross the 
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midline posteriorly, decussating with those of the eontralateral muscle. 
Palatopharyngeus thus forms an ineomplete internal longitudinal mus- 
cular layer in the wall of the pharynx. 

Passavant’s muscle (palatopharyngeal sphineter) The exist- 

enee of Passavant's muscle remains eontroversial (Cho et al 2013). It 
has been deseribed as a part of the superior eonstrietor and palatopha- 
ryngeus muscles (see Fig. 34.3B). An alternative view holds that it is a 
distinet palatine muscle that arises from the anterior and lateral parts 
of the upper surface of the palatine aponeurosis, lies lateral to levator 
veli palatini, blends internally with the upper border of the superior 
eonstrietor, and eneireles the pharynx as a sphineter-like muscle. What- 
ever its origin, when it eontraets, it forms a ridge (Passavant's ridge) 
when the soft palate is elevated. The ehange from columnar, eiliated, 
'respiratory' epithelium to stratified, squamous epithelium that takes 
plaee on the superior aspeet of the soft palate occurs along the line of 
attaehment of the palatopharyngeal sphineter to the palate. The muscle 
is hypertrophied in eases of eomplete eleft palate. 

Vascular supply Palatopharyngeus reeeives its arterial supply from 
the aseending palatine braneh of the faeial artery, the greater palatine 
braneh of the maxillary artery and the pharyngeal braneh of the aseend- 
ing pharyngeal artery. 

Innervation Palatopharyngeus is innervated via the pharyngeal 
plexus. 

Aetions Aeting together, the palatopharyngei pull the pharynx 
up, forwards and medially, and thus shorten it during swallowing. 
They also approximate the palatopharyngeal arehes and draw them 
forwards. 

Musculus uvulae 

Musculus uvulae arises from the posterior nasal spine of the palatine 
bone and the superior surface of the palatine aponeurosis, and lies 
between the two laminae of the aponeurosis (see Figs 34.1, 34.9). It 
mns posteriorly above the sling formed by levator veli palatini and 
inserts beneath the mucosa of the uvula. The two sides of the muscle 
are united along most of its length. 

Vascular supply The blood supply of musculus uvulae is derived 
from the aseending palatine braneh of the faeial artery and the deseend- 
ing palatine braneh of the maxillary artery. 

Innervation The nerve supply to musculus uvulae is innervated via 
the pharyngeal plexus. 

Aetions By retraeting the uvular mass and thiekening the middle third 
of the soft palate, musculus uvulae aids levator veli palatini in palato- 
pharyngeal closure. The two muscles mn at right angles to eaeh other 
and their eontraetion raises a 'levator eminenee' that helps seals off the 
nasopharynx. 

Salpingopharynge us 

Salpingopharyngeus arises from the inferior part of the eartilage of the 
pharyngotympanie tube near its pharyngeal opening and passes down- 
wards within the salpingopharyngeal fold to blend with palatopharyn- 
geus (see Figs 34.1, 34.3A, 34.9). 

Vascular supply Salpingopharyngeus reeeives its arterial supply 
from the aseending palatine braneh of the faeial artery, the greater pala- 
tine braneh of the maxillary artery and the pharyngeal braneh of the 
aseending pharyngeal artery. 

Innervation Salpingopharyngeus is innervated via the pharyngeal 
plexus. 

Aetions Salpingopharyngeus elevates the pharynx, and may also assist 
tensor veli palatini to open the cartilaginous end of the pharyngotym- 
panie tube during swallowing. 

Stylopharynge us 

Stylopharyngeus is a long slender muscle, eylindrieal above and flat 
below. It arises from the medial side of the base of the styloid proeess, 
deseends along the side of the pharynx, and passes between the superior 
and middle eonstrietors to spread out beneath the mucous membrane 
(see Figs 34.3, 34.8, 34.10, 31.6). Some fibres merge into the eonstrie- 
tors and the lateral glossoepiglottie fold, while others join fibres of 
palatopharyngeus and are attaehed to the posterior border of the 


thyroid eartilage. The glossopharyngeal nerve curves round the posterior 
border and the lateral side of stylopharyngeus, and passes between the 
superior and middle eonstrietors to reaeh the tongue. 

Vascular supply Stylopharyngeus reeeives its arterial supply from 
the pharyngeal braneh of the aseending pharyngeal artery. 

Innervation Stylopharyngeus is innervated by the glossopharyngeal 
nerve. 

Aetions Stylopharyngeus elevates the pharynx and larynx. 

Superior eonstrietor 

The superior eonstrietor is a quadrilateral sheet of muscle and is thinner 
than the other two eonstrietors. It is attaehed anteriorly to the pterygoid 
hamulus (and sometimes to the adjoining posterior margin of the 
medial pterygoid plate), the posterior border of the pterygomandibular 
raphe, the posterior end of the mylohyoid line of the mandible and, by 
a few fibres, to the side of the tongue (see Figs 34.1, 34.3, 34.6, 34.8, 
34.10, 31.6). The fibres curve baek into a median pharyngeal raphe that 
is attaehed superiorly to the pharyngeal tubercle on the basilar part of 
the oeeipital bone. 

elafions The upper border of the superior eonstrietor is separated 
from the eranial base by a ereseentie interval that eontains levator veli 
palatini, the pharyngotympanie tube and an upward projeetion of 
pharyngobasilar faseia. The lower border is separated from the middle 
eonstrietor by stylopharyngeus and the glossopharyngeal nerve (see Fig. 
34.8). Anteriorly, the pterygomandibular raphe separates the superior 
eonstrietor from buccinator, and, posteriorly, the superior eonstrietor 
lies on the prevertebral muscles and faseia, from which it is separated 
by the retropharyngeal spaee. The aseending pharyngeal artery, pharyn- 
geal venous plexus, glossopharyngeal and lingual nerves, styloglossus, 
middle eonstrietor, medial pterygoid, stylopharyngeus and the stylo- 
hyoid ligament all lie laterally, and palatopharyngeus, the tonsillar 
capsule and the pharyngobasilar faseia lie internally. 

Vaseillar Slipply The arterial supply of the superior eonstrietor is 
derived mainly from the pharyngeal braneh of the aseending pharyn- 
geal artery and the tonsillar braneh of the faeial artery. 

Innervation The superior eonstrietor is innervated via the pharyngeal 
plexus. 

Aetions The superior eonstrietor eonstriets the upper part of the 
pharynx. 

Middle eonstrietor 

The middle eonstrietor is a fan-shaped sheet attaehed anteriorly to the 
lesser cornu of the hyoid and the lower part of the stylohyoid ligament 
(the ehondropharyngeal part of the muscle), and to the whole of the 
upper border of the greater cornu of the hyoid (the eeratopharyngeal 
part) (see Figs 34.3A, 34.8, 34.10, 31.6). The lower fibres deseend deep 
to the inferior eonstrietor to reaeh the lower end of the pharynx; the 
middle fibres pass transversely, and the superior fibres aseend and 
overlap the superior eonstrietor. All fibres insert posteriorly into the 
median pharyngeal raphe (Sakamoto 2014). 

Relations The glossopharyngeal nerve and stylopharyngeus pass 
through a small gap between the middle and superior eonstrietors, and 
the internal laryngeal nerve and the laryngeal braneh of the superior 
thyroid artery pass between the middle and inferior eonstrietors. The 
prevertebral faseia and longus eolli and longus eapitis are posterior; 
the superior eonstrietor, stylopharyngeus and palatopharyngeus are 
internal; and the earotid vessels, pharyngeal plexus of nerves and some 
lymph nodes are lateral. Near its hyoid attaehment, the middle eonstrie- 
tor lies deep to hyoglossus, from which it is separated by the lingual 
artery. 

Vaseillar Slipply The arterial supply of the middle eonstrietor is 
derived mainly from the pharyngeal braneh of the aseending pharyn- 
geal artery and the tonsillar braneh of the faeial artery. 

Innervation The middle eonstrietor is innervated via the pharyngeal 
plexus. 

Aetions The middle eonstrietor eonstriets the middle part of the 
pharynx during swallowing. 
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PHARYNX 


Inferior eonstrietor 

The inferior eonstrietor is the thiekest of the three eonstrietor muscles 
and is usually deseribed in two parts: thyropharyngeus and erieo- 
pharyngeus (see Figs 34.3A, 34.8, 34.10, 31.6). Thyropharyngeus arises 
from the oblique line of the thyroid lamina, a strip of the lamina 
behind this, and by a small slip from the inferior cornu. Some addi- 
tional fibres arise from a tendinous eord that loops over erieothyroid. 
Cricopharyngeus arises from the side of the erieoid eartilage between 
the attaehment of erieothyroid and the articular faeet for the inferior 
thyroid cornu. Some authors have deseribed cricopharyngeus as eonsist- 
ing of a superficial upper oblique portion - the pars oblique - and a 
lower, deeper, transverse portion - the pars fiindiformis. The upper part 
attaehes to the median raphe while the lower part forms a circular band 
that laeks a median raphe. The area demareated by the pars oblique and 
pars fimdiformis of cricopharyngeus is termed Killian's dehiseenee (or 
Killian's triangle). A seeond triangular area, Laimer's triangle, ean be 
identified beneath cricopharyngeus between the longitudinal fibres of 
the oesophagus as they pass laterally on either side to attaeh to the 
erieoid eartilage; only the circular muscle of the oesophagus forms 
the wall here. Both triangles are postulated to be sites of weakness in 
the wall of the pharynx and oesophagus, and are therefore areas where 
diverticula could potentially form. Both cricopharyngeus and thyro- 
pharyngeus spread posteromedially to join the eontralateral muscle. 
Thyropharyngeus is inserted into the median pharyngeal raphe, and its 
upper fibres aseend obliquely to overlap the middle eonstrietor; 
however, cricopharyngeus blends with the circular oesophageal fibres 
around the narrowest part of the pharynx. 

Relations The buccopharyngeal faseia is external; the prevertebral 
faseia and muscles are posterior; the thyroid gland, eommon earotid 
artery and sternothyroid are lateral; and the middle eonstrietor, stylo- 
pharyngeus, palatopharyngeus and the fibrous lamina are internal. The 
internal laryngeal nerve and laryngeal braneh of the superior thyroid 
artery reaeh the thyrohyoid membrane by passing between the inferior 
and middle eonstrietors. The external laryngeal nerve deseends on the 
superficial surface of the muscle, just behind its thyroid attaehment, and 
pierees its lower part. The recurrent laryngeal nerve and the laryngeal 
braneh of the inferior thyroid artery aseend deep to its lower border to 
enter the larynx. 

VaSdllar Slipply The arterial supply of the inferior eonstrietor is 
derived mainly from the pharyngeal braneh of the aseending pharyn- 
geal artery and the muscular branehes of the inferior thyroid artery. 

Innervation Both parts of the inferior eonstrietor are usually inner- 
vated via the pharyngeal plexus. Although eontroversial, available evi- 
denee in humans suggests that cricopharyngeus is also supplied by the 
reairrent laryngeal nerve and the external braneh of the superior laryn- 
geal nerve (Sakamoto 2013). 

Aetions Thyropharyngeus eonstriets the lower part of the pharynx. 
Cricopharyngeus is the main eomponent of the upper oesophageal 
sphineter, or pharyngo-oesophageal high-pressure zone, the other parts 
being thyropharyngeus and the proximal eervieal oesophagus. (The 
extent to which the lower fibres of thyropharyngeus and the upper fibres 
of the oesophageal musculature are involved in elosing the upper end 
of the oesophagus appears to depend on the physiologieal state, whereas 
cricopharyngeus always partieipates in closure.) The upper oesophageal 
sphineter is defined manometrieally as a region of elevated intraluminal 
pressure, 2-4 em long, loeated at the junction of the hypopharynx and 
eervieal oesophagus. 

Cricopharyngeus eontains about 40% of endomysial eonneetive 
tissue, much of which is elastie, but it laeks muscle spindles (Bonning- 
ton et al 1988, Brownlow et al 1989). It eontains both slow-twitch type 
I and fast-twitch type II fibres, a structural arrangement that underpins 
the various fimetions of the upper oesophageal sphineter, i.e. maintain- 
ing eonstant basal tone, yet being able to relax and eontraet rapidly 
during swallowing, belehing and vomiting. The tonie aetivity of 
cricopharyngeus between swallows prevents influx of air during inspir- 
ation and traeheobronehial aspiration and pharyngeal reflux of 
oesophageal eontents during oesophageal peristalsis. For fiirther 
reading, see Lang and Shaker (2000). 

Hypopharyngeal diverticula 

Hypopharyngeal diverticula occur in the lower portion of the pharynx 
through areas of weakness in the pharyngeal wall. The pharyngeal 
mucosa that lies between cricopharyngeus and thyropharyngeus is rela- 
tively unsupported by pharyngeal muscles and is ealled the dehiseenee 
582 of Killian. A delay in the relaxation of cricopharyngeus, which ean occur 


when the swallowing meehanism beeomes diseoordinated, generates a 
zone of elevated pressure adjaeent to the mucosa in the dehiseenee. The 
result is the development of a pulsion diverticulum (a pouch of prolaps- 
ing mucosa), which breaehes the thin muscle wall adjaeent to the sixth 
eervieal vertebra and expands, usually a little to the left side, into the 
parapharyngeal potential spaee. This may trap portions (or all) of the 
passing food bolus, resulting in regurgitation of old food, aspiration 
pneumonia, halitosis and weight loss. Treatment may involve open 
excision or inversion of the pouch to prevent it filling, coupled with 
division of the eiroilar fibres of cricopharyngeus, to prevent the build-up 
of pressure in the region and recurrence of the pouch. 

The majority of hypopharyngeal divertioila arise either between the 
two parts of cricopharyngeus (where the upper oblique and lower trans- 
verse fibres diverge) or below cricopharyngeus (where the longitudinal 
fibres of the oesophagus diverge in Laimers triangle). Some arise 
between cricopharyngeus and thyropharyngeus. Divertioila are usually 
midline but may arise laterally below cricopharyngeus. 


PHARYNGEAL PLEXUS 


Almost all of the nerve supply to the pharynx, whether motor or sensory, 
is derived from the pharyngeal plexus, which is formed by the pharyn- 
geal branehes of the glossopharyngeal and vagus nerves with contribu- 
tions from the superior eervieal sympathetie ganglion. The plexus lies 
on the external surface of the pharynx, espeeially on the middle eon- 
strietor. Filaments from the plexus aseend or deseend external to the 
superior and inferior eonstrietors before branehing within the muscular 
layer and mucosa of the pharynx. 

The pharyngeal braneh of the vagus supplies all the muscles of the 
soft palate (excluding tensor veli palatini, which is supplied by the 
mandibular division of the trigeminal via the nerve to medial ptery- 
goid) and all the muscles of the pharynx (excluding stylopharyngeus, 
which is supplied by the glossopharyngeal nerve). It emerges from the 
upper part of the inferior vagal ganglion and eonsists of axons arising 
from neuronal eell bodies in the nucleus ambiguus. The nerve passes 
between the external and internal earotid arteries to reaeh the upper 
border of the middle pharyngeal eonstrietor and subsequently divides 
into numerous filaments that contribute to the pharyngeal plexus. It 
also gives off a minute filament, the raimis lingualis vagi, which joins 
the hypoglossal nerve as it oirves round the oeeipital artery. 

Contemporary evidenee does not support the deseription of a eranial 
root of the aeeessory nerve as the conduit for the major motor drive to 
the pharyngeal plexus, albeit via the vagus nerve. The plexiform eon- 
neetions that may be demonstrated between the aeeessory nerve and 
the vagus nerve within the posterior eranial fossa are too variable and 
insubstantial to support this fimetion. 


ANAT0MY 0F SWALL0WING (DEGLUTITI0N) 

Swallowing involves a series of aetivities that occur within a matter of 
seeonds. Traditionally deseribed as a reflex, the proeess is more properly 
regarded as a programmed motor behaviour. Swallowing is initiated 
when food or liquid stimulates sensory nerves in the oropharynx. In a 
24-hour period, an average person will swallow between 600 and 1000 
times but, of these, only some 150 will relate to feeding; the remainder 
occur to elear continuously produced saliva and are less frequent at 
night (Sato and Nakashima 2006, 2007). 

Eating and drinking are basie human pleasures, and problems asso- 
eiated with swallowing ean impaet dramatieally on the quality of life. 
Swallowing disorders are usually symptoms of other complex diseases; 
an inability to swallow may adversely affeet nutritional status and there- 
fore indireetly exacerbate the underlying disease. Aside from the risk of 
asphyxiation through ehoking, swallowing disorders ean also be a direet 
cause of morbidity and mortality as a result of aspiration of food, liquid 
or possibly refluxed gastrie aeid eontents, causing baeterial infeetion or 
tissue damage. 

Swallowing in the adult human has usually been studied in relation 
to swallowing solid or liquid food earried out on eommand. For 
deseriptive purposes, the proeess has been traditionally divided into 
four phases: oral preparatory, oral transit/transfer, pharyngeal and 
oesophageal (in this traditional view some have only reeognized three 
phases, eombining the two oral phases of preparation and transit into 
a single oral phase). While this sequence of events may still be appro- 
priate for deseribing the swallowing of liquids, it does not aeoirately 
represent the way in which solid food is prepared for swallowing, 
where suitably proeessed food is passed in stages to the oropharynx 
and valleoilae until a swallow is initiated. Oral and pharyngeal stages 
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overlap when swallowing solid food, but perhaps less so when swal- 
lowing saliva or other liquids. It therefore seems appropriate to speak 
of an oral preparatory and an oral transit phase when deseribing the 
swallowing of liquids, but inappropriate when eonsidering the swal- 
lowing of solid food. (For fhrther reading, see Hiiemae and Palmer 
(1999, 2003 , Matsuo and Palmer (2008 , Mioehe et al (2002), Palmer 
et al (2007).) 

0RAL PREPARATORY PHASE 


In the oral preparatory phase, liquids are taken into the mouth and held 
there either on the floor of the mouth or against the hard palate by the 
upward movement of the tongue. During swallowing, the muscles that 
dilate the pharyngotympanie tube are aetivated during a pause in res- 
piration in the expiratory phase. Throughout this first phase, the soft 
palate is fully lowered by eontraetion of palatoglossus and palatopha- 
ryngeus, and the posterior part of the tongue is simultaneously elevated; 
the apposed soft palate and tongue form a tight seal that helps to 
prevent premature leakage of the bolus into the oropharynx before the 
airways are fully proteeted. Slight leakage of fluid does sometimes occur; 
the tendeney for there to be leakage because of imperfeet sealing 
inereases with age. 

0RAL TRANSIT/TRANSFER PHASE 


In the oral transit/transfer phase, the liquid in the oral eavity is trans- 
ported through the palatoglossal and palatopharyngeal arehes into the 
oropharynx. Genioglossus raises both the tongue tip and the part of the 
tongue immediately behind the tip so that they eome into eontaet with 
the alveolar ridge. Orbicularis oris and buccinator remain eontraeted, 
keeping the lips and eheeks taut and the liquid eentral in the oral eavity. 
The liquid is aeeommodated in a shallow midline gutter that forms 
along the dorsum of the tongue, probably as a result of the eo-eontraetion 
of the styloglossi and the genioglossi, aided by the superior longitudinal 
and transverse fibres of the intrinsie muscles. The mandible is elevated 
and the mouth is elosed. The floor of the mouth and the anterior and 
middle portions of the tongue are elevated by eo-eontraetion of the 
suprahyoid group of muscles (mylohyoid, digastrie, geniohyoid and 
stylohyoid); the effeetiveness of the suprahyoid muscles is inereased as 
they eontraet against a fixed mandible (the mouth does not have to be 
elosed to swallow, but it is imieh harder to swallow if it is open). Con- 
traetion of stylohyoid elevates the more posterior parts of the tongue 
and empties the longitudinal gutter. At the same time, the tongue flat- 
tens, probably as a result of the eontraetion of hyoglossus and some of 
the intrinsie lingual muscles, espeeially the vertieal fibres. The elevated, 
flattened tongue pushes the liquid against the hard palate, and the sides 
of the tongue seal against the maxillary alveolar proeesses, helping to 
move the liquid fiirther posteriorly. Contraction of styloglossus and 
mylohyoid eompletes the elevation of the posterior part of the tongue. 
At the same time, the posterior oral seal relaxes and the posterior tongue 
moves forwards; the overall effeet is of a eam-like aetion of the tongue, 
sweeping or squeezing the liquid towards the pillars of the fauces, 
finally delivering it to the oropharynx and initiating the pharyngeal 
stage of swallowing, where the pharyngeal aperture is initially inereased 
and then elosed. 

0RAL PHASES WHEN SWALL0WING S0LIDS 

When solid food is swallowed, the proeess is slightly different from that 
just deseribed for swallowing liquids. Food is mixed with saliva and 
reduced to smaller pieees by the proeesses of chewing. When it has been 
eonverted to a suitable eonsisteney to be swallowed, it is transferred to 
the oropharynx and valleculae, where it ean be retained for a few 
seeonds prior to swallowing. During this time, chewing may continue; 
the bolus is progressively augmented in one or more stages until a 
swallow is initiated and the pharyngeal phase begins. In this part of the 
'oral phase for solid food', the essential aetion is chewing; the mandible 
is moved by the aetion of the jaw elevators and depressors (Ch. 32), 
and the food is reduced by the grinding aetion of the teeth and siimil- 
taneously mixed with saliva. The lips are maintained as a tight labial 
seal by the eontraetion of orbicularis oris; buccinator performs a similar 
fimetion for the eheeks. In this way, the sulci are elosed, the vestibule 
normally remains empty, and any food that enters the vestibule is 
returned to the oral eavity proper. Buccinator keeps the eheeks taut, 
ensuring that they are kept elear of the occlusal surfaces and that the 
food remains in plaee under the occlusal surfaces of the molar teeth. 


Loss of the nerve supply to buccinator as a result of damage to the faeial 
nerve results in painfhl and repeated laeerations of the eheeks. It was 
thought that the soft palate was depressed throughout this phase. It is 
now reeognized that the posterior seal is not tight, and that the oral 
eavity and oropharynx remain in communication, permitting addition 
of material to the bolus while chewing continues. Spillage occurs 
because the soft palate is not in continuous eontaet with the posterior 
part of the tongue, as was onee thought (Hiiemae and Palmer 1999). 
Bolus formation appears to involve several eyeles of transporting food 
from the anterior to the posterior part of the tongue through the palato- 
glossal and palatopharyngeal arehes until a bolus accumulates on the 
oropharyngeal surface of the tongue (retrolingual loading), the val- 
leculae and within the oropharynx. Throughout this phase, the lateral 
and rotatory tongue movements that deliver the food to the teeth for 
grinding and reduction are emeial for normal bolus formation because 
they ensure that the food is positioned under the occlusal surfaces of 
the teeth. If effeetive tongue movements do not occur, chewing will be 
eompromised. Movements of the tongue are also eyelieal in phase with 
the movements of the jaw and hyoid bone. As the jaw is depressed, the 
tongue is also depressed and moves anteriorly. As the jaw is elevated, 
the tongue is retraeted so that it no longer lies under the anterior teeth 
as they as are brought together by jaw elevation. These eoordinated 
aetions help to ensure that the tongue is not usually bitten during 
chewing. 

Chewing continues until all the food has been moved posteriorly, a 
proeess that ean last from less than 1 seeond to as much as 10 seeonds. 
The oral preparatory, oral transport and pharyngeal phases of swallow- 
ing therefore overlap when solid food is being swallowed. As pieees of 
food are prepared in the mouth, they are moved to the posterior part 
of the tongue or on into the oropharynx in a similar manner to that 
used to transport liquids (see above). The end of this phase of swallow- 
ing is marked by the tongue propelling the prepared bolus of food to 
the posterior part of the oral eavity and then on into the oropharynx 
to initiate the swallow. Contact with either the posterior wall of the 
oropharynx or the mucosa overlying the palatoglossal and palatopha- 
ryngeal arehes was onee thought to be neeessary to initiate a swallow; 
it is now known that there is a great degree of variability in the position 
of the bolus at the time at which a swallow is initiated. 

PHARYNGEAL PHASE 


The delivery of the bolus to the oropharynx triggers the pharyngeal 
phase of the swallow. This phase, which is involuntary and is the most 
eritieal stage of swallowing, involves the pharynx ehanging from being 
an air ehannel (between the posterior nares and laryngeal inlet) to a 
food ehannel (from the fauces to the upper end of the oesophagus). 

The airway is proteeted from aspiration during swallowing by hyolaryn- 
geal elevation, and by resetting respiratory rhythm so that airflow eeases 
briefly as the bolus passes through the hypopharynx; the total time that 
elapses from the bolus triggering the pharyngeal phase to the 
re-establishment of the airway is barely 1 seeond. Thus there are two 
aspeets of the proeess to be examined: the transport of the food down 
the pharynx and through the upper oesophageal sphineter, and the 
absolute need to proteet the airways throughout this time. 

The nasopharynx is sealed off from the oropharynx by aetivation of 
the superior pharyngeal eonstrietor and eontraetion of a subset of pal- 
atopharyngeal fibres to form a variable, ridge-like structure (Passavant's 
ridge; Cho et al 2013), against which the soft palate is elevated. From 
an evolutionary perspeetive, this ridge represents the remnant of a 
sphineter that eneireled a more highly plaeed larynx; a high laryngeal 
position is the norm in other mammals and in the human infant (see 
below), but not in the human adult. Interestingly, the pharyngeal ridge 
beeomes hypertrophie in an infant with a eleft palate, presumably in 
an attempt to produce a seal to the nasal airway. ineffeetive velopha- 
ryngeal closure may result in nasal regurgitation of food. 

The airway is sealed at the laryngeal inlet by closure of the glottis. 

The epiglottis is retroflexed over the laryngeal aditus as a result of 
passive pressure from the base of the tongue and aetive eontraetion of 
the aryepiglottie muscles (Ch. 35). The eonventional view that laryngeal 
closure during swallowing occurs from inferior to superior, i.e. the voeal 
folds adduct first and the epiglottis eovers the arytenoids and glottis 
last, has been ehallenged by studies using simultaneous eleetromyo- 
graphy and fibreoptie endoseopie evaluation of swallowing (FEES), 
which have reported that the aryepiglottie folds elose before voeal fold 
adduction during a swallow. The sequence of events that elose the 
glottis may alter aeeording to the type of swallow and eonsisteney of 
the bolus (Steele and Miller 2010). To prevent aspiration of material, 
irrespeetive of its eonsisteney, the hyoid bone and larynx are raised and 583 
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pulled anteriorly with preeise timing by the suprahyoid muscles and 
the longitudinal muscles of the pharynx (Kendall et al 2001). In this 
way the laryngeal inlet is brought forwards under the bulge of the 
posterior tongue, i.e. out of the path of the bolus. This aetion helps 
expand the hypopharyngeal spaee and relax the upper oesophageal 
sphineter, which is also raised by several eentimetres. The bolus passes 
over the refleeted anterior surface of the epiglottis and is swept through 
the laryngopharynx to the upper oesophageal sphineter. 

Breathing is suspended briefly during swallowing; the larynx is 
elosed, the soft palate is elevated and there is aetive neural inhibition 
of ventilation. Swallowing is normally initiated during an expiration, 
which is then inhibited while swallowing occurs (typieally for a period 
of 0.5-1.5 seeonds). The resumption of expiration provides a degree of 
proteetion against any residues of solid food that might remain 
uncleared within the pharynx following the swallow being inhaled into 
the airway. The bolus is moved by sequential eontraetion of the pha- 
ryngeal eonstrietor muscles superiorly behind the bolus. At the same 
time, the pharynx is shortened and elevated as palatoglossus and pal- 
atopharyngeus eontraet against the raised and fixed soft palate. The 
sequential eontraetion of the eonstrietor muscles is often assumed to 
be the driving foree that propels the bolus towards the oesophagus. 
However, evidenee that the head of the bolus moves faster than the 
wave of pharyngeal eontraetion suggests that, at least in some situations, 
the kinetie energy imparted to the bolus as it is expelled from the mouth 
into the oropharynx may be sufficient to earry it through the pharynx. 
This energy is generated by pressure gradients ereated within the 
pharynx by the tongue driving foree, the hypopharyngeal suction pump, 
and the 'stripping aetion' of the pharyngeal eonstrietors (Nishino et al 
1985). 

The tongue driving foree (tongue thmst pressure foree) is a positive 
pressure that squeezes the bolus towards the laryngopharynx. It is gen- 
erated by the upward movement of the tongue pressing the bolus 
against the eontraeting pharyngeal wall and requires a tight nasopha- 
ryngeal seal (ereated by elevation of the soft palate). There is a view that 
the tongue driving foree is the most important faetor responsible for 
moving the bolus down the pharynx. The hypopharyngeal suction 
pump is caused by the elevation and anterior movement of the hyoid 
and larynx, which ereates a negative pressure in the laryngopharynx, 
drawing the bolus towards the oesophagus, aided by a more negative 
pressure inside the oesophagus. The pharyngeal eonstrietors generate a 
positive pressure wave behind the bolus. Their sequential eontraetion 
may faeilitate elearanee ('stripping) of the pharyngeal walls and piri- 
form simises; if this is so, residues that remain in the valleculae must 
refleet inadequate tongue foree generation at the end of the oral phase 
of swallowing. 

At the end of this phase, the bolus is propelled towards the upper 
oesophageal sphineter. At rest, this sphineter is elosed by aetive eontrae- 
tion. Cricopharyngeus relaxes prior to the bolus arriving and the 
sphineter is then opened aetively by the eombined aetion of the supra- 
hyoid muscles in moving the larynx anteriorly and superiorly, and 
passively by pressure from the arriving bolus. The upper oesophageal 
sphineter thus differs in its aetion from that of other sphineters where 
opening is generally passive and a consequence of pressures generated 
by the movements towards them of flmds or solids. 

Gag reflex 


Traditionally, the stimulus for triggering a swallow has been regarded 
as eontaet with the posterior wall of the pharynx, sinee this is usually 
where the gag reflex is triggered. However, many regions of the orophar- 
ynx, when appropriately stimulated by the presenee of food or liquid, 
are eapable of triggering a swallow, although some regions are more 
sensitive than others, e.g. the area over the palatoglossal arehes. More- 
over, there appears to be little relationship between a flmetioning gag 
reflex and the ability to swallow normally. Individuals with a reduced 
or absent gag reflex ean swallow safely; eonversely, the presenee of a 
brisk and elear gag reflex is not always assoeiated with the ability to 
swallow safely. 

OESOPHAGEAL PHASE 


The third, or oesophageal, stage begins after the relaxation of the upper 
oesophageal sphineter has allowed the bolus to enter the oesophagus. 
This is a tme peristaltie movement, in that a imisodar relaxation in 
front of the bolus and subsequent eonstrietion behind the bolus move 
it towards the stomaeh. Sequential waves of eontraetions of the oesopha- 
geal musculature now propel the bolus down to the lower oesophageal 
sphineter, which opens momentarily to admit the bolus to the stomaeh. 


The oesophageal phase of swallowing is much more variable than the 
other phases and lasts between 8 and 20 seeonds. 

SWALL0WING PATTERN GENERATOR 

The patterning and timing of striated muscle eontraetion during swal- 
lowing are generated at a brainstem level in a network of neural circuits 
that eolleetively form a eentral swallowing pattern generator. Experi- 
mental neurophysiological and traeer studies in animals have shown 
that the swallowing pattern generator includes several brainstem motor 
nuclei and two groups of interneurones in the dorsal and ventral 
medulla: a dorsal swallowing group and a ventral swallowing group. 
The dorsal swallowing group is loeated in the nucleus of the solitary 
traet and possibly in the adjaeent retioilar formation, and eontains 
neurones that generate the swallowing pattern, probably triggered by 
eonvergent information from both eortieal and peripheral inputs. The 
afferent feedbaek from the branehes of the superior laryngeal nerve that 
innervate the valleailae, epiglottis and supraglottic part of the larynx, 
and which relay through the nucleus of the solitary traet, faeilitates 
laryngeal closure during swallowing (Jafari et al 2003). The ventral 
swallowing group is in the ventrolateral medulla above the nucleus 
ambiguus and eontains neurones that aet as 'switches', distributing the 
swallowing drive to motoneurone pools in the trigeminal, faeial and 
hypoglossal nuclei and in the nucleus ambiguus. 

The patterns of aetivation in the smooth muscle of the lower part of 
the oesophagus are generated loeally in intramural plexuses driven by 
vagal autonomics. 

Supramedullary influence on swallowing 

Techniques including transeranial magnetie stimulation, eortieal evoked 
potentials, positron emission tomography and fhnetional magnetie 
resonanee imaging (fMRI) have all been exploited in the study of voli- 
tional swallowing in humans (Harris et al 2005, Thexton 1998, Thexton 
and Crompton 1998). Thus far, these studies have shown that numer- 
ous eortieal and subcortical regions (primary motor and sensory eor- 
tiees, operculum, supplementary motor area and cingulate cortex, 
insula, parietal eortieal areas, basal regions and cerebellum) are reemited 
in swallowing, although, as yet, the fhnetional contributions made by 
eaeh region have not been established, and it is not known how they 
influence the swallowing pattern generator. The most eonsistent eortieal 
aetivation occurs in the primary motor and somatosensory eortiees. 
Perhaps not surprisingly, the greatest area of fMRI aetivation in the 
primary motor cortex occurs over the portion of the preeentral gyms 
where the faee, tongue and pharynx are represented; there is evidenee 
for fhnetional asymmetry between the right and left oral sensorimotor 
eortiees (Martin et al 2004). The aetivity of the swallowing pattern 
generator is eoordinated with other medullary reflexes, e.g. it is diffiailt 
to elieit a swallow when the eortieal mastieatory eentres are stimulated. 
(For hirther reading on the motor eontrol of oropharyngeal swallowing, 
see Humbert and German (2013), and on the role of sensory feedbaek 
from the oropharynx in swallowing, see Michou and Hamdy (2009).) 

SWALL0WING IN THE NE0NATE 


In the adult, the tip of the epiglottis is signifieantly lower than the 
inferior edge of the soft palate. In the neonate, the larynx is high in the 
neek and the epiglottis may extend above the soft palate so that 
the laryngeal airway is in direet eontimiity with the posterior nares 
(Figs 34.11-34.12); a potential spaee is therefore formed between the 
soft palate above, the epiglottis behind and the tongue anteroinferiorly. 
In other mammals with an oropharyngeal anatomy similar to that of 
the human infant, up to 14 eyeles of tongue movement or oral phases 
cause the aeonmilation of food in this spaee. Subsequent emptying 
of the spaee is a single event followed by movement of the bolus down 
the oesophagus. The ratio of accumulation eyeles to swallow events in 
the human neonate is approximately 1.5:1, which is lower than in 
other mammals but still implies some temporary accumulation. In the 
ease of a liquid bolus, accumulated material may be passed laterally to 
the epiglottis through the piriform fossae rather than over the flexed 
epiglottis, although it is not known whether this happens in the human 
infant. (For fiirther reading, see Delaney and Arvedson (2008).) 

Swallow safety is eritieal at all ages. In the neonate, where eoordin- 
ation of suckling, swallowing and breathing is not fully developed, the 
potential risk of airway obstmetion and/or aspiration of ingested milk 
or other material during swallowing is reduced because the intranarial 
larynx prevents the bolus from entering the larynx before and after a 
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Dysphagia is a symptom of many diseases and ean arise from anatom- 
ieal or fnnetional defieits anywhere along the path from the oral eavity 
to the stomaeh or from a faihire of neural eontrol resulting from eon- 
genital malformations, trauma, stroke or neurodegenerative diseases 
within the eentral nervous system. Loss of muscle strength affeeting 
tongue propulsion or pharyngeal eontraetion will impair the initiation 
of the swallow and/or bolus transport. This will result in retention of 
residues within the pharynx following a swallow. Residues may also 
accumulate in the valleculae and piriform sinuses. Failure to proteet the 
airways adequately may result in the penetration of swallowed material 
food or liquid into the vestibule of the larynx. Aspiration will result if 
the material then passes through the voeal folds, which may result in 
airway obstmetion or aspiration pneumonia. Penetration may some- 
times occur in normal individuals. 


Loss of eontrol of the pharyngeal phase of swallowing, e.g. due to 
neurological disease or ablative head and neek surgery, may result in 
aspiration of food, espeeially fluids, leading to pneumonia. This 
problem may be addressed surgically by pharyngostomy or epiglot- 
topexy. In eervieal pharyngostomy, a tube may be passed through the 
eervieal skin, faseia and platysma direetly into the piriform fossa (Patil 
et al 2006). This is aehieved by passing a curved foreep into the piriform 
fossa and pushing it laterally, displaeing the eontents of the earotid 
sheath and tenting up the platysma and eervieal skin from the inside. 
By cutting down on to the foreep, it is possible to grasp the feeding tube 
and pull it into the piriform fossa prior to feeding it on into the 
oesophagus. The traet formed by such a puncture epithelializes and may 
be used for long-term alimentation. In epiglottopexy, the neek and the 
pharynx are opened to expose the laryngeal inlet, the aryepiglottie folds 
are denuded of mucosa to encourage their adhesion, and the epiglottis 
is sutured down to the aryepiglottie folds to shield the laryngeal inlet. 
The resultant eompromise of the airway ean be offset by the ereation 
of an alternative airway via a traeheostomy. The pharyngeal wall and 
eervieal skin are reconstituted by suturing. 



Key referenees 



Fig. 34.11 A sagittal seetion of the head of a neonate. Note the relatively 
high position of the larynx, the opening being at the level of the soft 
palate (A). Other abbreviations: B, epiglottis. (With permission from 
Berkovitz BKB, Holland GR, Moxham BJ 2002 Oral Anatomy, Embryology 
and Histology, 3rd edn. Edinburgh: Mosby.) 
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swallow. (Neonates born at term demonstrate an inerease in suck and 
swallow rates over the course of the fìrst 4 weeks; effieieney of feeding, 
measured as volume of mitrient per suck and per swallow, doubles over 
the course of the neonatal period (Qureshi et al 2002).) 

The ehange towards adult anatomy and eoordination of the phases 
of swallowing starts a few months after birth (Kelly et al 2007). Dif- 
ferential growth in length of the human pharynx causes the larynx to 
take up its low adult position and the epiglottis to lose eontaet with the 
soft palate; the larynx reaehes its final position around the time of 
puberty. The adult anatomy does not allow any signifieant accumula- 
tion of food to occur immediately anterior to the epiglottis, which 
means that the transport of food through the fauces has to bear a 1:1 
relationship to pharyngeal and oesophageal transit. Moreover, the 
lowered larynx eompromises the previously proteeted airway; the hyoid 
and larynx are therefore raised and pulled forwards during a swallow 
in order to minimize the risk of deglutitive aspiration. 


DYSPHAGIA 



Available with the Gray’s Anatomy e-book 


PHARYNG0ST0MY AND EPIGL0TT0PEXY 



Available with the Gray’s Anatomy e-book 



Fig. 34.5 Thornwaldt’s eyst. 



Fig. 34.12 A sagittal seetion of the head and neek in an infant (A) and 
adult (B) human. The food way and the airway are shaded in red and 
blue, respeetively. A, In the infant human, the oral eavity is small and the 
tongue and palate are flatter. B, In the adult human, the larynx is lower in 
the neek, and the food way and airway eross in the pharynx. (Redrawn 
with permission from Matsuo K, Palmer JB 2008 Anatomy and physiology 
of feeding and swallowing - normal and abnormal. Phys Med Rehabil Clin 
N Am 19:691-707.) 
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(JHAPTER 




The larynx is an air passage, a sphineter and an organ of phonation, 
and extends from the tongue to the traehea. It projeets ventrally between 
the great vessels of the neek and is eovered anteriorly by skin, faseiae 
and the infrahyoid strap muscles that lower the hyoid bone and the 
larynx. Above, it opens into the laryngopharynx and forms its anterior 
wall; below, it eontimies into the traehea (see ug. 34.2). It is mobile 
on deglutition. At rest, the larynx lies opposite the third to sixth eervieal 
vertebrae in adult males; it is somewhat higher in ehildren and adult 
females. In infants between 6 and 12 months, the tip of the epiglottis 
(the highest part of the larynx) lies a little above the junction of the 
dens and body of the axis vertebra (Mijallili et al 2012). llntil puberty, 
male and female larynges are similar in size. After puberty, the male 
larynx enlarges eonsiderably in eomparison with that of the female; all 
the eartilages inerease in both size and weight, the thyroid eartilage 
projeets in the anterior midline of the neek, and its sagittal diameter 
nearly doubles. The male thyroid eartilage continues to inerease in size 
until 40 years of age, after which no fiirther growth occurs. For further 
reading, including an introduction to the more important historieal 
literature, see Berkovitz et al (2000), Blitzer et al (2009), Diekson and 
Maue-Dickson (1982), Kaplan (1971), Hollinshead (1982 , Tucker 
(1993). 


SKELET0N 0F THE LARYNX 


The skeletal framework of the larynx is formed by a series of eartilages 
intereonneeted by ligaments and fibrous membranes, and moved by a 
number of muscles (Figs 35.1-35.3). The hyoid bone is attaehed to the 
larynx; it is usually regarded as a separate structure with distinetive 
fimetional roles, and is deseribed on page 443. The laryngeal eartilages 
are the midline, single thyroid, erieoid and epiglottie eartilages, and the 
paired arytenoid, cuneiform, corniculate and tritiate eartilages. 
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Fig. 35.1 An anterolateral view of the laryngeal eartilages and ligaments. 


The thyroid, erieoid and the greater part of the arytenoid eartilages 
eonsist of hyaline eartilage and may undergo mottled ealeifieation as 
age advanees, starting about the twenty-fifth year in the thyroid eartilage 
and somewhat later in the erieoid and arytenoids. By the sixty-fifth year, 
these eartilages eommonly appear patehily dense in radiographs. The 
corniculate, cuneiform, tritiate and epiglottie eartilages and the apiees 
of the arytenoid are eomposed of elastie fibroeartilage, with little ten- 
deney to ealeify (Munir Turk 1993). 

The surface anatomy of the laryngeal eartilages is deseribed on 
page 413. 


EPIGL0TTIS 


The epiglottis is a thin, leaf-like plate of elastie eartilage that projeets 
obliquely upwards behind the tongue and hyoid body, and in front of 
the laryngeal inlet (see Figs 35.2-35.3, 35.5). Its free end, which is 
broad and round, and oeeasionally notehed in the midline, is direeted 
upwards. Its attaehed part, or stalk (petiolus), is long and narrow and 
is eonneeted by the elastie thyroepiglottie ligament to the baek of the 
laryngeal prominenee of the thyroid eartilage just below the thyroid 
noteh. Its sides are attaehed to the arytenoid eartilages by aryepiglottie 
folds (which eontain the aryepiglottie muscle). Its free upper anterior, 
or lingual, surface is eovered by mucosa (the epithelium is non- 
keratinized stratified squamous), which is refleeted on to the pharyn- 
geal aspeet of the tongue and the lateral pharyngeal walls as a median 
glossoepiglottie, and two lateral glossoepiglottie, folds. This arrange- 
ment produces a depression, the valleaila, on eaeh side of the median 
and lateral folds. The lower part of its anterior surface, behind the hyoid 
bone and thyrohyoid membrane, is eonneeted to the upper border of 
the hyoid by an elastie hyoepiglottie ligament, and separated from the 
thyrohyoid membrane by adipose tissue, which constitutes the elini- 
eally important pre-epiglottie spaee. The smooth posterior, or laryngeal, 
surface is transversely eoneave and vertieally concavo-convex, and is 
eovered by eiliated respiratory mucosa; its lower projeeting part is ealled 


Hyoid bone, 
lesser cornu 

Hyoid bone, 
greater cornu 


Thyrohyoid 

membrane 


Thyroepiglottie 

ligament 

Articularcapsule of 
erieoarytenoid joint 


Thyroid eartilage, 
inferior cornu 


Crieoid lamina 


C rieotraeheal 
ligament 



Epiglottis 


C artilago tritieea 


Lateral thyrohyoid 
ligament 


Thyroid eartilage, 
superiorcornu 

Thyroid lamina 

Corniculate 

eartilage 



Posterior 

erieoarytenoid 

ligament 

Articularcapsule 
of erieothyroid joint 

F irst traeheal 
eartilage 


Fig. 35.2 A posterior view of the laryngeal eartilages and ligaments. 

















































































Skeleton of the larynx 
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Fig. 35.3 Cartilages of the larynx: thyroid (A), erieoid (B), arytenoid (C), epiglottis (D), erieoarytenoid joint (E). The attaehments of the false voeal 
folds (vestibular ligaments; above) and the true voeal folds (voeal ligaments; belovv) are shovvn in A, posterior aspeet. Note the pitted surface of the 
epiglottis (D). 


the tiiberele. This surface forms the oblique anterior wall of the laryn- 
geal vestibule. The eartilage is posteriorly pitted by small mucous glands 
(see Fig. 35.3D) and is perforated by branehes of the internal laryngeal 
nerve and fibrous tissue, which means that the posterior surface of the 
epiglottis is in eontimiity through these perforations with the pre- 
epiglottie spaee. 

Functions of the epiglottis 


During swallowing, the hyoid bone moves upwards and forwards, and 
the epiglottis is bent posteriorly as a result of passive pressure from the 


base of the tongue and aetive eontraetion of the aryepiglottie muscles. 
Normally, the epiglottis diverts food and liquids away from the laryn- 
geal inlet and into the lateral food ehannels. It is not essential for res- 
piration or phonation. 

Whether downward movement of the epiglottis is a passive proeess, 
produced by a eombination of the weight of food or liquid on its 
lingual surface and forees originating elsewhere in the hyoid and larynx, 
or whether it is an aetive proeess brought about by aetive muscular 
eontrol, remains the subject of debate. Neither seheme seems to explain 
epiglottie movement satisfaetorily. It is likely that a eombination of 
proeesses is taking plaee, in which passive forees originating in the 
tongue, hyoid and larynx are transmitted to the epiglottis by the 
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hyoepiglottie ligaments while the base of the epiglottis is aetively 
moved by thyroarytenoid and muscles of the laryngeal inlet (Logemann 

et al 1992, Vandaele et al 1994). Ardran and Kemp (1967) argue that, 
though safe swallowing is possible without an epiglottis, more eare has 
to be taken whilst eating. 

THYROID OARTILAGE 


The thyroid eartilage is the largest of the laryngeal eartilages (see Figs 
35.1-35.3). It eonsists of two quadrilateral laminae with anterior 
borders that fuse along their inferior two-thirds at a median angle to 
form the subcutaneous laryngeal prominenee ('Adam's apple'). This 
projeetion is most distinet at its upper end, and is well marked in men 
but less visible in women. Above, the laminae are separated by a 
V-shaped superior thyroid noteh or incisure. Posteriorly, the laminae 
diverge, and their posterior borders are prolonged as slender horns: the 
superior and inferior cornua. A shallow ridge, the oblique line, curves 
downwards and forwards on the external surface of eaeh lamina; it mns 
from the superior thyroid tubercle, lying a little anterior to the root of 
the superior cornu, to the inferior thyroid tubercle on the inferior 
border of the lamina. Often, the oblique line is barely visible or is just 
a faint line and only the tubercles are prominent. Sternothyroid, thyro- 
hyoid and thyropharyngeus (part of the inferior pharyngeal eonstrietor) 
are attaehed to the oblique line, usually as little more than a tendon 
(see Fig. 35.3A). 

The internal surface of the lamina is smooth. Above and behind, it 
is slightly eoneave and eovered by mucosa. The thyroepiglottie ligament, 
the paired vestibular and voeal ligaments, the thyroarytenoid, thyroepi- 
glottie and voealis muscles, and the stalk of the epiglottis are all attaehed 
to the inner surface of the eartilage, in the angle between the laminae. 
The tme voeal folds lie 6-9 mm below the median thyroid noteh. The 
superior border of eaeh lamina is eoneave posteriorly and convex anter- 
iorly, dropping sharply to form the thyroid noteh; the thyrohyoid mem- 
brane is attaehed along the superior border (see Figs 35.1, 35.2). The 
inferior border of eaeh lamina is eoneave posteriorly and nearly straight 
anteriorly; the two parts are separated by the inferior thyroid tubercle. 
Anteriorly, the thyroid eartilage is eonneeted to the erieoid eartilage by 
the median (anterior) erieothyroid ligament, which is the thiekened 
medial portion of the conus elastiois. 

The anterior border of eaeh thyroid lamina fuses with its partner at 
an angle of approximately 90° in men and approximately 120° in 
women. The shallower angle in men is assoeiated with the larger laryn- 
geal prominenee, the greater length of the voeal eords, and the resultant 
deeper piteh of the voiee. The posterior border is thiek and rounded, 
and reeeives fibres of stylopharyngeus and palatopharyngeus. The su- 
perior cornu, which is long and narrow, curves upwards, backwards and 
medially, and ends in a eonieal apex to which the lateral thyrohyoid 
ligament is attaehed. The inferior cornu is short and thiek, and curves 
down and slightly anteromedially. On the anteromedial surface of its 
lower end there is a small oval faeet for articulation with the side of the 
erieoid eartilage; this faeet is variable and is only sometimes well 
defined. 

During infaney, some older authors deseribe a narrow, rhomboidal, 
flexible strip, the intrathyroid eartilage, lying between the two thyroid 
laminae and joined to them by fibrous tissue. The signifieanee of this 
structure is not elear. 

GRIGOID OARTILAGE 


The erieoid eartilage is attaehed below to the traehea, and articulates 
with the thyroid eartilage and the two arytenoid eartilages by synovial 
joints. It forms a eomplete ring around the airway, the only laryngeal 
eartilage to do so (see Fig. 35.3B). It is smaller, but thieker and stronger, 
than the thyroid eartilage, and has a narrow curved anterior areh and a 
broad, flatter posterior lamina. 

Cricoid areh 


The erieoid areh is vertieally narrow in front (5-7 mm in height) and 
widens posteriorly towards the lamina. Cricothyroid is attaehed to the 
external aspeet of its front and sides, and cricopharyngeus (part of 
the inferior pharyngeal eonstrietor) is attaehed behind erieothyroid. The 
areh is palpable below the laryngeal prominenee, from which it is sepa- 
rated by a depression eontaining the conus elasticus. The inferior border 
of the eartilage is nearly horizontal and is circular in outline, whereas 
the upper border is more elliptieal. 


Cricoid lamina 


The erieoid lamina is approximately quadrilateral in outline, and 
2-3 em in vertieal dimension. It bears a posterior median vertieal ridge 
that ereates posterior eoneavities on either side. The two fasciculi of the 
longitudinal layer of oesophageal muscle fibres (muscularis externa) are 
attaehed by a tendon to the upper part of the ridge. Posterior erieoaryt- 
enoid attaehes to a shallow depression on either side of the ridge. 

A diseernible circular synovial faeet, faeing posterolaterally, some- 
times marks the junction of the lamina and areh; it indieates the site 
where the erieoid articulates with the inferior thyroid cornu. The in- 
ferior border of the erieoid is horizontal, and joined to the first traeheal 
eartilage by the erieotraeheal ligament (see Fig. 35.1). The superior 
border mns obliquely up and baek, and gives attaehment anteriorly to 
the thiek median erieothyroid ligament, and laterally to the conus elas- 
ticus (see Fig. 35.1) and lateral erieoarytenoid. The posterosuperior 
aspeet of the lamina presents a shallow median noteh, on eaeh side of 
which is a smooth, oval, convex faeet, direeted upwards and laterally, 
for articulation with the base of an arytenoid eartilage. 

The internal surface of the erieoid eartilage is smooth and lined by 
mucosa. 

Subglottic stenosis 


Congenital malformation of the erieoid eartilage may result in severe 
narrowing of the subglottic airway and respiratory obstmetion, which, 
in severe eases, is present from birth. It is the third most eommon 
eongenital disorder of the larynx. The cause is unknown. Acquired 
subglottic stenosis is more eommon and is the result of trauma and 
searring following prolonged endotraeheal intubation for the purposes 
of ventilation of premature babies (Walner et al 2009). 

ARYTENOID OARTILAGE 


The paired arytenoid eartilages articulate with the lateral parts of the 
superior border of the erieoid lamina (see Figs 35.2-35.3C, E). Eaeh is 
pyramidal and has three surfaces, two proeesses, a base and an apex. 
The posterior surface, which is triangular, smooth and eoneave, is 
eovered by transverse arytenoid. The anterolateral surface is convex and 
rough, and bears, near the apex of the eartilage, an elevation from which 
a erest curves baek, down and then forwards to the voeal proeess. The 
lower part of this arcuate erest separates two depressions (foveae). The 
upper is triangular (fovea triangularis), and the vestibular ligament is 
attaehed to it. The lower is oblong (fovea oblonga), and voealis and 
lateral erieoarytenoid are attaehed to it. The medial surface is narrow, 
smooth and flat, and is eovered by mucosa; its lower edge forms the 
lateral boundary of the intercartilaginous part of the rima glottidis. The 
base is eoneave, with a smooth surface for articulation with the lateral 
part of the upper border of the erieoid lamina. Its round, prominent 
lateral angle, or muscular proeess, projeets backwards and laterally; it 
gives attaehment to posterior erieoarytenoid behind and lateral erieo- 
arytenoid in front. The voeal ligament is attaehed to its pointed anterior 
angle (voeal proeess), which projeets horizontally forwards. The apex 
curves backwards and medially, and articulates with the corniculate 
eartilage. 

C0RNICULATE CARTILAGES 


The eorniailate eartilages are two eonieal nodules of elastie eartilage 
that artioilate with the apiees of the arytenoid eartilages, prolonging 
them posteromedially (see Figs 35.3E, 35.8). They lie in the posterior 
parts of the aryepiglottie mucosal folds, and are sometimes fhsed with 
the arytenoid eartilages. 

CUNEIF0RM CARTILAGES 


The cuneiform eartilages are two small, elongated, club-like nodules of 
elastie eartilage, one in eaeh aryepiglottie fold anterosuperior to the 
eorniailate eartilages, and are visible as whitish elevations through the 
mucosa (see Fig. 35.8). 

TRITIATE CARTILAGES (CARTILAG0 TRITIOEA) 

The tritiate eartilages are two small nodules of elastie eartilage, situated 
one on either side above the larynx within the posterior free edge of 


















Soft tissues 


the thyrohyoid membrane, aboiit halíway between the superior cornu 
of the thyroid eartilage and the tip of the greater cornu of the hyoid 
bone (see ags 35.1-35.2). Their hmetions are unknown, although they 
may serve to strengthen this eonneetion. 

Other ineonstant or supernumerary eartilages may occur in the 
larynx. They are the smalf paired sesamoid eartilages, found at the 
lateral edges of the arytenoid eartilages, and a single interarytenoid 
eartilage, enelosed by the erieopharyngeal ligament. 

CALCIFICATION OF LARYNGEAL CARTILAGES 

The thyroid, erieoid and most of the arytenoid eartilages eonsist of 
hyaline eartilage and may therefore beeome ealeified. This proeess nor- 
mally starts at about 18 years of age. Initially it involves the lower and 
posterior part of the thyroid eartilage, and subsequently spreads to 
involve the remaining eartilages, ealeifieation of the arytenoid eartilage 
starting at its base. The degree and frequency of ealeifieation of the 
thyroid and erieoid eartilages appear to be less in females. There is some 
evidenee to suggest that a predileetion for tumour invasion may be 
enhaneed by ealeifieation of the laryngeal eartilages (Hatley et al 1965). 

The tip and upper portion of the voeal proeess of the arytenoid 
eartilage eonsists of non-ealeiíying, elastie eartilage. This may have eon- 
siderable fimetional signifieanee: the voeal proeess may bend at the 
elastie eartilage during adduction and abduction, and the two arytenoid 
eartilages will eontaet mainly at their 'elastie' superior portions during 
adduction. 


JOINTS 

g) CRIC0THYR0ID JOINT 

The joints between the inferior cornua of the thyroid eartilage and the 
sides of the erieoid eartilage are synovial. Eaeh is enveloped by a eap- 
sular ligament strengthened posteriorly by fibrous bands (see Figs 
35.1-35.2; Fig. 35.4). Both capsule and ligaments are rieh in elastin 
fibres. The primary movement at the joint is rotation around a trans- 
verse axis that passes transversely through both erieothyroid joints. 
There is some eontroversy as to whether the erieoid or thyroid eartilage 
rotates more. The effeet of this rotation is to move the erieoid and 
thyroid eartilages relative to one another in such a way as to bring 
together or approximate the lamina of the thyroid eartilage and the areh 
of the erieoid eartilage ('elosing the visor'). When the joint is in a neutral 
position, the ligaments are slaek and the erieoid ean glide, to a limited 
extent, in horizontal and vertieal direetions on the thyroid cornua. The 
effeet of these movements is to lengthen the voeal folds, provided the 
arytenoid eartilages are stabilized at the erieoarytenoid joint. This may 
also inerease voeal fold tension. For ffirther reading, see Vilkman et al 
(1987), Hammer et al (2010). 

CRIC0ARYTEN0ID JOINT 


The erieoarytenoid joints are a pair of synovial joints between the faeets 
on the lateral parts of the upper border of the lamina of the erieoid 


eartilage and the bases of the arytenoids (see Figs 35.2, 35.3E, 35.4). 
Eaeh joint is enelosed by a capsular ligament and strengthened by a 
ligament that, although traditionally ealled the posterior erieoarytenoid 
ligament, is largely medial in position. 

The erieoid faeets are elliptieal, convex and obliquely direeted 
laterally, anteriorly and downwards. The long axes of the two faeets 
interseet posteriorly at an angle of about 50°. Two movements occur at 
this joint. The first is rotation of the arytenoid eartilages at right angles 
to the long axis of the erieoid faeet (dorso-medio-eranial to ventro- 
latero-caudal), which, because of its obliquity, causes eaeh voeal proeess 
to swing laterally or medially, thereby inereasing or deereasing the 
width of the rima glottidis. This movement is sometimes referred to as 
a roeking movement of the arytenoid eartilages. There is also a gliding 
movement, by which the arytenoids approaeh or reeede from one 
another, the direetion and slope of their articular surfaces imposing a 
forward and downward movement on lateral gliding. The movements 
of gliding and rotation are assoeiated, i.e. medial gliding occurs with 
medial rotation and lateral gliding with lateral rotation, resulting in 
adduction or abduction of the voeal folds, respeetively. When viewed 
from above, foreshortening ean give the illusion that the arytenoid 
eartilages are rotating about their vertieal axes, but the shape of the 
faeets prevents such movement occurring (Selbie et al 1998). However, 
some authors maintain that rotatory movement about a vertieal axis 
ean occur (Liu et al 2013). The posterior erieoarytenoid ligaments limit 
forward movements of the arytenoid eartilages on the erieoid eartilage. 
It has been suggested that the 'rest' position of the erieoarytenoid liga- 
ment is a major determinant of the position of a denervated voeal eord 
(England et al 1996). 

ARYTEN0C0RNICULATE JOINTS 


Synovial or cartilaginous joints link the arytenoid and corniculate 
eartilages. 

INNERVATION 0F THE CRIC0THYR0ID, 
CRIC0ARYTEN0ID AND 
ARYTEN0C0RNICULATE JOINTS 


The erieothyroid, erieoarytenoid and arytenocorniculate joints are 
innervated by branehes of the recurrent laryngeal nerves, which arise 
either independently or from branehes of the nerve to the laryngeal 
muscles. The capsules of the laryngeal joints eontain numerous lamel- 
lated (Paeinian) corpuscles, Ruffini corpuscles and free nerve endings 
(Bradley 2000). 



The skeletal framework of the larynx is joined to surrounding structures 
by extrinsic membranes. It is also intereonneeted by intrinsie ligaments 
and fibroelastie membranes, of which the thyrohyoid and quadrangu- 
lar membranes, together with the conus elasticus, are the most signifi- 
eant. The thyrohyoid membrane is external to the larynx, whereas the 
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Fig. 35.4 A, A lateral view of the erieothyroid joint. B, An anterosuperior view of the erieoarytenoid joint 
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Larynx 


There is a signifieant amount of variation in the shape of the erieo- 
thyroid faeet, which ean vary in shape from a well-defined faeet to a 
nearly flat surface with just a slight protuberance or, in some eases, to 
no obvious definable faeet. The shape of the faeet determines the degree 
of horizontal and vertieal gliding possible at the joint, and thus the 
degree of elongation of the voeal folds in eaeh ease, which has been 
shown to vary between 3% and 12%. It has been suggested that this 
variation might be one faetor in determining the success of erieothyroid 
approximation surgery aimed at raising the piteh of the voiee in male 
to female transsexuals (Chen et al (2012^ , Hammer et al (2010 , Wind- 
iseh et al (2010), Storek et al (2011)). 
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paired quadrangular membranes and conus elasticus are internal. The 
named ligaments are the median (anterior) erieothyroid ligament, the 
hyoepiglottie and thyroepiglottie ligaments, and the erieotraeheal 
ligament. 


EXTRINSIC LIGAMENTS AND MEMBRANES 
Thyrohyoid membrane 


The thyrohyoid membrane is a broad, fibroelastie layer attaehed below 
to the superior border of the thyroid eartilage lamina and the front of 
its superior cornua, and above to the superior margin of the body and 
greater cornua of the hyoid (see Figs 35.1-35.2; Fig. 35.5C). It thus 
aseends behind the eoneave posterior surface of the hyoid, separated 
from its body by a bursa that faeilitates the aseent of the larynx during 
swallowing. Its medial portion is thiekened, forming the median thyro- 
hyoid ligament. The more lateral, thinner, parts are piereed by the 
superior laryngeal vessels and internal laryngeal nerves (see 7 ig. 35.1). 
Externally, it is in eontaet with thyrohyoid and omohyoid, and with the 
body of the hyoid bone. Its inner surface is related to the lingual surface 
of the epiglottis and the piriform fossae of the pharynx. The round, 
eord-like, elastie lateral thyrohyoid ligaments form the posterior borders 
of the thyrohyoid membrane, and eonneet the tips of the superior 
thyroid cornua to the posterior ends of the greater hyoid cornua. For 
fhrther reading, see Bosma and Bartner (1993). 

Hyo- and thyroepiglottie ligaments 


The epiglottis is attaehed to the hyoid bone and thyroid eartilage by 
the extrinsic hyoepiglottie and intrinsie thyroepiglottie ligaments, 
respeetively (see Fig. 35.5A). 

Cricotracheal ligament 


The erieotraeheal ligament unites the lower border of the erieoid to the 
first traeheal eartilage, and is thus continuous with the perichondrium 
of the traehea (see Fig. 35.1). 


INTRINSIC LIGAMENTS AND MEMBRANES 

The fibroelastie membrane of the larynx lies within the cartilaginous 
skeleton of the larynx, beneath the laryngeal mucosa (see Fig. 35.5). It 
forms a discontinuous sheet, separated on both sides of the larynx by 
a horizontal eleft between the vestibular and voeal ligaments. Its upper 
part, the quadrangular membrane, lies within the walls of the upper 
part of the laryngeal eavity, the laryngeal vestibule, and extends between 
the arytenoid eartilages and the sides of the epiglottis. Its lower part, 
the conus elasticus, lies within the walls of the lower part of the laryn- 
geal eavity, the infraglottie eavity, and eonneets the thyroid, erieoid and 
arytenoid eartilages. 

Quadrangular membrane 


Eaeh quadrangular membrane passes from the lateral margin of the 
epiglottis to the apex and fovea triangularis of the ipsilateral arytenoid 
eartilage. It is often poorly defined, espeeially in its upper portion. The 
upper and lower borders of the membrane are free. The upper border 
slopes posteriorly to form the aryepiglottie ligament, which constitutes 
the eentral eomponent of the aryepiglottie fold. Posteriorly, it passes 
through the faseial plane of the oesophageal suspensory ligament, and 
helps to form the median corniculopharyngeal ligament, which extends 
into the submucosa adjaeent to the erieoid eartilage. This ligament may 
exert vertieal traetion on the tissues of the laryngopharynx. The cunei- 
form eartilages lie within the aryepiglottie folds. The lower border of 
the quadrangular membrane forms the vestibular ligament within the 
vestibular fold. 

Cricothyroid membrane and conus elasticus 


The conus elasticus is that part of the fibroelastie membrane found in 
the lower part of the eavity of the larynx. The terminology used to 
deseribe this structure is eonfiising, as different terms may be used 
to deseribe apparently similar structures. Two synonyms for the 
conus elasticus that are eommonly found in the literature are the erieo- 
voeal membrane and the erieothyroid membrane. The conus elasticus 
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Fig. 35.5 A and B, Sagittal seetions of the left side of the larynx, showing 
the laryngeal membranes (A) and the interior aspeet (B) of the left half 
of the larynx. C, The quadrangular membrane viewed from the left side. 
(A, VVith permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 






























































































Laryngeal eavity 


eonsists of three distinet parts: right and left lateral parts and a thiek- 
ened median portion. The term conus elasticus is frequently applied to 
the lateral parts, while the median part is often ealled either the median 
or the anterior erieothyroid ligament. 

Median (anterior) erieothyroid ligamentThe median oranterior 

erieothyroid ligament is the thiekened eentral portion of the conus 
elastiais. Inferiorly it is attaehed to the upper border of the midline 
region of the erieoid areh and it extends upwards to attaeh to the inferior 
border of the thyroid eartilage, passing on to the inner surface of the 
thyroid angle as far superiorly as the attaehment of thyroarytenoid. 

onuS elasticus The lateral parts of the conus elasticus are thinner 
than the median erieothyroid ligament. Inferiorly, the conus elasticus 
attaehes to the superior erieoid areh and the erieoid lamina. Superiorly, 
it does not attaeh to the inferior border of the thyroid eartilage but 
extends upwards within the thyroid lamina to attaeh anteriorly to the 
inner surface of the thyroid eartilage (just below its midpoint) and 
posteriorly to the tip, upper surface and fovea oblonga of the arytenoid 
eartilage. Between these anterior and posterior attaehments, the upper 
edges of the conus elasticus are free, thiekened and aligned horizontally, 
forming the voeal ligaments. Eaeh voeal ligament lies within a mucosa- 
eovered voeal fold, eovered on its internal surface by the mucosal lining 
of the larynx, and externally by the lateral erieoarytenoid and thyroaryt- 
enoid muscles (Reidenbaeh 1995). 

The conus elasticus derives its name from the eone or fhnnel shape 
produced by the superior and medial curving of its walls between its 
inferior and superior attaehments that is thought to maximize the effi- 
eient flow of air towards the rima glottidis during phonation (Len- 
neberg 1967). 


LARYNGEAL CAVITY 


The laryngeal eavity extends from the laryngeal inlet opening into the 
pharynx down to the lower border of the erieoid eartilage, where it 
continues into the traehea (see Fig. 35.5; Fig. 35.6). The walls of the 
eavity are formed of the fibroelastie membranes deseribed above and 
lined with mucous membrane that folds over the free edges of these 
membranes within the larynx. On either side, the continuity of the 
fibroelastie membrane is intermpted between the upper vestibular and 
lower tme voeal folds. 

The folds projeet into the lumen of the eavity and divide it into 
upper and lower parts, separated by a middle portion between the two 
sets of folds that leads into the laryngeal ventriele. The upper folds are 
the vestibular (ventricular or false voeal) folds; the median aperture 
between them is the rima vestibuli. The lower pair are the (tme) voeal 
folds (or voeal eords), and the fissure between them is the rima glottidis 
or glottis. The tme voeal folds are the primary source of phonation, 
whereas the vestibular folds normally do not contribute direetly to 
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Fig. 35.6 A eoronal seetion through the larynx and the eranial end of the 
traehea, posterior aspeet. 


sound production. The supraglottis is a elinieal term sometimes used 
in tumour staging; it refers to all those parts of the larynx that lie above 
the glottis and thus eomprises the laryngeal inlet (formed of the laryn- 
geal surface of the epiglottis and arytenoid eartilages, and the laryngeal 
aspeets of the aryepiglottie folds), the laryngeal vestibule and the ves- 
tibular folds. Other terms that are used elinieally in tumour staging are 
the glottis, defined as the anterior and inferior surfaces of the tme voeal 
folds and the anterior and posterior commissures; and the subglottis, 
defined as the region below the glottis that extends to the inferior 
border of the erieoid eartilage. 


MICROSTRUCTURE OF THE LARYNX 


The laryngeal mucosa is continuous with that of the pharynx above and 
the traehea below. It lines the entire inner surface of the larynx, includ- 
ing the ventriele and saccule, and is thiekened over the vestibular folds, 
where it is the ehief eomponent. Over the voeal folds, it is thinner and 
is firmly attaehed to the underlying voeal ligaments. It is loosely adher- 
ent to the anterior surface of the epiglottis but firmly attaehed to its 
anterior surface and the floor of the valleculae. On the aryepiglottie 
folds, it is reinforeed by a eonsiderable amount of fibrous eonneetive 
tissue, and it adheres elosely to the laryngeal surfaces of the omeiform 
and arytenoid eartilages. 

The laryngeal epithelium is mainly a eiliated, pseudostratified respir- 
atory epithelium (see fig. 2.2D) where it eovers the inner aspeets of the 
larynx, including the lower part of the posterior, laryngeal surface of the 
epiglottis, and it provides a mucociliary elearanee meehanism shared 
with most of the respiratory traet. The voeal folds, however, are eovered 
by non-keratinized, stratified squamous epithelium where they eontaet 
eaeh other; this important variation proteets the tissue from the effeets 
of the eonsiderable meehanieal stresses that aet on the surfaces of the 
voeal folds. The exterior surfaces of the larynx, which merge with the 
laryngopharynx and oropharynx (including the anterior, lingual and 
upper, posterior surfaces of the epiglottis and the upper parts of the 
aryepiglottie folds), are subject to the abrasive effeets of swallowed food, 
and are therefore also eovered by non-keratinized, stratified squamous 
epithelium. 

The laryngeal mucosa has numerous mucous glands, espeeially over 
the epiglottis, where they pit the eartilage, and along the margins of the 
aryepiglottie folds anterior to the arytenoid eartilages, where they are 
known as the arytenoid glands. Many large glands in the saeailes of the 
larynx seerete periodieally over the voeal folds during phonation. The 
free edges of these folds are devoid of glands, and their stratified epi- 
thelium is vulnerable to drying and requires the seeretions of neigh- 
bouring glands; hoarseness as a result of excessive speaking is due to 
partial temporary failure of this seeretion. The epithelial surfaces are 
ridged and this may help retain the lubricating seeretions over the sur- 
faees of the edges of the folds. Poorly lubricated folds offer inereased 
resistanee to airflow, which means that higher subglottal pressures are 
needed to initiate phonation. Taste buds, like those in the tongue, are 
present on the posterior epiglottie surface and aryepiglottie folds, and 
less often in other laryngeal regions. Laryngeal streteh-, touch- and 
pressure-sensitive meehanoreeeptors provide perceptual and proprio- 
eeptive afferent information for a variety of essential fimetions, includ- 
ingairway proteetion, breathing, deglutition, speeeh and voiee (Hammer 
and Kmeger 2014). 


UPPER PART 


The upper part of the laryngeal eavity eonsists of the laryngeal inlet 
(aditus), the aryepiglottie fold and the laryngeal vestibule. 

Laryngeal inlet (aditus) 


The upper part of the laryngeal eavity is entered by the laryngeal inlet 
(aditus laryngis), an approximately triangular aperture between the 
larynx and pharynx. This faees backwards and somewhat upwards 
because the anterior wall of the larynx is much longer than the posterior 
(and slopes downwards and forwards in its upper part because of the 
oblique inelination of the epiglottis). The inlet is bounded anteriorly 
by the upper edge of the epiglottis, posteriorly by the transverse mucosal 
fold between the two arytenoids (posterior commissure), and on eaeh 
side by the edge of a imieosal ridge, the aryepiglottie fold, that mns 
between the side of the epiglottis and the apex of the arytenoid eartilage. 
The midline groove between the two corniculate tubercles is termed the 
interarytenoid noteh. 
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Aryepiglottie fold 


Voeal folds (eords) and ligaments 



The aryepiglottie fold eontains ligamentous and muscular fibres. The 
ligamentous fibres represent the free upper border of the quadrangular 
membrane (see fig. 35.5). The muscle fibres are continuations of the 
oblique arytenoids. The posterior part of the aryepiglottie fold eontains 
two oval swellings, one above and in front, the other behind and below, 
that mark the positions of the underlying cuneiform and corniculate 
eartilages, respeetively. They are separated by a shallow vertieal furrow 
that is continuous below with the opening of the laryngeal ventriele. 

Laryngeal vestibule 


The laryngeal vestibule is the region between the laryngeal inlet and 
vestibular folds. It is wide above, narrow below, and higher anteriorly 
than posteriorly. The anterior wall is formed by the posterior surface 
of the epiglottis, the lower part of which (epiglottie tubercle) bulges 
backwards a little. The lateral walls, higher in front and shallow 
behind, are formed by the medial surfaces of the aryepiglottie folds. 
The posterior wall eonsists of the interarytenoid mucosa above the 
ventricular folds. 


MIDDLE PART 


The middle part of the laryngeal eavity is the smallest, and extends 
from the rima vestibuli above to the rima glottidis below. On eaeh side 
it eontains the vestibular folds, the ventriele and the saeaile of the 
larynx. 

Vestibular folds and ligaments 


The narrow vestibular ligament represents the thiekened lower border 
of the quadrangular membrane (see Fig. 35.5C). It is fixed in front to 
the thyroid angle below the epiglottie eartilage and behind to the ante- 
rolateral surface of the arytenoid eartilage above its voeal proeess. With 
its eovering of mucosa, it is termed the vestibular (ventricular or false 
voeal) fold (see Figs 35.5B-35.6). The presenee of a loose vascular 
mucosa lends the vestibular folds a pink appearanee in vivo, as they lie 
above and lateral to the voeal eords. Muscle fibres ean be observed 
within the vestibular folds, though they are variable in extent between 
individuals. Their fimetion is disputed, with some authors suggesting 
that, when present, they produce an adductive (or medializing) and 
downward movement on the vestibular folds (Reidenbaeh 1991, Moon 
and Alipour 2013). 

Ventriele of the larynx 


The laryngeal ventriele (also known as the laryngeal sinus) is a slit 
between the vestibular folds above and the tme voeal folds below (see 
Figs 35.5-35.6). On eaeh side, it extends from a narrow opening in the 
wall of the middle part of the laryngeal eavity into a fiisiform reeess 
that extends upwards into the laryngeal wall, lateral to the vestibular 
fold, and opens anteriorly into the saccule. 

Saccule of the larynx 


The saeoile is a pouch of variable size that aseends forwards from the 
anterior end of the ventriele, between the vestibular fold and thyroid 
eartilage (see Fig. 35.6), and oeeasionally reaehes the upper border of 
the eartilage or even beyond, when it protmdes through the thyrohyoid 
membrane. It is eonieal and oirves slightly backwards; between 60 and 
70 mucous glands, sited in the submucosa, open on to its himinal 
surface. The orifiee of the saccule is guarded by a delieate fold of 
mucosa, the ventriculosaccular fold. 

The saccule has a fibrous capsule that is continuous below with the 
vestibular ligament. It is eovered medially by a few muscular fasciculi 
from the apex of the arytenoid eartilage that pass forwards between the 
saeoile and vestibular mucosa into the aryepiglottie fold; laterally, it is 
separated from the thyroid eartilage by the thyroepiglottie muscle. The 
latter eompresses the saeoile, expressing its seeretion on to the voeal 
eords, which laek glands, to lubricate and proteet them against desie- 
eation and infeetion. 

Laryngoeeles and saccular eysts 

r® Available with the Gray’s Anatomy e-book 


The voeal folds are eoneerned with sound production. The free thiek- 
ened upper edge of the conus elastiois forms the voeal ligament (see 
(Fig. 35.5C). It stretehes baek on either side from the midlevel of the 
thyroid angle to the voeal proeesses of the arytenoids. When eovered by 
mucosa, it is termed the voeal fold or voeal eord (eord is the preferred 
elinieal term) (see Figs 35.5B-35.6). The voeal folds lie on either side 
of a fissure, the rima glottidis, and form the anterolateral three-fifths of 
its edges. The posterior two-fifths of the edges of the rima glottidis are 
formed by the voeal proeesses of the arytenoid eartilages (to which the 
voeal folds are attaehed). 

Eaeh voeal fold eonsists of five layers, namely: mucosal epithelium, 
lamina propria (three layers) and a muscular layer (fibres of thyroaryt- 
enoid and voealis) (Fig. 35.7). The mucosa overlying the voeal ligament 
is thin and attaehed to the underlying lamina propria by a basement 
membrane. It lies direetly on the ligament, and so the voeal fold appears 
pearly white in vivo. At birth, the lamina propria eonsists of a single 
layer of eells. It beeomes a bilaminar structure by 2 months of age and 
three layers beeome established by 7 years of age (Hartniek 2005). The 
lamina propria is eomposed of three layers. The most superficial eon- 
sists of loose eollagen and elastie fibres and is only loosely attaehed to 
the underlying voeal ligament, an arrangement that produces a poten- 
tial spaee (Reinke's spaee) that extends along the length of the free 
margin of the voeal ligament and a little way on to the superior surface 
of the eord; oedema fluid readily eolleets here in disease. The intermedi- 
ate layer eonsists of elastie fibres, and the deep layer is formed of eol- 
lagen fibres; these two layers eolleetively form the voeal ligament. The 
appearanee of differential fibres - namely, elastin and eollagen - is 
noted at 13 years of age (Hartniek 2005). Fibres of thyroarytenoid and 
voealis form the fifth layer of the voeal folds; they shorten, relax and 
aid adduction of the voeal folds (see p. 596). 

The site where the voeal folds meet anteriorly, the anterior eommis- 
sure, is the region where fibres of the voeal ligament pass through the 
thyroid eartilage to blend with the overlying perichondrium. The point 
at which the voeal ligaments attaeh to the thyroid eartilage is known as 
Broyles ligament; it eontains blood vessels and lymphaties, and there- 
fore represents a potential route for the eseape of malignant tumours 
from the larynx. This is a very signifieant anatomieal eseape pathway 
for primary tumours arising on the voeal eord. 

Loeated at the anterior and posterior end of eaeh voeal ligament are 
the maculae flavae. These form conspicuous mucosal bulges visible on 
endoseopie examination of the larynx through the mucosa as whitish 
yellow masses. The voeal folds are eonneeted to thyroid eartilage an- 
teriorly via the anterior maculae flavae and the anterior commissure 
tendon, and posteriorly via the posterior maoilae flavae. The maculae 
flavae themselves are deseribed as being formed of dense masses of 
stellate eells with a morphology markedly different from that of fibro- 
blasts surrounded by a dense extracellular matrix. The fimetion of the 
maoilae flavae remains unclear but it has been suggested that they play 
a eritieal role in the growth, development and metabolism of the extra- 
cellular matrix of the voeal folds (Awd Allah et al 2009, Fayoux et al 
2004, Sato et al 2010a, 2010b). 


Laryngeal eareinoma 

Squamous eell eareinoma is by far the most eommon laryngeal neo- 
plasm. The pattern of spread is largely determined by anatomieal fea- 
tures at the site of origin and this, in turn, inffiienees its management 
and potential outcomes (Welsh et al 1989, Kirehner and Carter 1987). 



Reinke’s oedema 

The mucous membrane is loosely attaehed throughout the larynx. It 
ean aeeommodate eonsiderable swelling, which may eompromise the 
airway in acute infeetions. At the edge of the tme voeal folds, the 
mucosal eovering is tightly bound to the underlying ligament so that 
oedema fluid does not pass between the upper and lower eompartments 
of the voeal eord mucosa. Any tissue swelling above the voeal eord 
exaggerates the potential spaee deep to the mucosa (Reinke's spaee), 
causing accumulation of extracellular ffiiid and flabby swelling of the 
voeal eords (Reinke's oedema). The oedema ean persist because there 
is very poor lymphatie drainage from the edges of the voeal folds (Liu 
et al 2006). Voeal abuse may initiate such ehanges, but the eondition 
is nearly always eonfined to smokers. 


Voeal eord nodules 

Voeal fold nodules are ehronie lesions of the voeal folds and develop 
most eommonly as the result of persistent ovemse of the voiee, which 
has caused an inerease in voeal fold tension and a more foreefiil adduc- 
tion. They normally develop at the point of maximum eontaet of the 
















Larynx 


Laryngoeeles and saccular eysts are air- or fluid-íìlled enlargements of 
the saeaile. A laryngoeele is a herniation of the saeailar mucosa. The 
aetiology is uncertain; repeated, sustained, high transglottal pressures 
(such as in tmmpet playing) may be a possible cause of acquired symp- 
toms, and some eases may be the result of eongenital enlargement of 
the saeaile. Growth of a laryngoeele is eonstrained by the surrounding 
tissues, and so it expands upwards into the paraglottie spaee anterior to 
the piriform fossa, and superiorly to expand the aryepiglottie fold and 
reaeh the vallecula (internal laryngoeele). It ean extend to the thyro- 
hyoid membrane, which it may pieree to form an external laryngoeele, 
and where it may be palpable in the neek. Symptoms include hoarse- 
ness, stridor and dysphagia. The laryngeal saeaile may also beeome 
pathologieally enlarged as a result of obstmetion of the ventricular 
aditus by inflammation, searring, or eompression by a tumour; an 
expanding, mucus-filled eyst forms as the glandular seeretions accumu- 
late. These fluid-filled saccular eysts ean expand in a similar direetion 
to a laryngoeele and may also pieree the thyrohyoid membrane. In 
addition to hoarseness and stridor, acute respiratory obstmetion may 
occur, espeeially in the young, if the eontents of the eyst beeome 
infeeted. 

There are alternative deseriptions of the soft tissues of the voeal folds. 
Some authors deseribe only two layers, namely: the body (the deep layer 
of the lamina propria and the muscle) and the eover (the mucosa and 
superficial and intermediate layers of the lamina propria). Others divide 
the soft tissues of the voeal folds into three layers: the mucosal layer 
(the mucosa and the superficial layer of the lamina propria), the voeal 
ligament (the intermediate and deep layers of the lamina propria) and 
the muscle layer (Titze 1994). 

Supraglottic tumours arising from the laryngeal surface of the epi- 
glottis have a tendeney to spread through the perforations in the epi- 
glottie eartilage and into the pre-epiglottie spaee, through which 
branehes of the internal laryngeal nerve pass. It is likely that the neural 
defieit this may cause accounts for the most eommon presenting 
symptom: a feeling of something in the throat and diseomfort when 
swallowing. In some, this spaee beeomes filled with tumour and ean 
even infiltrate the hyoid bone. Inferior spread into the paraglottie spaee 
is more eommon and may extend as far as the subglottis or even beyond 
the larynx. Spread in this spaee medializes the voeal eord; this ean be 
seen on earefiil laryngoseopy when assessing the tumour stage and may 
be eonfirmed by seans. Lateral spread into the piriform sinus is also a 
feature of tumours arising lower down in the supraglottis on the ves- 
tibular folds. Deeper invasion infiltrates the thyroarytenoid muscle and 
eventually the thyroid and arytenoid eartilages. 

Ventrioilar tumours often obstmet mucus outflow from the saccule 
to cause a saccular eyst or mucocele. Further infiltration of the paraglot- 
tie spaee and transglottie spread ultimately fixes the voeal eord through 
muscle invasion and, more rarely, direet involvement of the erieoaryt- 
enoid joint or infiltration of the recurrent laryngeal nerve. Fixation of 
the voeal eord is a good indieator of a tumour within the paraglottie 
spaee and this is refleeted in the TNM staging system as an adverse sign. 

Glottie tumours tend to spread by loeal growth in the first instanee, 
when they may be eontained in Reinke's spaee for some time. The 
paucity of lymphaties in the voeal eord slows tumour progression, 
allowing time for the patient to present to a elinieian with a relatively 
small tumour load that will only have caused a ehronie husky voiee. 
This anatomieal feature also accounts for the relative laek of nodal 
metastases assoeiated with small glottie tumours. The proximity of 
anterior eord tumours to the thyroid eartilages, separated only by a thin 
layer of eonneetive tissue, predisposes to eartilage invasion; spread of 
tumour via Broyles ligament to the outside of the larynx ehanges the 
tumour stage from a T1 lesion to a T4 lesion, with both therapeutic and 
survival implieations. More posterior eord tumours tend to invade the 
voealis muscle and fix it. 

Subglottic tumours usually spread circumferentially and, by doing 
so, impair the airway. 


592.el 


> aaidVHO 






Laryngeal eavity 




Non-keratinized squamous epithelium 




Pseudostratified eiliated columnar 
respiratory epithelium 


Vestibular fold 

Voeal fold 



Mucosa 


Superficial 

Intermediate 

Deep 


Layers of 

lamina 

propria 




Mucosa 


Superficial 

Intermediate 

Deep 


Layers of 
- lamina 
propria 


Thyroarytenoid and voealis 


Thyroarytenoid and voealis 


Fig. 35.7 A, A eoronal view of the laryngeal eavity, showing the distribution of the mucous membrane in the laryngeal eavity. B, The structure of the true 
voeal folds at low power, x 40, stained with Movat’s pentaehrome stain. C, The true voeal folds at high power, x 100; Movat’s pentaehrome stain. The 
non-keratinized squamous epithelium is shown forming a mucosal layer over the superficial part of the lamina propria, along with the three layers of the 
lamina propria, with thyroarytenoid and voealis lying deep to the deep layer of the lamina propria. At higher magnifieation, the deeper yellow staining of 
the eollagen in the deep layer of the lamina propria eompared to the superficial layer indieates a greater degree of eross-linking. (B,C, Modified with 
permission from Courey MS, The Professional Voiee, In: Cummings CW et al (eds) Otolaryngology: Head and Neek Surgery, vol 4, 3rd edn. St Louis: 
Mosby: 3003-25.) 
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Fig. 35.8 The true voeal folds viewed through a fibreoptie endoseope. 
(With permission from Berkovitz BKB, Moxham BJ 2002. Head and Neek 
Anatomy. London: Martin Dunitz.) 


the level of the voeal eords. The glottis is customarily divided into two 
regions: an anterior intermembranous part, which makes up about 
three-fifths of its anteroposterior length and is formed by the underlying 
voeal ligament; and a posterior intercartilaginous part, formed by the 
voeal proeesses of the arytenoid eartilages. It is the narrowest part of the 
larynx, having an average sagittal diameter in adult males of 23 mm, 
and in adult females of 17 mm; its width and shape vary with the 
movements of the voeal eords and arytenoid eartilages during respira- 
tion and phonation. 


L0WER PART 


The lower part of the laryngeal eavity, the infraglottie eavity (also known 
as the subglottic eavity), extends from the voeal eords to the lower 
border of the erieoid. In transverse seetion, it is elliptieal above and 
wider and eirailar below, and is continuous with the traehea. Its walls 
are lined by respiratory mucosa, and are supported by the erieothyroid 
ligament above and the erieoid eartilage below (Reidenbaeh 1998). The 
walls of this part of the laryngeal eavity are said to be exponentially 
curved, a feature that may serve to aeeelerate the airflow towards the 
glottis with the minimum loss of energy (Lenneberg 1967). 


voeal folds, i.e. at the junction of the anterior third and the posterior 
two-thirds of the voeal ligament. Excessive trauma at this point, e.g. 
when singing with poor technique or foreing the voiee, initially pro- 
duces subepithelial haemorrhage or bmising; in time, this results in 
pathologieal ehanges such as subepithelial searring ('singer's nodes' or 
'elergyman's nodes'). Nodules inerease voeal fold mass and affeet voeal 
fold closure; the persistent posterior glottal opening causes hoarseness, 
a breathy voiee, reduced voeal intensity and an inability to produce 
higher frequencies of vibration. These ehanges ean cause a eyele in 
which inereasing voeal effort is required by way of eompensation, and 
this exacerbates the problem (Aronson and Bless 2009). 

Rima glottidìs 


The rima glottidis or glottis is the fissure between the voeal eords anter- 
iorly and the arytenoid eartilages posteriorly (Fig. 35.8). It is bounded 
behind by the mucosa that passes between the arytenoid eartilages at 


LARYNG0SC0PIC EXAMINATI0N 


The laryngeal inlet, the stmctures around it, and the eavity of the larynx 
ean all be inspeeted using fibreoptie endoseopy, through either the 
mouth or nasopharynx. The epiglottis is seen foreshortened but its 
tubercle is visible. From the epiglottie margins, the aryepiglottie folds 
ean be traeed posteromedially and the ameiform and corniculate eleva- 
tions reeognized. The pink vestibular folds and pearly white voeal eords 
are visible, and, when the rima glottidis is wide open, the anterior areh 
of the erieoid eartilage, the traeheal mucosa and eartilages may be seen 
(see Fig. 35.8). The piriform fossae ean also be inspeeted. 

LARYNGEAL 0BSTRUCTI0N AND TRAUMA 


The mucosa of the upper larynx is highly sensitive and eontaet with 
foreign bodies excites immediate coughing. Large foreign bodies may 
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obstmet the laryngeal inlet or rima glottidis and suffocation may 
ensue. Smaller artieles may enter the traehea or bronehi, or lodge in the 
laryngeal ventriele and cause reflex closure of the glottis with subse- 
quent suffocation. Inflammation of the upper larynx, e.g. seeondary to 
infeetion or the effeets of smoke inhalation, may swell the mucosa by 
effhsion of fluid into the loose submucous tissue (oedema of the supra- 
glottis). The effhsion neither involves nor extends below the voeal eords 
because the mucosa here is bound direetly to the voeal ligaments and 
there is no submucous tissue. Laryngotomy below the voeal eords 
through the erieothyroid ligament, or traeheotomy below the erieoid 
eartilage, may be neeessary to restore a free airway. 

The consequences of trauma to the larynx resulting from either blunt 
or penetrating injuries may lead to any or all of the following: oedema, 
haematoma, fracture, disloeations or paralysis. Trauma at the level of 
the rima glottidis may result in thyroid eartilage fracture and displaee- 
ment of the fragments into the voeal folds posteriorly with consequent 
oedema. Suicidal wounds are usually made through the thyrohyoid 
membrane, damaging the epiglottis, superior thyroid vessels, external 
and internal earotid arteries, and internal jugular veins. Less frequently, 
these wounds are inflieted above the hyoid, so that the lingual muscles 
and lingual and faeial vessels are damaged. Caustic substances swal- 
lowed aeeidentally or during a suicide attempt, the ingestion of hot 
liquids and the inspiration of hot gases may all result in serious laryn- 
geal damage. Radiotherapy as part of the treatment for neek eaneer ean 
cause radiation burns within the larynx (Myer 2004). 


THE PAEDIATRIC LARYNX 


The paediatrie larynx differs markedly from its adult counterpart in size, 
position, eonsisteney and shape. Although it is about one-third adult 
size, it is proportionately larger; the lumen is short and funnel-shaped, 
and disproportionately narrower. The infant larynx lies higher in the 
neek than the adult larynx (see Fig. 34.11). At rest, the upper border of 
the infant epiglottis is at the level of the seeond or third eervieal verte- 
bra; when the larynx is elevated, it reaehes the level of the fìrst eervieal 
vertebra. This high position enables an infant to use its nasal airway to 
breathe while suckling. It also means that the larynx is proteeted some- 
what by the jaw. The epiglottis is X-shaped, with a furled petiole, and 
the laryngeal eartilages are softer and more pliable than in the adult 
larynx (which may predispose to airway eollapse in inspiration, leading 
to the elinieal picture of laryngomalaeia). The thyroid eartilage is shorter 
and broader, and lies eloser to the hyoid bone in the neonate, which 
means that the thyrohyoid ligament is relatively short. Neither the 
superior noteh nor the laryngeal prominenee is as marked as it is in the 
adult. The erieoid eartilage is the same shape as in the adult. Calcifica- 
tion of the erieoid eartilage has been noted as early as 7 years of age 
(Strauss 2000). The arytenoid eartilages are larger in proportion to the 
larynx as a whole and so are more prominent; the aryepiglottie folds 
are disproportionally large. The voeal eords are 4-4.5 mm long, which 
is relatively shorter than either in ehildhood or in the adult, and eon- 
sequently the proportion of the rima glottidis that is intramembranous 
is smaller in the neonate. The ventriele of the larynx is small, whereas 
the saccule of the larynx is often eonsiderably larger than it is in adult 
life. The time at which the infant larynx assumes adult eharaeteristies 
varies in the literature from 5 to 12 years; some adults retain a funnel- 
shaped larynx (Wheeler et al 2009). Further discussion is beyond the 
seope of this book; the interested reader should consult Wheeler et al 
(2009) and Holzki et al (2010). 

The mucosa of the vestibule is more loosely attaehed than it is in 
the adult larynx and it exhibits multiple submucosal glands. Inflamma- 
tion of the vestibule will therefore rapidly result in gross oedema. The 
mucosa is also lax in the infraglottie eavity and swelling here rapidly 
causes severe respiratory obstmetion because of the disproportionally 
narrower lumen (3.5 mm in diameter in neonates). The neonatal inf- 
raglottie eavity extends posteriorly as well as inferiorly, which is an 
important eonsideration when passing an endotraeheal tube (Litman 
et al 2003). The infraglottie airway rapidly inereases in size during the 
fìrst two years of life (Eekel et al 1999). By about the third year, sexual 
differenees beeome apparent: the larynx is larger in boys, although the 
angle between the thyroid laminae is more pronounced in girls. At 
puberty, these ehanges inerease and there is greater enlargement of the 
male larynx. 

Congenital anomalies of the larynx include aplasia and hypoplasia 
of the epiglottis, high-rising epiglottis, bifìd epiglottis, saccular eysts, 
voeal eord palsy, laryngeal atresia, laryngoeele, laryngo-traeheo- 
oesophageal eleft and laryngeal web. Laryngo-traeheo-oesophageal eleft 
is due to failure of fhsion of the posterior erieoid lamina and abnormal 
development of the traeheo-oesophageal septum, resulting in a pos- 


terior sagittal communication between the larynx and pharynx. For 
fhrther reading, see Adewale (2009 , Hudgins et al (1997 , Praey (1983) 
and Sapienza et al (2004). 


PARALUMENAL SPACES 


A number of potential spaees lie between the laryngeal eartilages and 
the ligaments and membranes that support them. The three main 
spaees are the pre-epiglottie, the paraglottie and the subglottic spaees. 
Their preeise definition, and the extent to which they eomimmieate 
with one another, remain eontroversial. They are not elosed eompart- 
ments and so their existence does not preclude the spread of tumours. 
An awareness of the anatomy of these spaees, and the potential path- 
ways of tumour spread from them, have signifieantly influenced the 
surgical approaeh to disease in this region (Welsh et al 1983). 


PRE-EPIGL0TTIC SPACE 


Its name implies that the pre-epiglottie spaee (Fig. 35.9) lies anterior 
to the epiglottis. The upper part of this spaee also extends beyond the 
lateral margins of the epiglottis, an arrangement that gives the spaee the 
form of a horseshoe and has led to the suggestion that periepiglottie 
spaee would be a more appropriate term for this region (Reidenbaeh 
1996a). The spaee is primarily filled with adipose tissue and does not 
appear to eontain any lymph nodes. 

The upper boundary is formed by the weak hyoepiglottie membrane, 
strengthened medially as the median hyoepiglottie ligament; the anter- 
ior boundary is the thyrohyoid membrane, strengthened medially as 
the median thyrohyoid ligament; and the lower boundary is the thyro- 
epiglottie ligament, continuous laterally with the quadrangular mem- 
brane behind. The greater cornu of the hyoid bone forms its upper 
lateral border. Inferolaterally, the pre-epiglottie spaee is in eontimiity 
with the paraglottie spaee, from where it is often invaded by the laryn- 
geal saccule. It is also in continuity with the mucosa of the laryngeal 
surface of the epiglottis via multiple perforations in the eartilage of the 
epiglottis (Reidenbaeh 1996a). 



PARAGL0TTIC SPACE 


The paraglottie spaee (see 4g. 35.9) is a region of adipose tissue that 
eontains the internal laryngeal nerve, the laryngeal ventriele, and all or 
part of the laryngeal saccule. It is bounded laterally by the thyroid ear- 
tilage and thyrohyoid membrane, superomedially by the quadrangular 
membrane, inferomedially by the conus elasticus, and posteriorly by 
the piriform fossa. The lower border of the thyroid eartilage is inferior, 
and the paraglottie spaee is continuous inferiorly with the spaee between 
the erieoid and thyroid eartilages. Anteroinferiorly, there are defieieneies 
in the paramedian gap at the side of the median erieothyroid ligament, 
and posteroinferiorly, adipose tissue extends towards the erieothyroid 
joint. Superiorly, the paraglottie spaee is usually continuous with the 
pre-epiglottie spaee, although the two spaees may be separated by a 
fibrous septum. There is disagreement between authors as to the preeise 
boundaries between these two spaees. Some authorities exclude thyro- 
arytenoid from the paraglottie spaee and include it within the pre- 
epiglottie spaee, forming its inferior border posterolaterally (Reidenbaeh 
1996b). 



SUBGL0TTIC SPACE 


The subglottic spaee is bounded laterally by the conus elasticus, medi- 
ally by the mucosa of the infraglottie eavity, and above by the under- 
surface of Broyles ligament in the midline. It is continuous below with 
the inner surface of the erieoid eartilage and its mucosa (Reidenbaeh 

1998). 


MUSCLES 


The muscles of the larynx may be divided into extrinsic and intrinsie 
groups. The extrinsic muscles eonneet the larynx to neighbouring stme- 
tures and are responsible for moving it vertieally during phonation and 
swallowing. They include the infrahyoid strap muscles, thyrohyoid, 
sternothyroid and sternohyoid, and the inferior eonstrietor muscle of 
the pharynx. Two of the three elevator imiseles of the pharynx, stylo- 
pharyngeus and palatopharyngeus, are also eonneeted direetly to the 
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Fig. 35.9 A eontrast-enhaneed axial computed tomogram of the neek of 
a 42-year-old male shovving the paraglottie and pre-epiglottie spaees. 
(Courtesy of Dr Ivan Zammit.) 
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Muscles 


thyroid eartilage, mainly to the posterior aspeet of the thyroid laminae 
and cornua. 

The role of the extrinsic muscles during respiration appears to be 
variable; the larynx has been seen to rise, deseend or barely move during 
inspiration. The extrinsic muscles ean affeet the piteh and the quality 
of the voiee by raising or lowering the larynx, and geniohyoid elevates 
and anteriorly displaees the larynx, particularly during deglutition. 

Elevation of the larynx deereases the length and ealibre of the laryn- 
gopharynx and thus shortens the voeal traet overall. This tends to raise 
both the formant frequencies as well as the fhndamental frequency and 
may be one way by which an inerease in piteh is aehieved, though a 
ehange in piteh is not an inevitable consequence of this movement. The 
raising of the larynx may also be aeeompanied by forward or backward 
movement of the tongue because of the attaehment of the tongue to 
the hyoid bone. These movements may faeilitate alveolar or velar articu- 
lations, respeetively. 

The larynx is lowered by eontraetion of the infrahyoid muscles. This 
inereases the length of the laryngopharynx, tending to lower both the 
formant frequencies and the fhndamental frequency, though, again, a 
piteh ehange is not inevitable. Another effeet of lowering the larynx will 
be to deerease supraglottal pressure and this will faeilitate the articula- 
tion of voieed stops and frieatives (to a lesser extent). Voiee quality ean 
also be varied by the height of the larynx and this is an important faetor 
contributing to the variations in quality of voiee between different 
speakers. 

The intrinsie muscles are the erieothyroid, posterior and lateral erieo- 
arytenoid, transverse and oblique arytenoid, aryepiglotticus, thyro- 
arytenoid and its subsidiary part, voealis, and thyroepiglotticus; all are 
eonfined to the larynx in their attaehments, and all but the transverse 
arytenoid are paired (Fig. 35.10). Whereas most of the intrinsie muscles 
lie internally, under eover of the thyroid eartilage or the mucosa, the 
erieothyroids appear on the outer aspeet of the larynx. 

The intrinsie laryngeal muscles may be plaeed in three groups 
aeeording to their main aetions. The posterior and lateral erieoaryten- 
oids and oblique and transverse arytenoids vary the degree of abduction 
and adduction of the voeal folds and thus the dimensions and the 
degree of opening of the rima glottidis. The erieothyroids, posterior 
erieoarytenoids, thyroarytenoids and voealis regulate the length and 
tension of the voeal folds. In reality, the obliquity of the erieoarytenoid 
faeets means that some overlap in fhnetion between these two muscle 
groups is inevitable. Thus, alterations in the dimensions of the rima 
glottidis will produce small ehanges in voeal fold length, and shorten- 
ing the voeal folds will also result in a degree of adduction. The third 
group of muscles is the oblique arytenoids, aryepiglottie and thyroepi- 
glottie muscles, which modify the laryngeal inlet. Bilateral pairs of 
muscles usually aet in eoneert with eaeh other. 

Neuromuscular spindles have been found in all human laryngeal 
muscles, the maximum number being found in the transverse arytenoid 
(Blitzer et al 2009). The eontrol of phonation requires very eonsiderable 
neuromuscular eoordination, and effeetive proprioeeption would 
appear to be essential to this eapaeity. The mass of muscle related to 
adduction far outweighs that related to abduction. In this context, it is 
of interest to note that histologieal examination of normal larynges 
revealed evidenee of some degenerative ehanges in posterior erieoary- 
tenoid, the single muscle assoeiated with abduction, but none in the 
remaining muscles (Guindi et al 1981). 

Anatomieal variations in the anatomy of the laryngeal 
muscles 


Available with the Gray’s Anatomy e-book 

INTRINSie MUSCLES 


Oblique arytenoid and aryepiglotticus 

The oblique arytenoids lie superfìcial to the transverse arytenoid 
and are sometimes eonsidered to be part of it. They eross eaeh other 
obliquely at the baek of the larynx, eaeh extending from the baek of the 
imisailar proeess of one arytenoid eartilage to the apex of the opposite 
one (see Fig. 35.10D). Some fìbres continue laterally round the aryten- 
oid apex into the aryepiglottie fold, forming the aryepiglottie muscle 
(aryepiglotticus). 

Vascular supply Oblique arytenoid reeeives its blood supply from 
the laryngeal branehes of the superior and inferior thyroid arteries. 

Innervation Oblique arytenoid is innervated by the recurrent laryn- 
geal nerve. 


Aetions The oblique arytenoids and aryepiglottie muscles aet as a 
sphineter of the laryngeal inlet by adducting the aryepiglottie folds and 
approximating the arytenoid eartilages to the tubercle of the epiglottis. 
Their poor development limits their eapaeity to aet as a sphineter of the 
inlet. The oblique interarytenoids are weak adductors of the voeal folds, 
and may be more effeetive in this aetion than the transverse interaryt- 
enoids because of the superior meehanieal advantage. 

Transverse (inter)arytenoid 

Transverse arytenoid is a single, unpaired muscle deep to the oblique 
interarytenoids (see 7 ig. 35.10C). It bridges the gap at the baek of the 
larynx between the two arytenoid eartilages and fìlls their eoneave pos- 
terior surfaces. It is attaehed to the baek of the muscular proeess and 
adjaeent lateral border of both arytenoids. 

Vascular supply Transverse arytenoid reeeives its blood supply from 
the laryngeal branehes of the superior and inferior thyroid arteries. 

Innervation Transverse arytenoid is innervated by the recurrent laryn- 
geal nerves. It also reeeives branehes from the internal laryngeal nerve, 
although there is debate as to whether these branehes eontain any 
distinet motor input. The nerves form a dense, but highly variable, 
plexus. 

Aetìons Transverse arytenoid pulls the arytenoid eartilages towards 
eaeh other, elosing the posterior, intercartilaginous, part of the rima 
glottidis (termed adductive tensing by phonetieians) (see Fig. 35.10C). 
During a whisper, the muscle is relaxed while lateral erieoarytenoid 
eontraets, allowing air to eseape during phonation. This aetion is 
aeeomplished by drawing the arytenoids upwards to slide along the 
sloping shoulders of the erieoid lamina, without rotation. 

Posterior erieoarytenoid 

Posterior erieoarytenoid arises from the posterior surface of the erieoid 
lamina (see Fig. 35.10A). Its fìbres aseend laterally and eonverge to 
insert on the upper and posterior surfaces of the muscular proeess of 
the ipsilateral arytenoid eartilage. The highest fìbres mn almost hori- 
zontally, the middle mn obliquely, and the lowest are almost vertieal; 
some reaeh the anterolateral surface of the arytenoid eartilage. An addi- 
tional strip of muscle, eeratoerieoid, is oeeasionally seen in relation to 
the lower border of posterior erieoarytenoid, arising from the erieoid 
eartilage and inserting on to the posterior aspeet of the inferior cornu 
of the thyroid eartilage. 

Vascular supply Posterior erieoarytenoid reeeives its blood supply 
from the laryngeal branehes of the superior and inferior thyroid 
arteries. 

Innervation Posterior erieoarytenoid is innervated by the recurrent 
laryngeal braneh of the vagus. 

Aetions The posterior erieoarytenoids are the only laryngeal muscles 
that open the glottis. They rotate the arytenoid eartilages laterally 
around an axis that passes through the long axis of the faeets of the 
erieoarytenoid joints, producing separation of the voeal proeesses and 
the attaehed voeal eords (see 7 ig. 35.10A). They also pull the arytenoids 
backwards, assisting the erieothyroids to lengthen the voeal eords. The 
most lateral fìbres draw the arytenoid eartilages laterally, and so the 
rima glottidis beeomes triangular when the posterior erieoarytenoid 
muscles eontraet. The posterior erieoarytenoids are aetive in the produc- 
tion of unvoiced sounds. 

Lateral erieoarytenoid 

Fateral erieoarytenoid is attaehed anteriorly to the upper border of the 
erieoid areh. It aseends obliquely backwards to be attaehed to the front 
of the muscular proeess of the ipsilateral arytenoid eartilage (see Fig. 
35.10B). 

Vascular supply Fateral erieoarytenoid reeeives its blood supply 
from the laryngeal branehes of the superior and inferior thyroid 
arteries. 

Innervation Fateral erieoarytenoid is innervated by 1-6 branehes of 
the anterior terminal division of the recurrent laryngeal nerve, with the 
most frequent pattern eonsisting of 3 branehes. In the majority of eases, 
these branehes arise over the muscle itself. 

Aetions Fateral erieoarytenoid rotates the arytenoid eartilage in a 
direetion opposite to that of posterior erieoarytenoid, and so eloses the 
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Numerous variations in the anatomy of the intrinsie muscles have been 
deseribed in the literature. The more frequently found ones are deseribed 
in the main text. A particularly eomprehensive source documenting 
these variations was published in 1875 by Fíirbringer. Later authors 
have studied many of these variations but estimates of their frequency 
often vary signifieantly between the various studies; the fimetional sig- 
nifieanee of many of these variations is not elear. 
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Fig. 35.10 The intrinsie muscles of the larynx in posterior or lateral vievvs, vvith their aetions shovvn alongside in a superior vievv. The arrovvs indieate the 
direetion of movement of the eartilage in eaeh ease. 


596 


















































































































































Vascular supply and lymphatie drainage 


rima glottidis (see Fig. 35.10B). As it does so, it brings the tips of the 
voeal proeesses together, elosing the ligamentous part of the rima glot- 
tidis, an aetion known as medial eompression. The aetion of lateral 
erieoarytenoid in adducting the voeal folds is therefore distinet and 
eomplementary to that of the oblique and transverse arytenoid muscles. 
Contraction of lateral erieoarytenoid also results in shortening and 
relaxing of the voeal folds. 

Cricothyroid 

Cricothyroid is attaehed anteriorly to the external aspeet of the areh of 
the erieoid eartilage (see Fig. 35.10F). Its fibres pass backwards and 
diverge into two groups: a lower 'oblique' part, which slants backwards 
and laterally to the anterior border of the inferior cornu of the thyroid; 
and a superior 'straight' part, which aseends more steeply backwards to 
the posterior part of the lower border of the thyroid lamina. The medial 
borders of the paired erieothyroids are separated anteriorly by a trian- 
gular gap occupied by the median erieothyroid ligament. 

Vascular supply eríeothyroid is supplied by the erieothyroid 

artery, a braneh of the superior thyroid artery, which erosses high 
on the erieothyroid ligament to eomimmieate with its eontralateral 
fellow. 

Innervation llnlike the other intrinsie muscles of the larynx, erieothy- 
roid is innervated by the external braneh of the superior laryngeal nerve, 
and not by the recurrent laryngeal nerve. 

Aetions Cricothyroid lengthens and affeets the tension in the voeal 
folds. It does this by shortening the spaee between the inferior border 
of the thyroid eartilage and the erieoid eartilage, an aetion that inereases 
the distanee between the tip of the voeal proeess of the arytenoid ear- 
tilage and the posterior surface of the lamina of the thyroid eartilage. 
Rotation occurs at the erieothyroid joint (see above). At the same time, 
the posterior part of erieothyroid pulls the thyroid eartilage forwards, a 
gliding aetion that also lengthens the voeal folds. Some authors eon- 
sider that erieothyroid has a slight adductive aetion in moving the voeal 
folds to a more paramedian position as they are lengthened and thinned 
(Mu and Sanders 2009, Wadie et al 2013). Others have attributed the 
relative sparing of abduction in lesions of the recurrent laryngeal nerve 
to a weak abductive aetion of erieothyroid. These eontradietory views 
are currently unresolved. 

Thyroarytenoìd and voealis 

Thyroarytenoid is a broad, thin muscle, lying lateral to the voeal fold, 
conus elasticus, laryngeal ventriele and saccule (see Fig. 35.10E). It is 
attaehed anteriorly to the lower half of the angle of the thyroid earti- 
lage, and to the erieothyroid ligament. Its fibres pass backwards, later- 
ally and upwards to the anterolateral surface of the arytenoid eartilage. 
The lower and deeper fibres form a band that, in eoronal seetion, 
appears as a triangular bundle attaehed to the lateral surface of the 
voeal proeess and to the fovea oblonga on the anterolateral surface of 
the arytenoid eartilage. This bundle, the voealis muscle, is viewed by 
some authors as simply a deeper part of the thyroarytenoid and by 
others as a distinet and separate muscle. The voealis is parallel with, 
and just lateral to, the voeal ligament. It is said to be thieker behind 
than in front, because many deeper fibres start from the voeal ligament 
and do not extend to the thyroid eartilage. (An alternative view is that 
all its fibres loop and intertwine as they pass from the thyroid to the 
arytenoid eartilage.) A few fibres extend along the wall of the ventriele 
from the lateral margin of the arytenoid eartilage to the side of the 
epiglottis. Superior thyroarytenoid, an ineonstant small muscle, lies on 
the lateral surface of the main mass of thyroarytenoid; when present, it 
extends obliquely from the thyroid angle to the muscular proeess of 
the arytenoid eartilage. 

Vaseillar SLipply Thyroarytenoid reeeives its arterial blood supply 
from the laryngeal branehes of the superior and inferior thyroid 
arteries. 

Innervation All parts of thyroarytenoid are supplied by the recurrent 
laryngeal nerve. It also reeeives a communicating braneh from the exter- 
nal laryngeal nerve, although it is not elear whether such branehes earry 
motor or sensory fibres. 

Aetions The thyroarytenoids draw the arytenoid eartilages towards the 
thyroid eartilage, thereby shortening and relaxing the voeal ligaments. 
At the same time, they rotate the arytenoids medially in opposition to 
the aetion of posterior erieoarytenoid to approximate the voeal folds 
and so aid closure of the rima glottidis. Relaxation of the posterior parts 
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Fig. 35.11 An anterior view of the blood supply and innervation of the 
larynx. (With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 


of the voeal ligaments by the voealis muscles, eombined with tension 
in the anterior parts of the ligaments, is responsible for raising the piteh 
of the voiee. Voealis ean ehange the timbre of the voiee by affeeting the 
mass of the voeal eords. 

Thyroepiglottieijs 

Many of the fibres of thyroarytenoid are prolonged into the aryepiglot- 
tie fold, where some terminate, and others continue to the epiglottie 
margin as thyroepiglotticus. The thyroepiglottiois muscles ean widen 
the inlet of the larynx by their aetion on the aryepiglottie folds. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


The blood supply of the larynx is derived mainly from the superior and 
inferior laryngeal arteries (Fig. 35.11). Rieh anastomoses exist between 
the eorresponding eontralateral laryngeal arteries and between the ipsi- 
lateral laryngeal arteries. The superior laryngeal arteries supply the 
greater part of the tissues of the larynx, from the epiglottis down to the 
level of the voeal eords, including the majority of the laryngeal muscu- 
lature. The inferior laryngeal artery supplies the region around erieothy- 
roid, while its posterior laryngeal braneh supplies the tissue around 
posterior erieoarytenoid (frotoux et al 1986). 


ARTERIES AND VEINS 
Superior laryngeal artery 


The superior laryngeal artery is normally derived from the superior 
thyroid artery, a braneh of the external earotid artery, as this artery 
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passes down towards the upper pole of the thyroid gland (see Fig. 
29.14). Sometimes, however, it arises direetly from the external earotid 
artery between the origins of the superior thyroid and lingual arteries 
or, less eommonly from the eommon earotid artery or earotid bifhrea- 
tion (Vazquez et al 2009). The superior laryngeal artery mns down 
towards the larynx, with the internal braneh of the superior laryngeal 
nerve lying above it. It enters the larynx by penetrating the thyrohyoid 
membrane and divides into a nrnnber of branehes that supply the 
larynx from the tip of the epiglottis down to the inferior margin of 
thyroarytenoid. It anastomoses with its eontralateral fellow and with 
the inferior laryngeal braneh of the inferior thyroid artery. 

Cricothyroid artery 


The erieothyroid artery arises from the superior thyroid artery and may 
contribute to the supply of the larynx. It follows a variable course, either 
superficial or deep to sternothyroid. If superficial, it may be aeeompa- 
nied by branehes of the ansa eerviealis, and if deep, it may be related 
to the external laryngeal nerve. It ean anastomose with the artery of the 
opposite side and with the laryngeal arteries. 

Inferior laryngeal artery 


The inferior laryngeal artery is smaller than the superior laryngeal 
artery. It is a braneh of the inferior thyroid artery, which arises from 
the thyroeervieal tmnk of the subclavian artery (see Fig. 29.17). It 
aseends on the traehea with the recurrent laryngeal nerve, enters the 
larynx at the lower border of the inferior eonstrietor, just behind the 
erieothyroid articulation, and supplies the laryngeal muscles and 
mucosa. The inferior laryngeal artery anastomoses with its eontralat- 
eral fellow and with the superior laryngeal braneh of the superior 
thyroid artery. 

A posterior laryngeal artery of variable size has been deseribed as a 
regular feature that arises as an internal braneh of the inferior thyroid 
artery. 

Siiperior and inferior laryngeal veins 


Venous return from the larynx occurs via superior and inferior laryn- 
geal veins, which mn parallel to the laryngeal arteries and are tribu- 
taries of the superior and inferior thyroid veins, respeetively. The 
superior thyroid vein drains into the internal jugular vein, and the 
inferior thyroid vein usually drains into the left braehioeephalie 
vein. 


LYMPHATIC DRAINAGE 


The voeal folds, with their firmly bound mucosa and paucity of lym- 
phaties at their edges, provide a elear demareation between the upper 
and lower areas of the larynx. Above the voeal folds, the rieh network 
of lymph vessels draining the supraglottic part of the larynx aeeompany 
the superior laryngeal artery, pieree the thyrohyoid membrane, and end 
in the upper deep eervieal lymph nodes, often bilaterally. The supraglot- 
tie lymphaties also communicate with those at the base of the tongue. 
Below the voeal fold, some of the lymph vessels of the infraglottie eavity 
pass through the conus elasticus to reaeh the prelaryngeal (Delphian) 
and/or pretraeheal and paratraeheal lymph nodes, while others aeeom- 
pany the inferior laryngeal artery and join the lower deep eervieal nodes 
(Welsh et al 1983, Werner et al 2003). 

Nodal spread of laryngeal tumours 


The upper deep eervieal lymph nodes aet as pathways for the spread of 
malignant tumours of the supraglottic larynx. llp to 40% of these 
tumours will have undergone such spread at the time of elinieal pres- 
entation. As stated previously, the glottis is very poorly endowed with 
lymphatie vessels; some 95% of malignant tumours eonfined to the 
glottis will present only with a ehange in voiee or airway obstmetion, 
but will not show signs of spread to adjaeent lymph nodes at presenta- 
tion. Tumours of the subglottic larynx will often spread to the paratra- 
eheal lymph node ehain prior to elinieal presentation. The presenting 
symptoms are usually voiee ehange and airway obstmetion rather than 
a mass in the neek. The paratraeheal lymph nodes occupy a deep-seated 
position in the root of the neek and so their enlargement may remain 
occult. They must be looked for earefhlly at surgery and included in any 
radiation field. 
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Fig. 35.12 A posterior view of the laryngeal innervation. 


INNERVATI0N 


The larynx is innervated by the internal and external branehes of the 
superior laryngeal nerve, the recurrent laryngeal nerve and sympathetie 
nerves (see Fig. 35.11; Fig. 35.12). Conventionally, the internal laryn- 
geal nerve is deseribed as sensory, the external laryngeal nerve as motor, 
and the reoirrent laryngeal nerve as mixed. The internal laryngeal nerve 
is sensory down to the voeal eords, the recurrent laryngeal nerve is 
sensory below the voeal eords, and there is overlap between the terri- 
tories innervated by the two nerves at the voeal eords themselves. All 
the intrinsie muscles of the larynx are supplied by the reoirrent laryn- 
geal nerve except for erieothyroid, which is supplied by the external 
laryngeal nerve. A number of anastomoses between the internal, exter- 
nal and reoirrent laryngeal nerves have been deseribed, with varying 
estimates of their ineidenee. Chronologically, the oldest reeorded is that 
between the reoirrent laryngeal nerve and the internal laryngeal braneh 
of the superior laryngeal nerve (Galen's anastomosis). The majority of 
these anastomoses are found on the posterior surface of the larynx, 
forming what has been deseribed as a laryngeal plexus to parallel the 
pharyngeal plexus. Their preeise nature and fimetion are unclear, but 
sinee some are thought to eonvey motor fibres, it is reasonable to 
assume that fimetions eommonly aseribed to the three laryngeal nerves 
may be more complex than the eonventional deseriptions imply, which 
may have potential elinieal implieations ( firlan et al 2002, Sato and 
Shimada 1995, Sanders et al 1993, Nakfii et al 2014). 

The detailed course of the vagus in the neek is deseribed on 
page 466. 

Superior laryngeal nerve 


The superior laryngeal nerve arises from the middle of the inferior vagal 
ganglion. It reeeives one or more eomimmieations from the superior 
eervieal sympathetie ganglion; most frequently, the eonneetion is with 



















































Innervation 


the external laryngeal nerve. The sympathetie communication eontrib- 
utes to the innervation of the earotid body (Monfared et al 2002) and 
the thyroid gland (Sun and Chang 1991). Though the superior laryngeal 
nerve usually lies on the medial side of the internal earotid artery, it 
may be found on the lateral side of the artery. The superior laryngeal 
nerve divides into two branehes: a smaller, external and a larger, internal 
braneh, approximately 1.5 em belowthe ganglion. Rarely, both branehes 
may arise from the ganglion. 

Internal laryngeal nerve 

The internal laryngeal nerve passes forwards approximately 7 mm 
before piereing the thyrohyoid membrane, usually at a higher level than 
the superior thyroid artery (Durham and Harrison 1962). It splits into 
superior, middle and inferior branehes on entering the larynx. The 
superior braneh supplies the mucosa of the piriform fossa. The large 
middle braneh is distributed to the mucosa of the ventriele, speeifieally 
the quadrangular membrane, and therefore probably eonveys the affer- 
ent eomponent of the cough reflex. The inferior ramus is mainly dis- 
tributed to the mucosa of the ventriele and subglottic eavity. On the 
medial wall of the piriform fossa, deseending branehes give twigs to the 
interarytenoid muscle and share a number of communicating branehes 
with the recurrent laryngeal nerve (Sanders and Mu 1998). 

External laryngeal nerve 

The external laryngeal nerve continues downwards and forwards on the 
lateral surface of the inferior eonstrietor, to which it contributes some 
small branehes. Indeed, the nerve is sometimes loeated within the 
fibres of the eonstrietor muscle. It passes beneath the attaehment of 
sternothyroid to the oblique line of the thyroid eartilage and supplies 
erieothyroid. A communicating nerve continues from the posterior 
surface of erieothyroid, erosses the piriform fossa and enters thyroaryt- 
enoid, where it anastomoses with branehes from the recurrent laryn- 
geal nerve. It has been suggested that these eomimmieating branehes 
may provide both additional motor eomponents to thyroarytenoid 
and sensory fibres to the mucosa in the region of the subglottis. An 
anastomosis between the external and internal laryngeal nerves has 
also been deseribed in some eases. (For fhrther reading, see Koehilas 
et al (2008).) 

The elose relationship of the external laryngeal nerve to the superior 
thyroid artery puts the nerve at potential risk when the artery is elamped 
during thyroid lobeetomy, particularly when it is elose to the artery (in 
approximately 20% of eases), or where, instead of erossing the superior 
thyroid vessels approximately 1 em or more above the superior pole of 
the gland, it actually passes below this point (in some 20% of eases) 
(Cernea et al 1992, Kierner et al 1998). The external laryngeal nerve is 
also at risk in parathyroideetomy, earotid endartereetomy and anterior 
eervieal spine procedures. 

Recurrent laryngeal nerve 


The reairrent laryngeal nerve enters the larynx by passing either deep 
to (usually) or between (sometimes) the fibres of cricopharyngeus at 
its attaehment to the lateral aspeet of the erieoid eartilage. It supplies 
cricopharyngeus as it passes. At this point, the nerve is in intimate 
proximity to the posteromedial aspeet of the thyroid gland. The main 
tmnk divides into two or more branehes, usually below the lower 
border of the inferior eonstrietor, although branehing may occur higher 
up. The anterior braneh is mainly motor and is sometimes ealled the 
inferior laryngeal nerve (although this term is best avoided to prevent 
any eonfiision with a former synonym for the recurrent laryngeal 
nerve), while the posterior braneh is mainly sensory. The anterior 
braneh of the recurrent laryngeal nerve aseends posterior to the erieo- 
thyroid joint and its ligament, and is usually eovered by fibres of pos- 
terior erieoarytenoid at this point. It bends over the joint, continuing 
forwards over the lateral erieoarytenoid muscle before terminating 
within thyroarytenoid. 

The anterior braneh of the recurrent laryngeal nerve first innervates 
posterior erieoarytenoid by one or more branehes, then innervates inter- 
arytenoid and lateral erieoarytenoid, and terminates in thyroarytenoid, 
which it also supplies (see also Maranillo et al 2005). 

The recurrent laryngeal nerve forms several anastomoses with the 
superior laryngeal nerves (see Fig. 35.12). The posterior braneh of the 
recurrent laryngeal nerve aseends deep to posterior erieoarytenoid to 
join the deseending braneh of the internal laryngeal nerve. The ansa 
Galeni, lying on the interarytenoid muscles, forms a direet eonneetion 
between the recurrent and internal laryngeal nerves (see Fig. 35.12). 
There is also a complex anastomosis within and over the posterior 
surface of the interarytenoid muscles, and, less frequently, anastomoses 


on the erieoid lamina and thyroarytenoid that form eonneetions with 
the internal laryngeal nerve (Furlan et al 2002, Sanudo et al 1999). 

The reairrent laryngeal nerve does not always lie in a proteeted posi- 
tion in the traeheo-oesophageal groove but may be slightly anterior to 
it (more often on the right), and it may be markedly lateral to the 
traehea at the level of the lower part of the thyroid gland. The upper 
part of the nerve has a elose but variable relationship to the inferior 
thyroid artery. On the right, it is as often anterior to, or posterior to, or 
intermingled with, the terminal branehes of the artery. On the left, the 
nerve is usually posterior to the artery, though oeeasionally it lies an- 
terior to it. The stated ineidenees of these relationships vary between 
different authors. The recurrent laryngeal nerve may supply extralaryn- 
geal branehes to the larynx that arise before it passes behind the inferior 
thyroid cornu (Bowden 1955). 

External to its capsule, the thyroid gland is eovered by the viseeral 
layer of deep eervieal faseia which splits into two layers at the posterior 
border of the gland. The anterior layer eovers the entire medial surface 
of eaeh lobe. At, or just above, the isthmus, this layer is conspicuously 
thiekened to form the lateral ligament of the thyroid gland, which 
attaehes the gland to the traehea and the lower part of the erieoid ear- 
tilage. The posterior layer passes behind the oesophagus and pharynx, 
and is attaehed to the prevertebral faseia. A eompartment is thus 
formed on eaeh side of the midline, lateral to the traehea and oesopha- 
gus; it eontains fat, the recurrent laryngeal nerve and terminal parts of 
the inferior thyroid artery. The nerve may be lateral or medial to the 
lateral ligament of the thyroid gland, and sometimes may be embed- 
ded in it. 

A very rare anomaly that is of relevanee to laryngeal pathology and 
surgery is the so-ealled 'non-reoirrent' laryngeal nerve, where the right 
reoirrent laryngeal nerve arises direetly from the vagus nerve tmnk high 
up in the neek and enters the larynx elose to the inferior pole of the 
thyroid gland. Only the right side is affeeted, and it is always assoeiated 
with an abnormal origin of the right subclavian artery from the aortie 
areh on the left side. If unrecognized, a non-recurrent laryngeal nerve 
may be susceptible to injury during surgery. It may also potentially be 
eompressed by small tumours of the thyroid gland ( Friedman et al 
1986). 

Lesìons of the vagus nerve and recurrent 
laryngeal nerve paralysis 

The consequences of vagal nerve lesions are complex, refleeting the long 
course of the nerve and the possible involvement of three of its branehes, 
namely: the pharyngeal, superior laryngeal and recurrent laryngeal 
nerves. Collectively, these nerves innervate muscles of the larynx, soft 
palate and pharynx; injury may therefore have deleterious effeets on 
phonation and/or soft palate movements and/or swallowing. A lesion 
of the vagus above the level at which the pharyngeal braneh is given off 
will affeet both the superior and recurrent laryngeal nerves. This causes 
immobility of the voeal folds on the affeeted side and imparts a breathy 
voiee with laek of piteh and limited loudness. The affeeted eord is para- 
lysed and lies in the so-ealled 'eadaverie position halfivay between 
abduction and adduction. If the lesion is unilateral, the voiee is weak 
and hoarse, but if it is bilateral, phonation is almost absent, the voeal 
piteh eannot be altered, and the cough is weak and ineffeetive. There 
will also be a degree of hypernasality because of the effeets on move- 
ments of the soft palate caused by paralysis of levator veli palatini. 
Unilateral palsies impaet very signifieantly on the quality of life of the 
patient because of impaired voealization and a tendeney to aspirate. 
Bilateral palsies are extremely serious and a traeheostomy is required to 
proteet the airway. In some, a traeheal diversion procedure may beeome 
neeessary. 

A lesion affeeting the superior laryngeal nerve may be unilateral or 
bilateral. Complete seetion is most likely during the ligation of the 
vessels forming the vasoilar pediele of the thyroid gland during thyroid 
lobeetomy. Unilateral lesions may result in the voeal folds appearing 
relatively normal and the effeet on voiee is barely notieeable and is 
often overlooked. A more detailed examination may deteet some short- 
ening of the voeal folds on the affeeted side with asymmetrie tilt of the 
epiglottis and the anterior larynx eanted towards the unaffected side. 
The result is a mildly hoarse voiee with loss of piteh eontrol. Bilateral 
superior laryngeal nerve lesions result in shortening of both voeal folds, 
the overhanging of the epiglottis over the folds and reduced tilt between 
the thyroid and erieoid eartilage. Effeets on the voiee are eorrespond- 
ingly greater, with reduced loudness and piteh but variable breathiness. 

Damage to the internal laryngeal nerve causes loss of meehanoreeep- 
tive and proprioeeptive sensation from the larynx. Unilateral loss pro- 
duces a feeling that something is stuck in the throat, whereas bilateral 
loss will result in aspiration and ean cause dysphagia, with a risk of 
ehoking. 
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ITnilateral eomplete palsy of the recurrent laryngeal nerve is more 
eommon on the left side, presumably because the nerve is longer on 
this side. There is isolated paralysis of all the laryngeal muscles on the 
affeeted side except erieothyroid, which is innervated by the external 
laryngeal nerve. The patient may be asymptomatie or have a hoarse, 
breathy voiee and there will be diminished ability to manipulate piteh. 
The hoarseness may be permanent or may beeome less severe with time 
as the eontralateral eord develops the ability to hyperadduct and appose 
the paralysed eord and thus elose the glottis during phonation and 
coughing, although this is seldom enough to restore full voiee quality. 
There may be aspiration of food and drink. Bilateral lesions of the 
recurrent laryngeal nerve result in both voeal eords being paralysed and 
taking up a paramedian position. Phonation ean be nearly normal 
because the voeal folds lie so elose to the midline, but there will be 
audible stridor and a very eompromised airway. 

eiinieally, the position of the voeal eord in the acute phase after 
seetion of the recurrent laryngeal nerve is very variable. Though stridor 
is more eommon after bilateral lesions and sometimes only audible to 
the educated ear, the eords may be sufficiently abducted so that there 
is little problem with airway obstmetion at rest, although the voiee is 
always weaker in this situation. The eords are slightly more widely sepa- 
rated in ehronie lesions, which renders the voiee weaker but with a less 
precarious airway. Atrophy and fibrosis of paraglottie muscles probably 
affeet the position of paralysed voeal eords in ehronie lesions to a 
greater degree than variations in the strength of the apposing adductor 
and abductor muscle groups. 

For many years, eonventional wisdom held that movements of 
abduction were affeeted to a greater degree than those of adduction 
when the recurrent laryngeal nerve was partially damaged (Semon's 
law). This effeet was thought to refleet the internal segregation within 
the reairrent laryngeal nerve of axons supplying the laryngeal abductor 
muscles; the idea was later undermined by the demonstration that 
axons destined for particular laryngeal muscles are randomly distrib- 
uted within the nerve. The weak abductive aetion of erieothyroid that 
is said to occur on lengthening the voeal folds has been proposed as an 
explanation for the relative sparing of abduction in these lesions but is 
diffioilt to reeoneile with the alternative view that erieothyroid may be 
a slight adductor of the voeal folds (Mu and Sanders 2009, Wadie et al 
2013). It is likely that predieting the effeet of partial lesions of the recur- 
rent laryngeal nerve is eomplieated by the variable patterns of anasto- 
mosis that occur between the laryngeal nerves. For further reading, see 
Aronson and Bless (2009) and Blitzer et al (2009). 

Aiitonomie innervation 


Parasympathetie seeretomotor fibres mn with both the superior and the 
reoirrent laryngeal nerves to mucous glands throughout the larynx. 
Postganglionie sympathetie fibres mn to the larynx with its blood 
supply; they originate in the superior and middle eervieal ganglia. A 
variable number of paraganglia are loeated on the internal laryngeal 
and recurrent laryngeal nerves. Histoehemieal evidenee suggests that 
one population of the neurones in these ganglia have a parasympathetie 
fimetion whilst a seeond population may seerete dopamine (Maranillo 
et al 2008, Ibanez et al 2010). 


ANAT0MY 0F SPEE0H 


The prineipal biologieal fimetion of the larynx is to aet as a sphineter 
eontrolling the entry of foreign bodies into the airways and to regulate 
airflow during ventilation. Thus, the larynx is opened widely during 
ventilation and is elosed tightly during swallowing. The larynx ean also 
elose tightly during exertion, effort closure, to regulate thoraeie and 
abdominal pressure during aetivities such as defeeation or parturition, 
or to fix the thorax to inerease meehanieal advantage when using the 
arms to lift objeets. The importanee of the latter aetivity should not be 
underestimated; one of the many problems reported by patients who 
have undergone a laryngeetomy is a loss of power in their arms when 
trying to lift heavy objeets. 

The larynx is much more than a simple valve that opens and eloses. 
In addition to its sphineterie fimetions, its loeation means that it is 
perfeetly plaeed to aet as a sound source, or voiee, that forms the basis 
of nearly all sounds in human speeeh. The musculoskeletal stmcture of 
the larynx is under exquisite neuromuscular eontrol, allowing it to 
modify the expiratory stream to produce highly complex patterns of 
sound of varying loudness, frequency and duration. The ability to 
execute these complex movements depends largely on speeifie areas 
of the eerebral hemispheres that are involved in the motor aspeets of 


language, such as speeeh and writing, and sensory manifestations of 
language, including reading and understanding the spoken word. 
Central eontrol of voiee production involves two parallel pathways: a 
limbie pathway responsible for the eontrol of innate non-verbal and 
emotional voealizations, and a larynx-specific motor eortieal pathway 
responsible for regulating the motor eontrol neeessary for voluntary 
voiee production. For ffirther reading, see Clark et al (2007 , Kaplan 
(1971 , Laver (1980", Atkinson and McHanwell (2002), Titze (1994", 
Zemlin (1998). 

0VERVIEW 0F SPEE0H PR0DUCTI0N 


All speeeh requires an input of energy. For all sounds in Western Euro- 
pean languages, and most sounds in other languages, this energy takes 
the form of a pulmonary expiration. This continuous airflow is eon- 
verted into a vibration within the larynx by a meehanism ealled phon- 
ation, in which the voeal folds vibrate periodieally, intermpting the 
column of air as it leaves the lungs and eonverting it into a series of 
diserete puffs of air. Speeeh sounds that are produced by voeal fold 
vibration in this way are said to be voieed. Speeeh sounds that are 
produced without voeal fold vibration are termed unvoiced sounds. 

The larynx is an inadequate sound source; the laryngeal 'buzz' that 
is produced by phonation is very quiet and eannot be varied sufficiently 
to produce the complex range of sounds that is human speeeh. Ampli- 
fieation and modifieation of the sound occur in the supralaryngeal voeal 
traet, which may be eonsidered as a 17 em long tube, narrow at the 
larynx and broadening out proximally as it passes through the pharynx, 
and oral and nasal eavities. This tube aets as a passive amplifier of the 
sound. (The analogy here is of a megaphone; cupping the hands round 
the lips lengthens the voeal traet and inereases the volume of speeeh.) 
The supralaryngeal voeal traet modifies the basie vibration of the larynx 
by altering its geometry, length and ealibre; it provides a series of reso- 
nators that ean dampen or amplify eertain sound frequencies and ean 
transiently intermpt the exhaled air flow and modiíy it to produce 
speeeh. This proeess is known as articulation. The range of sounds that 
the human voeal traet is eapable of producing is very wide, although 
any one human language will employ a subset of these sounds to 
eonvey meaning. 

MUSCULAR C0NTR0L 0F THE AIRSTREAM 

Normal vegetative ventilation involves rhythmie movements of the tho- 
raeie eage that are produced by intereostal muscles and the diaphragm 
and by a number of aeeessory muscles in the neek, arm and abdomen 
that have one attaehment to some part of the thoraeie eage. The thorax 
is eapable of responding meehanieally to widely varying demands for 
oxygen. From a tidal volume at rest of 500 ml and a respiratory rate of 
12 per minute, ventilation ean inerease in fit individuals during vigor- 
ous exercise to tidal volumes of 4.5 litres and respiratory rates of 20-25 
per minute. 

Normal ventilatory patterns are eonsiderably modified during 
speeeh, refleeting the speeial demands that speeeh plaees on ventilation. 
The main source of energy for the production of speeeh sounds is 
a pulmonary expiration, although other meehanisms are possible. In 
order for speeeh to be produced, sufficient pressure has to be generated 
beneath the voeal folds. This subglottal pressure (the differenee between 
the air pressures above and below the voeal folds) has to be sustained 
above a minimum level throughout an utterance. It sets the voeal folds 
into vibration if the sound is to be voieed or generates airflow for an 
unvoiced sound. The minimum subglottal pressure needed for speeeh 
production is 7 cmH 2 0, and this inereases when loud sounds are pro- 
duced or when sounds are stressed. 

The need to generate sufficient sustained pressure means that speeeh 
ventilation is markedly non-rhythmieal. At the onset of an utterance, 
inspiration is typieally 1.5 litres, which is deeper than for normal quiet 
ventilation, ensuring that sufficient air is taken in to maintain adequate 
subglottal pressure for the duration of the utterance. Inspiration is also 
quicker, 0.5 seeonds rather than 2-3 seeonds. Expiration is much 
longer than normal, perhaps lasting up to 30 seeonds, refleeting the faet 
that the voeal traet is more eonstrieted at the larynx to ensure that 
pauses for fiirther inspirations are made at suitable points in an utter- 
anee. At the end of the first inspiration during mnning speeeh, lung 
volumes do not ffilly return to resting levels. Conversational speeeh 
normally takes plaee at a higher range of lung eapaeities than operate 
in normal quiet ventilation. 

The non-rhythmieal pattern during speeeh requires greater inspira- 
tory effort, and for most people it involves a greater use of the 










Anatomy of speeeh 


diaphragm, usually in eombination with the abdominal muscles that 
are attaehed to the lower ribs (they stabilize the eostal attaehments of 
the diaphragm and inerease the effeetiveness of its aetion). The main 
differenees, however, are seen in expiration. Speeeh takes plaee at higher 
lung volumes, which means that greater reeoil forees are stored in the 
elastie tissues of the lungs and the ribeage. The generation of subglottal 
pressure is the product of these elastie reeoil forees and the muscular 
forees generated by the expiratory muscles. At the onset of an utterance, 
unrestrained reeoil forees would generate excessive subglottal pressures 
that would be wasteful of air, and henee energy, and would affeet the 
loudness of speeeh. Conversely, towards the end of an utterance, as 
reeoil forees deeline, subglottal pressure would fall without additional 
muscular exertion. Therefore, early in an utterance, inspiratory muscles, 
particularly the external intereostals and parasternal parts of the internal 
intereostals, continue to eontraet, relaxing slowly to counteract the 
effeets of excessive passive elastie reeoil. As the reeoil forees deeline 
below the point where they ean maintain the minimum subglottal 
pressure needed for phonation, expiratory muscles eontraet to maintain 
subglottal pressure as lung air volume nears its resting expiratory level. 
The main muscles involved are the eostal parts of the internal intereos- 
tals and the subcostal and transversus thoraeis muscles. Their aetions 
are aided by eontraetion of the anterior abdominal muscles to eompress 
the abdomen. Aeeessory muscles such as latissimus dorsi may also eome 
into play, but normally these aeeessory muscles are only aetive at the 
end of a very long or loud utterance, or in patients whose ventilatory 
fhnetion is eompromised. 

Though subglottal pressure tends to remain fairly eonstant during 
an utterance, it rises when sounds are stressed, and falls during the 
production of unvoiced sounds when the larynx is less eonstrieted. At 
these times, eompensatory meehanisms are required to ensure that 
pressure is maintained; the preeise meehanisms have yet to be eluci- 
dated but the internal intereostal muscles have been implieated. The 
anterior abdominal muscles are also aetive in singing and shouting, and 
in attempts to speak without the pause neeessary for inspiration. Con- 
trary to popular belief, the diaphragm plays little part in the regulation 
of expiratory foree. Tfnlike the intereostal muscles, the diaphragmatie 
musculature is sparsely supplied with muscle spindles, and therefore 
eontrol of the diaphragm is poorly regulated; minute ehanges ean be 
effeeted more successfully using the intereostal and anterior abdominal 
muscles. 

Though the expiratory airflow from the lungs is the source of energy 
for most speeeh sounds, other sources of airflow are also used. The 
larynx ean be used to generate airflow. The sound /p/ is produced by 
elosing the larynx and then raising it with the lips elosed, using the 
larynx like a piston. Opening the lips then releases a puff of air. This is 
ealled an ejeetive and is an example of egressive glottalie airflow. Ingres- 
sive glottalie airflow is also possible, though less effeetive; examples are 
not found in English but do occur in some Afriean and native Ameriean 
languages. A third kind of airflow is velarie, in which the baek of the 
tongue is raised against a lowered soft palate and the voeal traet is elosed 
anterior to that point, either at the lips or with the tongue against the 
hard palate. This produces a eliek and is rare. A non-linguistic example 
in English is the sound made in encouraging a horse. Ingressive pulmo- 
nary airflow, such as is found in a groan or a gasp, is theoretieally pos- 
sible, but none of the world's languages employ this as a source of 
airflow. 

After removal of the larynx, e.g. following laryngeal eaneer, patients 
ean be taught to swallow air, store it in a segment of the oesophagus 
and then use it as the energy source to produce egressive oesophageal 
airflow (oesophageal speeeh). Speeeh in these circumstances tends to 
have a belehing quality and may be badly phrased. Laryngeetomy 
patients always produce phrases that are shorter than normal, and so 
prostheses ineorporating valves and surgical shunts are often inserted 
to provide a larger egressive airstream by diverting air from the respira- 
tory traet into the oesophagus. 

PHONATION 


The default position of the rima glottidis is open, to maintain pateney 
of the airway during respiration. In quiet respiration, the anterior inter- 
membranous part of the rima glottidis is triangular when viewed from 
above. Its apex is anterior and its base posterior, and it is represented 
by an imaginary line approximately 8 mm long eonneeting the anterior 
ends of the arytenoid voeal proeesses. The intercartilaginous part 
between the medial surfaces of the arytenoids is rectangular, as the two 
voeal proeesses lie parallel to eaeh other. During foreed respiration, the 
rima glottidis is widened and the voeal eords are fully abducted to 
inerease the airway. The arytenoid eartilages rotate laterally, and this 


moves their voeal proeesses apart, and eonverts the rima glottidis into 
a diamond shape in which both intermembranous and intereartilagi- 
nous parts are triangular. The greatest width of the rima glottidis is at 
the point of the attaehments of the voeal eords to the voeal proeesses. 

During speeeh, the tme voeal folds vibrate to aet as a source of sound 
for subsequent speeeh. There have been a number of theories to explain 
the meehanism that produces this vibration but these are now only of 
historie interest. The aerodynamie-myoelastie theory is generally 
aeeepted as the meehanism underlying voeal fold vibration, although 
it does not account for all aspeets of phonation. 

At the onset of an utterance, during an expiration, the tme voeal 
folds are adducted: the lateral erieoarytenoids and interarytenoids bring 
together both the intermembranous and intercartilaginous parts of the 
glottis, aetions that either elose the glottis eompletely or reduce the 
spaee between the voeal folds to a linear ehink. The mucous membrane 
eovering the interarytenoid muscles, the interarytenoid fold, intmdes 
into the larynx when these muscles adduct the arytenoids, and so aids 
closure of the intercartilaginous part of the rima glottidis. The voeal 
eords are also tensed, an essential prerequisite for vibration. These 
aetions cause a build-up of subglottal pressure that continues until a 
point is reaehed when the muscular foree of adduction is no longer 
sufficient to resist the rising pressure, and the voeal folds are foreed 
open a little, releasing air into the supralaryngeal voeal traet. The sub- 
glottal pressure falls when the subglottic and supraglottic eavities 
beeome continuous and the voeal folds begin to elose. Two meehanisms 
bring about closure. If adductive tension is sustained, then the voeal 
folds will elose. In addition, rapid closure is aided by a physieal proeess, 
the Bernoulli effeet. The foreing of air from a region of high to low 
pressure through a narrow spaee causes an inerease in the kinetie energy 
of the molecules at the edge of the spaee. The effeet of this is to lower 
pressure in the spaee between the folds at the level of the folds them- 
selves, and this negative pressure simply sucks the folds together because 
they are mobile. This causes a rise onee more in the subglottal pressure 
and the eyele is repeated. The effeet is to cause the release of a series of 
puffs of air into the supralaryngeal voeal traet at a frequency of many 
times per seeond, which is pereeived as a sound of a particular fre- 
quency (Figs 35.13-35.14). 

The source of energy for the vibration does not eome from the larynx 
itself. The voeal folds do not behave like the prongs of a tuning fork; 
their predominant motion is in the horizontal plane at right angles to 
the movement of the air column, and there is little vertieal movement. 
The energy is derived from the motion of the air generated by the mus- 
cular and reeoil forees in the thorax, and the larynx is simply ehopping 
that column into a series of segments. 

The aerodynamie-myoelastie theory does not explain how voeal fold 
vibration is sustained; nor does it account for the very obvious muco- 
undulatory eomponent of voeal fold vibration that is visible when the 
larynx is viewed stroboseopieally. Without fiirther input of energy, the 
vibration of the voeal folds as deseribed above would not be sustained 
but would be damped and gradually diminish. For vibration to eon- 
tinue there has to be additional energy input. The analogy here is with 
a ehild on a swing. For the motion to continue, either the parent has 
to push the ehild at an appropriate point in the eyele, or the ehild has 
to sustain the motion for themselves by swinging their legs at the emeial 
point in the swing eyele. In the ease of phonation, the source of this 
additional energy is unclear. It may eome from the inertia of the air 
column itself, i.e. onee the voeal folds elose, the air column will eon- 
tinue moving upwards because inertia ereates a negative pressure above 



Fig. 35.13 A video montage of the normal phonatory eyele, obtained 
using a rigid fibreoptie endoseope with stroboseopie illumination. 

(Courtesy of Professor Paul Carding.) 601 
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Fig. 35.14 The position of the voeal folds during a eyele of voeal fold vibration (phonatory eyele). A, Superior view. B, Coronal view. 



the folds. Alternatively, the energy could eome from the manner in 
which the folds open and elose. As the subglottal pressure rises, the 
lower portion of the fold opens íìrst and the upper edge of the fold is 
last to open, and when the subglottal pressure falls, the folds elose from 
the bottom edge. It has been suggested that this non-uniform closure 
ereates different shapes within the glottis that may result in differing 
negative pressures at different phases of the eyele. It also produces a 
vertieal wave-like motion in the folds, termed the muco-undulatory 
eomponent. The analogy here is with a flag blowing in the wind, and 
it refleets the differing stiffnesses of the various layers of the voeal folds 
deseribed above. This vertieal eomponent will impart a negligible 
amount of energy to the air column, but it is likely to impart harmonies 
to the basie laryngeal vibration. 

The sound that results from the proeess of phonation has three 
eharaeteristies: a frequency that is pereeived as piteh, an intensity that 
is pereeived as loudness, and a timbre pereeived as voiee quality. 

The fhndamental frequency of the human voiee is determined by 
the resting length of the voeal eords and varies with age and sex. The 
frequency range of human speeeh is from 60 to 500 Hz, with an average 
of approximately 120 Hz in males, 200 Hz in females and 270 Hz in 
ehildren. The meehanism of frequency alteration is not entirely elear. 
An inerease in subglottal pressure will cause the frequency of phonation 
to rise. During an utterance, however, subglottal pressure appears to 
remain fairly eonstant, which suggests that the meehanism of frequency 
alteration resides in intrinsie ehanges within the voeal folds. Variations 
in frequency (piteh ehanges) during an utterance are determined by the 
complex interrelationships between length, tension and thiekness of the 
voeal eords; one of these variables eannot be altered without affeeting 
the other two parameters to some extent. Gross ehanges to the voeal 
eords demonstrate the effeets of these variables. Inflamed and swollen 
voeal eords are much thieker than normal and result in a hoarse voiee. 
At puberty, growth of the thyroid eartilage in males lengthens the voeal 
eords and lowers the hmdamental frequency, and the voiee 'breaks' as 
a result. During panie, the voeal eords may be tensed, which means that 
the ery for help is a high-pitehed squeak. 

Piteh is inereased by lengthening the voeal folds, as may be eon- 
firmed during direet endoseopie examination of the larynx. At first sight 
602 this may seem counterintuitive but, as the voeal eords are lengthened, 


there will be a consequent thinning and ehange in tension. Although 
an analogy is often drawn between the voeal eords and vibrating strings, 
a better analogy is that of a mbber band: if a mbber band is lengthened, 
the tension will inerease but the thiekness will deerease. The voeal eords 
may be lengthened by up to 50% of their resting length. It is likely that 
the initial piteh setting is aehieved by aetion of the erieothyroids, and 
that fine adjustments ean then be made using the voeales. Paralysis of 
both erieothyroids, which is usually assoeiated with loss of the neurones 
that are distributed via the superior laryngeal nerve (as a result of 
damage to the vagal nuclei in brainstem stroke), results in permanent 
hoarseness and inability to vary the piteh of the voiee. It is important 
to remember that, onee the voeal eords are set in motion, they will 
deviate from their original setting as they vibrate. Auditory feedbaek of 
the sounds produced is used to make minute eompensatory adjust- 
ments to length, tension and thiekness in order to maintain a eonstant 
piteh. 

Any lengthening of the voeal eords tends to thin them. The thiekness 
ean be inereased by the voealis part of thyroarytenoid: as voealis short- 
ens, it will relax the voeal eords and at the same time inerease their 
thiekness. Changes in the tension of the voeal eords are produced by 
the same muscles that ehange their length, namely: erieothyroid, pos- 
terior erieoarytenoid and voealis, probably aeting isometrieally. 

The meehanism by which loudness is inereased is the subject of less 
debate. Loud sounds are produced by inereasing subglottal pressure. 
This is aehieved, in turn, by ehanging the opening quotient of the glottis 
(the ratio of the time spent in the open phase of the eyele to the total 
eyele time). In normal speeeh, this ratio is usually around 0.5, but in 
very loud speeeh it ean fall to 0.3. 

Timbre or voiee quality refers to the harsh or mellow quality of the 
voiee. At high volume, the voiee tends to be harsher, espeeially in 
untrained voiees; higher-frequency eomponents predominate because 
higher subglottal pressures are needed to sustain the inereased volume. 
This ean be overeome to an extent by inereasing the airflow rather than 
the pressure. 

A fhndamental distinetion in speeeh needs to be made between 
voieed and unvoiced sounds; nearly all languages make this distinetion. 
Voieing has been deseribed above. In unvoiced sounds, the voeal folds 
are not vibrating and will usually be opened under the aetion of 
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posterior erieoarytenoid. The energy from the airstream is then used by 
other parts of the voeal traet to generate sound, normally by eonstrieting 
or stopping the airflow. Phonation is not an all-or-nothing proeess, 
however, but is subject to eonsiderable modifieation and adjustment. 
In modal voiee, i.e. speaking using habitual piteh, forees aeting on the 
voeal folds are moderate, pressures are sustained, and air is eonserved. 
However, phonation ean occur when the voeal folds are more open than 
usuaf resulting in breathy phonation with more air eseaping per phon- 
atory eyele than usual. Some languages in South Asia exploit the differ- 
enee between breathy and non-breathy sounds, whereas in spoken 
English, a breathy voiee is simply reeognized as a feature of some speak- 
ers. At the other end of the speetmm is voeal ereak, in which the voeal 
folds are more elosed than normal. Different speakers will habitually 
employ different laryngeal settings that contribute to their particular 
voieed quality. In whispering, the intramembranous part of the glottis 
is elosed but the intercartilaginous part remains open, which produces 
a eharaeteristie Y-shaped glottis and a greater loss of air at eaeh phona- 
tory eyele. 

The main fimetion of the larynx is to aet as a sound source, but it ean 
also fimetion in speeeh as an airstream generator and as an articulator. 


ARTICULATION 


The sound produced by the phonation is not a pure tone because 
several harmonies at multiples of the fimdamental frequency are also 
generated. Harmonies give a note of a particular frequency its defining 
eharaeteristies. An 'A played on an oboe or violin is immediately ree- 
ognizable because of the different harmonies generated by the design 
of the instmment. The harmonie speetra of individual voiees differ and 
will also vary depending upon the mode of phonation adopted. In the 
human voeal traet, the fimdamental frequency and its harmonies are 
transmitted to the column of air that extends from the voeal eords to 
the exterior, mainly through the mouth. Part of the airstream ean also 
be diverted through the nasal eavities when the soft palate is depressed 
to allow air into the nasopharynx. The supralaryngeal voeal traet aets 
as a seleetive resonator whose length, shape and volume ean be varied 
by the aetions of the muscles of the pharynx, soft palate, fauces, tongue, 
eheeks and lips; the relative positions of the upper and lower teeth, 
which are determined by the degree of opening and protmsion or 
retraetion of the mandible; and alterations in the tension of the walls 
of the column, espeeially in the pharynx. Thus, the fimdamental fre- 
quency (piteh) and harmonies produced by the passage of air through 
the glottis are modified by ehanges in the supralaryngeal voeal traet. 

Harmonies may be amplified, or dampened. The fimdamental fre- 
quency and its assoeiated harmonies may also be raised or lowered by 
appropriate elevation or depression, respeetively, of the hyoid bone and 
the larynx as a unit by the seleetive aetions of the extrinsic laryngeal 
muscles. Effeetively, these movements shorten or lengthen the resonat- 
ing column, and to some extent also alter the geometry of the walls 
of the air passages. Analysis of the human voiee shows that it has a 
very similar pattern of harmonies for all fimdamental frequencies, 
determined by the voeal traet aeting as a seleetive filter and resonator. 
This maintains a eonstant quality of voiee without which intelligibility 
would be lost (reeorded speeeh played baek without its harmonies is 
eompletely unintelligible). Eaeh human voiee is unique; it has been 
suggested that the unique frequency speetmm of eaeh individual voiee 
could be used for personal identifieation. 

During artiailation, the egressive airstream is given a rapidly ehang- 
ing speeifie quality by the articulatory organs, the lips, oral eavity, 
tongue, teeth, palate, pharynx and nasal eavity. The diseipline of pho- 
neties primarily deals with the way in which speeeh sounds are pro- 
duced, and consequently with the analysis of the mode of production 
of speeeh sounds by the voeal apparatus. In order to analyse the way in 
which the articulators are used in different speeeh sounds, words are 
broken down into units ealled phonemes, which are defined as the 
minimal sequential eontrastive units used in any language. 

The human voeal traet ean produce many more phonemes than are 
employed in any one language. Not all languages have the same pho- 
nemes, and within the same language, the phonemes ean vary in dif- 
ferent parts of the same country and in other countries where that 
language is also spoken. Reproducing phonemes that are not used in 
native speeeh is difficult because such phonemes require unfamiliar 
positioning of the speeeh organs. A native speaker of any language ean 
quickly reeognize the origins of anyone attempting to use their language 
as a seeond language. The second-language speaker will usually speak 
it with an aeeent eharaeteristie of their own first language because they 
are using the familiar configurations of their voeal traet for eaeh 
phoneme instead of the eorreet positioning. 


PR0DUCTI0N OF V0WELS 


All vowel sounds require phonation by vibration of the voeal eords. 
Eaeh vowel sound has its own eharaeteristie higher harmonies (fre- 
quency speetmm) that exhibit peaks of energy at eertain frequencies. 
These energy peaks are always higher multiples of the fimdamental 
frequencies and are ealled formants. Formants are the result of the 
eombined effeets of phonation, seleetive resonanee of the voeal traet, 
and the properties of the head as a radiator of sound. The sounds of 
the different vowels are determined by the shape and size of the mouth, 
and the positions of the tongue and lips are the most important vari- 
ables. The tongue may be plaeed high or low (elose and open vowels), 
or fiirther forwards or baek (front and baek vowels), and the lips may 
be rounded or spread. 


PR0DUCTI0N OF C0NS0NANTS 


The production of eonsonants always involves some degree of eonstrie- 
tion of the voeal traet. There are many more eonsonants than vowels, 
and, in general, eonsonants eannot be eombined to produce syllables. 
The elassifieation of eonsonants is complex and beyond the remit of 
this book; what follows is a summary (for fhller details, a textbook of 
phoneties should be consulted). 

Consonants may be elassified on the basis of where the eonstrietion 
occurs, termed the plaee of artioilation; the degree or extent of eon- 
strietion, termed the manner of articulation; the shape of the eonstrie- 
tion, termed the stricture; and whether or not there is vibration of 
the voeal folds, when eonsonants are deseribed as voieed or unvoiced, 
respeetively. 

Consonants may also be elassified as labial, dental, alveolar, velar, 
uvular, pharyngeal or glottie, depending on whether the point of 
maximum eonstrietion oeoirs at the level of the lips, teeth, bony ridge 
behind the teeth, palate, uvula, pharynx or glottis, respeetively (Fig. 
35.15). Different parts of the tongue ean be used in eombination with 
the above plaees of artioilation. Phonetieians divide the tongue into 
the tip, anterior edge, the front part of the dorsum, the eentre and baek 
parts of the remaining dorsum, and a most posterior part (the root). 
These divisions bear no obvious relationship to the anatomieal 
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Fig. 35.15 A sagittal view of the left side of the head, showing the 
supralaryngeal voeal traet, the articulators and plaees of articulation. The 
red broken line indieates the tongue position during retroflexion (10). 
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landmarks on the tongue, but they are useful in deseribing the part of 
the dorsum of the tongue that eontaets other areas of the mouth. Simi- 
larly, the manner of articulation ean vary from a eomplete closure to a 
slight narrowing. An actual closure of the voeal traet is ealled a stop. A 
narrowing that is sufficient to produce turbulence of the air in the voeal 
traet, and which is pereeived as a mstling sound, is termed a frieative. 
Approximants involve a degree of closure insufficient to produce tur- 
bulence but with closure greater than that for a vowel. Nasals involve 
a stoppage in the oral eavity with the soft palate lowered to allow airflow 
through the nose, and, unlike stops, they ean be sustained. Stricture 
deseribes the shape of the eonstrietion, e.g. a lateral eonsonant involves 
depression of the sides of the tongue, while a grooved eonsonant is 
produced by grooving the dorsum of the tongue. Consonants ean be 
produced with the voeal folds vibrating, when they are termed voieed, 
or without voeal fold vibration, in which ease they are termed unvoiced. 

The best way to illustrate these elassifieatory systems in operation is 
by eontrasting the production of different eonsonant pairs in which 
only one or two parameters have been ehanged. The /p/ of peat, the /b/ 
of beat and the /m/ of meat are all bilabial stops, meaning that they 
are produced by bringing together the lips. The /b/ and the /m/ are 
voieed but the /p/ is not. The eontrast between the /b/ and the /p/ is in 
the differing way in which the airstreams are produced. The /b/ is pro- 
duced with an egressive pulmonary airflow, while the /p/ is produced 
with the glottis elosed - henee is unvoiced - and the glottis is then 
raised using the larynx as a piston to eompress the air in the supra- 
laryngeal voeal traet prior to the stop being released. The /m/ differs 
from the other two stops in being a nasal in which the soft palate is 
lowered to allow air to eseape through the nasal eavity; unlike the other 
two stops, it ean be sustained as in a sound of approval. Bilabial stops 
ean be eontrasted with the labiodental frieatives /f/ of feet and the /v/ 
of veal, both of which are produced by retraeting the lower lip beneath 


the upper teeth. Neither involves a eomplete closure but both produce 
a signifieant eonstrietion of the voeal traet with audible turbulence: the 
/f/ is unvoiced, while the /v/ is voieed. The sh sound (///) in ship is 
also a frieative involving a grooving of the tongue and is assoeiated with 
signifieant audible turbulence; it may be eontrasted with the lateral 
approximant /1/ in law, in which the sides of the tongue are lowered. 
In this ease, it is the nature of the stricture that is different and the 
degree of closure, e.g. in the ease of the approximant /1/, closure is 
insufficient to produce turbulence. The sh sound in ship ean be eom- 
pared to the /k/ in keen, where the position of the tongue is different: 
in /k/ the tongue blade eontaets the soft palate, while in sh the tongue 
tip or the blade eontaet the postalveolar region. The most dramatie 
example of the differenee between voieed and unvoiced sounds may be 
appreeiated if the /s/ sound in sip is eompared with the /z/ in zip. If 
the larynx is loosely palpated while making a sustained unvoiced 'ssssss' 
sound, no vibration is felt, but if the 'ssssss' is eomimited into a pro- 
longed voieed zzzzzz', then vibration in the larynx should be readily 
deteetable. The position of the tongue and other articulators is exactly 
the same for both /s/ and /z/; the differenee between them is the pres- 
enee or absenee of phonation. 



Fig. 35.9 A eontrast-enhaneed axial computed tomogram of the 
neek of a 42-year-old male showing the paraglottie and pre- 
epiglottie spaees. 
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CHAPTER 



Head development is distinet from that of the tmnk, utilizing region- 
speeifie genes, signalling meehanisms and morphogenetie proeesses. 
This ehapter will provide a deseription of head and neek development 
based primarily on data from studies on human embryos. Sinee this 
information is neeessarily purely deseriptive, it will be supplemented 
by observations from lineage and genetie studies in mouse embryos, 
where the results are likely to be valid for all mammals, including 
humans. The deseription of human development is derived from the 
following sources, which ineorporate primary data by the authors, as 
well as referenees to older primary source material: Patten (1968', 
Hamilton et al (1962 , O'Rahilly and Miiller (1987, 2001), Hinriehsen 
(1990 , Steding (2009). Referenees to experimental studies in the 
mouse are provided in the text. 

Evolution of the vertebrate head was made possible by the origin of 
a novel eell population, the neural erest. Neural erest eells have the 
potential to form eonneetive and skeletal tissues in the head, and they 
make major contributions to the skull. In mammalian embryos, eranial 
neural erest eells emigrate from the edges of the still-open eranial neural 
folds, unlike tmnk neural erest eells and the eranial erest of other ver- 
tebrates, which begin migration only after neural tube closure. Figure 
36.1 shows stylized views of human embryos at an early stage of neural 
erest migration ( ; ig. 36.1A) and at the end of the erest migration (Fig. 
36.1B). It is important to note that these views do not show the neural 
erest eells themselves; they ean be seen at the same developmental 
stages in mouse embryos in Figure 36.2. 

In the mouse, a lineage marker has enabled neural erest eells to be 
traeed from the stage at which they leave the neural epithelium through 
to their final loeations in mature tissues. These studies show three sepa- 
rate populations of neural erest eells migrating from the eranial neural 
folds; all these give rise to both neuronal and non-neuronal progeny 
(Jiang et al 2002; see 7 ig. 36.2). The first of these populations (trigem- 
inal) originates from the dieneephalie region of the forebrain, the mid- 
brain, and prorhombomere A of the hindbrain, which subsequently 
divides to form the first two rhombomeres (see Figs 36.2A-B; see also 
Fig. 17.2). Those neural erest eells with a neuronal fate contribute to 


the trigeminal ganglion. The non-neuronal eells migrate extensively to 
surround the teleneephalon and part of the dieneephalon, forming the 
frontonasal mesenehymal populations; they also migrate lateral to the 
rhombeneephalon to form the mesenehyme of the maxillary and man- 
dibular regions of the first areh (see Fig. 36.2C-D). The seeond (hyoid) 
population gives rise to the otie ganglion and then migrates from 
prorhombomere B (which forms rhombomeres 3 and 4), into the 
seeond pharyngeal areh. The third (vagal) population has a more 
extensive origin, from the neural folds caudal to the otoeyst, i.e. 
prorhombomere C. These eells will contribute to the ganglia of the 
glossopharyngeal and vagal nerves, with the non-neuronal vagal erest 
eells migrating into pharyngeal arehes 3, 4 and 6, some of them eon- 
tinuing into the heart to contribute to the division of the eardiae 
outflow traet (Jiang et al 2000). The neural erest also gives rise to the 
parasympathetie ganglia and parasympathetie postganglionie nerves in 
the head and neek. For a full account of the neuronal contribution of 
neural erest eells, see Chapter 17. In human embryos, histologieal 
methods have revealed equivalent eranial neural erest eell origins 
and migration routes to those of the mouse (O'Rahilly and Miiller 
2007). 

Caudal to the segmented region of the eranial neural tube, neural 
erest eells from the oeeipital region (prorhombomere D/rhombomere 
8) migrate with oeeipital myoblasts to form the hypoglossal eord, even- 
tually differentiating to form the eonneetive tissue (neural erest) and 
musculature (myoblasts) of the tongue. No sensory ganglia are formed 
from the oeeipital neural erest in human embryos. The origin of the 
rhombomeres and brain regions in human embryos is shown in Figures 
17.2 and 17.12. 

Eetodermal plaeodes appear as patehes of columnar or pseudostrati- 
fied epithelium within the otherwise squamous epithelium of the 
surface eetoderm. Three pairs of plaeodes contribute to sense organs, 
forming the olfaetory epithelium, the lens and the otoeyst, undergoing 
morphogenesis to form a pit and then (for the lens and otie pits) a 
elosed eyst (vesiele). Epipharyngeal plaeodes are situated within the 
dorsal eetoderm of pharyngeal arehes 2, 3 and 4; some of their eells 
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B 



Optie vesiele 


Conneeting stalk 


Pharyngeal arehes 

Areh 1 (mandibular) 
Areh 2 (hyoid) 

Areh 3 


Areh 4 


eiosing otie vesiele 
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Fig. 36.1 Human embryos during the early stages of head development. The oeeipital-eervieal boundary is indieated by an arrow. A, A sagittal seetion 
of a stage 10 embryo, in which neural tube closure has begun in the future oeeipito-eervieal region. B, A lateral view of a stage 12 embryo; the oeeipital- 
eervieal boundary between somites 4 and 5 is indieated by an arrow (see also Fig. 17.2). 
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Fig. 36.2 Mouse embryo heads during the period of eranial neural erest 
eell migration. A-B, Seanning eleetron mierographs (A, dorsal view; 

B, median seetion) of embryos near the start (4 somite pairs) and end 
(18 somite pairs, interior view) of the period of neural erest eell migration. 
At the 4-somite stage, the neural folds are convex and the hindbrain is 
divided into prorhombomeres A, B and C by the preotie (arrow) and otie 
(arrowhead) sulci; at the 18-somite stage, the neural tube is elosed and 
the hindbrain is divided into seven rhombomeres (numbered) and the 
unsegmented oeeipital region (oe). Rathke’s pouch is indieated by a small 
arrow on B. C-D, Lateral views of embryos at the 5- and 23-somite stage, 
respeetively, earrying a permanent marker for neural erest eells and the 
neural epithelium from which the trigeminal erest eells originate (blue 
stain). Trigeminal neural erest eells (ne) migrate as a veil-like mass 
beneath the surface eetoderm, originating as a continuous group from 
prorhombomere A, the midbrain and the caudal dieneephalie region (d) of 
the forebrain, into the frontonasal region (fn) and the first areh (white lines 
indieate the level of the migrating edge). After migration, frontonasal 
neural erest eells (fn) eover the teleneephalon and rostral dieneephalon, 
surrounding the eye (e); maxillary (mx) and mandibular (md) neural erest 
populates the first pharyngeal areh; the trigeminal ganglion primordium (V) 
is also present. Hyoid neural erest eells from prorhombomere B have 
populated the hyoid areh and the primordium of ganglion VIIA/III, rostral 
to the otoeyst (ot); vagal erest eells from prorhombomere C are migrating 
into arehes 3 and 4, and starting to form the primordia of the 
glossopharyngeal and vagal ganglia, caudal to the otoeyst. Other 
abbreviations: d, dieneephalon; hn, Hensen’s node; ht, heart; mb, 
midbrain; p, pharynx; rl, rhombomere 1 of the hindbrain; t, teleneephalon. 
(A and B, With permission from Morriss-Kay GM, Wilkie AOMW 2005 
Growth of the normal skull vault and its alteration in eraniosynostosis. 

J Anat 207:637-53. C and D, With permission from Jiang X, Iseki S, 
Maxson RE et al 2002 Tissue origins and interaetions in the mammalian 
skull vault. Dev Biol 241:106-16.) 

undergo epithelial to mesenehymal transformation, joining the under- 
lying neural erest eell eondensations to form sensory neuroblasts in the 
eranial sensory ganglia V, VII, IX and X. Some eells from the otoeyst and 
an adjaeent plaeode similarly delaminate to contribute to the ganglion 
of eranial nerve VIII (see Fig. 17.18). 

The epithelial to mesenehymal transformation of some eells from 
eetodermal plaeodes contributes a third eomponent to the eranial mes- 
enehyme. It is important to note that the term mesenehyme simply 


deseribes a loose cellular organization with a rieh extracellular matrix, 
in eontrast to the sheets of simple epithelial tissue that form the outer 
eetodermal and inner endodermal layers of early embryos. Prior to the 
migration of neural erest eells from the edges of the eranial neural folds 
to their fìnal destinations, the only mesenehyme in the embryonie head 
is 'primary mesenehyme', i.e. mesenehymal eells formed by epithelial- 
mesenehymal transformation in the primitive streak. There is no lateral 
plate mesenehyme in the head; all of the eranial mesenehyme is parax- 
ial. Cranial mesenehyme derived from plaeodaf primary mesenehymal 
and neural erest sources has speeifie distributions and speeifie deriva- 
tives, and is not interehangeable. 

The first transverse division to form in the early embryonie brain is 
the preotie sulcus (see figs 36.1A, 36.2A), which defines the boundary 
between prorhombomeres A and B. This early division is of major firne- 
tional and organizational signifieanee, sinee it separates the regions of 
origin of the skeletogenie neural erest populations that make a major 
contribution to the skull from those that form skeletal structures in 
the neek (hyoid bone and larynx). During eranial neurulation, the 
prorhombomeres undergo subdivision so that, by the time the brain 
region of the neural tube eloses, seven rhombomeres ean be elearly 
distinguished; the oeeipital region (adjaeent to the four oeeipital 
somites) remains unsegmented (see Fig. 36.2B). (By analogy with the 
segmented rhombeneephalon, it is also referred to as prorhombomere 
D/rhombomere 8.) The segmental organization of the embryonie head 
caudal to prorhombomere A is related to the expression of evolution- 
arily eonserved HOX genes (written Hox in the mouse) that have their 
rostral boundaries at speeifie rhombomere divisions; they are also 
expressed in the eorresponding neural erest eells (reviewed by Santagati 
and Rijli 2003; see also Fig. 17.16). Genetie experiments in the mouse 
and other vertebrates have shown that skeletal patterning of the first 
pharyngeal areh depends on the absenee of Hox gene expression in the 
neural erest eells migrating into it; skeletal patterning of the seeond areh 
depends on the expression of Hoxa2. Investigation of Hox gene expres- 
sion in arehes 3-6 has not revealed elear skeletal patterning fimetions. 



The most eranial portion of the foregut, the embryonie pharynx, is the 
seaffolding around which the faee, palate and anterior neek structures 
are built. The development of this region from neural erest, paraxial 
mesenehyme, surface eetoderm and foregut endoderm involves spatio- 
temporal eoordination of eell movement, tissue growth and tissue inter- 
aetions. As successive populations of neural erest eells migrate around 
the pharynx at progressively more caudal levels, five pairs of pharyngeal 
arehes are formed (numbered 1, 2, 3, 4 and 6 for eomparative anatomy 
reasons). This proeess is eomplete by stages 14-15 (5weeks). Pharyn- 
geal elefts (grooves) separate the arehes externally; they are matehed 
internally by internal depressions, the pharyngeal pouches. Pharyngeal 
arehes are also known as branehial arehes because of their evolutionary 
origin supporting the gills in the earliest vertebrates. Many of the 
ehanges seen during development of the mammalian pharynx refleet 
the fimetional evolutionary origins of this region. Sinee the term 
'branehial' means 'of the gills', the term pharyngeal areh' will be used 
in the following account of human embryology. 

Eaeh pharyngeal areh eonsists of an epithelial eovering, eetoderm 
externally and endoderm internally, filled with mesenehyme that is 
mainly of neural erest origin, with a contribution from primitive streak- 
derived mesenehyme (paraxial mesenehyme) (Fig. 36.3B; Table 36.1). 
The neural erest eells of eaeh areh form a skeletal element and assoei- 
ated eonneetive tissue; they also give rise to the walls of an aortie areh 
blood vessel, which is lined with endothelium derived from angiogenie 
mesoderm. Paraxial mesenehyme also forms the muscle assoeiated with 
eaeh pharyngeal areh. In mouse embryos, a eell lineage marker for 
mesoderm has shown that, by embryonie day 10.5 (equivalent to 
human stage 13, or about 32days), mesoderm-derived mesenehymal 
eells have contributed both angiogenie and myogenie eells to the pha- 
ryngeal arehes (Yoshida et al 2008). Motor and sensory innervation 
derives from areh-speeifie eranial nerves. For an overview of the organ- 
ization of these tissues in the pharynx, see Figure 12.4; for their fate, 
see Table 36.1 and Figures 36.5-36.7. Sinee the organization of the 
embryonie pharynx and related structures is similar in all vertebrate 
embryos, this phase has been termed 'pharyngnla'. 

The first pharyngeal areh, unlike the other arehes, possesses dorsal 
and ventral proeesses, and appears C-shaped in lateral view. It is also 
termed the 'mandibular areh'; however, this is not entirely appropriate 
because its proximal (dorsal) end also contributes to maxillofacial 
and palatopharyngeal structures and to the middle ear. The seeond 
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Fig. 36.3 Pharyngeal areh development. A, A seanning eleetron mierograph of a hiiman embryo (stage 14/15), shovving the right lateral aspeet of the 
pharyngeal arehes; auricular hilloeks are visible on areh two. B, The pharyngeal region (stage 15) viewed from the dorsal aspeet. The whole left side and 
part of the right side of the endodermal roof of the pharynx has been removed to show the grooves in its lateral walls and floor, and the nerves, arteries 
and eartilages of the arehes. The position of the right otoeyst is shown as a elear oval. (A, Courtesy of Prof G Steding, Georg-August-University of 
Gòttingen, Gòttingen, Germany.) 


Table 36.1 Derivatives of the pharyngeal arehes 


Areh rmmber 

Areh name 

Embryonie eartilage 

Cartilage derivative 

Muscle 

Nerve 

Artery 

1 

Mandibular 

Quadrate 

Meekel’s 

lncus 

Malleus 

Anterior ligament of malleus 

Spine of sphenoid 

Sphenomandibular ligament 

Genial tubercle of mandible 

Tensor tympani 

Muscles of mastieation 
Mylohyoid 

Anterior belly of digastrie 
Tensor veli palatini 

Trigeminal (V) 

Mandibular division 

First aortie areh artery 
[transitory] 

2 

Hyoid 

Reiehert’s 

Stapes 

Styloid proeess of temporal bone 
Stylohyoid ligament 

Lesser horn and upper part of body 
of hyoid bone 

Stapedius 

Stylohyoid 

Faeial muscles, inel. 
Buccinator 

Platysma 

Posterior belly digastrie 

Faeial (VII) 

Stapedial artery [transitory] 

3 

Third 


Greater horn and lower part of 
body of hyoid bone 

Stylopharyngeus 

Glossopharyngeal (IX) 

Common earotid artery, first 
part of internal earotid artery 

4 

Fourth 


Thyroid eartilage 

Corniculate eartilage 

Cuneiform eartilage 

Pharyngeal and extrinsic 
laryngeal muscles, 
levator veli palatini 

Vagus (X) 

Pharyngeal braneh 

Proximal part of subclavian 
artery on the right 

Areh of aorta between origins 
of left eommon earotid and 
left subclavian arteries 

6 

Sixth 


Arytenoid eartilages 

intrinsie laryngeal muscles 

Vagus (X) 

Recurrent laryngeal braneh 

Part between the pulmonary 
trunk and dorsal aorta 
beeomes ductus arteriosus 
on left, disappears on right 


pharyngeal areh is termed the hyoid areh because of its contribution to 
the hyoid bone (and to other parts of the hyomandibular apparatus in 
fishes). The third, fourth and sixth arehes are not named. 

The mandibular arehes, first seen at stage 10, grow ventromedially 
in the floor of the pharynx to meet in the median plane, forming the 
ventral border of the early mouth above the eardiae (perieardial) promi- 
nenee. The maxillary proeesses are not elearly visible as surface stme- 
tures until stage 13; their enlargement eoineides with the proliferation 
of the frontonasal mesenehyme to form the nasal swellings. The hyoid 
arehes appear at stage 11, the third arehes at stage 12 and the fourth 
arehes by stage 13. The sixth areh ean only be identified by the arrange- 
ment of the areh arteries and nerves, and by a slight projeetion on the 
pharyngeal aspeet. The floor of the pharynx is formed mainly by ventral 
apposition of the arehes. The inferior border of the seeond areh grows 
over the lower arehes and eneloses an eetodermal depression termed 
the eervieal sinus (Figs 36.3A, 36.4). 

SKELETAL ELEMENTS 0F THE 
PHARYNGEAL AROHES 


The skeletal and eonneetive tissue elements of arehes 1-3 are formed 
by eondensation of neural erest-derived mesenehyme, which subse- 
quently ehondrifies in part or all of its length. Where ehondrogenesis 


is eomplete (first and seeond areh eartilages), the element extends dor- 
sally until it eomes into eontaet with the skull base lateral to the hind- 
brain (Fig. 36.5). An areh eartilage may remain as eartilage, undergo 
endoehondral ossifieation or beeome ligamentous, or a eombination 
of these (Fig. 36.6). 

The first areh eartilage, MeekeTs eartilage, forms the embryonie lower 
jaw skeleton. After the mandible forms by intramembranous ossifiea- 
tion of the neural erest-derived mesenehyme lateral to it, MeekeTs ear- 
tilage degenerates but its sheath persists as the anterior malleolar and 
sphenomandibular ligaments. At its proximal end, endoehondral ossi- 
fieation forms two of the middle ear bones, the incus and malleus. 
These are homologous with the quadrate and articular bones of reptiles, 
and the joint between them is evolutionarily derived from the reptilian 
jaw articulation. In reptiles, the quadrate forms from the caudal end 
of the palatopterygoquadrate eartilage; the mammalian evolutionary 
derivatives of the palatopterygoquadrate are thought to include part of 
the greater wing of the sphenoid bone and the roots of its pterygoid 
plates, in addition to the incus. The portion of MeekeTs eartilage that 
extends from the mental foramen almost to the site of the future man- 
dibular symphysis probably beeomes ossified and ineorporated into the 
intramembranous mandibular bone; the remainder of the eartilage is 
ultimately absorbed. 

The seeond areh eartilage, Reiehert's eartilage, extends from the 
proximity of the otie capsule dorsally to the median plane ventrally. It 
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Pharyngeal pouches 


Pouch 1 



Pouch 2 



Pouch 3 


Pouch 4 



First 


pharyngeal pouch 


Seeond 
pharyngeal pouch 


Third 


pharyngeal pouch 


Fourth 

pharyngeal pouch and 
caudal pharyngeal complex 




Pouch endodermal epithelium 
plus neural erest mesenehyme 
form pouch derivatives 
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External acoustic 


Platysma 


Cervical sinus 


Sternoeleidomastoid 



Tubotympanic reeess 


Palatine tonsil 


Thymus and parathyroid III 


Parathyroid IV 
and lateral thyroid 


Fig. 36.4 Pharyngeal pouch development. A, The arrangement of the 
early pharyngeal pouches: on the left, the internal aspeet of the 
pharyngeal floor vievved from above; on the right, the external aspeet of 
the pharyngeal floor vievved from belovv. B, A eoronal seetion of the left 
side of the pharynx at stage 18, shovving ehanges to the pharyngeal 
pouches internally and pharyngeal elefts externally. C, A eoronal seetion 
of the left side of the pharynx at stage 19. See also Figure 36.18 for 
further development. 


ossifìes to form the upper part of the body and lesser cornua of the 
hyoid bone distally and the styloid proeess proximally; betvveen these 
two bones, it beeomes ligamentous to form the stylohyoid ligament. It 
also gives rise to the most aneient of the three auditory ossieles, the 
stapes (homologous with the rod-shaped columella auris of reptiles and 
birds). The eartilages of the third, fourth and sixth arehes form only 
anterior neek skeletal structures: the lower part of the body and greater 
cornua of the hyoid bone (third areh), and the laryngeal eartilages. 
Neural erest eells also give rise to ligaments, tendons and eonneetive 
tissue in these arehes. However, in eontrast to the NC-derived eartilages 



Fig. 36.5 The chondrocranium and areh eartilage derivatives, 7weeks 
(stage 20). 


Squamous portion of temporal bone 


Sphenomandibular ligaments 


Zygomatie proeess 


Meekel’s 

eartilage 


Mandible 


Mental ossieles 
Styloglossus 


Areh 


Areh 2 


Areh 3 


Areh 4 


Petrotympanie 

fissure 

Anterior ligament 
of malleus 


Tympanie ring 
Styloid proeess 



Stylohyoid 

muscle 

Greater cornu 
and lower body 
of hyoid bone 


— Cricoid eartilage 
—Arytenoid eartilage 
Thyroid eartilage 

Lesser cornu and upper body of hyoid bone 

Fig. 36.6 Derivatives of the pharyngeal areh eartilages in a 4-5-month 
fetus. 


of arehes 1-3, the laryngeal eartilages assoeiated with arehes 4 and 6 
(thyroid, erieoid and arytenoid) are mesodermal in origin. 


MUSCLES 0F THE PHARYNGEAL ARCHES 


The striated muscle of eaeh areh (sometimes termed branehiomerie 
muscle) is derived from the eranial paraxial mesenehyme. Rostral to the 
oeeipital region, the paraxial mesenehyme of the head is unsegmented, 
and the suggestion that a segmental pattern of seven eranial somito- 
meres exists is not generally aeeepted today. In the oeeipital region of 
the head, epithelialization takes plaee to form four pairs of somites; 
























































































































Embryonie pharynx and pharyngeal arehes 


these are similar to those of the trnnk, except that the first pair is rather 
poorly defined. Myoblasts migrate from the paraxial mesenehyme to 
sites of future muscle differentiation and form pre-muscle eondensa- 
tions prior to the development of any skeletal elements. The pattern of 
primary myotube alignment for any one muscle is speeified by the sur- 
rounding neural erest-derived mesenehyme and is not related to the 
source of the myoblasts. The rate and pattern of muscle maturation are 
elosely assoeiated with the development of the skeletal elements but 
remain unattached until an appropriate time. Table 36.1 and Fig. 36.7 
indieate the muscle masses of eaeh areh, their innervation and their 
derivatives in the adult. 

The muscle mass of the mandibular part of the first areh forms tensor 
tympani, tensor veli palatini, mylohyoid, anterior belly of digastrie, and 
the mastieatory muscles (see fig. 36.7 and íable 36.1). Tensor tympani 
retains its eonneetion with the skeletal element of the areh through its 
attaehments to the malleus, and tensor veli palatini remains attaehed 


to the base of the medial pterygoid proeess, which may be derived from 
the dorsal eartilage of the first areh. All of these muscles are supplied 
by the mandibular nerve, the mixed nerve of the first areh. The maxillary 
division of the trigeminal nerve has no motor eomponent, suggesting 
that no imiseles are derived from maxillary mesenehyme. 

The muscles of the seeond areh migrate widely but retain their origi- 
nal nerve supply from the faeial nerve; migration is faeilitated by the 
early obliteration of part of the first pharyngeal eleft and pouch. Stape- 
dius, stylohyoid and posterior belly of digastrie remain attaehed to the 
hyoid skeleton but the faeial musculature, platysma, auricular muscles 
and epieranms all lose eonneetion with it. 

The imisele masses from the third and fourth arehes are adapted to 
form the musculature of the pharynx, larynx and soft palate. Stylopha- 
ryngeus is a third areh muscle, erieothyroid develops in the fourth areh, 
and the other laryngeal imiseles are derived from the sixth areh. The 
preeise origin of the remaining palatal muscles and the pharyngeal 
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Fig. 36.7 The miiseiilar derivatives of the preehordal mesenehyme, unsegmented paraxial mesenehyme and rostral somites. 
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eonstrietors is uncertain. Palatoglossns, a muscle of the palate, is inner- 
vated by the vagus via the pharyngeal plexus and may derive from the 
lower arehes. 


NERVES 0F THE PHARYNGEAL AROHES 


The nerves assoeiated with eaeh areh arise from the adjaeent hindbrain 
(see Fig. 36.7; see also Figs 12.4, 17.18). They are eranial nerves V 
(trigeminal), VII (faeial), IX (glossopharyngeal), X (vagal) and XI 
(aeeessory). The motor nerves extend from the basal plate of the hind- 
brain to innervate the striated muscle of the arehes; they are termed 
speeial branehial (viseeral) efferent nerves because they innervate bran- 
ehiomerie (pharyngeal) musculature. Sensory nerves extend peripher- 
ally and eentrally from eranial ganglia that are formed partly from 
neural erest and partly from eells that delaminate from epipharyngeal 
plaeodes; they eonvey general and speeial somatie afferent axons. Eaeh 
areh is innervated by a mixed nerve, but the nerves of the fìrst three 
arehes also have a purely sensory braneh that innervates the areh rostral 
to its own' areh; this sensory nerve is ealled the pretrematie braneh 
because it extends rostral to the eleft or trema between the two arehes 
(see Figs 36.3, 36.7). Henee, the nerves to the mandibular areh include 
the mandibular division of the trigeminal nerve, which is mixed, and 
the ehorda tympani and greater petrosal nerves, purely sensory pretrem- 
atie branehes of the faeial nerve. The maxillary braneh of the trigeminal 
and the tympanie braneh of the glossopharyngeal are also eonsidered 
to be pretrematie nerves. The ophthalmie braneh of the trigeminal 
nerve, which supplies the frontonasal area, is not an areh nerve; in 
fìshes, its ganglion is separate from the fìrst areh nerve ganglion. 

The vagus nerve supplies the fourth and sixth arehes (see Fig. 36.7). 
The recurrent laryngeal braneh initially loops under the sixth areh artery 
on both sides, but the asymmetrie ehanges to the vasailar system affeet 
the symmetry of this nerve. On the right, when the sixth aortie areh 
lateral to the right pulmonary artery degenerates, the recurrent laryngeal 
nerve loops under the fourth areh-derived subclavian artery; on the left, 
it loops round the ductus arteriosus, (which is retained as the ligamen- 
tum arteriosum in the adult). Further details of eranial nerve develop- 
ment and eomposition are provided in Ohapter 17. 


BL00D VESSELS 0F THE PHARYNGEAL AROHES 

The aortie arehes initially develop by vasailogenesis, soon after neural 
erest eells have invaded the early pharyngeal arehes. Mesoderm-derived 
angiogenie mesenehyme forms the endothelial lining of the vessels, and 
neural erest contributes to the outer layers of the walls (Jiang et al 2000, 
Yoshida et al 2008). The fìrst aortie areh artery is part of the original 
vascular circuit that links the aortie sae of the heart to the paired dorsal 
aortae, blood returning to the heart via the allantoie, vitelline and 
eommon eardinal veins (see Fig. 13.1C). As the heart deseends relative 
to the forebrain and other rostral structures, the aortie sae (ventral aortie 
root) gives rise to paired aortie arehes at successively more caudal levels, 
eaeh of which passes laterally on eaeh side of the pharynx to join the 
dorsal aortae. The dorsal aortae are not invested by neural erest eells, 
and nor are the more distal (eranial) parts of the earotid arteries, which 
form by angiogenesis. The whole eomplement of aortie arehes never 
coexists - the fìrst aortie areh degenerates through remodelling of the 
eranial arteries before the sixth is formed. 

When the fìrst and seeond aortie areh arteries begin to regress, the 
supply to the eorresponding pharyngeal arehes is derived from a tran- 
sient ventral pharyngeal artery, which terminates by dividing into man- 
dibular and maxillary branehes. The seeond aortie areh artery also 
degenerates, remaining only as the stem of the stapedial artery. The early 
vessel anastomoses with the ventral pharyngeal artery, passing, as it 
does, through the mesenehyme of the stapedial eartilage, which eon- 
denses around it, forming the foramen of the stapes. At this stage, the 
stapedial artery possesses three branehes - mandibular, maxillary and 
supraorbital - which follow the divisions of the trigeminal nerve (Fig. 

36.8) . The mandibular and maxillary branehes diverge from a eommon 
stem. 

Further development of the third, fourth and sixth aortie arehes (Fig. 

36.9) produces the main arteries to the head and the great vessels 
arising from the heart. The eommon earotid arises from an elongation 
of the aortie sae, and the third areh artery beeomes the proximal part 
of the internal earotid artery. The external earotid artery arises as a 
sprout from the eommon earotid; it ineorporates the stem of the ventral 
pharyngeal artery, and its maxillary braneh communicates with the 
eommon tmnk of origin of the maxillary and mandibular branehes of 
the stapedial artery and annexes these vessels. The proximal part of the 
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Fig. 36.8 The arterial system of the head at stage 17 (approximately 
40days). 


eommon tmnk persists as the root of the middle meningeal artery. More 
distally, the meningeal artery is derived from the proximal part of the 
supraorbital artery. The maxillary braneh beeomes the infraorbital 
artery and the mandibular braneh forms the inferior alveolar artery. 
When the definitive ophthalmie artery differentiates as a braneh from 
the terminal part of the internal earotid artery, it eomimmieates 
with the supraorbital braneh of the stapedial artery, which distally 
beeomes the laerimal artery. The latter retains an anastomotie eonnee- 
tion with the middle meningeal artery. The dorsal stem of the original 
seeond areh artery remains as one or more earotieotympanie branehes 
of the internal earotid artery. 

The fourth aortie areh on the right forms the proximal part of the 
right subclavian artery, whereas the eorresponding vessel on the left 
constitutes the areh of the definitive aorta between the origins of the 
left eommon earotid and left subclavian arteries. 

The sixth aortie areh is assoeiated with the developing lung buds. 
Initially, eaeh bud is supplied by a eapillary plexus from the aortie sae; 
as the sixth aortie areh develops, it beeomes the ehannel for blood from 
the aortie sae to the developing lung buds as well as to the eorrespond- 
ing dorsal aorta, the latter being the main ehannel. Soon after forma- 
tion of the sixth aortie areh, the outflow traet of the heart is divided by 
an influx of neural erest eells, which form the spiral aorticopulmonary 
septum (Jiang et al 2000); this separates the aortie sae into the pulmo- 
nary tmnk and aseending aorta. The part of the sixth aortie areh 
between the pulmonary tmnk and the dorsal aorta beeomes the main 
vascular ehannel on the left, and is defined as the ductus arteriosus 
when the equivalent vessel on the right side is lost. The right dorsal 
aorta caudal to the right subclavian artery also degenerates, leaving 
the left dorsal aorta as the definitive deseending aorta ( 7 ig. 36.9B). The 
ductus arteriosus remains the main ehannel for blood to pass from the 
right ventriele to the deseending aorta until the lungs and their assoei- 
ated blood vessels expand at birth. After birth, the ductus arteriosus is 
fimetionally elosed by eontraetion of the eiroilar muscle of the tunica 
media (p. 922), leaving a ligamentous remnant, the ligamentum arte- 
riosum (Fig. 36.9C). 


PHARYNGEAL ECT0DERM AND CLEFTS 


Surface eetoderm lines the roof of the embryonie pharynx up to and 
inehiding Rathke's pouch (see Figs 17.13-17.14). It also eompletely 
eovers the first areh, including the lateral walls and floor of the pharynx, 
unlike the more caudal arehes, which are lined with pharyngeal endo- 
derm. The external surface eetoderm of the first areh ultimately pro- 
duces the keratinized stratified squamous epithelium of the epidermis, 
including hair follieles, sweat and sebaceous glands, and the speeialized 
epithelium of the vermilion of the lip. Within the oral eavity, first areh 
eetoderm forms the mucous membranes of the internal surface of the 
lips and eheeks, the palate, the anterior part of the tongue, the epithelial 
eomponents of the salivary and mucous glands, and the enamel organs 
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Fig. 36.9 Aortie areh arteries and their derivatives. 
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of the developing teeth (see Figs 36.14-36.15). The first pharyngeal eleft 
is obliterated ventrally; its dorsal end deepens to form the external 
acoustic meatus, including its ceruminous glands and the outer surface 
of the tympanie membrane (see Fig. 36.4B,C). Three auricular hilloeks 
form on the first and seeond arehes, eaeh side of the first pharyngeal 
eleft, beginning at stage 15; they form the auricle of the external ear 
(p. 659). 

The external contours of the arehes and elefts are modified as the 
skeletal and muscular elements develop. During the fifth week, the 
seeond, third and fourth pharyngeal elefts form the rostral and caudal 
parts of a retrohyoid depression, the eervieal sinus (see Fig. 36.4C). 
Cranially, the sinus is bounded by the hyoid areh; dorsally, by a ridge 
produced by ventral extensions from the oeeipital myotomes and by 


mesenehyme that develops into the sternoeleidomastoid and trapezms 
muscles. Caudally, the smaller epiperieardial ridge separates the sinus 
from the pericardium. Fusion of the hyoid areh with the eardiae eleva- 
tion eovers the eervieal sinus, excluding the third, fourth and sixth 
arehes from contributing to the skin of the neek; it also results in 
platysma muscle, bounded both superficially and deep with superficial 
faseia, passing along the neek to the anterior thoraeie wall. 

PHARYNGEAL ENDODERM AND P0UCHES 


The four pharyngeal pouches appear in sequence craniocaudally 
during stages 10-13. The rostral pharynx is broad and dorsoventrally 
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eompressed (see Fig. 36.18A). Laterally, the endoderm of the pouches 
approaehes the eetoderm of the pharyngeal elefts to form thin elosing 
membranes (see Fig. 36.4). The approximating eetoderm and endo- 
derm between the fìrst eleft and pouch form the outer and inner surfaces 
of the tympanie membrane. The ventral end of the fìrst pouch is obliter- 
ated, but its dorsal end persists and expands as the head enlarges. This, 
together with the adjoining lateral part of the pharynx, possibly with a 
contribution from the dorsal part of the seeond pharyngeal pouch, 
constitutes the tubotympanic reeess. The reeess forms the middle ear 
eavity, the pharyngotympanie tube and their extensions. Expansion of 
the middle ear eavity around the ear ossieles occurs late during fetal life, 
by breakdown of the mesenehyme around the ossieles so that the eavity 
eomes to surround them, except at their attaehments to the tympanie 
membrane and fenestra ovalis (fenestra vestibuli, oval window). 

The eetoderm of the pharyngeal elefts and the endoderm of the 
pouches beeome inereasingly separated by mesenehyme. The blind 
reeesses of the seeond, third and fourth pouches are prolonged dorsally 
and ventrally as angular, wing-like diverticula (see Fig. 36.18); the 
pouch endoderm thiekens and evaginates into loealized neural erest- 
derived mesenehymal eondensations. Further development of the 
seeond, third and fourth pouches is summarized in 4gure 36.18 and 
deseribed in the assoeiated text. 

Rarely, failure of normal modifìeation of the pharyngeal elefts and 
pouches may lead to the formation of fìstulae, external or internal 
CJ sinuses, and eysts (see Gommentary 2.2). Lateral eervieal eysts are now 
eonsidered to be lymphoepithelial in origin. 



FACE 


By stage 12, migration of the most rostral neural erest eell population 
is eomplete and the sequence of morphogenetie ehanges that will form 
the faee begins (Fig. 36.10). Neural erest eells have populated the man- 
dibular areh and its maxillary extension, and formed the frontonasal 
mesenehyme that eovers the teleneephalon and caudal dieneephalon 
(see Fig. 36.2D). They also contribute to the primordium of the trigemi- 
nal nerve, whose fìrst fìbres begin to extend at stage 13. The three divi- 
sions of the trigeminal nerve will provide sensory innervation to the 
frontonasal, maxillary and mandibular parts of the faee. 

Loealized mesenehymal proliferation results in the formation of four 
paired proeesses: the medial and lateral nasal, maxillary and mandibu- 
lar proeesses. The lateral and medial nasal proeesses surround the nasal 
plaeodes, causing them to sink deep to the surface, forming the nasal 
pits. The two medial nasal proeesses approaeh eaeh other to form the 
nasal septum between them and extend downwards to form the pre- 
maxillary eomponent of the upper lip and jaw and the primary palate. 
Concomitant with formation of the nasal proeesses, proliferation of the 
maxillary mesenehyme forms the maxillary proeesses. These make 
eontaet with the medial and lateral nasal proeesses at stages 16-17 (see 
Lig. 36.10E). Fusion of the maxillary proeesses with the medial nasal 
proeesses unites the premaxillary and maxillary parts of the upper jaw 
and lip; failure of this proeess on one or both sides causes unilateral or 
bilateral eleft lip (see Fig. 36.17). Superiorly, this fusion eloses the eleft 
at the lower edge of the nasal pits, eompleting the future nostrils. Fusion 
of the maxillary with the lateral nasal proeesses is a much simpler 
proeess and rarely gives rise to abnormality. At stage 16, the epithelium 
of the groove between these fhsing proeesses thiekens to form the lae- 
rimal lamina, the primordium of the laerimal system. At stage 19, it 
separates from the surface eetoderm, forming the laerimal eord beneath 
the surface. The eord beeomes eanalized to form the nasolaerimal duct 
in the tenth week (de la Cuadra-Blanco et al 2006). The original site of 
the laerimal lamina marks the lateral division between frontonasal and 
maxillary contributions to the faee, the territories whose sensory nerve 
supply is from the ophthalmie and maxillary divisions of the trigeminal 
nerve, respeetively (Fig. 36.11). 

At the start of faeial development, the stomodeal opening extends 
aeross the whole width of the embryonie head. A wide mouth is main- 
tained until differential growth brings the eyes and the lateral parts of 
the maxillary-mandibular structures from the sides to the front of the 
faee (stage 18 to stage 23, 7-8weeks). Although differential growth 
makes the mouth opening proportionately smaller, progressive fusion 
of the lateral regions of the maxillary and mandibular proeesses also 
makes an important contribution to deereasing the width of the mouth 
and to forming the eheeks. Differenees in mouth width within the 
human population are mainly due to variation in the extent of maxil- 


lomandibular fhsion. The period from 7 to 8weeks is the final period 
of major morphogenetie ehange in faeial development. In addition to 
formation of the mouth and eheeks, it is marked by fhrther narrowing 
of the nasal region and philtmm, and aseent of the ears. By stage 20, 
the faee is reeognizably human, although differential growth will eon- 
tinue to bring about ehanges in proportion and relative position of the 
features. 

The contribution made by the frontonasal proeess to surface 
epithelial derivatives extends from the skin of the forehead, over the 
supraorbital and glabellar regions, including the upper eyelid and eon- 
junctiva, to the external aspeet of the nose and philtmm of the upper 
lip. During later development, the maxillary nerve invades the skin of 
the philtmm and nasal alae, so that the trigeminal nerve distribution 
does not eompletely eoineide with the tissue origins (eompare Figs 
36.10F and 36.11). 

NASAL CAVITIES AND PALATE 


After formation of the nasal pits, the original olfaetory plaeodal eells 
lie deep within the pit, adjaeent to the underlying teleneephalon. They 
differentiate into olfaetory neuroblasts, supporting (sustentacular) eells 
and stem eells. Neurites begin to extend from the olfaetory neuroblasts, 
reaehing the olfaetory region of the teleneephalon by stage 16 (sixth 
week). The earliest pioneer neurites eross a mesenehyme-fìlled gap 
between the plaeode and the brain. The remaining plaeodal eells dif- 
ferentiate into columnar supporting eells, rounded basal eells and, by 
invagination, the duct-lining and seeretory aeinar eells of the glands of 
Bowman. Basal infìltration by lymphoeytes is a relatively late event. 

Onee the nasal eavities have formed, the roof of the oral eavity is 
regarded as the primitive palate (not to be eonfhsed with the primary 
palate, which forms from the most rostral part of the primitive palate). 
Eaeh nasal eavity has an arcuate shape, extending upwards over the 
primary palate to the differentiating olfaetory epithelium and then 
down again towards the oral eavity, from which it is separated by an 
epithelial ehoanal membrane (see Fig. 17.13). Towards the end of stage 
18, the ehoanal membranes degenerate to form internal openings, the 
ehoanae, lateral to the primary palate; the nasal eavities are now a duct 
from the external environment to the oral eavity. Within the nasal 
eavity, the eetodermal lining and subjacent mesenehyme differentiate 
to form the mucous membrane of the nasal vestibule, eonehae and 
paranasal sinuses, and the olfaetory epithelium. 

At stage 17, the internal aspeet of eaeh maxillary proeess begins to 
bulge into the oral eavity as a palatal proeess; the palatal proeesses are 
the primordia of the seeondary palate (Fig. 36.12). The tongue is well 
developed by this stage, and its domed form fills the spaee between the 
naseent palatal shelves laterally and the primitive palate above. The 
mandible is still short, relative to the maxillary region, and does not 
extend as far as the primary palate. Further growth of MeekeFs eartilages 
brings the mandibular region and tongue forwards, extending to a posi- 
tion below the primary palate. At the same time, the (seeondary) palatal 
proeesses continue to grow, projeeting vertieally downwards on either 
side of the tongue. At stage 23 (56-57days), the tongue deseends and 
the palatal shelves rotate, bringing the shelves to a horizontal position 
above the tongue ( 4g. 36.12B). The rapidity of the proeess of shelf 
elevation is caused, at least in part, by swelling of the palatal mesen- 
ehyme due to accumulation and hydration of hyaluronan in the extra- 
cellular matrix ( ; erguson 1991). This occurs during a period of 
continuous growth in head height but almost no growth in head width. 
This latter faetor is important because, if palatal shelf elevation is 
delayed so that it occurs during a period of growth in faeial width, the 
unfused proeesses may be unable to make eontaet in the midline, result- 
ing in a eleft palate (see Fig. 36.17). Other faetors affeeting palatal 
closure include the growth in length of MeekeFs eartilages and the 
ehange in position of the maxillae relative to the anterior eranial base; 
both of these have the effeet of lifting the head and upper jaw away 
from the mandible during weeks 9 and 10, faeilitating withdrawal of 
the tongue from between the palatal shelves and henee ereating spaee 
for their elevation. Mouth opening, tongue protmsion and hiccup 
movements have also been noted at this time, and it may be that these 
movements and their assoeiated pressure ehanges assist palatal shelf 
elevation. Generally, palatal shelf elevation occurs slightly later in 
female embryos than in males. 

Midline fhsion of the two palatal shelves involves adherenee and 
breakdown (by apoptosis) of the apposed epithelial surfaces. They also 
fuse with the posterior border of the primary palate, except over a small 
median area, where a nasopalatine eanal maintains eonneetion between 
the nasal and oral eavities for some time and marks the future position 
of the ineisive fossa. During the period of palatal shelf development, a 
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Fig. 36.10 Development of the faee during 
stages 12-18. A, 4weeks (3.5 mm). 

B, 5weeks (6.5 mm). C, 5)£weeks (9mm). 
D, 6weeks (12mm). E, 7weeks (19mm). 

F, 8weeks (28 mm). 
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median downgrowth from the primitive palate forms the definitive 
nasal septum; it is supported by eartilage. The fiising medial edges of 
the elevated palatal shelves also fuse with the free edge of the nasal 
septum, forming separate right and left nasal eavities above the seeond- 
ary palate. The original positions of the ehoanae are now eovered by 
the palatal shelves so that the nasal eavities extend from the nostrils to 
the free (caudal) edge of the palate at the nasopharynx. Bone forms by 
both intramembranous ossifìeation within the palatal mesenehyme to 
form the hard palate, except near its caudal border, and by endoehon- 
dral ossifìeation of the cartilaginous nasal septum. At this time, the free 
edge of the palatal shelves lies direetly below the former position of the 
attaehment of the adenohypophysial (Rathke's) pouch to the roof of 
the oral eavity. Caudal to the hard palate, its free edges grow to form 
the soft palate and uvula, which extend into the oropharynx. Myogenie 
mesenehyme from the fìrst (tensor palati only) and third pharyngeal 
arehes migrates into the soft palate and around the caudal margins of 
the pharyngotympanie tube. Separation of the defmitive nasal and oral 


eavities is now eomplete. A number of elevations appear on the lateral 
wall of eaeh nasal eavity: the superior, middle and inferior eonehae 

(Fig. 36.12B,C). 

Within the nasal septum, on either side of the septal eartilage, 
a pair of small diverticula, the vomeronasal organs, form at stage 
18 (6weeks). From 12 to 19weeks, the vomeronasal organ has an olfae- 
tory epithelium-like appearanee, and luteinizing hormone-releasing 
hormone (LHRH)-immunoreactive eells are present in nerve faseieles 
extending from it to the olfaetory bulb (Boehm et al 1994). In many 
speeies, the vomeronasal organ has a pheromonal communication 
fhnetion; however, although most adult humans have a vomeronasal 
organ, its olfaetory-type structure and LHRH imimmoreaetivity are lost 
during later fetal life and a pheromonal hmetion in adults has not been 
established (Ch. 33 e-book only). 

Bilateral dorsal expansions of the fìrst, seeond and, possibly, third 
pharyngeal pouches form the tubotympanic reeesses, which will beeome 
the tympanie eavities and pharyngotympanie tubes. A number of foeal 
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DEVELOPMENT OF THE HEAD AND NECK 


proliferations of nasopharyngeal endoderm beeome invaded by lym- 
phoid tissue. 


A 


ORAL OAVITY 


In the fifth week (stage 12), the oropharyngeal membrane breaks down 
so that communication is established between the eetoderm-lined sto- 
modeum and the endoderm-lined part of the pharynx, ereating a eon- 
tinuous eranial foregut eavity. Formation of the hard and soft palates 
separates the eranial foregut into the nasal eavity and nasopharynx 
above and the definitive oral eavity below. The oral eavity is demareated 
from the oropharynx posteriorly by the oropharyngeal isthmus, formed 
by the free edge of the soft palate and uvula above, and the palatoglossal 
areh laterally. 


Tongue 


Because the mandibular areh grows more rapidly than the others, it 
makes the greatest contribution to the pharyngeal floor. By stage 14 
(5weeks), three swellings are apparent: a small median elevation, the 
tuberculum impar or median tongue bud; and paired lateral lingual 
swellings distally (Fig. 36.13A). These three swellings fuse to form the 
anterior two-thirds of the tongue (Fig. 36.13B), and a small median 
diverticulum, the foramen caecum (thyroid diverticulum), forms imme- 
diately caudal to the median tongue bud (Fig. 36.13B,C; see Fig. 
36.18A). A sulcus forms along the ventral and lateral margins of this 
elevation and deepens, internal to the future dental lamina, to form the 
linguogingival sulcus (groove) (see Fig. 36.13C). Caudal to the median 
tongue bud, a small swelling, the copula, forms in the floor of the 
seeond areh. The hypobranehial (hypopharyngeal) eminenee forms in 
the floor of the third areh; it grows over the seeond areh (which does 
not contribute to the tongue) and fhses with the anterior tongue mdi- 
ment along a V-shaped line, the sulcus terminalis, at stage 17 (sixth 
week). Another transverse groove separates the developing tongue from 
the caudal (fourth areh) swelling, which forms the epiglottis. 
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Fig. 36.11 The parts of the adiilt faee derived from the ophthalmie 
(frontonasal), maxillary and mandibular divisions of the skin of the faee, 
showing the lines of fusion and definitive innervation. 
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Fig. 36.13 Development of the pharyngeal floor and tongue. A, Stage 14, 
showing median and lateral swellings in the floor of the first areh. B, After 
fusion of the swellings. C, The tongue and oropharynx at birth. 
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Fig. 36.12 Development of the palate. A-C, Developmental progression over weeks 7-8; ventral views (top row) and eoronal seetions (bottom row) 

















































































































Faee, nasal eavities and palate, oral eavity and tongue 


In general, the eomposite eharaeter of the mucous membrane of the 
tongue is refleeted in its sensory innervation. The anterior, oraf part is 
innervated by the lingual braneh of the mandibular nerve, and by the 
ehorda tympani of the faeial nerve. The posterior, pharyngeaf part of 
the tongue is innervated by the glossopharyngeal nerve, which is the 
nerve of the third areh; this nerve also invades the tissue immediately 
distal to the sulcus limitans, including innervation of the vallate papil- 
lae. The vallate papillae appear within the mucous membrane at around 
10 weeks and inerease in number until the end of the seeond trimester. 
The root of the tongue, near the epiglottis, is innervated by the vagus. 
The motor innervation is from the hypoglossal nerves, which extend 
around and under the pharynx together with myogenie eells migrating 
from the oeeipital myotomes during stages 14 and 15. 

Tongue development is essentially eomplete by stage 23. At birth, 
the tongue is short and broad, and its entire surface lies within the oral 
eavity (see Fig. 14.7). The posterior third of the tongue deseends as the 
hyoid bone and larynx deseend during the fìrst postnatal year, and by 
the fourth or fifth year, it forms part of the anterior wall of the 
oropharynx. 

Salivary glands 


The salivary glands arise bilaterally as the result of epithelial- 
mesenehymal interaetions between the eetodermal epithelial lining of 
the oral eavity and the subjacent neural erest-derived mesenehyme. The 
parotid gland ean be reeognized at stage 15 (8mm) as an elongated 
furrow mnning dorsally from the angle of the mouth between the 
mandibular and maxillary prominenees. The groove, which is eonverted 
into a tube, loses its eonneetion with the epithelium of the oral eavity, 
except at its ventral end, and grows dorsally into the soft tissue of the 
eheek. The tube persists as the parotid duct. After fhsion of the lateral 
parts of the maxillary and mandibular prominenees, the parotid duct 
opens on the inside of the eheek at some distanee from the angle of 
the mouth. As the gland develops, its branehes interweave with the 
branehes of the faeial nerve. In the neonate, the parotid gland is rounded 
and lies between masseter and the ear. During infaney and early ehild- 
hood, the growing gland extends to eover the parotid duct. Its seeretions 
remain entirely serous. 

The submandibular and sublingual glands form as solid diverticula 
that undergo branehing morphogenesis, the whole tree-like stmcture 
later acquiring a lumen. The blind ends of the branehes form aeini, 
whose eells differentiate to form serous eells initially, and mucus- 
seereting eells postnatally. The submandibular gland is identifiable at 
stage 18 as an epithelial diverticulum into the mesenehyme from the 
floor of the caudal part of the linguogingival sulcus. It inereases rapidly 
in size and branehes several times. At first, the eonneetion of the sub- 
mandibular gland with the floor of the mouth lies at the side of the 
tongue, but as the edges of the linguogingival sulcus eome together, 


from behind forwards, they enelose the elongating duct. The orifiee of 
the submandibular duct is thus loeated progressively more distally 
until it is below the tip of the tongue, elose to the median plane. The 
sublingual gland arises at stage 20 as a number of small epithelial 
thiekenings within and lateral to the linguogingival sulcus. Eaeh 
thiekening eanalizes separately, so multiple sublingual ducts open 
on the summit of the sublingual fold, while others join the sub- 
mandibular duct. 

The minor salivary glands, which are distributed throughout the wall 
of the oral eavity, except for the gingiva and hard palate, form in a 
similar manner to the major glands but undergo very little branehing 
and remain within the submucosa. 

Lymphoid tissues 


Tonsils form at several sites around the oro- and nasopharynx, where 
foeal proliferations of endoderm beeome invaded by lymphoid tissue. 
The endodermal epithelial lining grows into the surrounding mesen- 
ehyme as a number of solid buds, which are excavated by degeneration 
and shedding of their eentral eells, forming tonsillar fossae and erypts. 
Lymphoid eells accumulate around the erypts at about the fifth month 
and beeome grouped as lymphoid follieles; T- and B-eell regions ean 
be identified. The palatine tonsils develop from the ventral parts of the 
seeond pharyngeal pouches (see Fig. 36. 4C). A slit-like intratonsillar 
eleft extends into the upper part of the tonsil and is possibly a remnant 
of the seeond pharyngeal pouch. Lymphoid tissue similar to that of the 
palatine tonsils is found in the first pouch (tubal tonsils), the surface 
of the posterior part of the tongue (lingual tonsils), and in the dorsal 
pharyngeal wall (adenoid or pharyngeal tonsil). 

Teeth and gums 


Demareation of the lips begins after fhsion of the faeial primordia at 
stage 18, during the period of seeondary palatal development. Two 
parallel epithelial thiekenings, an outer labiogingival lamina and an 
inner dental lamina, form around the interior border of the mouth in 
both upper and lower jaws (see Figs 36.13C, 36.15). The linguogingival 
sulcus is formed as an indentation between the dental lamina and the 
tongue. At stage 22, eaeh labiogingival lamina indents the underlying 
mesenehyme to form a shallow groove that deepens to form the labio- 
gingival sulcus between the lips and gums. The lining of the oral eavity 
between the vestibular epithelium of the upper and lower jaws forms 
the inner aspeet of the eheeks. The dental lamina gives rise to the epi- 
thelial eomponent of the teeth. 

Tooth formation involves a sequence of epithelial-mesenehymal 
interaetions along the dental lamina (Fig. 36.14). These interaetions 
are eontrolled by a large number of genetie faetors, and the extracellular 
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Fig. 36.14 A siimmary of the epithelial-mesenehymal interaetions during tooth development. 
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Fig. 36.15 The lip, gums and teeth after 24 vveeks. A, Oral view. B, The 
right half of the lower jaw viewed from below; the midline is upper right. 


matrix (particularly of the basement membranes) is of major import- 
anee ( "hesleff 2000, Fukumoto and Yamada 2005). In 25 mm embryos, 
10 loealized thiekenings of the upper and lower dental laminae initiate 
formation of the dental epithelial eomponents of the tooth primordia 
(see Fig. 36.14). They expand into dental saes surrounded by vascular 
mesenehyme. The epithelium proliferates and indents to form an 
enamel organ, which, by 10 weeks, forms a eap over a mesenehymal 
eondensation, the dental papilla; eolleetively, this unit constitutes a 
tooth bud or germ. The enamel organ beeomes bell-shaped and dif- 
ferentiates into two layers, the internal and external enamel epithelia; 
these are separated by a glyeosaminoglyean-rieh extracellular matrix, the 
stellate reticulum. The eells of the internal epithelium differentiate into 
ameloblasts, and the underlying layer of mesenehymal eells differenti- 
ates into odontoblasts. The odontoblasts produce and seerete dentine, 
which influences the ameloblasts to form enamel; this is laid down in 
successive layers and, after mineralization, is the hardest tissue in the 
body. Enamel and dentine production from the bell-shaped tooth germ 
both begin at 24weeks (Fig. 36.15). The dental papilla mesenehyme 
below the odontoblast layer forms the pulp, which beeomes vascular- 
ized and innervated. Experimental studies in miee (which have only 
ineisors and molars) have revealed that regional differenees in signal- 
ling pathways within the maxillary and mandibular mesenehymes 
govern the type of tooth produced (Tummers and Thesleff 2009). 
Fibroneetin is present in the basement membrane of the internal 
enamel epithelium during the bell phase. It assists attaehment of the 
pre-odontoblasts and is essential for their differentiation; it beeomes 
progressively more abundant during the later fetal period. Collagen I is 
the major supportive extracellular seaffold in the maturing dental 
papilla and stellate reticulum. 

At birth, eaeh quadrant of the jaws has fìve deciduous tooth germs 
and the germs of the fìrst fìve permanent teeth. Permanent teeth 
develop in aeeessional positions from the lingual aspeets of the decidu- 
ous tooth germs and, for the 12 permanent molar teeth, from posterior 
extensions of the dental laminae on eaeh side of both jaws. Mineraliza- 
tion begins in both deciduous and permanent teeth before birth. The 
deciduous teeth have well-developed crowns by full term, and emption 
through the gingiva (gum) usually begins with the lower ineisors 
between 3 and 6 months after birth. After emption, the gingiva remains 
attaehed to the neek of eaeh tooth by the upper part of the periodontal 
ligament, whose major part attaehes the tooth root to the bone of the 
tooth soeket. 



Fig. 36.16 Pierre Robin sequence. (Courtesy of Mr T Goodaere and 
Oxford Radeliffe Hospitals NHS Trust.) 


The oral eavity after birth 


In the neonate, the oral eavity is only potential when the mouth is 
elosed, but three spaees are formed during suckling. The median spaee 
between the tongue and hard palate, which is occupied by the nipple, 
bifurcates posteriorly to produce ehannels on eaeh side of the soft 
palate and epiglottis. The larynx is elevated so that its opening is 
direeted into the nasopharynx, i.e. above the level of the ehannels, and 
milk passes on either side of it to the pharynx and oesophagus. This 
anatomieal arrangement enables the infant to breathe while suckling 
(see Figs 34.11, 34.12A). The hard palate is only slightly arehed and its 
mucous membrane is eormgated by fìve or six irregular transverse folds 
(mgae), which assist with gripping the nipple. Two lateral spaees, the 
lateral arcuate eavities, are formed between the tongue and eheeks; the 
upper and lower gums situated within these spaees do not touch during 
suckling. Eaeh eheek is supported by a mass of subcutaneous fat, the 
suctorial pad, which lies between buccinator and masseter. 


ANOMALIES 0F FAOIAL DEVEL0PMENT 
Malformations involving the neural erest 


Congenital malformations of the faee may be initiated early, mainly 
related to abnormal migration, proliferation and/or apoptosis of neural 
erest eells, or later, during the morphogenetie phase of faeial develop- 
ment. Craniofrontonasal syndrome is eharaeterized by a broad forehead 
and hypertelorism, premature fìision of one or both eoronal sutures, a 
eentral nasal groove, and sometimes eleft lip and palate; there are also 
extracranial features. It is caused by deletions of the gene EFNBl, which 
is known to play essential roles in boundary formation between tissues, 
including those between neural erest and adjaeent non-erest eells ( Twigg 
et al 2004). Mandibulofacial dysostosis (Treaeher Collins syndrome) is 
eharaeterized by ineomplete orbits, reduced jaws and auditory ossieles 
(henee conductive deafness), abnormal external ears and fìstulae or 
eysts, suggesting involvement of the fìrst and seeond areh eomponents 
of the eranial neural erest. It is caused by haploinsufficiency of the gene 
TCOFl. Hemifaeial mierosomia (Goldenhaars syndrome) affeets only 
one side of the faee and eomprises a small mandible (sometimes with 
absenee of the temporomandibular joint), malformed or absent ears 
with aeeessory ear tags, and faeial elefts. Experimental evidenee in 
animals suggests that it is due to haemorrhage of the stapedial artery, 
which may have a genetie basis. Defieient growth of the mandible 
(mierognathia) is usually assoeiated with other defeets. In Pierre Robin 
sequence (Fig. 36.16), the small size of the mandible obstmets deseent 
of the tongue, resulting in a U-shaped eleft palate; a eonotmneal septum 
defeet is present in one-quarter of eases, suggesting possible involve- 
ment of the eardiae neural erest. Further details and referenees for faeial 
malformations may be found in Morriss-Kay and Wilkie (2005) and 
Hennekam et al (2010). 



































Formation of the neek 



Fig. 36.17 Cleft lip and eleft palate. 

A, Ineomplete unilateral eleft lip. B, Complete 
unilateral eleft lip. C, ineomplete bilateral eleft lip. 
D, Complete bilateral eleft lip and eleft palate (the 
nasal septum and both inferior nasal eonehae ean 
be seen). E, Oleft palate (the nasal septum and left 
inferior nasal eoneha ean be seen). F, Cleft of the 
soft palate. (Courtesy of Mr T Goodaere and 
Oxford Radeliffe Hospitals NHS Trust.) 


with hypertelorism in various frontonasal dysplasias, suggesting a 
developmentally early broadening of the median region of the faee. 


FORMATION OF THE NECK 


Clefts of the faee and palate 


Cleft lip occurs when one or both medial nasal proeesses fail to fuse 
with the eorresponding maxillary proeess(es). The severity of elefting 
varies from a small noteh in the upper lip to a double eleft extending 
into both nostrils (Fig. 36.17). In a unilateral eleft lip, the nasal septum 
deviates to the non-eleft side. This is because the muscles on the medial 
side of the eleft (transverse muscles of the nose and orbicularis oris) are 
not inserted into either the muscles of the eontralateral side or the 
tissues around the nasal septum ( ig. 36.17B). The three hmetional 
groups of superficial faeial muscles - nasolabial (transverse nasalis, 
levator labii superioris and levator labii superioris alaeque nasi), bila- 
bial (orbicularis oris) and labiomental (depressor anguli oris) - are all 
displaeed inferiorly. A fhrther consequence is the underdevelopment of 
the ineisor-bearing part of the maxilla. These abnormalities, in turn, 
influence the mucocutaneous tissues, which results in the displaeement 
of the skin of the nostril to the upper part of the lip, retraetion of the 
labial skin and abnormalities of the soft tissues on either side of the 
mucocutaneous junction. 

A narrow or ineomplete eleft of the hard palate is likely to be due 
to a growth defeet in the palatal shelves and/or a delay in shelf eleva- 
tion, and/or to faihire of fiision of the apposed palatal shelves. Broader 
elefts (Fig. 36.17D,E), in which the tongue lies between the still-vertieal 
shelves, are caused by a greater developmental delay that may be assoei- 
ated with abnormality of other structures in the faee and elsewhere in 
the body. In the mildest forms of eleft palate, only the soft palate, and 
sometimes just the uvula, is eleft ( fig. 36.171). A submucous eleft, 
which may be deteeted as a median V-shaped noteh of the soft palate, 
ean cause speeeh difficulties. Very rarely, muscle hypoplasia, particularly 
of the musculus uvulae, causes palatopharyngeal ineompetenee. 

Cleft lip with or without eleft palate (CL/P) is multigenic or multi- 
faetorial in origin, i.e. it has both genetie and environmental eompo- 
nents (Gorlin et al 2001 ). CL/P has a frequency of 0 . 5 - 3 . 6/1000 live 
births, with a 2:1 male to female ratio. Isolated eleft palate is genetieally 
unrelated to CL/P, and has a frequency of 0 . 4 / 1000 ; it is more eommon 
in females. Clefts of the faee are rare ( 1 / 50 , 000 - 1 / 175,000 births); they 
are mainly caused by pressure from amniotie bands rather than from 
dysmorphogenesis, although a morphogenetie eomponent eannot be 
mled out when the eleft is along a line of fiision, e.g. maxillary- 
mandibular. Median eleft lip (tme hare lip) is also rare, sinee this is not 
a line of morphogenetie fiision. Median grooving of the nose occurs 


By the time the faeial swellings have merged to form a reeognizably 
human faee (stage 20, 7 weeks), MeekeLs eartilage has grown sufficiently 
to projeet outwards as a potential ehin but the faee is still orientated 
towards, and elose to, the eardiae prominenee (see Fig. 36.5). Forma- 
tion of the posterior part of the neek is, by this time, well advaneed, 
with cartilaginous eervieal vertebrae, muscles, nerves and blood vessels. 

The anterior neek forms gradually, as relatively rapid growth of the 
anterior structures, including the traehea, oesophagus, eommon earotid 
arteries and jugular veins, takes plaee. As the extending neek lifts the 
head to a forward-facing orientation, the angle between the spinal eord 
and brainstem inereases. Other contributory ehanges include growth of 
the first pharyngeal areh at a more rapid rate than the others, so that 
MeekeLs eartilage and the developing membrane bone of the mandible 
projeet fiirther forwards, while the hyoid bone primordium remains 
small, defining the future angle between the anterior neek and lower 
jaw. Myoblasts derived from paraxial mesenehyme invade the seeond 
pharyngeal areh as it forms and by this stage are present in the super- 
fieial eonneetive tissue beneath the anterior neek skin; these spread out 
from the underside of the ehin to the upper thorax and differentiate to 
form the platysma (this is the main human remnant of the panniculus 
carnosus, the muscle that is present throughout the skin of many 
mammals). 

The interfaee between eranial nerve-innervated pharyngeal areh 
muscles and spinal nerve-innervated tmnk muscles occurs at the lower 
neek and the upper parts of the peetoral girdle. Both the proximal and 
distal eonneetions of the trapezms muscle, at the nuchal line of the 
oeeipital bone and the attaehment to the spine of the scapula, are 
formed from post-otie neural erest eells (Matsuoka et al 2005). The 
neural erest generates areas of endoehondral ossifieation in the eervieal 
vertebral column and scapula assoeiated with trapezius attaehment. 

This observation has promoted the eoneeption of a 'imisele seaffold 
model' of development to replaee the older 'ossifieation model', to 
explain the types of ossifieation seen assoeiated with the aeeessory 
nerve-innervated trapezms and sternoeleidomastoid muscles. It is sug- 
gested that defeets in the fate ehoiees of neural erest eells could explain 61 7 
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a number of syndromes that have pharyngeaf laryngeaf oeeipitaf eervi- 
eal and shoulder dysmorphologies and co-occurrence of swallowing 
problems; related syndromes include Klippel-Feil, Sprengel's deformity 
and eleidoeranial dysplasia (Matsuoka et al 2005) (see p. 794). 

GLANDS 0F THE NECK 


Further development of the pharyngeal floor and the seeond to fourth 
pharyngeal pouches gives rise to glands that are ultimately disposed in 
the neek and anterior mediastinum, namely: the paired thyroid and 
parathyroid glands and the thymus. 

Thyroid gland 


The thyroid gland is a midline derivative of the pharynx. It is first iden- 
tifiable in embryos of approximately 20 somites as a median thiekening 
of endoderm lying in the floor of the pharynx between the first and 
seeond pharyngeal pouches and immediately dorsal to the aortie sae. 
The foramen caecum is the site of a median diverticulum that appears 
early in the fifth week in the furrow immediately caudal to the median 
tongue bud (see Fig. 36.13B, C; Fig. 36.18). It extends caudally as the 
thyroglossal duct, passing ventral to the primordium of the hyoid bone. 
The tip of the duct bifhreates and the tissue mass subsequently divides 
to form the isthmus and lateral lobes of the thyroid gland. The 
endoderm-derived epithelial tissue is invested by vagal neural erest 
mesenehyme, which gives rise to the eonneetive tissue capsule and 
interlobular septa, and perifollicular mesenehyme, which earries the 
neurovascular and lymphatie supply to the gland. The gland has three 
stages of development. Stage 1 (10-18weeks) is eharaeterized by aetive 
follioilogenesis and gradual accumulation of eolloid; the thyroid tissue 


is able to eoneentrate iodine and synthesize thyroxine. Stage 2 
(19-29 weeks) is quiescent, with little ehange in the epithelium/colloid 
ratio and follioilar size. Stage 3 (after 29weeks) is eharaeterized by a 
gradual inerease in the epithelium/colloid ratio and a deerease in fol- 
licular size (Bocian-Sobkowska et al 1997). The parafollicular or C eells 
of the thyroid gland are derived from the ultimobranchial body, a small 
diverticulum of the fourth pharyngeal pouch. The thyroid gland is rela- 
tively large in the neonate (see Fig. 14.6A), where it has a long, narrow 
isthmus eonneeting lobes that do not yet eontaet the upper part of the 
traehea. It usually attains half the adult size by 2years of age. 

Failure of downgrowth of all or part of the thyroid gland from the 
pharyngeal floor results in eetopie thyroid tissue within the tongue 
(lingual thyroid), lying between the foramen caecum and the epiglottis. 
Oeeasionally, parts of the midline thyroglossal duct persist and may 
occur in lingual, suprahyoid, retrohyoid or infrahyoid positions; they 
may form aberrant masses of thyroid tissue, eysts, fistulae or sinuses, 
usually in the midline. Nodules of glandular tissue may also be found 
laterally, posterior to sternoeleidomastoid. 

Parathyroid glands 


The parathyroid glands develop from interaetions between the third 
and fourth pharyngeal pouch endoderm and loeal eranial (vagal) neural 
erest mesenehyme. The third pharyngeal pouch has dorsal and ventral 
sites of proliferation ( Fig. 36.18B). The epithelium on the dorsal aspeet 
of the pouch and in the region of its duct-like eonneetion with the eavity 
of the pharynx beeomes differentiated as the primordium of the inferior 
parathyroid glands (parathyroid III). Although the eonneetion between 
the pouches and the pharynx is soon lost, the eonneetion between the 
dorsal parathyroids and the ventral thymie mdiments of the third pha- 
ryngeal pouch persists for some time and both move caudally. The 
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Fig. 36.18 A, The ventral aspeet of the endoderm of the pharynx, showing the pharyngeal pouches. The areas of eontaet of the pharyngeal endoderm 
with the surface eetoderm are shown as flattened surfaces. Note that the colours of the pharyngeal pouches and the median thyroid diverticulum are 
retained in B, C and D. B, Ventral and dorsal diverticuli of the third and fourth pharyngeal pouches and midline thyroid gland at 6weeks. C, The thymus, 
thyroid and parathyroid glands at 7weeks. D, The thymus, thyroid and parathyroid glands at 7^weeks. (Redrawn with permission from Hamilton WJ, 
Boyd JD, Mossman HW 1962 Human Embryology: Prenatal Development of Form and Function. Cambridge: W Heffer & Sons.) 
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superior parathyroid glands (parathyroid IV) develop from the dorsal 
reeess of the fourth pharyngeal pouches. They make eontaet with, and 
appear to be anehored by, the lateral lobes of the thyroid gland and 
thus remain eranial to the deseended parathyroid III glands. Vagal 
neural erest mesenehyme provides the eonneetive tissue elements, and 
invading angiogenie mesenehyme gives rise to fenestrated eapillaries 
and lymphaties. In the neonate, the parathyroid glands are as variable 
in size and position as they are in the adult. They double in size between 
birth and puberty. Parathyroid hormone is produced from the twelfth 
week of development. 

Thymus 


The thymus gland is formed from the ventral part of the third pharyn- 
geal pouch on eaeh side (see Fig. 36.18). It eannot be reeognized prior 
to the differentiation of the inferior parathyroid glands at stage 16 but, 
thereafter, it is represented by two elongated diverticula that soon 
beeome solid cellular masses and grow caudally into the surrounding 
vagal neural erest mesenehyme. Ventral to the aortie sae, the two thymie 
mdiments meet but do not fuse, and they are subsequently united by 
eonneetive tissue only. The thymus gland beeomes loeated in the an- 
terior mediastinum of the thorax onee the neek is fully developed and 
the heart has deseended. The eonneetion with the third pouch is soon 
lost, but the stalk may persist for some time as a solid, cellular eord. 

As the thymus proliferates and deseends, the loeal neural erest- 
derived mesenehyme eontrols the pattern and development of the 
gland. Defeetive development of the vagal neural erest, which affeets 
the heart and peripheral neural ganglia, also results in thymie defieien- 
eies, as seen in DiGeorge syndrome and Pierre Robin sequence. Neural 
erest mesenehyme forms eonneetive tissue septa, which produce the 
lobulated architecture of the gland. Angiogenie mesenehyme, including 
lymphoid stem eells, invades this loeal mesenehyme, and by 10weeks, 
over 95% of the eells in the gland belong to the T-eell lineage, with a 
few erythroblasts and B lymphoeytes. Hassall's corpuscles are also 
present. By 12weeks, the mesenehymal septa, blood vessels and nerves 
have reaehed the newly differentiating medulla, which allows the entry 
of maerophage lineage precursors. Maerophages and interdigitating 
eells are first seen at 14weeks. Granulopoiesis occurs in the perivascular 
spaees. By 17 weeks, the thymus appears fhlly differentiated, and after 
this time, it produces the main type of thymoeyte that is present 
throughout life (designated TdT^). 

Caudal pharyngeal complex 


The most caudal endodermal evaginations of the pharynx are the fourth 
pharyngeal pouch and the ultimobranchial body, a small diverticulum 
medial to the main pouch. Collectively, these diverticula are termed the 
caudal pharyngeal complex (see Fig. 36.18), and they are eonneeted to 
the pharynx via the pharyngobranehial duct. They are surrounded by 
vagal neural erest and by the tissues of the developing thyroid gland. 
The eells of the ultimobranchial body beeome ineorporated into the 
lateral thyroid lobes, and give rise to the ealeitonin-seereting 'C' or 
parafollicular eells of the thyroid gland. 

PHARYNX, LARYNX, 0ES0PHAGUS AND TRAOHEA 

The larynx forms at the eranial end of the laryngotraeheal groove, 
caudal to the epiglottis (see figs 36.5-36.6, 36.13). The thyroid earti- 
lage develops from the ventral ends of the eartilages of the fourth, or 
fourth and sixth, pharyngeal arehes. The eartilage appears as two lateral 
plates, eaeh ehondrified from two eentres and united in the mid-ventral 
line by a fibrous membrane, within which an additional eentre of 
ehondrifieation develops. The erieoid eartilage arises from two eartilagi- 
nous eentres, which soon unite ventrally, gradually extend, and ulti- 
mately fuse on the dorsal surface of the tube as the erieoid lamina. It 
has the appearanee of a modified traeheal eartilage. Paired arytenoid 
swellings appear within the ventral tissue of the sixth arehes from stage 
14, one on eaeh side of the eranial end of the laryngotraeheal groove. 
As they enlarge, they approximate to eaeh other and to the caudal part 
of the hypobranehial eminenee, where the epiglottis develops. The 
opening into the larynx, at first a simple slit, is eonverted into a 
T-shaped eleft by the enlargement of the arytenoid swellings. The verti- 
eal limb of the T lies between the two swellings, and its horizontal limb 
lies between them and the epiglottis. The arytenoid swellings differenti- 
ate into the arytenoid and corniculate eartilages ( 4g. 36.6), and the 
ridges that join them to the epiglottis beeome the definitive aryepiglot- 
tie folds, within which the cuneiform eartilages differentiate from the 


epiglottis. Two linear ridges in the ventral wall of the pharynx extend 
ventrally from the sixth arehes to the median laryngotraeheal groove, 
from which the lower part of the larynx, the traehea, bronehi and lungs 
develop (Ch. 52). 

The laryngotraeheal groove forms at stage 12 as a ventral endoder- 
mal outgrowth from the floor of the caudal part of the pharynx into 
the mesenehyme surrounding the sinus venosus and inflow traet of the 
heart (see Figs 52.1C, 60.3). This initiates the separation of the respira- 
tory and alimentary tubes. The groove remains at a eonstant level during 
the embryonie period, and the traehea lengthens distally as its bifhrea- 
tion point deseends. The splanchnopleuric mesenehyme that surrounds 
the developing traehea and oesophagus induces the different histogenie 
pathways of the two tubes. By stage 17, the mesenehyme around the 
traehea is beginning to eondense at regular intervals and undergo ehon- 
drogenesis to form C-shaped eartilages, whereas that around the 
oesophagus has a wide submucosal zone and muscular eoats. The res- 
piratory diverticulum beeomes surrounded by angiogenie mesenehyme 
that eonneets to the developing sixth aortie areh artery (see above). 

For details of early development of the traehea, see page 926; for 
early development of the oesophagus, see page 1048. 

In the neonate, the pharynx is one-third of the relative length seen 
in the adult. The nasopharynx is a narrow tube that curves gradually to 
join the oropharynx without any sharp junctional demareation. An 
oblique angle is formed at this junction by 5years of age, and in the 
adult, the nasopharynx and oropharynx join at almost a right angle. 
The oesophagus in the newborn begins and ends one to two vertebrae 
higher than in the adult, extending from between the fourth and sixth 
eervieal vertebrae to the level of the ninth thoraeie vertebra. The nar- 
rowest eonstrietion is at its junction with the pharynx, where the infe- 
rior pharyngeal eonstrietor fimetions to eonstriet the lumen; in this 
region, it may be traumatized with instmments or eatheters. 

The neonatal hyoid bone and larynx are relatively high in the neek, 
and the traehea is relatively small in relation to the larynx (see Fig. 
14.6B); both deseend during infaney. The walls of the traehea are rela- 
tively thiek and the traeheal eartilages are relatively eloser together than 
in the adult. The traehea eommenees at the upper border of the sixth 
eervieal vertebra, a relationship that is eonserved with growth, and it 
bifhreates at the level of the third or fourth thoraeie vertebra. 

BL00D VESSELS IN THE NECK 


With elongation of the neek and the appearanee of the major conduct- 
ing vessels from the aortie areh arteries, longitudinal anastomoses in 
the eervieal region link intersegmental arteries and their branehes, and 
direet blood flow to the developing brain in the vertebral arteries in 
parallel with the internal earotid arteries (see Figs 36.8-36.9). 

The primary blood vessels of the head and neek eonsist of a elose- 
meshed eapillary plexus drained on eaeh side by the preeardinal vein, 
which is, at first, continuous eranially with a transitory primordial 
hindbrain ehannel that lies on the neural tube medial to the eranial 
nerve roots (see Figs 13.1-13.2). This is soon replaeed by the primary 
head vein, which mns caudally from the medial side of the trigeminal 
ganglion, lateral to the faeial and vestibulocochlear nerves and the 
otoeyst, then medial to the vagus nerve, to beeome continuous with the 
preeardinal vein. A lateral anastomosis subsequently brings it lateral to 
the vagus nerve. 

The ventral pharyngeal vein drains the mandibular and hyoid arehes 
into the eommon eardinal vein (see Fig. 17.36A). As the neek elongates, 
its termination is transferred to the eranial part of the preeardinal vein, 
which later beeomes the internal jugular vein (see fig. 17.36B). The 
ventral pharyngeal vein reeeives tributaries from the faee and tongue, 
and beeomes the linguofacial vein. As the faee develops, the primitive 
maxillary vein extends its drainage into the territories of supply of the 
ophthalmie and mandibular divisions of the trigeminal nerve, includ- 
ing the pterygoid and temporal muscles, and it anastomoses with the 
linguofacial vein over the lower jaw. This anastomosis beeomes 
the faeial vein; it reeeives blood from the retromandibular vein from 
the temporal region, and drains through the linguofacial vein into the 
internal jugular. The stem of the linguofacial vein is now the lower part 
of the faeial vein, whilst the dwindling eonneetion of the faeial with 
the primitive maxillary beeomes the deep faeial vein. The external 
jugular vein develops from a tributary of the eephalie vein from the 
tissues of the neek; it anastomoses seeondarily with the anterior faeial 
vein. At this stage, the eephalie vein forms a venous ring around the 
elaviele, by which it is eonneeted with the caudal part of the preeardinal 
vein. The deep segment of the venous ring forms the subclavian vein 
and reeeives the definitive external jugular vein. The superficial segment 
of the venous ring dwindles, but may persist in adult life. The deep 61 9 
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aspeets of the maxillomandibular faeial prominenees, the retrogingival 
oral eavity, the pharyngeal walls and their lymphoid and endoerine 
derivatives, and the eervieothoraeie oesophagus thus all have drainage 
ehannels that eonneet with the preeardinal complex. Laryngeal and 
traeheobronehial veins also drain to the preeardinal complex, whilst the 
eapillary plexuses, developed in the (splanchnopleuric) walls of the fine 
terminal respiratory passages and alveoli, eonverge on pulmonary veins 
of inereasing ealibre, finally making seeondary eonneetions with the left 
atrium of the heart, and may be grouped with the vitelline systems. 


SKULL 


The skull has two major fimetional and anatomieal eomponents: the 
neurocranium and the viscerocranium. The neurocranium is eomposed 
of the ealvaria and basicranium; it surrounds and proteets the brain and 
the speeial sense organs of olfaetion, vision, hearing and balanee. The 
viseeroeranmm, which includes the squamous part of the temporal 
bone, forms the skeleton of the faee, palate and pharynx, and mediates 
the fimetions of feeding, breathing and faeial expression; it also proteets 
the tongue and forms the middle ear and the bony external acoustic 
meatus. The most rostral neural erest eell population makes a major 
contribution to the skull, forming the whole viscerocranium and the 
rostral part of the neurocranium (Fig. 36.19). The boundary between 
neural erest and eranial mesoderm lies between the frontal and parietal 
bones (eoronal suture) of the ealvaria; the skull base is formed by neural 
erest rostral to the tip of the notoehord, and is selerotome-derived (i.e. 
from paraxial mesenehyme) in the notoehordal region (MeBratney- 
Owen et al 2008). The tip of the notoehord lies immediately caudal to 
the hypophysial fossa (Fig. 36.20A). Broadly speaking, the bones of the 
skull base are formed by endoehondral ossifieation (chondrocranium), 
whereas those of the ealvaria and faee ossify direetly from mesenehymal 
eondensations, i.e. by intramembranous ossifieation. Several bones are 
of compound structure with respeet to their tissue origins and/or type 
of ossifieation: the oeeipital, temporal and sphenoid bones, and the 
mandible. The following account is based largely on deseriptive studies 
on human embryos and fetuses (O'Rahilly and Miiller 1987, 2001, 
2007), with some details of eell lineage based on investigations in the 
mouse. 


CH0NDR0CRANIUM 


The first eranial skeletal structures to differentiate are the eartilages of 
the skull base, sensory capsules, viscerocranium and occiput (see Figs 
36.5, 36.20B). Development of the pharyngeal areh-related eartilages 
of the viscerocranium and ear ossieles has been deseribed in the seetion 
on the pharynx. Before any mesenehyme eondenses to initiate the for- 
mation of eranial eartilage, the major eranial nerves and blood vessels 
are already in plaee; henee, the foramina of the skull are speeified before 
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Fig. 36.19 The newborn skull, showing the tissue origins of the bones 
(based on eombined mouse and human data). The darker green 
represents the sites of fontanelles. 


the bones are formed. The adenohypophysial (Rathke's) pouch is 
still eonneeted to the roof of the oral eavity as the skull base eartilage 
forms (dashed lines in Fig. 36.20A; see also Fig. 17.14), but already lies 
adjaeent to the dieneephalon-derived neurohypophysis to form the 
downwardly projeeting pituitary gland (hypophysis) at the base of the 
caudal dieneephalon. 

The notoehordal sheath is rieh in sulphated glyeosaminoglyeans, 
which play a role in inducing eondensation and ehondrifieation of the 
oeeipital selerotome-derived mesenehyme around it. 

The structures referred to in the following account are illustrated in 
Figure 36.20B, which shows the cartilaginous skull base of a 40 mm 
(9-week) embryo. The eentral regions of all four oeeipital selerotomes 
contribute to the paraehordal eartilage, which surrounds the notoehord 
and extends as a flat plate on either side of it by the end of the seventh 
week, forming the basioeeipital eomponent of the oeeipital bone (see 
Fig. 44.13). Laterally, the exoccipital eomponents (derived from sele- 
rotomes 3 and 4) ehondrify soon afterwards; they extend around the 
hindbrain to form the oeeipital areh, which is developmentally equiva- 
lent to the neural areh eomponents of vertebrae. Roots of the hypoglos- 
sal nerve mn between the paraehordal and exoccipital eartilages, so that 
when the exoccipital and paraehordal eomponents fhse, they leave 
foramina for these nerve roots (see Fig. 44.12). The supraoccipital part 
of the oeeipital eartilage extends dorsally from the exoccipital eartilage 
to eomplete the foramen magnum. After formation of the exoccipital 
eartilages, differentiation also extends fhrther rostrally in the medial 
part of the skull base, with formation of the hypophysial polar eartilages 
on either side of the hypophysial stalk; they unite in the median plane 
to form the primordium of the postsphenoid, eradling the hypophysis 
and retaining a perforation for the hypophysial stalk until the third 
month. This part of the basisphenoid eartilage will form the sella turcica 
with its hypophysial fossa. The presphenoid eartilages, rostral to it, form 
the jugum of the sphenoid body. This is the last part of the medial part 
of the skull base to differentiate as eartilage, bridging the gap between 
the postsphenoid and the cartilaginous nasal capsule. 

At stage 17, mesenehyme begins to eondense and later to ehondriíy 
around the nasal pits, forming the outer part of the nasal capsule and 
the nasal septum; the roof of eaeh nasal capsule is eompleted slightly 
later, when eartilage differentiates around the olfaetory nerve bundles 
to form the eribriform plates of the ethmoid bone. During the third 
month, cartilaginous eonehae form. The whole nasal capsule is well 
developed by the end of the third month, and eonsists of a eommon 
median septal part, sometimes initially termed the interorbitonasal 
septum or mesethmoid, and the outer eetethmoid. The eonehae ossify 
during the fifth month; the superior and middle eonehae form part of 
the ethmoid bone, and the inferior pair beeome separate elements. Eaeh 
lateral part of the nasal capsule beeomes ossified as the orbital plate 
and ethmoidal labyrinth, whose spaees ('eells') communicate with the 
nasal eavity and beeome filled with air after birth (see p. 566). Part of 
the capsule remains cartilaginous as the septal and alar eartilages of the 
nose, and part is replaeed by the intramembranous vomer and nasal 
bones. 

Orbital eartilages surround the eye but do not undergo ossifieation 
in their entirety. The most rostral of them beeomes continuous with the 
presphenoid eartilage by differentiation of a cartilaginous bridge that 
forms the caudal boundary of the optie foramen, enelosing the optie 
nerve; this later ossifies to form the lesser wing of the sphenoid bone 
(orbitosphenoid). The greater wing of the sphenoid (alisphenoid) has 
both intramembranous and endoehondral eomponents; the endoehon- 
dral part initially differentiates as a eartilage surrounding the mandibu- 
lar braneh of the trigeminal nerve, forming the foramen ovale. This 
eondensation extends medially to join the rostral edge of the hypophy- 
sial (polar) eartilage on eaeh side. It also extends rostrally to surround 
the maxillary braneh of the trigeminal nerve, forming the foramen 
rotundum. Lastly, it extends laterally to join the intramembranous part 
of the bone, which replaees the caudal part of the orbital eartilage. The 
greater and lesser wings of the sphenoid are separated by the oailomo- 
tor, troehlear and abducens nerves and by the first (ophthalmie) divi- 
sion of the trigeminal nerve. 

The otie capsule differentiates from a mesenehymal eondensation 
around the otoeyst, after its morphogenesis to form the eoehlea and 
semicircular eanals. Differentiation of eartilage begins laterally, at the 
same time as the hypophysial eartilages are first deteetable; it is eom- 
plete by stage 20. Chondrogenesis around the point of exit of the ves- 
tibulocochlear nerve ereates the internal acoustic meatus. Chondrogenesis 
of mesenehyme around the earotid arteries joins eaeh hypophysial 
eartilage to the otie capsule, forming the earotid eanals. A gap occupied 
by the jugular vein and the glossopharyngeal, vagus and aeeessory 
nerves remains between eaeh otie capsule and the paraehordal eartilage; 
this is the jugular foramen. Chondrogenesis of the mesenehyme 
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Fig. 36.20 Representative stages in the development of the eraniiim. In all the diagrams, the chondrocranium and cartilaginous stages of vertebrae are 
shovvn in blue, except vvhere ossifieation is occurring; here, the colour is green. The membrane bones are shovvn in eream. Cranial nerves are indieated 
by the appropriate Roman numeral. A, A sagittal seetion through the eranial end of the developing axial skeleton in an early human embryo of 
approximately lOmm (5weeks), showing the extent of the notoehord. B, The superior aspeet of the cranium of a human embryo at 40 mm (9weeks). The 
remnant of the hypophysial stalk is indieated by a blaek dot in the hypophysial fossa. C, The lateral aspeet of B. D, The lateral aspeet of the cranium of 
a human embryo at 80 mm. 


between the separate eartilages eompletes formation of the eartilagi- 
nous skull base and sensory capsules, which together form a continuous 
framework around the pre-existing blood vessels and eranial nerves by 
9weeks (40 mm) (see Fig. 36 . 2013 , 0 ). 

The proeess of endoehondral ossifieation in the skull is essentially 
the same as that of the long bones, except that eaeh ossifìeation eentre 
is equivalent to a primary eentre, and follows a speeifie programme of 
growth and patterning. Growth takes plaee within the eartilage between 
adjaeent ossifieation eentres; these joints are termed synehondroses. The 
first ossifieation eentres to appear are those of the lesser and greater 
wings of the sphenoid, at 8 and 9 weeks, respeetively. A single basisphe- 
noid ossifieation eentre appears at 11 weeks; three presphenoid and four 
postsphenoid ossifieation eentres appear at 16weeks. Bone replaees 


most of the eartilage until only the major synehondroses remain; these 
enable the endoehondral skull base and sensory capsules to continue 
growing until they reaeh their final size at puberty or earlier. At birth, 
unossified chondrocranium persists in the alae, lateral nasal eartilage 
and septum of the nose, the sphenoethmoidal junction, the spheno- 
oeeipital and sphenopetrous junctions, the apex of the petrous tempo- 
ral bone (foramen laeemm), and between ossifieation eentres of the 
sphenoid and oeeipital bones. As indieated above, parts of the ehon- 
drocranium do not ossify, but are replaeed by adjaeent intramembra- 
nous bone, e.g. the greater wing of the sphenoid (alisphenoid). In 
general, endoehondral ossifieation eentres form later than intramem- 
branous ossifieation sites, which first appear during the seventh and 
eighth weeks. 
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SECTION 4 


DEVELOPMENT OF THE HEAD AND NECK 


CALVARIA 


The bones of the ealvaria (roof and lateral walls of the neurocranium) 
are formed entirely by intramembranous ossifieation. They are also 
deseribed as dermal bones, sinee they are eonsidered to be the evolu- 
tionary deseendants of dermal plates formed as a proteetive eover for 
the brain in fishes. In humans, as in all mammals, the major part of 
the ealvaria is formed by paired frontal and parietal bones and the 
unpaired interparietal (membranous part of the oeeipital bone). The 
squamous part of the temporal bones and the alisphenoids contribute 
to the lateral walls. Lineage data from mouse studies indieate that the 
frontal and squamous temporal bones are of neural erest origin and the 
parietals are of mesodermal origin; the interparietal is mixed (Jiang 
et al 2002). The eoronal suture thus forms atthe neural erest-mesoderm 
interfaee, as does the sagittal suture, due to a small tongue of neural 
erest tissue lying between the two developing bones. These tissue inter- 
faees are signifieant for initiating the molecular signalling system that 
governs growth of the ealvaria. Growth at the borders of adjaeent bone, 
i.e. in the sutures, is the major meehanism of ealvarial growth. A 
sequence of events that maintains a balanee between eell proliferation 
and osteogenie differentiation is mediated by an intercellular signalling 
system that includes the transeription faetor TWIST and ligand-reeeptor 
interaetions between fibroblast growth faetors (FGFs) and their reeep- 
tors (FGFRs). Mutations in the genes eneoding these proteins cause 
premature fhsion of the eranial sutures (eraniosynostosis), which 
results in defieient growth in the plane perpendicular to the suture (Fig. 
36.21; Morriss-Kay and Wilkie 2005, Johnson and Wilkie 2011). In 
addition to the expansion-related growth that takes plaee in the sutures, 
appositional growth, in which bone is laid down on, and resorbed 
from, the bone surfaces, plays an important role in remodelling the 
ealvarial bones to maintain a degree of curvature that matehes the 
curved surface of the growing brain. Appositional growth ean also 
provide some eompensatory expansion of the skull in eraniosynostosis 
(see Fig. 36.21). 

The frontal and parietal bones are initiated as basolateral mesenehy- 
mal primordial, which extend upwards between the dermal eonneetive 
tissue and the mesenehymal dura mater. They do not, as previously 
thought, differentiate within the mesenehyme of an 'eetomenimd that 
surrounds the brain. As the frontal and then the parietal primordia 
extend upwards, the differentiating osteoblasts seerete osteoid, which 
then undergoes mineralization. Only the mineralized parts of the bones 
are deteeted in alizarin-stained speeimens and X-rays. Clear frontal 
bone primordia are deteetable in the superciliary areh region of alizarin- 
stained human embryos by the eighth week. As they beeome mineral- 
ized above this level, the parietal bone primordia ean also be seen. The 


two bones appear to be separated by a wide gap at the eoronal suture; 
in faet, this gap only shows the separation of the mineralized parts of 
the bone - the unmineralized edge of the parietal bone actually over- 
laps the caudal edge of the frontal bone. After the upgrowth phase, 
mineralization takes plaee eentrifiigally from the eentral points of the 
frontal and parietal bones, which, by this time, form convex plates over 
the curvature of the underlying brain (see Fig. 36.20D). 

During vaginal birth, the overlap of the frontal and parietal bones 
enables them to slide over eaeh other. During the neonatal period, 
when the baby eries and intraeranial pressure rises, the overlapping 
bones slide apart, inereasing the fronto-oeeipital diameter of the skull. 
Growth at the eoronal suture provides the major inerease in the fronto- 
oeeipital plane of the ealvaria. Premature synostosis of the eoronal 
sutures restriets growth in this plane, causing braehyeephaly; unilateral 
eoronal synostosis leads to plagioeephaly, in which one side of the skull 
fails to grow in the fronto-oeeipital plane. Llni- and bilateral eoronal 
synostosis eomprises 20-25% of all forms of eraniosynostosis. 

The metopie and sagittal sutures are formed when the upwardly 
extending frontal and parietal bones (respeetively) reaeh the vertex of 
the skull and abut in the median plane. Growth in these sutures 
inereases the breadth of the skull. Premature fhsion results in the forma- 
tion of a narrow, elongated skull. Sagittal synostosis is the most eommon 
form of eraniosynostosis (40-55%). 

The interparietal bone (supranuchal squamous portion of the oeeip- 
ital bone) forms from two ossifieation eentres that appear in the eighth 
week. These are eonsidered to be homologous with the paired post- 
parietal bones of reptiles. The faet that they unite to form a single bone 
in mammals may be due to the interpolation of a small area of neural 
erest that migrates from the hindbrain after neural tube closure (Jiang 
et al 2002). Two fiirtherossifieation eentres develop laterally at 12weeks. 
There is, at first, a wide gap occupied by eartilage between the inter- 
parietal and parietal bones, which disappears as the membrane bones 
grow towards eaeh other, forming the lambdoid suture when they abut. 
The lambdoid suture contributes growth to the caudal border of the 
parietal bones and to the upper part of the oeeipital bone. Synostosis 
of this suture is relatively rare (fewer than 5% of eraniosynostosis eases) 
and has a less severe effeet on overall skull growth than eoronal and 
median fhsions. Between the interparietal bone and the foramen 
magnum, the ealvaria is eompleted by endoehondral ossifieation of the 
supraoccipital eomponent of the oeeipital bone. 

In addition to the sutures that are formed where two membrane 
bones abut, fontanelles are formed where three or four bones meet. 
In the median plane, these are the anterior fontanelle, at the junction 
of the metopie and sagittal sutures, and the posterior fontanelle, at 
the junction of the sagittal and lambdoid sutures. The anterolateral 





Fig. 36.21 Craniosynostosis. A-B, Line drawings of frontal and lateral views of sagittal synostosis. C-D, Three-dimensional computed tomography 
(3D-CT) seans. Premature fusion of the sagittal suture has restrieted growth in breadth of the skull but there is eompensatory growth in the fronto- 
oeeipital plane. E-F, Line drawings of frontal and lateral views of bieoronal synostosis. G-H, 3D-CT seans. Premature fusion of both eoronal sutures has 
restrieted growth in the fronto-oeeipital plane but there is eompensatory growth in breadth. The pairs of CT seans are not from the same patients as 
622 those indieated in the line drawings; the endotraeheal tube has been digitally removed from D. (CT seans courtesy of P Anslow.) 
















Skull 


fontanelle lies between the frontal, parietal, greater wing of the sphe- 
noid and squamous temporal bones; its site after closure is ealled the 
pterion. The posterolateral fontanelle lies between the parietal, petrous 
temporal, exoccipital and basioeeipital bones; after closure, its site is 
ealled the asterion. The size of the fontanelles at birth, and the timing 
of their closure, are highly variable. Delayed growth of the skull bones 
causes ossifieation defeets, including cranium bifidum and parietal 
foramina, for which several genetie defeets have been identified. Cleido- 
eranial dysplasia is a defeet of ossifieation affeeting the intramembra- 
nous part of the elaviele as well as the ealvaria; it is caused by 
haploinsufficiency of the bone master gene RUNX2. 

MEMBRANE BONES OF THE FACE 
AND VISCEROCRANIUM 


The faee and viscerocranium are formed from neural erest-derived 
membrane bones. The faeial skeleton includes, from forehead to ehin: 
the frontal bones, the orbital bones (frontal, laerimal and zygomatie), 
the nasal bones and the vomer, the maxilla and the mandible. The 
maxilla and mandible form from first areh mesenehyme, as do the 
medial pterygoid plates of the sphenoid bone, the palatine and 
the tympanie bones. 

During migration, the trigeminal neural erest eells divide into a 
frontonasal population that migrates superior to the eye and eomes to 
surround the teleneephalon and part of the dieneephalon, a mandibu- 
lar population that migrates into the first pharyngeal areh, and a max- 
illary population that forms the maxillary swelling (see Fig. 36.2). The 
frontal, laerimal, nasal bones, the vomer and the premaxillary (ineisor 
tooth-bearing) part of the maxilla are derived from the frontonasal 
mesenehyme; the maxilla and zygoma are derived from the maxillary 
mesenehyme; and the mandible and tympanie bone are derived from 
the mandibular mesenehyme. The mandible is the first membrane 
bone to begin ossifieation; its single ossifieation eentre appears in the 
seventh week. The maxilla and premaxilla have primary ossifieation 
eentres by 7weeks, and three fhrther ossifieation eentres (orbitonasal, 
nasopalatine and zygomatie) form in the maxillary mesenehyme at 
8weeks; these eomponents fuse to form a single bone, in eontrast 
to some mammals, in which the ineisor-bearing premaxillary part 
remains separate. In the neonatal skull, the suture between the primary 
(premaxilla-derived) and seeondary parts of the palate is still patent. 
By 8 weeks, ossifieation eentres for most of the faeial and viseeroeranial 
bones are present, except for the tympanie ring, for which four ossifi- 
eation eentres appear at 12weeks. They fuse to form the siekle-shaped 
bone that supports the tympanie membrane (see Fig. 36.6). There is as 
much anteroposterior as vertieal growth in the first 5 years of life. After 
the age of 5 years, there is more vertieal growth. During the first 5 years 
of life, there is a steady inerease in maxillary volume; maxillary growth 
rate aeeelerates during the time that the permanent dentition is devel- 
oping and empting (Langford et al 2003). 

The mandible is a developmentally complex bone. Although the 
body of the bone is formed by intramembranous ossifieation, the eoro- 
noid region and eondyle are formed by endoehondral ossifieation in 
eartilage that develops after formation of the membrane bone. These 
seeondary ossifieation eentres form at 10-14weeks. Distal eartilage 
forms two ffirther seeondary ossifieation eentres, the mental ossieles, at 
7 months. This complex system enables the mandible to grow at both 
proximal and distal ends, analogous to a long bone. 

Growth of the faee occurs in the sutures between the membrane 
bones in a similar manner to that of the ealvarial sutures but, during 


the fetal period, the amount of growth is proportionately less than that 
of the ealvaria, refleeting the dominant influence of brain growth in the 
latter. 


ANTENATAL ULTRAS0UND IMAGING 0F THE HEAD 
AND NECK 


The fetal head appears oval on transthalamie and transventricular 
planes, symmetrieal and broader posteriorly (see Fig. 14.4). Biparietal 
diameter and head circumference are routinely measured. The size of 
the eisterna magna ean be estimated to note hypoplasia of the posterior 
fossa of the skull. inereased thiekness of the nuchal tissues at the baek 
of the neek, measured from the outer edge of the oeeipital bone to the 
outer skin edge, is part of sereening for Down's syndrome (Nafziger and 
Vilensky 2014). Nuchal translucency is inereased in a number of triso- 
mies and in fetuses with eongenital heart defeets (Chen 2010). The 
causes of this are complex and include an inerease in hyaluronic aeid 
in the extracellular matrix in the nuchal skin folds, aberrant jugular 
lymphatie flow and disturbed venous-lymphatic differentiation leading 
to loeal oedema (de Mooij et al 2010). 

Prenatal diagnosis of asymmetrieal eraniodystosis and of eranio- 
faeial syndrome has been reported. Faeial elefting ean be identified, 
although demonstration of isolated eleft palate is difficult ( "wining 
2007). Abnormalities of the fetal neek are uncommon. 


P0STNATAL GR0VVTH 0F THE SKULL 


Postnatal growth of the skull is eharaeterized by ehanging proportions 
of its eomponents. Growth of the brain continues to be extremely 
rapid in the first 2years. The metopie suture fuses during the first year, 
by which time the rapid phase of inerease in breadth of the forehead 
is eomplete; ffirther growth and remodelling of the frontal bones is 
mediated by appositional growth. The sagittal suture continues as an 
aetive growth eentre until puberty, when growth of the brain is eom- 
plete. In addition to continuing growth of the frontal and parietal 
bones, the squamous temporal bone inereases in size so that it eon- 
tributes a greater proportion of the ealvaria in the adult than in the 
neonate (Fig. 36.22). The inner ear and the petrous temporal bone 
around it grow very little after birth, so the inereasing breadth of the 
skull draws the petrous temporal bone out laterally, ereating the bony 
external acoustic meatus. The tympanie ring (with the tympanie mem- 
brane) lies at the surface of the meatus in the neonatal skull; it remains 
at the proximal end of the deepening eanal. llse of sternoeleidomas- 
toid to lift the head results in formation of the mastoid proeess of the 
temporal bone, which develops air-filled spaees (mastoid air eells) that 
are continuous with the middle ear eavity. The paranasal sinuses begin 
to form in late fetal life as diverticula from the nasal eavity that gradu- 
ally invade the maxilla, frontal, ethmoid and sphenoid bones. At birth, 
small ethmoidal and maxillary sinuses are present, but the frontal 
sinus is nothing more than an out-pouching from the nasal eavity, and 
there is no pneumatization of the sphenoid bone (p. 566). Thiekening 
of the skull bones is aeeompanied by inereasing size of the sinuses, 
and by a ehange in form of the sutures, from straight to wavy lines 
and, finally, to the complex interdigitations seen in the adult. After 
growth eeases, the skull sutures eontain inert eonneetive tissue and 
some eartilage; in old age, some of them are eompletely replaeed by 
bone (natural synostosis). 



Fig. 36.22 During postnatal growth of the skull, the viscerocranium inereases in size relative to the neurocranium. This diagram shows that, with the 
height of the eranial vault expressed as similar in newborn and adult skulls (lines a^b), the faeial skeleton inereases particularly rapidly during ehildhood 
and puberty. 
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CHAPTER 




SUBSECTION: Speeial senses 


Externa and m dd e ear 


By eonvention, the ear is subdivided into three parts: the external, 
middle and inner ear. It is largely, but not entirely, eontained within 
the temporal bone. The ears not only reeeive, modulate, conduct, 
amplify and diseriminately analyse the complex pressure waves that are 
sound, but also eontain the end organs of balanee. 


TEMPORAL BONE 


Eaeh temporal bone eonsists of four eomponents: the squamous, petro- 
mastoid and tympanie parts and the styloid proeess (Fig. 37.1). The 
squamous part has a shallow mandibular fossa assoeiated with the 
temporomandibular joint (Ch. 32). The petromastoid part is relatively 
large; its petrous portion houses the auditory apparatus and is formed 
of eompaet bone. In eontrast, the mastoid proeess is trabecular and 
variably pneumatized. The tympanie part has the form of a thin and 
ineomplete ring whose ends are fused with the squamous part. The 
styloid proeess gives attaehment to the styloid group of muscles. The 
temporal bone eontains two eanals. The external acoustic meatus (exter- 
nal auditory eanal), visible on the lateral surface, eonveys sound waves 
to the tympanie membrane and the internal acoustic meatus (internal 
auditory eanal), evident on the medial surface, through which the faeial 
and vestibulocochlear nerves pass. 

Squamous part 


The squamous part lies anterosuperiorly, and is thin and partly trans- 
lucent. Its external temporal surface is smooth, slightly convex, and 
forms part of the temporal fossa, to which temporalis muscle is attaehed. 
Above the external acoustic meatus, it is grooved vertieally by the 
middle temporal artery. The supramastoid erest curves backwards and 
upwards aeross its posterior part and gives attaehment to the temporal 
faseia. The junction between the squamous and mastoid parts is approx- 
imately 1.5 em below this erest, and traees of the squamomastoid 
suture may persist. The suprameatal triangle, a depression marking the 
position of the mastoid antmm (which is medial to the triangle at a 
depth of approximately 1.25 em), lies between the anterior end of the 
supramastoid erest and the posterosuperior quadrant of the external 
acoustic meatus. The triangle usually eontains a small suprameatal 
spine anteriorly. 

The internal eerebral surface of the squamous part is eoneave and 
eontains depressions that eorrespond to convolutions of the temporal 
lobe of the eerebral hemisphere. This surface is grooved by the middle 
meningeal vessels. Its lower border is fused to the anterior region of the 
petrous part but traees of a petrosquamosal suture often appear in adult 
bones. The superior border is thin and bevelled internally; it overlaps 
the inferior border of the parietal bone at the squamosal suture. Pos- 
teriorly, it forms an angle with the mastoid element. The anteroinferior 
border, thin above and thiek below, meets the greater wing of the sphen- 
oid bone; it is bevelled internally above, and bevelled externally below. 

The squamous part has a zygomatie proeess and a mandibular fossa. 

Zygomatie proeess 

The zygomatie proeess juts forwards from the lower region of the squa- 
mous part. Its triangular posterior aspeet has a broad base that is 
direeted laterally, presenting superior and inferior surfaces. The zygo- 
matie proeess then twists anteromedially, so that its surfaces beeome 
medial and lateral. 

The superior surface of the posterior part is eoneave. The inferior 
surface is bounded by anterior and posterior roots, eonverging into the 
anterior part of the proeess. The tubercle of the zygomatie root gives 
attaehment to the lateral temporomandibular ligament at the junction 
of the roots. The posterior root is prolonged forwards above the external 
acoustic meatus, its upper border continuing into the supramastoid 
erest. Very rarely, the squamous part is perforated above the posterior 


root by a squamosal foramen, which transmits the petrosquamous 
sinus. The anterior root juts almost horizontally from the squamous 
part. Its inferior surface, with an anteroposterior convexity, forms a 
short semi-eylindrieal articular tubercle and eomes into eontaet with 
the artiailar dise of the temporomandibular joint. The tubercle forms 
the anterior limit of the mandibular fossa. 

The anterior part of the zygomatie proeess is thin and flat, and the 
temporal faseia is attaehed to its superior border. The inferior border is 
short and arehed, and gives origin to some fibres of masseter. The lateral 
surface is convex. The medial surface is eoneave and provides further 
attaehment for part of masseter. The anterior end is deeply serrated and 
slopes obliquely posteroinferiorly to artiailate with the temporal 
proeess of the zygomatie bone, forming the zygomatie areh. Anterior to 
the artiailar tubercle, a small triangular area forms part of the roof of 
the infratemporal fossa; it is continuous behind with the anterior root 
and in front with the infratemporal erest of the greater wing of the 
sphenoid. 

Mandibular fossa 

The mandibular fossa is limited in front by the articular eminenee 
of the zygomatie proeess. It presents an anterior articular area, formed 
by the squamous part, and a posterior non-articular area, formed by 
the tympanie element. The articular surface is smooth, oval and eoneave, 
and eontaets the articular dise of the temporomandibular joint. IJnlike 
most other synovial joints, it is lined by fibrous tissue rather than 
hyaline eartilage, refleeting its intramembranous development. The 
non-articular area sometimes eontains part of the parotid gland. A 
small, eonieal postglenoid tubercle separates the articular surface later- 
ally from the tympanie plate. 

Posteriorly, the mandibular fossa is separated from the tympanie 
part by the squamotympanic fissure. Rarely, a postglenoid foramen 
exists anterior to the external acoustic meatus in the line of fiision of 
the squamous and tympanie parts. When present, it replaees the squa- 
mosal foramen noted above and transmits the petrosquamous sinus. 
Medially, a projeetion from the petrous part of the temporal bone 
(tegmen tympani) eomes to lie within the squamotympanic fissure, 
ffirther dividing it into petrotympanie and petrosquamous fissures. The 
petrotympanie fissure leads into the tympanie eavity and eontains an 
anterior malleolar ligament and the anterior tympanie braneh of the 
maxillary artery. The anterior opening of the anterior canaliculus for the 
ehorda tympani nerve lies at the medial end of the fissure. 

Petromastoid part 


The petromastoid part of the temporal bone, although morphologieally 
one element, is more eonveniently deseribed as two parts, namely: 
mastoid and petrous parts. 

Mastoid part 

The mastoid part is the posterior region of the temporal bone and has 
an outer surface roughened by the attaehments of the oeeipital belly of 
oeeipitofrontalis and auricularis posterior. A mastoid foramen, of vari- 
able size and position, and traversed by a vein from the sigmoid sinus 
and a small dural braneh of the oeeipital artery, frequently lies near its 
posterior border. The foramen may be in the oeeipital or oeeipitotem- 
poral suture; it may sometimes be parasutural or may be absent. 

The mastoid part projeets down as the eonieal mastoid proeess and 
is larger in adult males. Sternoeleidomastoid, splenius eapitis and lon- 
gissimus eapitis are all attaehed to its lateral surface, and the posterior 
belly of digastrie is attaehed to a deep mastoid noteh on its medial 
aspeet. The oeeipital artery mns in a shallow oeeipital groove that lies 
medial to the mastoid noteh. The internal surface of the mastoid 
proeess bears a deep, curved sigmoid sulcus for the sigmoid venous 
sinus; the sulcus is separated from the underlying innermost mastoid 
air eells by a thin lamina of bone. 
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Fig. 37.1 The left temporal bone. A, Lateral aspeet. B, Medial aspeet. C, Inferior aspeet. (With permission from Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, llrban & Fiseher. Copyright 2013.) 
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The superior border of the mastoid part is thiek and serrated for 
articulation with the mastoid angle of the parietal bone. The posterior 
border is also serrated and articulates with the inferior border of the 
oeeipital bone between its lateral angle and jugular proeess. The 
mastoid element is fused with the deseending proeess of the squa- 
mous part; below, it appears in the posterior wall of the tympanie 
eavity. 

Petrous part 

The petrous part is a mass of bone that is wedged between the sphenoid 
and oeeipital bones in the eranial base; it eontains the labyrinth. It is 
inelined superiorly and anteromedially and has a base, apex, three 
surfaces (anterior, posterior and inferior) and three borders (superior, 
posterior and anterior). 

The base would eorrespond to the part that lies on the base of the 
skull and is separated from the squamous part by a suture. However, 
this suture disappears soon after birth. The subsequent development of 
the mastoid proeesses means that the preeise boundaries of the base 
are no longer identifiable. 

The apex, blunt and irregular, is angled between the posterior border 
of the greater wing of the sphenoid and the basilar part of the oeeipital 
bone. It eontains the anterior opening of the earotid eanal and limits 
the foramen laeemm posterolaterally. 

The anterior surface contributes to the floor of the middle eranial 
fossa (Ch. 28) and is continuous with the eerebral surface of the squa- 
mous part (although the petrosquamosal suture often persists late in 
life). The whole surface is adapted to the inferior temporal gyms. 
Behind the apex is a trigeminal impression for the trigeminal ganglion. 
Bone anterolateral to this impression roofs the anterior part of the 
earotid eanal but is often defieient. A ridge separates the trigeminal 
impression from another hollow behind, which partly roofs the intern- 
al acoustic meatus and eoehlea. This, in turn, is limited behind by the 
arcuate eminenee, which is raised by the superior (anterior) semicircu- 
lar eanal but is not neeessarily direetly over it. Laterally, the anterior 
surface roofs the vestibule and, partly, the faeial eanal. Between the 
squamous part laterally and the arcuate eminenee and the hollows just 
deseribed medially, the anterior surface is formed by the tegmen 
tympani, a thin plate of bone that forms the roof of the mastoid 
antmm, and extends forwards above the tympanie eavity and the eanal 
for tensor tympani. The lateral margin of the tegmen tympani meets 
the squamous part at the petrosquamosal suture, turning down in front 
as the lateral wall of the eanal for tensor tympani and the osseous part 
of the pharyngotympanie tube; its lower edge is in the squamotympanic 
fissure. Anteriorly, the tegmen bears a narrow groove related to the 
greater petrosal nerve (which passes posterolaterally to enter the bone 
by a hiatus anterior to the arcuate eminenee). The groove passes for- 
wards to the foramen laeemm. A smaller and similar hiatus and groove 
may be found more laterally; they are related to the lesser petrosal nerve 
(which mns to the foramen ovale). The posterior slope of the arcuate 
eminenee overlies the posterior and lateral semieiroilar eanals. Lateral 
to the eminenee, the posterior part of the tegmen tympani roofs the 
mastoid antmm. 

The posterior surface contributes to the anterior part of the posterior 
eranial fossa and is continuous with the internal surface of the mastoid 
part. The opening of the internal acoustic meatus lies near its eentre. A 
small slit leading to the vestibular aqueduct lies behind the opening of 
the meatus, almost hidden by a thin plate of bone. This eontains the 
saccus and ductus endolymphaticus, together with a small artery and 
vein. The terminal half of the saccus endolymphatiois protmdes 
through the slit between the periosteum and dura mater. The subarcuate 
fossa lies above these openings. 

The irregular inferior surface is part of the exterior of the eranial base. 
Near the apex of the petrous part, a quadrilateral area is partly assoei- 
ated with the attaehment of levator veli palatini and the cartilaginous 
pharyngotympanie tube, and partly eonneeted to the basilar part of the 
oeeipital bone by dense fibroeartilage. Behind this region is the large, 
circular opening of the earotid eanal, and behind the opening of the 
eanal is the jugular fossa, which is of variable depth and size, and eon- 
tains the superior jugular bulb. The inferior ganglion of the glossopha- 
ryngeal nerve lies in a triangular depression anteromedial to the jugular 
fossa (below the internal acoustic meatus). At its apex is a small opening 
into the eoehlear canaliculus, occupied by the perilymphatie duct (a 
tube of dura mater) and a vein draining from the eoehlea to the internal 
jugular vein. A canaliculus for the tympanie nerve from the glossopha- 
ryngeal nerve lies on the ridge between the earotid eanal and the jugular 
fossa. The mastoid canaliculus for the auricular braneh of the vagus 
nerve is laterally positioned in the jugular fossa. Behind the jugular 
fossa, the rough quadrilateral jugular surface is eovered by eartilage that 
joins it to the jugular proeess of the oeeipital bone. 


The superior border, the longest, is grooved by the superior petrosal 
sinus. The attaehed margin of the tentorium eerebelli is fixed to the 
edges of the groove except at its medial end, where it is erossed by the 
roots of the trigeminal nerve. The posterior border, intermediate in 
length, bears a sulcus medially, which forms, together with the oeeipital 
bone, a gutter for the inferior petrosal sinus. Behind this, the jugular 
fossa contributes (together with the oeeipital bone) to the jugular 
foramen and is notehed by the glossopharyngeal nerve. Bone on either 
or both sides of the jugular noteh may meet the oeeipital bone and 
divide the jugular foramen into two or three parts. The anterior border 
is joined laterally to the squamous part of the temporal bone at the 
petrosquamosal suture; medially, it articulates with the greater wing of 
the sphenoid bone. 

Two eanals exist at the junction of the petrous and squamous parts, 
one above the other, separated by a thin osseous plate and both leading 
to the tympanie eavity; the upper eanal eontains tensor tympani, while 
the lower eanal is the pharyngotympanie tube. 

Tympanie part 


The tympanie part of the temporal bone is a oirved plate below the 
squamous part and anterior to the mastoid proeess. Internally, it fuses 
with the petrous part and appears between this and the squamous part, 
where it is inferolateral to the auditory orifiee. Behind, it fhses with the 
squamous part and mastoid proeess, and is the anterior limit of the 
tympanomastoid fissure. Its eoneave posterior surface forms the anter- 
ior wall, floor and part of the posterior wall of the external acoustic 
meatus. The tympanie membrane is attaehed to a narrow tympanie 
sulcus on its medial surface. The quadrilateral eoneave anterior surface 
is the posterior wall of the mandibular fossa and may eontaet the 
parotid gland. Its rough lateral border forms most of the margin of the 
osseous part of the external acoustic meatus and is continuous with its 
cartilaginous part. Laterally, the upper border is fhsed with the baek of 
the postglenoid tubercle; medially, it forms the posterior edge of the 
petrotympanie fissure. The inferior border is sharp and splits laterally 
to form, at its root, the sheath of the styloid proeess (vaginal proeess). 
Centrally, the tympanie part is thin and is often perforated. The stylo- 
mastoid foramen lies between the styloid and mastoid proeesses; it 
represents the external end of the faeial eanal, eontains part of the 
aponeurosis of the posterior belly of digastrie, and transmits the faeial 
nerve and stylomastoid artery. 

Styloid proeess 


The styloid proeess is slender and pointed, and projeets anteroinferiorly 
from the inferior aspeet of the temporal bone. Its length varies, ranging 
from a few millimetres to an average of 2.5 em. Often almost straight, 
it ean show a curvature, an anteromedial eoneavity being most eommon. 
Its proximal part (tympanohyal) is ensheathed by the tympanie plate, 
espeeially anterolaterally, while muscles and ligaments are attaehed to 
its distal part (stylohyal). In vivo, its relationships are important. The 
styloid proeess is eovered laterally by the parotid gland; the faeial nerve 
erosses its base; the external earotid artery erosses its tip, embedded in 
the parotid; and medially, the proeess is separated from the beginning 
of the internal jugular vein by the attaehment of stylopharyngeus. 

External aeoiistie meatus 


The temporal bone eontains the bony (osseous) part of the external 
acoustic meatus. 

Ossifieation 


The four temporal eomponents ossiíy independently (Fig. 37.2). The 
squamous part is ossified in a sheet of eondensed mesenehyme from a 
single eentre near the zygomatie roots, which appears in the seventh or 
eighth week in utero. The petromastoid part has several eentres that 
appear in the cartilaginous otie capsule during the fifth month; as many 
as 14 have been deseribed. These eentres vary in order of appearanee. 
Several are small and ineonstant, soon fhsing with others. The otie 
capsule is almost fhlly ossified by the end of the sixth month. The 
tympanie part is also ossified in mesenehyme from a eentre identifiable 
about the third month; at birth, it is an ineomplete tympanie ring, 
defieient above, its eoneavity grooved by a tympanie sulcus for the 
tympanie membrane. The malleolar sulcus for the anterior malleolar 
proeess, ehorda tympani and anterior tympanie artery inelines obliquely 
downwards and forwards aeross the medial aspeet of the anterior part 







External ear 



Fig. 37.2 The left temporal bone at birth. (With permission from Waschke 
J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 


of the ring. The styloid proeess develops from two eentres at the eranial 
end of eartilage in the seeond viseeral or hyoid areh; a proximal eentre 
for the tympanohyal appears before birth, and another, for the distal 
stylohyaf appears after birth. The tympanie ring unites with the squa- 
mous part shortly before birth, and the petromastoid fuses with it and 
the tympanohyal during the fìrst year. The stylohyal does not unite with 
the rest of the proeess until after puberty and may never do so. 

Onee ossifìed, the tympanie eavity mastoid antmm and the pos- 
terior end of the pharyngotympanie tube beeome surrounded by bone. 
The petrous part forms the roof, floor and medial wall of the eavity, 
while the squamous and tympanie parts, together with the tympanie 
membrane, form its lateral wall. At birth, the middle and inner ears are 
adult size, and the tympanie eavity, mastoid antmm, tympanie mem- 
brane and auditory ossieles are all almost adult size. The anterior 
proeess does not join the malleus until 6 months later. The internal 
acoustic meatus is approximately 6 mm in horizontal diameter, 4 mm 
in vertieal diameter and 7 mm in length at birth, and the adult diam- 
eters are 7.7 mm and 11 mm, respeetively. 

After birth and apart from general growth, the tympanie ring extends 
posterolaterally to beeome eylindrieal, growing into a fibrocartilaginous 
tympanie plate, which forms the adjaeent part of the external acoustic 
meatus at this stage. This growth is not equal but is rapid in the anterior 
and posterior regions, which meet and blend. Thus, for a time, an 
opening (foramen of Huschke) exists in the floor; it usually eloses at 
about the fifth year but is sometimes permanent. The external acoustic 
meatus is relatively as long in ehildren as it is in adults, but the eanal 
is fibrocartilaginous, whereas its medial two-thirds are osseous in 
adults. Surgical aeeess to the tympanie eavity is via the mastoid antmm, 
and in ehildren it is neeessary to remove only a thin seale of bone in 
the suprameatal triangle to reaeh the antmm. The tympanie plate 
ensheathes the styloid proeess by posterior extension, and extends 
medially over the petrous bone to the earotid eanal. 

Initially, the mandibular fossa is shallow, faeing more laterally, but 
it then deepens and ultimately faees downwards. Posteroinferiorly, the 
squamous part grows down behind the tympanie ring to form the 
lateral wall of the mastoid antmm. The mastoid part is at first flat, so 
that the stylomastoid foramen and mdimentary styloid proeess are 
immediately behind the tympanie ring. The mastoid part beeomes 
invaded by air eells, espeeially at puberty. The lateral mastoid region 
grows downwards and forwards to form the mastoid proeess, which 
means that the styloid proeess and stylomastoid foramen beeome in- 
ferior. Deseent of the foramen lengthens the faeial eanal. The mastoid 
proeess is not pereeptible until late in the seeond year; consequently, 
the faeial nerve is relatively superficial and susceptible to damage during 
surgical exploration during this period. The subarcuate fossa gradually 
fills and is almost obliterated. 

In the neonate, the petrous and squamous parts of the temporal 
bone are usually partially separated by the petrosquamous fissure, 
which opens direetly into the mastoid antmm of the middle ear. Rarely, 
the fissure eloses in infants during the first year but it sometimes 
remains unclosed up to the age of 19 years; it is a route for the spread 
of infeetion from the middle ear to the meninges. There is a bimodal 
growth pattern in the lateral surface dimensions of the temporal bone 
in ehildren; marked inereases in dimension occur from birth to the age 
of 4 years but little growth is seen between the ages of 4 and 20 years 
(Simms and Neely 1989). The neonatal internal acoustic meatus is 
about half the length of its adult counterpart. Its opening from the 



Fig. 37.3 The lateral 
surface of the left 
auricle. Key: 1, helix; 

2, crus of helix; 3, 
auricular tubercle; 4, 
antihelix; 5, crura of 
antihelix; 6, triangular 
fossa; 7, seaphoid 
fossa; 8, eoneha of 
auricle; 9, external 
acoustic meatus; 10, 
tragus; 11, antitragus; 

12, intertragie noteh; 

13, lobule of auricle. 
(With permission from 
Berkovitz BKB, 

Moxham BJ 2002 Head 
and Neek Anatomy. 
London: Martin Dunitz.) 


middle ear eavity is as large as it is in the adult but the pharyngeal 
opening in the nasal part of the pharynx is relatively smaller. The course 
of the pharyngotympanie tube is horizontal in the newborn, whereas 
in the adult it passes from the middle ear downwards, forwards and 
medially. 


EXTERNAL EAR 


The external ear eonsists of the auricle, or pinna, and the external 
acoustic meatus. The auricle projeets to a variable and individual degree 
from the side of the head. It eolleets sound waves and conducts them 
along the external acoustic meatus inwards towards the ear dmm, the 
tympanie membrane. The auricle thus aets as the first element of a series 
of stimulus modifiers in the auditory apparatus. 


AURICLE (PINNA) 

The lateral surface of the auricle is irregularly eoneave, faees slightly 
forwards, and displays numerous eminenees and depressions (Fig. 
37.3). It has a prominent curved rim, the helix. This usually bears a 
small tubercle posterosuperiorly, Darwin's tubercle, which is quite pro- 
nounced around the sixth month of intrauterine life. The antihelix is a 
curved prominenee, parallel and anterior to the posterior part of the 
helix; it divides above into two emra, which flank a depressed triangular 
fossa. The curved depression between the helix and antihelix is the 
seaphoid fossa. The antihelix eneireles the deep, capacious eoneha of 
the auricle, which is ineompletely divided by the ems or anterior end 
of the helix. The eonehal area above this, the eymba eonehae, overlies 
the suprameatal triangle of the temporal bone, which ean be felt 
through it, and which overlies the mastoid antmm. The tragus is a small 
curved flap below the ems of the helix and in front of the eoneha; it 
projeets posteriorly, partly overlapping the meatal orifiee. The antitragus 
is a small tubercle opposite the tragus and is separated from it by the 
intertragie incisure or noteh. Below it is the lobule, eomposed of fibrous 
and adipose tissues. It is soft, unlike the majority of the auricle, which 
is supported by elastie eartilage and is firm. The eranial surface of the 
auricle presents elevations that eorrespond to the depressions on its 
lateral surface and after which they are named (e.g. eminentia eonehae, 
eminentia fossae triangularis). 

At birth, most of the linear dimensions of the auricle are approxi- 
mately three-quarters of their adult size; the length and height of the 
tragus are less than half of their adult size. Width dimensions mature 
between the ages of 5 and 11 years; length dimensions mature between 
12 and 16 years (Purkait 2013). 

Common eongenital anomalies 

Developmental anomalies of the branehial arehes may produce a 
grossly misshapen or mierotie auricle, sometimes with assoeiated 
anomalies of the middle ear and signifieant hearing loss. Deformity of 
the pinna may be the result of hereditary faetors, exposure to teratogens 
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or unusual intrauterine positioning. A number of eommon anomalies 
have been reeognized; they earry deseriptive names or eponyms (Porter 

and Tan 2005) (Table 37.1). 



The skin of the auricle eontimies into the external acoustic meatus to 
eover the outer surface of the tympanie membrane. It is thin, has no 
dermal papillae, and is elosely adherent to the cartilaginous and osseous 
parts of the eanal; inflammation of the eanal skin is very painfiil because 
of this attaehment to the underlying structures. The thiek subcutaneous 
tissue of the cartilaginous part of the meatus eontains numerous eem- 
minous glands that seerete wax, or eemmen. Their eoiled tubular stme- 
ture resembles that of sweat glands. The seeretory eells are columnar 
when aetive but cuboidal when quiescent; they are eovered externally 
by myoepithelial eells. Ducts open either on to the epithelial surface or 
into the nearby sebaceous gland of a hair folliele. Cemmen prevents 
the maeeration of meatal skin by trapped water. Antibaeterial properties 
have been attributed to eemmen but the evidenee for this is laeking 
(Campos et al 2000, Pata et al 2003). 

Two types of wax - wet and dry - are reeognized. They are genetieally 
determined. Dry wax is eommon in East Asians, while the wet type is 
more eommon in other ethnie groups (Yoshiura et al 2006). Overpro- 
duction, accumulation or impaetion of wax may eompletely occlude 
the meatus. This may hinder sound from reaehing the tympanie mem- 
brane and so restriet its natural vibration. Although cemminous glands 
and hair follieles are largely limited to the cartilaginous meatus, a few 
small glands and fine hairs are also present in the roof of the lateral 
part of the bony meatus. The warm, humid environment of the rela- 
tively enelosed meatal air aids the meehanieal responses of the tym- 
panie membrane. 

Cartilaginous framevvork 


is no eartilage in the lobule or between the tragus and the ems of the 
helix, where the gap is filled by dense fibrous tissue. Anteriorly, where 
the helix curves upwards, there is a small cartilaginous projeetion: the 
spine of the helix. Its other extremity is prolonged inferiorly as the tail 
of the helix and it is separated from the antihelix by the fissura anti- 
tragohelieina (antitragohelieine fissure). The eranial aspeet of the earti- 
lage bears the eminentia eonehae and eminentia seaphae, which 
eorrespond to the depressions on the lateral surface. The two eminenees 
are separated by a transverse furrow, the sulcus antihelieis transversus, 
which eorresponds to the inferior ems of the antihelix on the lateral 
surface. The eminentia eonehae is erossed by an oblique ridge, the 
ponticulus, for the attaehment of auricularis posterior. There are two 
fissures in the auricular eartilage, one behind the ems of the helix and 
another in the tragus. 

Ligaments 


Anterior and posterior extrinsic ligaments eonneet the auricle with the 
temporal bone. The anterior ligament extends from the tragus and the 
spine of the helix to the root of the zygomatie proeess of the temporal 
bone. The posterior ligament passes from the posterior surface of the 
eoneha to the lateral surface of the mastoid proeess. Two main intrinsie 
ligaments eonneet individual auricular eartilages: a strong fibrous band 
passes from the tragus to the helix, thereby eompleting the meatus 
anteriorly and forming part of the boundary of the eoneha; and another 
band passes between the antihelix and the tail of the helix. Less promi- 
nent bands exist on the eranial aspeet of the auricle. 

Auricular rrmseles 


Extrinsic auricular muscles eonneet the auricle to the skull and sealp, 
and move the auricle as a whole. intrinsie auricular muscles eonneet 
the different parts of the auricle. 



The auricle is a single thin plate of elastie fibroeartilage eovered by skin, 
its surface moulded by eminenees and depressions (Fig. 37.4). It is 
eonneeted to the surrounding parts by ligaments and muscles, and is 
continuous with the eartilage of the external acoustic meatus. There 
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Fig. 37.4 The auricular eartilages of the left ear. A, Lateral surface. 
B, Medial surface. 


Extrinsic muscles 

The extrinsic auricular muscles are the auriculares anterior, superior and 
posterior (Fig. 37.5B). The smallest of the three is auricularis anterior, 
a thin fan of pale fibres that arise from the lateral edge of the epieranial 
aponeurosis and eonverge to attaeh to the spine of the helix. The largest 
of the three, auricularis superior, is also thin and fan-shaped, and eon- 
verges from the epieranial aponeurosis via a thin, flat tendon to attaeh 
to the upper part of the eranial surface of the auricle. The auricularis 
posterior eonsists of two or three fleshy faseiaili that arise by short 
aponeurotic fibres from the mastoid part of the temporal bone and 
insert into the ponticulus on the eminentia eonehae. 

Vascular supply The arterial supply of the extrinsic auricular muscles 
is derived mainly from the posterior auricular artery. 

Innervatìon Auriculares anterior and superior are supplied by tem- 
poral branehes of the faeial nerve, and auricularis posterior is supplied 
by the posterior auricular braneh of the faeial nerve. 

Aetions In humans, these muscles have very little obvious effeet. 
Despite the paucity of auricular movement, auditory stimuli may evoke 
patterned responses from these small muscles and eleetromyography 
ean deteet the 'erossed acoustic response' that ean be used to determine 
auditory threshold levels and brainstem lateneies, which is elieited by 
this means in investigative elinieal neurotology. 

intrinsie muscles 

The intrinsie auricular muscles are helieis major and minor, tragicus, 
antitragiois, transversus auriculae and obliquus auriculae (Fig. 37. 5A). 
Helieis major is a narrow vertieal band on the anterior margin of the 
helix, passing from its spine to its anterior border, where the helix is 
about to curve baek. Helieis minor is an oblique fasciculus eovering the 
ems of the helix. Tragiois is a short, flattened, vertieal band on the 
lateral aspeet of the tragus. Antitragicus passes from the outer part of 
the antitragus to the tail of the helix and the antihelix. Transversus 
auriculae, loeated on the eranial aspeet of the auricle, eonsists of seat- 
tered fibres - partly tendinous, partly muscular, which extend between 
the eminentia eonehae and the eminentia seaphae. Obliquus auriculae, 
also loeated on the eranial aspeet of the auricle, eonsists of a few fibres 
that extend from the upper and posterior parts of the eminentia eonehae 
to the eminentia seaphae. 

Vaseillar Slipply The intrinsie auricular muscles are supplied by 
branehes of the posterior auricular and superficial temporal arteries. 
















































External and middle ear 


Table 37.1 Common anomalies of the aiiriele 


Anomaly 


Structural defeet 


Figure 


Anotia 


Cryptotia (Hidden ear, 
poeket ear) 


Mierotia 


Complete absenee of the external ear that is most likely caused by a developmental disturbance betvveen the 
seventh and eighth gestational vveeks 


The upper pole of the pinna is buried beneath the temporal skin 


Diminutive ear; this is usually an isolated eongenital anomaly but is sometimes assoeiated with reeognized 
syndromes, e.g. fetal aleohol syndrome, maternal diabetie syndrome, thalidomide or isotretinoin exposure 
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Table 37.1 Common anomalies of the auricle—eont’d 


Anomaly 


Structural defeet 


Figure 


Polyotia (Mirror ear) 


Stahl’s bar (‘Satiro’s ear’, 
‘lop ear’) 


Prominent ears (Bat ear) 


Caused by the persistenee of pre-auricular tissue that would normally be included in the pinna; the persistent 
tissue lies in front of the tragus in the posterior aspeet of the eheek 


Common eongenital deformity of the auricle in which the helix is flattened and the upper crus of the antihelix 
is duplicated. This produces a ridge of eartilage mnning from the antihelix to the rim of the helix, causing a 
pointing of the ear and a reversal of the normal eoneavity of the seaphoid fossa. The upper part of the pinna 
may flop over 


The antihelieal fold is either absent or inadequate 
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Table 37.1 Common anomalies of the aiiriele—eont’d 


Anomaly 


Structural defeet 


Figure 


Pre-auricular sinus 


The result of failure of fusion of the first and seeond branehial arehes. eiinieally, pre-auricular sinuses may 
beeome ehronieally infeeted and require surgical excision. This may be teehnieally demanding, given the elose 
proximity to the faeial nerve and auricular tubercles around the dorsal end of the first branehial eleft. The 
sinuses may be simple pits or complex branehing sinuses that oeeasionally extend deeply towards the external 
acoustic meatus so that they lie elose to the faeial nerve. There is debate as to whether the anomalies are 
epithelial inclusions between the hilloeks or remnants of the first branehial eleft 
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Fig. 37.5 Extrinsic and intrinsie auricular muscles of the left ear. 
Auricularis anterior is not illustrated. (With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 


Innervation The intrinsie auricular muscles on the lateral aspeet of 
the auricle are innervated by the temporal branehes of the faeial nerve, 
and those on the eranial aspeet of the auricle are innervated by the 
posterior auricular braneh of the faeial nerve. 

Aetions The intrinsie muscles modify auricular shape minimally if at 
alf in most human ears: helieis major ean draw the auricle forwards 
and upwards. Rare individuals ean modify the shape and position of 
their external ears. 

Vascular supply and lymphatie drainage 


Arteries The posterior auricular braneh of the external earotid artery 
is the dominant blood supply (Imanishi et al 1997). It supplies three 
or four branehes to the eranial surface of the auricle; twigs from these 
arteries reaeh the lateral surface - some through fìssures in the eartilage, 
others round the margin of the helix. The posterior auricular artery 
aseends between the parotid gland and the styloid proeess to the groove 
between the auricular eartilage and mastoid proeess. The superior aur- 
icular artery has a eonstant course and eonneets the superior temporal 
artery and the posterior auricular arterial network; this braneh ean 
provide a reliable vascular pediele for retro-auricular flaps (Mosehella 
et al 2003). The auricle is also supplied by anterior auricular branehes 
of the superfìcial temporal artery, which are distributed to its lateral 
surface, and by a braneh from the oeeipital artery. 

Veins Auricular veins eorrespond to the arteries of the auricle. Arterio- 
venous anastomoses are numerous in the skin of the auricle and are 
thought to be important in the regulation of eore temperature. 

Lymphatie drainage The posterior aspeet of the pinna drains to 
nodes at the mastoid tip. The tragus and upper part of the pinna drain 


into pre-auricular nodes, while the remainder of the pinna drains to 
upper deep eervieal lymph nodes. 

Innervation 


The sensory innervation of the auricle is complex and not fully deter- 
mined. This is perhaps because the external ear represents an area where 
skin originally derived from a branehial region meets skin originally 
derived from a postbranehial region. The sensory nerves involved are 
the great auricular nerve, which supplies most of the eranial surface and 
the posterior part of the lateral surface (helix, antihelix, lobule); the 
lesser oeeipital nerve, which supplies the upper part of the eranial 
surface; the auricular braneh of the vagus, which supplies the eoneavity 
of the eoneha and posterior part of the eminentia; the auriculotemporal 
nerve, which supplies the tragus, ems of the helix and the adjaeent part 
of the helix; and the faeial nerve, which, together with the auricular 
braneh of the vagus, probably supplies small areas on both aspeets of 
the auricle, in the depression of the eoneha and over its eminenee. The 
details of the cutaneous innervation derived from the faeial nerve 
require further elarifieation. It is possible that, as the auricular braneh 
of the vagus traverses the temporal bone and erosses the faeial eanal, 
approximately 4 mm above the stylomastoid foramen, it contributes an 
aseending braneh to the faeial nerve and that, in this way, fibres of the 
vagus are earried via the faeial nerve to the pinna. 


EXTERNAL AC0USTIC MEATUS 


The external acoustic meatus extends from the eoneha to the tympanie 
membrane; it is approximately 2.5 em from the floor of the eoneha and 
approximately 4 em from the tragus. It has two stmcturally different 
parts: its lateral third is cartilaginous and its medial two-thirds is 
osseous (Figs 37.6-37.8). It forms an S-shaped curve, direeted at first 
medially, anteriorly and slightly up (pars externa), then posteromedi- 
ally and up (pars media), and lastly anteromedially and slightly down 
(pars interna). It is oval in seetion; its greatest diameter is obliquely 
inelined posteroinferiorly at the external orifiee but is nearly horizontal 
at its medial end. There are two eonstrietions: one near the medial end 
of the cartilaginous part, and the other, the isthmus, in the osseous part 
about 2 em from the bottom of the eoneha. The tympanie membrane, 
which eloses its medial end, is obliquely set, which means that the floor 
and the anterior wall of the meatus are longer than its roof and pos- 
terior wall. 

The lateral, cartilaginous part is approximately 8 mm long. It is 
continuous with the auricular eartilage and attaehed by fibrous tissue 
to the circumference of the osseous part. The meatal eartilage is defieient 
posterosuperiorly, and the gap is occupied by a sheet of eollagen. Two 
or three deep fissures (of Santorini) exist in its anterior part. Tumours 
of the external acoustic meatus eseape the eonfines of the eanal through 
these fissures and spread into the adjaeent soft tissues; the extent of 
these fissures, which are subject to individual variation, must influence 
outcomes. 

The osseous part is approximately 16 mm long and is narrower than 
the cartilaginous part. In sagittal seetion, it is oval or elliptieal, and it 
is direeted anteromedially and slightly downwards, with a slight pos- 
terosuperior convexity. Its medial end is smaller than the lateral end 
and it terminates obliquely. The anterior wall projeets medially approxi- 
mately 4 mm beyond the posterior and is marked, except above, by a 
narrow tympanie sulcus or anulus, to which the perimeter of the tym- 
panie membrane is attaehed. Its lateral end is dilated and mostly rough 
for the attaehment of the meatal eartilage. The anterior, inferior, and 
most of the posterior parts of the osseous meatus are formed by the 
tympanie plate of the temporal bone, which in the fetus is only a tym- 
panie ring. The posterosuperior region is formed by the squamous part 
of the temporal bone. The outer wall of the meatus is bounded above 
by the posterior zygomatie root, below which there may be a suprameatal 
spine. 

Relations Of the meatlis The eondylar proeess of the mandible lies 
anterior to the meatus and is partially separated from the cartilaginous 
part by a small portion of the parotid gland. A blow on the ehin may 
cause the eondyle to break into the meatus. The middle eranial fossa 
lies above the osseous meatus and the mastoid air eells are posterior to 
it, separated from the meatus only by a thin layer of bone. Its deepest 
part is situated below the epitympanie reeess and is anteroinferior to 
the mastoid antmm; the lamina of bone that separates it from the 
antmm is only 1-2 mm thiek and provides the 'transmeatal approaeh' 
of aural surgery. 
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Fig. 37.6 The external, middle and inner regions of 
the left ear. A, Anterior aspeet. B, A more detailed 
view of the relationships of structures in the middle 
and inner ear. (B, With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


Vasculature and lymphatie drainage The arterial supply of the 

external acoustic meatus is derived from the posterior auricular artery, 
the deep auricular braneh of the maxillary artery and the auricular 
branehes of the superficial temporal artery. Assoeiated veins drain into 
the external jugular and maxillary veins and the pterygoid plexus. The 
lymphaties drain into those assoeiated with the pinna. 

Innervation The sensory innervation of the external acoustic meatus 
is derived from the auriculotemporal braneh of the mandibular nerve 
(see Fig. 32.23), which supplies the anterior and superior walls, and the 
auricular braneh of the vagus, which supplies the posterior and inferior 
walls. The faeial nerve may also contribute via its eomimmieation with 
the vagus nerve. 


EXTERNAL SURGICAL APPR0ACHES 
T0 THE MIDDLE EAR 


Surgical aeeess to the middle ear ean be aehieved by a number of 
methods. Provided the external acoustic meatus is wide enough, the 
tympanie membrane ean be elevated by ineising the skin of the bony 
meatus circumferentially, leaving a vascular pediele superiorly. The 
eanal skin is then elevated from the underlying bone until the fibrous 
anulus of the tympanie membrane is visualized. This ean then be ele- 
vated from the tympanie groove and the middle ear mucosa ean be 
ineised to allow the tympanie membrane to be refleeted forwards and 
upwards. This per-meatal approaeh is ealled a tympanotomy and is used 
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Fig. 37.7 The left auditory apparatus as if vievved through a semi-transparent temporal bone. Note the first genu in the faeial nerve at the site of the 
geniculate ganglion. 



Fig. 37.8 A bone-vvindovved, eoronal computed tomography (CT) sean of 
the external ear eanal and middle ear shovving the curvature of the floor 
and roof, and the obliquity of the tympanie membrane (arrovv) at the 
medial end of the external acoustic meatus. (Courtesy of Dr Steven 
Connor.) 


for stapedeetomy, ossiculoplasty myringoplasty and the removal of 
small middle-ear tumours. 

If the external acoustic meatus is too narrow to allow adequate visu- 
alization of the middle ear, or if aeeess is required to the mastoid aditus 
and antmm, it is neeessary to displaee the superficial soft tissues. There 
are two main external approaehes to the middle ear: the endaural 
approaeh and the postauricular approaeh. 

The endaural approaeh involves making an ineision in the noteh 
between the tragus and the helix. This is earried down to expose the 
lower margin of temporalis muscle and the bone of the external acous- 
tie meatus. The cartilaginous meatus is separated from the bony meatus 
and refleeted laterally as a eonehomeatal flap. The bony meatus ean 
then be widened by drilling away bone (eanalplasty). This gives more 
spaee to manipulate the delieate stmctures of the middle ear, as well as 
improving subsequent visualization of the tympanie membrane when 
the ineision has healed. 


The postauricular approaeh involves making an ineision approxi- 
mately 1 em behind the postauricular skin erease and deepening the 
ineision to the periosteum of the mastoid proeess, dividing the pos- 
terior auricular muscles on the way. Grafts ean be harvested from the 
temporalis faseia. The periosteum is ineised and elevated to expose the 
bony external acoustic meatus from behind. The skin over the junction 
of the bony and cartilaginous meatus is ineised to allow the eartilage 
of the auricle and meatus to be swung forwards on its blood supply 
and so expose the bony meatus and mastoid proeess. Aeeess ean then 
be gained by drilling and elevating a tympanomeatal skin flap, as 
deseribed for the endaural approaeh. 

Temporalis faseia is the most popular tissue used as a free graft for 
repair of the tympanie membrane because it is easily obtainable. In 
reeent years, tragal perichondrium has beeome a popular alternative; it 
has the additional advantage that the eartilage ean also be harvested 
and used to reinforee the repair. 

More extensive reseetions of the temporal bone are undertaken using 
extended pre- or postauricular ineisions into the temporal region and 
neek. The blood supply of the pinna is sufficient to maintain viability 
despite signifieant elevation and undermining. 


MIDDLE EAR 


The middle ear is an irregular, laterally eompressed spaee in the petrous 
part of the temporal bone. It is lined with mucous membrane and filled 
with air, which reaehes it from the nasopharynx via the pharyngotym- 
panie tube (see Figs 37.6-37.7; Fig. 37.9). The middle ear eontains 
three small bones - the malleus, incus and stapes, eolleetively ealled 
the auditory ossieles - which form an articulated ehain eonneeting the 
lateral and medial walls of the eavity, and which transmit the vibrations 
of the tympanie membrane aeross the eavity to the eoehlea. 

The essential fimetion of the middle ear is to transfer energy effi- 
eiently from relatively weak vibrations in the elastie, eompressible air 
in the external acoustic meatus to the ineompressible fluid around the 
delieate reeeptors in the eoehlea. Meehanieal coupling between the two 
systems must mateh their resistanee to deformation or 'flow', i.e. their 
impedanee, as elosely as possible. Aerial waves of low amplitude and 
low foree per unit area arrive at the tympanie membrane, which has 
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Fig. 37.9, eont’d C, D, E, Coronal CT seans showing details of the ossicular mass. C, Malleus and tensor tympani. D and E, lncus and incudostapedial 
joint. 
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Fig. 37.9 A, An axial CT sean at the level of the ossicular mass (vvhite 
arrovv) in the epitympanum, shovving the mastoid antrnm and its 
relationship to the lateral (horizontal) semicircular eanal (blaek arrovv). 

B, An axial CT sean at the level of the entranee of the pharyngotympanie 
tube, shovving its relationship to the internal earotid artery (blaek arrovv). 
(A, B, Courtesy of Dr Steven Connor.) Continued online 


15-20 times the area of the stapedial footplate that eontaets the peri- 
lymph in the inner ear; the foree per unit area generated by the footplate 
is inereased by a similar amount, while the amplitude of vibration is 
almost unchanged. 

Proteetive meehanisms ineorporated into the design of the middle 
ear include the presenee of the pharyngotympanie tube (to equalize 
pressure on both sides of the delieate tympanie membrane); the shape 
of the articulations between the ossieles; and the reflex eontraetions of 
stapedms and tensor tympani in response to sounds of fairly high 
intensity (preventing damage caused by sudden or excessive excursions 
of the ossieles). 

The spaee within the middle ear ean be subdivided into three parts. 
These are the mesotympanum or tympanie eavity proper, which is 
opposite the tympanie membrane; the epitympanum or attie, which is 
above the level of the membrane, and eontains the head of the malleus 
and the body and short proeess of the incus; and the hypotympanum, 
which is in the floor of the eavity between the jugular bulb and the 
lower margin of the tympanie membrane. The vertieal and anteropos- 
terior diameters of the mesotympanum and hypotympanum are eaeh 
approximately 15 mm; the transverse diameter is 6 mm superiorly and 
632 4 mm inferiorly narrowing to 2 mm opposite the umbo. The eavity is 


bounded laterally by the tympanie membrane and medially by the 
lateral wall of the internal ear, the promontory. It communicates pos- 
teriorly with the mastoid antmm and the mastoid air eells, and anter- 
iorly with the nasopharynx via the pharyngotympanie tube (see Figs 
37.6-37.7). 

The tympanie eavity and mastoid antmm, auditory ossieles and 
stmctures of the internal ear are all almost fhlly developed at birth and 
subsequently alter little; almost all of the volume ehanges are due to 
expansion of the epitympanie spaee (Osborn et al 2011). In the fetus, 
the eavity eontains a gelatinous tissue that has praetieally disappeared 
by birth, when it is filled by a fhiid that is absorbed when air enters via 
the pharyngotympanie tube. The tympanie eavity is a eommon site of 
infeetion in ehildhood. 


BOLJNDARIES 0F THE TYMPANIO OAVITY 


The tympanie eavity has a roof, a floor and lateraf mediaf posterior 
and anterior walls. 

Roof 


A thin plate of eompaet bone, the tegmen tympani, separates the eranial 
and tympanie eavities, and forms much of the anterior surface of the 
petrous temporal bone. It is prolonged posteriorly as the roof of the 
mastoid antmm and anteriorly it eovers the eanal for tensor tympani. 
In youth, the unossified petrosquamosal suture may allow the spread 
of infeetion from the tympanie eavity to the meninges. In adults, veins 
from the tympanie eavity traverse this suture to reaeh the superior pet- 
rosal or petrosquamous sinus and thus may also transmit infeetion to 
these stmctures through a proeess of thrombophlebitis. 

Longitudinal fractures of the middle eranial fossa almost always 
involve the tympanie roof, aeeompanied by disloeation of the ossicular 
ehain, mpture of the tympanie membrane, or a fractured roof of the 
osseous external acoustic meatus, which ean be seen as a noteh on 
otoseopy. Such injuries usually cause bleeding from the ear, with 
eseape of eerebrospinal fluid if the dura mater has been torn (CSF 
otorrhoea). 

Floor 


The floor of the tympanie eavity is a narrow, thin, convex plate of 
bone that separates the eavity from the superior bulb of the internal 
jugular vein. The bone may be patehily defieient, in which ease the 
tympanie eavity and the vein are separated only by mucous mem- 
brane and fibrous tissue. Alternatively the floor is sometimes thiek 
and may eontain some aeeessory mastoid air eells. A small aperture 
for the tympanie braneh of the glossopharyngeal nerve lies near the 
medial wall. 

Lateral wall 


The lateral wall eonsists mainly of the tympanie membrane but also 
eontains the ring of bone to which the membrane is attaehed (see Fig. 
37.15A). The lateral epitympanie bony wall is wedge-shaped in seetion 
and its sharp inferior portion is known as the outer attie wall or scutum. 
This part is easily eroded or blunted by eholesteatoma, a feature easily 
deteeted on computed tomography (CT) seans (see Fig. 37.8). There is 
a defieieney or noteh in the upper part of this ring, elose to which are 
the small openings of the anterior and posterior canaliculi for the 
ehorda tympani and the petrotympanie fissure. The posterior canalicu- 
lus for the ehorda tympani is situated in the angle between the posterior 
and lateral walls of the tympanie eavity just behind the tympanie mem- 
brane, at a variable position approximately level with the upper end of 
the handle of the malleus. This variable position or entranee into the 
tympanie eavity should be kept in mind when mobilizing the ehorda 
tympani in stapes surgery. It may not refleet inferiorly to the extent 
desired and ean be easily damaged in the proeess. Within the mastoid, 
the ehorda tympani passes into a minute eanal that deseends in front 
of the faeial eanal and ends in it about 6 mm above the stylomastoid 
foramen. This eanal and the ehorda tympani should not be mistaken 
for the main tmnk of the faeial nerve when skeletonizing the Fallopian 
eanal during surgery. The canaliculus transmits the ehorda tympani and 
a braneh of the stylomastoid artery to the tympanie eavity. The ehorda 
tympani leaves the tympanie eavity through the anterior canaliculus, 
which opens at the medial end of the petrotympanie fissure. 

The petrotympanie fissure is a mere slit approximately 2 mm in 
length, which opens just above and in front of the ring of bone to which 
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Fig. 37.10 An auroscopic view of the left tympanie membrane. Note that 
a bright eone of light is seen in the anteroinferior quadrant of the 
membrane when it is illuminated. (Courtesy of Mr Simon A Hiekey.) 


the tympanie membrane is attaehed. It eontains the anterior proeess 
and anterior ligament of the malleus, and transmits the anterior tym- 
panie braneh of the maxillary artery to the tympanie eavity. 

Tympanie membrane 


The tympanie membrane separates the tympanie eavity from the exter- 
nal acoustic meatus (Fig. 37.10; see Figs 37.6, 37.15). It is thin, semi- 
transparent and almost oval, though somewhat broader above than 
below. It lies obliquely, at an angle of approximately 55° with the 
meatal floor in adults. Its longest, anteroinferior diameter is 9-10 mm, 
and its shortest is 8-9 mm. Most of its circumference is a thiekened 
fibrocartilaginous ring or anulus, which is attaehed to the tympanie 
sulcus at the medial end of the meatus. The anulus eontains radially 
orientated smooth muscle eells in several loeations that possibly play 
a role in eontrolling blood flow or maintaining tension (Henson et al 
2005). The sulcus is defieient superiorly, i.e. it is notehed. Two bands, 
the anterior and posterior malleolar folds, pass from the ends of this 
noteh to the lateral proeess of the malleus. The small triangular part of 
the membrane, the pars flaeeida, lies above these folds and is lax and 
thin. The major part of the tympanie membrane, the pars tensa, is taut. 
The handle of the malleus is firmly attaehed to the internal surface of 
the tympanie membrane as far as its eentre, which projeets towards the 
tympanie eavity. The inner surface of the membrane is thus convex and 
the point of greatest convexity is termed the umbo. Although the mem- 
brane as a whole is convex on its inner surface, its radiating fibres are 
curved with their eoneavities direeted inwards. 

Microstructure 

Histologieally, the tympanie membrane is eomposed of an outer cuticu- 
lar layer, an intermediate fibrous layer and an inner mucous layer. 

The cuticular stratum is continuous with the thin skin of the meatus. 
It is keratinized, stratified squamous in type, devoid of dermal papillae 
and hairless. Its subepithelial tissue is vascularized and may develop a 
few peripheral papillae. Ultrastructurally, it is typieally 10 eells thiek and 
has two zones: a superficial layer of non-nucleated squames, and a deep 
zone that resembles the epidermal priekle eell layer (stratum spino- 
sum). There are numerous desmosomes between eells, the deepest of 
which lie on a continuous basal lamina, but laek epithelial pegs and 
hemidesmosomes. The eells of this stratum have a propensity for lateral 
migration and differentiation not shared with any other stratified squa- 
mous epithelia in the body. 

The fibrous stratum eonsists of an external layer of radiating fibres 
that diverge from the handle of the malleus, and a deep layer of circular 
fibres, which are plentifhl peripherally but sparse and seattered een- 


trally. Ultrastructurally, the filaments are 10 nm in diameter and are 
linked at 25 nm intervals. They have a distinetive amino aeid eompos- 
ition, and may eonsist of a protein peculiar to the tympanie membrane. 

Small groups of eollagen fibrils appear at 11 weeks in utero, interspersed 
with small bundles of elastin mierofibrils. Older speeimens eontain 
more typieally eross-banded eollagen fibrils and an amorphous elastin 
eomponent. The fibrous stratum is replaeed by loose eonneetive tissue 
in the pars flaeeida. 

The mucous stratum is a part of the mucosa of the tympanie eavity 
and is thiekest near the upper part of the membrane. It eonsists of a 
single layer of very flat eells, with overlapping interdigitating boundaries 
and desmosomes and tight junctions between adjaeent eells. The eyto- 
plasm eontains only a few organelles; the luminal surfaces of these 
apparently metabolieally inert eells have a few irregular mierovilli and 
are eovered by an amorphous eleetron-dense material. There are no 
eiliated columnar eells. 

Innervation 

The tympanie membrane is mainly innervated by the auriculotemporal 
nerve and appears to pereeive only pain. There is a minor, ineonstant 
and overlapping sensory supply from the faeial, glossopharyngeal and 
vagus nerves. 

The auricular braneh of the vagus arises from the superior vagal 
ganglion and is joined soon after by a ramus from the inferior ganglion 
of the glossopharyngeal nerve. It passes behind the internal jugular vein 
and enters the mastoid canaliculus on the lateral wall of the jugular 
fossa. It traverses the temporal bone and erosses the faeial eanal about 
4 mm above the stylomastoid foramen. At this point, it supplies an 
aseending braneh to the faeial nerve. Fibres of the nervus intermedius 
may pass to the auricular braneh of the vagus here, which may explain 
the cutaneous vesiculation that sometimes aeeompanies geniculate 
herpes. The auricular braneh then traverses the tympanomastoid fissure 
and divides into two rami. One ramus joins the posterior auricular 
nerve and the other is distributed to the skin of part of the eranial 
surface of the auricle, the posterior wall and floor of the external acous- 
tie meatus, and to the adjoining part of the outer surface of the tym- 
panie membrane. The auricular braneh therefore eontains somatie 
afferent nerve fibres, which probably terminate in the spinal trigeminal 
nucleus. Stimulation of the vagus nerve, e.g. in syringing the ear, ean 
cause a reflex bradyeardie reaetion on heart rate. From a praetieal point 
of view, the tympanie membrane ean be anaesthetized for minor pro- 
cedures like myringotomy by the applieation of topieal anaesthetie 
agents. For more eomplieated surgical procedures, e.g. tympanoplasty, 
it is possible to provide sufficient anaesthesia by loeal infiltration at the 
level of the bony and cartilaginous external acoustic meatus. 

Otitis media 

It is assumed that acute otitis media usually arises as a result of aseend- 
ing infeetion from the nasopharynx via the pharyngotympanie tube to 
the middle ear eleft. From there, it may extend to the mastoid aditus 
and antmm. Swelling seeondary to the infeetion may result in the 
closure of both exits from the middle ear, i.e. the pharyngotympanie 
tube and the aditus, with subsequent accumulation of pus under pres- 
sure, which causes lateral bulging and inflammation of the tympanie 
membrane. The latter may burst, releasing mucopumlent diseharge into 
the external acoustic meatus, which results in a release of the pressure 
in the middle ear and a diminution in the levels of pain. After a brief 
period, the diseharge dries up and, for the most part, the resultant 
perforation of the tympanie membrane heals. Normal ventilation and 
drainage of mucus from the middle ear are restored onee the swelling 
and fimetion of the pharyngotympanie tube resolve. On oeeasion, the 
proeess will fail to produce a perforation of the tympanie membrane 
and the inflammatory exudates will not drain. The immune defenee 
system sterilizes the exudates of organisms, resulting in a sterile mucoid 
effiision, otitis media with effhsion or glue ear (see below). The effiision 
may cause protraeted deafness because its relatively ineompressible 
nature prevents free vibration of the tympanie membrane (Bluestone 
and Klein 2002). 

Myringoplasty 

Persistent perforation of the tympanie membrane caused by infeetion 
or trauma leads to hearing impairment and predisposes to eontimiing 
infeetion as a result of eontamination with organisms from the external 
acoustic meatus. This eondition is known as ehronie suppurative otitis 
media of the tubotympanic type. Myringoplasty is a surgical procedure 
that uses a eonneetive tissue seaffold or graft to support healing of the 
perforation. The most eommon technique involves the elevation of the 
tympanie anulus and the plaeement of a pieee of fibrous eonneetive 
tissue, e.g. part of the fibrous deep faseia that invests the lateral surface 
of temporalis or the perichondrium of the tragal eartilage, on to the 633 
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Fig. 37.11 The medial wall 
of the left tympanie eavity, 
anterolateral aspeet. A, The 
lateral wall and adjaeent parts 
of the anterior and superior 
walls have been removed; the 
faeial eanal and earotid eanal 
have been opened. B, A seetion 
along the axis of the petrous 
part of the temporal bone. (With 
permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. 
Copyright 2013.) 
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undersurface of the tympanie membrane to elose the perforation. The 
healed edges of the perforation are stripped of epithelium to encourage 
healing and sear formation. The fibrous tissue supports the healing 
tympanie membrane and may, in part, be ineorporated into the repair. 
Onee the perforation is healed, the vibratory hmetion of the tympanie 
membrane is usually restored to normal. 

Medial wall 


The medial wall of the tympanie eavity is also the lateral boundary of 
the internal ear. Its features are the promontory, fenestra vestibuli 
(fenestra ovalis, oval window), fenestra eoehleae (fenestra rotunda, 
round window) and the faeial prominenee (Fig. 37.11). 

The promontory is a rounded prominenee furrowed by small grooves 
that lodge the nerves of the tympanie plexus. It lies over the lateral 
projeetion of the basal turn of the eoehlea. A minute spicule of bone 
frequently eonneets the promontory to the pyramidal eminenee of the 
posterior wall. The apex of the eoehlea lies near the medial wall of 
the tympanie eavity, anterior to the promontory. A depression behind 
the promontory is known as the sinus tympani. 

The fenestra vestibuli is a kidney-shaped opening situated above and 
behind the promontory, and leading from the tympanie eavity to the 
vestibule of the inner ear. Its long diameter is horizontal and its convex 
border is direeted upwards. It is occupied by the base of the stapes, the 
footplate; the circumference of the footplate is attaehed to the margin 
of the fenestra by an anular ligament. 

The fenestra eoehleae is situated below and a little behind the 
fenestra vestibuli, from which it is separated by a posterior extension 
of the promontory, ealled the subiculum. Oeeasionally, another ridge 


of bone, the ponticulus, leaves the promontory above the subiculum 
and mns to the pyramid on the posterior wall of the eavity. The fenestra 
eoehleae lies eompletely under the overhanging edge of the promontory 
in a deep hollow or niehe, and is plaeed very obliquely. In dried speei- 
mens, it opens anterosuperiorly from the tympanie eavity into the seala 
tympani of the eoehlea, but in life it is elosed by the seeondary tympanie 
membrane. This is somewhat eoneave towards the tympanie eavity and 
convex towards the eoehlea, and is bent so that its posterosuperior third 
forms an angle with its anteroinferior two-thirds. The membrane is 
eomposed of an external layer derived from the tympanie mucosa; an 
internal layer, derived from the eoehlear lining membrane; and an 
intermediate, fibrous layer. 

The prominenee of the faeial nerve eanal indieates the position of 
the upper part of the bony faeial eanal (Fallopian eanal), which eon- 
tains the faeial nerve. The eanal erosses the medial tympanie wall from 
the eoehleariform proeess anteriorly, mns just above the fenestra vesti- 
buli, and then curves down into the posterior wall of the eavity. Its 
lateral wall may be partly defieient. 

Posterior wall 


The posterior wall of the tympanie eavity is wider above than below. Its 
main features are the aditus to the mastoid antmm, the pyramid and 
the fossa inoidis (see Fig. 37.11). 

The aditus to the mastoid antmm is a large irregular aperture that 
leads baek from the epitympanie reeess into the upper part of the 
mastoid antmm. A rounded eminenee on the medial wall of the aditus, 
above and behind the prominenee of the faeial nerve eanal, eorresponds 
to the position of the lateral semicircular eanal. 



















































Middle ear 


The pyramidal eminenee is situated just behind the fenestra vestibuli 
and in front of the vertieal part of the faeial nerve eanal. It is hollow 
and eontains the stapedms muscle. Its summit projeets towards the 
fenestra vestibuli and is piereed by a small aperture that transits the 
tendon of stapedius. The eavity in the pyramidal eminenee is prolonged 
down and baek in front of the faeial nerve eanal; it eomimmieates with 
the eanal by an aperture through which a small braneh of the faeial 
nerve passes to stapedius. 

The fossa incudis is a small depression in the lower and posterior 
part of the epitympanie reeess. It eontains the short proeess of the incus, 
which is fixed to the fossa by ligamentous fibres. 

Mastoid antriim 

The mastoid antmm is an air sinus in the petrous part of the temporal 
bone. Its topographieal relations are of eonsiderable surgical impor- 
tanee. The aditus to the mastoid antmm, which leads baek from the 
epitympanie reeess, opens in the upper part of its anterior wall. The 
lateral semicircular eanal lies medial to the aditus. The deseending part 
of the faeial nerve eanal is anteroinferior. The medial wall is related to 
the posterior semicircular eanal. The sigmoid sinus lies some distanee 
posteriorly; the distanee ean be extremely variable and is dependent on 
the degree of pneumatization of the mastoid. The roof is formed by the 
tegmen tympani, and so the antmm lies below the middle eranial fossa 
and the temporal lobe of the brain. The floor has several openings that 
eomimmieate with the mastoid air eells. The lateral walf which offers 
the usual surgical approaeh to the eavity, is formed by the postmeatal 
proeess of the squamous part of the temporal bone. This is only 2 mm 
thiek at birth but inereases at an average rate of 1 mm a year, attaining 
a final thiekness of 12-15 mm. In adults, the lateral wall of the antmm 
eorresponds to the suprameatal triangle (Macewen's triangle) on the 
outer surface of the skull. This is palpable through the eymba eonehae. 
The superior side of the triangle, the supramastoid erest, is level with 
the floor of the middle eranial fossa; the anteroinferior side, which 
forms the posterosuperior margin of the external acoustic meatus, indi- 
eates approximately the position of the deseending part of the faeial 
nerve eanal; and the posterior side, formed by a posterior vertieal 
tangent to the posterior margin of the external acoustic meatus, is ante- 
rior to the sigmoid sinus. 

The adult eapaeity of the mastoid antmm is variable, but on average 
is 1 ml, with a general diameter of 10 mm. llnlike the other air sinuses 
in the skull, it is present at birth, and indeed is then almost adult in 
size, although it is at a higher level relative to the external acoustic 
meatus than it is in adults. In the very young, the thinness of the lateral 
antral wall and the absenee or underdevelopment of the mastoid 
proeess mean that the stylomastoid foramen and emerging faeial nerve 
are very superficially situated. 

Mastoid air eells 

Though the mastoid antmm is well developed at birth, the mastoid air 
eells are merely minute antral diverticula at this stage. As the mastoid 
develops in the seeond year, the air eells gradually extend into it and 
by the fourth year they are well formed, although their greatest growth 
occurs at puberty. They vary eonsiderably in number, form and size. 
Usually, they intereonneet and are lined by a mucosa with squamous 
non-eiliated epithelium, continuous with that in the mastoid antmm 
and tympanie eavity. They may fill the mastoid proeess, even to its tip, 
and some may be separated from the sigmoid sinus and posterior 
eranial fossa only by extremely thin bone, which is oeeasionally defi- 
eient (see Fig. 37.11). Some may lie superficial to, or even behind, the 
sigmoid sinus, and others may be present in the posterior wall of the 
deseending part of the faeial nerve eanal. Those in the squamous part 
of the temporal bone may be separated from deeper eells in the petrous 
part by a plate of bone in the line of the squamomastoid suture (Kòrn- 
er's septum). Sometimes, they extend only minimally into the mastoid 
proeess, in which ease the proeess eonsists largely of dense bone or 
trabeailar bone eontaining bone marrow. Varieties of the mastoid 
proeess are reeognized. The three types most eommonly deseribed are 
pneumatized (with many air eells); selerotie or diploie (with few or no 
air eells); and mixed (eontain both air eells and bone marrow). 

The mastoid proeess may sometimes have no air eells at all. Alter- 
natively, air eells may extend beyond the mastoid proeess into the 
squamous part of the temporal bone above the supramastoid erest; into 
the posterior root of the zygomatie proeess of the temporal bone; into 
the osseous roof of the external acoustic meatus just below the middle 
eranial fossa; or into the floor of the tympanie eavity very elose to the 
superior jugular bulb. Rarely, a few may excavate the jugular proeess of 
the oeeipital bone. An important group may extend medially into the 
petrous part of the temporal bone, even to its apex, and are related 
to the pharyngotympanie tube, earotid eanal, labyrinth and abducens 


nerve. Some investigators maintain that these are not continuous with 
the mastoid eells but grow independently from the tympanie eavity. All 
of these extensions of the mastoid air eells are pathologieally important 
sinee infeetion may spread to the structures around them. (For fiirther 
reading on the mastoid air eells and other pneumatized regions of the 
temporal bone, see Allam (1969).) 

Innervation The mastoid air eells are innervated by a meningeal 
braneh of the mandibular division of the trigeminal nerve. 

Mastoiditis 

Mastoiditis is a potentially dangerous, life-threatening eondition that 
develops as a result of the spread of baeterial infeetion from the tym- 
panie eavity via the aditus to the mastoid antmm and assoeiated 
mastoid air eells. Oeeasionally, the infeetion may spread through the 
tegmen tympani to the dura mater of the middle eranial fossae, to cause 
meningitis or a temporal lobe abseess. Similar spread may be seen into 
the posterior eranial fossa and cerebellum. 

infeetion may spread laterally through the eortieal bone of the lateral 
aspeet of the mastoid proeess to form a subperiosteal postauricular 
abseess (Bezold's abseess), or through the eortieal bone of the tip of the 
mastoid proeess to the attaehment of the posterior belly of digastrie and 
sternoeleidomastoid, which stimulates painfhl muscular eontraetion 
and tortieollis. 

Anterior wall 


The inferior, larger area of the anterior wall of the tympanie eavity is 
narrowed by the approximation of the medial and lateral walls of the 
eavity (see fig. 37.6). It is a thin lamina and forms the posterior wall 
of the earotid eanal. It is perforated by the superior and inferior earotieo- 
tympanie nerves and the tympanie braneh or branehes of the internal 
earotid. The eanals for tensor tympani and the osseous part of the 
pharyngotympanie tube open above it, the eanal for tensor tympani 
being superior to that for the pharyngotympanie tube. Both eanals 
ineline downwards and anteromedially, to open in the angle between 
the squamous and petrous parts of the temporal bone, and are sepa- 
rated by a thin, osseous septum. The eanal for tensor tympani and the 
bony septum mns posterolaterally on the medial tympanie wall, and 
ends immediately above the fenestra vestibuli. Here, the posterior end 
of the septum is curved laterally to form a pulley, the processus eoeh- 
leariformis (eoehleariform proeess), which is a surgical landmark for 
the identifieation of the geniculate ganglion of the faeial nerve. The 
tendon of tensor tympani turns laterally over the pulley before attaeh- 
ing to the upper part of the handle of the malleus. 

Pharyngotympanie tube bloekage in ehildren 

The pharyngotympanie tube serves to ventilate the middle ear, exchang- 
ing nasopharyngeal air with the air in the middle ear, which has been 
altered in its eomposition via transmucosal gas exchange with the 
haemoglobin in the blood vessels of the mucosa. The tube also earries 
mucus from the middle ear eleft to the nasopharynx as a result of eiliary 
transport. 

In ehildren, the pharyngotympanie tube is relatively narrow. It is 
prone to obstmetion when the mucosa swells in response to infeetion 
or allergie ehallenge; obstmetion results in a relative vacuum being 
ereated in the middle ear seeondary to transimieosal gas exchange, and 
this in turn promotes mucosal seeretion and the formation of a middle 
ear effiision. Because of the eollapsibility of the pharyngotympanie 
tube, the vacuum thus ereated ean overeome the distending effeet of the 
imiseles of the tube and 'loek' the tube shut. The resultant persistent 
middle ear effiision, otitis media with effiision (glue ear), ean cause 
hearing loss by splinting the tympanie membrane and impeding its 
vibration. It ean also provide an ideal environment for the proliferation 
of baeteria, with the result that an acute otitis media may develop (see 
above). It is possible to relieve the vaomm and unlock the tube, and 
then remove the effiision by myringotomy, i.e. by surgically ereating a 
hole in the tympanie membrane. This hole will generally heal rapidly 
and it is eommon praetiee to insert a flanged ventilation tube (a 
grommet or tympanostomy tube) to keep the hole open. Migration of 
the outer squamous layer of the tympanie membrane eventually dis- 
plaees the tube and the myringotomy heals. 

AUDIT0RY 0SSI0LES 


A ehain of three mobile ossieles - the malleus, incus and stapes - 
transfers sound waves aeross the tympanie eavity from the tympanie 635 
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membrane to the fenestra vestibuli. The malleus is attaehed to the 
tympanie membrane, and the base (footplate) of the stapes is attaehed 
to the rim of the fenestra vestibuli. The incus is suspended between 
them and articulates with both bones. 


Malleus 


The malleus is the largest of the ossieles and is shaped somewhat like 
a mallet (Fig. 37.12). It is 8-9 mm long and has a head, neek, handle 
(manubrium) and anterior and lateral proeesses. The head is the large 
upper end of the bone and is situated in the epitympanie reeess. It is 
ovoid in shape, articulates posteriorly with the incus, and is eovered 
elsewhere by mucosa. The cartilaginous articular faeet for the incus is 
narrowed near its middle and eonsists of a larger upper part and a 
smaller lower part, orientated almost at right angles to eaeh other. 
Opposite the eonstrietion, the lower margin of the faeet projeets in the 
form of a proeess, the spur of the malleus. The neek is the narrowed 
part below the head, and inferior to this is an enlargement from which 
the anterior and lateral proeesses projeet. 

The handle of the malleus is eonneeted by its lateral margin to the 
tympanie membrane (see 7 igs 37.6, 37.10, 37.15A). It is direeted down- 
wards, medially and backwards. It deereases in size towards its free end, 
which is curved slightly forwards and is flattened transversely. Near the 
upper end of its medial surface there is a slight projeetion to which the 
tendon of tensor tympani is attaehed. The anterior proeess is a delieate 
bony spicule, direeted forwards from the enlargement below the neek, 
and eonneeted to the petrotympanie fissure by ligamentous fibres. In 
fetal life, it is the longest proeess of the malleus and is continuous in 
front with MeekeTs eartilage. The lateral proeess is a eonieal projeetion 
from the root of the handle of the malleus. It is direeted laterally, and 
is attaehed to the upper part of the tympanie membrane and, via the 
anterior and posterior malleolar folds, to the sides of the noteh in the 
upper part of the tympanie sulcus. 

Ossifieation 

The cartilaginous precursor of the malleus originates as part of the 
dorsal end of MeekeTs eartilage. With the exception of its anterior 
proeess, the malleus ossifies from a single endoehondral eentre that 
appears near the future neek of the bone in the fourth month in utero. 
The anterior proeess ossifies separately in dense eonneetive tissue and 
joins the rest of the bone at about the sixth month in utero. 


Incus 


The incus is shaped less like an anvil, from which it is named, than a 
premolar tooth with its two diverging roots. It has a body and two 
proeesses (see Fig. 37.12). The body is somewhat cubical but laterally 
eompressed. On its anterior surface, it has a saddle-shaped faeet for 
articulation with the head of the malleus. The long proeess, rather more 
than half the length of the handle of the malleus, deseends almost verti- 
eally, behind and parallel to the handle. Its lower end bends medially 
and ends in a rounded lenticular proeess, the medial surface of which 
is eovered with eartilage and articulates with the head of the stapes. The 
short proeess, somewhat eonieal, projeets backwards and is attaehed by 
ligamentous fibres to the fossa incudis in the lower and posterior part 
of the epitympanie reeess. The presenee of a single nutrient vessel within 
the long proeess of the incus and the absenee of any eollateral circula- 
tion render this segment of the bone susceptible to aseptie neerosis 
following middle ear infeetions. 

Ossifieation 

The incus has a cartilaginous precursor continuous with the dorsal 
extremity of MeekeTs eartilage. Ossifieation often spreads from a single 
eentre in the upper part of its long proeess in the fourth fetal month; 
the lenticular proeess may have a separate eentre. 

Stapes 


The stapes is also known as the stirmp. It has a head, neek, two limbs 
(proeesses or emra) and a base (footplate) (see Fig. 37.12). The head 
(caput) is direeted laterally and has a small cartilaginous faeet for 
articulation with the lenticular proeess of the incus. The neek is the 
eonstrieted part supporting the head, and the tendon of stapedms is 
attaehed to its posterior surface. The proeesses diverge from the neek 
and are eonneeted at their ends by a flattened oval plate, the base, which 
forms the footplate of the stapes. The footplate is attaehed to the margin 
of the fenestra vestibuli by a ring of fibres (the anular ligament). The 
anterior proeess is shorter, thinner and less oirved than the posterior. 

Ossifieation 

The stapes is preformed in the perforated dorsal moiety of the hyoid 
areh eartilage of the fetus. Ossifieation starts from a single endoehon- 
dral eentre, which appears in the base in the fourth month in utero and 
then gradually spreads through the limbs of the stapes to reaeh the 
head. 

At birth, the auditory ossieles have aehieved their full adult size and 
configuration. They inerease in density during the first years of life as 
marrow eavities are replaeed with endosteal bone and fine trabeoilae 

(isaaeson 2014). 

Ossieiilar ligaments 


The ossieles are eonneeted to the tympanie walls by ligaments (see Fig. 
37.6B): three for the malleus and one eaeh for the incus and stapes. 
Some are mere mucosal folds that earry blood vessels and nerves to and 
from the ossieles and their articulations, and others eontain a eentral, 
strong band of eollagen fibres. 

The anterior ligament of the malleus stretehes from the neek of the 
malleus, just above the anterior proeess, to the anterior wall of the 
tympanie eavity near the petrotympanie fissure. Some of its eollagen 
fibres traverse this fissure to reaeh the spine of the sphenoid, and others 
continue into the sphenomandibular ligament. The latter, like the an- 
terior malleolar ligament, is derived from the periehondrial sheath of 
MeekeTs eartilage. The anterior malleolar ligament may eontain muscle 
fibres, ealled laxator tympani or musculus externus mallei. The lateral 
ligament of the malleus is a triangular band that stretehes from the 
posterior part of the border of the tympanie incisure to the head of 
the malleus. The superior ligament of the malleus eonneets the head of 
the malleus to the roof of the epitympanie reeess. 

The posterior ligament of the incus eonneets the end of its short 
proeess to the fossa inoidis. The superior ligament of the incus is little 
more than a imieosal fold passing from the body of the incus to the 
roof of the epitympanie reeess. 

The vestibular surface and rim of the stapedial base are eovered with 
hyaline eartilage. The eartilage eneireling the base is attaehed to the 
margin of the fenestra vestibuli by a ring of elastie fibres, the anular 
ligament of the base of the stapes. The posterior part of this ligament 
is much narrower than the anterior part; it aets as a kind of hinge on 
which the stapedial base moves when stapedius eontraets and during 
acoustic oseillation. 































Middle ear 


Ossicular articulations 


The ossieiilar articulations are typieal synovial joints. The incudomall- 
eolar joint is saddle-shaped and the incudostapedial joint is a ball and 
soeket articulation. The articular surfaces are eovered with articular 
eartilage, and eaeh joint is enveloped by a capsule rieh in elastie tissue 
and lined by synovial membrane. Versiean, fibroneetin, elastin and 
hyaluronan have been eo-loealized in the attaehments of tensor tympani 
and stapedius to the malleus and stapes, respeetively, and in the anular 
ligament of the incudostapedial joint in histologieal seetions of adult 
middle ears (Kawase et al 2012). Co-localization between elastie fibres 
and hyaluronan in middle ear entheses looks to be a postnatal matu- 
rational event, possibly an adaptation to acoustic oseillation producing 
multidirectional meehanieal stress (Takanashi et al 2013). 

Movements of the auditory ossieles 

The handle of the malleus faithfhlly follows all movements of the tym- 
panie membrane. The malleus and incus rotate together around an axis 
that mns from the short proeess and posterior ligament of the incus to 
the anterior ligament of the malleus. When the tympanie membrane 
and handle of the malleus move inwards (medially), the long proeess 
of the incus moves in the same direetion and pushes the stapedial 
footplate towards the labyrinth and the perilymph eontained within the 
labyrinth. The movement of the perilymph causes a eompensatory 
outward bulging of the seeondary tympanie membrane. These events 
are reversed when the tympanie membrane moves outwards. If the 
movement of the tympanie membrane is eonsiderable, however, the 
incus does not follow the full outward excursion of the malleus and 
merely glides on it at the incudomalleolar joint, so preventing a disloea- 
tion of the footplate of the stapes from the fenestra vestibuli. When the 
handle of the malleus is earried medially, the spur at the lower margin 
of the head of the malleus loeks the incudomalleolar joint, and this 
neeessitates an inward movement of the long proeess of the incus. The 
joint is unlocked again when the handle of the malleus is earried out- 
wards. The three bones together aet as a bent lever so that the stapedial 
footplate does not move in the fenestra vestibuli like a piston, but roeks 
on a fhlemm at its anteroinferior border, where the anular ligament is 
thiek. The roeking movement around a vertieal axis, which is like a 
swinging door, is said to happen only at moderate intensities of sound. 
With loud, low-pitched sounds, the axis beeomes horizontal, and the 
upper and lower margins of the stapedial footplate oseillate in opposite 
direetions around this eentral axis, thus preventing excessive displaee- 
ment of the perilymph. 

Otoselerosis, stapedeetomy and 
stapedotomy 

Otoselerosis is a loealized disease of the bone derived from the embry- 
onie otie capsule in which lamellar bone is replaeed by woven bone of 
greater thiekness and vascularity. It may develop spontaneously but is 
often seen in pedigrees; the inherited form is assoeiated with mutations 
of the RELN gene. The position of the focus of new bone formation 
determines its effeet on the fimetion of the ear. When new bone devel- 
ops around the footplate of the stapes, it may fix the footplate to the 
margin of the fenestra vestibuli and prevent it from moving. This 
impedes the passage of vibrations of the tympanie membrane passing 
through the ossicular ehain to the inner ear, producing a conductive 
hearing loss. Otoselerosis affeeting other parts of the otie capsule is 
thought to cause a sensorineural element to the overall hearing loss. 

Stapedeetomy is a surgical procedure designed to bypass the fixation 
of the stapes footplate caused by otoselerosis or eongenital fixation. The 
tympanie membrane is temporarily elevated for aeeess to the middle 
ear and, under mieroseopie eontrol, the incudostapedial joint is disar- 
ticulated. The limbs of the stapes and stapedius are then both divided 
and the superstructure of the stapes removed. A small hole (stapedot- 
omy) is then made in the fixed footplate of the stapes using a mierodrill, 
reamer or laser to expose the fluids of the inner ear. A small graft of 
eonneetive tissue is used to seal the hole with a flexible membrane. A 
piston, usually made of Teflon or titanium ineorporating a wire made 
of stainless steel, platinmn or titanium, is erimped on to the long 
proeess of the incus and plaeed in the perforation in the stapes foot- 
plate. The tympanie membrane is then returned. The eonneetion 
between the tympanie membrane and the inner ear is thus reconstituted 
and hearing restored. 

MUSCI.ES 


There are two intratympanie muscles: tensor tympani and stapedius 

(Anderson 1976). 


Tensor tympani 

Tensor tympani is a long, slender muscle that occupies the bony eanal 
above the osseous part of the pharyngotympanie tube, from which it is 
separated by a thin bony septum (see Fig. 37.6). It arises from the 
cartilaginous part of the pharyngotympanie tube and the adjoining 
region of the greater wing of the sphenoid, as well as from its own eanal. 

It passes baek within its eanal, and ends in a slim tendon which bends 
laterally round the pulley-like processus eoehleariformis and attaehes 
to the handle of the malleus, near its root (see fig. 37.14). 

Vaseillar Slipply Tensor tympani reeeives its arterial blood supply 
from the superior tympanie braneh of the middle meningeal artery. 

Innervation Tensor tympani is innervated by a braneh of the nerve to 
medial pterygoid (a ramus of the mandibular division of the trigeminal 
nerve), which traverses the otie ganglion without intermption to reaeh 
the muscle. 

Aetìons Tensor tympani draws the handle of the malleus medially, 
and so tenses the tympanie membrane and helps to damp sound vibra- 
tions; its aetion also pushes the base of the stapes more tightly into the 
fenestra vestibuli. 

Stapedius 

Stapedius arises from the wall of a eonieal eavity in the pyramidal emi- 
nenee on the posterior wall of the tympanie eavity, and from its eontimi- 
ation anterior to the deseending part of the faeial nerve eanal. Its minute 
tendon emerges from the orifiee at the apex of the pyramid and passes 
forwards to attaeh to the posterior surface of the neek of the stapes. The 
muscle is of an asymmetrie bipennate form. It eontains numerous small 
motor units, eaeh of only 6-9 muscle fibres; a few neuromuscular 
spindles exist near the myotendinous junction. 

Vaseillar SLipply Stapedius reeeives its arterial blood supply from 
branehes of the posterior auricular, anterior tympanie and middle 
meningeal arteries. 

Innervation Stapedius is supplied by a braneh of the faeial nerve that 
is given off in the faeial eanal. 

Aetions Stapedius helps to damp down excessive sound vibrations. It 
opposes the aetion of tensor tympani (which pushes the stapes more 
tightly into the fenestra vestibuli). Paralysis of stapedius results in 
hyperaoisis. 

Stapedial and tensor tympani reflexes when noises are loud, 

and immediately before speaking, a reflex eontraetion of stapedius and 
tensor tympani takes plaee that helps damp down the movement of the 
ossicular ehain before vibrations reaeh the internal ear. The afferent 
pathways involve the auditory eomponent of eranial nerve VIII, and 
higher eentres prior to speeeh. The efferent pathway involves the faeial 
nerve (stapedius) and the mandibular nerve (tensor tympani). 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

A number of arteries supply the walls and eontents of the tympanie 
eavity. The deep auricular, anterior tympanie and stylomastoid arteries 
are larger than the others. 

The deep auricular braneh of the first part of the maxillary artery 
often arises with the anterior tympanie artery. It aseends in the parotid 
gland behind the temporomandibular joint, pierees the cartilaginous 
or bony wall of the external acoustic meatus and supplies its oitiailar 
lining, the exterior of the tympanie membrane and the temporoman- 
dibular joint. 

The anterior tympanie braneh of the first part of the maxillary artery 
aseends behind the temporomandibular joint and enters the tympanie 
eavity through the petrotympanie fissure. It ramifies on the interior of 
the tympanie membrane, and forms a vasoilar eirele around it with the 
posterior tympanie braneh of the stylomastoid artery. It also anasto- 
moses with twigs of the artery of the pterygoid eanal and earotieotym- 
panie branehes of the internal earotid artery in the mucosa of the 
tympanie eavity. 

The stylomastoid braneh of the oeeipital or posterior auricular arter- 
ies supplies the posterior part of the tympanie eavity and mastoid air 
eells. It also enters the stylomastoid foramen to supply the faeial nerve 
and semicircular eanals. In the young, its posterior tympanie braneh 
forms a eiroilar anastomosis with the anterior tympanie artery. 637 
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The smaller arteries supplying the tympanie eavity include the pet- 
rosal braneh of the middle meningeal artery, which enters through the 
hiatus for the greater petrosal nerve; the superior tympanie braneh of 
the middle meningeal artery, which traverses the eanal for tensor 
tympani; an inferior tympanie braneh from the aseending pharyngeal 
artery which traverses the tympanie canaliculus together with the tym- 
panie braneh of the glossopharyngeal nerve, to supply the medial wall 
of the tympanie eavity; a braneh from the artery of the pterygoid eanaf 
which aeeompanies the pharyngotympanie tube; and a tympanie 
braneh or branehes from the internal earotid artery, which is given off 
in the earotid eanal and perforates the thin anterior wall of the tympanie 
eavity. 

The mastoid air eells and dura mater are also supplied by a mastoid 
braneh from the oeeipital artery. It is small in size and sometimes 
absent. When present, it enters the eranial eavity via the mastoid 
foramen near the oeeipitomastoid suture. 

In early fetal life, a stapedial artery traverses the stapes. 

The veins from the tympanie eavity terminate in the pterygoid 
venous plexus and the superior petrosal sinus. A small group of veins 
mns medially from the mucosa of the mastoid antmm through the areh 
formed by the superior (anterior) semicircular eanaf and emerges on 
to the posterior surface of the petrous temporal bone at the subarcuate 
fossa. These veins drain into the superior petrosal sinus and are the 
remains of the large subarcuate veins of ehildhood. They represent a 
potential route for the spread of infeetion from the mastoid antmm to 
the meninges. 

Lymphatie vessels of the tympanie and antral mucosae drain to the 
parotid or upper deep eervieal lymph nodes. Vessels draining the tym- 
panie end of the pharyngotympanie tube probably end in the deep 
eervieal nodes. 

INNERVATION 


The tympanie eavity eontains the tympanie plexus and the faeial nerve. 
Branehes from the plexus and the faeial nerve supply stmctures within 
the tympanie eavity but also leave the eavity to supply structures on the 
faee. 

Tympanie plexus 


The nerves that constitute the tympanie plexus ramiíy on the surface of 
the promontory on the medial wall of the tympanie eavity. They are 
derived from the tympanie braneh of the glossopharyngeal nerve and 
the earotieotympanie nerves (Fig. 37.13). The former arises from the 



Fig. 37.13 The intraeranial branehes of the faeial and glossopharyngeal 
nerves and the eonneetions of the tympanie plexus and the otie ganglion. 
The course of the taste fibres from the mucous membrane of the palate 
and from the anterior presulcal part of the tongue is represented by the 
blue lines. 


inferior ganglion of the glossopharyngeal nerve, and reaehes the tym- 
panie eavity via the tympanie canaliculus for the tympanie nerve. The 
superior and inferior earotieotympanie nerves are postganglionie sym- 
pathetie fìbres that are derived from the earotid sympathetie plexus and 
traverse the wall of the earotid eanal to join the plexus. 

The tympanie plexus supplies branehes to the mucosa of the tym- 
panie eavity pharyngotympanie tube and mastoid air eells. It sends a 
braneh to the greater petrosal nerve via an opening anterior to the 
fenestra vestibuli. The lesser petrosal nerve, which may be regarded as 
the continuation of the tympanie braneh of the glossopharyngeal nerve, 
traverses the tympanie plexus. It occupies a small eanal below that for 
the tensor tympani. It mns past, and reeeives a eonneeting braneh from, 
the geniculate ganglion of the faeial nerve. The lesser petrosal nerve 
emerges from the anterior surface of the temporal bone via a small 
opening lateral to the hiatus for the greater petrosal nerve and then 
traverses either the foramen ovale or the sphenopetrosal fissure or the 
innominate eanal (of Arnold) to join the otie ganglion. Postganglionie 
seeretomotor fibres leave this ganglion in the auriculotemporal nerve 
to supply the parotid gland. In former times, the operation of tympanie 
neurectomy was undertaken to reduce salivation in patients who 
drooled and to diminish faeial sweating in those with Frey's syndrome 
following parotideetomy; less invasive and more effeetive procedures 
are employed nowadays. 

Faeial nerve 


The faeial nerve eonsists of intraeranial (eisternal), intratemporal and 
extratemporal portions. The intratemporal portion is further divided 
into meataf labyrinthine, tympanie (horizontal) and mastoid (vertieal) 
segments (Fig. 37.14). The eisternal portion emerges from the ventro- 
lateral aspeet of the caudal border of the pons. The meatal portion 
enters the poms acusticus of the internal auditory meatus aeeompanied 
by the nervus intermedius, the vestibulocochlear nerve and the labyrin- 
thine vessels (see Fig. 37.7). In this part of its course, the nerve laeks a 
fibrous sheath or endoneurium and is surrounded by a thin layer of 
araehnoid. The motor root, which supplies the muscles of the faee, and 
the nervus intermedius, which eontains sensory fibres eoneerned with 
the pereeption of taste and parasympathetie (seeretomotor) fibres to 
various glands, are still separate eomponents; they usually merge within 
the meatus. The labyrinthine segment mns from the fundus of the 
internal acoustic meatus to the geniculate ganglion, where the nerve 
makes the first bend or genu (see figs 37.7, 37.13). The labyrinthine 
segment is the shortest and narrowest part of the faeial nerve; it laeks 
anastomosing arterial easeades, which renders it susceptible to vasailar 
eompression. The tympanie part initially curves around the oval window 
niehe, then lies just anterior and inferior to the lateral semicircular eanal 
and bends again at the seeond genu to beeome the vertieal or mastoid 
part. The mastoid part is the longest of the petrous segments and mns 
from the pyramidal proeess to the stylomastoid foramen. The tympanie 
and mastoid segments of the faeial nerve are supplied by the faeial areh, 
formed by the petrosal braneh of the middle meningeal artery and the 
stylomastoid braneh of the posterior auricular artery. The extratemporal 
course of the faeial nerve is deseribed on page 502. 

The branehes that arise from the faeial nerve within the temporal 
bone ean be divided into those that eome from the geniculate ganglion 
and those that arise within the faeial eanal. 

The main braneh from the geniculate ganglion is the greater (super- 
fieial) petrosal nerve, a braneh of the nervus intermedius. The greater 
petrosal nerve passes anteriorly, reeeives a braneh from the tympanie 
plexus and traverses a hiatus on the anterior surface of the petrous part 
of the temporal bone. It enters the middle eranial fossa, mns forwards 
in a groove on the bone above the lesser petrosal nerve, and then passes 
beneath the trigeminal ganglion to reaeh the foramen laeemm. Here it 
is joined by the deep petrosal nerve from the internal earotid sympa- 
thetie plexus, to beeome the nerve of the pterygoid eanal (Vidian 
nerve). The greater petrosal nerve eontains parasympathetie fibres des- 
tined for the pterygopalatine ganglion, and taste fibres from the palate. 
The genioilate ganglion also communicates with the lesser petrosal 
nerve. 

The nerve to stapedms arises from the faeial nerve in the faeial nerve 
eanal behind the pyramidal eminenee of the posterior wall of the tym- 
panie eavity and passes forwards through a small eanal to reaeh the 
muscle. 

The ehorda tympani (see Fig. 37.13; Fig. 37.15) leaves the faeial 
nerve some 6 mm above the stylomastoid foramen and mns antero- 
superiorly in a eanal to enter the tympanie eavity via the posterior 
canaliculus. It then curves anteriorly in the substance of the tympanie 
membrane between its mucous and fibrous layers (see Fig. 37.15A), and 
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Fig. 37.14 The anatomy of the infratemporal portion of the faeial nerve and assoeiated middle ear structures. The nerve is vulnerable to injury at several 
sites. Perigeniculate region: nerve eompression and isehaemia are most likely to occur in the narrovv meatal and labyrinthine segments, vvhieh are the 
vascular vvatershed areas of branehes of the external earotid artery and the posterior circulation; the first genu is tethered by the greater petrosal nerve, 
inereasing susceptibility to shearing injuries; and the geniculate ganglion is susceptible to injury during surgical disseetion in the supratubal reeess of the 
anterior epitympanum. Tympanie segment: the nerve is most frequently dehiseent above the oval vvindovv; the distal tympanie segment and the seeond 
genu are both susceptible to injury in eholesteatoma surgery as a result of pathologieal dehiseenee or distorted anatomy and failure to identify important 
surgical landmarks. Mastoid segment: the faeial nerve is positioned lateral to the tympanie anulus and just distal to the stylomastoid foramen in the lovver 
portion of its vertieal course and is therefore susceptible to injury during surgery involving the external acoustic meatus. (Redravvn from Franeis HW 2010 
Anatomy of the temporal bone, external ear, and middle ear. In: Flint PW, Haughey BH, Lund VJ, et al (eds) Cummings Otolaryngology: Head & Neek 
Surgery, 5th ed. Mosby. Ch 127, 1821-1830.) 


erosses medial to the iipper part of the handle of the malleiis to the 
anterior wall of the tympanie eavity, where it enters the anterior eana- 
liculus. It exits the skull at the petrotympanie fissure, and its fiirther 
course is deseribed on page 552. The ehorda tympani eontains para- 
sympathetie fibres that supply the submandibular and sublingual sali- 
vary glands via the submandibular ganglion and taste fibres from the 
anterior two-thirds of the tongue. 

Dehiseenees of the faeial nerve eanal 

The faeial nerve may be somewhat variable in its anatomieal course 
through the temporal bone (Proetor and Nager 1982). It may split into 
two or three strands, starting at the geniculate ganglion, and then 
make its way aeross the promontory to the stylomastoid foramen, or 
pass a few millimetres posteriorly to its seeond genu, before it turns 
inferiorly posterior to the fossa incudis, a position where it is particu- 
larly vulnerable during surgical exploration of the mastoid antmm. 
The more proximal the division into strands, the more bizarre is the 
subsequent course. More distal bifiireations pass either side of the 
fenestra vestibuli. It may be dehiseent, particularly in its seeond part, 
when it oeeasionally overhangs the stapes, or mn inferior to the stape- 
dial superstructure, a position that renders it vulnerable during surgery 
to the stapes (Barnes et al 2001). The motor fibres to the faee may be 
earried through the ehorda tympani, which is then enlarged. When 
this is the ease, the distal faeial nerve dwindles to a fibrous strand in a 
narrowed stylomastoid foramen. In ehronie bone disease in the tym- 
panie eavity, the faeial nerve may be exposed in its eanal. Inflammation 
may lead to faeial paralysis of the infranuclear or lower motor neurone 
type. 

Bell’s palsy 

BelTs palsy is the eponym given to an idiopathie lower motor neurone 
faeial palsy. It may be eomplete or partial, and is eharaeterized by a 


flaeeid paralysis of the ipsilateral muscles of faeial expression; deereased 
laerimation in the ipsilateral eye (which is eontrolled by neurones in 
the greater petrosal nerve); and hyperacusis or deereased toleranee of 
loud noises in the ipsilateral ear as a result of paralysis of stapedius. Its 
cause remains the subject of speculation. Magnetie resonanee imaging 
studies suggest that there are inflammatory ehanges in labyrinthine and 
perigenioilate segments of the faeial nerve. In the vast majority of eases, 
spontaneous ffill reeovery takes plaee after a few weeks. 


The mucosa of the tympanie eavity is pale, thin and slightly vascular. It 
is continuous with that of the pharynx, via the pharyngotympanie tube, 
and eovers the ossieles, muscles and nerves in the eavity to form the 
inner layer of the tympanie membrane and the outer layer of the see- 
ondary tympanie membrane. It also spreads into the mastoid antmm 
and air eells. The middle ear mucosa is a mucus-secreting respiratory 
mucosa bearing eilia on its surface. The preeise distribution of the 
mucociliary epithelium varies in normal middle ears, being more wide- 
spread in the young. Three distinet mucociliary pathways have been 
identified - epitympanie, promontorial and hypotympanie - the latter 
being the largest. Eaeh of these pathways eoalesees at the tympanie 
orifiee of the pharyngotympanie tube (Gleeson et al 1991). 

The mucosa forms several vasoilar folds that extend from the tym- 
panie walls to the ossieles: one deseends from the roof of the eavity to 
the head of the malleus and the upper margin of the body of the incus, 
and a seeond surrounds the stapedms. Other folds invest the ehorda 
tympani nerve and tensor tympani. The folds separate off saeoilar 
reeesses that give the interior of the tympanie eavity a somewhat 
honeyeombed appearanee; these mucosal folds have been deseribed in 
greater detail by Proetor (1964). Of note, the superior reeess of the 
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Fig. 37.15 The ehorda tympani nerve. A, An oblique vertieal seetion through the left temporal bone, to show the roof and lateral wall of the middle ear, 
the ehorda tympani and the mastoid antrnm. B, The ehorda tympani erossing the tympanie membrane, auroscopic view. (B, Courtesy of Mr Simon A 
Hiekey.) 


tympanie membrane, Pmssak's spaee, lies between the neek of the 
malleus and the pars flaeeida, bounded by the lateral malleolar fold. 
This spaee ean play an important role in the retention of keratin and 
subsequent development of eholesteatoma. 

Cholesteatoma 

Cholesteatoma is the name given to keratinizing squamous epithelium 
within the middle ear. There is debate as to how such epithelium eomes 
to be in the middle ear. Theories include development from embryo- 
logieal eell rests, metaplasia from inflamed mneoperiostenm, and aber- 
rant migration of squamous epithelium either through a perforation in 
the tympanie membrane (usually in the pars flaeeida or posterosuperior 
pars tensa) or within an area of tympanie membrane ateleetasis where 
the tympanie membrane beeomes adherent to the medial wall of the 
tympanie eavity. It is likely that all of these proeesses may be implieated 
at some time. A feature of eholesteatoma that remains poorly under- 
stood is its ability to erode bone, by aetivating osteoelasts, thus allowing 
the epithelium to proliferate and invade, destroying the temporal bone 


and earrying infeetion to the soft tissues. Cholesteatoma ean therefore 
cause deafness through damage to the ossieles and inner ear; problems 
with balanee through damage to the vestibule and semieirailar eanals; 
faeial palsy through isehaemia and neerosis of the faeial nerve; and 
intraeranial sepsis. Treatment involves microsurgical disseetion of the 
invading sae of epithelium with, wherever possible, preservation of the 
delieate structures just listed. 



Fig. 37.9 C, D, E, Coronal CT seans showing details of the 
ossicular mass. C, Malleus and tensor tympani. D, lncus. E, lncus 
and incudostapedial joint. 

Table 37.1 Common anomalies of the pinna. 
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CHAPTER 37 






(JHAPTER 



The inner ear eontains the organ of hearing and the organs of balanee. 
All are loeated within the labyrinth, a series of interlinked eavities in 
the petrous temporal bone eontaining intereonneeted membranous 
saes and ducts. All spaees within the labyrinth are filled with fluid. The 
different saes eontain sensory epithelia eonsisting of supporting eells 
and meehanosensory eells, the hair eells that underlie acoustico-lateralis 
sensory systems in all vertebrates. In humans, there are six such meeh- 
anosensory epithelia: the organ of Corti within the eoehlea (the hearing 
organ); the utricle and saeaile (statie balanee organs); and the eristae 
of the semieirailar eanals (dynamie balanee organs). Whilst sharing 
the same basie stmetme, hair eells and the aeeessory systems that sur- 
round them show speeifie adaptations to eaeh of the different sensory 
modalities. 

The disarticulated temporal bone is deseribed in detail in ehapter 
37. The internal acoustic meatus (internal auditory eanal) and bony 
and membranous labyrinths are deseribed here. 


0SSE01IS (BONY) LABYRINTH 


The bony labyrinth eonsists of the vestibule (sacculus and utriculus/ 
saeaile and utricle), semicircular eanals and eoehlea, which are all eavi- 
ties lined by periosteum and which eontain the membranous labyrinth 
(Fig. 38.1). The bone is denser and harder than that of the other parts 
of the petrous bone, and it is therefore possible, particularly in young 
skulls, to disseet the bony labyrinth out from the petrous temporal 
bone. 

The osseous and membranous labyrinths are filled with fluid (Fig. 
38.2). The gap between the internal wall of the osseous labyrinth and 
the external surface of the membranous labyrinth is filled with peril- 
ymph, a elear fluid with an ionie eomposition similar to that of other 
extracellular fluids, i.e. low in potassium ions and high in sodium and 
calcium. The membranous labyrinth eontains endolymph, a fluid with 
an ionie eomposition more like that of eytosol, i.e. high in potassmm 
ions and low in sodium and calcium. Moreover, the endolymphatie 
eompartment has an eleetrieal potential that is approximately 80 mV 
more positive than the perilymphatie eompartment (the endolym- 
phatie potential). These differenees in ionie eomposition and potential, 
maintained by homeostatie tissues in the walls of the labyrinth, are 
essential to maximize the sensitivity of the meehanosensory hair eells 
that eonvert the vibrations set up in the inner ear fluids by head or 
sound movements into eleetrieal signals that are transmitted via the 
vestibulocochlear nerve to the vestibular and eoehlear nuclei, respee- 
tively, in the brainstem. 


VESTIBIILE 


The vestibule is the eentral part of the bony labyrinth and lies medial 
to the tympanie eavity, posterior to the eoehlea and anterior to the 
semicircular eanals (see Fig. 38.1). It is somewhat ovoid in shape but 
flattened transversely, and (on average) measures 5 mm from front to 
baek and vertieally, and 3 mm aeross. In its lateral wall is the opening 
of the oval window (fenestra vestibuli), into which the base of the 
stapes inserts, and to which the base of the stapes is attaehed by an 
anular ligament. Anteriorly, on the medial wall, is a small spherieal 
reeess that eontains the saccule; it is perforated by several minute holes, 
the maaila eribrosa media, which transmit fine branehes of the vestibu- 
lar nerve to the saccule. Behind the reeess is an oblique vestibular erest, 
the anterior end of which forms the vestibular pyramid. This erest 
divides below to enelose a small depression, the eoehlear reeess, which 
is perforated by vestibulocochlear faseieles as they pass to the vestibular 
end of the eoehlear duct. Posterosuperior to the vestibular erest, in the 
roof and medial wall of the vestibule, is the elliptieal reeess (see Fig. 
38. 1B), which eontains the utricle. The pyramid and adjoining part of 
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Fig. 38.1 The left bony labyrinth. A, Lateral aspeet. B, Interior. C, The 
membranous labyrinth (blue) projeeted on to the bony labyrinth. 


































































SECTION 4 


INNER EAR 
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Fig. 38.2 A transverse seetion through the left posterior semicircular 
eanal and duct. 

the elliptieal reeess are perforated by a number of holes, the macula 
eribrosa superior; those in the former transmit nerves to the utricle and 
those in the latter transmit nerves to the ampullae of the anterior and 
lateral semieirailar eanals (see Fig. 38. 1B). The region of the pyramid 
and elliptieal reeess eorresponds to the superior vestibular area in the 
internal acoustic meatus (see Fig. 38.3). The vestibular aqueduct opens 
below the elliptieal reeess. It reaehes the posterior surface of the petrous 
bone and eontains one or more small veins and part of the membra- 
nous labyrinth, the endolymphatie duct (see Fig. 38.1C). In the poste- 
rior part of the vestibule are the five openings of the semicircular eanals; 
in its anterior wall is an elliptieal opening that leads into the seala 
vestibuli of the eoehlea. 

SEMICIRCULAR CANALS 


The three semieirailar eanals - anterior (superior), posterior and lateral 
(horizontal) - are loeated posterosuperior to the vestibule (see Fig. 
38.1). They are eompressed from side to side and eaeh forms approxi- 
mately two-thirds of a eirele. They are unequal in length but similar in 
diameter along their lengths, except where they bear a terminal swell- 
ing, an ampulla, which is almost twice the diameter of the eanal. 

The anterior semieiroilar eanal is 15-20 mm long. It is vertieal in 
orientation and lies transverse to the long axis of the petrous temporal 
bone under the anterior surface of its arcuate eminenee. The eminenee 
may not aeoirately eoineide with this semicircular eanal but may 
instead be adapted to the oeeipitotemporal sulcus on the inferior 
surface of the temporal lobe of the brain. The ampulla at the anterior 
end of the eanal opens into the upper and lateral part of the vestibule. 
Its other end unites with the upper end of the posterior eanal to form 
the ems eomimme (eommon limb), which is 4 mm long, and opens 
into the medial part of the vestibule. 

The posterior semieiroilar eanal is also vertieal but curves backwards 
almost parallel with the posterior surface of the petrous bone. It is 
18-22 mm long and its ampulla opens low in the vestibule, below the 
eoehlear reeess where the macula eribrosa inferior transmits nerves to 
it. Its upper end joins the ems commune. 

The lateral eanal is 12-15 mm long and its areh mns horizontally 
backwards and laterally. Its anterior ampulla opens into the upper and 
lateral angle of the vestibule, above the oval window and just below the 
ampulla of the anterior eanal; its posterior end opens below the opening 
of the ems eomimme. 

The two lateral semicircular eanals of the two ears are often deseribed 
as being in the same plane and the anterior eanal of one side as being 
almost parallel with the opposite posterior eanal. However, measure- 
642 ments of the angular relations of the planes of the semieiroilar osseous 


eanals in 10 human skulls led Blanks et al (1975) to suggest that 
the planes of the three ipsilateral eanals are not eompletely perpen- 
dioilar to eaeh other. The angles were measured as: lateral/anterior 
111.76 ± 7.55°, anterior/posterior 86.16 ± 4.72°, posterior/lateral 
95.75 ± 4.66°. The planes of similarly orientated eanals ofthe two sides 
also showed some departure from being parallel: left anterior/right 
posterior 24.50 ± 7.19°, left posterior/right anterior 23.73 ± 6.71°, left 
lateral/right lateral 19.82 ± 14.93°. The same observers (Curthoys et al 
1977) also measured the dimensions of the eanals. The mean radii of 
the osseous eanals were found to be as follows: lateral 3.25 mm, ante- 
rior 3.74 mm, posterior 3.79 mm. The diameters of the osseous eanals 
are 1 mm (minor axis) and 1.4 mm (major axis). The membranous 
ducts within them are much smaller, but are also elliptieal in transverse 
seetion, and have major and minor axes of 0.23 and 0.46 mm (see Fig. 
38.2). Representative means for ampullary dimensions are as follows: 
length 1.94 mm, height 1.55 mm. Phylogenetie studies suggest that the 
are sizes of the semieiroilar eanals in humans and other primates may 
be fimetionally linked to sensory eontrol of body movements. The 
angulation and dimensions of the eanals may be related to loeomotor 
behaviour and possibly to agility, or more speeifieally to the frequency 
speetra of natural head movements (see review by Spoor and Zonneveld 
(1998)). 

C0CHLEA 


The eoehlea (from the Greek eoehlos for snail) is the most anterior part 
ofthe labyrinth, lying in front of the vestibule (see Figs38.1 and38.9A). 
It is 5 mm from base to apex, and 9 mm aeross its base. Its apex, or 
cupula, points towards the anterosuperior area of the medial wall of 
the tympanie eavity (see Fig. 38. 9A). Its base faees the bottom of the 
internal acoustic meatus and is perforated by numerous apertures for 
the eoehlear nerve. The eoehlea has a eonieal eentral bony eore, the 
modiolus, and a spiral eanal mns around it. A delieate osseous spiral 
lamina (or ledge) projeets from the modiolus, partially dividing the 
eanal (see Fig. 38.9B). Within this bony spiral lies the membranous 
eoehlear duct, attaehed to the modiolus at one edge and to the outer 
eoehlear wall by its other edge. There are therefore three longitudinal 
ehannels within the eoehlea. The middle eanal (the eoehlear duct or 
seala media) is blind and ends at the apex of the eoehlea; its flanking 
ehannels communicate with eaeh other at the modiolar apex at a 
narrow slit, the helieotrema (see Fig. 38.1C). Two elastie membranes 
form the upper and lower bounds of the seala media. One is Reissner's 
membrane, the thin vestibular membrane that separates the seala media 
from the seala vestibuli. The other is the basilar membrane, which 
forms the partition between the seala media and the seala tympani. The 
organ of Corti, the sensory epithelium of hearing, sits on the inner 
surface of the basilar membrane. At the base of the seala vestibuli is the 
oval window (fenestra vestibuli), which leads on to the vestibular eavity 
but is sealed by the footplate of the stapes. The seala tympani is sepa- 
rated from the tympanie eavity by the seeondary tympanie membrane 
at the round window (fenestra eoehleae). The eentral eoehlear eore, the 
modiolus, has a broad base near the lateral end of the internal acoustic 
meatus, where it eorresponds to the spiral traet (tractus spiralis forami- 
nosus). There are several openings in this area for the faseieles of the 
eoehlear nerve: those for the first l/ 2 turns mn through the small holes 
of the spiral traet, and those for the apieal turn mn through the hole 
that forms the eentre of the traet. Canals from the spiral traet go through 
the modiolus and open in a spiral sequence into the base of the osseous 
spiral lamina. Here the small eanals enlarge and fhse to form RosenthaFs 
eanal, a spiral eanal in the modiolus that follows the course of the 
osseous spiral lamina and eontains the spiral ganglion (see Fig. 38. 9B). 
The main traet continues through the eentre of the modiolus to the 
eoehlear apex. 

The osseous eoehlear eanal spirals for about 2% turns around the 
modiolus and is 35 mm long. At its first turn, the eanal bulges towards 
the tympanie eavity, where it underlies the promontory. At the base of 
the eoehlea, the eanal is 3 mm in diameter but it beeomes progressively 
reduced in diameter as it spirals apieally to end at the cupula. In addi- 
tion to the round and oval windows, which are the two main openings 
at its base, the eanal has a third, smaller opening for the eoehlear aque- 
duct or canaliculus. The latter is a minute fimnel-shaped eanal that mns 
to the inferior surface of the petrous temporal bone; it transmits a small 
vein to the inferior petrosal sinus (see p. 437) and eonneets the sub- 
araehnoid spaee to the seala tympani. 

The osseous or primary spiral lamina is a ledge that projeets from 
the modiolus into the osseous eanal like the thread of a screw (see Fig. 
38.9B). It is attaehed to the inner edge of the basilar membrane and 
ends in a hook-shaped hamulus at the eoehlear apex, partly bounding 





















Membranous labyrinth 


the helieotrema (see Fig. 38.1C). From Rosenthal's eanal, many tiny 
eanals, the habenula perforata, radiate through the osseous lamina to 
its rim, where they eaeh earry a faseiele of the eoehlear nerve through 
the foramen nervosum to the organ of Corti. A seeondary spiral lamina 
projeets inwards from the outer eoehlear wall towards the osseous spiral 
lamina and is attaehed to the outer edge of the basilar membrane. It is 
most prominent in the lower part of the first turn; the gap between the 
two laminae inereases progressively towards the eoehlear apex, which 
means that the basilar membrane is wider at the apex of the eoehlea 
than at the base. 


MICROSTRUCTURE OF THE BONY LABYRINTH 

The wall of the bony labyrinth is lined by fibroblast-like perilymphatie 
eells and extracellular matrix fibres (see Fig. 38.2). The morphology of 
the eells varies in different parts of the labyrinth. Where the perilym- 
phatie spaee is narrow, as in the eoehlear aqueduct, the eells are reticular 
or stellate in form; they give off sheet-like eytoplasmie extensions that 
eross the extracellular spaee. Where the spaee is wider, as in the sealae 
vestibuli and tympani of the eoehlea and much of the vestibule, the 
perilymphatie eells on the periosteum and the external surface of the 
membranous labyrinth are extremely flat and resemble a squamous 
epithelium. Elsewhere, on parts of the perilymphatie surface of the 
basilar membrane, the eells are cuboidak 

Reeent evidenee suggests that mieropores or canaliculi (canaliculi 
perforantes) (0.2-23.0 jLtm diameter) are more widely distributed 
within the bony surfaces lining the perilymphatie spaee than was previ- 
ously suspected; they are numerous in the peripheral and modiolar 
portions of the osseous spiral lamina and the floor of the seala tympani, 
but sparse in the osseous wall of the seala vestibuli. The proposal that 
these canaliculi normally provide an extensive fluid eomimmieation 
ehannel between the seala tympani and the spiral eanal of the eoehlea 
could have implieations not only for novel dmg-based eoehlear thera- 
pies delivered via the seala tympani and the delivery of stem eells or 
appropriate eell lines into the deafened eoehlea, but also for the design 
of implanted perimodiolar eleetrode arrays (Shepherd and Colreavy 
2004). (For fhrther reading about the ehanges in the inner ear that are 
induced by implanted eoehlear eleetrodes, both acute and long-term, 
see Keifer et al (2006).) 
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Fig. 38.3 The fundus of the left internal acoustic meatus, exposed by a 
seetion through the petrous part of the left temporal bone nearly parallel 
to the line of its superior border. 


INTERNAL AC0USTIC MEATUS 


The internal acoustic meatus (internal acoustic/auditory eanal) is sepa- 
rated from the internal ear at its lateral fundus by a vertieal plate divided 
unequally by a transverse (faleiform) erest (Fig. 38.3). Five nerves - 
faeial, nervus intermedius, eoehlear, superior and inferior vestibular - 
pass through openings in the vertieal plate, above and below the 
transverse erest. The faeial and superior vestibular nerves enter eanals 
that are superior to the erest. The faeial nerve is anterior to the superior 
vestibular nerve, from which it is separated at the lateral end of the 
meatus by a vertieal ridge of bone (Bill's bar). The nervus intermedius 
lies between the faeial motor root and the superior vestibular nerve, to 
which it may be adherent. The superior vestibular area eontains open- 
ings for nerves to the utricle and anterior and lateral semicircular ducts. 
Below the erest, an anterior eoehlear area eontains a spiral of small 
holes, the tractus spiralis foraminosus, which eneireles the eentral eoeh- 
lear eanal. Behind this, the inferior vestibular area eontains openings 
for saeailar nerves, and most posteroinferiorly, a single hole (foramen 
singulare) admits the nerve to the posterior semicircular duct. It has 
been suggested that vascular loops in the internal acoustic meatus 
(from the anterior inferior eerebellar artery) might generate pulsatile 
tinnitus. 



MEMBRAN0US LABYRINTH 


The membranous labyrinth is separated from the periosteum by a spaee 
that eontains perilymph and a web-like network of fine blood vessels 
(see Figs 38.1C, 38.2). It ean be divided into two major regions: the 
vestibular apparatus and the eoehlear duct. 

VESTIBULAR APPARATUS 


Composition of inner ear fluids 


Perilymph resembles eerebrospinal fluid in ionie eomposition, partie- 
ularly in the seala tympani. Its eomposition differs a little between 
the two eoehlear sealae: eoneentrations of potassium, glucose, amino 
aeids and proteins are greater in the seala vestibuli. This has led to 
the suggestion that perilymph in the seala vestibuli is derived from 
plasma via the endothelial boundary of the eoehlear blood vessels, 
whereas the perilymph in the seala tympani eontains some eerebros- 
pinal fluid derived from the subarachnoid spaees via the eoehlear 
canaliculus. However, the laek of signifieant bulk flow suggests that 
perilymph homeostasis is predominantly loeally regulated. Perilymph 
eontains approximately 5 mM K + , 150 mM Na + , 120 mM CE and 
1.5 mM Ca 2+ . 

The membranous labyrinth is filled with endolymph, a fluid pro- 
duced by the marginal eells of the stria vasailaris and the dark eells of 
the vestibule (see review by Wangemann and Sehaeht (1996 ) (see Fig. 
38. 2B). Whatever their relative contributions, endolymph probably eir- 
culates in the labyrinth; it enters the endolymphatie sae, where it is 
transferred into the adjaeent vasoilar plexus via the speeialized epithe- 
lium of the sae. Pinoeytotie removal of fluid may also occur in other 
labyrinthine regions. 

Endolymph eontains greater K + (150 mM) and CE (130 mM) eon- 
eentrations and lower Na + (2 mM) and Ca 2+ (20 jLtM) eoneentrations 
than perilymph. The high potassium eoneentration is important for the 
fimetion of the meehanosensory hair eells and is maintained by the 
aetions of the lateral wall, which eontains two tissues, namely: the spiral 
ligament and the stria vasoilaris. Together, these tissues promote the 
reeiroilation of potassium from perilymph baek to endolymph by 
uptake via potassium ehannels and gap junctional communication. 
Gap junctions are formed from connexins; their importanee to this 
proeess is emphasized by the faet that mutations in connexins are sig- 
nifieant causes of hearing loss (Duman and Tekin 2013). The vestibular 
regions may not have an endolymphatie potential, as their lateral wall 
structure is simplified eompared to that of the eoehlea, although the 
differenee in potassium eoneentration between endolymph and peril- 
ymph remains important. 


The vestibular apparatus eonsists of three membranous semieiroilar 
eanals that communicate with the utricle, a membranous sae leading 
into a smaller ehamber, the saeoile, via the utriculosaccular duct. This 
Y-shaped duct has a side braneh to the endolymphatie duct, which 
passes to the endolymphatie sae, a small but fimetionally important 
expansion situated under the dura of the petrous temporal bone. From 
the saeoile, a narrow eanal, the ductus reuniens, leads to the base of 
the eoehlear duct. These various ducts and saes form a elosed system 
of intercommunicating ehannels. Endolymph is resorbed into the eere- 
brospinal fluid from the endolymphatie sae, which therefore provides 
the site for the drainage of endolymph for the entire membranous 
labyrinth. 

The terminal fibres of the vestibular nerve are eonneeted to the five 
speeialized sensory epithelia (two maoilae and three eristae) in the 
walls of the membranous labyrinth. Maculae are flat plaques of sensory 
hair eells surrounded by supporting eells, and are found in the utricle 
and saeoile. The eristae (erests) are ridges bearing sensory hair eells and 
supporting eells. They are found in the walls of the ampullae near the 
utricular openings of the three semicircular eanals, one for eaeh eanal. 


Lltriele 


The utricle is the larger of the two major vestibular saes. It is an irregular, 
oblong, dilated sae that oeoipies the posterosuperior region of the 
vestibule (see Fig. 38. 1C), and eontaets the elliptieal reeess (where it is 
a blind-ended pouch) and the area inferior to it. 643 
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The maeiila of the utricle (or utriculus) is a speeialized neurosensory 
epithelium lining the membranous walf and is the largest of the ves- 
tibular sensory areas (Fig. 38.4). It is triangular or heart-shaped in 
surface view and lies horizontally with its long axis orientated antero- 
posteriorly and its sharp angle pointing posteriorly (Fig. 38.5). It is flat 
except at the anterior edge, where it is gently folded in on itself, and it 
measures 2.8 mm long by 2.2 mm wide. The mature form of the macula 
is reaehed early in development, but in the adult a bulge is often present 
on the anterolateral border; there is sometimes an indentation at the 
anteromedial border. The epithelial surface is eovered by the otolithie 
membrane (statoeonial membrane), a gelatinous structure in which 
many small erystals, the otoeonia (otoliths, statoliths), are embedded. 
A curved ridge, the 'snowdrift line', mns along the length of the otolithie 
membrane. It eorresponds to a narrow ereseent of underlying sensory 
epithelium termed the striola, 0.13 mm wide. The density of sensory 
hair eells in this strip of epithelium is 20% less than in the rest of 
the macula. The striola is convex laterally and mns from the medial 
aspeet of the anterior margin in a posterior direetion towards, but not 
reaehing, the posterior pole. The part of the macula medial to the striola 
is ealled the pars interna and is slightly larger than the pars externa, 
which is lateral to it. The signifieanee of this area is that the sensory 
eells are fimetionally and anatomieally polarized with respeet to the 
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Fig. 38.4 A seetion of the utricular macula from a guinea pig, showing the 
relative positions of the hair eells and supporting eell nuclei. Semi-thin 
resin seetion, toluidine blue stain. (The inner ear is extremely vulnerable to 
hypoxia and situated in one of the hardest bones in the body, which 
means that well-fixed human tissue is rarely obtained for histology. 

Guinea pigs are one of the most frequently used animal models of human 
hearing and their inner ear ultrastructure is very similar.) (Courtesy of RM 
VValsh, DN Furness and CM Haekney, The lnstitute of Seienee and 
Teehnology in Medieine, Sehool of Life Seienees, Keele Llniversity.) 


midline of the striola (see Fig. 38.5). The macula in eaeh utricle is 
approximately horizontal when the head is in its normal position. 
Linear aeeeleration of the head in any horizontal plane will result in 
the otolithie membrane lagging behind the movement of the membra- 
nous labyrinth as a result of the inertia produced by its mass. The 
membrane thus maximally stimulates one group of hair eells by defleet- 
ing their bundles towards the striola whilst inhibiting others by defleet- 
ing their bundles away from it. Henee eaeh horizontal movement of 
the head will produce a speeifie pattern of firing in utricular afferent 
nerve fibres. 

Saccule 


The saccule (or sacculus) is a slightly elongated, globular sae lying in 
the spherieal reeess near the opening of the seala vestibuli of the eoehlea 
(see Fig. 38.1C). The saccular macula is an almost elliptieal structure, 
2.6 mm long and 1.2 mm at its widest point. Its long axis is orientated 
anteroposteriorly but, in eontrast to the utricular macula, the saccular 
macula lies in a vertieal plane on the wall of the saeaile. Its elliptieal 
shape is very slightly distorted by a small anterosuperior bulge. Like the 
utricular macula, it is eovered by an otolithie (statoeonial) membrane 
and possesses a striola similar to that of the utricle, 0.13 mm wide, 
which extends along its long axis as an S-shaped strip about which the 
sensory eells are fimetionally and anatomieally polarized (see Fig. 
38.5). The part of the maaila above the striola is termed the pars 
interna, and that below it, the pars externa. The operation of the saeaile 
is similar to that of the utricle. However, because of its vertieal orienta- 
tion, the saccule is partioilarly sensitive to linear aeeeleration of the 
head in the vertieal plane and is, therefore, a major gravitational sensor 
when the head is in an upright position. It is also partioilarly sensitive 
to movement along the anteroposterior axis. 

Semicircular eanals 


The lateral, anterior and posterior semieiroilar ducts follow the course 
of their osseous eanals. Throughout most of their length they are 
seoirely attaehed, by much of their circumference, to the osseous walls. 
They are approximately one-quarter of the diameter of their osseous 
eanals (see Fig. 38.2). The medial ends of the anterior and posterior 
eanals fhse to form a single eommon duct, the ems commune, before 
entering the utricle. The lateral end of eaeh eanal is dilated to form an 
ampulla, within the ampulla of the osseous eanal. The short segment 
of duct between the ampullae and utricle is the ems ampullaris. 
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Fig. 38.5 A, The morphologieal organization of the saeeiilar and utricular maculae and the relationship of their hair eells to the otolithie membrane. The 
utricular macula has been tilted in the plane of the page to emphasize that it lies horizontally, whereas the saccular macula lies vertieally when the head 
is in an upright position. Note the different shapes of the maculae, the position of the striola as indieated by a curved line in eaeh ease, and the different 
orientations of their stereoeiliary bundles. The arrows indieate the excitatory direetion of defleetion. B, A seanning eleetron mierograph of a fracture of a 
utricular macula (guinea pig) showing a type I hair eell (left) and a type II hair eell (right). C, The differing innervation patterns of the two types of hair eell. 
(B, Courtesy of DN Furness, The lnstitute of Seienee and Teehnology in Medieine, Sehool of Life Seienees, Keele Llniversity.) 
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Fig. 38.6 A seetion of an ampullary erest. 



Fig. 38.7 A seanning 
eleetron mierograph of 
a stereoeiliary bundle 
from the utricle (guinea 
pig). The stereoeilia are 
arranged in rows of 
inereasing height 
towards the tallest 
element, the kinocilium. 
Defleetion in the 
direetion of the 
kinocilium results in 
depolarization of the 
hair eell. The inset 
shows a tip link 
eonneeting a short 
stereocilium tip to the 
tall stereocilium side 
behind. (Courtesy of DN 
Furness, The lnstitute of 
Seienee and 
Teehnology in 
Medieine, Sehool of Life 
Seienees, Keele 
Llniversity.) 



The membranoiis wall of eaeh ampiilla eontains a transverse eleva- 
tion (septum transversum), on the eentral region of which is a saddle- 
shaped sensory ridge, the ampullary erest, eontaining hair eells and 
supporting eells. It is broadly eoneave on its free edge along most of its 
length and has a eoneave gutter (planum semilunatum) at either end 
between the ridge and the duct wall. Seetioned aeross the ridge, the 
erests of the lateral and anterior semieirailar eanals have smoothly 
rounded eorners; the posterior erest is more angular. A vertieal plate of 
gelatinous extracellular materiaf the cupula, is attaehed along the free 
edge of the erest (Fig. 38.6). It projeets far into the lumen of the 
ampulla so that it is readily defleeted by movements of endolymph 
derived from head rotations within the duct, by means of which stimuli 
are delivered to the sensory hair eells. The three semicircular eanals thus 
deteet angular aeeelerations during tilting or turning movements of the 
head in all three different planes of three-dimensional spaee. 

Microstructure of the vestibular system 


The maculae and erests deteet the orientation of the head with respeet 
to gravity and ehanges in head movement by means of the meehano- 
sensitive hair eells. These hair eells are in synaptie eontaet with afferent 
and efferent endings of the vestibular nerve on their basolateral aspeet. 
The entire epithelium lies on a bed of thiek, fibrous eonneetive tissue 
eontaining myelinated vestibular nerve fibres and blood vessels. The 
axons lose their myelin sheaths as they perforate the basal lamina of 
the sensory epithelium. There are two types of sensory hair eell in the 
vestibular system, type I and type II (see Figs 38.5, 38.8). 

Type I vestibular sensory eells measure 25 jiim in length, with a free 
surface of 6-7 jLtm in diameter. The basal part of the eell does not reaeh 
the basal lamina of the epithelmm. Eaeh eell is typieally bottle-shaped, 
with a narrow neek and a rather broad, rounded basal portion eontain- 
ing the nucleus (see Fig. 38.5). The apieal surface is eharaeterized by 
30-50 stereoeilia (large, regularly arranged, modified mierovilli about 
0.25 jiim aeross) and a single kinocilium (with the typieal '9 + 2' 
arrangement of microtubules eharaeteristie of tme eilia). The kinoeil- 
ium is eonsiderably longer than the stereoeilia, and may attain 40 jiim, 
whereas the stereoeilia are of graded lengths. They are eharaeteristieally 
arranged in regular rows behind the kinocilium in deseending order of 
height, the longest being next to the kinocilium (Fig. 38.7). The kino- 
cilium emerges basally from a typieal basal body, with a eentriole 
immediately beneath it. 


Close to the inner surface of their basal two-thirds, every eell eon- 
tains numerous synaptie ribbons with assoeiated synaptie vesieles. The 
postsynaptie surface of an afferent nerve ending eneloses the greater part 
of the sensory eell body in the form of a cup (ehaliee or calyx). Efferent 
nerve fibres make synapses with the external surface of the calyx, rather 
than direetly with the sensory eell. 

The kinocilium eonfers stmctural polarity on the bundle, which 
relates to fimetional polarity. The stereoeilia and kinocilium are all 
intereonneeted by fine extracellular filaments of various types, ealled 
eross links. One in partioilar, the tip link, eonneets the shorter stereo- 
eilia in eaeh row with adjaeent stereoeilia in the taller row next to it 
(see Fig. 38.7). The tip link is eommon to all types of hair eell and is 
thought to play a eentral role in transduction; mutations in the proteins 
that eomprise the tip link are signifieant in LTsher syndrome, which is 
eharaeterized by auditory and visual abnormalities. Defleetion of the 
bundle towards the kinocilium results in depolarization of the hair eell 
and inereases the rate of neurotransmitter release from its base. Deflee- 
tion away from the kinocilium hyperpolarizes the hair eell and reduces 
the release of neurotransmitter. How defleetions produce these responses 
will be eonsidered in more detail later. 

There is much greater variation in the sizes of type II sensory eells 
(see Fig. 38.5B,C; Fig. 38.8). Some are up to 45 jiim long and almost 
span the entire thiekness of the sensory epithelium, whereas others are 
shorter than type I eells. They are mostly eylindrieal, but otherwise 
resemble type I eells in their eontents and the presenee of an apieal 
kinocilium and stereoeilia. However, their kinoeilia and stereoeilia tend 
to be shorter and less variable in length. The most striking differenee 
between type I and II eells is their efferent nerve terminals: type II eells 
reeeive several efferent nerve boutons eontaining a mixture of small 
elear and dense-eore vesieles around their bases, and afferent endings 
are small expansions rather than ehaliees. 

Polarization allows the hair eells to have speeifie orientations that 
optimize their fimetion within eaeh sensory organ. In the maculae, they 
are arranged symmetrieally on either side of the striola. In the utricle, 
the kinoeilia are positioned on the side of the sensory eell nearest to 
the striola so that the excitatory direetion is towards the midline. In the 
saccule, the structural and fimetional polarity is the opposite, i.e. away 
from it. In the ampullary erests, the eells are orientated with their rows 
of stereoeilia at right angles to the long axis of the semicircular duct. In 
the lateral erest, the kinoeilia are on the side towards the utricle, whereas 
in the anterior and posterior erests they are away from it. These different 
arrangements are important fimetionally because any given aeeeleration 645 
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Fig. 38.8 Human vestibular hair eells (transmission 
eleetron mierographs). A, Type I eell (VR) bearing 
an apieal group of stereoeilia (ST) seen in a 
vertieal seetion through the macula. Note that the 
hair eell is bottle-shaped, and that much of it is 
enelosed in the ealyeeal ending (C) of an afferent 
nerve terminal. Other abbreviations: SC, 
supporting eells. B, Human type II vestibular hair 
eell. A bouton-type afferent nerve terminal is in 
eontaet with the basal part. (Courtesy of H Felix, 

M Gleeson and L-G Johnsson, ENT Department, 
Llniversity of Zurich and GKT Sehool of Medieine, 
London.) 


of the head maximally depolarizes one group of hair eells and maxi- 
mally inhibits a eomplementary set, thus providing a unique represen- 
tation of the magnitude and orientation of any movement (for hirther 
details, see Furness (2002)). 

The type I and II sensory eells are set within a matrix of supporting 
eells that reaeh from the base of the epithelium to its surface and form 
rosettes round the sensory eells, as seen in surface view. Although their 
form is irregular, they ean easily be reeognized by the position of their 
nuclei, which tend to lie below the level of sensory eell nuclei and just 
above the basal lamina (see Fig. 38.4). The apiees of the supporting 
eells are attaehed by tight junctions to neighbouring supporting eells 
and to the hair eells to produce the reticular lamina, a eomposite layer 
that forms a plate that is relatively impermeable to eations other than 
via the meehanosensitive transduction ehannels of the hair eells. 

The otolithie membrane is a layer of extracellular material divided 
into two strata. The external layer is eomposed of otoliths or otoeonia, 
which are barrel-shaped erystals of calcium earbonate with angular 
ends, up to 30 jitm long, and heterogeneous in distribution. They are 
attaehed to a more basal gelatinous layer into which the stereoeilia and 
kinoeilia of the sensory eells are inserted (see Fig. 38.5). The gelatinous 
material eonsists largely of glyeosaminoglyeans assoeiated with fibrous 
protein. 

Epley’s mariceuvre 

Benign paroxysmal positional vertigo is a eondition in which a sensa- 
tion of rotation with assoeiated nystagmus is induced by adopting a 
particular position (with the abnormal ear dependent). It is believed 
that calcium earbonate erystals from the otoliths beeome freed from the 
otolithie membrane and, in eertain positions, drop into the ampulla of 
the posterior semicircular eanal, possibly beeoming adherent to the 
cupula and rendering it gravity-sensitive. In eertain positions, the align- 
ment of the axis of the posterior semicircular eanal with gravity results 
in the displaeement of the cupula and the aetivation of the vestibulo- 
ocular reflex, leading to eompensatory nystagmoid eye movements in 
response to apparent head movements. 

Epley's eanalith repositioning procedure relies on the adoption of a 
series of body postures designed to allow the aberrant erystals (or eana- 
liths) to float out of the posterior semicircular eanal and to stiek to the 
wall of the vestibule. Cure rates in excess of 80% have been reeorded 
and the procedures have largely superseded surgical procedures designed 
to denervate the ampulla of the posterior semicircular eanal (singular 
neurectomy) or obliterate the eanal eompletely. 

Endolymphatie duct and sae 


The endolymphatie duct mns in the osseous vestibular aqueduct and 
beeomes dilated distally to form the endolymphatie sae. This is a stme- 
ture of variable size, which may extend through an aperture on the 
posterior surface of the petrous bone to end between the two layers of 
the dura on the posterior surface of the petrous temporal bone near the 
sigmoid sinus (see Fig. 38. 1C). The surface eells throughout the entire 
endolymphatie duct resemble those lining the non-speeialized parts of 
the membranous labyrinth and eonsist of squamous or low cuboidal 


epithelium. The epithelial lining and subepithelial eonneetive tissue 
beeome more complex where the duct dilates to form the endolym- 
phatie sae. An intermediate or mgose segment and a distal sae ean be 
distinguished. In the intermediate segment, the epithelium eonsists of 
light and dark eylindrieal eells. Light eells are regular in form and have 
numerous long surface mierovilli with endoeytie invaginations between 
them and large elear vesieles in their apieal region. In eontrast, dark 
eells are wedge-shaped and have a narrow base, few apieal mierovilli 
and dense, fibrillar eytoplasm. 

The endolymphatie sae has important roles in the maintenanee of 
vestibular fimetion. Endolymph produced elsewhere in the labyrinth is 
absorbed in this region, probably mainly by the light eells. Damage to 
the sae, or bloekage of its eonneetion to the rest of the labyrinth, causes 
endolymph to accumulate; this produces hydrops, which affeets both 
vestibular and eoehlear fimetion. The epithelium is also permeable to 
leukocytes, including maerophages, which ean remove cellular debris 
from the endolymph, and to various eells of the imimme system that 
contribute antibodies to this fluid. 


C0CHLEAR DUCT 



The eoehlear duct is a spiral tube that mns within the bony eoehlea (see 
Figs 38.1C, Fig. 38.9). The osseous spiral lamina projeets for part of the 
distanee between the modiolus and the outer wall of the eoehlea and 
is attaehed to the inner edge of the basilar membrane. Above it is a 
thiekened ridge of endosteum ealled the spiral limbus. The endosteum 
of the outer wall is thiekened to form a spiral eoehlear ligament that 
projeets inwards as a triangular basilar erest attaehed to the outer rim 
of the basilar membrane. Immediately above this is a eoneavity, the 
external spiral sulcus (sulcus spiralis externus), above which the thiek, 
highly vascular periosteum projeets as a spiral prominenee. Above the 
prominenee is a speeialized, thiek epithelial layer, the stria vasailaris. 
A seeond, thinner vestibular membrane, Reissner's membrane, extends 
from the spiral limbus to the outer wall of the eoehlea, where it is 
attaehed above the stria. Reissners membrane eonsists of two layers of 
squamous epithelial eells separated by a basal lamina. The side faeing 
the seala vestibuli bears flattened perilymphatie eells, with tight junc- 
tions between them, ereating a diffiision barrier. The endolymphatie 
side is lined by squamous epithelial eells with many mierovilli; these 
are also joined by tight junctions and are involved in ion transport. The 
eanal thus enelosed between the seala tympani and the seala vestibuli 
is the eoehlear duct (see Fig. 38.9B). It is triangular in eross-seetion 
throughout the length of the eoehlea. The elosed upper end, the lagena, 
is attaehed to the cupula. The lower end of the duct turns medially, 
narrowing into the ductus reuniens, and eonneets with the saccule (see 
Fig. 38. 1C). 

The organ of Corti, the sensory epithelium of the eoehlea, sits on 
the basilar membrane. The apiees of the sensory hair eells and the sup- 
porting eells it eontains are joined by tight junctions to form the reticu- 
lar lamina. The diffiision barriers that line the eoehlear duct ensure that 
the apiees of the sensory hair eells are bathed in endolymph, whereas 
their lateral and basal regions are bathed in perilymph. 
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Fig. 38.9 The eoehlea. A, A horizontal seetion through the left temporal bone showing the position of the eoehlea with respeet to the tympanie eavity. 
B, A seetion through the seeond turn of the eoehlea seen in A. The modiolus is to the left. C, The structure of the eoehlear organ of Corti and stria 
vascularis, showing the arrangement of the various types of eell and their overall innervation. The organization of the inner and outer hair eells and their 
synaptie eonneetions are also depieted. A and B are drawn from histologieal seetions. 


The stria vascularis lies on the outer wall of the eoehlear duct, above 
the spiral eminenee (see Tg. 38.9B and C). It has a speeial stratified 
epithelium eontaining a dense intraepithelial eapillary plexus and three 
eell types: superficial marginaf dark or ehromophil eells; intermediate 
light, or ehromophobe eells; and basal eells. The endolymphatie surface 
eonsists only of the apiees of marginal eells. The intermediate and basal 
eells lie deeper within the stria and send eytoplasmie proeesses towards 
the surface, between the deeper parts of the marginal eells. The long 


deseending eytoplasmie proeesses of the marginal dark eells and the 
aseending proeesses of the intermediate and basal eells envelop the 
intraepithelial eapillaries. The stria vasailaris is involved in ion trans- 
port and helps to produce the unusual ionie eomposition of endo- 
lymph. It is the source of the large positive endoeoehlear eleetrieal 
potentiaf maintenanee of which is direetly dependent on adequate 
oxygenation of the epithelial eells, provided by the intraepithelial eapil- 

lary plexus. 647 






















































































































































































































Inner ear 


The spiral ligament is lateral to the stria vaseiilaris. It is eomposed 
of thiek collagenous fibres interspersed with fibroeytie eells of several 
different types, and root eells that send large proeesses into the ligament 
from the region of the basilar erest. The fibroeytes and the root eells 
express connexins and have gap junctional systems (Jagger et al 2010) 
that allow transcellular transport of ions, although the two types of eell 
are not direetly coupled. It is thought that potassmm reeyeling from 
perilymph to endolymph is mediated partly through these gap junc- 
tional networks emanating from the Deiters' eells underlying the 
sensory hair eells. Late-onset hearing loss (DFN3) is thought to be the 
result of fibroeyte degeneration (Minowa et al 1999). 
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The osseoiis spiral lamina eonsists of two plates of bone between 
which are eanals for the eoehlear nerve fibres. On the upper plate, the 
periosteum is thiekened to form the spiral limbus (limbus laminae spi- 
ralis) (see Fig. 38.9B). It ends externally in the internal spiral sulcus, 
which in seetion is shaped like a C. Its upper part, the overhanging 
limbie edge, is the vestibular labium, and the lower tapering part is the 
tympanie labium, which is perforated by small holes (the habenula 
perforata) for branehes of the eoehlear nerve. The upper surface of the 
vestibular labium is erossed at right angles by furrows, separated by 
numerous elevations - the auditory teeth (dentes acustici). The limbus 
is eovered by a layer that appears superficially to be squamous epithe- 
lium; however, only the eells over the 'teeth' are flat, and those in the 
furrows are flask-shaped interdental eells. The epithelium is continuous 
with the epithelium in the internal spiral sulcus and on the inferior 
surface of Reissners membrane. During development, the interdental 
eells seerete some of the material that forms the teetorial membrane. The 
limbus eontains fibroeytie eells interspersed with extracellular matrix. 

Basilar membrane 


The basilar membrane stretehes from the tympanie lip of the osseous 
spiral lamina to the basilar erest of the spiral ligament (see Fig. 38.9B 
and C). It eonsists of two zones. The thin zona arcuata stretehes from 
the spiral limbus to the bases of the outer pillar eells and supports the 
organ of Corti. It is eomposed of eompaet bundles of small (8-10 nm 
diameter) collagenous filaments, mainly radial in orientation. The 
outer, thieker zona peetinata starts beneath the bases of the outer pillar 
eells and is attaehed to the erista basilaris. The basilar membrane is 
trilaminar in the zona peetinata, but the upper and lower layers fuse at 
its attaehment to the erista basilaris. The length of the basilar membrane 
is 35 mm; its width inereases from 0.21 mm basally to 0.36 mm at its 
apex, aeeompanied by eorresponding narrowing of the osseous spiral 
lamina and a deerease in the thiekness of the basilar erest. The lower 
or tympanie surface of the basilar membrane is eovered by a layer of 
vascular eonneetive tissue and elongated perilymphatie eells. One 
vessel, the spiral vessel (vas spirale), is larger; it lies immediately below 
the tunnel of Corti. 

Organ of Corti 


The organ of Corti eonsists of a series of epithelial structures that lie on 
the zona arcuata of the basilar membrane (see Fig. 38.9B and C). The 
more eentral of these structures are two rows of eells: the internal 
(inner) and external (outer) pillar eells. The bases of the pillar eells are 
expanded, and rest contiguously on the basilar membrane, but their 
rod-like eell bodies are widely separated. The two rows ineline towards 
eaeh other and eome into eontaet again at the heads of the pillars, 
enelosing between them and the basilar membrane the tunnel of Corti, 
which has a triangular eross-seetion (see Fig. 38.9C). Internal to the 
inner pillar eells is a single row of inner hair eells. External to the outer 
pillar eells are three or four rows of outer hair eells. The bases of the 
outer hair eells are cupped by supporting eells ealled outer phalangeal 
(Deiters') eells, except for a gap where eoehlear axons synapse with 
them. The apieal ends of the hair eells and apieal proeesses of the sup- 
porting eells form a regular mosaie ealled the reticular lamina, which 
is eovered by the teetorial membrane, a gel-like structure projeeting 
from the spiral limbus. The retioilar lamina is impervious to ions and 
thus maintains the eleetroehemieal gradient between the fluids sur- 
rounding the apiees and the basolateral membranes of the sensory hair 
eells. A narrow gap separates the teetorial membrane from the retioilar 
lamina except where the apieal stereoeilia of the outer hair eells projeet 
to make eontaet with it. 

In addition to the tunnel of Corti, other intercommunicating spaees, 
the spaees of Nuel, surround the outer hair eells. This entire intereom- 
municating complex of spaees of Nuel and tunnel of Corti is filled with 
perilymph, which diffiises through the matrix of the basilar membrane. 
The fluid in these spaees is also sometimes ealled the eortilymph; it is 
possible that minor alterations in perilymphatie eomposition occur 
within it because it is exposed to the aetivities of synaptie endings and 
speeialized excitable eells. 

Eaeh pillar eell has a base or ems, an elongated scapus (rod) and an 
upper end or caput (head) (see Fig. 38.9C); eaeh ems and caput are in 
eontaet, but the seapi are separated by the tunnel of Corti. Eleetron 
mieroseopy shows many microtubules, 30 nm in diameter, arranged in 
linked parallel bundles of 2000 or more in the scapus, originating in 
the ems and diverging above the scapus to terminate in the head region. 
The nucleus is situated in the foot-like expansion resting on the basal 

648 lamina. 


There are almost 6000 inner pillar eells. Their bases rest on the 
basilar membrane near the tympanie lip of the internal spiral sulcus, 
and their bodies form an angle of approximately 60° with the basilar 
membrane. Their heads resemble the proximal end of the ulna, with 
deep eoneavities for the heads of the outer pillar eells, which they over- 
hang to form the top of the tunnel of Corti. There are almost 4000 outer 
pillar eells. They are longer and more oblique than the inner pillar eells, 
and form an angle of approximately 40° with the basilar membrane. 
Their heads fit into the eoneavities on the heads of the inner pillar eells 
and projeet externally between the first row of outer hair eells as thin 
proeesses that eontaet the proeesses of the Deiters' eells. The distanees 
between the bases of the inner and outer pillar eells inerease from the 
eoehlear base to its apex, whereas the angles they make with the basilar 
membrane diminish. 

Cochlear hair eells are the sensory transducers of the eoehlea; eol- 
leetively, they deteet the amplitude and frequency of the sound waves 
that enter the eoehlea. All eoehlear hair eells have a eommon pattern 
of organization. They are elongated eells with a group of modified 
apieal mierovilli or stereoeilia (which eontain parallel arrays of aetin 
filaments), similar to those of vestibular hair eells, and a group of syn- 
aptie eontaets with eoehlear nerve fibres at their rounded bases (Fig. 
38. 10). The inner hair eells form a single row along the inner edge of 



Fig. 38.10 Seanning eleetron mierographs of the surface of the organ of 
Corti (guinea pig). A, The reticular lamina. Three rows of V-shaped 
stereoeiliary bundles ean be seen protmding from the apiees of the outer 
hair eells. They are separated from the single row of inner hair eells 
(which have relatively linear stereoeiliary bundles) by the apiees of the 
inner pillar eells. B, The stereoeiliary bundle of one outer hair eell, 
showing three rows of stereoeilia inereasing in height; defleetion of the 
stereoeilia in the direetion of the tallest row results in depolarization of the 
hair eell. Mierovilli ean be seen on the surface of Deiters’ eells (front right). 
The inset shows a tip link eonneeting a short stereocilium tip to the side 
of the tall stereocilium behind. (Courtesy of DN Furness, The lnstitute of 
Seienee and Teehnology in Medieine, Sehool of Life Seienees, Keele 
Llniversity.) 
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inner pillar eells (and the spiral tunnel), whereas the outer hair eells 
are arranged in three or, in some regions of the human eoehlea, in four 
or even five rows, interspersed with supporting eells (see Fig. 38.10A). 
These two groups have distinetive roles in sound reeeption; the differ- 
enees in their detailed structure refleet this fimetional divergenee. There 
are 3500 inner hair eells and 12,000 outer hair eells. The two sets of 
hair eells lean towards eaeh other apieally at about the same angles as 
the neighbouring inner and outer pillar eells. The geometrie arrange- 
ment of these eells is very preeise, and this pattern is elosely related to 
the sensory performanee of the eoehlea. 

The inner hair eells are pear-shaped and slightly curved; the nar- 
rower end is direeted towards the surface of the organ of Corti and the 
wider basal end is positioned some distanee above the inner end of 
the basilar membrane (see Fig. 38. 9C). The inner hair eells are sur- 
rounded by inner border eells and by inner phalangeal eells, which are 
attaehed externally to the heads of the inner pillar eells. The flat apieal 
surface of eaeh inner hair eell is elliptieal when viewed from above, its 
long axis direeted in the direetion of the row of hair eells (see Fig. 
38.10A). The breadth of the apex exceeds that of the inner pillar eells 
so that eaeh inner hair eell is related to more than one inner pillar eell. 
The apex bears 50-60 stereoeilia, arranged in several ranks of progres- 
sively aseending height, the tallest on the strial side. The tips of the 
shorter rows are eonneeted diagonally to the sides of the adjaeent 
taller stereoeilia by thin filaments ealled tip links; eaeh stereocilium is 
also eonneeted to all its neighbours by a variety of lateral links. The 
height of a stereoeiliary row varies along the length of the eoehlea, 
being tallest at the apex and shortest at its base. The stereoeiliary 
bases insert into a transverse lamina of dense fibrillar material, the 
cuticular plate, which lies immediately beneath the apieal surface of 
eaeh inner hair eell. The cuticular plate includes a small aperture eon- 
taining a basal body. During development, a kinocilium eontaining 
microtubules is anehored here, a eondition that persists in vestibular 
hair eells. 

At its base, eaeh inner hair eell forms 10 or more synaptie eontaets 
with afferent endings, eaeh being marked by a presynaptie structure 
similar to the ribbon synapses of the retina. Oeeasionally, an efferent 
synapse makes direet eontaet with a hair eell base but these are usually 
presynaptie to the terminal expansions of afferent endings, rather than 
to the hair eell itself. 

Outer hair eells are long eylindrieal eells that are nearly twice as tall 
as the inner hair eells (see Figs 38.9C, 38.10A). There is a gradation of 
length: the outermost row is longest in any one eoehlear region, and 
those of the eoehlear apex are taller than those of the base. They are 
surrounded by the apieal or phalangeal proeesses of the Deiters' eells 
or, on the internal side of the inner row, by the heads of the outer pillar 
eells. The stereoeilia, which may number up to 100 per eell, are arranged 
in three rows of graded heights; the tallest is on the outer side. The rows 
are arranged in the form of a V or W, depending on eoehlear region, 
the points of the angles direeted externally. The stereoeilia are also 
graded in height aeeording to eoehlear region; those of the eoehlear 
base are shortest. Like those of inner hair eells, the stereoeilia possess 
tip links (see Fig. 38.10B) and other filamentous eonneetions with their 
neighbours, and are inserted at their narrow bases into a cuticular plate. 
The tallest stereoeilia are embedded in shallow impressions on the 
underside of the teetorial membrane. 

The rounded nucleus is positioned near the base of the eell. Below 
the nucleus are a few ribbon-like synapses assoeiated with afferent 
endings of the eoehlear nerve. The latter are fewer in number and 
smaller than the cluster of efferent boutons that eontaet the base of the 
eell. The neurotransmitter at the afferent synapse in both inner and 
outer hair eells is glutamate whereas that of the efferent endings is 
aeetyleholine, although other neurotransmitters or neuromodulators 
have been demonstrated. 

Cochlear hair eells respond with phenomenal speed and sensitivity 
to sound vibrations that cause submicron defleetions of their stereoeili- 
ary hair bundles. Outer hair eells not only deteet these vibrations but 
also generate foree to inerease auditory sensitivity and frequency dis- 
erimination. (See Fettiplaee and Tlaekney (2006) for fhrther details 
about the sensory and motor fimetions of auditory hair eells.) 

Deiters' or phalangeal eells lie between the rows of outer hair eells. 
Their expanded bases lie on the basilar membrane and their apieal ends 
partially envelop the bases of the outer hair eells (see Fig. 38.9C; Fig. 
38. ii). Eaeh has a finger-like (phalangeal) proeess that extends diag- 
onally upwards between the hair eells to the reticular membrane, where 
it forms a plate-like expansion that fills the gaps between hair eell 
apiees. 

Five or six rows of columnar supporting eells or external limiting 
eells, such as Tlensen's eells and Claudius' eells, lie external to the 
Deiters' eells (see Fig. 38.9C). 


Fig. 38.11 A seanning eleetron mierograph of a portion of the organ of 
Corti (guinea pig), disseeted to expose the outer row of outer hair eells 
and their attendant Deiters’ eells with narrow phalangeal proeesses. The 
stereoeiliary bundles of two rows of outer hair eells are visible above the 
reticular lamina. (Courtesy of DN Furness, The lnstitute of Seienee and 
Teehnology in Medieine, Sehool of Life Seienees, Keele Llniversity.) 

The apiees of the hair eells and supporting eells that form the reticu- 
lar lamina are linked by tight junctions, adherens junctions and desmo- 
somes. This arrangement is signifieant for two reasons. The reticular 
lamina ereates a highly impermeable barrier to the passage of ions other 
than via the mechanotransducer ehannels in the stereoeiliary mem- 
branes. It also forms a rigid support between the apiees of the hair eells, 
coupling them meehanieally to the movements of the underlying 
basilar membrane, which causes lateral shearing movements between 
the stereoeilia and the overlying teetorial membrane. If there is hair eell 
loss as a result of trauma such as excessive noise or ototoxic dmgs, the 
supporting eells expand rapidly to fill the gap, disturbing the regular 
pattern of the retioilar lamina (phalangeal sears) but restoring its 
fimetion. 

Hair eell mechanotransduction 

Mechanotransduction is eentral to both hearing and balanee, and is a 
phenomenon that is shared by all the sensory hair eells of vestibular 
and auditory epithelia. The basie meehanism is the same in all of the 
different types of hair eell and is dependent on eommon features of the 
hair bundle: speeifieally, the 'stairease' array of stereoeilia and the tip 
links eonneeting the tips of shorter and adjaeent taller stereoeilia. 
Defleetions of the bundle in an excitatory (depolarizing) direetion cause 
tension in the tip link, which aets to open non-speeifie eationie meeha- 
noeleetrieal transduction ehannels. These then allow influx of potas- 
sium and calcium ions, depolarizing the eell and leading to calcium 
influx through basolateral voltage-gated calcium ehannels, which causes 
release of neurotransmitter. The hair eells also have basolateral potas- 
sfiim ehannels that allow efflux of potassfiim into perilymph. The tip 
link that is eentral to this proeess eonsists of two molecules of eadherin 
23 and two molecules of protoeadherin 15, forming a strong twisted 
strand (Fiaekney and Furness 2013). The importanee of this stmcture is 
emphasized by the faet that mutations in these eadherins underlie deaf- 
blindness eonditions (llsher syndrome). 

The sensitivity of mechanotransduction is greatly inereased by the 
eombination of the hair-eell membrane potential (-70 mV) and the 
endolymphatie potential (+80 mV), producing an overall driving 
potential of up to 150 mV. It is therefore vital to maintain a high potas- 
sium eoneentration, despite its depletion from endolymph during 
deteetion of acoustic or balanee stimuli. 

Teetorial membrane 


The teetorial membrane overlies the sulcus spiralis internus and organ 
of Corti, and is a stiff, gelatinous plate (see Fig. 38.9B and C). It eontains 
eollagen types II, V and IX, interspersed with glyeoproteins (teetorins), 
which contribute approximately half of the total protein. 

In transverse seetion, the teetorial membrane has a eharaeteristie 
shape. The underside is nearly flat and the upper surface is convex, and 
it is thin on the modiolar side where it is attaehed to the vestibular 
labium of the spiral limbus. Its outer part forms a thiekened ridge, 
overhanging the edge of the reticular lamina. The lower surface is rela- 
tively smooth, except where the stereoeilia of the outer hair eells are 
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embedded in the membrane, leaving a pattern ofW- or V-shaped inden- 
tations: an S-shaped ridge ealled Hensen's stripe, which projeets towards 
the stereoeilia of the inner hair eells. The interdental eells of the spiral 
limbus are believed to seerete the membrane. 


VASCULAR SUPPLY 


ARTERIES 


The inner ear is prineipally supplied by the labyrinthine artery. The 
stylomastoid braneh of either the oeeipital artery or the posterior aur- 
icular artery (see Fig. 29.8) also supplies the semicircular eanals. 

Labyrinthine artery 


The labyrinthine artery arises from the basilar artery (see Fig. 19.2), or 
sometimes from the anterior inferior eerebellar artery. It divides at the 
bottom of the internal acoustic meatus into eoehlear and vestibular 
branehes. The eoehlear braneh divides into 12-14 twigs, which traverse 
the eanals in the modiolus and are distributed as a eapillary plexus to 
the spiral lamina, basilar membrane, stria vascularis and other eoehlear 
structures. Vestibular arterial branehes supply the utricle, saccule and 
semicircular ducts. 

VEINS 


Deseriptions of the venous drainage of the inner ear are often eonfliet- 
ing, presumably refleeting both normal variation and the existence of 
eonneetions between the veins that provide the potential for eollateral 
circulation. Veins draining the vestibule and semicircular eanals aeeom- 
pany the arteries. They pass towards the utricle to form the vein of the 
vestibular aqueduct, which empties into either the sigmoid or inferior 
petrosal sinus. The vein of the eoehlear aqueduct (inferior eoehlear 
vein) usually drains into either the inferior petrosal sinus or the supe- 
rior bulb of the internal jugular vein. It is formed by the union of the 
eommon modiolar and vestibulocochlear veins and provides almost all 
of the venous outflow of the eoehlea (Wright and Roland 2013). The 
eommon modiolar vein is formed by the union of the anterior and 
posterior spiral veins near the basal eoehlear turn; the vestibulocochlear 
vein is formed by the confluence of the anterior and posterior vestibular 
veins and the vein of the round window. When present, a labyrinthine 
vein drains the apieal and middle eoehlear eoils into either the posterior 
part of the superior petrosal sinus or the transverse sinus or the inferior 
petrosal sinus. 

For details of the microvasculature of the eoehlea of humans and 
other mammals, see Axelsson (1988). 


INNERVATION 


VESTIBUL0C0CHLEAR NERVE 


The vestibulocochlear nerve emerges from the eerebellopontine angle 
(see Figs 21.4, 21.5). It courses through the posterior eranial fossa in 
elose assoeiation with the faeial nerve, nervus intermedius and labyrin- 
thine vessels. Together with these structures, it enters the petrous tem- 
poral bone via the poms acusticus of the internal acoustic meatus, and 
divides into an anterior tmnk, the eoehlear nerve, and a posterior tmnk, 
the vestibular nerve (Fig. 38.12A; see Fig. 37.7). Both eontain the een- 
trally direeted axons of bipolar neurones, together with a smaller num- 
ber of efferent fibres that arise from brainstem neurones and terminate 
on eoehlear and vestibular sensory eells. In humans, the intratemporal 
portion of the vestibulocochlear nerve eonsists of two histologieally 
distinet portions: a eentral glial zone adjaeent to the brainstem, and a 
peripheral or non-glial zone (Bridger and Farkashidy 1980). In the glial 
zone, the axons are supported by eentral neuroglia, whereas in the non- 
glial zone they are ensheathed by Schwann eells. The non-glial zone 
sometimes extends into the eerebellopontine angle medial to the inter- 
nal acoustic meatus in human vestibulocochlear nerves. During devel- 
opment, a gap of several weeks has been reported between the onset of 
Schwann eell myelination distally and glial myelination proximally; it 
has been suggested that the gap may eoineide with the time of the final 
maturation of the organ of Corti. (For fhrther details about the develop- 
ment of the human eoehlear nerve, see Ray et al (2005).) 

In audiological praetiee, it is important to distinguish between 
650 intratemporal and intraeranial lesions. However, this surgical distine- 



Fig. 38.12 The vestibulocochlear nerve (human). A, A transverse seetion. 
The eoehlear nerve (the eomma-shaped profile on the left) abuts the 
inferior division of the vestibular nerve (right). The singular nerve is a 
separate faseiele between the superior and inferior divisions of the 
vestibular nerve. B, A portion of a vestibular ganglion, showing neuronal 
perikarya, myelinated axons and small blood vessels. (Toluidine blue 
stained resin seetions courtesy of H Felix, M Gleeson and L-G Johnsson, 
ENT Department, llniversity of Zurich and Sehool of Medieine, King’s 
College London.) 

tion does not eorrelate with the preeise anatomieal deseription of 
peripheral and eentral portions of the auditory and vestibular systems. 
eiinieally, the term 'peripheral auditory lesion' is used to deseribe 
lesions peripheral to the spiral ganglion, and the term peripheral ves- 
tibular disturbance' includes lesions of the vestibular ganglion and the 
entire vestibular nerve. 

Vestibular nerve 


The eell bodies of the bipolar neurones that contribute to the vestibular 
nerve lie in the vestibular ganglion, which is situated in the tmnk of the 
nerve within the lateral end of the internal acoustic meatus (Fig- 
38.12B). Their peripheral proeesses innervate the maculae of the utricle 
and saccule and the ampullary erests of the semicircular eanals (see 
below). Their axons travel to the eentral nervous system in the vestibular 
nerve, which enters the brainstem at the eerebellopontine angle and 
terminates in the vestibular mielear complex (see p. 319). Neurones in 
this complex projeet to motor nuclei in the brainstem and upper spinal 
eord, and to the cerebellum and thalamus. Thalamie efferent projeetions 
pass to a eortieal vestibular area that is probably loeated near the intra- 
parietal sulcus in area 2 of the primary somatosensory cortex. 

Vestibular (Searpa ’s) ganglion 

The eell bodies of the neurones in the vestibular ganglion vary eonsider- 
ably in size: their circumferences range from 45 to 160 pm (Felix et al 
1987). No topographieally ordered distribution relating to size has 
been found. The eell bodies are notable for their abundant granular 
endoplasmie reticulum, which in plaees forms Nissl bodies, and promi- 
nent Golgi complexes. They are eovered by a thin layer of satellite eells 
and are often arranged in pairs, elosely abutting eaeh other so that only 
a thin layer of endoneurium separates the adjaeent eoverings of satellite 
eells. This arrangement has led to speculation that ganglion eells may 
























































Innervation 


affeet eaeh other direetly by eleetrotonie spread (ephaptie transmission: 

see Felix et al (1987)). 

Two distinet sympathetie eomponents have been identified in the 
vestibular ganglion: a perivascular adrenergie system derived from the 
stellate ganglion, and a blood vessel-independent system derived from 
the superior eervieal ganglion. 

Intratemporal vestibular nerve 

The peripheral proeesses of the vestibular ganglion eells are aggregated 
into definable nerves, eaeh with a speeifie distribution. The main nerve 
divides at and within the ganglion into superior and inferior divisions, 
which are eonneeted by an isthmus. The superior division, the larger of 
the two, passes through the small holes in the superior vestibular area 
at the fundus of the internal acoustic meatus (see Fig. 38.3) and sup- 
plies the ampullary erests of the lateral and anterior semicircular eanals 
via the lateral and anterior ampullary nerves, respeetively. A seeondary 
braneh of the lateral ampullary nerve supplies the macula of the 
utricle; however, the greater part of the utricular macula is innervated 
by the utricular nerve, which is a separate braneh of the superior divi- 
sion. Another braneh of the superior division, supplies part of the 
saeaile. 

The inferior division of the vestibular nerve passes through small 
holes in the inferior vestibular area (see Fig. 38.3) to supply the remain- 
der of the saccule and the posterior ampullary erest via saccular and 
singular branehes, respeetively; the latter passes through the foramen 
singulare. Oeeasionally, a very small supplementary or aeeessory braneh 
innervates the posterior erest; it is probably a vestigial remnant of the 
erista negleeta, an additional area of sensory epithelium found in some 
other mammals but seldom in humans. 

Afferent and efferent eoehlear fibres are also present in the inferior 
division of the vestibular nerve, but leave at the anastomosis of Oort to 
join the main eoehlear nerve (see review by Warr (1992 ). Another 
anastomosis, the vestibulofacial anastomosis, is situated more eentrally 
between the faeial and vestibular nerves, and is the point at which fibres 
originating in the intermediate nerve pass from the vestibular nerve to 
the main tmnk of the faeial nerve. 

There are approximately 20,000 fibres in the vestibular nerve, of 
which 12,000 travel in the superior division and 8000 travel in the 
inferior division. The distribution of fibre diameters is bimodal, with 
peaks at 4 pm and 6.5 jLtm. The smaller fibres go mainly to the type II 
hair eells and the larger fibres tend to supply the type I hair eells. In 
addition to the afferents, efferent and autonomic fibres have been iden- 
tified. Efferent fibres synapse exclusively with the afferent ealyeeal ter- 
minals around type I eells and usually with the afferent boutons on 
type II eells, although a few are in direet eontaet with the eell bodies of 
type II eells. The autonomic fibres do not eontaet vestibular sensory eells 
but terminate beneath the sensory epithelia. 

Anatomy of balanee and posture 


The vestibular labyrinths on eaeh side of the head are arranged sym- 
metrieally with respeet to eaeh other. Vestibular sensory pathways are 
eoneerned with pereeption of the position of the head in spaee and 
movement of the head; they also establish important eonneetions for 
reflex movements that govern the equilibrium of the body and the fhdty 
of gaze. 

The vestibular system eonsists of two otolithie organs - the utricle 
and the saeaile - and three semieiroilar eanals. The otolithie organs 
deteet linear aeeeleration due to gravitational pull (gravito-inertial 
aeeeleration) and the direetion of other linear aeeelerations such as the 
up-and-down movements of the head that occur in mnning. They also 
respond when the head is tilted relative to gravity: so-ealled piteh 
(forward and backward tilting) and roll (side-to-side tilting) move- 
ments. The semieiroilar eanals deteet angular aeeelerations resulting 
from rotations of the head or body. 

The stereoeilia in the apieal hair bundles of the meehanosensitive 
hair eells in eaeh of these organs are embedded in an overlying aeees- 
sory gel-like stmcture, the otolithie membrane (in the utricle and the 
saccule) and the cupula (in the semieiroilar eanals). Their apieal sur- 
faees are bathed in endolymph; tight junctional complexes between the 
apiees of the hair eells and their adjaeent supporting eells separate the 
endolymph from the perilymph that bathes their basolateral surfaces. 
As noted earlier, defleetion of the stereoeilia (caused by displaeements 
of their overlying aeeessory membranes by fluid movements in the 
membranous labyrinth) produces either an inereased or a deereased 
rate of opening of the mechanotransduction ehannels at their tips, 
depending on whether they are defleeted towards or away from the 
tallest row, respeetively. The ehange in the membrane potential of the 
reeeptor eell is signalled to the brain as a ehange in the firing frequency 


of the vestibular nerve afferents (either an inerease or a deerease of the 
basal resting diseharge, depending on the direetion of stimulation). The 
signals are eompared eentrally with visual and somatosensory signals, 
which also signal the position of the head in spaee (for a more detailed 
account, see Furness (2002)). 

Semicircular eanals 

Angular aeeeleration and deeeleration of the head cause a counterflow 
of endolymph in the semieiroilar eanals, which defleets the cupula of 
eaeh erista and bends the stereoeiliary/kinoeiliary bundles. When a 
steady veloeity of head movement is reaehed, the endolymph rapidly 
adopts the same veloeity as the surrounding structures because of frie- 
tion with the eanal walls, so that the cupula and reeeptor eells return 
to their resting state. The three semicircular eanals are orientated 
approximately at right angles to eaeh other, which means that all pos- 
sible direetions of aeeeleration ean be deteeted. Direetional sensitivity 
to head movement is eoded by opposing reeeptor signals: the left and 
right semieiroilar eanals of eaeh fimetional pair (e.g. the left and right 
anterior eanals) respond oppositely to any movement of the head that 
affeets them (Fig. 38.13). Some vestibular neurones reeeive a bilateral 
input from vestibular reeeptors, which means that they ean eompare 
the diseharge rates of right and left eanal afferents, a meehanism that 
inereases the sensitivity of the system. 

Maculae 

In the maculae, the weight of the otoeonial erystals ereates a gravita- 
tional pull on the otoeonial membrane and thus on the stereoeiliary 
bundles of the sensory eells that are inserted into its base. Because of 
this, they are able to deteet the statie orientation of the head with respeet 
to gravity. They also deteet shifts in position aeeording to the extent to 
which the stereoeilia are defleeted. The two maculae are set at right 
angles to eaeh other, and the eells of both are orientated fimetionally 
in opposite direetions aeross their striolar boundaries. Movement 
causes depolarization of the hair eells on one side of the striola and 
hyperpolarization of eells on the other side; because the striola is 
oirved, small groups of hair eells on the macular epithelium eaeh 
respond to a speeifie direetion of head tilt or linear aeeeleration (Fig. 
38.14). Moreover, because the otoeonia have a eolleetive inertia/ 
momentum, linear aeeeleration and deeeleration along the anteropos- 
terior axis ean be deteeted by the lag or overshoot of the otoeonial 
membrane with respeet to the epithelial surface, and so the saccular 
maoila is able to signal these ehanges of veloeity. 

The maoilar reeeptors ean also be stimulated by low-frequency 
sound, which sets up vibratory movements in the otoeonial membrane, 
although this appears to require relatively high sound levels. Efferent 
synapses on the afferent endings of the type I sensory eells and on the 
bases of type II eells reeeive inputs from the brainstem that appear to 
be inhibitory. They serve to reduce the aetivity of the afferent fibres 
either indireetly, in the ease of the type I eells, or direetly, for the type 
II eells. 

Visual reflexes 

The vestibular system plays a major role in the eontrol of visual reflexes, 
which allow the fìxation of gaze on an objeet in spite of movements of 
the head, and require the eoordinated movements of the eye, neek and 
upper tmnk. Constant adjustments of the visual axes are aehieved 
ehiefly through the medial longitudinal fasciculus, which eonneets the 
vestibular nuclear complex with neurones in the ooilomotor, troehlear 
and abducens nuclei and with upper spinal motor neurones (Fig. 
38.15; see Fig. 41.12), and also by the vestibulospinal traets. See page 
347 and 7 ig. 22.24 for fhrther information about the vestibulo-ocular 
reflex. 

Abnormal aetivity of the vestibular input or eentral eonneetions has 
various effeets on these reflexes, e.g. the production of nystagimis. This 
ean be elieited by the ealorie test, a elinieal test of vestibular fimetion, 
by syringing the external acoustic meatus with water above or below 
body temperature, a procedure that appears to stimulate the eristae of 
the lateral semicircular eanal direetly. Spontaneous high aetivity in the 
afferent fibres of the vestibular nerve is seen in Ménière's disease, in 
which those affeeted experience a range of disturbances, including the 
sensation of dizziness and nausea, the latter refleeting the vestibular 
input to the vagal reflex pathway. 

Ooehlear nerve 


Intratemporal eoehlear nerve 

The eoehlear nerve eonneets the organ of Corti to the eoehlear nuclei 
and related nuclei of the brainstem. The eoehlear nerve lies inferior to 
the faeial nerve throughout the internal acoustic meatus (see above). It 
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Fig. 38.13 The response of the lateral semicircular eanals to head rotation 
in the horizontal plane. The firing rates of afferents from the left and right 
lateral eanals are equivalent at rest (A). Hovvever, when the head is turned 
to the right (B) or to the left (C), reeeptor depolarization and afferent fibre 
excitation occurs on the side to which the head turns; there is inhibition 
on the eontralateral side. 


beeomes intimately assoeiated with the superior and inferior divisions 
of the vestibular nerve, which are situated in the posterior eompartment 
of the eanaf and leaves the internal acoustic meatus in a eommon 
faseiele (see Fig. 38.12A). 

There are 30-40,000 nerve fibres in the human eoehlear nerve (for 
review, see Nadol (1988]). Their fibre diameter distribution is unimo- 
dal, and ranges from 1 to 11 pm, with a peak at 4-5 jiim. Functionally, 
the nerve eontains both afferent and efferent somatie fibres, together 


with adrenergie postganglionie sympathetie fibres from the eervieal 
sympathetie system. 

Afferent eoehlear innervation 

The afferent fibres are myelinated axons with bipolar eell bodies that 
lie in the spiral ganglion in the modiohis (see Fig. 38.9B; Fig. 38.16). 
There are two types of ganglion eell: most (90-95%) are large type I 
eells, while the remainder are smaller type II eells (see review by Nadol 
(1988 ). Type I eells eontain a prominent spherieal nucleus, abundant 
ribosomes and many mitoehondria; in many mammals (although pos- 
sibly not in humans), they are surrounded by myelin sheaths. In eon- 
trast, type II eells are smaller and always unmyelinated, and have a 
lobulated nucleus. The eytoplasm of type II eells is enriehed with 
neurofilaments but has fewer mitoehondria and ribosomes than type I 
eells. 

Basilar fibres Basilar fibres are the peripheral proeesses of type II 
ganglion eells and are afferent to the outer hair eells. They take an 
independent spiral course, turning towards the eoehlear apex near the 
bases of the inner hair eells. They mn for a distanee of about five pillar 
eells before turning radially again and erossing the floor of the tunnel 
of Corti, often diagonally, to form part of the outer spiral bundle. 

Ollter spiral blindles The afferent fibres of the bundles of the outer 
spiral group course towards the basal part of the eoehlea, continually 
branehing off en route to supply several outer hair eells. The outer spiral 
bundles also eontain efferent fibres (see below). 

Efferent eoehlear fibres 

The efferent nerve fibres in the eoehlear nerve are derived from the 
olivoeoehlear system (see reviews by Warr (1992 , Guinan (1996]). 
Within the modiolus, the efferent fibres form the intraganglionie spiral 
bundle, which may be one or more diserete groups of fibres situated at 
the periphery of the spiral ganglion (Fig. 38.17). There are two main 
groups of olivoeoehlear efferents: lateral and medial. The lateral effer- 
ents eome from small neurones in and near the lateral superior olivary 
nucleus and arise mainly, but not exclusively, ipsilaterally. They are 
organized into inner spiral fibres that mn in the inner spiral bundle 
before terminating on the afferent axons that supply the inner hair eells. 
The medial efferents originate from larger neurones in the vieinity of 
the medial superior olivary nucleus, and the majority arise eontralat- 
erally. They are myelinated and eross the tunnel of Corti to synapse with 
the outer hair eells mainly by direet eontaet with their bases, although 
a few synapse with the afferent terminals. The efferent innervation of 
the outer hair eells deereases along the organ of Corti from eoehlear 
base to apex, and from the first (inner) row to the third. The efferents 
use aeetyleholine, y-aminobutyric aeid (GABA) or both as their neuro- 
transmitter. They may also eontain other neurotransmitters and 
neuromodulators. 

Aetivity of the medial efferents inhibits eoehlear responses to sound; 
the strength of the aetivity grows slowly with inereasing sound level. 
They are believed to modulate the mieromeehanies of the eoehlea by 
altering the meehanieal responses of the outer hair eells, thus ehanging 
their contribution to frequency seleetivity and sensitivity. The lateral 
efferents related to the inner hair eells also respond to sound. They 
make eontaets most eommonly with the inner radial afferent fibres 
rather than the inner hair eell base (see Fig. 38.9C) and appear to 
modify transmission through the afferents. The eholinergie fibres may 
excite the radial fibres, while those eontaining GABA may inhibit them, 
although their role is less well understood than that of the medial 
efferents (see review by Guinan (1996)). 

Autonomic eoehlear innervation 

Autonomic nerve endings appear to be entirely sympathetie. Two adren- 
ergie systems have been deseribed within the eoehlea: a perivasailar 
plexus derived from the stellate ganglion and a blood vessel-independent 
system derived from the superior eervieal ganglion. Both systems travel 
with the afferent and efferent eoehlear fibres and seem to be restrieted 
to regions away from the organ of Corti. The sympathetie nervous 
system may cause primary and seeondary effeets in the eoehlea by 
remotely altering the metabolism of various eell types and by influen- 
eing the blood vessels and nerve fibres with which it makes eontaet. 

Anatomy of hearing 


Sound waves entering the external ear are eonverted into eleetrieal 
signals in the eoehlear nerve by the peripheral auditory system 
(Fig. 38.18). The axons in the eoehlear nerve constitute the auditory 
eomponent of the vestibulocochlear nerve and terminate in the dorsal 
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Fig. 38.14 Head tilt is eneoded by a maeiilar map of direetional spaee. These diagrams depiet the responses of the utricular maculae to head tilt. Firing 
rates in the vestibular afferents that innervate reeeptors on either side of the striola (red and green lines) are equivalent when the head is upright (A). 
When the head is tilted to the right (B) or to the left (C), the stereoeilia are defleeted by displaeed otoeonia; hair eells on the upward slope side of the 
striola inerease their firing rate, while those on the downward slope deerease their firing rate. 



and ventral eoehlear nuclei (see p. 319); onward eonneetions make up 
the aseending (eentral) auditory pathway. 

Peripheral auditory system 

Vibrations in the air column in the external acoustic meatus cause a 
eomparable set of vibrations in the tympanie membrane and auditory 
ossieles. The ehain of ossieles aets as a lever that inereases the foree per 
unit area at the round window by 1.2 times while the reduction in size 
of the round window eompared with the tympanie membrane inereases 
the foree per unit area of the oseillating surface a fhrther 17 times. This 
overeomes the inertia of the eoehlear fluids and produces in them pres- 
sure waves that are conducted almost instantaneously to all parts of the 
basilar membrane. The latter varies continuously in width, mass and 
stiffness from the basal to the apieal end of the eoehlea. Eaeh part of 
the basilar membrane vibrates, but only the region tuned to a speeifìe 
frequency will respond maximally to a pure tone entering the ear. A 
wave of meehanieal motion, the travelling wave, is propagated along 
the basilar membrane to the position where it responds maximally and 
then dies away again. With inereasing frequency, the locus of maximum 
amplitude moves progressively from the apieal to the basal end of the 
eoehlea. The pattern of vibrations in the basilar membrane thus varies 
with the intensity and frequency of the acoustic waves reaehing the 
perilymph. Because of the arrangement of the hair eells on the basilar 
membrane, these oseillations generate a largely transverse shearing 
foree between the outer hair eells and the overlying teetorial membrane 
(in which the apiees of the hair eell stereoeilia are embedded). This 
movement depends on the meehanieal properties of the entire organ 
of Corti, including its eytoskeleton, which stiffens this structure. The 
inner hair eell stereoeilia, which probably do not touch the teetorial 
membrane, although they eome very elose to it, are likely to be stimu- 
lated by loeal movements of the endolymph. Displaeement of the 
stereoeiliary bundle of a hair eell aetivates meehanoeleetrieal transduc- 


tion ehannels near the tips of its stereoeilia, and this allows potassium 
and calcium ions from the endolymph to enter the hair eell (see earlier 
and overview by Fettiplaee and Haekney (2006)). This induces a depo- 
larizing reeeptor potential and the release of neurotransmitter on to the 
eoehlear afferents at the base of the eell. In this way, a speeifie group of 
auditory axons is aetivated at the position of maximal basilar mem- 
brane vibration. 

The meehanieal behaviour of the basilar membrane is responsible 
for a broad diserimination between different frequencies (passive 
tuning; see overview by Ashmore (2002)), but fine frequency diserimi- 
nation in the eoehlea appears to be related to physiologieal differenees 
between the hair eells. Individual tuning of hair eells may result from 
differenees in shape, stereoeiliary length, or possibly variations in the 
molecular eomposition of sensory membranes, and may have a role in 
eoehlear amplifieation (aetive tuning). 

The aetivity of the outer hair eells appears to play an important 
part in regulating inner hair-eell sensitivity at speeifie frequencies. 

Outer hair eells ean ehange length when stimulated eleetrieally at 
frequencies of many thousands of eyeles per seeond. The rapidity of 
these ehanges in length indieates a novel type of motile meehanism, 
which is believed to depend on eonformational ehanges in prestin, a 
protein that displays piezoeleetrieity and is loeated in the plasma 
membrane of the eells ( ; ettiplace and Haekney 2006, Hudspeth 2014) 

(Fig. 38.19). When the membrane potential of the outer hair eells 
ehanges, they generate forees along their axes. When the meehanoelee- 
trieal transduction ehannels open, they are thought to oppose the 
viscous forees that tend to damp down the vibration of the eoehlear 
partition, and adjust the meehanies of the organ of Corti on a eyele-by- 
eyele basis. Alternatively, they may alter the meehanies of the partition 
more slowly under the influence of the efferent pathway. At a particu- 
lar frequency, an inerease in the intensity of stimulus is signalled by an 
inerease in the rate of diseharge in individual eoehlear axons. At greater 653 
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Fig. 38.15 Some of the fibre eomponents of the medial longitudinal 
fasciculus. 



Fig. 38.16 A transmission eleetron mierograph shovving several type II 
ganglion eells and axons in a human spiral ganglion. Note the absenee of 
myelin from the surrounding sheaths of the ganglion eells. (Courtesy of H 
Felix, M Gleeson and L-G Johnsson, ENT Department, Llniversity of 
Zurich and GKT Sehool of Medieine, London.) 
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Fig. 38.17 A simplified view of the innervation of the 
organ of Corti. Note the eontrast between the eonvergent 
afferent innervation of the inner hair eells (approximately 
10 fibres to eaeh eell) and the divergent supply of the 
outer hair eells (1 afferent fibre to 10 eells). 
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Fig. 38.18 The prineipal aetivities of the peripheral auditory apparatus. For elarity, the eoehlea is depieted as though it had been uncoiled, but it is 
normally eoiled as in the inset. Different sound frequencies differentially excite different regions of the eoehlea, the speeifie loeations being given in kHz 
from 0.1 to 20 kHz in humans. Note that the frequency map is logarithmie, so that eaeh deeade occupies an equivalent distanee on the basilar 
membrane. The eomponents are dravvn roughly to seale for the human ear, in vvhieh the eoehlea is 35 mm in length. The points of maximal stimulation 
of the basilar membrane by high-frequency and low-frequency vibrations, together with their transmission pathways through the external and middle ear, 
are also indieated. 



intensities, it is signalled by the number of aetivated eoehlear axons 
(reemitment). 

The respeetive roles of the two groups of hair eells have been much 
debated, particularly sinee differenees in their innervation and physio- 
logieal behaviour have beeome apparent. Because of their rieh afferent 
supply inner hair eells are believed to be the major source of auditory 
signals in the eoehlear nerve. Some evidenee for this view is based on 
the finding that animals treated with antibioties that are speeifieally 
toxic to outer hair eells are still able to hear, but their sensitivity and 
frequency diserimination is impaired. 

Some eleetrieal responses of the eoehlea ean be reeorded with extra- 
cellular eleetrodes. The most signifìeant is the endolymphatie potentiaf 
a steady potential reeordable between the eoehlear duct and the seala 
tympani, which is caused by the different ionie eompositions of their 
fluids. As the resting potential of hair eells is approximately 70 mV 
(negative inside) and the endolymphatie potential is positive in the 
eoehlear duct, the total transmembrane potential aeross the apiees of 
hair eells is 150 mV. This is a greater resting potential than is found 
anywhere else in the body and provides the driving foree for meehano- 
transduction and for the eoehlear amplifier. 

Under stimulation by sound, a rapid oseillatory eoehlear miero- 
phonie potential ean be reeorded. It matehes the frequency of the 
stimulus and movements of the basilar membrane preeisely and 
appears to depend on fluctuations in the conductance of hair eell mem- 
branes, probably of the outer hair eells. At the same time, an extracel- 
lular summating potential develops, a steady direet current shift related 
to the (intracellular) reeeptor potentials of the hair eells. Cochlear nerve 
fibres then begin to respond with aetion potentials that are also reeord- 
able from the eoehlea. Intracellular reeording of auditory responses 
from inner hair eells has eonfirmed that these eells resemble other 


reeeptors; their steady reeeptor potentials are related in size to the 
amplitude of the acoustic stimulus. At the same time, afferent axons are 
stimulated by synaptie aetion at the bases of the inner hair eells. They 
fire more rapidly as the vibration of the basilar membrane inereases in 
amplitude, up to a threshold that depends on the sensitivity of the 
speeifie nerve fibre involved. Eaeh inner hair eell is eontaeted by axons 
with response thresholds that range from 0 deeibels sound pressure 
level (dBSPL), the approximate threshold of human hearing, to those 
that respond to intensities in excess of 100 dBSPL; the loudest sound 
tolerable is around 120 dBSPL. Eaeh axon responds most sensitively to 
the frequency represented by its particular eoehlear loeation, its eharae- 
teristie frequency (see Lig. 38.18). 

Oentral auditory pathvvay 

The primary afferents of the auditory pathway arise from eell bodies in 
the spiral ganglion of the eoehlea. The axons travel in the vestibulococh- 
lear nerve, which enters the brainstem at the eerebellopontine angle. 
Afferent fibres bifiireate, and terminate in the dorsal and ventral eoeh- 
lear nuclei (Fig. 38.20, see p. 319). The dorsal eoehlear nucleus projeets 
via the dorsal acoustic stria to the eontralateral inferior colliculus. The 
ventral eoehlear nucleus projeets via the trapezoid body or the inter- 
mediate acoustic stria to relay eentres in either the superior olivary 
complex, the nuclei of the lateral lemniscus, or the inferior colliculus. 
The superior olivary complex is dominated by the medial superior 
olivary nucleus, which reeeives direet input from the ventral eoehlear 
nucleus on both sides, and is involved in loealization of sound by 
measuring the time differenee between afferent impulses arriving from 
the two ears. 

The inferior colliculus eonsists of a eentral nucleus and two eortieal 
areas. The dorsal cortex lies dorsomedially, and the external cortex lies 
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Fig. 38.19 The putative motors of outer hair eells. Outer hair eells ean generate foree, meehanieally boosting sound-induced vibrations of the hair bundle 
and augmenting frequency tuning. Two meehanisms have been advaneed to explain this eoehlear amplifier: the somatie motor and the hair bundle 
motor. A, In the resting state, Cl“ ions are bound to prestin molecules in the lateral membrane of the hair eell. When foree is applied to the hair bundle, 
the eell is depolarized, the Cl“ ions dissoeiate and the prestin ehanges eonformation, reducing its area in the plane of the membrane and shortening the 
hair eell body (the somatie motor). Adaptation of meehanoeleetrieal transduction (MET) ehannels, which are aetivated by bending of the stereoeilia at 
their tapered base, also causes the hair bundle to produce extra foree in the direetion of the stimulus (the hair bundle motor). The amplitudes of the hair 
bundle movements have been exaggerated to illustrate the eoneept. B, The effeets of the somatie motor (blue arrows) on the organ of Corti meehanies, 
which leads to downward motion of the reticular lamina (the upper surface of the organ of Corti) and a negative defleetion of the hair bundle. This is a 
negative feedbaek pathway, as a positive defleetion of the hair bundle causes outer hair eell depolarization, eell eontraetion and opposing motion of the 
bundle (see Fettiplaee and Haekney (2006)). 
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Fig. 38.20 The main features of the human aseending auditory pathway. A, A series of seetions showing that ipsilateral and commissural eonneetions 
occur at most levels in this system. The major eonneetions are shown by the thieker arrows; thinner arrows denote less heavy projeetions. B, The main 
stations of the auditory pathway. 
























































































Key referenees 


ventromedially. Seeondary and tertiary íìbres aseend in the lateral lem- 
niscus. They eonverge in the eentral nucleus, which projeets to the 
ventral division of the medial geniculate body of the thalamus. The 
external cortex reeeives both auditory and somatosensory input. It 
projeets to the medial division of the medial geniculate body and, 
together with the eentral nucleus, also projeets to olivoeoehlear eells in 
the superior olivary complex and to eells in the eoehlear nuclei. The 
dorsal cortex reeeives input from the auditory cortex and projeets to the 
dorsal division of the medial geniculate body. Connections also mn 
from the nucleus of the lateral lemnisais to the deep part of the superior 
colliculus, to eoordinate auditory and visual responses. 

The aseending auditory pathway erosses the midline at several points 
both below and at the level of the inferior colliculus. However, the input 
to the eentral nucleus of the inferior colliculus and higher eentres has 
a elear eontralateral dominanee; during the initial stages of eortieal 
auditory proeessing, both hemispheres respond most strongly to the 
eontralateral ear. The medial geniculate body is eonneeted reeiproeally 
to the primary auditory cortex, which lies in the posterior half of 
the superior temporal gyms and also dives into the lateral sulcus as the 
transverse temporal gyri (Hesehl's gyri). Seeondary areas of the auditory 
cortex are loeated in an adjaeent belt region, and other regions of audi- 
tory assoeiation cortex have been deseribed in a parabelt region beyond 
the seeondary cortex. 

The corpus callosum, particularly the posterior third of the body, 
eontains auditory interhemispherie fibres that originate from the 
primary and seeond auditory eortiees. Asymmetries of minicolumn 
number in primary and assoeiation auditory regions have been eor- 
related with axonal fibre numbers in the subregions of the corpus eal- 
losum through which they projeet (Chance et al 2006). 

The presenee of tonotopie gradients in the primary auditory cortex 
is well established in animals and in humans. Hemispherie differenees 
for frequency seleetivity (i.e. the ability of the eoehlea to separate the 
acoustic frequencies along its length like an acoustic prism) and tono- 
topie organization have been reported, e.g. the right hemisphere appears 
to be most responsive to acoustic sound features such as piteh, whereas 
the left hemisphere seems to be more involved in proeessing temporal 
dynamies such as the phonologieal aspeets of speeeh. Morphologieal 
asymmetries favouring the left hemisphere in the planum temporale 
and Hesehl's gyri have been eorrelated with left hemispherie dominanee 
for language fimetions but a direet link between structure and fimetion 
has not been elearly established; studies often show relative rather 
than absolute differenees in hemispherie speeialization for particular 
attributes. 

The transformation of the physieal eharaeteristies of sound into 
'auditory objeets' is thought to occur in the transition from primary to 
seeondary auditory cortex. (For a eritieal perspeetive on auditory objeets, 

see Griffiths and Warren (2004).) 


Deafness 


Hearing impairment is the most eommon disabling sensory defeet in 
humans. Two causes of deafness are usually distinguished: conductive 
hearing loss and sensorineural hearing loss. 

Conductive hearing loss may result from trauma to the external or 
middle ears, bloekage of the external acoustic meatus, or dismption of 
the tympanie membrane (e.g. by intense sounds or extreme pressure 
ehanges). It may also result from acute or ehronie infeetion assoeiated 
with a perforation of the tympanie membrane, as in acute otitis media. 
The ossicular ehain may be dismpted by trauma, avascular neerosis of 
the long proeess of the incus following a middle ear infeetion or ehole- 
steatoma. The most eommon cause of a conductive hearing loss is a 
middle ear effiision (glue ear), in which fluid that has replaeed the 
normally air-filled middle ear impedes the movements of the tympanie 
membrane. Other less eommon causes include tympanoselerosis, in 
which calcium plaques are formed in the tympanie membrane and 
middle ear mucosa that stiffen the tympanie membrane and limit the 
mobility of the ossicular ehain. Similarly, new bone laid down around 
the oval window and footplate of the stapes, otoselerosis, impedes 
stapes mobility and imparts a conductive hearing loss. 

Sensorineural hearing loss is the most prevalent form of hearing 
impairment. It refers eommonly to loss or damage of the sensory hair 
eells or their innervation, but ean also result from lateral wall degenera- 
tion and loss of the endolymphatie potential. The hair eells are particu- 
larly vulnerable to meehanieal trauma produced by high-intensity noise 
and to ehanges in their physiologieal environment caused by infeetion 
or hypoxia. These ean lead to rapid degenerative proeesses that result 
in hair eell loss, often by apoptosis, and produce either hearing loss or 
vestibular dysfimetion. These ehanges ean be induced by dmgs such as 
the aminoglyeoside antibioties, some diuretics and eertain antieaneer 
dmgs. A deerease in eoehlear sensitivity, presbyacusis, almost invariably 
occurs with age; hair eells at the high frequency end of the eoehlea tend 
to be lost first. At least 60% of hearing loss may have a genetie basis, a 
signifieant proportion may be non-syndromie, and most of these genes 
are inherited in an autosomal reeessive mode (see Ch. 39). 

Ménière's disease is a distressing disorder of the inner ear eharaeter- 
ized by episodes of hearing loss, tinnitus and vertigo. Histologieal 
examination of an affeeted ear reveals endolymphatie hydrops (swelling 
of the endolymphatie spaees), suggesting poor drainage of the endo- 
lymph via the endolymphatie sae. 

Surgical approaehes to the inner ear 


Available with the Gray’s Anatomy e-book 
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Inner ear 


The inner ear may be approaehed surgically in a number ways. Many 
drngs, e.g. gentamiein and steroids, are now injeeted through the intaet 
tympanie membrane, where they diffhse through the round window 
membrane to aeeess the inner ear. The promontory that overlies the 
basal turn of the eoehlea and the oval window may be opened through 
a tympanotomy (per-meatal elevation of the tympanie membrane). The 
semieirailar eanals are generally aeeessed by a transmastoid approaeh. 
In days gone by, such an approaeh would be used to fenestrate the 
lateral eanal in the management of otoselerosis. The advent of stapes 
prostheses and stapedeetomy rendered this operation obsolete. 
However, the transmastoid approaeh is the workhorse for much middle 
and inner ear surgery because it gives a wide exposure of all the vital 
structures. For patients with profound hearing loss, enlarging the 
mastoid aditus inferiorly (posterior tympanotomy) to produce a tri- 
angle bounded above by the fossa of incus, superficially by the ehorda 
tympani and deeply by the deseending portion of the faeial nerve, gives 
aeeess to the round window so that it ean be instmmented and a multi- 
ehannel eoehlear eleetrode inserted into the seala tympani of the 
eoehlea so that it lies against the spiral lamina and ean stimulate 
the adjaeent fibres of the eoehlear nerve. This is then eonneeted to the 
eoehlear implant deviee, which is housed in an extension of the mastoid 
eavity. Posterior eanal obliteration for cupulolithiasis not responsive to 
Epley's manoeuvre is also undertaken through the mastoid. The endo- 
lymphatie sae may be approaehed by elevating the eortieal bone of the 
anterolateral wall of the posterior eranial fossa, anterior to the sigmoid 
venous sinus and posterior to the posterior semicircular eanal (below 
a line extended from the axis of the lateral semicircular eanal). Deeom- 
pression of the sae or a shunt procedure is favoured by some for the 
management of Ménière's disease. Superior eanal dehiseenees, as seen 
in Minor's syndrome, are repaired either through the mastoid or by 
using a middle fossa approaeh. In patients with intraetable Ménière's 
disease, the whole of the labyrinth ean be removed through the mastoid. 
Vestibular nerve seetion and the removal of vestibular schwannomas 
are generally undertaken through retrosigmoid, retrolabyrinthine, 
translabyrinthine or middle fossa approaehes. The ehoiee of approaeh 
is dietated or influenced by the size of the tumour, desire or need to 
preserve hearing, and the surgeon's ehoiee. In reeent years, the develop- 
ment of auditory brainstem implants has brought hope to those with 
profound hearing loss assoeiated with neurofibromatosis type 2 or 
eoehlear nerve aplasia. These deviees are similar to a eoehlear implant 
but the eleetrodes are plaeed direetly into the eoehlear nucleus within 
the brainstem through a retrosigmoid approaeh. 
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CHAPTER 




INNER EAR 


The production of a preeisely positioned and fnnetionally well-tuned 
inner ear depends on genetie patterning and a easeade of transeription 
signals expressed by numerous tissues, including the developing inner 
ear and its surrounding periotie mesenehyme, the adjaeent hindbrain, 
neural erest and notoehord (Ohyama et al 2010, Sienkneeht 2013). 

The fìrst signs of inner ear development are visible shortly after those 
assoeiated with the developing eyes. Two patehes of eetodermal thieken- 
ing, the otie plaeodes, appear lateral to the hindbrain at stage 9. Eaeh 
plaeode invaginates as an otie pit, adjaeent to rhombomeres 5 and 6 of 
the hindbrain and dorsal to the seeond pharyngeal eleft. During stage 
12, the pit is pinehed off from the surface eetoderm to form a simple, 
hollow epithelial sae, the otie vesiele (otoeyst or auditory vesiele) 
(Fig. 39.1). 

Regions of the vesiele differentiate into prosensory domains, which 
give rise to the membranous labyrinth and the vestibulocochlear (stato- 
acoustic) ganglia of the eighth eranial nerve. The first morphologieal 
evidenee of this differentiation is visible during stage 14 (approximately 
33 days), when the otie vesiele loses its initial piriform shape. A tubular 
diverticulum, the endolymphatie appendage, develops from its dorso- 
medial rim. The remainder of the vesiele, the utriculosaccular ehamber, 
differentiates into an expanded pars superior and a narrower pars 


inferior. The endolymphatie appendage elongates and its tip expands 
into an endolymphatie sae that is eonneeted to the pars superior by a 
narrow endolymphatie duct. 

Two plate-like diverticula, one vertieal and one horizontal, emerge 
from the dorsal part of the pars superior. The epithelia in the eentre of 
eaeh outgrowth eoalesee to form a fusion plate; the eentral part of this 
plate is eventually resorbed, leaving the anlagen of the semieirailar 
eanals. The vertieal plate gives rise to the anterior and posterior semi- 
circular eanals, which share a eommon emral attaehment to the utricu- 
losaeailar ehamber, and the horizontal plate gives rise to the lateral 
semicircular eanal. A small expansion, the ampulla, forms at one end 
of eaeh semicircular eanal. 

The eentral part of the utriculosaccular ehamber, which now repre- 
sents the membranous vestibule, beeomes divided into a small ventral 
saccule and a larger dorsal utricle, mainly by horizontal infolding 
extending from the lateral wall of the ehamber towards the opening of 
the endolymphatie duct. In this way, communication between the 
utricle and saccule is restrieted to a narrow utriculosaccular duct. The 
latter beeomes aoitely bent on itself; its apex is continuous with 
the endolymphatie duct. While this is happening, the membranous 
labyrinth rotates so that its long axis, which was originally vertieal, 
beeomes more or less horizontal. 

The ventral tip of the pars inferior begins to elongate. A medially 
direeted evagination, the eoehlear anlagen, is evident in the ventral part 
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of the utriculosaccular ehamber in a 7-9 mm (approximately 35 days) 
embryo. The proximal region of this eoehlear duct continues to inerease 
in length and its distal region beeomes progressively more eoiled. When 
the duct has aehieved its final length and spiral configuration, its proxi- 
mal part beeomes eonstrieted, forming the ductus reuniens by which 
the saccule remains eonneeted to the eoehlea. The eoehlea is initially 
patterned into several prosensory domains. The eentral domain will 
give rise to the organ of Corti. Molecular signals regulating the induc- 
tion and differentiation of the organ of Corti are complex (Kelly and 
Chen 2009). Relatively little is known about the meehanisms establish- 
ing sensory and non-sensory territories in the eoehlear duct; there is 
evidenee that bone morphogenetie protein (BMP) signalling is required 
(Ohyama et al 2010). 

Cells derived from the otoeyst differentiate into the bipolar neurones 
that populate the vestibular and eoehlear ganglia; sustentacular eells 
(Wan et al 2013); the unique endolymph-producing epithelia of the 
stria vasoilaris; the absorbing epithelia of the endolymphatie sae; the 
general epithelial lining of the membranous labyrinth; and speeialized 
eells in the six sensory patehes of the inner ear (erista ampullaris of the 
three semieirailar eanals, maculae of the utricle and saeaile, organ of 
Corti in the eoehlea). Eaeh of the sensory patehes eonsists of meehano- 
sensory hair eells and non-sensory supporting eells arranged into 
mosaie patterns that are essential for normal hearing and balanee. The 
only eells in the mature inner ear that are not of otoeyst origin are 
melanoeytes in the stria vasoilaris, which are derived from the neural 
erest. 

The very different morphologies of the mature eristae, maculae and 
organ of Corti refleet the differential expression of multiple genes 
during their development and maturation. The formation of the utricle 
and saccule occurs during a time that eoineides with the initiation of 
hair eell planar polarity. It is important to note that the development 
of eore planar eell polarity in the orientation of stereoeilia in the meeh- 
anosensory hair eells of the mammalian inner ear is the subject of an 
extensive and eonflieting literature (Deans 2013, Ezan and Montcou- 
quiol 2013). 

At the same time as these ehanges are taking plaee, mesenehymal 
eells surrounding the developing membranous labyrinth ehondriíy to 
form an eneasing cartilaginous otie capsule. Between 16 and 23 weeks, 
the otie capsule ossifies to form all of the bony labyrinth of the internal 
ear within the petrous temporal bone, except the modiolus and osseous 
spiral lamina, which ossify direetly from eonneetive tissue. The earti- 
laginous capsule is initially ineomplete and the eoehlear, vestibular and 
faeial ganglia are temporarily exposed in the gap between its canalicular 
and eoehlear parts. They subsequently beeome eovered by an outgrowth 
of eartilage, in which the faeial nerve beeomes enelosed. 

Vacuoles filled with perilymph develop in the embryonie eonneetive 
tissue between the cartilaginous capsule and the epithelial wall of the 
membranous labyrinth. The mdiment of the periotie eistern or vestibu- 
lar perilymphatie spaee ean be seen in the reticulum between the saccule 
and fenestra vestibuli in an 11-14 mm (approximately 42 days) embryo. 
The eoehlear sealae (seala vestibuli and seala tympani) develop by 
fhsion of these spaees; the meehanism is uncertain (Kim et al 2011). 
The two sealae gradually extend along eaeh side of the eoehlear duct; a 
communication, the helieotrema, opens between them when they reaeh 
the tip of the eoiled duct. 

The mdiment of the eighth eranial nerve appears in the 4-6 mm 
embryo as the vestibulocochlear (statoacoustic) ganglion that lies 
between the otoeyst and the hindbrain and is initially temporarily fused 
with the ganglion of the faeial nerve. Neuroblasts, whose fate is already 
speeified in the eetoderm of the otie plaeode, delaminate from the 
anteroventral region of the otie vesiele, proliferate and migrate to the 
site of the presumptive ganglion, where they eoalesee. They differentiate 
into mature bipolar sensory neurones and beeome segregated into ves- 
tibular and spiral ganglia, eaeh assoeiated with the eorresponding divi- 
sion of the eighth eranial nerve. These neurones are unusual because 
they are exclusively plaeodal in origin, unlike neurones in most eranial 
ganglia (which have a dual plaeodal and neural erest origin), and many 
of their somata beeome enveloped in thin myelin sheaths. Their periph- 
eral proeesses eolleetively provide the afferent innervation of the 
labyrinthine hair eells, relaying balanee and auditory information. Tan- 
talizing evidenee about the transeriptional networks that eneode the 
positioning of sensory hair eells and spiral ganglion neurones along a 
frequency (tonotopie) gradient within the developing eoehlea, and 
which ensure that the two eell types make appropriate fimetional eon- 
neetions, is appearing in animal models (Appler and Goodrieh 2011, 
Appler et al 2013, Coate and Kelley 2013). The olivoeoehlear bundle, 
an outgrowth of axons from neurones in the superior olivary complexes 
in the pons, aeeompanies the axons of the developing eighth eranial 
nerve; these axons provide the inner ear with an efferent innervation, 


mainly to the outer hair eells in the organ of Corti, where they are 
assoeiated with modulation of hearing. In utero, the fetus reeeives sound 
by bone conduction; interaural sound differenees are not established 
until birth, whether preterm or term. 


MIDDLE EAR (TYMPANIC CAVITY AND 
PHARYNG0TYMPANIC (AIJDITORY) TUBE) 

All the eomponents of the outer and middle ears develop from the first 
and seeond pharyngeal arehes. The pharyngotympanie tube and tym- 
panie eavity are lateral extensions of the early pharynx (see Fig. 36.4). 
They beeome visible in a 4-6 mm embryo as a hollow, the tubotym- 
panie reeess, lying between the first and seeond pharyngeal arehes, with 
a floor that eonsists of the seeond areh and its limiting pouches. The 
forward growth of the third pharyngeal areh causes the proximal part 
of the reeess to remain narrow, forming the pharyngotympanie tube 
region, and also excludes the inner part of the seeond areh from this 
portion of the floor. The more lateral part of the reeess eventually eomes 
in eontaet with the first pharyngeal eleft and widens and develops into 
the tympanie eavity; its floor later forms the lateral wall of the tympanie 
eavity up to approximately the level at which the ehorda tympani 
branehes off from the faeial nerve. The lateral wall of the tympanie 
eavity eontains first and seeond areh elements. The first areh territory is 
limited to that part in front of the anterior proeess of the malleus, and 
the seeond areh forms the outer wall behind this and also turns on to 
the posterior wall to include the tympanohyal region. 

The tubotympanic reeess at first lies inferolateral to the cartilaginous 
otie capsule; this spatial relationship alters as the capsule enlarges and 
the tympanie eavity beeomes anterolateral. A cartilaginous proeess 
grows from the lateral part of the capsule to form the tegmen tympani 
(Rodríguez-Vázquez et al 2011). The proeess curves caudally to form the 
lateral wall of the pharyngotympanie tube, ineorporating the tympanie 
eavity and the proximal part of the pharyngotympanie tube into the 
petrous region of the temporal bone. The mastoid antmm appears as a 
dorsal expansion of the tympanie eavity during the sixth to seventh 
months (some sources plaee this as a later phenomenon). Exactly how 
middle ear eavitation occurs is poorly understood (Sienkneeht 2013); 
it seems to involve eavitation of a neural erest mass ( fhompson and 
Tucker 2013). 

The middle ear ossieles are of neural erest origin, i.e. erest eells that 
have migrated from rhombomeres 1-4 into the mesenehyme of the first 
and seeond pharyngeal arehes. The malleus develops from the dorsal 
end of the ventral mandibular (Meekel's) eartilage of the first areh. The 
incus develops from the dorsal eartilage of the first areh, which is prob- 
ably homologous to the quadrate bone of birds and reptiles. The origin 
of the stapes in humans remains eontroversial. It is thought to be 
derived mainly from an anlage situated in the eranial end of the earti- 
lage of the seeond pharyngeal areh, initially as a ring (anulus stapes) 
that eneireles the small stapedial artery (Rodríguez-Vázquez 2005). The 
ossieles remain embedded in the mesenehymal roof of the tympanie 
eavity until the eighth month of gestation, when the mesenehyme is 
resorbed. As this happens, the ossieles beeome suspended within the 
developing tympanie eavity, initially by transient endodermal mesen- 
teries and ultimately by supporting ligaments. They beeome eovered 
by the mucosa of the middle ear as the tympanie eavity fills with air 
after birth. Further postnatal developmental ehanges contribute to the 
fimetional maturation of the middle ear. 

Two anlagen of eaeh stapedius muscle appear elose to the stapedial 
artery and faeial nerve in seeond areh mesenehyme in 13-17 mm 
embryos. Tensor tympani starts to appear near the extremity of the 
tubotympanic reeess at almost the same time in first areh mesenehyme. 
The pyramidal eminenee is formed within a eondensation of mesen- 
ehyme around the belly of stapedius (Rodríguez-Vázquez 2009). The 
pharyngeal membrane separating the tympanie eavity from the external 
acoustic meatus develops into the tympanie membrane. 


EXTERNAL EAR 


The external acoustic meatus develops from the dorsal end of the first 
pharyngeal (hyomandibular) eleft (see Fig. 36.4). Close to its dorsal 
extremity, this groove extends imvards as a fimnel-shaped primary 
meatus, from which the entire cartilaginous part of the meatus, and a 
small area of its roof, are developed. A solid epidermal plug extends 
inwards from the tube along the floor of the tubotympanic reeess. The 
eells in the eentre of the plug subsequently degenerate to produce the 
inner part of the meatus (seeondary meatus). The epidermal stratum of 659 
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the tympanie membrane is formed from the deepest eetodermal eells 
of the epidermal plug; the fibrous stratum is formed from the mesen- 
ehyme between the meatal plate and the endodermal floor of the 
tubotympanic reeess. The osseous part of the external acoustic meatus 
develops postnatally from the tympanie ring of the squamous part of 
the temporal bone; the cartilaginous part develops much earlier and 
independently of the osseous part (Ikari et al 2013). 

The development of the auricle is initiated by the appearanee of six 
tissue elevations, the auricular hilloeks, which form round the margins 
of the dorsal portion of the first pharyngeal eleft. Of the six, three are 
on the caudal edge of the first pharyngeal (mandibular) areh and three 
on the eranial edge of the seeond pharyngeal (hyoid) areh (see Fig. 
36.3A). The hilloeks appear from stage 15; before then, only the most 
ventral hilloek on the mandibular areh, which subsequently forms the 
tragus, ean be identified. The rest of the auricle is formed in the mes- 
enehyme of the hyoid areh, which extends forwards round the dorsal 
end of the remains of the first pharyngeal eleft, forming a keel-like 
elevation that is the foremnner of the helix. The contribution made by 
the mandibular areh to the auricle is greatest at the end of the seeond 
month; thereafter, this contribution beeomes relatively reduced as 
growth continues and, eventually, the area of skin supplied by the 
mandibular nerve extends little above the tragus. The lobule is the last 
part of the auricle to develop. 


Common eongenital anomalies of the auricle are deseribed in 

Chapter 37. 


HEREDITARY DEAFNESS 


Prelingual deafness is the most eommon eongenital anomaly, affeeting 
2-6/1000 newborns: at least two-thirds of eases reported in the devel- 
oped world are due to genetie faetors, elassified as non-syndromie (typi- 
eally sensorineural and accounting for approximately 70% of eases) 
and syndromie (which may be sensorineural, conductive or mixed and 
accounts for approximately 30% of eases). A number of molecules 
likely to be mediators of genetie hearing loss have been identified, 
inehiding TGFBl, BMP4, ERKl/2 and many GPCR genes (Stamatiou 
and Stankovie 2013). The range of affeeted ehromosomes and the spe- 
eifie genes involved in sensorineural deafness is given by Hildebrand 
et al (2010). The structural abnormalities resulting from absent or aber- 
rant gene expression during the development of the ear include laby- 
rinthine dysplasias (e.g. a reduction in the number of eoehlear turns or 
an enlargement of the endolymphatie duct); disorganization of the 
patterns of stereoeilia in sensory hair eells and loss of eytoskeletal eom- 
ponents in these eells; and defeets in K + reeyeling aeross gap junctions 
between aetivated hair eells. 
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The development of the eye involves a series of inductive interaetions 
between neighbouring tissues in the embryonie head. These are the 
neurectoderm of the forebrain (which forms the sensory retina and 
aeeessory pigmented stmetmes), the surface eetoderm (which forms the 
lens and the eorneal epithelium) and the intervening neural erest mes- 
enehyme (which contributes to the fibrous eoats of the eye and to 
tissues of the anterior segment of the eye). A broad anterior domain of 
neurectoderm, eharaeterized by the aetivation of several homeobox- 
eontaining transeriptional regulators, including PAX6, RX, SIX3 and 
OTX2, develops the potential to form optie vesieles. Subsequent interae- 
tions between mesenehyme and neurectoderm, involving expression of 
the seereted protein sonie hedgehog (SHH) at the midline, subdivides 
this eye-field region into bilateral domains at the future sites of the eyes 
(Chow and Lang 2001 ). Loss of SHH fimetion causes holoproseneephaly 
and a range of malformations that ean include eyelopia, due to ineom- 
plete separation of the proseneephalon (Dubourg et al 2004). 

In three-dimensional culture of murine embryonie stem eells sup- 
plemented with the eorreet growth faetors and Matrigel® (to promote 
basement membrane formation), but in the absenee of surface eeto- 
derm or lens epithelmm, an epithelial vesiele develops and undergoes 
dynamie shape ehange to form a two-layered optie cup (Eiraku and 
Sasai 2012). The tissue so formed demonstrated interkinetie mielear 
migration and a fully stratified architecture similar to that of postnatal 
eyes, including appropriate synapses. Similar resnlts, i.e. production of 
retinal architecture and retinal pigment epithelial eells, have been 
reported using human embryonie stem eells (Nakano et al 2012, Zhu 
et al 2013). 

The parallel proeess of lens determination appears to depend on a 
brief period of inductive influence that spreads through the surface 
eetoderm from the rostral neural plate and elieits a lens-forming area 
of the head. Reeiproeal interaetions that are neeessary for the eomplete 
development of both tissues take plaee as the optie vesiele forms and 
eontaets the potential lens eetoderm (Saha et al 1992, Nakano et al 
2012, mhrmann 2010). The vasailar tissue of the developing eye forms 
by loeal angiogenesis or vasculogenesis of angiogenie mesenehyme 
(Hughes et al 2000). (Accounts of the development of the eye are given 
in O'Rahilly (1966, 1983).) 


EMBRYONie OOMPONENTS 0F THE EYE 


The first morphologieal sign of eye development is a thiekening of the 
dieneephalie neural folds at 29 days post ovulation, when the embryo 
has seven to eight somites. This optie primordium (eye field) extends 
on both sides of the neural plate and erosses the midline at the primor- 
dium ehiasmatis. A slight transverse indentation, the optie sulcus, 
appears in the inner surface of the optie primordium on eaeh side of 
the brain. During the period when the rostral neuropore eloses, at about 
30days (stage 11), the walls of the neuromere dieneephalon 1 (see Fig. 
17.2) begin to evaginate at the optie sulcus, projeeting laterally towards 
the surface eetoderm; by 32 days, the optie vesieles are formed. Failure 
of the speeifieation and development of the optie vesiele is assoeiated 
with mutation of several transeriptional regulator genes expressed in 
the eye field and leads to anophthalmia (absenee of the eye) (Graw 
2003). Eaeh optie vesiele is surrounded by a sheath of mesenehymal 
eells derived from the head mesenehyme and neural erest; its lumen is 
continuous with that of dieneephalon 1. By 31 days, regional differen- 
tiation is apparent in eaeh of the source tissues of the eye. The optie 
vesiele is visibly differentiated into its three primary parts: at the junc- 
tion with the dieneephalon, a thick-walled region marks the future optie 
stalk; laterally, the tissue that will beeome the sensory (neural) retina 
forms a flat dise of thiekened epithelium in elose eontaet with the 
surface eetoderm; and the thin-walled part that lies between these 
regions will later form the pigmented layer of the retina (retinal 


pigmented epithelium). The area of surface eetoderm that is elosely 
apposed to the distal optie vesiele thiekens to form the lens plaeode, 
and the mesenehymal sheath of the vesiele begins to show signs 
of angiogenesis. Between 33 and 35days post ovulation, the lens 
plaeode and optie vesiele undergo eoordinated morphogenesis. The 
lens plaeode invaginates, forming a pit that pinehes off from the surface 
eetoderm to form the lens vesiele (Fig. 40.1). The surface eetoderm 
reforms a continuous layer that will beeome the eorneal epithelium. 
The lateral part of the optie vesiele invaginates to form a cup; the inner 
layer (faeing the lens vesiele) will beeome the sensory (neural) retina, 
and the outer layer, influenced by signals from the surrounding extra- 
ocular mesenehyme, beeomes the retinal pigmented epithelium. As a 
result of these folding movements, what were the apieal (luminal) 
surfaces of the two layers of the cup now faee one another aeross a 
much-reduced lumen, the intraretinal spaee. The pigmented layer 
beeomes attaehed to the mesenehymal sheath, but the junction between 
the pigmented and sensory layers is less firm and is the site of patho- 
logieal detaehment of the retina. The two layers are continuous at the 
lip of the cup (Fig. 40.2). The narrow part of the optie vesiele between 
the base of the cup and the brain forms the optie stalk. As well as the 
invagination of the lateral part of the optie vesiele, the ventral surface 
of the vesiele and distal part of the stalk similarly invaginate, forming 
a wide groove, the ehoroid (optie) fissure, through which mesenehyme 
and the hyaloid artery extend. These infoldings involve differential 
growth and eell movement, and high levels of proliferation in the inner 
neuroepithelial layer. 

As growth proeeeds, the fissure eloses and the artery is included in 
the distal part of the stalk. The fusion proeess is eharaeterized by apop- 
tosis at the margins of the fissure. Failure of the optie fissure to elose is 
a rare anomaly that is aeeompanied by a eorresponding defieieney in 
the ehoroid and iris (eongenital eoloboma) and is often assoeiated with 
mierophthalmia (small eyes). Reduced growth of the optie cup caused 
by mutation of the homeobox gene CHX10, important for speeifieation 
and growth of the neural retina, is one known cause of mierophthalmia 
(Graw 2003). Anophthalmia, mierophthalmia and eoloboma are also 
assoeiated with mutation of the SOX2 gene. 


DIFFERENTIATION 0F THE FUNCTI0NAL 
C0MP0NENTS 0F THE EYE 


The developments just deseribed bring the embryonie eomponents of 
the eye into the spatial relationships neeessary for the passage, focusing 
and sensing of light. The next phase of development involves fiirther 
patterning and phenotypie differentiation in order to develop the spe- 
eialized structures of the adult organ. 

The optie cup beeomes patterned, from the base to the rim, into 
regions with distinet fimetions. Several seereted faetors, including bone 
morphogenetie proteins (BMP), retinoie aeid and SHH, and transerip- 
tional regulators, including PAX6 and PAX2, are important for speeify- 
ing eaeh region (Chow and Fang 2001, Sinn and Wittbrodt 2013). The 
outer layer of the optie cup remains as a thin layer of eells, which begin 
to acquire pigmented melanosomes and form the pigmented epithe- 
lium of the retina at around 36 days. In a parallel proeess, which begins 
before invagination, the eells of the inner layer of the cup proliferate to 
form a thiek pseudostratified neuroepithelium, the future neural retina, 
over the base and sides of the cup. The peripheral region around the 
lip of the cup extends, and is fiirther differentiated into the eomponents 
of the prospeetive iris at the rim, and the eiliary body a little fiirther 
baek, adjaeent to the neural retina (see Fig. 40.2). The development of 
this pattern is refleeted in regional differenees in the expression of 
various genes that eneode transeriptional regulators and which are 
therefore likely to play key roles in eontrolling and eoordinating 
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Fig. 40.1 Development and morphogenesis of the optie cup. A-D Seanning eleetron mierographs of early eye development, A and C shovving external 
view, B and D showing longitudinal seetions through the eye. B and E show the early invagination of the lens plaeode and the modifieation of the optie 
vesiele to an optie cup. F and D show the formation of the lens vesiele and the two layers of the retina (nervous and pigmented). G and H show three 
dimensional images of the outer aspeet of the optie cup. G. Early formation of the ehoroid fissure along the side of the optie cup and optie stalk; the 
layers of the retina are shown. H The fused ehoroid fissure; the position of the lens within the optie cup is shown in dotted outline. (A, B, C, D Courtesy 
of Kathleen Sulik PhD, Professor, Llniversity of North Carolina.) 
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Fig. 40.2 Seetions through the developing eyes of human embryos. A, Equivalent to 8 mm crown-rump length (CRL); stage 16. The thiek nervous and 
the thinner pigmented layers of the developing retina and the lens are shown. The two layers of the embryonie optie cup are separated by the intraretinal 
spaee. B, Equivalent to 13.2 mm CRL; stage 17. The surface eetoderm anterior to the lens forms the eorneal epithelium, whereas the eorneal stroma and 
endothelium will differentiate from the invading mesenehyme (of neural erest and mesodermal origin). C, Equivalent to 40 mm CRL. The development of 
the anterior aqueous ehamber is apparent with ehoroidal extensions and iris visible. The eyelids have developed and are fused; the extent of the 
conjunctival forniees ean be seen. D, Anterior growth of the peripheral retina, pigmented layer of the retina and mesenehymal proliferation at the anterior 
part of the retina will give rise to the eiliary body and iris. The surface eetoderm anterior to the lens forms the eorneal epithelium, whereas the eorneal 
stroma and endothelium will differentiate from invading mesenehyme (of neural erest and mesodermal origin). E, Details of the developing uveal traet. 
Note the development of the anterior and posterior aqueous ehambers, separated by the iris, and the attaehment of the lens to the eiliary body. 


















































































































































































































Differentiation of the functional eomponents of the eye 


development. Distinet sets of genes are expressed prior to and during 
overt eell-type differentiation. For example, PAX6 is expressed in the 
prospeetive eiliary and iris regions of the optie cup; individuals hetero- 
zygous for mutations in PAX6 laek an iris (aniridia), which suggests a 
causal role for this gene in the development of the iris. The genes 
expressed in the eye are also often aetive at a variety of other speeifie 
sites in the embryo, which may in part, account for the eo-involvement 
of the eye and other organs in syndromes that result from single genetie 
lesions, e.g. PAX2 mutation causes eoloboma and kidney defeets, refleet- 
ing the sites of expression of the gene (Graw 2003). 

Developing neiiral retina 


The developing neural retina eonsists of an outer mielear zone, which 
eontains dividing neuroepithelial retinal progenitor eells, and an inner 
marginal zone, which is initially devoid of nuclei. At around 37days, 
the eells of the mielear zone invade the marginal zone, and by stage 18 
(44days), the nervous stratum of the retina eonsists of inner and outer 
neuroblastic layers. Cell lineage analyses have shown that seven retinal 
eell types are all derived from a eommon multipotential retinal progeni- 
tor eell. Different types of retinal eells are born (eease dividing) in a 
eonserved sequence during development: ganglion eells, amaerine eells, 
eone photoreeeptors and horizontal eells develop early, whereas bipolar 
eells, rod photoreeeptors and Miiller glial eells develop later (Cepko 
et al 1996). Newly born eells migrate from the apieal (ventricular) 
surface to the appropriate eell layer in the developing retina, establish- 
ing its eharaeteristie laminar structure. The developing ganglion eell 
layer first separates from the neuroblastic layers by formation of the 
inner plexiform layer. The inner nuclear layer, eontaining developing 
amaerine, horizontaf bipolar and Miiller glial eells, then separates from 
the outer nuclear layer, eontaining the developing rod and eone photo- 
reeeptors by formation of the outer plexiform layer. Mature retinal 
neurones first appear in the eentral part of the retina. By the eighth 
month, all the named layers of the retina ean be identified. However, 
the photoreeeptor eells continue to differentiate after birth, generating 
an array of inereasing resolution and sensitivity; the macula does not 
reaeh maturity until 15-45 months after birth (Hendriekson and Yuo- 
delis 1984). 

The divergent differentiation of the pigmented and sensory layers of 
the retina from the initially bipotential neuroepithelium of the optie 
vesiele involves aetivation of region-speeifie regulatory genes, e.g. 
CHX10 in the presumptive neural retina and AÍITF in the presumptive 
pigmented epithelium (Bharti et al 2006). Patterning by gene expres- 
sion is an important aspeet of establishing regional identity of the optie 
cup and the subsequent maturation of these respeetive tissues. Soluble 
faetors from the retina elieit the polarized distribution of plasma mem- 
brane proteins and the formation of tight junctions in the pigmented 
epithelium. Neural retinal differentiation is mediated by several growth 
faetors, including fibroblast growth faetors, SHH and retinoie aeid. Basie 
helix-loop-helix proneural transeriptional regulatory genes also play a 
eentral role in regulating retinal eell fate. However, the pigmented epi- 
thelium initially retains the potential to beeome neural retina and will 
do so if the embryonie retina is wounded, demonstrating the plastieity 
of the early eommitment to pigment epithelium or neural retinal fate. 

The retinal vasculature forms by the aggregation of spindle-shaped 
eells (mesenehymal eells) that emanate from the optie dise by week 
15 and form vascular eords, eonsistent with vessel formation by vas- 
ailogenesis, which give rise to the inner plexus of the retina. Vessel 
formation in the temporal and peripheral retina occurs by angiogen- 
esis. New vessel segments sprout from pre-existing vessels and grow 
tangentially by angiogenesis into the neuroepithelium (Hughes et al 
2000 ). 

Optie nerve 


The optie nerve develops from the optie stalk. The eentre of the optie 
cup, where the optie fissure is deepest, will later form the optie dise, 
where the neural retina is continuous with the eorresponding invagi- 
nated eell layer of the optie stalk; the developing axons of the ganglion 
eells, therefore, pass direetly into the wall of the stalk and eonvert it 
into the optie nerve. Myelination of the axons within the optie nerve 
begins shortly before birth but the proeess is not eompleted until some 
time later. The optie ehiasma is formed by the meeting and partial 
decussation of the axons within the two optie nerves in the ventral part 
of the lamina terminalis (at the junction of the teleneephalon with the 
dieneephalon in the floor of the third ventriele). Beyond the ehiasma, 
the axons eontimie as the optie traets, and pass prineipally to the lateral 
geniculate bodies and to the superior tectum of the midbrain. 


eiliary body 


The eiliary body is a compound structure. Its epithelial eomponents are 
derived from the region of the inner layer of the retina, between the iris 
and the neural retina, and the adjaeent outer layer of pigmented epi- 
thelium. The eells here differentiate in elose assoeiation with the sur- 
rounding mesenehyme to form highly vascularized folds that seerete 
aqueous fluid into the globe of the eye. 

The inner surface of the eiliary body forms the site of attaehment of 
the lens. The outer layer is assoeiated with smooth muscle derived from 
mesenehymal eells in the ehoroid that lie between the anterior seleral 
eondensation and the pigmented eiliary epithelium (p. 691). 

Iris 


The iris develops from the tip of the optie cup, where the two neuroepi- 
thelial layers remain thin and are assoeiated with vasailarized, muscu- 
lar eonneetive tissue. The muscles of the sphineter and dilator pupillae 
are unusual in that they are of neurectodermal origin, and develop as 
a result of fiirther growth and differentiation of the two layers of the 
optie cup. Mesenehymal eells, largely eomposed of neural erest eells 
that have migrated anterior to the lens, form the eollagen-rieh iris 
stroma; they overlay the pigmented epithelium of the iris, which is 
continuous with the eiliary body and neural retina, and is of neurecto- 
dermal origin. The mature colour of the iris develops after birth and is 
dependent on the relative contributions made by the pigmented epi- 
thelium on the posterior surface of the iris and the neural erest-derived 
melanoeytes in the mesenehymal stroma of the iris. If only epithelial 
pigment is present, the eye appears blue, whereas if there is an addi- 
tional contribution from the melanoeytes, the eye appears brown. Ani- 
ridia, the absenee of the iris, is eommonly caused by heterozygous 
mutations of PAX6. 

Lens 


The lens develops from the lens vesiele (see figs 40. 1F, 40.2A). Ini- 
tially, this is a ball of aetively proliferating epithelium, but by stage 16, 
there is a diseernible differenee between the thin anterior (i.e. outward- 
faeing) epithelium and the thiekened posterior epithelium. Cells of 
the posterior wall lengthen and fill the vesiele (see Fig. 40.2B,C), 
reducing the original eavity to a slit by about 44days. The posterior 
eells beeome filled with a very high eoneentration of proteins (erystal- 
lins), which render them transparent; they also beeome densely 
paeked within the lens as primary lens fibres. Cells at the equatorial 
region of the lens elongate and contribute seeondary lens fibres to the 
body of the lens in a proeess that eontimies into adult life, sustained 
by continued proliferation of eells in the anterior epithelium (p. 697). 
The polarity and growth of the lens appear to depend on the differen- 
tial distribution of soluble faetors that promote either eell division or 
lens fibre differentiation, and are present in the anterior ehamber and 
vitreous humour, respeetively. Congenital eataraets ean be assoeiated 
with mutations in genes that eneode structural lens proteins, particu- 
larly erystallin proteins, as well as genes that eneode transeriptional 
regulatory faetors expressed speeifieally in the lens, such as MAF and 
PITX3, which are needed for normal lens development and which also 
influence normal growth of the globe of the eye (Graw 2003, Graw 
2010 ). 

The developing lens is surrounded by a vasailar mesenehymal eon- 
densation, the vascular capsule, the anterior part of which is named the 
pupillary membrane. The posterior part of the capsule is supplied by 
branehes from the hyaloid artery, and the anterior part is supplied by 
branehes from the anterior eiliary arteries. During the fourth month, 
the hyaloid artery gives off retinal branehes. By the sixth month, all of 
the vessels have atrophied, except the hyaloid artery, which beeomes 
occluded during the eighth month of intrauterine life, although its 
proximal part persists in the adult as the eentral artery of the retina. 
Atrophy of the hyaloid vasculature and of the pupillary membrane 
appears to be an aetive proeess of programmed tissue remodelling that 
is maerophage-dependent; visual impairment occurs in persistent 
hyperplastie primary vitreous, a eondition in which normal regression 
of the hyaloid vasculature fails to occur. The hyaloid eanal, which earries 
the vessels through the vitreous, persists after the vessels have beeome 
occluded. In the neonate, it extends more or less horizontally from the 
optie dise to the posterior aspeet of the lens, but when the adult eye is 
examined with a slit-lamp, it ean be seen to follow an undulating 
course, sagging downwards as it passes forwards to the lens. With the 
loss of its blood vessels, the vascular capsule disappears and the lens 
beeomes dependent for its nutrition on diffiision via the aqueous and 
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vitreous humours. The lens remains enelosed in the lens capsule, a 
thiekened basal lamina derived from the lens epithelium. Sometimes, 
the pupillary membrane persists at birth, giving rise to eongenital 
atresia of the pupil. 

Vitreous body 


The vitreous body develops between the lens and the optie cup as a 
transparent, avascular gel of extracellular substance. The preeise deriv- 
ation of the vitreous remains eontroversial. The lens mdiment and the 
optie vesiele are, at first, in eontaet, but they draw apart after closure of 
the lens vesiele and formation of the optie cup, and remain eonneeted 
by a network of delieate eytoplasmie proeesses. This network, derived 
partly from eells of the lens and partly from those of the retina, is the 
primitive vitreous body. At first, these eytoplasmie proeesses are eon- 
neeted to the whole of the neuroretinal area of the cup but, later, they 
beeome limited to the eiliary region, where, by a proeess of eondensa- 
tion, they form the basis of the suspensory ligaments of the eiliary 
zonule. The vascular mesenehyme, which enters the cup through the 
ehoroidal fissure and around the equator of the lens, assoeiates loeally 
with this reticular tissue and thus contributes to the formation of the 
vitreous body. 

Anterior segment 


Mesenehymal eells of neural erest origin migrate anteriorly around the 
optie cup and between the surface eetoderm and the lens to contribute 
to the development of anterior segment stmetmes, including the eiliary 
body, the iris, the eornea and the iridoeorneal angle tissues (see Fig. 
40.2C-E) (Gould et al 2004). The anterior ehamber initially appears as 
a eleft in this mesenehymal tissue. The mesenehyme superficial to the 
eleft forms the stroma (substantia propria) and endothelium of the 
eornea, and that deep to the eleft forms the stroma of the iris and 
the pupillary membrane. Tangentially, this early eleft extends as far as 
the iridoeorneal angle, where communications are established with the 
seleral venous sinus (eanal of Sehlemm). Mesenehymal eells of neural 
erest origin lying at the angle of the anterior ehamber differentiate to 
form a speeialized meshwork of trabecular beams (eollagen fibrils 
eovered by eells); the open spaees of the meshwork beeome open to the 
anterior ehamber as the beams develop. The eanal of Sehlemm devel- 
ops deep to the trabeailar meshwork and is derived from mesodermal 
mesenehyme. Initially a vascular structure lined by endothelial eells, 
the eanal aets as an aqueous sinus from the fifth month of gestation 
(MeMenamin 1989). The forward-growing optie cup rim differentiates 
into the eiliary epithelium and the iris; the posterior ehamber is formed 
between the iris, the lens capsule, the zonular suspensory fibres and the 
eiliary proeesses. The eiliary proeesses produce the aqueous humour 
that flows through the pupil and is drained in the iridoeorneal angle, 
mainly by the trabeailar meshwork and the eanal of Sehlemm. In this 
way, the walls of the anterior and posterior segment ehambers fiirnish 
both the sites of production, and the ehannels for eiroilation and re- 
absorption, of the aqueous humour (p. 687). The FOXCl and PITX2 
transeriptional regulatory genes are expressed in the neural erest eells 
migrating into the presumptive anterior segment, and regulate differen- 
tiation of the anterior segment tissues. Anterior segment dysgenesis, 
involving malformation of the iris, eornea and angle, occurs when 
these genes are mutated (e.g. Axenfeld-Rieger syndrome) and is often 
assoeiated with raised intraooilar pressure and glaucoma (Gould et al 
2004). 

Cornea 


The eornea is induced in front of the anterior ehamber by the lens and 
optie cup. The eorneal epithelium is formed from surface eetoderm. The 
primordial eorneal endothelium lining the front of the anterior ehamber 
is formed from mesenehymal eells derived from the neural erest (see 
Fig. 40.2C,D,E). Mesenehymal eells migrate between these layers and 
differentiate to form speeialized fibroblasts (keratoeytes) that seerete 
the extracellular matrix of the eorneal stroma. A regular array of eollagen 
fibres (lamellae) is established between these two layers and serves to 
reduce seattering of light entering the eye. The most anterior region of 
the stroma (Bowman's layer) develops as an acellular zone paeked with 
eollagen fibrils that eonfer strength on the layer. From the third month, 
the endothelium is organized as a monolayer of eells and develops a 
strong, laminated basal lamina (Deseemet's membrane) adjaeent to the 
stroma. The endothelium maintains eorneal transpareney by regulating 
the water eontent of the stroma (p. 689). 


Choroid and selera 


The ehoroid and selera differentiate as inner vascular and outer fibrous 
layers, respeetively, from the neural erest mesenehyme that surrounds 
the optie cup; the ehoroid is continuous with the leptomeningeal inter- 
nal sheath of the optie nerve, and the selera is continuous with the outer 
dural sheath of the optie nerve. The blood vessels of the ehoroid develop 
from the fifteenth week and include the vasculature of the eiliary body. 


DIFFERENTIATION 0F STRUCTURES 
AR0UND THE EYE 


Extraocular muscles 


Development of the extrinsic ocular muscles is complex, involving 
eoordinated juxtaposition of speeifie muscle precursors, eranial motor 
nerve outgrowth and neural erest mesenehyme. During gastmlation, 
when the earliest eells are migrating through the primitive node to form 
the preehordal plate and notoehordal proeess, they transitorily express 
myogenie markers. In stages 9 and 10 a population of preehordal mes- 
enehyme eells migrate laterally from the lateral edge of the preehordal 
plate toward the unsegemental paraxial mesenehyme eaeh side of the 
notoehord. After neumlation is eomplete, bilateral premandibular, 
intermediate and caudal eavities develop adjaeent to the neural tube. 
The walls of these 'head eavities' are lined by flat or eylindrieal eells that 
do not exhibit the eharaeteristies of a germinal epithelium; they were 
previously termed preotie somites. 

As the ooilomotor nerve grows towards the developing eye, at the 
level of the premandibular head eavity, the preehordal mesenehyme 
beeomes apparent as a eondensation of premuscle eells at its ventrola- 
teral side. This later subdivides into the blastema of superior, inferior, 
medial and lateral reeti and inferior oblique. Similar events occur in the 
intermediate head eavity which is assoeiated with the troehlear nerve 
and premuscle eells forming superior oblique, and the caudal head 
eavity (abducens nerve and lateral rectus) (see Figs 12.4 and 35.7). 

The early myogenie properties of the preehordal mesenehyme have 
been demonstrated experimentally; if transplanted into limb buds, the 
eells are able to develop into muscle tissue (Wachtler and jaeob 1986), 
however, the timing of expression of myosin heavy ehain isoforms is 
different from that of limb myoblasts. Myotube formation starts later 
and progresses at a slower paee than in the limb, and coexpression of 
MyHCI/l st and MyHCI/2 nd are both seen from the earliest stages of 
development in eontrast to only MyHCI/l st in the limb. These early 
myoblasts retain their distinet differenees from other skeletal muscles 
as they mature: they are smaller and loosely arranged, and belong to 
very small motor units (Porter and Baker 1996, Pedrosa-Domellòf et al 
2000). Their final attaehment to the eye is speeified by neural erest 
formation of the selera, extraocular muscle tendons and the orbit. In 
eases of anophthalmia the relative loeation and structure of extraocular 
muscles ean be identified (Pedrosa-Domellòf et al 2000, Bohnsaek et al 
2011 ). 

Eyelids 


The eyelids are formed as small cutaneous folds of surface eetoderm 
with a eore of neural erest mesenehyme (see Fig. 40.2D). During the 
middle of the third month, their edges eome together and unite over 
the eornea to enelose the conjunctival sae; they usually remain united 
until about the end of the sixth month. When the eyelids open, the 
conjunctiva lining their inner surfaces and eovering the seleral region 
of the eye ffises with the eorneal epithelium. Transforming growth 
faetor alpha (TGF-a) and several other growth faetors regulate the 
mesenchyme-epithelium interaetions and eell migration that are 
required for eyelid formation; keratinization is thought to play an 
important role in lid separation. The eyelashes and lid glands, i.e. seba- 
ceous glands assoeiated with the eyelashes and tarsal (Meibomian) 
glands, develop from eetoderm, as do the laerimal and aeeessory lae- 
rimal glands. Orbicularis oculi, which eloses the eyelids, develops on 
eaeh side from skeletal myoblasts from the seeond pharyngeal areh that 
invade the eyelids. The muscles that widen the palpebral fissure develop 
within the orbit from mesenehymal eells; the superior and inferior 
tarsal muscles are smooth muscle, whereas levator palpebrae superioris 
is striated muscle that is attaehed to eaeh upper eyelid by a tendon 
derived from the neural erest (Ploek et al 2005). (For a detailed time- 
table for upper eyelid development in staged human embryos and 
fetuses, see Byun et al (2011).) 
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Laerimal apparatus 


The eetodermal epithelium of the superior conjunctival fornix prolifer- 
ates and gives rise to a series of tubular buds that form the alveoli and 
ducts of the laerimal gland. The buds are arranged in two groups: one 
forms the gland proper and the other forms its palpebral proeess (de 
la Cuadra-Blanco et al 2003). The laerimal sae and nasolaerimal duct 
are derived from eetoderm in the nasomaxillary groove (between the 
lateral nasal proeess and the maxillary proeess of the developing faee) 
(see Fig. 36.11). The eetoderm thiekens to form a solid eord of eells, the 
nasolaerimal ridge, which subsequently sinks into the mesenehyme and 
beeomes eanalized during the third month to form the nasolaerimal 
duct. The laerimal canaliculi arise from the eranial extremity of the eord 
as buds that establish openings (puncta laerimalia) on the margins of 
the lids. The inferior canaliculus isolates a small part of the lower eyelid 
to form the laerimal eamnele and pliea semilunaris. 

Neonatal and infant eye 


Low-birth-weight and preterm infants are at risk of developing retin- 
opathy of prematnrity, a proliferative retinopathy (Kashani et al 2014, 
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BONY ORBIT 


The bony orbits are skeletal eavities loeated on either side of the root 
of the nose that serve as soekets for the eyes and assoeiated tissues. The 
walls of eaeh orbit proteet the eye from injury provide points of attaeh- 
ment for six extraocular muscles that allow the accurate positioning of 
the visual axis, and determine the spatial relationship between the two 
eyes, which is essential for both binocular vision and conjugate eye 
movements. 

By eonvention, eaeh eavity is eonsidered to approximate to a quadri- 
lateral pyramid with its base at the orbital opening, narrowing to its 
apex along a posteromedially direeted axis. Eaeh orbit has a roof, floor 
and medial and lateral walls. The medial walls lie approximately 25 mm 
apart in adults and are nearly parallel. The angle between the medial 
and lateral walls is about 45 0 . The eompromise between proteetion and 
ensuring a good field of view dietates that eaeh eyeball is loeated anter- 
iorly within the orbit. The eyeball thus occupies only one-fifth of the 
volume of the orbit (Fig. 41.1); the remainder of the eavity is filled with 
extraocular muscles, vessels and nerves that are eontained within and 
supported by orbital fat and eonneetive tissue. In brief, the orbit trans- 
mits the optie, oculomotor, troehlear and abducens nerves, and branehes 
of the ophthalmie and maxillary divisions of the trigeminal nerve, the 
eiliary parasympathetie ganglion and the ophthalmie vessels. It also 
eontains the nasolaerimal apparatus that mediates tear drainage into 
the nasal eavity. 


Retro-orbital fat Medial rectus Optie nerve Lateral rectus 



Retro-orbital fat Medial rectus Optie nerve Lateral rectus 



Fig. 41.1 A, A T2-weighted axial magnetie resonanee imaging (MRI) sean 
throiigh the mid-orbit. B, Note optie nerve in its entirety. (Courtesy of Dr 
Timothy Beale FRCR, Royal National Throat Nose and Ear Hospital, 
London.) 


There is a strong eorrelation between the pattern of orbital growth 
and eyeball growth. Orbital growth is most rapid during the first 
12-24 months of life and most parameters reaeh 86-96% of adult 
values by the age of 8years (Esearavage and Dutton 2013). Orbital 
volumes are larger in boys than in girls throughout ehildhood (Bentley 
et al 2002). 

Roof 


The roof of the orbit is formed prineipally by the thin orbital plate of 
the frontal bone (Fig. 41.2). It is gently eoneave on its orbital aspeet, 
which separates the orbital eontents and the brain in the anterior 
eranial fossa. Anteromedially, it eontains the frontal sinus and displays 
a small troehlear fovea, sometimes surmounted by a small spine, where 
the cartilaginous troehlea (pulley) for superior oblique is attaehed. 
Anterolaterally, there is a shallow fossa that houses the orbital part of 
the laerimal gland. The roof slopes down signifieantly towards the apex, 
joining the lesser wing of the sphenoid, which eompletes the roof. The 
optie eanal lies between the roots of the lesser wing and is bounded 
medially by the body of the sphenoid. 

Medial wall 


The medial wall of the orbit is formed prineipally by the orbital plate 
(lamina papyraeea) of the ethmoid bone (see Fig. 41.2). This paper- 
thin, rectangular plate eovers the middle and posterior ethmoidal air 
eells, providing a route by which infeetion ean spread into the orbit. 
The ethmoid articulates with the medial edge of the orbital plate of the 
frontal bone at a suture that is intermpted by anterior and posterior 
ethmoidal foramina. Posteriorly, it articulates with the body of the 
sphenoid, which forms the medial wall of the orbit to its apex. 
The laerimal bone lies anterior to the ethmoid; it eontains a fossa for 
the nasolaerimal sae that is limited in front by the anterior laerimal 
erest on the frontal proeess of the maxilla and behind by the posterior 
laerimal erest of the laerimal bone (to which the laerimal part of orbie- 
ularis oculi and laerimal faseia are attaehed). A deseending proeess of 
the laerimal bone at the lower end of the posterior laerimal erest eon- 
tributes to the formation of the upper part of the nasolaerimal eanal, 
which is eompleted by the maxilla (Fig. 41.3). During development, 
the medial wall of the orbit doubles in length, with disproportionate 
enlargement of its anterior half. Growth is rapid during the first 6years 
of life and gradual between 7years and adulthood (isaaeson and 
Monge 2003). 

Floor 


The floor of the orbit is mostly formed by the orbital plate of the 
maxilla, which articulates with the zygomatie bone anterolaterally and 
the small triangular orbital proeess of the palatine bone posteromedi- 
ally (see Fig. 41.3). The floor is thin and largely roofs the maxillary 
sinus. Not quite horizontal, it aseends a little laterally. Anteriorly, it 
curves into the lateral wall, and posteriorly, it is separated from the 
lateral wall by the inferior orbital fissure, which eonneets the orbit 
posteriorly to the pterygopalatine fossa, and more anteriorly to the 
infratemporal fossa. The medial lip is notehed by the infraorbital 
groove. The latter passes forwards and sinks into the floor to beeome 
the infraorbital eanal, which opens on the faee at the infraorbital 
foramen; the infraorbital groove, eanal and foramen eontain the infraor- 
bital nerve and vessels. Proportionally more pure orbital fractures 
involve the floor, particularly in the region of the infraorbital groove 
(Burm et al 1999). The elassie 'blowout fracture' leaves the orbital rim 
intaet and typieally entraps soft tissue structures, leading to diplopia, 
impaired ocular motility and enophthalmos; infraorbital nerve involve- 
ment leads to ipsilateral sensory disturbance of the skin of the midfaee. 





























Bony orbit 



Fig. 41.2 An anterior view of the left orbit indieating the bones forming the walls (A) and the prineipal apertures (B). A, Key: 1, lesser wing of sphenoid; 
2, orbital plate of ethmoid; 3, laerimal bone; 4, orbital plate of frontal bone; 5, greater wing of sphenoid; 6, zygomatie; 7, orbital plate of maxilla. B, Key: 
1, supraorbital foramen; 2, posterior ethmoidal foramen; 3, anterior ethmoidal foramen; 4, laerimal fossa; 5, (eanal for) nasolaerimal duct; 6, infraorbital 
foramen; 7, optie eanal; 8, superior orbital fissure; 9, inferior orbital fissure; 10, infraorbital groove. 
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Fig. 41.3 A horizontal seetion through the floor of the left orbit and the 
adjaeent ethmoidal and sphenoidal sinuses, viewed from above. 


Lateral wall 


the orbital floor, is sometimes assoeiated with an anastomosis between 
the middle meningeal and infraorbital arteries. 


ORBITAL FISSIIRES AND FORAMINA 
Optie eanal 


The lesser wing of the sphenoid is eonneeted to the body of the sphen- 
oid by a thin, flat anterior root and a thiek, triangular posterior 
root. The optie eanal lies between these (see Fig. 41.2) and eonneets the 
orbit to the middle eranial fossa, transmitting the optie nerve and its 
meningeal sheaths, and the ophthalmie artery. The eommon tendinous 
ring, which gives origin to the four reeti, is attaehed to the bone near 
the superior, medial and lower margins of the orbital opening of the 
eanal (see Fig. 41.4). The diameter of the eranial opening of the optie 
eanal inereases signifieantly during the fetal period and ehildhood into 
adulthood. 

Superior orbital fissure 


The superior orbital fissure is the gap between the greater and lesser 
wings of the sphenoid, bounded medially by the body of the sphenoid, 
and elosed at its anterior extremity by the frontal bone (see Fig. 41.2). 
It eonneets the eranial eavity with the orbit and transmits the oculo- 
motor, troehlear and abducens nerves, branehes of the ophthalmie 
nerve and the ophthalmie veins (see fig. 41.4). 

Inferior orbital fissure 


The lateral wall of the orbit is formed by the orbital surface of the greater 
wing of the sphenoid posteriorly and the frontal proeess of the zygo- 
matie bone anteriorly; the bones meet at the sphenozygomatie suture. 
The zygomatie surface eontains the openings of minute eanals for the 
zygomatieofaeial and zygomatieotemporal nerves, the former near the 
junction of the floor and lateral wall, and the latter at a slightly higher 
level, sometimes near the suture. The orbital tubercle, to which the 
lateral palpebral ligament, the eheek ligament of lateral rectus and the 
aponeurosis of levator palpebrae are all attaehed, lies just inside 
the midpoint of the lateral orbital margin. The lateral wall is the thiekest 
wall of the orbit, espeeially posteriorly, where it separates the orbit from 
the middle eranial fossa. Anteriorly, the lateral wall separates the orbit 
and the infratemporal fossa. The lateral wall and roof are continuous 
anteriorly but are separated posteriorly by the superior orbital fissure, 
which lies between the greater wing (below) and lesser wing (above) 
of the sphenoid, and eomimmieates with the middle eranial fossa. The 
fissure tapers laterally but widens at its medial end, its long axis deseend- 
ing posteromedially. Where the fissure begins to widen, its inferolateral 
edge shows a projeetion, often a spine, for the lateral attaehment of the 
eommon tendinous ring (see Fig. 41.4). An infraorbital sulcus, which 
mns from the superolateral end of the superior orbital fissure towards 


The inferior orbital fissure is bounded above by the greater wing of the 
sphenoid, below by the maxilla and the orbital proeess of the palatine 
bone, and laterally by the zygomatie bone (see Fig. 41.2). The maxilla 
and sphenoid often meet at the anterior end of the fissure, excluding 
the zygomatie bone. The inferior orbital fissure eonneets the orbit with 
the pterygopalatine and infratemporal fossae and transmits the infra- 
orbital and zygomatie branehes of the maxillary nerve and aeeompany- 
ing vessels (see Fig. 41.4), orbital rami from the pterygopalatine 
ganglion and a eonneetion between the inferior ophthalmie vein and 
pterygoid venous plexus. A small maxillary depression may mark the 
attaehment of inferior oblique anteromedially, lateral to the laerimal 
hamulus. 

Ethmoidal foramina 


The anterior and posterior ethmoidal foramina usually lie in the fronto- 
ethmoidal suture (see Fig. 41.2). The posterior foramen may be absent, 
and oeeasionally there is a middle ethmoidal foramen. The foramina 
open into eanals that transmit their vessels and nerves into the ethmoi- 
dal sinuses, anterior eranial fossa and nasal eavity. 
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SECTION 4 


ORBIT AND AOOESSORY VISIJAL APPARATUS 


C0MM0N TENDINOUS RING 


The eommon tendinous ring is a fibrous ring that surrounds the optie 
eanal and part of the superior orbital fissure at the apex of the orbit, 
and gives origin to the four reeti (Fig. 41.4). The optie nerve and oph- 
thalmie artery enter the orbit via the optie eanal, and so lie vvithin the 
eommon tendinous ring. The superior and inferior divisions of the 
oculomotor nerve, the nasoeiliary braneh of the ophthalmie nerve, and 
the abducens nerve also enter the orbit within the eommon tendinous 
ring, but they do so via the superior orbital fissure (see Fig. 41.15). The 
troehlear nerve and the frontal and laerimal branehes of the ophthalmie 
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tendinous ring 



Rim of 
optie eanal 

Dural sheath 
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Fig. 41.4 The eommon tendinous ring: muscle origins have been 
superimposed. The relative positions of the nerves and vessels that enter 
the orbital eavity by passing through the superior orbital fissure or optie 
eanal are shown. Note that the attaehments of levator palpebrae 
superioris and superior oblique lie external to the eommon tendinous ring 
but are attaehed to it. The ophthalmie veins frequently pass through the 
ring. The recurrent meningeal artery (a braneh of the ophthalmie artery) 
is often conducted from the orbit to the eranial eavity through its own 
foramen. Abbreviations: III, oculomotor nerve; IV, troehlear nerve; 

VI, abducens nerve. 


nerve all enter the orbit through the superior orbital fissure but lie 
outside the eommon tendinous ring. Structures that enter the orbit 
through the inferior orbital fissure lie outside the eommon tendinous 
ring. The elose anatomieal relationship of the optie nerve and other 
eranial nerves at the orbital apex means that lesions in this region may 
lead to a eombination of visual loss from optie neuropathy and oph- 
thalmoplegia from multiple eranial nerve involvement (Yeh and 
Foroozan 2004). 


ORBITAL C0NNECTIVE TISSUE AND FAT 


The orbit eontains a complex arrangement of eonneetive tissue that 
forms a supporting framework for the eyeball and also influences ocular 
rotations and eompartmentalizes orbital fat (Fig. 41.5). Certain regions 
have anatomieal and elinieal signifieanee, including the orbital septum, 
faseial sheath of the eye, 'eheek' ligaments, suspensory ligament and 
periosteum. The notion that orbital eonneetive tissues fimetion as 
extraocular muscle pulleys and influence ocular motility has reeently 
gained widespread aeeeptanee (Demer 2002, Miller 2007). 


0RBITAL SEPTUM 


The orbital septum is a weak membranous sheet, attaehed to the orbital 
rim where it beeomes continuous with the periosteum (see Fig. 41.5). 
It extends into eaeh eyelid and blends with the tarsal plates and, in the 
upper eyelid, with the superficial lamella of levator palpebrae superi- 
oris. The orbital septum is thiekest laterally, where it lies in front of the 
lateral palpebral ligament. It passes behind the medial palpebral liga- 
ment and nasolaerimal sae, but in front of the pulley of superior 
oblique. The septum is piereed above by levator palpebrae superioris 
and below by a fibrous extension from the sheaths of inferior rectus 
and inferior oblique. The laerimal, supratrochlear, infratroehlear and 
supraorbital nerves and vessels pass through the septum from the orbit 
en route to the faee and sealp. Clinically, the septum is an important 
anatomieal referenee to differentiate pre- and postseptal (orbital) 
cellulitis. 


FASCIAL SHEATH 0F THE EYEBALL 


A thin faseial sheath, the faseia bulbi (Tenon's capsule), envelops the 
eyeball from the optie nerve to the eorneoseleral junction, separating it 
from the orbital fat and forming a soeket for the eyeball (see Fig. 41.5; 
Fig. 41.6). The ocular aspeet of the sheath is loosely attaehed to the 
selera by delieate bands of episeleral eonneetive tissue. Posteriorly, it is 
traversed by eiliary vessels and nerves. It fhses with the selera and with 
the sheath of the optie nerve where the latter enters the eyeball; attaeh- 
ment to the selera is strongest in this position and again anteriorly, just 
behind the eorneoseleral junction at the limbus. injeetion of loeal 
anaestheties via a cannula into the spaee between the faseia bulbi and 
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Fig. 41.5 The eontents of the orbit, sagittal 
seetion. 
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Fig. 41.6 A, The orbital faseia, sagittal seetion. B, The orbital faseia, 
horizontal seetion. 


the selera (sub-Tenon's anaesthesia) has beeome a popular technique 
for many ophthalmie surgical procedures (Davison et al 2007). 

The faseia bulbi is perforated by the tendons of the extraocular 
muscles and is refleeted on to eaeh as a tubular sheath, the muscular 
faseia. The sheath of superior oblique reaehes the fìbrous pulley (troeh- 
lea) assoeiated with the muscle. The sheaths of the four reeti are very 
thiek anteriorly but are reduced posteriorly to a delieate perimysium. 
Just before they blend with the faseia bulbi, the thiek sheaths of adja- 
eent reeti beeome confluent and form a faseial ring. 

Expansions from the muscular faseia are important for the attaeh- 
ments they make. Those from the medial and lateral reeti are triangular 
and strong, and are attaehed to the laerimal and zygomatie bones, 
respeetively; sinee they may limit the aetions of the two reeti, they are 
termed the medial and lateral eheek ligaments (see Fig. 41.6). Other 
extraocular muscles have less substantial eheek ligaments, and the 
eapaeity of any of them actually to limit movement has been 
questioned. 

The sheath of inferior rectus is thiekened on its underside and blends 
with the sheath of inferior oblique. These two, in turn, are continuous 
with the faseial ring noted earlier and therefore with the sheaths of the 
medial and lateral reeti. Sinee the latter are attaehed to the orbital walls 
by eheek ligaments, a continuous faseial band, the suspensory ligament 
of the eye, is slung like a hammoek below the eye, providing sufficient 
support such that, even when the maxilla (forming the floor of the 
orbit) is removed, the eye will retain its position. 

The thiekened fused sheath of inferior rectus and inferior oblique 
also has an anterior expansion into the lower eyelid, where, augmented 



Fig. 41.7 A eoronal seetion through the left orbit (viewed from in front), 
cut through a plane passing 5 mm behind the posterior pole of the globe. 
Abbreviations: ate, adipose tissue eompartments; eb, ethmoid bone; fn, 
frontal nerve; frb, frontal bone; ir, inferior rectus; Ips, levator palpebrae 
superioris; Ir, lateral rectus; m, maxilla (bone); mr, medial rectus; nen, 
nasoeiliary nerve; opn, optie nerve; som, superior oblique; sov, superior 
ophthalmie vein; sr, superior rectus. (With permission from Koornneef L 
1977 The architecture of the musculo-fibrous apparatus in the human 
orbit. Aeta Morphol Neerl Seand 15:35-64.) 


by some fibres of orbiailaris oculi, it attaehes to the inferior tarsus as 
the inferior tarsal muscle; eontraetion of inferior rectus in downward 
gaze therefore also draws the lid downward. The sheath of levator 
palpebrae superioris is also thiekened anteriorly, and just behind the 
aponeurosis it fuses inferiorly with the sheath of superior rectus. It 
extends forwards between the two muscles and attaehes to the upper 
fornix of the conjunctiva. 

Other extensions of the faseia bulbi pass medially and laterally, and 
attaeh to the orbital walls, forming the transverse ligament of the eye. 
This structure is of uncertain signifieanee, but presumably plays a part 
in drawing the fornix upwards in gaze elevation and may aet as a 
ffilemm for levator movements. Other numerous finer faseiae form 
radial septa that extend from the faseia bulbi and the muscle sheaths 
to the periosteum of the orbit, and so provide eompartments for orbital 
fat. They also prevent the gross displaeement of orbital fat, which could 
interfere with the accurate positioning of the two eyes that is essential 
for binocular vision. 

The periosteum of the orbit is only loosely attaehed to bone. Behind, 
it is united with the dura mater surrounding the optie nerve and, in 
front, it is continuous with the periosteum of the orbital margin, where 
it gives off a stratum that contributes to the orbital septum. It also 
attaehes to the troehlea and, as the laerimal faseia, forms the roof and 
lateral wall of the fossa for the nasolaerimal sae. 

Orbital eonneetive tissue pulleys 

There is mounting evidenee that ehallenges the traditional view that the 
reeti are attaehed only at their origin and seleral insertion. The eoneept 
that orbital eonneetive tissue sheaths elastieally coupled to the orbital 
walls fimetion as pulleys was initially proposed as an explanation for 
the observed orbital stability of rectus muscle paths (Miller 1989). Eaeh 
pulley eonsists of an eneireling sleeve of eollagen loeated within the 
faseia bulbi, near the equator of the globe. Elastie fibres and bundles of 
smooth muscle eonfer the required internal rigidity to the stmcture 
(Demer 2002). Although the original model deseribed a passive pulley 
system, the current view is that fìbres from the orbital surface of the 
muscle insert into the pulley sleeve to allow small longitudinal move- 
ments. This 'aetive pulley hypothesis' provides a better explanation for 
normal ocular kinematies (Miller 2007). 


0RBITAL FAT 


The spaees between the main stmctures of the orbit are oeoipied by fat, 
particularly in the region between the optie nerve and the surrounding 
eone of muscles (see Fig. 41.5; Fig. 41.7). Fat also lies between the 
muscles and periosteum, and is limited anteriorly by the orbital septum. 
Collectively, the fat helps to stabilize the position of the eyeball and 
also aets as a soeket within which the eye ean rotate. Conditions 
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resulting in an inereased overall volume of orbital fat with assoeiated 
swelling of the extraocular muscles, e.g. hyperthyroidism (Graves' 
disease), may lead to forward protmsion of the eyeball (exophthalmos). 


EXTRA0CULAR MUSCLES 


There are seven skeletal extraocular (extrinsic) muscles assoeiated with 
the eye. Levator palpebrae superioris is an elevator of the upper eyelid, 
and the other six, i.e. four reeti (superior, inferior, medial and lateral) 
and two obliques (superior and inferior), are eapable of moving the eye 
in almost any direetion. Oomplete eongenital absenee of the extraocular 
imiseles, thought to represent a severe form of eongenital fibrosis syn- 
drome, has been deseribed (Brady et al 1992). Rarely, humans have 
deep orbital bands eonsistent with supernumerary extraocular muscles 
(Khitri and Demer 2010). 


LEVATOR PALPEBRAE SUPERI0RIS 


Levator palpebrae superioris is a thin, triangular muscle that arises from 
the inferior aspeet of the lesser wing of the sphenoid, above and in front 
of the optie eanal, and separated from it by the attaehment of superior 
rectus (see Fig. 41.4). It has a short narrow tendon at its posterior attaeh- 
ment and broadens gradually, then more sharply as it passes anteriorly 
above the eyeball. The muscle ends in front in a wide aponeurosis. 
Some of its tendinous fibres pass straight into the upper eyelid to attaeh 
to the anterior surface of the tarsus, while the rest radiate and pieree 
orbicularis oculi to pass to the skin of the upper eyelid. A thin lamina 
of smooth muscle, the superior tarsal muscle, passes from the underside 
of levator palpebrae superioris to the upper margin of the superior 
tarsus (see Fig. 41.20). 

The eonneetive tissue sheaths of the adjoining surfaces of levator 
palpebrae superioris and superior rectus are fhsed (see 4g. 41.5). Where 
the two muscles separate to reaeh their anterior attaehments, the faseia 
between them forms a thiek mass to which the superior conjunctival 
fornix is attaehed; this is usually deseribed as an additional attaehment 
of levator palpebrae superioris. Traeed laterally, the aponeurosis of the 
levator passes between the orbital and palpebral parts of the laerimal 
gland to attaeh to the orbital tubercle of the zygomatie bone. Traeed 
medially, it loses its tendinous nature as it passes elosely over the 
refleeted tendon of superior oblique, and continues on to the medial 
palpebral ligament as loose strands of eonneetive tissue. 

Vaseillar Slipply Levator palpebrae superioris reeeives its arterial 
supply both direetly from the ophthalmie artery and indireetly from its 
supraorbital braneh. 

Innervation Levator palpebrae superioris is innervated by a braneh of 
the superior division of the oailomotor nerve that enters the inferior 
surface of the muscle. Sympathetie fibres to the smooth muscle eom- 
ponent of levator palpebrae superioris (superior tarsal muscle) are 
derived from the plexus surrounding the internal earotid artery; these 
nerve fibres may join the oculomotor nerve in the cavernous sinus and 
pass forwards in its superior braneh. 

Aetions Levator palpebrae superioris elevates the upper eyelid. During 
this proeess, the lateral and medial parts of its aponeurosis are stretehed 
and thus limit its aetion; the elevation is also eheeked by the orbital 
septum. Elevation of the eyelid is opposed by the palpebral part of 
orbioilaris oculi. Levator palpebrae superioris is linked to superior 
rectus by a eheek ligament; thus the upper eyelid elevates when the gaze 
of the eye is direeted upwards. 

The position of the eyelids depends on reeiproeal tone in orbicularis 
oculi and levator palpebrae superioris, and on the degree of ocular 
protmsion. In the opened position, the upper eyelid eovers the upper 
part of the eornea, while the lower lid lies just below its lower margin. 
The eyes are elosed by movements of both lids, produced by the eontrae- 
tion of the palpebral part of orbiailaris oculi and relaxation of levator 
palpebrae superioris. In looking upwards, the levator eontraets and the 
upper lid follows the ocular movement. At the same time, the eyebrows 
are also usually raised by the frontal parts of oeeipitofrontalis to dimin- 
ish their overhang. The lower lid lags behind ocular movement, so that 
more selera is exposed below the eornea and the lid is bulged a little 
by the lower part of the elevated eye. When the eye is depressed, both 
lids move; the upper retains its normal relation to the eyeball and still 
eovers about a quarter of the eornea, whereas the lower lid is depressed 
because the extension of the thiekened faseia of inferior rectus and 
inferior oblique pull on its tarsus as the former eontraets. 


The palpebral apertures are widened in states of fear or excitement 
by eontraetion of the superior and inferior tarsal muscles as a result 
of inereased sympathetie aetivity. Lesions of the sympathetie supply 
result in drooping of the upper eyelid (ptosis), as seen in Horner s 
syndrome. 


THE RECTI 


The four reeti are approximately strap-shaped; eaeh has a thiekened 
middle part that thins gradually to a tendon (Figs 41.8-41.9). They are 
attaehed posteriorly to a eommon tendinous ring that eneireles the 
superior, medial and inferior margins of the optie eanal, eontimies lat- 
erally aeross the inferior and medial parts of the superior orbital fissure, 
and is attaehed to a tubercle or spine on the margin of the greater wing 
of the sphenoid (see Fig. 41.4). The tendinous ring is elosely adherent 
to the dural sheath of the optie nerve medially and to the surrounding 
periosteum. Inferior rectus, part of medial rectus and the lower fibres 
of lateral rectus are all attaehed to the lower part of the ring, whereas 
superior rectus, part of medial rectus and the upper fibres of lateral 
rectus are all attaehed to the upper part. A seeond small tendinous slip 
of lateral rectus is attaehed to the orbital surface of the greater wing of 
the sphenoid, lateral to the eommon tendinous ring. 
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Fig. 41.8 The extraocular muscles viewed from above. 
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Fig. 41.9 The muscles of the left orbit, lateral view. 






















































Extraocular rrmseles 


Eaeh rectus muscle passes forwards, in the position implied by its 
name, to be attaehed anteriorly by a tendinous expansion into the 
selera, posterior to the margin of the eornea. However, before their 
seleral attaehment, the reeti make fhnetionally important eonneetions 
within orbital eonneetive tissue that influence muscle aetion. 

Sitperior rectus 

Superior rectus is slightly larger than the other reeti. It arises from the 
upper part of the eommon tendinous ring, above and lateral to the optie 
eanal. Some fibres also arise from the dural sheath of the optie nerve. 
The fibres pass forwards and laterally (at an angle of approximately 25 0 
to the median plane of the eye in the primary position) to insert into 
the upper part of the selera, approximately 8 mm from the limbus (see 
Fig. 41.8). The insertion is slightly oblique, the medial margin more 
anterior than the lateral margin. 

Vascular supply Superior rectus reeeives its arterial supply both 
direetly from the ophthalmie artery and indireetly from its supraorbital 
braneh. 

Innervation Superior rectus is innervated by the superior division of 
the oculomotor nerve that enters the inferior surface of the muscle. 

Aetions Superior rectus moves the eye so that the eornea is direeted 
upwards (elevation) and medially (adduction). To obtainupward move- 
ment alone, the muscle must fimetion with inferior oblique. Superior 
rectus also causes intorsion of the eye (i.e. medial rotation). Because a 
eheek ligament extends from superior rectus to levator palpebrae supe- 
rioris, elevation of the eye also results in elevation of the upper eyelid. 
For more detailed discussion of its aetions, see page 672. 

Inferior rectus 

Inferior rectus arises from the eommon tendinous ring, below the optie 
eanal. It mns along the orbital floor in a similar direetion to superior 
rectus (i.e. forwards and laterally) and inserts obliquely into the 
selera below the eornea, approximately 6.5 mm from the limbus (see 

Fig. 41.9). 

Vaseillar Slipply Inferior rectus reeeives its arterial supply from the 
ophthalmie artery and from the infraorbital braneh of the maxillary 
artery. 

Innervation Inferior rectus is innervated by a braneh of the inferior 
division of the oculomotor nerve that enters the superior surface of the 
imisele. 

Aetions The prineipal aetivity of inferior rectus is to move the eye so 
that it is direeted downwards (depression). It also causes the eye to 
deviate medially and extorts the eye (i.e. produces lateral rotation). To 
obtain downward movement alone, inferior rectus must fimetion with 
superior oblique. A fibrous extension from inferior rectus to the inferior 
tarsal plate of the eyelid causes the lower eyelid to be depressed when 
the muscle eontraets. For more detailed discussion of its aetions, see 
page 672. 

Medial rectus 

Medial rectus is slightly shorter than the other reeti but is the strongest 
of the group. It arises from the medial part of the eommon tendinous 
ring, and also from the dural sheath of the optie nerve, passing hori- 
zontally forwards along the medial wall of the orbit, below superior 
oblique (see Figs 41.8, 41.9). It inserts into the medial surface of the 
selera, approximately 5.5 mm from the limbus and slightly anterior to 
the other reeti. 

Vaseillar Slipply Medial rectus reeeives its arterial supply from the 
ophthalmie artery. 

Innervation Medial rectus is innervated by a braneh from the inferior 
division of the oculomotor nerve that enters the lateral surface of the 
muscle. 

Aetions Medial rectus moves the eye so that it is direeted medially 
(adducted). The two medial reeti aeting together are responsible for 
eonvergenee of the eyes. For more detailed discussion of its aetions, see 

page 672. 

Lateral rectus 

Fateral rectus arises prineipally from the lateral part of the eommon 
tendinous ring and bridges the superior orbital fissure (see Fig. 41.4); 
some fibres also arise from a spine on the greater wing of the sphenoid. 


The muscle passes horizontally forwards along the lateral wall of the 
orbit to insert into the lateral surface of the selera, approximately 7 mm 
from the limbus (see Fig. 41.8). 

Vascular SLipply Fateral rectus reeeives its arterial supply from the 
ophthalmie artery direetly and/or from its laerimal braneh. 

Innervation Fateral rectus is innervated by the abducens nerve by 
branehes that enter the medial surface of the muscle. 

Aetions Fateral rectus moves the eye so that it is direeted laterally 
(abducted). For more detailed discussion of its aetions, see page 672. 

THE 0BLIQUES 

Superior oblique 

Superior oblique is a fiisiform muscle that arises from the body of the 
sphenoid superomedial to the optie eanal and the tendinous attaeh- 
ment of the superior rectus (see Fig. 41.4). It mns forwards to end in a 
round tendon that passes through a fibrocartilaginous loop, the troeh- 
lea, attaehed to the troehlear fossa of the frontal bone (see Fig. 41.8). 
Tendon and troehlea are separated by a delieate synovial sheath. The 
tendon subsequently deseends posterolaterally and inferior to superior 
rectus, and is attaehed to the selera in the superolateral part of the 
posterior quadrant behind the equator, between the superior and lateral 
reeti. 

Vaseillar SLipply Superior oblique reeeives its arterial supply direetly 
from the ophthalmie artery and indireetly from its supraorbital braneh. 

Innervation Superior oblique is innervated by the troehlear nerve, 
which enters the superior surface of the muscle. 

Aetìons Superior oblique is inserted into the posterior part of the 
eyeball; when it eontraets, the baek of the eyeball is elevated, and the 
front of the eyeball is depressed (particularly in the adducted position). 
Superior oblique also moves the eye laterally (abducted) and intorts the 
eyeball. For more detailed discussion of its aetions, see page 672. 

Inferior oblique 

Inferior oblique is a thin, narrow muscle that lies near the anterior 
margin of the floor of the orbit. It arises from the orbital surface of the 
maxilla lateral to the nasolaerimal fossa and aseends posterolaterally, 
at first between inferior rectus and the orbital floor, and then between 
the eyeball and lateral rectus. It is inserted into the lateral part of the 
selera behind the equator of the eyeball, in the inferolateral part of 
the posterior quadrant between the inferior and lateral reeti, near, but 
slightly posterior to, the attaehment of superior oblique (see Fig. 41.9). 
The muscle broadens and thins, and, in eontrast to the other extraocular 
muscles, its tendon is barely diseernible at its seleral attaehment. 

Vaseillar Slipply Inferior oblique reeeives its arterial supply from the 
ophthalmie artery and from the infraorbital braneh of the maxillary 
artery. 

Innervation Inferior oblique is innervated by a braneh of the inferior 
division of the oculomotor nerve that enters the orbital surface of the 
muscle. 

Aetions Inferior oblique is inserted into the posterior part of the 
eyeball; when it eontraets, the baek of the eyeball is depressed and the 
front of the eyeball is elevated (particularly in the adducted position). 
The muscle moves the eye laterally (abduction) and also causes extor- 
sion. For more detailed discussion of its aetions, see below. 

MINOR MUSCLES OF THE EYELIDS 


Several smooth muscles are assoeiated with the orbit, although they are 
not direetly attaehed to the eyeball. Orbitalis, the orbital muscle of 
Miiller, lies at the baek of the orbit and spans the infraorbital fissure. 
Its fimetions are uncertain but its eontraetion may possibly produce a 
slight forward protmsion of the eyeball. The superior and inferior tarsal 
muscles are small imisele laminae inserted into the upper and lower 
eyelids, and are deseribed in more detail with the tarsal plates. All three 
minor muscles reeeive a sympathetie innervation from the superior 
eervieal ganglion via the internal earotid plexus. 
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MOVEMENTS OF THE EYES 


Movements of the eyes involve rotations around a eentre of rotation 
within the globe. For praetieal purposes, this ean be eonsidered to lie 
13.5 mm behind the eorneal apex. Normal eye movements are binocu- 
lar. Movements of the eyes in the same direetion are termed versions, 
whilst those in opposite direetions are termed vergenees. Eye move- 
ments are often aeeompanied by eorresponding movements of the 
eyelids, particularly in upgaze, where the aetivity of levator palpebrae 
superioris is elosely coupled to that of superior rectus. The following 
seetion deseribes the ocular motor system in terms of the aetions of 
individual extraocular muscles, the diversity of eye movements and 
their neural eontrol. 

Aetions of the extraocular muscles 


Levator palpebrae superioris elevates the upper lid, and its antagonist 
is the palpebral part of orbiailaris oculi. The degree of elevation, which, 
apart from blinking, is maintained for long periods during waking 
hours, is a eompromise between ensuring an adequate exposure of the 
eornea and eontrolling the amount of ineident light. In bright sunshine, 
the latter ean be reduced by lowering the upper lid, so limiting glare. 
The role of the superior tarsal muscle is less elear. Its tonus is related to 
sympathetie aetivity, and sinee ptosis is a consequence of impairment 
of its sympathetie nerve supply, it may hmetion as an aeeessory elevator 
of the upper eyelid. 

Six extraocular muscles rotate the eyeball in direetions that depend 
on the geometrieal relation between their bony and global attaehments 
(Fig. 41.10), which are altered by the ocular movements themselves. 
For eonvenienee, eaeh muscle will be eonsidered in isolation, but it 
must be appreeiated that any movement of the eyeball alters the tension 
and/or length in all six muscles. It is useful to eonsider the four reeti 
and two obliques as separate groups (remembering always that they aet 
in eoneert) because they form more obvious groupings as antagonists 
or synergists. The extrinsic ocular muscles eolleetively position the 
eyeball in the orbital eavity and prevent its anteroposterior movements, 
other than a slight retraetion during blinks, because the reeti exert a 
posterior traetion while the obliques pull the eyeball to some degree 
anteriorly. They may be assisted by various 'eheek ligaments' (see 
above). A simplified deseription of the aetions of the extraocular 
muscles is summarized in Figure 41.11. 

Of the four reeti, the medial and lateral exert eomparatively straight- 
forward forees on the eyeball. Being approximately horizontal, when 
the visual axis is in its primary position, i.e. direeted to the horizon, 
they rotate the eye medially (adduction) or laterally (abduction) about 
an imaginary vertieal axis. They are antagonists. The visual axis ean be 
swept through a horizontal are by reeiproeal adjustment of their lengths. 
When, as is usual, both eyes are involved, the medial and lateral reeti 
of eaeh eye either ean adjust both visual axes in a conjugate movement 
from point to point at infinity (their axes remaining parallel), or they 
ean eonverge or diverge the axes to or from nearer or more distant 
objeets of attention in the visual field. 

The medial and lateral reeti do not rotate the eye around its hori- 
zontal axis and so eannot elevate or depress the visual axes as gaze is 
transferred from nearer to more distant objeets or the reverse. This 
movement requires the superior and inferior reeti (aided by the two 
oblique muscles). It is important to remember that the orbital axis does 
not eorrespond with the visual axis in its primary position but diverges 
from it at an angle of approximately 23 0 (see 4g. 41.10A) (the value 
varies between individuals, and depends on the angle between the 
orbital axes and the median plane). Thus, the simple rotation caused 
by an isolated superior rectus, analysed with referenee to the three 
hypothetieal ocular axes, appears more complex, being primarily eleva- 
tion (horizontal axis), and seeondarily a less powerful medial rotation 
(vertieal axis) and slight intorsion (anteroposterior axis) in which the 
midpoint of the upper rim of the eornea (often referred to as '12 
o'eloek') is rotated medially. These aetions, compounded as a single, 
simple rotation, are easily appreeiated when it is seen that the direetion 
of traetion of superior rectus mns in a posteromedial direetion from its 
attaehment in front, which is anterior to the equator and superior to 
the eornea, to its bony attaehment near the orbital apex (see Fig. 41.10). 
Inferior rectus pulls in a similar direetion to superior rectus but rotates 
the visual axis downwards about the horizontal axis. It rotates the eye 
medially on a vertieal axis but its aetion around the anteroposterior axis 
extorts the eye, i.e. rotates it so that the eorneal '12 o'eloek' point turns 
laterally. The eombined, equal eontraetions of the superior and inferior 
reeti therefore rotate the eyeball medially, sinee their effeets around the 
horizontal and anteroposterior axes are opposed. In binooilar move- 


ments, they assist the medial reeti in eonverging the visual axes, and by 
reeiproeal adjustment ean elevate or depress the visual axes. As the 
eyeball is rotated laterally, the lines of traetion of the superior and 
inferior reeti approaeh the plane of the anteroposterior ocular axis 
(see Fig. 41.10), and so their rotational effeets about this and the 
vertieal ocular axis diminish. In abduction to approximately 23°, they 
beeome almost purely an elevator and depressor, respeetively, of the 
visual axis. 

Superior oblique aets on the eye from the troehlea and, sinee the 
attaehment of inferior oblique is, for praetieal purposes, vertieally below 
this, both muscles approaeh the eyeball at the same angle, being 
attaehed in approximately similar positions in the superior and inferior 
posterolateral ocular quadrants (see 7 ig. 41.10). Superior oblique ele- 
vates the posterior aspeet of the eyeball, and inferior oblique depresses 
it, which means that the former rotates the visual axis downwards and 
the latter rotates it upwards, and both movements occur around the 
horizontal axis. When the eye is in the primary position, the obliquity 
of both muscles means that they pull in a direetion posterior to the 
vertieal axis and both therefore rotate the eye laterally around this axis. 
With regard to the anteroposterior axis, in isolation, superior oblique 
intorts the eye and inferior oblique extorts it. Like the superior and 
inferior reeti, therefore, the two obliques have a eommon turning move- 
ment around the vertieal axis but are opposed forees in respeet of the 
other two. Aeting in eoneert, they could therefore assist the lateral rectus 
in abducting the visual axis, as in divergenee of the eyes in transferring 
attention from near to far. Again, like the superior and inferior reeti, 
the direetions of traetion of the oblique imiseles also vary with ocular 
position, such that they beeome more nearly a pure elevator and a 
depressor as the eye is adducted. 

Ocular rotations are, for the most part, under voluntary eontrol, 
whereas torsional movements eannot be initiated at will. When the 
head is tilted in a frontal plane, reflex torsions occur. Any small lapse 
in the eoneerted adjustment of both eyes produces diplopia. 

Movements that shift or stabilize gaze 


The role of eye movements is to bring the image of objeets of visual 
interest on to the fovea of the retina and to hold the image steady in 
order to aehieve the highest level of visual acuity. Several types of eye 
movement are required to ensure that these eonditions are met. More- 
over, the movements of both eyes imist be near perfeetly matehed to 
aehieve the benefits of binooilarity. Both voluntary and reflex move- 
ments are involved and may be so elassified. Alternatively, they may be 
grouped into those movements that shift gaze as visual interest ehanges, 
and those that stabilize gaze by maintaining a steady image on the 
retina. They have distinet eharaeteristies, and are generated by different 
neural meehanisms in response to different stimuli, but share a eommon 
final motor pathway. Movements that shift or stabilize gaze include 
saeeades, vergenee, pursuit and vestibular-generated reflexes (Leigh and 
Zee 2006). 

Saeeadie aetivity is almost omnipresent in human vision. Thus, both 
visual axes are endlessly and rapidly transferred to new points of inter- 
est in any part of the visual field. Binocular gaze is frequently made to 
travel routes of the most variable complexity in examining objeets of 
interest in the field, and both visual axes must be maintained with suf- 
fieient accuracy to avoid diplopia. In so-ealled 'ftKation' of a focus of 
attention, whether uniocular or binocular, the visual axis is not 'ftKed' 
in a perfeetly steady manner but undergoes minute, but measurable, 
flieking (of a few minutes or even seeonds of are) aeross the tme line 
of fixation. These mierosaeeades are rapid and surprisingly complex. 
When interest ehanges to another feature of the visual seene, the eyes 
execute a fast or saeeadie movement to take up fixation. If the required 
rotation is small, the saeeade is accurate, whereas small supplementary 
eorreetive saeeades are needed if the shift is substantial. Saeeades may 
also occur in response to other, i.e. non-visual, exteroceptive stimuli 
(e.g. auditory, taetile or eentrally evoked). They may be volitional or 
reflex. As an example of the latter, in reading a line of print, the eyes 
make three or four jerky saeeades rather than following the line 
smoothly; the line is usefully imaged only when the eye is stationary, 
which means that little of the line is seen by the eentre of the fovea. 
In general, reaetion times and movements are measured in mierosee- 
onds, amplitude varies from seeonds of are to many degrees, with an 
aeoiraey of 0.2° or better, and the veloeity of a large saeeade may reaeh 
500° see -1 . The speed of saeeades is assured by an initial, slightly exces- 
sive, eontraetion of the appropriate muscles to overeome orbital viscous 
resistanee. The neeessary deeeleration when the target is fixated is largely 
dependent on the elastieity of the extraocular muscles and orbital soft 
tissues, and not on antagonistie muscular aetivity. 
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Fig. 41.10 The geometrieal basis of ocular movements. A, The relationship betvveen the orbital and ocular axes, with the eyes in the primary position, 
where the visual axes are parallel. B and C, The ocular globe in anterior and posterior views to show eonventional geometry. D, The orbits from above, 
showing the medial and lateral reeti and the superior rectus (left) and the inferior rectus (right), indieating turning moments primarily around the vertieal 
axis. E, The superior (left) and inferior (right) oblique muscles showing turning moments primarily around the vertieal and also anteroposterior axes. F, A 
lateral view to show the aetions of the superior and inferior reeti around the horizontal axis. G, A lateral view to show the aetion of the superior and 
inferior oblique muscles around the anteroposterior axis. H, An anterior view to show the medial rotational movement of the superior and inferior reeti 
around the vertieal axis. Conventionally, the 12 o’eloek position indieated is said to be intorted (superior rectus) or extorted (inferior rectus), as indieated 
by the small arrows on the eornea. I, An anterior view to show the torsional effeets of the superior oblique (intorsion) and inferior oblique (extorsion) 
around the anteroposterior axis, as indieated by the small arrows on the eornea. 
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Fig. 41.11 A simplified summary of the aetions of the extraocular 
muscles. Clockwise and anticlockwise curved arrows represent intorsion 
and extorsion, respeetively. 


Vergenee is a relatively slow movement permitting maintenanee of 
single binocular vision of elose objeets. The eyes eonverge towards the 
midline between the two eyes to aehieve imagery of the objeet on both 
foveas. The view of the objeet at the two eyes is not quite the same and 
the disparity is used to assess depth. In addition, the pupils eonstriet 
and the eyes aeeommodate to aehieve sharp, fooised images. These 
three aetivities constitute the near reflex. 

Pursuit eye movements are used to traek a moving objeet of visual 
interest, maintaining the image approximately on the fovea. They are 
usually preeeded by a saeeade to capture the image but, unlike saeeades, 
they are slow and motivated by vision. If the angular shift required to 
traek the moving objeet is large or the objeet is moving swiftly, the 
initial saeeade is frequently inaccurate and one or more small eorreetive 
saeeades are made before traeking begins. Because the stimulus is visual, 
the pursuit system response is subject to a relatively long lateney 
(approximately 100 msee); the limitation in performanee this imposes 
may be offset by a predietive eapaeity when objeet movement follows 
a regular pattern, and the eye movements adjust in antieipation to speed 
and direetion. 

The vestibular apparatus induces a variety of reflex eye movements 
to eompensate for the potentially dismptive effeets on vision caused by 
head and body movement (Ch. 38). Reeeptors in the semieirailar 
eanals respond to aetive or passive rotational (angular) aeeelerations of 
the head. When the body makes substantial rotational movements, a 
vestibulo-ocular reflex generates a eyele of responses involving both the 
shifting and stabilizing of gaze. Body rotation is matehed by counter- 
rotation of the eyes so that gaze direetion is unaltered and elear vision 
is maintained. Physieal eonstraint limits the rotation to 30° or less and 
is followed by a rapid saeeadie movement of the eyes to another objeet 
in the visual seene and the eyele is repeated. Vision is therefore elear 
throughout most of the eyele while the image is stationary, but at the 
eost of no useful vision during the brief periods of the saeeades. The 
reflex is effìeient and rapid; this speed could not be generated by 
the visual system, which is slow relative to the short lateney of vestibular 
reeeptors. 

Other reflexes generated by the vestibular system, which induce 
eompensatory eye movements to stabilize gaze, are aetivated during 
brief head movements. When the head is sharply rotated in any diree- 
tion, the eyeball rotates by an equal amount in the opposite direetion 
in response to the stimulation of semicircular eanal eristae (angular 
aeeeleration), and gaze is undisturbed. Brief rotational movements are 
eommonly eombined with translational movements (linear aeeelera- 
tion) that are monitored by otolith organs. For example, a linear dis- 
plaeement occurs in walking as the head bobs vertieally with eaeh stride, 
and a rotational displaeement occurs as the head rolls, invoking otolith 
and eanal responses, respeetively, to stabilize the retinal image. Vestibu- 
lar disease incurring the loss of the rapid, fìne eompensatory eye 


movements in loeomotion destabilizes the retinal image, blurs vision 
and may render loeomotion intolerable. 

The otoliths also respond to the pull of gravity, generating statie 
vestibulo-ocular reflexes assoeiated with head tilt. When statie otolith 
orientation is ehanged, e.g. when the head is tilted upwards or down- 
wards, the eyes counter-rotate to maintain fìxation of the horizontal 
meridian. Lateral tilt towards a shoulder generates a torsional counter- 
rotation of the eyes, a movement that eannot be made voluntarily. The 
torsional tilt reflex, equal and opposite in direetion by the two eyes, is 
fully eompensatory over 40 0 or so in afoveate animals, but in humans 
it is vestigial; it is fraetionally eompensatory and varies in extent between 
individuals. Because the foveal image is unaffected by torsional move- 
ments, the subject is unaware of any visual penalty. 

The optokinetie response is another visually mediated reflex that 
stabilizes retinal imagery when a visual seene is rotated about a station- 
ary subject. As the seene ehanges, the eyes follow and hold the retinal 
image steady until the eyes shift rapidly in the opposite direetion to 
another area of the visual seene. The full fìeld of vision, rather than 
small objeets within it, is the stimulus, and the alternating slow and 
fast phases of movement that are generated deseribe optokinetie nys- 
tagmus. This reflex fhnetions in eollaboration with the rotational 
vestibulo-ocular reflex. In sustained rotations of the body, the vestibulo- 
ocular reflex fades because of the meehanieal arrangements of the semi- 
circular eanals. In darkness, the reflex, which is initially eompensatory, 
loses veloeity, and after approximately 45 seeonds the eyeballs beeome 
stationary. With a visual input, the reflex is sustained by the optokinetie 
response. Because the reflex is already initiated, the relative delay of 
visual input is overeome. The integration of the two systems is served 
by an aeeessory visual system projeetion to the vestibular nuclei via the 
inferior olive and cerebellum. The usual method of evoking optokinetie 
nystagmus in the laboratory or elinie is to present a horizontally moving 
pattern of vertieal black-on-white stripes while the head of the subject 
is held stationary. 


Neural eontrol of gaze 


Although the detailed anatomieal substrates for the different types of 
eye movement differ, they share eommon neural circuitry that lies 
mainly in the pons and midbrain, for horizontal and vertieal gaze 
movements, respeetively (Fig. 41.12). The eommon element for all 
types of horizontal gaze movements is the abducens nucleus. It eontains 
motor neurones that innervate the ipsilateral lateral rectus and interneu- 
rones that projeet via the medial longitudinal fasciculus to the eontra- 
lateral oculomotor nucleus, which eontrols medial rectus. A lesion of 
the abducens nucleus leads to a total loss of ipsilateral horizontal eon- 
jugate gaze. A lesion of the medial longitudinal fasciculus produces 
slowed or absent adduction of the ipsilateral eye, usually assoeiated 
with jerky movements (nystagmus) of the abducting eye, a syndrome 
ealled internuclear ophthalmoplegia (Leigh and Zee 2006). The gaze 
motor eommand involves speeialized areas of the reticular formation 
of the brainstem, which reeeive a variety of supranuclear inputs. The 
main region for the generation of horizontal saeeades is the paramedian 
pontine reticular formation, loeated on eaeh side of the midline in the 
eentral paramedian part of the tegmentum, and extending from the 
pontomedullary junction to the pontopeduncular junction. Eaeh para- 
median pontine reticular formation eontains excitatory neurones 
(referred to as 'bmst' eells) that diseharge at high frequencies just prior 
to and during ipsilateral saeeades. Excitatory burst eells make mono- 
synaptie eonneetions with the ipsilateral abducens nucleus. Pause neur- 
ones, loeated in a midline caudal pontine nucleus, ealled the nucleus 
raphe interpositus, diseharge tonieally during fixation but stop firing 
immediately prior to a saeeade. They appear to exert an inhibitory influ- 
enee on the burst neurones and aet as a switch to ehange from fixation 
to saeeadie mode (Ramat et al 2007). 

The tonie aetivity of neurones in the nucleus prepositus hypoglossi 
and medial vestibular nucleus is thought to provide an eye position 
signal to maintain the eeeentrie position of the eye against the viseo- 
elastie forees in the orbit. These forees tend to move the eyeball baek 
to looking straight ahead, i.e. the primary position, after a saeeade. 
Vestibular nuclei and the perihypoglossal complex projeet direetly to 
the abducens nuclei. These projeetions probably also earry smooth 
pursuit signals, via the cerebellum. 

The final eommon pathway for vertieal gaze movements is formed 
by the oculomotor and troehlear nuclei. The rostral interstitial nucleus 
of the medial longitudinal fasciculus eontains excitatory burst neurones 
that diseharge in relation to up-and-down vertieal saeeadie movements 
and projeet to motor neurones involved in vertieal gaze. The rostral 
interstitial nucleus of the medial longitudinal fasciculus projeets 
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Fig. 41.12 A siimmary of the eontrol of eye movements. 
The eentral drawing shows the supranuclear eonneetions 
from the frontal eye field (FEF) and the posterior eye field 
(PEF) to the superior colliculus (SC), rostral interstitial 
nucleus of the medial longitudinal fasciculus (riMLF), and 
the paramedian pontine reticular formation (PPRF). The 
FEF and SC are involved in the production of saeeades, 
while the PEF is thought to be important in the 
production of pursuit movements. The diagram on the 
left shows the brainstem pathways for horizontal gaze. 
Axons from the PPRF travel to the ipsilateral abducens 
nucleus innervating lateral rectus (LR). Abducens 
internuclear axons eross the midline and travel in the 
medial longitudinal fasciculus (MLF) to the neuronal pool 
in the oculomotor nucleus (III) that innervates medial 
rectus (MR) of the eontralateral eye. The diagram on the 
right shows the brainstem pathways for vertieal gaze. 
Important structures include the riMLF, PPRF, the 
interstitial nucleus of Cajal (INC) and the posterior 
commissure (PC). Other abbreviations: DLPFC, 
dorsolateral prefrontal cortex; IV, troehlear nucleus; NPH, 
nucleus propositus hypoglossi; SEF, supplementary eye 
field; VI, abducens nucleus; VN, vestibular nucleus. 


through the posterior commissure to its equivalent on the other side of 
the meseneephalon, as well as direetly to the ipsilateral oculomotor and 
troehlear nuclei (see Fig. 41 . 12 ). Neurones in and around the interstitial 
nucleus of Cajal, which lies slightly caudal to the rostral interstitial 
nucleus of the medial longitudinal fasciculus, provide signals for verti- 
eal gaze holding. Vertieal gaze palsies ean affeet upgaze, downgaze or 
both. Lesions within the posterior commissure predominantly give rise 
to disturbances in upgaze, assoeiated with other signs of dorsal mid- 
brain syndrome, e.g. pupillary abnormalities (light-near dissoeiation). 
Diserete lesions plaeed more ventrally in the region of the rostral 
interstitial nucleus of the medial longitudinal fasciculus may cause 
mixed up-and-down, or mainly downgaze disturbances (Leigh and Zee 
2006 ). 

The cerebellum plays an important role in the eontrol of eye move- 
ments (p. 347 , see Fig. 22 . 24 ). The vestibulocerebellum (flocculus and 
nodule) is involved in gaze holding, smooth pursuit and the vestibulo- 
ocular reflex. The dorsal vermis and fastigial nucleus play a major role 
in programming accurate saeeades and smooth pursuit. 

The eerebral hemispheres are extremely important for the program- 
ming and eoordination of both saeeadie and pursuit conjugate eye 
movements (Ch. 25 ). There appear to be four main eortieal areas in the 
eerebral hemispheres involved in the generation of saeeades. These are 
the frontal eye field, which is loeated at the interseetion of the superior 
preeentral sulcus with the superior frontal sulcus (Brodmann area 8) 
(Amiez and Petrides 2009 ); the supplementary eye field, which lies in 
the dorsomedial frontal cortex (Brodmann area 6); the dorsolateral 
prefrontal cortex, which lies anterior to the frontal eye field in the 
seeond frontal gyms (Brodmann area 46 ); and a posterior eye field, 
which lies in the parietal lobe in the medial wall of the posterior half 
of the intraparietal sulcus, including parts of the supramarginal and 
angular gyri (Brodmann areas 39 and 40 ), and the adjaeent lateral 
intraparietal sulcus (Míiri et al 1996 ). These areas all appear to be 
intereonneeted and to send projeetions to the superior colliculus and 
the brainstem areas eontrolling saeeades. 

Two parallel pathways are involved in the eortieal generation of sae- 
eades. An anterior system originates in the frontal eye field and projeets, 
both direetly and via the superior colliculus, to the brainstem saeeadie 
generators. This pathway also passes indireetly via the basal ganglia to 
the superior colliculus. Projeetions from the frontal cortex influence 
eells in the pars reticularis of the substantia nigra, via a relay in the 
caudate nucleus. An inhibitory pathway from the pars reticulata projeets 
direetly to the superior colliculus. This may be a gating circuit related 


to voluntary saeeades, espeeially of the memory-guided type. A posterior 
pathway originates in the posterior eye field and passes to the brainstem 
saeeadie generators via the superior colliculus. This pathway is impor- 
tant for triggering visually guided saeeades. 

The smooth pursuit system has developed relatively independently 
of the saeeadie oculomotor system to maintain foveation of a moving 
target, although there are inevitable intereonneetions between the two. 
The first task is to identify and eode the veloeity and direetion of a 
moving target. This is earried out in the extrastriate visual area known 
as the middle temporal visual area (also ealled visual area V5), which 
eontains neurones sensitive to visual target motion. In humans, this lies 
immediately posterior to the aseending limb of the inferior temporal 
sulcus at the oeeipitotemporal border. The middle temporal visual area 
sends this motion signal to the medial superior temporal visual area, 
thought to lie superior and a little anterior to the middle temporal 
visual area within the inferior parietal lobe; damage to this area results 
in an impairment of smooth pursuit of targets moving towards the 
damaged hemisphere. 

Both the medial superior temporal visual area and the frontal eye 
field send direet projeetions to a group of nuclei that lie in the basal 
part of the pons. In monkeys, the dorsolateral and lateral groups of 
pontine nuclei reeeive direet eortieal inputs related to smooth pursuit. 
Lesions of similarly loeated nuclei in humans result in abnormal pur- 
suit. These nuclei transfer the pursuit signal bilaterally to the posterior 
vermis, eontralateral flocculus and fastigial nuclei of the cerebellum. 
The pursuit signal ultimately passes from the cerebellum to the brain- 
stem, speeifieally to the medial vestibular nucleus and nucleus proposi- 
tus hypoglossi, and thenee to the paramedian pontine reticular 
formation and possibly direetly to the ocular motor nuclei. This eir- 
cuitry therefore involves a double decussation: firstly, at the level of the 
midpons (pontoeerebellar neurones), and seeondly, in the lower pons 
(vestibulo-abducens neurones). 

The vestibulo-ocular reflex maintains eoordination of vision during 
movement of the head and results in a eompensatory conjugate eye 
movement that is equal but opposite to the movement of the head. This 
essentially three-neurone are eonsists of primary vestibular neurones 
that projeet to the vestibular nuclei, seeondary neurones that projeet 
from these nuclei direetly to the abducens and oculomotor nuclei, and 
tertiary neurones that innervate the extraocular muscles. Vestibular neu- 
rones responding to head rotation also respond to optokinetie stiimili, 
which means that the neural substrate is likely to include both the 
visual and vestibular systems. 
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Fig. 41.13 The orbital distribution of the ophthalmie artery. Abbreviations: 
ipea, long posterior eiliary artery; m, muscular arteries; p, pial arteries; 
spea, short posterior eiliary arteries. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


ARTERIES 


The main vessel supplying orbital structures is the ophthalmie artery 
(Fig. 41.13). Its terminal branehes anastomose on the faee and sealp 
with those of the faeial, maxillary and superficial temporal arteries, 
thereby establishing eonneetions between the external and internal 
earotid arteries. The infraorbital braneh of the maxillary artery and 
possibly the recurrent meningeal artery, also supply orbital structures. 

Ophthalmie artery 


The ophthalmie artery leaves the internal earotid artery as it exits the 
cavernous sinus medial to the anterior elinoid proeess. It enters the orbit 
by the optie eanafi inferolateral to the optie nerve and eontimies for- 
wards for a short distanee before turning medially by erossing (almost 
always) over or (sometimes) under the optie nerve (see Fig. 41.13). The 
main tmnk of the artery continues along the medial wall of the orbit 
between the superior oblique and lateral rectus, and divides into supra- 
troehlear (frontal) and dorsal nasal branehes at the medial end of the 
upper eyelid. Although the order of branehes from the ophthalmie 
artery is quite variable, a number may be identified eonsistently, includ- 
ing the eentral retinal artery, laerimal artery, muscular branehes, eiliary 
arteries, supraorbital artery, anterior and posterior ethmoidal arteries, 
meningeal braneh, medial palpebral arteries, supratrochlear artery and 
dorsal nasal artery (Hayreh and Dass 1962). Many of the branehes of 
the ophthalmie artery aeeompany sensory nerves of the same name and 
have a similar distribution. Variations in the origin and course of the 
ophthalmie artery have been deseribed (Huynh-Le et al 2005). The 
artery may arise within, near or signifieantly distal to the upper dural 
ring, and the point of penetration of the dura lining the optie eanal 
may be posterior, below or anterior to the faleiform ligament. The 
ophthalmie artery may also arise from the elinoid or intracavernous 
segment of the earotid artery. In the latter ease, the ophthalmie artery 
may pass through either the superior orbital fissure or the optie eanal. 

Oentral retinal artery 

The small eentral artery of the retina is the first braneh of the ophthal- 
mie artery. It begins below the optie nerve and, for a short distanee, lies 
in the dural sheath of the nerve. It enters the inferomedial surface of 
the nerve 6.4-15.2 mm behind the eye, and mns to the retina (aeeom- 
panying the eentral retinal vein) along its axis. The fiirther distribution 
of the eentral retinal artery is deseribed on page 704. 


Muscular branehes 

Muscular branehes frequently spring from a eommon tmnk to form 
superior and inferior groups, most of which aeeompany branehes of the 
oailomotor nerve. The inferior braneh eontains most of the anterior 
eiliary arteries. Other muscular vessels braneh from the laerimal and 
supraorbital arteries or from the tmnk of the ophthalmie artery. 

Oiliary arteries 

The eiliary arteries are distributed in long and short posterior, and in 
anterior groups (see Fig. 41.13). Long posterior eiliary arteries, usually 
two, pieree the selera near the optie nerve, pass anteriorly along the 
horizontal meridian and join the major arterial eirele of the iris (see 
Fig. 42.8). About seven short posterior eiliary arteries pass elose to the 
optie nerve to reaeh the eyeball, where they divide into 15-20 branehes. 
They pieree the selera around the optie nerve to supply the ehoroid, and 
anastomose with twigs of the eentral retinal artery at the optie dise (see 
Fig. 42.30). Anterior eiliary arteries arise from muscular branehes of the 
ophthalmie artery. They reaeh the eyeball on the tendons of the reeti, 
form a circumcorneal subconjunctival vascular zone, and pieree the 
selera near the seleroeorneal junction to end in the major arterial eirele 
of the iris. 

Laerimal artery 

The laerimal artery is a large braneh that usually leaves the ophthalmie 
artery near its exit from the optie eanal (see Fig. 41.13), although it 
oeeasionally arises before the ophthalmie artery enters the orbit. It 
aeeompanies the laerimal nerve along the upper border of lateral rectus, 
supplies and traverses the laerimal gland, and ends in the eyelids and 
conjunctiva as the lateral palpebral arteries. The latter mn medially in 
the upper and lower lids and anastomose with the medial palpebral 
arteries. The laerimal artery gives off one or two zygomatie branehes. 
One reaehes the temporal fossa via the zygomatieotemporal foramen 
and anastomoses with the deep temporal arteries. The other reaehes the 
eheek by the zygomatieofaeial foramen and anastomoses with trans- 
verse faeial and zygomatieo-orbital arteries. A recurrent meningeal 
braneh, usually small, passes baek via the lateral part of the superior 
orbital fissure to anastomose with a middle meningeal braneh. This 
braneh is sometimes large and replaees the laerimal artery, in which 
ease it beeomes a more signifieant contributor to the orbital blood 
supply. 

Supraorbital artery 

The supraorbital artery leaves the ophthalmie artery where it erosses the 
optie nerve (see Fig. 41.13), and aseends medial to superior rectus and 
levator palpebrae superioris. It aeeompanies the supraorbital nerve 
between the periosteum and levator palpebrae superioris, passes 
through the supraorbital foramen or noteh, and divides into superficial 
and deep branehes. These supply the skin, muscles and frontal perios- 
teum, and anastomose with the supratrochlear artery and with the 
frontal braneh of the superficial temporal artery and its eontralateral 
fellow (see Fig. 30.20). The supraorbital artery supplies superior rectus 
and levator palpebrae superioris, and sends a braneh aeross the troehlea 
to the medial canthus. It often sends a braneh to the diploè of the 
frontal bone at the supraorbital margin, and may also supply the muco- 
periosteum in the frontal sinus. 

Posterior ethmoidal artery 

The posterior ethmoidal artery mns through the posterior ethmoidal 
eanal and supplies the posterior ethmoidal air sinuses. Entering the 
cranium, it gives off a meningeal braneh to the dura mater, and nasal 
branehes that deseend into the nasal eavity via the eribriform plate and 
anastomose with branehes of the sphenopalatine artery (see Fig. 33.9). 

Anterior ethmoidal artery 

The anterior ethmoidal artery passes with its aeeompanying nerve 
through the anterior ethmoidal eanal to supply the ethmoidal and 
frontal air simises. Entering the cranium, it gives off a meningeal braneh 
to the dura mater, and nasal branehes that deseend into the nasal eavity 
with the anterior ethmoidal nerve (see Fig. 33.9). It mns in a groove 
on the deep surface of the nasal bone to supply the lateral nasal wall 
and septum. A terminal braneh appears on the nose between the nasal 
bone and the upper nasal eartilage (see Fig. 33.9). 

Meningeal braneh 

A meningeal braneh, usually small, passes baek through the superior 
orbital fissure to the middle eranial fossa, where it anastomoses with 
the middle and aeeessory meningeal arteries. It is sometimes large, in 
which ease it beeomes a major contributor to the orbital blood 
supply. 



































Innervation 


Medial palpebral arteries 

Above the troehlea, two medial palpebral arteries braneh separately 
from the ophthalmie artery and join the lateral palpebral arteries to 
eomplete the areades of the upper and lower eyelids. 

Supratrochlear artery 

The supratrochlear artery is a terminal braneh of the ophthalmie artery. 
It leaves the orbit superomedially with the supratrochlear nerve, aseends 
on the forehead to supply the skin, muscles and perieranmm, and 
anastomoses with the supraorbital artery and with its eontralateral 
fellow. 

Dorsal nasal artery 

The dorsal nasal artery is the other terminal braneh of the ophthalmie 
artery and emerges from the orbit between the troehlea and medial 
palpebral ligament. It gives a braneh to the upper part of the nasolae- 
rimal sae and then divides into two branehes. One braneh joins the 
terminal part of the faeial artery and the other mns along the dorsum 
of the nose, supplies its outer surface and anastomoses with its eontra- 
lateral fellow and the lateral nasal braneh of the faeial artery. 

Infraorbital braneh of the maxillary artery 


The infraorbital braneh of the maxillary artery enters the orbit through 
the inferior orbital fissure (see Fig. 32.20). Aeeompanying the infraor- 
bital nerve, it passes along the infraorbital groove of the maxilla in the 
floor of the orbit before entering the infraorbital eanaf and eomes out 
on to the faee through the infraorbital foramen. While in the infraor- 
bital groove, it gives off branehes that supply inferior rectus and inferior 
oblique, the nasolaerimal sae and, oeeasionally, the laerimal gland. 


VEINS 


The orbit is drained by the superior and inferior ophthalmie veins 
and the infraorbital vein (Fig. 41.14). The veins of the eyeball mainly 
drain into the vortex veins; the retinal veins drain into the eentral retinal 
vein. 

Siiperior and inferior ophthalmie veins 


The superior and inferior ophthalmie veins link the faeial and intraera- 
nial veins, and are devoid of valves. The superior ophthalmie vein forms 
posteromedial to the upper eyelid from two tributaries that eonneet 
anteriorly with the faeial and supraorbital veins. It mns with the oph- 
thalmie artery lying between the optie nerve and superior rectus, and 
reeeives the eorresponding tribmaries, the two superior vortex veins of 
the eyebalf and the eentral vein of the retina. The eentral retinal vein 
sometimes drains direetly into the cavernous simis, although it still 
gives a eomimmieating braneh to the superior ophthalmie vein. The 
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superior ophthalmie vein may also reeeive the inferior ophthalmie vein. 
It traverses the superior orbital fissure, usually above the eommon 
tendinous ring of the reeti, and ends in the cavernous sinus. 

The inferior ophthalmie vein begins in a network near the anterior 
region of the orbital floor and medial wall. It mns backwards on inferior 
rectus and aeross the inferior orbital fissure, and then either joins the 
superior ophthalmie vein or passes through the superior orbital fissure, 
within or below the eommon tendinous ring, to drain direetly into the 
cavernous sinus. The inferior ophthalmie vein reeeives tributaries from 
inferior rectus and inferior oblique, the nasolaerimal sae, the eyelids 
and the two inferior vortex veins of the eyeball. It communicates with 
the pterygoid venous plexus by a braneh that passes through the inferior 
orbital fissure, and may also communicate with the faeial vein aeross 
the inferior margin of the orbit. 

Infraorbital vein 


The infraorbital vein mns with the infraorbital nerve and artery in the 
floor of the orbit, and passes backwards through the inferior orbital 
fissure into the pterygoid venous plexus. It drains structures in the floor 
of the orbit and eomimmieates with the inferior ophthalmie vein; it 
may also eomimmieate with the faeial vein on the faee. 

LYMPHATIC DRAINAGE 


Lymphatie vessels other than those draining the conjunctiva have not 
been identified. 


INNERVATION 


Somatie and autonomic motor and somatie sensory nerves are found 
in the orbit (Figs 41.15-41.17). The oculomotor, troehlear and abdu- 
eens nerves supply the extraocular muscles. Parasympathetie fibres from 
the ooilomotor nerve supply sphineter pupillae and the eiliary muscle 
(eiliaris) via the eiliary ganglion, and those from the faeial nerve inner- 
vate the laerimal gland and ehoroid via the pterygopalatine ganglion. 
Sympathetie fibres supply dilator pupillae. Both sympathetie and para- 
sympathetie nerves supply the arteries. The sensory nerves within the 
orbit are the optie, ophthalmie and maxillary nerves (the maxillary 
nerve and most of the ophthalmie branehes only pass through the orbit 
en route to supply the faee and jaws). 

Oculomotor nerve 


The oailomotor nerve is the third eranial nerve (see Fig. 41.15). It 
innervates levator palpebrae superioris and four of the extraocular 
muscles (superior, inferior and medial rectus and inferior oblique), and 
also eonveys parasympathetie fibres that relay in the eiliary ganglion. 
The nerve emerges at the midbrain, on the medial side of the ems of 
the eerebral peduncle, and passes along the lateral dural wall of the 
cavernous sinus, dividing into superior and inferior divisions that 
mn beneath the troehlear and ophthalmie nerves. The two divisions 
enter the orbit through the superior orbital fissure, within the eommon 
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Fig. 41.15 The left orbit viewed from in front, showing motor and sensory 
nerves and the origins of the extraocular muscles. Note that in this figure 
the troehlear nerve is shown inserting on the inferior aspeet of the 
superior oblique, whereas it more eommonly inserts on the superior 
surface of the muscle. (With permission from Dutton JJ 1994 Atlas of 
eiinieal and Surgical Orbital Anatomy. Philadelphia: Saunders.) 


Fig. 41.14 The prineipal veins of the orbit. 
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tendinous ring of the reeti, separated by the nasoeiliary braneh of the 
ophthalmie nerve. 

The superior division of the oculomotor nerve passes above the optie 
nerve to enter the inferior (ocular) surface of superior rectus. It supplies 
this muscle and gives off a braneh that mns to innervate levator palpe- 
brae superioris. The inferior division of the oculomotor nerve divides 
into mediaf eentral and lateral branehes. The medial braneh passes 
beneath the optie nerve to enter the lateral (ocular) surface of medial 
rectus; the eentral braneh mns downwards and forwards to enter the 
superior (ocular) surface of inferior rectus; the lateral braneh travels 
forwards on the lateral side of inferior rectus to enter the orbital surface 
of inferior oblique and also communicates with the eiliary ganglion to 
distribute parasympathetie fibres to sphineter pupillae and the eiliary 
muscle. 

Troehlear nerve 


The troehlear nerve is the fourth eranial nerve and innervates superior 
oblique exclusively. It is the only eranial nerve to emerge from the 
dorsal surface of the brainstem, passing from the midbrain on to the 
lateral surface of the ems of the eerebral peduncle. It mns through 
the lateral dural wall of the cavernous sinus and then erosses the oculo- 
motor nerve to enter the orbit through the superior orbital fissure, 
outside the eommon tendinous ring, above levator palpebrae superioris 
and medial to the frontal and laerimal nerves (see Fig. 41.16). The 
troehlear nerve travels a short distanee to enter the superior (orbital) 
surface of superior oblique. 
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Fig. 41.16 The nerves of the left orbit, superior aspeet. 


Abducens nerve 


The abducens nerve is the sixth eranial nerve and exclusively innervates 
lateral rectus. It emerges from the brainstem between the pons and the 
medulla oblongata, and usually mns through the inferior venous eom- 
partment of the petroelival venous confluence in a bow-shaped eanaf 
Dorello's eanal. It then bends sharply aeross the upper border of the 
petrous part of the temporal bone to enter the cavernous sinus, where 
it lies lateral to the internal earotid artery (unlike the oculomotor, tro- 
ehlear, ophthalmie and maxillary nerves, which merely invaginate the 
lateral dural wall of the sinus). The abducens nerve enters the orbit 
through the superior orbital fissure, within the eommon tendinous ring, 
at first below, and then between, the two divisions of the oculomotor 
nerve and lateral to the nasoeiliary nerve (see Fig. 41.15). It passes 
forwards to enter the medial (ocular) surface of lateral rectus. 

Optie nerve 


The optie nerve is the seeond eranial nerve. It arises from the optie 
ehiasma on the floor of the dieneephalon and enters the orbit through 
the optie eanal, aeeompanied by the ophthalmie artery. It ehanges its 
shape from being flattened at the ehiasma to rounded as it passes 
through the optie eanal. In the orbit, the optie nerve passes forwards, 
laterally and downwards, and pierees the selera at the lamina eribrosa, 
slightly medial to the posterior pole. It has a somewhat tortuous course 
within the orbit to allow for movements of the eyeball, and is sur- 
rounded by extensions of the three layers of the meninges. 

The optie nerve has important relationships with other orbital stme- 
tures (see 7 ig. 41.4). As it leaves the optie eanal, it lies superomedial to 
the ophthalmie artery, and is separated from lateral rectus by the oculo- 
motor, nasoeiliary and abducens nerves, and sometimes by the ophthal- 
mie veins. It is elosely related to the origins of the four reeti, whereas 
more anteriorly, where the muscles diverge, it is separated from them 
by a substantial amount of orbital fat. Just beyond the optie eanal, the 
ophthalmie artery and the nasoeiliary nerve eross the optie nerve to 
reaeh the medial wall of the orbit. The eentral artery of the retina enters 
the substance of the optie nerve about halfway along its length. Near 
the baek of the eyeball, the optie nerve beeomes surrounded by the long 
and short eiliary nerves and vessels. 

Ophthalmie nerve 


The ophthalmie division of the trigeminal nerve arises from the trigemi- 
nal ganglion in the middle eranial fossa. It passes forwards along the 
lateral dural wall of the cavernous sinus, giving off three main branehes 
- the laerimal, frontal and nasoeiliary nerves - just before it reaehes the 
superior orbital fissure (see Figs 41.16-41.17). These branehes sub- 
sequently travel through the orbit to supply targets that are primarily 
in the upper part of the faee (see Fig. 30.22). 

Laerimal nerve 

The laerimal nerve enters the orbit through the superior orbital fissure, 
outside the eommon tendinous ring and lateral to the frontal and 
troehlear nerves. It passes forwards along the lateral wall of the orbit 
on the superior border of lateral rectus, and travels through the laerimal 
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Fig. 41.17 The nerves of the left orbit and the 
eiliary ganglion, lateral aspeet. 
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Innervation 


gland and the orbital septum to supply the conjunctiva and skin eover- 
ing the lateral part of the upper eyelid. The nerve also communicates 
with the zygomatie braneh of the maxillary nerve, which may earry 
some postganglionie parasympathetie fibres from the pterygopalatine 
ganglion to the laerimal gland (see orbital branehes from pterygopala- 
tine ganglion, below). 

Frontal nerve 

The frontal nerve is the largest braneh of the ophthalmie nerve. It enters 
the orbit through the superior orbital fissure outside the eommon 
tendinous ring, and lies between the laerimal nerve laterally and the 
troehlear nerve medially. It passes forwards towards the rim of the orbit 
on levator palpebrae superioris; about halfway along this course, it 
divides into the supraorbital and supratrochlear nerves. 

Supraorbital nerve 

The supraorbital nerve, the larger of the two terminal branehes of the 
frontal nerve, continues forwards along levator palpebrae superioris 
until it leaves the orbit through the supraorbital noteh or foramen. It 
emerges on to the forehead and supplies the mucous membrane that 
lines the frontal sinus, the conjunctiva and skin eovering the upper 
eyelid, and the skin over the forehead and sealp. The postganglionie 
sympathetie fibres that innervate the sweat glands of the supraorbital 
area probably travel in the supraorbital nerve, having entered the oph- 
thalmie nerve via its eomimmieation with the abducens nerve within 
the cavernous sinus. 

Supratrochlear nerve 

The supratrochlear nerve mns medially above the troehlea for the 
tendon of superior oblique. It gives a deseending braneh to the infra- 
troehlear nerve and aseends on to the forehead through the frontal 
noteh to supply the conjunctiva and skin eovering the upper eyelid and 
the forehead. 

Nasoeiliary nerve 

The nasoeiliary nerve is intermediate in size between the frontal and 
laerimal nerves, and is more deeply plaeed in the orbit, which it enters 
through the eommon tendinous ring, lying between the two rami of 
the oculomotor nerve. It erosses the optie nerve with the ophthalmie 
artery and mns obliquely below superior rectus and superior oblique 
to reaeh the medial orbital walf where it gives off the anterior and 
posterior ethmoidal nerves. The nasoeiliary nerve also has long eiliary 
and infratroehlear branehes and a eonneetion with the eiliary 
ganglion. 

Anterior ethmoidal nerve 

The anterior ethmoidal nerve passes through the anterior ethmoidal 
foramen and eanaf and enters the eranial eavity. It mns forwards in a 
groove on the upper surface of the eribriform plate beneath the dura 
mater, and deseends through a slit lateral to the erista galli into the 
nasal eavity, where it occupies a groove on the internal surface of the 
nasal bone and gives off the medial and lateral internal nasal branehes. 
For a deseription of the subsequent distribution of the anterior ethmoi- 
dal nerve, see page 564. 

Posterior ethmoidal nerve 

The posterior ethmoidal nerve leaves the orbit by the posterior 
ethmoidal foramen and supplies the ethmoidal and sphenoidal 
sinuses. 

infratroehlear nerve 

The infratroehlear nerve leaves the orbit below the troehlea and supplies 
the skin of the eyelids, the conjunctiva, laerimal sae, laerimal eamnele 
and the side of the nose above the medial canthus. 

Long eiliary nerves 

Two or three long eiliary nerves braneh from the nasoeiliary nerve as it 
erosses the optie nerve. They aeeompany the short eiliary nerves, pieree 
the selera near the attaehment of the optie nerve, and mn forwards 
between the selera and ehoroid. They supply the eiliary body iris and 
eornea, and eontain postganglionie sympathetie fibres for the dilator 
pupillae from neurones in the superior eervieal ganglion. An alternative 
pathway for the supply of the dilator pupillae is via the sympathetie 
root assoeiated with the eiliary ganglion (Fig. 41.18). 

Ramus communicans to the eiliary ganglion 

The ramus eomimmieans to the eiliary ganglion usually branehes from 
the nasoeiliary nerve as the latter enters the orbit lateral to the optie 



Fig. 41.18 The eiliary ganglion, with its roots and branehes of distribution. 
Key: red, sympathetie fibres; green, parasympathetie fibres; blue, sensory 
fibres. Alternative pathways are given for the sympathetie fibres. 


nerve. It is sometimes joined by a filament from the internal earotid 
sympathetie plexus or from the superior ramus of the oculomotor nerve 
as it enters the posterosuperior angle of the ganglion. 

Maxillary nerve 


Most of the branehes of the maxillary division of the trigeminal nerve 
arise in the pterygopalatine fossa. They include the zygomatie and 
infraorbital nerves, which pass into the orbit through the inferior 
orbital fissure (see Figs 32.30, 41.17). 

Zygomatie nerve 

The zygomatie nerve lies elose to the base of the lateral wall of the orbit. 
It divides soon after entering the orbit into two branehes, the zygo- 
matieotemporal and the zygomatieofaeial nerves, which mn within the 
orbit for only a short distanee before passing on to the faee through the 
lateral wall of the orbit. Either they may enter separate eanals within 
the zygomatie bone or the zygomatie nerve itself may enter the bone 
before dividing. For a deseription of the distribution of the zygomatieo- 
temporal and zygomatieofaeial nerves on the faee, see page 502. 

Infraorbital nerve 

The infraorbital nerve initially lies in the infraorbital groove on the floor 
of the orbit (see Fig. 32.30B). As it approaehes the rim of the orbit, it 
mns into the infraorbital eanal, through which it passes to emerge on 
to the faee at the infraorbital foramen. It supplies the skin of the lower 
eyelid and possibly the conjunctiva. For a deseription of the subsequent 
distribution of the infraorbital nerve on the faee, see page 502. 

eiliary ganglion 


The eiliary ganglion is a parasympathetie ganglion eoneerned with the 
innervation of eertain intraocular muscles. It is a small, flat, reddish- 
grey swelling, 1-2 mm in diameter, eonneeted to the nasoeiliary nerve, 
and loeated near the apex of the orbit in loose fat approximately 1 em 
in front of the medial end of the superior orbital fissure. It lies between 
the optie nerve and lateral rectus, usually lateral to the ophthalmie 
artery. Its neurones, which are multipolar, are larger than those found 
in typieal autonomic ganglia; a very small number of more typieal 
neurones are also present. 

Its eonneetions or roots (motor, sensory and sympathetie) enter or 
leave the ganglion posteriorly (see Fig. 41.18). Eight to ten delieate fila- 
ments, termed the short eiliary nerves, emerge anteriorly from the gan- 
glion, arranged in two or three bundles, the lower being larger. They 
mn forwards sinuously with the eiliary arteries, above and below the 
optie nerve, and divide into 15-20 branehes that pieree the selera 
around the optie nerve and mn in small grooves on the internal seleral 
surface. They eonvey parasympathetie, sympathetie and sensory fibres 
between the eyeball and the eiliary ganglion; only the parasympathetie 
fibres synapse in the ganglion. 

The parasympathetie root, derived from the braneh of the oculo- 
motor nerve to the inferior oblique, eonsists of preganglionie fibres 
from the Edinger-Westphal nucleus, which relay in the ganglion. Post- 
ganglionie fibres travel in the short eiliary nerves to the sphineter pupil- 
lae and eiliary muscle. More than 95% of these fibres supply the eiliary 
muscle, which is much the larger muscle in volume. 

The sympathetie root eontains fibres from the plexus around the 
internal earotid artery within the cavernous sinus. These postganglionie 
fibres, derived from the superior eervieal ganglion, form a fine braneh 
that enters the orbit through the superior orbital fissure inside the 
eommon tendinous ring. The fibres may pass direetly to the ganglion, 
or may join the nasoeiliary nerve and travel to the ganglion in its 
sensory root; either way, they traverse the ganglion without synapsing 679 
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to emerge into the short eiliary nerves. They are distributed to the blood 
vessels of the eyeball. Sympathetie fibres innervating dilator pupillae 
may sometimes travel via the short eiliary nerves (rather than the more 
usual route via the ophthalmie, nasoeiliary and long eiliary nerves). 

The sensory fibres that pass through the eiliary ganglion are derived 
from the nasoeiliary nerve. They enter the short eiliary nerves and earry 
sensation from the eornea, the eiliary body and the iris. 

Orbital branehes of the 
pterygopalatine ganglion 


Several rami orbitales arise dorsally from the pterygopalatine ganglion 
and enter the orbit through the inferior orbital fissure. Branehes leave 
the orbit through the posterior ethmoidal air sinus. There is strong 
experimental evidenee from studies of animals, including monkeys, 
that postganglionie parasympathetie branehes pass direetly to the lae- 
rimal gland, ophthalmie artery and ehoroid. 


EYELIDS, CONJUNCTIVA AND LACRIMAL SYSTEM 


The exposed ocular surface is proteeted by retraetable eyelids and by a 
tear film produced mainly by the laerimal gland, with contributions 
from glands within the eyelid and conjunctiva (a transparent mucous 
membrane that eovers the inner surface of the eyelid and the exposed 
surface of the selera) (see Fig. 42.1). 

gl EYELIDS 

The eyelids (palpebrae) are two folds of modified skin that eover the 
anterior surface of the eye (Fig. 41.19). By their reflex closure, aehieved 
by eontraetion of orbicularis oculi, they proteet the eye from injury and 
shield the eyes from excessive light. Periodie blinking maintains a thin 
film of tears over the eornea that prevents desieeation; movement of the 
eyelids during blinking helps ensure the even distribution of the tear 
film and faeilitates tear outflow through the nasolaerimal drainage 
system. 

The upper eyelid is larger and more mobile than the lower eyelid and 
eontains an elevator muscle, levator palpebrae superioris (see above). A 
transverse opening, the palpebral fissure, lies between the free margins 
of the lids, which join at their extremities (termed the medial and lateral 
canthus). The lateral canthus is relatively featureless. The medial canthus 
is approximately 2 mm lower than the lateral canthus; this distanee is 
inereased in some Asiatie groups. It is separated from the eyeball by a 
small triangular spaee, the laerimal lake (lacus laerimalis), in which a 
small, reddish body ealled the laerimal eamnele is situated. The eamnele 
represents an area of modified skin eontaining some fine hairs and is 
mounted on the pliea semilunaris, a fold of conjunctiva that is believed 
by some to be a vestige of the nietitating membrane of other animals. 

A small elevation, the laerimal papilla, is loeated on eaeh palpebral 
margin approximately one-sixth of the way along from the medial 
canthus of the eye. There is a small aperture, the punctum laerimale, in 
the eentre of the papilla that forms the opening to the laerimal drainage 
system. The margin of the eyelid lateral to the laerimal papilla bears 
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Fig. 41.19 The eyelids and anterior aspeet of the eyeball. Key: 1, pupil; 2, 
pliea semilunaris; 3, laerimal eamnele; 4, medial canthus; 5, conjunctiva; 

6, upper eyelid; 7, eyelashes; 8, lateral canthus; 9, lid margin; 10, iris; 11, 
lower eyelid. (With permission from Berkovitz BKB, Moxham BJ 2002 
Head and Neek Anatomy. London: Martin Dunitz.) 


the eyelashes and is termed the eiliary part of the eyelid. The margin 
medial to the papilla laeks eyelashes and forms the laerimal part of the 
eyelid. 

When looking straight ahead, the upper eyelid overlaps the upper 
part of the eornea by 2-3 mm, whereas the lower lid margin lies just 
below the eorneoseleral junction (limbus). When the eyelids are elosed, 
the upper lid moves down to eover the whole of the eornea. Malposition 
of the lower eyelid is eommon, particularly in the elderly. Eetropion 
deseribes the rolling out of the lower eyelid so that it is no longer in 
eontaet with the eornea, leading to epiphora (watering). Entropion 
deseribes the inversion of the eyelid with eorresponding inturning of 
the eyelashes (triehiasis), which eontaet the eornea and cause irritation. 

Eaeh eyelid margin is 2-3 mm thiek from front to baek. The anterior 
two-thirds is skin and the posterior third is conjunctival mucosa. A 
narrow grey line' lies anterior to the mucocutaneous junction. This 
eorresponds to the loeation of the eiliary (marginal) part of orbicularis 
oculi and is an important surgical landmark, sinee an ineision at this 
point allows the eyelid to be split into anterior and posterior lamellae 
along a relatively bloodless plane. The eyelashes lie in front of the grey 
line, and the circular openings of the tarsal glands (Meibomian glands) 
lie behind it. The tarsal glands are often visible through the palpebral 
conjunctiva, when the eyelids are everted, as a series of parallel, faint 
yellow lines arranged perpendicular to the lid margins. 

Eyelashes are short, thiek, curved hairs, arranged in double or triple 
rows. The upper lashes, which are longer and more numerous, curve 
upwards, while those in the lower lid curve down, so that upper and 
lower lashes do not interlaee when the lids are elosed. 

The eyelids pass to adjaeent faeial skin without obvious demarea- 
tion, although their limits are elearly defined in pathologieal eonditions 
such as oedema. Various skin folds or furrows are of topographieal 
interest. A prominent superior palpebral furrow or fold lies approxi- 
mately opposite the upper margin of the tarsal plate and is deeply 
reeessed when the lids are open. Asians have a skin flap, the epicanthus, 
which begins laterally in the superior palpebral fold and progresses 
medially to eover the medial canthus. Infant Caucasians frequently have 
a transient epicanthus, which sometimes persists in the adult. A less 
prominent inferior palpebral furrow occupies a similar position in the 
skin of the lower lid and deepens on downward gaze. A nasojugal 
furrow extends obliquely from the medial lower margin of the bony 
orbit to the eheek, and a malar furrow may be seen laterally along the 
inferior orbital rim in middle age, but only infrequently and faintly in 
the young. 

Structure 

From its anterior surface inwards, eaeh eyelid eonsists of skin, subcuta- 
neous eonneetive tissue, fibres of the palpebral part of orbicularis oculi 
(see Fig. 30.1 8A), submuscular eonneetive tissue, the tarsal plate (tarsus) 
with its tarsal glands and orbital septum, and palpebral conjunctiva 
(Fig. 41.20). The upper lid also eontains the aponeurosis of levator 
palpebrae superioris. 

The skin is extremely thin and is continuous at the palpebral 
margins with the conjunctiva. The subcutaneous eonneetive tissue is 
very delieate, seldom eontains any adipose tissue, and laeks elastie 
fibres. 

The palpebral part of orbicularis oculi is subdivided anatomieally 
into eiliary, pretarsal and preseptal parts. The palpebral fibre bundles 
are thin and pale, and lie parallel with the palpebral margins. Deep to 
them is the submuscular eonneetive tissue, a loose fibrous layer that is 
continuous in the upper lid with the subaponeurotic layer of the sealp; 
effiisions of blood or pus at this level ean therefore pass down from the 
sealp into the upper eyelid. The main nerves lie in the submuscular 
layer, which means that loeal anaestheties should be injeeted deep to 
orbicularis oculi. 

Tarsal plates 

The two tarsal plates (Fig. 41.21A) are thin, elongated, ereseent-shaped 
plates of firm, dense fibrous tissue approximately 2.5 em long. There is 
one in eaeh eyelid to provide support and determine eyelid form. Eaeh 
is convex and eonforms to the configuration of the anterior surface of 
the eye. The free eiliary border is straight and adjaeent to the eyelash 
follieles. The orbital border is convex and attaehed to the orbital septum. 
The superior tarsus, the larger of the two, is semi-oval, approximately 
10 mm in height eentrally. Its inferior edge is parallel to, and approxi- 
mately 2 mm from, the lid margin. The smaller inferior tarsus is nar- 
rower and approximately 4 mm in vertieal height. 

The tarsal plates are eonneeted to the margins of the orbit by the 
orbital septum and by the medial and lateral palpebral (eanthal) liga- 
ments (see Fig. 41.21A). The medial palpebral ligament passes from the 
medial ends of the two tarsal plates to the anterior laerimal erest and 
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The palpebral fissure undergoes complex ehanges during infaney 
(Paiva et al 2001). At birth, the upper eyelid is at its lowest position and 
the margin of the lower eyelid is elose to the eentre of the pupil. 
Between the ages of 3 and 6 months, the upper eyelid reaehes its 
maximum height and then deelines in a linear fashion. The distanee 
between the eentre of the pupil and the margin of the lower eyelid 
inereases linearly until the age of 18 months, when it stabilizes in posi- 
tion. The most eommon pattern of the lower eyelid erease is a single 
erease at birth and a double erease by the age of about 3years. Ageing 
mainly affeets the size of the horizontal eyelid fissure, which lengthens 
by about 10% between the ages of 12 and 25, and shortens by almost 
the same amount between middle age and old age. The peak level of 
growth in the horizontal dimension of the palpebral fissure is reaehed 
between the ages of 17 and 19 years, in the vertieal dimension between 
10 and 13 years, and in the intereanthal distanee between 14 and 16 
years in Asian ehildren (Park et al 2008). 
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Eyelids, eonjiinetiva and laerimal system 
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Fig. 41.20 The upper eyelid and anterior segment 
of the eye, sagittal seetion. 
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Fig. 41.21 A, The tarsal plates and their attaehments. B, The anterior insertion of levator palpebrae superioris. 


the frontal proeess of the maxilla. It splits at its insertion into the tarsal 
plates to surround the laerimal canaliculi, and lies in front of the naso- 
laerimal sae and the orbital septum. The lateral palpebral ligament is 
relatively poorly developed. It passes from the lateral ends of the tarsal 
plates to a small tubercle on the zygomatie bone within the orbital 
margin and is more deeply situated than the medial palpebral ligament. 
It lies beneath the orbital septum and the lateral palpebral raphe of 
orbicularis oculi. 

The deepest fìbres of the aponeurosis of levator palpebrae superioris 
are attaehed to the anterior surface of the superior tarsus. The superior 
and inferior tarsal plates are also assoeiated with a thin lamina of 
smooth muscle forming the superior and inferior tarsal muscles, respee- 
tively. Opposite the equator of the eye, the superior tarsal muscle passes 
from the inferior faee of levator palpebrae superioris to a fibrous exten- 
sion that projeets to the upper margin of the superior tarsus (see Fig. 
41 .20) . The muscle is innervated by the sympathetie nervous system and, 
on eontraetion, elevates the eyelid. Although it may be regarded as sup- 
plementing the aetion of the levator muscle, its full role is not elear. The 
mild ptosis that is a eharaeteristie feature of Horner's syndrome is the 
result of an intermption to the sympathetie supply to the superior tarsal 
muscle. A eorresponding but less prominent inferior tarsal muscle in the 
lower eyelid unites the inferior border, and possibly also the anterior 
surface, of the inferior tarsus to the capsulopalpebral faseia, which is the 
anterior expansion of the fused faseial sheath of inferior rectus and in- 
ferior oblique. Contraction of inferior rectus during downward gaze 


therefore also pulls the lower lid downwards. The lower lid is eapable of 
depressing by 4-5 mm, although it is not equipped with a striated 
muscle counterpart to the levator of the upper lid. 

Palpebral glands 

Tarsal (Meibomian) glands are modified sebaceous glands embedded 
in the tarsi. They are yellow and arranged in approximately 25 parallel 
rows perpendioalar to the eyelid margin in the upper lid, and slightly 
fewer in the lower lid. They occupy the full tarsal height and are there- 
fore longer eentrally where the tarsi are higher. Eaeh gland eonsists of 
a straight tube with many lateral seeretory diverticula, and opens by a 
minute orifiee on the free palpebral margin. It is enelosed by a basement 
membrane, and is lined at its orifiee by stratified epithelium and else- 
where by a single layer of polyhedral eells. The sebaceous seeretion of 
the tarsal glands spreads over the margins of the eyelids, and so an oily 
layer is drawn over the tear film as the palpebral fissure opens after a 
blink, reducing evaporation and contributing to tear film stability. The 
presenee of the oily, hydrophobie seeretions of tarsal glands along the 
margins of the eyelids also inhibits the spillage of tears on to the faee. 
Obstmetion of the tarsal gland ducts by lipid and cellular debris may 
result in lipogranulomatous inflammation and the elinieal manifest- 
ations of an internal hordeolum or ehalazion. 

Small sebaceous glands (of Zeis) and sweat glands (of Moll) are 
assoeiated with the eyelashes (see Fig. 41.20) and are prone to infeetion, 
producing an external hordeolum (stye). 
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Vascular supply and lymphatie drainage 

The arterial siipply to the eyelids is derived prineipally from the medial 
and lateral palpebral branehes of the ophthalmie artery. Their branehes 
course laterally along the tarsal edges to form superior and inferior 
areades (two in the upper eyelid and one in the lower). The eyelids are 
also supplied by branehes of the infraorbitaf faeiaf transverse faeial 
and superficial temporal arteries. 

The veins that drain the eyelids are larger and more numerous than 
the arteries; they pass either superficially to veins on the faee and fore- 
head, or deeply to the ophthalmie veins within the orbit. 

The lymph vessels that drain the eyelids and conjunctiva eommenee 
in a superficial plexus beneath the skin, and in a deep plexus in front 
of and behind the tarsi. These plexuses eomimmieate with one another, 
and medial and lateral sets ofvessels arise from them. The lateral lymph 
vessels drain the whole thiekness of the lateral part of the upper 
and lower lids, and pass laterally from the lateral canthus to end in 
the superficial and deep parotid lymph nodes. The lymph vessels of the 
medial set drain the skin over the medial part of the upper eyelid, the 
whole thiekness of the medial half of the lower lid, and the eamnele; 
they follow the course of the faeial vein to end in the submandibular 
group of lymph nodes. 

Innervation 

The sensory innervation of the eyelids eomes from both the ophthalmie 
and maxillary divisions of the trigeminal nerve. The upper eyelid is 
supplied mainly by the supraorbital braneh of the frontal nerve. Addi- 
tional contributions eome from the laerimal nerve, the supratrochlear 
braneh of the frontal nerve, and the infratroehlear braneh of the naso- 
eiliary nerve. The nerve supply to the lower eyelid is derived prineipally 
from the infraorbital braneh of the maxillary nerve, with small eontri- 
butions from the laerimal and infratroehlear nerves. 


CONJUNCTIVA 


The conjunctiva is a thin, transparent mucous membrane that extends 
from the eyelid margins anteriorly, providing a lining to the lids, before 
turning sharply on itself to form the forniees; from here, it is refleeted 
on to the globe to eover the selera up to its junction with the eornea. 
The conjunctiva thus forms a sae that opens anteriorly through the 
palpebral fissure (Fig. 41.22). At the free palpebral margins, the eon- 
junctiva is continuous with the skin of the eyelids, the lining epithelium 
of the ducts of the tarsal glands, and with the laerimal canaliculi and 
laerimal sae (see below). The eontimiity between the conjunctiva and 
the nasolaerimal duct and nasal mucosa is important in the spread of 
infeetion. 



Fig. 41.22 The regions of the conjunctiva, sagittal seetion. 


Conjunctival goblet eells contribute the mucin eomponent of the 
preoailar tear film and play a eentral role in the defenee of the ocular 
surface against mierobial infeetion. The conjunctiva is eonventionally 
divided into five regions: marginal, tarsal, orbital, bulbar and limbal 
(see Fig. 41.22). The marginal, tarsal and orbital regions are eolleetively 
referred to as the palpebral conjunctiva. 

The marginal zone extends from a line immediately posterior to the 
openings of the tarsal glands and passes around the eyelid margin to 
continue on the inner surface of the lid as far as the subtarsal groove 
(a shallow sulcus that marks the marginal border of the tarsus). The 
tarsal conjunctiva is highly vascular and is firmly attaehed to the under- 
lying tarsal plate. The orbital zone extends as far as the forniees, which 
mark the line of refleetion of the conjunctiva from the lids on to the 
eyeball. The conjunctiva is more loosely attaehed to underlying tissues 
over the orbital zone and so folds readily. Elevations of the conjunctival 
surface in the form of papillae and lymphoid follieles (part of the 
mucosa-associated lymphoid tissue, MALT) are eommonly observed in 
this region (Knop and Knop 2002). 

Ducts of the laerimal gland open into the lateral part of the superior 
fornix. The bulbar conjunctiva is loosely eonneeted to the eyeball over 
the exposed selera, is thin and transparent, and readily permits the visu- 
alization of conjunctival and episeleral blood vessels. The loose attaeh- 
ment of the conjunctiva to the faseial sheath of the globe (Tenon's 
capsule) in this region means that the conjunctiva is freely movable 
here; as the bulbar conjunctiva approaehes the eornea, its surface 
beeomes smoother and its attaehment to the selera inereases. The 
limbal conjunctiva extends approximately 1-1.5 mm around the 
eornea and eontains a dense network of eapillaries. 

Structure 

The conjunctiva is eomposed of an epithelial layer and an underlying 
fibrous layer or substantia propria. The form of the epithelium and 
thiekness of the substantia propria vary with loeation. At the margin 
of the lids, the epithelium is non-keratinized stratified squamous and 
10-12 eells thiek. The epithelium of the tarsal conjunctiva thins to 
two or three layers and eonsists of columnar and flat surface eells. 
Near the forniees, the eells are taller, and a trilaminar conjunctival 
epithelium eovers much of the bulbar conjunctiva. It thiekens eloser 
to the eorneoseleral junction and then ehanges to stratified squamous 
epithelium typieal of the eornea. A proportion of limbal conjunctival 
epithelial eells serve as stem eells for the eorneal epithelium; this 
region of the conjunctiva is therefore essential for maintaining eorneal 
integrity. 

Mucous-secreting goblet eells are seattered within the conjunctival 
epithelium. They show a marked regional variation in density, being 
most frequent in conjunctival regions normally eovered by the eyelids, 
and reduced in number within exposed interpalpebral loeations 

(Doughty 2012). 

The substantia propria, or fibrous layer, is thiekest at the fornix and 
thinnest over the tarsi where conjunctival attaehment is firmest. With 
the exception of the tarsal conjunctiva, the substantia propria adjaeent 
to the epithelium is mainly loose. It merges with the fibrous faseia bulbi 
and episelera in the limbal and bulbar regions, and is loosely attaehed 
to the sheaths of the reeti. At the fornix, it is continuous with orbital 
faseial tissues and has loose attaehments to the overlying tendon of 
levator palpebrae superioris and the superior tarsal muscle faseia su- 
periorly, an arrangement that provides support for the fornix during 
eyeball rotation. 

1 /aseiilar siipply and lymphatie drainage 

The arteries of the palpebral conjunctiva are derived from the vascular 
areades of the eyelids. Many of the small vessels of the eyelid drain to 
the conjunctival veins, which, in turn, pass baek to the orbital and faeial 
veins. The substantia propria of the tarsal and orbital conjunctiva is 
riehly vascular. A dense eapillary network is arranged in a single subepi- 
thelial lamina, a distribution that meets the requirement of the eornea 
during sleep, when oxygen is available to the eornea only through this 
vascular system. The bulbar conjunctiva reeeives blood from the palpe- 
bral areades and from the anterior eiliary arteries that reaeh the eon- 
junctiva on the orbital surface of the reeti. The veins drain by the same 
route and join the ophthalmie veins. 

Lymphaties drain into pre-auricular and submandibular lymph 
nodes. 

Innervation 

The conjunctiva is innervated by sensory nerves from the same ophthal- 
mie and maxillary branehes of the trigeminal nerve that serve the eyelid. 
Autonomic nerve fibres are abundant in the conjunctiva, particularly in 
bulbar and limbal regions, and are probably vasomotor in fimetion. 























Eyelids, eonjiinetiva and laerimal system 


LACRIMAL SYSTEM 


The laerimal system eonsists of structures responsible for the produc- 
tion of tears (prineipally, the main laerimal gland with a contribution 
from aeeessory laerimal glands) and the laerimal drainage pathway that 
eolleets the tear fluid and eonveys it into the nasal eavity (paired lae- 
rimal eanaliaili, laerimal sae and nasolaerimal duct) (Fig. 41.23). 

The total tear volume is approximately 7 jitl. It is distributed within 
the preeorneal tear film (1-2 pl), and along the upper and lower mar- 
ginal tear strips (5-6 jlx1), which are wedge-shaped menisei that mn along 
the posterior border of the lid margins and join together at the eanthi. 

Laerimal gland 


The laerimal gland is the primary producer of the aqueous eomponent 
of the tear layer. Its seeretion is a watery fluid with an eleetrolyte eontent 
similar to that of plasma and eontaining several proteins that play key 


Laerimal gland 



Fig. 41.23 A representation of tear dynamies on the ocular surface. Tears 
are produced by the laerimal gland and flow within the upper and lower 
meniscus. Tears drain sequentially through the puncta, canaliculi, laerimal 
sae and nasolaerimal duct. 


roles in proteeting the ocular surface from mierobial infeetion (e.g. 
lysozyme, laetoferrin, immunoglobulin A (IgA)) and also maintaining 
ocular surface epithelial integrity. 

The laerimal gland eonsists of orbital and palpebral parts that are 
continuous posterolaterally around the eoneave lateral edge of the 
aponeurosis of levator palpebrae superioris. The orbital part, about the 
size and shape of an almond, lodges in a shallow fossa on the medial 
aspeet of the zygomatie proeess of the frontal bone, just within the 
orbital margin. It lies above levator palpebrae superioris and, laterally, 
above lateral rectus. Its lower surface is eonneeted to the sheath of 
levator palpebrae superioris and its upper surface is eonneeted to the 
orbital periosteum. Its anterior border is in eontaet with the orbital 
septum and its posterior border attaehed to the orbital fat. The palpe- 
bral part, about one-third the size of the orbital part, is subdivided into 
two or three lobules and extends below the aponeurosis of levator 
palpebrae superioris into the lateral part of the upper lid, where it is 
attaehed to the superior conjunctival fornix. It is visible through the 
conjunctiva when the lid is everted. The laerimal gland may be eongeni- 
tally absent (Keith and Boldt 1986). 

The main ducts of the laerimal gland, up to 12 in number, diseharge 
into the conjunctival sae at the superior lateral fornix. Those from the 
orbital part penetrate the aponeurosis of levator palpebrae superioris 
to join those from the palpebral part. Excision of the palpebral part 
is therefore hmetionally equivalent to total removal of the gland 
(Maitchouk et al 2000). 

Many small aeeessory laerimal glands (glands of Krause and 
Wolfring) occur in or near the fornix. They are more numerous in the 
upper eyelid, and their presenee may explain why the ocular surface 
does not dry up after extirpation of the main laerimal gland. 

Microstructure 

The laerimal gland is lobulated and tubulo-acinar in form. Its seeretory 
units are aeini similar to those found in the salivary glands (Fig. 41.24) 
(Ruskell 1975). Aeini eonsist of seeretory eells that diseharge their 
product into a eentral lumen continuous with an interealated duct 
formed from a single layer of epithelial eells that laek seeretory granules. 
Myoepithelial eells extend proeesses around the perimeter of aeini and 
ducts; their eontraetion imparts a meehanieal foree on the aeini and 
ducts, which promotes the expulsion of tears from the gland. The inter- 
stiees of the gland are eomposed of loose eonneetive tissue that eontains 
numerous imimme eells, mainly B-lymphoeytes and plasma eells (par- 
ticularly IgA-seereting eells). 
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Fig. 41.24 The organization of the seeretory units in the laerimal gland. 
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Vascular supply 

The laerimal gland reeeives its arterial blood supply from the laerimal 
braneh of the ophthalmie artery. It may also reeeive blood from the in- 
fraorbital artery. Venous drainage is into the superior ophthalmie vein. 

Innervatlon 

The laerimal gland is innervated by seeretomotor postganglionie para- 
sympathetie fibres from the pterygopalatine ganglion (Ch. 32). They 
reaeh the gland either via zygomatie and laerimal branehes of the maxil- 
lary nerve, or by passing direetly from the ganglion (Ruskell 2004). 
Sympathetie fibres that issue from the superior eervieal ganglion also 
supply the laerimal gland. These fibres may be involved in the regula- 
tion of blood flow and the modulation of gland seeretion (Dartt 2009). 

Laerimation reflex 

The laerimation reflex is stimulated by irritation of the conjunctiva and 
eornea, which elieits a large inerease in tear volume (Situ and Simpson 
2010). The afferent limb of the reflex involves branehes of the ophthal- 
mie nerve, with an additional contribution from the infraorbital nerve 
if the conjunctiva of the lower eyelid is involved. Impulses enter the 
brain and spread by interneurones to aetivate parasympathetie neur- 
ones in the superior salivatory nucleus and sympathetie neurones in the 
upper thoraeie spinal eord. The efferent pathway to the laerimal gland 
involves the greater petrosal nerve, which earries preganglionie para- 
sympathetie seeretomotor fibres, and the deep petrosal nerve, which 
eonveys postganglionie sympathetie fibres; the parasympathetie fibres 
relay in the pterygopalatine ganglion, and the sympathetie fibres pass 
through the ganglion without synapsing. 

Laerimation may also occur in response to emotional triggers 
without any irritation of ocular structures, when it may be aeeompanied 
by alterations in the mimetie faeial muscles, voealizations and sobbing 
(Graeanin et al 2014). 
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Fig. 41.25 Orbital glands that contribute the various eomponents of the 
preocular tear film. The aqueous eomponent (eonsisting primarily of 
proteins, ions and water) is produced by the main and aeeessory laerimal 
glands. Tarsal glands in the eyelids produce the lipid layer of the tear film, 
and the mucous eomponent is derived from conjunctival goblet eells. 


The tear film is a complex fluid that eovers the exposed parts of the ocular 
surface framed by the eyelid margins. Classically, the tear film has been 
regarded as a trilaminar structure, with a superficial lipid layer (seereted 
by the Meibomian glands) that overlies an aqueous phase (derived from 
the main and aeeessory laerimal glands) and an inner mucinous layer 
(produced mainly by conjunctival goblet eells) (Fig. 41.25). The tear 
film performs a nrnnber of important fimetions. By smoothing out 
irregularities of the eorneal epithelium, it ereates an even surface of good 
optieal quality that is reformed with eaeh blink. The air-tear interfaee 
forms the prineipal refraetive surface of the optieal system of the eye. 
Sinee the eornea is avascular, it is dependent on the tear film for its 
oxygen provision. When the eye is open, the tear film is in a state of 
equilibrium with the oxygen in the atmosphere, and gaseous exchange 
takes plaee aeross the tear-epithelial interfaee. The eonstant turnover of 
the tear film also provides a meehanism for the removal of metabolie 
waste products. Tears play a major role in the defenee of the eye against 
mierobial eolonization; the washing aetion of the tear fluid reduces the 
likelihood of mierobial adhesion to the ocular surface, and the tears 
eontain a host of proteetive antimierobial proteins. 

Laerimal drainage pathvvay 


There is a eonstant turnover of tears; production is matehed by elimin- 
ation. Some tears are lost by evaporation or absorption aeross the 
conjunctiva, but the majority are eliminated via the nasolaerimal drain- 
age system (see Fig. 41.23). Tears eolleet at the medial eanthal angle, 
where they drain into the puncta of the upper and lower lids, which 
are direeted towards the surface of the eye to reeeive tear fluid. From 
eaeh punctum, tears drain into laerimal canaliculi. There is one eanal- 
iculus, approximately 10 mm long, in eaeh lid. Eaeh canaliculus first 
passes vertieally from its punctum for about 2 mm and widens to form 
an ampulla, before passing medially towards the laerimal sae. The 
superior canaliculus is smaller and shorter than the inferior. The eanal- 
iculi almost always unite to form a eommon canaliculus before reaehing 
the laerimal sae. Congenital absenee of the laerimal puncta, as well as 
supernumerary laerimal puncta and canaliculi, have been deseribed 
(Satehi and MeNab 2010). 


The mucosa lining the eanaliaili has a non-keratinized stratified 
squamous epithelium lying on a basement membrane, outside which 
is a lamina propria rieh in elastie fibres (the canaliculi are therefore 
easily dilated when probed). Striated muscle fibres of orbioilaris oculi 
interweave on eaeh side of the eanalioihis in a manner suggesting a 
sphineter-like spiralling, and supporting the elaim that lumen size is 
regulated on blinking, possibly faeilitating tear drainage. 

The laerimal sae is the elosed upper end of the nasolaerimal duct. It 
is approximately 12 mm long and lies in a fossa in the laerimal bone 
in the anterior part of the medial wall of the orbit (see Fig. 41.2). The 
sae is bounded in front by the anterior laerimal erest of the maxilla and 
behind by the posterior laerimal erest of the laerimal bone. Its elosed 
upper end is laterally flattened, its lower part is rounded and merges 
into the duct, and the laerimal canaliculi open into its lateral wall near 
its upper end. 

A layer of laerimal faseia, continuous with the orbital periosteum, 
passes between the laerimal erest of the maxilla and the laerimal bone. 
It forms a roof and lateral wall to the laerimal fossa and separates the 
laerimal sae from the medial palpebral ligament in front and the lae- 
rimal part of orbicularis oculi behind. A plexus of minute veins lies 
between the faseia and the sae. The upper half of the laerimal fossa is 
related medially to the anterior ethmoidal sinuses, and the lower half 
to the anterior part of the middle meatus. The laerimal sae has a fibro- 
elastie wall and is lined internally by mucosa that is continuous with 
the conjunctiva through the laerimal canaliculi, and with the nasal 
mucosa through the nasolaerimal duct (Paulsen 2003). 

The nasolaerimal duct is approximately 18 mm long, and deseends 
from the laerimal sae to open anteriorly in the inferior meatus of the 
nose at an expanded orifiee. A fold of mucosa (pliea laerimalis) forms 
an imperfeet valve just above its opening (ostium laerimalis). The duct 
mns down an osseous eanal formed by the maxilla, laerimal bone and 
inferior nasal eoneha. It is narrowest in the middle and is direeted 
downwards, backwards and a little laterally. The mucosa of the laerimal 
sae and the nasolaerimal duct has a bilaminar columnar epithelium, 
which is eiliated in plaees. A rieh plexus of veins forms ereetile tissue 
around the duct; engorgement of these veins may obstmet the duct. 
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The outer surface of the eye is eomposed of parts of two spheres with 
different radii. The anterior segment, part of the smaller sphere, is 
formed by the transparent eornea and accounts for approximately 7% 
of the ocular surface. The posterior segment of the eyeball is part of the 
larger sphere formed by the opaque selera (Fig. 42.1). 

Internal to the selera is a vascular, pigmented layer eonsisting of 
three continuous parts that eolleetively make up the uveal traet: a thin 


ehoroid lying posteriorly, a thieker eiliary body and an anterior iris 
that is displaeed from the outer eoat and terminates at the pupillary 
aperture. The internal surface of the ehoroid is eovered by the photo- 
sensory retina, which terminates anteriorly at the ora serrata; the latter 
also marks the junction between the eiliary body and ehoroid. The 
vasculature of the ehoroid supplies mitrients to the avascular outer 
retina. 
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Fig. 42.1 The left eye and part of the lower eyelid in horizontal seetion, 


viewed from above. Parts have been cut away to show internal structures. 





































































Outer eoat 


The ocular lens is loeated immediately behind the iris and is sus- 
pended from the eiliary body via zonular fibres (see Fig. 42.1). Smooth 
muscles within the eiliary body regulate the tension exerted on the 
elastie lens and henee determine its shape, thereby adjusting the focus 
of the eye in the proeess of aeeommodation. The iris, which does not 
allow the transmission of light due to a heavily pigmented posterior 
surface, also eontains smooth muscle, allowing it to regulate the size of 
the pupillary aperture. 

The iris and lens separate the eye into three ehambers. The largest, 
the vitreous ehamber, is filled with the gel-like vitreous humour, and 
lies posterior to the lens, eomprising about two-thirds of the volume of 
the eye (see Fig. 42.1). The spaees between the lens and iris, and the 
iris and eornea, are, respeetively, the posterior and anterior ehambers 
of the eye. Both are filled with aqueous humour, which is produced by 
the epithelium of the eiliary body, travels through the pupil, circulates 
in the anterior ehamber and is drained prineipally through the eanal of 
Sehlemm at the iridoeorneal filtration angle. Aqueous humour provides 
metabolie support to the avascular lens and eornea. 

The sole purpose of the eyes and their assoeiated structures within 
the bony orbit is to form a good image on a healthy retina. The photo- 
reeeptors of the retina transduce the optieal radiation into neurobio- 
logieal aetivity and other eells within the retina then begin to proeess 
the output of the photoreeeptors. The retinal signal is transferred via 
the optie nerve, along the visual pathway (see Fig. 42.32) to various 
regions within the brain, where fhrther proeessing results in visual 
pereeption. 


0UTER C0AT 


The fibrous outer eoat of the eye eonsists of the opaque posterior selera 
and the transparent anterior eornea. Together they form a semi-elastie 
proteetive capsule enelosing the eye, which, when made turgid by 
intraoailar pressure, determines the optieal geometry of the eye and 
ensures its shape is not distorted when it moves. The selera also provides 
attaehments for the extraocular muscles, and its smooth external surface 
rotates easily on the adjaeent tissues of the orbit when these muscles 
eontraet (Ch. 41). The opaeity of the selera helps ensure that only light 
that enters the eye through the pupil reaehes the retina. The eornea, 
on the other hand, not only admits light but also its eovering tear film 
is the major refraetive surface of the eye. 

SCLERA 


The selera accounts for approximately 93% of the outer eoat of the eye. 
Anteriorly, it is continuous with the eornea at the eorneoseleral junction 
(see Fig. 42.1). It is punctured by a mimber of foramina eontaining 
nerves and blood vessels, most notably the optie foramen, which lies 
3 mm medial to the midline and 1 mm below the horizontal, and 
houses the optie nerve. Smaller openings eontain anterior eiliary arteries 
that penetrate anteriorly, vortex veins that eross the selera equatorially, 
and the long and short eiliary nerves and arteries that enter posteriorly. 
There is eonsiderable individual variation in seleral dimensions. The 
selera is thiekest at the posterior pole (approximately 1 mm) and 
deereases anteriorly, reaehing a minimum equatorially at about half this 
thiekness. It also thins approaehing the optie nerve. The selera is thinner 
when the eye is elongated in myopia. 


The external surface of the selera is eovered by a delieate episeleral 
lamina of loose fibrovascular tissue, which eontains sparse blood vessels 
and is in eontaet with the inner surface of the faseial sheath of the 
eyeball. Anteriorly, the external seleral surface is eovered by conjunctiva, 
which is refleeted on to it from the posterior surfaces of the eyelids. The 
seleral internal surface adjaeent to the ehoroid is attaehed to it by a 
delieate fibrous layer, the suprachoroid lamina, which eontains numer- 
ous fibroblasts and melanoeytes. Anteriorly, the inner selera is attaehed 
to the eiliary body by the lamina supraciliaris. Posteriorly, the selera is 
piereed by the optie nerve. Flere, the outer half of the selera turns baek 
to beeome continuous with the dura mater, while the inner half is 
modified to form a perforated plate, the lamina eribrosa selerae. The 
optie nerve faseieles pass through these minute orifiees, while the 
eentral retinal artery and vein pass through a larger, eentral aperture. 
The lamina eribrosa selerae is the weakest part of the selera and bulges 
outwards (a cupped dise) when intraocular pressure is raised ehroni- 
eally, as in glaucoma. 

Like the eornea, the seleral stroma is eomposed mainly of densely 
paeked eollagen embedded in a matrix of proteoglyeans, which are 
mixed with oeeasional elastie fibres and fibroblasts. However, in eon- 
trast to the eornea, seleral eollagen fibrils show a large variation in 
diameter and spaeing, and the lamellae braneh and interlaee exten- 
sively. This arrangement of fibres results in inereased light seatter, which 
is responsible for the opaque, dull-white appearanee of the selera, and 
also imparts a high tensile strength to the selera to resist the pull of the 
extraocular muscles and eontain the intraocular pressure. Collagen fibre 
bundles are arranged circumferentially around the optie dise and the 
orifiees of the lamina eribrosa. The fibres of the tendons of the reeti 
interseet seleral fibres at right angles at their attaehments, and then 
interlaee deeper in the selera. Collagen fibres of the seleral spur are 
orientated in a eirailar fashion, and there is an inereased ineidenee of 
elastie fibres here (Figs 42.2-42.3A). Although the selera aets as a 
conduit for blood vessels, seleral vessels are few and mainly disposed 
in the episeleral lamina, espeeially elose to the limbus. Its nerve supply 
is surprisingly rieh, accounting for the intense pain assoeiated with 
seleral inflammation (Watson and Young 2004). 

Seleral development is under aetive regulation to ensure an eye of 
the eorreet axial length to produce a focused image (Wallman and 
Winawer 2004). 

Filtration angle and aqueous drainage 


Aqueous humour is produced by the eiliary epithelium; it passes 
through the pupil and circulates within the anterior ehamber, supplying 
the avasoalar eornea and lens with mitrients and removing metabolie 
waste products. It drains from the eye mainly through the trabecular 
meshwork into the eanal of Sehlemm at the iridoeorneal (filtration) 
angle (see Figs 42.2-42.3), formed between the posterior aspeet of the 
eorneoseleral limbus and the periphery of the iris. Differenees in drain- 
age angle morphology most probably underlie ethnie variations in the 
prevalenee of primary angle closure glaucoma (Wang et al 2012). 

The trabecular meshwork is continuous anteriorly with Deseemet's 
membrane and the endothelium of the eornea. Aqueous humour filters 
from the anterior ehamber through intereonneeted spaees among loose 
trabecular fibres, most of which are attaehed to the anterior, external 
aspeet of the seleral spur. Of the remainder, most are continuous with 
longitudinal fibres of the eiliary muscle, some of which attaeh to the 
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Fig. 42.2 A meridional seetion throiigh the anterior 
eye, highlighting the eiliary body and drainage 
apparatiis. 
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Fig. 42.3 A, A sehematie representation of the tissues bordering the anterior ehamber angle. The trabecular meshvvork is an anulus of tissue spanning 
the angle; its meshes are shovvn in transverse seetion opposite the eanal of Sehlemm and partly attaehed to the seleral spur. A single iris proeess 
bridges the angle, eonneeting the trabecular meshvvork to the anterior tissues of the iris. B, An optieal eoherenee tomography (OCT) in vivo image of the 
anterior segment of a 60-year-old Caucasian female taken in dim room light. (B, Courtesy of Mr Gus Gazzard, Consultant Ophthalmie Surgeon, 
Moorfields Eye Hospital, London.) 
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Fig. 42.4 Tissues of the 
filtration angle in seetion. The 
approximate borders of the 
limbal region are indieated by 
the solid lines. Aqueous humour 
drains from the anterior ehamber 
at T through the trabecular 
meshvvork into the eanal of 
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form a laminated vessel. 
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posterior internal aspeet of the seleral spur. The trabecular meshwork 
provides sufficient resistanee to aqueous humour outflow to generate 
an intraocular pressure of approximately 15 mmHg. It also aets as a 
filter and has the eapaeity to phagoeytose particulate matter, although 
overloading may contribute to the pathogenesis of various forms of 
obstmetive seeondary glaucoma (p. 697). 

The eanal of Sehlemm (sinus venosus selerae) is an anular endothe- 
lial eanal loeated near the internal surface of the selera elose to the 
limbus. In seetion, the eanal appears as an oval eleft, with an outer wall 
that grooves the selera. Posteriorly, the eleft extends as far as a rim of 
seleral tissue, the seleral spur, which, in seetion, forms a triangle with 
its apex direeted forwards (see Figs 42.2-42.3A). The eanal of Sehlemm 
may be double or multiple in part of its course, and its walls are eon- 
stmeted of a continuous single thin endothelial layer. Passage of 
aqueous humour to the eanal probably occurs via giant pinoeytotie 
vaoioles and assoeiated transcellular pores, which form on the inner 
faee of the endothelium and diseharge into the eanal at the outer faee. 
Aqueous humour passes through a plexus of fine intraseleral vessels that 
eonneet the eanal of Sehlemm with episeleral veins (Fig. 42.4). Nor- 
mally, the eanal does not eontain blood; pressure gradients prevent the 
reflux of blood, even though the ehannels between the eanal and veins 
have no valves. However, in venous eongestion, blood may enter the 
eanal; the continuous endothelial outer wall of the eanal prevents 
fhrther reflux. 

An alternative route for aqueous outflow, the uveoscleral pathway, 
has been deseribed (Fautsch and Johnson 2006, Goel et al 2010). Esti- 
mates of aqueous drained by this route in humans vary from under 5% 


to as much as much as 54% (Alm and Nilsson 2009), and deerease with 
age. Sinee there is no epithelial barrier between the anterior ehamber 
and the eiliary body, aqueous humour is able to enter the loose eon- 
neetive tissue in front of the eiliary muscle and pass between the muscle 
fibres into the supraciliary and suprachoroidal spaees, where, poten- 
tially, it ean be absorbed by vessels that drain the uvea. Clinically, 
aqueous outflow via this route ean be inereased by topieal prostaglan- 
din analogues, which are first-line therapy for the treatment of open 
angle glaucoma. 

C0RNEA 


The avascular eornea is the anterior transparent part of the outer eoat. 
Convex anteriorly, it projeets from the selera as a dome-shaped eleva- 
tion with an area of 1.1 em 2 , forming approximately 7% of the external 
tunic area. Sinee it is more curved (average radius, r=7.8 mm) than the 
selera (r= 11.5 mm), a slight sulcus selerae marks the eorneoseleral junc- 
tion (limbus). The high eorneal curvature of the neonate eornea 
deereases to reaeh adult levels within a relatively short spaee of time 
(Friling et al 2004). 

The eornea is approximately 670 jiim thiek elose to the eorneoseleral 
junction, and 520 jLtm at its eentre. At the nasal and temporal limbus, 
the transition from eornea to selera occurs in a line that is approxi- 
mately perpendioilar to the eornea; this transition occurs more 
obliquely superiorly and inferiorly, with the selera overlapping the 
eornea to a greater extent anteriorly. Consequently, when viewed from 
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Fig. 42.5 A, A low-power light mierograph of the 
five layers of the eornea. B, A high-power light 
mierograph of the eorneal epithelium and 
Bowman’s layer. C, A high-power light 
mierograph of the eorneal endothelium, 
Deseemet’s layer and part of the stroma. The 
darkly staining eells in the stroma are keratoeytes. 


in front, the eorneal perimeter is slightly elliptieal, as its horizontal 
diameter (11.7 mm) is a little greater than its vertieal (10.6 mm). Its 
posterior perimeter is circular (diameter 11.7 mm). 

Sinee the eornea earries most of the optieal power of the eye, ehanges 
to its shape ean have a signifieant impaet on the refraetive state of the 
eye (p. 699). This has been used to advantage in a number of techniques 
for eorreeting refraetive error such as laser refraetive surgery. 

Mieroseopieally, the eornea eonsists of five layers: eorneal epithe- 
lium, anterior limiting lamina (Bowman's layer), substantia propria 
(stroma), posterior limiting lamina (Deseemet's membrane) and 
endothelmm, arranged anteroposteriorly (Fig. 42.5). 

Oorneal epitheliiim 


The eorneal epithelium accounts for approximately 10% of the eorneal 
thiekness (50 jLtm). It usually eonsists of 5-6 layers of eells (Fig. 42.5B) 
that proteet the ocular surface from meehanieal abrasion, form a perme- 
ability barrier (to small moleailes, water and ions) and prevent the 
entry of pathogens. The deepest eells are columnar with flat bases, 
rounded apiees and large round or oval nuclei. Outside these are 2-3 
layers of polyhedral (often wing-shaped) eells. In the more superficial 
layers, the eells beeome progressively flatter and present a smooth, opti- 
eally perfeet surface. Seanning eleetron mieroseopy of surface eells 
reveals extensive finger-like and ridge-like projeetions (mierovilli and 
mieroplieae). A complex network of tight junctions links the superficial 
eells, eonsistent with their barrier fimetion. 

Anterior limiting lamina (Bowman’s layer) 


The anterior limiting lamina lies behind the eorneal epithelium. It 
eontains a dense mass of eollagen fibrils set in a matrix similar to 
that of the substantia propria. The lamina is 12 pm thiek, is readily 
distinguishable from the substantia propria because it does not 
eontain fibroblasts, and appears amorphous by light mieroseopy 
(see Fig. 42. 5B). 

Substantia propria (stroma) 


The substantia propria is approximately 500 jiim thiek and forms the 
bulk of the eornea. It is a eompaet and transparent layer, eomposed of 
200-250 sequential lamellae, eaeh made up of fine parallel eollagen 
fibrils mainly of type I eollagen. Flat dendritie intereonneeting fibro- 
blasts (keratoeytes) form a eoarse mesh between the lamellae. Alternate 
lamellae are typieally orientated at large angles to eaeh other (Fig. 
42.6). X-ray diffraetion studies indieate that they mn along two pre- 
ferred direetions - superior-inferior and nasal-temporal - to account 
for the additional tensile stress exerted by the reeti along these merid- 
ians (Boote et al 2005). Eaeh lamella is approximately 2 pm thiek and 
of variable width (10-250 jiim or, rarely, more). In the eentral eornea, 
fibrils within the lamellae have a similar diameter of approximately 
31 nm. This inereases slightly with age and approaehing the limbus. 
The small size of the fibrils (much smaller than the wavelength of light), 
along with the regularity of their spaeing (maintained by eollagen- 
proteoglyean interaetions) and the earefiil eontrol of eorneal hydration, 



Fig. 42.6 An eleetron 
mierograph of the 
stroma of the hiiman 
eornea, showing the 
geometrie preeision 
of the alternation in 
direetion of adjaeent 
layers of fibres. 
(Courtesy of John 
Marshall, St Thomas’ 
Hospital, London.) 


are the prineipal faetors that determine stromal transpareney. Light 
seattered by the eollagen fibrils is eliminated by destmetive interferenee 
in all direetions other than forwards. 

Posterior limiting lamina (Deseemet’s layer) 


The posterior limiting lamina eovers the substantia propria posteriorly. 
It is thin and apparently homogeneous, and is regarded as the basement 
membrane of the endothelium (see Fig. 42.5 C). Some 4 pm thiek at 
birth, it may inerease to 12 jitm by the eighth deeade. 

Endothelium 


The endothelium eovers the posterior surface of the eornea and eonsists 
of a single layer of squamous eells (see Fig. 42. 5C) with prominent 
interdigitations between adjaeent eells, which are also eonneeted by 
tight and gap junctions. When viewed en faee, the endothelium appears 
as a mosaie of polygonal (typieally hexagonal) eells. As these eells have 
a limited eapaeity for mitosis, in response to pathology, trauma, age 
and prolonged eontaet lens wear, the endothelial mosaie beeomes less 
regular, and shows a greater variation in eell size (pleomorphism) and 
shape (polymegathism), as eells spread to fill gaps caused by eell loss. 
The numerous mitoehondria and prominent rough endoplasmie reticu- 
lum within these eells refleets their high metabolie aetivity. Thus, for 
example, aetive pumping meehanisms largely eontrol the degree of 
eorneal hydration. 
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Fig. 42.7 Dravving of a 
histologieal seetion through the 
ehoroid elose to the posterior 
pole. 


Oorneal innervation 


The eornea is innervated by numerous branehes of the ophthalmie 
nerve, which either form an anular plexus around the periphery of the 
eornea, or pass direetly from the selera and enter the eorneal stroma 
radially as 70-80 small groups of fibres. On entering the eornea, the 
few myelinated nerves lose their myelin sheaths and ramify throughout 
the anterior eorneal stroma in a delieate reticulum, their terminal fila- 
ments forming an intrieate subepithelial plexus. Axon bundles from this 
plexus eross the anterior limiting membrane and form a sub-basal 
plexus from which individual beaded axons pass to more superficial 
epithelial layers, eventually terminating as free nerve endings. Oorneal 
nerves provide the afferent arm of the blink and laerimation reflexes 
(Ch. 41) and may also have a neurotrophic fimetion (Míiller et al 2003). 

C0RNE0SCLERAL JUNCTI0N (LIMBUS) 

The limbus marks the transitional zone between the eornea and selera 
(see Fig. 42.3B). Here, the eorneal epithelium merges with the epithe- 
lium of the conjunctiva, which thiekens (up to 12 eells). Bowman's 
layer terminates and the eorneal stromal eollagen loses its regularity. As 
the eornea eontains neither blood nor lymphatie vessels, the eapillaries 
of the conjunctiva and episelera end in loops near the limbus. Inter- 
nally, Deseemet's membrane disperses into the fibres of trabecular 
meshwork and the eorneal endothelium is continuous with that eover- 
ing the trabeailae. The limbus forms a eonvenient surface landmark for 
ocular surgery and intravitreal injeetion. A position 4 mm posterior to 
the limbus, for example, indieates the pars plana of the eiliary body 
(orbiculus eiliaris) in adults, through which safe surgical aeeess to the 
posterior segment of the eye ean be aehieved. 

The eorneal epithelium does not possess stem eells and its replaee- 
ment depends on the eentripetal migration of eells from the edges of 
the eornea. These eells are the progeny of mitotie limbal stem eells 
loeated within radially orientated epithelial ingrowths (palisades of 
Vogt). 


UVEA 


The vascular tunic of the eye eonsists of the ehoroid, eiliary body and 
iris, which eolleetively form a continuous structure: the uvea (see Fig. 
42.1). The ehoroid eovers the internal seleral surface and extends for- 
wards to the ora serrata. The eiliary body continues forwards from the 
ehoroid to the circumference of the iris, which is a circular diaphragm 
behind the eornea and in front of the lens, forming an almost eentral 
aperture, the pupil. 

CH0R0ID 


The ehoroid is a thin, highly vascular, pigmented layer that lines almost 
five-sixths of the eye posteriorly. Its mean thiekness, measured by 
optieal eoherenee tomography (OCT), is approximately 230 jiim (Arora 


et al 2012) and is greatest behind the macula. These dimensions are 
influenced by several faetors, including age (Park and Oh 2013), axial 
length, eentral eorneal thiekness and time of day, and vary in pathologi- 
eal eonditions such as angle closure. 

The ehoroid is piereed by the optie nerve where it is firmly adherent 
to the selera. Elsewhere, its external surface is only loosely eonneeted 
to the selera by the suprachoroid layer (lamina fhsea). Internally, it is 
attaehed to the retinal pigment epithelium, and at the optie dise is 
continuous with the pia-araehnoid tissues around the optie nerve. 

Four layers ean be identified in transverse seetion (Fig. 42.7; see also 
Fig. 42.22): suprachoroid, vascular stroma, ehorioeapillaris and lamina 
vitrea (Bmeh's membrane). 

Suprachoroid 


The suprachoroid eovers the external surface of the ehoroid; it is approx- 
imately 30 jiim thiek and eomposed of delieate non-vascular lamellae, 
eaeh one a network of fine eollagen and elastie fibres, fibroblasts and 
melanoeytes. Ciliary nerves and long posterior eiliary arteries pass for- 
wards to the anterior uvea in this layer. 

Vessel layer (stroma) 


Internal to the suprachoroid lies a layer eomposed mainly of arteries 
and veins, but also some loose eonneetive tissue eontaining seattered 
pigment eells. These melanoeytes limit the passage of light through the 
selera to the retina. More importantly, like the retinal pigment epithe- 
lium, they also absorb light traversing the retina that is not absorbed 
by the photoreeeptors, so preventing internal refleetion. 

The blood supply of the ehoroid, as well as the rest of the uvea, is 
summarized in Figure 42.8. Short posterior eiliary arteries enter the eye 
through the selera near the optie dise and supply the posterior ehoroid. 
These vessels braneh and gradually deerease in size as they approaeh 
the retinal border. The ehoroidal stroma ean be divided into layers 
based on the ehange in the ealibre of these vessels: an outer layer of 
larger vessels (Hallers layer) and an inner layer of smaller vessels (Sat- 
tler s layer), which eventually give rise to the ehorioeapillaris (see Fig. 
42.7). Long posterior eiliary arteries and recurrent branehes of anterior 
eiliary arteries supply the anterior part of the ehorioeapillaris. 

Veins within the ehoroid eonverge spirally on to four, or very oeea- 
sionally more, prineipal vortex veins. These pieree the selera behind the 
equator to reaeh tributaries of the ophthalmie veins. 

The vessels of the ehoroid have a rieh autonomic vasomotor supply. 

The blood flow through the ehoroid is high, a feature probably 
assoeiated with an intraocular pressure of 15-20 mmHg, which means 
that a venous pressure above 20 mmHg is required to maintain circula- 
tion. The ehoroidal perfiision rate exceeds that required to supply nutri- 
ents and may serve to eool the retina during exposure to bright light. 

ehorioeapillaris 


The ehorioeapillaris provides nutrients to the avasoilar outer five layers 
of the retina and is eomposed of large (up to 20 jLtm thiek), densely 































































































































































































































Uvea 



Fig. 42.8 The vasculature of the iiveal traet. The long posterior eiliary arteries, one of vvhieh is visible (A), braneh at the ora serrata (b) and feed the 
eapillaries of the anterior part of the ehoroid. Short posterior eiliary arteries (C) divide rapidly to form the posterior part of the ehorioeapillaris. Anterior 
eiliary arteries (D) send recurrent branehes to the ehorioeapillaris (e) and anterior rami to the major arterial eirele (f). Branehes from the eirele extend into 
the iris (g) and to the limbiis. Branehes of the short posterior eiliary arteries (C) form an anastomotie eirele (of Zinn) (h) round the optie dise, and tvvigs 
from this (i) join an arterial netvvork on the optie nerve. The vortex veins (J) are formed by the junctions (k) of suprachoroidal tributaries (I). Smaller 
tributaries are also shovvn (m, n). The veins draining the seleral venous sinus (o) join anterior eiliary veins and vortieose tributaries. (With permission from 
Hogan MJ, Alvarado JA, VVeddell JE 1971 Histology of the Human Eye. Philadelphia: WB Saunders.) 


paeked, freely anastomosing, fenestrated eapillaries. While perieytes 
occur mainly on the seleral surface, most fenestrations faee the retina. 
The permeability of ehorioeapillaris is exceptionally high, even eom- 
pared to other structures invested with fenestrated eapillaries. 

Lamina vitrea (Brneh’s membrane) 


The lamina vitrea lies between the ehorioeapillaris and the retinal 
pigment epithelmm, from both of which it is derived. llnder the light 
mieroseope, it appears as a homogeneous layer, 2-4 pm in diameter 
and eonsists largely of a eentral elastie fìbre mesh, although some 
authors include flanking internal and external layers of eollagen and 
the basal laminae of the ehorioeapillaris and retinal pigment epithe- 
lium in this structure. Its fhnetion is thought to be related to the passage 
of fluid and solutes from the ehoroidal eapillaries to the retina. In 
advaneing years, extracellular deposits may aeammlate in this mem- 
brane (dríisen), which impairs the exchange of gases, nutrients and 
metabolites between the ehoroidal blood and the outer layers of the 
retina, potentially contributing to degenerative disease in the photo- 
reeeptor layer of the neural retina. 


CILIARY BODY 


The eiliary body serves to anehor the lens via suspensory ligaments, and 
by the eontraetion of its smooth muscle ehanges the refraetive power 
of the lens (aeeommodation). Its anterior internal surface is also the 
source of aqueous humour, while posteriorly its inner surface is eon- 
tiguous with the vitreous humour and seeretes several of its eompo- 
nents. The anterior eiliary arteries and the long posterior eiliary arteries 
meet in the eiliary body, and the major nerves to all the anterior tissues 
of the eyeball pass through it. 


Externally, the eiliary body may be represented by a line that extends 
from approximately 1.5 mm posterior to the limbus of the eornea (eor- 
responding also to the seleral spur) to a line 7.5-8 mm posterior to this 
on the temporal side, and 6.5-7 mm on the nasal side. The eiliary body 
is thus slightly eeeentrie. It projeets posteriorly from the seleral spur, 
which is its attaehment, with a meridional width varying from 5.5 to 
6.5 mm. Internally, it exhibits a posteriorly erenated or sealloped 
periphery, the ora serrata, where it is continuous with the ehoroid and 
retina (Figs 42.9-42.10). Anteriorly, it is confluent with the periphery 
of the iris, and externally, it bounds the iridoeorneal angle of the ante- 
rior ehamber. 

In eross-seetion, the eiliary body is eomposed of four layers (from 
internal to external): a double layer of epithelial eells, the stroma, eiliary 
muscle and a supraciliary layer (see Fig. 42.2). 

Meridionally, the eiliary body ean be divided into two parts (see Figs 
42.2, 42.10). Anteriorly, the ridged pars plieata (eorona eiliaris) sur- 
rounds the base of the iris and accounts for about one-third of the 
eiliary body. Posteriorly, the relatively smooth and thin pars plana 
(orbiculus eiliaris) lies adjaeent to the ora serrata, and forms a eonven- 
ient aeeess point for instmments during vitreoretinal surgery and for 
intraocular injeetion. The whole eiliary body is eovered by a double 
epithelium, in which the inner layer is unpigmented, while the outer 
layer eontains melanin. At the ora serrata, the retinal pigment epithe- 
lium is continuous with the outer pigmented epithelium of the pars 
plana, while the neural retina is replaeed by inner unpigmented eiliary 
epithelium (see Fig. 42.24). Anteriorly, this double epithelium eontin- 
ues over the pars plieata until it merges with the double epithelium on 
the posterior surface of the iris (where the inner layer of eells also 
accumulates melanin). The anterior pars plieata is ridged meridionally 
by 70-80 eiliary proeesses radiating from the base of the iris (see Figs 
42.9-42.10). In the young eye, these proeess are approximately parallel- 
sided structures, but in the adult, their flanks beeome less regular and 
appear thieker. A minor ridge, or eiliary pliea, lies in the valley between 691 
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Fig. 42.9 The eiliary region seen from the ocular 
interior. Above is the periphery of the lens, 
attaehed by the fibres of the zonule (suspensory 
ligament) to the proeesses of the pars plieata 
(eorona eiliaris) of the eiliary body (a). The pars 
plana eiliaris (orbiculus eiliaris) (b) has a sealloped 
boundary, the ora serrata (e), which separates it 
from the retina (d). Flanking the ‘dentate bays’ (e) 
of the ora serrata are the dentate proeesses (f), 
with which linear ridges or striae (g) are 
continuous; the striae extend forwards between 
the main eiliary proeesses, providing an 
attaehment for the longer zonular fibres. The 
posterior aspeet of the iris shows radial (h) and 
circumferential (i) sulci. (With permission from 
Hogan MJ, Alvarado JA, Weddell JE 1971 
Histology of the Human Eye. Philadelphia: WB 
Saunders.) 


Dentate proeess Dentate bay Ora serrata 



Pars plana of Oiliary proeesses of Iris Lens 


eiliary body pars plieata 

Fig. 42.10 The posterior aspeet of the anterior half of the eye, showing 
the termination of the neural retina at the ora serrata and the eiliary body. 
The lens has retained sufficient transpareney to reveal the iris border; the 
erenated perimeter of the lens is due to tension imposed by the attaehed 
suspensory ligaments (unseen). 


most of the proeesses. The erests of the proeesses are less pigmented, 
giving them the appearanee of white (or light) striae, from which the 
name eiliary is derived. The suspensory ligaments attaehed to the lens 
extend into the valleys between the eiliary proeesses and pass beyond 
them to fiise with the basal lamina of the superficial epithelial layer of 
pars plana. Their sites of attaehment are marked by striae that pass baek 
from the valleys of the pars plieata, aeross the pars plana, almost as far 
as the apiees of the dentate proeesses of the ora serrata (see Fig. 42.9). 

eiliary epitheliiim 


The eiliary epithelium is bilaminar, eonsisting of two layers of epithelial 
eells that are derived embryonieally from the two layers of the optie 
cup. The superficial layer eonsists of columnar eells over the pars plana, 
and cuboidal eells over the eiliary proeesses of the pars plieata; it 
beeomes irregular and more flattened between the proeesses. These eells 
eontain little or no pigment. The outer layer of the eiliary epithelium, 
in eontrast, eontains cuboidal eells that are loaded with melanin. Nor- 
mally, the two layers are firmly united but fluid may separate them 
pathologieally. The pigment layer is attaehed to the stroma of the eiliary 
body by its basal lamina, which continues baek into the basal lamina 
of the ehoroid. As a consequence of the invagination of the optie cup 
during development, a basal lamina eovers the free surface of the 
bilayer, which is continuous with the internal limiting membrane of 
the retina. 

The eiliary epithelium is responsible for the seeretion of aque- 
ous humour, while the outer pigmented epithelium additionally 
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Fig. 42.11 The eiliary miisele and its eomponents. 
The meridional or longitudinal (1), radial or oblique 
(2), and circular or sphineterie (3) layers of muscle 
fibres are displayed by successive removal 
towards the ocular interior. The eornea and selera 
have been removed, leaving the eanal of Sehlemm 
(a), eolleeting venules (b), seleral spur (e) and 
trabecular meshwork (d). The meridional fibres (1) 
often display acutely angled junctions (d) and 
terminate in epiehoroidal stars (e). The radial fibres 
meet at obtuse angles (f) and similar junctions, at 
even wider angles (g), occur in the circular eiliary 
muscle. (With permission from Hogan MJ, 

Alvarado JA, Weddell JE 1971 Histology of the 
Human Eye. Philadelphia: WB Saunders.) 


eontribiites to the eye's 'blaek box effeet', like the retinal pigment 
epithelium, ehoroidal pigment and posterior iris epithelmm, absorb- 
ing stray light to enhanee image quality. 

Oiliary stroma 


The eiliary stroma is eomposed largely of loose bundles of eollagen, 
which form a eonsiderable mass between the eiliary muscle and over- 
lying proeesses, and extend into both of them. It also eontains numer- 
ous larger branehes of the eiliary vessels. A dense reticulum of large 
(up to 35 pm in diameter) fenestrated eapillaries is eoneentrated in the 
eiliary proeesses, faeilitating the passage of substances from the blood 
plasma during aqueous production. Anteriorly near the periphery of 
the iris, the major arterial eirele (see Fig. 42.8) is formed by anastomo- 
sis between the anterior eiliary arteries and long posterior eiliary arter- 
ies, branehes of the ophthalmie artery (see Fig. 41.13). Ciliary veins, 
also draining the iris, pass posteriorly to join the vortex veins of the 
ehoroid. 

Oiliary muscle 


Ciliary muscle is eomposed of smooth muscle eells, most of which are 
attaehed to the seleral spur and arranged in three different orientations. 
The outermost fibres are meridional or longitudinal, and pass posteri- 
orly into the stroma of the ehoroid. The innermost fibres swerve acutely 
from the spur to mn circumferentially as a sphineter near the periphery 
of the lens. Obliquely intereonneeting radial fibres mn between these 
two muscular strata, frequently forming an interweaving lattiee (see 
Fig. 42.2; Fig. 42.11). 


Aeeommodation reflex 

At rest, distant objeets are focused on the retina in an emmetropie eye. 
In order to focus eloser objeets, the dioptrie power of the eye has to be 
inereased, which is aehieved by inereasing the curvature of the lens. At 
rest, the lens is under tension from the zomilar ligaments and henee 
flattened. On aeeommodation, the eiliary muscle eontraets, moving the 
eiliary body forwards and inwards towards the optie axis. All parts of 
the muscle aet in eoneert and tension on the zonular ligaments is 
relaxed. As the lens is eovered by an elastie capsule, onee tension on it 
is released, it assumes a more convex shape suitable for focusing eloser 
objeets. The radius of curvature of the anterior lens surface ehanges 
most during aeeommodation. This elassie view of aeeommodation, first 
proposed in prineipal by Helmholtz nearly 100 years ago, remains 
generally aeeepted, although details of the roles of various ocular stme- 
tures eontimie to be debated (Charman 2008). 

Information from the retina passing to the visual cortex does not 
constitute the afferent limb of a simple reflex in the usual sense of the 
term, but permits the visual areas to assess the elarity of objeets in the 
visual field. Cortical efferent information passes to the preteetal area 
and thenee to the Edinger-Westphal nucleus, which eontains pregan- 
glionie parasympathetie neurones whose axons travel in the oculo- 
motor nerve and synapse in the eiliary ganglion within the orbit (Fig. 
42.12). Postganglionie fibres (short eiliary nerves) innervate the eiliary 
muscle, causing it to eontraet. There is also a sparse sympathetie inner- 
vation of eiliary muscle, which has a very limited eapaeity to relax the 
muscle. 

Aeeommodation is usually aeeompanied by eonstrietion of the pupil 
brought about by eontraetion of the sphineter pupillae, and eonvergent 
eye movements caused by eontraetion of the medial, superior and 
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Fig. 42.12 The neural pathvvays of the piipillary light 
reflex (left) and the aeeommodation reflex (right). (From 
Oxford Textbook of Functional Anatomy, Vol 3 Head 
and Neek, MaeKinnon P, Morris J (eds) 1990. With 
permission of Oxford Llniversity Press.) 


inferior reeti (all innervated by the oculomotor nerve). This is the 'near 
triad' that may beeome dismpted in various diseases. 

Supraciliary layer 


The thin supraciliary layer separates the selera from the eiliary muscle 
and is largely eomposed of eollagen fibres derived from the two layers 
it divides. It also forms an alternative rmeonventionaT route (other 
than the eanal of Sehlemm) for the drainage of aqueous humour. 

IRIS 


The iris is an adjustable diaphragm around a eentral aperture (slightly 
medial to tme eentre), the pupil. It lies between the eornea and lens, 
and is immersed in aqueous fluid (see Fig. 42.1), partially dividing the 
anterior segment into an anterior ehamber, enelosed by the eornea and 
iris, and a posterior ehamber, situated between the iris and the lens 
anterior to the vitreous. The effieaey of the iris as a light stop is mainly 
due to a densely pigmented posterior double epithelium. The pupillary 
aperture is adjusted by the aetion of two muscles, dilator and sphineter 
pupillae. 

Seen from the front, the iris is divided into a large eiliary zone adja- 
eent to the eiliary body and a smaller, inner, pupillary zone (Fig. 42.13). 
The two regions join at the eollarette. The anterior surface of the iris 
often eontains large depressions (erypts of Fuchs), and at the pupillary 
margin, the posterior pigmented epithelium is visible as the pupillary 

mff. 

In transverse seetion, several subdivisions of the iris are evident (Fig. 
42.14). From anterior to posterior, they are an anterior border layer, the 
stroma (which eontains the sphineter pupillae), and two pigmented 
epithelial layers, the most anterior of which eontains the dilator pupil- 
lae. It is thinnest at its root (approximately 200 jiim), where the eiliary 
body is attaehed, and thiekest at the eollarette. 

Anterior border layer 


The anterior surface of the iris is not a distinet epithelium but a modi- 
fied layer of the iris stroma, formed mainly by an inereased number of 
fibroblasts that constitute a network on the anterior surface with a layer 
of underlying melanoeytes. At the periphery of the iris, the anterior 


border layer blends with the trabecular eonneetive tissue of the irido- 
eorneal angle; at the pupillary rim, it meets the epithelium of the 
posterior surface of the iris. 

The colour of the iris is a product of the eombined effeet of refleetion/ 
absorption by the iridial eonneetive tissue and the eoneentration of 
pigment in the anterior border layer and, to a lesser extent, in the iris 
stroma. The distribution of pigment is often irregular, which produces 
a fleeked appearanee. When pigment is largely absent, other than in the 
posterior epithelial layers (the eondition at birth), the colour is light 
blue. 

Stroma 


The stroma of the iris is formed of fibroblasts, melanoeytes and a loose 
collagenous matrix but no elastie tissue. The intercellular spaees appear 
to communicate freely with the anterior ehamber. A few large, heavily 
pigmented 'clump eells' may be present; these are phagoeytes and 
eontain lysosomes and ingested melanosomes. The stroma eontains 
regional vessels and nerves. An aggregation of smooth muscle eells near 
the pupillary rim forms an anular eontraetile sphineter pupillae (see 
below). 

Epithelial layers 


The epithelial surface eovering the iris posteriorly is a continuation of 
the bilaminar epithelium of the eiliary body and is formed from the 
two layers of the optie cup. The pupil, through which this epithelium 
curves for a short distanee on to the anterior surface as the pigment mff, 
eorresponds to the opening of the optie cup. 

The layer of epithelial eells nearest the stroma is, somewhat confus- 
ingly, termed the anterior epithelium, although it lies posterior to the 
stroma. Its eells are pigmented, as are those of the eorresponding layer 
in the eiliary epithelium. They give rise to the dilator pupillae (see 
below). Vitreal to this stratum is a layer of heavily pigmented eells, the 
posterior epithelium, which is continuous with the inner non- 
pigmented layer of the eiliary epithelium. As is readily apparent from 
in vivo seans, the pupillary region of the iris rests on the front surface 
of the lens (see Fig. 42.3 B). Its posterior surface therefore bears numer- 
ous radial ridges that faeilitate the movement of aqueous humour from 
the posterior to the anterior ehamber. Adjaeent epithelial eells are 
extensively joined by various junctions that ensure the layer ean 
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Fig. 42.13 A eomposite view of the surfaces and internal strata of the iris. 
In a clockwise direetion from above, the pupillary (A) and eiliary (B) zones 
are shown in successive segments. The first (brown iris) shows the 
anterior border layer and the openings of erypts (e). In the seeond 
segment (blue iris), the layer is much less prominent and the trabeculae of 
the stroma are more visible. The third segment shows the iridial vessels, 
including the major arterial eirele (e) and the ineomplete minor arterial 
eirele (f). The fourth segment shows the muscle stratum, including the 
sphineter (g) and dilator (h) of the pupil. The everted ‘pupillary ruff of the 
epithelium on the posterior aspeet of the iris (d) appears in all segments. 
The final segment, folded over for pietorial purposes, depiets this aspeet 
of the iris, showing radial folds (i and j) and the adjoining eiliary proeesses 
(k). (With permission from Hogan MJ, Alvarado JA, Weddell JE 1971 
Histology of the Human Eye. Philadelphia: WB Saunders.) 


withstand the excursions of the iris during ehanges in pupillary size 

(Fig. 42.15). 

Iris muscles 


Sphineter pitpillae 

The sphineter pupillae is a flat anulus of smooth muscle approximately 
750 jiim wide and 150 jiim thiek. Its densely paeked, fhsiform muscle 
eells are often arranged in small bundles, as in the eiliary muscle, and 
pass circumferentially around the pupil (see Fig. 42.13). Collagenous 
eonneetive tissue lies in front of and behind the muscle fibres. It is very 
dense posteriorly, where it binds the sphineter to the pupillary end of 
the dilator muscle, and is attaehed to the epithelial layer at the pupil 
margin. Small axons, mostly non-myelinated, ramify in the eonneetive 
tissue between bundles. 



Fig. 42.14 A meridional seetion of 
an iris. The posterior surface is lined 
with a double epithelium (E, E'); the 
arrow points to the proeesses of 
the anterior layer of the epithelium 
forming the dilator pupillae muscle. 
The iris is in a eontraeted state, as 
shown by the thiekened epithelium 
opposite the dilator muscle and 
thinning opposite the sphineter, and 
by the shortness of the pupillary 
zone. Abbreviations: A, anterior 
border layer; C, eollarette; CM, 
eiliary muscle; CP, eiliary 
proeesses; I, major iridie eirele; P, 
pupillary region of the iris; PF, folds 
in anterior surface towards the root; 
R, pupillary ruff; RT, root; S, 
sphineter pupillae muscle; ST, 
stroma. 


Dilator pupillae 

The dilator (dilatator) pupillae forms a thin layer that lies immediately 
anterior to the epithelium of the posterior surface of the iris. Its 'fibres' 
are the muscular proeesses of the anterior layer of this epithelium, 
whose eells are therefore myoepithelial. Myofilaments are present 
throughout these eells but are more abundant in their fhsiform basal 
muscular proeesses, which are approximately 4 jLtm thiek, 7 jLtm wide 
and 60 jiim in length. They form a layer 3-5 elements thiek through 
most of the iris, from its periphery to the outer perimeter of the sphine- 
ter, which it slightly overlaps. Here the dilator thins out and sends spurs 
to blend with the sphineter. Unlike the apieal parts of the myoepithelial 
eells, these have a basal lamina and are joined by gap junctions like 
those between the sphineterie muscle eells. Small, unmyelinated axons 
pass between, and terminate on, their muscular proeesses (see Fig. 
42.15). 

Innervation of muscles of the iris 

The iris is innervated mainly by the long and short eiliary nerves. Short 
eiliary nerves, which eontain parasympathetie, postganglionie, myelin- 
ated axons derived from the eiliary ganglion (see Figs 41.17, 42.12), 
innervate the sphineter pupillae, losing their myelin well before 
entering the muscle. The dilator is supplied with sympathetie, non- 
myelinated, postganglionie fibres from the superior eervieal ganglion; 
their routes are less well established. Some go via the eiliary ganglion 
and reaeh the eye in the short eiliary nerves, whereas other fibres may 
travel in the long eiliary nerves, which are branehes of the nasoeiliary 
nerve. An additional small fraetion of nerve endings in the dilator and 
sphineter muscles have been identified as parasympathetie and sympa- 
thetie, respeetively, in experimental animal studies, including those on 
primates. Although ganglion eells have been noted in the iris, the 
majority of axons are probably postganglionie. They form a plexus 
around the periphery of the iris, from which fibres extend to innervate 
the two muscles, the vessels and the anterior border layer; some fibres 
may be afferent and others are vasomotor. 
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Fig. 42.15 Posterior structures of the iris. The dilator pupillae is shovvn in transverse seetion on the right and in longitudinal seetion on the left (the arrovv 
shovvs a rarer deeper nerve terminal). 


Pupillary light reflex 

Pupillary diameter varies from around 2 mm when fhlly eonstrieted 
(miosis) in bright light to at least 8 mm when dilated in darkness 
(mydriasis), and has an even wider range under the influence of dmgs. 
The resulting variation in pupil area (maximally a faetor of 16) will 
obviously affeet the amount of light impinging on the retina. However, 
eompared to the total range of illumination within which humans ean 
maintain some degree ofvision (approximately lOlog units), this effeet, 
though important, is small. Most meehanisms for dark/light adaptation 
are retinaf and neural or bioehemieal in nature. Enhaneing visual acuity 
by restrieting light to the eentre of the lens, and thereby deereasing the 
amount of spherieal aberration, is at least as important a hmetion of 
pupillary eonstrietion. 

If only one eye is illuminated, the pupil of that eye eonstriets (direet 
response), as does the pupil of the eontralateraf unilluminated, eye 
(consensual response). While ehange in pupillary diameter is usually 
eonsidered a reflex response to ehanges in light levef the pupil also 
eonstriets on viewing near objeets (as part of the near triad; p. 693) and 
in response to painfhl stimuli; it ean also be influenced to some degree 
by more complex eortieal faetors. 

In pupillary eonstrietion, light aeting on both traditional retinal 
photoreeeptors (rods and eones) and on intrinsieally photosensitive 
retinal ganglion eells gives rise to aetivity in retinal ganglion eells. This 
aetivity is conducted along the optie nerve, through the optie ehiasma 
and along the optie traet. Although the majority of traet fìbres end in 
the lateral geniculate nucleus of the thalaimis, a small mimber leave the 
optie traet before it reaehes the thalamus, at the superior braehmm, and 
synapse in the olivary preteetal nucleus. The information is relayed from 
the preteetal nucleus by short neurones that synapse bilaterally on 
preganglionie parasympathetie neurones in the Edinger-Westphal 
nucleus (in the oailomotor nerve complex in the rostral midbrain). 
Efferent impulses pass along parasympathetie fìbres earried by the ocu- 
lomotor nerve to the orbit, where they synapse in the eiliary ganglion. 
Postganglionie fibres travel in the short eiliary nerves to the sphineter 
pupillae, which reduces the size of the pupil when it eontraets (see 
Fig. 42.12). 

Pupillary dilation is brought about by lessening the parasympathetie 
drive to the sphineter (see above) and by sympathetie aetivation of the 
dilator. Sympathetie preganglionie fìbres arise from neurones in the 
lateral column of the fìrst and seeond thoraeie segments, and pass via 
the sympathetie tmnk to the superior eervieal ganglion. Postganglionie 
neurones travel up the neek next to the internal earotid artery as the 
internal earotid nerve; at the level of the cavernous sinus, the nerve 
breaks up to form an interweaving network of fìbres, the earotid plexus, 


around the earotid artery. Some of the axons from the plexus form the 
sympathetie root of the eiliary ganglion, passing through the eiliary 
ganglion without synapsing; mostly travelling in the short eiliary nerves, 
they innervate the dilator. 

Vascular supply of the iris 


The iris reeeives its blood supply from the long posterior and anterior 
eiliary arteries (see Figs 41.13, 42.8). On reaehing the attaehed margin 
of the iris, both long eiliary arteries divide into an upper and a lower 
braneh. The branehes anastomose with the eorresponding eontralateral 
arteries, and with the anterior eiliary arteries, to form the major arterial 
(iridie) eirele (circulus arteriosus major) at the base of the iris (see Figs 
42.13-42.14). Vessels eonverge from this eirele towards the free margin 
of the iris, where they form loops and beeome veins. At the level of the 
eollarette, arteries and veins anastomose to form an ineomplete minor 
iridie eirele (circulus arteriosus minor). The smaller arteries and veins 
are very similar in their structure and are often slightly helieal, which 
allows them to adapt to ehanges in iridial shape as the pupil varies in 
size. All of the vessels, including the eapillaries, have a non-fenestrated 
endothelium and a prominent, often thiek, basal lamina. There is no 
elastie lamina in the arteries or veins, and there are few smooth muscle 
eells, espeeially in the veins. Connective tissue in the tunica media is 
loose, whereas the adventitia is remarkably dense and collagenous, so 
that it appears to form almost a separate tube. 


LENS AND HUM0URS 


The eornea, aqueous humour, lens and vitreous body, often eolleetively 
termed the ocular media, serve to form an image on the retina by trans- 
mitting and refraeting light. Additionally, the aqueous provides nutri- 
ents to the avasoilar eornea and lens, and removes their metabolie 
waste, as well as generating the intraocular pressure that maintains the 
shape of the eye. 

AQUE0US HUM0UR 

Aqueous humour is derived from the plasma within the fenestrated 
eapillaries of the eiliary proeesses. The major eomponent of aqueous, 
like plasma, is water and the eomposition of the two fluids is broadly 
similar, although they do differ in the eoneentration of some eleetro- 
lytes and organie solutes. In the interests of optieal elarity, the 
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Fig. 42.16 A sagittal seetion through part of the lens and related 
structures. The cortex is distinguished from the nucleus, vvhieh is 
eomposed of embryonie, fetal, infantile and adult parts. The capsule is 
dravvn in blue, exaggerated in thiekness 100 times, and is based on 
observations from a 35-year-old. 


blood-aqueous barrier also ensures a very low eoneentration of protein 
in the aqueous (generally less than 1% of the level in plasma). Inflam- 
mation of the anterior uvea ean lead to a breakdown of this barrier and 
the presenee of protein in the aqueous, resulting in light seatter that is 
manifest elinieally as 'flare'. 

The aqueous is aetively seereted into the posterior ehamber by the 
epithelium overlying the eiliary proeesses. It passes around the equator 
of the lens and flows through the pupil into the anterior ehamber, 
where it circulates before being drained at the iridoeorneal angle. Most 
aqueous is drained from the eye through the trabecular meshwork into 
the eanal of Sehlemm; from here, it drains into episeleral veins. However, 
some exits through the eiliary muscle into the supraciliary and supra- 
ehoroidal spaees (uveoscleral pathway). 

Any interferenee with the drainage of aqueous into the eanal of 
Sehlemm inereases intraocular pressure and leads to glaucoma. Glau- 
eoma is either 'primary', or seeondary to a speeifie anomaly or disease 
of the eye. Primary glaucoma ean be either 'elosed angle', where the 
filtration angle is narrowed by the proximity of the root of the iris to 
the eornea, or, more eommonly 'open angle', where aqueous aeeess to 
angle tissues is unimpeded. In the most eommon form of primary open 
angle glaneoma, pathologieal ehanges within the trabeailar meshwork 
reduce the faeility of aqueous drainage, thus raising intraocular pres- 
sure. Sustained raised pressure leads to progressive defeets in the visual 
field, because of either direet meehanieal damage to retinal ganglion 
eell axons (particularly at the optie nerve head), or impairment of the 
optie nerve head blood supply, or both. 


LENS 


The lens is a transparent, encapsulated, biconvex body bathed in 
aqueous humour, which serves to adjust the focus of the eye. Posteri- 
orly, it eontaets the hyaloid fossa of the vitreous body. Anteriorly, it 
forms a ring of eontaet with the posterior border of the pupillary region 
of the iris but, further away from the axis of the lens, the gap between 
the lens and iris inereases to form the posterior ehamber of the eye (see 
Fig. 42.1; Fig. 42.16). The lens is eneireled by the eiliary proeesses, and 
is attaehed to them by the zomilar fibres, which issue mainly from the 
pars plana of the eiliary body. Collectively, the fibres form the zomile, 
which holds the lens in plaee and transmits the forees that streteh the 
lens. 

The anterior convexity of the lens is less steep than that of the pos- 
terior surface. The eentral points of these surfaces are the anterior and 
posterior poles of the lens and a line eonneeting them is its axis. The 
marginal circumference of the lens is its equator. 

At birth, the lens is colourless and transmits all wavelengths from 
the infra-red to the near-ultraviolet well. However, throughout life, the 



Fig. 42.17 A seetion throiigh the anterior layers of the lens. The thin 
capsule eovers the single row of epithelial eells (arrow), and the lens 
substance is eomposed of regularly staeked younger fibres and more 
densely stained and complex older deeper fibres. 


amount of short-wave radiation transmitted diminishes until, in old 
age, the lens takes on an amber tinge as it absorbs visible short-wave 
radiation, deereasing blue sensitivity in older people. In eataraet, the 
lens gradually beeomes opaque. 

The dimensions of the lens are optieally and elinieally important, 
but ehange with age as a consequence of continuous growth. Its equa- 
torial diameter at birth is 6.5 mm, inereasing rapidly at first, then more 
slowly to 9.0 mm at 15 years of age, and even more gradually to reaeh 
9.5 mm in the ninth deeade. Its axial dimension inereases from 
3.5-4.0 mm at birth to 4.75-5.0 mm at age 95. The lens flattens during 
the first deeade of life (Mutti et al 1998). Average adult radii of the 
anterior and posterior surfaces of the lens are 10 mm and 6 mm, respee- 
tively. These reduce in later life, the anterior surface inereasing most in 
curvature as the lens thiekens, so that, in old age, the lens pushes the 
iris forwards slightly, predisposing the elderly eye to angle closure 
glaucoma. 

The lens eonsists of three layers (Fig. 42.17). Its bulk is eomposed 
of elongated eells (lens fibres), which anteriorly, as far as the equator, 
are eovered by a single layer of epithelial eells, and the whole is sur- 
rounded by the lens capsule. The lens is avascular and devoid of nerve 
fibres or other structures that might affeet its transpareney. Its surface 
forms a very effeetive barrier against invasion by eells or elements of 
the imimme system, and so ereates an immunologically sequestered 
environment. It is unique because it retains all the eells formed through- 
out its life. 

Lens eapsiile 


The lens capsule is a basement membrane that eovers the surface of the 
lens. It eonsists ofvarious elasses of eollagen fibre (I, III and IV), as well 
as a range of glyeosaminoglyeans and glyeoproteins. It is derived from 
the anterior lens epithelial eells and their fetal precursors, and is firmly 
attaehed to the epithelium anteriorly and to lens fibres posteriorly. The 
capsule is elastie, a property it owes to the arrangement of its eollagen, 
and which is eentral to the proeess of aeeommodation. Capsule thiek- 
ness varies with position and age. One view is that, in adults, it is 
thieker at the anterior pole (12-14 pm) and equator than at the pos- 
terior pole, with a band of inereased thiekness between the pole and 
equator (anteriorly, 20-24 jLtm) (see Fig. 42.16). Zomilar fibres insert 
into the capsule at the equator. They are eomposed of thin (4-7 nm) 
fibrils with hollow eentres, and resemble fibrils assoeiated with elastie 
eonneetive tissue. 

Lens epitheliiim 


The anterior surface of the lens between the outer capsule and the 
underlying lens fibres is eovered by a layer of simple, roughly cuboidal 
(10 pm high and 13 jitm wide), epithelial eells that, in surface view, are 
polygonal (see Fig. 42.17). These eells differentiate into lens fibres; they 
undergo mitosis at a germinative zone just anterior to the equator and 
are displaeed towards the equator, where they synthesize eharaeteristie 
lens fibre proteins and undergo extreme elongation. As other eells 
follow suit, the earlier eells eome to occupy a deeper position within 
the lens. 
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Lens fibres 


The inwardly displaeed epithelial eells elongate fhrther in both an 
anterior and a posterior direetion, beeoming up to 12 mm long, 
depending on age and position in the lens. Fibres near the surface at 
the equator are nucleated; the nuclei form a short, S-shaped bow, which 
extends inwards from the surface. The deeper fibres lose their nuclei 
and most other organelles. 

Variations in lens fibre structure and eomposition make it possible 
to distinguish a softer eortieal zone, made up of younger fibres, and a 
firmer eentral part, representing the older nucleus. The nucleus ean be 
fhrther subdivided into layers representing the age at which the fibres 
within them were formed. 

In eross-seetion, individual fibres are flattened hexagons measuring 
approximately 10 jLtm by 2 pm. They are tightly paeked, and fibres are 
firmly attaehed to their neighbours by a variety of meehanieal junctions 
(Fig. 42.18). Lens fibres are also in eontaet through desmosomes and 
numerous gap junctions. 

All lens fibres eross a plane passing through the equator and termi- 
nate on both the anterior and posterior lens surfaces at lens 'sutures' 
These radiate out from the poles towards the equator and represent 
lines of linearly registered, interloeking junctions between terminating 
lens fibres. In fetuses, the sutures on the anterior surface of the lens 
form a triradiate pattern eentred on the anterior pole resembling the 
limbs of an upright letter Y (Fig. 42.19A). Posteriorly, the sutural eon- 
figuration is similar but inverted. The sutures inerease in number and 
complexity as a consequence of lens growth and other ehanges in the 
arrangement of lens fibres (Fig. 42.19B). Fibres that start near the 
eentral axis of the lens anteriorly terminate posteriorly on a suture near 
the periphery, and viee versa. 

Lens fibres eontain erystallins, proteins that are responsible for the 
transpareney and refraetile properties, and for much of the elastieity, of 



Ball and soeket junction Tongue and groove junction 


Fig. 42.18 The meehanieal junctions between lens fibres. There are no 
junctions immediately below the epithelium. Ball and soeket junctions 
develop in deeper layers; these are subsequently eliminated towards the 
nucleus, where tongue and groove junctions gradually form. Angle joints 
are present at most levels. 


the lens. At least three varieties coexist - a, p and y, their relative pro- 
portions ehanging throughout life. They occur in very high eoneentra- 
tions, and form up to 60% of the lens fibre mass. Variations in their 
eoneentration in different parts of the lens give rise to regional differ- 
enees in refraetive index, eorreeting for the spherieal and ehromatie 
aberrations which might otherwise occur in a homogeneous lens. 

Ocular refraetion 


The eornea and humours have a refraetive index elose to that of water, 
but the tear film eovering the curved eorneal surface is in eontaet with 
air and therefore approximately two-thirds (approximately 40dioptres) 
of the refraetive power of the eye is effeeted here. The lens has a greater 
refraetive index than the adjaeent media, varying from 1.386 at its 
periphery to 1.406 at its eore, and contributes the remaining approxi- 
mately 20dioptres of the power of the relaxed eye. The main value 
of the lens is its ability to vary its dioptrie power during the proeess of 
aeeommodation. Aeeommodation allows an inerease in refraetion of 
12 dioptres in youth but this deereases with age, being halved at 40years 
and reduced to 1 dioptre or less at 60years (presbyopia). 

Disorders of refraetion 

A relaxed eye is said to be emmetropie when the refraeting structures 
are so related to its length that the retina reeeives a focused image of a 
distant objeet. Although the majority of eyes are emmetropie, a large 



Fig. 42.19 The structure of the fetal (A) and adult (B) human lens, 
showing the major details of arrangement of the lens fibres. The anterior 
(a) and posterior (b) triradiate sutures are shown in the fetal lens. Fibres 
pass from the apex of an arm of one suture to the angle between two 
arms at the opposite pole, as shown in the coloured segments. 
Intermediate fibres show the same reeiproeal behaviour. The suture 
pattern beeomes much more complex as successive strata are added to 
the exterior of the growing lens, and the original arms of eaeh triradiate 
suture show seeondary and tertiary dichotomous branehings. (With 
permission from Hogan MJ, Alvarado JA, Weddell JE 1971 Histology of 
the Human Eye. Philadelphia: WB Saunders.) 








































































































































Retina 


minority have errors of refraetion or ametropia that ean take three dif- 
ferent forms. In myopia, the eye is too long for its refraetive power and 
distant objeets are focused in front of the retina when relaxed; eloser 
objeets will be in focus and, consequently, the eye is said to be 'short- 
sighted'. Conversely in hyperopia (long sight), the eye is too short for 
its refraetive power and, when it is relaxed, distant objeets are fooised 
behind the retina. In astigmatism, the refraetive power of the eye is not 
the same in different meridians, which are approximately 90° apart in 
regular astigmatism. 

Normally, emmetropia is assured during development both by the 
aetive eontrol of the selera's biomeehanieal and bioehemieal properties 
and ehanges in the optieal features of the eye's refraetive elements, a 
proeess known as emmetropization (Wallman and Winawer 2004). A 
resting foeal plane behind the retina results in seleral growth causing 
axial elongation of the globe until the foaised image and the position 
of the retina are eoineident. On the other hand, light fooised in front 
of the retina retards seleral growth, reducing axial length. In ametropia, 
this proeess fails. 

The causes of refraetive errors such as myopia are both genetie and 
environmental. Not only have several eandidate genes been identified, 
but also faetors such as inereased near work and laek of outdoor aetivity 
have all been linked to myopia (Wallman and Winawer 2004, Fliteroft 

2013). This has led to a reeent inerease in the ineidenee of myopia to 
epidemie proportions, with a prevalenee of over 80% in the adult popu- 
lation of some East Asian eities (Rose et al 2008). Fortunately, errors of 
refraetion are amenable to eorreetion using speetaele or eontaet lenses 
and by various forms of refraetive surgery. 

As noted above, the ability to ehange the power of the lens through 
aeeommodation diminishes during the fifth deeade to an extent that 
neither the eorreeted ametrope nor the emmetrope is able to focus near 
objeets elearly, and reading speetaeles beeome neeessary. Many faetors 
could potentially cause such loss of aeeommodation, but it seems likely 
that the main cause is reduced lens elastieity with age. This is offset to 
a very limited extent by the reduction of the pupil aperture with age, 
which inereases the depth of focus but at the eost of ereating the fiirther 
problem of requiring greater illumination. 

Other errors of refraetion are the eoneomitants of eye disease, espe- 
eially those that affeet the eornea. Oorneal curvature, for example, may 
be sufficiently altered as a residual defeet of past disease to cause irregu- 
lar astigmatism. In keratoconus, the eornea is thinned and steepened 
eentrally, distorting the refraeting surface. A disloeated lens, caused, for 
example, by Marfan's syndrome, also dismpts the refraetive status of 
the eye. 


VITRE0LJS HUM0UR 


The vitreous body occupies about four-fifths of the eyeball. Posteriorly, 
it is in eontaet with the retina, while fiirther forwards it abuts the eiliary 
body, zonule and lens. Its anterior surface is hollowed into a deep 
eoneavity, the hyaloid fossa, fitting the shape of lens (see Fig. 42.1). It 
is colourless, eonsisting of approximately 99% water, but is not entirely 
stmctureless. At its perimeter, it has a gel-like eonsisteney (100-300 pm 
thiek); nearer the eentre, it eontains a more liquid zone. Hyaluronan, 
in the form of long glyeosaminoglyean ehains, fills the whole vitreous. 
In addition, the peripheral gel or cortex eontains a random loose 
network of type II eollagen fibrils, which are oeeasionally grouped into 
fibres. The cortex also eontains seattered eells, the hyaloeytes, which 
possess the eharaeteristies of monomielear phagoeytes and may eontrib- 
ute to the production of hyaluronan. While they are normally in a 
resting state, they have the eapaeity to be aetively phagoeytie in inflam- 
matory eonditions. Hyaloeytes are not present in the cortex bordering 
the lens. 

The liquid vitreous is absent at birth, appears first at 4 or 5 years, 
and inereases to occupy half the vitreous spaee by the seventh deeade. 
Vitreous liquefaction results in an inereased ineidenee of posterior vitre- 
ous detaehment and assoeiated floaters in the elderly. The cortex is most 
dense at the pars plana of the eiliary body adjaeent to the ora serrata, 
where attaehment is strongest, and this is often referred to as the base 
of the vitreous. Apart from the vitreous base, the vitreous also has a firm 
(peripapillary) attaehment at the edge of the optie dise. This adherenee 
of the vitreous to the retina ean result in traetion on the retina if the 
vitreous shrinks, such as occurs in old age, resulting in macular holes 
or peripheral breaks, possibly leading to retinal detaehment. 

A narrow hyaloid eanal mns from the optie nerve head to the eentral 
posterior surface of the lens (see Fig. 42.1). In the fetus, this eontains 
the hyaloid artery, which normally disappears about 6weeks before 
birth. The eanal persists in adult life as a very delieate fibrous structure 
and is of no fimetional importanee. 



Fig. 42.20A A fundus photograph of the right eye of a 19-year-old 
Caucasian female. The eentral retinal vessels are seen emanating from 
the optie dise. Retinal arteries are narrower and lighter in colour, and 
generally are vitreal to the veins. The avascular eentre of the macular 
region, with its assoeiated macular pigment, ean be seen temporal to the 
dise. 



The retina is a thin sheet of eells, ranging from less than 100 jLtm at its 
edge to a maximum of around 300 pm at the foveal rim. It lines the 
inner posterior surface of the eyeball, sandwiched between the ehoroid 
externally and the vitreous body internally, and terminates anteriorly at 
the ora serrata (see Fig. 42.1). 

When it is viewed with an ophthalmoseope to show the fundus 
oculi, the most prominent feature is the blood vessels emanating from 
and entering the optie dise (Fig. 42.20A). Centred temporal and inferior 
to the dise lies the 'eentral retina' or maoila (diameter 5-6 mm), the 
middle of which is eomposed of the fovea and foveola, and easily 
identified with an ophthalmoseope as an avascular area with a yellow 
tinge (see Fig. 42.20A). The laek of blood vessels at the foveola is even 
more apparent in a fluorescein angiogram. The peripheral retina lies 
outside the eentral retina (Fig. 42.20B). 



MICR0STRUCTURE 


The retina is eomposed of a variety of epithelial, neural and glial eell 
types, whose distribution eonventionally divides it into 10 layers (Fig. 

42.21). These are apparent in histologieal seetions (Fig. 42.22), but ean 
also be seen in vivo using optieal eoherenee tomography, an imaging 
technique that uses baekseattered light to visualize layers by differenees 
in their optieal seattering properties (Fig. 42.23). Embryologieally, the 
retina is derived from the two layers of the invaginated optie vesiele. 

The outer layer beeomes a stratum of oiboidal pigment eells that sepa- 
rates the ehoroid from the neural retina, and therefore forms the outer- 
most layer of the retina: the retinal pigment epithelium (layer 1). The 
other nine strata of the retina develop from the inner layer of the optie 
vesiele and form the neural retina. 

The outermost layer of the neural retina eontains the light-sensitive 
parts of the photoreeeptors, which eonvert the optieal image into 
neural aetivity. From the photoreeeptors, neural aetivity flows radially 
to bipolar and ganglion eells, and laterally via horizontal eells in the 
outer retina and amaerine eells in the inner retina. Photoreeeptors 
synaptieally eontaet eaeh other and bipolar and horizontal eells in the 
outer plexiform layer (layer 5), while bipolar, amaerine and ganglion 
eells synapse in the inner plexiform layer (layer 7). The axons of 
ganglion eells mn towards the optie dise in the nerve fibre layer 
(layer 9), where they leave the retina as the optie nerve, which trans- 
mits the retinal output to the visual areas of the brain where visual 
proeessing is eompleted. Although most neural aetivity flows from the 699 
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Fig. 42.20B Fluorescein angiogram shovving the macular region of a right 
eye. The main macular vessels are approaehing from the right. The 
subject was an elderly person with eonsiderable macular pigmentation, 
which masks fluorescence from the ehoroidal circulation. 


699.el 


CHAPTER 42 





SECTION 4 


700 


EYE 


Nerve fibre layer 


Ganglion eell layer 


Inner plexiform layer 


Inner nuclear layer 


Outer plexiform layer 


Outer nuclear layer 
Cell bodies of rods and eones 


Photoreeeptor eell inner 
and outer segments 


Pigment epithelium 

Choroid 



Astroeyte 

Internal limiting 
membrane 


Retinal ganglion eell 


Displaeed amaerine eell 
Bipolar eell 


Miillereell 
Amaerine eell 
Horizontal eell 


External limiting 
membrane 


Cone 

Rod 


Fig. 42.21 Neural eells vvhose eell bodies and intereonneetions account for the layered appearanee of the retina in histologieal seetion (eompare vvith 
Fig. 42.22). Also shovvn are the tvvo prineipal types of neuroglial eell in the retina (although mieroglia are also present, they are not shovvn). 



Fig. 42.22 A transverse seetion of the retina and ehoroid. The 10 layers 
of the retina are shovvn. Key: 1, pigment epithelial layer; 2, rod and eone 
layer; 3, external limiting membrane; 4, outer nuclear layer; 5, outer 
plexiform layer; 6, inner nuclear layer; 7, inner plexiform layer; 8, ganglion 
eell layer; 9, nerve fibre layer; 10, internal limiting membrane. 
Abbreviations: CC, ehorioeapillaris; SC, suprachoroid. 


photoreeeptors towards the brain, some information flow occurs in the 
opposite direetion via eentripetal fibres in the optie nerve and inter- 
plexiform eells in the retina that eonneet the inner and outer plexiform 
layers. 

The elassie 10-layered appearanee of the retina is absent in the optie 
nerve head, the fovea and foveola, and the ora serrata. At the optie 
nerve head, the axons of the retinal ganglion eells leave the retina to 
form the optie nerve and all the other neural eell types are missing. At 
the fovea and foveola, the inner five layers of the retina are 'pushed 
aside'. At the ora serrata, where the retina borders the eiliary body (see 
Fig. 42.10), the retinal pigment epithelium merges with the outer pig- 
mented epithelium of the eiliary body, while the neural retina borders 
the inner unpigmented eiliary epithelium; the retina is thinnest at this 
point. The normal layered arrangement of the neural retina approaeh- 
ing the ora serrata is frequently dismpted by eysts in older individuals 
(Fig. 42.24). 


Foveola 


Papillomacular bundle Optie nerve head 



Fig. 42.23 A high-definition optieal eoherenee tomography (OCT) in vivo 
image of the human retina. The image has approximately 2 pm axial 
resolution, is 8 mm long and eonsists of 10,000 axial seans. The image is 
expanded in the vertieal direetion to permit better visualization of retinal 
layers. Abbreviations: ELM, external limiting membrane; GCL, ganglion 
eell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS/OS, 
boundary between the photoreeeptor inner and outer segments; NFL, 
nerve fibre layer; ONL, outer nuclear layer; OPL, outer plexiform layer; 
RPE/CH, retinal pigment epithelium and ehorioeapillaris. (Courtesy of 
Professor James Fujimoto, Department of Eleetrieal Engineering and 
Computer Seienee, MIT, Boston, USA.) 


Cells of the retina 


Retinal pigment epithelium 

The retinal pigment epithelium is eomposed of approximately cuboidal 
eells that form a single continuous layer extending from the periphery 
of the optie dise to the ora serrata, where it continues as the outer eiliary 
epithelium. The eells are flat in radial seetion and hexagonal or pen- 
tagonal in surface view, and mimber 4-6 million in the human retina. 
Their eytoplasm eontains numerous melanosomes. Apieally (towards 
the rods and eones), the eells bear long (5-7 pm) mierovilli that 
eontaet, or projeet between, the outer segments of rods and eones. The 
tips of rod outer segments are deeply inserted into invaginations in 
the apieal membrane of the retinal pigment epithelium. The different 
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embryologieal origins of the retinal pigment epithelium and neural 
retina mean that the attaehments between these two layers are unsup- 
ported by junctional complexes; the neural retina and retinal pigment 
epithelium are therefore easily parted (retinal detaehment) due to 
trauma or disease. 


Ora serrata Retinal eyst 



Llnpigmented epithelium of Pigmented epithelium of Retinal pigment epithelium 
eiliary body eiliary body 


Fig. 42.24 The jiinetion between the retina and eiliary body (ora serrata). 
The retinal pigment epitheliiim is continuous with the outer, pigmented 
epithelium of the eiliary body, while the neural retina abuts the inner, 
unpigmented epithelium of the eiliary body. The layered appearanee that 
is apparent elsewhere in the neural retina is dismpted adjaeent to the ora 
serrata by eystie degeneration. 


Retinal pigment epithelium eells play a major role in the turnover 
of rod and eone photoreeeptive eomponents. Their eytoplasm eontains 
the phagoeytosed tips of rods and eones undergoing lysosomal destme- 
tion. The fìnal products of this proeess are lipofhsein gramiles, which 
accumulate in these eells with age. Disturbances in this phagoeytie 
aetivity of the retinal pigment epithelium ean lead to retinal disease 
(Kevany and Palczewski 2010). 

Light reaehing the outer retina but missing the photoreeeptors is 
absorbed by the retinal pigment epithelmm, which, like melanin else- 
where in the eye, prevents such stray light degrading image quality. The 
zone of tight junctions between adjaeent eells also allows the epithe- 
lium to hmetion as an important blood-retinal barrier between the 
retina and the vascular system of the ehoroid. The retinal pigment epi- 
thelium is required for the regeneration of bleaehed visual pigment and 
may have antioxidant properties. It also seeretes a variety of growth 
faetors neeessary for the integrity of the ehorioeapillaris endothelium 
and the photoreeeptors, and produces a number of immunosuppressive 
faetors. A failure of any of the diverse fhnetions of the retinal pigment 
epithelium could result in eompromised retinal fhnetion and eventual 
blindness (Strauss 2005). 

Rods and eones 

Rods and eones are the 'image-forming' photoreeeptors of the outer 
retina and hmetion at low (seotopie) and higher (photopie) light levels, 
respeetively. Both are long, radially orientated structures with a similar 
organization, although details differ (Fig. 42.25). From the ehoroidal 
end imvards, the eells eonsist of outer and inner segments eonneeted 
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Fig. 42.25 The major features of a 
retinal rod eell (A) and a retinal eone 
eell (B). The relative size of the 
pigment epithelial eells has been 
exaggerated for illustrative purposes. 
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by a thin eonneeting cilium (together making up layer 2 of the retina), 
a eell body eontaining the nucleus, and a synaptie terminal (either a 
more complex pediele for eones or a simpler rod sphemle) where they 
make synaptie eonneetions with adjaeent bipolar and horizontal eells 
and with other eone or rod eells within the outer plexiform layer. 

The nuclei of the rods and eones form the outer nuclear layer (layer 
4). The eone nuclei are relatively large and ovaf and generally form a 
single layer that often penetrates the external limiting membrane (layer 
3). They also eontain less heteroehromatin and thus usually stain more 
lightly. Rod nuclei are round and smaller, stain more darkly and form 
several layers vitreal to the eone nuclei. 

The external limiting is not, in faet, a membrane at all, although it 
appears as such in the light mieroseope; rather, it is a series of zomilae 
adherentes between photoreeeptors and the glial (Miiller) eells that 
separate them. These junctions most likely serve to anehor the photo- 
reeeptors and prevent leakage of the interphotoreeeptor matrix that 
surrounds the photoreeeptor outer and inner segments. 

Rod outer segments are eylindrieal and eonsist of around 1000 flat- 
tened, lobulated, membranous dises. These form as deep infoldings of 
the plasma membrane at the base of the outer segment; they 'bud off 
after formation so that the dises are not attaehed to the plasma mem- 
brane and are free-floating within the outer segment. Cone outer seg- 
ments are generally shorter and, as their name implies, often eonieal 
(espeeially in the peripheral retina). Cone dises do not bud off after 
formation and remain as infoldings of the plasma membrane. 

The inner segment of both rods and eones is divided into an outer, 
mitoehondria-rieh, ellipsoid and an inner myoid that eontains endo- 
plasmie reticulum. In most of the retina, these inner segments are 
much wider in eones (5-6 jLtm at their widest point) than rods (1.5 pm) 
(Fig. 42.26). In both rods and eones, proteins are manufactured within 
the myoid and ineorporated into the newly formed dises at the base of 
the outer segment. In rods, as new dises are added, and old dises are 
pushed up the outer segment and eventually phagoeytosed by the 
retinal pigment epithelium. Cone dises are also phagoeytosed but the 
ineorporation of new proteins within the dises is more diffhse (Nguyen- 
Legros and Hieks 2000). While all rods within the retina have a similar 
structure, the eones at the foveola are highly modified eompared to 
those situated more peripherally and, in many ways, resemble rods 
with a longer outer segment and a thinner inner segment. 

Light is absorbed by rhodopsins, visual pigments eonsisting of a 
protein, opsin, that spans the membrane of the outer segment dises, 
bound to a light-absorbing ehromophore, retinal, which is an aldehyde 
of vitamin A^. Such rhodopsins have a smooth, bell-shaped absorption 
profile with a point of maximum absorbanee (^ max ), indieating the 
wavelength at which they are most sensitive. Humans possess four dif- 
ferent opsins, resulting in four speetrally distinet visual pigments: one 
loeated within the rods (^ max 498 nm) and three within different 



Fig. 42.26 A tangential seetion of a human retina in the parafovea cut at 
the level of the inner/outer segments, showing the ‘mosaie’ of both the 
larger eones and the more numerous, but smaller, rods. Photoreeeptors 
at the top of the image are seetioned at a level eloser to the retinal 
pigment epithelium than reeeptors lower in the figure. The reduction in 
size of the eones at the top of the figure is explained by the eonieal 
shape of their outer segment. If the figure were continued upwards, 
representing seetions eloser to the retinal pigment epithelium, the size of 
the eones would continue to deerease and the amount of surrounding 
white spaee would inerease. Rod outer segment diameter, however, 
would ehange little. 


populations of eones absorbing maximally at the short- (^ max 420 nm), 
middle- (^ max 534 nm) and longer-wave (^ max 563 nm) end of the 
visible speetmm. The three eone elasses are sometimes referred to as 
the blue, green and red eones but are better elassed as S, M and L eones. 
The aetion of light is to isomerize the retinal, separating it from the 
opsin, a proeess which, via a G-protein coupled enzyme easeade and a 
seeond messenger system, results in the closure of eation ehannels in 
the reeeptor outer segment membrane, a hyperpolarization of the 
photoreeeptor, and a consequent deerease in the release of the neuro- 
transmitter glutamate from its synapses. 

The human retina eontains, on average, 4.6million eones and 
92million rods, although there is signifieant inter-individual variation 
(Curcio et al 1990). Although eones populate the whole retina, their 
density is highest in the foveola, where approximately 7000 eones reaeh 
an average density of 199,000 eones/mm 2 ; this area is entirely rod-free. 
Going outwards from the foveola, rod mimbers rise, reaehing a peak 
density in a horizontal elliptieal ring at the eeeentrieity of the optie dise, 
before deelining onee more towards the periphery. Cone density is 
40-45% higher in the nasal eompared to the temporal retina, and 
slightly higher inferiorly than superiorly. 

The number of S eones in all human retinae is similar, making up 
less than 10% of all eones (Curcio et al 1991, Hofer et al 2005). The 
distribution of S eones is relatively even throughout the retina, although 
they are absent from the eentral fovea. The relative proportions of L and 
M eones shows a much greater degree of variation between individuals, 
the L:M eone ratio varying from elose to unity to over 10. The distribu- 
tion of L and M eones is more irregular than that of S eones, and appears 
random with some indieation of clumping (Bowmaker et al 2003, 
Hofer et al 2005). 

The high paeking density of eones at the foveola, aehieved by de- 
ereasing inner segment size, ensures maximal resolution, while the 
presenee of more than one speetral eone type allows colour vision. S 
eones probably contribute little to spatial resolution because they are 
absent from the foveola. Rod-based vision provides high sensitivity, but 
with relatively low spatial diserimination and no ability to distinguish 
wavelengths. Although many of the hmetional differenees between rods 
and eones rely on the different properties of the photoreeeptors them- 
selves, their eonneetivity to other retinal neurones is equally important. 

Horizontal eells 

Horizontal eells are inhibitory interneurones. Their dendrites and axons 
extend laterally within the outer plexiform layer, making synaptie eon- 
taets with eone pedieles and rod sphemles, and, via gap junctions at 
the tips of their dendrites, with eaeh other. Their eell bodies lie in the 
outer part of the inner mielear layer (layer 6). Three morphologieal 
types of horizontal eell ean be distinguished in the human retina (Kolb 
et al 1992). The dendrites of HI and HIII eells eontaet eones, and their 
axons terminate on rods. Both the axons and dendrites of HII eells 
synapse only with eones. 

Bipolar eells 

Bipolar eells are radially orientated neurones. Their dendrites synapse 
on photoreeeptors, horizontal eells and interplexiform eells in the outer 
plexiform layer. Their somata are loeated in the inner nuclear layer, and 
axonal branehes in the inner plexiform layer synapse with dendrites of 
ganglion eells or amaerine eells. Golgi staining has identified nine dis- 
tinet types of bipolar eell in the human retina (Kolb et al 1992), eight 
of which eontaet eones exclusively, and the remaining type synapses 
only on rods. 

Cone bipolars are of three major morphologieal types: midget, S 
(blue) eone and diffhse, aeeording to their eonneetivity and size. Midget 
eone bipolar eells either invaginate the eone pediele or synapse on its 
base (flat subtype). In the eentral retina, eaeh midget bipolar eell eon- 
taets only a single eone (2-3 in the periphery), forming part of a one- 
to-one ehannel from eone to ganglion eell that mediates high spatial 
resolution. S eones form part of a short-wavelength mediating ehannel, 
while the larger diffiise eone bipolars are eonneeted to up to 10 eones 
and are thought to signal luminosity rather than colour. 

Cone bipolar eells ean also be of two physiologieal types, aeeording 
to their response to the light-induced deerease in glutamate release from 
the photoreeeptors to which they are synaptieally eonneeted. If illumi- 
nation of the photoreeeptors with a point of light causes a depolariza- 
tion of the eonneeted bipolar eell, it is said to be an 'ON' bipolar, 
eontaeting the eone by 'sign-inverting' synapses with metabotropie 
reeeptors. However, if eones are eonneeted to an 'OFF' bipolar eell via 
'sign-eonserving' synapses with ionotropie reeeptors, illumination of 
the photoreeeptor will result in hyperpolarization of the bipolar eell. 
Illumination of a eoneentrie area of surrounding photoreeeptors causes 
the opposite response in bipolar eells to ilfiimination within their 
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dendritie field. This inhibition is mediated via horizontal eells and gives 
rise to the antagonistie centre-surround type reeeptive field that is ehar- 
aeteristie of all levels of the visual system up to and including the 
oeeipital cortex. 

The single morphologieal type of rod bipolar eell eontaets 30-35 
rods in the eentral retina, inereasing to 40-45 rods in the periphery. 
Such eonvergenee serves to inerease the absolute sensitivity of the rod 
system. All rod bipolar eells are 'ON-eentre' and do not eontaet ganglion 
eells direetly, but synapse with a elass of amaerine eell (AII), which then 
eontaets eone bipolar eells. 

The inner plexiform layer ean be divided into two main layers: an 
outer layer eontaining the synaptie endings of 'OFF' eone bipolar eells, 
and an inner layer of 'ON' eone and rod bipolar eell synapses. 

Amaerine eells 

Most amaerine eells laek typieal axons and, consequently their den- 
drites make both ineoming and outgoing synapses. Eaeh neurone has 
a eell body either in the inner nuclear layer near its boundary with the 
inner plexiform layer, or on the outer aspeet of the ganglion eell layer, 
when it is known as a displaeed amaerine eell. The proeesses of ama- 
erine eells make a variety of synaptie eontaets in the inner plexiform 
layer with bipolar and ganglion eells, as well as with other amaerine 
eells. 

The various elasses of amaerine eell serve a number of important 
fimetions. AII eells play an essential role in the rod pathway (see above). 
Other eells appear to be important modulators of photoreeeptive 
signals, and serve to adjust or maintain relative colour and luminosity 
inputs under ehanging light eonditions. They are probably also respon- 
sible for some of the complex forms of image analysis known to occur 
within the retina, such as direetional movement deteetion. Up to 24 
different morphologieal types are reeognized in humans (Kolb et al 
1992); coupled to their neurochemical complexity this makes them 
perhaps the most diverse neural eell type in the body. 

lnterplexìform eells 

Interplexiform eells, often regarded as a subclass of amaerine eells, 
generally have eell bodies in the inner nuclear layer. They are postsyn- 
aptie to eells in the inner retina, and send signals against the general 
direetion of information flow in the retina, synapsing with bipolar, 
horizontal and photoreeeptor eells in the outer plexiform layer. 
Although their fimetion is uncertain, it is likely that, through the release 
of y-aminobutyric aeid (GABA) and dopamine, they adjust some aspeet 
of retinal fimetion such as sensitivity. 

Ganglion eells 

The human retina eontains 0.7-1.5 million ganglion eells, the output 
neurones ofthe retina (Curcio and Allen 1990). Their dendrites synapse 
with proeesses of bipolar and amaerine eells in the inner plexiform 


layer. Ganglion eell bodies, together with displaeed amaerine eells, form 
the ganglion eell layer of the retina (layer 8). Throughout most of the 
retina, they form a single layer; they beeome progressively more numer- 
ous near the maaila, where they are ranked in up to 10 rows, reaehing 
a peak density of up to 38,000/mm 2 in a horizontally orientated ellipti- 
eal ring 0.4-2.0 mm from the foveal eentre. Their number diminishes 
again towards the fovea, from which they are almost totally excluded. 

Up to 15 ganglion eell types have been identified in the mammalian 
retina based on morphology, physiology, and target area in the brain, 
eaeh of them presumably fimetionally distinet. For example, some 
projeet to different regions of the lateral geniculate nucleus and form 
three parallel visual pathways involved in conscious visual pereeption, 
namely: the magnocellular and parvocellular systems and a pathway 
earrying the S eone signal (Wàssle 2004). Midget ganglion eells (P eells) 
eontaet only single midget bipolar eells in the eentral retina, which, in 
turn, eonneet to single eones, giving eaeh eone a private line' out of the 
retina and ensuring optimal acuity. The large dendritie field of parasol 
eells (M eells) is eonsistent with a role in motion deteetion. Parasol and 
midget ganglion eells together make up around 80% of human retinal 
ganglion eells. The remaining eells (approximately 200,000) projeet to 
the superior colliculus of the midbrain, the thalamie pulvinar, the pre- 
tectum and the aeeessory optie system, and contribute to various sub- 
conscious visual reflexes such as the pupillary and aeeommodation 
responses (see Fig. 42.12). In addition, a population of around 3000 
large, intrinsieally light-sensitive ganglion eells form a network eom- 
posed of extensive overlapping dendrites (Daeey et al 2005). Such 
finner retinal photoreeeptors' eontain a retinal-based visual pigment 
(melanopsin; X max 479 nm), which resembles an invertebrate-type 
visual pigment in many of its eharaeteristies. These light-sensitive gan- 
glion eells are part of a pathway parallel to the rod- and eone-mediated 
'image-forming system that monitors overall levels of illumination. 
This 'non-imaging pathway is the major route by which the eye influ- 
enees eireadian rhythms via the suprachiasmatic nucleus; it also eon- 
tributes to light-evoked pupillary eonstrietion via projeetions to the 
olivary preteetal nucleus. Although the axons of some of these photo- 
sensitive ganglion eells also projeet to the lateral geniculate nucleus, 
their wider contribution to conscious visual pereeption remains ineom- 
pletely understood. 

Ganglion eell axons, which form the nerve fibre layer on the inner 
surface of the retina, mn parallel to the surface of the retina, and eon- 
verge on the optie nerve head where they leave the eye as the optie nerve. 
Fibres from the medial (nasal) retina approaeh the dise in a simple 
radial pattern (Fig. 42.27), whereas axons from the lateral (temporal) 
retina take an arcuate route as they avoid the fovea. Axons from the 
macula form a papillomacular fasciculus that passes almost straight to 
the dise. The thiekness of the nerve fibre layer inereases dramatieally 
near the optie dise as fibres from the peripheral retina traverse more 
eentral areas. Towards the edge of the dise, the other retinal layers thin, 
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Fig. 42.27 Direetions of axons (dashed lines) and 
blood vessels of the nerve fibre layer of the retina 
of the right eye. Axons pass radially on the nasal 
side of the optie dise, whereas fibres on the 
temporal side avoid erossing the fovea by arehing 
aroiind it. Some of the fibres from the fovea and 
eentral region pass straight to the optie dise and 
others areh above and below the horizontal; 
together, these form the papillomaeiilar bundle. A 
raphe is formed by the eentral fibres temporal to 
the fovea. Venules are shown erossing in front of 
arteries; the reverse relationship is probably the 
more eommon pattern. All vessels issue from the 
dise on the right of the figure; the larger temporal 
branehes tend to areh around the eentral region 
of the retina and do not approaeh the fovea. The 
peripheral retina and most of the nasal retina are 
not shown. 
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and, at the dise, all neural elements of the retina other than ganglion 
eell axons are excluded. 

Axons of ganglion eells are surrounded by the proeesses of radial 
glial eells and retinal astroeytes, and are almost always unmyelinated 
within the retina, which is an optieal advantage because myelin is 
refraetile. Although a few small myelinated axons may occur, myelin- 
ation does not generally start until axons enter the optie dise to beeome 
the optie nerve. 

Retinal glial eells 

There are three types of retinal glial eells: radial Míiller eells, astroeytes 
and mieroglia. Miiller eells form the predominant glial element of the 
retina; retinal astroeytes are largely eonfined to the ganglion eell and 
nerve fibre layers; and mieroglial eells are seattered throughout the 
neural part of the retina in small numbers. 

Míiller eells span almost the entire thiekness of the neural retina, 
ensheathing and separating the various neural eells except at synaptie 
sites. They constitute much of the total retinal volume, and almost 
totally fill the extracellular spaee between neural elements. Their nuclei 
lie within the inner nuclear layer, and from this region eaeh eell body 
extends a single thiek fibre that mns radially outwards, giving off 
complex lateral lamellae that braneh among the proeesses of the outer 
plexiform layer. Apieally, eaeh eentral proeess terminates at the external 
limiting membrane, from which mierovilli projeet for a short distanee 
into the spaee between the rod and eone inner segments (fibre baskets) 
(see Fig. 42.25). On the inner surface of the retina, the main Míiller eell 
proeess expands into a terminal foot plate that eontaets those of neigh- 
bouring glial eells and forms part of the internal limiting membrane 
(see below). 

The fimetions of Miiller eells are numerous (Reiehenbaeh and Bring- 
mann 2013). Like astroeytes, Míiller eells eontaet blood vessels, espe- 
eially eapillaries of the inner nuclear layer, and their basal laminae fuse 
with those of perivasoilar eells or vascular endothelia, contributing to 
the formation of the blood-retinal barrier. They also maintain the 
stability of the retinal extracellular environment by, for example, regula- 
tion of K + levels, uptake of neurotransmitter, removal of debris, storage 
of glyeogen, providing neuroprotective support to the photoreeeptors 
and meehanieal support to the whole neural retina. Reeently, it has been 
shown that they are also involved in the regeneration of eone visual 
pigments, that some are a source of stem eells and that they may even 
aet as light guides, eonveying light from the inner retina to the photo- 
reeeptors and overeoming some of the optieal disadvantages of an 
'inverted' retina. 

The eell bodies of retinal astroeytes lie within the nerve fibre layer 
and their proeesses braneh to form sheaths around ganglion eell axons. 
The elose assoeiation between astroeytes and blood vessels in the inner 
retina suggests that they contribute to the blood-retinal barrier. Retinal 
mieroglia are seattered mostly within the inner plexiform layer. Their 
radiating branehed proeesses spread mainly parallel to the retinal plane, 
giving them a star-like appearanee when viewed mieroseopieally from 
the surface of the retina. They ean aet as phagoeytes, and their number 
inereases in the injured retina. 

The inner border of the retina is formed by the internal limiting 
membrane (layer 10), which eonsists of eollagen fibres and proteo- 
glyeans from the vitreous, a basement membrane (which is continuous 
with the basal lamina of the eiliary epithelmm), and the plasma mem- 
brane of expanded Miiller eell terminal foot plates. It is 0.5-2 pm thiek 
in the posterior retina and thiekens with age. The internal limiting 
membrane is involved in fluid exchange between the vitreous and the 
retina, and, perhaps through the latter, with the ehoroid. It also has 
various other fimetions, including anehorage of retinal glial eells, and 
inhibition of eell migration into the vitreous body. 

Modifieations of the eentral retina 


The eentral retina, elinieally referred to as the maaila, is eomposed of 
four eoneentrie areas, which, starting with the innermost, are: the 
foveola (0.35 mm diameter, equivalent of an angular subtense at the 
nodal point of around 1.25°), the fovea (1.5 mm, 5.2°), the parafovea 
(2.5 mm, 8.6°) and the vaguely defined perifovea (5-6 mm, 20°). The 
foveola, which eontains no rods or S eones, is eentred about 3 mm 
temporal and 1 mm inferior to the optie dise (see 4g. 42.20A). In the 
foveola and surrounding fovea, all the inner layers of the neural retina 
beyond the outer nuclear layer have been displaeed peripherally, result- 
ing in a retinal thiekness around half of that elsewhere in the retina (see 
Fig. 42.23; Fig. 42.28). This foveal pit is ereated by the eone 'axons', 
known here as Henle fibres, mnning almost parallel to the retinal 
704 surface before eonneeting to postreeeptoral retinal neurones outside the 



Fig. 42.28 A seetion through the fovea eentralis. (With permission from 
Young B, Heath JW 2000 Wheater’s Functional Histology. Edinburgh: 
Churchill Livingstone.) 


fovea. The Henle fibres eontain two xanthophyll earotenoid pigments 
(lutein and zeaxanthin), which ereate an elliptieal yellowish area 
(approximately 2 mm horizontally and 1 mm vertieally): the macula 
lutea. Maailar pigment density varies by more than an order of magni- 
tude between individuals, is influenced by several environmental 
faetors, including diet, and is negligible in the eentral foveola. Low 
levels of macular pigment are likely to be assoeiated with retinal path- 
ologies such as age-related macular degeneration (Beatty et al 2008). 

The absenee of the inner retinal layers, including blood vessels (see 
Fig. 42.20A), reduces light seatter, which, along with the inereased 
paeking density of eones in the foveola and their laek of eonvergenee 
with ganglion eells, ensures that visual resolution is highest in this part 
of the retina. Aaiity may be fiirther enhaneed by the maoilar pigment, 
which, apart from having antioxidant properties and removing poten- 
tially harmffil short-wave radiation, will absorb those wavelengths most 
prone to ehromatie aberration and Rayleigh seatter. 

VASCULAR SUPPLY 


The retina has a dual arterial supply and both parts are neeessary to 
maintain retinal fimetion. The outer five layers of the retina are avasoi- 
lar and rely on an indireet supply from the ehoroidal eapillaries. The 
inner retina reeeives a direet blood supply through eapillaries eonneeted 
to branehes of the eentral retinal artery and vein. Only the inner retinal 
circulation is deseribed here. 

The eentral retinal artery enters the optie nerve as a braneh of the 
ophthalmie artery 6.4-15.2 mm behind the eyeball (Koeabiyik et al 
2005), and travels within the optie nerve to its head, where it passes 
through the lamina eribrosa. At this level, the eentral artery divides into 
equal superior and inferior branehes, which, after a few millimetres, 
divide into superior and inferior nasal, and superior and inferior tem- 
poral, branehes, eaeh supplying a 'quadrant' of the retina (see Fig. 
42.27). Although similar retinal veins unite to form the eentral retinal 
vein, the courses of the arteries and veins do not eorrespond exactly. 
These vessels mainly mn within the nerve fibre and ganglion eell layers 
of the retina, accounting for their elarity when seen through an oph- 
thalmoseope (see Fig. 42.20A). Arteries often eross veins, usually lying 
superficial to them; in severe hypertension, the arteries may press on 
the veins and cause visible dilations distal to these erossings. The vitreal 
loeation of arteries, their lighter, bright red colouration and smaller 
diameter in eomparison to veins allow the two vessel types to be dis- 
tinguished ophthalmoseopieally. 

From the four major arteries within the inner retina, dichotomous 
branehes mn from the posterior pole to the periphery, supplying the 
whole retina (Zhang 1994). Arteries and veins ramify in the nerve fibre 
layer, near the internal limiting membrane, and arterioles pass deeper 
into the retina to supply eapillary beds. Venules return from these beds 
to larger superficial veins that eonverge towards the dise to form the 
eentral retinal vein. 

Retinal eapillary networks ean occur in three different layers, the 
number of layers depending on loeation (Zhang 1994). Radial peri- 
papillary eapillaries are the most superficial of the eapillary networks 
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and lie within the inner nerve fibre layer. A layer of inner eapillaries 
mns within the nerve fibre and ganglion eell layers, while an outer 
eapillary layer is loeated in the inner plexiform and inner nuclear layers 
(Fig. 42.29). Approaehing the fovea, eapillaries are restrieted to two 
layers, and terminal eapillaries eventually join to form a single-layered 
macular eapillary ring, producing a eapillary-free zone 450-500 pm in 
diameter at the fovea. This avascular region is elearly visible in a fluo- 
reseein angiogram ( ag. 42.20B). Capillaries beeome less numerous in 
the peripheral retina and are absent from a zone approximately 1.5 mm 
wide adjoining the ora serrata. 

The territories of the arteries that supply a particular quadrant do 
not overlap, nor do the branehes within a quadrant anastomose with 
eaeh other; consequently, a bloekage in a retinal artery causes loss of 
vision in the eorresponding part of the visual field. The only exception 
to this end-arterial pattern is in the vieinity of the optie dise. Here, the 
posterior eiliary arteries enter the eye near the dise (Fig. 42.30), and 
their rami not only supply the adjaeent ehoroid, but also form an 
anastomotie eirele in the selera around the head of the optie nerve. 
Branehes from this ring join the pial arteries of the nerve, and small 
eilioretinal arteries from any arteries in this region may enter the eye 
and contribute to the retinal vasculature, possibly resulting in the pres- 
ervation of visual fimetion following eentral retinal artery occlusion. 
Similarly, small retinoeiliary veins may sometimes also be present. 

The structure of retinal blood vessels resembles that of vessels else- 
where, except that the internal elastie lamina is absent from the arteries, 
and muscle eells may appear in their adventitia. Capillaries are non- 
fenestrated and endothelial eells are joined by complex tight junctions, 
fiilfilling the requirements of a fimetional blood-retinal barrier. Within 
the optie nerve, the eentral artery is innervated by both branehes of the 
autonomic nervous system; this innervation does not extend to the 
vessels in the retina. The eholinergie parasympathetie supply is derived 
mainly from the pterygopalatine ganglion and is vasodilatory (Ch. 32). 



Fig. 42.29 A tangential seetion of the retina at the level of the inner 
nuclear layer, highlighting the dense network of eapillaries. 


The adrenergie postganglionie sympathetie supply originates in the 
superior eervieal ganglion and travels via a plexus around the internal 
earotid and ophthalmie arteries; it is unclear whether it elieits vasoeon- 
strietion or dilation (Bergua et al 2013). 

RETIN0PETAL INNERVATION 0F THE RETINA 

The human retina reeeives input from the brain via retinopetal axons 
within the optie nerve. Although there are only a small number of these 
(usually less than 10), they braneh extensively within the retina. They 
emerge at the optie dise, course through the nerve fibre layer, and give 
off orthogonal branehes that ramify in the inner plexiform layer 
(Repérant et al 2006). One set of such axons arises from perikarya in 
the posterior hypothalamus and uses histamine as a neurotransmitter, 
while other, serotoninergie, fibres arise from eell bodies in the dorsal 
raphe. These neurones are not speeialized for vision; they projeet to 
many other targets in the eentral nervous system besides the retina, 
forming eomponents of an aseending arousal system (Gastinger et al 
2006). Histamine is released during the day in the inner plexiform layer, 
but it aetivates reeeptors loeated on eone pedieles, horizontal eell peri- 
karya and ON bipolar eell dendrites via volume transmission. Hista- 
mine deereases the absolute sensitivity of the retina to light and, 
possibly, modulates retinal blood flow (Vila et al 2012). 

0PTIC NERVE HEAD 


The axons of more than a million retinal ganglion eells eonverge at the 
optie nerve head and leave the eye by penetrating the selera to form the 
optie nerve. The optie nerve head represents that part of the optie nerve 
lying within the bulb of the eye. Sinee all retinal neural elements, apart 
from ganglion eell axons, are absent from this region, it is insensitive 
to light and forms the 'blind spot'. 

Histologieally, the optie nerve head ean be divided into three zones 
(Fig. 42.31): the prelaminar (the anterior part terminating at the vitre- 
ous), laminar (formed by the lamina eribrosa) and postlaminar (eon- 
tinuous with the retrobulbar optie nerve). The surface view of the optie 
nerve head, usually seen with an ophthalmoseope, is referred to as the 
optie dise (Fig. 42.20). 

Prelaminar zone 


The inner surface of the optie nerve head is eovered by an astroglial 
membrane (of Elsehnig) that is continuous with the internal limiting 
membrane of the retina. At the eentre of the dise, the layer of astroeytes 
thiekens into a eentral meniscus (of Kuhnt). Retinal ganglion eells turn 
into the optie nerve head aeeompanied by astroeytes, which gradually 
inerease in number posteriorly, eventually forming a sieve-like structure, 
the glial lamina eribrosa, through which the nerve fibres pass as separate 
fasciculi. At the perimeter of the optie nerve head, a eollar of astroeytes 
several eells thiek (the intermediary tissue of Kuhnt) separates the optie 
nerve from the terminating outer layers of the retina. This layer eontin- 
ues posteriorly and forms a barrier between the optie nerve head and 
the ehoroid (the border tissue of jaeoby). 
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Fig. 42.30 Vessels of the optie nerve head. 

The dotted areas represent the prineipal glial 
membranes. Arteries are represented on the right 
and veins on the left. 
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Fig. 42.31 The optie nerve head, showing the distribution of collagenous tissue (grey) and neuroglial nuclei (solid blue eireles). Key: 1a, retinal internal 
limiting membrane; 1b, inner limiting membrane of Elsehnig; 2, eentral meniscus of Kuhnt; 3, spur of collagenous tissue separating the anterior lamina 
eribrosa (6) from the ehoroid; 4, border tissue of Jaeoby; 5, intermediary tissue of Kuhnt; 7, posterior lamina eribrosa. Abbreviations: Ar, araehnoid mater; 
Du, dura mater; GI.C, astroeytes and oligodendroeytes among the fibres in their faseieles; GI.M, astroglial membrane; Pia, pia mater; Sep, eonneetive 
tissue septa from pia mater. The dotted lines represent the borders of the lamina eribrosa. (With permission from Anderson DR, Hoyt W 1969 
Ultrastructure of intraorbital portion of human and monkey optie nerve. Areh Ophthalmol 82:506-30.) 


Laminar zone 


The lamina eribrosa is eomposed of diserete trabeculae of collagenous 
and elastie eonneetive tissue, which extend from the selera to form a 
meshwork through which the optie nerve faseieles and eentral retinal 
vessels pass. Eaeh trabecula has a lining of astroeytes that are continu- 
ous with those of the glial lamina eribrosa. 

Postlaminar zone 


The optie nerve thiekens in the postlaminar zone as its axons beeome 
myelinated. The refleeted selera, and the dura mater with which it is 
continuous, invest the nerve together with the other two meningeal 
sheaths, the araehnoid and pia mater. Fine fibrous septa penetrate the 
optie nerve from the pia mater, dividing it into 300-400 faseieles, giving 
pial blood vessels aeeess to the nerve. 

Optie dise 


As it is visible by ophthalmoseopy (see Fig. 42.20A), the dise is a region 
of great elinieal importanee. Oedema of the dise (papilloedema) may 
be the fìrst sign of raised intraeranial pressure, which is transmitted into 
the subarachnoid spaee around the optie nerve. The dise is also sensitive 
to the raised intraocular pressure that occurs in glaucoma and shows 
eharaeteristie structural ehanges due to retinal ganglion eell loss. 

The optie dise is superomedial to the posterior pole of the eye, and 
so lies away from the visual axis. It is round or ovaf and usually 
approximately 1.6 mm in transverse diameter and 1.8 mm in vertieal 
diameter; its appearanee is very variable. In light-skinned subjects, the 


general retinal hue is a bright terraeotta-red, with which the pale pink 
of the dise eontrasts sharply; its eentral part is usually even paler and 
may be light grey. These differenees are due in part to the degree of 
vasailarization of the two regions, which is much less at the optie dise, 
and also to the total absenee of ehoroidal or retinal pigment eells. In 
subjects with strongly melanized skins, both retina and dise are darker. 
The optie dise rarely projeets suffìciently to justify the term papilla, 
although it is usually a little elevated on its lateral side, where the 
papillomaailar nerve fìbres turn into the optie nerve (see Fig. 42.27). 
There is usually a slight depression where the retinal vessels traverse its 
eentre. 

Vascular supply 


The blood supply to the three regions of the optie nerve head differs 
(see Fig. 42.30). The prelaminar region is supplied mainly by branehes 
of the eentral retinal artery. Branehes from the short posterior eiliary 
arteries form an often ineomplete eirele within the selera around the 
optie nerve head (eirele of Zinn/Haller); eentripetal branehes from this 
structure supply the laminar region of the optie nerve head. The short 
posterior eiliary arteries may also give off eentripetal branehes direetly 
to supply the lamina, and branehes that pass anteriorly to augment the 
prelaminar blood supply. In the postlaminar region, arteries from the 
prepapillary ehoroid and eirele of Zinn pass retrogradely as pial vessels, 
providing eentripetal branehes that supply the optie nerve. More poste- 
riorly, the optie nerve reeeives pial arterioles direetly from the posterior 
eiliary arteries. The eentral retinal artery may also contribute some 
eentrihigal branehes in this region. 

The eentral retinal vein drains the optie nerve head at all levels; other 
drainage pathways are minor. 










































































































































Visual pathvvay 
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Fig. 42.32 A simplifieation of the visual pathvvay, 
shovving the spatial arrangement of neurones and 
their fibres in relation to the quadrants of the 
retinae and visual fields. The proportions at 
various levels are not exactly to seale. In 
particular, the macula is exaggerated in size in the 
visual fields and retinae. In eaeh quadrant of the 
visual field, and in the parts of the visual pathvvay 
subserving it, two shades of eaeh respeetive 
colour are used; the paler shade denotes the 
peripheral field and the darker shade denotes the 
macular part of the quadrant. From the lateral 
geniculate nucleus onwards, these two shades are 
both made more saturated to denote intermixture 
of neurones from both retinae, the palest shade 
being reserved for parts of the visual pathway 
eoneerned with monocular vision. 


VISIIAL PATHVVAY 


The visual pathway includes the interneurones of the retina, retinal 
ganglion eells whose axons projeet via the optie nerve, ehiasma, and 
optie traet to the lateral geniculate nucleus and neurones within the 
lateral geniculate nucleus that projeet via the optie radiation to the 
primary visual cortex (Fig. 42.32). It is important to remember that 
visual spaee is optieally inverted by the erystalline lens when relating 
the spatial loeation of neurones within the visual pathway to eorres- 
ponding visual field loeations. 

Retinal ganglion eell a^ons, on entering the optie nerve, initially 
maintain their relative retinal positions, with axons from the fovea 
forming a lateral wedge. Such retinotopie mapping is largely main- 
tained within the optie nerve, although nearer the ehiasma the foveal 
axons take a position in the eentre of the optie nerve while temporal 
fibres occupy their previous lateral loeation. 

At the ehiasma, a substantial rearrangement of axons occurs. Most 
axons arising from the nasal half of a line biseeting the fovea within 
eaeh retina eross in the ehiasma to enter the eontralateral optie traet. 
Fibres from the temporal hemi-retinas do not generally eross in the 
ehiasma. Classically the axons within the optie traet were thought to 
maintain their topographie order and eaeh traet was assumed to be a 
single representation of the eontralateral hemifield. However, it is now 
elear that axons are mainly organized in fimetional groupings, larger 
superficial axons representing the magnocellular pathway and deeper 
axons originating from midget ganglion eells and forming the parvo- 
cellular pathway. This arrangement is ehronotopie, the deeper axons 


developing earlier during axogenesis than the more superficial ones 

(Reese 1993). 

The lateral geniculate nucleus eontains eells arranged in six laminae 
(see Fig. 23 .6) . Eaeh layer reeeives input from either erossed or uncrossed 
projeetions from the retina. The eontralateral nasal retina projeets to 
laminae 1, 4 and 6, whereas the ipsilateral temporal retina projeets to 
layers 2, 3 and 5. Layers 1 and 2 eontain magnocellular eells; the 
remaining layers are parvocellular. Unlike in the optie traet, there is a 
point-to-point retinotopie arrangement between eorresponding points 
in eaeh hemi-retina so that the eontralateral visual field is mapped 
within eaeh lateral geniculate nucleus. 

Axons from the lateral geniculate nucleus mn in the retrolenticular 
part of the internal capsule and form the optie radiation. This oirves 
dorsomedially to the primary visual cortex, loeated around and within 
the depths of the ealearine sulcus in the oeeipital lobe (also known as 
the striate cortex, Brodmann area 17, or VI (see Fig. 25.19). The visual 
cortex also has a striet retinotopie organization. Fibres representing the 
lower half of the visual field sweep superiorly to reaeh the visual cortex 
above the ealearine sulcus, while those representing the upper half of 
the visual field curve inferiorly into the temporal lobe (Meyer's loop) 
before reaehing the visual cortex below the ealearine sulcus. The 
periphery of the retina is represented anteriorly within the visual 
cortex, and the macula is represented towards the posterior pole, occu- 
pying a disproportionately large area that refleets the high number of 
foveal retinal ganglion eells that subserve the enhaneed acuity of this 
region. 

The primary visual cortex is eonneeted to prestriate and other eortieal 
regions where ffirther proeessing of visual stimuli occurs. 
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Almost all of the retinal ganglion eell axons (90%) terminate on 
neurones in the lateral geniculate nucleus. Extrageniculate axons (10%) 
leave the optie traet before the lateral geniculate nucleus; they may leave 
the optie ehiasma dorsally and projeet to the suprachiasmatic nucleus 
of the hypothalamus, while others braneh off the optie traet at the 
superior brachium and projeet to the superior colliculus, preteetal areas 
and inferior pulvinar. 


VISLJAL FIELD DEFECTS 


The basis for elinieal assessment of damage to the visual pathway is an 
understanding of the retinotopie projeetions within the pathway. More- 
over, plotting visual field loss frequently reveals the approximate loea- 
tion of the causative lesion and sometimes its nature. Sinee retinal 
lesions ean be visualized with an ophthalmoseope, field testing might 
appear to be redundant for such defeets, but visual field measurement 
is still helpfhl in assessing the extent of the damage and may be the key 
faetor in eonfirming a diagnosis. Field defeets in glaucoma, for example, 
that occur as a consequence of damage to the nerve fibre bundles at the 
optie nerve head, may be deteetable ophthalmoseopieally, but eonfir- 
mation of the diagnosis frequently depends on field assessment. Early 
defeets eonsist of one or more areas of paraeentral foeal field loss, pro- 
gressing to arcuate seotomas. The shape of the defeet eorresponds to 
the anatomieal arrangement of ganglion eell axons. 

As far as the loeation of lesions eentral to the retina is eoneerned, 
defieits in the vision of one eye are usually attributable to optie nerve 
lesions. Lesions of the optie ehiasma, involving erossing nerve fibres, 
produce a bilateral field loss, as exemplified by a pituitary adenoma. 
The tumour expands upwards from the pituitary fossa, eompressing the 
inferior midline of the ehiasma, and eventually produces bitemporal 
hemianopia, starting with an early loss in the upper temporal quadrants 
(bitemporal quadrantanopia). 


Sinee the optie traet eontains eontralateral nasal and ipsilateral tem- 
poral retinal projeetions, damage to it will cause a homonymous eon- 
tralateral visual field loss. Although eomplete dismption of the traet 
results in eontralateral hemianopia, the ineomplete spatial segregation 
of axons within the traet, deseribed above, makes the field losses fol- 
lowing smaller lesions harder to interpret. They do, however, show 
substantial ineongmity (dissimilar defeets in the fields of the two eyes) 
and often speeifie fimetional defieits, eonsistent with the partial segrega- 
tion of fimetionally distinet axons from the two half-retinas (Reese 
1993). ineongmity is most marked in defeets of the optie traet, less 
obvious in optie radiation defeets, and usually absent in eortieally 
induced field defeets, thus providing an additional clue in assessing 
loeation of the cause. 

Lesions of the optie radiations are usually unilateral, and eommonly 
vascular in origin. Field defeets therefore develop abmptly, in eontrast 
to the slow progression of defeets assoeiated with tumours, and the 
resulting hemifield loss follows the general mle that visual field defeets 
eentral to the ehiasma are on the opposite side to the lesion. Little or 
no ineongmity is seen in visual eortieal lesions, but they eommonly 
display the phenomenon of maoilar sparing, the eentral 5-10° field 
being retained in an otherwise hemianopie defeet. 



Fig. 42.20B Fluorescein angiogram showing the macular region of 
a right eye. The main macular vessels are approaehing from the 
right. The subject was an elderly person with eonsiderable macular 
pigmentation, which masks fluorescence from the ehoroidal 
circulation. 
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eOMMENTARY 


Surgery of the skull base 

Juan C Fernandez-Miranda 



Aeeessing the skiill base for removal of complex lesions is a formidable 
ehallenge. Accurate knowledge of the intrieate osseous, dural and 
neurovascular anatomy is mandatory to perform a successful eranial 
base operation and restore or preserve normal structure and hmetion 
(Rhoton 2007). Lesions involving the base of the skull are most eom- 
monly mrnonrs, which are elassified based on their origin: meningi- 
omas (from meninges), adenomas (from pituitary gland eells), 
schwannomas (from nerve sheath eells), ehondrosareomas (from earti- 
lage eells), ehordomas (from notoehordal remnanteells), esthesioneuro- 
blastomas (from olfaetory eells), and others. 

Surgical approaehes to the skull base ean be divided, based on the 
loeation of the targeted lesion, into three broad eategories: anterior, 
middle and posterior skull base approaehes. Certain lesions may involve 
more than one eranial fossa, and therefore the eranial base approaeh 
for that partiailar lesion will have to be either extended or eomple- 
mented with another approaeh. As a general prineiple, skull base 
approaehes are designed to minimize trauma to neural tissues and at 
the same time maximize aeeess to the target lesion, following the mle 
of 'maximal bone removal for minimal brain manipulation' They eom- 
prise several sequential steps: tailored skin ineision; disseetion of mus- 
cular and faseial planes; eompletion of eraniotomy, osteotomies, and 
drilling of osseous structures as needed; extradural approaeh to the 
target lesion, when feasible, to avoid unnecessary brain retraetion and 
faeilitate early devascularization of the lesion; intradural approaeh, if 
needed, with microsurgical disseetion of araehnoid eisterns, preser- 
vation of neurovascular stmctures, and lesion removal; meticulous 
haemostasis; dural closure (primary or using grafts or patehes); osseous 
reeonstmetion; and faseial, muscular and skin re-approximation. 

Approaehes to the anterior eranial base 


The anterior eranial fossa is formed by the frontal, ethmoid and sphen- 
oid bones, and supports the frontal lobes of the eerebral hemispheres 
(see Figs 16.5, 28.2). There are two main transeranial approaehes to this 
region: anterior (or bifrontal transbasal) and anterolateral (or frontola- 
teral). The bifrontal transbasal approaeh eonsists of a bifrontal erani- 
otomy and provides direet aeeess to the eribriform plate region and 
planum sphenoidale bilaterally; the approaeh ean be augmented with 
orbital osteotomies that provide a more basal trajeetory and henee 
minimize brain retraetion, and it ean also include nasal bone and 
medial orbital wall osteotomies to enhanee aeeess the sinonasal eavity, 
sphenoid sinus and elival region ( : eiz-Erfan et al 2008). 

The frontolateral approaeh entails an ipsilateral eraniotomy that 
provides aeeess to the anterior skull base, anterior elinoid proeess, optie 
eanal and basal eisterns from a lateral to medial trajeetory. It ean be 
augmented with an orbital osteotomy to faeilitate a more inferior to 
superior trajeetory for lesions that expand in the vertieal axis (Jane et al 
1982, Delashaw et al 1993). 

Approaehes to the middle eranial fossa 


The middle eranial fossa is formed by the sphenoid and temporal bones, 
and supports the temporal lobes of the eerebral hemispheres (see Figs 
16.5, 28.2). Lesions that are exclusively loeated in this fossa ean be 
aeeessed with a temporal eraniotomy, which ean be supplemented with 
zygomatie osteotomies to improve the inferior to superior working eor- 
ridor or to faeilitate aeeess to the infratemporal fossa by fhrther mobi- 
lization of the temporalis muscle. Lesions, however, often occupy 
anterior and middle eranial fossas, for which a frontotemporal or pte- 
rional eraniotomy with optional orbitozygomatie osteotomies is typi- 
eally required. This eraniotomy allows for an extradural middle fossa 
approaeh, which eonsists of peeling away the meningeal layer of dura 
of the middle fossa to expose the superior orbital fissure, lateral wall of 
the cavernous sinus, V 2/ V 3 , MeekeLs eave and anterior petrous apex 


(Alaywan and Sindou 1990). This middle fossa approaeh ean also be 
used to open the roof of the internal acoustic eanal, and ean be extended 
to the posterior fossa by drilling out the petrous apex that forms the 
posteromedial triangle of the middle fossa (Kawase et al 1985). 

Approaehes to the posterior eranial fossa 

The posterior eranial fossa is formed by the sphenoid, temporal and 
oeeipital bones, and eontains the cerebellum, pons and medulla oblon- 
gata (see Figs 16.5, 28.2). The suboccipital approaeh is a posterior 
midline approaeh that eonsists of removing part of the oeeipital squama 
and posterior areh of foramen magnum to provide aeeess to bilateral 
eerebellar hemispheres and the posterior cervicomedullary junction. 
The retrosigmoid eranieetomy is a posterolateral approaeh that entails 
eompletion of a bony window loeated just behind the sigmoid sinus 
and just inferior to the transverse sinus; it provides aeeess to the eerebel- 
lopontine angle, as typieally required for vestibular schwanommas and 
for microvascular deeompression for treatment of trigeminal neuralgia 
or hemifaeial spasm. Both suboccipital and retrosigmoid approaehes 
ean be augmented with full removal of the posterior areh of the foramen 
magnum, including part of the oeeipital eondyle. This modifieation is 
ealled the far lateral transeondylar approaeh, and is used to obtain a 
better trajeetory into the ventral aspeet of the lower elival region and 
cervicomedullary junction (Wen et al 1997). The mastoid bone ean also 
be drilled in front of the sigmoid sinus to eomplete a presigmoid 
approaeh, which provides aeeess to the labyrinthine, middle ear eavity, 
faeial nerve eanal and jugular foramen; opening of the presigmoid dura 
will direetly expose the eerebellopontine angle, providing a more direet 
route into the ventral aspeet of the posterior fossa and elival region 
(presigmoid retrolabyrinthine approaeh), while additional drilling of 
the labyrinthine will faeilitate opening of the internal acoustic eanal 
(presigmoid translabyrinthine approaeh). Large lesions extending from 
the posterior to the middle fossa, typieally petroelival meningiomas, 
ean be removed using a eombined presigmoid approaeh and temporal 
eraniotomy with transeetion of the tentorium (presigmoid transtento- 
rial approaeh) (Gross et al 2012). 

The implementation of many of the skull base approaehes detailed 
here has evolved in reeent deeades, faeilitated by the introduction of 
modern teehnology (surgical mieroseope, mieroinstmmentation, high- 
speed drill) and the pioneer efforts of surgical innovators. The latest of 
all innovations in skull base surgery has been the introduction of the 
endoseopie endonasal approaeh, which uses the nostrils as natural eor- 
ridors to aeeess the ventral aspeet of the skull base. The trans-sphenoidal 
route, deseribed more than a century ago to aeeess the sella turcica, ean 
now be greatly expanded thanks to the development of endoseopie 
visualization and speeifieally designed instmmentation. Aeeessing the 
skull base from the endonasal route is ideal for lesions loeated in the 
midline skull base because it faeilitates a direet approaeh to the target 
without any external ineision, eraniotomy or manipulation of the brain 
(Kassam et al 2005a, Kassam et al 2005b). The endoseopie endonasal 
approaeh has beeome an excellent alternative ehoiee for tumours such 
as large pituitary adenomas (Paluzzi et al 2014, Koutourousiou et al 
2013a), eraniopharyngiomas (Koutourousiou et al 2013b, Fernandez- 
Miranda et al 2012), midline anterior and posterior skull base menin- 
giomas (Koutourousiou et al 2014, Fernandez-Miranda et al 2014a), 
ehordomas and ehondrosareomas ( ^ernandez-Miranda et al 2014b, 
Koutourousiou et al 2012), given their favourable anatomieal loeation. 
The main disadvantage of the endonasal approaeh in eomparison to 
the open approaehes is the more difficult skull base reeonstmetion, 
currently solved largely with the use of pedieled vascularized flaps har- 
vested loeally from the nasal septum. 

As a result, eontemporary skull base surgery seleetively uses and 
oeeasionally eombines transeranial and endonasal approaehes to the 
anterior, middle and posterior skull base for effeetive treatment. 
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The role of three-dimensional imaging 
in faeial anatomieal assessment 

Vikram Sharma, Bruce Riehard 


COMMENTARY 



'What is a faee, really? Its oivn photo? Its make-up 7 Or is it a faee as 
painted hy such or such painter 7 . ... Doesn't everyone look at himself in 
his own partienlar way? Deformations simply do not exist.' 

Pablo Pieasso 
(1881-1973) 

The faee is eentral to hiiman soeial interaetion and it has been shown 
that symmetrieal or 'average' faees are pereeived as more attraetive 
(Baudouin and Tiberghien 2004). Even a minor visual differenee ean 
result in a reduced level of pereeived attraetiveness in general soeiety 
and is assoeiated with several negative faetors eoneerning appearanee, 
symmetry and faeial expression. This, in turn, adversely affeets the 
quality of life of a person and has been shown to trouble patients with 
eleft lip and palate - the most eommon eraniofaeial deformity, which 
is present in 1 in 700 live births (Mossey et al 2009). This ean cause 
emotional distress in ehildhood and adoleseenee due to teasing from 
peers, and subsequent unhappiness with faeial appearanee into adult- 
hood, despite optimal surgical eorreetion (Marcusson 2001). 

Embryologieally, all tissues of the head and faee of vertebrates are 
derived from the three primary germ layers (endoderm, mesoderm, 
eetoderm) and a fourth layer, the neural erest. This was originally 
deseribed by Wilhelm His in 1868 as the intermediate eord or 'eord in 
between' the neural plate and non-neural eetoderm, in studies on ehiek 
embryos (His 1868). Through migration and proliferation of neural 
erest eells in the branehial arehes at the fourth week of gestation, five 
faeial primordia develop around the primitive mouth or stomatodeum. 
They include: a single frontonasal prominenee (forming forehead, 
middle of the nose, philtmm and primary palate) and paired mandibu- 
lar and maxillary prominenees (lower jaw, middle and lower faee, 
lateral border of lips and seeondary palate) (Baynam et al 2013). The 
proportions and position of various faeial features continue to develop 
slowly from week eight until birth, with the rapidly enlarging brain 
causing the ears to rise, the eyes to move medially and the forehead to 
beeome more apparent. 

While human faeial anatomy ean be thought of as largely similar, 
with features such as eyes, nose and mouth approximately in the same 
loeation, there are enough minor differenees in proportions, size and 
position both between and within different ethnieities to make us all 
unique individuals. When eonsidering more loeal features such as inner 
and outer eanthi, columella or philtmm, there ean be eonsiderable dif- 
ferenees in addition to the effeets of eongenital malformations or 
acquired deformities due to trauma and surgical repair. The human faee 
is a complex three-dimensional (3D) stmcture and capturing an image 
in its entirety with tme-to-life preeision is likely to be ehallenging 
for both human and maehine. A systematie review of methods of 
faeial aesthetie assessment in a speeifie patient population and a rating 
system for outcome eomparison have been deseribed previously 
(Sharma et al 2012). 

Traditionally, direet faeial measurements have been taken using 
manual anthropometry utilizing mlers, tape measures and eallipers, as 
pioneered by Leslie Farkas, the father of modern eraniofaeial anthro- 
pometry ( ; arkas 1994). Although low-cost and straightforward, this 
method requires a high degree of eooperation from the subject and is 
very labour-intensive if used to assess hundreds of individuals to obtain 
representative normative data. Digital photography, by eontrast, pro- 
vides a rapid and permanent image that ean be rapidly proeessed and 
arehived on to computer databases. Drawbacks of using a two- 
dimensional (2D) modality to derive accurate faeial measurements 
include differential positioning of subjects despite a standardization 
protoeol and perspeetive projeetion distortion, where a 3D objeet is 
unavoidably misrepresented by an attempted projeetion on to a 2D 
plane. 

Capturing a faee in three dimensions is mainly aehieved by laser 
seanning or stereo photogrammetrie deviees that ean capture many 
thousands of points in an instant. The former method, however, ean 


take up to 20 seeonds for image acquisition and is reliant on the subject 
keeping absolutely still to prevent motion artefaet, such as ridges, on 
the captured image (Bush and Antonyshyn 1996). Three-dimensional 
photogrammetry is a software-driven approaeh utilizing multiple digital 
eameras set at different angles to acquire the faeial image rapidly, in 
little over a milliseeond. Time-of-flight teehnology, which measures the 
time taken for emitted light from an illumination unit to reaeh an 
objeet and travel baek to a deteetor, has been used by a range of sean- 
ners to make very preeise measurements of distanee. This teehnology 
uses either optieal shutter teehnology or modulated light of various 
wavelengths to ereate a 3D image of the actual faee and head (Zhang 
and Lu 2013). It allows human faees to be reeognized and traeked in 
real time in a manner that is both rapid and effieient from a computa- 
tional standpoint. Furthermore, it is not affeeted by differenees in faeial 
orientation, illumination or features that might obscure part of the faee 
(Meers and Ward 2009). The nasal tip is the optimal faeial landmark 
to use, as it is easily deteeted by an observer, has a eentral position on 
the faee and is not usually obscured by hair or speetaeles (Gorodniehy 
2002). Furthermore, it has eertain geometrie and illumination eharae- 
teristies from which spherieal interseetion profiles are utilized to obtain 
a Taeeprint' that is then normalized. However, there are currently no 
elinieal validation studies for faeial assessment using time-of-flight 3D 
eameras. 

Gross anatomieal landmarks on the faee are captured by a series of 
relatively simple measurements. Delineation of finer features that will 
allow a detailed surface-based analysis of faeial shape, however, requires 
a signifieantly larger number of densely arranged surface points eorres- 
ponding to quasi-landmarks. Tens of thousands of these points ean be 
derived from as few as 22 faeial landmarks. A technique known as thin- 
plate spline warping will then pull these points on the surface of the 
faee together, similar to a thin sheet of mbber, into a preeise alignment. 
The number of landmarks ehosen is a balanee, as too few will cause the 
faee sean to be registered poorly and too many will result in signifieant 
noise that causes the plaeement of soft-tissue landmarks on a virtual 
image to be inaccurate (Hammond et al 2004). 

A fiirther advantage of digital anthropometry is that it obviates the 
need for a general anaesthetie in a young, uncooperative patient and/ 
or exposure to a high-dose of ionizing radiation as would be the ease 
if using either computed tomography or computed axial tomography 
(CT/CAT seanning). CAT is not the best modality for evaluation of soft 
tissue stmctures, and current protoeols tend to be focused on the brain, 
with faeial imaging omitted or distorted by an endotraeheal tube (Lit- 
tlefield et al 2004). Examples of a widely used, eommereially available, 
3D surface imaging modality and system based on aetive stereo photo- 
grammetry are shown in Figure 4.2.1 and Video 4.2.1. 

Three-dimensional faeial imaging has signifieant potential for accu- 
rately capturing the human faee in health and disease. Current researeh 
aims to validate protoeols that hopefiilly will translate into routine 
elinieal praetiee. The FaeeBase Consortium from the National Institute 
of Dental and Craniofacial Researeh (National Institutes of Health, 
HSA) is utilizing 3D aetive stereo photogrammetry in eoneert with high- 
throughput DNA sequencing of thousands of individuals to map accu- 
rately how normal faeial features are influenced by genetie determinants 
(Hoehheiser et al 2011). This will be fiirther aided by its Ontology of 
Craniofacial Development and Malformation projeet, which aims to 
gather wide-ranging, speeifieally annotated data from multiple sources, 
ranging from the level of genes to gross anatomieal structures and elini- 
eal images, to unravel causal meehanisms of eraniofaeial deformity 
(Brinkley et al 2013). 

Genome-wide assoeiation studies (GWAS) deseribe ease-eontrol 
studies where single mieleotide polymorphisms (SNPs), the most 
eommon form of genetie variation in the genome, are eompared 
between affeeted and non-affeeted individuals for a partioilar disease. 
Two independent GWAS projeets have implieated the gene PAX3 (paired 
box 3) in eraniofaeial development and faeial morphology (particularly 
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Fig. 4.2.1 An example of a eommereially available three-dimensional 
aetive stereo photogrammetry deviee (3dMD) in use at a national imaging 
researeh projeet (‘Meln3D’) at the London Seienee Museum, UK (2012). 
(Courtesy of Ms Kelly Duncan (3dMD).) 


the positioning of the nasion) in stratified European populations. This 
gene eneodes a transeription faetor expressed by neural erest eells, 
important in vertebrate faeial patterning. Mutations of PAX3 are assoei- 
ated with Waardenburg syndrome, typified by telecanthus, a broad and 
high nasal root, deafness and pigmentation abnormalities of the hair, 
skin and eyes (Waardenburg 1951). Paternoster et al (2012) used 3D 
laser seanning to identify 22 landmarks in over 3000 individuals geno- 
typed for nearly 300,000 SNPs and found an assoeiation between 
rs7559271 (loeated in an intronie region of PAX3) and nasion position. 


Later, in a seeond and importantly independent GWAS, Liu et al (2012) 
identified five genetie loei (all at p <5 x 10“ 8 signifieanee threshold) that 
are assoeiated with faee morphology, but with a small effeet size. Again, 
SNPs assoeiated with PAX3 were found to influence the position of the 
nasion. A eandidate gene found at a seeond locus, TP63 (transformation 
related protein 63), is assoeiated with orofaeial elefting both in humans 
with heterozygous mutations and in null miee. Phenotyping in this 
study was performed using 3D magnetie resonanee imaging (MRI) of 
nine faeial landmarks of the upper faee and midfaee but missed features 
of the lower faee - a drawback easily obviated by the use of 3D stereo 
photogrammetry. 

A GWAS of patients with eleft lip, with or without eleft palate, 
undertaken in 825 European and 1038 Asian aneestry ease-parent 
trios, identified SNPs assoeiated with two novel genes (MAFB - v-Maf 
avian musculoaponeurotic fibrosareoma oneogene homolog B1 - and 
ABCA4 - ATP-binding eassette, sub-family A (ABC1), member 4), a 
known gene ( IRF6 - interferon regulatory faetor 6, mutations of which 
cause Van der Woude's syndrome) and a known region (8q24, assoei- 
ated with non-syndromie eleft lip/palate) (Beaty et al 2010). Expres- 
sion studies in miee using in situ hybridization of MAFB showed strong 
staining in the epithelium around palatal shelves and medial fhsing 
palatal edges, as well as the oral epithelium, implieating a role for this 
gene in normal lip and palate development (see Ch. 36). 

Characterizing a normal individual faee as accurately as possible 
may faeilitate genotype-phenotype eorrelation of diseases with speeifie 
faeial features. It should also highlight more diserete faeial eharaeteris- 
ties that might be present as part of a eraniofaeial syndrome, but not 
immediately apparent to all but the most experienced dysmorphologist. 
Coordinated researeh efforts that eombine molecular biology with 
advaneed faeial imaging will no doubt improve the accuracy of elinieal 
diagnosis and lead to stratified medieal praetiee that is better tailored 
to patient eare. 
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Overvievv 


The human faee undergoes dramatie ehanges of appearanee with ageing; 
these ehanges are so eonsistent and predietable that they reveal a per- 
son's age. In youth, the surface of the faee is a continuous smooth 
structure on which only the major features - the eyes, nose and mouth 
- are identified. However, the surface ehanges with the ageing proeess 
and progressively reveals the internal structure. Ageing is not uniform 
aeross the faee because the various fimetional regions age differently. 
Faeial ageing takes plaee essentially around the eyes and mouth and 
over the neek. 

Most ageing is seen on the anterior faee, the faee proper, where the 
speeifie faeial features are loeated. The lateral aspeet of the faee is quite 
distinet from the anterior faee, both fimetionally and structurally. The 
soft tissues on the lateral faee ehange less because they are not aetively 
involved with the underlying structures (temporalis, masseter, areh of 
zygoma and parotid gland), whose only fimetion is mastieation. 

Ageing happens at all tissue levels; whether these ehanges develop 
primarily at one or more levels and lead to seeondary ehanges at the 
other levels is not known, but their appearanee is concurrent. 

Soft tissiie organization of the faee 


Ageing of the faee, and the extent of the ehanges involved, are eonse- 
quences of its unique fimetions. These require mobility of the soft 
tissues that is not found elsewhere in the body and that neeessitates 
major structural adaptations. In most regions of the faee, there are 
eonflieting structural requirements for mobility over support (fixation). 
Ultimately, the requirements for movement determine the need for 
areas of reduced fixation that contribute so much to the ehanges that 
we reeognize as ageing. 

The faeial skeleton provides a foundation to which the overlying soft 
tissues are variably attaehed (Furnas 1989, Stuzin et al 1992). Having 
a strong faeial skeleton is the single most important determinant in 
'ageing welF, meaning at a slower rate than average. The multiple bones 
of the faeial skeleton have diverse embryonie origins; the most signifi- 
eant in ageing are the odontogenie bones (maxilla and mandible). The 
skeleton proteets the reeeptor organs of the eentral nervous system, i.e. 
visual, olfaetory and auditory reeeptors, in a series of eavities that are 
'open' to the exterior, together with the expansile, mobile, oral eavity. 
With the exception of the ear, all the eavities are loeated on the front 
of the faee and their presenee contributes to ageing of the mid-eheek. 

Musculoskeletal movement in the faee is initiated only from the 
temporomandibular joint; the two major skeletal mastieatory muscles 
(temporalis and masseter) are loeated beneath the deep faseia of the 
lateral faee. The soft tissues overlying the lower third of the faee are 
signifieantly impaeted by this skeletal movement, as well as by the 
extensive movement of the subjacent neek. 

The faeial soft tissues have eonsiderable eapaeity for movement. 
Aetive movement, a unique feature of faeial anatomy, arises on the 
anterior faee, primarily in relation to the orbital and oral eavities, as a 
result of the eontraetion of the sphineter muscles embedded in the soft 
tissues overlying the eavities. Movement around the orbit is modified 
by the forehead and glabellar musculature and by the orbital part of 
orbicularis oculi. The lip elevator and depressor muscles add to the lip 
movement around the oral sphineter. Movement on the lateral faee 
is passive only, seeondary to major tissue displaeements extending 
from the anterior faee, or to movement of the underlying mandible or 
neek. 

The eoneentrie layered structure of the faee allows movement to take 
plaee. The driver of movement is the separate layer of superficial 
muscles, the so-ealled 'imiseles of faeial expression' (Ch. 30). These 
muscles are intimately attaehed to the overlying soft tissues and skin, 


which they are programmed to move, and have minimal attaehment to 
the underlying skeleton. A discontinuous glide plane layer beneath the 
muscle layer eonsists of spaees that allow movement of the overlying 
soft tissues. 

The soft tissues of the faee are stabilized in position by an extensive 
fibrous support system that is unique to the faeial structure (Furnas 
1989, Stuzin et al 1992). The system takes its fixation from attaehment 
to the underlying skeleton and provides strong direet support to the 
dermis via its layered arrangement. Overlying the eavities, the support 
system is neeessarily modified by the absenee of bone for ligamentous 
fixation, which means that support over the orbital and oral eavities is 
indireet. The support of the speeialized, very mobile, soft tissues that 
form the eyelids over the orbital eavity and the part of the eheek that 
overlies the extensive vestibule of the oral eavity, together with the soft 
tissue apertures forming the lid margins and the lips, is therefore stme- 
turally eompromised. Bony rims provide the skeletal base for this indi- 
reet ligamentous attaehment around the bony eavities. Focused areas of 
greater support, e.g. the eanthal tendons, are found within the eavities. 
Further adaptations of the fibrous support system are neeessary over the 
oral eavity because here the bony rim is not fixed and continuous, as it 
is in the orbital rim, but enlarges with jaw movement. 

The eombination of soft tissue movement over the orbital and oral 
eavities, along with the neeessary reduction of ligamentous support to 
allow this movement, is the basis for the ageing of the soft tissue around 
the eye and around the mouth. 

Overview of faeial ageing 


The general pattern with ageing is a progressive loss of faeial volume 
with inereasing laxity and possibly expansion of the outer layers with 
deseent. The smooth, taut surface of a fiill and uniformly rounded 
youthful faee deteriorates with ageing to form a series of individual 
segments that are separated by surface grooves loeated where internal 
ligaments attaeh to the dermis, and that progress to form skin ereases 
or wrinkles as the dermis weakens (Mendelson and jaeobson 2008). 

The multiple structures of the faee are intereonneeted at several 
levels. Changes in one structure will have an impaet on the others and, 
in more advaneed ageing, simultaneous ehanges in more than one 
eomponent will produce a cumulative effeet. The extent to which these 
ehanges are attributable primarily to ageing, e.g. whether laxity arises 
seeondary to volume loss or from intrinsie weakening of ligament 
strength or is a eombination of both effeets, is not elear. The only eertain 
primary ehange is a loss of anterior volume of the maxilla that is assoei- 
ated with the emption of the seeondary dentition. 

Details of tissue layers 


Tissue planes, sub-SMAS spaees 
and faeial ageing 

The faeial soft tissues are organized in eoneentrie tissue layers (Fig. 
4.3.1). The superficial muscles are in the middle layer (layer three), 
although muscle is not present in all areas of the faee. The layer is 
fibroaponeurotic where muscle is not present; henee the name, super- 
fieial musculo-aponeurotic system (SMAS) (Mitz and Peyronie 1976), 
(see Ch. 30). Functionally, this layer is related to the skin, via the eon- 
neetions of the retinacula cutis in the subcutaneous layer, rather than 
to the deeper stmctures. In an arrangement that resembles that of the 
structure of the sealp, the outer three layers of the faee form a eomposite 
anatomieal unit, whose quality of adherenee varies aeeording to the 
eharaeter of the SMAS in eaeh area. The SMAS is muscular where move- 
ment happens (frontalis, orbital part of orbiailaris oculi and platysma) 
and is also mobile, with a looser deep attaehment as well as less tight 
subcutaneous eonneetions; laxity develops in these areas with ageing 
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Fig. 4.3.1 The three-dimensional arrangement of the ligaments of the 
faeial soft tissues. The ligaments take origin from the deep faseia and 
form septa-like boundaries in the temple. The main ligaments around the 
oral eavity extend through the superficial musculo-aponeurotic system 
(SMAS) and subcutaneous layers to the dermis. Key: a, zygomatie 
ligament; b, uppermost masseterie ligament; e, upper key masseterie 
ligament; d, lower key masseterie ligament; e, mandibular ligament. 


(Rohrieh and Pessa 2007). In eontrast, the fibrous aponeurotic SMAS 
laeks intrinsie mobility and, as seen over the lateral faee, is fixed direetly 
to the underlying deep faseia, the parotid faseia, where it maintains a 
tight skin attaehment (Furnas 1994). 

The fourth layer, the sub-SMAS plane, is effeetively a glide plane 
that allows movement of the eomposite flap independent of the deep 
faseia. This involves a discontinuous series of sub-SMAS spaees that 
are loeated above and lateral to the mobile oral eavity (Fig. 4.3.2) 
(Mendelson 2007). 

The SMAS of the mid-eheek, i.e. the anterior faee between the lower 
eye lid and lips, includes the orbital part of orbicularis oculi. It eovers 
the large area overlying the vestibule of the oral eavity and its support 
is limited largely to its superolateral eorner, where it is provided by the 
zygomatie ligament. This robust structure does not tend to weaken; 
however, distension of the eheek SMAS tends to develop. 

The lower premasseterie spaee is the largest of the sub-SMAS spaees 
lateral to the oral eavity. It overlies the masseterie faseia above the man- 
dibular rim, and prevents soft tissue drag from movement of the mouth 
that would restriet opening of the jaw. With ageing, weakness of the 
lower masseterie ligaments allows distension of its anterior and inferior 
boundaries and the roof formed by platysma, resulting in the formation 
of the jowl (Fig. 4.3.3) (Mendelson et al 2008). The buccal fat pad, 
when eompaet, adds to youthfully eompaet eheeks (see Fig. 30.18A). 
However, when there is weakness of the lower masseterie ligaments 
(normally holding platysma in elose relation to the masseterie faseia), 
the buccal fat pad beeomes more mobile, and it may deseend into a 
more anterior loeation towards the eorner of the mouth, adding to 
fhllness of the labiomandibular fold. 

The faeial skeleton and its ageing 

The faeial skeleton is not only the foundation of a person's individual 
appearanee but also a key determinant of how that person ages, because 
the projeetion of the skeleton provides support for the overlying soft 
tissues. It is now known that the faeial skeleton is not statie and ehanges 
signifieantly with age. Aeeordingly, people who laek strong skeletal 
projeetion are prone to premature ageing because they have less 'in 
reserve' when ageing starts with the loss of skeletal volume and 
projeetion. 



Fig. 4.3.2 Ligamentous arrangement of the lateral faee. The structures 
of the lateral faee refleet its mastieatory function. From above, these 
structures are: temporalis faseia; areh of zygoma; masseter (largely 
overlain by the parotid and masseterie faseiae). The body of the zygoma 
separates the orbital and oral eavities. The prezygomatie spaee overlies 
the body of the zygoma, between the orbicularis retaining ligament 
around the orbit above and the zygomatie ligaments above the oral 
eavity. The platysma auricular faseia (PAF) on the surface of the parotid is 
a diffuse area of ligamentous fusion of the parotid capsule with the 
overlying superficial musculo-aponeurotic system (SMAS). The vertieal line 
of ligaments in relation to the anterior edge of masseter provides support 
for the SMAS over the oral eavity. A series of premasseterie spaees 
overlie masseter, in the interval between the eoneave anterior border of 
the parotid gland (including its aeeessory lobe) and the line of masseterie 
ligaments. These spaees allow gliding movement of the eomposite soft 
tissues assoeiated with the oral eavity and opening the jaw. 


The most signifieant ehange is retmsion of the maxilla, which eon- 
tributes direetly to the loss of mid-eheek support and affeets the inferior 
orbital rim, piriform and oral eavities, leading to 'sagging' of the soft 
tissues of the medial suborbital region (Fig. 4.3.4) (Pessa et al 1998, 
Shaw and Kahn 2007, Mendelson et al 2007). 

The dimensions of the orbital aperture inerease slightly but are sig- 
nifieant in periorbital ageing. Reeession of the inferolateral rim (by 
more than 10%) causes the greatest alteration of orbital shape. The 
ehanges exhibit sexual dimorphism in that they are generally seen at a 
younger age in women (by middle age) eompared to men. Thus, a small 
inerease of transverse orbital width and aperture area happens earlier 
in women, and superomedial reeession occurs later and to a greater 
extent in men (Kahn and Shaw 2008). 

Soft tissue laxity of the lower faee aeeompanies the reduction in size 
of the mandible. By middle age, there is a eonsiderable reduction of the 
mandibular angle with shortening of the length of the mandibular body 
and its height; shortening of the height of the ramus occurs later (Pessa 
et al 2008, Shaw et al 2010). 

Retaining ligaments and ageing 

A discontinuous vertieal line of retaining ligaments separates the lateral 
faee from the anterior faee (see Fig. 4.3.2). The skeletal origin of the 
ligaments continues from the anterior end of the superior temporal 
line, down the lateral orbital rim to the body of the zygoma, and down 
the anterior border of masseter to the mandibular ligament. There is 
no evidenee to suggest that weakening of the main ligaments, where 
movement is least (speeifieally, the stronger zygomatie ligaments on the 
zygoma), contributes to faeial laxity, although the lower premasseterie 
ligaments do weaken in their effeet. 

The attaehment of ligaments to the dermis is responsible for the 
cutaneous grooves that appear with ageing, e.g. the palpebromalar, 
nasojugal, mid-eheek and nasolabial grooves, whereas the surface 
bulges, e.g. the malar mound, nasolabial fold and jowl, overlie the 
spaees between the ligaments (Mendelson et al 2002). The part of the 
orbioilaris retaining ligament that erosses the eentral inferior orbital 
rim is distensible and allows the orbital fat to bulge as Tat bags' (Fig. 
4.3.5), whereas shrinkage of the maxilla at the medial end of the orbital 
rim pulls the ligaments (tear trough ligament). Below, as the medial 
maxillary ligament is pulled baek into the faee, the depth of the nasola- 
bial groove is inereased. 
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Fig. 4.3.3 The origin of the jowl with ageing and the ehanging relations of platysma and masseter. A, In youth, platysma, which forms the roof of the 
lower premasseterie spaee, is in elose and tight relation to the anterior border of masseter via the vertieal line of ligaments. B, The jowl develops as a 
result of the developing laxity and distension of the septa-like lower masseterie ligaments. This allows enlargement of the lower premasseterie spaee, 
speeifieally of its anterior and lower boundaries and the adjaeent roof. This ligamentous weakness allows the inferior extent of the buccal fat pad to 
prolapse, which contributes fullness to the labiomandibular fold above the jowl. 




Fig. 4.3.4 Changes of the faeial skeleton with 
ageing. The most signifieant amount of bony 
ehange is the mid-eheek skeleton. Shrinkage of 
the anterior projeetion of the maxilla predominates, 
along with a reduction of the bony rim of the 
piriform aperture. The inferior orbital rim, where it 
is formed by the zygoma, beeomes more rounded, 
whereas the medial rim, where it is formed by the 
maxilla, loses its thiekness. The anterior surface of 
the mandible beeomes more hollowed and prejowl 
hollowing appears. 


Subcutaneous layer and ageing 

The fat and fibrous eomponents in the subcutaneous tissue are not 
uniform but arranged in diserete eompartments that are delimited by 
septal boundaries related to the dermal extensions of the retaining liga- 
ments (Rohrieh and Pessa 2008). In youth, the boundaries between 
eompartments are not diseernible on the surface: with ageing, a series 
of contour ehanges occur in which eoneavities separate the convexities 
that refleet these eompartments. Speeifie names have been given to 
eertain areas of the subcutaneous layer at sites where the subcutaneous 
fat beeomes more prominent, e.g. the malar fat pad and nasolabial fat. 
The ehanges of the subcutaneous eompartments beeome most apparent 


with advaneed ageing due to a eombination of their deseent from fixed 
structures - in particular, the bony rims (superior and inferior orbital 
and mandibular border), as well as ehanges in the volume distribution 
within the eompartments, with inereasing inferior fullness (Gierloff 
et al 2012). These ehanges have been attributed to a mimber of causes, 
including seleetive atrophy or hypertrophy and attenuation of the 
retaining ligaments that allow fat redistribution within eompartments. 

It is now believed that fat deseent with ageing is less than it appears; 
distinet eompartmentalization by the retaining ligaments holds the fat 
in its relative positions, and it is likely that the reduction of internal 
volumes deep to the subcutaneous fat accounts for the major part of 
the appearanee of deseent, espeeially of the mid-eheek (Lambros 2007). e49 
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Fig. 4.3.5 Linking of ageing ehanges through the tissue layers. A, Youthful. B, Aged. C-D, Seetions taken through the mid-eheek. The ehanges in the 
bony orbital rim (inferolateral resorption and blunting of the sharply defined rim) are assoeiated with ehanges of the attaehed septum orbitale, which 
undergoes attenuation and distension. The bulging retroseptal orbital fat assoeiated with this weakening extends over the rim until eonstrained by the 
stronger orbicularis retaining ligament. The orbicularis retaining ligament is attaehed several millimetres outside the rim. The medial third, named the tear 
trough (TT) ligament, is drawn posteriorly by the reduction of anterior maxillary volume. The bony ehange, expressed through the ligament, accentuates 
the depth of the nasojugal groove. Maxillary resorption around the piriform aperture accentuates the depth of the nasolabial groove and erease as it 
causes the medial maxillary ligament (MML) to beeome similarly indrawn. In the same way, the lateral maxillary ligament (LML), between zygomaticus 
minor and levator labii superioris, draws the tissues deeper. By eontrast the major ligaments that provide support for the soft tissues over the oral eavity 
(zygomatie, upper masseterie and mandibular) are essentially unchanged with ageing. The ageing weakness of the eheek soft tissues occurs within the 
SMAS and the thieker subcutaneous layer. 


Sequence of appearanee of faeial ageing 

While ageing is traditionally assoeiated with the presenee of wrinkles, 
in reality the earliest onset of ageing probably results from a reduction 
of skeletal volume. Faeial skeletal ehanges are inevitable and appear 
early because they are a consequence of the reshaping of the maxilla 
and mandible that follows the emption of the seeondary dentition. 
While the ehanges of the deeper skeleton are not immediately appar- 
ent, they contribute to a easeade of seeondary ehanges due to the 
interlinking of the tissue layers. Aeeordingly the deep fat, preperiosteal 
and buccaf also has less projeetion; with the reduction of tissue tone, 
e50 there is an effeet on the ligaments, producing early laxity and sag. 


The reduction of skeletal support plaees strain on the ligamentous 
boundaries, such as the orbicularis retaining ligament and the lateral 
eanthal tendon, and this leads to the onset of weakening and eventual 
lengthening, and bulging of the deeper stmctures they previously 
supported. 

Dynamie expression lines develop with muscle eontraetion: while 
not present in youth, they inerease with the reduction of ligamentous 
tissue resistanee. With age, muscle eontraetion produces an inereased 
amplitude of tissue displaeement, e.g. movement of the eyebrows and 
eheeks when they are elevated from a sagged position results in the 
frontalis lines of the forehead and periorbital crow's feet lines, respee- 
tively. As the quality of the dermis deteriorates, the lines deepen, espe- 
eially perioral wrinkles. 
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Small rediietions of faeial volnme, whether of bone or fat (deeper 
supraperiosteal fat, as well as subcutaneous fat), contribute to loss of 
tone in the eomposite outer layers and laxity of the finer ligaments. 
Tissue laxity that is initially latent is revealed under the influence of 
gravity. It beeomes apparent with the head up and is exacerbated when 


leaning forwards; its visibility is deereased when recumbent. Changes 
to the quality of the subcutaneous layer appear with more advaneed 
ageing. The ehanges deseribed above are endogenous. Dermal ehanges 
refleet the long-term effeet of environmental damage more and are 
exaggerated by tissue laxity. 
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CHAPTER 



Baek 


Most elinieal disorders of the baek present as low baek pain with or 
without assoeiated lower limb pain, weakness or numbness, and so, 
historieally, most attention has been paid to the anatomy of the lower 
(lumbosacral) baek. In this Seetion, the term 'baek' will include the 
whole of the posterior aspeet of the tmnk and of the neek. The whole 
of this region has great elinieal importanee but its anatomy has often 
been negleeted. Reeent understanding of the detailed topography of the 
bony and soft tissue elements of the lower baek owes much to the work 
of Bogduk (2005). 

The soft tissues of the baek of the tmnk and neek include the skin 
and subcutaneous fat, the underlying faseial layers and the musculature. 
The deep, 'tme' or epaxial muscles lie within eompartments in their 
own faseial 'skeleton'. The bony framework to which the muscles and 
faseiae attaeh includes elements of the axial skeleton, i.e. the vertebral 
column and occiput, elements of the peetoral and pelvie girdles, and 
the ribs. The occiput is deseribed below, the scapula on page 801, the 
ribs on page 934 and the pelvis on page 1339. 


SKIN 


The skin of the baek of the tmnk is thiek and highly proteetive, but has 
low diseriminatory sensation. The superficial faseia is thiek and fatty in 
most areas of the baek. Its attaehment to the deeper faseial layers is 
strong in the midline, espeeially in the neek, but beeomes weaker more 
laterally. The skin of the baek of the neek is thieker than that of the 
front of the neek, but thinner than that of the baek of the tmnk. The 
quantity, texture and distribution of hair vary with sex, raee and 
the individual, though well-defined hair traets have been delineated 
(Fig. 43.1). 

Lines of skin tension mn horizontally in the eervieal and lumbosac- 
ral regions but form segments of two adjaeent eireles in the thoraeie 
region (Fig. 43.2). 


CUTANE0US INNERVATION AND DERMATOMES 

The skin of the baek of the neek and tmnk is innervated by the dorsal 
(posterior primary) rami of the spinal nerves (see fig. 45.10 and pp. 
768-769, where dorsal rami are eovered in detail). In the eervieal and 
upper thoraeie regions (down to T6) skin is supplied by the medial 
branehes of these rami, while in the lower thoraeie, lumbar and saeral 
regions it is supplied by the lateral branehes. The total area supplied by 
these dorsal rami is shown in Figure 45.12. The spinal nerves involved 
inehide C2-C5, T2-L3, S2-S4 and Col. The pattern of their der- 
matomes is shown in Figure 43.3. There is about half a segment of 
overlap between these cutaneous 'strips'; the strips supplied by the 
dorsal rami do not eorrespond exactly to those served by ventral rami, 
and differ slightly in both width and position. 


CUTANE0US VASCULAR SUPPLY 
AND LYMPHATIC DRAINAGE 


The skin of the baek of the tmnk reeeives its arterial blood supply 
mainly from musculocutaneous branehes of posterior intereostal, 
lumbar and lateral saeral arteries (Fig. 43.4), which all aeeompany the 
cutaneous branehes of their respeetive dorsal rami. In addition, there 
is a supply from the dominant vascular pedieles of the superficial 
(extrinsic) baek muscles. The skin over the scapula is supplied by 
branehes of the suprascapular, dorsal scapular and subscapular arteries. 
The skin of the baek of the neek is supplied mainly from the oeeipital 
and deep eervieal arteries. The superficial eervieal or transverse eervieal 
artery supplies the skin of the lower part of the baek of the neek 
(Cormack and Lamberty 1994). 


Veins drain the skin of the baek of the neek into tributaries of the 
oeeipital and deep eervieal veins. The skin of the baek of the tmnk 
drains into the azygos system, via tributaries of the posterior intereostal 
and lumbar veins. 

Lymph from the skin of the baek of the neek drains into oeeipital, 
lateral deep eervieal and axillary nodes (Fig. 43.5). From the baek of 
the tmnk, drainage is to the posterior (subscapular) axillary nodes and 
to the lateral superficial inguinal nodes. 


FASCIAL LAYERS 


The main faseial layers in the axial and paraxial regions of the tmnk 
and neek are the thoracolumbar faseia, the deep eervieal faseia and the 
prevertebral, endothoraeie, retroperitoneal and posterior parts of the 
pelvie faseiae (the latter four layers eolleetively form the continuous 
prevertebral plane). Other important stmctures with faseial eompo- 
nents are the ligamentum nuchae and the aponeurosis of ereetor spinae 
(see below). 



Fig. 43.1 Hair traets on the dorsal siirfaee of the body. (Redrawn with 
permission from Wood Jones F (ed) 1949 Buchanan’s Manual of 
Anatomy, 8th edn. London: Baillière Tindall and Cox.) 
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Fig. 43.2 Lines of skin 
tension on the dorsum 
of the trunk and head. 
(With permission from 
Kraissl CL, Plast 
Reeonstmet Surg 8: 
1-28, 1951, Lippineott 
Williams and Wilkins.) 


TH0RAC0LUMBAR FASCIA 


The thoracolumbar (lumbodorsal) faseia eovers the deep muscles of the 
baek and the tmnk. Above, it passes anterior to serratus posterior supe- 
rior and is continuous with the superficial lamina of the deep eervieal 
faseia on the baek of the neek. In the thoraeie region, the thoracolumbar 
faseia provides a thin fibrous eovering for the extensor muscles of the 
vertebral column and separates them from the muscles eonneeting 
the vertebral column to the upper extremity. Medially, it is attaehed to 
the spines of the thoraeie vertebrae, and laterally to the angles of the 
ribs. In the lumbar region, the thoracolumbar faseia is in three layers 
(Fig. 43.6 ; see Fig. 62.1). The posterior layer is attaehed to the spines 
of the lumbar and saeral vertebrae and to the supraspinous ligaments. 
The middle layer is attaehed medially to the tips of the lumbar trans- 
verse proeesses and the intertransverse ligaments, below to the iliae 
erest, and above to the lower border of the twelfth rib and the lrnnbo- 
eostal ligament. The anterior layer eovers quadratus lumborum and is 
attaehed medially to the anterior surfaces of the lumbar transverse pro- 
eesses behind the lateral part of psoas major; below, it is attaehed to 
the iliolumbar ligament and the adjoining part of the iliae erest; above, 
it forms the lateral arcuate ligament. The posterior and middle layers 
unite to form a tough raphe at the lateral margin of ereetor spinae, and 
at the lateral border of quadratus lumborum they are joined by the 
anterior layer to form the aponeurotic origin of transversus abdominis. 
At saeral levels, the posterior layer is attaehed to the posterior superior 
iliae spine and posterior iliae erest, and fuses with the underlying ereetor 
spinae aponeurosis. Bogduk (2005) deseribes two laminae in the pos- 
terior layer at lumbar levels, with varying orientation of the constituent 
eollagen fibres relating to the biomeehanieal fimetion of the faseia. The 
posterior and middle layers of the thoracolumbar faseia and the verte- 
bral column together form an osteofaseial eompartment that eneloses 
the ereetor spinae muscle group. 

The attaehments of the faseia, espeeially those that assure continuity 
with the abdominal wall musculature, putatively give it an important 
role in lifting, though the exact details of this role remain eontroversial. 
The faseia may also play an important role in load transfer between the 
tmnk and the limbs: its tension is affeeted by the aetions of latissimus 
dorsi, gluteus maximus and the hamstrings. Additionally, the thoraeo- 
lumbar faseia eontains noeieeptive nerve endings that may be respon- 
sible for some forms of baek pain. Other meehanisms related to the 



Fig. 43.3 Dermatomes on the dorsal surface of the body. The small 
diagram shows the regular arrangement of dermatomes in the upper and 
lower limbs of the embryo. Maps of dermatome distribution are useful in 
elinieal neurology as a guide to identify the loeation of pathology in 
patients with peripheral sensory defieits, but it is important to remember 
that they are approximations (see Ch. 15). (Adapted with permission from 
Moffat DB 1993 Lecture Notes on Anatomy, 2nd edn. Oxford: Blackwell 
Seientifie.) 


thoracolumbar faseiae that have been implieated as a possible source 
of baek pain include tissue deformation due to injury or immobility, 
resulting in impaired proprioeeptive signalling and possibly an inerease 
in pain sensitivity, and inereased sensitivity of the thoracolumbar faseia 
in eonditions involving other tissues innervated by the same spinal 
nerve (Willard et al 2012). 


DEEP CERVICAL FASCIA 


The investing layer of the deep eervieal faseia forms the deep faseia of 
the posterior aspeet of the neek (see Fig. 29.4A). It attaehes in the 
midline to the external oeeipital protuberance, the ligamentum nuchae 
and the spine of the seventh eervieal vertebra, and splits to enelose 
trapezius on eaeh side. Inferiorly, the posterior part of the investing layer 
attaehes with trapezius to the spine and aeromion of the scapula. 


BONES 


0CCIPITAL BONE 


The oeeipital bone forms much of the baek and base of the cranium 
(Fig. 43.7). It is trapezoid and internally eoneave, and eneloses the 
foramen magnum. It has four parts: basilar (basioeeipital), which is the 
quadrilateral part in front of the foramen magnum; squamous, which 
is the expanded plate posterosuperior to the foramen; and two lateral 
(eondylar or exoccipital), one on eaeh side of the foramen magnum. 
The latter is anteromedian and wider behind, with an anteroposterior 
diameter greater than its transverse diameter. 
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Intereostal arteries - medial dorsal cutaneous branehes 
Intereostal arteries - lateral dorsal cutaneous branehes 
Lumbar arteries - medial dorsal cutaneous branehes 
Lumbar arteries - laterai dorsal cutaneous branehes 
Saeral arteries 

Circumflex scapular artery - horizontal and parascapular branehes 
Deep braneh oftransverse eervieal artery/dorsaI scapular artery 

Superficial braneh of transverse eervieal artery/superficial eervieal artery 

Musculocutaneous perforators through latissimus dorsi arising from the 
intereostal and lumbar arteries 

Fig. 43.4 Areas of cutaneous arterial supply on the dorsum of the trunk. 
(Redravvn with permission from Cormack GC, Lamberty BGH 1994 The 
Arterial Anatomy of Skin Flaps. Edinburgh: Churchill Livingstone.) 


The oeeipital bone provides attaehment for a number of the muscles 
of the neek and upper part of the baek (longus eapitis; reeti eapitis 
anterior, lateralis, posterior major and minor; superior oblique; semi- 
spinalis eapitis; splenius eapitis; oeeipitofrontalis; trapezius; sternoelei- 
domastoid), and articulates with the fìrst eervieal vertebra at the 
atlanto-oeeipital joints. 

Squamous part 


The squamous part is an expanded plate posterosuperior to the foramen 
magnum, convex externally and eoneave internally. On its external 
surface, the external oeeipital protuberance lies midway between its 
summit and the foramen magnum. On eaeh side, two curved lines 
extend laterally from this protuberance. The upper one, faintly marked 
and often almost impereeptible, is the highest nuchal line, and the 
lower one is the superior nuchal line. The epieranial aponeurosis is 
attaehed to the medial part of the highest nuchal line. The median 
external oeeipital erest is often faint; it deseends from the external 
oeeipital protuberance to the foramen magnum. On eaeh side, an infe- 
rior nuchal line spreads laterally from the midpoint of the erest. 

The internal surface of the squamous part is divided into four deep 
fossae by an irregular internal oeeipital protuberance and by ridged 
sagittal and horizontal extensions from the protuberance. The two supe- 
rior fossae are triangular and adapted to the oeeipital poles of the eere- 
712 bral hemispheres; the inferior fossae are quadrilateral and shaped to 



Fig. 43.5 Cutaneous lymphaties on the dorsum of the trunk. (With 
permission from Romanes GJ (ed) 1964 Cunningham’s Textbook of 
Anatomy, lOth edn. London: Oxford Llniversity Press.) 


aeeommodate the eerebellar hemispheres. A wide groove with raised 
banks, the superior sagittal sulcus, aseends from the protuberance to 
the superior angle of the squamous part. The posterior part of the falx 
eerebri is attaehed to the margins of the sulcus. A prominent internal 
oeeipital erest deseends from the protuberance and bifhreates near the 
foramen magnum, and provides an attaehment for the falx eerebelli. 
The oeeipital sinus, sometimes double, lies in this attaehment. A small 
vermian fossa may exist at the lower end of the internal oeeipital erest; 
when present, it is occupied by part of the inferior eerebellar vermis. 
On eaeh side, a wide sulcus for the transverse sinus extends laterally 
from the internal oeeipital protuberance; the tentorium eerebelli is 
attaehed to the margins of these sulci. The right sulcus is usually larger 
than the left, and passes into the sulcus for the superior sagittal sinus, 
whereas the left usually reeeives the straight sinus. The position of the 
eonfhienee of the sinuses is indieated by a depression on one side of 
the protuberance. 

The position of the fetal posterior fontanelle eoineides with the 
junction between the superior angle of the squamous part of the oeeipi- 
tal bone and the oeeipital angle of the parietal bone on either side. The 
lateral angles of the squamous part are marked internally by the ends 
of the transverse sulci and projeet between the parietal and temporal 
bones. The lambdoid borders extend from superior to lateral angles and 
are serrated for articulation with the oeeipital borders of the parietal 
bones at the lambdoid suture. The mastoid borders extend from the 
lateral angles to the jugular proeesses, articulating with the mastoid 
parts of the temporal bones. A variety of sutural bones (ossieles) may 
occur at or near the lambda, e.g. the 'interparietal' (inea bone or ossiele 
of Goethe). 

MllSde attaehments The oeeipital part of oeeipitofrontalis is 
attaehed to the lateral part of the highest nuchal line (see Fig. 43.7 C). 
Trapezms attaehes to the medial third of the superior nuchal line and 
to the external oeeipital protuberance. Sternoeleidomastoid attaehes to 
the lateral half of the superior nuchal line, with splenms eapitis just 
below the lateral third of that line. Semispinalis eapitis is attaehed to 
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Quadratus lumborum 


Transverse proeess of lumbar vertebra 


-Thoracolumbar faseia, posterior layer 


Thoracolumbar faseia, middle layer 


-E reetor spinae 

-Lateral raphe 

Thoracolumbar faseia, 

anterior layer 

Latissimus dorsi 


■Transversus abdominis 

-Internal oblique 

-External oblique 


Fig. 43.6 Muscles and faseiae of 
the posterior abdominal wall. 


the medial part of the area between the superior and inferior nuchal 
lines; obliquus eapitis superior attaehes to the lateral part of this area. 
Rectus eapitis posterior major attaehes to the lateral part of the inferior 
nuchal line and to the bone immediately below, and rectus eapitis 
posterior minor attaehes to the medial part of the inferior nuchal line 
and to the bone between that line and the foramen magnum. 

Basilar part 


The basilar part extends anterosuperiorly from the foramen magnum. 
In young sloills, it presents a rough and uneven surface where it is 
joined to the body of the sphenoid by a growth eartilage (spheno- 
oeeipital synehondrosis). This plate has fully ossified by the twenty-fifth 
year, at which time the oeeipital and sphenoid bones are fiised. 

The inferior surface bears a small pharyngeal tnberele, about 1 em 
in front of the foramen magnum, which gives attaehment to the fibrous 
pharyngeal raphe. A small depression immediately anterior to the 
oeeipital eondyle may oeeasionally be replaeed by a small preeondylar 
tubercle. The anterior atlanto-oeeipital membrane is attaehed to the 
anterior margin of the foramen magnum. 

The superior surface has the form of a broad groove that slopes 
upwards and forwards from the foramen magnum, direetly into the 
basilar part of the sphenoid; together, these bones form the clivus. The 
lateral margins articulate below with the petrous part of the temporal 
bones. 

Muscle attaehments Longus eapitis is attaehed anterolateral to the 
pharyngeal tubercle, and rectus eapitis anterior is attaehed to the small 
depression anterior to the oeeipital eondyle (see Fig. 43.7C). 

Lateral (eondylar) parts 


The lateral (eondylar) parts of the oeeipital bone flank the foramen 
magnum. On their inferior surfaces are oeeipital eondyles for articula- 
tion with the superior articular faeets of the atlas vertebra. The eondyles 
are oval or reniform, their long axes eonverging anteromedially. The 
artiailar surfaces, wholly convex, faee inferolaterally. They are oeeasion- 
ally eonstrieted and a eondyle may be in two parts (as may be the 
reeiproeal surfaces of the atlas vertebra). A tubercle gives attaehment to 
an alar ligament medial to eaeh articular faeet. The hypoglossal (ante- 
rior eondylar) eanal, which is situated anteriorly above eaeh eondyle, 


starts internally a little above the anterolateral part of the foramen 
magnum and continues anterolaterally. It may be partly or wholly 
divided by a spicule of bone and transmits the hypoglossal nerve and 
a meningeal braneh of the aseending pharyngeal artery. A eondylar 
fossa, behind eaeh eondyle, fits the posterior margin of the superior 
faeet of the atlas vertebra in full extension of the skull. Its floor is some- 
times perforated by a posterior eondylar eanal for a sigmoid emissary 
vein. A quadrilateral plate, the jugular proeess, projeets laterally from 
the posterior half of eaeh eondyle, and contributes the posterior part of 
the jugular foramen. The jugular proeess is indented in front by a 
jugular noteh, which may be partly divided by a small intrajugular 
proeess projeeting anterolaterally. A paramastoid proeess sometimes 
projeets downwards and may even articulate with the transverse proeess 
of the atlas vertebra. Laterally, the jugular proeess has a rough quadri- 
lateral or triangular area that is joined to the jugular surface of the 
temporal bone by eartilage; it begins to ossiíy at around 25 years. 

An oval jugular tubercle overlies the hypoglossal eanal on the supe- 
rior surface of the oeeipital eondyle. Its posterior part often bears a 
shallow furrow for the glossopharyngeal, vagus and aeeessory nerves. A 
deep groove eontaining the end of the sigmoid sinus curves anteromedi- 
ally around a hook-shaped proeess to end at the jugular noteh. The 
posterior eondylar eanal opens into the posterior eranial fossa near the 
medial end of the groove. 

Muscle attaehments Rectus eapitis lateralis attaehes to a roughened 
area on the inferior surface of the jugular proeess (see Pig. 43.7C). 

Ossifieation 


Above the highest nuchal lines, the squamous part of the oeeipital bone 
is developed in a fibrous membrane and is ossified from two eentres 
(one on eaeh side) from about the seeond fetal month. This part of 
the oeeipital bone may remain separate as the interparietal bone. The 
remainder of the oeeipital bone is preformed in eartilage. Below the 
highest nuchal lines, the squamous part ossifies from two eentres 
that appear in about the seventh week and soon unite. The two eom- 
ponents of the squamous part unite in the third postnatal month but 
the line of their union is reeognizable at birth. The remainder of the 
eartilage of the oeeipital bone is ossified from five eentres: two eaeh for 
the lateral parts appear during the eighth week, and one for the basilar 
part appears around the sixth week. 
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External oeeipital protuberance Trapezius 



-Highest nuchal line 
■Superiornuchal line 

— Oeeipitofrontalis, 

oeeipital belly 

Sternoeleidomastoid 

— Splenius eapitis 


Hypoglossal eanal 
Pharyngeal tubercle 


Rectus eapitis posterior minor 


Semispinalis eapitis 


Obliquus superior 


Rectus eapitis 
posterior major 

Oondylar eanal 


Inferior nuchal line 


-External 

oeeipital erest 

J ugular proeess 

Oondylar fossa 
Oondyle 


Rectus eapitis lateralis 
Alar ligament- 

Rectus eapitis anterior 


Longus eapitis 


Fig. 43.7 The oeeipital bone. A, External surface. Key: 1, highest nuchal line; 
2, superior nuchal line; 3, inferior nuchal line; 4, hypoglossal eanal; 5, 
oeeipital eondyle; 6, external oeeipital protuberance; 7, lambdoid margin; 

8, squamous part; 9, external oeeipital erest; 10, eondylar eanal; 11, foramen 
magnum. B, Internal surface. Key: 1, lambdoid margin; 2, internal oeeipital 
protuberance at ‘confluence of sinuses’; 3, lateral angle; 4, mastoid margin; 
5, groove for sigmoid sinus; 6, jugular proeess; 7, jugular noteh; 8, groove 
for inferior petrosal sinus; 9, eerebral fossa; 10, groove for transverse sinus; 
11, internal oeeipital erest; 12, eerebellar fossa; 13, foramen magnum; 

14, jugular tubercle; 15, margin of basilar part for articulation with body of 
sphenoid. C, Muscle attaehments. (A and B, With permission from Berkovitz 
BKB, Moxham BJ 1994 Colour Atlas of the Skull. London: Mosby.) 



Llpper part of squama 


Line of union betvveen upper 
and lovver parts of squama 


Lovver part of squama 
Kerekring's eentre 


Lateral part 


Basilar part 


Fig. 43.8 The oeeipital bone of a newborn ehild, external surface. Parts of 
the chondrocranium that are still unossified are shown in blue. 


At birth, the oeeipital bone eonsists of four separate parts (Fig. 43.8) 
- a basilar part, two lateral parts and a squamous part - all joined by 
eartilage and forming a ring around the foramen magnum. The squa- 
mous and lateral parts fuse together from the seeond year. The lateral 
parts fuse with the basilar part during years three and four, but fhsion 
may be delayed until the seventh year. 


VERTEBRAL C0LUMN 


The vertebral column is a curved linkage of individual bones or verte- 
brae (Fig. 43.9). A continuous series of vertebral foramina mns through 
the articulated vertebrae posterior to their bodies, and eolleetively eon- 
stitutes the vertebral eanal, which transmits and proteets the spinal eord 
and nerve roots, their eoverings and vasculature (Fig. 43.10; see Fig. 
45.2). A series of paired lateral intervertebral foramina transmits the 
spinal nerves and their assoeiated vessels between adjaeent vertebrae. 
The linkages between the vertebrae include cartilaginous interbody 
joints and paired synovial faeet (zygapophysial) joints, together with a 
complex of ligaments and overlying muscles and faseiae. The imiseles 
direetly eoneerned with vertebral movements and attaehed to the 
column lie mainly posteriorly. Several large muscles producing major 
spinal movements lie distant from the column and without direet 
attaehment to it, e.g. the anterolateral abdominal wall musculature. 
Movements of the column and the muscles eoneerned are deseribed on 
page 745. The column as a whole reeeives its vascular supply and inner- 
vation aeeording to general anatomieal prineiples, which are eonsidered 
below. 

Vertebral column morphology is influenced externally by meehani- 
eal and environmental faetors and internally by genetie, metabolie and 
hormonal faetors. These all affeet its ability to reaet to the dynamie 
forees of everyday life, such as eompression, traetion and shear. These 
dynamie forees ean vary in magnitude and are imieh influenced by 
occupation, loeomotion and posture. 

The adult vertebral column usually eonsists of 33 vertebral seg- 
ments. Eaeh presaeral segment (except the fìrst two eervieal) is sepa- 
rated from its neighbour by a fibrocartilaginous intervertebral dise. The 
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Fig. 43.9 The vertebral column. A, Anterior aspeet. B, Posterior aspeet. C, Lateral aspeet. (With permission from VVasehke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


functions of the column are to support the tmnk, to proteet the spinal 
eord and nerves, and to provide attaehments for muscles. It is also an 
important site of haemopoiesis throughout life. Its total length in 
males is about 70 em and in females about 60 em. The intervertebral 
dises contribute about one-quarter of this length in young adults, 
though there is some diurnal variation in this contribution. Approxi- 
mately 8% of overall body length is accounted for by the eervieal 
spine, 20% by the thoraeie, 12% by the lumbar and 8% by the saero- 
eoeeygeal regions. Although the usual number of vertebrae is 7 eervi- 
eal, 12 thoraeie, 5 lumbar, 5 saeral and 4 eoeeygeal, this total is subject 
to frequent variability, and there have been reports of variation betvveen 
32 and 35 bones. The demareation of groups by their morphologieal 
eharaeteristies may be blurred: thus there may be thoraeie eostal faeets 
on the seventh eervieal vertebra, giving it the appearanee of an extra 
thoraeie vertebra; lumbar-like articular proeesses may be found on the 
lowest thoraeie vertebra; or the fifth lumbar vertebra may be wholly or 
partially ineorporated into the saemm. As a result of these ehanges in 
transition between vertebral types, there may be 23-25 mobile presae- 
ral vertebrae. 


Anterior aspeet 


The anterior aspeet of the column is formed by the anterior surfaces of 
the vertebral bodies and of the intervertebral dises (see Fig. 43.9 A). It 
has important anatomieal relations at all levels and should be eonsid- 
ered in continuity. It forms part of several elinieally signifieant junc- 
tional or transitional zones, including the prevertebral/retropharyngeal 
zone of the neek, the thoraeie inlet, the diaphragm and the pelvie inlet. 
The anterior aspeet of the column is eovered eentrally by the anterior 
longitudinal ligament, which forms a faseial plane with the prevertebral 
and endothoraeie faseia and with the subperitoneal areolar tissue of the 
posterior abdominal wall. infeetion and other pathologieal proeesses 
may spread along this faseial plane. 

Lateral aspeet 


The lateral aspeet of the vertebral column is arbitrarily separated from 
the posterior by articular proeesses in the eervieal and lumbar regions 
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Fig. 43.10 A sagittal magnetie resonanee (MR) image of the eervieal and upper thoraeie (A) and lovver thoraeie and lumbar (B) spine. 


134 dise 



and by transverse proeesses in the thoraeie region (see Fig. 43.9 C). 
Anteriorly, it is formed by the sides of vertebral bodies and interverte- 
bral dises. The oval intervertebral foramina, behind the bodies and 
between the pedieles, are smallest at the eervieal and upper thoraeie 
levels, and inerease progressively in size in the thoraeie and upper 
lumbar regions. The lumbosacral (L5/S1) intervertebral foramen is the 
smallest of the lumbar foramina (Fig. 43.11). The foramina permit 
communication between the lumen of the vertebral eanal and the para- 
vertebral soft tissues (a 'paravertebral spaee' is sometimes deseribed), 
which may be important in the spread of tumours and other pathologi- 
eal proeesses. The lateral aspeets of the column have important ana- 
tomieal relations, some of which vary eonsiderably between the two 
sides. 


Posterior aspeet 


The posterior aspeet of the column is formed by the posterior surfaces 
of the laminae and spinous proeesses, their assoeiated ligaments, and 
the faeet joints (see Fig. 43.9B). It is eovered by the deep muscles of the 
baek. 
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Structural defeets of the posterior 
bony elements 

Deformity and bony defieieney may occur at several sites within the 
posterior elements. The laminae may be wholly or partially absent, or 
the spinous proeess alone may be affeeted, with no abnormalities in 
the overlying soft tissues (spina bifida occulta). A defeet may occur 
in the bone that joins the superior and inferior articular proeesses 
(pars interarticularis): this eondition is spondylolysis, and may be 
developmental or result from acute or fatigue fracture. If such defeets 
are bilateral, the column beeomes unstable at that level, and forward 
displaeement of that part of the column above (eranial to) the defeets 
may occur: this is spondylolisthesis (Fig. 43.12). Abnormality of the 
laminar bone, or degenerative ehanges in the faeet joints, may also lead 
to similar displaeement in the absenee of pars defeets. The deformity 
of the vertebral eanal resulting from severe spondylolisthesis may lead 
to neural eompression and subsequent damage (Fig. 43.13). Much 
more rarely, bony defeets may occur elsewhere in the posterior ele- 
ments, e.g. in the pedieles. 

Detailed anatomieal relations of all aspeets of the vertebral column 
at the various levels are best appreeiated by the study of horizontal 
(axial) seetions and images (see Figs 43.47B and 43.72). 


Curvatures 


Embryonie and fetal curvatures 

The embryonie body appears flexed. It has primary thoraeie and pelvie 
curves, which are convex dorsally. Functional muscle development leads 
to the early appearanee of seeondary eervieal and lumbar spinal curva- 
tures in the sagittal plane. The eervieal curvature appears at the end of 
the embryonie period, and refleets the development of fimetion in the 
muscles responsible for head extension, an important eomponent of 
the grasp reflex' Radiographie examination of human fetuses aged from 
8 to 23 weeks shows that the seeondary eervieal curvature is almost 
always present. Lumbar flattening has also been identified as early as 
the eighth week. Ultrasound investigations support the role of move- 
ment in the development of these curvatures. The early appearanee of 
the seeondary curves is probably accentuated by postnatal muscular and 
nervous system development at a time when the vertebral column is 
highly flexible and is eapable of assuming almost any curvature. 

Neonatal curvatures 

In the neonate, the vertebral column has no fixed curvatures. It is par- 
ticularly flexible and, if disseeted free from the body, it ean easily be 
bent (flexed or extended) into a perfeet half-eirele. A slight saeral cur- 
vature ean be seen, which develops as the saeral vertebrae ossify and 
ffise. The thoraeie part of the column is the first to develop a relatively 
fixed curvature, which is eoneave anteriorly. An infant ean usually 
support its head at 3 or 4 months, sit upright at around 9 months, and 
will eommenee walking between 12 and 15 months. These fimetional 
ehanges exert a major influence on the development of the seeondary 
curvatures in the vertebral column and ehanges in the proportional size 
of the vertebrae, in particular in the lumbar region. The seeondary 
lumbar curvature beeomes important in maintaining the eentre of 
gravity of the tmnk over the legs when walking starts, and thus ehanges 
in body proportions exert a major infhienee on the subsequent shape 
of curvatures in the vertebral column. 

Adult curvatures 

In adults, the eervieal curve is a lordosis (convex forwards), and the least 
marked. It extends from the atlas to the seeond thoraeie vertebra, with 
its apex between the fourth and fifth eervieal vertebrae. Sexual dimor- 
phism has been deseribed in the eervieal curvatures. The thoraeie curve 
is a kyphosis (convex dorsally). It extends between the seeond and the 
eleventh and twelfth thoraeie vertebrae, and its apex lies between 
the sixth and ninth thoraeie vertebrae. This curvature is caused by the 
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Fig. 43.11 A sagittal MR image of the lumbar spine shovving the L5-S1 
intervertebral foramen (neuroforamen) and a pathologieally narrovved L4-5 
intervertebral foramen (arrovv). This narrovving, knovvn as lumbar foraminal 
stenosis, results in leg pain in an L4 sensory distribution. 



Fig. 43.12 A sagittal computed tomographie (CT) image of the lumbar 
spine shovving the left side of an isthmie spondylolisthesis resulting from 
bilateral fractures of the pars interarticularis (arrovv). 



Fig. 43.13 (A) Sagittal and (B) axial MR images of a degenerative 
spondylolisthesis at L4-5. This eondition is aeeompanied by massive 
superior articular faeet hypertrophy and subsequent eritieal eentral and 
lateral reeess stenosis (arrovvheads). 
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inereased posterior height of the thoraeie vertebral bodies. The liimbar 
curve is also a lordosis. It has a greater magnitude in females and 
extends from the twelfth thoraeie vertebra to the lumbosacral angle; 
there is an inereased convexity of the last three segments as a result of 
the greater anterior height of the intervertebral dises and some posterior 
wedging of the vertebral bodies. Its apex is at the level of the third 
lumbar vertebra. The pelvie curve is eoneave anteroinferiorly and 
involves the saemrn and eoeeygeal vertebrae. It extends from the lum- 
bosaeral junction to the apex of the coccyx. 

The presenee of these curvatures means that the eross-seetional 
profile of the tmnk ehanges with spinal level. The anteroposterior diam- 
eter of the thorax is much greater than that of the lower abdomen. In 
the normal vertebral eolnmn, there are well-marked curvatures in the 
sagittal plane and no lateral curvatures other than in the upper thoraeie 
region, where there is often a slight lateral curvature, convex to the right 
in right-handed persons, and to the left in the left-handed. Compensa- 
tory lateral curvature may also develop to eope with pelvie obliquity 
such as that imposed by inequality of leg length. The sagittal curvatures 
are present in the eervieaf thoraeie, lumbar and pelvie regions (see Fig. 
43.9). These curvatures have developed with rounding of the thorax and 
pelvis as an adaptation to bipedal gait. 

Vertebral column in the elderly 


In older people, age-related ehanges in the stmcture of bone lead to 
broadening and loss of height of the vertebral bodies. These ehanges 
are more severe in females. The bony ehanges in the vertebral column 
are aeeompanied by ehanges in the eollagen eontent of the dises and 
by deeline in the aetivity of the spinal muscles. This leads to progressive 
deeline in vertebral column mobility particularly in the lumbar spine. 
The development of a 'dowagers hump' in the mid-thoraeie region in 
females, caused by age-related osteoporosis, inereases the thoraeie 
kyphosis and eervieal lordosis. Overalf these ehanges in the vertebral 
column lead direetly to loss of total height in the individual. 

As dises desieeate, there is often a straightening of the eervieal spine 
and development of subsequent eervieal kyphosis. This, coupled with 
narrowing of the spinal eanaf ean lead to inereased risk of neurological 
damage of the eervieal spinal eord, in addition to pain. 

In mid-lumbar vertebrae, the width of the body inereases with age. 
In men there is a relative deerease of posterior to anterior body height, 
while in both sexes anterior height deereases relative to width. Twomey 
et al (1983) observed a reduction in bone density of lumbar vertebral 
bodies with age, prineipally as a result of a reduction in transverse 
trabeculae (more marked in females as a result of postmenopausal 
osteoporosis), which was assoeiated with inereased diameter and 
inereasing eoneavity in their juxtadiscal surfaces (end-plates). 

Other ehanges affeet the vertebral bodies. Osteophytes (bony spurs) 
may form from the eompaet eortieal bone on the anterior and lateral 
surfaces of the bodies. Although individual variations occur, these 
ehanges appear in most individuals from 20 years onwards. They are 
most eommon on the anterior aspeet of the body and never involve the 
ring epiphysis. Osteophytie spurs are frequently asymptomatie but may 
result in diminished movements within the spine. 

Vascular supply and lymphatie drainage 





Arteries 

The vertebral column, its eontents and its assoeiated soft tissues all 
reeeive their arterial supply from derivatives of dorsal branehes of the 
embryonie intersegmental somatie arteries (see Fig. 13.13). The named 
artery eoneerned depends on the level of the column. These interseg- 
mental vessels persist in the thoraeie and lumbar regions as the poste- 
rior intereostal and himbar arteries (Figs 43.14-43.16). In the eervieal 
and saeral regions, longitudinal anastomoses between the intersegmen- 
tal vessels persist as longitudinal vessels, which themselves give spinal 
branehes to the vertebral column. In the neek, the posteostal anasto- 
mosis beeomes most of the vertebral artery, while the post-transverse 
anastomosis forms most of the deep eervieal artery (Figs 43.17-43.19). 
The aseending eervieal artery and the lateral saeral artery are persistent 
parts of the preeostal anastomosis. 

In the thorax and abdomen, the primitive arterial pattern is retained 
by the paired branehes of the deseending aorta, which supply the ver- 
tebral column (Fig. 43.20A; see Fig. 43.14). On eaeh side, the main 
tmnk of the artery (posterior intereostal or lumbar) passes around the 
vertebral body, giving off primary periosteal and equatorial branehes to 
the body, and then a major dorsal braneh. The latter gives off a spinal 
braneh that enters the intervertebral foramen, before itself supplying 
the faeet joints, the posterior surfaces of the laminae and the overlying 
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Fig. 43.20 The arterial supply to the vertebrae and the eontents of the 
vertebral eanal. A, The branehing pattern of the lumbar segmental 
arteries. B, Arterial anastomoses between posteentral branehes of spinal 
arteries within the vertebral eanal. 


muscles and skin. There is free anastomosis between these dorsal articu- 
lar and soft tissue branehes, extending over several segments (Boelderl 
et al 2002, Crock and Yoshizawa 1976). At eervieal and saeral levels, the 
longitudinally mnning arteries deseribed above have direet spinal 
branehes. The spinal branehes are the main arteries of supply to all bony 
elements of the vertebrae and to the dura and epidural tissues, and also 
contribute to the supply of the spinal eord and nerve roots via radicular 
branehes. As they enter the vertebral eanal, the spinal arteries divide 
into posteentral, prelaminar and radicular branehes. The posteentral 
branehes, which are the main nutrient arteries to the vertebral bodies 
and to the periphery of the intervertebral dises, anastomose beneath the 
posterior longitudinal ligament with their fellows above and below, as 
well as aeross the midline (Fig. 43.20B). This anastomosis also supplies 
the anterior epidural tissues and dura. The majority of the vertebral 
areh, the posterior epidural tissues and dura, and the ligamentum 
flavum are supplied by the prelaminar branehes and their anastomotie 
plexus on the posterior wall of the vertebral eanal. (For fhrther reading 
on the arterial supply and venous drainage of the vertebral column and 
spinal eord, see Crock (1996) and Parke et al (2011).) 

Veins 

Veins of the vertebral column form intrieate plexuses along the entire 
column, external and internal to the vertebral eanal (Fig. 43.21) (Groen 
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Fig. 43.14 A vertieal radiograph of a seetion through T6 of a speeimen 
from a 6-year-old ehild injeeted with barium sulphate. The intereostal 
arteries (IA) give rise to dorsal branehes (DB) that provide spinal branehes 
to the vertebral eanal and posterior branehes to the areh and dorsal 
musculature. The posterior eentral branehes (PCB) are well shown as they 
send vessels into the vertebral body. Fine anterior eentral and anterior 
laminar and posterior laminar vessels ean be seen. Note the neurocentral 
synehondrosis. (With permission from Parke WW, Bono CM, Garfin SR 
2011 Applied anatomy of the spine. In: Herkowitz HN, Garfin SR, Eismont 
FJ, et al (eds) Rothman-Simeone The Spine, 6th edition. Saunders, 
Elsevier.) 



PCB 


Arm 


Fig. 43.15 An anteroposterior arteriogram of the lower thoraeie and upper 
lumbar vertebrae in a 6-year-old ehild injeeted with barium sulphate. The 
interloeking anastomotie pattern formed by the posterior eentral branehes 
(PCB) and the manner in which four branehes eonverge over the eentre of 
the dorsum of the body of eaeh vertebra are well shown. The arteria 
radicularis magna (Arm), which forms a major contribution to the anterior 
spinal artery of the eord, ean be seen arising at L2. (With permission from 
Parke WW, Bono CM, Garfin SR 2011 Applied anatomy of the spine. In: 
Herkowitz HN, Garfin SR, Eismont FJ, et al (eds) Rothman-Simeone The 
Spine, 6th edition. Saunders, Elsevier.) 


IA ACB 



Fig. 43.16 A vertieal radiograph of a seetion through a lumbar vertebra of 
a 6-year-old ehild injeeted with barium sulphate. The vascularity of the 
lumbar vertebra may be regarded as the arehetypal pattern from which 
other regions evolved variations. The segmental lumbar artery gives rise 
to numerous anterior eentral branehes (ACB) that penetrate the eortieal 
bone of the body. The spinal braneh (SB) sends prominent posterior 
eentral branehes (PCB) to the dorsum of the body, whereas the dorsal 
braneh (DB) supplies the anterior (ALB) and posterior (PLB) laminar 
branehes. Neural branehes (NB) follow the nerve roots to the eord. In this 
seetion, the arteria radicularis magna is seen as a neural braneh on the 
right side. Other abbreviations: IA, intereostal arteries; IB, intereostal 
branehes. (With permission from Parke WW, Bono CM, Garfin SR 2011 
Applied anatomy of the spine. In: Herkowitz HN, Garfin SR, Eismont FJ, 
et al (eds) Rothman-Simeone The Spine, 6th edition. Saunders, Elsevier.) 
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Fig. 43.17 A, The arterial supply to the bodies of the upper eervieal 
vertebrae and the odontoid proeess. Numerical designations apply to the 
same structures in B. Key: 1, meningeal artery in hypoglossal eanal; 

2, oeeipital artery; 3, apieal areade of odontoid proeess; 4, aseending 
pharyngeal artery giving eollateral braneh beneath anterior areh of atlas; 
5, posterior aseending artery; 6, anterior aseending artery; 7, preeentral 
and posteentral arteries to typieal eervieal vertebral body; 8, anterior 
spinal plexus; 9, medullary braneh of vertebral artery: radicular, 
prelaminar, and meningeal branehes are also found at eaeh level; 10, 
eollateral to aseending pharyngeal artery passing rostral to anterior areh 
of atlas; 11, left vertebral artery. (With permission from Parke WW, Bono 
CM, Garfin SR 2011 Applied anatomy of the spine. In: Herkovvitz HN, 
Garfin SR, Eismont FJ, et al (eds) Rothman-Simeone The Spine, 6th 
edition. Saunders, Elsevier.) 




Fig. 43.18 A vertieal radiograph of a seetion through the fourth eervieal 
vertebra of a 6-year-old ehild injeeted with barium sulphate. The deep 
eervieal artery (DC) provides the posterior laminar branehes (PLB). 
Vertebral arteries show numerous anastomoses with other eervieal 
arteries and send spinal branehes (SB) that form posterior eentral 
branehes (PCB) of the body and anterior laminar branehes of the areh. 
Anterior eentral branehes (ACB) may arise independently from the 
vertebral arteries (VA). (With permission from Parke WW, Bono CM, 
Garfin SR 2011 Applied anatomy of the spine. In: Herkowitz HN, Garfin 
SR, Eismont FJ, et al (eds) Rothman-Simeone The Spine, 6th edition. 
Saunders, Elsevier.) 



Fig. 43.19 An arteriogram of the eervieal and upper thoraeie regions of 
the 6-year-old spine seen in Figures 42.16 and 42.18. The vertebral artery 
(VA) and deep eervieal braneh (DC) of the eostoeervieal trunk (CC) supply 
segmental branehes to eaeh vertebra. The eostoeervieal artery also 
typieally supplies T1 and T2, but in this ease T2 reeeives a high 
intereostal (IC) braneh on the left side. (With permission from Parke WW, 
Bono CM, Garfin SR 2011 Applied anatomy of the spine. In: Herkowitz 
HN, Garfin SR, Eismont FJ, et al (eds) Rothman-Simeone The Spine, 6th 
edition. Saunders, Elsevier.) 
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Fig. 43.21 The venoiis drainage of the vertebral column. Note that the 
basivertebral vein is shovvn beneath (i.e. anterior to) the posterior 
longitudinal ligament. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. 
Copyright 2013.) 

et al 2004). Both groiips are devoid of valves, anastomose freely with 
eaeh other, and join the intervertebral veins. intereonneetions are 
widely established between these plexuses and longitudinal veins early 
in fetal life. When development is eomplete, the plexuses drain into the 
eaval and azygos/aseending lumbar systems via named veins that 
aeeompany the arteries deseribed above. 

The veins also communicate with eranial dural venous sinuses and 
with the deep veins of the neek and pelvis. The venous complexes 
assoeiated with the vertebral column ean dilate eonsiderably, and ean 
form alternative routes of venous return in patients with major venous 
obstmetion in the neek, ehest or abdomen. The absenee ofvalves allows 
pathways for the wide and sometimes paradoxical spread of malignant 
disease and sepsis. Pressure ehanges in the body eavities are transmitted 
through these venous plexuses and thus to the eerebrospinal fluid, 
though the eord itself may be proteeted from such eongestion by valves 
in the small veins that drain from the eord into the internal vertebral 
plexus. 

External vertebral venous plexuses 

The external vertebral venous plexuses are anterior and posterior. They 
anastomose freely and are most developed in the eervieal region. Ante- 
rior external plexuses are anterior to the vertebral bodies, communicate 
with basivertebral and intervertebral veins, and reeeive tributaries from 
vertebral bodies. Posterior external plexuses lie posterior to the vertebral 
laminae and around spines and transverse and articular proeesses. They 
anastomose with the internal plexuses and join the vertebraf posterior 
intereostal and lumbar veins. 

Internal vertebral venous plexuses 

The internal vertebral venous plexuses are embedded in epidural fat, 
supported by a network of collagenous fibres (Chaynes et al 1998). 
These thin-walled ehannels reeeive tributaries from the bones, red bone 
marrow and spinal eord. (For the venous drainage of the spinal eord, 
see p. 770 and fig. 45.14.) They form a denser network than the external 
plexuses and are arranged vertieally as four intereonneeting longitudi- 
nal vessels: two anterior and two posterior. 

The anterior internal plexuses are large plexiform veins on the pos- 
terior surfaces of the vertebral bodies and intervertebral dises. They 
flank the posterior longitudinal ligament, beneath which they are eon- 
neeted by transverse vessels into which the large basivertebral veins 
open. The posterior internal plexuses, on eaeh side in front of the ver- 
tebral arehes and ligamenta flava, anastomose with the posterior exter- 
nal plexuses via veins that pass through and between the ligaments. The 
internal plexuses intereonneet by venous rings near eaeh vertebra. 
718 Around the foramen magnum, they form a dense network eonneeting 


with vertebral veins, oeeipital and sigmoid sinuses, the basilar plexus, 
the venous plexus of the hypoglossal eanal and the eondylar emissary 
veins. 

Basivertebral veins 

The basivertebral veins are paired valveless veins that drain the pars 
spongiosa of the vertebral bodies into the internal and external verte- 
bral venous plexuses. In eaeh segment, they emerge horizontally from 
foramina in the vertebral bodies. Posteriorly they drain into the trans- 
verse branehes of the anterior internal vertebral plexuses. Anteriorly 
they drain direetly into the anterior external vertebral venous plexus. 
The basivertebral veins enlarge in advaneed age. 

Intervertebral veins 

Branehes of the anterior internal plexuses drain into retroeorporal veins 
that join the posterior internal venous plexuses to form intervertebral 
veins. As their name suggests, these veins aeeompany the spinal nerves 
through intervertebral foramina; they drain in craniocaudal sequence 
into the vertebraf posterior intereostaf lumbar and lateral saeral veins. 
llpper posterior intereostal veins may drain into the eaval system via 
braehioeephalie veins, whereas the lower intereostals drain into the 
azygos system. Lumbar veins are joined longitudinally in front of the 
transverse proeesses by the aseending lumbar veins, in which they may 
terminate. Alternatively they may proeeed around the vertebral bodies 
to drain into the inferior vena eava. Whether the basivertebral or 
intervertebral veins eontain effeetive valves is uncertain but experimen- 
tal evidenee strongly suggests that their blood flow ean be reversed 
(Batson 1957). This may explain how pelvie neoplasms, e.g. eareinoma 
of the prostate, may metastasize in vertebral bodies: the eells spread 
into the internal vertebral plexuses via their eonneetions with the pelvie 
veins when blood flow is temporarily reversed by raised intra-abdominal 
pressure or postural alterations (Pearee 2006). 

Lymphatìe drainage 

Little is known in detail about the lymphatie drainage of the vertebral 
column and its assoeiated soft tissues. In general, deep lymphatie 
vessels tend to follow the arteries. The eervieal vertebral column drains 
to deep eervieal nodes, the thoraeie to (posterior) intereostal nodes, and 
the lumbar column to lateral aortie and retro-aortie nodes. The pelvie 
part of the column drains to lateral saeral and internal iliae nodes. 

Innervation 


The innervation of the vertebral column and its assoeiated soft tissues 
has been studied in greatest detail in the lumbar region (see Fig. 43.61). 
The account given here relies particularly on the work of Bogduk 
(2005 , to whose textbook on the lumbosacral spine the interested 
reader is referred. See also the work of Groen et al (1990). 

Innervation is derived from the spinal nerves where they braneh, in 
and just beyond the intervertebral foramina. There is an input from the 
sympathetie system either via grey rami eomimmieantes or direetly from 
thoraeie sympathetie ganglia. The branehes of the spinal nerve eon- 
eerned are the dorsal ramus and the recurrent meningeal or sinuverte- 
bral nerves (usually more than one at eaeh level) (see Fig. 45.7). The 
dorsal ramus branehes to supply the faeet joints, periosteum of the 
posterior bony elements, overlying muscles and skin. The exact origin 
and branehing pattern of the simivertebral nerves is eontroversial, but 
they may be best eonsidered as recurrent branehes of the ventral rami. 
They reeeive the sympathetie input deseribed above, then re-enter the 
intervertebral foramina to supply the structures that form the walls of 
the vertebral eanal, the dura and epidural soft tissues. Their subsequent 
course is deseribed on page 767. 

VERTEBRAE: GENERAL FEATURES 


A typieal vertebra has a ventral body; a dorsal vertebral (neural) areh, 
extended by lever-like proeesses; and a vertebral foramen, which 
is occupied in life by the spinal eord, meninges and their vessels 

(Fig. 43.22). 

Opposed surfaces of adjaeent bodies are bound together by interver- 
tebral dises of fibroeartilage. The eomplete column of bodies and dises 
forms the strong but flexible eentral axis of the body and supports the 
full weight of the head and tmnk. It also transmits even greater forees 
generated by muscles attaehed to it direetly or indireetly. The foramina 
form a vertebral eanal for the spinal eord, and between adjoining neural 
arehes, near their junctions with vertebral bodies, intervertebral 
foramina transmit mixed spinal nerves, smaller recurrent nerves, and 
blood and lymphatie vessels. 
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Fig. 43.22 The fourth thoraeie vertebra, superior aspeet. Key: 1, bone 
derived from anular epiphysis; 2, vertebral body - bone derived from 
eentmm; 3, pediele; 4, superior articular faeet; 5, transverse proeess; 

6, spinous proeess; 7, vertebral body - bone derived from neural areh; 
8, vertebral foramen; 9, eostal faeet; 10, lamina. 
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Fig. 43.23 A median sagittal seetion through a lumbar vertebra. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


The eylindroid vertebral body varies in size, shape and proportions 
in different regions of the vertebral column. Its superior and inferior 
(diseal) surfaces vary in shape from approximately flat (but not parallel) 
to sellar, with a raised peripheral smooth zone, formed from an 'amilar' 
epiphysial dise, within which the surface is rough. These differenees in 
texture refleet variations in the early structure of intervertebral dises. In 
the horizontal plane, the profìles of most bodies are convex anteriorly, 
but eoneave posteriorly where they eomplete the vertebral foramen. 
Most sagittal profìles are eoneave anteriorly but flat posteriorly. Small 
vascular foramina appear on the front and sides, and posteriorly there 
are small arterial foramina and a large irregular orifìee (sometimes 
double) for the exit of basivertebral veins (Fig. 43.23). The adult verte- 
bral body is not coextensive with the developmental eentmm but 
includes parts of the neural areh posterolaterally. 

Viewed anteriorly, there is a cephalocaudal inerease in vertebral body 
width from the seeond eervieal to the third lumbar vertebra, which 
is assoeiated with an inereased load-bearing fhnetion. The inerease is 
linear in the neek but not in the thoraeie and lumbar regions. There is 
some variation in size of the last two lumbar bodies, but thereafter 
width diminishes rapidly to the eoeeygeal apex. In the two lowest 
lumbar vertebrae, there is an inverse relation between the areas of the 
upper and lower surfaces of the bodies and the size of the pedieles and 
transverse proeesses. 

On eaeh side, the vertebral areh has a vertieally narrower ventral part 
- the pediele - and a broader lamina dorsally. Paired transverse, supe- 
rior and inferior articular proeesses projeet from their junctions. There 
is a median dorsal spinous proeess. 

Pedieles are short, thiek, rounded dorsal projeetions from the supe- 
rior part of the body at the junction of its lateral and dorsal surfaces; 
the eoneavity formed by the curved superior border of the pediele is 


shallower than the inferior one (see Fig. 43.23). When vertebrae articu- 
late by the intervertebral dise and faeet joints, these adjaeent vertebral 
notehes contribute to an intervertebral foramen. The eomplete peri- 
meter of an intervertebral foramen eonsists of the notehes, the dorso- 
lateral aspeets of parts of adjaeent vertebral bodies and the intervening 
dise, and the capsule of the synovial faeet joint (see Fig. 43.25). The 
laminae are direetly continuous with the pedieles. They are vertieally 
flattened and curve dorsomedially. 

Lateral to the spinous proeesses, vertebral grooves eontain the deep 
dorsal muscles. At eervieal and lumbar levels, these grooves are shallow 
and mainly formed by laminae. In the thoraeie region, they are deeper, 
broader and formed by the laminae and transverse proeesses. The 
laminae are broad for the fìrst thoraeie vertebra and narrow for the 
seeond to seventh, then broaden again from the eighth to eleventh, but 
beeome narrow thereafter down to the third lumbar vertebra. 

The spinous proeess (vertebral spine) projeets dorsally and often 
caudally from the junction of the laminae. Spines vary eonsiderably in 
size, shape and direetion. They lie approximately in the median plane 
and projeet posteriorly, although in some individuals a minor deflee- 
tion of the proeesses to one side may be seen. The spines aet as levers 
for muscles that eontrol posture and aetive movements (flexion/ 
extension, lateral flexion and rotation) of the vertebral column. 

The paired superior and inferior articular proeesses (zygapophyses) 
arise from the vertebral areh at the pediculolaminar junctions. The 
superior proeesses projeet eranially, bearing dorsal faeets that may also 
have a lateral or medial inelination, depending on level. Inferior pro- 
eesses mn caudally with articular faeets direeted ventrally, again with a 
medial or lateral inelination that depends on vertebral level. Articular 
proeesses of adjoining vertebrae thus contribute to the synovial zygapo- 
physial or faeet joints, and form part of the posterior boundaries of the 
intervertebral foramina. These joints permit limited movement between 
vertebrae; mobility varies eonsiderably with vertebral level. 

Transverse proeesses projeet laterally from the pediculolaminar junc- 
tions as levers for muscles and ligaments, particularly those eoneerned 
in rotation and lateral flexion. In the eervieal region, the transverse 
proeesses are anterior to the articular proeesses, lateral to the pedieles 
and between the intervertebral foramina. In the thoraeie region, they 
are posterior to the pedieles, eonsiderably behind those of the eervieal 
and lumbar proeesses. In the lumbar region, the transverse proeesses 
are anterior to the artioilar proeesses, but posterior to the intervertebral 
foramina. There is eonsiderable regional variation in the stmcture and 
length of the transverse proeesses. In the eervieal region, the transverse 
proeess of the atlas is long and broad, which allows the rotator muscles 
maximum meehanieal advantage. Breadth varies little from the seeond 
to the sixth eervieal vertebra, but inereases in the seventh. In thoraeie 
vertebrae, the fìrst is widest, and breadth deereases to the twelfth, where 
the transverse elements are usually vestigial. The transverse proeesses 
beeome broader in the upper three lumbar vertebrae, and diminish in 
the fourth and fifth. The transverse proeess of the fifth lumbar vertebra 
is the most robust. It arises direetly from the body and pediele to allow 
for foree transmission to the pelvis through the iliolumbar ligament. 

The thoraeie transverse proeesses articulate with ribs, but at other 
levels the mature transverse proeess is a eomposite of a 'tme' transverse 
proeess and an ineorporated eostal element. Costal elements develop 
as basie parts of neural arehes in mammalian embryos, but beeome 
independent only as thoraeie ribs. Elsewhere, they remain less devel- 
oped and fuse with the 'transverse proeess' of deseriptive anatomy (see 
Fig. 44.11). 

Vertebrae are internally trabeoilar and have an external shell of 
eompaet bone perforated by vasoilar foramina (see Fig. 43.23). The 
shell is thin on the superior and inferior body surfaces but thieker in 
the areh and its proeesses. The trabeoilar interior eontains red bone 
marrow and one or two large ventrodorsal eanals that eontain the 
basivertebral veins. Pubertal adoleseents have higher trabecular bone 
density than prepubertal ehildren. 

Sexual dimorphism in vertebrae has reeeived little attention, but 
Taylor and Twomey (1984) have deseribed radiologieal differenees in 
adoleseent humans and have reported that female vertebral bodies have 
a lower ratio of width to depth. Vertebral body diameter has also been 
used as a basis for sex predietion in the analysis of skeletal material 
(MacFaughlin and Oldale 1992). 


Vertebral eanal 


The vertebral eanal (Fig. 43.24) extends from the foramen magnum to 
the saeral hiatus, and follows the vertebral curves. In the eervieal and 
lumbar regions, which exhibit free mobility, it is large and triangular, 
but in the thoraeie region, where movement is less, it is small and 
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circular. These differenees are matehed by variations in the diameter of 
the spinal eord and its enlargements. In the lumbar region, the vertebral 
eanal deereases gradually in size between L1 and L5, with a greater rela- 
tive width in the female. 

For elinieal purposes, it is useful to eonsider the vertebral eanal as 
having three zones. These are a eentral zone, between the medial 
margins of the faeet joints, and two lateral zones, beneath the faeet 
joints and entering the intervertebral foramina. Eaeh lateral zone, which 
passes into and just beyond the intervertebral foramen, ean be fiirther 
subdivided into subarticular (lateral reeess), foraminal and extraforami- 
nal regions (MaeNab and McCulloch 1990). The lateral zone thus 
deseribed forms the eanal of the spinal nerve (the radicular or 'root' 
eanal). The eentral zone of the eanal is a little narrower than the radio- 
logieal interpedicular distanee if the lateral reeess is eonsidered to be 
part of the radiailar eanal rather than part of the eentral zone. 

Spinal stenosis 

Narrowing (stenosis) of the vertebral eanal may occur at single or mul- 
tiple spinal levels, and mainly affeets the lumbar and eervieal regions. 
Stenosis may affeet the eentral eanal and the 'root eanals' either together 
or separately. There is a developmental form of the eondition that 
mainly affeets the eentral eanal but more eommonly the stenosis is 
degenerative, and results from intervertebral dise narrowing and osteo- 
arthritie ehanges in the faeet joints. This latter eombination is more 
likely to narrow the intervertebral foramen and the 'root eanal', even 
though the seetional profìle of the vertebral eanal in affeeted lumbar 
vertebrae typieally ehanges from the shape of a bell to that of a trefoil. 
The himbosaeral intervertebral foramen, which is normally the smallest 
in the region, is particularly liable to such stenosis. Severe spinal steno- 
sis may eompress the spinal eord and eompromise its arterial supply. 
More loealized 'root eanal' stenosis will present with the elinieal fea- 
tures of spinal nerve eompression, but without the tension signs that 
eharaeterize the stretehing of nerve roots over a prolapsed dise. isehae- 
mia of the nerves and roots may provoke more damage than the actual 
physieal eompression of the neural tissue. 

Intervertebral foramina 


Intervertebral foramina are the prineipal routes of entry to and exit from 
the vertebral eanal, and are elosely related to the main intervertebral 
articulations. (Minor routes occur between the median, often partly 
fused, margins of the ligamenta flava.) The same general arrangement 
applies throughout the vertebral column, between the axis and saemm, 
although there are some quantitative and stmctural regional variations. 
Because of their eonstmetion, eontents and susceptibilities to multiple 
disorders, the intervertebral foramina are loei of great biomeehanieal, 
fhnetional and elinieal signifìeanee. The speeializations eranial to the 
axis and at saeral levels are deseribed with the individual bones and 
artioalations. 

The boundaries of a generalized intervertebral foramen (Fig. 43.25) 
are, anteriorly, from above downwards, the posterolateral aspeet of the 
superior vertebral body, the posterolateral aspeet of the intervertebral 
symphysis (including the dise), and a small (variable) posterolateral 
part of the body of the inferior vertebra; superiorly, the eompaet bone 
of the deep arehed inferior vertebral noteh of the vertebra above; infe- 
riorly, the eompaet bone of the shallow superior vertebral noteh of the 
vertebra below; and posteriorly, a part of the ventral aspeet of the 
fibrous capsule of the faeet synovial joint. Cervical intervertebral 
foramina are distinet in having superior and inferior vertebral notehes 
of almost equal depth, which, in aeeord with the direetion of the 
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Fig. 43.25 The bomdaries of an intervertebral foramen. 


pedieles, faee anterolaterally. External to them, and oriented in the same 
direetion, is a transverse proeess. The thoraeie and lumbar intervertebral 
foramina faee laterally and their transverse proeesses are posterior. In 
addition, the anteroinferior boundaries of the fìrst to tenth thoraeie 
foramina are formed by the articulations of the head of a rib and the 
capsules of double synovial joints (with the demifaeets on adjaeent 
vertebrae and the intra-articular ligament between the costocapitular 
ridge and the intervertebral symphysis). Lumbar foramina lie between 
the two prineipal lines ofvertebral attaehment of psoas major. The walls 
of eaeh foramen are eovered throughout by fibrous tissue, which is in 
turn periosteal (though the presenee of a tme periosteum lining the 
vertebral eanal is eontroversial: Newell (1999)), periehondrial, anular 
and capsular. The more lateral parts of the foramina may be erossed at 
a variable level by narrow fibrous bands, the transforaminal ligaments 
(for detail of these ligaments, see Bogduk (2005)). The tme foramen is 
the foraminal region of the eanal of the spinal nerve (the radioilar or 
'root' eanal). A foramen eontains a segmental mixed spinal nerve and 
its sheaths, from two to four recurrent meningeal (sinuvertebral) nerves, 
variable numbers of spinal arteries, and plexiform venous eonneetions 
between the internal and external vertebral venous plexuses. These 
stmctures, particularly the nerves, may be affeeted by trauma or one of 
the many disorders that may affeet tissues bordering the foramen. In 
particular, nerve eompression and irritation may be caused by interver- 
tebral dise prolapse, or by bony entrapment as the size of the foramen 
deereases (Fig. 43.26). This deerease may result from faeet joint osteo- 
arthritis, osteophyte formation, dise degeneration and degenerative 
spondylolisthesis, all of which may lead to lateral or foraminal spinal 
stenosis. 



CERVICAL VERTEBRAE 


The eervieal vertebrae (Figs 43.27-43.28) are the smallest of the move- 
able vertebrae, and are eharaeterized by a foramen in eaeh transverse 
proeess. The first, seeond and seventh have speeial features and will be 
eonsidered separately. The third, fourth and fifth eervieal are almost 
identieal, and the sixth, while typieal in its general features, has minor 
distinguishing features. 

Typieal eervieal vertebra 


A typieal eervieal vertebra (Figs 43.29-43.30) has a small, relatively 
broad vertebral body. The pedieles projeet posterolaterally and the 
longer laminae posteromedially, enelosing a large, roughly triangular 
vertebral foramen; the vertebral eanal here aeeommodates the eervieal 
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Fig. 43.27 The eervieal vertebrae (anterior aspeet). 
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A B C 

Fig. 43.24 The vertebral eanal in seetion. A, Sagittal view. B, Transverse 
(axial) view. C, Coronal view. Abbreviation: FM, foramen magnum. 



Fig. 43.26 Markedly reduced L3-4 foraminal volume seeondary to 
advaneed dise degeneration resulting in bony neural entrapment of the L3 
nerve (arrow). 
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Fig. 43.28 A lateral radiograph of the eervieal spine. Key: 1, C1 posterior 
tiiberele; 2, C2 spinous proeess; 3, C3 inferior articular proeess; 4, C4 
lamina; 5, C6 superior articular faeet; 6, C6/7 faeet (zygapophyseal) joint. 
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Fig. 43.29 The fourth eervieal vertebra, superior aspeet. Key: 1, body; 

2, posterior tubercle of transverse proeess; 3, pediele; 4, lamina; 5, bifid 
spinous proeess; 6, anterior tubercle of transverse proeess; 7, foramen 
transversarium; 8, superior articular faeet; 9, vertebral foramen. 




Fig. 43.30 The fourth eervieal vertebra, lateral aspeet. Key: 1, uncinate 
proeess; 2, body; 3, anterior tubercle of transverse proeess; 4, posterior 
tubercle of transverse proeess; 5, superior articular proeess; 6, lateral 
mass; 7, lamina; 8, spinous proeess; 9, inferior articular proeess. 


enlargement of the spinal eord. The pedieles attaeh midway between 
the diseal surfaces of the vertebral body, so the superior and inferior 
vertebral notehes are of similar depth. The laminae are thin and slightly 
curved, with a thin superior and slightly thieker inferior border. The 
spinous proeess ('spine') is short and bifid, with two tubercles that are 
often unequal in size. The junction between lamina and pediele bulges 
laterally between the superior and inferior articular proeesses to form 
an articular pillar ('lateral mass') on eaeh side. The transverse proeess 
is morphologieally eomposite around the foramen transversarium. Its 
dorsal and ventral bars terminate laterally as eorresponding tubercles. 

The tubercles are eonneeted, lateral to the foramen, by the eostal (or 
intertubercular) lamella; these three elements represent morphologi- 
eally the eapitellnm, tubercle and neek of a eervieal eostal element (see 
Fig. 44.11). The attaehment of the dorsal bar to the pediculolaminar 
junction represents the morphologieal transverse proeess, and the 
attaehment of the ventral bar to the ventral body represents the eapitel- 
lar proeess. In all but the seventh eervieal vertebra, the foramen trans- 
versarium normally transmits the vertebral artery and vein and a braneh 
from the eervieothoraeie ganglion (vertebral nerve). 

The vertebral body has a convex anterior surface. The diseal margin 
gives attaehment to the anterior longitudinal ligament. The posterior 
surface is flat or minimally eoneave, and its diseal margins give attaeh- 
ment to the posterior longitudinal ligament. The eentral area displays 
several vascular foramina, of which two are eommonly relatively larger. 
These are the basivertebral foramina, which transmit basivertebral veins 
to the anterior internal vertebral plexus. The superior diseal surface is 
saddle-shaped, formed by flange-like lips, uncinate proeesses, which 
arise from most of the lateral circumference of the upper margin of the 
vertebral body. llneinate proeesses are mdimentary at birth and are 
usually found on the third to seventh eervieal vertebra in the adult. The 
uncinate proeesses on the vertebra below articulate with the eorre- 
sponding bevelled surfaces on the inferior aspeet of the vertebra above. 
Whether uncovertebral joints are synovial joints has proved eontrover- 
sial sinee their deseription by von Luschka in 1858 ; the demonstration 
of synovioeytes in the lateral joint capsule tissue of elderly uncoverte- 
bral joints suggests that they should be regarded as synovial joints 
(Hartman 2014) (see Fig. 43.59). The inferior diseal surface is also 
eoneave; the eoneavity is produced mainly by a broad projeetion from 
the anterior margin, which partly overlaps the anterior surface of the 
intervertebral dise. The diseal surfaces of eervieal vertebrae are so shaped 
in order to restriet both lateral and anteroposterior gliding movements 
during articulation. The paired ligamenta flava extend from the superior 
border of eaeh lamina below to the roughened inferior half of the 
anterior surfaces of the lamina above. The superior part of the anterior 
surface of eaeh lamina is smooth, like the immediately adjaeent surfaces 
of the pedieles, which are usually in direet eontaet with the dura mater 
and eervieal root sheaths to which they may beeome loosely attaehed. 

The spinous proeess of the sixth eervieal vertebra is larger and is often 
not bifid. 

The superior articular faeets, flat and ovoid, are direeted superopos- 
teriorly whereas the eorresponding inferior faeets are direeted mainly 
anteriorly, and lie nearer the eoronal plane than the superior faeets. In 
ehildren, faeet joint angle deereases until 10 years of age and remains 
unchanged thereafter (Kasai et al 1996). The dorsal rami of the eervieal 
spinal nerves curve posteriorly, elose to the anterolateral aspeets of the 
lateral masses, and may actually lie in shallow grooves, espeeially on 
the third and fourth pairs. The dorsal root ganglion of eaeh eervieal 
spinal nerve lies between the superior and inferior vertebral notehes of 
adjaeent vertebrae. The large anterior ramus passes posterior to the 
vertebral artery which lies on the eoneave upper surface of the eostal 
lamella; the eoneavity of the lamellae inereases from the fourth to the 
sixth vertebra. The fourth to sixth anterior tubercles are elongated and 
rough for muscle attaehment. The sixth, the earotid tubercle of Chas- ,— 
saignae, is the longest (Fig. 43.31). The earotid artery ean be foreibly osj 
eompressed in the groove formed by the vertebral bodies and the larger 
anterior tubercles, espeeially the sixth. The posterior tubercles are 
rounded and more laterally plaeed than the anterior, and all but the 
sixth are also more caudal; the sixth is at about the same level as the 
anterior. 


Muscle attaehments The ligamentum nuchae and numerous deep 
extensors, including semispinalis thoraeis and eervieis, multifidus, spi- 
nales and interspinales, are all attaehed to the spinous proeesses. Tendi- 
nous slips of scalenus anterior, longus eapitis and longus eolli are 
attaehed to the fourth to sixth anterior tubercles. Splenius, longissimus 
and ilioeostalis eervieis, levator scapulae and scalenus posterior and 
medius are all attaehed to the posterior tubercles. Shallow anterolateral 
depressions on the anterior surface of the body lodge the vertieal parts 
of the longus eolli. 
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Fig. 43.31 An axial CT showing the earotid tubercle of Chassaignac 
(arrow). This bony landmark is useful for identifieation of the C6 vertebra 
by palpation. Also note the bifid spinous proeess of C6. 
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Fig. 43.32 The first eervieal vertebra (atlas), superior aspeet. Key: 

1, anterior tubercle; 2, anterior areh; 3, outline of dens; 4, superior 
articular faeet, on lateral mass (bipartite faeet in this speeimen); 5, outline 
of transverse ligament; 6, groove for vertebral artery and C1 (beneath 
bony overhang from lateral mass here); 7, posterior areh; 8, transverse 
proeess; 9, foramen transversarium; 10, vertebral foramen; 11, posterior 
tubercle. 


Ossifieation eervieal vertebrae ossify aeeording to the standard ver- 
tebral pattern deseribed on page 756. ineomplete segmentation ('bloek 
vertebra') is eommon in the eervieal spine and most eommonly involves 
the axis and third eervieal vertebra. There is a general caudal to eranial 
gradient in the growth of ossifieation eentres and closure of synehon- 
droses in the atlas and axis (Karwacki and Sehneider 2012). 



Fig. 43.34 Ossifieation in the vertebral column. A, The atlas. B, The axis. 
C, Lumbar vertebra. 


Atlas, C1 
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The atlas, the first eervieal vertebra (Fig. 43.32), supports the head. It 
is unique in that it fails to ineorporate a eentmm, whose expected posi- 
tion is occupied by the dens, a eranial protuberance from the axis. The 
atlas eonsists of two lateral masses eonneeted by a short anterior and a 
longer posterior areh. The transverse ligament retains the dens against 
the anterior areh. 

The transverse ligament divides the vertebral eanal into two eompart- 
ments (Fig. 43.33). The anterior third (approximately) of the eanal is 
occupied by the dens. The posterior eompartment is occupied by the 
spinal eord and its eoverings, and the eord itself takes up about half of 
this spaee (i.e. the eord, like the dens, occupies one-third of the eanal). 

The anterior areh is slightly convex anteriorly, and earries a rough- 
ened anterior tubercle to which is attaehed the anterior longitudinal 
ligament (which is eylindrieal at this level). Its upper and lower borders 
provide attaehment for the anterior atlanto-oeeipital membrane and 
diverging lateral parts of the anterior longitudinal ligament. The poste- 
rior surface of the anterior areh earries a eoneave, almost circular, faeet 
for the dens. 

The lateral masses are ovoid, their long axes eonverging anteriorly. 
Eaeh bears a kidney-shaped superior articular faeet for the respeetive 
oeeipital eondyle, which is sometimes eompletely divided into a larger 
anterior and a smaller posterior part (Lang 1986). The inferior articular 
faeet of the lateral mass is almost circular and is flat or slightly eoneave. 
It is orientated more obliquely to the transverse plane than the superior 
faeet, and faees more medially and very slightly backwards. On the 
medial surface of eaeh lateral mass is a roughened area that bears vas- 
cular foramina and a tubercle for attaehment of the transverse ligament. 
In adults, the distanee between these tubercles is shorter than the trans- 
verse ligament itself, with a mean value of approximately 16 mm. 

The posterior areh forms three-fifths of the circumference of the 
atlantal ring. The superior surface bears a wide groove for the vertebral 
artery and venous plexus immediately behind, and is variably overhung 
by the lateral mass; the first eervieal nerve intervenes. The flange-like 
superior border gives attaehment to the posterior atlanto-oeeipital 
membrane, and the flatter inferior border to the highest pair of liga- 
menta flava. The posterior tubercle is a mdimentary spinous proeess, 
roughened for attaehment of the ligamentum nuchae. 

The transverse proeesses are longer than those of all eervieal verte- 
brae except the seventh (see Fig. 43.27). They aet as strong levers for 
the muscles that make fine adjustments to keep the head balaneed. 
Maximum atlantal width varies from 74 to 95 mm in males and 65 to 
76 mm in females, and this affords a useful eriterion for assessing sex 
in human remains. The apex of the transverse proeess, which is usually 
broad, flat and palpable between the mastoid proeess and ramus of the 
mandible, is homologous with the posterior tubercle of typieal eervieal 


vertebrae; the remaining part of the transverse proeess eonsists of the 
eostal lamella. A small anterior tubercle is sometimes visible on the 
anterior aspeet of the lateral mass. The eostal lamella is sometimes 
defieient, which leaves the foramen transversarium open anteriorly. 

MllSde attaehments The superior oblique parts of longus eolli are 
attaehed on eaeh side of the anterior tubercle. The anterior surface of 
the lateral mass gives attaehment to rectus eapitis anterior. Rectus eapitis 
posterior minor is attaehed just lateral to the posterior tubercle. Rectus 
eapitis lateralis is attaehed to the transverse proeess superiorly, and 
obliquus eapitis superior is loeated more posteriorly. Obliquus eapitis 
inferior is attaehed laterally on the apex, below which are slips of levator 
scapulae, splenius eervieis and scalenus medius. 


Ossifieation The atlas is eommonly ossified from three eentres (Fig. 
43.34). One appears in eaeh lateral mass at about the seventh week, 
gradually extending into the posterior areh where they unite between 
the third and fourth years, usually direetly but oeeasionally through a 
separate eentre. At birth, the anterior areh is fibrocartilaginous, and a 
separate eentre appears about the end of the first year. This unites with 
the lateral masses between the sixth and eighth years, the lines of union 
extending aeross anterior parts of the superior articular faeets. Oeeasion- 
ally, the anterior areh is formed by the extension and ultimate union 
of eentres in the lateral masses and sometimes from two lateral eentres 
in the areh itself. 

The eentral part of the posterior areh may be absent and replaeed by 
fibrous tissue. Frequently, bony spurs arise from the anterior and pos- 
terior margins of the groove for the vertebral artery. These are sometimes 
referred to as pontieles; they oeeasionally eonvert the groove into a 
foramen, the arcuate foramen or posticus ponticus (Fig. 43.35), which 
may inerease the risk of injury to the vertebral artery in surgical proee- 
dures involvingthe C1 areh (Klimo et al 2007). More often, the foramen 
is ineomplete superiorly. Rarely, the atlas may be wholly or partially 
assimilated into (fhsed with) the occiput. 



Axis, C2 


The axis, the seeond eervieal vertebra (Figs 43.36-43.37), aets as an axle 
for rotation of the atlas and head around the strong dens (odontoid 
proeess), which projeets eranially from the superior surface of the body. 

The dens is eonieal in shape with a mean length of 15 mm in adults. 
It may be tilted a little, up to 14°, posteriorly or, less often, anteriorly 
on the body of the axis; it may also tilt laterally up to 10 0 . The posterior 
surface bears a broad groove for the transverse ligament, which is 
eovered in eartilage. The apex is pointed, and from this point arises 
the apieal ligament. The alar ligaments are attaehed to the somewhat 
flattened posterolateral surfaces above the groove for the transverse 
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Fig. 43.35 A lateral eervieal radiograph demonstrating a posterior pontiele 
that forms the roof of a trnnel over the vertebral artery (arrow). 
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Fig. 43.36 The seeond eervieal vertebra (axis), superior aspeet. Key: 

1, dens - attaehment of apieal ligament; 2, superior articular faeet on 
lateral mass; 3, dens - attaehments of alar ligaments; 4, foramen 
transversarium; 5, pediele; 6, spinous proeess; 7, body; 8, transverse 
proeess; 9, vertebral foramen; 10, inferior articular proeess; 11, lamina. 



Fig. 43.37 The seeond eervieal vertebra (axis), lateral aspeet. Key: 

1, dens - attaehment of alar ligament; 2, faeet for anterior areh of atlas; 
3, groove for transverse ligament of atlas; 4, superior articular faeet; 

5, lateral mass; 6, divergent foramen transversarium; 7, body; 8, ventral 
lip of body; 9, lamina; 10, spinous proeess; 11, inferior articular faeet; 
12, transverse proeess. 


ligament. The anterior surface bears an ovoid articular faeet for the 
anterior areh of the atlas, and the surface is pitted by many vascular 
foramina, which are most numerous near the apex. 

The body eonsists of less eompaet bone than the dens. It is eompos- 
ite, and eonsists of the partly fused eentra of the atlas and axis, and a 
mdimentary dise (synehondrosis) between them, which usually remains 
deteetable deep within the body of the axis throughout life. Large ovoid 
articular faeets are present on either side of the dens at the junction of 
the body and neural areh; they are flat or slightly convex for articulation 
with the masses of the atlas. The faeets lie in a plane anterior to the 
plane of the intereentral (Luschka) articulations, with which they are, 
in part, homologous. The somewhat triangular, downward-projecting 
anterior border gives attaehment to the anterior longitudinal ligament. 
Posteriorly, the lower border reeeives the posterior longitudinal liga- 
ment and the membrana teetoria. 

The pedieles are stout, and the superior surface earries part of the 
superior articular faeet, which also projeets laterally and downwards on 
to the transverse proeess. The anterolateral surface is deeply grooved by 
the vertebral artery, mnning beneath the thin lateral part of the inferior 
surface of the superior articular faeet, which ean beeome quite thin. The 
inferior surface of eaeh pediele bears a deep, smooth inferior interver- 


tebral noteh, in which the large root sheath of the third eervieal nerve 
lies. The interarticular part of the pediele is short and lies between the 
relatively small inferior posterior articular proeess (which is loeated at 
the pediculolaminar junction and bears a small anteriorly faeing faeet) 
and the superior articular surface. 

The transverse proeess is pointed, projeets inferiorly and laterally, 
and arises from the pediailolaminar junction and the lateral aspeet of 
the interarticular area of the pediele. The rounded tip is homologous 
with the posterior tubercle of a typieal eervieal vertebrae. The foramen 
transversarium is direeted laterally as the vertebral artery turns abmptly 
laterally under the superior articular faeet. Small anterior tubercles may 
be present near the junction of the eostal lamella with the body. 

The laminae are thiek and give attaehment to the ligamenta flava. 

The spinous proeess is large, with a bifid tip and a broad base, which 
is eoneave inferiorly. The ligamentum nuchae is attaehed to the apieal 
noteh. 


MllSde attaehments The anterior surface of the body earries a deep 
depression on eaeh side for the attaehment of the vertieal part of longus 
eolli. Levator scapulae, sealemis medius and splenius eervieis are all 
attaehed to the tips of the transverse proeesses, and the intertransverse 
muscles are attaehed to their upper and lower surfaces. The lateral sur- 
faees of the spinous proeess give origin to obliquus eapitis inferior, and 
rectus posterior major is attaehed a little more posteriorly. The inferior 
eoneavity of the proeess reeeives semispinalis and spinalis eervieis, mul- 
tifidus more deeply, and the interspinales near the apex. 


Arterial SLipply Small branehes arise mainly from the vertebral artery 
at the level of the intervertebral foramen for the third eervieal nerve and 
form paired anterior and posterior longitudinal ehannels, branehes of 
which enter the dens near the base and near the apex. The anterior 
ehannel also reeeives numerous twigs from nearby branehes of the 
external earotid artery via branehes to longus eolli and the ligaments of 
the apex; henee avascular neerosis does not occur after fracture of the 
base of the dens. 


Ossif ieation The axis is ossified from five primary and two seeondary 
eentres (see Fig. 43.34). The vertebral areh has two primary eentres and 
the eentmm one, as in a typieal vertebra. The former appear at about 
the seventh or eighth week, and that for the eentmm at about the fourth 
or fifth month. The dens is largely ossified from bilateral eentres, 
appearing at about the sixth month and joining before birth to form a 
eonieal mass, deeply eleft above by eartilage. This cuneiform eartilage 
forms the apex of the odontoid proeess. A eentre appears in it which 
shows eonsiderable individual variation in both time of appearanee and 
time of fhsion to the rest of the dens; it most often appears between 
five and eight years, but sometimes even later, fhsing with the main 
mass in about the twelfth year. The eartilage was thought to be part of 
the eranial selerotomal half of the first eervieal segment or pro-atlas. It 
has also been suggested that the apieal eentre for the dens is itself 
derived from the pro-atlas, which may also contribute to lateral atlantal 
masses. The dens is separated from the body by a cartilaginous dise, the 
circumference of which ossifies while its eentre remains cartilaginous 
until old age; possible mdiments of adjaeent epiphyses of atlas and axis 
may occur in the dise. A thin epiphysial plate is formed inferior to the 
body around puberty. 

Ossifieation may sometimes be ineomplete. Thus the apieal cunei- 
form eentre may fail to fuse with the dens, or the dens itself may fail 
to fhse with the body, instead forming an os odontoideum (Fig. 43.38). 
This is likely to result from minor trauma in early ehildhood causing 
dismption of the developing dens rather than being a eongenital failure 
(Klimo et al 2007). Interposition of the transverse ligament may prevent 
union of fractures through the base of the dens (Fig. 43.39). Hypoplasia 
of the dens is usually aeeompanied by atlanto-oeeipital assimilation 
and basilar invagination. Abnormalities of the dens are eommon, and 
ean result in atlanto-axial subluxation. In some skeletal dysplasias there 
is abnormal ossifieation in which the dens ossifies separately and much 
later than the atlantal eentmm. This is probably a result of abnormal 
mobility in the cartilaginous anlage, and normal ossifieation may be 
restored if motion is prevented by surgical fhsion. 



Seventh eervieal vertebra, vertebra 
prominens, C7 


The seventh eervieal vertebra, the vertebra prominens (Fig. 43.40), has 
a long spinous proeess that is visible at the lower end of the nuchal 
furrow. It ends in a prominent tubercle for the attaehment of the 
ligamentum nuchae and the muscles detailed below. The thiek and 723 


chapter 43 

































Baek 



Fig. 43.38 A sagittal CT sean reeonstmeted image demonstrating an os 
odontoideum (arrow). 



Fig. 43.39 A sagittal CT sean reeonstmeted image of a type II odontoid 
fracture (arrow). These fractures involve the base of the dens and have a 
high non-union rate. 
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Fig. 43.40 The seventh eervieal vertebra, superior aspeet. Key: 1, body; 

2, superior articular faeet; 3, inferior articular proeess; 4, spinous proeess; 
5, uncinate proeess; 6, foramen transversarium (foramina are 
asymmetrieal in this speeimen); 7, transverse proeess; 8, pediele; 

9, vertebral foramen; 10, lamina. 


prominent transverse proeesses lie behind and lateral to the foramina 
transversaria. The latter transmit vertebral veins but not the vertebral 
artery, and eaeh is often divided by a bony spicule. The eostal lamella 
is relatively thin and may be partly defieient. It is grooved superiorly 
for the anterior ramus of the seventh eervieal nerve and usually earries 
a small and inconspicuous anterior tubercle. The posterior tubercle is 
prominent. The suprapleural membrane is attaehed to the anterior 
border of the transverse proeess. 

The eostal lamella of the transverse proeess may be separate as a 
eervieal rib. The foramina transversaria may be asymmetrieal; some- 
times one is absent if the eostal lamella is undeveloped. 

Muscle attaehments Trapezms, spinalis eapitis, semispinalis tho- 
raeis, multifidus and interspinales all attaeh to the tubercle of the 
spinous proeess. The anterior border of the transverse proeess reeeives 
the attaehment of scalenus minimus (pleuralis), when present. The first 
pair of levatores eostamm is attaehed to the transverse proeesses. 

Ossif ieation Ossifie eentres for the eostal proeesses appear about the 
sixth month and join the body and transverse proeesses between the 
fifth and sixth years; they may remain separate and grow anterolaterally 
as eervieal ribs. Separate ossifie eentres may, on oeeasion, also occur in 
the eostal proeesses of the fourth to sixth eervieal vertebrae. 


TH0RACIC VERTEBRAE 
Thoraeie vertebrae in general 


All thoraeie vertebral bodies display lateral eostal faeets and all but the 
lowest two or three transverse proeesses also have faeets (Fig. 43.41). 
The faeets articulate with the head of the rib (costocapitular faeet) and 
its tubercle (costotubercular faeet), respeetively. 

The body is typieally a waisted eylinder (Fig. 43.42) except where 
the vertebral foramen eneroaehes, and transverse and anteroposterior 
dimensions are almost equal. On eaeh side there are two eostal faeets 
(which are really demifaeets): the superior and usually larger pair at the 
upper border are anterior to the pedieles, while the inferior pair at the 
lower border are anterior to the vertebral notehes. The vertebral foramen 
(see Fig. 43.22) is small and circular, so the pedieles do not diverge as 
they do in eervieal vertebrae; the thoraeie spinal eord is smaller and 
more circular than the eervieal eord. The laminae are short, thiek and 
broad, and overlap from above downwards. The spinous proeess slants 
downwards. The thin and almost flat superior articular proeesses projeet 
from the pediailolaminar junctions and faee posteriorly and a little 
superolaterally. The inferior proeesses projeet down from the laminae 
and their faeets are direeted forwards and a little superomedially. 
The large, club-like transverse proeesses also projeet from the pedicu- 
lolaminar junctions. Eaeh passes posterolaterally and bears, near its tip, 
anterior oval faeets for articulation with the tubercle of the eorrespond- 
ing rib. 


Complete circular faeet above 


Small semilunar faeet below 



Costal faeets 


Large semicircular faeet above 
Small semilunar faeet below 

Spaee for intervertebral dise 
Large semicircular faeet above 

Intervertebral foramen 

Complete circular faeet on body 
No faeeton transverse proeess 


Faeetjoint 


Complete circular faeet 
on body, eneroaehing on pediele 
No faeeton transverse proeess 
Inferior articular proeesses 

of lumbar type 



Fig. 43.41 The first, ninth, tenth, eleventh and twelfth thoraeie vertebrae, 
lateral aspeet. 



Fig. 43.42 The fourth thoraeie vertebra, lateral aspeet. Key: 1, body; 

2, costocapitular demifaeets; 3, superior articular faeet; 4, transverse 
proeess; 5, costotubercular faeet; 6, pediele; 7, inferior articular proeess; 
8, spinous proeess. 


The bodies of upper thoraeie vertebrae gradually ehange from eervi- 
eal to thoraeie in type, and the lower ehange from thoraeie to lumbar. 
The body of the first is typieally eervieal, its transverse diameter being 
almost twice the anteroposterior; the seeond retains a eervieal shape but 
its two diameters differ less. The third body is the smallest, and has a 
convex anterior aspeet unlike the flattened first and seeond thoraeie 
vertebrae. The remaining bodies inerease in size and, because of its 
inereased anteroposterior diameter, the fourth is typieally 'heart-shaped'. 
The fifth to eighth inerease their anteroposterior dimension but ehange 
little transversely. These four, in transverse seetion, are asymmetrieal, 
their left sides being flattened by pressure of the thoraeie aorta. The rest 
inerease more rapidly in all measurements, so that the body of the 
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twelfth resembles that of a typieal lumbar vertebra. These modifieations 
may contribute to the greater range of flexion-extension seen at the 
eervieal and lumbar ends of the thoraeie vertebral column. 

The anterior and posterior longitudinal ligaments are attaehed to the 
borders of the bodies. The capsular and radiate ligaments of the eos- 
tovertebral joints are attaehed around the margins of the eostal faeets. 

The dimensions and angles of thoraeie pedieles ehange progressively 
from the upper thoraeie spine distally: there is a successive caudal 
inerease in thiekness. These ehanging relationships have a signifieant 
bearing on the plaeement of pediele screws in spinal surgery (Wood 
2013). The superior vertebral noteh is reeognizable only in the first 
thoraeie vertebra, whereas the inferior noteh is deep in all. Ligamenta 
flava are attaehed at the upper borders and lower anterior surfaces of 
the laminae. 

Thoraeie transverse proeesses shorten in caudal succession. In the 
upper five or six vertebrae, the eostal faeets are eoneave and faee antero- 
laterally, and at lower levels the faeets are flatter and faee superolaterally 
and slightly forwards. The eostotransverse ligament is attaehed to the 
anterior surface medial to the faeet; the lateral eostotransverse ligament 
is attaehed to its tuberculated apex and the superior eostotransverse 
ligament is attaehed to its lower border. 

Thoraeie spines overlap from the fifth to the eighth vertebra, whose 
spine is the longest and most oblique. Supraspinous and interspinous 
ligaments are attaehed to the spines. 

The first artd nìnth to tvvelfth 
thoraeie vertebrae 

The first and ninth to twelfth thoraeie vertebrae display additional atypi- 
eal features. The first thoraeie vertebra (see Fig. 43.41) resembles a eervi- 
eal vertebra in its body both in shape and in the distinetive posterolateral 
'lipping that forms the anterior border of the superior vertebral noteh. 
There are circular superior eostal faeets for articulation with the whole 
faeet on the head of the first rib. The smaller, semilunar inferior faeets 
articulate with a demifaeet on the head of the seeond rib. The upper 
eostal faeet is often ineomplete, in which ease the first rib articulates 
with the seventh eervieal vertebra and the intervening dise. A smalf 
deep depression often occurs below the faeet. The long, thiek spine is 
horizontal and eommonly as prominent as that of the seventh eervieal 
vertebra. The ninth vertebra (see Fig. 43.41) often fails to articulate with 
the tenth ribs, in which ease the inferior demifaeets are absent. The 
tenth thoraeie vertebra (see Fig. 43.41) only articulates with the tenth 
pair of ribs, so that superior faeets only appear on the body. These are 
usually large and semilunar, but are oval when the tenth ribs fail to 
articulate with the ninth vertebra and intervening dise. The transverse 
proeess may or may not bear a faeet for the tubercle of the tenth rib. 
The eleventh thoraeie vertebra (see "ig. 43.41) articulates only with the 
heads of the eleventh ribs. The circular eostal faeets are elose to the 
upper border of the body and extend on to the pedieles. The small 
transverse proeesses laek articular faeets. The eleventh and twelfth tho- 
raeie spinous proeesses are triangular, with blunt apiees and a horizon- 
tal lower and an oblique upper border. The twelfth thoraeie vertebra 
(see Fig. 43.41) articulates with the heads of the twelfth ribs by circular 
faeets somewhat below the upper border, spreading on to the pedieles. 
The body is large and the vertebra has some lumbar features. The trans- 
verse proeess is replaeed by three small tubercles: the superior is largest, 
projeets upwards and eorresponds to a lumbar mammillary proeess, 
though it does not lie as elose to the superior articular proeess; the 
lateral tubercle is the homologue of a transverse proeess; and the infe- 
rior is the homologue of a himbar aeeessory proeess. The superior and 
inferior proeesses are surprisingly long in some speeimens. 

A ehange in orientation of articular proeesses from thoraeie to 
lumbar type usually occurs at the eleventh thoraeie vertebra, but some- 
times at the twelfth or tenth. In the transitional vertebra the superior 
articular proeesses are thoraeie, and faee posterolaterally, while the 
inferior are transversely convex and faee anterolaterally. The transitional 
vertebra marks the site of a sudden ehange of mobility from predomi- 
nantly rotational to predominantly flexion-extension. 

MllSde attaehments Longus eolli arises from the upper three tho- 
raeie vertebral bodies, lateral to the anterior longitudinal ligament, and 
psoas major and minor arise from the sides of the twelfth near its lower 
border. Llpper and lower borders of the transverse proeesses provide 
attaehment for the intertransverse muscles or their fibrous vestiges. The 
posterior surfaces of the transverse proeesses provide attaehment for 
the deep dorsal muscles, and levator eostae is attaehed posteriorly on 
the apex. Trapezius, rhomboid major and minor, latissimus dorsi, ser- 
ratus posterior superior and inferior, and many deep dorsal muscles are 
attaehed to the spines. Rotatores attaeh to the posterior aspeets of the 
laminae. 



Fig. 43.43 The first lumbar vertebra, superior aspeet. Key: 1, body; 

2, pediele; 3, transverse proeess; 4, aeeessory proeess; 5, mammillary 
proeess; 6, spinous proeess; 7, vertebral foramen; 8, superior articular 
faeet; 9, lamina; 10, inferior articular faeet. 

Ossifieation Thoraeie vertebrae all ossify aeeording to the standard 
vertebral pattern deseribed on page 756. 

LUMBAR VERTEBRAE 
Lumbar vertebrae in general 

The five lumbar vertebrae are distinguished by their large size and the 
absenee of eostal faeets and transverse foramina. The body is wider 
transversely (Fig. 43.43; see Fig. 43.47B). The vertebral foramen is tri- 
angular, larger than at thoraeie levels but smaller than at eervieal levels. 
The pedieles are short. The spinous proeess is almost horizontal, quad- 
rangular and thiekened along its posterior and inferior borders. The 
superior articular proeesses bear vertieal eoneave articular faeets faeing 
posteromedially, with a rough mammillary proeess on their posterior 
borders (Fig. 43.44A). The inferior articular proeesses have vertieal 
convex articular faeets that faee anterolaterally. The transverse proeesses 
are thin and long, except on the more substantial fifth pair. A small 
aeeessory proeess marks the posteroinferior aspeet of the root of eaeh 
transverse proeess. The aeeessory and mammillary proeesses are linked 
by a fine ligament, the mammillo-aeeessory ligament, which is some- 
times ossified, and beneath which mns the medial braneh of the dorsal 
primary ramus of the spinal nerve (Bogduk 2005). 

Strong paired pedieles arise posterolaterally from eaeh body near its 
upper border. Superior vertebral notehes are shallow and the inferior 
ones are deep. The laminae are broad and short, but do not overlap as 
much as those of the thoraeie vertebrae. The fifth spine is the smallest, 
and its apex is often rounded and down-turned. LJpper lumbar superior 
articular proeesses are fhrther apart than inferior ones, but the differ- 
enee is slight in the fourth and negligible in the fifth. The artioilar faeets 
are reeiproeally eoneave (superior) and convex (inferior), which allows 
flexion, extension, lateral bending and some degree of rotation. There 
are sex differenees in the angle of inelination and depth of curvature of 
the artioilar faeets. The faeets are sometimes asymmetrieal. 

Transverse proeesses, except the fifth, are anteroposteriorly eom- 
pressed and projeet posterolaterally. The lower border of the fifth trans- 
verse proeess is angulated, and passes laterally and then superolaterally 
to a blunt tip; the whole proeess presents a greater upward inelination 
than the fourth. The angle on the inferior border may represent the tip 
of the eostal element and the lateral end the tip of the tme transverse 
proeess. The lumbar transverse proeesses inerease in length from first 
to third and then shorten (Fig. 43.45). The fifth pair ineline both 
upwards and posterolaterally. The eostal element is ineorporated in the 
mature transverse proeess. 
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Inferior articular proeess 


Transverse proeess 
— Pediele 
Spinous proeess 


S uperior articular proeess 


Mammillary proeess 



Fig. 43.44 The lumbar spine. A, A typieal lumbar vertebra, lateral aspeet. 
B, A lateral radiograph, 24-year-old male. Key: 1, L4 transverse proeess; 
2, L4 pediele; 3, tvvelfth rib; 4, L2 superior articular faeet; 5, L3 spinous 
proeess; 6, L3/4 intervertebral foramen. 


On average, the adult spinal eord ends at the level of the middle 
third of the body of the fìrst lumbar vertebra, which means that the fìrst 
lumbar vertebral foramen usually eontains the conus medullaris. The 
eord may terminate above or below this level (Saifhddin et al 1998) 
(see Fig. 43.78 and Ch. 45); lower lumbar vertebral foramina eontain 
the cauda equina and spinal meninges (Fig. 43.46; see Fig. 43.10B). 
Variation occurs in the sagittal and eoronal dimensions of the lumbar 
vertebral eanal, both within and between normal populations. 

The fifth lumbar vertebra (Fig. 43.47) has a massive transverse 
proeess that is continuous with the whole of the pediele and eneroaehes 
on the body. The body is usually the largest and markedly deeper ante- 
riorly, so contributing to the lumbosacral angle. 

Segmentation anomalies (saeralization) are eonsidered below with 
the saemm. The eostal element of the first lumbar vertebra may form a 
short lumbar rib, which articulates with the transverse proeess, but not 
usually with the body, of the vertebra. 



Fig. 43.45 An anteroposterior radiograph of the lumbosacral spine in a 
22-year-old male. Key: 1, L3 inferior articular proeess; 2, L4 superior 
articular proeess; 3, right saeroiliae joint; 4, ilium; 5, psoas lateral border; 
6, L3 transverse proeess; 7, faeet joint; 8, L4 pediele; 9, L4 spinous 
proeess; 10, anterior saeral foramen. 


Mlisele and faseial attaehments llpper and lower borders of 
lumbar bodies give attaehment to the anterior and posterior longitudi- 
nal ligaments. The upper bodies (three on the right, two on the left) 
give attaehments to the emra of the diaphragm lateral to the anterior 
longitudinal ligament. Posterolaterally, psoas major is attaehed to the 
upper and lower margins of all the lumbar bodies, and between them, 
tendinous arehes earry its attaehments aeross their eoneave sides (see 
Fig. 62.5). The posterior lamella of the thoracolumbar faseia, ereetores 
spinae, spinales thoraeis, multifidi, interspinal muscles and ligaments, 
and supraspinous ligaments are all attaehed to spinous proeesses. All 
lumbar transverse proeesses present a vertieal ridge on the anterior 
surface, nearer the tip, which marks the attaehment of the anterior layer 
of the thoracolumbar faseia, and separates the surface into medial and 
lateral areas for psoas major and quadratus lumborum respeetively. The 
middle layer of the faseia is attaehed to the apiees of the transverse 
proeesses; the medial and lateral arcuate ligaments attaeh to the vertieal 
ridge on the anterior aspeet of the first pair, and the iliolumbar ligament 
attaehes to the apiees of the fifth pair. Posteriorly, the transverse pro- 
eesses are eovered by deep dorsal muscles, and fibres of longissimus 
thoraeis are attaehed to them and to their aeeessory proeesses. The 
ventral lateral intertransverse imiseles are attaehed to their upper and 
lower borders, while the dorsal attaeh eranially to the aeeessory proeess 
and caudally to the upper border of the transverse proeess. The mam- 
millary proeess, homologous with the superior tubercle of the twelfth 
thoraeie vertebra, gives attaehment to multifidus and the medial inter- 
transverse muscle. The latter also attaehes to the aeeessory proeess, 
which is sometimes difficult to identify. 

Ossif ieatìon Lumbar vertebrae ossify aeeording to the standard ver- 
tebral pattern deseribed on page 756 but also have two additional 
eentres for the mammillary proeesses. A pair of seale-like epiphyses 
usually appear on the tips of the eostal elements of the fifth lumbar 
vertebra (see Fig. 43.34C). 

SACRUM 


The saemm is a large, triangular fusion of five vertebrae and forms the 
posterosuperior wall of the pelvie eavity (Ch. 80), wedged between the 






























































































Bones 



Conus medullaris 


Anulus fibrosus 


Nucleus pulposus 


Posterior longitudinal 

ligament 



Fig. 43.46 The lumbar spine. A, A midsagittal MR image. B, A sagittal MR image. 
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two hip (innominate) bones. Its blnnted, caudal apex articulates with 
the coccyx and its superior, wide base with the fifth lumbar vertebra at 
the lumbosacral angle. It is set obliquely and curved longitudinally, the 
dorsal surface is convex, and the pelvie surface is eoneave; this ventral 
curvature inereases pelvie eapaeity. Between base and apex are dorsal, 
pelvie and lateral surfaces and a saeral eanal. In ehildhood, individual 
saeral vertebrae are eonneeted by eartilage, and the adult bone retains 
many vertebral features. The saemm eonsists of trabecular bone envel- 
oped by a shell of eompaet bone of varying thiekness. 

Base The base (Fig. 43.48) is the upper surface of the first saeral ver- 
tebra, the least modified from the typieal vertebral plan. The body is 
large and wider transversely, and its anterior projeeting edge is the saeral 
promontory. The vertebral foramen is triangular; its pedieles are short 
and diverge posterolaterally. The laminae are oblique, inelining down 
posteromedially to meet at a spinous tubercle. The superior articular 
proeesses projeet eranially, with eoneave articular faeets direeted pos- 
teromedially to articulate with the inferior articular proeesses of the fifth 
lumbar vertebra. The posterior part of eaeh proeess projeets backwards 
and its lateral aspeet bears a rough area homologous with a lumbar 
mammillary proeess. 

The transverse proeess is much modified as a broad, sloping mass 
that projeets laterally from the body, pediele and superior articular 
proeess. It is formed by the fhsion of the transverse proeess and the 
eostal element to eaeh other and to the rest of the vertebra, and forms 
the upper surface of the saeral lateral mass or ala. 

Terminal fibres of the anterior and posterior longitudinal ligaments 
are attaehed to the ventral and dorsal surfaces of the first saeral body. 
Its upper laminar borders reeeive the lowest pair of ligamenta flava. The 
ala is smooth superiorly, eoneave medially and rough laterally, and 


eovered almost entirely by psoas major. The smooth area is grooved 
obliquely by the lumbosacral tmnk. The rough area is for the lower 
band of the iliolumbar ligament, which lies lateral to the fifth lumbar 
spinal nerve and to the anterior saeroiliae ligament. 

Pelvie surface The anteroinferior pelvie surface (Fig. 43.49) is verti- 
eally and transversely eoneave, but the seeond saeral body may produce 
a convexity. Four pairs of pelvie saeral foramina eomimmieate with the 
saeral eanal through intervertebral foramina, and transmit ventral rami 
of the upper four saeral spinal nerves. The large area between the right 
and left foramina, which is formed by the flat pelvie aspeets of the saeral 
bodies, bears evidenee of their fhsion at four transverse ridges. The 
longitudinal bars between the foramina are eostal elements, which fhse 
to the vertebrae. Lateral to the foramina, the eostal elements unite. 
Posteriorly, they unite with the transverse proeesses to form the lateral 
part of the saemm, which expands basally as the ala. 

The first three saeral ventral rami emerge from the pelvie saeral 
foramina and pass anterior to piriformis. The sympathetie tmnks 
deseend in eontaet with bone, medial to the foramina, as do the median 
saeral vessels in the midline. Lateral to the foramina, lateral saeral 
vessels are related to bone. Ventral surfaces of the first, seeond and part 
of the third saeral bodies are eovered by parietal peritoneum and 
erossed obliquely, left of the midline, by the attaehment of the sigmoid 
mesoeolon. The rectum is in eontaet with the pelvie surfaces of the third 
to fifth saeral vertebrae and with the bifftreation of the superior reetal 
artery between the rectum and third saeral vertebra. 

Dorsal surface The posterosuperior aspeet of the dorsal surface bears 
a raised, intermpted, median saeral erest with four (sometimes three) 
spinous tubercles, which represent fhsed saeral spines (Fig. 43.50). 
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Fig. 43.47 Lumbar vertebrae. A, The fifth lumbar vertebra, superior 
aspeet. B, A high-resolution axial CT sean through the lumbar spine at 
the level of the fourth lumbar vertebra. 



Fig. 43.48 The saemrn, superior aspeet (base). Key: 1, body of S1; 

2, posterosuperior ala (transverse proeess element); 3, superior articular 
proeess; 4, saeral eanal; 5, spinous proeess of S1; 6, anterosuperior ala 
(eostal element); 7, lamina. 



Fig. 43.49 The saemrn, anterior (pelvie) surface. Key: 1 , upper border 
of body of S1 (saeral promontory); 2, superior articular proeess of S1; 
3, attaehment of iliacus; 4, attaehment of piriformis; 5, attaehment of 
coccygeus; 6, coccyx; 7, ala; 8, ineompletely fused S1-2 intervertebral 
joint; 9, first pelvie saeral foramen. 



Fig. 43.50 The saemm, posterior (dorsal) surface. Key: 1, superior 
articular faeet of S1; 2, ala; 3, first dorsal saeral foramen; 4, attaehments 
of interosseous saeroiliae ligaments; 5, lateral erest and transverse 
tubercles; 6, median erest and spinous proeesses; 7, attaehment of 
gluteus maximus; 8, saeral hiatus; 9, cornua; 10, intermediate erest and 
articular tubercle (inferior articular proeess); 11, posterior surface of body 
of S1 forming anterior wall of saeral eanal; 12, area of attaehment of 
multifidus (bounded by thin line); 13, attaehment of ereetor spinae 
aponeurosis (thiek line). 
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Below the fourth (or third) tubercle there is an arehed saeral hiatus in 
the posterior wall of the saeral eanal. This hiatus is produced by the 
failure of the laminae of the fifth saeral vertebra to meet in the median 
plane, and as a result the posterior surface of the body of that vertebra 
is exposed on the dorsal surface of the saemm. Flanking the median 
erest, the posterior surface is formed by fused laminae, and lateral to 
this are four pairs of dorsal saeral foramina. Like the pelvie foramina, 
they lead into the saeral eanal through intervertebral foramina, and 
eaeh transmits the dorsal ramus of a saeral spinal nerve. Medial to the 
foramina, and vertieally below eaeh articular proeess of the first saeral 
vertebra, is a row of four small tubercles, which eolleetively constitute 
the intermediate saeral erest. These are sometimes termed articular 
tubercles, and represent fhsed contiguous articular proeesses. The infe- 
rior artiailar proeesses of the fifth saeral vertebra are free and projeet 
downwards at the sides of the saeral hiatus as saeral cornua, eonneeted 
to eoeeygeal cornua by intercornual ligaments. The intermpted rough- 
ened erest to the lateral side of the dorsal saeral foramina is the lateral 
saeral erest, which is formed by fused transverse proeesses, whose apiees 
appear as a row of transverse tubercles. 

The upper three saeral spinal dorsal rami pieree multifidus as they 
emerge via dorsal foramina. 

Lateral Slirfaee The lateral surface (Fig. 43.51A) is a fhsion of trans- 
verse proeesses and eostal elements. It is wide above and rapidly narrows 
in its lower part. The broad upper part bears an auricular surface for 
artiailation with the ilium, and the area posterior to this is rough and 
deeply pitted by the attaehment of ligaments. The auricular surface, 
borne by eostal elements, is like an inverted letter L. The shorter, eranial 
limb is restrieted to the first saeral vertebra; the caudal limb deseends 
to the middle of the third. Beyond this, the lateral surface is non- 
artiailar and reduced in breadth. Caudally, it curves medially to the 
body of the fifth saeral vertebra at the inferior lateral angle, beyond 
which the surface beeomes a thin lateral border. A variable aeeessory 
saeral articular faeet sometimes occurs, posterior to the auricular surface. 

The auricular surface is eovered by hyaline eartilage, and formed 
entirely by eostal elements. It shows eranial and caudal elevations and 
an intermediate depression, behind which a third elevation is visible in 
the elderly. The surface beeomes more eormgated with age. The rough 
area behind the auricular surface shows two or three marked depres- 
sions for the attaehment of strong interosseous saeroiliae ligaments. 
Below the auricular surface the sacrotuberous and sacrospinous liga- 
ments are attaehed between gluteus maximus dorsally and coccygeus 
ventrally. 

Apex The apex is the inferior aspeet of the fifth saeral vertebral body, 
and bears an oval faeet for articulation with the coccyx. 

Saeral eanal The saeral eanal (Fig. 43.51B) is formed by saeral ver- 
tebral foramina, and is triangular in seetion (see Fig. 43.48). Its upper 
opening, seen on the basal surface, appears to be set obliquely. The 
inelination of the saemm means that it is direeted eranially in the stand- 
ing position. Eaeh lateral wall presents four intervertebral foramina, 
through which the eanal is continuous with pelvie and dorsal saeral 
foramina. Its caudal opening is the saeral hiatus. The eanal eontains the 
cauda equina and the fihim terminale, and the spinal meninges. Oppo- 
site the middle of the saemm, the subarachnoid and subdural spaees 
elose; the lower saeral spinal roots and filum terminale pieree the araeh- 
noid and dura mater at that level. The filum terminale with its menin- 
geal eoverings emerges below the saeral hiatus and passes downwards 
aeross the dorsal surface of the fifth saeral vertebra and saeroeoeeygeal 
joint to reaeh the coccyx. The fifth saeral spinal nerves also emerge 
through the hiatus medial to the saeral cornua, and groove the lateral 
aspeets of the fifth saeral vertebra. 

MllSde attaehments The pelvie surface gives attaehment to piri- 
formis in its seeond to fourth segments, to iliacus superolaterally, and 
to coccygeus inferolaterally. The dorsal surface gives attaehment to the 
aponeurosis of ereetor spinae along a Lí-shaped area of spinous and 
transverse tubercles, eovering multifidus, which occupies the enelosed 
area (see Fig. 43.50). On the lateral border below the auricular surface, 
gluteus maximus is attaehed dorsal and coccygeus is attaehed ventral to 
the sacrotuberous and sacrospinous ligaments. 

Ossifieatìon The saemm resembles typieal vertebrae in the ossifiea- 
tion of its segments (Fig. 43.52). Primary eentres for the eentmm and 
eaeh half vertebral areh appear between the tenth and twentieth weeks. 
Primary eentres for the eostal elements of the upper three or more seg- 
ments appear superolateral to the pelvie saeral foramina, between the 
sixth and eighth prenatal months. Eaeh eostal element unites with its 


half vertebral areh between the seeond and fifth years, and the eon- 
joined element so formed unites anteriorly with the eentmm and pos- 
teriorly with its opposite fellow at about the eighth year. Thereafter, the 
upper and lower surfaces of eaeh saeral body are eovered by an epiphy- 
sial plate of hyaline eartilage, which is separated from its neighbour by 
the fibrocartilaginous precursor of an intervertebral dise. Laterally, suc- 
eessive eonjoined vertebral arehes and eostal elements are separated by 
hyaline eartilage; a cartilaginous epiphysis, sometimes divided into 
upper and lower parts, develops on eaeh auricular and adjaeent lateral 
surface. Soon after puberty, the fhsed vertebral arehes and eostal ele- 
ments of adjaeent vertebrae begin to eoalesee from below upwards. At 
the same time, individual epiphysial eentres develop for the upper and 
lower surfaces of bodies, spinous tubercles, transverse tubercles and 
eostal elements. 

The eostal epiphysial eentres appear at the lateral extremities of the 
hyaline eartilages between adjaeent eostal elements; two anterior and 
two posterior eentres appear in eaeh of the intervals between the first, 
seeond and third saeral vertebrae. Ossifieation spreads from these into 
the auricular epiphysial plates. One eostal epiphysial eentre, plaeed 
anteriorly, occurs in eaeh remaining interval and from them ossifieation 
spreads to the epiphysial plate eovering the lower part of the lateral 
surface of the saemm. Saeral bodies unite at their adjaeent margins after 
the twentieth year, but the eentral and greater part of eaeh intervertebral 
dise remains unossified up to or beyond middle life. 

Variants The saemm may eontain six vertebrae, by development of an 
additional saeral element or by ineorporation of the fifth lumbar or first 
eoeeygeal vertebra. Inclusion of the fifth lumbar vertebra (saeralization) 
is usually ineomplete and limited to one side. In the most minor degree 
of the abnormality, a fifth lumbar transverse proeess is large and articu- 
lates, sometimes by a synovial joint, with the saemm at the posterola- 
teral angle of its base. Reduction of saeral constituents is less eommon 
but lumbarization of the first saeral vertebra does occur; it remains 
partially or eompletely separate. The bodies of the first two saeral ver- 
tebrae may remain unfused when the lateral masses are fused. The 
dorsal wall of the saeral eanal may be variably defieient, due to imper- 
feet development of laminae and spines. Orientation of the superior 
saeral articular faeets displays wide variation, as does the sagittal curva- 
ture of the saemm. Asymmetry (faeet tropism) of the superior faeets 
alters the relation between the planes of the two lumbosacral faeet 
joints. 

Sex differenees in saera Sex differenees in saera are deseribed on 
page 1348. 

C0CCYX 


The coccyx (Fig. 43.53) is a small, triangular bone and is often asym- 
metrieal in shape. It usually eonsists of four fhsed mdimentary verte- 
brae, although the number varies from three to five, and the first is 
sometimes separate. The bone is direeted downwards and ventrally 
from the saeral apex; its pelvie surface is tilted upwards and forwards, 
its dorsum downwards and backwards. Orientation varies with mobility 
and between individuals. 

The base or upper surface of the first eoeeygeal vertebral body has 
an oval, artioilar faeet for the saeral apex. Posterolateral to this, two 
eoeeygeal cornua projeet upwards to artioilate with saeral cornua; they 
are homologues of the pedieles and superior articular proeesses of other 
vertebrae. A mdimentary transverse proeess projeets superolaterally 
from eaeh side of the first eoeeygeal body and may artioilate or fhse 
with the inferolateral saeral angle, eompleting the fifth saeral foramina. 

The seeond to fourth eoeeygeal vertebrae diminish in size and are 
usually mere fhsed nodules. They represent mdimentary vertebral 
bodies, though the seeond may show traees of transverse proeesses and 
pedieles. 

The gap between the fifth saeral body and the artioilating cornua 
represents, on eaeh side, an intervertebral foramen that transmits the 
fifth saeral spinal nerve. The dorsal ramus deseends behind the mdi- 
mentary transverse proeess, and the ventral ramus passes anterolaterally 
between the transverse proeess and saemm. 

Muscle and ligament attaehments The lateral parts of the pelvie 

surface, including the mdimentary transverse proeesses, give attaehment 
to the levatores ani and eoeeygei. The anterior saeroeoeeygeal ligament 
is attaehed to the front of the first and sometimes seeond eoeeygeal 
vertebral bodies (see Fig. 80. 9A). The cornua give attaehment to the 
intereormial ligaments. The lateral saeroeoeeygeal ligament eonneets 
the transverse proeess to the inferolateral saeral angle. Gluteus maximus 
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Fig. 43.51 A, The sacrum, lateral aspeet. Key: 1, promontory; 2, auricular (articular) 
surface; 3, attaehments of interosseous saeroiliae ligaments; 4, spinous proeess; 

5, saeral cornu (left). B, A median sagittal seetion through the saemrn. C, A lateral 
radiograph of the lumbosacral junction in a 14-year-old male. Key: 1, L5-S1 dise; 

2, saeral promontory; 3, S1-2 dise; 4, greater seiatie notehes; 5, S3. 


is attaehed to the dorsal surface, and both levator ani and sphineter ani 
externus are attaehed to the tip of the bone. The median area gives 
attaehment to the deep and superfìcial posterior saeroeoeeygeal liga- 
ments, the superficial deseending from the margins of the saeral hiatus 
and sometimes elosing the saeral eanal. The filum terminale, which is 
situated between the two ligaments, blends with them on the dorsum 
of the first eoeeygeal vertebra. 


Ossifieation Eaeh eoeeygeal segment is ossified from one primary 
eentre. A eentre in the first segment appears about birth and its cornua 
may soon ossify from separate eentres. Remaining segments ossify at 
wide intervals up to the twentieth year or later. Segments slowly unite: 
union between the first and seeond is frequently delayed until 30 years. 
The coccyx often fhses with the saemm in later deeades, espeeially in 
females. 
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Fig. 43.52 Ossifieation of the saernm and coccyx. A, At birth. B, The 
base of the saeriim of a ehild about 4 years old. C, At the tvventy-fifth 
year: epiphysial plates for eaeh lateral surface are marked by asterisks. 
D-E, The epiphyses of the eostal and transverse proeess of the sacrum 
at the eighteenth year. 
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Fig. 43.53 The coccyx. A, Anterior (pelvie) aspeet. B, Posterior (dorsal) 
aspeet. 


LIGAMENTS OF THE VERTEBRAL C0LUMN 


ANTERIOR LONGITUDINAL LIGAMENT 


The anterior longitudinal ligament (Fig. 43.54B) is a strong band 
extending along the anterior surfaces of the vertebral bodies. It is 
broader caudally, and thieker and narrower in thoraeie than in eervieal 
and lumbar regions, and is also relatively thieker and narrower opposite 
vertebral bodies than at the levels of intervertebral symphyses. It extends 
from the basilar part of the oeeipital bone to the anterior tubercle of 
C1 and the front of the body of C2, and then eontimies caudally to the 
front of the upper saemm. Its longitudinal fibres are strongly adherent 
to the intervertebral dises, hyaline eartilage end-plates and margins of 
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Fig. 43.54 A, The main structural features of an intervertebral dise. For 
elarity, the number of fibrocartilaginous laminae has been greatly reduced. 
Note the alternating obliquity of eollagen faseieles in adjaeent laminae. 
Key: 1, lumbar dise; 2, detailed structure of anulus fibrosus; o = 
approximately 65°; 3, eervieal dise. B, A median sagittal seetion through 
the upper lumbar vertebral column showing dises and ligaments. (A, After 
Bogduk N 1997 Clinical Anatomy of the Lumbar Spine and Saernm, 3rd 
ed. Edinburgh: Churchill Livingstone. B, With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 


adjaeent vertebral bodies, and are loosely attaehed at intermediate levels 
of the bodies, where the ligament fills their anterior eoneavities, flatten- 
ing the vertebral profile. At these various levels, ligamentous fibres 
blend with the subjacent periosteum, perichondrium and periphery of 
the anulus fibrosus. The anterior longitudinal ligament has several 
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Fig. 43.55 The posterior longitiidinal ligament in the lumbar region. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Fig. 43.56 The ligamenta flava and eostotransverse ligaments, ventral 
aspeet. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


laminae in spinal flexion, preventing abmpt limitation, and also assist 
restoration to an ereet posture after flexion, perhaps proteeting dises 
from injury. 

The morphology and histology of the ligamentum flavum have been 
studied in the thoracolumbar region (Viejo-Fuertes et al 1998). On a 
maeroseopie levef it has two layers, superficial and deep, whose fibres 
mn in opposite direetions. The superficial layer is innervated by medial 
branehes from the dorsal roots of the spinal nerves. The deep layer is 
innervated by simivertebral nerves. 


layers. The most superficial fìbres are the longest and extend over three 
or four vertebrae, the intermediate extend between two or three, and 
the deepest from one body to the next. Laterally, short fibres eonneet 
adjaeent vertebrae. 

P0STERI0R L0NGITUDINAL LIGAMENT 


The posterior longitudinal ligament (Fig. 43.55) lies on the posterior 
surfaces of the vertebral bodies in the vertebral eanal, attaehed between 
the body of C2 and the saemm, and continuous with the membrana 
teetoria above. Its smooth, glistening fibres, attaehed to intervertebral 
dises, hyaline eartilage end-plates and adjaeent margins of vertebral 
bodies, are separated between attaehments by basivertebral veins and 
the venous ehannels that drain them into anterior internal vertebral 
plexuses. At eervieal and upper thoraeie levels the ligament is broad and 
of uniform width, but in lower thoraeie and lumbar regions it is den- 
ticulated, narrow over vertebral bodies and broad over dises. Its super- 
fieial fibres bridge three or four vertebrae, while deeper fibres extend 
between adjaeent vertebrae as perivertebral ligaments, which are elose 
to and, in adults, fused with the anulus fibrosus of the intervertebral 
dise. The layers of the posterior longitudinal ligament and the relation- 
ship of the ligament to assoeiated membranes in the epidural spaee are 
fully discussed by Loughenbury et al (2006). 

LIGAMENTA FLAVA 


The ligamenta flava (see Fig. 43.54B; Fig. 43.56) eonneet laminae of 
adjaeent vertebrae in the vertebral eanal. Their attaehments extend from 
faeet joint capsules to the point where laminae fuse to form spines. 
Here their posterior margins meet and are partially united; the intervals 
between them admit veins that eonneet the internal and posterior exter- 
nal vertebral venous plexuses. Their predominant tissue is yellow elastie 
tissue, whose almost perpendicular fibres deseend from the lower ante- 
rior surface of one lamina to the posterior surface and upper margin of 
the lamina below. The anterior surface of the ligaments is eovered by a 
fine, continuous, smooth lining membrane (Newell 1999). The liga- 
ments are thin, broad and long in the eervieal region, thieker in the 
thoraeie and thiekest at lumbar levels. They arrest separation of the 


INTERSPIN0US LIGAMENTS 


Interspinous ligaments (see Fig. 43.54B) eonneet the faeing edges of 
consecutive spinous proeesses, and extend ventrally as far as the liga- 
mentum flavum and dorsally to the supraspinous ligament, when this 
ligament is present (see below). They differ structurally at thoraeie, 
lumbar and eervieal levels. The thoraeie interspinous ligaments are 
narrow and elongated, whereas those at lumbar levels are thiek and 
quadrilateral, and occur as elosely applied pairs, the left and right liga- 
ments being separated by a narrow or potential eleft. In the lumbar 
ligaments, eollagen fibres mn obliquely inferiorly and ventrally, and 
only the deepest fibres are tmly ligamentous. The more dorsal fibres are 
derived from tendons of longissimus thoraeis that dip into the inter- 
spinous spaee to gain attaehment to the superior edge of the spinous 
proeess rather than to its tip. Distinetive interspinous ligaments are not 
evident at eervieal levels, where they are represented by the median 
septum of the ligamentum nuchae as it passes between the eervieal 
spinous proeesses. 

SUPRASPIN0US LIGAMENT 


The supraspinous ligament (see Fig. 43.54B) is a strong, fibrous eord 
that eonneets the tips of spinous proeesses from C7 to L3 or L4. It is 
regularly defieient. The most superficial fibres extend over three or four 
vertebrae, the deeper span two or three, and the deepest eonneet adja- 
eent spines and are continuous with the interspinous ligament. Most 
of the ligament is formed by the tendons of muscles with posterior 
midline attaehments, i.e. semispinalis, longissimus, trapezius and latis- 
simus dorsi. Only the most superficial fibres laek any eonneetion with 
muscle. Below L4, the ligament is replaeed by the decussating fibres of 
latissimus dorsi. 

INTERTRANSVERSE LIGAMENTS 


Intertransverse ligaments mn between adjaeent transverse proeesses. At 
eervieal levels, they eonsist of a few, irregular fibres that are largely 
replaeed by intertransverse muscles; in the thoraeie region, they are 
eords intimately blended with adjaeent muscles; and in the lumbar 
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region, they are thin and membranous. For the detailed anatomy of the 
lumbar intertransverse ligaments, see Bogduk (2005). 


are absent at birth, do not eontain synovmm, and are probably elefts 
in the intervertebral dises (Fig. 43.59). 


LIGAMENT01IS INSTABILITY 


INTERVERTEBRAL JOINTS 




Damage to the ligaments eontrolling stability of the column may occur 
in the absenee of evident bony pathology. This is particularly prevalent 
in inflammatory disease of the upper eervieal spine, where rheumatoid 
arthritis may weaken or destroy the ligaments on which atlanto-axial 
stability depends (Fig. 43.57). The transverse ligament is stronger than 
the dens, which therefore usually fractures before the ligament ruptures. 
The alar ligaments are weaker, and eombined head flexion and rotation 
may avulse one or both alar ligaments; rupture of one side results in 
an inerease of about one-third in the range of rotation to the opposite 
side. Pathologieal softening of the transverse and adjaeent ligaments or 
of the lateral atlanto-axial joints results in atlanto-axial subluxation, 
which may cause spinal eord injury. Ligamentous damage may also 
occur in spinal injuries (Fig. 43.58), particularly at eervieal levels. 

Developmental laxity of ligaments may also lead to problems with 
instability, espeeially if there is an episode of trauma; this eombination 
is probably responsible for atlanto-axial rotational instability. Laxity of 
eervieal spinal ligaments may be a normal variant in ehildren and lead 
to diagnostie difficulties. In radiographs of the upper eervieal spine in 
ehildren aged less than 8, a deeeptive appearanee of subluxation (pseu- 
dosubluxation') may result from a eombination of ligamentous laxity 
and faeet orientation. This usually occurs between C2 and C3 but may 
oeeasionally be seen at C3/4. Clinical and other radiologieal features 
should faeilitate the eorreet diagnosis. 


JOINTS 


All vertebrae from C2 to S1 articulate by seeondary cartilaginous joints 
(symphyses) between their bodies, synovial joints between their articu- 
lar proeesses, and fibrous joints between their laminae, transverse and 
spinous proeesses. In the eervieal region, from C3 to C7, joints have 
been deseribed between the uncinate or neurocentral proeesses of the 
inferior vertebral body and the bevelled lateral border of the superior 
body at eaeh level. These small uncovertebral or neurocentral 'joints' 


Joints between the vertebral bodies 


Joints between vertebral bodies are symphyses. Typieal vertebral bodies 
are united by anterior and posterior longitudinal ligaments and by 
fibrocartilaginous intervertebral dises between sheets of hyaline earti- 
lage (vertebral end-plates). 

Articulating surfaces: intervertebral dises The intervertebral 

dises are the ehief bonds between the adjaeent surfaces of vertebral 
bodies from C2 to the saemm. Except at the sites of the uncovertebral 
(neurocentral) joints of Luschka, dise outlines eorrespond with the 
adjaeent bodies. Their thiekness varies in different regions and within 
individual dises. Eaeh dise eonsists of an outer lamellated anulus fibro- 
sus and an inner nucleus pulposus (see Fig. 43.54A(1)). 

In eervieal and lumbar regions the dises are thieker anteriorly, eon- 
tributing to the anterior convexity of the vertebral column. In the tho- 
raeie region they are nearly uniform, and the anterior eoneavity is 
largely due to the vertebral bodies. Dises are thinnest in the upper 
thoraeie region and thiekest in the lumbar region. They adhere to thin 
layers of eartilage on the superior and inferior vertebral surfaces, the 
vertebral end-plates. The latter do not reaeh the periphery of the verte- 
bral bodies but are eneireled by ring apophyses. The end-plates eontain 
both hyaline eartilage and fibroeartilage. The fibrocartilaginous eompo- 
nent lies nearer to the dise and is sometimes eonsidered not to be part 
of the end-plate itself. The fibrocartilaginous eomponents of the end- 
plates above and below the nucleus pulposus, together with the inner- 
most lamellae of the anulus fibrosus, form a flattened sphere of eollagen 
that surrounds and eneloses the nucleus (Fig. 43.60). The overall pro- 
portion of fibroeartilage in the end-plate inereases with age. While all 
dises are attaehed to the anterior and posterior longitudinal ligaments, 
dises in the thoraeie region are additionally tied laterally, by intra- 
artiailar ligaments, to the heads of ribs articulating with adjaeent ver- 
tebrae. Intervertebral dises form about one-quarter of the length of the 
postaxial vertebral column; eervieal and lumbar regions make a greater 
contribution than the thoraeie and are thus more pliant. 



Fig. 43.59 A eoronal 
CT reeonstmetion: note 
uncovertebral ‘joint’ 
(arrow). 


Anulus fibrosus The anulus fibrosus has a narrow outer collagenous 
zone and a wider inner fibrocartilaginous zone. Its lamellae, which are 
convex peripherally when seen in vertieal seetion, are ineomplete 
eollars. The internal vertieal eoneavity of the lamellae eonforms to the 
surface profile of the nucleus pulposus. In all quadrants of the anulus, 
about half the lamellae are ineomplete; the proportion inereases in the 
posterolateral region. The exact nature of the interlamellar substance 
remains in some doubt. Posteriorly, lamellae join in a complex manner. 
Fibres in the rest of eaeh lamella are parallel and mn obliquely between 
vertebrae at about 65° to the vertieal (see Fig. 43.54A(2)). Fibres in 
successive lamellae eross eaeh other obliquely in opposite direetions, 
thus limiting rotation. The obliquity of fibres in deeper zones varies in 
different lamellae. Posterior fibres may sometimes be predominantly 
vertieal, which possibly predisposes them to herniation. 


Atxilus 

fìbrosus 



Nudejs pulposus 


Fig. 43.60 The structure of the vertebral end-plate: the eollagen fibres of 
the inner two-thirds of the anulus fibrosus sweep around into the vertebral 
end-plate and form its fibrocartilaginous eomponent. The peripheral fibres 
of the anulus are anehored into the bone of the ring apophysis. (With 
permission from Bogduk N 1997 dinieal Anatomy of the Lumbar Spine 
and Saernm, 3rd ed. Edinburgh: Churchill Livingstone.) 


733 


CHAPTER 43 




























































Baek 




Fig. 43.57 Atlanto-axial instability in the setting of rheumatoid arthritis. 
Note the marked widening of the atlanto-dens interval seen on extension 
radiographs (arrow) (A), when eompared with flexion (B). 



Fig. 43.58 A, A sagittal CT reconstruction showing an osseous and 
ligamentous injury at T10-11 sustained by a 54-year-old male after a 
major eompression injury. B, The MR image shows gross dismption of 
the supraspinous and interspinous ligaments (arrow). 
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This standard deseription of the anulus may not apply at all spinal 
levels; a eadaverie study indieates that the anulus is usually ineomplete 
posteriorly in adult eervieal dises (Mereer and Bogduk 1999) (see Fig. 
43.54A(3)). 

Nucleus pulposus The nucleus pulposus is better developed in eervieal 
and lumbar regions and lies between the eentre of the dise and 
its posterior surface. At birth it is large, soft and gelatinous, and is eom- 
posed of mucoid material. It eontains a few multinucleated notoehordal 
eells and is invaded by eells and eollagen fibres from the inner zone of 
the adjaeent anulus fibrosus. Notoehordal eells disappear in the first 
deeade, and the mucoid material is gradually replaeed by fibroeartilage, 
derived mainly from the anulus fibrosus and the plates of hyaline ear- 
tilage adjoining the vertebral bodies. The nucleus pulposus beeomes 
less differentiated from the remainder of the dise as age progresses, and 
gradually beeomes less hydrated and inereasingly fibrous. The type II 
eollagen of the nucleus beeomes more like the type I of the anulus as 
its fibril diameter inereases. The quantity of aggregated proteoglyeans 
in the nucleus deereases, while the keratan sulphate/chondroitin sul- 
phate ratio inereases. As inereased eross-linking occurs between eolla- 
gen and the proteoglyeans, the dises lose their water-binding eapaeity 
and beeome stiffer and more liable to injury. Contrary to what was 
previously thought, it has now been shown that lumbar dises do not 
deerease in overall height as a part of normal ageing. The anulus gradu- 
ally loses height as its radial bulge inereases, but the nucleus retains 
height and may inerease in convexity as it inereasingly indents the end- 
plate. Loss of tmnk height with age results from a deerease in vertebral 
body height (Bogduk 2005). When the dise is not loaded, pressure in 
the nucleus pulposus is low at all ages. 

For a review of the structure and fimetion of the human interverte- 
bral dise, see Adams and Dolan (2005). 

Ligaments The ligaments assoeiated with the joints between the 
vertebral bodies are deseribed on pages 731-733. 

Vaseillar Slipply Small offshoots of spinal branehes of arteries sup- 
plying the vertebral column form an anastomosis on the outer surface 
of the anulus fibrosus and supply its most peripheral fibres. Normal 
dises are otherwise avascular and are dependent for their nutrition on 
diffiision from vertebral bone beneath adjaeent end-plates and from the 
peripheral anulus. Vascular and avascular parts differ in their reaetion 
to injury. Venous drainage is via the external and internal vertebral 
venous plexuses to the intervertebral veins and thenee to the larger 
named veins that drain the vertebral column. Lymphatie drainage of 
the vertebral column is briefly eonsidered above. Nothing speeifie is 
known about the lymphatie drainage of the dise. 

Innervation The nerve supply of intervertebral dises has been studied 
in detail in the lumbar region (Fig. 43.61). The outer third of the anulus 
is innervated by the simivertebral nerves; eaeh sinuvertebral nerve 


Anterior longitudinal ligament 


Posterior longitudinal 
ligament 



Grey ramus 
communicans 


Sinuvertebral nerve 


Fig. 43.61 The nerve siipply of a liimbar intervertebral dise. Branehes of 
the grey rami eommiinieantes and the siniivertebral nerves are shown 
entering the dise and the anterior and posterior longitudinal ligaments. 
Branehes from the sinuvertebral nerves also supply the ventral aspeet of 
the dural sae and the dural nerve-root sleeve. 


supplies both the dise at the level of its spinal nerve of origin and the 
dise one level above. The anterior part of the anulus is supplied by the 
sympathetie (preganglionie, grey ramus communicans) rather than by 
the mixed nerve. In damaged and degenerate dises, the nerves may 
penetrate more eentrally into the dise substance. The sinuvertebral 
nerves are eondensations within extensive nerve plexuses that lie on the 
posterior longitudinal ligament. Similar plexuses have been demon- 
strated anteriorly, eovering the anterior longitudinal ligament, and later- 
ally in the fetus. 

Relations and ‘at risk’ structures Posterior, lateral and anterior 
relations of the intervertebral dise are important in the planning of 
interventional investigative and therapeutic procedures ranging from 
diseography to open dise surgery. The posterolateral surface of the dise 
forms the anterior boundary of the intervertebral foramen on eaeh side, 
and so is elosely related to the spinal nerve and its aeeompanying 
vessels. More eentrally, the dise is related posteriorly to the dura mater 
eovering the spinal eord and the cauda equina. Anterior relations of the 
dises vary eonsiderably with vertebral level, but important 'at risk' stme- 
tures include the pharynx and oesophagus, the deseending aorta and 
the inferior vena eava. Laterally, relations ehange with level, but the 
parietal pleura in the thorax, and the sympathetie tmnk and psoas 
muscles in the lumbar region, are important examples. 

Prolapsed intervertebral dise A prolapsed intervertebral dise 

most eommonly affeets the 20-55-year age group and is most often 
seen at the L4/5 and lumbosacral levels. It may also affeet the eervieal 
dises, particularly at C5/6 and C6/7. The thoraeie dises are rarely 
affeeted. Acute tearing or ehronie degeneration of the posterior lamellae 
of the anulus fibrosus allows deformation and herniation of the dise 
eontents. The dise most often prolapses just lateral to the posterior 
longitudinal ligament and ean eompress one or two spinal nerves uni- 
laterally (Fig. 43.62). Much less eommonly, the prolapse is eentral, in 
the midline posteriorly. The eompression of neural stmctures may then 
be bilateral, affeeting the eord itself or the whole cauda equina. If the 
damaged anulus ruptures eompletely, some of the mielear tissue may 
eseape into the vertebral and 'root' eanals. This sequestrated material 
may migrate within the eanals and cause nerve eompression at spinal 
levels distant from that of the dise rupture. The dise material itself may 
have an irritative effeet on the spinal nerve. 

Regarding the anatomy of the vertebral eanal and intervertebral 
foramen in relation to dise prolapse, it is important to understand that 
one or both of two spinal nerves and their roots may be affeeted by a 
single prolapse, depending on the exact site of the prolapse in the hori- 
zontal plane. At the level of eaeh dise and foramen, there are two spinal 
nerves (and their roots) to eonsider: these are the exiting nerve and the 
traversing nerve (Fig. 43.63) (MaeNab and McCulloch 1990). The nerve 
usually affeeted at lumbar levels is the traversing nerve, which erosses 
the baek of the dise on its way to beeome the exiting nerve at the level 
below. Thus a himbosaeral (i.e. L5/S1) dise prolapse usually eompresses 
the S1 nerve. However, a prolapse may affeet the exiting nerve at its own 
level. This is espeeially likely if the prolapse is in the extraforaminal 
zone of the 'root' eanal, the so-ealled Tar lateraF prolapse. At eervieal 
levels, because the roots and nerve leave the vertebral eanal almost 
horizontally, the prolapse usually affeets the exiting nerve. This nerve 
will still bear the number of the vertebra below the affeeted dise because 
eervieal nerves exit the eanal above the pediele of their mimerieally 
eorresponding vertebra. Neurological presentation will include signs 
and symptoms of spinal nerve damage at the affeeted level. Thus pain 
and sensory loss will be dermatomal in distribution. Sensory ehanges 
usually preeede motor loss. 

Internal dismption of a lumbar intervertebral dise is more eommon 
than dise prolapse and is now an inereasingly reeognized cause of baek 
pain. Typieally, the nucleus is deeompressed and the inner lamellae of 
the anulus appear to eollapse into it. 

For more detail on dise pathology and its consequences, see Adams 
and Dolan (2005). 

Faeet (zygapophysial) joints 


Joints between the vertebral articular proeesses (zygapophyses) are 
synovial and have long been ealled zygapophysial joints by anatomists. 
However, in current elinieal praetiee they are eommonly ealled Taeet 
joints'. Detailed deseription of the anatomy of these joints is to be found 
in Bogduk (2005), where the author explains why the term Taeet joint' 
is both ineorreet and essentially ambiguous, on the grounds that faeets 
are not restrieted to zygapophysial articular proeesses and occur, for 
example, in both eostovertebral and eostotransverse joints. 
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Herniated dise material Compressed spinal nerve root 

i i 



Cauda equina in theeal sae 


Normal anulus fibrosus Cauda equina 



Normal Herniated 

nucleus pulposus nucleus pulposus 


Fig. 43.62 A left posterolateral dise extrusion. A, Axial view. B, Sagittal view. 


Artieillating siirfaees Faeet joints are of the simple (eervieal and 

thoraeie) or complex (lumbar) synovial variety; the articulating surfaces 
are eovered in hyaline eartilage and are earried on mutually adapted 
articular proeesses. The size and shape of these proeesses vary with 
spinal level and are deseribed with the individual vertebrae. 



Fig. 43.63 Exiting 
and traversing nerve 
roots. The upper 
root (open arrow) is 
the exiting root at 
this level; the lower 
(elosed arrow) is the 
traversing root here, 
which beeomes the 
exiting root at the 
level below. The 
dotted roots are 
traversing roots of 
the lower segment. 


The capsules are longer and looser in the eervieal region. Aeeording to 
Bogduk (2005 , the anterior fibrous capsule is replaeed entirely by the 
ligamentum flavum in the lumbar spine. 

Intracapsular structures Bogduk deseribes two types of intra-articular 
structure in lumbar faeet joints: namely subcapsular fat and 'meniseoid' 
structures. The latter structures may be collagenous, fibroadipose or 
purely adipose, and projeet into the ereviees between non-eongment 
articular surfaces. They resemble inehisions seen in the small joints of 
the hand; their fimetion is conjectural. 

Ligaments Ligaments that work in conjunction with, and modify the 
fimetion ofi the faeet joints throughout the vertebral column are 
deseribed on pages 731-733. 

Synovial membrane The synovium is attaehed around the periph- 
ery of the articular eartilages and lines the fibrous capsule. In the lumbar 
region, it is refleeted over the intracapsular stmctures deseribed above. 

Vaseillar Slipply The posterior spinal branehes of the arteries that 
supply the vertebral column form arterial anastomoses around the faeet 
joints. Venous drainage is via the external and internal posterior verte- 
bral venous plexuses to the intervertebral veins and thenee to the larger 
named veins that drain the vertebral column. Lymphatie drainage 
follows the prineiples deseribed for the vertebral column. 

Innervation The faeet joints are proffisely innervated by medial 
branehes of the dorsal primary rami of the spinal nerves, which give 
artiailar branehes to the joints above and below them. 

Relations and ‘at risk , structures Anteriorly the capsules of the 

faeet joints form the posterior boundaries of the intervertebral foramina. 
Posteriorly and laterally the joints are related to the deep muscles of 
the baek, some of whose fibres attaeh to the capsules. The joints also 
lie in elose relation to the medial branehes of the dorsal rami of the 
spinal nerves and to their aeeompanying arteries and veins. Damage to 
the medial branehes of the dorsal rami may denervate the deep baek 
muscles. Aeeess to the faeet joints and their related nerves may be 
required in the diagnosis and treatment of spinal pain. 

Lumbar articular tropism In the lumbar region, asymmetrieal 
orientation of the faeet joints occurs in about one-fifth of the popula- 
tion. Such faeet tropism does not appear to predispose to degenerative 
dise disease. 


CRANIOVERTEBRAL JOINTS 


FÌbrouS Capsule The fibrous capsule is thin and loose and attaehed 
peripherally to the artioilar faeets of adjaeent artioilar proeesses. 


The articulation between the cranium and vertebral column is speeial- 
ized to provide a wider range of movement than those that occur in the 
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Fig. 43.64 The atlanto-oeeipital and atlanto-axial joints, anterior aspeet. 
On eaeh side a small eleft has been opened betvveen the lateral part of 
the upper surface of the body of the third eervieal vertebra and the 
bevelled, inferior surface of the body of the axis. 
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Remains of intervertebral dise 


Fig. 43.66 A median sagittal seetion through the oeeipital bone and first 
to third eervieal vertebrae. 
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Fig. 43.65 The atlanto-oeeipital and atlanto-axial joints, posterior aspeet. 


rest of the axial skeleton. It eonsists of the oeeipital eondyles, the atlas 
and the axis. It fnnetions like a universal joint that permits horizontal 
and vertieal seanning movements of the head, and is adapted for eye- 
head eoordination. 

Atlanto-oeeipital joints 


The atlas articulates with the oeeipital bone of the skull by a pair of 
synovial joints. The bones are eonneeted by articular capsules and by 
the anterior and posterior atlanto-oeeipital membranes (Figs 43.64- 

43.65). 

Articulating surfaces Eaeh joint eonsists of two reeiproeally curved 
articular surfaces, one on the oeeipital eondyle and the other on the 
lateral mass of the atlas. The atlantal faeets are eoneave and tilted 
medially. 


LÌgamentS The ligaments are the anterior and posterior atlanto- 
oeeipital membranes. 

Anterior atlanto-oeeipital membrane The anterior atlanto-oeeipital 
membrane (see Fig. 43.64; Fig. 43.66) is a broad, dense fibrous stme- 
ture that eonneets the anterior margin of the foramen magnum to the 
upper border of the anterior areh of the atlas. Laterally, it blends with 
the joint capsule; medially, it is strengthened by a median eord, which 
is the anterior longitudinal ligament stretehing between the basilar 
oeeipital bone and anterior atlantal tubercle. 

Posterior atlanto-oeeipital membrane The posterior atlanto-oeeipital 
membrane (see Figs 43.65-43.66) is broad but relatively thin, and 
eonneets the posterior margin of the foramen magnum to the upper 
border of the posterior atlantal areh, blending laterally with the joint 
capsules. It arehes over the grooves for the vertebral arteries, venous 
plexuses and first eervieal nerve, and forms the 'floor' of the suboccipital 
triangle. The ligamentous border of this areh is sometimes ossified. The 
membrane is usually attaehed by a soft tissue 'bridge', which may 
eontain muscle or tendon fibres, to rectus eapitis posterior minor, and 
is firmly attaehed anteriorly to the spinal dura in the same area 
(Zumpano et al 2006). The ligaments eonneeting the axis and the 
oeeipital bone are fimetionally involved with the posterior atlanto- 
oeeipital membrane. 

Synovial menribran© The synovial eavities of one or both joints may 
communicate with that of the posterior eomponent of the median 
atlanto-axial joint. 

Vascular supply The arterial supply of this region is derived from 
an anastomosis between branehes of the deep eervieal, oeeipital and 
vertebral arteries. 

Innervation The joints are innervated by branehes of the ventral 
primary ramus of the first eervieal spinal nerves. 

Faetors maintaining Stability Faetors maintaining stability inehide 

the fibrous capsules, the atlanto-oeeipital membranes, the shape of the 
artioalar surfaces, the ligaments eonneeting the axis and the oeeipital 
bone, the ligamentum nuchae and the posterior neek muscles. The 
suboccipital muscles play an important proprioeeptive and postural 
role. 


FÌbr0US capsules The fibrous capsules surround the oeeipital eon- 
dyles and superior atlantal articular faeets. They are thieker posteriorly 
and laterally, where the capsule is sometimes defieient, and may eom- 
municate with the joint eavity between the dens and the transverse 
atlantal ligament. 


Muscles produCÌng movements The orientation and shape of 

the atlanto-oeeipital joints allow mainly for flexion-extension, which 
has a total range of about 15°. Axial rotation and lateral flexion have 
not been measured in living subjects, but a few degrees of motion in 
these direetions ean be produced by foreeffil movement in eadavers. 































































































Joints 


The following muscles produce these movements: for flexion - 
longus eapitis and rectus eapitis anterior; for extension - reeti eapitis 
posteriores major and minor, obliquus eapitis superior, semispinalis 
eapitis, splenms eapitis and trapezius (eervieal part); for lateral flexion 
- rectus eapitis lateralis, semispinalis eapitis, splenms eapitis, sternoelei- 
domastoid and trapezius (eervieal part); and for rotation - obliquus 
eapitis superior, rectus eapitis posterior minor, splenius eapitis and 
sternoeleidomastoid. 

Relations and ‘at risk , structures Posteriorly, the joints are 

elosely related to the vertebral arteries as they pass from the foramina 
transversaria into the foramen magnum. The dorsal primary ramus of 
the first eervieal nerve and rectus eapitis posterior major lie posterome- 
dially and rectus eapitis anterior lies anteriorly. 


Atlanto-axial joints 


The atlas articulates with the axis at three synovial joints. These are a 
pair between the lateral masses, and a median complex between the 
dens of the axis and the anterior areh and transverse atlantal ligament. 

Articulating surfaces The articular surfaces of the joints between 
the lateral masses are often elassified as planar. The bony articular sur- 
faees are more complex in shape and are usually reeiproeally eoneave 
in the eoronal plane; the medial parts are somewhat convex in the sagit- 
tal plane (espeeially that of the axis). The cartilaginous articular surfaces 
are usually less eoneave. The median joint is a pivot between the dens 
and a ring formed by the anterior areh and transverse atlantal ligament. 
A vertieally ovoid faeet on the anterior dens articulates with a faeet on 
the posterior aspeet of the anterior atlantal areh. 

FÌbrouS eapsisles The fibrous capsules for the lateral joints are 
attaehed to the articular margins and are thin and loose. Eaeh has a 
posteromedial aeeessory ligament attaehed below to the axial body near 
the base of its dens, and above to the lateral atlantal mass near the 
transverse ligament. The fibrous capsule for the median joint is also 
relatively weak and loose, espeeially superiorly. 

Ligaments Anteriorly, the vertebral bodies are eonneeted by the ante- 
rior longitudinal ligament (see Figs 43.64, 43.66): here, a strong, thiek- 
ened band attaehes above to the lower border of the anterior tubercle 
of the anterior areh of the atlas and below to the front of the axial body. 
Posteriorly, the vertebral arehes are joined by the ligamenta flava (see 
Figs 43.65-43.66), which are attaehed to the lower border of the atlan- 
tal areh above and to the upper borders of the axial laminae. At this 
level, these ligaments form a thin membrane, piereed laterally by the 
seeond eervieal nerves. 




Transverse atlantal and emeiform ligaments The transverse atlantal 
ligament (Fig. 43.67; see Fig. 43.33) is a broad, strong band that arehes 
aeross the atlantal ring behind the dens; its length varies about a mean 
of 20 mm. It is attaehed laterally to a small but prominent tubercle on 
the medial side of eaeh atlantal lateral mass, and broadens medially 
where it is eovered anteriorly by a thin layer of articular eartilage. It 
eonsists almost entirely of eollagen fibres, which, in the eentral part of 
the ligament, eross one another at an angle to form an interlaeing mesh. 
From its upper margin a strong median longitudinal band arises that 
inserts into the basilar part of the oeeipital bone between the apieal 
ligament of the dens and membrana teetoria, and from its inferior 
surface a weaker and less eonsistent longitudinal band passes to the 
posterior surface of the axis. These transverse and longitudinal eompo- 
nents together constitute the emeiform ligament. The transverse liga- 
ment divides the ring of the atlas into unequal parts (see Figs 
43.32-43.33). The posterior two-thirds surrounds the spinal eord and 
meninges, and the anterior third eontains the dens, which the transverse 
ligament retains in position even when all other ligaments are divided. 


Ligaments eonneeting axis and oeeipital bone Figaments eonneeting 
the axis and the oeeipital bone eonsist of the membrana teetoria, the 
paired alar ligaments, the median apieal ligament, and the longitudinal 
eomponents of the emeiform ligament (see Figs 43.66-43.67). 


Membrana teetoria Inside the vertebral eanal, the membrana teetoria 
is a broad strong band representing the upward continuation of the 
posterior longitudinal ligament. Its superficial and deep laminae are 
both attaehed to the posterior surface of the axial body. The superficial 
lamina expands as it aseends to the upper surface of the basilar oeeipital 
bone, and attaehes above the foramen magnum, where it blends with 
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Fig. 43.67 The posterior aspeet of the atlanto-oeeipital and atlanto-axial 
joints. The posterior part of the oeeipital bone and the laminae of the 
eervieal vertebrae have been removed and the atlanto-oeeipital joint 
eavities opened. (Adapted with permission from VVasehke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & 
Fiseher. Copyright 2013.) 


the eranial dura mater. The deep lamina eonsists of a strong median 
band that aseends to the foramen magnum, and two lateral bands that 
pass to, and blend with, the capsules of the atlanto-oeeipital joints as 
they reaeh the foramen magnum. The membrane is separated from the 
emeiform ligament of the atlas by a thin layer of loose areolar tissue, 
and sometimes by a bursa. 

Alar ligaments The alar ligaments are thiek eords, about 11 mm long, 
which pass horizontally and laterally from the longitudinally ovoid 
flattenings on the posterolateral aspeet of the apex of the dens to the 
roughened areas on the medial side of the oeeipital eondyles. In most 
individuals there is also an anteroinferior band, approximately 3 mm 
long, which inserts into the lateral mass of the atlas in front of the 
transverse ligament. Fibres oeeasionally pass from the dens to the ante- 
rior areh of the atlas. In addition, in some 10% of eases a continuous 
transverse band of fibres, the transverse oeeipital ligament, passes 
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between the oeeipital eondyles immediately above the transverse liga- 
ment. The ligaments eonsist mainly of eollagen fibres arranged in paral- 
lel. The main fimetion of the alar ligaments is now eonsidered to be 
limitation of atlanto-axial rotation, the left beeoming taut on rotation 
to the right and viee versa. The slightly downward movement of the 
atlas during rotation helps permit a wider range of movement by reduc- 
ing tension in the alar ligaments, and in the capsules and aeeessory 
ligaments of the lateral atlanto-oeeipital joint. 

Apieal ligament of the dens The apieal ligament of the dens fans out 
from the apex of the dens into the anterior margin of the foramen 
magnum between the alar ligaments, and represents the eranial eon- 
tinuation of the notoehord and its sheath. It is separated for most of 
its extent from the anterior atlanto-oeeipital membrane and emeiform 
ligament by pads of fatty tissue, though it blends with their attaehments 
at the foramen magnum, and with the alar ligaments at the apex of the 
dens. 

The ligamentum nuchae and the anterior longitudinal ligament also 
eonneet eervieal vertebrae with the cranium. 

Synovial membrane The synovial membranes of the lateral joints 
have no speeial features. The median joint has two synovial eavities that 
sometimes eomimmieate. The synovial eavity of the posterior eompo- 
nent of the median joint complex is larger, lying between the horizon- 
tally orientated ovoid faeet, on the posterior surface of the dens and the 
cartilaginous anterior surface of the transverse ligament; eomimmiea- 
tion often exists with one or both of the atlanto-oeeipital joint 
eavities. 


Vaseillar Slipply The arterial supply of this region is derived from 
an anastomosis between branehes of the deep eervieal, oeeipital and 
vertebral arteries. 


Innervation The joints are innervated by branehes of the ventral 
primary ramus of the seeond eervieal spinal nerve. 



Faetors maintaining Stability The most important faetors main- 
taining stability are the ligaments, of which the transverse atlantal liga- 
ment is the strongest (see Fig. 43.33). The alar ligaments are weaker. 
Other ligaments eonneeting the axis and the oeeipital bone, the fibrous 
capsules, the ligamentum nuchae and the posterior neek muscles also 
contribute to stability; the suboccipital muscles play an important pro- 
prioeeptive and postural role. 


MliSdes produCÍng movements Movement is simultaneous at 

all three joints and eonsists almost exclusively of rotation around the 
axis. The shape of the articular surfaces is such that, when rotation 
occurs, the axis aseends slightly into the atlantal ring, limiting streteh 
on the lateral atlanto-axial joint capsules. Rotation is limited mainly by 
the alar ligaments, with a minor contribution from the aeeessory 
atlanto-axial ligament. The normal range of atlanto-axial rotation is 
about 40°. 

The muscles that produce atlanto-axial rotation aet on the cranium, 
transverse proeesses of the atlas and spinous proeess of the axis. They 
are mainly obliquus eapitis inferior, rectus eapitis posterior major and 
splenms eapitis of one side, and the eontralateral sternoeleidomastoid. 


Relations and ‘at risk’ structures The most important 'at risk' 

relation is the spinal eord, lying posterior to the median atlanto-axial 
joint. Anteriorly, the atlanto-axial articulations, capsules and ligaments 
are separated from the buccopharyngeal faseia and superior eonstrietor 
by longus eapitis and longus eolli, the prevertebral faseia and the retro- 
pharyngeal (potential) spaee. 
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Fig. 43.68 Joints and ligaments on the posterior aspeet of the left half of 
the pelvis and the fifth lumbar vertebra. 


Articulating surfaces The reeiproeally curved surfaces of the faeet 
joints show eonsiderable individual variation in alignment and shape. 
Asymmetry (faeet tropism) is not unusual. 

Ligaments The major ligament assoeiated with the lumbosacral junc- 
tion is the iliolumbar ligament (see Fig. 80.9A; Fig. 43.68). 

Iliolíimbar ligament The iliolumbar ligament is attaehed to the tip 
and anteroinferior aspeet of the fifth lumbar transverse proeess, and 
sometimes has a weak attaehment to the fourth transverse proeess. It 
radiates laterally and is attaehed to the pelvis by two main bands. A 
lower band passes from the inferior aspeet of the fifth lumbar transverse 
proeess and the body of the fifth lumbar vertebra aeross the anterior 
saeroiliae ligament to reaeh the posterior margin of the iliae fossa. An 
upper band, part of the attaehment of quadratus lumborum, passes to 
the iliae erest anterior to the saeroiliae joint, and is continuous above 
with the anterior layer of the thoracolumbar faseia. The lower ligament 
has a more vertieal eomponent that reaehes the posterior iliopeetineal 
line; this eomponent is a lateral relation of the L5 ventral ramus. A 
posterior eomponent of the iliolumbar ligament passes behind quad- 
ratus lumborum to attaeh to the ilium. 

In neonates and ehildren, the iliolumbar 'ligament' is muscular; the 
muscle is gradually replaeed by ligament up to the fifth deeade of life. 

Vaseillar supply The vascular supply of the lumbosacral junction is 
derived mainly from the iliolumbar and superior lateral saeral 
arteries. 


Variants of eraniovertebral joints 


Innervation The lumbosacral junction is innervated by branehes 
derived from the fourth and fifth lumbar spinal nerves. 


Anomalies of the eraniovertebral joints are sometimes seen. Many are 
minor segmentation anomalies and may be ineidental radiologieal or 
osteologieal findings. More severe anomalies may lead to eranioeervieal 
instability (Piper and Traynelis 1998). 

LUMB0SACRAL JUNCTI0N 


Relations and ‘at risk’ structures The lumbosacral dise is related 

anteriorly to the eommon iliae veins, the median saeral vessels, and the 
superior hypogastrie plexus of nerves. The sympathetie tmnks eross it 
anterolaterally, while the obturator nerves and lumbosacral tmnks pass 
elose laterally. The relations of the lumbosacral faeet joints are similar 
to those of the himbar faeet joints (see above). 


Articulations between the fifth lumbar and first saeral vertebrae resem- 
ble those between other vertebrae. The bodies are united by a symphysis 
that includes a large intervertebral dise. The latter is deeper anteriorly 
at the lumbosacral angle. The synovial faeet joints are separated by a 
738 wider interval than those above. 


SACR0C0CCYGEAL JUNCTI0N 


The saeroeoeeygeal joint is usually a symphysis between the saeral apex 
and eoeeygeal base, united by a thin fibrocartilaginous dise that is 
somewhat thieker in front and behind than laterally. Its surfaces earry 
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hyaline eartilage that varies from thin veils to small islands. Oeeasion- 
ally, the coccyx is more mobile and the joint is synovial. 

Ligaments The anterior saeroeoeeygeal ligament eonsists of irregular 
fibres that deseend on the pelvie surfaces of both saemm and coccyx, 
and is attaehed in the same way as the anterior longitudinal ligament. 
The flat superior posterior saeroeoeeygeal ligament passes from the 
margin of the saeral hiatus to the dorsal eoeeygeal surface, roofing the 
lower saeral eanal (see fig. 43.68). The deep posterior saeroeoeeygeal 
ligament passes from the baek of the fifth saeral vertebral body to the 
dorsum of the coccyx and eorresponds to the posterior longitudinal 
ligament. On eaeh side, the lateral saeroeoeeygeal ligaments eonneet the 
eoeeygeal transverse proeesses to the inferolateral saeral angles, eom- 
pleting foramina for the fifth saeral spinal nerves. Similarly the inter- 
cornual ligaments eonneet the saeral and eoeeygeal cornua, and a 
fasciculus eonneets the saeral cornua to the eoeeygeal transverse 
proeesses. 

Vascular supply The arterial supply of the saeroeoeeygeal junction 
is derived from the inferior lateral saeral and median saeral arteries. 

Innervation The innervation of the saeroeoeeygeal junction is derived 
from the lower two saeral and the eoeeygeal nerves. 


INTERCOCCYGEAL JOINTS 


In the young the intereoeeygeal joints are symphyses, with thin dises of 
fibroeartilage between eoeeygeal segments. Segments are also eonneeted 
by extensions of the anterior and posterior saeroeoeeygeal ligaments. In 
adult males all segments unite eomparatively early, but in females 
union is later. In advaneed age the saeroeoeeygeal jointbeeomes obliter- 
ated. Oeeasionally, the joint between the first and seeond segments is 
synovial. The apex of the terminal segment is eonneeted to overlying 
skin by white fibrous tissue. 


MUSCLES 


The musculature of the baek is arranged in a series of layers, of which 
only the deeper are tme, intrinsie, baek muscles (Fig. 43.69). The tme 
baek muscles are eharaeterized by their position and by their innerva- 
tion by branehes of the posterior (dorsal) rami of the spinal nerves. The 
tme baek muscles below the neek lie deep to the posterior layer of 
the thoracolumbar faseia. In the lumbar region, where the layers of the 
thoracolumbar faseia are well defined, they occupy the eompartment 
between its posterior and middle layers. 

Lying superficial to the tme, intrinsie muscles are the extrinsic, 
'immigrant' muscles (see Fig. 43.69). The most superficial of these mn 
between the upper limb and the axial skeleton, and eonsist of trapezius, 
latissimus dorsi, levator scapulae and the rhomboid muscles. Beneath 
this layer lie the serratus posterior group, superior and inferior, which 
are variably developed but usually thin muscles whose fimetion may 
be respiratory or possibly proprioeeptive. All the extrinsic muscles are 
innervated by ventral rami. 

Trapezius, levator scapulae, rhomboid major, rhomboid minor and 
latissimus dorsi are deseribed on pages 816, 818 and 821 respeetively, 
serratus posterior superior and inferior are deseribed on pages 941, 942. 
The imiseles of the posterior abdominal wall are deseribed on page 
1085. 

The intrinsie muscles are also arranged in layers. The more superficial 
layers eontain the splenms muscles in the neek and upper thorax, and 
the ereetor spinae group in the tmnk as a whole. The deeper layers in- 
clude the spinotransverse group, which is itself layered into semispina- 
lis, multifidus and the rotatores, and the suboccipital muscles. Deepest 
of all lie the interspinal and intertransverse imiseles. The latter group 
constitute a mixture of dorsal and ventral spinal muscles. The lumbar 
intertransversarii mediales, thoraeie intertransversarii and medial parts 
of eervieal posterior intertransversarii are innervated by dorsal rami, but 
Cj the others are supplied by ventral rami ( Gommentary 5. ). 

Muscle attaehments and fibre dìreetion 

Although developmentally the imiseles of the baek extend caudally as 
the vertebral column elongates, drawing their nerve supply with them, 
they have traditionally been deseribed as if their fibres ran caudocrani- 
ally, so that the 'origins' of the imiseles lay distal to their finsertions'. 

It has been shown that in the lumbar spine it is more appropriate 
morphologieally and biomeehanieally to view the imiseles in the 
reverse direetion - from above downwards (Bogduk 2005). It is reason- 



Semispinalis eapitis 

— Splenius eapitis 

—Rhomboid minor 

—Rhomboid major 

— Levator scapulae 
-Supraspinatus 

lnfraspinatus 


I 

Teres minor 


Sternoeleidomastoid 


Trapezius 


Deltoid 


Teres major 

— Serratus 
anterior 

Serratus posterior 

inferior 

E reetor spinae 
Internal oblique 


-Gluteus 

maximus 


Triangle of 
auscultation 


Latissimus dorsi 

Thoracolumbar 
faseia 

External oblique 

Internal oblique 
forming floorof 
lumbar triangle 

Faseia eovering 
gluteus medius 


Faseia eovering 
gluteus maximus 


Fig. 43.69 Superficial muscles of the baek of the neek and trunk. On the 
left only the skin, superficial and deep faseiae (other than gluteofemoral) 
have been removed; on the right, sternoeleidomastoid, trapezius, 
latissimus dorsi, deltoid and external oblique have been disseeted away. 


able to argiie that this view may also be applied to the eervieal and 
thoraeie muscles, and so for uniformity in this seetion, all muscles have 
been deseribed in this way. 

Lìgamentiim niiehae 

The ligamentum nuchae is not a ligament of the neek, for it does not 
eonneet adjaeent bones and laeks the internal structure typieal of a liga- 
ment. It is a unique arrangement of tendons and faseia between the 
posterior muscles of the neek. It eonsists of a dorsal raphe and a median 
septal portion. The dorsal raphe lies superficially along the posterior 
midline of the neek. It is attaehed to the external oeeipital protmberanee 
superiorly, and the tip of the C7 spinous proeess inferiorly. In its supe- 
rior half it eonsists of the aggregated tendons of the most medial fibres 
of the eervieal portion of trapezius. Because of their longitudinal 
arrangement, these tendons have been deseribed as forming the funicu- 
lar portion of the ligamentum nuchae (Mereer and Bogduk 2003). In 
its inferior half, the funicular portion is joined by the obliquely orien- 
tated tendons of splenius eapitis and rhomboid minor. Aeross the 
midline the tendons of splenms eapitis are continuous with those of 
rhomboid minor on the other side, and they interweave with the 
tendons of the reeiproeal sets of muscles to produce the raphenous 
structure of the ligamentum nuchae. From the ventral surface of the 
dorsal raphe, a median faseial septum extends deeply towards the ver- 
tebral column and separates semispinalis eapitis from its opposite 
partner. A lateral expansion of the septum extends laterally ventral to 
semispinalis eapitis, separating it from multifidus and semispinalis eer- 
vieis. The median continuation of the septum reaehes the tips of the 
eervieal spinous proeesses, and extends into the eervieal interspinous 
spaees as far as the ligamentum flavum. At upper eervieal levels, the 
septum is attaehed to the external oeeipital erest and the posterior 
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Fig. 43.70 Splenius eervieis and splenius eapitis. 


tubercle of the atlas, and it blends with the posterior atlanto-oeeipital 
and posterior atlanto-axial membranes. Passing through these mem- 
branes, it is attaehed to the posterior surface of the dura mater (Dean 
and Mitehell 2002). Only the dorsal raphe affords attaehment to 
muscles; no muscles arise from the median septum. 

Splenius eapitis 

Attaehments Splenius eapitis arises from the mastoid proeess and 
the rough surface on the oeeipital bone just below the lateral third of 
the superior nuchal line. Its fibres pass downwards and medially to 
reaeh the midline. The lower fibres insert into the tips of the spinous 
proeesses of the seventh eervieal and upper three or four thoraeie ver- 
tebrae and the intervening supraspinous ligaments. The tendons of the 
upper fibres interlaee in the midline with those of the opposite side in 
the dorsal raphe of the ligamentum nuchae in the lower half of the 
eervieal region (Fig. 43.70). 

Relations Splenius eapitis lies deep to trapezms and eovers semispi- 
nalis eapitis and longissimus eapitis. The upper part of the muscle lies 
beneath sternoeleidomastoid. Between sternoeleidomastoid and trape- 
zius it forms part of the floor of the posterior triangle of the neek, above 
and behind levator scapulae. 

Vascular supply See below. 

Innervation Splenius eapitis is innervated by lateral branehes of the 
seeond and third eervieal dorsal rami. 

Aetions Aeting unilaterally and synergistieally with the eontralateral 
sternoeleidomastoid, splenius eapitis rotates the head to the same side. 
Aeting bilaterally splenius eapitis extends the head. 

Splenius eervieis 

Attaehments Splenius eervieis is confluent with splenius eapitis, but 
eovers more caudal regions of the neek and thoraeie region (see Fig. 
43.70). It arises from the transverse proeess of the atlas, the tip of the 
transverse proeess of the axis and the posterior tubercle of the third 
eervieal vertebra. Its fibres pass downwards and medially, wrapping 
around the other posterior intrinsie neek nmseles, to insert into the 
third to sixth thoraeie spinous proeesses. 

Relations Splenius eervieis lies deep to serratus posterior superior, the 
rhomboids and trapezius. It eovers the upper parts of the ereetor spinae 
and the lower semispinalis muscles. 

Vascular supply See below. 

Innervation Splenius eervieis is innervated by lateral branehes of the 
lower eervieal dorsal rami. 

Aetions Aeting unilaterally, splenius eervieis rotates the upper eervieal 
vertebra, in the same way that the splenius eapitis rotates the head. 
Aeting bilaterally, splenius eervieis extends the upper eervieal spine. 
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Fig. 43.71 The ereetor spinae muscle group. 


Variations The splenii may be absent or vary in their vertebral attaeh- 
ments. Aeeessory slips also occur. 


Ereetor spinae 

Ereetor spinae (see Figs 43.6; Figs 43.71-43.72) is a large musculotendi- 
nous mass that differs in size and eomposition at different vertebral 
levels. It eonsists of faseieles that assume systematie attaehments to 
homologous parts of the skull, the eervieal, thoraeie and lumbar verte- 
brae, the saemm and the ilimn. Individual muscles are defined by the 
attaehments of their faseieles and the regions that they span. There are 
three muscles, eaeh with three regional parts (Table 43.1). 



Spinalis Spinalis thoraeis is the most medial portion of ereetor spinae 
in the thoraeie region. It eonsists of faseieles that arise from the spinous 
proeesses of the upper thoraeie vertebra and insert into the spinous 
proeesses of the eleventh and twelfth thoraeie and first two lumbar 
vertebrae. The number of faseieles and their segmental attaehments 
vary. The faseieles are arranged in an overlapping series of inereasingly 
longer, flat ares. The shortest faseieles have the lowest origin and highest 
insertion, and the longest faseieles have the highest origin and lowest 
insertion. Laterally, the muscle blends intimately with longissimus tho- 
raeis and is eonsidered by some to be a eomponent of that muscle. 

Spinalis is irregularly and poorly developed in other regions. When 
present, spinalis eervieis eonsists of paramedian fibres that arise vari- 
ously from the spinous proeesses of the axis and the third and fourth 
eervieal vertebrae, and insert into the lower part of the ligamentum 
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Fig. 43.72 An axial MRI of the lumbar spine at the level of the L4/5 
intervertebral dise. 
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Table 43.1 Components of ereetor spinae and their regional parts 


Spinalis 

Longissimns 

llioeostalis 

Spinalis thoraeis 

Longissimijs eapitis 

llioeostalis eervieis 

Spinalis eervieis 

Longissimus eervieis 

llioeostalis thoraeis 

Spinalis eapitis 

Longissimus thoraeis 
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nuchae and the spine of the seventh eervieal vertebra (sometimes also 
to the first and seeond thoraeie vertebrae). Spinalis eapitis is represented 
by oeeasional fibres of semispinalis eapitis that insert into the spines of 
the seventh eervieal and first thoraeie vertebrae instead of reaehing the 
thoraeie transverse proeesses. 

LongÌSSÌmuS Longissimus is the eentral eomponent of ereetor spinae. 
It assumes a series of attaehments at sites that are homologous to the 
junction of the transverse and eostal elements of the segment. These 
sites are represented at thoraeie levels by the tip of a transverse proeess 
and the immediately adjaeent posterior surface of the rib; at eervieal 
levels by the transverse proeess and posterior tubercle; and at lumbar 
levels by the aeeessory proeess (the transverse element) and medial half 
of the transverse proeess (the eostal element). 

Longissimus eapitis is a narrow flat band of muscle that arises from 
the posterior edge of the mastoid proeess, under eover of splenius 
eapitis and sternoeleidomastoid. It deseends aeross the lateral surface 
of semispinalis eapitis and inserts by a series of tendons into the trans- 
verse proeesses of the lower three or four eervieal and upper four or so 
thoraeie vertebrae. 

Longissimus eervieis is a long thin muscle that arises by tendons 
from the posterior tubercles of the transverse proeesses of the seeond 
to sixth eervieal vertebra. It deseends into the thoraeie region, between 
the tendons of longissiimis eapitis and longissimus thoraeis, to insert 
by tendons into the transverse proeesses of the upper four or five tho- 
raeie vertebrae. 

Longissimus thoraeis is the largest eomponent of ereetor spinae. It 
eonsists of many small faseieles that are aggregated in a particular 
manner to produce a very long, and in some plaees thiek, muscle. It has 
lumbar and thoraeie parts. 

The lumbar part is formed by fleshy bundles that arise from the 
aeeessory proeess and the medial half or so of the posterior surface of 
the transverse proeess of eaeh of the five lumbar vertebrae. The faseieles 
pass inferiorly and slightly laterally. Those from the first four lumbar 
vertebrae eonverge on to a eommon flat tendon that eovers the lateral 
surface of the imisele and separates it from the lumbar fibres of ilioeos- 
talis, for which reason it is ealled the lumbar intermuscular aponeuro- 
sis. The aponeurosis eommenees in the mid-lumbar region, with a 
broad irregular base, and inferiorly it tapers to a tmneated point that 
inserts into the medial surface of the ilium just dorsal to the ala of the 
saemm. The faseiele from the first lumbar vertebra attaehes rostrally and 
dorsally to the aponeurosis. Successive faseieles attaeh to it more ven- 
trally and caudally. The faseiele from the fifth himbar vertebra inserts 
separately, deep to the intermuscular aponeurosis, into the ventrome- 
dial aspeet of the ilium and the upper fibres of the dorsal saeroiliae liga- 
ment. Medially the lumbar fibres of longissiimis are separated from the 
multifidus by a wide eleavage plane filled with fat and veins. 

The thoraeie part eonsists of faseieles with smalf fiisiform imisele 
bellies that have short rostral tendons and long caudal tendons. The 
muscle bellies are arranged in a tiered fashion aeross the length of the 
posterior thoraeie walf with the highest lying medially and the lowest 
lying laterally. The upper four faseieles arise from the tips of the first 
four thoraeie transverse proeesses. The succeeding faseieles have bifid 
tendons that arise from the transverse proeess and the adjaeent rib at 
eaeh of the lower eight thoraeie segments. The long caudal tendons of 
the thoraeie faseieles of longissiimis are aggregated in parallel to form 
a wide aponemosis, which allows them to assume a variety of caudal 
insertions. The tendons of the uppermost faseieles insert into the 
lumbar spinous proeesses and their supraspinous ligament. Those from 
the first thoraeie segment reaeh the Ll-2 levef and those from the sixth 
thoraeie segment reaeh the L5 level. The faseieles from the seventh to 
ninth thoraeie segments reaeh the median saeral erest, and those from 
the tenth and eleventh thoraeie segments attaeh transversely aeross the 
posterior surface of the third segment of the saemm. The faseiele from 
the twelfth thoraeie segment reaehes the saemm and dorsal segment of 
the iliae erest just below where the intermuscular aponeurosis of the 
lumbar fibres of longissimus inserts into the ilium. The aponeurosis 
eovers the multifidus and the lumbar fibres of longissimus; it extends 
from the midline as far laterally as the dorsal edge of the lumbar inter- 
muscular aponeurosis, with which it fuses. Within the lumbar intermus- 


cular aponeurosis, the lumbar fibres of longissiimis, from L1 to L5, 
eomplete the systematie progression of attaehments exhibited by the 
thoraeie fibres. 

llioeostalis ilioeostalis is the most lateral eomponent of the ereetor 
spinae. Its faseieles are attaehed to sites that are homologous with the 
ribs. 

ilioeostalis eervieis eonsists of slender faseieles that arise by long 
tendons from the posterior tubercles of the fourth, fifth and sixth eervi- 
eal vertebrae. They deseend over the posterior thorax to insert into the 
third to sixth ribs at their angles. 

ilioeostalis thoraeis is a narrow, fiisiform muscle. The fibres arise 
from the baek of the transverse proeess of the seventh eervieal vertebra 
and the superior borders of the angles of the upper six ribs; they lie 
lateral to ilioeostalis eervieis, and insert into the upper borders of the 
angles of the lower six ribs. 

ilioeostalis lumborum eonsists of lumbar and thoraeie parts. The 
lumbar part is formed by fleshy faseieles that arise from the tips of 
the first four lumbar transverse proeesses and the posterior surface of 
the middle layer of thoracolumbar faseia lateral to these tips. These 
faseieles deseend to the ilium in a laminated fashion, such that those 
from higher levels eover those from lower levels. They insert into the 
medial end of the iliae erest and the dorsal segment of the iliae erest, 
with the faseiele from L4 assuming the most ventral and lateral attaeh- 
ment, and the faseiele from L1 assuming the most dorsal and medial 
attaehment. The attaehment to the ilium is largely by fleshy fibres but 
the more superficial fibres are aponeurotic. The thoraeie part eonsists 
of eight or nine small faseieles that respeetively arise from the lower 
eight or nine ribs at their angles, lateral to the ilioeostalis thoraeis. Eaeh 
faseiele arises from its rib by a ribbon-like tendon. The tendons are 
longer at high levels but beeome progressively shorter at lower levels. 

The muscle bellies of the faseieles are uniform in length, and eaeh gives 
rise to a caudal tendon. These tendons are aggregated to form a dorsal 
aponeurosis that eovers the lumbar part of ilioeostalis lumborum and 
inserts in a linear fashion into the medial end of the iliae erest and its 
dorsal segment. Along this line the faseieles are represented serially, 
such that the faseiele from the twelfth rib attaehes most laterally and 
that from the fourth or fifth rib attaehes most medial and inferiorly. 

Ereetor spinae aponeiirosis Together, the dorsal aponeuroses of 

the thoraeie fibres of longissimus and the thoraeie fibres of ilioeostalis 
lumborum form a wide sheet of parallel tendons known as the ereetor 
spinae aponeurosis. It is attaehed to the lumbar spinous proeesses and 
supraspinous ligaments, the median saeral erest, the third saeral 
segment, the dorsal segment of the iliae erest and the medial end of the 
iliae erest, and eovers multifidus and the himbar fibres of both longis- 
simus and ilioeostalis. Signifieantly, the ereetor spinae aponeurosis is 
formed exclusively by the tendons of the thoraeie fibres of longissiimis 
thoraeis and ilioeostalis lumborum; it does not give rise to the lumbar 
fibres of these imiseles, which are attaehed independently to the ilium. 

Some of the more superficial fibres of multifidus may insert into the 
deep surface of the ereetor aponeurosis over the saemm, but otherwise 
the substantive insertion of multifidus is into the saemm. A portion of 
the uppermost fibres of gluteus maximus arise from the dorsal surface 
of the inferolateral eorner of the ereetor spinae aponeurosis. The lumbar 
intermuscular aponeurosis is a ventral extension of the ereetor spinae 
aponeurosis, separating the lumbar fibres of longissimus from those of 
ilioeostalis. 

Relations Ereetor spinae is eovered in the lumbar and thoraeie regions 
by the thoracolumbar faseia, and by serratus posterior inferior below 
and the rhomboids and splenii above. In the lumbar region, it lies in 
the eompartment between the posterior and middle layers of the tho- 
racolumbar faseia. 

Vascular supply See below. 

Innervation Ereetor spinae is innervated by the lateral branehes of the 
dorsal rami of the eervieal, thoraeie and lumbar spinal nerves. At lumbar 
levels, lateral branehes innervate ilioeostalis and intermediate branehes 
innervate longissimus. 

Aetions The thoraeie and himbar eomponents of ereetor spinae are 
powerful extensors of the vertebral column. Aeting eoneentrieally and 
bilaterally they ean extend the thoraeie and lumbar spines whereas 
aeting unilaterally they ean laterally flex the tmnk. However, more eom- 
monly, ereetores spinae aet eeeentrieally. 

From the upright posture, the tmnk ean flex forwards under the 
influence of gravity. This movement is initiated by flexor muscles, such 741 
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as rectus abdominis, in order to bring the eentre of gravity of the tmnk 
forwards. Thereafter, ereetores spinae eontrol the deseent of the thorax 
under gravity. When the tmnk is fully flexed, many parts of ereetor 
spinae eease to eontraet and beeome eleetromyographieally silent. In 
this position, flexion is limited by passive tension in the baek muscles, 
and tension in the thoracolumbar faseia, the posterior spinal ligaments 
and the intervertebral dises. Similarly, lateral flexion under gravity is 
eontrolled by the eontralateral ereetor spinae, with input from the 
abdominal oblique muscles. 

The fhnetion of the eervieal and eapital eomponents of ereetor 
spinae has not been determined. These are small muscles with very little 
foree eapaeity, and are poorly orientated to exercise extension or to 
eontrol flexion of the head or eervieal spine. As putative extensors they 
are dwarfed by semispinalis and splenius. Axial rotation of the head 
draws longissimus eapitis around the perimeter of the eervieal spine, 
orientating it perhaps so that it is able to restore the head to neutral 
from the rotated position. 

Spinotransverse group 

The spinotransverse muscle group eonsists of muscles where the fasei- 
eles span between a spinous proeess and the transverse elements of 
vertebrae at various levels below. The imiseles are grouped aeeording to 
the length of their faseieles and the region that they eover ( Table 43.2). 

Rotatores have the deepest and shortest faseieles, and span one and 
two segments, whereas the faseieles of multifidus span two, three, four 
or five segments, and those of semispinalis span about six segments. 

Rotatores Rotatores thoraeis (Fig. 43.73) eonsist of eleven pairs of 
small quadrilateral imiseles. The first pair lies between the first and 
seeond thoraeie vertebrae, and the last between the eleventh and twelfth 
thoraeie vertebrae. One or more may be absent from the upper or lower 
ends of the series. In eaeh segment, a rotator brevis eonneets the lower 


Table 43.2 Components of the spinotransverse group 


Rotatores 

Multifidus 

Semispinalis 

Rotatores thoraeis 

Multifidus 

Semispinalis eervieis 

Rotatores eervieis 


Semispinalis thoraeis 

Rotatores eapitis 


Semispinalis eapitis 


border and lateral surface of the lamina above to the upper, posterior 
part of the transverse proeess of the vertebra immediately below; a 
rotator longus eonneets the base of the spinous proeess above to the 
transverse proeess two levels below. Rotatores are not obviously present 
at lumbar and eervieal levels, where they may be represented by some 
of the deeper faseieles of multifidus. 

Multifidus At eervieal, thoraeie and upper lumbar levels, multifidus 
lies lateral to the spinous proeesses and eovers the laminae of the 
underlying vertebrae, but at lumbosacral levels it expands to eover the 
posterior surface of the saemrn (Fig. 43.74). At eaeh segmental level, 
multifidus is formed by several faseieles that arise from the caudal edge 
of the lateral surface of the spinous proeess and from the caudal end 
of its tip. They radiate caudally to insert into the transverse elements of 
vertebrae two, three, four and five levels below (Maeintosh et al 1986). 
These sites are represented at eervieal levels by the superior articular 
proeesses, at thoraeie levels by the posterior surface of eaeh transverse 
proeess near its base, and at lumbar levels by the mammillary proeesses. 
Faseieles that extend beyond the fifth lumbar vertebra insert into the 
dorsal surface of the saemm. The longest faseieles from the first and 



Rotator bna/is 


Rotator longus 


Fig. 43.73 Rotatores (thoraeie region). (With permission from Benninghoff, 
Anatomie, 15th edition © llrban and Schwarzenberg, 1994.) 




Fig. 43.74 Multifidus. A, Cervicothoracic parts. 
B, Lumbosacral parts. 
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Fig. 43.75 The attaehments of semispinalis. 


seeond lumbar vertebrae insert into the dorsal segment of the iliae erest. 
From eaeh spinous proeess the shortest faseieles pass inferiorly and 
laterally to their insertion; the longer faseieles assume a progressively 
steeper course and are arranged progressively more medially. The fasei- 
eles from a given segment are flanked and overlapped dorsolaterally by 
faseieles from successively higher segments, an arrangement that 
endows the intaet muscle with a laminated structure. 

Semispinalis The semispinalis muscles are formed by the longest 
faseieles of the spinotransverse group. Three divisions are defined essen- 
tially by their origins (Fig. 43.75). 

Semispinalis eervieis arises from the spinous proeesses of the seeond 
to fifth eervieal vertebrae. Its faseieles span about six segments and eover 
the eervieal and thoraeie multifidus. They insert by fleshy or tendinous 
fibres into the posterior surfaces of the upper five or six thoraeie trans- 
verse proeesses. The faseiele from the axis is the largest and is eomposed 
ehiefly of muscle. 

Semispinalis thoraeis eonsists of thin, fleshy faseieles that have long 
tendons at both ends. They arise from the lower two eervieal and the 
upper four thoraeie spinous proeesses, and insert into the transverse 
proeesses of the sixth to tenth thoraeie vertebrae. They eover the thoraeie 
multifidus. 

Semispinalis eapitis eovers semispinalis eervieis. It arises from the 
medial part of the area between the superior and inferior nuchal lines 
of the oeeipital bone and forms a thiek muscle bundle in the suboc- 
eipital region. Individual faseieles pass inferiorly, laterally and ventrally 
from the muscle, ending as flat tendons that insert successively into the 
superior articular proeesses of the lower four eervieal vertebrae and the 
tips of the transverse proeesses of the upper six or seven thoraeie verte- 
brae. The medial part of the muscle in the eervieal region is formed by 
the thoraeie faseieles, which are more or less distinet from the rest, and 
has been ealled biventer eervieis because it is traversed by an ineomplete 
tendinous interseetion. 

Semispinalis is not formed in the lumbar region, but vestiges of its 
caudal tendons are represented as the mammillo-aeeessory ligaments 
of the lumbar vertebrae. 

Relations At eervieal, thoraeie and lumbar levels, eomponents of 
ereetor spinae lie lateral to the spinotransverse group of muscles. They 


are eovered at eervieal levels by splenms, at thoraeie levels by spinalis 
thoraeis, and at lumbar levels by the ereetor spinae aponeurosis. In the 
neek, semispinalis eapitis lies mainly deep to splenms and trapezius, 
but a small portion may be exposed to form the uppermost part of the 
floor of the posterior triangle of the neek. 

Vascular supply See below. 

Innervation Rotatores, multifidus, semispinalis thoraeis and semispi- 
nalis eervieis are all innervated by the medial branehes of the dorsal 
rami of the appropriate spinal nerves. Semispinalis eapitis is innervated 
by deseending branehes of the greater oeeipital nerve (C2) and the third 
eervieal nerve (C3). 

Aetions All the spinotransverse muscles are extensors. They extend the 
vertebrae from which they arise, or the head in the ease of semispinalis 
eapitis. The predominantly longitudinal orientation of their faseieles 
precludes any substantive aetion as rotators. Although rotatores have 
been presumed to rotate the thoraeie vertebrae, this aetion has not been 
validated. Axial rotation has been expressly refhted as an aetion of the 
lumbar multifidus. 

Interspinales 

Interspinales are short, paired muscular fasciculi attaehed above and 
below to the apiees of the spines of contiguous vertebrae, one on either 
side of the interspinous ligament. They are most distinet in the eervieal 
region, where they eonsist of six pairs, the first between the axis and 
third vertebra, and the last between the seventh eervieal and first tho- 
raeie vertebrae. In the thoraeie region they occur between the first and 
seeond vertebrae (sometimes between the seeond and third), and the 
eleventh and twelfth vertebrae. In the lumbar region there are four pairs 
between the five lumbar vertebrae. A pair is oeeasionally found between 
the last thoraeie and first lumbar vertebrae, and another between the 
fifth lumbar vertebra and the saemm. Sometimes eervieal interspinales 
span more than two vertebrae. 

Intertransversarìi 

Intertransversarii are small muscles between the transverse proeesses of 
the vertebrae. They are best developed in the eervieal region, where they 
eonsist of posterior and anterior sets of muscles separated by the ventral 
rami of spinal nerves. Posterior intertransverse muscles are divisible 
into medial and lateral slips. Eaeh medial slip, the intertransverse 
muscle 'proper, is often fhrther subdivided into medial and lateral 
parts by the passage through it of the dorsal ramus of a spinal nerve. 
There are seven pairs of these muscles, the highest between the atlas 
and axis, and the lowest between the seventh eervieal vertebra and the 
first thoraeie vertebra; the anterior imiseles between atlas and axis are 
often absent. In the thoraeie region, intertransversarii eonsist of single 
muscles that span between the transverse proeesses of the last three 
thoraeie and the first lumbar vertebrae. In the himbar region, they again 
eonsist of two sets of muscles. One set, intertransversarii mediales, eon- 
neets the aeeessory proeess of one vertebra with the mammillary 
proeess of the next. The other set, intertransversarii laterales, ean be 
divided into ventral and dorsal parts; the ventral parts eonneet the 
transverse proeesses of the lumbar vertebrae, and the dorsal parts 
eonneet the aeeessory proeesses to the transverse proeesses of succeed- 
ing vertebrae. 

Different parts of the intertransversarii in the eervieal and lumbar 
regions are homologous with eertain muscles found in the thoraeie 
region. The homologies are determined aeeording to whether the 
muscle attaehes between consecutive transverse elements of the verte- 
brae, or between transverse and eostal elements, or between consecutive 
eostal elements. They are reinforeed by the nerve supply of the muscle, 
and by the relationship between the imiseles and eertain nerves. 

The medial slips of the 'proper posterior intertransverse muscles of 
the neek eonneet consecutive transverse elements, as do the intertrans- 
versarii mediales of the lumbar region. These imiseles are homologous 
with the thoraeie intertransverse muscles and ligaments. All are sup- 
plied by dorsal rami. The lateral slips of the 'proper' posterior inter- 
transverse muscles eonneet a transverse element to a eostal element, as 
do the intertransversarii laterales dorsales. They are homologous with 
levatores eostamm and are supplied by the ventral rami of spinal nerves. 
At eaeh level, the medial braneh of a dorsal ramus separates the tme 
intertransverse muscle from levator eostae or its equivalent. The anterior 
intertransverse muscles of the neek and lateral parts of the posterior 
intertransversarii eonneet the eostal proeesses of consecutive vertebrae, 
as do the intertransversarii laterales ventrales of the lumbar region; 
they are homologous with the intereostal muscles and are supplied by 
ventral rami. 
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Aetions of interspinales and intertransversarii The fhnetions 

of interspinales and intertransversarii have not been established. They 
are very small muscles and are unlikely to be able to generate enough 
foree to be prime movers of the vertebrae. However, they are riehly 
endowed with muscle spindles; the density approaehes that found in 
the lumbricals of the hand and in the extraocular muscles. It therefore 
seems reasonable to assume that the short muscles of the baek may 
serve a proprioeeptive hmetion in eontrolling the position of the verte- 
bral column and its movements. 

1 /ascular supply of the true baek muscles 

The true (intrinsie) muscles of the baek reeeive their blood supply from: 
the vertebral artery; deep eervieal artery; superficial and deep deseend- 
ing branehes of the oeeipital artery; deep braneh of the transverse eervi- 
eal artery (when present); superior intereostal artery, via dorsal branehes 
of the upper two posterior intereostal arteries; posterior intereostal 
arteries of the lower nine spaees via dorsal branehes; dorsal branehes 
of the subcostal arteries; dorsal branehes of the lumbar arteries; dorsal 
braneh of arteria lumbalis ima; and dorsal branehes of the lateral saeral 
arteries. 

The detailed pattern of the arterial supply of the deep imiseles of the 
baek has been deseribed by Miehel Salmon (1994). These imiseles are 
supplied by dorsal branehes of the posterior intereostal and lumbar 
arteries. In the thoraeie and upper lumbar regions, where the eompo- 
nents of ereetor spinae mn in well-defined longitudinal columns, arte- 
rial tmnks from these dorsal branehes mn in the sulci between the 
columns and between ereetor spinae and multifidus, giving off branehes 
to supply the imiseles. This vascular pattern is less regular in the lumbar 
region. 

Suboccipital muscles 

The suboccipital imiseles (Fig. 43.76) are four small muscles that 
eonneet the oeeipital bone, atlas and axis posteriorly. They lie inferior 
to the anterior part of the oeeipital bone, where three of the imiseles 
form the boundaries of the suboccipital triangle: rectus eapitis posterior 
major lies above and medially; obliquus eapitis superior lies above and 
laterally, and obliquus eapitis inferior lies below and laterally. With the 
head in the anatomieal position, the suboccipital triangle lies almost 
in the horizontal plane. 


ReetllS eapitis posterior major Rectus eapitis posterior major is 
attaehed by a pointed tendon to the spine of the axis, beeomes broader 
as it aseends, and is attaehed to the lateral part of the inferior nuchal 
line and the oeeipital bone immediately below it. As the muscles of the 
two sides pass upwards and laterally, they leave between them a trian- 
gular spaee in which parts of reeti eapitis posteriores minores are visible. 

Rectus eapítís posterior minor Rectus eapitis posterior minor is 

attaehed by a narrow pointed tendon to the tubercle on the posterior 
areh of the atlas. As it aseends, it broadens before attaehing to the 
medial part of the inferior miehal line and to the oeeipital bone between 
the inferior nuchal line and the foramen magnum. Either muscle may 
be doubled longitudinally. There is usually a soft tissue attaehment to 
the posterior atlanto-oeeipital membrane, which itself is firmly attaehed 
anteriorly to the spinal dura in the same area (Zumpano et al 2006). 

0bliquus eapitis inferior Obliquus eapitis inferior, the larger of the 
two oblique muscles, passes laterally and slightly upwards from the 
lateral surface of the spine and the adjaeent upper part of the lamina 
of the axis to the inferoposterior aspeet of the transverse proeess of the 
atlas. 

0bliquus eapitis SUperìor Obliquus eapitis superior is attaehed by 
tendinous fibres to the upper surface of the transverse proeess of the 
atlas. It expands in width as it aseends dorsally, and is attaehed to the 
oeeipital bone between the superior and inferior nuchal lines, lateral to 
semispinalis eapitis and overlapping the insertion of rectus eapitis pos- 
terior major. 

Relations of the suboccipital triangle Medially, the suboccipital 

triangle is eovered by a layer of dense adipose tissue, deep to semispi- 
nalis eapitis. Laterally, it lies under longissimus eapitis and sometimes 
splenius eapitis, both of which overlap obliquus eapitis superior. The 
'floor' of the triangle is formed by the posterior atlanto-oeeipital mem- 
brane and the posterior areh of the atlas. The vertebral artery and the 
dorsal ramus of the first eervieal nerve lie in a groove on the upper 
surface of the posterior areh of the atlas. 

Vascular supply The suboccipital muscles reeeive their blood supply 
from the vertebral artery and deep deseending branehes of the oeeipital 
artery. 


Greater oeeipital nerve 
Oeeipital artery 


Semispinalis eapitis 


Splenius eapitis 

F irst eervieal dorsal ramus 
(suboccipital nerve) 


Seeond eervieal dorsal ramus 


Longissimus eapitis 
Third eervieal dorsal ramus 


Semispinalis eapitis 


Splenius eapitis 


Trapezius 




0bliquus eapitis superior 

Rectus eapitis posterior minor 
Rectus eapitis posterior major 

Transverse proeess of atlas 

Vertebral artery 
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Spinous proeess of axis 
Levator scapulae 


Fig. 43.76 The suboccipital triangles, posterior view. (From Drake RL, Vogl AW, Mitehell A, et al (eds), Gray’s Atlas of Anatomy, Elsevier, Churchill 
Livingstone. Copyright 2008.) 
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Movements of the vertebral column 


Innervation All the suboccipital muscles are supplied by the dorsal 
ramus of the first eervieal spinal nerve. 

Aetions Of the SUboCCÌpìtal muscles The suboccipital muscles 

are involved in extension of the head at the atlanto-oeeipital joints and 
rotation of the head and atlas on the axis. Obliquus eapitis superior 
and the two reeti are probably more important as postural muscles than 
as prime movers but this is diffiailt to eonfirm by direet observation. 
Rectus eapitis posterior major extends the head and, aeting with obliq- 
uus eapitis inferior, rotates the faee towards the ipsilateral side. Rectus 
eapitis posterior minor extends the head. Obliquus eapitis superior 
extends the head and laterally flexes it to the ipsilateral side. 


MOVEMENTS OF THE VERTEBRAL C0LUMN 


Spinal movements between individual vertebrae eannot be measured 
accurately by skin-surface techniques; only biplanar radiography is suf- 
fieient for this purpose. Movements of the entire lumbar spine ean be 
measured using skin-surface techniques, but the results are of limited 
elinieal use because there is high inter- and intra-observer variation 
(Pearey et al 1984, Pearey and Tibrewal 1984). 

The intervertebral dises are the prineipal sites of vertebral column 
movement. Oonversely, at most levels, the extent to which the dises may 
be deformed is also the limiting faetor for motion. Bony deformation 
in the subchondral bone and articular eartilage may contribute to move- 
ment. Regional variations in mobility of the spine depend on the geo- 
metry, orientation and properties of the faeet joints and related 
ligamentous complexes. Physiologieal intervertebral movements usually 
eombine tilting (bending) and gliding (shear), so the instantaneous 
eentre of rotation moves continually during the movement. During 
flexion and extension of the lumbar vertebrae, the eentre of rotation 
usually lies near the eentre of the intervertebral dise when viewed 
in the transverse plane, elose to the superior end-plate of the vertebra 
below. 

The oblique and ovoid articular surfaces of the faeet joints ensure 
that spinal movements in different planes are usually 'coupled' to a 
eertain extent. For example, lateral flexion would cause impingement 
of the artioilar surfaces on that side, leading to a posteriorly direeted 
foree on the upper vertebra that would aet to rotate it about its long 
axis. Physiologieally, coupled movements are variable. Although move- 
ments between individual vertebrae are small, their summation gives a 
large total range to the vertebral column in flexion, extension, lateral 
flexion and axial rotation. Eaeh pair of vertebrae with its interposed 
dise and ligaments is termed a motion segment or fimetional 
spinal unit. 

In flexion, the anterior longitudinal ligament beeomes relaxed as the 
anterior parts of the intervertebral dises are eompressed. At its limit, the 
posterior longitudinal ligament, ligamenta flava, interspinous and 
supraspinous ligaments, and the posterior fibres of the intervertebral 
dises are all tensed, the interlaminar intervals widen, the inferior articu- 
lar proeesses glide on the superior proeesses of subjacent vertebrae, 
and their capsules beeome taut. Tension of extensor muscles is also 
important in limiting flexion, e.g. when earrying a load on the shoul- 
ders. Flexion is effeetively absent in the thoraeie region. In forward 
flexion of the lumbar spine, the muscles normally proteet the osteoliga- 
mentous spine from injury. However, the margin of safety ean be eom- 
promised during repetitive or sustained bending by a failure of the 
spinal reflexes. Onee the muscle proteetion is lost, flexion injury affeets 
first the interspinous ligaments and then the capsules of the faeet joints. 
The ligamentum flavum has such a high eontent of elastin that it is 
always under tension, and ean be stretehed by 80% without damage. 
This ligament probably fimetions to provide a eonstant smooth lining 
to the vertebral eanal, which is never overstretehed in flexion and which 
never goes slaek in extension. 

In extension, the opposite events occur and there is eompression of 
posterior diseal fibres. Extension is limited by tension of the anterior 
longitudinal ligament, anterior diseal fibres and impaetion of spines or 
articular proeesses. It is marked in eervieal and lumbar regions, and 
much less at thoraeie levels, partly because the dises are thinner, but 
also because of the presenee of the ribs and ehest musculature. In full 
extension, the axis of movement passes posterior to the dise, moves 
forwards as the column straightens and passes into flexion, and reaehes 
the eentre of the intervertebral dise in fiill flexion. 

In lateral flexion, which is always eombined with 'coupled' axial 
rotation, intervertebral dises are laterally eompressed and eontralater- 
ally tensed and lengthened, and motion is limited by tension of antago- 
nist muscles and ligaments. Lateral movements occur in all parts of the 
column but are greatest in eervieal and lumbar regions. 


Axial rotation involves twisting of vertebrae relative to eaeh other 
with aeeompanying torsional deformation of intervening dises. About 
50% of eervieal rotation occurs at the atlanto-axial joint. Elsewhere in 
the column, although movement is slight between individual vertebrae, 
the range summates to beeome eonsiderable for the column as a whole. 

In the posteervieal column, the effeetive range of rotation is greatest at 
the thoracolumbar junction. There is very little rotation in the remain- 
der of the himbar region. 

In the eervieal region, the upward inelination of the superior artioi- 
lar faeets allows free flexion and extension. The latter is usually greater, 
and is eheeked above by loeking of the posterior edges of the superior 
faeets of C1 in the oeeipital eondylar fossae, and below by slipping of 
the inferior proeesses of C7 into grooves inferoposterior to the first 
thoraeie superior articular proeesses. Flexion stops where the eervieal 
convexity is straightened, eheeked by apposition of the projeeting lower 
lips of vertebral bodies on subjacent bodies. Cervical lateral flexion and 
rotation are always coupled, and the superomedial inelination of the 
superior articular faeets imparts rotation during lateral flexion. 

Cervical motion ean be eonsidered to involve the upper (i.e. the 
atlanto-oeeipital and atlanto-axial complexes) and the lower eervieal 
spine (C3-7). Two physiologieal movements take plaee at the atlanto- 
oeeipital joints: those of flexion-extension and lateral flexion. The 
atlanto-axial joints allow flexion-extension and rotation. Some studies 
have suggested that maximum flexion-extension occurs between the 
occiput and Cl; however, Frobin et al (2002) noted between 12.6° and 
14.5 0 at this level, which is less than at some of the other eervieal levels. 

Global eervieal flexion ranges from 45° to 58°, depending on the 
method of assessment, age and sex; older subjects and females exhibit 
less motion (Ordway et al 1997, Trott et al 1996). At an intersegmental 
level, motion inereases from the seeond eervieal level and peaks at the 
mid-eervieal level (14-17° reeorded at C4/5), before reducing at the 
junction of the eervieal and thoraeie spine (9.8-11.5° noted at C6/7) 

( "robin et al 2002). Global ranges of lateral flexion range from 32° to 
47°, with a gradual reduction in range with age and sex, while rota- 
tional movements range from 63° to 78°. Intersegmental ranges of 
motion vary from 4.7° to 6° for lateral flexion between C2 and C7, and 
2-12° for rotation (White and Panjabi 1990). 

In the thoraeie region, espeeially superiorly, all movements are 
limited, reducing interferenee with respiration. Laek of upward inelina- 
tion of the superior articular faeets prohibits much flexion, and exten- 
sion is eheeked by eontaet of the inferior articular margins with the 
laminae and of adjaeent spines. Thoraeie rotation is freer, though 
limited by the ribs at upper levels. Its axis is in the vertebral bodies in 
the mid-thoraeie region, and in front of them elsewhere, so that rotation 
involves some lateral displaeement. The direetion of articular faeets 
would allow free lateral flexion but this is limited in the upper thoraeie 
region by the resistanee of the ribs and sternum. Rotation is usually 
eombined with slight lateral flexion to the same side. 

Movement in the thoraeie spine is frequently regionalized to upper, 
mid- and lower thoraeie. In the upper thoraeie, flexion ranges from 7.8 ° 
to 9.5°, inereasingto 10-11.4° in the mid-thoraeie and 12.5°-12.8° in 
the lower thoraeie (Willems et al 1996). Extension is more eonsistent, 
ranging from 7.1 ° to 9.7° throughout the thoraeie spine. Lateral flexion 
is greater in the lower thoraeie spine, ranging from 5.6° to 6.2° in the 
upper thoraeie, 7.9° to 8.1° in the mid-thoraeie and 11.9° to 13.2° in 
the lower thoraeie. However, rotation is greatest in the mid-thoraeie 
region, being 11.8°-15.9° in the upper thoraeie, 21.5°-25.3° in the 
mid-thoraeie, and 8.3°-11.8° in the lower thoraeie. 

Flexion movements are generally greater than extension or lateral 
flexion in the lumbar region. Axial rotation occurs about a eentre of 
rotation in the posterior anulus, and is limited by bony eontaet in the 
faeet joints after only 1-2 ° of movement. Functional transition between 
thoraeie and lumbar regions is usually between the eleventh and twelfth 
thoraeie vertebrae, where the faeet joints usually fit so tightly that slight 
eompression loeks them, and prevents all movements but flexion. 

During flexion of the lumbar spine there is an unfolding or straight- 
ening of the fiimbar lordosis. Thus in full flexion the lumbar spine 
assumes a straight alignment or is oirved slightly forwards. Normal 
ranges of global lumbar flexion range from 58° to 72° in those under 
40 years old and 40° to 60° in the over-forties; females exhibit a 
reduced range eompared with males (Dvorak et al 1995, MeGregor et al 
1995). At an intersegmental level, the L3/4 junction and L4/5 junction 
exhibit the greatest mobility - approximately 12° and 13° respeetively, 
while at the lowest level (L5/S1) there is only 9°, and at the upper 
lumbar levels only 8° and 10° respeetively (Peareey et al 1984). Move- 
ments into extension are the eonverse of those seen in flexion. Normal 
ranges of global extension range from 25° to 30° in those under 40 
years old and 15 ° to 20° in those over forty. At an intersegmental level, 

L5/S1 and Ll/2 exhibit the greatest mobility at approximately 5 °, while 745 
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the remaining levels exhibit less than 5 0 of extension. Ranges of lateral 
flexion and rotation in the lumbar spine are reduced eompared to other 
regions of the spine. Global lateral flexion ranges from 20° to 35 °, and 
rotation ranges from 25° to 40°; the ranges of both movements are 
reduced with age. Assessment of intersegmental rotation and lateral 
flexion has proven difficult because of the limitations of measurement 
techniques. 


ROLE 0F MUSCULATURE 


Although muscles will move the spinal column, the majority of mus- 
cular aetivity is involved in providing stability to maintain posture and 
to provide a firm platform for limb hmetion. Henee the eoneept of 'eore 
stability' in modern rehabilitation programmes, espeeially in sports- 
related problems. 

It is important to reeognize the way in which the muscles of the baek 
work in conjunction with those of the abdominal walf partiodarly the 
oblique and transversus nmseles, and with those of the lower limbs. 
The ereetor spinae group and internal oblique and transversus 
abdominis are anatomieally and hmetionally eonneeted by the thora- 
columbar faseia (which eneloses the former, and into which the latter 
are inserted). This faseia, together with collagenous tissue within the 
baek muscles, plays an important role in resisting forward bending of 
the tmnk, and during manual handling. The faseia is tensioned prima- 
rily by flexing the tmnk, although this tension may be enhaneed slightly 
by the lateral pull of the abdominal muscles. It is hmetionally advanta- 
geous to generate tension in the faseia and muscle sheaths because the 
elastie strain energy stored in these stretehed tissues ean be used to help 
bring the tmnk to an upright position and so reduce the metabolie eost 
of the movement (Adams et al 2006). The thoraeohimbar faseia may 
also have an important hmetion in transferring load between the tmnk 
and the lower limbs; tension in the faseia ean be inereased by the 
aetions of gluteus maximus and the hamstrings as well as by tmnk 
flexion. 

Muscles producing vertebral movements 


The spinal column is moved both direetly by muscles attaehed to it, 
and indireetly by muscles attaehed to other bones. Gravity always plays 
a part: movements with gravity usually involve the eeeentrie eontraetion 
of antagonists. Flexion is effeeted by longus eapitis and longus eolli, 
sealeni, sternoeleidomastoid and rectus abdominis of both sides, aided 
in the lumbar region by the abdominal obliques; extension by the 
ereetor spinae complex and the transversospinalis group, splenius, 
semispinalis eapitis and trapezius of both sides, together with the sub- 
oeeipital muscles; lateral flexion by ipsilateral longissimus, ilioeostalis, 
abdominal obliques and flexors, and quadratus lumbomm; and rota- 
tion by sternoeleidomastoid, splenius eervieis, abdominal obliques, 
rotatores and multifidus. 


FACT0RS INVOLVED IN STABILITY 
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The vertebral column is remarkable in that it eombines mobility, stabil- 
ity and load-bearing eapaeity and also proteets its eontained neural 
stmctures, irrespeetive of its position. Much of the stability of the ver- 
tebral column depends on dynamie muscular eontrol but there are also 
bony and ligamentous 'statie stabilizers. There is eonsiderable varia- 
tion between segments of the column in terms of stability and mobil- 
ity; the most mobile levels are the least stable. The latter are those in 
which the ratio of intervertebral dise height to vertebral body height is 
highest. Stability may be eompromised by damage to any of these 
structures. 

Trauma may affeet any vertebral region. Levels of speeialized mobil- 
ity (e.g. atlanto-axial joint) and the junctions of mobile and relatively 
fixed regions (e.g. eervieothoraeie, thoracolumbar) are particularly vul- 
nerable to severe stmctural damage, often aeeompanied by spinal eord 
and nerve injury. Injuries of the vertebral column may affeet purely soft 
tissue (ligaments, joint capsules and muscles) or may affeet bony stme- 
tures (see Fig. 43.58). Pure ligamentous/capsular injuries leading to 
instability may be particularly difficult to diagnose in the absenee of 
gross radiologieal signs. In the eervieal spine, subluxation and disloea- 
tion of the faeet joints eommonly occur without bony injury because 
of the orientation of the articular faeets. 

Chronic infeetions of many types (e.g. tuberculosis) may involve the 
vertebrae and lead to their deformity and eollapse, affeet their meehani- 
eal properties and eompromise their neuroprotective fhnetion. Acute 
infeetions, spreading loeally or via the blood stream, may lead to the 


eolleetion of pus within the vertebral eanal, causing spinal eord eom- 
pression (epidural abseess). 

The integrity of the vertebrae may also be affeeted by malignant 
disease, most eommonly metastatie. Vertebrae have a copious blood 
supply throughout life, and many of the eommon eaneers (e.g. breast, 
bronchus) spread via the arterial system. Cancers of the haemopoietie 
system (e.g. multiple myeloma) also eommonly affeet the vertebrae. 
Prostatie eareinoma has a predileetion to metastasize to the vertebral 
column, often using the venous (Batson's plexus) rather than the arte- 
rial route (Batson 1957). Metastatie deposits may occur within the 
epidural spaee, eompressing the eontents of the dural sae at imiltiple 
levels. 

Systemie inflammatory diseases may cause both deformity and insta- 
bility of the vertebral column. Rheumatoid arthritis inflames faeet joints 
and weakens ligaments, leading to instability, espeeially in the eervieal 
spine (see Fig. 43.57). Ankylosing spondylitis and other seronegative 
arthritides affeet joints and ligamentous attaehments (entheses), leading 
to eetopie ossifieation of collagenous structures, fìision (ankylosis) of 
interbody and faeet joints, and loss of the normal spinal curvatures. 
Widespread new bone formation at and around the joints of the column 
occurs in DISH (difflise idiopathie skeletal hyperostosis). Such eondi- 
tions would seem to inerease stability of the column, at the expense of 
its mobility and flmetion, but an ankylosed spine is very liable to frae- 
ture, with an assoeiated risk of neural damage. 

Full stability and load-bearing eapaeity both require intaet vertebral 
bodies and intervertebral dises. Earlier views regarding the relative 
importanee of the dise-body complex and the posterior elements have 
proved somewhat simplistie. Clinical observation led to the 'three- 
column eoneept' of spinal stability, in which the column is divided into 
three longitudinal parts rather than two (Denis 1983). The anterior 
column is formed by the anterior longitudinal ligament, the anterior 
half of the vertebral body and the anterior anulus fibrosus. The middle 
column is made up of the posterior longitudinal ligament, the posterior 
half of the vertebral body and pedieles, and the posterior anulus fibro- 
sus. The posterior column eonsists of the neural areh and faeet joints 
and the posterior ligamentous complex. The more columns that are 
affeeted, the worse is the instability; an injury to two columns is usually 
unstable. 

Although regarded as the most influential system for elassifying 
thoracolumbar spinal injuries, the eoneept was eritieized for oversim- 
plifying the biomeehanies of injury. A more reeent elassifieation system, 
aided by improved computed tomographie imaging, stresses the impor- 
tanee of the posterior ligamentous complex in determining the stability 
of the injured spine in addition to the morphology of the injury (eom- 
pression, translational/rotational or distraetion injuries) and the neu- 
rologieal status of the patient (intaet, nerve root injury, eomplete or 
ineomplete spinal eord injury, cauda equina syndrome) (Lee et al 
2005). 

The elastie deformability of intervertebral dises permits tilting and 
axial rotation between vertebral bodies, and also helps to reduce vertieal 
aeeelerations of the head. The main shoek-absorbing meehanism of the 
column stems from the spinal curves, which inerease and deerease 
slightly during loeomotion against the restraining tension of the tmnk 
muscles. The elastie strain energy in the stretehed tendons of the muscle 
is responsible for shoek absorption. 

Both body height and spinal stability are subject to a marked diurnal 
variation. Body height is affeeted by ehanges from recumbency to the 
upright posture. These diurnal variations appear to be due to ehanges 
that occur within the eervieal, thoraeie and lumbar regions of the spine. 
Investigations using stereophotogrammetry have demonstrated that 
40% of diurnal ehanges occur in the thoraeie spine and affeet the degree 
of kyphosis, and a fiirther 40% in the lumbar spine, but do not affeet 
the lordosis (Wing et al 1992). The greatest ehange in vertebral column 
length is found in adoleseents and young adults. The height loss occurs 
within 3 hours of rising in the morning, with an overall loss of about 
15 mm. 

Although the curvatures within the vertebral column contribute to 
the ehanges in height, ehanges within the intervertebral dise contribute 
both to observed height loss and to variation in stability. Magnetie reso- 
nanee imaging investigations reveal a dynamie movement of fluid into 
and out of an intervertebral dise and adjaeent vertebral body over a 
24-hour period. Body position affeets the movement of ffiiid. In the 
early morning, the dises are swollen with water, the intervertebral liga- 
ments and the anulus fibrosus are taut, and the intrinsie bending stiff- 
ness and stability of the osteoligamentous spine are relatively high. 
After several hours of normal aetivity, the dises lose approximately 20% 
of their water and height. This ehange makes the ligaments slaek and 
greatly reduces the bending stiffness of the spine, so that relatively more 
of the stability of the spine must then be provided by the musculature. 











Surface anatomy 


The diurnal expulsion of water from intervertebral dises also affeets the 
distribution of eompressive loading in the spine. As the day progresses, 
the hydrostatie pressure in the nucleus pulposus falls, and stress eon- 
eentrations arise in the anulus fibrosus and faeet joints. 

All ligaments of the column, as well as the faeet joint capsules, are 
important in the maintenanee of stability. The anterior longitudinal 
ligament is very strong, and resists translational displaeement (shear) 
of the vertebrae as well as extension. All the ligaments of the posterior 
complex resist flexion and rotation, and their integrity determines the 
range of movements allowed. These ligaments ean support the whole 
column when the muscles are inaetive, e.g. in quiet standing. At the 
limit of lumbar flexion, the column is supported mainly by the thora- 
columbar faseia and by collagenous tissue within the eleetrieally silent 
muscles of the baek. 

Movements are both determined and eonstrained by the shape and 
orientation of the faeet joints, whose articular surfaces stabilize the 
column primarily by resisting horizontal gliding (shear) movements 
and axial rotation. In the most mobile regions, the joint surfaces are 
flatter and more horizontally plaeed, as will beeome apparent if a 
typieal eervieal faeet joint is eompared with a typieal lumbar joint. 

Certain regions of the vertebral column are fhrther stabilized by 
additional extraspinal faetors. The thoraeie spine is stabilized by its 
position as an integral part of the thoraeie eage and by its strong liga- 
mentous linkages with the ribs. The saemm is effeetively a virtually fixed 
integral element of the bony pelvis. 

The contribution to stability eonferred by the musculature has been 
grossly underrated. The whole vertebral column is stabilized by the 
'guy-rope' or staying effeet of the long muscles that attaeh it to the 
girdles, the head and the appendicular skeleton. This effeet is particu- 
larly marked for ereetor spinae, which eontrols global posture and 
movement. The small and deep muscles of the baek are best able to 
resist shear movements between vertebrae because only they have 
sufficient angulation to the long axis of the vertebral column to 
do this effeetively. The deep muscles ean also fine-tune intervertebral 
movements. 

For most baek problems in elinieal praetiee, espeeially ehronie low 
baek pain, enhaneing muscle strength, stamina and eoordination with 
the many other muscle groups that contribute to stability, e.g. pelvie 
girdle muscles, is the most appropriate and effeetive therapeutic avenue. 
Only a minority of eases benefit from surgery. Furthermore, negleeting 
the musculature may explain the relatively high failure rates from 
surgery. 

Meehanieal injury to the vertebral column may be produced by 
flexion, extension, distraetion, rotation, shear or eompression; move- 
ments that cause damage are eommonly eombined, e.g. flexion, axial 
rotation and eompression. 


P0STURE AND ERG0N0MI0S 


Posture is a deseriptive term for the relative position of the body seg- 
ments during rest or aetivity. The maintenanee of good posture is a 
eompromise between minimizing the load on the spine and minimiz- 
ing the muscle work required. 

The well-balanced ereet body has a line of gravity that extends from 
the level of the external auditory meatus, through the dens of the axis 
just anterior to the body of the seeond thoraeie vertebra, through the 
eentre of the body of the twelfth thoraeie vertebra, and through the rear 
of the body of the fifth lumbar vertebra to lie anterior to the saemm. 
The position of the line of gravity may move anteriorly with loeomotion 
and may vary between individuals. 

The normal curvature of the eervieal spine is a lordosis. However, as 
a result of pain, injury or poor ergonomies, this curve ean beeome exag- 
gerated to give a protmding ehin' stanee, i.e. hyperlordosis in the lower 
eervieal spine. 

The thoraeie spine is held convex posteriorly, and this posture pri- 
marily results from the stmcture of the underlying vertebrae. However, 
this curve or kyphosis ean beeome exaggerated to give the impression 
of a rounded baek. Poor posture and ergonomies ean lead to this exag- 
gerated curvature but other important causes include tuberculosis, a 
wedge or eompression fracture of a vertebral body, Scheuermann's 
osteoehondritis, ankylosing spondylitis, osteoporosis and metastatie 
eareinoma. 

The lumbar spine is held in a lordosis. The degree of this lordosis 
is determined by the himbosaeral angle and is normally 30-45°. The 
muscles responsible for this posture include ereetor spinae, rectus 
abdominus, the internal and external obliques, psoas major, iliacus, the 
gluteal and hamstring muscles. The lordosis ean be inereased (as a result 
of weak abdominal muscles and tight hamstring imiseles), deereased, 


flattened (eommon in people with either acute or ehronie low baek 
pain) or reversed. 

A eommon postural deviation seen throughout the spine is seoliosis 
or lateral curvature of the spine. It ean be stmctural, eompensatory or 
proteetive. In stmctural seoliosis, the lateral curvature is assoeiated with 
vertebral rotation, and both the curve and the rotation beeome more 
accentuated on forward flexion. Such a seoliosis is eommon in adoles- 
eent girls and its cause is unknown. It may also be seeondary to an 
underlying disorder, e.g. muscular dystrophy, spinal imisoilar atrophy 
or spina bifida. A eompensatory seoliosis occurs when the pelvis is tilted 
laterally, e.g. as a result of unequal leg length or of a fixed abduction or 
adduction deformity at the hip joint. Usually, there is no intrinsie 
abnormality of the spine itself and the seoliosis disappears when the 
pelvie tilt is eorreeted. A seiatie or antalgie seoliosis is a temporary 
deformity produced by the proteetive aetion of imiseles in eertain 
painfhl eonditions of the spine. 

Ergonomies has been defìned as 'the way humans work', and it 
permits an appreeiation of the effeets of tasks and the work environ- 
ment on underlying postural biomeehanies. Naehemson (1975) 
showed that dises were loaded maximally in sitting and in lifting in a 
forward-leaning position, so sitting posture and lifting have reeeived 
eonsiderable ergonomie attention. 

In sitting, the goal has been to determine the seat type and reelining 
angle assoeiated with lowest dise pressure and the least paraspinal 
muscle aetivity. When sitting with the hips and knees flexed to 90°, the 
pelvis rotates posteriorly, flattening the lumbar lordosis and eonse- 
quently inereasing the load on the intervertebral dises. Thus it is now 
advised that, in sitting, the angle between tmnk and thigh should be 
between 105° and 135°, with the saemm tilted at 16° and the fourth 
and fifth lumbar vertebrae supported. 

In lifting heavy weights, there is eonsiderable initial eompression of 
lumbar intervertebral dises, and large inereases in thoraeie and intra- 
abdominal pressure. The eompressive foree aeting on the spine is shared 
between the vertebral bodies and the neural areh. In the lumbar spine, 
the neural areh typieally resists 20% of this foree onee the dise height 
has been reduced by diurnal fluid expulsion, and when the spine is 
positioned upright. However, age-related narrowing of the dise ean 
cause more than 50% of the eompressive foree to be resisted by the 
neural areh, which may explain why osteoarthritis of the faeet joints 
eommonly follows dise degeneration. 

When lifting, manual handling advisers emphasize the importanee 
of leg lifting as opposed to baek lifting. Loads should also be kept elose 
to the body to reduce the lever arm of the load. The use of deep inspira- 
tion to raise intra-abdominal pressure while lifting has also been 
advised, as this is believed to offer fiirther support to the lumbar spine. 
The spine is at risk when lifting is eombined with twisting, lateral 
bending and asymmetrie postures. However, heavy lifting remains one 
of the key work-related risk faetors for the spine together with whole- 
body vibration, prolonged sitting, twisting and bending. 


SURFACE ANAT0MY 


SKELETAL LANDMARKS 


Vertebral spines 


In the midline, a median furrow mns from the external oeeipital pro- 
tuberance above to the natal eleft below (Figs 43.77, 43.78). The furrow 
is most shallow in the lower eervieal region and is deepest in the mid- 
lumbar zone. Inferiorly, it widens out into a flattened, triangular area, 
the apex of which lies at the start of the natal eleft and eorresponds 
approximately to the spine of the third saeral vertebra. Palpation of the 
median furrow reveals the sagittal oirves of the spine (see Fig. 43.78): 
the eervieal curve is convex anteriorly (lordosis) and extends from the 
first eervieal to the seeond thoraeie vertebra; the thoraeie curvature is 
eoneave anteriorly (kyphosis) and extends from the seeond to the 
twelfth thoraeie vertebra; and the lumbar curvature is convex anteriorly 
and extends from the twelfth thoraeie vertebra to the lumbosacral 
prominenee. The external oeeipital protuberance is subcutaneous and 
is palpable on the posteroinferior aspeet of the eranimn when it is 
approaehed from below. The inion is the point situated on this protu- 
beranee in the median plane. The tubercle on the posterior areh of the 
atlas (Cl) is impalpable, whereas the transverse proeess of C1 is palpa- 
ble as an indistinet mass through sternoeleidomastoid just inferior to 
the apex of the mastoid proeess. The spinous proeess of C2 is the first 
palpable midline feature, loeated several eentimetres inferior to the 
inion. The tips of the spines of most eervieal vertebrae are obscured by 747 
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Fig. 43.77A-C The surface anatomy of the baek. Key: A, 1, median furrow; 2, spine of scapula; 3, trapezius (between solid blaek lines); 4, triangle of 
auscultation; 5, latissimus dorsi (between dashed blaek lines); 6, lumbar (Petit’s) triangle; 7, posterior superior iliae spine; 8, superior part of natal eleft 
(approximates S3). B, 9, ligamentum nuchae; 10, spinous proeess of C7 (vertebra prominens); 11, spinous proeess of T1. C, 1, ereetor spinae (blaek line 
represents lateral border); 2, zone of spinal eord termination (white): ranges from the middle third of T11 to the middle third of L3; 3, mean level of spinal 
eord termination (red): middle third of L1 vertebral body which eorresponds with the lower part of the interspinous spaee between T12 and L1; 4, rib 12 
(dashed blaek line); 5, zone of supracristal plane interseetion with vertebral column (blue): ranges from the L2-L3 junction to the L4-L5 junction/ 
interspinous spaee; 6, highest point of iliae erest and supracristal plane (Tuffier’s line): almost always interseets the vertebral column from L4 to the L4/5 
junction; 7, posterior superior iliae spine and interspinous plane, marked by a skin indentation (dimple of Venus). Note the overlap between zone 5 and 
the zone of spinal eord termination. 




Fig. 43.78 The surface 
anatomy of the baek, 
oblique view. Key: 1, 
trapezius (upper fibres); 

2, median furrow; 3, 
spine of scapula; 4, 
trapezius (lower fibres 
overlying ereetor spinae); 

5, triangle of auscultation; 

6, inferior angle of 
scapula; 7, ereetor 
spinae; 8, lumbar (Petit’s) 
triangle; 9, posterior 
superior iliae spine; 10, 
superior part of natal 
eleft: approximates the 
spinous proeess of S3; 
C7, T7, spinous 
proeesses of vertebrae 
C7 and T7. 


the overlying ligamentum nuchae, which forms a palpable raised 
midline ridge when the neek is flexed. The ligamentum nuchae termi- 
nates inferiorly at the spine of the seventh eervieal vertebra (C7, vertebra 
prominens), which is the most superior visible projeetion in this region. 
The spine of the first thoraeie vertebra (Tl) is palpable immediately 
inferior to it and is usually more prominent than the spine of C7. 
identifieation of the remaining thoraeie spines is not easy even in a thin 
subject when the tmnk is fully flexed, because they overlap one another 
in the mid-thoraeie region. In the upper and lower thoraeie regions, the 
tips of the thoraeie spines lie opposite the upper part of the vertebral 
body below. In the mid-thoraeie region, they lie opposite the lower part 
of the vertebral body below. The tip of the spine of eaeh lumbar vertebra 
ean usually be palpated without difficulty espeeially if the tmnk is 


Table 43.3 Vertebral spines as landmarks for the viseera 


Spine/ 

spaee 

Vertebral 
body level 

Viseera 

C5 

C6 

Cricoid eartilage; start of oesophagus 

C7 

C7-T1 

Lung apex 

T3 

Llpper T4 

Aorta reaehes vertebral column; medial part of scapular spine 

T3-T4 spaee 

T4-5 dise 

Sternal plane/angle of Louis 

T4 

Llpper T5 

Traeheal bifurcation; eoneavity of aortie areh; azygos 
vein-superior vena eava junction; bifurcation of pulmonary 
trnnk; upper border of heart 

T7 

Llpper T8 

Inferior angle of scapula; lower border of heart; inferior vena 
eava erosses diaphragm; eentral tendon of diaphragm 

T10 

Llpper T11 

Lower border of lung; eardia of stomaeh; upper border of 
kidney 

T12-L1 

spaee 

Mid L1 

Lowest level of pleura; pyloms; transpylorie plane; hilum of 
left kidney; origin of renal arteries and superior mesenterie 
artery; panereas (neek); spinal eord termination 

L1-L2 spaee 

Mid L2 

Panereas (head); duodenojejunal flexure 

L2-L3 spaee 

Mid L3 

Lower border of kidney 

L3-L4 spaee 

Mid L4 

Bifurcation of aorta 

L4-L5 spaee 

Mid L5 

Formation of inferior vena eava 


flexed. Eaeh lies opposite the inferior part of its own vertebral body and 
the inferiorly loeated intervertebral dise. The interspinous spaees are 
represented by a palpable depression between adjaeent spines. 

Spinal levels of viseera 

In adults, the spinal eord terminates, on average, level with the middle 
third of the body of L1 (ranging from the middle third of Tll to the 
middle third of L3): 25% of eords end below the level of the L1/L2 
intervertebral dise (Maedonald et al 1999). In ehildren, the reported 
level of spinal eord termination varies aeeording to the breadth of the 
age range studied. On average, the eord terminates at the lower third of 
the body of L1 (ranging from the lower third of T12 to the middle of 
L2) (Kesler et al 2007), but may terminate as low as L3 in younger 
ehildren (Malas et al 2001). The palpable vertebral spines ean be used 
as landmarks for the levels of the viseera. Some of the more important 
are shown in Table 43.3 (minor differenees between the two sides are 
ignored). 




























Clinical examination 


Scapular landmarks 


The shape of the baek in the iipper thoraeie region is determined largely 
by the scapula and the imiseles attaehed to it. Bony scapular landmarks 
are most evident when the upper limbs hang by the sides (see Figs 
43.77A, 43.78). 

The scapula overlies the seeond to seventh ribs. Its superior angle is 
palpable through trapezms, and its inferior angle through latissimus 
dorsi; these angles are joined by the medial border of the scapula, which 
mns vertieally. The scapular spine mns subcutaneously and is easily 
palpable from its root medially to the aeromial angle and proeess later- 
ally. When the upper limb is by the side, the spinous proeess of T3 is 
level with the spine of the scapula, and the T7 spinous proeess is level 
with the inferior angle. 

Posterior pelvie and saeroeoeeygeal 
bony landmarks 


At the lower part of the baek, the entire iliae erest ean be palpated. It 
ean be traeed backwards and upwards from the anterior superior iliae 
spine to its highest point, and then downwards and medially to the 
posterior superior iliae spine, which is overlain by a dimple in the 
skin. For landmarking during lumbar puncture (see Fig. 45.18), a line 
(Tuffier's) joining the highest points of the iliae erests is used. This 
line erosses the vertebral column at the level either of the body of L4 
or of the L4/L5 intervertebral dise in the majority of subjects (Render 
1996, Walsh et al 2006, Chakraverty et al 2007) (Fig. 43.78). Greater 
variability occurs in neonates, females and subjects with a higher 
body mass index. It is important to remember that when a subject lies 
on their side, the median soft tissue furrow may not eoineide with the 
median plane, espeeially in the lumbar region in higher body mass 
subjects. Careful palpation may be neeessary to identify the vertebral 
spinous proeesses in this position. The spines of the saeral vertebrae 
are smaller and less well defined than those of the other vertebrae. 
Palpation plaees the posterior superior iliae spines along a line that 
ranges from the L5-S1 vertebral junction to the S2 spinous proeess 
(Kim et al 2007), whereas radiographie assessment shows the inferior 
margin of the posterior superior iliae spines to be almost always eoin- 
eident with the seeond saeral spine (McGaugh et al 2007) (see Fig. 
78.16). The latter serves as a useful landmark for the inferior limit of 
the adult dural sae. The tip of the coccyx ean be felt deeply near the 
eentre of the natal eleft. Moving the examining finger eranially enables 
palpation of the raised ridges of the saeral cornua on either side of 
the midline; they demareate the saeral hiatus and so form the land- 
mark for performing a caudal anaesthetie bloek (see Figs 45.19, 
45.20). 

MUSCUL0TENDIN0US LANDMARKS 


In the upper and middle eervieal region, a median furrow lies between 
the eylindrieal prominenees formed mainly by the semispinalis muscles, 
which are accentuated by neek extension against resistanee. In the tho- 


raeie and lumbar regions, a broad elevation produced by the ereetor 
spinae muscle group extends for about one hand's breadth on either 
side of the median furrow and is present between the iliae erest and the 
twelfth rib (see Fig. 43.78). The lateral border of this elevation then 
erosses the ribs at their angles, passing medially as it aseends. The 
muscle group ean be demonstrated by extending the baek against 
resistanee. 

Trapezius is a flat, triangular muscle that eovers the baek of the neek 
and shoulder (see Figs 43.69 and 43.77A). The two trapezius muscles 
resemble a trapezium in which two of the angles eorrespond to the 
shoulders, a third to the external oeeipital protuberance and the fourth 
to the spine of the twelfth thoraeie vertebra. On eaeh side, the antero- 
superior border of the muscle forms the posterior boundary of the 
posterior triangle of the neek; it ean be seen in muscular subjects, espe- 
eially during shoulder elevation against resistanee or by extension and 
lateral flexion of the neek against resistanee. The lower fibres are best 
seen when the subject pushes both hands against a wall with the elbows 
extended. 

Latissimus dorsi occupies the lower half of the baek. It passes from 
the spines of the vertebrae from T7 inferiorly, the thoracolumbar faseia 
and the posterior iliae erest, to the posterior axillary fold. In lean sub- 
jeets, with the arm adducted against resistanee, the inferolateral border 
ean easily be traeed to the iliae erest. The upper border passes horizon- 
tally from the spinous proeess of T7 to the inferior angle of the scapula 
and on to the posterior axillary fold. 

The triangle of auscultation (see Figs 43.69, 43.77A) lies between 
the upper border of latissimus dorsi, the lower inferolateral border of 
trapezms and the inferomedial border of rhomboid major, although for 
simplieity the medial border of the scapula is often substituted for the 
latter muscle. 

The lumbar (Petit's) triangle (see Figs 43.69, 43.77A), one of the 
sites of the rare primary lumbar hernia, lies inferiorly just lateral to the 
highest point of the iliae erest, between the inferolateral border of latis- 
simus dorsi, the posterior free border of external oblique and the iliae 
erest. 


CLINICAL EXAMINATI0N 


eiinieal examination of the baek of the tmnk and neek best follows the 
order of inspeetion, palpation and movement. The examination will be 
determined by the circumstances of presentation and by the history, 
and may include musculoskeletal, neurological and vasailar observa- 
tions. Information relevant to the neurological and vascular examina- 
tion of the skin and material relating to spinal movements and deeper 
innervation are found above. Palpation of the region involves earefiil 
assessment of the bony and musculotendinous landmarks deseribed 
above, looking in particular for asymmetry, deformity and tenderness. 
Note that, apart from the spines, most of the bony elements of the 
vertebrae and almost all of the intervertebral joints are not palpable 
from behind. In regions of lordosis (sagittal plane curves of the spine 
with anterior convexity, i.e. mid-eervieal and mid- and lower lumbar), 
parts of the vertebral column ean often be palpated anteriorly with eare 
in well-relaxed, thin subjects. 



Fig. 43.11 A sagittal MR image of the liimbar 
spine showing the L5-S1 intervertebral 
foramen (neuroforamen) and a pathologieally 
narrowed L4-5 intervertebral foramen. 

Fig. 43.12 A sagittal computed tomographie 
(CT) image of the lumbar spine showing the 
left side of an isthmie spondylolisthesis 
resulting from bilateral fractures of the pars 
interarticularis. 

Fig. 43.13 (A) Sagittal and (B) axial MR 
images of a degenerative spondylolisthesis 
at L4-5. 

Fig. 43.14 A ventral radiograph of a seetion 
through T6 of a speeimen from a 6-year-old 
ehild injeeted with barium sulphate. 


Fig. 43.15 An anteroposterior arteriogram of 
the lower thoraeie and upper lumbar 
vertebrae in a 6-year-old ehild. 

Fig. 43.16 A vertieal radiograph of a seetion 
through a lumbar vertebra of a 6-year-old 
ehild. 

Fig. 43.17 A, The arterial supply to the 
bodies of the upper eervieal vertebrae and 
the odontoid proeess. Numerical 
designations apply to the same structures 
in B. 

Fig. 43.18 A vertieal radiograph of a seetion 
through the fourth eervieal vertebra of a 
6-year-old ehild, showing vascularity. 


Fig. 43.19 An arteriogram of the eervieal 
and upper thoraeie regions of the 6-year-old 
spine seen in Figures 42.16 and 42.18. 

Fig. 43.24 The vertebral eanal in seetion. 

Fig. 43.26 Markedly reduced L3-4 foraminal 
volume seeondary to advaneed dise 
degeneration resulting in bony neural 
entrapment of the L3 nerve. 

Fig. 43.31 An axial CT showing the earotid 
tubercle of Chassaignac. 

Fig. 43.33 An axial MR image showing an 
intaet transverse ligament. 


Continued 
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Fig. 43.35 A lateral eervieal radiograph 
demonstrating a posterior pontiele that 
forms the roof of a tunnel over the vertebral 
artery. 

Fig. 43.38 A sagittal CT sean reeonstmeted 
image demonstrating an os odontoideum. 


Fig. 43.39 A sagittal CT sean reeonstmeted 
image of a type II odontoid fracture. 

Fig. 43.57 Atlanto-axial instability in the 
setting of rheumatoid arthritis. 

Fig. 43.58 A, A sagittal CT reconstruction 
showing an osseous and ligamentous injury 


at T10-11 sustained by a 54-year-old male 
after a major eompression injury. B, The 
MR image shows gross dismption of the 
supraspinous and interspinous ligaments. 

Fig. 43.72 An axial MRI of the lumbar spine 
at the level of the L4/5 intervertebral dise. 
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Vertebrae and their alternating intervertebral dises are one of the main 
manifestations of body segmentation or metamerism. A ehain of seg- 
ments arranged in sequence allows the overall structure to bend when 
it is moved by the assoeiated muscles. The original body segments, the 
somites, are formed by the epithelial paraxial mesoderm (Ch. 12) that 
is found lateral to the neural tube and notoehord in the early embryo. 
The somites provide the embryonie eell populations for bone and 
muscle. The vertebrae form between the early body segments by the 
reeombination of portions of the somites on the craniocaudal axis, and 
the muscles attaeh to adjaeent vertebrae. Eaeh vertebra develops from 
bilateral origins to form a midline eentmm, two lateral arehes bearing 
transverse proeesses that develop lateral and dorsal to the spinal eord, 
and a midline fused dorsal portion with a spinous proeess. Individual 
vertebrae may be distinguished by modifieations of these eomponent 
parts. The intervertebral dises are of dual origin; the anulus fibrosus 
develops from the selerotome and the nucleus pulposus from the 
notoehord. 



Epiblast eells that ingress through the lateral aspeet of the primitive 
node and the rostral primitive streak (see "ig. 10.3) beeome eommitted 
to a somitie lineage. After passing through the streak, these mesoblastie 
eells retain eontaet with both the epiblast and hypoblast basal laminae 
as they migrate, and for some time after reaehing their destination. 
Their final destination is eaeh side of the notoehord, where the eell 
population, initially presomitie or unsegmented mesenehyme, is 
referred to as paraxial mesoderm when mesenehyme to epithelial trans- 
formation occurs and somites form. Somites will form from cultured 
presomitie mesoderm with or without the presenee of neural tube tissue 
or primitive node tissue. As well as speeifying somitie lineage, the posi- 
tion of ingression of the epiblast informs the speeifie destination of 
the eells. Thus, those eells that ingress through the lateral portion of 
Hensen's node form the medial halves of the somites, whereas those 
ingressing through the primitive streak approximately 200 pm caudal 
to the node produce the lateral halves of the somites. The two somite 
halves do not appear to intermingle. 

Bilateral segmentation of the paraxial presomitie mesoblastie popu- 
lations, which divide into diserete epithelial spheres, occurs as a sequen- 
tial proeess along the craniocaudal axis. In avian embryos, a pair of 
somites is formed every 90minutes until the full number is obtained. 
The molecular pathway for this synchronous segmentation has been 
termed the segmentation eloek. It has been identified as a eonserved 
proeess in vertebrates from fish to mammals, and is based on the rhyth- 
mie production of messenger RNAs (mRNAs) for the transeription of 
genes related to Noteh, a large transmembrane reeeptor, and a number 
of other faetors, including members of the Wnt and fibroblast growth 
faetor (FGF) signalling pathways. 

intrinsieally eoordinated pulses of mRNA expression appear as a 
wave within the presomitie mesoblast as eaeh somite forms. As new 
eells enter the paraxial mesoderm caudally, they begin phases of upregu- 
lation of the eyeling genes, followed by downregulation of these genes. 
During eaeh eyele, the most eranial presomitie mesoblast will segment 
and undergo mesenehyme to epithelial transformation to form the next 
somite. 

Experimental evidenee (from ehiek embryos) shows that newly 
formed paraxial mesoblast eells undergo 12 such eyeles before they 
finally form a somite (Pourquié and Kusumi 2001). Thus, from ingres- 
sion through the primitive streak to segmentation into a somite takes 
approximately 18hours. As the somite number varies between verte- 
brate speeies, it is likely that the rate of somite formation also varies 
and may be longer in human embryos. Indeed, those vertebrates with 
elongated bodies and many somites form somites more rapidly relative 
to their developmental rate than those with shorter bodies, a finding 


that supports the eoneept that somite number is eontrolled, in part, by 
speeies-speeifie eyelieal properties of the presomitie mesoblast (Riehard- 
son et al 1998, Gomez et al 2008). 

The final determination of somitie boundary formation has not yet 
been fhlly elucidated but seems to require a periodie repression of the 
Noteh pathway genes. The caudal presomitie mesoblastie eells are 
thought to be maintained in an immature state by their production of 
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Fig. 44.1 Proeesses in the development of the paraxial mesenehyme in 
the avian embryo. Signals are indieated by open arrows; genes are 
italieized. Abbreviations: BMP, bone morphogenetie protein; FGF, 
fibroblast growth faetor. (Redrawn with permission from Christ B, Hiiang 
R, Wilting J 2000 The development of the avian vertebral column. Anat 
Embryol 202: 179-94, Springer.) 
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FGF8. The eells beeome eompetent for segmentation when FGF8 levels 
drop below a eertain threshold. They would then be in elose apposition 
to eells that have segmented (i.e. the next eranial somite). 

This area of researeh is moving rapidly. For an overview of verte- 
brate segmentation and its elinieal implieations, see Pourquié (2011). 
An overview of the proeesses involved in the development of the 
paraxial mesoblast, based on the work of Christ et al (2000), is shown 
in Figure 44.1. 


tin and q4otactin. Proeesses from the somite eells pass through this 
basal lamina to eontaet the basal laminae of the neural tube and noto- 
ehord. Dorsoventral patterning of the putative vertebral column is 
dependent on the aetivity of Sonie hedgehog (SHH) from the notoehord/ 
floor plate, Wntl and Wnt3a from the roof plate, and Wnt6 from the 
overlying eetoderm. 

The selerotomal population has been subdivided in the ehiek, and 
the fates of the eells followed (Christ et al 2004) (Figs 44.4-44.6). The 



Somitogenesis and somite development eneompasses a proeess in 
which five main stages ean be identified (Figs 44.2-44.3). A loeal 
portion of the most eranial paraxial mesoblast undergoes eompaetion. 
The eompaeted eells undergo a mesenehymal/epithelial transforma- 
tion, resulting in an epithelial sphere of eells that surrounds free somi- 
toeoele eells. This stage marks segmentation of the paraxial mesoderm 
and somite formation. Shortly after the somite boundaries have been 
defined, there is a region-speeifie epithelial/mesenehymal transition of 
the ventral and ventromedial walls of the somite to form the mesen- 
ehymal selerotome. As the embryo enlarges, the selerotomal popula- 
tions on eaeh side beeome contiguous with the notoehord and the 
neural tube. The rest of the dorsal lateral somitie epithelmm remains 
as the epithelial plate of the somite, also termed the dermomyotome, 
a proliferative epithelium that will give rise to (nearly) all the striated 
muscles of the body. Formation of the epaxial myotome begins. Seg- 
mentation of the paraxial mesoblast, mesenehymal/epithelial trans- 
formation to form epithelial somites and the resultant somite 
developmental proeesses (epithelial/mesenehymal transformation to 
form the selerotome) all occur in a craniocaudal progression caudal to 
the otie vesiele from stage 9. 

The Golgi apparatus, aetin and a-aetinin are all loeated in the apieal 
region of the epithelial somite eells. Cilia develop on the free surface. 
The eells are joined by tight junctions (a variety of eell adhesion mol- 
ecule has been demonstrated in epithelial somites). The basal surface, 
eorresponding to the outer circumference of the spherieal epithelial 
somite, rests on a basal lamina that eontains eollagen, laminin, fibronee- 



Fig. 44.2 A seanning 
eleetron mierograph 
of a lateral view of an 
embryo, showing the 
somites. The eranial 
somites are at the 
upper border and the 
more caudal somites 
are at the lower border. 
A ehange in size of 
the eranially more 
advaneed somites is 
apparent. (Photograph 
by P Collins; printed 
by S Cox, Eleetron 
Mieroseopy Unit, 
Southampton General 
Hospital.) 
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Fig. 44.3 The stages of somite development. Development occurs in a craniocaudal progression. The more eranially plaeed somites (at the lower right of 
the figure) are further developed than those caudally plaeed (at the upper left of the figure). The stages in somite development are given on the left of the 
figure; more detailed information is given on the right. 
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Fig. 44.4 Development of the selerotome. A, A seanning eleetron mierograph of a transversely fractured 2-day ehiek embryo. B-C, Diagrams of 
transverse (B) and longitudinal (C) seetions through the somites; the plane in C is indieated by the dotted line in B. The somites here are in the 
epithelialization phase of somitogenesis. Abbreviations: AO, aorta; DS, dorsal somite; N, notoehord; NT, neural tube; SM, somatopleure; SO, 
somitoeoele; SP, splanchnopleure; VS, ventral somite; WD, Wolffian duct (mesonephrie duct). (A, Courtesy of Dr Heinz Jurgen Jaeob, Bochum, 
Germany.) 
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Fig. 44.7 A-D, Epaxial and hypaxial miisele origin from the dermomyotome. A, Early dermomyotome proliferation. B, The dermomyotome at interlimb 
level, producing epaxial myoblasts. C, The dermomyotome at limb level. Hypaxial dermomyotome eells de-epithelialize from the ventrolateral edge and 
migrate into the limb bud. D, The loeal dermis is formed later by superficial de-epithelialization of dermomyotome eells. 
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Fig. 44.8 The formation of vertebrae and intervertebral dises from the mesenehymal selerotomes. Eaeh vertebra is formed from the eranial half of one 
bilateral pair of selerotomes and the caudal half of the next pair of selerotomes. 


main mass of the selerotome is termed the eentral selerotome, that 
portion elose to the notoehord is termed the ventral selerotome, and 
the portions adjaeent to the dermomyotome are termed dorsal selero- 
tome and lateral selerotome. The eentral selerotome remains elose to 
the dermomyotome; it will give rise to the pedieles and ventral parts of 
the neural arehes, and the proximal ribs. The ventral selerotomal eells, 
which were always laterally abutting the notoehord, proliferate to form 
an axial eell population within the extracellular matrix of the perinoto- 
ehordal spaee, now termed the perinotoehordal sheath. The dorsal 
selerotomal eells develop relatively late; they invade the spaee between 
the surface eetoderm and growing neural tube, and form the dorsal part 
of the neural arehes. The lateral selerotomal eells give rise to distal ribs 
and endothelial eells of blood vessels. Generally, there is a dorsolateral 
expansion of the whole selerotome rather than the medial migration of 
a population of selerotomal eells (Gasser 2006); this ean be seen in 
Figures 44.4-44.6. Selerotomal eells also give rise to the meninges sur- 
rounding the spinal eord, loeal tendons and ligaments. The somitoeoele 


eells, which remain mesenehymal throughout somite formation, give 
rise to the vertebral joints, intervertebral dises and the proximal ribs 

(Christ et al 2004). 

The dermomyotome is a proliferative epithelium that produces eells 
from four borders (Fig. 44.7). Proliferation at the dorsomedial edge 
produces eells that elongate from the eranial to the caudal edge of the 
dermomyotome beneath its apieal surface as they move laterally. Cells 
similarly proliferate from the eranial and caudal edges of the dermo- 
myotome and these eells also elongate aeross it. The eells that are 
produced from these three edges are termed the epaxial myotome, and 
will give rise to skeletal muscle dorsal to the vertebrae, i.e. the epaxial 
musculature. At limb levels, eells de-epithelialize and migrate from the 
ventrolateral edges of the dermomyotome into the limb bud. Cells 
produced from this portion of the oeeipital somites migrate anteriorly 
to give rise to the intrinsie muscles of the tongue. At interlimb levels, 
the hypaxial myotome will give rise to intereostal and abdominal 
muscles, and extend from the ventrolateral edge of the epithelial 


















































































































































Development of selerotomes 


dermomyotome into the body wall as development proeeeds (Seaal and 

Christ 2004). 

It was thought that the somite gave rise to segmental portions of the 
dermis of the skin, as well as bone and muscle. However, it is now elear 
that the somitie contribution to the skin from the epithelial plate is 
limited to de-epithelialization of dermomyotomal eells over the epaxial 
muscles alone, which is a much smaller distribution than the segmental 
portion of skin usually implied by the term dermatome. The eoneept 
that an embryologieal dermatome, derived from the somite, produces 
all of the dermis of the skin is therefore outdated. 

The regularity of somite formation provides eriteria for staging 
embryos. The staging seheme proposed by Ordahl (1993) will be used 
in the following account of relative somite development. Ordahl noted 
that morphogenetie events occur in successive somites at approximately 
the same rate. The somite most reeently formed from the unsegmented 
mesenehyme is designated as stage I, the next most reeent as stage II, 
and so on. When the embryo has formed an additional somite, the ages 
of the previously formed somites inerease by one Roman numeral. 
Aeeording to this seheme, eompaetion occurs at stage 0, epithelializa- 
tion at stage I, formation of mesenehymal selerotome eells from stage 
V, and myotome formation from stage VI; early migration of the ventro- 
lateral lip of the dermomyotome and production of myotome eells are 
still occurring at stage X. 


DEVELOPMENT 0F SOLEROTOMES 


Selerotomal populations form from the ventral half of the epithelial 
somite. An intrasegmental boundary (fissure or eleft, sometimes termed 
von Ebner s fissure), which is initially filled with extracellular matrix 
and a few eells, appears within the selerotome and divides it into 
loosely paeked eranial and densely paeked caudal halves. The epithelial 
plate and, later, the dermomyotome span the two half-selerotomes. The 
bilateral selerotomal eell populations migrate towards the notoehord 
and surround it to form the perinotoehordal sheath. They undergo a 
matrix-mediated interaetion with the notoehord, differentiating ehon- 
drogenetieally to form the cartilaginous precursor of the vertebral 
eentmm. The perinotoehordal sheath starts to express type II eollagen, 
and this is believed to mark a ehondrogenie fate, in those mesenehyme 
eells that eontaet it. Eaeh vertebra is formed by the eombination of 
much of the caudal half of one bilateral pair of selerotomes with much 
of the eranial half of the next caudal pair of selerotomes. Their fhsion 
around the notoehord produces the blastemal eentmm of the vertebra 
(Figs 44.8-44.9). The mesenehyme adjoining the intrasegmental 
selerotomie fissure now inereases greatly in density to form a well- 
defined periehordal dise, which intervenes between the eentra of two 
adjaeent vertebrae and is the future anulus fibrosus of the intervertebral 
symphysis ('dise') (see below). 

The basie pattern of a typieal vertebra is initiated by this reeombina- 
tion of caudal and eranial selerotome halves (Fig. 44.10), followed by 
differential growth and sculpturing of the selerotomal mesenehyme that 
eneases the notoehord and neural tube. The eentmm eneloses the noto- 
ehord and lies ventral to the neural tube. Condensation of the selero- 
tomal mesenehyme around the notoehord and right and left neural 
proeesses ean be seen in stage 15 human embryos. The neural proeesses 
curve to enelose the neural tube and extend to the dorsolateral angles 
of the eentmm. The neural areh eonsists of paired bilateral pedieles 
(ventrolaterally) and laminae (dorsolaterally), which eoalesee in the 
midline dorsal to the neural tube to form the spinous proeess. On eaeh 
side, three fhrther proeesses projeet eranially, caudally and laterally 
from the junction of the pediele and laminae. The eranial and caudal 
projeetions are the blastemal articular proeesses (zygapophyses), which 
beeome contiguous with reeiproeal proeesses of adjaeent vertebrae; 
their junctional zones mark the future zygapophysial or faeet joints. The 
lateral projeetions are the tme vertebral transverse proeesses. Bilateral 
eostal proeesses (ribs) grow anterolaterally from the ventral part of the 
pedieles (i.e. near the eentmm), from the neighbouring periehordal 
dise, and, at most thoraeie levels, with aeeessions from the next adjaeent 
caudal pedieles. The eostal proeesses expand to meet the tips of the 
transverse proeesses. The definitive vertebral body is compound, and is 
formed from a median eentmm (derived from the eells of the perinoto- 
ehordal sheath), and bilaterally from the expanded pediele ends 
(derived from the migrating selerotomal populations). These portions 
of the vertebral body fuse at the neurocentral synehondroses. 

The segmental nature of the vertebrae is promoted by the notoehord 
and neural floor plate, which induce the ventral elements of the verte- 
brae and repress dorsal stmctures, e.g. the spinous proeesses (see Fig. 
17.7). Excision of the notoehord in early embryos results in fhsion of 
the eentra and formation of a cartilaginous plate ventral to the neural 


Selerotome Vertebral body Nerve 



Fig. 44.9 The contribution of the somites to the vertebrae. Eaeh somite 
induces a ventral root to grow out from the spinal eord. When the 
selerotomes reeombine, the eranial half of the first eervieal selerotome 
fuses with the oeeipital selerotome above contributing to the oeeipital 
bone of the skull. The eervieal nerves, beginning with C1, exit above the 
eorresponding vertebra. Nerve C8 exits below the seventh eervieal 
vertebra (C7), and thereafter nerves arise below their numbered vertebrae. 
(With permission from Larsen WJ 1997 Human Embryology, 2nd edn. 
Edinburgh: Churchill Livingstone.) 


tube. Dorsal segmentation is influenced by the spinal ganglia; experi- 
mental removal of the ganglia results in fiision of the neural arehes 
and the formation of a uniform cartilaginous plate dorsal to the neural 
tube. 


INTERVERTEBRAL DISCS 


Vertebral eentra are derived from caudal and eranial selerotomal halves. 
An intervertebral dise is formed from the free somitoeoele eells within 
the epithelial somite that migrate with the caudal selerotomal eells and 
from notoehordal eells. The selerotomal mesenehyme that forms the 
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Fig. 44.10 The contribution of two adjaeent somites to one vertebra and rib. The intervertebral dise and the eostal head are derived from somitoeoele 
eells from one somite, which migrate with the caudal half of the selerotome. The proximal rib is formed from caudal and eranial somite halves with no 
mixing of eells; in the distal rib, there is more mixing of eranial and caudal eells as segmentation diminishes in the ventral body wall. (Redrawn with 
permission from Christ B, Huang R, Wilting J 2000 The development of the avian vertebral column. Anat Embryol 202: 179-94, Springer.) 


eentra of the vertebrae replaees the notoehordal tissue that it surrounds. 
In eontrast, the notoehord expands between the developing vertebrae 
as loealized aggregates of eells and matrix that form the nucleus pulpo- 
sus of the intervertebral dise (see Fig. 44.8; Fig. 44.11). The intermedi- 
ate part of eaeh periehordal dise, which forms the anulus fìbrosus, 
surrounds the nucleus pulposus and differentiates into an external 
laminated fibrous zone and an internal cuff (which lies next to the 
nucleus pulposus). The inner zone contributes to the growth of the 
outer. Near the end of the seeond month of embryonie life, it begins to 
merge with the notoehordal tissue, and is ultimately eonverted into 
fibroeartilage. Genetie labelling experiments in the mouse indieate that 
notoehordal eells aet as embryonie precursors to all eells found within 
the nucleus pulposus of the mature intervertebral dise (McCann et al 
2012 ). 

The original selerotomes are coextensive with the individual meta- 
merie body segments; eaeh selerotomie fissure, periehordal dise and 
maturing intervertebral dise lies opposite the eentre of eaeh fimdamen- 
tal body segment. It therefore follows that the dises eorrespond in level 
to (i.e. form the anterior boundary of) the intervertebral foramina and 
their assoeiated mixed spinal nerves, ganglia, vessels and sheaths. Pos- 
teriorly, the foramina are bounded by the capsules of the synovial faeet 
joints; the rims of the vertebral notehes of adjaeent vertebrae lie erani- 
ally and caudally. Thus, all the structures listed (and other assoeiated 
ones) are often designated segmental, whereas vertebral bodies are 
designated intersegmental because of their mode of development. 

(For fiirther discussion of resegmentation theories, the reader is 
direeted to Miiller and O'Rahilly 1986, Fluang et al 2000, Stern and 
Vasiliauskas 2000.) 


the lower thoracolumbar region and remaining eentres then appeared, 
spreading regularly and rapidly in craniocaudal direetions. 

The major part of the vertebral body, the eentmm, ossifies from a 
primary eentre dorsal to the notoehord. Centra are oeeasionally ossified 
from bilateral eentres that may fail to unite. Suppression of one of these 
produces a cuneiform vertebra (hemivertebra), which is one cause of 
lateral spinal curvature (seoliosis). At birth and during the early post- 
natal years, the eentmm is eonneeted to eaeh half-neural areh by a 
synehondrosis or neurocentral joint. In thoraeie vertebrae, eostal faeets 
on the bodies are posterior to neurocentral joints. 

During the first year, the arehes unite first in the lumbar region and 
then throughout the thoraeie and eervieal regions. In typieal upper 
eervieal vertebrae, eentra unite with arehes in about the third year, but 
in lower lumbar vertebrae, union is not eomplete until the sixth year. 
The upper and lower surfaces of the bodies and apiees of the transverse 
and spinous proeesses are cartilaginous until puberty, at which time five 
seeondary eentres appear: one in the apex of eaeh transverse and 
spinous proeess, and two anular epiphyses (ring apophyses) for the 
circumferential parts of the upper and lower surfaces of the vertebral 
body. Costal articular faeets are extensions of these anular epiphyses; 
they ffise with the rest of the bone at about 25 years. There are two 
seeondary eentres in bifid eervieal spinous proeesses. Exceptions to this 
pattern of ossifieation are deseribed in the appropriate subsections in 
Chapter 43. 

Vertebrae are speeified as to region very early in development. If a 
group of thoraeie somites is transplanted to the eervieal region, ribs will 
still develop. It is the selerotome that is restrieted; the myotome will 
produce muscle eharaeteristie of the new loeation. 


DEVELOPMENT 0F VERTEBRAE 


Oeeipitoeervieal jiinetion 



The initial movements of selerotomal eells round the neural tube and 
the expression of type II eollagen signal the blastemal stage of vertebral 
development (see Fig. 44.11). Chondrification begins at stage 17, initi- 
ating the cartilaginous stage. Eaeh eentmm ehondrifies from one earti- 
lage anlage. Eaeh half of a neural areh is ehondrified from a eentre, 
starting in its base and extending dorsally into the laminae and ventrally 
into the pedieles, to meet, expand and blend with the eentmm. By stage 
23, there are 33 or 34 cartilaginous vertebrae but the spinous proeesses 
have not yet developed, so the overall appearanee is of total spina bifida 
oeoilta. Fusion of the spines does not occur until the fourth month. 
The transverse and articular proeesses are ehondrified in continuity with 
the neural arehes. Intervening zones of mesenehyme that do not beeome 
eartilage mark the sites of the faeet joints and the complex of eostover- 
tebral joints, within which synovial eavities later appear. 

A typieal vertebra is ossified from three primary eentres, one in eaeh 
half-vertebral areh and one in the eentmm (see Fig. 43.34). Centres in 
arehes appear at the roots of the transverse proeesses, and ossifieation 
spreads backwards into laminae and spines, forwards into pedieles and 
posterolateral parts of the body, laterally into transverse proeesses, and 
upwards and downwards into articular proeesses. Classically, eentres in 
vertebral arehes are said to appear first in upper eervieal vertebrae in the 
ninth to tenth weeks, and then in successively lower vertebrae, reaehing 
lower lumbar levels in the twelfth week. However, in a radiographie 
study of unsexed human fetuses (Bagnall et al 1977), a pattern was 
noted that differed from such a simple craniocaudal sequence. A regular 
eervieal progression was not observed. Centres first appeared in the 
lower cervical/upper thoraeie region, quickly followed by others in the 
upper eervieal region. After a short interval, a third group appeared in 


In humans, the junction between the head and neek (oeeipitoeervi- 
eal, eraniovertebral or spinomedullary junction) is plaeed at the 
boundary between the fourth and fifth somites (Míiller and O'Rahilly 
1994, Muller and O'Rahilly 2003, Hita-Contreras et al 2014). In 
avian embryos, where all embryonie stages may be obtained experi- 
mentally, the oeeipitoeervieal boundary has been determined within 
the fifth somite (Wilting et al 1995). The boundary ean first be deter- 
mined in the human at stage 12 by the observation of hypoglossal 
nerve rootlets (Fig. 44.12A). At stages 14 and 15, the oeeipitoeervieal 
junction is seen between the hypoglossal rootlets and the first spinal 
ganglion (Fig. 44.12B-C). 

The segmental pattern present in the development of the somites 
ean be seen rostrally in the developing skull base, where mesenehymal 
eondensations equivalent to the eentra of oeeipital somites 2, 3 and 4 
are apparent. The first oeeipital somite disintegrates early and, together 
with somites 2-4, forms the basiocciput. Oeeipital selerotomes 3 and 
4 are the most distinet at stage 14, by which time the first three selero- 
tomes have fused. The hypoglossal rootlets pass through the less dense 
portion of oeeipital selerotome 4, aeeompanied by the hypoglossal 
artery. Oeeipital selerotome 4 forms an ineomplete eentmm axially and 
exoccipital elements laterally. The latter are regarded as eorresponding 
to neural arehes and form the rim of the foramen magnum. The oeeipi- 
tal eondyles develop from the eranial part of selerotome 5, which is 
derived from the first eervieal somite. 

In the oeeipitoeervieal junctional region, the eentra formed from 
selerotomes 5, 6 and 7 have a different fate from those more caudally 
plaeed, whereas the lateral portions of these selerotomes generally 
develop similarly to those of lower ones. In a study of oeeipitoeervieal 


























































Development of selerotomes 


A Vertebral formation prenatal development. Axial transverse seetions 


Endoehondral ossifieation in 
eostal proeess and eentmm 




Mesenehymal blastema with eentres of ehondrifieation 


Cartilaginous vertebra with eentres 
of primary ossifieation (third month) 


Bony vertebra with cartilaginous growth region 


B Vertebral grovvth, postnatal development 


Coronal seetions through vertebral bodies 


Superior view of a vertebra 



G rovvth plates 



Ring epiphysis 
(apophysis) 


Vertebral 
grovvth plate 


Articular faeet 



Grovvth eentres for 
transverse proeesses 
and spine 


1- 1 year postnatal 


2- Adoleseenee 


3- Adoleseenee 


C Adult vertebrae: derivation 
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Thoraeie 



Embryonie vertebral derivation: 



eentra 



neural arehes 



eostal proeesses 


of embryonie vertebrae 


Lumbar 
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Fig. 44.11 A-B, Vertebral development through blastemal, cartilaginous and pre- and postnatal ossifieatory stages. C, The derivation of the prineipal 
morphologieal parts of adult vertebrae. 


segmentation in human embryos, Míiller and O'Rahilly designated the 
three eomplete rostral eentra that develop in the atlanto-axial region X, 
Y and Z (Fig. 44.13; Miiller and O'Rahilly 1986, Muller and O'Rahilly 

2003). They noted that the height of the XYZ complex is equal to that 
of three eentra elsewhere. X is on the level of selerotome 5, and Y and 
Z are in line with selerotome 6 and with the less dense portion of sele- 
rotome 7. During stage 17, a temporary intervertebral dise appears 
peripherally between Y and Z. It begins to disappear in stage 21, 
although remains may be found in the adult. No dise develops between 
X and Y. The origin of the anterior areh of the atlas is unclear. It is 
evident at stages 21-23 at the level of X or, sometimes, between X and 


Y. The posterior areh of the atlas arises from the dense area of sele- 
rotome 5 at the level of X. The XYZ complex belongs to the axis, which 
means that the atlas does not ineorporate a part of the eentral column 
(Miiller and O'Rahilly 1994). The posterior areh of the axis arises from 
the dense area of selerotome 6 and is at the level of Y and Z, particularly 

Z. XYZ eorrespond to the three parts of the median column of the axis, 
where X represents the tip of the dens, Y represents the base of the dens, 
and Z represents the eentmm of the axis. The latter differs from other 
eervieal vertebrae in that it is thieker and square-shaped. 

Most defeets of the atlas do not contribute to abnormal oeeipitoeer- 
vieal anomalies and are not assoeiated with basilar invagination. 
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Development of the baek 


The bony elements of the oeeipitoeervieal junction may be thought 
of as a eentral pillar (basiocciput and dens of the axis) surrounded by 
two rings (the rim of the foramen magnum and oeeipital eondyles 
superiorly and the anterior and posterior arehes of the atlas inferiorly). 
Bony anomalies involving this embryologieally complex region may 
produce altered, unstable anatomieal relationships that result in the 
eompression of underlying neural and/or vascular structures and may 
also eompromise eerebrospinal fluid dynamies (Menezes 2008, Pang 
and Thompson 2011, Pang and Thompson 2014). The development of 
the eervieal spine, particularly of the upper eervieal vertebrae, is elosely 
related to the development of the basiocciput and exocciput; anoma- 
lous development will affeet both regions. For example, abnormal pro- 
lapse of the dens into the foramen magnum, a eondition termed basilar 
invagination, has been attributed variously to hypoplasia of the basioe- 
ciput (clivus), oeeipital eondyles or atlas; defieieneies in the bony arehes 
of the atlas with spreading of the lateral masses; and atlanto-oeeipital 
assimilation (Smith et al 2010). Malfiisions of the caudal portion of 
oeeipital selerotome 4 and the eranial portion of eervieal selerotome 1 
may produce defeets of the oeeipital eondyles. The proatlas, a transient 
bony structure derived from the fourth oeeipital selerotome, usually 
fiises with the three upper oeeipital selerotomes to form the oeeipital 
bone and the dorsal part of the foramen magnum. Very rarely, remnants 
of the proatlas persist into adult life; several malformations and anoma- 
lies of the most caudal of the oeeipital selerotomes have been attributed 
to proatlas segmentation failures (Menezes and Fenoy 2009, Muhleman 
et al 2012). 

Chiari malformation type I (CM-I) is defined radiographieally as a 
displaeement of the eerebellar tonsils of 5 mm or more below the 
foramen magnum in young adults. Classic CM-I is thought to be a 
eongenital malformation, in which the developing brain is eompressed 
within a hypoplastie posterior fossa, foreing the eerebellar tonsils down 
through the foramen magnum. Patients with elassie CM-I have a ehar- 
aeteristieally small posterior eranial fossa, particularly below Twining's 
line (a line joining the anterior tuberculum sellae and internal oeeipital 
protuberance), the foramen magnum is eonstrieted transversely, and 
superior and inferior outlet areas are reduced; the suggested pathogen- 
esis is premature stenosis of the basiexoccipital and exosupraoccipital 
synehondroses (Milhorat et al 2010). Tonsillar herniation is aetiologi- 
eally heterogeneous and there are many causes that do not appear to 
be related to skull-base hypoplasia; CM-I ean also occur in assoeiation 
with disorders that appear to be unrelated to skull-base hypoplasia and 
may be acquired (Tubbs et al 2007). 
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Oeeipitoeervieal 

junction 


Neural erest 
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Rhombomeres 



-Meseneephalon 


Dieneephalon 


Teleneephalon 
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junction 

Oervieal ganglion 1 
Oervieal ganglion 2 
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Fig. 44.12 Reeonstmetions of the oeeipitoeervieal region of human 
embryos. A, Stage 12: oeeipital somites innervated by hypoglossal fibres 
(small yellovv eireles). Three eervieal somites are shovvn. The erest-derived 
ganglia of eranial nerves V, VII, VIII, IX and X are shovvn in green. Neural 
erest assoeiated with the oeeipital somites is hypoglossal and perhaps 
aeeessory (also shown in green). B, Stage 14: the somites have 
transformed into selerotomes and moved ventrally. The less dense eranial 
and dense caudal parts of the selerotomes and oeeipital selerotomes 1-4 
are indieated. Hypoglossal fibres and eervieal ventral rami migrate 
through the less dense parts of the selerotomes. The oeeipital neural 
erest is now seen to be mostly aeeessory. The eervieal erest is 
subdivided into spinal ganglia. A perinotoehordal sheath ean be seen 
extending rostrally to the termination of the notoehord. C, Stage 15: the 
dense parts of selerotomes 1-8 are shown. Intersegmental arteries are 
visible in the less dense areas of the selerotomes, as are the spinal nerve 
fibres. In all diagrams, the oeeipitoeervieal junction is indieated by the red 
line. (After Muller F, O’Rahilly R 1994 Oeeipitoeervieal segmentation in 
staged human embryos. J Anat 185: 251-8. Permission from Blackwell 
Publishing.) 


Abnormalities of the axis are usually eoneerned with fusion of the dens 
with the eentmm of the seeond eervieal selerotomes. llsing the elassifì- 
eation of the three eomplete eentra that develop in the atlanto-axial 
region as X, Y and Z (Miiller and O'Rahilly 1986), failure of fusion of 
X with the YZ complex produces an ossiculum terminale, a dissoeiated 
apieal odontoid epiphysis. Failure of hision of the XY complex with Z 
at the dentoeentral synehondrosis, or maintenanee of the transitory 
intervertebral dise at this point, produces an os odontoideum, thought 
to be induced by excessive movement at the time of ossiheation of the 
dens (Crockard and Stevens 1995). Hypoplasia and aplasia of the X and 
Y eentra, and aplasia of the Z eentmm, will all lead to reduced size of 
the dens. There are widely differing views about whether this will lead 
to atlanto-axial instability. 

For fhrther details of the development of the human eraniovertebral 
joints and assoeiated ligaments, see Hita-Contreras et al (2014). 


A 


B 


Selerotomes 



Fig. 44.13 The relationship between the eentra and neural arehes 
of the vertebrae and the related spinal ganglia and nerves. A seheme 
of the details of the early development of the oeeipitoeervieal region. 

A, The column of selerotomes from oeeipital somite 1. B, A dorsal view of 
the developing vertebrae, with the eentra in the middle and the bilateral 
eomponents of the neural proeesses laterally. X, Y and Z are three eentra 
that will produce the tip of the dens of the axis (X), the base of the dens 
of the axis (Y) and the eentmm of the axis (Z). An intervertebral dise 
appears temporarily between Y and Z during stage 17. No dise develops 
between X and Y. The oeeipital eondyles are derived from the first 
eervieal selerotome. (After MGIIer F, O’Rahilly R 1994 Oeeipitoeervieal 
segmentation in staged human embryos. J Anat 185: 251-8. Permission 
from Blackwell Publishing.) 


Third to seventh eervieal vertebrae 


In eervieal vertebrae 3-7 (see Fig. 44.11), the transverse proeess is dorso- 
medial to the foramen transversarium. The eostal proeess, eorrespond- 
ing to the head, neek and tubercle of a rib, limits the foramen 
ventrolaterally. The distal parts of these eervieal eostal proeesses do not 
normally develop; they do so oeeasionally in the ease of the seventh 
eervieal vertebra, and may even develop eostovertebral joints. These 
eervieal ribs may reaeh the sternum. 

The seventh eervieal vertebra is transitional in shape between eervieal 
and thoraeie vertebrae. The laminae are longer than other eervieal ver- 
tebrae in the neonate and lie almost perpendicular to the basal plane; 
the inferior articular faeets are more upright, and resemble those of 
thoraeie vertebrae; and, in the lateral view, the superior articular faeets 
extend transversely to the top of the transverse proeesses. 

Anomalies of the lower eervieal vertebrae are generally caused by 
inappropriate eervieal vertebral fhsion; eolleetively, this is termed 
Klippel-Feil syndrome. This term includes all eongenital fhsions of the 
eervieal spine, from two segments to the entire eervieal spine. Affeeted 
individuals have a low posterior hairline, short neek and limitations of 
head and neek movement. Seoliosis and/or kyphosis is eommon. 























































































































































































Development of selerotomes 


Thoraeie vertebrae 


At stage 23, the neiiral proeesses of thoraeie vertebrae are short, slightly 
bifiireated and joined by collagenous fibres. The transverse proeess is 
prominent. The three faeets for articulation with the ribs at the eostover- 
tebral and eostotransverse joints are present. The thoraeie neurocentral 
and posterior synehondroses are not fused in the neonate; the posterior 
synehondroses elose within 2-3 months of postnatal development and 
the neurocentral synehondroses are open until 5-6years of age. 

In general, the thoraeie spine develops ahead of the eervieal 
and lumbar spine. However, towards the end of the seeond month, 
ossifieation begins in the cartilaginous vertebrae in a craniocaudal 
progression. 

Ribs 

Ribs usually develop in assoeiation with the thoraeie vertebrae. Oeea- 
sionally, they ean arise from the seventh eervieal and first lumbar 
vertebrae. 

The eostal proeesses attain their maximum length as the ribs in the 
thoraeie region. Eaeh rib originates from lateral selerotomal popula- 
tions, and forms from the caudal half of one selerotome and the eranial 
half of the next subjacent selerotome (see Fig. 44.10). The head of the 
rib develops from somitoeoele eells from one somite, which migrate 
with the caudal half of the selerotome. The proximal portion of the rib 
forms from both caudal and eranial selerotomal halves; there is no 
mhdng of eells from these origins. The distal portion of the rib forms 
from caudal and eranial selerotomal halves; these eells mix as the rib 
extends into the ventral body wall and segmentation diminishes. 

The ribs arise anterolaterally from the ventral part of the pedieles, 
and form bilateral eostal proeesses that expand to meet the tips of the 
transverse proeesses. As they elongate laterally and ventrally, they eome 
to lie between the myotomie muscle plates. In the thorax (see Fig. 
44.11), the eostal proeesses grow laterally to form a series of preearti- 
laginous ribs. The transverse proeesses grow laterally behind the verte- 
bral ends of the eostal proeesses, at first eonneeted by mesenehyme that 
later beeomes differentiated into the ligaments and other tissues of the 
eostotransverse joints. The capitular eostovertebral joints are similarly 
formed from mesenehyme between the proximal end of the eostal proe- 
esses and the periehordal dise, and the adjaeent parts of two (sometimes 
one) vertebral bodies, which are derived from the neural areh. Ribs 1-7 
(vertebrosternal) curve round the body wall to reaeh the developing 
sternal plates. Ribs 8-10 (vertebroehondral) are progressively more 
oblique and shorter, only reaehing the eostal eartilage of the rib above, 
and contributing to the eostal margin. Ribs 11-12 are free (floating), 
and have eone-shaped terminal eartilages to which muscles beeome 
attaehed. 

Lumbar vertebrae 


additional vertebra occurs over a period of 2-3 weeks; S2 is ossified by 
22 weeks. 

Very rarely, signifieant malformation of the saeral or lumbosacral 
vertebrae may develop, often in assoeiation with a maternal history of 
diabetes. When there is saeral agenesis, motor paralysis is profound 
below the affeeted vertebral level, whereas the sensory disturbance does 
not relate to the vertebral level so elearly and sensation may be present 
down to the knees. Bladder involvement is a eonsistent feature. 


SPINA BIFIDA 


Spinal dysraphism is a generie term eovering a wide range of develop- 
mental abnormalities of the vertebral column and spinal eord, eharae- 
terized by a failure of fhsion of midline structures (Sepulveda et al 
2012). The speetmm of defeets includes non-fhsion of the entire neural 
tube with no vertebral areh development (eranioraehisehisis); non- 
fhsion of the rostral portion of the neural tube with no ealvarial or 
oeeipital development (aneneephaly); and non-fusion of caudal por- 
tions of the neural tube and loeal failure of vertebral areh development 
(spina bifida) (see Fig. 17.8; Figs 44.14-44.16). Spina bifida may be 
obvious at birth or before (e.g. spina bifida eystiea and spina bifida 
aperta), or not obvious at birth (spina bifida oeailta). Spina bifida 
eystiea occurs where the meninges have developed adjaeent to or over 
the defeetive neural tissue. Loeal accumulation of eerebrospinal fluid 
may push a defeetive neural plaque or spinal eord superficial to the level 
of the vertebrae, so forming a meningomyeloeele. Alternatively, if one 
or two spinous proeesses are absent, a meningeal sae may protmde in 
the midline above a formed spinal eord, producing a meningoeele. In 
spina bifida aperta, the exposed spinal eord has no eystie eovering, 
although it may be eovered by thin membranes. Meningomyeloeele 
occurs in thoracolumbar, lumbar or lumbosacral regions; saeral lesions 
are less eommon. The vertebral lesion usually extends eranially fiirther 
than the neural lesion, showing deformities of the vertebral bodies and 
laminae. Vertebrae may be wedge-shaped or hemivertebrae, and ribs 
may be fused or absent. In spina bifida oeoilta, dysraphism affeets 
primarily the vertebrae; the neural and meningeal elements are not 
herniated to the surface and so the underlying defeets are masked by 
the skin. This elosed form of spina bifida affeets about 5% of the popu- 
lation. It usually occurs in the lumbosacral or saeral segments; affeeted 
individuals have bifid spinous proeesses often at the lumbosacral junc- 
tion and some have a pigmented naevus, angioma, hirsute pateh, 
dimple or dermal sinus on the overlying skin. 

Prior to antenatal diagnosis of spina bifida by ultrasonography, most 
live births with spina bifida eystiea had a meningomyeloeele. Prenatal 
diagnosis of meningomyeloeele and termination of affeeted fetuses 
have led to a signifieant deerease in the ineidenee of live births with 
this eondition. 





The ribs do not develop distally in lumbar vertebrae (see Fig. 44.11). 
Their proximal parts beeome the 'eostal proeesses', while the morpho- 
logieally tme transverse proeesses may be represented by the aeeessory 
proeesses of the vertebrae. Oeeasionally, movable ribs may develop in 
assoeiation with the first lumbar vertebra. 

Lumbar intervertebral dises are thieker than thoraeie dises. By stage 
23, the anulus fibrosus ean be seen in the peripheral part, and internally, 
the notoehordal eells are expanding to form the nucleus pulposus. 


Tethering of the eord and diastematomyelia 

The greatest ehange of vertebral length oeoirs within the last 6 months 
of intrauterine life (Ch. 17). When there is any degree of spina bifida, 
the upward migration of the spinal eord, which normally occurs within 
the vertebral eanal during growth, is limited, and the eord is said to be 
tethered. Neurological defieits caused by this eondition in neonates 


Sacrum 


Saeral vertebrae have lower eentra and are narrower overall from side 
to side than their thoraeie and lumbar counterparts. Eaeh saeral vertebra 
is eomposed of a eentmm and bilateral neural proeesses. The contribu- 
tion of the eostal proeesses to saeral development was examined by 
O'Rahilly et al (1990). These authors divided the neurocentral junc- 
tional area into two parts: anterolateral or alar, and posterolateral. They 
found the alar element in saeral vertebra 1 to be novel, sinee it was 
absent in lumbar vertebra 5. There is support for this view if the course 
of the dorsal rami of the spinal nerves is used to distinguish the eostal 
elements ventrally from the transverse elements dorsally. The alar ele- 
ments of the saeral vertebrae are ventral to the saeral dorsal rami, and 
both eostal and transverse portions are posterolateral. The alar element 
of S1 and S2 forms the auricular surface of the saemm. At stage 23, the 
cartilaginous saeral vertebrae have joined and the outline of the future 
bone ean be reeognized. Individual pedieles and laminae are very small 
and ean be deteeted in S3-5. 

Ossifieation of the vertebral column proeeeds in a craniocaudal 
direetion. After 16weeks, it has progressed to L5. Ossifieation of eaeh 


A 



Normal 


B 



Myeloeele 


C 



Meningomyeloeele 



Meningoeele 


Fig. 44.14 The speetmm of spina bifida. A, intaet neural tube. B, Open 
spina bifida - myeloeele. C, Open spina bifida - myelomeningoeele. D, 
Olosed spina bifida with meningoeele. (Redrawn with permission from 
Tulio G, et al, Neural Tube Defeets: Oranioraehisehisis and Spina Bifida, 
in Obstetrie Imaging (Oopel J (ed), Expert Radiology, Series, 2012).) 
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Fig. 44.15 Fetal myelomeningoeele. Upper panel: three-dimensional ultrasound maximum transpareney mode shovvs the spinal defeet in the eoronal (A 
and B) and oblique (C) vievvs. Arrovvs in (A) depiet the vertebral dysraphism. The level of the defeet ean be elearly established (numbers 1 to 4 in (B) shovv 
the lumbar vertebrae). Lovver panel: three-dimensional ultrasound surface rendering mode shovvs the spinal defeet in the sagittal (A and B) and eoronal (C) 
vievvs. (With permission from Sepulveda W, Ximenes R, Wong AE et al 2012 Fetal magnetie resonanee imaging and three-dimensional ultrasound in elinieal 
praetiee: applieations in prenatal diagnosis. Best Praet Res Ólin Obstet Gynaeeol 26:593-624.) 



Fig. 44.16 Fetal magnetie resonanee image shovvs a lumbar myelomenin- 
goeele in the sagittal seetion. (With permission from Sepulveda W, Ximenes 
R, Wong AE et al 2012 Fetal magnetie resonanee imaging and three- 
dimensional ultrasound in elinieal praetiee: applieations in prenatal diagno- 
sis. Best Praet Res Olin Obstet Gynaeeol 26:593-624.) 
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beeome apparent soon after birth, although some individuals show 
symptoms later in life, espeeially degrees of urinary dysfhnetion. Very 
rarely, tethering symptoms may be assoeiated with abnormal develop- 
ment of the vertebral eentra, e.g. when a midline cartilaginous or 
osseous spicule or a fibrous septum projeets into the vertebral eanal. 
These obstaeles may split the spinal eord or intraspinal nerve roots into 
two eolnmns, a eondition termed diastematomyelia. Usually patients 
with this eondition have a cutaneous abnormality, such as a dimple, 
pigmented naevus or pateh of hair, along their baek at the level of the 
tethering. 

Ultrasound antenatal imaging of the baek 


Antenatal ultrasound assessment of the fetal spine at 18-20weeks rou- 
tinely assesses the three ossifieation eentres of eaeh vertebra (in the 
eentmm and bilaterally at the lamina-pediele junction), in the axiaf 
eoronal and sagittal planes. In the eoronal plane, the posterior ossifiea- 
tion eentres have a eharaeteristie 'railtraek' appearanee; the twelfth rib 
is adjaeent to the twelfth thoraeie vertebra; the first saeral vertebra is 
level with the top of the iliae wing. Longitudinal seans of the fetal spine 
ean demonstrate seoliosis and hemivertebrae. 

In spina bifida, the posterior ossifieation eentres show abnormal 
widening in the axial plane, forming a U or V shape; they point out- 
wards from eaeh other and are no longer parallel. Anomalies of the 
spine (spina bifida) are among the most eommon fetal malformations 
noted on antenatal ultrasound examination. The Northern Congenital 
Abnormality Survey reported a total prevalenee at birth and termination 
of 17.9/10,000 between 1984 and 1996 in the UK and Ireland, in eom- 
parison to the prevalenee in Europe of 11.5 eases/10,000 over the same 
time period. For fhrther details, consult Weston (2014). 




The dermomyotome, which forms from the dorsal half of the early 
somite, gives rise to all the skeletal muscle in the tmnk and limbs and 
to the intrinsie muscles of the tongue. Muscles in the head arise from 
the unsegmented paraxial mesoderm rostral to the oeeipital somites. 
The dorsomedial lip (border) of the dermomyotome is an infolding 
of the epithelial plate of the somite and beeomes a proliferative epithe- 
lial site from which mediolateral growth of the dermomyotome itself 
occurs. Three stmctures are required for myogenesis: the neural tube, 
the notochord/neural floor plate complex and the (early) dorsally 
plaeed eetoderm. There is a balanee between levels of Shh from the 
notoehord and Wnts from the dorsal neural tube and eetoderm, which 
promotes myogenesis; high levels of either alone lead to selerotomal or 
non-myogenie dermomyotomal development (Seaal and Christ 2004). 
Myogenie determination faetors, MyoD, myogenin, Myf 5 and herailin/ 
MRF 4, ean first be deteeted in the medial half of the somite as early as 
stage II, several hours prior to the onset of myotome formation. 

The mode of formation of mononucleated, postmitotie, primitive 
myotubes from the dermomyotome has been elucidated in the ehiek 
but not yet eonfirmed in mammals (Gros et al 2004) (Fig. 44.17). In 
this model, all four borders of the dermomyotome give rise to myo- 
tomal eells, produced in two phases. First, eells are produced from the 
dorsomedial dermomyotomal lip by direet ingression and bidireetional 
extension. Seeond, myotomal precursor eells are released by the caudal 
dermomyotomal border, followed, in turn, by the eranial dermomyo- 
tomal border, and lastly, by the ventrolateral dermomyotomal lip. 
Those myotomal eells arising from the dorsomedial dermomyotomal 
border contribute eells exclusively to the epaxial domain, while those 
from the ventrolateral border contribute eells exclusively to the hypaxial 
domain. The eells arising from the eranial and caudal borders move 
into both epaxial and hypaxial domains (Seaal and Christ 2004) (see 
Fig. 44.7). Fater in development, proliferative muscle progenitor eells 
originating from the de-epithelializing dermomyotome contribute to 
fetal muscle growth (Gros et al 2005). 


EPAXIAL MUSCLE: D0RSAL TRUNK MUSCLES 

Epaxial muscles arise from the dorsomedial lip of the dermomyotome. 
Early myotome eells are postmitotie embryonie myoblasts; later in 
development, they fuse to form syneytia, which produce the intrinsie 
muscles of the baek. They bridge the early segmental borders, joining 
vertebrae together. The epaxial muscles are innervated by the dorsal 


rami of eaeh pair of spinal nerves. At later stages, satellite eells originat- 
ing from the dermomyotome enter the myotome. The meehanism of 
development of endo-, peri- and epimysium in relation to the epaxial 
muscles has not been conclusively determined. 


HYPAXIAL MUSCLE: VENTROLATERAL 
TRUNK MUSCLES 


Two modes of production of hypaxial musculature are seen, aeeording 
to axial level (see Fig. 44.7). At eervieal and tmnk levels, myotubes are 
produced by the ventrolateral edge of the dermomyotome in a manner 
similar to the production of epaxial muscles. As development proeeeds, 
lateral growth of the dermomyotome means that the ventrolateral 
border extends ventrolaterally into the developing lateral and ventral 
body wall. This proeess has been shown to depend on the homeobox- 
eontaining transeription faetor Pitx2 (Eng et al 2012). The somite stme- 
tures that invade the somatopleure of the abdominal and thoraeie walls 
thus eonsist of two layers, dermomyotome and myotome, that give rise 
to the muscle blastemata for the intereostal and oblique muscles, trans- 
versus abdominis and rectus abdominis. At this time, the number of 
somatopleural fibroblasts situated within the muscle-forming zone 
inereases, and myotubes ean be first seen. There is a subsequent ventral 
shift of the already separated muscle blastemata within the growing 
abdominal wall as they attain their definitive positions. Muscle differ- 
entiation continues and muscular eonneetive tissue, tendons and 
aponeuroses develop. 

At oeeipital and limb levels, a ventrolateral dermomyotomal lip is 
not formed in the same way; instead, eells undergo epithelial/ 
mesenehymal transformation and migrate to their destination. Myo- 
blasts move from the oeeipital dermomyotomes into the developing 
mandibular proeesses to form the intrinsie muscles of the tongue, 
whereas those opposite the early limb buds migrate into the limbs as 
dorsal and ventral muscle masses that give rise to the shoulder, hip and 
appendiailar muscles. (For a review of dermomyotomal development, 
see Seaal and Christ (2004).) 


0THER STRUCTURES DERIVED FR0MTHE S0MITES 

Dermal precursors arise from the eentral portion of the dermomyotome 
and, possibly, also from the dorsomedial dermomyotome lip (see Fig. 
44.7). The eells undergo an epithelial/mesenehyme transformation 
from the dermomyotome and migrate to the dorsomedial subectoder- 
mal spaee overlying the dorsal neural tube. Their transformation seems 
to be eontrolled by faetors from the neural tube. There is a sharp bound- 
ary between dermis that is somite-derived and that which is derived 
from the somatopleuric mesenehyme of the lateral plate (and which 
eovers the limbs, part of the lateral and all of the ventral body wall). 

Somitie eells are now eonsidered to give rise to smooth muscle eells 
within and around the developing somites, and within the tunica media 
of the deseending aorta (Wiegreffe et al 2007). All eompartments of the 
epithelial somite, including the somitoeoele eells, give rise to angio- 
blasts. The early ventral half of the somite gives rise to the endothelium 
of ventrolateral blood vessels. Angioblastie eells arising from the dorso- 
medial dermomyotome migrate mainly into the dorsal dermis, whereas 
those arising from the dorsolateral part move to the ventrolateral body 
wall and limbs (Seaal and Christ 2004). 


Bonus e-book images 

Fig. 44.15 Fetal myelomeningoeele. Llpper panel: three-dimensional 
ultrasound maximum transpareney mode shows the spinal defeet 
in the eoronal (A and B) and oblique (C) views. lower panel: 
three-dimensional ultrasound surface rendering mode shows the 
spinal defeet in the sagittal (A and B) and eoronal (C) views. 

Fig. 44.16 Fetal magnetie resonanee image shows a lumbar 
myelomeningoeele in the sagittal seetion. 

Fig. 44.17 The metamerie structure of the myotomes of a 5-day-old 
ehiek embryo, visualized by whole-mount immunohistochemistry 
with an antibody staining for myosin heavy ehain. 
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Fig. 44.17 The metamerie structure of the myotomes (arrows) 
of a 5-day-old ehiek embryo, visualized by whole-mount 
immunohistochemistry with an antibody staining for myosin heavy ehain. 
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This ehapter deals with the gross anatomy of the stmetiires that lie 
within the vertebral eanal and their extensions through the interverte- 
bral foramina, the spinal nerve or radicular ('root') eanals. The internal 
organization of the spinal eord is deseribed in ehapter 20. 

The spinal eord and its blood vessels and nerve roots lie within a 
meningeal sheath, the theea, which occupies the eentral zone of the 
vertebral eanal and extends from the foramen magnum, where it is in 
eontimiity with the meningeal eoverings of the brain, to the level of the 
seeond saeral vertebra in the adult. Distal to this levef the dura extends 
as a fine eord, the filum terminale externum, which fuses with the 
posterior periosteum of the first eoeeygeal segment. Tubular prolonga- 
tions of the dural sheath extend around the spinal roots and nerves into 
the lateral zones of the vertebral eanal and out into the root eanals, 
eventually fiising with the epineurium of the spinal nerves. Between the 
theea and the walls of the vertebral eanal is the epidural (spinal extra- 
dural) spaee, which is loosely filled with fat, eonneetive tissue eontain- 
ing small arteries and lymphaties, and an important venous plexus. 
Three-dimensional appreeiation of the anatomy of the spinal theea and 
its surroundings is essential for the effieient management of spinal pain 
and of spinal injuries, tumours and infeetions. Equally signifieant elini- 
eally is the anatomy of the often-precarious blood supply of the spinal 
eord and its assoeiated stmctures. The inereasing applieation and refine- 
ment of diagnostie imaging and endoseopie procedures lend a new 
importanee to topographieal detail here. 



The spinal eord occupies the superior two-thirds of the vertebral eanal 
(Figs 45.1-45.2). It is continuous eranially with the medulla oblon- 
gata, just below the level of the foramen magnum, at the upper border 
of the atlas. It terminates caudally as the conus medullaris. During 
development, the vertebral column elongates more rapidly than the 
spinal eord, so that there is an inereasing diserepaney between the 
anatomieal level of spinal eord segments and their eorresponding ver- 
tebrae (p. 252). At stage 23, the vertebral eohimn and spinal eord are 
the same length and the eord ends at the last eoeeygeal vertebra. In 
later fetal life, the conus medullaris lies between the third lumbar and 
fifth saeral vertebrae. In premature and term neonates, it lies between 
the first and third lumbar vertebrae, and in ehildren between the ages 
of 1 and 7 years, it lies between the twelfth thoraeie and third lumbar 
vertebrae (Barson 1970, Vettivel 1991, Malas et al 2001, Kesler et al 
2007, Suresh et al 2013). In the adult, the spinal eord terminates on 
average at the level of the middle third of the body of the first lumbar 
vertebra (Maedonald et al 1999) (see Fig. 43.79), which eorresponds 
approximately to the transpylorie plane. However, it may end as high 
as the middle third of the body of the eleventh thoraeie vertebra or 
as low as the middle third of the body of the third lumbar vertebra 
(Maedonald et al 1999). Its position rises slightly in vertebral flexion, 
and there is some eorrelation with the length of the tmnk, espeeially in 
females. (For dimensional data, consult Barson and Sands (1977).) 

The filum terminale, a filament of eonneetive tissue approximately 
20 em long, deseends from the apex of the conus medullaris. Its upper 
15 em, the filum terminale internum, is continued within extensions 
of the dural and araehnoid meninges and reaehes the caudal border of 
the seeond saeral vertebra. Its final 5 em, the filum terminale externum, 
ffises with the investing dura mater, and then deseends to the dorsum 
of the first eoeeygeal vertebral segment. The filum is continuous above 
with the spinal pia mater. A few strands of nerve fibres, which probably 
represent the roots of mdimentary seeond and third eoeeygeal spinal 
nerves, adhere to its upper part. The eentral eanal is eontimied into the 
filum for 5-6 mm. A capacious part of the subarachnoid spaee sur- 
rounds the filum terminale internmn, and is the site of eleetion for 
aeeess to the eerebrospinal fluid (CSF) via a lumbar puncture (see 
below). 


The spinal eord varies in transverse width, gradually tapering eranio- 
caudally, except at the levels of the enlargements. It is not eylindrieal, 
being wider transversely at all levels, espeeially in the eervieal segments. 
The eervieal enlargement, the source of the large spinal nerves that 
supply the upper limbs, extends from the third eervieal to the seeond 
thoraeie segments. Its maximum circumference (approximately 38 mm) 
is in the sixth eervieal segment (a spinal eord segment provides the 
attaehment of the rootlets of a pair of spinal nerves). The lumbar 
enlargement, the source of the large spinal nerves that supply the lower 
limbs, extends from the first lumbar to the third saeral segments; the 
equivalent vertebral levels are the ninth to twelfth thoraeie vertebrae. 
Its greatest circumference (approximately 35 mm) is near the lower part 
of the body of the twelfth thoraeie vertebra, below which it rapidly 
dwindles into the conus medullaris. 

Fissures and sulci extend along most of the external surface. A ventral 
(anterior) median fissure (sulcus) and a posterior median sulcus and 
septum almost eompletely separate the eord into right and left halves; 
they are joined by a commissural band of nervous tissue that eontains 
a eentral eanal (see Fig. 20.1). 

The ventral median fissure extends along the whole ventral surface 
with an average depth of 3 mm, although it is deeper at caudal levels. 
It eontains a reticulum of pia mater. Dorsal to it is the anterior white 
commissure. Perforating branehes of the spinal vessels pass from the 
fissure to the commissure to supply the eentral spinal region. The pos- 
terior median sulcus is shallower, and from it a posterior median 
septum penetrates more than halfivay into the eord, almost to the 
eentral eanal. The septum varies in anteroposterior extent from 4 to 
6 mm, and diminishes caudally as the eanal beeomes more dorsally 
plaeed and the eord eontraets. The pateney of the eentral eanal dimin- 
ishes with age: a postmortem study found the eanal to be patent along 
the length of the eord in infants under 1 year of age, but occluded in 
most segments with inereasing age after the seeond deeade (Yasui et al 
1999). 

Dorsal rootlets of spinal nerves enter the eord along a posterolateral 
sulcus that lies from 1.5 to 2.5 mm lateral to eaeh side of the posterior 
median sulcus. The white matter between the posteromedian and pos- 
terolateral sulci on eaeh side is the dorsal (posterior) funiculus. In eervi- 
eal and upper thoraeie segments, a longitudinal posterointermediate 
sulcus marks a septum dividing eaeh posterior funiculus into two large 
traets on either side, a medial fasciculus graeilis and a lateral fasciculus 
cuneatus. A ventrolateral (anterolateral) funiculus lies between the pos- 
terolateral sulcus and ventral median fissure, and is subdivided into 
ventral (anterior) and lateral funiculi by ventral spinal rootlets that pass 
through its substance to issue from the surface of the eord. The ventral 
funiculus is medial to, and includes, the emerging ventral rootlets, 
whilst the lateral funiculus lies between the roots and the posterolateral 
sulcus. In upper eervieal segments, nerve rootlets emerge through eaeh 
lateral funiculus to form the aeeessory nerve, which aseends in the 
vertebral eanal lateral to the spinal eord and enters the posterior eranial 
fossa via the foramen magnum (see Fig. 29.11). 

D0RSAL AND VENTRAL R00TS 


The paired dorsal and ventral roots of the spinal nerves are continuous 
with the spinal eord (see Fig. 45.11 ). They eross the subarachnoid spaee 
and traverse the dura mater separately, uniting in or elose to their 
intervertebral foramina to form the (mixed) spinal nerves. Sinee the 
spinal eord is shorter than the vertebral column, the more caudal spinal 
roots deseend for varying distanees around and beyond the eord to 
reaeh their eorresponding foramina. In so doing, they form a divergent 
sheaf of spinal nerve roots, the cauda equina, which is gathered round 
the filum terminale in the spinal theea, mostly distal to the apex of 
the eord. 

Ventral spinal roots eontain efferent somatie and, at some levels, 
preganglionie sympathetie, axons that extend from neuronal eell bodies 
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Fig. 45.1 A, The brain and spinal eord with attaehed spinal nerve roots and dorsal root ganglia, photographed from the dorsal aspeet. Note the fusiform 
eervieal and lumbar enlargements of the eord, and the ehanging obliquity of the spinal nerve roots as the eord is deseended. The cauda equina is 
undisturbed on the right but has been spread out on the left to show its individual eomponents. B-D, The formation of a typieal spinal nerve, ventral 
aspeet. B, Cervical level. C, Thoraeie level. D, Lumbar level. E, The lower end of the spinal eord, filum terminale and cauda equina exposed from behind. 
The dura mater and the araehnoid have been opened and spread out. F, A spinal eord segment showing the mode of formation of a typieal spinal nerve 
and the gross relationships of the grey and white matter. (A, Disseetion by MCE Hutchinson, photograph by Kevin Fitzpatriek, London. B-D, VVith 
permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 
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SECTION 5 


SPINAL CORD AND SPINAL NERVES: GROSS ANATOMY 
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Fig. 45.2 The epidural and subarachnoid spaees. 


in the ventral horns and intermediolateral eolnmns, respeetively. There 
are also afferent nerve fibres in these roots. The rootlets eomprising eaeh 
ventral root emerge from the anterolateral sulcus in groups over an 
elongated vertieal elliptieal area (see Fig. 45.11 ). Dorsal spinal roots 
bear ovoid swellings, the spinal ganglia, one on eaeh root proximal to 
its junction with a eorresponding ventral root in an intervertebral 
foramen. Eaeh root fans out into 6-8 rootlets before entering the eord 
in a vertieal row in the posterolateral sulcus. Dorsal roots are usually 
said to eontain only afferent axons (both somatie and viseeral), which 
are the eentral proeesses of unipolar neurones in the spinal root ganglia, 
but they may also eontain a small number (3%) of efferent fibres and 
autonomic vasodilator fibres. 

Eaeh ganglionie neurone has a single short stem that divides into a 
medial (eentral) braneh that enters the spinal eord via a dorsal root, 
and a lateral (peripheral) braneh that passes peripherally to a sensory 
end organ. The eentral braneh is an axon while the peripheral one is 
an elongated dendrite (but when traversing a peripheral nerve is, in 
general structural terms, indistinguishable from an axon). The region 
of spinal eord assoeiated with the emergenee of a pair of nerves is a 
spinal segment but there is no actual surface indieation of segmenta- 
tion. Moreover, the deep neural sources or destinations of radicular 
fibres may lie far beyond the eonfines of the 'segment' so defined. 


MENINGES 
DURA MATER 


In some areas within the skull, the dura mater ean be distinguished 
from the endosteum, but at the base of the skull around the foramen 
magnum the two layers are fused and adherent to the bone. Distal to 
the foramen magnum, within the vertebral column, the dura is distinet 
from the tissues that line the vertebral eanal, and separated from them 
by the epidural spaee (see below). The spinal dura mater forms a tube 
whose upper end is attaehed to the edge of the foramen magnum and 
to the posterior surfaces of the seeond and third eervieal vertebral 
bodies, and also by fibrous bands to the posterior longitudinal liga- 
ment, espeeially towards the caudal end of the vertebral eanal. The dural 
tube narrows at the lower border of the seeond saeral vertebra. It invests 
the thin spinal filum terminale, deseends to the baek of the coccyx, and 
blends with the periosteum. 


Epidiiral spaee 



The epidural spaee lies between the spinal dura mater and the tissues 
that line the vertebral eanal (see Fig. 45.2). It is elosed above by fhsion 
of the spinal dura with the edge of the foramen magnum, and below 
by the posterior saeroeoeeygeal ligament that eloses the saeral hiatus. It 
eontains loosely paeked eonneetive tissue, fat, a venous plexus, small 
arterial branehes, lymphaties and fine fibrous bands that eonneet the 
theea with the lining tissue of the vertebral eanal. These bands, the 
meningovertebral ligaments, are best developed anteriorly and later- 
ally. Similar bands tether the nerve root sheaths or 'sleeves' within 
their eanals. There is also a midline attaehment from the posterior 
spinal dura to the ligamentum nuchae at atlanto-oeeipital and atlanto- 
axial levels (Dean and Mitehell 2002). The venous plexus eonsists of 
longitudinally arranged ehains of vessels, eonneeted by circumdural 
venous 'rings'. The anteriorly plaeed vessels reeeive the basivertebral 
veins. 

The shape of the spaee within eaeh spinal segment is not uniform, 
though the segmental pattern is metamerieally repeated. It is difficult 
to define the tme shape of the 'spaee' because it ehanges with the intro- 
duction of fluid or as a result of preservation techniques. In the lumbar 
region, the dura mater is apposed to the walls of the vertebral eanal 
anteriorly and attaehed by eonneetive tissue in a manner that permits 
displaeement of the dural sae during movement and venous engorge- 
ment. Adipose tissue is present posteriorly in reeesses between the liga- 
mentum flavum and the dura. The eonneetive tissue extends for a short 
distanee through the intervertebral foramina along the sheaths of the 
spinal nerves. Like the main theeal sae, the root sheaths are partially 
tethered to the walls of the foramina by fine meningovertebral 
ligaments. 

Epidural injeetions 

Contrast media and other fluids injeeted into the epidural spaee at the 
saeral level ean spread up to the eranial base. Loeal anaestheties 
injeeted near the spinal nerves, just outside the intervertebral foramina, 
may spread up or down the epidural spaee to affeet the adjaeent spinal 
nerves or may pass to the opposite side. The paravertebral spaees of 
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Spinal eord and spinal nerves: gross anatomy 


A variety of pathologieal proeesses ean occur within the epidural 
spaee, eompressing the dura and resulting in pain and potential neuro- 
logieal disturbance. Among the more eommon pathologieal entities 
seen are infeetion, haematoma and tumours (Figs 45.3-45.4). 




Fig. 45.4 A sagittal thoraeie MR image showing a large ventral spinal 
epidural haematoma (arrow) resulting in severe neek and upper thoraeie 
pain and ataxia. 

Fig. 45.3 A T1 post-eontrast sagittal lumbar spinal magnetie resonanee 
(MR) image showing a spinal epidural abseess (arrow) adherent to the 
lumbar dura and spinal nerves in a 28-year-old female with a history of 
intravenous drug abuse. 


764.e1 


CHAPTER 45 























Cerebrospinal fluid (CSF) 


eaeh side eommimieate via the epidural spaee, particularly at lumbar 
levels. 

For a review of the morphology of the epidural spaee and a discus- 
sion of the nature of the lining layer of the vertebral eanaf see Newell 
(1999). 

Subdural spaee 


The subdural spaee is a potential spaee in the normal spine because the 
araehnoid and dura are elosely apposed (Haines et al 1993). It does 
not eonneet with the subarachnoid spaee but continues for a short 
distanee along the eranial and spinal nerves. Aeeidental subdural eath- 
eterization may occur during epidural injeetions. injeetion of fluid into 
the subdural spaee may damage the eord either by direet toxic effeets 
or by eompression of the vasculature. 


border is continuous with the subpial eonneetive tissue of the eord and 
its lateral border forms a series of triangular proeesses, the apiees of 
which are fixed at intervals to the dura mater. The first erosses behind 
the vertebral artery where it is attaehed to the dura mater, and is sepa- 
rated by the artery from the first eervieal ventral root. Its site of attaeh- 
ment to the dura mater is above the rim of the foramen magnrnn, just 
behind the hypoglossal nerve; the aeeessory nerve aseends on its pos- 
terior aspeet (see Fig. 29.11). The last of the dentate ligaments lies 
between the exiting twelfth thoraeie and first lumbar spinal nerves and 
is a narrow, oblique band that deseends laterally from the conus med- 
ullaris. Changes in the form and position of the dentate ligaments 
during spinal movements have been demonstrated by eine-radiography. 
Beyond the conus medullaris, the pia mater continues as a eoating of 
the filum terminale. 


ARACHNOID MATER 


The spinal araehnoid mater surrounds the spinal eord and is continu- 
ous with the eranial araehnoid mater (Fig. 45.5). It is elosely applied 
to the deep aspeet of the dura mater. At sites where vessels and nerves 
enter or leave the subarachnoid spaee, the araehnoid mater is refleeted 
on to the surface of these structures and forms a thin eoating of lep- 
tomeningeal eells over the surface of both vessels and nerves. Thus a 
subarachnoid angle is formed as nerves pass through the dura into the 
intervertebral foramina. At this point, the layers of leptomeninges 
(araehnoid and pia) fuse and beeome continuous with the perineu- 
rium. The epineurium is in continuity with the dura. Such an arrange- 
ment seals the subarachnoid spaee so that particulate matter does not 
pass direetly from the subarachnoid spaee into nerves. The existence of 
a pathway of lymphatie drainage from the CSF is eontroversial. 


PIA MATER 


The spinal pia mater (see fig. 45.5) elosely invests the surface of the 
spinal eord and passes into the ventral median fissure. The subpial eol- 
lagenous layer in the spinal subpial 'spaee' is thieker than it is in the 
eerebral region and is continuous with the collagenous eore of the liga- 
mentum denticulatum (denticulate ligament). 

The ligamentum denticulatum is a flat, fibrous sheet on either side 
of the spinal eord between the ventral and dorsal spinal roots. Its medial 
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Fig. 45.5 Part of the spinal eord exposed from the anterior aspeet to 
show the meningeal eoverings. 


INTERMEDIATE LAYER 


In addition to the well-defined eoats of araehnoid and pia mater, the 
eord is also surrounded by an extensive intermediate layer of leptome- 
ninges. This layer is eoneentrated in the dorsal and ventral regions, and 
forms a highly perforated, almost laee-like structure that is foeally eom- 
paeted to form the dorsaf dorsolateral and ventral ligaments of the 
spinal eord. Dorsally, the intermediate layer is adherent to the deep 
aspeet of the araehnoid mater and forms a discontinuous series of 
dorsal ligaments that attaeh the spinal eord to the araehnoid. The dor- 
solateral ligaments are more delieate and fenestrated, and they extend 
from the dorsal roots to the parietal araehnoid. As the intermediate 
layer spreads laterally over the dorsal surface of the dorsal roots, it 
beeomes inereasingly perforated and eventually disappears. A similar 
arrangement is seen over the ventral aspeet of the spinal eord but the 
intermediate layer is less substantial. 

The intermediate layer is structurally similar to the trabeailae that 
eross the eranial subarachnoid spaee, i.e. it has a collagenous eore 
eoated by leptomeningeal eells. The intermediate layers of leptomenin- 
ges around the spinal eord may aet as a baffle within the subarachnoid 
spaee to dampen waves of CSF movement in the vertebral eanal. Inflam- 
mation within the spinal subarachnoid spaee may result in extensive 
fibrosis within the intermediate layer and the eomplieations of ehronie 
araehnoiditis (Fig. 45.6). 


COVERINGS AND RELATIONS OF THE 
SPINAL ROOTS AND NERVES IN THE 
RADIdJLAR OANAL 


Tubular prolongations of spinal dura mater, elosely lined by araehnoid, 
extend around the spinal roots and nerves as they pass through the 
lateral zone of the vertebral eanal and through the intervertebral 
foramina (see Figs 45.5, 45.6A). These prolongations, the spinal nerve 
sheaths or root sheaths, gradually lengthen as the spinal roots beeome 
inereasingly oblique. Eaeh individual dorsal and ventral root mns in 
the subarachnoid spaee with its own eovering of pia mater. Eaeh root 
pierees the dura separately, taking a sleeve of araehnoid with it, before 
joining within the dural prolongation just distal to the spinal ganglion. 
The dural sheaths of the spinal nerves fuse with the epineurium, within 
or slightly beyond the intervertebral foramina. The araehnoid prolonga- 
tions within the sheaths do not extend as far distally as their dural 
eoverings, but the subarachnoid spaee and the CSF it eontains extend 
sufficiently distally to form a radiologieally demonstrable root sleeve 
for eaeh nerve. Shortening or obstmetion of this sleeve seen on mag- 
netie resonanee imaging (MRI) indieates eompression of the spinal 
nerve. At the eervieal level, where the nerves are short and the vertebral 
movement is greatest, the dural sheaths are tethered to the periosteum 
of the adjaeent transverse proeesses. In the lumbosacral region, there is 
less tethering of the dura to the periosteum, though there may be an 
attaehment posteriorly to the faeet joint capsule. 


CEREBROSPINAL FLUID (CSF) 


The eerebrospinal fluid is deseribed in detail in ehapter 18. Although 
there is free communication between the spinal and eerebral subarach- 
noid spaees, the mode of eiroilation of the spinal CSF and the contribu- 
tion that it makes to the overall circulation of CSF remain uncertain in 
humans: CSF may be absorbed from the spinal subarachnoid spaee; 
spinal araehnoid granulations and villi have been deseribed (Kido et al 
1976). 
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Fig. 45.6 A, A lumbar spinal nerve and its roots and meningeal eoverings 
B-D, Extradural anomalies of the lumbar nerve roots. 


SPINAL NERVES 


In those body segments that largely retain a metamerie (segmental) 
structure, e.g. the thoraeie region, spinal nerves show a eommon plan 
(Fig. 45.7). The dorsal, epaxial, ramus passes baek lateral to the articu- 
lar proeesses of the vertebrae and divides into medial and lateral 
branehes that penetrate the deeper muscles of the baek; both branehes 
innervate the adjaeent muscles and supply a band of skin from the 
posterior median line to the lateral border of the scapula (Fig. 45.8). 
The ventraf hypaxiaf ramus is eonneeted to a eorresponding sympa- 
thetie ganglion by white and grey rami eomimmieantes. It innervates 
the prevertebral muscles and curves around in the body wall to supply 
the lateral imiseles of the tmnk. Near the mid-axillary line, it gives off 
a lateral braneh that pierees the muscles and divides into anterior and 
posterior cutaneous branehes. The main nerve advanees in the body 
walf where it supplies the ventral muscles and terminates in branehes 
to the skin. 

Spinal nerves are united ventral and dorsal spinal roots, attaehed in 
series to the sides of the spinal eord. The term spinal nerve strietly 
applies only to the short segment after union of the roots and before 
branehing occurs. This segment, the spinal nerve proper, lies in the 
intervertebral foramen; it is sometimes mistakenly ealled the 'nerve 
root'. There are 31 pairs of spinal nerves: 8 eervieaf 12 thoraeie, 5 
lumbar, 5 saeral and 1 eoeeygeal. The abbreviations C, T, L, S and Co, 
with appropriate numerals, are eommonly applied to individual nerves 
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Fig. 45.7 The formation and branehing pattern of a typieal spinal nerve. 
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Fig. 45.8 The cutaneous distribution of the dorsal rami of the spinal 
nerves. The nerves are shown lying on the superficial muscles. The nerves 
are numbered on the right side; the spines of the seventh eervieal, sixth 
and twelfth thoraeie, and first and fifth lumbar vertebrae are labelled on 
the left side. 


as individual 'root values' The peripheral nerves emerge through the 
intervertebral foramina. At thoraeie, lumbar, saeral and eoeeygeal levels, 
the numbered nerve exits the vertebral eanal by passing below the 
pediele of the eorresponding vertebra, e.g. L4 nerve exits the interverte- 
bral foramen between L4 and L5. However, in the eervieal region, nerves 


































































































Spinal nerves 


C1 -7 pass above their eorresponding vertebrae. C1 leaves the vertebral 
eanal between the oeeipital bone and atlas, and henee is often termed 
the suboccipital nerve. The last pair of eervieal nerves does not have a 
eorrespondingly numbered vertebra and C8 passes between the seventh 
eervieal and íìrst thoraeie vertebrae. Eaeh nerve is continuous with the 
spinal eord by ventral and dorsal roots; eaeh dorsal root bears a spinaf 
sensory ganglion (dorsal root ganglion). 

SPINAL ROOTS AND GANGLIA 
Ventral (anterior) roots 


Ventral roots eontain axons of neurones in the ventral (anterior) and 
lateral spinal grey columns. Eaeh emerges as a series of rootlets in two 
or three irregular rows in an area approximately 3 mm in horizontal 
width. 

Dorsal (posterior) roots 


Dorsal roots eontain eentripetal proeesses of neurones sited in the 
spinal ganglia. Eaeh eonsists of medial and lateral faseieles that both 
diverge into rootlets that enter the spinal eord along the posterolateral 
sulcus. The rootlets of adjaeent dorsal roots are often eonneeted by 
oblique íìlaments, espeeially in the lower eervieal and lumbosacral 
regions. 

Little is known of the detail of the regions of entry and emergenee 
of afferent and efferent rootlets in humans, but these zones of transition 
between the eentral and peripheral nervous systems have been exten- 
sively deseribed in rodents ( Taher 2000). 

Appearanee and orientation of roots 
at eaeh spinal level 


SPINAL NERVES PROPER 


Immediately distal to the spinal ganglia, ventral and dorsal roots unite 
to form spinal nerves. These very soon divide into dorsal and ventral 
rami, both of which reeeive fibres from both roots (see Fig. 45.6 A). At 
all levels above the saeral, this division occurs within the intervertebral 
foramen. Division of the saeral spinal nerves occurs within the saeral 
vertebral eanal, and the dorsal and ventral rami exit separately through 
posterior and anterior saeral foramina at eaeh level. Spinal nerves tri- 
fhreate at some eervieal and thoraeie levels, in which ease the third 
braneh is ealled a ramus intermedius. At or distal to its origin, eaeh 
ventral ramus gives off recurrent meningeal (sinuvertebral) branehes 
and reeeives a grey ramus eomimmieans from the eorresponding sym- 
pathetie ganglion. The thoraeie and first and seeond lumbar ventral 
rami eaeh contribute a white ramus communicans to the eorresponding 
sympathetie ganglia. The seeond, third and fourth saeral nerves also 
supply viseeral branehes, unconnected with sympathetie ganglia, which 
earry a parasympathetie outflow direet to the pelvie plexuses. 

Cervical spinal nerves enlarge from the first to the sixth nerve. The 
seventh and eighth eervieal and the first thoraeie nerve are similar in 
size to the sixth eervieal nerve. The remaining thoraeie nerves are rela- 
tively small. Lumbar nerves are large, inereasing in size from the first to 
the fifth. The first saeral is the largest spinal nerve; thereafter the saeral 
nerves deerease in size. The eoeeygeal nerves are the smallest spinal 
nerves. The size of the spinal nerve and its assoeiated structures within 
the intervertebral foramen is not in direet relation to the size of the 
foramen. At lumbar levels, though L5 is the largest nerve, its foramen 
is smaller than those of Ll-4, which renders this nerve partioilarly 
liable to eompression. 

In the radicular ('root') eanal and intervertebral foramen, the spinal 
nerve is related to the spinal artery of that level and its radicular braneh, 
and to a small plexus of veins. At the outer end of the foramen, the 
nerve may lie above or below transforaminal ligaments. 


The size and direetion of spinal nerve roots vary. The upper four eervieal 
roots are small, while the lower four are large. Cervical dorsal roots have 
a thiekness ratio to the ventral roots of 3:1, which is greater than in 
other regions. The first dorsal root is an exception, being smaller than 
the ventral, and it is oeeasionally absent. The eonventional view is that 
the first and seeond eervieal spinal roots are short, mnning almost 
horizontally to their exits from the vertebral eanal, and that from the 
third to the eighth eervieal levels the roots slope obliquely down. Obliq- 
uity and length inerease successively, although the distanee between 
spinal attaehment and vertebral exit never exceeds the height of one 
vertebra. An alternative view states that upper eervieal roots deseend, 
the fifth is horizontal, the sixth to eighth aseend, the first two thoraeie 
roots are horizontal, the next three aseend, the sixth is horizontal and 
the rest deseend (Kubik and Míintener 1969). This view is based on the 
observation that the eervieothoraeie part of the spinal eord grows more 
in length than other parts. 

Thoraeie roots, except the first, are small, and the dorsal root only 
slightly exceeds the ventral in thiekness. They inerease successively in 
length. In the lower thoraeie region, the roots deseend in eontaet with 
the spinal eord for at least two vertebrae before emerging from the 
vertebral eanal. 

Lower lumbar and upper saeral roots are the largest, and their root- 
lets are the most numerous. Coccygeal roots are the smallest. Kubik and 
Míintener (1969) eonfirm that lumbar, saeral and eoeeygeal roots 
deseend with inereasing obliquity to their exits. The spinal eord ends 
near the lower border of the first lumbar vertebra, and so the lengths 
of successive roots rapidly inerease; the consequent eolleetion of roots 
is the cauda equina (see Eig. 45. 1A). The largest roots, and henee the 
largest spinal nerves, are continuous with the spinal eervieal and lumbar 
enlargements and innervate the upper and lower limbs. 

Spinal ganglia (dorsal root ganglia) 


Spinal ganglia are large groups of neurones on the dorsal spinal roots. 
Eaeh is oval and reddish; its size is related to that of its root. A ganglion 
is bifid medially where the two faseieles of the dorsal root emerge to 
enter the eord. Ganglia are usually sited in the intervertebral foramina, 
immediately lateral to the perforation of the dura mater by the roots 
(see Fig. 45. 1B). However, the first eervieal ganglion lies on the vertebral 
areh of the atlas, the seeond lies behind the lateral atlanto-axial joint, 
the saeral lie inside the vertebral eanal, and the eoeeygeal ganglion 
usually lies within the dura mater. The first eervieal ganglia may be 
absent. Small aberrant ganglia sometimes occur on the upper eervieal 
dorsal roots between the spinal ganglia and the eord. 


Meningeal nerves 


Recurrent meningeal (or sinuvertebral) nerves (Fig. 45.9) occur at all 
vertebral levels. They are mixed sensory and sympathetie nerves, repre- 
sented by numerous fine filaments amongst which one, or two to four, 
larger tmnks may be evident. At eervieal levels, the autonomic roots 
arise from the grey rami that form the vertebral nerve. At thoraeie and 
lumbar levels, eaeh nerve is formed by a somatie root from the ventral 
ramus and by an autonomic root from the grey ramus communicans 
of that segment. Eaeh nerve pursues a recurrent course through the 


Sinuvertebral nerve 



Pediele (cut surface) 


Intervertebral dise 


Posterior longitudinal ligament 


Fig. 45.9 The course and skeletal distribution of the lumbar sinuvertebral 
nerves. Eaeh nerve supplies the intervertebral dise at its level of entry 
into the vertebral eanal, the dise above, and the intervening posterior 
longitudinal ligament. In about one-third of eases, the nerve at a particular 
level may be represented by more than one filament. 
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intervertebral foramen, passing ventral to the spinal nerve, to enter the 
vertebral eanaf where it divides into aseending, deseending and trans- 
verse branehes. These branehes communicate with eorresponding 
branehes from the segments above and below, and from the opposite 
side, forming areades along the floor of the vertebral eanal. Meningeal 
branehes of the areades form a plexus on the ventral surface of the dural 
sae and nerve root sleeves that attenuates laterally; the posterior para- 
median dura is devoid of nerve endings. Skeletal branehes are distrib- 
uted to the posterior longitudinal ligament, the periosteum of the 
vertebral bodies, and to the posterior and posterolateral aspeets of the 
intervertebral dises (Garcia-Cosamalon et al 2010). Vasailar branehes 
aeeompany the veins and arteries of the vertebral eanal and those of the 
vertebral bodies. The upper three eervieal meningeal nerves aseend 
through the foramen magnum into the posterior eranial fossa, where 
they innervate the dura mater that eovers the clivus. En route r they 
innervate the median atlanto-axial joint and its ligaments. 

Functional eomponents of spinal nerves 


A typieal spinal nerve eontains somatie efferent fibres and somatie and 
viseeral afferent fibres. Some, but not all, spinal nerves also eontain 
preganglionie autonomic fibres. 

Somatie eomponents 

Somatie efferent fibres innervate skeletal muscles and are axons of a, (3 
and y neurones in the spinal ventral grey column. Somatie afferent 
fibres eonvey impulses into the eentral nervous system from reeeptors 
in the skin, subcutaneous tissue, muscles, tendons, faseiae and joints; 
they are peripheral proeesses of unipolar neurones in the spinal ganglia. 

Viseeral eomponents 

Preganglionie viseeral efferent sympathetie fibres are axons of neu- 
rones in the spinal intermediolateral grey column throughout the 
thoraeie and upper two or three lumbar segments; they join the 
sympathetie tmnk via eorresponding white rami communicantes and 
synapse with postganglionie neurones that are distributed to smooth 
muscle, myocardium or exocrine glands. The preganglionie viseeral 
efferent parasympathetie fibres are axons of neurones in the spinal 
lateral grey column of the seeond to fourth saeral segments; they leave 
the ventral rami of eorresponding saeral nerves and synapse in pelvie 
ganglia. The postganglionie axons are distributed mainly to smooth 
muscle or glands in the walls of the pelvie viseera. Viseeral afferent 
fibres have eell bodies in the spinal ganglia. Their peripheral proeesses 
pass through white rami communicantes and, without synapsing, 
through one or more sympathetie ganglia to end in the walls of the 
viseera. Some viseeral afferent fibres may enter the spinal eord in the 
ventral roots. 

Oentral proeesses of ganglionie unipolar neurones enter the spinal 
eord by dorsal roots and synapse on somatie or sympathetie efferent 
neurones, usually through interneurones, eompleting reflex paths. 
Alternatively, they may synapse with other neurones in the spinal or 
brainstem grey matter that give origin to a variety of aseending traets. 

VARIATIONS 0F SPINAL R00TS AND NERVES 

The courses of spinal roots and nerves in relation to the theeal sae and 
vertebral and radicular eanals may be aberrant. An individual interver- 
tebral foramen may eontain a duplicated sheath, nerve and roots, which 
will then be absent at an adjaeent level. Abnormal communications 
between roots may occur within the vertebral eanal. These anomalies 
have been deseribed and elassified for the lumbosacral spine by Neidre 
and Maenab (1983) (see Fig. 45.6). 

RAMI 0F THE SPINAL NERVES 


Ventral (anterior) primary rami supply the limbs and the anterolateral 
aspeets of the tmnk, and in general are larger than the dorsal rami. 
Thoraeie ventral rami mn independently and retain a largely segmental 
distribution. Cervical, lumbar and saeral ventral rami eonneet near their 
origins to form plexuses. Dorsal rami do not join these plexuses. The 
ventral rami are deseribed in the appropriate regional seetions. 

Dorsal (posterior) primary rami of spinal nerves are usually smaller 
than the ventral rami and are direeted posteriorly. Retaining a segmental 
distribution, all, except for the first eervieal, fourth and fifth saeral and 
the eoeeygeal, divide into medial and lateral branehes that supply the 
muscles and skin of the posterior regions of the neek and tmnk (see 
Fig. 45.8). 


Cervìcal dorsal spinal rami 


Eaeh eervieal spinal dorsal ramus, except the first, divides into medial 
and lateral branehes that all innervate muscles. In general, only medial 
branehes of the seeond to fourth, and usually the fifth, supply the skin. 
Except for the first and seeond, eaeh dorsal ramus passes posteriorly 
around an articular pillar as far as the root of the transverse proeess 
medial to a posterior intertransverse muscle, which it supplies. 

First eervieal dorsal ramus 
(siiboeeipital nerve) 

The first eervieal dorsal ramus, the suboccipital nerve, is larger than the 
ventral (see Fig. 43.76). It emerges superior to the posterior areh of the 
atlas and inferior to the vertebral artery, and enters the suboccipital 
triangle to supply rectus eapitis posterior major and minor, obliquus 
eapitis superior and inferior, and semispinalis eapitis. A filament from 
the braneh to inferior oblique joins the seeond dorsal ramus. The sub- 
oeeipital nerve oeeasionally has a cutaneous braneh that aeeompanies 
the oeeipital artery to the sealp, and eonneets with the greater and lesser 
oeeipital nerves. It may also eomimmieate with the aeeessory nerve. 

Seeond eervieal dorsal ramiis 

The seeond eervieal dorsal ramus is slightly larger than the ventral and 
all the other eervieal dorsal rami (see Figs 43.76, 30.22). It mns between 
the lamina of the axis and inferior oblique, below which it divides into 
a large medial and smaller lateral braneh. The dorsal ramus or its 
medial braneh reeeives communicating branehes from the first eervieal 
dorsal ramus that pass both through and around inferior oblique. A 
deseending eomimmieating braneh erosses the C2-3 faeet joint to reaeh 
the third eervieal dorsal ramus. 

Greater oeeipital nerve 

The medial braneh, termed the greater oeeipital nerve, passes trans- 
versely aeross inferior oblique deep to semispinalis eapitis, which it 
innervates. Near the origin of inferior oblique, it turns rostrally along 
rectus eapitis posterior major, where it reeeives a eomimmieating braneh 
from the third oeeipital nerve before turning dorsally to pieree semispi- 
nalis eapitis. It emerges on to the sealp by passing above an aponeurotic 
sling between trapezius and sternoeleidomastoid near their oeeipital 
attaehments. It aseends with the oeeipital artery and divides into 
branehes that eonneet with the third oeeipital and lesser oeeipital 
nerves, and which supply the baek of the auricle and the skin of the 
sealp as far forwards as the eoronal suture. The lateral braneh of the 
seeond eervieal dorsal raimis supplies longissimus eapitis, semispinalis 
eapitis and splenius eapitis, and sends a eomimmieating braneh to the 
lateral braneh of the third eervieal dorsal ramus. 

Greater oeeipital neuralgia 

Greater oeeipital neuralgia is a syndrome of pain and paraesthesiae felt 
in the distribution of the greater oeeipital nerve. This is usually caused 
by damage or irritation to the greater oeeipital nerve but more rarely 
ean result from a similar proeess in the lesser oeeipital nerve or both 
greater and lesser oeeipital nerves. A similar syndrome may be caused 
by upper faeet joint arthritis involving the seeond eervieal root (Vanel- 
deren et al 2010). 

Third eervieal dorsal ramiis 

The third eervieal dorsal ramus is intermediate in size between the 
seeond and fourth. It courses baek round the articular pillar of the third 
eervieal vertebra, medial to the posterior intertransverse muscle, and 
divides into medial and lateral branehes. The lateral braneh passes 
dorsally aeross the surface of semispinalis eapitis to supply it and the 
overlying longissimus eapitis and splenius eapitis. It reeeives a eom- 
immieating braneh from the lateral braneh of the seeond eervieal dorsal 
ramus, and sends a similar braneh to the lateral braneh of the fourth 
eervieal dorsal ramus. The deep medial braneh curves dorsally and 
medially around the waist of the artiailar pillar before ending in imil- 
tifidus. It sends an artioilar braneh to the C3-4 faeet joint, and may 
also send a braneh into semispinalis eapitis. The superficial medial 
braneh, the third oeeipital nerve, curves around the lateral and dorsal 
surfaces of the C2-3 faeet joint, which it supplies. It eontimies trans- 
versely, deep to semispinalis, which it supplies, and sends a eomimmi- 
eating braneh to the greater oeeipital nerve. Just above the seeond 
eervieal spinal proeess, the third oeeipital nerve turns dorsally to pieree 
semispinalis eapitis, splenius eapitis and trapezius, and beeomes cuta- 
neous over a small area immediately below the superior nuchal line. 
Communicating branehes join the cutaneous branehes of the greater 
and lesser oeeipital nerves. 
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Spinal nerves 


Dorsal rami of the lower five eervieal nerves 

The dorsal rami of the lower five eervieal nerves curve baek round the 
vertebral articular pillars and divide into lateral and medial branehes. 
The lateral branehes supply longissimus eervieis, splenius eervieis and 
ilioeostalis eervieis. The medial branehes curve around the lateral and 
dorsal surfaces of the artiailar pillar of their segment, deep to semispi- 
nalis eapitis. They send articular branehes to the faeet joints above and 
below their course before entering and supplying multifidus. Terminal 
branehes reaeh interspinalis at eaeh segment. Cutaneous branehes arise 
eonsistently from the fourth, and eommonly from the fifth, sixth and 
eighth, but not usually from the seventh medial branehes. These 
branehes pass aeross multifidus or through semispinalis eervieis and 
turn dorsally around the medial border of semispinalis eapitis, to pieree 
splenius eervieis and trapezius and reaeh the skin. 

Thoraeie dorsal spinal rami 


At eaeh segmental level, the thoraeie dorsal rami pass dorsally through 
an aperture bounded by the transverse proeesses superiorly and inferi- 
orly, the faeet joint medially, and the superior eostotransverse ligament 
laterally. Thereafter, eaeh dorsal ramus follows a prolonged course later- 
ally, between the anterior lamella of the superior eostotransverse liga- 
ment anteriorly, and the eostolamellar ligament and the posterior 
lamella of the superior eostotransverse ligament posteriorly. In this 
narrow spaee, the dorsal ramus divides into lateral and medial branehes. 
The lateral branehes continue laterally as far as the eostotransverse joint, 
above which they turn dorsally and inferiorly to supply the levatores 
eostamm, and enter the longissimus thoraeis and ilioeostalis muscles. 
Lateral branehes from the upper six thoraeie dorsal rami remain intra- 
muscular. Those from the lower six levels emerge from ilioeostalis lum- 
bomm to pieree serratus posterior inferior and latissimus dorsi in line 
with the eostal angles. They deseend aeross as many as four ribs before 
beeoming superficial. The twelfth thoraeie lateral braneh sends a fila- 
ment medially along the iliae erest and then passes down to the anterior 
gluteal skin. Some upper thoraeie lateral branehes may beeome 
cutaneous. 

Eaeh medial braneh hooks dorsally around the lateral margin of the 
posterior lamella of the superior eostotransverse ligament, lying a vari- 
able distanee above the tip of the transverse proeess. At the first to 
fourth, and at the ninth and tenth thoraeie levels, the medial branehes 
eross the superior tip of the transverse proeess to turn inferiorly and 
medially aeross the posterior surface of the transverse proeess, lying 
between the attaehment sites of multifidus medially and semispinalis 
laterally. Eaeh nerve continues this oblique course to supply multifidus 
and semispinalis. At the fifth to eighth thoraeie levels, the medial 
branehes assume a course parallel to that of other levels, but do not 
reaeh the transverse proeess, instead passing superior and dorsal to the 
plane of the transverse proeesses. At the eleventh and twelfth levels, in 
keeping with the relatively short transverse proeesses at these levels, the 
medial branehes mn elose to the superior articular proeesses. Eaeh 
medial braneh supplies articular branehes to the faeet joints above and 
below its course. Medial branehes of the upper six thoraeie dorsal rami 
fiirnish cutaneous branehes that pieree trapezms and the rhomboids to 
reaeh the skin near the spinous proeesses. Cutaneous branehes may 
oeeasionally arise from the medial branehes of the lower six thoraeie 
dorsal rami. 
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dorsal ramus 
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Fig. 45.10 A left posterolateral view of the liimbar spine showing the 
branehes of the lumbar dorsal rami. 


superior articular proeess. Opposite the base of the himbosaeral joint, 
it sends a braneh into the lowest fibres of longissimus thoraeis, and a 
communicating braneh to the first saeral dorsal ramus, before terminat- 
ing as a medial braneh that hooks around the lumbosacral joint to end 
in multifidus. 

Saeral dorsal spinal rami 


Lumbar dorsal spinal rami 


After leaving its spinal nerve, eaeh of the first to fourth lumbar dorsal 
rami passes through an aperture in the dorsal leaf of the intertrans- 
verse ligament just above a transverse proeess (Fig. 45.10). Eaeh dorsal 
ramus supplies the overlying medial intertransverse muscle before 
dividing into lateral and medial branehes. The lateral branehes supply 
the longissimus and ilioeostalis eomponents of the lumbar ereetor 
spinae. The upper three lumbar lateral branehes emerge from the 
lateral border of ilioeostalis fiimbomm and pieree the aponeurosis of 
latissimus dorsi to beeome cutaneous. They eross the iliae erest to 
reaeh the gluteal skin; some reaeh as far as the level of the greater tro- 
ehanter. Medial branehes eross the junction of the superior articular 
proeess and transverse proeess, and hook medially between the mam- 
millary and aeeessory proeesses, deep to the mammillo-aeeessory liga- 
ment. Medial to the ligament, eaeh medial braneh sends artioilar 
branehes to the faeet joints above and below its course, before entering 
multifidus, which it supplies. Terminal branehes reaeh interspinalis at 
eaeh segment. 

The fifth dorsal ramus has a longer course than other dorsal rami. It 
arehes over the ala of the saemm, lying against the root of the first saeral 


Saeral dorsal rami are small, diminishing in size inferiorly; other than 
the fifth, all emerge through the dorsal saeral foramina. The upper three 
are eovered at their exit by multifidus, and divide into medial and lateral 
branehes. Medial branehes are small and end in multifidus. Lateral 
branehes join together and with branehes of the last lumbar and fourth 
saeral dorsal rami to form loops dorsal to the saemm. Branehes from 
these loops mn dorsal to the sacrotuberous ligament and form a seeond 
series of loops under gluteus maximus. From these, two or three gluteal 
branehes pieree gluteus maximus (along a line from the posterior supe- 
rior iliae spine to the eoeeygeal apex) to supply the posterior gluteal 
skin. 

The dorsal rami of the fourth and fifth saeral nerves are small and 
lie caudal to multifidus. They unite with eaeh other and with the eoe- 
eygeal dorsal ramus to form loops dorsal to the saemm; filaments from 
these supply the skin over the coccyx. 

Coccygeal dorsal spinal ramus 


The eoeeygeal dorsal spinal ramus does not divide into medial and 
lateral branehes. It communicates with the fourth and fifth saeral dorsal 
rami to supply the skin over the coccyx. 
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SECTION 5 


SPINAL CORD AND SPINAL NERVES: GROSS ANATOMY 



ARTERIES 


The spinal eord and its roots and nerves are supplied with blood by 
both longitudinal and segmental vessels (Fig. 45.11). Three major lon- 
gitudinal vessels, a single anterior and two posterior spinal arteries 
(eaeh of which is sometimes doubled to pass on either side of the dorsal 
rootlets) originate intraeranially from the vertebral artery and terminate 
in a plexus around the conus medullaris. The anterior spinal artery 
forms from the fused anterior spinal branehes of the vertebral artery, 
and deseends in the ventral median fissure of the eord. Eaeh posterior 
spinal artery originates either direetly from the ipsilateral vertebral 
artery or from its posterior inferior eerebellar braneh, and deseends in 
a posterolateral sulcus of the eord. The segmental arteries are derived 
in craniocaudal sequence from spinal branehes of the vertebraf deep 
eervieaf intereostal and lumbar arteries. These vessels enter the vertebral 
eanal through the intervertebral foramina and anastomose with 
branehes of the longitudinal vessels to form a pial plexus on the surface 
of the eord. The segmental spinal arteries send anterior and posterior 
radicular branehes to the spinal eord along the ventral and dorsal roots. 
Most anterior radicular arteries are small and end in the ventral nerve 
roots or in the pial plexus of the eord. The small posterior radicular 
arteries also supply the dorsal root ganglia; branehes enter at both 
ganglionie poles to be distributed around ganglion eells and nerve 
fibres. (See also Crock (1996).) 

Segmental radìculomedullary 
feeder arteries 



Some radioilar arteries, mainly situated in the lower eervieaf lower 
thoraeie and upper lumbar regions, are large enough to reaeh the 
ventral median fissure, where they divide into slender aseending and 
large deseending branehes. These are the anterior radiculomedullary 
feeder arteries (Dommisse 1975). They anastomose with the anterior 
spinal arteries to form a single or partly double longitudinal vessel of 
uneven ealibre along the ventral median fissure. The largest anterior 
medullary feeder, the great anterior radiculomedullary artery of Adam- 
kiewicz, varies in levef arising from a spinal braneh of either one of the 
lower posterior intereostal arteries (T9-11), or of the subcostal artery 
(T12), or less frequently of the upper himbar arteries (L1 and L2). It 
most often arises on the left side (Carmichael and Gloviezki 1999). 
Reaehing the spinal eord, it sends a braneh to the anterior spinal artery 
below and another to anastomose with the ramus of the posterior 
spinal artery, which lies anterior to the dorsal roots. It may be the main 
supply to the lower two-thirds of the eord. Central branehes of the 
anterior spinal artery enter the ventral median fissure, and then turn 
right or left to supply the ventral grey column, the base of the dorsal 
grey column, including the dorsal nucleus, and the adjaeent white 
matter (Fig. 45.12). 

Eaeh posterior spinal artery contributes to a pair of longitudinal 
anastomotie ehannels, anterior and posterior to the dorsal spinal 
roots. These are reinforeed by posterior medullary feeders from the 
posterior radicular arteries. The latter are variable in number and size, 
but smaller, more numerous and more evenly distributed than the 
anterior medullary feeders. The anterior ehannel is joined by a ramus 
from the deseending braneh of the great anterior segmental medullary 
artery of Adamkiewicz. In all longitudinal spinal arteries the width of 
the lumen is uneven and eomplete intermptions may occur. At the 
conus medullaris they eomimmieate by anastomotie loops. Anastomo- 
ses other than those between the pial or peripheral spinal arterial 
branehes may be important, e.g. a posterior spinal series of anastomoses 
between rami of the dorsal divisions of segmental arteries near the 
spinous proeesses. 


Intramedullary arteries 


The eentral branehes of the anterior spinal artery supply about two- 
thirds of the eross-seetional area of the eord. The rest of the dorsal grey 
and white columns and peripheral parts of the lateral and ventral white 
columns are supplied by numerous small radial vessels that braneh 
from posterior spinal arteries and the pial plexus. In a mieroangio- 
graphie study of the human eervieal spinal eord, up to six anterior, and 
eight posterior, radicular spinal arteries were deseribed, and up to eight 
eentral branehes arose from eaeh eentimetre of the anterior spinal artery 

770 (Turnbull et al 1966). 


Spinal eord isehaemia 


The spinal eord ean rely for neither its transverse nor its longitudinal 
blood supply entirely on the longitudinal arteries. The anterior longi- 
tudinal artery and the intramedullary arteries are fimetional end-arteries, 
although overlap of territories of supply has been deseribed (Baekes and 
Nijenhuis 2008). Damage to the anterior longitudinal artery ean result 
in loss of fimetion of the anterior two-thirds of the eord (Fig. 45.13). 
The longitudinal arteries eannot supply the whole length of the eord, 
and the input of the segmental medullary feeder vessels is essential. 
This is espeeially tme of the artery of Adamkiewicz, which may effee- 
tively earry the major supply for the lower eord; damage to this indi- 
vidual artery eompromises perfiision of the distal eord and may be 
responsible for paraplegia following aortie bypass procedures. For many 
years, it was assumed that the anterior spinal artery system provided the 
dominant supply to the eord, but elinieal evidenee implies that the 
posterior spinal arteries may be as important as the anterior system in 
proteeting the eord. The mid-thoraeie eord, distant from the main ante- 
rior medullary feeders, is particularly liable to beeome isehaemie after 
periods of hypotension; T4-9 has been deseribed as the eritieal vascular 
zone of the spinal eord, where interferenee with the eirailation is most 
likely to result in paraplegia. 



VEINS 


Intramedullary veins within the substance of the spinal eord drain into 
a eiroimferential plexus of surface veins, the eoronal plexus (venous 
plexus of the pia mater). Six tortuous longitudinal ehannels are usually 
identified within this plexus: anterior and posterior spinal veins (ante- 
rior and posterior median veins) and four others that mn on either side 
of the ventral and dorsal nerve roots (Fig. 45.14). Only the anterior 
spinal vein, which drains the eentral grey matter, is eonsistently eom- 
plete. It reeeives sulcal veins and small pial veins from the eoronal 
plexus and is largest in ealibre in the lumbosacral region. The posterior 
spinal vein is frequently variable, appearing plexiform in some seg- 
ments and as a single ehannel in others. These vessels eonneet freely 
and drain superiorly into the eerebellar veins and eranial sinuses, and 
segmentally into medullary veins mainly. The segmental veins drain 
into the intervertebral veins and thenee into the external vertebral 
venous plexuses (see Fig. 43.21), the eaval and azygos systems. 

Segmental veins 


Anterior and posterior radiculomedullary veins mn along some of the 
ventral and dorsal roots. Like the medullary feeder arteries, they are 
largest in the eervieal and lumbar regions of the eord, but do not neees- 
sarily occur in the same segments as the medullary feeders. They drain 
the eord but not the roots themselves. Very small anterior and posterior 
radioilar veins occur in most spinal segments, aeeompanying and 
draining the ventral and dorsal roots and some of the eord at the points 
of entry and exit of the rootlets; they usually drain into the interverte- 
bral veins. 


THE EFFECTS 0F INJURY 


SPINAL C0RD INJURY AND VERTEBRAL 
C0LUMN INJURY 


Various elinieal definitions have been deseribed in the International 
Standards Booklet for Nemologieal and Fimetional Classification of Spinal 
Cord Injrny, which was a landmark publication in standardizing the 
language of the neurological examination as it relates to spinal eord 
injury (Ditunno et al 1994). 'Tetraplegia' refers to impairment or loss 
of neural fimetion seeondary to a eervieal injury. Taraplegia' refers to 
loss of fimetion in the thoraeie, lumbar or saeral segments of the eord. 
'Dermatome' refers to the area of skin innervated by cutaneous axons 
in the distribution of a single spinal nerve. 'Myotome' refers to the 
muscle fibres innervated by the motor axons of a single spinal nerve. 
'Nenrologieal level' is the first level where motor and sensory fimetion 
is normal on both sides of the body. 'Sensory level' refers to the most 
caudal level with normal sensation on both sides of the body. 'Motor 
leveL refers to the most caudal segment with antigravity strength, pro- 
viding that the next most rostral level is stronger. 'Complete injury' 
occurs when there is an absenee of motor and sensory fimetion below 
the motor and sensory levels and absenee of fimetion in the lowest 
saeral segment. 'lneomplete injury' refers to partial preservation of 


















Spinal eord and spinal nerves: gross anatomy 
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Fig. 45.12 Arterial disposition within the spinal eord. 
(Reprinted from Netter Anatomy lllustration 
Collection, © Elsevier ine. All Rights Reserved.) 




Fig. 45.13 A, A sagittal thoraeie MR image showing 
spinal eord isehaemie ehanges (arrow) seeondary to 
thrombotie occlusion of the artery of Adamkiewicz in 
a patient with a hypercoagulable disorder. B, The 
ehanges were noted to be in the distribution of the 
anterior spinal artery, as seen on this axial image. 
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The effeets of injury 
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Fig. 45.11 Arteries of the spinal eord. (Reprinted from Netter Anatomy lllustration Collection, © Elsevier ine. All Rights Reserved.) 


sensory and/or motor fimetion below the neurological levels, as well as 
evidenee of'saeral sparing (evidenee of preserved fhnetion of the lowest 
saeral segment) (Ditunno et al 2004). 'Spinal shoek' refers to the 
absenee of reflexes and motor/sensory fhnetion below the level of injury 
and occurs typieally from the time at which spinal eord injury is 


sustained to 24 hours after injury, followed by a phase of reflex return 

(Ditunno et al 2004). 

In the assessment of a patient with spinal injury and neurological 
damage, it is important to remember that the level of eord and root 
injury will not eoineide with that of the skeletal damage to the vertebral 
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Fig. 45.14 The venous drainage of the spinal 
eord. (With permission from Miyasaka K, Asano 
T, Llshikoshi S et al 2000 Vascular anatomy of 
the spinal eord and elassifieation of spinal 
arteriovenous malformations. Interv Neuroradiol. 
6 Suppl 1:195-8.) 


R adicular vein 


eoliimn. In estimating the vertebral levels of eord segments in the adult, 
a useful approximation is that, in the eervieal region, the tip of a verte- 
bral spinous proeess eorresponds to the succeeding eord segment (i.e. 
the sixth eervieal spine is opposite the seventh spinal segment); at upper 
thoraeie levels, the tip of a vertebral spine eorresponds to the eord two 
segments lower (i.e. the fourth spine is level with the sixth segment), 
and in the lower thoraeie region, there is a differenee of three segments 
(i.e. the tenth thoraeie spine is level with the fìrst lumbar segment). The 
eleventh thoraeie spine overlies the third lumbar segment and the 
twelfth is opposite the fìrst saeral segment. In making this estimate by 
palpation of the vertebral spines, it is important to remember the rela- 
tionship of the individual spines to their vertebral bodies. Clinical 
loealization may be off by several levels because other faetors may eome 
into play, such as vasailar insuffìciency or venous obstmetion, resulting 
in the lesion being loealized as signifìeantly lower than it actually is 
(Rousseff and Tzvetanov 2006, Sonstein et al 1996). 

Complete division above the fourth eervieal segment causes respira- 
tory failure because of the loss of aetivity in the phrenie and intereostal 
nerves. Lesions between C5 and T1 paralyse all four limbs (quadriple- 
gia), the effeets in the upper limbs varying with the site of injury: at the 
fifth eervieal segment, paralysis is eomplete; and at the sixth, eaeh arm 
is positioned in abduction and lateral rotation, with the elbow flexed 
and the forearm supinated, due to unopposed aetivity in deltoid, 
supraspinatus, rhomboid and the braehial flexors (all supplied by the 
fifth eervieal spinal nerves). Llpper limb paralysis is less marked in lower 
eervieal lesions. Lesions of the first thoraeie segment paralyse small 
muscles in the hand and damage the sympathetie outflow to the head 
and neek, resulting in eontraetion of the pupil, reeession of the eyeball, 
narrowing of the palpebral fissure and loss of sweating in the faee and 
neek (Horners syndrome). However, sensation is retained in areas 
innervated by segments above the lesion; thus cutaneous sensation is 
retained in the neek and ehest down to the seeond intereostal spaee 
because this area is innervated by the supraclavicular nerves (C3 and 
C4). At thoraeie levels, division of the eord paralyses the tmnk below 
the segmental level of the lesion, and both lower limbs (paraplegia). 
The first saeral neural segment is approximately level with the thoraeo- 
lumbar vertebral junction; injury, which eommonly occurs here, paraly- 
ses the urinary bladder, the rectum and muscles supplied by the saeral 


segments, and cutaneous sensibility is lost in the perineum, buttocks, 
the baek of the thighs and the legs, and soles of the feet. The roots of 
lumbar nerves deseending to join the cauda equina may be damaged 
at this level, causing eomplete paralysis of both lower limbs. Lesions 
below the first lumbar vertebra may divide or damage the cauda equina, 
but severe nerve damage is uncommon and is usually eonfined to the 
spinal roots at the level of the trauma. Neurological symptoms may also 
occur as a result of interferenee with the spinal blood supply, particu- 
larly in the lower thoraeie and upper lumbar segments. 


Spinal eord injiiry without radiologieal 
abnormality: ‘SCIWORA’ 



The spinal eord may be damaged without radiologieal evidenee of 
skeletal injury to the vertebral column. This most eommonly occurs 
with motor vehiele aeeidents but also has been reported with sports 
injuries and falls. MRI may or may not show evidenee of eord injury 
after SCIWORA occurs; the majority of patients sustaining these injuries 
have an abnormal MRI sean. 


Spinal eord syndromes 



Available with the Gray’s Anatomy e-book 


LESI0NS 0F THE SPINAL R00TS, 
NERVES AND GANGLIA 


Spinal roots, nerves and ganglia may be damaged in the vertebral and 
root eanals and at the intervertebral foramina. Neurofibromas and 
schwannomas may occur on the roots and nerves in the root eanals. As 
they enlarge, these tumours beeome dumbbell-shaped, with both an 
intraspinal and an extraspinal eomponent in continuity; the elinieal 
picture may thus include paradoxical features as the asymmetrieal 
space-occupying lesion grows. Root eompression usually presents 

























































Spinal eord and spinal nerves: gross anatomy 


Typieal neural abnormalities include eord oedema, haemorrhage, 
contusion or transeetion. Typieal extraneural abnormalities include 
intervertebral dise protmsion or herniation, ligamentum flavum 
bulging, eervieal spondylitis, prevertebral soft tissue oedema, ligamen- 
tous abnormalities and/or ossifieation of the posterior longitudinal 
ligament. Originally, this was eonsidered a paediatrie diagnosis but it 
has now been shown to be equally eommon in adults. Spinal stenosis 
and pre-existing eord eompression have been postulated as a risk faetor 
for SCIWORA but elinieal series have not supported this (Boese and 
Leehler 2013, Boese et al 2013). 

For eervieal spinal injury, several eord syndromes have been deseribed, 
relating the elinieal picture to the anatomy of the neurological lesion 
within the eord. The most eommon of these is eentral eord syndrome, 
which usually results from hyperextension injury to an osteoarthritie 
neek, when the major injury is to the eentral grey matter. This typieally 
gives an ineomplete eord injury pattern with greater motor loss in the 
upper extremities than in the lower limbs. There is also variable sensory 
loss and neurogenic bladder dyshmetion (Pouw et al 2010). In anterior 
eord syndrome, which may occur in flexion-compression injuries of the 
neek, the damage occurs in the area of supply of the anterior spinal 
artery, sparing the posterior columns; the motor loss is usually propor- 
tionately greater in the lower than in the upper limbs, while sensory 
loss is less of a problem. A third syndrome that may be seen with pen- 
etrating trauma is Brown-Séquard syndrome. This is an injury direeted 
to one side of the spinal eord, where there is ipsilateral loss of motor 
fhnetion and pinpriek sensation and eontralateral loss of pain and 
temperature sensation (Lee et al 1990). The anatomieal basis for these 
symptoms is injury to the ipsilateral posterior columns and eortieospi- 
nal traet, and injury to the lateral spinothalamie traet, which eonveys 
eontralateral pain and temperature sensation (see p. 306). 
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aeiitely with pain, which may be severe. The pain, paraesthesias and 
numbness occur in a dermatomal distribution; dermatomal overlap 
may make it difficult to demonstrate sensory loss on the tmnk. Severe 
traetion injuries of the upper limbs may cause avulsion of spinal roots 
from the eord in the eervieal region. 

The anatomieal basis for pain of spinal origin 


In the diagnosis and deseription of pain of spinal origin, it is particu- 
larly important to distinguish between radicular pain and somatie 
referred pain. 

Radicular pain is caused by disorders that affeet a spinal nerve or its 
dorsal root ganglion. This type of pain eharaeteristieally radiates, along 
a narrow band, into the area of the limb (or tmnk wall) that the spinal 
nerve supplies, and is typieally (although not always) laneinating in 
quality not unlike an eleetrie shoek. 

Referred pain is pain felt in the distribution of a nerve that is not 
the nerve that innervates the source of pain, although typieally these 
nerves are derived from the same spinal eord segment. Referred pain is 
felt deeply aeross a broad area, and is usually aehing in quality; although 
it may radiate into a limb (or around the tmnk wall), it is typieally 
eonstant in loeation. Patients may find it hard to define the outer 
boundaries of this pain but they ean elearly identiíy the eentre of its 
distribution. Referred pain ean be subdivided into somatie referred pain 
and viseeral referred pain, aeeording to its origin. As its name implies, 
viseeral referred pain is caused by disorders in viseera; in some eases, 
the referral ean be quite remote from the viscus, e.g. eardiae pain that 
radiates into the neek. Somatie referred pain is caused by disorders of 
muscular and skeletal stmctures. Examples include lumbar spinal pain 
referred to the gluteal region, thigh or leg; eervieal spinal pain referred 
to the upper limb girdle; and eervieal or thoraeie spinal pain referred 
to the ehest wall, where it may mimie eardiae pain. Often the source of 
somatie referred pain eannot be determined by elinieal examination, 
and invasive tests are required to pinpoint its loeation. 


features (Fig. 45.15). There are lower motor neurone signs in the legs QgJ 
with faseiailation and muscle atrophy. Sensory loss usually involves the 
perineal or 'saddle area', as well as other lumbar and saeral dermatomes. 
There may be eongenital abnormalities, e.g. spina bifida (p. 759), 
lipomata or diastematomyelia, and the conus may extend below the 


lower border of Ll, often with a tethered filum terminale (Fig. 45.16). m 
Extramedullary lesions include prolapsed intervertebral dises. A midline 
(eentral) dise protmsion in the lumbar region may present with involve- 
ment of the saeral segments only. 

Two distinet elinieal syndromes, conus medullaris syndrome and 
cauda equina syndrome, have been deseribed, the latter being much 
more eommon. Cauda equina syndrome typieally presents in men who 
have a lumbar dise herniation in the setting of lumbar spinal stenosis, 
with symptoms of asymmetrie saddle anaesthesia and asymmetrie lower 
extremity weakness, and delayed presentation of atonie bladder and 
flaeeid anal sphineter. Conus medullaris syndrome typieally presents 
with symmetrie saddle anaesthesia, symmetrie motor defieit and earlier 
atonie bladder and sphineter dysfimetion. The usual causes are intra- 
dural tumours or vasoilar lesions (Radeliff et al 2011). 

Tethered eord syndrome may be assoeiated with occult or non-occult 
spinal dysraphism. In its elassie form, it refers to an unusually low 
conus medullaris (although in some 14-18% of eases the position of 
the conus is anatomieally normal). There is some debate as to what 
constitutes an abnormally low conus, whether below the Ll-2 dise 
spaee or below the lower border of the body of the L2 vertebra. Most 
eommonly, tethered eord syndrome is assoeiated with a short filum 
terminale more than 2 mm wide, but it also may be related to an intra- 
dural lipoma. Traetion on the caudal eord and loss of filum terminale 
elastieity are thought to predispose to deereased blood flow in the eord, 
leading to symptoms ( filippidis et al 2010). The elinieal presentation 
varies aeeording to age. In ehildren, the most eommon presentation 
includes foot deformities, neurological defieits, spinal deformity and 
various cutaneous findings such as a lumbar eapillary angioma. In 
adults, the syndrome more eommonly presents with perianal pain and 
leg weakness (see Eig 45.16) (Pang and Wilberger 1982). 




LESIONS 0F THE C0NUS AND CAUDA EQUINA 

Lesions of the conus and cauda equina, e.g. tumours, cause bilateral 
defieit, often with pain in the baek extending into the saeral segments 
and to the legs. Loss of bladder and ereetile fimetion ean be early 
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Fig. 45.3 A T1 post-eontrast sagittal lumbar 
spinal magnetie resonanee (MR) image 
showing a spinal epidural abseess adherent 
to the lumbar dura and spinal nerves in a 
28-year-old female with a history of 
intravenous drug abuse. 

Fig. 45.4 A sagittal thoraeie MR image 
showing a large ventral spinal epidural 
haematoma resulting in severe neek and 
upper thoraeie pain and ataxia. 

Fig. 45.12 Arterial disposition within the 
spinal eord. 

Fig. 45.13 A, A sagittal thoraeie MR image 
showing spinal eord isehaemie ehanges 
seeondary to thrombotie occlusion of the 
artery of Adamkiewicz in a patient with a 


hypercoagulable disorder. B, The ehanges 
were noted to be in the distribution of the 
anterior spinal artery, as seen on this axial 
image. 

Fig. 45.15 A sagittal MR image showing a 
spinal ependymoma, a tumour arising from 
the filum terminale, which ean be seen just 
below the conus medullaris. 

Fig. 45.16 A sagittal MR image showing a 
tethered filum terminale resulting in low-lying 
conus. 

Fig. 45.17 The lumbar interlaminar window 
in extension and flexion. 

Fig. 45.18 A, A sagittal seetion of lumbar 
vertebrae illustrating the course of a lumbar 


puncture needle through skin, subcutaneous 
tissue, supraspinous ligament, interspinous 
ligament between the spinous proeesses, 
ligamentum flavum, dura mater, into the 
subarachnoid spaee and between the nerve 
roots of the cauda equina. B, A horizontal 
seetion of lumbar vertebra illustrating the 
course of a lumbar puncture needle through 
skin, subcutaneous tissue, between the 
spinous proeesses and laminae, ligamentum 
flavum, epidural spaee, dura mater, into the 
subarachnoid spaee and between the nerve 
roots of the cauda equina. 

Fig. 45.19 Palpation of the saeral cornua for 
caudal epidural injeetion. 

Fig. 45.20 Position of the needle in caudal 
epidural injeetion. 
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Spinal eord and spinal nerves: gross anatomy 



Fig. 45.15 A sagittal MR image showing a spinal ependymoma (arrow), a 
tumour arising from the filum terminale, which ean be seen just below the 
conus medullaris. The patient presented with pain in the baek radiating to 
the legs. At surgery to reseet the ependymoma, it was found to be 
adherent to the filum terminale. 



Fig. 45.16 A sagittal MR image showing a tethered filum terminale 
resulting in low-lying conus. The patient presented with baek pain and 
perineal disturbances eonsistent with ‘tethered eord syndrome’. The end 
of the conus medullaris was noted to be at the L5 level. 


ACCESS TO CEREBROSPINAL FLUID 


The safest approaeh to the eerebrospinal fhiid (CSF) is to enter the 
lumbar eistern of the subarachnoid spaee in the midline, well below 
the level at which the spinal eord normally terminates (see above). The 
fìne needle employed is unlikely to damage the mobile nerve roots of 
the cauda equina. This procedure is ealled lumbar puncture. It is also 
possible to aeeess the CSF by midline puncture of the cerebellomedul- 
lary eistern (eisterna magna) (Ch. 18): this is eisternal puncture. 

Lumbar puncture: adult 


Lumbar puncture in the adult may be performed with the patient either 
sitting or lying on their side (lateral decubitus) on a fìrm, flat surface. 
In eaeh position, the lumbar spine must be flexed as far as possible, in 
order to separate the vertebral spines maximally and expose the liga- 
mentum flavum in the interlaminar window (Fig. 45.17). A line is then 
taken between the highest points of the iliae erests: this line almost 
always interseets the vertebral column at the L4 vertebral body or L4/ 
L5 intervertebral dise level (see 4g. 78.16). With the spines now identi- 
fìed, the skin is anaesthetized and a needle is inserted between the 
spines of L3 and L4 (or L4 and L5). Exact identifieation of the level by 
palpation is diffìcult (Broadbent et al 2000). The soft tissues that the 
needle will traverse should also be anaesthetized; eare should be taken 
that the injeetion of an excessive amount of loeal anaesthetie does not 
eompromise appreeiation of the structures being traversed. These will 
be, in order: subcutaneous tissue, supraspinous ligament, interspinous 
ligament, ligamentum flavum, epidural spaee eontaining the internal 
vertebral venous plexus, dura, araehnoid, and fìnally, the subarachnoid 
spaee (Fig. 45.18). The lumbar puncture needle may then be inserted 
in the midline or just to one side, and angled in the horizontal and 
sagittal planes suffìciently to pieree the ligamentum flavum in or very 
near the midline. There is then a slight loss of resistanee as the needle 
enters the epidural spaee; earefhl advaneement will next pieree the dura 
and araehnoid to release CSF. For fhrther details about the elinieal 
anatomy of lumbar puncture, see Boon et al (2004). 



Extension 



Flexion 

Fig. 45.17 The lumbar interlaminar window in extension and flexion. 
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SPINAL CORD AND SPINAL NERVES: GROSS ANATOMY 
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Dura mater 
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Subcutaneous tissue 
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Fig. 45.18 A, A sagittal seetion of a lumbar vertebrae illustrating the course of a lumbar puncture needle through skin, subcutaneous tissue, 
supraspinous ligament, interspinous ligament betvveen the spinous proeesses, ligamentum flavum, dura mater, into the subarachnoid spaee and betvveen 
the nerve roots of the cauda equina. B, A horizontal seetion of a lumbar vertebra illustrating the course of a lumbar puncture needle through (in order) 
skin, subcutaneous tissue, betvveen the spinous proeesses and laminae, ligamentum flavum, epidural spaee, dura mater, into the subarachnoid spaee 
and betvveen the nerve roots of the cauda equina. (With permission from Boon JM, Abrahams PH, Meiring JH et al 2004 Lumbar puncture: anatomieal 
revievv of a elinieal skill. Clin Anat. 17:544-53.) 
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Lumbar puncture: neonate and infant 


In premature and term neonates, the spinal eord usually terminates 
between the fìrst and third lumbar vertebrae. In ehildren between the 
ages of 1 and 7 years, the conus medullaris lies between the twelfth 
thoraeie and third himbar vertebrae (Barson and Sands 1977, Barson 
1970, Vettivel 1991, Malas et al 2001, Kesler et al 2007, Suresh et al 
2013). The supracristal plane interseets the vertebral column slightly 
higher (L3-4). These differenees must be borne in mind when identify- 
ing the landmarks before undertaking lumbar puncture in the neonate 
and infant. A lumbar puncture is performed by plaeing the baby in a 
position, either lying or sitting, that gives maximum convex curvature 
to the lumbar spine. A needle with troear is inserted into the baek 
between the spines of the third and fourth lumbar vertebrae and into 
the subarachnoid spaee below the level of the conus medullaris. The 
spaee between L3 and L4 is approximately level with the iliae erests and 
it is usual to insert the needle and troear into the intervertebral spaee 
immediately above or below the iliae erests. The distanee from the skin 
to the subarachnoid spaee is approximately 1.4 em in neonates; it 
inereases progressively with age. 

Oisternal puncture 


In eisternal puncture, the eisterna magna (see Fig. 18.15) is entered by 
midline puncture through the posterior atlanto-oeeipital membrane. 


Further details of this difficult speeialist technique are beyond the seope 
of this book. 

ACCESS T0 THE EPIDLIRAL SPACE 


The epidural spaee lies between the spinal dura and the wall of the 
vertebral eanal. It eontains epidural fat and a venous plexus. Aeeess to 
this spaee, usually in the lumbar region, is required for the administra- 
tion of anaesthetie and analgesie dmgs, and for endoseopy. The caudal 
route is used mainly for analgesie injeetions. 

Thoraeie and eervieal epidurals 


It is possible to aeeess the epidural spaee at thoraeie and eervieal levels, 
but the speeialist techniques required are beyond the seope of this 
book. 

Lumbar epidural 


For aeeess to the lumbar epidural spaee, the approaeh is as for lumbar 
puncture. The intention in epidural injeetion is to avoid dural puncture, 
so the epidural spaee should be entered in the midline posteriorly, 
where the depth of the spaee is greatest. The skin-epidural distanee has 
been assessed in ehildren at the L3-4 interspaee; 1 mm/kg of body 

















































































Spinal eord and spinal nerves: gross anatomy 


weight is eonsidered to be a iisefiil guideline for ehildren between the 
ages of 6 months and 10 years (Bòsenberg and Gouws 1995). Teeh- 
niques for entering the epidural spaee rely on the appreeiation of loss 
of resistanee to injeetion of saline (air is used by some) as the spaee is 
entered. This loss of resistanee results from the faet that when the needle 
tip is in the ligamentum flavum, saline eannot be injeeted into the 
dense ligament, but onee the epidural spaee is entered, injeetion 
beeomes easier into the loose tissues of the spaee. As there is very little 
distanee between the ligamentum flavum and the underlying dura, eare 
must be taken not to eontimie advaneing the needle onee loss of resist- 
anee has occurred. 

Caudal epidural 


The route of aeeess to the caudal epidural spaee is via the saeral hiatus. 
The spaee is therefore entered below the level of termination of the 
dural sae (the subarachnoid spaee and its eontained CSF), which usually 
extends only to the level of the seeond saeral segment. Oeeasionally, 
the dural sae ends as high as the fifth lumbar vertebra, and very rarely 
it may extend to the third part of the saemm, in which ease it is oeea- 
sionally possible to enter the subarachnoid spaee inadvertently during 
the course of a saeral nerve bloek. 

With the patient in the lateral position or lying prone over a pelvie 
pillow, the saeral hiatus is identified by palpation of the saeral cornua 
(Fig. 45.19). These are felt at the upper end of the natal eleft approxi- 
mately 5 em above the tip of the coccyx. Alternatively, the saeral hiatus 
may be approximated by eonstmeting an equilateral triangle based on 
a line joining the posterior superior iliae spines; the inferior apex of 
this triangle overlies the hiatus (see Fig. 78.16). After loeal anaesthetie 
infiltration, a needle is introduced at 45 0 to the skin, in order to pen- 
etrate the posterior saeroeoeeygeal ligament and enter the saeral eanal. 
The puncture of the ligament ean usually be felt as the needle is 
advaneed. Onee the eanal is entered, the hub of the needle is lowered 
so that the needle may be fed along the eanal (see Pig. 45.2; Fig. 45.20). 
If the needle is angled too obliquely, it will strike bone; if it is plaeed 
too superficially, it will lie outside the eanal and any fluid injeeted ean 
be felt subcutaneously. 



Fig. 45.19 Palpation of the saeral cornua for caudal epidural injeetion. 



Fig. 45.20 Position of the needle in a caudal epidural injeetion. 
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eOMMENTARY 



Minimally invasive surgical eorridors 

to the lumbar spine 

Y Raja Rampersaud 


As demonstrated in Ch. 43, the posterior spinal musculature eonsists 
of multiple layers of muscles with fibres mnning in varying direetions 
and with varying segmental insertion points. Consequently, posterior 
exposure of the spine does not traditionally follow expansile planes that 
avoid neurovascular stmctures over multiple spinal levels. Dependent 
on the degree of exposure required for a given procedure, eonventional 
posterior spinal approaehes progressively release the posterior muscles 
from their bony attaehments in a medial to lateral direetion. This often 
requires a signifieant degree of muscle disseetion and retraetion (Fig. 
5.1.1a), particularly for eommon procedures such as the plaeement of 
spinal pediele screw fixations that require aeeess lateral to the faeet 
joints. This type of exposure has been shown to cause signifieant muscle 



Fig. 5.1.1 A, An intraoperative photograph demonstrating a typieal 
eonventional midline spinal exposure for a one-level fusion (pediele 
screw heads are visible at the lateral aspeet of the exposure). Note the 
degree of muscle retraetion from the midline (spinous proeess). B, An 
intraoperative photograph of a minimal aeeess surgery (MAS) spinal 
tubular retraetor (22 mm in diameter and 8 em deep) plaeed in the 
paramedian intermuscular plane for a one-level fusion. 


morbidity resulting from iatrogenie muscle denervation (particularly 
with exposure lateral to the faeet joint), inereased intramuscular pres- 
sures, isehaemia and revascularization injury (Rampersaud et al 2006). 
Denervation and isehaemia ean result from two possible meehanisms 
that ean occur independently or in eombination: first, direet trauma to 
the segmental innervation (i.e. dorsal root branehes) and vasculature; 
and seeond, inereased intramuscular pressure (i.e. foeal eompartment 
syndrome) resulting from eommonly used surgical retraetors. These 
effeets ean lead to temporary or permanent paraspinal muscular 
atrophy, searring, deereased extensor strength and endurance, as well as 
pain. 

Minimal aeeess surgery (MAS) approaehes have been successfully 
applied to a variety of anatomieal areas, wherein the relevant target(s) 
ean be reliably aeeessed and manipulated within a defined anatomieal 
spaee or eavity with minimal patient morbidity. Due to wide variation 
in the goals of spinal procedures and a variety of anatomieal and surgi- 
eal techniques and teehnologieal ehallenges, MAS approaehes to the 
spine have been limited to very speeifie indieations and have not been 
eonsidered generalizable. However, in the last 10-15 years signifieant 
progress has been made in MAS for the treatment of spinal disorders. 
This is particularly so in relation to the lumbar spine, where the major- 
ity of MAS spinal procedures are performed. Minimal aeeess techniques 
for spinal surgery have been enabled by the development of speeialized 
retraetors, disseeting instmments and spinal implants that allow less 
destmetive and more reliable aeeess to the spine by means of segmental 
transmuscular eorridors. A detailed disaission of the anatomieal and 
teehnieal aspeets of current procedures is beyond the seope of this brief 
eommentary and only a general overview of the muscular eorridors 
utilized for MAS spine procedures is provided. 

Htilizing modifieations of the saerospinalis-splitting approaeh intro- 
duced by Wiltse several deeades ago, transmuscular aeeess to the spine 
is typieally gained by splitting a speeifie paraspinal muscle (Fig. 5.1.2) 
in line with the fascicular bundles (i.e. mtramuscular split) or by utiliz- 
ing the natural eleavage plane between muscles (i.e. intermuscular split) 
(Wiltse et al 1968). MAS spinal procedures are highly dependent on 
the use of intraoperative imaging to allow accurate loealization of the 
skin and faseial ineision. The segmental operative eorridor is typieally 
ereated by the use of sequential muscle dilators over which a final retrae- 
tor is doeked on to the bony spinal anatomy. Alternatively, blunt dis- 
seetion with a finger or a surgical instmment using a spreading technique 
ean be utilized to ereate the operative eorridor. Current retraetors are 
typieally tubular in shape (i.e. provide a 'keyhole' through the overlying 
muscle) and eome in varying diameters (14-30 mm) with fixed or 
expandable aperture options (see Fig. 5.1.1b). For procedures such as 
posterior deeompression of the spinal eanal and/or diseeetomy, an 
intramuscular approaeh through the multifidus just paramedian to the 
spinous proeess is typieally applied (see Fig. 5.1.2a). Due to the seg- 
mental nature and orientation of the multifidus faseieles, a eorridor (via 
the same or imiltiple skin ineisions) is reeommended for eaeh segment 
that requires intervention. For the plaeement of spinal instmmentation, 
a more lateral paramedian intermuscular eorridor is utilized that takes 
advantage of the natural separation between multifidus and longis- 
simus (see Fig. 5.1.2a). This plane provides direet aeeess to the pars, 
transverse proeesses and faeet joints with minimal soft tissue disseetion 
and retraetion. It also provides a less obstmeted trajeetory for pediele 
screw fixation along the long axis of the pediele. If required, release of 
multifidus from the faeet joint also enables aeeess to the dorsal spinal 
anatomy medial to the faeet joint. The intermuscular eorridor allows 
for an easily extensile exposure over 2-3 levels if required. For aeeess 
to the lateral spinal stmctures eranial to the L5-S1 level, a transpsoas 
intramuscular plane is utilized (see Fig. 5.1.2b). Properly performed, 
this approaeh gives safe aeeess to the anterior two-thirds of the vertebral 
body; however, it does earry the risk of injury to the major vessels 
anteriorly and to the lumbosacral plexus in the posterior aspeet of the 
psoas (Goldstein et al 2014). At L5-S1 lateral MAS aeeess is direetly 




























Minimally invasive surgical eorridors to the lumbar spine 
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Fig. 5.1.2 A, Axial magnetie resonanee imaging (MRI) at the level of the L4-5 dise demonstrating the intramuscular eorridor (paramedian 1) through the 
multifidus portion of saerospinalis. The line labelled paramedian 2 demonstrates the intermuscular plane betvveen multifidus and longissimus. 
Corresponding with the progressive narrowing of the bony spinal width from caudal to eranial, the intermuscular plane typieally moves eloser to the 
midline at more eranial levels. B, The intermuscular plane is more obvious in less densely muscled individuals. At the L2-3 level, the line labelled lateral 
demonstrates the transpsoas intramuscular eorridor used for aeeessing the lateral aspeet of the anterior spine above the L5-S1 level. 


bloeked by the ilium and also earries risk of injury to the eommon iliae 
vessels. 

The current literature eomparing eonventional open spinal proee- 
dures to MAS spinal procedures supports the reduction of acute peri- 
operative morbidity, with most reports demonstrating reduced blood 
loss, pain and length of hospital stay with MAS procedures (Goldstein 
et al 2014, Arnold et al 2012). In addition, there also appears to be a 
reduction in the ineidenee of deep surgical site infeetion, most likely 
due to the ereation of minimal dead spaee with the MAS procedures. 
The overall long-term (more than 1-2 years post surgery) elinieal and 
patient-reported outcomes, such as pain and hmetion, appear not to be 


inferior to traditional open spinal procedures; however, long-term supe- 
riority has yet to be proven. These MAS techniques ean earry a signifì- 
eant teehnieal learning curve and assoeiated inereased eost. At present, 
in the absenee of eompelling proof of superiority, MAS spinal proee- 
dures are to be eonsidered an alternative technique for the surgical 
management of spinal disorders when appropriate indieations are met. 
They are by no means to be eonsidered a 'standard of eare' and require 
a weighing up of patient and surgeon preferenees, as well as surgeon 
experience, on a ease-by-base basis. Aneedotally, MAS spinal procedures 
are welcomed by patients and provide signifieant patient and surgeon 
satisfaetion when properly executed. 
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CHAPTER 



Peetoral girdle and upper limb: overview 

and surface anatomy 


The upper limb exhibits an exceptional range of movement, which 
permits such wide positioning of the hand that it aets as a powered, 
mobile, sensory organ. This range is enabled by a number of faetors. 
The thoracoscapular and glenohumeral joints are remarkably little eon- 
strained and the muscles that both stabilize and move them are power- 
ful. The skin is mobile, espeeially in the front of the neek, the axilla, 
aeross the joints, and on the dorsum of the hand. The deep faseial 
planes and the synovial tubes permit excursion of muscles and tendons 
against eaeh other and adjaeent structures, and the eondensation of that 
faseia around the neurovascular bundles segregates them and enhanees 
gliding. The excursion of the main nerves relative to the skeleton is 
inereased by delieate vascular faseial adventitia and by gliding planes 
within the nerve tmnks. 

The innervation of the upper limb is complex and rieh. There is a 
particular eoneentration of speeialized sensory organelles in the wrist 
and hand, not only in the skin but also in the deep afferent system from 
muscles, tendons and joints. The postganglionie sympathetie vaso- 
motor and sudomotor nerves are espeeially dense in the palmar skin. 
The basis of stereognosis, the ability to reeognize the qualities of objeets 
and textures, is a eombination of stimuli from skin, tendon, muscle and 
joints. Movement is vital; blindfolded patients eannot identify the 
nature of an objeet if it is simply plaeed on the finger, but reeognize it 
immediately if allowed to ereate spatial and temporal patterns by 
feeling the objeet or material between the moving fìnger and thumb. 



The bones of the upper limb include the scapula, elaviele, humems, 
radius and ulna (eonneeted by the interosseous membrane along most 
of their length), the eight bones forming the carpus, fìve metaearpals 
and fourteen phalanges (Figs 46.1-46.2). There are two phalanges in 
the thumb and three in eaeh fìnger. 

The thoracoscapular joint is the platform for fhnetion of the upper 
limb; paralysis of either of the two great muscles, trapezms and serratus 
anterior, is erippling. The limb is direetly attaehed to the axial skeleton 
by one bony articulation, the sternoclavicular joint. The glenohumeral 
joint is shallow and little eonstrained, whereas the acromioclavicular 
joint is a plane joint stabilized by strong ligaments. The range of move- 
ments provided by these joints and the muscles aeting aeross them is 
enormous. Arthrodesis of the thoracoscapular joint is effeetive in seap- 
ulohumeral dystrophy; it restores full elevation of the limb but protrae- 
tion and retraetion is lost. A eorreetly performed glenohumeral 
arthrodesis retains powerful adduction, protraetion and medial rota- 
tion, but lateral rotation and most of elevation are lost. The elbow 
includes a hinge between the humerus and ulna, and two pivot joints: 
one between the humerus and radius, the other between the proximal 
radius and ulna. This permits a range of about 150 ° of extension and 
flexion, and 180 ° of pronosupination in conjunction with the distal 
radio-ulnar joint. The wrist complex allows a range of flexion and exten- 
sion of about 140 °, supplemented by some 70 ° of adduction and 
abduction. The eondylar metaearpophalangeal joint enables 120 ° of 
flexion and extension, about 40 ° of abduction and adduction, and 
some rotation. Pronation and supination are unique to the primate 
upper limb. The range of movement of the thumb ray, which rests on 
the 'saddle' earpometaearpal joint, the qualities of the long muscles and 
the thenar muscles aeting on the ray and the skin of the web spaee, are 
unique to humans. 



The skin over the front of neek and posterior triangle is mobile and is 
sustained by underlying platysma. Large flaps may be raised safely when 
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Fig. 46.2 The bones of the peetoral girdle and upper limb: posterior 


view. 


platysma is included with the skin. The postaxial skin of the posterior 
aspeet of the neek, shoulder, arm and forearm is thieker and hairy, 
whereas the glabrous preaxial skin on the anterior surface of the arm 
and forearm is thinner and more mobile. The situation is reversed in 
the hand, where the thiek palmar skin is firmly secured by a fibrous 
skeleton to the palmar aponeurosis, whereas the dorsal skin is thinner 
and more mobile, espeeially aeross the joints. The eharaeteristie furrows 
or ereases at the elbow, wrist and the interphalangeal joints represent 
plaees of anehorage of the deep faseia. The hairy skin of the axilla is 
espeeially mobile, permitting the extensive range of movement at the 
glenohumeral joint; it is rieh in sweat glands and their sympathetie 
nerves. The dense sympathetie innervation in the axilla, the hand and 


forearm is important in temperature homeostasis. The consequences of 
searring from burn or other injury, or badly plaeed ineisions, are severe, 
and nowhere more so than after a deep burn of the axilla. 

The superficial faseia (see Chs 2 and 29) is generally thieker on the 
dorsal aspeet of the neek, shoulder, arm and forearm. Measurement of 
its thiekness in the arm provides a useful measure of obesity. This faseia 
is an important gliding plane between the skin and the underlying deep 
faseia. Nerves and vessels are at risk of entrapment or even rupture 
where they perforate the deep faseia to ramify into the superficial faseia 
and skin. 

The deep faseia, intermuscular septa and the interosseous membrane 
between the radius and ulna define diserete eompartments that enable 
gliding of segregated structures against one another. The medial and 
lateral intermuscular septa of the arm and the interosseous membrane 
also provide wide areas for the attaehment of muscles. The various 
faseial eompartments are relevant to the spread of infeetion and tumour, 
and are espeeially important in isehaemia. 

The prevertebral faseia (see Fig. 29.4; p. 445) envelops the phrenie 
nerve, sealene muscles, eervieal primary rami, eervieal sympathetie 
ehain, and subclavian and vertebral arteries. It projeets below the elav- 
iele as the axillary sheath, enveloping the divisions and eords of the 
braehial plexus with the axillary artery, and continues into the arm as 
the braehial sheath, surrounding the braehial artery with its venae 
eomitantes, the median nerve and the proximal part of radial and ulnar 
nerves. The great muscles of the shoulder and axilla - deltoid, peetoralis 
major and latissimus dorsi - are eovered by deep faseia that winds 
around their deep surfaces to blend with the deep faseia of the arm. 
This latter is drawn upwards by suspensory eondensations of faseia to 
form the eone-shaped axillary spaee. This arrangement is obvious to the 
reader who traees the anterior surface of peetoralis major with a finger, 
then follows it round and deep, before thmsting the finger upwards as 
far at least as the lateral part of the seeond rib. 

The deep faseia of the arm and forearm forms a sort of sleeve, 
attaehed to the medial and lateral intermuscular septa in the arm, to 
the periosteum of the medial and lateral epieondyles and oleeranon at 
the elbow, and to the periosteum of the ulna and radms (Chs 48-49). 
There are important eondensations, such as the bieipital aponeurosis at 
the elbow, and the flexor and extensor retinacula at the wrist, which are, 
in turn, subdivided by septa. Diserete eompartments with the forearm 
separate the superficial imiseles from the deep. The reader will note 
the relative mobility of the extensor muscles that traverse the elbow: 
braehioradialis and the radial extensor muscles of the wrist form 
the 'mobile wad', overlying the deeper eompartment eontaining the 
posterior interosseous nerve and vessels, supinator, the digital exten- 
sors, extensor earpi ulnaris and the long muscles aeting on the thumb 
ray. Three eompartments are found in the anterior aspeet of the forearm. 
The deep flexor eompartment eontains the anterior interosseous nerve 
and vessels, flexor pollieis longus, flexor digitomm profundus and pro- 
nator quadratus. The superficial eompartment eontains the radial artery, 
pronator teres, flexor earpi radialis, palmaris longus and flexor digit- 
omm superficialis. The ulnar nerve and vessels pass in a separate sheath 
elose to the ulna. The anterior deep faseia of the forearm continues into 
the hand as the palmar aponeurosis, from which a complex arrange- 
ment of septa forms the fibrous skeleton of the hand (see 7 ig. 50.7A). 
The range of excursion of the main nerves of the upper limb aeross fixed 
points such as the first rib, the distal humems and the distal radius is 
some 10-15 mm and is enabled by gliding between the adventitia and 
the epineurium. More movement occurs within the plane between the 
epineurium and perineurium, and also within the perineurium itself 
(Commentary 9.1). 

Cutaneous innervation 


Bundles of nerves enter the skin deep in the dermis and course towards 
the skin surface, giving off axons, nearly all unmyelinated, that inner- 
vate the assoeiated end organs. The few myelinated axons terminate at 
hair follieles, Meissner corpuscles and Merkel complexes (Ch. 7, Com- 
mentary 1.3). The density of innervation of the epidermis is greatest in 
the proximal segment of the limb and there is little ehange between the 
twentieth and eightieth years. 


MUSCLES 


The sensorimotor cortex eontrols movements, not individual muscles. 
Reaehing out to eateh a flying objeet, such as a erieket ball, requires the 
eoordination and integrated aetion of every muscle group in the upper 
limb, and indeed beyond. This system of complex and refined muscle 
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SECTION 6 


PECTORAL GIRDLE AND LJPPER LIMB: OVERVIEW AND SLIRFAOE ANATOMY 



patterning depends on the integrity of the somatie afferent and efferent 
pathways in the eentral nervous system. 

The muscles of the upper limb may be grouped aeeording to their 
origin and the joints on which they aet: (1) Muscles arising from the 
axial skeleton to aet on the scapula include trapezius, levator scapulae, 
the rhomboids and serratus anterior. (2) Muscles arising from the axial 
skeleton to aet on the glenohumeral joint include the sternal head of 
peetoralis major, peetoralis minor and latissimus dorsi. (3) Muscles 
passing between the scapula and the proximal humerus eontrol the 
glenohumeral joint. They include supra- and infraspinams, subscapu- 
laris, teres major and minor, and eoraeobraehialis. Deltoid and the 
clavicular head of peetoralis major also belong here, even though they 
arise in part from the elaviele. (4) The main muscles eontrolling the 
elbow include bieeps and trieeps; the long heads of both muscles 
traverse the glenohumeral joint to insert on the scapula. (5) The main 
muscles eontrolling supination and pronation are bieeps braehii and 
supinator, pronator teres and pronator quadratus. (6) The radioearpal 
joint is eontrolled by extensors earpi radialis longus and brevis, extensor 
earpi Mnaris, flexors earpi ulnaris and radialis, and palmaris longus. 
(7) The imiseles aeting on the thumb ray include the powerful flexor 
pollieis longus, the much weaker abductor pollieis longus, and exten- 
sors pollieis longus and brevis. These last three are essential for thumb 
fhnetion. The unopposed aetion of flexor pollieis longus leads to 
the virtually useless thumb in palm posture. (8) The extension and 
flexion of the metaearpophalangeal and interphalangeal joints of the 
fingers rest on eoordinated aetivity in extensor digitomm, flexors digi- 
tomm superficialis and profundus, and the interosseous and lumbrical 
muscles. Extensor digitomm alone extends the metaearpophalangeal 
joints; the long flexors alone flex the interphalangeal joints. The imbal- 
anee caused by paralysis of the small muscles leads to 'clawing' deform- 
ity(see hg. 46.27). (9)The small muscles ofthehand maybe eonsidered 
as those eontrolling the thumb ray and web spaee; adductor pollieis 
lies deep to the first dorsal interosseous; abductor and flexor pollieis 
brevis and opponens pollieis are superficial and form the ball of the 
thumb. The interosseous muscles aeting with the lumbricals flex, abduct 
and adduct the metaearpophalangeal joints and, in conjunction with 
the long flexor and extensor muscles, enable full extension of the proxi- 
mal interphalangeal joints. Abductor and opponens digiti minimi and 
flexor digiti minimi brevis form the hypothenar eminenee and aet on 
the little finger. 

Many muscles aet on more than one joint; thus, the long heads of 
bieeps and trieeps flex and extend the glenohumeral joint, as well as 
the elbow. In addition, bieeps braehii is a powerful supinator of the 
forearm. Extensor earpi radialis longus not only extends the wrist, but 
also is a powerful abductor of that joint and a flexor of the elbow. Flexor 
earpi ulnaris is the most powerful muscle in the forearm; it contributes 
to elbow flexion, flexes and adducts the wrist, and is aetive in all sus- 
tained movements of the wrist. 

Certain muscles are hmetionally segregated, e.g. the anterior part of 
deltoid is a powerful flexor of the glenohumeral joint, whereas the 
posterior part is the most powerful extensor of that joint. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


The detailed regional deseriptions of these systems are found in 

Chapters 48, 49 and 50. 


ARTERIES 


The axial vessel is the subclavian artery, which arises from the braehio- 
eephalie tmnk on the right and direetly from the areh of the aorta on 
the left (Fig. 46.3). The artery is deseribed in three parts that are suc- 
eessively anterior, deep and lateral to sealemis anterior. The seeond and 
third parts are in elose relation to the primary ventral rami of C7, C8 
and Tl, and to the middle and lower tmnks of the braehial plexus. The 
subclavian artery beeomes the axillary artery at the posterior margin of 
the first rib. The axillary artery is elosely related to the divisions of the 
braehial plexus deep to the elaviele, and to the eords below it. It eon- 
tinues deep to peetoralis minor and beeomes the braehial artery at the 
inferior margin of teres major. 

The braehial artery is elosely related to the median nerve; both move 
from the medial side of the arm to the anterior aspeet of the elbow, 
lying medial to the tendon of bieeps braehii and deep to the bieipital 
aponeurosis. The artery divides into the radial and ulnar arteries just 
distal to the elbow. The ulnar artery is eonsistently the larger of the two. 
The eommon interosseous artery arises elose to its origin and subse- 
778 quently divides into the anterior and posterior interosseous arteries. The 



anterior interosseous artery, aeeompanied by the anterior interosseous 
nerve, lies on the interosseous membrane in the deepest part of the 
deep flexor eompartment. The posterior interosseous artery is separated 
from the membrane by the deep extensor muscles. The radial and ulnar 
arteries remain in the flexor eompartment of the forearm, the ulnar 
artery moving towards the ulnar nerve in the proximal quarter of the 
forearm; it is usually the dominant vessel for the hand. At the wrist, the 
radial artery passes dorsally and erosses the seaphoid and trapezium. 

Important branehes from the main axial vessels form extensive anas- 
tomoses that provide a eollateral circulation. For example, the eollateral 
circulation formed by branehes of the thyroeervieal tmnk with the eir- 
cumflex humeral and subscapular arteries permits survival of the limb 






















































































Vaseiilar supply and lymphatie drainage 


after occlusion of either the third part of the subclavian artery, or of the 
axillary artery deep to the elaviele and peetoralis minor. The profhnda 
braehii is an important ehannel for the posterior muscles of the arm. It 
aeeompanies the radial nerve and contributes to the eollateral circula- 
tion about the elbow with the ulnar eollateral and recurrent vessels and 
the radial eollateral and recurrent vessels. The anterior interosseous 
artery is effeetively an end artery. A series of anastomoses between the 
radial and ulnar arteries, such as the transversely orientated palmar and 
dorsal arehes and the superficial and deep palmar arehes, maintain a 
rieh blood supply to the wrist and hand. There are extensive intereon- 
neetions between these arehes and between the dorsal and palmar 
phalangeal arteries. 

Pulses 

The pulsation of the subclavian artery is palpable at the lateral margin 
of sternoeleidomastoid and is easily bloeked by digital pressure against 
the first rib. This simple manoeuvre has saved lives and limbs, and 
should be widely known and rehearsed because it is the best method 
for emergeney eontrol of bleeding from the deeply plaeed axillary artery. 
The method was used successfully for high amputation or disarticula- 
tion of the shoulder in the Napoleonie wars. 

The braehial artery is palpable in the arm in the groove, or valley, 
between bieeps braehii anteriorly and the medial head of trieeps braehii 
posteriorly; it ean be traeed down to the anterior aspeet of the elbow, 
where it moves towards the midline. The radial and ulnar pulses are 
palpable at the wrist, where the vessels emerge from under the eover of 
overlying muscles. 


VEINS 



The upper limb is drained by superficial and deep groups of vessels. 

The superficial group starts as an irregular dorsal areh on the baek 
of the hand. The eephalie vein begins at the radial extremity of the areh, 
and aseends along the lateral aspeet of the arm within the superficial 
faseia to enter the deltopeetoral groove. It pierees the deep faseia above 
the superior margin of peetoralis minor and enters the axillary vein 
near the tip of the eoraeoid (Fig. 46.4). The basilie vein drains the ulnar 
end of the areh, passes along the medial aspeet of the forearm, pierees 
the deep faseia at the elbow, and joins the venae eomitantes of the 
braehial artery to form the axillary vein. The prominent median cubital 
vein links the eephalie and basilie veins on the flexor aspeet of the 
elbow. It reeeives a number of tributaries from the flexor aspeet of the 
forearm and gives off the deep median vein, which pierees the faseial 
roof of the antecubital fossa to join the venae eomitantes of the bra- 
ehial artery. 

The deep group of veins drains the tissues beneath the deep faseia 
of the upper limb and is eonneeted to the superficial system by perforat- 
ing veins. The deep veins aeeompany the arteries, usually as venae 
eomitantes, ultimately beeoming the axillary, and subsequently the 
subclavian, vein. 

The subclavian vein is the eentral continuation of the axillary vein. 
It starts at the inferior margin of the first rib, which it erosses. Initially 
deep to the clavicular head of peetoralis major and then to subclavius, 
which is a buffer between it and the overlying medial portion of the 
elaviele, the vein then mns deep to the insertion of sternoeleidomas- 
toid. Sometimes, only the superior margins of the vein rise above the 
medial end of the elaviele; sometimes, the entire vein does so. The 
phrenie nerve and the inferior part of scalenus anterior lie posteriorly. 
The subclavian vein joins the internal jugular vein to form the braehio- 
eephalie vein at the medial border of sealemis anterior, behind the 
sternoclavicular joint (see Fig. 29. 14). A pair ofvalves usually lies within 
2 em of this junction. The subclavian vein reeeives, as tributaries, the 
external jugular, dorsal scapular and, sometimes, the anterior jugular 
veins. The trifiireation of subclavian, external and internal jugular veins 
is demonstrable by a foreed expiration (Valsalva) manoeuvre, when the 
distended veins rise up above the sternoelavioilar joint, filling the fossa 
above the jugular noteh of the sternmn (Video 46.1). Main lymphatie 
vessels join the subclavian veins at, or very elose to, this junction with 
the internal jugular vein. The left subclavian vein reeeives the thoraeie 
duct; the right reeeives the right lymphatie duct (see "ig. 29.16). There 
is a risk of air embolism after wounding of the subclavian, external or 
internal jugular veins. 
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Fig. 46.4 The veins of the upper limb 


Proximally based flaps of skin caused by 'degloving injury are more 
likely to survive; even a distally based flap of palmar skin may do so. 
The skin of the lower leg is notoriously sensitive to the effeets of fracture 
because of rupture of the vessels perforating the deep faseia; this 
problem is less severe in the upper limb. Three intereonneeted pathways 
may be reeognized in the upper limb, namely: muscle perforators, deep 
fasciocutaneous vessels and the direet cutaneous supply. 


Muscle perforators 



Available with the Gray’s Anatomy e-book 


Fasciocutaneous system 



Available with the Gray’s Anatomy e-book 


Cutaneous blood supply 


Direet cutaneous supply 


The blood supply of the skin of the upper limb is generally abundant 
(Fig. 46.5) and rather more robust than that in the lower limb. 
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Peetoral girdle and upper limb: overvievv and surface anatomy 


Vessels pass from deep axial vessels throiigh mnsele, perforate the deep 
faseia and supply the overlying skin. The latissimus dorsi myocutaneous 
flap based on the thoraeodorsal vessels was an important development 
in plastie and reeonstmetive surgery, not only for the replaeement of 
lost skin or reeonstmetion of the breast, but also in the evolution of 
the free-functioning muscle transfer. 

The fasciocutaneous system rests on branehes that arise from deep 
vessels and pass along intermuscular septa to perforate the deep faseia 
and ramify over its surface; extensive areas of skin are supplied in this 
way. The development of fasciocutaneous flaps, either as pediele flaps 
or free grafts, has been a revolutionary advanee in the treatment of 
severe wounds; not only is it possible to replaee large areas of lost skin, 
but also the improvement of the tissue bed that overlies the main nerves 
enhanees regeneration and relieves neuropathic pain. 

The direet cutaneous supply is exemplified in the palmar skin, where 
branehes from the underlying digital vessels pass direetly into the over- 
lying skin. 
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B Ahterior 



1 Transverse eervieal artery 






2 Direet cutaneous braneh from 
thoraeo-aeromial axis 

3 Anterior perforators from 
internal thoraeie artery/ 
musculocutaneous perforators 
from peetorai braneh of 
thoraeo-aeromial axis 

4 Superficial thoraeie artery 

5 Musculocutaneous perforators 
from deltoid braneh of 
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6 Posterior circumflex 
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7 Anterior circumflex 
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Fig. 46.5 The anatomieal territories served by the cutaneous blood supply to the upper limb. (With permission from Cormack GC, Lamberty BGH 1994 
The Arterial Anatomy of Skin Flaps, 2nd ed. Edinburgh: Churchill Livingstone.) 







LYMPHATIC DRAINAGE 


Superficial tissues 

Superfìcial lymphatie vessels begin in cutaneous plexuses. In the hand, 
the palmar plexus is denser than the dorsal plexus. Digital plexuses 
drain along the digital borders to their webs, where they join the distal 
palmar vessels, which pass baek to the dorsal aspeet of the hand. The 
proximal palm drains towards the carpus, medially by vessels that mn 
along its ulnar border, and laterally to join vessels draining the thumb. 
Several vessels from the eentral palmar plexus form a tmnk that winds 
round the seeond metaearpal bone to join the dorsal vessels that drain 
the index finger and thumb. 

In the forearm and arm, superficial vessels mn with the superficial 
veins. Collecting vessels from the hand pass into the forearm on all 
earpal aspeets. Dorsal vessels, after mnning proximally in parallel, curve 
successively round the borders of the limb to join the ventral vessels. 
Anterior earpal vessels mn through the forearm parallel with the median 
vein of the forearm to the cubital region, then follow the medial border 
of bieeps braehii before piereing the deep faseia at the anterior axillary 
fold to end in the lateral axillary lymph nodes. 

Lymph vessels that lie laterally in the forearm reeeive vessels that 
curve round the lateral border from the dorsal aspeet of the limb. They 
follow the eephalie vein to the level of the tendon of deltoid, where 
most ineline medially to reaeh the lateral axillary nodes; a few eontimie 
with the vein and drain into the infraclavicular nodes. Vessels lying 
medially in the forearm are joined by vessels that curve round the 
medial border of the limb and follow the basilie vein. Proximal to 
the elbow, some end in supratrochlear lymph nodes whose efferents, 
together with the medial vessels that have bypassed them, pieree the 


deep faseia with the basilie vein and end in the lateral axillary nodes or 
deep lymphatie vessels. 

Collecting vessels from the deltoid region pass round the anterior 
and posterior axillary folds to end in the axillary nodes. The scapular 
skin drains either to subscapular axillary nodes or by ehannels that 
follow the transverse eervieal vessels to the inferior deep eervieal nodes. 

Deeper tissues 

Deep lymph vessels follow the main neurovascular bundles (radial, 
ulnar, interosseous and braehial) to the lateral axillary nodes. They are 
less numerous than the superficial vessels and communicate with them 
at intervals. A few lymph nodes occur along the vessels. Scapular 
muscles drain mainly to the subscapular axillary nodes, and peetoral 
muscles drain mainly to the peetoral, eentral and apieal nodes. 

Efferent vessels from the deep eervieal nodes form the jugular tmnk. 
The right jugular tmnk drains the right upper limb, the right half of the 
thorax and the right head and neek, and enters the right thoraeie duct 
or direetly enters the right subclavian vein elose to its junction with the 
internal jugular. The left jugular tmnk usually enters the thoraeie duct, 
but it may direetly enter either the subclavian or internal jugular vein 
(see Figs 29.16, 48.45). 


INNERVATION 


The aeeessory nerve, dorsal scapular nerve, long thoraeie nerve (nerve 
to serratus anterior), suprascapular nerve and nerve to subclavius all 
innervate muscles that aet on the scapulothoracic 'joint' and therefore 
will be summarized here. 


































Innervation 


Aeeessory nerve 

The integrity of the aeeessory nerve is fimdamental to thoracoscapular 
fhnetion and essential for scapulohumeral rhythm (Camp and Bireh 
2011). The intraspinal and intraeranial course of the aeeessory nerve and 
of the segment of the nerve that lies in the anterior triangle are deseribed 
on page 467. 

The aeeessory nerve passes either deep to or through sternoeleido- 
mastoid, to enter the posterior triangle in a eonsistent and important 
relation to the aseending nerves of the eervieal plexus. The great auricu- 
lar nerve is the key to exposure of the aeeessory nerve, which emerges, 
usually as one tmnk, 5-10 mm eephalad to the point where the great 
auricular nerve winds around sternoeleidomastoid, and moves from a 
plane posterior to the muscle to one that is anterior. The general rela- 
tions of the posterior triangle vary with individual physique, but this 
relation between the two nerves is reliably eonsistent. The nerve now 
mns aeross the fatty areolar tissue at the apex of the posterior triangle, 
in elose relation to the superior superficial eervieal lymph nodes deep 
to platysma. It is separated from the underlying levator scapulae by this 
areolar tissue, and then, more deeply, by the prevertebral faseia. One 
slender braneh passes to the upper fibres of trapezius either deep to 
sternoeleidomastoid or just beyond it. The nerve pierees the faseia eov- 
ering the deep surface of trapezius elose to the anterior border of the 
muscle and then mns caudally about 2 em from that border. The nerve 
passes down in a eharaeteristie sinuous fashion, aeeompanied by 
slender vessels to the deep, inner faee of trapezms. A braneh from the 
eervieal plexus (C3, 4) joins the nerve just above the elaviele. Intraopera- 
tive stimulation of this braneh rarely evokes a muscular response; it 
probably eonveys afferent fibres from the middle and lower parts of 
trapezius. The nerve now turns medially, continuing in parallel to the 
spine of the scapula about 4 em above it. At the medial end of the spine, 
the nerve turns caudally again, passing down parallel to the medial 
border of the scapula. It divides into terminal muscular branehes about 
7 em distal to the scapular spine. Although sternoeleidomastoid, and 
the middle and the lower portions of trapezius, may be partially sup- 
plied by branehes from the eervieal plexus, the upper part of trapezius 
is innervated solely by the aeeessory nerve. 

Dorsal scapular nerve 

The dorsal scapular nerve arises above the elaviele from the proximal 
segment of the ventral primary ramus of C5. It passes posteriorly, pier- 
eing scalenus medius, to mn down in the plane between levator scapu- 
lae and serratus posterior superior and the posterior sealene muscles. It 
continues along the anterior border of the rhomboid muscles about 
1.5 em medial to the vertebral border of the scapula and is elosely 
related to the dorsal scapular artery. The dorsal scapular nerve inner- 
vates the rhomboid muscles and, together with branehes from C3 and 
C4, it supplies levator scapulae. 

Long thoraeie nerve (nerve to serratus anterior) 

The long thoraeie nerve is formed by branehes that arise above the 
elaviele from the proximal segments of the ventral primary rami of C5, 
C6 and C7. It innervates serratus anterior, a muscle that is essential for 
the fimetion of the thoracoscapular joint. The muscular branehes from 
the rami join deep to scalenus medius, and the tmnk passes down 
posterolateral to the muscle, on the floor of the posterior triangle deep 
to the suprascapular nerve. The branehes from C5 and C6 are the largest. 
The nerve follows a sinuous course deep to the investing faseia eovering 
the anterior faees of the digitations of serratus anterior. It is aeeompa- 
nied here by a braneh of the thoraeodorsal artery, and trends postero- 
laterally towards the mid-axillary line. 

Suprascapular nerve 

The suprascapular nerve (C5, 6) usually arises as the first braneh of the 
upper tmnk but it frequently springs direetly from the ventral primary 
ramus of C5. It innervates supra- and infraspinatus. 

Nerve to subclavius 

The slender nerve to subclavius (C5, 6) springs from the upper tmnk 
and passes anteriorly. It deseends anterior to the plexus and the subcla- 
vian artery and passes above the subclavian vein to supply subclavius. 

Braehial plexus 


The muscles, joints and skin of the upper limb are innervated by the 
ventral primary rami of C5, C6, C7 and C8, and nearly all of the ventral 
primary ramus from Tl, eolleetively forming the braehial plexus (Figs 
46.6-46.7). A braneh from C4 to C5, which contributes to the innerva- 
tion of the glenohumeral and elbow flexor muscles, is seen oeeasionally 
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Fig. 46.6 A sehematie plan of the braehial plexus. (Adapted with 
permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for 
Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


at operation. A muscular contribution from T2 is rare. The rami enter 
the posterior triangle of the neek between scalenus anterior and medfiis. 
Rami from C7 and C8 are the largest (C8 eontains about 30,000 myeli- 
nated axons) and those from C5 and T1 are the smallest (between 
15,000 and 20,000 myelinated axons). An adult braehial plexus eon- 
tains between 120,000 and 150,000 myelinated axons, of which 25% 
innervate the shoulder girdle and glenohumeral joint. The proportion 
of motor fibres is greatest in C5 and C8; the sensory contribution is 
greatest in C7. A complex interehange of branehes, before the main 
nerves of the upper limb are formed, produces the tmnks, divisions and 
eords of the braehial plexus. 

Blood SLipply The blood supply of the braehial plexus is derived from 
vessels arising from the subclavian and vertebral arteries. Important 
branehes pass from the vertebral artery to the rami of C5 and C6 and 
the more proximal eervieal nerves. Branehes from the eostoeervieal 
tmnk provide a rieh supply to T1 and C8. Extensive contributions eome 
from the suprascapular and superficial eervieal arteries that arise from 
the thyroeervieal tmnk. In at least one-third of eases, the superficial 
eervieal and dorsal scapular arteries arise from the thyroeervieal tmnk 
as the transverse eervieal artery. In elinieal terms, the arteries arising 
from the thyroeervieal tmnk have beeome the lifeline to the upper limb 
and must be preserved during operations in eases when the mptured 
subclavian artery has not been repaired. The dorsal scapular artery may 
arise from the third part of the subclavian artery to pass between the 
upper and middle tmnks of the braehial plexus. 


Trnnks of the braehial plexus 

The upper tmnk is formed by C5 and C6, where these nerves emerge 
from deep to scalenus anterior. The middle tmnk is the eontimiation 
of C7. The lower tmnk is formed by C8 and Tl, where these nerves eross 
anterior to the first rib. The ramus of T1 takes an upward course aeross 
the deep faee of the neek of the first rib behind the pleura and the 
vertebral and subclavian arteries towards the lower tmnk. The forma- 
tion of the tmnks is fairly eonsistent; they lie in front of one another 
rather than side by side, with the subclavian artery passing anteromedi- 
ally. The phrenie nerve erosses C5 to pass anteromedially on the surface 
of scalenus anterior. The upper tmnk, its divisions and the suprascapu- 
lar nerve ean all be palpated in the supraclavicular fossa in a subject of 
normal physique. The examining finger identifies first the subclavian 
pulse and then the nerves, whilst rolling the fingertip laterally (see 
Video 46.1). 



Divisions of the braehial plexus 

The tmnks divide into anterior and posterior divisions. The upper tmnk 
divides 2-3 em above the elaviele, and the divisions of the middle and 
lower tmnk are formed deep to the elaviele. The posterior divisions of 
the upper and middle tmnks are eonsistently larger than their anterior 781 
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Fig. 46.7 The braehial plexus. Note the sequence: ventral (anterior) primary rami; trnnks; divisions; eords; nerves. The trnnks are upper, middle and 
lower, and the eords are lateral, medial and posterior, aeeording to their position in relation to the axillary artery, which is variable. (Courtesy of Rolfe 
Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 


divisions. The posterior division of the lower tmnk is eonsistently 
smaller than the anterior division and is absent in about 10% of 
eases. 

Cords of the braehial plexus 

The eords are formed by the confluence of divisions: the lateral eord 
from the anterior divisions of the upper and middle tmnks; the pos- 
terior eord by all three posterior divisions; and the medial eord by the 
anterior division of the lower tmnk and, sometimes, by a braneh from 
the anterior division of the middle tmnks. The divisions of the tmnks 
and the formation of the eords represent an important anatomieal and 
fhnetional differentiation. The posterior divisions and posterior eord 
innervate postaxial (extensor) musculature; the anterior divisions and 
the lateral and medial eords innervate preaxial (flexor) musculature. 


The formation and relations of the three eords are variable and, 
indeed, their designations somewhat misleading. Immediately inferior 
to the elaviele, the posterior eord is lateraf the medial eord is posterior, 
and the lateral eord is anterior, in relation to the axillary artery; the 
eords assume their appropriate relations about the axillary artery deep 
to peetoralis minor. There is eonsiderable variation in this arrangement; 
most eommonly the axillary artery lies anterior to the three eords and 
the median nerve. 

The branehes of the posterior eord, the largest of the three tmnks, 
are eonsistent. In sequence, they are the upper subscapular, thoraeodor- 
saf lower subscapular, axillary and radial nerves. The branehes of the 
medial eord are usually predietable; the medial peetoral nerve and 
medial cutaneous nerve of the forearm are succeeded by the division 
into the medial root of the median nerve and the ulnar nerve. The ulnar 
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Fig. 46.8 Motor and sensory branehes of the axillary nerve. (With 
permission from O’Brien M, Aids to the Examination of the Peripheral 
Nervous System, 5th ed, 2010, Edinburgh: Saunders, Elsevier.) 


nerve may arise as two or three branehes. The greatest variation in for- 
mation of tmnk nerves is found within the lateral eord. Oeeasionally 
the musculocutaneous nerve arises more distally than usuaf springing 
either direetly from the lateral eord as two or three branehes or even 
from the median nerve itself. Sometimes, the highest of these branehes 
enters eoraeobraehialis no more than 2 or 3 em below the eoraeoid 
proeess. The lateral root of the median nerve may arise as two or three 
branehes, and in some eases, it appears as a braneh of the musculo- 
cutaneous nerve. 

Axillary (circumflex) nerve 

The axillary nerve (C5, 6) (Fig. 46.8) mns freely in loose fatty tissue in 
the axilla before turning around subscapularis to pass almost horizon- 
tally through the quadrilateral tunnef where it is aeeompanied by the 
posterior circumflex humeral vessels (see Fig. 48.33). It innervates teres 
minor and deltoid, and the skin overlying deltoid on the lateral aspeet 
of the shoulder. 

Radial nerve 

The radial nerve (C5, 6, 7, 8, Tl) is the terminal braneh of the posterior 
eord (Fig. 46.9). It is the largest nerve in the upper limb and the most 
eommonly damaged. Between its origin at the level of the base of the 
eoraeoid and its entranee into the spiral groove, where it is aeeompanied 
by the prohmda braehii artery, the radial nerve is supplied by fewer 
arteries than elsewhere along its course. The fìrst 8-10 em of the nerve 
may not have a nutrient artery and will, therefore, be relatively avascular 
if the nerve is transeeted at its origin. The nerve lies elosest to the bone 
where it pierees the lateral intermuscular septum to pass through a short 
tunnel bounded by bone and unyielding faseia. The nerve is tethered 
here, a eommon level of rupture, entrapment or eompression. 

The nerve to the medial head of trieeps arises in the axilla and 
aeeompanies the main nerve as it passes through the intermuscular 
septum. The nerve(s) to the lateral head of trieeps arise(s) within the 
spiral groove; that to the lateral head just before the radial nerve 
re-enters the anterior eompartment. Two cutaneous nerves, the lower 
lateral cutaneous nerve of the arm and the posterior cutaneous nerve 
of the forearm, pass away from the main nerve in the final part of the 
spiral groove and course along the anterior faee of the lateral head of 
trieeps to perforate the deep faseia about four fingers'-breadths above 
the lateral epieondyle. They innervate the skin of the lower lateral arm 
and the posterior aspeet of the forearm. 

The nerve to braehioradialis is formed about three fingers'-breadths 
proximal to the lateral epieondyle; the nerve to extensor earpi radialis 
longus about one finger's-breadth more distal; and that to extensor 
earpi radialis brevis about one fingers-breadth above the epieondyle. 
These branehes spring from the main nerve as it mns in the valley 
between braehialis anteriorly and braehioradialis posteriorly, which is 
a site where the nerve may be palpated. At the level of the tip of the 
lateral epieondyle, the radial nerve divides into the posterior interos- 


Trieeps, medial head 


Radial nerve 


Posterior interosseous 
nerve (deepbraneh) 



Superficial radial nerve 


Axillary nerve 


Trieeps, long head 
Trieeps, lateral head 


Braehioradialis 

Extensor earpi radialis longus 

Extensor earpi radialis brevis 
Supinator 

Extensor earpi ulnaris 
E xtensor digitomm 
Extensor digiti minimi 
Abductor pollieis longus 

Extensor pollieis longus 

Extensor pollieis brevis 
E xtensor indieis 


Fig. 46.9 Motor and sensory branehes of the radial nerve. Variation exists 
in the cutaneous innervation of the dorsal aspeets of the digits. Here, the 
radial nerve is shown to supply all five digits; the skin of the dorsum of 
the ring and little fingers is frequently innervated by the dorsal braneh of 
the ulnar nerve. (With permission from O’Brien M, Aids to the Examination 
of the Peripheral Nervous System, 5th ed, 2010, Edinburgh: Saunders, 
Elsevier.) 


seous and superficial radial nerves. Another braneh to extensor earpi 
radialis brevis is usually given off here. The superficial radial nerve 
innervates the skin over the dorsum of the radial half of the ring, middle 
and index fingers, and that of the thumb as far as the distal interphalan- 
geal joint. It often provides important sensation on the skin of the 
thumb web spaee and the skin on the adjaeent sides of the thumb and 
index. 

Median nerve 

The median nerve is formed by the union of the lateral root (C6, 7) 
from the lateral eord, and the medial root (C8, Tl) from the medial 
eord, which meet anterior to the third part of the axillary artery (Fig. 
46.10). Fibres in the lateral root innervate the palmar skin of the thumb, 
index and most of the middle fingers, and pronator teres, flexor earpi 
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Median nerve 


Flexor pollieis longus 


Sensory 



Anterior interosseous nerve 


Flexor digitorum profundus to index 
and middle fingers 



Palmar braneh 


Flexor retinaculum 


Pronator teres 

Flexor earpi radialis 

Palmaris longus 

Flexor digitorum 
superficialis 


Pronator quadratus 


Motor 

Abductor pollieis brevis 
Flexor pollieis brevis 

Opponens pollieis 
First lumbrical 


Seeond lumbrical 


Fig. 46.10 Motor and sensory branehes of the median nerve. Flexor 
pollieis brevis may be supplied by both median and ulnar nerves. (With 
permission from O’Brien M, Aids to the Examination of the Peripheral 
Nervous System, 5th ed, 2010, Edinburgh: Saunders, Elsevier.) 


radialis and some of flexor digitomm superfìcialis (Fig. 46.11). The 
lateral root eonveys most of the sympathetie fibres to the median dis- 
tribution in the hand. The medial root earries fibres to the skin of the 
medial side of the middle and the lateral side of the ring finger, and 
also fibres to palmaris longus, flexor digitomm superficialis and the 
lateral part of flexor digitomm profimdns, flexor pollieis longus, prona- 
tor quadratus and the median innervated muscles vvithin the hand. The 
first braneh of the median nerve, to pronator teres, arises 2-3 em above 
the medial epieondyle. A seeond braneh, or leash of branehes, arises at 
the level of the tip of the medial epieondyle and innervates palmaris 
longus, flexor earpi radialis and flexor digitomm superficialis. Just proxi- 
mal to the tendinous areade of flexor digitomm superficialis, the 
median nerve gives off the anterior interosseous nerve. Aeeompanied 
by the anterior interosseous vessels, this large braneh dives deeply to 
pass down along the interosseous membrane and supplies flexor pol- 
lieis longus, the radial half of flexor digitomm profundus and pronator 


Recurrent braneh of 
median nerve 


P almar cutaneous 
braneh of median nerve 


Flexor earpi radialis 



Flexorretinaculum 


Median nerve 


F lexor digitomm 
superficialis 


Fig. 46.11 The normal course of the median nerve and the palmar 
cutaneous nerve at the wrist. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 
2011. Springer-Verlag, London.) 


quadratus. There is no cutaneous distribution. The main nerve eontin- 
ues in the plane between the superficial and deep digital fteors, sup- 
plying two or three branehes to the former. The palmar cutaneous nerve 
arises about 3 em proximal to the proximal wrist erease, and passes 
lateral to the main nerve and superficial to the flexor retinaculum to 
innervate the skin of the proximal palm. The median nerve passes deep 
to the flexor retinaenlnm, into the earpal tunnef to enter the palm. The 
nerve to the thenar muscles arises within, or just distal to, the tunnef 
usually on the lateral side of the main nerve. The palmar digital nerves 
are formed within the palm of the hand. 

The nerve is palpable along its course in the arm, where it is eovered 
by deep faseia and skin, after emerging from deep to eoraeobraehialis. 
It is palpable on the flexor aspeet of the elbow, deep to the bieipital 
aponeurosis, and is aeeompanied by the braehial artery in this segment 
of the limb. The median nerve is palpable at the wrist where it emerges 
from behind the superficial flexor tendons, just lateral to palmaris 
longus. 

Ulnar nerve 

The ulnar nerve (C7, C8, Tl) is the eontimiation of the medial eord 
(Fig. 46.12). It inelines posteromedially to perforate the medial inter- 
muscular septum about 10 em proximal to the medial epieondyle and 
passes through a fibrous eanal, the areade of Stmthers, which is between 
5 and 6 em long. The walls of the eanal include the medial intermus- 
cular septum and the faseial sheath investing the medial head of trieeps 
braehii. The nerve next passes behind the medial epieondyle, then 
between the capsule of the humero-ulnar joint and the overlying arcuate 
ligament, which joins the two origins of flexor earpi ulnaris, i.e. the 
nerve passes through the cubital tunnel. It is aeeompanied by the supe- 
rior eollateral ulnar vessels in the lower third of the arm as far as the 
entranee to the cubital tunnel, and then by the posteroinferior ulnar 
eollateral vessels. The anastomosis between these vessels permits the 
use of most of the ulnar nerve as a free vasailarized graft, in eases where 
the parent nerves, C7, C8 and Tl, are irreparable. In the forearm, the 
nerve mns with the ulnar vessels in a well-defined sheath deep to the 
anterior margin of flexor earpi ulnaris. It divides into superficial 
(sensory) and deep (motor) eomponents at the wrist, both passing 
through Guyon's eanal. 

The superficial division innervates the skin of the medial two digits 
and palmaris brevis. The deep braneh passes, with the deep braneh of 
the ulnar artery, between abductor and flexor digiti minimi, pierees 
opponens digiti minimi and then mns aeross the deep palmar spaee 
with the deep palmar areh. It innervates all the muscles of the hand, 
except for the first and seeond (index and middle) lumbricals, abductor 
pollieis brevis, opponens pollieis and part of flexor pollieis brevis. 





























































































Innervation 
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Medial cutaneous 
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Dorsal cutaneous 
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Palmar cutaneous 
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Deep motor braneh 

Superficial terminal 
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Flexor earpi ulnaris 



Flexor digitomm 
profundus to ring 
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Medial cutaneous 
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Fourth lumbrical 



Motor 

Adductor pollieis 
Flexor pollieis brevis 

First dorsal interosseous 
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Third lumbrical 


Fig. 46.12 Motor and sensory branehes of the ulnar nerve and the medial 
cutaneous nerves of the arm and the forearm. Flexor pollieis brevis may 
be supplied by both median and ulnar nerves. (With permission from 
O’Brien M, Aids to the Examination of the Peripheral Nervous System, 

5th ed, 2010, Edinburgh: Saunders, Elsevier.) 



Ooraeobraehialis 


Musculocutaneous 

nerve 


Bieeps braehii 


Braehialis 


Lateral cutaneous nerve 
of forearm 


Fig. 46.13 Motor and sensory branehes of the musculocutaneous nerve. 
(With permission from O’Brien M, Aids to the Examination of the 
Peripheral Nervous System, 5th ed, 2010, Edinburgh: Saunders, Elsevier). 


A braneh to the medial head of trieeps is often given off in the distal 
third of the arm. There are usually two neurovascular pedieles to flexor 
earpi ulnaris, the fìrst at the exit from the cubital tunnef the seeond 
about one-quarter of the way down the forearm. Several branehes pass 
to flexor digitomm profundus. The dorsal cutaneous nerve arises about 
6 em proximal to the ulnar styloid, winds around the ulna, at fìrst deep 
to flexor earpi nlnaris, and then subcutaneously. It innervates the skin 
of the dorsum of the hand and little fìnger, and the medial side of the 
ring finger. 

The ulnar nerve is palpable in the lower arm and behind the medial 
epieondyle, where it is subcutaneous. There is an important relation 
here: a posterior braneh of the medial cutaneous nerve of the forearm 
sweeps aeross the cubital tunnel and gets in the way of medial surgical 
exposures. Inadvertent injury may cause severe pain. The ulnar nerve is 
palpable at the wrist where it emerges from under flexor earpi ulnaris. 


The dorsal cutaneous braneh ean be palpated in those of slender 
physique where it erosses the subcutaneous ulna. 

Musculocutaneous nerve 

The musculocutaneous nerve (C5, 6, 7) is one of the two terminal 
branehes of the lateral eord, the other being the lateral root of the 
median nerve (Fig. 46.13). This division usually occurs at the level of 
the third part of axillary artery where the lateral eord is lateral to the 
vessef but it may occur more proximally where the eord is anterior to 
the seeond part of the artery. The nerve may also arise as two or three 
branehes from the eord, or even from the median nerve. It supplies 
eoraeobraehialis, both heads of bieeps braehii and most of braehialis, 
and eontimies as the lateral cutaneous nerve of forearm, deep to bieeps, 
before emerging lateral to it about 11 em above the lateral epieondyle, 
and then mnning down the lateral aspeet of the forearm. The nerve 
sometimes innervates the skin over the fìrst metaearpal and the lateral 
part of the thenar eminenee. 
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Segmental innervation of the upper limb 


There is a segmental pattern to the innervation of the upper limb. The 
most proximal muscles are supplied by branehes of the uppermost 
rami, and the most distal muscles are supplied by branehes derived 
from C8 and Tl. The segmental pattern of innervation is shown more 
elearly in the cutaneous supply. The eervieal supply has been, as it were, 
extruded from the supply to the tmnk. Thus, in the transition of cutane- 
ous innervation from the skin of the neek to that of the tmnk, there is 
a ehange from the fourth eervieal to the seeond thoraeie segment anter- 
iorly, and a ehange from the fifth eervieal to the first thoraeie segment 
posteriorly (Figs 46.14-46.15; see Fig. 16.10 for other variations). (For 
fhrther reading, see Ladak et al (2014).) The tmly autonomous area of 
cutaneous supply of eaeh main eomponent nerve is small and variable 
in extent and loeation. 



Fig. 46.14 Approximate distribution of the dermatomes on the posterior 
aspeet of the upper limb. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 
2011. Springer-Verlag, London.) 



Fig. 46.15 Approximate distribution of the dermatomes on the anterior 
aspeet of the upper limb. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 
2011. Springer-Verlag, London.) 


C5 regularly eontrols extension, abduction and lateral rotation of 
the shoulder. C6 usually innervates bieeps braehii, braehialis, lateral 
head of trieeps, braehioradialis, extensor earpi radialis longus, and 
sometimes contributes to the innervation of pronator teres, supinator 
and flexor earpi radialis. C7 gives widespread innervation throughout 
the limb; in those unusual instanees where it alone is damaged, the 
patient will note a rather diffhse loss of fimetion throughout the upper 
limb, often without eomplete anaesthesia and sometimes without 
paralysis of any single signifieant muscle group. C7 eonsistently sup- 
plies latissimus dorsi. C8 innervates the extensors of the digits and of 
the thumb in at least one-third of eases. T1 innervates these muscles 
and also the medial head of trieeps in at least 10%. Muscles, movements 
and segmental innervation in the upper limb are set out in Tables 
46.1-46.3. Table 46.4 helps to distinguish between upper and lower 
motor neurone lesions. 



Autonomic nerves 


The preganglionie sympathetie inflow to the upper limb is derived from 
neurones in the intermediolateral horn of spinal eord segments T2-6/7. 
Myelinated preganglionie axons pass from the spinal nerves to the 
thoraeie sympathetie ehain via white rami communicates. They pass up 
the ehain to the middle eervieal and inferior eervieal (stellate or eervieo- 
thoraeie) ganglia, where they relay. 

The unmyelinated postganglionie fibres are distributed by grey rami 
eomimmieantes to the nerves of origin of the braehial plexus. C5 and 
C6 reeeive grey rami from the middle eervieal ganglion; C7 and C8 
reeeive grey rami from the inferior eervieal ganglion; T1 not only 
reeeives a grey ramus from the inferior eervieal ganglion but also eon- 
tributes a white ramus to it (see Figs 16.13, Fig. 46.16). Intermption of 
this white ramus is one cause of Horner's (Bernard-Horner) syndrome: 
drooping eyelid, narrow palpebral fissure, a eontraeted pupil, and vaso- 
motor with sudomotor paralysis in the ipsilateral faee and neek. The 
sympathetie outflow to the upper limb passes with the peripheral nerves 
and is partiailarly rieh in the palmar skin of the hand and in the skin 
of the axilla. 


CLINICAL DIAGN0SIS 0F F0CAL NERVE LESI0NS 
IN THE UPPER LIMB 



Available with the Gray’s Anatomy e-book 


ACUTE ISCHAEMIA AND C0MPARTMENT 
SYNDROMES IN THE UPPER LIMB 



Available with the Gray’s Anatomy e-book 


SURFACE ANAT0MY 


SKELETAL LANDMARKS 


The elaviele is both visible and palpable from its prominent and rela- 
tively rounded medial (sternal) end, which forms the lateral boundary 
of the suprasternal noteh, to its flattened lateral end, where it joins the 
aeromion (Fig. 46.29A). The acromioclavicular joint line is palpable as 
an anteroposteriorly aligned ridge or groove. The anterior, superior and 
lateral surfaces of the aeromion are subcutaneous and palpable (Fig. 
46.29C). Posteriorly, the palpable aeromial angle marks the junction of 
the aeromion with the erest of the scapular spine. From this point, the 
spine of the scapula, which is subcutaneous and easily visible in thin 
subjects, is palpable to the medial (vertebral) border of the scapula, 
where it lies opposite the spine of the third thoraeie vertebra. 

The medial border of the scapula, superior to the level of the scapu- 
lar spine, is eovered by trapezius and, therefore, difficult to palpate. 
Below the spine, the medial border is palpable down to the inferior 
angle. Although eovered by teres major and latissimus dorsi, the inferior 
angle is palpable when approaehed inferiorly, and ean be seen and/or 
palpated as it moves around the thoraeie wall during shoulder move- 
ments. The inferior angle is opposite the spine of the seventh thoraeie 
vertebra and overlies the seventh rib; it is a eonvenient landmark from 
which the ribs ean be counted along the lateral ehest wall, e.g. when a 
thoraeotomy is being performed. 


















Peetoral girdle and upper limb: overvievv and surface anatomy 


Table 46.1 Movements, muscles and segmental innervation in the upper limb 


Joint 


SCAPULA 


SH0ULDER 


ELB0W 


WRIST 


FINGERS 


THUMB 


Movement 


ELEVATION 


DEPRESSION 


RETRAOTION 


PROTRAOTION 


FLEXI0N 


EXTENSION 


VERTICAL ABDUCTION 


VERTIOAL ADDUCTION 


HORIZONTAL ABDUCTION 


HORIZONTAL ADDUCTION 


MEDIAL ROTATION 


LATERAL ROTATION 


FLEXI0N 


EXTENSION 


SUPINATION 


PRONATION 


FLEXI0N 


EXTENSION 


ABDUCTION 


ADDUCTION 


FLEXI0N (MP/PIP joints) 


FLEXION (DIP joints) 


FLEXI0N (MP joint) 


EXTENSION (MP/PIP/DIP joints) 


EXTENSION (MP/PIP/DIP joints) 


EXTENSION (PIP/DIP joints) 


ABDUCTION 


ABDUCTION (thumb fixed) 


ABDUCTION 


ADDUCTION 


0PP0SITI0N 


FLEXI0N (IP joint) 


FLEXI0N/R0TATI0N (MP joint) 


EXTENSION (MP joint) 


EXTENSION (IP joint) 


ABDUCTION 


ABDUCTI0N/R0TATI0N 


ADDUCTI0N/R0TATI0N 


ADDUCTION/FLEXION (MP joint) 


0PP0SITI0N 


Muscle 


Upper trapezius 


Levator scapulae 


Lower trapezius 


Middle trapezius 


Rhomboids 


Serratus anterior 


Anterior deltoid 


Peetoralis major (clavicular head) 


Peetoralis major (sternoeostal head) 


Coracobrachialis 


Posterior deltoid 


lnfraspinatus 


Teres minor 


Teres major 


Latissimus dorsi 


Middle deltoid 


Supraspinatus 


Peetoralis major (sternoeostal head) 


Latissimus dorsi 


Coracobrachialis 


Posterior deltoid 


Peetoralis major (clavicular head) 


Peetoralis minor 


Anterior deltoid 


Subscapularis: 


Teres major 


Latissimus dorsi 


Anterior deltoid 


lnfraspinatus 


Teres minor 


Posterior deltoid 


Bieeps braehii 


Braehialis 


Braehioradialis 


Trieeps braehii 


Bieeps braehii 


Supinator 


Pronator quadratus 


Pronator teres 


Flexor earpi radialis 


Palmaris longus 


Flexor earpi ulnaris 


Extensor earpi radialis longus 


Extensor earpi radialis brevis 


Extensor earpi ulnaris 


Extensor earpi radialis longus 


Extensor earpi radialis brevis 


Flexor earpi radialis 


Extensor earpi ulnaris 


Flexor earpi ulnaris 


Flexor digitomm superficialis 


Dorsal interossei 


Palmar interossei 


Flexor digitomm profundus (lateral) 


Flexor digitomm profundus (medial) 


Flexor digiti minimi brevis 


Extensor digitomm 


Extensor indieis 


Flexor digiti minimi 


Lumbricals I and II 


Lumbricals III and IV 


Dorsal interossei 


Abductor pollieis brevis 


Abductor digiti minimi 


Palmar interossei 


Opponens digit minimi 


Flexor pollieis longus 


Flexor pollieis brevis 


Extensor pollieis brevis 


Extensor pollieis longus 


Abductor pollieis longus 


Abductor pollieis brevis 


Adductor pollieis 


Palmar interosseous 


Opponens pollieis 


Innervation 


Aeeessory n. 


Dorsal scapular n 


Aeeessory n. 


Aeeessory n. 


Dorsal scapular n 


Long thoraeie n. 


Axillary n. 


Medial and lateral peetoral nn 


Medial and lateral peetoral nn 


Musculocutaneous n. 


Posterior deltoid 


Suprascapular n. 


Axillary n. 


Lower subscapular n 


Thoraeodorsal n. 


Axillary n. 


Suprascapular n. 


Medial and lateral peetoral nn. 


Thoraeodorsal n. 


Musculocutaneous n. 


Axillary n. 


Medial and lateral peetoral nn. 


Medial and lateral peetoral nn. 


Axillary n. 


Upper and lower subscapular nn 


Braehial plexus 


Thoraeodorsal n. 


Axillary n. 


Suprascapular n. 


Axillary n. 


Axillary n. 


Musculocutaneous n. 


Musculocutaneous and radial nn 


Radial n. 


Radial n. 


Musculocutaneous n. 


Posterior interosseous n 


Anterior interosseous n 


Median n. 


Median n. 


Median n. 


Ulnar n. 


Radial n. 


Posterior interosseous n 


Posterior interosseous n 


Radial n. 


Posterior interosseous n 


Median n. 


Posterior interosseous n 


Ulnar n. 


Median n. 


Ulnar n. 


Ulnar n. 


Anterior interosseous n. 


Ulnar n. 


Ulnar n. 


Posterior interosseous n 


Posterior interosseous n 


Posterior interosseous n 


usually Median n 


ususally Ulnar n. 


Ulnar n. 


Median n. 


Ulnar n. 


Ulnar n. 


Ulnar n. 


Anterior interosseous n. 


Median n. and/or ulnar n 


Posterior interosseous n 


Posterior interosseous n 


Posterior interosseous n 


Median n. 


Ulnar n. 


Ulnar n. 


Median n. and ulnar n 


C3 













Míisdes and movements that have diagnostie value are marked in red. Spinal roots have been given the same colour (lìght peaeh, dark peaeh, red) i/hen they innervate a muscle to a similar extent. Red has been used to 
indieate roots from which there is known to be a dominant contribution. 

*These movements occur at the radio-ulnar joints. 

Abbreviations: DIP, distal interphalangeal; IP, interphalangeal; MP, metaearpophalangeal; PIP, proximal interphalangeal. 
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Table 46.2 Segmental innervation of the muscles of the upper limb Table 46.3 Segmental innervation of joint movements of the upper limb 


Territory 

Muscles 

Nerves 

Shoulder 

Abductors and lateral rotators 

C5 


Adductors and medial rotators 

C6-8 

Elbow 

Flexors 

C5, 6 


Extensors 

C7, 8 

Forearm 

Supinators 

C6 


Pronators 

C7, 8 

Wrist 

Flexors and extensors 

C6, 7 

Digits 

Long flexors and extensors 

C7, 8 

Hand 

intrinsie muscles 

C8, T1 



Table 46.4 Movements and muscles tested to determine the loeation of a lesion in the upper limb 


Arm movement 

Muscle 

Upper motor neurone 

Root 

Reflex 

Nerve 

Shoulder abduction 

Deltoid 

++ 

C5 


Axillary 

Elbow flexion 

Bieeps 


C5/6 

+ 

Musculocutaneous 


Braehioradialis 


C6 


Radial 

Elbow extension 

Trieeps 

+ 

C7 

+ 

Radial 

Radial wrist extensor 

Extensor earpi radialis longus 

+ 

C6 


Radial 

Finger extensors 

Extensor digitomm 

+ 

C7 

(+) 

Posterior interosseous 

Finger flexors 

Flexor pollieis longus and flexor digitomm profundus, index 


C8 

+ 

Anterior interosseous 


Flexor digitomm profundus, ring and little 




Lllnar 

Finger abduction 

First dorsal interosseous 

++ 

T1 


Lllnar 


Abductor pollieis brevis 


T1 


Median 


The miiseles listed in the ‘Llpper motor neiirone’ eoliimn are those that are preferentially affeeted in upper motor neurone lesions. The root level is the prineipal supply to a muscle. 


In the aeiite injury, the objeet of the elinieian must be to reeognize the 
faet of injury as soon as possible after the event, and later, to go on to 
determine the nerve or nerves affeeted, the level(s) of injury, and the 
extent and depth of the lesion(s). The history is important: high injury 
transfer, open fracture and wounding (be it aeeidental, eriminal, surgi- 
eal, or all three) indieate a serious lesion and adviee from witnesses or 
emergeney paramedieal staff is always valuable. Injuries that are poten- 
tially life- or limb-threatening eomplieate elosed traetion lesions of the 
supraclavicular braehial plexus in about 20% of eases. It is important 
to seek occult injuries to the head, spine, thorax, abdomen and pelvis 
before embarking on treatment of the nerve lesion(s). 

The early symptoms of acute nerve injury include: abnormal spon- 
taneous sensations; alteration or loss of sensibility; weakness and par- 
alysis; impairment of hmetion; an awareness of warming and dryness 
of all or part of an extremity (sometimes); and pain (sometimes). Neu- 
ropathie pain is never easy to reeognize in an injured patient, who is 
probably eonfhsed, distressed and in pain. It ean be distinguished from 
the pain of fracture or disloeation by loss of sensation; painfhl, spon- 
taneous sensory symptoms, expressed throughout the territory of the 
nerve; and by laneinating or shooting pain, irradiating into the distribu- 
tion of the nerve. Constant emshing, bursting or burning pain in an 
otherwise undamaged hand indieates serious and continuing injury to 
major tmnk nerves more proximally. Progression of sensory loss, with 
a deep bursting or emshing pain within the muscles of the limb, signi- 
fies eritieal isehaemia. 

The main nerves are stretehed, mptured or avulsed from muscle by 
violent hyperextension-abduction injuries of the arm. The axillary or 
braehial artery is ruptured in at least one-third of fractures of the proxi- 
mal humems or fracture disloeations of the shoulder. The axillary nerve 
and posterior circumflex vessels, which pass almost horizontally pos- 
terior to the neek of the humems, are particularly at risk from anterior 
disloeation of the head of the humems. The radial nerve and the pro- 
firnda braehii artery are relatively fixed where they pass from the 
anterior to the posterior eompartment by perforating the medial inter- 
muscular septum in the axilla, and again when they re-emerge into the 
anterior eompartment by perforating the lateral intermuscular septum. 
They may be stretehed, mptured or entrapped by displaeed fractures of 


the shaft of the humems. The median, ulnar and radial nerves may be 
subjected to traetion, or entrapment, by fracture or disloeation about 
the elbow. The median nerve is severely eompressed by fractures or 
disloeations impinging into the earpal tunnel. All nerves may be 
transeeted by wounds from a knife, glass, a bullet or other missile any- 
where along their course. The axillary artery and its main branehes are 
eommonly involved in nerve injuries. Wounds of the median nerve in 
the arm eommonly extend to the braehial artery, and the ulnar artery 
is usually involved in wounds to the ulnar nerve in the forearm and at 
the wrist. 

Nerves and related stmctures may be displaeed by fracture, disloea- 
tion or haematoma. The ensuing fibrosis distorts normal anatomieal 
relations; this inereases the risk of intraoperative damage when nerves 
and aeeompanying vessels are not formally exposed. The ineidenee of 
such iatrogenie injuries is inereasing, accounting for one-quarter of 
lesions of the radial nerve; the ineidenee is even higher for nerves 
around the elbow. 

Injuries to nerves of cutaneous sensation are eommon after wounds, 
ineisions or vessel puncture. It is remarkable that the eleetive removal 
of nerves such as the medial cutaneous nerve of the forearm for the 
purpose of grafting is followed by pain only very rarely, while lesions 
of the terminal branehes are usually painfiil. The medial cutaneous 
nerve of the arm and the intereostobraehial nerve are at risk during 
operations in the axilla. The posterior cutaneous nerves of the arm and 
forearm are vulnerable during the lateral approaeh to the shaft of the 
humerus. The medial and lateral cutaneous nerves of the forearm are 
frequently damaged during operations around the elbow. The dorsal 
braneh of the ulnar nerve is at risk during operations on the distal third 
of the ulna. The superficial radial and lateral cutaneous nerves are fre- 
quently injured by interventions on the lateral side of the wrist. Injuries 
to the palmar cutaneous braneh of the median nerve and to the digital 
nerves are unwelcome eomplieations of operations on the hand. These 
injuries cause pain, which may beeome severe. Meehanieal allodynia, 
the pereeption of light touch as pain, is eommon; the spread of pain 
and allodynia beyond the territory of an injured nerve is frequent and 
indieates eentral sensitization of other neurones in the dorsal horn of 
the spinal eord. 
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EXAMINATION 


Examination eomplements the history and the interpretation of symp- 
toms to provide an accurate diagnosis. All findings should be set down 
in an intelligible reeord. EJnfortnnately, the signs of acute nerve injury 
have to be sought at a time when the patient may be least able to 
eooperate in an examination: soon after wounding, when there is likely 
to be distress and when the general eondition may be affeeted by loss 
of blood and other injuries and/or by drink and dmgs. The examination 
often has to be undertaken in the frequently unfavourable surroundings 
of an aeeident department. When the lesion has been inflieted by a 
surgeon or anaesthetist, the patient's response is likely to be distorted 
by postoperative pain, by the effeets of reeent general anaesthesia or by 
sedative or analgesie dmgs. These are inappropriate eonditions for a 
quiet and eomprehensive 'neurological examination', and yet this is the 
time when the faet of nerve injury must at least be reeognized if the 
best result is to be obtained from treatment. The examiner should, at 
all times, bear in mind the faet that, if there is a wound over the line 
of a main nerve and if there is any suggestion of loss of sensibility 
or impairment of motor fimetion in the distribution of that nerve, it 
must be regarded as having been cut until and unless it is proved 
otherwise. 

Loeal signs in elosed injury 

In elosed injmies, swelling or eeehymosis and linear abrasions indieate 
severe soft tissue injury and also the line of applieation of foree (see 
Fig. 6.1.1 in Gommentary 6.1). Peripheral pulses and limb perfhsion 
must be examined and re-examined. 

Wound eharaeteristies 

It is useful to distinguish between the tidy wound caused by a knife and 
the untidy, and usually eontaminated, wound of open fraetnre, maehin- 
ery or gunshot. A fhrther distinetion is made between wounds caused 
by a handgun, rifle and elose-range shotgun, the latter being particularly 
destmetive. The injuries of current eonfliets are elassed as: penetrating 
missile wound, (small) fragment wound, and blast wound, those from 
mines or improvised explosive deviees (IEDs). 

Sensation 

Sensory loss is determined by response to light touch and pinpriek. If 
circumstances permit, the patient outlines the area of sensory loss, 
which is then marked by a blaek skin-marker pen. The surrounding 
zone of ineomplete sensory loss ean be similarly marked in red, 
and the limb then photographed. For elinieal examples, see Figures 
46.17-46.27. 

Examination of muscles 

Seleeted muscles are examined. The patient lying supine is usually able 
to demonstrate aetivity in serratus anterior by lifting the shoulders away 
from the couch, by means of 'forward shmgging'. It is usually possible 
to observe the presenee of flexion and abduction at the shoulder, flexion 


Fig. 46.18 The area of sensory abnormality after seetion of the lateral 
eord in the axilla. As in Figure 46.17, there was no eomplete loss of 
sensation. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh 
R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer- 
Verlag, London.) 


Fig. 46.19 Rupture of the posterior divisions of the trnnks of the braehial 
plexus deep to the elaviele. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 
2011. Springer-Verlag, London.) 






Fig. 46.17 The area of sensory abnormality after transeetion of C8 and T1. 
(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 


Fig. 46.20 Rupture of the axillary nerve. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 
2nd ed, 2011. Springer-Verlag, London.) 
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PECTORAL GIRDLE AND LJPPER LIMB: OVERVIEW AND SLIRFAOE ANATOMY 




Fig. 46.21 Sensory loss in two eases of rupture of the musculocutaneous 
nerve. Both patients were able to supinate the forearm fully; the power of 
elbow flexion was around 30%. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral 
Nerve, 2nd ed, 2011. Springer-Verlag, London.) 




Fig. 46.22 A-B, Two examples of high lesion of the radial nerve. In B, 
there is early reeovery into the wrist extensors after repair. (Courtesy of 
Rolfe Bireh, all rights reserved, published in Bireh R, Surgical Disorders of 
the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 
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Fig. 46.23 A-B, Transeetion of the median nerve, ulnar nerve, medial 
cutaneous nerve of the forearm, and braehial artery, in the arm of a 
14-year-old boy. Note the extent of skin innervation provided by the 
superficial radial and lateral cutaneous nerves of the forearm. The intaet 
radial nerve permits a sort of grasp. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 
2nd ed, 2011. Springer-Verlag, London.) 



Fig. 46.24 A high median nerve injury; there is no aetive flexion of the 
index finger and thumb. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 
2011. Springer-Verlag, London.) 



Fig. 46.25 Seetion of the median nerve and the palmar cutaneous nerve 
at the vvrist. (Courtesy of Rolfe Bireh, all rights reserved, published in 
Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. 
Springer-Verlag, London.) 


and extension of the elbow and wrísL and flexion and extension of 
the fingers. The radial, median and ulnar nerves are tested by asking the 
patient to form an 'O' between the thumb and little finger, to give 
the 'thumbs up' sign, and to open and elose the fingers like a fan. The 
palmar skin is semtinized for ehanges in colour and in sweating (Fig. 
46.28). Although this may be more difficult in pigmented skin, such 
ehanges are deteetable. The standard tendon reflexes are examined. 

Seeondary examination 

A more detailed examination is possible when the patient's eondition 
is stable, and when pain has been eontrolled. Limb dominanee, occupa- 
tion, marital status, underlying disease and eontimiing medieation are 
reeorded, if this has not already been done. Neuropathic pain is now 
somewhat easier to reeognize because it is less responsive to analgesies 
than is pain from skeletal injury. 

Reeognition of the level of a lesion and the 
depth of injury 


A sound grasp of the distribution of the spinal nerves and of the loea- 
tion of the formation and branehing of the tmnk nerves allows accurate 
diagnosis of the level of a lesion. 

Posterior eord and radial nerve 

The extent of the sensory loss is variable. There is no cutaneous sensory 
loss in lesions eonfined to the posterior interosseous nerve. The exami- 
nation of seleeted muscles is reliable in guiding the elinieian to the 
level of injury. They include, in order: teres major (inferior scapular 
nerve), latissimus dorsi (thoraeodorsal nerve) and deltoid (axillary 
nerve). Subscapularis (superior scapular nerve) is not an easy muscle to 
examine. 

Paralysis of all three heads of trieeps plaees the injury in the axilla. 
The nerves to the lateral head of trieeps leaves the main nerve rather 
distally, so that radial palsy with paralysis of the lateral head but aetive 
medial and long heads, points to a lesion in the spiral groove. The 
nerve to braehioradialis eonsistently passes away from the main tmnk 
about three fingers'-breadths above the lateral epieondyle, and the 
nerve to extensor earpi radialis longus leaves the main tmnk about 1 em 
more distally. One nerve to extensor earpi radialis brevis leaves the main 
nerve about 1 em proximal to the lateral epieondyle, and another leaves 
at the site of division into the superficial radial and posterior interos- 
seous nerves. 
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Fig. 46.26 A-B, A typieal area of loss of sensibility after division of the median nerve at the wrist, sparing the palmar cutaneous braneh. (Courtesy of 
Rolfe Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 




Fig. 46.27 The area of sensory loss and ‘clawing’ of 
little and ring fingers after division of the ulnar nerve 
in the forearm. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of 
the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, 
London.) 
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Fig. 46.28 Sympathetie paralysis seen within 
a few days of transeetion. A, B, Transeetion 
of the median nerve at the elbow. (Courtesy 
of Rolfe Bireh, all rights reserved, published 
in Bireh R, Surgical Disorders of the 
Peripheral Nerve, 2nd ed, 2011. Springer- 
Verlag, London.) 
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Lateral eord, musculocutaneous nerve and lateral 
root of the median nerve 

It seems that most of the median nerve fibres that innervate the skin 
of the hand pass through the lateral eord. Paralysis involves bieeps 
braehii, braehialis, flexor earpi radialis and pronator teres. That portion 
of braehialis innervated by the radial nerve may be intaet. Division of 
the musculocutaneous nerve does not lead to loss of elbow flexion 
because braehioradialis aets as a powerful flexor of the joint (see 
Fig. 46.21). 

Medial eord, medial head of the median 
and ulnar nerves 

The sensory loss does not extend into the arm. If it does, then the 
medial cutaneous nerve of the arm must be involved. Paralysis is exten- 
sive, and includes the long flexor muscles to the digits, the small muscles 
of the hand, and the smooth muscle assoeiated with the vessels and 
sweat glands supplying the ulnar three fingers. 

Median nerve 

Involvement of the palmar cutaneous nerve is useful in loealizing a 
lesion at the wrist (see Figs 46.25, 46.26), but the extent of paralysis is 
a more preeise guide to the level of a lesion. Injuries in the arm cause 
paralysis of all muscles innervated by the median nerve, including those 
arising from the medial epieondyle (flexor earpi radialis, pronator teres, 
palmaris longus, and part of flexor digitomm superficialis), as well as 
those innervated by the anterior interosseous nerve (flexor pollieis 
longus, flexor digitomm profundus to index finger) (see Fig. 46.24). 
Anterior interosseous palsy is distinguished from high median injury 
by the absenee of any loss of skin sensation. Abductor pollieis brevis is 
the one small muscle of the hand that is eonsistently innervated by the 
median nerve. 


vibration sense and sensibility to light touch are likely to be impaired, 
whereas pain sensibility may be unaffected. There is a risk of under- 
estimating the severity of a nerve lesion in eases of elosed injury and 
after intraoperative events. Different populations of nerve fibres within 
a main nerve that has been violently stretehed but not mptured sustain 
lesions of all grades of severity. Some remain intaet, whilst conduction 
is bloeked in others. Some mptured axons will reeover spontaneously, 
whilst others will not, depending on their cellular mieroenvironment 
(see Commentary 1.6). 

Testing of sensibility is often difficult soon after wounding, or when 
nerve injury is assoeiated with fracture of a long bone. The aetions of 
some muscles ean be simulated by the aetions of others, so that the faet 
of paralysis ean be missed in the early stages after nerve injury. Thus, 
when the median nerve has been cut, opposition of the thumb ean be 
mimieked by the aetion of extensor pollieis brevis (ulnar nerve) and 
abductor pollieis longus (radial nerve). Similarly, abductor pollieis 
longus ean imitate the aetion of the abductor pollieis brevis. It is impor- 
tant to examine both hands, espeeially in the early days, when there is 
no wasting to guide the examiner. One almost infallible sign is always 
present in the first 48 hours after deep injury of a nerve with a cutane- 
ous sensory eomponent: because small, as well as large, fibres are 
affeeted, the skin in the distribution of the damaged nerve is warm and 
dry. In a small ehild, there may be an abnormal posture of the denerv- 
ated digits; the 'immersion test' is also helpfiil. The injured hand or foot 
is plaeed, for a few minutes, in warm water; the skin of the denervated 
digits fails to wrinkle. In isehaemia, the large fibres eonveying diserimi- 
native sensibility and vibration sense are first affeeted. It is not easy to 
test these modalities when isehaemia is developing because of the 
damage to a main vessel that is assoeiated with a fracture of a long bone, 
but if aetion is not taken until superficial sensibility is lost, it will eome 
too late. 



lllnar nerve 

The sensory loss is related to the involvement of the dorsal and palmar 
cutaneous branehes (see Fig. 46.27). lllnar palsy with paralysis of flexor 
earpi ulnaris plaees a lesion in the arm. Paralysis eonfined to the hand 
plaees a lesion in the distal half of the forearm. Preservation of the 
hypothenar muscles with paralysis of the other hand muscles inner- 
vated by the ulnar nerve plaees a lesion in the proximal part of the palm 
of the hand. There is no cutaneous sensory loss in a palsy of the deep 
braneh of the ulnar nerve. The posture of the digits is eharaeteristie in 
ulnar nerve lesions. 

The examiner should bear in mind the possibility of anatomieal 
variation and also the ability for other muscles to eompensate for the 
aetions of those paralysed by what are termed 'triek movements'. In faet, 
these muscles are aeting appropriately and the movements are real 
enough (see Fig. 46.23B). 

Depth of a lesion 

The distinetion between conduction bloek and severanee of an axon 
(axonotmesis or neurotmesis) is sometimes diffiailt. Serious injuries 
are likely to cause serious lesions of nerves. Severanee of a nerve with 
a cutaneous sensory eomponent will lead to well-defined loss of sensi- 
bility and to eomplete motor, sudomotor and vasomotor paralysis in 
the distribution of the nerve. Simple conduction bloek is likely to 
produce a patehy loss of sensibility and a patehy motor loss. Further, it 
is likely to bear more heavily on the large axons than on the small ones; 


Tinel’s sign 


In elosed injuries, percussion of the skin over a nerve in which axons 
have been ruptured evokes sensations usually deseribed as a wave or 
surge of pins and needles into the cutaneous distribution of the nerve. 
This is Tinel's sign and it is a most useful aid to diagnosis. The sign is 
elieited on the day of injury in most conscious patients. It indieates not 
only where the nerve has been injured but also the faet that at least 
some axons have been ruptured. Tinel's sign ean be deteeted from such 
'motor' nerves as the posterior interosseous nerve; sensory symptoms 
radiate into muscular territory rather than into skin. It is more diffiailt 
to elieit the sign over deep-seated nerves such as the axillary, eighth 
eervieal or first thoraeie nerves. 

Elieiting Tinel’s sign in elosed lesions 

The examiner's finger peroisses along the course of the nerve from distal 
to proximal, starting below the presumed level of lesion. The patient is 
asked to say when the advaneing finger elieits a wave or a surge of pins 
and needles or abnormal sensations, which may be painfiil, into the 
distribution of the nerve, which must be elearly indieated by the exam- 
iner. The level of the sign should be measured from a fixed bony point 
and the distanee reeorded. At times, the examination is painfiil and 
patients need to be warned of this. A Tinel's sign that remains statie at 
the level of a lesion strongly suggests rupture of the nerve or persisting 
loeal eonditions inimieal to spontaneous regeneration. 
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Common examples of the elassieal eompartment syndrome in the 
upper limb occur in the flexor and extensor eompartments of the 
forearm. Although nerve conduction is lost before muscle eontraetility, 
isehaemia is more likely to produce infaretion of muscle than neerosis 
of nerve. Deeompression of a nerve embedded within muscle that has 
beeome fibrosed by isehaemia usually leads to relief of pain and eon- 
siderable improvement in sensation and sympathetie fimetion, even 
when delayed for some months. 

Anoxia occurs either because of eessation of flow through a main 
axial artery or as a result of inereasing pressure within an osseofaseial 
eompartment caused by bleeding, inffision of fluid or sepsis. It destroys 
the integrity of the eell membrane and eapillary endothelium, which 
means that the homeostatie balanee between the intravascular, extracel- 
hilar and intracellular spaees is lost. Tissue death is imminent. 

The inereased permeability of the vasailar endothelium leads to an 
inerease in intraeompartmental pressure by exudation, which eollapses 
the low-pressure lymphatie and venous systems. The final event is the 
closure or obstmetion of perffising arterioles to muscles and the extrin- 
sie supply to nerves, when tissue or extravascular pressure exceeds the 
eortieal elosing pressure of those vessels. The vicious eirele is eomplete. 
The fluid entering the eompartment eannot get out and continues to 
leak into the eompartment until the pressure is so high that inflow is 
bloeked. inereasing intraeompartmental pressure occurs when the eol- 
lateral eirailation is inadequate after occlusion of the main artery or 
after restoration of flow through that vessel, unless the eompartments 
have been deeompressed adequately by faseiotomy. The vascular anas- 
tomoses about the joints of the upper limb provide a rieher eollateral 
circulation than those found in the lower limb. In a study of nearly 
2,500 World War II battle casualties, at a time when ligation of damaged 
arteries was eommon, ligation of the popliteal artery led to amputation 
in 346 of 502 limbs. In eontrast, the ineidenee of amputation after 
ligation was about one-quarter for the subclavian artery, one-third for 
the axillary artery and more than one-half when the braehial artery was 
ligated proximal to the profimda braehii artery. These figures are eer- 
tainly lower in the less eontaminated injuries of eivilian life, but some 
degree of post-isehaemie fibrosis is almost inevitable after failure to 
repair these vessels. The prineiples of arterial repair include urgent 
restoration of flow by repair of the artery and restoration of tissue per- 
ffision by deeompression. Temporary intraluminal shunts are invalua- 
ble, as they buy time and permit adequate stabilization of the skeleton. 
Applieation of these prineiples in current eonfliets ensures a remarkably 
high rate of limb survival and a remarkably low ineidenee of post- 
isehaemie fibrosis. 

Flow through the braehial artery in adults and in ehildren has been 
measured by high-resolution ultrasonography. Flow was ealoilated by 
the Laplaee equation: BF(blood flow)= [7tx (D/2)] 2 xFV(flow veloeity). 
The mean diameter of the braehial artery in ehildren aged between 4 
and 5 years is 2.7 mm, which provides a resting flow of about 200 ml 
per minute. The signifieanee of the diameter of the vessel is emphasized 
by Poiseuille's law. This is the physieal law deseribing the volume of 
flow (O) of an ineompressible uniform viscous liquid, where R is the 
internal radius of the tube, P the pressure differenee between the two 
ends, q the dynamie fluid viseosity and L the total length of the tube. 

0 = 7tT [AP] 

8ri L 

The diameter of the superior ulnar eollateral artery at the elbow in 
a 5-year-old ehild is, at most, 1 mm. This ealibre provides flow of about 
20 ml per minute, assuming that the pressure gradient is the same as 
that in the braehial artery itself. These faets must be borne in mind by 
any elinieian inelined to the view that eessation of flow through the 
braehial artery is a matter of little consequence. The eollateral ehannels 
take hours or days to develop and may be eompromised by the original 
injury or during operation. The radial and ulnar nerves are often 
entrapped or eompressed in fracture disloeations at the elbow, bloeking 
flow through the ulnar and radial eollateral systems that aeeompany 
these nerves. 

The presenee of peripheral pulses does not indieate adequate per- 
ffision of the deep intraeompartmental tissues; neither does the per- 
ffision of skin or the nail bed when pulses are absent. The eardinal 
symptom of isehaemie anoxia is severe pain and the eardinal sign is 
loss of nerve conduction. This ean be eonfirmed during exposure of 
limb nerves with an inflated tourniquet cuff in position proximally. 
For about 20minutes, stimulation of the nerve evokes a brisk mus- 
cular response as a consequence of transmission through the neu- 
romuscular junction. This response diminishes and disappears after 


about 30minutes, although conduction within the nerve itself ean still 
be deteeted for up to another 20 minutes. However, direet stimulation 
of the muscle provokes a twitch that ean be elieited for up to several 
hours. Indeed, it is the loss of this direet response that signifies impend- 
ing death of the muscle, and with it, death of the limb. The earliest 
nerve fibres to suffer are the largest, i.e. those eonveying vibration and 
proprioeeption sense. 

isehaemia and acute eompression vvithin 
neurovascular faseial eompartments 

Sleeves of faseia surround main nerves and main vessels in some 
regions, an arrangement that predisposes nerves to injury from isehae- 
mia or eompression, or both. The ventral (anterior) primary rami of 
C7, C8 and T1 are enelosed in quite a rigid spaee after they enter the 
posterior triangle of the neek. This is bounded, posteriorly, by the dorsal 
part of the first rib, the transverse proeesses of the eervieal vertebrae and 
by the faseia of levator scapulae. The nerves are embraeed by sealemis 
anterior and scalenus medius, both of which are invested in an unyield- 
ing faseia. This is one envelope of the prevertebral faseia that also serves 
to bind the phrenie nerve down to the anterior faee of scalenus anterior. 
The prevertebral faseia is particularly well developed in front of the 
vertebral column and also at the base of the posterior triangle, where 
it envelops C7, C8 and Tl, the phrenie nerve, the eervieal sympathetie 
ehain, and the subclavian and vertebral arteries. Inffision of relatively 
large volumes of fluid, from 10 to 20 ml, deep to the prevertebral faseia 
for the purpose of inducing regional bloek may cause tamponade of 
the radioilar vessels that enter the spinal eanal and contribute to the 
anterior spinal artery. Wilbourn (2005) has deseribed the medial bra- 
ehial faseial eompartment, which extends from the axilla to the elbow 
and is bounded by the tough medial intramuscular septum and the 
axillary sheath. Bleeding into this eompartment is responsible for the 
majority of infraelaviailar plexopathies that follow regional bloek, and 
for many of the neurological lesions that result from elosed or even 
open injuries in this region. The anterior interosseous nerve and its 
aeeompanying artery may be damaged by eompression because of 
swelling in the deepest part of the flexor eompartment of the forearm. 
The ulnar nerve, aeeompanied by the ulnar artery, lies in a diserete 
faseial eompartment in the distal two-thirds of the forearm. 

Bleeding into the axillary faseia (the medial antebraehial eompart- 
ment) causes a eharaeteristie, progressive lesion. There is, almost always, 
pain aeeompanied by dysaesthesiae; loss of sensation soon follows and 
then, over the next 2-3 hours, paralysis ensues. Wilbourn's eomment 
bears repeating: 

Distal pulses are normal as they are ivith most eompartment syndromes 
heeanse the elevated pressme, although sufjìcient to eollapse the vasae 
nervori, is far helovv mean arterial pressme. Ultrasound, MR and CT 
may reveal the vasenlar lesion, hut, eonsidering the very hrief time 
availahle for smgieal deeompression hefore irreversihle nerve damage 
oeems, ohtaining these is rarely justified. 

In one series of 16 patients (Stenning et al 2005), there was, in all eases, 
an injury to the axillary artery or one of its offsets, caused by disloeation 
of the shoulder or fracture of the proximal humerus. The diagnosis of 
continuing bleeding into the axillary sheath was made by the delayed 
onset of nerve palsy or the deepening of the lesion whilst under obser- 
vation. A favourable outcome was seen in 87 nerve palsies, where urgent 
repair of the artery and deeompression of the axillary sheath were per- 
formed. However, delay in diagnosis and treatment may lead to perma- 
nent loss of ffinetion (see Fig. 6.2.17). 

Case report After a fracture/dislocation of the shoulder in a 59-year- 
old man, the patient's eomplaints of pain and the signs of a deepening 
lesion were not appreeiated for several days. Angiography showed 
bleeding from the subscapular artery. Two unsuccessful attempts were 
made to oeehide this by embolization. The patient was reviewed at 
6 weeks in right heart failure; haemoglobin was 4.9 g/litre (49 g/dl). He 
was in great pain and there was a total and deep plexopathy. A magnetie 
resonanee imaging (MRI) sean showed an enormous haematoma 
occupying the axilla and the arm, and suggested continuing bleeding. 
Treatment was simple: the axillary artery was exposed and eontrolled 
above peetoralis minor and the braehial artery exposed and eontrolled 
in the arm. More than 4 litres of altered blood were removed from the 
sae. The defeet in the axillary artery was, at most, 2 mm in diameter 
and it was elosed by direet suture. The pain was relieved and there was 
gradual reeovery of the nerves, but the small muscles of the hand never 
reeovered. 
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Fig. 46.16 The relations of the left eervieothoraeie (stellate) ganglion. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 


The infraelavieiilar fossa (deltopeetoral triangle) is visible as a small 
depression loeated inferior to the elaviele between the clavicular origins 
of peetoralis major and deltoid, at the junction of the convex medial 
and eoneave lateral portions of the elaviele (see Fig. 46.29A). The apex 
of the eoraeoid proeess lies approximately 2.5 em below the elaviele 
immediately lateral to this fossa, and is eovered by the anterior fibres 
of deltoid. Deep palpation lateral to the eoraeoid proeess and through 
deltoid reveals the lesser tubercle of the humerus below the tip of the 
aeromion. The greater tubercle of the humerus is the most lateral bony 
point in the shoulder region and is palpable inferolateral to the 
aeromion. The greater and lesser tubercles ean be felt moving under an 
examining finger during lateral and medial humeral rotation. The verti- 
eal groove or indentation of the intertubercular (bieipital) groove is 
palpable between the tubercles; regional tenderness occurs in bieipital 
tendinitis. When the arm is abducted, the head of the humerus ean be 
palpated on deep pressure in the apex of the axilla. 

The shaft of the humerus is eovered by overlying muscles and is not 
easily palpable. Distally the medial humeral epieondyle is both visible 
and palpable, particularly when the elbow is flexed, and ean be traeed 
proximally to the medial supracondylar ridge. The ulnar nerve passes 
posterior to the medial epieondyle and ean be rolled from side to side 
just proximal to the epieondyle (Fig. 46.29B). The lateral epieondyle is 
less prominent, but its posterior surface is palpable and its lateral 
margin ean be traeed proximally on deep palpation to the lateral supra- 
eondylar ridge. inspeetion of the posterior surface of an extended elbow 
reveals a depression lateral to the midline, bounded laterally by the 
fleshy elevation formed by the superficial forearm extensor mnseles, and 
medially by the lateral side of the oleeranon. The floor of this depres- 
sion eontains the posterior surface of the lateral epieondyle superiorly 


and the head of the radius eovered by the anular ligament inferiorly. 

Rotations of the radial head are palpable during forearm pronation and 
supination. The humero-radial part of the elbow joint forms a palpable 
transverse depression between the lateral epieondyle and the radial 
head. 

The posterior surface of the oleeranon is subcutaneous and tapers as 
it passes inferiorly. When the elbow is extended, the apex of the ole- 
eranon lies on a line level with the medial and lateral humeral epi- 
eondyles (see Fig. 46.29B). When the elbow is flexed, the apex of the 
oleeranon deseends and the three bony points then form a triangle. This 
relationship is lost following elbow disloeation. 

The elbow joint is situated 2 em below a line joining the two 
humeral epieondyles. It slopes downwards and medially from its lateral 
extremity. When the elbow is fiilly extended with the forearm and hand 
in supination, the earrying angle is normally 165 ° in females and 175 0 
in males. The angle is obscured in full forearm pronation and disap- 
pears on fiill elbow flexion, when the shafts of the ulna and humerus 
eome to lie in the same plane. The elbow joint ean be aeeessed with a 
needle from a posterior perspeetive via the anconeus triangle; the 
borders of the triangle join the oleeranon, radial head and lateral 
epieondyle. 

The posterior border of the ulna is subcutaneous and palpable from 
the oleeranon superiorly to the styloid proeess inferiorly (see Fig. 

46.29C). Its position eorresponds to the longitudinal furrow that is 
visible on the posterior forearm when the elbow is fiilly flexed and 
marks the border between the anterior and posterior forearm eompart- 
ments. In eontrast, the radial shaft is eovered by muscles and ean only 
be felt indistinetly. The rounded head of the ulna forms a surface eleva- 
tion on the medial part of the posterior aspeet of the wrist (Fig. 46.30B), 787 
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SECTION 6 


PECTORAL GIRDLE AND LJPPER LIMB: OVERVIEW AND SLIRFAOE ANATOMY 


espeeially when the hand is pronated. The ulnar styloid proeess projeets 
distally from the posteromedial aspeet of the ulnar head. 

The expanded distal end of the radms forms a slight surface elevation 
on the lateral side of the wrist and ean be traeed downwards to the 
radial styloid proeess. The posterior aspeet of the lower end of the radius 
is partly obscured by the extensor tendons but ean be palpated without 
difficulty. The prominent dorsal radial (Listers) tubercle is both visible 
and palpable, and aligns with the web spaee between digits 2 and 3 
(Fig. 46.30B-C). The tendon of extensor pollieis longus in extensor 
eompartment 3 sits medial to the tubercle, and the tendons of extensor 
earpi radialis longus and brevis sit lateral to the tubercle in eompart- 
ment 2. 

The wrist joint is identified between the distal ends of the radius and 
ulna and the proximal carpus on flexion and extension of the wrist. The 
line of the wrist joint eorresponds to a line, convex superiorly, joining 
the radial and ulnar styloid proeesses. Its position is also marked by the 
proximal of the two transverse anterior wrist ereases (Fig. 46.30A). The 
radial styloid proeess normally sits 1 em distal to the ulnar styloid 
proeess. Alteration of this arrangement ean indieate fracture. 

Four of the earpal bones are palpable. The pisiform is both visible 
and palpable on the palmar aspeet of the medial wrist at the base of 
the hypothenar eminenee. It is often overlain by the distal wrist erease. 


It ean be moved over the articular surface of the triquetrum when the 
wrist is passively flexed. The hook of the hamate lies approximately 
2.5 em distal to the pisiform, in line with the ulnar border of the ring 
finger. It ean be felt on deep palpation, and the superficial division of 
the ulnar nerve ean be rolled from side to side over the tip of the hook. 
The tubercle of the seaphoid is situated at the base of the thenar emi- 
nenee, in line with the tendon of flexor earpi radialis, and in many 
individuals forms a small visible elevation. Immediately distal to it, but 
eovered by the muscles of the thenar eminenee, the tubercle of the 
trapezium ean be identified on deep palpation. 

The dorsal aspeets of the trapezium and of eaeh of the metaearpal 
bones are partially palpable around the margins of the eorresponding 
extensor tendons (see Fig. 46.30B). The heads of the metaearpal bones 
form the prominenees of the knuckles, and are most obvious during 
digit flexion. On the dorsal hand, the metaearpophalangeal joint line 
forms a palpable depression lateral to the digital extensor tendon, and 
alternating digit flexion/extension aids identifieation. The joint ean be 
aspirated/injeeted from this perspeetive. Palpation distal to the meta- 
earpal head reveals the flared base of the eorresponding proximal 
phalanx. The interphalangeal joints are palpable on the dorsal aspeet 
of a flexed digit just distal to the prominenees formed by the heads of 
the proximal and middle phalanges. 



Fig. 46.29 Siirfaee anatomy of the upper limb. A, The anterior aspeet of the left peetoral girdle, arm and elbow. Key: 1, sternoclavicular joint; 2, elaviele; 
3, infraclavicular fossa/deltopeetoral triangle, and deltopeetoral groove mnning inferolaterally; 4, aeromion; 5, deltoid; 6, peetoralis major; 7, lateral head 
of trieeps; 8, bieeps braehii; 9, median nerve and braehial artery mnning anterior to trieeps medial head; 10, epieondylar line and borders of cubital fossa 
(blue); 11, braehioradialis; 12, pronator teres; 13, bieeps tendon (blaek) and aponeurosis (grey) passing inferomedially; 14, extensor muscle mass; 15, 
eephalie vein. B, The anterior aspeet of the left elbow, forearm and hand. Key: 1, radial nerve; 2, braehial artery; 3, median nerve; 4, ulnar nerve (dashed 
part of line shows nerve passing posterior to medial epieondyle); 5, zone of radial nerve bifurcation (white): 1.0±2.8 em distal to the lateral epieondyle; 6, 
cubital fossa borders (blue); 7, bieeps tendon with braehial artery bifurcation medially; 8, ulnar artery; 9, radial artery; 10, pisiform with Guyon’s eanal 
(blue) laterally; 11, deep palmar areh; 12, superficial palmar areh; 13, plane of fully extended thumb. 
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Fig. 46.29, eont’d C, A posterior view of the left peetoral girdle, arm, 
elbow and forearm. Key: 1, trapezius; 2, supraspinatus; 3, spine of 
scapula; 4, aeromion; 5, infraspinatus; 6, zone of axillary nerve passing 
around proximal humerus (white): approximately 6.0 em from proximal 
humeral margin; 7, deltoid; 8, radial nerve and its zone of passage around 
spiral groove (white): enters the spiral groove approximately 46% and 
leaves it approximately 60% of the way down a line from greater tubercle 
to lateral epieondyle; 9, trieeps, long head; 10, trieeps, lateral head; 11, 
radial nerve piereing intermuscular septum approximately 66% of the way 
down a line from greater tubercle to lateral epieondyle; 12, trieeps tendon; 
13, lateral epieondyle and borders of anconeus triangle shown as blue 
dashed line; 14, oleeranon and oleeronon bursa; 15, radial head; 16, zone 
of posterior interosseous nerve winding around radial neek (white): 
approximately 2.5 em distal to radial head; 17, superficial radial nerve 
emerging from between the tendons of braehioradialis and extensor earpi 
radialis longus approximately 8.5 em proximal to radial styloid proeess; 

18, posterior border of ulna; 19, ulnar head; 20, dorsal radial tubercle. 


The flexor retinaeiiliim, and therefore the surface position of the 
earpal tunnef ean be mapped aeeording to its palpable bony attaeh- 
ments (see Fig. 46.30A). The distal border is eoneave inferiorly and is 
marked by a curved line that joins the tubercle of the trapezium to the 
hook of the hamate. Its proximal border is marked by a curved line, 
eoneave superiorly that joins the tubercle of the seaphoid to the pisi- 
form. The dominant, most distal, wrist erease normally sits distal to the 
lunate and overlies pisiform and the proximal edge of the flexor reti- 
naculum. The earpal tunnel passes distal to this erease for 2.5-3 em. 


MUSCUL0TENDIN0US LANDMARKS 


Deltoid ean be identifìed when the arm is abducted against resistanee. 
The deltoid tendon is palpable approximately halfway down the lateral 
aspeet of the humerus. Its anterior border ean be traeed superomedially 
from the anterior aspeet of the humerus, aeross the tendon of peetoralis 
major, to form the lateral boundary of the infraclavicular fossa (see Fig. 
46.29A, Video 46.1). The posterior border mns superomedially from 
the posterior aspeet of the deltoid tendon and reaehes the erest of the 
scapular spine near its medial end. The normal rounded contour of 
the shoulder is produced by deltoid eovering the lateral aspeet of the 
greater tubercle of the humems. Shoulder disloeation results in the loss 
of the normal rounded contour of the shoulder because the greater 
tubercle is displaeed medially, and deltoid consequently deseends verti- 
eally to its humeral attaehment. Supraspinatus and infraspinatus are 
visible and palpable above and below the scapular spine, respeetively 
(see Fig. 46.29C). 

The lower border of peetoralis major forms the anterior axillary fold. 
It is visible and palpable when an abducted shoulder is adducted 
against resistanee, e.g. by fìrmly pressing a hand on to the hip. The 
elavioilar head of peetoralis major ean be felt and seen to eontraet when 
flexing the shoulder to a right angle against resistanee; the sternoeostal 
head beeomes visible when extending a flexed shoulder against 
resistanee. 

The posterior axillary fold, produced by latissimus dorsi and the 
underlying teres major, reaehes a lower level on the humerus than the 
anterior axillary fold. When the abducted shoulder is adducted against 
resistanee, the posterior axillary fold is accentuated and the lateral 
border of latissimus dorsi ean be traeed inferomedially to its attaehment 
to the iliae erest. When the upper limb is raised above the head, the 
lower fìve or six serrations of serratus anterior are visible on the lateral 
aspeet of the thorax; they pass downwards and forwards to interdigitate 
with the serrations of external oblique. 

Bieeps braehii produces a visible elevation on the anterior arm and 
shallow furrows mark its medial and lateral borders (see Fig. 46.29A). 
It diminishes superiorly where it is eovered by peetoralis major, and 
inferiorly where it tapers to the bieeps tendon just above the elbow 
joint. Flexion of the elbow against resistanee aids identifìeation of the 
muscle and of the bieipital tendon, which ean be held between finger 
and thumb and traeed down into the cubital fossa. With the elbow held 
in this position, the sharp upper margin of the bieipital aponeurosis 
ean be traeed passing inferomedially over the elevation produced by the 
superficial group of forearm flexor muscles. Coracobrachialis emerges 
from the lateral axillary wall and forms a rounded ridge on the upper 
part of the medial side of bieeps. 

On the posterior arm, the lateral head of trieeps forms a laterally 
plaeed elevation, inferior to the posterior border of deltoid (see Fig. 
46.29C). Trieeps ean be made visible by extending the elbow against 
resistanee. On the medial side, the fleshy mass produced by the long 
head of trieeps passes superiorly and disappears deep to deltoid. 

Braehioradialis is the most superfìcial muscle on the lateral side of 
the forearm. When the elbow is flexed against resistanee whilst in a mid 
pronation-supination position, braehioradialis stands out as a promi- 
nent ridge extending upwards beyond the level of the elbow joint to 
the lower lateral side of the arm. The medial (ulnar) border of braehio- 
radialis marks the boundary between the anterior and posterior forearm 
eompartments. 

The three borders of the oibital fossa ean be mapped out anterior 
to the elbow by a line joining the medial and lateral humeral epi- 
eondyles (superiorly), braehioradialis (laterally) and pronator teres 
(medially) (see Fig. 46.29A-B). Pronator teres passes inferolaterally 
from the medial epieondyle to a point approximately halfway down the 
radial shaft; its rounded belly is visible during resisted forearm 
pronation. 

The fleshy mass of the superfìcial forearm flexors is visible and pal- 
pable in the upper medial forearm, and that of the extensor muscle 
mass is visible in the upper lateral forearm. The line of travel of the 
superficial forearm muscles ean be mapped out aeeording to their 
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Fig. 46.30 The surface anatomy of the vvrist and hand. A, Key: 1, radial artery; 2, flexor earpi radialis tendon; 3, median nerve; 4, ulnar nerve; 5, palmaris 
longus tendon; 6, flexor earpi ulnaris tendon; 7, proximal transverse vvrist erease: marks the line of the vvrist joint; 8, distal transverse vvrist erease: marks 
the proximal boundary of the earpal tunnel; 9, seaphoid tubercle; 10, pisiform (blaek oval): aligns vvith distal vvrist erease; 11, trapezium tubercle; 

12, hook of hamate and superficial braneh of ulnar nerve passing anteriorly; 13, thenar eminenee; 14, hypothenar eminenee; 15, plane of deep palmar 
arterial areh; 16, plane of superficial palmar arterial areh; 17, positions of palmar digital neurovascular bundles; shaded reetangle indieates position of 
flexor retinaculum. B, Key: 1-6, first to sixth extensor eompartments of the vvrist; 7, vvrist joint needle insertion point; 8, hypothenar eminenee; 9, dorsal 
venous netvvork of the hand; 10, extensor pollieis longus tendon; 11, extensor tendon and metaearpophalangeal joint line; A, head of the ulna; B, dorsal 
radial (Lister’s) tubercle. C, Key: 1, dorsal radial (Lister’s) tubercle; 2, vvrist joint needle insertion point; 3, extensor digitomm tendon; 4, extensor 
eompartment 2, eontaining the tendons of extensors earpi radialis longus and brevis; 5, extensor pollieis longus tendon; 6, eephalie vein; 7, superficial 
braneh of radial nerve; 8, first dorsal interosseous muscle; 9, extensor eompartment 1, eontaining abductor pollieis longus and extensor pollieis brevis; 
10, radial styloid proeess; 11, radial artery; 12, flexor earpi radialis tendon. 


attaehment points. Inflammation of the eommon flexor or extensor 
tendons ean be indieated by tenderness to palpation over the respeetive 
muscle mass or humeral epieondyle. 

Palpating lateral to flexor earpi radialis, 3-4 em proximal to the wrist 
erease, reveals the muscle belly of flexor pollieis longus (flexing and 
extending the thumb will eonfirm that the examining finger is eorreetly 
plaeed). The area on the ulnar side of flexor earpi radialis tendon is 
paeked with fhnetionally important structures. The median nerve is 
either eovered by, or situated just lateral (radial) to, the tendon of pal- 
maris longus. The latter ean be identified by gently pinehing the tips of 
the digits together and partially flexing the wrist (see Fig. 46.30A). Near 
to the wrist the median nerve lies very elose to the skin and ean, there- 
fore, be injured by relatively superficial laeerations. When palmaris 
longus is absent, only a thin eovering of subcutaneous fat and deep 
faseia separate skin and nerve. The four tendons of flexor digitomm 
superficialis lie deep to the median nerve; the tendons to the middle 
and ring fingers lie anterior to those for the index and little fingers as 
they pass deep to the flexor retinaculum, and ean be felt and, usually, 
seen to move during finger flexion/extension. Deeper still are the 
tendons of flexor digitomm profundus. The broad tendon of flexor 
earpi ulnaris is easily palpated passing to the pisiform on the ulnar side 
of the anterior wrist; the ulnar nerve, artery and venae eomitantes lie 
along its lateral (radial) edge. Any sharp injury that cuts through the 
tendon usually has enough energy to sever the ulnar neurovascular 
bundle. 

When the thumb is fully extended, the depression of the anatomieal 
snuff-box is seen on the lateral aspeet of the wrist immediately distal 
to the radial styloid proeess (see Fig. 46.30C). The snuff-box is bounded 
on its anterolateral (radial) side by the tendons of abductor pollieis 
longus (laterally) and extensor pollieis brevis (immediately medial), 
and on its posteromedial/ulnar side by the tendon of extensor pollieis 
790 longus. Running a finger along extensor pollieis brevis enables palpa- 


tion of the superficial radial nerve, which ean be rolled from side to 
side on the tendon. The eephalie vein passes over the roof of the snuff- 
box, where it is visible and palpable, and the pulsation of the radial 
artery ean be palpated deeply on its floor. 

The tendons loeated within the six extensor eompartments of the 
wrist are subcutaneous and palpable (see Fig. 46.30B). Compartment 
1 (eontaining abductor pollieis longus and extensor pollieis brevis) sits 
over the lateral radius. Regional tenderness to palpation occurs in de 
Quervain's tenosynovitis. Compartment 2 (eontaining extensors earpi 
radialis longus and brevis) and 3 (eontaining extensor pollieis longus) 
flankthe lateral and medial sides ofthe dorsal radial (Listers) tubercle, 
respeetively. Compartments 5 (eontaining extensor digiti minimi) and 
6 (eontaining extensor earpi ulnaris) flank the posterior and medial 
sides of the ulnar head, respeetively. Compartment 4 (eontaining exten- 
sors digitomm and indieis) sits between the ulnar head and eompart- 
ment 3. The tendons of extensors earpi radialis longus and brevis ean 
be identified on the dorsal carpus when the fist is elenehed and relaxed. 
The tendons of extensor digitomm are visible and palpable on the 
dorsal hand with the fingers fully extended. The tendon of extensor 
earpi ulnaris is palpable distal to the ulnar styloid as it erosses the wrist, 
with the wrist in extension and adduction. The first dorsal interosseous 
forms a visible fleshy mass on the lateral part of the dorsal hand 
between the index finger and thumb, espeeially whilst abducting the 
index finger against resistanee. 

The first metaearpal is both visible and palpable on the dorsolateral 
hand. Its dorsal aspeet forms the lateral border of the hand. The fleshy 
elevation of the thenar eminenee, produced by abductor and flexor 
pollieis brevis overlying opponens pollieis, is loeated on the lateral 
palm (see Fig. 46.30A). The less prominent hypothenar eminenee is 
loeated on the medial palm and is formed by the eomparable muscles 
of the little finger. The medial aspeet of the hypothenar eminenee forms 
the medial border of the hand. 
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VESSELS, PULSES AND NERVES 
Arteries 


The braehial artery travels along the medial arm in the depression pos- 
terior to eoraeobraehialis and along the furrow to the medial side of 
bieeps, to a point just medial to the bieeps tendon and level with the 
radial head/neek (see Fig. 46.29A-B). Its pulsations are palpable along 
this line of travel and proximal to the bieipital aponenrosis, via eom- 
pression against the humerus. Braehial artery eatheterization just proxi- 
mal to the aponeurosis is used for eoronary angiography or eardiae 
eatheterization. The ability to eompress the braehial artery against the 
humerus makes the arm the favoured site for non-invasive blood pres- 
sure measurement. The median nerve is intimately related to the bra- 
ehial artery throughout its course in the arm. Pnmmally, it sits lateral 
to the artery; then, around the midpoint of the arm, it passes anterior 
to the artery and deseends on its medial side to the cubital fossa. 

The radial and ulnar arteries originate in the anterior forearm at a 
point situated medial to the bieeps tendon and level with the lower 
head/neek of the radius (see Fig. 46.29B). From here, the ulnar artery 
passes inferomedially to a point one-third of the way down flexor earpi 
ulnaris (which passes along a line joining the medial humeral epi- 
eondyle to the pisiform). The ulnar artery and nerve then pass inferiorly 
to a point just lateral to the pisiform along the line of flexor earpi 
ulnaris, with the ulnar artery lying on the lateral (radial) side of the 
nerve. The radial artery passes inferolaterally through the forearm, from 
its point of origin to a point just lateral to the tendon of flexor earpi 
radialis, anterior to the distal radms. The upper part of its course ean 
be represented by a line that passes deep to the medial part of the eleva- 
tion produced by braehioradialis on the anterior aspeet of the forearm. 
It then passes posteriorly, deep to the tendons of abductor pollieis 
longus and extensor pollieis brevis, and enters the anatomieal snuff- 
box, where its pulsations are palpable. 

The radial pulse is palpable on the anterior (volar) aspeet of the wrist 
between the tendon of flexor earpi radialis medially and the radial 
styloid proeess laterally. This is the simplest pulse to palpate during 
routine patient examination. The pulse of the ulnar artery is usually 
palpable on deep pressure lateral to the tendon of flexor earpi ulnaris 
at the wrist. 

The position of the superficial palmar arterial areh is indieated by a 
horizontal line, approximately 4 em long, drawn at the level of the fully 
extended and partially abducted thumb (see Fig. 46.30A). A horizontal 
line, approximately 4 em long, mnning from a point just distal to the 
hook of the hamate, indieates the position of the deep palmar arterial 
areh. The deep areh is loeated approximately 1 em proximal to the 
superficial areh. The digital neurovascular bundles pass along the 
medial and lateral sides of the dorsal and volar surfaces of the digits, 
and ean be anaesthetized in these positions via the web spaee. 

Sìtes for arteríal eanniilation 

At the wrist, the radial artery is eommonly used for arterial cannulation 
for arterial blood sampling and blood pressure monitoring. Throm- 
bosis or vasospasm of the radial artery at this site should not normally 
jeopardize the circulation to the hand sinee the intereonneeting palmar 
arterial arehes provide a eollateral circulation to the hand. Allen's test 
should be performed prior to any such procedure. 

Allen’s test 

Allen's test examines the pateney of the intereonneetion between the 
superficial and deep palmar arehes, and determines whether either 
artery is eapable of maintaining the arterial supply to the hand in isola- 
tion. To perform the test, the radial and ulnar arteries of one hand are 
eompressedby the examiners thumbs. The forearm is then elevated and 
the hand exsanguinated by elenehing the fist. The hand is then opened 
while arterial eompression is continued. The palm of the hand appears 
pale, unless there is an anomalous arterial supply, e.g. from a persistent 
median artery. The rapid return of a normal pink colour to the palmar 
skin following removal of digital pressure from one of the arteries sug- 
gests that that artery is eapable of perhising the hand adequately in 
isolation. If the palmar skin remains pale, it must be assumed either 
that there is a distal obstmetion to the artery or that the artery eannot 
adequately perhise the hand in isolation. The test is then repeated with 
release of digital pressure on the other artery. 

Veins 


The superficial veins of the upper limb are usually visible and palpable, 
espeeially when a tourniquet occludes venous return proximally. At the 


wrist, the eephalie vein eonsistently passes over the roof of the anatomi- 
eal snuff-box (see Fig. 46.30C) and the dorsolateral aspeet of the distal 
radius. Here, it sits next to the superficial braneh of the radial nerve. 
The eephalie vein aseends the anterolateral forearm and the lateral arm 
in the groove lateral to bieeps braehii. Superiorly, it aseends the delto- 
peetoral groove to the infraclavicular fossa, where it pierees the elavi- 
peetoral faseia to enter the axillary vein. 

The median cubital and basilie veins may be identified over the 
cubital fossa. In the proximal forearm, the eephalie vein mns alongside 
the lateral cutaneous nerve of the forearm. The veins are frequently 
eovered by fat, espeeially in the female, which makes them difficult to 
see. The median oibital vein usually arises from the eephalie vein 
approximately 2.5 em distal to the lateral epieondyle of the humems, 
and mns upwards and medially over the bieipital aponeurosis to join 
the basilie vein approximately 2.5 em above the transverse erease of the 
elbow. The median vein of the forearm drains the venous plexuses on 
the palmar surface of the hand. It aseends on the front of the forearm 
and usually ends in either the basilie vein or the median cubital vein; 
sometimes, it divides, just distal to the elbow, into two branehes, one 
of which joins the basilie vein and the other the eephalie vein. 

Venepuncture at the elbow 

Commonly aeeessed superficial veins include the eephalie or median 
cubital vein at the oibital fossa, and the dorsal venous network of 
the hand. The eephalie vein may also be aeeessed over the distal 
radius and anatomieal snuff-box. The latter site has many advantages 
for plaeing an indwelling cannula when a lengthy period is eontem- 
plated, although the vein lies elose to the superficial braneh of the 
radial nerve. 

A high bifhreation of the braehial artery is seen oeeasionally and may 
produce an anomalous superficial ulnar artery that deseends superficial 
to the eommon origin of the forearm flexor muscles. When this occurs, 
the ulnar artery, although deep to the deep faseia, may lie subcutane- 
ously and pass superficial to the bieipital aponeurosis. Such an artery 
is therefore at risk of puncture during median cubital vein aeeess. 

Lymph nodes 


Supratrochlear lymph nodes (in reality, supra-epicondylar nodes) lie 
next to the basilie vein. If enlarged, they may be palpated along the line 
of the vein, a few eentimetres above the elbow joint. 

Nerves 


The tmnks of the braehial plexus lie in the posterior triangle of the neek 
posterior to the subclavian artery (whose pulsations are palpable), in 
the angle between the elaviele and the lower posterior border of the 
davioilar head of sternoeleidomastoid. The upper tmnk ean be pal- 
pated by passing the fingers inferiorly along the vertieal groove between 
scalenus anterior and scalenus medms. 

The axillary nerve and circumflex humeral vessels pass around the 
posterior and lateral aspeets of the proximal humems, elose to the surgi- 
eal neek, approximately 5 em from the posterior edge, and 6 em from 
the anterior edge, of the aeromion (Cetik et al 2006). Bono et al (2000) 
found the axillary nerve to lie approximately 6 em from the proximal 
humems, passing within approximately 2 em of the surgical neek of the 
humerus (see Fig. 46.29C). 

The radial nerve passes inferolaterally along the spiral groove on the 
posterior arm (see Fig. 46.29C). The distanee from the aeromion to a 
line passing through the humeral epieondyles ean be used as a baseline 
measurement; the radial nerve reaehes the spiral groove approximately 
46%, leaves it approximately 60%, and pierees the intermuscular 
septum approximately 66% of the way down this line (Cox et al 2010, 

Cho et al 2013). The radial nerve then passes inferiorly, approximately 
1 em lateral to the tendon of bieeps, and bifhreates into the posterior 
interosseous and superficial radial nerves just distal to the lateral epi- 
eondyle (Cox et al 2010) (see Fig. 46.29B). The posterior interosseous 
nerve winds around the radial neek approximately 2.5 em distal to the 
radial head (Cox et al 2010); this is an important surgical eonsideration 
when making an ineision to expose the radial head. The nerve then 
passes inferiorly through the posterior forearm to a point midway 
between the ulnar head and the dorsal radial tubercle. The superficial 
radial nerve passes inferiorly, deep to braehioradialis, and beeomes 
superficial passing between braehioradialis and extensor earpi radialis 
longus, approximately 8.5 em proximal to the radial styloid proeess 
(Auerbach et al 1994, Park et al 2010). Its terminal branehes are palpa- 
ble as they pass over the tendon of extensor pollieis longus where it 
borders the anatomieal snuff-box. 791 


CHAPTER 46 












SECTION 6 


PECTORAL GIRDLE AND LJPPER LIMB: OVERVIEW AND SLIRFAOE ANATOMY 


792 



C3 



Ventral axial line 



Fig. 46.31 The dermatomes of the left upper limb. Overlap aeross the 
axial lines is minimal, whereas overlap is eonsiderable aeross the 
intermpted lines. A, Viewed from the anterior aspeet. B, Viewed from the 
posterior aspeet. (Adapted from Drake RL, Vogl AW, Mitehell A (eds), 
Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. 
Oopyright 2010.) 


A Anterior 



B Posterior 




Supraclavicular, C3,4 
llpper lateral cutaneous of arm, C5 f 6 
Posterior cutaneous of arm, C5 f 6,7, 8 
intereostobraehial, T2 
Medial cutaneous of arm, C8, T1 
Lower laterai cutaneous of arm, C5, 6 
Posterior cutaneous of forearm, C5, 6,7, 8 
Medial cutaneous of forearm, C8, T1 
Lateral cutaneous of forearm, C5, 6 
Superficial braneh of radiai, C7,8 
Ulnar, C8,T1 
Median, C6, 7, 8 
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Fig. 46.32 The distribution of skin territories supplied by the cutaneous 
nerves of the left upper limb. A, Viewed from the anterior aspeet. 

B, Viewed from the posterior aspeet. 


The median nerve is intimately related to the braehial artery through- 
out its course in the arm. In the forearm, it passes along a line joining 
a point just medial to the pulsating braehial artery in the cubital fossa 
to the tendon of palmaris longus, or to a point just lateral to the tendon 
at the wrist (see Fig. 46.29B). 

The ulnar nerve passes posterior to the medial epieondyle and ean 
be rolled from side to side just proximal to the epieondyle (see Fig. 
46.29B). In the forearm and proximal hand, its course eorresponds to 
a line drawn from the base of the posterior aspeet of the medial epi- 
eondyle of the humerus to the lateral side of the pisiform, where it 
passes through Guyon's eanal and aeross the hook of the hamate. Deep 
pressure at these bony landmarks ean produce paraesthesia in the dis- 
tribution of the nerve. Proximally, the nerve sits deep to flexor earpi 
ulnaris; distally, it sits lateral to the tendon of flexor earpi ulnaris and 
medial to the ulnar artery and its venae eomitantes. 

Dermatomes 

Knowledge of the extent of individual dermatomes is largely based on 
elinieal evidenee. The dermatomes of the upper limb arise from spinal 
nerves C5-8 and Tl; C7 supplies the eentral part of the hand (Figs 
46.31-46.32). Considerable overlap exists between adjaeent der- 
matomes innervated by nerves derived from consecutive spinal eord 
segments. 

Myotomes 

The predominant segmental origin of the nerve supply for eaeh of the 
muscles of the upper limb and for the movements that take plaee at the 
joints of the upper limb are summarized in fables 46.1-46.4. 

Reflexes 

Bieeps jerk (C5, 6) The elbow is flexed to a right angle and slightly 
pronated. A fìnger is plaeed on the bieeps tendon and stmek with a 
percussion hammer; this should elieit flexion and slight supination of 
the forearm. 


Trieeps jerk (C6-8) The arm is supported at the wrist and flexed to 
a right angle. Trieeps tendon is stmek with a percussion hammer just 
proximal to the oleeranon; this should elieit extension of the elbow. 

Radial jerk (C7,8) The radial jerk is a periosteal, not a tendon, reflex. 
The elbow is flexed to a right angle and the forearm plaeed in the mid 
pronation/supination position. The radial styloid is stmek with the 
peraission hammer. This elieits eontraetion of braehioradialis, which 
causes flexion of the elbow. 

Nerve bloeks 

Braehial plexus There are three eommon approaehes to aehieve 
anaesthetie bloekade of the braehial plexus: the intersealene, supra- 
clavicular and axillary routes. 

The intersealene route requires identifìeation of the intersealene 
groove. The patient is asked to sniff, an aetion that involves the sealene 
muscles as aeeessory muscles of respiration. A needle is inserted per- 
pendicular to the skin and enters the intersealene groove. Paraesthesia 
may be elieited, and loeal anaesthetie sohition is injeeted. There is a 
risk that some loeal anaesthetie may move in a retrograde direetion and 
reaeh the eervieal epidural spaee. The proximal nature of the bloek 
means that there is almost always some involvement of the phrenie 
nerve, and sympathetie bloek (as evideneed by a Horner s syndrome) is 
universal. 

The supraclavicular route plaees loeal anaesthetie solution in the 
plane occupied by the tmnks of the braehial plexus as they emerge 
between scalenus anterior and medius on the fìrst rib, immediately 
posterior to the third part of the subclavian artery. The site of injeetion 
is 2 em above the midpoint of the elaviele. The needle is direeted baek- 
wards, inwards and downwards to make eontaet with the upper surface 
of the fìrst rib. During this procedure, the patient will usually eomplain 
of paraesthesia down the arm, which indieates that the needle is eor- 
reetly plaeed; preliminary aspiration ensures that a major vessel has not 
been punctured. If the fìrst rib is missed, there is the risk of producing 















Surface anatomy 


a pneumothorax. There is often a transient Horners syndrome, caused 
by diffusion of the loeal anaesthetie towards the stellate ganglion. 

The axillary approaeh bloeks the nerves as they group around the 
axillary artery. 

WrÌSt Useful anaesthesia of the palm of the hand (except for the lateral 
—. surface of the thumb base) ean be aehieved by bloekade of the ulnar 
and median nerves at the wrist (see Video 50.2). The ulnar nerve may 
be bloeked via a needle inserted lateral to the tendon of flexor earpi 
ulnaris at the wrist. The median nerve may be bloeked via a needle 
inserted at the midline between the tendons of palmaris longus and 
flexor earpi radialis at the level of the proximal wrist erease. 

The radial nerve, which supplies the dorsal skin of the hand, may 
be bloeked by injeeting loeal anaesthetie around the subcutaneous 


dorsoradial border of the wrist, where branehes of the nerve ean be 
rolled over the tendon of extensor pollieis longus (see Fig. 46.30C). 

Digital nerves 

The digital nerves lie on either side of the flexor sheath in a plane 
immediately anterior to the phalanx (see Fig. 46.30A). Therefore, the 
needle should be inserted on either side of the base of the digit, just 
anterior to the anterolateral margin of the phalanx. A eommon alterna- 
tive approaeh to bloeking the digital nerves is via a dorsal skin approaeh; 
the needle is inserted through the dorsal skin on either side of the base 
of the proximal phalanx and advaneed towards the volar loeation of 
the digital nerves while the loeal anaesthetie agent is continually 
infhsed. This is thought to be less painful than the volar approaeh 
because the dorsal skin is less sensitive than the volar skin. 



Fig. 46.17 The area of sensory abnormality 
after transeetion of C8 and T1. 

Fig. 46.18 The area of sensory 
abnormality after seetion of the lateral 
eord in the axilla. 

Fig. 46.19 Rupture of the posterior divisions 
of the trnnks of the braehial plexus deep to 
the elaviele. 

Fig. 46.20 Rupture of the axillary nerve. 

Fig. 46.21 Sensory loss in two eases of 
rupture of the musculocutaneous nerve. 

Fig. 46.22 A-B, Two examples of high 
lesion of the radial nerve. 


Fig. 46.23 A-B, Transeetion of the median 
nerve, ulnar nerve, medial cutaneous nerve 
of the forearm, and braehial artery, in the 
arm of a 14-year-old boy. 

Fig. 46.24 A high median nerve injury; there is 
no aetive flexion of the index finger and thumb. 

Fig. 46.25 Seetion of the median nerve and 
the palmar cutaneous nerve at the wrist. 

Fig. 46.26 A-B, A typieal area of loss of 
sensibility after division of the nerve at the 
wrist, sparing the palmar cutaneous braneh. 

Fig. 46.27 The area of sensory loss and 
l clawing’ of little and ring fingers after 
division of the ulnar nerve in the forearm. 


Fig. 46.28 Sympathetie paralysis seen within 
a few days of transeetion. 

Table 46.1 Movements, muscles and 
segmental innervation in the upper limb. 

Table 46.2 Segmental innervation of the 
muscles of the upper limb. 

Table 46.3 Segmental innervation of joint 
movements of the upper limb. 

Table 46.4 Movements and muscles tested 
to determine the loeation of a lesion in the 
upper limb. 

Video 46.1 Upper limb surface anatomy. 
eiinieal examination of muscles in the limbs. 
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CHAPTER 




PECTORAL GIRDLE DEVELOPMENT 


The peetoral girdle develops at an interfaee between the tissues forming 
the head and neek, the baek and the upper limb. Eaeh of these regions 
appears to have different eell lineages and genes contributing to the 
development of similar tissues. Studies on the development of the avian 
scapula, also eoníìrmed in the mouse, show that lateral scapular stme- 
tures derive from the somatopleuric mesenehyme, whereas the medial 
border of the scapula and the attaehment sites for the rhomboid 
muscles originate from dermomyotomes of somites: speeifieally, the 
hypaxial domain (Wang et al 2005, Valasek et al 2010, Valasek et al 
2011). The eonneetive tissues of those muscles and their attaehment 
sites on the peetoral girdle innervated by the aeeessory nerve are derived 
from neural erest (Matsuoka et al 2005). 

Early limb development is patterned by somatopleuric mesenehyme, 
within a permissive interaetion with the limb eetoderm. Elpper limb 
myoblasts migrate laterally from the ventrolateral border of eervieal 
dermomyotomes and form dorsal and ventral masses prior to migration 
into the limb bud. After a brief period within the limb bud, a subset of 
the myoblasts migrate medially out of the limb bud and into the axial 
mesenehyme to form the peetoral muscles ventrally and latissimus dorsi 
dorsally. This origin of superficial peetoral girdle muscles has been 
deseribed as an 'in-out' meehanism (Valasek et al 2011), and refers to 
the initial migration into the limb bud and the subsequent migration 
baek towards axial structures. Only myoblasts undergo this seeond, 
medial, migration out of the limb bud; the somatopleuric mesenehyme 
remains within the proximal limb anlagen and produces the gleno- 
humeral joint and eoraeoid proeess. 

Some myoblasts, originating from the ventrolateral edges of eervieal 
dermomyotomes and extending as the hypaxial domain of the somite, 
switch off their myogenie fate and follow a eartilage lineage to form the 
medial part of the scapula. The remaining hypaxial domain myoblasts 
form serratus anterior, and the rhomboid muscles, deep peetoral girdle 
muscles, attaeh to this medial part (Valasek et al 2011). 

Trapezms and sternoeleidomastoid, innervated by the aeeessory 
nerve, are derived from the upper oeeipital somites (see Fig. 36.7); they 
migrate into neural erest mesenehyme, which forms their eonneetive 
tissue. The proximal and distal attaehments of trapezms, to the nuchal 
line of the oeeipital bone and the upper part of the spine of the scapula, 
respeetively, are derived from post-otie neural erest eells (Matsuoka et al 
2005). The attaehment of sternoeleidomastoid to the elaviele also dem- 
onstrates its dual origin from neural erest eells and somatopleuric mes- 
enehyme. The sternum is derived from somatopleuric mesenehyme, 
although there is evidenee of neural erest within the manubrium. 

The 'muscle seaffold model' proposed by Matsuoka et al (2005), 
where muscle eonneetive tissue and nmsele attaehment sites illustrate 
the origin of the mesenehymal eells patterning their development, 
may explain a range of anomalies based on defeets of post-otie neural 
erest and which affeet the pharynx and larynx as well as the shoulder 
region, e.g. Klippel-Feil disease, Sprengel's deformity and eleidoeranial 
dysplasia. 



The upper limb bud is first visible as a thiekening along the lateral 
longitudinal axis of the body wall opposite somites 8-10, at the level 
of the entranee to the eranial intestinal portal during stage 12. It 
enlarges, protmding laterally from its elliptieal base at the body wall as 
a symmetrieal bud, with a curved border and an apieal eetodermal ridge 
forming its distal tip. Initially, it has equal and relatively flat dorsal and 
ventral eetodermal surfaces and a somatopleuric mesenehymal eore. By 
stage 13, the upper limb bud is curved ventrally. By stage 14, it has 


elongated and is opposite the developing ventrieles of the heart; it is 
direeted caudally because of preferential elongation of the preaxial part 
of the bud. At stage 15, the upper limb ean be subdivided into definite 
regions. The proximal portion, still showing the dorsal bulge and 
ventral curve, is the shoulder and upper arm region; the next distal 
portion ean now be identified as the forearm; the most distal portion 
is now expanded into a flattened hand plate. 

At stage 16, there are the first indieations of digit rays in the hand 
plate. The limb may be elose to the body wall or may be abducted. By 
stage 17, the upper limb has an elbow region and well-defined digit 
rays; the hand plate may show a erenated rim, indieating the start of 
tissue removal between the digits (see Fig. 15.1). Crenation of the hand 
plate between the digit rays continues in stage 18 embryos (44days). 
Changes during stages 19-23 are eoneerned with growth of the limb 
and separation of the digits. The hands now curve over the eardiae 
region. The distal phalangeal portions of the fingers enlarge at stage 21, 
forming the nail beds. For more details, see O'Rahilly and Gardner 
(1975), Gupta et al (2000). 

Most of the bones in the appendiailar skeleton are derived from 
somatopleuric mesenehyme. Within the upper limb, although the elavi- 
ele and eoraeoid portion of the scapula arise from somatopleuric mes- 
enehyme, studies in both avian and mouse embryos have shown that 
the distal third of the blade of the scapula is derived from the somites 
(Shearman et al 2011, Valasek et al 2010). Preehondroblasts are present 
in the upper limb at stage 13, and eondensations of eartilage ean be 
deteeted at stage 16, when the humeral anlage ean be reeognized. Cavi- 
tation of the shoulder and elbow joints occurs at 7-8weeks. By stage 
17, when the radius and ulna ehondrify, the branehed tips of the radial, 
median and ulnar nerves have migrated to the distal hand plate. The 
earpals ehondrify at stage 18, when the hand plate shows notehing of 
the digital rays. 

VESSELS 

Arteries 


In the upper limb, usually only one arterial tmnk, the subclavian, per- 
sists; it probably represents the lateral braneh of the seventh interseg- 
mental artery. Its main continuation, the axial artery of the upper limb, 
beeomes the axillary and braehial arteries, passes into the forearm deep 
to the flexor muscle mass and terminates as a deep plexus in the devel- 
oping hand (Fig. 47.1). The original axial vessel ultimately persists as 
the anterior interosseous artery and the deep palmar areh. A braneh 
from the main tmnk passes dorsally between the early radius and ulna 
as the posterior interosseous artery; a seeond braneh aeeompanies the 
median nerve into the hand, where it ends in a superficial eapillary 
plexus. The radial and ulnar arteries are the latest arteries to appear in 
the forearm. Initially, the radial artery arises more proximally than the 
ulnar artery, erosses anterior to the median nerve, and supplies bieeps 
braehii. Fater, the radial artery establishes a new eonneetion with the 
main tmnk at or near the level of origin of the ulnar artery, and the 
upper portion of its original stem usually disappears. On reaehing 
the hand, the ulnar artery links up with the superficial palmar plexus, 
from which the superficial palmar areh is derived. The median artery 
eommonly loses its distal eonneetions and is reduced to a small vessel. 
The radial artery passes to the dorsal surface of the hand, gives off dorsal 
digital branehes, traverses the first intermetaearpal spaee and joins the 
deep palmar areh. 

Anomalies of the arterial tree in the forelimb are fairly eommon: 
there are several potential causes. The arteries have multiple and plexi- 
form sources; the prineipal arteries, anastomoses and periarticular 
networks emerge aeeording to a temporal sequence; and some paths 
that are initially fimetionally dominant subsequently regress. In general, 
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Fig. 47.1 Stages in the development of the arteries of the arm. The path of the axial artery is indieated by an intermpted line 


anomalous patterns may present as differenees in the mode and proxi- 
modistal level ofbranehing; the presenee ofunusual compound arterial 
segments; aberrant vessels that eonneet with other prineipal vessels, 
areades or plexuses; vessels that occupy exceptional tissue planes (e.g. 
superficial faseia instead of the usual subfascial route), or vessels that 
have unexpected neuraf myologieal or osteoligamentous relationships. 

Veins 


In the upper limb, the preaxial vein beeomes the eephalie vein and 
drains into the axillary vein at the shoulder. The postaxial vein beeomes 
the basilie vein, which passes deep in the arm to eontimie as the axillary 
vein. 

ULTRASOUND ANTENATAL IMAGING 


In the routine 18-20-week ultrasound fetal assessment, shortening of 
long bones below 2 standard deviations should lead to a full assessment 
of all bones (McHugo 2007). Whereas the majority of lethal short limb 
dysplasias show marked shortening by this time, non-lethal short limb 
dysplasias seen at birth are not apparent at 20weeks' gestation. Nor- 
mally the humerus should be slightly longer than the radius and ulna. 
The term rhizomelia is used where limb shortening affeets the proximal 
bones more than the distal bones. 


NEONATAL UPPER LIMB 


In generaf the upper limbs in the neonate are proportionately shorter 
than they are in the adult. They are long eompared with the neonatal 
tmnk and lower limbs, and extend to the upper thigh as they do in the 
adult, but the tmnk is much shorter in the neonate (see Fig. 14.8). At 
birth, the upper limbs are about the same length as the lower limbs, 


but much more developed. When the proportions of parts of the upper 
limb are examined, the forearm is longer than the arm in the newborn, 
and more so in boys than girls. Only primary eentres of ossifieation are 
present in the upper limb, apart from a eentre in the head of the 
humerus. The elbow of the newborn ean flex to 145° but laeks some 
10-15% of full extension. The neonate has a relatively strong grasp 
within the first few days. The fingernails usually extend to the fingertips 
or just beyond. They are soft at birth but soon dry and beeome quite 
firm and sharp. 

Perìpheral arterial puncture in the neonate 

It is eommon praetiee to insert a small-bore cannula into a peripheral 
artery in neonates reeeiving intensive eare when either the umbilical 
artery is not aeeessible or there are elinieal reasons to avoid cannulation 
of the umbilical vessels. Trans-illumination ean be used to provide an 
outline of the artery to be cannulated. The peripheral arteries that are 
most eommonly used are the radial artery, just above the anterior 
surface of the wrist, and the posterior tibial artery, posterior to the 
medial malleolus. The proximity of the ulnar nerve to the ulnar artery 
inereases the risk of nerve damage assoeiated with arterial cannulation 
of the ulnar artery, and the relatively poor eollateral circulation assoei- 
ated with the dorsalis pedis artery means that this artery is used only 
as a last resort. The braehial artery at the antecubital fossa also has a 
poor eollateral circulation and the median nerve is in elose proximity; 
it is generally eonsidered, therefore, that eanmilation of this artery is 
not justified. 

Confirmation that an adequate eollateral circulation is present when 
cannulating the radial artery ean be obtained by performing Allen's test, 
in which both the radial and ulnar arteries are eompressed at the wrist 
after exsanguination of the hand; release of pressure on the ulnar artery 
while maintaining occlusion of the radial artery should result in reper- 
fhsion of the hand if an adequate eollateral ulnar arterial supply is 
present. Alternatively, intaet arterial flow ean usually be eonfirmed, 
particularly in the preterm infant, by direet visualization of the arteries 
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SECTION 6 


DEVELOPMENT OF THE PEOTORAL GIRDLE AND UPPER LIMB 


using trans-illumination. A eold light source is plaeed on the posterior 
aspeet of the lower forearm and the shadow of the pulsating arteries 
ean be seen on the anterior surface of the forearm. 


DEVELOPMENTAL ANOMALIES OF 
THE UPPER LIMB 


Approximately 1 in 600 neonates will have a eongenital anomaly of the 
hand or forearm, 30% of which will be bilateral. They occur with an 
approximately equal frequency in males and females. A defeet is twice 
as likely to occur in the upper limb as in the lower limb. The most eriti- 
eal period for the development of anomalies is during stages 12-16. 

One elassifieation of eongenital limb malformation uses seven sub- 
groups (Swanson 1976). These deseribe a elinieal picture and do not 
always relate accurately to the developmental proeess occurring in the 
limb. The first subgroup is failure of formation of parts of a limb. The 
seeond subgroup, failure of differentiation, includes unsuccessful sepa- 
ration of parts, and so includes the range of syndaetylies. Groups three 
to five include limb duplication, overgrowth and undergrowth. Group 
six includes limb amputations, mainly by adherent amniotie bands, and 
the last group includes all other generalized skeletal anomalies. A more 
reeent elassifieation of upper limb anomalies, based on developmental 
moleailar biology and pathogeneties, elearly defines all terms used to 
deseribe anomalous structure and provides a eomprehensive and eon- 
sistent terminology for the range of anomalies (Oberg et al 2010, 
Tonkin et al 2013, Goldfarb 2015). 

LIMB REDUCTI0N DEFEOTS 


Limb reduction defeets are eategorized as failures of development. The 
basis of limb reductions seen in infants whose mothers took thalido- 
mide during their pregnaney seems likely to be due to death of mesen- 
ehyme eells in the early limb bud, causing phoeomelia. Proximal 
segments of the limb were lost, although, in some eases, normal distal 


segments still formed. There is evidenee from experiments in ehiek 
embryos that thalidomide interferes with vascularization of the limbs 
(Vargesson 2009), and this could lead to mesenehymal eell death. 
Reeent work has identified a protein to which thalidomide binds and 
could eventually lead to uncovering moleailar meehanisms of thalido- 
mide teratogenieity (Ito et al 2010). 

inheritanee of autosomal dominant genes may cause anomalies of 
the hand. This could, for example, result in absenee of the eentral digit 
ray of the distal hand plate and subsequent absenee of the middle or 
ring finger and its metaearpals. Extra preaxial digits ean result from 
eetopie polarizing aetivity due to mutations in regulatory regions that 
eontrol expression of the Shh gene, speeifieally in the developing limb 
bud (Anderson et al 2012). Other ehanges in digit number may be the 
result of alterations in limb bud width and the length of the apieal 
eetodermal ridge. 

ANOMALIES 0F THE DIGITS 


Webbing of the fingers is the most eommon eongenital anomaly of the 
hand. It occurs because of failure to remove eells between the digit rays 
during stages 19-23. Clinodactyly is a eongenital eondition in which 
the little finger is curved towards the ring finger. It ean occur in isolation, 
or in assoeiation with ehromosomal abnormalities like Down's syn- 
drome. Camptodactyly is a eongenital eondition in which the little 
finger, and sometimes the ring finger, are held in a fixed, flexed position. 
Symphalangism is a rare eongenital disorder in which there is fhsion 
of the interphalangeal joints. The affeeted finger is stiff, skin ereases are 
absent over the affeeted joint, there is minimal joint spaee, and some- 
times the digit is shorter than normal. Several different types of braehy- 
daetyly, shortening of the digits, ean be reeognized aeeording to which 
digits and which parts of these digits are affeeted. The genetie basis of 
different types of braehydaetyly has now been determined, which is 
partiailarly gratifying because braehydaetyly was the first eondition in 
humans to be reeognized as a dominant Mendelian eondition (Gao and 
He 2004). 
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CHAPTER 



The upper limb is differentiated to aehieve complex patterns of stereo- 
taetie, non-stereotaetie and gestural movements (eaeh with a distinet 
neurological basis) that enable hand hmetion. The eombined motion 
of the shoulder and elbow brings objeets in the hand into the visual 
field, while the great range of the shoulder and peetoral girdle enable 
reaehing into a wide external environment. Oculospinal afferents 
appear to be the most important modulators of shoulder joint stability 
neeessary for reaehing. An objeet is first reaehed and then grasped 
(inereasing both superficial and deep peripheral afferent inputs that 
enhanee proximal shoulder girdle stability (Alizadehkhaiyat et al 
2011)), before being retrieved into the visual field. The requirements of 
attention to the visual field define the need for stability in the shoulder 
girdle: the eloser the attention to an objeet in the eentre of the field of 
vision ('macular vision'), the finer is the eontrol of the motion and 
stability of the shoulder girdle. 

The joints of the upper limb beeome more complex proximodistally. 
The greatest potential for stability is gained through 'elose-paeking' (the 
state of a joint where the greatest stability is aehieved for the least 
energy) in the carpus of the hand, while the range of available motion 
in eaeh joint beeomes more restrieted. Close-packing occurs through a 
lesser, more speeifie, range of motion in the elbow; the flexed elbow 
with a supinated forearm is the position for earrying the greatest load 
with the least energy expenditure or the greatest resistanee to fatigue. 
Close-packing occurs in the glenohumeral joint, so providing for stabil- 
ity, but it is almost entirely gained through muscular aetivity; at the 
extremes of range, through capsular fibre spiralling, it is eostly in terms 
of muscular energy expenditure, espeeially on a background of age- and 
gene-dependent musculotendinous degeneration. The least intrinsieally 
stable joint in the body, the scapulothoracic, is entirely dependent on 
muscular aetivity for stable position and motion around the fhlemm of 
the acromioclavicular joint. 

For the purposes of this ehapter, the junction between the 'arm' and 
the 'elbow joint' will be taken to be the level at which the radial nerve 
perforates the lateral intermuscular septum to enter the anterior eom- 
partment of the arm, and the ulnar nerve perforates the medial inter- 
muscular septum to gain the posterior eompartment of the arm at the 
elbow. 


SKIN AND SOFT TISSUES 


SKIN 


Cutaneous vascular supply 


The skin over the lateral end of the elaviele is supplied by the supracla- 
vicular artery, which pierees the deep faseia superior to the elaviele and 
anterior to trapezius. In the majority of eases, this artery arises from the 
superficial eervieal/transverse eervieal artery, but it oeeasionally arises 
from the suprascapular artery. The area over deltoid is supplied by the 
anterior and posterior circumflex humeral arteries. The deltoid braneh 
of the thoraeo-aeromial axis contributes to the blood supply of the 
anterior aspeet of the shoulder via musculocutaneous perforators 
through deltoid. 

The blood supply to the skin of the upper arm may be divided into 
three regions with separate supplies. The deltoid region is supplied by 
musculocutaneous perforators, and the medial and lateral regions are 
supplied by fasciocutaneous perforators (Cormack and Lamberty 1994; 
Salmon, in Taylor and Razaboni 1994). 

The deltoid region is supplied by the posterior circumflex humeral 
artery via musculocutaneous perforators. After exiting from the quad- 
rangular spaee, it gives off a deseending braneh that mns down to the 
insertion of deltoid and the overlying skin, and an aseending braneh 


that passes superiorly towards the aeromion and pierees the edge of 
deltoid and the deep faseia to fan out and supply the overlying skin. 

The medial side of the upper arm is supplied by five or six faseio- 
cutaneous perforators that arise from the braehial artery, the superior 
ulnar eollateral artery and, if present, the single artery to bieeps braehii. 
These perforators pass along the medial intermuscular septum to spread 
out in the deep faseia and anastomose with perforating vessels superi- 
orly and inferiorly, and from the lateral side. There are virtually no 
musculocutaneous perforators through bieeps or trieeps. 

The lateral side of the upper arm below deltoid is supplied by per- 
forating vessels from the middle eollateral and radial eollateral arteries 
(the terminating bifurcation of the profimda braehii). The middle eol- 
lateral artery sends perforators to the skin via the lateral intermuscular 
septum between braehioradialis and trieeps, while the radial eollateral 
artery gives off cutaneous perforators via the intermuscular septum 
between braehialis and braehioradialis. These cutaneous vessels anas- 
tomose with those from the medial side. 

Cutaneous innervation 


The skin over the anterior shoulder region is mobile and aeeommodates 
the great mobility of the shoulder girdle. The skin over the posterior 
aspeet of the shoulder girdle is thieker and less mobile, being held to 
the underlying scapula by eoarse eonneetive tissue fibres. The cutaneous 
innervation refleets this differenee in skin quality; the supraclavicular 
nerves (see Fig. 29.1) are long, mobile nerves passing deep to platysma 
before piereing the muscle and the investing eervieal faseia over or 
immediately caudal to the elaviele. The medial clavicular skin, including 
the skin over the sternoclavicular joint, is innervated by the small, often 
multifilamentous, medial supraclavicular nerve. The skin over the elavi- 
ele and over a variable extent of the anterior ehest skin, including a 
variable extent of the anterior axillary fold, is innervated by the large, 


A B 


Fig. 48.1 The approximate area of sensory loss or disturbance after 
proven preganglionie (avulsion) lesion of C4-T1 and C5-T1. A, Anterior 
view. B, Posterior view. 





797 


















SECTION 6 


SHOLILDER GIRDLE AND ARM 


798 




Fig. 48.2 The approximate area of sensory loss or distiirbanee after 
eomplete intermption of C5 and the axillary nerve. A, Anterior view. 

B, Posterior view. Sensory loss is greater in C5 lesions than in axillary 
lesions. 


A B 



Fig. 48.3 The approximate area of sensory loss or disturbance after 
eomplete intermption of the lateral eord. A, Anterior view. B, Posterior 
view. Sometimes, loss of sensation is not eomplete; this is also tme of 
the medial eord. 


middle supraclavicular nerve. This nerve is frequently injured by injudi- 
cious ineisions for the surgical treatment of fractures of the elaviele; a 
painfiil neuroma is a eommon outcome. The skin over the lateral elavi- 
ele, aeromion and deltoid region is innervated by the lateral supracla- 
vicular nerve or nerves. The floor of the axilla, together with part of the 
upper medial aspeet of the arm, is supplied by the intereostobraehial 
nerve (lateral braneh of the seeond intereostal nerve). Oeeasionally, the 
lateral braneh of the third intereostal nerve contributes to the supply of 
the skin in the floor of the axilla. The lower aspeet of the medial side 
of the upper arm is supplied by the medial cutaneous nerve of the arm. 
The lateral aspeet of the upper arm is supplied by the upper lateral 
cutaneous nerve (a braneh of the axillary nerve) and the lower lateral 
cutaneous nerve (a braneh of the radial nerve). The posterior aspeet is 
supplied by the posterior cutaneous nerve of the arm (a braneh of 
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Fig. 48.4 The approximate area of sensory loss or disturbance after 
eomplete intermption of the medial eord. A, Anterior view. B, Posterior 
view. 



Fig. 48.5 The approximate 
area of sensory loss or 
disturbance after eomplete 
intermption of the posterior 
eord. Posterior view. 


the radial nerve). Figures 48.1-48.5 illustrate the approximate areas of 
sensory loss or disturbance after pre- or post-ganglionie lesions involv- 
ing C4-T1. 


SOFT TISSLIES 
Deep faseia 


In eommon with loeomotor muscles in the lower limb, the upper limb 
muscles are attaehed, in varying degrees, to their surrounding deep 
faseial envelopes. This arrangement inereases the area (footprint) of 
attaehment of a muscle within a faseial eompartment, so inereasing 
the effeetiveness and effieieney of that imisele. For example, the faseiae 
overlying the three muscles of the scapular fossae (subscapularis, infra- 
spinatus and supraspinatus) are well attaehed and thieker medially; 
the fibro-osseous cuff so formed around the medial parts of the 
imiseles affords a greater area of attaehment than would be available if 
























Bones 


the miiseles were attaehed only to the scapular fossae. The blood 
supply to the muscles of the upper limb is defined by their faseial 
eompartmentation. 

Compartment syndrome of the arm The muscular eompart 

ments of the arm (and thigh) are not so well defined as those of the 
forearm (and leg). Compartment syndrome is not so eommon in 
trauma of the arm but remains a eoneern, particularly after extensive 
reeonstmetion procedures and high-energy or emshing injuries of the 
limb. 

Faseia over deltoid 

The deep faseia over deltoid is thiekest anteriorly and posteriorly, and 
is adherent in a linear fashion to the external aspeet of the superficial 
fibrous septa of the eentral (lateral) part of that muscle. It blends with 
the peetoral faseia in front, and with the thiek and strong faseia overly- 
ing infraspinatus behind. Above, it blends with the periosteum of the 
lateral part of the elaviele, the thin periosteum of the aeromion, the 
erest of the scapular spine and the eranial part of the medial border of 
the scapula, caudal to the spine of the scapula, where it blends with the 
infraspinatus faseia. Below, it is continuous with the deep braehial 
faseia, blending with the lateral intermuscular septum (Leijnse et al 
2008). 

Peetoral and axillary faseia 

The peetoral faseia is thin over peetoralis major. It is attaehed medially 
to the sternum and is continuous with the faseia of the rectus sheath 
caudally. Cranially, it blends with the periosteum of the elaviele and the 
anterior aspeet of the capsule of the sternoclavicular joint. Laterally, it 
is continuous with the faseia over deltoid; it forms the roof of the infra- 
clavicular fossa between the muscular attaehments of peetoralis major 
and deltoid to the elaviele. The faseia is loosely adherent to the septum 
between the sternal and clavicular parts of peetoralis major. Inferolat- 
erally, between peetoralis major and latissimus dorsi, the faseia thiekens 
to form the floor of the axilla as the axillary faseia. At the caudal edge 
of peetoralis major, a deep lamina of faseia aseends to envelop the 
caudal border of peetoralis minor; it beeomes the elavipeetoral faseia at 
the upper edge of peetoralis minor. The hollow of the armpit is pro- 
duced mainly by the aetion of this faseia in tethering the axillary skin 
to the floor of the axilla; it is sometimes referred to as the suspensory 
ligament of the axilla. The axillary faseia is piereed by the tail of the 
breast (see Fig. 53.22). The peetoral faseia envelops the lateral margin 
of latissimus dorsi, and the deep and superficial layers then ensheathe 
that muscle and are attaehed behind to the spines of the thoraeie and 
lumbar vertebrae, blending with the thoracolumbar faseia medially and 
caudally. 

eiavipeetoral faseia 

The elavipeetoral faseia is the eranial continuation of the deep lamina 
of the peetoral faseia and the medial eontimiation of the parietal layer 
of the subscapular bursal faseia. Laterally, it is continuous with the 
eoraeo-aeromial ligament above and lateral to the eoraeoid. It envelops 
the eoraeoid, short head of bieeps braehii and eoraeobraehialis. It eovers 
the interval between those two muscles and peetoralis minor, which it 
envelops, and then traverses the interval between peetoralis minor and 
subclavius. It splits around subclavius and is attaehed to the elaviele 
anterior and posterior to the groove for subclavius. The posterior layer 
is contiguous with the deep eervieal faseia, a eondensation of which 
forms a tether around the eentral tendinous part of omohyoid, so indi- 
reetly eonneeting it to the elaviele. The deep aspeet of the posterior 
lamina of the elavipeetoral faseia blends with the sheath of the axillary 
vessels. Medially, it blends with the faseia over the first two intereostal 
spaees and is attaehed to the first rib, medial to subclavius. Oeeasionally, 
the faseia thiekens to form a band between the first rib and eoraeoid 
proeess, the eostoeoraeoid ligament, under which the lateral eord of the 
braehial plexus is elosely applied (Atasoy 2004). The eephalie vein, 
thoraeo-aeromial artery and assoeiated veins and lymphatie vessels, and 
the lateral peetoral nerve all pass through the faseia, immediately 
eranial to the upper border of peetoralis minor. 


lnfraspinous faseia 

The infraspinous faseia eovers infraspinatus and is attaehed to the 
margins of the infraspinous fossa, except eranially and medially, where 
there is a loose attaehment to the lower aspeet of the spine of the 
scapula. Cranially and laterally, the infraspinatus faseia is continuous 
with the supraspinatus faseia, ereating a single muscular eompartment 
for the two muscles. The deep fibres of deltoid are attaehed to the 
infraspinatus faseia over a strip of about 1 em for the entire length of 
the spine of the scapula; the examining finger eannot palpate the spine 
of the scapula from within the spaee between deltoid and infraspinatus. 
The faseia is contiguous with the strong lower border of the deltoid 
faseia along the overlapping posterior border of deltoid. 

Supraspinous faseia 

The supraspinous faseia eompletes the osseofibrous eompartment eon- 
taining supraspinatus; it is attaehed to the scapula around the bound- 
aries of the attaehment of supraspinatus. It is thiek medially, where 
supraspinatus attaehes to its own faseia, but thinner laterally under the 
eoraeo-aeromial ligament. 

Braehial faseia 

The deep faseia of the upper arm, the braehial faseia, is continuous with 
the faseiae eovering deltoid and peetoralis major; it forms a thin, loose 
eovering for the anterior muscles of the arm and a more robust eovering 
for the posterior muscles. Medially, just below the middle of the upper 
arm, it is perforated by the basilie vein, lymphatie vessels and, at various 
levels, by branehes of the braehial cutaneous nerves. 

The faseia is thiekest distally, where it eontains the braehial muscles 
in distinet eompartments, anteriorly and posteriorly, and defined medi- 
ally and laterally by tough septa. The lateral intermuscular septum is 
continuous with the faseia overlying the lateral part of deltoid proxi- 
mally, and has an upward, thinner extension to the lateral erest of the 
intertubercular sulcus (groove) contiguous with the faseia over the an- 
terior border of deltoid. It is attaehed to the supracondylar ridge of the 
lateral epieondyle of the humerus, and is perforated at the level of the 
junction of the upper three-fifths and lower two-fifths of the humerus 
by the radial nerve and the radial eollateral braneh of the profimda 
braehii artery passing into the anterior eompartment from behind. It 
provides extension for the zone of attaehment of lateral head of trieeps 
posteriorly, and of braehialis, braehioradialis and extensor earpi radialis 
longus anteriorly. The medial intermuscular septum extends from the 
medial lip of the intertubercular sulcus, where it is contiguous with the 
faseia of teres major, then blends with the aponeurosis of attaehment 
of eoraeobraehialis to the medial aspeet of the humerus, and passes as 
a thiek septum along the medial aspeet of the humerus to the medial 
supracondylar ridge of the medial epieondyle. It gives attaehment to the 
medial head of trieeps posteriorly, and braehialis anteriorly. It is perfor- 
ated by the ulnar nerve at about the same level as the radial nerve lat- 
erally, together with the superior ulnar eollateral artery and the posterior 
braneh of the inferior ulnar eollateral artery. At the elbow, the braehial 
faseia is attaehed to the epieondyles of the humerus, so eompleting the 
muscular eompartments, and the oleeranon of the ulna, and is eontimi- 
ous with the antebraehial faseia. 


Axillary neurovascular sheath 

The axillary neurovascular sheath is elosely contiguous with the pos- 
terior aspeet of the elavipeetoral faseia. The seeond part of the axillary 
artery lies behind peetoralis minor; most intimal ruptures of the vessel 
caused by distraetion trauma occur in this part of the vessel. 



Spread of infeetion 




CLAVICLE 


Subscapular faseia 

The subscapular faseia is thin and attaehed to the entire circumference 
of the subscapular fossa. Subscapularis is partly attaehed to its deep 
surface medially, an example of the extension of the attaehment zone 
of a muscle for more effeetive aetion. The faseia extends laterally and 
blends with the deep layer of the subscapular bursa in front of the 
tendon of subscapularis and with the external layer of the capsule of 
the rotator interval of the glenohumeral joint. Inferiorly, it continues 
as the faseia enveloping teres major. 


The elaviele lies almost horizontally at the root of the neek (see Figs 
46.7, 29.13). It is a erank-shaped eantilever that earries the scapula, so 
enabling the limb to swing elear of the tmnk. It transmits part of the 
weight of the limb to the axial skeleton. The lateral or aeromial end of 
the bone is flattened and articulates with the medial side of the 
aeromion, whereas the medial or sternal end is enlarged and artiailates 
with the clavicular noteh of the manubrium sterni and first eostal ear- 
tilage. The shaft is gently curved and resembles the italie letter/in shape, 
being convex forwards (the antecurve) in its medial two-thirds and 799 
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Shoulder girdle and arm 


During foreefìil flexion/adduction/protraction of the upper limb 
aeross the tmnk (e.g. when the scapula is wrenched from the lateral end 
of the elaviele in thoracoscapular dissoeiation), the axillary sheath eon- 
taining the axial vessels and eords of the braehial plexus is foreed into 
peetoralis minor, which aets as a fhlemm or guillotine, around which 
the vessels angle sharply, so mpturing the arteria intima. Acute neural 
injuries occur as a result of direet injury (traetion, eompression, or 
both) to the nerve tmnks, causing acute sensorimotor defìeits, arterial 
adventitial haematoma or acute aneurysm expanding within the axillary 
sheath to cause the syndrome of causalgia (rapidly progressive, severe 
pain in the distribution of the affeeted nerve tmnks with neural defi- 
eits). Arterial thrombosis following intimal mpture is assoeiated with 
late nerve defìeits as a result of inadequate neural perfusion, loeal sear- 
ring with distortion of the axillary sheath and its eontents, and poor 
posture of the affeeted limb. 

The neurovascular bundle, enelosed within the sheath, is separated 
from the subscapular faseia by a virtual spaee traversed by the subscapu- 
lar nerves; this permits full excursion of subscapularis without distor- 
tion of the neurovascular bundle during normal arm movements. The 
tip of the eoraeoid ean be likened to the tip of the shaft of a steering 
oar attaehed to a vessel (the scapula) tethered within the thiek elavipee- 
toral faseia: the effeet of peetoralis minor as an antagonist of trapezius 
in scapular position and motion eontrol (see below) is optimized by 
the wide attaehment of the elavipeetoral faseia and eoraeo-aeromial 
ligament to the elaviele and scapula (see 7 ig. 48.18). 

When axillary suppuration occurs, the loeal faseial arrangement affeets 
the spread of pus. Suppuration may be superficial or deep to the elavi- 
peetoral faseia. In the former, an abseess would appear at the edge of 
the anterior axillary fold or in the groove between deltoid and peetoralis 
major; in the latter, pus would tend to traek upwards in the axillary 
neurovascular sheath and appear at the root of the neek, taking the 
direetion of least resistanee. Lymphangitis in the medial aspeet of the 
arm suggests infeetion deep to the elavipeetoral faseia with lymphatie 
obstmetion. When an axillary abseess is ineised, the knife should 
enter the axillary 'base', midway between the anterior and posterior 
margins and near the thoraeie side, to avoid the lateral thoraeie, sub- 
scapular and axillary vessels on the anterior, posterior and lateral walls, 
respeetively. 
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Fig. 48.6 The left elaviele, shovving sites of 
miiseiilar and ligamentous attaehment and 
articular surfaces. A, Superior view. Key: 1, 
sternoeleidomastoid (clavicular head); 2, sternal 
end; 3, peetoralis major; 4, trapezius; 5, aeromial 
end; 6, deltoid. B, Inferior view. Key: 1, peetoralis 
major; 2, for costoclavicular ligament; 3, for first 
eostal eartilage; 4, for sternum; 5, sternohyoid; 6, 
subclavius; 7, deltoid; 8, for aeromion; 9, trapezoid 
line; 10, trapezius; 11, eonoid tubercle. 
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eoneave forwards (the retroeiirve) in its lateral third (Fig. 48.6). The 
inferior aspeet of the intermediate two-fifths is grooved in its long axis 
for the attaehment of subclavius. Laterally, the internal architecture of 
the elaviele is trabecular; there is a medullary eavity in its medial two- 
thirds. The eortieal bone is thiekest at the transition zone between the 
antecurve and retrocurve. The female elaviele is typieally shorter, thinner, 
less curved and smoother. Mid-shaft circumference is the most reliable 
single indieator of sex; a eombination of this measurement with weight 
and length yields more reliable and eonsistent results. The elaviele is 
subcutaneous throughout its whole length and aeeordingly ean be pal- 
pated for its entire length; the medial (sternal) end forms an expanded, 
blunt-faced margin of the jugular noteh. The anterior border of the 
lateral (aeromial) end is not readily distinguished from the aeromion; 
the attaehment of deltoid obscures the anterior aspeet of the aeromio- 
clavicular joint. By eontrast, the posterior border of the lateral end 
forms the anterior margin of a roughly parabolie hollow under the 
lateral fibres of trapezms, the posterior border being formed by the 
anterior border of the spine of the scapula. The hollow will admit at 
least one palpating finger. If the pulp of the finger is plaeed on the spine 
of the scapula as far laterally as the hollow will permit, the nail will 
inevitably point to the posterior capsule of the acromioclavicular joint; 
this landmark is always palpable, even in well-muscled individuals, 
when other shoulder landmarks ean be obscured. 

Lateral two-fifths 

The lateral two-fifths of the elaviele are flattened and have a superior 
and an inferior surface, limited by an anterior and a posterior border. 
The anterior border is eoneave, thin and roughened, and may be marked 
by a small deltoid tubercle. The posterior border, also roughened by 
muscular attaehments, is convex backwards. The superior surface is 
roughened near its margins but is smooth eentrally, where it ean be felt 
through the skin. The inferior surface presents two obvious markings. 
Close to the posterior border, at the junction of the lateral fourth with 
the rest of the bone, a prominent eonoid tubercle gives attaehment to 
the eonoid part of the eoraeoelaviailar ligament. A narrow, roughened 
strip, the trapezoid line, mns forwards and laterally from the lateral side 
of this tubercle, almost as far as the aeromial end (see Fig. 48.6B). The 
trapezoid part of the eoraeoelaviailar ligament is attaehed to it. A small, 
oval articular faeet, for artioilation with the medial aspeet of the 
aeromion, faees laterally and slightly downwards at the lateral end of 
the shaft. 

Subclavius is attaehed to the groove on the inferior surface (see Fig. 
48.6B). The elavipeetoral faseia is attaehed to the edges of the groove. 
The posterior edge of the groove mns to the eonoid tubercle, where 
faseia and eonoid ligament merge. There is a laterally inelined nutrient 
foramen lateral to the groove. Deltoid (anterior) and trapezius (pos- 
terior) are attaehed to the lateral two-fifths of the shaft; both muscles 
are direetly inserted into the elaviele but are also indireetly inserted into 
the elavioilar periosteum. The eoraeoelavioilar ligaments, attaehed to 


the eonoid tubercle and trapezoid line (see Fig. 48.6B), transmit the 
weight of the upper limb to the elaviele, and are counteracted by the 
eervieal part of trapezms, which supports its lateral part (see Fig. 48.18). 


Medial three-fifths 

The medial three-fifths of the shaft of the elaviele are eylindrieal or 
prismoid in form and have four surfaces, although the inferior surface 
is often reduced to a mere ridge. The anterior surface is roughened over 
most of its extent but is smooth and rounded laterally, where it forms 
the upper boundary of the infraelavioilar fossa. The upper surface is 
roughened medially and smooth laterally. The posterior surface is 
smooth and featureless medially; its lateral half bears a groove in the 
long axis of the bone. The inferior surface is marked near its sternal end 
by a roughened oval impression, which is often depressed below the 
surface. Its margins give attaehment to the eostoelavioilar ligament, 
which eonneets the elaviele to the upper surface of the first rib and its 
eartilage. Rarely, this area is smooth or raised to constitute an eminenee 
that may form a synovial pseudarthrosis with the upper surface of the 
first rib; in older subjects, an extra-articular synostosis may form. 

The medial three-fifths provide attaehment, anteriorly, for the ela- 
vicular head of peetoralis major. The elavioilar head of sternoeleido- 
mastoid is attaehed to the medial half of the superior surface, but the 
marking on the bone is not conspicuous. The smooth, posterior surface 
is devoid of muscular attaehments, except at its lower part immediately 
adjoining the sternal end, where the lateral fibres of sternohyoid are 
attaehed. Medially, this surface is related to the lower end of the internal 
jugular vein (from which it is separated by sternohyoid), the termina- 
tion of the subclavian vein, and the start of the braehioeephalie vein. 
More laterally, the elaviele arehes in front of the tmnks and divisions 
of the braehial plexus and the third part of the subclavian artery. The 
thyroeervieal tmnk and its branehes, the suprascapular and transverse 
eervieal vessels, are immediately behind and above the upper aspeet of 
this surface. Subclavius is inserted in the subclavian groove on the 
inferior surface; the elavipeetoral faseia is attaehed to the edges of the 
groove. The posterior lip of the groove is continuous with the eonoid 
tubercle laterally and brings the elavipeetoral faseia into continuity with 
the eonoid ligament. A nutrient foramen is found in the lateral end of 
the groove, mnning in a lateral direetion; the nutrient artery is derived 
from the suprascapular artery. 


Sternal end 

The sternal end of the elaviele is direeted medially, downwards and 
forwards, and artioilates with the clavicular noteh of the manubrium 
sterni. The sternal surface, usually irregular and pitted, is quadrangular 
(sometimes triangular). Its uppermost part is slightly roughened for 
attaehment of the interelavioilar ligament, sternoclavicular capsule and 
artioilar dise. Elsewhere, the surface is smooth and articular, and it 
extends on to the inferior surface for a short distanee, where it articu- 
lates with the first eostal eartilage. The sternal end of the elaviele projeets 
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upwards beyond the manubrium sterni; it ean be felt and seen easily, 
forming the lateral wall of the jugular noteh, behind which are the 
erieoid eartilage, erieothyroid membrane, the lower part of the thyroid 
eartilage of the larynx and the braehioeephalie vein. The sternal ends of 
eaeh elaviele thus form a guide to the jugular noteh: if the sternal end 
of the elaviele is displaeed backwards (by traumatic disloeation), the 
landmarks of the noteh are lost, the traehea is displaeed and there will 
be difficulty breathing. If the traehea is displaeed to one side (for 
instanee, by pneumothorax), the features of the larynx eannot be pal- 
pated readily. 

[£*) Ossifieation 

The elaviele begins to ossify before any other bone in the body. The 
shaft of the bone is ossified in eondensed mesenehyme from two 
primary eentres, medial and lateral, that appear between the fifth and 
sixth weeks of intrauterine life, and fuse about the fourth-fifth day. 
Cartilage then develops at both ends of the elaviele. The medial earti- 
laginous mass contributes more to growth in length than does the 
lateral mass; the two eentres of ossifieation meet between the medial 
three-fifths and lateral two-fifths of the elaviele. A seeondary eentre for 
the sternal end appears in the late teens, or even early twenties, usually 
2years earlier in females (Fig. 48.7). Fusion is probably rapid but reli- 
able data are laeking. An aeromial seeondary eentre sometimes develops 



Primary eentres 


Fig. 48.7 The three eonstant eentres of ossifieation of the elaviele. 


at around 18-20years, but this epiphysis is always small and mdimen- 
tary, and rapidly joins the shaft. Growth is usually eomplete by 23years 
in both sexes. 

SCAPULA 


The scapula is a large, triangular bone that lies over the posterolateral 
ehest wall, eovering parts of the seeond to seventh ribs (see Fig. 46.7), 
with a vertieal long (craniocaudal) axis. It has eostal and dorsal surfaces; 
superior, lateral and medial borders; inferior, superior and lateral 
angles; and three proeesses: the spine, its eontimiation - the aeromion, 
and the eoraeoid proeess (Figs 48.8, 48.9). 

The superior and lateral borders and the supraspinous and infra- 
spinous fossae eonverge laterally at the lateral angle of the scapula. This 
region eomprises the glenoid fossa, the eoraeoid proeess and the neek 
of the scapula. Thus, three robust columns of bone eonverge at the neek 
region: the lateral border of the spine of the scapula, the eoraeoid, and 
the lateral border of the scapula. Load applied through the glenoid fossa 
or through the eoraeoid is transmitted into the scapula through these 
columns, which also provide a robust framework for the scapular body. 
The main proeesses, and thieker parts of the scapula, eontain trabecular 
bone for load-bearing; the rest eonsists of a thin layer of eompaet bone 
for muscular attaehments. 

Oostal surface 

The eostal surface, which is direeted medially and forwards when the 
arm is by the side, is gently eoneave, espeeially in its upper part, mateh- 
ing the contour of the ehest wall (see Fig. 48.8B). 

Near the lateral border, there is a longitudinal rounded ridge, promi- 
nent near the neek but less so below, which is separated from the lateral 
border by a narrow, grooved area. Subscapularis arises from the sub- 
scapular fossa that eomprises nearly the whole of the eostal surface, 



Fig. 48.8 The left scapula, showing sites of muscular and ligamentous attaehment and articular surfaces. A, Posterior aspeet. Key: 1, clavicular faeet; 2, 
bieeps braehii (short head); 3, aeromion; 4, deltoid; 5, glenoid fossa; 6, trieeps braehii (long head); 7 and 9, teres minor; 8, groove for circumflex scapular 
artery; 10, teres major; 11, eonoid tubercle; 12, eoraeoid proeess; 13, omohyoid (inferior belly); 14, superior angle; 15, supraspinatus; 16, levator 
scapulae; 17, spine; 18, trapezius; 19, rhomboid minor; 20, infraspinatus; 21, rhomboid major; 22, latissimus dorsi; 23, inferior angle. B, Anterior aspeet. 
Key: 1, attaehment of trapezoid ligament; 2, attaehment of eonoid ligament; 3, aeromion proeess; 4, suprascapular noteh; 5, omohyoid (inferior belly); 6, 
serratus anterior; 7, subscapularis; 8, ridge for intermuscular tendon of subscapularis; 9, deltoid; 10, bieeps braehii (short head) and eoraeobraehialis; 11, 
peetoralis minor; 12, glenoid fossa; 13, trieeps braehii (long head). 
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Shoulder girdle and arm 


The shaft of the elaviele is iisiially fractured as a result of a violent 
impaet to the side of the shoulder. The fracture typieally occurs at the 
junction of the lateral two-fifths and medial three-fifths, where the 
transition from antecurve to retrocurve occurs. The weight of the arm 
causes displaeement of the lateral fragment downwards, inwards and 
into forward (ventral) rotation. If the fracture heals in this position, the 
dimensions and shape of the retroelaviailar spaee are altered, particu- 
larly during elevation of the arm above shoulder level, and the braehial 
plexus (and its perfhsion) and the subclavian vessels ean be distorted 
(one of the many causes of the syndrome assoeiated with thoraeie outlet 
obstmetion). 

The elaviele does not ossify exclusively by intramembranous ossifi- 
eation. In 14 mm embryos, the elaviele is a band of eondensed mesen- 
ehyme between the aeromion and apex of the first rib, and is continuous 
with the sternal mdiment. Medial and lateral zones of early eartilage 
transformation ('preeartilage') occur within this band; intramembra- 
nous eentres of ossifieation appear, and soon fuse, in the mesenehyme 
between them. Sternal and aeromial zones beeome tme eartilage into 
which ossifieation extends from the shaft. Length inereases by intersti- 
tial growth of these terminal eartilages; the latter develop zones of 
hypertrophy, ealeifieation and advaneing endoehondral ossifieation 
like other growth eartilages. Diameter inereases by subperichondral 
deposition in the extremities and subperiosteal deposition in the shaft. 
Epiphyses are endoehondral and probably ffise in the same way as they 
do in long bones. Clavicle growth and development defeets include 
those of ossifieation, of morphology (shape) and of length. Defeets of 
ossifieation in the elaviele and those eranial bones that ossify by 
intramembranous ossifieation oeeasionally eoineide, e.g. in eleido- 
eranial dysostosis. 

Defeets of morphology and length occur in the immature elaviele in 
birth lesions of the braehial plexus; the lateral two-fifths are affeeted. 
In a typieal ease, the aeromial end of the elaviele is hypercurved, ven- 
trally rotated by up to 90° and short. The eoraeoelavioilar ligaments 
are normal. The eoraeoid is long and more vertieal than usual; the 
scapula is often small, and the scapular neek region short with variable 
glenoid dysplasia. These eharaeteristie defeets are predominantly assoei- 
ated with the upper tmnk lesion (C5 and C6) that results in a muscular 
imbalanee aeross the aeromioelavioilar and glenohumeral joints; the 
flexor and medial (internal) rotator muscles are relatively short. The 
short, tight peetoralis minor and eoraeobraehialis produce a distorting 
foree on the eoraeoid, which elongates and rotates dorsally. With retro- 
pulsion of the humeral head posteriorly, the scapula rotates ventrally, 
partioilarly if there is posterior glenoid dysplasia. Deltoid shortening 
ereates a downward distraetion on the developing aeromion, which 
lengthens and oirves distally. The spine of scapula is parallel to the 
body of the scapula rather than dorsally direeted; these deformities 
cause the acromioclavicular joint to be orientated more horizontally. 
As a result, the lateral elaviele hyperoirves ventrally. The eoneept here 
is that dysmorphology is driven by asymmetrieal muscle paralysis and 
partial reeovery, and that form follows the neural lesion. While poor 
movement (causing a laek of 'motivation' for growth in length) might 
explain the clavicular shortening, an equally valid explanation might 
involve a vascular insufficiency of the lateral ossifieation eentre of the 
elaviele (with a similar insufficiency of the lateral ossifieation eentres of 
the scapula for the glenoid): both have a contribution from the supra- 
scapular artery, which is 'at risk' during injuries that lead to braehial 
plexus palsy. Length is a fimetion of perffision and shortening follows 
vascular insufficiency (Kambhampati et al 2006). 
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Fig. 48.9 The left seapiila, showing sites of muscular and ligamentous attaehment and articular surfaces. A, Superior aspeet. Key: 1 , faeet for elaviele; 

2, aeromial proeess; 3, spine; 4, superior border; 5, head; 6, glenoid fossa; 7, neek; 8, eonoid tubercle (for eonoid ligament); 9, eoraeoid proeess; 10, 
attaehment of trapezoid ligament. B, Lateral aspeet. Key: 1, eoraeoid proeess; 2, supraglenoid tubercle; 3, glenoid fossa; 4, infraglenoid tubercle for long 
head of trieeps braehii; 5, ventral surface; 6, aeromion; 7, aeromial angle; 8, lateral border; 9, inferior angle. 


ineliiding the grooved area immediately adjoining the lateral border, 
but excluding the area next to the neek of the bone. Small, fibrous 
intramuscular septa are attaehed to four or five roughened ridges that 
subdivide this surface ineompletely into a number of smooth areas. The 
anterior aspeet of the neek is separated from subscapularis by a bursal 
protmsion of the synovial membrane of the shoulder joint (subscapular 
'bmsa'). The lower five or six digitations of serratus anterior are attaehed 
to an oval area near the inferior angle. The remainder of the muscle is 
inserted into a narrow strip along the ventral aspeet of the medial 
border, which is wider above, where it reeeives the large first digitation. 
The longitudinal thiekening of the bone near the lateral border provides 
a column of the neeessary strength to withstand the pull of serratus 
anterior on the inferior angle during lateral scapular rotation, when the 
glenoid eavity is turned to faee more direetly upwards as the arm is 
raised from the side and earried above the head against gravity. 

Dorsal surface 

The dorsal surface is divided by the transverse, shelf-like spine of the 
scapula into two unequal parts: a smaller supraspinous fossa above and 
an infraspinous fossa below. The fossae are eonfhient at the spino- 
glenoid noteh between the lateral border of the spine and the dorsal 
aspeet of the neek; their eentral parts may be very thin (see fig. 48. 8A). 
The supraspinous fossa is bounded superiorly and anteriorly by the 
superior border, from the suprascapular noteh and dorsal aspeet of the 
root of the eoraeoid laterally, to the superior angle medially; and medi- 
ally, by the upper part of the medial border. The infraspinous fossa is 
bounded by the medial and lateral borders and the inferior angle. 

Supraspinatus is attaehed to the medial two-thirds of the supra- 
spinous fossa on the dorsal surface; the faseia that eovers the muscle is 
attaehed to the margins of the fossa. A fat pad lies between the supra- 
spinatus faseia and the under-surface of trapezms. Teres minor is 
attaehed to the upper two-thirds of a flattened strip that adjoins the 
lateral border. The strip is grooved near its upper end by the circumflex 
802 scapular vessels passing between teres minor and the bone as they enter 


the infraspinous fossa. The lower limit of the attaehment of teres minor 
is indieated by an oblique ridge, which mns from the lateral border to 
the neighbourhood of the inferior angle and cuts off a somewhat oval 
area where teres major is attaehed. The dorsal aspeet of the inferior 
angle may give origin to a small slip that joins the deep surface of latis- 
simus dorsi. The infraspinous fossa is hollowed out laterally but is 
convex medially. Infraspinatus is attaehed to the infraspinous fossa, 
with the exception of an area near the neek of the bone. The strong 
infraspinatus faseia passes on to teres minor and teres major, and sends 
faseial partitions between them that reaeh the bone along the ridges 
marking the limits of their attaehments. 

Superior border 

The superior border, thin and sharp, is the shortest. At its anterolateral 
end, it is separated from the root of the eoraeoid proeess by the supra- 
scapular noteh (see Fig. 48.8B), which ean vary in shape and size. 
Medial to the suprascapular noteh, the superior border gives origin to 
the inferior belly of omohyoid. The noteh is bridged by the superior 
transverse ligament (or suprascapular ligament), which is attaehed lat- 
erally to the root of the eoraeoid proeess and medially to the limit of 
the noteh. The ligament is sometimes ossified. The foramen, thus eom- 
pleted, transmits the suprascapular nerve to the supraspinous fossa, 
whereas the suprascapular vessels pass backwards above the ligament. 

Lateral border 

The lateral border has a triangular or rhomboidal eross-seetion. It forms 
a elearly defined, sharp, roughened ridge that mns sinuously from the 
inferior angle to the glenoid eavity. At its upper end, it widens into a 
rough, somewhat triangular, area: the infraglenoid tubercle (see Fig. 
48.9B). The lateral border separates the attaehments of subscapularis 
and teres minor and major. These muscles projeet beyond the bone and, 
with latissimus dorsi below, eover it so eompletely that it eannot be felt 
through the skin. The long head of trieeps is attaehed to the infraglenoid 
tubercle. 
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The grooved part of the eostal surface, the narrow, flat lateral strip 
of the dorsal surface and the adjaeent thiekened ridge (see Fig. 48.9B) 
are often included in the 'lateral column' in surgical praetiee. By defini- 
tion, the remainder of the scapular body (eostal and dorsal surfaces) 
and the medial border are ealled the 'medial column' 

Medial border 

The medial border extends from the inferior to the superior angle. It is 
slightly thiekened and flat, and is fhrther thiekened at the medial end 
of the spine. In its lower two-thirds, this border ean easily be felt 
through the skin, but its upper third is more deeply plaeed and more 
diffiailt to palpate. It is thin and often angled opposite the root of the 
spine. Levator scapulae is attaehed to a narrow strip, extending from the 
superior angle to the root of the spine, and rhomboid minor is attaehed 
below this, opposite the root of the spine. Rhomboid major is attaehed 
to the remainder of the border. 

Scapular angles 

The inferior angle lies over the seventh rib, or over the seventh inter- 
eostal spaee. It ean be felt through the skin and the muscles that eover 
it, and, when the arm is raised above the head, it ean be seen to rotate 
forwards (protraet) around the ehest wall; when the arm is lowered, the 
scapula should restitute (retraet) to its original position without a dis- 
turbance of rhythm. It is eovered on its dorsal aspeet by the upper 
border of latissimus dorsi, a small slip from which is frequently attaehed 
to the inferior angle. The superior angle, at the junction of the superior 
and medial borders, is obscured by the upper part of trapezius. It lies 
over the dorsal surface of the seeond rib and ean be palpated deeply 
above and behind the elaviele. 

The lateral angle, tmneated and broad, eomprises the glenoid fossa 
(eavity) and scapular neek, with the eoraeoid projeeting forwards. When 
the arm is by the side, the fossa is direeted forwards, laterally and 
slightly upwards. When the arm is raised above the head, it is direeted 
almost straight upwards, i.e. the plane of the fossa is horizontal. The 
supraglenoid tubercle is a small, rough, sloping area at the eranial 
margin of the fossa; it often eneroaehes on the root of the eoraeoid 
proeess, and is the site of attaehment for the tendon of the long head 
of bieeps braehii. The infraglenoid tubercle is a larger, rough area at the 
caudal margin of the glenoid fossa, at the upper end of the lateral 
margin, and is the site of attaehment for the tendon of the long head 
of the trieeps braehii. The anatomieal neek is the region of the scapula 
extending between the infraglenoid and supraglenoid tubercles anteri- 
orly and posteriorly, lateral to the root of the eoraeoid proeess; anteri- 
orly, there is no landmark to distinguish the anatomieal neek from the 
eostal surface of the body of the scapula. Posteriorly, the anatomieal 
neek is limited by the spinoglenoid noteh at the root of the spine of 
the scapula. The bone here has an asymmetrie, triangular eross-seetional 
shape; the plane of the anterior surface of the neek makes an acute angle 
of about 60° with the plane of the glenoid fossa, but the dimension 
and shape of the posterior surface are more variable. 

Spine of the scapula 

The spine of the scapula forms a shelf-like projeetion on the upper part 
of the dorsal surface of the bone, and is triangular in shape (see Fig. 
48.8A). Its lateral border is free, thiek and rounded, and bounds the 
spinoglenoid noteh, which lies between it and the dorsal surface 
of the neek of the bone. Its anterior aspeet joins the dorsal surface of 
the scapula along a line that mns laterally and slightly upwards from 
the junction of the upper and middle thirds of the medial border. The 
plate-like body of the bone is bent along this line, which accounts for 
the eoneavity of the upper part of the eostal surface. The dorsal border 
is the erest of the spine and is subcutaneous throughout nearly its whole 
extent. The erest expands into a smooth, triangular area at its medial 
end. Elsewhere, the upper and lower edges and the surface of the erest 
are roughened for muscular attaehments. The upper surface of the spine 
widens as it is traeed laterally and is slightly hollowed out. Together 
with the upper area of the dorsal surface of the bone, the upper surface 
of the spine forms the supraspinous fossa. The lower surface is overhung 
by the erest at its medial, narrow end, but is gently convex in its wider, 
lateral portion. Together with the lower area of the dorsal surface of the 
bone, the lower surface of the spine forms the infraspinous fossa, which 
communicates with the supraspinous fossa through the spinoglenoid 
noteh. 

Supraspinatus is attaehed to the upper surface of the spine of the 
scapula; the infraspinatus, by eontrast, is not attaehed to the lower 
surface of the spine. The flattened triangular area at its root lies opposite 
the spine of the third thoraeie vertebra and is eovered by the tendon of 
trapezms; a bursa intervenes to enable the tendon to play over this part 
of the bone. The posterior fibres of deltoid are attaehed to the lower 


border of the erest and, to a variable extent, to the medial border by 
attaehment to the infraspinatus faseia. The middle fibres of trapezius 
are attaehed to the upper border of the erest. The lowest fibres of tra- 
pezius terminate in a flat, triangular tendon that glides over the smooth 
area at the base of the spine and inserts into a rough prominenee, 
erroneously ealled the deltoid tubercle, on the dorsal or subcutaneous 
aspeet of the spine near its medial end. 

Aeromion 

The aeromion projeets forwards, almost at right angles, from the lateral 
end of the spine, with which it is continuous. The lower border of the 
erest of the spine beeomes continuous with the lateral border of the 
aeromion at the aeromial angle, which forms a reliable, subcutaneous, 
bony landmark. The medial border of the aeromion is short and is 
marked anteriorly by a small, oval faeet, direeted upwards and medially, 
for articulation with the lateral end of the elaviele. The lateral border, 
tip and upper surface of the aeromion ean all be felt through the skin 
without diffiailty. There may be an aeeessory articular faeet on the 
inferior surface of the aeromion. 

The aeromion is subcutaneous over its dorsal surface, being eovered 
only by the skin and superficial faseia. The lateral border, which is thiek 
and irregular, and the tip of the proeess, as far round as the elaviailar 
faeet, give origin to the middle fibres of deltoid. The medial aspeet of 
the tip gives attaehment, below deltoid, to the lateral end of the eoraeo- 
aeromial ligament. The articular capsule of the aeromioelaviailar joint 
is attaehed around the margins of the clavicular faeet. Behind the faeet, 
the medial border of the aeromion gives insertion to the horizontal 
(middle) fibres of trapezius. The inferior aspeet of the aeromion is rela- 
tively smooth and forms a proteetive areh over the shoulder joint, 
together with the eoraeo-aeromial ligament and the eoraeoid proeess. 

The tendon of supraspinatus passes below the overhanging aeromion 
and is separated from it and from deltoid by the subacromial bursa. 

Coracoid proeess 

The eoraeoid proeess arises from the upper border of the neek of the 
scapula and its body is bent sharply so as to projeet forwards and 
slightly laterally (see Figs 48.8, 48.9). When the arm is by the side, the 
eoraeoid proeess points almost straight forwards. Its tip ean be felt 
through the skin and is eovered by the anterior fibres of deltoid, about 
2.5 em below the elaviele at the junction of the lateral fifth with the rest 
of the bone, at the lateral border of the infraclavicular fossa. It forms a 
short, oirved eantilever fixed to the scapula at its base and is displaeed 
by the aetions of the muscles attaehed to its body and tip. Peetoralis 
minor pulls the eoraeoid (and, therefore, the scapula) forwards and 
medially around the ehest wall, balaneed by trapezms, its antagonist; 
this aetion forms the foundation on which eoraeobraehialis ean help 
support the long lever arm of the humerus during humeral motion, 
together with its antagonist, the deltoid. 

The infraclavicular braehial plexus and the axillary vessels lie below 
and medial to the eoraeoid. The aeromial braneh of the thoraeo- 
aeromial artery passes above it, and the sensory braneh of the lateral 
peetoral nerve to the rotator interval capsule, together with aeeompany- 
ing vessels, lies immediately below. 

On the dorsal aspeet of the eoraeoid proeess, at the point where it 
ehanges direetion, a rough impression forms part of the region of 
attaehment of the eonoid portion of the eoraeoelavioilar ligament. The 
trapezoid portion of the eoraeoelavioilar ligament is attaehed to the 
upper aspeet of the horizontal part of the proeess, anterior to the eonoid 
part. Peetoralis minor is attaehed to the superior and medial aspeets of 
the eoraeoid proeess. The wider, medial, end of the eoraeo-aeromial 
ligament is attaehed to the lateral border and is continuous inferiorly 
with the lateral aponeurotic part of the tendon of the short head of 
bieeps braehii. The coracohumeral ligament is attaehed to the root of 
the eoraeoid at its lateral border. The interval between the anterior 
aspeet of the scapular neek immediately medial to the glenoid fossa 
and the deep surface of the eoraeoid is often bridged by the glenoeora- 
eoid ligament. The inferior aspeet of the eoraeoid proeess is otherwise 
smooth and saddle-shaped. When the arm is elevated, the upper border 
of subscapularis is apposed to, and mns under, this surface, which 
forms a pulley for the muscle, inereasing the power generated during 
foreefiil medial (internal) rotation of the shoulder in elevation, such as 
during a serve in tennis. Coracobrachialis is attaehed to the deep aspeet 
of the lower part of the medial side and the deep surface of the tip of 
the proeess, and the short head of bieeps is attaehed to the lateral side 
and superficial aspeet of the tip. 

Scapular movements 

Scapular movement is a product of intereonneeted suspension, motion 
and articulation meehanisms. The suspension meehanism eonsists of 803 
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the seapiilar articulation with the elaviele and the suspension muscles 
of the scapula and elaviele, notably trapezius, attaehed to the lateral 
elaviele, the aeromion and the spine of scapula. The articulation with 
the elaviele eomprises two linked systems: 'elaviele - aeromioelaviailar 
joint - aeromion - spine of scapula - lateral scapular angle' and 'elaviele 
- eoraeoelavioilar ligament - eoraeoid - lateral scapular angle - spine 
of scapula' This meehanism therefore subserves the fhnetion of scapular 
rotation or tilt limited by the ellipsoid range of motion of the lateral 
elaviele. The motion meehanism eonsists of the agonist-antagonist 
foree couple of serratus anterior passing to the ehest wall anterolaterally, 
and levator scapulae, rhomboid major, rhomboid minor and serratus 
posterior (when present), which all pass to the vertebral column medi- 
ally. This meehanism therefore subserves the fhnetion of scapular pro- 
traetion and retraetion around the elliptie paraboloid of the ehest wall. 
The artiailation meehanism eonsists of the scapular neek region and 
the glenoid fossa, which articulates with the humeral head. The muscles 
that subserve the fhnetion of holding the humeral head on the glenoid 
through the wide range of motion of the glenohumeral joint are the 
rotator cuff muscles, which take their attaehment from the body of the 
scapula. This meehanism therefore eoneerns the relationship between 
the position and orientation of the glenoid fossa and the scapular body. 

[(*) Ossifieation 

The cartilaginous scapula is ossifìed from eight or more eentres: one in 
the body, two eaeh in the eoraeoid proeess and the aeromion, and one 
eaeh in the medial border, inferior angle and lower part of the rim of 
the glenoid eavity (Fig. 48.10). The eentre for the body appears in the 
eighth intrauterine week. Ossifìeation begins in the middle of the eora- 
eoid proeess in the fìrst year or, in a small proportion of individuals, 
before birth; the proeess joins the rest of the bone about the fifteenth 
year. At or soon after puberty, eentres of ossifieation occur in the rest of 
the eoraeoid proeess (subcoracoid eentre), in the rim of the lower part 
of the glenoid eavity, frequently at the tip of the eoraeoid proeess, in 
the aeromion, in the inferior angle and contiguous part of the medial 
border and in the medial border. A variable area of the upper part of 
the glenoid eavity, usually the upper third, is ossified from the subcora- 
eoid eentre; it unites with the rest of the bone in the fourteenth year in 
the female and the seventeenth year in the male. A horseshoe-shaped 
epiphysis appears for the rim of the lower part of the glenoid eavity; 
thieker at its peripheral than at its eentral margin, it eonverts the flat 
glenoid eavity of the ehild into the gently eoneave fossa of the adult. 
The base of the aeromion is formed by an extension from the spine; 
the rest of the aeromion is ossified from two eentres that unite and then 
join the extension from the spine. The various epiphyses of the scapula 
have all joined the bone by about the twentieth year. 

The normal fetal scapula differentiates in somitie eetoderm at about 
5 weeks in utero juxtaposed to the fourth, fifth and sixth eervieal verte- 
bral anlagen. As the neural axis and eardiae primordia develop between 
the ninth and twelfth weeks, the primordial scapula migrates caudally 
to its usual position at a level between the seeond and seventh ribs. 
With fhrther development, the scapula alters shape. 

Ligaments 

The intrinsie scapular ligaments are strengthening ligaments (eoraeo- 
aeromial ligament) and bounding ligaments (superior transverse 
scapular or suprascapular ligament, inferior transverse scapular or 
spinoglenoid ligament, and the variable glenoeoraeoid ligament). 


Coraco-acromial ligament The eoraeo-aeromial ligament is a strong 
triangular band between the eoraeoid proeess and aeromion. It is 
attaehed apieally to the aeromion anterior to its clavicular articular 
surface, and by its base along the whole lateral border of the eoraeoid. 
Together with the eoraeoid proeess and aeromion, it eompletes an areh 
above the humeral head. It may be eomposed of two strong marginal 
bands with a thinner eentre; when peetoralis minor is inserted into the 
humeral capsule instead of the eoraeoid proeess, which happens oeea- 
sionally, its tendon passes between the bands. The subacromial bursa 
faeilitates movement between the eoraeo-aeromial areh and the sub- 
jaeent supraspinatus and shoulder joint, fimetioning as a seeondary 
synovial articulation. When the eoraeo-aeromial ligament is cut, it is 
impossible to appose the two cut surfaces afterwards: this suggests there 
is resting tension in the ligament, which forms a 'tension band' between 
the aeromial and eoraeoid proeesses of the scapula, so 'pre-tensioning' 
both proeesses against the distraeting forees of deltoid and trapezius, 
and peetoralis minor and the eonjoined short head of bieeps braehii 
and eoraeobraehialis, respeetively. 




Superior transverse scapular (suprascapular) ligament The superior 

transverse scapular (suprascapular) ligament eonverts the scapular 


A 


Distal aeromial eentre 



Centre for medial border 



Fig. 48.10 Ossifieation of the seapiila. A, Dorsal aspeet. B, Lateral 
aspeet. (Adapted from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Stiidents, 2nd ed, Elsevier, Churchill Livingstone. Oopyright 
2010 .) 


noteh into a foramen; it is sometimes ossified. A flat fasciculus, it 
narrows towards its attaehments to the base of the eoraeoid proeess, 
blending with the lower fibres of the eonoid ligament, and to the 
medial side of the scapular noteh. The suprascapular nerve traverses the 
foramen, and the suprascapular vessels eross above the ligament. 


Inferior transverse scapular (spinoglenoid) ligament When present, 
the inferior transverse scapular ligament is a membranous ligament 
that may streteh from the lateral border of the spine of the scapula to 
the glenoid margin (see Fig. 48.33). It forms an areh over the branehes 
of the suprascapular nerve and vessels entering the infraspinous fossa 
to supply infraspinatus. 



HUMERUS 


The humerus, the longest and largest bone in the upper limb, has 
expanded ends and a shaft (Figs 48.11-48.12). The spheroidal humeral 
head forms an enarthrodial articulation with the glenoid fossa of the 
scapula. The lesser tubercle projeets from the front of the shaft, elose 
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Initially, the horizontal diameter exceeds the vertieal but the ratio 
gradually deereases until mature dimensions are reaehed, an adaptation 
thought to provide upright hominids with inereased range, and there- 
fore freedom of use, of the upper limb. Avian gene-deletion studies have 
shed light on the development of the scapula. Scapular body develop- 
ment appears to be eontrolled by the Emx2 gene, also expressed in the 
developing mesonephros. The development of the aeromion and the 
spine of the scapula are eontrolled by the Paxl gene, and glenoid and 
eoraeoid development is eontrolled by the Hoxc6 gene (Huang et al 
2000), one of the homeobox genes responsible for somite differentia- 
tion and development; development of the glenoid and eoraeoid 
appears likely to be more intimately related to the development of the 
upper limb bud as a whole. The development of the scapular body 
appears to be independent of that of the proeesses and glenoid region. 
Adult scapulae may show a line of fhsion aeross the body and spine of 
the scapula, suggesting that the primordia of the proeesses (including 
the glenoid) and the primordium of the body migrate towards eaeh 
other; sinee the trapezms is derived from branehial areh mesoderm it 
would appear that the development of the spine of the scapula and 
aeromion and trapezius are intimately related, but separate from the 
body. This hypothesis is supported by the observation that; in the eon- 
dition of so-ealled Sprengel shoulder (more eorreetly termed eongenital 
undescended scapular syndrome), the development of the scapular 
body is altered, and there is intramuscular ossifieation of variable parts 
of the medial scapulospinal muscles, but the development of the pro- 
eesses (including the glenoid) is unaffected (Dhir and Lambert 2014). 

The suprascapular nerve may be entrapped by the ligament if this is 
thiekened or ossified and this may cause the syndrome of neurostenal- 
gia, a typieal pain of unremitting burning or aehing nature, due to 
stenosis or distortion of the nerve tmnk by extrinsic eompression. 
Weakness of supraspinatus and infraspinatus may subsequently occur. 
Surgical release of the ligament is often helpfhl; this may be undertaken 
by open or arthroseopie surgical exposure and division of the ligament. 

A ganglion (an outpouching of the synovial membrane of the gleno- 
humeral joint) may occur immediately behind and above the postero- 
superior eorner of the glenoid fossa; this ean eompress the braneh of 
the suprascapular nerve that supplies infraspinatus as it courses around 
the lateral aspeet of the spine of the scapula under the inferior scapular 
ligament. Sinee the nerve eannot move aside (it is 'held' under the liga- 
ment), it ean be readily distorted; there is eharaeteristie severe pain, 
followed by speeifie atrophy of infraspinatus. Deeompression of the 
ganglion and division of the ligament are curative in the early stage of 
this syndrome. An intraneural ganglion may arise from the articular 
braneh of the suprascapular nerve; muscular pain and atrophy would 
be expected to be more rapid than in the ease of the synovial ganglion 
(Spinner et al 2006). 
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Fig. 48.11 The left humerus showing sites of 
muscular attaehments. A, Anterior aspeet. Key: 1, 
subscapularis; 2, trieeps braehii (medial head); 3, 
eoraeobraehialis; 4, pronator teres (humeral head); 
5, eommon flexor origin; 6, supraspinatus; 7, 
peetoralis major; 8, latissimus dorsi; 9, teres 
major; 10, deltoid; 11, braehialis; 12, 
braehioradialis; 13, extensor earpi radialis longus; 
14, eommon extensor origin. B, Posterior aspeet. 
Key: 1, infraspinatus; 2, teres minor; 3, trieeps 
braehii (lateral head); 4, deltoid; 5, braehialis; 6, 
trieeps braehii (medial head); 7, anconeus. 
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Fig. 48.12 The proximal end of the left humerus. 

A, Anterior aspeet. Key: 1, head; 2, anatomieal 
neek; 3, surgical neek; 4, greater tubercle; 5, 
lesser tubercle; 6, intertubercular sulcus; 7, shaft. 

B, Posterior aspeet. Key: 1, greater tubercle; 2, 
surgical neek; 3, shaft; 4, radial groove; 5, head; 
6, anatomieal neek. 
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to the head, and is limited on its lateral side by the well-marked groove, 
the intertubercular sulcus, by which it is separated from the greater 
tubercle. The distal end is adapted to the forearm bones at the elbow 
joint and earries the medial and lateral epieondyles with the articular 
surfaces for the radius and ulna between them. The axis between the 
epieondyles is the inter-epieondylar axis. 

The shaft of the human (and primate) humerus is relatively medially 
rotated with respeet to the humeral head, eompared with quadripedal 
aneestors; this gives the eharaeteristieally greater range of external rota- 
tion at the glenohumeral joint than that obtaining in other speeies. This 
is refleeted in the spiroidal architecture of the adult humeral medullary 
eavity, the arrangement and relationship of the posterior eompartment 
of braehial muscles and the radial nerve, and the disposition to long 
spiroidal fractures caused by external twisting forees. 

With the arm by the side in the anatomieal position, and with the 
medial and lateral epieondyles in the same (frontal) plane (i.e. the 
inter-epieondylar axis is in the frontal plane), the humeral head is 
rotated posteriorly at an angle averaging 15-20° in European eadaverie 
speeimens (Boileau and Walch 1997). Sinee the glenoid fossa of the 
scapula faees anterolaterally, the humerus is not rotated posteriorly 
relative to the scapula in the anatomieal position. It is important to 
remember this position of the bone when movements of the arm and 
forearm are eonsidered; movements are reeorded relative to the tmnk 
(starting in the anatomieal position) or relative to the scapula, and it 
is important to define which method is in use. 

Proximal end 


The proximal end of the humerus eonsists of the head, anatomieal neek, 
and the greater and lesser tubercles. It joins the shaft at an ill-defined 
'surgical neek', which is elosely related on its medial side to the axillary 
nerve and posterior humeral circumflex artery (see Figs 48.22, 48.31, 
48.33). The proximal end of the humems makes up the upper fifth of 
the length of the bone. 

Head 

The head of the humems forms rather less than half a spheroid; in 
seetional profile, it is spheroidal (strietly, ovoidal) (see fig. 48.12). Its 
smooth articular surface is eovered with hyaline eartilage that is thieker 
eentrally. When the arm is at rest by the side, it is direeted medially, 
backwards and upwards to articulate with the glenoid eavity of the 
scapula. The humeral articular surface is much more extensive than the 
glenoid eavity, which means that only a portion of it is in eontaet with 
the eavity in any one position of the arm. 

Anatomieal neek 

The anatomieal neek of the humems immediately adjoins the margin 
of the head, forming a slight eonstrietion that is least obvious next to 
the greater tubercle. A slight roughness indieates the line of capsular 
attaehment of the shoulder joint, other than at the intertubercular 
sulcus, where the long tendon of bieeps braehii emerges. Medially, the 
capsular attaehment diverges from the anatomieal neek and deseends 
1 em or more on to the shaft. 

Lesser tubercle 

The lesser tubercle is anterior to and just distal to the anatomieal neek. 
It is palpable through the thiekness of deltoid about 3 em below the 
anterior edge of the aeromion. It ean be distinguished from the eoraeoid 
by rotation of the humems under the palpating finger; the lesser tuber- 
ele slips away from the examining finger, the tip of the eoraeoid does 
not. The lateral edge of the lesser tubercle is sharp and forms the medial 
border of the intertubercular sulcus. Subscapularis is attaehed to the 
lesser tubercle (see Fig. 48.11A). The transverse ligament of the shoulder 
(transverse humeral ligament) is attaehed to the upper aspeet of the 
lateral margin of the tubercle. 

Greater tubercle 

The greater tubercle is the most lateral part of the proximal end of the 
humems and projeets beyond the lateral border of the aeromion. Its 
posterosuperior aspeet, near the anatomieal neek, bears three smooth, 
flattened impressions for the attaehment of supraspinatus (uppermost), 
infraspinatus (middle) and teres minor (lowest and plaeed on the pos- 
terior surface of the tubercle) (see Fig. 48.11). The attaehments of sub- 
scapularis and teres minor are not eonfined to their respeetive tubercles, 
but extend for varying distanees on to the adjaeent metaphysis. The 
projeeting lateral surface of the tubercle presents numerous vascular 
foraminae and is eovered by deltoid, producing the normal rounded 
806 contour of the shoulder. A part of the subacromial bursa may eover the 


upper part of this area and separate it from deltoid. The intertubercular 
sulcus (bieipital groove) lies between the tubercles. It eontains the long 
tendon of bieeps, its synovial sheath, and an aseending braneh from 
the anterior circumflex humeral artery. The rough lateral lip of the 
groove is marked by the bilaminar tendon of peetoralis major, and its 
medial lip by the tendon and muscular insertion of teres major. The 
floor of the groove provides attaehment for a frequent upward extension 
of the tendon of peetoralis major, and for the tendon of latissimus dorsi 
more caudally (Daneker 2013). 

Shaft 


The shaft of the humerus is almost eylindrieal in its proximal half. 
Distal to the deltoid tuberosity, it is equilaterally triangular in eross- 
seetion, flaring out into a broad isoseeles triangular eross-seetion just 
above the elbow joint. It ean be readily palpated laterally and medially, 
but the muscles of the anterior and posterior eompartments obscure 
the bone to palpation anteriorly and posteriorly. It has three surfaces 
and three borders, which are only distinet towards the elbow joint. The 
shaft eomprises the middle three-fifths of the humerus. 

Surfaces 

The posterior surface, between the medial and lateral borders, is broad, 
flat and convex distally. The medial head of trieeps is attaehed to the 
posterior surface over an elongated triangular area, the apex of which 
is plaeed on the medial part of the bone above the level of the lower 
limit of insertion of teres major. The area widens below and eovers the 
whole surface almost down to the lower end of the bone. The lateral 
head of trieeps is attaehed to a ridge, sometimes rough, that deseends 
obliquely and laterally above the attaehment for the medial head. 
Above trieeps, the axillary nerve and the posterior circumflex humeral 
vessels wind around the bone on the deep surface of deltoid. Below the 
attaehment of the lateral head of trieeps, but above the attaehment of 
the medial head, a shallow groove mns from the upper medial aspeet 
of the surface downwards and laterally towards the lateral border; it 
eontains the radial nerve and its branehes, and the profimda braehii 
vessels. 

The anterolateral surface is bounded by the anterior and lateral 
borders, and is smooth and featureless in its upper part, which is 
eovered by deltoid. About, or a little above, the middle of this surface, 
deltoid is attaehed to the deltoid tubercle. Further distally, the surface 
gives origin to the lateral fibres of braehialis, which extend upwards into 
the floor of the lower end of the groove for the radial nerve (see Fig. 
48.11). The nerve perforates the lateral intermuscular septum elose to 
the bone at the level of the junction of the upper three-fifths and lower 
two-fifths of the humerus, and enters the anterior eompartment of the 
arm elose to the anterolateral surface, between braehialis medially and 
braehioradialis laterally. 

The anteromedial surface is bounded by the anterior and medial 
borders. Below the intertubercular sulcus, the rest of the upper half of 
the surface is smooth and devoid of muscular attaehment; its lower 
half is occupied by the medial part of braehialis (see Fig. 48.11A). 
Coracobrachialis is attaehed to a long rough strip in the middle third 
of the medial border, posterior to the braehial neurovascular sheath, 
which lies in elose relation to the humems in the middle third of this 
surface. The humeral head of pronator teres is attaehed to a narrow 
area elose to the lowest part of the medial supracondylar ridge; the 
ridge itself gives attaehment to the medial intermuscular septum of 
the arm. 

A little below its midpoint, the nutrient foramen, which is direeted 
downwards, opens elose to the medial border. A hook-shaped proeess 
of bone, the supracondylar proeess, ranging from 2 to 20 mm in length, 
oeeasionally projeets from the anteromedial surface of the shaft, 
approximately 5 em proximal to the medial epieondyle. It is curved 
downwards and forwards, and its pointed apex is eonneeted to the 
medial border, just above the epieondyle, by a fibrous band, to which 
part of pronator teres is attaehed. The foramen eompleted by this 
fibrous band usually transmits the median nerve and braehial artery, 
but sometimes eneloses only the nerve, or the nerve plus the ulnar artery 
(in eases of high division of the braehial artery). A groove that lodges 
the artery and nerve usually exists behind the proeess. 

Anterior border 

The anterior border starts on the front of the greater tubercle and mns 
downwards almost to the lower end of the bone. Its proximal third 
forms the lateral lip of the intertubercular sulcus and is roughened for 
muscular attaehments. The succeeding portion is also roughened and 
forms the anterior limit of the deltoid tubercle; the lower half of the 
border is smooth and rounded. 
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Lateral border 

The lateral border is most conspicuous at the lower end of the bone, 
where it is thiekened to form the lateral supracondylar ridge, and its 
sharp edge is roughened along its anterior aspeet. In its middle and 
upper thirds, the border is barely diseernible, but in a well-marked bone 
it ean be traeed upwards to the posterior surface of the greater tubercle. 
A little above its middle, it is marked by a V-shaped, roughened area: 
the deltoid tubercle. The limbs of the V are broad; the groove for the 
radial nerve mns downwards and laterally behind the posterior limb 
and fades away on the lower part of the anterolateral surface. The 
lateral intermuscular septum is attaehed to the lateral border, and is a 
eondensation of the faseia over the lower part of deltoid and the neigh- 
bouring braehialis, forming a septum between the anterior and poste- 
rior muscular eompartments. The septum is most obvious in the lower 
three-fifths of the arm, and is perforated by the radial nerve and aeeom- 
panying vessels. 

Medial border 

The medial border, although rounded, ean be identified without diffi- 
culty in the lower half of the shaft, where it beeomes the medial supra- 
eondylar ridge. In its proximal third, the medial border is indistinet 
until it broadens out to form a triangular area. The lateral border of 
this area forms the medial lip of the intertubercular sulcus, and the 
medial border mns upwards as the ealear humerale to the anatomieal 
neek, where it is roughened, with vascular apertures, and forms the area 
of attaehment of the inferior part of the shoulder capsule. In its middle 
third, the medial border is intermpted by a wide, shallow groove, the 
radial (spiral) groove that erosses the bone obliquely, passing down- 
wards and forwards from its posterior to its anterior surface. 


Fractures of the humeral shaft 

Humeral shaft fractures are eommon; the pattern of the fracture and 
the displaeement of the fragments depend on the foree of injury and 
on the level at which the bone is broken. If there is wide displaeement 
at the time of fracture, elosely assoeiated nerves and vessels are at risk 
of direet injury. Nerves that are 'fheed' in relation to the bone and 
attaehed septa are at fhrther risk of indireet injury by stretehing or, later, 
by the callus of bone healing. (For a discussion of radial nerve injury 
and fractures of the humeral shaft, see Lambert (2005).) 

Distal end 


The distal end of the humems is deseribed in on page 838. 

Ossifieation 


The proximal humerus and shaft are ossified from four eentres: one 
eaeh in the shaft, head, greater and lesser tubercles (Fig. 48.13). The 
eentre for the shaft appears near its middle in the eighth week of intrau- 
terine life, and gradually extends towards the ends. Most growth occurs 
at the distal end of the bone. Ossifieation begins in the head before 
birth (20%) or in the first 6months afterwards; the greater tubercle 
starts to ossify during the first year in females and seeond year in males; 
the lesser tubercle begins to ossiíy at about the fifth year. 

By the sixth year, the eentres for the head and tubercles have joined 
to form a single large epiphysis, hollowed out on its inferior surface to 
adapt to the eonieal upper end of the metaphysis. This maeroseopie 
topography provides for meehanieal stability in the physis during 
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Fig. 48.13 The stages in ossifieation of (A) the humerus, (B) the radius and (C) the ulna (not to seale). 
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Costoclavicular ligament, 

posterior fibres 



Costoclavicular ligament 


Seeond 


Manubriosternal 


Fig. 48.14 The sternoclavicular joints, anterior aspeet. The joint on the left side is intaet and the joint on the right side is shovvn in eoronal seetion 


growth, although rotational stability is still relatively poor; adoleseent 
proximal humeral physial fracture-separations are eommonly unstable 
in rotation. The proximal humeral epiphysis fhses with the shaft of the 
humerus at about the thirteenth or fourteenth year in females, begin- 
ning on the medial aspeet of the physial line, and between the four- 
teenth to sixteenth year in males. 



STERNOCLAVICULAR JOINT 


The sternoclavicular joint is a synovial sellar (saddle, or hyperbolie 
paraboloid) joint with an intra-articular fibrocartilaginous dise. It is the 
only skeletal articulation between the upper limb and the axial skeleton 

(Sewell et al 2013). 

Artieillating siirfaees The articulating surfaces are the sternal end 
of the elaviele and the clavicular noteh of the sternmn, together with 
the adjaeent superior surface of the first eostal eartilage (Fig. 48.14). 
The larger clavicular articular surface is eovered by fibroeartilage, which 
is thieker than the fibrocartilaginous lamina on the stermim. The joint 
is convex vertieally but slightly eoneave anteroposteriorly and is there- 
fore sellar; the clavicular noteh of the sternmn is reeiproeally curved but 
the two surfaces are not fhlly eongment. An articular dise eompletely 
divides the joint. 

FÌbrouS eapSLlle The capsule is thiekened anteriorly and posteriorly, 
but superiorly and espeeially inferiorly it is little more than loose 
areolar tissue. 

Ligaments There are two sets of assoeiated ligaments. The intrinsie 
ligaments are the anterior and posterior sternoclavicular ligaments; the 
extrinsic ligaments are the midline interclavicular ligament and the 
eostoelavioilar ligaments on eaeh side. 

Anterior sternoclavicular ligament The anterior sternoclavicular liga- 
ment is broad and attaehed above to the anterosuperior aspeet of the 
sternal end of the elaviele. It passes inferomedially to the upper anterior 
aspeet of the manubrium, spreading on to the first eostal eartilage. 

Posterior sternoclavicular ligament The posterior sternoclavicular 
ligament is a weaker band posterior to the joint. It deseends inferomedi- 
ally from the posterior aspeet of the sternal end of the elaviele to the 
posterior aspeet of the upper manubrium. 

Interclavicular ligament The interclavicular ligament is continuous 
above with the deep eervieal faseia. It unites the superior aspeet of the 


sternal ends of both elavieles; some fibres are attaehed to the superior 
manubrial margin. 

Costoclavicular ligament The costoclavicular ligament is like an 
inverted eone, but short and flattened. It has anterior and posterior 
laminae that are attaehed to the upper surface of the first rib and eostal 
eartilage, and aseends to the margins of an impression on the inferior 
elavioilar surface at its medial end. Fibres of the anterior lamina aseend 
laterally and those of the posterior lamina (which are shorter) aseend 
medially (see Fig. 48.14). They fuse laterally and are elosely related to 
the attaehments of subclavius, particularly the tendon of origin; it ean 
be hard to distinguish the lateral border of the ligament from the 
tendon. The ligament merges medially with the capsule. It ean be ossi- 
fied in older adults, particularly females. A few deep fibres of peetoralis 
major attaeh to the external surface of the ligament, adjaeent first rib, 
first eostal eartilage and manubrium sterni. 

Artieillar dise The fibrocartilaginous articular dise divides the eavity 
of the joint into two eompartments between the sternal and clavicular 
surfaces. It is attaehed above to the posterosuperior border of the articu- 
lar surface of the elaviele, below to the first eostal eartilage near its 
sternal junction, and by the rest of its eiroimferenee to the capsule, and 
therefore adapts to the contour of the elavioilar surface. It is thieker 
peripherally, espeeially superoposteriorly and inferomedially; the 
eentral part of the dise may be perforated in later life. 

Vaseillar Slipply The sternoelavioilar joint is supplied by branehes 
from the internal thoraeie and suprascapular arteries. 

Innervation The sternoclavicular joint is innervated superficially by 
branehes from the medial supraclavicular nerve and deeply by the nerve 
to subclavius. 

Faetors maintaining Stability There is almost no bony articular 

eongmenee at the sternoelavioilar joint. However, the strength of its 
assoeiated ligaments and the artioilar dise produce durable stability. 
These faetors make sternoelavioilar joint disloeation rare; fracture of 
the elavioilar shaft is far more eommon for the same foree direeted 
along the elaviele. (See Sewell et al (2013)) for a review of the meeha- 
nisms and treatment of sternoelavioilar instability.) 

Movements The capsule around the clavicular attaehment is more 
lax. Movements between the elaviele and the dise are more extensive 
than those between the dise and sternum. The sellar shape of the artioi- 
lar surfaces permits translation or gliding in approximately anteropos- 
terior and vertieal planes, with rotation about the long axis of the 
elaviele. Close-packing eoineides with maximum posterior rotation 
assoeiated with full scapular rotation, i.e. in high elevation of the arm 
above shoulder height. 


































Joints 


In this position, the tension developed in the anterior sternoclavicu- 
lar ligament and anterior eomponent of the costoclavicular ligament 
causes the elaviele to undergo an obligatory posterior translation. It also 
aets as a eheek-rein on fìirther rotation and displaeement, so proteeting 
the relatively weaker posterior sternoclavicular ligament from overload. 
Although the fhnetion of subclavius is unknown, a eonsideration of the 
simple biomeehanies of forceful elevation of the arm above shoulder 
height suggests that this muscle has an important role in deeelerating 
the elevating arm, so proteeting the medial 'elavienlar-eostal-sternal' 
ligamentous structures from recurrent stretehing that is likely to aeeeler- 
ate degeneration and injury. The eommon innervation of the sternoela- 
viailar joint (the deep afferent-meehanoeeptor system) and subclavius 
suggests an intimate hmetional relationship between these structures. 
In daily aetivities, in which the upper limb is used largely in front of 
the tmnk, the sternal end of the elaviele glides on the sternal faeet about 
the hilemm provided by the costoclavicular ligament. All joints in 
which polyaxial gliding occurs, producing shear forees (rotation with 
translation), possess either intra-articular synovial bursae or intra- 
articular fìbrocartilaginous dises; the latter degenerate over time, pro- 
ducing eharaeteristie exophytic degenerative arthritis. In this context, it 
is interesting that degeneration of the sternoclavicular joint and ossifìea- 
tion of the eostoelavioilar ligaments (claviculocostal synostosis) are 
almost exclusively found in females above the age of 50years. 

ACROMIOCLAVICULAR JOINT 


The aeromioelaviailar joint is a synovial plane joint and has an intra- 
articular fìbrocartilaginous dise. 

Artieillating siirfaees The articulating surfaces are between the 
aeromial end of the elaviele and the medial aeromial margin (Fig. 
48.15). The joint is approximately plane but either surface may be 
slightly convex, the other being reeiproeally eoneave; both surfaces are 
eovered by fibroeartilage. The clavicular surface is a narrow, oval area 
that faees laterally or inferolaterally and overlaps a eorresponding faeet 
on the medial aeromial border. The long axis is anteroposterior 
(Colegate-Stone et al 2010). 

FìbrOLIS eapsille The capsule eompletely surrounds the articular 
margins. It is lined by synovial membrane and is strengthened superi- 


orly by the acromioclavicular ligament and the fibres of the attaehment 
of trapezms, posteriorly by the fìbres of attaehment of trapezius, and 
anteriorly by the fìbres of attaehment of deltoid. The inferior capsule is 
often ineomplete in later life. 

Ligaments There are two sets of assoeiated ligaments. The intrinsie 
ligaments are the acromioclavicular ligaments; the extrinsic ligaments 
are the eoraeoelaviailar ligaments. 

Acromioclavicular Hgaments The superior acromioclavicular ligament 
is quadrilateral. It extends between the upper aspeets of the lateral end 
of the elaviele and the adjoining aeromion. Its parallel fìbres interlaee 
with the aponeuroses of trapezius and deltoid. The inferior aeromio- 
clavicular ligament is thin, and often perforated in later life; it extends 
between the inferior surface of the lateral end of the elaviele and the 
adjoining aeromion. It provides attaehment for the intra-articular dise 
when this is present and eomplete. 

Coracociavicular ligament The coracoclavicular ligament eonneets the 
elaviele and the eoraeoid proeess of the scapula (Fig. 48.16). Though 
separate from the acromioclavicular joint, it is an effìeient and impor- 
tant aeeessory ligament because it helps to maintain the apposition of 
the aeromion to the elaviele, and so contributes to the suspension 
meehanism of the scapula (see above). The trapezoid and eonoid parts 
of the ligament, usually separated by fat or, frequently, by a bursa, 
eonneet the posterior (more horizontal) part of the eoraeoid proeess 
and the lateral end of the subclavian groove of the elaviele: these adja- 
eent areas may even be eovered by eartilage to form a eoraeoelavioilar 
joint. 

The trapezoid part is anterolateral and is broad, thin and quadrilat- 
eral, aseending slightly from the upper eoraeoid surface to the trapezoid 
line on the inferior clavicular surface. Its anterior border is free, and its 
posterior border is joined to the eonoid part, forming an angle that 
projeets backwards and upwards. Quadrilateral ligaments twist when 
the adjoined bones rotate with respeet to eaeh other, and as they twist, 
the apposed surfaces must approaeh eaeh other; such ligaments, there- 
fore, aet to oppose excessive rotation of the adjoining bones. 

The eonoid part is posteromedial and is a dense, almost vertieal, 
triangular or eonieal band. Its broader base is attaehed superiorly to the 
eonoid tubercle of the elaviele; its inferior apex is attaehed posteromedi- 
ally to the dorsal surface and root of the eoraeoid proeess immediately 
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Fig. 48.15 The interior of the left shoulder 
joint, anterolateral aspeet. (With permission 
from Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 
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Fig. 48.16 A, The ligaments assoeiated with the left shoulder, anterior aspeet. B, A deeper view, showing the subscapularis bursa. 


lateral to the scapular noteh, and is contiguous with the superior trans- 
verse scapular ligament. Conical ligaments are eonstmeted to oppose 
distraetion; the eonoid ligament, therefore, helps to keep the eoraeoid 
and the elaviele elosely apposed. If the trapezoid ligament is dismpted, 
the eonoid ligament forms a vertieal fulcrum around which the eora- 
eoid ean rotate under the elaviele, particularly if the aeromioelaviailar 
ligaments are also dismpted. This is the anatomieal basis for the spee- 
tmm of acromioclavicular joint disloeation. 

Artieillar dise The articular dise is a eomplete fibrocartilaginous 
partition in juvenile and adoleseent joints, ereating medial and lateral 
eompartments; over time, the eentre of the dise perforates, and in adults 
(more than 20years old), it is often ineomplete inferiorly. 

Vaseillar Slipply The acromioclavicular joint reeeives its arterial 
supply from branehes of the suprascapular and thoraeo-aeromial 
arteries. 

Innervation The acromioclavicular joint is innervated by branehes 
from the suprascapular and lateral peetoral nerves. It has been suggested 
that the density of noeieeptors is greatest in the inferior acromioclavicu- 
lar ligament and capsule. 

Faetors maintaining Stability The acromioclavicular ligaments 
provide the greatest resistanee to anteroposterior displaeement of the 
aeromioelaviailar joint, while the eoraeoelaviailar ligaments resist rota- 
tion and vertieal translation of the joint. 

Movements Movements at the joint eomplement those of the ster- 
noelavioilar joint (Figs 48.17-48.20). The sternal end of the elaviele is 
robustly supported by strong ligaments, and a similar, but less robust, 
arrangement of ligaments suspends the scapula from the lateral end of 
the bone. The motion of the aeromioelaviailar joint is limited by its 
small surface area and the artioilar capsule. 

MOVEMENTS AT THE SCAPULOTHORACIC ‘JOINT’ 

The sternoclavicular and the acromioclavicular joints, in eombination 
810 with the faseial spaee between the scapula and underlying ehest wall, 


are known eolleetively as the scapulothoracic articulation. Scapular 
movements on the thoraeie wall are faeilitated by loose areolar tissue 
between subscapularis and serratus anterior, and between serratus an- 
terior and the ehest wall; the latter gliding plane is the scapulothoracic 
joint. It is a virtual spaee. There may be a bursa between the superior 
angle of the scapula and the dorsal aspeet of the seeond rib. 

The following account should be read together with the deseription 
of movements of the glenohumeral joint. It is important to keep in 
mind the faet that the purpose of scapular motion is the appropriate 
positioning of the glenohumeral joint in spaee, and the purpose of 
scapular stability is to provide a foundation for glenohumeral motion. 

Elevation and depression 


Scapular elevation, as in 'shmgging the shoulders', is generated by tra- 
pezius aeting on the lateral elaviele, aeromion and spine of the scapula. 
If levator scapulae is less aetive, the scapula rotates laterally (i.e. the 
inferior angle protraets around the ehest wall), with dorsal rotation at 
the acromioclavicular joint; this is resisted by the rhomboid muscles 
and eontrolled by peetoralis minor. If levator scapulae is more aetive, 
then the scapula aseends with less rotation. The sternal end of the 
elaviele, rotating about an anteroposterior axis through the bone above 
the medial attaehment of the eostoelavioilar ligament, slides down over 
the articular dise. This is resisted by subclavius and by tension in the 
costoclavicular ligament and sternoclavicular joint capsule. In scapular 
depression, ventral rotation oeoirs at the acromioclavicular joint, and 
the elaviele slides up on the dise at the sternoelavioilar joint. The move- 
ments are eheeked by the eervieal fibres of trapezms, the interclavicular 
and superior sternoclavicular ligaments and the artioilar dise. Usually, 
gravity alone is sufficient; when neeessary, the lowest part of serratus 
anterior and peetoralis minor are aetive depressors. 

Protraetion and retraetion 


Protraetion (forward movement) round the thoraeie wall occurs in 
pushing, thmsting and reaehing movements, usually with some lateral 
rotation. The aeromion advanees over the clavicular faeet to the limit, 
and the shoulder is simultaneously advaneed by forward movement of 
the lateral end of the elaviele and posterior translation of its sternal end 












































































Shoulder girdle and arm 


The three long nerves innervating the scapulothoracic 'joint', i.e. 
aeeessory, long thoraeie and dorsal scapular, innervate the three major 
muscle groups of scapulothoracic motion, namely: trapezms, serratus 
anterior and the medial scapular stabilizing muscles (levator scapulae 
and the rhomboids). 





Joints 



Costoclavicular 

ligament 


Fig. 48.17 Clavicular motion about the medial fulcrum 
of the sternoclavicular joint. The lateral (aeromial) end of 
the elaviele deseribes an asymmetrie eonieal path 
during motion of the upper extremity. The maximal 
range of rotation of the elaviele (subtended by the 
sternoclavicular joint) is 30°; the maximal range of 
rotation of the scapula (sternoclavicular and 
acromioclavicular joints eombined) is about 60° with 
respeet to the sternum. The scapula is suspended from 
the distal elaviele at the acromioclavicular joint, which 
ean be eonsidered as the true joint (the eavity bounded 
by the acromioclavicular capsule and ligaments); it is 
also part of an extended articulation that eomprises the 
true joint and the coracoclavicular suspensory 
ligaments. Arguably, the ligaments might be better 
defined as the claviculocoracoid ligaments, to 
acknowledge their role as the spiroid fulcrum around 
which the body of the scapula, and therefore the 
glenoid fossa, rotate during protraetion and retraetion of 
the scapula. The aetion of subclavius is to resist upward 
displaeement of the distal elaviele, or to deeelerate the 
elaviele moving into elevation. Linear measurements are 
given in eentimetres. 


Trapezius 
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Peetoralis minor 


Fig. 48.18 The distal elaviele is moved by 
trapezius, which has an extensive attaehment 
along the spine of the scapula and the medial 
aspeet of the distal third of the elaviele. The 
antagonist of trapezial power is peetoralis minor, 
which, rarely, has an extension or slip of tendon 
that joins the eoraeo-aeromial ligament. The latter 
aets as a tension band between the ‘outriggers’ of 
the aeromion and eoraeoid. If surgically divided, 
the cut surfaces of the eoraeo-aeromial ligament 
eannot be readily reapposed, suggesting a 
meehanieal role in pre-tensioning the aeromion 
and eoraeoid against the pull of trapezius. 
Shortening or tightness of peetoralis minor will 
ereate fixed protraetion of the scapula, which then 
rotates ventrally around the ehest wall. As a 
consequence, the aeromion tilts and the spaee 
between it and the eranial surface of the rotator 
cuff below (the subacromial spaee) diminishes, 
ereating the eonditions in which forceful eoaptation 
of the apposed surface of the rotator cuff and the 
eoraeo-aeromial ligament may occur. This is the 
painful eondition of ‘impingement’. 


over the sternal faeet, earrying the dise with it. Peetoralis major, together 
with the anterior sternoclavicular ligament and posterior lamina of the 
eostoelaviailar ligament, eheek backward slide of the sternal end. Ser- 
ratus anterior and peetoralis minor are prime movers and maintain 
continuous apposition of the scapula, espeeially its medial border, in 
smooth gliding on the thoraeie wall, with the rhomboid muscles eon- 
trolling the rate and range of motion. The upper part of latissimus dorsi 


also aets like a strap aeross the inferior scapular angle in protraetion 
and lateral rotation. 

In scapular retraetion, i.e. braeing baek the shoulders, these move- 
ments are reversed and eheeked at the sternoclavicular joint by the 
posterior sternoclavicular ligament and anterior lamina of the eosto- 
elavioilar ligament. Trapezius (horizontal and lower fibres) and the 
rhomboids are prime movers. 
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Fig. 48.19 Motion of the medial border of the 
seapiila is governed by the opposing aetions of 
the medial parascapular group (levator scapulae 
and rhomboids minor and major) and the 
scapulothoracic group (serratus anterior), causing 
retraetion and protraetion, respeetively. 
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Coraco-acromial ligament 
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Peetoralis major (sternal head) 


Fig. 48.20 The elosely related humeral 
attaehments of peetoralis major and deltoid 
(betvveen one-third and one-half of the vvay dovvn 
the shaft of the bone) enable the peetoralis 
major-deltoid muscular envelope to move the 
elbovv, forearm and hand in spaee, using the 
shoulder as a fulcrum for effeetive delivery of 
povver through a vvide range of motion from in 
front of the trunk to behind. The relative 
eoarseness of these muscles underlies their ability 
to produce great torque in upper-extremity 
motion; motion generated by these muscles is 
‘fine-tuned’ by the rotator cuff vvorking 
eoneordantly vvith the outer envelope (eaeh 
segment or part of the rotator cuff ean be said to 
have an equivalent segment or part in the outer 
envelope of muscles; this pattern is eonsidered as 
a force-couple generating stable motion of the 
humerus on the scapula at the glenoid). 
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Joints 


Lateral and medial rotation 


Lateral (upward) rotation of the scapula inereases the range of humeral 
elevation by turning the glenoid eavity to faee almost direetly up, e.g. 
when raising the arm above the head. This movement is always assoei- 
ated with humeral elevation and rotation at the glenohumeral joint, 
and with protraetion of the scapula. Scapular rotation requires move- 
ment at both sternoclavicular and acromioclavicular joints; the sterno- 
clavicular joint permits elevation of the lateral end of the elaviele, a 
movement that is almost eomplete when the arm is abducted to 90°. 
The acromioclavicular joint moves in the first 30° of abduction, when 
the eonoid ligament beeomes taut, and is subsequently aeeompanied 
by clavicular rotation at the sternoclavicular joint around the longitu- 
dinal axis of the bone. The medial end is depressed fhrther as the lateral 
end continues to rise. Some acromioclavicular movement also oeoirs 
in the final stages of humeral abduction. Trapezius (eervieal fibres) and 
serratus anterior (the lower part) are prime movers, with the rhomboids 
providing resistanee to motion. 

Medial (downward) rotation is usually effeeted by gravity; gradual 
aetive lengthening of trapezius and serratus anterior is sufficient to 
eontrol it. When more foree is needed, levator scapulae, the rhomboids 
and, in the initial stages, peetoralis minor are prime movers in returning 
the scapula to a position of rest. 

GLEN0HUMERAL (SH01JLDER) JOINT 

The glenohumeral joint is a synovial multiaxial spheroidal joint between 
the roughly hemispherieal head of the humerus and the shallow glenoid 
fossa of the scapula (Fig. 48.21). It is the most mobile joint in the body 
and the most frequently disloeated. Its anatomy is a eompromise 
between the requirements for motion and stability; both depend on the 
surrounding muscular and soft tissue envelope more than on the shape 
and surface area of the artioilating surfaces. 

The humeral head is held to the eoneave glenoid fossa by the eom- 
pressive aetion of the rotator cuff muscles; the stabilizing meehanism 
of the glenohumeral joint is one of eoneavity eompression. The rotator 
cuff muscles are attaehed to the proximal humerus through a musculo- 
tendinous envelope (see below), the deep surface of which fhses with 
the lateral part of the artioilar fibrous capsule. The humeral head is then 
eontained in a spherieal spaee bounded medially by the glenoid fossa 
and elsewhere by the deep surface of the fibrous capsule, a form of 
osseofibrous acetabulum. The walls of this 'acetabulum' (i.e. the rotator 
cuff muscles and tendons) are eontained within a roughly spherieal 
spaee bounded by the eoraeoid anteriorly; the eoraeo-aeromial ligament 
anterosuperiorly; the aeromion and spine of the scapula posteriorly, 
posterosuperiorly and posterolaterally; and the deep surface of deltoid 
anterolaterally and laterally. This arrangement ereates two gliding 
planes, one internal (the glenohumeral artioilar gliding plane) and one 
external (the subcoracoid-subacromial-subdeltoid plane); the latter is 
continuous with the plane under the scapula (the scapulothoracic 
gliding plane). Gliding is faeilitated by the synovial lined eavities of the 
glenohumeral joint and the subcoracoid, subacromial and subdeltoid 
bursae, which are nearly always contiguous. infeetion, inflammation 
and injury eommonly cause adhesions and fibrosis (with subsequent 
contracture) in these planes; restrietion of motion follows, speeifie to 
the site and extent of adhesion. The surfaces of both gliding planes are 
extensive and fibrosis is consequently very restrieting. 


Artieillating siirfaees The articular surfaces are reeiproeally oirved 
and are eorreetly termed ovoids. The surface area of the humeral convex- 
ity is approximately four times that of the glenoid eoneavity, which 
means that only a small portion of the head opposes the glenoid in any 
position (Fig. 48.22). The radius of curvature of the glenoid fossa in 
the eoronal plane is greater than that of the humeral head, and is deep- 
ened by a fibrocartilaginous rim, the glenoid labmm (see Fig. 48.15; 
Fig. 48.23). Both artioilar surfaces are eovered by hyaline eartilage, 
thiekest eentrally and thinner peripherally over the humems, and viee 
versa over the glenoid eavity. In most positions, their curvatures are not 
fhlly eongment and the joint is loose-paeked; elose-paeking (fiill eon- 
gmenee) is probably only reaehed with the humerus abducted and 
laterally rotated. 

Glenoid labmnri The glenoid labmm is a fibrocartilaginous rim 
around the glenoid fossa. Anteriorly, it is triangular in seetion; posteri- 
orly, it is more ovoid; while inferiorly, it may be flattened and almost 
defieient. It varies in size and thiekness. The attaehment to the edge of 
the glenoid fossa is secure superiorly where it blends with the anterior 
and posterior fasciculi of the long tendon of bieeps (Vangsness et al 
1994), less secure posteriorly, but relatively more seoire anteroinferi- 
orly (Bankart 1923). There may be an aperture between the free deep 
edge of the labmm and the anterior glenoid rim above the midpoint 
of the fossa. In slightly less than one-fifth of normal shoulders, there 
may be no anterior labmm, in which ease its plaee taken by a eord-like 
middle glenohumeral ligament. The labmm may be hypoplastie or 
absent in patients with eollagen defieieney but with normal shoulder 
fimetion (hypermobility syndrome); these shoulders are not neeessarily 
unstable. The labmm deepens the glenoid eavity and so may assist in 
stabilizing the humeral head on the fossa, although the meehanism of 
this fimetion remains uncertain. It may proteet the bone and probably 
assists lubrication. 

FÌbroilS eapsille Afibrous capsule envelops the joint (see Figs 48.16, 
48.22). It is attaehed medially to the glenoid neek at a variable distanee 
from the glenoid labmm, so forming reeesses anterior and posterior to 
the scapular neek; it includes the supraglenoid tubercle, to which the 
long head of bieeps attaehes, and which is therefore intracapsular. Lat- 
erally, it is attaehed to the anatomieal neek of the humems, i.e. near the 
artioilar margin, except inferomedially, where it deseends more than 
1 em on the ealear humerale. The fibres of the capsule are orientated in 
a spiral fashion, so that, in elevation of the arm, the capsule tightens, 
so bringing the articular surfaces into eloser apposition and contribut- 
ing to the eoneavity eompression. In some individuals, a deeper band 
of fibres orientated in a reverse obliquity to the main capsular fibres 
passes from the region of the lesser tubercle to the lower part of the 
anterior rim of the glenoid fossa. This is the anterior oblique band; its 
contribution to stability is uncertain. 

The lateral part of the external surface of the fibrous capsule is 
blended with the tendons of supraspinatus (superiorly), infraspinatus 
and teres minor (posteriorly), subscapularis (anteriorly) and by the 
tendon of the long head of trieeps at the infraglenoid tubercle (inferi- 
orly). The rotator interval is a medially based, triangular area of uncov- 
ered capsule between the superior edge of subscapularis and the anterior 
edge of supraspinatus, with the base of the eoraeoid as the medial 
boundary of the interval. It is reinforeed by the coracohumeral liga- 
ment, the superior glenohumeral ligament, and fibres from the suprasp- 
inatus tendon laterally. The axillary nerve and posterior circumflex 



Fig. 48.21 Radiographs of the left shoulder of 
an 18-year-old female. A, Anteroposterior 
view. B, Axillary view with the arm abducted. 
Key: 1, head of humerus; 2, aeromion; 

3, elaviele; 4, acromioclavicular joint; 

5, eoraeoid proeess; 6, glenoid fossa; 

7, glenohumeral articulation. 
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A 


Supraspinatus 

Coracohumeral 
ligament 

Bieeps braehii, 
long head, 
tendon 

Glenoidal 
labmrn 

Glenoid 



Axillary reeess 


Clavicular faeet 


Aeromion 


Subacromial 

bursa 


lntertubercular 
tendon sheath 


Bieeps braehii, 
long head, 
tendon 


B 


Supraspinatus 


Aeromion 


Subacromial bursa 


Tendon of bieeps braehii, long head 


Deltoid 


Axillary nerve 


Posterior circumflex 
humeral artery and 
venae eomitantes 


Quadrangular spaee 


Teres major 

Profunda braehii 
artery and 
venae eomitantes 


Radial nerve 


Trieeps braehii, 
long head 



Llnossified (cartilaginous) region 


Circumflex scapular artery 
and venae eomitantes 


Fig. 48.22 Coronal seetions through the left shoulder joint, posterior 
aspeet. A, Anterior view. B, Posterior view. Note the subacromial bursa 
and eontents of the quadrangular spaee. (A, With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 2013.) 



Fig. 48.23 MRI of the shoulder. A, Axial T1 weighted view. Key: 1, 
deltoid; 2, eoraeobraehialis; 3, glenoid; 4, subscapularis; 5, infraspinatus; 
6, tendon of the long head of bieeps; 7, head of humerus; 8, posterior 
labmrn. B, Median sagittal oblique image at the base of the eoraeoid. 

Key: 1, elaviele; 2, supraspinatus; 3, eoraeoid; 4, subscapularis; 5, axillary 
artery; 6, latissimus dorsi; 7, trapezius; 8, scapular spine; 9, infraspinatus; 
10, deltoid; 11, trieeps. Compare A with Figure 48.46. 


humeral vessels are separated from the inferior capsule by the inferior 
border of subscapularis. The capsule is least supported inferiorly and 
subjected to the greatest strain in full abduction, when it is stretehed 
tightly aeross the humeral head. It is supported in this position by the 
proximal part of the long head of trieeps and the broad bulk of teres 
major. 

There are two openings in the capsule: below the eoraeoid proeess, 
eonneeting the joint eavity to a bursa that may envelop the upper border 
of the tendon of subscapularis (anteriorly); and between the humeral 
mbereles, allowing passage of the long tendon of bieeps and its synovial 
sheath. 

Ligaments The ligaments assoeiated with the glenohumeral joint are 
the glenohumeral (superior, middle and inferior), coracohumeral and 
transverse humeral. A ligament only restriets a speeifie motion of a joint 
when diserete parts of the ligament beeome tight; this only occurs at 
the limits of a speeifie motion of the joint when the ligament aets as a 
'eheek-rein'. For movements that lie within the limit of motion, liga- 
ments have no meehanieal role. Meehanoreeeptors and noeieeptors are 
clustered at eaeh end of the ligaments, more on the glenoid side than 
the humeral side (Halata and Baumann 2008). The capsule, ligaments 
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Superiorglenohumeral Bieeps braehii tendon, 

ligament long head 



Middle glenohumeral Anterior inferior P osterior glenohumeral 

ligament glenohumeral ligament ligament 

Fig. 48.24 A sagittal magnetie resonanee arthrogram image following 
distension of the glenohumeral joint by intra-artieiilar eontrast injeetion in 
a 28-year-old male. Note the elearly outlined glenohumeral ligaments. 


and labmm eontain the deep afferent innervation of the glenohumeral 
joint and therefore contribute to stability of the joint through faeilita- 
tion of the rotator cuff aetivity within the normal range of human 
shoulder motion. 

Glenohumeral ligaments Three glenohumeral ligaments, only visible 
from within the joint, reinforee the capsule anteriorly and inferiorly 
(Fig. 48.24). The superior glenohumeral ligament passes from the sup- 
raglenoid tubercle, just anterior to the origin of the long head of bieeps, 
to the humems at the fovea eapitis, near the proximal tip of the lesser 
tubercle on the medial ridge of the intertubercular sulcus. It forms an 
anterior eover around the long head of bieeps and is part of the rotator 
interval. Together with the coracohumeral ligament, it is an important 
stabilizer in the inferior direetion, helping to keep the humeral head 
suspended (the coracohumeral ligament is more robust than the super- 
ior glenohumeral ligament). 

The middle glenohumeral ligament arises from a wide attaehment 
below the superior glenohumeral ligament, along the anterior glenoid 
margin as far as the inferior third of the rim, and passes obliquely 
inferolaterally enlarging as it does so, to attaeh to the lesser tubercle 
deep to the tendon of subscapularis, with which it blends. The width 
and thiekness of this ligament may be as much as 2 em and 4 mm, 
respeetively. It provides anterior stability between 45° and 60° of 
abduction in the scapular plane. However, 30% of individuals may not 
have a middle glenohumeral ligament; these individuals are not more 
likely to have unstable shoulders. It may be thiekened and eord-like in 
the Buford complex (a eongenital glenoidal labmm variant), again with 
no apparent disadvantage for stability. 

The thieker and longer inferior glenohumeral ligament complex is a 
hammoek-like stmcture with anehor points on the anterior and pos- 
terior sides of the glenoid. It arises from the anterior, middle and 
posterior margins of the glenoid labmm, below the epiphysial line, and 
passes anteroinferiorly to the inferior and medial aspeets of the neek of 
the humerus. The anterior, superior edge of the inferior ligament is 
thiekened as the anterior band; there is an equivalent, but not so robust, 
thiekening of the posterior capsule: the posterior band. Between the two 
bands is a region of thin capsule known as the axillary pouch. (For 
fhrther details, consult Burkart and Debski (2002); Di Giaeomo et al 
(2008).) 


which blend with the capsule, to the greater and lesser tubercles (see 
Fig. 48.16). Portions of the coracohumeral ligament form a tunnel for 
the bieeps tendon on the anterior side of the joint. The rotator interval 
is reinforeed by the coracohumeral ligament. It also blends inferiorly 
with the superior glenohumeral ligament. The ligament tightens in 
external rotation of the glenohumeral joint. 

Transverse humeral ligament The transverse humeral ligament is a 
broad band that passes between the humeral tubercles, and is attaehed 
superior to the epiphysial line (see Fig. 48.16). It eonverts the inter- 
tubercular sulcus into a eanal, and aets as a retinaculum for the long 
tendon of bieeps. 

Synovial membrane The synovial membrane lines the capsule and 
eovers parts of the anatomieal neek. The long tendon of bieeps braehii 
traverses the joint in a synovial sheath that continues into the inter- 
tubercular sulcus as far as the surgical neek of the humems (see Figs 
48.16, 48.22A). The intra-articular bieipital sheath may be eonneeted 
to the artiailar surface of the superior capsule above by a mesotenon, 
which may be ineomplete, presenting as one or several strands. This 
arrangement ean only be the ease if the bieeps tendon was originally 
an extra-articular stmcture and invaginated, with its synovial sheath, 
into the glenohumeral joint as the upper limb rotated into external 
rotation relative to the tmnk during development. 

Bursae Many bursae adjoin the shoulder joint (see Fig. 48.16). They 
are usually found between the tendon of subscapularis and the capsule, 
communicating with the joint between the superior and middle gleno- 
humeral ligaments; on the superior aeromial aspeet; between the eora- 
eoid proeess and capsule; between teres major and the long head of 
trieeps; and anterior and posterior to the tendon of latissimus dorsi. 
The subacromial bursa, between deltoid and the capsule, does not eom- 
municate with the joint eavity but is prolonged under the aeromion 
and eoraeo-aeromial ligament, and between them and supraspinatus: 
it appears to be attaehed, together with the subdeltoid faseia, to the 
aeromion. Bursae sometimes occur behind eoraeobraehialis and 
between the tendon of infraspinatus and the capsule, oeeasionally 
opening into the joint. 

Vaseillar Slipply The glenohumeral joint is supplied by branehes 
from the anterior and posterior circumflex humeral, suprascapular and 
circumflex scapular vessels. 

Innervation The glenohumeral joint is innervated mainly from the 
posterior eord of the braehial plexus through the subscapular nerves. 
The capsule is supplied by the suprascapular nerve (posterior and supe- 
rior parts), axillary nerve (anteroinferior) and the lateral peetoral nerve 
(anterosuperior, including the rotator interval capsule). 

Faetors maintaining Stability The articulation between the 
relatively large humeral head and the shallow glenoid fossa allows 
a wide range of movement but is a ehallenge for the stability of 
the joint. 


MOVEMENTS AT THE GLENOHIJMERAL J0INT 



The shoulder is eapable of any eombination of swing and spin over a 
range far wider than that of any other joint in the body. Flexion- 
extension, abduction-adduction, and medial (internal) and lateral 
(external) rotation all occur at the shoulder. A eombination of all of 
these results in the motion of circumduction, which is not a useful 
movement to reeord in elinieal praetiee. Although the majority of the 
movement of the shoulder occurs at the glenohumeral joint, the 
scapulothoracic articulation contributes to overall shoulder motion in 
all direetions, including lateral rotation. 


Mlisdes produCÌng movements The muscles that produce move- 

ments at the glenohumeral joint are prineipally the scapulohumeral and 
thoraeobraehial muscles: deltoid, peetoralis major and latissimus dorsi, 
assisted by eoraeobraehialis. The translating effeet of these muscles on 
the shoulder joint is counteracted by the rotator cuff, a group of short 
muscles (subscapularis, supraspinatus, infraspinatus and teres minor), 
including teres major, that are attaehed eloser to the joint, and that 
eentre the head of the humerus in the glenoid fossa through the entire 
range of motion. 


Coracohumeral ligament The coracohumeral ligament is attaehed to 
the dorsolateral base of the eoraeoid proeess and extends as two bands, 


Flexion Flexion is earried out by peetoralis major (elavioilar part), 
deltoid (anterior fibres) and eoraeobraehialis, assisted by bieeps. The 
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Shoulder girdle and arm 


In anatomieal analysis of shoulder movements, it is usual to relate 
humeral movement to the scapula, rather than to eonventional ana- 
tomieal planes. However, in elinieal praetiee, movements are related to 
the eonventional anatomieal planes. When the arm hangs at rest, the 
glenoid fossa faees almost equally forwards and laterally, and the 
humeral capitular and scapular (topographieal) axes eorrespond, 
although the humerus, relative to the anatomieal position, is medially 
rotated. With the humerus in the anatomieal position, i.e. with the 
inter-epieondylar axis in the frontal plane, the humeral head axis is 
posteriorly direeted, in line with the axis of the scapula. 

Using the anatomieal deseription, flexion earries the arm antero- 
medially on an axis through the humeral head orthogonal to the 
glenoid fossa at its eentre. Abduction and adduction occur in a vertieal 
plane orthogonal to that of flexion-extension and the axis is horizontal, 
through the humeral head and parallel with the glenoid plane. Pure 
abduction raises the arm anterolaterally in the plane of the scapula. 
However, when referred to the trnnk, flexion and extension occur in the 
paramedian plane, and abduction and adduction occur in the eoronal 
plane. In this sense, raising the arm vertieally from flexion or raising it 
from abduction are both aeeompanied by humeral rotation in opposite 
direetions. Whether 'scapular' or any other plane of abduction is 
deseribed, these are seleetions from an infinite series. In scapular abduc- 
tion, points on the humeral surface pursue vertieal eords, but in rota- 
tion, they are horizontal. In 'pure' flexion-extension, in a plane 
orthogonal to the scapula, the axis of movement and the notional 
'meehanieal axis' are regarded as projeeted from the eentre of the 
glenoid eavity. 

Glenohumeral abduction is about 120° or more (see p. 831; see 
Fig. 48.21). Abduction may reaeh 180° after thoracoscapular arthrod- 
esis for facioscapulohumeral dystrophy (Oopeland and Howard 1978). 
Abduction is restrieted to about 45° after glenohumeral arthrodesis. 
Some 60° of fiirther abduction occurs at the sterno- and aeromioela- 
viailar articulations, and eontralateral vertebral flexion also aids in 
bringing the arm to the vertieal. During aetive elevation, movements at 
the glenohumeral and acromioclavicular joints are simultaneous, 
except in the initial few degrees, when most, often all, movement is 
glenohumeral. For every 15° of elevation, glenohumeral movement is 


said to be 10° and scapular movement 5°, but this ratio is not linear 
throughout the range of motion. During the initial stages of abduction, 
the entire rotator cuff counteracts the strong upward eomponent of the 
pull of deltoid, which would otherwise cause the humeral head to slide 
up the glenoid surface; the additive turning moments exerted by the 
eombined deltoid and supraspinatus force-couple may then abduct the 
arm. Deltoid also aets with the other elements of the rotator cuff, 
aeeording to the position of the arm in spaee, to maintain rotation, 
flexion and extension of the arm. It is important to eonsider the syner- 
gistie relation between the rotator cuff and deltoid as a continuum in 
which the rotator cuff muscles aet to provide a stable base on which 
deltoid ean work effeetively, whatever the position of the arm. 

In flexion, the humerus swings at right angles to the scapular plane, 
and scapular rotation eannot inerease the elevation (120°) that is 
obtainable in full flexion. If the fully flexed humerus is also abducted, 
elevation inereases pro rata until, when the humerus reaehes the scapu- 
lar plane, i.e. when tme abduction is reaehed, 180 0 of elevation beeomes 
possible. In medial or lateral rotation, the humems revolves about one- 
quarter of a eirele around a vertieal axis; the range is greatest when the 
arm is pendant, and least when it is vertieal. When the rotational range 
at the glenohumeral joint is assessed, the forearm should be flexed to 
a right angle at the elbow in order to prevent the effeets of superadded 
pronation or supination in the pendant limb. In circumduction, which 
is a succession of the foregoing movements, the distal end of the 
humerus deseribes the base of a eone with its apex at the humeral head. 
This glenohumeral movement may be greatly inereased by scapular 
movements, e.g. in aets of slinging objeets with foree. 

The peculiar relation of the long head of bieeps braehii to the shoul- 
der joint may serve several purposes. By its eonneetion with both the 
shoulder and elbow, the muscle harmonizes their aetions as an elastie 
eonneetion during all upper limb movements. It helps to prevent the 
humeral head impinging on the aeromion when deltoid eontraets and 
also to steady it in movements of the arm. In paralysis or absenee (i.e. 
in rotator cuff tendon tears) of supraspinatus, the long head of bieeps 
may also help initiate abduction of the arm, partiodarly when the 
humerus is laterally rotated. 





SECTION 6 


SHOLILDER GIRDLE AND ARM 


sternoeostal part of peetoralis major is a major foree in flexion forwards 
to the eoronal plane from full extension. 

Extension Extension is earried out by deltoid (posterior fibres) and 
teres major, from the dependant position. When the fhlly flexed arm is 
extended against resistanee, latissimus dorsi and the sternoeostal part 
of peetoralis major aet powerfully until the arm reaehes the eoronal 
plane. 


Abduction Abduction is earried out by supraspinatus and deltoid. The 
effeet of deltoid is mainly upward and, unless opposed, this would 
displaee the humerus upwards. Subscapularis, supraspinatus, infrasp- 
inatus and teres minor exert a eentralizing foree and so apply a balane- 
ing foree; together with deltoid, they constitute a 'eoiiple' to produce 
abduction in the scapular plane. 


Medial rotation Medial rotation is earried out by peetoralis major, 
deltoid (anterior fibres), latissimus dorsi, teres major and, with the arm 
pendant, subscapularis. 


Lateral rotation Lateral rotation is earried out by infraspinatus, deltoid 
(posterior fibres) and teres minor. Lateral rotation is important for 
elearanee of the greater tubercle and its assoeiated tissues as it passes 
under the eoraeo-aeromial areh during elevation of the arm. 



Glenohumeral joint disloeation The glenohumeral joint is the 

most frequently disloeated joint in the body. The vast majority of dis- 
loeations are anterior, and occur when the forearm is foreed backwards 
into greater lateral (external) rotation when it is in abduction, lateral 
rotation and extension. A disloeated shoulder loses its normal contour 
because the humeral head is displaeed anterior to the glenoid rim and, 
sometimes, under the eoraeoid, which means that the aeromion proeess, 
rather than the greater tubercle, beeomes the most lateral bony stme- 
ture, affording the shoulder a 'squared-off appearanee. 



The shoulder girdle and shoulder joint musculature are arranged in 
layered, fimetional groups ( Table 48.1). The muscles of the shoulder 
girdle may suspend or move the scapula; these fimetions are inter- 
dependent. The muscles of the shoulder joint may stabilize the joint, 
move the arm on the stable shoulder joint, or eoordinate shoulder and 
elbow movement; these fimetions are also interdependent. The eloser 
a muscle is to the eentre of motion of the joint on which it aets, the 
greater its effeet on the stability of that joint at rest and during motion. 
The farther away from the eentre of motion, the greater the effeet of the 
resultant muscular veetor on translation of the joint surfaces. As an 



Table 48.1 The relationship between fiinetional muscle grouping and aetions of the 
peetoral girdle 


Functional group 

Speeifie muscles 

Aetion 

Occipitospinoscapular 

Thoracoscapular 

Spinoclavicular 

Thoracoclavicular 

Trapezius 

Peetoralis minor 

Trapezius 

Subclavius 

Scapular suspension 

Position and motion of the 
acromioclavicular joint in relation 
to the thorax and (neur)axis 
Deeeleration of the lateral elaviele 
during motion 

Thoracoscapular 
(medial border) 

Levator scapulae 

Rhomboid minor 

Rhomboid major 

Serratus anterior 

Serratus posterior superior 
Serratus posterior inferior 

Scapular motion 

Position and motion of the 
glenohumeral joint in relation to 
the thorax and (neur)axis 

Thoracohumeral 

Peetoralis major 

Latissimus dorsi 

Thoraeobraehial motion 

Position of the arm 

Scapulohumeral 

Deltoid 

Coracobrachialis 

Bieeps braehii (short head) 
Teres minor 
lnfraspinatus 

Supraspinatus 

Subscapularis 

Teres major 

Trieeps braehii (long head) 
Bieeps braehii (long head) 

Concavity eompression of the 
glenohumeral joint 

Coordination of shoulder and elbow 
motion 


*As a prineiple, a muscle will aet on a motion segment to alter the position of the distal extent of that 
segment in spaee. As an example, deltoid aets on the shoulder joint but its effeet is to move the distal 
extent of the humerus, i.e. the elbovv. 


example, both subscapularis and peetoralis major generate medial rota- 
tion of the glenohumeral joint; subscapularis contributes to eoneavity 
eompression at the glenohumeral joint (i.e. stability), while peetoralis 
major causes anterior displaeement into flexion and adduction in the 
absenee of subscapularis; when these muscles are working synergisti- 
eally, the arm is both stabilized at the glenohumeral joint, and flexed 
and adducted. 

The elinieal examination of the shoulder girdle muscles is demon- 
strated in Video 46.1. 



MUSCLES OF SCAPULAR SUSPENSION 


Trapezius aets on the spine of the scapula, aeromion and lateral elaviele 
to rotate the aeromioelaviailar joint upwards and dorsally; movement 
is guided and limited by the length and shape of the elaviele. Peetoralis 
minor aets to eontrol the position of the eoraeoid as trapezius aets on 
the scapula, while subclavius aets to eontrol clavicular elevation and 
rotation. These muscles aet on the proeesses of the scapula, while the 
eoraeo-aeromial ligament aets as a tension band between the proeesses. 
Dismption of the continuity of this arrangement (fracture of the elaviele 
or eoraeoid, or disloeation of the acromioclavicular joint) will have a 
profound effeet on scapular suspension. 

Trapezius 

Trapezius is derived from head paraxial mesenehyme with neural erest 
eonneetive tissue, rather than from the dermomyotomes of lower 
somites, and is therefore unique among shoulder girdle muscles. It is 
attaehed to the spine of the scapula and aeromion, segments of the 
scapula for which development is eneoded by a single gene (804.el). 

Attaehments Trapezius is a flat, triangular muscle that extends over 
the baek of the neek and upper thorax (see Lig. 53.16). The paired 
trapezius muscles form a diamond shape, from which the name is 
derived. On either side, the muscle is attaehed to the medial third of 
the superior nuchal line, external oeeipital protuberance, ligamentum 
nuchae, and apiees of the spinous proeesses and their supraspinous 
ligaments from C7 to T12. The oeeipital attaehment is by a fibrous 
lamina, which is also adherent to the skin. The spinal attaehment is by 
a broad triangular aponeurosis from the sixth eervieal to the third tho- 
raeie vertebrae, and by short tendinous fibres below this. 

Superior fibres deseend, inferior fibres aseend, and the fibres between 
them are direeted horizontally; all eonverge laterally on the scapula. 
The superior fibres are attaehed to the posterior border of the lateral 
third of the elaviele; the middle fibres to the medial aeromial margin 
and superior lip of the erest of the scapular spine; and the inferior fibres 
pass into an aponeurosis that glides over a smooth triangular surface at 
the medial end of the scapular spine and is attaehed to a tubercle at its 
lateral apex. 

Variants The clavicular attaehment of trapezius varies in extent, some- 
times reaehing mid-elaviele, and oeeasionally blending with sternoelei- 
domastoid. The vertebral attaehment sometimes stops at the eighth 
thoraeie spine. The oeeipital attaehment may be absent. Cervical and 
dorsal parts are oeeasionally separate. The inferior part may be hypo- 
plastie or absent. 

Vascular SLipply The upper third of trapezius is supplied by a trans- 
verse muscular braneh that arises from the oeeipital artery at the level 
of the mastoid proeess. It enters the muscle on its deep surface and gives 
off several musculocutaneous perforators to the overlying skin. The 
middle portion of trapezms, together with an area of overlying skin, is 
supplied by the superficial eervieal artery or by a superficial braneh of 
the transverse eervieal artery, via musculocutaneous perforators. The 
lower third of trapezms is supplied by a muscular braneh from the 
dorsal scapular artery, passing medial to the medial border of 
the scapula. It reaehes the deep surface of the muscle either by piereing 
the rhomboids or by passing between rhomboids major and minor 
at the level of the base of the spine of the scapula. It anastomoses with 
the medial and lateral perforating branehes of the posterior intereostal 
arteries. 

Innervation Trapezius is innervated by the aeeessory nerve (see Chs 
29 and 46 for more details). Sensory (proprioeeptive) branehes are 
derived from the ventral rami of C3 and C4. 

Aetions Trapezius eooperates with other muscles in steadying 
the scapula, eontrolling it during movements of the arm and maintain- 
ing the level and poise of the shoulder. Eleetromyographie aetivity is 












Shoulder girdle and arm 


The axillary nerve and vessels may be injured during disloeation or, 
more eommonly, during inexpert attempts at reloeation, particularly in 
older patients. This ean lead to an inability to maintain abduction of 
the shoulder as a result of paralysis of deltoid. If, after reloeation of the 
joint, the patient eannot initiate elevation (abduction) from the pendant 
position, then there may be an assoeiated rotator cuff rupture and/or 
suprascapular nerve lesion. If the patient ean initiate, but eannot main- 
tain, abduction beyond 15°, then deltoid palsy should be suspected. 
Patients, particularly the elderly, ean have a rotator cuff rupture and an 
axillary nerve palsy causing deltoid paralysis; it ean be difficult to dis- 
tinguish between the two. There may also be an area of hypoaesthesia 
or anaesthesia over the distal part of the muscle (sometimes referred to 
as the 'regimental badge pateh' of skin; see Fig. 48.2), refleeting loss of 
fimetion in the upper lateral cutaneous nerve of the arm (a braneh of 
the axillary nerve), as well as venous occlusive ehanges (swelling) in the 
limb. After more violent disloeation, younger patients may have deltoid 
paralysis and an intaet, but stretehed, rotator cuff or partial tearing of 
the tendons, with a suprascapular nerve injury; these patients may have 
unexpected pain in the supraspinous fossa with weakness of infraspina- 
tus (lateral rotation), as well as the antieipated anterior shoulder pain. 
Posterior disloeation is rare and typieally occurs when violent move- 
ments produce marked medial rotation and adduction, e.g. in epileptie 
seizures or eleetrie shoek. The upper limb is held in fixed medial rota- 
tion, and external rotation is impossible to perform. 
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minimal in the unloaded arm, and heavy loads ean be suspended with 
only a small contribution from the upper part; it is the lower part of 
the muscle that resists lateral rotation of the scapula under load. Aeting 
with levator scapulae, the upper fibres elevate the scapula and, with it, 
the point of the shoulder; aeting with serratus anterior, the lower fibres 
of trapezius protraet and rotate the scapula medially (upwards) so that 
the arm ean be raised above the head; aeting with the rhomboids, it 
retraets the scapula, braeing the shoulder. With the shoulder fixed, 
trapezius may bend the head and neek backwards and laterally. Tra- 
pezius, peetoralis minor, levator scapulae, rhomboids and serratus an- 
terior eombine to produce a variety of scapular rotations see below. 

If the muscle is denervated, the fimetions of trapezms eannot be 
substituted readily by muscle transfer; its unique suite of complex 
aetions suggest that it should rarely, if ever, be used as a muscle for 
transfer elsewhere. 

—. Testing The upper fibres of trapezius are palpated while the shoulder 
is shmgged against resistanee (see Video 46.1). The lower fibres are 
palpated during scapular retraetion. A better diseriminative test is as 
follows: the hand is brought by medial rotation to the small of the baek 
and the patient is asked to maintain it firmly in this position while the 
examiner tries to pull the hand off the baek. The lower fibres of the 
trapezius are aetivated to hold the scapular spine horizontal. Failure to 
do so implies paresis or paralysis of trapezius, but this must be distin- 
guished from eongenital hypoplasia of the lower fibres of the nmsele. 

Trapezius palsy results in a eharaeteristie posture: the shoulder is 
tilted laterally and forwards, the acromioclavicular joint is lowered, the 
superior pole of the scapula is rotated upwards and the inferior pole is 
displaeed medially and, usually, away from the ehest wall. This distin- 
guishes trapezius palsy from that of serratus anterior, in which the entire 
medial border of the scapula tends to elevate away from the ehest wall 
(so-ealled Vinging'). The scapula is displaeed upwards and towards the 
spine (see p. 838). The altered posture and disordered motion of the 
scapula ereate distortion (narrowing and elongation) of the eervieo- 
axillary sheath and its eontents; symptoms of reduced venous return, 
lymphatie obstmetion and disturbed neural perfhsion (pain, paraesthe- 
siae, dysaesthesiae) are almost universal. 

Peetoralis minor 

Attaehments Peetoralis minor is a thin, triangular muscle lying pos- 
terior (deep) to peetoralis major (Fig. 48.25). It arises from the upper 


margins and outer surfaces of the third to fifth ribs (frequently, seeond 
to fourth), near their eartilages, and from the faseia over the adjoining 
external intereostal muscles. Its fibres aseend laterally under eover of 
peetoralis major, eonverging in a flat tendon that is attaehed to the 
medial border and upper surface of the eoraeoid proeess of the scapula. 
Part or all of the tendon may appear to eross the eoraeoid proeess into 
the eoraeo-aeromial ligament. 

Variants Slips of the muscle are sometimes separated and vary in 
number and level. In rare eases, one passes from the first rib to the 
eoraeoid (peetoralis minimus). The eostal attaehments ean be seeond 
to fifth ribs; third to fifth; seeond to fourth; or third to fourth. The 
muscle may be present or absent when peetoralis major is absent (in 
Poland's syndrome). 

Relations Peetoralis major, the lateral peetoral nerve and peetoral 
branehes of the thoraeo-aeromial artery are anterior. The ribs, external 
intereostals, serratus anterior, the axilla, axillary vessels, lymphaties and 
braehial plexus are all posterior. The upper border of peetoralis minor 
is separated from the elaviele by a triangular gap filled by the elavipee- 
toral faseia, behind which are the axillary vessels, lymphaties and 
nerves. The lateral thoraeie artery follows the lower border of the muscle. 
The medial peetoral nerves pieree and partly supply the muscle. 

Vaseillar SLipply Peetoralis minor is supplied by peetoral and deltoid 
branehes of the thoraeo-aeromial and superior and lateral thoraeie 
arteries. 

Innervation Peetoralis minor is innervated by branehes of the medial 
and lateral peetoral nerves: C5, 6, 7, 8 and Tl. 

Aetions Peetoralis minor assists serratus anterior in drawing the 
scapula forwards around the ehest wall. With levator scapulae and the 
rhomboids, it rotates the scapula, depressing the point of the shoulder. 
It resists scapular rotation caused by trapezius. Both peetoral muscles 
are eleetromyographieally quiescent in normal inspiration, but are 
aetive in foreed inspiration. 

Subcla vius 

Attaehments Subclavius is a long, asymmetrie triangular muscle 
between the elaviele and the first rib (see Fig. 48.25). It arises from 
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Fig. 48.25 Deep muscles of the ehest and left shoulder girdle, anterior aspeet. Roman numerals refer to eostal eartilages. (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


817 


CHAPTER 48 















































































SECTION 6 


SHOLILDER GIRDLE AND ARM 


818 


the jimetion of the fìrst rib and its eostal eartilage by a thiek tendon, 
prolonged at its inferior margin and anterior to the costoclavicular liga- 
ment. It passes upwards and laterally to attaeh by direet muscular fibres 
into a groove on the undersurface of the middle third of the elaviele; 
the lower and most lateral fibres are the longest. Subclavius may be 
attaehed to the eoraeoid proeess or the upper border of the scapula as 
well as, or instead of, the elaviele. 

Relations Posteriorly, subclavius is separated from the first rib by the 
subclavian vessels and braehial plexus; anteriorly, it is separated from 
peetoralis major by the anterior lamina of the elavipeetoral faseia. The 
suprascapular artery, which has a variable pattern, deseends behind the 
muscle, passing between it and omohyoid anteriorly and the subclavian 
vessels posteriorly; the artery, therefore, has a elose relationship to the 
posterior surface of the elaviele, a feature that makes it susceptible to 
injury during clavicular fracture and surgical fixation. 

Vaseillar Slipply Subclavius is supplied by the clavicular braneh of 
the thoraeo-aeromial artery and the suprascapular artery. 

Innervation Subclavius is supplied by the subclavian braneh of the 
braehial plexus (the nerve to subclavius), C5 and 6. A muscle, however 
apparently insubstantial, that has a unique, solitary nerve supply must 
have an important fimetion; subclavius is no exception (see above and 
below). 

Aetions Subclavius resists aeeelerated elevation and rotation of the 
elaviele during elevation of the shoulder girdle, and may help to elose- 
paek the medial end of the elaviele against the articular dise of the 
sternoclavicular joint for greater stability under load. It is inaeeessible 
to palpation and difficult to investigate by eleetromyography. ineiden- 
tally, it proteets' the subclavian vessels and braehial plexus that lie 
behind it. 


MUSCLES OF SCAPULAR MOTION 


Levator scapulae 

Attaehments Levator scapulae is a slender muscle attaehed by 
tendinous slips to the transverse proeesses of the atlas and axis, and 
to the posterior tubercles of the transverse proeesses of the third and 
fourth eervieal vertebrae (see Fig. 29.6; Fig. 48.26). It deseends diago- 
nally to attaeh to the medial scapular border between its superior 
angle and the triangular smooth surface at the medial end of the 
scapular spine. 

Variants Levator scapulae varies eonsiderably in its vertebral attaeh- 
ments and the extent to which it separates into slips. There may be 
aeeessory attaehments to the mastoid proeess, oeeipital bone, first or 
seeond rib, the sealeni, trapezius and the serratus muscles. 

Vaseillar Slipply Levator scapulae reeeives its arterial supply mainly 
from the transverse eervieal and aseending eervieal arteries. The verte- 
bral extremity of the muscle is supplied by branehes from the vertebral 
artery. 

Innervation Levator scapulae is innervated direetly by branehes of the 
third and fourth eervieal spinal nerves, and from the fifth eervieal nerve 
via the dorsal scapular nerve. 

Aetions Levator scapulae elevates the superior angle of the scapula. 
If unopposed, this causes a lateral rotation of the scapula. With the 
eervieal vertebral column fixed, levator scapulae aets with trapezius to 
elevate the scapula or to sustain a weight earried on the shoulder; 
with the shoulder fixed, the muscle inelines the neek to the same 
side. 

Rhomboid minor 

Attaehments Rhomboid minor is a small, eylindrieal muscle. It mns 
from the lower ligamentum nuchae and the spines of the seventh eervi- 
eal and first thoraeie vertebrae to the base of a smooth triangular surface 
at the medial end of the spine of the scapula, where dorsal and ventral 
layers enelose the inferior border of levator scapulae (see Fig. 48.26). 
The dorsal layer of rhomboid minor is attaehed to the rim of the trian- 
gular surface, dorsolateral to and below levator scapulae. The ventral 
layer is strong and wide, extending 2-3 em medial to and below levator 
scapulae; here, the faseiae of rhomboid minor and serratus anterior are 
fhsed. Rhomboid minor is usually separate from rhomboid major, but 
the muscles overlap and are oeeasionally united. 
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Fig. 48.26 Muscles of the baek and shoulder girdles. Superficial muscles 
are shown on the left. Deeper muscles, revealed after excision of deltoid, 
latissimus dorsi and trapezius, are shown on the right. 


Variants There is some variability in the vertebral and scapular attaeh- 
ments of rhomboids major and minor. A slip of muscle may extend 
from the upper border of rhomboid minor to reaeh the oeeipital bone 
(rhomboid oeeipitalis). 

Rhomboid major 

Attaehments Rhomboid major is a quadrilateral sheet of muscle that 
arises by tendinous fibres from the spines and supraspinous ligaments 
of the seeond to fifth thoraeie vertebrae, and deseends laterally to the 
medial border of the scapula between the root of the spine and the 
inferior angle (see Fig. 48.26). Most of its fibres usually end in a tendi- 
nous band between these two points, joined to the medial border by a 
thin membrane. Oeeasionally, this is ineomplete, in which ease some 
muscular fibres are attaehed direetly into the scapula. The attaehments 
of rhomboid major (and also those of rhomboid minor, levator scapu- 
lae and serratus anterior) may be more extensive, with 'folds' or exten- 
sions passing to both dorsal and eostal aspeets of the scapula adjaeent 
to its medial margin. 

Vascular supply Of the rhomboids Rhomboids major and minor 

are supplied by the dorsal scapular artery or the deep braneh of the 
transverse eervieal artery and by dorsal perforating branehes from the 
upper five or six posterior intereostal arteries. 

Innervation Of the rhomboids Rhomboids major and minor are 

innervated by a braneh of the dorsal scapular nerve, C4, 5. 

Aetions Of the rhomboids Both rhomboid major and rhomboid 
minor retraet the medial border of the scapula superiorly and medially, 
and are used in retraetion of the shoulders. 

Testing Of the rhomboids Rhomboids major and minor ean be 
palpated deep to trapezius on braeing the shoulder baek against resist- 
anee with the arm in elevation at shoulder level. 

Serratus anterior 

Attaehments Serratus anterior is a large muscular sheet that curves 
around the thorax. It arises from an extensive eostal attaehment and 
inserts on the scapula (see Fig. 48.25). Fleshy digitations arise anteriorly 



































Muscles 


from the oiiter surfaces and superior borders of the upper eight to ten 
ribs, and from faseiae that eover the intervening intereostal muscles. The 
line of origin of the muscle is long and slightly curved, and passes 
inferolaterally around the thorax. There are three parts: the upper fibres 
arise from the first and seeond ribs and intereostal faseia, the middle 
fibres arise from the third to sixth ribs, and the lower fibres interdigitate 
with the upper five slips of external oblique. The muscle follows 
the contour of the ehest wall elosely, reaehing the medial border of 
the scapula anterior to subscapularis. The first (uppermost) digitation 
eneloses, and is attaehed to, a triangular area of both the eostal and the 
dorsal surfaces of the superior scapular angle. The next two or three 
digitations form a triangular sheet that is attaehed to the eostal surface 
along almost its entire medial border. The lower four or five digitations 
eonverge to be attaehed by musculotendinous fibres to a triangular 
impression on the eostal surface of the inferior angle; they enelose the 
inferior angle and are also attaehed to a smaller triangular part of its 
dorsal surface near its tip. 

Variants Digitations may be absent, particularly the first and eighth, 
and sometimes also the intermediate part. Serratus anterior may be 
partly fused with levator scapulae, adjaeent external intereostals or 
external oblique. 

Vaseillar SLipply Serratus anterior is supplied by superior and lateral 
thoraeie arteries, and by branehes from the thoraeodorsal artery before 
(oeeasionally, after) it divides in latissimus dorsi. 

Innervation Serratus anterior is innervated by the long thoraeie nerve, 
C5, 6 and 7, which deseends on the external surface of the imisele. 

Aetions With peetoralis minor, serratus anterior protraets (draws for- 
wards) the scapula, as a prime mover in all reaehing and pushing move- 
ments. The upper part, with levator scapulae and the upper fibres of 
trapezms, suspends the scapula; only slight aetivity is sufficient to 
support the unloaded arm. The more extensive lower insertion pulls the 
inferior scapular angle forwards around the thorax, assisting trapezius 
in upward rotation of the bone, an aetion that is essential to raising the 
arm above the head. In the initial stages of abduction, serratus anterior 
helps other muscles to fix the scapula, so that deltoid aets effeetively on 
the humerus and not the scapula. While deltoid is raising the arm to a 
right angle with the scapula, serratus anterior and trapezms are simul- 
taneously rotating the scapula; the eombination allows the arm to be 
raised to the vertieal. To effeet this upward rotation of the scapula, 
forward pull on the inferior angle by the lower digitations of serratus 
anterior is coupled with an upward and medial pull on the lateral end 
of the elaviele and aeromion by the upper fibres of trapezius, and a 
downward pull on the base of the scapular spine by the lower fibres of 
trapezius. Conversely, slow downward scapular rotation, assisted by 
gravity, is aehieved by eontrolled lengthening of these muscles. More 
powerful downward rotation requires balaneed eontraetion of the upper 
fibres of serratus anterior, levator scapulae, rhomboids, peetoralis minor 
and the middle part of trapezius. When weights are earried in front of 
the body, serratus anterior prevents backward rotation of the scapula. 
Eleetromyography shows that serratus anterior is not aetive in normal 
human respiration. This may not apply to laboured respiration, e.g. 


when asthmaties and athletes may be observed to fix the scapula by 
grasping a rail or other support. 

Testing The muscular digitations of serratus anterior ean be seen and 
felt when the outstretched hand pushes against resistanee. 

When serratus anterior is paralysed, the medial border of the scapula, 
and espeeially its lower angle, stand out prominently. The arm eannot 
be raised fiilly. Pushing is ineffeetive; indeed, attempts to do so produce 
fiirther projeetion, known as winging of the scapula (Streit et al 2012; 
see p. 831). 

Serratus posterior inferior 

Serratus posterior inferior is deseribed on page 942 (see Fig. 48.26). 

Serratus posterior superior 

Serratus posterior superior is deseribed on page 941. 

MUSCLESJ)F thoracobrachial motion 

The large muscles from the tmnk to the arm, and from the scapula to 
the arm, aet on the shoulder joint. Peetoralis major and latissimus dorsi 
are attaehed to the metaphysis of the humerus below the eentre of rota- 
tion of the joint, while deltoid and eoraeobraehialis are attaehed to the 
midpoint of the diaphysis or shaft, some way from the eentre of rotation 
of the shoulder joint. These four muscles move the arm in relation to 
the shoulder joint, so that, although they aet through the shoulder joint, 
their role is to position the elbow joint (and, thus, the hand) in spaee. 
The continuous sheet of muscle that is peetoralis major and deltoid 
positions the elbow through a wide, asymmetrieal, eonieal range of 
motion from adduction aeross the tmnk with medial rotation, through 
flexion, abduction and external rotation, into extension at the shoulder. 
The eervieal spinal segmental levels at which this range of movement 
is represented, C5 and C6, give rise to the anterior division innervation 
to peetoralis major (thus, pre-axial or predominantly flexor muscles) 
and the posterior division innervation (thus, post-axial or predomi- 
nantly extensor muscles) to deltoid. Similarly, eoraeobraehialis (a flexor 
and adductor of the abducted arm) is innervated through the anterior 
division of C5, 6 and (predominantly) 7 segmental levels, while latis- 
simus dorsi is innervated through the posterior division of C6, 7 and 
8 (predominantly C7). These are examples of the movements of a joint, 
rather than individual muscles, being subserved in a biologieally effi- 
eient manner by the minimum number of spinal segmental levels 
required to aehieve the aim of positioning the elbow in spaee, while 
maintaining subtlety in effeet. 

Peetoralis major 

Attaehments Peetoralis major (Fig. 48.27) is a thiek, fan-shaped 
muscle. It arises from the anterior surface of the sternal half of the 
elaviele (clavicular head); half the breadth of the anterior surface of the 
sternum down to the level of the sixth or seventh eostal eartilage 
(sternal head); the first to the seventh eostal eartilages (first and seventh 
often omitted); the sternal end of the sixth rib; and the aponeurosis of 
external oblique (rectus head). The clavicular fibres are usually sepa- 
rated from the sternal fibres by a slight eleft. The muscle eonverges to 
a flat tendon, approximately 5 em wide, that is attaehed to the lateral 
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Fig. 48.27 The left deltopeetoral groove, 
disseeted to show the elavipeetoral faseia and 
thoraeo-aeromial axis. (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, Llrban & 
Fiseher. Copyright 2013.) 
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lip of the intertubercular sulcus of the humerus. The tendon is bilami- 
nar. The thieker anterior lamina is formed by fibres from the manu- 
brmm, joined superficially by clavicular fibres and deeply by fibres 
from the sternal margin and the seeond to fifth eostal eartilages. Cla- 
vicular fibres may be prolonged into the tendon of deltoid. The pos- 
terior lamina reeeives fibres from the sixth (and, often, seventh) eostal 
eartilages, sixth rib, sternum, and aponeurosis of external oblique. 
Costal fibres join the lamina without twisting. Fibres from the sternum 
and aponeurosis curve around the lower border, turning successively 
behind those above them, which means that this part of the muscle is 
twisted so that the fibres that are lowest at their medial origin are 
highest at their attaehment on the humerus. The posterior lamina 
reaehes higher on the humerus than the anterior, and gives off an 
expansion that eovers the intertubercular sulcus and blends with the 
capsular ligament of the shoulder joint. An expansion from the deepest 
part of the lamina lines the intertubercular sulcus at its linear insertion; 
another expansion deseends from its lower border into the deep faseia 
of the upper arm. 

The rounded lower border of peetoralis major forms the anterior 
axillary fold and beeomes conspicuous in abduction against 
resistanee. 


Variants The abdominal slip from the aponeurosis of external oblique 
is sometimes absent. The number of eostal attaehments and the extent 
to which the clavicular and eostal parts are separated vary. Right and 
left muscles may deoissate aeross the sternum. A superficial vertieal slip, 
or slips, may aseend from the lower eostal eartilages and rectus sheath 
to blend with sternoeleidomastoid or to attaeh to the upper stermim 
or eostal eartilages. This is sternalis (rectus sternalis). 

Relations Skin, superficial faseia, platysma, medial and intermediate 
supraclavicular nerves, breast tissue and deep faseia are all anterior. The 
sternum, ribs and eostal eartilages, elavipeetoral faseia, subclavius, pee- 
toralis minor, serratus anterior, external intereostal muscles and mem- 
branes are all posterior. Peetoralis major forms the superficial layer of 
the anterior axillary wall, and henee lies anterior to the axillary vessels 
and nerves and the upper parts of bieeps braehii and eoraeobraehialis. 
Its upper border is separated from deltoid by the infraclavicular fossa, 
which eontains the eephalie vein and deltoid braneh of the thoraeo- 
aeromial artery. Peetoralis major is separated from latissimus dorsi on 
the medial axillary wall but the two muscles eonverge as they approaeh 
the lateral axillary wall; the floor of the intertubercular sulcus lies 
between their attaehments. 

Vaseillar Slipply Peetoralis major is supplied by one dominant vas- 
cular pediele from the peetoral braneh of the thoraeo-aeromial axis, 
supplemented by several smaller seeondary segmental vessels from the 
deltoid and clavicular branehes of the thoraeo-aeromial axis, and per- 
forating branehes of the internal thoraeie arteries and superior and 
lateral thoraeie arteries. 


Innervation Peetoralis major is supplied through the medial and 
lateral peetoral nerves. Fibres for the elaviailar part are from C5 and 6; 
those for the sternoeostal part are from C7, 8 and Tl. 

Aetions The two parts of peetoralis major ean aet separately or 
together. The whole muscle assists adduction and medial rotation of 
the humerus against resistanee. It swings the extended arm forwards 
and medially, its clavicular part aeting with the anterior fibres of deltoid 
and eoraeobraehialis; the sternoeostal part is relaxed. The opposite 
movement is usually aided by gravity. When it is resisted, the sterno- 
eostal part aets together with latissimus dorsi, teres major and the 
posterior fibres of deltoid; the clavicular part is relaxed. With the raised 
arms fixed, e.g. gripping a braneh, the same eombination of muscles 
draws the tmnk up and forwards. Peetoralis major is aetive in deep 
inspiration. 


Testing To test the clavicular head, the abducted arm is flexed against 
resistanee. To test the sternoeostal head, the arm is adducted against 
resistanee. 


Poland’s syndrome 
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ehondro-epitroehlearis ehondro-epitroehlearis is a rare extra 
'head' of peetoralis major, arising deep to the sternal and rectus 


eomponents of that muscle from the anterior aspeet of the fifth, sixth 
and seventh ribs and their eostal eartilages, and in the same plane as 
peetoralis minor. 

Deltoid 

Attaehments Deltoid is a thiek, curved triangle of muscle. It arises 
from the anterior border and superior surface of the lateral third of the 
elaviele, the lateral margin and superior surface of the aeromion, and 
the lower edge of the erest of the scapular spine (other than its smooth, 
medial, triangular surface) (see Figs 48.26, 48.27). The fibres eonverge 
inferiorly to a short, substantial tendon that is attaehed to the deltoid 
tubercle on the lateral aspeet of the midshaft of the humems. Anterior 
and posterior fibres eonverge direetly to this tendon. The intermediate 
part is multipennate; four intramuscular septa deseend from the 
aeromion to interdigitate with three septa aseending from the deltoid 
tubercle. The septa are eonneeted by short muscle fibres that provide 
powerful traetion (Leijnse et al 2008). The fasciculi are large, producing 
a eoarse longitudinal striation. The muscle surrounds the glenohumeral 
articulation on all sides, except inferomedially, giving the shoulder its 
rounded profile. In eontraetion, its borders are easily seen and felt. The 
tendon gives off an expansion into the braehial deep faseia that may 
reaeh the forearm. 

Variants Deltoid may fuse with peetoralis major or may reeeive addi- 
tional slips from trapezms, the infraspinous faseia or the lateral scapular 
border. Teres minor shares a eommon innervation and could be eon- 
sidered as a fourth, posteroinferior, part of deltoid. 

Relations The skin, superficial and deep faseiae, platysma, lateral 
supraclavicular and upper lateral braehial cutaneous nerves are all 
superficial. The eoraeoid proeess, eoraeo-aeromial ligament, subacro- 
mial bursa, tendons of peetoralis minor, eoraeobraehialis, both heads 
of bieeps braehii, peetoralis major, subscapularis, supraspinatus, infra- 
spinatus, teres minor, long and lateral heads of trieeps, circumflex 
humeral vessels, axillary nerve, and the surgical neek and upper shaft 
of the humerus, including both tubercles, are all deep. The anterior 
border of deltoid is separated from peetoralis major proximally by the 
infraclavicular fossa, which eontains the eephalie vein and deltoid 
branehes of the thoraeo-aeromial artery; distally, these imiseles are in 
eontaet. The posterior border of deltoid overlies infraspinatus and 
trieeps. 

Vaseillar SLipply Deltoid is supplied by aeromial and deltoid 
branehes of the thoraeo-aeromial artery; the anterior and posterior 
circumflex humeral arteries; subscapular artery; and the deltoid braneh 
of profimda braehii. 

Innervation Deltoid is innervated by the axillary nerve, C5 and 6. 

Aetions Different parts of the muscle ean aet independently, as well 
as together. Anterior fibres assist peetoralis major in drawing the arm 
forwards and rotating it medially. Posterior fibres aet as external 
rotators, and aet with latissiimis dorsi and teres major in drawing the 
arm backwards (into extension). The posterior fibres of deltoid 
provide up to 80% of the external rotation power of the arm when 
elevated into the plane of the scapula. The multipennate, aeromial, 
part of deltoid is a strong abductor; aided by supraspinatus, it abducts 
the arm until the inferior joint capsule is tight. Movement takes 
plaee in the plane of the body of the scapula, which is the only way 
that scapular rotation ean be ffilly effeetive in raising the arm above 
the head. In true abduction, aeromial fibres eontraet strongly, while 
elavioilar and posterior fibres prevent departure from the plane of 
motion. In the early stages of abduction, traetion by deltoid is upward, 
but the humeral head is prevented from translating upward by the 
synergistie eentralizing effeet of the rotator cuff imiseles (supraspina- 
tus, subscapularis, infraspinatus and teres minor). Eleetromyography 
suggests that deltoid contributes little to medial (internal) or lateral 
(external) rotation but eonfirms that it takes part in most other shoul- 
der movements. 

Testing Deltoid ean be seen and felt to eontraet when the arm is 
abducted against resistanee in the scapular plane. Sinee this motion ean 
also be aehieved by supraspinatus, a more speeifie test for the aetivity 
of deltoid is to assess extension against resistanee with the arm in 30° 
abduction in the scapular plane: this reduces the confounding effeet of 
latissimus dorsi and trieeps as extensors of the adducted arm. Subtle 
weakness ean be determined using the deltoid lag sign (Hertel et al 
1998). 













Shoulder girdle and arm 


Poland's syndrome is a rare eongenital anomaly, in which there is 
hypoplasia of the thoraeie ehest wall muscles and ipsilateral hypoplasia 
of the arm and hand. It occurs in approximately 1:50,000 live births. 
The major elinieal feature is absenee of the sternoeostal head of 
peetoralis major and all of peetoralis minor. In addition, there may be 
hypoplasia of latissimus dorsi, serratus anterior, external oblique, 
supraspinatus, infraspinatus, deltoid and the intereostal muscles, and 
hypoplasia of the hemithorax and ribs. Hypoplasia affeeting the arm 
ranges from syndaetyly to symbraehydaetyly and eetrodaetyly. The 
seeond, third and fourth fingers are the most affeeted; the wrist, forearm, 
upper arm and scapula are variably involved. There may be ipsilateral 
breast hypoplasia and absent nipple-areolar complex. 

The aetiology is unclear. It has been suggested that the eondition is 
caused by dismption of lateral plate mesenehyme 2-4weeks after ferti- 
lization, or by dismption of the arterial blood supply to the subclavian 
vessels during the sixth and seventh weeks of embryonie life. 

The muscle has an extensive attaehment to the lateral erest of the 
intertubercular sulcus, the medial intermuscular septum and the medial 
epieondylar ridge. It is innervated by branehes of the lateral peetoral 
nerve that perforate peetoralis minor or pass to the muscle in the plane 
between peetoralis minor and major. It is noted as a pterygium deep to 
the anterior axillary wall with a sharply defined inferior border in the 
axilla, made more notieeable by flexion and medial rotation against 
resistanee with the arm elevated into the scapular plane. With the arm 
in the elevated position, eontraetion of the muscle causes a retropulsion 
of the glenohumeral joint, a rare cause of posterior glenohumeral 
instability. 
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Muscles 


Coracobrachialis 

Coracobrachialis is the most medial of the three anterior eompartment 
muscles of the arm. It has a eommon origin with the short head of 
bieeps braehii. In turn, the short head of bieeps shares a eommon distal 
attaehment with the long head of bieeps. The three anterior eompart- 
ment muscles, therefore, form a single hmetional group that brings the 
supinated hand into flexion and medial rotation, towards the faee. 

Attaehments Coracobrachialis arises from the deep surface of the 
apex of the eoraeoid proeess, deep to the tendon of the short head of 
bieeps braehii, and by muscular fibres from the proximal 5-10 em of 
this tendon. It ends on an impression, 3-5 em in length, midway along 
the medial border of the humeral shaft between the attaehments of 


the medial head of trieeps and braehialis (Fig. 48.28). Aeeessory slips 
may be attaehed to the lesser tubercle, medial epieondyle or medial 
intermuscular septum. 

Relations Coracobrachialis forms an inconspicuous rounded ridge 
on the upper medial side of the arm; pulsation of the braehial artery 
ean be felt and often seen in the depression behind it. The muscle is 
perforated and supplied by the musculocutaneous nerve. Anteriorly, it 
is related to peetoralis major above and, at its humeral insertion, to the 
braehial vessels and median nerve, which eross it. The tendons of sub- 
scapularis, latissimus dorsi, teres major, the medial head of trieeps, 
the humerus and the circumflex humeral vessels are all posterior. The 
third part of the axillary artery and proximal parts of the median and 
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Fig. 48.28 Deep muscles of the left shoulder girdle. A, The anterior aspeet after removal of the superficial muscles. B, Posterior aspeet. (With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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SECTION 6 


SHOLILDER GIRDLE AND ARM 


musculocutaneous nerves are fìrst medial and beeome posterior fmther 
distally; they may be partially obscured by the muscle if it is bulky. 
Bieeps braehii and braehialis are lateral. 

Vaseillar Slipply One or more branehes from the axillary artery pass 
deep to the lateral root of the median nerve and the musculocutaneous 
nerve to reaeh the deep surface of eoraeobraehialis. Branehes from the 
anterior circumflex humeral artery supply the deep surface of the 
muscle. The artery aeeompanying the musculocutaneous nerve sends a 
reairrent braneh to the eoraeoid attaehment and gives off a series of 
branehes to eoraeobraehialis during its intramuscular course. Aeeessory 
branehes from the thoraeo-aeromial artery supply the superficial part 
of eoraeobraehialis. 

Innervation Coracobrachialis is innervated by the musculocutaneous 
nerve, C5, 6 and 7. 

Aetions Deltoid and eoraeobraehialis insert into the humerus approx- 
imately opposite eaeh other. Coracobrachialis aets as an antagonist to 
the aetion of deltoid, particularly when the arm is in abduction and 
extension; it flexes the arm forwards and medially. In abduction, it aets 
with the anterior fibres of deltoid to resist departure from the plane of 
motion. 

Testing Coracobrachialis ean be tested by palpating its fibres during 
adduction and medial rotation of the flexed shoulder against resistanee. 
Alternatively the muscle ean be palpated during foreefhl depression of 
the elbow against resistanee or with the arm by the side. 

Latìssìmus dorsì 

Attaehments Latissimus dorsi is a large, flat, triangular muscle that 
sweeps over the lumbar region and lower thorax, and eonverges to a 
narrow tendon (see Fig 48.26). It arises by tendinous fibres from the 
spines of the lower six thoraeie vertebrae anterior to trapezius; from the 
posterior layer of thoracolumbar faseia, by which it is attaehed to the 
spines and supraspinous ligaments of the lumbar and saeral vertebrae; 
and from the posterior part of the iliae erest. It also springs by muscular 
fibres from the posterior part (outer lip) of the iliae erest lateral to 
ereetor spinae, and by fleshy slips from the three or four lower ribs, 
interdigitating with external oblique (see Fig. 61.6). From this extensive 
attaehment, fibres pass laterally with different degrees of obliquity (the 
upper fibres are nearly horizontaf the middle oblique, and the lower 
almost vertieal), to form a sheet 12 or 13 mm thiek that overlaps the 
inferior scapular angle, and may attaeh to it. The muscle curves around 
the inferolateral border of teres major to gain its anterior surface and 
ends as a flattened tendon, up to 7 em long, anterior to the tendon of 
teres major. It is attaehed to the floor of the intertubercular sulcus of 
the humerus with an expansion to the deep faseia (Daneker 2013). The 
attaehment extends higher on the humerus than that of teres major. As 
the muscle curves round teres major, the faseioili rotate around eaeh 
other, so that fibres that originate lowest at the midline insert highest 
on the humerus, and fibres that originate highest at the midline insert 
lowest on the humerus. A bursa sometimes oeoirs between the muscle 
and the inferior scapular angle. The tendons of latissimus dorsi and 
teres major are united at their lower borders but separated by a bursa 
near their humeral attaehments. 

Latissimus dorsi and teres major together form the posterior axillary 
fold. When the arm is adducted against resistanee, this fold is accentu- 
ated, and the whole inferolateral border of latissimus dorsi ean be 
traeed to its attaehment to the iliae erest. The radial nerve and the 
braneh or branehes it supplies to the medial head of trieeps are elose 
anterior relations of the tendon of the latissimus dorsi, 3-5 em medial 
to the shaft of the humerus, before the radial nerve traverses the lower 
triangular spaee and passes into the posterior eompartment of the arm 
(see quadrangular and triangular spaees below). 

The lower, lateral margin of latissimus dorsi is usually separated 
from the posterior border of external oblique by the lumbar triangle. 
The base of this small triangle is the iliae erest and its floor the internal 
oblique; it should not be eonfhsed with the triangle of auscultation, 
medial to the scapula, which is bounded above by trapezius, below by 
latissimus dorsi and laterally by the medial border of the scapula. Part 
of rhomboid major is exposed in the triangle. If the scapulae are drawn 
forwards, by folding the arms aeross the ehest, and the tmnk is bent 
forwards, parts of the sixth and seventh ribs and the interspaee between 
them (overlying the apex of the lower pulmonary lobe) beeome 
subcutaneous. 

Variants Latissimus dorsi eommonly reeeives some additional fibres 
822 from the scapula as it erosses the inferior scapular angle. A muscular 


axillary areh, 7-10 em in length and 5-15 mm in breadth, may some- 
times be present; it erosses from the edge of latissiimis dorsi, midway 
in the posterior fold, and passes anterior to the axillary vessels and 
nerves to join the tendons of peetoralis major, eoraeobraehialis or the 
faseia over bieeps braehii. The vertebral and eostal attaehments of latis- 
simus dorsi may be reduced or, in rare eases, inereased. A fibrous slip 
usually passes from the tendon, near its humeral insertion, to the long 
head of trieeps. 

Vaseillar Slipply Latissimus dorsi is supplied by a single dominant 
vascular pediele, the thoraeodorsal artery, itself a continuation of the 
subscapular artery. The thoraeodorsal artery and its aeeompanying 
venae eomitantes enter the muscle at a single neurovascular hilum on 
its eostal surface, 6-12 em from the subscapular artery and 1-4 em 
medial to the lateral border of the muscle. The artery gives off up to 
three large branehes to serratus anterior before dividing at, or even 
before, the neurovascular hilum for latissimus dorsi. The basie pattern 
of branehing is a bifurcation into lateral and medial branehes. The 
larger lateral braneh follows a course parallel to, and 1-4 em from, the 
upper border of the muscle; the smaller braneh diverges at an angle of 
45 0 and travels medially. In a small number of eases, the artery trifiir- 
eates. This usually yields a small recurrent braneh that returns to supply 
the proximal part of the muscle but, in some eases, it provides a third 
major braneh that supplies the distal part of the muscle. Oeeasionally, 
the lateral braneh gives off a fiirther eollateral to serratus anterior. The 
major branehes give off 5-9 longitudinal branehes that travel distally, 
parallel with the imisele fibres. Musculocutaneous perforators arising 
from these vessels supply the overlying skin. 

In addition to the dominant vascular pediele, latissimus dorsi is 
supplied inferiorly by several smaller, seeondary, segmental vascular 
pedieles. These are dorsal perforating arteries derived from the ninth, 
tenth and eleventh posterior intereostal arteries and the first, seeond 
and third lumbar arteries. They all enter the muscle on its deep surface 
and anastomose within the muscle with branehes of the thoraeodorsal 
artery. 

Innervation Latissiimis dorsi is supplied by the thoraeodorsal nerve, 
from the posterior eord of the braehial plexus, C6, 7 and 8 (predomi- 
nantly C7). This nerve mns in the neurovascular pediele and divides 
approximately 1.5 em proximal to the point of biffireation or trifiirea- 
tion of the thoraeodorsal artery. The neural and vasoilar branehes travel 
together and so the pattern of branehing of the nerve follows that of 
the artery elosely. 

Aetions Latissiimis dorsi is aetive in adduction, extension and, espe- 
eially, in medial rotation of the humerus. Humeral adduction and 
extension are most powerful when the initial position of the arm is one 
of partial abduction or flexion, or a eombination of the two. With the 
sternoeostal part of peetoralis major and teres major, it adducts the 
raised arm against resistanee. When the arms are raised above the head, 
as in elimbing, it pulls the tmnk upwards and forwards. It takes part in 
all violent expiratory efforts, such as coughing or sneezing; this is 
readily eonfirmed by palpation. Eleetromyography suggests that latis- 
simus dorsi aids deep inspiration, but it is also aetive towards the end 
of foreible expiration, e.g. when blowing a sustained note on a imisieal 
instmment. When the arm is elevated, the stretehed fibres of latissiimis 
dorsi press on the inferior scapular angle (to which it may also be 
attaehed), keeping it in eontaet with the ehest wall. Despite this range 
of aetions, surgical transposition of the muscle does not appear to 
produce any serious restrietion of normal aetivity. 

Testing Latissimus dorsi is palpated when the abducted arm is 
adducted against resistanee and ean be felt to eontraet during coughing. 

MUSCLES 0F C0NCAVITY C0MPRESSI0N 


The fimetion of the rotator cuff muscles is to generate a eoneavity eom- 
pressive foree in all positions of the arm at the shoulder. The term 
'rotator cuff is eonventionally taken to mean the tendinous parts of the 
four rotator cuff muscles: subscapularis, supraspinatus, infraspinatus 
and teres minor. Sinee teres minor, parts of infraspinatus and most of 
subscapularis do not have tendons, this use of the term excludes impor- 
tant parts of the rotator cuff apparatus. In this deseription, the term 
'rotator cuff will be used to define the entire musculotendinous appa- 
ratus that eentralizes the humeral head on the glenoid. The tendons of 
the rotator cuff will be referred to speeifieally. 

It is also maintained that the inferior capsule of the glenohumeral 
joint is exposed as a weak part of the capsule, and so predisposed to 








Muscles 


injury (disloeation). However, in elevation of the arm above 90 °, the 
bulk of teres major forms a muscular buttress to the lower part of 
the joint and, in this position, elearly draws the humeral head into the 
glenoid, i.e. it has a eentralizing effeet. Teres major is a part of the een- 
tralizing fhnetion of the rotator cuff, and should be eonsidered along 
with the eonventional defìnition of the rotator cuff. 

The meehanism of the rotator cuff has been likened to that of the 
fibrous 'endoskeleton' of the heart, in which the muscular ehambers are 
eonstmeted around the fibrous architecture of the valvular system, and 
muscle eontraetion is eentralized on this fìbrous support. The muscles 
of the rotator cuff are attaehed to their tendons in a similar manner: 
the fibrous architecture of the tendons provides a framework for the 
aetion of the rotator cuff so that it always generates a eentralizing foree 
on the glenoid (Gagey et al 1993). 

The muscles of the rotator cuff eombine in three groups (subscapu- 
laris and teres major, supraspinatus and infraspinatus, and teres minor) 
by virtue of their innervation. Subscapularis and teres major are 
innervated through the subscapular nerves (C5, 6 and 7, posterior divi- 
sion, posterior eord); supraspinatus and infraspinatus by the supras- 
capular nerve (C5, 6, upper tmnk); and teres minor by the axillary 
nerve (C5, 6, posterior division, posterior eord). The eommon origin 
of their innervation suggests a eommon fìnal aetion, namely: the gen- 
eration of the eentralizing eompression foree. In fhnetional terms, 
supraspinatus and infraspinatus ean be eonsidered as one imisele on 
the grounds that they have the same innervation and the same vasailar 
supply; their attaehment to the scapula is a continuum broken only by 
the spine of scapula for the attaehment of trapezms; and their aetions 
are eomplementary. 

Supraspinatus 

Attaehments Supraspinatus arises from the medial two-thirds of the 
supraspinous fossa and from the supraspinous faseia (Fig. 48.28). The 
fibres eonverge, under the aeromion, into a thiek tendon that passes 
obliquely through the imisele, erosses above the humeral head, and is 
attaehed to the highest faeet of the greater tubercle of the humems. The 
tendon has a posterior, flatter, eomponent eloser to the faeet of attaeh- 
ment. The anterior, obliquely direeted, fìbres of supraspinatus are 
inserted into the anterior aspeet of the thiek tendon, while the more 
parallel posterior fìbres are inserted into both the thiek tendon and the 
flatter eomponent. The thiek tendon is contiguous with the transverse 
humeral and coracohumeral ligaments; it forms an anterior pillar to 
the posterosuperior part of the rotator cuff. The deep surface of the 
tendon blends into the articular capsule over its distal 1 em or so. 
Fibroeartilage has been deseribed at the tendinous insertion, as in other 
tendons attaehed to epiphysial bone. 

Vaseillar Slipply Supraspinatus is supplied by the suprascapular and 
dorsal scapular arteries. 

Innervation Supraspinatus is innervated by the suprascapular nerve, 
C5 and 6. 

Aetions The eonventional view is that supraspinatus initiates abduc- 
tion of the shoulder and assists deltoid in abduction thereafter. 
However, there is evidenee that both supraspinatus and deltoid are 
involved throughout the range of abduction, including initiation of 
the movement. In eomplete axillary nerve lesions (eomplete, irrevers- 
ible deltoid palsy), supraspinatus, aeting with other cuff imiseles, ean 
initiate, regulate, aehieve and maintain full abduction of the arm 
(although endurance is limited). If supraspinatus is detaehed, torn or 
paralysed, and deltoid is also paralysed, investigation and surgical 
exploration and repair of damaged rotator cuff tendon, muscle or 
nerve supply is mandatory. With a hmetioning rotator cuff but poor 
deltoid, the arm is fhnetionally adept and useful, whereas with a 
poorly fhnetioning rotator cuff and normal deltoid, arm fhnetion is 
potentially poor because stability of the joint is adversely eompro- 
mised and deltoid eannot fhnetion to overeome this disability. As part 
of the rotator cuff, supraspinatus helps to stabilize the head of the 
humerus in the glenoid fossa during movements of the glenohumeral 
joint. With the arm dependent, even when moderately loaded, suprasp- 
inatus assists deltoid in prevention of downward displaeement of the 
humerus. 

Testing It is extremely diffìcult to palpate supraspinatus unless trape- 
zius is thin. The tendon of supraspinatus is separated from the eoraeo- 
aeromial ligament, aeromion and deltoid by the large subacromial 
bursa; when this is inflamed, abduction of the shoulder joint is painfhl. 
The tendon is the most frequently torn element of the musculotendi- 
nous cuff around the shoulder joint. 


Infraspinatus 

Attaehments Infraspinatus is a thiek, triangular muscle that occu- 
pies most of the infraspinous fossa (see 4g. 48.28). It arises by mus- 
cular fìbres from the medial two-thirds of the fossa, by tendinous 
fìbres from ridges on its surface and from the deep surface of the 
infraspinous faseia, which separates it from teres major and minor. Its 
fibres eonverge to a tendon that glides under the lateral border of the 
spine of the scapula, and then passes aeross the posterior aspeet of the 
capsule of the shoulder joint to be attaehed to the middle faeet on the 
greater tubercle of the humerus. The tendon fuses with that of 
supraspinatus immediately lateral to the thiek lateral margin of the 
spine of the scapula; the tendon fibres decussate so that fibres of infra- 
spinatus ean be traeed to the faeet for supraspinatus, and viee versa 
(Mochizuki et al 2008). The tendon is sometimes separated from the 
capsule by a bursa, which may communicate with the joint eavity. The 
tendon is flattened, but is thiekened in several plaees, reinforeing its 
posterior aspeet as it attaehes to the middle faeet. From this region, 
fibres passing orthogonally within the deeper substance of the tendon 
of infraspinatus pass forwards into supraspinatus, then pass aeross the 
rotator interval to subscapularis. This band of fibres is termed the 
'eable' (Burkhart et al 1993); it provides the meehanieal link between 
the posterosuperior and anterior parts of the rotator cuff, thus ensur- 
ing that there is intrinsie eoordination of the rotator cuff meehanism. 
The muscular part of infraspinatus is attaehed direetly to the middle 
faeet on the greater tubercle and is sometimes fiised with teres minor 
laterally, although their tendons are usually separable eloser to the 
joint capsule. 

Vaseillar Slipply Infraspinatus is supplied by the suprascapular and 
circumflex scapular arteries. 

Innervation Infraspinatus is innervated by the suprascapular nerve, 
C5 and 6. 

Aetions Infraspinatus is a lateral rotator of the humerus. Together 
with supraspinatus, subscapularis and teres minor, it helps to stabilize 
the head of the humerus in the glenoid fossa during shoulder 
movements. 

Teres minor 

AttaehmentS Teres minor is a narrow, elongated muscle that arises 
from the upper two-thirds of a flattened strip on the dorsal surface of 
the scapula adjoining its lateral border, and from two aponeurotic 
laminae that separate it from infraspinatus and teres major (see Fig. 
48.28). It mns upwards and laterally. The upper fibres end in a short 
tendon (which may be absent), attaehed to the lowest faeet on the 
greater tubercle of the humerus. The lower fibres are attaehed direetly 
into the humems distal to this faeet and above the origin of the lateral 
head of trieeps. The tendon passes aeross, and blends with, the lower 
posterior surface of the capsule of the shoulder joint. Teres minor may 
be fiised with infraspinatus. 

Vaseillar Slipply Teres minor is supplied by the circumflex 
scapular artery, which pierees the origin of the muscle as it turns 
upwards in the infraspinous fossa, and by the posterior circumflex 
humeral artery. 

Innervation Teres minor is innervated by a braneh of the axillary 
nerve that is given off the main tmnk as it enters the quadrangular 
spaee, C5 and 6. 

Aetions Teres minor aets as a lateral rotator and weak adductor of the 
humerus with the arm pendant. Together with supraspinatus, infra- 
spinatus, subscapularis and teres major, it helps to stabilize the head of 
the humems in the glenoid fossa during shoulder movements. 

Subscapularis 

AttaehmentS Subscapularis is a bulky, triangular muscle that fills the 
subscapular fossa (see Figs 48.25, 48.28A). In its medial two-thirds, the 
fibres are attaehed to the periosteum of the eostal surface of the scapula. 
Other fibres arise from tendinous intramuscular septa, attaehed to 
ridges on the bone, and from the aponeurosis that eovers the muscle 
and separates it from teres major and the long head of trieeps. The fibres 
eonverge laterally into a broad tendon above, which has a thiekened, 
rounded upper margin, and is attaehed to the lesser tubercle of the 
humerus and the anterior part of the artioilar capsule, with a wide direet 
muscular attaehment to the lower part of the lesser tubercle. The tendon 
is separated from the neek of the scapula by the large subscapular bursa, 
which may eomimmieate with the shoulder joint. 
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SECTION 6 


SHOLILDER GIRDLE AND ARM 


Variation is unusual. A separate inferior slip (subscapularis aeees- 
sorius) may pass from the lateral border of the scapula to the gleno- 
humeral capsule or to the periosteum medial to the intertubercular 
sulcus of the humerus. This should be distinguished from the tme 
infraglenoid muscle (Staniek and Brenner 2012). 

Relations Subscapularis forms much of the posterior axillary wall. Its 
anterior surface is apposed inferomedially to serratus anterior, the axil- 
lary vessels, braehial plexus and subscapular vessels and nerves, and 
superolaterally to eoraeobraehialis and bieeps. Its posterior surface is 
attaehed to the scapula and glenohumeral capsule. Its lower border 
eontaets teres major and latissimus dorsi. Its upper border is contiguous 
with the capsule of the rotator interval; at the most lateral extent of the 
intervaf the long tendon of bieeps passes lateral to the attaehment of 
snbseapnlaris, eovered by the transverse humeral ligament. 

Vaseillar Slipply Subscapularis is supplied by small branehes from 
the suprascapular, axillary and subscapular arteries. 

Innervation Subscapularis is innervated by the upper and lower sub- 
scapular nerves, C5, 6 (posterior eord). 

Aetions Subscapularis is a medial rotator of the humerus. Together 
with supraspinatus, infraspinatus, teres minor and teres major, it helps 
to stabilize the head of the humems in the glenoid fossa during shoul- 
der movements. 

The attaehment of teres major lies in direet continuity with the 
attaehment of subscapularis on the lesser tubercle. The muscles lie in 
virtually the same plane as they approaeh the humems, share a similar 
innervation from the posterior eord of the braehial plexus, and perform 
the same aetions. Like the spinati, subscapularis and teres major might 
be eonsidered as a fhnetional unit. 

Teres major 

Attaehments Teres major is a large, thiek, ovoid muscle that arises 
from the oval area on the dorsal surface of the inferior scapular angle, 
and from the fibrous septa interposed between the muscle and teres 
minor and infraspinatus (see Fig. 48.28). Its fibres aseend laterally and 
end in a short, flat tendon, 2-5 em long, attaehed to the medial lip of 
the intertubercular sulcus of the humems. The tendon lies behind that 
of latissimus dorsi, from which it is separated by a bursa; the tendons 
are united along their lower borders for a short distanee but are readily 
separated. 

Variants Teres major may be fused with the scapular part of latis- 
simus dorsi, and may send a slip to join the long head of trieeps or 
the braehial faseia. 

Vaseillar Slipply Teres major is supplied by the thoraeodorsal braneh 
of the subscapular artery on its way to latissimus dorsi and by the pos- 
terior circumflex humeral artery (Daneker 2013). 

Innervation Teres major is innervated by the lower subscapular nerve, 
C5, 6 and 7. 

Aetions Despite its name, teres major has a nerve supply and aetion 
that is distinet from teres minor. Teres major draws the humems baek- 
wards and rotates it medially. Eleetromyographie studies are equivocal 
about its major role in movement, but its involvement as a contributor 
to statie posture and arm-swinging is not eontested. 

Testing Teres major ean be palpated posterior to the posterior axillary 
fold during adduction of the humems against resistanee. 

({*) Rotator cuff disease 

The subacromial spaee is defined inferiorly by the superior surface of 
the rotator cuff (supraspinatus and the anterior part of infraspinatus); 
superiorly by the anterior edge and inferior surface of the anterior third 
of the aeromion, eoraeo-aeromial ligament and acromioclavicular joint, 
forming the eoraeo-aeromial areh; and posteriorly by the posterior wall 
of the subacromial bursa. It is occupied by the subacromial bursa, lined 
by synovial membrane, that extends anterolaterally under deltoid as the 
subdeltoid bursa, and which faeilitates movement of the rotator cuff 
under the eoraeo-aeromial areh. The upper surface of the rotator cuff 
normally impinges, without symptoms, under the eoraeo-aeromial areh 
when the humems is abducted, flexed and medially rotated. If the upper 
surface of the rotator cuff is damaged, the bursa is thiekened or inflamed, 
or the undersurface of the eoraeo-aeromial areh is rough, then the 
impingement ean beeome abrasive: this is the painfiil eondition ealled 
824 'impingement syndrome'. 


MUSCLES THAT C00RDINATE SH0ULDER AND 
ELB0W M0TI0N 


The muscles of the upper arm are eoraeobraehialis, which aets only on 
the shoulder joint; bieeps and trieeps, which eross both shoulder and 
elbow joints; and braehialis, which aets only at the elbow joint. Coraco- 
braehialis is deseribed on page 821. 

Anterior eompartment of the arm 


Bieeps braehii 

Attaehments Bieeps braehii derives its name from its two proximally 
attaehed parts or 'heads' (see Figs 48.15, 48.16, 48.25, 48.28A). The 
short head arises by a thiek, flattened tendon from the eoraeoid apex, 
together with eoraeobraehialis. The long head starts within the capsule 
of the shoulder joint as a long narrow tendon, mnning from the sup- 
raglenoid tubercle of the scapula at the apex of the glenoidal eavity, 
where it is continuous with the glenoidal labmm. The tendon of the 
long head, enelosed in a double tubular synovial sheath, arehes over 
the humeral head, emerges from the joint under the transverse humeral 
ligament, and deseends in the intertubercular sulcus, where it is retained 
by the transverse humeral ligament and a fibrous expansion from the 
tendon of peetoralis major. The two tendons lead into elongated bellies 
that, although elosely applied, ean be separated to within 7 em or so 
of the elbow joint. At this joint, they end in a flattened tendon, which 
is attaehed to the rough posterior area of the radial tuberosity; a bursa 
separates the tendon from the smooth anterior area of the tuberosity. 
As it approaehes the radius, the tendon spirals, its anterior surface 
beeoming lateral before being applied to the tuberosity. The tendon has 
a broad medial expansion, the bieipital aponeurosis, which deseends 
medially aeross the braehial artery to fiise with deep faseia over the 
origins of the flexor imiseles of the forearm (Fig. 48.29). The tendon 
ean be split without difficulty as far as the tuberosity; it ean, thus, be 
eonfirmed that its anterior and posterior layers reeeive fibres from the 
short and long heads, respeetively. 

Oeeasionally, a third head arises from the superomedial part of 
braehialis and is attaehed to the bieipital aponeurosis and medial side 
of the tendon of insertion. It usually lies behind the braehial artery but 
it may eonsist of two slips, which deseend in front of and behind the 
artery. Less often, other slips may spring from the lateral aspeet of the 
humems or intertubercular sulcus. 

Relations Bieeps is overlapped proximally by peetoralis major and 
deltoid; distally, it is eovered only by faseiae and skin, and it forms a 
conspicuous elevation on the front of the arm. Its long head passes 
through the shoulder joint; its short head is anterior to the joint. Dis- 
tally, it lies anterior to braehialis, the musculocutaneous nerve and 
supinator. Its medial border touches eoraeobraehialis and overlaps the 
braehial vessels and median nerve; its lateral border is related to deltoid 
and braehioradialis. 


Vaseillar Slipply Bieeps braehii is typieally supplied by up to eight 
vessels originating from the braehial artery in the middle third of the 
arm. These vessels pass laterally, posterior to the median nerve, and 
divide into aseending and deseending branehes just before reaehing the 
deep surface of the muscle. Smaller branehes arise from the anterior 
circumflex humeral artery and the deltoid braneh of the aeromial divi- 
sion of the thoraeo-aeromial axis. 

There is great variation in the arterial supply to the muscle. The main 
arterial supply may originate from the superior or inferior ulnar eol- 
lateral arteries, subscapular artery, axillary artery, ulnar or radial arteries 
in eases of proximal bifiireation of the braehial artery, or the profimda 
braehii artery. There is often a single large pediele, attending the nerve 
to bieeps; injury to the muscle and musculocutaneous nerve at this level 
in the arm eommonly results in a fibrotie, atonie muscle with distal 
sensory dysfimetion. 


Innervation Bieeps braehii is innervated by the musculocutaneous 
nerve, C5 and 6, with separate branehes passing to eaeh belly. 


Aetions Bieeps braehii is a powerful supinator, espeeially in rapid or m 
resisted movements. It flexes the elbow - most effeetively, with the 
forearm supinated - and aets, to a slight extent, as a flexor of the 
shoulder joint. The long head helps to eheek upward translation of 
the humeral head during eontraetion of deltoid, in synergy with the 
aetion of the rotator cuff. It is attaehed, via the bieipital aponeu- 
rosis, to the posterior border of the ulna, the distal end of which 
is drawn medially in supination. When the elbow is flexed against 











Shoulder girdle and arm 


Pain is generated during abduction of the arm in the scapular plane; 
typieally, an are of pain is experienced (between 60° and 120° of eleva- 
tion, the impingement are). Rotator cuff disease is a painfhl eondition 
with a multifactorial aetiology, in which severe or ehronie impingement 
of the rotator cuff tendons on the undersurface of the eoraeo-aeromial 
areh is often a signifieant faetor. The supraspinatus tendon is anatomi- 
eally affeeted most by the impingement, which eoineides with an area 
of reduced vascularity in this tendon. When assoeiated with a tendin- 
opathy from age-related degenerative ehanges within the tendon, 
impingement may be assoeiated with partial or eomplete tears of the 
cuff. eiinieally, this eondition causes tenderness over the anterior 
portion of the aeromion, and pain that typieally occurs on abducting 
the shoulder between 60° and 120° (the painfiil are). 

Lowering the hand under the influence of gravity by extension at the 
elbow ealls for eontrolled lengthening of bieeps braehii. This is an 
example of a habitual movement in which muscle tension inereases 
despite inereasing length. (This is 'eeeentrie loading of a muscle; during 
such loading, the muscle-tendon junction is at greater risk of rupture. 
'eoneentrie' loading occurs when the muscle shortens as tension 
inereases, see p. 114.) As the hand deseends and the elbow extends, the 
vertieal through the eentre of gravity of the forearm is earried hirther 
from the fulcrum of movement; therefore, the turning moment exerted 
by the load inereases and must be matehed by an inerease in the 
moment exerted by the muscle. 
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Fig. 48.29 Miiseles, vessels and nerves of the left upper arm, anterior 
aspeet. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


resistanee, the tendon of insertion and bieipital aponeurosis beeome 
conspicuous. 

Testing With the forearm supinated, bieeps braehii ean be tested by 
palpating its fibres during elbow flexion against resistanee. 

Braehialis 

Attaehments Braehialis arises from the lower half of the anterior 
surface of the shaft of the fmmerns, starting on either side of the inser- 
tion of deltoid, and extending distally to within 2.5 em of the cubital 
artioilar surface (Fig. 48.30). It also arises from the intermuscular septa, 
more from the medial than the lateraf sinee it is separated distally from 
the lateral intermuscular septum by braehioradialis and extensor earpi 
radialis longus. Its fibres eonverge to a thiek, broad tendon that is 
attaehed to the ulnar tuberosity and to a rough impression on the 
anterior aspeet of the eoronoid proeess (see Fig. 49.5). 

Braehialis may be divided into two or more parts. It may be fiised 
with braehioradialis, pronator teres or bieeps. In some eases, it sends a 
tendinous slip to the radius or to the bieipital aponeurosis. 

Relations Bieeps, the braehial vessels and the musculocutaneous and 
median nerves are anterior. The humerus and the capsule of the elbow 
joint are posterior. Pronator teres and the medial intermuscular septum, 
which separates it from trieeps and the ulnar nerve, are medial. The 
radial nerve, radial recurrent and radial eollateral arteries, braehioradia- 
lis and extensor earpi radialis longus are all lateral. 

Vaseillar Slipply The blood supply to braehialis typieally eonsists of 
two main arteries (superior and inferior), supplemented by a system of 
aeeessory arteries. The superior main artery originates from the braehial 
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Fig. 48.30 A, A transverse seetion through the left arm, a little below the 
middle of the shaft of the humerus. B, A magnetie resonanee imaging 
(MRI) sean at a similar level. 


artery distal to the site of origin of the superior ulnar eollateral artery 
and travels laterally to enter the anterior surface of the upper third of 
the muscle. The inferior main artery originates either from the superior 
ulnar eollateral artery or direetly from the braehial artery, and enters the 
mid-portion of the muscle. The aeeessory arteries are small and variable 
in number, origin and course. They ean arise from the braehial artery, 
the superior and inferior ulnar eollateral arteries, or the profimda 
braehii artery. The faet that braehialis has a greater vascular supply than 
bieeps braehii suggests that its metabolie demands are greater; braehia- 
lis is the prime flexor of the forearm at the elbow, while bieeps has more 
subtle aetions on the shoulder and elbow, eoordinating the two joints 
while positioning the hand in spaee. 

Innervation Braehialis is innervated by at least two branehes. The 
musculocutaneous nerve (C5 and 6) supplies a large medial part of the 
muscle, and the radial nerve (C7) supplies a small lateral part. This 
arrangement is eonsistent (Oberlin et al 1994). 

Aetion Braehialis is a flexor of the elbow joint with the forearm either 
prone or supine, whether or not the movement is resisted. 
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SECTION 6 


SHOLILDER GIRDLE AND ARM 


Testing Braehialis ean be tested by palpating its fibres during elbow 
flexion against resistanee. 

Posterior eompartment of the arm 


Trieeps 

Attaehments Trieeps fills most of the extensor eompartment of the 
upper arm (see Figs 48.28-48.30). It has three heads (long, lateral and 
medial), from which it takes its name. 

The long head arises by a flattened tendon from the infraglenoid 
tubercle of the scapula, blending above with the glenohumeral capsule. 
Its muscular fibres deseend medial to the lateral head and superficial 
to the medial head, and join them to form a eommon tendon. The 
lateral head arises by a flattened tendon from a narrow, linear, oblique 
ridge on the posterior surface of the humeral shaft, and from the lateral 
intermuscular septum. The origin on the humerus aseends with varying 
obliquity from its lateral border above the radial groove and behind the 
deltoid tuberosity to the surgical neek medial to the insertion of teres 
minor. These fibres also eonverge to the eommon tendon. The medial 
head, which is overlapped posteriorly by the lateral and long heads, has 
a particularly extensive origin. It is attaehed to the entire posterior 
surface of the humeral shaft, below the radial groove from the insertion 
of teres major to within 2.5 em of the troehlea; the medial border of 
the humerus; the medial intermuscular septum; and the lower part of 
the lateral intermuscular septum. Some muscular fibres reaeh the olee- 
ranon direetly; the rest eonverge to the eommon tendon (Keener et al 
2010). Some fibres from the medial head attaeh to the posterior capsule 
of the elbow joint, like those of articularis genus in the knee; these fibres 
are the articularis cubiti. 

The tendon of trieeps begins near the middle of the muscle. It has 
two laminae organized in a similar arrangement to the tendon of the 
gastroenemii and soleus in the posterior eompartment of the leg. The 
superficial lamina in the lower half of the superficial parts of the muscle 
forms an aponeurotic layer to which the deep faseia of the arm is adher- 
ent; the other lamina is more vertieal. After reeeiving the muscle fibres, 
the two layers unite above the elbow and are attaehed, for the most 
part, to the upper surface of the oleeranon. On the lateral side, a band 
of fibres continues down over anconeus to blend with antebraehial 
faseia. 


Relations The long head of trieeps deseends between teres minor and 
major, dividing the wedge-shaped interval between them and the 
humerus into triangular and quadrangular spaees (Fig. 48.28). The 
lateral head of trieeps forms an elevation, parallel and medial to 
the posterior border of deltoid, which stands out prominently when 
the elbow is aetively extended. The mass that lies medial to it, and that 
disappears under deltoid, is the long head. 

Vaseillar Slipply The blood supply to trieeps is mainly from the 
profimda braehii artery and the superior ulnar eollateral artery, with an 
aeeessory supply from the posterior circumflex humeral artery. The 
medial head of trieeps is supplied on its anterior surface by two or three 
branehes from the superior ulnar eollateral artery. The posterior surface 
is supplied by a large proximal braneh from the profimda braehii that 
passes medially anterior to the radial nerve. The long head of trieeps is 
supplied on its anterior surface by two arteries, one arising from the 
axillary artery anterior to the tendon of latissimus dorsi and the other 
arising from either the braehial artery or the superior ulnar eollateral 
artery. The posterior surface reeeives a recurrent braneh from the pos- 
terior circumflex humeral artery immediately after it has traversed the 
quadrangular spaee. The lateral surface reeeives a number of small 
branehes from the profimda braehii artery in its distal portion. The 
lateral head of trieeps is primarily supplied by branehes of the profimda 
braehii, with an additional supply from a braneh of the posterior eir- 
cumflex humeral artery. 

Innervation Trieeps is innervated by branehes from the radial nerve, 
C6 (lateral head), 7 (long head) and 8 (medial head); there are separate 
branehes for eaeh head. 

Aetions Trieeps is the major extensor of the forearm at the elbow joint. 
The medial head is aetive in all forms of extension, whereas the lateral 
and long heads are minimally aetive, except in extension against resist- 
anee, as in thmsting or pushing or supporting body weight on the hands 
with the elbows semi-flexed. When the flexed arm is extended at the 
shoulder joint, the long head may assist in drawing baek and adducting 
the humems to the thorax. The long head supports the lower part of 
826 the capsule of the shoulder joint, espeeially when the arm is raised. 


Articularis cubiti probably draws up the posterior part of the capsule of 
the elbow joint during extension of the forearm. In foreefiil supination 
of the semi-flexed forearm, involving eontraetion of both supinator and 
bieeps braehii, trieeps eontraets synergistieally to maintain the semi- 
flexed position. 

Testing Trieeps ean be tested by palpating its fibres during elbow 
extension against resistanee. 

Quadrangular and triangular spaees 

The quadrangular spaee (quadrilateral spaee; foramen of Velpeau) is 
more a horizontal eleft or tunnel than a vertieal spaee; it has defined 
boundaries. Anteriorly, the spaee is bounded by subscapularis, the 
capsule of the shoulder joint and teres minor superiorly, teres major 
inferiorly, the long head of trieeps medially and the surgical neek of the 
humerus laterally. Posteriorly, the quadrangular spaee is bounded above 
by teres minor. The axillary nerve and the posterior circumflex humeral 
artery andvein pass obliquely through the spaee (see Figs 48.33, 48.47). 

There are two triangular spaees (see 4gs 48.28, 48.47). The upper 
triangular spaee is bounded above by subscapularis anteriorly, teres 
minor posteriorly, teres major inferiorly and the long head of trieeps 
laterally. The circumflex scapular vessels pass through this spaee. The 
lower triangular spaee (the triangular interval) is bounded above by 
subscapularis anteriorly, teres major posteriorly, the long head of trieeps 
medially and the humems laterally. The radial nerve and the profimda 
braehii vessels pass through this spaee. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


ARTERIES 


Dorsal scapular artery 


In the majority of eases, the dorsal scapular artery arises from the third, 
or less often the seeond, part of the subclavian artery. It passes laterally 
through the tmnks of the braehial plexus in front of scalenus medius 
and then deep to levator scapulae to reaeh the superior scapular angle. 
Here, it deseends with the dorsal scapular nerve under the rhomboids 
along the medial border of the scapula to the inferior angle. It supplies 
the rhomboids, latissimus dorsi and the inferior portion of trapezms 
and the skin over the inferomedial aspeet of trapezius via musculo- 
cutaneous perforators. It anastomoses with the suprascapular and sub- 
scapular arteries and with posterior branehes of some posterior 
intereostal arteries. It sends a small braneh to scalenus anterior; some- 
times, this arises direetly from the subclavian artery. 

Variants About one-third of the superficial eervieal and dorsal scapu- 
lar arteries arise as a eommon vessel - the transverse eervieal artery - 
from the thyroeervieal tmnk, which then divides into a superficial and 
a deep braneh (superficial eervieal and dorsal scapular arteries, respee- 
tively) (see Figs 26.1A, 48.31). In this ease, the dorsal scapular artery 
arises near the superior border of the scapula; it passes laterally, anterior 
to the braehial plexus and then posterior to levator scapulae. 

Suprascapular artery 


The suprascapular artery usually arises from the thyroeervieal tmnk of 
the subclavian artery, although it may arise from the third part of the 
subclavian artery (see Fig. 29. 7A). It first deseends laterally aeross seal- 
enus anterior and the phrenie nerve, posterior to the internal jugular 
vein and sternoeleidomastoid, then erosses anterior to the subclavian 
artery and braehial plexus, posterior and parallel with the elaviele, sub- 
clavius and the inferior belly of omohyoid, to reaeh the superior border 
of the scapula. Here, it passes above (sometimes, under) the superior 
transverse ligament, separating it from the suprascapular nerve, and 
enters the supraspinous fossa (Fig. 48.31, see Fig. 48.33), where it lies 
on the bone, and supplies supraspinatus. It deseends behind the scapu- 
lar neek, and passes through the spinoglenoid noteh deep to the inferior 
transverse ligament to gain the deep surface of infraspinatus, where it 
anastomoses with the circumflex scapular and deep braneh of the trans- 
verse eervieal artery. Its muscular branehes supply sternoeleidomastoid, 
subclavius and infraspinatus. It also gives off a suprasternal braneh that 
erosses the sternal end of the elaviele to supply the skin of the upper 
thorax, and an aeromial braneh that pierees trapezius to supply the skin 
over the shoulder. This last braneh anastomoses with the thoraeo- 
aeromial and posterior circumflex humeral arteries. 

As the suprascapular artery passes over the superior transverse liga- 
ment, it gives off a braneh that enters the subscapular fossa beneath 
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Fig. 48.31 The scapular anastomosis, left side. 
(With permission from Drake RL, Vogl AW, Mitehell 
A (eds), Gray’s Anatomy for Stiidents, 2nd ed, 
Elsevier, Churchill Livingstone. Copyright 2010.) 



Fig. 48.32 Axillary angiograms. A, View with the 
arm by the side. B, View with the arm elevated. 


subscapularis and anastomoses with the subscapular artery and the 
deep braneh of the transverse eervieal artery. It also supplies the 
acromioclavicular and glenohumeral joints, the elaviele and the scapula. 

Angiomyosomes 

g) Available with the Gray’s Anatomy e-book 

Supraclavicular artery 


This small vessel arises from either the transverse eervieal or superficial 
eervieal artery. It pierees the deep faseia just superior to the elaviele and 
anterior to trapezms, and supplies an area of skin over the lateral end 
of the elaviele. 

Axillary artery 


The axillary artery, a continuation of the subclavian artery, begins at the 
outer border of the first rib and ends nominally at the inferior border 
of teres major, where it beeomes the braehial artery (see Fig. 48.31). Its 
direetion varies with the position of the limb; it is almost straight when 
the arm is raised at right angles, eoneave upwards when the arm is 


elevated above this, and convex upwards and laterally when the arm is 
by the side (Fig. 48.32). At first deep, it subsequently beeomes super- 
fieial, when it is eovered only by the skin and faseiae. Peetoralis minor 
erosses it and so divides it into three parts, which are proximal, poste- 
rior and distal to the muscle. 

Relations of the first part 

The skin, superficial faseia, platysma, supraclavicular nerves, deep faseia, 
clavicular fibres of peetoralis major and the elavipeetoral faseia, lateral 
peetoral nerve and the loop of communication between the lateral and 
medial peetoral nerves, and the thoraeo-aeromial and eephalie veins are 
all anterior. The first intereostal spaee and external intereostal, first and 
seeond digitations of serratus anterior, long thoraeie and medial peeto- 
ral nerves, and the medial eord of the braehial plexus are all posterior. 

The posterior eord of the braehial plexus is lateral and the axillary vein 
is anteromedial. The first part is enelosed with the axillary vein and 
braehial plexus in a fibrous axillary sheath, which is continuous with 
the prevertebral layer of the deep eervieal faseia. 

Relations of the seeond part 

The skin, superficial and deep faseia, and peetoralis major and minor 
are all anterior. The posterior eord of the braehial plexus and the areolar 
tissue between it and subscapularis are posterior. The axillary vein is 827 


chapter 48 
















































Shoulder girdle and arm 


Two branehes of the subclavian artery perfiise the dorsal scapular sus- 
pension and medial motion muscles (the dorsal scapular artery), the 
posterosuperior rotator cuff muscles (the suprascapular artery) and 
the elaviele. These vessels eorrespond to the equivalent innervation for 
the same muscles. In this sense, innervation and angiomyotomes eor- 
respond. Pain afferents from the mnseles, mostly smalf unmyelinated 
axons, travel in the nerves; isehaemie (Tatigne-related') pain from these 
three groups of dorsal muscles is felt as a diffiise, burning sensation in 
the same region as the vasoilar supply, without radiation or referraf 
and without respite during rest for a eharaeteristie period, somewhat 
equivalent to the period over which the symptoms of a ehronie isehae- 
mie muscular eompartment syndrome may resolve. The suprascapular 
artery supplies a muscular eompartment that is eontained in a well- 
defìned and relatively restrieting faseia; it is, therefore, not a surprise 
that the isehaemie ('fatigue-related') pain generated in this eompart- 
ment may present earlier and be more persistent than elsewhere in 
muscles less well eontained by faseial sheaths. 
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medial, separated from the artery by the medial eord of the braehial 
plexus and the medial peetoral nerve. The lateral eord of the braehial 
plexus is lateraf separating the artery from eoraeobraehialis. The eords 
of the braehial plexus thus surround the seeond part on three sides, 
with the dispositions implied by their names, and separate it from the 
vein and adjaeent muscles. 

Relations of the third part 

Peetoralis major and, distal to the muscle, skin and faseiae are anterior. 
The lower part of subscapularis and the tendons of latissimus dorsi and 
teres major are posterior. Coracobrachialis is lateral and the axillary vein 
is medial. Branehes of the braehial plexus are arranged as follows: lat- 
erally, the lateral root and then tmnk of the median nerve and, for a 
short distanee, the musculocutaneous nerve; medially, the medial cuta- 
neous nerve of the forearm between the axillary artery and vein anteri- 
orly, and the ulnar nerve between these vessels posteriorly; anteriorly, 
the medial root of the median nerve; and posteriorly, the radial and 
axillary nerves, the latter only to the distal border of subscapularis. The 
dispositions of the branehes of the braehial plexus around the axillary 
artery have, therefore, altered: there has been a rotation such that the 
nerves derived from the lateral eord are now more anterior, those from 
the medial eord more posterior, and those of the posterior eord eome 
to lie more laterally. 

Branehes 

The branehes of the axillary artery are one from the first part (superior 
thoraeie), two from the seeond part (thoraeo-aeromial, lateral thoraeie) 
and three from the third part (subscapular, anterior and posterior eir- 
cumflex humeral) (see Fig. 48.47). 


border of peetoralis major to the breast. In both males and females, it 
gives off cutaneous branehes that pass around the lateral border of 
peetoralis major to supply the skin in this region. 


Subscapular artery 

The subscapular artery is the largest braneh of the axillary artery (see 
Figs 48.31, 48.47). It usually arises from the third part of the axillary 
artery at the distal (inferior) border of subscapularis, which it follows 
to the inferior scapular angle, where it anastomoses with the lateral 
thoraeie and intereostal arteries and the deep braneh of the transverse 
eervieal artery. It supplies adjaeent muscles and the thoraeie wall. It is 
aeeompanied distally by the nerve to latissimus dorsi. Approximately 
4 em from its origin, the subscapular artery divides into the circumflex 
scapular and thoraeodorsal arteries. 


Circumflex scapular artery The circumflex scapular artery, the 

larger of the two terminal branehes of the subscapular artery, curves 
backwards around the lateral border of the scapula, traversing a trian- 
gular spaee between subscapularis above, teres major below and the 
long head of the trieeps laterally (see Fig. 48.33). It enters the infrasp- 
inous fossa under teres minor and then divides. One braneh (infras- 
capular) enters the subscapular fossa deep to subscapularis, and 
anastomoses with the suprascapular and dorsal scapular arteries (or 
deep braneh of the transverse eervieal artery). The other braneh eontin- 
ues along the lateral border of the scapula between teres major and 
minor, then, dorsal to the inferior angle, anastomoses with the dorsal 
scapular artery. Small branehes supply the posterior part of deltoid and 
the long head of trieeps, and anastomose with an aseending braneh of 
the profhnda braehii artery. 



Superior thoraeie artery 

The superior thoraeie artery is a small vessel that arises from the first 
part of the axillary artery near the lower border of subclavius; it some- 
times arises from the thoraeo-aeromial artery (see Fig. 48.47). It runs 
anteromedially above the medial border of peetoralis minor, then 
passes between it and peetoralis major to gain the thoraeie wall. It sup- 
plies these muscles and the thoraeie wall, and anastomoses with the 
internal thoraeie and upper intereostal arteries. 

Thoraeo-aeromial (aeromiothoraeie) artery 

The thoraeo-aeromial artery is a short braneh that arises from the 
seeond part of the axillary artery (see Figs 48.27, 48.47). It is, at first, 
overlapped by peetoralis minor, skirting its medial border; it next 
pierees the elavipeetoral faseia and divides into peetoral, aeromial, ela- 
vicular and deltoid branehes, which supply peetoralis major and minor, 
an area of skin over the elavipeetoral faseia, and the anterior portion of 
deltoid. 

Peetoral braneh The peetoral braneh is the largest braneh. It 
deseends between the peetoral muscles, gives a braneh to peetoralis 
minor, and then continues on the deep surface of peetoralis major. It 
enters the muscle and anastomoses with the intereostal branehes of the 
internal thoraeie and lateral thoraeie arteries. It gives off perforating 
branehes to the breast, and musculocutaneous perforators to the skin 
over peetoralis major. 

Aeromial braneh The aeromial braneh erosses the eoraeoid proeess 
under deltoid, which it supplies, then pierees the imisele and ends on 
the aeromion. It anastomoses with branehes of the suprascapular artery, 
the deltoid braneh of the thoraeo-aeromial artery and the posterior 
circumflex humeral arteries. 

eiavieillar braneh The clavicular braneh aseends medially between 
the clavicular part of peetoralis major and the elavipeetoral faseia. It 
supplies the sternoclavicular joint and subclavius. 


Thoraeodorsal artery The other terminal braneh of the subscapular 
artery, the thoraeodorsal artery, follows the lateral margin of the scapula, 
posterior to the lateral thoraeie artery, between latissiimis dorsi and 
serratus anterior. Before entering the deep surface of latissimus dorsi, it 
supplies teres major and the intereostals, and sends one or two branehes 
to serratus anterior. It enters latissimus dorsi muscle with the thoraeo- 
dorsal nerve; this constitutes the prineipal neurovascular pediele to the 
imisele. It provides numerous musculocutaneous perforators that 
supply the skin over the superior part of latissiimis dorsi. The intraimis- 
cular portion of the artery anastomoses with intereostal arteries and 
lumbar perforating arteries. 

Anterior circumflex humeral artery 

The anterior circumflex humeral artery arises from the lateral side of 
the axillary artery at the distal border of subscapularis (see Fig. 48.31). 
It mns horizontally behind eoraeobraehialis and the short head of 
bieeps, anterior to the surgical neek of the humems. Reaehing the inter- 
tubercular sulcus, it sends an aseending braneh to supply the humeral 
head and shoulder joint (Brooks et al 1993). It eontimies laterally 
under the long head of bieeps and deltoid, and anastomoses with the 
posterior circumflex humeral artery. 

Posterior circumflex humeral artery 

The posterior circumflex humeral artery is larger than the anterior (see 
Fig. 48.31). It branehes from the third part of the axillary artery at the 
distal border of subscapularis and mns backwards with the axillary 
nerve through a quadrangular spaee (see flg. 48.22B), which is bounded 
by subscapularis, the capsule of the shoulder joint and teres minor 
above, teres major below, the long head of trieeps medially, and the 
surgical neek of the humems laterally. It curves round the humeral neek 
and supplies the shoulder joint, deltoid, teres major and minor, and 
long and lateral heads of trieeps (Gerber et al 1990). It gives off a 
deseending braneh that anastomoses with the deltoid braneh of the 
prohmda braehii artery and with the anterior circumflex humeral and 
aeromial branehes of the suprascapular and thoraeo-aeromial arteries. 


Deltoid braneh The deltoid braneh often arises with the aeromial 
braneh. It erosses peetoralis minor to aeeompany the eephalie vein 
between peetoralis major and deltoid, and supplies both muscles. 

Lateral thoraeie artery 

The lateral thoraeie artery arises from the seeond part of the axillary 
artery. Following the lateral border of peetoralis minor, it passes to the 
deep surface of peetoralis major as far distally as the fifth intereostal 
spaee (see Fig. 48.45). It supplies serratus anterior and the peetoral 
muscles, the axillary lymph nodes and subscapularis. It anastomoses 
with the internal thoraeie, subscapular and intereostal arteries, and with 
the peetoral braneh of the thoraeo-aeromial artery. In females, it is large 
and has lateral mammary branehes, which curve round the lateral 


Variants 

The branehes of the axillary artery exhibit eonsiderable variation. An 
alar thoraeie artery, often from the seeond part, may supply fat and 
lymph nodes in the axilla. The lateral thoraeie artery may be absent, in 
which ease it is replaeed by lateral perforating branehes of the intereos- 
tal arteries; alternatively, it may beeome, or give off, a direet cutaneous 
vessel (named the superficial thoraeie artery by some sources) that sup- 
plies the skin over the lateral border of peetoralis major. In up to one- 
third of eases, the subscapular artery ean arise from a eommon tmnk 
with the posterior circumflex humeral artery. Oeeasionally, the sub- 
scapular, circumflex humeral and profhnda braehii arteries arise in 
eommon; in this ease, branehes of the braehial plexus surround this 
eommon vessel instead of the axillary artery. The posterior circumflex 




















Shoulder girdle and arm 


Two signifìeant cutaneous branehes arise from the circumflex scapu- 
lar artery as it emerges through the upper triangular spaee. The superior, 
or horizontal, braneh is a direet cutaneous artery that passes medially 
at the level of the deep faseia parallel with the spine of the scapula; it 
supplies a band of skin overlying the spine of the scapula. The lower 
braneh (parascapular braneh) is also a direet cutaneous vessel that 
passes in an inferomedial direetion, again at the level of the deep faseia, 
and supplies an area of skin overlying the lateral border of the scapula. 
Both of these cutaneous vessels provide the anatomieal basis of skin 
flaps that ean be surgically raised in this region (scapular flap based on 
the horizontal braneh and parascapular flap based on the lower, paras- 
capular braneh) to reeonstmet areas of missing tissue elsewhere in the 
body. 
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humeral artery may arise from the profhnda braehii artery and pass baek 
below teres major, instead of passing through the quadrangular spaee. 
Sometimes, the axillary artery divides into radial and ulnar arteries 
(anomalous 'high division'), and is, oeeasionally, the source of the 
anterior interosseous artery. 

Potential vaseitlar anastomoses around the 
shoulder girdle: elinieal relevanee 


of eoraeobraehialis and braehialis. Pnmmally, the median nerve and 
eoraeobraehialis lie laterally and the medial cutaneous nerve of the 
forearm and ulnar nerve lie medially. Distally, bieeps braehii overlaps 
the artery laterally and the median nerve and basilie vein lie medially. 
The artery is aeeompanied by two venae eomitantes, eonneeted by 
transverse and oblique branehes. At the elbow, the braehial artery sinks 
deeply into the triangular intermuscular cubital fossa and its fiirther 
course is deseribed on page 856. 



Available with the Gray’s Anatomy e-book 


Angiomyosomes 



Braehial artery 


The braehial artery, a continuation of the aKÌllary, begins at the distal 
(inferior) border of the tendon of teres major and ends about a eenti- 
metre distal to the elbow joint (at the level of the neek of the radius) 
by dividing into the radial and ulnar arteries (see Figs 48.33, 48.44, 
49.21, 49.22). At fìrst, it is medial to the humerus, but gradually spirals 
anterior to it until it lies midway between the humeral epieondyles. Its 
pulsation ean be felt throughout the arm. 

Relations The braehial artery is wholly superfìcial, eovered anteriorly 
only by skin and superficial and deep faseiae. The bieipital aponeurosis 
erosses it anteriorly at the elbow, separating it from the median cubital 
vein; the median nerve erosses it lateromedially near the distal attaeh- 
ment of eoraeobraehialis. Posterior to the artery are the long head 
of trieeps, separated by the radial nerve and profhnda braehii artery, 
and then successively by the medial head of trieeps, the attaehment 


Variants The braehial artery, with the median nerve, may diverge from 
the medial border of bieeps braehii and deseend towards the medial 
humeral epieondyle, usually behind a supracondylar proeess from 
which a fìbrous areh erosses the artery, and which then mns behind or 
through pronator teres to the elbow. Oeeasionally, the artery divides 
proximally into two tmnks that reunite. Frequently, it divides more 
proximally than usual into radial, ulnar and eommon interosseous 
arteries. Most often, the radial branehes arise proximally, leaving a 
eommon tmnk for the ulnar and eommon interosseous arteries. Some- 
times, the ulnar artery arises proximally and the radial and eommon 
interosseous arteries form the other division, or the eommon interos- 
seous may also arise proximally. Slender vasa aberrantia may eonneet 
the braehial artery to the axillary artery or to one of the forearm arteries, 
usually the radial. The braehial artery may be erossed by muscular or 
tendinous slips from eoraeobraehialis, bieeps braehii, braehialis or pro- 
nator teres. Rarely, the median nerve erosses posterior, rather than an- 
terior, to the braehial artery near the insertion of eoraeobraehialis. 

Branehes The branehes of the braehial artery are the prohmda 
braehii, nutrient, superior, middle and inferior ulnar eollateral, deltoid, 
muscular, radial and ulnar arteries. 

Proflinda braehii artery The profhnda braehii (Fig. 48.33; see Figs 
48.29, 48.31) is a large braneh from the posteromedial aspeet of the 



Inferior transverse 
scapular ligament 


Lateral head of trieeps 


Radial eollateral artery, posterior braneh 


-lllnar nerve 

Recurrent ulnar artery 


Superior transverse scapular ligament 
Suprascapular artery- 


Suprascapular nerve 


Deltoid 


Circumflex scapular 

artery 


Braehial artery 


Radial nerve 


Lateral cutaneous 
nerve of the forearm 


-Medial head of trieeps 

Inferior ulnar eollateral artery 


Posterior cutaneous nerve 


Profunda braehii artery 


Axillary nerve 


Posterior circumflex 
humeral artery- 


Fig. 48.33 Muscles, vessels and nerves of 
the left upper arm, posterior aspeet. (With 
permission from VVasehke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 2013.) 
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Shoulder girdle and arm 


The potential vascular anastomoses around the shoulder girdle are 
numerous, so that eollateral perfhsion of the upper limb is possible in 
axillary artery or vein occlusion. In acute occlusion of the axillary artery, 
these potential anastomoses are not reliable; elinieians should not rely 
on anastomotie perfhsion of the aaitely isehaemie limb. The axillary 
artery is most 'at risk' of occlusion due to intimal separation and dis- 
seetion in its seeond part, behind the peetoralis minor. This injury is 
assoeiated with infraclavicular braehial plexus traetion lesions (Bireh 
2011). Although magnetie resonanee imaging (MRI) with angiography 
is reeommended for the diagnosis of the poorly perfhsed limb after 
distraetion trauma, the site of intimal rupture is so eonsistent as to make 
urgent surgical exploration without imaging a reasonable elinieal 
deeision. 

The axillary artery supplies the muscles of the ventral eompartments of 
the shoulder, including the peetoral-deltoid muscle sheet, the scapulo- 
humeral muscles (other than the posterosuperior rotator cuff) and the 
shoulder joint, including the scapula (with the serratus muscles) and 
proximal humerus. Its terminal braneh, the braehial artery, supplies the 
muscles of the anterior eompartment of the arm (for the branehes of 
the braehial artery at the elbow and in the forearm, see pages 856-858); 
the prohmda braehii artery, the major proximal braneh of the braehial 
artery, supplies the imiseles of the posterior eompartment of the arm 
and the shaft of the humerus. 
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braehial artery, distal to teres major. It follows the radial nerve elosely, 
at first posteriorly between the long and medial heads of trieeps, then 
in the spiral groove eovered by the lateral head of trieeps. It supplies 
muscular branehes, and the mitrient artery of the hmnems, and finally 
divides into terminal radial and middle eollateral branehes (see Fig. 
48.33). The radial eollateral braneh pierees the lateral intermuscular 
septum to reaeh the anterior aspeet of the epieondyle of the humems 
in the groove between braehioradialis and braehialis, and takes part in 
the anastomosis around the elbow. The middle eollateral braneh mns 
posterior to the septum and epieondyle. 

The profimda braehii may originate from a eommon origin with the 
posterior circumflex humeral artery, from the axillary artery proximal 
to the tendon of latissimus dorsi, or from the distal portion of the axil- 
lary artery. 

Middle eollateral (posterior deseending) braneh The middle eollat- 

eral artery is the larger terminal braneh of the profimda braehii artery. 
It arises posterior to the humems and deseends along the posterior 
surface of the lateral intermuscular septum to the elbow. Proximally, 
the artery lies between braehialis (anteriorly) and the lateral head of 
trieeps (posteriorly). Distally, it lies between braehioradialis (anteriorly) 
and the lateral head of trieeps (posteriorly). It may pieree the deep faseia 
and beeome cutaneous, or remain deep to the faseia until it anastomo- 
ses with the interosseous recurrent artery behind the lateral epieondyle; 
it gives off about five small fasciocutaneous perforators and often has 
a small braneh that aeeompanies the nerve to anconeus. 

Radial eollateral (anterior deseending) braneh The radial eollateral 
artery aeeompanies the radial nerve through the lateral intermuscular 
septum, deseending between braehialis and braehioradialis anterior to 
the lateral epieondyle and anastomosing with the radial recurrent artery 
(see Pigs 49.29, 49.31). It supplies braehialis, braehioradialis, the radial 
nerve and a few fasciocutaneous perforators. 

Nlltrient artery Of humerus The nutrient artery of the humerus 
arises near the mid-level of the upper arm and enters the mitrient eanal 
near the attaehment of eoraeobraehialis, posterior to the deltoid tuber- 
osity; it is direeted distally. 

Superìor ulnar eollateral artery The superior ulnar eollateral 

artery arises a little distal to the mid-level of the upper arm, usually 
from the braehial artery, but often as a braneh from the profimda 
braehii (see Fig. 48.44). It aeeompanies the ulnar nerve, piereing the 
medial intermuscular septum to deseend in the posterior eompartment 
and supply the medial head of trieeps. It passes between the medial 
epieondyle and oleeranon, ending deep to flexor earpi ulnaris by anas- 
tomosing with the posterior ulnar recurrent and inferior eollateral arter- 
ies. A braneh sometimes passes anterior to the medial epieondyle and 
anastomoses with the anterior ulnar recurrent artery. 

Middle ulnar eollateral artery If present, the middle ulnar eol- 

lateral artery arises from the braehial artery between the superior and 
inferior ulnar eollateral arteries. It passes anterior to the medial epi- 
eondyle and anastomoses with the anterior ulnar recurrent artery. 
It supplies trieeps and sends small fasciocutaneous perforators to the 
skin. 

Inferior ulnar eollateral (supratrochlear) artery The inferior 

ulnar eollateral artery begins approximately 5 em proximal to the 
elbow, passes medially between the median nerve and braehialis, and, 
piereing the medial intermuscular septum, curls round the humerus 
between trieeps and bone (see Fig. 48.33). By its junction with the 
middle eollateral braneh of the profimda braehii artery, it forms an areh 
proximal to the oleeranon fossa. As it lies on braehialis, it gives off 
branehes that deseend anterior to the medial epieondyle to anastomose 
with the anterior ulnar recurrent artery. Behind the epieondyle, a braneh 
anastomoses with the superior ulnar eollateral and posterior ulnar 
recurrent arteries. 

Muscular branehes Muscular branehes are distributed to eoraeo- 
braehialis, bieeps and braehialis. 

Deltoid (aseending) braneh The deltoid braneh aseends between the 
lateral and long heads of trieeps, and anastomoses with a deseending 
braneh of the posterior humeral circumflex artery. 

Radial and ulnar arteries The radial and ulnar arteries are deseribed 
in detail on page 856 and 857, respeetively. For an account of the anas- 
830 tomosis about the elbow, see page 858. 


VEINS 


The deep veins have numerous anastomoses with eaeh other and with 
the superficial veins. 

Axillary vein 


The axillary vein is the eontimiation of the basilie vein (see Fig. 46.4). 
It begins at the lower border of teres major and aseends to the outer 
border of the first rib, where it beeomes the subclavian vein. It is joined 
by the braehial vein near subscapularis, and by the eephalie vein near 
its eostal end; other tributaries follow the axillary arterial branehes. It 
lies medial to the axillary artery, which it partly overlaps. The medial 
peetoral nerve, medial eord of the braehial plexus, ulnar nerve and 
medial cutaneous nerve of the forearm lie between the artery and the 
vein. The medial cutaneous nerve of the arm is medial to the vein; the 
lateral group of axillary lymph nodes is posteromedial. There are a pair 
of valves near its distal end, and valves also occur near the ends of the 
eephalie and subscapular veins. 

Subclavian vein 


The subclavian vein is a continuation of the axillary vein (see Fig. 46.4). 
It extends from the outer border of the first rib to the medial border of 
sealemis anterior, where it joins the internal jugular to form the bra- 
ehioeephalie vein. The elaviele and subclavius are anterior; the subcla- 
vian artery is posterosuperior, separated by scalenus anterior and the 
phrenie nerve; and the first rib and pleura are inferior. The vein usually 
has a pair of valves about 2 em from its end. Its tributaries are the 
external jugular, dorsal scapular and (sometimes) anterior jugular veins, 
and, oeeasionally, a small braneh from the eephalie vein that aseends 
anterior to the elaviele. At its junction with the internal jugular vein, 
the left subclavian reeeives the thoraeie duct, and the right subclavian 
vein reeeives the right lymphatie duct (see Fig. 29.16). 

Braehial veins 


The braehial veins flank the braehial artery, as venae eomitantes with 
tributaries similar to the arterial branehes; they join the axillary vein 
near the lower margin of subscapularis. The medial braneh often joins 
the basilie vein before it beeomes the axillary vein. 

Superficial veins 


The eephalie vein aseends anterior to the elbow, superficial to a groove 
between braehioradialis and bieeps braehii, erosses superficial to the 
lateral cutaneous nerve of the forearm, and aseends lateral to bieeps 
and between peetoralis major and deltoid, where it adjoins the deltoid 
braneh of the thoraeo-aeromial artery (Fig. 48.34). Entering the infra- 
clavicular fossa to pass posterior to the elavioilar head of peetoralis 
major, it pierees the elavipeetoral faseia, erosses the axillary artery and 
joins the axillary vein just below clavicular level. It may eonneet with 
the external jugular vein by a braneh anterior to the elaviele. Sometimes, 
the median cubital vein is large, transferring most blood from the 
eephalie to the basilie vein, in which ease the proximal eephalie vein is 
either absent or much diminished. 

LYMPHATIC DRAINAGE 


Lymphaties follow the usual pattern, in that superficial lymphaties 
follow the veins, and deep lymphaties follow the arteries. For details of 
the infraelaviailar nodes, see Fig. 48.45 and page 834. 


INNERVATION 


BRACHIAL PLEXUS 


For an overview of the braehial plexus, see pages 781-786 and 
Figure 46.7. 

In the axilla, the lateral and posterior eords of the braehial plexus 
are anterior and lateral to the first part of the axillary artery, respeetively, 
and the medial eord is behind the artery. The eords assume their appro- 
priate relations around the seeond part of the artery, deep to peetoralis 
major. In the lower axilla, the eords divide into nerves that supply the 
upper limb (Fig. 48.35). Other than the medial root of the median 
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Fig. 48.34 Siiperfieial veins and nerves, left arm, anterior (flexor) aspeet. 
(With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, llrban & Fiseher. Copyright 2013.) 


nerve, these nerves are related to the third part of the artery in the same 
way as their eords are related to the seeond part, i.e. branehes of the 
lateral eord are lateral to the artery, branehes of the medial eord are 
medial, and branehes of the posterior eord are posterior. 

Suprascapular nerve 


The suprascapular nerve is a large braneh of the upper tmnk (C5, 6) 
(see Figs 29.17, 48.35). It mns laterally, deep to trapezms and omohy- 
oid, and enters the supraspinous fossa through the suprascapular noteh 
inferior to the superior transverse scapular ligament. It mns deep to 
supraspinatus, supplies it, and curves round the lateral border of the 
spine of the scapula with the suprascapular artery to reaeh the infrasp- 
inous fossa, where it gives two branehes to infraspinatus and articular 
rami to the shoulder and acromioclavicular joints. The suprascapular 
nerve rarely has a cutaneous braneh. When present, it pierees deltoid 
elose to the tip of the aeromion and supplies the skin of the proximal 
third of the arm within the territory of the axillary nerve. 

Lateral peetoral nerve 


Medial peetoral nerve 


The medial peetoral nerve (C8, Tl) branehes from the medial eord while 
the latter lies posterior to the axillary artery and curves forwards between 
the axillary artery and vein. Anterior to the artery, it joins a ramus of 
the lateral peetoral nerve and enters the deep surface of peetoralis minor, 
which it supplies. Two or three branehes pieree peetoralis minor and 
others may pass round its inferior border to end in peetoralis major. 

llpper (superior) subscapular nerve 


The superior subscapular nerve is smaller than the inferior. It arises 
from the posterior eord (C5, 6), enters subscapularis at a high level, 
and is frequently double. 

Lower (inferior) subscapular nerve 


The inferior subscapular nerve arises from the posterior eord (C5, 6). It 
supplies the lower part of subscapularis and ends in teres major, which 
is sometimes supplied by a separate braneh. 

Thoraeodorsal nerve 


The thoraeodorsal nerve arises from the posterior eord (C6-8) between 
the subscapular nerves. It aeeompanies the subscapular artery along the 
posterior axillary wall and supplies latissimus dorsi, reaehing its distal 
border (see Fig. 48.29). 

Axillary nerve 


The axillary nerve arises from the posterior eord (C5, 6) (see Figs 48.33, 
48.35, 46.8). It is, at first, lateral to the radial nerve, posterior to the 
axillary artery and anterior to subscapularis. At the lower border of 
subscapularis, it curves baek inferior to the humeroscapular articular 
capsule and, with the posterior circumflex humeral vessels, traverses a 
quadrangular spaee bounded above by subscapularis (anteriorly) and 
teres minor (posteriorly), below by teres major, medially by the long 
head of trieeps, and laterally by the surgical neek of the humerus. It 
divides in the spaee into anterior and posterior branehes. The anterior 
braneh curves round the neek of the humerus with the posterior eir- 
cumflex humeral vessels, deep to deltoid, to reaeh the anterior part of 
the muscle. At the level of the anterior border of the aeromion, the nerve 
often eonsists of two or more thin filaments that supply the anterior 
deltoid; it gives off a few small cutaneous branehes that pieree deltoid 
and ramiíy in the skin over its lower part. The posterior braneh courses 
medially and posteriorly along the attaehment of the lateral head of 
trieeps, inferior to the glenoid rim. It usually lies medial to the anterior 
braneh in the quadrangular spaee. It gives off the nerve to teres minor 
and the upper lateral cutaneous nerve of the arm at the lateral edge of 
the attaehment of the long head of trieeps. The nerve to teres minor 
enters the muscle on its inferior surface. The posterior braneh frequently 
supplies the posterior aspeet of deltoid, usually via a separate braneh 
from the main stem, but oeeasionally from the superior lateral cutane- 
ous nerve of the arm. However, the posterior part of deltoid has a more 
eonsistent supply from the anterior braneh of the axillary nerve, which 
should be remembered when performing a posterior deltoid-splitting 
approaeh to the shoulder. The upper lateral cutaneous nerve of the arm 
pierees the deep faseia at the medial border of the posterior aspeet of 
deltoid, and supplies the skin over the lower part of deltoid and the 
upper part of the long head of trieeps. The posterior braneh is intimately 
related to the inferior aspeets of the glenoid and shoulder joint capsule. 
There is often an enlargement or pseudoganglion on the braneh to teres 
minor. The axillary tmnk supplies a braneh to the shoulder joint below 
subscapularis. 

Injuries to the shoulder girdle involving the 
aeeessory, long thoraeie, axillary and 
suprascapular nerves 


The lateral peetoral nerve (C5, 6) is larger than the medial, and may arise 
either from the anterior divisions of the upper and middle tmnks, or by 
a single braneh from the lateral eord, just above or deep to the elaviele. 
It erosses anterior to the axillary artery and vein, pierees the elavipeetoral 
faseia and supplies the deep surface of peetoralis major. It sends a 
braneh to the medial peetoral nerve, forming a loop in front of the first 
part of the axillary artery to supply some fibres to peetoralis minor. 


Q*J Available with the Gray’s Anatomy e-book 

Musculocutaneous nerve 

The musculocutaneous nerve arises from the lateral eord (C5-7), oppo- 
site the lower border of peetoralis minor (Fig. 48.44; see Figs 46.13, 
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Shoulder girdle and arm 


Diagnosis of injiiries to the aeeessory, long thoraeie, axillary and supra- 
scapular nerves is by no means straightforward; serious mistakes are 
most eommon in the diagnosis of severe injuries about the shoulder 
girdle. The delay before diagnosis is inexplicable despite the reliability 
of preeise but elementary elinieal examination. Matters are not helped 
by the persistenee with which ineorreet and diseredited ideas about 
what muscles do continue to be taught. Many nerve injuries in this 
region are painfìil and, too often, a patient is passed to a pain elinie 
without a diagnosis. 

Inferior scapulohumeral angle (ISHA) 

Assessing the inferior scapulohumeral angle (ISHA) informs the elini- 
eian about hmetion at the thoracoscapular and shoulder joints (Fig. 
48.36). The ISHA is subtended by the long axis of the humerus and the 
lateral border of the scapula; the apex of the angle is eentred over the 
glenohumeral joint. Stiffness of the joints is deteeted by measuring 
passive range, which is normally between 170° and 180°. The excursion 
between the humerus and the scapula in a healthy adult is between 
130° and 140°: that is, the differenee between the ISHA at rest and in 
full elevation. It is important to remember that full elevation is possible 


after successful thoracoscapular arthrodesis in scapulohumeral dystro- 
phy (Copeland and Howard 1978). This range of movement occurs at 
the shoulder joints, mainly the glenohumeral joint, with some involve- 
ment of the aeromioelaviailar and sternoclavicular joints. Successful 
glenohumeral arthrodesis enables a range of elevation of 30-40°; this 
is provided by the thoracoscapular joint. 

Aeeessory nerve 

The integrity of the aeeessory nerve is hmdamental to thoracoscapular 
fhnetion and essential for scapulohumeral rhythm. The nerve is usually 
divided at the apex of the posterior triangle, usually by surgeons, and 
is a erippling injury. Typieally, there is immediate pain, then dropping 
of the shoulder and a remarkable loss of fhnetion. The average ISHA is 
about 50°. The pain is eharaeteristie: often severe, deep-seated, dull, 
eonstant and boring in nature, and felt around the scapula and the 
posterior aspeet of the neek and shoulder. The posture of the scapula 
is also eharaeteristie: because of the loss of the great suspensory muscle, 
trapezius, the scapula drops down and away from the spinal column 
(Fig. 48.37). There is often winging of the scapula, which is easily 
distinguished from that caused by paralysis of serratus anterior by the 




Fig. 48.36 The aetive inferior scapulohumeral angle (ISHA) in a normal shoulder is about 170°. A, At rest. B, Arm abducted. (Courtesy of Rolfe Bireh, all 
rights reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 



Fig. 48.37 A right aeeessory palsy. A, At rest. B, Attempted abduction. 
The scapula drops down and away from the spine. The aetive ISHA is 
30°. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, 
Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer- 
Verlag, London.) 
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SECTION 6 


SHOULDER GIRDLE AND ARM 



Disloeation of the shoulder: the 
suprascapular and axillary nerves 

Althoiigh most nerve lesions in uncomplicated anterior disloeations are 
benign, it is well to remember the risk to adjaeent vessels, more so in 
high-energy transfer injmies, in older patients and in those with periph- 
eral vasailar disease. The consequences of delay in treatment are severe. 
It is very hard to examine muscles in a patient with a fracture disloea- 
tion of the shoulder. Sensory loss is ineonsistent. Consider, for example, 
a patient aher successful reduction of a disloeated shoulder, whose arm 
is supported in a sling. There are three simple tests: initiation of abduc- 
tion shows that the suprascapular nerve is intaet and that the rotator 
cuff is not ruptured; abnormal sensibility in the skin over deltoid indi- 
eates a lesion of the axillary nerve; and gentle extension of the shoulder 
on the part of the patient, supported as it is in a sling, means that 
the examiner ean palpate aetivity in the posterior fibres of deltoid (Figs 
48.40-48.41). 

The diagnosis of nerve injury is by no means straightforward. All too 
often, rupture of the axillary nerve is not reeognized until deltoid is 
atrophied, long past the ideal time for repair. The widely held view that 
deltoid is the abductor of the shoulder is erroneous. Deltoid provides 
power and stamina, and abduction is initiated and maintained by the 
suprascapular nerve, aeting through supra- and infraspinatus, their 
tendons and attaehments. Dismption of any eomponent of this abduc- 
tor meehanism interferes with or precludes abduction. Wynn Parry 
(1981) treated 145 patients in whom paralysis was eonfined to deltoid. 
The range of abduction was fiill or nearly so, and a system of training 
enabled most patients to return to fiill military duties. He wrote: 

It must be stressed that these movements providing full abdiietion and 
elevation are not triek movements, in the sense usually assoeiated vvith 
this word ; all the muscles involved normally help to abduct the shoulder. 
The scapulohumeral rhythm is puite normal and in the later stages of 
re-education the patient does not even need to rotate the humerus 
externally to initiate movement. 

Seddon (1975) was a little more cautious, finding abduction to about 
155 0 was more usual. The ISHA is diminished by about 20° in uncom- 
plieated ruptures of the axillary nerve when there is no stiffness of the 
shoulder. 


Fig. 48.38 A left aeeessory palsy. Scapular winging, without prominenee 
of the lower fibres of trapezius, in a ease where there is some early 
reeovery into the upper fibres after repair of the aeeessory nerve. A, At 
rest, the scapula is displaeed downwards and away from the spine. 

B, Arm abducted. (Courtesy of Rolfe Bireh, all rights reserved, published 
in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. 
Springer-Verlag, London.) 


posture of the scapula (Fig. 48.38). It is fortunate that repair of the 
nerve is usually successful, even when repair is performed as late as 
4years after injury, with early relief of pain long before there is re- 
innervation of muscle (Camp and Bireh 2011). The nerve appears to be 
relatively immune to the harmfiil effeets of delayed repair. 

Long thoraeie nerve (nerve to 
serratus anterior) 

The long thoraeie nerve is frequently injured during operations around 
the first rib, in the posterior triangle and in the axilla, and by misplaeed 
intereostal drains. It is particularly susceptible to involvement in neu- 
ralgie amyotrophy. Serratus palsy is usual in preganglionie injury to C5, 
6 and 7. Pain and loss of fimetion are usual and are only slightly less 
than those seen after aeeessory nerve palsy. The signs are eharaeteristie. 
The aetive ISHA is, on average, 130°; this is the only nerve lesion in 
which the aetive ISHA actually exceeds the total range of aetive abduc- 
tion. The scapula is pulled upwards and towards the spine by the unop- 
posed aetion of trapezius (Fig. 48.39). This aetion is inereased by the 
weight of the limb, which contributes to the winging and is most 
notable in protraetion. 


Suprascapular nerve 

The suprascapular nerve is essential for abduction and lateral rotation 
at the glenohumeral joint. When the nerve or the rotator cuff is torn, 
or both are injured, the ISHA is so reduced that the patient is unable 
to move the arm away from the body. At rest, the head of the humerus 
drops inferiorly and migrates proximally in attempted abduction (see 
Fig. 48.41). In isolated cuff tears, the ISHA opens to about 30° or even 
more. In isolated axillary palsy, the ISHA is sometimes normal, or, more 
often, reduced by about 20° (Figs 48.42, 48.43). 

Axillary nerve 

The axillary nerve innervates deltoid. Although a good range of eleva- 
tion is usually maintained by an intaet abductor meehanism, strength 
and stamina are greatly reduced. Early diagnosis of rupture of the axil- 
lary nerve ean prove difficult; the nerve is deeply seated, which means 
that Tinel's sign is rarely deteetable. Aetive movement is restrieted by 
pain and by the restraint of any sling. The loss of sensation varies and 
there may not be eomplete anaesthesia. Patients with an intaet supra- 
scapular nerve and an intaet rotator cuff are able to initiate abduction 
and many ean fully elevate the arm, or nearly so. The power of forward 
flexion and of abduction is reduced to, at most, 30-40% of normal, 
whereas extension, with the shoulder at 90° of abduction, is 10% or 
less. One useful test is to palpate the posterior third of deltoid with the 
fingers and ask the patient to move the elbow gently backwards. It 
should be possible to deteet aetivity in the muscle when the arm is 
supported in a sling or by the examiners arm. 
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Shoulder girdle and arm 



Fig. 48.39 Seapiilar winging in long thoraeie palsy. This is easily distinguishable from the winging provoked by aeeessory palsy by the position of the 
scapula, which is drawn upwards and towards the spine by the unopposed aetion of trapezius, levator scapulae and the rhomboids. 

A, Arms at rest. B, Hands pressed against the wall. C, Attempted abduction. D, Oblique view. (Courtesy of Rolfe Bireh, all rights reserved, published in 
Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 
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SHOLILDER GIRDLE AND ARM 



Fig. 48.40 Initiation of abdiietion, with opening of the aetive inferior 
scapulohumeral angle (ISHA), was the first sign of reeovery into 
supraspinatus after repair of the suprascapular nerve. The lesion of the 
axillary nerve was irreparable. A, At rest. B, Attempted abduction. 
(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, 

London.) 
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Shoulder girdle and arm 



Fig. 48.41 Rupture of the rotator cuff, with lesions of the suprascapular and axillary nerves from fracture/dislocation of the shoulder. A, The range of 
elevation at the right shoulder in a 74-year-old man, in whom there was elear evidenee of reeovery for both of the nerves. B-C, This shipwright held on 
to a eable to rescue a man from the River Thames. The weight of the man and the foree of the current were such that he felt the muscles tearing in his 
right shoulder; then he felt the head of the humerus pulling out from the soeket and his arm went dead. Both nerves were reeovering. (Courtesy of Rolfe 
Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 
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Fig. 48.42 Movement of the seapiila in a ease of rupture of the right axillary nerve. D, The aetive inferior scapulohumeral angle (ISHA) on the side of the 
injury is reduced by 20°, showing that 20° of the range of elevation is provided by extra movement at the thoracoscapular joint. (Courtesy of Rolfe Bireh, 
all rights reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 
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Fig. 48.43 A-D, Elevation of the iipper limb in full medial rotation by supraspinatus in the absenee of deltoid in four eases of proven rupture of the 
axillary nerve. Note the aetivity in the clavicular head of peetoralis major in C. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, London.) 
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48.45). It pierees eoraeobraehialis a variable distanee below the tip of 
the eoraeoid proeess and then deseends laterally between bieeps braehii 
and braehialis to the lateral side of the arm. The first braneh, to eoraeo- 
braehialis, may pass into the muscle no more than 2 em distal to the 
tip of the eoraeoid; fibres from C7 may braneh direetly from the lateral 
eord. Branehes to bieeps braehii and braehialis leave after the musculo- 
cutaneous nerve has piereed eoraeobraehialis. There are usually two 
branehes to braehialis; the lower braneh also supplies the anterior 
aspeet of the elbow joint. The nerve to bieeps braehii is eonsistently 
aeeompanied by a vascular pediele. The nerve now inelines lateral and 
deep, into the plane between braehialis posteriorly and bieeps anteri- 
orly, where it supplies a small braneh to the humerus that enters the 
shaft with the nutrient artery. Below the branehes to braehialis, the 
musculocutaneous nerve continues as the lateral cutaneous nerve of the 
forearm. 

The musculocutaneous nerve has frequent variations. It may mn 
behind eoraeobraehialis or adhere for some distanee to the median 
nerve and pass behind bieeps braehii. Some fibres of the median nerve 
may mn in the musculocutaneous nerve, leaving it to join their proper 
tmnk; less frequently, the reverse occurs, and the median nerve sends a 
braneh to the musculocutaneous nerve. Oeeasionally, it supplies prona- 
tor teres and may replaee radial branehes to the dorsal surface of the 
thumb. 

Medial cutaneous nerve of the arm 


The medial cutaneous nerve of the arm (C8, Tl) is the smallest and 
most medial braneh of the braehial plexus, arising from the medial 
eord (see Fig. 48.35). It erosses the axilla, either anterior or posterior to 
the axillary vein, then passes medial to the axillary vein, communicates 
with the intereostobraehial nerve, and deseends medial to the braehial 
artery and basilie vein. It pierees the deep faseia at the midpoint of the 
upper arm to supply the skin over the medial aspeet of the distal third 
of the upper arm (see Fig. 48.34). Sometimes, the medial cutaneous 
nerve of the arm and the intereostobraehial nerve are eonneeted in a 
plexiform manner in the axilla. The intereostobraehial nerve may be 
large and reinforeed by part of the lateral cutaneous braneh of the 
third intereostal nerve. It then replaees the medial cutaneous nerve 
of the arm and reeeives a eonneetion representing the latter from 
the braehial plexus (oeeasionally, this eonneetion is absent). It eon- 
neets with the posterior braneh of the medial cutaneous nerve of the 
forearm. 


Medial cutaneous nerve of the forearm 


The medial cutaneous nerve of the forearm eomes from the medial eord 
(Tl) (see Fig. 48.34). It lies initially between the axillary artery and vein, 
and gives off a ramus that pierees the deep faseia to supply the skin over 
the bieeps, almost to the elbow. The nerve deseends medial to the bra- 
ehial artery, pierees the deep faseia with the basilie vein midway in the 
arm, and divides into anterior and posterior branehes. Its fiirther course 
is deseribed on page 860. 

Median nerve 


The median nerve has two roots from the lateral (C5, 6, 7) and medial 
(C8, Tl) eords, which embraee the third part of the axillary artery and 
unite anterior or lateral to it (see Figs 48.29, 48.44, 46.7, 46.10). Some 
fibres from C7 often leave the lateral root in the lower part of the axilla; 
they pass distomedially posterior to the medial root, and usually ante- 
rior to the axillary artery, to join the ulnar nerve. Clinically, they are 
believed to be mainly motor and to supply flexor earpi ulnaris. If the 
lateral root is small, the musculocutaneous nerve (C5, 6, 7) eonneets 
with the median nerve in the arm. It gives off vascular branehes to the 
braehial artery. The ffirther course of the median nerve is deseribed on 
pages 858 and 891. 

Ulnar nerve 


The ulnar nerve arises from the medial eord (C8, Tl) but often reeeives 
fibres from the ventral ramus of C7. It usually has no branehes in the 
arm, but oeeasionally may give a braneh to the medial head of trieeps 
(see Figs 48.29, 48.44, 46.12). The nerve mns distally through the 
axilla, medial to the axillary artery and between it and the vein, and 
continues distally medial to the braehial artery as far as the midarm. 
Here, it pierees the medial intermuscular septum, inelining medially as 
it deseends anterior to the medial head of trieeps to the interval between 
the medial epieondyle and the oleeranon. The fiirther course of the 
ulnar nerve is deseribed on pages 859 and 893. 

Radial nerve 


The radial nerve is the largest braneh of the braehial plexus. It arises 
from the posterior eord (C5, 6, 7, 8, oeeasionally Tl) (see Figs 48.33, 
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Fig. 48.44 The left upper arm disseeted to show the musculocutaneous 
nerve. Note also the ehanging relationship of the braehial artery and 
median nerve. Anterior aspeet. (With permission from Waschke J, Paulsen 
F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & 
Fiseher. Copyright 2013.) 


48.45, 46.9) and deseends behind the third part of the axillary artery 
and the upper part of the braehial artery, anterior to subscapularis above 
and the tendons of latissimus dorsi and teres major below, giving 
branehes to the medial head of trieeps at this level (see 4g. 48.33). With 
the profhnda braehii artery, it inelines dorsally, passing through the 
lower triangular spaee below the lower border of teres major, between 
the long head of trieeps and the humerus. Here, it supplies the long 
head of trieeps and gives rise to the posterior cutaneous nerve of the 
arm, which supplies the skin along the posterior surface of the upper 
arm. It then spirals obliquely aeross the baek of the humerus, lying 
posterior to the uppermost fibres of the medial head of trieeps, which 
separate the nerve from the bone in the first part of the spiral groove. 
It gives off a muscular braneh to the lateral head of trieeps and a braneh 
that passes through the medial head of trieeps to innervate anconeus. 
On reaehing the lateral side of the humerus, the radial nerve pierees 
the lateral intermuscular septum to enter the anterior eompartment of 
the arm. The fhrther course of the radial nerve is deseribed on pages 
860 and 894. 


The branehes of the radial nerve in the upper arm are: muscular, 
cutaneous, articular and superficial terminal and posterior interosseous. 

Muscular branehes 

Muscular branehes supply trieeps, anconeus, braehioradialis, extensor 
earpi radialis longus and braehialis in medial, posterior and lateral 
groups. Medial muscular branehes arise from the radial nerve on the 
medial side of the arm. They supply the medial and long heads of 
trieeps. The braneh to the medial head is a long, slender filament that 
lies elose to the ulnar nerve as far as the distal third of the arm, and is 
often termed the ulnar eollateral nerve. A large posterior muscular 
braneh arises from the nerve as it lies in the humeral groove. It divides 
to supply the medial and lateral heads of trieeps and anconeus. The 
braneh to anconeus is a long nerve that deseends in the medial head 
of trieeps and partially supplies it; the nerve is aeeompanied by the 
middle eollateral braneh of the profimda braehii artery and passes 
behind the elbow joint to end in anconeus. Lateral muscular branehes 
arise in front of the lateral intermuscular septum and supply the lateral 
part of braehialis, braehioradialis and extensor earpi radialis longus. 

Cutaneous branehes 

Cutaneous branehes are the posterior and lower lateral cutaneous 
nerves of the arm and the posterior cutaneous nerve of the forearm. 

Posterior cutaneous nerve of the arm The small posterior cutaneous 
nerve of the arm arises in the axilla and passes medially to supply the 
skin on the dorsal surface of the arm nearly as far as the oleeranon. It 
erosses posterior to, and eomimmieates with, the intereostobraehial 
nerve. 

Lower lateral cutaneous nerve ofthe arm The lower lateral cutaneous 
nerve of the arm perforates the lateral head of trieeps distal to the 
deltoid tuberosity, passes to the front of the elbow elose to the eephalie 
vein, and supplies the skin of the lateral part of the lower half of the 
arm. 

Posterior cutaneous nerve of the forearm The posterior cutaneous 
nerve of the forearm arises with the lower lateral cutaneous nerve of the 
arm. Perforating the lateral head of trieeps, it deseends first lateral in 
the arm, then along the dorsum of the forearm to the wrist, supplying 
the skin in its course and joining, near its end, with dorsal branehes of 
the lateral cutaneous nerve of the forearm. 


AXILLA 


BOIJNDARIES 


The axilla is a pyramidal region between the upper thoraeie wall and 
the arm (Figs 48.45-48.46; see Fig. 48.35). Its bhrnt apex continues 
into the root of the neek (cervico-axillary eanal) between the external 
border of the first rib, superior border of the scapula, posterior surface 
of the elaviele, and the medial aspeet of the eoraeoid proeess. Its trian- 
gular base, which is virtual, ean be imagined as faeing downwards; it 
is broad at the ehest and narrow at the arm, and eorresponds to the 
skin and a thiek layer of axillary faseia between the inferior borders of 
peetoralis major anteriorly and latissimus dorsi posteriorly. It is 
convex upwards, eonforming to the eoneavity of the armpit. 

The anterior wall is formed by peetorales major and minor, the 
former eovering the whole wall, and the latter its intermediate eranial 
part, with a elear faseial plane between the two muscles. The interval 
between the upper border of peetoralis minor and elaviele is occupied 
by the elavipeetoral faseia. The posterior wall is formed by subscapularis 
superiorly and teres major and latissimus dorsi inferiorly (Fig. 48.47). 
The medial walL is convex laterally and is eomposed of the first four 
ribs and their assoeiated intereostal muscles, together with the upper 
part of serratus anterior. The anterior and posterior walls eonverge later- 
ally; the fivall' is narrow and eonsists of the humeral intertubercular 
sulcus. The lateral angle lodges eoraeobraehialis and bieeps. 


C0NTENTS 


The axilla eontains the axillary vessels, the infraclavicular part of the 
braehial plexus and its branehes, lateral branehes of some intereostal 
nerves, many lymph nodes and vessels, loose adipose areolar tissue and, 
in many instanees, the 'axillary tail' of the breast. The axillary vessels 
and braehial plexus mn from the apex to the base along the lateral wall, 
nearer to the anterior wall; the axillary vein is anteromedial to the artery. 
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Fig. 48.45 The left axillary fossa and the deep aspeet of the thoraeie inlet, anterior aspeet. The elaviele has been partially removed and the peetoral 
muscles have been refleeted. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher 
Oopyright 2013.) 


The obliquity of the upper ribs means that the neurovascular bundle, 
after it emerges from behind the elaviele, erosses the fìrst intereostal 
spaee; its relations are, therefore, different at upper and lower levels. 
Thoraeie branehes of the axillary artery are in eontaet with the peetoral 
muscles; the lateral thoraeie artery reaehes the thoraeie wall along the 
lateral margin of peetoralis minor. Subscapular vessels deseend on the 
posterior wall at the lower margin of subscapularis. The subscapular 
and thoraeodorsal nerves eross the anterior surface of latissimus dorsi 
at different inelinations. Circumflex scapular vessels wind round the 
lateral border of the scapula; posterior circumflex humeral vessels and 
the axillary nerve curve baek and laterally around the surgical neek of 
the humerus (see Figs 48.47, 48.31). 

No large vessel lies on the medial Vall', which is erossed proximally 
only by small branehes of the superior thoraeie artery. The long thoraeie 
nerve deseends on serratus anterior and the intereostobraehial nerve 
perforates the upper anterior part of this wall, erossing the axilla to its 
lateral walF. 

AXILLARY LYMPH NODES 


There are between 20 and 30 axillary nodes, which may be divided into 
fìve not wholly distinet groups, namely: lateral, anterior (peetoral), pos- 
terior (subscapular), eentral and apieal (see Fig. 53.24). Four of the 
groups are intermediary; only the apieal group is terminal. Collectively, 
they drain the entire upper limb, breast and tmnk above the umbilicus. 

The lateral group of four to six nodes is posteromedial to the axillary 
vein; its afferents drain the whole limb, except the vessels that aeeom- 
pany the eephalie vein (Fig. 48.48, see Fig. 53.24). Efferent vessels pass 


partly to the eentral and apieal axillary groups, and partly to the inferior 
deep eervieal nodes. The anterior group of four or fìve nodes spreads 
along the inferior border of peetoralis minor near the lateral thoraeie 
vessels. Their afferents drain the skin and muscles of the supra-umbilical 
anterolateral body wall and breast, and efferents pass partly to the 
eentral and partly to the apieal axillary nodes. The posterior group of 
six or seven nodes lie on the inferior margin of the posterior axillary 
wall, along the subscapular vessels. Their afferents drain the skin and 
superficial muscles of the inferior posterior region of the neek and the 
dorsal aspeet of the tmnk down to the iliae erest; efferents pass to the 
apieal and eentral axillary nodes. A eentral group of three or four large 
nodes embedded in axillary fat reeeives afferents from all preeeding 
groups, and their efferents drain to the apieal nodes. An apieal group 
of six to twelve nodes is partly posterior to the superior part of peetoralis 
minor and partly above its superior border, extending to the apex of 
the axilla medial to the axillary vein. The only direet territorial afferents 
are those that aeeompany the eephalie vein and/or some that drain the 
upper peripheral region of the breast; the group drains all the other 
axillary nodes. Their efferents unite as the subclavian tmnk and drain 
direetly to either the jugulosubclavian venous junction, the subclavian 
vein, the jugular lymphatie tmnk or (oeeasionally) to a right lymphatie 
duct; the left tmnk usually ends in the thoraeie duct (see Fig. 29.16). A 
few efferents from apieal nodes usually reaeh the inferior deep eervieal 
nodes. 

One or two infraelaviailar nodes appear beside the eephalie vein in 
the groove between peetoralis major and deltoid, just inferior to the 
elaviele. Their efferents pass through the elavipeetoral faseia to the 
apieal axillary nodes. Oeeasionally, some pass anterior to the elaviele to 
the inferior deep eervieal (supraclavicular) nodes. 
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Fig. 48.46 A transverse seetion through the left shoulder joint and axilla, 
vievved from belovv. Compare vvith Figure 48.23A. 


[@ Bonus e-book images 

Fig. 48.36 The aetive inferior scapulohumeral angle (ISHA) in a 
normal shoulder is about 170°. 

Fig. 48.37 A right aeeessory palsy. 

Fig. 48.38 A left aeeessory palsy. 

Fig. 48.39 Scapular vvinging in long thoraeie palsy. 

Fig. 48.40 Initiation of abduction, vvith opening of the aetive inferior 
scapulohumeral angle (ISHA), vvas the first sign of reeovery into 
supraspinatus after repair of the suprascapular nerve. 

Fig. 48.41 Rupture of the rotator cuff, vvith lesions of the 
suprascapular and axillary nerves from fracture/dislocation of the 
shoulder. 

Fig. 48.42 Movement of the scapula in a ease of rupture of the 
right axillary nerve. 

Fig. 48.43 Elevation of the upper limb in full medial rotation by 
supraspinatus in the absenee of deltoid in four eases of proven 
rupture of the axillary nerve. 
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Fig. 48.47 The left axillary artery and its branehes. 
(With permission from Drake RL, Vogl AW, Mitehell 
A (eds), Gray’s Anatomy for Students, 2nd ed, 
Elsevier, Churchill Livingstone. Copyright 2010.) 
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assoeiated with the left axilla. Arrows indieate the 
direetion of flow. (With permission from Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for 
Students, 2nd ed, Elsevier, Churchill Livingstone. 
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A detailed deseription of the variation in the eadaverie anatomy of the 
origin of bieeps braehii, permitting more aeemate interpretation of the 
elinieal varianee of this stmetme. 
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E bow and forearm 


CHAPTER 



SKIN AND SOFT TISSUES 
SKIN 

Cutaneous vascular supply 


The skin of the elbow and forearm reeeives its blood supply from 
muscle perforators, fasciocutaneous networks and direet cutaneous 
vessels. The skin of the anterolateral cubital fossa is supplied by muscle 
perforators arising from the radial eollateral and radial recurrent arter- 
ies. The skin of the medial cubital fossa reeeives branehes from an 
anastomosis between the inferior ulnar eollateral and the ulnar recur- 
rent arteries. Small direet cutaneous vessels spring from the braehial 
artery. The skin of the posterolateral aspeet of the elbow is supplied by 
branehes of the posterior interosseous recurrent artery and a rieh plexus 
of eollateral and anastomosing arteries. The skin of the posteromedial 
aspeet is supplied by branehes of the superior and inferior ulnar eol- 
lateral arteries and the posterior ulnar recurrent artery feeding into the 
plexus. 

The skin of the anterior forearm is supplied by fasciocutaneous 
perforators; the largest is the inferior cubital artery, which arises from 
the radial artery at the distal apex of the cubital fossa and extends to 
midway down the forearm. Fasciocutaneous perforators from the radial 
artery supply the lateral two-thirds of the anterior surface of the forearm 
(see Fig. 46.5). The vessels pass in the intermuscular septa between 
braehioradialis and flexor earpi radialis, and between flexor earpi radi- 
alis and flexor digitomm superficialis. Fasciocutaneous perforators from 
the ulnar artery supply skin over the ulnar side of the anterior forearm 
and the medial quarter of the posterior forearm from the cubital fossa 
to the wrist. A small contribution eomes from musculocutaneous per- 
forators that pass through braehioradialis and flexor earpi ulnaris. 

The skin of the distal third of the lateral forearm is supplied by the 
terminal perforating branehes of the anterior interosseous artery. The 
eentral half of the posterior surface of the forearm, from the lateral edge 
of extensor digitomm, just below the lateral epieondyle of the humerus, 
to the wrist, is supplied by fasciocutaneous perforators from the pos- 
terior interosseous artery that pass along the intermuscular faseia 
between extensor earpi ulnaris and extensor digiti minimi. 

Cutaneous innervation 


A small area of skin anterolateral to the elbow is supplied by the lateral 
cutaneous nerve of the arm. The skin overlying the posterior aspeet of 
the elbow is innervated by the posterior cutaneous nerve of the arm and 
proximal branehes of the posterior cutaneous nerve of the forearm. The 
lateral cutaneous nerve of the forearm innervates the skin of the anterior 
half and radial posterior quarter of the forearm. The medial cutaneous 
nerve of the forearm supplies the skin overlying most of the elbow, the 
ulnar half of the anterior forearm and the ulnar quarter of the posterior 
forearm (Fig. 49.1 and p. 860). 


SOFT TISSUES 
Cubital fossa 


The cubital fossa is a triangular depression in the anterior aspeet of the 
upper forearm (see Fig. 46.29). It is bounded proximally by the epi- 
eondylar line, medially by the lateral margin of pronator teres, and 
laterally by the medial faee of braehioradialis; it is biseeted by the 
tendon of bieeps braehii. The deep faseia of the forearm forms its roof. 
It is continuous with the deep faseia of the anterior arm, attaehed to 



Fig. 49.1 Sensory 
loss or disturbance 
after eomplete 
seetion of the medial 
and lateral 
cutaneous nerves of 
the forearm. 


the medial and lateral humeral epieondyles and augmented by the 
bieipital aponeurosis, which sweeps aeross the medial and inferior part 
of the fossa to the faseia over the superficial flexor muscles. Supinator 
and braehialis lie in the floor of the fossa. From medial to lateral, the 
basilie, median cubital and eephalie veins lie in the superficial faseia. 
Branehes of the medial cutaneous nerve of the forearm are elosely 
related to the basilie vein. The lateral cutaneous nerve of the forearm 
mns down alongside the lateral edge of the tendon of bieeps braehii. 
Deep to the deep faseia, and passing from medial to lateral, are the 
median nerve and the braehial artery, the latter inelining from the 
medial side of the arm to pass down the fossa elose to the midline. 
The radial and ulnar arteries, with their aeeompanying veins, originate 
in the lower part of the fossa. The radial nerve enters the fossa laterally 
in the groove between braehioradialis and braehialis, and divides into 
the superficial radial and posterior interosseous nerves above the 
humero-radial joint. The superficial radial nerve continues down the 
forearm under eover of braehioradialis. 

Compartments of the forearm 


The deep faseia, the interosseous membrane and the fibrous interimis- 
cular septa, some of which pass between the deep faseia and bone, 
divide the forearm into eompartments. These include the superficial 
and deep flexor (anterior) eompartments, the extensor (posterior) eom- 
partment, and a proximolateral eompartment that includes braehio- 
radialis and extensors earpi radialis longus and brevis (the mobile wad) 
(Fig. 49.2). The dense sheath of the antebraehial faseia (the deep faseia 
of the forearm) is continuous above with the braehial faseia. It is 
attaehed to the oleeranon, the posterior border of the ulna, and the 
lateral and medial epieondyles. The faseia is thieker posteriorly and in 
the lower forearm. It is strengthened above by tendinous fibres from 
bieeps and trieeps. Near the wrist, two loealized thiekenings, the flexor 
and extensor retinacula, retain the digital tendons in position (Ch. 50). 
From its deep surface, septa pass between muscles, providing areas of 
additional attaehment. Muscles arise from its inner aspeet in the upper 
forearm. Vessels and nerves pass through apertures in the faseia; a large 
aperture anterior to the elbow transmits a venous communication 
between superficial and deep veins. 
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HUMERUS 


Distal end of humerus 

The distal end of the hiimems is a modified eondyle; it is wider trans- 
versely and has articular and non-articular parts (Figs 49.3-49.4). The 
articular part is curved forwards, so that its anterior and posterior sur- 
faees lie in front of the eorresponding surfaces of the shaft. It articulates 
with the radius and the ulna at the elbow joint, and is divided by a faint 
groove into a lateral capitulum and a medial troehlea. 

The capitulum is a rounded, convex projeetion, eonsiderably less 
than half a sphere, which eovers the anterior and inferior surfaces of 
the lateral part of the eondyle of the humems but does not extend on 
to its posterior surface. It artiailates with the diseoid head of the radms, 
which lies in eontaet with its inferior surface in full extension of the 
elbow but slides on to its anterior surface during flexion. The groove of 
the troehlea winds backwards and laterally from the anterior to the 
posterior surface of the bone, and is wider, deeper and more symmetri- 
eal posteriorly. Anteriorly, the medial flange of the pulley is longer than 
the lateral, and the surface adjoining its projeeting medial margin is 
convex to aeeommodate itself to the medial part of the upper surface 
of the eoronoid proeess of the ulna. These asymmetries entail varying 
angulation between the humeral and ulnar axes, together with some 
conjunct rotation. The non-articular part of the eondyle includes the 
medial and lateral epieondyles, and the oleeranon, eoronoid and radial 
fossae. 



- Extensor digiti minimi 
and extensor digitomm 


Extensor earpi 
radialis tendon 


Radius 


- Radial artery 
and superficial 
radial nerve 


Anterior interosseous 
artery and nerve — 


Palmaris longus 


Median nerve 


Flexor digitomm 
superficialis — 


Cephalic vein 


Extensor earpi 

Lilnaris- 

Posterior interosseous 
artery and nerve - 

lllna- 

Flexor digitomm 
profundus- 

Basilie vein- 

lllnar artery 
and nerve- 

Flexor earpi ulnaris 


Flexor earpi 
radialis 


Fig. 49.2 Compartments of the forearm. A eross-seetion through the 
upper third of the left forearm. 


Troehlea 

The troehlea is a pulley-shaped surface that eovers the anterior, inferior 
and posterior surfaces of the eondyle of the humerus medially and 
articulates with the troehlear noteh of the ulna. On its lateral side, it is 
separated from the capitulum by a faint groove; its medial margin 
projeets distally beyond the rest of the bone. When the elbow is 
extended, the inferior and posterior aspeets of the troehlea are in eontaet 
with the ulna but, as the joint is flexed, the troehlear noteh slides on 
to the anterior aspeet so that its posterior aspeet is then left uncovered. 
The downward projeetion of the medial edge of the troehlea is the 
prineipal faetor in determining the degree of angulation between the 
long axis of the humerus and the long axis of the supinated forearm 
when the elbow is extended. 

Medíal epieondyle 

The medial border of the humerus ends by turning slightly backwards 
as the medial epieondyle, which forms a conspicuous, blunt projeetion 
on the medial side of the eondyle. It is subcutaneous and usually visible, 
espeeially in passive flexion of the elbow. Its posterior surface is smooth 
and is erossed by the ulnar nerve, which lies in a shallow sulcus as it 
enters the forearm. The nerve ean be felt and rolled against the bone 
here; if jarred against the epieondyle, a eharaeteristie tingling sensation 
results. The lower part of the anterior surface of the medial epieondyle 
is marked by the attaehment of the superficial group of forearm flexors. 
They arise from the epiphysis for the epieondyle but are entirely 
extracapsular. 

Lateral epieondyle 

The lateral border of the humerus ends at the lateral epieondyle; its 
lower portion constitutes the lateral supracondylar ridge. The lateral 
epieondyle occupies the lateral part of the non-articular portion of the 
eondyle but does not projeet beyond the lateral supracondylar ridge. It 


1 2 



3 4 5 


Fig. 49.4 The inferior aspeet of the distal end of the left humerus. Key: 
1, troehlea; 2, capitulum; 3, medial epieondyle; 4, sulcus for ulnar nerve; 
5, lateral epieondyle. 




Fig. 49.3 A, The anterior aspeet of the distal end 
of the left humerus. Key: 1, shaft; 2, medial 
supracondylar ridge; 3, eoronoid fossa; 4, medial 
epieondyle; 5, troehlea; 6, lateral supracondylar 
ridge; 7, radial fossa; 8, lateral epieondyle; 9, 
capitulum. B, The posterior aspeet of the distal 
end of the left humerus. Key: 1, lateral 
supracondylar ridge; 2, lateral epieondyle; 3, 
medial supracondylar ridge; 4, medial epieondyle; 
5, oleeranon fossa; 6, sulcus for ulnar nerve; 7, 

3 troehlea. 
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turns slightly forwards, unlike the medial epieondyle, which turns 
slightly backwards. Its lateral and anterior surfaces show a well-marked 
impression for the superficial group of the extensor muscles of the 
forearm (see Fig. 48.11A), which arise from the lateral side of the lower 
humeral epiphysis; like the flexors, they are extracapsular. The posterior 
surface, which is very slightly convex, is easily felt in a depression visible 
behind the extended elbow. A small area on the posterior surface gives 
origin to anconeus. 

Oleeranon, eoronoìd and radial fossae 

The oleeranon fossa is a deep hollow on the posterior surface of 
the eondyle, immediately above the troehlea, that lodges the tip of the 
oleeranon of the ulna when the elbow is extended. The floor of the 
fossa is always thin and may be partially defieient. A similar but smaller 
hollow, the eoronoid fossa, lies immediately above the troehlea on the 
anterior surface of the eondyle and aeeommodates the anterior margin 
of the eoronoid proeess of the ulna during flexion of the elbow. A very 
slight depression, the radial fossa, lies above the capitulum on the 
lateral side of the eoronoid fossa and is related to the margin of the 
head of the radms in full flexion of the elbow. 

Ossifieation 

The distal humerus ossifies as follows. During the first year, ossifieation 
begins in the capitulum and extends medially to form the main part of 
the articular surface. The eentre for the medial part of the troehlea 
appears in the ninth year in females and tenth year in males. Ossifiea- 
tion begins in the medial epieondyle in the firnrth year in females and 
the sixth in males, and in the lateral epieondyle in about the twelfth 
year. The eentre for the medial epieondyle forms a separate epiphysis, 
which is entirely extracapsular, on the posteromedial aspeet of the 
epieondyle. It is separated from the rest of the lower epiphysis by a 
downgrowth from the shaft, with which it unites at about the twentieth 
year. The eentres for the lateral epieondyle, capitulum and troehlea fhse 
around puberty, and the eomposite epiphysis unites with the shaft in 
the fimrteenth year in females and sixteenth in males. 


RADIIJS 


The radius is the lateral bone of the forearm (Figs 49.5-49.7). It has 
expanded proximal and distal ends; the distal is much the broader. The 
shaft widens rapidly towards its distal end, and is convex laterally and 
eoneave anteriorly in its distal part. The radius articulates with the 
humeral capitulum, the ulna and the carpus. 

Proximal radius 

The proximal radius includes a head, neek and tuberosity. The head is 
diseoid, its proximal surface a shallow cup for articulation with the 
humeral capitulum. Its smooth articular periphery is vertieally deepest 
medially, where it eontaets the ulnar radial noteh. The posterior surface 
of the radial head is palpable on the posterolateral aspeet of the 
extended elbow. The head overhangs the neek, which is the circumfer- 
ential eonstrietion immediately below it, partioilarly laterally. The 
tuberosity is distal to the medial part of the neek; posteriorly, it is rough, 
whereas anteriorly, it is usually smooth. 

Radial shaft 

The radial shaft has a lateral convexity and is triangular in eross-seetion. 
The interosseous border is sharp, except proximally, near the tuberosity, 
and distally, where the interosseous border is the posterior margin of a 
small, elongated, triangular area, proximal to the ulnar noteh. These 
two areas form the medial surface of the radial shaft. The interosseous 
membrane is attaehed to the distal three-quarters of the radial shaft, 
and eonneets the radms to the ulna. The anterior surface, between 
anterior and interosseous borders, is eoneave transversely and shows a 
distal anterior curvature. There is a proximally direeted nutrient foramen 
and eanal near the midpoint of the shaft. The posterior surface of the 
shaft, between the interosseous and posterior borders, is largely flat but 
may be slightly hollow proximally. The lateral surface is gently convex. 
A finely irregular oval area occurs near the midshaft; fhrther distally, the 
surface is smooth. 

Distal radius 

The distal end of the radms (Fig. 49.8) is the widest part and is four- 
sided in seetion. The lateral surface is slightly rough, projeeting distally 
as the radial styloid proeess. The smooth earpal articular surface is 
divided by a ridge into medial and lateral areas. The medial distal radial 
artiailar surface is quadrangular, whereas the lateral part of the artiailar 
surface is triangular and curves on to the styloid proeess. The anterior 
surface of the distal radius is a thiek, palpable, prominent ridge 2 em 



Fig. 49.5 The articulated 
radius and ulna: anterior 
view, showing muscle 
attaehments. Note that the 
hatehed lines denote 
extension of muscular 
attaehments on to the 
interosseous membrane. 
Key: 1, flexor digitomm 
superficialis; 2, pronator 
teres (ulnar head); 3, 
braehialis; 4, supinator; 5, 
flexor digitomm profundus; 
6, bieeps; 7, supinator; 8, 
flexor digitomm superficialis 
(oblique line); 9, pronator 
teres; 10, flexor pollieis 
longus; 11, pronator 
quadratus; 12, 
braehioradialis. 


proximal to the thenar eminenee. The medial surface is the ulnar noteh, 
which is smooth and anteroposteriorly eoneave for articulation with the 
head of the ulna. The posterior surface has a palpable dorsal tubercle 
(Listers tubercle), limited medially by an oblique groove and in line 
with the eleft between the index and middle fingers. Lateral to the 
tubercle is a wide, shallow groove, divided by a vertieal ridge. 

Muscular, ligamentous and 
articular attaehments 

The proximal artiailar surface of the radial head and its circumference 
are eovered by hyaline eartilage. The upper rim fits the groove between 
the capitulum and troehlea and enters the radial fossa in flexion. The 
articular circumference artioilates with the ulnar radial noteh and 
anular ligament, within which it rotates in pronation and supination. 
The radial neek is enelosed by the narrower distal part of the ligament, 
from which it is separated by a synovial protmsion from the superior 
radio-ulnar joint. The posterior area of the tuberosity is marked by the 
tendon of bieeps braehii, which is separated from a smooth anterior 
area by a bursa. The oblique eord is attaehed just distal to the bursa. 

Flexor digitomm superficialis is attaehed to the proximal anterior 
surface of the radms by a thin, wide head. Flexor pollieis longus has an 
extensive attaehment to the proximal two-thirds of the anterior surface 
of the radial shaft, overlying the nutrient foramen. Pronator quadratus 
is attaehed to the distal quarter of the anterior radial shaft; a small, 
triangular area proximal to the ulnar noteh gives attaehment to the 
deepest part of the muscle. Pronator teres is attaehed to a rough area 
near the midpoint of the lateral surface of the radial shaft, at its maximal 
curvature. Proximally, supinator is attaehed to a long, V-shaped area on 
the lateral surface of the shaft. Distal to pronator teres, the lateral 
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Fig. 49.6 The articulated 
radius and ulna: posterior 
view, showing muscle 
attaehments. Key: 1, trieeps; 
2, bieeps; 3, supinator; 4, 
abductor pollieis longus; 5, 
pronator teres; 6, extensor 
pollieis brevis; 7, 
subcutaneous area; 8, 
anconeus; 9, posterior 
border: attaehment for 
eommon aponeurosis of 
extensor earpi ulnaris, flexor 
earpi ulnaris, flexor digitomm 
profundus; 10, extensor 
pollieis longus; 11, extensor 
indieis. 



Fig. 49.7 The proximal end of the 
left radius: anterior view. Key: 1, 
head; 2, radial tuberosity; 3, shaft; 
4, neek. 
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Fig. 49.8 The distal end of the left radius and ulna. Key: 1 , styloid 
proeess of radius; 2, dorsal tubercle; 3, groove for tendon of extensor 
earpi ulnaris; 4, styloid proeess of ulna; 5, faeet for seaphoid; 6, faeet for 
lunate; 7, inferior radio-ulnar articulation; 8, area of eontaet with articular 
dise; 9, area for attaehment of articular dise. Compare with Fig. 50.18A. 


siirfaee is eovered by tendons of braehioradialis, extensor earpi radialis 
longus and brevis. On the posterior surface, abductor pollieis longus is 
attaehed proximally and extensor pollieis brevis more distally. The 
remaining surface is devoid of attaehments and eovered by the long and 
short extensors of the thumb. The lateral surface, proximal to the styloid 
proeess, reeeives the attaehment of braehioradialis and is erossed 
obliquely downwards and forwards, by the tendons of abductor pollieis 
longus and extensor pollieis brevis. The radial styloid proeess projeets 
beyond that of the ulna, its apex eovered by the tendons of abductor 
pollieis longus and extensor pollieis brevis. The lateral radioearpal liga- 
ment is attaehed to its tip, and the palmar radioearpal ligament is 
attaehed to the terminal ridge on the anterior surface of the lower end. 
The base of the triangular articular dise of the inferior radio-ulnar joint 
is attaehed to a smooth ridge distal to the ulnar noteh. A narrow protm- 
sion of synovial membrane extends proximally from the ulnar noteh, 
anterior to the lower end of the interosseous membrane. The lateral part 
of the earpal articular surface articulates with the seaphoid, and the 
medial part with the lateral part of the lunate. In full adduction, the 
proximal surface of the lunate is wholly in eontaet with the radius. 

The radial dorsal tubercle reeeives a slip from the extensor retinacu- 
lum and is grooved medially by the tendon of extensor pollieis longus. 
The wide groove lateral to the tubercle eontains the tendons of extensor 
earpi radialis longus laterally and extensor earpi radialis brevis medially, 
together with their synovial sheaths. Medially, the dorsal surface is 
grooved by the tendons of extensor digitomm, separated from the bone 
by the tendons of extensor indieis and the posterior interosseous nerve. 
The dorsal radioearpal ligament is attaehed to the distal margin of this 
surface. 

Vascular supply 

The radms is supplied by branehes of the radial, ulnar, and anterior and 
posterior interosseous arteries through multiple metaphysial nutrient 
foramina. Usually, there is one mitrient diaphysial foramen loeated on 
the anterior surface of the bone, which is direeted proximally towards 
the elbow. A network of small faseioperiosteal and musculoperiosteal 
vessels arise from the eompartmental vessels and reaeh the bone via its 
septal and muscular attaehments. 

The dorsal metaphysis of the distal radius is riehly supplied (Fig. 
49.9 A). Branehes eonneet the anterior interosseous artery proximally to 
the dorsal earpal areh distally. These pass through the fourth and fifth 
extensor eompartments of the wrist and provide metaphysial nutrient 
arteries. intereompartmental vessels send nutrient arteries to the radius 
through the retinaculum between the first and seeond dorsal eompart- 
ments, and the seeond and third dorsal eompartments. These vessels 
originate from the radial artery and anterior interosseous arteries, 
respeetively, and anastomose with the dorsal earpal areh. 

Ossifieation 

The radius ossifies from three eentres. One appears eentrally in the shaft 
in the eighth week of fetal life, and the others appear in eaeh end (see 
Figs 48.13, 49.12). Ossifieation begins in the distal epiphysis towards 
the end of the first postnatal year and in the proximal epiphysis during 
the fourth year in females and the fifth year in males. The proximal 
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Fig. 49.9 A-B, The extraosseous arterial supply to the distal radius and ulna and 
the carpus. A, Dorsal aspeet; B, Palmar aspeet; C Lateral aspeet vievved from the 
radial side. 


epiphysis fiises in the fourteenth year in females and seventeenth in 
males, and the distal in the seventeenth and nineteenth years, respee- 
tively. A fourth eentre sometimes appears in the tuberosity at about the 
fourteenth or fifteenth year. 

ULNA 


The ulna is medial to the radius in the supinated forearm. Its proximal 
end is a massive hook, eoneave forwards, that articulates with the distal 
humerus (Figs 49.10-49.11). The lateral border of the shaft is a sharp 
interosseous erest. The bone diminishes progressively from its proximal 
mass throughout almost its whole length, but, at its distal end, expands 
into a smalf rounded head and styloid proeess. The shaft is triangular 
in eross-seetion proximally and almost eylindrieal distally. Along 
its whole length, the ulna is slightly convex posteriorly. Mediolaterally 
its profile is sinuous; the proximal half has a slight curvature that 
is eoneave laterally and the distal half a curvature that is eoneave 
medially. 

Proxìmal ulna 

The proximal end of the ulna has large oleeranon and eoronoid pro- 
eesses, and troehlear and radial notehes that articulate with the humerus 
and radius, respeetively. The oleeranon is more proximal and is bent 
forwards at its summit like a beak that enters the oleeranon fossa of the 
humerus in extension. Its posterior surface is smooth, triangular and 
subcutaneous, and its proximal border underlies the 'point' of the 
elbow. In extension, it ean be felt near a line joining the humeral epi- 
eondyles, but in flexion, it deseends, so that the three osseous points 
form an isoseeles triangle. Its anterior, articular surface forms the 


proximal area of the troehlear noteh. Its base is slightly eonstrieted 
where it joins the shaft and is the narrowest part of the proximal ulna. 
The eoronoid proeess projeets anteriorly distal to the oleeranon. Its 
proximal aspeet forms the distal part of the troehlear noteh. On the 
lateral surface, distal to the troehlear noteh, a shallow, smooth, oval 
radial noteh articulates with the radial head. Distal to the radial noteh, 
the surface is hollow to aeeommodate the radial tuberosity during 
pronation and supination. The anterior surface of the eoronoid is tri- 
angular. Its distal part is the tuberosity of the ulna and its medial border 
is sharp and bears a small tubercle proximally. 

The troehlear noteh articulates with the troehlea of the humerus. It 
is eonstrieted at the junction of the oleeranon and eoronoid proeesses, 
where their articular surfaces may be separated by a narrow, rough, 
non-articular strip. A smooth ridge, adapted to the groove on the 
humeral troehlea, divides the noteh into medial and lateral parts. The 
medial fits into the troehlear flange. The radial noteh, an oval or oblong 
proximal depression on the lateral aspeet of the eoronoid proeess, 
articulates with the periphery of the radial head and is separated from 
the troehlear noteh by a smooth ridge. 

Ulnar shaft 

The ulnar shaft is triangular in eross-seetion in its proximal three- 
quarters, but distally is almost eylindrieal (see Figs 49.31-49.32). It has 
anterior, posterior and medial surfaces and interosseous, posterior and 
anterior borders. The interosseous border is a conspicuous lateral erest 
in its middle half. Proximally, it beeomes the supinator erest, which is 
continuous with the posterior border of a depression distal to the radial 
noteh. Distally, it disappears. The rounded anterior border starts medial 
to the ulnar tuberosity, deseends backwards, and is usually traeeable to 
the base of the styloid proeess. The posterior border, also rounded, 
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Fig. 49.10 The interosseous membrane and oblique eord of the forearm: 
anterior aspeet. Membrane and eord are syndesmoses. 



Fig. 49.11 The proximal 
end of the left ulna: lateral 
view. Key: 1, oleeranon; 

2, non-articular strip in 
troehlear noteh; 3, eoronoid 
proeess; 4, tuberosity; 5, 
troehlear noteh; 6, radial 
noteh; 7, supinator erest; 8, 
shaft. 


deseends from the apex of the posterior aspeet of the oleeranon, and 
curves laterally to reaeh the styloid proeess. It is palpable throughout 
its length in a longitudinal furrow, most obvious when the elbow is 
fhlly flexed. 

The anterior surface, between the interosseous and anterior borders, 
is longitudinally grooved, sometimes deeply (see 7 ig. 49.10). Proximal 
to its midpoint, a proximally direeted nutrient foramen admits a braneh 
of the anterior interosseous artery. Distally, it is erossed obliquely by a 
rough, variable prominenee, deseending from the interosseous to the 
anterior border. The medial surface, between the anterior and posterior 
borders, is transversely convex and smooth. The posterior surface, 
between the posterior and interosseous borders, is divided into three 
areas. The most proximal is limited by a sometimes faint, oblique line 
that aseends laterally from the junction of the middle and upper thirds 
of the posterior border to the posterior end of the radial noteh. The 
region distal to this line is divided into a larger medial and narrower 
lateral strip by a vertieal ridge, which is usually distinet only in its 
proximal three-quarters. 

Distal ulna 

The distal end of the ulna is slightly expanded and has a head and 
styloid proeess. The head is palpable and visible in pronation on the 
posteromedial aspeet of the wrist. Its lateral convex articular surface fìts 
the radial ulnar noteh. Its smooth distal surface is separated from the 
carpus by an articular dise, the apex of which is attaehed to a rough area 
between the articular surface and styloid proeess. The ulnar styloid 
proeess is a short, round, posterolateral projeetion of the distal end of 
the ulna, palpable in supination about 1 em proximal to the plane of 
the radial styloid. A posterior vertieal groove is present between the 
head and styloid proeess. 

Muscular, ligamentous and 
articular attaehments 

The capsule of the elbow joint is attaehed to the proximal, anterior 
surface of the oleeranon, and the tendon of trieeps is attaehed to its 
rough posterior two-thirds; the capsule and tendon may be separated 
by a bursa. The medial surface of the oleeranon is marked proximally 
by the attaehment of the posterior and oblique bands of the ulnar eol- 
lateral ligament and by the ulnar part of flexor earpi ulnaris. The smooth 
area distal to this is the most proximal attaehment of flexor digitomm 
profundus. Anconeus is attaehed to the lateral surface of the oleeranon 
and the adjoining posterior surface of the ulnar shaft as far as its oblique 
line. The posterior surface of the ulna is separated from the skin by a 
subcutaneous bursa. 

Braehialis is attaehed to the anterior surface of the eoronoid proeess, 
including the ulnar tuberosity. The oblique and anterior bands of the 
ulnar eollateral ligament and the distal part of the humero-ulnar slip 
of flexor digitomm superfìcialis are attaehed to a small tubercle at the 
proximal end of the medial border. Further distally, the margin of the 
eoronoid proeess provides attaehment for the ulnar head of pronator 
teres. An ulnar head of flexor pollieis longus may be attaehed to the 
lateral or, more rarely, the medial, border of the eoronoid proeess. 
Fibres of flexor digitomm profundus are attaehed to its medial surface. 
The anular ligament is attaehed to the anterior rim of the radial noteh 
and, posteriorly, to a ridge at, or just behind, the posterior margin of 
the noteh. The depressed area distal to the noteh is limited behind by 
the supinator erest, and both provide attaehment for supinator. 

The oleeranon area of the troehlear noteh is usually divided into 
three areas. The most medial faees anteromedially, and is grooved to fìt 
the medial flange of the humeral troehlea, with which it makes inereas- 
ing eontaet during flexion. A flat intermediate area fìts the lateral flange. 
The most lateral area is a narrow strip that abuts the troehlea in exten- 
sion. The articular surface is narrower than the base of the oleeranon; 
non-articular areas are related to the synovial proeesses. The eoronoid 
area of the troehlear noteh is also divided; its medial and lateral areas 
eorrespond to the medial and intermediate areas of the oleeranon. The 
medial is the deeper, and eonforms to the convex medial troehlear 
flange. The medial and anterior parts of the capsular ligament are 
attaehed to its medial and anterior borders. 

The deep faseia of the forearm is attaehed to the subcutaneous pos- 
terior border, which also provides an attaehment for the aponeurosis 
of flexor digitomm profundus in its proximal three-quarters, for flexor 
earpi ulnaris in its proximal half, and for extensor earpi ulnaris in its 
middle third. These three muscles are attaehed to the posterior border 
through a eommon blended aponeurosis. The interosseous membrane 
is attaehed along the interosseous border, except for a short length 
proximally. 

Flexor digitomm profundus is attaehed to the proximal three- 
quarters of the anterior border and medial surface, arising medial to the 
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eoronoid proeess and oleeranon. The rough strip aeross the distal fourth 
of the anterior surface provides part of the bony attaehment for prona- 
tor quadratus. Anconeus is attaehed to the posterior surface proximal 
to the oblique line and lateral to the oleeranon. The narrow strip 
between the interosseous border and vertieal ridge gives rise to the 
attaehment of three deep muscles: abductor pollieis longus arises from 
the proximal quarter, extensor pollieis longus from the succeeding 
quarter (sometimes a ridge is interposed between them), and extensor 
indieis from the third quarter. Extensor earpi ulnaris eovers the broad 
strip medial to the vertieal ridge and its tendon grooves the posterior 
aspeet of the distal end of the ulna. 

1 /aseiilar supply 

The ulna reeeives its vascular supply from branehes of the radiaf ulnar, 
anterior and posterior interosseous arteries via multiple metaphysial 
mitrient foramina. Usually one, but oeeasionally two, major nutrient 
diaphysial foramina are loeated on the anterior surface of the bone, 
direeted proximally towards the elbow. A network of small faseioperio- 
steal and musculoperiosteal branehes given off from the eompartmen- 
tal vessels reaehes the bone via septal and muscular attaehments. 

Ossifieation 

The ulna ossifies from four main eentres: one eaeh in the shaft and 
distal end, and two in the oleeranon (see Fig. 48.13; Fig. 49.12). Ossi- 
fieation begins in the midshaft about the eighth fetal week and extends 
rapidly. A eentre appears in the distal end in the fifth year in females 


Fig. 49.12 Radiographs of the forearm of a girl aged 11 years. 

A, Anteroposterior view. Key: 1, eartilaginoiis growth plates; 2, eonjoined 
epiphyses of capitulum and lateral epieondyle; 3, proximal radial 
epiphysis; 4, distal radial epiphysis; 5, epiphysis of medial epieondyle; 

6, diaphysial bone; 7, troehlear epiphysis; 8, distal ulnar epiphysis. 

B, Lateral view, semi-flexed at the elbow. Note the epiphyses and 
adjaeent radiotranslucent growth eartilages. Key: 1, oleeranon; 2, 
distal ulnar epiphysis; 3, proximal radial epiphysis; 4, distal radial 
epiphysis. 


and sixth year in males, and extends into the styloid proeess. The distal 
oleeranon is ossified as an extension from the shaft, the remainder from 
two eentres, one for the proximal troehlear surface and the other for a 
thin, seale-like proximal epiphysis on its summit. The proximal epiphy- 
sis appears in the ninth year in females and eleventh year in males, and 
the whole proximal epiphysis has usually joined the shaft by the four- 
teenth year in females and sixteenth year in males. The distal epiphysis 
usually unites with the shaft in the seventeenth year in females and 
eighteenth in males. Along with the distal humerus, the proximal ulna 
ossifies in a sequential manner; skeletal maturity may be assessed by 
observations of elbow radiographs. 



The elbow joint aets as a platform for the forearm and hand. The 
humero-ulnar and humero-radial joints form a complex hinge that 
enables flexion and extension of the forearm. The humero-radial joint, 
in conjunction with the proximal and distal radio-ulnar joints, allows 
full pronation and supination of the forearm. The configuration of the 
humero-ulnar joint, between the troehlea and the troehlear noteh of 
the ulna and the distal prolongation of the medial edge of the troehlear 
pulley, tilts the ulna, forming a 'earrying angle' (approximately 14° in 
women and 11 0 in men) between the longitudinal axes of the humerus 
and ulna when the elbow is fhlly extended and supinated. These axes 
beeome aligned in fiill flexion. 

HUMERO-ULNAR JOINT 


The humero-ulnar joint is a complex hinge joint and is continuous with 
two pivot joints between the distal humerus and proximal radius, and 
between the proximal radius and ulna (Figs 49.13, 49.15-17). There is 
a high degree of eongmity between the deep troehlea of the humerus 
and the large troehlear noteh of the ulna. This stable arrangement is 
enhaneed by strong medial and lateral eollateral ligaments and, in fiill 
extension, by the anterior capsule. An are of 150° of flexion and exten- 
sion is possible. A range of 180° of pronation and supination is 
aehieved by synchronous movements at the proximal and distal radio- 
ulnar joints, aided by minor contributions from the radioearpal and 
earpal joints. 

Artidllating SLirfaees The distal humems possesses two distinet 
articulating surfaces: the humeral troehlea and the capitulum (see Fig. 
49.3). The shape of the humeral troehlea is asymmetrie, with a longer 
medial flange. It is widest posteriorly in the adult. The joint line lies 
2 em distal to the interepieondylar line and is tilted inferomedially. The 
flexion-extension are of elbow movement is not a simple hinge. Differ- 
ent parts of the distal humems are in eontaet with the eorresponding 
articular surface of the proximal ulna throughout the range of move- 
ment; in fiill extension of the elbow, a medial segment of the distal 
humerus is not in eontaet with the ulna, whereas in full flexion, a lateral 
segment is not in eontaet. 

The surface of the troehlear noteh has an asymmetrieal sellar surface 
that allows some rotation during swing in the flexion-extension plane. 
It is predominantly eoneave in the transverse plane, but convex in the 
anteroposterior plane. There is a 'bare area' devoid of hyaline eartilage 
between the oleeranon and eoronoid areas of the troehlear noteh that 
is eovered by fibrofatty tissue and synovimn. The humeral capitulum is 
reeiproeally convex with the eoneavity of the articulating surface of the 
radial head. The more prominent medial rim of the radial head sits in 
the groove between the capitulum and troehlea. Contact between the 
capitulum and radial head is maximal with the elbow in mid-flexion 
and the forearm in mid-pronation. 

Fibroiis eapsille The fibrous capsule is broad and thin anteriorly. It 
is attaehed proximally to the front of the medial epieondyle and 
humerus above the eoronoid and radial fossa, and distally to the edge 
of the ulnar eoronoid proeess and anular ligament. It may be aug- 
mented by fibres from braehialis and blends into the ulnar eollateral 
ligament medially and the radial eollateral ligament laterally. Posteri- 
orly, the capsule is even thinner and is related to the tendon of trieeps 
and anconeus. It is attaehed proximally to the superoposterior aspeet 
of the humeral capitulum, the posterior aspeet of the medial epi- 
eondyle and the oleeranon fossa. Only the lowest part of the oleeranon 
fossa is devoid of a capsular attaehment. Inferomedially, it reaehes the 
superior and lateral margins of the oleeranon and is laterally continu- 
ous with the superior radio-ulnar capsule deep to the anular ligament. 
The oleeranon bursa lies between the capsule of the elbow and the 
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Radial eollateral ligament 

J oint capsule 


Fig. 49.13 A-D, The left elbow joint. A, The synovial eavity partially distended: anterior aspeet. The fibrous capsule of the elbow joint has been removed 
but the thiek part of the anular ligament has been left in situ. Note that the synovial membrane (blue) deseends below the lower border of the anular 
ligament. B, The synovial eavity partially distended: posterior aspeet of the speeimen represented in A. C, Medial aspeet. D, Lateral aspeet. 


trieeps insertion. Inflammation caused by pressure, frietion or infeetion 
of the bursa ean result in marked swelling and limitation in elbow 
fhnetion. 

Ligaments The humero-ulnar and humero-radial articulations have 
ulnar and radial eollateral ligaments (see Fig. 49.13). 

illnar eollateral ligament This triangular ligament eonsists of thiek 
anterior, posterior and inferior bands eonneeted by thinner tissue. The 
strongest and stiffest anterior band is attaehed by its apex to the an- 
terior aspeet of the medial epieondyle and by its broader base to a 
proximal tubercle on the medial margin of the eoronoid. The anterior 
band is taut throughout most of the range of flexion and contributes 
to the stability of the joint. The posterior band of the ulnar eollateral 
ligament is also triangular in shape; its apex attaehes to the baek of 
the medial epieondyle and its distal attaehment is the medial margin 
of the oleeranon. The posterior band beeomes taut between 90° and 
full flexion of the elbow. Connecting these two thiek bands is a less 
sturdy inferior oblique band that mns between the oleeranon and 
eoronoid proeesses, eonverting a depression on the medial margin of 
the troehlear noteh into a foramen, through which the intracapsular fat 
pad is continuous with the extracapsular fat medial to the joint. The 
ulnar eollateral ligament of the elbow lies beneath trieeps, flexor earpi 
nlnaris, the ulnar nerve and the attaehment of flexor digitomm super- 
fìeialis as it extends from the medial epieondyle to the medial eoronoid 
border. 


Radial eollateral ligament The radial eollateral ligament is attaehed 
low on the lateral epieondyle and to the anular ligament. Some of the 
posterior fìbres eross the ligament to the proximal end of the supinator 
erest of the ulna. The ligament blends with the bony attaehments of 
supinator and extensor earpi radialis brevis. It is taut throughout most 
of the range of flexion of the elbow and contributes to the stability of 
the joint. 

Synovial membrane The synovial membrane extends from the 
artioalar margins of the humerus and lines the eoronoid, radial and 
oleeranon fossae, the flat medial surface of the troehlea, the deep surface 
of the elbow capsule and the distal part of the anular ligament. A eres- 
eentie synovial fold projeeting between the proximal radius and ulna 
eontains extrasynovial fat and forms the division between the humero- 
ulnar and humero-radial joints. 

There are three other fat pads between the capsule and synovium; 
the largest is in the oleeranon fossa, where it is pushed into the fossa 
by trieeps during flexion of the elbow. The two other fat pads are in the 
eoronoid and radial fossae, and are pushed into these fossae by bra- 
ehialis on extension of the elbow. Smaller fat pads eovered by synovium 
projeet into the joint at the troehlear noteh and also eover non-articular 
areas of bone. 

Vaseiilar Slipply The articular arteries of the elbow are derived 
from numerous small periarticular anastomoses around the joint (see 

Fig. 49.29). 
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Innervation The elbow joint is innervated by íìlaments arising from 
all of the main nerves of the upper limb, except for the axillary nerve. 
The ulnar posterior part is supplied by the ulnar nerve and the medial 
cutaneous nerve of forearm; the ulnar anterior part is supplied by 
the median and musculocutaneous nerves. The radial nerve is the sole 
supplier of the radial posterior part, and the radial anterior part is 
innervated by both radial and musculocutaneous nerves (de Kesel et al 
2012 ). 

PR0XIMAL RADI0-ULNAR JOINT 


The proximal radio-ulnar joint is a uniaxial pivot joint (Fig. 49.14). 

Artieillatìng siirfaees Articulating surfaces include the articulation 
between the circumference of the radial head and the fibro-osseous ring 
of the ulnar radial noteh and anular ligament. 

FÌbrOLIS eapsil e The fibrous capsule of the proximal radio-ulnar 
joint is continuous with that of the elbow and is attaehed to the anular 
ligament. 

Ligaments The proximal radio-ulnar joint has anular and quadrate 
ligaments. 

Anular ligament The anular ligament is the prineipal stabilizer of the 
joint. It is a strong eomposite band that winds around four-fifths of the 


radial head and holds it against the radial noteh of the ulna. It is 
attaehed to the anterior margin of the noteh. The ligament is wider 
posteriorly, where it may be eomposed of several bands. It is attaehed 
to a rough ridge at or behind the posterior margin of the noteh. Some 
bands may diverge and attaeh superiorly to the lateral margin of the 
troehlear noteh, or inferiorly to the supinator erest. Proximally the 
anular ligament blends into the joint capsule, except posteriorly where 
the capsule is deep to the ligament. Distally the anular ligament gives 
off a few fibres, which pass over the synovial membrane to attaeh to 
the radial neek. The superficial surface of the anular ligament blends 
into the radial eollateral ligament and provides an attaehment for a part 
of supinator. The deep surface of the anular ligament is lined with a 
thin layer of eartilage where it is in eontaet with the radial head. Distally, 
there is a synovial membrane that is refleeted up on to the radial neek. 
The anconeus and the interosseous recurrent artery lie behind the 
ligament. 

Quadrate ligament The quadrate ligament is a much thinner and more 
fibrous structure than the anular ligament. It mns between the radial 
neek and the upper part of the supinator fossa of the ulna, and is taut 
throughout pronation and supination. It lies over the synovial mem- 
brane on the distal surface of the joint. 

Synovial menribrane The synovial membrane of the proximal radio- 
ulnar joint is continuous with that of the elbow joint, forming one 
continuous synovial eavity. It attaehes to the joint margins, lining 
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Fig. 49.14 The proximal 
left radio-ulnar joint. A, A 
transverse seetion. B, An axial 
magnetie resonanee imaging 
(MRI) sean. 
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the eapsiile and anular ligament. The quadrate ligament prevents herni- 
ation of the synovial membrane between the free edges of the anular 
ligament. 

Vaseillar Slipply The vascular supply of the proximal radio-ulnar 
joint is derived from a rieh periarticular anastomotie plexus (Fig. 49.18; 

see Fig. 49.19). 

Innervation The proximal radio-ulnar joint is innervated by small 
branehes arising from the imisailoaitaneons, median, radial and ulnar 
nerves. 


RADIO-IILNAR SYNDESMOSES 


The radial and ulnar shafts are eonneeted by two syndesmoses, an 
oblique eord and an interosseous membrane. 

Oblique eord 


The oblique eord is a smalf ineonstant, flat faseial band on the deep 
head of supinator (see Fig. 49.10). It extends from the lateral side of 
the ulnar tuberosity to the radius a little distal to its tuberosity. Its fibres 
are at right angles to those in the interosseous membrane. Its fimetional 
signifieanee is unclear. 

lnterosseous membrane 


The interosseous membrane is a broad, thin, collagenous structure (see 
Fig. 49.10). Its fibres slant distomedially between the interosseous 
borders of the radius and ulna, and its distal part is attaehed to the 
posterior division of the radial shaft. Two or three posterior bands 
oeeasionally deseend distolaterally aeross the other fibres. The mem- 
brane is defieient proximally starting 2 or 3 em distal to the radial 
tuberosity and broadest at midlevel. An oval aperture near its distal 
margin conducts the anterior interosseous vessels to the baek of the 
forearm. The posterior interosseous vessels pass through a gap between 
its proximal border and the oblique eord. 

The membrane provides attaehments for the deep forearm muscles. 
Anteriorly, in its proximal three-quarters, it is related laterally to flexor 
pollieis longus and medially to flexor digitomm profundus; between 
them, it is related to the anterior interosseous vessels and nerve. In its 
distal quarter, it is related to pronator quadratus. Its posterior relations 
are supinator, abductor pollieis longus, extensors pollieis brevis, longus 
and indieis, and, near the carpus, the anterior interosseous artery and 
posterior interosseous nerve. 

The interosseous membrane eonsists of several parts, the most 
important of which is the eentral band originally deseribed by Hoteh- 
kiss et al (1989). This probably aets in conjunction with the radial head 
to restrain the radius from proximal migration and stabilize the forearm. 
Previously deseribed as being at its most taut in almost every position 
of rotation of the forearm, it now appears to maintain the same tension 
throughout pronation and supination. Noda et al (2009] have deseribed 
four other subsidiary portions. 


fibroeartilage that extends aeross the dome of the ulnar head, ranging 
in thiekness between 2 and 5 mm. The meniseal homologue is a broad 
expansion of loose eonneetive tissue that mns from the artioilar dise 
to the ulnar styloid and the surrounding joint capsule; it is not a major 
contributor to the stmctural integrity of the triangular fibroeartilage 
complex. 

The triangular fibroeartilage complex is attaehed to the ulnar aspeet 
of the lunate fossa of the radius. Medially, it is inserted into the head 
of the ulna and the base of the ulnar styloid. Here, it is joined by fibres 
from the ulnar part of the ulnar styloid (the ulnar eollateral ligament); 
thus thiekened, it attaehes to the lunotriquetral interosseous ligament, 
triquetmm, hamate and base of the fifth metaearpal. A eonstant perfor- 
ation just distal to the level of the ulnar styloid leads to the prestyloid 
reeess. The dorsal and palmar (volar) aspeets of the triangular fibroear- 
tilage complex are thiekened to form the dorsal and palmar radio- 
ulnar ligaments, which are attaehed to the dorsal and volar ulnar 
eorners of the distal radius and to the fovea of the ulnar head at the 
base of the ulnar styloid (Palmer and Werner 1981, Paeek and Buter- 
baugh 2015). 

The triangular fibroeartilage complex reeeives its blood supply 
from the ulnar artery via its palmar and dorsal radioearpal branehes, 
the dorsal braneh of the anterior interosseous artery and the palmar 
braneh of the anterior interosseous artery. Only the outer 15-20% of 
the dise is vasoilarized; the rest is avasoilar (Thim-Pathi et al 1986, 
Bednar et al 1991) (Fig. 49.19). 

The triangular fibroeartilage complex aets as a cushion for the ulnar 
carpus, preventing ulnocarpal abutment and overloading of the ulna in 
ulnar deviation. It is a major stabilizer of the distal radio-ulnar joint. 
Degenerative perforation of the triangular fibroeartilage complex 
beeomes more eommon with age and is a eonstant finding after the age 
of 50years (Mikió 1978). 

Synovial menribrane The synovial membrane lines the capsule and 
forms a saeeiform reeess in front of the distal part of the interosseous 
membrane (see Fig. 50.41). 

Vaseillar Slipply The arterial supply of the distal radio-ulnar joint is 
derived from the palmar and dorsal branehes of the anterior interos- 
seous artery, reinforeed by the posterior interosseous and ulnar 
arteries. 

Innervation The distal radio-ulnar joint is innervated by branehes of 
the anterior and posterior interosseous nerves. 


MOVEMENTS AT THE HUMER0-ULNAR, 
HUMER0-RADIAL AND PR0XIMAL 
AND DISTAL RADI0-ULNAR J0INTS 



The main movements that occur at the humero-ulnar, humero-radial 
and proximal and distal radio-ulnar joints are flexion, extension, supi- 
nation and pronation. 


Flexion and extension 


DISTAL RADI0-ULNAR J0INT 


The distal radio-ulnar joint is a uniaxial pivot joint. 

Artieillating siirfaees The articulating surfaces are between the 
convex distal head of the ulna and the eoneave ulnar noteh of the 
radfiis; they are eonneeted by an artioilar dise. 

FÌbroilS eapsille The fibrous capsule is thieker anteriorly and pos- 
teriorly, and more lax proximally. 

Triangular fibroeartilage complex and distal radio-ulnar 

ligaments The triangular fibroeartilage complex (TFCC) is a ligamen- 
tous and cartilaginous structure that suspends the distal radius and 
ulnar carpus from the distal ulna. It stabilizes the ulnocarpal and radio- 
ulnar joints, transmits and distributes load from the carpus to the ulna, 
and faeilitates complex movements at the wrist. By definition, it is made 
up of the triangular fibroeartilage proper (the articular dise), meniscus 
homologue (the ulnocarpal meniscus), ulnar eollateral ligament, dorsal 
and palmar radio-ulnar ligaments, floor of extensor earpi ulnaris sub- 
sheath, and the ulnolunate and ulnotriquetral ligaments. The triangular 
fibroeartilage proper is a bieoneave body eomposed of ehondroid 


The elbow joint has relatively stable semi-eongment articular surfaces 
that are assisted by strong statie and dynamie stabilizers, and which 
allow a flexion-extension are of approximately 150°. When the elbow 
is extended and supinated, the forearm forms a 'earrying angle' with the 
humerus of approximately 17°; the absolute angle varies from indi- 
vidual to individual. It exists because the medial edge of the troehlear 
projeets distally by 6 mm and because the superior articular surface of 
the eoronoid is oblique. The earrying angle is not present in flexion 
when the humems and ulna are in the same plane. With the arm 
adducted and the elbow flexed, the little finger meets the elaviele. If the 
humems is rotated laterally, the little finger reaehes the anterior shoul- 
der. Pronation of the extended forearm masks the earrying angle by 
lining up the arm, forearm and hand. 


Aeeessory movements 

(g) Available with the Gray’s Anatomy e-book 

Pronation and siipination 



Movements at the humero-radial, proximal and distal radio-ulnar joints 
pronate and supinate the hand. In pronation, the radius turns 














Elbow and forearm 


The surface topography of the humero-ulnar joint permits some 
rotation of the ulna against the humerus. The radius aets as a mobile 
stmt within the forearm, such that rotation of the distal radms around 
the ulna earries the radioearpal joint, wrist and hand into pronation or 
supination. The medial side of the head of radius is longer than the 
lateral side; this eeeentrie morphology causes a eam effeet during rota- 
tion of the proximal radio-ulnar joint. The radms gives longitudinal 
stability to the forearm by proteeting the ulna from side-to-side forees. 

The interosseous membrane contributes to longitudinal stability by 
virtue of its oblique course from the radius proximally to the ulna 
distally. It appears to maintain the same tension throughout pronation 
and supination (Ekenstam et al 1984 ). If the membrane is dismpted, 
as in an Essex-Lopresti injury (fracture of the head of the radms, dismp- 
tion of the interosseous membrane and disloeation of the distal radio- 
ulnar joint), the radius will migrate proximally; persistent radio-ulnar 
dissoeiation causes a complex instability of the forearm (Hotehkiss et al 
1989 ). Correction of the fixed deformity of the forearm eommonly seen 
in untreated eases of spastie eerebral palsy or birth lesions of the bra- 
ehial plexus usually requires release of the membrane because it has 
beeome relatively shortened. Pronator quadratus and supinator proteet 
the interosseous membrane, to some extent, during foreed, rapid rota- 
tion of the forearm by 'paying out' eeeentrieally, thereby reducing the 
load applied aeross the membrane. 

The elbow is stabilized by the intrinsie shape of the joint and by its 
ligaments and muscles. The troehlear pulley is deeply seated within the 
troehlear noteh, while the oleeranon provides anteroposterior stability. 
Anterior stability in the sagittal plane is enhaneed by the joint capsule, 
bieeps, braehialis and the bieipital aponeurosis; posterior stability is 
enhaneed by the trieeps tendon and aponeurosis. 

The radial and ulnar eollateral ligaments are key to stability in the 
eoronal plane. Resistanee to vams strain eomes from the radial ligament 
complex, of which the posterior band is the most important. Resistanee 
to valgus strain is provided by the ulnar eollateral ligament complex, 
of which the anterior band is the most important. If the head of the 
radius is lost, an intaet ulnar eollateral ligament maintains stability of 
the elbow. If the ligament is dismpted, the ulna drifts into valgus, there 
is rotational instability and the troehlea is damaged. Stability of the 
radius is enhaneed by anconeus and by the muscles arising from the 
lateral aspeet of the distal humerus. Muscles that arise from the medial 
epieondyle contribute to stability of the ulna. Muscles that aet aeross 
the elbow have a shunting effeet, ereating articular joint reaetion eom- 
pression forees that contribute to elose-paeking (the position of a joint 
in which the greatest stability is aehieved for the least expended effort). 
The humero-ulnar joint is most elosely paeked and, therefore, most 
resistant to fatigue in flexion and supination. 

The flexion-extension are of the elbow is aeeompanied by some 
rotation; the ulna is slightly pronated in extension and supinated in 
flexion. In full extension, the radial head ean be palpated posteriorly 
because the radial faeet is larger than the capitulum. The excursion of 
the radial head in extension is limited by tension in the posterior 
capsule, by the muscles anterior to the joint and by the tip of the olee- 
ranon entering the oleeranon fossa. In flexion, the rim of the radial 
head enters the radial fossa and the tip of the eoronoid proeess enters 
the eoronoid fossa. Flexion is prineipally limited by the apposition of 
soft tissues. 

Aeeessory movements include anterior and posterior translation of the 
radial head on the ulnar radial noteh, and of the ulnar head on the 
radial ulnar noteh. 

Aeeessory movements of the human elbow are minimal and faeilitate 
the movements deseribed above. The ulna rotates slightly at the elbow 
and allows a few degrees of abduction and adduction. The radial head 
exhibits a little anteroposterior translation on the capitulum when it 
moves on the ulnar radial noteh and the anular ligament moves baek 
and forth; this occurs maximally with the elbow in 90° of flexion. 
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Fig. 49.15 Radiographs of the left elbovv joint of an adult. 

A, Anteroposterior vievv. Key: 1, oleeranon fossa; 2, medial humeral 
epieondyle; 3, shadovv of oleeranon superimposed on troehlea; 4, 
humero-ulnar joint; 5, radial head articulating vvith radial noteh of ulna; 6, 
lateral humeral epieondyle; 7, capitulum; 8, humero-radial joint; 9, head of 
radius; 10, radial tuberosity. B, Lateral view. Key: 1, head of radius; 2, 
profile of capitulum; 3, profile of troehlea; 4, oleeranon. 
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Fig. 49.16 A sagittal seetion through the left elbow joint: medial aspeet. 
The synovial membrane is shown in blue. (With permission from Waschke 
J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 
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Fig. 49.17 A sagittal T1 weighted MRI seetion through the left elbow 
joint. 


anteromedially and obliquely aeross the ulna. Its proximal end remains 
lateral to the ulna while its distal end lies medially and the interosseous 
membrane beeomes spiralled. In supination, the radius returns to its 
former position lateral and parallel to the ulna and the interosseous 
membrane beeomes unspiralled. The hand ean be turned through 140- 
150° with the elbow extended; this ean be inereased to nearly 360° by 
humeral rotation and movements of the scapula. Power is greater in 
supination, a faet that has affeeted the design of nuts, bolts and screws, 
which are tightened by supination in the right-handed. 

Stability of the distal radio-ulnar joint 


With the wrist in neutral extension and deviation, the main axis for 
transmission of foree from the hand to the forearm passes through the 
head of the eapitate, then through the scapholunate ligament and 
finally into the distal radius. Loading is transferred to the triangular 
fibroeartilage complex and distal ulna in ulnar deviation. The joint is 
stabilized by extrinsic and intrinsie structures. 


Extrinsic stabilizers Extrinsic stabilizers include the tendon of extensor 
earpi ulnaris, pronator quadratus, the interosseous membrane and the 
sheath of the sixth dorsal eompartment, which overlies extensor earpi 
ulnaris (Spinner and Kaplan 1970). 

intrinsie stabilizers intrinsie stabilizers are stronger than extrinsic sta- 
bilizers. They include the radio-ulnar capsule and the dorsal and palmar 
radio-ulnar ligaments. The dorsal and palmar radio-ulnar ligaments 
eontain superficial and deep eomponents. The superficial layers insert 
on to the ulnar styloid. The stronger deep layers insert more laterally 
into the fovea adjaeent to the articular surface of the pole of the distal 
ulna (Kleinmann 2010). 


Muscles producing movement 

FlexÌon Movement is produced by braehialis, bieeps braehii and 
braehioradialis. In slow flexion or its maintenanee against gravity, 
braehialis and bieeps are prineipally involved, even for light loads. With 847 
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Elbow and forearm 


Rotation of the forearm occurs between the head of the radius and 
the radial noteh of the ulna proximally and the articulation of the head 
of the ulna and sigmoid noteh. These proximal and distal radio-ulnar 
joints are pivot-type synovial joints; they aet as a unit, permitting stable 
rotary motion (pronation 61-66°, supination 70-77°). During rota- 
tion, the distal radius moves around the head of the ulnar. The axis for 
pronation and supination is often represented as a line through the 
eentre of the radial head proximally and the ulnar attaehment of the 
artioilar dise distally. This represents the axis of movement of the radius 
relative to the ulna but this does not remain stationary. The radial head 
rotates in the fibro-osseous ring; its distal lower end and articular dise 
swing round the head of the ulna. Rotation of the radial head occurs 
on the humeral capitulum. As the forearm moves from full pronation 
into supination, the ulna transloeates medially by 9-10 mm, so that 
the axis of rotation shifts but still passes through the head of the ulna. 
In addition, the sigmoid noteh ehanges its position of eontaet with the 
ulnar head, lying dorsal proximally in pronation and volar distally in 
supination. The distal end of the ulna is not stationary during these 
movements; it moves along a curved course, posterolaterally in prona- 
tion and anteromedially in supination. The axis of movement, as 
defined above, is therefore displaeed laterally in pronation and medially 
in supination. Henee, the axis for pronation and supination of the 
forearm and hand passes between the bones at both the proximal and 
distal radio-ulnar joints when ulnar movement is marked, but through 
the eentres of the radial head and ulnar styloid when it is minimal. The 
axis may be extended along any digit, depending on whether the distal 
end of the ulna is medially or laterally displaeed. The hand will rotate 
fhrther than the forearm because of the sliding-rotatory movement that 
occurs between the earpal bones and the bases of the metaearpals, and, 
to a very minor degree, at the radioearpal joint. 
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Fig. 49.18 The prime intrinsie stabilizer of the distal radio-ulnar joint is the 
triangular fibroeartilage. The triangular fibroeartilage complex eonsists of 
superficial and deep radio-ulnar fibres, the two dise earpal ligaments 
(disc-lunate (D-L) and disc-triquetral (D-T)), and the eentral articular dise. 
The articular dise is responsible for transferring load from the medial 
carpus to the pole of the distal ulna. The vascularized, peripheral 
radio-ulnar ligaments are nourished by dorsal and palmar branehes of the 
posterior interosseous artery and are responsible for guiding the 
radioearpal unit around the seat of the ulna. (Redrawn with permission 
from Kleinmann WB 2010 Stability of the distal radioulnar joint: 
biomeehanies, pathophysiology, physieal diagnosis and restoration of 
function. In: Slutsky DJ (ed) Prineiple and Praetiee of Wrist Surgery. 
Chapter 5, pp. 41-45.) 
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Fig. 49.19 The arterial anatomy of the triangular fibroeartilage complex. 
(Redrawn with permission from Thiru-Pathi RG, Ferlie DC, eiayton Ml, 
McClure DC 1986 Arterial anatomy of the triangular fibroeartilage of the 
wrist and its surgical signifieanee. Journal of Hand Surgery 11A, 
258-263.) 


inereasing speed and aetivity, braehioradialis is inereasingly prominent; 
its attaehments determine that it aets most effeetively in mid-pronation. 
Against resistanee, pronator teres, longus and brevis, flexors earpi radia- 
lis and ulnaris, and extensor earpi radialis may contribute. 

Extensìon Movement is produced by trieeps, anconeus and gravity. 

Pronation Pronator quadratus is aided in rapid movement and 
against resistanee by pronator teres. Gravity also assists. 


Slipination Movement is produced by supinator, in slow unresisted 
movement and extension, assisted by bieeps in fast movements in 
flexion, espeeially when resisted. 



There is some anatomieal segregation by fhnetion of muscles that eross 
the elbow. Most of those that arise medially pass to the flexor aspeet of 
the wrist, or stabilize or move the ulnar column of the carpus and the 
ulnar side of the hand. Those that arise laterally pass to the lateral 
column of the forearm and carpus, and to the extensor aspeet of the 
wrist. The muscles that aet on the thumb have a wide origin; the exten- 
sor and abductor muscles arise from the entire width of the interosseous 
membrane. Rotator muscles, such as supinator, pronator teres and pro- 
nator quadratus, pass between the radius and ulna, erossing the longi- 
tudinal axis of the forearm. 


ANTERIOR C0MPARTMENT 


The anterior eompartment eontains the flexor muscles of the forearm. 
These are arranged in superficial and deep groups. 

Superficial flexor fvolar) eompartment 


Muscles of the superficial flexor eompartment are pronator teres, flexor 
earpi radialis, palmaris longus, flexor digitomm superfìcialis and flexor 
earpi ulnaris. 

Pronator teres 

Attaehments Pronator teres arises from two heads. The humeral 
origin of pronator teres is the larger and more superfìcial. It arises at 
the medial supracondylar ridge just proximal to the medial epieondyle 
from the eommon tendon of origin of the flexor muscles, from the 
intermuscular septum between it and flexor earpi radialis, and from the 
antebraehial faseia (see Fig. 49.6, Figs 49.20-49.22). The smaller ulnar 
head arises from the medial side of the eoronoid proeess of the ulna, 
distal to the attaehment of flexor digitomm superficialis, and joins the 
humeral head at an acute angle. This ulnar eoronoid attaehment may 
be absent in some individuals. The muscle passes obliquely aeross the 
forearm to end in a flat tendon that is attaehed to a rough area midway 
along the lateral surface of the radial shaft at the apex of its lateral curve 
(see Fig. 49.25). Aeeessory slips may arise from a supracondylar proeess 
of the humerus, if present, or from bieeps, braehialis or the medial 
intermuscular septum. 

Relations The median nerve usually enters the forearm between the 
two heads of pronator teres, separated from the ulnar artery by the ulnar 
head. The lateral border of pronator teres is the medial margin of the 
oibital fossa (see Fig. 46.29). Proximally, the medial border of pronator 
teres is related to the lateral aspeet of flexor earpi radialis. Pronator teres 
is anterior to flexor digitomm superfìcialis. 

Vaseillar SLipply The humeral head of pronator teres is supplied by 
the inferior ulnar eollateral and anterior ulnar recurrent arteries. The 
ulnar head is supplied by the eommon interosseous artery, the mid 
portion of the muscle belly by direet branehes from the ulnar artery, 
and the radial insertion by the radial artery. 

Innervation Pronator teres is innervated by the median nerve, C6 
and 7. 

Aetions Pronator teres pronates the forearm by rotating the radius 
medially on the ulna. It is a weak flexor of the elbow joint. 

Testing Pronator teres is tested by palpating its eontraeting fìbres 
during pronation against resistanee. 

Flexor earpi radialis 

Attaehments Flexor earpi radialis arises from the medial epieondyle 
via the eommon eomposite flexor tendon, from the antebraehial faseia 
and from adjaeent intermuscular septa (see Fig. 48.11A). Its fhsiform 
muscular belly eonverges in the mid-forearm into a long tendon that 
passes within a synovial sheath through a lateral eanal, formed by the 
flexor retinaculum above and a groove on the trapezimn beneath. It 
inserts on the palmar surface of the base of the seeond metaearpal and 
sends a slip to the third metaearpal. These distal attaehments lie beneath 
the oblique head of adductor pollieis. Rarely, the muscle may be absent. 
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Fig. 49.20 The superficial flexor muscles of the left forearm. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Fig. 49.21 The deep flexor muscles of the left forearm. (With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


Aetions Flexor earpi radialis is a wrist flexor. It aets with flexor earpi 
ulnaris to effeet balaneed wrist flexion, and in eoneert with the radial 
extensors of the wrist to aehieve balaneed abduction of the hand. 

There may be aeeessory slips from the bieeps tendon, bieipital aponeu- 

rosis, eoronoid proeess or radius. Distally, it may also be attaehed to Testing Flexor earpi radialis is tested by palpating its eontraeting fibres 


the flexor retinaculum, trapezium or fourth metaearpal. 


during flexion of the wrist against resistanee. 


Relations At its origin, flexor earpi radialis lies medial to pronator 
teres. In the lower part of the forearm, the radial artery lies between the 
tendon of flexor earpi radialis and the tendon of braehioradialis; the 
radial pulse may be palpated proximal to the wrist between these two 
tendons. 

Vaseillar Slipply Flexor earpi radialis is supplied by a single domi- 
nant proximal pediele and several distal minor pedieles. The dominant 
pediele is formed by a braneh that arises from either the anterior or the 
posterior ulnar recurrent artery. The posterior ulnar recurrent artery 
passes deep to pronator teres to enter the deep surface of flexor earpi 
radialis; from here, it divides into a small aseending braneh and a larger 
deseending braneh. The distal minor pedieles supplying flexor earpi 
radialis are six to eight branehes from the radial artery that enter the 
muscle on the anterolateral side. 

Innervation Flexor earpi radialis is innervated by the median nerve, 
C6 and 7. 


Flexor digitomm superficialis 

AttaehmentS Flexor digitomm superficialis is the largest of the super- 
fieial flexors, and arises by two heads (see Figs 48.11A, 49.20-49.21). 
The humero-ulnar head arises from the medial epieondyle of the 
humems via the eommon flexor origin, the anterior band of the ulnar 
eollateral ligament, adjaeent intermuscular septa, and from the medial 
side of the eoronoid proeess proximal to the ulnar origin of pronator 
teres. The radial head, a thin sheet of muscle, arises from the anterior 
radial border between the radial tuberosity and the insertion of prona- 
tor teres. The median nerve and ulnar artery deseend between the heads. 
The muscle usually separates into two strata, direeted to digits two to 
five. The superficial stratum, joined laterally by the radial head, divides 
into two tendons for the middle and ring fingers. The deep stratum gives 
off a muscular slip to join the superficial fibres direeted to the ring 
finger, and ends in two tendons for the index and little fingers. As the 
tendons pass behind the flexor retinaculum, they are arranged in pairs; 
the superficial pair passes to the middle and ring fingers, the deep pair 
to the index and little fingers (see Fig. 50.41). The four tendons diverge 
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Fig. 49.22 The deep flexor aspeet of the left forearm. (With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, llrban & Fiseher. Copyright 2013.) 


distal to the earpal tunnel. Eaeh passes towards a finger superficial to 
the eorresponding tendon of flexor digitomm profundus. The two 
tendons for eaeh finger enter the digital flexor sheath at the metaear- 
pophalangeal joint. The superficialis tendon splits into two bundles 
that pass around the profundus to lie posteriorly, and then reunite to 
insert into the anterior surface of the middle phalanx. Some fibres 
interehange from one bundle to another. 

An intermediate tendon is always found in the eentral branehing 
area of the muscle belly and is an important landmark in deep dissee- 
tion; it may be confused with the median nerve. The radial head of 
flexor digitomm superficialis may be absent and the muscular slip from 
the deep stratum may provide most or all of the fibres aeting on the 
index finger. The fibres assoeiated with the little finger may be absent, 
in which ease they are replaeed by a separate slip from the ulna, flexor 
retinaculum or palmar faseia. Variations occur in the arrangement of 
the tendons. 

Relations Flexor digitomm superficialis mns deep to pronator teres 
and flexor earpi radialis. The median nerve and ulnar artery deseend 
between the heads of flexor digitomm snperfieialis, and the nerve eon- 
tinues distally deep to the muscle. 

Vaseillar supply The humeral head of flexor digitomm superficialis 
is supplied by the anterior ulnar recurrent artery. The main body of the 
muscle is supplied on its anterior surface by three or four branehes from 


both the ulnar and the radial arteries. The posterior surface is supplied 
by the ulnar artery and median artery, and the lateral surface by addi- 
tional branehes from the radial artery. 

Innervation Flexor digitomm superficialis is innervated by the median 
nerve, C8 and T1. 

Aetions Flexor digitomm superficialis is a flexor of all the joints over 
which it passes, i.e. the wrist, metaearpophalangeal and proximal inter- 
phalangeal joints; its preeise aetion depends on which other muscles 
are aeting. It has independent muscle slips to all four fingers, and is 
therefore able to flex the proximal interphalangeal joints individually, 
unlike flexor digitomm profundus, which has a muscle group eommon 
to the middle, ring and little fingers. 

Testing The independent aetion of flexor digitomm superficialis for 
a partioilar finger is tested by flexing that digit while holding the three 
other fingers in full extension. This eliminates any simultaneous eon- 
traetion of the flexor digitomm profundus that might flex the digit. 

Palmarìs longus 

Attaehments Palmaris longus arises from the medial epieondyle of 
the humerus via the eommon flexor origin and from adjaeent intermus- 
cular septa and deep faseia. It is a slender, fiisiform muscle that mns 
medialto flexorcarpi radialis (see Figs 48.11A, 49.20, 49.32). itbeeomes 
tendinous in the mid-forearm, and the long tendon passes anterior 
(superficial) to the flexor retinaculum. A few fibres leave the tendon and 
interweave with the transverse fibres of the retinaculum but most of the 
tendon passes distally. As the tendon erosses the retinaculum, it broad- 
ens out to beeome a flat sheet that beeomes ineorporated into the 
palmar aponeurosis. Palmaris longus is oeeasionally absent on one or 
both sides. 

Relations Palmaris longus mns distally, flanked by flexor earpi radia- 
lis and flexor earpi ulnaris, and superficial to flexor digitomm super- 
fieialis. The median nerve at the wrist lies partly under the eover of the 
tendon of palmaris longus and partly between the tendons of palmaris 
longus and flexor earpi radialis. 

Vaseillar Slipply The muscle belly of palmaris longus is supplied by 
a small braneh from the anterior ulnar recurrent artery. A contribution 
is sometimes made by the median artery, if this is well developed. 

Innervation Palmaris longus is innervated by the median nerve, C7 
and 8. 

Aetions Palmaris longus is a weak wrist flexor. Through its insertion 
in the palmar aponeurosis, it also aets as an anehor for the skin and 
faseia of the hand against horizontal shearing forees. 

Testing If the wrist is flexed against resistanee, the taut tendon of 
palmaris longus will be seen in the midline of the flexor wrist erease as 
the tendon passes superficial to the flexor retinaculum. When testing 
palmaris longus, it helps to oppose the thumb to the middle fingertip 
at the same time as the wrist is flexed, in order to make palmaris stand 
out. 

Flexor earpi ulnarìs 

AttaehmentS Flexor earpi ulnaris is the most medial of the superficial 
forearm flexors (see Figs 49.20, 49.31, 49.32). It arises by two heads, 
humeral and ulnar, eonneeted by a tendinous areh. The smaller humeral 
head arises from the medial epieondyle via the eommon eomposite 
tendon (see Fig. 48.11A). The ulnar head has an extensive origin from 
the medial margin of the oleeranon and proximal two-thirds of the 
posterior border of the ulna (from an aponeurosis shared with extensor 
earpi ulnaris and flexor digitomm profundus) and from the intermus- 
cular septum between it and flexor digitomm superficialis (see Fig. 
49.6). Oeeasionally, there is a slip from the eoronoid proeess. A thiek 
tendon forms along its anterolateral border in its distal half. The tendon 
is attaehed to the pisiform, and from here it is prolonged to the hamate 
and fifth metaearpal by pisohamate and pisometaearpal ligaments. The 
attaehment to the flexor retinaculum and the fourth or fifth metaearpal 
bones is sometimes substantial. 

Relations Flexor earpi ulnaris is the most medial of the forearm 
flexors and forms the bulk of the soft tissue eover of the medial aspeet 
of the ulna. The ulnar nerve and posterior ulnar recurrent artery pass 
under the tendinous areh between its humeral and ulnar heads. lllnar 
vessels and nerve lie lateral to its tendon in the distal forearm. 





























































































Muscles of the forearm 


Vascular supply The main arterial supply of flexor earpi ulnaris is 
derived from three pedieles. The proximal pediele arises from a braneh 
of the posterior ulnar recurrent artery as it passes between the humeral 
and ulnar heads. The middle pediele arises from the ulnar artery and 
enters the muscle at the junction of the upper and middle thirds. The 
distal pedieles arise from the ulnar artery and enter the muscle at the 
musculotendinous junction. Flexor earpi ulnaris also reeeives a small 
supply near its origin from the inferior ulnar eollateral artery. 

Innervation Flexor earpi ulnaris is innervated by the ulnar nerve, C7, 
8 and Tl. 

Aetions Flexor earpi ulnaris is a powerful flexor and also adductor 
(ulnar deviation) of the wrist. When it aets with flexor earpi radialis, 
balaneed wrist flexion is aehieved. When it aets with extensor earpi 
ulnaris, balaneed adduction occurs. 

Testing Flexor earpi ulnaris is tested by palpating its tendon while the 
wrist is flexed against resistanee, or by palpating the tendon while the 
patient abducts the little finger against resistanee. The muscle synergisti- 
eally stabilizes the pisiform, giving abductor digiti minimi a stable 
origin. 

Deep flexor (volar) eompartment 


The muscles of the deep flexor eompartment are flexor digitomm 
prohmdns, flexor pollieis longus and pronator quadratus (see Fig. 
49.22). 

Flexor digitomm profuridus 

Attaehments Flexor digitomm profundus arises deep to the superfi- 
eial flexors from the proximal three-quarters of the anterior and medial 
surfaces of the ulna (see Figs 49.5, 49.6, 49.22). It embraees the attaeh- 
ment of braehialis above and extends distally almost to pronator quad- 
ratus. It also arises from a depression on the medial side of the 
eoronoid proeess, from the proximal three-quarters of the posterior 
ulnar border by an aponeurosis that it shares with flexor and extensor 
earpi ulnaris, and from the anterior surface of the ulnar half of the 
interosseous membrane. The muscle ends in four tendons that mn 
deep to the tendons of flexor digitomm superficialis and the flexor reti- 
naculum (see Fig. 50.41). The part of the muscle that aets on the index 
finger is usually distinet throughout, while the tendons for the other 
fingers are intereonneeted by areolar tissue and tendinous slips as far 
as the palm. Anterior to their proximal phalanges, the tendons pass 
through the tendons of flexor digitomm superficialis to insert on the 
palmar surfaces of the bases of the distal phalanges. The tendons of the 
profundus undergo fascicular rearrangement as they pass through 
those of superficialis. Flexor digitomm profundus may be joined by 
aeeessory slips from the radius (which aet on the index finger), flexor 
superficialis, flexor pollieis longus, the medial epieondyle or the eoro- 
noid proeess. 

Relations Flexor digitomm profundus forms most of the surface 
elevation medial to the palpable posterior ulnar border. In the forearm, 
the median nerve mns on the anterior surface of its lateral aspeet. In 
the palm, the lumbricals are attaehed to its tendons. 

Vaseillar Slipply The origin of flexor digitomm profundus is sup- 
plied by the inferior ulnar eollateral and ulnar recurrent arteries. The 
proximal part is supplied by one or two branehes from either the ulnar 
or the eommon interosseous artery. The distal part is supplied by a 
series of branehes from the ulnar artery, the anterior interosseous artery 
and the median artery. 

Innervation The medial part of flexor digitomm profundus, i.e. the 
muscle bellies to the little and ring fingers, is innervated by the ulnar 
nerve. The lateral part, i.e. the muscle bellies to the middle and index 
fingers, is innervated by the anterior interosseous braneh of the median 
nerve, C8 and Tl. 

Aetions Flexor digitomm profundus flexes the distal interphalangeal 
joints of the fingers. It is also eapable of flexing any or all of the joints 
over which it passes and therefore has a role in eoordinated finger 
flexion. The index finger tendon is usually eapable of independent func- 
tion, whereas the other three work together. 

Testing Flexor digitomm profundus is tested by flexing the distal 
interphalangeal joint while holding the proximal interphalangeal joint 
in extension. 


Flexor pollieis longus 

Attaehments Flexor pollieis longus arises from the grooved anterior 
surface of the radms, and extends from below its tuberosity to the upper 
attaehment of pronator quadratus (see 4gs 49.5, 49.21-49.22). It also 
arises from the adjaeent interosseous membrane and, frequently, by a 
variable slip from the lateral, or more rarely medial, border of the 
eoronoid proeess, or from the medial epieondyle of the humems. The 
muscle ends in a flattened tendon that passes behind the flexor reti- 
naculum, between opponens pollieis and the oblique head of adductor 
pollieis, to enter a synovial sheath. It inserts on the palmar surface of 
the base of the distal phalanx of the thumb. 

Flexor pollieis longus ean sometimes be eonneeted to flexor digit- 
omm superficialis or profundus, or pronator teres. The interosseous 
attaehment, and, indeed, the whole muscle, may be absent. Anomalous 
tendon slips from the flexor pollieis longus to flexor digitomm profhn- 
dus are eommon. 

Relations Flexor pollieis longus mns lateral to flexor digitomm pro- 
fundus. The anterior interosseous nerve and vessels deseend on the 
interosseous membrane between these muscles. 

Vaseillar Slipply The medial half of flexor pollieis longus is supplied 
by the anterior interosseous artery. The lateral half is supplied by 
branehes of the radial artery. The median artery may contribute if it is 
well developed. 

Innervation Flexor pollieis longus is innervated by the anterior inter- 
osseous braneh of the median nerve, C7 and 8. 

Aetions Flexor pollieis longus prineipally flexes the phalanges of the 
thumb. It also flexes the earpometaearpal joint of the thumb, espeeially 
if the more distal joints are stiff or fused. 

Testing Flexor pollieis longus is tested by flexing the interphalangeal 
joint of the thumb against resistanee. 

Pronator quadratus 

AttaehmentS Pronator quadratus is a flat, quadrilateral muscle that 
extends aeross the front of the distal parts of the radius and ulna (see 
Figs 49.5, 49.27). It arises from the oblique ridge on the anterior surface 
of the shaft of the ulna, the medial part of this surface and a strong 
aponeurosis that eovers the medial third of the muscle. The fibres pass 
laterally and distally to the distal quarter of the anterior border and 
surface of the shaft of the radius (see Fig. 50.30). Deeper fibres insert 
into the triangular area above the ulnar noteh of the radms. 

Vaseillar Slipply Pronator quadratus reeeives its main arterial supply 
from the anterior interosseous artery as it passes through the interos- 
seous membrane. 

Innervation Pronator quadratus is innervated by the median nerve, 
C7 and 8. 

Aetions Pronator quadratus is a pronator of the forearm. The deeper 
fibres oppose separation of the distal ends of the radms and ulna when 
axial load is transmitted through the carpus. 

Testing Pronator quadratus is tested by pronation of the forearm 
against resistanee while the wrist finger flexors are relaxed. The simul- 
taneous eontraetion of pronator teres makes it diffiailt to test the inde- 
pendent aetion of pronator quadratus. 

P0STERI0R C0MPARTMENT 


The posterior eompartment eontains the extensor muscles of the 
forearm, braehioradialis and supinator. The superficial posterior 
muscles include anconeus, braehioradialis, extensor earpi radialis 
longus, extensor earpi radialis brevis, extensor digitomm, extensor digiti 
minimi and extensor earpi ulnaris. The deep posterior group of nmseles 
includes supinator, abductor pollieis longus, extensor pollieis brevis, 
extensor pollieis longus and extensor indieis. 

Siiperfieial extensor eompartment 


Braehioradialis 

Attaehments Braehioradialis is the most superficial imisele along the 

radial side of the forearm and forms the lateral border of the cubital 851 
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fossa (see Figs 49.22, 49.25). It arises from the proximal two-thirds of 
the lateral siipraeondylar ridge of the humerus and the anterior surface 
of the lateral intermuscular septum (see 4gs 48.11A, 49.5). The muscle 
fibres end above mid-forearm level in a flat tendon that is inserted on 
the lateral side of the distal end of the radius, just proximal to the 
styloid proeess. This attaehment may be more proximal; the muscle may 
fuse proximally with braehialis and the tendon may, oeeasionally, 
divide into two or three separately attaehed slips. In rare instanees, it is 
double or absent. 

Relations The radial nerve and the anastomosis between the pro- 
fimda braehii artery and the radial recurrent artery lie in the groove 
between braehioradialis and braehialis, anterior to the lateral intermus- 
cular septum. The tendon is erossed near its distal end by the tendons 
of abductor pollieis longus and extensor pollieis brevis. The radial artery 
is on its ulnar (medial) side. The superficial radial nerve emerges from 
between braehioradialis and extensor earpi radialis brevis to mn super- 
fieially over the tendon of extensor earpi radialis brevis and extensor 
pollieis brevis, and then superficial to the extensor retinaculum. 

Vaseillar Slipply Braehioradialis is supplied by branehes of the radial 
recurrent artery that pieree the posteromedial surface of the muscle. It 
also reeeives branehes from the radial eollateral braneh of the profimda 
braehii and direetly from the radial artery in the distal part of the 
imisele. 

Innervation Braehioradialis is innervated by the radial nerve, C5 
and 6. 

Aetions Braehioradialis is a powerful flexor of the elbow, aeting most 
strongly with the forearm in mid-pronation. It is minimally aetive in 
slow flexion or with the forearm supine, but generates a powerful burst 
of aetivity in both flexion and extension when movement is rapid. 
llnder these eonditions, it develops a pronounced transarticular eom- 
ponent of its foree that helps to stabilize the elbow joint by balaneing 
the eentrifiigal foree of rapid swings in either direetion. 

Testing Braehioradialis ean be seen and felt when the semi-pronated 
forearm is flexed against resistanee. 

Extensor earpì radialis longus 

Attaehments Extensor earpi radialis longus arises from the distal 
third of the lateral supracondylar ridge of the humems and the front of 
the lateral intermuscular septum (see Fig. 48.11A). Some fibres join 
from the eommon tendon of origin of the forearm extensors. The 
muscle belly ends at the junction of the proximal and middle thirds of 
the forearm in a flat tendon that mns along the lateral surface of the 
radius, deep to abductor pollieis longus and extensor pollieis brevis. 
The tendon passes deep to the dorsal earpal ligament in a radial groove 
behind the styloid proeess alongside extensor earpi radialis brevis. Just 
before it is inserted on the radial side of the dorsal surface of the base 
of the seeond metaearpal, the tendon is erossed obliquely by the tendon 
of extensor pollieis longus. It may send slips to the first or third meta- 
earpal bones and contributes to the intermetaearpal ligaments. 

Relations Extensor earpi radialis longus mns alongside braehioradia- 
lis and is partly overlapped by it. 

Vaseillar Slipply Extensor earpi radialis longus reeeives its prineipal 
arterial supply from a single braneh of the radial recurrent artery. Addi- 
tional blood supply eomes from branehes of the radial eollateral braneh 
of the profimda braehii and direetly from the radial artery in the distal 
part of the muscle. 

Innervation Extensor earpi radialis longus is innervated by the radial 
nerve, C6 and 7. 

Aetions Extensor earpi radialis longus aets as an extensor and abduc- 
tor of the wrist and midearpal joints. 

Testing The muscle belly and tendon of extensor earpi radialis longus 
ean be palpated when the wrist is extended and abducted against resist- 
anee with the forearm pronated. 

Extensor earpì radialis brevis 

Attaehments Extensor earpi radialis brevis arises from the lateral 
epieondyle of the humems by a eommon tendon shared with extensor 
digitomm, extensor digiti minimi and extensor earpi ulnaris, the radial 
eollateral ligament of the elbow joint, a strong aponeurosis that eovers 


its surface, and adjaeent intermuscular septa. The muscle belly ends at 
mid-forearm in a flat tendon that elosely aeeompanies that of extensor 
earpi radialis longus to the wrist. The tendon passes under the extensor 
retinaculum, is erossed by the tendon of extensor pollieis longus, and 
is attaehed to the dorsal surface of the base of the third metaearpal on 
its radial side, distal to its styloid proeess, and on adjoining parts of the 
base of the seeond metaearpal. The tendons of both extensor earpi 
radialis longus and brevis share a eommon synovial sheath (see Fig. 
50.41); they may split into slips that are variably attaehed to the seeond 
and third metaearpal bones. The muscles themselves may be united or 
may exchange muscular slips. 

Relations Extensor earpi radialis brevis is shorter than extensor earpi 
radialis longus and is eovered by it. The tendon passes deep to abductor 
pollieis longus and extensor pollieis brevis in the distal third of the 
forearm, then under the extensor retinaculum, where it lies in a shallow 
groove on the baek of the radius, medial to the tendon of extensor earpi 
radialis longus, and separated from it by a low ridge. 

Vaseillar Slipply Extensor earpi radialis brevis reeeives its arterial 
supply prineipally from two pedieles: a single braneh from the radial 
reoirrent artery, and a braneh of the radial artery that arises about one- 
third of the way down the forearm. There is an additional blood supply 
proximally from branehes from the radial eollateral braneh of the pro- 
firnda braehii. 

Innervation Extensor earpi radialis brevis is innervated by a braneh 
from the radial nerve or from the posterior interosseous nerve, C7 and 
8. The braneh to extensor earpi radialis brevis arises before the nerve 
enters the areade of Frohse. 

Aetions Extensor earpi radialis brevis is the prime dorsiflexor of the 
wrist. It aets with extensor earpi radialis longus as an extensor and 
abductor of the wrist and mid-earpal joints. It aets in synergism with 
the finger flexors when making a fist. 

Testing The muscle belly and tendon of extensor earpi radialis brevis 
ean be palpated when the wrist is extended and abducted against resist- 
anee with the forearm pronated. 

‘Mobile wad’ of Henry 

(g) Available with the Gray’s Anatomy e-book 

Extensor digitomm 

Attaehments Extensor digitomm arises from the lateral epieondyle 
of the humerus via the eommon extensor tendon, the adjaeent inter- 
muscular septa and the antebraehial faseia (see 4g. 48.11A). The muscle 
belly divides in the distal third of the forearm into four tendons, which 
pass in a eommon synovial sheath with the tendon of extensor indieis 
through a tunnel under the extensor retinaculum (see fig. 50.41). The 
tendons diverge on the dorsum of the hand, one to eaeh finger. The 
tendon to the index finger is aeeompanied by extensor indieis, which 
lies ulnar (medial) to it. On the dorsum of the hand, adjaeent tendons 
are linked by three variable intertendinous eonneetions (juncturae 
tendinae), which are inelined distally and radially (see Figs 49.23, 
50.6). The digital attaehments enter a fibrous expansion on the dorsum 
of the proximal phalanges, to which lumbrical, interosseous and digital 
extensor tendons all contribute. 

The tendons of extensor digitomm may be variably defieient. More 
eommonly, they are doubled, or even tripled, in one or more digits: 
most often, the index finger or the middle finger. Oeeasionally, a slip 
of tendon passes to the thumb. The arrangement of the intertendinous 
eonneetions on the dorsum of the hand is highly variable. The medial 
eonneetion is strong and pulls the tendon of the little finger towards 
that of the ring finger, whereas the eonneetion between the middle two 
tendons is weak and may be absent. 

Relations The extensor tendon to the index finger lies radial (lateral) 
to the tendon of extensor indieis. The extensor tendon to the little finger 
lies radial (lateral) to the tendon of extensor digiti minimi. 

Vaseillar Slipply The proximal third of extensor digitomm is sup- 
plied by branehes from the radial recurrent artery, and the distal two- 
thirds are supplied by branehes from the posterior interosseous artery. 
The very distal portion is supplied by a perforating braneh from the 
anterior interosseous artery that passes through the interosseous 
membrane. 





Elbow and forearm 


Henry (1957) deseribed a 'mobile wad' of three miiseles, braehioradi- 
alis and the extensors earpi radialis longus and brevis, which are visible 
and palpable below the lateral epieondyle of the hnmems, lying on the 
lateral aspeet of the radius. The wad is tethered by a fan-shaped leash 
of vessels derived from the radial artery (the radial recurrent artery) that 
has to be released before the muscles ean be fully mobilized. Its anterior 
and posterior margins are used to define the surgical approaehes to the 
radms and to diseover planes of eleavage. The anterior margin is used 
to define the anterior approaeh (of Henry) to the radius and ean be 
extended down to the wrist at the level of the insertion of braehioradi- 
alis. This requires detaehment of supinator from the radius, taking eare 
not to damage the posterior interosseous nerve. More distally, pronator 
teres is released. This approaeh is particularly useful for plating fractures 
of the radius. The posterior margin is used to expose the baek of the 
forearm (posterior approaeh of Thompson) and, if need be, the pos- 
terior interosseous nerve, which, in any event, should be proteeted; 
unlike the anterior approaeh, this approaeh eannot be extended. 
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Muscles of the forearm 


Innervation Extensor digitomm is innervated by the posterior interos- 
seous nerve, C7 and 8. 

Aetions Extensor digitomm ean extend any or all of the joints over 
which it passes: wrist metaearpophalangeal, and proximal and distal 
interphalangeal joints (the latter two via the extensor expansion of the 
digits). When aeting on the metaearpophalangeal joints, extensor digi- 
tomm tends to spread the digits apart because of the different axes of 
the individual joints imposed by the transverse areh of the hand. The 
intertendinous bands stabilize the individual tendons as they eross the 
dorsum of the hand and permit some extension when a tendon has 
been divided in the metaearpal segment. The extent to which this occurs 
depends on the presenee and orientation of the juncturae tendinae. 

Testing The tendons of extensor digitomm ean be readily felt, and 
usually seen, when the fingers are extended against resistanee and the 
forearm is pronated. 

Extensor digiti minimi 

Attaehments Extensor digiti minimi is medial to, and usually eovered 
by, extensor digitomm; proximally the bellies of these two muscles may 
be eonneeted and indistinet from eaeh other, whereas, in the mid- 
forearm, extensor digiti minimi is elearly diseernible as a slender muscle 
(Fig. 49.23). It arises from the eommon extensor tendon by a thin, 
tendinous slip and adjaeent intermuscular septa, and frequently has an 
additional origin from the antebraehial faseia. It forms a long tendon 
that constitutes the fifth dorsal eompartment as it proeeeds beneath the 
extensor retinaculum. Distal to the retinaculum (see fig. 50.41), the 
tendon typieally splits into two, and the lateral slip is joined by a 
tendon from extensor digitomm. All three tendons are attaehed to the 
dorsal digital expansion of the fifth digit; there may be a slip to the 
fourth digit. Extensor digiti minimi is rarely absent but, sometimes, it 
is fused with extensor digitomm. 

Relations The tendon of extensor digiti minimi lies ulnar (medial) 
to the eommon extensor tendon to the little finger. The dorsal braneh 
of the ulnar artery and the dorsal braneh of the ulnar nerve pass super- 
fieial to the extensor retinaculum and eross the tendon of extensor digiti 
minimi as it lies beneath the retinaculum. 

Vaseillar Slipply Extensor digiti minimi is supplied by branehes 
from the radial recurrent and posterior interosseous arteries, and by 
terminal branehes from the anterior interosseous artery after it has 
piereed the interosseous membrane. 

Innervation Extensor digiti minimi is innervated by the posterior 
interosseous nerve, C7 and 8. 

Aetions Extensor digiti minimi ean extend any of the joints of the 
little finger, or contribute to wrist extension. It permits extension of the 
little finger independently of the other digits, even in extremes of ulnar 
or radial wrist deviation. 

Testing Extensor digiti minimi is tested by extending the little finger 
while holding the remaining fingers flexed at the metaearpophalangeal 
joints; this eliminates any simultaneous eontraetion of extensor 
digitomm. 

Extensor earpi uinaris 

Attaehments Extensor earpi ulnaris arises from the lateral epieondyle 
(where it forms the most medial part of the eommon extensor origin), 
the posterior border of the ulna (by an aponeurosis shared with flexor 
earpi ulnaris and flexor digitomm profundus) and overlying faseia (see 
Fig. 49.6). It mns between extensor digiti minimi and anconeus proxi- 
mally, and extensor digiti minimi and flexor earpi ulnaris in the mid- 
forearm (see Figs 49.31, 49.32). It forms a tendon in the distal third of 
the forearm that slides in a groove between the head and the styloid 
proeess of the ulna. It forms the eontent of the sixth dorsal eompart- 
ment as it mns under the extensor retinaculum (see Fig. 50.41) and is 
attaehed to a tubercle on the medial side of the base of the fifth 
metaearpal. 

Vaseillar SLipply Proximally, extensor earpi ulnaris reeeives branehes 
from the radial recurrent artery. Distally, it is supplied by several 
branehes from the posterior interosseous artery. 

Innervation Extensor earpi ulnaris is innervated by the posterior inter- 
osseous nerve, C7 and 8. 
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Fig. 49.23 The siiperfieial extensor muscles of the left forearm. 


Aetìons Extensor earpi ulnaris works synergistieally with extensors 
earpi radialis longus and brevis and the digital flexors to effeet balaneed 
wrist extension, enabling a power grip with a elenehed fist. It also aets 
with flexor earpi ulnaris to adduct the hand. 

Testing The tendon ean be felt lateral to the groove that overlies the 
posterior subcutaneous border of the ulna when the wrist is adducted 
against resistanee. 

Anconeus 

Attaehments Anconeus is a short, triangular muscle posterior to the 
elbow joint, partially and variably blended with trieeps or extensor earpi 
ulnaris (Fig. 49.24). It arises by a separate tendon from the posterior 
surface of the lateral epieondyle of the humems, proximal to the 
eommon extensor tendon. The tendon lies beneath the muscle belly of 
extensor earpi radialis longus. The muscle fibres mn obliquely and 
medially towards the ulna, eovering the posterior aspeet of the anular 
ligament, and are attaehed to the lateral aspeet of the oleeranon and 
proximal quarter of the posterior surface of the shaft of the ulna. 

Vaseillar SLipply Anconeus is supplied by branehes of the posterior 
interosseous recurrent artery. A small number of musculocutaneous 
perforators reaeh the skin overlying the muscle. 
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Fig. 49.24 The deep layer of the dorsal miiseles of the forearm. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, llrban & Fiseher. Copyright 2013.) 


Innervation Anconeus is innervated by the radial nerve, C6, 7 and 8. 


of extensor pollieis brevis. It mns under the extensor retinaculum in the 
fìrst dorsal eompartment (see Fig. 50.41). It usually splits into two slips; 
one is attaehed to the radial side of the first metaearpal base, and the 
other is attaehed to the trapezium. Slips from the tendon may continue 
into opponens pollieis or abductor pollieis brevis. Oeeasionally the 
muscle itself may be wholly or partially divided. 

Relations Abductor pollieis longus mns on the radial aspeet of exten- 
sor pollieis longus. The posterior interosseous nerve mns over the belly 
of abductor pollieis longus with the aeeompanying posterior interos- 
seous artery; the nerve mns to the border of abductor pollieis longus 
and then dives between the muscles bellies of abductor pollieis longus 
and extensor pollieis longus at the apex of their divergenee. 

Vaseillar Slipply Abductor pollieis longus is supplied proximally by 
a lateral braneh from the posterior interosseous artery. Distally, it is 
supplied on the medial side by a perforating braneh from the anterior 
interosseous artery. 

Innervation Abductor pollieis longus is innervated by the posterior 
interosseous nerve, C7 and 8. 

Aetions Abductor pollieis longus abducts the metaearpal of the 
thumb. It is the prime radial abductor of the thumb. It also aets to 
abduct the wrist. With abductor pollieis brevis, it effeets palmar 
abduction. 

Testing The tendon of abductor pollieis longus ean be seen and felt 
at the radial aspeet of the anatomieal snuff-box when the thumb and 
wrist are abducted against resistanee at the earpometaearpal joint. 

Extensor poHieis longus 

Attaehments Extensor pollieis longus arises from the lateral part of 
the middle third of the posterior surface of the shaft of the ulna below 
abductor pollieis longus and from the adjaeent interosseous membrane. 
It partly overlies the proximal attaehment of the smaller extensor pol- 
lieis brevis (see Fig. 49.24). The tendon is formed just proximal to the 
wrist and passes through the third eompartment of the extensor reti- 
naculum in a narrow, oblique groove on the baek of the distal end of 
the radius (see Fig. 50.41). It turns around a bony fiilemm, Listers 
tubercle, which ehanges its line of pull from that of the forearm to that 
of the thumb, and is attaehed to the base of the distal phalanx of the 
thumb. The sides of the tendon are joined on the dorsum of the proxi- 
mal phalanx by expansions from the tendon of abductor pollieis brevis 
laterally and from the first palmar interosseous and adductor pollieis 
medially. 

Relations Extensor pollieis longus mns between abductor pollieis 
longus and extensor indieis in the forearm. The posterior interosseous 
artery mns over its muscle belly. After passing around Lister's tubercle, 
the tendon of extensor pollieis longus erosses the tendons of extensor 
earpi radialis brevis and longus obliquely. 


Aetions Anconeus is an extensor of the elbow. Its prineipal fimetion 
is not ffilly understood but it may eontrol ulnar abduction in pronation, 
which is neeessary if the forearm is to turn over the hand without 
translating it medially. In this way, a tool ean be revolved 'on the spot' 
or it ean be swept through an are. 

Deep extensor eompartment 


The five deep forearm extensor muscles are abductor pollieis longus, 
extensor pollieis longus and extensor pollieis brevis (all of which aet 
on the thumb), extensor indieis and supinator. Apart from supinator, 
the other four deep forearm extensors all arise from the bones of the 
forearm and do not, therefore, aet on the elbow. 

Abductor pollieis longus 

Attaehments Abductor pollieis longus arises in part from the pos- 
terior surface of the shaft of the ulna, just distal to the insertion of 
anconeus, and from the adjoining interosseous membrane (see Fig. 
49.6). The muscle mns obliquely in a lateral and distal direetion from 
an apex formed by anconeus and supinator, and is joined by fibres that 
arise from the middle third of the posterior surface of the radms distal 
to the attaehment of supinator (see Fig. 49.24). As it proeeeds distally, 
abductor pollieis longus beeomes more superficial in the forearm, 
where it is visible as an oblique elevation. The muscle fibres form a 
tendon just proximal to the wrist. The tendon mns in a groove on the 
lateral side of the distal end of the radius, aeeompanied by the tendon 


Vascular Slipply Extensor pollieis longus is supplied on its superfi- 
eial surface by branehes from the posterior interosseous artery, and on 
its deep surface by perforating branehes from the anterior interosseous 
artery. 

Innervation Extensor pollieis longus is innervated by the posterior 
interosseous nerve, C7 and 8. 

Aetions Extensor pollieis longus extends the distal phalanx of the 
thumb. Aeting in assoeiation with extensor pollieis brevis and abductor 
pollieis longus, it extends the proximal phalanx and the metaearpal. In 
continued aetion, as a consequence of the obliquity of its tendon, exten- 
sor pollieis longus adducts the extended thumb and rotates it laterally. 
It is a weak extensor of the wrist. 

Testing The tendon of extensor pollieis longus ean be palpated at the 
ulnar border of the anatomieal snuff-box when the thumb is extended 
at the interphalangeal joint against resistanee. When the thumb is 
opposed and adducted, abductor pollieis brevis ean extend the inter- 
phalangeal joint of the thumb, mimieking the aetion of extensor pol- 
lieis longus. 

Extensor pollieis brevis 

Attaehments Extensor pollieis brevis arises from the posterior surface 
of the radius distal to abductor pollieis longus and from the adjaeent 
interosseous membrane (see Fig. 49.6). It mns between abductor 






























































Muscles of the forearm 


pollieis longiis and extensor pollieis longus. The tendon is attaehed to 
the base of the proximal phalanx of the thumb and, eommonly, has an 
additional attaehment to the base of the distal phalanx, usually through 
a fasciculus that joins the tendon of extensor pollieis longus. Extensor 
pollieis brevis may be absent or fused eompletely with abductor pollieis 
longus. 

Relations Extensor pollieis brevis is ulnar (medial) to, and elosely 
eonneeted with, abductor pollieis longus. In the distal forearm, the two 
muscles emerge between extensor earpi radialis brevis and extensor 
digitomm, and pass obliquely aeross the tendons of extensors earpi 
radialis brevis and longus (see Fig. 49.24). They eover the distal part of 
braehioradialis, and pass through the most lateral eompartment of the 
extensor retinaculum in a single synovial sheath, sharing a groove in 
the distal radius. Tfltimately, they eross, superficial to the radial styloid 
proeess and radial artery, to reaeh the dorsolateral base of the proximal 
phalanx of the thumb. 

Vaseillar SLipply Extensor pollieis brevis is supplied from branehes 
from the posterior interosseous artery, together with perforating 
branehes from the anterior interosseous artery. 

Innervation Extensor pollieis brevis is innervated by the posterior 
interosseous nerve, C7 and 8. 

Aetions Extensor pollieis brevis extends the proximal phalanx and 
metaearpal of the thumb. 

Testing The tendon of extensor pollieis brevis ean be felt at the radial 
border of the anatomieal snuff-box, lying medial to the tendon of 
abductor pollieis longus, when the metaearpophalangeal joint of the 
thumb is extended against resistanee. 

Extensor indieis 

AttaehmentS Extensor indieis is a narrow muscle that lies medial and 
parallel to extensor pollieis longus (see Fig. 49.24). It arises from the 
posterior surface of the ulna distal to extensor pollieis longus and the 
adjaeent interosseous membrane. The tendon is formed just proximal 
to the wrist and passes under the extensor retinaculum in a eommon 
eompartment with the tendons of extensor digitomm (see Fig. 50.41). 
Opposite the head of the seeond metaearpal, it joins the ulnar side of 
the tendon of extensor digitomm that serves the index finger. Extensor 
indieis oeeasionally sends aeeessory slips to the extensor tendons of 
other digits. Its tendon may be intermpted on the dorsum of the hand 
by an additional muscle belly (extensor indieis brevis manus). 
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Relations The posterior interosseous artery passes over the muscle 
belly of extensor indieis. On the dorsum of the hand, the tendon of 
extensor indieis lies on the ulnar aspeet of the tendon of extensor digi- 
tomm to the index finger. 


Fig. 49.25 The forearm, antebrachium, in supination position. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


Vaseillar Slipply Extensor indieis is supplied on its superficial surface 
by branehes from the posterior interosseous artery, and on its deep 
surface by perforating branehes from the anterior interosseous artery. 


variation; small parts have acquired individual names, e.g. lateral and 
medial tensors of the anular ligament. 


Innervation Extensor indieis is innervated by the posterior interos- 
seous nerve, C7 and 8. 

Aetions Extensor indieis extends the index finger independently of the 
other digits. It is a weak extensor of the wrist. 


Relations Supinator emerges under the lower border of anconeus and 
is related to abductor pollieis longus at its inferior medial border. Exten- 
sor earpi radialis brevis and longus pass over its radial aspeet. The 
posterior interosseous nerve enters the forearm by passing between its 
superficial and deep heads. 


Testing Extensor indieis is tested by extending the index finger while 
holding the remaining fingers flexed at the metaearpophalangeal joints 
in order to eliminate the effeets of any simultaneous eontraetion of 
extensor digitomm. 

Supinator 

AttaehmentS Supinator is a wide muscle that surrounds the proximal 
third of the radius. It has superficial and deep layers The two parts arise 
together - the superficial by tendinous fibres, and the deep by muscular 
fibres - from the lateral epieondyle of the humems, the radial eollateral 
ligament of the elbow joint, the anular ligament of the superior radio- 
ulnar joint, the supinator erest of the ulna and the posterior part of the 
triangular depression in front of it, and an aponeurosis that eovers the 
muscle (see Figs 49.5, 49.6; Figs 49.25-49.26). Supinator is attaehed 
distally to the lateral surface of the proximal third of the radius, down 
to the insertion of pronator teres. The radial attaehment extends on to 
the anterior and posterior surfaces between the anterior oblique line 
and the fainter posterior oblique 'ridge'. Supinator is subject to frequent 


Vaseillar Slipply The superficial part of supinator is supplied by 
branehes from the radial recurrent artery. The deep part of supinator is 
supplied by branehes from the posterior interosseous artery and the 
posterior interosseous recurrent artery. 

Innervation Supinator is innervated by the posterior interosseous 
nerve, C6 and 7. 

Aetions Supinator rotates the radius to bring the palm to faee anteri- 
orly. It aets alone in slow, unopposed supination, and together with 
bieeps braehii in fast or foreefiil supination. An objeet, which poten- 
tially may be heavy, is often pieked up with the forearm initially pro- 
nated. The more powerful supinator lifts the objeet against gravity; 
rotation is often eombined with inereasing elbow flexion in order to 
bring the objeet towards the eyes. 

Testing Supinator lies too deep to be palpated. It may be assessed by 
supinating the forearm against resistanee with the elbow extended, on 
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Fig. 49.26 The forearm, antebrachium, in pronation position. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


the grounds that bieeps braehii is inaetive on supination when the 
elbow is fhlly extended. 

C0MPARTMENT SYNDROME 0F THE FOREARM 
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VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
ARTERIES 
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Braehial artery 


The braehial artery is medial in the arm but moves towards the midline, 
medial to the tendon of bieeps braehii and deep to the bieipital aponeu- 
rosis. The latter separates the artery from the anterior structures, namely: 
the skin, superficial faseia and the median cubital vein. Posteriorly, 
braehialis separates it from the elbow joint. The median nerve passes 
elose to the medial side of the artery. The artery divides into its terminal 
branehes, the radial and ulnar arteries, at the level of the radial neek 
(Fig. 49.27A). 

Radial artery 


The radial artery is smaller than the ulnar artery, yet appears a more 
direet continuation of the braehial artery (see Figs 49.21-49.22). It 


Fig. 49.27 A, The arterial anastomoses around the left elbow joint, viewed 
from the anterior aspeet. B, Arteriogram demonstrating anterior arterial 
anastomoses around the elbow. 


passes deep to braehioradialis and gives off the radial recurrent artery 
before continuing into the forearm. It deseends along the lateral side 
of the forearm, aeeompanied by paired venae eomitantes, from the 
medial side of the neek of the radius to the wrist. The artery is medial 
to the radial shaft proximally, and anterior to it distally. Proximally, it 
is overlapped anteriorly by the belly of braehioradialis, but elsewhere 
in its course it is eovered only by the skin and superficial and deep 
faseiae. Its posterior relations in the forearm are, successively, the 
tendon of bieeps, supinator, the distal attaehment of pronator teres, the 
radial head of flexor digitomm superficialis, flexor pollieis longus, pro- 
nator quadratus and the lower end of the radms (where its pulsation is 



































































Elbow and forearm 


A eompartment syndrome exists where inereased pressure in an osseo- 
faseial eompartment leads to deereased perfusion of the eontents of the 
eompartment. In the forearm, this eommonly occurs as a result of 
trauma, external pressure, burns, arterial injury or post-isehaemie swell- 
ing. The resultant inerease in interstitial pressure causes vascular occlu- 
sion and myoneural isehaemia. The patient presents with pain that is 
disproportionate to the severity of the injury and which is provoked or 
markedly inereased by passive extension of the fingers. There may also 
be reduced sensation or paraesthesiae in the affeeted hand. If a eompart- 
ment syndrome is suspected, eompartment pressure measurements may 
be indieated, but, in unequivocal eases, the definitive treatment is emer- 
geney faseiotomies of the forearm. The absolute intraeompartmental 
pressure threshold for deeompression is the subject of debate: an abso- 
lute value of 30 mmHg is generally aeeepted, although some authorities 
prefer a figure that eomes within 30 mmHg of diastolie pressure. The 
pressure in eaeh eompartment should be measured separately. 

ineisions to deeompress the flexor eompartment (Ronel et al 2004) 
mn from the medial epieondyle and curve down the anterior aspeet of 
the forearm, ending on the radial side of flexor earpi ulnaris; from here, 
they may be extended distally to deeompress the earpal tunnel, if neees- 
sary. The bieipital aponeurosis (lacertus fibrosus) is routinely released 
to deeompress the median nerve. After retraetion of the superficial 
flexors, the faseia over the deep muscles of the forearm may be ineised 
over its full length. Both median and ulnar nerves should be inspeeted 
to ensure that their deeompression is eomplete. The mobile wad and 
dorsal eompartment are deeompressed through a straight longitudinal 
ineision that starts just distal to the lateral epieondyle; this is deepened 
through the plane between extensor digitomm and extensor earpi radia- 
lis brevis, and ends over the midline of the wrist. In both eases, the 
wounds are left open and dressed, and only elosed when circumstances 
permit. 

Failure to deeompress a eompartment syndrome promptly may lead 
to Volkmann's isehaemie contracture with severe loss of fimetion in the 
affeeted forearm and hand. Subsequent amputation is not unknown. 
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most aeeessible). Braehioradialis is lateral to the artery throughout its 
length. Pronator teres is medial to the proximal part of the artery, and 
the tendon of flexor earpi radialis is medial to the distal portion. The 
superficial radial nerve lies lateral to the middle third of the radial 
artery; multiple branehes from the artery supply the nerve throughout 
its length. 

The radial artery may oeeasionally arise from a continuation of a 
superficial braehial artery, or as a high proximal division of an otherwise 
normal braehial artery. It ean give rise to the eommon interosseous 
artery. 

Branehes ìn the forearm 

Radial recurrent artery The radial recurrent artery is given off by 
the radial artery just distal to the elbow joint (see Figs 49.21-49.22, 
49.27). It passes between the superficial radial nerve and the posterior 
interosseous nerve before aseending beneath braehioradialis, anterior 
to supinator and braehialis. It supplies these muscles and then anasto- 
moses with the radial eollateral braneh of the profimda braehii artery. 
The radial recurrent artery also gives branehes to extensor earpi radialis 
longus, extensor digitomm, extensor digiti minimi and extensor earpi 
ulnaris. Its cutaneous branehes are deseribed on page 837. 

Mliseillar branehes Muscular branehes are distributed to the 
muscles on the radial side of the forearm. Direet branehes from the 
radial artery supply the radial insertion of pronator teres, the antero- 
lateral aspeet of flexor earpi radialis, the lateral surface of flexor digito- 
mm superficialis, the lateral half of flexor pollieis longus, and the distal 
seetions of extensor earpi radialis longus and extensor earpi radialis 
brevis. 

lllnar artery 


The ulnar artery arises from the braehial artery just distal to the flexion 
erease of the elbow at the level of the radial neek, and reaehes the 
medial side of the forearm in its upper third (see Figs 49.21-49.22). It 
is larger than the radial artery and is aeeompanied throughout its length 
by venae eomitantes. In the forearm, the ulnar artery initially lies on 
braehialis before passing deep to pronator teres, flexor earpi radialis, 
palmaris longus and flexor digitomm superficialis. It then lies on flexor 
digitomm profundus, between flexor earpi ulnaris and flexor digitomm 
superficialis, and is eovered by the skin and superficial and deep faseiae. 
The artery erosses the flexor retinaculum, lateral to the ulnar nerve and 
pisiform bone, to enter the hand. The median nerve is a medial relation 
for approximately 2.5 em distal to the elbow, and then erosses the 
artery, from which it is separated by the ulnar head of pronator teres. 
The ulnar nerve lies medial to the distal two-thirds of the artery, which 
supplies the nerve throughout its length; the palmar cutaneous braneh 
of the ulnar nerve deseends along the ulnar artery to reaeh the hand. 

The ulnar artery may arise above the elbow, when it ean lie superficial 
to the forearm flexors under the deep faseia; only rarely is it subcutane- 
ous. When this occurs, the braehial artery supplies the eommon interos- 
seous and the ulnar recurrent arteries. 

Branehes in the forearm 

Anterior lllnar reeiirrent artery The anterior ulnar recurrent artery 
arises from the ulnar artery distal to the elbow and elose to the origin 
of the ulnar artery itself. It aseends between braehialis and pronator 
teres, which is supplies, then anastomoses with the inferior ulnar eol- 
lateral artery anterior to the medial epieondyle (see Fig. 49.27A). 



Posterior lllnar recurrent artery The posterior ulnar recurrent 

artery arises from the ulnar artery distal to the anterior ulnar recurrent 
artery, passes dorsomedially between flexor digitomm profundus and 
flexor digitomm superficialis, and aseends between the posterior 
aspeet of the medial epieondyle and the oleeranon. It is deep to flexor 
earpi ulnaris, aseending between its heads with the ulnar nerve. It 
supplies flexor digitomm profundus, flexor digitomm superficialis, 
flexor earpi ulnaris, the ulnar nerve, underlying bone and the elbow 
joint, and anastomoses with the ulnar eollateral artery and interosseous 
recurrent artery. The posterior ulnar recurrent artery and ulnar nerve 
are both vulnerable to injury behind the medial epieondyle (Figs 
49.28-49.29). 


Common interosseoiis artery The eommon interosseous artery 

is a short braneh of the ulnar artery (see Figs 49.10, 49.22). It arises just 
distal to the radial tuberosity and passes baek to the proximal border 
of the interosseous membrane, where it divides into the anterior and 
posterior interosseous arteries. Oeeasionally, the eommon interosseous 
artery is a braneh of the radial artery. 
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Fig. 49.29 The posterior aspeet of the left elbow region: deep structures. 


Anterior interosseoiis artery The anterior interosseous artery 

arises from the eommon interosseous artery and deseends on the anter- 
ior aspeet of the interosseous membrane with the anterior interosseous 
braneh of the median nerve (see Figs 49.10, 49.22, 49.27, 49.32). It is 
overlapped by contiguous sides of flexor digitomm profundus and 
flexor pollieis longus. Shortly after its origin, it usually gives off a 
slender median artery. This aeeompanies and supplies the median nerve 
as far as the palm, where it may join the superficial palmar areh or end 
as one or two palmar digital arteries. The median artery ean also arise 
from the ulnar or the eommon interosseous artery. Muscular and nutri- 
ent branehes from the anterior interosseous artery pieree the interos- 
seous membrane to supply deep extensor muscles and the radius and 
ulna, respeetively. A braneh deseends deep to pronator quadratus before 
piereing the interosseous membrane to join the anterior 'earpal' areh. 

The anterior interosseous artery leaves the anterior eompartment by 
piereing the interosseous membrane proximal to pronator quadratus. 
It anastomoses with the posterior interosseous artery in the posterior 
eompartment of the forearm, and travels through a tunnel under the 
extensor retinaculum with the tendons of the digital extensors before 
joining the dorsal earpal areh. Three small cutaneous perforating 
branehes supply the skin over the lower lateral border of the forearm. 


Posterior interosseoiis artery The posterior interosseous artery 

arises from the eommon interosseous artery and is usually smaller than 
the anterior interosseous artery (see Figs 49.10, 49.27A). It passes dor- 
sally between the oblique eord and proximal border of the interosseous 
membrane, and then between supinator and abductor pollieis longus. 
It deseends deep in the groove between extensor earpi ulnaris and the 
extensor digiti minimi eomponent of extensor digitomm. While in the 
groove, it gives rise to multiple muscular branehes that supply these 
muscles and fasciocutaneous perforators that travel in the intermuscular 
septum between extensor earpi ulnaris and extensor digiti minimi. The 
posterior interosseous artery aeeompanies the deep braneh of the radial 
nerve (posterior interosseous nerve) on abductor pollieis longus. Dis- 
tally, it anastomoses with the terminal part of the anterior interosseous 
artery and the dorsal earpal areh. 

Sometimes, the posterior interosseous artery disappears halfivay 
down the forearm, in which ease the anterior interosseous artery pierees 
the interosseous membrane more proximally to anastomose with it. 
Oeeasionally, the two vessels do not anastomose. 
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Fig. 49.28 The posterior aspeet of the left elbovv: siiperfieial structures. 
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Posterior interosseous recurrent artery The posterior interos- 

seous recurrent artery leaves the posterior interosseous artery near its 
origin and aseends between the lateral epieondyle and oleeranon, either 
on or through supinator, and deep to anconeus. It anastomoses with 
the middle eollateral braneh of the profunda braehii artery, posterior 
ulnar recurrent artery and ulnar eollateral artery. Oeeasionally, the artery 
is absent. Its cutaneous branehes are deseribed on page 837. 

Collateral circulation at the elbovv 


LYMPHATIC DRAINAGE 


One or two supratrochlear nodes are superficial to the deep faseia 
proximal to the medial epieondyle and medial to the basilie vein; their 
efferents aeeompany the vein to join the deep lymph vessels. Small, 
isolated nodes sometimes occur along the radial, ulnar and interos- 
seous vessels, in the cubital fossa near the bifhreation of the braehial 
artery, or in the arm medial to the braehial vessels. 
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INNERVATION 
Median nerve 


VEINS 

Deep veins 


Venae eomitantes mn with the radial and ulnar arteries to drain the 
deep and superficial palmar venous arehes, respeetively. They unite near 
the elbow as paired braehial veins. The radial veins are smaller and 
reeeive the deep dorsal veins of the hand. The ulnar veins are larger and 
drain the deep palmar venous areh. They eonneet with superficial veins 
near the wrist and reeeive the venae eomitantes of the anterior and 
posterior interosseous arteries near the elbow. A large braneh eonneets 
them to the median cubital vein. 

Superficial veins 


Cephalic vein 

The eephalie vein usually forms over the anatomieal snuff-box on the 
radial side of the wrist from the radial end of the dorsal venous plexus 
(see Figs 46.4, 50.39). It curves proximally around the radial side of the 
forearm, reeeiving tributaries from both radial and ulnar aspeets of the 
forearm. Distal to the elbow, a braneh, the median cubital vein, diverges 
proximomedially to reaeh the basilie vein. The median cubital vein is 
joined by a braneh from the deep veins (Fig. 49.30). The fhrther course 
of the eephalie vein is deseribed on page 830. 

Aeeessory eephalie vein The aeeessory eephalie vein may arise 

either from a dorsal forearm plexus or from the ulnar side of the dorsal 
venous network in the hand. It joins the eephalie vein distal to the 
elbow. A large oblique vein often eonneets the basilie and eephalie veins 
dorsally in the forearm. 

Basilie vein 

The basilie vein arises medially in the dorsal venous network of the hand 
(see Figs 46.4, 50.39). It aseends posteromedially in the forearm, inelin- 
ing forwards to the anterior surface distal to the elbow, where it is joined 
by the median cubital vein. It then aseends superficially between bieeps 
and pronator teres, and is erossed by filaments of the medial cutaneous 
nerve of the forearm that pass both superficial and deep to the vein. The 
basilie vein eontimies as the axillary vein from the lower border of teres 
major (p. 830). 

Median vein 

The median vein of the forearm drains the superficial palmar venous 
plexus and aseends through the anterior part of the forearm to join 
either the basilie or the median cubital vein (see figs 48.34, 49.30). It 
may divide distal to the elbow to join both veins. 


In the cubital fossa, the median nerve lies medial to the braehial 
artery, deep to the bieipital aponeurosis and anterior to braehialis. It 
usually enters the forearm between the heads of pronator teres, 
although, oeeasionally, it may pass posterior to both heads of the 
muscle, or it may pass through its humeral head (Fig. 49.31; see Figs 
49.21-49.22). The nerve erosses to the lateral side of the ulnar artery, 
from which it is separated by the deep head of pronator teres, passes 
behind a tendinous bridge between the humero-ulnar and radial 
heads of flexor digitomm superficialis, and deseends through the 
forearm posterior and adherent to flexor digitomm superficialis and 
anterior to flexor digitomm profundus. It is aeeompanied by the 
median braneh of the anterior interosseous artery. The first braneh of 
the median nerve to pronator teres arises 2-3 em above the medial 
epieondyle. A seeond braneh, or leash of branehes, arises at the level 
of the tip of the medial epieondyle and innervates palmaris longus, 
flexor earpi radialis and flexor digitomm superficialis. About 5 em 
proximal to the flexor retinaculum, the median nerve emerges from 
behind the lateral edge of flexor digitomm superficialis, and beeomes 
superficial just proximal to the wrist. Here, it lies between the tendons 
of flexor digitomm superficialis and flexor earpi radialis, projeeting 
laterally from beneath the tendon of palmaris longus. It then passes 
deep to the flexor retinaculum into the palm (see Fig. 50.41). 

Branehes in the forearm 

Anterior interosseous nerve 

The anterior interosseous nerve arises from the posterior aspeet of 
the median nerve between the two heads of pronator teres, just distal 
to the branehes to the superficial forearm flexors and proximal tendi- 
nous areh of flexor digitomm superficialis (see Figs 49.10, 49.22). It 
deseends with the anterior interosseous artery anterior to the interos- 
seous membrane, between and deep to flexor pollieis longus and flexor 
digitomm profundus (Fig. 49.32), supplying flexor pollieis longus 
and the lateral part of flexor digitomm profundus (to the index and 
middle fingers). Terminally, the anterior interosseous nerve lies poste- 
rior to pronator quadratus, which it supplies via its deep surface. It also 
supplies artiailar branehes to the distal radio-ulnar, radioearpal and 
earpal joints. 

Palmar cutaneous braneh 

The palmar cutaneous braneh starts about 3 em proximal to the flexor 
retinaculum. It mns in a small tunnel in the sheath of flexor earpi 
radialis before piereing the deep faseia, where it divides into lateral 
branehes that supply the thenar skin and eonneet with the lateral cuta- 
neous nerve of the forearm. Medial branehes supply the eentral palmar 
skin and eonneet with the palmar cutaneous braneh of the ulnar nerve 
(see Figs 46.11, 49.21, 50.35, 50.40A-50.41). 
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Fig. 49.30 A-C, Variations in the 
superficial veins of the left cubital 
fossa. (With permission from 
Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, Llrban & Fiseher. 
Copyright 2013.) 
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Elbow and forearm 


The eollateral eireiilation at the elbow is more robiist than that at the 
knee. Alternative pathways include the profhnda braehii artery, which 
aeeompanies the radial nerve through the lateral intermuscular septum 
to beeome the radial eollateral artery. The superior ulnar eollateral 
artery aeeompanies the ulnar nerve. In the adult, it may be as wide as 
1.5 mm at its origin; henee its regular use as the artery to a free vascular- 
ized ulnar nerve graft. The inferior ulnar eollateral artery is regularly 
seen during medial approaehes to the elbow as a vessel that pierees the 
intermuscular septum to curl around the humerus between trieeps and 
bone. On oeeasion, there is a substantial artery mnning with the median 
nerve. These vessels anastomose with recurrent branehes from the ulnar 
and radial arteries to form a network that may maintain perfhsion of 
the hand and the extensor muscles in eases where the braehial artery 
has been divided in the lower third of the arm (when there is no assoei- 
ated fracture or disloeation). Oollateral circulation will diminish or 
eease altogether if the ulnar or radial nerve is entrapped within the 
fracture or eompressed by haematoma (Bireh 2011, Blakey et al 2009). 
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Vascular supply and lymphatie drainage 
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Fig. 49.31 A transverse seetion 
through the left forearm at the 
level of the radial tuberosity: 
proximal aspeet. 
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Fig. 49.32 A transverse seetion through the middle of 
the left forearm. 


Muscular branehes 

Muscular branehes are given off near the elbow to all the superficial 
flexor muscles except flexor earpi ulnaris. The braneh to the part of 
flexor digitomm superficialis that serves the index finger is given off 
near the mid-forearm and may be derived from the anterior interos- 
seous nerve. The median nerve is palpable in the anterior aspeet of the 
elbow, deep to the bieipital aponeurosis. It is elosely related to the 
braehial artery in the anterior aspeet of the elbow, where it courses 
anterior to braehialis and medial to the artery. 

[(*) Median nerve eompression 

The median nerve may be eompressed at four sites in the elbow and 
forearm. The most proximal is the ligament of Stmthers, where, if the 
median nerve is aeeompanied by the braehial artery vascular symptoms 


and signs may also be present. More distally it may beeome entrapped 
by a thiekened bieipital aponeurosis. The other sites of eompression are 
between the superficial and deep heads of pronator teres, and the proxi- 
mal fibrous areh of flexor digitomm superficialis. 


Martin-Gmber nerve eonneetion 



Available with the Gray’s Anatomy e-book 


Inar nerve 


The ulnar nerve passes behind the medial epieondyle in a groove where 
it is easily palpable (see Figs 49.29, 46.12). It mns through the cubital 
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Elbow and forearm 


Patients essentially present with one of two syndromes. The anterior 
interosseous nerve syndrome presents as a failure of pineh grip due to 
weakness of flexor pollieis longus and the radial portion of flexor or 
digitomm profundus. This reduces the flexion power of the interphalan- 
geal joint of the thumb and the distal interphalangeal joint of the index 
finger. The pronator syndrome presents with symptoms and signs that 
mimie earpal tunnel syndrome. Patients present with pain and altered 
sensation in the radial three and a half fingers of the hand that are 
aggravated by aetivity. However, a Tinel's sign will be positive over the 
proximal forearm, and sensation over the thenar eminenee may be 
diminished, because the palmar cutaneous braneh of the nerve arises 
above the earpal tunnel. The elinieal presentation may vary in the 
presenee of a Martin-Gmber anastomosis (Rodriguez-Niedenfuhr et al 
2002 ). 

Most patients will respond to non-operative treatment but those 
who fail to do so usually respond well to surgical deeompression. 
Exploration and deeompression should address all the potential areas 
of eompression. 

A motor communicating braneh between the median and ulnar nerves 
in the forearm occurs in approximately one-quarter of patients. The 
most eommon variant has a braneh passing from the anterior interos- 
seous to the ulnar nerve. A number of patterns have been deseribed 
where branehes pass between flexors digitomm superficialis and pro- 
fundus, deep to the ulnar artery, to join the ulnar nerve; such branehes 
may explain the variations in innervation of the intrinsie muscles. 
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SECTION 6 


ELBOW AND FOREARM 


timnel, between the capsule of the humero-ulnar joint and the overly- 
ing arcuate ligament joining the two heads of flexor earpi ulnaris. It 
gives off artiailar branehes to the elbow as it lies between the medial 
epieondyle and the oleeranon. The ulnar nerve enters the forearm 
between the two heads of flexor earpi nlnaris, which it supplies by two 
neurovascular pedieles: one arising just distal to the cubital tunnel and 
one in the forearm. It is superficial to the posterior and oblique parts 
of the ulnar eollateral ligament. 

The ulnar nerve deseends on the medial side of the forearm on flexor 
digitomm profundus (see Fig. 49.32). Proximally it is eovered by flexor 
earpi ulnaris; its distal half lies lateral to the muscle and is eovered only 
by skin and faseiae. In the upper third of the forearm, the nerve is 
distant from the ulnar artery but, more distally, it eomes to lie elose to 
the medial side of the artery. About 5 em proximal to the wrist, it gives 
off the dorsal cutaneous braneh. At the wrist, the ulnar nerve passes 
under the superficial part of the flexor retinaculum (in Guyon's eanal) 
and divides into superficial and deep branehes (see Fig. 50.40A). 

Branehes in the forearm 

Muscular branehes 

There are two main muscular branehes of the ulnar nerve in the forearm. 
They arise near the elbow and supply flexor earpi ulnaris and the medial 
half of flexor digitomm profundus. 

Dorsal braneh 

The dorsal braneh of the ulnar nerve continues distally and dorsally, 
deep to flexor earpi ulnaris. It perforates the deep faseia and deseends 
along the medial side of the baek of the wrist and hand. Its fhrther 
course is deseribed on page 893. 

Palmar cutaneous braneh 

The palmar cutaneous braneh of the ulnar nerve arises in mid-forearm, 
deseends on the ulnar artery, which it supplies, and then perforates the 
deep faseia. It communicates with the palmar braneh of the median 
nerve and ends in the palmar skin. It sometimes supplies palmaris 
brevis. Its fhrther course is deseribed on page 894. 


usually communicates with the posterior and lateral cutaneous nerves 
of the forearm. 


Posterior interosseous nerve 

The posterior interosseous nerve is the deep terminal braneh of the 
radial nerve (see Figs 46.9, 49.21, 49.29). It reaehes the baek of the 
forearm by passing round the lateral aspeet of the radius between the 
two heads of supinator (see Figs 49.25, 49.26). It supplies supinator 
both before entering the muscle and as it passes through it. As it emerges 
from supinator posteriorly, the nerve gives off three short branehes to 
extensor digitomm, extensor digiti minimi and extensor earpi ulnaris, 
and two longer branehes: a medial braneh to extensor pollieis longus 
and extensor indieis, and a lateral braneh that supplies abductor pollieis 
longus and extensor pollieis brevis. The nerve at first lies between the 
superficial and deep extensor muscles, but at the distal border of exten- 
sor pollieis brevis, it passes deep to extensor pollieis longus and, dimin- 
ished to a fine thread, deseends on the interosseous membrane to the 
dorsum of the carpus. Filaments arising from its flattened termination 
supply the earpal ligaments and articulations. Articular branehes from 
the posterior interosseous nerve supply earpal, distal radio-ulnar and 
some interearpal and intermetaearpal joints. Digital branehes supply 
the metaearpophalangeal and proximal interphalangeal joints. 

The distal portion of the nerve lies in a separate faseial sheath in the 
radial, deep, aspeet of the fourth dorsal eompartment of the extensor 
retinaculum of the wrist, where it is loeated deep to extensor digitomm 
and extensor indieis. 


Radial nerve eompression 

Radial nerve eompression may occur at several sites in the elbow and 
forearm. The most proximal of these is within the radial tunnel at the 
level of the radial head, where fibrous bands may be present. More 
distally, it has been suggested that branehes of the radial recurrent artery 
may eompress the posterior interosseous nerve. Other sites of eompres- 
sion are the tendinous edge of the deep surface of extensor earpi radialis 
brevis and the point at which the nerve passes under the areade of 
Frohse and between the two heads of supinator. Rarely, the nerve may 
be eompressed at the level of the distal border of supinator. 



[(*) Lllnar nerve eompression 

The ulnar nerve may be eompressed by the areade of Stmthers at the 
level of the medial intermuscular septum or at the level of the flexor/ 
pronator aponeurosis as it enters the forearm between the heads of 
flexor earpi ulnaris. It is most often eompressed at the level of the 
cubital tunnel; this is the most eommon nerve eompression syndrome 
after that of the median nerve in the earpal tunnel. 

Radial nerve 


The radial nerve at the elbow lies in the deep groove between braehialis 
medially and braehioradialis and extensor earpi radialis longus laterally 
(see Pig. 49.21). The nerve to braehioradialis arises about three fingers'- 
breadths proximal to the lateral epieondyle; the nerve to extensor earpi 
radialis longus about one finger s-breadth more distal; and the nerve to 
extensor earpi radialis brevis about one fingers-breadth above the epi- 
eondyle. These branehes arise from the main radial nerve as it mns 
between braehialis and braehioradialis. The nerve may be palpable at 
this level. The radial nerve divides into the posterior interosseous and 
superficial radial nerves anterior to the elbow at the level of the tip of 
the lateral epieondyle. Another braneh to extensor earpi radialis brevis 
is usually given off here. There is some variation in the level at which 
branehes of the radial nerve arise from the main tmnk in different 
individuals. Branehes to extensor earpi radialis brevis and supinator 
may arise from the main tmnk of the radial nerve or from the proximal 
part of the posterior interosseous nerve, but almost invariably above 
the areade of Frohse. 

Branehes in the forearm 
Superficial radial nerve 

The superficial radial nerve deseends from the lateral epieondyle antero- 
laterally in the proximal two-thirds of the forearm, initially lying on 
supinator, lateral to the radial artery and behind braehioradialis. In the 
middle third of the forearm, it lies behind braehioradialis, elose to the 
lateral side of the artery. It mns anterior to pronator teres, the radial 
head of flexor digitomm superficialis and flexor pollieis longus, and 
usually leaves the artery 7 em proximal to the wrist and passes deep to 
the tendon of braehioradialis. It curves round the lateral side of the 
radius as it deseends, pierees the deep faseia and divides into five, 
860 sometimes four, dorsal digital nerves. On the dorsum of the hand, it 


Lateral cutaneous nerve of the forearm 


The lateral cutaneous nerve of the forearm is the cutaneous division of 
the musculocutaneous nerve (p. 831). It lies between bieeps braehii and 
braehialis, inelining from the medial to the lateral side; passes through 
the cubital fossa lateral to the tendon of bieeps braehii (see Figs 48.33, 
48.34, 49.31-49.32) and deep to the eephalie vein; and deseends along 
the radial border of the forearm to the wrist. It supplies the skin of the 
anterolateral surface of the forearm (see fig. 49.1) and eonneets with 
the posterior cutaneous nerve of the forearm and the terminal braneh 
of the radial nerve by branehes that pass around its radial border. Its 
tmnk gives rise to a slender recurrent braneh that extends along the 
eephalie vein as far as the middle third of the upper arm, distributing 
filaments to the skin over the distal third of the anterolateral surface of 
the upper arm elose to the vein. At the wrist joint, the lateral cutaneous 
nerve of the forearm is anterior to the radial artery. It gives off filaments 
that pieree the deep faseia and aeeompany the artery to the dorsum of 
the carpus. The nerve then passes to the base of the thenar eminenee, 
where it ends in cutaneous rami, some of which eonneet with the ter- 
minal braneh of the radial nerve and the palmar cutaneous braneh of 
the median nerve. 

Medial cutaneous nerve of the forearm 


The medial cutaneous nerve of the forearm has already divided into 
anterior and posterior branehes before it enters the forearm (see Figs 
48.34, 49.12, 49.31-49.32). The larger anterior braneh usually passes 
in front of, or oeeasionally behind, the median oibital vein, and 
deseends anteromedially in the forearm to supply the skin as far as the 
wrist. It oirves round to the baek of the forearm, deseending on its 
medial border to the wrist, supplying the skin (see Fig. 49.1). It eon- 
neets with the medial cutaneous nerve of the arm, the posterior cutane- 
ous nerve of the forearm, and the dorsal braneh of the ulnar nerve. 

Posterior cutaneous nerve of the forearm 


The posterior cutaneous nerve of the forearm passes along the dorsum 
of the forearm to the wrist (see Figs 48.34, 49.31, 49.32). It supplies 
the eentral forearm skin along its course and, near its end, joins the 
dorsal branehes of the lateral cutaneous nerve of the forearm. 










Elbow and forearm 


The eross-seetional area of the cubital tunnel has been shown to 
narrow by almost 55% in full flexion. Ultrasound studies have sug- 
gested that the ratio of the eross-seetional area of radial nerve:cubital 
tunnel is most strongly linked to reduced conduction veloeity (Yoon 
et al 2007). Combining elbow flexion with direet pressure over the 
cubital tunnel for 60seconds will elieit symptoms in most affeeted 
patients (Novak et al 1994). Other contributory faetors are previous 
trauma, espeeially supracondylar and medial epieondyle fractures in 
ehildhood, valgus instability of the elbow in athletes involved in throw- 
ing sports, and degenerative disease. 

The most reliable treatment for patients who fail to respond to non- 
surgical remedies is a simple release of cubital tunnel. The release 
should be eomplete; eare should be taken to avoid damage to branehes 
of the medial cutaneous nerve of the forearm that usually eross the line 
of ineision approximately 2 em above the medial epieondyle and a 
mean 3.1 em distal to the medial epieondyle in all patients (Lowe et al 
2004). The nerve should not be circumferentially demided of its reti- 
naculum because this eontains its intrinsie blood supply. Transposition 
of the nerve should be reserved for eases of persistent snapping or of 
failure of a simple release to aehieve symptomatie relief. This is rela- 
tively unusual and is said to occur in only 7 % of eases. 

The ulnar nerve is a mixed nerve and so patients may present with 
sensory or motor symptoms or a eombination of the two, sometimes 
with additional physieal signs of autonomic disturbance. There may be 
tenderness and a positive Tinel's sign over the nerve at the point of 
eompression. Numbness and paraesthesiae occur early, followed, in 
more severe eases, by weakness of power grip and, ultimately, atrophy 
of the lumbricals and interossei with clawing of ring and little fingers. 

Patients present with one of two syndromes: the radial tunnel syn- 
drome, in which the presentation is that of pain along the lateral border 
of the elbow and upper forearm (Roles and Maudsley 1972), or the 
posterior interosseous nerve syndrome, which presents with motor 
weakness in the distribution of the nerve particularly affeeting the 
extensors digitomm and extensor earpi ulnaris muscles. Primary treat- 
ment is non-operative and involves the avoidanee of aetivities that cause 
pain, aided by appropriate splintage. In resistant eases, surgical deeom- 
pression may be neeessary. A eomplete release of all potential areas of 
eompression is essential. 
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Anatomieal eonsiderations in eommon forearm and elbovv injuries 


Nerve injuries at the elben/v 



Available with the Gray’s Anatomy e-book 


ANATOMICAL OONSIDERATIONS IN 00MM0N 
FOREARM AND ELB0W INJURIES 



Available with the Gray’s Anatomy e-book 


[@ Bonus e-book images 

Fig. 49.28 The posterior aspeet of the left elbovv: superficial 
structures. 

Fig. 49.33 A type 1 Monteggia fracture with anterior disloeation of 
the radial head. 

Fig. 49.34 A Galeazzi fracture-dislocation. 

Fig. 49.35 Elbow disloeation. 











Elbow and forearm 


The elbow is a notorioiis site for nerve injnries, espeeially in ehildren. 
The elose proximity of all the major nerve tmnks to bone makes them 
vulnerable. The ulnar nerve is particularly at risk in elbow disloeation, 
espeeially when the medial epieondyle is displaeed into the joint. All 
three nerves are at risk of displaeement into a disloeated joint. The 
posterior interosseous and radial nerves are particularly at risk from a 
Monteggia fracture-dislocation. Any nerve may beeome entrapped 
within a fracture, e.g. the median nerve is often aeeompanied by the 
braehial artery in eases of supracondylar fracture. Pain that persists, or 
worsens, after reduction of a fracture suggests impending eritieal isehae- 
mia, continuing irritation of the nerve, or both. The nerves are at risk 
during operations or other medieal interventions, particularly so when 
normal anatomieal planes are distorted by haematoma, fibrosis or bone 
fragments. 

Fractures of the shaft of the radius and ulna are eommonly displaeed, 
refleeting not only the violenee required to cause such injury but also 
the pull of the forearm muscles that may accentuate displaeement of 
the fracture fragments. Open fractures or penetrating injuries to the 
forearm may be assoeiated with nerve and vessel injury. Oompartment 
syndrome ean occur. Monitoring of eompartment pressures and earefhl 
neurological examination are required. 

Fracture-dislocations of the forearm 

Monteggia, Galeazzi and Essex-Lopresti injuries are eommon eombina- 
tions of high-energy forearm fractures assoeiated with aeeompanying 
soft tissue injury. 

Monteggia fracture-dislocation 

A Monteggia fracture-dislocation injury is a fracture of the proximal 
ulna with disloeation of the radial head; the interosseous membrane 
and the triangular fibroeartilage complex remain largely intaet, which 
means that anatomieal reduction of the ulnar fraetme will usually 
restore eongmity of the radioeapitellar and proximal radio-ulnar joints. 
The most eommon type of Monteggia fracture, type 1 (anterior disloea- 
tion), occurs when falling on to an outstretched arm hyperextends the 
elbow (Fig. 49.33). The forearm is in neutral to mid-pronation, bieeps 
braehii resists the hyperextension, the anular and quadrate ligaments 
rupture under the bending foree, and the radial head disloeates. Com- 
pressive load then transfers to the ulnar diaphysis, which fails in tension 
in an oblique fracture. Type II (posterior disloeation) involves longitu- 
dinal foree direeted up the forearm with the elbow in a flexed position. 
The ulnar cortex fails first before rupture of the ulnar eollateral ligament 
complex and posterior disloeation of the radial head. Four subtypes of 
this injury pattern have been identified, based on the loeation and foree 
direetion through the ulnar fracture (Jupiter et al 1991). Type III Mon- 
teggia injuries result in lateral or anterolateral disloeation of the radial 
head, assoeiated with a metaphysial fracture of the proximal ulna. Type 
IV Monteggia injuries result in an anterior disloeation of the radial head 
and a fracture through the proximal third of both the radius and the 
ulna. The meehanism of injury is similar to that seen in type I injuries 
but the anteriorly direeted foree of the distal ulnar fragment, eombined 
with the bieeps resistanee foree, causes a fracture through the proximal 
radius (Waters 2010). 

Galeazzi fracture-dislocation 

A Galeazzi injury is a fracture at the junction of the middle and distal 
thirds of the radms, assoeiated with dismption of the distal radio-ulnar 
joint (Fig. 49.34). The injury occurs when the forearm is axially loaded 
and fhlly pronated. The radius fractures first, foree transmission eontin- 
ues along the interosseous membrane to the distal ulna, the triangular 
fibroeartilage complex is dismpted and the ulnar head disloeates. The 
ulnar styloid ean also be fractured in this injury (Galeazzi 1934). 

Essex-Lopresti injury 

Essex-Lopresti injury is a radio-ulnar dissoeiation injury, usually caused 
by a fall on to an outstretched hand that involves a fracture of the radial 
head, foree transmission between the radius and ulna, and dismption 
of the interosseous membrane and the distal radio-ulnar joint. The 
radius migrates proximally relative to the ulna (Chow and Leung 2010). 



Fig. 49.33 A type 1 Monteggia fracture with anterior disloeation of the 
radial head (arrow). 



Fig. 49.34 A Galeazzi fracture-dislocation. 
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Traumatic elbow instability 

Posterolateral rotatory pattern instability and disloeation of the elbovv, 
with or without assoeiated fracture of the radial head and eoronoid, are 
the three general patterns of traumatic elbow instability (Ring 2010). 
Posterolateral rotatory pattern instability is an injury of the capsule and 
ligaments that progresses from lateral to medial with a posterolateral 
rotatory meehanism (O'Driseoll et al 1992). It usually occurs as the 
result of a fall on to an outstretched hand that ereates a valgus, axial 
posterolateral rotatory foree. The ulna and forearm supinate away from 
the distal humerus and a posterior disloeation of the elbow occurs (Fig. 
49.35). As the elbow disloeates posteriorly, the radial head and eoro- 
noid impaet on the distal humerus, where either ean fracture; the ante- 
rior band of the ulnar eollateral ligament is the last structure to be 
dismpted. Vams posteromedial rotational pattern instability and anter- 
omedial eoronoid faeet fractures occur when a fall on to an outstretched 
hand produces a vams, axial posteromedial foree through the elbow. 
The anteromedial faeet of the eoronoid is fractured and the lateral liga- 
ment complex may be injured or the oleeranon may be fractured. 
Anterior oleeranon fraetme-disloeations occur as a result of direet vio- 
lenee to the flexed elbow. The meehanism of posterior oleeranon frae- 
ture disloeation is less eertain; it occurs more eommonly in osteopaenie 
bone. 



Fig. 49.35 Elbow disloeation. 







Elbow and forearm 
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SKIN AND SOFT TISSUES 
SKIN 

Dorsal skin versus palmar skin 


The dorsal skin is thin, mobile and frequently hirsute over the proximal 
phalanges and the ulnar aspeet of the dorsum of the hand. The skin of 
the palm and the palmar surface of the digits is thiek and hairless, and 
has a well-defined stratum lucidum and a higher density of nerve 
endings and eeerine sweat glands, but no sebaceous glands. 

Skin ereases and fingerprints 


Flexure lines erease the skin of the flexor surfaces of the wrist and hand 
(Fig. 50.1) where they are anehored to the deep faseia. Less regular, 
mainly transverse, ereases eross the dorsal aspeet of the radioearpal, 
earpal, metaearpophalangeal and interphalangeal joints. The dorsal 
ereases are more prominent in extension; the loose skin beeomes 
stretehed in flexion. (For a general review of'skin lines', see p. 156.) 

Three anterior transverse lines eross the wrist. The proximal line 
marks the proximal limit of the flexor synovial sheaths, the intermediate 
line overlies the radioearpal joint, and a distal line marks the proximal 
border of the flexor retinaculum. 


Superficial 
palmar areh 

Proximal 
transverse erease 
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longitudinal erease 
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Radial longitudinal 
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Distal 

digital 
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wrist 
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Fig. 50.1 The relation of the skin flexure lines and palmar arterial arehes 
to the bones of the left hand. (Adapted from Drake RL, Vogl AW, Mitehell 
A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill 
Livingstone. Copyright 2010.) 


In the palm, a curved radial longitudinal line bounds the thenar 
eminenee, ending elose to the distal wrist erease. Proximal and distal 
transverse lines aseend medially aeross the palm. The proximal line 
begins at the distal end of the thenar erease and mns obliquely to the 
middle of the hypothenar eminenee aeross the shafts of the metaear- 
pals. The distal line begins at or near the eleft between the index and 
middle finger, and curves aeross the palm over the seeond to fourth 
metaearpal heads, near the proximal ends of the fibrous flexor sheaths. 

The seeond to fifth digits show proximal, middle and distal sets of 
transverse lines. The proximal, often double, lies approximately 2 em 
distal to the metaearpophalangeal joints. The middle ereases are usually 
double, the proximal line lying direetly over the proximal interphalan- 
geal joint. The distal lines are usually single, and lie proximal to the 
distal interphalangeal joints. The metaearpophalangeal joint of the 
thumb is erossed by a erease that starts on the radial side and ends in 
the web spaee level with the base of the proximal phalanx. There is a 
seeond, shorter, erease, usually 1 em distal to this line. Two ereases eross 
the interphalangeal joint of the thumb (see Fig. 50.1). 

Cutaneous vascular supply 


The skin of the palmar aspeet of the wrist is supplied by branehes from 
the superficial palmar braneh of the radial artery, the ulnar artery and, 
oeeasionally, the median artery (see Fig. 46.3). The skin over the thenar 
eminenee is supplied by small perforating branehes from the superficial 
palmar braneh of the radial artery and the prineeps pollieis. The skin 
over the hypothenar eminenee is supplied by perforating branehes from 
the ulnar artery, some of which pass through palmaris brevis. The 
remainder of the palm is supplied by branehes from the eommon 
palmar digital arteries that pieree the palmar aponeurosis, and branehes 
from the radialis indieis artery. The palmar digital skin is supplied by 
branehes from eaeh digital artery. In the distal phalanx, the two digital 
arteries typieally form an Fl-shaped anastomosis, from which cutaneous 
perforators fan out within the pulp. Deep digital veins aeeompanying 
the digital arteries are usually very small and frequently absent. Super- 
fieial palmar veins tend to pass dorsally and drain into the larger super- 
fieial dorsal venous system. 

The dorsal skin of the wrist is supplied by branehes from an arterial 
plexus that lies over the extensor retinaculum, formed by branehes of 
the radial artery, including its dorsal earpal braneh, the dorsal earpal 
braneh of the ulnar artery, and anterior and posterior interosseous arter- 
ies. The blood supply to the dorsum of the hand arises from longitu- 
dinal rows of four or five branehes from eaeh of the dorsal metaearpal 
arteries, which usually arise either direetly from the radial artery or from 
the dorsal earpal areh. At the level of the neek of the metaearpals, where 
the seeond, third and fourth dorsal metaearpal arteries communicate 
with branehes from the eorresponding eommon palmar digital arteries, 
a large cutaneous perforating braneh passes proximally to supply an 
area of skin as far as the dorsal aspeet of the wrist. 

The blood supply to the dorsum of the fingers arises proximally from 
the terminal branehes of the dorsal metaearpal arteries, (supplying a 
region as far distally as the proximal interphalangeal joint) as well as 
from dorsal branehes of the palmar digital arteries that are given off at 
eaeh phalangeal level. At the level of the distal phalanx, the cutaneous 
supply eomes from three dorsal areades: a superficial areade over the 
base of the distal phalanx, and two distal subungual areades. The skin 
of the dorsum of the thumb is supplied by longitudinal axial branehes 
of the prineeps pollieis and dorsal branehes from the palmar digital 
arteries. 

Degloving injiiries of the hand and wrist 












































Wrist and hand 


A degloving injiiry is one in which the skin is avulsed from its imderly- 
ing stmetnres, and iisiially occurs as the result of a low-velocity injury 
such as a ring avulsion or when the hand is caught in industrial maehin- 
ery, typieally between rollers or in a eonveyor belt. The plane of eleavage 
is through the subcutaneous tissues, leaving the underlying stmctures 
essentially intaet. The degloving may be eomplete or partial; eomplete 
avulsion is rare, whereas avulsion of the skin of all or part of the finger 
is relatively eommon. 

llrbaniak et al (1981) grouped ring avulsion injuries into three 
elasses: those in which the blood supply is intaet (elass I); those in 
which the blood supply is eompromised (elass II); and those in which 
digits are either eompletely degloved or amputated (elass III). While 
these represent an inereasing injury, the avulsion foree required to 
aehieve them does not occur in a linear manner (Kupfer et al 1999). 
The longitudinal foree applied to a finger causes a traetion injury to the 
blood vessels, which may extend over a eonsiderable distanee. The 
emshing element of a degloving injury may cause skin neerosis and 
thrombosis of the underlying vessels (Brooks et al 2007). 

Treatment of these injuries depends on their extent (Krishnamoorthy 
and Karthikeyan 2011). In the acute phase, replantation is the best 
option in eases where the skin has been eompletely separated from the 
body. Where the skin remains attaehed but is devascularized, revascu- 
larization by microvascular anastomoses is preferred. If neither of these 
procedures is feasible, the avulsed skin may be defatted and reapplied 
to the affeeted part, where it is effeetively aeting as a split skin graft. If 
none of these techniques is praetieable, primary amputation may be 
eonsidered. Subsequently, reeonstmetion may be by split skin graft, 
skin/fasciocutaneous flap or free flap. 
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Skin and soft tissues 






Fig. 50.2 The approximate area of sensory loss or disturbance after 
eomplete intermption of the radial nerve. A, Anterior. B, Posterior. The 
area of sensory disturbance after high lesions is very variable. 
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Fig. 50.3 The approximate area of sensory loss or disturbance after 
eomplete intermption of the median nerve. A, Anterior. B, Posterior. 
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Fig. 50.4 The approximate area of sensory loss or disturbance 
after eomplete intermption of the ulnar nerve. A, Anterior. 

B. Posterior. 
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Basie skin flaps in reeonstmetion 


Available with the Gray’s Anatomy e-book 

Cutaneous innervation 


The skin of the anterior aspeet of the wrist is innervated by the terminal 
branehes of the lateral and medial cutaneous nerves of the forearm. The 
skin of the palm is innervated by the palmar branehes of the ulnar and 
median nerves (see Fig. 50.40). The palmar skin of the thumb, index 
and middle fingers and the radial aspeet of the ring finger is supplied 
by the median nerve, while that of the little finger and ulnar side of the 
ring finger is supplied by the ulnar nerve (Figs 50.3, 50.4). 

The cutaneous innervation of the radial aspeet of the dorsum of the 
wrist and hand, as well as the dorsal aspeet of the radial three and a 
half digits as far distally as the nail beds, arises from the terminal 
branehes of the radial nerve, namely: the dorsal digital nerves (Fig. 
50.2). Between two and five dorsal digital nerves supply eaeh digit. The 
cutaneous innervation of the ulnar aspeet of the dorsum of the wrist 


and hand, and the dorsal aspeet of the ulnar one and a half digits as 
far distally as the nail beds, arises from the dorsal braneh of the ulnar 
nerve, again ending as dorsal digital nerves. The skin of the dorsum of 
the middle and distal phalanges is also supplied by dorsal branehes of 
the palmar digital nerves. 


NAIL APPARATUS 


The nail apparatus eonsists of the nail plate, proximal and lateral 
nail folds, nail matrix, nail bed and hyponychium; it is deseribed on 


page 151; see also figure 7.18. 


S0FT TISSUES 


Flexor retinaculum 


The flexor retinaculum is a strong, fibrous band (see Figs 50.5, 50.25B). QgJ 
It erosses the front of the earptts and eonverts its anterior eoneavity into 
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Wrist and hand 


The pedieled groin flap used to be regarded as the workhorse flap for 
reeonstmetion of the hand. This has gradually been replaeed by the use 
of regional flaps based on the radial or posterior interosseous artery and 
by free flaps. Both radial and ulnar forearm flaps have been used to 
aehieve soft tissue eover of the hand. As they rely on the saerifiee of one 
of the major arteries to the hand, it is essentiaf before eonsidering one 
of these proeedmes, to demonstrate, using flow studies and angio- 
graphy, that the remaining vessel, whether radial or ulnar, is adequate. 

The radial forearm flap was originally deseribed by surgeons from 
the Shenyang Military Hospital in 1978 and was consequently known 
as the 'ehinese flap'. It ean be used as a free flap and also as a reversed 
pedieled fasciocutaneous island flap to eover soft tissue defeets of the 
ipsilateral hand. Its blood supply is based on septocutaneous perfora- 
tors that arise from the distal part of the radial artery and which supply 
the skin on the radial side of the lower forearm; these tend to beeome 
more sparse proximally. Venous drainage is by the venae eomitantes 
and superficial subcutaneous veins. The ulnar forearm flap is a faseio- 
cutaneous flap based on the ulnar artery distal to its eommon interos- 
seous braneh. A variant on this flap based on the aseending braneh of 
the dorsal ulnar artery was deseribed by Beeker and Gilbert (1988). It 
has the disadvantage of a short pediele but is useful for aehieving eover 
of defeets of the proximal and ulnar side of the palm. 

The posterior interosseous island flap, distally based on the dorsal 
earpal arterial areh via the anastomoses between the posterior and 
anterior interosseous arteries just lateral to the head of the ulna (Costa 
et al 2007), was introduced by Zaneolli in 1985. Its prineipal advan- 
tages are that it spares both of the major arteries of the forearm and is 
a good mateh for the skin colour and texture of the dorsum of the hand. 
Care must be taken to avoid injury to the adjaeent posterior interos- 
seous nerve when harvesting the flap. Doppler studies should be earried 
out preoperatively to ensure the presenee and positioning of the anas- 
tomoses between the posterior and anterior interosseous arteries. It has 
been elaimed that most defeets of the hand ean be treated using this 
flap; its partiailar advantage is in the treatment of hand injuries with 
severe aeeompanying vasodar damage. 

The anatomieal distribution of the first dorsal metaearpal artery 
allows a flap of skin over the dorsum of the proximal phalanx of the 
index finger to be raised on the artery and its aeeompanying venae 
eomitantes. This flap is partioilarly useful under eertain eiraimstanees 
for reeonstmetion of the thumb following injury. 

The distribution of the seeond, third and fourth dorsal metaearpal 
arteries permits the surgical elevation of flaps of dorsal skin based either 
proximally, on the dorsal metaearpal arteries proper, or distally, on their 
direet cutaneous branehes. These flaps may be used for reeonstmeting 
areas of missing tissue elsewhere in the hand. 

The dorsal cutaneous braneh of the ulnar artery is eonstant and ean 
support a flap of skin on the medial aspeet of the distal forearm just 
proximal to the wrist; it is useful in the reeonstmetion of areas of 
missing skin in this region. 
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SECTION 6 


WRIST AND HAND 


the earpal tunnel that transmits the flexor tendons of the digits and the 
median nerve. The retinaculum is short and broad, measuring 2.5-3 em 
both transversely and proximodistally. It is attaehed medially to the 
pisiform and the hook of the hamate. Laterally, it splits into superficial 
and deep laminae. The superficial lamina is attaehed to the tubercles of 
the seaphoid and trapezium. The deep lamina is attaehed to the medial 
lip of the groove on the trapezium. Together with this groove, the two 
laminae form a tunnel, lined by a synovial sheath, which eontains the 
tendon of flexor earpi radialis. The retinaculum is erossed superficially 
by the ulnar vessels and nerve, immediately radial to the pisiform, and 
by the palmar cutaneous branehes of the median and ulnar nerves 
(see Fig. 50.40A). A slender band of faseia, the superficial part of the 
flexor retinaculum, bridges the ulnar neurovascular bundle and attaehes 
to the radial side of the pisiform, forming a tunnel (Guyon's eanal) that 
is an oeeasional site of ulnar nerve entrapment. The tendons of palmaris 
longus and flexor earpi ulnaris are partly attaehed to the anterior surface 
of the retinaculum. Distally, some of the intrinsie muscles of the thumb 
and little finger are attaehed to the retinaculum. 

—. Gliyon’s eanal Guyon's eanal is a fibro-osseous eanal, approximately 
4 em long in the adult, on the anteromedial side of the wrist ( Pig. 50. ). 
The roof is formed by the palmar earpal ligament and palmaris brevis. 
The floor is formed by the transverse earpal and pisohamate ligaments 
and, more distally, by the pisometaearpal ligaments and flexor digiti 
minimi. The ulnar side is bounded by flexor earpi ulnaris, the pisiform 
bone and abductor digiti minimi, and the medial side is bounded by 
the extrinsic flexor tendons, the transverse earpal ligament and the hook 
of the hamate. The fibrous areade at the origin of the hypothenar 
muscles lies distally. 

The eanal transmits the ulnar nerve and artery, together with oeea- 
sional venae eomitantes. The ulnar nerve divides within it at the level 
of the hook of the hamate into a deep, radial motor braneh and a 
superficial, ulnar sensory braneh. If the nerve is eompressed proximally, 
both modalities will be affeeted, whereas, distal to the bifiireation, only 
the sensory or motor braneh will be eompromised. Variations in the 
branehing of the ulnar nerve may occur. 

The most eommon variant involves the formation of abductor digiti 
minimi, particularly when an aeeessory head is present. 


Extensor retinaculum 


The extensor retinaculum is a strong, fibrous band that extends obliquely 
aeross the baek of the wrist (Fig. 50.6). It is attaehed laterally to the 
anterior border of the radius, medially to the triquetral and pisiform 
bones, and, in passing aeross the wrist, to the ridges on the dorsal aspeet 
of the distal end of the radius. It prevents bowstringing of the tendons 
aeross the wrist joint. 

Palmar faseial complex 


The palmar faseia is a three-dimensional ligamentous system eomposed 
of longitudinal, transverse and vertieal fibres (Fig. 50.7). 

Longìtiidinal fibre system 

The longitudinal fibres mn distally from the tendon of palmaris longus 
or the flexor retinaculum of the wrist to fan out aeross the whole width 
of the eentral third of the palm, producing four well-defined longitudi- 
nal bundles to the index, middle, ring and little fingers. A less well- 
defined bundle passes to the thumb. Distal to the transverse fibres of 
the palmar aponeurosis, the longitudinal fibres pass in three layers 
(McGrouther 1982). The most superficial longitudinal fibres (layer 1) 
are inserted superficially into the skin of the distal palm between the 
distal palmar erease and the proximal digital erease. Some superficial 
fibres pass distally into the palmar midline of the digit. Deeper longi- 
tudinal fibres (layer 2) pass deep to the natatory ligament and neuro- 
vascular bundles into the skin at the apex of the web spaee and into the 
fingers themselves, where they are continuous with eieland's ligaments 
and the lateral digital sheet. Deeper still, the longitudinal fibres in layer 
3 perforate the deep transverse metaearpal ligament to pass around the 
sides of the metaearpophalangeal joint and attaeh to the metaearpal 
bone and proximal phalanx, and extensor tendon. 

Transverse fibre system 

The transverse fibre system eonsists of the superficial transverse meta- 
earpal (natatory) ligament, the transverse fibres of the palmar aponeur- 
osis and the deep transverse metaearpal ligament. 


Tendons of extensor digitomm 


lntertendinous eonneetions 


Synovial sheath of 
extensor digiti minimi 


Synovial sheath of 
extensor earpi ulnaris 


Synovial sheaths of 
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and extensor indieis 



First dorsal interosseous 


Extensor pollieis brevis 


Abductor pollieis longus 
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extensor pollieis brevis 


Extensor retinaculm 


Fig. 50.6 The synovial sheaths of the tendons 
on the extensor aspeet of the left wrist. (With 
permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 2013.) 


864 


Synovial sheath of 
extensor pollieis longus 


Synovial sheaths of extensores earpi radiales 














































Wrist and hand 
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Fig. 50.5 Giiyon’s eanal (spaee) at the vvrist. Note the possibilities of 
entrapment at, and distal to, the volar earpal ligament. (Courtesy of Rolfe 
Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the 
Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 
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Fig. 50.7 The palmar aponeurosis and distal faseial complex. A, The palmar faseia. B, Structures at the web spaee. C, The fate of the distal longitudinal 
fibres. D-E, The normal digital faseia. 


Siiperfieial transverse metaearpal ligament 
(natatory ligament) 

The fìbres of the siiperfìeial transverse metaearpal ligament eross the 
apex of the web skin and extend into eaeh digit to blend with the lateral 
digital sheet. They limit the separation of adjaeent fìngers and form the 
distal commissural ligament in the web spaee of the thumb. 

Transverse fibres of the palmar aponeurosis 

The transverse fìbres of the palmar aponeurosis represent the deepest 
layer of the palmar faseia. They lie proximal to the distal palmar erease 
in a band approximately 2 em wide, intereonneeting the anterior fìbres 
of the flexor tendon sheaths with the faseiae over the thenar and 
hypothenar muscles. The extension to the fìrst ray forms the proximal 
commissural ligament. 

Deep transverse metaearpal ligament 

The strong fìbres of the deep transverse metaearpal ligament lie deep to 
the palmar aponeurosis and flexor sheaths, and are attaehed to the volar 
plates of the metaearpal heads of the fìngers. 

Vertieal fibre system 

The vertieal fìbres are more delieate. They pass from the dermis, between 
the longitudinal and transverse fìbres, to the fibrous flexor sheaths 
and the metaearpal bones. They are eoneentrated on either side of the 
palmar skin ereases, as well as the thenar and hypothenar eminenees. 
A series of vertieal septa pass from the transverse fìbres of the palmar 


aponeurosis to the underlying deep transverse metaearpal ligament, 
forming eompartments that eontain the flexor tendons and the lumbri- 
eals and neurovascular bundles. 

Digital faseial complex 


The superficial faseia within a finger is fibrofatty in the palmar and 
dorsal aspeets, but eondenses laterally into the lateral digital sheet (see 
Fig. 50.7). The flexor sheath represents a well-defined thiekening of the 
faseia and is disaissed in detail on page 866. Cleland's ligaments extend 
from the sides of the phalanges, pass dorsal to the neurovascular 
bundles, and insert into the lateral digital sheet. Grayson's ligaments 
are more delieate, may even be discontinuous, and pass from the lateral 
sides of the phalanges anterior to the neurovascular bundles to insert 
into the lateral digital sheet. Landsmeer s ligaments are ineonsistent 
anatomieal structures made up of transverse and oblique retinacular 
ligaments. 

Functions of the faseia of the hand 


The faseial continuum of the hand performs a number of different, but 
interrelated, fimetions. It ehannels and provides a gliding surface for 
structures in transit between the forearm and the digits; transmits loads; 
anehors the skin; proteets underlying vessels; and provides a framework 
for muscle attaehments. 
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Channelling of structures in transit between 
forearm and digits 

The vertieal septa aet as spaeers between the tendons and neurovascular 
bundles of the individual digital rays. Where tendons ehange direetion 
around a eoneave surface, the ehannels are thiekened. The septa form 
sheaths with speeialized pulleys to prevent the tendon springing away 
from the underlying skeleton. 

Transmission of loads 

At points where eompressive loading is applied to the hand, such as the 
finger pulp and palm, loculi of fat aet as shoek absorbers. The loculi are 
eontained within defined fibrous boundaries, which means that the 
shape, but not the volume, of eaeh loculus ean ehange. The eomplianee 
or deformability of the boundaries determines the amount of shoek 
absorption. Loeal 'tnrgor (deformability) and blood volume are meas- 
ures of this anatomieal property. 

The palm also eontains much larger fibrous eompartments between 
skin and skeleton that transmit muscles, tendons and other structures. 
The honeyeomb pattern of these eompartments constitutes the palmar 
shoek absorption system. The soft, padded parts of the hand are able 
to eonform to the contours of objeets that are grasped, and this permits 
better interpretation of sensation and better grip. 

The hand must also resist tensile loading. Tendons and ligaments 
are particularly suitable for resisting such forees but many other parts 
of the faseial continuum, such as the anehorage system of the palm, 
also play a major role in resisting 'pnlling' forees. 


nerve (15.5 mm) is seen just proximal to the earpal tunnel; similar 
excursion of the ulnar nerve has been reeorded as 14.8 mm in eadavers 

(Wilgis and Murphy 1986). 

Vascular proteetion and pumping aetion 

The blood vessels of the palm are surrounded by a cuff of tough 
faseia or by a fatty pad. When the hand is eompressed, as in gripping, 
these relatively ineompressible faseial structures fimetion as a venous 
pumping meehanism to assist return of blood from the limb. By eon- 
trast, large eapaeitanee veins on the dorsum of the hand lie in gliding 
skin, surrounded by loose areolar tissue, which allows the veins to 
dilate. 

Framework for muscle attaehments 

Many of the small muscles of the hand, such as abductor pollieis brevis 
and palmaris longus, are attaehed to the faseial skeleton, at least in part. 
The faseial framework ean be visualized as a harness by which muscles 
ean aet on the underlying skeleton. The metaearpophalangeal joint is 
moved by a ring of faseial and ligamentous structures that surrounds 
the joint and to which tendons are attaehed. 

Dupuytren’s disease 

(g) Available with the Gray’s Anatomy e-book 

Digital and palmar spaees 


Anehorage 

Skin is retained by faseial ligaments that allow the hand to flex while 
retaining the skin in position. The palmar ereases have been deseribed 
as skin 'joints'. Faseial anehors may be vertieal (perpendicular to the 
palm), as in the mid-palm, where seattered vertieal fibres mn from the 
dermis down into the depths of the hand; horizontal (in the plane of 
the palm); or oblique to the skin surface. 

The insertion of the longitudinal (pretendinous) fibres of the palmar 
aponeurosis is an example of a well-developed horizontal anehorage 
system. The most superficial longitudinal fibres insert into the dermis 
of the distal palm. This arrangement resists horizontal shearing foree 
in gripping tasks, such as holding a hammer, where it prevents distal 
skin slippage or degloving of the palm during use. The eharaeteristie 
blisters on the palms of those unaccustomed to such use map out the 
sites of the skin anehorage points. This anehorage system ean be dem- 
onstrated by flexing the palm until the skin of the distal palm folds 
loosely. An attempt to pull the loose skin distally will reveal the anehor- 
ing longitudinal fibres of the palmar aponeurosis. 

Oblique anehors occur in the fingers where Geland's ligaments 
tether the skin of the proximal and middle segments of the digits to the 
region of the proximal interphalangeal joints. 

Binding 

Transversely orientated faseial structures help to maintain the transverse 
areh of the hand by 'binding' the underlying skeletal structures or the 
tendon sheaths. 

Limiting or tethering 

Joint motion is limited not only by joint ligamentous aetion, but also, 
in some eases, by skin tightness. Skin in the interdigital webs is generally 
reinforeed by faseial ligamentous fibres that mn just beneath the 
dermis in a direetion that resists streteh; they are well developed in the 
thumb web. 

Lubrication 

There are many other gliding planes, e.g. between periosteum and the 
extensor apparatus, and between the latter and the skin, on the dorsum 
of the digits. The flexor tendon sheaths are lined by synovium. 

Biomeehanieal studies of tendons gliding within their sheaths have 
emphasized the importanee of avoiding extreme postures of a joint, 
which inerease the frietion between tendon and pulley, as well as the 
need to establish a smooth, well-lubricated tendon surface after repair. 
inereased frietion within a tendon sheath may, in part, explain the cause 
of spontaneous mpture of extensor pollieis longus because the gliding 
resistanee of the tendon has been shown to be signifieantly higher than 
that of other tendons (An 2007). Synergistie movements in the post- 
repair phase of reeovery have been shown to improve tendon excursion 
and postoperative fimetion. 

Within the earpal tunnel and hand, the median nerve has been 
shown to glide by up to 3 mm, depending on the position of the 
elbow and the attitude of the forearm in pronation or supination 
(Eehigo et al 2008). The greatest longitudinal excursion of the median 


There are many potential spaees within the hand, often with ill-defined 
margins. The nail fold is a 'LT-shaped' spaee made up of the eponychium 
and the lateral nail fold. The apieal spaees at the tip of the finger are 
formed by the fibrous attaehments of the distal phalanx to the tip of 
the digital pulp skin. The digital pulp spaees are eonfined eompartments 
bounded by the digital ereases that overlie the joints, and are attaehed 
to the underlying pulleys. The synovial flexor tendon sheaths are 
deseribed on page 879. The web spaee is bounded distally by the skin 
and natatory ligament, by the deep transverse metaearpal ligament 
posteriorly, and by the deep attaehments of the palmar faseia, together 
with their lateral attaehments to the tendon sheaths, proximally. The 
deep palmar spaee is a complex, three-dimensional spaee, limited proxi- 
mally by the earpal tunnel. It lies deep to the palmar aponeurosis, 
between the radial and ulnar eondensations of vertieal fibres that 
eonneet the palmar aponeurosis to the thenar and hypothenar emi- 
nenees. Partitions that pass deeply from the longitudinal bands of the 
palmar aponeurosis form eight narrow eompartments; four eontain the 
digital flexor tendons and four eontain the lumbricals and the neuro- 
vascular bundles. 


infeetions Of the hand The spaees of the hand limit the spread of 
infeetion. infeetions in the digit ean occur in the nail fold (paronyehia); 
the apieal spaees at the very tip of the finger; the distal pulps (a felon); 
and the flexor sheaths. The flexor synovial sheath of the thumb and the 
little finger is continuous throughout the palm. infeetion may spread 
to the palm and into other sheaths within the earpal tunnel but sepsis 
is as serious in those digits whose sheaths do not eomimmieate with 
the earpal tunnel sheaths (index, middle, ring) as it is in those that do 
(thumb, little finger). Deep infeetions in the palm are usually not eon- 
fined to any partiailar spaee. 



Compartment syndrome of the hand 



BONES 


The skeleton of the hand eonsists of the carpus, metacarpus and the 
phalanges. 


CARPUS 


The carpus eontains eight bones: four eaeh in proximal and distal rows 
(Figs 50.8-50.9). In radial to ulnar order, the seaphoid, lunate, tri- 
quetrum and pisiform make up the proximal row, and the trapezmm, 
trapezoid, eapitate and hamate make up the distal row. The pisiform 
articulates with the palmar surface of the triquetrum. The other three 
proximal bones form an areh that is convex proximally, and which 
artioalates with the radius and artiailar dise of the distal radio-ulnar 











Wrist and hand 


Dupuytren's disease appears to be inherited as an autosomal dominant 
trait with ineomplete penetranee (MaeFarlane 1991, Ling 1963). It has 
been assoeiated with heavy aleohol consumption, smoking, diabetes, 
manual work and vibration exposure, and possibly the ingestion of 
anticonvulsants (Deseatha et al 2011). In the proliferative stage of the 
disease, there is eonsiderable myofibroblast aetivity, which may be the 
result of upregulation of the musculo-aponeurotic fibrosareoma oneo- 
gene homologue B ( ìsAafB ), found in the diseased eord tissue (Lee et al 
2006). Meehanieal stimuli subsequently cause the alignment of myo- 
fibroblasts along the lines of traetion, which are later replaeed by 
eollagen. 

The pattern of contracture is determined by the anatomy of the basie 
constituents of the palmar and digital faseia. The pretendinous bands 
that constitute the superficial layer of the palmar aponeurosis (layer 1) 
are most frequently involved. The development of nodules usually 
preeedes eord formation; the nodules tether the skin to the deep faseia. 
Contracture of the pretendinous eords causes flexion of the metaearpo- 
phalangeal joints. The eords mn between the flexor sheaths and the 
neurovascular bundles. Shortening of the vertieal bands (of Grapow) 
results in the appearanee of skin pits and thiekening of the skin. Involve- 
ment of the natatory ligament restriets abduction of the fingers. None 
of these ehanges usually displaees the neurovascular bundle because 
eaeh eomponent lies superficially in the palm. 

The pretendinous eord in the palm extends into a finger as a eentral 
eord that lies superficially in the midline. The lateral digital sheet gives 
rise to a lateral eord that is attaehed to the skin or flexor tendon sheath 
near Grayson's ligament, causing a flexion contracture of the proximal 
interphalangeal joint and, sometimes, displaeing the digital neurovas- 
cular bundle medially. Spiral eords arise from the pretendinous band 
in layer 1 of the palmar faseia and pass deeper through layer 2 to be- 
eome attaehed to the middle phalanx by Grayson's ligament. They 
are so named because they spiral round the neurovascular bundle, 
displaeing it proximally, palmarwards and towards the midline as 
contracture inereases, and rendering it vulnerable to injury during fas- 
eieetomy (MaeFarlane 1974). The distal interphalangeal joint is uncom- 
monly involved because the palmar aponeurosis only extends as far as 
the sides of the middle phalanx. 


An abseess in any of the digital or palmar spaees should always be 
drained. ineisions should, wherever possible, follow the line of the 
flexion ereases and adhere to the prineiples of extensile exposure. The 
motor and palmar cutaneous branehes of the median nerve are poten- 
tially at risk when draining a thenar spaee abseess through a palmar 
ineision. A dorsal approaeh through the first web spaee, perpendicular 
to the web itself and between the first and seeond metaearpals, is to be 
preferred on anatomieal grounds but may not always aehieve adequate 
drainage on its own. The mid-palmar spaee is best approaehed through 
a eombination of a transverse distal palmar ineision with an oblique 
longitudinal extension (MeDonald et al 2011). 

Hypothenar spaee infeetions are very rare. They tend to be eonfined 
by the hypothenar faseia and result in swelling of the ulnar side of the 
hand with some flexion and adduction of the little finger. They may be 
drained by an ineision along the ulnar border of the spaee without 
signifieant risk of damage to underlying structures. 

There are 10 identifiable eompartments in the hand: four eontain the 
dorsal interossei, three eontain the palmar interossei, and three eontain 
the thenar and hypothenar muscles and adductor pollieis. Any or all of 
these eompartments may be injured by a rise in intraeompartmental 
pressure. The absolute pressure at which damage is caused has not been 
determined but is thought to be less than that required in the lower 
limb. Injury may be caused by blast, burn or emsh, and by injeetion, 
whether of therapeutic substances at low pressure or of industrial agents 
at high pressure. Symptoms may be as non-speeifie as aehing of the 
hand at rest or on exercise, or the hand may beeome painfiil with 
inereasing swelling and loss of movement in the digits. On examina- 
tion, an intrinsie minus-type hand (claw hand) may be seen, with 
extension of the metaearpophalangeal joints and flexion of the proxi- 
mal interphalangeal joints. intraeompartmental pressure measurements 
should be taken; the means by which this is done is not eritieal (Ortiz 
and Berger 1998). Any suspicion of a eompartment syndrome should 
be followed by prompt deeompression. It is usually possible to deeom- 
press thoroughly through two dorsal longitudinal ineisions over the 
seeond and fourth metaearpals, as well as release of the flexor retinacu- 
lum. The dorsal eompartments are addressed direetly and the volar 
eompartments opened deep by longitudinal ineision. (See also Eardley 
and Stewart (2010).) 
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Fig. 50.8 A, The earpal and metaearpal bones of the left hand: palmar aspeet. B, Sites of muscle attaehments (except the dorsal interossei). 
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Fig. 50.9 A, The earpal and metaearpal bones of the left hand: dorsal aspeet. B, Sites of muscle attaehments. 


joint. The distal eoneavity of the areh articulates with the eapitate and 
hamate. 

The dorsal earpal surface is convex. The palmar surface forms a 
deeply eoneave earpal groove, accentuated by the palmar projeetion of 
the radial and ulnar borders. The ulnar projeetion is formed by the 
pisiform and the hook (hamulus) of the hamate. The pisiform is at the 
proximal border of the hypothenar eminenee, on the ulnar side of the 
palm, and it is easily felt in front of the triquetrum. The hamulus is 
eoneave in a radial direetion; its tip is palpable 2.5 em distal to the 
pisiform, in line with the radial border of the ring finger. The superficial 
division of the ulnar nerve ean be rolled over it. The radial border of 
the earpal groove is formed by the tubercles of the seaphoid and trape- 
zium. The former is distal on the anterior seaphoid surface and palpa- 
ble (sometimes, also visible) as a small medial knob at the proximal 


border of the palmar thenar eminenee, radial to the tendon of flexor 
earpi radialis. The tubercle of the trapezium is a vertieally rounded ridge 
on the anterior surface of the bone, slightly hollow medially and just 
distal and radial to the seaphoid tubercle; it is difficult to palpate. Both 
the seaphoid and trapezium may be grasped individually and moved 
passively, by firm pressure between an opposed index finger and thumb 
applied to the palmar surface and 'anatomieal snuff-box simultane- 
ously. The earpal groove is made into an osseofibrous earpal tunnel 
by the flexor retinaculum attaehed to its margins. The tunnel earries 
flexor tendons and the median nerve into the hand. The retinaculum 
strengthens the carpus and augments flexor effieieney. Radioearpal, 
interearpal and earpometaearpal ligaments are attaehed to the palmar 
and dorsal surfaces of all of the earpal bones, except the triquetrum and 
pisiform. 
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Fig. 50.10 Disarticulated earpal bones. 


Individual earpal bones 
({*) Seaphoid 

The seaphoid is the largest element in the proximal earpal row (Fig. 
50.10A, see Figs 50.8, 50.9). It has a long axis that is distal, radial and 
slightly palmar in direetion. A round tubercle on the distolateral part 
of its palmar surface is direeted anterolaterally (see Fig. 50.8A), and 
provides an attaehment for the flexor retinaculum and abductor pollieis 
brevis; it is erossed by the tendon of flexor earpi radialis. The rough 
dorsal surface is slightly grooved, narrower than the palmar, and piereed 
by small nutrient foramina, which are often restrieted to the distal half. 
The radial eollateral ligament is attaehed to the lateral surface, which is 
also narrow and rough. The remaining 42% of surfaces are all articular. 
The radial (proximal) surface is convex, proximal and direeted proximo- 
laterally; the lunate surface is flat and semilunar, and faees medially; 
the eapitate surface is large, eoneave, distal, and direeted distomedially. 
The surface for the trapezium and trapezoid is continuous, convex 
and distal. 

The proximal, palmar surface of the non-articulating portion of the 
868 seaphoid is supplied by branehes from the palmar earpal artery or, in 


its absenee, by branehes of the superficial palmar artery (Oehmke et al 
2009). The middle and distal thirds of the palmar surface are supplied 
by the superficial palmar artery and small radial rami arteries. The distal 
third may also reeeive branehes from the first dorsal metaearpal artery. 
The dorsal surface is prineipally supplied by the dorsal seaphoid artery 
and by branehes of the styloid artery. Variation in this pattern is not 
uncommon. Intraosseous blood vessels have been found elose to the 
articulating surface. 

Seaphoid bone fractures 

(g) Available with the Gray’s Anatomy e-book 

Lunate 

The lunate is approximately semilunar and articulates between the 
seaphoid and triquetrum in the proximal earpal row (see "igs 50.8- 
50.10B). Its rough palmar surface, almost triangular, is larger and wider 
than the rough dorsal surface. Its smooth convex proximal surface 
articulates with the radms and the articular dise of the distal radio-ulnar 
joint. Its narrow lateral surface bears a flat semilunar faeet for the 





























































Wrist and hand 


Gelberman and Menon (1980) deseribe the proximal 70-80% of the 
seaphoid as being supplied by branehes of the radial artery that enter 
along its dorsal ridge, either just distal to the waist (14%), direetly over 
the waist (59%) or just proximal to the waist (27%). They estimated 
that 14% of their speeimens would have had signifieant intermption 
and 59% a partial intermption to the vascularity of the proximal pole 
of the seaphoid from a fraetme through the waist, and that failure to 
unite would have resulted in avasailar neerosis of the proximal frag- 
ment. It has been argued that an inadequate blood supply is unlikely 
to be the cause of seaphoid non-union after fracture (Oehmke et al 
2009), but see also Sendher and Ladd (2013). 

The seaphoid is the most frequently fractured earpal bone, typieally as 
a result of a fall on to the outstretched hand. Oompson (1998 , in a 
study of the tme, rather than the radiologieal, anatomy of seaphoid 
fractures, identified three distinet fracture patterns: transverse through 
the 'surgical waist'; oblique (45 0 to the surgical waist) in the plane of 
the dorsal sulcus; and through the proximal pole. 
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Bones 


seaphoid. The medial surface, almost square, articulates with the tri- 
quetrum and is separated from the distal surface by a curved ridge, 
usually somewhat eoneave for articulation with the edge of the hamate 
in adduction (see Fig. 50.10B, left). The distal surface is deeply eoneave 
to fit the medial part of the head of the eapitate. 


Kienboek’s disease 



Available with the Gray’s Anatomy e-book 


Triquetrum 

The triquetrum is somewhat pyramidal and bears an oval isolated faeet 
for articulation with the pisiform on its distal palmar surface (see Figs 
50.8-50.10C). Its medial and dorsal surfaces are eonfhient, and marked 
distally by the attaehment of the ulnar eollateral ligament, but smooth 
proximally to reeeive the articular dise of the distal radio-ulnar joint 
in full adduction. The hamate surface, lateral and distal, is eoneavo- 
convex, broad proximally and narrow distally. The lunate surface, 
almost square, is proximal and lateral. 


Pisiform 

The pisiform is a sesamoid bone and is shaped like a pea, with a disto- 
lateral long axis (see Figs 50.8, 50.10D). It bears a dorsal flat artioilar 
faeet for the triquetrum. The tendon of flexor earpi ulnaris and the distal 
continuations of the tendon, the pisometaearpal and pisohamate liga- 
ments, are all attaehed to the palmar non-articular area, which sur- 
rounds and projeets distal to the artioilar surface. 


Trapezium 

The trapezium has a tubercle and groove on its rough palmar surface 
(see Figs 50.8A, 50.10E). The groove, which is medial, eontains the 
tendon of flexor earpi radialis, and two layers of the flexor retinaculum 
are attaehed to its margins. The tubercle is obscured by the thenar 
muscles that are attaehed to it (opponens pollieis, flexor pollieis brevis 
and abductor pollieis brevis) (see Fig. 50.8B). The elongated, rough 
dorsal surface is related to the radial artery. The large lateral surface is 
rough for attaehment of the radial eollateral ligament and capsular liga- 
ment of the thumb earpometaearpal joint. A large sellar surface faees 
distolaterally and articulates with the base of the first metaearpal. Most 
distally, it projeets between the bases of the first and seeond metaearpal 
bones and earries a small, quadrilateral, distomedially direeted faeet 
that artioalates with the base of the seeond metaearpal. The large medial 
surface is gently eoneave for artioilation with the trapezoid. The proxi- 
mal surface is a small, slightly eoneave faeet for artiodation with the 
seaphoid. Its ridge, or 'snmmit', fits the eoneavity of the first metaearpal 
base, and extends in a palmar and lateral direetion, at an angle of 
approximately 60° with the plane of the seeond and third metaear- 
pals. Abduction and adduction occur in the plane of the ridge, which 
is shorter than the eorresponding metaearpal groove. Their contours 
vary reeiproeally: they are more oirved near the seeond metaearpal 
base, whereas the radius of curvature is longer fhrther away from this 
site. The two surfaces are not eompletely eongment, and the area of 
elose eontaet probably moves towards the palm in adduction and dor- 
sally in abduction. While the axis of flexion/extension passes through 
the trapezmm, that for adduction/abduction is in the metaearpal 
base. Flexion is aeeompanied by medial rotation, and extension by 
lateral rotation. 

Trapezoid 

The trapezoid is small and irregular. It has a rough palmar surface that 
is narrower and smaller than its rough dorsal surface (see Figs 50.8- 
50.101). The distal surface, which articulates with the grooved base of 
the seeond metaearpal, is triangular, convex transversely and eoneave at 
right angles to this. The medial surface articulates by a eoneave faeet 
with the distal part of the eapitate, the lateral surface articulates with 
the trapezmm, and the proximal surface articulates with the seaphoid. 


a large faeet for articulation with the hamate, which is deeper proxi- 
mally where it is partly non-artiodar. Palmar and dorsal surfaces are 
roughened for earpal ligaments, the dorsal being the larger. 

Hamate 

The hamate is cuneiform and bears an unciform hamulus (hook) that 
projeets from the distal part of its rough palmar surface (see Fig. 
50.10H). The hamulus is curved with a lateral eoneavity and its tip 
inelines laterally, contributing to the medial wall of the earpal tunnel 
(see Figs 50.8-50.9). The flexor retinaculum is attaehed to the apex of 
the hamulus. Distally, on the hamular base, a slight transverse groove 
may be in eontaet with the terminal deep braneh of the ulnar nerve. 
The remaining palmar surface, like the dorsal, is roughened for attaeh- 
ment of ligaments. A faint ridge divides the distal surface into a smaller 
lateral faeet that articulates with the base of the fourth metaearpal, and 
a medial faeet for articulation with the base of the fifth. The proximal 
surface, the thin margin of the wedge, usually bears a narrow faeet that 
eontaets the lunate in adduction. The medial surface is a broad strip, 
convex proximally, eoneave distally, which articulates with the tri- 
quetrum; distally, a narrow medial strip is non-artioilar. The lateral 
surface articulates with the eapitate by a faeet eovering all but its distal 
palmar angle. 

Ossifieation 


Carpal bones are cartilaginous at birth, although ossifieation may have 
started in the eapitate and hamate. Eaeh earpal bone is ossified from 
one eentre - eapitate first and pisiform last; the order in the others varies 
(Figs 50.11-50.15). The eapitate begins to ossify in the seeond month; 
the hamate at the end of the third month; the triquetrum in the third 
year; and the lunate, seaphoid, trapezium and trapezoid in the fourth 
year in females and fifth year in males. The pisiform begins to ossify in 
the ninth or tenth year in females, and the twelfth in males. The order 
varies aeeording to sex, nutrition and, possibly, raee. Oeeasionally, an 
os eentrale occurs between the seaphoid, trapezoid and eapitate bones; 
during the seeond prenatal month, it is a cartilaginous nodule that 
usually fhses with the seaphoid. Oeeasionally, lunate and triquetral 
elements may fuse. Other fhsions and aeeessory ossieles have also been 
deseribed. 


METACARPUS 


The metacarpus eonsists of five metaearpal bones, eonventionally num- 
bered in radio-ulnar order. These are small long bones, with a distal 
head, shaft and expanded base. The rounded heads articulate with the 
proximal phalanges. Their articular surfaces are convex, although less 
so transversely, and extend fhrther on the palmar surfaces, espeeially at 
their margins. The knuckles are produced by the metaearpal heads. The 
metaearpal bases articulate with the distal earpal row and with eaeh 
other, except the first and seeond. The shafts have longitudinally eoneave 
palmar surfaces, which form hollows for the palmar muscles. Their 
dorsal surfaces bear a distal triangular area, which is continued proxi- 
mally as a round ridge. These flat areas are palpable proximal to the 
knuckles. 

The medial four metaearpals gently diverge proximodistally. The first 
metaearpal is more anterior and rotated medially on its axis through 
90°, so that its morphologieally dorsal surface is lateral, its radial 
border palmar, its palmar surface medial, and its ulnar border dorsal. 
Henee, the thumb flexes medially aeross the palm and ean be rotated 
into opposition with eaeh finger. Opposition depends on medial rota- 
tion and is important in manual dexterity; when an objeet is grasped, 
fingers and thumb eneirele it from opposite sides, greatly inereasing the 
power and skill of the grip. 

Individual metaearpal bones 


Capitate 

The eapitate is the eentral and largest earpal bone. It artiodates with the 
base of the third metaearpal via its triangular distal concavo-convex 
surface (see Figs 50.8-50.10G). Its lateral border is a eoneave strip for 
artiodation with the medial side of the base of the seeond metaearpal. 
Its dorsomedial angle usually bears a faeet for articulation with the base 
of the fourth metaearpal. The head projeets into the eoneavity formed 
by the lunate and seaphoid; the proximal surface artiodates with the 
lunate, and the lateral surface with the seaphoid. The faeets for the 
seaphoid and trapezoid, though usually continuous on the distolateral 
surface, may be separated by a rough interval. The medial surface bears 


First metaearpal 

The first metaearpal is short and thiek (see flgs 50.8-50.9; Fig. 50.16A). 
Its dorsal (lateral) surface ean be felt to faee laterally; its long axis 
diverges distolaterally from its neighbour. The shaft is flattened, dorsally 
broad and transversely convex. The palmar (medial) surface is longitu- 
dinally eoneave and divided by a ridge into a larger lateral (anterior) 
and smaller medial (posterior) part. Opponens pollieis is attaehed to 
the radial border and adjoining palmar surface; the first dorsal inter- 
osseous muscle (radial head) is attaehed to its ulnar border and 
adjaeent palmar surface. The base is concavo-convex and artioilates 
with the trapezium. Abductor pollieis longus is attaehed on its lateral 
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Wrist and hand 


Kienbòek's disease, first deseribed in 1910, is avascular neerosis of the 
lunate. Aetiology remains unclear but is thought to be assoeiated with 
the arterial blood supply to the lunate. llp to eight small vessels usually 
enter both the dorsal and the palmar aspeets of the bone, three on the 
dorsal surface and five on the palmar; they divide into smaller branehes 
within the bone. However, in some eadaverie studies, only one vessel 
has been identified, and it has been inferred that this pattern would 
render an individual at inereased risk of osteoneerosis, particularly if 
the branehing pattern within the bone is limited. Other possible aetio- 
logieal faetors include dismption or obstmetion of the venous outflow 
from the lunate, causing inereased intraosseous pressure; negative ulnar 
varianee; trauma; variations in the shape of the lunate; and meehanieal 
faetors. The natural history of the disease proeess is unknown. 

While patients generally present with pain and stiffness of the wrist, 
these symptoms eorrelate poorly with the radiologieal findings and, 
indeed, patients may be asymptomatie. (For fhrther reading, see Cross 
and Matullo (2014).) 
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Fig. 50.11 A radiograph 
of a hand at 2 y 2 years 
(male), dorsopalmar 
projeetion. Note the 
early stages of 
ossifieation in the 
epiphyses at the 
proximal ends of the 
phalanges and first 
metaearpal; the distal 
ends of the remaining 
metaearpals and radius; 
and for the eapitate, 
hamate and lunate. 
Typieally, the eentre for 
the lunate is preeeded 
by the eentre for the 
triquetrum. Compare 
with Figures 50.12 and 
50.13. 



Fig. 50.12 A radiograph 
of a hand at 6/ 2 years 
(male), dorsopalmar 
projeetion. Note the 
more advaneed state of 
the eentres of 
ossifieation that were 
already visible in Figure 
50.11 , and the 
appearanee of 
additional eentres in the 
distal ulnar epiphysis 
and in the triquetrum, 
seaphoid, trapezium 
and trapezoid. 


(palmar) side, the fìrst palmar interosseous muscle to its ulnar side. The 
head is less convex than in other metaearpals and is transversely broad. 
Sesamoid bones glide on radial and ulnar articular eminenees on its 
palmar aspeet. 

Seeond metaearpal 

The seeond metaearpal has the longest shaft and largest base (see Figs 
50.8-50.9; Fig. 50.16B). The latter is grooved in a dorsopalmar diree- 
tion for articulation with the trapezoid. Medial to the groove, a deep 
ridge artioilates with the eapitate; laterally, nearer the dorsal surface of 
the base, there is a quadrilateral faeet for articulation with the trapez- 
ium, and just dorsal to this faeet, a rough impression marks the attaeh- 
ment of extensor earpi radialis longus. On the palmar surface, a small 
tubercle or ridge reeeives flexor earpi radialis. The medial side of the 
base artiailates with that of the third metaearpal by a long faeet, een- 
trally narrowed. The shaft is prismatie in seetion and longitudinally 
curved, convex dorsally eoneave towards the palm. Its dorsal surface is 
distally broad but proximally narrows to a ridge that is eovered by 
extensor tendons of the index finger. Its eonverging borders begin at the 
tubercles, one on eaeh side of its head for the attaehment of eollateral 
ligaments. Proximally the lateral surface inelines dorsally for the ulnar 
head of the fìrst dorsal interosseous. The medial surface inelines simi- 
larly and is divided by a faint ridge into a palmar strip for attaehment 



Fig. 50.13 A radiograph 
of a hand at 11 years 
(female), dorsopalmar 
projeetion. Compare 
the maturing 
ossifieation with that 
seen in Figures 50.11 
and 50.12. Note the 
addition of the pisiform. 
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Fig. 50.14 A radiograph of an adult hand, dorsopalmar projeetion. Key: 1, 
head of middle phalanx of middle finger; 2, head of proximal phalanx of 
ring finger; 3, shaft of proximal phalanx of ring finger; 4, head of fifth 
metaearpal; 5, shaft of fifth metaearpal; 6, base of fifth metaearpal; 7, 
hook of hamate; 8, triquetrum; 9, hamate; 10, pisiform; 11, styloid 
proeess of ulna; 12, lunate; 13, head of ulna; 14, distal phalanx of index 
finger; 15, distal phalanx of thumb; 16, proximal phalanx of thumb; 17, 
sesamoid bone; 18, trapezoid; 19, trapezium; 20, eapitate; 21, seaphoid; 
22, styloid proeess of radius; 23, distal radio-ulnar joint; 24, radius. 



of the seeond palmar interosseous, and a dorsal strip for attaehment of 
the radial head of the seeond dorsal interosseous. 

Third metaearpal 

The third metaearpal has a short styloid proeess, projeeting proximally 
from the radial side of the dorsal surface (see Figs 50.8-50.9; Fig. 
50.16C). Its base articulates with the eapitate by a faeet anteriorly 
convex but dorsally eoneave where it invades the styloid proeess on the 
lateral aspeet of its base. A strip-like faeet, eonstrieted eentrally articu- 
lates with the bases of the seeond metaearpal (laterally) and the fourth 
metaearpal (medially), the latter by two oval faeets. The palmar faeet 
may be absent; less frequently, the faeets are eonneeted proximally by 
a narrow bridge. The palmar surface of the base reeeives a slip from the 
tendon of flexor earpi radialis; extensor earpi radialis brevis is attaehed 













































Bones 


Eighth week 

U nite 15 to 18 years 
Seeond to fourth year 


Twelfth week 

U nite 15 to 18 years 
Seeond to fourth year 


U nite 15 to 18 years 


Seeond year 


1.5 to 2.5 years 


U nite 15-19 years 


Ninth week 


Ninth week 
Unite 15-17 years 
Seeond to third year 

Trapezium:4 to 5 years 
Trapezoid: 4 to 5 years 

Capitate:seeond month 
Seaphoid: 4 to 5 years 



third month 


Pisiform: 
9-12 years 

T riquetrum: third year 

Lunate:fourth year 


Fig. 50.15 The approximate dates of ossifieation of the individual bones 
of the hand and their epiphyses. 


to its dorsal surface, beyond the styloid proeess. The shaft resembles 
that of the seeond metaearpal. The ulnar head of the seeond dorsal 
interosseous is attaehed to its lateral surface; the radial head of the third 
dorsal interosseous is attaehed to its medial surface, and the transverse 
head of adductor pollieis is attaehed to the intervening palmar ridge in 
its distal two-thirds. Its dorsal surface is eovered by the extensor tendon. 

Fourth metaearpal 

The fourth metaearpal is shorter and thinner than the seeond and third 
(see Figs 50.8-50.9; Fig. 50.16D). On its base, it displays two lateral 
oval faeets for articulation with the base of the third metaearpal; the 
dorsal is usually larger and proximally in eontaet with the eapitate. A 
single medial elongated faeet is for articulation with the base of the fifth 
metaearpal. The quadrangular proximal surface articulates with the 
hamate; it is anteriorly convex and dorsally eoneave. The shaft is like 
the seeond, but a faint ridge on its lateral surface separates the attaeh- 
ments of the third palmar interosseous and the ulnar head of the third 
dorsal interosseous. The radial head of the fourth dorsal interosseous 
is attaehed to the medial surface. 

Fifth metaearpal 

The fifth metaearpal (see Figs 50.8-50.9; Fig. 50.16E) differs in its 
medial basal surface, which is non-articular and bears a tubercle for 
extensor earpi ulnaris. The lateral basal surface is a faeet, transversely 
eoneave, convex from palm to dorsum, for articulation with the hamate. 
A lateral strip artioilates with the base of the fourth metaearpal. The 
shaft bears a triangular dorsal area that almost reaehes the base; the 
lateral surface inelines dorsally only at its proximal end. Opponens 
digiti minimi is attaehed to the medial surface. The lateral surface is 
divided by a ridge, which is sometimes sharp, into a palmar strip for 
the attaehment of the fourth palmar interosseous and a dorsal strip for 
the ulnar part of the fourth dorsal interosseous. 

Ossifieation 


Eaeh metaearpal ossifies from a primary eentre for the shaft and a see- 
ondary eentre that is in the base of the first metaearpal and in the heads 
of the other four (see Figs 50.11-50.15). Ossifieation begins in the 
midshaft about the ninth week. Oentres for the seeond to fifth metaear- 
pal heads appear in that order in the seeond year in females, and 
between 1 y 2 to 2/ 2 years in males. They unite with the shafts about the 
fifteenth or sixteenth year in females, and the eighteenth or nineteenth 
in males. The first metaearpal base begins to ossiíy late in the seeond 
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Fig. 50.16 Disarticulated metaearpal bones. 


year in females, early in the third year in males, uniting before the fif- 
teenth year in females and seventeenth in males. Sometimes, the styloid 
proeess of the third metaearpal is a separate ossiele. The thumb meta- 
earpal ossifies like a phalanx, and some authorities therefore eonsider 
that the thumb skeleton eonsists of three phalanges. Others believe that 
the distal phalanx represents fhsed middle and distal phalanges, a eon- 
dition oeeasionally observed in the fifth toe. When the thumb has three 
phalanges, the metaearpal has a distal and a proximal epiphysis. It 
oeeasionally bifhreates distally. When it does, the medial braneh has no 
distal epiphysis and bears two phalanges, while the lateral braneh shows 
a distal epiphysis, and three phalanges. The existence of only a distal 
metaearpal epiphysis may be assoeiated with a greater range of move- 
ment at the metaearpophalangeal joint. In the thumb, the earpometa- 
earpal joint has the wider range, and the first metaearpal has a basal 
epiphysis. A distal epiphysis may appear in the first, and a proximal 
epiphysis in the seeond, metaearpal. 
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Pisohamate 


Dorsolateral 

seaphotrapezial 

trapezoid 


Palmar transverse 
interosseoiis 


Transverse 


Seaphoeapitate 


Triquetro-hamate 



Dorsal transverse interosseous 


Dorsolateral 

seaphotrapezial 


trapezoid 


Radioseaphoid 


Palmar lunotriquetral 


Radioseaphoid 

-eapitate 


Long radioulnate 


Lllnoeapitate 


Short radioulnate 
Palmar scapholunate 


Ulnotriquetral 



Radiotriquetral 


interearpal 


Dorsal lunotriquetral 


Dorsal scapholunate 


Ulnolunate 


Fig. 50.17 Joints and ligaments of the left hand. (A) Palmar aspeet: extrinsic ligaments. (B) Palmar aspeet: intrinsie ligaments. (C) Dorsal aspeet. 


PHALANGES 


There are 14 phalanges, three in eaeh fìnger and two in the thumb (see 
Fig. 50.15). Eaeh has a head, shaft and proximal base. The shaft tapers 
distally, its dorsal surface transversely convex. The palmar surface is 
transversely flat but gently eoneave anteriorly in its long axis. The bases 
of the proximal phalanges earry eoneave, oval faeets adapted to the 
metaearpal heads. Their own heads are smoothly grooved like pulleys 
and eneroaeh more on to the palmar surfaces. The bases of the middle 
phalanges earry two eoneave faeets separated by a smooth ridge, eon- 
forming to the heads of the proximal phalanges. The bases of the distal 
phalanges are adapted to the pulley-like heads of the middle phalanges. 
The heads of the distal phalanges are non-articular and earry a rough, 
ereseentie palmar tuberosity, to which the pulps of the fmgertips are 
attaehed. 

Artiailar ligaments and numerous muscles are attaehed to the 
phalanges. The tendon of flexor digitomm profundus is attaehed to the 
palmar aspeet of the base of the phalanx and the tendon of extensor 
digitomm to its dorsal surface. The tendon of flexor digitomm super- 
fìeialis and its fibrous sheath are attaehed to the sides of the middle 
phalanx, and a part of extensor digitomm is attaehed to the base dor- 
sally. The fìbrous flexor sheath is attaehed to the sides of a proximal 
phalanx, part of the eorresponding dorsal interosseous is attaehed to its 
base laterally, and another dorsal interosseous is attaehed medially. 

The phalanges of the little fìnger and the thumb differ. Abductor and 
flexor digiti minimi are attaehed to the medial side of the base of the 
proximal phalanx of the little fìnger. The tendon of extensor pollieis 
brevis and the oblique head of adductor pollieis (dorsally), and the 
oblique and transverse heads of adductor pollieis, sometimes eonjoined 
with the fìrst palmar interosseous (medially), are attaehed to the base 
of the proximal phalanx of the thumb. 

Ossifieation 


Phalanges are ossified from a primary eentre for the shaft and a proxi- 
mal epiphysial eentre (see Figs 50.11-50.15). Ossifieation begins pre- 
natally in shafts as follows: distal phalanges in the eighth or ninth week, 


proximal phalanges in the tenth, and middle phalanges in the eleventh 
week or later. Epiphyseal eentres appear in proximal phalanges early in 
the seeond year (females), or later in the same year (males), and in 
middle and distal phalanges in the seeond year (females), or third or 
fourth year (males). All epiphyses unite about the fifteenth to sixteenth 
year in females, and seventeenth to eighteenth year in males. 


JOINTS 


RADI0CARPAL (WRIST) JOINT 

Articulating surfaces The radioearpal joint is a synovial, biaxial 
and ellipsoid joint formed by articulation of the distal end of the radius 
and the artiailar dise of the triangular fibroeartilage with the seaphoid, 
hmate and triquetrum (Figs 50.17-50.18). In the neutral position of 
the wrist, only the seaphoid and lunate are in eontaet with the radius 
and articular dise; the triquetrum eomes into apposition with the dise 
only in full adduction of the wrist joint. The radial articular surface and 
distal diseal surface form an almost elliptieal, eoneave surface with a 
transverse long axis. The radial surface is biseeted by a low ridge into 
two eoneavities. A similar ridge usually appears between the medial 
radial eoneavity and the eoneave distal diseal surface. The proximal 
articular surfaces of the seaphoid, lunate and triquetrum and their 
interosseous ligaments form a smooth convex surface that is reeeived 
into the proximal eoneavity. 

Fibroiis eapsille The fibrous capsule is lined by synovial membrane 
that is usually separate from that of the distal radio-ulnar and interear- 
pal joints. Aprotmding prestyloid reeess (recessus saeeiformis), anterior 
to the artioilar dise, is present and aseends elose to the styloid proeess. 
The reeess is bounded distally by the fibrocartilaginous menisois, which 
projeets from the ulnar eollateral ligament between the tip of the ulnar 
styloid proeess and the triquetmm; both are elothed with hyaline articu- 
lar eartilage. The meniscus may ossiíy. The capsule is strengthened by 
palmar radioearpal and ulnocarpal, dorsal radioearpal and radial and 
ulnar eollateral ligaments. 
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Fig. 50.18 Magnetie resonanee image (MRI) of the pronated left wrist. A, An axial view at the level of the distal radio-ulnar joint (eompare with Fig. 49.8). 
Key: 1, extensor pollieis longus; 2, extensor earpi radialis brevis; 3, extensor earpi radialis longus; 4, radius; 5, extensor pollieis brevis; 6, abductor 
pollieis longus; 7, flexor pollieis longus; 8, radial artery; 9, median nerve; 10, flexor earpi radialis; 11, flexor digitomm superficialis; 12, palmaris longus; 

13, extensor digitomm and extensor indieis; 14, extensor digiti minimi; 15, extensor earpi ulnaris; 16, ulna; 17, flexor digitomm profundus; 18, flexor earpi 
ulnaris. B, An axial view at the level of the earpal tunnel. Key: 1, trapezoid; 2, trapezium; 3, flexor digitomm profundus; 4, median nerve; 5, thenar 
muscles; 6, eapitate; 7, hamate; 8, flexor digitomm superficialis; 9, hypothenar muscles; 10, ulnar artery and nerve. C, Coronal view demonstrating 
normal bony anatomy and the triangular fibroeartilage: dorsal aspeet. Key: 1, base of fifth metaearpal; 2, hamate; 3, triquetrum; 4, lunate; 5, triangular 
fibroeartilage; 6, distal ulna; 7, base of seeond metaearpal; 8, trapezoid; 9, eapitate; 10, seaphoid; 11, scapholunate ligament; 12, distal radius. (Courtesy 
of Drs Allen S Prober and Robert J Ward, Tufts Llniversity, Boston, MA, USA.) 


Synovial menribrane The synovial membrane lines the fìbrous 
capsule. 

Mlisdes produCÌng movement Movements aeeompany those of 
the interearpal and midearpal joints, and are deseribed on page 874. 

CARPAL JOINTS 


The interearpal joints eonneet the earpal bones. Their articular surfaces 
are saddle-shaped, ellipsoid or spheroidal. The earpal bones are 
eonneeted by an extensive array of ligaments, not all of which are spe- 
eifieally named. The flexor retinaculum is an aeeessory interearpal 
ligament. 

Joints of the proximal earpal row 


Joints of the proximal earpal row are between the seaphoid, lunate 
and triquetrum. In addition, the pisiform articulates with the palmar 
surface of the triquetrum at a smalf ovaf almost flat, synovial pisotri- 
quetral joint. A thin capsule surrounds the joint. The synovial eavity is 
usually separate but may communicate with that of the radioearpal 
joint. 

Joints of the distal earpal row 


Joints of the distal earpal row are between the trapezmm, trapezoid, 
eapitate and hamate. There is little movement at these joints. 

Midearpal joint 


The midearpal joint, between the seaphoid, lunate and triquetrum 
(proximally), and trapezium, trapezoid, eapitate and hamate (distally), 
is a compound articulation that may be divided deseriptively into 
medial and lateral parts. Throughout most of the medial eompartment, 
the convexity formed by the head of the eapitate and hamate articulates 
with a reeiproeal eoneavity formed by the seaphoid, lunate and much 
of the triquetrum. However, most medially, the curvatures are reversed, 
forming a compound sellar joint. In the lateral eompartment, the tra- 
pezium and trapezoid articulate with the seaphoid, forming a seeond 
planosellar compound articulation. 

arpal synovial membrane The extensive earpal synovial mem- 

brane lines an irregular articular eavity. Its proximal part is between the 
distal surfaces of the seaphoid, lunate and triquetrum, and the proximal 
surfaces of the seeond earpal row. It has proximal prolongations 
between the seaphoid and lunate, and lunate and triquetrum, and three 
distal prolongations between the four bones of the seeond row. The 
prolongation between the trapezium and trapezoid and/or between the 
trapezoid and eapitate is often continuous with eorresponding ear- 
pometaearpal joints, either from the seeond to the fifth, or from the 
seeond and third only. In the latter ease, the joint between the hamate 
and fourth and fifth metaearpal bones has a separate synovial mem- 
brane and the earpometaearpal interosseous ligament is interposed. 


Synovial eavities of earpometaearpal joints are prolonged slightly 
between the metaearpal bases. The synovial joint between the pisiform 
and triquetrum is usually isolated. 

Wrist ligaments 


The distal radio-ulnar joint and triangular fibroeartilage complex are 
deseribed on pages 845-848. 

Intracapsular ligaments lie between the fibrous and synovial layers 
of the wrist joint; their margins may not be distinet. Extracapsular liga- 
ments are superficial to the fibrous layer. Most wrist ligaments lie within 
the joint capsule; the only exceptions are the flexor and extensor reti- 
nacula and the pisotriquetral ligament. The wrist ligaments are fhrther 
elassified into extrinsic and intrinsie named ligaments. Some of the 
extrinsic ligaments have superficial and deep parts; the latter are iden- 
tifiable at wrist arthroseopy but the former are not. Wrist ligaments are 
eonventionally named from proximal to distal and from radial to ulnar, 
e.g. the radioseaphoeapitate ligament passes between the radius, 
seaphoid and eapitate. 

Extrinsic iigaments 

The extrinsic ligaments eonneet the carpus with the forearm bones. They 
tend to be longer than the intrinsie ligaments and are approximately 
one-third as strong. 

Extrinsic palmar earpal ligaments 

When the synovial lining of the earpal tunnel is disseeted away, two 
V-shaped ligamentous bands are visible with their apiees lying distally 
(see Fig. 50.17A). The limbs of the 'V' take origin from the radius and 
ulna, respeetively; the apex of one 'V' attaehes to the distal row and that 
of the seeond 'V' to the proximal row. 

Radioseaphoeapitate ligament The radioseaphoeapitate liga- 

ment originates from the radial styloid and the palmar lip of the radius, 
and has three parts. The radial part inserts on to the lateral aspeet of 
the waist of the seaphoid (radial eollateral ligament). The middle part 
continues as part of the distal 'V' and inserts on to the distal pole of 
the seaphoid. The ulnar part passes over the proximal pole of the 
seaphoid towards the mid-carpus and blends with the fibres that origi- 
nate from the ulnar side of the triangular fibroeartilage complex to form 
the arcuate ligament over the palmar aspeet of the eapitate. A few of the 
fibres of the radioseaphoeapitate ligament attaeh to the body of the 
eapitate. There is a diserete interval between the inferior margin of this 
ligament and the palmar horn of the fimate (the spaee of Poirier). 

Long radÌO linate ligament The long radiolunate ligament arises 
adjaeent to the radioseaphoeapitate ligament on the palmar lip of the 
radius, passes over and supports the proximal pole of the seaphoid, and 
inserts into the palmar horn of the lunate. It is diserete from the radio- 
seaphoeapitate ligament, from which it is separated by the interliga- 
mentous sulcus, continuous with the spaee of Poirier. 

Radioscapholunate (ligament of Testut) The radioscapholu 

nate ligament is eovered by a thiek synovial lining and is a visible 
landmark during wrist arthroseopy. 
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Short radiollinate ligament The short radiolunate ligament is part 

of the proximal 'V' It arises from the palmar lip of the lunate fossa of 
the radms and passes direetly to the palmar horn of the lunate. On the 
ulnar side, its fibres blend with those of the palmar triangular fibroear- 
tilage complex as they pass to their insertion on the lunate. 

Ulnolunate ligament The ulnolunate ligament originates from the 
palmar aspeet of the ulna adjaeent to the short radiolunate ligament 
and inserts on to the palmar horn of the lunate. Part of this fibre 
complex arehes radially and blends with part of the radioseaphoeapitate 
complex to form the arcuate ligament. 

Ulnotriquetral (ulnar eollateral) ligament The ulnotriquetral 

ligament arises from the palmar aspeet of the ulna, inserts into the 
medial aspeet of the triquetrum, and continues distally to a fhrther 
attaehment to the medial aspeet of the hamate. The ulnolunate and 
ulnotriquetral ligaments are also attaehed to the marginal ligament of 
the triangular fibroeartilage complex. 

Extrinsic dorsal earpal ligaments 

The dorsal wrist ligaments are eomparatively thin and are reinforeed by 
the floor and septa of the fibrous tunnels for the six dorsal eompart- 
ments. The extrinsic dorsal earpal ligaments and the intrinsie dorsal 
interearpal ligaments have a 'Z'-shaped configuration (see Fig. 50.17C). 

Dorsal radiolunotriquetral ligament The dorsal radiolunotri- 

quetral ligament has superficial and deep eomponents. The superficial 
part eonneets the radius and triquetrum, and the deep part eonneets 
the radius, lunate and triquetmm. The wide superficial eomponent 
arises from the dorsal margin of the distal radius and courses ulnar- 
wards to insert on the dorsal edge of the triquetrum. The deep eompo- 
nent takes a narrower origin from the ulnar aspeet of the distal dorsal 
radhis and passes in an ulnar direetion to attaeh to part of the lunotri- 
quetral artiailation and the intrinsie lunotriquetral ligament. 

intrinsie ligaments 

The intrinsie ligaments of the wrist are attaehed to earpal bones (see 
Fig. 50.17B). They are stronger and shorter than extrinsic ligaments and 
are eonneeted with the extrinsic ligament complexes by interdigitating 
fibres. The intrinsie ligaments are subdivided into ligaments that 
eonneet the earpal bones of the proximal and distal rows, respeetively, 
and ligaments that eonneet the rows by erossing over the midearpal 
joint. 

Proximal row interosseous ligaments The scapholunate and 

lunotriquetral ligaments are elinieally and biomeehanieally important 
stmctures. In the sagittal plane, they have an approximately horseshoe- 
shape configuration with palmar, midearpal and dorsal eomponents. 
The scapholunate ligament eontains short transverse fibres eonneeting 
the dorsal aspeet of the respeetive bones and more obliquely orientated 
fibres eonneeting the palmar aspeet. The tighter dorsal eomponent of 
the ligament aets as a hinge faeilitating flexion and extension of the 
seaphoid. The ligament continues in its midearpal seetion as an inter- 
osseous membrane. The lunotriquetral ligament has similar dorsal, 
midearpal interosseous and palmar eomponents, but the fibres of the 
dorsal and palmar eomponents are similarly orientated, which pre- 
cludes the same pattern of preferential movement as occurs between 
the lunate and seaphoid. The interosseous membranes of the scapholu- 
nate and lunotriquetral ligaments separate the midearpal from the 
radioearpal joint spaees. Dye injeeted into one of these joint spaees that 
leaks to the other denotes a tear of one of these ligaments. 

Distal row ÌnterosseoUS ligaments The strong distal row inter 

osseous ligaments eonneet and stabilize the eapitate, hamate, trapezium 
and trapezoid. They have superficial and deep eomponents, and, unlike 
the ligaments of the proximal row, are seldom torn. 

Palmar midearpal ligaments The fan-shaped palmar 

seaphoeapitate-trapezoid ligament arises from the seaphoid. It has two 
parts, the seaphotrapeziotrapezoidal ligament and the more ulnar 
seaphoeapitate ligament. The triquetrohamate and triquetrocapitate 
ligaments lie towards the ulnar side of the carpus. 


Arthroseopy of the wrist and hand 



Arthroseopy of the wrist joint may be earried out through up to 11 
deseribed portals, although only a few of these are favoured; most are 
dorsally situated. Some are, as de Smet (2002) has deseribed, 'frighten- 
ingly' elose to key anatomieal structures. Consequently, only the skin 
should be ineised when establishing a portal, and the remaining dis- 
seetion should be earried out with blunt artery foreeps and using blunt 
probes presaged by the introduction of a 22 gauge needle. 


MOVEMENTS AND LOADING 0F THE WRIST JOINT 
Movements of the wrist (earpal kinematies) 



The movements at the radioearpal and interearpal joints are eonsid- 
ered together. The approximate ranges of aetive movement are flexion 
(85°), extension (85°), adduction (ulnar deviation) (45°), abduction 
(radial deviation) (15°) and circumduction (all measurements are 
approximate). 

The range of flexion is greater at the radioearpal joint, while in exten- 
sion there is more movement at the midearpal joint (Fig. 50.19). Henee, 
the proximal surfaces extend fiirther posteriorly on the lunate and 
seaphoid bones. These movements are limited ehiefly by antagonistie 
muscles; therefore, the range of flexion is pereeptibly diminished when 
the fingers are flexed, due to inereased tension in the extensors. Only 
when the joints are foreed to the limits of flexion or extension are the 
dorsal or palmar ligaments ffilly stretehed. 

During extension of the wrist, the distal earpal bones rotate into 
extension with slight radial deviation, while during the 'dart-throwing' 
movement (from radial deviation and extension into ulnar deviation 
and flexion), movement occurs almost entirely at the distal row of the 
carpus. 

Most adduction occurs at the radioearpal joint. The lunate articu- 
lates with both the radms and articular dise when the hand is in the 
midposition but, in adduction, it articulates solely with the radius, and 
the triquetrum now eomes into eontaet with the articular dise (Fig. 
50.20A). Much of the proximal articular surface of the seaphoid 
beeomes subcapsular beneath the radial eollateral ligament and forms 
a smooth, convex, palpable prominenee in the floor of the 'anatomieal 
snuff-box' 

Abduction from the neutral position occurs at the midearpal joint. 
Radiographs of abducted hands show that the eapitate rotates round an 
anteroposterior axis so that its head passes medially and the hamate 
eonforms to this; the distanee between the lunate and the apex of the 
hamate is inereased (Fig. 50.20B). The seaphoid rotates around a trans- 
verse axis, and its proximal articular surface moves away from the 
capsule to articulate solely with the radius. Movements are limited 
by antagonistie muscles and, at extremes, by the earpal eollateral 
ligaments. 

The proximal row (seaphoid, lunate and triquetrum) is an inter- 
ealated segment; no tendons insert on to the bones of the row. It is 
inherently unstable and eontrolled by speeifie retaining and gliding 
ligaments. Its relative position is determined by the spatial configura- 
tions of the radius, triangular fibroeartilage complex and ulna on one 
side, and the rigid distal earpal row on the other. The proximal earpal 
row is subject to two opposing moments: the seaphoid straddles the 
proximal and distal rows and tends to rotate the proximal row into 
flexion under axial load and radial deviation. At the same time, there 
is a foree tending to extend the proximal row, which is initiated by the 
distal row and transmitted via the midearpal ligaments to the tri- 
quetrum (Fig. 50.21). Stability of the midearpal joint is thus ensured 
during both movement and loading. 

The distal earpal row (trapezium, trapezoid, eapitate and hamate) 
ean be regarded as one rigid structure. The seaphoid bridges the proxi- 
mal and distal earpal rows and provides a fimetional couple between 
the two. 



Muscles producing movements 

Flexion Flexors earpi radialis and ulnaris and palmaris longus produce 
flexion, assisted by flexors digitomm superficialis and profundus, and 
flexor pollieis longus. 


Dorsal midearpal ligaments The dorsal interearpal ligament 

assists in stabilization of the proximal earpal row. It arises from the 
trapezoid and distal pole of seaphoid, and passes aeross the dorsal horn 
of the lunate to be attaehed to the triquetmm. The ligament forms the 
floor of the fourth and fifth extensor eompartments. The lateral seapho- 
trapeziotrapezoidal ligament is on the radial side. 


Extension Extensors earpi radialis longus, brevis and ulnaris, assisted 
by extensors digitomm, digiti minimi, indieis and pollieis longus, 
produce extension. 

Addiietion (ulnar deviation) Flexor and extensor earpi ulnaris produce 
adduction. 











Wrist and hand 



Fig. 50.21 The effeet of axial loading on the rotatory movements of the bones of the wrist. A, The seaphoid flexes but is eonstrained on its palmar 
aspeet by the seaphotrapeziotrapezoidal ligaments and dorsally by the scapholunate ligament. B, The lunate follows the seaphoid into flexion and is 
restrained by the dorsal radiolunate ligament. C, The triquetrum flexes with the seaphoid and lunate; it is eonstrained on its palmar aspeet by the 
triquetrohamate and triquetrocapitate ligaments, and dorsally by the radiotriquetral ligament. 


There are five possible dorsal portals (1-2, 3-4, 4-5, 6-R, 6-U) for 
viewing the radioearpal joint and two (MCR, MCU) for the midearpal 
joint. These are named by their relation to the six extensor eompart- 
ments. The 1-2 portal is usually avoided because the radial artery lies 
a mean 3 mm (range 1-5 mm) radially, as do branehes of the super- 
fieial radial nerve (range 1-6 mm) (Abrams et al 1994). The 3-4 portal 
is normally used as the main viewing portal and the 4-5 portal for 
instmmentation. The dorsal cutaneous braneh of the ulnar nerve lies 
within 2.5 mm of the 6-R portal. Inflow is via the arthroseope (in the 
3-4 portal) and outflow through a separate 6-U portal. The articular 
surfaces of the seaphoid and lunate are seen distally, linked by the 
scapholunate ligament. Proximally, the triangular fibroeartilage complex 
may be viewed. Tears of its eentral portion are eommonly seen in older 
patients; eongenital perforations are oeeasionally found. Bucket handle 
tears of the triangular fibroeartilage complex may be excised, or repaired 
if they occur in the peripheral vascularized portion. The radial midear- 
pal portal is used to view the seaphoeapitate joint. The ulnar midearpal 
portal is used for instmmentation and for viewing the ulnar portion of 
the midearpal joint. 

Volar portals (radial, VR, midearpal, VMC and ulnar, VU) are less 
favoured but retain eertain advantages, including the ability to view the 
dorsal capsule, the dorsal radioearpal ligament and the palmar sub- 
regions of the scapholunate and lunotriquetral interosseous ligaments. 
Use of the volar radial portal earries with it the potential for damage to 
flexor earpi radialis, the palmar cutaneous braneh of the median nerve 
and the lateral cutaneous nerve of the forearm, all of which ean mn 
elose to, but not within 3 mm of, the portal. The volar ulnar portal lies 
more than 5 mm away from the ulnar neurovascular bundle, provided 
the entry point in the capsule is deep to the ulnar edge of the profundus 
tendons (Shitsky 2002). 


The carpus was originally thought to move simply as proximal and 
distal rows (row or rigid body theory) (Johnston 1907). Aeeording to 
this view, during the eomposite movement of wrist flexion and exten- 
sion, approximately two-thirds of movement occurs at the radioearpal 
joint and one-third at the midearpal joint. The carpus was later judged 
to move in lateral eentral and medial columns more than it did in rows, 
and the radius-lunate-capitate was deseribed as a three-bar linkage 
system (column theory) (Navarro 1921). This theory was modified 
(Taleisnik 1976) to ineorporate the speeifie stabilizing role of the 
seaphoid as it bridges the proximal and distal rows. A fhrther theory 
proposed that the bones were linked by their ligaments in a ring eon- 
figuration, so that any breakage of the key links leads to instability (ring 
theory). Most reeently, the Tommnit' theory suggests that the distal 
earpal row moves as a single unit, and the seaphoid, lunate and tri- 
quetrum move in complex but eharaeteristie relationships that are 
dependent on the given movement. Clinical observation provides some 
support for eaeh of these theories. 
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Fig. 50.19 A, A radiograph of the hand and vvrist in full flexion: lateral 
aspeet. Compare vvith B, and note the relative positions of the eapitate 
and lunate, and the lunate and radius. B, A radiograph of the hand and 
vvrist: lateral aspeet. The long axes of the third metaearpal, eapitate and 
lunate are, approximately, in line vvith the long axis of the radius. Note the 
relative positions of the eapitate and lunate, and the lunate and radius. 

C, A radiograph of the hand and vvrist in full extension: lateral aspeet. 
Compare vvith B and note the alterations in the relative positions of the 
eapitate and lunate, and the lunate and the radius. Key: 1, eapitate; 2, 
lunate; 3, tubercle of the trapezium; 4, tubercle of the seaphoid. 



Fig. 50.20 A, A radiograph of the hand in full adduction (ulnar deviation): 
dorsopalmar projeetion. The arrovvs point to the seaphoid on the radial 
side and to the pisiform on the ulnar side. Compare vvith B and observe 
that the movements occur at both the radioearpal and interearpal joints. 

B, A radiograph of the same hand in full abduction (radial deviation). The 
arrovvs point to the hamate and pisiform. Compare with A and note that: 
the seaphoid and lunate have passed medially (ulnarly) so that the latter 
articulates to a large extent with the articular dise of the distal radio-ulnar 
joint; the pisiform is now widely separated from the styloid proeess of the 
ulna; the seaphoid, having rotated round a transverse axis, is much 
foreshortened; the apex of the hamate has been thrnst away from the 
lunate by the rotation of the eapitate around an anteroposterior axis; a 
gap has opened up between the distal portions of the hamate and 
triquetrum; and the long axes of the eapitate and lunate are now almost 
in the same straight line. 

earpi ulnaris. During radial and ulnar deviation, extensor earpi radialis 
longus and extensor earpi ulnaris have a greater excursion, whereas that 
of flexor earpi radialis is relatively small. The axes of rotation for flexion/ 
extension and radial/ulnar deviation interseet at a point in the proximal 
part of the eapitate bone. Flexor earpi radialis and flexor earpi ulnaris 
are most effìeient in flexion, extensor earpi radialis brevis in extension, 
extensor earpi radialis longus in radial deviation and extensor earpi 
ulnaris in ulnar deviation (Horii et al 1993). 

Loading of the wrist (earpal kineties) 


Abdiietion (radial deviation) Flexor earpi radialis, extensors earpi radi- 
alis longus and brevis, with abductor pollieis longus and extensor pol- 
lieis brevis, produce abduction. 

Flexor earpi ulnaris is stronger than extensor earpi ulnaris, which, in 
turn, is stronger than extensors earpi radialis longus and brevis, and 
flexor earpi radialis. The other muscles are all weaker. It is for this reason 
that these muscles tend to be seleeted for the major tendon transfers 
around the wrist (Brand 1985). During flexion and extension, flexor 
earpi radialis, flexor earpi ulnaris and extensor earpi radialis brevis have 
a greater excursion than extensor earpi radialis longus and extensor 


Axial loading, i.e. load or foree applied along a line parallel to the long 
bones of the arm, occurs in elenehing the fist. In most aetivities, loading 
is multiplanar with a eombination of veetors of foree. Grasping an 
objeet whilst lifting it against gravity with the elbow in flexion causes 
transverse and axial loading. 

Foree transmission 
Radioearpal joint 

The radioearpal and ulnocarpal articulations ean be deseribed in terms 
of speeifie fossae, namely: the seaphoid and lunate fossae of the radius, 
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and the faeet formed by the distal aspeet of the triangiilar fibroeartilage 
complex. The seaphoid fossa contributes 43%, the lunate fossa 46%, 
and the triangular fibroeartilage complex 11% of the total area of this 
articulating surface. llnder physiologieal eonditions, the eontaet area 
between this surface and the proximal earpal row is about 20%. Greater 
eontaet is seen in forearm supination, radial deviation and dorsiflexion 
of the wrist. Lesser eontaet occurs in forearm pronation, ulnar deviation 
and palmar flexion of the wrist. Axial loading inereases the eontaet area 
to a maximum of about 40%. Foree aeross the joint also varies with the 
position of the forearm and the degree of wrist flexion. For a given load 
in wrist-neutral position, 50% of foree passes aeross the seaphoid fossa, 
35% through the lunate fossa and 15% aeross the triangular fibroearti- 
lage complex. With a power grip, there is slight ulnar deviation and the 
proportion of foree passing aeross the seaphoid and lunate fossae 
reverses. 


Oarpometaearpal joint of the thiimb 

Articulating surfaces The earpometaearpal joint of the thumb is a 
sellar (saddle) joint between the first metaearpal base and trapezium. 
Its extensive articular surfaces and their topology ensure that the joint 
enjoys a wide mobility. 

Ligaments The first metaearpal and trapezium are eonneeted by 
lateral, anterior and posterior ligaments and a fibrous capsule. The 
broad lateral ligament mns from the lateral surface of the trapezium 
to the radial side of the metaearpal base. The palmar and dorsal liga- 
ments are oblique bands that eonverge to the ulnar side of the meta- 
earpal base from the palmar and dorsal surfaces of the trapezium, 
respeetively. 


Midearpal joint 

With the wrist in neutral position, 50-60% of a given load is transmit- 
ted from the distal row through the eapitate to the seaphoid and lunate. 
llp to 30% of the load is transmitted via the seaphotrapeziotrapezoid 
joint and up to 20% via the hamate-triquetral joint. 

Distal radio-ulnar joint (DRUJ) 

See page 845. 


Speeifie aetions 



See Video 50.1. 


Synovial membran© The synovial membrane lines the joint capsule 
and is separate from it. 

Joint movements Except at initiation, flexion is aeeompanied by 
medial rotation, and medial rotation involves flexion. Linkage of move- 
ments is due largely to the shape of the articular surfaces and to the 
obliquity of the dorsal ligament (which, when taut, anehors the ulnar 
side of the metaearpal base while its radial side eontimies to move). 
Contraction of flexor pollieis brevis, assisted by opponens pollieis, pro- 
duces medial rotation with flexion; eombined with abduction, this 
opposes the thumb pulp to the pulps of the slightly flexed fingers. Full 
extension of the thumb metaearpal entails slight lateral rotation, attrib- 
utable to the saddle shape of the joint and to the aetion of the palmar 
ligament (which is similar to that of the dorsal ligament in flexion). 
(For fhrther reading, see Edmunds (2011), Ladd et al (2013).) 


Power gríp 

In power grip, the wrist is positioned in mid-dorsiflexion and the objeet 
is tightly gripped. Foree is transmitted from the hand and wrist via the 
radioearpal joint and triangular fibroeartilage complex to both bones 
of the forearm, through the elbow joint to the humerus, and from there, 
via the glenohumeral joint, to the peetoral girdle. Dynamie muscle 
aetion accounts for transmission of a large part of the foree; a smaller 
proportion is transmitted through the osseoligamentous structures. The 
distribution of foree between the radius and ulna varies dynamieally 
and depends on the absolute value of load, degree of forearm rotation 
and position of the carpus relative to the forearm. 

Hammer aetion 

The aetion exemplified by hammering, where the wrist alternates 
between the dorsoradial and the palmar-ulnar position, is an impor- 
tant movement for a wide variety of aetivities. It is believed that load 
distributes dynamieally as the position of the carpus moves relative to 
the forearm and there are consequent ehanges in the relative position 
of the earpal bones. 

[(*) Carpa l ins tability 

The upper limb has evolved to faeilitate the plaeing of the hand in spaee 
for prehension. However, mobility of the hand on the forearm has 
evolved at the expense of stability. A wrist is said to be kinetieally un- 
stable when it eannot bear physiologieal loads without giving way or 
causing injury. A wrist is kinematieally unstable when it exhibits sudden 
ehanges in earpal alignment, i.e. during a speeifie movement, there is a 
'clunk' as one or more of the earpal bones moves abnormally with 
respeet to the others. Stability of the various joints, so that the bones 
maintain normal anatomieal relations with respeet to eaeh other 
throughout the normal range of motion, is essential for physiologieal 
load-bearing. 

CARP0METACARPAL J0INTS 


The first earpometaearpal joint (CMCJ), or basal joint of the thumb, is 
a saddle joint that permits opposition of the thumb. The seeond to fifth 
earpometaearpal joints exhibit an inereasing range of movement, pro- 
gressing from the radial to the ulnar side. Thus, there is little mobility 
at the base of the index ray but eonsiderable mobility at the base of the 
small finger ray, which faeilitates 'cupping of the palm of the hand. 
Compressive forees between the metaearpals and the distal earpal row 
are estimated to be upwards of ten times the forees at the tips of the 
876 fingers during 'pineh' or 'chuck' grip. 


Mtisdes produCÌng movements The muscles producing move- 

ments at the earpometaearpal joint of the thumb are as follows. 

Flexion Flexion is produced by flexor pollieis brevis and opponens 
pollieis, aided by flexor pollieis longus when the other joints of the 
thumb are flexed. 

Extension Extension is produced by abductor pollieis longus and exten- 
sors pollieis brevis and longus. 

Abdiietion Abduction is produced by abductors pollieis brevis and 
longus. 

Addiietion Adduction is produced by adductor pollieis. 

Opposition Opponens pollieis and flexor brevis pollieis simultaneously 
flex and medially rotate the abducted thumb. Interpulpal pressure, or 
that generated by digital grasping, is inereased by adductor pollieis and 
flexor pollieis longus. 

Circumduction Circumduction is produced by extensors, abductors, 
flexors and adductors aeting consecutively in this, or reverse, order. 

Seeond to fifth earpometaearpal joints 

The seeond to fifth earpometaearpal joints are synovial ellipsoid joints 
between the carpus and seeond to fifth metaearpals. Although widely 
elassed as plane, they have curved articular surfaces that are often of 
complex saddle shape. The bones are united by articular capsules and 
by dorsal, palmar and interosseous ligaments. 

Ligaments The dorsal ligaments are the strongest, and eonneet the 
dorsal surfaces of the earpal and metaearpal bones. The seeond meta- 
earpal has two ligaments, from the trapezium and trapezoid; the third 
has two, from the trapezoid and eapitate; the fourth has two, from the 
eapitate and hamate; and the fifth has a single band from the hamate, 
which is continuous with a similar palmar ligament, forming an ineom- 
plete capsule. 

The palmar ligaments are similar, except that the third metaearpal 
has three: a lateral from the trapezium, superficial to the tendon sheath 
of flexor earpi radialis, an intermediate from the eapitate, and a medial 
from the hamate. 

The interosseous ligaments eonsist of two short, thiek, fibrous bands. 
They are limited to one part of the earpometaearpal articulation and 
eonneet contiguous distal margins of the eapitate and hamate with 
adjaeent surfaces of the third and fourth metaearpal bones; they may 
be united proximally. 











Wrist and hand 


Some degree of earpal instability may occur as part of inherent 
hypermobility in affeeted individuals. Usually it occurs only after 
rupture or attemiation of intrinsie and extrinsic earpal ligaments and 
may be deteeted either elinieally or radiologieally as malalignment of 
the earpal bones (Fig. 50.22). In theory, any pattern of traumatic earpal 
instability is possible. In praetiee, eertain patterns predominate. 

When axially loaded, the distal row of the carpus eompresses the 
proximal row, causing the seaphoid to rotate into flexion and prona- 
tion. Provided the scapholunate and lunotriquetral ligaments remain 
intaet, the load is transmitted to the lunate and triquetrum. If the mid- 
earpal stabilizers are dismpted, the proximal row of the carpus will be 
loaded into flexion, producing the eharaeteristie pattern of volar inter- 
ealated segment instability (VISI). In the proximal row, the seaphoid 
exhibits the greatest range of movement, the lunate less and the tri- 
quetmm the least. Consequently, the scapholunate and lunotriquetral 
ligaments tighten as the seaphoid is progressively flexed, thereby 
inereasing the intrinsie stability of the proximal row. If, however, the 
scapholunate ligaments have been dismpted (scapholunate dissoeia- 
tion), the seaphoid ean flex excessively and loading of the lunate and 
triquetmm by the distal row of the carpus will foree them into abnor- 
mal extension (dorsal interealated segment instability, or DISI). 




Fig. 50.22 Seapholmate dissoeiation. A, Anteroposterior view. B, Lateral 
view. Dissoeiation between the seaphoid and lunate, as shown here, 
leads to eollapse of the seaphoid into flexion and the lunate into 
extension (dorsal interealated segment instability, or DISI), thus removing 
the inbuilt tension aeross the proximal row. This causes the gap between 
the seaphoid and lunate in A. 
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Joints 


Synovial membranes The synovial membranes are often continu- 
ous with those of the interearpal joints. Oeeasionally, the joint 
between the hamate and fourth and fifth metaearpal bones has a 
separate synovial eavity, bounded laterally by the medial interosseous 
ligament and its extensions to the palmar and dorsal parts of 
the capsule. 

Mlisdes pmducing movements Slight gliding movements are 

effeeted by the long flexor and extensor muscles of the digits. 

INTERMETACARPAL JOINTS 

ArtÌCUlatÌng surfaces The seeond to fifth metaearpal bases articu- 
late reeiproeally by small eartilage-eovered faeets eonneeted by dorsaf 
palmar and interosseous ligaments. 

FÌbrouS eapsille The intermetaearpal joints have fibrous capsules. 

LÌgamentS The dorsal and palmar ligaments pass transversely from 
bone to bone. The interosseous ligaments eonneet contiguous surfaces 
just distal to their articular faeets. 

Synovial membranes The synovial membranes are continuous 
with those of the earpometaearpal articulations. 

Movements at the earpometaearpal and intermetaearpal 

joints Movements at the earpometaearpal and intermetaearpal articu- 
lations are limited to slight gliding, sufficient to permit some flexion- 
extension and adjunct rotation; ranges vary in different joints. They are 
partly aeeessory movements occurring when the palm is 'cupped', as in 
grasping an objeet. The fifth metaearpal is most movable and the seeond 
and third are the least mobile. These variations are easily demonstrated 
by opposing eaeh digit to the thumb over the palmar eentre. About 
two-thirds of the movements are those of the thumb, as deseribed 
above, but during opposition, the earpometaearpal and metaearpal 
joints of the little finger beeome flexed, abducted and laterally rotated, 
accounting for the remaining third of the movement. The elose-paeked 
position probably eoineides with earpal extension. A fhrther aeeessory 
movement is spiral twisting of the whole metacarpus on the carpus. 

Muscles produCÌng movements The flexors and extensors of the 

seeond to fifth digits move the earpometaearpal and intermetaearpal 
joints. 

METACARPOPHALANGEAL JOINTS 


The metaearpal heads are adapted to shallow eoneavities on the 
phalangeal bases; they are not regularly convex but are partially 
divided on their palmar aspeets and, thus, almost bieondylar. 

FÌbrouS eapSLlle The metaearpophalangeal joints all have fibrous 
capsules. 

Ligaments Eaeh metaearpophalangeal joint has a palmar and two 
eollateral ligaments. 

Palmar Hgaments The palmar ligaments (volar plates) are unusual. 
They are thiek, dense and fibrocartilaginous, and are sited between, and 
eonneeted to, the eollateral ligaments. They are attaehed loosely to the 
metaearpals but firmly to the phalangeal bases. Their palmar aspeets 
are blended with the deep transverse palmar ligaments and are grooved 
for the flexor tendons, whose fibrous sheaths eonneet with the sides of 
the grooves. Their deep surfaces inerease articular areas for the metaear- 
pal heads. 

Deep transverse metaearpal ligaments The deep transverse metaear- 
pal ligaments are three short, wide, flat bands that eonneet the palmar 
ligaments of the seeond to fifth metaearpophalangeal joints. They are 
related anteriorly to the lumbricals and digital vessels and nerves, and 
posteriorly to the interossei. Bands frorn the digital slips of the eentral 
palmar aponeurosis join their palmar surfaces. On both sides of the 
third and fourth metaearpophalangeal joints, but only the ulnar side of 
the seeond and radial side of the fifth joints, transverse bands of the 
dorsal digital expansions join the deep transverse metaearpal ligaments. 
The lumbricals and the phalangeal attaehments of the dorsal interossei 
lie anterior to this band; the remaining attaehments of the dorsal and 
palmar interossei are posterior to it (see Fig. 50.29). 


Distal interphalangeal joint 



Fig. 50.23 The metaearpophalangeal and digital joints of the left third 
finger: medial aspeet. 


Oollateral ligaments The eollateral ligaments are strong, round eords 
that flank the joints. Eaeh is attaehed to the posterior tubercle and 
adjaeent pit on the side of its metaearpal head, and eaeh passes disto- 
anteriorly to the side of the anterior aspeet of its phalangeal base 

(Fig. 50.23). 

Synovial membrane The metaearpophalangeal joints are lined by 
a synovial membrane. 

Joint movements These inehide flexion, extension, adduction, 
abduction, circumduction and limited rotation. Rotation aeeompanies 
flexion-extension, e.g. when the finger flexes and rotates to plaee its tip 
near the eentre of the palm. The range of rotation is frequently inereased 
as a result of the resistanee of a grasped objeet. Aetive flexion is 90° or 
more, whereas extension ranges from 10° (index) to 30° (little); both 
movements are limited mostly by antagonistie muscles. The metaearpo- 
phalangeal joint of the thumb has a flexion-extension range of approxi- 
mately 60°, which is almost entirely flexion. Slight lateral rotation 
aeeompanies digital flexion of digits 3-5. Flexion of the index finger 
may be aeeompanied by minimal lateral rotation or no rotation; a small 
degree of medial rotation is frequently observed. Other movements are 
adduction-abduction (maximal range 25°), which invariably aeeom- 
panies the eorresponding earpometaearpal movements and inereases 
their eombined range; and slight rotation, which aeeompanies flexion- 
extension. Of the seeond to fifth metaearpophalangeal joints, the 
seeond is most mobile in adduction-abduction (approximately 30°), 
followed by the fifth, fourth and third. 

Aeeessory movements Aeeessory movements are ftirther rotation 

(most marked in the thumb), anteroposterior and lateral translation of 
a phalanx or metaearpal, and distraetion. 

Mlisdes prodlieing movements The muscles producing move- 

ments at the metaearpophalangeal joints are as follows. 

Flexion Flexion is produced by flexors digitomm superficialis and pro- 
fundus, assisted by the lumbricals, interossei and flexor digiti minimi 
brevis (in the little finger). In the thumb, flexors pollieis longus and 
brevis, and the first palmar interosseous, are involved. 

Extension Extension is produced by extensor digitomm, assisted in the 
seeond and fifth digits by extensor indieis and extensor digiti minimi, 
respeetively. In the thumb, extensors pollieis longus and brevis are 
involved. 

Adduction In extended fingers, adduction is produced by the palmar 
interossei; the long flexors are predominant during flexion. In the 


877 


CHAPTER 50 



















SECTION 6 


WRIST AND HAND 


878 


thiimb, limited metaearpophalangeal adduction is possible and may be 
attributable to adductor pollieis and the fìrst palmar interosseous. 


arteries pass underneath these eheek ligaments to reaeh the vinculae 
(see Fig. 50.24). 


Abduction In extended fingers, abduction is produced by the dorsal 
interossei, assisted by the long extensors (except in the middle finger), 
and abductor digiti minimi in the minimus. In the thumb, abductor 
pollieis brevis (which also contributes to opposition) is involved. When 
the fingers are flexed at the interphalangeal joints, aetive abduction is 
restrieted (it is virtually zero when metaearpophalangeal and inter- 
phalangeal joints are flexed); if the long digital flexors are inaetive, 
passive abduction is free. Inability to abduct aetively in this position 
may be due to shortening of the dorsal interossei and abductor digiti 
minimi by flexion, but the altered line of pull of the interossei relative 
to the axis of movement is probably the determining faetor. 

Gamekeeper’s thumb 

r® Available with the Gray’s Anatomy e-book 


INTERPHALANGEAL JOINTS 


The interphalangeal joints are uniaxial hinge joints (see Fig. 50.23). 

FÌbrouS eapSLlle Eaeh interphalangeal joint has a fibrous capsule. 

Ligaments Eaeh interphalangeal joint has a palmar ligament (the 
volar plate) and two eollateral ligaments (Fig. 50.24). The long extensor 
tendons take the plaee of the dorsal capsular ligaments. Extensions from 
the extensor expansion, eaeh eollateral ligament and the palmar liga- 
ment all pass into the joint eavity and provide a signifieant inerease to 
the artioalar surface area of the phalangeal base; their deformable 
nature improves joint eongmenee. 

Palmar ligament (volar plate) The volar plate constitutes the floor of 
the interphalangeal joint. In the proximal interphalangeal joint, the 
distal end of the volar plate is thiekened laterally where it is firmly 
attaehed to the base of the middle phalanx at the position of the tme 
eollateral ligament attaehment. Centrally, it is more delieate and blends 
with the volar periosteum of the middle phalanx. Proximally, the volar 
plate is also very delieate in its eentral portion, but it is thiekened lat- 
erally to form the 'eheek rein ligaments', which attaeh to the periosteum 
of the proximal phalanx just within the walls of the A2 pulley eompo- 
nent of the fibrous flexor sheath. Nutrient branehes of the digital 


A4 pulley 


A3 pulley 


Blood vessel supplying 
tendon via vincula brevum 


C1 pulley 



A2 pulley 


Aeeessory eollateral 

ligament 


Collateral ligament 
of proximal inter- 
phalangeal joint 

Volarplate 


Metaearpophalangeal joint 


Fig. 50.24 Anatomy of the volar plate at a proximal interphalangeal joint. 
The blood vessel supplying the flexor tendons via the vincula brevum is 
shown; the mesentery forming the vinculum has been omitted. 


Oollateral ligaments The eollateral ligaments pass from the lateral 
aspeet of the head of one phalanx to the volar aspeet of the base of the 
adjaeent phalanx. An aeeessory eomponent to the eollateral ligament 
arises in continuity with the main ligament and passes in a volar diree- 
tion to attaeh to the volar plate. 

Synovial membrane Eaeh interphalangeal joint has a synovial 

lining. 

Faetors maintaining Stability Stability is eonferred by the artiailar 

contours of the joint surfaces and the eollateral ligaments. The flexor 
and extensor tendons and retinacular ligaments provide seeondary sta- 
bilization. Stability against hyperextension of the proximal interphalan- 
geal joint is enhaneed by the three-dimensional box arrangement that 
is produced by the eollateral ligament-volar plate complex. 

Joint movements Aetive movements at the interphalangeal joints 

are flexion and extension, and are greater in range at the proximal 
joints. Flexion is eonsiderable, whereas extension is limited by tension 
of the digital flexors and terminated by tension in the palmar ligaments 
and non-articular eompression. Full extension is the elose-paeked posi- 
tion. Flexion and extension are aeeompanied by slight rotation; during 
flexion, this turns the digital pulps slightly laterally, i.e. to faee the 
opposed thumb, and an opposite rotation occurs during extension. 

Aeeessory movements Aeeessory movements are limited rotation, 

abduction, adduction and anteroposterior translation. They permit the 
fingers to adapt to the shapes of gripped objeets and help to proteet 
against stresses and strains. 

MllSOles prodlieìng movements The muscles producing move- 

ments at the interphalangeal joints are as follows. 

Flexion Flexion is produced at the proximal interphalangeal joints by 
the flexors digitomm superficialis and profundus; at distal interphalan- 
geal joints, by flexor digitomm profundus; and at the thumb inter- 
phalangeal joint, by flexor pollieis longus. 


Extension Extension is produced by extensors digitomm, digiti minimi 
and pollieis longus, in assoeiation with abductor pollieis longus and 
extensor pollieis brevis. Extension occurs simultaneously in both joints 
in digits 2-5. 

Simultaneous flexion at the metaearpophalangeal joints and exten- 
sion at the interphalangeal joints of a digit are essential for the fine 
movements of writing, drawing, threading a needle, ete. The lumbricals 
and interossei are primary agents in flexing the metaearpophalangeal 
joints and also in extending the interphalangeal joints via their attaeh- 
ments to the dorsal digital expansions. 


Mallet finger 
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Swan neek deformity 
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Boutonnière deformity 
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VASCULAR SUPPLY 0F THE JOINTS 0F THE WRIST 
AND HAND 


The radioearpal joint is supplied by branehes of the anterior inter- 
osseous artery, anterior and posterior earpal branehes of the radial and 
ulnar arteries, palmar and dorsal metaearpal arteries, and recurrent rami 
of the deep palmar areh. The earpal joints are supplied by the posterior 
earpal branehes of the radial and ulnar arteries, and by the anterior 
interosseous artery. The earpometaearpal joint of the thumb reeeives its 
blood supply from the radial artery and its first dorsal metaearpal 
braneh. The seeond to fifth earpometaearpal joints are supplied by the 
posterior earpal branehes of the radial and ulnar arteries, by twigs from 



























Wrist and hand 


The iilnar eollateral ligament of the metaearpophalangeal joint of the 
thumb may be avulsed from its distal attaehment to the base of the 
proximal phalanx by a eombination of foreed extension and radial 
deviation of the joint. The injury was reported to occur in gamekeepers 
while breaking the neeks of game, but ean occur following simple falls 
on to the outstretched hand, espeeially in skiers who have the straps of 
ski poles wrapped around their thumbs. 

The ulnar eollateral ligament is normally eovered by the aponeurotic 
insertion of the tendon of adductor pollieis. Following avnlsion, the 
proximal end ean beeome superficially displaeed around the proximal 
free edge of the aponeurotic insertion of the adductor. This soft tissue 
interposition prevents the ends of the avulsed ligament from healing. 
If left untreated, a firm, palpable, inflammatory swelling occurs. Surgical 
repair requires division of the aponeurotic insertion of adductor pol- 
lieis, followed by bony reattaehment of the avulsed ligament and repair 
of the aponeurosis. 

The eomparable injury to the radial eollateral ligament is less 
eommon and constitutes only 10-42% of eollateral ligament injuries 
(Edelstein et al 2008). It is caused by sudden, foreed adduction of the 
metaearpophalangeal joint as the result of a fall or during ball games. 
The ligament may be ruptured in its mid-substance or avulsed from 
either bony attaehment. Early identifieation is essential because the 
proximal phalanx of the thumb will subluxate ulnarwards and may 
rotate, leading to degeneration of the articular surface. Interposition of 
the torn or avulsed portion is uncommon because the adductor apo- 
neurosis lies over the radial eollateral ligament. 


Mallet finger is a traumatic rupture, avulsion fracture or laeeration of 
the terminal slip of the extensor tendon to the terminal phalanx of the 
finger that ean result from foreed flexion of the distal phalanx of the 
fhlly extended finger; it is a well-known injury in erieketers. The patient 
is unable to extend the terminal phalanx aetively although the distal 
interphalangeal joint ean be extended passively. 

Swan neek deformity involves hyperextension of the proximal inter- 
phalangeal joint, together with distal interphalangeal joint flexion, 
caused by relative overaetivity of the extensors aeting at the proximal 
interphalangeal joint eompared with the flexors. It arises as a result of 
intrinsie muscle spasm, long-standing mallet finger or dysfimetion of 
flexor digitomm superficialis; it ean only occur if there is also some 
laxity of the volar plate. 

Boutonnière deformity is a flexion deformity of the proximal inter- 
phalangeal joint following either division or laxity in the eentral slip of 
the extensor tendon (which normally inserts into the base of the middle 
phalanx). An essential feature is hyperextension at the distal inter- 
phalangeal joint. The deformity usually occurs as a result of either 
trauma or rheumatoid arthritis, causing the lateral bands of the extensor 
tendon to migrate in a volar direetion and the head of the proximal 
phalanx to migrate dorsally. Initially, the deformity is passively eorreet- 
able, but, with time, the soft tissues around the joint eontraet and a 
fixed deformity results. 






Muscles 


the anterior interosseous artery, and from the palmar digital arteries. 
The metaearpophalangeal joints reeeive their blood supply from the 
dorsal and palmar metaearpal arteries, the arteria prineeps pollieis, and 
the arteria radialis indieis. The interphalangeal joints are supplied by 
branehes from the palmar digital arteries. 

INNERVATION OF THE JOINTS OF THE VVRIST 
AND HAND 


The radioearpal joint is innervated by the anterior and posterior inter- 
osseous nerves, with contributions from the median, ulnar and radial 
nerves. The anterior interosseous nerve and posterior interosseous nerve 
innervate the eentral two-thirds of the anterior and posterior wrist joint 
capsule, including the radioearpal joint. These appear to be pure affer- 
ent nerve fibres with meehanoreeeptor endings, of which there are an 
average of 10 in eaeh dorsal radioearpal ligament (Tomita et al 2007). 
In the palmar radioearpal ligaments, however, Golgi organs, Paeinian 
corpuscles, Ruffini endings and free nerve endings are found (Petrie 
et al 1997). An uneven distribution of these throughout the ligaments 
would suggest speeifie fimetional adaptation but the preeise nature of 
this is unclear. The earpometaearpal joint of the thumb is innervated 
by artioalar twigs from the posterior interosseous nerve and the super- 
fieial braneh of the radial nerve. The seeond to fifth earpometaearpal 
joints are innervated by branehes of the ulnar nerve, the anterior inter- 
osseous, and the superficial radial and dorsal ulnar nerves. The meta- 
earpophalangeal joints are innervated by twigs from the palmar digital 
branehes of the median and ulnar nerve, the deep terminal braneh of 
the ulnar nerve, and the posterior interosseous nerve. The interphalan- 
geal joints are innervated by the palmar digital branehes of the median 
nerve (to the thumb, index, middle and ring fingers), and the ulnar 
nerve (to the ring and little fingers). 



EXTRINSIC LONG FLEX0RS AND EXTENS0RS 

The extrinsic long flexors and extensors are deseribed on pages 848- 
855. The flexor and extensor retinacula are deseribed on pages 863, 864. 

Long flexor tendon apparatus 

Flexor tendon sheaths 

The fibrous sheaths of the flexor tendons are speeialized parts of the 
palmar faseia. Eaeh finger has an osseo-aponeurotic tunnel that extends 
from midpalm to the distal phalanx. The thumb has a tunnel for flexor 
pollieis longus that extends from the metaearpal to the distal phalanx. 
The proximal border is, to some extent, a matter of definition because 
the transverse fibres of the palmar aponeurosis may be eonsidered to 
be a part of the pulley system. The sheath eonsists of arcuate fibres that 
areh anteriorly over bone, tendons (where the sheath is required to be 
stiff) and the eentres of joints (where a bucket-handle of arcuate fibres 
is a meehanieally favourable arrangement). In eontrast, where the 
sheath is required to fold to permit joint flexion, it eonsists of emeiate 
fibres. These fibrous sheaths are lined by a thin synovial membrane that 
provides a sealed lubrication system eontaining synovial fluid. The 
synovial membrane extends from the distal phalanx to midpalm in the 
ease of the index, middle and ring fingers, and fiirther proximally in 
the ease of the little finger (Fig. 50.25). The sheaths around the thumb 
and little finger are continuous with the flexor sheaths in front of the 
wrist. The parietal synovial membrane is refleeted on to the surface of 
the flexor tendon, forming a viseeral synovium. 

A standard nomenclature for the anular (A) and emeiform (C) 
pulleys is used (Doyle and Blythe 1975). The usual pattern is as follows 
(see Fig. 50.25). The A1 pulley is situated anterior to the palmar earti- 
laginous plate of the metaearpophalangeal joint and may extend over 
the proximal part of the proximal phalanx. The A2 overlies the middle 
third of the proximal phalanx. It is the strongest pulley and arises from 
well-defined longitudinal ridges on the palmar aspeet of the phalanx. 
Its distal edge is well developed. A pouch or reeess of synovium extends 
superficial to the free edge of the pulley fibres so that the free edge forms 
a lip protmding into the synovial spaee. A3 is a narrow pulley lying 
palmar to the proximal interphalangeal joint. A4 overlies the middle 
third of the middle phalanx, and A5 overlies the distal interphalangeal 
joint. The emeiate fibres are numbered in a slightly different manner. 
C0 is palmar to the metaearpophalangeal joint. There are two emeiate 
zones, C1 and C2, at the proximal interphalangeal joint, and they lie 


just proximal and distal, respeetively, to A3. At the distal interphalan- 
geal joint, there is one pronounced emeiate system, C3, which lies 
between A4 and A5. Variations occur frequently. During flexion, the 
emeiate fibres beeome orientated more transversely in the digits, and 
the edges of adjaeent anular pulleys approximate so that they form, in 
fiill flexion, a continuous tunnel of transversely orientated fibres. Surgi- 
eally, the most important pulleys that prevent bowstringing of the flexor 
tendons are the A2 and A4 pulleys. 

In the thumb, there are three eonstant pulleys: two anular and one 
oblique (Fig. 50.26). The A1 pulley is loeated at the metaearpo- 
phalangeal joint. The oblique pulley is loeated over the mid-portion of 
the proximal phalanx and its fibres pass from the ulnar aspeet proxi- 
mally to the radial aspeet dorsally. The A2 pulley is thinner than the A1 
pulley and is situated just proximal to the interphalangeal joint. The 
oblique pulley is the most important pulley in the thumb for maintain- 
ing the aetion of flexor pollieis longus. 

Synovial sheaths of the earpal flexor tendons 

Two synovial sheaths envelop the flexor tendons as they traverse the 
earpal tunnel: one for flexors digitomm superficialis and profundus, the 
other for flexor pollieis longus. These sheaths typieally extend into the 
forearm for 2.5 em proximal to the flexor retinaculum and, oeeasion- 
ally, communicate with eaeh other deep to it. The sheath of the flexors 
digitomm tendons reaehes about halfivay along the metaearpal bones, 
where it ends in blind diverticula around the tendons to the index, 
middle and ring fingers (see Fig. 50.25). The sheath is prolonged 
around the tendons to the little finger and is usually continuous with 
their digital synovial sheath. A transverse seetion through the carpus 
shows that the tendons are invaginated into the sheath from the lateral 
side (Fig. 50.27). The parietal layer lines the flexor retinaculum and the 
floor of the earpal tunnel, and is refleeted laterally as the viseeral layer 
over the tendons of flexor digitomm superficialis ventrally and flexor 
digitomm profundus dorsally. Medially, a reeess formed by the viseeral 
layer of the sheath insinuates between the two groups of tendons and 
passes laterally for a variable distanee. The sheath of flexor pollieis 
longus, which is usually separate, is continued along the thumb as far 
as the insertion of the tendon. 

Vincula 

The phenomenon of tendon gliding within a fibrous sheath requires a 
very speeialized arrangement of the vascular supply. Folds of synovial 
membrane eontaining a loose plexus of faseial fibres earry blood vessels 
to the tendons at eertain defined points. These folds, vincula tendi- 
num (Fig. 50.28), are of two kinds. Vincula brevia, of which there are 
two in eaeh finger, are attaehed to the deep surfaces of the tendons near 
to their insertions. There is, thus, one vinculum brevmm attaehing 
flexor digitomm profundus to the region of the distal interphalangeal 
joint, and a more proximal vinculum deep to flexor digitomm super- 
fieialis at the proximal interphalangeal joint. Vincula longa are filiform; 
usually two are attaehed to eaeh superficial tendon, one to eaeh deep 
tendon. 

Trigger finger 

(g) Available with the Gray’s Anatomy e-book 

Synovial sheaths of the earpal extensor tendons 

Six tunnels deep to the extensor retinaculum transmit the extensor 
tendons, eaeh eontaining a synovial sheath. The tendons of abductor 
pollieis longus and extensor pollieis brevis lie in a tunnel on the lateral 
side of the styloid proeess of the radius; there may be a separate synovial 
sheath for eaeh, or the tendon of the abductor may be double. The 
tendons of extensors earpi radiales longus and brevis lie behind the 
styloid proeess; the tendon of extensor pollieis longus lies on the medial 
side of the dorsal tubercle of the radius; the tendons of extensors digi- 
tomm and indieis lie in a tunnel on the medial side of the tubercle; the 
tendon of extensor digiti minimi lies opposite the interval between the 
radius and ulna; and the tendon of extensor earpi ulnaris lies between 
the head and the styloid proeess of the ulna. The tendon sheaths of 
abductor pollieis longus, extensors pollieis brevis and longus, extensors 
earpi radiales and extensor earpi ulnaris stop immediately proximal to 
the bases of the metaearpal bones, while those of extensors digitomm, 
indieis and digiti minimi are sometimes prolonged a little more distally 
along the metacarpus. 

De Quervain’s tenovaginitis 


Available with the Gray’s Anatomy e-book 
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Trigger fìnger is a stenosing tenovaginitis that affeets the fibrous flexor 
sheaths of the fingers or thumb within the palm. The affeeted sheath 
thiekens and entraps the eontained tendons, which beeome eonstrieted 
at the site of entrapment and bulge distal to it. This produces a distinet 
nodule in the palm of the hand and the finger now snaps as the tendon 
nodule passes through the eonstrietion on flexing the finger. The eor- 
responding extensor muscle is insufficiently powerful to extend the 
affeeted finger, so the patient does this passively, aeeompanied by a 
painfiil snap. Treatment frequently requires surgical division of the A1 
pulley of the flexor sheath to relieve the stricture. 

De Quervain's tenovaginitis is a stenosing tenovaginitis of unknown 
aetiology that occurs in the first dorsal eompartment at the level of the 
radial styloid. It involves the eommon extensor sheath eontaining 
the tendons of abductor pollieis longus and extensor pollieis brevis. 
There is palpable thiekening of the tendon sheath with painfhl limita- 
tion of extension of the thumb. Treatment frequently requires division 
of the thiekened sheath, eare being taken to avoid the adjaeent super- 
fieial radial nerve; division of the sheath produces no fimetional 
impairment. 
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Fig. 50.25 Synovial sheaths of the tendons and fibrous flexor tendon 
sheaths on the flexor aspeet of the left vvrist and hand. The synovial 
sheaths are shovvn in blue. A, The lateral aspeet, shovving the anular and 
emeiate pulleys of the flexor tendon sheath. B, The palmar aspeet, shovving 
the synovial sheaths. Details of the anular and emeiate pulleys are shovvn 
on the middle finger; the extension of the digital arteries and nerves to the 
end of this finger have been omitted for elarity. C, Variation in the 
arrangement of the synovial sheaths to the digits. 


Extensor tendon apparatus 

The extensor digitomm tendons emerge through the fourth dorsal 
eompartment on to the dorsum of the hand, where they are joined 
together distally by a varying pattern of oblique intereonneetions, the 
juncturae tendinae. These typieally pass in a distal direetion from 
middle finger to index finger, and from ring finger to middle and little 
fingers. Proximal laeerations to the middle finger extensor tendon may 
result in only partial loss of extension because of these tendinous 
intereonneetions. 

At the level of the metaearpophalangeal joint, eaeh extensor tendon 
is held in a eentral position over the dorsum of the joint by a flat, 
fibrous extensor expansion (Fig. 50.29). The expansion extends on to 
the dorsum of the proximal phalanx of eaeh digit, forming a movable 
hood that moves distally when the metaearpophalangeal joint is flexed, 
and proximally when it is extended. Eaeh extensor tendon blends with 
the extensor expansion along its eentral axis and is separated from the 
metaearpophalangeal joint by a small bursa. The expansion is triangular 


in shape, with its base proximal. It reeeives the eonjoined tendons of 
the interosseous and lumbrical muscles and is almost translucent 
between its margins and the tendon of extensor digitomm. Transverse 
fibres (the sagittal bands) pass to the volar plate and transverse meta- 
earpal ligaments, separating the phalangeal attaehment of the dorsal 
interosseous from the rest of the muscle, and the palmar interosseous 
from the lumbrical muscle. Injuries to the sagittal bands ean lead to 
subluxation of the extensor tendon. 

The margins of the extensor expansions are thiekened on the radial 
side by the tendons of the lumbrical and interosseous muscles, and on 
the ulnar side either by the tendon of an interosseous alone or, in the 
ease of the fifth digit, by abductor digiti minimi. 

The tendons of the interossei join the extensor expansion at the level 
of the proximal portion of the proximal phalanx, while the tendons of 
the lumbricals join the extensor meehanism fhrther distally at the mid- 
portion of the proximal phalanx. Their line of pull is anterior to the 
axis of rotation at the metaearpophalangeal joint, but dorsal to the axis 
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Fig. 50.26 The flexor sheath of 
the left thumb, showing the 
anular and oblique pulleys. (From 
Doyle JR, Blythe WF 1977 
Anatomy of the flexor tendon 
sheath and pulleys of the thumb. 
J Hand Surg 2:149-51. With 
permission from the Ameriean 
Soeiety for Surgery of the Hand.) 
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Fig. 50.27 A transverse 
seetion through the left wrist 
at the level of the distal row 
of the carpus, showing the 
muscle tendons (in grey) 
and their synovial sheaths 
(in green). 
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Fig. 50.28 The tendons and vincula tendinum of 
the index finger and the muscles in the first 
intermetaearpal spaee of the left hand: lateral 
aspeet. 
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Fig. 50.29 The extensor meehanism of the finger. A, Dorsal view. B, Lateral view. C, Lateral view in flexion. 


of rotation at the proximal interphalangeal joint. The extensor meeha- 
nism triflireates into a eentral slip and two lateral bands just proximal 
to the proximal interphalangeal joint. The eentral slip reeeives a eontri- 
bution from the tendons of the lumbricals and interossei via the lateral 
bands. Similarly, some fìbres from the eentral region pass to eaeh lateral 
band, producing a eriss-eross arrangement of fìbres. The eentral slip 
attaehes to the base of the middle phalanx, while the lateral bands 
eontimie distally; they eventually fuse together and insert into the distal 
phalanx. The tension in the eentral slip and the lateral bands varies as 
the finger moves between flexion and extension and plays a emeial role 
in eoordinating synchronous aetivity between the proximal and distal 
interphalangeal joints. 

The transverse and oblique retinacular ligaments of Landsmeer 
eonneet the fìbrous flexor sheath to the extensor apparatus. The trans- 
verse retinacular ligament passes from the A3 pulley of the fibrous flexor 
sheath at the level of the proximal interphalangeal joint to the lateral 
border of the lateral extensor band. The oblique retinacular ligament 
lies deep to the transverse retinacular ligament. It originates from the 
lateral aspeet of the proximal phalanx and flexor sheath (A2 pulley) and 
passes volar to the axis of rotation of the proximal interphalangeal joint, 
but in a dorsal and distal direetion, to insert into the terminal extensor 
tendon. 

INTRINSIC MUSCLES 0F THE HAND 


The intrinsie muscles of the hand are organized into three groups plus 
a superfìcial muscle. The thenar muscles include flexor pollieis brevis, 
abductor pollieis brevis, opponens pollieis and adductor pollieis. The 
hypothenar muscles include abductor digiti minimi, flexor digiti 
minimi brevis and opponens digiti minimi. The interossei and lumbri- 
eals aet on the fingers. Palmaris brevis is a superficial muscle that lies 
beneath the ulnar palmar skin. 

Flexor pollieis brevis 

Attaehments Flexor pollieis brevis lies medial to abductor pollieis 
brevis (Fig. 50.30). It has superficial and deep parts. The superfìcial 
head arises from the distal border of the flexor retinaculum and the 
distal part of the tubercle of the trapezium, and passes along the radial 
side of the tendon of flexor pollieis longus. It is attaehed by a tendon 
that eontains a sesamoid bone to the radial side of the base of the 
proximal phalanx of the thumb. The deep part arises from the trapezoid 
and eapitate bones and from the palmar ligaments of the distal row of 
earpal bone, and passes deep to the tendon of flexor pollieis longus. It 


unites with the superfìcial head on the sesamoid bone and base of the 
fìrst phalanx. 

The superficial head is frequently blended with opponens pollieis. 
The deep head varies eonsiderably in size and may even be absent. 

Relations Flexor pollieis brevis lies superfìcial in the thenar eminenee 
and is distal to abductor pollieis brevis. It is erossed by the motor 
braneh of the median nerve. 

Aetions Flexor pollieis brevis flexes the metaearpophalangeal joint. 

Testing Flexor pollieis brevis is palpated whilst flexing the metaearpo- 
phalangeal joint, with the interphalangeal joint fully extended. 

Abductor pollieis brevis 

Attaehments Abductor pollieis brevis is a thin, subcutaneous muscle 
in the proximolateral part of the thenar eminenee (see Pigs 50.25B, 
50.30). It arises mainly from the flexor retinaculum, but a few fìbres 
spring from the tubercles of the seaphoid bone and trapezium and from 
the tendon of abductor pollieis longus. Its medial fibres are attaehed by 
a thin, flat tendon to the radial side of the base of the proximal phalanx 
of the thumb, and its lateral fibres join the dorsal digital expansion of 
the thumb. The muscle may reeeive aeeessory slips from the long and 
short extensors of the thumb, opponens pollieis, or the styloid proeess 
of the radms. 

Relations Abductor pollieis brevis lies proximomedial to flexor pol- 
lieis brevis in the superficial part of the thenar eminenee. 

Aetions Abductor pollieis brevis draws the thumb ventrally in a plane 
at right angles to the palm of the hand (abduction). 

Testing The patient abducts the thumb at right angles to the palm 
against resistanee; the muscle ean be seen and felt. 

Opponens pollieis 

Attaehments Opponens pollieis lies deep to abductor pollieis brevis 
(see Fig. 50.30). It arises from the tubercle of the trapezium and the 
flexor retinaculum, and is attaehed to the whole length of the lateral 
border, and the adjoining lateral half of the palmar surface of the meta- 
earpal bone of the thumb. 

Relations Opponens pollieis lies deep between the other two muscles 
of the thenar eminenee and is revealed only when they are retraeted. 
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Fig. 50.30 The miiseles of the left hand. The deep layer is shovvn after cutting the flexor retinaculum and partial removal of several superficial muscles 
palmar aspeet. (With permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 
2013 .) 


Aetions Opponens pollieis flexes the metaearpal bone of the 
thumb. 

Testing The patient touches the base of the little finger against 
resistanee. 

Adductor pollieis 

Attaehments Adductor pollieis arises by oblique and transverse 
heads (see Figs 50.26, 50.28, 50.30). The oblique head is attaehed to 
the eapitate bone, the bases of the seeond and third metaearpal bones, 
the palmar ligaments of the carpus, and the sheath of the tendon of 
flexor earpi radialis. Most of the fibres eonverge into a tendon (eontain- 
ing a sesamoid bone) that unites with the tendon of the transverse head 
and is attaehed to the ulnar side of the base of the proximal phalanx 
of the thumb. The deepest fibres may pass into the medial side of the 
dorsal digital expansion of the thumb. On the lateral side of the oblique 
head, a eonsiderable fasciculus, deseribed as the 'deep head' of flexor 
pollieis brevis, passes deep to the tendon of flexor pollieis longus to 
join flexor pollieis brevis. The transverse head is the deepest of the 
muscles of the thumb; it is triangular and arises from the distal two- 
thirds of the palmar surface of the third metaearpal. The fibres eonverge 
to be attaehed, with the oblique head and the first palmar interosseous, 
to the base of the proximal phalanx of the thumb. The two parts of the 
adductor vary in relative size and degree of eonneetion. 


Relations The deep palmar areh and the deep braneh of the ulnar 
nerve pass between the two heads of the muscle. Anteriorly, adductor 
pollieis is erossed by the flexor tendons of the index finger and their 
sheath, and the first lumbrical, and is overlapped by flexor pollieis 
brevis. Posteriorly, it abuts against the first dorsal interosseous muscle; 
together, these muscles form the mass of the first web spaee of the hand. 

Aetions Adductor pollieis is the largest and most powerful of the 
intrinsie muscles and aets to approximate the thumb to the palm of the 
hand. It aets optimally when the abducted, rotated and flexed thumb 
is opposed to the fingers in gripping. 

Testing The patient adducts the thumb at right angles to the palm 
against resistanee. 

Abductor digiti minimi 

Attaehments Abductor digiti minimi arises from the pisiform bone, 
the tendon of flexor earpi ulnaris and the pisohamate ligament (see Figs 
50.25B, 50.30). It ends in a flat tendon that divides into two slips: one 
is attaehed to the ulnar side of the base of the proximal phalanx of the 
little finger, and the other to the ulnar border of the dorsal digital expan- 
sion of extensor digiti minimi. The muscle may have two or three slips 
and may be fused with flexor digiti minimi brevis. An additional slip 
may arise from the flexor retinaculum, antebraehial faseia, or tendons 
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of palmaris longus or flexor earpi nlnaris, and may be partly attaehed 
to the fifth metaearpal by a slip from the pisiform. 

Relations Abductor digiti minimi lies along the ulnar border of flexor 
digiti minimi brevis and overlies opponens digiti minimi. 

Aetions Abductor digiti minimi abducts the little finger away from the 
fourth, e.g. in the habitual spreading of the digits when they are 
extended. Abduction is also possible when digits 2-4 are tightly 
adducted in flexion or extension. 

Testing The little finger is abducted against resistanee. 

Flexor digiti minimi brevis 

Attaehments Flexor digiti minimi brevis arises from the convex 
surface of the hook of the hamate and the palmar surface of the flexor 
retinaculum, and inserts into the ulnar side of the base of the proximal 
phalanx of the little finger with abductor digiti minimi (see Fig. 50.30). 
It may be absent, or fused with the abductor, and it may attaeh to the 
distal end of the fifth metaearpal by a muscular slip. 

Relations Flexor digiti minimi brevis lies lateral to the abductor. Its 
origin is separated from that of the abductor by the deep branehes of 
the ulnar artery and nerve. 

Aetions Flexor digiti minimi brevis produces flexion of the little finger 
at its metaearpophalangeal joint, together with some lateral rotation. 

Testing The subject flexes the metaearpophalangeal joint of the little 
finger against resistanee with the interphalangeal joints in extension. 

Opponens digiti minimi 

Attaehments Opponens digiti minimi is a triangular muscle lying 
under eover of the flexor and abductor (see Fig. 50.30). It arises from 
the convexity of the hook of the hamate and the contiguous portion of 
the flexor retinaculum, and inserts along the whole length of the ulnar 
margin of the fifth metaearpal bone and the adjaeent palmar surface. 
The muscle is often divided into two lamellae by the deep branehes of 
the ulnar artery and nerve. It blends to a variable degree with its 
neighbours. 

Relations Opponens digiti minimi lies on the ulnar margin and 
adjaeent palmar surface of the fifth metaearpaf overlapped by, and 
often partly fused with, the other two muscles of the hypothenar 
eminenee. 

Aetions Opponens digiti minimi flexes the fifth metaearpal bone, 
drawing it forwards and rotating it laterally at the earpometaearpal 
joint; this deepens the hollow of the palm. These aetions, together with 
flexion and some lateral rotation at the metaearpophalangeal and inter- 
phalangeal joints, bring the digit into opposition with the thumb. 

Testing The patient opposes the tip of the little finger to the tip of the 
thumb with the interphalangeal joints of the little finger in extension. 

Palmaris brevis 

AttaehmentS Palmaris brevis is a thin, quadrilateral muscle lying 
beneath the skin of the ulnar side of the palm (see Fig. 50.7A). It arises 
from the flexor retinaculum and the medial border of the eentral part 
of the palmar aponeurosis and is attaehed to the dermis on the ulnar 
border of the hand. 

Relations Palmaris brevis is superficial to the ulnar artery and the 
superficial terminal braneh of the ulnar nerve. 

Aetions Palmaris brevis wrinkles the skin on the ulnar side of the 
palm of the hand and deepens the hollow of the palm by accentuating 
the hypothenar eminenee. 

Testing The patient opposes the thumb to the little finger; the skin 
on the ulnar side of the palm is seen to pucker. 

Interossei 

The interossei occupy the intervals between the metaearpal bones and 
are divided into a palmar and a dorsal set. 

Palmar interossei 

Attaehments Palmar interossei are smaller than dorsal interossei and 
lie on the palmar surfaces of the metaearpal bones rather than between 



Seeond palmar interosseous 
Third palmar interosseous 

Fourth palmar interosseous 


Fig. 50.31 The palmar interossei of the left hand: palmar aspeet. Note 
that there is no first palmar interosseous in this speeimen. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


them (see Fig. 50.30; Fig. 50.31). The middle finger has no palmar 
interosseous. The remaining digits have palmar interossei on their 
aspeets that faee the middle finger. The first arises from the ulnar side 
of the palmar surface of the base of the first metaearpal bone and is 
inserted into a sesamoid bone on the ulnar side of the proximal 
phalanx; from here, it passes to the phalanx and, usually, also into the 
dorsal digital expansion. It is often mdimentary. The seeond arises from 
the ulnar side of the seeond metaearpal bone and is inserted into the 
same side of the digital expansion of the index finger. The third arises 
from the radial side of the fourth metaearpal bone and is inserted 
together with the third lumbrical. The fourth arises from the radial side 
of the fifth metaearpal bone and is attaehed with the fourth lumbrical 
and to the base of the proximal phalanx. The attaehment of these 
muscles to the dorsal digital expansions (see Fig. 50.29) stabilizes the 
extensor tendons on the convex heads of the metaearpal bones during 
flexion and extension at the metaearpophalangeal joints. The interossei 
show little variation in their arrangement, although they may, oeeasion- 
ally, be duplicated. 

Relations The first palmar interosseous lies anterior to the lateral 
head of the first dorsal interosseous and is overlapped anteriorly by the 
oblique head of adductor pollieis, which also erosses anterior to the 
seeond palmar interosseous. The third and fourth are overlapped by the 
long flexor tendons of the ring and little finger, respeetively, within their 
flexor sheaths. 

Aetions Palmar interossei adduct the fingers towards the longitudinal 
axis of the middle finger. Interossei have a eonsiderable eross-seetional 
area and, therefore, contribute strongly to metaearpophalangeal joint 
flexion and interphalangeal extension. When the interossei are para- 
lysed, the grip strength of the hand is reduced and the are of finger 
motion is abnormal, with a tendeney for the fingers to claw. Eaeh inter- 
osseous has a eonsiderable ability to rotate the digit at the metaearpo- 
phalangeal joint. Generally, this is not obvious because interossei aet 
in pairs, but it may occur where one interosseous is defieient as a result 
of injury or eongenital deformity. 

Testing The patient adducts the index ring and little fingers against 
resistanee. 

Dorsal interossei 

Attaehments Dorsal interossei eonsist of four bipennate muscles, 
eaeh arising from the adjaeent sides of two metaearpal bones, but more 
extensively from the metaearpal bone of the finger into which the 
muscle passes (see Figs 50.29-50.30; Fig. 50.32). They insert on the 
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Fig. 50.32 The dorsal interossei of the left hand: dorsal aspeet. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, llrban & Fiseher. Copyright 2013.) 


bases of the proximal phalanges and separately into the dorsal digital 
expansions. There is a narrow triangular interval between the double 
origin of eaeh of these muscles; the radial artery passes through the fìrst 
of these intervals, and a perforating braneh from the deep palmar areh 
passes through eaeh of the others. The fìrst and largest muscle is some- 
times ealled abductor indieis. It is attaehed to the radial side of the 
proximal phalanx of the index fìnger and to the capsule of the adjoin- 
ing metaearpophalangeal joint. The seeond and third are attaehed to 
the radial and ulnar sides of the middle fìnger, respeetively. Whereas 
the seeond generally reaehes the digital expansion and the proximal 
phalanx, the third usually extends only to the digital expansion. The 
fourth may be wholly attaehed to the digital expansion, but it often 
sends an additional slip to the proximal phalanx. 

Relations The fìrst dorsal interosseous abuts anteriorly with adductor 
pollieis. The other dorsal interossei occupy the spaees between the 
seeond and the fìfth metaearpal bones. 

Aetions Dorsal interossei abduct the fìngers away from the longitudi- 
nal axis of the middle fìnger. See also the deseription of the aetions of 
the palmar interossei above. 

Testing The patient abducts the index, middle and ring fìngers against 
resistanee. The fìrst dorsal interosseous is tested with the subject's 
fìngers and palm flat on the table. The subject tries to abduct the index 
finger against the examiner's resistanee. The muscle belly ean be felt 
and seen. 

Lumbricals 

Attaehments The four small lumbrical muscles arise from the 
tendons of flexor digitomm profundus (see Figs 50.29-50.30; Fig. 
50.33). The fìrst and seeond arise from the radial sides and palmar 
surfaces of the tendons of the index and middle fìngers, respeetively. 
The third arises from the adjaeent sides of the tendons of the middle 
and ring fingers, and the fourth from the adjoining sides of the tendons 
of the ring and little fìngers. Eaeh passes to the radial side of the eor- 


Tendons of flexor digitomm profundus 


Tendons of 

flexor digitomrri superficialis 


F irst lumbrical 


Seeond lumbrical 



Tendons of 
flexor 
digitomm 
superficialis 


Third lumbrical 


Fourth lumbrical 


Tendons of 
flexor digitomm 
profundus 


Fig. 50.33 Liimbrieals of the left hand: palmar aspeet. (With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, llrban & Fiseher. Copyright 2013.) 


responding fìnger and is attaehed to the lateral margin of the dorsal 
digital expansion of extensor digitomm eovering the dorsal surface of 
the fìnger. Variations in the attaehments of the himbrieals are eommon. 
Any of them may be unipennate or bipennate. When they are bipen- 
nate, the two heads arise from adjoining tendons of flexor digitomm 
profundus, and, in the ease of the fìrst fombrieal, from the tendon of 
flexor pollieis longus. Aeeessory fombrieal slips may be attaehed to an 
adjaeent tendon of flexor digitomm superficialis. 

Aetions Lumbricals arise from flexor tendons and insert into the 
extensor apparatus. Sinee both attaehments are mobile, they have the 
potential for producing movement at either. The aetion on the exten- 
sor apparatus extends both interphalangeal joints in a eoordinated 
manner. The mode of aetion at the metaearpophalangeal joints is dis- 
puted, but if there is a flexor aetion, it is very weak. The effeet on the 
flexor digitomm profundus attaehment is to pull the tendon distally. 
The eombined aetion on both origin and insertion is, therefore, to 
alter the posture of the fìnger to allow more interphalangeal extension. 
Pinehing the index fìnger against the thumb without a fombrieal 
would result in a nail-to-nail eontaet; the addition of the fombrieal 
inereases the interphalangeal joint extension and results in pulp-to- 
pulp pineh. Lumbricals eontain many muscle spindles and have a long 
fìbre length; it is, therefore, reasonable to assume that they play a role 
in proprioeeption. 

Testing Lumbricals eannot be tested in isolation but only as the 
lumbrical-interosseous muscle complex. The examiner holds the meta- 
earpophalangeal joint of the index finger in hyperextension and the 
subject is instmeted to extend the proximal interphalangeal joint 
against resistanee. This test is repeated on the other fìngers. 

Vascular supply to the intrinsie muscles 
of the hand 

Flexor pollieis brevis is supplied by the superficial palmar braneh of the 
radial artery, and branehes from the prineeps pollieis artery and radialis 
indieis artery. Abductor pollieis brevis is supplied by the superficial 
palmar braneh of the radial artery and, often, by an independent 
braneh direetly from the radial artery lying on the radial aspeet of the 
tfoimb. Opponens pollieis is supplied by the superficial palmar braneh 
of the radial artery and by branehes from the fìrst palmar metaearpal 
artery (when present), arteria prineeps pollieis, arteria radialis indieis 
and the deep palmar areh. Adductor pollieis is supplied by the arteria 
prineeps pollieis and arteria radialis indieis (sometimes eombined as 
the fìrst palmar metaearpal artery) and by branehes from the deep 
palmar areh. Abductor digiti minimi and flexor digiti minimi brevis are 
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supplied by the deep palmar braneh of the ulnar artery and branehes 
from the ulnar end of the superficial palmar areh; the medial border of 
the little finger is supplied by the palmar digital artery. Opponens digiti 
minimi is supplied by the deep palmar braneh of the ulnar artery and 
branehes from the medial end of the deep palmar areh. Palmaris brevis 
is supplied by branehes from the ulnar end of the superficial palmar 
areh. The palmar interossei are supplied by branehes from the deep 
palmar areh, arteria prineeps pollieis, arteria radialis indieis, palmar 
metaearpal arteries, proximal and distal perforating arteries, and 
eommon and proper digital (palmar) arteries. The dorsal interossei are 
supplied by the dorsal metaearpal arteries (first to fourth), palmar 
metaearpal arteries (seeond to fourth), radial artery (first), arteria prin- 
eeps pollieis, arteria radialis indieis, three perforating branehes from 
the deep palmar areh (proximal perforating arteries) and three distal 
perforating branehes. Their tendons are supplied by branehes from the 
eommon and proper palmar digital arteries and the dorsal digital 
arteries. 

The first and seeond lumbricals are supplied by the first and seeond 
dorsal metaearpal and dorsal digital arteries. The third and fourth lum- 
brieals are supplied by the seeond and third eommon palmar digital 
arteries, and the third and fourth dorsal digital arteries and their anas- 
tomoses with the palmar digital arteries. 

Innervation of the intrinsie muscles 
of the hand 

The superficial head of flexor pollieis brevis is usually innervated by 
the reairrent motor braneh of the median nerve, and the deep head is 
usually innervated by the deep braneh of the ulnar nerve; variation is 
eommon. Abductor pollieis brevis is innervated by the recurrent 
motor braneh of the median nerve and is the only thenar muscle that 
is eonstantly supplied by the median nerve. Opponens pollieis is 
innervated by the lateral terminal braneh of the median nerve and, 
eommonly, by a braneh of the deep terminal braneh of the ulnar 
nerve. Adductor pollieis, abductor digiti minimi, flexor digiti minimi 
brevis, opponens digiti minimi and all the interossei are innervated by 
the deep braneh of the ulnar nerve; the first dorsal interosseous and 
adductor pollieis are supplied by its most distal portion. Palmaris 
brevis is innervated by the superficial braneh of the ulnar nerve. The 
first and seeond lumbricals are innervated by the median nerve, and 
the third and fourth lumbricals by the deep terminal braneh of the 
ulnar nerve. The third lumbrical frequently reeeives a supply from the 
median nerve. The first and seeond lumbricals are, oeeasionally, inner- 
vated by the deep terminal braneh of the ulnar nerve. 



The apparently simple human fimetions of elosing the hand to grasp 
an objeet, or opening the palm to release it, are, in reality, tasks of 
eonsiderable meehanieal complexity, requiring the simultaneous eon- 
traetion of many individual muscles. The isolated aetion of a single 
muscle may be inferred from the positions of its origin and insertion, 
and the estimated line of aetion (usually, the eentre line of the muscle) 
in relation to the axes of all the joints traversed by the muscle and its 
tendon. The limb ean be regarded as a ehain of joints erossed by 
muscles. If it is known which muscles are aetive, then the reason why 
one joint moves and others do not is a matter of simple meehanieal 
relationships. For example, flexor pollieis longus is eonsidered to have 
a major role as a flexor of the interphalangeal joint of the thumb. 
However, the position of its tendon relative to more proximal joints in 
the limb gives it the potential for producing flexion at the metaearpo- 
phalangeal joint and also at the trapeziometaearpal and wrist joints. In 
the living subject, the actual motion that takes plaee depends on which 
other imisele groups are aeting, and so the potential for movement must 
be eonsidered for eaeh joint in the ehain in turn. Motion at the wrist is 
generally balaneed by wrist extensors. Motion at the trapeziometaearpal 
joint is balaneed by abductor pollieis longus. Flexor pollieis longus will 
then have an aetion as a flexor of the metaearpophalangeal and inter- 
phalangeal joints only. 

The faetor that determines whether one or both of two joints will 
move is the turning moment at eaeh. The greater the perpendicular 
distanee from the line of muscle or tendon pull to the axis of the joint, 
the stronger is the turning effeet of the imisele at the joint, but the 
smaller the range of joint motion that ean be produced. In the ease of 
flexor pollieis longus, the tendon is situated ffirther from the axis of the 
metaearpophalangeal joint than from the axis of the interphalangeal 
joint; it will, therefore, tend to produce flexion preferentially at the 
metaearpophalangeal joint, unless that joint is restrained by extensor 


pollieis brevis. In this way, different postures of the thumb ean be pro- 
duced by the interplay of flexor and extensor forees. These simple 
guiding prineiples should provide an understanding of imisele aetion 
in the hand that is sufficient for most purposes. 

In eonsidering the role of a partiailar muscle, there is a tendeney to 
eoneentrate on motion. Indeed, many muscles are named on the basis 
of the movements that they generate, although others, often those 
whose aetions are the most diffioilt to interpret, are deseribed aeeording 
to their morphology or situation. A more important ffinetion may be 
the nature of the foree generated. For example, although flexor pollieis 
longus flexes the thumb (see above), a large range of flexion is actually 
required in only a few aetivities, such as eertain ripping tasks. In most 
pineh and manipulative tasks, the role of the thumb is to apply isomet- 
rie foree, which it does with such preeision that it is possible to piek up 
an egg and neither emsh nor drop it. Thus, for much of the time, flexor 
pollieis longus behaves as an extremely sophistieated meehanism for 
the applieation of foree, in which eontraetion and proprioeeption are 
equally important. 

The anatomieal position of the hand (palm flat and pointing an- 
teriorly, forearm supinated) is a eonvenient standard for studying stme- 
tural relationships. The hand in the relaxed (anaesthetized) position 
adopts a posture of partial flexion and mid-supination/pronation (the 
reader ean verify this by relaxing eompletely and observing forearm and 
hand position). 


SPECIAL FUNCTIONS OF THE HAND 

eiosing the hand 


[l^J Available with the Gray’s Anatomy e-book 

Role of the long digital flexors 


Available with the Gray’s Anatomy e-book 

Role of the wrist 


Available with the Gray’s Anatomy e-book 

Making a tight fist 



Available with the Gray’s Anatomy e-book 


Opening the hand 



Available with the Gray’s Anatomy e-book 


Movements of the thiimb 


The thumb does not easily assume the elassieal anatomieal position. 
Therefore, the normal deseriptive anatomieal terms, i.e. anterior, pos- 
terior, medial and lateral, do not readily apply. The terms palmar, 
'dorsal', Mlnar' and 'radial' have been adopted in elinieal praetiee. 

An opposable thumb requires a different system of eontrol from 
the other digits. Sinee the metaearpal is much more mobile than in 
the digits, muscles are needed to eontrol the extra freedom of move- 
ment. The basie aetive movements are flexion-extension, abduction- 
adduction, rotation and circumduction. In the resting position of the 
first metaearpal, flexion and extension are parallel with the palmar 
plane, and abduction and adduction occur at right angles to this. 

Flexion and extension should be eonfined to motion at the inter- 
phalangeal or metaearpophalangeal joints (see Video 50.1). Palmar 
abduction (see Video 50.1), in which the first metaearpal moves away 
from the seeond at right angles to the plane of the palm, and radial 
abduction (see Video 50.1), in which the first metaearpal moves away 
from the seeond with the thumb in the plane of the palm, occur at the 
earpometaearpal joint. The opposite of radial abduction is ulnar adduc- 
tion, or transpalmar adduction, in which the thumb erosses the palm 
towards its ulnar border. In elinieal praetiee, the term adduction is 
generally used without qualification. Circumduction deseribes the 
angular motion of the first metaearpal, solely at the earpometaearpal 
joint, from a position of maximal radial abduction in the plane of the 
palm towards the ulnar border of the hand, maintaining the widest 
possible angle between the first and seeond metaearpals (see Video 

















Wrist and hand 


It is elear that the fingers and palm of the hand flex in gripping, grasping 
or making a fist, but there are subtle differenees in hand posture in these 
various aetivities. The basie meehanisms of hand closure will be 
deseribed before speeial grips are eonsidered. 

As the digits flex, the wrist usually extends (dorsiflexes) at the same 
time. The involvement of the long digital flexors in this movement will 
be eonsidered first, followed by an analysis of the role of the wrist. 

Flexor digitomm superficialis aets prineipally to flex the proximal inter- 
phalangeal joints, through its insertions into the middle phalanges. 
However, in eaeh digit, it also has an aetion on the metaearpophalan- 
geal joint because the tendon passes anterior to that joint. The muscle 
has the potential to produce flexion at the wrist for the same reason. 
The faet that eaeh tendon arises from an individual muscle slip allows 
the elinieian to test one finger at a time. The reader ean verify this by 
attempting to flex eaeh digit individually while using the other hand to 
keep the distal interphalangeal joints of the remaining fingers in exten- 
sion. This test is frequently used in elinieal praetiee and is useful for the 
middle and ring fingers, where flexion of one finger alone must be 
attributed to flexor digitomm superficialis. The index finger, however, 
has its own profundus musculotendinous unit and may, therefore, 
move independently under the aetion of this tendon. Many individuals 
eannot flex the proximal interphalangeal joint of the little finger alone, 
usually because of linkage between the tendons of the ring and little 
finger flexor digitomm superficialis, but oeeasionally because super- 
fieialis is defieient. Most individuals ean flex the metaearpophalangeal 
joint of the little finger using flexor digiti minimi. 

Flexor digitomm profundus is the only flexor of the distal inter- 
phalangeal joint. It also contributes, together with superficialis, to 
flexion at the proximal interphalangeal and metaearpophalangeal 
joints. These two long flexors (sometimes ealled extrinsic flexors because 
the muscle bellies are outside the hand) ean be eonsidered to aet 
together to flex the finger. However, their aetion alone would wind up 
the interphalangeal before the metaearpophalangeal joints and the 
finger would not move in a normal are of flexion. This is preeisely what 
happens in an ulnar nerve paralysis, in which the interossei and lum- 
brieals are not fimetioning. These small (intrinsie) muscles have been 
deseribed earlier in terms of their individual aetions. For their role in 
eoordinated aetivity, it is sufficient to appreeiate that their contribution 
ehanges the are produced by the long flexors, inereasing flexion at the 
metaearpophalangeal joint and reducing flexion at the proximal inter- 
phalangeal joint. All three joints are then angulated to the same degree 
and the fingers form a normal are of flexion. As the finger flexes, the 
long extensor tendons (extensor digitomm, extensor indieis and exten- 
sor digiti minimi) aid the proeess by relaxing and allowing the extensor 
apparatus to glide distally on the dorsum of the phalanges. 

As the fingers wind up to make a fist, the wrist tends to extend, particu- 
larly when foree is applied. This extension has a marked effeet on the 
excursion of the long flexor tendons. On its own, digital flexion would 
require the long tendons to move proximally in their sheaths and the 
flexor muscles in the forearm would shorten. Extension of the wrist 
tends to produce a lengthening of the same muscles, which, in normal 
use, is almost enough to balanee the shortening due to finger flexion; 
the net effeet is a very slight shortening (approximately 1 em) of the 
long flexors in the forearm. The wrist ean, therefore, be seen as a meeha- 
nism for maximizing foree because it allows the fingers to flex while 
maintaining the resting length of the extrinsic muscles near to the peak 
of the foree-length curve. It is, of course, possible to wind up the fingers 
with the wrist held in a neutral position but the grip is somewhat 
weaker. With the wrist in fiill flexion, it is not possible to flex the fingers 
fiilly. 

Flexion of the fingers on gripping tends to result in a distal excursion 
of the long extensors. However, this tendeney is counteracted by dorsi- 
flexion of the wrist. The net effeet is a very small proximal excursion of 
the long extensor tendons on gripping, mirroring the effeet on the flexor 
surface. If the movement of the wrist is exaggerated so that the wrist is 
a little flexed on opening the hand, and fiilly dorsiflexed on elosing it, 
the net excursion of long flexors and extensors is zero, i.e. this whole 
movement sequence ean be eompleted with the forearm flexor and 
extensor muscles eontraeting isometrieally. 


The reader ean observe the relationship between digits and wrist by 
performing the following manoeuvre. The wrist is held in a relaxed, 
mid-supinated position, with the elbow flexed at 90°. If the forearm is 
now rotated into pronation, the wrist will fall into flexion and the 
fingers will automatically extend. If the forearm is rotated into supina- 
tion, the wrist will extend and the fingers flex. The finger movements 
eompensate for the wrist movements and are entirely automatic; they 
are made without the need for any excursion of forearm flexor or exten- 
sor tendons. This test, the wrist tenodesis test, is a useful way of examin- 
ing the limb for tendon injury. The pointing finger (which does not 
move with wrist motion) 'points to' a tendon injury. 

Wrist motion is eontrolled prineipally by two wrist flexors (flexor 
earpi radialis and flexor earpi ulnaris) and three extensors (extensors 
earpi radialis longus and brevis, and extensor earpi ulnaris). Although 
the radioearpal joint has some fimetional similarity to a ball and soeket 
joint, it is possible to think of the wrist as a variable hinge joint, the 
axis of which may be set in a number of inelinations. For example, in 
using a hammer, it is useful to rotate the wrist backwards and forwards 
about an axis that permits not only wrist flexion but also ulnar devia- 
tion. It would be very restrieting to have a pure hinge joint with eol- 
lateral ligaments of fìxed length. In this context, the wrist flexors and 
extensors may be regarded as variable eollateral ligaments that allow 
the joint to be set about a number of different axes. 

It is possible to observe and to palpate the muscle groups that are aetive 
in making a tight fist. Flexor digitomm profundus and flexor digitomm 
superficialis are aetive, and flexor earpi ulnaris eontraets strongly, as do 
the wrist extensors. Palpation of the long digital extensors on the 
dorsum of the wrist, the first dorsal interosseous in the thumb web, and 
of the other interossei and the thenar and hypothenar muscles, will 
eonfirm that all these muscles are eontraeting. As a firm fist is swung 
forwards in anger, braehioradialis stands out; at the moment of impaet, 
virtually every muscle in the limb is aetive. 

The hand is opened from its relaxed balaneed posture, e.g. when streteh- 
ing out to reaeh an objeet. This motion is made up of extension of the 
distal interphalangeal, proximal interphalangeal and metaearpophalan- 
geal joints. The hand is provided with an ingenious meehanism that 
allows this to happen. The laws of meehanies would suggest that one 
motor would be required for every joint in a ehain, together with some 
sort of eontrolling meehanism to ensure that the ehain of joints moved 
together in a eoordinated fashion. In the hand, this is aehieved through 
an extensor apparatus that minimizes the number of motors required 
for movement by allowing the muscles to aet on more than one joint, 
and by linking different levels in the meehanism so that the are of 
motion is eontrolled. 

The tendons of extensor digitomm mn distally over the metaearpal 
heads, forming the major eomponent of the extensor apparatus. Exten- 
sor digitomm has no insertion into the proximal phalanx and, there- 
fore, exerts its extensor aetion on the metaearpophalangeal joint 
indireetly through more distal insertions. The first point of insertion is 
at the base of the middle phalanx ('eentral slip', in elinieal praetiee). 
Aeting at this insertion alone, extensor digitomm ean extend both meta- 
earpophalangeal and proximal interphalangeal joints together. The 
interossei are also aetive in hand opening, sinee they will tend to 
inerease extension of the proximal interphalangeal joint. There is, there- 
fore, a range of possibilities. At one extreme, with no contribution from 
the interossei, the long extensor will exert all of its aetion at the meta- 
earpophalangeal joint; this leads to fiill extension, and even hyperexten- 
sion, while the proximal interphalangeal joint remains flexed (the 
typieal 'intrinsie mimis', or claw hand, of ulnar nerve paralysis). At the 
other extreme, when the intrinsies aet strongly together with extensor 
digitomm, the proximal interphalangeal joint will extend eompletely 
while the metaearpophalangeal joint remains flexed ('intrinsie plus' 
hand). Thus, the hand possesses, in the proximal part of the extensor 
apparatus, a variable meehanism that allows different amounts of rela- 
tive metaearpophalangeal or proximal interphalangeal joint motion. 
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In eontrast, the more distal part of the extensor apparatus aets as an 
automatic or fixed meehanism that determines that the two inter- 
phalangeal joints, proximal and distal, will move together. The lateral 
slips of the extensor apparatus arise from extensor digitomm and pass 
distally on either side of the eentral slip and thus over the proximal 
interphalangeal joint; being fhrther lateral, they are nearer the joint axis 
because the dorsal surface curves away on eaeh side. A helpfhl analogy 
that has been suggested for this arrangement is to eonsider it as two 
pulleys of different size on one axle. The eentral slip ean be regarded as 
a eord that passes over the larger wheel, and eaeh lateral slip as a eord 
that passes over the smaller wheel. Sinee these latter pulleys are smaller, 
there is less longitudinal excursion for a given rotation of the wheel, 
and this allows some of the excursion to be used for another fimetion, 
namely: extension at the distal joint. There is an additional meehanism 
by which the lateral slips move laterally during flexion of the proximal 
interphalangeal joint. The effeet of this lateral movement is to reduce 
fhrther the distanee between the lateral slips and the joint axis, thereby 
reducing the amount of excursion at the proximal interphalangeal joint 
still more and allowing more excursion at the distal joint. When the 
hand flexes, this meehanieal linkage system allows both interphalangeal 
joints to flex together in a eoordinated way. 

The extensor expansion also reeeives contributions from the inter- 
ossei and lumbricals, which approaeh the digits from the webs and join 
the eorresponding expansion in the proximal segment of the digit. 
These muscles ean, therefore, aet on the extensor apparatus at two levels: 
they ean extend the proximal interphalangeal joint through fibres that 
radiate towards the eentral slip, and they ean aet on the distal inter- 
phalangeal joint through fibres that join the lateral slip. 

Apart from the eomponents of the extensor expansion that are eon- 
eerned with joint fimetion, the whole structure requires additional 
anehorage. This must be arranged in such a way that it is not displaeed 
from the underlying skeleton, yet it must not restriet longitudinal move- 
ment. These difficult requirements are met by transverse retinacular 
ligaments at the level of the joints, the transverse ligaments mnning to 
relatively fixed attaehment points in the region of the joint axis. As the 
expansion glides backwards and forwards, the transverse fibres move 
like bucket handles. Smooth gliding layers are required under the 
expansion and retinacular ligaments to allow motion to occur without 
frietion. 




Vaseiilar supply 



50.1). Lateral inelinations of the first phalanx maximize the extent of 
excursion of the circumduction are. Opposition is a eomposite position 
of the thumb aehieved by circumduction of the first metaearpaf inter- 
nal rotation of the thumb ray, and maximal extension of the metaearpo- 
phalangeal and interphalangeal joints (see Video 50.1). Retroposition 
is the opposite to opposition (see Video 50.1). Flexion and adduction 
is the position of maximal transpalmar adduction of the fìrst metaear- 
pal; the metaearpophalangeal and interphalangeal joints are flexed and 
the thumb is in eontaet with the palm (see Video 50.1). 

Rotary movements occur during circumduction. The simple angular 
movements deseribed above eombine with rotation about the long axis 
of the metaearpal shaft. In opposition, the shaft must rotate medially 
into pronation. In retroposition, the thumb must rotate laterally into 
supination. Axial rotation of the thumb metaearpal is produced by 
muscle aetivity (which moves the thumb through its are of circumduc- 
tion); the geometry of the articular surfaces of the trapeziometaearpal 
joint; and tensile forees in the ligaments (which eombine with forees 
exerted by the muscles of opposition and retroposition to produce axial 
rotation). The stability of the first metaearpal is greatest after eomplete 
pronation in the position of full opposition, when the tension in the 
ligaments, muscular eontraetion and joint eongmenee eombine to 
maximal effeet. 


Position of rest 


The hand has a well-recognized position of rest, with the wrist in exten- 
sion and the digits in some degree of flexion. The preeise position of 
the thumb in the position of rest appears to be rather variable. Typieally, 
it is eonsidered as the midpoint between maximal palmar abduction 
and maximal retroposition. In this position, the earpometaearpal joint 
lies within 20° of radial abduction and 30° of palmar abduction; from 
elinieal observations, it seems that the metaearpophalangeal joint lies 
within approximately 40° of flexion and the interphalangeal joint 
between extension and 10° of flexion. 

Grips 



From the position of rest, the tip of the thumb ean approaeh the radial 
aspeet of the fingers without incurring axial rotation because the palmar 
and dorsal trapeziometaearpal ligaments remain relaxed (see below). 
From different positions of the are of circumduction, numerous differ- 
ent types of pineh grip are possible (see Video 50.1). In elinieal praetiee, 
these have been elassified into two main types: tip pineh and lateral (or 
key) pineh. Many forees contribute to these configurations. 

The thumb is aetivated by monoartioilar muscles (abductor polli- 
eis longus and opponens pollieis), biarticular muscles (extensor polli- 
eis brevis, adductor pollieis, abductor pollieis brevis and flexor pollieis 
brevis) and polyartioilar muscles (extensor pollieis longus and flexor 
pollieis longus). It appears, however, that even a monoartioilar muscle 
ean ehange posture in all three joints by altering the overall balanee of 
forees and it is, therefore, very difficult to attribute fimetion to the 
individual intrinsie muscles. However, the thumb muscles do seem to 
provide two broad fimetions. They position the metaearpal, an aetivity 
automatically aeeompanied by rotation, and also eontrol the axial sta- 
bility of the skeleton of the thumb. 

The thumb muscles may be elassified into those used for retroposi- 
tion, opposition and pineh grip. 



Fig. 50.34 A digital subtraction maeroangiogram between eapillary and 
venular phases. A small arterial-venous malformation shown on the index 
finger is suitable for radiologieally guided embolization (arrows). Key: 

1, ulnar artery; 2, radial artery; 3, deep palmar areh; 4, prineeps pollieis 
artery; 5, arteria radialis indieis; 6, superficial palmar areh (ineomplete); 

7, proper palmar digital artery (little finger); 8, eommon palmar digital 
artery; 9, basilie vein; 10, eephalie vein; 11, digital vein. 

(A-F, H-K, eontinned online) 


Pineh grip muscies 

The muscles of pineh grip may be divided into lateral, medial and 
intermediate subgroups. The lateral subgroup (opposition muscles) 
moves the first metaearpal into palmar abduction. The metaearpal shaft 
rotates medially into pronation. Radial angulation at the metaear- 
pophalangeal joint inereases the span of the hand. The metaear- 
pophalangeal joint is stabilized prineipally by extensor pollieis brevis 
and flexor pollieis brevis. Flexion of the proximal and distal phalanges 
is eontrolled. Muscles of the medial subgroup (abductor pollieis brevis 
and first dorsal interosseous) produce an approaeh of the first metaear- 
pal towards the palm. Sinee they aet with the lateral group, they have 
a strong eontrolling effeet on the position and rotation of the first 
metaearpal. The intermediate subgroup eonsists of flexor pollieis 
longus, which flexes the interphalangeal or metaearpophalangeal joint. 
Palpating the thenar eminenee during tip and lateral pineh provides 
some appreeiation of the aetion of the pineh grip muscles. 

The paralysed hand 



Available with the Gray’s Anatomy e-book 


VASCULAR SUPPLY 


ARTERIES 


Anastomoses occur between the radial and ulnar arteries at the wrist 
(via the palmar and dorsal earpal arehes) and in the hand (via the 
superficial and deep palmar arehes), and between their digital and 
metaearpal branehes (Fig. 50.34; Wong and Higgins 2015). 



Radial artery 


Retroposition muscles 

The muscles that bring about retroposition are extensor pollieis longus, 
extensor pollieis brevis and abductor pollieis longus. As the thumb 
moves into retroposition, automatic axial rotation produces supination 
of the first metaearpal. This is produced by the off-axis aetion of two 
parallel, but oppositely direeted, forees: one exerted by extensors pol- 
lieis longus and brevis, and the other by abductor pollieis longus and 
the anterior oblique earpometaearpal ligament. 

Opposition muscles 

A succession of aetivity occurs in the thenar muscles during the move- 
ment of opposition. Three subgroups of radial (abductor pollieis longus 
and extensor pollieis brevis), eentral (abductor pollieis brevis and oppo- 
nens pollieis) and ulnar (flexor pollieis brevis) muscles are involved. 
These forees aet simultaneously but with different intensities, depend- 
ing on the situation of the thumb. As the thumb moves into opposition, 
there is automatic axial rotation of the first metaearpal shaft to produce 
pronation. This is produced by the paired aetion of oppositely direeted 
forees: the opposition muscles provide one foree, and the posterior 
oblique earpometaearpal ligament provides the other. 


At the wrist, the radial artery passes on to the dorsal aspeet of the carpus 
between the lateral earpal ligament and the tendons of abductor pollieis 
longus and extensor pollieis brevis (Fig. 50.35). It erosses the seaphoid 
bone and trapezimn (in the anatomieal snuff-box), where again, its 
pulsation is obvious; as it passes between the heads of the first dorsal 
interosseous, it is erossed by the tendon of extensor pollieis longus. 
Between the thumb extensors, it is erossed by the start of the eephalie 
vein and the branehes of the radial nerve that pass to the thumb and 
index finger (see Fig. 50.42). Oeeasionally, it gives off a distal superficial 
dorsal braneh that erosses the radial extensor tendons at the wrist, 
together with the superficial radial nerve. Branehes of the lateral cutane- 
ous nerve of the forearm mn along its distal part as it oirves round the 
carpus. 

In the hand, the radial artery passes through the first interosseous 
spaee between the heads of the first dorsal interosseous and erosses the 
palm. At first, it lies deep to the oblique head of adductor pollieis and 
then passes between its oblique and transverse heads or through the 
transverse head. At the fifth metaearpal base, it anastomoses with 
the deep braneh of the ulnar artery, eompleting the deep palmar areh 
(Fig. 50.36). 


887 


CHAPTER 50 
































Wrist and hand 


The wrist and hand may be paralysed by many eonditions, the most 
eommon of which are spinal eord, braehial plexus and peripheral nerve 
injury or eompression, poliomyelitis, eerebral palsy and leprosy. Eaeh 
of these will cause different patterns of paralysis and contracture. The 
main deformities in the eerebral palsied hand are pronation of the 
forearm, flexion of the wrist and fingers, and flexion-adduction of 
the thumb. Flexion-adduction deformity of the thumb refleets an 
imbalanee between its intrinsie and extrinsic musculature - prineipally 
powered by adductor pollieis, the first dorsal interosseous, flexor pol- 
lieis brevis and abductor pollieis brevis - which produces flexion, 
adduction and lateral rotation of the earpometaearpal joint, flexion and 
lateral rotation of the metaearpophalangeal joint and flexion of the 
interphalangeal joint. In an attempt to counteract this, the patient tends 
to hold the wrist in extreme flexion and ulnar deviation (Matev 1963). 
In leprosy, the intrinsie muscles of the hand are paralysed. The meta- 
earpophalangeal joints have no primary flexor but retain the powerful 
extensor digitomm. The interphalangeal joints have no primary exten- 
sor and rely on the long flexor to initiate movement. This results in four 
main disabilities: the fingers eannot be extended fully at the inter- 
phalangeal joints; abduction and adduction of the digits are lost; when 
grasping an objeet, flexion begins at the terminal joints, elosing the 
fingers on themselves rather than on the palm; and the effeetive part of 
the finger beeomes the tip and nail rather than the pulp (Brand 1958). 
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WRIST AND HAND 







Fig. 50.34 Hand digital subtraction maeroangiogram. Predominant phases. A, B arterial phase; C, D, arteriolar phase; E, F eapillary phase; H, I venular 
phase; J, K venous phase. A small arterial-venous malformation shown on the index finger is suitable for radiologieally guided embolization. 
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Fig. 50.35 Superficial structures 
of the left palm and vvrist. See 
also Figure 50.25B. 
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Fig. 50.36 The deep palmar areh and 
its branehes. Note that the palmar 
digital arteries to the thumb have a 
separate origin from the superficial 
palmar areh in this speeimen (as 
sometimes occurs). The arteria 
prineeps pollieis is absent in this 
speeimen. 
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Vascular supply 


Palmar earpal braneh The palmar earpal braneh arises near the 
distal border of pronator quadratus (see Fig. 49.9B). It erosses the an- 
terior surface of the distal end of the radms, near the palmar earpal 
surface, and passes medially to anastomose behind the long flexor 
tendons with the palmar earpal braneh of the ulnar artery. This trans- 
verse anastomosis is joined by longitudinal branehes from the anterior 
interosseous artery and recurrent branehes from the deep palmar areh, 
forming a emeiate palmar radioearpal areh that supplies the earpal ar- 
tiailations and bones by deseending branehes. 

Superficial palmar braneh The superficial palmar braneh arises 
from the radial artery just before it curves round the carpus. It passes 
through, and oeeasionally over, the thenar muscles, which it supplies, 
and usually anastomoses with the end of the ulnar artery to eomplete 
a superficial palmar areh (see Figs 50.35-50.36). 

Dorsal earpal braneh The dorsal earpal braneh arises deep to the 
tendons of the thumb extensors. It mns medially aeross the dorsal 
earpal surface under the tendons and anastomoses with the ulnar dorsal 
earpal braneh, and also with the anterior and posterior interosseous 
arteries, to form a dorsal radioearpal areh (see 4gs 49.9A, 49.9C). The 
earpal arehes are both elose to bone and supply the distal epiphysial 
parts of the radius and ulna. Three dorsal metaearpal arteries deseend 
from the dorsal interearpal areh on the seeond to fourth dorsal interos- 
sei, and bifhreate into dorsal digital branehes to supply the adjaeent 
sides of all four fingers. 

First dorsal metaearpa artery The first dorsal metaearpal artery 

arises from the radial artery just before it passes between the heads of 
the first dorsal interosseous. It divides, almost at onee, into two 
branehes that supply the adjaeent sides of the thumb and index finger 
as far distally as the proximal interphalangeal joint. The radial side of 
the thumb reeeives a braneh direet from the radial artery proper. In 
most eases, the first dorsal metaearpal artery follows a faseial course 
overlying the first dorsal interosseous and parallel to the seeond meta- 
earpal bone. Oeeasionally, it may follow an intramuscular course. Dis- 
tally, it anastomoses with the dorsal branehes of the radiopalmar 
digital artery of the index finger over the proximal phalanx. 


oblique head of adductor pollieis lateral to the first palmar inter- 
osseous. At the base of the proximal phalanx, deep to the tendon of 
flexor pollieis longus, the artery divides into two branehes that appear 
between the medial and lateral attaehments of the oblique head of 
adductor pollieis and mn along both sides of the thumb. On the palmar 
surface of the distal phalanx, the branehes form a pollieial areh that 
supplies the skin and subcutaneous tissue. The arteria prineeps pollieis 
is the usual nutrient of supply to the first metaearpal bone. 

Arteria radialis indieis The arteria radialis indieis is often a proxi- 
mal braneh of the arteria prineeps pollieis, or may arise from the super- 
fieial areh or from the first dorsal metaearpal artery, or may even 
eombine with the arteria prineeps pollieis to form the first palmar 
metaearpal artery. It deseends between the first dorsal interosseous and 
transverse head of adductor pollieis, and mns along the lateral side of 
the index finger to its tip (see Fig. 50.35). It anastomoses with the index 
medial digital artery and with the arteria prineeps pollieis and the 
superficial palmar areh at the distal border of the transverse head of 
adductor pollieis. 


Deep palmar areh The deep palmar areh is formed by anastomosis 
of the end of the radial artery with the deep palmar braneh of the ulnar 
artery (see Figs 50.36, 50.34G, 49.9B). It erosses the bases of the meta- 
earpal bones and interossei, eovered by the oblique head of adductor 
pollieis, the tendons of the digital flexors and the lumbricals. In its 
eoneavity, mnning laterally, is the deep braneh of the ulnar nerve. 
Rarely, the areh may be ineomplete. 



Palmar metaearpal artery The three palmar metaearpal arteries 
mn distally from the convexity of the deep palmar areh on the interossei 
of the seeond to fourth spaees, and join the eommon digital branehes 
of the superficial areh at the digital elefts (see Fig. 50.36). They supply 
nutrient branehes to the medial four metaearpals. 


Perforating branehes Three perforating branehes from the deep 
palmar areh eross the seeond to fourth interosseous spaees between the 
heads of the eorresponding dorsal interossei and anastomose with the 
dorsal metaearpal arteries. 


Seeond, third and fourth dorsal metaearpal arteries The 

seeond to fourth dorsal metaearpal arteries arise from the dorsal earpal 
areh. Near their origins, they anastomose with the deep palmar areh by 
proximal perforating arteries and, near their bifiireation, with dorsal 
perforating branehes from the palmar metaearpal arteries that pass 
between the metaearpal neeks. They also anastomose distally at the level 
of the web spaees with dorsal perforating branehes from the palmar 
digital arteries from the superficial palmar areh. The third and fourth 
dorsal metaearpal arteries are much smaller than the first and seeond. 
Cutaneous branehes from the dorsal metaearpal arteries supply the 
dorsal skin as far distally as the proximal interphalangeal joint. At the 
level of the neek of the seeond, third and fourth metaearpals, a direet 
cutaneous braneh is given off that passes proximally and supplies an 
area of skin between the two adjaeent metaearpals (Fig. 50.37). 

Arteria prineeps pollieis The arteria prineeps pollieis arises from 
the radial artery as it turns into the palm to form the deep palmar areh. 
It deseends on the palmar aspeet of the first metaearpal under the 



Fig. 50.37 Communication between the palmar and dorsal metaearpal 
arteries and the direet cutaneous braneh given off the dorsal metaearpal 
artery, 0.5-1.0 em proximal to the metaearpophalangeal joint: sagittal 
view. 


Recurrent branehes Recurrent branehes aseend proximally from 
the deep palmar areh anterior to the carpus to supply the earpal bones 
and interearpal articulations. They end in the palmar earpal areh. 

Lllnar artery 


At the wrist, the ulnar artery (see 4gs 50.35-50.36) is eovered by skin, 
faseiae and palmaris brevis. It lies between the superficial and main 
parts of the flexor retinaculum, lateral to the ulnar nerve and 
pisiform. 

Dorsal CUtaneOUS braneh Aeonstant dorso-ulnarperforatorvessel 
is given off distally. It arises 2-5 em proximal to the pisiform and 
aeeompanies the dorsal cutaneous braneh of the ulnar nerve. It emerges 
between flexor earpi ulnaris and extensor earpi ulnaris. 

Palmar earpal braneh The palmar earpal braneh erosses the distal 
ulna deep to the tendons of flexor digitomm profundus and anastomo- 
ses with the palmar earpal braneh of the radial artery to make a palmar 
radioearpal areh. 

Dorsal earpal braneh The dorsal earpal braneh arises just proximal 
to the pisiform. It curves deep to the tendon of flexor earpi ulnaris to 
reaeh the earpal dorsum, which it erosses laterally beneath the extensor 
tendons. It anastomoses with the dorsal earpal braneh of the radial 
artery to eomplete the dorsal earpal areh. Near its origin, it sends a small 
digital braneh along the ulnar side of the fifth metaearpal to supply the 
medial side of the dorsal surface of the fifth finger. 

Deep palmar braneh The deep palmar braneh is often double. It 
passes between abductor and flexor digiti minimi, through or deep to 
opponens digiti minimi, and anastomoses with the radial artery, eom- 
pleting the deep palmar areh. The deep palmar braneh aeeompanies the 
deep braneh of the ulnar nerve. 

Siiperfieial palmar areh 


The superficial palmar areh is an anastomosis fed mainly by the ulnar 

artery (see Figs 50.35-50.36). The latter enters the palm with the ulnar 889 
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nerve, anterior to the flexor retinaculum and lateral to the pisiform. It 
passes medial to the hook of the hamate, then curves laterally to form 
an areh that is convex distally and level with a transverse line through 
the distal border of the fully extended base of the thumb. About one- 
third of superficial palmar arehes are formed by the ulnar artery alone, 
a hirther third are eompleted by the superficial palmar braneh of the 
radial artery, and a third by the arteria radialis indieis, or a braneh of 
either arteria prineeps pollieis or the median artery. The superficial 
palmar areh is eovered by palmaris brevis and the palmar aponenrosis, 
and it is superficial to flexor digiti minimi, branehes of the median 
nerve and the tendons of the long flexors and the lumbricals. 

Common and proper palmar digital arteries Three eommon 

palmar digital arteries arise from the convexity of the superficial palmar 
areh (see Fig. 50.36). They pass distally on the seeond to fourth lum- 
brieals, eaeh joined by a eorresponding palmar metaearpal artery from 
the deep palmar areh, and divide into two proper palmar digital arter- 
ies. These mn along the contiguous sides of all four fingers, dorsal to 
the digital nerves, between Grayson's and deland's ligaments, anasto- 
mosing in the subcutaneous tissue of the fingertips and near the inter- 
phalangeal joints. Eaeh digital artery has two dorsal branehes that 
anastomose with the dorsal digital arteries and supply the soft parts 
dorsal to the middle and distal phalanges, including the matriees of the 
nails. The palmar digital artery for the medial side of the little finger 
leaves the areh under palmaris brevis. Palmar digital arteries supply the 
metaearpophalangeal and interphalangeal joints and nutrient rami to 
the phalanges. They are the main digital supply because the dorsal 
digital arteries are minute. The origins of the palmar digital arteries of 
the thumb are quite variable. Both may arise from a single arteria prin- 
eeps pollieis or they may arise separately from the superficial palmar 
areh. The ulnar digital artery may arise from the first dorsal metaearpal 
artery. 

The terminal branehes of the digital arteries contribute to a number 
of vascular areades that provide a rieh vascular supply for the distal 
elements of eaeh digit (see Fig. 50.37; Fig. 50.38). Three distal phalan- 
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Fig. 50.38 Terminal vascular areades over the distal phalanx. (With 
permission from Flint MH 1956 Some observations on the vascular supply 
of the nail bed and terminal segments of the fingers. BJPS 8:186-95.) 


geal dorsal arterial areades anastomose with eaeh other and with those 
from the other side of the digit. The superficial areade occurs at the level 
of the proximal nail fold and is supplied primarily by a dorsal braneh 
from the palmar digital artery, which is given off at the level of the 
middle phalanx. The proximal subungual areade is at the level of the 
lunula and is supplied by a terminal braneh of the digital artery which 
passes dorsally. The distal subungual areade occurs more distally in the 
nail bed. It is supplied by a dorsal vessel that emerges from the point 
of confluence of the 'H'-shaped anastomosis between the terminal por- 
tions of both digital arteries, and passes from volar to dorsal aspeet of 
the digit under the interosseous ligament eonneeting the proximal and 
distal parts of the distal phalanx. 

Variations The ulnar and radial arteries to the hand may oeeasionally 
be supplemented by a median artery that contributes to, or supplies, 
the superficial palmar plane and by the anterior interosseous artery, 
which may make a contribution to the deep palmar plane. 

Rodriguez-Niedenfuhr et al (1999) have eonfirmed that the median 
artery may persist in two different forms, palmar and antebraehial. The 
palmar type arises from the junction of the ulnar artery and its eommon 
interosseous tmnk; it is long and large, and reaehes the palm, usually 
ending as the first or seeond eommon digital artery, or both. The ante- 
braehial type is slender and short, usually arising from the anterior 
interosseous artery and finishing in the forearm. These variations are 
seen in about 20% of individuals and tend to be unilateral. 

Kleinert et al (1989) demonstrated by plethysmography that 5% of 
hands have ulnar artery dominanee in all digits, eompared with 28% 
with eomplete radial digital dominanee. 

GlomuS tumours Glomus tumours are very painíhl tumours of the 
glomus bodies (small arteriovenous anastomoses involved in the regu- 
lation of peripheral skin temperature eontrol (see Fig. 6.16)). They are 
often tiny and sometimes difficult to identify. These tumours typieally 
occur in the proximal nail fold/subungual regions of the fingertips in 
assoeiation with the dorsal digital arterial areades, although they ean 
occur anywhere. They are diagnosed by exquisite point tenderness 
over the swelling, with reduction of tenderness when the finger is 
exsanguinated. 


VEINS 

Superficial veins of the hand 


Dorsal and palmar digital veins Dorsal digital veins pass along 

the sides of the fingers, joined by oblique branehes. They unite from 
the adjaeent sides of the digits into three dorsal metaearpal veins that 
form a dorsal venous network over the metacarpus (Fig. 50.39). This is 
joined laterally by a dorsal digital vein from the radial side of the index 

finger and both dorsal digital veins of the thumb, and is prolonged _ 

proximally as the eephalie vein. Medially, a dorsal digital vein from the W 
ulnar side of the little finger joins the network, which ultimately drains 
proximally into the basilie vein. A vein often eonneets the eentral parts 
of the network to the eephalie vein near the mid-forearm. Palmar digital 
veins eonneet to their dorsal counterparts by oblique veins that pass 
between metaearpal heads. They also drain to a plexus superficial to the 
palmar aponeurosis, extending over both thenar and hypothenar 
regions. 


Gephalie vein The eephalie vein forms over the anatomieal snuff-box 
from the radial extremity of the dorsal venous plexus and mns proxi- 
mally over the distal lateral aspeet of the radms, where it is easily visible. 
Its fhrther course is deseribed on pages 858 and 830. 


Deep veins of the hand 

Superior and deep palmar venous arehes Superficial and deep 

palmar venous arehes aeeompany their arterial counterparts and reeeive 
the eorresponding branehes; eommon palmar digital veins join the 
superficial areh and palmar metaearpal veins join the deep areh. 

Palmar and dorsal metaearpal veins Deep veins aeeompanying 

the dorsal metaearpal arteries reeeive perforating branehes from the 
palmar metaearpal veins. They end in the radial veins and the dorsal 
venous network over the metacarpus. This network is joined laterally 
by a dorsal digital vein from the radial side of the index finger and by 
both digital veins of the thumb, and is prolonged proximally as the 
eephalie vein. 





































Innervation 





Fig. 50.39 The veins of the dorsum of the hand. (Redravvn with 
permission from Drake RL, Vogl AW, Mitehell A et al (eds), Gray’s Atlas of 
Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 



Median nerve 


The median nerve proximal to the flexor retinaculum is lateral to the 
tendons of flexor digitomm superfìcialis and lies between the tendons 
of flexor earpi radialis and palmaris longus (Figs 50.40A-50.41). It 
passes under the retinaculum in the 'earpal tunnef, where it may be 
eompressed in the earpal tunnel syndrome (see Fig. 46.11). Distal to 
the retinaculum, the nerve enlarges and flattens, and usually divides 
into fìve or six branehes; the mode and level of division are variable. 


Mitseiilar braneh (motor or recurrent braneh) 

The muscular braneh is short and thiek, and arises from the lateral side 
of the nerve; it may be the fìrst palmar braneh or a terminal braneh that 
arises level with the digital branehes. It mns laterally, just distal to the 
flexor retinaculum and with a slight recurrent curve beneath the part of 
the palmar aponeurosis eovering the thenar muscles (see Fig. 50.40A). 
It turns round the distal border of the retinaculum to lie superfìcial to 
flexor pollieis brevis, which it usually supplies, and either continues 
superficial to the muscle or traverses it. It gives a braneh to abductor 
pollieis brevis that enters the medial edge of the muscle, and then passes 
deep to it to supply opponens pollieis, entering its medial edge. Its 
terminal part oeeasionally gives a braneh to the fìrst dorsal interosseous, 
and may be its sole or partial supply. The muscular braneh may arise 
in the earpal tunnel and pieree the flexor retinaculum. Anomalies of 
the median nerve occur in approximately 10% of patients undergoing 
a earpal tunnel release. These branehes usually arise from the ulnar side 
of the nerve and may be motor or sensory. 

Palmar digital branehes 

The median nerve usually divides into four or fìve digital branehes (see 
Figs 50.40A, 50.35). It often divides fìrst into a lateral ramus, providing 
digital branehes to the thumb and the radial side of the index fìnger, 
and a medial ramus, supplying digital branehes to adjaeent sides of the 
index, middle and ring fingers. Other modes of termination ean occur. 

Digital branehes are eommonly arranged as follows. They pass dis- 
tally, deep to the superficial palmar areh and its digital vessels, at fìrst 
anterior to the tendons of the long flexors. Two proper palmar digital 
nerves, sometimes from a eommon stem, pass to the sides of the thumb; 
the nerve supplying its radial side erosses in front of the tendon of flexor 
pollieis longus. The proper palmar digital nerve to the lateral side of 
the index fìnger also supplies the fìrst lumbrical. Two eommon palmar 
digital nerves pass distally between the tendons of the long flexors. The 
lateral divides in the distal palm into two proper palmar digital nerves 
that traverse adjaeent sides of the index and middle finger. The medial 
divides into two proper palmar digital nerves that supply adjaeent sides 
of the middle and ring fìngers. The lateral eommon digital nerve sup- 
plies the seeond lumbrical, and the medial reeeives a eomimmieating 
twig from the eommon palmar digital braneh of the ulnar nerve and 
may supply the third lumbrical. In the distal part of the palm, the digital 
arteries pass deeply between the divisions of the digital nerves; the 
nerves lie anterior to the arteries on the sides of the digits. The median 
nerve usually supplies palmar cutaneous digital branehes to the radial 
three and a half digits (thumb, index, middle and the lateral side of the 
ring); sometimes, the radial side of the ring finger is supplied by the 
ulnar nerve. Oeeasionally, there is a communicating braneh between 
the eommon digital nerve to the middle and ring fingers (derived from 
the median nerve) and the eommon digital nerve to the ring and little 
fìngers (derived from the ulnar nerve); this may explain variations in 
sensory patterns that do not eonform to the elassie pattern. 

The proper palmar digital nerves pass along the medial side of the 
index fìnger and both sides of the middle and the lateral side of the 
ring finger. They enter these digits in fat between slips of the palmar 
aponeurosis. Together with the lumbricals and palmar digital arteries, 
they pass dorsal to the superficial transverse metaearpal ligament and 
ventral to the deep transverse metaearpal ligament. In the digits, the 
nerves mn distally beside the long flexor tendons (outside their fìbrous 
sheaths), level with the anterior phalangeal surfaces and anterior to the 
digital arteries, between Grayson's and deland's ligaments. Eaeh nerve 
gives off several branehes to the skin on the front and sides of the digit 
and sends branehes to the metaearpophalangeal and interphalangeal 
joints. 

The digital nerves supply the fìbrous sheaths of the long flexor 
tendons, blood vessels (vasomotor) and sweat glands (sudomotor). 
Distal to the base of the distal phalanx, eaeh digital nerve gives off a 
braneh that passes dorsally to the nail bed. The main nerve frequently 
triflireates to supply the pulp and skin of the terminal part of the digit. 
Distal to the base of the proximal phalanx, eaeh proper digital nerve 
also gives off a dorsal braneh to supply the skin over the baek of the 
middle and distal phalanges. The proper palmar digital nerves to the 
thumb and the lateral side of the index fìnger emerge with the tendons 
of the long flexors from under the lateral edge of the palmar aponeur- 
osis. They are arranged in the digits as deseribed above, except that, in 
the thumb, small distal branehes supply the skin on the baek of the 
distal phalanx only. 

Other branehes 

In addition to the branehes of the median nerve deseribed above, 
variable vasomotor branehes supply the radial and ulnar arteries 
and their branehes. Some of the interearpal, earpometaearpal and 
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Fig. 50.40 The cutaneous nerves of the hand. A, Palmar aspeet. The aniilar and emeiate pulleys are shovvn sehematieally in the ring finger. B, Dorsal 
aspeet. 
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Surface anatomy of the wrist and hand 


Antebraehial faseia 
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Extensor pollieis brevis 
Braehioradialis 

Extensors earpi radialis 
longus and brevis 

Radius 

Extensor pollieis longus 
Basilie vein 


Fig. 50.41 A transverse seetion through the supinated left vvrist at the level of the distal radio-ulnar joint, shovving the muscle tendons (in grey) and their 
synovial sheaths (in green). (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. 
Copyright 2013.) 


intermetaearpal joints are said to be supplied by the median nerve or 
its anterior interosseous braneh; the preeise details are uncertain. 

(f*) Carpal tunnel syndrome 

Carpal tunnel syndrome is the most eommon entrapment mononeur- 
opathy. It is caused by eompression of the median nerve as it passes 
through the fibro-osseous tunnel beneath the flexor retinaculum (see 

Fig. 50.28). 

Median nerve division at the wrist 



lllnar nerve 


At the \vrist, the ulnar nerve passes under the superficial part of 
the flexor retinaculum (in Guyon's eanal) with the ulnar artery and 
divides into superficial and deep terminal branehes (see flg. 50.5). 

Dorsal braneh 

The dorsal braneh arises approximately 5 em proximal to the wrist (see 
Fig. 49.23). It passes distally and dorsally deep to flexor earpi nlnaris, 
perforates the deep faseia, deseends along the medial side of the baek 
of the wrist and hand, and then divides into two, or often three, dorsal 
digital nerves. The first supplies the medial side of the little finger; the 
seeond, the adjaeent sides of the little and ring fingers; while the third, 
when present, supplies adjoining sides of the ring and middle fingers. 
The latter may be replaeed, wholly or partially, by a braneh of the radial 
nerve, which communicates with it on the dorsum of the hand (see Fig. 
50.40). In the little finger, the dorsal digital nerves extend only to the 
base of the distal phalanx; in the ring finger, they extend only to the 
base of the middle phalanx. The most distal parts of the little finger and 
of the ulnar side of the ring finger are supplied by dorsal branehes of 
the proper palmar digital branehes of the ulnar nerve. The most distal 
part of the lateral side of the ring finger is supplied by dorsal branehes 
of the proper palmar digital braneh of the median nerve. 

Superficial and deep terminal branehes 
Superficial terminal braneh 

The superficial terminal braneh supplies palmaris brevis and the medial 
palmar skin. It divides into two palmar digital nerves, which ean be 
palpated against the hook of the hamate bone. One supplies the medial 
side of the little finger; the other (a eommon palmar digital nerve) sends 
a braneh to the median nerve and divides into two proper digital nerves 
to supply the adjoining sides of little and ring fingers. The proper digital 
branehes are distributed like those derived from the median nerve. 

Deep terminal braneh 

The deep terminal braneh aeeompanies the deep braneh of the ulnar 
artery as it passes between abductor digiti minimi and flexor digiti 
minimi, and then perforates opponens digiti minimi to follow the deep 
palmar areh dorsal to the flexor tendons (see Fig. 50.40A ). At its origin, 
it supplies the three short muscles of the little finger. As it erosses the 
hand, it supplies the interossei and the third and fourth lumbricals. It 


ends by supplying adductor pollieis, the first dorsal interosseous and, 
usually, flexor pollieis brevis. 

The medial part of flexor digitomm profundus is supplied by the 
ulnar nerve, as are the third and fourth lumbricals, which are eonneeted 
with the tendons of this part of the muscle. Similarly, the lateral part 
of flexor digitomm profundus and the first and seeond lumbricals are 
supplied by the median nerve. The third lumbrical is often supplied by 
both nerves. The deep terminal braneh gives branehes to some inter- 
earpal, earpometaearpal and intermetaearpal joints; preeise details are 
uncertain. Vasomotor branehes, arising in the forearm and hand, supply 
the ulnar and palmar arteries. 


illnar tunnel syndrome 

Ulnar tunnel syndrome is an entrapment neuropathy of the ulnar nerve 
as it passes through Guyon's eanal at the wrist. 



illnar nerve division at the wrist 



Available with the Gray’s Anatomy e-book 


Radial nerve 


Branehes of the superficial braneh of the radial nerve reaeh the hand 
by curving around the wrist over the tendons of abductor pollieis 
longus and extensor pollieis brevis, and dividing into dorsal digital 
nerves (see Fig. 50.40B, Fig. 50.42). They usually communicate with 
the posterior and lateral cutaneous nerves of the forearm on the dorsum 
of the hand. 


Dorsal digital nerves 

There are usually four or five small dorsal digital nerves. The first sup- 
plies the skin of the radial side of the thumb and the adjoining thenar 
eminenee, and eomimmieates with branehes of the lateral cutaneous 
nerve of the forearm. The seeond supplies the medial side of the thumb; 
the third, the lateral side of the index finger; the fourth, the adjoining 
sides of the index and middle fingers. The fifth eomimmieates with a 
raimis of the dorsal braneh of the ulnar nerve and supplies the adjoin- 
ing sides of the middle and ring fingers, where it is frequently replaeed 
by the dorsal braneh of the ulnar nerve. The digital nerves of the thumb 
reaeh only to the root of the nail; those in the index finger, midway 
along the middle phalanx; and those to the middle and the lateral part 
of the ring finger may reaeh no fhrther than the proximal interphalan- 
geal joints. The remaining distal dorsal areas of the skin in these digits 
are typieally supplied by palmar digital branehes of the median and 
ulnar nerves. However, the superficial terminal braneh of the radial 
nerve may supply the whole dorsum of the hand. 



SURFACE ANAT0MY 0F THE WRIST AND HAND 



Available with the Gray’s Anatomy e-book 


See Video 50.2. 
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Wrist and hand 


The earpal timnel may be narrowed by arthritie ehanges in the wrist 
joint, particularly from rheumatoid arthritis, and by soft tissue thieken- 
ing, as may occur in myxoedema and aeromegaly; it may also be assoei- 
ated with oedema, obesity or pregnaney. Usually, the eondition is 
idiopathie. Normally, the median nerve slides smoothly in and out of 
the earpal tunnel during flexion and extension of the wrist, but when 
the nerve is eompressed, additional damage may be produced during 
these movements. The dominant hand is usually affeeted fìrst, probably 
because this hand is used more frequently and more vigorously. Typi- 
eally, the syndrome produces pain, paraesthesia and numbness in the 
thumb, index, middle and medial side of the ring fingers, which is worse 
at night and on gripping objeets. The palmar braneh of the median 
nerve is spared because it does not pass through the earpal tunnel. With 
time, the eompression leads to wasting and weakness of abductor pol- 
lieis brevis. Treatment is usually surgical deeompression of the nerve by 
dividing the flexor retinaculum, either as an open procedure or with 
endoseopie assistanee. The most eommon hazards of deeompression 
are: inadequate deeompression because of faihire to divide the most 
distal part of the flexor retinaculum; damage to the motor, or palmar 
cutaneous, or one or more terminal sensory branehes; prolapse of the 
nerve through the gap in the retinaculum; and damage to the superficial 
palmar areh causing haematoma, eompression, pain and, ultimately, 
fibrosis or even a late false aneurysm (Bireh 2011). The distal ulnar nerve 
and its branehes may also be damaged. 

Anatomieal anomalies of the median nerve occur at the level of the 
earpal tunnel in up to 12% of hands. The most eommon are variations 
in the course of the reemrent motor braneh in relation to the flexor 
retinaculum: transligamentous (23%), subligamentous (31%) or extra- 
ligamentous (46%) (Kretsehmer et al 2009). Damage may also occur 
to the palmar cutaneous braneh of the median nerve and to the super- 
fieial eonneetions between the median and ulnar nerves (the so-ealled 
Berrettini braneh), division of which will leave the patient with numb- 
ness in the middle and ring fingers. Staneió et al (1999) noted that this 
eonneetion was present in 81% of disseeted hands and proposed that 
it should be regarded as a normal anatomieal finding. 

Median nerve division at the wrist leads to paralysis of the lumbricals 
to the index and middle fingers and of the thenar muscles (apart from 
flexor pollieis brevis and adductor pollieis), as well as loss of sensation 
to the thumb, index, middle and radial half of the ring fingers. The 
radial half of the hand beeomes flattened as a result of wasting of the 
thenar muscles and the adducted posture of the thumb. Division of 
the median nerve distal to the origin of its palmar cutaneous braneh, 
which arises somewhere between 3 and 7 em proximal to the proximal 
edge of the flexor retinaculum and the distal transverse wrist erease, will 
leave the braneh intaet to supply the skin over the thenar eminenee and 
radial side of the proximal part of the hand. Careful elinieal examina- 
tion of the sensibility of the skin in this region should help to elariíy 
the level of the lesion. High division of the nerve (Ch. 49) will, as with 
eompressive lesions at this level, result in weakness of pronation of the 
forearm, flexion of the wrist and the lateral two fingers. 

Causes of eompression at this site include a ganglion, trauma, and 
proximity of aberrant or aeeessory muscles. The symptoms include pain 
in the hand or forearm and sensory ehanges in the palmar aspeet of the 
little and ulnar half of the ring fingers; sensation on the ulnar aspeet of 
the dorsum of the hand is normal. In addition, there may be weakness 
and wasting of the intrinsie muscles of the hand supplied by the ulnar 
nerve, with clawing posture in extreme eases. 

Surgical treatment involves deeompression of the nerve by division 
of the roof of Guyon's eanal and removal of the causative lesion, such 
as a ganglion. Ulnar tunnel syndrome ean be difficult to distinguish 
from more proximal causes of ulnar nerve eompression, of which the 
most eommon is entrapment of the nerve in cubital eanal at the elbow 
(Ch. 49). Sensory ehanges may be present more proximally and, in 
severe eases, weakness may be noted in flexor earpi ulnaris and the ulnar 
part of flexor digitomm profundus. In the absenee of obvious elinieal 
indieators, loeal tenderness over the site of eompression and nerve 
conduction studies may aid diagnosis. 


Ulnar nerve division at the wrist paralyses all the intrinsie muscles of 
the hand (apart from the radial two lumbricals, abductor pollieis brevis, 
and part of flexor pollieis brevis and opponens pollieis). The intrinsie 
muscle aetion of flexing the metaearpophalangeal joint and extending 
the interphalangeal joints is lost. The unopposed aetion of the long 
extensors and flexors of the fingers cause clawing, with extension of the 
metaearpophalangeal joints and flexion of the interphalangeal joints. 
The clawing is less intense in the index and middle fingers because their 
lumbricals are supplied by the median nerve. (For a detailed account 
of the hand posture adopted in ulnar nerve lesions, see Smith (2002).) 
There is sensory loss over the little finger and the ulnar half of the ring 
finger. The skin over the ulnar aspeet of the dorsum of the hand is 
spared because the dorsal braneh of the ulnar nerve is given off approxi- 
mately 5 em proximal to the wrist joint. A eombined median and ulnar 
nerve palsy at the wrist results in a full claw hand with thenar and 
hypothenar flattening and thumb adduction and flexion (a simian 
hand). 

The superficial cutaneous branehes of the radial nerve are at risk of 
injury from any proeedme or injury in their immediate vieinity. inei- 
sions or injeetions in or around the radial border of the wrist are par- 
tioilarly implieated. The resultant painfhl neuromata ean prove to be 
resistant to treatment. 


FLEX0R/V0LAR SURFACE 


The wrist joint is identified between the distal ends of the radius and 
ulna, and the proximal carpus, on flexion and extension of the wrist. 
The line of the wrist joint eorresponds to a line, convex superiorly, 
joining the radial and ulnar styloid proeesses. Its position is also marked 
by the proximal of the two transverse anterior wrist ereases (see Fig. 
46.30A). The radial styloid proeess normally sits 1 em distal to the ulnar 
styloid proeess. Alteration of this arrangement ean indieate fracture. 

When the forearm is pronated, the head of the ulna forms a rounded 
surface elevation on the medial side of the posterior aspeet of the wrist 
(see Figs 46.29C, 46.30B), and the ulnar styloid proeess projeets distally 
from its posteromedial aspeet. The radial styloid proeess projeets infe- 
riorly from the distal radius along the lateral aspeet of the wrist. The 
posterior aspeet of the lower end of the radms is partly obsemed by the 
extensor tendons but is palpable. The prominent dorsal radial (Lister s) 
tubercle is both visible and palpable, and aligns with the web spaee 
between digits 2 and 3 (see Fig. 46.30B). The tendon of extensor pollieis 
longus in extensor eompartment 3 sits medial to the tubercle, and the 
tendons of extensors earpi radialis longus and brevis sit lateral to the 
tubercle in eompartment 2. 

Four of the earpal bones are palpable. The pisiform is both visible 
and palpable on the palmar aspeet of the medial wrist at the base of 
the hypothenar eminenee. It is often overlain by the distal wrist erease. 
It ean be moved over the articular surface of the triquetrum when the 
wrist is passively flexed. The hook of the hamate lies approximately 
2.5 em distal to the pisiform, in line with the ulnar border of the ring 
finger. It ean be felt on deep palpation, and the superficial division of 
the ulnar nerve ean be rolled from side to side over the tip of the hook. 
The tubercle of the seaphoid is situated at the base of the thenar emi- 
nenee, in line with the tendon of flexor earpi radialis and, in many 
individuals, forms a small, visible elevation. Immediately distal to it, 
but eovered by the muscles of the thenar eminenee, the tubercle of the 
trapezium ean be identified on deep palpation. 
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Proximal to the wrist ereases, the prominent tendon of flexor earpi 
radialis ean be seen and palpated when the wrist is flexed against resist- 
anee (see Fig. 46.30A). The radial artery lies on its lateral side and 
erosses the anterior margin of the expanded distal end of the radms, 
where it is palpable. It then passes posteriorly, deep to the tendons 
of abductor pollieis longus and extensor pollieis brevis, and enters 
the anatomieal snuff-box, where its pulsations are palpable (see 
Fig. 46.30C). 

Palpation lateral to flexor earpi radialis, 3-4 em proximal to the wrist 
erease, reveals the muscle belly of flexor pollieis longus (flexing and 
extending the thumb will eonfirm that the examining finger is eorreetly 
plaeed). The area on the ulnar side of flexor earpi radialis tendon is 
paeked with fhnetionally important structures. The median nerve is 
either eovered by, or situated just lateral/radial to, the tendon of pal- 
maris longus. The latter ean be identified by gently pinehing the tips of 
the digits together and partially flexing the wrist (see Fig. 46.30A). Near 
to the wrist, the median nerve lies very elose to the skin and ean, there- 
fore, be injured by relatively superficial laeerations. When palmaris 
longus is absent, only a thin eovering of subcutaneous fat and deep 
faseia separate skin and nerve. The four tendons of flexor digitomm 
superficialis lie deep to the median nerve; the tendons to the middle 
and ring fingers lie anterior to those for the index and little fingers as 
they pass deep to the flexor retinaculum, and ean be felt and usually 
seen to move during finger flexion/extension. Deeper still are the 
tendons of flexor digitomm profundus. The broad tendon of flexor earpi 
ulnaris is easily palpated passing to the pisiform on the ulnar side of 
the anterior wrist; the ulnar nerve, artery and venae eomitantes lie along 
its lateral (radial) edge. Any sharp injury that cuts through the tendon 
usually has enough energy to sever the ulnar neurovascular bundle. 

ANATOMICAL SNUFF-B0X 


When the thumb is fiilly extended, the depression of the anatomieal 
snuff-box is seen on the lateral aspeet of the wrist immediately distal 
to the radial styloid proeess. The snuff-box is bounded on its anterola- 
teral (radial) side by the tendons of abductor pollieis longus (laterally) 
and extensor pollieis brevis (immediately medial), and on its 
posteromedial/ulnar side by the tendon of extensor pollieis longus. 
Running a finger along extensor pollieis brevis enables palpation of the 
superficial radial nerve, which ean be rolled from side to side on the 
tendon. The eephalie vein passes through the roof of the snuff-box, 
where it is visible and palpable, and the pulsation of the radial artery 
ean be palpated deeply on its floor. 

Three bones are palpable distal to the radial styloid proeess along 
the floor of the anatomieal snuff-box: the convex, ovoid proximal artie- 
ular surface of the seaphoid (best palpated during alternating wrist 
abduction/adduction), the radial aspeet of the trapezium and the 
expanded base of the first metaearpal. The first earpometaearpal joint 
forms a palpable depression distal to the trapezium. When wrist stabil- 
ity is elinieally assessed throughout its range of movements, the 
seaphoid may be eompressed bidigitally, between index finger and 
thumb, along its oblique long axis between the tubercle and artiodar 
surface. Similarly, the trapezium may be eompressed between its tuber- 
ele and radial aspeet. 


HAND 


The palmar skin is marked by a number of ereases but they are of little 
value as points of referenee. Transverse skin ereases eross the palmar 
aspeet of the fingers in three plaees: the most proximal erease sits at the 
junction of the digit with the palm and lies approximately 2 em distal 
to the metaearpophalangeal joint; the intermediate erease sits opposite 
the proximal interphalangeal joint; and the distal erease sits just proxi- 
mal to the distal interphalangeal joint. 

The first metaearpal is both visible and palpable on the dorsolateral 
hand; its dorsal aspeet forms the lateral border of the hand. The fleshy 
elevation of the thenar eminenee, produced by abductor and flexor 
pollieis brevis overlying opponens pollieis, is loeated on the lateral 
palm (see Fig. 46.48A). The less prominent hypothenar eminenee is 
loeated on the medial palm and is formed by the eomparable muscles 
of the little finger. The medial aspeet of the hypothenar eminenee forms 
the medial border of the hand. 

The dorsal aspeets of the trapezium and of eaeh of the metaearpal 
bones are partially palpable around the margins of the eorresponding 
extensor tendons. The heads of the metaearpal bones form the promi- 
nenees of the kmiekles and are most obvious during digit flexion. On 
the dorsal hand, the metaearpophalangeal joint line forms a palpable 
depression lateral to the digital extensor tendon, and alternating digit 
flexion/extension aids identifieation. The joint ean be aspirated/injeeted 
from this perspeetive. Palpation distal to the metaearpal head reveals 
the flared base of the eorresponding proximal phalanx. The inter- 
phalangeal joints are palpable on the dorsal aspeet of a flexed digit just 
distal to the prominenees formed by the heads of the proximal and 
middle phalanges. 

The flexor retinaculum, and therefore the surface position of the 
earpal tunnel, ean be mapped aeeording to its palpable bony attaeh- 
ments (see Fig. 46.30A). The distal border is eoneave inferiorly and is 
marked by a curved line that joins the tubercle of the trapezium to the 
hook of the hamate. Its proximal border is marked by a curved line, 
eoneave superiorly, which joins the tubercle of the seaphoid to the pisi- 
form. Flexion of the wrist produces a number of transverse skin ereases 
(usually two, sometimes three) at the wrist. The dominant, most distal, 
wrist erease normally sits distal to the lunate and overlies pisiform and 
the proximal edge of the flexor retinaculum. The earpal tunnel passes 
distal to this erease for 2.5-3 em. 

The position of the superficial palmar arterial areh is indieated by a 
horizontal line approximately 4 em long, drawn at the level of the fully 
extended and partially abducted thumb (see 4g. 46.30A). A horizontal 
line, approximately 4 em long and mnning from a point just distal to 
the hook of the hamate, indieates the position of the deep palmar arter- 
ial areh. The deep areh is loeated approximately 1 em proximal to the 
superficial areh. The digital neurovascular bundles pass along the 
medial and lateral sides of the dorsal and volar surfaces of the digits, 
and ean be anaesthetized in these positions via the web spaee. 


EXTENSOR/DORSAL SURFACE 
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The tendons loeated within the six extensor eompartments of the wrist 
are subcutaneous and palpable (see Fig. 46.30B). Compartment 1 (eon- 
taining abductor pollieis longus and extensor pollieis brevis) sits over 
the lateral radius. Regional tenderness to palpation occurs in de Quer- 
vain's tenosynovitis. Compartments 2 (eontaining extensors earpi radia- 
lis longus and brevis) and 3 (eontaining extensor pollieis longus) flank 
the lateral and medial sides of the dorsal radial (Lister s) tubercle, 
respeetively. Compartments 5 (eontaining extensor digiti minimi) and 
6 (eontaining extensor earpi ulnaris) flank the posterior and medial 
sides of the ulnar head, respeetively. Compartment 4 (eontaining exten- 
sors digitomm and indieis) sits between the ulnar head and eompart- 
ment 3. The tendons of extensors earpi radialis longus and brevis ean 
be identified on the dorsal carpus when the fist is elenehed and relaxed. 
The tendons of extensor digitomm are visible and palpable on the 
dorsal hand with the fingers fiilly extended. The tendon of extensor 
earpi ulnaris is palpable distal to the ulnar styloid as it erosses the wrist, 
with the wrist in extension and adduction. The first dorsal interosseous 
forms a visible fleshy mass on the lateral part of the dorsal hand 
between the index finger and thumb, espeeially whilst abducting the 
index finger against resistanee. 
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r® Bonus e-book images and videos 

Fig. 50.5 Guyon’s eanal at the vvrist. Fig. 50.22 Scapholunate dissoeiation. Video 50.1 Movements of the hand. 

Fig. 50.21 The effeet of axial loading on the Fig. 50.34 Cont’d Hand digital subtraction Video 50.2 VVrist bloek: surface anatomy. 

rotatory movements of the bones of the maeroangiogram. Predominant phases. 

vvrist. 


Extensor earpi radialis longus 


Dorsal earpal braneh of radial artery 



Superficial radial 
nerve 


Extensor pollieis brevis 


Lateral cutaneous 
nerve of forearm 


Fig. 50.42 The radial side of the hand. Note the course of the terminal branehes of the superficial radial nerve and the lateral cutaneous nerve of the 
forearm. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve, 2nd ed, 2011. Springer-Verlag, 
London.) 
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eOMMENTARY 



lnjuries of the supraclavicular 

braehial plexus 

Rolfe Bireh 



The elosed traetion lesion of the supraclavicular braehial plexus is 
amongst the worst of all peripheral nerve injuries because of the fre- 
quent assoeiation with injury to the spinal eord and the usual eompliea- 
tion of severe pain. There is one eommon element: the violent distraetion 
of the forequarter from the head, neek and ehest so that the angle 
between the head and the shoulder is opened. One important physieal 
sign that illustrates this point is the presenee of linear abrasions and 
bmising at the tip of the shoulder (Fig. 6.1.1). These are often injuries 
of great violenee and motor eyelists in high-speed aeeidents are particu- 
larly at risk. Assoeiated injuries to the head, spine, ehest, abdomen, 
pelvis, long bones and subclavian artery are eommon. 

The most eommon site of nerve lesion lies within the spinal eanal, 
affeeting the intradural segments of the spinal nerves. These injuries are 
ealled preganglionie because the lesion lies between the dorsal root 
ganglion and the spinal eord. This eoneept of pre- and postganglionie 
injury, introduced by Bonney in 1954, is fhndamental to diagnosis and 
treatment. The preganglionie injury is the most eommon lesion because 
the union of the ventral and dorsal roots is the weakest link in the long 
ehain between the eentral nervous system and the periphery. Postgan- 
glionie rupture usually involves the ventral (anterior) primary ramus, 
distal to the branehing of the dorsal (posterior) primary ramus (see "igs 
45.1, 45.7). In one series of 200 patients operated on between the years 
2000 and 2004, 429 spinal nerves sustained preganglionie mpture, 223 
were postganglionie mptures and the remaining 298 spinal nerves were 
intaet or reeovering. The fìfth and sixth eervieal nerves are somewhat 
proteeted by proximal branehes to such nerves as the phrenie and long 
thoraeie, and also by the transverse radicular ligaments. The vulnerabil- 
ity of C8 and T1 is enhaneed by the inereasing obliquity of the roots 
in the spinal eanal and the angulated course of Tl. 

There are two types of preganglionie, intradural, injury: mpture 
peripheral to the transitional zone and avulsion eentral to it (Figs 6.1.2, 
6.1.3; see also Fig. 3.35). The former is more eommon (Sehenker and 
Bireh 2001). The extent of the displaeement of the dorsal root ganglion, 



Fig. 6.1.1 Linear abrasions in the neek indieate separation of the 
forequarter from the trunk. The abrasion at the tip of the shoulder marks 
the point of impaet against a roadside kerb. Rupture of C5, preganglionie 
C6-T1. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, 
Surgical Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer- 
Verlag, London.) 


and the level of rupture of the dura, vary. These patterns are outlined 
in a elassifìeation by Bonney (Bireh 2011 a) and examples are illustrated 

in Figures 6.1.4, 6.1.5. 

Bonney (1954, 1959) showed that the neuronal eell bodies in the 
dorsal root ganglion in preganglionie injuries remained alive and that 
conduction within their peripheral axons was maintained, even though 
the eell body was separated from the spinal eord (Figs 6.1.6, 6.1.7); the 
axon reflex is probably maintained by the unmyelinated C fìbres. 



Fig. 6.1.2 A transverse seetion of the tip of an avulsed dorsal root at C6 
4days after injury, showing a eentral avulsion. The tissue in the eentre of 
the seetion is eentral nervous system (CNS) tissue, in which glial eells 
show post-traumatic lytie ehanges. Corpora amylaeea are indieated by 
arrows. Toluidine blue stained resin seetion x100. (Courtesy of the Editor 
Journal of Bone and Joint Surgery (British), from Sehenker and Bireh 
( 2001 ). 



Fig. 6.1.3 An avulsed ventral root of C6 4days after injury, showing a 
peripheral intradural rupture. The nerve tissue at the site of the rupture 
showed no eentral nervous system features. The tip is eovered by 
organized blood elot and erythroeytes that interweave with fibrin strands. 
The myelinated fibres show early signs of Wallerian degeneration. 
Toluidine blue stained resin seetion x200. (Courtesy of Rolfe Bireh, all 
rights reserved, published in Bireh R, Surgical Disorders of the Peripheral 
Nerve. 2nd edition, 2011. Springer-Verlag, London.) 






























































Injiiries of the supraclavicular braehial plexus 
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Fig. 6.1.4 The fifth and sixth eervieal nerves avulsed from 
the spinal eord. The ventral root is easily distinguishable 
from the dorsal rootlets. Note the dorsal root ganglion, the 
dural sleeve merging into the epineurium, and the spinal 
nerve itself. The small pieees of tissue on the proximal ends 
of the dorsal rootlets (belovv) are probably portions of the 
spinal eord. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral 
Nerve. 2nd edition, 2011. Springer-Verlag, London.) 
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Fig. 6.1.5 isehaemia and conduction. A, A traetion lesion of the braehial 
plexus aeeompanied by rupture of the subclavian artery; there was a 
weak pulse. At operation, 54hours after injury, stimulation of the avulsed 
ventral roots of C7, 8 and T1 evoked strong eontraetion in the relevant 
muscles distally. This showed that there was neither eritieal isehaemia 
within the limb nor a seeond, more distal, lesion. B, Strong 
somatosensory evoked potentials were reeorded through eleetrodes 
plaeed over the sealp, by stimulation of the postganglionie ruptured 
stumps of C5 and C6 (1). The dorsal root ganglia of C7, 8 and T1 (2) and 
their ventral roots (3) are shown. An extensive repair was done. C, An 
arteriogram showing the ruptured subclavian artery. (Courtesy of Rolfe 
Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the 
Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 


Bonney and Gilliatt (1958) reeorded sensory aetion potentials from 
peripheral nerves in eases of preganglionie injury; the measurements of 
persisting peripheral conduction stimulated a profound and lasting 
interest in conduction in the eentral pathways. Intraoperative studies of 
motor and sensory conduction are essential in emergeney or urgent 
exploration of the braehial plexus. The demonstration that myelinated 
afferent fibres pass through the ventral root in the human (Sehenker 
and Bireh 2000) (Fig. 6.1.8) may be signifieant in reeent successful 


attempts to reattaeh the ruptured ventral root to the spinal eord (see 
below). 

Diagnosis 


It is important always to seareh for occult injuries to the head, ehest 
and spine. Onee the diagnosis of injury to the braehial plexus has been 
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Fig. 6.1.6 A dorsal root ganglion 6months after avulsion from the spinal 
eord. The eell bodies are healthy and there are numerous myelinated 
fibres. Soloehrome eyanin x960. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve. 
2nd edition, 2011. Springer-Verlag, London.) 
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Fig. 6.1.7 The nerve and roots detaehed from the spinal eord. Note the 
intaet dorsal root ganglion eell, with healthy axons in the detaehed parts 
of the roots, and the degeneration of the efferent fibre in the ventral root. 
(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, 
London.) 



Fig. 6.1.8 VVallerian degeneration in the ventral root of the eighth eervieal 
nerve 6 weeks after avulsion from the spinal eord. A degenerate efferent 
myelinated fibre (right) eompared to a non-degenerate afferent myelinated 
fibre (left). EM x11115. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 



Fig. 6.1.9 A-B, Intense, lightning-like pain was felt in the dermatomes of 
C5, 6 and 7 in this patient on the day of injury; these three nerves were 
avulsed from the spinal eord. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 


made, it should be put to one side while a systematie and systemie 
examination is made of the whole patient. Analysis, history and preeise 
elinieal examination usually permit an accurate diagnosis of the extent 
and the level of the neurological injury. 

History An understanding of the axis of applieation of foree to the 
injured limb is very important. A deseription from witnesses or the 
patient of the shoulder being violently arrested by an objeet - stone, 
tree, kerb or vehiele - while the body is flying through the air eonfìrms 
that there has been violent stretehing of the structures in the posterior 
triangle of the neek. 

Pain Severe pain within a paralysed and anaesthetie limb indieates very 
serious injury to the spinal nerves. It may be eonstant, deseribed as 
emshing, burning or intense pins and needles, and is usually felt in the 
forearm and hand. Two-thirds of conscious patients who developed 
such pain did so on the day of injury. The superimposed shooting pain 
coursing into the dermatome of a spinal nerve signifìes preganglionie 
injury to the nerve (Fig. 6.1.9). More than one-half of conscious 
patients experienced this pain on the day of injury (Bireh 2011 b). 

inspeetion inspeetion of the limb may reveal linear cuts and abra- 
sions passing from the faee to the shoulder, indieating distraetion of 
the limb when injury was sustained. Deep bmising is an important sign 
of tearing of prevertebral muscle or even of the subclavian artery. 
inereasing swelling in the posterior triangle indieates a eolleetion of 
spinal fluid, either from nerves avulsed from the spinal eord or from 
an expanding haematoma, or both. A Horner (Bernard Horner) sign is 
a strong indieator of preganglionie injury to C8 and T1 because of inter- 
mption of the rami between the spinal nerves and the stellate ganglion 
(see Figs 46.16 and 16.13). 

Sensory loss Sensory loss extending above the elaviele is a sign of 
preganglionie injury to at least the upper nerves of the braehial plexus 

(Figs 6.1.10-6.1.13). 
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Fig. 6.1.10 Sensory loss in a eomplete 
preganglionie lesion of C4-T1 in two patients. 
(Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the 
Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, 
London.) 



Fig. 6.1.12 Sensory loss in a preganglionie lesion of C4, 5, 6, 7. (Courtesy 
of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical Disorders 
of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 


Fig. 6.1.11 Sensory loss in a preganglionie lesion of C5-T1. C4 innervates 
the skin of the outer aspeet of the shoulder; T2 innervates the skin of the 
inner aspeet of the arm. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 


Muscle weakness Paralysis of serratus anterior and of the ipsilateral 
hemidiaphragm shows that the lesion is in the most proximal segments 
of C4-C7 and that these nerves are likely to have sustained pregangli- 
onie injury. 

Reeognition of postganglionie rupture Tinel's sign is most valu 

able in the early deteetion of ruptures. It is important to advise the 


patient that percussion in the posterior triangle of the neek may be 
painfhl - at times, extremely so. The patient is asked to indieate the 
region into which they experience radiation of intense 'pins and 
needles'. When these extend down the outer arm and proximal forearm, 
then rupture of C5 is likely. When they extend to the lateral aspeet of 
the forearm and thumb, then a similar lesion of C6 may be antieipated. 

Peroission over a rupture of C7 evokes sensations into the dorsum of 
the hand; that over a rupture of the lower tmnk evokes sensations in 
the inner aspeet of the forearm and little fingers. 

It is difficult to overstate the signifieanee of a strong positive Tinel's 
sign in deteeting mpture of a spinal nerve within the posterior triangle: 
the stronger the sign, the more likely the ehanees of finding a robust 
stump. It should be emphasized that Tinel's sign is deteetable, in a 
conscious patient, on the day of injury. 

Investigations Radiologieal and imaging studies eonfirm or modify 
the elinieal diagnosis, but they may also eonfirm or reveal assoeiated 
injuries to the spinal column, the spinal eord and the ehest. Plain radio- 
graphs eonfirm elevation of the ipsilateral hemidiaphragm and may 
show tilting of the eervieal spine away from the side of injury, which 
is often assoeiated with fracture or disloeation of the first rib. The e57 
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eondition of roots and evidenee of displaeement or other abnormalities 
of the spinal eord are revealed by myelography: more preeisely, by 
computed tomographie (CT) myelography and, inereasingly in current 
praetiee, by magnetie resonanee imaging (MRI). 

Patterns of lesions 


A survey of the ineidenee of these lesions in the UK, conducted through 
the auspices of the British Orthopaedie Assoeiation, uncovered 328 
patients admitted with eomplete or partial lesions in 1987 (Goldie and 
Coates 1992). The lesion was eomplete in 26.2% of patients; the sub- 
elavian artery was ruptured in 5.5%; there were other major injuries in 
40%, and a wound in the neek in 5.5%. Table 6.1.1 sets out the patterns 
of injury in 301 patients operated on in 1989-93. Complete lesions 
accounted for 141 of the eases; 52 patients sustained preganglionie 
injury to all five spinal nerves. Over the years, there has been a modest 



Fig. 6.1.13 Sensory loss in a preganglionie lesion of C5. The area of 
sensory loss is usually larger than that seen after rupture of the axillary 
(circumflex) nerve (see Fig. 48.2). (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve. 
2nd edition, 2011. Springer-Verlag, London.) 


deerease in the severity of injury; the proportion of eases with eomplete 
preganglionie injury of C5-T1 was 18.7% in the series reported by 
Rosson (1987); 17.3% in those operated on between 1989 and 1993; 
and less than 8% in patients operated on between 2000 and 2004 
(Bireh 2011 a). However, the ineidenee of injury to the subclavian artery 
in the operated eases remains steady over this time at about 10%. 

Treatment 


The direet objeet of treatment is rehabilitation. This entails the follow- 
ing steps: provision of accurate diagnosis and prognosis; improvement 
of prognosis by repair of damaged nerves; relief of pain; palliation of 
paralysis by custom-made orthoses and by musculotendinous transfers 
(Fig. 6.1.14); and assistanee towards a return to original, appropriately 
modified or new work or study and to independent living. 

Operations should be undertaken as soon as the patient's general 
eondition permits in eases where there is evidently a serious nerve 
injury (Bireh 2011 a). There have been important improvements in out- 
eomes over the years. The possibility of reeonneetion of the avulsed 
ventral roots to the spinal eord has been realized in a few earefhlly 
seleeted eases (Fig. 6.1.15). The return of fluid and eoordinated muscle 
aetion, and of the bieeps tendon jerk, suggests some regeneration into 
the deep afferent pathway, perhaps through myelinated afferent fibres 
in the ventral root. 

Pain relief One of the most pleasing aspeets of surgical endeavour 
has been the finding that reinnervation of muscle is regularly successful 
in improving pain and this is a strong indieation for securing reinnerva- 
tion of a limb, no matter how limited, in even the most severe injuries 

(Berman et al 1996, Berman et al 1998, Kato et al 2006; see Bireh 
2011 a, Bireh 2011b, Bireh 2011 e). 


Table 6.1.1 Patterns of injury in 301 consecutively operated supraclavicular lesions 
(1989-93) 


Pattern of injury 

Number of patients 

Oomplete lesions: pre-and postganglionie injnries 

141 

Ruptures of upper nerves C5 (C6, 7) 
lntradural ruptures of lower nerves (C6, 7, 8) T1 

83 

Ruptures of middle nerves (C6) C7 (C8) 
lntradural above and below 

5 

Ruptures of lower nerves C8, T1 
lntradural ruptures of upper nerves C5, 6, 7 

1 

Total intradural ruptures of C5-T1 

52 

ineomplete lesions: some roots intaet 

153 

Damage C5, 6 (C7) 

Reeovering or intaet (C7) C8, T1 

117 

Damage C6, 7, 8 

Reeovering or intaet C5, T1 

23 

Damage C7, 8, T1 

Reeovering or intaet C5, 6 

13 



Fig. 6.1.14 A-B, A woman aged 28 at the time of injury with left-sided rupture of C5, C7, C8 and T1, preganglionie lesion C6. Function is shown at 
96months after repair: wrist extension was regained by transfer of flexor earpi ulnaris to extensor earpi radialis brevis. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 
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Fig. 6.1.15 A 23-year-old man with a left-sided preganglionie lesion of 
C5-T1. Function is shown at the shoulder and elbow 11 years after 
reimplantation of the ventral roots of C5, C6 and C7. (Courtesy of Rolfe 
Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the 
Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 
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Nerves at risk from 
musculoskeletal injury 

Rolfe Bireh 


The anatomieal arrangements of some of the peripheral nerves make 
them particularly vulnerable to damage from musculoskeletal injury. 

Fractures and disloeations 


In the upper limb, the eords of the braehial plexus and the axillary 
vessels pass in a spaee bounded by subscapularis (deep) and peetoralis 
minor (superficial). Anterior displaeement of the humeral head or bone 
fragments forees the nerves and vessels against the deep surface of pee- 
toralis minor, which aets as a guillotine. Rupture of nerves and vessels 
is frequent in high-energy transfer injuries in younger adults and is 
eommon in many lower-energy transfer injuries in the elderly (Fig. 
6.2.1). The proximity to bone of all three main nerves at the elbow 
renders them vulnerable to skeletal injuries. 


In the lower limb, nerve injuries are more eommon and more serious 
because of the greater forees involved in serious skeletal injuries. The 
lumbosacral plexus is at risk in fracture disloeations of the saeroiliae 
joints, espeeially when fractures extend into the saeral foramina. The 
seiatie nerve is damaged by posterior displaeement of the femoral head 
(see Fig. 78.11). 

Tethering of nerves 


In the upper limb, the axillary nerve mns in loose fatty tissue in its 
course anterior to subscapularis. When it turns around that mnsele, it 
enters a quadrilateral tunnel formed by the union of the faseiae of 
subscapularis eranially teres major caudally and eoraeobraehialis lat- 
erally which surrounds the nerve and the posterior circumflex vessels. 



Fig. 6.2.1 A leaking aneurysm 20weeks after fracture of the neek of the humerus in an 83-year-old woman. She made a good reeovery after repair 
of the defeet. A, A radiograph on the day of injury. B, A radiograph at 18weeks. C, A magnetie resonanee imaging (MRI) sean at 18weeks. D, An 
angiogram on the day of operation. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 
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The neurovascular bundle curves around the inferior border of the 
tendon of subscapularis, and passes over the superior border of the 
tendon of teres major, entering a near-horizontal tube. This arrange- 
ment puts the nerve at risk during anterior disloeation of the head of 
the humerus and the frequent eomplieation of bleeding from the pos- 
terior circumflex vessels, which strangles the nerve. The radial nerve is 
at risk from fraetmes of the shaft of the humerus between the two rela- 
tively fixed points of the nerves to the lateral head of trieeps and the 
tunnel through the lateral intermuscular septum. 

In the lower limb, the eommon fibular nerve, which passes above or 
through piriformis in as many as 30% of eases, is tethered above in 
relation to piriformis and below at the neek of the fibula. The faseia 
surrounding bieeps femoris and its tendon sweeps around to embraee 
the nerve; in disloeation of the knee, the muscle frequently avulses the 
tip of the head of the fibula and is displaeed anteriorly, pulling the 
nerve with it. The deep fibular nerve passes rather acutely forwards to 
enter the anterior eompartment of the leg. 

Refer to Commentary 9.1 for fiirther information on nerve 
biomeehanies. 


Faseial arrangements 


Sleeves of faseia surround main nerves and main vessels in some 
regions, an arrangement that predisposes the nerves to injury from 
isehaemia and eompression from bleeding. After the ventral primary 
rami of C7, 8 and T1 enter the posterior triangle of the neek, they are 
enelosed in quite a rigid spaee bounded posteriorly by the dorsal part 
of the first rib, the transverse proeesses of the eervieal vertebrae and the 
faseia of levator scapulae. The nerves are embraeed by sealemis anterior 
and scalenus medius, both of which are invested in an unyielding faseia 
(this is one envelope of the prevertebral faseia that also serves to bind 
the phrenie nerve down to the anterior faee of scalenus anterior). The 
prevertebral faseia is particularly well developed anterior to the vertebral 
column and at the base of the posterior triangle, where it envelops the 
ventral primary rami of C7, 8 and Tl, the phrenie nerve, the eervieal 
sympathetie ehain, and subclavian and vertebral arteries. Inffision of 
relatively large volumes of fluid, from 10 to 20 ml, deep to the prever- 
tebral faseia, for the purpose of inducing regional bloek, may cause 
tamponade of the radicular vessels that enter the spinal eanal and eon- 
tribute to the anterior spinal artery (Fig. 6.2.2, see also Figs 45.11, 
45.12). 

The medial braehial faseial eompartment extends from the axilla to 
the elbow and is bounded by the tough medial intramuscular septum 
and the axillary sheath. Bleeding into this eompartment is responsible 
for many infraclavicular plexopathies following regional bloek or frae- 
ture disloeation of the shoulder (Fig. 6.2.3). 

Neurovascular eompartments 


The anterior interosseous nerve and its aeeompanying artery may be 
damaged by eompression because of swelling in the deepest part of the 



Fig. 6.2.2 The hands of an 11 -year-old boy 7 years after anterior eord 
infaretion caused by intersealene bloek. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve. 
2nd edition, 2011. Springer-Verlag, London.) 


flexor eompartment of the forearm. The ulnar nerve is aeeompanied by 
the ulnar artery in a diserete faseial eompartment in the distal two-thirds 
of the forearm. The deep fibular nerve is aeeompanied by the anterior 
tibial artery, an end artery, throughout most of the anterior eompart- 
ment of the leg; occlusion of this artery causes death of the nerves and 
muscles of the anterior eompartment. The femoral nerve is damaged 
by haematoma where it passes deep to the thiek faseia over iliacus, 
and it is also at risk from bleeding into the femoral triangle (see 
Fig. 80.32; Fig. 6.2.4). The tibial nerve is aeeompanied by the pos- 
terior tibial artery in the distal half of the leg in a sheath of faseia similar 
to the arrangements for the ulnar vessels and nerve (Fig. 6.2.5). 

Oollateral circulation 

The eollateral eirailation at the elbow depends on vessels that mn with 
the three main nerves. This network may maintain an adequate supply 
to the hand and the extensor muscles of the forearm after acute loss of 
flow through the braehial artery if there is no assoeiated fracture disloea- 
tion. The situation is much worse if the ulnar or radial nerves, with their 
aeeompanying vessels, are displaeed into a fracture or eompressed by 
haematoma. 

The eollateral circulation at the knee is particularly poor. Acute 
loss of flow through the popliteal artery, unless urgently restored, 
invariably leads to extensive death of muscle and nerve, and often to 
amputation. 




Fig. 6.2.3 Fracture of left proximal humerus, eomplieated by expanding 
haematoma in a 63-year-old man. Two attempts to occlude the torn 
posterior circumflex artery by interventional radiology failed. He was seen 
at 8weeks, by which time he was in right heart failure and in great pain; 
he had a eomplete infraclavicular plexopathy on the left side. Six litres 
of altered blood were removed from the axilla; his pain was relieved. 
Reeovery was particularly poor in the radial and median nerves. A, An 
MR angiogram before operation. B, The left hand 4years after operation. 
(Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, Surgical 
Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, 
London.) 
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Fig. 6.2.4 Reeovering femoral palsy from haematoma in the femoral 
triangle in a 69-year-old farmer who was taking warfarin after aortie valve 
replaeement. Two months previously he had injured his thigh whilst 
vaulting a gate. He experienced severe pain for 24hours but this 
reeovered spontaneously. The area of sensory loss is outlined and the 
site of the Tinel’s sign is also marked. Reeovery was good but not 
eomplete by 6months. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 



Fig. 6.2.5 A, ‘Closed’ intramedullary nailing of a fracture of a long 
bone. The tibial nerve and the posterior tibial artery were involved in the 
fracture. B, The muscles of the deep flexor eompartment were fibrosed, 
causing severe clawing of the toes. (Courtesy of Rolfe Bireh, all rights 
reserved, published in Bireh R, Surgical Disorders of the Peripheral Nerve. 
2nd edition, 2011. Springer-Verlag, London.) 
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Thoraeie outlet syndromes 
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Thoraeie outlet syndromes (TOS) are amongst the most eonfhsing and 
eontroversial of peripheral nerve disorders. Several different entities are 
grouped under this one heading but they have little in eommon beyond 
the presumed site of the lesion. The lower part of the braehial plexus, 
and the lower tmnk in particular, joined at the first rib by the subclavian 
vessels, mn a regular obstaele course on their way to the lower borders 
of peetoralis minor. Some of the more important obstaeles will be 
deseribed here. 

Suprapleural membrane (Sibson’s faseia) 

In its pure form, the suprapleural membrane is a thin, fan-shaped 
stmcture attaehed anteriorly to the internal border of the first rib, and 
posteriorly to the anterior border of the transverse proeess of the 
seventh eervieal vertebra. It eovers the apieal pleura and intervenes 
between it and the subclavian artery. The deep part of the membrane 
may be quite tough and aponeurotic (Fig. 6.3.1). The extent of its 
peripheral attaehment varies. Scalenus minimus is the muscle that 
sometimes replaees the deep or posterior part of the membrane; it may 
be up to 10 mm in diameter in its widest part but is usually much 
smaller than that. The posterior border of the membrane forms, with 
the edge of the first rib, the foramen through which the first thoraeie 
nerve eseapes. 

First rib 


The broad first rib (see Fig. 53. 9A) has a surface that is more horizontal 
than vertieal. It extends over the apieal pleura and curves round to the 
eostoehondral junction and then to the manubrium (see Fig. 53.8). In 
the healthy state, the apieal pleura is easily separable from the head and 
neek, and most of the underside of the first rib; anteriorly, it beeomes 
rather adherent to the underside of the rib, in relation to the eosto- 
ehondral junction. Scalenus medius is attaehed to the upper surface of 
the rib posteriorly. The upper portion of the nerve to serratus anterior 
is usually formed in sealemis medius by branehes from the ventral 
primary rami of C4, 5 and 6; it emerges from the lateral surface of the 
muscle to be joined by a contribution from C7. Anterior to scalenus 
medius, the surface of the rib is, in the adult, grooved by the passage 
of the ventral primary ramus of T1 and the lower tmnk of the braehial 
plexus. There is a distinet tubercle at the attaehment of sealemis an- 
terior; the subclavian artery lies in a slight depression posterior to the 
tubercle, and the subclavian vein mns over the upper surface of the rib 
anterior to the tubercle. The intereostal muscles are attaehed to the edge 
of the rib. The lower part of the eervieothoraeie (stellate) ganglion lies 
on the head of the first rib, deep to the proximal part of the vertebral 
artery as it arises from the first part of the subclavian artery (see Fig. 
29.18). The major part of the ventral primary ramus of T1 is at first 
below the rib, then medial to its edge. The preganglionie (sympathetie) 
ramus of T1 eonneets it to the stellate ganglion; the postganglionie 
ramus is less notieeable. The size and disposition of sealemis anterior 
vary: it may bifiireate to include the artery; it may be bulky and its 
tendon may curve posteriorly round the artery to form a kind of snare. 
Deep to sealemis anterior, a very thin faseia eovers the artery. The 
phrenie nerve, ehiefly derived from the ventral primary ramus of C4, 
curves round the imisele to mn down anterior to it into the thorax, 
lying, at first, posterior to the internal jugular vein and erossing behind 
the subclavian vein. The thoraeie duct and the right lymphatie duct 
enter the braehioeephalie (innominate) vein at the subclavian-jugular 
(triradiate) junction on the left and right, respeetively. All of the sealene 
muscles vary in formation and size. Bridges of imisele and faseia may 
pass between them, altering and diminishing the spaee available for the 
neurovascular bundles. 


Seventh eervieal rib 


Estimates of ineidenee range from 0.004% to 1%. Cervical ribs are 
asymptomatie in most people. The extent of the rib, which is rarely 
symmetrieal bilaterally, ranges from a prolongation and pointing of the 
seventh eervieal transverse proeess to a eomplete rib in all respeets like 
a first thoraeie rib. The elassifieation proposed by Sargent (1921) is 
ilfiistrated in Figure 6.3.2, and is as follows: type 1, prolongation and 
pointing of the seventh eervieal transverse proeess; type 2, short articu- 
lating rib with fibrous prolongation; type 3, jointed rib long enough to 
earry the eighth eervieal nerve; type 4, jointed rib fiised at its end with 



Fig. 6.3.1 Entrapment of the lower trunk through an anomaly of the 
suprapleural membrane and scalenus medius. A, The right lower trunk is 
trapped between the aponeurotic edge of scalenus medius posteriorly 
and the suprapleural membrane anteriorly. B, A ‘scalenus siekle’ and an 
anomalous scalenus anterior. The left lower trunk passes over the edge of 
the siekle and behind the part of scalenus anterior that passes posterior 
to the subclavian artery. (Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd 
edition, 2011. Springer-Verlag, London.) 
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TYPEI 



C7 

T1 


Fig. 6.3.2 Variations of the seventh eervieal rib 
(purple), ranging from elongation of the seventh 
eervieal transverse proeess to a virtually 
eomplete additional rib (after Sargent 1921). 
(Courtesy of Rolfe Bireh, all rights reserved, 
published in Bireh R, Surgical Disorders of the 
Peripheral Nerve. 2nd edition, 2011. Springer- 
Verlag, London.) 


TYPE II 



TYPE III 



TYPE IV 



TYPEV 



the fìrst rib or artieiilating with it; and type 5, a eomplete seventh eervi- 
eal rib with cartilaginous union to the first eostal eartilage or to the 
manubrium. 

Arterial thoraeie outlet syndrome 


Arterial TOS was the first of the syndromes to be reeognized and the 
first to be treated surgically. Astley Oooper wrote, 1 have seen an exos- 
tosis arise from the 6 th or 7 th eervieal vertebrae or perhaps from both' 
(Oooper and Travers 1817). He went on to deseribe the ease of a woman 
who eame into Guy's Hospital with no pulse at the wrist or elbow and 
with Venous redness' of the upper limb, which was eold, / ennumbed / 
and painfhl; she also had a projeetion of the lower eervieal vertebrae 
towards the elaviele, with consequent pressure on the subclavian artery. 
Coote (186H: reported the removal of a left seventh eervieal rib causing 
aneurysm of the subclavian artery. Two physieians, Lewis and Piekering 
(1934 , pointed to the meehanism of production of the arterial lesion, 
namely: intimal breakage with loeal thrombosis and distal emboliza- 
tion. Arterial affeetion occurs as the subclavian artery erosses a 'normal' 
first rib or a seventh eervieal rib, eommonly one with bony union to, 


or synehondrosis or synostosis with, a boss on the first rib at about its 
middle part. The vessel is distorted by the bone and eonstrieted by a 
leash formed by the tendon of insertion of scalenus anterior. There is 
eommonly dilation of the artery distal to the point of eonstrietion, and 
the dilation may proeeed to the formation of a tme aneurysm (Wickham 
and Martin 1962). Oomplete obstmetion of the main vessel with distal 
embolization may lead to eritieal isehaemia. The most dangerous eom- 
plieation is eontralateral hemiplegia, doubtless from embolization 
from a thrombus extending proximally to the earotid vessel (Symonds 
1927). 

The arterial form of this outlet syndrome is a eondition predomi- 
nantly affeeting young women; the occurrence of such symptoms in 
older individuals must suggest a primary diagnosis of atheroselerosis 
or other systemie disorder. The symptoms are initially those of a Ray- 
naud's phenomenon with episodie blanehing and temperature ehange, 
episodie pain with muscular aetivity, and distal ulceration and neerosis. 
The extremity may be eooler than the unaffected limb and there is likely 
to be a pulse differenee, even the absenee of a pulse. Even if the hands 
are the same colour at rest and slightly dependent, there is likely to be 
blanehing of the affeeted hand on elevation. The artery is prominent, 
displaeed upwards and anteriorly by the underlying rib; there is a loud 








































Thoraeie outlet syndromes 


brnit and there may be a thrill. Doppler ultrasound examination is 
likely to show an abnormality: prineipally a elamped, monophasie 
veloeity signal anywhere over the arterial tree of the upper limb (Parry 
and Easteott 1992). Radiographs wilf of course, show a seventh eervieal 
rib if one is present. Magnetie resonanee angiography and duplex ultra- 
sonography have generally superseded arteriography in this field, as in 
others, and will eonfirm the site and extent of the obstmetion, the extent 
of stenosis and aneurysm formation, and the degree of distal occlusion 
(Fig. 6.3.3). 

Operation is required urgently in eases of eritieal isehaemia, and 
soon in eases in which isehaemia is threatened. It may be indieated 
when a eervieal rib is present, causing no symptoms but producing 
deformity of the subclavian artery sufficient to cause a steady bmit over 
the vessel, which must surely indieate distortion of the vessel that is 



Fig. 6.3.3 Arterial thoraeie outlet syndrome: angiographie appearanees. 

A, Complete occlusion over a eervieal rib. B, Complete occlusion at the 
thoraeie outlet in a 40-year-old woman, a heavy smoker. C, Obstmetion 
of the artery at the thoraeie outlet on elevation of the limb. (Courtesy of 
Rolfe Bireh, all rights reserved, published in Bireh R, Surgical Disorders of 
the Peripheral Nerve. 2nd edition, 2011. Springer-Verlag, London.) 


likely, in time, to cause intimal breakage and thrombosis. Arterial TOS 
is uncommon rather than rare and it is potentially dangerous. The bmit 
from a prominent subclavian artery assoeiated with an underlying 
seventh eervieal rib eannot be ignored and investigations need to be 
pursued to define the extent of distortion of the artery. 

Neurogenic thoraeie outlet syndrome 


Neurogenic TOS is rare. As Gilliatt (1984) pointed out, a number of 
eases were seen at the National Hospital for Nervous Diseases, Queen 
Square, London, UK, in the early years of the last century, with wasting 
of the thenar muscles that were attributed to a eervieal rib. In faet, these 
patients probably had a earpal tunnel syndrome. The eonfhsion was not 
resolved for more than 40years until the applieation of nerve conduc- 
tion studies defined the much more eommon disorder. Gilliatt put the 
annual ineidenee of eervieal rib syndrome with muscle wasting as low 
as 1 in 1 million in the general population. The patients are usually 
young to middle-aged women and the abnormalities are usually eon- 
fined to one upper limb. The symptoms are insidious and often mild; 
presentation is delayed for some years, and is usually oeeasioned by the 
sudden realization that the hand has beeome wasted. There is pain in 
the medial aspeet of the forearm and there may also be some blunting 
of sensibility in that area and in the little finger. The latter is frequently 
shorter than it is in a normal, age-matehed hand, suggesting that the 
afflietion of the fibres in the lower tmnk eommeneed before skeletal 
maturity. There is wasting of the superficial thenar muscles, which 
sometimes extends to all of the small muscles of the hands (Fig. 6.3.4) 



Fig. 6.3.4 The elassieal neurogenic outlet syndrome; shortening of the 
little finger is often evident. A, Severe wasting of the intrinsie muscles of 
the right hand in a 35-year-old woman. B, The right lower trunk is seen 
angulated over a ‘scalenus siekle’ and there is extreme attenuation of the 
trunk, which, in the photograph, appears to be rather lateral to the siekle. 
When the nerve was first exposed at operation, the zone of attenuation 
was, in faet, at the site of angulation. There was slow improvement after 
deeompression. (Courtesy of Rolfe Bireh, all rights reserved, published in 
Bireh R, Surgical Disorders of the Peripheral Nerve. 2nd edition, 2011. 
Springer-Verlag, London.) 
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and there may be weakness of the flexor muscles of the forearm, most 
evident in those innervated by the ulnar nerve. There may be a bmit 
over the subclavian artery. Radiographs of the neek show mdimentary 
eervieal ribs or elongated transverse proeesses of the seventh eervieal 
vertebrae. The diagnostie eleetrophysiologieal findings were eharaeter- 
ized by Gilliatt, Le Quesne and Logue in 1970 and inehide a small or 
absent sensory response in the ulnar nerve and the medial cutaneous 
nerve of the forearm; a normal sensory response in the median nerve; 
an attenuated compound motor aetion potential amplitude from 
abductor pollieis brevis; and a low-amplitude ulnar motor response 
(Smith and Knight 2011). Operation is indieated in these patients in 
the expectation of alleviation of pain, improvement in sensation and 
some improvement in strength; reeovery of the wasted small muscles 
of the hand is rare. 


Neural thoraeie outlet syndrome without 
plain motor signs 


Neural TOS without plain motor signs is more eommon and more dif- 
fiailt. Patients present with symptoms and signs eonsistent with a diag- 
nosis of TOS but studies of blood flow and nerve conduction are 
normal. It is important to seek causes of the symptoms beyond the 
apparent diagnosis and to remember that the presenee of a eervieal rib 
does not, of itself, permit a diagnosis of TOS. The urge to advise opera- 
tion should be tempered with knowledge of the possibility of eompliea- 
tions and the high rate of recurrence of symptoms as time passes (Bireh 
2011 ). 
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(JHAPTER 



Thorax: overview and surface anatomy 


The thorax is the iipper part of the tmnk. It eonsists of an external 
musculoskeletal eage, the thoraeie walf and an internal eavity that 
eontains the heart, lungs, oesophagus, traehea and prineipal bronehi, 
thymus, vagus and phrenie nerves, right and left sympathetie tmnks, 
thoraeie duct, lymph nodes, and major systemie and pulmonary blood 
vessels. Inferiorly, the thorax is separated from the abdominal eavity by 
the diaphragm; superiorly, it communicates with the neek and the 
upper limbs. The thoraeie wall offers proteetion to some of the abdomi- 
nal viseera: the greater part of the liver lies under the right dome of 
the diaphragm; the stomaeh and spleen lie under the left dome of 
the diaphragm; and the posterior aspeets of the superior poles of the 
kidneys lie on the diaphragm and are anterior to the twelfth rib on the 
right, and to the eleventh and twelfth ribs on the left (Fig. 51.1). 

Variations in thoraeie dimensions and proportions are partly indi- 
vidual and also linked to age, sex and raee. At birth, the transverse 
diameter is relatively less than it is in the adult, but adult proportions 
develop as walking begins. Thoraeie eapaeity is less in females than 
it is in males, both absolutely and proportionately: the female sternum 
is shorter, the thoraeie inlet more oblique, and the suprasternal noteh 
is level with the third thoraeie vertebra, whereas it is level with the 
seeond thoraeie vertebra in males. In all individuals, the size of the 
thoraeie eavity ehanges continuously aeeording to the movements of 
the ribs and diaphragm during respiration (Ch. 55) and the degree of 
abdominal viseeral distension. 
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Fig. 51.1 The thoraeie wall and eavity. (With permission from Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Copyright 2010.) 


MUSCULOSKELETAL FRAMEW0RK 


BONES AND JOINTS 


The thoraeie skeleton eonsists of twelve thoraeie vertebrae and their 
intervening intervertebral dises (midline, posterior), twelve pairs of ribs 
and their eostal eartilages (predominantly lateral), and the sternum 
(midline, anterior). When articulated, they form an irregularly shaped 
osteocartilaginous eylinder, reniform in horizontal seetion, which is 
narrow above, broad below, flattened anteroposteriorly and longer 
behind (see Fig. 53.8). Laterally, the thoraeie eage is convex and is 
formed by the ribs; anteriorly, it is slightly convex and is formed by the 
sternum and the distal parts of the ribs and their eostal eartilages. The 
fìrst seven pairs of ribs are eonneeted to the sternmn by eostal eartilages, 
the eostal eartilages of the eighth to tenth ribs usually join the super- 
jaeent eartilage, and the eleventh and twelfth ribs are free (floating) at 
their anterior ends. The posterolateral curvature of the ribs, from their 
vertebral ends to their angles, produces a deep internal groove, the 
paravertebral gutter, on either side of the vertebral column. The ribs and 
eostal eartilages are separated by intereostal spaees, which are deeper 
anteriorly and between the upper ribs. Eaeh spaee is occupied by three 
layers of flat muscles and their aponeuroses, neurovascular bundles and 
lymphatie ehannels. 

The narrow thoraeie inlet (superior thoraeie aperture) typieally 
measures 5 em anteroposteriorly and 10 em transversely. It is bounded 
by the fìrst thoraeie vertebral body posteriorly, the medial border of the 
fìrst ribs on eaeh side, and the superior border of the manubrium sterni 
anteriorly. It slopes down and forwards, so that the apex of the lung 
extends upwards into the neek behind the anterior end of the fìrst rib; 
structures that pass between the thorax and the upper limb therefore 
pass over the fìrst rib and the apiees of the lungs and the apieal pleurae. 

The broad thoraeie outlet (inferior thoraeie aperture) is limited pos- 
teriorly by the twelfth thoraeie vertebral body, posterolaterally by the 
twelfth rib and the distal end of the eleventh rib, anterolaterally by the 
distal cartilaginous ends of the seventh to tenth ribs (which unite and 
aseend to form the eostal margin), and anteriorly by the xiphoid 
proeess. It is wider in the transverse plane than in the sagittal plane and 
slopes obliquely inferiorly and posteriorly, so that the thoraeie eavity is 
deeper posteriorly than anteriorly. 

The horizontal sternal plane is traditionally reported to pass through 
the intervertebral dise between the fourth and fifth thoraeie vertebrae 
posteriorly and the manubriosternal joint (sternal angle or angle of 
Louis) at the level of the seeond eostal eartilage anteriorly. Reeent data 
plaee the sternal angle between the fourth thoraeie vertebra and the 
upper half of the fifth thoraeie vertebra in the majority of adults (Mir- 
jalili et al 201 2a). The sternal plane separates the superior mediastinum 
from the inferior mediastinmn and marks the positions of the superior 
limits of the perieardmm; the bifurcation of the pulmonary tmnk; the 
origin of the areh of the aorta; the level at which the traehea biffireates 
into right and left prineipal bronehi; and the site where the superior 
vena eava penetrates the pericardium to enter the right atrium. 


MUSCLES 

intrinsie and extrinsic muscles 


The intrinsie muscles of the ehest wall are the intereostal imiseles, sub- 
eostalis, transversus thoraeis, levatores eostamm and serratus posterior 
superior and inferior. 

The uncommon variants, sternalis and rectus thoraeis bifiirealis, are 
important elinieally as they may mimie a foeal density in medial breast 
craniocaudal mammograms and be encountered during reeonstmetive 
surgery of the breast and ehest wall (p. 942). 






































Vaseiilar supply and lymphatie drainage 


The intereostal muscles occupy eaeh of the intereostal spaees and are 
named aeeording to their surface relations, i.e. externaf internal and 
innermost. All except levatores eostamm are innervated by the adjaeent 
intereostal nerves derived from the ventral rami of the thoraeie spinal 
nerves; levatores eostamm are innervated by the dorsal rami of the 
thoraeie spinal nerves. The intrinsie muscles ean elevate or depress the 
rib and are particularly aetive in foreed respiration; their primary aetion 
is believed to be to stiffen the ehest walf preventing paradoxical move- 
ment during inspiration. 

The skeletal framework of the thoraeie wall provides extensive 
attaehment sites for muscles assoeiated flmetionally with the neek, 
abdomen, baek and upper limbs. Some of them (sealenes, infrahyoid 
strap muscles, sternoeleidomastoid, serratus anterior, peetoralis major 
and minor, external and internal obliques, and rectus abdominis) func- 
tion as aeeessory muscles of respiration and are usually aetive only 
during foreed respiration; scalenus medius is aetive in quiet inspiration. 
Scalenus anterior, medius and posterior are deseribed in ehapter 29. 
Trapezms, latissimus dorsi, rhomboid major, rhomboid minor, levator 
scapulae, peetoralis major and minor, subclavius and serratus anterior 
are deseribed in ehapter 48. Rectus abdominis, external oblique and 
internal oblique are deseribed in ehapter 61. 

Diaphragm 


The diaphragm, a curved musculotendinous sheet attaehed to the eir- 
cumference of the thoraeie outlet and to the upper lumbar vertebrae, 
forms the floor of the thoraeie eavity, separating it from the abdominal 
eavity (Ch. 55). The diaphragm is relatively flat eentrally and domed 
peripherally, rising higher on the right side than on the left, an asym- 
metry that refleets the relative densities of the underlying liver and 
gastrie fundus, respeetively. From its most superior point on eaeh side, 
the diaphragm slopes inferiorly to its eostovertebral attaehments; this 
slope is most marked posteriorly, where the spaee between the dia- 
phragm and the posterior wall of the thorax is very narrow. The domes 
are higher in the supine position. During quiet respiration in the ereet 
position, diaphragmatie excursion is about 2 em in both sexes, inereas- 
ing to around 7 em during deep breathing (Boussuges et al 2009); 
values are greater in men and possibly inerease fhrther in the supine 
position (Takazakura et al 2004). 

Diaphragmatie openings 

The inferior vena eava passes through an opening in the eentral tendon 
of the diaphragm to enter the right side of the mediastimim at the 
level of the eighth thoraeie vertebra; the oesophagus passes through 
the muscular part of the diaphragm and enters the abdomen just to 
the left of the midline at the level of the tenth thoraeie vertebra; and 
the deseending thoraeie aorta passes posterior to the diaphragm in the 
midline at the level of the twelfth thoraeie vertebra (see Fig. 55.1). 
Other structures that pass between the thorax and abdomen include 
the right and left vagi, phrenie and subcostal nerves, thoraeie duct, 
sympathetie tmnks, thoraeie splanehnie nerves, right and left superior 
epigastrie arteries, and the hemiazygos and aeeessory hemiazygos 
veins. 

Aeeording to a CT study, the inferior vena eava and the oesophagus 
traverse the diaphragm at the upper and lower borders, respeetively, of 
the eleventh thoraeie vertebra; these levels are lower than those based 
on eadaverie/radiographie studies (eighth and tenth thoraeie vertebrae, 
respeetively) (Mirjalili 201 2a). 


TH0RACIC 0AVITY 


PLEIIRAL CAVITIES 


The right and left pleural eavities are separate eompartments on either 
side of the mediastinum. Eaeh eneloses a lung and its assoeiated bron- 
ehial tree, and vessels, nerves and lymphaties (Ch. 54). The walls are 
formed by a serous membrane, the pleura, arranged as a elosed sae. The 
outer layer of the sae, the parietal pleura, lines the eorresponding half 
of the thoraeie wall and eovers much of the diaphragm and structures 
occupying the middle region of the thorax. The inner or viseeral layer 
is more delieate and adheres elosely to the pulmonary surface, follow- 
ing the interlobar fìssures. The two layers are continuous with eaeh 
other around the hilar stmctures, and remain in elose, though sliding, 
eontaet at all phases of respiration. The potential spaee between them 
is the pleural eavity, which is maintained at a negative pressure by the 
inward elastie reeoil of the lung and the outward pull of the ehest wall. 
The lungs do not fill this spaee in quiet respiration, but move into 


reeesses such as the eostodiaphragmatie reeess, which separates the 
eostal and diaphragmatie pleura, in deep breathing. 

The left pleural eavity is the smaller of the two pleural eavities 
because the heart extends fhrther to the left. 

MEDIASTINUM 


The mediastinum lies between the right and left pleural saes in and near 
the median sagittal plane of the ehest (Ch. 56). It extends from the 
sternum anteriorly to the vertebral eolrnnn posteriorly. A horizontal 
plane passing through the manubriosternal joint, and the intervertebral 
dise between the fourth and fifth thoraeie vertebrae separates the media- 
stinum into superior and inferior portions. 

Siiperior mediastinum 


The superior mediastinum lies between the manubrium sterni anteri- 
orly and the upper thoraeie vertebrae posteriorly, and is limited laterally 
by the pleurae. Its inferior boundary is a slightly oblique plane that 
passes backwards from the manubriosternal joint to the lower part of 
the body of the fourth thoraeie vertebra. It eontains the lower ends of 
sternohyoid, sternothyroid and longus eolli on eaeh side; the aortie 
areh, braehioeephalie tmnk and thoraeie portions of the left eommon 
earotid and left subclavian arteries; the braehioeephalie veins and upper 
half of the superior vena eava; the left highest intereostal vein; the vagus, 
eardiae, phrenie and left recurrent laryngeal nerves; and the traehea, 
oesophagus, thoraeie duct, thymie remnants and lymph nodes. 

Inferior mediastinum 


The inferior mediastinum is divided into three parts: anterior, in front 
of the perieardmm; middle, eontaining the pericardium and its eontents 
(Ch. 57); and posterior, behind the pericardium. 

Anteiior mediasti The anterior mediastinum exists only on the 
left side where the left pleura diverges from the mid-sternal line. It is 
bounded anteriorly by the sternum, laterally by the pleurae, and poste- 
riorly by the pericardium. It is narrow above but widens a little below. 
Its anterior wall is formed by the left transversus thoraeis and the fifth 
to seventh left eostal eartilages. It eontains a quantity of loose areolar 
tissue, lymphatie vessels that aseend from the convex surface of the liver, 
two or three anterior mediastinal lymph nodes, and the small media- 
stinal branehes of the internal thoraeie artery. 

Middle mediastir The middle mediastinum is the broadest part 
of the interpleural spaee; it eontains the heart enelosed in the periear- 
dium; the aseending aorta; the lower half of the superior vena eava with 
the azygos vein opening into it; the bifiireation of the traehea and the 
right and left prineipal bronehi; the pulmonary artery dividing into its 
two branehes; the right and left pulmonary veins and phrenie nerves; 
and some bronehial lymph nodes. 

Posterior mediastiniim The posterior mediastinum is an irregular 
triangular spaee, bounded anteriorly by the pericardium above and the 
posterior surface of the diaphragm below, posteriorly by the vertebral 
column from the lower border of the fourth to the twelfth thoraeie 
vertebrae, and laterally by the mediastinal pleura. It eontains the tho- 
raeie part of the deseending aorta, the azygos and hemiazygos veins, the 
vagus and splanehnie nerves, oesophagus, thoraeie duct and lymph 
nodes. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


ARTERIES 


The skin of the thorax is supplied by direet cutaneous vessels and mus- 
culocutaneous perforators, which reaeh the skin primarily via the inter- 
eostal muscles, peetoralis major, latissimus dorsi and trapezms. Branehes 
from the thoraeo-aeromial axis, lateral thoraeie, internal thoraeie, ante- 
rior and posterior intereostal, thoraeodorsal, transverse eervieal, dorsal 
scapular and circumflex scapular arteries are the major contributing 
vessels (see Figs 43.4, 53.1-53.2). 

Muscles of the thoraeie wall reeeive their blood supply from the 
internal thoraeie artery (either direetly or via the musculophrenic 
artery), the superior intereostal artery (from the eostoeervieal tmnk), 
superior thoraeie artery (from the axillary artery), deseending thoraeie 899 
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SECTION 7 


THORAX: OVERVIEW AND SIIRFAOE ANATOMY 
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Fig. 51.2 Arteries of the thoraeie wall and thoraeie aorta. (With permission 
from Drake RL, Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), 

Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 


aorta, and the siibeostal artery (Fig. 51.2). Additional contributions 
eome from vessels that supply the proximal muscles of the upper limb, 
namely: suprascapular, superficial eervieaf thoraeo-aeromiaf lateral 
thoraeie and subscapular arteries. 

The detailed arterial supply of the thoraeie viseera is deseribed with 
the viseera. 


VEINS 


The intereostal veins aeeompany the similarly named arteries in the 
intereostal spaees (Fig. 51.3). The small anterior intereostal veins are 
tributaries of the internal thoraeie and musculophrenic veins; the inter- 
nal thoraeie veins drain into the appropriate braehioeephalie vein. The 
posterior intereostal veins drain backwards, and most drain direetly or 
indireetly into the azygos vein on the right and the hemiazygos or 
hemiazygos veins on the left. The azygos veins exhibit great variation 
in their origin, course, tritmtaries, anastomoses and termination. 



Fig. 51.3 Veins of the thoraeie wall and azygos system. (With permission 
from Drake RL, Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), 
Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. Copyright 
2008.) 


of the sympathetie tmnk by pre- and postganglionie branehes (white 
and grey rami eomimmieantes, respeetively). intereostal nerves are dis- 
tributed primarily to the thoraeie and abdominal walls. The greater part 
of the first thoraeie ventral ramus passes into the braehial plexus, 
together with a variable proportion of the seeond. The next four ventral 
supply only the thoraeie walf and the lower five supply both thoraeie 
and abdominal walls. The subcostal nerve is distributed to the abdomi- 
nal wall and the gluteal skin. Communicating branehes link the inter- 
eostal nerves posteriorly in the intereostal spaees, and the lower five 
nerves communicate freely in the abdominal wall. Thoraeie dorsal rami 
divide into medial and lateral branehes that supply the intrinsie muscles 
of the baek and the overlying postvertebral skin on a segmental basis 
(see Fig. 43.3). 

The supraclavicular branehes of C4 from the eervieal plexus inner- 
vate the skin over the elaviele and may communicate with the anterior 
cutaneous branehes of the seeond thoraeie ventral ramus (p. 443). 


LYMPHATIC DRAINAGE 


Superficial lymphatie vessels of the thoraeie wall ramify subcutaneously 
and eonverge on the axillary nodes (see Fig. 53.22). Lymph vessels from 
deeper tissues of the thoraeie walls drain mainly to the parasternaf 
intereostal and diaphragmatie lymphatie nodes. 


INNERVATI0N 


TH0RACIC SPINAL NERVES 


There are twelve pairs of thoraeie spinal nerves. The ventral rami, unlike 
their eervieal and lumbar counterparts, have retained a largely segmen- 
tal distribution to the body wall (see Figs 16.10, 53.3). The upper eleven 
lie between the ribs (intereostal nerves), and the twelfth lies below the 
last rib (subcostal nerve). Eaeh is eonneeted with the adjoining ganglion 


AUT0N0MIC INNERVATI0N 


The autonomic nervous system in the thorax eonsists of right and left 
sympathetie tmnks and vagus nerves, and the eardiae, oesophageal and 
pulmonary plexuses. 

Sympathetie trunks 

The ganglionated sympathetie tmnks lie anterior to the heads of the 
ribs; the ganglia are arranged segmentally (see Fig. 56.6). Preganglionie 
sympathetie axons originate from neurones in the lateral grey column 
of the spinal eord from T1 to L2, and leave the spinal eord with the 
eorresponding ventral roots as white rami communicantes. Their targets 
vary. Some enter the sympathetie tmnk, where they either synapse in 
their segmental ganglion, or aseend or deseend in the tmnk to synapse 
in eervieal or lumbar ganglia. Many of the preganglionie axons that 











































































Surface anatomy 


originate in the lower thoraeie spinal segments (T5-12) do not synapse 
loeally but enter the abdominal eavity as the thoraeie splanehnie nerves; 
they synapse either in prevertebral ganglia, espeeially the eoeliae gan- 
glion (Ch. 59), or around the medullary ehromaffin eells of the supra- 
renal gland (Ch. 71). Axons destined for the eervieal ganglia are derived 
from preganglionie neurones in Tl. 

Vagus nerves in the thorax 


Preganglionie parasympathetie fibres arise from neuronal eell bodies in 
the dorsal motor nucleus of the vagus in the medulla. Those destined 
for the thoraeie viseera travel in the pulmonary eardiae and oesopha- 
geal branehes of the vagus and synapse in minute ganglia in the viseeral 
walls. Axons travelling in eardiae branehes join the eardiae plexuses and 
synapse in ganglia distributed over both atria; when stimulated, they 
slow the eardiae eyele (Ch. 57). Pulmonary branehes eontain axons that 
relay in ganglia of the pulmonary plexuses; they are motor (broneho- 
eonstrietor) to the circular non-striated muscle fibres of the bronehi and 
bronehioles, and seeretomotor to the mucous glands of the respiratory 
epithelium. 

Autonomic plexuses in the thorax 


Oardiae plexus The eardiae plexus has a superficial eomponent 
inferior to the aortie areh, lying between it and the pulmonary tmnk, 
and a deep part between the aortie areh and traeheal bifiireation (Ch. 
57). The superficial part is formed by the eardiae braneh of the left 
superior eervieal sympathetie ganglion and the lower of the two eervieal 
eardiae branehes of the left vagus. The deep part is formed by the eardiae 
branehes of the eervieal and upper thoraeie sympathetie ganglia and of 
the vagus and recurrent laryngeal nerves. The only eardiae nerves that 
do not join it are those that join the superficial part of the plexus. 
Branehes from the eardiae plexuses also form the left and right eoronary 
and atrial plexuses. 

Pulmonary plexus The pulmonary plexuses are anterior and poste- 
rior to the other structures at the hila of the lungs (Ch. 54). They are 
formed by eardiae branehes from the seeond to fifth (or sixth) thoraeie 
sympathetie ganglia and from the vagus and eervieal sympathetie 
eardiae nerves. The left plexus also reeeives branehes from the left recur- 
rent laryngeal nerve. 

Oesophageal plexus The oesophageal plexus surrounds the 
oesophagus below the level of the fimg roots (Ch. 56). Vagal fibres 
either pass through the plexus or are given off direetly by the vagus in 
the thorax. All fibres relay in the oesophageal wall and are motor to the 
smooth muscle in the lower oesophagus and seeretomotor to mucous 
glands in the oesophageal mucosa. Vasomotor sympathetie fibres arise 
from the upper six thoraeie spinal eord segments. Those from the upper 
segments synapse in eervieal ganglia; postganglionie axons innervate 
the vessels of the eervieal and upper thoraeie oesophagus. Fibres from 
the lower segments pass direetly to the oesophageal plexus or to the 
eoeliae ganglion, where they synapse; postganglionie axons innervate 
the vessels of the distal oesophagus. 


SURFACE ANATOMY 


In elinieal praetiee, an evidenee-based knowledge of thoraeie surface 
anatomy underpins praetieal procedures such as plaeing drains or eath- 
eters and siting surgical ineisions. The accuracy of some older deserip- 
tions of elinieally important surface landmarks, based on eadaverie or 
radiographie studies, has been questioned reeently (Hale et al 2010). 
Cross-sectional computed tomography (CT) imaging, undertaken with 
subjects supine, at end tidal inspiration, and with arms abducted, has 
emphasized a greater inter-individual variation in some thoraeie surface 
anatomy landmarks than appears in the current anatomieal literature 
(Mirjalili et al 201 2a). 


BREAST 


In females, the base of the breast is relatively eonstant in position; it 
extends vertieally from the seeond or third to the sixth rib, and from 
the lateral sternal border medially almost to the mid-axillary line later- 
ally. The tail of the breast extends towards the axilla along the infero- 
lateral border of peetoralis major (Ch. 53). In adult females, the site of 


the nipple is dependent on the size and shape of the breasts. In adult 
males, the nipple is usually sited either in the fourth intereostal spaee 
or over the fifth rib in the mid-clavicular line, approximately 20 em 
from the sternal noteh and mid-clavicular point (Beekenstein et al 
1996). The pigmented areola surrounding the nipple varies in size. 


SKELETAL LANDMARKS 


Anteriorly, the elaviele, sternoclavicular and acromioclavicular joints are 
both palpable and visible in all but obese individuals (Fig. 51.4). The 
sternum may be felt throughout its length in the midline, although 
laterally it may be eovered by peetoralis major. The jugular (supraster- 
nal) noteh is palpable in the midline at the superior sternal border and 
typieally lies at the level of the junction between the seeond and third 
thoraeie vertebrae. The cartilaginous rings of the traehea are palpable 
immediately superior to the noteh, using a posteriorly direeted finger. 
The mamibriosternal angle is more pronounced in the male than in the 
female, and is palpable at the junction of the manubrium with the 
sternal body. It serves as a useful landmark because it indieates the level 
of the sternal plane and the medial ends of the seeond eostal eartilages, 
and so offers an accurate point at which to start counting ribs. In the 
majority of adults, the sternal angle is loeated between the fourth tho- 
raeie vertebra and the upper half of the fifth thoraeie vertebra, with a 
range from the lower half of the seeond thoraeie vertebra to the lower 
half of the sixth thoraeie vertebra, a linear distanee of about 8 em; the 
plane lies at a slightly higher vertebral level in women. The xiphisternal 
joint and xiphoid proeess are palpable at the inferior end of the stermim; 
the joint usually lies at the level of the ninth thoraeie vertebra. The 
eostal margin is palpable passing inferolaterally from the xiphisternum. 
Posteriorly, the free ends of the eleventh and twelfth ribs may be 



Fig. 51.4 Surface anatomy of the anterior thorax. Key: 1, right 
acromioclavicular joint; 2, elaviele and mid-clavicular line (dashed blaek); 

3, apex of right lung, loeated posterior to the medial third of the elaviele; 

4, sternal noteh of manubrium sterni: the traehea may be loeated here by 
posterior palpation; 5, sternoclavicular joint: marks the junction of the 
internal jugular and subclavian veins to form the braehioeephalie vein; 6, 
zone of formation of the superior vena eava: from first intereostal spaee 
to seeond eostal eartilage level (78% of subjects, white zone); 7, sternal 
angle: marks the level of the sternal plane and the seeond eostal 
eartilage; 8, peetoralis major and the anterior axillary fold; 9, horizontal 
fissure; 10, right oblique fissure; 11, lower anterior border of the right 
lung: typieally, either the sixth intereostal spaee or the seventh rib in the 
mid-clavicular line; 12, lower anterior border of the left lung: typieally, 
either at the fifth rib or fifth intereostal spaee in the mid-clavicular line; 13, 
xiphisternum; 14, eostal margin; 15, tenth eostal eartilage, forming the 
lower part of the eostal margin. A-D and blue line: eonventional surface 
markings of the heart. A overlies the left seeond eostal eartilage; B 
overlies the right third eostal eartilage; B*, zone of the superior vena eava 
meeting the right atrium from the fourth to fifth eostal eartilage in 71% of 
subjects at end tidal inspiration (from CT data); C, right sixth eostal 
eartilage; D, zone of loeation of the eardiae apex: almost always from the 
level of the fifth to the sixth rib, and a mean of 8.7+1 em from the 
midline. 
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Fig. 51.5 Surface anatomy of the posterior thorax. The levels of the 
spinous proeesses of the third, ninth and tvvelfth thoraeie vertebrae and 
the first lumbar vertebra are indieated in the midline. Key: 1, border of the 
left lung; 2, oblique fissure: passes anteroinferiorly from the spinous 
proeess of the third thoraeie vertebra to eross the fifth rib in the mid- 
axillary line. The upper lobe sits superiorly and the lovver lobe inferiorly; 

3, lovver border of the lung: this is often loeated at level of the tvvelfth 
thoraeie vertebra but may be lovver, at the level of the first lumbar 
vertebra, adjaeent to the vertebral column at end tidal inspiration. Dashed 
blue lines indieate the range of levels for the lovver border of the lung 
(ninth thoraeie vertebra to first lumbar vertebra); 4, tvvelfth rib: ean be 
traeed superomedially to aid identifieation of the spinous proeess of the 
tvvelfth thoraeie vertebra. 


palpable. Traeing the twelfth rib siiperomedially aids identifieation of 
the spinous proeess of the twelfth thoraeie vertebra (Fig. 51.5). In thin 
individuals, it is possible to palpate all the ribs anteriorly, from the first 
to the eostal margin. Posteriorly, the spinous proeesses of the thoraeie 
vertebrae are palpable; the spinous proeess of the first thoraeie vertebra 
sits below that of the seventh eervieal vertebra (vertebra prominens) 
and is often more prominent. The angles of the ribs are palpable several 
eentimetres lateral to the spinous proeesses of the vertebrae. 

The surface anatomy of the baek is deseribed in ehapter 43. 


MUSCUL0TENDIN0US LANDMARKS 


In a lean, muscular subject, peetoralis major, the slips of serratus ante- 
rior, latissimus dorsi, trapezius, external oblique and rectus abdominis 
are all easily visible. In females, the breasts may signifieantly obscure 
the anterior thoraeie wall. 


INTRATHORACIC VISCERA 


The sternal plane represents the lower border of the superior mediasti- 
num. At this point, the right and left pleurae are in eontaet with eaeh 
other; it is therefore a useful starting point when delineating the surface 
markings of the parietal pleura (see Fig. 51.7). The sternal plane is 
eonventionally deseribed as lying over the traeheal bifhreation, the 
eoneavity of the aortie areh and the point where the azygos vein enters 
the superior vena eava. CT analysis plaees these three major surface 
landmarks typieally a little lower, at the level of the fifth or sixth thoraeie 
vertebra rather than in the plane of the sternal angle (between the 
fourth and fifth thoraeie vertebrae) (Mirjalili et al 201 2a) (Fig. 51.6; 
Table 51.1). 

Heart 


The eardiae surface projeetions deseribed below apply to an average 
adult. They may be modified by age, sex, stature, ventilation, the posi- 
tion of the diaphragm and posture (Maeklin 1925). The projeetion of 
the eardiae borders on to the anterior thoraeie wall forms a trapezoid. 
The area of eardiae dullness may be mapped out via peraission. 

The upper border slopes gently from the seeond left eostal eartilage 
to the third right eostal eartilage (see fig 51.4). CT analysis plaees the 



Fig. 51.6 Surface anatomy of the great vessels and traeheobronehial tree 
relative to bony landmarks. Key: 1, internal jugular vein; 2, subclavian 
vein; 3, formation of the braehioeephalie vein posterior to the 
sternoclavicular joints; 4, formation of the superior vena eava, posterior to 
the right seeond eostal eartilage or first intereostal spaee; 5, 
manubriosternal joint, 6, eoneavity of the aortie areh, typieally sitting 
inferior to the sternal plane, level with the upper half of the fifth thoraeie 
vertebra; 7, azygos vein entering the superior vena eava: typieally, it sits 
inferior to the sternal plane, level with the lower half of the fifth thoraeie 
vertebra; 8, traeheal bifurcation: typieally, it sits inferior to the sternal 
plane, level with the upper half of the sixth thoraeie vertebra; 9, 
bifurcation of the pulmonary trunk, level with the upper half of the sixth 
thoraeie vertebra, approximately 3 em inferior to the sternal angle. 
(Redrawn with permission from Mirjalili S, Hale S, Buckenham T, VVilson 
B, Stringer M. 2012. A reappraisal of adult thoraeie surface anatomy. Clin 
Anat 25:827-34.) 


Table 51 The level of key thoraeie viseera relative to the sternal plane 
and vertebrae 



Mean position 
relative to sternal 
plane (Range, em) 

Most eommon 
position/level 
(frequency % of 153 
subjects studied) 

Sex differenees 
(95% Cl) 

Traeheal 

bifurcation 

-3.1 em 
(0 to -7.5) 

T6 (46%) 

(lower T4 to lower T7) 

1.3 em higher in 
females 

(0.8-1.8 em: p < 0.001) 

Aortie areh 
eoneavity 

-1.1 em 
(+2.8 to -4.8) 

T5 (55%) 

(lower T3 to lower T6) 

0.6 em higher in 
females 

(0.1-1.1 em: p = 0.01) 

Azygos vein 
joining the 
superior vena 
eava 

-2 em 

(+1.3 to -6.4) 

T5 (49%) 

(upper T4 to upper T7) 

0.7 em higher in 
females 

(0.3-1.2 em: p = 0.001) 

Pulmonary trunk 
bifurcation 

Not reported 

T6 upper (28%) 

(T4/5 to T7/8) 

No signifieant effeet 


Measurements relative to the sternal plane are shown as + (superior to the plane) and - (inferior to the 
plane). Adapted from Mirjalili S, Hale S, Buckenham T, I //ilson B, StringerM. 2012. A reappraisal ofadult 
thoraeie sarfaee anatomy. Clin Anat. 0ct;25(7):827-34. 


latter point, as represented by the junction between the superior vena 
eava and right atrium, most eommonly between the fourth and fifth 
right eostal eartilages. The right border is a gently curved line, convex 
to the right, mnning from the third to the sixth right eostal eartilages, 
usually 1-2 em lateral to the sternal edge. The inferior or acute border 
mns leftwards from the sixth right eostal eartilage to the eardiae apex, 
loeated approximately 9 em lateral to the midline, often in the left fifth 
intereostal spaee or level with the fifth or sixth rib. Clinicians vary when 
loeating the mid-clavicular line (Naylor et al 1987); a measurement 
from the midline is preferable. The most inferolateral point at which a 
pulsation is visible and palpable is ealled the eardiae apex beat and is 
usually palpable near the eardiae apex. 

The left ('obtuse') border is convex laterally and extends superome- 
dially from the eardiae apex to meet the seeond left eostal eartilage 
approximately 1 em from the left sternal edge. An oblique line joining 
the sternal end of the third left and sixth right eostal eartilages 






















Surface anatomy 


represents the anterior part of the eoronary sulcus/atrioventricular 
groove, which separates the right atrium from the right ventriele. The 
projeetions of the eardiae valves, although in different planes, are also 
sited along or elose to this line (see Fig. 57.19). The orifiee of the pul- 
monary valve is represented by a horizontal line approximately 2.5 em 
long that lies over the superior border of the left third eostal eartilage 
and behind the eorresponding region of the sternum. The pulmonary 
tmnk is delineated by two parallel lines drawn perpendicular to the 
ends of the pulmonary valve line, up to the level of the left seeond 
intereostal spaee. The orifiee of the aortie valve is loeated below and to 
the right of the orifiee of the pulmonary valve, and is represented by a 
line approximately 2.5 em long mnning inferolaterally and to the right 
from the medial end of the left third intereostal spaee. Two parallel 
lines, drawn perpendicular to the ends of the valve line and slanting up 
towards the right half of the manubriosternal joint, outline the loeation 
of the aseending aorta. 

The orifiee of the tricuspid valve is represented by a line approxi- 
mately 4 em long that starts near the midline just below the level of the 
right fourth eostal eartilage and passes down and slightly to the right. 
The eentre of this line should be level with the middle of the right 
fourth intereostal spaee. The orifiee of the mitral valve is level with the 
left half of the sternum opposite the left fourth eostal eartilage and is 
represented by a line approximately 3 em long and deseending to 
the right. 

The direetion of blood flow through a valve earries the valve sound 
with it and thus the sites of eardiae valve auscultation do not eorre- 
spond to the surface anatomy of the valves. Convenient sites at which 
to auscultate using a stethoseope are: the sternal end of the left seeond 
intereostal spaee (pulmonary area); the sternal end of the right seeond 
intereostal spaee (aortie area); near the eardiae apex (mitral area); and 
over the left lower sternal border, at the level of the fifth intereostal 
spaee (tricuspid area) (see fig. 57.19). 

Great vessels 


The aortie areh lies mainly posterior to the manubrium (see Fig. 51.6). 
The eoneavity of the areh sits approximately 1 em inferior to the sternal 
plane, level with the upper half of the fifth thoraeie vertebra (range 
2.8 em superior to 4.8 em inferior). Starting at the aortie valve (see 
above), the aseending aorta curves anteriorly, superiorly and to the 
right, and beeomes the aortie areh posterior to the right half of the 
manubrium at the level of the right seeond eostal eartilage. It continues 
to aseend to the right side of the manubrium sterni, then arehes to the 
left aeross or over the sternal plane and deseends such that the aortie 
knuckle protmdes just to the left of the manubrium sterni around the 
first intereostal spaee. The braehioeephalie tmnk arises approximately 
posterior to the eentre point of the manubrium sterni and aseends to 
the right sternoclavicular joint. The left and right braehioeephalie veins 
are formed posterior to the sternoclavicular joints; the right braehio- 
eephalie vein deseends almost vertieally, whereas the left braehio- 
eephalie vein passes posterior to the superior portion of the manubrium 
sterni. Aeeording to eonventional deseriptions, the superior vena eava 
forms posterior to the right first eostal eartilage and deseends vertieally 
to enter the right atrium at the level of the right third eostal eartilage. 
CT data show that it eommonly forms posterior to the right seeond 
eostal eartilage or first intereostal spaee and the assoeiated part of the 
manubrium sterni, and joins the right atrium between the right fourth 
and fifth eostal eartilages; the level at which it forms is higher in females 
and younger adults. The azygos vein enters the superior vena eava 
approximately 2 em inferior to the sternal plane at the level of the lower 
part of the fifth thoraeie vertebra. 

Lungs and pleurae 


Anteriorly, the apex of the lung sits posterior to the medial third of the 
elaviele; posteriorly, it lies level with the seventh eervieal vertebra (see 
Fig. 51.4). The surface markings of both the apex and eostovertebral 
border of the lung eorrespond to those of the parietal pleura. Conven- 
tionally, the surface projeetion of the lower border of the lung is repre- 
sented by a curved line that erosses the mid-clavicular line at the sixth 
rib, the mid-axillary line at the eighth rib and the tenth rib just lateral 
to the vertebral column. CT data reveal eonsiderable variation, redefin- 
ing the lower lung border, at the end of tidal inspiration, as lying 
mainly behind the fifth rib/fifth intereostal spaee on the left, or the 
sixth intereostal spaee/seventh rib on the right in the mid-clavicular 
line, and adjaeent to the twelfth thoraeie vertebra posteriorly (ranging 
from the ninth thoraeie to the first lumbar vertebra). In full expiration, 
the lower margin of the lung may rise 5 em above the parietal pleural 


refleetion (the eostodiaphragmatie reeess) and may retreat from the 
retrosternal eostomediastinal reeess. 

Traehea and bronehi 

The traehea starts at the level of the inferior border of the erieoid earti- 
lage, which usually sits at the level of the seventh eervieal vertebra 
(range C5 to Tl) (Mirjalili et al 201 2b). It mns inferiorly in the midline 
and bifhreates level with the upper half of the sixth thoraeie vertebra, 
i.e. inferior to the sternal angle, and lower than was previously believed 
(see above). The traehea is palpable immediately superior to the 
suprasternal noteh either by rolling one finger over its convex surface 
or by defining its lateral extents with two fingers. A shift to one side 
indieates that the mediastinmn has either been pulled over to that side 
by loss of lung volume, or pushed over by a pneumothorax or pleural 
effhsion. The level at which the traehea bifurcates moves down, on 
average, by a mean of 3 mm per deeade. 

Pulmonary fissitres 

On either side, the upper and lower lobes of the lung are separated by 
the oblique fissure. This ean be marked by a line that mns anteroinfe- 
riorly from the posterior end of the fourth rib (spinous proeess of the 
third thoraeie vertebra), erosses the fifth rib in the mid-axillary line and 
continues inferiorly, erossing either the sixth intereostal spaee/seventh 
rib on the right or the fifth rib/intereostal spaee on the left, on both 
sides at the mid-clavicular line (i.e. 7-8 em lateral to the midline). As 
a eonvenient approximation, the oblique fissure follows the medial 
border of the scapula when the upper limb is in ffill abduction. The left 
oblique fissure may be slightly more vertieal than the right. 

The horizontal fissure lies between the upper and middle lobes 
of the right lung (see Pig. 51.4; Fig. 51.7). It extends from the fourth 
eostal eartilage at the right sternal border to interseet the oblique fissure. 
The right middle lobe may be projeeted on to the thoraeie wall using 
three points, namely: the fourth eostal eartilage at the right parasternal 
edge, the fifth rib at the mid-axillary line and the sixth intereostal 
spaee/seventh rib at the mid-clavicular line. The upper and middle lobes 
lie anterior to the oblique fissure and are best examined from in front 
and to the side. The lower lobes lie posteriorly and should be examined 
from behind. 

Pleiiral refleetions 

Starting in the midline at the sternal angle, the anterior refleetions of 
the parietal pleura may be traeed superiorly along a curved line that 
diverges from the midline and extends up and outwards to the apex of 
the fimg and pleural eavity (see Fig. 51.4). The line lies 3-4 em above 
the anterior end of the first rib; the surface marking is posterior to the 
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Fig. 51.7 The relation of the pleura and lungs to the ehest wall, right 
lateral aspeet. 
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medial third of the elaviele. The right and left pleurae are in eontaet 
retrosternally in the midline from the seeond to the fourth eostal earti- 
lages, at which point they diverge. The pleura on the right deseends 
vertieally to the xiphisternum, whereas the pleura on the left deviates 
laterally by 3-5 em and then passes inferiorly to eross the anterior end 
of the sixth rib. This deviation produces an area between the heart and 
the sternum that is free of pleura; a needle puncture of the heart may 
be performed at this site without risk of damaging the pleura. 

The eostodiaphragmatie refleetions of the pleurae may be followed 
around the ehest wall from the sixth rib/eostal eartilage anteriorly to 
the eighth rib in the mid-clavicular line, tenth rib in the mid-axillary 
line and twelfth rib, or just below, adjaeent to the vertebral column. 
Viewed from behind, the medial edges of the pleurae may be followed 
along a line joining the transverse proeesses of the seeond to the twelfth 
thoraeie vertebrae on either side. 

The parietal pleura is fused with the inner aspeet of the thoraeie 
eavity and ean be followed laterally and inferiorly down the inner aspeet 
of the thoraeie wall to the level of the tenth rib in the mid-axillary line 


(see Fig. 51.4). The position of the diaphragmatie pleura varies aeeord- 
ing to the phase of ventilation. 

Diaphragm 


The dome of the diaphragm is often loeated level with the fifth inter- 
eostal spaee on the right and the sixth rib on the left; it ranges widely, 
from the fourth intereostal spaee to below the eostal margin. Conven- 
tionally, the diaphragm is said to be traversed by the inferior vena eava 
at about the level of the dise between the eighth and ninth thoraeie 
vertebrae, the oesophagus at the level of the tenth thoraeie vertebra and 
the aorta at the level of the lower border of the twelfth thoraeie vertebra 
and the adjaeent dise, slightly to the left of the midline. CT assessment 
reveals that the inferior vena eava and the oesophagus frequently pass 
through the diaphragm at levels slightly lower than those predieted 
from ehest radiographs, at the level of the eleventh thoraeie vertebra 
(Mirjalili et al 201 2a). 
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(JHAPTER 



THORACIC WALL AND DIAPHRAGM 


The thorax as an entity is not apparent in embryos until the end of the 
embryonie stage of development (stage 23). It develops around the 
early perieardial eavity and the assoeiated perieardioperitoneal eanals 
(Fig. 52.1A; see Fig. 52. 3A). The perieardioperitoneal eanals give rise to 
the pleural eavities surrounding the lungs and that part of the peritoneal 
eavity surrounding the lower end of the foregut which beeomes the 
distal oesophagus, stomaeh and proximal duodenum. Later, these por- 
tions of peritoneal eavity are sequestered into the abdominal eavity by 
the development of the diaphragm. 

In stage 14 embryos, the heart is at the level of the upper eervieal 
somites and above the upper limb buds. The thoraeie somites are oppo- 
site the midgut. The putative thoraeie region eontains the perieardial 
eavity ventrally and the perieardioperitoneal eanals posteriorly, on eaeh 
side of the foregut. The future pleural eavities are as yet undefined 
regions of the perieardioperitoneal eanals. Below the heart, septum 
transversum mesenehyme is being invaginated by endodermal epithe- 
lial eells from the foregut hepatie primordium. 

The heart and perieardial eavity are relatively large in the early 
embryo (Fig. 52. 1B; see Fig. 52. 3A). Throughout development, the 
lungs remain unexpanded and do not aehieve their full size within 
the thorax, refleeting the faet that the plaeenta, and not the lungs, is 
the organ of fetal respiration. The lower partition of the thorax, the 
diaphragm, ean be identified in stage 13 embryos; it migrates caudally 


in line with the craniocaudal progression of development and the elon- 
gation of the neek. The parietal pericardium remains attaehed to the 
diaphragm as it deseends. 

For the lungs to inflate and deflate, they must be surrounded by a 
eomplete pleural eavity slightly larger than the eapaeity of the lungs. 
The synchronous development of the thoraeie eage, diaphragm and 
pleural eavities is, therefore, of vital importanee for the normal develop- 
ment of the lungs and postnatal fimetioning of the respiratory system. 
Before birth, fetal breathing movements may be observed using ultra- 
sonography. These ean have no respiratory fimetion, but it is thought 
that these phasie ehanges lead to the release of growth faetors that 
promote normal lung development. These movements require an intaet 
thoraeie and abdominal eavity, so that the diaphragm ean deseend 
towards the rigid pelvie bowl, pushing out the abdominal wall. In 
eonditions where this is not the ease, e.g. exomphalos, the lungs may 
be smaller than normal. Other causes of interferenee with these move- 
ments include neuromuscular disorders of antenatal onset, such as 
severe spinal muscular atrophy and myotonie dystrophy inherited from 
the mother, and reduced volume of amniotie fluid, e.g. in Potter s syn- 
drome (bilateral renal agenesis, oligohydramnios sequence). 

The lung buds are invested by splanchnopleuric mesenehyme 
derived from the medial walls of the perieardioperitoneal eanals, 
whereas the lateral walls produce somatopleuric mesenehyme, which 
contributes to the body wall. This latter mesenehyme is penetrated by 
the developing ribs, which arise from the thoraeie selerotomes. In the 
midline, the somatopleuric mesenehyme gives rise to the sternum and 
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Fig. 52.1 A, The arrangement of the epithelial populations in an embryo at about stage 11. The future thoraeie region lies caudal to the pharynx and 
extends to the upper part of the septum transversum. B, The heart is shown in situ within the perieardial eavity. Venous tributaries return blood from the 
body, yolk sae and plaeenta, and arterial trnnks pass eaeh side of the pharynx. C, The respiratory diverticulum arises in the midline from the lower 
portion of the pharynx, and lung buds extend dorsally into the perieardioperitoneal eanals. 
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Fig. 52.2 A, A dorsolateral view of the foregut between the perieardioperitoneal eanals. The respiratory diverticulum arises from the ventral side of the 
pharynx and grows caudally. Bilateral lung buds extend dorsally into the perieardioperitoneal eanals dorsolaterally. Later ehanges in position of the 
eommon eardinal veins contribute to the formation of the pericardiopleural membranes eranial to the developing lungs, whereas folds of eoelomie 
epithelium, pleuroperitoneal membranes, separate the pleural eavities from the peritoneal eavity. B, Components of the diaphragm. 


eostal eartilages. The bony and cartilaginous eage provides insertions 
for the intereostal muscles, which arise from the ventrolateral edge of 
the epithelial plate of the somites. The somatopleuric eoelomie epithe- 
lium, after its proliferative phase, contributes to the mesothelium of the 
parietal layer of pleura. 

As the lung buds projeet into the perieardioperitoneal eanals (Figs 
52.1C, 52. 2A), they subdivide them into primary pleural eoeloms 
around the lung buds eranially, and paired peritoneal eoeloms caudally, 
which are contiguous with the wider peritoneal eoelom around the 
mid- and hindguts. The communications with the perieardial and peri- 
toneal eoeloms beeome termed the pleuropericardial and pleuroperito- 
neal eanals, respeetively. When separation between these fluid-filled 
major eoelomie regions is advaneing towards eompletion, they are 
named the perieardial, pleural and peritoneal eavities. In early embryos, 
the eavities retain substantial volumes of fluid and their walls are sepa- 
rate; they provide the route for a primitive type of eiroilation until 
superseded by the blood vascular system. In later fetal and postnatal 
life, the eavity walls are eoapted, so that a mere mieroseopie film of 
serous fluid intervenes between them. 

A curved elevation of tissue, the pulmonary ridge, develops on the 
lateral wall of the pleural eoelom and partly eneireles the pleuroperi- 
eardial eanal. The ridge is continuous with the dorsolateral edge of the 
septum transversum. The developing lung bud abuts on the ridge, 
which, as a result, divides into two diverging membranes meeting at 
the septum transversum. One is eranially plaeed and termed the pleuro- 
perieardial membrane (see Fig. 52.2A); embedded within it are the 
eommon eardinal vein and phrenie nerve, which reaeh the septum 
transversum by this route. The other membrane, caudally plaeed, is 
termed the pleuroperitoneal membrane (see Fig. 52. 2A). As the apieal 
part of the lung forms, it invades and splits the body wall, and extends 
eranially on the lateral aspeet of the eommon eardinal vein, preeeded 
by an extension from the primary pleural eoelom to form part of the 
seeondary, definitive, pleural sae. In this way, the eommon eardinal vein 
and the phrenie nerve eome to lie medially in the mediastinum. The 
pleuropericardial eanal, which lies medial to the vein, is gradually nar- 
rowed to a slit, which is soon obliterated by the apposition and fhsion 
of its margins. Closure occurs early and is mainly effeeted by the growth 
and expansion of the surrounding viseera (heart and great vessels, lungs, 
traehea and oesophagus), and not by aetive growth of the pleuroperi- 
eardial membrane aeross the opening to the root of the lung. 

In addition to its extension in a eranial direetion, the lung and its 
assoeiated viseeral and parietal pleurae also enlarge ventromedially and 
caudodorsally. With the ventromedial extension, the lungs and pleurae 
therefore excavate and split the somatopleuric mesenehyme over the 
perieardimn, separating the latter from the ventral and lateral thoraeie 
walls (Fig. 52.3B-D). The ventrolateral fibrous pericardium, parietal 
serous pericardium and mediastinal parietal pleura, although topo- 
graphieally deep, are, therefore, somatopleuric in origin. 

OongenitaI anomalies of the ehest wall 

The dorsal portion of the thorax is derived from somites, the selero- 
tomal portions of which form the thoraeie vertebrae and ribs (Ch. 44). 
Vertebral anomalies, including formation of hemivertebrae and bloek 
vertebrae (where eranial and caudal selerotomal halves do not sepa- 
rate), may contribute to seoliosis. Five per eent of seoliosis is eongenital; 
it may be assoeiated with imiltiple other anomalies, e.g. the VACTERL 


(vertebral; anoreetal; eardiae; traeheal; esophageal; renal; limb) assoeia- 
tion, or with eongenital syndromes such as Marfan's and eongenital 
neurofibromatosis. The diagnosis may be missed at birth. There are a 
number of syndromes in which the ehest wall does not develop prop- 
erly, and the lungs are consequently hypoplastie. These include Jeune's 
syndrome (asphyxiating thoraeie dystrophy - an autosomal reeessive 
eondition that may be assoeiated with short-limb dwarfism and poly- 
daetyly). Ribeage abnormalities also occur in thanatrophie dwarfism, 
aehondroplasia, ehondroeetodermal dysplasia and giant exomphalos. 
Many of these eonditions are fatal soon after birth; milder forms may 
improve with time, but affeeted individuals may need prolonged respi- 
ratory support. 

DIAPHRAGM 


The separation of the pleural and peritoneal eavities is effeeted by 
development of the diaphragm, which forms from a portion of the 
septum transversum mesenehyme above the developing liver (see Fig. 
52.2). The septum transversum is a population of mesenehymal eells 
that arises from the eoelomie wall of the caudal part of the perieardial 
eavity. As the population proliferates, it forms a eondensation of mes- 
enehyme, caudal to the perieardial eavity and extending from the ventral 
and lateral regions of the body wall to the foregut. Dorsal to it, on eaeh 
side, are the relatively narrow pleuroperitoneal eanals. The endodermal 
hepatie bud grows into the caudal part of the septum transversum, 
whereas the eranial portion will form the diaphragm. 

The oesophagus and stomaeh are medial to the pleuroperitoneal 
eanals. As development proeeeds, the lower portion of the oesophagus 
inelines ventrally anterior to the deseending thoraeie aorta. Although 
the oesophagus has no tme ventral or dorsal mesentery, in deseriptions 
of diaphragmatie development, the portion of mesenehyme between 
the oesophagus and aorta at the level of the forming diaphragm is often 
homologized with part of a dorsal meso-oesophagus. The pleuroperi- 
toneal membranes, which remain small, are dorsolateral to the eanals, 
and the mesonephrie ridges, suprarenal glands and gonads are dorsal. 
Just as the enlargement of the pleural eavity eranially and ventrally is 
effeeted by a proeess of burrowing into the body wall, so is its caudo- 
dorsal enlargement. The expanding pleural eavities extend into the 
mesenehyme dorsal to the suprarenal glands, the gonads and (degen- 
erating) mesonephrie ridges. Thus, somatopleuric mesenehyme is 
peeled off the dorsal body wall to form a substantial portion of the 
dorsohimbar part of the diaphragm (see Fig. 52. 3C). The pleuroperito- 
neal eanal is elosed by the fusion of its edges, which are earried together 
from posterolaterally to anteromedially by growth of the organs sur- 
rounding it: in particular, by growth of the suprarenal gland. The right 
pleuroperitoneal eanal eloses earlier than the left, which presumably 
explains why an abnormal communication persisting between the 
pleural and peritoneal eavities is more frequently encountered on the 
left. 

While these ehanges are occurring, the septum transversum under- 
goes a progressive alteration in relative position. The dorsal border of 
the septum transversum, which initially lies opposite the seeond eervi- 
eal segment, migrates caudally as the embryo grows and the heart 
enlarges. At first, the ventral border moves more rapidly than the dorsal, 
but after the embryo has attained a length of 5 mm, the dorsal border 
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Fig. 52.3 A, A ventral view of the intraembryonie eoelom forming early 
body eavities. B, The parietal pericardium is shown surrounding the 
developing heart ventrally, with the parietal pleura of the lungs dorsal and 
lateral on eaeh side. C, A transverse seetion through the thoraeie region, 
showing the ventral extensions of the pleural saes on eaeh side of the 
pericardium that split the body wall mesenehyme. D, An anterior view of 
the pleural saes. The position of the pericardium is shown by a dotted 
line. Dorsolateral growth of the pleural saes also splits the body wall 
dorsocaudally, defining the eostodiaphragmatie reeess. 


migrates more rapidly. When the dorsal border of the septum transver- 
sum lies opposite the fourth eervieal segment, the phrenie nerve (C3, 4 
and 5) and portions of the eorresponding myotomes grow into it and 
aeeompany it in its later migrations. The dorsal border of the septum 
transversum does not eome to lie opposite the last thoraeie and fìrst 
lumbar segments, the final position occupied by some of the dorsal 
attaehments of the diaphragm, until the end of the seeond month. The 
main derivatives of the eentral part of the diaphragm lie at eonsiderably 
more eranial levels. 

The diaphragm is, therefore, eomposed of the dorsal meso- 
oesophagus and paired pleuroperitoneal membranes (posteriorly); 
septum transversum mesenehyme (ventrally); and excavated body wall 
(posteriorly and laterally). 


Diaphragmatie hernias 

Diaphragmatie hernias may result from failure of fhsion of the eompo- 
nent parts or from a primary defeet. Posterolateral defeets (Boehdalek's 
hernia) are the most eommon (85-90%) and may be bilateral (5%) or 
unilateral. Of the unilateral defeets, the left side is more eommonly 
affeeted (80%). Although these hernias have been attributed to failure 
of fhsion of the pleuroperitoneal membrane, there is inereasing evi- 
denee that the primary abnormality is lung hypoplasia, and the hernia- 
tion of the abdominal eontents is seeondary, which has important 
implieations for treatment (Jesudason 2002). A non-muscular membra- 
nous sae, possibly derived from the pleuroperitoneal eanal walf is 
present in 10-15% of eases, signifying the early occurrence of this lesion 
prior to closure of the pleuroperitoneal eanal. Hernias between the 
eostal and sternal origins (Morgagni hernias) are rare (1-2%) (Fig. 

52.4) . Midline defeets in the eentral tendon arise from septum trans- 
versum defeets. The ineidenee of eongenital diaphragmatie hernias is 
about 1:3000 to 1:5000 in neonates, with a prenatal ineidenee of 
1 : 2000 . 

Diaphragmatie hernias ean usually be diagnosed by antenatal ultra- 
sound examination. The presenee of bowel in the thorax and media- 
stinal shift may be seen sonographieally and radiographieally (Fig. 

52.5) . The main causes of death in babies with diaphragmatie hernias 
are pulmonary hypoplasia and hypertension. Pulmonary hypoplasia is 
related to the abnormal branehing of the airways both ipsilaterally and 
eontralaterally resulting in the formation of reduced mimbers of alveoli. 
Pulmonary hypertension is related to pulmonary hypoplasia, and also 
to the inereased muscularization and reaetivity of the pulmonary circu- 
lation. There may be assoeiated abnormalities, including trisomy 13 
and 18, and diaphragmatie hernia may be part of a nrnnber of syn- 
dromes, many of which may lead to termination of the pregnaney or 
to death of the neonate. For a review summarizing the recurrent genetie 
causes of eongenital diaphragmatie hernia, see Wynn et al (2014). 

Diaphragmatie eventration is a eondition in which an abnormal 
diaphragmatie silhouette is seen on X-ray with an abnormal medial 
bulge into the thorax; it is assoeiated with paradoxical motion of the 
diaphragm during respiratory movements. This may be a benign eondi- 
tion, often a ehanee finding and requiring no treatment, or it may lead 
to respiratory symptoms, requiring plieation; it is oeeasionally assoei- 
ated with rib and eardiae abnormalities. 



0ES0PHAGUS 


The development of the oesophagus is deseribed in ehapter 36. 
Oesophageal atresia, with or without traeheo-oesophageal fistula, may 
present antenatally with polyhydramnios due to failure of movement 
of amniotie fluid into the gut after fetal swallowing (Ch. 9), and ehoking 
and inability to swallow saliva in the neonatal period. 

Ultrasound antenatal imaging of the thorax 


The overall shape of the fetal ehest is best seen on eoronal seetion. A 
bell-shaped ehest is present in pulmonary hypoplasia. In axial seetion, 
the thorax is almost eirailar. Fetal ehest size is estimated by measuring 
the ehest circumference on axial seetion at the level of the four-chamber- 
heart view. Such measurement ean eonfirm or exclude reduced ehest 
volume (Karl and Chaoui 2015). The relative circumference of the 
thorax and heart remains the same in the seeond and third trimesters. 

The diaphragm is best viewed in sagittal view. Diaphragmatie hernias 
ean be diagnosed from about 18 weeks omvards. 

A number of differenees between the neonatal and adult thorax and 
diaphragm are signifieant in early postnatal life, espeeially in the 
preterm infant. The full-term neonatal thorax has a rounded circumfer- 
enee, whereas the adult profile is dorsoventrally flattened. The eompli- 
anee of the adult ehest wall and lung is approximately equal, but the 
neonatal ehest wall is up to five times more eompliant than the lungs 
and so is easily deformable; indrawing of the ehest wall is an important 
sign of inereased work of breathing in the neonate. The diaphragm is 
relatively flat at birth and gains its dome shape as the thorax and 
abdominal viseera grow. The arrangement of the ribs and diaphragm in 
the neonate means that eontraetion of the diaphragm pulls the eompli- 
ant ribs imvards; this does not contribute to inspiration and leads to 
ehest distortion, and may be opposed by the stabilizing aetion of the 
expiratory muscles. The neonatal diaphragm exhibits an exaggerated 
asymmetrie movement: the posterior portion shows a eonsiderably 
greater excursion than the anterior portion. 

A neonate undertakes relatively greater work in order to breathe, and 
is much more vulnerable to developing respiratory muscle fatigue and 907 
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Fig. 52.4 A Morgagni hernia in an 8-year-old boy, as displayed at 
laparotomy. (Courtesy of Mr G Javvaheer, Great North Children’s Hospital, 
Nevveastle upon Tyne.) 
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Fig. 52.5 A plain radiograph of the ehest and abdomen in a 1-day-old 
neonate vvith left posterolateral eongenital diaphragmatie hernia. (Courtesy 
of Mr G Javvaheer, Great North Children’s Hospital, Nevveastle upon 
Tyne.) 
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respiratory muscle failure than an adult. Experimental animal studies 
suggest that neonates may be espeeially vulnerable to respiratory muscle 
failure because of the initial immaturity of synapses. Moreover, myosin 
isoforms are developmentally regulated in the diaphragm; the reduced 
power output and work performanee of the newborn diaphragm may 
refleet these molecular differenees. 

In expiration, there may be aetive braking of airflow, caused by 
inspiratory muscle aetivity and partial eonstrietion of the larynx; this 
produces gmnting on expiration, espeeially if the lungs are stiff, e.g. in 
neonatal respiratory distress. A very preterm neonate is difficult to study, 
but respiration is likely to be even more eompromised by the eompliant 
ehest wall and laek of reserve than it is in the term newborn (van Von- 
deren et al 2014). 

At all ages, there is a reduction in, if not loss of, tonie intereostal 
aetivity during rapid eye movement (REM) sleep. The meehanism is 
believed to be related to a deseending spinal inhibition of the muscle 
spindle system. In addition, although, during REM sleep, the diaphragm 
deseends fhrther, this inspiratory effort is dissipated in sucking in the 
ribs and enlarging the abdomen; thus, the ribeage and abdominal ven- 
tilatory movements beeome out of phase. The neonate is at particular 
risk in this respeet because the ehest wall is flexible and much of the 
infant sleep aetivity is of the REM type. Furthermore, the upper airway 
musculature may lose tone during REM sleep, so that the soft tissues 
of the pharynx are sucked in during inspiration, limiting the eross- 
seetional area of the upper airway, and further inereasing the work of 
breathing. 


HEART AND GREAT VESSELS 


In the last few deeades, understanding of the development of the heart 
and great vessels has been revolutionized by moleailar lineage traeing 
and eell division studies. Cardiac development has traditionally been 
taught from the standpoint of a formed heart tube, with venous and 
arterial ends, which folds within an external perieardial eavity. It is now 
elear that this view is ineorreet. The eells contributing to the heart arise 
sequentially from a range of extracardiac eell populations, and loeal 
instmetive interaetions maintain the developmental progression; ear- 
diomyoeyte identity is not fixed but dependent on spatial and temporal 
signals (Sylva et al 2013). As the ehanging orientation of the developing 
heart within three dimensions is partiailarly difficult to understand 
conceptually, and eonsidering that the reeeived view of organogenesis 
is coloured by past explanations and speeifie pedagogie approaehes, it 
is neeessary to maintain some of the older terminology by which heart 
development was deseribed, as well as eonsidering the most reeent 
findings. 

Cardiac differentiation and morphogenesis are intimately related 
proeesses, aehieved by a highly eomplieated transeriptional network. 
The eardiae transeription faetor Nkx2-5, which has a homogeneous 
distribution over the embryonie heart tube, is generally important for 
eardiae-speeifie gene expression. In the human, mutations in this faetor 
cause atrial septal defeets and disturbances of atrioventricular conduc- 
tion; in Drosophila, the heart will not form in its absenee. The reeent 
diseovery of the involvement of the role of T-box transeription faetors, 
which are loeally expressed, provides some evidenee of the fhrther 
complexity of patterning the heart. Whereas Tbx5 eonfers caudocranial 
positional information over the heart tube, thereby determining the 
regional development of the eardiae ehambers along these axes, Tbx2 
and 3 prevent regional formation of the eardiae ehambers, permitting 
the myocardium in these regions to differentiate into the conduction 
system. Tbxl8 is involved in the development of the sinus venosus and 
Tbxl in the development of the outflow traet of the heart. 

A mimber of terms must be speeified before development of the 
heart and discussion of the eardiae ehambers ean be deseribed. The 
inflow traet of the heart starts at the transition of the systemie tributaries 
(sinus venosus) into the primary heart tube. Within the straight heart 
tube, forming atrial and ventricular ehambers ean be diseerned, sepa- 
rated by an atrioventricular eanal. The inflow traet thus eonneets the 
sinus venosus with the forming atrium, whereas the outflow traet eon- 
neets the ventrieles with the aortie sae; a proximal portion (elose to the 
ventriele) and a distal portion ean be defined within the outflow traet. 


CELLS THAT GIVE RISE T0 THE HEART 


The heart is formed from tissues derived from the midline splanehno- 
pleuric eoelomie epithelium with later contributions from neural erest 
mesenehyme. The splanchnopleuric eoelomie epithelium gives rise to 
the myocardium, including the conduction system of the heart, and the 
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showing the position of the primary heart-forming field relative to the 
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endocardium, including its derived eardiae mesenehymal population, 
which produces the valvular tissues of the heart. Splanchnopleuric eoe- 
lomie epithelium is also the source of the epieardmm, eoronary arteries 
and interstitial fibroblasts. 

Primitive eardiae myoeytes ean first be seen in embryos at stage 8. 
During the onset of neurulation and somitogenesis, the intraembryonie 
eoelom forms aeross the midline, initially above the endoderm, in a 
horseshoe-shaped area termed the primary heart-forming field (eardiae 
ereseent) (Fig. 52.6). As the head fold emerges, the eoelom undergoes 
a reversal, so that the future perieardial eavity eomes to lie ventral to 
the endodermal foregut (see Fig. 52.1; Fig. 52.7). The splanchnopleuric 
wall of the perieardial eoelom, subjacent to the endoderm, provides a 
germinal epithelium that produces early eardiae myoeytes. It is eharae- 
terized by the expression of myoeardial-speeifie markers, such as eardiae 
myosin heavy ehain and the eardiae transeription faetor Nkx2-5. Later 
myoeardial additions from mesenehyme loealized eentral and periph- 
eral to the eardiae ereseent on the embryonie dise are termed the seeond 
heart-forming field (see Fig. 52.6). Whether these two myoeardial fields 
represent distinet myoeardial lineages, or constitute a single field, which 
is gradually added to the heart, remains a matter of debate. 

The endocardium also develops during stage 8-9 from the eoelomie 
splanchnopleuric epithelium. Cells arise singly elose to the ventrolateral 
edges of the eranial intestinal portal and form an endoeardial plexus 
between the splanchnopleuric eoelomie epithelium and the foregut 
endoderm. These groups of eells are now termed angioblastie mesen- 
ehyme; they are amongst the earliest intraembryonie vascular precursors 
to appear and express markers for the endothelial eell lineage. The eells 
aggregate to form an epithelium, the endocardium, which eneloses 
small eavities that eoalesee in the vieinity of the developing foregut to 
establish bilateral, hollow, endoeardial tubes. The latter fuse aeross the 
midline progressively, eommeneing at the outflow traet, or arterial pole, 
and extending to the inflow traet, or venous pole (see Fig. 52.7). By 
stage 10, a single endoeardial tube is present and is almost eompletely 
surrounded by myoeardial eells. This arrangement of an outer myoear- 
dial sleeve eontaining an inner endoeardial tube constitutes the primary 
heart tube. The inner endoeardial epithelium induces the myoeardial 
eells to synthesize speeifie extracellular matrix proteins, which form a 
fine extracellular reticulum that holds the endoeardial tube apart from 
the developing myocardium. Close to the foregut endoderm, the myo- 
eardial eells at the refleetions of the perieardial splanchnopleuric epi- 
thelium form the dorsal mesocardium, which may stabilize the 
developing endothelium and promote the fhsion of the bilateral endo- 
eardial tubes. The dorsal mesocardium eneompasses a mesenehymal 
population speeifieally referred to as mediastinal mesenehyme, and is 
contiguous with the splanchnopleuric mesenehyme surrounding the 
embryonie foregut. 

Much later in heart development, neural erest eells, arising from the 
region between the otie vesiele and the caudal limit of somite three, 
grow into the outflow traet of the heart. They are believed to play a role 
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in the spatio-temporal regulation of the division of the outflow traet 
into the aortie and pulmonary pathways, and the development of the 
muscular subpulmonary infundibulum. 

The epicardium, sometimes included in deseriptions of the myoear- 
dium as 'epimyocardium', is not present at the early stages of heart 
development. 

Endoeardial cushions 


The extracellular matrix of the heart, historieally termed eardiae jelly, 
promotes occlusion of the endoeardial tubular lumen during myoear- 
dial eontraetion, thus providing meehanieal assistanee for the genera- 
tion of the flow of blood. It also aets as a site for the deposition of 
inductive faetors from the myoeardial eells, which, in turn, modify the 
differentiation of speeifie endoeardial eells. It has been ealled a gelatino- 
reticulum, a myoepieardial reticulum (see Fig. 52.7C-D) and, more 
reeently, the myoeardial basement membrane. Here, the term eardiae 
extracellular matrix will be used. It is eomposed of hyaluronic aeid, 
hyaluronidase and fibroneetin, among other things. Inductive signals 
originating from the myoeardial eells cause a subset of endoeardial eells 


lining the atrioventriailar eanal and the proximal outflow traet to trans- 
form into mesenehyme (eardiae mesenehyme); the endoeardial eells in 
other regions of the heart tube, such as those in the ventriele, do not 
undergo such a transition. When aetivated by myoeardial inductive 
faetors, the endoeardial eells lose their eell-to-eell assoeiations, and 
show deereased expression of neural eell adhesion molecule, and 
inereased expression of substrate adhesion moleailes such as ehondroi- 
tin sulphate and fibroneetin. They undergo rearrangement of their 
eytoskeleton neeessary for migration, and they express type I proeolla- 
gen. Uniquely, they retain their expression of endothelial markers. This 
epithelial to mesenehymal transition may, perhaps, be the only example 
of a mesenehymal population that is derived from an endothelial 
lineage. 

Formation of eardiae mesenehymal eells at the atrioventrioilar 
eanal and the proximal myoeardial outflow traet is followed by their 
migration into the eardiae extracellular matrix. These eells proliferate 
between the endocardium and myocardium, and, with loeal aeommla- 
tion of extracellular matrix moleoiles, produce protmsions, termed 
endoeardial or eardiae cushions, which bulge into the primary heart 
tube and initially provide the valvular meehanisms required in the 
atrioventricular eanal and outflow traet. Their position eorresponds to 
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SECTION 7 


DEVELOPMENT OF THE THORAX 


the future positions of the definitive eardiae valves. In the distal part of 
the outflow traet, which initially has myoeardial walls, eells that are 
derived from the neural erest subsequently make signifieant contribu- 
tions to the mesenehyme of the endoeardial cushions. Although proper 
migration of these eells from the neural erest is emeial for normal 
development of the outflow traet and formation of the leaflets and 
sinuses of the arterial valves, their fnnetion is largely obscure. They are 
no longer found in the leaflets of the arterial valves in the formed heart, 
or in the muscular subpulmonary infundibulum, which is also derived 
from the outflow cushions. The endoeardial cushions themselves ulti- 
mately fuse, forming a wedge of mesenehyme that serves to guide the 
union of the internal muscular septal stmctures. At their time of ffision, 
the atrioventricular endoeardial cushions are large, relative to the size 
of the atrioventriailar orifiees; they will provide the seaffold for forma- 
tion of the leaflets of the tricuspid and mitral valves. 

Oardiae myoeytes - eontraetion, conduction 
and automaticity 



Cardiac myoeytes share a number of eharaeteristie features that distin- 
guish them from other eells. All eardiae myoeytes have sareomeres and 
a sareoplasmie reticulum; in prineiple, they share the eapaeity for pro- 
ducing an intrinsie eyele of eleetrieal aetivity resulting in eontraetion. 
This phenomenon is ealled automaticity or paeemaker aetivity. An 
absolute requirement for effeetive paeemaking is poor eleetrieal cou- 
pling of the eells, which also implies slow conduction. It allows the eells 
to build up sufficient eleetrieal eharge, which is then propagated through 
the surrounding myocardium. Thus 'a small node ean drive a large 
heart'. 

Varying degrees of differentiation are seen in early populations of 
eardiae myoeytes, which ean be eategorized as forming working, nodal, 
conducting and primary myocardium ( Table 52.1). Cells of the atrial 
and ventricular working myocardium display virtually no automaticity, 
but are well coupled and have well-developed sareomeres and sareo- 
plasmie retioilar structures. The development of the synchronously 
(fast) eontraeting working myocardium requires fast conduction of the 
depolarizing impulse, and so the eells possess well-developed gap junc- 
tions. In marked eontrast, the eells forming the nodes of the eardiae 
conduction system have the opposite phenotype, and resemble the 
myoeytes that are found initially in the primary heart tube. The eells of 
the putative atrioventricular and peripheral ventriailar conduction 
system have an ambiguous phenotype: the eells are well coupled, thus 
allowing fast conduction of the depolarizing impulse, but otherwise 
retain an embryonie phenotype. The division does not imply that the 
eells belonging to one group are identieal, but rather that they share 
distinguishing features developed to variable degrees. 

Automaticity and slow conduction are features of the myocardium 
of the primary heart tube (see Video 52.1). The slow conduction of the 
depolarizing impulse over the heart tube causes a peristaltie wave of 
eontraetion, by means of which the blood is pushed towards the arterial 
pole. During the waves of eontraetion, the accumulated eardiae extracel- 
lular matrix eloses the endoeardial tube and prevents the backward flow 
of blood. llnambiguous morphologieal markers are often laeking in the 
early embryonie heart, which means that it is not possible to distinguish 
the various eells phenotypieally; automaticity and the speed of conduc- 
tion have, therefore, beeome important fimetional parameters by which 
to deseribe the development of the different parts of the heart. 


undergo restrietion, differentiate and leave the eell eyele. After folding, 
the seeond heart field contributes eells to the heart. It has been sug- 
gested that the seeondary heart field may contribute eells only to those 
eardiae eomponents that are required for the pulmonary circulation: 
namely, the right ventriele and outflow traet at the arterial pole, and the 
atrial septum and the dorsal atrial wall at the venous pole. To extend 
this suggestion, the original primary heart-forming field would give rise 
to those eomponents that are required for the systemie circulation: 
namely, the systemie venous sinus and its tributaries, the initial atrium, 
the left ventriele and the arterial conus, as seen in the outflow traet of 
primitive fishes, although this latter structure has no homologue in 
mammalian hearts. 

During the proeess of folding, the perieardial eavity and, eoneomi- 
tantly, the myocardium gradually extend around the forming endoear- 
dial tube, leaving the dorsal mesocardium, a transient eonneetion that 
is analogous to the mesentery of the intestines (see Fig. 52.7C-D). The 
persisting stalk of the dorsal mesocardium eonneets the venous pole of 
the heart with the splanchnopleuric mesenehyme around the develop- 
ing lung buds and with the septum transversum mesenehyme, which 
will give rise to the liver. The dorsal mesocardium is the site of early 
mediastinal mesenehyme production. It disappears as a mesenterie 
entity during the third week of development, when the embryo has 
from 4 to 12 somites; at the same time, the endoeardial heart tube 
beeomes entirely surrounded by the myocardium and enelosed within 
the perieardial eavity. The breakdown of the dorsal mesocardium estab- 
lishes a passage aeross the perieardial eavity, from side to side and dorsal 
to the heart, which persists as the transverse sinus of the pericardium. 
After folding and rupture of the dorsal mesocardium, the seeond heart 
field contributes eells to both the arterial and the venous poles of the 
heart. 

At this stage, the heart is bilaterally symmetrieal and has the form 
of an inverted 'Y'. The legs of the Y are positioned caudal to eaeh side 
of the eranial intestinal portal, where they form the venous pole of the 
heart (Fig. 52.8A-B). The stem of the Y eonneets eranially with the great 
arteries, forming the arterial pole of the heart. From the outset, both 
poles are eonneeted with the systemie vessels mnning from the embryo, 
the yolk sae and the plaeenta. The pulmonary veins form later, during 
the fifth week of development, the initial venous primordium beeom- 
ing evident in the mesenehyme derived from the dorsal mesocardium 
caudally. Also at this site, mediastinal myocardium continues to be 
added to the heart, forming the smooth dorsal wall of the left atrium, 
and providing the site of formation of the primary atrial septum. 

Reeent genetie fate map studies have shown that the primary heart 
tube eontains eell lines that will contribute to only two eompartments. 
The myocardium of the stem of the inverted Y eontains only precursor 
eells of the left ventriele, and both legs of the inverted Y eontain precur- 
sor eells of the atrioventriailar eanal and parts of both atrial ehambers. 
The atrioventrioilar eanal, in turn, provides the preoirsors for the left 
ventrioilar free wall, whereas the eells of the original embryonie left 
ventriele largely end up in the ventrioilar septum. The embryonie 
outflow traet contributes to the right ventriele. There is no evidenee to 
support the previous, traditional, eoneept of heart development, i.e. 
that all the putative eardiae segments are already present in the straight 
heart tube and develop to contribute to the various parts of the defini- 
tive eardiae ehambers. This hypothesis has now been disproved by 
elegant experimental studies that have shown that the definitive eardiae 
ehambers are formed by loeal differentiation and expansion, or 'bal- 
looning, of the myoeardial walls of the primary heart tube. 


HEART TUBE 


During the proeess of embryonie folding, the midline splanchnopleuric 
eoelomie epithelium, which is derived from the primary heart field 
(eardiae ereseent), beeomes positioned ventral to the foregut. The eoe- 
lomie epithelium is highly proliferative and gives rise to mesenehymal 
populations. The early eardiae myoeytes arise from the eoelomie wall 
adjaeent to the endoderm of the foregut (see Fig. 52.7). The eells 


Table 52. Basie phenotypes of eardiae myoeytes 


Feature 

Type of myocardium 




‘Primary’ 

‘Nodal’ 

‘Conducting’ 

‘Working’ 

Automaticity 

High 

High 

High 

Low 

Conduction veloeity 

Low 

Low 

High 

High 

Contractility 

Low 

Low 

Low 

High 

Sareoplasmie 

reticulum 

Low 

Low 

Low 

High 


Looping of the heart tube 

Cranial and caudal reemitment of myocardium and endocardium pro- 
duces eonsiderable lengthening of the primary heart tube. Reeent 
studies of the meehanism of proliferation in the avian, mouse and 
human heart have shown that eardiae myoeytes stop dividing after overt 
differentiation. The tube eontimies to elongate, largely as a result of the 
reemitment of additional myoeytes to the tube, as shown by studies 
of both morphology and molecular lineages, and, to a lesser extent, 
because of an inerease in the size of the myoeytes that form the walls 
of the tube. The lengthening heart tube bends ventrally and rightwards, 
eoneomitant with the breakdown of the dorsal mesocardium. The bend 
is ealled the ventricular loop, sinee the left ventriele subsequently bal- 
loons and expands at its outer curvature, which is the original ventral 
side of the straight tube. The inner curvature of this loop was originally 
its dorsal side. 

It is often stated that looping of the tube is the first visual evidenee 
of asymmetry in the embryo, although earefiil examination reveals that 
the atrioventrioilar eanal has beeome asymmetrie prior to the start of 










Heart and great vessels 




nents are separated one from another by the atrioventricular eanal, 
which, at this stage, has signifieant length. The systemie venous tributar- 
ies drain direetly to the atrial eavity. 

The sinus venosus with right and left sinus horns, which forms at 
the confluence of the systemie venous tribmaries, is a prominent stme- 
ture in lower vertebrates. In mammals, it does not beeome reeognizable 
as a morphologieal entity until the systemie veins have excavated them- 
selves from the mesenehyme of the body and been surrounded by 
myocardium. It then beeomes ineorporated into the perieardial eavity 
so that the sinus horns beeome part of the heart. All of these proeesses 
occur up to the twenty-fifth day of development in humans; only after 
this stage is it possible to eonsider development of the definitive atrial 
and ventricular ehambers. 




Fig. 52.8 Loeal expansion of the myoeardial wall of the early heart tube 
and heart tube looping. A, A ventral view. B, The ventral wall has been 
removed to show the inner aspeet of the early heart tube. C, A left lateral 
view. The early heart tube is shaped like an inverted ‘Y’. The legs of the Y 
pass caudal to eaeh side of the eranial intestinal portal. In the early heart 
tube, the myocardium of the stem of the Y (purple) eontains only 
precursor eells for the left ventriele. The remaining myocardium (grey) 
eontains only precursor eells for the atrioventricular eanal and atria. The 
precursor left ventricular eells expand first. D-G, The later heart tube, 
showing looping. D, A ventral view. E, The ventral wall has been removed 
to show the inner aspeet of the folding heart tube. F, A left lateral view. 

G, The lateral wall has been removed to show the inner aspeet of the 
heart from the left. In D and E, the expansion of the right ventriele ean be 
seen and the heart tube has elongated to the right. The developing atrium 
ean be seen dorsolaterally in D-G. 

looping. Although the sense of laterality of the developing organs of 
the body including the atrial appendages, develops during gastmlation, 
the pathway of signalling that governs rightward looping of the heart 
tube remains unknown. However, it is now well established that signal- 
ling pathways, including Pitx2, nodal, lefty and eited-2, determine the 
formation of the morphologieally left-sided or right-sided features seen 
in organs such as the lungs, bronehial tree, liver and spleen, and atrial 
appendages. 

By the time the primary heart tube has formed its ventriailar loop, 
it is possible to distinguish the atrial and ventriailar eomponents of the 
developing heart (Figs 52.8D-G, 52.9), and to reeognize an outflow 
traet eonneeted with the aortie sae and developing pharyngeal areh 
arteries. The eells that, at this stage, make up the outflow traet, will, at 
later stages, be found within the right ventriele. At the proximal side of 
the outflow traet, eells are reemited to the developing right ventriele 
and, contemporaneously, new eells are reemited to the outflow traet 
from the seeond heart-forming field. The atrial and ventrioilar eompo- 


INFL0W TRACT 


The working myocardium of the atrium differentiates loeally at the 
dorsolateral sides of the heart tube (see Fig. 52.8D-G). The developing 
atrium then expands enormously, in dorsal, lateral and, most promi- 
nently, eranial direetions. The eranial expansion is seen as pouches, 
which beeome the left and right atrial appendages (see fig. 52.9A-B). 
The floor of the atrirnn, including the sinus venosus, and the atrioven- 
tricular eanal are made of primary myocardium. Less cellular prolifera- 
tion occurs in these parts than in the expanding atrial ehambers; 
the primary myocardium marks the inflow to, and the outflow from, 
the initial atrial ehambers as 'rings', which are also assoeiated with the 
formation of the conduction system. The ring at the inflow defines 
the sinuatrial junction, whilst the atrioventricular eanal, which forms 
the atrial outlet during development, will eventually be ineorporated 
into the definitive right and left atrial ehambers as the atrial vestibules. 
Although it is possible to reeognize the forming left and right atrial 
appendages at this stage, the right being more extensive than the left, 
the atrium itself has a single eavity and there is no evidenee of septum 
formation. The myocardium of the sinus venosus and the newly forming 
mediastinal myocardium are smooth-walled, whereas the myocardium 
of the appendages shows ridges, the peetinate muscles, on the inner 
surface. The formation of the different appendages is under eontrol of 
the Pitx2 signalling pathway. The myoeardimn of the appendages has a 
ehamber phenotype, or is working myocardium; it expresses atrial natri- 
uretic faetor and connexin40, among other markers. 

Right atriiim 


The fiirther development of the right atrium is eharaeterized by the 
ineorporation of the sinus venosus into the right part of the primary 
atrium. This proeess is under eontrol of the T-box transeription faetor 
Tbxl8. At about 4 weeks of development, the sinuatrial junction of the 
looping primary heart tube is positioned symmetrieally in the midline 
(Fig. 52.10; see also 4gs 13.1, 60.9). The left and right eommon eardi- 
nal veins drain direetly into the eavity of the primary atrium. The atrial 
myocardium extends to the margins of the perieardial eavity and, strietly 
speaking, the sinus venosus is not yet formed because the systemie 
venous tributaries are embedded within the mesenehyme of the septum 
transversum. 

During subsequent development, the perieardial eavity expands to 
enelose the terminal segments of the systemie venous tributaries; at the 
same time, their walls differentiate as myocardium. They ean now be 
termed the left and right horns of the sinus venosus; eaeh horn reeeives 
the union of the eorresponding umbilical vein, vitelline radieles and 
eommon eardinal vein (see Figs 52.10, 60.9). Concomitantly, the eon- 
strietion between the left horn and the atrium beeomes more pro- 
nounced. As the dorsal wall of the left atrium is formed from additions 
of mediastinal myoeardmm, the left horn beeomes ineorporated into 
the developing left atrioventrioilar junction, its orifiee draining to the 
newly formed right atrirnn. At the same time, the left-sided venous 
tributaries diminish in size; the left eommon eardinal vein forms the 
oblique vein of the left atrium, and the left sinus horn forms the eoro- 
nary sinus (see Fig. 52.10C), maintaining its own myoeardial wall as it 
beeomes ineorporated into the atrioventricular junction. 

The right sinus horn inereases rapidly in size with growth of the liver 
(see Figs 60.9-60.10). The vitello-umbilical blood flow enters the right 
horn through a wide but short hepatoeardiae ehannel, which beeomes 
the eranial end of the inferior vena eava. The right horn also reeeives 
the right eommon eardinal vein, draining the blood from the right side 
of the body. Later, when transverse eonneetions are established between 
the eardinal veins, the blood from the left side of the body also reaehes 
the heart via the veins draining the right side (see Fig. 13.4). As these 911 
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Fig. 52.9 A, A seanning eleetron mierograph of an early developing human heart, shovving the external appearanee of the myocardium of the right and 
left ventrieles and the right and left atrial appendages. The truncus arteriosus passes betvveen the atria. B, A reeonstmetion of the heart tube at stage 
13, shovving the endocardium. In the left and right ventrieles, the endocardium interdigitates with the myocardium and appears trabeculated; elsewhere, 
it is separated from the myocardium by the eardiae extracellular matrix. C, The heart at stage 13 with the truncus arteriosus refleeted to the right. The 
opening of the sinus venosus into the right atrium ean be seen (yellow). The region of the primary heart tube is indieated by a yellow interventricular ring. 
(A, With permission from Oostra RJ, Steding G, Lamers WH, Moorman AFM. Steding’s and Virágh’s Seanning Eleetron Mieroseopy Atlas of the 
Developing Human Heart. New York: Springer-Verlag, 2006. B, Modified from O’Rahilly and MGIIer. Developmental Stages in Human Embryos 1987 
Oarnegie lnstitution of Washington. Pub 637.) 
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Fig. 52.10 The ehanges to the sinus venosus. A, A dorsal view of the early heart tube shown in Figure 52.8D. B, Changes to the circulation bring the 
venous circulation to the right, causing enlargement of the right horn of the sinus venosus and atrium, and attenuation of the left horn of the sinus 
venosus. C, The right horn of the sinus venosus beeomes absorbed into the atrium. The left horn of the sinus venosus beeomes the eoronary sinus. 
D, A dorsal view of the embryonie heart, showing the relative ehanges to the sinus venosus. 
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ehanges take plaee, the right sinus horn, including the proximal parts 
of the superior and inferior eardinal veins, beeomes ineorporated into 
the right atrium, forming the smooth-walled systemie venous sinus, 
also known as the sinus venamm. 

The right sinus horn opens into the right atrium through its dorsal 
and caudal walls (see "igs 52.10, 52.14). The simiatrial orifiee beeomes 
elongated and slit-like, guarded by two muscular folds: the left and right 
simiatrial (venous) valves. These two valves meet eranially and beeome 
continuous with a fold that projeets from the atrial roof: the septum 
spurium. The valves also meet caudally, and merge with the inferior 
atrioventricular cushion. With ongoing development, the eranial part 
of the right sinuatrial valve loses its fold-like form, but its position is 
indieated in the adult heart by the site of the erista terminalis of the 
right atrium. Its caudal part forms the valve of the eoronary sinus, also 
known as the Thebesian valve, and most of the valve of the inferior vena 
eava (Eustachian valve). The union of the two valvular remnants then 
passes through the tissue that separates the orifiee of the eoronary sinus 
from the fossa ovalis. This area is known as the 'sinus septum' but, in 
reality, this 'septrnn' is no more than a muscular fold in the dorsal wall 
of the right atrium. The continuation of the venous valves persists as 
the tendon of Todaro, an important landmark for the loeation of the 
atrioventriailar node in the definitive heart. The left venous valve 
blends with the right side of the atrial septum; there is usually no traee 
of it in the postnatal heart. 

Left atrium 


Following the formation of the primary atrium and the left atrial 
appendage, the left atrium takes shape by the formation and ineorpora- 
tion of mediastinal myocardium. While the tributaries of the sinus 
venosus approaeh the atrium caudally, the differentiating pulmonary 
veins gain their entranee to the atrial eavity through the dorsal meso- 
cardium (see Fig. 52.7). The topographieal relationships seen in the 
postnatal heart are, thus, established as soon as differentiation of the 
pulmonary venous portal occurs. 

Early in the development of the atrium, the pulmonary vein devel- 
ops as a solitary ehannel from angiogenie eells derived from the dorsal 
mesocardium, and establishes continuity with the vascular plexus 
formed in the mediastinal mesenehyme around the developing lung 
buds. The solitary pulmonary vein opens into the caudo-dorsal wall of 
the atrium adjaeent to the developing atrioventricular junction, its atrial 
orifiee being flanked by two prominent ridges. The primary atrial 
septum develops from the right ridge, following ineorporation of the 
left sinus horn into the right side of the primary atrium, thus eonfining 
the pulmonary venous orifiee to the developing left atrium (see Fig. 
52.14). The pulmonary vein initially branehes within the dorsal media- 
stinal mesenehyme, its tributaries draining blood from the developing 
lung. With continuing development, the walls of the venous ehannels 
beeome surrounded by myocardium, this proeess occurring to the level 
of the seeond bifhreation. The veins then expand and are ineorporated 
into the roof of the left atrium, eventually forming the greater part of 
its eavity. However, all four pulmonary veins do not aehieve their sepa- 
rate opening into the atrial roof until well after the eompletion of atrial 
septation, and probably not until the tenth or eleventh week of develop- 
ment. Variations in the preeise pattern of pulmonary venous drainage 
are quite eommon. With these ehanges, the left half of the primary 
atrium beeomes progressively restrieted to the mature appendage. The 
myoeardial sleeves surrounding the pulmonary orifiees taper off and 
beeome intermingled with fibrous tissue. In later life, it is likely that 
this intermingling of myoeardial and fibrous tissues forms the substrate 
for some forms of atrial fibrillation. The opening of the solitary pulmo- 
nary vein to the left of the right pulmonary ridge is a prerequisite for 
atrial septation. 

VENTRICLES 


The ventrieles develop at the ventral side of the looping primary heart 
tube during the fourth week of development (see Figs 52.8-52.9). The 
left ventriele develops from the stem of the Y-shaped heart; the right 
ventriele develops later, downstream relative to the left ventriele, when 
more myocardium has been added to the eardiae tube. As a result of 
the looping of the heart tube, the right ventriele is positioned at the 
right of the left ventriele, which is a prerequisite for the appropriate 
eonneetion with the expanding atrial eomponent of the heart. Unlike 
the atrial ehambers, the morphologieal differenees between the right 
and left ventrieles are not part of the general asymmetry between the 
right- and left-sided organs of the body, but rather are under eontrol of 



Fig. 52.11 A seanning eleetron mierograph of a human heart at 42 days’ 
gestation. The right lateral wall of the right atrium, the right ventriele and 
the outflow traet have been removed. The valve of the sinus venosus (V) 
is prominent. There is no septal cusp of the tricuspid valve guarding the 
inlet portion of the right ventriele. The parietal cusp has been removed. 

The atrioventricular cushions are fused. Note the adjaeent right lateral 
tubercles (O). A small interventricular foramen (foramen secundum, 
p. 915) is indieated (arrowhead). There is a well-developed right 
ventricular outflow traet (curved arrow). Other abbreviations: E, embryonie 
trabeculae; P, pulmonary trunk. 

the signalling pathways that determine caudocranial differentiation. 
Retinoie aeid and its downstream transeription faetor, Tbx5, play a 
emeial role in this proeess. 

The myocardium at the inner curvature, the original dorsal side of 
the eardiae tube, remains smooth-walled and maintains its molecular 
phenotype, whereas the myocardium at the outer curvature of the myo- 
eardial tube displays trabeculations in the fifth week of development; 
the original primary heart tube is represented by an interventriailar ring 
(see Fig. 52.9C). By stage 17, the trabeailations have aehieved a typieal 
spatial orientation, giving a sponge-like appearanee to the internal 
aspeet of both ventrieles (Fig. 52.11). The definitive trabeculations, 
eoarse in the right ventriele but much finer in the left, are first observed 
around the fortieth day of gestation; they appear initially in the walls 
of both ventrieles at the level of the atrioventrioilar junction and 
develop towards the apex of the heart. By the time the fetus is 10 weeks 
old, the trabeoilations are much sparser, and are eonfined to the apieal 
regions. This proeess of remodelling is aeeomplished without the inter- 
vention of maerophages or inflammatory eells in the immediate inter- 
stitium. The ventricular myocardium, eneompassing the trabeculations 
and exterior wall, possesses a ehamber phenotype, the myoeytes express- 
ing, among other proteins, the fast-conducting gap-junctional proteins 
connexin 40 (Cx40) and 43, and atrial natriuretic peptide. This myo- 
cardium stops proliferating and differentiates into the fast-conducting 
peripheral ventricular conduction system, whereas the outer layer 
beeomes highly proliferative and forms the eompaet layer of the ven- 
trioilar wall, no longer expressing Cx40 and atrial natriuretic peptide, 
but still expressing Cx43. 

0UTFL0W TRACT 


Initially, the outflow traet possesses myoeardial walls up to the periear- 
dial refleetions. It displays a eharaeteristie bend, which has a proximal 
part arising from the developing right ventriele, and a distal part that 
beeomes continuous with the aortie sae beyond the perieardial reflee- 
tions. Although this bend is a conspicuous morphologieal feature, it is 
highly unlikely that the eells to either side of it retain their position 
during subsequent development. Instead, it seems probable that eells 
are reemited from the seeond heart-forming field, and pass through the 
outflow traet to contribute to the definitive right ventriele. Subsequently, 
still more eells are reemited from pharyngeal mesenehyme, passing 
proximal to the perieardial refleetions and forming the intraperieardial 
eomponents of the arterial tmnks. There remains much disagreement 
as to how best to deseribe these morphologieal parts of the outflow 
traet. Some authors have labelled the proximal myoeardial part the 
conus, ealling the distal part the tmnois, and the intraperieardial 
portion of the outflow traet the aortie sae. Others have ealled the entire 91 3 
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myoeardial outflow traet the bnlbns, sinee the myoeardial outflow traet 
of primitive vertebrates, ealled the conus arteriosus in primitive fish and 
the bulbus eordis in amphibia, is presumed to develop into the right 
ventriele in higher vertebrates. Because the terms conus and truncus 
have been ineonsistently used in literature, we prefer simply to deseribe 
proximal and distal parts of the myoeardial outflow traet, and to 
deseribe, when it appears, an intraperieardial arterial portion of the 
outflow traet, this part interposing between the muscular eomponent 
and the ventral aorta, the distal junction occurring at the perieardial 
refleetions. 

Given that different authors use different terminologies, it is not 
surprising that formation of the outflow traet remains one of the most 
eonfhsing areas of eardiae development. The reeent finding that the 
stem of the heart tube eontains precursor eells exclusively for the left 
ventriele makes it essential to adopt deseriptions that follow dynamie 
events, rather than continuing to use statie names. Thus, as soon as the 
primary heart tube bends to produce its ventral ventricular expansion, 
by definition, the developing ventriele aehieves inlet and outlet eom- 
ponents, even though these structures are not the definitive ventricular 
inlets and outlets. Cells that, initially, are found in the ventricular 
outflow traet subsequently beeome eells of the right ventriele. Further- 
more, working myoeytes ean easily be distinguished from the primary 
myoeytes of the straight heart tube. The primary myocardium is smooth- 
walled, whereas the developing myocardium of the ventrieles is trabeai- 
lated, and expresses speeifie markers such as atrial natriuretic peptide 
and Cx40 and Cx43. Thus, that part of the primary heart tube down- 
stream of the developing ventricular loop is termed the outflow traet, 
irrespeetive of the faet that, eventually, it will largely beeome ineorpo- 
rated within the definitive right ventriele (see Figs 52.8-52.9). More- 
over, within the inner curvature of the ventricular loop, the walls of the 
outflow traet and atrioventricular eanal fade into one another without 
a elear boundary. Indeed, ventricular working myocardium never devel- 
ops at the inner curvature. It is within this ventricular part of the 
primary heart tube that the oishions of the atrioventricular eanal and 
the outflow traet must aehieve appropriate eonneetions with the mus- 
cular ventricular septum in order to divide this part of the tube into left 
and right eompartments. The eavity of the tube within which these 
events take plaee has been ealled the flnterventrienlar foramen'. This is 
ineorreet, sinee it is, rather, the region between adjaeent parts of the 
primary heart tube. It is, none the less, the remodelling of this inner 
curvature that sets the seene for the eompletion of eardiae septation. 

CARDIAC FUNCTI0N AND THE 
C0NDUCTI0N SYSTEM 


Although only mammalian hearts have a well-defined conduction 
system, an essentially similar eleetroeardiogram ean be reeorded from 
animals as diverse as fish and humans, indieating that the eleetrieal 
eonneetions between the eardiae eomponents, along with the underly- 
ing gene-regulatory networks, have been eonserved during vertebrate 
evolution. Indeed, the development of the conduction system of the 
heart is inextricably assoeiated with the development of the basie build- 
ing plan for the heart. The conduction system is best defined as the 
system that initiates and conducts the sinus impulse. In mammals, it 
eneompasses the sinuatrial node, the atrioventriailar node, the atrio- 
ventricular bundle, the bundle branehes and their terminal ramifiea- 
tions. The nodes and the atrioventricular bundle ean be eonsidered the 
eentral conduction system, while the bundle branehes and their rami- 
fieations represent the peripheral ventricular conduction system. The 
sinus impulse is generated in the sinus node; from here, it is rapidly 
propagated through the atrial myocardium towards the atrioventricular 
node, where propagation is delayed. After an essential period of atrio- 
ventricular delay, the impulse travels rapidly through the atrioventricu- 
lar conduction axis and the peripheral ramifieations to reaeh the 
ventricular myoeardmm, which is then rapidly depolarized. Following 
repolarization, the sequence recurs in endless fashion throughout the 
life of the individual. The term 'conduction system', as opposed to the 
working myocardium of the ehambers, may suggest that the working 
myocardium does not conduct, while the conduction system conducts 
rapidly. In order to produce powerful synchronous eontraetions, the 
working myocardium of the ehambers must also, of neeessity, conduct 
rapidly, whereas to aet as a paeemaker, the eells of the nodes need to 
be poorly coupled, and henee display slow conduction. 

The vertebrate heart is myogenie, implying that all eardiomyoeytes 
have the eapaeity to generate and conduct the depolarizing impulse. 
Because eardiae myoeytes are eleetrieally coupled, the eells with the 
highest paeemaking aetivity take the lead. In the formed normal heart, 
914 the leading paeemaker is always within the sinus node. In embryonie 


hearts, the leading paeemaker is always found at the venous pole (Fig. 
52.12). Thus, it is the most reeently reemited eells at the venous pole 
that always have the highest paeemaking aetivity. All regions of the early 
embryonie heart tube possess poorly coupled eells and display intrinsie 
automaticity, thus permitting slow propagation of the depolarizing 
impulses along the eardiae tube, and producing matehing peristaltie 
waves of eontraetion that push the blood in an antegrade direetion. The 
myoeytes of a developing heart do not have well-developed sareomerie 
stmctures, and have a poorly developed sareoplasmie reticulum. This 
tissue has been ealled primary myocardium, distinguishing it from the 
rapidly conducting and well-developed working myocardium of the 
atrial and ventricular ehambers. 

As development proeeeds, the ventrioilar ehambers develop in the 
eranial part of the heart tube, by ventral expansion, and the atrial eham- 
bers in the caudal part by dorsolateral expansion (see Fig. 52.8). An 
adult type of eleetroeardiogram ean be reeorded from such hearts, 
showing rapid atrial depolarization, a period of atrioventricular delay, 
and rapid ventricular depolarization. The eleetroeardiographie traeings 
refleet the development of fast-conducting eomponents within a slowly 
conducting heart tube, i.e. the development of a morphologieal conduc- 
tion system. The newly developed working myocardium expresses atrial 
natriuretic faetor, along with the gap junctional proteins Cx40 and 
Cx43, which permit fast conduction. 

Like the early peristaltie heart, flow through the developing eham- 
bered heart remains direetional because the dominant paeemaking 
aetivity is still at the inlet of the heart (see 4g. 52.12). Peristaltie hearts 
do not need valves, whereas ehambered hearts require the presenee of 
one-way valves at the inlets to, and the outlets from, the ehambers. The 
slowly conducting atrioventricular eanal, interposed between the atrium 
and the ventriele, and the outflow traet positioned between the ventriele 
and the great arteries, are the parts that eontain the endoeardial cush- 
ions. These are able to fimetion as sphineterie valves, as a result of their 
prolonged duration of eontraetion. These eomponents retain their fime- 
tion until the definitive leaflets of the one-way valves have been sculpted 
from the oishions. The primary myocardium of the outflow traet does 
not regress until the arterial valves have been formed, and does not 
disappear in its entirety until around the twelfth week of human devel- 
opment. The primary myocardium of the atrioventriailar eanal is even- 
tually ineorporated into the atrial vestibules at the same time as the 
formation of the atrioventriailar valves, beeoming sequestrated on the 
atrial side of the atrioventriailar junctions between 6 and 12 weeks 
of development. An important part of the eanal persists dorsally, where 
it differentiates into the slowly conducting atrioventricular node (see 
Fig. 52.12). 

Considerable progress has been made over reeent years in deeipher- 
ing the pathways involved in establishing the building plan of the heart 
(Fig. 52.13). The eombined aetion of the transeription faetors Tbx5 and 
Nkx2-5 is required for the formation of the myocardium of the atrial 
and ventrioilar ehambers. Tbx5 is expressed in a gradient over the heart 
tube, deereasing in eoneentration from caudal to eranial, and may 
impose positional information. However, its pattern eannot explain the 
loealized formation of the ehambers and the conduction system. Loeal- 
ized expression of the transeriptional repressors Tbx2 and Tbx3 in the 
inflow traet, the floor of the atrirnn, the atrioventricular eanal, the inner 
curvature of the ventrioilar region, and the outflow traet prevents the 
differentiation of primary into working myocardium. Tbx2 and Tbx3 
effeetively eompete for binding to the promoters of the ehamber- 
speeifie genes, such as atrial natriuretic faetor, Cx40 and Cx43. The 
remaining primary myocardium of these regions initially induces the 
endocardium to undergo epithelial to mesenehymal transition, by 
which proeess the eardiae oishions beeome filled with mesenehyme. 
The myocardium also partieipates in the alignment of the atrial and 
ventrioilar ehambers (which is essential for proper eardiae septation, 
and is guided by the fiising eardiae cushions); it forms the conduction 
system, including the sinus and atrioventricular nodes, the atrioven- 
tricular bundle, the floor of the developing right atrium (the internodal 
region), and the entirety of the atrioventricular eanal. In the early 
ehamber-forming heart of the mouse, Tbx3 is expressed in the atriov- 
entricular eanal, the floor of the atrium and around the orifiees of the 
systemie venous tributaries, but not in the dorsal mesoeardfiim sur- 
rounding the entranee of the pulmonary vein. During subsequent devel- 
opment, the domain of expression of Tbx3 expands from the 
atrioventriailar eanal to form a ereseent on the erest of the ventricular 
septum. The dorsal aspeet of this ereseent develops into the atrioven- 
trioilar bundle, while the atrioventricular node is formed at the dorsal 
junction with the atrioventricular eanal. The ventral parts subsequently 
disappear during development. 

The faet that the ventrioilar conducting system originates from 
a single primary ring provides a solid base for understanding the 
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Fig. 52.12 Development of the conduction system of the heart. A, At stage 13 with the truncus arteriosus refleeted to the right, the interventricular ring 
marks the region of the primary heart tube. The purple part of the interventricular ring will give rise to the atrioventricular bundle and bundle branehes, 
whereas the yellow part of the interventricular ring will not partieipate in the formation of the adult conducting system. B, The truncus arteriosus, now 
divided into the pulmonary trunk and aorta, is presented between the right and left atria, which expand lateral to it. The right atrium is now positioned 
entirely above the right ventriele, and the outflow traet has expanded to the left; the left ventriele has aeeess to the aorta. C, The position of the original 
primary heart tube ring indieated in the formed heart. The pulmonary trunk has been removed. 
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Fig. 52.13 The early heart: distribution of the T-box transeription faetors 
involved in patterning the heart. 


disposition of the conducting system in a number of eongenital anoma- 
lies. The eoneept accounts particularly well for the morphology and 
disposition of the atrioventricular node and bundle in hearts with strad- 
dling triaispid valves, with double inlet left ventrieles, and with eon- 
genitally eorreeted transposition. 


SEPTATION OF THE EMBRYONIO 
CARDIAC COMPARTMENTS 


The flow of blood on the right and left sides does not intermingle, even 
in the developing heart, because flow is laminar, and the pressures are 
similar at the right and left sides. It is only after birth that the pressures 
in the 'leff systemie circulation beeome higher than those in the 'right' 
pulmonary circulation; therefore, the different flows have to be sepa- 
rated physieally in order to prevent admixture of oxygenated and deoxy- 


genated blood. Prior to birth, the hrngs are not fhnetioning and blood 
flow to them is small. Even so, normal development of the heart 
requires that all eardiae eompartments reeeive an adequate amount of 
blood. To this end, even before birth, the systemie blood of the right 
atrium is guided to the left atrium so that the leh half of the heart and 
the brain is provided with a normal flow of blood. The right ventriele, 
in eontrast, drains to the dorsal aorta via the ductus arteriosus (see Fig. 
36.9B). The walls that separate the right and leh sides of the heart are 
largely formed in the fourth and hfth weeks of development. Some time 
later, not only the eomponents of the primary heart tube - speeiheally, 
the atrioventriailar eanal and the outhow traet - but also the atrial and 
ventricular ehambers, must be separated physieally into right and left 
halves. However, eaeh eompartment is separated in markedly different 
fashion. 

Septation of the atrial ehambers 


As a prelude to atrial septation, the right horn of the sinus venosus is 
ineorporated into the right part of the atrirnn, and the pulmonary vein 
arises as a midline structure within the dorsal mesocardium. Internal 
separation into right and left atria is mainly effeeted by growth of two 
septa, coupled with remodelling of the venous eompartments. At the 
end of the fourth week of development, a ereseentie fold, the primary 
atrial septum or septum primum, grows by aetive proliferation from the 
dorsoeranial atrial roof into the direetion of the atrioventriailar eanal, 
extending downwards just to the right of the entranee of the pulmonary 
vein (Fig. 52.14A,D). It is separated from the left simiatrial valve by the 
interseptovalvular spaee. The leading edge of the septum primum is 
eovered by a mesenehymal eap in continuity dorsally with extracardiac 
mesenehyme (mediastinal mesenehyme) derived from the dorsal meso- 
cardium which forms the vestibular spine, or spina vestibule, also ealled 
the dorsal mesenehymal protmsion. The ventral horn of the septum 
primum reaehes the ventral (eranial) atrioventricular cushion, while the 
dorsal horn reaehes the dorsal (caudal) cushion. Thus the primary atrial 
foramen, the foramen or ostium primum, is entirely surrounded by 
mesenehyme derived from endocardium. Ventral and caudal to the 
advaneing edge of the septum primum, the developing atrial ehambers 
communicate through the foramen primum (see 7 ig. 52.14A,D). 

As the foramen primum diminishes in size, the upper margin of the 
septum primum perforates by apoptosis and, thus, right to left shunt- 
ing of blood continues through a seeondary foramen, the foramen or 
ostium secundum. The latter is formed before the end of the fìfth week 
of development. Initially, it laeks an upper rim, sinee its upper border 
is the atrial roof. The foramen primum is finally occluded in the 
median plane, as the edge of the septum primum merges with the 
fhsing atrioventricular cushions (Fig. 52.14B,E). The foramen secun- 
dum then enlarges to permit free passage of blood from the right to the 
left atrium. 
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Fig. 52.14 Three representative stages in the development of the atrial septum. A-C, Coronal vievvs from the front. D-F, Lateral vievvs from the right 
side. A and D, The septum primum has not yet obliterated the original communication betvveen the two atria (foramen primum) and the atrioventricular 
endoeardial cushions have not yet fused. B and E, The atrioventricular endoeardial cushions have fused with eaeh other and with the septum primum, 
which has broken down in its dorsal part to form the foramen secundum. C and F, The septum secundum is forming on the right side of the foramen 
secundum from an interatrial fold. Abbreviations: AV, atrioventricular; IVC, inferior vena eava; SVC, superior vena eava. 


The solitary opening of the pulmonary vein into the roof of the left 
atrmm, which is originally adjaeent to the atrioventricular junction, 
beeomes ineorporated into the atrial walf ultimately forming four sepa- 
rate orifiees at the eorners of the atrial roof. As this development eon- 
tinues, the muscular atrial roof itself invaginates on the right side of the 
primary atrial septum (see Fig. 52.14B,E), the invaginated fold eonsti- 
tuting the septum secundum. The free edge of the septum secundum 
overlaps the foramen secundum. When left atrial pressure exceeds right 
atrial pressure in postnatal life, the septum primum eloses against the 
septum secundum as a flap-valve (Fig. 52.14C,F). The passage taken by 
blood as it passes from the right atrium - under the ereseentie edge of 
the septum secundum, then obliquely towards and through the foramen 
secundum to the left atrium - persists throughout intrauterine life as 
the foramen ovale. At first, the foramen ovale is sited eraniodorsally 
relative to the atrial septum, but with remoulding of the venous eom- 
ponents, it aehieves a eranioventral position. 

Septation and appropriate positioning of the 
atrioventricular eanal 


Extracellular matrix accumulates between the endocardium and myo- 
cardium of the primary heart tube. However, it mostly disappears in the 
regions of ballooning of the ehamber myocardium of the developing 
atria and ventrieles. The matrix beeomes filled with mesenehyme in the 
persisting regions of the primary heart tube. In eonventional accounts 


of the proeess, these regions are ealled the atrioventricular eanal and 
the outflow traet, or conotruncus. The dorsal or inferior atrioventricular 
cushion continues into the floor of the atrium, which is made of 
primary myocardium. As the cushion extends dorsally, it meets the 
mediastinal mesenehyme in the region initially termed the spina vesti- 
buli, where it continues as a mesenehymal eap mnning along the 
leading edge of the septum primum until it meets the ventral, or eranial, 
atrioventricular cushion (see figs 52.14, 52.16). The dorsal cushion also 
has a signifieant ventrioilar extension in the inner curvature of the heart 
tube, which eomes to lie on top of the developing muscular ventrioilar 
septum. The two atrioventricular oishions fuse in the sixth week of 
development, dividing the atrioventrioilar eanal into its right and left 
eomponents. The cushions are very large relative to the eanal, leaving 
narrow right and left slits, which inerease markedly in size during 
fhrther development. 

At the start of stage 10, the venous pole, the atrioventrioilar eanal, 
the developing left ventriele and the outflow traet are all positioned 
symmetrieally around the midline (Fig. 52.15A). As a result of the 
subsequent rapid growth of the eardiae tube, the atrioventricular eanal 
moves in its entirety to the left (Fig. 52.15B) as the ventrioilar part of 
the heart tube loops to the right, thus plaeing the developing left ven- 
triele on the left and the forming right ventriele on the right (see Fig. 
52.9). This ventrioilar loop is conspicuous throughout the fourth and 
fifth weeks of development, and it is at this stage that a deep interven- 
trioilar groove appears externally. Over this period, the atrial floor, 
including the developing systemie venous sinus (sinus venosus) and the 
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atrioventricular eanal, moves to the right (Fig. 52.15C). The developing 
pulmonary vein remains anehored in the midline and, subsequent to 
these manoeuvres, the atrioventricular eanal onee more beeomes posi- 
tioned in the midline; this proeess faeilitates the appropriate eonnee- 
tions of the developing muscular septum with the atrioventriailar and 
outflow cushions. The orifiee of the sinus venosus is, by now, positioned 
to the right. From the outset, the muscular ventricular septum develops 
in line with the right side of the dorsal (inferior) atrioventricular 
cushion (Fig. 52.16), so that the separating right atrium always has 
direet aeeess to the developing right ventriele. The proeess also ensures 
that spaee remains ventrally for ineorporation of the subaortic eompo- 
nent of the outflow traet into the left ventriele. 

Septation of the ventrieles 


After the looping of the heart tube, it is easy to gain the impression that 
the atrioventricular eanal communicates exclusively with the develop- 
ing left ventriele, while the outflow traet is supported exclusively by the 
developing right ventriele. In the definitive heart, blood entering the 
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Fig. 52.15 Movements of the atrioventrieiilar eanal relative to the midline 
during development. 


right ventriele passes in through the right atrial vestibule and exits 
through the muscular subpulmonary infundibulum, while blood enter- 
ing the left ventriele passes in through the left atrial vestibule, and exits 
through the aortie root. The ehanges needed to produce the definitive 
eonneetions between the eardiae eomponents are complex. Three dis- 
tinet structures contribute to the formation of the postnatal ventricular 
septum: the muscular ventricular septum, the proximal parts of the 
outflow cushions and the atrioventricular endoeardial cushions. The 
latter two eomponents separate those parts of the primary heart tube 
that are eommitted to the right and left ventrieles, as opposed to the 
ballooned apieal ventricular eomponents. Inappropriate formation and 
eonneetion of the cushions with the muscular ventricular septum 
underscores defieieneies of the definitive ventricular septum; such 
lesions account for about two-thirds of all eardiae septal defeets. 

Separation between the right and left ventrieles is initially heralded 
by the appearanee of a caudal ereseentie ridge within the ventrioilar 
loop. The trabeculated parts of the ventrieles eontain less extracellular 
matrix than the walls of the primary heart tube, and it is these parts of 
the ehambers that expand on eaeh side of the ridge that remains 
between them. The erest of the developing septum, therefore, is its 
oldest portion. The more apieal parts are added eoneomitant with 
enlargement of the ehambers, as if they were expanding like balloons. 
The impression ean be gained that the dorsal and ventral horns of the 
ventricular septum grow along the ventricular walls, meeting and fhsing 
with the right extremities of the dorsal and ventral cushions of the 
atrioventrioilar eanal. In reality, the erest of the septum marks the posi- 
tion of the original primary heart tube and beeomes the atrioventricular 
bundle. The septum has a free, siekle-shaped margin that, together with 
the fhsed caudal surface of the endoeardial cushions, bounds an ovoid 
foramen. Previously, this foramen has erroneously been termed the 
interventrioilar, or bulboventricular foramen; it is no more than a locus 
within the eavity of the primary heart tube. The apieal trabecular eom- 
ponents of the ventrieles balloon from the ventral side of the primary 
heart tube. At the dorsal side, or the inner curvature, there is no ehamber 
myocardium, only the smooth walls of the primary heart tube. There- 
fore, from the outset of the proeess, the forming apieal parts of the 
ventrieles are separated by a muscular septum. The foramen marked 
caudally by the erest of the ventricular septum provides the initial inlet 
to the developing right ventriele, and the outlet for the developing left 
ventriele. Completion of ventrioilar septation requires division of this 
primary foramen, rather than its closure. It also demands appropriate 
eonneetion between the muscular septum and the divided atrioven- 
trioilar eanal, including its cushions, and with the divided outflow traet, 
along with its cushions (see Fig. 52.16). 

Use of inappropriate terminology means that the entire region 
upstream relative to the foramen has previously been ealled the primi- 
tive ventriele, the entire downstream region the bulbus, and the junc- 
tion between them the bulboventricular junction. In the account 
presented here, the area is termed the primary junction, initially marked 
by a distinet noteh on the outside of the heart, and inside by the eor- 
responding ridge of the developing ventricular septum. The ridge is 
positioned between the atrioventricular orifiee, which is initially a 
eommon structure, and the caudal part of the forming right ventriele. 
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Fig. 52.16 Septation of the ventrieles and outflow traet. A, A frontal view of the heart at stage 13, with the outflow traet refleeted to the right. Lines show 
the level of transverse seetions of the atrioventricular cushions and outflow traet. Note that blood from both atria passes through the embryonie 
interventricular foramen at this stage. B, A sagittal seetion of heart along the dotted line in A, showing the atrioventricular junctional region, seen from the 
right side. The atrioventricular cushions extend on to the leading edge of the septum primum (although the mesenehymal eap on the atrial septum - see 
Figure 52.14 - probably has a different developmental origin). 
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Appropriate eonneetion with the separating atrioventricular and 
arterial junctions is essential for the development of a four-chambered 
heart. The serendipitous diseovery of the expression of a 'neural' antigen 
in the primary junctional myocardium, surrounding the so-ealled 
primary interventricular foramen, has elarified the complex morpho- 
genie steps involved in the remodelling of this region at the inner 
curvature and the final position of the original interventricular ring in 
the fully developed heart (see Fig. 52.12). 

Septation and appropriate positioning of the 
outflow traet 


The length of the myoeardial portion of the outflow traet deereases 
markedly between the fourth and eighth weeks of development. In 
part, the myocardium beeomes ineorporated into the ventrieles; in 
part, it disappears by apoptosis. In the definitive heart, there is no dis- 
tinet myoeardial outflow traet present within the left ventriele because 
the myocardium that initially separated the developing mitral and 
aortie valves disappears, leaving the fibrous aortie-mitral continuity 
distinetive for the postnatal heart. In the right ventriele, the proximal 
myoeardial outflow traet persists as the smooth-walled muscular sub- 
pulmonary infundibulum. Formation of the part adjaeent to the aortie 
root requires muscularization of the most proximal parts of the outflow 
aishions to form the greater part of the supraventricular erest, or erista 
supraventricularis. 

Key to separation of the outflow traet is the appearanee of the two 
outflow ridges, or cushions, which spiral one round another as they mn 
from the distal end of the right ventriele, where they are positioned 
septally and parietally, to the aortie sae (see Fig. 52.16; Fig. 52.17). 
Within the aortie sae, a transverse wedge of tissue, termed the aorto- 
pulmonary septum, separates the origins of the arteries traversing 
the fourth and sixth pharyngeal arteries. The septum is formed from 
dorsal mediastinal mesenehyme. Myoeardial precursor eells and non- 
myoeardial eells are added to the outflow traet, the latter forming the 
intraperieardial eomponents of the arterial tmnks. Neural erest eells 
migrate from the pharyngeal mediastinal myocardium into the outflow 
cushions. They do not appear to populate the septum itself, but form 
the larger parts of the walls of the intraperieardial portions of the 
tmnois arteriosus. The preeise relationship between the outflow cush- 
ions and the newly formed aortie areh arteries, which never possess a 
septum between them, has still to be assessed. 

The spiral outflow ridges start to ffise from the sixth week onwards, 
initially in the distal part of the outflow traet, and ffisions continue 
gradually into the direetion of the ventriailar septum (see Fig. 52.17; 


Fig. 52.18A). The most proximal parts of the cushions remain unfused 
when the aorta and pulmonary tmnk have gained their separate exist- 
enee within the perieardial eavity. At this time, the proximal part of the 
outflow traet, upstream to the intraperieardial arterial tmnks, remains 
eneased in a myoeardial sleeve. The arterial valves and sinuses then 
develop within the more distal part of this myoeardial outflow traet; 
the outer myoeardial wall does not disappear eompletely until well after 
the eompletion of septation. The most proximal parts of the oishions 
are the last ones to fiise, and they then muscularize and join the mus- 
cular ventricular septum, thereby joining the aorta into the left ventriele. 
The dorsal atrioventricular cushion maintains its mesenehymal eharae- 
ter, beeoming the membranous part of the interventrioilar septum in 
the formed heart. Formation of its interventrioilar and atrioventricular 
eomponents does not beeome evident until the septal leaflet of the 
tricuspid valve delaminates from the surface of the ventrioilar septum. 

N0N-MY0CARDIAL C0MP0NENTS OF THE HEART 

The non-myoeardial eomponents of the heart are the epicardium, 
including the eoronary vasculature, and the interstitial fibroblasts and 
the valvular apparatus, which are formed, in their larger part, from 
endoeardially derived mesenehyme. From the outset, the atrioventriai- 
lar valves, mitral and trioispid, are formed at the site of the initial atrio- 
ventrioilar eanal, whereas the aortie and pulmonary valves are initially 
developed within the myoeardial outflow traet, and only later aehieve 
the semilunar attaehments of the leaflets, which eross the anatomieal 
ventrioilo-arterial junctions. All of the leaflets form initially as internal 
endoeardial projeetions that enelose a myoeardial basement mem- 
brane, matrix and mesenehymal eells. The preeise meehanisms involved 
in the formation of these areas have still to be determined. 

Development of the epieardiiim and the 
eoronary vasculature 


The epicardium, eoronary vascular bed and interstitial fibroblasts 
develop from a mesothelially eovered protmsion of mesenehymal eells, 
the pro-epicardium, which arises from the pericardium in the region of 
the sinus venosus during week 5. The base of the pro-epicardium 
eneompasses bi-potential perieardial eells, which are reemited either to 
the eardiae lineage to form the venous pole of the heart, or else to the 
epieardial lineage. The entire structure expresses Tbxl8. Bone morpho- 
genetie proteins and fibroblast growth faetors influence which lineage 
is followed; the preeise meehanism of speeifieation is not yet elear. Cells 
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Fig. 52.17 Septation of the outflow traet. A, A seanning eleetron mierograph (SEM) of a human heart at stage 18. The pulmonary trunk is separate from 
the aorta. B, An SEM of the human heart at stage 17, showing the luminal aspeet of the right ventriele and the outflow traet. The anterior and parietal 
walls of the outflow traet have been removed along the dotted line shown in A. C, An SEM with added colour to show the structures in B. The outflow 
cushions are unfused. The distal margins of both outflow traet cushions are contributing to the developing pulmonary valve: the third leaflet and sinus of 
this valve are derived from the interealated cushion. The eomponents of the aortie valve develop from the dorsal aspeet of the outflow traet cushions. 
Abbreviations: Ao, aorta; LA, left atrium; LV, left ventriele; PT, pulmonary trunk; RA, right atrium; RV, right ventriele. (Courtesy of Prof G Steding, 
Gòttingen, with permission from Oostra RJ, Steding G, Lamers WH, Moorman AFM. Steding’s and Virágh’s Seanning Eleetron Mieroseopy Atlas of the 
Developing Human Heart. New York: Springer-Verlag, 2006.) 
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Fig. 52.18 A, A seanning eleetron mierograph (SEM) of a human heart at 
32 days (stage 15). The right lateral wall of the right atrium, right ventriele 
and the outflow traet have been removed. The septum primum (S) and 
the developing valve of the sinus venosus (white arrow) are at a distanee 
from the unfused ventral (V) and dorsal (D) atrioventricular cushions. The 
interventricular foramen (primum) is open (O). Its lower margin is made up 
by the developing interventricular septum (I). Note the left anterolateral 
ridge (R) and, at the distal margins of the truncus arteriosus, the valve 
swellings (*) of the putative aorta and pulmonary trunk. Other 
abbreviations: At, atrium; E, embryonie trabeculae; IV, origin of fourth 
aortie areh; VI, origin of sixth aortie areh. B, The septal aspeet of the right 
ventriele of a human heart at 8 weeks. Delamination of the septal cusp of 
the tricuspid valve (T) is taking plaee. A eleft (blaek arrow) has appeared, 
marking the posterior margin of the septal cusp. There are no elefts 
delineating the anterior margins in the region adjaeent to the 
supraventricular erest (C), and the endocardium is continuous. No tension 
apparatus (ehordae tendinae and papillary muscles) is present. Other 
abbreviations: AV, aortie valve; LA, left atrium; PV, pulmonary valve; RA, 
right atrium. 

detaeh from the pro-epieardiiim and spread over the myoeardial tube, 
caudally to eranially and dorsally to ventrally. Thus, in successive stages, 
the pro-epieardial eells approaeh the myoeardial surface of the develop- 
ing atria, atrioventricular eanaf ventrieles and the proximal part of the 
outflow traet. The distal part of the outflow traet, as it beeomes arterial- 
ized with regression of the initial myoeardial walls, is eovered by an 
outgrowth of the perieardial mesothelium at the site of the initial peri- 
eardial refleetions. After the formation of the epicardium, a spaee is 
formed between the developing epicardium and the outer myoeardial 
layer, which is particularly pronounced at the atrioventricular and 
outflow regions of the heart tube. This is the subepicardial spaee, or 
subepicardium; it is subsequently populated by mesenehymal eells that 
are largely derived from the epicardium and which play an important 
role in the formation of the eoronary vasculature. The precursors of 
eoronary fibroblasts, smooth muscle eells and endothelmm are all 
derived from these pluripotent eells, which possibly also play roles in 
the development of non-vascular tissues, including the mesenehyme of 
the atrioventricular cushions and some myoeardial elements. The rem- 
nants of the pro-epicardium ean be found in the area of the developing 
systemie venous tributaries up to stage 15. 


The eoronary arteries were previously assumed to form by means of 
angiogenesis, or sprouting from the aortie root. However, reeent studies 
have demonstrated that the vessels develop prior to the formation of 
the arterial orifiees in the aortie sinuses; it is now thought that the 
vessels arise by vasculogenesis, and that mesenehymal eells in the sub- 
epieardial spaee give rise to primitive vessels that invade the myoear- 
dium and spread over the myoeardial surface. Sprouts of this plexus 
approaeh the base of the outflow traet and eonneet to the sinuses of the 
aortie root. Ultimately only solitary right and left eoronary arteries 
remain, although, in up to one-third of human hearts, small aeeessory 
branehes of the eoronary arteries take origin direetly from the eoronary 
sinuses. The vessels that remain acquire a medial wall and an adventitial 
eovering, whereas those that do not form a medial wall are destined to 
regress. The eoronary veins develop by sprouting from the eoronary 
sinus, draining direetly to the atrial ehambers. The mature eoronary 
vascular pattern is established by remodelling of the eapillary plexuses 
and reduction in the number of arteriovenous anastomoses. 

Atrioventricular valves 


Initially, the atrial myocardium is continuous with the ventrioilar myo- 
cardium through the myocardium of the atrioventricular eanal. The 
atrioventricular eanal itself is eharaeterized by the tissues of the atrio- 
ventricular groove on the epieardial side, and those of the endoeardial 
cushions on the endoeardial side. As the atrioventrioilar valves develop, 
these tissues fuse at the ventricular margin of the eanal, and so dismpt 
myoeardial continuity. Although moleoilar lineage studies in the 
mouse have demonstrated that the atrioventrioilar cushions are initially 
entirely populated by endocardium-derived mesenehymal eells, they 
reeeive a signifieant epieardial contribution during fhrther develop- 
ment, the fibroblasts making up the valvular leaflets, and their tendi- 
nous eords in the formed heart are therefore derived from both the 
endocardium and the epicardium. 

The atrioventricular valves develop as shelf-like projeetions from the 
margins of the atrioventrioilar orifiees. They are direeted as almost 
eomplete eonieal sheets towards the ventrieles, their advaneing edges 
continuing, initially as trabeoilar ridges, deep into the ventrioilar eavity. 
With continued differential growth and excavation on their ventricular 
aspeets, eaeh sheet develops major indentations forming the mitral and 
tricuspid orifiees and defining their prineipal leaflets. Minor marginal 
indentations subdivide some leaflets into seallops. Eaeh leaflet develops 
fimetionally signifieant regional variations in surface texture and its eore 
eondenses as a collagenous fibrous lamina, supported either by the 
fibro-fatty tissue of the atrioventricular groove, or by a fibrous anulus. 
The anterior leaflet of the trioispid valve and the aortie and mural 
leaflets of the mitral valve all appear at about the time of fhsion of the 
atrioventricular and outflow cushions. Delamination of the septal 
leaflet of the tricuspid valve occurs after the eompletion of ventrioilar 
septation, producing the interventrioilar and atrioventricular eompo- 
nents of the membranous septum, and continuing until at least week 
11 (Fig. 52.18B). 

Aortie and piilmonary valves 


The aortie and pulmonary valves form from endoeardial oishions 
within the distal end of the myoeardial outflow traet and beeome popu- 
lated by neural erest eells, in addition to endoeardial- and pharyngeal- 
derived mesenehyme. The fhsing outflow cushions divide, providing 
two mdiments eaeh for the developing aortie and pulmonary valves. 
The remaining leaflet for eaeh valve is then produced from the newly 
appearing interealated cushions (see Fig. 52.17). Eaeh cushion-derived 
intmsion grows, and is also excavated on its mural aspeet to form a 
semilunar valvular leaflet. Similar events affeet the adjaeent walk In this 
way, the pouches between the valves and the walls of the oishions 
gradually enlarge, the mural aspeet of eaeh oishion forming the valvular 
sinuses. The eore of eaeh leaflet forms a collagenous fibrous lamina, 
delieate and thin in eaeh ereseentie lunule, thiek and eompaet in the 
eentral nodule, with marginal radiate and basal bands. The dynamie 
nature of eardiae development makes it difficult to deseribe the posi- 
tions of the leaflets preeisely in spaee; it is, therefore, best to deseribe 
the right, left and non-eoronary sinuses and leaflets of the aortie valve, 
and the adjaeent and non-adjaeent leaflets of the pulmonary valve. 

FETAL CIRCULATION 


As the eardiovasoilar system develops, the embryonie circulation (Ch. 
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circulation and is also able to establish the pulmonary circulation at 
birth. Extensive remodelling of the early aortie areh arteries and (ini- 
tially bilateral) dorsal aortae occurs (Ch. 36). The dorsal aortae persist 
on the eranial side of the third aortie arehes as continuations of the 
internal earotid arteries (see Fig. 36.9). The dorsal aorta between the 
third and fourth aortie arehes, the earotid duct, diminishes and finally 
disappears. From the fourth areh to the origin of the seventh interseg- 
mental artery, the right dorsal aorta beeomes part of the right subclavian 
artery, and caudal to the seventh intersegmental artery the right dorsal 
aorta disappears as far as the locus of fhsion of the thoraeie aortae. After 
disappearanee of the left earotid duct, the remainder persists to form 
the deseending part of the areh of the aorta. The fused right and left 
embryonie dorsal aortae persist as the definitive deseending thoraeie 
and abdominal aorta. A eonstrietion, the aortie isthimis, is sometimes 
present in the aorta between the final site of origin of the left subclavian 
artery and the orifiee of the arterial duct. 

Concomitant ehanges also occur in the early venous system. The 
preeardinal veins enlarge as the head and brain develop. They are 
ffirther augmented by the subclavian veins from the upper limb buds, 
which beeome the ehief tributaries of the eommon eardinal veins, 
gradually assuming an almost vertieal position as the heart deseends 
into the thorax (see Fig. 13.4). That part of the original preeardinal 
vein rostral to the subclavian vein is now the internal jugular vein, 
and their confluence is the braehioeephalie vein of eaeh side. The right 
and left eommon eardinal veins are originally of the same diameter; 
by the development of a large oblique transverse eonneetion, the left 
braehioeephalie vein earries blood aeross from the left to the right. 
The part of the original right preeardinal vein between the junction of 
the two braehioeephalie veins and the azygos veins forms the upper 
part of the superior vena eava. The caudal part of this vessel, below 
the entranee of the azygos vein, is formed by the right eommon eardi- 
nal vein. The left preeardinal and left eommon eardinal veins caudal 
to the transverse branehing of the left braehioeephalie vein largely 
atrophy; the preeardinal constitutes the terminal part of the left supe- 
rior intereostal vein, while the eommon eardinal is represented by the 
ligament of the left superior vena eava and the oblique vein of the left 
atrium. The remainder of the left superior intereostal vein is devel- 
oped from the eranial end of the posteardinal vein and drains the 
seeond, third and, on oeeasion, the fourth intereostal veins. The 
oblique vein passes downwards aeross the baek of the left atrium to 
open into the eoronary sinus, which represents the persistent left horn 
of the systemie venous sinus. 

The fetal eirailation eontains a number of relatively large vessels that 
permit the majority of the blood flow to bypass the liver and lungs. The 
plaeenta serves as the organ for fetal mitrition and excretion, reeeiving 
deoxygenated fetal blood and returning it oxygenated and detoxified. 
Fetal blood reaehes the plaeenta via two umbilical arteries and, in early 
fetal life, returns by two umbilical veins (Fig. 52.19). The right umbili- 
eal vein later disappears, whereas the persisting left umbilical vein 
enters the abdomen at the umbilicus, traverses the edge of the faleiform 
ligament to reaeh the hepatie surface, and then joins the left braneh of 
the portal vein at the hepatie portal. Opposite the junction, a large 
vessel, the ductus venosus, arises and aseends posterior to the liver to 
join the left hepatie vein near its termination in the inferior vena eava. 
(For a detailed developmental account of the eiremnhepatie veins, see 
Figs 60.8-60.11.) The portal vein is small in the fetus eompared to the 
size of the umbilical vein. Parts of the left braneh of the umbilical vein, 
proximal and distal to their junctions, fimetion as branehes of the portal 
vein, earrying oxygenated blood to the right and left parts of the liver. 
Blood in the left umbilical vein, therefore, reaehes the inferior vena eava 
by three routes: some enters the liver direetly and reaehes the vena eava 
via the hepatie veins; a eonsiderable quantity circulates through the liver 
with portal venous blood before also entering by the hepatie veins; and 
the remainder is bypassed into the inferior vena eava by the ductus 
venosus. 

The refreshed plaeental blood passes almost direetly to the aorta for 
distribution to the head and upper limbs. Blood from the ductus 
venosus and hepatie veins mixes in the inferior vena eava with blood 
from the lower limbs and abdominal wall, and enters the right atrfiim. 
Because right atrial pressure is much greater than left atrial pressure, it 
forees the flap-like valve of the septum primum to the left, which 
permits passage of blood from the right to the left atrium. The valve of 
the inferior vena eava is so plaeed as to direet 75% of the riehly oxygen- 
ated blood from the umbilical vein to the foramen ovale and left 
atrium, where it mingles with the limited venous return from the pul- 
monary veins. From the left atrium, blood enters the left ventriele and 
from there flows to the aorta; from here, it is probably distributed 
almost entirely to the heart, head and upper limbs, which means that 
little reaehes the deseending aorta. 
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Fig. 52.19 A plan of the fetal circulation. The arrows indieate the direetion 
of blood flow. The plaeenta is drawn to a greatly reduced seale. 


Blood from the head and upper limbs returns to the right atrium via 
the superior vena eava, flows through the right atrioventrioilar orifiee 
into the right ventriele (together with the small amount of blood that 
is returned via the inferior vena eava), and then passes into the pulmo- 
nary tmnk. However, because the fetal lungs are largely inaetive, only a 
little of the blood from the right ventriele flows through the right and 
left pulmonary arteries and returns to the left atrium via the pulmonary 
veins. The greater part of the outflow through the pulmonary tmnk is 
earried by the ductus arteriosus direetly to the aorta, where it mixes with 
the small quantity of blood that passes from the left ventriele into this 
part of the aorta. The mixture deseends in the aorta and most is returned 
via the umbilical arteries to the plaeenta; some is distributed to the 
lower limbs and the organs of the abdomen and pelvis. 


CHANGES IN THE FETAL CIRCULATI0N AND 
0CCLUSI0N 0F FETAL VESSELS AFTER BIRTH 

At birth, as pulmonary respiration begins, inereased amounts of blood 
from the pulmonary tmnk flow through the pulmonary arteries to the 
lungs and return by the pulmonary veins to the left atrium; pressure 
therefore inereases within the left atrfiim. A deerease in pressure also 
occurs in the inferior vena eava as a result of the reduction of venous 
return eoneomitant with occlusion of the umbilical vein and ductus 
venosus. Atrial pressures beeome equal and the valvular foramen ovale 
is elosed by apposition, and subsequent ffision, of the septum primum 
to the rims of the foramen. Contraction of the atrial septal muscle, 
synehronized with that in the superior vena eava, may assist this closure, 
which oeoirs after fimetional closure of the ductus arteriosus. Although 
the foramen ovale eloses fimetionally after pulmonary respiration is 
established, it does not beeome stmcturally elosed until some time 
later. It is obliterated in fewer than 3% of infants 2 weeks after birth, 
and in 87% by 4 months after birth. Fusion is sometimes ineomplete 















































Heart and great vessels 


and a potential atrial communication (atrial septal defeet) persists 
throughout life. Almost always, this has no hmetional effeet because the 
inequality of atrial pressures and the valve-like arrangement of the 
opening do not favour passage of blood. 

Soon after birth, a number of fetal vessels occlude, although the 
majority remain patent. This differential eonstrietion suggests that the 
walls of a population of fetal vessels are different to those of the remain- 
ing vessels. Bradykinin, one of the kinin polypeptide hormones that 
induce eontraetion or relaxation of smooth muscle, forms in the blood 
of the umbilical eord when the temperature of the eord deereases at or 
shortly after birth. It is also formed and released by granular leukocytes 
in the lungs of the neonate after exposure to adequate oxygen. Brady- 
kinin is a potent eonstrietor of the umbilical arteries and veins, and of 


the ductus arteriosiis, and is also a potent inhibitor of eontraetion of 
the pulmonary vessels. 

Ductus arteriosus 


The ductus arteriosus shunts blood from the pulmonary tmnk to the 
areh of the aorta, bypassing the fetal lungs (see ug. 52.19; Fig. 52.20). 
It arises as a direet continuation of the pulmonary tmnk at the point 
where it divides into right and left pulmonary arteries. It is 8-12 mm 
long, and joins the aorta at an angle of 30-35 0 on the left side, antero- 
laterally, below the origin of the left subclavian artery. The opening of 
the ductus arteriosus into the aorta is greatly elongated. Its diameter at 
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Fig. 52.20 An anterior view of the heart and great vessels in a full-term neonate. The lungs have been displaeed to expose the heart, and the epicardium 
has been disseeted off the heart and the roots of the great vessels. Note that, after birth, blood flow reverses through the ductus arteriosus prior to its 
closure. (After Crelin ES 1969 Anatomy of the Newborn. Philadelphia: Lea and Febiger.) 
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Fig. 52.21 An anterior view with the heart removed to show the 
relationship between the left primary bronchus, the aortie areh and the 
ductus arteriosus in a full-term fetus. (After Crelin ES 1969 Anatomy of 
the Newborn. Philadelphia: Lea and Febiger.) 


its origin from the piilmonary trnnk, when distended with blood, is 
4-5 mm, which is nearly equal to the diameter of the adjaeent aseend- 
ing aorta (5-6 mm). Both arteries taper to a smaller diameter as they 
pass inferiorly and the aorta remains slightly larger (4 mm) (Fig. 
52.21). In the neonate, the ductus arteriosus is elosely related to the left 
primary bronchus inferiorly and the thymus gland anteriorly. 

The ductus arteriosus differs from the other great vessels that arise 
from the heart because its tunica media eontains smooth muscle rather 
than layers of elastin. It has been suggested that the relationship 
between the recurrent laryngeal braneh of the vagus nerve and the 
developing ductus arteriosus is responsible for this histologieal differ- 
enee on the grounds that the left recurrent laryngeal nerve (which, in a 
stage 16 embryo, is very large in relation to the aortie areh system) sup- 
ports the ductus arteriosus as it enwraps it, thereby permitting the 
ductus to develop as a muscular, and not an elastie, artery. 

It is essential that the ductus arteriosus remains patent during intra- 
uterine life. Prostaglandins appear to have a role in maintaining this 
pateney. Fetal and neonatal ductal tissue ean produce prostaglandins 
E 2 , I 2 and F 2 a, which inhibit the ability of the ductus to eontraet in 
response to oxygen. 

Closure of the ductus arteriosus 

The ductus arteriosus starts to elose immediately after birth, although 
blood probably continues to flow intermittently through it for a week 
or so. The flow is reversed relative to that occurring in the fetal circula- 
tion, refleeting the inereased systemie vascular resistanee that follows 
exclusion of the plaeental circulation, and the deereased pulmonary 
resistanee that follows expansion of the lungs. Animal studies have 
shown that reversal of flow occurs rapidly after ventilation begins. 
Blood flow from the left ventriele travelling via the aorta and ductus 
arteriosus contributes almost 50% of total pulmonary blood flow. 
Initial eonstrietion at birth has been attributed to inereased oxygen 
tension. A neural faetor may also be involved; the muscular wall has 
afferent and efferent nerve endings and responds to adrenaline (epine- 
phrine) and noradrenaline (norepinephrine) within 10 minutes of ven- 
tilation onset; this reduces to about 25% by 2 hours. It is suggested that 
the turbulence and inereased shear-stress of this blood flow releases 
vasoeonstrietive faetors from the endothelium (Crossley et al 2009). 

The fìrst stage of ductal closure is eompleted within 10-15 hours and 
the seeond stage takes 2-3 weeks. The fìrst stage eonsists of eontraetion 
of the smooth muscle eells and development of subendothelial oedema. 


Destmetion of the endothelium and proliferation of the intima subse- 
quently occur, and lead to permanent closure. Diverse faetors that may 
promote ductal closure have been identified, and include inereased 
oxygen tension; inereased plasma eateeholamine eoneentrations; sup- 
pression of prostaglandin I 2 production; switching off prostaglandin E 
reeeptors; a synergistie role of prostaglandin F 2 a and oxygen eoneentra- 
tions; and a deerease in plasma adenosine eoneentration. After birth, 
these interrelated events result in the closure of the ductus arteriosus. 
It has been proposed that the high oxygen tension of the reversed blood 
flow through the ductus initiates the synthesis of a hydroperoxy fatty 
aeid that suppresses prostaeyelin production, thus exposing the ductus 
to the eontraetile effeets of prostaglandin endoperoxide. After closure, 
the duct beeomes the ligamentum arteriosum, which eonneets the left 
pulmonary artery (near its origin) with the aortie areh. 


FETAL AND NE0NATAL HEART 


At full term, the heart is situated midway between the crown of the head 
and the lower level of the buttocks (see Fig. 14.6). The anterior surface 
is formed mainly by the right atrium and right ventriele, as it is in the 
adult. This surface is usually eovered by the thymus, which may extend 
over the base of the right ventriele. The heart is relatively large at birth, 
weighing around 20 g. The eardiae output is around 550 ml per minute 
and the blood pressure is 80/46 mmHg. The heart rate during fetal life, 
as term approaehes, is around 150 beats per minute (bpm). It inereases 
at birth to around 180 bpm, deereases over the fìrst 10 mimites after 
birth to 170 bpm, and reaehes 120-140 bpm from 15 mimites to 1 
hour after birth. Any signs of fetal distress will inerease this general basie 
level. The heart rate deereases fhrther with inereasing age: it is normally 
113-127 bpm from 6 months to 1 year, and settles to around 100 bpm 
by the end of the fìrst year. 

Considered relative to the thoraeie landmarks, the foramen ovale lies 
at the level of the third intereostal spaee, with its long axis in the median 
plane. It is 4-6 mm in vertieal length and 3-4 mm wide (see Fig. 14.6). 
It is almost exactly in the eoronal plane of the body, so that blood passes 
from the anterior, or ventral, right atrium posteriorly and upwards to 
reaeh the upper and posterior part of the left atrium. After birth, the 
intra-atrial pressures are equalized, and the free edge of the flap valve 
formed by the primary atrial septum is kept in eontaet with the left side 
of the rims of the fossa, promoting subsequent anatomieal fhsion, 
despite the faet that the foramen remains probe-patent in up to one- 
third of all individuals. The initially free ereseentie margin of the 
infolded superior interatrial fold forms the border of the fossa after 
fhsion; the flap valve formed by the primary septum accounts for its 
floor in the adult heart. 

Functionally, the ventricular septum is often eonsidered to be part 
of the left ventriele; while this is eertainly tme in terms of the orienta- 
tion of the myoeardial aggregates that make up the ventricular walls, it 
is not eorreet from a cellular lineage perspeetive. The ratio of eardiae 
weight is usually expressed as the weight of the right ventriele relative 
to that of the left ventriele and the septum. Calculated in this fashion, 
the left ventriele at birth weighs about 25% more than the right ventri- 
ele. However, the right ventriele has been working against the systemie 
pressure in the fetus, the pulmonary circulation not yet being aetive, 
and there is a preponderanee of right ventrioilar fhnetion in the fìrst 2 
or 3 months after birth. With the establishment of the pulmonary eir- 
culation, the work of the right side of the heart deereases, and the left 
side of the heart, particularly the ventriele, grows rapidly to meet the 
demands of the aetive neonate. By the end of the seeond year, the left 
side weighs twice as much as the right, a ratio that continues to middle 
age. At birth, the average thieknesses of the lateral walls of the ventrieles 
are approximately equal (5 mm). By the end of the third postnatal 
month, the left ventriele has already beeome thieker than the right; it 
beeomes twice as thiek by the seeond year, and three times as thiek by 
puberty. 


C0NGENITAL HEART DEFE0TS 


Defeets of eardiae development may not eome to light until after birth, 
although many, if not most, ean now be observed on fetal ultrasonic 
examination. They may affeet any part of the developing heart, and 
include more complex forms with inappropriate eonneetions of eardiae 
eomponents. They include anomalies such as double inlet ventriele; 
absenee of one atrioventricular eonneetion, eommonly deseribed as 
tricuspid or mitral atresia; and diseordant atrioventricular and 
ventrioilo-arterial eonneetions, also known as eongenitally eorreeted 
transposition. 
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Fig. 52.22 A, Loeation of the defeets that prodiiee an interatrial communication. Only 
defeets vvithin the fossa ovalis are true atrial septal defeets. B, Shunting aeross an 
atrioventricular septal defeet. This ean be atrial (left), ventricular (right) or at both 
levels (middle), depending on the attaehment of the bridging cusps. C, Ventricular 
septal defeets. Depending on the structure of the anatomieal borders seen from the 
right ventriele, these defeets ean be plaeed into perimembranous, muscular or doubly 
eommitted groups. (B and C, Courtesy of Professor RH Anderson, lnstitute of Child 
Health, Llniversity College, London.) 


Congenital eardiae anomalies are often mnltiple, and probably occur 
more frequently in siblings and in ehildren of consanguineous mar- 
riages; there is a low eorrelation among monozygotie twins. Ventricular 
septal defeets are the most eommon lesions, making up around one- 
fifth of all eases, followed by persistent pateney of the ductus arteriosus, 
eoaretation, pulmonary stenosis, Fallot's tetralogy, transposition, aortie 
stenosis, and hypoplasia of the left heart. 

Atrial septal defeets 


A persistent communication between the atrial ehambers within the 
fossa ovale is eommon, and results from the failure of the flap valve of 
the primary atrial septum to fuse with the infolded muscular rims of 
the fossa. When the flap valve is still able to overlap the rims, the eom- 
munication is of no fimetional signifieanee as long as left atrial pressure 
is greater than right, which is usually the ease. However, when the flap 
valve is smaller than the fossa ovale, or when it is perforate, there is a 
tme atrial septal defeet (Fig. 52.22A). 

In normal development, the free leading edge of the septum primum 
merges with the atrioventricular endoeardial cushions, permitting sub- 
sequent formation of the atrioventriailar septum. When this does not 
happen, there is a eommon atrioventricular junction and an atrioven- 
tricular septal defeet. This ean occur when the leaflets of the atrioven- 
tricular valves are fused to the erest of the ventriailar septum (see Fig. 
52.22A), producing an interatrial eomimmieation at the expected site 
of the atrioventrioilar septum. This is the so-ealled ostium primum 
defeet; in reality, it is an atrioventrioilar septal defeet permitting exclu- 
sive atrial shunting. Other interatrial communications ean be formed 
in the mouths of the vena eavae, most frequently the superior vena eava, 
and are usually assoeiated with drainage of the right pulmonary veins 
into the eavo-atrial junction. Known as sinus venosus defeets (see Fig. 
52.22A), their essential feature is a bi-atrial eonneetion of the involved 
eaval vein. An interatrial communication ean also occur through the 
mouth of the eoronary sinus when there is a defieieney or absenee of 
the walls that usually separate the sinus from the left atrium. 

Atrioventricular septal defeets result from failure of fhsion of the 
endoeardial atrioventrioilar cushions, producing a eommon atrioven- 
tricular orifiee and defieieneies of the adjaeent septal structures (Fig. 
52.22B). The eommon orifiee is guarded by a basieally eommon valve, 
with superior and inferior leaflets bridging the scooped-out ventrioilar 
septum and tethered in both right and left ventrieles. Although the left 
eomponent of the valve thus formed is often interpreted as a 'eleft mitral 
valve', it bears no resemblanee to the normally structured mitral valve, 
in reality, because it has three leaflets; the 'eleft' forms the zone of 
apposition between the left ventricular eomponents of the bridging 


leaflets. Two major subgroups are identified. The more frequent pattern 
has a eommon atrioventricular orifiee, and the potential for shunting 
through the septal defeet at both atrial and ventricular levels (see Fig. 
52.22B). The less eommon form has separate right and left atrioven- 
tricular orifiees, and shunting occurs only at atrial level. Oeeasionally, 
when the bridging leaflets are attaehed to the underside of the atrial 
septum, shunting is eonfined at ventricular level and is typieally small. 

Ventrieiilar septal defeets 


The most eommon defeet of the ventricular septum occurs around the 
expected site of the membranous septum in the right wall of the aortie 
vestibule, below the zone of apposition between the non-eoronary and 
right eoronary leaflets of the aortie valve (Fig. 52.22C). The defeet is 
elosely related to the septal leaflet of the trioispid valve, but ean extend 
to open into the ventrioilar outlet beneath the supraventricular erest. 
It occurs because the ventrioilar septum is ineompletely elosed by its 
membranous eomponent, and it is often assoeiated with overriding of 
the erest of the muscular septum by the aortie orifiee, together with 
pulmonary stenosis or atresia and hypertrophy of the right ventriele 
(this latter eombination is known as Fallot's tetralogy). Rarely, the pul- 
monary tmnk ean be normal or even dilated with this eombination of 
abnormalities (Eisenmenger complex). Perimembranous defeets, which 
retain the remnant of the membranous septum as part of their perim- 
eter, ean also occur with abnormal ventriculo-arterial eonneetions, e.g. 
the pulmonary tmnk may override the muscular septum (the Taussig- 
Bing anomaly). In perimembranous ventricular septal defeets, the atrio- 
ventricular bundle and its right and left branehes are always found 
along the posteroinferior margin of the defeet. 

Less eommonly, a septal defeet ean be found in the ventrioilar 
outflow traets roofed by the eonjoined faeing leaflets of the aortie and 
pulmonary valves. Such juxta-arterial defeets are doubly eommitted, in 
that they open beneath the orifiees of both aortie and pulmonary valves. 
They are the result of the failure of formation of the free-standing sub- 
pulmonary muscular infundibulum, but with appropriate septation of 
the ventrioilo-arterial junctions. They usually have a muscular postero- 
inferior rim, which proteets the atrioventricular bundle, but ean extend 
to beeome perimembranous. 

The third type of ventrioilar septal defeet occurs within the muscu- 
lature of the septum; defeets may affeet all parts of the septum and ean 
be multiple, producing a so-ealled 'Swiss eheese' septum. 

Defeets within the inlet part of the septum are important because 
the atrioventricular bundle passes in their upper border. Perimembra- 
nous defeets open into the inlet of the right ventriele, where the atrio- 
ventricular bundle is posteroinferiorly loeated. 
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Fig. 52.23 This heart 
possesses a eommon 
arterial trunk, with a 
eommon tmneal valve 
overriding a juxta- 
arterial defieieney of the 
ventricular septum, the 
result of failure of 
septation of the arterial 
pole of the developing 
heart. (Courtesy of 
Professor RH 
Anderson, lnstitute of 
Child Health, Llniversity 
College, London. 
Speeimen prepared by 
Dr Leon M Gerlis.) 


ANOMALIES OF THE GREAT ARTERIES AND VEINS 

A number of outflow anomalies may occur if the outflow cushions 
either fail to develop or fuse in inappropriate fashion. When the spiral 
septum cushions fail to fuse, the result is a eommon arterial trnnk, 
represented by an undivided arterial ehannef guarded by a eommon 
arterial valve, positioned above and astride the free margin of the mus- 
cular ventricular septum (Fig. 52.23). There is, therefore, a coexisting 
juxta-arterial defieieney of the ventricular septum. The right and left 
pulmonary arteries usually arise via a confluent segment but ean take 
independent origin from the eommon arterial trnnk, which continues 
as the aseending aorta. The eommon valve usually has three leaflets but 
may have two, four or more. The lesion is almost eertainly linked to 
abnormal migration of eells into the heart from the neural erest. 

Transposition of the arterial tmnks (also referred to as transposition 
of the great vessels) is the eondition in which the aorta arises from the 
right ventriele and the pulmonary tmnk from the left. Better deseribed 
as having diseordant ventriculo-arterial eonneetions, such hearts ean 
coexist with defieieneies of eardiae septation. They ean also be found 
with diseordant eonneetions at the atrioventricular junctions, produc- 
ing eongenitally eorreeted transposition. The developmental history of 
diseordant eonneetions remains unknown. 

Double outlet ventriele exists when the greater parts of both arterial 
valves are attaehed within the same ventriele, almost always the right. 
For the eirailation to continue, it is then neeessary for the ventricular 
septum to be defieient, although the septal defeet ean rarely elose as a 
seeondary event. The position of the septal defeet serves for subclassi- 
fieation. It is usually beneath the aorta or the pulmonary trnnk, but ean 
be doubly eommitted or even non-eommitted. 

Either the systemie or pulmonary veins ean be anomalously eon- 
neeted. Right and left superior vena eavae are present in some animals 
and oeeasionally persist in mankind. The most eommon systemie 
anomaly is a persistent left superior vena eava draining into the right 
atrium through the enlarged orifiee of the eoronary sinus. More rarely, 
the persisting left-sided vena eava may eonneet direetly with the supe- 
rior aspeet of the left atrium, usually assoeiated with so-ealled unroof- 
ing of the eoronary sinus, so that the orifiee of the sinus fimetions as 
an interatrial communication. The most eommon lesion of the inferior 
vena eava is when its abdominal course is intermpted, with drainage to 
the heart via the azygos or hemiazygos venous system. This lesion is 
found most frequently with isomerism of the left atrial appendages. The 
pulmonary veins ean be eonneeted to an anomalous site individually 
or in eombination. Totally anomalous eonneetion is of most signifi- 
eanee. Usually, the veins form a confluence behind the left atrium, 
which then eonneets to the superior vena eava, the eoronary sinus or 
the portal venous system after traversing the diaphragm. 

A right aortie areh is found most frequently with Fallot's tetralogy or 
with a eommon arterial tmnk. It ean also exist, together with a left areh, 
in various eombinations known as arterial rings, which eompress the 


oesophagus, giving so-ealled dysphagia lusoria. Persistent pateney of 
the ductus arteriosus must be distinguished from delayed closure. The 
persistently patent ductus ean be an obligatory part of the circulation 
when assoeiated with aortie or pulmonary atresia. Coarctation of the 
aorta ean be found as an isolated lesion when the ductus arteriosus is 
elosed, or with an open duct, when it is more likely to be assoeiated 
with additional lesions within the heart. 

In the adult, the right subclavian artery oeeasionally arises from the 
areh of the aorta distal to the origin of the left subclavian artery, and 
then passes upwards and to the right, behind the traehea and oesopha- 
gus. This eondition is possibly explained by the persistenee of the 
embryonie right dorsal aorta and the obliteration of the fourth aortie 
areh of the right side. 

Ultrasound antenatal imaging of the heart 
and vessels 


In a four-chamber view of the fetal heart, up to about 28 weeks' gesta- 
tion, the heart occupies about one-third of the thorax in the anterior 
left quadrant of the ehest. The two atria are of equal size, as are the two 
ventrieles, which have an intaet interventricular septum between them; 
the apex of the heart points to the left anterior thorax. In moving 
images, the ventrieles show equal eontraetion, the two atrioventricular 
eanals open equally, and the foramen ovale flap valve ean be seen 
fliekering in the left atrium (see Video 14.1). The blood flow through 
the heart ean be demonstrated with colour flow (Fig. 52.24). After 28 
weeks' gestation, the right ventriele may look dilated eompared with 
the left. 

Ultrasound evaluation of the fetal heart eheeks that the fetal heart 
and stomaeh are both on the left and that the liver is on the right. 
Within the four-chamber view, the fimetion and rhythm of the heart 
and the origin of the great vessels from their respeetive ventrieles ean 
be observed. The great vessels ean be assessed in transverse seetion and 
the aorta ean also be assessed longitudinally (see Fig. 14.4); it normally 
arises in the eentre of the thorax, and the vessels to the head and neek 
ean be seen arising from the curve of the aortie areh. For fiirther details 
of ultrasound findings, consult Coady and Bower (2015). 



NEONATAL ARTERIAL AND VEN0US VESSELS 

In the neonate, the blood vessels of the tmnk and their assoeiated vis- 
eeral branehes are relatively larger than the vessels in the limbs, an 
arrangement that favours eentral pooling of blood. Neonatal peripheral 
vessels are nearly mieroseopie; consequently, their cannulation poses 
much more of a problem than is the ease with their adult counterparts. 
Large vessels are in the same relative positions as in the adult but may 
eorrespond to different vertebral levels. Thus, although the bifiireation 
of the eommon earotid artery into internal and external earotid arteries 
occurs at the level of the upper border of the thyroid eartilage, in both 
neonate and adult, the thyroid eartilage is relatively higher in the neo- 
natal neek than it is in the adult. The renal arteries also arise higher in 
the neonate, often between T12 and Ll, whereas they arise at the upper 
border of L2 in the adult. The abdominal aorta biffireates into eommon 
iliae arteries at the upper border of L4, rather than at the lower border 
of L4, as oeoirs in the adult. 

Central venous eatheterization 


Small-bore eatheters ean be fed into large eentral veins or into the right 
atrium via needles or eatheters inserted in the peripheral veins. Typi- 
eally, the median oibital or basilie veins are used in the upper limb, the 
long saphenous vein at the medial malleolus in the lower limb and the 
superficial temporal vein in the sealp. The tip of the eatheter is sited at 
the entranee to the right atrium. The required eatheter length is assessed 
from direet measurement of the distanee between the point of surface 
entry in the limb to the right atrium, estimated at mid-sternal level. Lor 
details of umbilical eatheterization, see Chapter 60. 


RESPIRATORY TREE 


The development of the respiratory system ean be conceptualized as the 
growth of six intertwined trees: the bronehial tree of conducting airways 
and terminal gas-exchanging saes; the systemie arterial and venous trees 
that perfiise and drain the airways, respeetively; the pulmonary arterial 
and venous trees that supply and drain the alveolar membrane, respee- 
tively, and anastomose with the systemie and venous trees (and are 





















Development of the thorax 




Fig. 52.24 A, A normal four-chamber view at 22 weeks’ gestation. 

B, The ventricular inflow with colour flow. Flow (seen in red) is seen from 
eaeh atrium to eaeh ventriele. Abbreviations: LA, left atrium; LV, left 
ventriele; MV, mitral valve; RA, right atrium; RV, right ventriele; TV, 
tricuspid valve. (Courtesy of Gurleen Sharland, Evelina London Children’s 
Hospital.) 
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Respiratory tree 


pivotal to the provision of blood oxygenation and earbon dioxide excre- 
tion after birth); and the lymphatie tree. Development of eaeh tree is 
related to the other and all proeeed in proximal to distal growth and 
expansion. Uniquely, the lung develops while not flilfilling its postnatal 
fhnetion, and must fhnetion effieiently immediately after birth or else 
the baby will require respiratory support and may die of respiratory 
failure. Current knowledge of the molecular basis of lung development 
is based on growth in vitro of human and animal explants (usually 
mouse and rat), and studies using knockout and transgenie miee (Her- 
riges et al 2012). Anomalies of lung development make an important 
contribution to the development of airway diseases such as asthma and 
ehronie obstmetive pulmonary disease (COPD) (Bush 2008). The 
reader is referred to reeent studies of lung developmental biology for 
more information (Roth-Kleiner and Post 2005, Kimura and Deutsch 
2007, Maeda et al 2007, Bhaskaran et al 2009, Kho et al 2010, Morrisey 
and Hogan 2010, Sgantzis et al 2011, Ornitz and Yin 2012). 

The development of the respiratory diverticulum ean first be seen at 
stage 12 (approximately 26 days), when there is a sharp onset of epi- 
thelial proliferation within the foregut at regions of the endoderm tube 
destined to beeome the lungs, stomaeh, liver and dorsal panereas. The 
speeialist respiratory epithelium forms from the endoderm, whereas the 
other elements of the airway wall are of mesenehymal origin. The future 
respiratory epithelium bulges ventrally into the investing splanehno- 
pleuric mesenehyme, then grows caudally as a bulb-shaped tube (Fig. 
52.25; see Figs 52.1C, 60.3, 60.5). By stage 13, the caudal end of the 
tube has divided asymmetrieally to form the future primary bronehi; 
with growth, the right primary bronchus beeomes orientated more 
caudally, whereas the left extends more transversely. The traehea is 
elearly reeognizable at stage 14. From this time, the origin of the traehea 
remains elose to its site of evagination from the future oesophagus; 
however, longitudinal growth of the traehea causes the region of the 
future earina to deseend, ultimately to lie within the thorax. Failure of 
eomplete separation between traehea and oesophagus will result in the 
baby being born with one of the variants of traeheo-oesophageal fistula 
(see below). 

There is a sexual dimorphism in lung development. Androgens delay 
fetal lung maturation while stimulating fetal lung growth; in males, type 
II eells are less mature than in females, as they develop during the 
canalicular phase, perhaps because androgens bloek the effeets of eor- 
tisol on fibroblast-pneumocyte faetor eoneentrations. It is possible that, 
in male fetuses, surfactant production is delayed. The elinieal counter- 
part is the observation that preterm males may have worse respiratory 
distress than females after eontrol for other risk faetors, such as degree 
of prematurity. 


TRACHEA 


The traehea starts to develop at stage 12, as a ventral outgrowth from 
the endodermal foregut into the mesenehyme that surrounds the sinus 
venosus and inflow traet of the heart (see Figs 52.1C, 60.3, 60.5). The 
point at which the original respiratory diverticulum buds from the 
foregut, the laryngotraeheal groove, remains at a eonstant level during 
the embryonie period, and the traehea lengthens distally as the biflirea- 
tion point deseends. The respiratory diverticulum generally beeomes 
surrounded by angiogenie mesenehyme that eonneets to the developing 
sixth aortie areh artery and is essential for airway branehing. By stage 
17, the mesenehyme around the traehea is beginning to eondense to 
form eartilage. 

Initially, the traeheal mesenehyme is continuous with that surround- 
ing the ventral wall of the oesophagus (see Fig. 52.3). Progressive 
lengthening and continued division of the traeheal bud, together with 
deviation of the lung buds dorsally, isolates the oesophagus and traehea 
within tissue-specific mesenehyme and faeilitates regional differentia- 
tion, not only between traehea and hrngs, but also within the lungs 
themselves, i.e. the number of lobes, or the degree of growth and matu- 
rity of a particular lung. Eaeh lung develops by a proeess of diehoto- 
mous branehing. For branehing to occur, a eleft must develop in the tip 
(or side) of the epithelial tube. The epithelium then evaginates eaeh 
side of the eleft, forming new branehes that lengthen, and the proeess 
is then repeated (see Fig. 11.3). At the tips of the developing epithelial 
buds, the mesenehyme is flattened and densely paeked, whereas it 
forms an ordered row of cuboidal eells along the side of the bud and 
in the elefts. Cells in both arrangements send proeesses towards the 
epithelial basal lamina, which is thieker in the elefts, but so attenuated 
as to be almost indistinguishable on the tips of the buds where the 
epithelium and mesenehymal eells form intimate eontaets. Tenasein, an 
extracellular matrix molecule, is present in the budding and distal tip 
regions, but absent in the elefts. Conversely, fibroneetin, an extracellular 
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Fig. 52.25 Development of the respiratory tree and diaphragm. 

A-C, Development of the endodermal respiratory tree. D, Major epithelial 
populations in the early embryo from a left dorsolateral view. The lung 
buds are bulging into the laterally plaeed perieardioperitoneal eanals. 


matrix molecule found eommonly in basal laminae, is found in the 
elefts and along the sides of the developing bronehi, but not on the 
budding and distal tips. It is likely that, after the first generation, 
branehing morphogenesis is not rigidly prespeeified, but adapts to the 
spaee available within the mesenehyme (Blane et al 2012). 

The eontrol of the branehing pattern of the respiratory tree resides 
with the splanchnopleuric mesenehyme. Experimental reeombination 
of traeheal mesenehyme with bronehial respiratory endoderm results 
in inhibition of bronehial branehing, whereas reeombination of bron- 
ehial mesenehyme with traeheal epithelium will induce bronehial out- 
growths from the traehea. Experimental exposure of rat fetal airway to 
ehiek mesenehyme produces a ehiek airway branehing pattern. Broadly, 
reeeptor tyrosine kinases and their ligands positively modulate growth 
and branehing morphogenesis, while transforming growth faetor beta 
(TGF-p) family members have an inhibitory effeet. 

Interestingly, even at this early stage, airway smooth muscle is inner- 
vated and eontraetile ( Tollet et al 2002). Phasie eontraetion and relaxa- 
tion of airways is important in growth faetor release. Smooth muscle 
and nerves are found outside the airways at this developmental stage. 
Glial-derived neurotrophic faetor (GDNF) is important in this proeess. 

In the normal neonate, the traehea is relatively small in relation to 
the larynx (see "ig. 14.6B). The walls of the traehea are relatively thiek 


925 


CHAPTER 52 









































SECTION 7 


DEVELOPMENT OF THE THORAX 


and the traeheal eartilages are relatively eloser together than in the 
adult. The traehea begins at the upper border of the sixth eervieal ver- 
tebra, a relationship that is eonserved with growth, and it bifìireates at 
the level of the third or fourth thoraeie vertebra. 

Endotraeheal intubation in the neonate 

The insertion of an endotraeheal tube is a procedure that may be 
required to resuscitate the newborn at birth and, subsequently, to 
enable artifieial ventilation. Initially, the tube is usually introduced 
orally and it is then guided through the voeal eords under direet vision 
using a laryngoseope. The length of the traehea in the neonate ean be 
as short as 3 em in premature infants, and the distanee from T1 to 
earina ranges from 1.4 em in babies weighing 500-1000 g to 1.8 em in 
those weighing 3001-3500 g. Onee in plaee, the tip of the tube should 
be in the mid-traehea, well above the earina. 

The required length of the tube ean be estimated aeeording to birth 
weight. If a shouldered tube is used, only the distal, tapered portion of 
the tube is inserted beyond the voeal eords, and the shoulders should 
prevent the tube being advaneed too far. Confirmation of eorreet posi- 
tioning of the endotraeheal tube is obtained from a ehest X-ray. The 
anatomieal referenee points used for the X-ray to assess the position of 
the endotraeheal tube are the elavieles, the bodies of the vertebrae and 
the earina (although the last of these is not always visible on X-ray). 
Previously, it was advised that the tip of the endotraeheal tube should 
be plaeed just below the elavieles, at the level of the first rib or 1-2 em 
above the earina. Reeently, this has been revised because positioning of 
the elavieles ean vary aeeording to angulation and plaeement of the 
baby, and the earina eannot always be identified. It is now suggested 
that the body of the first thoraeie vertebra (T1) is a more stable referenee 
point as the target for the tip of the endotraeheal tube. 

LUNGS 


Branehing of the conducting airways is generally eomplete by week 16. 
Airways subsequently inerease in size but not in number. Alveolar devel- 
opment is largely (but not eompletely) a postnatal phenomenon. The 
development of pre-aeinar blood vessels follows the conducting airway 
development, the airways aeting as a template for blood vessel develop- 
ment by de novo vasailogenesis driven by epithelial-derived vasailar 
endothelial growth faetor (VEGF), whereas development of intra-aeinar 
blood vessels follows the development of the alveolar ducts and alveo- 
lar saes. Lung development is deseribed histologieally as progressing 
through embryonie, pseudoglandular, canalicular, saccular and alveolar 
phases. (For fhrther details, see Bush (2005).) 

Embryonie phase (0—7 weeks: appearanee of 
lung buds and main pulmonary arteries) 

The lung buds grow dorsally, passing eaeh side of the relatively smaller 
oesophagus, and bulge into the medial walls of the laterally situated 
perieardioperitoneal eanals (see Figs 52.25, 60. 5A). The investing 
splanchnopleuric mesenehyme surrounding the lung buds eontains a 
mixed population of eells. Further mesenehymal eells will differentiate 
into the smooth muscle eells that surround both the respiratory tubes 
and the blood vessels. In stage 13 embryos, proliferation of the adjaeent 
splanchnopleuric eoelomie epithelium (of the primary pleural eavities) 
is espeeially evident. The proliferative aetivity deereases in stage 14, and 
the mesenehyme beeomes arranged in zones around the developing 
endoderm. Key moleoiles in airway branehing include the fibroblast 
growth faetors (FGFs), espeeially FGF-10, and their four reeeptors. There 
is almost eertainly redundancy in the system, sinee miee null for either 
FGF-1 or FGF-7 exhibit normal lung development, despite the potent 
in vitro effeets of these mediators. The key reeeptor appears to be 
FGFR2IIIb, and those ligands that bind it. Sonie hedgehog is important 
in lung development; it is tightly regulated and over-expression leads 
to the formation of excessive lung mesenehyme. The three members of 
the gli family of transeription faetors are implieated in Sonie hedgehog 
signalling. Sonie hedgehog produced in distal epithelial eells appears 
to aet on mesenehymal eells to suppress FGF-10 to limit budding. Other 
signals interaeting with this proeess include bone morphogenetie 
protein 4 and TGF-(3l. 

At stage 15, angiogenetie mesenehyme is apparent around the 
primary bronehi. It forms an extensive eapillary network around eaeh 
lung bud, reeeiving blood from the developing sixth aortie areh artery 
and draining it into an anastomosis eonneeted to the dorsal surface of 
926 the left atrium in the mediastinal mesenehyme. The pulmonary arteries 


arise from the sixth aortie areh arteries, and the pulmonary veins 
develop from a solitary ehannel derived from the dorsal mesocardium, 
which, by branehing morphogenesis, establishes continuity with the 
vasoilar plexus formed in the mediastinal mesenehyme. The pulmonary 
veins beeome surrounded by myocardium to the level of the seeond 
bifhreation. The veins themselves expand and are ineorporated into the 
roof of the left atrium; eardiae muscle is, therefore, found in the eentral 
branehes of the pulmonary venous tree (Hislop 2005). 

The lung buds on eaeh side of the oesophagus projeet dorsally into 
the perieardioperitoneal eanals at stage 15. After this stage, the eoelomie 
epithelium at the perimeter of the lung surface follows a differentiation 
pathway to form the viseeral pleura. Lobar or seeondary bronehi ean be 
seen at stage 16, and the bronchopulmonary segments are present at 
stage 17 (see Fig. 60.3). Later stages of respiratory development involve 
the repeated division of the bronehial tree to form the subsegmental 
bronehi. 

Pseudoglandular phase (5-17 weeks: 
development of airways and blood vessels 
to level of acinus) 


By stage 17 (late sixth to early seventh week), the separation of the lungs 
from the digestive system is eomplete and the pseudoglandular phase 
of pulmonary development, which includes the development of the 
lower conducting airways and the appearanee of the aeinar structures, 
ean be identified. During this period, virtually the eomplete branehing 
structure of the future bronehial tree is laid down, giving rise to 20 
generations. 

The growth and branehing of the endoderm epithelium is eontrolled 
by the loeal investing splanchnopleuric mesenehyme. The airways begin 
to differentiate during this stage. Primitive eiliated eells appear at about 
week 7, initially in the region of the membranous traehea, and in the 
cartilaginous region by week 12. Ciliary biology and eiliopathy are an 
inereasing focus of study (Bush and Hogg 2012). There are three known 
types of eilia. Best known are motile eilia, which propel mucus along 
epithelial surfaces, or are responsible for motility of unicellular organ- 
isms, but also probably have some eell signalling role; these are abnor- 
mal in primary eiliary dyskinesia (PCD, Kartagener's syndrome). Nodal 
eilia are also motile and are responsible for determining organ situs in 
the developing embryo (Nonaka et al 2002). Primary eilia are non- 
motile, are ubiquitous throughout the body, and have a wide range of 
signalling fimetions during development (Goetz and Anderson 2010). 
The exact in utero fimetion of these early eiliated eells in the traehea is 
obscure. It is unclear whether airway eiliated eells develop from an 
undifferentiated precursor or through the fiirther development of a 
population of seeretory eells. The epithelium differentiates into eiliated 
and goblet eells. The proximal airways develop basal eells from week 
11, and eiliogenesis is eomplete at birth in humans. Mucous glands 
develop by 12 weeks and enlarge in the submucosa; seeretory aetivity 
has been identified in the traehea at 14 weeks. The splanchnopleuric 
mesenehyme eondenses around the epithelium and differentiates into 
eonneetive tissue eell types and smooth muscle, which differentiates 
proximal to the tips of the developing airways as they develop, from 
week 6 onwards. Smooth muscle eells are innervated from as early as 
week 8 (see below). First-trimester human traeheal smooth muscle eells 
have a fluctuating resting membrane potential that is assoeiated with 
the spontaneous development of tone and peristalsis-like eontraetions 
of the airway of a myogenie nature, probably modified by neurohu- 
moral faetors. These eontraetions are important in moving fluid from 
distal to proximal within the airways, which is essential for normal lung 
development and may also stimulate mediator release. Clara eells 
develop in the peripheral airways during the pseudoglandular period. 
They produce a 10 kDa protein (CC10) with immunomodulatory and 
anti-inflammatory aetivities, as well as producing a surfactant apopro- 
tein. Cartilage also develops during this period, and is found in the 
airways in an adult distribution by 24 weeks. By the end of this period, 
the airway branehing and the pre-aeinar vascular patterns are fully 
mature. A normal airway 'template' is essential for normal alveolar 
formation; in eonditions eharaeterized by an abnormal airway braneh- 
ing pattern (e.g. both ipsilateral and eontralateral to a diaphragmatie 
hernia), a degree of pulmonary alveolar hypoplasia is inevitable. 

Endothelial development is also seen in the pseudoglandular phase 
when eapillary networks form around the developing lung buds. These 
networks will beeome eapillary anastomoses around the future alveoli. 
The mesenehyme produces both the endothelium and the smooth 
muscle eells of the tunica media of the vessels. Vimentin occurs in the 
eells around developing vessels in the pseudoglandular stage, but is 
replaeed by desmin in the saccular phase. 








Respiratory tree 


Canalicular phase (17-27 weeks: formation 
of respiratory airways and thinning of blood- 
gas barrier) 


During the canalicular phase, about two to three generations of braneh- 
ing take plaee, after which the amount of mesenehyme around the 
branehing tips of the dividing respiratory tree deereases and the distal 
airspaees widen. At 23 weeks, longitudinal seetions of the future distal 
regions show a sawtooth margin, which may indieate the site of fhrther 
aeini. Peripheral growth is aeeompanied by an inerease in the eapillary 
network around the distal airspaees. In many plaees, the eapillaries are 
in elose eontaet with the respiratory cuboidal epithelium. The primitive 
cuboidal eells, which hitherto predominated in this part of the lung, 
differentiate into type 2 epithelial eells (pneumocytes), eontaining 
lamellar bodies that form the intracellular storage bodies of smfaetant, 
and type 1 epithelial eells (pneumocytes). Type II pneumocytes are 
believed to be the stem eells of the alveolar epithelium. Apposition of 
the eapillary networks to the thin pneumocytes (type 1), and reduction 
of the interstitial tissue of the lung, are prerequisites for future effeetive 
gas exchange. By 24 weeks of gestation, the histologieal eharaeteristies 
of the airways, including eartilage distribution, are the same as in 
the adult. 

Saccular/alveolar phase (28 weeks to term: 
first appearanee of alveoli in hiimans) 


Thin-walled terminal saccules are apparent at the saccular stage and will 
beeome alveolar ducts as development proeeeds. The expansion of the 
prospeetive respiratory airspaees that occurs during this period is 
aeeompanied by a further deerease in the amount of interstitial tissue, 
and the eapillary networks beeome ever more elosely opposed to the 
pneumocyte epithelium. Invaginations (seeondary erests) develop from 
the saeaile walls. As a erest protmdes into a saeaile, part of the eapillary 
network beeomes drawn into it. After the later expansion of the saeailes 
on eaeh side of the erest, a double eapillary layer beeomes annexed 
between what are now alveolar walls. During the saccular stage, elastin 
is deposited beneath the epithelium (an important step for future alveo- 
lar formation), and surfactant production from type 2 pneumocytes 
(essential for the survival of a preterm neonate) matures. 

Maturation of the blood-gas barrier is an essential part of normal 
human development but the molecular basis of this is little understood. 
Meehanieal streteh drives type 2 to type 1 eell differentiation. VEGF is 
a key mediator; it is upregulated by hypoxia, in late gestation, by eyelie 
streteh and by the transeription faetor HIF2a. Type 2 eell maturation 
and eapillary development fail in HIF2a - / - miee. VEGF also drives sur- 
faetant production from glyeogen in type 2 eells. 

Alveolar phase 


Exactly when the saeoilar stmcture of the lung ean be termed alveolar 
is notyet elear: estimates range from 28 to 32 weeks. The distal airspaees 
expand during late gestation and continue to do so after birth. The 
number of alveoli present at birth (variously estimated as between none 
and 5 x 10 7 ) is eontroversial but the numbers probably inerease particu- 
larly rapidly over the fìrst 6 months of life. This proeess is aeeompanied 
by fhsion of adjaeent eapillary nets, so that, shortly after birth, there is 
an extensive double eapillary net. Fusion of these layers is apparent at 
28 days postnatally, extensive at 1.5 years and probably eomplete by 5 
years. The alveolar stage is now eonsidered to continue beyond infaney 
and to last throughout ehildhood (see below). Interestingly in rats and 
miee, formation of alveoli is entirely postnatal. 

The formation of millions of alveoli is aeeomplished by a complex 
proeess of folding and division. Existing walls of distal airspaees beeome 
thinner as pneumocyte epithelial eells flatten, and some eells undergo 
apoptosis. Ridges subsequently grow out from the sides of the saccule 
walls, forming primitive alveoli. The seeondary septa eontain a double 
eapillary layer and fhrther new alveoli form by the infolding of one of 
these layers, hirther subdividing the airspaees. The double eapillary 
networks then undergo remodelling to form the familiar single eapillary 
sheet around eaeh alveolus. Conducting airways also undergo profound 
postnatal ehanges and exhibit inereased smooth muscle and broneho- 
eonstrietor responsiveness. The preeise molecular signalling for these 
proeesses has yet to be established. However, they are elearly tightly 
regulated developmentally; hyperoxia or dexamethasone treatment of 
rats during the alveolarization period permanently abrogates alveolar 
development. This experimental fìnding implies that iatrogenie damage 
to the developing alveoli when ventilating a preterm baby with oxygen- 


enriehed mixtures is probably irreversible and, indeed, may be the basis 
of 'new' bronchopulmonary dysplasia. 

Elastin gene expression, possibly modulated through retinoie aeid, 
appears to be of pivotal importanee in alveolar budding. Retinoie aeid 
treatment of rats inereases alveolarization, and salvages some alveoli in 
an experimental model, whereas miee with a deletion in the retinoie 
aeid reeeptor y have impaired alveolarization. Retinoie aeid regulates 
the expression of a nrnnber of growth signalling moleoiles, homeobox 
genes and lung epithelial genes; other gene groups involved in alveo- 
larization probably include TGF-(3, platelet-derived and fìbroblast 
growth faetors. (For fhrther reading on the eontrol of alveogenesis, see 
Galambos and DeMello (2008) and Hind et al (2009).) 

Development of the intrapiilmonary 
vasculature and lymphaties 


In an adult lung, the pulmonary arteries aeeompany the airways. The 
pulmonary veins have a similar number of branehes but are separated 
from the airways by the alveoli; they have a different embryologieal 
origin, being derived from the mediastinal mesenehyme proximally 
rather than from the splanchnopleuric mesenehyme around the bifur- 
eating respiratory tree. New vessels are formed by either vasculogenesis 
(the formation in situ of new blood vessels) or angiogenesis (out- 
sprouting from existing vessels). Failure of separation of pulmonary 
veins from the arterial-airway bundle is a feature of the alveolar- 
eapillary dysplasia speetmm (alveolar-eapillary dysplasia with mis- 
alignment of the pulmonary veins), and may be caused by FOXFl or 
STRA6 mutations (Bishop et al 2011). The mesenehyme around the 
single lung bud eontains a number of eells that stain positively for the 
endothelial eell markers CD34 and CD31. The earliest pulmonary 
vessels form in the mesenehyme by vasculogenesis; the eapillaries 
eoalesee to form small blood vessels alongside the airways. By 34 days 
of gestation, blood circulates from the aortie sae via pulmonary arteries 
into a eapillary plexus around the two lung buds and drains to the 
developing atrium. As eaeh new airway forms in the mesenehyme, a 
new plexus forms as a halo around it and eoalesees with the vessels 
already alongside the previous airway. In this way, addition of the newly 
formed tubules to the existing vessels is sustained; the airways aet as a 
template for the development of blood vessels. Vessel formation oeoirs 
at least until the end of the pseudoglandular stage and is probably 
eontrolled by production of VEGF from the epithelial eells of the 
peripheral lung buds. As the arteries inerease in size, they acquire a 
muscular wall. Initially, this arterial tunica media is derived from the 
bronehial smooth muscle of the adjaeent airways, but as the vessels 
progressively enlarge, eells derived from the splanchnopleuric mesen- 
ehyme differentiate around the wall to form layers of smooth muscle 
eells. The muscular wall is thiek relative to the lumen and this, in part, 
inereases resistanee to blood flow, although only 10% of blood flow 
goes through the pulmonary circulation of the lung during intrauterine 
life. None the less, this small blood flow is important in normal lung 
development (see below). At 20 weeks, the structure of the pulmonary 
vessels is the same as it is in the adult. Vasoilar innervation follows 
muscularization; the vasoaetive peptides in the nerves are predomi- 
nantly vasoeonstrietor. 

As the pulmonary veins enlarge, they beeome separated from the 
airways by lymphatie vessels lying within eonneetive tissue. At around 
week 12, the peripheral veins develop a single layer of smooth muscle 
eells in their walls. This layer is derived only from the splanchnopleuric 
mesenehyme and not from bronehial smooth muscle (as occurs in the 
arteries). The lumen of eaeh vein is relatively large and the wall is rela- 
tively thin at all levels. Arteries and veins continue to develop in the 
canalicular phase, probably by angiogenesis; dividing eells are seen in 
the peripheral eapillaries. The epithelium of the most peripheral eon- 
ducting airways flattens when the developing eapillaries eome to lie 
immediately subjacent to it during this phase. (For a review of the 
development of the pulmonary circulation, see Hislop (2005).) 

Fymphatie eapillaries and vessels rnn within bronchovascular 
bundles. Fymphatie ehannels develop from outgrowths of vascular 
endothelial eells; the moleodar trigger for lymphatie sprouting is 
VEGF-C and D, aeting through the VEGF reeeptor 3 (Janér et al 2006). 

(See Kulkarni et al (2011) for a review of lymphatie development in the 
lung.) 

As well as developing a pulmonary circulation, the lung also devel- 
ops a bronehial supply from the systemie circulation. Two or three 
bronehial arteries grow from the deseending aorta from week 8 omvards, 
entering the lung at the hilum. These arteries extend down the intrapul- 
monary airways, eventually forming subepithelial and adventitial plex- 
uses, which, by birth, have reaehed the distal portions of the bronehioli. 927 
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The bronehial veins from the periphery of the lungs drain into the 
pulmonary veins. Bronehial arteries also supply the pleura near the 
hilum, and form vasa vasomm in the adventitia of the large arteries and 
veins. Postnatally, inflammatory lung eonditions, such as asthma, eystie 
fibrosis and bronehieetasis, cause hypertrophy of the bronehial circula- 
tion and these vessels may bleed, sometimes giving rise to massive 
haemoptysis (see McCullagh et al (2010 ). 

Intraiiterine maturation of the lungs 


There are more than 30 different eell types within the adult lung that 
mature during development. Only a few important ehanges relevant to 
human disease will be highlighted here. 

Pulmonary surfactant is produced by type 2 alveolar epithelial eells 
and stored in lamellar bodies. Surfactant proteins (Sp) B and C are 
surface-active, whereas A and D are part of the eolleetin family of 
pattern reeognition reeeptors. Surfactant is emeial for maintaining the 
fimetional integrity of alveoli; the main morbidity of extreme prematu- 
rity refleets surfactant defieieney causing neonatal respiratory distress 
(treatment of these babies has been transformed by the availability of 
exogenous surfactant). Mutations in the genes eneoding SpB and SpC, 
ABCA3 (responsible for surfactant proeessing) and the transeription 
faetor TTF-1 (eontrolling SpB , SpC and ABCA3 expression) ean all 
present in the newborn period in term babies with relentlessly progres- 
sive respiratory distress, with diffiise ground-glass shadowing on 
imaging studies (Bush and Nieholson 2008, Galambos et al 2010). Fetal 
breathing movements appear to be important in surfactant synthesis: 
the fimetional maturation of the surfactant system ean be aeeelerated 
therapeutically by the administration of steroids to the mother. 

Normal lung development requires sufficient intrathoraeie spaee, 
normal fetal breathing movements and sufficient amniotie fluid. There 
is evidenee that perturbation of fetal lung blood flow also affeets lung 
growth, even though most of the right ventriailar output of the heart 
is shunted away from the lungs through the ductus arteriosus; pulmo- 
nary valve stenosis is assoeiated with pulmonary hypoplasia. 

Although many fetal organs are able to grow to normal proportions 
even if they are in abnormal loeations, this is not the ease for the lungs. 
Lung growth beeomes impaired by restrieted expansion, and distension 
of the developing lung may provide a major stimulus to growth during 
normal development. Absenee or impairment of fetal breathing move- 
ments, and anomalies affeeting diaphragmatie aetivity, are all assoeiated 
with pulmonary hypoplasia. It is believed that normal fetal breathing 
movements inerease the lung volume and stimulate growth of the distal 
airspaees. These movements involve rhythmie aetivation of the dia- 
phragm and the muscles of the upper respiratory traet; even though 
they are neeessarily very small eompared with those seen after birth 
(because the fetal airways are filled with lung fluid), there is evidenee 
that these phasie movements are important in the release of growth 
faetors. (The role of fetal breathing movements has been reviewed in 
Inanlou et al (2005).) 

During development, the mucous glands of the traehea and bronehi 
seerete a ehloride-rieh fluid, which usually passes up the respiratory 
traet to mix with the amniotie fluid. The relationship between lung fluid 
and amniotie fluid is far more complex than was previously believed. 
Pulmonary hypoplasia at birth may be assoeiated with severe eongenital 
urinary obstmetion and oligohydramnios (Potter s syndrome). In renal 
agenesis, reduced bronehial branehing occurs as early as 12-14 weeks 
of gestation (i.e. at a time before amniotie fluid is produced by the 
kidneys), which suggests that a direet renal faetor supports lung devel- 
opment. Later, the presenee of amniotie ffiiid is neeessary for normal 
fetal lung development. The fetal lung is a net fluid seeretor, the output 
of fluid reaehing as high as 5 ml/kg shortly before birth (see p. 179). 
Most of the ffiiid produced within the lungs remains there because of 
the meehanieal effeet exerted by amniotie fluid pressure and, normally, 
only a small amount of this fluid contributes to the amniotie fluid. The 
normal fimetioning of the kidneys regulates the volume and pressure 
of the lung airway fluid and may, in turn, provide the pressure needed 
for expansion and enlargement of the bronehial and pulmonary 
systems. Interestingly, obstmetion to the fetal airway causes aeeelerated 
maturation of alveoli; this approaeh has been used therapeutically in 
eongenital diaphragmatie hernia, where intermittent inflation and 
deflation of an intratraeheal balloon in a lamb model resulted in better 
lung growth and maturation (Nelson et al 2005). 

Two other eell types that are part of normal lung development, 
neuroendocrine eells and glyeogen-eontaining eells, are implieated in 
postnatal paediatrie interstitial lung disease, with early onset of respira- 
tory distress. Neuroendocrine eells are found in the normal developing 
928 airway. Neuroendocrine eell hyperplasia of infaney (NEHI) is eharaeter- 


ized by persistenee of bombesin-positive neuroendocrine eells. Persist- 
enee of glyeogen-eontaining eells results in pulmonary interstitial 
glyeogenosis (PIG), which is not related to any of the systemie glyeogen 
storage diseases. Both eonditions tend to remit over time, and in neither 
ease is it known whether the abnormal eells are of pathophysiologieal 
signifieanee or are merely markers of another proeess. 

Adverse effeets on intrauterine 
lung development 


There is inereasing evidenee from epidemiologieal studies that ante- 
natal faetors have effeets on lung development that are long-lasting. The 
earliest major effeet is eongenital diaphragmatie hernia, which leads to 
both ipsilateral and eontralateral anomalies in branehing pattern in 
the first 16 weeks of gestation that eannot be eorreeted subsequently, 
even by intrauterine traeheal balloon occlusion. Inevitably, abnormal 
branehing leads to abnormal alveolarization in this eondition. The 
most important later influence is maternal smoking but there is evi- 
denee that maternal exposure to pollution is also important (Latzin 
et al 2009). Animal studies have eonfirmed that antenatal nieotine 
exposure leads to structural ehanges in the fetal lung (Elliot et al 2001, 
Sekhon et al 2002, Fu et al 2011). Other faetors that may be important 
include maternal hypertension in pregnaney, and maternal antibiotie 
and paraeetamol usage. 

Ultrasound antenatal imaging of the lungs 

Pulmonary hypoplasia, an absolute deerease in lung volume and weight 
for gestational age, may be identified but eannot be eonfirmed. It is 
normally assoeiated with oligohydramnios and renal agenesis. Unilat- 
eral hypoplasia may be suggested by rotation and displaeement of 
the heart on ultrasound examination. In bilateral pulmonary hypopla- 
sia, the heart appears relatively large with reduced ehest volume. How- 
ever, intrauterine growth retardation may also cause similar findings. 
inereased eehogenieity of the lungs indieates eonditions that prevent 
the normal circulation of lung fluid (for fhrther details, consult Coady 
and Bower (2015]). Details of prenatal lung anomalies and their detee- 
tion are given in Epelman et al (2013). 

FUNCTI0NAL CHANGES IN THE LUNG AR0UND THE 
TIME 0F BIRTH 


Just prior to birth, the plaeenta is the organ of respiration. Virtually all 
the venous return to the right heart is shunted away from the lungs 
through the foramen ovale and the ductus arteriosus. Pulmonary vas- 
cular resistanee (PVR) is maintained at a very high level by the muscular 
preeapillary pulmonary vessels. At birth, the umbilical eord is tied and 
cut; within seeonds, the lungs must take over all respiratory fimetion in 
order to maintain life. They also must eonvert from seereting fluid to 
absorbing it. The meehanisms that mediate these dramatie ehanges are 
obscure. However, it is elear that the first breath results in vasodilation 
by at least two meehanisms. First, there is the meehanieal effeet of trae- 
tion on the vasculature: as the ehest wall expands, it pulls open the 
pulmonary vessels. Seeond, oxygen entering the lungs for the first time 
produces pulmonary vasodilation. The experimental demonstration 
that PVR falls, even if the fetus is delivered into an atmosphere of pure 
nitrogen, implies that other mediators, including cyclo-oxygenase 
metabolites, are important. The gene for cyclo-oxygenase 1 (but not 2) 
in endothelfiim and vascular smooth muscle shows enhaneed expres- 
sion in late fetal and early postnatal life. Endothelin reeeptor expression 
inereases around the time of birth, implying a role for this system in 
postnatal adaptation (Levy et al 2005). The role of nitrie oxide in post- 
natal adaptation is eontroversial and there are likely to be important 
speeies differenees. Nitrie oxide synthase (NOS) is more abundant in 
young eompared with mature animals, and smooth muscle sensitivity 
to nitrie oxide may be greater at birth than in older animals. The effeets 
of mediators may differ ante- and postnatally, e.g. endothelin (ET)-l 
causes vasodilation in fetal sheep, but vasoeonstrietion postnatally in 
lambs. Immediately after birth, and before structural remodelling has 
taken plaee, PVR may rise steeply if the baby beeomes even minimally 
hypoxic or aeidaemie. The fetal shunts (foramen ovale and ductus arte- 
riosus) reopen and right to left shunting causes profound hypoxaemia 
and 'persistent fetal circulation' 

To summarize, at birth, the lung volume is small but related to body 
weight; all airways are present and differentiated (eartilage, glands, 
muscle, nerves); the one-third to one-half of the adult eomplement of 
alveoli present at birth give sufficient surface area for gas exchange; the 
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morphology of the blood-gas barrier is the same as in adiilts; and most 
arteries and veins are present. 


POSTNATAL LUNG DEVELOPMENT 


The amount and type of eonneetive tissue in the lung ehange after birth. 
The neonatal lung has abundant type III and type IV eollagen, but little 
type I eollagen. Types III and IV eollagen are not meehanieally strong, 
suggesting that the neonatal lung has a phenotype that faeilitates 
the ehanges in eell shape and orientation that eharaeterize adaptation 
to extrauterine life. It is probable that the rapid deposition of type 
I eollagen postnatally contributes structural stiffness to the blood 
vessel walls. 

Lung volume inereases most rapidly during the first year of life and 
also inereases more rapidly than airway ealibre during this time, a 
finding eonsistent with the eoneept of dysanaptie lung growth, i.e. a 
dissoeiation between the growth of the lung parenehyma and the 
airways. Llntil reeently, it was thought that most of the alveoli were 
formed by 2 years of age, and that subsequent lung growth primarily 
resulted from an inerease in the size of individual alveoli. However, 
reeent work measuring alveolar size throughout ehildhood and adoles- 
eenee using hyperpolarized helium has shown that neo-alveolarization, 
as well as inerease in alveolar size, continues through ehildhood and 
adoleseenee (Narayanan et al 2012). This has important implieations 
for diseases eharaeterized by neonatal arrest of alveolarization, e.g. after 
ventilation of the extreme preterm baby. Foreed vital eapaeity is reported 
to be the same in male and female infants and very young ehildren 
(Jones et al 2000), which is eonsistent with postmortem morphometrie 
measurements. By the seeond year of life, the rate of inerease in foreed 
vital eapaeity is similar to that reported in older ehildren. 

During ehildhood, lung volumes and flow rates inerease linearly 
with height, with a greater intereept and more positive slope in boys 
eompared to girls (Stanojevie et al 2008). The linearity of these ehanges 
is intermpted by puberty (Rosenthal et al 1993a, 1993b, Rosenthal and 
Bush 2002), when important shape ehanges occur in the thorax, par- 
tiailarly in boys; these are mirrored by ehanges in the size of the under- 
lying lung (and, in particular, the alveoli), as manifested by an abmpt 
inerease in vital eapaeity, foreed expired volume in 1 seeond, and total 
lung eapaeity. Thereafter, the ehange in lung size again proeeeds in a 
linear fashion. High-resolution computed tomographie seanning has 
been used to measure airway dimensions (de Jong et al 2006), although 
this technique should be used with caution because of the radiation 
exposure. 

There is little in the way of stmctural data to set alongside epidemiol- 
ogy. The reticular basement membrane (lamina reticularis) is first 
deteeted at about 30 weeks' gestation, thiekens throughout ehildhood 
and adoleseenee, and plateaus, or possibly deelines, in thiekness with 
age ( Fsartsali et al 2011). In terms of airway smooth muscle, autopsy 
data suggest that it inereases over the first 2 years of life; limited data 
from endobronehial biopsies suggested that it did not ehange from age 
3 years throughout ehildhood (O'Reilly et al 2013). Goblet eells also 
inerease over the same timeframe (Hislop and Haworth 1989). 

Normal postnatal pulmonary 
arterial development 


Immediately after birth, dramatie remodelling of the pulmonary vascu- 
lature occurs, to effeet an abmpt reduction of pulmonary vascular resist- 
anee. This proeess continues at a rapid rate throughout the first 1-2 
months, while the lungs adapt to extrauterine life, and then more slowly 
throughout ehildhood. Failure to remodel in the presenee of an ana- 
tomieally normal heart leads to persistent pulmonary hypertension. 
Normal postnatal pulmonary arterial development in the full-term 
neonate ean be divided into three stages. 

Stage one This lasts from birth to about postnatal day 4 and eoneerns 
the immediate adaptation to extrauterine life. At birth, the endothelial 
eells of the preeapillary arteries are squat and have narrow bases on the 
subendothelium, a low surface to volume ratio and many surface pro- 
jeetions. Five minutes after birth, the endothelial eells are thinner and 
gradually show less eell overlap, the surface to volume ratio inereases, 
few eell projeetions are seen, the vessel wall beeomes thinner and the 
luminal diameter inereases (Fig. 52.26). The smooth muscle eells show 
a signifieant reduction in diameter during this time. 

Stage tWO This lasts from around day 4 to 3-4 weeks and is the time 
when the eells deposit matrix around themselves to fix their new 
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Fig. 52.26 En faee views (left) and transverse seetions (right) showing the 
ehanges in the endothelial and smooth miisele eells of small muscular 
pulmonary arteries aeeompanying terminal bronehi from the neonatal 
period to 3 weeks after birth. (With permission from Haworth SG 1992 
Pathophysiologieal and metabolie manifestations of pulmonary vascular 
disease in ehildren. Herz 17(40:254-261).) 


positions. At birth, the internal elastie lamina of the small muscular 
arteries eonsists only of amorphous elastin in a basal lamina-like 
matrix. By 3 weeks of age, a definitive elastie lamina is evident, although 
it is heavily fenestrated, permitting eontaet between the endothelial 
eells and the smooth muscle eells. 

Stage three This continues into adulthood. The intrapulmonary 
arteries inerease in size and their walls inerease in thiekness. However, 
the maturation of all of the pulmonary vascular smooth muscle eells, 
from the hilum to the preeapillary bed, is not advaneed until 2 years. 
As the distal airspaees expand, the eapillary nets fuse from one alveolus 
to another, forming, for a period, an extensive double eapillary net; this 
proeess ean be seen from postnatal day 28, beeomes more extensive by 
1.5 years, and is believed to be eomplete by 5 years. 

Adverse effeets on postnatal 
lung development 

The long-term effeets of preterm birth and its treatment are ehanging 
over the years. Current extremely premature babies, who are treated 
with surfactant and ventilated using low pressure, high-risk strategies, 
have arrest of alveolar development and pulmonary hypoplasia. Survi- 
vors from the pre-surfactant era have disease dominated by airflow 
obstmetion. Importantly, even so-ealled 'late pre-term' babies (born at 
33-34 weeks' gestation) have persistent airflow obstmetion (Koteeha 
et al 2012). Postnatal lung development is also impaired by exposure 
to tobaeeo smoke, and there is inereasing evidenee that air pollution 
(Schultz et al 2012) and early sensitization to aeroallergens (Illi et al 
2006) also have an adverse impaet on normal lung growth. The first 
4-6 years of life seem to be a key time window, after which there is no 
catch-up growth in lung fimetion (Oswald et al 1997, Morgan et al 
2005, Stern et al 2007); early effeets on lung growth have lifelong 
implieations. 


C0NGENITAL MALF0RMATI0NS 0F THE TRAOHEA, 
BR0N0HI AND LUNGS 


This is an enormous topie and only a small number of anomalies ean 
be mentioned here (for frirther information, see Abel et al (2012' ). The 
eoneept of the lung as six 'trees' has been mentioned earlier; all but the 
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systemie venoiis tree may contribute to a eongenital thoraeie malforma- 
tion (CTM) (Bush 2009). In addition, eongenital anomalies ofthe heart 
and great vessels, and of the ehest and abdominal walls, including 
neuromuscular disease, may impaet on lung development. It is some- 
what artifieial to deseribe airway malformations in isolation, and the 
possibility of assoeiated vascular anomalies must always be eonsidered. 
Moreover, deseriptions of what is seen elinieally should be kept separate 
from speailations about the embryologieal origins of the anomaly. 

Disorders of the proximal airways 



Available with the Gray’s Anatomy e-book 


Disorders of the distal airways 



Available with the Gray’s Anatomy e-book 



Fig. 52.4 A Morgagni hernia in an 8-year-old boy, as displayed at 
laparotomy. 

Fig. 52.5 A plain radiograph of the ehest and abdomen in a 
1-day-old neonate with left posterolateral eongenital diaphragmatie 
hernia. 

Fig. 52.24 A, A normal four-chamber view at 22 weeks’ gestation. 
B, The ventricular inflow with colour flow. 

Fig. 52.27 Examples of traeheo-oesophageal fistulae and 
oesophageal atresia. 

Video 52.1 Animation of the pattern of eontraetion of the early 
heart tube. 
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Traeheomalaeia and bronehomalaeia 

Anomalies in eartilage development lead to the affeeted airvvays being 
'floppy' and eollapsing during inspiration or expiration, depending on 
whether they are outside or inside the bony thorax, respeetively; these 
anomalies are termed traeheomalaeia when the traehea is affeeted, and 
bronehomalaeia when the bronehi are involved. The anomaly may 
involve a small, loealized area or may be more generalized (e.g. 
Williams-Campbell syndrome, a eongenital defieieney of the airway 
eartilage, in which there is difhise bronehomalaeia from the seeond to 
the seventh generation of bronehi). Traeheobronehomalaeia usually 
presents in early infaney with cough, taehypnoea, stridor and wheeze; 
it may also be assoeiated with eardiae or respiratory anomalies, such as 
absent pulmonary valve syndrome, or traeheo-oesophageal fistula, 
respeetively. Patients with signifieant obstmetion and apnoea may be 
treated by the insertion of airway stents if the disease is loealized, 
although there is only limited long-term experience in ehildren with 
stents; generalized disease may mandate respiratory support, either with 
non-invasive mask ventilation during sleep, or via a traeheostomy, 
depending on severity. Surgical treatment by aortopexy is eontroversial. 

Traeheo-oesophageal fistulae 

Traeheo-oesophageal fistulae are the most eommon anomalies of the 
lower respiratory traet and occur in about 1 in 3000 births. They usually 
present in the newborn with recurrent respiratory distress and ehoking 
spells, although late presentation in adult life has been deseribed and 
may be assoeiated with oesophageal atresia. Normally, the oesophagus 
lengthens with the rapid elongation of the embryo up to 7 weeks. The 
rapid proliferation of the oesophageal lumen partially obliterates the 
mucosa and reeanalization is not eomplete until 8 weeks. The cellular 
proeesses that lead to separation of the traehea and oesophagus oeea- 
sionally produce oesophageal atresia. Traeheo-oesophageal atresia is 
rare, with an ineidenee of 1 in 3000 to 1 in 4500 births. Five types of 
traeheo-oesophageal fistulae may be reeognized (Fig. 52.27). In almost 
all eases, the oesophagus ends blindly and the stomaeh is eonneeted to 
the lower end of the traehea. Because of this eonneetion, the abdomen 
beeomes rapidly distended with air onee the baby is delivered and starts 
breathing. Prenatally, polyhydramnios may be a elinieal feature but may 
not be apparent until the third trimester. In two of the five types of 
traeheo-oesophageal fistulae, there is no communication between the 
stomaeh and the upper gut. Such eases are identifiable on ultrasound 
because the stomaeh should always be visible at a 20-week examina- 
tion; its absenee on ultrasound should prompt fiirther evaluation. 

Traeheo-oesophageal fistula is eommonly assoeiated with other eon- 
genital anomalies, including cardiovascular defeets (30%), anoreetal 
anomalies (15%) and genitourinary anomalies (15%). These defeets 
may be eombined in the VATER, VACTER and VACTERL assoeiations, 
which involve varying eombinations of vertebral defeets, anoreetal 
atresia, eardiae anomalies, traeheo-oesophageal fistula and oesophageal 
atresia, together with radial aplasia and other limb anomalies, renal 
anomalies and the presenee of a single umbilical artery. 


Oomplete eartilage rings 

The normal large-airway eartilages are horseshoe-shaped, and the ends 
of the horseshoes are bridged by the membranous part of the traehea. 
Complete eartilage rings may develop in the traehea and large airways, 
and the posterior, membranous, part of the airway may be absent in a 
single eartilage or in long segments of the airway. This anomaly may be 
assoeiated with vascular anomalies such as pulmonary artery sling 
(where the left pulmonary artery originates from the right pulmonary 
artery and not from the main pulmonary tmnk). Extensive severe 
disease may present with neonatal respiratory distress; later presenta- 
tions inehide apparently steroid-resistant asthma. Traeheal transplanta- 
tion has been used to treat long-segment traeheal stenosis. Traeheal 
eartilage shape is abnormal in eystie fibrosis in both human infants and 
the experimental pig model, but the eartilages are not continuous rings 
in this eondition (Meyerholz et al 2010). 

Agenesis and aplasia of the lungs 

Agenesis and aplasia of the lungs are extremely rare eongenital anoma- 
lies, in which there may be unilateral or bilateral absenee of the lung. 
In agenesis, the airway stump is absent, i.e. the traehea is absent in 
bilateral disease, or the primary bronchus is absent in unilateral disease. 
In aplasia, there is a mdimentary airway stump but no distal lung; the 
eontralateral lung is enlarged, with a greater number of alveoli, but has 
a normal bronehial branehing pattern. Individuals with aplasia may 
present with recurrent infeetion, dyspnoea and reduced exercise eapae- 
ity, and there may be pooling of bronehial seeretions, with seeondary 
infeetion and overspill of infeeted seeretions into the eontralateral 
normal lung. 

Bronehogenie and other eysts 

Cysts of various types, by order of frequency, may be found in the 
earinal (51%), right paratraeheal (19%), para-oesophageal (14%), hilar 
(9%) and perieardial, retrosternal and paravertebral (7%) regions. Clin- 
ieally, they are part of the speetmm of eongenital thoraeie anomalies, 
and ean only be elassified in more detail pathologieally when the wall 
of the eyst is examined; they may have a systemie blood supply and 
venous drainage. Multicystic anomalies, deseribed as various types of 
eongenital eystie adenomatous malformations (CCAM) and sequestra- 
tions (intra- and extrapulmonary), are best eonsidered generieally as a 
CTM speetmm, at least until examined pathologieally; even then, fea- 
tures of CCAM and sequestration may be found in the same anomaly, 
rendering elassifieation diffiadt. Presentation may involve a range of 
problems, from intraetable newborn respiratory distress to a ehanee 
finding in adult life. If the infant is symptomatie, then surgical reseetion 
is indieated. Treatment of the asymptomatie anomaly is eontroversial; 
some eentres would operate eleetively on all but the tiniest malforma- 
tions, whereas others would manage even large, asymptomatie, eystie 
malformations eonservatively. Evidenee is summarized in a reeent 
meta-analysis (Stanton et al 2009). 



Fig. 52.27 Examples of traeheo-oesophageal fistiilae and oesophageal atresia. 
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Bronehial atresia 

Bronehial atresia is a eongenital eondition in which a major bronchus 
or segmental airway ends blindly or with a thin membrane. Pulmonary 
development normally occurs distally and, over time, this tissue 
beeomes distended with debris and mucus (bronehoeele), with adja- 
eent over-inflated lung tissue. Typieally, bronehial atresia affeets the left 
upper lobe (64% of eases); the ehest radiographie findings are of a 
perihilar ovoid density with strands projeeting into a loealized area of 
hyperlucent lung. The left lower lobe is affeeted in 14% of eases and 
the right lower and right middle lobes in 8% of eases. The majority of 


eases are asymptomatie and are revealed as ineidental findings on ehest 
radiographs. However, many eventually beeome the seat of recurrent 
infeetion and require operative removal. Some infants may show a 
eongenital large hyperhieent pulmonary lobe (CLHL). This eondition 
is termed 'eongenital lobar emphysema', although it has nothing to do 
with adult emphysema. Presentation in severe eases is with newborn 
respiratory distress; in this ease, early surgery is required. Otherwise, it 
may be a ehanee radiographie finding later in life; in this ease, no aetion 
is needed. 
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(JHAPTER 



The ehest wall surrounds the thoraeie eavity. The skin and soft tissue 
eover a musculoskeletal frame eonsisting of twelve pairs of ribs, which 
articulate with twelve thoraeie vertebrae posteriorly and (except for the 
last two pairs of ribs) with the stermim anteriorly via their eostal ear- 
tilages; intrinsie muscles and muscles that eonneet the ehest wall with 
the upper limb and the vertebral column; and numerous blood 
and lymphatie vessels and nerves that supply the eomponents of the 
musculoskeletal frame and the overlying skin and breast tissue. 


SKIN AND SOFT TISSUE 


SKIN 


Vascular supply 


Arteries 

The skin of the thorax is supplied by a eombination of direet cutaneous 
vessels and musculocutaneous perforators that reaeh the skin primarily 
via the intereostal mnseles, peetoralis major, latissimus dorsi and trape- 
zius. The major contributing vessels are branehes from the thoraeo- 
aeromial axis, lateral and internal thoraeie, anterior and posterior 
intereostaf thoraeodorsaf transverse eervieaf dorsal scapular and eir- 
cumflex scapular arteries (Figs 53.1-53.2; see "ig. 43.4). 

The anterior aspeet of the thoraeie skin is supplied by the thoraeo- 
aeromial axis, the internal thoraeie arteries, perforating branehes from 
the intereostal arteries and branehes from the lateral thoraeie and super- 
fieial thoraeie arteries. The thoraeo-aeromial axis supplies the skin pri- 
marily via musculocutaneous perforators from its peetoral braneh; they 
reaeh the skin through peetoralis major. In addition, direet cutaneous 
branehes arise from the aeromial and deltoid branehes. The internal 
thoraeie artery sends direet perforating branehes to the skin of the upper 
six intereostal spaees, aeeompanied by the cutaneous branehes of the 
anterior intereostal nerves. The branehes reaeh the skin after passing 
through peetoralis major and travelling laterally in the subcutaneous 
fat as direet cutaneous vessels. The seeond intereostal perforator is 
usually the largest. The lateral aspeet of the thoraeie skin is supplied by 
the lateral thoraeie and superficial thoraeie arteries and by lateral cuta- 
neous branehes of the intereostal arteries. The lateral thoraeie artery 
gives off direet cutaneous branehes to the lateral ehest wall in addition 
to musculocutaneous branehes that pass through peetoralis major. The 
posterior aspeet of the thoraeie skin is supplied by the medial and 
lateral dorsal cutaneous branehes of the posterior intereostal arteries 
(via ereetor spinae and latissimus dorsi); musculocutaneous perforating 
branehes from the superficial eervieaf transverse eervieal and dorsal 
scapular arteries (via trapezms); musculocutaneous perforatingbranehes 
from the thoraeodorsal artery and the intereostal arteries (via latissimus 
dorsi); and direet cutaneous branehes from the circumflex scapular 
artery. 

Veìns 

The intereostal veins aeeompany the similarly named arteries in the 
intereostal spaees (see Fig. 51.3). The small anterior intereostal veins are 
tributaries of the musculophrenic and internal thoraeie veins, the latter 
draining into the appropriate braehioeephalie vein. The posterior inter- 
eostal veins drain backwards direetly or indireetly into the azygos vein 
on the right and the hemiazygos or aeeessory hemiazygos veins on the 
left. The azygos veins exhibit great variation in their origin, course, 
tributaries, anastomoses and termination (Ch. 56). 

Lymphatie drainage 


Superficial lymphatie vessels of the thoraeie wall ramiíy subcutaneously 
and eonverge on the axillary nodes (p. 834; see figs 53.22, 53.24, 48.45). 
Lymph vessels from the deeper tissues of the thoraeie walls drain mainly 
to the parasternal, intereostal and diaphragmatie lymph nodes. 


Innervation 


The skin of the thorax is supplied by cutaneous branehes of eervieal and 
thoraeie nerves in eonseoitive, curved zones; the upper zones are almost 
horizontal and the lower are oblique. On the upper anterior aspeet of 
the thorax, the areas innervated by the third and fourth eervieal nerves 
adjoin those innervated by the first and seeond thoraeie nerves because 
the intervening nerves provide the sensory and motor supply to the 
upper limb (Ladak et al 2014) (Fig. 53.3). There is a similar, but less 
extensive, posterior 'gap': most of the skin eovering the posterior aspeet 
of the thorax is supplied by the dorsal rami of the thoraeie nerves (see 
Fig. 45.8). The subcostal margin is supplied by the seventh thoraeie 
nerve. 

The ventral rami of the first to the eleventh thoraeie nerves pass into 
the appropriate intereostal spaee, giving off a lateral cutaneous braneh 
that arises beyond the angle of the rib and divides into anterior and 
posterior branehes, terminating near the sternmn as an anterior cutane- 
ous braneh (see Fig. 53.21). 

Branehes of the supraclavicular nerve, which originates from the 
third and fourth eervieal nerve roots, supply the skin in the upper pee- 
toral region. Most of the first thoraeie nerve joins the braehial plexus, 
apart from a small inferior braneh that beeomes the first intereostal 
nerve. The lateral cutaneous braneh of the seeond intereostal nerve sup- 
plies the skin of the axilla as the intereostobraehial nerve. The eostal 
margin is supplied by a braneh from the seventh thoraeie nerve. The 
seventh to eleventh thoraeie nerves supply the skin of the thoraeie wall 
as they pass anteriorly and inferiorly; they continue beyond the eostal 
eartilages to supply the skin and subcutaneous tissues of the abdominal 
wall. The skin of the abdomen at the level of the umbilicus is supplied 
by the tenth thoraeie nerve. The subcostal nerve follows the inferior 
border of the twelfth rib and supplies the skin of the lower abdominal 
wall (see Fig. 61.5). 

SOFT TISSUE 
Superficial faseia 


The superficial faseia eonsists primarily of fat and is only loosely 
attaehed to the skin, an arrangement that allows some movement of 
the underlying structures. Small blood vessels and nerves perforate the 
superficial faseia to supply the skin. The breast lies within the superfi- 
eial faseia, apart from a superolateral extension that pierees the deep 
faseia to form the axillary tail in the female. It is deseribed later in this 
ehapter. 

Deep faseia 


eiavipeetoral faseia 

The elavipeetoral faseia is the eranial continuation of the deep lamina 
of the peetoral faseia and the medial continuation of the parietal layer 
of the subscapular bursal faseia. It extends between the elaviele and 
peetoralis minor, surrounds subclavius and extends medially to the first 
rib. It is deseribed in detail on page 799. 


BONE AND CARTILAGE 

The twelve thoraeie vertebrae and their assoeiated intervertebral dises 
are deseribed in detail in ehapter 43. 

STERNUM 

The sternum is an elongated, flattened bone that forms the middle 
portion of the anterior wall of the thorax. It articulates with the elavieles 
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1 Transverse eervieal artery 

2 Direet cutaneous braneh ofthe 
thoraeo-aeromial axis 

3 Anterior perforators from the 
interior thoraeie artery 

4 Siiperfieial thoraeie artery 

5 Intereostal perforators 

6 Musculocutaneous perforators 
from the superior and inferior 
deep epigastrie arteries 

Fig. 53.1 Anatomieal territories of eiitaneoiis blood vessels on the 
anterior trunk. (With permission from Cormack GC, Lamberty BGH 1994 
The Arterial Anatomy of Skin Flaps, 2nd ed. Edinburgh: Churchill 
Livingstone.) 


at the sternoclavicular joints (p. 808) and with the eartilages of the 
first seven pairs of ribs. The sternum eonsists of a eranial manubrium, 
an intermediate body (mesosternum, gladiolus) and a caudal xiphoid 
proeess (Figs 53.4-53.5). LTntil puberty, the body eonsists of four 
sternebrae, which are intersegmental. The average length of the adult 
stermim is 17 em; the ratio between manubrial and mesosternal lengths 
differs between the sexes. Growth may eontimie beyond the third 
deeade and possibly throughout life. 

In natural stanee, the sternum slopes down and slightly forwards. 
The bone is anteriorly convex and posteriorly eoneave, and broadest at 
the junction with the first eostal eartilages. It narrows at the manubrio- 
sternal joint, widens to its articulation with the fifth eostal eartilages, 
and then narrows again. The sternum eontains highly vascular trabecu- 
lar bone enelosed by a eompaet layer that is thiekest in the manubrium 
between the clavicular notehes. Oentrally, the bone is lightly eonstmeted 
whereas, laterally, the trabeailae are thieker and wider. The medulla 
eontains haemopoietie bone marrow. 


1 Circumflex scapular artery 

2 Musculocutaneous perforators 
through latissimus dorsi from 
intereostal and lumbar arteries 

3 Musculocutaneous perforators 
through latissimus dorsi from 
thoraeodorsal artery 

4 Cutaneous branehes from 
thoraeodorsal and lateral 
thoraeie arteries 

Fig. 53.2 Anatomieal territories of cutaneous blood vessels on the lateral 
trunk. (With permission from Cormack GC, Lamberty BGH 1994 The 
Arterial Anatomy of Skin Flaps, 2nd ed. Edinburgh: Churchill Livingstone.) 


Manubrium 

The manubrium is level with the third and fourth thoraeie vertebrae. It 
has a somewhat quadrangular form, being broad and thiek above and 
narrowing to its junction with the body. The anterior surface is smooth, 
transversely convex and vertieally eoneave, and the posterior surface is 
eoneave and smooth. The superior border is thiek and eontains a eentral 
jugular (suprasternal) noteh between two oval fossae, the clavicular 
notehes, that are direeted up and posterolaterally for articulation with 
the sternal ends of the elavieles. Fibres of the interelavioilar ligament are 
attaehed to the jugular noteh. The inferior border, oval and rough, earries 
a thin layer of eartilage for articulation with the body. The lateral borders 
are marked above by a depression for the first eostal eartilage and below 
by a small artioilar demifaeet, which articulates with part of the seeond 
eostal eartilage. The narrow curved edge deseends medially between 
these faeets. There is very little aeeessory movement at the manubrioster- 
nal joint, although pressure on either the body or the manubrium elose 
to the joint will produce slight angling of the two seetions. 

LTnlike all the other sternoeostal joints, the joint between the manu- 
brium and the first eostal eartilage is a fibrous synarthrosis. It lies I em 
below and 1 em lateral to the medial end of the elaviele and is diffioilt 
to palpate. 





7 Deep circumflex iliae artery 

8 Superficial circumflex iliae artery 

9 Superficial inferior epigastrie artery 

10 Superficial external pudendal artery 

11 Deep external pudendal artery 
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Thoraeo-aeromial axis 



6 


Internal thoraeie artery 



7-11 Lateral cutaneous branehes 
from intereostal arteries 

12 Musculocutaneous perforators 
through external oblique from 
intereostal arteries 





























Bone and eartilage 


Medial, intermediate 
and lateral supraclavicular 
nerves (C3,4)- 


Anterior cutaneous 
branehes of 
thoraeie nerves 


Anterior cutaneous 
braneh of 

iliohypogastrie nerve 


llioinguinal nerve 




- Lateral 

cutaneous 
branehes of 
thoraeie nerves 


Lateral cutaneous 
branehes of twelfth 
thoraeie nerve 


Lateral femoral 
cutaneous nerve 


Femoral braneh 
of genitofemoral 

nerve 


Fig. 53.3 The approximate segmental distribution of the cutaneous nerves 
on the anterior trunk. The contribution from the first thoraeie spinal nerve 
is not shovvn and the eonsiderable overlap that occurs betvveen adjaeent 
segments is not indieated. 
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Fig. 53.4 The sternum. A, Anterior aspeet. Key: 1, jugular noteh; 2, 
attaehment for sternoeleidomastoid; 3, sternal angle and manubriosternal 
joint; 4, attaehment for peetoralis major; 5, seventh eostal noteh; 6, 
clavicular noteh; 7, first eostal noteh 8, manubrium; 9, seeond eostal 
noteh; 10, third eostal noteh; 11, body of sternum; 12, fourth eostal 
noteh; 13, sixth eostal noteh; 14, xiphisternal joint. B, Posterior aspeet. 
Key: 1, jugular noteh; 2, attaehment for sternohyoid; 3, attaehment for 
sternothyroid; 4, edge of area eovered by left pleura; 5, edge of area 
eovered by right pleura; 6, attaehment for transversus thoraeis; 7, area in 
eontaet vvith pericardium; 8, attaehment for transversus thoraeis; 9, 
clavicular noteh; 10, first eostal noteh; 11, manubrium; 12, seeond eostal 
noteh; 13, sternal angle and manubriosternal joint; 14, third eostal noteh; 
15, body of sternum; 16, fourth eostal noteh; 17, fifth eostal noteh; 18, 
seventh eostal noteh. 


Body 

The body is level with the fifth to ninth thoraeie vertebrae. It is longer, 
narrower and thinner than the manubrium, and is broadest near its 
lower end. The anterior surface, being nearly flat and faeing slightly 
upwards, usually bears three variable transverse ridges that mark the 
levels of fhsion of its four sternebrae. A sternal foramen, of varying size 
and form, may occur between the third and fourth sternebrae. The 
posterior surface, slightly eoneave, also displays three less distinet trans- 
verse lines. The oval upper end articulates with the manubrium at the 
level of the sternal angle (mamibriosternal joint, angle of Louis), which 
lies opposite the inferior border of the fourth vertebral body and is 
marked by a posterior transverse groove. 

Named after the Freneh surgeon, Antoine Louis (1723-1792), the 
Latin name, angulus Ludovici, is not infrequently mistranslated into 
English as 'the angle of Ludwig' 

The lower end of the body is narrow and continuous with the 
xiphoid proeess. On eaeh lateral border, at its superior angle, a small 
noteh articulates with part of the seeond eostal eartilage (see Figs 53.4, 
53.5). Below this, four eostal notehes articulate with the third to sixth 
eostal eartilages. The inferior angle bears a small faeet, which, together 
with the xiphoid proeess, articulates with the seventh eostal eartilage. 
Between these articular depressions, a series of curved edges diminish 
in length downwards and form the anterior limits of the intereostal 
spaees. 

Xiphoid proeess (xiphisternum) 

The xiphoid proeess is in the epigastrium. It is the smallest and most 
variable sternal element, and may be broad and thin, pointed, bifid, 
perforated, curved or defleeted. When elongated and curved forwards, 
it may be mistaken for an epigastrie mass. The xiphoid is cartilaginous 
in youth but more or less ossified in adults. It is continuous with the 
lower end of the body at the xiphisternal joint. Demifaeets that articu- 
late with parts of the seventh eostal eartilages occur anterior to its 
superolateral angles (see Fig. 53.5). 


MllSde attaehments The sternal ends of peetoralis major and ster- 
noeleidomastoid are attaehed to the anterior surface of the manubrium. 
Sternothyroid is attaehed to the posterior surface, opposite the first 
eostal eartilage, and the most medial fibres of sternohyoid are attaehed 
above sternothyroid. The articular capsules of the sternoeostal joints 
and sternal fibres of peetoralis major are attaehed to the anterior surface 
of the body. Transversus thoraeis (sternoeostalis) is attaehed to its pos- 
terior surface. The external intereostal membranes are attaehed to the 
borders of the body between the eostal faeets. The most medial fibres 
of rectus abdominis and the aponeuroses of external and internal 
oblique are attaehed to the anterior surface of the xiphoid. The linea 
alba is attaehed to its lower end, and the aponeuroses of internal 
oblique and transversus abdominis are attaehed to its borders. Slips of 
the diaphragm are attaehed to its posterior aspeet, and the sternum is 
here related to the liver. 

Vascular supph The internal thoraeie artery provides the main 
blood supply for the sternum via anterior and posterior networks of 
perforating arteries that direetly penetrate the sternum at the level of 
eaeh intereostal spaee. These networks are particularly well devel- 
oped posteriorly and at the level of the fourth and fifth intereostal 
spaees. 

The venous network is less developed. It is formed mainly by an 
inframedullary network of sinuses in the bone that drain via transeorti- 
eal veins either into the peripheral sternal networks or the internal 
thoraeie vein. 

Innervatioi The manubrium is supplied by the anterior braneh of the 
supraclavicular nerve and the anterior cutaneous braneh of the first 
intereostal nerve, whereas the body of the sternum is supplied largely 
by anterior branehes of the intereostal nerves. The anterior braneh of 
the phrenie nerve mns anteromedially from the diaphragm and sup- 
plies the lower portion of the sternum. 
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Manubrium 


Sternal angle 



Xiphoid proeess 



Clavicular noteh 


First eostal noteh 


Seeond eostal noteh 


Third eostal noteh 


Fourth eostal noteh 


Fifth eostal noteh 


Sixth eostal noteh 
Seventh eostal noteh 


Fig. 53.5 The sternum, left lateral aspeet. (With permission from Waschke 
J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher, 2013.) 



Time of 
appearanee 


Fifth fetal month 


Fifth to sixth fetal month 



Unossified (cartilaginous) region 


Time of 
union 



Usually remain 
non-united 


Between puberty 
and the twenty-fifth 
year 


Soon after puberty 


Aboutthe fortieth 


j year 


Fig. 53.6 The ossifieation of the sternum. A, Before birth. B, After birth. 


Ossifieatior The sternum is formed by fusion of two cartilaginous 
sternal plates flanking the median plane. The arrangement and number 
of eentres of ossifieation vary aeeording to the level of eompleteness 
and time of fhsion of the sternal plates, and aeeording to the width of 
the adult bone. ineomplete fusion leaves a sternal foramen. The manu- 
brium is ossified from one to three eentres appearing in the fifth fetal 
month. The first and seeond sternebrae usually ossify from single 
eentres that appear at about the same time (Fig. 53.6A). Centres in the 
third and fourth sternebrae are eommonly paired, and appear in the 
fifth and sixth months, respeetively; one of either pair may be delayed 
until the seventh or even eighth month, and the fourth sternebral eentre 
may be absent. The xiphoid proeess begins to ossify in the third year 
or later. In some sterna, all eentres are single and median; in others, the 
manubrial eentre is single and the sternebral eentres are all paired, sym- 
metrie or asymmetrie. LTnion between mesosternal eentres begins at 
puberty and proeeeds from below upwards; by the age of 25 years, they 
are all united (Fig. 53. 6B). 


Suprasternal ossieles, paired or single, sometimes occur. They may 
ffise to the manubrium or articulate posteriorly at the lateral border of 
the jugular noteh. When well formed, they are pyramidaf and their base 
is artiailar. The ossieles are cartilaginous at birth and ossify during 
adoleseenee. 


Pectus excavatl Pectus excavatum is the most eommon eongeni- 
tal deformity of the anterior ehest, and is a depression of the stermim 
and eostal eartilage that is sometimes referred to as eobbler s ehest, 
sunken ehest, the erevasse or fimnel ehest. The lower eostal eartilages 
and the body of the sternum are depressed and there is some asym- 
metrie curving of the ribs posteriorly. There is often an abnormal 
posture with dorsal lordosis, sometimes with developing seoliosis. The 
deformity is found either at birth (1 in 500 live births) or early in 
life; in the majority of eases, the eondition is manifest by 1 year but 
may not develop until puberty. The aetiology is unknown but some 
eases are assoeiated with eonneetive tissues diseases, such as Marfan's 
syndrome. 



Pectus carinatur Pectus carinatum, often ealled pigeon ehest', is 
an overgrowth of eartilage that causes the sternum to protmde forwards. 
It is less eommon than pectus excavatum and a quarter of eases are 
familial. The eondition may occur as a solitary eongenital abnormality 
or in assoeiation with other genetie disorders. Although present in early 
ehildhood, pectus carinatum usually progresses during adoleseenee and 
then remains unchanged throughout adulthood. 



CLAVICLE 

The elaviele is deseribed in ehapter 48. 


RIBS 


The ribs are 12 pairs of elastie arehes (Fig. 53.8), eaeh eonsisting of 
highly vascular trabecular bone eontaining large amounts of red 
marrow, enelosed in a thin layer of eompaet bone. 

The ribs articulate posteriorly with the vertebral column and form 
the greater part of the thoraeie skeleton. Their number may be inereased 
by eervieal or lumbar ribs or reduced by the absenee of the twelfth pair. 
The first seven 'tme' ribs eonneet to the sternum by eostal eartilages, 
whilst the remaining lower five 'false' ribs either join the superjacent 
eostal eartilage (8-10) or 'float' free at their anterior ends as relatively 
small and delieate stmctures tipped with eartilage (11-12). The tenth 
rib may also float: the ineidenee varies from 35% to 70%, depending 
on aneestry. 

The ribs are separated by the intereostal spaees, which are deeper in 
front and between the upper ribs. The latter are less oblique than the 
lower ribs; obliquity is maximal at the ninth rib. Ribs inerease in length 
up to the seventh and thereafter diminish. They deerease in breadth 
downwards; in the upper ten the greatest breadth is anterior. The first 
two and the last three ribs present speeial features, whereas the remain- 
der eonform to a eommon plan. 

Typieal rib 


A typieal rib has a shaft with anterior and posterior ends (Fig. 53.9). 
The anterior eostal end has a small eoneave depression for the lateral 
end of its eartilage. The shaft has an external convexity and is grooved 
internally near its lower border, which is sharp, whereas its upper 
border is rounded. The posterior vertebral end has a head, neek and 
tubercle. The head presents two faeets, separated by a transverse erest. 
The lower and larger faeet articulates with the body of the eorrespond- 
ing vertebra, its erest attaehing to the intervertebral dise above it. The 
neek is the flat part beyond the head, anterior to the eorresponding 
transverse proeess. It is oblique and faees anterosuperiorly. Its postero- 
inferior surface is rough and piereed by foramina. Its upper border is 
the sharp erest of the neek, its lower border rounded. The tubercle, 
which is more prominent in upper ribs, is posteroexternal at the junc- 
tion of the neek and shaft, and is divided into medial articular and 
lateral non-articular areas. The articular part bears a small, oval faeet for 
the transverse proeess of the eorresponding vertebra. The non-articular 
area is roughened by ligaments. The shaft is thin and flat, and has 
external and internal surfaces, and superior and inferior borders. It is 
curved, bent at the posterior angle (5-6 em from the tubercle), and 
twisted about its long axis. The part behind the angle inelines supero- 
medially and so its external surface is posteroinferior. In front of the 
angle, the rib faees slightly up. It is convex and smooth, and, near the 











































Chest wall and breast 


The elinieal signifieanee of pectus excavatum may vary eonsiderably 
(Fig. 53.7). Severe defeets ean lead to cardiopulmonary dysflmetion, 
whilst almost all patients will have some degree of eosmetie eoneern. 
Baek and ehest pain may occur. Evaluation of the deformity demands 
earefhl symptom assessment in addition to baseline radiologieal inves- 
tigations (ehest radiograph and computed tomography (CT)). Where 
there are physiologieal restrietions, lung fhnetion tests, eleetroeardio- 
grams (ECGs) and eehoeardiograms form part of the assessment before 
speeialist elinieians ean determine the safety of any surgical interven- 
tion. A elassifieation system based on morphology using CT seanning 
has been proposed (Park et al 2004) and is useful for standardizing the 
results of surgical eorreetion of the different subtypes. 

Mild defeets causing aesthetie eoneerns may be improved with cus- 
tomized silieone implants (Masson et al 1970) or with soft tissue reeon- 
stmetive procedures (Raab et al 2009), to camouflage the eoneavity. 
More severe defeets often require eorreetion of the underlying skeletal 
deformity. Several techniques have been deseribed. Open reseetion pro- 
cedures were pioneered by Raviteh; however, more reeently, minimally 
invasive techniques have gained in popularity (Raviteh 1955, Nuss et al 
1988). 

Pectus carinatum occurs in three different ways, most eommonly in 
the 11-14-year-old pubertal male undergoing a growth spurt. Some 
parents report that their ehild's pectus seemingly popped up 'overnight' 
The seeond most eommon occurrence is from birth, when it is evident 
in newborns as a rounded ehest, beeoming more prominent as the 
ehild reaehes 2 or 3 years old. The least eommon occurrence is as an 
acquired eondition after open heart surgery, when healing has been 
aberrant. Pectus carinatum may be assoeiated with Turner s, Marfan's, 
Ehlers-Danlos, Morquio's, Noonan's, Sly's or multiple lentigines syn- 
dromes, trisomies 18 or 21, homocystinuria, osteogenesis imperfeeta or 
seoliosis. 


Depressed sternum Right ventriele Left ventriele 



Right atrium Deseending thoraeie aorta Left atrium 
Fig. 53.7 Pectus excavatum. 
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Fig. 53.8 The skeleton of the thorax, anterior aspeet, shovving muscle attaehments. 


tiiberele, is erossed by a roiigh line, direeted inferolaterally, towards the 
posterior angle. The smooth internal surface is marked by a eostal 
groove, bounded below by the inferior border. The superior border of 
the groove eontimies behind the lower border of the neek, but termi- 
nates anteriorly at the junction of the middle and anterior thirds of the 
shaft, anterior to which the groove is absent. 

Attaehments and relations A radiate ligament is attaehed along 

the anterior border of the head and an intra-articular ligament is 
attaehed along its erest. The anterior surface of the head is related to 
eostal pleura and, in the more inferior ribs, to the sympathetie tmnk. 
The anterior surface of the neek is divided by a faint transverse ridge for 
the internal intereostal membrane and is continuous with the inner lip 
of the superior border of the shaft. The area above the ridge, which is 
more or less triangolar, is separated from the membrane by fatty tissue 
whilst the inferior smooth area is eovered by eostal pleura. The posterior 
surface of the neek gives attaehment to the eostotransverse ligament and 
is piereed by vascular foramina. The superior eostotransverse ligament 
is attaehed to the erest of the neek, which extends laterally into the outer 
lip of the superior border of the shaft. The rounded inferior border of 
the neek continues laterally into the upper border of the eostal groove, 
and gives attaehment to the internal intereostal membrane. The articu- 
lar area of the tubercle in the upper six ribs is convex and faees postero- 
medially. In the succeeding three or four ribs it is almost flat, and faees 
down, baek and slightly medially. The lateral eostotransverse ligament 
is attaehed to the non-articular area. 

The ridge on the external surface of the shaft (near its posterior 
angle) gives attaehment to an upward eontimiation of the thoracolum- 
bar faseia and lateral fibres of ilioeostalis thoraeis. From the seeond to 
the tenth ribs, the distanee between angle and tubercle inereases. Medial 
to the angle, the external surface gives attaehment to levator eostae and 
is eovered by ereetor spinae. Near the sternal end of this surface, an 
indistinet oblique line, the anterior 'angle', separates the attaehments 


of external oblique and serratus anterior (or latissimus dorsi, in the ease 
of the ninth and tenth ribs). The internal intereostal muscle is attaehed 
to the eostal groove on the internal surface, and separates the bone and 
the intereostal neurovascular bundle. At its vertebral end, the groove 
faees down, its borders in the same plane. The shaft broadens near the 
posterior angle, and the groove reaehes its internal surface. The inner- 
most intereostal is attaehed to the superior rim of the groove, and this 
attaehment oeeasionally extends to the anterior quarter of the rib. Pos- 
teriorly, the superior rim meets the lower border of the neek. The 
external intereostal muscle is attaehed to the sharp inferior eostal 
border. The superior border has two lips posteriorly: an inner and an 
outer lip. The internal intereostal muscles and the innermost intereostal 
muscles are attaehed to the inner lip. The external intereostal imisele is 
attaehed to the outer lip. 

Vaseillar SLipply and innervation Typieal ribs reeeive their blood 

supply anteriorly via branehes from the internal thoraeie artery (first six 
intereostal spaees) or musculophrenic artery (subsequent spaees), and 
posteriorly from intereostal arteries derived direetly from the aorta. 
Venous drainage is into the eorresponding intereostal vein and thenee 
into the azygos system. Typieal ribs are innervated segmentally by 
branehes from their eorresponding intereostal nerves. 

Oervieal rib 


A eervieal rib, the eostal element of the seventh eervieal vertebra, may 
be a mere epiphysis on its transverse proeess but more often it has a 
head, neek and tubercle. When a shaft is present, it is of variable length 
and extends anterolaterally into the posterior triangle of the neek, where 
it may end freely or join the first rib, its eostal eartilage or even the 
sternum. A eervieal rib may be partly fibrous but its effeets are not 
related to the size of its osseous part. If it is long enough, its relations 
are those of a first thoraeie rib; the braehial plexus (usually lower tmnk) 
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Fig. 53.9 Superior surfaces of 
seleeted ribs, left side. A, First 
rib. B, Seeond rib. C, Third rib. 

D, Inferior surface of eighth rib, 
left side. (With permission from 
Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, Urban & 

Fiseher, 2013.) 


and siibelavian vessels are superior and apt to suffer eompression in a 
narrow angle between the rib and scalenus anterior. Henee, eervieal ribs 
may fìrst be revealed by neurovascular symptoms, particularly those 
caused by pressure on the eighth eervieal and fìrst thoraeie spinal nerves. 

A eervieal rib (pleurapophysis) may show synostosis or diarthrosis 
with either the anterior (parapophysial) or posterior (diapophysial) 
'roots' of the so-ealled seventh eervieal transverse proeess or, more 
usually with both. 

First rib 


Most acutely curved and usually shortest, the fìrst rib is broad and flat, 
its surfaces are superior and inferior, and its borders are internal and 
external (see flg. 53.9A). It slopes obliquely down and forwards to its 
sternal end. The obliquity of the first rib accounts for the ingress of the 
pulmonary and pleural apiees into the neek. 

The head of the first rib is small and round, and bears an almost 
circular faeet that artiailates with the body of the first thoraeie vertebra. 
The neek is rounded and aseends posterolaterally, and the tubercle, 
wide and prominent, is direeted up and backwards. Medially, an oval 
faeet articulates with the transverse proeess of the first thoraeie vertebra. 
At the tubercle, the rib is bent, its head turned slightly down, and so 
the angle and tubercle eoineide. The superior surface of the flattened 
shaft is erossed obliquely by two shallow grooves, separated by a slight 
ridge, which usually ends at the internal border as a small pointed 
projeetion, the sealene tubercle, to which scalenus anterior is attaehed. 


The groove anterior to the sealene tubercle forms a bed for the subcla- 
vian vein, and the rough area between this and the first eostal eartilage 
gives attaehment to the eostoelaviailar ligament and, more anteriorly, 
to subclavius. The subclavian artery and (usually) the lower tmnk of 
the braehial plexus pass in the groove behind the tubercle. Behind this, 
scalenus medius is attaehed as far as the eostal tubercle. 

The external border is convex, thiek posteriorly and thin anteriorly. 
It is eovered behind by scalenus posterior deseending to the seeond rib. 
The first digitation of serratus anterior is, in part, attaehed to it, behind 
the subclavian (arterial) groove. The internal border is eoneave and thin, 
and the sealene tubercle is near its midpoint. The suprapleural mem- 
brane, which eovers the eervieal dome of the pleura, is attaehed to the 
internal border. The inferior surface is smooth and the anterior end is 
larger than in any other rib. 

Vascular supply and innervation The first rib is supplied by the 

internal thoraeie and superior intereostal arteries, drained by the inter- 
eostal vein and innervated by the first intereostal nerve. 

Ossifieatioi The first rib has a primary eentre for the shaft, and see- 
ondary ossifieation eentres for the head of the rib and the tubercle. 

Seeond rib 


The seeond rib is twice the length of the first and has a similar curvature. 
The non-artiodar area of its tubercle is small. The angle is slight and 










































Bone and eartilage 


near the tiiberele. The shaft is not twisted but at the tubercle is convex 
upwards, as in the fìrst rib but less so. The external surface of the shaft 
is convex and superolaterally is marked eentrally by a rough, muscular 
impression that eontimies posteromedially towards the tubercle as a 
narrow, roughened ridge. The internal surface, smooth and eoneave, 
faees inferomedially and there is a short eostal groove posteriorly. 

The lower parts of the fìrst two digitations of serratus anterior are 
attaehed to a rough prominenee that extends from just behind the 
midpoint of the external surface (see Fig. 53. 9B). The distinet lips of 
the upper border are widely separated behind; scalenus posterior and 
serratus posterior superior are attaehed to the outer lip in front of the 
angle. 

Vascular supply and innervation The blood supply of the seeond 

rib is via the internal thoraeie and superior intereostal arteries. Venous 
drainage is via the superior intereostal vein, which drains into the bra- 
ehioeephalie vein, and the anterior intereostal veins, which drain into 
the internal thoraeie vein. The bone is innervated by branehes of the 
fìrst intereostal nerve. 

Ossifieatìon The seeond rib is ossifìed ffom a primary eentre for the 
shaft, which appears near the angle late in the seeond month. The 
seeondary eentres for the head and articular and non-articular parts of 
the tubercle appear about puberty, uniting to the shaft soon after the 
age of 20 years. 

Tenth, eleventh and twelfth ribs 


levator eostae, longissimus thoraeis and ilioeostalis are attaehed to the 
medial half of the external surface, and serratus posterior inferior, latis- 
simus dorsi and external oblique are attaehed to its lateral half. The 
external intereostal muscle is attaehed along the upper border. These 
attaehments vary: those of the internal intereostal, levator eostae and 
ereetor spinae merge and those of latissimus dorsi, diaphragm and 
external oblique may reaeh the eostal eartilage. The lower limit of the 
pleural sae erosses in front of the rib, approximately at the point where 
it is erossed by the lateral border of ilioeostalis. Its lateral end is usually 
below the line of eostodiaphragmatie pleural refleetion and is therefore 
not eovered by pleura. 

Vascular supply and innervation The tenth and eleventh ribs are 

supplied by the posterior intereostal artery and branehes from the mus- 
culophrenic artery. The twelfth rib is supplied by the subcostal artery. 
Venous drainage is via the posterior intereostal and subcostal veins, 
which in turn drain into the azygos system. There is additional drain- 
age via the anterior intereostal veins (branehes of the musculophrenic 
vein). The tenth and eleventh ribs are innervated by the eorresponding 
intereostal nerve, and the twelfth rib is innervated by the subcostal 
nerve. 

Ossiífieatior The tenth rib ossifies from a primary eentre in the shaft 
and seeondary eentres for the head and articular parts of the tubercle. 
The eleventh and twelfth ribs, without tubercles, have two eentres eaeh. 

Costal eartilages 


The tenth rib has a single faeet on its head that may articulate with the 
intervertebral dise above, in addition to the upper border of the tenth 
thoraeie vertebra near its pediele. The ninth and tenth ribs are usually 
united anteriorly by a fibrous joint. However, the tenth rib may be free 
in 35-70% (depending on aneestry), in which ease it is pointed like the 
eleventh and twelfth ribs. 

The eleventh and twelfth ribs eaeh have one large articular faeet on 
the head but no neek or tubercle. Their pointed anterior ends are tipped 
with eartilage. The eleventh rib has a slight angle and shallow eostal 
groove. The twelfth rib has neither, is much shorter and slopes eranially 
at its vertebral end. The internal surfaces of both ribs faee slightly 
upwards, more so in the twelfth. 

Numerous muscles and ligaments are attaehed to the twelfth rib 
(Fig. 53.10). Quadratus lumborum and its anterior eovering layer of 
thoracolumbar faseia are attaehed to the lower part of its anterior 
surface in its medial one-half to two-thirds; the upper part is related to 
the eostodiaphragmatie pleural reeess. The internal intereostal muscle 
(medially) and the diaphragm (laterally) are attaehed at or near the 
upper border. The lower border gives attaehment to the middle lamella 
of the thoracolumbar faseia and, lateral to quadratus lumborum, to the 
lateral arcuate ligament and posterior lamella of the thoracolumbar 
faseia. The lumbocostal ligament is attaehed posteriorly, elose to the 
head, eonneeting it to the first lumbar transverse proeess. The lowest 


Costal eartilages are the persistent, ossified anterior parts of the earti- 
laginous models in which the ribs develop. They are flat bars of hyaline 
eartilage that extend from the anterior ends of the ribs, and contribute 
greatly to thoraeie mobility and elastieity (see Fig. 53.8). The upper 
seven pairs join the sternum; the eighth to tenth artioilate with the 
lower border of the eartilage above; and the lowest two have free, 
pointed ends in the abdominal wall. They inerease in length from the 
first to the seventh, and then deerease to the twelfth. They diminish in 
breadth from first to last, like the intereostal spaees. The eostal eartilages 
are broad at their eostal continuity and taper as they pass forwards. The 
first and seeond are of even breadth and the sixth to eighth enlarge 
where their margins are in eontaet. The first deseends a little, the seeond 
is horizontal and the third aseends slightly; the others are angulated 
and ineline up towards the sternum or eartilage above, a little anterior 
to their ribs. 

Eaeh eostal eartilage has two surfaces, borders and ends. The anterior 
surface is convex, faeing anterosuperiorly. The sternoclavicular artioilar 
dise, costoclavicular ligament and subclavius are attaehed to the first 
eostal eartilage. Peetoralis major is attaehed to the medial aspeet of the 
first six eartilages and the others are eovered by the partial attaehments 
of the anterior abdominal muscles. The posterior surface is eoneave and, 
really, posteroinferior. Sternothyroid is attaehed to the first eartilage, 
transversus thoraeis is attaehed to the seeond to sixth, and transversus 



Fig. 53.10 The twelfth rib, left side. A, Anterior 
aspeet. Key: 1, attaehment of internal intereostal 
muscle; 2, attaehment of eostotransverse 
ligament; 3, head; 4, area eovered by pleura; 

5, attaehment of diaphragm; 6, line of pleural 
refleetion; 7, attaehment of quadratus lumborum. 
B, Posterior aspeet. Key: 1, attaehment of 
latissimus dorsi; 2, attaehment of external oblique; 

3, attaehment of serratus posterior inferior; 

4, attaehment of external intereostal muscle; 

5, attaehment of levator eostae; 6, head; 

7, attaehment of ereetor spinae. 
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abdominis is attaehed to the lower six. The internal intereostal muscles 
and external intereostal membranes are attaehed to the eoneave supe- 
rior and convex inferior borders. The inferior borders of the fìfth (some- 
times) and sixth to ninth eartilages projeet at points of greatest convexity. 
Oblong faeets on these projeetions articulate with faeets on slight pro- 
jeetions from the superior borders of subjacent eartilages. The lateral 
end of eaeh eartilage is continuous with its rib. The medial end of the 
first is continuous with the sternum; those of the six succeeding earti- 
lages are round and articulate with shallow eostal notehes on the lateral 
margins of the sternum; those of the eighth to tenth are pointed, eaeh 
eonneeted with the eartilage above; and those of the eleventh and 
twelfth are pointed and free. With the exception of the fibrous synarth- 
rosis between the first rib and sternum, all these articulations are 
synovial. 

Costal eartilage ossifieation - 
forensie radiology 



Available with the Gray’s Anatomy e-book 


Rib fractures 


Elastie reeoil of the ribs that suspend the stermim may explain the rarity 
of sternal fractures. Despite their pliability, the ribs are much more 
frequently broken, the middle ribs being the most vulnerable. Because 
traumatic stress is often the result of eompression of the thorax, the 
usual site of fracture is just in front of the angle, which is the weakest 
point of the rib. Direet impaet may fracture a rib at any point; the ends 
of the broken bone may be driven inwards and potentially may injure 
thoraeie or upper abdominal viseera. 


JOINTS 

MANUBRIOSTERNAL JOINT 
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Fig. 53.11 Ligaments of the vertebral column and eostovertebral joints, 
left lateral aspeet. The lateral parts of the anterior longitudinal ligament 
have been removed. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher, 
2013.) 


The manubriosternal joint lies between the manubrium and sternal 
body; it is usually a symphysis but it may be synovial, synehondrotie 
or synostotie. It lies approximately 7 em below the upper border of the 
manubrium. The bony surfaces are eovered by hyaline eartilage and 
eonneeted by a fibroeartilage, which may ossify in the aged. Sometimes, 
the eentral part of the dise is absorbed and the joint appears synovial. 
The manubriosternal joint is eonneeted by a fibrous membrane envel- 
oping the entire bone. In oeeasional individuals over the age of 30 years, 
the manubrium is joined to the sternal body by bone but the interven- 
ing eartilage may be only superficially ossified; ossifieation beeomes 
eomplete only in the aged. Early synostosis has been attributed to a 
persistent synehondrosis in plaee of a symphysis. In the newborn, union 
is by collagenous and elastie fibres, without ehondroeytes. 

Movements There is a small range of angulation between the longi- 
tudinal axes of the manubrium and body of the sternum, and limited 
anteroposterior displaeement. The powerful ligamentous attaehments 
in this region mean that disloeation of the manubriosternal joint is rare, 
although it may be assoeiated with high-energy trauma. Disloeation is 
most eommon when the joint is synovial, whereas synehondral and 
synosteal types typieally fracture through the manubrium. 

XIPHISTERNAL JOINT 


The joint between the xiphoid proeess and the body of the sternmn 
proeess is a symphysis. It is usually transformed to a synostosis by the 
fortieth year but sometimes remains unchanged, even in old age. 

STERNOCLAVICULAR JOINT 


The sternoclavicular joint is deseribed in Chapter 48. 

C0ST0VERTEBRAL, STERN000STAL AND 
INTERCHONDRAL JOINTS 


Joints of eostal heads 


Heads of typieal ribs articulate with faeets (often termed demifaeets) 
on the margins of adjaeent thoraeie vertebral bodies and with the 
intervertebral dises between them (Fig. 53.11). The first and tenth to 
twelfth ribs articulate with a single vertebra by a simple synovial joint. 
In the others, an intra-articular ligament biseets the joint, producing a 
double synovial eompartment, so the joint is elassified as both eom- 
pound and complex. Often inaccurately deseribed as plane, their articu- 
lar surfaces are slightly ovoid and the upper and lower synovial 
articulations are obtusely angled to eaeh other. The ligaments are eap- 
sular, radiate and intra-articular. 

íbroilS eapsijjes The fibrous capsule eonneets the eostal head to 
the circumference of the articular surface formed by an intervertebral 
dise and the demifaeets of two adjaeent vertebrae. Some of the upper 
fibres traverse their intervertebral foramina to blend with the posterior 
aspeets of the intervertebral dises. The posterior fibres are continuous 
with the eostotransverse ligaments. 

Radiate ligaments Radiate ligaments eonneet the anterior parts of 
eaeh eostal head to the bodies of two vertebrae and their intervening 
intervertebral dise. Eaeh is attaehed to the head just beyond its articular 
surface. Superior fibres aseend to the vertebral body above, inferior to 
the body below. Intermediate fibres, shortest and least distinet, are 
horizontal and attaehed to the dise. The radiate ligament assoeiated 
with the first rib is attaehed to the seventh eervieal and first thoraeie 
vertebrae. In the joints of the tenth to twelfth ribs, which articulate with 
single vertebrae, the radiate ligament is attaehed to the numbered ver- 
tebra and the one above. 

Intra-articular ligamer The intra-articular ligament is a short flat 
band attaehed laterally to the erest between the eostal articular faeets 
and medially to the intervertebral dise, dividing the joint. The ligament 
is absent from the first and tenth to twelfth joints. 

Oostotransverse joints 


The heads of the ribs articulate with vertebral bodies (eostoeorporeal 
joints); their neeks and tubercles articulate with transverse proeesses 
(eostotransverse joints). 


The faeet of a eostal tubercle articulates reeiproeally with the transverse 
proeess of its eorresponding vertebra (Fig. 53.12). The eleventh and 
twelfth ribs laek this articulation. In the upper five or six joints, articular 
































































Chest wall and breast 


When present, marginal and eentral subperichondrial ossifieation pat- 
terns seen on X-ray afford a relatively simple, rapid, inexpensive and 
accurate means of identifying sex in eompletely or partially skeletonized 
and unidentified human material, providing the subject is over 20 years 
of age. The predietive ability of this technique lies in a range of 80-90%. 
In males, the predietive ability of the marginal subperichondrial ossifi- 
eation pattern is 75-80%. In females, the predietive ability for a eentral 
subperichondrial ossifieation pattern is greater than 90%. 
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Fig. 53.12 Costovertebral joints, superior aspeet 
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Fig. 53.13 A seetion through the third to the ninth eostotransverse joints. 
Contrast the eoneave faeets on the upper transverse proeesses with the 
less curved faeets on the lower transverse proeesses. 


surfaces are reeiproeally curved but below this they are flatter (Fig. 
53.13). Their ligaments are capsular, eostotransverse, superior and 
lateral eostotransverse, and aeeessory. 

broilS eapsyle The fibrous capsule is thin and attaehed to articular 
peripheries; it has a synovial lining. 

Costotransverse ligament The eostotransverse ligament fills the 

eostotransverse foramen between the neek of the rib and its adjaeent 
eorresponding transverse proeess. Its numerous short fibres extend baek 
from the posterior rough surface on the neek to the anterior surface of 
the transverse proeess. A eostotransverse ligament is mdimentary or 
absent in the eleventh and twelfth ribs. 

Sliperior eostotransverse ligament The superior eostotransverse 

ligament has anterior and posterior layers. The anterior layer is attaehed 
between the erest of the eostal neek and lower aspeet of the transverse 
proeess above, and blends laterally with the internal intereostal mem- 
brane; it is erossed by the intereostal vessels and nerve. The posterior 
layer is attaehed posteriorly on the eostal neek, aseending posteromedi- 
ally to the transverse proeess above, and blends laterally with the exter- 
nal intereostal muscle. The first rib has no such ligament. The shaft of 
the twelfth rib, near its head, is eonneeted to the base of the first lumbar 


transverse proeess by a lumbocostal ligament in series with the superior 
eostotransverse ligaments. 

Aeeessory ligamei An aeeessory ligament is usually present. It lies 
medial to the superior eostotransverse ligament, and is separated from 
it by the dorsal ramus of a thoraeie spinal nerve and aeeompanying 
vessels. These bands are variable in their attaehments, but usually pass 
from a depression medial to a eostal tubercle to the inferior articular 
proeess immediately above. Some fibres also pass to the base of the 
transverse proeess. 

Lateral eostotransverse ligament The lateral eostotransverse 

ligament is short, thiek and strong, and passes obliquely from the apex 
of the transverse proeess to the rough non-articular part of the adjaeent 
eostal tubercle. The ligaments of upper ribs aseend from their transverse 
proeesses, and are shorter and more oblique than those of the lower 
ribs, which deseend. 

Movements eostal heads are so firmly tied to vertebral bodies by 
radiate and intra-articular ligaments that only slight gliding ean occur. 
Strong ligaments binding eostal neeks and tubercles to transverse proe- 
esses also limit movements at eostotransverse joints to slight gliding, 
guided by the shape and direetion of the articular surfaces (see Fig. 
53.13). The faeets on the tubercles of the upper six ribs are oval and 
vertieally convex, and fit eorresponding eoneavities on the anterior 
surfaces of transverse proeesses; consequently, up and down movements 
of tubercles involve rotation of eostal neeks about their long axes. The 
faeets on the seventh to tenth tubercles are almost flat and faee down, 
medially and backwards; their opposing surfaces are on the upper 
aspeets of transverse proeesses and so, when these tubercles aseend, they 
also move posteromedially. Both sets of joints move simultaneously 
and in the same direetions; the eostal neek therefore moves as if at a 
single joint in which the two articulations form its ends. 

In the upper six ribs, the neek moves slightly up and down but its 
ehief movement is one of rotation about its long axis, which means that 
downward rotation of its anterior aspeet is assoeiated with depression, 
and upward rotation with elevation, of the shaft and anterior end of 
the rib. In the seventh to tenth ribs, the neek aseends posteromedially 
or deseends anterolaterally, inereasing or diminishing the infrasternal 
angle, respeetively; slight rotation aeeompanies these movements. 

Sternoeostal joints 


Costal eartilages articulate with small eoneavities on the lateral sternal 
borders (ehondrosternal articulations) (Fig. 53.14). Perichondrium 
and periosteum are continuous. The first sternoeostal joint is an unusual 
variety of synarthrosis (fibrous) and is often inaccurately ealled a syn- 
ehondrosis. The seeond to seventh eostal eartilages articulate by syno- 
vial joints, although articular eavities are often absent, partioilarly in 
the lower joints. Fibroeartilage eovers the articular surfaces and also 
unites the eostal eartilages and the sternum in those joints where 
eavities are absent. The seventh eostosternal joint may be synovial or 
'symphysial'. Ligaments involved are capsular, radiate sternoeostal, 
intra-articular and costoxiphoid. 


939 


CHAPTER 53 































SECTION 7 


CHEST WALL AND BREAST 


940 



Fibrocartilaginous 
articularsurfaces 


Costochondral 
junctions 


lntra-articular 
ligament 
and two joint 
eavities 


Fig. 53.14 Sternoeostal and interehondral joints, anterior aspeet. 


Sternothyroid Manubrium First eostal eartilage 



Transversus thoraeis Body Xiphoid Caval Central tendon of Internal intereostal 

proeess opening diaphragm muscle 


Fig. 53.15 The left transversus thoraeis, exposed and vievved from its 
posterior aspeet. The lovver border of transversus thoraeis is in eontaet 
with the upper border of transversus abdominis in the interval between 
the sternal and eostal origins of the diaphragm. (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher, 2013.) 


broiis eapsilles Fibrous capsules surround the seeond to seventh 
sternoeostal joints. They are thin, blended with the sternoeostal liga- 
ments, and strengthened above and below by fibres that eonneet the 
eostal eartilages to the sternum. 

Radiate sternoeostal ligaments The radiate sternoeostal liga- 

ments are broad, thin bands that radiate from the anterior and posterior 
surfaces of the sternal ends of the eostal eartilages of the tme ribs to the 
eorresponding sternal surfaces. Their superficial fibres intermingle with 
adjaeent ligaments above and below, with those of the opposite side 
and with tendinous fibres of peetoralis major. Collectively these tissues 
form a thiek fibrous membrane around the sternum that is more 
marked inferiorly. 

Intra-articular ligaments Intra-articular ligaments are eonstant 
only between the seeond eostal eartilages and sternum. The ligament 
assoeiated with the seeond eostal eartilage extends from the eostal ear- 
tilage to the fibroeartilage uniting the manubrium and sternal body, 
and is therefore intra-articular. Oeeasionally the third sternal eartilage 
is eonneeted with the first and seeond sternal segments by a similar 
ligament. Fibrocartilaginous strands may occur in the third and lower 
joints. Artioilar eavities may be absent at any age. 

CostOXÌphoíd ligaments Costoxiphoid ligaments eonneetthe ante- 
rior and posterior surfaces of the seventh (and sometimes sixth) eostal 
eartilage to the same surfaces of the xiphoid proeess. They vary in length 
and breadth, and the posterior is less distinet. 

Movements Slight gliding movements, sufficient for ventilation, 
occur at sternoeostal joints. 

interehondral joints 


Contiguous borders of the sixth to ninth eostal eartilages articulate by 
apposition of small oblong faeets. Eaeh articulation is enelosed in a thin 
fibrous capsule, lined by synovial membrane with lateral and medial 
interehondral ligaments. Sometimes the fifth eartilage, and less eom- 
monly the ninth eartilage, articulate at their inferior borders with 
adjoining eartilages; this eonneetion is usually effeeted by ligamentous 
fibres. Artiailation between the ninth and tenth eartilages is never syno- 
vial and sometimes absent. 


Oostoehondral junctions 


Artifieially separated from its rib, a eostal eartilage has a rounded end 
that fits a reeiproeal depression in the rib. Periosteum and periehon- 
drium are continuous aeross the eostoehondral junctions and the eol- 
lagen of the osseous and cartilaginous matriees blend. No movement 
occurs at eostoehondral junctions. 



The intrinsie muscles of the ehest wall are the intereostals, subcostales, 
transversus thoraeis, levatores eostamm, serratus posterior and, oeea- 
sionally, sternalis. Scapular muscles and muscles eonneeting the upper 
limb, ehest wall and vertebrae, i.e. trapezius, latissimus dorsi, rhom- 
boids major and minor, levator scapulae, peetorales major and minor, 
subclavius, supra- and infraspinatus, teres major and teres minor, are 
deseribed in detail in ehapter 48. 

INTRINSIC CHEST WALL MUSCLES 


intereostal muscles 

The intereostal muscles are thin multiple layers of muscular and tendi- 
nous fibres that occupy the intereostal spaees; their names are derived 
from their spatial relationship, i.e. the external, internal and innermost 
intereostals (Fig. 53.15). 

External intereostals 

Eleven pairs of external intereostals extend from the tubercles of 
the ribs, where they blend with the posterior fibres of the superior 
eostotransverse ligaments, almost to the eostal eartilages, where eaeh 
continues forwards to the stermim as an aponeurotic layer, the exter- 
nal intereostal membrane. Eaeh muscle passes from the lower border 
of one rib to the upper border of the rib below; their fibres are 
direeted obliquely downwards and laterally at the baek of the thorax, 
and downwards, forwards and medially at the front. In the upper 
two or three spaees, they do not quite reaeh the ends of the rib, and 
in the lower two spaees, they extend to the free ends of the eostal 
eartilages. The external intereostals are thieker than the internal 
intereostals. 
















































Muscles 


Innerva ÌOi External intereostals are supplied by the adjaeent inter- 
eostal nerves. 

Aetior External intereostals are believed to aet with the internal inter- 
eostals (Ch. 55). 

Internal intereostals 

Eleven pairs of internal intereostals begin anteriorly at the sternnm, in 
the interspaees between the eartilages of the tme ribs, and at the anterior 
extremities of the eartilages of the 'false' ribs. Their greatest thiekness 
lies in this intercartilaginous or parasternal part. They eontimie baek as 
far as the posterior eostal angles, where eaeh is replaeed by an aponeu- 
rotie layer, the internal intereostal membrane, that is continuous pos- 
teriorly with the anterior fibres of a superior eostotransverse ligament, 
and anteriorly with the faseia between the internal and external inter- 
eostal muscles. Eaeh muscle deseends from the floor of a eostal groove 
and adjaeent eostal eartilage, and inserts into the upper border of the 
rib below; their fibres are direeted obliquely, nearly at right angles to 
those of the external intereostal muscles. 

Innerva ioi Internal intereostals are supplied by the adjaeent inter- 
eostal nerves. 

Aetior Internal intereostals are believed to aet with the external inter- 
eostals (p. 974). 

Innermost intereostals 

The innermost intereostals were onee regarded as internal laminae of 
the internal intereostal muscles, and fibres in the two layers do eoineide 
in direetion. Eaeh muscle is attaehed to the internal aspeets of two 
adjoining ribs. They are insignifieant, and sometimes absent, at the 
highest thoraeie levels but beeome progressively more substantial below 
this, typieally extending through the middle two quarters of the lower 
intereostal spaees. Posteriorly, the innermost intereostals, in those 
spaees where they are well developed, may eome together with the eor- 
responding subcostales. The innermost intereostals are related inter- 
nally to the endothoraeie faseia and parietal pleura, and externally to 
the intereostal nerves and vessels. 

Innerva ÌOí Innermost intereostals are supplied by the adjaeent inter- 
eostal nerves. 

Aetior Innermost intereostals are believed to aet with the internal 
intereostals (Ch. 55). 

Subcostales 

Subcostales eonsist of muscular and aponeurotic fasciculi and are 
usually well developed only in the lower part of the thorax. Eaeh 
deseends from the internal surface of one rib, near its angle, to the 
internal surface of the seeond or third rib below. Their fibres mn parallel 
to those of the internal intereostals and, like the innermost intereostals, 
they lie between the intereostal vessels and nerves and the pleura. 

Innerva ÌOi Subcostales are supplied by the adjaeent intereostal 
nerves. 

Aetior Subcostales depress the ribs. 

Transversus thoraeis 

Transversus thoraeis (triangularis sternae, sternoeostalis) spreads over 
the internal surface of the anterior thoraeie wall (see fig. 53.15). It arises 
from the lower third of the posterior surface of the sternum, the xiphoid 
proeess and the eostal eartilages of the lower three or four tme ribs near 
their sternal ends. The fibres diverge and aseend laterally as slips that 
pass into the lower borders and inner surfaces of the eostal eartilages 
of the seeond, third, fourth, fifth and sixth ribs. The lowest fibres are 
horizontal and are contiguous with the highest fibres of transversus 
abdominis; the intermediate fibres are oblique; and the highest are 
almost vertieal. Transversus thoraeis varies in its attaehments, not only 
between individuals but even on opposite sides of the same individual. 
Like the innermost intereostals and subcostales, transversus thoraeis 
separates the intereostal nerves from the pleura. 

Innervatioi Transversus thoraeis is supplied by the adjaeent intereos- 
tal nerves. 

Aetior Transversus thoraeis draws down the eostal eartilages to which 
it is attaehed. 


Levatores eostamm 

Levatores eostamm are strong bundles, 12 on eaeh side, which arise 
from the tips of the transverse proeesses of the seventh eervieal and first 
to eleventh thoraeie vertebrae. They pass obliquely downwards and 
laterally, parallel with the posterior borders of the external intereostals. 
Eaeh is attaehed to the upper edge and external surface of the rib imme- 
diately below the vertebra from which it takes origin, between the 
tubercle and the angle (levatores eostamm breves). Eaeh of the four 
lower muscles divides into two fasciculi; one is attaehed as already 
deseribed, and the other deseends to the seeond rib below its origin 
(levatores eostamm longi). 

Innervatior Levatores eostamm are supplied by the lateral branehes 
of the dorsal rami of the eorresponding thoraeie spinal nerves. 

Aetior Levatores eostamm elevate the ribs but their importanee in 
ventilation is disputed. They are also said to aet from their eostal attaeh- 
ments as rotators and lateral flexors of the vertebral column. 

Serratus posterior superior 

Serratus posterior superior (Fig. 53.16) is a thin quadrilateral muscle, 
external to the upper posterior part of the thorax. It arises by a thin 
aponeurosis from the lower part of the nuchal ligament, the spines of 
the seventh eervieal and upper two or three thoraeie vertebrae, and their 
supraspinous ligaments. It deseends laterally and ends in four digita- 
tions attaehed to the upper borders and external surfaces of the seeond, 
third, fourth and fifth ribs, just lateral to their angles. It is superficial to 
the thoraeie part of the thoracolumbar faseia and deep to the rhom- 
boids. The number of digitations ean vary from three to six, and the 
muscle may even be absent. 

Innervatior Serratus posterior superior is innervated by the seeond, 
third, fourth and fifth intereostal nerves. 

Aetior The attaehments of serratus posterior superior elearly indieate 
that it could elevate the ribs; its role in humans is uncertain. 
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Fig. 53.16 Superficial (extrinsic) muscles of the baek. 
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Serratus posterior inferior 

Serratus posterior inferior (Fig. 53.16) is a thin, irregularly quadrilateral 
muscle at the junction of the thoraeie and lumbar regions. It arises from 
the spines of the lower two thoraeie and upper two or three lumbar 
vertebrae and their supraspinous ligaments by a thin aponeurosis that 
blends with the lumbar part of the thoracolumbar faseia. It aseends 
laterally and its four digitations pass into the inferior borders and outer 
surfaces of the lower four ribs, a little lateral to their angles. There may 
be fewer digitations and, in rare eases, the entire muscle may be absent. 

innervatior Serratus posterior inferior is innervated by ventral rami 
of the ninth, tenth, eleventh and twelfth thoraeie spinal nerves. 

AetÌOI Serratus posterior inferior draws the lower ribs downwards and 
backwards, although possibly not in ventilation. 

(§) Sternalis 

Sternalis is an anatomieal variation well known to anatomists but rela- 
tively unknown to elinieians and surgeons (Snosek et al 2014). The 
muscle appears as a parasternal mass deep to the superficial faseia of 
the anterior thoraeie wall and superficial to the peetoral faseia overly- 
ing peetoralis major. It may be a eord-like, flat band or irregular and 
flame-like in shape, is almost twice as eommonly unilateral, and occurs 
more often on the right side. Various attaehment sites have been 
deseribed in an extensive anatomieal literature, including the sternum, 
inferior border of the elaviele, sternoeleidomastoid faseia, peetoralis 
major, and the upper ribs and their eostal eartilages, all superiorly, and 
the lower ribs and their eostal eartilages, peetoralis major, the rectus 
sheath and the external abdominal oblique aponeurosis, all inferiorly. 
The muscle occurs oeeasionally in the general population, but there is 
great variation both within and between different geographie popula- 
tions. Its superficial loeation makes it an ideal eandidate for utilization 
as a muscular flap in plastie reeonstmetion of the head and neek 
region. 

The aetiology is unknown; sternalis may be an example of a much 
larger group of variations, including peetoralis minimus, peetoralis 
tertius, infraclavicularis and ehondroepitroehlearis, that are thought to 
be caused by a disturbance of the normal proeesses of peetoral muscle 
development. 

The relationship of sternalis to peetoralis major may cause a diag- 
nostie dilemma during breast surgery, mammography, computed tom- 
ography and magnetie resonanee imaging seans because its appearanee 
mimies tumour pathology of the region. 

Meehanism of thoraeie eage movement 


Breathing involves ehanging the thoraeie volume by altering the vertieal, 
transverse and anteroposterior dimensions of the thorax (p. 974). The 
diaphragm is the key muscle in this proeess. Its muscle fibres deseend 
from their relatively 'high' anterior sternoeostal attaehments steeply to 
the eentral tendon and obliquely to their complex 4ow' posterior 
attaehments (see flg. 55.1). The eentral tendon is fixed: when the dia- 
phragm eontraets, it allows the lower ribeage to move inferiorly and 
anteriorly without any ehange to the curvature of the diaphragm. The 
intereostal muscles maintain the rigidity of the ehest wall. The external 
and internal intereostals, transversus thoraeis, subcostales, levatores eos- 
tamm, serratus posterior superior and serratus posterior inferior ean 
elevate or depress the ribs, and henee ean aet as aeeessory muscles of 
ventilation. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
0F THE CHEST WALL 


ARTERIES 


Muscles of the thoraeie wall reeeive their blood supply from the internal 
thoraeie artery, either direetly or via the musculophrenic artery, the 
superior intereostal artery, deseending thoraeie aorta, and the subcostal 
and superior thoraeie arteries. Additional contributions eome from 
vessels that supply the proximal muscles of the upper limb: namely, the 
suprascapular, superficial eervieal, thoraeo-aeromial, lateral thoraeie 
and subscapular arteries. 

Internal thoraeie artery 


The internal thoraeie artery (internal mammary artery) arises inferiorly 
942 from the first part of the subclavian artery, approximately 2 em above 


the sternal end of the elaviele and opposite the root of the thyroeervieal 
tmnk (see Fig. 51.2). It deseends behind the first six eostal eartilages, 
1 em from the lateral sternal border and divides at the level of the sixth 
intereostal spaee into musculophrenic and superior epigastrie branehes. 
The superior epigastrie artery is deseribed in Chapter 61. 

Relations At first, the internal thoraeie artery deseends anteromedially 
behind the sternal end of the elaviele, the internal jugular and braehio- 
eephalie veins, and the first eostal eartilage. As it enters the thorax, the 
phrenie nerve erosses it obliquely from its lateral side, usually in front. 
The artery then deseends almost vertieally to its bifiireation, lying 
behind peetoralis major, the first six eostal eartilages, external intereostal 
membranes, internal intereostals and terminations of the upper six 
intereostal nerves. It is separated from the pleura, down to the seeond 
or third eartilage, by a strong layer of faseia, and below this by trans- 
versus thoraeis. The artery is aeeompanied by a ehain of lymph nodes 
and by venae eomitantes that unite at about the third eostal eartilage 
into a single vein medial to the artery. Its intermediate branehes are 
sternal, anterior intereostal and perforating. 

Sternal branehes Sternal branehes are distributed to transversus 
thoraeis, the periosteum of the posterior sternal surface and the sternal 
red bone marrow. These branehes, together with small branehes of the 
perieardiaeophrenie artery, anastomose with branehes of the posterior 
intereostal and bronehial arteries to form a subpleural mediastinal 
plexus. 

Anterior intereostal branehes Anterior intereostal arteries are 

distributed to the upper six intereostal spaees. They pass laterally along 
the borders of the spaee and anastomose with the posterior intereostal 
arteries and their eollateral branehes (see Fig. 53.19). The anterior 
intereostals usually arise from the internal thoraeie artery as single 
vessels that promptly divide into two branehes, one passing superiorly, 
the other inferiorly within eaeh intereostal spaee. Oeeasionally, one 
braneh passes to the spaee above and one to the spaee below. (The 
anterior intereostals may sometimes arise as two separate branehes from 
the internal thoraeie artery.) The arteries lie at first between the pleura 
and the internal intereostals, then between the innermost and the inter- 
nal intereostals (Fig. 53.18). They supply the intereostal muscles and 
send branehes through them to the peetoral muscles, breast and skin. 

Perforating branehes Perforating branehes traverse the upper five 
or six intereostal spaees with the anterior cutaneous branehes of the 
eorresponding intereostal nerves. They pieree and supply peetoralis 
major, and then curve laterally to beeome direet cutaneous vessels that 
supply the skin. These cutaneous vessels provide the anatomieal basis 
for surgically raising the deltopeetoral skin flap that is used for reeon- 
stmeting areas of missing tissue in the head and neek. The seeond 
to fourth branehes supply the breast and beeome enlarged during 
laetation. 
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Fig. 53.18 Disseetion of part of an intereostal spaee, external aspeet, 
showing the position of the intereostal vessels and nerve and their 
eollateral branehes relative to the intereostal miiseles. 























Chest wall and breast 


The mammographie appearanee of sternalis muscle is variable. Typi- 
eally visible in the medial aspeet of the breast on a craniocaudal (CC) 
mammogram, it appears as a small soft tissue density/mass abutting 
the ehest wall. Its margins and shape are variable. Sternalis is not usually 
seen on standard mediolateral oblique or mediolateral views. 
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Vaseiilar supply and lymphatie drainage of the ehest wall 


Mliseillophrenie arter The musculophrenic artery passes infero- 
laterally behind the seventh to ninth eostal eartilages, traverses the 
diaphragm near the ninth, and ends near the last intereostal spaee. It 
anastomoses with the inferior phrenie and lower two posterior inter- 
eostal arteries and aseending branehes of the deep circumflex iliae arter- 
ies. Two anterior intereostal arteries braneh from it for eaeh of the 
seventh to ninth intereostal spaees, and are distributed similarly to their 
counterparts in the higher spaees. The musculophrenic artery also sup- 
plies the lower part of the perieardmm and the abdominal muscles. 


eiinieal signifieanee of the internal thoraeie artery 
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Eaeh artery erosses its intereostal spaee obliquely towards the angle 
of the rib above and continues forwards in its eostal groove. At first 
between the pleura and internal intereostal membrane as far as the 
eostal angle, it passes between the internal intereostal and innermost 
intereostal muscles (see Fig. 53.18), anastomosing with an anterior 
intereostal braneh from either the internal thoraeie or musculophrenic 
artery. Eaeh artery has a vein above and a nerve below, except in the 
upper spaees, where the nerve at first lies above the artery. The third 
posterior intereostal artery anastomoses with the superior intereostal 
artery and may provide the major supply to the seeond spaee. The lower 
two arteries continue anteriorly into the abdominal wall, where they 
anastomose with the subcostal, superior epigastrie and lumbar arteries. 
Eaeh posterior intereostal artery has dorsal, eollateral, muscular and 
cutaneous branehes. 


Superior intereostal artery 


The superior intereostal artery arises from the eostoeervieal tmnk. It 
deseends between the pleura and the neeks of the first and seeond ribs, 
and anastomoses with the third posterior intereostal artery. Crossing 
the neek of the first rib, it lies medial to the ventral braneh of the first 
thoraeie spinal nerve, which it erosses at a lower level, and lateral to the 
stellate ganglion. In the first spaee, it gives off the first posterior inter- 
eostal artery, which has a similar distribution to the lower posterior 
intereostal arteries. It deseends to beeome the seeond posterior inter- 
eostal artery, usually joining a braneh from the third. The artery is not 
eonstant, and is more eommon on the right; when absent, it is replaeed 
by a direet braneh from the aorta. 

Posterior intereostal arteries 


There are usually nine pairs of posterior intereostal arteries. They arise 
from the posterior aspeet of the deseending thoraeie aorta and are dis- 
tributed to the lower nine intereostal spaees. Right posterior intereostal 
arteries are longer because the aorta deviates to the left (Fig. 53.19); 
they eross the vertebral bodies behind the oesophagus, thoraeie duct 
and azygos vein, right lung and pleura. Left posterior intereostal arteries 
turn backwards on the vertebral bodies in eontaet with the left lung and 
pleura; the upper two are erossed by the left superior intereostal vein, 
and the lower by the hemiazygos and aeeessory hemiazygos veins. The 
fhrther course of the arteries is the same on both sides. The sympathetie 
tmnk lies anterior to all of the arteries, and the splanehnie nerves 
deseend in front of the lower arteries. 
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Fig. 53.19 A sehematie transverse seetion through a lower intereostal 
spaee to show the branehes of a typieal intereostal artery. The usual 
branehing arrangement of the dorsal cutaneous braneh is shown to the 
right of the spine and a eommon variant is shown to the left. (With 
permission from Cormack GC, Lamberty BGH 1994 The Arterial Anatomy 
of Skin Flaps, 2nd ed. Edinburgh: Churchill Livingstone.) 


Dorsa braneh Eaeh dorsal braneh mns dorsally between the neeks 
of adjoining ribs; a vertebral body and superior eostotransverse liga- 
ment lie medial and lateral, respeetively. Eaeh dorsal braneh gives off a 
spinal braneh that enters the vertebral eanal via the intervertebral 
foramen and supplies the vertebra, spinal eord and meninges, anasto- 
mosing with the spinal arteries above and below and with its eontra- 
lateral fellow. It then divides into a medial and a lateral dorsal 
musculocutaneous braneh (oeeasionally, these arise separately from the 
posterior intereostal artery rather than from a eommon tmnk). The 
medial braneh erosses a transverse proeess with the medial dorsal 
braneh of a thoraeie spinal nerve to supply spinalis, longissimus thora- 
eis and an area of overlying skin. The lateral braneh supplies longis- 
simus thoraeis and ilioeostalis, and the medial aspeets of latissimus 
dorsi and trapezms, in addition to an area of overlying skin. 

Oollateral intereostal braneh A eollateral intereostal braneh arises 

near the eostal angle and deseends to the upper border of the subjacent 
rib, along which it courses to anastomose with an anterior intereostal 
braneh of the internal thoraeie or musculophrenic artery. 

MllSCU ar branehes Muscular branehes supply the intereostal and 
peetoral muscles and serratus anterior, anastomosing with the superior 
and lateral thoraeie branehes of the axillary artery. Lateral cutaneous 
branehes aeeompany the same branehes of the thoraeie spinal nerves. 
Mammary branehes from the vessels in the seeond to fourth spaees 
supply the peetoral muscles, breast tissue and skin; they enlarge during 
laetation. 


Lateral CUtaneOUS braneh The lateral cutaneous braneh is given 
off in the posterior part of the intereostal spaee and travels anteriorly 
for a few eentimetres with an aeeompanying vein and the lateral cutane- 
ous braneh of the equivalent intereostal nerve. This neurovascular 
bundle pierees the intereostal muscles and emerges lower down between 
the interdigitations of serratus anterior and external oblique. It divides 
into anterior and posterior rami, which contribute to the blood supply 
of the skin of the lateral tmnk; these vessels are less signifieant in the 
upper three intereostal spaees. 

Llnnamed branehes Other mrnamed branehes supply tissues of the 
thoraeie wall, e.g. eostal periosteum, bone and bone marrow of the ribs, 
tissues of synovial and synarthrodial joints, and the parietal pleura. 


eiinieal signifieanee of the posterior intereostal arteries 



Available with the Gray’s Anatomy e-book 


VEINS 

Internal thoraeie veins 


The internal thoraeie veins are venae eomitantes of the inferior half of 
the internal thoraeie artery. Near the third eostal eartilages, the veins 
unite and aseend medial to the artery to end in their appropriate bra- 
ehioeephalie vein. Tributaries eorrespond to branehes of the artery and 
include a perieardiaeophrenie vein. The internal thoraeie veins have 
several valves. 

Left superior intereostal vein 


The left superior intereostal vein drains the seeond and third (some- 
times fourth) left posterior intereostal veins. It aseends obliquely for- 
wards aeross the left aspeet of the aortie areh, lateral to the left vagus 
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Chest wall and breast 



Fig. 53.17 The internal thoraeie vessels prepared for miero-anastomosis 
beneath the third eostal eartilage. The disseeted internal thoraeie artery 
(red arrow) and vein (blue arrow) are shown after removal of the right third 
eostal eartilage. These vessels are divided to provide reeipient blood 
supply for a free tissue transfer. 


The internal thoraeie artery has a number of elinieal uses but perhaps 
most signifieantly is the vessel of ehoiee for eoronary artery bypass 
grafting (Fig. 53.17). It has beeome a popular reeipient vessel for free 
flap transfers to the ehest walf prineipally for breast reeonstmetion 
(Ninkovie et al 1995 ), and has largely superseded the thoraeodorsal 
vessels for this purpose. It is routinely aeeessed by removing a portion 
of the third eostal eartilage, although some surgeons prefer to disseet 
the vessels between the ribs, with a rib-sparing approaeh (Parrett et al 
2008 , Malata et al 2011 ) or even utilizing the anterior perforating 
branehes as they pieree peetoralis major (Park et al 2003 , Munhoz et al 
2004 ). The anterior perforating branehes form the vascular pedieles for 
fasciocutaneous flaps raised from the ehest wall that have been used for 
many deeades in head and neek reeonstmetion (Bakamjian et al 1971 , 
Neligan et al 2007 ). The superior epigastrie artery is the main vascular 
pediele for the superiorly based rectus abdominis flap, a muscle or 
myocutaneous flap useful in breast, sternal and ehest wall reeonstme- 
tion (Hartrampf et al 1982 ). During CT-guided lung and mediastinal 
biopsies, the internal thoraeie vessels must be avoided: exsanguination 
has been reported with Tmcut needle trauma. The approaeh must be at 
least 2 em lateral to the sternal margin. The vessels are not seen easily 
on non-eontrast fluoroscopic CT images. 

Catheter embolization is an interventional radiology technique that ean 
be used to bloek branehes of the posterior intereostal arteries when they 
are bleeding, e.g. seeondary to blunt trauma usually assoeiated with rib 
fractures, or when there is an abnormality of the vertebrae supplied by 
the dorsal braneh of the posterior intereostal artery. In such eases, the 
posterior intereostal artery may be aeeessed by plaeing a eatheter in the 
thoraeie aorta, usually by puncturing the femoral artery in the groin. A 
smaller eatheter (referred to as a superselective eatheter) may then be 
plaeed in the posterior intereostal artery and embolie material (which 
ean be metallie eoils or glue) injeeted to bloek the artery. This ean cause 
eessation of bleeding in eases of trauma and provide pain relief when 
the vertebral body is infiltrated with tumour (Fig. 53.20). 


Right eleventh posterior intereostal Tip of the Cobra eatheter in the origin of 

artery opaeified by eontrast right eleventh posterior intereostal artery 



‘Blush’ or extravasation of eontrast 
indieates acute bleeding from a vessel 


Platinum miero eoils occluding the Superselective mieroeatheter which has been 

artery to stop the bleeding inserted through the Cobra eatheter to reaeh 


more distally into the artery 



Cobra eatheter in the origin of the right 
eleventh posterior intereostal artery 


Fig. 53.20 A,B, Pre- and post-embolization images after seleetive 
eatherization of the right eleventh posterior intereostal artery. 
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and medial to the left phrenie nerve, to open into the left braehio- 
eephalie vein. It usually reeeives the left bronehial veins, sometimes the 
left perieardiaeophrenie vein, and eonneets inferiorly with the aeeessory 
hemiazygos vein. It may be seen on a ehest X-ray as the 'aortie nipple', 
not to be eonfiised with a small lung nodule. 

Posterior intereostal veins 


The posterior intereostal veins aeeompany their arteries in 11 pairs. 
Approaehing the vertebral column, eaeh vein reeeives a posterior tribu- 
tary that returns blood from the dorsal muscles and skin and the ver- 
tebral venous plexuses. On both sides, the fìrst posterior intereostal vein 
aseends anterior to the neek of the fìrst rib, arehing forwards above the 
pleural dome to end in the ipsilateral braehioeephalie or vertebral vein. 
On the right side, the seeond, third and often the fourth veins form a 
right superior intereostal vein that joins the areh of the azygos vein. The 
lower spaees drain direetly into the azygos vein. On the left side, the 
seeond, third and sometimes the fourth veins form a left superior inter- 
eostal vein. Veins from the fourth or fifth to eighth intereostal spaees 
end in the aeeessory hemiazygos vein, and veins from the ninth to the 
eleventh intereostal spaees drain into the hemiazygos vein. 

Posterior intereostal veins are so ealled to distinguish them from 
small anterior intereostal veins, which are tributaries of the internal 
thoraeie and musculophrenic veins. 

LYMPHATIC DRAINAGE 


Superficial lymphatie vessels of the thoraeie wall ramify subcutaneously 
and eonverge on the axillary nodes (see 7 ig. 53.22). Those superficial 
to trapezms and latissimus dorsi unite to form 10 or 12 tmnks, which 
end in the subscapular nodes. Those in the peetoral region, including 
vessels from the skin eovering the periphery of the breast and its subare- 
olar plexus, mn baek, eolleeting those superficial to serratus anterior, to 
reaeh the peetoral nodes. Vessels near the lateral sternal margin pass 
between the eostal eartilages to the parasternal nodes and anastomose 
aeross the sternum, providing a route for eontralateral nodal spread in 
medially loeated breast eareinoma. A few vessels from the upper peeto- 
ral region aseend over the elaviele to the inferior deep eervieal nodes. 
Lymph from the deeper tissues of the thoraeie walls drains mainly to 
the parasternal, intereostal or diaphragmatie nodes. 

Parasternal (internal thoraeie) nodes 


There are four or five parasternal nodes along eaeh internal thoraeie 
artery at the anterior ends of the intereostal spaees. They drain afferents 
from the breast, deeper structures of the supra-umbilical anterior 
abdominal wall, the superior hepatie surface (through a small group of 
nodes behind the xiphoid proeess) and deeper parts of the anterior 
thoraeie wall. Their efferents usually unite with those from the traeheo- 
bronehial and braehioeephalie nodes to form the bronehomediastinal 
tmnk. The latter may open on either side, direetly into the jugulosub- 
elavian junction, into either great vein near the junction, the right 
subclavian tmnk or lymphatie duct, or the thoraeie duct on the left. 

intereostal nodes 


intereostal nodes occupy the intereostal spaees near the heads and neeks 
of the ribs. They reeeive deep lymph vessels from the posterolateral 
aspeets of the ehest wall and breast, some of which are intermpted by 
small lateral intereostal nodes. Efferents of nodes in the lower 4-7 
spaees unite into a tmnk that deseends to the abdominal confluence of 
lymph tmnks or to the start of the thoraeie duct. Efferents of nodes in 
the left upper spaees end in the thoraeie duct; those of the right upper 
spaees end in one of the right lymph tmnks. 

Diaphragmatie nodes 


Loeated on the thoraeie surface of the diaphragm, these nodes are 
arranged in anterior, right and left lateral, and posterior groups. 

Anterior group The anterior group eonsists of two or three small 
nodes behind the base of the xiphoid proeess, draining the convex 
hepatie surface, and one or two nodes on eaeh side near the junction 
of the seventh rib and eartilage, which reeeive anterior lymph 
vessels from the diaphragm. The anterior group drains to the parasternal 
nodes. 


Lateral groups The lateral groups eaeh eontain two or three nodes, 
and lie elose to the point where the phrenie nerves enter the diaphragm. 
On the right, some nodes lie within the fibrous pericardium anterior 
to the intrathoraeie end of the inferior vena eava. Their afferents drain 
the eentral diaphragm; those on the right also drain the convex surface 
of the liver, and their efferents pass to the posterior mediastinal, para- 
sternal and braehioeephalie nodes. 

Posterior group The posterior group eonsists of a few nodes that lie 
on the posterior aspeet of the emra and eonneet with the lateral aortie 
and posterior mediastinal nodes. 

Lymphatie drainage of deeper tissues 


Collecting vessels of the deeper thoraeie tissues include lymphaties that 
drain the muscles attaehed to the ribs. Most end in axillary nodes but 
some from peetoralis major also drain to the parasternal nodes. Inter- 
eostal vessels drain the intereostal muscles and parietal pleura; those 
from the anterior thoraeie wall and pleura end in the parasternal nodes, 
and their posterior counterparts drain to intereostal nodes. 

Vessels from the diaphragm form two plexuses, thoraeie and abdom- 
inal, which anastomose freely, espeeially in areas eovered by pleura and 
peritoneum, respeetively. The thoraeie plexus unites with lymph vessels 
draining the eostal and mediastinal pleura. Its efferents are anterior, 
draining to the anterior diaphragmatie nodes near the junctions of the 
seventh rib and eartilage; middle, draining to nodes on the oesophagus 
and around the end of the inferior vena eava; and posterior, draining 
to nodes around the aorta at the point where it leaves the thorax. The 
abdominal plexus anastomoses with the hepatie lymphaties and periph- 
erally with those of the subperitoneal tissue. Efferents from its right half 
end in a group of nodes on the inferior phrenie artery, or in the right 
lateral aortie nodes. Those from the left half of the abdominal diaphrag- 
matie plexus pass to the pre-aortie, lateral aortie and terminal oesopha- 
geal nodes. 


INNERVATION 0F THE OHEST WALL 


TH0RACIC VENTRAL SPINAL RAMI 


There are 12 pairs of thoraeie ventral rami. The upper 11 lie between 
the ribs (intereostal nerves) and the twelfth lies below the last rib (sub- 
eostal nerve). Eaeh is eonneeted with the adjoining ganglion of the 
sympathetie tmnk by grey and white rami communicantes; the grey 
ramus joins the nerve proximal to the point at which the white ramus 
leaves it (Fig. 53.21). intereostal nerves are distributed primarily to the 
thoraeie and abdominal walls. The first two nerves supply fibres to the 



Fig. 53.21 The course of a typieal intereostal nerve. The muscular and 
the eollateral branehes are not shown. 








































Breast 


upper limb in addition to their thoraeie branehes, the next four supply 
only the thoraeie walf and the lower five supply both thoraeie and 
abdominal walls. The subcostal nerve is distributed to the abdominal 
wall and the gluteal skin. Communicating branehes link the intereostal 
nerves posteriorly in the intereostal spaees, and the lower five nerves 
communicate freely in the abdominal wall. 

First to sixth thoraeie ventral rami 


The first thoraeie ventral ramus divides unequally: a large braneh 
aseends aeross the neek of the first rib, lateral to the superior intereostal 
artery, to enter the braehial plexus, and a smaller braneh (the first inter- 
eostal nerve) mns in the first intereostal spaee and terminates as the 
first anterior cutaneous nerve of the thorax. A lateral cutaneous braneh 
pierees the ehest wall anterior to serratus anterior and supplies the axil- 
lary skin; it may eomimmieate with the intereostobraehial nerve and 
sometimes joins the medial cutaneous nerve of the arm. The first tho- 
raeie ramus often reeeives a eonneeting ramus from the seeond, which 
aseends in front of the neek of the seeond rib. 

The seeond to sixth thoraeie ventral rami pass forwards in their 
intereostal spaees below the intereostal vessels. Posteriorly, they lie 
between the pleura and external intereostal membranes, but they mn 
mainly between the internal intereostals and the subcostales/innermost 
intereostals. Near the sternum, they eross anterior to the internal tho- 
raeie vessels and transversus thoraeis, pieree the internal intereostals, 
the external intereostal membranes and peetoralis major, and terminate 
as the anterior cutaneous nerves of the thorax. The seeond anterior 
cutaneous nerve may be eonneeted to the medial supraclavicular nerves 
of the eervieal plexus, and twigs from the sixth intereostal nerve supply 
abdominal skin in the upper part of the infrasternal angle. 

Branehes Numerous slender muscular filaments supply the intereos- 
tals, serratus posterior superior and transversus thoraeis. Anteriorly, 
some eross the eostal eartilages from one intereostal spaee to another. 
Eaeh intereostal nerve gives off a eollateral and a lateral cutaneous 
braneh before it reaehes the angle of the adjoining ribs (see Fig. 53.21). 
The eollateral braneh follows the inferior border of its spaee in the same 
intermuscular plane as the main nerve, which it may rejoin before it is 
distributed as an additional anterior cutaneous nerve. The lateral cuta- 
neous braneh aeeompanies the main nerve a little way and then pierees 
the intereostal muscles obliquely. With the exception of the lateral 
cutaneous branehes of the first and seeond intereostal nerves, eaeh 
divides into anterior and posterior rami that subsequently pieree ser- 
ratus anterior. Anterior branehes mn forwards over the border of pee- 
toralis major to supply the overlying skin; those of the fifth and sixth 
also supply twigs to a variable number of upper digitations of external 
oblique. Posterior branehes mn backwards and supply the skin over the 
scapula and latissimus dorsi. 

The lateral cutaneous braneh of the seeond intereostal nerve is the 
intereostobraehial nerve (see Fig. 48.34). It erosses the axilla to gain the 
medial side of the arm and joins a braneh of the medial cutaneous nerve 
of the arm. It then pierees the deep faseia of the arm, and supplies the 
skin of the upper half of the posterior and medial parts of the arm, 
eomimmieating with the posterior cutaneous braneh of the radial nerve. 
Its size is in inverse proportion to the size of the medial cutaneous 
nerve. A seeond intereostobraehial nerve often branehes off from the 
anterior part of the third lateral cutaneous nerve and sends filaments 
to the axilla and the medial side of the arm. 

Seventh to eleventh thoraeie ventral rami 


The ventral rami of the seventh to eleventh thoraeie nerves are eontin- 
ued anteriorly from the intereostal spaees into the abdominal wall; their 
fhrther course is deseribed in ehapter 61. 

Lesions of the intereostal nerves 


Subluxation of the interehondral joints between the lower eostal earti- 
lages may trap the intereostal nerves, causing referred abdominal pain. 
The dorsal cutaneous braneh of an intereostal nerve ean beeome 
entrapped as it penetrates the faseia of ereetor spinae. This produces an 
area of numbness, usually with painfhl paraesthesia, which extends 
approximately 10 em from the midline laterally and 10 em in length 
(notalgia paraesthetiea); the area between the medial edge of the 
scapula and the spine is eommonly affeeted. The anterior cutaneous 
branehes of the intereostal nerves ean also beeome entrapped as they 
penetrate the faseia of rectus abdominis, and this produces an area of 
numbness on the abdomen, usually with painfhl paraesthesia, which 


extends from the midline laterally for 10 or 12 em (rectus abdominis 
syndrome). 

Twelfth thoraeie ventral ramus 
(subcostal nerve) 


The ventral ramus of the twelfth thoraeie nerve (subcostal nerve) is 
larger than the others and gives a eomimmieating braneh to the first 
lumbar ventral ramus (sometimes termed the dorsolumbar nerve). Fike 
the intereostal nerves, it soon gives off a eollateral braneh and then 
aeeompanies the subcostal vessels along the inferior border of the 
twelfth rib, passing behind the lateral arcuate ligament and kidney, and 
in front of the upper part of quadratus lumborum. It perforates the 
aponeurosis of the origin of transversus abdominis and passes forwards 
between that muscle and internal oblique, to be distributed in the same 
manner as the lower intereostal nerves. The subcostal nerve eonneets 
with the iliohypogastrie nerve of the lumbar plexus and sends a braneh 
to pyramidalis. Its lateral cutaneous braneh pierees the internal and 
external oblique imiseles and supplies the lowest slip of the latter. It 
usually deseends over the iliae erest 5 em behind the anterior superior 
iliae spine (see Fig. 61.5) and is distributed to the anterior gluteal skin; 
some filaments reaeh as low as the greater troehanter of the feimir. 

TH0RACIC DORSAL SPINAL RAMI 


Thoraeie dorsal rami pass backwards elose to the vertebral zygapophy- 
sial (faeet) joints and divide into medial and lateral branehes. The 
medial braneh emerges between the joint and the medial edge of 
the superior eostotransverse ligament and intertransverse muscle. The 
lateral braneh mns in the interval between the ligament and the imisele 
before inelining posteriorly on the medial side of levator eostae. 

Medial branehes of the upper six thoraeie dorsal rami pass between 
and supply semispinalis thoraeis and multifidus; they then pieree the 
rhomboids and trapezms and reaeh the skin near the vertebral spines 
(see Fig. 45.8). Medial branehes of the lower six thoraeie dorsal rami 
are distributed mainly to multifidus and longissimus thoraeis; oeeasion- 
ally, they give filaments to the skin in the median region. Fateral 
branehes inerease in size from above downwards. They mn through or 
deep to longissiimis thoraeis to the interval between it and ilioeostalis 
eervieis, supplying these muscles and levatores eostamm; the lower five 
or six also give off cutaneous branehes, which pieree serratus posterior 
inferior and latissimus dorsi in line with the eostal angles. The lateral 
branehes of a variable number of the upper thoraeie rami also supply 
the skin. The lateral braneh of the twelfth dorsal ramus sends a filament 
medially along the iliae erest and then passes inferiorly to innervate the 
skin of the anterior part of the gluteal region. 

Medial cutaneous branehes of the thoraeie dorsal rami deseend for 
some distanee elose to the vertebral spines before reaehing the skin. 
Fateral branehes deseend for a eonsiderable distanee, which may be as 
imieh as the breadth of four ribs, before they beeome superficial, e.g. 
the braneh of the twelfth thoraeie ramus reaehes the skin only a little 
way above the iliae erest. 


BREAST 


The breasts form a seeondary sexual feature of females and are a source 
of nutrition for the neonate. In young adult females, eaeh breast is a 
rounded eminenee largely lying within the superficial faseia anterior to 
the upper thorax but spreading laterally to a variable extent (Figs 53.22, 

53.23A). Breast shape and size depend on genetie, raeial and dietary 
faetors and on the age, parity and menopausal status of the individual. 

Breasts may be hemispherieal, eonieal, variably pendulous, piriform or 
thin and flattened. In the adult female, the base of the breast, i.e. its 
attaehed surface, extends vertieally from the seeond or third to the sixth 
rib, and in the transverse plane from the sternal edge medially almost 
to the mid-axillary line laterally. The superolateral quadrant is pro- 
longed towards the axilla along the inferolateral edge of peetoralis 
major, from which it projeets a little, and may extend through the deep 
faseia up to the apex of the axilla (the axillary tail of Spenee). The tmnk 
superficial faseial system splits to enelose the breast to form the anterior 
and posterior lamellae. Posterior extensions of the superficial faseial 
system eonneet the breast to the peetoralis faseia, part of the deep faseial 
system. The inframammary erease is a zone of adherenee of the super- 
fieial faseial system to the underlying ehest wall at the inferior ereseent 
of the breast. 

The breast lies on the deep peetoral faseia, which in turn overlies 
peetoralis major and serratus anterior superiorly and external oblique 945 
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Fig. 53.22 The relations of the breast. (With permission from Drake, RL, Vogl, AW, Mitehell, A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Copyright 2010.) 


and its aponeiirosis inferiorly, as the latter forms the anterior wall of 
the rectus sheath. Between the breast and the deep faseia, the loose 
eonneetive tissue in the 'snbmammary spaee' allows the breast some 
degree of movement on the deep peetoral faseia. Advaneed mammary 
eareinoma may cause tethering or fixation of the breast to the underly- 
ing musculature. Oeeasionally small projeetions of glandular tissue 
may pass through the deep faseia into the underlying muscle in normal 
subjects. 

NIPPLE AND AREOLA 


The nipple projeets from the eentre of the breast anteriorly (Fig. 
53.23A-C). It may be eylindrieal and rounded, hemispherieal or flat- 
tened, depending on the effeets of developmentaf nervous or hormonal 
faetors and external temperature on the ereetile properties of the subare- 
olar muscle of the nipple. The level of the nipple varies widely. In 
females, its site is dependent on the size and shape of the breasts; it 
overlies the fourth intereostal spaee in most young women. In the male, 
the nipple is usually sited in the fourth intereostal spaee in the mid- 
clavicular line. In the young adult of either sex, the nipples are usually 
positioned 20-23 em from the suprasternal noteh in the mid-clavicular 
line and 20-23 em apart in the horizontal plane. With inereasing age 
and parity, female breasts adopt a more ptotie shape and the position 
of the nipple drops to the level of the inframammary erease or below. 
In the nulliparous, the nipple is pink, light brown or darker, depending 
on the general melanization of the body. Oeeasionally, the nipple may 
not evert during prenatal development and it remains permanently 
retraeted (see below). 


The skin eovering the nipple and the surrounding areola (the dise 
of skin that eireles the base of the nipple) has a convoluted surface. It 
eontains numerous sweat and sebaceous glands that open direetly on 
to the skin surface. The oily seeretion of these speeialized sebaceous 
glands aets as a proteetive lubricant and faeilitates latehing of the 
neonate during laetation; the glands are often visible in parous women, 
arranged circumferentially as small elevations, Montgomery's tubercles, 
around the areola elose to the margin. Other areolar glands, intermedi- 
ate in structure between mammary and sweat glands, beeome enlarged 
in pregnaney and laetation as subcutaneous tubercles. The sebaceous 
glands of the areola are not usually assoeiated with hair follieles. The 
skin of the nipple and areola is rieh in melanoeytes and is therefore 
typieally darker than the skin eovering the remainder of the breast; 
fhrther darkening occurs during the seeond month of pregnaney, and 
subsequently persists to a variable degree. 

SOFT TISSLIE 


The breasts are eomposed of lobes that eontain a network of glandular 
tissue eonsisting of branehing ducts and terminal seeretory lobules in 
a eonneetive tissue stroma (see Fig. 53.30). The terminal duct lobular 
unit is the fhnetional milk seeretory eomponent of the breast; pathologi- 
eally, it gives rise to primary malignant lesions within the breast. 
Although the lobes are usually deseribed as diserete territories, they 
intertwine in three dimensions and merge at their edges; they eannot 
be distinguished during surgery. The eonneetive tissue stroma that sur- 
rounds the lobules is dense and fibrocollagenous, whereas intralobular 
eonneetive tissue has a loose texture that allows the rapid expansion of 
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Fig. 53.23 A, The structure of the breast. B, Changes in the breast during laetation. C, A seetion of the nipple. D, A eross-seetion of the nipple. There is 
a eormgated layer of stratified squamous keratinized epithelium over the nipple surface; 20 or more lactiferous ducts (L) open on to the surface; 
sebaceous glands (S) are deep to the epidermis. (D, With permission from Dr JB Kerr, Monash Llniversity, from Kerr JB 1999 Atlas of Functional 
Histology. London: Mosby.) 


seeretory tissue during pregnaney (see Fig. 53.30B). Fibrous strands or 
sheets eonsisting of eondensations of eonneetive tissue extend between 
the layer of deep faseia that eovers the muscles of the anterior ehest wall 
and the dermis. These suspensory ligaments (of Astley Cooper) are often 
well developed in the upper part of the breast and support the breast 
tissue, helping to maintain its non-ptotie form. Elsewhere in the normal 
breast, fibrous tissue surrounds the glandular eomponents and extends 
to the skin and nipple, assisting the meehanieal eoherenee of the gland. 
The interlobar stroma eontains variable amounts of adipose tissue, 
which is responsible for much of the inerease in breast size at puberty. 

VASCULAR SUPPLY AND LYMPHATIO DRAINAGE 
Arteries 

The breasts are supplied by branehes of the axillary, internal thoraeie 
and some intereostal arteries. The axillary artery supplies blood via the 
superior thoraeie artery, the peetoral branehes of the thoraeo-aeromial 
artery, the lateral thoraeie artery (via branehes that curve around the 


lateral border of peetoralis major to supply the lateral aspeet of the 
breast) and the subscapular artery. The internal thoraeie artery supplies 
perforating branehes to the anteromedial part of the breast. The seeond 
to fourth anterior intereostal arteries supply perforating branehes more 
laterally in the anterior thorax. The seeond perforating artery is usually 
the largest and supplies the upper region of the breast, the nipple, areola 
and adjaeent breast tissue. 

Veins 


Blood drains from the eirailar venous plexus around the areola and 
from the glandular tissue of the breast into the axillary, internal thoraeie 
and intereostal veins via veins that aeeompany the eorresponding arter- 
ies. Individual variation is eommon. 

Lymphatie drainage 

The lymphatie flow of the breast is of great elinieal signifieanee because 
metastatie dissemination occurs prineipally by the lymphatie routes 
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(the breasts are the site of malignant ehange in as many as 1 in 8 
women). The dominant lymphatie drainage of the breast is derived 
from the dermal network. The breast lymphaties braneh extensively and 
do not eontain valves; lymphatie bloekage through tumour occlusion 
may therefore result in reverse blood flow through the lymphatie ehan- 
nels. The direetion of lymphatie flow within the breast parallels the 
major venous tributaries and enters the regional lymph nodes via the 
extensive periductal and perilobular network of lymphatie ehannels. 
Most of these lymphaties drain into the axillary group of regional 
lymph nodes either direetly or through the retro-areolar lymphatie 
plexus (see Fig. 48.48). Dermal lymphaties also penetrate peetoralis 
major to join ehannels that drain the deeper parenehymal tissues, and 
then follow the vascular ehannels to terminate in the subclavicular 
lymph nodes. 

Lymphaties from the left breast ultimately terminate in the thoraeie 
duct and, subsequently the left subclavian vein. On the right, the lym- 
phaties ultimately drain into the right subclavian vein near its junction 
with the internal jugular vein. Part of the medial side of the right breast 
drains towards the internal thoraeie group of lymph nodes. The internal 
thoraeie ehain may drain inferiorly via the superior and inferior epigas- 
trie lymphatie routes to the groin. Oonneeting lymphaties aeross the 
midline may provide aeeess of lymphatie flow to the opposite axilla. 

Axillary nodes reeeive more than 75% of the lymph from the breast 
(Fig. 53.24). There are 20-40 nodes, grouped artifieially as peetoral 
(anterior), subscapular (posterior), eentral and apieal. Surgically the 
nodes are deseribed in relation to peetoralis minor. Those lying below 
peetoralis minor are the low nodes (level 1), those behind the muscle 
are the middle group (level 2), while the nodes between the upper 
border of peetoralis minor and the lower border of the elaviele are the 
upper or apieal nodes (level 3). There may be one or two other nodes 
between peetoralis minor and major; this interpeetoral group of nodes 
are also known as Rotters nodes. Efferent vessels direetly from the 
breast pass round the anterior axillary border through the axillary faseia 
to the peetoral lymph nodes; some may pass direetly to the subscapular 
nodes. A few vessels pass from the superior part of the breast to the 


Internal thoraeie ehain 


Supraclavicular nodes 
Apieal group 



Central group 


Subscapulargroup 


Peetoral group 


Cutaneous eolleeting 
trunks from 
thoraeie wall 


Subareolarplexus 


Drainage to parasternal nodes 

Fig. 53.24 Lymph vessels of the breast and the draining axillary and 
supraclavicular nodal groups. 


apieal axillary nodes, sometimes intermpted by the infraelaviailar 
nodes or by smalf ineonstant, interpeetoral nodes. Most of the remain- 
der drain to parasternal nodes from the medial and lateral parts of the 
breast; they aeeompany perforating branehes of the internal thoraeie 
artery. Lymphatie vessels oeeasionally follow lateral cutaneous branehes 
of the posterior intereostal arteries to the intereostal nodes. 

Axillary surgery in breast eaneer 

Axillary lymph node disseetion may be performed because the presenee 
of metastases within axillary lymph nodes has strong prognostie signifi- 
eanee and might influence deeisions on adjuvant therapy. Flowever, 
axillary lymph node disseetion ean lead to ehronie postoperative prob- 
lems such as pain, seroma formation, reduced mobility of the arm, 
impaired sensation and lymphoedema. The vessels and nerves have to 
be earefhlly identified at surgery as anatomieal landmarks. 


Lymphatie drainage in breast eaneer and 
role of sentinel lymph node biopsy 

Lymphatie mapping with sentinel lymph node biopsy has beeome an 
important technique in the staging of patients with early breast eaneer. 
A radiolabelled eolloid is injeeted into either the subareolar tissue of 
the index quadrant of the breast or the peritumoral and intradermal 
tissue overlying the primary breast eaneer. At the time of surgery, a vital 
blue dye is injeeted after general anaesthesia is established. The eombi- 
nation of radioisotope and dye provides the most accurate means of 
loealizing the sentinel node ( anis et al 2001). The latter represents the 
first draining node of the axilla and is surgically removed for earefhl 
histopathologieal analysis to deteet the presenee of metastases. 



INNERVATION 


The breast is innervated by anterior and lateral branehes of the fourth 
to sixth intereostal nerves, which earry sensory and sympathetie efferent 
fibres. The nipple is supplied from the anterior braneh of the lateral 
cutaneous braneh of T4, which forms an extensive plexus within the 
nipple; its sensory fibres terminate elose to the epithelium as free 
endings, Meissner corpuscles and Merkel dise endings. These are essen- 
tial in signalling suckling to the eentral nervous system. Seeretory aetivi- 
ties of the gland are largely eontrolled by ovarian and hypophysial 
hormones rather than by efferent motor fibres. The areola has fewer 
sensory endings. 


MICROSTRUCTURE 


The microstructure of breast tissue varies with age, time in the menstmal 
eyele, pregnaney and laetation. The following deseription relates to the 
mature, resting breast. For most of their lengths, the ducts are lined by 
eohimnar epithelium (Fig. 53.25A). In the larger ducts, this is two eells 
thiek but, in the smaller ones, only a single layer of columnar or cuboi- 
dal eells is present. The bases of these eells are in elose eontaet with 
numerous myoepithelial eells of eetodermal origin, similar to those of 
eertain other glandular epithelia (see Figs 2.3, 2.4, 53.30A). Myoepithe- 
lial eells are so numerous that they form a distinet layer surrounding 
the ducts and presumptive alveoli, and give the epithelium a bilayered 
appearanee. 

Lactiferous ducts draining eaeh lobe of the breast pass through the 
nipple and open on to its tip as 15-20 orifiees. Near its orifiee, eaeh of 
these ducts is slightly expanded as a lactiferous sinus, which, in the 
laetating breast, is fiirther dilated by the presenee of milk. Eaeh laetifer- 
ous duct is therefore eonneeted to a system of ducts and lobules, sur- 
rounded by eonneetive tissue stroma, eolleetively forming a lobe of the 
breast. Lobules eonsist of the portions of the glands that have seeretory 
potential. Their stmcture varies aeeording to hormonal status. In the 
mature resting breast, eaeh lobule eonsists of a cluster of blind-ended, 
branehed ductules (Fig. 53.25B), whose termini laek mature terminal 
alveoli (aeini), which are the sites of milk seeretion in the laetating 
breast (see Fig. 53.30B). The stratified cuboidal lining is replaeed by 
keratinized stratified squamous epithelium, continuous with the epi- 
dermis, elose to the openings of the lactiferous ducts on the nipple. 
Shed squames may sometimes bloek the duct apertures in the non- 
pregnant breast. 

Internally, the nipple is eomposed mostly of collagenous dense eon- 
neetive tissue and eontains numerous elastie fibres that wrinkle the 
overlying skin. Deep to the nipple and areola, bundles of smooth 
muscle eells are arranged radially and circumferentially within the 
eonneetive tissue and are thought to be remnants of the panniculus 
carnosus. Their eontraetion, induced by eold or taetile stimuli (e.g. in 






































Chest wall and breast 


If the histopathologieal results prove negative, the morbidity assoei- 
ated with axillary disseetion ean be avoided. In women who are found 
to have metastases to the axillary nodal group, axillary eompletion dis- 
seetion or radiotherapy is offered. The majority of sentinel nodes are 
found in the low axilla (level 1). Higher-level 'skip' nodes are involved 
in 5-10% of eases. Oeeasionally the sentinel node is identified in an 
extra-axillary position, either within the breast parenehyma as an 
intramammary lymph node, or as an internal thoraeie lymph node or 
in the supraclavicular fossa. 





Breast 




Fig. 53.25 A, A glandular lobule surrounded by collagenous interlobular 
eonneetive tissue in the mature resting breast. A terminal duct (bottom 
right) branehes extensively to terminate in mdimentary aeini. B, The 
mdimentary aeini shown at higher magnifieation, surrounded by fibrous 
and adipose eonneetive tissue. (A, With permission from Young B, 
Heath JW 2000 Wheater’s Functional Histology. Edinburgh: Churchill 
Livingstone. B, Courtesy of Mr Peter Helliwell and the late Dr Joseph 
Mathew, Department of Histopathology, Royal Cornwall Hospitals 
Tmst, UK.) 


6weeksi.u. 12weeksi.u. 




Fig. 53.27 Early development of breast epithelium. Abbreviation: i.u., 
intrauterine. 


suckling), causes ereetion of the nipple and wrinkling of the surround- 
ing areola. 


BREAST CANCER 



Available with the Gray’s Anatomy e-book 


DEVELOPMENT 


The epithelial/mesenehymal interaetions that will give rise to the glan- 
dular tissue of the breast in both sexes ean fìrst be seen at about the 
fifth or sixth week, when two ventral bands of thiekened eetoderm, the 
mammary ridges or milk lines, extend from the axilla to the inguinal 
region. Usually invagination of the thoraeie mammary bud occurs by 
day 49, and the remaining mammary line involutes. 

The thoraeie eetodermal ingrowths braneh into 15-20 solid buds of 
eetoderm that will beeome the lactiferous ducts and their assoeiated 
lobes of alveoli in the fhlly formed gland. They are surrounded by 
somatopleuric mesenehyme that forms the eonneetive tissue, fat and 
vasculature that is invaded by the mammary nerves. Continued eell 
proliferation, elongation and fhrther branehing produce the alveoli and 
define the duct system. Nipple formation begins at day 56, primitive 
ducts (mammary sprouts) develop at 84 days, and eanalization occurs 
at about the 150th day. During the last 2 months of gestation, the ducts 
beeome eanalized and the epidermis at the point of original develop- 
ment of the gland forms a small mammary pit, into which the laetifer- 
ous tubules open (Fig. 53.27). Perinatally, the nipple is formed by 
mesenehymal proliferation. Should this proeess fail, the ducts open 
into shallow pits. Rarely, the nipple may not develop (athelia), a phe- 
nomenon that occurs more eommonly in aeeessory breast tissue. 

At birth, the breasts have reaehed a similar developmental stage in 
both sexes, and the eombination of fetal prolaetin and maternal oes- 
trogen may give rise to transient hyperplasia and seeretion of Viteh's 
milk'. In males, the breasts normally remain undeveloped whereas in 
females at puberty, in late pregnaney and during the period of laetation, 
they undergo fiirther, hormone-dependent developmental ehanges. The 
female breast is a unique organ in that it remains in a mdimentary (i.e. 
fetal) form until puberty, at which time its development eontimies 
under the influence of sex hormones. The adult form is reaehed in late 
adoleseenee, i.e. the breast is then able to fimetion as a milk-producing 
organ. At menopause, the breast involutes into a predominantly fatty 
organ with minimal glandular parenehyma. 

Aeeessory breast tissue and nipples 


Polymastia (supernumerary breasts) and polythelia (supernumerary 
nipples) may develop in males and females anywhere along the length 
of the mammary ridges (milk lines; Fig. 53.28). Conversely, breast 
tissue may not develop at all (amastia), or there may be nipple develop- 
ment but no breast tissue (amazia). Supernumerary breast development 
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Chest wall and breast 


Breast eaneer is a eommon disease, particularly in postmenopausal 
women (see Fentiman 1993). Eaeh year, in the United Kingdom, there 
are approximately 40,000 new eases diagnosed and 14,000 deaths. Male 
breast eaneers constitute up to 1% of all mammary malignaneies and 
may include tissue beyond the areolar boundary. 

Breast eaneers arise within the epithelia of lobules or ducts. As they 
inerease in size and infiltrate the stroma, they often lead to a fibrous 
tissue reaetion. Breast himps may be elassified as benign or malignant 
masses. Malignant breast lumps may have the elinieal signs of infiltrat- 
ing adjaeent structures, leading to a hard and irregular mass with skin- 
tethering, muscle fixation, skin infiltration or oedema of the overlying 
skin (peau d'orange). Standard radiologieal imaging investigations of the 
breast include mammography and ultrasonography. Mammography is 
useful in deteeting the presenee of malignant masses as a stellate opaeity 
with architectural distortion of the surrounding parenehyma. Early 
stages of preinvasive breast eaneer, ductal eaneer in situ, may appear as 
mieroealeifieation on the mammogram. An ultrasound sean of the 
breast is helpfhl to distinguish solid from eystie (or fluid-filled) masses, 
and ean also aid in the distinetion of breast eaneer from benign lumps 
by the different attenuation eharaeteristies of the ultrasound waves and 
blood-flow patterns. Wrinkles caused by eontraetion of muscular fibres 
in the areola deseribed above may ereate eritieal angle shadowing in 
breast ultrasound. 

Magnetie resonanee imaging (MRI) is also useful in diagnosis, par- 
ticularly in women with younger, denser breasts, aehieving higher sen- 
sitivity of breast eaneer deteetion but with lower speeifieity. A eytologieal 
diagnosis of a breast lump ean be aehieved using fine needle aspiration 
(FNA) to evaluate the cellular eomponent of a lump. FNA is also useful 
to drain symptomatie breast eysts. A wide-bore needle biopsy is a pro- 
cedure performed under loeal anaesthetie to obtain several pieees of 
speeimen for a histologieal diagnosis with the tissue architecture main- 
tained. This permits distinetion between in situ and invasive eaneer, and 
provides an indieation of tumour subtype by evaluation of the patho- 
logieal eharaeteristies. Vacuum-assisted mammotome biopsies based on 
the wide-bore needle enable some benign and indeterminate lesions to 
be excised for fiill histologieal analysis and, in some patients, ean avoid 
the need for eonventional open surgery. 

If a breast lump has to be surgically removed, the ineision should 
be based, whenever possible, in the relaxed skin tension lines, for the 
best eosmetie results. In women with sizeable malignant lesions in 
whom breast eonservation surgery is to be attempted, the skin ineision 
should be planned with eonsideration of the possible requirement for 
a subsequent masteetomy if the margins of excision are ineompletely 
excised by pathologieal eriteria (Swanson et al 2002). Most women with 
single breast eaneers of up to 4 em in diameter are treated by breast 
eonservation rather than masteetomy. This is a eombination of surgery 
(tumour excision and sentinel node biopsy or elearanee) together with 
external beam radiotherapy. Patients with larger tumours are treated by 
modified radieal masteetomy with axillary lymph node elearanee. 
During axillary disseetion to elear the axillary lymph nodes, the nerve 
to serratus anterior, the thoraeodorsal vessels, the nerve to latissimus 
dorsi, and the medial and lateral peetoral nerves are all identified and 
earefiilly preserved. The boundaries of the axillary disseetion are the 
nerve to serratus anterior medially, the thoraeodorsal pediele laterally 
and the axillary vein superiorly. The posterior limit of the disseetion is 
the ventral surface of subscapularis. The superomedial limit of a level 
1 axillary disseetion extends to the lateral border of peetoralis minor at 
the apex of the axilla; a level 2 disseetion extends to the medial border 
of peetoralis minor; and a level 3 disseetion extends beyond the medial 
border until it reaehes the point where the axilla is limited by the first 
rib (the latter is easily distinguished by its flat lateral surface, easily 
palpable at surgery). Failure to preserve the nerve to serratus anterior 
will result in winging of the scapula. The intereostobraehial nerve is 
often saerifieed in an axillary lymph node elearanee operation, and this 
may result in anaesthesia of a narrow strip of sensation in the upper 
medial border of the arm. 

Reeonstmetive surgery for breast 
eaneer disease 


Breast reeonstmetion may be performed at the time of masteetomy for 
breast eaneer, or at a later stage (Serletti and Moran 2000). During a 
masteetomy where an immediate breast reeonstmetion is planned, the 
glandular breast tissue is removed either through a eonventional mas- 
teetomy skin ineision or in assoeiation with preservation of the native 
breast skin, a form of masteetomy termed a skin-sparing masteetomy. 
Patient seleetion is important to minimize risks of breast eaneer recur- 
renee in the skin of the reeonstmeted breast mound or assoeiated lymph 


nodes. In an implant-based immediate breast reeonstmetion, a tissue 
expander is plaeed beneath the musculofascial plane eonsisting of pee- 
toralis major, in eontimiity laterally under serratus anterior with the 
intervening faseia, and the abdominal faseia inferiorly. The lower fibres 
of the attaehment of peetoralis major to the sixth rib need to be 
detaehed; otherwise, the implant will be plaeed too high on the ehest 
wall. The tissue expander has to streteh the potential spaee below this 
musculofascial plane to mateh the spaee ereated by the removed breast 
beneath the subcutaneous plane and the deep faseia overlying peetoralis 
major. The tissue expander is subsequently replaeed by a silieone or 
saline breast implant. 

The skin and volume eomponent of the breast ean also be replaeed 
by the latissimus dorsi musculocutaneous flap, with or without an 
underlying silieone or saline breast implant. Latissimus dorsi and an 
overlying paddle of skin are raised on its dominant vascular pediele: 
namely, the thoraeodorsal vessels, which enter the muscle on its deep 
surface and send perforating branehes through the muscle to the overly- 
ing skin. The flap is transferred in an are from the baek to the front of 
the ehest and fashioned to make a new breast. An implant may be 
required to provide additional volume replaeement, in which ease it is 
plaeed beneath the flap. The donor defeet on the baek is direetly sutured. 
In seleeted eases, this flap ean be raised with additional superficial faseia 
and fat, to avoid the need for a silieone implant. This is known as the 
extended or autologous latissimus dorsi flap. 

Women with a suitable abdominal panniculus may have breast 
reeonstmetion utilizing this excess tissue. Historieally, this was aehieved 
with a pedieled transverse rectus abdominis musculocutaneous (TRAM) 
flap based on the superior epigastrie artery, where the skin and fat of 
the lower abdomen, attaehed to the rectus muscle, are transposed into 
the breast defeet and shaped into a breast reeonstmetion. 

The development of microvascular techniques over the last 30 years 
has seen an inerease in the popularity of free tissue transfers, based on 
the deep inferior epigastrie vessels, including muscle-sparing (MS-) 
TRAM flaps and deep inferior epigastrie artery perforator (DIEP) flaps. 
These flaps require disseetion of the blood vessels within rectus 
abdominis, rather than saerifiee of the entire muscle, and this aims to 
reduce donor site morbidity, including hernias and bulging. Radiologi- 
eal investigations (CT angiograms, MRI and duplex) are used to deter- 
mine the ealibre and position of perforators within these flaps to 
improve the accuracy of disseetion and enhanee surgical outcomes (Fig. 
53.26). Free TRAM and DIEP flap vessels are anastomosed to reeipient 
vessels in the ehest; the internal thoraeie or the thoraeodorsal artery is 
used most frequently for this purpose. 

Breast reeonstmetion using an autologous method, such as the 
extended latissimus dorsi, free MS-TRAM and DIEP flap, avoids the 
need for a silieone implant and has advantages in terms of producing 
a more natural appearanee and aehieving greater longevity of results. 
Free tissue transfers for breast reeonstmetion are also performed using 
buttock tissue (superior and inferior gluteal artery perforator flaps) 
and thigh tissue (transverse upper graeilis and anterolateral thigh flaps). 



Fig. 53.26 A CT angiogram showing the deep inferior epigastrie artery 
(red arrow) and a perforator (yellow arrow) emerging from the rectus 
sheath for MS-TRAM and DIEP flap reeonstmetion. 
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Breast reeonstmetion using 
autologous tissue 

One of the earliest reeorded breast reeonstmetions using latissimus 
dorsi, based on the thoraeodorsal pediele, was published in 1906 
(Tansini 1906). The flap ineorporated superficial faseia and a skin 
paddle attaehed to the imisele, and was used to replaee part of the breast 
skin envelope that had been removed during the masteetomy. This form 
of breast reeonstmetion inexplicably fell out of regular use until the 
1970s, when there was renewed interest in the latissimus dorsi musculo- 
cutaneous flap eombined with silieone breast implants (Sehneider et al 
1978, Bostwick 1977) and improved definitions of the vascular supply 
and territory of the flap (McCraw et al 1977, Maxwell et al 1979). 

Later in the twentieth century, fhrther developments of this most 
versatile flap meant that breast reeonstmetion could be performed 
without a silieone implant. The so-ealled 'extended' flap (Hokin and 
Silfverskiold 1987) used autologous tissues exclusively; it was designed 
to satisíy an inereasing demand for breast reeonstmetion in an era when 
silieone implants were under semtiny because of safety fears and pro- 
posed links with autoimmune diseases. Further developments to maxi- 
mize the volume available for autologous reeonstmetions of small to 
medium-sized breasts included harvesting larger skin paddles from the 
baek and burying them beneath the breast skin envelope after 
de-epithelializing their surface (Papp et al 1988), and inehision of addi- 
tional fat pads in the baek to inerease flap volume (Delay et al 1998). 

Despite the enhaneements to the latissimus dorsi flap, the lower 
abdominal region provides a plentifhl and more reliable source of 
tissue for reeonstmetive surgeons and also avoids the sometimes 
troublesome and often unsightly dorsal donor site wound. DIEP or 
MS-TRAM flaps are generally eonsidered the first ehoiee for breast 
reeonstmetion when the tissues are adequate. 


The first deseription of lower abdominal tissues being used as a free 
flap appeared in 1979 (Holmstrom 1979), although at this time the 
pedieled TRAM flap was a far more popular ehoiee for reeonstmetion. 
This was mainly because microvascular techniques were still in develop- 
ment and the required instmments and mieroseopes were not widely 
available. However, over the years, it beeame possible to aehieve excel- 
lent, reliable results without the problems of fat neerosis and abdomi- 
nal wall weakness assoeiated with the pedieled version (Schusterman 
1994, Grotting 1989, Arnez et al 1991). The TRAM flap particularly 
lends itself to microsurgical transfer on account of the eharaeteristies of 
the supplying vessels (deep inferior epigastrie artery is 2.5-3 mm in 
diameter and its venae eomitantes are 3 mm in diameter); the length 
of the pediele (frequently up to 15 em); and the large surface area of 
skin supplied by these vessels (from the midline to a point lateral to 
the anterior superior iliae spine below the level of the umbilicus). 

Further developments in disseetion techniques, eombined with a 
desire to reduce donor site morbidity, led to the first deseription of a 
'perforator flap based on the same vessels (Allen and Treeee 1994). This 
is the DIEP flap, which captures the same soft tissue area of the abdomen 
for reeonstmetion, but attempts to avoid injury to rectus abdominis by 
disseeting the perforating vessels through the muscle rather than by 
saerifieing it. Some authors have identified fewer donor site bulges and 
herniae with DIEP flaps eompared with TRAM flaps (Blondeel et al 
1997), and it is for this reason that DIEP flaps are the preferred ehoiee, 
if possible. However, the perforating vessels are not always anatomieally 
favourable for allowing safe harvest of the flap. Many elinieians have 
adopted radiologieal studies (CT angiogram, duplex or MR angiogram) 
to determine the ealibre and position of the vessels preoperatively for 
more accurate surgical planning (see Fig. 53.26). 
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Fig. 53.28 Milk lines. 

occurs in most eases in the thoraeie region, just inferior to the normal 
breast (90%), but may also occur in the axillary (5%) and abdominal 
regions (5%) and even on to the medial thigh. Polythelia occurs 
along the same mammary line but no underlying glandular tissue devel- 
ops. This eondition is rare in the female population but it is more 
eommon in males, in whom the aeeessory nipple may be mistaken for 
a mole. 

Congenital inversion of nipple 


Congenital inversion of the nipples occurs rarely in the female popula- 
tion and is almost always bilateral. The majority of the eases are umbili- 
eated, i.e. the nipple ean be easily pulled forwards from its depressed 
position underneath the areolar surface. The eondition is thought to be 
due to failure of proliferation of the mesenehymal tissue, which fails to 
push the nipple out. The remaining eases are due to invagination of the 
nipple. Apart from psyehologieal implieations, inversion of the nipple 
may cause recurrent mastitis and diffiailty with breast feeding. The 
abnormality may be eorreeted surgically. 

AGE-RELATED OHANGES 
Prepuberty 


The neonatal breast eontains lactiferous ducts but no alveoli. Until 
puberty, little branehing of the ducts occurs, and any slight mammary 
enlargement refleets the growth of fibrous stroma and fat. 

Puberty 


In the postpubertal female, the ducts beeome branehed on stimulation 
by ovarian oestrogens. The ends of the branehes form solid, spheroidal 
masses of granular polyhedral eells: the potential alveoli. Oestrogens 
also promote adipoeyte differentiation from mesenehymal eells in the 
interlobar stroma. Breast enlargement at puberty is mainly a eonse- 
quence of lipid accumulation by these adipoeytes. 

From puberty onwards, externally reeognizable breast development 
(thelarehe) ean be divided into five separate phases (Fig. 53.29): eleva- 
tion of the breast bud (phase I); glandular subareolar tissue is present 
and both nipple and breast projeet from the ehest wall as a single mass 
(phase II); the areola inereases in diameter and beeomes pigmented, 
and there is proliferation of palpable breast tissue (phase III); fhrther 
pigmentation and enlargement occur in the areola, so that the nipple 
and areola form a seeondary mass anterior to the main part of the breast 
(phase IV); and a smooth contour to the breast develops (phase V). 


Ohanges during the menstmal eyele 


Changes occur in the breast tissues in the menstmal eyele. In the follicu- 
lar phase (days 3-14), the stroma beeomes less dense. Various ehanges, 
including luminal expansion, take plaee in the ducts; there are oeea- 
sional mitoses but no seeretion. In the luteal phase (days 15-28), there 
is a progressive inerease in stromal density and the ducts have an open 
lumen that eontains seeretion, assoeiated with flattening of the epithe- 
lial eells. Cell proliferation is maximal on day 26 and thereafter the 
ductal system undergoes reduction; epithelial eell apoptosis is greatest 
on day 28 of the eyele. There are also ehanges in blood flow, which are 
greatest at mid-eyele, and an inerease in the water eontent of the stroma 
in the seeond half of the menstmal eyele. 

Postmenopausal 


Progressive atrophy of lobules and ducts occurs after the menopause, 
and there is fatty replaeement of glandular breast tissue. A few ducts 
may remain. The stroma beeomes much less cellular and collagenous 
fibres deerease. The amount of adipose tissue varies widely between 
individuals, and the breast may return to a eondition similar to the 
prepubertal state. 

CHANGES ASS0CIATED WITH PREGNANOY 
AND LACTATI0N 

Pregnaney 


As the output of oestrogen and progesterone, produced first by the 
corpus luteum and later by the plaeenta, rises during pregnaney, the 
intralobular ductal epithelium proliferates and the eells inerease in size; 
the number and length of the ductal branehes therefore inerease. Alveoli 
develop at their termini and expand as their eells and lumina fill with 
newly synthesized and seereted milk. The myoepithelial eells, which are 
initially spindle-shaped, beeome highly branehed stellate eells, espe- 
eially around the alveoli. Adjaeent myoepithelial eells intermesh to 
form a basket-like network around the alveoli and ducts, interposed 
between the basal lamina and the luminal eells (see Fig. 2.3). Their 
eytoplasm eontains aetin and myosin filaments, and they are eontraetile 
(see Fig. 2.4). There is a eoneomitant reduction in adipose tissue in the 
stroma. The numbers of lymphoeytes, inehiding plasma eells, and eosi- 
nophils inerease greatly. Blood flow through the breast inereases. 

Seeretory aetivity in the alveolar eells rises progressively in the latter 
half of pregnaney. In late pregnaney, and for a few days after parturition, 
their product is different from later milk and is known as eolostmm, 
eharaeteristieally low in lipid but rieh in protein and immunoglobulins. 
Proliferation of the glandular breast parenehyma results in an overall 
inerease in breast size through gestation. 

Laetation 


True milk seeretion begins a few days after parturition as a result of a 
reduction in circulating oestrogen and progesterone, a ehange that 
appears to stimulate production of prolaetin by the anterior hypophy- 
sis. Milk distends the alveoli so that the eells flatten as seeretion inereases 
(see Fig. 53.23B; Fig. 53.30). The alveolar eell eytoplasm accumulates 
membrane-bound granules of easein and other milk proteins, and these 
are released from the apieal plasma membrane by membrane fusion 
(meroerine seeretion; see Fig. 2.6). Lipid vacuoles are formed direetly 
in the apieal eytoplasm as small lipid droplets that fuse with eaeh other 
to ereate large 'milk vaoioles' up to 10 pm aeross. These are released as 
intaet lipid droplets with a thin surround of apieal plasma membrane 
and adjaeent eytoplasm (apoerine seeretion; see 4g. 2.6). On hormonal 
stimulation by oxytocin, myoepithelial eells eontraet to expel alveolar 
seeretions into the ductal system in readiness for suckling. 

After the onset of laetation, there is a gradual reduction in the 
numbers of lymphoeytes and eosinophils in the stroma, although 
plasma eells continue to synthesize immunoglobulin A (IgA) for seere- 
tion into the milk. Alveolar eells take up IgA synthesized by adjaeent 
plasma eells by endoeytosis at their basal surfaces and seerete it apieally, 
as dimers complexed to the epithelial seeretory eomponent. 

Post laetation 


When laetation eeases, which may be after as long as 3 y 2 years, the 
seeretory tissue undergoes some involution but the ducts and alveoli 
never return eompletely to the pre-pregnant state. Two major proeesses 
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Fig. 53.29 Pre- and postpiibertal development and structure of the female breast, demonstrating ehanges in the contour of the breast. 


are responsible for the regression of the alveolar-ductal system: a reduc- 
tion in epithelial eell size and a reduction in eell numbers mediated via 
apoptosis (p. 26). Gradually, the breast tissue reverts to its resting state. 
If another pregnaney occurs, the resting glandular tissue is reaetivated 
and the proeess outlined above recurs. Up to the age of 50 years, inereas- 
ing amounts of elastie tissue tend to be laid down around vessels and 
ducts (elastosis), and also in the stroma. Elastosis does not normally 
continue into later life. 

Mammary stem eells Mammary stem eells (MaSCs) and distinet 
luminal progenitor eell types have been prospeetively isolated from 
adult mouse and human mammary tissue, implying the existence of an 
epithelial differentiation hierarehy in the mammary gland. For fhrther 
reading on the role that MaSCs may play in the postnatal mammary 
gland, see Rios et al (2014). 

MALE BREAST 


The male breast remains mdimentary throughout life. It is formed of 
small ducts (without lobules or alveoli) or solid cellular eords and a 
little supporting fibroadipose tissue (Ellis et al 1993). Slight temporary 
enlargement may occur in the newborn, refleeting the influence of 
maternal hormones, and again at puberty. The areola is well developed, 
although limited in area, and the nipple is relatively small. It is usually 
stated that the ducts do not extend beyond the areola in a male breast 
but glandular tissue ean be more extensive. 

Gynaeeomastia 


Gynaeeomastia is a benign proliferation of subareolar breast tissue in 
the male. It may be unilateral or bilateral and of varying severity (Simon 


et al 1973) and symptomatology. Pain or tenderness, thought to be due 
to accumulation of fluid in the glandular ducts, may be a presenting 
feature. Histologieal ehanges are fibrosis and subsequent hyalinization. 
The aetiology in the majority of eases is idiopathie. Broadly speaking, 
causes may be either physiologieal, refleeting imbalanees of sex hor- 
mones in neonates, at puberty and in seneseenee, or pathologieal, 
refleeting hypogonadal or hyperoestrogenie states. Acquired causes 
include metabolie imbalanees, endoerine and neoplastie eonditions, 
and drug-induced gynaeeomastia. In the adult male, unilateral gynae- 
eomastia should be investigated to exclude male breast eaneer. 


INTERVENTIONAL ACCESS T0 
TH0RACIC VISCERA 


Thoraeoeentesis (pleural aspiration) Thoraeoeentesis orpleural 

aspiration is an essential step in the assessment of pleural effiisions. A 
ehest radiograph will eonfirm the loeation and extent of the effiision 
and elinieal examination will identify the best position for aspiration, 
the posterior mid-scapular line being a eommon site. The skin of the 
desired interspaee is eleaned and anaesthetized, and the aspiration 
needle is inserted at the lower margin of the interspaee because the 
posterior intereostal vessels mn mid-interspaee. After appropriate loeal 
analgesia has been applied, the needle is earefiilly advaneed in a per- 
pendioilar direetion in the lower portion of the interspaee until it enters 
the pleural spaee. More complex or small effhsions should be aspirated 
under ultrasound guidance. 

Needle thoraeoeentesis Needle thoraeoeentesis is performed 

when a life-threatening tension pneumothorax is suspected. A needle 
is inserted into the seeond intereostal spaee in the mid-clavicular line 
on the side of the tension pneumothorax, with the patient in an ereet 
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position. A sudden eseape of air is heard when the needle enters the 
parietal pleura. A ehest tube must be inserted after this procedure. 

Chest drain insertior The insertion site for a ehest drain is usually 
the fifth intereostal spaee, just anterior to the mid-axillary line on the 
affeeted side. A 2 em horizontal ineision is followed by blunt disseetion 
through the subcutaneous tissues to the top of the rib. The parietal 
pleura is punctured with the tip of a elamp, and a gloved finger is 
inserted into the pleural spaee to free up any adhesions. The ehest drain 
(thoraeostomy tube) is then inserted into the pleural spaee and attaehed 
to an underwater sealed eontainer plaeed below the level of the lungs; 
the water level rises and falls in the tube with ventilation. 

Perieardioeentesis Perieardioeentesis is performed to aspirate a 
perieardial effiision or, in an emergeney, to deeompress a eardiae tam- 
ponade, where pressure from blood in the perieardial spaee prevents 
the heart ehambers from filling during the eardiae eyele, seriously 
impairing eardiae output. 

Perieardial puncture ean be performed in either the fifth or sixth left 
intereostal spaee near the sternum (to avoid the internal thoraeie artery) 
or at the left costoxiphoid angle. The needle is passed 1-2 em to the 
left of the costoxiphoid angle at 45° to the skin, and then up and 
backwards towards the tip of the scapula until it enters the perieardial 
sae. 

Plaeement of eleetroeardiograph (ECG) leads 


Available with the Gray’s Anatomy e-book 



Ultrastructure of seeretory eell 


Thoraeotomy ineisions 



Fig. 53.30 The microstructure of breast epithelium. A, Note that the 
myoepithelial proeess is actually about half the relative size of that shown 
in the lower diagram. B, The peripheral part of a laetating breast lobule 
enelosed by a eonneetive tissue septum (left). The alveoli are distended 
by milk seeretion. Milk protein appears as eosinophilie material in the 
lumen and milk fat as pale eytoplasmie vacuoles in the flattened alveolar 
epithelium. lntralobular eonneetive tissue between the alveoli eontains a 
prominent lymphoeytie infiltration, including plasma eells seereting IgA. 



Sternotomy 



Axillary thoraeotomy 



Thoraeoseopie aeeess 




Fig. 53.7 Pectus excavatum. 

Fig. 53.17 The internal thoraeie vessels prepared for miero- 
anastomosis beneath the third eostal eartilage. 

Fig. 53.20 A,B, Pre- and post-embolization images after seleetive 
eatherization of the right eleventh posterior intereostal artery. 

Fig. 53.26 A CT angiogram showing the deep inferior epigastrie 
artery and a perforator emerging from the rectus sheath. 
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Chest wall and breast 


The 12-lead ECG provides three-dimensional information on the elee- 
trieal aetivity of the heart. The limb leads provide information about 
the eleetrieal aetivity in the frontal plane. They are plaeed on the left 
and right wrists and the left foot; the right foot aets as a neutral ground- 
ing point. The ehest leads provide information about the eleetrieal 
aetivity in the horizontal plane and are plaeed as follows: VI, right 
fourth intereostal spaee, parasternal position; V2, left fourth intereostal 
spaee, parasternal position; V3, midpoint of V2 and V4 on the left; V4, 
fifth intereostal spaee, mid-clavicular line on the left; V5, fifth intereostal 
spaee, anterior axillary line on the left; and V6, fifth intereostal spaee, 
mid-axillary line on the left. 

Thoraeotomy ineisions may be posterolateral or anterolateraf or involve 
a transverse thoraeosternotomy. 

Posterolateral ineision A posterolateral ineision is most eommonly 
used in thoraeie surgery for unilateral pulmonary reseetions, bullec- 
tomy unilateral lung volume reduction surgery, ehest wall reseetion and 
oesophageal surgery (Fry 2000). The patient is plaeed in a lateral decu- 
bitus position with adequate support of the elbow, axilla and knee with 
padding. The standard approaeh is via an ineision from the anterior 
axillary line, which curves about 4 em below the tip of the scapula and 
then vertieally between the posterior midline and medial edge of the 
scapula. The ineision is usually extended to the level of the spine of the 
scapula. Overalf the ineision forms an S-shape in the fifth intereostal 
spaee. The sixth or seventh intereostal spaee is used in oesophageal 
surgery. 

The lower portions of trapezius and latissimus dorsi are divided. 
Serratus anterior is retraeted, and may be divided in a high thoraeotomy. 
The eostal muscle and pleura are disseeted along the inferior margin of 
the intereostal spaee to avoid damaging the neurovascular bundle. A 
small seetion of rib is removed at the eostovertebral angle to reduce the 
risk of fraetme, particularly in patients older than 40years. This teeh- 
nique provides good aeeess to the thoraeie eontents; the main problem 
is postoperative pain as a consequence of intraoperative musculoskel- 
etal traetion. 

Anterolateral ineision The patient is plaeed in the supine position, with 
the arms by the sides. A roll is plaeed vertieally under the baek and hips 
in order to raise the operative side by approximately 45 0 . The ineision 
is from the mid-axillary line over the fifth intereostal spaee along the 
inframammary fold, and curves upwards parasternally. The peetoral 


muscles are divided, and subsequent aeeess to the thorax is similar to 
that used in the posterolateral approaeh. However, aeeess is limited, and 
may be improved by dividing eostal eartilages. 

*Clam shel The transverse thoraeosternotomy is known as the 'elam 
shell' ineision. It provides excellent exposure to both sides of the ehest 
and is therefore used in bilateral lung transplantation and in lung 
volume reduction surgery with bilateral lung reseetions. The patient is 
plaeed in the supine position with a roll vertieally along the upper 
thoraeie spine. Bilateral anterolateral ineisions are made in the 
inframammary fold, and the sternum is transeeted. This allows the 
upper portion of the thorax to be displaeed upwards with a rib-spreader; 
henee the name 'elam shell'. The main disadvantage of the elam shell 
procedure is the need to transeet the stermim; even after earefhl repair 
with sternal wires, there is a risk of sternal instability. 

Sternotomy is eommonly needed in eardiae surgery. The patient is 
plaeed in the supine position with both arms extended by the side. A 
vertieal ineision is made in the midline from the suprasternal noteh to 
a point just below the xiphoid proeess; the tissues around the manu- 
brium and the xiphoid proeess are mobilized; and the peetoral faseia 
in the midline is ineised. The sternum is split and its two edges retraeted; 
it is subsequently elosed using interosseous wire sutures. 

The patient is plaeed in the lateral decubitus position, with arms 
abducted at 90° and supported on an arm rest. The ineision is based 
along the desired intereostal spaee; for upper thoraeie lesions, this is 
the seeond or third spaee. Latissimus dorsi is elevated and retraeted, 
whereas serratus anterior is divided in the direetion of its fibres. The 
anterior aspeet of serratus anterior is divided to expose the intereostal 
muscles, which are divided in turn. The overall size of the ineision is 
limited and it provides good aeeess to the upper thorax. Postoperative 
pain is less than with some other approaehes, but the long thoraeie 
nerve (nerve of Bell) may be damaged if serratus anterior is divided too 
posteriorly. 

Oeeasionally, video-assisted thoraeoseopie surgery is required to assess 
the mediastinum. The thoraeoseope is usually introduced via the fifth 
intereostal spaee in the mid-clavicular line, with additional ports at the 
third and sixth intereostal spaees to assess the anterior mediastinum. 
To assess the posterior mediastinum, the thoraeoseope is inserted into 
the seventh intereostal spaee in the mid-clavicular line. 
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SUBSECTION: Lungs and diaphragm 


Pleura, lungs, traehea and bronehi 


CHAPTER 



The lungs are the essential organs of respiration and are responsible 
for the uptake of oxygen into the blood and the removal of earbon 
dioxide. The fhnetional design of the thorax faeilitates this complex 
proeess. Aeting together, the muscles of respiration and the diaphragm 
inerease the intrathoraeie volnme, ereating a negative pressure within 
the pleural spaee that causes lung expansion. The resultant reduction 
in intra-alveolar pressure prompts the conduction of air through the 
upper respiratory traet, traehea, bronehi and bronehioles, and finally 
into the alveoli, where gaseous exchange occurs. The respiratory move- 
ments do not elear the lung of its gas with eaeh breath; the presenee of 
a large residual volume of gas minimizes the degree to which eaeh new 
breath ean affeet the eomposition of gas in diffiision exchange with the 
blood (Lambertsen 1980). Besides effieient oxygen diffiision from alve- 
olar air to blood, the hrngs must also provide an ineffieient earbon 
dioxide transfer, thus maintaining a stable earbon dioxide blood and 
tissue pressure, grossly higher (about 40 mmHg) than that in the 
atmosphere. Maintenanee of eritieal homeostasis for earbon dioxide 
pressure is of greater importanee than preeise eontrol of oxygen because 
so many essential eleetrieal and metabolie fimetions depend on the 
hydrogen ion eoneentration [H + ] of the fluids in which these fimetions 
are earried out. 

The proeess of breathing exposes the lung to noxious agents, includ- 
ing gases, dust partieles, baeteria and vimses, and to dehydration and 
freezing. The mucous barrier (including its cellular and immunoglobu- 
lin faetors), the mucociliary esealator, branehing pattern of the airways 
and the cough reflex are all anatomieal defenees against these insults. 
Studies of trends of partiele deposition in ehildren and young adults 
have shown that pulmonary deposition fraetions are highest in infants 
who are at greatest risk from exposure to airborne particulate matter 
(Asgharian et al 2004). Respiratory fimetion may be eompromised 
either by anatomieal defeets such as ehest wall abnormalities or by 
paralysis of respiratory muscles. Similarly, ultrastmctural abnormalities, 
such as eiliary dysfimetion (as seen in Kartagener s syndrome), lead to 
recurrent respiratory infeetions and airway damage. 



Eaeh lung is eovered by pleura, a serous membrane arranged as a elosed 
invaginated sae. The viseeral (pulmonary) pleura adheres elosely to the 
lung surface and follows the interlobar fissures, eventually ensheathing 
eaeh pulmonary lobe. The viseeral pleura continues over the hila as the 
parietal pleura, eovering the mediastinal organs, most of the diaphragm 
and the eorresponding half of the thoraeie wall. 

The pleural eavity represents the potential spaee between the two 
pleura and ineorporates an intervening pelliele of fluid that allows elose 
sliding eontaet between the two layers during all phases of respiration. 
This liquid pelliele has a high daily turnover: fluid is produced at 0.01- 
0.02 ml/kg/h and is continuously absorbed to maintain a pleural fluid 
level of 0.1-0.2 ml/kg. Fluid movement and absorption are supported 
by a balanee between plasmatie and pleural (hydrostatie and oneotie) 
pressures and thoraeie lymphatie drainage. Pleural effiisions occur when 
the meehanisms that normally resorb the fluid pelliele are destabilized. 

The negative pressure developed in the pleural eavity is the result of 
the opposing outward pull of the ehest wall and the inward elastie reeoil 
of the lung. Any ehange in the elastieity of these stmctures or accumula- 
tion of fhiid or air will alter respiratory aetivity either regionally or 
globally. Inter-regional disparities in ventilation normally exist as a 
result of loeal differenees in thoraeie expansion and position-related, 
gravity-dependent gradients in pleural pressure, and are refleeted as 
regional inequalities in gas exchange. 

The right and left pleural saes constitute separate eompartments and 
are contiguous only posterior to the upper half of the sternal body. They 
eome elose to eaeh other posterior to the oesophagus at the mid- 
thoraeie level and are widely separate between, where they enelose the 


mediastinal spaee. Cardiac asymmetry dietates that the left pleural 
eavity is smaller, although it may extend more inferiorly in the mid- 
axillary line in response to left hemidiaphragmatie disposition. Transu- 
dates accumulate earlier within, and have a preferenee for, the larger 
right pleural eavity. 

The folded portions of the pleura at its refleetion sites (retrosternal, 
interlobar fissures and the azygo-oesophageal reeess) are the only 
aspeets of normal pleura that ean be visualized radiologieally. Demon- 
stration of signifieant pleural shadowing in any other region usually 
implies pathologieal pleural abnormality. At direet inspeetion of the 
pleural eavity, either during surgery or thoraeoseopy, both parietal and 
viseeral pleura appear translucent; the underlying thoraeie muscles and 
blood vessels are visible beneath the parietal pleura, and the lung and 
subpleural vascular network are visible beneath the viseeral pleura, 
rendering the latter grey and variegated. 

PARIETAL PLELIRA 


Although it is a continuous structure, different regions of parietal pleura 
are customarily distinguished by name. Thus the eostovertebral pleura 
lines the internal surface of the thoraeie wall and the vertebral bodies, 
the diaphragmatie pleura lies on the thoraeie muscular surface of the 
diaphragm, the eervieal pleura (pleural dome) eovers the pulmonary 
apiees, and the mediastinal pleura is applied to the structures between 
the lungs. 

Oostovertebral pleura 


The eostovertebral pleura lines the sternum, ribs, transversus thoraeis, 
intereostal muscles and the sides of the vertebral bodies; normally, it is 
easily separated from these structures. External to the pleura is a thin 
layer of loose eonneetive tissue, the endothoraeie faseia, analogous to 
the transversalis faseia of the abdominal wall. Anteriorly, the eostal 
pleura begins posterior to the sternum, where it is continuous with the 
mediastinal pleura along a line extending from posterior to the sterno- 
clavicular joint inferomedially to the midline posterior to the sternal 
angle. From here, the right and left eostal pleurae deseend in eontaet 
with eaeh other to the level of the fourth eostal eartilages and then 
diverge. On the right side, the line deseends to reaeh the posterior aspeet 
of the xiphisternal joint, while on the left the line diverges laterally and 
deseends at a distanee of 2-2.5 mm from the sternal margin to the sixth 
eostal eartilage, forming the eardiae noteh. On eaeh side, the eostal 
pleura sweeps laterally, lining the internal surfaces of the eostal earti- 
lages, ribs, transversus thoraeis and intereostal muscles. Posteriorly, it 
passes over the sympathetie tmnk and its branehes to reaeh the sides of 
the vertebral bodies, where it is again continuous with the mediastinal 
pleura. Superior to the first rib, the eostovertebral pleura is continuous 
with the eervieal pleura; inferiorly, it beeomes continuous with the 
diaphragmatie pleura along a line that differs slightly on the two sides. 
On the right, this line of eostodiaphragmatie refleetion begins posterior 
to the xiphoid proeess, passes posterior to the seventh eostal eartilage 
to reaeh the eighth rib in the mid-clavicular line and the tenth rib in 
the mid-axillary line, then aseends slightly to eross the twelfth rib level 
with the upper border of the twelfth thoraeie spine. On the left, the line 
initially follows the aseending part of the sixth eostal eartilage but then 
follows a course similar to that on the right, although it may be slightly 
lower. 

Diaphragmatie pleura 


The diaphragmatie pleura is a thin, tightly adherent layer that eovers 
most of the superior surface of the diaphragm. It is continuous with 
the eostal pleura and medially with the mediastinal pleura along the 
line of attaehment of the pericardium to the diaphragm. 
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Fig. 54.1 Structures related to the eervieal pleura, as seen from belovv 
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Oervieal pleura 


The eervieal pleura is the continuation of the eostovertebral pleura over 
the pulmonary apex, looking as if it is moulded by the latter (see Fig. 
51.1). It aseends medially from the internal border of the fìrst rib to the 
apex of the lung, as high as the inferior edge of the neek of the fìrst rib, 
and then deseends lateral to the traehea to beeome the mediastinal 
pleura. As a result of the obliquity of the fìrst rib, the eervieal pleura 
extends 3-4 em superior to the fìrst eostal eartilage, but not superior to 
the neek of the fìrst rib. The eervieal pleura is strengthened by a faseial 
suprapleural membrane that is attaehed anteriorly to the internal border 
of the fìrst rib and posteriorly to the anterior border of the transverse 
proeess of the seventh eervieal vertebra. It eontains a few muscular fìbres, 
which spread from the sealeni. Scalenus minimus extends from the 
anterior border of the transverse proeess of the seventh eervieal vertebra 
to the inner border of the fìrst rib behind its subclavian groove, and also 
spreads into the pleural dome, which it therefore tenses; it has been 
suggested that the suprapleural membrane is the tendon of scalenus 
medius. The eervieal pleura and the pulmonary apex reaeh the level of 
the seventh eervieal spine approximately 2.5 em from the midline. Their 
surface projeetion is a curved line from the sternoclavicular joint to the 
junction of the medial and middle thirds of the elaviele, its summit 
being 2.5 em superior to the elaviele (see Fig. 51.4). The subclavian 
artery aseends laterally in a furrow posterior to the summit of the eervieal 
pleura (Fig. 54.1). The dome is related to the supraclavicular part of the 
braehial plexus, the stellate ganglion and the vertebral vessels. 

Mediastinal pleiira 


The mediastinal pleura represents the lateral boundary of the mediasti- 
num and forms a continuous eoat above the hilum of the lung from 
the sternum to the vertebral column. On the right, it eovers the right 
braehioeephalie vein, upper part of the superior vena eava, terminal part 
of the azygos vein, right phrenie and vagus nerves, traehea and oesopha- 
gus. On the left, it eovers the aortie areh, left phrenie and vagus nerves, 
left braehioeephalie and superior intereostal veins, left eommon earotid 
and subclavian arteries, thoraeie duct and oesophagus. At the hilum of 
the lung, it turns laterally to form a tube that eneloses the hilar stme- 
tures and is continuous with the pulmonary pleura. 

VISCERAL PLELIRA 


The pulmonary pleura is inseparably adherent to the lung over all its 
surfaces, including those in the fìssures, except at the root or hilum of 


the lung and along a line deseending from this, which marks the attaeh- 
ment of the pulmonary ligament (Figs 54.2-54.3). 

INFERIOR PULMONARY LIGAMENTS 


The mediastinal pleura extends as a double layer, the pulmonary liga- 
ment, inferior to the hilum, from the lateral surface of the oesophagus 
to the mediastinal surface of the lung, where it is continuous with the 
viseeral pleura (see "igs 54.2B-54.3B). It is continuous superiorly with 
the pleura around the hilar stmctures, and inferiorly it ends in a free 
siekle-shaped contour. 

PLEURAL REOESSES 


The pleura extends eonsiderably beyond the inferior border of the lung 
but not as far as the attaehment of the diaphragm; therefore, the dia- 
phragm is in eontaet with the eostal eartilages and intereostal muscles 
below the line of pleural refleetion from the thoraeie wall to the dia- 
phragm. In quiet inspiration, the inferior margin of the lung does not 
reaeh this refleetion and the eostal and diaphragmatie pleurae are sepa- 
rated merely by a narrow slit, the eostodiaphragmatie reeess; the lower 
limit of the lung is normally 5 em above the lower pleural limit. A 
similar eostomediastinal reeess exists posterior to the stermim and the 
eostal eartilages, where the thin anterior margin of the lung falls short 
of the line of pleural refleetion. The extent of this reeess, the anterior 
eostomediastinal line of pleural refleetion, and the position of the 
anterior margin of the lung all exhibit individual variation. 

The pleural reeesses allow the proportionate inspiratory expansion 
of the lungs, admitting the supplementary volume with minimal frie- 
tion. The same pelliele of fluid within the reeesses separates the parietal 
eostal and diaphragmatie pleura during expiration, or the parietal 
pleura from the intervening viseeral pleura during inspiration. Pleural 
adhesions and air or fluid accumulation limit this meehanism to a vari- 
able degree. 

The inferior border of the eostodiaphragmatie reeess is an important 
eonsideration in the surgical posterior approaeh to the kidney. Usually, 
the pleura erosses the twelfth rib at the lateral border of ereetor spinae, 
so that the medial region of the kidney is above the pleural refleetion. 
The eleventh rib may be mistaken for the twelfth in palpation (some- 
times the latter does not projeet beyond muscle) and an ineision pro- 
longed to this level will open the pleura. Whether the lowest palpable 
rib is the eleventh or twelfth ean be aseertained by counting from the 
seeond rib (identifìed at its junction with the sternal angle) or by 
ultrasound. 
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Fig. 54.2 The right lung. A, Lateral surface. B, Medial surface. (With permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Fig. 54.3 The left lung. A, Lateral surface. B, Medial surface. (VVith permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

The parietal and viseeral pleurae are developed from somatopleural 
and splanchnopleural layers of the lateral plate mesoderm, respee- 
tively; consequently, the parietal pleura has a somatie arterial supply. 
The eostovertebral pleura is supplied by branehes of the intereostal 
and internal thoraeie arteries; the mediastinal pleura by branehes 
from the bronehial, upper diaphragmatie, internal thoraeie and medi- 
astinal arteries; the eervieal pleura by branehes from the subclavian 
artery; and the diaphragmatie pleura by the superficial part of the dia- 
phragmatie microcirculation. The veins join the thoraeie wall veins, 
eventually draining into the superior vena eava. Lymph from the eos- 
tovertebral pleura drains into the internal thoraeie ehain anteriorly 


and intereostal ehains posteriorly, while that from the diaphragmatie 
pleura drains into the mediastinal, retrosternal and eoeliae axis 
nodes. 

The viseeral pleura forms an integral part of the lung and, aeeord- 
ingly, its arterial supply and venous drainage are provided by the 
bronehial vessels. The bronehial arteries at the hilum form a eirele, sur- 
rounding the prineipal bronchus; pleural branehes from this anulus 
supply the viseeral pleura faeing the mediastinum, the interlobar and 
apieal surfaces, and part of the diaphragmatie surface. The viseeral 
pleura is drained by pulmonary veins, apart from an area around the 
hilum that drains into bronehial veins. The lymphatie drainage of the 
viseeral pleura is to the deep pulmonary plexus within the interlobar 
and peribronehial spaees. 
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INNERVATION 


The eostal and peripheral diaphragmatie parietal pleiirae are innervated 
by intereostal nerves. The mediastinal and eentral diaphragmatie pari- 
etal pleurae are innervated by the phrenie nerves. Irritation of the 
former results in pain that is referred to the appropriate part of the 
thoraeie or abdominal walf whereas irritation of the eentral diaphrag- 
matie pleura causes pain that is referred to the lower neek and shoulder 
tip, i.e. to the C3 and 4 dermatomes. Viseeral afferents travel along the 
bronehial vessels with the autonomic fibres. 

PNEUM0TH0RAX 


Any breaeh of the ehest wall and parietal pleura or viseeral pleura leads 
to the accumulation of air within the pleural eavity (pneumothorax). 
Fluid (hydrothorax), blood (haemothorax) and, rarely, lymph (ehylo- 
thorax) ean also accumulate in this spaee. Pneumothoraces may occur 
spontaneously (rupture of emphysematous bullae, or subpleural 'blebs' 
typieally in talf asthenie males) or following rib or penetrating trauma. 
Signifieant air in the pleural spaee is visible on a ehest radiograph 
because this eondition leads to various degrees of pulmonary eollapse; 
there is separation of the parietal and viseeral pleurae and an absenee 
of peripheral pulmonary vascular markings in the eorresponding area. 
Oeeasionally a valve-like effeet occurs, so that air enters the pleural 
spaee during inspiration but eannot eseape in expiration. This may 
result in a 'tension pneumothoraxf which ean be life-threatening and 
should be suspected whenever there are unilateral deereased breath 
sounds and hyper-resonanee on peraission (due to eollapse of the 
lung), hypotension, jugular venous distension and eontralateral tra- 
eheal deviation (due to mediastinal shift). A tension pneumothorax 
requires immediate deeompression with intereostal drainage, preeeded 
by, if in extremis, a wide-bore needle in the seeond intereostal spaee 
anteriorly in the mid-clavicular line. Fluid eolleetion in the pleural 
spaee may be due to eongestive eardiae failure, hypoalbuminaemia or 
inflammatory, infeetive or neoplastie eonditions. An ineipient pleural 
effiision causes obliteration of the eostophrenie angle, where a lateral 
fluid meniscus is often visible from a non-loculated effiision on a 
frontal ehest radiograph. Drainage of the fluid and subsequent analysis 
are required for diagnostie purposes. Where there is a eolleetion of pus 
(empyema) or blood, pleural drainage is essential for therapeutic pur- 
poses. FJltrasonography is useful in assessing the size and eharaeteristies 
of an effiision, such as the presenee of loculation and debris. It may 
even demonstrate underlying eonsolidated lung. Computed tomogra- 
phy (CT) is utilized to assess the underlying lung parenehyma, endo- 
bronehmm and mediastinal lymph nodes. 

MICROSTRUCTURE 


The moist, smooth pleural surface eonsists of a single layer of flat meso- 
thelial (serosal) eells separated from an underlying lamina propria of 
loose eonneetive tissue by a basal lamina. Ultrastructurally, pleural and 
peritoneal mesothelial eells are similar in having a highly folded basal 
plasma membrane, in that their adjaeent eell surfaces interdigitate and 
are joined by desmosomes, and in that their luminal surfaces bear 
numerous mierovilli and some eilia. Cytoplasmic pinoeytotie vesieles 
are eommon. The eonneetive tissue eovers the entire pulmonary surface; 
it extends from the hilum along the conducting tubes and blood vessels 
within the substance of the lung and divides the lung into numerous 
small polyhedral lobules, eaeh of which reeeives a terminal bronehiole 
and arteriole, vemiles, lymphaties and nerves. Lobules vary in size; the 
superficial ones are the largest, visible as polygonal areas 5-15 mm 
aeross. 



The lungs are the essential organs of respiration. They are situated on 
either side of the heart and other mediastinal structures, and occupy 
most of the thoraeie eavity. Eaeh lung is free in its pleural eavity, except 
at the hilum and pulmonary ligament, where it is attaehed to the medi- 
astinum. When removed from the thorax, a fresh normal lung is spongy, 
ean float in water, and erepitates when handled because of the air within 
its alveoli. It is also highly elastie and so retraets on removal from the 
thorax. Its surface is smooth and shiny, and is divided by fine, dark lines 
into numerous small polyhedral domains, eaeh erossed by numerous 
finer lines, indieating the areas of eontaet between its most peripheral 
lobules and the pleural surface. 


The adult right lung usually weighs 625 g, and the left 565 g, but 
the range of wet weights is eonsiderable, not least because it refleets the 
amount of blood or serous fluid eontained within the lungs when 
weighed. In proportion to body stature, the lungs are heavier in men 
than in women, and boys have bigger lungs than girls ( Thurlbeck 1982). 
Lung volumes in ehildren vary signifieantly aeeording to raee (Sylvester 
et al 2005), and fimg vofiime, air volume and pulmonary tissue volume 
all inerease linearly with body length (Rao et al 2010). Pulmonary 
agenesis is a rare eongenital abnormality in which pulmonary vessels, 
bronehi and lung parenehyma are undeveloped; it is assoeiated with 
eongenital heart disease (Nabati et al 2013). 

Piilmonary surface features 


Eaeh lung has an apex, base, three borders and two surfaces, roughly 
resembling a halved eone (see Figs 54.2-54.3). 

Apex 

The apex, the rounded upper extremity, extends above the superior 
thoraeie aperture where it eontaets the eervieal pleura, and is eovered 
in turn by the suprapleural membrane. As a consequence of the obliq- 
uity of the aperture, the apex rises 3-4 em above the level of the first 
eostal eartilage. The summit of the apex is level posteriorly with the 
neek of the first rib and lies 2.5 em above the junction of the mid and 
medial thirds of the elaviele, therefore within the root of the neek (see 
Fig. 29.18). It has been elaimed that, because the apex does not rise 
above the neek of the first rib, it is really intrathoraeie, and that it is the 
anterior surface that aseends highest in inspiration. The subclavian 
artery arehes superolaterally over the suprapleural membrane and 
grooves the anterior surface of the apex near its summit, separating it 
from scalenus anterior. The eervieothoraeie (stellate) sympathetie gan- 
glion, ventral ramus of the first thoraeie spinal nerve and superior 
intereostal artery all lie posterior to the apex. Scalenus rnedms is lateral 
and the braehioeephalie tmnk, right braehioeephalie vein and traehea 
are adjaeent to the medial surface of the apex of the right lung. The left 
subclavian artery and left braehioeephalie vein are adjaeent to the 
medial surface of the apex of the left lung. 



The basal surface is semilunar and eoneave, moulded on the superior 
surface of the diaphragm, which separates eaeh lung from the eorre- 
sponding lobe of the liver, and the left lung from the gastrie fundus and 
spleen. Sinee the diaphragm extends higher on the right than on the 
left, the eoneavity is deeper on the base of the right lung. Posterolater- 
ally, the base has a sharp margin that projeets a little into the eostodia- 
phragmatie reeess. 

Costal surface 

The eostal surface of the lung is smooth and convex, and its shape is 
adapted to that of the thoraeie wall, which is vertieally deeper posteri- 
orly. It is in eontaet with the eostal pleura; in speeimens that have been 
preserved in situ, this surface exhibits grooves that eorrespond with the 
overlying ribs, a situation similar to the hyperinflated lungs of asthma 
patients. 

Medial surface 

The medial surface has posterior vertebral and anterior mediastinal 
parts. The vertebral part lies in eontaet with the sides of the thoraeie 
vertebrae and intervertebral dises, posterior intereostal vessels and 
splanehnie nerves. The mediastinal area is deeply eoneave because it is 
adapted to the heart at the eardiae impression, which is much larger 
and deeper on the left lung where the heart projeets more to the left 
of the median plane. Posterosuperior to this eoneavity is the some- 
what triangular hilum, where various stmctures enter or leave the 
lung, eolleetively surrounded by a sleeve of pleura that also extends 
below the hifiim and behind the eardiae impression as the pulmonary 
ligament. 

Other impressions on the lung surface 

In addition to these pulmonary features, eadaverie lungs that have been 
preserved in situ ean show a number of other impressions that indieate 
their relations with surrounding stmctures (see Figs 54.2B-54.3B). All 
these impressions refleet the intimate relationships of the lungs with 
the adjaeent mediastinal stmctures and offer a good perspeetive on 
surgical approaehes, either from the anterior or posterior aspeet of the 
eorresponding pleural eavity. 

On the right lung, the eardiae impression is related to the anterior 
surface of the right auricle, the anterolateral surface of the right 
atrium and partially to the anterior surface of the right ventriele. The 
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impression aseends anterior to the hilum as a wide groove for the 
superior vena eava and the terminal portion of the right braehioeephalie 
vein. Posteriorly, this groove is joined by a deep sulcus that arehes 
forwards above the hilum and is occupied by the azygos vein. The right 
side of the oesophagus makes a shallow vertieal groove behind the 
hilum and the pulmonary ligament. Towards the diaphragm it inelines 
left and leaves the right lung, and therefore does not reaeh the lower 
limit of this surface. Posteroinferiorly the eardiae impression is conflu- 
ent with a short, wide groove adapted to the inferior vena eava. Between 
the apex and the azygos groove, the traehea and right vagus are elose to 
the lung but do not mark it. 

On the left lung, the eardiae impression is related to the anterolateral 
surface of the left ventriele and auricle (see Fig. 54.3B). The anterior 
infundibular surface and adjoining part of the right ventriele are related 
to the lung as it aseends in front of the hilum to aeeommodate the 
pulmonary tmnk. A large groove arehes over the hilum, and deseends 
behind it and the pulmonary ligament, eorresponding to the aortie areh 
and deseending aorta. From its summit, a narrower groove aseends to 
the apex for the left subclavian artery. Posterior to this, and superior to 
the aortie groove, the lung is in eontaet with the thoraeie duct and 
oesophagus. Anterior to the subclavian groove there is a faint linear 
depression for the left braehioeephalie vein. Inferiorly, the oesophagus 
may mould the surface anterior to the lower end of the pulmonary 
ligament. 

Pulmonary borders 


The inferior border is thin and sharp where it separates the base from 
the eostal surface and extends into the eostodiaphragmatie reeess, and 
more rounded medially where it divides the base from the mediastinal 
surface. It eorresponds, in quiet respiration, to a line drawn from the 
most inferior point of the anterior border that passes to the sixth rib at 
about the mid-clavicular line, then to the eighth rib in the mid-axillary 
line (usually 10 em above the eostal margin), and then eontimies pos- 
teromedially and slightly superiorly to a point 2 em lateral to the tenth 
thoraeie spine (see 7 ig. 51.5). The diaphragm rises more superiorly on 
the right to aeeommodate the liver, and so the right lung is vertieally 
shorter (by approximately 2.5 em) than the left. However, eardiae asym- 
metry means that the right lung is broader, and has a greater eapaeity 
and weight than the left. The posterior border separates the eostal 
surface from the mediastinal surface, and eorresponds to the heads of 
the ribs. It has no reeognizable markings and is really a rounded junc- 
tion of eostal and vertebral (medial) surfaces. The thin, sharp, anterior 
border overlaps the pericardium. On the right, it eorresponds elosely to 
the eostomediastinal line of pleural refleetion, and is almost vertieal. 
On the left it approaehes the same line above the fourth eostal eartilage; 
below this point, it shows a variable eardiae noteh, the edge of which 
passes laterally for 3.5 em before curving inferomedially to the sixth 
eostal eartilage 4 em from the midline. It therefore does not reaeh the 
line of pleural refleetion here (see Fig. 51.4) and so the perieardmm is 
eovered only by a double layer of pleura (area of superficial eardiae 
dullness). Surgical experience suggests that the line of pleural refleetion, 
the anterior pulmonary margin and the eostomediastinal pleural reeess 
are all variable. 


PULM0NARY FISSLJRES AND LOBES 
Right lung 


The right lung is divided into superior, middle and inferior lobes by its 
oblique (major) and horizontal (minor) fissures (see Fig. 54.2). The 
superior, lengthier oblique fissure separates the inferior from the supe- 
rior and middle lobes, and eorresponds elosely to the left oblique 
fissure, although it is less vertieal, erossing the inferior border of the 
lung approximately 7.5 em behind its anterior end. On the posterior 
border, it is either level with the spine of the fourth thoraeie vertebra 
or slightly lower. It deseends aeross the fifth intereostal spaee and 
follows the sixth rib to the sixth eostoehondral junction. The shorter 
horizontal fissure separates the superior and middle lobes. It passes 
from the oblique fissure, near the mid-axillary line, horizontally for- 
wards to the anterior border of the lung, level with the sternal end of 
the fourth eostal eartilage, then passes posteriorly to the hilum on the 
mediastinal surface. The horizontal fissure is usually visible on a frontal 
ehest radiograph. The oblique fissure is usually visible on a lateral 
radiograph and on a high-resolution CT sean as a curvilinear band from 
the lateral aspeet to the hilum (Fig. 54.4). The smaller middle lobe is 
wedged between the superior and inferior lobes, and includes some 


of the eostal surface, the inferior part of the anterior border and the 
anterior part of the base of the lung. The azygos vein may sometimes 
course in a more lateral position, within a four-layered pleural septum 
within the superior lobe, ereating an 'azygos lobe'. This is not a tme 
lobe, but a separated portion of the superior lobe that laeks its own 
bronehi, arteries or veins. The eondition represents an ineidental finding 
on ehest radiographs or CT seans, with no assoeiated morbidity; it may 
be eonfhsed with a pulmonary nodule, and loculated effiisions in the 
fissure may appear. Aeeessory fissures may separate either the medial 
basal segment (Twinings line) or the superior segment from the 
remainder of the inferior lobe. ineomplete separation of the lobes and 
identifieation of the eompleteness of the fissures are important prior to 
lobeetomy because individuals with ineomplete fissures are more prone 
to develop postoperative air leaks and may require fiirther procedures, 
such as stapling and perieardial sleeves. 

Left lung 


The left lung is divided into superior and inferior lobes by its oblique 
fissure, which extends from the eostal to the medial pulmonary surfaces, 
superior and inferior to the hilum (see Fig. 54.3). Superficially, this 
fissure begins on the medial surface at the posterosuperior part of the 
hilum, aseends obliquely and posteriorly to eross the posterior border 
of the lung 6 em below the apex, then deseends anteriorly aeross the 
eostal surface, to reaeh the inferior border almost at its anterior end. It 
finally aseends on the medial surface to the inferior part of the hilum. 
At the posterior border of the lung, the fissure usually lies opposite a 
surface point 2 em lateral to the midline between the spines of the third 
and fourth thoraeie vertebrae, but it may be superior or inferior to this 
level. Traeed around the ehest, the fissure reaehes the fifth intereostal 
spaee (at or near the mid-axillary line) and follows this to interseet the 
inferior border of the lung, elose or just inferior to the sixth eostoehon- 
dral junction (7.5 em from the midline). The left oblique fissure is 
usually more vertieal than the right, and is indieated approximately by 
the medial border of the scapula with the fully abducted arm. A left 
horizontal fissure is a normal, oeeasional variant. 

The superior lobe lies anterosuperior to the oblique fissure and 
includes the apex, anterior border, much of the eostal and most of the 
medial surfaces of the lung. A small proeess, the lingula, is usually 
present at the lower end of the eardiae noteh. The larger inferior lobe 
lies behind and below the fissure, and contributes almost the whole of 
the base, much of the eostal surface and most of the posterior border 
of the left fimg. 

Lung lobation, and the morphology of the traeheobronehial tree, 
ean prediet the atrial situs. 

In situs solitus, the right prineipal bronchus is short and eparterial 
(its braneh for the right upper lobe lies over the seeond braneh of the 
right pulmonary artery) and the left prineipal bronchus is longer and 
hyparterial (it courses underneath the left pulmonary artery). A bilobed 
left lung and a trilobed right lung are typieal in situs solitus. In situs 
inversus, there is a mirror imaging of the disposition seen in situs 
solitus. In situs ambiguus, the bronehi and lungs ean display either a 
bilateral right morphology with bilateral trilobed lungs and bilateral 
eparterial bronehi (heterotaxy syndrome: ineomplete or inappropriate 
lateralization of the thoraeie and abdominal viseera, and asplenia) or 
a bilateral left morphology with bilateral bilobed lungs and bilateral 
hyparterial bronehi (heterotaxy syndrome and polysplenia) (Van Praagh 
et al 1992). 

Bronehopiilmonary segments 

Eaeh of the prineipal bronehi divides into lobar bronehi. Primary 
branehes of the right and left lobar bronehi are termed segmental 
bronehi because eaeh ramifies in a structurally separate, fimetionally 
independent, unit of fimg tissue ealled a bronchopulmonary segment 

(Figs 54.5-54.7). 

The main segments are named and nmnbered as shown in 

Table 54.1. 

Eaeh segment is surrounded by eonneetive tissue that is continuous 
with the viseeral pleura, and is a separate respiratory unit. The 
vascular and lymphatie arrangements of the segments are deseribed on 

page 959. 

PULM0NARY HILA 


The pulmonary root eonneets the medial surface of the lung to the heart 

and traehea, and is formed by a group of structures that enter or leave 957 
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Fig. 54.4 A, An axial seetion through the lungs below the earina, demonstrating the left and right oblique fissures. The circular avascular area anterior to 
the right oblique fissure and surrounded by a halo of white (arrow) is due to the horizontal fissure. In this individual, the fissure is slightly domed and 
passes through the plane of the seetion. B, An axial seetion through the lungs at the mid left atrial level, demonstrating the left and right oblique fissures 
(arrows) as they pass more anteriorly and separate the lower lobes from the lingula and middle lobes. C, A sagittal seetion through the right lung, 
demonstrating the oblique (down-pointing arrow) and horizontal fissures (horizontal arrow). D, A sagittal seetion through the left lung, demonstrating the 
oblique fissure (arrow). 


Table 54. Bronchopulmonary segments 



Right lung 

Left lung 

Superior lobe 

1, apieal; II, posterior; III, anterior 

1, apieal; II, posterior; III, anterior; 

IV, superior lingular; V, inferior lingular 

Middle lobe 

IV, lateral; V, medial 

— 

Inferior lobe 

VI, superior (apieal); VII, medial 

VI, superior (apieal); VII, medial basal; 


basal; VIII, anterior basal; IX, 

VIII, anterior basal; IX, lateral basal; 


lateral basal; X, posterior basal 

X, posterior basal 


the hiliim (see Figs 54.2B-54.3B, 54.60,0). These are the prineipal 
bronchus, pulmonary artery, two pulmonary veins, bronehial vessels, a 
pulmonary autonomic plexus, lymph vessels, bronchopulmonary 
lymph nodes and loose eonneetive tissue, all enveloped by a pleural 
sleeve. The pulmonary roots, or pedieles, lie opposite the bodies of the 
fifth to seventh thoraeie vertebrae. The phrenie nerve, perieardiaeo- 
phrenie vessels and anterior pulmonary plexus are eommon anterior 
relations of both hila. The vagus nerve and posterior pulmonary plexus 
are eommon posterior relations and the pulmonary ligament is a 
eommon inferior relation. The major structures in both roots are simi- 
larly arranged: the superior of the two pulmonary veins is anterior, the 
pulmonary artery and prineipal bronchus are more posterior, and the 
bronehial vessels are most posterior. The arrangement of bronchopul- 
monary segments and the pulmonary hila permit the reseetion of 
abseesses and loealized primary lung malignaney. 


Right hilum 


The right root is situated behind the superior vena eava and right 
atrium, inferior to the terminal part of the azygos vein. The usual 
sequence of hilar structures, from superior to inferior, is superior lobar 
(eparterial) bronchus, pulmonary artery, prineipal bronchus and infe- 
rior pulmonary vein (see Fig. 54.2B). 

Left hilum 


The left root lies inferior to the aortie areh and anterior to the deseend- 
ing thoraeie aorta. The usual vertieal sequence of structures at the left 
hilum is pulmonary artery, prineipal (hyparterial) bronchus and infe- 
rior pulmonary vein (see Fig. 54.3B). The pulmonary artery is longer 
on the left side, and eaeh of its branehes from the hilum to the oblique 
fissure must be identified in pulmonary reseetions. 

SECONDARY PULMONARY LOBULES 


Eaeh segmental bronchus supplies a bronchopulmonary segment. Pro- 
gressive subdivisions of the bronehi occur within eaeh segment, and the 
bronehi beeome inereasingly narrow. All intrapulmonary bronehi are 
kept patent by cartilaginous plates that deeline in size and number, and 
finally disappear when bronehi beeome bronehioles (less than 1 mm 
in diameter). The seeondary lobule is the smallest maeroseopie subsec- 
tion of the peripheral lung, bounded by eonneetive tissue septa of 



















































Lungs 



Fig. 54.5 Lungs and bronehi: anterior aspeet. The 
lobar and segmental bronehi are projeeted on to 
the liing in different colours (eompare with Fig. 
54.6). (With permission from Waschke J, Paulsen 
F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


uneven size and shape. It eonsists of approximately six terminal bron- 
ehioles, the latter being the most peripheral bronehioles not to have 
alveoli in their walls. Distal to eaeh terminal bronehiole is an aeimis, 
the fhnetional unit of the lung for gas exchange, which eonsists of 3-4 
orders of respiratory bronehioles, eaeh leading to 3-8 orders of alveolar 
ducts. The walls of these ducts eonsist of alveolar saes or the mouths 
of alveoli. The primary lobule is the lung distal to the respiratory 
bronehiole. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

The lungs have two fhnetionally distinet circulatory pathways. The pul- 
monary vessels eonvey systemie deoxygenated blood to the alveolar 
walls and drain oxygenated blood baek to the left atrium for systemie 
distribution by the left ventriele. The much smaller bronehial vessels, 
which are derived from the systemie circulation, provide oxygenated 
blood to lung tissues that do not have elose aeeess to atmospherie 
oxygen, i.e. those of the bronehi and larger bronehioles. 

The pulmonary tmnk bifhreates into right and left pulmonary arter- 
ies that approaeh the hila of the lungs. Eaeh artery divides into branehes 
that aeeompany the segmental and subsegmental bronehi, mostly in a 
posterolateral position. The pulmonary eapillaries form single-layered 
and exceedingly thin-walled plexuses immediately outside the epithe- 
lium in the walls and septa of the alveoli and alveolar saes. Pulmonary 
veins, two from eaeh lung, drain the pulmonary eapillaries; their root- 
lets eoalesee into larger and more freely eomimmieating veins that 
traverse the lung, for the most part independently of the pulmonary 
arteries and bronehi. At the hilum, the pulmonary vessels aeeompany 
the main bronehial divisions; the veins are anteromedial and the arter- 
ies posterolateral to the bronehi. This is not the ease in the broneho- 
pulmonary segments, where a segmental bronchus, its branehes and 
assoeiated arteries occupy a eentral position but the many tributaries of 
the pulmonary veins mn between segments, serving adjaeent segments 
(which therefore drain into more than one vein). Some veins also lie 
beneath the viseeral pleura, including the pleura in the interlobar fìs- 
sures. It follows from this that a bronchopulmonary segment is not a 
eomplete vascular unit with an individual bronchus, artery and vein. 
During reseetion of segments, it is obvious that the planes between 
them are not avasailar but are erossed by pulmonary veins and some- 
times by branehes of arteries. This pattern of bronehi, arteries and veins 
exhibits eonsiderable variation; veins are the most variable, and arteries 
are more variable than bronehi. 


Pulmonary arteries 



The right pulmonary artery divides into two large branehes as it emerges 
behind the superior vena eava (Fig. 54.8). This intimate relationship 
faeilitates the cavopulmonary anastomosis (the Glenn shunt) eoneeived 
to bypass the defeetive right heart ehambers in various eongenital 
eardiae disorders. A lymph node usually lies adjaeent to the bifurcation. 
The smaller braneh to the superior lobe usually divides again, supplying 
the majority of that lobe. The inferior braneh deseends anterior to the 
bronchus intermedius (see below) and posterior to the superior pul- 
monary vein. It provides a small recurrent braneh to the superior lobe, 
and then, at the point where the horizontal fìssure meets the oblique 
fìssure, it gives off the braneh to the middle lobe anteriorly, and a 
braneh to the superior segment of the inferior lobe posteriorly. It then 
continues a short distanee before dividing to supply the rest of the 
inferior lobe segments. 

The left pulmonary artery emerges from within the eoneavity of the 
aortie areh and deseends anterior to the deseending aorta to enter 
the oblique fissure (see ug. 54.8). The ligamentum arteriosum skirts 
between the superior aspeet of the left pulmonary artery and the proxi- 
mal deseending aorta. The left recurrent laryngeal nerve winds around 
the aorta, to the left of the ligament; the aorta is relatively fixed by the 
ligament, and so may be ruptured in eases of major trauma assoeiated 
with rapid deeeleration. The branehes of the left pulmonary artery are 
extremely variable. The fìrst and largest braneh is usually given off to 
the anterior segment of the left superior lobe. Before reaehing the 
oblique fìssure, the artery gives off a variable number of other branehes 
to the superior lobe, and, as it enters the fìssure, it usually supplies a 
large braneh to the superior segment of the inferior lobe. Lingular 
branehes arise within the fìssure, and the rest of the lower lobe is sup- 
plied by many varied branehing patterns. It was a surgical aphorism of 
the late Lord Broek that when performing a left upper lobeetomy, 'there 
was always one more braneh of the pulmonary artery than you thought!' 


Pulmonary sequestration 

When a portion of lung exists without the appropriate bronehovasoilar 
eonneetions, it is usually supplied by the systemie vasculature (thoraeo- 
abdominal aorta or branehes) and drains into either atrium, superior 
vena eava or azygos veins (Olements 1999) (Figs 54.9-54.10). Extra- 
lobar pulmonary sequestration segments are eovered by viseeral pleura 
and usually found below the left inferior lobe, whereas intralobar 
abnormalities are usually embedded in normal lung: elassieally, the 
posterior basal segment of the left inferior lobe. Extralobar pulmonary 
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Pleura, lungs, traehea and bronehi 


IJnilateral absenee of a pulmonary artery is a rare eongenital abnor- 
mality eharaeterized by normal lung volume and anatomy at birth. 
Revascularization before the age of 6 months avoids the development 
of lung hypoplasia (Alison et al 2011). The left pulmonary artery sling 
is a eongenital abnormality eharaeterized by the left pulmonary artery 
arising from the right pulmonary artery, coursing over the right prinei- 
pal bronchus and heading posteriorly between the traehea and oesopha- 
gus. This abnormality is assoeiated with signifieant traeheobronehial 
stenosis (Zhong et al 2010). 
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R ight lung 
Superiorlobe 

Apieal segment (S I) 

Posteriorsegment (S II) 
Anteriorsegment (S III) 

Middle lobe 

Lateral segment(S IV) 

Medial segment(S V) 

Inferior lobe 

Superior segment (S VI) 

Medial basal segment(S VII) 
Anterior basal segment(S VIII) 
Lateral basal segment(S IX) 
Posterior basal segment(S X) 


B 

Left lung 
Superior lobe 

'N 

’ Apieoposterior segment (S I +11) 

) 

Anteriorsegment (S III) 

Superiorlingularsegment(S IV) 
Inferior lingularsegment (S V) 

Inferior lobe 

Superior segment (S VI) 

Medial basal segment(S VII)* 
Anterior basal segment (S VIII) 
Lateral basal segment(S IX) 
Posterior basal segment (S X) 





Fig. 54.6 Bronehopiilmonary segments of the right and left lungs, coloured to indieate the different territories. A, Right lung, lateral aspeet. B, Left lung, 
lateral aspeet. C, Right lung, medial aspeet. D, Left lung, medial aspeet. *Usually, this segment is not a separate unit but is fused with the anterior basal 
segment. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


sequestration per se is asymptomatie but is often assoeiated with other 
eongenital abnormalities: pulmonary hypoplasia, eongenital diaphrag- 
matie hernia, eongenital eystie adenomatoid malformation and eon- 
genital heart disorders (Stoeker et al 1978, Kravitz 1994). A fistula with 
the oesophagus may also develop (Ch. 52). Consideration of differen- 
tial diagnosis with mediastinal or pulmonary tumours is mandatory. 

Piilmonary embolism and arterìography 

g) Available with the Gray’s Anatomy e-book 

Pulmonary veins 


There are usually four pulmonary veins, two from eaeh lung. They origi- 
nate from eapillary networks in the alveolar walls and return oxygenated 
blood to the left atrium. All the main tributaries of the pulmonary veins 
reeeive smaller tributaries, both intra- and intersegmental; by serial 


jnnetions, tributary veins finally form a single lobar trnnk, i.e. three in 
the right lung, two in the left. The right middle and superior lobar veins 
usually unite and so two veins, superior and inferior, leave eaeh lung. 

At the pulmonary hilum, the usual distribution of veins is as follows. 
The superior pulmonary vein is anteroinferior to the pulmonary artery, 
and the inferior pulmonary vein is the most inferior hilar structure and 
also slightly posterior. On the right, the union of apieal, anterior and 
posterior veins (draining the upper lobe) with a middle lobar vein 
formed by lateral and medial tributaries constitutes the right superior 
pulmonary vein. The right inferior pulmonary vein is formed by the 
hilar union of superior (apieal) and eommon basal veins from the lower 
lobe. The union of superior and inferior basal tributaries forms the 
eommon basal vein. Oeeasionally, the three right lobar veins remain 
separate. The right superior pulmonary vein passes posterior to the 
superior vena eava, the inferior behind the right atrium. 

The superior left pulmonary vein is formed by the union of apieo- 
posterior, anterior and lingular veins. The left inferior pulmonary vein 
is formed from the union of the superior (apieal) and eommon basal 





























Pleura, lungs, traehea and bronehi 


A thrombiis that has developed in the deep veins (usually leg or pelvie) 
may embolize and travel in the right side of the circulation through 
the right atrium and ventriele, lodging in the pulmonary vasculature. 
The elinieal abnormalities observed depend on the size of the embolus 
and on the number and frequency of embolie episodes. Large emboli 
may lodge in the main pulmonary artery branehes and cause right 
ventricular dysfhnetion and hypoxia, representing a medieal emer- 
geney. Smaller emboli may lodge in segmental pulmonary arteries and 
cause pleuritic ehest pain, shortness of breath and haemoptysis but the 
elinieal picture is rarely pathognomonie. Pulmonary emboli cause a 
ventilation/perfusion mismateh that ean have serious physiologieal 
implieations leading to a signifieant reduction in the oxygenation of 



Intralobar sequestration 


Fig. 54.9 A lung window axial view showing an intralobar sequestration in 
the left lower lobe of the lung in a 15-month-old girl. (Courtesy of Mr 
Hany Gabra & Mr Jonathan Goring, Great North Children’s Hospital, 
Newcastle upon Tyne, UK.) 


blood. Ventilation/perfiision seans with radiolabelled xenon and teeh- 
netium usually demonstrate segmental abnormalities in perffision 
with normal ventilation in the eorresponding regions. Pulmonary 
emboli may also be evaluated by eontrast-enhaneed spiral CT or pul- 
monary angiograms and appear as filling defeets. Repetitive emboliza- 
tion may eventually lead to a dramatie reduction of the pulmonary 
vascular bed and ehronie eor pulmonale. Thrombolysis, anticoagula- 
tion or inferior vena eaval filters prevent progression or recurrence of 
embolism. A elot may also traverse a patent foramen ovale and lodge 
in the arterial system (paradoxical embolism), most severely in the 
eerebral circulation, causing a stroke (Kent and Thaler 2011). 



Contrast enhaneement within left 
lower lobe intralobar sequestration 


Deseending aorta Systemie arterial feeding vessel 


Fig. 54.10 The systemie arterial blood supply from the abdominal aorta to 
an intralobar sequestration in the left lower lobe of the lung in a 
15-month-old girl. (Courtesy of Mr Hany Gabra & Mr Jonathan Goring, 
Great North Children’s Hospital, Newcastle upon Tyne, UK.) 





















































Lungs 


Apieal bronchus ofsuperiorlobe (Bl) — 
Posterior bronchus of superior lobe (B2) 

Superior lobar bronchus- 

Anterior bronchus of superior lobe (B3)- 
Bronchus intermedius- 

Middle lobar bronchus- 

Lateral segment of middle lobe (B4) — 

Medial segmentof middle lobe (B5) — 
Anterior basal bronchus (B8)- 

Lateral basal bronchus (B9)- 



Thyroid eartilage 


Median erieothyroid ligament 
C rieoid eartilage 


Right prineipal bronchus 


Left prineipal bronchus 


Lateral basal bronchus (B9) 


Inferior lingular bronchus (B5) 


Anterior basal bronchus (B8) 


_Apieal bronchus of superior lobe (Bl) 

Posterior bronchus of superior lobe (B2) 

-Left apieoposterior segment of 

superior lobe (B1 and B2) 

Anterior bronchus of superior lobe (B3) 
-Lingular bronchus 

Superiorlingularbronchus (B4) 


Fig. 54.7 The eartilages of the larynx, traehea and bronehi, anterior aspeet. The bronchopulmonary segments are shovvn in braekets. (Redravvn from an 
original figure dravvn from a metal east made by the late Lord Russell Broek, GKT Sehool of Medieine, London.) 


veins, the latter formed by the union of a superior and an inferior 
basal vein. Both left superior and inferior pulmonary veins pass ante- 
rior to the deseending thoraeie aorta. Sometimes, the two left pulmo- 
nary veins form a single tmnk, or they may be augmented by an 
aeeessory lobar vein from eaeh lobe, which unite to form a third left 
pulmonary vein. 

The right and left pulmonary veins perforate the fibrous pericardium 
and open separately in the posterosuperior aspeet of the left atrium (see 
Figs 57.3, 57.4B). Their terminations are separated medially by the 
oblique perieardial sinus, and laterally by smaller and variable pulmo- 
nary venous perieardial reeesses that are direeted superomedially. The 
pulmonary veins are devoid of valves. 

The variable ineorporation of the primitive pulmonary vein into the 
left atrium means that the number of main pulmonary veins may differ. 
The left atrium is the heart ehamber most posterior and median in 
position, and so the length of the left and right pulmonary veins is 
equal, unlike the arteries and bronehi, where there are conspicuous 
left-right differenees in length. The terminal parts of the pulmonary 
veins are surrounded by atrial myocardium; these areas represent poten- 
tial aeeessory re-entrant circuits responsible for the initiation or main- 
tenanee of supraventricular taehyeardias or atrial fibrillation and may 
be percutaneously ablated. Pulmonary vein atresia is a rare eongenital 
abnormality (Kozak et al 2011). 

Lymphatie drainage 


The pulmonary lymphaties originate in superficial and deep plexuses. 
The superficial plexus lies deep to the viseeral pleura; its efferents turn 
around the margins of the lung and its fissures, eventually reaehing 
the bronchopulmonary nodes. The alveoli have no lymph vessels. The 
deep lymphaties originate at bronehiolar level and follow the broneho- 
vascular divisions to the hilum, ending in the same nodes. No free 
anastomoses exist between the two systems, except at the hilum and 
peripherally, where small but dilatable ehannels eonneet superficial and 


deep lymphatie vessels; these eonneetions direet lymph from the deep 
to the superficial ehannels when outflow from deep vessels is obstmeted 
by pulmonary disease. There is a tendeney for vessels from the superior 
lobes to pass to the superior traeheobronehial nodes, and those from 
the inferior lobes to pass to the inferior traeheobronehial group. 
However, lymphatie vessels of adjoining lobes eonneet deep in the fis- 
sures and so these eonneetions are not exclusive. At the level of pulmo- 
nary lobation, the arrangement of lymphatie vessels follows the eentral 
artery of a lobule and its peripheral veins. Lymphoid aggregations, non- 
follicular in appearanee, occur in peribronehial sites and in 'plaeoid' 
formations deep to the pulmonary pleura. 

INNERVATION 


The autonomic nervous system eontrols many aspeets of airway firne- 
tion, including regulation of airway smooth muscle tone, mucus seere- 
tion from submucosal glands and surface epithelial goblet eells, vascular 
permeability and blood flow (Belvisi 2002). 

Piilmonary plexuses 


The pulmonary plexuses lie anterior and posterior to the other hilar 
stmctures of the lungs (see Figs 56.7, 57.61). The anterior plexus is 
small and is formed by rami from vagal and sympathetie eervieal 
eardiae nerves via eonneetions with the superficial eardiae plexus. The 
posterior pulmonary plexus is formed by the rami of vagal and sympa- 
thetie eardiae branehes from the seeond to fifth or sixth thoraeie sym- 
pathetie ganglia. The left plexus also reeeives branehes from the left 
recurrent laryngeal nerve. Further details of the pulmonary plexuses are 
given in the deseription of the eardiae plexuses on page 1021 . The sym- 
pathetie nervous system (noradrenaline (norepinephrine)) aeting on 
(3-reeeptors produces bronehodilation; the parasympathetie nervous 
system (aeetyleholine) aeting on muscarinic M3 reeeptors maintains 
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Right prineipal bronchus 
Right pulmonary artery 

R ight superior lobar bronchus 

Aseending aorta 
Right superior pulmonary vein 

Right inferior pulmonary vein 



Traehea 


Areh of aorta 


Left prineipal bronchus 

Leftpulmonary artery 

Pulmonary trnnk 

Left superior pulmonary vein 


Left inferior pulmonary vein 


Fig. 54.8 The relationship betvveen 
the eentral airvvays and the 
piilmonary vessels. The numbers in 
the lovver figure denote the numbers 
of the bronchopulmonary segments. 




the resting tone of the bronehiolar smooth muscle. Prostaglandins 
have various effeets: PGI 2 produces bronehodilation (aeting on IP 
reeeptors) or bronehoeonstrietion (aeting on EP X reeeptors); PGF 2a 
produces bronehoeonstrietion. 

MICROSTRUCTURE OF RESPIRATORY SURFACES 

Thin-walled respiratory surfaces (alveoli) are distributed as isolated 
patehes within the walls of respiratory bronehioles and as tube-like 
alveolar ducts and balloon-like alveolar saes that eontain groups of 
adjaeent alveoli. 

Alveolar area 


Both human lungs eontain 300-500 million alveoli, giving a total 
surface area of 70-100 m 2 . These values vary eonsiderably between 
normal young individuals; the differenees beeome even more marked 
with age and as a consequence of degenerative ehanges. The number of 
alveoli inereases from approximately 10 million at birth to the adult 
value, mainly in the fìrst 8 years; thereafter, the inerease in lung volume 
is aehieved through augmentation of alveolar volume (Narayanan et al 
2013). Their inflated diameter varies with lung position, and is greater 
in the superior regions than in the inferior because of the inereased 
gravitational pressure at the lung base. Although the lung enlarges in 
all direetions during inspiration, most of the ehange in volume appears 
to be due to the lengthening and expansion of the alveolar ducts and 
inerease in the size of the openings into the air saes; the inspiratory 
ehange in the volume of the gas-conducting system is insignifieant. The 
eombined alveolar and eapillary surface area for gas exchange is 


60-80 m 2 surface. The eapillary blood transit time at rest is 0.75 s, 
halving with exercise. 

Alveolar structure 


The alveoli are thin-walled pouches that provide the respiratory surface 
for gaseous exchange (Figs 54.11-54.13). Their walls eontain two types 
of epithelial eell (pneumocytes) and eover a delieate eonneetive tissue 
within which a network of eapillaries ramifies. Sinee the walls are 
extremely thin, they present a minimal barrier to gaseous exchange 
between the atmosphere and the blood in the eapillaries. Adjaeent 
alveoli are frequently in elose eontaet; the intervening eonneetive tissue 
forms the eentral part of the interalveolar septum. Alveolar maero- 
phages are present within the alveolar lumen and migrate over the 
epithelial surface. 

Interalveolar septum 

The alveolar lining epithelium varies in thiekness, but extensive areas 
of it are as little as 0.05 jitm thiek (see Fig. 54.13). The epithelium lies 
on a basal lamina that is fused with the basal lamina that surrounds 
the adjaeent eapillaries in the thin portions of a septum. The total 
barrier to diffiision between air and blood in these thin portions may 
be as little as 0.2 jLtm. The thiek portions of a septum eontain eonneetive 
tissue elements, including elastie and eollagen type III fibres, resident 
and migratory eells (see fig. 54.12). 

Alveolar epithelial eells (pneumocytes) 

The alveolar epithelium is a mosaie of type I and II pneumocytes. Type 
I pneumocytes are simple squamous epithelial eells and form over 90% 
of the alveolar area. Their basal laminae ffise with that of the adjaeent 
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Regional distribution of the eell types in the respiratory traet epithelium 

(in approximate order of frequency in the region) 
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Fig. 54.11 The respiratory tree and its arterial blood supply, venous and lymphatie drainage, and nerve supply. The distribution of the different epithelial 
eells is shovvn. Blue is used for vessels that eontain deoxygenated blood, and red for vessels that eontain oxygenated blood. 



eapillary endothelium to form the thin portions of interalveolar 
septa. Their thin qToplasm (0.05-0.2 jLtm) faeilitates gaseous diffhsion 
between the lumen of the alveolus and its eapillaries. The edges of 
adjaeent eells overlap; they are joined by tight junctions, ereating a striet 
diffhsion barrier between the alveolar surface and underlying tissues. 


Together with a similar endothelial barrier, this arrangement limits the 
movement of fluid from blood and interstitial spaees into the alveolar 
lumen (the blood-air barrier). If damaged, type I eells, which do not 
divide, are replaeed by type II eells, which proliferate and differentiate 
into type I pneumocytes. 963 
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Alveolar epithelial eell 
(pneumocyte) types: 

Type I - 

Type II- 



Fig. 54.12 The respiratory portion of the liing and its eell types. 


The smaller type II eells are often more numerous than type I eells, 
but they contribute less than 10% of the alveolar surface area. They are 
rounded and protmde from the alveolar surface, particularly at the 
angles between alveolar profiles. In the human lung, they are often 
assoeiated with interalveolar pores of Kohn. Their eytoplasm eontains 
numerous eharaeteristie seeretory lamellar bodies eonsisting of eoneen- 
trie whorls of phospholipid-rieh membrane, the precursors of alveolar 
surfactant, which they ean reeyele (see Fig. 54.13C). 

Interalveolar pores of Kohn 

Interalveolar pores of Kohn are small pores lined by epithelium (usually 
type II alveolar eells), which eross interalveolar septa to link adjaeent 
alveolar airspaees. Humans have up to seven pores per alveolus, ranging 
in size from 2 to 13 pm. These small passages may sustain the flow of 
air in the event of bloekage of one of the alveolar ducts and also provide 
routes of migration for alveolar maerophages, baeteria and vimses. 

Alveolar maerophages 

Alveolar maerophages are derived from eirailating monoeyte precursors 
(see Fig. 4.12). They originate in haemopoietie tissue in the bone 
marrow, migrate into the alveolar lumen from adjaeent blood vessels 
and eonneetive tissue, and wander about on the epithelial surfaces. They 


elear the respiratory spaees of inhaled partieles that are small enough 
to reaeh the alveoli (henee their alternative name of 'dust eells'; see Fig. 
4.13). Most of them migrate with their phagoeytosed load to the bron- 
ehioles, where they are swept into the mucociliary rejeetion current and 
removed from the lung. Others migrate through the epithelium of the 
alveoli into the lymphaties that drain the eonneetive tissue of the lung, 
and so pass into lymphoid tissue around the pulmonary lobules. Under 
normal eonditions, alveolar maerophages have a granular eytoplasm 
because they eontain phagoeytosed partieles; in smokers, the partieles 
have a eharaeteristie appearanee and are ealled 'tar bodies'. When 
aetively phagoeytie, maerophages release proteases: if antiproteases (e.g. 
a r antitrypsin) that are normally present in the alveolar lining are deíì- 
eient, maerophage aetivity may damage the lung. Alveolar maerophages 
are involved in the turnover of surfactant. 

Alveolar maerophages ean be reeovered from sputum and are of 
diagnostie importanee if they appear abnormal. For instanee, whenever 
erythroeytes leak from pulmonary eapillaries, the maerophages that 
engulf the extravasated eells beeome briek-red and are deteetable in 
'msty' sputum. They are typieal of eongestive heart failure and often 
termed 'heart-faiMre eells'. Maerophages that migrate baek into the 
eonneetive tissue of the lung settle in patehes that are visible beneath 
the viseeral pleura, e.g. earbon-filled eells give the lungs a mottled 




































































Traehea and bronehi 



Fig. 54.13 A, An eleetron mierograph showing the septum between three adjaeent alveoli (A). The septum eontains two eapillaries (Ci and C 2 ) in seetion; 
the lower one is cut obliquely through the nucleus of an endothelial eell (E). Type I pneumocytes (Pq line the alveolar airspaees except where a type II 
pneumocyte (P 2 ), with eytoplasmie lamellar bodies (L), intervenes. B, The thin portion of an interalveolar septum. Part of an erythroeyte (Er) is shown in 
the eapillary lumen, lined by endothelium (E). The alveolar airspaee (right) is lined by a type I pneumocyte (P-i). The two eells share a basal lamina (BL). 

C, Cytoplasmic lamellar bodies in a type II pneumocyte are eomposed mainly of phospholipids that contribute to the surfactant seereted by these 
pneumocytes and by Clara eells of the respiratory bronehioles. (With permission from Young B, Heath JW 2000 Wheater’s Functional Histology. 
Edinburgh: Churchill Livingstone.) 


appearanee. However, if the inhaled partieles are abrasive or ehemieally 
aetive, they may elude maerophage removal and damage the respiratory 
snrfaee, producing fibrosis and a eoneomitant reduction in the respira- 
tory area. This occurs in many industrial diseases, e.g. pneumoconiosis 
caused by eoal dust, or asbestosis, where the long thin fibres of asbestos 
ean cause eonsiderable damage and may trigger fatal mesothelioma in 
the pleural lining. 

Alveolar surfactant 


The alveolar surface is normally eovered by a film of pulmonary sur- 
faetant, which is a complex mixture mainly of phospholipids (particu- 
larly dipalmitoylphosphatidyleholine and phosphatidylglyeerol), with 
some protein and neutral lipid. Surfactant is stored in lamellar bodies 
and seereted in the form of tubular myelin (unrelated to myelin of the 
nervous system) by type II pneumocytes. It is reeyeled by type II pneu- 
moeytes, or eleared (i.e. phagoeytosed) by alveolar maerophages. Clara 
eells of the bronehiolar epithelium are believed to seerete surfactant of 
a different eomposition. 

Surface tension at the alveolar surface is very high because the alveoli 
are minute and spherieal; these features oppose expansion during inspi- 
ration, and tend to eollapse the alveoli in expiration. The detergent-like 
properties of pulmonary surfactant greatly reduce the surface tension 
and make ventilation of the alveoli much more effieient. As the volume 
of an alveolus alternatively inereases and deereases, so does its surface 
area. With a fixed amount of surfactant in the alveolar film, the relative 
eoneentration of surfactant inereases on exhalation. The fortunate result 
is a deerease in eollapsing tendeney as the alveolar volume deereases, 
stabilizing the alveolus and overeoming the tendeney of small gas 
spaees to obliterate. 


TRACHEA AND BR0NCHI 


TRACHEA 


The traehea is a 10-11 em long tube formed of eartilage and fibromus- 
cular membrane, and lined internally by mucosa. It deseends from the 
larynx at the level of the sixth eervieal vertebra and divides into right 
and left prineipal bronehi typieally inferior to the sternal plane, level 
with the upper half of the sixth thoraeie vertebra (see Fig. 51.6). It lies 
approximately in the sagittal plane but its point of bifhreation is usually 
a little to the right. The traehea is mobile and ean rapidly alter in length, 
such that the bifhreation reaehes the level of the sixth thoraeie vertebra 
during deep inspiration. In ehildren with full neek extension, the length 
of the traehea inereases by 0.95 ±0.43 em; this elongation is insufficient 
to prevent displaeement of the tip of an endotraeheal tube towards the 
voeal eords in intubated ehildren (Jin-Hee et al 2005). 

The anterolateral portion of the traehea eonsists of 16-20 superim- 
posed ineomplete rings of hyaline eartilage and intervening fibroelastie 
tissue (the latter allows traeheal inspiratory elongation). The posterior 
aspeet is a flat, fibromuscular wall. The traehea is fimnel-shaped in 
neonates, when the upper end is wider than the lower end, and gradu- 
ally beeomes eylindrieal with inereasing age. The external transverse 
diameter is typieally 2 em in adult males and 1.5 em in adult females. 

In the first postnatal year, the traeheal diameter does not exceed 4 mm. 

Mean transverse diameter is greater than anteroposterior diameter up 
to the age of 6 years and, after that, the two diameters are nearly equal 
(Griseom and Wohl 1986); during later ehildhood, traeheal diameter 
in millimetres is approximately equal to age in years. The lumen is 
about 12 mm in diameter in live adults but inereases as a result of 
relaxation of the smooth muscle post mortem. The transverse shape of 965 
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the lumen is variable, espeeially in the later deeades of life, and it may 
be round, lunate or flattened. At bronehoseopy, the posterior wall of 
the traehea bulges into the lumen and this is exaggerated in expiration 
and coughing. The distal end of the traehea is visible as a eoneave spur. 
A traeheal bronchus may oeeasionally arise, mainly from the right 
aspeet of the traehea, as either a supernumerary or a displaeed superior 
lobe bronchus (poreine bronchus). A traeheal bronchus was noted in 
2.4% of ehildren undergoing bronehoseopy for respiratory symptoms 
(Wong et al 1999). The variable position of the traehea in ehildren 
makes it unreliable as an indieator of the presenee of a right-sided aortie 
areh on a ehest radiograph. In ehildren with a right-sided aortie areh, 
the traehea is on the right in 47% of eases, in the midline in 33% and 
on the left in 7% (Strife et al 1989). Traeheal agenesis is a rare and 
usually lethal eongenital abnormality. 

Relations of the eervieal part of 
the traehea 


Anterior relations 

The eervieal traehea is eovered anteriorly by skin and by the superficial 
and deep eervieal faseiae. It is erossed by the jugular areh and over- 
lapped by sternohyoid and sternothyroid. The seeond to fourth traeheal 
eartilages are erossed by the isthmus of the thyroid gland, above which 
an anastomosis eonneets the two superior thyroid arteries; anteroinfe- 
riorly are the pretraeheal faseia, inferior thyroid veins, thymie remnants 
and the thyroid ima artery (when present). In ehildren, the braehio- 
eephalie tmnk erosses obliquely in front of the traehea at, or a little 
above, the upper border of the manubrium; the left braehioeephalie 
vein may also rise a little above this level. An enlarged thyroid gland 
may eover the eervieal traehea and reaeh the superior mediastinum, 
usually anterior to the left braehioeephalie vein. 

Obstmetion of the upper airways, eraniofaeial trauma and neek 
eaneers (espeeially laryngeal), in either the acute or the ehronie set- 
ting, require a traeheostomy: the ereation of a hole (stoma) in the 
anterior aspeet of the traehea that ean serve independently or as a site 
for a dedieated tube allowing the spontaneous or meehanieal ventila- 
tion of the patient. This manoeuvre usually involves the seeond and 
third eartilages; in particular eases, the lumen of the larynx ean be 
approaehed (laryngotomy or erieothyroidotomy). Traeheostomy may 
be performed surgically or percutaneously (Ciaglia et al 1985, Griggs 
et al 1990). 

Posterior relations 

The oesophagus is a posterior relation of the eervieal traehea, separating 
it from the vertebral column and the prevertebral faseia. 

Lateral relations 

The paired lobes of the thyroid gland, which deseend to the fifth or 
sixth traeheal eartilage, and the eommon earotid and inferior thyroid 
arteries are lateral relations. The recurrent laryngeal nerves aseend on 
eaeh side, in or near the grooves between the sides of the traehea and 
the oesophagus. 

Relations of the thoraeie part of the traehea 
Anterior relations 

As it deseends through the superior mediastinum, the thoraeie traehea 
lies behind the manubrium sterni, the origins of sternohyoid and ster- 
nothyroid, the thymie remnants and the inferior thyroid veins. The 
braehioeephalie and left eommon earotid arteries eome to lie on the 
right and left of the traehea, respeetively, as they diverge upwards into 
the neek. At a lower level, the aortie areh, braehioeephalie tmnk, left 
eommon earotid artery, left braehioeephalie vein, deep eardiae plexus 
and lymph nodes are all anterior to the traehea. 

Posterior relations 

The oesophagus is posterior to the traehea and separates it from the 
vertebral column. 

Lateral relations 

Laterally and on the right are the right lung and pleura, right vagus 
nerve, right braehioeephalie vein, superior vena eava and azygos vein. 
On the left are the areh of the aorta, left eommon earotid and subclavian 
arteries. The left recurrent laryngeal nerve is at first situated between the 
traehea and aortie areh, and then lies within or just anterior to the 
traeheo-oesophageal groove. 

The traehea and oesophagus ean be eompressed (or even eroded) by 
vascular rings resulting from abnormal formation of the aorta and its 


branehes, such as: double aortie areh, right aortie areh, aberrant right 
subclavian artery, double ductus arteriosus or persistenee of the fifth 
aortie areh. 


RIGHT PRINCIPAL BR0NCHUS 



The right prineipal bronchus is approximately 2.5 em long, and is 
wider, shorter and morevertieal thanthe left (see Fig. 54.7; Fig. 54.14A). 
These differenees explain why inhaled foreign bodies enter the right 
prineipal bronchus more often than the left (more eommon in ehildren 
who may present with breathlessness, unilateral wheeze or recurrent 
aspirations; a ehest radiograph may show air trapping in the affeeted 
lobe). The right prineipal bronchus gives rise to its first braneh, the 
superior lobar bronchus, then enters the right lung opposite the fifth 
thoraeie vertebra. The azygos vein arehes over it, and the right pulmo- 
nary artery lies at first inferior, then anterior to it (the eparterial bron- 
chus). After giving off the superior lobar bronchus, which arises 
posterosuperior to the right pulmonary artery, the right prineipal bron- 
chus erosses the posterior aspeet of the artery, enters the pulmonary 
hilum posteroinferiorly, and divides into middle and inferior lobar 
bronehi. 


Right superior lobar bronchus 


The right superior lobar bronchus arises from the lateral aspeet of the 
parent bronchus and mns superolaterally to enter the hilum; 1 em from 
its origin it divides into three segmental bronehi. 

Segmental anatomy 

The apieal segmental bronchus continues superolaterally towards the 
apex of the lung, which it supplies, and divides near its origin into 
apieal and anterior branehes. The posterior segmental bronchus serves 
the posteroinferior part of the superior lobe, passes posterolaterally and 
slightly superiorly, and soon divides into a lateral and a posterior 
braneh. The anterior segmental bronchus mns anteroinferiorly to 
supply the rest of the superior lobe, and divides near its origin into a 
lateral and an anterior braneh of equal size (see Fig. 54.7). 

Bronchus intermedius 


The bronchus intermedius is the eontimiation of the right prineipal 
bronchus distal to the right upper lobe bifiireation, coursing in the same 
direetion as the former but with a slight rightward deviation. It is 
slightly flattened, 10 mm wide and 2.5 em long. It begins at the base 
of the right upper lobe bronchus and gives rise to the eommon middle 
lobe and lower lobe bronehi, and sometimes to an additional variant 
subsuperior segmental bronchus (see below). 

Right middle lobar bronchus 


The right middle lobar bronchus usually starts 2 em below the superior 
lobar bronchus and deseends anterolaterally. 

Segmental anatomy 

The right middle lobar bronchus soon divides into a lateral and a 
medial segmental bronchus distributed to the homonymous segments 
of the middle lobe (see Fig. 54.7). 

Right inferior lobar bronchus 


The right inferior lobar bronchus is the continuation of the bronchus 
intermedius beyond the origin of the eommon middle lobar 
bronchus. 

Segmental anatomy 

At or a little below its origin from the prineipal bronchus, the right 
inferior lobar bronchus gives off a large superior (apieal) segmental 
bronchus posteriorly. This mns posteriorly to the upper part of the 
inferior lobe, and then divides into medial, superior and lateral 
branehes; the first two usually arise from a eommon stem. After giving 
off the superior segmental braneh, the right inferior lobar bronchus 
deseends posterolaterally. The medial basal segmental bronchus 
branehes from its anteromedial aspeet, and mns inferomedially to serve 
a small region below the hilum. The inferior lobar bronchus continues 
downwards and divides into an anterior basal segmental bronchus, 
which deseends anteriorly, and a tmnk that soon divides into a lateral 
basal segmental bronchus, which deseends laterally, and a posterior 











Pleura, lungs, traehea and bronehi 


Normal variants in the bronehial anatomy are oeeasionally seen and 
eonsist of either displaeed or supernumerary airways (Ghaye et al 
2001). Abnormalities include a eommon origin of the right upper and 
middle lobe bronehi; an aeeessory eardiae bronchus; a right lower lobe 
bronchus that may arise from the left main stem bronchus; and an 
oesophageal bronchus. These anatomieal variants are largely asympto- 
matie, oeeasionally causing haemoptysis, recurrent infeetion and bron- 
ehieetasis. Congenital bronehial atresia is assoeiated with a bronehoeele 
and emphysematous ehanges in the peripheral lung fields (Wang et al 
2012). Left bronehial isomerism, eharaeterized by two hyparterial 
bronehi and two bilobed lungs, and right bronehial isomerism, eharae- 
terized by two eparterial bronehi and two trilobed lungs, may be fea- 
tures of the heterotaxy syndrome, which may include eongenital eardiae, 
liver, stomaeh, intestinal and splenie abnormalities. 
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Traehea and bronehi 






Fig. 54.14 A, A bronehogram showing the 
branehing pattern of the traehea and bronehi of 
the right lung, in a slightly oblique, anteroposterior 
view. In this procedure, a radiopaque eontrast 
medium has been introduced into the respiratory 
traet to eoat the walls of the respiratory passages. 
For identifieation of the major branehes, eompare 
with Figures 54.5B-E and 54.6. B-E, CT images 
demonstrating branehing of lobar and segmental 
bronehi. These axial images eorrespond to level 
T4 (earina) to T6 (bifurcation right middle lobe 
bronchus), respeetively. 





basal segmental bronehiis, which deseends posteriorly. In more than 
half of all right lungs, a subsuperior (subapical) segmental bronchus 
arises posteriorly from the bronchus intermedius or right inferior lobar 
bronchus 1-3 em below the superior segmental bronchus, and is dis- 
tributed to the region of lung between the superior and posterior basal 
segments (see Fig. 54.7). 

LEFT PRINCIPAL BR0NCHUS 


The left prineipal bronchus is narrower, less vertieal and twice as long 
(5 em) as the right prineipal bronchus. Passing to the left, inferior to 
the aortie areh, it erosses anterior to the oesophagus, thoraeie duct and 
deseending aorta; the left pulmonary artery is at fìrst anterior and then 
superior to it (the hyparterial bronchus). It enters the hilum of the left 
lung at the level of the sixth thoraeie vertebra and divides into superior 
and inferior lobar bronehi. 

Left superior lobar bronchus 


The left superior lobar bronchus arises from the anterolateral aspeet of 
its parent stem, curves laterally, and soon divides into two bronehi that 
eorrespond to the branehes of the right prineipal bronchus as it supplies 
the right superior and middle lobes, except that, on the left side, both 
are distributed to the left superior lobe because there is no separate 
middle lobe. 

Segmental anatomy 

The superior division of the left superior lobar bronchus aseends 1 em, 
gives off an anterior segmental bronchus, continues a fhrther 1 em as 
the apieoposterior segmental bronchus, and then divides into apieal 
and posterior branehes. The apieal, posterior and anterior segmental 
bronehi are largely distributed as they are in the right superior lobe. The 
inferior division deseends anterolaterally to the anteroinferior part of 
the left superior lobe (the lingula) and forms the eommon lingular 
bronchus, which divides into superior and inferior lingular segmental 
bronehi. This is different from the pattern in the right middle lobe, 
where the eorresponding distribution is lateral and medial (see 
Fig. 54.7). 


Left inferior lobar bronchus 


The left inferior bronchus deseends posterolaterally and divides to 
supply territories of the lung that are distributed in essentially the same 
manner as they are in the right lung. 

Segmental anatomy 

The superior (apieal) segmental bronchus arises from the inferior lobar 
bronchus posteriorly, 1 em from its origin. After a fhrther 1-2 em, the 
inferior lobar bronchus divides into anteromedial and posterolateral 
stems. The latter divides into lateral and posterior basal segmental 
bronehi. The anterior basal segmental bronchus is an oeeasional inde- 
pendent braneh of the inferior lobar bronchus, and a subsuperior (sub- 
apieal) segmental bronchus oeeasionally arises posteriorly from the left 
inferior lobar bronchus (see Fig. 54.7). 

ASPIRATION PNEUMONIA 


Penetration of foreign substances into the bronehial tree, usually oral 
or gastrie eontents, produces aspiration pneumonia. Chemical (gastrie 
aeid) injury or baeterial infeetion eomplieates the elinieal picture. The 
loeation depends on the position of the patient, sinee it is gravity- 
dependent; right middle and inferior lobes are the most eommon sites 
because of the larger and more vertieal eorresponding bronehi. Aspira- 
tion while standing leads to bilateral inferior lobar infìltrates. Patients 
lying down will aspirate in the right superior lobe (e.g. aleoholies). 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
Traehea 

The traehea is supplied mainly by branehes of the inferior thyroid arter- 
ies, which anastomose with aseending branehes of the bronehial arter- 
ies. Veins draining the traehea end in the inferior thyroid venous plexus. 
The lymph vessels pass to the pretraeheal and paratraeheal lymph 
nodes. 
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Bronehi 


Bronehial arteries 

The bronehial arteries supply oxygenated blood and nutrition to 
the bronehi and eonneetive tissue of the lungs. Eaeh bronehial artery 
also has a braneh that supplies the oesophagus. They are derived 
from the deseending thoraeie aorta either direetly or indireetly travel 
and braneh with the bronehi, and terminate around the level of the 
respiratory bronehioles. They anastomose with the branehes of the 
pulmonary arteries, and together supply the viseeral pleura of 
the lung. Much of the blood supplied by the bronehial arteries is 
returned via the pulmonary veins rather than the bronehial veins 
(see below). 

The single right bronehial artery has a variable origin, usually arising 
from the thoraeie aorta as a eommon tmnk with the right third posterior 
intereostal artery, sometimes from the superior left bronehial artery or 
any number of the right intereostal arteries, mostly the third right pos- 
terior. There are normally two left bronehial arteries (superior and 
inferior) that braneh separately from the thoraeie aorta. 

The bronehial arteries aeeompany the bronehial tree and supply 
bronehial glands, the walls of the bronehi and larger pulmonary vessels. 
The bronehial branehes form a eapillary plexus in the muscular tunic 
of the air passages that supports a seeond mucosal plexus, which eom- 
municates with branehes of the pulmonary artery and drains into the 
pulmonary veins. Other arterial branehes ramiíy in interlobular loose 
eonneetive tissue and most end in either deep or superficial bronehial 
veins; some also ramify on the surface of the lung, forming subpleural 
eapillary plexuses. The bronchopulmonary arterial anastomoses in the 
walls of the smaller bronehi and in the viseeral pleura may be more 
numerous in the neonate and are subsequently obliterated to a marked 
degree. 

In addition to the three main bronehial arteries, smaller bronehial 
branehes arise from the deseending thoraeie aorta; some may course 
through the pulmonary ligament and bleed during inferior lobeetomy. 
The bronehial arteries are typieally enlarged and tortuous in ehronie 
pulmonary thromboembolie hypertension. They are not usually reeon- 
neeted following lung transplantation. Aneurysms of a bronehial artery 
may mimie aortie aneurysms. 

Some degree of mhdng of blood between bronehial and pulmonary 
circulations and through Thebesian veins (venae eordis minimae) 
draining into the left ventriele normally occurs. A small degree of shunt, 
i.e. perfhsion without ventilation, appears as normal and is usually 2- 
4%. Cardiac malformations with right-to-left flow, pulmonary arterio- 
venous malformations, eongenital diaphragmatie herniae or pulmonary 
embolism cause more important shunting, which is refraetory to 
administration of pure oxygen. 

Bronehial veins 

Usually two on eaeh side, the bronehial veins drain blood from larger 
bronehi and hilar structures. They form two distinet systems. Deep 
bronehial veins eommenee as intrapulmonary bronehiolar plexuses 
that communicate freely with the pulmonary veins and eventually 
join a single tmnk that ends in a main pulmonary vein or in the left 
atrium. Superfìcial bronehial veins drain extrapulmonary bronehi, vis- 
eeral pleura and the hilar lymph nodes. They also communicate with 
the pulmonary veins and end in the azygos vein on the right, and in 
the left superior intereostal or the aeeessory hemiazygos vein on the 
left. Bronehial veins do not reeeive all the blood eonveyed by bron- 
ehial arteries; some enters the pulmonary veins. The main bronehial 
arteries and veins mn on the dorsal aspeet of the extrapulmonary 
bronehi. 

Lymphatie drainage 

The deep lymphatie plexus reaehes the hilum by travelling along the 
pulmonary vessels and bronehi. In larger bronehi, the deep plexus has 
submucosal and peribronehial parts, but in smaller bronehi there is 
only a single plexus that extends to the bronehioles. The walls of the 
alveoli have no lymphatie vessels. 

g) INNERVATION 

The anterior and posterior pulmonary plexuses innervate the traehea 
and bronehi. The two plexuses are intereonneeted. The traehea is inner- 
vated by branehes of the vagi, recurrent laryngeal nerves and sympa- 
thetie tmnks; the nerves enter the lung as networks that travel along 
branehes of the bronehi and pulmonary and bronehial vessels as far as 


the viseeral pleura. Efferent vagal preganglionie axons synapse on small 
ganglia within the walls of the traeheobronehial tree, likely aeting as 
sites of integration and/or modulation of the input from extrinsic 
nerves, or permitting loeal eontrol of aspeets of airway hmetion by loeal 
reflex meehanisms. 


MICROSTRUCTURE OF THE CONDUCTING AIRWAYS 



The conducting airways are lined internally by a mucosa (see Fig. 2.16), 
and the epithelium lies on a thin eonneetive tissue lamina propria. 
External to this is a submucosa, also eomposed of eonneetive tissue, in 
which are embedded airway smooth muscle, glands, eartilage plates 
(depending on the level in the respiratory tree), vessels, lymphoid tissue 
and nerves. Cartilage is present from the traehea to the smallest bronehi, 
but is absent (by definition) from bronehioles. 


Cartilaginous support 


The traehea and extrapulmonary bronehi eontain a framework of 
ineomplete rings of hyaline eartilage, which are united by fìbrous tissue 
and smooth muscle (see Fig. 54.16). Intrapulmonary bronehi eontain 
discontinuous plates or islands of hyaline eartilage in their walls. 

Traeheal eartilages 

Eaeh of the 16-20 traeheal eartilages measures about 4 mm in height 
and 1 mm in thiekness, appearing thieker in the middle part; their 
external surface is flat while the internal aspeet is slightly convex. The 
cartilaginous 'rings' eneompass the anterior two-thirds of the traehea, 
the ring being eompleted in the posterior third by fìbroelastie and 
muscular tissue. Cartilage loses elastieity and ealeifìes in older age, and 
adjaeent eartilages may variously fuse. The fìrst and the last two earti- 
lages are more conspicuous, the fìrst being the thiekest (see Fig. 54.7). 
The last traeheal ring merges into the ineomplete rings at the origin of 
eaeh prineipal bronchus; the bifhreation is marked by a cartilaginous 
spur, the earina (see Fig. 54.11). 

Bronehial eartilages 

Cartilaginous plates mainly surround the dorsal aspeet of the lobar 
bronehi. They beeome more irregular and form progressively less of the 
bronehial walls in intrapulmonary bronehi, and disappear in the 
bronehioles. 


PULM0NARY DEFENSIVE MECHANISMS 


The respiratory traet presents a huge surface area that is vulnerable to 
desieeation, freezing, mierobial invasion and the meehanieal and 
ehemieal effeets of inhaled partieles. Inhaled air is humidifìed ehiefly 
in the upper respiratory traet, where it passes, with some turbulence, 
over the nasal and buccopharyngeal mucosae. The seeretions of 
the various glands of the bronehial tree also help to prevent desieea- 
tion. Goblet eells seerete sulphated aeid mucosubstances; eells in 
mucous glands beneath the epithelial surface eontain mainly carboxy- 
lated mucosubstances, particularly those assoeiated with sialie aeid, 
although sulphated groups also occur; eells of serous glands eontain 
neutral mucosubstances. Goblet eells respond mainly to loeal irrita- 
tion, while tubular glands, both mucous and serous, are mainly under 
neural and hormonal eontrol. Excessive or altered seeretions may 
obstmet the flow of air. Antibaeterial and antiviral substances, e.g. lys- 
ozyme, IgA antibodies and possibly interferon, also appear in the 
seereted fluid. 

Inhaled partieles may be removed via the mucociliary rejeetion 
oirrent. Cilia sweep the fluid overlying the surfaces of bronehioles, 
bronehi and traehea upwards at 1 em/min, and much of the inhaled 
matter trapped in the viscous fluid may be removed in this way. Partieles 
small enough to reaeh the alveoli may be removed by alveolar phago- 
eytes. Alveolar epithelium has limited powers of regeneration but nor- 
mally is continually replaeed. The lifespan of alveolar squamous eells 
is approximately 3 weeks, and that of alveolar phagoeytes is 4 days. 
Inhaled partieles may also be eleared by the cough reflex. 

Numerous lymphoid nodules occur in the bronehial lining, provid- 
ing foei for the production of lymphoeytes and giving loeal immuno- 
logieal proteetion against infeetion both by eell-mediated (T-eell) 
aetivities, and by the production of immunoglobulins (mainly IgA) 
from B eells, which are passed on to gland eells for seeretion to the 
epithelial surface. 


968 













Pleura, lungs, traehea and bronehi 


The predominant eontraetile innervation of airway smooth muscle 
is parasympathetie and eholinergie in nature, while the primary relaxant 
innervation of the airways is non-eholinergie (parasympathetie nerves 
eontaining nitrie oxide synthase and vasoaetive intestinal peptide). 
These parasympathetie nerves are anatomieally and physiologieally 
distinet from one another and differentially regulated by reflexes. 
Sympathetie-adrenergie nerves play little, if any role in direetly regulat- 
ing smooth muscle tone in the human airways. Aetivation of airway 
afferent nerves (rapidly adapting reeeptors, C fibres) ean evoke inereases 
in airway smooth muscle parasympathetie nerve aetivity, or deereases 
in parasympathetie nerve aetivity (via aetivation of slowly adapting 
reeeptors). Extrapulmonary afferents may modulate neurally mediated 
regulation of airway smooth muscle tone (Canning 2001 a). 

Stimulation of eholinergie nerves causes not only bronehoeonstrie- 
tion but also mucus seeretion and bronehial vasodilation. Sympathetie 
nerves may eontrol traeheobronehial blood vessels. 

Epithelium 


The epithelia of the traehea, bronehi and bronehioles are, in general, 
similar to eaeh other, with graded variations in the numbers of different 
eell types. The extrapulmonary and larger intrapulmonary passages are 
lined with respiratory epithelium (see fig. 2.2D), which is pseudostrati- 
fied and predominantly eiliated, and eontains interspersed mucus- 
seereting goblet eells. There are fewer eilia in terminal and respiratory 
bronehioles, and the eells are reduced in height to low columnar or 
aiboidal. The epithelium of smaller bronehi and bronehioles is folded 
into conspicuous longitudinal ridges, which allow for ehanges in 
himinal diameter (see Fig. 54.11). The epithelium in the respiratory 
bronehioles progressively reduces in height towards the alveoli, and is 
eventually eomposed of cuboidal, non-eiliated eells. Respiratory bron- 
ehioles have lateral pouches in their walls, which are lined with squa- 
mous eells, so providing an aeeessory respiratory surface. 

Six distinet types of eell have been deseribed in the conducting 
airways, namely: eiliated columnar, goblet, Clara, basal, bmsh and neu- 
roendoerine (see Fig. 54.11). Fymphoeytes and mast eells migrate into 
the epithelium from the underlying eonneetive tissue. 

dliated columnar eells 

Ciliated columnar eells are the driving foree of the mucociliary rejeetion 
airrent (esealator) in the bronehial tree. They vary from low to tall 
columnar, and eaeh has up to 300 eilia (Ch. 1, see Fig. 1.17) projeeting 
from the apieal surface. The eilia extend into a watery fluid seereted by 
serous eells of the submucosal glands, but their tips are in eontaet with 
a more superficial layer of thieker mucus seereted by surface goblet eells 
and mucous eells in the submucosal glands. The rate of eiliary beating 
is usually 12-16 per seeond; meehanieal stimulation of the epithelial 
surface and inflammatory mediators inerease the rate. In addition to 
tight junctions, which seal the apieal intercellular spaee from the airway 
lumen, the eiliated eells are coupled by gap junctions, which allow 
a ehange in rate of beating to spread from stimulated eells to their 
neighbours (probably via calcium signalling) so that their metaehronal 
eoordination remains intaet. Primary eiliary dyskinesia is a eiliary 
abnormality inherited as an autosomal reeessive disorder and may be 
a feature of Kartagener s syndrome, which is a eombination of bron- 
ehieetasis, sinusitis and situs inversus. 

Goblet eells 

Goblet eells are present from the traehea (6000-7000 per mm 2 ) distal 
to the smaller bronehi, but are normally absent from bronehioles. They 
eontain an apieal region full of large seeretory vacuoles filled with 
mucinogen. When the epithelium is irritated, e.g. by tobaeeo smoke, 
there is an overall inerease in the number of goblet eells, and they also 
extend into the bronehioles. 

Clara eells 

Clara eells are cuboidal, non-eiliated eells with apiees that bulge into 
the lumen. They eontain numerous eleetron-dense seeretory granules 
and many lysosomes. Clara eells produce surfactant lipoprotein and 
thus share fimetional similarities with the type II alveolar eell of pul- 
monary alveoli, although their seeretory granules differ in structure and 
eomposition. They may also regulate ion transport. 

Basal eells 

Basal eells are small, rounded eells that occur in parts of the airway 
lined by pseudostratified respiratory epithelium; they are mitotie stem 
eells for other epithelial eell types. Basal eells eontaet the basal lamina 
and are most frequent in the larger conducting passages. 


Brnsh eells 

Brnsh eells are slender, non-eiliated eells with eharaeteristieally long, 
stiff apieal mierovilli, from which they derive their name. Although 
infrequent, they are present throughout all parts of the conducting 
airway passages, including the respiratory epithelium of the nasophar- 
ynx. They are in eontaet with afferent nerve fibres basally and are pre- 
sumed to have a sensory reeeptor fimetion. 

Neiiroendoerine eells 

Neuroendocrine eells, also termed dense-eore or small granule (Kulchit- 
sky) eells, are found mainly in the basal part of the epithelimn. They 
have a rounded shape and the eytoplasm basal to their nuclei eontains 
numerous small, dense-eored vesieles, approximately 150 nm in diam- 
eter. They form part of the dispersed neuroendocrine system of amine 
precursor uptake and decarboxylation (APFTD) eells. Neuroendocrine 
eells are most numerous in fetal lungs and their number deereases 
dramatieally after birth. There appears to be little fiirther ehange in their 
frequency during adult life, although they may proliferate in eertain 
pulmonary diseases. 

Lymphoeytes 

T lymphoeytes, derived from mucosa-associated lymphoid tissue 
(MAFT) in the walls of the passages, occur within the epithelium 
throughout the conducting airway tissues, partiailarly in the extrapul- 
monary portion. They are eoneerned with the immune surveillance of 
the epithelfiim. Clusters of lymphoeytes sometimes lie beneath non- 
eiliated epithelial eells of the mierofold (M-eell) type. 

Mast eells 

Mast eells are present within the basal regions of the epithelium. They 
resemble eonneetive tissue mast eells, and their eytoplasmie histamine- 
eontaining gramiles are released in response to irritants, including 
inhaled allergens. 

Submucosal glands 


Tubuloacinar, seromucous glands are present in the submucosa of the 
traehea and bronehi and, to a lesser extent, in the larger bronehioles. 
They eontain separate mucous and serous eells and are an important 
source of the mucus at the surface of the eiliated respiratory epithelium. 
Their seeretions include mucins; baeteriostatie substances such as lyso- 
zyme and laetoferrin; seeretory antibodies (immunoglobulin A (IgA)) 
produced by plasma eells in the submucosal eonneetive tissue; and 
protease inhibitors (e.g. ai-antitrypsin), important for neutralizing 
leukocyte-derived proteases in the respiratory traet, particularly elastase. 
Defieieney of oti-antitrypsin causes ehronie obstmetive pulmonary 
disease, by inducing panaeinar emphysema and bronehieetasis. The 
seeretory aeini and tubules are surrounded by myoepithelial eells, 
which are innervated by autonomic fibres (see above). 

Connective tissue and muscle 


Broad, longitudinal bands of elastin within the submucosa (Fig. 54.15) 
follow the course of the respiratory tree and eonneet with the elastin 
networks of the interalveolar septa (see 7 ig. 54.11). This elastie frame- 
work is a vital meehanieal element of the lung and is responsible for 
elastie reeoil during expiration. 

In the traehea and extrapulmonary bronehi, the smooth muscle is 
mainly eonfined to the posterior, non-cartilaginous part of the traeheal 
tube (Fig. 54.16). Along the entire intrapulmonary bronehial tree, 
smooth muscle forms two opposed helieal traets, which beeome thinner 
and finally disappear at the level of the alveoli. The tone of these muscle 
fibres is under nervous and hormonal eontrol; groups of muscle eells 
are coupled by gap junctions to spread excitation within faseieles. 

Muscle eell eontraetion narrows the airway, while relaxation permits 
bronehodilation. Some tone normally exists in the imisoilar bands, 
which relax slightly during inspiration and eontraet during expiration, 
thereby assisting the tidal flow of air. Abnormal eontraetion may be 
caused by circulating smooth muscle stimulants or by loeal release of 
excitants such as 5-HT (5-hydroxytryptamine, serotonin), histamine 
and leukotrienes, which produces bronehospasm. Numerous mast eells 
are present in the eonneetive tissue of the respiratory tree, espeeially 
towards the bronehioles. 
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Fig. 54.15 A large bronehiole stained for elastin (blaek), showing smooth 
muscle in the bronehiolar wall and a few small seromucous glands 
(arrows). 



Fig. 54.16 A mierograph of the traehea of a ehild, seetioned transversely. 
An ineomplete eartilage ring (C) is joined posteriorly by muscular tissue 
(M). Seromucous submucosal glands (S) are eoneentrated in this region 
and between adjaeent eartilages. Note the thyroid tissue (bottom). (With 
permission from Stevens A, Lowe JS 1996 Human Histology, 2nd ed. 
London: Mosby.) 
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Traehea and bronehi 


[j*] Anatomy of coughing 

Coughing is an important defensive reflex. It enhanees elearanee 
of seeretions and particulates from the airways and proteets from 
aspiration of foreign materials (occurring as a consequence of aspira- 
tion or inhalation of particulate matter, pathogens, accumulated 
seeretions, postnasal drip, inflammation and mediators assoeiated with 
inflammation). 

llnder normal eonditions, cough serves an important proteetive role 
in the airways and lungs, but in some eonditions it may beeome exces- 
sive, non-productive and potentially harmfhl to the airway mucosa. 

The meehanieal events of a cough ean be divided into three phases. 
An initial deep inhalation generates the volume neeessary for an effee- 
tive cough and is followed by a eompression phase, when foreefhl 
eontraetion of the muscles of the ehest walf diaphragm and abdominal 
wall against a elosed glottis results in a rapid rise in intrathoraeie pres- 
sure. Subsequent glottal opening causes a rapid peak expiratory airflow 
that dislodges and expels mucus from the airways; foreefiil airway eom- 
pression produces the coughing sound. 


BR0NCH0SC0PY 


Bronehoseopy allows the direet visualization of the voeal eords, traehea 
and major airways as far as the fìrst division of the subsegmental airway. 
Oeeasionally, bronehoseopy ean also provide some information about 
structures adjaeent to the airways, e.g. signifieant subcarinal lymphaden- 
opathy may cause splaying or widening of the earina. Bronehoseopy 
enables the acquisition of samples (e.g. bronehial lavage, bronehial 
bmshings, bronehial and transbronehial biopsies); provides informa- 
tion about staging in lung eaneer; and faeilitates therapeutic procedures 
(e.g. foreign body removaf ablation of tumours and insertion of airway 
stents). The information obtained by volume CT seanning ean be reeon- 
stmeted to provide three-dimensional images that ean be used to ereate 
endobronehial views (virtual bronehoseopy, Fig. 54.17) or to demon- 
strate the pulmonary arteries. 



Fig. 54.17 A virtual CT bronehoseopie view obtained by planar 
reeonstmetion of spiral CT. A, Left prineipal bronchus. B, Carina. 
(Courtesy of GE Medieal Systems.) 



Fig. 54.9 A lung window axial view showing an intralobar 
sequestration in the left lower lobe of the lung in a 15-month-old 

girl. 

Fig. 54.10 The systemie arterial blood supply from the abdominal 
aorta to an intralobar sequestration in the left lower lobe of the lung 
in a 15-month-old girl. 

Fig. 54.15 A large bronehiole stained for elastin, showing smooth 
muscle in the bronehiolar wall and a few small seromucous glands. 

Fig. 54.16 A mierograph of the traehea of a ehild, seetioned 
transversely. 
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Coughing is initiated when meehanieally and ehemieally sensitive 
vagal afferents innervating the airways from the upper respiratory traet 
to the terminal bronehioles and lung parenehyma are aetivated (Moriee 
and Gepetti 2004). Data from experimental studies suggest that the 
reeeptors innervated by these afferents may be broadly divided into 
three groups: namely, slowly (SAR) and rapidly (RAR) adapting streteh 
reeeptors and bronchopulmonary unmyelinated C fibres. The vagal 
afferents terminate eentrally in largely non-overlapping regions of the 
caudal half of the nucleus tractus solitarius. Seeond-order neurones 
from this nucleus terminate on respiratory-related regions of the pons, 
medulla and spinal eord. Efferent impulses travel via the vagus, phrenie 
and spinal motor nerves to the inspiratory and expiratory muscles, 
larynx, diaphragm and abdominal wall muscles. Airway reeeptors in the 
external auditory eanals, eardmms, paranasal simises, pharynx, dia- 
phragm, pleura, perieardmm and stomaeh are probably meehanoreeep- 
tors, stimulated by triggers such as touch or displaeement (Polverino 
et al 2012). 

Rapidly adapting reeeptors (RAR) RARs are dynamie reeeptors 

that respond to ehanges in airway meehanieal properties (e.g. diameter, 
length and interstitial pressures). Functional studies of RARs suggest 
that they terminate within or beneath the epithelium mainly of the 
intrapulmonary airway (Widdicombe 2003). They may be differenti- 
ated from other airway afferents by their rapid adaptation (in 1-2 
seeonds) to sustained lung inflation (Sehelegle and Green 2001). RARs 
are sporadieally aetive throughout the respiratory eyele, aetivated by the 
dynamie meehanieal forees that aeeompany lung inflation and defla- 
tion, and beeome more aetive as the rate and volrnne of lung inflation 
inerease. Their aetivation initiates reflex bronehospasm and mucus 
seeretion through parasympathetie pathways. 

Slovvly adapting streteh reeeptors (SARs) SARs are highly 

sensitive to the meehanieal forees that aet on the lung during breathing. 
Their aetivity inereases during inspiration and peaks just prior to the 
initiation of expiration. They are thus thought to be the afferent fibres 
involved in the Hering-Breuer reflex, which terminates inspiration and 
initiates expiration when the lungs are adequately inflated. SARs appear 
to terminate primarily in the intrapulmonary airways. SAR aetivation 
results in the eentral inhibition of respiration and the inhibition of the 
eholinergie drive to the airways, leading to deereased phrenie nerve 
aetivity and deereased airway smooth muscle tone (Canning et al 
2001 b); most of these SARs are assoeiated with alveoli or bronehioles. 

C fibres The majority of afferent nerves innervating the airways and 
lungs are unmyelinated C fibres, similar to the unmyelinated somatie 
sensory nerves that innervate the skin, skeletal mnsele, joints and bones 
and that respond to noxious ehemieal and meehanieal stimuli. In addi- 
tion to their slow conduction veloeity (<2 m/s), airway vagal afferent C 
fibres are distinguished from RARs and SARs by their relative insensitiv- 
ity to meehanieal stimulation and lung inflation. They are generally 
quiescent throughout the respiratory eyele (Lee and Pisarri 2001). 

The speeifie pattern of the cough depends on the site and type of 
stimulation. Meehanieal laryngeal stimulation results in immediate 


expiratory stiimilation (sometimes termed the expiratory reflex), pro- 
teeting the airway from aspiration; stimulation distal to the larynx 
causes a more prominent inspiratory phase to generate the airflow 
neeessary to remove the stimulus. 

During vigorous coughing, intrathoraeie pressures may reaeh 
300 mmHg (with an abmpt rise in pleural pressure from 6.5 to 13 kPa) 
and expiratory veloeities approaeh 500 miles per hour ( T>rd et al 
2007). While these pressures and veloeities are responsible for the 
benefieial effeets of cough on mucus elearanee, they are also the cause 
of many of the eomplieations of cough, including exhaustion, self- 
consciousness, insomnia, headaehe, dizziness, musculoskeletal pain, 
hoarseness, excessive perspiration, urinary ineontinenee and cough- 
induced imiltiple rib fractures. 

Lesions that eompress the upper airway, including arteriovenous 
malformations and retrotraeheal masses, may present with ehronie 
cough. Cough ean also be a symptom of traeheobronehomalaeia, which 
results from the loss of rigid support of the large airways and inspiratory 
eollapse, usually seen in conjunction with obstmetive lung disease in 
patients with a history of eigarette smoking. 

Chronic dry cough may be caused by irritation of the external audi- 
tory eanal by impaeted foreign bodies or eemmen (Jegoux et al 2002). 
The aetiology of the 'ear-amgh' (otorespiratory reflex) is related to 
stimulation of the auricular braneh of the vagus nerve (Arnold's nerve) 
("eldman and Woodworth 1993). Holmes-Adie syndrome is a rare 
cause of coughing when autonomic dysfimetion affeets the vagus nerve. 
Patients present with anisoeoria, abnormal deep tendon reflexes and 
patehy areas of hyperhidrosis or anhidrosis (Kimber et al 1998). 

Differenees among several sites from which cough stimuli ean origi- 
nate may result in variations in the sounds and patterns of coughing. 
Laryngeal stimulation produces a ehoking type of cough without a 
preeeding inspiration. Inadequate mucociliary elearanee meehanisms 
(as in bronehieetasis or eystie fibrosis) may produce a pattern of cough- 
ing with less violent aeeeleration of air and a sequence of intermpted 
expirations without any intervening inspiration. 

Sinee cough is an important defensive reflex required to maintain 
the health of the lungs, people who do not cough effeetively are at risk 
of ateleetasis, recurrent pneumonia and ehronie airways disease from 
aspiration and retention of seeretions. Many disorders ean impair the 
ability to cough effeetively, which may result in persistent cough. The 
elderly, the newborn, lung transplant reeipients and patients with para- 
lysis or neuromuscular disorders have a poorly developed and/or eom- 
promised cough reflex, and are rendered highly susceptible to infeetive 
and aspiration pneumonia (Polverino et al 2012). Patients with paraly- 
sis or neuromuscular disorders (including rib fractures) and ehest wall 
deformities may not generate the flows neeessary for effeetive elearanee 
of seeretions due to defeetive 'pump' meehanisms. Individuals with 
reduced fimetion of the abdominal wall musculature are particularly at 
risk of ineffeetive cough. Patients with traeheobronehomalaeia ('floppy' 
airways) or with obstmetive airways diseases often do not generate the 
high flow rates needed for effeetive elearanee of seeretions. Individuals 
with laryngeal disorders, including those with traeheostomies, may not 
aehieve sufficient laryngeal closure to generate the inereased intrathor- 
aeie pressures neeessary for an effeetive cough. 
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(JHAPTER 



The diaphragm is a domed musculofibrous sheet that separates the 
thoraeie and abdominopelvie eavities (Fig. 55.1). Its mainly convex 
superior surface faees the thorax, and its eoneave inferior surface is 
direeted towards the abdomen. The positions of the domes or cupulae 
of the diaphragm are extremely variable; they are influenced by body 
build (often higher in the short and obese eompared to the tall and 
asthenie), position and ventilatory phase. Conditions resulting in lung 
over-inflation, e.g. emphysema, cause marked diaphragmatie depres- 
sion. Usually, after foreed expiration, the right cupula is level anteriorly 
with the fourth eostal eartilage and the right nipple, whereas the left 
cupula lies approximately one rib lower. On full inspiration, the cupula 
will deseend by as much as 10 em, and on a plain ehest radiograph the 
right dome eoineides with the anterior end of the sixth rib. The dia- 
phragm lies more superiorly in the supine eompared to the ereet posi- 
tion, and the dependent half of the diaphragm will be eonsiderably 
higher than the uppermost one in the decubitus position. 


ATTACHMENTS AND C0MP0NENTS 


The muscle fibres of the diaphragm arise from the highly oblique eir- 
cumference of the thoraeie outlet; the attaehments are low posterolater- 
ally and high anteriorly (Fig. 55.2). Although it is a continuous sheet, 
the muscle ean be eonsidered in three parts: sternal, eostal and lumbar. 
The sternal part arises by two fleshy slips from the posterior aspeet 
of the xiphoid proeess. The attaehment varies; it may be a broad, eon- 
tinuous band but is not always present (Loukas et al 201 5a). On eaeh 


side, the eostal part arises from the internal surfaces of the lower six 
eostal eartilages and their adjoining ribs, interdigitating with transversus 
abdominis (see Fig. 53.15). 

The lumbar part arises from two aponeurotic arehes - the medial 
and lateral arcuate ligaments (sometimes termed lumbocostal arehes) 
- and asymmetrieally from the upper lumbar vertebral bodies via two 
pillars or emra. The lateral arcuate ligament eovers quadratus lumbo- 
mm, arehing aeross the upper part of that muscle, and attaehing medi- 
ally to the anterior aspeet of the transverse proeess of the first lumbar 
vertebra, and laterally to the inferior margin of the midpoint of the 
twelfth rib. The medial arcuate ligament eovers the upper part of psoas 
major. Medially, it is continuous with the lateral tendinous margin of 
the eorresponding ems, and is thus attaehed to the side of the body of 
the first or seeond lumbar vertebra. Laterally, it is fixed to the anterior 
aspeet of the transverse proeess of the first lumbar vertebra. 

The emra are tendinous at their attaehments and blend with the 
anterior longitudinal ligament. The broader and longer right ems arises 
from the anterolateral surfaces of the bodies and intervertebral dises of 
the upper three lumbar vertebrae. The left ems arises from the eorre- 
sponding parts of the upper two lumbar vertebrae. The medial tendi- 
nous margins of the emra meet in the midline to form an often poorly 
defined areh, the median arcuate ligament, which erosses anterior to 
the aorta at the level of the intervertebral T12/L1 dise. The emra vary 
greatly in length, thiekness and ratio of muscle to tendon (Loukas et al 
2015a). 

From these circumferential attaehments, the muscle fibres of the 
diaphragm eonverge into a eentral tendon. Fibres from the xiphoid 
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Fig. 55.1 The abdominal aspeet of the diaphragm. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Llrban & Fiseher. Copyright 2013.) 














































Apertures 



Fig. 55.2 A eoronal CT 
sean depieting the 
diaphragmatie domes 
(arrows) superior to the 
liver and spleen. Notiee 
the attaehment of the 
diaphragm at the 
lumbar vertebrae. 
(Courtesy of Professor 
Loukas.) 


proeess are short, mn almost horizontally and are oeeasionally aponeu- 
rotie. Fibres originating from the medial and lateral arcuate ligaments, 
and particularly the osteoehondral surfaces of the ribs, are much longer. 
They arise almost vertieally at fìrst and then curve towards their eentral 
attaehment. Fibres from the emra diverge, the most lateral beeoming 
even more lateral as they aseend to the eentral tendon. Medial fibres of 
the right ems embraee the oesophagus where it passes through the 
diaphragm, the more superficial fibres aseend on the left, and deeper 
fibres eover the right margin. Sometimes, a fleshy fasciculus from 
the medial side of the left ems erosses the aorta and mns obliquely 
through the fibres of the right ems towards the eaval opening; this 
fasciculus does not continue upwards around the oesophageal hiatus 
on the right side. 

The eentral tendon of the diaphragm is a thin but strong aponeurosis 
of elosely interwoven fibres situated near the eentre of the imisele, but 
eloser to the anterior wall of the thorax, so that the posterior muscular 
fibres are longer (Fig. 55.3). In the eentre, it lies immediately inferior 
to the perieardmm, with which it is partially blended. It is trifoliate in 
shape. The middle folium, which projeets anteriorly, has the form of an 
equilateral triangle with the apex direeted towards the xiphoid proeess. 
The right and left folia are tongue-shaped and curve posterolaterally, 
the left being a little narrower. 

The eentral area of the tendon eonsists of four well-marked diagonal 
bands that fan out from a thiek eentral node where eompressed tendi- 
nous strands decussate anterior to the oesophagus and to the left of the 
inferior vena eava. Although always present, their morphology varies; 
in some individuals, the right leaflet of the eentral tendon is smaller 
than the left or the anterior leaflets. The ratio between muscle and 
tendon varies disproportionately, such that larger diaphragms may have 
a small eentral tendon, while smaller diaphragms may have only a small 
amount of muscle contributing to their overall size (Loukas et al 
2015a). 


PROFILE AND RELATIONS 




Fig. 55.3 Two diaphragms removed from the thoraeie eavity to show the 
eentral tendon and muscular eomponents. Note the different proportions 
of the eentral tendon and the muscular portions between A and B. (With 
permission from Loukas M, du Plessis M, Shah S, Tubbs RS, Raffi E, 
Polo L, Shoja MM. The elinieal anatomy of the musculotendinous part of 
the diaphragm. Surgical and Radiologie Anatomy, in press, 2015a.) 


speeified in elinieal deseriptions. The right hemidiaphragm is found at 
the anterior end of the sixth rib on a properly inspired posteroanterior 
ehest radiograph, the left hemidiaphragm 1.5-2.5 em lower (see Fig. 
56.16). Llnilateral paralysis may be seen as a raised hemidiaphragm on 
a ehest radiograph, but this sign should not be relied on uncritically in 
elinieal praetiee. 

Ultrasound imagír)9 The posterolateral aspeets of the diaphragm 
may be visualized using ultrasound. It is typieally identified by its 
curved morphology, deep loeation and speeifie echotexture. It ean be 
visualized as a thin, muscular hypoeehoie line wedged between two 
hypereehoie layers eonsisting of peritoneum and pleura. During inspira- 
tion, the hypoeehoie line thiekens as the muscle eontraets, making it 
more visible. This ehange ean be used diagnostieally to identify an 
atrophie diaphragm, when the size of the hypoeehoie line does not 
ehange. Ultrasound investigation of the diaphragm is best done with 
the patient in the supine position, limiting veiling by other organs, as 
well as the risk of misdiagnosis attributable to underlying pulmonary 
pathologies. The left side poses more of a ehallenge in visualization 
(Sarwal et al 2013). 


The superior surface of the diaphragm is related to three serous mem- 
branes. On eaeh side, the pleura separates it from the base of the eor- 
responding lung, and the pericardium is interposed between the middle 
folium of the eentral tendon and the heart. The middle folium, the 
'eardiae plateau', is almost flat and extends more to the left than the 
right. In anteroposterior view, the superior profile of the diaphragm 
rises on either side of the eardiae plateau to a smooth convex dome or 
cupula. The right cupula is higher and slightly broader than the left. 
Most of the inferior surface is eovered by peritoneum. The right side is 
moulded over the convex surface of the right lobe of the liver, right 
kidney and suprarenal gland. The left side eonforms to the left lobe of 
the liver, gastrie fundus, spleen, left kidney and suprarenal gland. In 
view of these differenees in the profile and anatomieal relationships of 
the right and left sides of the diaphragm, the side should always be 


APERTURES 


A number of structures pass between the thorax and abdomen via 
apertures in the diaphragm. There are three large openings, for the 
aorta, oesophagus and inferior vena eava, and a number of smaller ones 
(see Fig. 55.1). 

The aortie hiatus is the most posteroinferior of the large openings, 
and is found at the level of the lower border of the twelfth thoraeie 
vertebra and the adjaeent intervertebral dise, slightly to the left of 
the midline. It is actually an osseo-aponeurotic opening defined by the 
diaphragmatie emra laterally, the vertebral column posteriorly and the 
median arcuate ligament anteriorly; the aorta therefore passes posterior 
to the diaphragmatie musculature and is not affeeted by its eontraetion 
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(Nason et al 2012). Oeeasionally, some tendinous íìbres from the 
medial parts of the emra also pass posterior to the aorta, eonverting the 
osseo-aponeurotic opening into a fibrous ring. The aortie hiatus trans- 
mits the aorta, thoraeie duct, lymphatie tmnks from the lower posterior 
thoraeie wall and, sometimes, the azygos and hemiazygos veins. 

The oesophageal hiatus is loeated at the level of the tenth thoraeie 
vertebra, anterosuperior to, and a little to the left of, the aortie hiatus. 
It transmits the oesophagus, vagal tmnks and gastrie nerves, oesopha- 
geal branehes of the left gastrie vessels and some lymphatie vessels. The 
elliptieal opening has a slightly oblique long axis, and is bounded by 
muscle fibres that originate from the medial part of the right ems and 
eross the midline, forming a 'ehimney' approximately 2.5 em long, that 
aeeommodates the terminal part of the oesophagus. The outermost 
fibres mn in a craniocaudal direetion, and the innermost fibres are 
arranged circumferentially. There is no direet continuity between the 
oesophageal wall and the muscle around the oesophageal hiatus. The 
faseia on the inferior surface of the diaphragm, rieh in elastie fibres, is 
continuous with the transversalis faseia and extends superiorly into the 
opening as a flattened eone to blend with the oesophageal wall 2-3 em 
superior to the gastro-oesophageal (squamocolumnar) junction. Some 
of its elastie fibres penetrate to the submucosa of the oesophagus. This 
peri-oesophageal areolar tissue, the phreno-oesophageal ligament, 
eonneets the oesophagus flexibly to the diaphragm, thus permitting 
freedom of movement during swallowing and ventilation while syn- 
chronously limiting superior oesophageal displaeement. 

The eaval opening, the most superior of the three large openings, 
lies at about the level of the intervertebral dise between the eighth and 
ninth thoraeie vertebrae. It is quadrilateral, with aponeurotic margins, 
loeated at the junction of the right leaf with the eentral area of the 
tendon. It is traversed by the inferior vena eava, which adheres to the 
margin of the opening, and by some branehes of the right phrenie 
nerve. During inspiration, dilation of the eaval hiatus, eombined with 
inereased intra-abdominal pressure, inereases eardiae venous return 
(Nason et al 2012). 

There are two lesser apertures within eaeh ems; one transmits the 
greater, and the other, the lesser, splanehnie nerve. The ganglionated 
sympathetie tmnks usually enter the abdominal eavity posterior to the 
diaphragm, deep to the medial arcuate ligaments. Openings for minute 
veins frequently occur in the eentral tendon. 

On eaeh side of the diaphragm, there are small areas where the 
muscle fibres are replaeed by areolar tissue. One, between the sternal 
and eostal parts, eontains the superior epigastrie braneh of the internal 
thoraeie artery and some lymph vessels from the abdominal wall and 
convex surface of the liver. The other, between the eostal part and the 
fibres that spring from the lateral arcuate ligament, is less eonstant; 
when it is present, the posterosuperior surface of the kidney is separated 
from the pleura only by areolar tissue. Additional, smaller faseial spaees 
may also be found throughout the lateral aspeets of the diaphragmatie 
domes without evidenee of vascular penetration. Although these spaees 
are found on both left and right sides, they appear to be more numer- 
ous on the left (Loukas et al 2015 a). 

Oesophageal ref lux Reflux of gastrie eontents into the oesophagus, 

with risk of pulmonary aspiration, is normally prevented by a physio- 
logieal antireflux barrier loeated at the gastro-oesophageal junction. The 
major eomponents of this barrier eonsist of the speeialized smooth 
muscle of the inferior oesophageal wall and the eneireling emral fibres. 
The diaphragm aets as a 'physiologieal' sphineter to prevent gastro- 
oesophageal reflux by eonstrieting during inspiration (Nason et al 
2012) (see also Ch. 64). 

Hiatus hernia The diaphragm lends additional powerto all expulsive 
efforts: sneezing, coughing, laughing, erying, urination, defeeation and 
uterine fetal expulsion are all preeeded by a deep inspiration. Similarly, 
a deep inspiration followed by closure of the glottis is a eommon pre- 
liminary to powerful reemitment of the tmnk muscles in lifting heavy 
objeets because the inereased intra-abdominopelvie pressure pneumati- 
eally braees the vertebral column. 

Repeated stress may eventually eompromise the integrity of the 
hiatus with widening of the muscular hiatal tunnel. Concomitant laxity 
of the phreno-oesophageal ligament allows the gastro-oesophageal 
junction to migrate into the thorax; this is usually termed a sliding, or 
type I, hiatus hernia. Sliding hernias are typieally acquired, eommonly 
occur in the fifth deeade of life, and are found in more than 50% of 
patients with gastro-oesophageal reflux. The latter induces tonie eon- 
traetion of the longitudinal oesophageal muscle and this fiirther exac- 
erbates the hiatus hernia. When the stomaeh herniates into the thorax 
adjaeent to the oesophagus, it is termed a para-oesophageal, or type II, 
hiatus hernia. 


Oongenital hernia eongenital diaphragmatie defeets may cause 
abdominal organs, usually the stomaeh and/or the small bowel, eolon, 
liver and spleen, to herniate through the diaphragm into the thorax; 
they are deseribed on page 907. 


/entratÌOI Eventration is a foeal bulge, usually in the anteromedial 
segment of the muscular portion of the diaphragm, that is caused by 
eongenital thinning. 



Diaphragmatie traiima 



Median arcuate ligament (Dunbar’s) syndrome 



Available with the Gray’s Anatomy e-book 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
ARTERIES 


The proffise arterial supply of the diaphragm is derived from anasto- 
moses between the lower five intereostal and subcostal arteries, the 
superior and inferior phrenie arteries, and the perieardiaeophrenie and 
imisoilophrenie arteries. 


intereostal and subcostal arteries 

The lower five intereostal and subcostal arteries supply the eostal 
margins of the diaphragm (Ch. 53). 


Inferior phrenie arteries 

The major arterial supply to the diaphragm is derived from the right 
and left inferior phrenie arteries (Fig. 55.4). Most eommonly, the right 
inferior phrenie artery arises from the eoeliae tmnk or separately from 
the aorta, less eommonly it arises from the right renal artery, and oeea- 
sionally it arises from the left gastrie artery or the hepatie artery proper. 
The left inferior phrenie artery usually arises from the eoeliae tmnk or 
separately from the aorta; oeeasionally, it may arise from the left renal 
artery, left gastrie artery or the hepatie artery proper (Loukas et al 
2008). 

Eaeh artery aseends anterolateral to the diaphragmatie ems, near 
the medial border of the suprarenal gland. The left passes posterior to 
the oesophagus and then mns anteriorly on the left side of its 
diaphragmatie opening. The right inferior phrenie artery passes poste- 
rior to the inferior vena eava, and then along the right side of its 
opening. Eaeh phrenie artery divides into medial and lateral branehes 
near the posterior border of the eentral tendon. The medial braneh 
oirves anteriorly to anastomose with its eontralateral fellow anterior to 
the eentral tendon and with the musculophrenic and perieardiaeo- 
phrenie arteries. The lateral braneh approaehes the thoraeie wall and 
anastomoses with the inferior posterior intereostal and musculo- 
phrenie arteries. The lateral braneh of the right inferior phrenie artery 
supplies the inferior vena eava. The left sends aseending branehes to 
the oesophagus. 



Saperior phrenie arteries 

The superior phrenie arteries supply the superior portion of the dia- 
phragm (Figs 55.5-55.6). The right superior phrenie artery most eom- 
monly arises from either the thoraeie aorta, the proximal (pre-intereostal 
spaee) segment of the tenth intereostal artery or its distal segment. The 
left superior phrenie artery most eommonly arises from the thoraeie 
aorta or the proximal segment of the tenth intereostal artery; oeeasion- 
ally, it arises from the distal segment of the tenth intereostal artery 
(Loukas et al 2005). 



VEINS 

Phrenie veins 


The superior surface of the diaphragm is drained by tributaries of the 
musculophrenic and perieardiaeophrenie veins that mn alongside the 
eorresponding arteries. The inferior surface of the diaphragm is drained 
by tributaries of the right and left inferior phrenie veins. The right infe- 
rior phrenie vein drains into the inferior vena eava - almost always 
inferior, but oeeasionally superior, to the diaphragm - or to the right 













Diaphragm and phrenie nerves 


On imaging, it appears as a sharp transition between adjoining parts 
and may be mistaken for a diaphragmatie hernia. It is identified and 
beeomes more pronounced with inereased abdominal pressure and 
has been linked to obesity. Eventration is typieally found on the left; 
the affeeted part shows diminished or paradoxical movement during 
fluoroscopic sniff testing while the posterior aspeet of the ipsilateral 
dome aets normally (Nason et al 2012). 

Closed or penetrating thoraeo-abdominal injuries may result in rupture 
or laeeration of the diaphragm. With elosed injuries and diaphrag- 
matie rupture, there may be subsequent herniation of the abdominal 
eontents into the thorax. Spiral CT with planar reformation should be 
the primary investigation (Shanmuganathan et al 2000). Magnetie 
resonanee imaging (MRI) is usually performed when other imaging 
modalities have produced equivocal findings. Early operative repair is 
reeommended because untreated eases may develop gastrointestinal 
obstmetion or perforation. Patients with penetrating injuries may 
require additional assessment by thoraeoseopy (Lowdermilk and 
Naunheim 2000). 


In up to a quarter of individuals, the median arcuate ligament lies 
signifieantly inferiorly, positioning itself anterior to the eoeliae axis. This 
may cause eompression and downward arehing of the eoeliae artery, 
leading to mesenterie angina and pancreaticoduodenal aneurysms as a 
consequence of resulting eollateral flow. Most patients will present with 
postprandial pain, nausea and often vomiting, and many will avoid 
eating, resulting in major weight loss. During expiration, concurrent 
movement of the abdominal aorta and the median arcuate ligament 
eompresses the eoeliae artery; the position, angle and level of the eoeliae 
artery are also major aetiologieal faetors. Diagnosis is based mainly on 
exclusion of other causes, e.g. eompression of the vessel as a result of 
fibrotie or neoplastie ehanges in the sympathetie plexus and eoeliae 
ganglion, as well as atheroselerotie ehanges in the vessel itself. Defini- 
tive diagnosis ean only be made with multiple imaging modalities. 
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Fig. 55.4 A posterior eadaverie disseetion showing the origin and course of the right (RIPA) and left (LIPA) inferior phrenie arteries. The right inferior 
phrenie artery arises from the superior mesenterie artery (SMA), and the left inferior phrenie artery arises from the eoeliae trunk. (With permission from 
Loukas M, Hullett J, Wagner T. Clinical anatomy of the inferior phrenie artery. Clin Anat. 2005;18(5):357-65.) 
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Fig. 55.5 A eadaverie disseetion showing the origin of the right and left superior phrenie arteries from the thoraeie aorta and supplying portions of the 
right and left diaphragmatie crura. (With permission. Loukas M, Louis RG Jr, Wartmann CT, Tubbs RS, Esmaeili E, Bagenholm AC, Merbs W, Curry B, 
Jordan R. Superior phrenie artery: an anatomie study. Surg Radiol Anat. 2007;29(1):97-102.) 
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Fig. 55.6 A lateral view of the left superior phrenie artery arising from the aorta. (With permission. Loukas M, Louis RG Jr, Wartmann CT, Tubbs RS, 
Esmaeili E, Bagenholm AC, Merbs W, Curry B, Jordan R. Superior phrenie artery: an anatomie study. Surg Radiol Anat. 2007;29(1):97-102.) 
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Innervation 


hepatie vein. The left inferior phrenie vein drains into the inferior 
vena eava - eommonly inferior, or rarely superior, to the diaphragm. It 
may also drain into the left suprarenal vein, the left renal vein, the 
left hepatie vein or, rarely, the left suprarenal renal vein and the infe- 
rior vena eava (Loukas et al 2005). 


LYMPHATIC DRAINAGE 


The diaphragm is drained by anterior, middle and posterior groups of 
lymph nodes that lie on its superior surface; they also drain the superior 
portion of the liver, the gastro-oesophageal junction and the abdominal 
surface of the diaphragm. In addition, lymph drains anterosuperiorly 
to parasternal and anterior mediastinal nodes, and posterosuperiorly to 
posterior mediastinal and braehioeephalie nodes. 

Hepatocellular eareinoma 



INNERVATION 


The diaphragm reeeives its motor supply via the phrenie nerves (Fig. 
55.7). Sensory fibres are distributed to the peripheral part of the muscle 
by the lower six or seven intereostal nerves. The fibres of the right ems 
of the diaphragm divide to the right and left of the oesophagus and are 
innervated by both right and left phrenie nerves. There is some evidenee 
that the emral fibres eontraet slightly before the eostal part, and this 
may be fimetionally signifieant for non-respiratory tasks. 

Phrenie nerve 


The phrenie is a mixed nerve that provides the sole motor supply to its 
hemidiaphragm. Derived mostly from the fourth eervieal ramus, it also 
reeeives contributions from the third and fifth eervieal ventral rami (see 
Figs 29.17, 29.18). The course of the eervieal part of the phrenie nerve 
is deseribed on page 464. Within the thorax, the phrenie nerve deseends 
anterior to the pulmonary hilum between the fibrous pericardium and 
mediastinal pleura, aeeompanied by the perieardiaeophrenie vessels. In 
its thoraeie course, eaeh phrenie nerve supplies sensory branehes to the 
mediastinal pleura, fibrous perieardmm and parietal serous periear- 
dium. The right and left phrenie nerves differ in their intrathoraeie 
relationships (Rajanna 1947). 
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Fig. 55.7 The distribution of the right and left phrenie nerves. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


Right phrenie nerve 

The right phrenie nerve is shorter and more vertieal than the left. Sepa- 
rated at the root of the neek from the seeond part of the right subclavian 
artery by scalenus anterior, the nerve then deseends lateral to the right 
braehioeephalie vein, the superior vena eava and the fibrous periear- 
dium eovering the right surface of the right atrium and inferior vena 
eava, and divides just superior to or at the level of the diaphragm. 

Left phrenie nerve 

At the root of the neek, the left phrenie nerve eommonly leaves the 
medial edge of scalenus anterior and passes anterior to the first part of 
the left subclavian artery and posterior to the thoraeie duct. However, 
sometimes the right and left nerves are symmetrieal in their eervieal 
course, in which ease the left phrenie nerve may eross anterior to the 
seeond part of the left subclavian artery, from which it is separated by 
scalenus anterior, at the level of the thoraeie inlet. Thereafter, the left 
phrenie nerve erosses anterior to the left internal thoraeie artery and 
deseends aeross the medial aspeet of the apex of the left lung and its 
pleura to the first part of the subclavian artery, which it erosses obliquely 
to reaeh a groove between the left eommon earotid and subclavian 
arteries. It passes anteromedially, superficial to the left vagus nerve just 
superior to the aortie areh and posterior to the left braehioeephalie vein, 
then deseends superficial to the aortie areh and the left superior inter- 
eostal vein, anterior to the left pulmonary hilum, to lie between the 
fibrous perieardmm eovering the surface of the left ventriele and the 
mediastinal pleura (see Fig. 57.3). 


Dìaphragmafie relafíonships The right phrenie nerve passes 

through the eentral tendon of the diaphragm, either by the eaval hiatus 
or just lateral to it. The left phrenie nerve passes through the muscular 
part of the diaphragm anterior to the eentral tendon, just lateral to the 
left eardiae surface and more anterior than the right phrenie nerve (see 
Fig. 55.7). At the diaphragm or slightly superior to it, eaeh phrenie nerve 
supplies fine branehes to the parietal pleura above the eentral dia- 
phragm, and the parietal peritoneum below. Typieally, the tmnk of eaeh 
nerve then divides into three branehes as it passes through the dia- 
phragm. With some variation, these constitute an anterior (sternal) 
braneh, which mns anteromedially towards the sternum and eonneets 
with its fellow; an anterolateral braneh, which mns to the lateral leaf 
of the eentral tendon; and a short posterior braneh. The latter divides 
into a posterolateral ramus that courses posterior to the lateral leaf and 
a posterior ramus that supplies the emral fibres. Posterolateral and 
posterior emral rami may arise as separate branehes from the phrenie 
nerve. 

These main branehes may be submerged in diaphragmatie muscle 
or lie inferior to it. They supply motor fibres to the muscle and sensory 
fibres to the peritoneum and pleura related to the eentral part of the 
diaphragm. They also relay proprioeeptive fibres from the musculature. 
The right phrenie nerve supplies the part of the right ems that lies 
to the right of the oesophagus, and the left phrenie nerve supplies 
the left ems and the part of the right ems that lies on the left of the 
oesophagus. 


Phrenie ganglia The right phrenie nerve continues its course inferior 
to the diaphragm and frequently eonneets to the right phrenie ganglion. 
An additional, smaller, right aeeessory phrenie ganglion is sometimes 
loeated proximally along the phrenie nerve, eloser to its eaval foraminal 
exit. The right phrenie ganglion exhibits plexiform eomimmieations 
with the eoeliae and aortieorenal ganglia and with the right suprarenal 
gland (Fig. 55.8). The left phrenie nerve usually eontimies its course 
inferior to the diaphragm. A left phrenie ganglion is less eommon than 
its right counterpart; when present, it exhibits plexiform communica- 
tions to several autonomic ganglia. Both phrenie nerves and ganglia are 
elosely related to the diaphragmatie emra; sutures for emral approxima- 
tion in repair of hiatal hernia must be plaeed superior to the ganglia in 
order to avoid iatrogenie injuries to the autonomic supply of the dia- 
phragm and abdomen (Loukas et al 2015b). 



Lesions Of the phrenie nerve An appreeiation of the loeation of 

the main branehes of the phrenie nerves is important to avoid iatrogenie 
surgical damage. Radial ineisions in the diaphragm from the eostal 
margin to the oesophageal hiatus lead to diaphragmatie paralysis, 
whereas thoraeo-abdominal ineisions in a circumferential manner in 
the periphery of the diaphragm do not involve any signifieant branehes 
of the phrenie nerves and preserve diaphragmatie fimetion. Similarly, 
ineisions of the eentral tendon are safe. 

Division of the phrenie nerve in the neek eompletely paralyses the 
eorresponding half of the diaphragm, which atrophies. If an aeeessory 
phrenie nerve exists, seetion or emshing of the main nerve as it lies on 973 
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Diaphragm and phrenie nerves 


Successful eontrol of hepatocellular eareinoma often requires ehemo- 
embolization of the hepatie artery, as well as any extrahepatic eollater- 
als; the right inferior phrenie artery is often found to be assoeiated with 
hepatocellular eareinoma as a major eollateral pathway. Transeatheter 
oily ehemoembolization regresses the tumour with inereased survival 
rates. The inferior phrenie vein is one of the major sources of eollateral 
venous drainage in hepatocellular eareinoma (and in retroperitoneal 
malignant disease). As well as eonventional angiography, the use of 64+ 
sliee computed tomography (CT) seanners enables elear visualization 
of the right and left inferior phrenie arteries, making CT a reliable 
method of diagnosing thrombosis and aneurysm of these vessels 
(Loukas et al 2008). 
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Fig. 55.8 A eadaverie disseetion showing a right phrenie ganglion elose to the right inferior phrenie artery and right diaphragmatie crus with plexiform 
communications to the eoeliae ganglion, aortieorenal ganglion and suprarenal gland (arrows). (With permission from Loukas M, Joseph S, Louis RG Jr., 
Wartmann CT, Tubbs RS. The surgical anatomy of the subdiaphragmatic phrenie nerve and phrenie ganglia. dinieal Anatomy, in press, 2015b.) 
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SECTION 7 


DIAPHRAGM AND PHRENIC NERVES 


scalenus anterior will not produce eomplete paralysis. The phrenie 
nerve may be involved in traumatic lesions of the upper braehial plexus. 
Historieally it was deliberately injured in order to eollapse, and henee 
rest, the lung in patients with pulmonary tuberculosis. Cardiac surgery 
is one of the most eommon iatrogenie causes of phrenie nerve injury, 
espeeially as a result of the instillation of saline slush for myoeardial 
preservation. Surgery for tumours of the lung or mediastinum may also 
cause damage, as well as infeetions such as poliomyelitis, obstetrie 
injury during traumatic ehildbirth, and radiation therapy (Nason et al 
2012). Respiratory muscle weakness of rapid onset is a feature of 
Guillain-Barré syndrome. 

Phrenie nerve damage leads to paradoxical movement of the dia- 
phragm that is best observed fluoroscopically with the patient first in 
the upright position (diaphragm nnloaded), and then supine with a 
small weight on the abdomen (diaphragm loaded). Diaphragmatie 
paralysis ean also be assessed by ultrasound examination with a sniff 
manoeuvre. The 'gold standard' for assessment of the phrenie nerve/ 
diaphragm unit is eleetrieal or magnetie stimulation of the phrenie 
nerve with reeording of the compound muscle aetion potential and/ 
or the transdiaphragmatie pressure. Eleetrieal stimulation of the dia- 
phragm, by 'paeing' of one or both phrenie nerves, has been used with 
some success in infants with eentral alveolar hypoventilatory syndrome 
('Ondine's curse') and in patients with high eervieal lesions of the spinal 
eord, in whom the diaphragm is paralysed but the lower motor neu- 
rones are intaet. Eleetrodes are plaeed adjaeent to the nerves, sometimes 
in the neek but more usually in the ehest, and a ventilatory rhythm is 
established by trains of stimuli delivered by an implanted deviee. As 
this is a non-physiologieal way of reemiting the muscle, the fibres must 
be 'eonditioned' during the initial period of stiimdation, so that they 
acquire the neeessary resistanee to fatigue. 

Referred paí Diaphragmatie pain is frequently felt at the tip of the 
shoulder, refleeting eommon nerve root origins in the neek. It usually 
occurs when there is inflammation of the diaphragmatie pleura, e.g. in 
basal pneumonia, pleural efhisions or malignant disease, or with irrita- 
tion of the peritoneal pleura, as with subphrenic abseess, where invol- 
untary diaphragmatie eontraetion (hiccups) may also occur. 

Aeeessory phrenie nerve 


The aeeessory phrenie nerve is deseribed on page 464. 



Breathing is a highly eoordinated abdominal and thoraeie proeess. The 
diaphragm is the major muscle of inspiration, responsible for approxi- 
mately two-thirds of quiet breathing in healthy humans. The external 
intereostal muscles are most aetive in inspiration, and the less strong 
internal intereostals in expiration. inereasing the vertieal, transverse and 
anteroposterior dimensions of the ehest inereases the volume of the 
pleural spaee, and the resulting deerease in intrapleural pressure draws 
air into the lungs. During expiration, the diaphragm relaxes and moves 
superiorly. Air is expelled from the lungs and the elastie reeoil of the 
lung ereates a subatmospheric pressure that returns the lateral and 
anteroposterior dimensions of the thorax to normal (De Troyer and 
Estenne 1988, Celli 1998). During inspiration, the most inferior ribs 
are fixed and eontraetion of the diaphragm draws the eentral tendon 
inferiorly, seareely altering diaphragmatie curvature. The cupulae move 
inferiorly and a little anteriorly, almost parallel to their original posi- 
tions. The assoeiated inferior displaeement of the abdominal viseera is 
permitted by the extensibility of the abdominal wall, but the limit of 
this extensibility is soon reaehed. The eentral tendon, its motion 
arrested by the abdominal viseera, then beeomes a fixed point from 
which the fibres of the diaphragm continue to eontraet. This causes the 
seeond to tenth ribs to be elevated and the inferior portions of the ribs 
are turned outwards as a result of direet transmission of pressure 
through the zone of apposition (Fig. 55.9). The medial aspeet of the 
rib is elevated and this inereases the transverse dimension of the ehest 
in the same manner as a bucket handle swinging outwards; this effeet 
is most evident in the inferior seventh to tenth ribs. Movements at the 
eostovertebral joints cause elevation of the anterior ends of the ribs that 
push the body of the stermim and the upper ribs anteriorly in a 'pump 
handle' movement; this effeet is most evident in the superior seeond to 
sixth ribs, and inereases the anteroposterior dimension of the thorax. 
The right cupula of the diaphragm, which lies on the liver, has a greater 
resistanee to overeome than the left, which lies over the stomaeh, and 
974 so the right ems and the fibres of the right side are more substantial 
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Fig. 55.9 Inspiratory movements: pressure ehanges during inspiration. 
(Adapted from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for 
Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


than those of the left. The balanee between deseent of the diaphragm, 
protmsion of the abdominal wall ('abdominal breathing'), and eleva- 
tion of the ribs ('thoraeie breathing') varies in different individuals and 
with the phase and depth of ventilation, the degree of distension of the 
stomaeh and intestines, and the size of the liver. The thoraeie element 
is usually more marked in females, but inereases in both sexes during 
deep inspiration. 

Radiographs show that the height of the diaphragm within the 
thorax also varies eonsiderably with posture. It is highest when the body 
is supine, when it performs the greatest ventilatory excursions with 
normal breathing. When the body is ereet, the diaphragm is lower and 
its ventilatory movements beeome smaller. The diaphragmatie profile 
is still lower in the sitting posture and ventilatory excursions are small- 
est under these eonditions. When the body is horizontal and on one 
side, the two halves of the diaphragm do not behave in the same way. 
The uppermost half sinks to a lower level than that seen when sitting, 
and moves little with ventilation. The lower half rises higher in the 
thorax than it does even in the supine position, and its ventilatory 
excursions are eonsiderably greater. ehanges in the level of the dia- 
phragm with alterations in posture explain why patients with severe 
dyspnoea are most eomfortable, and least short of breath, when 
sitting up. 

Diaphragmatie excursion is typieally 1.5 em in quiet breathing. 
During deep ventilation, the maximum movement ranges from 6 to 
10 em. After a foreed inspiration, e.g. when breathing is partially 
obstmeted, the right cupula of the diaphragm may deseend to about 
the level of the eleventh thoraeie vertebra, while the left cupula may 
reaeh the level of the body of the twelfth thoraeie vertebra. After foreed 
expiration, the right cupula of the diaphragm is level anteriorly with 
the fourth eostal eartilage, laterally with the fifth, sixth and seventh ribs, 
and posteriorly with the eighth rib; the left cupula is a little lower. 

The role of the abdomen in breathing is often underestimated. If, 
for example, the anterolateral wall were made of steel and linked the 
pelvie rim rigidly to the eostal margins, inspiration would be impossi- 
ble; the diaphragm could not deseend (because the abdominal eontents 
are ineompressible), and the ribs could not rise (because the links 
to the pelvis would be inextensible). During normal breathing, the 
abdomen relaxes as the diaphragm eontraets. It is possible to oppose 
this motion by tensing the abdomen, as in the 'beaeh posture' adopted 
to exaggerate the size of the ehest. In this ease, the abdominal eontents 
fix the eentral tendon of the diaphragm, so that it raises the ribeage as 
it eontraets, but it is a eondition of that manoeuvre that the gap between 
the ribs and the pelvie rim widens. 

The ventilatory muscles must also work during sleep, when the 
pharyngeal muscles relax and upper airway resistanee inereases. It is 
now appreeiated that in some people, particularly the obese, this relaxa- 
tion ean lead to periodie apnoea and marked hypoxia during sleep, 
implying that the pharyngeal muscles play an important ventilatory role 
























Anatomy of breathing 


in waking life. It is also elear that although ventilatory muscles rarely 
tire in normal life, they do fatigue when plaeed under abnormal loads, 
e.g. in ehronie obstmetive pulmonary disease. 

The different pulmonary regions do not all move equally in venti- 
lation. In quiet ventilation, the juxtahilar part of the lung seareely 
moves and the middle region moves only slightly. The superficial parts 
of the lung expand the most, and the mediastinal surface, posterior 
border and apex move less because they are related to less movable 


structures. The diaphragmatie and eostomediastinal regions expand 
most of all. Most of the volumetric ehange during ventilation occurs 
in the alveoli. 

The primary role of the intereostal muscles is to stiffen the ehest 
wall, preventing paradoxical motion during inspiratory diaphragmatie 
deseent. This beeomes most obvious immediately after high spinal 
injury, when there is flaeeid paralysis of the entire tmnk and only the 
diaphragm remains fimetional. 



Fig. 55.4 A eadaverie disseetion showing 
the origin and course of the right and left 
inferior phrenie arteries. 

Fig. 55.5 A eadaverie disseetion showing 
the origin of the right and left superior 


phrenie arteries from the thoraeie aorta and 
supplying portions of the right and left 
diaphragmatie crura. 

Fig. 55.6 A lateral view of the left superior 
phrenie artery arising from the aorta. 


Fig. 55.8 A eadaverie disseetion showing a 
right phrenie ganglion elose to the right 
inferior phrenie artery and right 
diaphragmatie crus with plexiform 
communications to the eoeliae ganglion, 
aortieorenal ganglion and suprarenal gland. 






Diaphragm and phrenie nerves 


In a healthy adult with a vital eapaeity of 4.5 litres, some 3 litres is 
accounted for by diaphragmatie excursion. Immediately after high 
spinal injury, the vital eapaeity deereases to about 300 ml, even though 
the diaphragm is moving maximally because some 2.7 litres is lost by 
paradoxical incursion of the flaeeid ehest wall as the diaphragm 
deseends. llsually after several weeks, the paralysis beeomes spastie, 
stiffening the ehest walf and the vital eapaeity inereases towards its 
phrenie limit of about 3 litres. In the same way high spinal injury 
reveals the role of the abdomen in inspiration and expiration. The 
abdominal musculature plays a major role in aetive expiration in 
humans. During the flaeeid stage of high spinal paralysis, the only 
meehanisms available for returning the relaxed diaphragm into the 
thorax on expiration are passive reeoil of the lungs and ehest walf and 
the weight of the abdominal viseera. The latter is the most important 
and operates only when patients are lying down. If they are sat up or 
raised upright, they are unable to exhale; tmssing the abdomen with 
an elastie binder ean be helpfhl. Oonversely when paralysis beeomes 
spastie, the stiff abdominal wall opposes inspiration. 


975.el 


CHAPTER 55 




SECTION 7 


DIAPHRAGM AND PHRENIC NERVES 


REFERENCES 


Gelli B 1998 The diaphragm and respiratory muscles. Chest Surg Clin N Am 
8:207-24. 

De Troyer A, Estenne M 1988 Functional anatomy of the respiratory muscles. 
Clin Chest Med 9:175-93. 

Loukas M, Louis RG Jr, Hullett J et al 2005 An anatomieal elassifieation of 
the variations of the inferior phrenie vein. Surg Radiol Anat 27: 
566-74. 

Loukas M, Diala el-Z, Tubbs RS et al 2008 A review of the distribution of 
the arterial and venous vasculature of the diaphragm and its elinieal 
relevanee. Folia Morphol (Warsz) 67:159-65. 

Loukas M, du Plessis M, Shah S et al 2015a The elinieal anatomy of the 
musculotendinous part of the diaphragm. Surg Radiol Anat. In press. 

Loukas M, Joseph S, Louis RG Jr et al 2015b The surgical anatomy of the 
subdiaphragmatic phrenie nerve and phrenie ganglia. Clin Anat. In 
press. 


Lowdermilk GA, Naunheim KS 2000 Thoraeoseopie evaluation and treat- 
ment of thoraeie trauma. Surg Clin North Am 80:1535-42. 

Nason LK, Walker CM, MeNeeley MF et al 2012 Imaging of the diaphragm: 
anatomy and fiinetion. RadioGraphies 32:E51-E70. 

Rajanna MJ 1947 Anatomieal and surgical eonsiderations of the phrenie and 
aeeessory phrenie nerves. J Int Coll Surg 60:42-52. 

Sarwal A, Walker FO, Cartwright MS 2013 Neuromuscular ultrasound for 
evaluation of the diaphragm. Muscle Nerve; 47:319-29. 

Shammiganathan K, Killeen K, Mirvis SE et al 2000 Imaging of diaphrag- 
matie injuries. J Thorae Imaging 15:104-11. 


975.e2 





976 



SUBSECTION: Heart and mediastinum 


CHAPTER 




Strietly speaking, the mediastinum is the viseeral eompartment between 
the two lungs and includes the mediastinal pleura. However, it is eom- 
monly defined as the region between the two pleural saes, bounded 
anteriorly by the sternmn and posteriorly by the thoraeie vertebral 
eokmn, and extending vertieally from the thoraeie inlet to the dia- 
phragm. It eomimmieates with the neek via the superior thoraeie aper- 
ture and with the eKtraperitoneal, extrapleural and epidural spaees. 
Beyond eaeh pulmonary hilum, the mediastinum merges into the lung 
interstitmm, ineorporating the bronehial tree with its aeeompanying 
neurovascular bundles and the pulmonary vasculature. 

The posterior mediastinal boundary is longer as a result of the 
oblique disposition of the superior thoraeie aperture and the diaphragm- 
atie curvature posteroinferiorly. With respeet to the median sagittal 
plane, the mediastinum appears asymmetrieal. 

The mediastinum is divided into superior and inferior mediastina 
by a plane that erosses the manubriosternal joint and the lower surface 
of the fourth thoraeie vertebra (Fig. 56.1). The inferior mediastinum is 
subdivided into anterior, middle and posterior parts. 

Detailed accounts of mediastinal eontents are included with deserip- 
tions of the respiratory organs (Ch. 54) and the heart (Ch. 57). 



SUPERI0R MEDIASTINUM 


The superior mediastinum lies between the manubrium sterni anteri- 
orly and the upper four thoraeie vertebrae posteriorly and is bounded 
laterally by the mediastinal pleurae (see Fig. 56.1). The refleetion of the 
eostomediastinal pleurae follows a line that passes from the sternoela- 
vicular joints in an inferomedial direetion, to join the midline on the 
posterior aspeet of the sternal angle. The resultant triangular spaee is 
oeaipied by the thymus or its remnants. The superior mediastinum 
aeeommodates the traehea, oesophagus, aortie areh, braehioeephalie 
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Fig. 56.1 The mediastinal divisions. 


tmnk, left eommon earotid and subclavian arteries (the vertebral artery 
sometimes arises from the aortie areh between them), the internal 
thoraeie arteries, the left superior intereostaf hemiazygos, internal tho- 
raeie and inferior thyroid veins, and numerous lymph nodes, including 
those from the traeheobronehiaf paratraeheal and braehioeephalie 
groups. Laterally the superior mediastinal stmctures have the appear- 
anee of being 'shrink-wrapped' by the tightly applied pleura. The supe- 
rior mediastinum transmits the sympathetie and parasympathetie 
eardiae nerves, the phrenie nerve laterally, the vagus nerves medially 
and the left recurrent laryngeal nerve. The terminal part of the thoraeie 
duct emerges from the posterior aspeet of the aorta and oesophagus, 
aseending between the left subclavian and earotid arteries. The left and 
right braehioeephalie veins form the superior vena eava. The superior 
(extrapericardial) half of the superior vena eava and its major tributaries 
are situated on a more superficial plane posterior to the manubrium 
and the origins of sternothyroid inferiorly and sternohyoid superiorly. 
An enlarged thyroid gland may extend inferiorly between the sternum 
and the braehioeephalie veins; its surgical excision requires due dili- 
genee from possible venous adherenee. The origins of longus eolli 
(inferior oblique and vertieal intermediate portions) are the deepest 
elements of the superior mediastimim. 


INFERIOR MEDIASTINUM 

Anterior medíastinum 


The anterior mediastinum lies between the sternal body and periear- 
dium (see Fig. 56.1). It narrows above the fourth eostal eartilages 
where the pleural saes eonverge, and eontains loose eonneetive tissue, 
the sternoperieardial ligaments, a few lymph nodes, the mediastinal 
branehes of the internal thoraeie artery, and sometimes part of the 
thymus gland or its degenerated remains. The paired intervals between 
the sternal and eostal muscular slips of the diaphragm are filled with 
areolar tissue and are erossed by the superior epigastrie vessels and by 
some lymph vessels from the abdominal wall and liver; they are rare 
sites of abdominal herniation. The pericardium and the heart are rou- 
tinely approaehed by either a eomplete median or partial sternotomy. 
The sternoperieardial ligaments and the pleural refleetions are easily 
separated by blunt disseetion. In ease of perieardial tamponade, the 
perieardial eavity ean be easily drained through a subxyphoid approaeh, 
either surgically or via needle perieardioeentesis. 

Middle mediastinum 


The middle mediastinum is the broadest part of the inferior mediasti- 
num (see Fig. 56.1) and eontains the pericardium, heart and aseending 
aorta, the inferior, intraperieardial half of the superior vena eava (reeeiv- 
ing the azygos venous areh posteriorly), the traeheal bifhreation and 
main bronehi, the pulmonary tmnk, right and left pulmonary vascula- 
ture, phrenie nerves, the deep part of the eardiae plexus and the traeheo- 
bronehial lymph nodes. The short thoraeie part of the inferior vena 
eava, both extra- and intraperieardial segments, extends between the 
vena eaval aperture of the diaphragm and its termination in the right 
atrium. The stmctures forming the pulmonary root eonverge at the level 
of the hilum. The mediastinal pleura is continuous with the viseeral 
pleura at the level of the hilum, which is where the lateral boundary of 
the middle mediastinum is eonventionally loeated. The fibrous periear- 
dium lies on, and is fhsed with, the anterior two-thirds of the eentral 
tendon of the diaphragm. 

Posterior mediastinum 


The posterior mediastinum is the lengthiest and narrowest portion of 
the inferior mediastinum (see fig. 56.1). It is bounded anteriorly by the 














































Siibdivisions of the mediastinum 


traeheal bifnreation, pericardium and pulmonary vessels, and posteri- 
orly by the bodies of the fifth to the twelfth thoraeie vertebrae. There is 
no striet demareation with the superior mediastinum; numerous stme- 
tures travel through both regions. The arehed posterior third of the 
eentral portion of the diaphragm constitutes the anteroinferior limit of 
the posterior mediastinum laterally as the mediastinal pleurae eome 
elose together. Two pleural reeesses, the interaortieo-oesophageal and 
interazygo-oesophageal reeesses, interealate from the left and right sides 
between the aorta and oesophagus and the azygos vein and oesophagus, 
respeetively. 

The posterior mediastinum eontains the deseending thoraeie aorta 
(on the left side of the spine), the oesophagus (median, but positioned 
anterior to the aorta inferiorly) and, more posteriorly, the azygos and 
hemiazygos venous systems, the thoraeie duct, lymph nodes, right and 
left sympathetie ehains and thoraeie splanehnie nerves. The vagal tmnks 
course adjaeent to the oesophagus; the anterior tmnk is constituted 
mainly from the left vagus nerve and the posterior mainly from the 
right vagus nerve. The deseending thoraeie aorta gives off the intereostal 
arteries and the largest anterior segmental medullary artery, the 'great 
radicular artery of Adamkiewicz' (Yoshioka et al 2003) (p. 770). 

There are a mimber of eomimmieations between the posterior 
mediastinum and the abdomen. These are: the oesophageal aperture 
(also transmits the vagal tmnks) at the level of the tenth thoraeie ver- 
tebra; the aortie aperture (also transmits the thoraeie duct and oeeasion- 
ally the azygos vein) at the level of the twelfth thoraeie vertebra; 
apertures within the diaphragmatie emra that transmit the thoraeie 
splanehnie nerves; apertures deep to the medial lumbosacral arehes for 
the sympathetie ehains; and minute openings in the eentral tendon of 
the diaphragm that transmit small veins. All openings represent poten- 
tial communication sites for suppurative or neoplastie proeesses. 


MEDIASTINAL C0MMUNICATI0NS WITH THE NECK 

Anatomieal pathways exist between the oral eavity and the thorax via 
the parapharyngeal spaee and along other faseial planes of the neek. 
The former is more likely to be infeeted than any of the other potential 
tissue spaees in the head and neek, communicating with the retropha- 
ryngeal and pretraeheal spaees, so reaehing the superior mediastimim 
and then the anterior part of the inferior mediastinum (see Chs 29 and 
31). The plane between the buccopharyngeal and prevertebral faseiae is 
a highway for spread of air and gastrie eontents between the neek and 
mediastinum after oesophageal injury (Wind and Valentine 2013). The 
earotid sheath, eontaining the earotid arteries, jugular veins and vagus 
nerves, represents another potential route of communication. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

The mediastinum eontains the great vessels (aseending aorta, aortie areh 
and its branehes, deseending thoraeie aorta, superior vena eava and the 
terminal part of the inferior vena eava), the pulmonary arteries and 
veins, the internal thoraeie and posterior intereostal arteries and veins, 
the azygos and hemiazygos venous systems, and the thoraeie duct. 

Great vessels of the superior mediastinum 


The aortie areh, deseending thoraeie aorta, pulmonary tmnk and supe- 
rior vena eava are deseribed in ehapter 57. 

Azygos venous system 


Azygos vein 

The azygos vein has a variable origin from the azygos lumbar vein or 
from the posterior aspeet of the inferior vena eava at or below the level 
of the renal veins (Figs 56.2-56.3; see Fig. 56.14B). When present, the 
azygos lumbar vein aseends anterior to the upper lumbar vertebral 
bodies and passes either posterior to or through the right diaphragmatie 
ems or traverses the aortie hiatus to the right of the eisterna ehyli. Ante- 
rior to the twelfth thoraeie vertebra, it is joined by a venous tmnk, 
formed by the union of the right aseending lumbar and subcostal veins, 
to form the azygos vein. In the absenee of a lumbar azygos vein, this 
eommon tmnk may continue as the azygos vein proper. The azygos vein 
passes to the right, posterior to the right ems of the diaphragm, and 
aseends in the posterior mediastinmn to the level of the fourth thoraeie 
vertebra, where it arehes anteriorly, superior to the right pulmonary 
hilum, and joins the posterior aspeet of the superior vena eava, just 
superior to its perieardial ineorporation. 
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R ight lung: 
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Fig. 56.2 A eommon course followed by the intrathoraeie azygos, 
hemiazygos and aeeessory azygos veins. Outlines of the root of the right 
lung and aseending thoraeie aorta are included. 
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Fig. 56.3 The most eommon topography of the azygos venous system. 


In its course, the azygos vein lies anterior to the bodies of the lower 
eight thoraeie vertebrae, anterior longitudinal ligament and right pos- 
terior intereostal arteries. Right lateral relations are the right sympa- 
thetie ehain, the right greater splanehnie nerve, lung and pleura. Left 
lateral relations are the thoraeie duct, aorta and, where the vein arehes 
anteriorly, the oesophagus, traehea and right vagus. Aortie pulsations 
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SECTION 7 


MEDIASTINLIM 


may assist venoiis return in the azygos and hemiazygos veins, although 
only a small and variable number of imperfeet valves are present. Infe- 
riorly the azygos vein lies posterior to the oesophagns, from which it 
is separated by a pleural reeess, the azygo-oesophageal reeess. There are 
differenees in the appearanee of the contour of this reeess on computed 
tomography (CT) between ehildren and adults. The reeess is dextrocon- 
vex below the age of 6 years, non-eoneave (equally divided between 
straight and convex) between 6 and 12 years and eoneave, as in adults, 
after the age of 12 years (Miller et al 1993). Its major tributaries are the 
right intereostal veins (the fìrst drains into the right braehioeephalie 
vein and the seeond, third and fourth form a eommon tmnk, the supe- 
rior intereostal vein), the right aseending lumbar and subcostal veins, 
mediastinal, oesophageal, perieardial and right bronehial veins, and the 
hemiazygos and aeeessory hemiazygos veins. 

Numerous anastomoses exist between the tributaries and the main 
tmnks of the azygos, hemiazygos and aeeessory hemiazygos veins, the 
inferior vena eava and the vertebral venous plexuses. These allow for 
alternate drainage pathways in ease of segmental agenesis ('intermp- 
tion') or thrombosis of the inferior vena eava (see also below for the 
variations of the azygos vein). 

Hemiazygos vein 

The hemiazygos vein represents the left-sided equivalent of the more 
inferior part of the azygos vein. It originates in a similar fashion (from 
the union of the left lumbar aseending and subcostal veins) but exhibits 
more variability; it may also eonneet with the left renal vein via the 
equivalent of the lumbar azygos vein. The hemiazygos vein erosses 
posterior to the aorta and oesophagus, and either anterior or posterior 
to the thoraeie duct, and usually terminates in the azygos vein at the 
level of the eighth thoraeie vertebra (see Fig. 56.2). It reeeives the lower 
three left posterior intereostal, mediastinal and oesophageal veins. 

Aeeessory hemiazygos vein 

The aeeessory hemiazygos vein hmetions as the left-sided mirror image 
of the superior portion of the azygos vein. It drains the fifth to eighth 
posterior intereostal veins and oeeasionally the left bronehial veins, and 
usually terminates in the azygos vein after erossing the seventh thoraeie 
vertebra. The first posterior intereostal vein drains direetly into the left 
braehioeephalie vein, while the seeond to the fourth drain indireetly to 
the aeeessory hemiazygos vein via the left superior intereostal vein. The 
aeeessory hemiazygos vein may also join the hemiazygos vein. One or 
more prevertebral transversal anastomoses may be present. 

({*] Variations of the azygos venous system 

The origin, course, tributaries, anastomoses and termination of the 
azygos system of veins are all highly variable. The arrangement shown 
in Figure 56.2 represents the most eommon pattern with a right- 
sided azygos vein. The left ehannel may be absent or underdeveloped, 
allowing direet drainage of the left intereostal veins into the azygos 
and/or the termination of the aeeessory hemiazygos into the left 
braehioeephalie vein. In such eases, the azygos vein is in median 
position. 

Internal thoraeie arteries and veins 


The internal thoraeie vessels are deseribed on pages 942 and 943. 

Pulmonary arteries and veins 


The pulmonary vessels are deseribed on pages 959 and 960. 

Posterior intereostal arteries and veins 


The posterior intereostal veins aeeompany their arteries in eleven pairs; 
they are deseribed on page 944. 

[(*] Mediastinal lymph nodes 


Table 56. eiassifieation of regional mediastinal lymph nodes into regional lymph 
node stations 


Station 

Deseription 

1 

The highest mediastinal nodes lying above a horizontal line, at which level 
the left braehioeephalie vein erosses the traehea 

2 

Llpper paratraeheal nodes lying below the line of the highest mediastinal 
nodes and above a line drawn horizontally at the level of the upper border of 
the aortie areh 

3 

Prevascular and retrotraeheal nodes lying behind the traehea but in front of 
the great vessels 

4 

Lower paratraeheal nodes lying below the upper margin of the aortie areh 
and down to the upper margin of the eorresponding upper lobe bronchus. On 
the right side, this is the upper margin of the right upper lobe bronchus; the 
majority of nodes in this area tend to be positioned anterolateral to the 
traehea. On the left side, the nodes are loeated below the upper margin of 
the aortie areh and above the margin of the left upper lobe bronchus. They 
lie to the right of the ligamentum arteriosum, between the ligament and the 
traehea 

5 

Subaortic nodes lying in the aortopulmonary window and situated to the right 
of the ligamentum arteriosum, aorta or left pulmonary artery, but proximal to 
the first division of the left pulmonary artery 

6 

Para-aortie nodes lying between the upper margin of the aortie areh and 
lateral to the aseending aorta and aortie areh 

7 

Subcarinal nodes are not assoeiated with the lower lobe bronehi 

8 

Para-oesophageal nodes lie well below the subcarinal nodes, elose to the 
pulmonary veins 

9 

Nodes lying within the pulmonary ligament 

10,11 and 12 

Designated the hilar, interlobar and lobar nodes, respeetively 
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For the purposes of staging lung eaneer, thoraeie surgeons elassify the 
mediastinal lymph nodes into regional lymph node stations, which are 
defined as shown in Table 56.1 and Figure 56.4. 

These groups are not sharply demareated. Pulmonary nodes beeome 
continuous with the bronchopulmonary nodes, and these, in turn, 
merge with the inferior and superior traeheobronehial nodes, which are 
continuous with the paratraeheal group. The traeheobronehial nodes 
drain the lungs, bronehi, the thoraeie part of the traehea, and heart, and 
also reeeive efferents from the posterior mediastinal nodes. Their effer- 
978 ent vessels aseend on the traehea to unite with efferents of the paraster- 


Fig. 56.4 The general disposition of the thoraeie lymph nodes, posterior 
aspeet. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


nal and braehioeephalie nodes as the right and left bronehomediastinal 
tmnks. The right tmnk may oeeasionally join a right lymphatie duct or 
another right-sided lymph trnnk, and the left tmnk may join the tho- 
raeie duct, but usually they open independently in or near the ipsilateral 
jugulosubclavian junction (see Fig. 29.16). 























































Mediastinum 


In eongenital intermption of the inferior vena eava or acquired 
thrombosis, the azygos system provides an alternative pathway for 
venous drainage. A higher than usual azygos areh may travel within an 
aeeessory azygos fissure (four pleural layers) and isolate a portion of 
the right upper lobe of the lung medially: the 'azygos lobe', which may 
rarely be radiopaque on a ehest radiograph. An azygos lobe is rarely 
present and is rarely seen on ehest radiographs. The azygos fissure often 
presents a nestled azygos vein as a lung 'pseudo-nodule' on a ehest 
radiograph; it is typieally eomma-shaped and should not to be confused 
with a more rounded early lung eareinoma or metastasis. 

Metastatie involvement of these lymph nodes has important prog- 
nostie implieations and influences the ehoiee of treatment (Mountain 
and Dresler 1997). The staging system for lung eaneer elassifies involve- 
ment of ipsilateral hilar lymph nodes as Nl, ipsilateral mediastinal 
lymph nodes as N2, eontralateral mediastinal or hilar nodes as N3 and 
supraclavicular/scalene nodes as M1 (distant metastases). 
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Right lymphatie triink 


[(*) Mediastinoseopy 

The deeision to proeeed with mediastinoseopie biopsy depends on 
whether suitable nodal stations seem involved on CT seanning and 
whether there is a history of prior neek and mediastinal surgical 
procedures. 



TH0RACIC DUCT 


The thoraeie duct eonveys the lymph from the entire body except the 
right part of the head, neek and heart, right upper limb, right lung and 
part of the convex surface of the liver, baek to the venous circulation. 
It usually originates anterior to the first or seeond lumbar vertebrae, 
where the intestinal and two lumbar lymph tmnks join to form the 
eisterna ehyli. (Both the thoraeie duct and the eisterna ehyli are variable 
in their origin, course and length; the latter is even more variable in 
width and shape than the thoraeie duct.) From the superior aspeet of 
the eisterna ehyli, the thoraeie duct passes through the aortie hiatus and 
enters the posterior mediastinum, lying to the right between the aorta 
and the azygos vein up to the level of the fifth thoraeie vertebra, where 
it typieally erosses over the vertebral column posterior to the oesopha- 
gus (see Fig. 56.7B). It eontimies upwards, first posterior to the aortie 
areh adjaeent to the left side of the oesophagus, then posterior to the 
left subclavian artery in the superior mediastinum. It next arehes over 
the subclavian artery and deseends anteriorly to empty into the venous 
circulation in the region of the left jugular and subclavian veins, either 
at their very confluence or in proximity, sometimes in the left braehio- 
eephalie vein (Fig. 56.5, p. 462). In the spaee between longus eolli, the 
anterior sealene muscles and the pleural dome, the duct usually arehes 
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Fig. 56.5 The thoraeie and right lymphatie ducts. Note that the aeeessory 
hemiazygos vein is erossing the median plane lower and the hemiazygos 
higher than typieally found. 


3 or 4 em superior to the elaviele, erossing anterior to the vertebral 
vessels, the left sympathetie tmnk, the vertebral ganglion, the thyro- 
eervieal tmnk and the left phrenie nerve. 

In some patients, two thoraeie ducts exist within the mediastinum, 
and oeeasionally a single thoraeie duct may empty into right- 
sided venous structures, the latter disposition being more frequent in 
individuals with an aberrant right subclavian artery (the latter origi- 
nating from the distal aortie areh aseending posterior to the 
oesophagus). 

When present as a single ehannel, the thoraeie duct is 5 mm in 
diameter at its origin, narrows to 2-3 mm at mid-thoraeie level and 
then widens again at its termination. Alternatively, it may divide into 
two or three branehes that eventually reunite or drain into both the left 
and right venous systems. The duct appears sinuous and has valves 
throughout its length; a biaispid valve at its termination may prevent 
the backflow of blood. As it passes through the mediastimim, the tho- 
raeie duct also reeeives non-chylous lymph from tributaries that drain 
regions of the pulmonary parenehyma and parietal pleura. The sum of 
these sources accounts for a total lymphatie flow through the thoraeie 
duct of 1500-2400 ml per day in proportion to the dietary intake of 
fat, partiailarly long-ehain triglyeerides. 

The anatomy of the thoraeie duct determines the loeation of the 
effhsion seen with duct injury or obstmetion. 

Tributaries of the thoraeie duct 

Some tributaries of the thoraeie duct may terminate direetly in the 
venous system. Numerous anastomoses exist between viseeral, parietal, 
limb and mammary lymphaties, an arrangement that is manifest in 
observed multiple patterns of dissemination of eaneer eells. Besides the 
eisterna ehyli and its tributaries, bilateral aseending lumbar lymph 
tmnks from the upper lateral aortie nodes pieree the eorresponding 
diaphragmatie ems and eventually join the thoraeie duct in the poste- 
rior mediastinum. The inferior six or seven intereostal lymph tmnks 
from the eorresponding bilateral intereostal nodes deseend to terminate 
in the duct, either direetly or by variable eommon tmnks. The left upper 
intereostal lymphaties may join the eervieal portion of the duct or the 
subclavian tmnk. The left subclavian tmnk usually joins the thoraeie 
duct but may open independently into the left subclavian vein. These 
mediastinal tmnks provide lymph drainage paths to the thoraeie duct 
from the convex diaphragmatie aspeet of the liver, the diaphragm, the 
pericardium, heart and oesophagus, and many possess terminal bicus- 
pid valves. The left bronehomediastinal tmnk oeeasionally joins the 
thoraeie duct but usually has an independent venous termination. The 
left jugular tmnk usually joins the thoraeie duct but may open inde- 
pendently into the left internal jugular vein. 

Injury during oesophageal surgery 

The variable origin, course and length of the thoraeie duct, coupled with 
failure to identify it at surgery, may lead to its inadvertent ineision or 
transeetion, particularly during trans-hiatal and thoraeoseopie oesopha- 
geal surgery, with an ineidenee between 0.2 and 3% (Wemyss-Holden 
et al 2001). Thoraeie duct laeeration is a potentially life-threatening 
eomplieation; mortality rates are higher with eonservative management 
but still elevated even after surgical ligation. Rupture of the thoraeie 
duct leads to leakage of ehyle, which is rieh in lipid, protein, T lym- 
phoeytes (ranging from 400 to 6800 eells/jiil), immunoglobulins and 
fat-soluble vitamins, and henee a progressive mitritional and immune 
defieit develops. Postoperative chylous effiisions are usually the result 
of damage to ductal tributaries rather than to the duct itself, and are 
usually self-limiting. The greater ineidenee of injury with trans-hiatal 
reseetion may be attributable to shear forees during the mobilization 
of the distal oesophagus, whereas the limited field of view probably 
contributes to the greater ineidenee of thoraeie duct injury during tho- 
raeoseopie surgery. Injury should be suspected in the postoperative 
period if there is either an enlarging mediastinal silhouette on serial 
ehest radiographs or a signifieant milky drainage from the ehest or 
abdominal drains. An eleetrophoretie eonfirmation of the presenee of 
ehylomierons in the pleural fluid is diagnostie, amongst other tests. The 
thoraeie duct may be injured during the left eervieal approaeh for the 
exposure of the vertebral and subclavian arteries or the eervieothoraeie 
(stellate) sympathetie ganglion. However, deliberate ligature of the duct 
at this level represents an aeeepted surgical manoeuvre with no particu- 
lar consequences. 


RIGHT LYMPHATIC TRUNK 


The right lymphatie tmnk has an ineonstant anatomy (see Fig. 
56.5). Its three main tributaries - the right jugular, subclavian and 
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Mediastinum 


Mediastinoseopy ean be performed with video-assisted or direet 
optie visualization. A transverse ineision is made in the suprasternal 
noteh through the deep lamina of the deep eervieal faseia after retrae- 
tion of sternohyoid and sternothyroid within its superficial lamina. The 
pretraeheal plane is disseeted and a spaee is ereated between the anterior 
aspeet of the traehea and the braehioeephalie tmnk inferior to the earina 
and along both sides of the traehea and main bronehi. This spaee 
faeilitates biopsy of the upper paratraeheal 2R/L stations, the right para- 
traeheal 4R station and higher nodes from the left paratraeheal 4L 
station superior to the aortie areh. Anterior subcarinal station 7 and 
bilateral hilar stations 10R/L may be aeeessible but are teehnieally ehal- 
lenging. Nodes ean be sampled or removed entirely for histologieal 
evaluation. 

The anterior part of the superior mediastinum is more diffiailt to 
assess by mediastinoseopy and usually requires an anterior mediastin- 
otomy (Chamberlain procedure). This is performed to biopsy nodes 
from the more inferior aspeet of the left paratraeheal 4L station, sub- 
aortie station 5, para-aortie station 6 and subcarinal station 7, and also 
faeilitates anterior mediastinal mass biopsy. 

Complications of mediastinoseopy include haemorrhage, injury to 
the traehea or left recurrent laryngeal nerve, and pneumothorax. 

Endobronehial ultrasound ean be performed to biopsy lymph nodes 
in stations 1-4, 7 and 10-12, using fine needle aspiration through the 
traeheal or bronehial walls. In a similar way, transoesophageal ultra- 
sound may biopsy subcarinal station 7, para-oesophageal station 8 and 
pulmonary ligament station 9 nodes. 

Because the thoraeie duct erosses the mediastinum at, or at about, 
the level of the fifth thoraeie vertebral body, lymphatie injury or obstme- 
tion above or below this level results in a left- or right-sided pleural 
effiision, respeetively (Doerr et al 2001). Anomalies and sites of injury 
to the duct are identified by lymphangiography, with or without post- 
procedure CT seanning, or lymphoseintigraphy. Lymphangiography is 
performed using bilateral loealization of pedal lymphaties with a sub- 
cutaneous injeetion of methylene blue, followed by a minor surgical 
procedure to cannulate the lymphatie vessel, and injeetion of Lipiodol 
eontrast agent. Conventional plain films and CT images (without intra- 
venous eontrast) are then obtained. Lymphangiography ean identify 
areas of ehyle leakage and lymphangieetasia in the majority of patients 
(Deso et al 2012). 
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bronehomediastinal tmnks - often terminate separately at the jugular 
and subclavian veins (see Fig. 29.16). In up to one-fifth of individuals, 
they may aggregate to form the right lymphatie tmnk, usually 0.5-1 em 
in length. The terminal portions of the right lymphatie tmnk and of the 
thoraeie duct are eoneealed by the sealene fat pad, which renders them 
more vulnerable during surgery. 


ALITONOMie NERV0US SYSTEM 


The thoraeie autonomic nervous system eonsists of the right and left 
ganglionated sympathetie ehains and vagi, and the eardiae, pulmonary 
and oesophageal plexuses. The eardiae plexus is deseribed on page 1021, 
the pulmonary plexus on page 961, and the oesophageal plexus is 
deseribed below. 

TH0RACIC SYMPATHETIC TRUNK 


The thoraeie sympathetie tmnk eontains ganglia that are almost equal 
in number to those of the thoraeie spinal nerves (usually 11, oeeasion- 
ally 12, rarely 10 or 13) (Figs 56.6-56.7). Almost always, the first 
thoraeie ganglion is fhsed with the inferior eervieal ganglion, forming 
the eervieothoraeie (stellate) ganglion; oeeasionally, the seeond thoraeie 
ganglion is included in this fhsion. The succeeding ganglia are counted 
in order to make them eorrespond numerically with the eorrelative 
segmental stmctures. Except for the seeond and lowest two or three, the 
thoraeie ganglia lie against the eostal heads, posterior to the eostal 
pleura. The seeond thoraeie sympathetie ganglion is eommonly loeated 
in the seeond intereostal spaee, and the lowest two or three ganglia lie 
lateral to the bodies of the eorresponding vertebrae. Inferiorly, the tho- 
raeie sympathetie tmnk passes posterior to the medial arcuate ligament 


or through the diaphragmatie ems to beeome the lumbar sympathetie 
tmnk. 

The ganglia are small and intereonneeted by intervening segments 
of the tmnk. Elnlike other mammalian speeies, including primates, eaeh 
sympathetie ganglion in humans is eonneeted to two consecutive spinal 
nerves: the eorresponding and succeeding nerves. The elassie deserip- 
tion is that two or more rami eomimmieantes, named white (myelin- 
ated, preganglionie) and grey (unmyelinated, postganglionie), eonneet 
eaeh ganglion with its eorresponding spinal nerve, the white rami 
joining the nerve distal to the grey. 

Variation in this pattern is eommon, espeeially at the upper thoraeie 
levels, but symmetry is rarely seen. Additional aseending and deseend- 
ing rami issue from the seeond (54% and 46%, respeetively), third (6% 
and 25%) and fourth ganglia (5% and 8%) (Cho 2005). Oeeasionally, 
a grey and a white ramus fhse to form a 'mixed' ramus. An ineonstant 
intrathoraeie ramus may join the seeond intereostal nerve to the ventral 
ramus of the first thoraeie nerve proximal to the point where the latter 
issues a large braneh to the braehial plexus (Kuntz 1927). This intrathor- 
aeie nerve of Kuntz is eonsidered to earry sympathetie fibres to the 
braehial plexus without passing through the sympathetie tmnk and has 
been held responsible for the recurrence of symptoms following sym- 
patheetomy. The anatomieal variation exhibited by the eomimmieating 
rami and the loeation of the seeond sympathetie ganglion may also 
contribute to surgical failure and symptom recurrence. 

The medial branehes from the upper five ganglia are very small, and 
may supply filaments in a retrograde manner to the thoraeie aorta and 
its branehes, as they pass to the eardiae plexuses (Kawashima 2011). 
Some fibres form a fine thoraeie aortie plexus with filaments from the 
greater splanehnie and vagus nerves. Rami of the seeond to fifth or 
sixth ganglia enter the posterior pulmonary plexus. Small branehes of 
these pulmonary and eardiae nerves pass to the oesophagus and 
traehea. 
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Fig. 56.7 The mediastiniim. A, Right lateral aspeet. (VVith permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 2013.) Continued 


The larger medial branehes from the lower seven ganglia supply the 
aorta and then unite to form the greater, lesser and least splanehnie 
nerves (see below for variability). 

The greater splanehnie nerve eonsists mainly of myelinated pregan- 
glionie efferent and viseeral afferent fìbres, and is formed by branehes 
from the fifth to ninth or tenth thoraeie ganglia; fibres in the upper 
branehes may be traeed to the first or seeond thoraeie ganglia. Its roots 
vary from one to eight, four being the most usual number. It deseends 
obliquely on the vertebral bodies, supplies branehes to the deseending 
thoraeie aorta, and perforates the ipsilateral diaphragmatie ems to 
end mainly in the eoeliae but partly in the aortieorenal ganglion and 
suprarenal (adrenal) gland. A splanehnie ganglion exists on the nerve 
opposite the eleventh or twelfth thoraeie vertebra in a majority of 
individuals. 

The lesser splanehnie nerve, formed by rami of the ninth and tenth 
(sometimes the tenth and eleventh) thoraeie ganglia and the tmnk 
between them, pierees the diaphragm with the greater splanehnie nerve 
and joins the aortieorenal ganglion. 

The lowest (least) splanehnie nerve (or renal nerve) from the lowest 
thoraeie ganglion enters the abdomen with the sympathetie tmnk to 
end in the renal plexus. 

The greater splanehnie nerve is always present, the lesser is usually 
present, and the least is often absent. A fourth (aeeessory) splanehnie 
nerve has been deseribed. 


Thoraeie sympatheetomy 



Endoseopie thoraeie sympatheetomy (ETS) is a surgical procedure used 
to relieve the symptoms of eraniofaeial, palmar or axillary hyperhidro- 
sis, faeial blushing, Raynaud's disease with digital ulcers, and reflex 
sympathetie dystrophy (shoulder-hand syndrome). 


VAGUS NERVE IN THE MEDIASTINUM 


The vagus nerve eontains preganglionie parasympathetie fibres that arise 
in its dorsal nucleus and travel in the nerve and in its pulmonary, 
eardiae, oesophageal, gastrie and intestinal branehes (see Fig. 56.6). 

Vagal fibres that originate from neurones in the nucleus ambiguus are 
distributed to the eonstrietor muscles of the pharynx and the intrinsie 
muscles of the larynx. The proportion of efferent parasympathetie fibres 
in the vagus varies at different levels but is small relative to its sensory 
and sensorimotor eontent. Efferent fibres relay in minute ganglia in the 
viseeral walls. 

Cardiac branehes join the eardiae plexuses and relay in ganglia that 
are distributed freely over both atria in the subepicardial tissue. The 
terminal fibres are distributed to the atria and the atrioventriailar 
bundle; they are eoneentrated around the sinu-atrial and, to a lesser 981 
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ETS may be benefìeial to ameliorate eerebral vascularization in 
patients with moyamoya disease and to treat migraine, hyperaetive 
bronehial states, long QT syndrome, causalgic pain, erythromelalgia, 
Buerger s disease, Prinzmetal's angina, and ehronie non-infectious rhin- 
itis. ETS is also effeetive in frostbite injury, espeeially if performed 
within 36-72hours of eold exposure. 

The operation involves making tiny ineisions posterior to the peeto- 
ral fold in the axilla, and insufflating a small amount of earbon dioxide 
into the thoraeie eavity to allow aeeess with a modified thoraeoseope. 
In the treatment of faeial blushing, it is sufficient to divide the fibres 
that mn superiorly from the seeond thoraeie ganglion over the neek of 
the seeond rib, leaving the seeond ganglion almost intaet. Treatment of 
palmar hyperhidrosis requires ablation thermocoagulation of the sym- 
pathetie tmnk over the neeks of the third and fourth ribs, taking eare 
to avoid any spreading of thermal energy along the tmnk in order to 
avoid damaging the more superior stellate ganglion (see 'Horner's syn- 
drome' below). The risk of eompensatory sweating is greatly reduced, 
though not eompletely excluded, by limiting the number of ganglia 
treated to an absolute minimum. As an additional procedure, dividing 
the ineonstant sympathetie pathways (nerve of Kuntz, aseending or 
deseending additional rami communicantes) on the seeond, third and 
fourth ribs may improve surgical outcomes. 

The effeet is immediately evident: the patient awakes from anaesthe- 
sia with dry, warm hands. In many eases, even hyperhidrosis of the feet 
improves, but the underlying anatomieal/physiologieal meehanisms are 
not yet properly understood (Gofeld and Faelier 2006). Surgical eom- 
plieations are very rare; Horner's syndrome is the most feared, and is 
caused by damage to the stellate ganglion and intermption of the sym- 
pathetie fibres from C8-T1, which aseend around the arteries supplying 
the head and neek (see pp. 468, 469 and Fig. 29.18). Side-effeets 
include eompensatory sweating (ranging from barely notieeable to 
quite disturbing) in other loeations of the body on exercise or from 
exposure to high temperatures in up to 70% of patients. Severe in 5% 
of patients, it may be more frequent in those with axillary hyperhidrosis 
(when two more inferior ganglia have to be divided); some surgeons 
do not now eonsider isolated axillary hyperhidrosis as an indieation for 
this procedure. Gustatory or olfaetory sweating may also occur in up to 
one-third of patients but is rarely eonsidered a problem. Other docu- 
mented side-effeets are the inability to raise the heart rate when working 
out physieally; in some eases, this has led to deereased ability to perform 
work and daily aetivities. Some patients also experience an uncomfort- 
able sensation of not being able to eontrol their body temperature. 
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Elsevier, Urban & Fiseher. Copyright 2013.) 


extent, the atrioventrieiilar nodes (Ch. 57). Cardiac branehes slow the 
heart rate and diminish the foree of eontraetion. It has been elaimed 
that the vagi indireetly influence ventriailar muscle via their effeet on 
the atrioventriailar node, the postganglionie parasympathetie innerva- 
tion of the ventrieles being sparse. The smaller branehes of the eoronary 
arteries are innervated mainly via the vagus, whereas the larger arteries 
are mainly supplied by sympathetie fibres. Regional patterns of innerva- 
tions may explain some partiailar forms of eardiomyopathies such as 
apieal ballooning (Takotsubo eardiomyopathy). Pulmonary branehes 
are motor to the eiroilar smooth muscle fibres of the bronehi and 
bronehioles, and are therefore bronehoeonstrietor; synaptie relays occur 
in the ganglia of the pulmonary plexuses. 

The distribution of the vagi to the abdominal viseera is deseribed in 
the relevant ehapters. 

Right vagus 


The right vagus nerve deseends posterior to the internal jugular vein in 
the neek (p. 466) and erosses the first part of the subclavian artery to 
enter the thorax; the ansa subclavia is lateraf and the phrenie nerve is 
fhrther lateral. It then deseends through the superior mediastinmn, at 
first posterior to the right braehioeephalie vein, and then to the right of 
the traehea and posteromedial to the superior vena eava. Superiorly the 
right pleura and lung are lateral; inferiorly the azygos vein and its 
arehing terminal portion separate the right vagus from the lung and 
pleura (see "ig. 56.7A). The nerve next passes posterior to the right main 


bronchus and lies on the posterior aspeet of the right pulmonary hilum. 
Here, it gives off posterior bronehial branehes that unite with rami from 
the seeond to fifth or sixth thoraeie sympathetie ganglia to form the 
right posterior pulmonary plexus. Two or three branehes deseend 
from the inferior part of this plexus on the posterior aspeet of the 
oesophagus to join a left vagal braneh and form the posterior oesopha- 
geal plexus. A vagal tmnk eontaining fibres from both vagi leaves the 
plexus and mns inferiorly on the posterior surface of the oesophagus, 
entering the abdomen by passing through the diaphragmatie oesopha- 
geal aperture. 

Left vagus 

The left vagus enters the thorax posterior to the left braehioeephalie 
vein, between the left eommon earotid (anterior) and the subclavian 
arteries (posterior). It deseends through the superior mediastinum and 
erosses the left side of the aortie areh, passing posterior to the left pul- 
monary hilum (see Fig. 56. 7B). Superior to the aortie areh, it is erossed 
anterolaterally by the left phrenie nerve; on the areh, it is erossed by the 
left superior intereostal vein. Posterior to the left hilum, it divides into 
the posterior bronehial branehes, which unite with rami of the seeond 
to fourth thoraeie sympathetie ganglia to form the left posterior pulmo- 
nary plexus. Two or three branehes deseend anteriorly on the oesopha- 
gus and join with a ramus from the right posterior pulmonary plexus 
to form the anterior oesophageal plexus. A tmnk eontaining fibres from 
both vagi deseends anterior to the oesophagus and enters the abdomen 

















































Thymiis 


through the oesophageal diaphragmatie apertiire. Numerous branehes 
from the anterior vagal and left sympathetie tmnks are distributed to 
the deseending thoraeie aorta. This pathway transmits the typieal 
intense, excmciating pain of an intramural aortie haematoma from dis- 
seetion or laeeration. 



The thymus and the bone marrow are the two primary lymphoid 
organs. The thymus is an encapsulated soft, bilobed organ; the two parts 
are joined in the midline by eonneetive tissue that merges with the 
capsule of eaeh lobe (Figs 56.8-56.9). Capsular tissue may have adhe- 
sions to the fibrous perieardmm, which is thinner superiorly and may 
either easily tear or require a limited perieardotomy during thymee- 
tomy. The thymus is visible on CT and magnetie resonanee imaging 
(MRI) just anterior to the aseending aorta and inferior to the left bra- 
ehioeephalie vein. CT attemiation in younger individuals is homogene- 
ous, greater than that of the ehest wall and eardiae muscles below the 
age of 1 year, and similar to that of these muscles after the age of 1 year 
(Sklair-Levy et al 2000); the signal intensity with MRI on T 2 -weighted 
images is similar to or greater than that of fat. The deeline in CT attenu- 
ation with age is seeondary to fatty infiltration. 

Relations 


The thymus is largest in the early part of life, particularly around 
puberty, and persists aetively into old age despite eonsiderable fibrofatty 
degeneration that sometimes hides the existence of persistent thymie 
tissue. The greater part of the thymus lies in the superior and anterior 
mediastina; the inferior aspeet of the thymus reaehes the level of the 
fourth eostal eartilages. In some ehildren, the thymus has been deseribed 


as eneireling the left innominate vein (Han et al 1989). Superiorly, 
extensions into the neek are eommon, refleeting its bilateral embryonie 
origins from the third pharyngeal pouch (p. 619, see Fig. 36.18). Its 
superior poles join at, and extend above, the level of the suprasternal 
noteh; the left usually extends higher and is seen first behind the strap 
muscles during the initial stages of transeervieal thymeetomy. It some- 
times reaehes the inferior poles of the thyroid gland or even higher, and 
is eonneeted to the thyroid gland by the thyrothymie ligament. Its shape 
is largely moulded by adjaeent structures. Inferiorly, the right lobe eom- 
monly lies between the right side of the aseending aorta and the right 
lung, anterior to the superior eava. Anteriorly, from superior to inferior, 
lie sternohyoid and sternothyroid, eervieal faseia, the manubrium 
sterni, internal thoraeie vessels and upper three eostal eartilages. The 
pleurae lie laterally and the phrenie nerves are anterolateral and infe- 
rior; both structures may be injured during thymeetomy. Posteriorly, 
the thyimis is in eontaet with the vessels of the superior mediastimim 
(the left braehioeephalie vein and the inferior thyroid veins are usually 
partly embedded in the gland), the superior part of the thoraeie traehea 
and the anterior eardiae surface (right atrium and ventriele). Thoraeie 
surgeons performing thymeetomy must be aware of the anatomieal 
variation in which the upper poles may lie posterior to the left braehio- 
eephalie vein. 

Separated thymie tissue is often found seattered around the gland, 
and eetopie thymie rests are sometimes diseovered in unusual media- 
stinal loeations. Small aeeessory nodules may occur in the neek, repre- 
senting separated portions, detaehed during embryologieal deseent, 
and sometimes reaehing more superiorly than the thyroid eartilage. 
Eetopie intrathyroidal thymi have been reported in ehildren (Segni 
et al 2011). 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
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Fig. 56.8 The neonatal thymus. 




Fig. 56.9 A thymus from a 9-year-old female (left) and one from an 
80-year-old male (right). Note the fibrofatty infiltration of the older thymus. 
(Courtesy of Professor M Kendall.) 


Arteries 


Thymie branehes originating from the internal thoraeie, inferior and 
sometimes superior thyroid arteries supply the thymus and the sur- 
rounding mediastinal eonneetive tissue. As no definite hilum exists, the 
arterial branehes either travel along the interlobar septa before entering 
the thymus at the junction of the cortex and medulla, or they reaeh the 
thymie tissue direetly through the capsule. 

Veins 


Thymie veins drain to the left braehioeephalie, internal thoraeie and 
inferior thyroid veins, and oeeasionally direetly into the superior vena 
eava. One or more veins often emerge medially from eaeh lobe of the 
thymus to form a eommon tmnk opening into the left braehioeephalie 
vein and require earefiil ligation during thymeetomy. 

Lymphatie drainage 


The thymus has no afferent lymphaties. Efferent lymphaties arise from 
the medulla and corticomedullary junction, drain through the extravas- 
cular spaees, aeeompany the supplying arteries and veins, and end in 
the braehioeephalie, traeheobronehial and parasternal nodes. 


INNERVATION 



The thymus is innervated from the sympathetie ehains via the eervieo- 
thoraeie (stellate) ganglia or ansa subclavia and from the vagi. Branehes 
from the phrenie and deseending eervieal nerves (inferior roots of the 
ansa eerviealis) are distributed mainly to the capsule. The two lobes are 
innervated separately through their dorsal, lateral and medial aspeets. 
During development and before its deseent into the thorax, the thymus 
is innervated by the vagi in the neek. After its deseent, the thymus 
reeeives a sympathetie innervation via fibres that travel along the vessels; 
postganglionie sympathetie terminations braneh radially and form a 
plexus with the vagal fibres at the corticomedullary junction. 


MICROSTRUCTURE 


The thymus is responsible for the provision of thymus-processed (T) 
lymphoeytes to the entire body, and provides a unique mieroenviron- 
ment in which thymoeytes (T-eell precursors) undergo development, 
differentiation and elonal expansion to deliver the exquisitely speeifie 983 
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Mediastinum 


The roles of the nervoiis system and other neuroendocrine elements 
in the overall biology of the thymus are little understood. Many of the 
autonomic nerves are doubtless vasomotor, but other terminal branehes 
(at least in rodents) ramify among the eells of the thymus, particularly 
the medMla, suggesting that they may have other roles. Innervation is 
eomplete by the onset of thymie fhnetion. The medulla eontains a 
number of different types of non-lymphoid eells, including eells posi- 
tive for vasoaetive intestinal polypeptide and aeetyleholinesterase; large 
non-myoid eells; and eells eontaining oxytocin, vasopressin and neuro- 
physin, of possible neural erest origin. 
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Fig. 56.10 Thymie structure and cellular organization, shovving an 
interlobular septum, the eortieal circulation and thymoeytes vvithin an 
epithelial framevvork. 


T-eell response, simultaneously acquiring immune toleranee to the 
body's own eomponents. These steps involve intimate interaetions 
between thymoeytes, mainly epithelial and antigen-presenting eells and 
ehemieal faetors in the thymie environment. The thymus is also part of 
the neuroimmunological and neuroendocrine axes of the body influ- 
eneed by and influencing the products of these axes. Its aetivity there- 
fore varies throughout life under the influence of different physiologieal 
states, disease eonditions and ehemieal insnlts, such as hormones, dmgs 
and pollutants. The thymus appears to be most aetive between the ages 
of 3 and 6 months, when the highest number of total thymoeytes are 
present (Weerkamp et al 2005). 

General architecture 


It is useful to eonsider the embryologieal origins of the thymus in order 
to understand its cellular organization. It is derived from a mimber of 
sources, including epithelial derivatives of the pharyngeal pouches, 
mesenehyme, haemolymphoid eells and vasailar tissue. In seetion, the 
thymus ean be seen to eonsist of an outer cortex of densely paeked 
thymoeytes (T-eell precursors) and an inner medulla with fewer lym- 
phoid eells (Fig. 56.10). Both thymie lobes have a loose, fibrous eon- 
neetive tissue capsule, from which septa penetrate to the junction of the 
cortex and mednlla, and partially separate the irregular lobules, which 
are eaeh 0.5-2.0 mm in diameter (see Fig. 56.12). The eonneetive tissue 
septa form a route of entry and exit for blood vessels and nerves, and 
earry efferent lymphaties. Most migrant eells enter or leave the thymus 
by this route. In eaeh lobule, the cortex is eomposed of a superficial 
subcapsular cortex (a narrow band of eells immediately beneath the 
capsule) and a more extensive main cortex. The eentral medulla of both 
thymie lobes is continuous from one lobule to the next. 

Epithelial framevvork 


Lfnlike other lymphoid structures, in which the supportive framework 
is ehiefly collagenous reticular tissue, the thymus eontains a network of 
intereonneeted epithelial eells (see Fig. 56.10) that ereate an appropriate 
mieroenvironment, by eell-to-eell eontaet and the release of paraerine 
faetors, in which thymie lymphoeytes (T eells) develop and mature. 
Although differing in morphology, all the epithelial eells of the thymus 
share a eommon origin from pharyngeal endoderm. They vary in size 
and shape, aeeording to their positions within the thymus. Typieally, 
they have pale, oval nuclei, a rather eosinophilie eytoplasm and inter- 
cellular desmosomal attaehments. Intermediate filament bundles of 
eytokeratin lie within their eytoplasm. The subcapsular eells form a 
continuous external lining to the thymus, following its lobulated 
profile, ensheathing the penetrating vessels, and contributing to the 
blood-thymus barrier. Other eortieal epithelial eells form a loose mesh 



Fig. 56.11 The mediilla of a neonatal thymiis, showing three eoneentrie 
Hassall’s eorpiiseles of varying degrees of maturity, surrounded by 
elosely paeked lymphoeytes and a few epithelial eells with larger nuclei. 


of long eytoplasmie proeesses, whereas medullary epithelial eells tend 
to form more solid eords and HassalFs corpuscles. Lymphoeytes lie 
within the interstiees of the mesh or between the eords. Large epithelial 
'nurse' eells may be assoeiated with around 50 or more thymoeytes. 

HassalFs corpuscles are whorls of flattened, eoneentrieally layered 
eells, 30-100pm in diameter, that eharaeterize the thymie medulla (see 
Fig. 56.10; Fig. 56.11). Originating prenatally, and inereasing in number 
throughout life, they perhaps remove dying thymoeytes because their 
eentres are eosinophilie and partly keratinized, and often eontain eel- 
lular debris. Corpuscles with a similar appearanee have been deseribed 
in the palatine tonsil. (For fhrther reading, see Raiea et al (2006), 
Asghar et al (2012).) 

Other non-lymphoeytie thymie eells 


The thymus also eontains eells of the myeloid, fibroblastie and myoid 
lineages. Myeloid lineage eells include monoeytes at the corticomedul- 
lary junction, mature maerophages throughout but particularly in the 
cortex, and interdigitating dendritie (antigen-presenting) eells at the 
corticomedullary junction and in the medulla. Some dendritie eells are 
of lymphoid rather than myeloid origin (see Fig. 4.12). Fibroblasts are 
found in the capsule, perivascular spaees and medulla but are infre- 
quent in the cortex, except in the involute thymus. Myoid eells, which 
are relatively rare, are situated mainly in the medulla and at the eorti- 
comedullary junction. They are large, rounded eells possessing a eentral 
nucleus surrounded by irregularly arranged bundles of myofilaments 
with unknown fimetion, although it has been suggested that their eon- 
traetions might aid the movement of lymphoid eells aeross or out of 
the thymus. 

Thymoeytes 


The cortex is densely paeked with small thymoeytes (thymie lym- 
phoeytes, presumptive T eells; see Ch. 4). They occupy the interstiees of 
the epithelial reticulum, which they largely obscure in histologieal see- 
tions, and form 90% of the total weight of the neonatal thymus. A 
distinet subcapsular zone houses the thymie stem eells and lympho- 
blasts undergoing mitotie division. The first stem eells to enter the 
thymus in the embryo eome from the yolk sae and liver during their 
haemopoietie phases. During later developmental periods, it is proba- 
ble that all thymie lymphoeytes originate in the bone marrow before 
passing in the blood stream to the thymus. 

Thymoeytes undergo mitosis in all eortieal zones as the differentiat- 
ingT eells mature, gradually moving deeper into the cortex (Fig. 56.12). 
The proeesses of thymoeyte development and maturation to generate T 
eells depend on the mieroenvironment provided by epithelial eells, 
dendritie eells, maerophages and fibroblasts. T eells that either fail to 
reeognize self-MHC (histoeompatibility) moleoiles or that reeognize 
self-antigens die by apoptosis, in order to aehieve fimetional immune 
reaetivity and maintain self-toleranee, respeetively. Over 95% of eortieal 
thymoeytes die within the thymus; the surviving T eells migrate through 
the walls of venules and efferent lymphaties to enter the circulation and 
populate seeondary lymphoid tissues (for fhrther details of thymoeyte 
development, see p. 76). 
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Fig. 56.12 The mieroseopie organization of the thymus at various stages of life and under different eonditions. Abbreviations: APC, antigen-presenting 
eell; T 3 , tri-iodothyronine hormone. 


Microcirculation 


Cortex 

The pattern of blood flow differs in the cortex and medulla. Major 
blood vessels enter the gland at the corticomedullary junction and pass 
within eaeh lobe, giving off small eapillaries to the cortex and larger 
vessels to the medulla. Most eortieal eapillaries loop around at different 
depths in the cortex and join vemiles at the corticomedullary junction; 
some eontimie through the cortex and join larger venules mnning in 
the capsule that leave the thymus. Sheaths of thymie epithelial eells of 
the blood-thymus barrier lie between the narrow perivasailar spaee 
of the smaller eortieal eapillaries and eortieal thymoeytes (Henry et al 
1992). This perivasoilar spaee sometimes eontains perieytes and, rarely, 
neurones. 

Medulla 

Medullary blood vessels are not as well proteeted by epithelial eells, and 
those of the corticomedullary junction are only partially ensheathed, 
usually on their eortieal aspeet. Medullary vessels are very variable in 
size; some have short lengths of cuboidal endothelium similar to those 
in lymph nodes and mucosa-associated lymphoid tissue (MALT; p. 75). 


DEVELOPMENT 


The embryology and prenatal development of the thymus are deseribed 

on page 619. 

Thymie ehanges during postnatal life 


At birth, the thymus is most often bilobar and is 4-6 em long, 2.5-5 em 
wide and 1 em thiek. The bulkiest part of the gland at this age is imme- 
diately above the base of the heart where it eovers the phrenie nerves 
laterally; the proteetion of these nerves is mandatory during paediatrie 
eardiae surgery procedures. The left lobe is longer and thieker than the 
right lobe in full-term neonates (Varga et al 2011); during ehildhood, 
the thymus narrows and lengthens, and the eervieal portion beeomes 
less notieeable. Imaging studies of the thorax in normal ehildren reveal 
that the right lobe of the thymus typieally measures 9 mm in thiekness 
and the left 11 mm. After the age of 20years, it deereases to 5-6 mm in 
thiekness (see Fig. 56.12). 


The thyimis is largest relative to body mass at birth, weighing 
10-15 g. It is typieally larger in boys than girls at 6 months of age (Garly 
et al 2008). Studies of thymie mass after sudden death have reeorded a 
wide variation at all ages, but the general pattern is that, after inereasing 
in the fìrst year of life, the mean mass remains fairly eonstant at 20 g 
until the sixth deeade, when a reduction occurs. At birth, individual 
adipoeytes are present in eonneetive tissue septa, and inereased mimbers 
are found within the cortex in the seeond and third deeades. Fatty 
infìltration is usually eomplete by the fourth deeade, when only the 
medulla and small patehes of assoeiated cortex are spared. This proeess 
is independent of body mass index (BMI). 

In ehildren, the gland is more pyramidal in shape and firmer than 
in later life, when the amount of lymphoid tissue is greatly reduced. In 
the fresh state, it is deep red, refleeting its hypervasailarity (see Fig. 
56.9). With age, it beeomes thinner, greyer and inereasingly infìltrated 
by yellow adipose tissue. Eaeh of the two lobes is partially divided by 
the ingrowth of shallow septa, so that, superfìcially, the gland appears 
lobulated. As fatty atrophy proeeeds, this lobulation beeomes more 
distinet. The older thymus may be distinguished from the surrounding 
mediastinal fat only by the presenee of its capsule. However, even 
greatly atrophied glands usually eontain perivascular areas of persistent 
lymphoid tissue. Thymoeyte production and differentiation persist 
throughout life, and thymie T eells continue to populate peripheral 
lymphoid tissue, blood and lymph. 

Congenital anomalies of the thymus 

Hndeseended thymus, aeeessory thymie bodies and rare eysts of the 
third branehial pouch are usually of no elinieal signifìeanee in isolation. 
Patients with thymie agenesis, aplasia and hypoplasia, as in severe 
eombined imimrne defìeieney disease (SCID), have reduced lymphoeyte 
numbers, and early death from infeetion is eommon. Most eases are 
familial, with autosomal reeessive genes. In young ehildren, a large 
normal thymus may press on the traehea, causing attaeks of ventilatory 
stridor. This eondition must be differentiated from other eongenital 
eonditions such as vasoilar rings and slings that require surgical 
eorreetion. 


THYMECT0MY 



The thymus is essential for the normal development of lymphoid 
tissues during neonatal and early postnatal life. Thymeetomy during 985 
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this period results in hypoplasia of the peripheral lymphoid organs, 
wasting and an inability to mount an effeetive immune response; it is 
ultimately fatal. By the onset of puberty when the main lymphoid 
tissues are fully developed, thymeetomy is less debilitating, but effeetive 
responses to novel antigens are reduced. 

Thymeetomy is eommonly performed for myasthenia gravis, usually 
after referral from a neurologist. The most benefieial effeets of thymee- 
tomy are seen in myasthenie females who present with systemie mus- 
cular weakness; eontroversial operative groups include the elderly and 
those with isolated ocular symptoms. 

Thymoma and myasthenia gravis 


Available with the Gray’s Anatomy e-book 


OESOPHAGLIS 


The oesophagus is a muscular tube, 25 em long in the adult, that eon- 
neets the pharynx to the stomaeh (see Figs 56.4, 56.6; Figs 56.13- 
56.14). Beginning in the neek, level with the lower border of the erieoid 
eartilage and the sixth eervieal vertebra, it deseends largely anterior to 
the vertebral column through the superior and posterior mediastina, 
passes through the diaphragm, level with the tenth thoraeie vertebra, 


and ends at the gastrie eardiae orifiee, level with the eleventh thoraeie 
vertebra. 

Generally vertieal in its course, the oesophagus normally displays 
two shallow curves. Starting in the median plane, it inelines to the left 
as far as the root of the neek, gradually returns to the median plane 
near the fifth thoraeie vertebra, then deviates leftwards again at the 
seventh thoraeie vertebra before piereing the diaphragm. The oesopha- 
gus also deviates sagittally as it follows the eervieothoraeie vertebral 
lordosis. Further inferiorly, it is pushed slightly to the right by the aorta 
before resuming its leftward course towards the oesophageal hiatus. It 
is the seeond narrowest part of the alimentary traet (the narrowest is 
the vermiform appendix) and is eonstrieted at its start (15 em from the 
ineisor teeth, as measured during oesophagoseopy); where it is erossed 
anteriorly by the aortie areh (23 em from the ineisor teeth, as measured 
during oesophagoseopy) and by the left prineipal bronchus (28 em 
from the ineisor teeth, as measured during oesophagoseopy); and as it 
passes through the diaphragm (40 em from the ineisor teeth, as meas- 
ured during oesophagoseopy). In ehildren, the length of the oesopha- 
gus eorrelates best with height (Yang et al 2005). 

CERVICAL 0ES0PHAGUS 


The eervieal portion of the oesophagus is posterior to the traehea and 
attaehed to it by loose eonneetive tissue. The recurrent laryngeal 
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Fig. 56.13 The oesophagus. A, Anterior view. B, Posterior view. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 






















































































Mediastinum 


Thymeetomy is performed through a transeervieal approaeh or a 
sternotomy the ehoiee of approaeh depending on the size and disposi- 
tion of the diseased gland. The eervieal approaeh involves a lower 
transverse ineision that includes the sternal heads of both sternoeleido- 
mastoids, permitting an improved aeeess to the substernal plane. Ster- 
nothyroid and sternohyoid are separated and the superior poles of the 
thymus are identified immediately underneath these muscles. A safe 
pre-thymie plane is ereated by blunt disseetion just posterior to the 
stermim, faeilitating subsequent mobilization of the gland. The media- 
stinal great vessels and the thymie vessels must be carefully identified. 
The thymie veins are seleetively ligated and divided, espeeially those 
draining direetly into the superior vena eava or the left braehioeephalie 
vein. The smaller arterial branehes from the internal thoraeie arteries 
are usually dealt with using electrocautery eare being taken to avoid 
injury to the phrenie nerves (patients are generally not given a paralytie 
agent during anaesthesia, in order for the phrenie nerves to be identified 
intraoperatively). The thymus generally remains eompletely encapsu- 
lated and is separated without difficulty from the pericardium (oeea- 
sionally adhesions neeessitate a limited perieardieetomy). Further 
inferiorly a gentle push on the great vessels allows direet visualization 
into the aortopulmonary window for eomplete removal of the thymus 
in this vieinity. 

In most eases, the thymus gland is removed eompletely with both 
upper and lower poles intaet. Careful inspeetion of the remaining tissue 
in the mediastinum is performed to identify any possible anatomieal 
anomalies that might result in retained thymie tissue after the opera- 
tion. The most eommon anomaly is the unanticipated loeation of the 
upper poles of the thymus behind the left braehioeephalie vein. The 
aortopulmonary window is also a eommon loeation for thymie tissue 
and this area is sometimes difficult to expose with a transeervieal 
approaeh. Any suspicious foei of fat in the mediastinum are removed, 
and, if neeessary sent for frozen seetion to aseertain whether or not they 
eontain thymie tissue. 


Thymie tumours may eompress the traehea, oesophagus and large veins 
in the neek, causing hoarseness, cough, dysphagia and venous engorge- 
ment of the head and neek. Thymomas tend to have a heterogeneous 
signal intensity on MRI, often developing in one lobe of the thymus 
without affeeting the other. Many affeeted patients also have myasthe- 
nia gravis and other autoimmune eonditions. Myasthenia gravis, a 
ehronie autoimmune disease of adults, presents as a diminution in 
power of repetitive eontraetion in eertain voluntary muscles. Although 
there may be more than one eondition with these signs, myasthenia 
gravis is essentially an autoimmune disease in which aeetyleholine 
reeeptor proteins of neuromuscular junctions are attaeked by autoanti- 
bodies. Muscles eommonly involved are levator palpebrae superioris, 
leading to ptosis, and the extraocular muscles, leading to diplopia. 
Other muscles in the faee, jaws, neek and limbs may be involved, and 
in severe eases, the ventilatory muscles are eompromised. Oeeasional 
Caucasian individuals with myasthenia gravis have a thymoma and 
some have medullary follicular hyperplasia; the latter are predomi- 
nantly females younger than 40years of age with strong expression of 
HLA-B8-DR3, in whom thymeetomy often results in symptomatie 
improvement. In the absenee of a thymoma, the onset of myasthenia 
gravis occurs after 40years of age in patients with an HLA-B7-DR2 
phenotype, except for a group in whom weaknesses are restrieted to eye 
and eyelid movements. 
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Fig. 56.14 The oesophagus, anterior view. A, Arterial blood supply. B, Venous drainage. (With permission from VVasehke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


nerves aseend on eaeh side in or near the traeheo-oesophageal 
groove. Posteriorly are the vertebral column, longus eolli and the pre- 
vertebral layer of deep eervieal faseia. Laterally, on eaeh side, are the 
eommon earotid arteries and the posterior part of the thyroid gland. 
In the lower neek, where the oesophagus deviates to the left, it is 
eloser to the left earotid sheath and thyroid gland than it is on the 
right. The thoraeie duct aseends for a short distanee along its left side 
(see Figs 56.5, 56. 7B). 


TH0RACIC OESOPHAGIJS 


The thoraeie oesophagus (see Figs 56.13-56.14) is situated a little to 
the left in the superior mediastinum between the traehea and the ver- 
tebral column. It passes behind and to the right of the aortie areh to 
deseend in the posterior mediastinum along the right side of the 
deseending thoraeie aorta. Below, as it inelines left, it erosses anterior 
to the aorta and enters the abdomen through the diaphragm at the level 
of the tenth thoraeie vertebra. From above downwards, the traehea, right 
pulmonary artery, left prineipal bronchus, pericardium (separating it 
from the left atrium) and the diaphragm are anterior. The vertebral 
column, longus eolli, right posterior intereostal arteries, thoraeie duct, 
azygos vein and the terminal parts of the hemiazygos and aeeessory 
hemiazygos veins, and, near the diaphragm, the aorta are posterior. A 
long reeess of the right pleural sae lies between the oesophagus anteri- 
orly and the azygos vein and vertebral column posteriorly in the pos- 
terior mediastinum (the azygo-oesophageal reeess). 

In the superior mediastinum, the terminal part of the aortie areh, 
left subclavian artery, thoraeie duct, left pleura and the recurrent laryn- 
geal nerve are left lateral relations. In the posterior mediastinum, the 
oesophagus is related to the deseending thoraeie aorta and left pleura. 
The right pleura and the azygos vein, as it arehes forwards above the 
right main bronchus to join the superior vena eava, are right lateral 
relations. Below the pulmonary roots, the vagus nerves deseend in 
eontaet with the oesophagus, the right mainly behind and the left in 
front; the vagi subsequently unite to form a plexus around the oesopha- 
gus. Low in the posterior mediastinum, the thoraeie duct is posterior 
and to the right of the oesophagus; at higher levels, the duct is posterior, 
erossing to the left of the oesophagus at about the level of the fifth 
thoraeie vertebra, then aseending on the left. 


On the right of the oesophagus, just above the diaphragm, a small, 
serous infraeardiae bursa may occur, representing the detaehed apex of 
the right pneumatoenteric reeess. 

The elose relationship between the oesophagus, the heart and the 
aorta constitutes the anatomieal basis of transoesophageal cardiovascu- 
lar ultrasonography. Aortie disseetion may be seen in the deseending 
thoraeie aorta in eases of equivocal CT and MRI. 

ABDOMINAL 0ES0PHAGUS 


The abdominal oesophagus is deseribed in ehapter 64. 

VASCULAR SUPPLY AND LYMPHATIO DRAINAGE 
Arteries 

The eervieal oesophagus is supplied by the inferior thyroid artery (see 
Fig. 56.14, p. 458). The thoraeie oesophagus is supplied by bronehial 
and oesophageal branehes of the thoraeie aorta (see Fig. 56.14A). Four 
or five oesophageal branehes arise from the anterior surface of the aorta 
and deseend obliquely to the oesophagus, where they form a vasailar 
ehain that anastomoses above with the oesophageal branehes of the 
inferior thyroid arteries, and below with aseending branehes from the 
left phrenie and left gastrie arteries. Extensive devascularization of the 
oesophagus may lead to acute oesophageal neerosis as in aortie dissee- 
tion (van der Wal-Visscher et al 2011). 

Veins 


Blood from the oesophagus drains into a submucous plexus and thenee 
into a peri-oesophageal venous plexus, from which the oesophageal 
veins arise. Those from the thoraeie oesophagus drain predominantly 
into the azygos veins and, to a lesser extent, the hemiazygos, intereostal 
and bronehial veins (see 4g. 56.14B). Those from the eervieal oesopha- 
gus drain into the inferior thyroid vein. The left gastrie vein meets the 
lower oesophageal veins at the oesophageal opening in the lesser cur- 
vature, one of the sites of porto-eaval venous anastomoses where 
varieeal transformation ean occur in portal hypertension (see below). 
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[(*) Oesophageal variees 

Cirrhosis or fibrosis of the liver affeets the vascular tree within the liver, 
resulting in a deerease of hepatie vasailar eomplianee, and a likely 
inereased vascular tone refleeting a reduction in endothelial vasodila- 
tors such as nitrie oxide. The portal resistanee inereases, leading to the 
formation of a eollateral eirailation, and there is a eoneomitant inerease 
in the systemie and splanehnie blood flow. Porto-systemie shunting of 
blood occurs between the short gastrie eoronary veins and the oesopha- 
geal veins, largely as the result of the dilation of pre-existing embryonie 
ehannels. 

Lymphatie drainage 


The oesophagus has an extensive, longitudinally continuous submu- 
eosal lymphatie system, which presumably explains remote para- 
oesophageal lymphadenopathy in oesophageal eareinoma. Efferent 
vessels from the eervieal oesophagus drain to the deep eervieal nodes 
either direetly or through the paratraeheal nodes. Vessels from the tho- 
raeie oesophagus drain to the posterior mediastinal nodes and those 
from the abdominal oesophagus drain to the left gastrie lymph nodes. 
Some may pass direetly to the thoraeie duct. 

INNERVATION 


The upper oesophagus is supplied by the branehes of the reoirrent 
laryngeal nerve and by postganglionie sympathetie fibres that reaeh it 
by travelling along the inferior thyroid arteries. The lower oesophagus 
is supplied by the oesophageal plexus, a wide-meshed autonomic 
network that surrounds the oesophagus below the level of the lung 
roots, and eontains a mixture of parasympathetie and sympathetie fibres 
(see Fig. 56.6). 

Motor fibres to the striated and smooth muscle of the oesophageal 
wall travel in the vagus. Axons derived from neuronal eell bodies in the 
nucleus ambiguus travel via the reoirrent laryngeal nerve and supply 
cricopharyngeus and the striated muscle of the upper third of the 
oesophagus. Axons with eell bodies in the dorsal nucleus of the vagus 
pass through the oesophageal plexus and supply the smooth muscle 
that makes up the lower two-thirds of the oesophagus, after loeal relay 
in the oesophageal wall. Other branehes are given off by the vagus as 
it travels through the mediastinum, and pass direetly to the oesophagus. 
The vagus also earries seeretomotor fibres to mucous glands in the 
oesophageal mucosa, and viseeral afferent (sensory) fibres to eell bodies 
in its inferior ganglion. 

Vasomotor sympathetie fibres destined for the oesophagus arise 
from the upper 4-6 thoraeie spinal eord segments. Those from the 
upper ganglia pass to the middle and inferior eervieal ganglia, where 
they synapse on postganglionie neurones that give rise to axons that 
innervate the vessels of the eervieal and upper thoraeie oesophagus. 
Those from the lower ganglia pass either direetly to the oesophageal 
plexus or to the eoeliae ganglion (via the greater splanehnie nerve), 
where they synapse; postganglionie axons innervate the distal oesopha- 
gus. Afferent viseeral pain fibres travel via the sympathetie fibres to the 
first four segments of the thoraeie spinal eord. Because these segments 
also reeeive eardiae afferents, it is sometimes difficult to distinguish 
between oesophageal and eardiae pain. 

MICROSTRUCTURE 


The tissues forming the thoraeie oesophageal wall, from the lumen 
outwards, are the mucosa (eonsisting of epithelium, lamina propria and 
muscularis mucosae), submucosa, muscularis externa and adventitia 

(Fig. 56.15). 

Mucosa 


The mucosa is thiek. At the gastro-oesophageal junction, a jagged 
boundary line separates the greyish-pink smooth oesophageal mucosa 
from the reddish-pink gastrie mucosa, the latter eovered by minute 
bulges and depressions. Throughout its length, the oesophageal lumen 
is marked by deep longitudinal grooves and ridges, which disappear 
when the lumen is distended, otherwise obliterating it. 

Epithelium 

The epithelium is non-keratinized, stratified squamous, and is continu- 
ous with that of the oropharynx. In humans, this proteetive layer is 
988 quite thiek (300-500 pm) and is not affeeted by oesophageal disten- 



Fig. 56.15 The wall of the oesophagus. A stratified squamous, non- 
keratinizing epithelium lines the lumen (right). Submucosal glands (G) in 
the submucosa (SM) seerete mucus that lubricates the passage of food. 
(With permission from Dr JB Kerr, Monash Llniversity, from Kerr JB 1999 
Atlas of Functional Histology. London: Mosby.) 


sion. The boundary between the oesophageal epithelium and its lamina 
propria is distinet but markedly uneven due to tall eonneetive tissue 
papillae invaginating the epithelial base, assisting in the anehorage of 
the epithelium to underlying tissues (see Fig. 56.15). These papillae are 
permanent structures, also unaffected by oesophageal distension, and 
they are rieh in blood vessels and nerve fibres. At the base of the epi- 
thelium, there is a basal lamina, to which epithelial eells are attaehed 
by hemidesmosomes, as occurs in the oral mucosa. 

Oesophageal epithelium is similar to other stratified squamous epi- 
thelia. It ean be divided into a basal, proliferative layer, a parabasal layer 
of eells undergoing terminal differentiation and a flattened layer of 
superficial eells or squames that retain their nuclei. The most superficial 
strata of eells eontain a few keratohyalin granules, in addition to keratin 
filaments. The epithelial eell population is eonstantly renewed by 
mitosis in the cuboidal basal and deepest parabasal eells; as they 
migrate towards the lumen, they beeome progressively polygonal and 
then more flattened, eventually desquamated at the epithelial surface. 
This sequence of events normally takes 2-3weeks, and is markedly 
slower than in the stomaeh and intestine. 

The epithelium is an effeetive proteetion against meehanieal injury 
during swallowing because of its thiekness and the presenee of mucus 
at its surface. However, proteetion is limited by repeated exposure to 
the strongly aeidie, protease-rieh seeretions of the stomaeh, as occurs 
abnormally during reflux. Failure of the lower oesophageal sphineter 
allowing reflux results in ulceration and fibrosis, aeeompanied by 
dysphagia/odynophagia, with possible epithelial metaplasia to a 
gastrie-like mucosa (Barrett's mucosa), or to more overt neoplastie 
ehanges. 

Langerhans eells Fangerhans eells are present in the oesophageal 
epithelium. They are immature dendritie eells and resemble those 
found in the epidermis. They perform similar antigen-proeessing and 
antigen-presenting roles, which are important in immunostimulation 
of naive T eells and mucosal defenee. 

Lamina propria 

The oesophageal lamina propria eontains seattered groups of mucosa- 
assoeiated lymphoid tissue (MAFT), espeeially prominent near the 
gastro-oesophageal junction. Small tubular mucous glands occur in this 
region and also at the oesophago-pharyngeal junction. 













































Mediastinum 


Variees in the distal oesophagus are easily visible at endoseopy 
because they are situated superficially in the lamina propria. The blood 
from the superficial veins drains into a superficial venous plexus, then 
into a deeper intrinsie venous plexus and finally into the peri- 
oesophageal veins via perforating veins. Bidireetional flow is normally 
possible in this region, a phenomenon that permits pressure ehanges 
during breathing and Valsalva manoeuvres. However, in portal hyper- 
tension, the valves within the perforating vessels beeome ineompetent 
and blood flow is retrograde, causing dilation of the deep intrinsie 
veins. The greater pressure within this region predisposes the variees to 
brisk and life-threatening bleeding. Treatment is direeted towards eon- 
trolling the formation of a eollateral circulation and the obliteration of 
variees that are susceptible to bleeding, and is aehieved by paravarieeal 
endoseopie injeetion of a selerosant, which causes obliteration of the 
variees as a result of thrombus formation. Fibrosis is also induced 
within the mneosa, which reduces the formation of new eollateral 
vessels. Alternatively mbber bands may be applied in an attempt to 
ligate the variees. Bleeding from variees is assoeiated with a mortality 
rate of 25%, refleeting the problems of rebleeding and underlying 
eomorbidity. 
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Oesophagus 


Muscularis mucosae 

The miiseiilaris miieosae is eomposed mainly of longitiidinal smooth 
muscle and forms a thin sheet near the epithelmm, the contours of 
which it follows elosely. At the pharyngeal end of the oesophagus, it 
may be absent or represented only by sparse, seattered bundles; below 
this, it beeomes progressively thieker. The longitudinal orientation of 
its eells ehanges to a more plexiform arrangement near the gastro- 
oesophageal junction. The ducts of the oesophageal glands pieree the 
muscularis mucosae. 

Submucosa 


The submucosa loosely eonneets the mucosa and the muscularis 
externa, penetrating the longitudinal ridges of the oesophageal lumen. 
It eontains larger blood vessels, nerves and mucous glands. Its elastie 
fibres aid closure of the oesophageal lumen after peristaltie dilation. 

Oesophageal glands 

Groups of small tubule-acinar oesophageal glands mainly lie in the 
snbnmeosa, eaeh sending a single long duct through the intervening 
layers into the lumen. They are eomposed mostly of mucous eells, with 
some serous eells that seerete lysozyme. Close to the pharynx and 
stomaeh, the glands are simpler in form and restrieted to the lamina 
propria of the mucosa (not submucosa). The mucosal mucous glands 
of the abdominal oesophagus elosely resemble the gastrie eardiae 
glands, and are therefore named oesophageal eardiae glands. 

Muscularis externa 


The muscularis externa is up to 300 jLim thiek, and eonsists of the outer 
longitudinal and inner circular layers typieal of the intestine. The thieker 
longitudinal layer exists as a continuous eoat of fibres that extends 
almost the entire length of the oesophagus, except posterosuperiorly, 
3-4 em inferior to the erieoid eartilage, where it diverges as two faseieles 
that aseend obliquely and anteriorly, passing deep to the lower border 
of the inferior eonstrietor, and ending in a tendon that attaehes superi- 
orly to the posterior ridge of the erieoid lamina. The V-shaped spaee 
between these faseieles is filled by the eirailar oesophageal muscle 
fibres, thinly eovered inferiorly by decussating longitudinal fibres and 
superiorly by the inferior eonstrietor, predisposing to the oesophageal 
diverticulum (Zeneker). 

Aeeessory slips of smooth muscle sometimes pass between the 
oesophagus and left pleura or the root of the left prineipal bronchus, 
traehea, perieardmm or aorta. Some eonsider these slips to fix the 
oesophagus to these structures, but they actually equilibrate the normal 
physiologieal ehanges in position, shape and dimensions of the various 
organs between which they extend. Superiorly, the circular fibres blend 
posteriorly with the inferior pharyngeal eonstrietor, and anteriorly, the 
uppermost fibres attaeh to the lateral margins of the tendon of the two 
longitudinal fasciculi of the oesophagus. Inferiorly, the circular muscle 
is continuous with the oblique layer of muscle fibres in the stomaeh 
wall. 

In the upper third of the oesophagus, the muscularis externa is 
formed by skeletal muscle; in the middle third, smooth muscle faseieles 
intermingle with striated muscle; and this inereases distally such that 
the lower third eontains only smooth muscle. This is also refleeted by 
the innervation pattern of the oesophagus (see above). 

0ES0PHAG0SC0PY AND 
TRANSOESOPHAGEAL ULTRAS0UND 


Available with the Gray’s Anatomy e-book 

BARIUM STUDIES 


Available with the Gray’s Anatomy e-book 

DEVELOPMENT 


The development of the oesophagus is deseribed on page 1048. 

Traeheo-oesophageal fistula 


Traeheo-oesophageal fistula is deseribed on page 930. 


0ES0PHAGEAL SPHINCTERIC MECHANISMS 

Radiologieal studies show that swallowed food stops momentarily in 
the gastrie end of the oesophagus, before entering the stomaeh (see Fig. 
56.18), suggesting the presenee of a sphineter at this point. In the past, 
there was much eontroversy surrounding the reason for this behaviour 
because only slight thiekening of the muscle eoat has been found in 
humans. There is now ample physiologieal and elinieal evidenee that 
closure depends on two major meehanisms. The more important of 
these is the lower oesophageal sphineter, a speeialized zone of circular 
smooth imisele surrounding the oesophagus at its transit through the 
diaphragm and for imieh of its short abdominal course. This region of 
the oesophagus is maintained under tonie eontraetion, except during 
swallowing, when it relaxes briefly to admit ingesta to the stomaeh, and 
during vomiting. Intramural plexuses of the enterie nervous system and 
the neural release of nitrie oxide contribute to its relaxation. The seeond 
meehanism is a fimetional external sphineter provided by the right ems 
of the diaphragm, which eneireles the oesophagus as it passes into the 
abdomen and is attaehed to it by the phreno-oesophageal ligament. 
Fluoroscopy, eleetromyography and manometry have shown that its 
imisoilar fibres eontraet around the oesophagus during inspiration and 
when intra-abdominal pressure is inereased, thus helping to prevent 
gastro-oesophageal reflux, even when the lower oesophageal sphineter 
is inhibited experimentally with atropine. The relative importanee of 
these two agents in the prevention of oesophageal reflux is still a matter 
for debate. Clinically, there is a good eorrelation between this eondition 
and lower oesophageal sphineter dysfimetion in some eases, whereas in 
others, failure of the diaphragmatie eomponent, as seen in hiatus 
hernia, appears to be a major faetor. The anatomieal configuration 
of the gastro-oesophageal orifiee may also play some part in these 
proeesses. 

Swallowing 


The oesophageal phase of swallowing is deseribed on page 584. 

Vomiting 


In the initial phase of vomiting, the lower oesophageal sphineter 
and peri-oesophageal emral fibres simultaneously relax and rapid 
diaphragmatie and abdominal muscular eontraetion eommenees, 
inereasing intra-abdominal pressure. 

OESOPHAGEAL DYSMOTILITY 


Oesophageal dysmotility eneompasses disorders of the upper and 
lower oesophageal sphineters (discussed in detail in the seetion on 
gastro-oesophageal reflux), eongenital anomalies such as atresia, and 
aehalasia. Tfpper oesophageal sphineter dysfimetion is usually neuro- 
logieal, often brainstem disease impairing relaxation of erieopharyn- 
geus with resultant dysphagia and aspiration as demonstrated by 
videofluoroscopy. 

Aehalasia of the eardia is a primary motor disorder of the oesopha- 
gus in which there is failure of relaxation of the eardial-oesophageal 
sphineter and loss of peristalsis in the oesophageal body from degenera- 
tion of myenterie plexus neurones. Dysphagia, regurgitation of undi- 
gested food and retrosternal ehest pain result and a posteroanterior 
ehest radiograph may show dilation of the oesophagus and retention 
of food products as a mottled, double-contoured mediastinal widening. 
Barium swallow shows a elassie 'bird-beak' appearanee as a result of 
failure of relaxation of the lower oesophageal sphineter and an absenee 
of peristalsis. Oesophageal pressure manometry demonstrates absent or 
impaired relaxation of the lower oesophageal sphineter. Treatment 
options are endoseopie pneumatic balloon dilation or laparoseopie 
eardiomyotomy (Hellers myotomy). Alternatively, intrasphineterie 
injeetion of botulinum toxin may be offered in frail patients and eonfers 
lower morbidity and mortality. 

Diffiise oesophageal spasm may present with dysphagia and ehest 
pain. It is eharaeterized by abnormal oesophageal eontraetions on 
barium swallow, and produces simultaneous segmental eontraetions 
that obliterate the oesophageal lumen to produce a 'corkscrew 
oesophagus' Manometry also demonstrates these tetanie eontraetions. 
Non-speeifie oesophageal motility disorder occurs with ageing (presby- 
oesophagus) and is eharaeterized by a deereased ineidenee of normal 
or even absent peristalsis after swallowing, often aeeompanied by repet- 
itive tertiary eontraetions and failure of relaxation of the lower oesopha- 
geal sphineter. Oesophageal dysmotility is also seen in seleroderma and 
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Oesophagoseopy, a eomponent of superior digestive endoseopie examin- 
ation, may be indieated in patients with persistent non-eardiae ehest 
pain, dysphagia, odynophagia (painfhl swallowing) or symptoms of 
reflux that include nocturnal cough. The endoseope is passed orally 
under direet vision with the patient in a lateral decubitus position, with 
or without sedation, and manoeuvred into the oesophageal inlet when 
the patient is asked to swallow; onee through, the endoseope is advaneed 
slowly under direet vision. The mucosa normally appears whitish pink, 
ehanging to red at the squamocolumnar junction (Z line) near the dia- 
phragmatie hiatus. Cranial displaeement of the Z line by more than 2 em 
is indieative of a hiatus hernia. There may be slight extrinsic eompression 
by the aorta and the left prineipal bronchus. 

Endoseopie transoesophageal ultrasound permits assessment of the 
oesophageal wall and para-oesophageal structures, such as lymph 
nodes and the heart and aorta. Numerous surgical and percutaneous 
cardiovascular procedures are guided by transoesophageal eehography. 
The technique is more sensitive than CT in deteeting mediastinal nodal 
metastases, allowing those less than 10 mm in size to be assessed. 
Normal lymph nodes eannot be identified easily by endoseopie ultra- 
sound because they have the same eehogenieity eharaeteristies as sur- 
rounding tissue; a hypoeehoie or inhomogeneous eeho portrayal on 
ultrasound is eonsidered more suspicious of malignaney. Endoseopie 
ultrasound-guided fine needle aspiration allows accurate diagnosis for 
para-oesophageal nodes. Transbronehial fine needle aspiration is an 
alternative approaeh for sampling mediastinal nodes, guided by CT or 
positron emission tomography (PET) CT findings. 

Oesophageal rupture 


The majority of oesophageal ruptures are iatrogenie, and occur during 
the instmmentation of the oesophagus during simple endoseopy, endo- 
seopie intervention including dilation, and nasogastrie tube plaeement. 
Other causes are barotrauma, foreign bodies and oesophageal earei- 
noma. Barotrauma occurs with intense retehing and vomiting that 
usually cause longitudinal tearing in the posterior wall of the thoraeie 
oesophagus (Boerhaave's syndrome). Overall, loeations of oesophageal 
perforation are 60% thoraeie, 25% eervieal and 15% abdominal. Per- 
foration in the eervieal oesophagus occurs in the posterior wall, where 


it is at its thinnest, often eorresponding to an area of mucosa with no 
muscular eovering bordered by the pharyngeal inferior eonstrietor and 
cricopharyngeus. Mortality from oesophageal perforations is 20% and 
results from mediastinitis and neerotizing infeetion. Presenting symp- 
toms include thoraeie pain, odynophagia, haematemesis, subacute sur- 
gieal emphysema, taehyeardia, breathlessness and, in advaneed eases, 
septie shoek. Diagnosis and repair within 24hours is assoeiated with a 
better prognosis and a mortality rate of between 10% and 15%, whereas 
late diagnosis has a much greater mortality rate. For a perforation in 
the upper two-thirds of the thoraeie oesophagus, a right thoraeotomy 
in the fifth and sixth intereostal spaee is performed. The lower third of 
the oesophagus is approaehed through a left thoraeotomy in the sixth 
and seventh intereostal spaee. The perforation is elosed in layers after 
any neerotie tissue has been debrided. 

A double-contrast barium swallow with fluoroscopy enables anatomieal 
and fimetional assessment of the oesophagus (see Fig. 56.18). A stand- 
ard examination involves the patient swallowing a barium solution and 
gas gramiles, and images are taken in the ereet, supine and prone 
reoimbent positions. The upright posture fhlly dilates the oesophagus 
and is useful in evaluating any eonstrietions. (The narrow tubular 
lumen of the oesophagus is normally indented slightly by the aortie 
areh and the left prineipal bronchus.) The supine view allows better 
evaluation of any motor dysfimetion and variees, and moving into the 
prone position provokes underlying gastro-oesophageal reflux. Both 
repeating single digital images and eine loops of fluoroscopy ean be 
obtained. The fluoroscopic images demonstrate defeetive opening of 
the pharyngeal oesophageal sphineter and the nature of the eontrae- 
tions in the body of the oesophagus. The eardio-oesophageal sphineter 
ean be assessed in aehalasia. Other abnormalities, such as hiatus hernia 
and areas of narrowing or dilation of the oesophagus, may be demon- 
strated. Mucosal relief images are obtained onee the bulk of the eontrast 
media has passed into the stomaeh, and this provides fine mucosal 
detail. Cross-sectional imaging is usually used for the preoperative plan- 
ning and staging of oesophageal tumours, and is of value in radio- 
therapy planning. 
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other eonneetive tissue diseases where atrophie smooth muscle is 
replaeed by fibrous tissue in the submucosa and lamina propria. 


NORMAL MEDIASTINAL C0NT0URS 0N A LATERAL 
CHEST RADIOGRAPH 


GASTR0-0ES0PHAGEAL REFLUX 


Gastro-oesophageal reflux is deseribed in Ohapter 64. 

HIATUS HERNIA 


Hiatus hernia is deseribed in ehapter 55. 


MEDIASTINAL IMAGING 


Mediastinal structures may be viewed using X-rays, CT and MRI (see 
Commentary 7.1). 

NORMAL MEDIASTINAL C0NT0URS 0N A FRONTAL 
g) CHEST RADIOGRAPH 

In the posteroanterior (PA) ehest radiograph, the X-ray beam enters the 
baek and exits the anterior ehest wall during a full inspiratory breath- 
hold. The patient stands and elevates and abducts the arms over the 
radiographie deteetor; this protraets the scapulae and depresses the 
medial ends of the elavieles to elear the peripheral lung fields and 
apiees, respeetively. In this view, the heart and large blood vessels appear 
as the 'mediastinal silhouette' (Fig. 56.16). Forming its left border, 
superior to inferior, are the aortie areh ('aortie knuckle', sometimes with 
the left superior intereostal vein visible - the 'aortie nipple'), left pul- 
monary artery and left ventriele. The deseending aorta is projeeted as a 
continuous left paravertebral border to the diaphragm. The right border 
is delineated by structures eontaining deoxygenated blood: superior to 
inferior, the right braehioeephalie vein, superior vena eava, right atrium 
and thoraeie inferior vena eava. The right paratraeheal stripe (up to 
3 mm) is seen with the oval silhouette of the azygos areh at its lower 
margin. 

Dilation or displaeement of any of these structures accentuates the 
normal bulges on the borders of the mediastinal silhouette; thus an 
enlarged left auricle is seen between the left prineipal pulmonary artery 
and left ventriele as in mitral valve stenosis. Pulmonary vessels assoei- 
ated with the lung roots form the hilar contours. Sometimes seen are 
the anterior junctional line, representing supracardiac lung apposition 
(projeets up into the neek because of the obliquity of the superior 
thoraeie aperture), and inferiorly, the posterior junctional line, repre- 
senting pleural apposition posterior to the oesophagus. The azygo- 
oesophageal line is sometimes seen, representing the medial border of 
the right lung in the azygo-oesophageal reeess. The paraspinal lines are 
also visible parallel to the right and left margins of the thoraeie spine. 



Fig. 56.16 A posteroanterior (PA) radiograph of the adult female ehest. 
Key: 1, traehea; 2, azygos vein; 3, right atrial border; 4, aortie areh; 5, left 
ventrieiilar border. 


On a lateral view, the eardiae silhouette is seen above the anterior, hori- 
zontal part of the diaphragm (Fig. 56.17). Due to the nomenclature of 
the eardiae ehambers refleeting their prerotational embryonie state, the 
right ventriele and left atrium form the anterior and posterior eardiae 
contours, respeetively. Posteriorly, both the deseending thoraeie aorta 
and the oesophagus in the posterior mediastinum may be seen; the 
oesophagus ean be visualized with swallowed air or barium on a ehest 
radiograph or fluoroscopically in the barium swallow examination (Fig. 
56.18). The eompressive effeet on the oesophagus of a dilated left 
atrium will be readily identified during barium swallow. Superiorly, the 
less dense traehea and main bronehi are reeognizable, the left prineipal 
bronchus appearing almost circular, seen end-on due to its more 



Fig. 56.17 A lateral radiograph of the adiilt female ehest. Key: 1, 
retrosternal line (fat); 2, posterior traeheal line; 3, right prineipal bronchus; 
4, bronchus intermedius. 



Fig. 56.18 An oblique radiograph of the thorax during barium swallow. 
Key: 1, indentation from aortie areh; 2, indentation from left prineipal 
bronchus. 
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An aeeessory lung fìssnre, the azygos fissure, is rarely present and 
seen in 0.5% of PA ehest radiographs, extending from the lung apex to 
the right traeheobronehial angle. The azygos areh width should be no 
more than 5 mm, but may measure up to 10 mm in the third trimester 
of pregnaney as a result of a physiologieal blood volume inerease and 
the faet that flow through the inferior vena eava may be diminished as 
a result of eompression by the uterus, with eompensatory drainage 
through the azygos system. Similarly, eongenital inferior vena eava 
intermption at the diaphragm or acquired inferior vena eava thrombo- 
sis enlarges the azygos vein. 



Mediastinal imaging 


horizontal lie. The oesophagiis is direetly posterior to the traehea, and 
the adjaeent anterior oesophageal and posterior traeheal walls appear 
as the posterior paratraeheal line, seen in the majority of lateral radio- 
graphs (normally less than 5 mm). 

The aortie areh and its main branehes, anterior to the traehea, 
produce faint shadows in the superior mediastinum. The braehio- 
eephalie veins are visible as an extrapleural bulge direetly posterior to 
the manubrium. Retrosternal lung should always be seen; if it is absent, 
this raises a strong suspicion of a superior mediastinal tumour or 


lymphadenopathy. The thoraeie inferior vena eava is visible in the 
majority of patients as it drains into the right atrium. 

CT AND MRI OF THE MEDIASTINAL SPACES 

CT provides excellent mediastinal delineation (Figs 56.19-56.20) with 
intravenous eontrast enhaneement more readily distinguishing normal 
anatomy from pathologieal lymph nodes and tumours. The hilar, 
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Fig. 56.19 Axial CT thoraeie seetions. A, At the level of the first eostoehondral junction. Key: 1, manubrium; 2, right braehioeephalie trunk; 3, right 
braehioeephalie vein; 4, traehea; 5, scapula; 6, left braehioeephalie vein; 7, left eommon earotid artery; 8, left subclavian artery; 9, oesophagus. 

B, At T3 level. Key: 1, braehioeephalie vein; 2, pretraeheal spaee; 3, traehea; 4, oesophagus; 5, peetoralis major; 6, left subclavian artery arising from 
braehioeephalie trunk (normal variant); 7, left subclavian artery; 8, scapula. C, At T4 level. Key: 1, anterior junction; 2, superior vena eava; 3, pretraeheal 
spaee; 4, traehea; 5, areh of aorta; 6, oesophagus; 7, scapula. D, At T6 level. Key: 1, aseending aorta; 2, superior vena eava; 3, right pulmonary artery; 

4, right prineipal bronchus; 5, subcarinal spaee; 6, oesophagus; 7, azygos vein; 8, trunk of pulmonary artery; 9, left superior pulmonary vein; 10, left 
prineipal bronchus; 11, inferior braneh of the left pulmonary artery; 12, deseending aorta. E, At T7 level. Key: 1, aortie root; 2, left atrium; 3, oesophagus; 
4, azygos vein; 5, right ventricular outflow traet; 6, left inferior pulmonary vein; 7, deseending aorta. 
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Fig. 56.20 Serial eoronal thoraeie CT seetions. A, Key: 1, right braehioeephalie vein; 2, left braehioeephalie vein; 3, piilmonary trunk; 4, aseending aorta; 
5, left ventriele; 6, right atrium. B, As A, but with lung window settings; horizontal (minor) fissure arrowed. C, Key: 1, braehioeephalie trunk; 2, left 
eommon earotid artery; 3, aortie areh; 4, superior vena eava; 5, pulmonary trunk; 6, left ventriele; 7, abdominal aorta. D, Key: 1, right subclavian artery; 
2, traehea; 3, aortie areh; 4, left main pulmonary artery; 5, right main pulmonary artery; 6, left superior pulmonary vein; 7, left atrium; 8, deseending 
thoraeie aorta. E, Key: 1, left subclavian artery; 2, traehea; 3, posterior aortie areh; 4, left main pulmonary artery; 5, left atrium; 6, deseending thoraeie 
aorta. F, As E, but with lung window settings. 
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Key referenees 


pretraeheal, snbearinal, right paratraeheal, posterior traeheal and aorto- 
pulmonary window stations are eommon sites of lymph node metas- 
tases in lung eaneer. 

The pretraeheal spaee, as seen on CT, is bordered by the traehea 
posteriorly, the superior vena eava and right braehioeephalie vein ante- 
riorly, and the deseending aorta and superior perieardial sinus to the 
left. The aortopulmonary window is loeated between the aortie areh 
superiorly and the left pulmonary artery inferiorly; the traehea forms 
its medial border and the left lung its lateral border. The right paratra- 
eheal spaee lies between the right lung and the traehea on its anterola- 
teral aspeet; the posterior traeheal spaee between the lung and the 
posterolateral aspeet of the traehea; and the subcarinal spaee inferior 
to the earina bounded by the prineipal bronehi. On the right, the 
azygo-oesophageal reeess is loeated posterior to the subcarinal spaee 


and on the left side is the oesophagus. All these areas are in direet 
continuity with eaeh other and are inspeeted during transeervieal 
mediastinoseopy. 

The junctional areas are where the two lungs approaeh eaeh other. 
The anterior junction lies between the great vessels, posterior margin of 
the ehest wall and the lungs where the left braehioeephalie vein, highest 
mediastinal nodes, thymus and phrenie nerves are loeated. The poste- 
rior junction is an area posterior to the traehea and is where the lungs 
appose. The paraspinal area lies between the lateral margins of the spine 
and the lungs where the intereostal vessels, the ganglionated sympa- 
thetie ehain and small lymph nodes are loeated. The retroemral spaee, 
between the diaphragmatie emra and vertebral bodies, is traversed by 
the aorta, azygos venous system, thoraeie duct, intereostal arteries, sym- 
pathetie ehains and splanehnie nerves. 
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PERICARDIUM 


The pericardium eontains the heart and the juxtacardiac parts of its great 
vessels. It eonsists of two eomponents - the fibrous and the serous 
perieardia - with a normal eombined thiekness of 1-2 mm, as fre- 
quently seen on eross-seetional imaging (Figs 57.1-57.2). The fibrous 
pericardium is a sae made of tough eonneetive tissue, eompletely sur- 
rounding and unattached to the heart. It develops through a sequential 
proeess of eavitation of the embryonie body wall by expansion of the 
seeondary pleural eavity; its lateral walls are thus elothed by parietal 
mediastinal pleura. The serous pericardium eonsists of two layers, one 
inside the other; the inner (viseeral) serosal layer adheres to the heart 
and forms its outer eovering, known as the epieardmm, whereas the 
outer (parietal) serosal layer adheres to the internal surface of the 
fibrous pericardium. These two serosal surfaces are apposed and sepa- 
rated by a film of fluid, which allows independent movement of the 
inner membrane and its adherent heart, constituting two parietoviseeral 
lines of serosal refleetion. The separation of the two membranes of the 
serous perieardmm ereates a narrow perieardial eavity that provides 
eomplete eleavage between the heart and its surroundings, allowing 
freedom of eardiae motion and shape ehange. 

The multifunctionality of the pericardium has been suggested to 
include faeilitation of secure intrathoraeie eardiae stability (via the ster- 
noperieardial ligaments and from the fhsion of fibrous pericardium 
with the eentral diaphragmatie tendon and great vessel adventitia; see 
below); frietion reduction between the heart and the mediastinal stme- 
tures; limitation of eardiae distension and ehamber dilation with pre- 
vention of hypertrophy; uniform eardiae distribution of perieardial 
eavity hydrostatie pressure, preventing ventriculoatrial regurgitations 



Fig. 57.1 The effeet of seetion thiekness on visualization of normal 
pericardium. Multidetector CT image of the ehest obtained from a 
dual-source seanner (Somatom Definition Flash; Siemens, Erlangen, 
Germany) with 1.0 mm eollimation. Non-ionie eontrast material (120 ml) 
was injeeted at a rate of 5 ml/see. In this image with a seetion thiekness 
of 10 mm, the pericardium appears as a thin, curvilinear structure 
(arrows). The pericardium is typieally best visualized along the right side 
of the heart because of surrounding fat. With inereasing seetion thiekness, 
maximal perieardial thiekness (measured along the right ventriele) 
inereases from 0.9 mm to 1.0 and 1.6 mm by using seetion thieknesses 
of 3 mm and 10 mm, respeetively. (With permission from Bogaert J, 
Franeone M. 2013. Perieardial disease: value of CT and MR imaging. 
Radiology 267:340-356.) 


under inereased ventricular end-diastolie pressure; formation of a 
barrier to spread of infeetion; faeilitation of atrial filling by promoting 
negative perieardial pressure during ventricular systole; and, in assoeia- 
tion with the pleural fluid, the formation of a system that automatically 
applies eompensating hydrostatie pressures to the eardiae periphery 
when aeeelerating forees aet. 

FIBR0US AND SER0US PERICARDIUM 
Fibrous pericardium 


The fibrous pericardium is a roughly eonieal, eompaet, collagenous 
eardiae eloak eomposed mainly of three eollagen layers, cross-woven at 
120° to eaeh other, which limits streteh and ensures a physieal barrier 
to disease. 

A three-point 'eardiae seat belt' anehors the pericardium securely, 
maintaining the intrathoraeie eardiae disposition. Perieardial anehoring 
is obtained by superior continuity with the great vessel adventitia and 
pretraeheal faseia, inferior attaehment to the eentral diaphragmatie 
tendon and a small adjaeent muscular area to its left, together with 
anterior attaehment to the posterior sternal surface via the superior and 
inferior sternoperieardial ligaments (the extent of these 'ligaments' is 
very variable; the superior is often undetectable). 

Anteriorly, the fibrous pericardium is separated from the thoraeie 
wall by the lungs and pleural eoverings. However, in a small area behind 
the lower left half of the body of the sternum and the sternal ends of 
left fourth and fifth eostal eartilages, the pericardium is in direet eontaet 
with the thoraeie wall. Until it regresses, the lower end of the thymus 
is also anterior to the upper pericardium. The prineipal bronehi, 
oesophagus, deseending thoraeie aorta and posterior parts of the media- 
stinal surface of both lungs are all posterior relations. Laterally are the 
pleural eoverings of the mediastinal surface of the lungs. The phrenie 
neurovascular bundle deseends bilaterally between the fibrous periear- 
dium and mediastinal pleura. Inferiorly, the pericardium is separated 



Fig. 57.2 Normal pericardium. T1-weighted fast spin-eeho magnetie 
resonanee image (MRI) (1.4x2.0 mm resoliition) in horizontal long-axis 
plane, in which the pericardium appears as a thin, curvilinear hypointense 
structure (arrows), best visible when surrounded by fatty tissue. (With 
permission from: Bogaert J, Franeone M. 2013. Perieardial disease: value 
of CT and MR imaging. Radiology 267:340-356.) 















Pericardium 


from the liver and gastrie fimdus by the diaphragm. The aorta, superior 
vena eava and the pulmonary arteries and veins all reeeive extensions 
of the fibrous pericardium but the inferior vena eava traversing the 
eentral tendon has no such eovering. 

Serous pericardium 


The serous perieardmm is a elosed sae within the fibrous pericardium 
and has viseeral and parietal layers. The parietal layer forms the internal 
surface of the fibrous perieardmm. The viseeral layer, or epieardmm, 
eovers the heart and great vessels, and is refleeted into the parietal layer, 
which lines the internal surface of the fibrous pericardium. The viseeral 
layer of the serous pericardium is a single layer eomposed of eiliated 
mesothelial eells on a thin subserosal layer of eonneetive tissue abun- 
dant in elastie fibres, blending with the fibrous pericardium at the 
parietal membrane and with the interstitial myoeardial tissue at the 
viseeral membrane. The serosal eilia inerease the surface area for fluid 
production and resorption, in addition to reducing frietion between the 
opposing perieardial layers. The eardiae subserosal layer eontains fat, 
espeeially along the ventricular side of the atrioventriailar and inter- 
ventricular grooves and the inferior eardiae border. The main eoronary 
vessels and their larger branehes are embedded in this fat; the amount 
is related to the general extent of body fat and gradually inereases with 
age. The amount of epieardial adipose tissue may be a eardiometabolie 
risk faetor, with inereasing thiekness linked to metabolie syndrome and 
diabetes mellitus. A signifieant eorrelation has been demonstrated 


between the thiekness of this fat layer and obesity in ehildren (Ozdemir 

et al 2010). 


Perieardial refleetions The refleetions of the serosal layer are 
arranged as two complex 'tubes'; the aorta and pulmonary tmnk are 
enelosed in one, and the venae eavae and four pulmonary veins lie in 
the other. The perivenous tube is an inverted J; the cul-de-sac within its 
curve posterior to the left atrium is termed the oblique sinus. The trans- 
verse sinus is a passage between the two perieardial 'tubes' (Fig. 57.3); 
the aorta and pulmonary tmnk are anterior (Fig. 57.4A,C), and the atria 
and their great veins are posterior (Fig. 57.4B,D). 



Perieardial spaee and flllid The perieardial eavity is the spaee 

formed between the parietal and viseeral layers of the serous periear- 
dium. The perieardial eavity eovers the proximal part of the great vessels 
and the vast majority of the heart, extending between the left atrium 
and the deseending thoraeie aorta; the left pleural spaee extends poste- 
rior to the deseending aorta. The perieardial eavity normally eontains 
approximately 15-20 ml of serous plasma ultrafiltrate. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Approximately 80% of the perieardial blood supply is derived from the 
right and left internal thoraeie arteries by way of their perieardiaeo- 
phrenie branehes. Inferiorly, the pericardium is supplied by small 
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Fig. 57.3 Interior of the serosal perieardial sae after seetion of the large vessels at their eardiae origin and removal of the heart, anterior view. Refer to 
the text for additional named reeesses of the general serous perieardial eavity and its transverse sinus. (With permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Heart 


The arrangement of the oblique and transverse sinnses, along with 
that of the main 'prineipal' eavity, is fhrther affeeted by the development 
of complex three-dimensional perieardial reeesses between adjaeent 
stmetmes, grouped aeeording to the siting of their orifiees or 'mouths' 
From the prineipal perieardial eavity the posteaval reeess projeets 
towards the left, behind the atrial termination of the superior vena eava, 
limited superiorly by the right pulmonary artery and inferiorly by the 
superior right pulmonary vein, with its mouth opening superolaterally 
to the right. The right and left pulmonary venous reeesses eaeh projeet 
superomedially on the posterior surface of the left atrium between the 
superior and inferior pulmonary veins on eaeh side, indenting the side 
walls of the oblique sinus. The superior aortie reeess extends from the 
transverse sinus; via its inferior mouth, it aseends posterior to, then to 
the right of, the aseending aorta and ends at the level of the sternal 
angle. The inferior aortie reeess, also extending from the transverse 
sinus, is a diverticulum that deseends from a superiorly loeated mouth 
to mn between the inferior aseending part of the aorta and the right 
atrium. The left pulmonary reeess, with its mouth under the vena eaval 
fold, passes to the left between the inferior aspeet of the left pulmonary 
artery and the superior border of the superior left pulmonary vein. The 
right pulmonary reeess lies between the inferior surface of the proximal 
part of the right pulmonary artery and the superior border of the left 
atrium. 

A triangular fold of serous perieardmm is refleeted from the left 
pulmonary artery to the subjacent superior left pulmonary vein as the 
fold of the left superior vena eava. It eontains a fibrous ligament, a 
remnant of the obliterated left eommon eardinal vein (left duct of 
Givier), which deseends anterior to the left pulmonary hilum from the 
superior part of the left superior intereostal vein to the posterior surface 
of the left atrmm, where it is continuous with the oblique vein of the 
left atrium. The left eommon eardinal vein may persist as a left superior 
vena eava, which then replaees the oblique vein of the left atrium and 
empties into the eoronary sinus. When both eommon eardinal veins 
persist as a double superior vena eava, the transverse anastomosis 
between them, which normally forms the left braehioeephalie vein, may 
be small or absent. When there is a left superior vena eava, it is joined 
by the left superior intereostal vein. Knowledge of these reeesses and 
simises is important in the avoidanee of misdiagnosis as lymphaden- 
opathy or aortie disseetion and in surgical eontrol of the great vessels. 


995.el 


CHAPTER 57 



SECTION 7 


HEART 


A 

Braehioeephalie trnnk 


Superior vena eava 


R ight pulmonary artery 

Serous pericardium, 
parietal layer 


R ight appendage 
(auricle) 

lnfundibulum 
(conus arteriosus) 


R ight atrium 


Small eardiae vein 


R ight eoronary artery 


R ight ventriele 


Serous pericardium, 
viseeral layer (epicardium) 


Serous pericardium, parietal layer 


Lefteommon earotid artery 


Aortie areh 


Ligamentum arteriosum 


Pulmonary trnnk 

Serous pericardium, 
parietal layer 

Left appendage (auricle) 



Left subclavian artery 


Greateardiae vein 


Left eoronary artery, 
circumflex braneh 

Lefteoronary 
artery, anterior 
interventricular braneh 

Anterior 
interventricular vein 

Left ventriele 


B 


Left subclavian artery 


Lefteommon earotid artery 


Aortie areh 


Posterior intereostal arteries 


Deseending aorta 


Ligamentum arteriosum 


Left pulmonary artery 


Pericardium 


Pulmonary trunk 


Left pulmonary veins 


Left appendage (auricle) 


Greateardiae vein- 

Left eoronary artery, 
circumflex braneh- 


Inferior veins 
of left ventriele 

Serous pericardium, 
viseeral layer 
(epicardium) 


Left ventriele 


R ight braehioeephalie vein 


Left braehioeephalie vein 


B ifureation of 
pulmonary trunk 

R ight pulmonary artery 


Middle eardiae vein 



Vertebral vein 


Braehioeephalie trunk 


Azygos vein 
Aseending aorta 


Superiorvena eava 


R ight pulmonary veins 


Left atrium 


Sinus of venae eavae 

-Serous pericardium, 

parietal layer 


Leftatrial veins 


R ight atrium 
Sulcus terminalis eordis 


Inferior vena eava 


Coronary sinus 
Coronary sulcus 

Righteoronary artery, inferior 
interventricular braneh 

R ight ventriele 




996 


Fig. 57.4 The heart and great vessels. A, Anterior view. B, Posteroinferior view. C,D, Corresponding three-dimensional reeonstmetions from miiltisliee 
computed tomography (CT) seanning. (A,B, With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 






























































































Heart 


branehes from the intereostal and superior phrenie arteries. The poste- 
rior portion of the perieardimn is supplied from small mediastinal 
branehes that are derived either direetly from the deseending aorta or 
from its oesophageal or bronehial branehes. The veins are tributaries of 
the azygos system, internal thoraeie and superior phrenie veins. 

Most lymph drainage of the pericardium is to the thoraeie and the 
right lymphatie ducts; bilateral upper mediastinal and parasternal 
internal thoraeie lymph nodal groups also reeeive efferents. Overall, a 
double layer of perieardial lymphatie vasculature exists: one eontaeting 
and surrounding the parietal perieardmm, the other present in the fat 
and loose areolar tissue. The sternoeostal pericardium either drains 
laterally towards the phrenie nerves as they enter the diaphragm, or 
travels along the ventral border of the pericardium to enter the preperi- 
eardial nodes loeated at the perieardio-diaphragmatie junction. Drain- 
age from the lateral pericardium is more variable. Inferiorly, it drains 
towards the phrenie nerves and the perieardiaeophrenie vessels as they 
reaeh the diaphragm; superiorly, it drains into the traeheobronehial 
and paratraeheal lymph nodes. The posterior pericardium, including 
the posterior aspeet of the cupula and extending as far as the pulmo- 
nary veins, drains superiorly to the superior and inferior traeheobron- 
ehial lymph nodes. The portion of the pericardium that adheres to the 
diaphragm drains via short ehannels to the lymph nodes at the right 
border of the inferior vena eaval opening in the eentral diaphragmatie 
tendon. 



INNERVATION 


Pain from parietal pericardium is mainly transmitted by the phrenie 
nerves, while pain from serous perieardmm is mediated via sympathetie 
fibres that arise from the eervieal, upper thoraeie and stellate ganglia 
and travel to the aortie and eardiae plexuses. The pericardium also 
reeeives vagal fibres via the oesophageal plexus and left recurrent laryn- 
geal nerve (see Fig. 57.61). Perieardial pain is typieally sharp, severe and 
substernal, typieally exacerbated by lying baek or on the left side and 
relieved by leaning forwards, oeeasionally radiating to the superior 
border of trapezius. 


CARDIAC TAMPONADE 



Available with the Gray’s Anatomy e-book 


CONGENITAL ANOMALIES OF THE PERICARDIUM 



Available with the Gray’s Anatomy e-book 


(g) 

The heart has a eomplieated, spiral, three-dimensional organization 
that is markedly skewed when eompared with the planes of the body. 
Established anatomieal orientation terms have been historieally applied 
to the heart based on early embryologieal development before axial 
rotation of the cardiovascular tube. This, together with the traditional 
study of isolated whole or disseeted hearts outside the body, hinders 
intuitive understanding of the deseriptive relations of in vivo and surface 
eardiae anatomy. The following deseription emphasizes such difficulties 
in order to circumvent eertain miseoneeptions, before proeeeding to an 
account of more detailed structure. The oblique position of the heart 
in the thorax may be conceptualized by eomparing it to a rather 
deformed pyramid, with the base faeing posteriorly and to the right, 
and the apex anteriorly and to the left. A line from the apex to the 
approximate eentre of the base projeeted posterolaterally emerges near 
the right mid-scapular line. Some surfaces of the eardiae pyramid' are 
flat and others more or less convex, these aspeets merging along rather 
ill-defined 'borders'. Preeise definitions of surfaces and intervening 
'borders' are therefore difficult. In the account that follows, the offieial 
Terminologia Anatomiea (2011) and more generally used terms from 
elinieal praetiee are given as alternatives. 

The heart is deseribed as having a base and apex; its surfaces are 
designated as sternoeostal (anterior), diaphragmatie (inferior), and right 
and left (pulmonary) (Fig. 57.9). Its borders are termed upper, inferior 
('acute' margin or border) and left ('obnise' margin or border). The right 
surface is sometimes ealled a 'border', despite its extent. Although the 
heart is plaeed obliquely in the thorax, the atrial and ventricular septal 


HEART 


Fig. 57.9 A eadaverie heart, removed from the body and plaeed in an 
attitudinally appropriate position, then viewed from the apex of the left 
ventriele. The ventricular mass takes the form of a squashed eone with 
anterior, inferior and posterior borders. The labels show the loeation of 
these borders relative to the thoraeie structures, and illustrate the acute 
and obtuse angles between the borders. (With permission from Anderson 
R, Loukas M. 2009. The importanee of attitudinally appropriate 
deseription of eardiae anatomy. Clin Anat 22:47-51.) 


structures are virtually in line, but inelined forwards and to the left at 
45 0 to the sagittal plane. The planes of the mitral and tricuspid valves 
are vertieal and not preeisely eo-planar; they are broadly at right angles 
to the septal plane. The right atrium, therefore, is not only to the right, 
but also anterior and inferior to the left atrium, and it is partly anterior 
to the left ventriele. The right ventriele forms most of the anterior aspeet 
of the ventriailar mass (see Fig. 57.12); only its inferior end is to the 
right of the left ventriele, while its upper left extremity (pulmonary 
orifiee) is to the left and superior relative to the aortie valve. The left 
atrium forms most of the posterior aspeet of the heart, whereas the left 
ventriele is only prominent inferiorly, mnning along the left margin to 
reaeh the apex. The atria are essentially right of and posterior to their 
respeetive ventrieles. These general dispositions are of the greatest 
importanee in planning or interpreting radiographs, CT and MRI studies, 
eardiae angiograms and eehoeardiograms (Fig. 57.10). 

The right heart, while forming the right aspeet or 'border', follows a 
gentle curve and eovers most of the anterior aspeet of the left heart 
(except for a left-sided strip including the apex). Thus the right heart 
forms the largest part of the anterior surface, its outflow traet aseending 
until it terminates on the left side of the outflow traet from the left 
ventriele. The sites of the tricuspid and pulmonary valves are widely 
separated and on different planes, and the seetionally ereseentie flat 
eavity of the right ventriele splays out between them. Conversely, the 
left heart (except the left-sided strip mentioned above) is largely poste- 
rior in position and, when viewed from the front, is obscured by the 
ehambers of the right heart. The inlet to the left ventriele, which eon- 
tains the mitral valve, is very elose to its outlet (the aortie valve), the 
two being embraeed by the wide traet linking inlet and outlet eompo- 
nents of the right ventriele. The planes of the left ventricular orifiees, 
although relatively inelined, are more nearly eo-planar than those of 
the right. The left ventriailar eavity is narrow and eonieal, and its tip 
occupies the eardiae apex. 


GENERAL 0RGANIZATI0N 


The heart is a fused pair of valved muscular pumps circulating blood 
in series through systemie ('left' heart) and pulmonary ('right' heart) 
circulations (see Fig. 57.4). The fibromuscular framework and conduc- 
tion tissues of these physiologieally separate pumps are structurally 
interwoven. Despite the fimetional disposition in series, the two 
pumps are topographieally deseribed in parallel. Of the four eardiae 
ehambers, the two atria reeeive venous blood as weakly eontraetile 
reservoirs for final filling of the two ventrieles, which then provide the 
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Cardiac tamponade is external eompression of the heart, usually caused 
by accumulation of fluid in the perieardial spaee (perieardial effhsion) 
(Fig. 57.5). This causes eompression of the right atrmm, reducing 
venous return and therefore eardiae output. It may be seeondary to 
trauma, proximal extension from a disseeting aortie aneurysm, eardiae 
surgery or eentral venous eatheter insertion. Patients develop hypoten- 
sion, ehest tightness, dyspnoea and possibly eventual shoek. The typieal 
signs of a eardiae tamponade include three elements (Beek's triad): a 
small quiet heart (due to fluid within the perieardial eavity), falling 
atrial pressure (deereased stroke volume) and rising jugular venous 
pressure (impaired eardiae venous return). Emergeney treatment 
involves fìrst relieving the tamponade by percutaneous perieardial aspi- 
ration (perieardioeentesis; see below), possibly followed by surgery to 
address the underlying cause. The volume of fluid may not be propor- 
tional to the degree of physiologieal circulatory impairment. Eehoear- 
diography is an important tool in diagnosis and is also useful in guiding 
percutaneous perieardial aspiration. Surgery is via a subxiphoid ineision 
or a left anterior thoraeotomy. 

Perieardioeentesis 


Perieardioeentesis is the aspiration of fhiid from the perieardial eavity 
in eases of eardiae tamponade and for relief of symptomatie perieardial 
efflision. In addition, this technique ean be used for the diagnosis of 
neoplastie effhsions and purulent periearditis, and for introducing eyto- 
lytie agents into the perieardial spaee. Ultrasound-guided parasternal 
perieardioeentesis has beeome the preferred eleetive procedure. With 
acute traumatic eardiae tamponade, the subxiphoid approaeh is used 
and aspiration of as little as 10-20 ml of blood may greatly improve 
eardiae output. A eomplete and eontrolled parasternal drainage avoids 
the diaphragm and phrenie nerve. Apieal and abdominal approaehes 
may also be used (Fig. 57.6). 

Congenital anomalies of the pericardium include perieardial eysts and 
diverticula, and absenee of the pericardium. 

Perieardial eysts and diverticula 

A perieardial eyst is a eongenitally encapsulated eyst with no perieardial 
communication, which forms when a portion of pericardium is pinehed 
off during early development. Perieardial eysts are most often ineidental 
and are loeated at the right eardiophrenie angle or sulcus, where they 
present as a well-defìned ovoid expansion of the right inferolateral 
eardiae border on a ehest fìlm, usually round or elliptieal, thin-walled 
and sharply defìned with fluid attenuation on CT or homogenously 
high signal on fluid-sensitive MR sequences. 

A perieardial diverticulum is a rare eondition that eorresponds to a 
herniation through a defeet in the parietal pericardium that communi- 
eates with the perieardial eavity. It typieally occurs at the same plaee as 
a perieardial eyst and should be suspected when a eomplete wall eannot 
be identified in all parts of the lesion (Fig. 57.7). 

Congenital absenee of the pericardium 

Oongenital absenee of the pericardium is rare. The eondition eneom- 
passes defeets ranging from a small foramen to absenee of the entire 
pericardium. The majority of defeets occur on the left side but they ean 



Fig. 57.5 Acute eardiae tamponade due to ruptured aortie disseetion. An 
axial CT image acquired 60seconds after eontrast agent administration 
shows a large, high-attenuation perieardial effusion eorresponding to 
massive haemopericardium. Weakening of the aortie wall with subsequent 
rupture has led to massive extravasation of eontrast agent into the 
perieardial sae. (Image courtesy of GF Gualdi MD, and C Valentini MD, 
DEA Polielinieo Llmberto I, Rome, Italy, with permission from Bogaert J, 
Franeone M 2013 Perieardial disease: value of CT and MR imaging. 
Radiology 267:340-356.) 


be loeated anywhere in the pericardium, and are three times more 
eommon in males. It has been suggested that failure of perieardial 
development results from premature atrophy of the eardinal vein and 
henee poor nourishment of the left pleuropericardial membrane. The 
most eommon defeet is eomplete absenee of the left side of the peri- 
cardium. When this occurs, lung tissue is interposed between the main 
pulmonary artery and aorta. Bulging of the left atrial appendage through 
the defeet will cause isehaemie neerosis and eompression of the left 
eoronary artery, and the heart rotates to the left. Complete absenee of 
the pericardium is usually asymptomatie. Partial defeets may cause 
eomplieations such as herniation of eardiae structures (Fig. 57.8). 

Congenital perieardial defeets are assoeiated with other eongenital 
abnormalities such as bronehogenie eysts, ventricular and atrial septal 
defeets, patent ductus arteriosus, mitral stenosis, bicuspid aortie valve, 
pulmonary arteriovenous malformations, diaphragmatie hernia, mid- 
line closure defeets or bronchopulmonary sequestration (Hutchison 
2009). Pentalogy of Cantrell is a rare eongenital abnormality eonsisting 
of absenee of the diaphragmatie portion of the pericardium; midline 
closure defeets, including sternal and abdominal wall defeets; anterior 
diaphragmatie defeet; and eongenital heart defeets. 
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Fig. 57.6 A, The subxiphoid approaeh in perieardioeentesis. The needle is inserted into the angle betvveen the xiphisternum and the left eostal margin at 
about 45° to the anatomieal transverse plane. B, A mid-sagittal seetion of a eadaver. The broken arrovv shovvs the direetion of the perieardioeentesis 
needle. C, A eross-seetion of the lovver part of the thorax to shovv the relationships of the perieardial eavity vvith adjaeent structures. The broken arrovv 
shovvs the direetion of the perieardioeentesis needle. Abbreviations: AIA, anterior interventricular artery; RCA, right eoronary artery. D, Bedside eardiae 
ultrasound performed in a 62-year-old male, demonstrating a large perieardial effusion eonsistent vvith eardiae tamponade (red asterisk). The broken red 
line shovvs the extended perieardial eavity. An 18-gauge 3.5 ineh needle was attaehed to a 60 ml syringe and advaneed between the xiphoid proeess 
and left eostal margin at a 45° angle, direeted towards the left shoulder (arrow). The white line demareates the borders of the right ventricular apieal wall 
and right ventricular eavity (RV); the yellow line depiets the left ventricular apieal wall and left ventricular eavity (LV). (With permission from Loukas M, 
Walters A, Boon JM, Welch TP, Meiring JH, Abrahams PH. 2012. Perieardioeentesis: a elinieal anatomy review. Clin Anat 25:872-881.) 
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Fig. 57.7 The typieal appearanee of a perieardial eyst. 

A, A PA ehest radiograph shovving a sharply defined 
opaeity at the apex of the heart. B, An axial eontrast- 
enhaneed CT image shovving the presenee of a vvell- 
defined, ovoid, fluid-filled structure (attenuation: 3 HU) in 
broad eontaet vvith the pericardium. C, A eyst vvith lovv 
signal intensity on a Tl-vveighted spin-eeho MR image 
(1.4x2.0 mm in-plane resolution), horizontal long axis 
plane. (With permission from Bogaert J, Franeone M. 
2013. Perieardial disease: value of CT and MR imaging. 
Radiology 267:340-356.) 



Fig. 57.8 Congenital absenee of the pericardium. A, Axial and B, eoronal Tl-vveighted spin-eeho MR images (1.4x2.0 in-plane resolution) shovving 
pronounced left-sided rotation and displaeement of the heart, filling the anterior portion of the left hemithorax. The perieardial defeet is usually difficult to 
visualize, but large defeets such as this ean be suspected on the basis of the abnormal loeation of the heart in the absenee of other predisposing 
faetors. (Images courtesy of Luigi Lovato MD, S. Orsola Malpighi Hospital, Bologna, Italy. With permission from Bogaert J, Franeone M. 2013. Perieardial 
disease: value of CT and MR imaging. Radiology 267:340-356.) 
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The basie mles of eardiae anatomy dietate that structures within the 
heart should be deseribed relative to the bodily eoordinates rather than 
to the heart itself. In other words, the structures within the heart should 
be deseribed as the rest of the body when viewed in the anatomieal 
position. An important eoneeptto apply is reeognition ofthe diaphragm- 
atie surface as being inferior, and the left atrium as being posterior. A 
typieal example of not applying this eoneept is the posterior interven- 
tricular artery. In eardiologieal and older anatomieal texts, this artery is 
deseribed as being posterior and deseending, whereas in reality it is 
neither, sinee it is interventriailar and inferior. Moreover, bloekage of 
the artery is well reeognized as producing inferior myoeardial infare- 


tion. Another example is the papillary muscles that support the leaflets 
of the mitral valve. These were eonventionally deseribed as being 
anterolateral and posteroseptaf refleeting the faet that the heart was 
plaeed on its apex in order to deseribe its eomponent parts. However, 
examination in left anterior oblique orientation, as for the inferior 
interventricular artery, shows that, in reality, the so-ealled posteroseptal 
muscle is anterior to its partner, despite the faet that the latter is 
currently deseribed as being anterolateral. Similarly, the posterior 
interventricular sulcus is situated inferiorly rather than posteriorly 
(Fig. 57.11; see Figs 57.9, 57,10). 
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Fig. 57.11 The fiindamental differenees between deseribing the heart aeeording to the eonventional (A) or the attitiidinally eorreet (B) orientation. (With 
permission from Anderson R, Spieer D, Hlavaeek A, Hill A, Loukas M. 2013. Deseribing the eardiae components-attitudinally appropriate nomenclature. J 
Cardiovasc Transl Res. 6:118-123.) 
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Fig. 57.10 A east of the so-ealled right and left ehambers of the heart, 
east in blue and red, respeetively. A, The east superimposed on a ehest 
radiograph from a normal individual. The broken line indieates the midline 
of the body. The long axis of the heart extends from the right shoulder 
tovvards the left hypochondrium. The adult heart is usually positioned 
vvithin the mediastinum such that one-third is to the right of the midline 
and two-thirds to the left. B, The east enlarged to show the ehambers 
that form the various borders of the frontal eardiae silhouette. (With 
permission from: Anderson R, Loukas M. 2009. The importanee of 
attitudinally appropriate deseription of eardiae anatomy. Clin Anat 
22:47-51.) 


powerful expulsive eontraetion that forees blood into the main arterial 
tmnks. 

The 'right heart' starts at the right atrimn, which reeeives the supe- 
rior and inferior venae eavae and the main myoeardial venous inflow 
via the eoronary sinus. This systemie venous blood traverses the right 
atrioventricular orifiee, guarded by the tricuspid valve, to enter the 
inlet eomponent of the right ventriele. Contraction of the ventriele, 
particularly its apieal trabecular eomponent, eloses the tricuspid valve 
and, with inereasing pressure, ejeets the blood through the muscular 
right ventricular outflow traet into the pulmonary tmnk and then 
through the relatively low-resistance pulmonary vascular bed. Changes 
in pressure, time relations and valvnlar events are deseribed below. 
Many stmctural features of the 'right heart', including its overall geo- 
metry, myoeardial architecture, and the eonstmetion and relative 
strengths of the triaispid and pulmonary valves, aeeord with this low 
resistanee, being assoeiated with eomparatively low ehanges in 
pressure. 


The Teft heart' starts at the left atrium, which reeeives all the pulmo- 
nary inflow of oxygenated blood and some eoronary venous inflow. It 
eontraets to fill the left ventriele through the left atrioventricular orifiee, 
guarded by its mitral valve. Left ventriailar eontraetion rapidly inereases 
the pressure in the apieal trabeoilar eomponent, elosing the mitral valve 
and opening the aortie valve, enabling the ventriele to ejeet via the left 
ventricular outflow traet into the aortie simises and the aseending aorta, 
and thenee to the entire systemie arterial tree, including the eoronary 
arteries. This vast vascular bed presents a high peripheral resistanee that, 
with large metabolie demands (espeeially the sustained requirements 
of the eerebral tissues), explains the more massive structural organiza- 
tion of the Teft heart'. The ejeetion phase of the left ventriele is shorter 
than that of the right but its fluctuations in pressure are very much 
greater. 

The heart is therefore, by neeessity, a fimetionally and stmcturally 
markedly asymmetrieal pair of eombined pumps, with both ventrieles 
designed to deliver the same volume with eaeh eontraetion into two 
very different resistive series circulations. 

Oardiae size, shape and external features 


The heart is a hollow, fibromuscular organ of a somewhat eonieal or 
pyramidal form, with a base, apex and a series of surfaces and 'borders'. 
Enelosed in the pericardium, it occupies the middle mediastinum 
between the hrngs and their pleural eoverings (see Fig. 57.3). It is plaeed 
obliquely behind the body of the sternmn, adjoining eostal eartilages 
and ribs. Approximately one-third of the mass lies to the right of the 
midline. An average adult heart is 12 em from base to apex, 8-9 em at 
its broadest transverse diameter and 6 em anteroposteriorly. Its weight 
varies from 280 to 340 g (average 300 g) in males and from 230 to 
280 g (average 250 g) in females. Cardiac weight is 0.45% of body 
weight in males and 0.40% in females. The differenee in weight between 
males and females appears afterthe age of 12years (Kortelainen 1997). 
Adult weight is aehieved between the ages of 17 and 20years. The heart 
reaehes 50% of its adult dimensions at birth, 75% by 5 years and 90% 
by 12 years (Nidorf et al 1992). 

Grooves on the eardiae surface 

The division of the heart into four ehambers produces boundaries that 
are visible externally as grooves (sulci). Some are deep and obvious, 
and eontain prominent structures. Others are less distinet, even barely 
pereeptible, and are sometimes obscured, in part, by the major stme- 
tures that eross them. 

The extensive interatrial groove (of Waterston) separates the two 
atria. The lateral limits are defined by the borders of the atria. The atrio- 
ventricular (eoronary) groove separates the atria from the ventrieles and 
eontains the main tmnks of the eoronary arteries. It deseends obliquely 
to the right on the sternoeostal surface, separating the right atrium (and 
its auricle or appendage) from the oblique right margin of the right 
ventriele and its infundibulum. Superiorly, its left part is obliterated by 
the erossing of the pulmonary tmnk, and posterior to this, the aorta 
from which the eoronary arteries originate. Continuing to the left, the 
groove curves around the 'obtnse' margin and deseends to the right, 
separating the atrial base from the diaphragmatie surface of the ventri- 
eles (see Fig. 57.4). This diaphragmatie part of the atrioventriailar 
groove then curves around the 'acute' margin at its lower right end to 
beeome confluent with the sternoeostal part. Thus, the groove passes 
from superior on the left to inferior on the right, with the diaphragm- 
atie part being a little to the left of the sternoeostal. A seetion that 
includes the atrioventricular groove is at 45 0 to the sagittal plane and 
at a greater but variable angle to the transverse and eoronal planes. It 
approximately traverses the lines of attaehment of the atrioventricular 
valves and, even less preeisely, those of the aortie and pulmonary 
valves. A line at right angles to the eentre of this plane will deseend 
anteriorly and leftwards to the eardiae apex. Internally, the ventrieles 
are separated by the septum; its mural margins eorrespond to the ante- 
rior and inferior (diaphragmatie) interventrioilar grooves. The anterior 
groove, seen on the sternoeostal eardiae surface, is near and almost 
parallel to the left ventricular obtuse margin. On the diaphragmatie 
surface, the groove is eloser to the midpoint of the ventrioilar mass. 
The interventricular grooves extend from the atrioventricular groove to 
the apieal noteh on the acute margin, the latter a little to the right of 
the tme eardiae apex. 

Cardiac base, apex, surfaces and borders 


Posterior aspeet Of the heart The tme eardiae base is somewhat 

quadrilateral, with curved lateral extensions. It faees posteriorly and to 
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the right, separated from the thoraeie vertebrae (fifth to eighth in the 
recumbent sixth to ninth in the ereet posture) by the pericardium, right 
pulmonary veins, oesophagus and aorta. It is formed mainly by the left 
atrium, and only partly by the posterior part of the right atrium (see 
Fig. 57.4B,D). It extends superiorly to the bifhreation of the pulmonary 
tmnk and inferiorly to the posterior part of the atrioventricular groove, 
which eontains the eoronary sinus and eoronary arterial branehes. It is 
limited to the right and left by the rounded surfaces of the eorrespond- 
ing atria, separated by the shallow interatrial groove. The point of junc- 
tion of the atrioventricular, interatrial and posterior (inferior) 
interventricular grooves is termed the eardiae cmx. Two pulmonary 
veins on eaeh side open into the left atrial part of the base, whereas the 
superior and the inferior venae eavae open into the upper and lower 
parts of the right atrial basal region. The area of the left atrium between 
the openings of right and left pulmonary veins forms the anterior wall 
of the oblique perieardial sinus (see Fig. 57.3). This deseription of the 
anatomieal base refleets the usual position of the heart in the thorax. 
Some eonftision is produced by other current usages of the term 'base', 
often applied to the segment of the atrioventricular and ventriculoarte- 
rial junctions seen after disseetions through the atrioventriailar groove. 
This area is better termed the base of the ventrieles. In elinieal praetiee, 
auscultation in or near the parasternal parts of the seeond intereostal 
spaees is often deseribed as occurring at the 'elinieal base', to make the 
eontrast with the 'elinieal apex' Such deseriptions, while less than 
perfeet anatomieally, will almost eertainly persist. 

Anatomieal apex Of the heart This is the apex of the eonieal left 

ventriele, which is direeted anteroinferiorly and to the left. It is over- 
lapped by the left lung and pleura. The apex is loeated most eommonly 
behind the fifth left intereostal spaee, near or a little medial to the mid- 
elaviailar line. 

Anterior, sternoeostal surface of the heart Faeing forwards 

and upwards, the anterior surface has an acute right and a more gradual 
left convexity (Fig. 57.12). It eonsists of an atrial area superior and to 
the right, and a ventriailar part inferior and to the left of the atrioven- 
tricular groove. The atrial area is occupied almost entirely by the right 


atrium. The left atrium is largely hidden by the aseending aorta and 
pulmonary tmnk. Only a small part of the left atrial appendage projeets 
forwards to the left of the pulmonary tmnk. Of the ventricular region, 
about one-third is made up by the left and two-thirds by the right 
ventriele. The site of the septum between them is indieated by the ante- 
rior interventricular groove. The sternoeostal surface is separated by the 
perieardmm from the body of the sternum, the sternoeostal muscles 
and the third to sixth eostal eartilages. Because of the bulge of the heart 
to the left, more of this surface is behind the left eostal eartilages than 
the right. It is also eovered by the pleural membranes and the thin 
anterior edges of the lungs, except for a triangular area at the eardiae 
incisure of the left lung. The lungs and their pleural eoverings are vari- 
able in their degree of eardiae overlap. 

Inferior, diaphragmatie surface of the heart Largely horizon- 

tal, the inferior surface of the heart gently slopes anteroinferiorly 
towards the apex (see Fig. 57.4B,D). It is formed by the ventrieles 
(ehiefly the left) and rests mainly on the eentral tendon but also, 
apieally, on a small area of the left muscular part of the diaphragm. It 
is separated from the anatomieal base by the atrioventrioilar groove, 
and is traversed obliquely by the posterior (inferior) interventrioilar 
groove. 

Left surface Of the heart Faeing posterosuperiorly to the left, the 
left surface eonsists almost entirely of the obtuse margin of the left 
ventriele, but a small part of the left atrium and its left atrial appendage 
contribute superiorly. Convex and widest superiorly, where it is erossed 
by the atrioventrioilar groove, it narrows to the eardiae apex. It is sepa- 
rated by the perieardmm from the left phrenie neurovascular bundle, 
and by the left pleura from the deep eoneavity of the left lung. 

Right surface Of the heart The right surface is rounded and formed 
by the right atrial wall. It is separated from the mediastinal aspeet of 
the right lung by the pericardium and pleural eoverings. Its convexity 
merges inferiorly into the short intrathoraeie part of the inferior vena 
eava and above into the superior vena eava. The sulcus terminalis is a 
prominent landmark separating the systemie atrial venous sinus from 
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Fig. 57.12 The heart, great vessels and the liings in situ. The maniibriiim sterni has been retraeted eranially, the thymus has been eompletely removed 
and the pericardium has been partially removed. The hilum of the lung has been disseeted to expose the traeheobronehial lymph nodes. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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the appendage; it eiirves approximately along the junction of the ster- 
noeostal and right surfaces, eorresponding to the position of the termi- 
nal erest. 

Llpper border Of the hear This is atrial (mainly the left atrium). 

Anterior to it are the aseending aorta and the pulmonary tmnk (see 
Fig. 57.3). At its extremity the superior vena eava enters the right 
atrium. 

ight border Of the heai eorresponding to the right atrmm, the 
profile of the right border is slightly convex to the right as it approaehes 
the vertieal. 

Inferior border Of the heart Also known as the acute margin of 

the heart, the inferior border is sharp, thin and nearly horizontal. It 
extends from the lower limit of the right border to the apex and is 
formed mainly by the right ventriele, with a small contribution from 
the left ventriele near the apex. 

Left border Of the heart Also known as the obtuse margin, the left 
border separates the sternoeostal and left surfaces. It is round and 
mainly formed by the left ventriele but, to a slight extent superiorly is 
formed by the left atrial appendage. It deseends obliquely convex to 
the left, from the appendage to the eardiae apex. 

Right atrium 


General and external features 

The right atrium is both anterior and to the right of the left atrium (see 
Fig. 57.4), and extends inferior to it. Its walls form the right superior 
sternoeostal surface, the convex right (pulmonary) surface and a little 
of the right side of the anatomieal base. The superior vena eava opens 


into its dome, and the inferior vena eava into its inferoposterior part 
(see Fig. 57.4A,B). An extensive muscular pouch, the appendage, 
projeets anteriorly to overlap the right side of the aseending aorta; it is 
a broad, triangular, pyramidal stmcture and has a wide junction with 
the venous eomponent of the atrium (see Fig. 57.4A,C). The junction 
between the venous part (sinus venosus) and the atrium proper is 
marked externally by a shallow groove, the sulcus terminalis, extending 
between the right sides of the openings of the two venae eavae. The 
sulcus terminalis eorresponds, internally, to the terminal erest (erista 
terminalis), which is the site of origin of the extensive peetinate muscles 
that arise serially at right angles from the erest. Posteriorly, the vertieal 
interatrial groove deseends to the cmx. Anteriorly, the right atrium is 
related to the anterior part of the mediastinal surface of the right lung, 
from which it is separated by pleura and perieardmm. Laterally, the 
atrium is also related to the mediastinal surface of the right lung, but 
anterior to its hilum and separated from it by the pleura, right phrenie 
nerve and perieardiaeophrenie vessels and pericardium. Posteriorly and 
to the left, the interatrial septum and the surrounding infolded atrial 
walls separate the atria (the mural infolding is indieated by an extensive 
interatrial groove). Posteriorly and to the right are the right pulmonary 
veins. Medially are the aseending aorta and, to a limited extent, the 
pulmonary tmnk and its bifiireation. 


Internal features 

The interior surface of the right atrhim ean be divided into three regions: 
the smooth-walled venous eomponent loeated posteriorly leads anteri- 
orly to the vestibule of the tricuspid valve and to the appendage (Figs 
57.13-57.14). The wall of the vestibule is smooth but its junction with 
the appendage is ridged all around the atrioventricular junction by 
peetinate muscles. The smooth-walled systemie venous sinus reeeives 
the openings of the venae eavae and eoronary sinus; it originates from 
the sinus venosus of the embryonie heart. The trabeculated appendage 
is derived from the embryonie atrium proper. The superior and inferior 
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Fig. 57.13 A, The interior of the 
heart, revealed by ineising it along 
its right, and part of the lower, 
surfaces. The rest of the heart has 
been turned over to the left. B, The 
triangle of Koeh, defined by the 
tendon of Todaro, orifiee of the 
eoronary sinus and the septal leaflet 
of the tricuspid valve. (A, VVith 
permission from VVasehke J, Paulsen 
F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Llrban & 
Fiseher. Copyright 2013.) 
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Venous Superior Right atrial Terminal Anterosuperior Peetinate 

eomponent V ena eava auricle erest leaflet muscles 



Fossa Inferior Triangle Hingeof Interior Septal 
ovalis vena eava of Koeh tricuspid valve leaflet leaflet 

Fig. 57.14 The internal features of the right atrium. The superior and 
inferior venae eavae have been disseeted, exposing the venous 
eomponent of the right atrium and the fossa ovalis. The dotted line 
indieates the triangle of Koeh, demareated by the orifiee of the eoronary 
sinus (CS) and its valve, the Thebesian valve; the anterior extension of the 
Eustachian valve, the tendon of Todaro, to the eentral fibrous body (CFB); 
and the septal leaflet of the tricuspid valve. (Courtesy of M Loukas MD, 
PhD.) 



venae eavae, together with the eoronary sinus, open into the venous 
eomponent. 

The superior vena eava returns blood from head, neek and upper 
limb through an orifiee that faees anteroinferiorly and has no valve; it 
also reeeives blood from the ehest wall and the oesophagus via the 
azygos system. 

The inferior vena eava is larger than its superior counterpart. It drains 
blood from all structures below and including the diaphragm into the 
lowest part of the atrium near the septum. Anterior to its orifiee, and 
found along its lateral or right margin, is the flap-like Eustachian valve, 
a fold of endocardium that eneloses a few muscular fibres and is of 
varying size (see Fig. 57.13; Fig. 57.15). When traeed inferiorly, it forms 
the Eustachian ridge, which mns into the sinus septum (see below), 
continuous with the valve of the eoronary sinus. The lateral part of the 
valve beeomes continuous with the lower end of the terminal erest. The 
Eustachian valve is large during fetal life, when it serves to direet riehly 
oxygenated blood (from the plaeenta) from the right atrium through 
the foramen ovale of the interatrial septum into the left atrium. The 
valve varies markedly in size in postnatal life; it is sometimes eribriform 
or filamentous but often absent. 

The eoronary sinus opens into the venous atrial eomponent between 
the orifiee of the inferior vena eava, the fossa ovalis and the vestibule 
of the atrioventricular opening (see Fig. 57.13). It is often guarded by 
a thin, semieirailar Thebesian valve that eovers the lower part of the 
orifiee. The upper limb of this valve joins the Eustachian valve and its 
muscular extension, the Eustachian ridge. It also joins a tendinous 
stmcture, the tendon of Todaro, mnning from this commissure into the 
sinus septum, which is the septum between the eoronary sinus and 
the fossa ovalis. The tendon of Todaro mns forwards to insert into the 
eentral fibrous body and is one of the landmarks of the triangle of Koeh 
(see below). The ostium of the eoronary sinus forms a prominent land- 
mark in the right atrium. The sinus itself lies within the left atrioven- 
tricular groove (see Fig. 57.4B,D) and is the conduit for return of most 
of the venous blood from the heart, although some veins drain direetly 
to the atrial ehambers. The eoronary sinus starts at the eonfhienee of 
the oblique vein of the left atrium and the great eardiae vein, and 
reeeives the middle and small eardiae veins elose to its junction with 
the right atrium. Several small venous ostia, draining the minimal atrial 
veins, are found seattered around the atrial walls. They return a small 
fraetion of blood from the heart, and are most numerous on the septal 
aspeet. The anterior eardiae veins and, sometimes, the right marginal 
vein may enter the atrium through larger ostia. 


The right atrium and its appendage are separated from the venous 
sinus by the erista terminalis, a smooth, C-shaped muscular ridge that 
originates from the upper part of the septal surface and, passing anterior 
to the orifiee of the superior vena eava, skirts its right margin to reaeh 
the right side of the orifiee of the inferior vena eava. It marks the site 
of the right venous valve of the embryonie heart, eorresponding exter- 
nally to the terminal groove. The sinu-atrial (sinus) node is loeated in 
the superior part of the groove, inferolateral to the orifiee of the superior 
vena eava (see Fig. 57.13). The mean length of the erest is 51 ±9 mm 
and its thiekness from epicardium to endocardium at the junction of 
the superior vena eava with the posterior atrial wall is 5.5 ± 1.3 mm. The 
peetinate muscles (musculi peetinati) are almost parallel muscular 
ridges that extend anterolaterally from the terminal erest, reaehing into 
the appendage where they form several trabeculations. The largest and 
most prominent peetinate muscle, forming the bridge of the sulcus 
terminalis internally, is the taenia sagittalis (seeond erest or septum 
spurium). The septal wall presents the fossa ovalis, an oval depression 
superior and to the left of the orifiee of the inferior vena eava. Its floor 
is the primary atrial septum (septum primum). The rim of the fossa 
(limbus) is prominent. Often said to represent the edge of the so-ealled 
septum secundum, in reality the muscular borders of the fossa are no 
more than infoldings of the atrial walls, ineorporating extracardiac 
adipose tissue. It is most distinet anterosuperiorly to the fossa, usually 
defieient inferiorly. Some hearts display an excessive amount of extrac- 
ardiae adipose tissue within the fold, raising a marked elevation of the 
superior rim of the fossa (intervenous tubercle of Lower). A small slit 
is sometimes found at the upper margin of the fossa, aseending beneath 
the rim to communicate with the left atrium. This represents failure of 
obliteration of the fetal foramen ovale, which remains patent in up to 
one-third of all normal hearts. Anteroinferior in the right atrium is the 
large, oval vestibule leading to the orifiee of the triaispid valve. A trian- 
gular zone (of Koeh) is defined between the attaehment of the septal 
leaflet of the tricuspid valve, the anteromedial margin of the ostium of 
the eoronary sinus, and the palpable round, collagenous subendocar- 
dial tendon of Todaro (see Figs 57.13-57.14). Koeh's triangle is a 
landmark of particular surgical importanee, indieating the site of the 
atrioventrioilar node and its atrial eonneetions. Anterosuperior to the 
insertion of the tendon of Todaro, the septal wall is formed by the atrio- 
ventrioilar eomponent of the membranous septum, intervening 
between the right atrium and subaortic outlet of the left ventriele (Fig. 
57.17). The bulging atrial wall anterosuperior to the membranous 
septum, the aortie mound (toms aorticus), marks the loeation of the 
non-eoronary aortie sinus with its enelosed valvular leaflet. 

Rìght ventriele 


The right ventriele extends from the right atrioventrioilar (tricuspid) 
orifiee nearly to the eardiae apex. It then aseends to the left to beeome 
the infundibulum, or conus arteriosus, reaehing the pulmonary orifiee 
and supporting the leaflets of the pulmonary valve. Topographieally, the 
ventriele possesses an inlet eomponent that supports and surrounds the 
trioispid valve; a eoarsely trabeoilated apieal eomponent; and a mus- 
cular outlet or infundibulum that surrounds the attaehments of the 
pulmonary valve leaflets. 

External features 

The convex anterosuperior surface of the right ventriele makes up a large 
part of the sternoeostal aspeet of the heart, and is separated from the 
thoraeie wall only by the pericardium (see Fig. 57.1). The left pleura 
and, to a lesser extent, the anterior margin of the left lung are interposed 
above and to the left. The inferior surface is flat and is related mainly, 
with the interposition of the perieardimn, to the eentral tendon and a 
small adjoining muscular part of the diaphragm. The left and posterior 
wall is the ventrioilar septum, slightly curved and bulging into the right 
ventriele so that, in seetions aeross the eardiae axis, the outline of the 
right ventriele is ereseentie. The wall of the right ventriele is relatively 
thin (3-5 mm), the ratio of the thiekness of the two ventricular walls 
usually being 1:3. 

Internal features 

The inlet and outlet eomponents of the ventriele, supporting and sur- 
rounding the leaflets of the tricuspid and pulmonary valves, respee- 
tively, are separated in the roof of the ventriele by the prominent 
supraventricular erest (erista supraventricularis) (see Fig. 57.13A; Fig. 
57.18). The erest is made up predominantly by the inner heart curva- 
ture, bounded on the epieardial aspeet by the rightward margin of the 
transverse sinus. The erest is a thiek, muscular, highly arehed structure, 
extending obliquely anteriorly and to the right from a septal limb high 
on the interventrioilar septal wall to a mural or parietal limb on the 
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Fig. 57.15 An inferior view of a eadaverie heart, demonstrating an 
exaggerated Eiistaehian valve occupying a signifieant portion of the 
lumen of the inferior vena eava. (With permission from Loukas M, Sullivan 
A, Tubbs R, Weinhaus A, Derderian T, Hanna M. 2010. Chiari’s network: 
review of the literature. Surg Radiol Anat. 32:895-901.) 


Oeeasionally, a reticulated network, ehiari's network, originates 
from the Eustachian valve and eonneets to different parts of the right 
atrirnn, including the eoronary sinus. It results from ineomplete resorp- 
tion of the right valve of the embryonie sinus venosus (Fig. 57.16). 
Often elinieally insignifieant, Ohiari's network has been assoeiated 
with the pathogenesis of thromboembolie disease, endoearditis, 
arrhythmias, eardiae flow obstmetions, heart murmurs, infeetive endo- 
earditis, eardiae tumours and entrapment of eatheters on percutaneous 
intervention. 

The prominent sub-Thebesian reeess is loeated posterior to the Eus- 
taehian valve and posteroinferior to the ostium of the eoronary sinus. 
The area between the Eustachian and tricuspid valves inferior to the 
ostium of the eoronary sinus (the cavotricuspid isthmus) is the target 
of eatheter-direeted ablation procedures, the treatment of ehoiee for 
atrial flutter (Sánchez-Quintana et al 2013). 


Pulmonary trunk Sulcus terminalis 


Superior vena eava 
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Right atrium 



Inferior vena eava Chiari’s network 


Fig. 57.16 Chiari’s network. There are multiple attaehment sites around 
the opening of the inferior vena eava and inferiorly towards the eoronary 
sinus (the refleeted part of the right atrium eovers the distal attaehment to 
the eoronary sinus). Abbreviations: FO, fossa ovalis; Pm, peetinate 
muscles. (With permission from Loukas M, Sullivan A, Tubbs R, Weinhaus 
A, Derderian T, Hanna M. 2010. Chiari’s network: review of the literature. 
Surg Radiol Anat. 32:895-901.) 
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Fig. 57.17 A disseetion opening the 
ventrieles, vievved from the front. (With 
permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & 
Fiseher. Copyright 2013.) 
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Fig. 57.18 A ‘vvindovv disseetion’ of a eadaverie heart, prepared by removing the anterosuperior wall of the right atrium and ventriele, to expose their 
internal features. The Eustachian valve separates the inferior vena eava from the sub-Thebesian reeess. The Thebesian valve guards the entry into the 
eoronary sinus. The smooth circumferential area of atrial wall that surrounds the orifiee of the tricuspid valve is the vestibule. Note the loeation of the 
supraventricular erest and septomarginal trabeculation. The body of the septomarginal trabeculation continues as an important muscular strand, the 
moderator band, to the anterior papillary muscle and the parietal wall of the right ventriele. (Speeimen courtesy of M Loukas MD, PhD.) 


anterolateral right ventricular wall. The posterolateral aspeet of the erest 
provides a prineipal attaehment for the anterosuperior leaflet of the 
triojspid valve. The septal limb of the erest may be continuous with, or 
embraeed by, the septal limbs of the septomarginal trabeculation. The 
inlet and outlet regions extend apieally into and from the prominent 
eoarsely trabeculated eomponent of the ventriele. The inlet eomponent 
itself is also trabeculated, whereas the outlet eomponent (infundibu- 
lum) has predominantly smooth walls. The trabeculated appearanee is 


caused by a myriad of endoeardiaf lined, irregular muscular ridges and 
protmsions eolleetively known as trabeculae earneae. These protmsions 
and intervening grooves impart great variation in wall thiekness; the 
protmsions vary in extent from mere ridges to trabeenlations, fixed at 
both ends but otherwise free. Other conspicuous protmsions are the 
papillary mnseles, which are inserted at one end on to the ventricular 
wall and are continuous at the other end with collagenous eords, the 
ehordae tendineae (tendinous eords), inserted on the free edge of the 
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atrioventrieiilar valves. One protmsion in the right ventriele, the septo- 
marginal trabeculation or septal band, is particularly prominent, rein- 
foreing the septal surface where, at the base, it divides into limbs that 
embraee the supraventricular erest. Towards the apex, it supports the 
anterior papillary muscle of the tricuspid valve and, from this point, 
erosses to the parietal wall of the ventriele as the moderator band (the 
name refleets an earlier idea that septomarginal trabeculation prevented 
overdistension of the ventriele). The role of the moderator band as part 
of the conduction system of the heart involves the right atrioventricular 
bundle, as conduction eardiomyoeytes move towards the apex of the 
ventriele before entering the anterior papillary muscle. The moderator 
band may be short/thiek, long/thiek, short/thin, long/thin: it is oeea- 
sionally absent. A fiirther series of prominent trabeailations, the septo- 
parietal trabeculations, extend from its anterior surface and mn on to 
the parietal ventrioilar wall. The smooth-walled outflow traet, or 
infundibulum, aseends to the left, superior to the septoparietal trabecu- 
lations and inferior to the areh of the supraventricular erest to the 
pulmonary orifiee (Spieer and Anderson 2013). 

Tricuspid valve 

The atrioventricular valvular complex, in both ventrieles, eonsists of the 
orifiee and its assoeiated anulus, the leaflets, the supporting ehordae 
tendineae of various types and the papillary muscles. Harmonious 
interplay of all of these, together with the myoeardial mass, depends 
on the conduction tissues and meehanieal eohesion provided by the 
eardiae skeleton. All parts ehange substantially in position, shape, angu- 
lation and dimensions during the eardiae eyele (see Fig. 57.20). 

Tricuspid valvular orifiee 

The trioispid valve orifiee is best seen from the atrial aspeet. It measures, 
on average, 11.4 em in circumference in males and 10.8 em in females. 
There is a elear line of transition from the atrial wall or septum to the 
lines of attaehment of the valvular leaflets. Its margins are not preeisely 
in a single plane. It is almost vertieal but at 45 0 to the sagittal plane 
and slightly inelined to the vertieal, such that it 'faees' (on its ventrioilar 
aspeet) anterolaterally to the left and somewhat inferiorly (Fig. 57.19). 
Roughly triangular, its margins are deseribed as anterosuperior, inferior 
and septal, eorresponding to the lines of attaehment of the vahnflar 



Fig. 57.19 The relation of the sternoeostal surface and valves of the heart 
to the thoraeie eage. The right heart is blue, the arrow denoting the inflow 
and outflow ehannels of the right ventriele; the left heart is treated 
similarly in red. The positions, planes and relative sizes of the eardiae 
valves are shown. The position of the letters A, P, T and M indieate the 
aortie, pulmonary, tricuspid and mitral auscultation areas of elinieal 
praetiee, respeetively. Note that, for the purpose of illustration, the orifiees 
of the aortie, mitral and tricuspid valves are shown with some separation 
between them, whereas, in reality, the leaflets of the three valves are in 
fibrous continuity (see Fig. 57.24). 


leaflets. The eonneetive tissues around the orifiee of the atrioventricular 
valves separate the atrial and ventricular myoeardial masses eompletely, 
except at the point of penetration of the atrioventrioilar bundle; they 
vary in density and disposition around the valvular circumference. 
Extending from the right fibrous trigone eomponent of the eentral 
fibrous body is a pair of curved, tapered, subendocardial tendons, or 
'prongs' (fila eoronaria), which partly eneirele the eiraimferenee. The 
latter is eompleted by more tenuous, deformable fibroblastie sulcal 
areolar tissue. Although the extent of fibrous tissue varies with sex and 
age, the tissue within the atrioventricular junction around the tricuspid 
orifiee is always less robust than similar elements found at the attaeh- 
ments of the mitral valve. The topographieal 'attaehment' of the free 
valvular leaflets in the trioispid valve does not wholly eorrespond to 
the internal level of attaehment of the fibrous eore of the valve to the 
junctional atrioventricular eonneetive tissue. The line of attaehment of 
the leaflet is best appreeiated in the heart when examined grossly, this 
feature being more readily diseerned elinieally. 

Tricuspid vaive ieafiets 

When they are elosed, it is usually possible to distinguish the three 
leaflets in the trioispid valve on the basis of the zones of apposition 
between them: henee the name. The leaflets are loeated anterosuperi- 
orly, septally and inferiorly, eorresponding to the marginal seetors of 
the atrioventricular orifiee named in conjunction. The inferior leaflet is 
often deseribed as being posterior, but when assessed in the attitudi- 
nally eorreet anatomieal position, the leaflet is positioned inferiorly 
(Anderson and Loukas 2009). Eaeh leaflet is a reduplication of endo- 
cardium enelosing a collagenous eore, continuous marginally and on 
its ventrioilar aspeet with diverging faseieles of ehordae tendineae (see 
below) and basally eonfhient with the anular eonneetive tissue. In 
passing from the free margin to the inserted margin, all leaflets of the 
atrioventrioilar valves display rough, elear and basal zones. The rough 
zone is relatively thiek, opaque and uneven on its ventricular aspeet 
where most ehordae tendineae are attaehed; its atrial aspeet makes 
eontaet with the eomparable surface of the adjaeent leaflets during full 
valve closure. The elear zone is smooth and translucent, reeeives few 
ehordae tendineae and has a thinner, fibrous eore. The basal zone, 
extending 2-3 mm from the eiraimferential attaehment of the leaflets, 
is thieker from inereased eonneetive tissue, vasoilarized and innervated. 
It eontains the insertions of the atrial myocardium. The anterosuperior 
leaflet is the largest eomponent of the trioispid valve, attaehed ehiefly 
to the atrioventriailar junction on the posterolateral aspeet of the 
supraventricular erest, and extending along its septal limb to the mem- 
branous septum ending at the anteroseptal commissure. One or more 
notehes often indent its free margin. The attaehment of the septal leaflet 
passes from the inferoseptal commissure on the inferior ventrioilar wall 
aeross the muscular septum, then angling aeross the membranous 
septum to the anteroseptal commissure. The septal leaflet defines one 
of the borders of the triangle of Koeh, thereby aiding loeation of the 
atrioventricular node at the apex of this triangle, and ensuring avoid- 
anee during tricuspid valve surgery (see Figs 57.13, 57.17). The inferior 
leaflet is wholly mural in attaehment and guards the diaphragmatie 
surface of the atrioventricular junction, its limits being the inferoseptal 
and anteroinferior commissures. The zone of apposition between the 
inferior and the anterosuperior leaflets is supported by the septal papil- 
lary muscle of the conus. 

Opening of the tricuspid valve 

Despite its name, the trioispid valve aets more like a bioispid valve 
because its smallest septal leaflet is fixed between the atrial and ven- 
trioilar septa. The remainder of the trioispid anulus is muscular. During 
diastole, the anulus dilates with right ventricular relaxation and the 
large anterior and posterior leaflets move away from the plane of the 
anulus into the right ventriele. During systole, the anulus eonstriets as 
the right ventriele eontraets and the two major leaflets move like sails 
about a relatively immobile septal leaflet and the septum itself 
(Fig. 57.20). 

Chordae tendineae (tendinous eords) 

The ehordae tendineae are fibrous collagenous structures that support 
the leaflets of the atrioventriailar valves. Sometimes, false ehordae 
eonneet the papillary muscles to eaeh other or to the ventrioilar wall 
or septum, or pass direetly between points on the wall or septum, or 
both. Their numbers and dimensions vary in the right ventriele; approx- 
imately 40% of these false eords eontain conduction eardiomyoeytes. 

The tme ehordae usually arise from small projeetions on the tips or 
margins of the apieal third of papillary muscles, although they some- 
times arise frorn the papillary muscle bases or direetly frorn the ven- 
trioilar walls and septum. They attaeh to various parts of the ventrioilar 
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aspeets or the free margins of the leaflets. Tme ehordae are elassified 
into first-, seeond- and third-order types, aeeording to the distanee of 
the attaehment from the margins of the leaflets; the seheme has little 
fimetional or morphologieal merit. Fan-shaped ehordae have a short 
stem from which branehes radiate to attaeh to the margins (or the 
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Fig. 57.20 A summary of some of the prineipal events that occur in 
the eardiae eyele and that are mentioned at various points throughout 
this ehapter. Systole begins at the onset of the first heart sound (see 
phonoeardiogram) and ends at the onset of the seeond heart sound, 
when diastole begins, and this eyele repeats itself. 


ventrieiilar aspeet) of the zones of apposition between leaflets and to 
the ends of adjaeent leaflets. Rough-zone ehordae arise from a single 
stem that usually splits into three eomponents that attaeh to the free 
margin, the ventriailar aspeet of the rough zone and to some intermedi- 
ate point on the leaflet, respeetively. Free-edge ehordae are single, 
thread-like and often long, passing from either the apex or the base of 
a papillary muscle into a marginal attaehment, usually near the mid- 
point of a leaflet or one of its seallops. Deep ehordae pass beyond the 
margins and, branehing to various extents, reaeh the more peripheral 
rough zone or even the elear zone. Basal ehordae are round or ribbon- 
like, long and slender, or short and muscular; they arise from the 
smooth or trabeculated ventricular wall and attaeh to the basal eompo- 
nent of a leaflet. 

Papillary muscles 

The two major papillary muscles in the right ventriele are loeated in 
anterior and inferior positions. A third, smaller muscle lies medially, 
together with several smaller, variable muscles attaehed to the ventrioi- 
lar septum. The anterior papillary muscle is the largest, its base arising 
from the right anterolateral ventricular wall inferior to the anteroinfe- 
rior commissure of the inferior leaflet, also blending with the right end 
of the septomarginal trabeoila. The inferior, papillary muscle, often 
bifid or trifid, arises from the myocardium inferior to the inferoseptal 
commissure. The septal (medial) papillary muscle of the eomis, the 
muscle of Laneisi, is almost always present and is the most superior and 
largest of the small septal papillary muscles. It arises from the posterior 
septal limb of the septomarginal trabeculation and loeates the right 
bundle braneh within the right ventriele. All the major papillary 
muscles supply ehordae to adjaeent eomponents of the leaflets they 
support (see figs 57.17, 57.18). A feature of the right ventriele is that 
the septal leaflet is tethered by individual ehordae tendineae direetly to 
the ventrioilar septum; such septal insertions are never seen in the left 
ventriele. When elosed, the three leaflets fit snugly together, the pattern 
of the zones of apposition eonfirming the trifoliate arrangement of the 
trioispid valve. 

Pulmonary valve 

The pulmonary valve, guarding the outflow from the right ventriele, 
surmounts the infundibulum and is situated at some distanee from the 
other three eardiae valves (Figs 57.21, 57.23). Its general plane faees 
superiorly to the left and slightly posteriorly. It has three semilunar 
leaflets, attaehed by convex edges partly to the infundibular wall of the 
right ventriele and partly to the origin of the pulmonary tmnk. The line 
of attaehments is oirved, rising at the periphery of eaeh leaflet near their 
zones of apposition (the commissures) and reaehing the sinutubular 
ridge of the pulmonary tmnk (Fig. 57.24). Removal of the leaflets 
reveals that the fibrous semilunar attaehments enelose three ereseents 
of infundibular musculature within the pulmonary simises, whereas 
three roughly triangular segments of arterial wall are ineorporated 
within the ventricular outflow traet beneath the apex of eaeh eommis- 
sural attaehment. Thus there is no proper circular 'amilm' supporting 
the leaflets of the valve, and the fibrous semilunar attaehment is an 
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Fig. 57.21 The base of the ventrieles, after 
removal of the atria and the pericardium, 
exposing the eoronary arteries and eardiae veins. 
Contrast the planes and positions of the aortie 
and pulmonary valves, and with Figure 57.23. 
(With permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 2013.) 
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essential requisite for snug closure of the nodules and lunules of the 
leaflets during ventriailar diastole (see below). 

It is diffiailt to name the leaflets and eorresponding sinuses of the 
pulmonary valve and tmnk preeisely aeeording to the eoordinates of 
the body because the valvular orifiee is obliquely positioned. Termino- 
logia Anatomiea (2011) refers to anterior, posterior and septal leaflets on 
the basis of their fetal position but this ehanges with development, 
beeoming anterior, right and left, respeetively, in the adult. Eaeh leaflet 
is an endoeardial fold with a variably developed intervening substantial 
fibrous eore that traverses both the free edge and the semilunar attaehed 
border. The latter is particularly thiekened at its deepest eentral part 
(nadir) of the base of eaeh leaflet, and therefore never forms a simple 
eomplete fibrous ring. The free margin of eaeh leaflet eontains a eentral 
loealized collagenous thiekening, the nodule of Arantius. Perforations 
within the leaflets elose to the free margin and near the commissures 
are frequently present and are of no fimetional signifieanee. Eaeh semi- 
lunar leaflet is eontained within one of the three sinuses of the pulmo- 
nary tmnk. 

Opening of the pulmonary valve 

During diastole, all three leaflets of the pulmonary valve are tightly 
apposed. The pulmonary valve is difficult to visualize at eehoeardio- 
graphy and usually only the posterior leaflet is visible when the valve 
is elosed; atrial systole may cause a slight posterior movement of the 
valve leaflets. The pulmonary valve opens passively during ventricular 
systole and then eloses rapidly at the end of systole (see Fig. 57.20). 

Left atrium 


General, external and internal features 

Although smaller in volume than the right, the left atrium has thieker 
walls (3 mm on average). It possesses a venous eomponent that reeeives 
the right and left superior and inferior pulmonary veins, a vestibule and 
an appendage. Its eavity and walls are formed largely by the proximal 
parts of the pulmonary veins that are ineorporated into the atrium 
during development. Its extensive body is a remnant of the initial atrial 
eomponent of the primary heart tube. The left atrium is roughly cuboi- 
dal, extending posterior to the right atrium and separated from it by 
the obliquely positioned septum. The right atrium is therefore antero- 
lateral to the right part of the left atrium. The left part is eoneealed 
anteriorly by the initial segments of the pulmonary tmnk and aorta: 
part of the transverse perieardial sinus lies between it and these arterial 
tmnks. Anteroinferiorly, and to the left, it adjoins the base of the left 
ventriele at the orifiee of the mitral valve. Its posterior aspeet forms most 


of the anatomieal base of the heart and is approximately quadrangular, 
reeeiving the terminations of (usually) two pulmonary veins from eaeh 
lung, forming the anterior wall of the oblique perieardial sinus (see Fig. 
57.3). This surface ends at the shallow vertieal interatrial groove that 
deseends to the eardiae cmx. 

The left atrial appendage is eharaeteristieally longer, narrower and 
more hooked than the right, and is a finger-like extension with more 
deeply indented margins. It is eonstrieted at its atrial junction and all 
its eontained peetinate muscles are much smaller than their right coun- 
terparts. The left atrium laeks a erista terminalis, and the muscle bundles 
in the appendage are arranged in a whorl-like fashion rather than being 
in an array. The tip of the appendage has a variable position lying over 
the pulmonary tmnk and anterior interventricular artery, pointing pos- 
teriorly towards the aorta (Fig. 57.22). Its narrow morphology renders 
the left atrial appendage a potential site for deposition of thrombi. 

The four pulmonary veins open into the superior posterolateral 
surfaces of the left atrium, two on eaeh side (see Figs 57.3, 57.4B). This 
typieal arrangement is present in 20-60% of the population. A eommon 
variation includes the presenee of a short or long left eommon venous 
tmnk and multiple pulmonary veins on the right (Fig. 57.25). The right 
pulmonary veins travel posterior to their respeetive venae eavae. Their 
orifiees are smooth and oval, the left pair frequently opening via a 
eommon ehannel. Interpulmonary ridges are usually found between 
ipsilateral orifiees; the most prominent is loeated between the openings 
of the left atrial appendage and left superior pulmonary vein. The ridges 
are infoldings of the left atrial wall and eontain adipose tissue, atrial 
arteries and nerve bundles. At the site of the perieardial refleetion, the 
atrial musculature extends into the pulmonary veins, forming myoear- 
dial sleeves that are thiekest in the inferior wall of the superior pulmo- 
nary veins and the superior walls of the inferior pulmonary veins. They 
lie external to the venous tunica media and internal to the epicardium/ 
adventitia and are often the site of foeal eleetrieal aetivity that initiates 
atrial fibrillation. Atrial myoeardial bridges and erossing strands are 
often present, eonneeting the left superior and inferior pulmonary 
veins. 

Several epieardial fat pads on the pulmonary venous eomponent 
house the superior left, posterolateral, left inferior and posteromedial 
ganglionated eardiae intrinsie nerve plexuses (typieally four). Minimal 
eardiae veins (venae eordis minimae) return blood direetly from the 
myocardium to the left atrial eavity. The left atrial aspeet of the septum 
has a eharaeteristieally rough appearanee, bounded by a ereseentie, 
superiorly eoneave ridge that marks the site of the foramen ovale. The 
smooth circumferential area of atrial wall that surrounds the orifiee of 
the mitral valve is the vestibule (see Fig. 57.25A, Fig. 57.26). The mus- 
culature between the ostium of the inferior pulmonary vein and the 
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Fig. 57.22 The anterior or sternoeostal surface of the 
heart. (With permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Llrban & Fiseher. Copyright 2013.) 
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Fig. 57.23 Prineipal elements of the fibrous skeleton of the heart. For elarity, the view is from the right posterosuperior aspeet. Perspeetive causes the 
pulmonary anulus to appear smaller than the aortie anulus, whereas, in faet, the reverse is the ease. Consult the text for an extended discussion. 
(Copyright of The Royal College of Surgeons of England. Reproduced with permission.) 


anulus of the mitral valve is the left atrial or mitral isthimis, and is an 
area where the vestibule of the left atrium direetly opposes the wall of 
the great eardiae vein, eoronary sinus and circumflex eoronary artery. 

Left ventriele 


General and external features 

The left ventriele is eonstmeted in aeeordanee with its role as a powerful 
pump for the high-pressured systemie arterial circulation. Variously 
deseribed as half-ellipsoid or eone-shaped, it is longer and narrower 
than the right ventriele, extending from its base in the plane of the 
atrioventriailar groove to the eardiae apex. Its long axis deseends ante- 
riorly and to the left. In transverse seetion, at right angles to the axis, 
its eavity is oval or nearly circular, with walls three times thieker 
(8-12 mm) than those of the right ventriele (Fig. 57.27). It forms part 
of the sternoeostal, left and inferior (diaphragmatie) eardiae surfaces. 
Except where obscured by the aorta and pulmonary tmnk, the base of 
the ventriailar eone is superficially separated from the left atrium by 
part of the atrioventricular groove with the eoronary sinus within in 
its posterior aspeet (see Fig. 57.4B,D). The anterior and posterior 
(inferior) interventriailar grooves indieate the lines of mural attaeh- 
ment of the ventriailar septum and the limits of the ventricular territo- 
ries. The sternoeostal surface of the ventriele curves bluntly into its left 
surface at the obtuse margin. 

The shape of the left ventriele ehanges from elliptieal in the neonatal 
period to the round adult shape later in infaney (Azaneot et al 1983). 


The effeet of obesity on the heart is apparent as early as the seeond year 
of life. Obese ehildren aged 2years have a greater left ventricular mass 
eompared with normal weight eontrols (de Jonge et al 2011). 

Internal features 

The left ventriele has an inlet region guarded by the mitral valve (ostium 
venosum), an outlet region guarded by the aortie valve (ostium arterio- 
sum) and an apieal trabecular eomponent. The left atrioventricular 
orifiee admits atrial blood during diastole, the flow being direeted 
towards the eardiae apex (Fig. 57.28). After closure of the mitral leaflets 
and throughout the ejeetion phase of systole, blood is expelled from 
the apex through the aortie orifiee. In eontrast to the orifiees within the 
right ventriele, those of the left ventriele are in elose eontaet with 
fibrous continuity between the leaflets of the aortie and mitral valves 
(the 'subaortic curtain') (Fig. 57.29); the inlet and outlet turn sharply 
round this fibrous curtain. The anterolateral wall is the muscular ven- 
tricular septum, the convexity of which eompletes the eirailar outline 
of the left ventriele (see Fig. 57.27). Towards the aortie orifiee, the 
septum beeomes the thin and collagenous interventricular eomponent 
of the membranous septum, an oval or round area below and conflu- 
ent with the fibrous triangle separating the right and the non-eoronary 
leaflets of the aortie valve. Between the inferior limits of the free 
margins of the leaflets of the mitral valve and the ventricular apex, the 
muscular walls exhibit deeper, finer and more intrieate trabeculae 
earneae than those of the right ventriele, eharaeteristieally more devel- 
oped nearer the apex, and beeoming smoother as the superior septal 
surface is reaehed. 
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Fig. 57.24 A, The structure of the aortie root is best conceptualized in 
terms of a three-pronged eoronet; there are at least three rings vvithin this 
eoronet but none supports the entirety of the attaehments of the valvular 
leaflets (eompare with C). B, The leaflets have been reseeted at their 
attaehment to the aortie wall. Note the relationship of the leaflet insertions 
and the ventriculoarterial junction. C, The root of the aorta has been cut 
open and distended, in order to show the insertion of the semilunar 
leaflets. Note the zone of fibrous continuity between the leaflets of the 
aortie and mitral valves and their relationship to the fibrous trigones, and 
the semilunar attaehment of the leaflets (eompare with B). (Redrawn with 
permission, courtesy of Professor RH Anderson, lnstitute of Child Health, 
Llniversity College, London.) 



Fig. 57.25 Sagittal seetions showing the left side of the left atrium in a 
eadaverie heart. A, The oesophagus (O) passing behind the posterior left 
atrial wall and a broad left-lateral ridge (double-headed arrow). The left 
upper (LLIPV) and left lower (LLPV) pulmonary veins enter the left atrium 
via a short eommon stem. Other abbreviations: LAA, left atrial appendage; 
MV, mitral valve. B, The seetion passes through the os of the left atrial 
appendage and the infolding of the ridge. The triangle indieates the earina 
or interpulmonary ridge between the upper and lower pulmonary veins. 
The great eardiae vein (GCV) runs underneath the left atrial wall. (VVith 
permission from Ho SY, McCarthy KP, Faletra FF. 2011. Anatomy of the 
left atrium for interventional eehoeardiography. Eur J Eehoeardiogr 
12:11-15.) 


Hypertrophy of heart muscle 

Available with the Gray’s Anatomy e-book 

Mitral valve 

The general eomments already made for the tricuspid valve also apply 
to the mitral valve. Thus it has an orifìee with a supporting anulus, 
leaflets and a variety of ehordae tendineae and papillary muscles. 

Mitral valvular orifiee 

The mitral orifìee is a well-defined transitional zone between the atrial 
wall and the leaflet bases, being smaller than the tricuspid orifìee (mean 
circumference is 9.0 em in males and 7.2 em in females). The approxi- 
mately circular orifìee is almost vertieal and at 45 0 to the sagittal plane 
in diastole, but with a slight anterior tilt. Its ventriailar aspeet faees 
anterolaterally to the left and a little inferiorly towards the left ventricu- 
lar apex. It is almost eo-planar with the tricuspid orifìee but postero- 
superior to it, whereas it is posteroinferior and slightly to the left of the 
aortie orifìee. The mitraf triaispid and aortie orifìees are intimately 
eonneeted at their eentral fibrous body. When the mitral valve leaflets 
elose, they form a single zone of eoaptation, termed the commissure. 
The anulus of the valve is not a simple fìbrous ring but is made up of 
fìbrocollagenous elements of varying eonsisteney, from which the 
fìbrous leaflet eores take origin; the variable eonsisteney is essential to 
allow the major ehanges in anular shape and dimensions during the 
eardiae eyele that are needed for optimal valvular effìeieney. The area of 
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Hypertrophie eardiomyopathy is eharaeterized by myoeardial wall 
thiekening, particularly a disproportionate thiekening of the interven- 
tricular septum in eomparison with the posterior wall. Eehoeardiogra- 
phy aeairately assesses the degree of thiekening and its effeet on systolie 
fhnetion, such as dynamie left ventricular outflow obstmetion, systolie 
anterior motion of the aortie mitral valve leaflet and mid-systolie 
closure of the aortie valve. There may also be a degree of diastolie dys- 
fhnetion. Serial short-axis gradient eeho MRI allows accurate measure- 
ment of wall thiekness and is particularly useful in assessing apieally 
eonfined hypertrophy. A number of histologieal ehanges are observed, 
including eardiomyoeytie disarray with replaeement fìbrosis and eol- 
lagenous eomponent expansion. Treatment is usually medieaf except 
for refraetory eases and those in whom the left ventricular outflow traet 
obstmetion has a gradient of greater than 50 mmHg. Ventricular septal 
myotomy and myeetomy are performed in such eases. Catheter aleohol 
septal ablation has been introduced as a non-surgical alternative. A 
number of patients may also require implantation of eardiae defìbrilla- 
tors to prevent sudden eardiae death. 

An athlete's heart may physiologieally hypertrophy but in a 
uniform fashion; the left ventriele eavity is usually less than 55 mm in 
size, and thiekness deereases on deeonditioning. In eontrast, hyper- 
trophie eardiomyopathy reveals asymmetrie patterns of left ventricular 
hypertrophy, often with sharp segmental transitions, left atrial enlarge- 
ment and bizarre eleetroeardiographie patterns. Furthermore, there is 
an autosomal dominant inheritanee pattern of abnormalities in genes 
eoding for myoeardial proteins assoeiated with hypertrophie eardio- 
myopathy. Individuals with mutations of the (3-MHC (major histo- 
eompatibility complex) gene usually develop the elassie form of 
hypertrophy, whereas those with eardiae troponin T gene mutations 
generally have only mild or elinieally undetectable hypertrophy. Rare 
forms of hypertrophy include loealized left ventricular apieal hypertro- 
phy as a result of eardiae troponin I mutations, and isolated mid- 
eavity hypertrophy caused by eardiae aetin and MLC (myosin light 
ehain) gene imitations. 
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Fig. 57.26 The posterior wall of the left atrium elose to the posterior interatrial groove in a eadaverie heart. The smooth-walled venous eomponent of the 
left atrium is the most extensive eomponent. The septal aspeet of the left atrium shows the ereseentie line of the free edge of the flap valve against the 
rim of the fossa ovalis. The orifiees of the right superior and inferior pulmonary veins are adjaeent to the plane of the septal aspeet of the left atrium. 
(Speeimen courtesy of M Loukas MD, PhD.) 
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Fig. 57.27 Left and right ventrieles: eross-seetion perpendicular to the axis of the heart, superior aspeet. (With permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


the anulus inereases linearly with body surface area in ehildren and 
young adults (Poutanen et al 2006). The anulus is strongest at the 
internal aspeets of the left and right fibrous trigones. Extending from 
these stmetmes, the anterior and posterior eoronary prongs (tapering, 
fibrous, subendocardial tendons) partly eneirele the orifiee at the atrio- 
ventricular junction (see Fig. 57.23). Between the prong tips, the atrial 
and ventriailar myoeardial masses are separated by a more tenuous 
sheet of deformable fibroelastie eonneetive tissue. Spanning anteriorly 
between the trigones, the fibrous eore of the eentral part of the aortie 
leaflet of the mitral valve is a continuation of the fibrous subaortic 
curtain that deseends from the adjaeent halves of the left and adjaeent 
(non-eoronary) valve leaflets (see Fig. 57.29). 

Mitral valve leaflets 

The mitral valvular leaflets have long been deseribed as paired stme- 
tures. (The name 'biaispid valve' is explicit but erroneous because the 
leaflets are not cuspid, or 'peaked', in form). Small aeeessory leaflets are 
almost always found between the two major leaflets and so the mitral 
valve should be deseribed as a continuous veil that is attaehed around 
the entire circumference of the mitral orifiee. Its free edge bears several 
indentations, of which two are sufficiently deep and regular to be 
nominated as the ends of a solitary and oblique zone of apposition or 


commissure. These anteromedial (inferoseptal) and posterolateral 
(superoposterior) extremities may be regarded as two independent 
commissures, eaeh positionally named as indieated in braekets. 
Although simple, the offieial names for these leaflets - anterior and 
posterior, respeetively - are somewhat misleading because of the obliq- 
uity of the valve. 

When the valve is laid open, the anterior leaflet (aortie, septal, 
'greater' or anteromedial) is seen to guard one-third of the circumfer- 
enee of the orifiee and to be semieirailar or triangular, with few or no 
marginal indentations. Its fibrous eore (lamina fibrosa) is continuous 
on the outflow aspeet, beyond the margins of the fibrous subaortic 
oirtain, with the right and left fibrous trigones (see Figs 57.17, 57.21, 
57.24C). Between the trigones, it is continuous with the fibrous curtain 
itself and, beyond the trigones, with the roots of the anular fibrous 
prongs (see Fig. 57.23). The leaflet has a deep ereseentie rough zone 
that reeeives various ehordae tendineae. The ridge limiting the outer 
margin of the rough zone indieates the maximal extent of surface 
eontaet with the mural leaflet in full closure. A elear zone is seen 
between the rough zone and the valvular anulus; it is devoid of attaeh- 
ments of ehordae, although its fibrous eore earries extensions from 
ehordae attaehed in the rough zone. The anterior leaflet has no basal 
zone and continues into the valvular curtain. Hinging on its anular 
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Fig. 57.28 A disseetion of the left ventriele in a eadaverie heart, exposing the papillary miiseles of the ventriele. Notiee the thiek wall of the left ventriele 
and the ehordae tendineae of the mitral valve attaehing to the papillary muscles. (Speeimen courtesy of M Loukas MD, PhD.) 
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Fig. 57.29 The aortie orifiee opened from the front to show the leaflets of the aortie valves, their nodules, lunules, commissures and the triple-sealloped 
line of their anular attaehment. Also shown are the continuity of the subaortic curtain with the mitral aortie leaflet (i.e. ‘aortie baffle’) and the eoronary 
ostia, and the spatial relationship of the aortie orifiee to the pulmonary orifiee and to the left ventriele. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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attaehment, and continuous with the subaortic curtain, it is eritieally 
plaeed between the inlet and the outlet of the ventriele. During passive 
ventriailar filling and atrial systole, its smooth atrial surface is impor- 
tant in direeting a smooth flow of blood towards the body and apex of 
the ventriele. After the onset of ventricular systole and closure of the 
mitral valve, the ventriailar aspeet of its elear zone merges into the 
smooth surface of the subaortic curtain, which, with the remaining 
fibrous walls of the subvalvular aortie vestibule, forms the smooth 
boundaries of the ventriailar outlet. 

The posterior leaflet (muraf ventrieiilar, 'smaller or posterolateral) 
usually has two or more minor indentations. Laek of definition of the 
major intervalvular commissures has led to disagreement and eonfh- 
sion eoneerning the territorial extent of this leaflet and the possible 
existence of aeeessory seallops. Examination of the valve in the elosed 
position reveals that the posterior leaflet may eonveniently be regarded 
as eomprising all the valvular tissue posterior to the anterolateral 
(inferoseptal) and posteromedial (superoposterior) ends of the major 
zone of apposition with the aortie leaflet. Thus defined, it has a wider 
attaehment to the anulus than does the anterior leaflet, guarding two- 
thirds of the eiraimferential attaehments. Further indentations usually 
divide the mural leaflet into a relatively large middle seallop and 
smaller lateral and septal commissural seallops. Eaeh seallop has a 
ereseentie opaque rough zone, reeeiving on its ventricular aspeet the 
attaehments of the ehordae that define the area of valvular apposition 
in full closure. From the rough zone to within 2-3 mm of its anular 
attaehment, there is a membranous elear zone devoid of ehordae. 
The basal 2-3 mm is thiek and vascular, and reeeives basal ehordae. 
The ratio of rough to elear zone in the anterior leaflet is 0.6 and in the 
middle seallop of the posterior leaflet is 1.4. Much more of the mural 
leaflet is in apposition with the aortie leaflet during closure of the 
mitral valve. 

Opening of the mitral valve 

At the onset of diastole, opening is passive but rapid, the leaflets parting 
and projeeting into the ventriele as left atrial pressure exceeds left ven- 
trioilar diastolie pressure. Passive ventricular filling proeeeds as atrial 
blood pours to the apex, direeted by the pendant aortie valvular leaflet. 
The leaflets begin to float passively together, hinging on their anular 
attaehments and partially occluding the ventricular inlet. Atrial systole 
now occurs, jetting blood apieally and causing re-opening of the leaf- 
lets. As maximal filling is aehieved, the leaflets again float rapidly 
together. Closure is followed by ventricular systole, which starts in the 
papillary muscles and continues rapidly as a general eontraetion of the 
walls and septum. Coordinated eontraetion of the papillary muscles 
inereases the tension in the ehordae and promotes joining of the eor- 
responding points on opposing leaflets, preventing their eversion. With 
general mural and septal excitation and eontraetion, left ventricular 
pressure inereases rapidly (see Fig. 57.20). The leaflets 'balloon' towards 


the atrial eavity, and the atrial aspeets of the rough zones eome into 
maximal eontaet. Preeise papillary eontraetion, and inereasing tension 
in the ehordae, continue to prevent valvular eversion and maintain 
valvular eompetenee. The orifiees and the leaflets of both atrioventricu- 
lar valves undergo eonsiderable ehanges in position, form and area 
during a eardiae eyele. Both valves move anteriorly and to the left during 
systole, and reverse their motion in diastole. The mitral valve reduces 
its orifieial (anular) area by as much as 40% in systole; its shape ehanges 
from circular to ereseentie at the height of systole, the anular attaehment 
of its aortie leaflet being the eoneavity of the ereseent. The attaehment 
of its mural leaflet, although remaining convex, eontraets towards the 
anterior eardiae wall. The smooth left ventricular outflow traet (aortie 
vestibule) terminates at the aortie valve leaflets. Although stronger in 
eonstmetion, the aortie valve resembles the pulmonary valve (see Figs 
57.21, 57.24, 57.29) in possessing three semilunar leaflets, supported 
within the three aortie simises of Valsalva. Although the aortie valve, 
like the pulmonary valve, is often deseribed as possessing an anulus in 
continuity with the fibrous skeleton, there is no eomplete collagenous 
ring that supports the attaehments of the leaflets. As with the pulmo- 
nary valve, the anatomy of the aortie valve is dominated by the fibrous 
semilunar leaflet attaehment (see Fig. 57.24C). 

Mitral ehordae tendineae 

Mitral ehordae tendineae resemble those supporting the trioispid valve. 
False ehordae are also irregularly distributed as in the right ventriele. 
They are single or multiple, thin, fibrous or fibroimisoilar stmctures 
that traverse the eavity of the left ventriele and have no eonneetion with 
the valvular leaflets (Fig. 57.30). They occur eommonly in human left 
ventrieles and often eross the subaortic outflow. Histologieally, false 
ehordae sometimes eontain extensions from the ventrioilar conducting 
tissues; these left ventricular bands are often identified on eehoeardiog- 
raphy. It has been suggested that false ehordae produce premature 
ventricular eontraetions and be the possible cause of fimetional heart 
murmurs or innoeent murmurs in ehildren and young adults. 

Tme mitral valve ehordae may be divided into four types: inter- 
leaflet (commissural), rough zone (including the speeial stmt ehordae), 
'eleft' and basal ehordae. Most tme ehordae divide into branehes from 
a single stem soon after their origin from the apieal third of a papillary 
muscle, or proeeed as single ehordae that divide into several branehes 
near their attaehment. Basal ehordae, in eontrast, are solitary stmctures 
passing from the ventrioilar wall to the mural leaflet. There is such 
marked variation between the arrangement of the ehordae that any 
detailed elassifieation loses much of its elinieal signifieanee. Suffice it 
to say that, in the majority of hearts, the ehordae support the entire free 
edges of the valvular leaflets, together with varying degrees of their 
ventrioilar aspeets and bases, and there is some evidenee to suggest that 
those valves with unsupported free edges beeome prone to prolapse in 
later life. 
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Fig. 57.30 The aorta has been 
transeeted at the level of the 
sinutubular junction in this 
eadaverie heart in order to 
reveal the elosed leaflets of the 
aortie valve. Note how the 
supporting sinuses may be 
deseribed as left eoronary, right 
eoronary and non-adjaeent, 
aeeording to the origin of the 
eoronary arteries. However, this 
terminology could be 
ambiguous if the eoronary 
arteries arise in variable 
loeations, whereas the 
terminology of right, left and 
non-faeing aortie sinus, 
respeetively, is not ambiguous. 
Note the inter-leaflet triangles, 
membranous septum, and 
fibrous continuity between the 
aorta and mitral valve. 
(Speeimen courtesy of M 
Loukas MD, PhD.) 
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Papillary muscles 

The two miiseles supporting the leaflets of the mitral valve vary in length 
and breadth, and may be bifid. The anterolateral (superolateral) muscle 
arises from the sternoeostal mural myoeardmm, and the posteromedial 
(inferoseptal) from the diaphragmatie region (see Pig. 57.27). Chordae 
tendineae arise mostly from the tip and apieal third of eaeh muscle but 
sometimes take origin near their base. The ehordae from eaeh papillary 
muscle diverge and are attaehed to eorresponding areas of closure on 
both valvular leaflets. 

Aortie root 



The aortie root, the anatomieal bridge between the left ventriele and the 
aseending aorta, eonsists of the aortie valvular leaflets (supported by 
the aortie sinuses of Valsalva) and the inter-leaflet triangles interposed 
between their basal attaehments (see Fig. 57.24). As such, it possesses 
signifieant length, but because of the semilunar attaehment of the leaf- 
lets, it has no diserete proximal border. It is limited distally by the 
sinutubular junction (see Fig. 57.30). The essential feature is the semi- 
lunar attaehments of the valve leaflets; their hinge lines eross the ana- 
tomieal ventriailoarterial junction, marking a transition from the 
myocardium of the left ventriele to the fibroelastie tissue of the valve 
sinuses (Fig. 57.31). The muscular portion of the aortie root is roughly 
two-thirds of its widest circumference. Deseriptions of the aortie root 
over the years have been bedevilled by accounts of a valve anulus. 
Although eehoeardiographers used to deseribe this proximal border in 
terms of an 'amilns', examination of eross-seetions of the left ventricular 
outflow traet has never found any circular anatomieal boundary or a 
distinet boundary of any kind (Loukas et al 2014a). There are at least 
two rings within the root; neither serves to support the valve leaflets, 
which are attaehed in semilunar fashion from the sinutubular junction 
to a basal ventricular attaehment. Two leaflets are supported by muscle, 
and the third has an exclusively fibrous attaehment. The root aets as a 
bridging structure not only anatomieally, separating the myoeardial and 
arterial eomponents of the left ventricular pathway, but also fhnetion- 
ally because its proximal and distal eomponents ean withstand eonsid- 
erable ehanges in ventricular and arterial pressures. 


Aortie valve leaflets 

The aortie valve leaflets are attaehed in part to the aortie wall and in 
part to the supporting ventriodar structures. The situation is more 
eomplieated than in the pulmonary valve because parts of the leaflets 
also take origin from the fibrous subaortic curtain, and are continuous 
with the aortie leaflet of the mitral valve (see Fig. 57.29). This area of 
continuity is thiekened at its two ends to form the right and left fibrous 
trigones (see Fig. 57.21). As with the pulmonary valve, the semihmar 
attaehments ineorporate segments of ventriadar tissue within the bases 
of two of the aortie sinuses. The sinuses and leaflets are eonveniently 
named as right, left and non-eoronary, aeeording to the origins of the 
eoronary arteries (see Fig. 57.24C). However, the so-ealled non-eoronary 
leaflet is better termed the non-adjaeent leaflet because it rarely gives 
rise to a eoronary artery. 

The semilunar attaehments ineorporate three triangular areas (trigo- 
nes) of aortie wall within the apex of the left ventricular outflow traet. 
They are interposed between the bulbous aortie sinuses and separate 
the eavity of the left ventriele from the perieardial spaee. Removal of the 
trigones in an otherwise intaet heart is instmetive in demonstrating the 
relationships of the aortie valve, which, justifiably, may be eonsidered 
as the keystone of the heart. The first triangle, between the non-eoronary 
and left eoronary leaflets, has a base continuous inferiorly with the 
fibrous aortie-mitral oirtain. The seeond triangle, between right and 
non-eoronary leaflets, has the membranous eomponents of the inter- 
ventricular septum as its base and thus 'faees' the right ventriele, whereas 
its apex 'points' towards the transverse perieardial spaee behind the 
origin of the right eoronary artery. The third triangle, between the two 
eoronary leaflets, has its base on the muscular interventricular septum 
and its apex 'points' to the plane of spaee found between the aortie wall 
and the free-standing sleeve of right ventriadar infundibular muscula- 
ture that supports the leaflets of the pulmonary valve. Although the 
basal attaehments of eaeh aortie valvular leaflet are thiekened and eol- 
lagenous at their ventricular origins, the leaflets laek a continuous eol- 
lagenous circular skeletal support; valvular hmetion depends primarily 
upon the semilunar attaehments of the leaflets. 

The leaflets are endoeardial folds with a eentral fibrous eore. With 
the valve half-open, eaeh equals slightly more than a quarter of a sphere, 
an approximate hemisphere being eompleted by the eorresponding 
sinus. Eaeh leaflet has a thiek basal border, deeply eoneave on its aortie 
aspeet, and a horizontal free margin that is only slightly thiekened, 


except at its midpoint, where there is an aggregation of fibrous tissue, 
the valvular nodule of the semilunar leaflet. The fibrous eore that flanks 
eaeh nodule is tenuous, forming the lunules of translucent and oeea- 
sionally fenestrated valvular tissue; fenestrations are of no fhnetional 
signifieanee. The aortie surface of eaeh leaflet is rougher than its ven- 
triadar aspeet. 

Confusingly, three sets of names are used to deseribe the aortie 
leaflets. Posterior, right and left refer to their fetal positions before 
full eardiae rotation has oeoirred (Ch. 52). Corresponding terms based 
on their approximate positions in maturity are anterior, left and right 
posterior. Widespread elinieal terminology, which links both leaflets 
and sinuses to the origins of the eoronary arteries, has replaeed anterior, 
left and right leaflets with right and left eoronary and non-adjaeent 
(and, usually, non-eoronary) leaflets, respeetively; these elinieal terms 
are preferable in the normal heart because they are simple and 
unambiguous. 

Aortie simjses (of Valsalva) 

The aortie simises are more prominent than those in the pulmonary 
tmnk. The upper limit of eaeh sinus reaehes eonsiderably beyond the 
level of the free border of the leaflet and forms a well-defined circum- 
ferential sinutubular ridge on the aortie inner surface, just above the 
aortie valvular leaflets (see Fig. 57.24C). Coronary arteries usually open 
near this ridge within the upper part of the sinus but are markedly vari- 
able in their origin. The walls of the simises are largely collagenous near 
the attaehment of the leaflets but the amount of lamellated elastie tissue 
inereases with distanee from the zone of attaehment. At the midlevel 
of eaeh sinus, its wall is about half the thiekness of the supravalvular 
aortie wall and less than one-quarter of the thiekness of the sinutubular 
ridge. At this level, the mean luminal diameter at the eommeneement 
of the aortie root is much larger than that of the aseending aorta; these 
details are hmetionally signifieant in the meehanism ofvalvular motion. 
A linear relationship between the diameter of the aortie sinus and the 
square root of body surface area has been deseribed in ehildren (Kaiser 
et al 2008). 

Opening of the aortie valve 

During diastole, the elosed aortie valve supports an aortie column of 
blood at high but slowly diminishing pressure (see Fig. 57.20). Eaeh 
sinus and its leaflet form a hemispherieal ehamber. The three nodules 
are apposed and the margins and lunular parts of adjaeent leaflets are 
tightly apposed on their ventricular aspeets. From the aortie aspeet, the 
elosed valve is triradiate, three pairs of elosely eompressed lunules 
radiating from their nodules to their peripheral commissural attaeh- 
ments at the sinutubular junction (see Fig. 57.21). As ventrioilar systolie 
pressure inereases, it exceeds aortie pressure and the valve is passively 
opened. 

The fibrous wall of the sinuses nearest the aortie vestibule is almost 
inextensible but, more superiorly, the wall is fibroelastie. Under left 
ventricular ejeetion pressure, the radms here inereases 16% in systole, 
as the commissures move apart to form a fhlly open triangular orifiee. 
The free margins of the leaflets then beeome almost straight lines 
between peripheral attaehments. However, they do not flatten against 
the sinus walls, even at maximal systolie pressure, which is probably an 
important faetor in their subsequent closure. During ejeetion, most 
blood enters the aseending aorta but some enters the sinuses, forming 
vortiees that help to maintain the triangular 'mid position' of the leaflet 
during ventricular systole and also probably initiate their approxima- 
tion at the end of systole. Tight and full closure ensues with the rapid 
deerease in ventricular pressure in diastole. Commissures narrow, 
nodules aggregate and the valve reassumes its triradiate form. Experi- 
ments indieate that 4% of ejeeted blood regurgitates through a valve 
with normal sinuses, whereas 23% regurgitates through a valve without 
them. The normal structure of the aortie sinuses also promotes non- 
turbulent flow into the eoronary arteries. 

Eehoeardiography 


Eehoeardiography allows a detailed assessment of the fhnetional 
anatomy of the heart. The gross anatomy of the heart ean be evaluated 
by two-dimensional eehoeardiography in the parasternal, apieal, 
suprasternal and subcostal positions (Fig. 57.32). The standardized 
planes used are long-axis, short-axis and four-chamber. The long-axis 
view is obtained by plaeing the ultrasound transducer in the left apieo- 
sternal position and provides detailed images of the left ventriele, aorta, 
left atrium, and mitral and aortie valves (Fig. 57.32C). Angling the 
beam towards the right also allows assessment of the right atrium, right 
ventriele and trioispid valves. Rotating the transducer by 90° in the 
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Fig. 57.31 A histologieal seetion through one of the eoronary aortie 
sinuses to demonstrate the way in which ventricular muscle supports the 
transition from the fibroelastie wall of the sinus to the tissues of the 
leaflet. The transitional area is anehored to the ventricular muscle. The 
hinge of the leaflet is well below the level of the ventriculoarterial junction. 
Importantly, there is no ring-like structure in the form of an ‘anulus’ 
supporting the hinge of the leaflet within the ventriele. The muscular 
tissue of the ventriele is stained pink; fibrous tissue, which would show 
up as a eharaeteristie light colour with this stain, is absent. Haematoxylin 
and eosin stain. (Courtesy of Diane E Spieer.) 
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Fig. 57.32 Cardiac anatomy shown by transthoraeie eehoeardiography and CT. A, Four-chamber view. B, Short-axis view at aortie valve level. Note 
three aortie leaflets - right, left and non-adjaeent - and the eentral position of the aorta. C, Parasternal long-axis view. D-F, Corresponding images by 
CT. Note the different orientation eompared with transthoraeie eehoeardiography (looked at from below, foot to head). Abbreviations: A, anterior; AV, 
aortie valve; F, foot; H, head; L, left; LA, left atrium; LV, left ventriele; MV; mitral valve; NC, non-adjaeent; P, posterior; PV, pulmonary valve; R, right; RA, 
right atrium; RV, right ventriele; TV, tricuspid valve. (Images courtesy of Dr Konstantinos Dimopoulos, Royal Brompton and Chelsea and VVestminster 
Hospitals, London.) 


clockwise direetion prodiiees the short-axis view, which allows assess- 
ment of the left ventriele, papillary muscles, ehordae tendineae and 
mitral valves (Fig. 57.32B). The four-chamber view demonstrates the 
ventrieles, atria, and mitral and triaispid valves (Fig. 57.32A). Rotation 
of the transducer allows two-chamber views of the heart and more 
detailed assessment of the aorta and aortie valves. Cardiac MRI and CT 
provide similar information on eardiae structure and fhnetion (see Figs 
57.2, 57.35A,B), together with eomplementary information on great 
vessels (Fig. 57.32D-F) and other extracardiac intrathoraeie structures. 

C0NNECTIVE TISSLIE AND FIBR0US SKELETON 0F 
THE HEART 


From epicardium to endocardium and from the orifiees of the great 
veins to the roots of the arterial tmnks, the intercellular spaees between 
eontraetile and conduction elements are permeated by eonneetive 
tissue; the amount, arrangement and texture vary greatly with loeation. 
Over much of the heart, a fine layer of areolar tissue is found beneath 
the mesothelium of the serous (viseeral) epicardium that accumulates 
subepicardial fat, eoneentrated along the acute margin, the atrioven- 
tricular and interventricular grooves, and their side ehannels. The eoro- 
nary vessels and their main branehes are embedded in this fat; the 
amount inereases with age. The endocardium also lies on a fine areolar 
tissue rieh in elastie fibres. Fibrocellular eomponents of these subepi- 
eardial and subendocardial layers blend on their mural aspeets with the 
endomysial and perimysial eonneetive tissue on the myocardium. Eaeh 
eardiae myoeyte is invested by a delieate endomysium eomposed of fine 
retiailar, eollagen and elastin fibres embedded in ground substance. 
This matrix is laeking only at desmosomal and gap junctional eontaets 
of interealated dises. Similar arrangements apply to ventricular conduc- 
tion myoeytes and their extensive working myoeardial eontaets. The 


eonneetive tissue matrix itself is intereonneeted laterally to form 
bundles, strands or sheets of maeroseopie proportions showing a 
complex geometrie pattern. Surrounding and attaehing to larger myo- 
eardial bundles are stronger perimysial eondensations. The overall 
pattern is deseribed in terms of stmts and weaves. Despite its impor- 
tanee, the myoeardial matrix eannot be grossly disseeted. 

Running at the ventriailar base is a complex framework of dense 
eollagen with membranous, tendinous and fibroareolar extensions, 
intimately related to atrioventrioilar valves and the aortie orifiee. The 
whole is sufficiently distinet to be termed the fibrous skeleton of the 
heart, but although it is often stated that all four valves are eontained 
within this skeleton, this is not the ease. The leaflets of the pulmonary 
valve are supported on a free-standing sleeve of right ventricular 
infundibulum that ean easily be removed from the heart without dis- 
turbing either the fibrous skeleton or the left ventriele. Another point 
of eonfiision is the idea that the 'skeleton' provides the support for the 
eardiae valves. In reality, it is the overall stmcture of the atrioventrioilar 
junctions that supports the mitral and tricuspid valves, whereas the 
arterial valves are hinged within the valvular sinuses. The fibrous skel- 
eton is strongest at the junction of the aortie, mitral and tricuspid valves, 
the so-ealled eentral fibrous body (see below) (see figs 57.21, 57.23). 
Two pairs of oirved, tapering, collagenous prongs, fila eoronaria, extend 
from the eentral fibrous body. They are stronger on the left, where they 
pass partially around the mitral and trioispid orifiees. These orifiees are 
almost eo-planar and ineline to faee the eardiae apex. In eontrast, the 
aortie valve faees superiorly, lying anterosuperior and to the right of the 
mitral orifiee. Two of the leaflets of the aortie valve are in fibrous eon- 
tinuity with the aortie leaflet of the mitral valve; this subaortic oirtain 
is also an integral part of the fibrous skeleton (see Figs 57.21, 57.24C). 
The two ends of the curtain are strengthened as the right and left fibrous 
trigones, which are the strongest parts of the skeleton. The right trigone, 
together with the membranous septum, constitutes the eentral fibrous 
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body, which is penetrated by the atrioventrieiilar bundle of His (see 
below). The membranous septum is erossed on its right aspeet by the 
attaehment of the tricuspid valve, dividing the septum into atrioven- 
tricular and interventriailar eomponents. 

The aortie root is eentral within the fibrous skeleton and is often 
deseribed in terms of an 'anulus' integrated within the fibrous skeleton 
(Anderson et al 2013b). However, as with the pulmonary valve, the 
structure of the aortie root eorresponds to the triple fibrous semilunar 
attaehments of its leaflets. Within this complex circumferential zone 
are three emeially important triangular areas that separate, on the ven- 
trioilar aspeet, the aortie bulbous sinuses that house the valvular leaf- 
lets. As a whole, three triangles, known as the subaortic spans, ean be 
conceptualized in terms of a three-pointed eoronet; their triangular 
apiees eorrespond to the tips of the valvular commissures and their 
walls, signifieantly thinner than those of the sinuses, eonsist variously 
of eollagen or admixed muscle strands and fibroelastie tissue. They 
form the subvalvular extensions of the aortie vestibule. The first span is 
the interval between the non-eoronary and left eoronary sinuses that is 
filled with the deformable subaortic curtain. The seeond span between 
the non-eoronary and right eoronary sinuses is continuous with the 
anterior surface of the membranous septum. The third span, between 
the two eoronary aortie sinuses, is filled with loose fibroelastie tissue 
and separates the extension of the subaortic root from the wall of the 
free-standing subpulmonary infundibulum. Previously, this was 
thought to be the loeation of the tendon of the infundibulum (eonal 
(conus) ligament) (Loukas et al 2007); researeh using mouse hearts 
has shown that the ligament is found at the level of the sinutubular 
junctions at the site of initial fusion of the distal outflow cushions. The 
line of proximal fiision is the longitudinal raphe sometimes seen in 
the muscular subpulmonary infundibulum. 

Similar fibrous triangles are found separating the sinuses of the 
pulmonary tmnk but these are signifieantly less robust. Use of the terms 
mitral and triaispid 'annli' implies that the atrioventrioilar valves are 
supported by diserete circular fibrous rings, when, in reality, they are 
D-shaped structures integrally attaehed to the fibrous eardiae skeleton. 
It is therefore inaccurate to eonsider these valvular orifiees as circular. 
Rather, the straight edge of the 'D'-shaped mitral valve represents a 
fibrous continuity between the anterior leaflet and the aortie root, and 
the remainder supports the mural leaflet. The straight edge of the tri- 
oispid valve represents the attaehment of the septal leaflet, marking 
the inferior border of the triangle of Koeh, and the remainder supports 
the anterosuperior and inferior leaflets. The valvular attaehments of the 
atrioventrioilar valves are not simple, rigid collagenous stmctures but 
dynamie, deformable lines that vary greatly at different peripheral 
points and ehange eonsiderably with eaeh phase of the eardiae eyele 
and with inereasing age. The trioispid attaehments are even less robust 
than those of the mitral valve. At several sites, only fibroareolar tissue 
separates the atrial and ventricular muscular masses. 

The fibrous skeleton ensures eleetrophysiologieal diseontimiity 
between the atrial and ventrioilar myoeardial masses (except at the site 
of penetration of the conduction tissue). It also provides direet attaeh- 
ment for the myocardium and for fibrous tissue throughout the 
heart as a support matrix for a three-dimensional meshwork of 
eardiomyoeytes. 

Arrangement of eardiomyoeytes The microstmcture of eardiae 

muscle is deseribed in detail in Chapter 6. Ventricular myoeytes form a 
three-dimensional mesh in a supporting fibrous matrix. One popula- 
tion is aligned so that the long axis of the aggregated eells is tangential 
to the epieardial and endoeardial borders, albeit with marked variation 
in the angulation relative to the ventrioilar equator. Oorrelation with 
measurements taken using foree probes shows that these myoeytes 
produce the major unloading of the blood during ventricular systole. A 
seeond population is aligned at angles of up to 40° from the epiear- 
dium towards the endocardium and produces auxotonic forees during 
the eardiae eyele. The three-dimensional arrangement of the mesh as 
demonstrated in MRI of the poreine heart also mediates the realign- 
ment of eardiomyoeytes that must take plaee during ventricular eon- 
traetion and accounts for the extent of systolie mural thiekening 
(Fig. 57.33). 

The finding that the number of eardiomyoeytes in the left ventriele 
inereases between the first and the twentieth year of life suggests that 
ehildren may be able to regenerate myocardium (Mollova et al 2013). 



Fig. 57.33 A reeonstmetion of a poreine heart made following diffiision 
tensor MRI of an aiitopsied heart. The traeks are ereated from the first 
eigenveetors and represent the alignment of the aggregated myoeytes. 
This technique enables the identifieation of reproducible traeks, or 
pathways, through the myocardium that eonneet remote end and 
epieardial regions by means of simultaneous ehanges in helieal and 
intmsion angles. (With permission from Anderson R, Smemp M, Sanehez- 
Quintana D, Loukas M, Lunkenheimer P. 2009. The three-dimensional 
arrangement of the myoeytes in the ventricular walls. Clin Anat 22:64-76.) 


estimated at 8 per 1000 live births but they are found in up to 2% of 
stillbirths. Only a small proportion of the anomalies are direetly attrib- 
utable to genetie or environmental faetors and the majority are the 
result of multifactorial events. 


Abnormalities of eardiae position 



Available with the Gray’s Anatomy e-book 


Aeyanotie eardiae defeets 



Cyanotic eardiae defeets 



C0NDUCTI0N TISSUES 


The eells of eardiae muscle differ from those of skeletal muscle in having 
the inherent ability to eontraet and relax spontaneously. This myogenie 
rhythm is shown by small pieees of eardiae tissue, and even isolated 
myoeytes. Ventricular eells eontraet and relax at a lower frequency than 
atrial eells, but in the intaet heart, both are synehronized to a more 
rapid rhythm, generated by paeemaker tissue in the sinus and atrioven- 
tricular nodes and eonveyed by a system of speeialist conduction fibres 
in the atrioventricular conduction axis and the ventricular conducting 
pathways (Purkinje eells). For an account of excitation-contraction 
coupling in eardiae muscle, see page 138. 

The anatomieal arrangement of these tissues is deseribed in the 
context of the heart. Here, eonsideration is restrieted to the eells that 
make up the impulse-generating and conduction system. All are modi- 
fied eardiae eells. Three types within a eontimmm of morphology may 
be distinguished from normal working eells, namely: nodal eells, tran- 
sitional eells and Purkinje eardiomyoeytes. 


C0NGENITAL CARDIAC MALF0RMATI0NS 


Congenital malformations of the heart are eommon and amount to 
about one-quarter of all developmental anomalies. Their ineidenee is 


Overvievv of the conduction system 


Of all the eells in the heart, those of the sinu-atrial node generate the 
most rapid rhythm, and therefore fimetion as the eardiae paeemaker. 
The impulse, believed to be generated in the nodal eells, is transmitted 


1013 


CHAPTER 57 















Heart 


The most severe abnormality of position is an extrathoracic heart 
(eetopia eordis), where the heart usually projeets to the surface through 
the lower thoraeie and upper abdominal walf remaining eovered, in 
most instanees, by the fibrous pericardium, and usually aeeompanied 
by herniation of the abdominal eontents. A mirror image, i.e. reversal 
in eardiae shape and position, occurs predominantly in the right 
hemithorax (dextroposition). The apex of the heart may be direeted to 
the right instead of the left (dextrocardia). This arrangement may 
be part of 'situs inversus totalis', where the heart, great vessels and 
abdominal organs all occupy mirror-imaged positions. The heart may 
also be right-sided in Kartagener's syndrome (a subgroup of eiliary 
dyskinesias). 

More usually, an abnormal loeation of the heart occurs in eases of 
isomerism, in which both sides of the thorax, including the main 
bronehi and the atrial appendages, retain features of either morphologi- 
eal right- or left-sidedness. Isomerism is also eommonly assoeiated with 
the anomalous arrangement of the abdominal organs: right isomerism 
with absenee of the spleen (asplenia) and left isomerism with multiple 
spleens (polysplenia). intraeardiae anatomy in eases of isomerism is 
almost universally abnormal, and there is a range of heart defeets 
(usually more simple in left and more complex in right isomerism). 

These intrathoraeie abnormal arrangements, with or without abdom- 
inal abnormalities, often first manifest themselves ineidentally follow- 
ing ehest radiography. Reversal of normal anatomy has obvious elinieal 
implieations, a typieal example being a patient with mirror-image 
arrangements and appendieitis, who presents with an acute left lower 
quadrant pain. 


Most eongenital heart abnormalities ean be deteeted during antena- 
tal ultrasound sereening (Fig. 57.34). Neonates with severe eongenital 
heart disease may present with taehypnoea, difficulty in feeding, eyano- 
sis and/or cardiovascular eollapse, and there may be audible murmurs 
on auscultation. The vast majority of abnormalities may be deteeted by 
postnatal eehoeardiography; in a very few eases, eardiae eatheterization 
and direet measurements of pressure, oxygen saturations and angiogra- 
phy may be required. 

Aeyanotie eardiae defeets are the result of either left-to-right eardiae 
shunting through heart defeets (intra- or extracardiac) or of obstmetion. 
Left-to-right shunting leads to an inereased workload and stress on the 
heart and the lungs as a consequence of inereased pulmonary blood 
flow and inereased pulmonary venous return. Depending on the loea- 
tion of the shunt and the magnitude of left-to-right shunting, patients 
are at risk of developing pulmonary arterial hypertension unless 
timely heart surgery is undertaken. Examples of defeets leading to left- 
to-right shunting are simple septal defeets such as atrial or ventricular 
septal defeets or patent ductus arteriosus, or more complex atrioven- 
tricular septal defeets, and/or a eombination of any of these defeets with 
abnormal atrioventricular or ventriailoarterial eonneetions (e.g. a 
double-outlet right ventriele, where more than 50% of both the aorta 
and the pulmonary artery originate from the right ventriele) (Ch. 52). 
Obstmetive lesions may involve the atrioventricular or arterial valves 
(mitral, aortie or pulmonary valve stenosis), or narrow vessels (e.g. 
eoaretation of the aorta or intermpted aortie areh). Depending on the 
level and severity of the obstmetion, patients may have a range of 



Fig. 57.34 A, Trieiispid atresia at 21 weeks’ gestation. A four-chamber view showing a large left ventriele and a hypoplastie right ventriele. The mitral 
valve is seen; no tricuspid valve is identified. There is an assoeiated ventricular septal defeet. B, An atrioventricular septal defeet at 20 weeks’ gestation. 
A eommon atrioventricular valve (arrow) is assoeiated with a defeet in the atrioventricular septum. C, Hypoplastie left heart syndrome at 32 weeks’ 
gestation. This four-chamber view shows a large right atrium, right ventriele and tricuspid valve. There is a hypoplastie left ventriele; no mitral valve is 
identified. D, Hypoplastie left heart syndrome at 32 weeks’ gestation. This four-chamber view shows colour flow from right atrium to right ventriele 
aeross the tricuspid valve; no mitral valve is identified and there is no flow in the left side of the heart. E, Tetralogy of Fallot at 33 weeks’ gestation. The 
aorta arises astride a ventricular septal defeet. F, Transposition of the great arteries at 21 weeks’ gestation. The aorta and pulmonary artery arise in 
parallel orientation. The aorta arises from the right ventriele and the pulmonary artery from the left ventriele. Abbreviations: Ao, aorta; LA, left atrium; LV, 
left ventriele; MV, mitral valve; PA, pulmonary artery; RA, right atrium; RV, right ventriele; TV, tricuspid valve; VSD, ventricular septal defeet. (Courtesy of 
Gurleen Sharland, Evelina London Children’s Hospital.) 
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Fig. 57.35 A, Cardiac magnetie resonanee angiography in a patient with a normal heart. Note the eriss-eross relationship of the great arteries; the aorta 
arises from the left ventriele and riins to the right and posteriorly to the pulmonary trunk (at its origin) and towards the head. The pulmonary artery arises 
from the right and anterior right ventriele, erosses over and then runs to the left of the aorta and towards the baek (where it bifurcates into the right and 
left pulmonary arteries at the underside of the aortie areh). B, A eardiae magnetie resonanee angiogram from a patient with transposition of the great 
arteries. Note the parallel or side-by-side relationship of the great vessels and loss of their normal eriss-eross relationship. The aorta runs anteriorly and 
eomes off the right ventriele. The hypertrophied right ventriele supports the systemie circulation, and the ventricular septum bows from right to left. 
Abbreviations: Ao, aorta; LV, left ventriele; PT, pulmonary trunk; RV, right ventriele. (Courtesy of Dr Philip Kilner, Royal Brompton Hospital, London.) 


elinieal presentations from an asymptomatie heart murmur (eommon) 
to cardiovascular eollapse (uncommon). Treatment in all eases is 
direeted towards normalizing heart workload, systemie and pulmonary 
blood flow, and eardiae output, and may be surgical and/or eatheter- 
based. 

Cyanotic eardiae defeets may be attributable to a right-to-left intra- or 
extracardiac shunt or to a severe reduction in pulmonary blood flow. 
They may be caused by simple lesions such as severe pulmonary steno- 
sis with an atrial septal defeet and right-to-left shunting; moderate 
lesions, including Fallot's tetralogy, in which there is a ventriailar septal 
defeet, right ventriailar outflow obstmetion, right ventricular hypertro- 
phy and an overriding aorta; or more complex lesions, including trans- 


position of the great arteries (Fig. 57.35; p. 924) and trioispid and 
pulmonary atresia (often in the setting of hypoplastie right ventriele 
and fhnetionally univentricular physiology). Neonates with severe eyan- 
otie eongenital heart defeets may be dependent on the pateney of the 
ductus arteriosus; early diagnosis, treatment with intravenous prosta- 
glandin infusion and timely transfer to a tertiary eentre for more defìni- 
tive therapy is key to survival and good long-term outcomes. 

Major advanees in the diagnosis and management of infants with 
eongenital eardiae malformations in reeent years have resulted in an 
inereased number of adoleseents and adults with palliated or repaired, 
but not cured, eongenital heart disease. This is an area that poses mul- 
tiple ehallenges to both eardiovasoilar and other medieal diseiplines. 
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over preferentially conducting pathways to right and left atria, and to 
the atrioventriailar node. At the atrioventriailar node, the impulse is 
delayed by 40 ms, allowing the atria to ejeet their eontents fhlly before 
eommeneement of ventricular eontraetion, and also plaeing an upper 
limit on the frequency of signals that ean be transmitted to the ventri- 
eles. The transitional eells interpose between the atrial eardiomyoeytes 
and the nodal eells. There is no transition in humans between the 
node and the penetrating bundle, and the eells are virtually identieal. 
Here, they beeome continuous with the more distinetively appearing 
Purkinje eells. Conduction of the impulse is rapid in the bundle and 
its branehes (2-3 m/see, as opposed to 0.6 m/see in normal myoear- 
dium). The eardiae impulse therefore arrives at the apex of the heart 
before spreading through the ventriailar walls, producing a properly 
eoordinated ventricular ejeetion. The human heart beats eeaselessly at 
70 eyeles every minute for many deeades, maintaining perfhsion of 
pulmonary and systemie tissues. The rate and stroke volume fluctuate 
in response to prevailing physiologieal demands. The prineipal events 
in a eardiae eyele are summarized in Figure 57.20, including the elee- 
trieal events reeorded in the eleetroeardiogram; the meehanieal 
sequences of diastole, atrial systole, volumetric eontraetion, ejeetion 
and isovolumetric relaxation in ventrioilar systole; the acoustic phe- 
nomena reeorded in the phonoeardiogram; the pressure profìles of 
right and left hearts and arterial tmnks; and the sequences of valvular 
events. 

Cardiac effìeieney depends on preeise timing of the operation in 
interdependent stmctures. Passive diastolie fìlling of the atria and ven- 
trieles is followed by atrial systole, stimulated by diseharge from the 
sinu-atrial node, which eompletes ventricular fìlling. Excitation and 
eontraetion of the atria must be synchronous and finish before ventricu- 
lar eontraetion; this is effeeted by a delay in the conduction of excitation 
from atria to ventrieles. Thereafter, ventricular eontraetion proeeeds in 
a preeise manner. The atrioventricular valves are elosed by ventricular 
systole, which must occur prior to closure; ventricular aetivation must 
therefore preeede valvular closure, which spreads from the ventricular 
apiees towards the outflow traets and orifiees. 

Cardiac eontraetion originates unequivocally in speeialized eardio- 
myoeytes, but neural influences are important in adapting the intrinsie 
eardiae rhythm to fhnetional demands from the entire body. All eardio- 
myoeytes are excitable. They display autonomous rhythmie depolariza- 
tion and repolarization of their eell membranes, conduction of waves 
of excitation via gap junctions to adjaeent eardiomyoeytes, and 
excitation-contraction coupling to their aetomyosin complexes. These 
properties are developed to different degrees in different sites and in 
different types of eardiomyoeyte (Ch. 6). The rate of depolarization and 
repolarization is slowest in the ventrioilar myoeardmm, intermediate 
in the atrial muscle, and fastest in the myoeytes of the sinu-atrial node. 
The latter override those generating slower rhythms and, in the normal 
heart, are the locus for the rhythmie initiation of eardiae eyeles. Con- 
versely, conduction veloeity is slow in nodal myoeytes, intermediate in 
general Vorking eardiae myoeytes, and fastest in the myoeytes of the 
ventrioilar conduction system. 

The nodes and networks of the so-ealled speeialized myoeardial eells 
constitute the eardiae conduction system (Figs 57.36-57.37). The eom- 
ponents of this system are the sinus and atrioventrioilar nodes, the 
atrioventricular bundle with its left and right bundle branehes, and the 
subendocardial plexus of ventricular conduction eells (Purkinje eells). 
The main paeemaker rhythm of the heart (sinus rhythm) is generated 
within the system but is influenced by nerves. It is transmitted speeifì- 
eally from atria to ventrieles via the atrioventrioilar node and bundle. 
The spread of excitation is very rapid but not instantaneous. Different 
parts of the ventrieles are excited at slightly different times, with impor- 
tant fhnetional consequences. Failure of the conduction system will not 
bloek eardiae eontraetion but the system will beeome poorly eoordi- 
nated. The rhythm will be slower because it originates from a spontane- 
ous (myogenie) aetivity in the working eardiae myoeytes or in a 
subsidiary paeemaker in a more distal part of the diseased or dismpted 
conduction system. There are no speeialized internodal and interatrial 
conduction pathways; the excitation emanating from the sinu-atrial 
node spreads to the atrial musculature and to the atrioventricular node 
through ordinary atrial working myocardium. The geometrie arrange- 
ment of fibres along well-organized atrial muscle bundles, e.g. the ter- 
minal erest, the rims of the fossa ovalis and Baehmann's bundle, ensures 
that conduction is marginally more rapid than elsewhere within the 
atrium. 

Sìnu-atrial node 

In the majority of hearts, the sinu-atrial node is a ereseent-shaped stme- 
ture, between 8 and 25 mm long, loeated at the embryonie junction 
between the venous part (sinus venosus) and the atrium proper derived 


parts of the right atrium (see Figs 57.13A, 57.37). In hearts over 65 years 
of age, a layer of eonneetive or fatty tissue between the subendocardium 
and the body of the node may sometimes render it visible to the naked 
eye. Extending on the right from the erest of the right appendage, the 
node typieally courses posteroinferiorly into the upper part of the ter- 
minal groove; in about 1 in 10 hearts it extends in horseshoe fashion 
aeross the erest of the appendage. Nodal tissue does not occupy the full 
thiekness of the right atrial wall from epicardium to endocardium but 
sits as a wedge of speeialized subepicardial tissue within the terminal 
groove. Its loeation is eonsistently marked by a large eentral artery, 
which originates from either the proximal part of the right eoronary or 
circumflex arteries in equal proportion. Nodal eells are grouped circum- 
ferentially around the sinu-atrial nodal artery, paeked within a dense 
matrix of eonneetive tissue as interlaeing strands of myoeytes. They are 
smaller, paler and more empty-looking than working atrial myoeardial 
fibres, being 5-10 jiim in their greatest diameter, with a large eentral 
nucleus. Their pale appearanee is attributable to the sparsity of 
organelles; myofibrils are few and irregularly arranged, and there is no 
proper sarcotubular system with little glyeogen. 

The sinu-atrial node is deseribed as having a head, body and tail, 
from which 5-8 short digitations of nodal tissue radiate towards the 
superior vena eava, subepicardium and erista terminalis, penetrating the 
working atrial myocardium (Figs 57.38-57.39). At the nodal periphery, 
nodal eells intermingle with slender, fiisiform, transitional 'linking 
eells that are part of a heterogeneous cellular group intermediate in 
appearanee between nodal eells and normal working atrial myoeytes. 
(For ffirther reading on the use of moleoilar markers to map the extent 
of nodal tissue, see Monfredi et al (2010).) There are no autonomic 
ganglion eells within the node, although many border it anteriorly and 
posteriorly. Nerve fibres are present but do not appear to eontaet the 
nodal myoeytes. 



Paranodal area 

A paranodal area within the terminal erest, between the eells of the 
sinu-atrial node and the working atrial eardiomyoeytes, and possessing 
properties of both nodal and atrial tissues, has been identified (Molenaar 
et al 2011). Its preeise fimetion remains to be determined, but computer 
simulations suggest that it is an integral part of normal atrial aetivation 
and may play a role in paeemaking. 


Internodal atrial myocardium 

Speeialized pathways have been alleged to eonneet the sinus and atrio- 
ventricular nodes, but there is no evidenee that traets insulated from 
the working myocardium, as occurs in the ventrioilar conduction path- 
ways, exist within the atrial walls. The impulse generated by the sinu- 
atrial node is conducted more rapidly via the long axis of the atrial 
muscle bundles than it is transversely. The main pathways for conduc- 
tion towards the atrioventricular node are the terminal erest and the 
margins of the oval fossa. Conduction to the left atrium is preferentially 
through Baehmann's bundle; additional pathways occur through the 
margins of the oval fossa and through the muscular eonneetions 
between the walls of the eoronary sinus and left atrium. During devel- 
opment, the walls of the systemie venous sinus are exclusively eom- 
posed of primary myocardium. Although pathways within these walls 
may be identified in prenatal stages, primary myocardium is slowly 
conducting, which means that these pathways do not represent areas of 
preferentially rapid conduction. 


Atrioventricular node 

The atrioventricular node is an oblique, half-oval atrial structure, loeated 
within the atrial eomponent of the muscular atrioventrioilar septum 
and separated from the ventrioilar musculature by the insulating tissues 
ofthe atrioventricular groove (see Fig. 57.37). Its anatomieal landmarks 
are the boundaries of the triangle of Koeh, i.e. the attaehment of the 
septal leaflet of the trioispid valve inferiorly, the ostmm of the eoronary 
sfirns basally and the tendon of Todaro superiorly (see ?ig. 57.13). The 
atrial aspeet of the node is convex and overlain by atrial myocardium. 
Its left margin is eoneave and abuts on to the superior aspeet of the 
eentral fibrous body. The basal end projeets into the atrial muscle and 
the anteroinferior end enters the eentral fibrous body to beeome the 
penetrating atrioventricular bundle. 

The node eonsists of two zones, eompaet and transitional, pervaded 
by an irregular collagenous reticulum that enmeshes the myoeytes (Fig. 
57.40). The eompaet zone eonsists of frequently stratified, interloeking 
nodal eells. Cells from the right and left atrial walls and the atrial 
septum feed direetly into the eompaet zone. The transitional zone 
envelops the eompaet portion of the node and eonsists of elongated 
'transitional eells', intermediate in morphology and fimetion between 
eompaet nodal eells and working atrial eardiomyoeytes. 









Heart 


Terminal groove SVC Sinu-atrial node artery Terminal erest 



Fig. 57.38 Measiirements of the vvidth and height of the sinu-atrial node and the distanees of nodal tissue to epicardium (a) and endocardium (b), 
measured in eadaverie tissue. (Top) A gross eadaverie speeimen together vvith an example of a histologieal seetion and a diagram to indieate vvhere 
measurements vvere made on eaeh histologieal seetion. (Bottom) Histologieal seetions (Masson triehrome stain) taken through levels A-F as indieated on 
the gross speeimen. (G) The red dotted line delineates the nodal boundaries. Note the irregular contour of the node and the extensions tovvards the 
neighbouring myocardium (arrovvs). Abbreviations: SVC, superior vena eava. (With permission from Sánchez-Quintana D, Cabrera JA, Farré J, eiiment V, 
Anderson RH, Ho SY. 2005. Sinu-atrial node revisited in the era of eleetroanatomieal mapping and eatheter ablation. 2005 91:189-94.) 
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Fig. 57.39 Histologieal seetions of the nodal body. A, Fibro-fatty tissue (f) betvveen the caudal aspeet of the nodal body and the subendocardium. 

B-C, Fragmentation of the nodal tail into clusters. Masson triehrome stain. (With permission from Sánchez-Quintana D, Cabrera JA, Farré J, eiiment V, 
Anderson RH, Ho SY. 2005. Sinu-atrial node revisited in the era of eleetroanatomieal mapping and eatheter ablation. 2005 91:189-94.) 
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Fig. 57.40 Histologieal seetions shovving the 
features of (A) the atrioventricular (AV) node and 
(B) the penetrating atrioventricular bundle. 
Triehrome method, fibrous tissue stained green. 
(VVith permission from Anderson RH, Boyett MR, 
Dobrzynski H, Moorman AF. 2013. The anatomy 
of the conduction system: implieations for the 
elinieal eardiologist. J Cardiovasc Transl Res. 
6:187-196.) 
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Fig. 57.36 The conduction tissue of the heart. A, Right aspeet. B, Left aspeet. The elements of the conduction system are shovvn in purple. Conduction 
tissue aeeompanies fine trabeculae earneae and false ehordae. In reality, the radiation of the left bundle braneh is direetly related to the leaflets of the 
aortie valve. 


Extensions of nodal eardiomyoeytes mn in the direetion of the eoro- 
nary sinus along the tricuspid anulus (the putative 'slow pathway'); in 
the anterior portion of the triangle of Koeh near the eompaet portion of 
the atrioventricular node (the putative 'fast pathway'); and in the diree- 
tion of the mitral anulus (the left atrial extension) (Mani and Pavri 
2014). In both sinus and atrioventriailar nodes, the intercellular eon- 
taets between nodal eells, and between nodal and transitional eells, are 
much less speeialized than the interealated dises between normal eardiae 
eells (p. 137). A sparsity of gap junctions is eonsistent with the absenee 
from these areas of connexin-43 (a major protein eomponent of mam- 
malian gap junctions), and probably accounts for the observed difficulty 
in exciting these eells from adjaeent eells. The atrioventricular delay may 
owe much to this relative non-excitability, which appears to disturb the 
spread of potential, delaying propagation; the narrow diameter of the 
transitional eells may also contribute to conduction delay. 

The arterial supply to the atrioventriailar node is from a eharaeter- 
istie vessel that originates from the dominant eoronary artery at the 
eardiae cmx. Autonomic ganglia are present between the node and the 
eoronary sinus. 


Atrioventricular bundle 

The atrioventrioilar bundle (of His) is the direet continuation of the 
atrioventricular node. It beeomes oval, quadrangular or triangular in 
transverse seetional profile as it enters the eentral fibrous body. It 
traverses the fibrous body and branehes on the erest of the muscular 
interventrioilar septum; the branehing traet is sandwiched between the 
muscular and the membranous eomponents of the septum. 

The right braneh of the bundle (ems dextmm) is a narrow, diserete, 
rounded group of faseieles that courses at first within the myocardium 
and then subendocardially towards the ventrioilar apex, entering the 
septomarginal trabeoila to reaeh the anterior papillary muscle. Its 
branehes to the ventrioilar walls are few in its septal course. At the 
origin of the anterior papillary muscle, it divides profhsely into fine 
subendocardial faseieles that diverge, first embraeing the papillary 
muscle, then recurving subendocardially for distribution to the remain- 
ing ventrioilar walls. 

The left braneh (ems sinistmm) arises as numerous fine, intermin- 
gling faseieles that leave the left margin of the branehing bundle through 
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Fig. 57.37 The basie structure of the conduction system and its 
relationship with the eleetroeardiogram. Note the foramen ovale allowing 
for communication between the right atrium (RA) and the left atrium (LA). 
Other abbreviations: SCV, superior vena eava. (Redrawn by courtesy of 
Professor RH Anderson, lnstitute of Ohild Health, llniversity Oollege, 
London.) 


most of its eoiirse along the erest of the muscular ventricular septum 
(see Fig. 57.36). These faseieles form a flattened sheet down the smooth 
left ventricular septal surface that diverges apieally and subendocar- 
dially aeross the left aspeet of the ventricular septum, trifurcating into 
anterior, septal and posterior divisions. Fine branehes leave the sheets, 
forming subendocardial networks, which fìrst surround the papillary 
muscles and then curve baek subendocardially to be distributed to all 
parts of the ventriele. The prineipal branehes of the bundle are insulated 
from the surrounding myocardium by sheaths of eonneetive tissue. 

Functional eontaets between ventricular conduction and working 
myoeytes beeome numerous only in the subendocardial terminal rami- 
fieations. Henee, papillary muscles eontraet first, followed by a wave of 
excitation and ensuing eontraetion that travels from the apex of the 
ventriele to the arterial outflow traet. Because the Purkinje network is 
subendocardiaf muscular excitation proeeeds from endoeardimn to 
epicardium. 

In the developing heart, the bundle responsible for atrioventricular 
conduction is a much more extensive structure. Immunohistochemical 
analysis has revealed that the precursor of the system is a ring of eells 
that surrounds the inlet and outlet eomponents of the developing ven- 
tricular loop (Ch. 52). 


Oardiae paeing 



Available with the Gray’s Anatomy e-book 


Cardiac conduction studies 



Available with the Gray’s Anatomy e-book 


Oongenital conduction abnormalities 



VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
Ooronary arteries 


The right eoronary artery arises from the anterior ('right eoronary') sinus 
and the left eoronary artery from the left posterior (Teft eoronary') sinus 
of the aseending aorta (see Figs 57.21-57.22; Fig. 57.41); ostia levels 
vary. The two arteries, as indieated by their generie name, form an 



oblique inverted crown within the atrioventricular groove. They also 
form a variable and often insignifieant anastomosis (in the non- 
pathologieal state) via marginal and interventricular (deseending) 
loops that interseet at the eardiae apex. The main arteries and major 
branehes are usually subepicardial, but those in the atrioventricular and 
interventriailar grooves are often deeply sited, and oeeasionally hidden 
by overlapping myocardium or embedded in it (myoeardial bridging). 
The term 'dominant' is used to refer to the eoronary artery giving off 
the posterior interventricular (posterior deseending or inferior interven- 
tricular) braneh, which supplies the posterior (inferior) part of the 
ventriailar septum and often part of the posterolateral (inferolateral) 
wall of the left ventriele. The right artery is the dominant artery in 60% 
of hearts. Anastomoses between right and left eoronary arteries are 
abundant in the fetus but are much reduced by the end of the first year 
oflife. Anastomoses providing eollateral circulation may beeome prom- 
inent in eonditions of ehronie hypoxia and in eoronary artery disease. 
An additional eollateral eirailation is provided by small branehes from 
mediastinaf perieardial and bronehial vessels. 

Coronary arterial original ealibre, based on arterial easts or angio- 
gram measurements, ranges between 1.5 and 5.5 mm. The ealibre of 
the left origin exceeds the right in 60% of hearts, the right being larger 
in 17%, and both vessels being of approximately equal ealibre in 23%. 
The external diameter of the left eoronary artery inereases from 2.1 mm 
atthe age of lyearto 3.3 mm atthe age of 15years (Pesonen et al 1991) 
and the diameters of the eoronary arteries may inerease up to the 30th 
year. A signifieant assoeiation has been found between the diameters of 
the right and left eoronary arteries at birth and at 1 and 6 months of 
age and birth weight, height and body surface area (Karagol et al 2012). 


Right eoronary artery 

The right eoronary artery arises from the anterior ('right eoronary') 
aortie sinus; its ostium is usually below the sinutubular junction. The 
artery is usually single but as many as four right ostia have been 
observed, refleeting the independent origins of the eonal, sinu-atrial 
node and ventricular arteries (Figs 57.42-57.43). The right eoronary 
artery passes at first anteriorly and slightly to the right between the right 
atrial appendage and pulmonary tmnk, where the sinus usually bulges. 
On reaehing the atrioventricular groove, it deseends almost vertieally to 
the right (acute) eardiae border, curving around it into the posterior 
(inferior) part of the groove, where the latter approaehes its junction 
with both interatrial and interventrioilar grooves, the appropriately 
termed eardiae crux. The artery ends a little to the left of the cmx, often 
by anastomosing with the circumflex braneh of the left eoronary artery. 
The right eoronary artery may end near the right eardiae border, between 
this and the cmx, or more often it reaehes the left border, replaeing the 
more distal part of the circumflex artery. Its branehes supply the right 
and variable parts of the left ehambers and atrioventrioilar septum. 
Usually, the first braneh is the right eonal artery (conus artery, artery of 
the conus, arteria eoni arteriosi; Loukas et al 2014b). (This vessel arises 
independently from the anterior aortie sinus in approximately one- 
third of hearts and is therefore sometimes termed the 'third eoronary 
artery'; a similarly named vessel arises from the left eoronary circulation 
and so this title is inappropriate.) The right eonal artery ramifies antero- 
inferiorly over the pulmonary conus and over the superior aspeet of the 
right ventriele, sometimes anastomosing with a similar braneh from the 
left interventricular (anterior deseending) artery to form the anulus of 
Vieussens, a tenuous anastomosis around the right ventrioilar outflow 
traet (Figs 57.44-57.45) (Loukas et al 2009). 

The first segment of the right eoronary artery (between its origin and 
the right eardiae margin) gives off anterior atrial and ventrioilar 
branehes that diverge widely, approaehing a right angle in the ease of 
the ventricular arteries, an arrangement that is in marked eontrast to 
the more acute origins of the left eoronary ventricular branehes. The 
anterior ventricular branehes, usually two or three, ramiíy towards the 
eardiae apex, which they rarely reaeh (unless the right marginal artery 
is included within this group of branehes, as it is by some authors). The 
right marginal artery is greater in ealibre than the other anterior ven- 
trioilar arteries and long enough to reaeh the apex in most hearts. When 
it is very large, there may be only one other remaining anterior ven- 
tricular braneh, or even no other branehes. Up to three small posterior 
(inferior) ventrioilar branehes, most often two, arise from the seeond 
segment of the right eoronary artery between the right border and crux 
to supply the right ventrioilar diaphragmatie aspeet. Their size is 
inversely proportional to that of the right marginal artery, which usually 
extends to the eardiae diaphragmatie surface. On approaehing the crux, 
the right eoronary artery normally produces up to three posterior (infe- 
rior) interventricular branehes (oeeasionally none). The posterior (infe- 
rior) interventricular artery itself, lying within the interventricular 
groove, may therefore be flanked, either to the right or to the left, or on 
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This ring is in continuity with the atrioventricular bundle, itself part 
of an interventricular ring of speeialized eardiomyoeytes. The segment 
of the interventricular ring that eneireles the developing left ventricular 
outflow traet subsequently breaks down. The segment that persists 
within the ventrieles extends along the septum beyond the branehing 
atrioventricular bundle and forms a dead-end traet. The dorsal eompo- 
nent of the interventriailar ring is part of the definitive atrioventricular 
node, continuous with the atrioventriailar bundle. The rightward eom- 
ponent of the atrioventricular ring system, emerging inferiorly from the 
atrioventriailar node, is part of the slow nodal pathway. The eardio- 
myoeytes that formed the ring initially possessed a primary phenotype, 
i.e. they would have conducted slowly. 

Wolff-Parkinson-White syndrome is caused by abnormal small 
strands of otherwise unremarkable ventricular myocardium that mn 
through the fibroareolar tissue of the atrioventricular groove, eonneet- 
ing the atrial and ventricular myoeardial masses at some point around 
the atrioventricular junctions. 

Temporary paeing wires are usually inserted by cannulation of either 
the internal jugular or subclavian veins; the latter approaeh earries a 
slightly greater risk of a pneumothorax because of the proximity of the 
pleural eavity. Other potential risks are braehial plexus injury if the entry 
site is too posterior, and thoraeie duct injury if the left subclavian vein 
is cannulated. The most eommon loeation for permanent paeemaker 
deviees is subcutaneously on the anterior ehest wall. Aeeess to the 
ehambers and endoeardimn of the right heart is gained via the eephalie 
vein within the deltopeetoral groove. 

intraeardiae eleetroeardiography and eleetrophysiology are used to 
assess eardiae conduction and rhythm abnormalities. A eatheter is 
inserted via the femoral, subclavian or internal jugular veins using a 
guidewire technique. Fluoroscopy, eehoeardiography and, more 
reeently, eardiae magnetie resonanee are used to guide accurate plaee- 
ment of the eatheters to the appropriate position. The sites of study are 
the high right atrium (for assessing the atrioventricular bundle and right 
bundle braneh) and the eoronary sinus (for evaluating atrioventriailar 
junctional arrhythmias and aeeessory pathways). The multipolar elee- 
trodes provide detailed eleetro-anatomieal mapping of the sequence of 
excitation from the atria, atrioventricular junction and ventrieles. The 
origin of supraventricular arrhythmias, ventricular taehyeardias, aeees- 
sory conduction pathways and re-entrant pathways ean be identified 
and used to guide radiofrequency ablation. 

In the past, there was an anatomieal basis for the majority of presenting 
eongenital conduction abnormalities: they were the product of either 
aeeessory pathways or conduction tissue dysgenesis at any point from 
the atrioventrioilar node to the atrioventrioilar bundle. Today, conduc- 
tion abnormalities are inereasingly likely to relate to long-standing 
haemodynamie problems and/or the effeets of previous surgery for 
patients with eongenital heart defeets. This refleets the faet that, although 
surgery for most of these defeets has been available for the past four 
deeades, surgery itself has not been curative; more often than not, 
patients develop conduction abnormalities and arrhythmia from surgi- 
eal sears that cause haemodynamie problems such as ehamber dilation 
and/or hypertrophy. Oeeasionally, conduction abnormalities are caused 
by tumours such as multifocal Purkinje eell tumours, or benign eon- 
genital polyeystie tumours of the atrioventricular node. 

Oongenital abnormalities of the eoronary arteries are found rarely 
in ehildren. The two most eommon abnormalities are eoronary arterio- 
venous fistula and anomalous left eoronary artery arising from the 
pulmonary artery ( Jysal et al 2014). Other eongenital abnormalities 
include eetopie origin of left circumflex artery from right eoronary 
artery, single eoronary artery arising from right sinus of Valsalva, and 
eetopie right eoronary artery arising from the left sinus of Valsalva 
(Oemente et al 2010). 



Conal artery Right eoronary artery 

Fig. 57.43 The right eoronary sinus, revealing a eoronary orifiee for the 
right eoronary artery and a eoronary orifiee for the eonal artery. (With 
permission from Loukas M, Sharma A, Blaak C, Sorenson E, Mian A. 
2013. The elinieal anatomy of the eoronary arteries. J Cardiovasc Transl 
Res. 6:197-207.) 
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Fig. 57.44 A variation of the anulus of Vieussens (*). This eorrosion east 
speeimen shows the right eonal artery, a braneh of the right eoronary 
artery, anastomosing with a proximal ventricular braneh of the anterior 
interventricular artery. A seeond anastomosis (**) occurs between the 
ventricular branehes of the right eoronary and anterior interventricular 
arteries. Close to the apex, a third anastomosis (***) appears between the 
distal part of the anterior interventricular artery and branehes of the acute 
marginal artery. (With permission from Loukas M, Bilinsky S, Bilinsky E, 
Matusz P, Anderson RH. 2009. The elinieal anatomy of the eoronary 
eollateral circulation. Clin Anat. 22:146-160.) 
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Fig. 57.41 Anterior vievvs of the eoronary arterial system, vvith the prineipal variations. The right eoronary arterial tree is shovvn in purple, the left in red. 

In both eases, posterior distribution is shovvn in a paler shade. A, The most eommon arrangement. B, A eommon variation in the origin of the sinu-atrial 
nodal artery. C, An example of left ‘dominanee’ by the left eoronary artery, also shovving an uncommon origin of the sinu-atrial nodal artery. 
Posteroinferior vievvs of the eoronary arterial system. The right eoronary arterial tree is shovvn in purple, the left in red. D, An example of the more normal 
distribution in right ‘dominanee’. E, A less eommon form of left ‘dominanee’. In these ‘posterior’ vievvs, the diaphragmatie (inferior) surface of the 
ventricular part of the heart has been artifieially displaeed and foreshortening ignored, to elarify the details of the so-ealled posterior (inferior) distribution 
of the eoronary arteries. 
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Fig. 57.42 A disseetion of a eadaverie 
heart in vvhieh both eoronary arteries 
have been exposed to reveal their 
branehes to the right and left ventrieles, 
respeetively. Notiee how the great 
eardiae vein is intertwined around the 
anterior interventricular artery. 
(Speeimen courtesy of M Loukas MD, 
PhD.) 
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I interventricular artery 



Right eoronary Ventricular 
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Fig. 57.45 A eoronary angiogram demonstrating three eollateral arterial 
anastomoses. At the area of the subpulmonary infundibulum, the right 
eonal artery, a braneh of the right eoronary artery, anastomoses with the 
left eonal artery, a braneh of the anterior interventricular artery, to form 
the anulus (arterial eirele or vascular ring) of Vieussens (*). Ventricular 
branehes of the right eoronary artery anastomose with the proximal (**) 
and distal portions (***) of the anterior interventricular artery, forming two 
eollateral pathways. As a result, there is eontrast medium in the anterior 
interventricular artery. (VVith permission from Loukas M, Bilinsky S, 
Bilinsky E, Matusz P, Anderson RH. 2009. The elinieal anatomy of the 
eoronary eollateral circulation. Clin Anat. 22:146-160.) 
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both sides, by these parallel branehes. When these flanking vessels exist, 
branehes of the posterior (inferior) interventricular artery are small and 
sparse. The posterior (inferior) interventricular artery is oeeasionally 
replaeed by a left eoronary braneh. Although the atrial branehes of the 
right eoronary artery are sometimes deseribed as part of anterior, lateral 
(right or marginal) and posterior groups, they are usually small single 
vessels, 1 mm in diameter (Figs 57.46-57.48). The right anterior and 


lateral branehes - oeeasionally double, and very rarely triple - mainly 
supply the right atrium. The posterior braneh is usually single and sup- 
plies both atria. 

The artery of the sinu-atrial node is an atrial braneh, distributed 
largely to right atrial myocardium. Its origin is variable: most eommonly, 
it arises from the anterior atrial braneh of the right eoronary artery, less 
often from its right lateral part, and least often from its posterior atriov- 
entricular part. This 'nodal' artery thus usually passes posteriorly in the 
groove between the right atrial appendage and aorta. It may originate 
from the circumflex braneh of the left eoronary artery. Whatever its 
origin, it usually branehes around the base of the superior vena eava, 
typieally as an arterial loop from which small branehes supply the right 
atrium. A large braneh, the ramus eristae terminalis, traverses the sinu- 
atrial node; it would seem more appropriate to name this braneh the 
'nodal artery', on the grounds that the vessel that currently bears this 
name actually supplies the atria and serves as the 'main atrial braneh'. 

Septal perforating branehes of the right eoronary artery are relatively 
short, and leave the posterior (inferior) interventricular braneh to 
supply the posterior interventricular septum. They are numerous but 
do not usually reaeh the septal apex. The largest posterior septal perfo- 
rating artery, usually the first, eommonly arises from the inverted loop 
said to eharaeterize the right eoronary artery at the crux; it almost always 
supplies the atrioventricular node. Small, recurrent atrioventricular 
branehes originate from the ventricular branehes of the right eoronary 
artery as they eross the atrioventricular groove, and supply adjaeent 
atrial myoeardimn. 


Left eoronary artery 

The left eoronary artery is usually larger in ealibre than the right. It 
supplies a greater volume of myocardium, including almost all of the 
left ventriele and atrium, and most of the interventriailar septum (see 
Fig. 57.42; Figs 57.49-57.51). In hearts with 'right dominanee', the 
right eoronary artery supplies a variable posterior region of the left 
ventriele (see Fig. 57.41A-C). 

The left eoronary artery arises from the left posterior (left eoronary) 
aortie sinus; the ostium sometimes lies inferior to the margin of the 
leaflets and may be double, leading into major initial branehes, usually 
the circumflex and anterior interventricular (deseending) arteries. Its 
initial portion, between its ostium and its first branehes, varies in length 
from a few millimetres to a few eentimetres. The artery lies between the 
pulmonary tmnk and the left atrial appendage, emerging into the atrio- 
ventricular groove, where it turns left. This part is loosely embedded in 
subepicardial fat and usually has no branehes, but may give off a small 














































Heart 



Fig. 57.46 Normal ECG-gated CT anatomy of the right eoronary artery 
and its branehes. This oblique volume-rendered image of the superior 
aspeet of the heart shows the right eoronary artery (arrow) arising from 
the right sinus of Valsalva and coursing in the right atrioventricular groove 
towards the posterior interventricular septum. Abbreviations: A, aorta; PA, 
pulmonary artery. The eonal artery and the sinu-atrial nodal artery were 
too small to be seen in this ease. (With permission from Kim SY, Seo JB, 
Do KH, et al 2006. Coronary artery anomalies: elassifieation and 
ECG-gated multi-detector row CT findings with angiographie eorrelation. 
Radiographies. 26:317-33.) 



Fig. 57.47 Normal ECG-gated multidetector row CT anatomy of the right 
eoronary artery and its branehes. This lateral oblique volume-rendered 
image shows the caudal course of the proximal right eoronary artery (long 
arrow), which gives off an acute marginal braneh (short arrows) to the 
right ventriele. (With permission from Kim SY, Seo JB, Do KH, et al. 2006. 
Coronary artery anomalies: elassifieation and ECG-gated multi-detector 
row CT findings with angiographie eorrelation. Radiographies. 26:317-33.) 



Fig. 57.48 Normal ECG-gated multidetector row CT anatomy of the right 
eoronary artery and its branehes. This posterior oblique volume-rendered 
image shows that the distal right eoronary artery divides into the posterior 
(inferior) interventricular artery (long blaek arrow) and posterior left 
ventricular branehes (short blaek arrows). The posterior (inferior) 
interventricular artery courses in the posterior (inferior) interventricular 
groove, parallel to the middle eardiae vein (white arrow). (With permission 
from Kim SY, Seo JB, Do KH, et al. 2006. Coronary artery anomalies: 
elassifieation and ECG-gated multi-detector row CT findings with 
angiographie eorrelation. Radiographies. 26:317-33.) 



Fig. 57.49 Normal ECG-gated multidetector row CT anatomy of the left 
eoronary artery and its branehes. This oblique volume-rendered image of 
the top of the heart shows the left eoronary artery (long white arrow) 
arising from the left sinus of Valsalva and trifurcating into the left anterior 
interventricular artery (thiek blaek arrow), the left circumflex artery (thin 
blaek arrow), and the ramus intermedius (short white arrow), which takes 
a course similar to that of the usual first diagonal braneh. The left anterior 
interventricular artery then gives rise to diagonal branehes (short blaek 
arrows) to the anterior free wall of the left ventriele. Abbreviations: A, 
aorta; PA, pulmonary artery. (With permission from Kim SY, Seo JB, Do 
KH, et al. 2006. Coronary artery anomalies: elassifieation and ECG-gated 
multi-detector row CT findings with angiographie eorrelation. 
Radiographies. 26:317-33.) 
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Fig. 57.50 An anterior oblique volume-rendered image shovving the left 
anterior ventricular artery (thin blaek arrovvs) coursing along the anterior 
interventricular groove, and the left circumflex artery (thiek blaek arrovv) 
coursing in the left atrioventricular groove. Obtuse marginal branehes 
(short vvhite arrovv) and diagonal branehes (short blaek arrovvs) are also 
shovvn. Abbreviations: A, aorta; PA, pulmonary artery. (With permission 
from Kim SY, Seo JB, Do KH, et al. 2006. Ooronary artery anomalies: 
elassifieation and ECG-gated multi-detector row CT findings with 
angiographie eorrelation. Radiographies. 26:317-33.) 



Fig. 57.51 A posterior oblique volume-rendered image showing the left 
anterior ventricular artery (long white arrows) coursing along the anterior 
interventricular groove, and the left circumflex artery (thiek blaek arrow) 
coursing in the left atrioventricular groove. Obtuse marginal branehes 
(short white arrows) and a diagonal braneh (short blaek arrow) are also 
shown. (With permission from Kim SY, Seo JB, Do KH, et al 2006. 
Coronary artery anomalies: elassifieation and ECG-gated multi-detector 
row CT findings with angiographie eorrelation. Radiographies. 26:317-33.) 
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Fig. 57.52 A disseetion of a eadaverie 
heart revealing the course of the left 
eoronary artery and its branehes. (With 
permission from Loukas M, Sharma A, 
Blaak C, Sorenson E, Mian A. 2013. The 
elinieal anatomy of the eoronary arteries. 
J Cardiovasc Transl Res. 6:197-207.) 


atrial ramus and, rarely, the sinu-atrial nodal artery. Reaehing the atrio- 
ventricular groove, the left eoronary artery divides into its main branehes: 
namely the circumflex and anterior interventricular arteries. 

The anterior interventricular artery is eommonly deseribed as the 
eontimiation of the left eoronary artery. It deseends obliquely forwards 
and to the left in the interventricular groove (Fig. 57.52), sometimes 
deeply embedded in or erossed by bridges of myoeardial tissue (myo- 
eardial bridges), and by the great eardiae vein and its tributaries. 

Almost invariably, the anterior interventricular artery reaehes the 
apex, where it terminates in one-third of hearts. More frequently, it 
turns round the apex into the posterior interventricular groove and 
passes one-third to one-half of the way along its length, meeting the 
terminal twigs of the posterior (inferior) interventricular branehes of 
the right eoronary artery (see above). 

The anterior interventricular artery gives off right and left anterior 
ventricular and anterior septal branehes, and a variable number of eor- 
responding posterior branehes. Anterior right ventriodar branehes are 
small and rarely number more than one or two; the right ventriele is 
supplied almost entirely by the right eoronary artery. Up to nine large 
left anterior ventricular arteries braneh at acute angles from the anterior 
interventricular artery, erossing the anterior aspeet of the left ventriele 
diagonally, with the largest reaehing the rounded (obtuse) left eardiae 
border. One often dominates, sometimes arising separately from the 
left eoronary tmnk, which then ends by trihireation. This left diagonal 
artery, reported to exist in at least 33-50% of hearts, may be doubled 
(20%). A small left eonal artery frequently leaves the anterior interven- 
tricular artery near its origin, and anastomoses on the conus with its 
counterpart from the right eoronary artery and with the vasa vasomm 
of the pulmonary artery and aorta. The anterior septal perforating 
branehes leave the anterior interventricular artery almost perpendicu- 
larly, and pass posteroinferiorly within the septum, usually supplying 
its ventral two-thirds. The first septal perforator artery usually supplies 
the atrioventricular bundle at the point of its division. Small posterior 
septal branehes from the same source supply the posterior third of the 
septum for a variable distanee from the eardiae apex (Loukas et al 
2009). 

The circumflex artery, eomparable to the anterior interventriailar 
artery in ealibre, curves left in the atrioventricular groove, and eontimies 
round the left eardiae border into the posterior part of the groove, ter- 
minating left of the cmx in most hearts, although sometimes eontimi- 
ing as the posterior (inferior) interventricular artery. Proximally, the left 
atrial appendage usually overlaps it. A large ventricular braneh, the left 
marginal artery, normally arises perpendicularly from the circumflex 
artery and ramifies over the rounded 'obtuse' margin, supplying much 
of the adjaeent left ventriele, typieally to its apex. Smaller anterior and 


posterior branehes of the circumflex artery also supply the left ventriele. 
Anterior ventricular branehes (from one to five, eommonly two or 
three) course parallel to the diagonal artery when it is present, and 
replaee it when it is absent. Posterior ventricular branehes are smaller 
and fewer because the left ventriele is partly supplied by the posterior 
(inferior) interventricular artery. When this artery is small or absent, it 
is aeeompanied or replaeed by often doubled or tripled interventricular 
continuations of the circumflex artery. 

The artery to the sinu-atrial node is often derived from the anterior 
circumflex segment (less often from the eiraim-marginal segment). It 
passes over and supplies the left atrium, eneireles the superior vena eava 
(like a right eoronary nodal braneh) and sends a large braneh through 
the node; despite its name, it is predominantly atrial in distribution. 
The artery to the atrioventricular node, sometimes the terminal braneh 
of the circumflex artery (20%), arises near the crux. When this oeoirs, 
the circumflex artery usually gives off the posterior interventrioilar 
artery, an example of so-ealled 'left dominanee'. 

Ooronary arterial distribiition 

Details of eoronary arterial distribution require integration into a 
eoneept of total eardiae supply. Most eommonly, the right eoronary 
artery supplies all of the right ventriele (except a small region to the 
right of the anterior interventricular groove); a variable part of the dia- 
phragmatie aspeet of the left ventriele; the posteroinferior third of the 
interventriailar septum; the right atrium and part of the left atrium; and 
the conduction system as far as the proximal parts of the right and left 
emra. Left eoronary distribution is reeiproeal and includes most of the 
left ventriele; a narrow strip of right ventriele; the anterior two-thirds of 
the interventrioilar septum; and most of the left atrium. As noted previ- 
ously (see Fig. 57.41), variations in the eoronary arterial system mainly 
affeet the diaphragmatie aspeet of the ventrieles and refleet the relative 
'dominanee' of eoronary arterial supply. The term is misleading because 
the left artery almost always supplies a greater volume of tissue than 
the right. In 'right dominanee', the posterior (inferior) interventricular 
artery is derived from the right eoronary artery; in Teft dominanee', it 
is derived from the left eoronary artery. In the so-ealled 'balaneed' 
pattern, branehes of both arteries mn in or near the posterior (inferior) 
interventricular groove. 

Less is known about variations in atrial supply because the small 
vessels involved are not easily preserved in the eorrosion easts that are 
used for analysis. In more than 50% of individuals, the right atrium is 
supplied only by the right eoronary artery, and in the remainder the 
supply is dual. More than 62% of left atria are supplied mainly by the 
left eoronary artery, 27% by the right eoronary artery (in eaeh group a 
small aeeessory supply from the other eoronary artery exists), and 11% 
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Fig. 57.53 A disseetion of a eadaverie heart in vvhieh a large part of the anterior interventricular artery is eovered by a myoeardial bridge. 


Myoeardial bridges are reported to have a frequency varying from 
0.5 to 40% when identified elinieally and from 15 to 85% when found 
at autopsy (Fig. 57.53). The wide variation in frequency indieates that 
many bridges may be asymptomatie during life. The major elinieal 
eonditions produced by a myoeardial bridge are eardiae isehaemia, 
atheroselerosis and sudden eardiae death. The ineidenee of atherosele- 
rosis is inereased when the right eoronary artery is bridged. Although a 
relationship between myoeardial bridges and sudden eardiae death has 
not been established, autopsy series have shown histologieal evidenee 
of otherwise unexplained isehaemia in individuals with myoeardial 
bridges; many died during exercise and had no other risk faetors for 
eoronary arterial disease. 
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are supplied almost equally by both arteries. Arterial supply to the sinu- 
atrial and atrioventricular nodes also varies: the sinu-atrial node is 
supplied more often by the right eoronary artery; fewer than 10% of 
sinu-atrial nodes reeeive a bilateral supply. The atrioventricular node is 
usually supplied by the right eoronary artery. 




Ooronary anastomoses 

The eardiae eollateral circulation represents a native system for eoronary 
arterial bypass. The first few eentimetres of the arterial main stems are 
devoid of anastomotie branehes, but fhrther distally eollateral ehannels 
are abundant, exhibit variable ealibres and occupy numerous loeations, 
allowing for bidireetional flow between most native arteries. Approxi- 
mately 30 different sites of eollateral extramural vessels have been 
deseribed, the most frequent being at the apex; the anterior aspeet of 
the right ventriele; the posterior aspeet of the left ventriele; the crux; 
the interatrial and interventricular grooves; and between the sinu-atrial 
nodal and other atrial vessels (see Figs 57.44, 57.45). Anastomoses 
between branehes of the eoronary arteries, both subepicardial and myo- 
eardial, and between these arteries and extracardiac vessels, are of prime 
medieal importanee. Clinical studies suggest that anastomoses eannot 
rapidly provide eollateral routes sufficient to circumvent sudden eoro- 
nary obstmetion (see ?igs 57.44, 57.45, 57.54). Nevertheless, ithas long 
been established that anastomoses do occur, particularly between fine 
subepicardial branehes, and they may inerease during individual life by 
meehanisms of angiogenesis and arteriogenesis. The anulus of Vieus- 
sens is a eollateral vessel that erosses the subpulmonary infundibulum, 
providing an anastomosis between the eonal braneh of the right eoro- 
nary artery and the anterior interventricular artery. The artery to the 
sinu-atrial node eommonly provides a eomimmieation between the 
proximal parts of the eoronary arteries. The apieal eollateral artery joins 
the interventriailar arteries. The frequent enlargement of the first septal 
braneh of the anterior interventricular artery, Kugel's anastomotie artery 
(arteria anastomotiea auricularis magna), has been deseribed as mnning 
between the proximal parts of the eoronary arteries along the antero- 
superior margin of the oval fossa to anastomose with the distal part of 
the right eoronary artery. 



Extracardiac anastomoses 

Extracardiac anastomoses eonneet various eoronary branehes with other 
thoraeie vessels, most eommonly involving the bronehial and internal 
thoraeie arteries (Fig. 57.54). To a much lesser degree, anastomoses 
between eoronary arteries and perieardiaeophrenie branehes of the 
internal thoraeie, anterior mediastinal, intereostal and oesophageal 
arteries also exist. The posterior pericardium also reeeives a direet 
supply from the bronehial arteries; extracardiac eoronary anastomoses 
involving bronehial arteries are typieally found at the perieardial reflee- 
tions, such as the points of entry of the venae eavae. The most eommon 
anastomoses are with the circumflex braneh of the left eoronary artery 
via the posterior perieardial refleetions and refleet the elose proximity 
of the bronehial arteries within the pulmonary hila. In pathologieal 
eonditions, notably those resulting in perieardial adhesions, it is 
also possible for extracardiac anastomoses to develop through trans- 
perieardial vascularization. 


Extracardiac communications also exist with 


atrial 


eoronary 

branehes, espeeially the sinu-atrial nodal artery. The effeetiveness of any 
of these eonneetions as eollateral routes in eoronary occlusion is not 
well quantified. Coronary arteriovenous anastomoses and numerous 
eonneetions between the eoronary circulation and eardiae eavities, pro- 
ducing so-ealled 'myoeardial sinusoids' and 'arteriolnminal vessels', 
have been reported, but their importanee in eoronary disease remains 
uncertain. 


Ooronary angiography 



Ooronary revascularization 
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Ooronary artery fistiila 

A eoronary artery fistula is an abnormal eonneetion that direetly links 
one or more eoronary arteries to a heart ehamber or to major thoraeie 
vessels without an interposed eapillary bed. 

Coronary artery fistulae are rare (Fig. 57.58); those that arise from 
a eoronary artery and then terminate in a ehamber of the heart are 
known as eoronary eameral fistulae, while those terminating into a vein 
are eoronary arteriovenous fistulae. Fistulae may be eongenital or may 


develop later in life. Congenital fistulae are more eommon and account 
for 50% of paediatrie eoronary vascular aberrations; they are believed 
to be derived from Thebesian vessels. Acquired eoronary artery fistulae 
are most eommonly iatrogenie in aetiology but may also occur after 
traumatic injury; these most eommonly are of the eoronary eameral 
type, from the right eoronary artery into the right side of the heart. 

Cardiac veins 


The eardiae venous system is divided into two major parts. The greater 
system eonsists of large vessels that lie within the subepicardial myo- 
eardmm and drain most of the outer myocardium. These veins extend 
over the myoeardial surface and do not adhere to topographieal borders, 
although the larger eolleeting vessels lie within the interventricular 
grooves before draining into the eoronary sinus. The intercommunicat- 
ing parts of this system are the eoronary sinus and its tributaries, the 
anterior eardiae venous system, and the ventricular septal and atrial 
veins. The eoronary sinus and its tributaries return blood to the right 
atrium from the entire heart (including its septa), except for the anterior 
region of the right ventriele and small, variable parts of both atria and 
the left ventriele. The anterior eardiae veins drain an anterior region of 
the right ventriele, expanding to include a region around the right 
eardiae border when the right marginal vein joins this group. 

The smaller system ftmetions primarily to return venous blood from 
the inner myoeardial walls into the right atrium and ventriele and, to 
a lesser extent, into the left atrium and sometimes the left ventriele. It 
eontains the smallest eardiae veins (Thebesian veins) that drain the 
subendocardial myocardium either direetly, via eonneeting intramural 
arteries and veins, or indireetly, via subendocardial sinusoidal spaees. 

ariation in eardiae veins Attempts to eategorize variations in 
eardiae venous eirailation into 'types' have not produced any aeeepted 
pattern. The eoronary sinus may reeeive all the eardiae veins other than 
the Thebesian veins, including the anterior eardiae veins, which may be 
reduced by diversion into the small eardiae vein and then to the eoro- 
nary sinus. 

Ooronary sinus 

Most eardiae veins drain into the wide eoronary sinus, 2 or 3 em long, 
lying in the posterior atrioventricular groove between the left atrium 
and ventriele (see Fig. 57.4B; Fig. 57.59). The sinus opens into the right 
atrium between the opening of the inferior vena eava and the right 
atrioventrioilar orifiee. The opening may be guarded by an endoeardial 
fold (semilunar valve of the eoronary sinus, Thebesian valve; see Fig. 
57.13A); the fold may be absent or may eover the ostium of the sinus 
eompletely. The tributaries of the eoronary sinus are the great, small 
and middle eardiae veins, the posterior vein of the left ventriele and the 
oblique vein (of Marshall) of the left atrium; all except the oblique vein 
have orifieial valves. Isolated absenee of the eoronary sinus has been 
reported, with eoronary venous drainage into the pulmonary tmnk 
(Ogawa et al 2013). 
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Fig. 57.59 The prineipal veins of the heart 
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Table 57.1 Patterns of eardiae eollateral arteries 


Grade 

Deseription 

0 

Total absenee of any eollateral arteries 

1 

Poorly developed eollateral arteries with no prominent distal ehannel visualized by 
angiography 

2 

Presenee of moderate eollateral arteries providing faint but delayed opaeifieation of 
a prominent distal ehannel 

3 

Good eollateral arteries giving elear opaeifieation of a prominent distal ehannel 

4 

Excellent eollateralization giving full and brisk opaeifieation of prominent distal 
vessels 


Clinical imaging (eatheter angiography and colour Doppler ultra- 
sound) has led to the development of a grading system to deseribe the 
overall pattern of eardiae eollateral arteries ( Fable 57.1). 

Coronary angiography may be performed by introducing a eatheter 
through the femoraf radial or braehial arteries. The femoral artery is 
punctured with a needle 3 em below the inguinal ligament while the 
leg is held adducted and slightly externally rotated. The exact position 
is guided by palpation of the femoral arterial pulse, and the needle is 
inserted at an angle of 45 0 . After arterial puncture, a fine guidewire is 
inserted through the needle and fed into the artery. The eatheter is then 
inserted over the guidewire and manipulated via the iliae artery into the 
aorta, up the aortie areh and into the aseending aorta. The braehial or 
radial artery may be used for percutaneous aeeess to the eirailation. 
Onee the eatheter is loeated in the aseending aorta, a variety of 
guidewires may be used to enter the eoronary vessels for seleetive arte- 
riography and interventions. Angiography is performed with standard 
high-osmolality eontrast medium with eineangiography. In seleeted 
patients, new-generation, low-osmolality eontrast medium may also be 
used. All the eoronary arteries are eatheterized and evaluated in a variety 
of views to obtain a full evaluation of their anatomy and to determine 
the loeation and degree of any stenoses (Figs 57.55-57.56). The ostium 
of the left eoronary artery arises from the left aortie sinus and is best 
viewed in the direet frontal and left anterior oblique projeetions. The 
right anterior oblique view is useful in demonstrating the diagonal 
branehes and anterior interventricular (deseending) eoronary artery. 
The right eoronary artery originates from the right sinus of Valsalva and 
is usually visualized in the right anterior oblique view. Pressure and 
oxygen saturations ean be measured via the eatheter; ehanges in pres- 
sure aeross valves allow the degree of stenosis to be measured. Coronary 
blood flow and relative flow reserve ean also be ealailated. Signifieant 
stenosis may be treated initially by balloon angioplasty followed by 
stent insertion. The balloon exerts pressure against the plaque in the 
arterial walf fracturing and splitting the plaque. The splinting effeet of 
the plaque and elastie reeoil are reduced, resulting in an inerease in the 
arterial lumen. Stent insertion reduces the re-stenosis rate. 


Anterior interventricular artery 



Circumflex eoronary artery Lower lobe of left lung 


Fig. 57.54 A left eoronary angiogram in left lateral projeetion, showing a 
large, tortuous vessel (arrow) arising from the proximal circumflex braneh 
of the left eoronary artery and anastomosing with the bronehial artery, 
which goes on to supply the lower lobe of the left lung. (With permission 
from Stefas L, Assayag P, Aubry P, et al, Coronary to bronehial artery 
anastomosis with bronehial steal syndrome demonstrated by thallium-201 
myoeardial tomoseintigraphy. Eur Heart J, 1990, 11, 275-279.) 



Fig. 57.55 A right eoronary angiogram showing several branehes of the 
right eoronary artery. Abbreviations: Cn, eonal artery; PIA, posterior 
(inferior) interventricular artery; Rm, right marginal artery; Rv, right 
ventricular branehes; SA, artery to the sinu-atrial node. (Courtesy of 
M Loukas MD, PhD.) 



Fig. 57.56 A left eoronary angiogram showing several branehes of the left 
eoronary artery (LCA). Other abbreviations: AIA, anterior interventricular 
artery; Latr, left atrial braneh; LCx, left circumflex artery; ObM, obtuse 
marginal; PIA, posterior (inferior) interventricular artery; Sp, septal 
perforator. (Courtesy of M Loukas MD, PhD.) 
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Fig. 57.57 A, A left eoronary angiogram shovving 
a stent plaeement vvithin the anterior 
interventricular artery. B, After stent plaeement 
(and onee the eontrast medium has filled the 
eoronary arterial tree), the anterior interventricular 
artery shovvs no evidenee of stenosis. 
Abbreviations: AIA, anterior interventricular artery; 
Dg, diagonal braneh; LCx, left circumflex artery. 
(Courtesy of M Loukas MD, PhD.) 


Atheroselerosis causing more than 60% stenosis of the terminal diam- 
eter of the eoronary arteries is likely to cause signifieant reduction in 
myoeardial perfhsion. Patients with high-grade lesions, left main stem 
eoronary artery or triple-vessel disease with impaired left ventricular 
fimetion are usually eonsidered for eoronary artery bypass grafting. The 
eommon grafts that are used are the internal thoraeie (mammary) and 
radial arteries. The left internal thoraeie artery and radial artery grafts 
have a greater pateney rate than saphenous vein grafts. Approximately 
15% of saphenous vein grafts occlude in 1 year and, from then on, at 
an annual rate of 1-2% in the first 6years and 4% thereafter; between 
40% and 50% of saphenous vein grafts have occluded by lOyears, 
whereas only about 10% of left internal thoraeie or radial artery grafts 
have occluded over this time. The eommon surgical approaeh is via a 
midline sternotomy. If the internal thoraeie artery is used as a donor 
graft, it is divided distally (maintaining its proximal origin from the 
subclavian artery) and anastomosed to the eoronary artery distal to the 
stenosis. If radial artery grafts are used, they must be anastomosed both 
proximal and distal to the eoronary artery, to bridge the site of the 
stenosis. In seleeted eases, minimally invasive direet eoronary artery 
bypass grafting is performed, but the approaeh is dependent on the 
vessel being grafted. The anterior approaeh is via mini-thoraeotomy 
over the fourth intereostal spaee underneath the nipple for grafting the 
mid-left anterior interventricular (deseending) and diagonal branehes. 
The anterolateral approaeh is via an ineision in the third intereostal 
spaee from the mid-clavicular to anterior axillary lines and is used for 
grafting early marginal branehes of the circumflex system. The lateral 
approaeh allows grafting of the circumflex vessels via a lateral thora- 
eotomy measuring only 10 em in size through the fifth or sixth inter- 
eostal spaees. Extrathoracic approaehes that are oeeasionally used 
include the subxiphoid approaeh for the distal right eoronary artery and 
posterior interventricular (deseending) artery. Port aeeess surgery allows 
for full revascularization with cardiopulmonary bypass but obviates the 
need for midline sternotomy. However, the vast majority of patients are 
treated with stent plaeement (Fig. 57.57). 




Fig. 57.58 A eoronary artery fistula in a 54-year-old woman with 
palpitations. A, A CT image showing a tortuous left circumflex artery 
(white arrows) that is dilated in eomparison with the anterior 
interventricular artery (blaek arrow). B, A volume-rendered CT image 
shows the markedly tortuous left circumflex artery (arrows). (With 
permission from Shriki JE, Shinbane JS, Rashid MA, Hindoyan A, VVithey 
JG, DeFranee A, Cunningham M, Oliveira GR, VVarren BH, Wilcox A. 
2012. Identifying, eharaeterizing, and elassifying eongenital anomalies of 
the eoronary arteries. Radiographies 32:453-468.) 
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Great eardiae veit The great eardiae vein begins at the eardiae apex, 
and aseends in the anterior interventricular groove to the atrioventricu- 
lar groove, which it follows, passing to the left and posteriorly to enter 
the eoronary sinus at its origin (see ug. 57.59). It reeeives tributaries 
from the left atrium and both ventrieles, including the large left mar- 
ginal vein that aseends the left aspeet (obtuse border) of the heart. It 
usually courses superior to the arterial branehes. The valve of Vieussens 
normally guards the orifiee of the great eardiae vein at its junction with 
the oblique vein; smaller dimimitive valves may occur. 

Small eardiae vei The small eardiae vein lies in the posterior atrio- 
ventricular groove between the right atrium and ventriele, reeeiving 
blood from their posterior parts and opening into the atrial end of the 
eoronary sinus (see Fig. 57.59). The right marginal vein passes right, 
along the inferior eardiae margin (acute border), and sometimes joins 
the small eardiae vein in the atrioventricular groove, typieally opening 
direetly into the right atrium. 

Middle eardiae veif The middle eardiae vein begins at the eardiae 

apex and mns posteriorly in the inferior interventricular groove to end 
in the eoronary sinus near its atrial end (see Fig. 57.59). The vein is also 
deseribed as meeting the great eardiae vein at the apex, so forming, 
together with the eoronary sinus, a full venous eirele. 

Inferior vein Of the left ventriele The inferior vein of the left 

ventriele (previously named as the posterior vein of the left ventriele) 
lies on the diaphragmatie surface of the left ventriele, a little to the left 
of the middle eardiae vein, and usually opens into the middle of the 
eoronary sinus, sometimes into the great eardiae vein (see Fig. 57.59). 
Rarely, the inferior vein of the left ventriele is absent, in which ease the 
left marginal vein drains most of the left ventrioilar wall. 

0blique vein Of the left atrium The diminutive oblique vein of 

the left atrium deseends obliquely on the posterior aspeet of the left 
atrium to join the eoronary sinus (see Fig. 57.59). It is continuous above 
with the ligament of the left vena eava; both stmctures are remnants of 
the left eommon eardinal vein. 

Left marginal vein 

The left (obtuse) marginal vein courses over the left oblique marginal 
surface of the heart, draining much of the left ventricular myocardium. 
It mns superficial to the marginal braneh of the left eoronary artery and 
usually drains into the great eardiae vein, although may sometimes 
drain direetly into the eoronary sinus. 

Anterior eardiae veins 

The anterior eardiae veins drain the anterior part of the right ventriele. 
Usually two or three, sometimes even five, they aseend in subepicardial 
tissue to eross the right part of the atrioventrioilar groove, passing deep 
or superficial to the right eoronary artery. They end in the right atrium, 
near the atrioventricular groove, separately or in variable eombinations. 
A subendocardial eolleeting ehannel, into which all may open, has been 
deseribed. 

Right marginal vein 

The right marginal vein courses along the inferior (acute) eardiae 
margin, draining adjaeent parts of the right ventriele, and usually opens 
separately into the right atrium, although it may join the anterior 
eardiae veins or, less often, the eoronary sinus. It is often grouped with 
the small eardiae veins but it is larger in ealibre, eomparable to the 
anterior eardiae veins or even wider. 

Small eardiae veins 

The existence of small eardiae (venae eordis minimae; Thebesian) veins, 
opening into all eardiae eavities, has been eonfirmed but they are dif- 
ficult to demonstrate. Their numbers and size are highly variable: vessels 
up to 2 mm in diameter open into the right atrium and ones as small 
as 0.5 mm in diameter open into the right ventriele, all with valveless 
orifiees. Numerous small eardiae veins have been identified in the right 
atrium and ventriele but they are rarely found in the left side. Four types 
of Thebesian veins have been deseribed: venoluminal veins drain 
direetly into the eardiae ehambers; venosinusoidal veins drain into 
subendocardial simisoids (which, in turn, drain into the eardiae eham- 
bers); arterioluminal veins eonneet small arteries and arterioles direetly 
with the eardiae ehambers; and arteriosinusoidal veins eonneet thin 
arteries or arterioles with subendocardial sinusoidal spaees. 

Cardiac venous anastomoses 

Widespread anastomoses occur at all levels of the eardiae venous circu- 
lation, on a seale exceeding that of the arteries and amounting to a 


veritable venous plexus. Not only are adjaeent veins often eonneeted, 
but eonneetions also exist between tributaries of the eoronary sinus and 
those of the anterior eardiae veins. Abundant anastomoses occur at the 
apex and its anterior and posterior aspeets. Like the eoronary arteries, 
eardiae veins eonneet with extracardiac vessels, partioilarly the vasa 
vasomm of the large vessels that are continuous with the heart. 

Lymphatie drainage of the heart 


Cardiac lymphatie vessels form subendocardial, myoeardial and sub- 
epieardial plexuses. Efferents from the subepicardial plexuses form the 
left and right eardiae eolleeting tmnks; two or three left-sided tmnks 
aseend the anterior interventrioilar groove, reeeiving vessels from both 
ventrieles. On reaehing the atrioventrioilar groove, they are joined by a 
large vessel from the diaphragmatie surface of the left ventriele, which 
first aseends in the posterior interventricular groove and then turns left 
along the atrioventrioilar groove. The vessel formed by this union 
aseends between the pulmonary artery and the left atrium, and usually 
ends in an inferior traeheobronehial node. The right tmnk reeeives 
afferents from the right atrium and the right border and diaphragmatie 
surface of the right ventriele. It aseends in the atrioventrioilar groove, 
near the right eoronary artery, and then anterior to the aseending aorta, 
and ends in a braehioeephalie node, usually on the left (Fig. 57.60). 
(For fiirther reading, see Loukas et al (2011).) 

INNERVATION 


Initiation of the eardiae eyele is myogenie, originating in the sinu-atrial 
node. It is harmonized in rate, foree and output by autonomic nerves 
that operate on the nodal tissues and their prolongations, on eoronary 
vessels and on the working atrial and ventrioilar musculature. All the 
eardiae branehes of the vagus (parasympathetie) and all the sympathetie 
branehes (other than the eardiae braneh of the superior eervieal sym- 
pathetie ganglion) eontain both afferent and efferent fibres; the eardiae 
braneh of the superior eervieal sympathetie ganglion is entirely efferent. 
Sympathetie fibres aeeelerate the heart and dilate the eoronary arteries 
when stimulated, whereas vagal fibres slow the heart and cause eoro- 
nary arterial eonstrietion. 

Preganglionie eardiae sympathetie axons arise from neurones in the 
intermediolateral eolrnnn of the upper four or five thoraeie spinal seg- 
ments. Some synapse in the eorresponding upper thoraeie sympathetie 
ganglia, while others aseend to synapse in the eervieal ganglia; postgan- 
glionie fibres from these ganglia form the sympathetie eardiae nerves. 
Preganglionie eardiae parasympathetie axons arise from neurones either 
in the dorsal vagal nucleus or near the nucleus ambiguus, and mn in 
vagal eardiae branehes to synapse in the eardiae plexuses and atrial 
walls. In humans (like most mammals), intrinsie eardiae neurones are 
limited to the atria and interatrial septum, and are most numerous in 
the subepicardial eonneetive tissue near the sinus and atrioventricular 
nodes. The intrinsie ganglia are thought not to be simple nieotinie 
relays, but may aet as sites for the integration of extrinsic nervous inputs 
and form complex eiraiits for the loeal neuronal eontrol of the heart, 
and perhaps even loeal reflexes. 

Oardiae plexus 


Nearing the heart, the autonomic nerves form a mixed eardiae plexus, 
usually deseribed in terms of a superficial eomponent inferior to the 
aortie areh, lying between it and the pulmonary tmnk, and a deep part 
between the aortie areh and traeheal bifiireation. The eardiae plexus is 
also deseribed by regional names for its eoronary, pulmonary, atrial and 
aortie extensions (Fig. 57.61). Ganglion eells are largely eonfined to the 
atrial tissues, with a preponderanee adjaeent to the sinu-atrial node, but 
some may also be found within the heart along the branehes of the 
plexuses. Their axons are eonsidered to be largely, if not exclusively, 
postganglionie parasympathetie. Cholinergic and adrenergie fibres, 
arising in or passing through the eardiae plexus, are distributed most 
proffisely to the sinus and atrioventrioilar nodes; the supply to the atrial 
and ventricular myocardium is much less dense. Adrenergie fibres 
supply the eoronary arteries and eardiae veins. Rieh plexuses of nerves 
eontaining eholinesterase, adrenergie transmitters and other peptides, 
e.g. neuropeptide Y, are found in the subendocardial regions of all 
ehambers and within the valvular leaflets. 

Superficial (ventral) part of the eardiae plexus The superficial 

(ventral) part of the eardiae plexus lies inferior to the aortie areh and 
anterior to the right pulmonary artery. It is formed by the eardiae braneh 
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Fig. 57.60 The eardiae 
lymphatie system. (With 
permission from Loukas, 
M, Shah, S, Bhusnurmath 
S, et al; A general outline 
of the eardiae lymphatie 
system. In: The Cardiac 
Lymphatie System, 
Karunamuni, G (ed). 
Springer. 2013.) 
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Fig. 57.61 The eardiae plexus: its 
source from the eervieal parts of 
the vagus nerves and sympathetie 
trnnks and its extensions, the 
pulmonary, atrial and eoronary 
plexuses. Note the numerous 
junctions betvveen sympathetie and 
parasympathetie (vagal) branehes 
that form the plexus. 
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Heart 


of the left superior eervieal sympathetie ganglion and the lower of the 
two eervieal eardiae branehes of the left vagus. A small eardiae ganglion 
is usually present in this plexus immediately below the aortie areh, to 
the right of the ligamentum arteriosum. This part of the eardiae plexus 
eonneets with the deep part, the right eoronary plexus and the left 
anterior pulmonary plexus. 

Deep (dorsal) part of the eardiae plexus The deep (dorsal) part 

of the eardiae plexus lies anterior to the traeheal bifhreation, superior 
to the point of division of the pulmonary tmnk and posterior to the 
aortie areh. It is formed by the eardiae branehes of the eervieal and 
upper thoraeie sympathetie ganglia, the vagus and recurrent laryngeal 
nerves. The only eardiae nerves that do not join it are those that join 
the superficial part of the plexus. The deep plexus eonsists of right and 
left halves; the right typieally surrounds the braehioeephalie tmnk, and 
the left surrounds the aortie areh. The more dorsal (deep) aspeet is 
larger than its more ventral (superficial) aspeet on both sides. Branehes 
from the right half of the deep part of the eardiae plexus pass both 
anterior and posterior to the right pulmonary artery. Fibres passing 
anterior to the pulmonary artery are more numerous; they supply a few 
filaments to the right anterior pulmonary plexus before continuing 


onwards to form part of the right eoronary plexus. Fibres passing pos- 
terior to the pulmonary artery supply a few filaments to the right atrium 
and then continue into the left eoronary plexus. The left half of the deep 
part of the eardiae plexus is eonneeted to the superficial part; it supplies 
filaments to the left atrium and left anterior pulmonary plexus, and 
forms much of the left eoronary plexus. 

Left eoronary plexus The left eoronary plexus is larger than the 
right and is formed mainly by the prolongation of the left half of the 
deep part of the eardiae plexus and a few fibres from the right half. It 
aeeompanies the left eoronary artery to supply the left atrium and 
ventriele. 

ight eoronary plexus The right eoronary plexus is formed from 
both superficial and deep parts of the eardiae plexus. It aeeompanies 
the right eoronary artery to supply the right atrium and ventriele. 

Atrial plexuses The atrial plexuses are derivatives of the right and 
left continuations of the eardiae plexus along the eoronary arteries. 
Their fibres are distributed to the eorresponding atria, overlapping those 
from the eoronary plexuses. 



Fig. 57.5 Acute eardiae tamponade due to 
ruptured aortie disseetion. 

Fig. 57.6 A, The subxiphoid approaeh in 
perieardioeentesis. B, A mid-sagittal seetion 
of a eadaver. C, A eross-seetion of the 
lower part of the thorax to show the 
relationships of the perieardial eavity with 
adjaeent structures. D, Bedside eardiae 
ultrasound performed in a 62-year-old male, 
demonstrating a large perieardial effusion 
eonsistent with eardiae tamponade. 

Fig. 57.7 The typieal appearanee of a 
perieardial eyst. 

Fig. 57.8 Congenital absenee of the 
pericardium. 

Fig. 57.11 The fundamental differenees 
between deseribing the heart aeeording to 
the eonventional (A) or the attitudinally 
eorreet (B) orientation. 

Fig. 57.15 An inferior view of a eadaverie 
heart, demonstrating an exaggerated 
Eustachian valve occupying a signifieant 
portion of the lumen of the inferior vena 
eava. 

Fig.57.16 Chiari’s network. 

Fig. 57.31 A histologieal seetion through 
one of the eoronary aortie sinuses to 
demonstrate the way in which ventricular 
muscle supports the transition from the 
fibroelastie wall of the sinus to the tissues of 
the leaflet. 

Fig. 57.34 A, Tricuspid atresia at 21 weeks’ 
gestation. B, An atrioventricular septal 
defeet at 20 weeks’ gestation. C, 

Hypoplastie left heart syndrome at 32 
weeks’ gestation. D, Hypoplastie left heart 
syndrome at 32 weeks’ gestation. E, 
Tetralogy of Fallot at 33 weeks’ gestation. 


F, Transposition of the great arteries at 21 
weeks’ gestation. 

Fig. 57.35 A, Cardiac magnetie resonanee 
angiography in a patient with a normal 
heart. B, A eardiae magnetie resonanee 
angiogram from a patient with transposition 
of the great arteries. 

Fig. 57.38 Measurements of the width and 
height of the sinu-atrial node and the 
distanees of nodal tissue to epicardium and 
endocardium, measured in eadaverie tissue. 

Fig. 57.39 Histologieal seetions of the nodal 
body. 

Fig. 57.40 Histologieal seetions showing the 
features of (A) the atrioventricular (AV) node 
and (B) the penetrating atrioventricular 
bundle. 

Fig. 57.43 The right eoronary sinus, 
revealing a eoronary orifiee for the right 
eoronary artery and a eoronary orifiee for 
the eonal artery. 

Fig. 57.44 A variation of the anulus of 
Vieussens. 

Fig. 57.46 Normal ECG-gated CT anatomy 
of the right eoronary artery and its branehes. 

Fig. 57.47 Normal ECG-gated multidetector 
row CT anatomy of the right eoronary artery 
and its branehes. 

Fig. 57.48 Normal ECG-gated multidetector 
row CT anatomy of the right eoronary artery 
and its branehes. 

Fig. 57.49 Normal ECG-gated multidetector 
row CT anatomy of the left eoronary artery 
and its branehes. 

Fig. 57.50 An anterior oblique volume- 
rendered image showing the left anterior 


ventricular artery coursing along the anterior 
interventricular groove, and the left 
circumflex artery coursing in the left 
atrioventricular groove. 

Fig. 57.51 A posterior oblique volume- 
rendered image showing the left anterior 
ventricular artery coursing along the anterior 
interventricular groove, and the left 
circumflex artery coursing in the left 
atrioventricular groove. 

Fig. 57.53 A disseetion of a eadaverie 
heart in which a large part of the anterior 
interventricular artery is eovered by a 
myoeardial bridge. 

Fig. 57.54 A left eoronary angiogram in left 
lateral projeetion, showing a large, tortuous 
vessel arising from the proximal circumflex 
braneh of the left eoronary artery and 
anastomosing with the bronehial artery, 
which goes on to supply the lower lobe of 
the left lung. 

Fig. 57.55 A right eoronary angiogram 
showing several branehes of the right 
eoronary artery. 

Fig. 57.56 A left eoronary angiogram 
showing several branehes of the left 
eoronary artery. 

Fig. 57.57 A, A left eoronary angiogram 
showing a stent plaeement within the 
anterior interventricular artery. B, After stent 
plaeement (and onee the eontrast medium 
has filled the eoronary arterial tree), the 
anterior interventricular artery shows no 
evidenee of stenosis. 

Fig. 57.58 A eoronary artery fistula in a 
54-year-old woman with palpitations. 

Table 57.1 Patterns of eardiae eollateral 
arteries. 
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(JHAPTER 



MAJOR BLOOD VESSELS 


The major blood vessels are the piilmonary trnnk, the thoraeie aorta 
and its branehes, and the superior and inferior venae eavae and their 
tributaries. 

ARTERIES 

Pulmonary trunk 


The pulmonary trnnk, or pulmonary artery, eonveys deoxygenated 
blood from the right ventriele to the lungs. About 5 em in length and 
3 em in diameter, it is the most anterior of the eardiae vessels and arises 
from the pulmonary anulus surrounding the subpulmonary infundibu- 
lum at the base of the right ventriele, superior and to the left of the 
supraventricular erest. It slopes posterosuperiorly, at first anterior to the 
aseending aorta and then to its left; at the level of the fifth thoraeie 
vertebra, inferior to the aortie areh at the left of the midline, it divides 
into right and left pulmonary arteries, of almost equal size. The bifhrea- 
tion of the pulmonary tmnk lies anteroinferior and to the left of the 
traeheal bifhreation and its assoeiated inferior traeheobronehial lymph 
nodes and deep eardiae plexus. In the fetus, at the level of the bifhrea- 
tion, the pulmonary artery is eonneeted to the aortie areh by the ductus 
arteriosus. 


pulmonary tmnk atretie, small or even normal in size, making diagnosis 
ehallenging. A diminished pulmonary flow is supplied through a patent 
ductus arteriosus (Smith and MeKay 2004), and a eoneomitant ven- 
triailar septal defeet may permit outflow from the right ventriele. Surgi- 
eal repair is neeessary to allow adequate oxygenation throughout the 
body. 

In tmncus arteriosus, a single arterial tmnk exits the heart and sub- 
sequently divides into the pulmonary tmnk and the aorta. Early neo- 
natal life is possible because there is usually a coexisting ventricular 
septal defeet; expedited surgical repair is neeessary to avoid eongestive 
heart failure, failure to thrive and death. 

Right and left pulmonary arteries 

The pulmonary arteries are deseribed on page 959. 

Thoraeie aorta 


Aseending aorta 

The aseending aorta is typieally 5 em long. It originates at the base of 
the left ventriele, level with the inferior border of the third left eostal 
eartilage, and aseends obliquely, curving anteriorly and to the right, and 
passing from posterior to the left half of the sternum to the level of the 
superior border of the seeond left eostal eartilage. In ehildren, the diam- 
eter of the thoraeie aorta eorrelates most elosely with body surface area 
(Kervancioglu et al 2006, Kaiser et al 2008). 


Relations The pulmonary artery is entirely within the pericardium, 
enelosed with the aseending aorta in a eommon tube of viseeral peri- 
cardium. The fibrous perieardmm gradually disappears within the 
adventitia of the pulmonary arteries. Anteriorly, it is separated from the 
sternal end of the left seeond intereostal spaee by the pleura, left lung 
and perieardmm. Posterior relations are the aseending aorta and left 
eoronary artery initially, then the left atrirnn. The aseending aorta ulti- 
mately lies on its right. The appendage and eoronary artery lie on eaeh 
side of its origin. The superficial eardiae plexus lies between the pulmo- 
nary bifhreation and the aortie areh. The traeheal bifhreation, lymph 
nodes and nerves are superior, bilateral and to the right. 



Variations and eongenital eonditions The pulmonary tmnk is 

a relatively eonstant structure and there are minimal variations in 
healthy individuals. Congenital anomalies include pulmonary atresia 
and tmnois arteriosus. 

The eoronary arteries usually originate from within the aortie sinuses, 
but oeeasionally may arise from eetopie loeations. Most eommonly, an 
eetopie left eoronary artery arises from the pulmonary tmnk or one of 
its branehes (Bland-White-Garland syndrome). This potentially fatal 
eondition requires urgent surgical eorreetion because the myocardium 
is supplied with pulmonary blood instead of systemie blood (Loukas 
et al 2009). Infantile symptoms include pallor, fatigue, irritability, weak 
ery, cough, dyspnoea, and signs of isehaemia and eardiae failure pre- 
eipitated by feeding, bowel movements or erying. The eleetroeardio- 
gram may reveal deep narrow Q waves, left ventricular hypertrophy and 
left axis deviation. Radiologieally, eardiomegaly is present with left 
ventriailar and left atrial enlargement. Colour flow imaging ean identiíy 
the anomalous origin of the left eoronary artery. The pulmonary tmnk 
may also give rise to the right eoronary artery, the left interventricular 
(anterior deseending) eoronary artery, or even both eoronary arteries. 
Typieally, there is a large development of eollateral vessels in the heart 
(Figs 58.1-58.2). 

Pulmonary atresia is caused by a eomplete obstmetion of pulmonary 
outflow and may be due to an absenee or defeet of the pulmonary 
valvular leaflets. It is assoeiated with a blind-ending pulmonary tmnk 
that causes right ventricular hypoplasia. Reduced flow may render the 


Relations The aseending aorta lies within the fibrous pericardium, 
enelosed in a tube of serous pericardium together with the pulmonary 
tmnk (see figs 57.3, 57.4A-C). The infundibulum, initial segment of 
the pulmonary tmnk and right appendage are anterior to its lower 
part. Superiorly, it is separated from the sternum by the perieardmm, 
right pleura, anterior margin of the right lung, loose areolar tissue and 
the thymus or its remnants. The left atrium, right pulmonary artery and 
prineipal bronchus are posterior. The superior vena eava and right 
atrium, the former partly posterior, are to the right. The left atrium and, 
more superiorly, the pulmonary tmnk are to the left. At least two aort- 
icopulmonary bodies lie between the aseending aorta and the pulmo- 
nary tmnk. The inferior aorticopulmonary body is near the heart and 
anterior to the aorta, and the middle aorticopulmonary body is near 
the right side of the aseending aorta. 

The aortopulmonary window is a spaee between the pulmonary 
artery and aortie areh, bordered by the aseending aorta anteriorly, the 
deseending aorta posteriorly, the mediastinal pleura laterally and the 
left prineipal bronchus medially (Deutsch and Savides 2005) (Fig. 
58.3). It eontains lymph nodes, fatty tissue, the ligamentum arteriosum 
and the left recurrent laryngeal nerve. 

Aortie areh 

The aortie areh continues from the aseending aorta (see Figs 57.3, 
57.4A-C). Its origin, slightly to the right, is level with the superior 
border of the right seeond sternoeostal joint. The areh first aseends 
diagonally and posteriorly to the left over the anterior surface of the 
traehea, then posteriorly aeross its left side, finally deseending to the 
left of the fourth thoraeie vertebral body, continuing as the deseending 
thoraeie aorta. It terminates level with the sternal end of the left seeond 
eostal eartilage and so lies wholly within the superior mediastimim. It 
curves around the hilum of the left lung, and extends superiorly to the 
midlevel of the manubrium of the sternum. 

The shadow of the areh is easily identified in frontal ehest radio- 
graphs; its left profile is sometimes ealled the aortie 'knuckle' or 'knob' 
(see fig. 56.16). There may also be an 'aortie nipple' (the shadow of 
the adjaeent left superior intereostal vein erossing posteroanteriorly to 
its left). The aortie areh is best visualized in left anterior oblique views 









Great vessels 


Pulmonary valve Left eoronary artery orifiee Anterior interventricular artery 



Tricuspid valve 


Fig. 58.1 A ease of a left anterior interventricular artery arising from the 
pulmonary trunk. (Courtesy of Professor Loukas. With permission from 
Loukas M, Groat C, Khangura R, Ovvens DG, Anderson R. The normal 
and abnormal anatomy of the eoronary arteries. Clinical Anatomy. 2009; 
22: 114-128.) 















SECTION 7 


GREAT VESSELS 






Fig. 58.2 Bland-VVhite-Garland syndrome in a 29-year-old woman. A, A 
preoperative anterior oblique volume-rendered (VR) image shows a dilated 
right eoronary artery (arrow) and the anterior interventricular artery with 
multiple eollateral vessels at the right ventricular wall (arrowheads). 

B-C, Preoperative VR images (eardiae ehambers removed with manual 
editing) elearly demonstrate the anomalous origin of the left eoronary artery 
(long arrow) from the pulmonary trunk, along with multiple eollateral 
vessels within the interventricular septum (short arrows in B) and the 
dilated right eoronary artery (short arrow in C). D-E, Postoperative VR 
images, obtained after ligation of the original os of the left eoronary artery 
from the pulmonary trunk and ereation of an anastomosis between the left 
internal thoraeie artery (short white arrows) and the left eoronary artery 
(long white arrow), demonstrate a deerease in the size of the right eoronary 
artery (blaek arrow) and markedly diminished eollateral vessels in the 
interventricular septum and right ventricular wall (*). Abbreviations: A, aorta; 
PA, pulmonary artery. (VVith permission from Kim SY, Seo JB, Do KH, et al 
2006 Coronary artery anomalies: elassifieation and ECG-gated multi 
deteetor row CT findings with angiographie eorrelation. Radiographies 
26:317-33; discussion 333-4.) 
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Major blood vessels 


AP window 



AP window 



Fig. 58.3 The aortopulmonary (AP) window. A, A posteroanterior (PA) 
ehest radiograph. B, A eoronal computed tomography (CT) sean 
reeonstmetion. 


on angiography and with equivalent computed tomography (CT) 
reeonstmetion planes; the pulmonary tmnk and its left braneh may be 
diseerned nestling inferiorly in its eoneavity. The diameter of the areh 
initially matehes that of the aseending aorta but is signifieantly reduced 
distal to the origin of the great vasailar branehes. The aortie isthmus, a 
small stricture at the border with the deseending thoraeie aorta, may 
be followed by a dilation; in the fetus, the isthmus lies between the 
origin of the left subclavian artery and the opening of the ductus 
arteriosus. 

Relations The left mediastinal pleura is anterior and to the left of the 
areh. Deep to the pleura, the areh is erossed, in anteroposterior order, 
by the left phrenie nerve, left lower eervieal eardiae braneh of the vagus 
nerve, left superior eervieal eardiae braneh of the sympathetie tmnk and 
the left vagus nerve (see Figs 57.3, 57.61). As the left vagus nerve erosses 
the areh, its recurrent laryngeal braneh hooks below the vessel, to the 
left and behind the ligamentum arteriosum, then aseends on the right 
of the areh. The left superior intereostal vein aseends obliquely anteri- 
orly on the areh, superficial to the left vagus nerve, deep to the left 
phrenie nerve. The left lung and pleura separate all these from the 
thoraeie wall. Posterior and to the right are the traehea and the deep 
eardiae plexus, the left recurrent laryngeal nerve, oesophagus, thoraeie 
duct and vertebral column. Superiorly, the braehioeephalie tmnk, left 
eommon earotid and subclavian arteries arise from its convexity, and 
are erossed anteriorly near their origins by the left braehioeephalie vein. 
The pulmonary bifiireation, left prineipal bronchus, ligamentum arte- 
riosum, superficial eardiae plexus and the left recurrent laryngeal nerve 
are all inferior. The eoneavity of the aortie areh, best viewed from the 
left, is the upper curved limit through which stmctures gain aeeess to, 
or leave, the hilum of the left lung. 


Pneumomediastinum and aortie nipple 



Available with the Gray’s Anatomy e-book 


ariations Of the areh The summit of the areh is usually about 
2.5 em inferior to the sternal noteh but may diverge from this. In the 
infant, it is eloser to the superior border of the sternum; the same is 
often the ease in seneseenee as a result of vascular ectasia/unfolding. 

In a right-sided aortie areh, the aorta curves over the right pulmonary 
hilum and deseends to the right of the vertebral column; this is usually 
assoeiated with transposition of the thoraeo-abdominal viseera. Less 
often, after arehing over the right hilum, the aorta may pass posterior 
to the oesophagus to gain its position (this is not aeeompanied by 
viseeral transposition). The presenee of a right-sided areh is of relevanee 
to the paediatrie surgeon who is planning repair of oesophageal atresia 
in neonates. 

The aorta may divide into aseending and deseending tmnks, the 
former dividing into three branehes to supply the head and upper 
limbs. It may divide near its origin, producing a double aortie areh; the 
two branehes soon reunite and the oesophagus and traehea usually pass 
through the interval between them. If the aorta, ductus arteriosus or 
deseending aorta entraps the oesophagus and/or traehea, this is referred 
to as a vascular ring. 



Branehes and variations Three branehes arise from the convex 
aspeet of the areh: the braehioeephalie tmnk, left eommon earotid and 
left subclavian arteries (see Figs 57.3-57.4). They may braneh from the 
beginning of the areh or the superior part of the aseending aorta. The 
distanee between these origins varies, the most frequent being approxi- 
mation of the left eommon earotid artery to the braehioeephalie tmnk. 
Other branehes may arise from the aortie areh, including the inferior 
thyroid, thyroidea ima, thymie, left eoronary and bronehial arteries 
(Bergman et al 1988). 



eoaretation Of the aorta The aortie lumen is oeeasionally partly 
or eompletely obliterated, either above (preductal or infantile type), 
opposite or just beyond (postductal or adult type), the entry of the 
ductus arteriosus. In the preductal type, the length of eoaretation is 
variable, aortie areh hypoplasia is eommon, and the left subclavian and 
even the braehioeephalie tmnk may be involved. Severe forms of infan- 
tile eoaretation and its extreme form (aortie intermption) may be patent 
ductus arteriosus-dependent, as there is no time for effeetive eollateral 
eirailation to develop. Prostaglandin inffision prior to transfer, and 
surgery at a tertiary eentre often provide a very good mid- to long-term 
outlook for such infants. 

The postductal type of eoaretation has been attributed to abnormal 
extension of the ductal tissue into the aortie wall, stenosing both 
vessels as the duct eontraets after birth. This form may permit years of 
normal life, allowing the development of an extensive eollateral circu- 
lation to the aorta distal to the stenosis (Figs 58.6-58.7). High vascu- 
larity of the thoraeie wall is important and elinieally eharaeteristie; 
many arteries arising indireetly from the aorta proximal to the eoareta- 
tion segment anastomose with vessels eonneeted with it distal to the 
bloek, and all of these vessels beeome greatly enlarged. Thus, in the 
anterior thoraeie wall, the thoraeo-aeromial, lateral thoraeie and sub- 
scapular arteries (from the axillary artery), the suprascapular artery 
(from the subclavian artery) and the first and seeond posterior inter- 
eostal arteries (from the eostoeervieal tmnk) anastomose with other 
posterior intereostal arteries, and the internal thoraeie artery and its 
terminal branehes anastomose with the lower posterior intereostal and 
inferior epigastrie arteries. 

Posterior intereostal arteries are always involved, and enlargement 
of their dorsal branehes may eventually groove ('noteh') the inferior 
margins of the ribs. The radiographie shadow of the enlarged left sub- 
elavian artery is also inereased. Enlargement of the scapular vessels and 
anastomoses may lead to widespread interscapular pulsation (easily 
appreeiated with the palm of the hand, and sometimes heard on 
auscultation). 



Aortie aneiirysm formation Degeneration of the aortie tunica 
media and intimal disseetion play a major role in the pathogenesis of 
aneurysms affeeting the aseending aorta and areh. Smooth muscle eells 
are lost and elastie fibres degenerate, producing eystie spaees in the 
media, which then fill with mucoid material. The loss of these structural 
eells leads to weakening of the wall with progressive dilation. Ageing 
and hypertension are major predisposing faetors to eystie medial degen- 
eration and there is a strong link with eigarette smoking. Thoraeie aortie 
aneurysms are eategorized by their loeation. A particular pattern of 
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Pneumomediastinum is an eneompassing term that deseribes the pres- 
enee of air in the mediastinum. It may arise from a wide range of 
pathologieal eonditions or physiologieal states, e.g. penetrating trauma, 
ruptured major airways or oesophagus, hyperventilation or distressed 
ventilation such as acute asthma, periparturition or diabetie ketoaeido- 
sis. The 'aortie nipple' is the radiographie term used to deseribe a lateral 
nipple-like projeetion from the aortie knuckle seen in a small number 
of individuals that eorresponds to the end-on appearanee of the left 
superior intereostal vein coursing anteriorly. It may be mistaken radio- 
logieally for lymphadenopathy or an intrapulmonary nodule/neoplasm. 
Despite their relative independenee, the aortie nipple is defined by new 
contours in eases of pneumomediastinum, taking on an 'inverted aortie 
nipple' appearanee (Fig. 58.4). In this position, the inverted aortie 
nipple may faeilitate radiographie diserimination of pneumomediasti- 
num from similar eonditions. An aortie nipple has been shown to 
preeede pathologieal eonditions such as venous obstmetion in the supe- 
rior and inferior vena eavae or left braehioeephalie vein, and has been 
identified in eonditions where venous flow through the left superior 
intereostal vein is inereased (e.g. portal hypertension and eertain eon- 
genital venous anomalies). 

There are several variants of this arrangement, of which the most 
eommon are as follows: a right-sided aortie areh and upper portion of 
the deseending aorta pass anterior to the oesophagus and traehea, and 
the ductus arteriosus passes posterior to the oesophagus into an aortie 
diverticulum; a right-sided aortie areh and the upper portion of the 
deseending aorta pass anteriorly, and the ductus arteriosus is inserted 
into the left subclavian artery, which arises as a fourth braneh from the 
aortie areh; a left-sided deseending aorta is attaehed to a left-sided 
ductus arteriosus anterior to the oesophagus, and a right-sided areh 
passes posteriorly; the right superior portion of the deseending aorta 
wraps around the oesophagus and the ductus arteriosus is right-sided; 
or the right upper portion of the aorta wraps around the oesophagus 
and the ductus arteriosus is left-sided (Bergman et al 1988). 

The right eommon earotid and subclavian arteries may arise sepa- 
rately, in which ease the latter often branehes from the left end of the 
areh distal to the left subclavian artery, and usually passes posterior to 
the oesophagus as an aberrant right subclavian artery. When this artery 
arises from a dilated portion of the deseending aorta, the diverticulum 
of Kommerell, it is known as the lusoria artery (Fig. 58.5). It may 
beeome aneurysmal and cause fatal haemorrhage during endoseopy. It 
may form a vasailar ring around the oesophagus and traehea, present- 
ing in the neonate as a feeding disorder with failure to thrive. 

The left vertebral artery may arise between the left eommon earotid 
and the subclavian arteries. 

A rare avian form has been reported in which the right eommon 
earotid and subclavian arteries arise from the aortie areh, and the left 
eommon earotid and subclavian arteries arise from the deseending 
aorta (Bergman et al 1988). Another rare avian form with two braehio- 
eephalie tmnks, the right tmnk originating both eommon earotid arter- 
ies, and the left tmnk originating both subclavian arteries, has been 
reported. Another rare order of the aortie branehes is (in order from 
right to left): the right subclavian artery, left subclavian artery, followed 
by the right eommon earotid, and left eommon earotid arteries elose 
together - almost forming a eommon earotid tmnk. 

The aortie areh may also curve behind the oesophagus and traehea, 
instead of in front, with variations in the aortie branehes as well. 
Another rare avian form reported is with both earotid arteries originat- 
ing from the same stem, and a left subclavian artery originating from 
the areh, while the right subclavian artery arises from the deseending 
aorta. One or more of the ductus arteriosi may remain patent. 

Very rarely, external and internal earotid arteries arise separately, the 
eommon earotid artery being absent on one or both sides, or both 
earotid arteries and one or both vertebral arteries may be separate 
branehes. When a 'right aorta' occurs, the arrangement of its three 
branehes is reversed and the eommon earotid arteries may have a single 
tmnk. Other arteries may braneh from it: most eommonly, one or both 
bronehial arteries and the thyroidea ima artery. 

Assoeiations also exist between thoraeie aortie aneurysm and other 
eonneetive tissue diseases such as homocysteinuria and Ehlers-Danlos 
syndrome. A genetie relation is seen in familial thoraeie aortie aneurysm 
syndrome (Baliga et al 2007). Rarely, aneurysms may occur as a result 
of Takayasu's arteritis, or infeetions within the aortie wall. 


Aortie areh Superior intereostal vein/aortie nipple 



Pneumomediastinum Pleura 


Fig. 58.4 A PA ehest radiograph, anteroposterior view, showing the 
elassie ‘aortie nipple’ in a patient with pneumomediastinum. A label is 
added on the left to delineate the nipple-like appearanee of the left 
superior intereostal vein more elearly. (Courtesy of Professor Loukas. With 
permission from Walters A, Cassidy L, Muhleman M, Peterson A, Blaak C, 
Loukas M. Pneumomediastinum and the aortie nipple: the elinieal 
relevanee of the left superior intereostal vein. Clinical Anatomy 2013; 
27:757-63.) 


Right eommon earotid artery Traehea RtRSA Oesophagus 



Left eommon Right and left Left subclavian 

earotid artery vertebral arteries artery 

Fig. 58.5 A disseetion showing a left aortie areh that gives rise to a 
eommon vertebral trunk and a retrotraeheal right subclavian artery 
(RtRSA), also known as a lusoria artery. (Courtesy of Professor Loukas 
with permission from Loukas M, Louis RG Jr, Gaspard J, Fudalej M, 
Tubbs RS, Merbs W. A retrotraeheal right subclavian artery in assoeiation 
with a vertebral artery and thyroidea ima. Folia Morphol (Warsz). 2006 
Aug;65(3):236-41.) 
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Fig. 58.6 A eardiae magnetie resonanee (MR) angiograph showing 
three-dimensional reeonstmetion of a native aortie eoaretation (arrow) in 
an adult with extensive eollateral flow. Note the marked dilation of the left 
subclavian artery, supplying most of the eollateral vessels, and mild aortie 
areh hypoplasia. (Courtesy of Dr Raad Mohiaddin, Royal Brompton 
Hospital, London.) 



Fig. 58.7 The eollateral circulation at MR angiography and phase-eontrast 
veloeity-eneoded eine MRI. The MR angiogram shows the intereostal 
(short arrows) and internal thoraeie (medium arrow) arteries, obtained in 
a patient with a haemodynamieally signifieant aortie eoaretation (long 
arrow). Note that the arteries appear enlarged. (With permission from Hom 
JJ, Ordovas K, Reddy GP. Veloeity-eneoded eine MR imaging in aortie 
eoaretation: functional assessment of hemodynamie events. 

Radiographies 2008 Mar-Apr;28(2):407-16.) 
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aortie root involvement is seen in those with Marfan's syndrome, 
known as anulo-aortic eetasia (Baliga et al 2007). Deseending aortie 
aneurysms are generally caused by atheroselerosis (90%); the remainder 
result from myeotie disease or trauma. 

Some aortie aneurysms are ineidental findings on ehest films or CT 
studies. Symptomatie eases present with breathlessness, unbearable 
ehest and baek pain, hoarse voiee, cough and haemoptysis. Early diasto- 
lie murmurs caused by aortie regurgitation may be audible. Repair is 
earried out in patients with symptoms or fhsiform dilation measuring 
more than 5 em in diameter. 

Aneurysms may also occur in an aberrant right subclavian artery and 
may or may not involve the diverticulum of Kommerelf leading to 
dysphagia and even traeheal eompression. Inadvertent rupture may 
occur during endoseopy because of its retro-oesophageal position. 

Aortie disseetion 


Available with the Gray’s Anatomy e-book 

Aortopulmonary paraganglia 


Aortopulmonary paraganglia (aortie bodies) belong to the branehio- 
merie eategory of paraganglia. They are ehemoreeeptors and respond to 
ehanges in arterial gas eoneentrations such as lowered p0 2 , inereased 
pC0 2 and inereased hydrogen ion eoneentration. These mieroseopie 
structures occur in several loeations within the thorax: eoronary para- 
ganglia lie between the aseending aorta and pulmonary trnnk, either 
anteriorly or posteriorly, adjaeent to the aortie root; pulmonary para- 
ganglia lie in the groove between the ductus arteriosus and the pulmo- 
nary artery; and subclavian-supra-aortic paraganglia lie between either 
the right subclavian and right eommon earotid arteries or the left sub- 
elavian and left eommon earotid arteries, or caudal to the left subclavian 
artery, adjaeent to the aortie areh. 

Braehioeephalie trnnk (artery) 


The braehioeephalie (innominate) artery (tmnk), the largest braneh of 
the aortie areh, is 4-5 em in length (see Fig. 57.4A,B). It arises from the 
convexity of the areh posterior to the eentre of the manubrium of the 
stermim, and aseends posterolaterally to the right, at first anterior to 
the traehea, then on its right. The braehioeephalie and left eommon 
earotid arteries often share a eommon origin (Osborn 1998). It divides 
into the right eommon earotid and subclavian arteries level with the 
upper border of the right sternoclavicular joint. 

Relations Sternohyoid and sternothyroid, thymie remnants, left 
braehioeephalie and right inferior thyroid veins, erossing its root, 
and sometimes the right eardiae branehes of the vagus nerve, all sepa- 
rate the braehioeephalie tmnk from the manubrium. Posterior are the 
traehea (superiorly) and the right pleura (inferiorly). The right vagus 
nerve is posterolateral before passing lateral to the traehea. On its right 
side are the right braehioeephalie vein and the upper part of the supe- 
rior vena eava and pleura, and on its left side are thymie remains, the 
origin of the left eommon earotid artery, the inferior thyroid veins and 
the traehea. 

Branehes The braehioeephalie tmnk usually has only terminal 
branehes, the right eommon earotid and subclavian arteries. Oeeasion- 
ally, a thymie or bronehial braneh, or a thyroidea ima artery arise from 
it. The thyroidea ima artery is a small and ineonstant artery that may 
arise from the aorta, right eommon earotid, subclavian or internal 
thoraeie arteries; it aseends on the traehea to the thyroid isthmus, where 
it terminates. 

Deseending thoraeie aorta 


The deseending aorta is the segment of the thoraeie aorta that is eon- 
fined to the posterior mediastinum (see Figs 56.1-56.2, 56.6-56.7B, 
56.13-56.14A, 56.19D,E). It begins level with the lower border of the 
fourth thoraeie vertebra, continuous with the aortie areh, and ends 
anterior to the lower border of the twelfth thoraeie vertebra in the aortie 
hiatus. At its origin, it is left of the vertebral column; as it deseends, it 
reaehes and terminates in the midline. 

Relations Anterior to the deseending thoraeie aorta, from superior to 
inferior, are the left pulmonary hilum, the pericardium separating it 
from the left atrium, oesophagus and the vertebral portion of the 


diaphragm. The vertebral column and hemiazygos veins are posterior. 
Posterior to the right are the azygos vein and thoraeie duct, and inferi- 
orly, the right pleura and lung; the pleura and lung are to the left. The 
oesophagus with its plexus of nerves is loeated laterally and to the right 
in the upper thorax, anteriorly in the lower thorax and deseends to a 
left anterolateral position when it reaehes the diaphragm. To a limited 
degree, the deseending aorta and oesophagus are mutually spiralized. 
Oeeasionally, the aorta enters the diaphragm to the left and behind the 
oesophagus (Berdjas and Turina 2011). 

Slirfaee anaton The deseending thoraeie aorta may be projeeted 
as a 2.5 em broad band from the sternal end of the seeond left eostal 
eartilage to a median position 2 em above the transpylorie plane at the 
first lumbar vertebra. 

Branehes 

The thoraeie aorta provides viseeral branehes to the pericardium, 
lungs, bronehi and oesophagus, and parietal branehes to the thoraeie 
wall. 

Perieardial branehes A few small vessels are distributed to the 

posterior aspeet of the pericardium. 

Broneh ial arteries Bronehial arteries vary in number, size and 
origin. There is usually only one right bronehial artery; it arises from 
either the third posterior intereostal or the upper left bronehial artery, 
and mns posteriorly on the right prineipal bronchus. Its branehes 
supply these stmctures, the pulmonary areolar tissue and the broneho- 
pulmonary lymph nodes, pericardium and oesophagus. The left bron- 
ehial arteries, usually two, arise from the thoraeie aorta - the upper near 
the fifth thoraeie vertebra, the lower below the left prineipal bronchus 
- and mn posterior to the left main bronchus; their branehes are dis- 
tributed as on the right. 

Oesophageal branehes Two or three bronehial arteries supply the 
thoraeie portion of the oesophagus. In addition, two or three oesopha- 
geal arteries that arise either anteriorly or from the right side of the aorta 
supply the distal oesophagus (Norton et al 2008). 

Mediastinal branehes Numerous small vessels supply lymph 

nodes and areolar tissue in the posterior mediastinum. 

Phrenie branehes Superior phrenie arteries arise from the lower 
thoraeie aorta and are distributed posteriorly to the superior diaphrag- 
matie surface, anastomosing with the musculophrenic and perieardi- 
aeophrenie arteries. 

Posterior intereostal arteries The posterior intereostal arteries 

and their branehes are deseribed on page 943. 

Sllbeostal arteries Subcostal arteries are the last paired branehes of 
the thoraeie aorta, in series with the posterior intereostal arteries and 
inferior to the twelfth ribs. Eaeh mns laterally anterior to the twelfth 
thoraeie vertebral body and posterior to the splanehnie nerves, sympa- 
thetie tmnk, pleura and diaphragm. The right subcostal artery is also 
posterior to the thoraeie duct and azygos vein, while the left is posterior 
to the aeeessory hemiazygos vein. Eaeh artery enters the abdomen at 
the lower border of the twelfth rib, aeeompanied by the twelfth thoraeie 
(subcostal) nerve, lying posterior to the lateral arcuate ligament and 
kidney, and anterior to quadratus lumbomm. The right artery courses 
posterior to the aseending eolon, and the left courses posterior to the 
deseending eolon. Piereing the aponeurosis of transversus abdominis, 
eaeh subcostal artery proeeeds between this and internal oblique, and 
anastomoses with the superior epigastrie, lower posterior intereostal 
and lrnnbar arteries. Eaeh has a dorsal braneh, distributed like those of 
the posterior intereostal arteries. 

Aberrant arter A small artery sometimes leaves the deseending 
thoraeie aorta on its right near the right bronehial artery origin. It 
aseends to the right behind the traehea and oesophagus, and may anas- 
tomose with the right superior intereostal artery. It is a vestige of the 
right dorsal aorta and, oeeasionally, it is enlarged as the first part of a 
right subclavian artery. 

Aortie rupture in trauma Rupture of the aseending aorta is usually 
assoeiated with a high immediate mortality (Baliga et al 2007). Bhmt 
aortie rupture eommonly occurs in road traffie aeeidents and has a 20% 
survival rate. There is usually a transverse tear involving the tunica 
intima and tunica media of the aortie wall; systemie circulatory pressure 








Great vessels 


Aortie disseetion occurs as a result of degeneration of the tunica media 
of the aortie wall and is assoeiated with seneseenee, persistent hyperten- 
sion or eollagen vascular diseases such as Marfan's syndrome. Many 
patients with aortie disseetion have a pre-existing aneurysm. Other 
assoeiations include aortie eoaretation, Turners syndrome, eoeaine 
abuse (<1%) and trauma during surgical procedures. There is a higher 
prevalenee in men than women; after the age of 75, however, there is 
no sex differenee (Baliga et al 2007). In a elassie aortie disseetion, an 
intimal tear may occur, producing a split into the tunica media that 
ereates a false lumen (Fig. 58.8). If another tear occurs, eonneetion ean 
be made onee again with the tme lumen (the double-barrel aorta). 
Additional aetiopathologies include penetrating atheroselerotie ulcera- 
tion, where an atheroselerotie plaque mptures into the aortie tunica 
media, and aortie intramural haematoma, where the vasa vasomm 
haemorrhage into the wall of the aorta (Baliga et al 2007). 


Aortie disseetions are elassified as types I, II, Illa and Illb (De Bakey 
elassifieation), or types A and B (Stanford elassifieation). Disseetions 
that are proximal to the left subclavian artery, with or without distal 
extension, are elassified as type I, II or A. Type I may involve the entire 
aorta, whereas type II involves the aseending aorta only. Disseetions 
that are distal to the left subclavian artery are elassified as type Illa 
(involve the distal aorta up to the diaphragm), Illb (extend below the 
diaphragm) or B. These eases present acutely with severe retrosternal, 
neek or interscapular ehest pain. Depending on the extent of the dis- 
seetion, they may be assoeiated with neurological signs, diarrhoea or 
leg weakness. Extension into the pericardium causes eardiae tamponade 
and circulatory eollapse. Diagnosis is established by eehoeardiography 
and on eontrast-enhaneed CT or magnetie resonanee imaging (MRI). 
Medieal management is possible for deseending aortie disseetions, 
while surgical repair is essential for aseending aortie or aortie areh 
disseetion. 






Fig. 58.8 A Stanford type A aortie disseetion. A-B, Axial images taken through the thorax. A, Disseetion flap involvement of the aortie root and 
deseending aorta. B, The disseetion flap in the aortie areh. C-E, A type A aortie disseetion in a different patient. C-D, Sagittal reformatted images 
through the thorax and upper abdomen obtained at different levels from 64-sliee multi-detector CT demonstrating intimal flap involvement of the 
aseending thoraeie aorta. Note the extension of the disseetion flap into aortie braneh vessels (arrow). E, A sagittal maximum-intensity projeetion image 
showing disseetion flap involvement of both the aseending and deseending aorta. (With permission from MeMahon MA, Squirrell CA. Multidetector CT of 
Aortie Disseetion: A Pietorial Review. Radiographies. 2010 Mar;30(2):445-60.) 
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may cause the formation of a false aneurysm. Rupture of the isthmus 
region of the deseending aorta is more eommon probably because it 
marks the junction between the mobile and fixed portions of the aorta. 
Other sites include the aseending aorta proximal to the origin of the 
braehioeephalie trnnk, the aortie areh and the abdominal aorta. Rupture 
is likely to be the result of a number of faetors, including torsion, shear 
and stretehing forees, possibly compounded by hydrostatie pressure. 

Aortie atheroselerosis or ealeifieation Eehoeardiography, par- 

ticularly trans-oesophageaf allows very detailed assessment of proximal 
aortie atheroselerosis implieated in systemie embolie events and strokes. 
The extent of turbulent flow may be documented. MRI may also allow 
an accurate assessment of the eomposition and size of atheroselerotie 
plaques and flow dynamies, permitting assessment of the risk of plaque 
rupture and thrombus formation. 

Subclavian arteries 


Right subclavian artery 

The right subclavian artery arises from the braehioeephalie tmnk, origi- 
nating posterior to the upper border of the right sternoclavicular joint 
(see Fig. 51.2). It aseends superomedial to the elaviele and posterior to 
scalenus anterior, then deseends laterally to the outer border of the first 
rib, where it beeomes the axillary artery. 

Left subclavian artery 

In the majority of individuals, the left subclavian artery originates inde- 
pendently from the aortie areh after the origins of the braehioeephalie 
and left eommon earotid arteries (see Fig. 57.4). It rises into the neek 
lateral to the medial border of scalenus anterior, erosses posterior to 
this muscle and then deseends towards the outer border of the first rib, 
where it beeomes the left axillary artery. A eommon origin oeeasionally 
exists between the left subclavian and vertebral arteries. Rarely, there are 
bilateral braehioeephalie tmnks, which subsequently divide on both 
sides into eommon earotid and subclavian arteries. 

Relations In the thorax, the left subclavian artery is related anteri- 
orly to the left eommon earotid artery and left braehioeephalie vein, 
from which it is separated by the left vagus, eardiae and phrenie 
nerves. More superficially, the anterior pulmonary margin, pleura, 
sternothyroid and sternohyoid lie between the vessel and the upper 
left area of the manubrium of the sternum. On the left side of the 
oesophagus, the thoraeie duct and longus eolli are posterior. The left 
subclavian artery is in eontaet posterolaterally with the left lung and 
pleura. The traehea, left recurrent laryngeal nerve, oesophagus and 
thoraeie duct are medial. Laterally, the artery grooves the mediastinal 
surface of the left lung and pleura, which also eneroaeh on its anterior 
and posterior aspeets. 

Common earotid arteries 


The right and left eommon earotid arteries differ in their length and 
origin. The right is exclusively eervieal and arises from the braehio- 
eephalie tmnk posterior to the right sternoclavicular joint. The left 
originates direetly from the aortie areh immediately posterolateral to 
the braehioeephalie tmnk and therefore has both thoraeie and eervieal 
parts. 

Right eommon earotid artery 

The right eommon earotid artery and its relations are deseribed in 

Chapter 29. 

Left eommon earotid artery 

The left eommon earotid artery (see 4gs 57.4, 29.7) aseends until level 
with the left sternoclavicular joint, where it enters the neek. Its thoraeie 
portion is 20-25 mm long and it lies first anterior to the traehea, then 
inelines to the left. The fiirther course of the artery is deseribed in 

Chapter 29. 

Relations Sternohyoid and sternothyroid, the anterior parts of the left 
pleura and lung, the left braehioeephalie vein and the thymie remnants 
are anterior and separate the left eommon earotid artery from the 
manubrium. The traehea, left subclavian artery, left border of the 
oesophagus, left recurrent laryngeal nerve and thoraeie duct are poste- 
rior. To the right are the braehioeephalie tmnk (inferior) and the 
traehea, inferior thyroid veins and thymie remains (superior). To the 
left are the left vagus and phrenie nerves, left pleura and lung. 


VEINS 

Braehioeephalie veins 


The right and left braehioeephalie veins join to form the superior 
vena eava. 

Right braehioeephalie vein 

The right braehioeephalie vein is about 2.5 em long. It arises posterior 
to the sternal end of the right elaviele and deseends almost vertieally to 
join the left braehioeephalie vein, forming the superior vena eava pos- 
terior to the inferior border of the first right eostal eartilage, near the 
right sternal border. It is anterolateral to the braehioeephalie tmnk and 
right vagus nerve; the right pleura, phrenie nerve and internal thoraeie 
artery are initially posterosuperior, beeoming lateral inferiorly (see Fig. 
29.14). Its tributaries are the right vertebral, internal thoraeie and infe- 
rior thyroid veins, and sometimes the first right posterior intereostal 
veins. 


Left braehioeephalie vein 

The left braehioeephalie vein is about 6 em long, over twice the length 
of the right. It arises posterior to the sternal end of the left elaviele, 
anterior to the eervieal pleura, and deseends obliquely to the right, 
posterior to the superior half of the manubrium sterni, reaehing the 
sternal end of the first right eostal eartilage where it joins the right 
braehioeephalie vein to form the superior vena eava (see 4g. 29.14). It 
is separated from the left sternoclavicular joint and manubrium by 
sternohyoid and sternothyroid, the thymus or its remnants, and areolar 
tissue; terminally, it is overlapped by the right pleura. It erosses anterior 
to the left internal thoraeie, subclavian, braehioeephalie and eommon 
earotid arteries, left phrenie and vagus nerves, and the traehea. The 
aortie areh is inferior to it. Its tributaries are the left vertebral, internal 
thoraeie, inferior thyroid and superior intereostal veins, and sometimes 
the first left posterior intereostal, thymie and perieardial veins. 

In ehildren, the length and diameter of the left braehioeephalie vein 
are elosely related to height; the diameter reaehes adult dimensions at 
the age of 10 years (Figs 58.9-58.10) (Sanjeev and Karpawich 2006). 



Superior vena eava 


The superior vena eava returns blood to the heart from the tissues above 
the diaphragm. It is approximately 7 em in length, and is formed by the 
junction of the braehioeephalie veins posterior to the lower border of 
the first right eostal eartilage. It deseends vertieally, posterior to the first 
and seeond intereostal spaees, and drains into the upper right atrium 
posterior to the third right eostal eartilage. Its inferior half is within the 
fibrous pericardium, which it pierees level with the seeond eostal earti- 
lage. Covered anterolaterally by serous pericardium (from which a ret- 
roeaval reeess projeets), it is slightly convex to the right (see Figs 57.3, 
57.4A,B, 57.12, 29.14). The superior vena eava is valveless. In ehildren, 
the length and diameter of the superior vena eava are also elosely related 
to height; the diameter reaehes adult dimensions at the age of lOyears 
(see Figs 58.9-58.10) (Sanjeev and Karpawich 2006). 



Relations The anterior margins of the right lung and pleura are ante- 
rior and the pericardium intervenes below; these structures separate the 
superior vena eava from the right internal thoraeie artery, first and 
seeond intereostal spaees, and seeond and third eostal eartilages. The 
traehea and right vagus nerve are posteromedial, the right lung and 
pleura are posterolateral, and the right pulmonary hilum is posterior. 
The right phrenie nerve and pleura are immediate right lateral relations 
and the braehioeephalie tmnk and aseending aorta lie to the left, the 
aorta overlapping the superior vena eava (see Fig. 55.7). 


"ributaries Tributaries of the superior vena eava are the azygos vein 
and small veins from the pericardium and other mediastinal stmctures 
(see Fig. 56.7A). 


Superìor vena eava ObstructÌon Superior vena eava obstmetion 

is eharaeterized by headaehes, faeial and neek venous eongestion, and 
oedema, refleeting impaired venous drainage of the head, neek and 
arms, and of the eollateral circulation, resulting in ehest wall telangieeta- 
sia. Several of the symptoms may subside with recumbency, or may be 
aggravated by standing up. The obstmetion may be either partial or 
eomplete, and may occur suddenly or gradually. It is usually caused by 
mediastinally invasive right upper lobe primary bronehogenie earei- 
noma or by metastatie involvement of the right paratraeheal lymph 

nodes. 1027 
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Fig. 58.9 Sites of measiirement of the left braehioeephalie (innominate) 
vein and superior vena eava at angiography. Key: A, distal 
braehioeephalie vein; B, mid-braehioeephalie vein; C, braehioeephalie- 
superior vena eava junction; D, mid-superior vena eava. (Redrawn with 
permission from Sanjeev S, Karpawich PP. Superior vena eava and 
innominate vein dimensions in growing ehildren: an aid for interventional 
deviees and transvenous leads. Pediatr Cardiol. 2006 
Jul-Aug;27(4):414-9.) 
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Fig. 58.10 Diameters of the distal braehioeephalie (innominate) vein 
(dis-INN), mid-braehioeephalie vein (mid-INN), brachiocephalic-superior 
vena eava junction (INN-SVC) and mid-superior vena eava (mid-SVC) in 
ehildren of varying ages. (Redrawn with permission from Sanjeev S, 
Karpawich PP. Superior vena eava and innominate vein dimensions in 
growing ehildren: an aid for interventional deviees and transvenous leads. 
Pediatr Cardiol. 2006 Jul-Aug;27(4):414-9.) 
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Haemorrhagie intrathoraeie goitre, mediastinitis (either benign, malig- 
nant or fibrous), mediastinal haematoma, eonstrietive periearditis, 
mediastinal eyst, thrombosis of the superior vena eava and sareoidosis 
are less eommon aetiologies. Radiographie findings might include wid- 
ening of the upper mediastinum on the frontal film or obliteration of 
the retrosternal spaee on the lateral film. Other eorrelative findings may 
include pulmonary or mediastinal masses, lymphadenopathy, enlarged 
or obliterated azygos venous system, pleural effiision or rib notehing. 
This is usually eonsidered to be an oneologieal emergeney and symp- 
toms are often eompletely and promptly relieved by insertion of a 
vasoilar stent via the eommon femoral vein or by radiotherapy to the 
affeeted region after a tissue diagnosis is established. 


Variations of the braehioeephalie veins and superior 
vena eava 



Available with the Gray’s Anatomy e-book 


Inferior vena eava 


The inferior vena eava returns blood to the heart from infradiaphrag- 
matie tissues. It passes through the diaphragm between the right leaf 


and eentral area of the eentral tendon of the diaphragm at the level of 
the eighth and ninth thoraeie vertebrae, and drains into the inferopos- 
terior part of the right atrium (see Fig. 55.1, 57.4B). The thoraeie part 
is very short, and is partly inside and partly outside the perieardial sae. 
The extrapericardial part is separated from the right pleura and lung by 
the right phrenie nerve, and the intraperieardial part is eovered, except 
posteriorly, by infleeted serous perieardmm. The abdominal course of 
the inferior vena eava is deseribed in ehapter 62. 


Oollateral venouS ehannels In obstmetion of the upper inferior 

vena eava, the azygos and hemiazygos veins and vertebral venous plex- 
uses are the main eollateral ehannels that maintain venous circulation. 
They eonneet the superior and inferior venae eavae and communicate 
with the eommon iliae vein by the aseending lumbar veins and with 
many tributaries of the inferior vena eava. 


Variations Broadly speaking, the inferior vena eava may be eongeni- 
tally intermpted, duplicated, left-sided or even absent. 




Fig. 58.1 A ease of a left anterior 
interventricular artery arising from the 
pulmonary trunk. 

Fig. 58.2 Bland-VVhite-Garland syndrome in 
a 29-year-old woman. 

Fig. 58.4 A PA ehest radiograph, 
anteroposterior view, showing the elassie 
‘aortie nipple’ in a patient with 
pneumomediastinum. 

Fig. 58.5 A disseetion showing a left aortie 
areh that gives rise to a eommon vertebral 


trunk and a retrotraeheal right subclavian 
artery, also known as a lusoria artery. 

Fig. 58.6 A eardiae magnetie resonanee 
angiograph showing three-dimensional 
reconstruction of a native aortie eoaretation 
in an adult with extensive eollateral flow. 

Fig. 58.7 The eollateral circulation at MR 
angiography and phase-eontrast veloeity- 
eneoded eine MR imaging. 

Fig. 58.8 A Stanford type A aortie 
disseetion. 


Fig. 58.9 Sites of measurement of the left 
braehioeephalie (innominate) vein and 
superior vena eava at angiography. 

Fig. 58.10 Diameters of the distal 
braehioeephalie (innominate) vein mid- 
braehioeephalie vein, braehioeephalie- 
superior vena eava junction and 
mid-superior vena eava in ehildren of 
varying ages. 











Great vessels 


The braehioeephalie veins may enter the right atrium separately, the 
right vein deseending like a normal superior vena eava. During embryo- 
logieal development, if the eardinal vein does not beeome obliterated, 
it will persist as a left-sided superior vena eava. A left superior vena eava 
may have a slender eonneetion with the right and then eross the left 
side of the aortie areh to pass anterior to the left pulmonary hilum 
before turning to enter the right atrium. It replaees the oblique vein of 
the left atrium and eoronary sinus, and reeeives all the tributaries of 
the eoronary sinus. The left braehioeephalie vein sometimes projeets 
above the manubrium (more frequently in ehildhood), and erosses the 
suprasternal fossa in front of the traehea. A left-sided superior vena eava 
may cause difficulties when plaeing a eardiae eatheter, paeing or defibril- 
lating eleetrodes because the angle between the left superior vena eava 
and the left subclavian vein is much more acute than that between the 
subclavian and a normal left braehioeephalie vein. Its ealibre may also 
be smaller than that of the right. Even if insertion of a eatheter into a 
left superior vena eava is possible, the angle at which the eatheter enters 
the right atrium causes difficulty when attempting to plaee it into the 
right ventriele and pulmonary tmnk; this generally leaves the eatheter 
tip against the eoronary sinus, making it difficult to obtain blood 
samples. In the majority of persistent left superior venae eavae, blood 
drains into the right atrium via the eoronary sinus. When this does not 
happen, the eoronary sinus is absent, and the persistent left superior 
vena eava drains direetly into the atrium. Cyanosis refleets a persistent 
right-to-left shunt and affeeted individuals have a higher risk for para- 
doxical embolism. Radiographieally, there is a paramediastinal bulge 
before the aortie areh. Eleetroeardiograms show a left P-wave axis. Diag- 
nosis ean be eonfirmed by eardiae eatheterization and angiography. 
Persistent left superior vena eava may be assoeiated with extracardiac 
eonditions such as VACTERL assoeiation (vertebral defeets, anal atresia, 
eardiae malformations, traeheo-oesophageal fistula with oesophageal 
atresia, radial and renal dysplasia, and limb anomalies); trisomy 21; 
22qll; CHARGE assoeiation (eoloboma, heart defeets, ehoanal atresia, 
mental retardation, genital and ear anomalies); and 45 XO karyotype 
(Turners syndrome). 

If the superior vena eava is duplicated, the right superior vena eava 
may drain into the right atrium and the left superior vena eava into the 
left atrium. Although double superior vena eava is largely asympto- 
matie, it is usually (along with a sole left-sided superior vena eava) 
assoeiated with eongenital eardiae anomalies, such as pulmonary steno- 
sis, eoaretation of the aorta, tetralogy of Fallot and atrial septal defeets. 


Embryologieally, if the right subcardinal vein fails to anastomose 
with the hepatie sinusoids, the hepatie segment of the inferior vena eava 
fails to develop. When this occurs, the hemiazygos or azygos veins, 
which both originate from the eranial supracardinal veins, return blood 
to the heart. Azygos continuation of the inferior vena eava, eharaeter- 
ized by a prominent azygos vein, is an entity of which the paediatrie 
surgeon should be aware when undertaking repair of oesophageal 
atresia and traeheo-oesophageal atresia in neonates. The azygos vein, 
which is eommonly ligated and divided during this procedure, should 
be spared because ligation of this vessel in neonates with azygos eon- 
tinuation of the inferior vena eava leads to intraoperative eirailatory 
eollapse and death. Double inferior vena eava (right side usually domi- 
nant) is a result of the persistenee of all or any segments of the subcar- 
dinal veins. One of the most eommon variations is a left-sided inferior 
vena eava, which is formed if the right supracardinal vein regresses and 
the left supracardinal vein persists. There may also be a duplication of 
the inferior vena eava, which typieally occurs below the renal veins, and 
is the result of persistenee of the left lumbar and thoraeie supracardinal 
veins and left suprasubcardinal anastomosis as well as malformation of 
right subcardinal-hepatic anastomosis. Abnormalities assoeiated with 
duplication of the inferior vena eava include: eongenital heart disease, 
eongenital absenee of the right kidney, eloaeal extrophy, renal eetopia 
with abdominal aneurysm, right retroeaval ureter, left retroeaval ureter 
and eongenital absenee of the iliae anastomosis, abnormal left arm 
drainage and transeaval ureter. 

In situs inversus with dextrocardia, the inferior vena eava passes 
inferiorly along the left side instead of the right (as opposed to situs 
inversus with levoeardia, in which the inferior vena eava remains on 
the right side). In situs ambiguus, otherwise known as heterotaxy, the 
major organs are arranged ambiguously within the body. Prominent 
azygos veins with intermpted inferior vena eava are assoeiated with 
heterotaxy (Punn and Olson 2010). Situs ambiguus with polysplenia is 
assoeiated with an absenee of portions of the inferior vena eava on the 
right side (with continuation through the azygos or hemiazygos vein), 
transposition of the inferior vena eava to the left side, or duplication of 
the inferior vena eava with one on the right and one on the left. Situs 
inversus with asplenia is similar to that of polysplenia, in that the infe- 
rior vena eava may be absent with azygos continuation or with the 
inferior vena eava to the left of the midline. In situs inversus totalis, 
transposition of the inferior vena eava eonsists of a right-sided inferior 
vena eava. The inferior vena eava may have an abnormally high inser- 
tion into the right atrium. Congenital agenesis of the inferior vena eava 
may occur and may be eompletely asymptomatie because venous drain- 
age of the lower limbs occurs through anastomosed ehannels of the 
azygos and hemiazygos veins. That said, this eondition may be assoei- 
ated with a higher risk for deep vein thrombosis. 
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Teehnieal aspeets and applieations of 

diagnostie radiology 

Jonathan D Spratt 


COMMENTARY 



Magnetie resonanee imaging 


Magnetie resonanee imaging (MRI) produces images by fìrst magnet- 
izing a patient in the bore of a powerful magnet and then broadeasting 
short pulses of radiofrequency (RF) energy at 46.3 MHz that resonate 
mobile protons (hydrogen nuclei) in the fat, protein and water of the 
patient's soft tissues and bone marrow. The protons produce RF eehoes 
when their resonant energy is released; their density and loeation ean 
be exactly eorrelated into an image matrix by complex mathematieal 
algorithms. 

The spinning proton of the hydrogen nucleus aets like a tiny bar 
magnet, aligning either with or against the magnetie field, and produc- 
ing a small net magnetie veetor. RF energy from various types of eoif 
either built into the seanner or attaehed to speeifie body parts, generates 
a seeond magnetie field perpendicular to the statie magnetie field that 
rotates or 'flips' the protons away from the statie magnetie field. When 
the RF pulse is switched offi the protons flip baek (relax) to their origi- 
nal position of equilibrium, emitting the RF energy they had acquired 
into the antenna around the patient. This information is then ampli- 
fied, digitized and spatially eneoded by the array proeessor. 

MRI systems are graded aeeording to the strength of the magnetie 
field they produce. Routine high-field systems are those eapable of 
producing a magnetie field strength of 3-7T (Tesla), using a supercon- 
ducting eleetromagnet immersed in liquid helium. Open magnets for 
claustrophobic patients and limb seanners use permanent magnets of 
0.2-0.75T. For eomparison, Earth's magnetie field varies from 30 to 
60 pT. MRI does not present any reeognized biologieal hazard. Patients 
who have any form of paeemaker or implanted electro-inductive deviee, 
ferromagnetie intraeranial aneurysm elips, eertain types of eardiae valve 
replaeement or intraocular metallie foreign bodies must never be exam- 
ined because there is a high risk of death or blindness. Many extracra- 
nial vascular elips and orthopaedie prostheses are now 'MRI-friendly' 
but may cause loeal artefaets; newer sequences exist to reduce artefaet. 
Loose metal items, 'MR-unfriendly' anaesthetie equipment and eredit 
eards must be excluded from the examination room. Pillows eontain- 
ing metallie eoiled springs have been known nearly to suffocate 
patients, and heavy floor buffing equipment has been found wedged 
in the magnet bore because domestie staff had been suboptimally 
informed. 

New methods of analysing normal and pathologieal brain anatomy 
are now at the forefront of researeh. These are MR speetroseopy (MRS); 
fimetional MRI (fMRI); diffiision tensor imaging (DTI); high angular 
resolution diffiision imaging (HARDI) for MR traetography (MRT, see 
below); and moleailar MRI (mMRI), which has taken on a new diree- 
tion sinee the deseription of the human genome. 

MRS assesses fimetion within the living brain. It eapitalizes on the 
faet that protons residing in differing ehemieal environments possess 
slightly different resonant properties (ehemieal shift). For a given 
volume of brain, the distribution of these proton resonanees ean be 
displayed as a speetmm. Diseernible peaks ean be seen for eertain neu- 
rotransmitters: N-aeetylaspartate varies in multiple selerosis, stroke and 
sehizophrenia while eholine and laetate levels have been used to evalu- 
ate eertain brain tumours. 

fMRI depends on the faet that haemoglobin is diamagnetie when 
oxygenated but paramagnetie when deoxygenated. These different 
signals ean be weighted to the smaller vessels, and henee eloser to the 
aetive neurones, by using larger magnetie fields. mMRI uses biomarkers 
that interaet ehemieally with their surroundings and alter the image 
aeeording to moleoilar ehanges occurring within the area of interest, 
potentially enabling early deteetion and treatment of disease and basie 
pharmaceutical development and quantitative testing. 

High-field-strength magnets give signifieant improvement in spatial 
resolution and eontrast. MR images of the microvasculature of the live 
human brain that allow elose eomparison with the detail seen in his- 
tologieal slides have been acquired at 8T. This has signifieant impliea- 


tions for the treatment of reperfiision injury and researeh into the 
physiology of solid tumours and angiogenesis. There is every reason to 
believe that continued efforts to push the envelope of high-field- 
strength applieations will open new vistas in what appears to be a 
never-ending array of potential elinieal applieations. 

T1 weighted images best accentuate fat and other soft tissues, 
whereas fluid is low-signal; these images are nieknamed the 'anatomy 
weighting' amongst radiologists who publish or teaeh anatomy. T2 
weighted images reveal fluid as high signal as well as fat. Fat suppression 
sequences using T2 'fat sat' (T2FS) or short tau inversion reeovery (STIR) 
are very sensitive in highlighting the soft tissue or bone marrow oedema 
that almost invariably aeeompanies pathologieal states such as inflam- 
mation or tumours. Contrast-enhanced images with gadolinmm, when 
used with T1 fat saturation (TIFS) sequences, also exquisitely highlight 
hypervascularity particularly that assoeiated with tumours and inflam- 
mation, espeeially in pathologies where the blood-brain barrier is eom- 
promised. Metallie artefaet reduction sequences (MARS) are superior in 
imaging periprosthetie soft tissues after joint replaeement or other 
orthopaedie metahvork implantation. 

MR traetography 


MRT is a three-dimensional modelling technique used to represent 
neural traets visually using data eolleeted by DTI or, more reeently, by 
HARDI, with results presented in two- and three-dimensional images 

(Nucifora et al 2007). 

In addition to the long traets that eonneet the brain to the rest of 
the body, there are eomplieated neural networks formed by short eon- 
neetions among different eortieal and subcortical regions, their exist- 
enee revealed by histoehemistry and postmortem biologieal techniques. 
Central nervous system traets are not identifiable by direet examination, 
CT or eonventional MRI seans, explaining the paucity of their deserip- 
tion in neuroanatomy atlases and the poor understanding of their 
fimetions. 

The MRI sequences used look at the symmetry of water diffiision in 
the brain. Bundles of fibre traets make the water diffiise asymmetrieally 
in a 'tensor', the major axis parallel to the direetion of the fibres. There 
is a direet relationship between the number of fibres and the degree of 
anisotropy. DTI assumes that the direetion of least restrietion eorre- 
sponds to the direetion of white matter traets. Diffiision MRI was intro- 
duced in 1985. In the more reeent evohition of the technique into 
diffhsion tensor MRI (DTI), the relative mobility of the water molecules 
from the origin is modelled as an ellipsoid rather than a sphere. This 
allows fiill eharaeterization of molecular diffiision in the three dimen- 
sions of spaee and the formation of traetograms. Barriers cause uneven 
anisotropie diffiision. In white matter, the prineipal barrier is the myelin 
sheath, whereas bundles of axons provide a barrier to perpendioilar 
diffhsion and a path for parallel diffiision along the orientation of the 
fibres. Anisotropie diffiision is expected to be inereased overall in areas 
of high mature axonal order. Conditions where barriers offered by the 
myelin sheaths or the axons are dismpted, e.g. in trauma, tumours and 
inflammation, reduce anisotropy and yield DTI data used to seed 
various traetographie assessments of the brain (p. 391). Data sets may 
be rotated continuously into various planes in order to appreeiate the 
stmcture better; colour may be assigned based on the dominant diree- 
tion of the fibres. A leading elinieal applieation of MRT is in the 
presurgical mapping of eloquent regions. Intraoperative eleetrieal stim- 
ulation (IES) provides a elinieal gold standard for the existence of 
fimetional motor pathways that ean be used to determine the accuracy 
and sensitivity of fibre-traeking algorithms. 

interseeting traets or partial volume averaging of adjaeent pathways 
with different fibre orientations are the reasons why DTI does not accu- 
rately deseribe the microstmcture in complex white matter voxels that 
eontain more than one fibre population, e.g. in the eentmm semiovale, 
where major white matter traets such as the pyramidal traet, the 
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siiperior longitudinal fasciculus and the corpus callosum interseet. This 
has hindered preoperative mapping of the pyramidal traet in brain 
tumour patients. HARDI permits more accurate delineation of pathways 
within complex regions of white matter. The q-ball reeonstmetion of 
HARDI data provides an orientation distribution fhnetion (ODF) that 
ean be used to determine the orientations of multiple fibre populations 
contributing to a voxel's diffiision MR signaf mapping fibre trajeetories 
through regions of complex tissue architecture in a elinieally feasible 
timeframe. 

Ultrasound 


Uniquely ultrasound images do not depend on the use of eleetromag- 
netie wave forms. The properties of high-frequency sound waves (lon- 
gitudinal waves) and their interaetion with biologieal tissues are 
responsible for the production of'eehograms' (Desser and Jeffrey 2001). 
A sound wave of appropriate frequency (diagnostie range 3.5-20 MHz) 
is produced by piezo-eleetrie prineiples. Image production is deter- 
mined by attenuation and refleetion as the beam passes through tissues. 
Attenuation is caused by the loss of energy due to absorption, refleetion 
and refraetion in soft tissues, resulting in a reduction in signal intensity. 
Refleetion of sound waves within the range of the reeeiver produces the 
image, and the echotexture is dependent on tiny differenees in acoustic 
impedanee between different tissues. Blood flow and veloeity ean be 
measured (using the Doppler prineiple) in duplex mode. 

Techniques such as harmonie imaging and the use of ultrasound 
eontrast agents (stabilized microbubbles) have enabled non-invasive 
determination of myoeardial perfusion. These eontrast agents also 
elearly improve the deteetion of metastases in the liver and spleen. 
Ultrasound is the most eommon medieal imaging technique for pro- 
ducing elastograms, in which stiffness or strain images of soft tissue are 
used to deteet or elassiíy tumours. Cancer is 5-28 times stiffer than the 
background of normal soft tissue; when a meehanieal eompression or 
vibration is applied, a tumour deforms less than the surrounding tissue. 
Elastography may be used, for example, to measure the stiffness of the 
liver in vivo or in the deteetion of breast or thyroid tumours. A eorrela- 
tion between liver elastieity and the eirrhosis seore has been shown (Yeh 
et al 2002, Foucher et al 2006). 

Interpretation of anatomy and pathology from statie ultrasound 
images is more difficult than that from other imaging modalities: 
eompare the real-time nature ultrasound in Video 14.1 with the statie 
images in Fig 14.4. The technique is highly operator-dependent and 
provides unique information on tissue structure and form not obtained 
from other imaging techniques. 

Nuclear medieine 


Historieally, the field of nuclear medieine began in 1946 when 
radioaetive iodine was administered as an 'atomie eoektail' to treat 
thyroid eaneer. Sinee that time, mielear medieine has advaneed to the 
point where it was reeognized in the early 1970s as a diagnostie sub- 
speeialty. 

Hnlike diagnostie radiology, where an image is ereated by passing 
energy through the body from an external source, nuclear medieine 
ereates an image by measuring the radiation emitted from traeers taken 
internally. Overall, the radiation dosages are eomparable with CT and 
vary depending on the examination. Nuclear medieine also differs from 
most other imaging modalities in that the tests demonstrate the physio- 
logieal fimetion of a speeifie area of the body. In some instanees, this 
physiologieal information may be ffised with the more anatomieal 
imaging of CT or MRI, eombining the strengths of anatomy and fime- 
tion for diagnosis. 

Nuclear medieine uses pharmaceuticals that have been labelled with 
a radionuclide (radiopharmaceuticals) and which are administered to 
patients by intravenous injeetion, ingestion or inhalation (the method 
of administration depends on the type of examination and the organ 
or organ proeess to be imaged). Emitted radiation is deteeted and 
imaged with speeialized equipment such as gamma eameras, positron 
emission tomography (PET) or single photon emission computed 
tomography (SPECT). Radiation may be measured from parts of the 
body by the use of probes, or samples may be taken from patients and 
measured in counters. 

Radiopharmaceuticals may be used to image a disease proeess or to 
treat diseases. Those used for imaging emit a gamma ray (y) and those 
used for treatment emit a beta ((3) partiele. Gamma rays are of higher 
energy in order to pass through the body and be deteeted by a deteetion 
eamera, whereas (3 partieles travel only short distanees and emit their 


radiation dose to the target organ. For example, 99m technetium or 
123 iodine may be used to deteet thyroid disease, but eertain thyroid 
diseases or thyroid eaneer may be treated solely or in part with 131 iodine. 
The differenee in the agent used depends on the type and energy levels 
of the radiation partiele that the radioisotope emits. 

Radionuclides used in mielear medieine are often ehemieally bound 
to a complex ealled a traeer. The way the body handles a traeer may 
differ in disease or pathologieal proeesses. For example, the traeer used 
in bone imaging is methylene-diphosphonate (MDP) bound to 99m tech- 
netium. MDP attaehes to hydroxyapatite in bone; altered bone physiol- 
ogy, such as occurs in a fracture, metastatie bone disease or arthritie 
ehange, produces an inerease in bioehemieal bone aetivity and an accu- 
mulation of MDP that is seen as a foeal 'hot spot' of the radiopharma- 
ceutical on a bone sean. 

99m Technetium is the major workhorse radioisotope of nuclear medi- 
eine. It ean be eluted from a molybdenum/technetium generator stored 
within a nuclear medieine department, allowing for easy aeeess. It has a 
short half-life (6hours), which allows for ease of medieal imaging 
and disposal. Its pharmaeologieal properties allow it to be easily bound 
to various traeers and it emits gamma rays that are of suitable energy 
for medieal imaging. In addition to 99m technetium, the most eom- 
mon intravenous radionuclides used in nuclear medieine are 123 iodine 
and 131 iodine, 201 thallium, 67 gallium, 18 fluorodeoxyglucose (FDG) and 
U1 indium-labelled leukocytes. The most eommon gaseous/aerosol radio- 
mielides used are 133 xenon, 81m krypton, 99m technetium (Teehnegas) and 
99m technetium diethylene triamine pentaaeetie aeid (DTPA). 

The images obtained from nuclear medieine imaging ean be single 
or multiple. Image sets may be represented by time sequence imaging 
(e.g. eine), such as dynamie imaging or eardiae gated sequences, or by 
spatial sequence imaging, where the gamma eamera is moved relative 
to the patient, e.g. in SPECT imaging. Spatial sequence imaging allows 
the images to be presented as a sliee-staek much in the way that CT or 
MRI images are displayed. It may also be ffised with eoneomitant CT 
or MRI to provide eombined physiologieal and anatomieal imaging. 

A PET sean is a speeialized type of mielear medieine imaging that 
measures important body fimetions, such as blood flow, oxygen use or 
glucose metabolism. It involves short-lived radioaetive traeer isotopes 
that emit positrons (positively eharged subatomic partieles with the 
same mass and magnitude of eharge as eleetrons). The radioisotopes 
are ehemieally ineorporated into biologieally aetive moleoiles: most 
eommonly, the sugar FDG (2-deoxy-2-[fluorine-18]fluoro-D-glucose). 
An hour after injeetion, FDG beeomes eoneentrated into the tissues of 
interest; images are obtained as the isotope undergoes positron emis- 
sion deeay. A positron travels only a few millimetres before reaeting 
with an eleetron by annihilation, producing a pair of gamma photons 
that move in opposite direetions. The PET sean deteetors proeess only 
those photon pairs that are deteeted simultaneously (eoineident detee- 
tion) to ereate an image of tissue aetivity with respeet to that particular 
isotope. These images may subsequently be ffised with CT or MR 
images. The short half-life of the isotopes limits PET imaging; elose 
aeeess to a eyelotron for generation of the isotopes plays an important 
role in the feasible loeation of a PET seanner. Typieal isotopes used in 
medieal imaging and their half-lives are: n carbon (about 20 min), 
13 nitrogen (about 10 min), 13 oxygen (about 2 min) and 18 fluorine 
(about 110 min). 

Angiography/interventional radiology 


Angiographie imaging was first deseribed in 1927, when Egas Moniz, a 
physieian and neurologist, introduced eontrast X-ray eerebral angiogra- 
phy. (Moniz was awarded the Nobel Prize for his work in 1949.) In 
1953, the field was revolutionized by the Seldinger technique, in which 
no sharp needles remained inside the vascular lumen during imaging. 
Although angiography initially involved X-ray and fluoroscopic imaging 
of blood vessels and organs of the body after injeeting radiopaque 
eontrast agents into the blood stream, it has evolved to eneompass so 
much more. Many of the procedures currently performed by angiogra- 
phy may be diagnostie; following the advent of minimally invasive 
procedures performed with image guidance, the name of the diseipline 
ehanged to interventional radiology (or vascular and interventional 
radiology). 

Angiograms are typieally performed by gaining aeeess to the blood 
vessels, through either the femoral artery, femoral vein or jugular vein, 
depending on the area of interest to be imaged (e.g. eerebral, eoronary 
or pulmonary angiograms). Following vasailar aeeess, eatheters are 
direeted to the speeifie loeation to be imaged by the use of guidewires, 
and eontrast agents are injeeted through these eatheters to visualize the 
vessels or the organ with X-ray imaging. Imaging of the arterial and 
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venous circulation of the arms and legs may demonstrate peripheral 
vascular disease. 

Treatment and/or interventions ean often be performed through 
similar eatheter-based examinations. Such procedures might involve 
angioplasties, where a balloon meehanism is plaeed aeross an area of 
narrowing (stenosis) in a vessel or himen. With eontrolled inflation of 
the balloon, the area of narrowing ean be widened. 

Imaging in diagnostie or interventional procedures may produce still 
or motion (eine) images. The technique often used, digital subtraction 
angiography (DSA), involves taking images at 2-30 frames per seeond 
to allow imaging of the flow of blood through vessels. A preliminary 
image of the area is taken before the eontrast is injeeted; this 'mask' 
image is then eleetronieally subtracted from all subsequent images, 
leaving only the vessels filled with eontrast. For optimal subtraction, 
the patient must remain motionless. 

Angiograms of the heart may be performed to visualize the size and 
eontraetility of the ehambers and the anatomy of the eoronary vessels. 
The thorax may also be studied to evaluate the pulmonary arteries and 
veins for vasailar malformations, blood elots and possible origins of 
haemoptysis. In the investigation of atheroselerotie disease, vasailar 
malformations or tumoral vascularization, the neek is often imaged in 
order to visualize the vessels that supply the brain in their entirety, from 
the points at which they arise from the aortie areh to their termination 
as eerebral vessels. Renal artery imaging may elucidate the cause of 
hypertension in seleeted patients, and imaging of the mesenterie vessels 
may identify the origin of gastrointestinal bleeding or mesenterie 
angina. 

In addition to angiograms and venograms, the field of interventional 
radiology also includes such procedures as eoil embolization of aneu- 
rysms and vasoilar malformations; balloon angioplasty and stent plaee- 
ment; ehemoembolization direetly into tumours; drainage eatheter 
insertion; embolization (e.g. uterine artery for treatment of fibroids); 
thrombolysis to dissolve blood elots; tissue biopsy (percutaneous or 
transvascular); radiofrequency ablation and eryoablation of tumours; 
line insertions for speeialized vascular aeeess; inferior vena eava filter 
plaeements; vertebroplasty; nephrostomy plaeement; gastrostomy tube 
plaeement for feeding; dialysis aeeess; transjugular intrahepatie porto- 
systemie shunt (TIPS) plaeement; biliary interventions; and, most 
reeently, endovenous laser ablation of varieose veins. 

Computed tomography 


The limitation of all plain radiographie techniques is the two- 
dimensional representation of three-dimensional structures; the linear 


attenuation eoeffieient of all the tissues in the path of the X-ray beam 
form the image. CT obtains a series of different angular X-ray projee- 
tions that are proeessed by a computer to give a seetion of speeified 
thiekness. The CT image eomprises a regular matrix of picture elements 
(pixels). All of the tissues eontained within the pixel attenuate the X-ray 
projeetions and result in a mean attenuation value for the pixel. This 
value is eompared with the attemiation value of water and is displayed 
on a seale (the Hounsfield seale). Water is said to have an attenuation 
of 0Hounsfield units (HU); air typieally has an HU number of-1000; 
fat is approximately -100 HU; soft tissues are in the range +20 to 
+70 HU; and bone is usually greater than +400 HU. 

Modern multislice helieal CT seanners ean obtain images in sub- 
seeond times, and imaging of the whole body from the top of the head 
to the thighs ean take as little as a single breath-hold of only a few 
seeonds. The fast sean times allow dynamie imaging of arteries and 
veins at different times after the injeetion of intravenous eontrast agents. 
The continuous acquisition of data from a helieal CT seanner allows 
reeonstmetion of an image in any plane (multiplane reeonstmetion, 
MPR), eommonly sagittal and eoronal, as may be seen in many of the 
images throughout this forty-first edition of Gray's Anatomy. This 
orthogonal imaging greatly improves the understanding of the three- 
dimensional aspeets of radiologieal anatomy and now forms part of the 
standard praetiee of assessing disease. 

No speeifie preparation is required for most CT examinations of the 
brain, spine or musculoskeletal system. Studies of the ehest, abdomen 
and pelvis, and those of the brain with complex histories, usually 
require intravenous eontrast medium that eontains iodine because this 
defines vascular relationships and differentiates normal and pathologi- 
eal soft tissues more effeetively. Opaeifieation of the bowel in CT studies 
of the abdomen and pelvis may be aeeomplished by oral ingestion of 
a water-soluble eontrast medium from 24hours prior to the examina- 
tion, in order to outline the eolon, eombined with fhrther oral intake 
0-60minutes prior to the sean, in order to outline the stomaeh and 
small bowel. This procedure is much less frequently performed with the 
latest generation of seanners, which exquisitely differentiate various 
enhaneing layers within the bowel wall. Oeeasionally, direet insertion 
of reetal eontrast to show the distal large bowel may be required. 

Generally, all studies are performed with the patient supine and 
images are obtained in the transverse or axial plane. Modern CT sean- 
ners allow up to 25 0 of gantry angulation, which is particularly valuable 
in spinal imaging. Oeeasionally, direet eoronal images are obtained in 
the investigation of eranial and maxillofacial abnormalities; in these 
eases, the patient lies prone with the neek extended and the gantry 
appropriately angled, but this technique has largely been superseded 
by the orthogonal imaging deseribed above. 
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History 


It is more than 35 years sinee the fìrst deseription of blind transbron- 
ehial needle aspiration (TBNA) biopsies of paratraeheal masses was 
published (Wang et al 1978). Prior to this, surgery had been the only 
way to obtain tissue from mediastinal masses or lymph nodes. TBNA 
is less invasive than surgery but the blind nature of the technique diet- 
ates that sampling only bulky masses or nodal tissue results in an 
aeeeptable yield. In the early 1990s, the fìrst report of the new technique 
of'endobronehial sonography' appeared (Híirter and Hanrath 1992). 
A small ultrasound eatheter was passed through the working ehannel 
of a bronehoseope, giving a 360° (radial) ultrasound image. Biopsies 
could be taken by inserting standard biopsy foreeps through a sheath 
left in plaee to mark the eorreet position onee the ultrasound eatheter 
was removed. In 2003, the fìrst report of a prototype bronehoseope, 
ineorporating a curved linear array eleetronie transducer at the end of 
the bronehoseope, was published (Krasnik et al 2003). When the trans- 
ducer was elosely applied to the bronehial wall, ultrasound seanning of 
mediastinal structures (to a depth of 5 em) was possible and a 22-gauge 
needle inserted through the biopsy ehannel and into the mass in ques- 
tion was visible in real time. This meant that smaller lesions could be 
biopsied more accurately, with reduced potential for the wrong area 
to be sampled inadvertently. This new biopsy technique was termed 
endobronehial ultrasound (EBHS)-TBNA or fìne needle aspiration 
(EBHS-FNA). 

Technique 


Although the initial procedures took plaee under general anaesthetie, 
most EBHS procedures today take plaee under conscious sedation and 
loeal anaesthetie. Hsing computed tomography (CT), with or without 
positron emission tomography (PET) seanning, the areas that require 
sampling are identified. These lymph nodes or masses are then found 
during bronehoseopy using the ultrasound seanning probe. The infla- 
tion of a small water-fìlled balloon around the seanning probe ean 
improve eontaet with the bronehial wall, and thus image quality, 
although in most eases it is not needed. A needle is inserted through 
the working ehannel of the bronehoseope and suction applied, via a 
syringe, at the proximal end of the needle. Hnder direet vision, the 
needle is passed several times through the lesion in order to obtain a 
eytologieal speeimen. Suction is removed and the needle withdrawn 
from the bronehoseope. The speeimen is either smeared on to slides 
and air-dried, or plaeed into pots eontaining liquid preservative for 
laboratory proeessing (Medford et al 2010). The power Doppler faeility 
enables safer identifieation of vessels to avoid puncture of these 
structures. 

Diagnosis and staging of lung eaneer 


The main use of EBHS in today's elinieal praetiee is in the diagnosis and 
staging of lung eaneer. Surgical sampling of the mediastinum, whilst 
remaining the gold standard, has a number of limitations, including 
invasiveness and eost. In 2009, a new lymph node map was published 
by the International Assoeiation for the Study of Lung Cancer (Rusch 
et al 2009). Hsing this as a guide, EBHS ean aeeess lymph node stations 
2R, 2L, 3P, 4R, 4L, 7, 10R, 10L, 11R and 11L. When eombined with 
endoseopie ultrasound (EHS), where an endoseope fìtted with a linear 
ultrasound transducer is inserted into the oesophagus, additional sta- 
tions 8 and 9 ean be sampled, as well as the left suprarenal gland, the 
left lobe of the liver and the eoeliae axis nodes, if neeessary. Stations 5 
and 6 ean only be aeeessed via a surgical approaeh. 

Wallace et al (2008) showed, in 42 patients with malignant media- 
stinal lymphadenopathy, that the sensitivity and negative predietive 
value (NPV) of eombined EBHS/EHS-FNA were 93% and 97%, respee- 


tively, eompared to 69% and 88% for EBHS-TBNA alone. A more reeent 
study of 44 patients, where the same operator performed EBHS-TBNA 
and then EHS-FNA by inserting the EBHS bronehoseope into the 
oesophagus, found that the sensitivity, speeifìeity and accuracy of 
mediastinal lymph node staging using eombined EBHS/EHS-FNA were 
all 100%, eompared to 79%, 100% and 84%, respeetively, for EBHS 
alone (Lee et al 2014). The ASTER trial randomized 241 patients to 
either eombined EBHS/EHS-FNA or eonventional surgical staging 
(Annema et al 2010). Where endoseopie staging showed no evidenee of 
loeally advaneed disease, the patient underwent surgical staging (n = 65). 
Sensitivity was signifìeantly greater for eombined surgical/endoscopic 
staging (94% versus 79%, P=0.02) with similar NPVs (93% versus 86%, 
P=0.18) and eomplieation rates. A head-to-head study of EBHS-TBNA 
versus the surgical approaeh of video-assisted mediastinoseopy (VAM) 
in 153 patients was published in 2011 (Yasufuku et al 2011). No signifi- 
eant differenees were found between the two procedures in determining 
the tme pathologieal N-stage, although the authors admitted that the 
EBHS-TBNA yield may have been improved by the faet that the proee- 
dures were all earried out under general anaesthetie by thoraeie sur- 
geons who were extremely familiar with mediastinal anatomy. At 
present, the European Soeiety of Thoraeie Surgeons continue to reeom- 
mend that patients with mediastinal lymphadenopathy on PET/CT and 
negative endoseopie staging proeeed to VAM because of the higher NPV 
(de Leyn et al 2014). However, mediastinoseopy ean be avoided if endo- 
seopie staging is positive. 

Other uses 


Although most eommonly used in lung eaneer investigation, EBHS is 
inereasingly employed to diagnose other causes of mediastinal lymph- 
adenopathy and paramediastinal masses. Von Bartheld et al (2013) 
earried out a randomized eontrolled trial demonstrating that EBHS- or 
EHS-FNA was superior to eombined endobronehial and transbronehial 
biopsy (eonventionally, the method of ehoiee to obtain a tissue diag- 
nosis in sareoidosis) in the deteetion rate of non-easeating granulomas. 
Sensitivity for the diagnosis of Mycobacterium tuberculosis has been 
reported at 85-94% (Sun et al 2013, Navani et al 2011), whilst for 
lymphoma it may be as high as 89% and even higher for relapsed rather 
than de novo disease (Moonim et al 2013). Controversy remains about 
whether the eytologieal sample obtained at EBHS ean give suffìcient 
information about lymphoma subtype eompared to the larger samples 
obtained by eore or surgical biopsies that have been traditionally 
favoured. At present, the British Thoraeie Soeiety feels that there is insuf- 
fieient evidenee to justify the use of EBHS-TBNA in lymphoma diagno- 
sis (du Rand et al 2011) but this may ehange in the future as endoseopists 
and eytopathologists beeome more skilled. Hsing EBHS, the diagnosis 
of metastatie extrathoracic malignaney (Ozgiil et al 2013), ehondrosar- 
eoma (Wang et al 2014), malignant pleural mesothelioma (Loeoeo et al 
2014), vertebral body tumour (Ojha et al 2014), pulmonary artery 
aneurysm (Lerner and Riker 2014), parathyroid adenoma (Buderi et al 
2014) and various other benign pathologies have all been reported in 
the literature. 

Complications 


A reeent review of 190 studies published between 1995 and 2012, 
eomprising 16,181 patients, found a serious adverse event rate of 0.05% 
for EBHS, inereasing to 0.14% with the addition of figures for EUS (von 
Bartheld et al 2014). Abseess formation, sepsis, pneumothorax and 
other respiratory eomplieations accounted for the EBHS adverse events, 
whereas EUS had higher rates of infectious eomplieations (including 
mediastinitis), oesophageal perforation and haemorrhage. The results 
of the AQuIRE registry, published in 2013, reported a 1.44% eompliea- 
tion rate in 1,317 patients undergoing EBHS, including pneumothorax, 
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bleeding, sustained hypoxia and respiratory failure (Eapen et al 2013); 
it is unclear how many of these eases also feature in the figures of the 
aforementioned meta-analysis. Single ease reports of needle breakage 
(Ozgíil et al 2014) and pneumomediastinum/pneumopericardium 
(Ortiz et al 2014) have also been published. HoweYer, the procedure is 
generally aeeepted to be safe. 

The future 


In this era of inereasingly personalized medieine, it is important for any 
sampling technique to provide sufficient tissue for molecular analysis. 
In a reeent study of 106 patients with non-small eell lung eaneer 
(NSCLC), 101 samples taken at either standard bronehoseopy EBUS- 
TBNA or CT-guided eore biopsy were sufficient to yield RNA for fiirther 
molecular testing (Sehmid-Bindert et al 2013). EBUS-TBNA was found 


to yield greater amounts of tumour RNA when eompared to the other 
methods (although this only reaehed signifieanee when eompared to 
bronehoseopy). Certain genetie ehanges (particularly in the EGFR and 
ALK genes) may determine the ehemotherapy agent of ehoiee; a ffirther 
study has demonstrated that 52 of 55 samples obtained by EBUS-TBNA 
in patients with NSCLC eontained sufficient material for fluorescent in 
situ hybridization (FISH) analysis for ALK rearrangement or amplifiea- 
tion (Neat et al 2013). Yarmus et al (2013) found that four needle 
passes (in conjunction with rapid on-site eytopathology evaluation) 
yielded adequate amounts of tissue for EGFR and KRAS mutation analy- 
sis on tumour DNA as well as ALK rearrangement testing by FISH 
(Yarmus et al 2013). 

The applieations of EBHS continue to expand and with inereased 
experience of both the operators and the eytopathologists examining 
the samples, the technique goes from strength to strength. 
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Abdomen and pelvis: overview and 
surface anatomy 


CHAPTER 




MUSCULOSKELETAL FRAMEWORK OF THE 
ABDOMEN AND PELVIS 


Although ohen eonsidered separately, the abdomen and pelvis form the 
largest continuous viseeral eavity of the body. Together, they provide 
multiple vital fhnetions, including: housing and proteetion of the diges- 
tive and urinary traets and of the internal reproductive organs; a conduit 
for neurovascular communication between the thorax and lower limb; 
support and attaehment for the external genitalia; aeeess to and from 
the internal reproductive organs and urinary traet; assistanee with 
physiologieal fhnetions such as respiration, defeeation and micturition; 
support for the vertebral column in weight-bearing, maintenanee of 
posture and movement; and, in women, the ability to support human 
gestation. 
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The walls of the abdominopelvie eavity eonsist of fìve lumbar vertebrae 
and their intervening intervertebral dises (lying in the posterior midline); 
the muscles of the anterior abdominal wall lying anteriorly (rectus 
abdominis) and anterolaterally (transversus abdominis, internal 
oblique and external oblique); the imiseles of the posterior abdominal 
wall (psoas, quadratus lumborum and the diaphragm); the bony 'basin' 
formed by the walls of the false and tme pelvis; the imiseles of the pelvie 
floor and perineum lying inferiorly; and the diaphragm lying superiorly 
(Fig. 59.1). In addition, the upper abdominal eavity gains proteetion 
from the lower six ribs and their eartilages, even though these stmctures 
are teehnieally part of the thoraeie wall. 

Fig. 59.1 The bony and muscular structures making up 
the abdominopelvie ‘eavity’. The anterolateral abdominal 
muscles have been removed for elarity. 


Medial arcuate 
ligament 

Lateral arcuate 
ligament 


Tip of eleventh rib 


Tip of twelfth rib 


lliae erest 


Piriformis 


lschium 


Obturator internus 


Levator ani 












































































SECTION 8 


ABDOMEN AND PELVIS: OVERVIEVV AND SLIRFAOE ANATOMY 


1034 


The miiseles of the abdominal wall play an important role in move- 
ment of the tmnk (flexion, extension and rotation). The anterolateral 
muscles, in particular, provide assistanee with rotation of the thorax in 
relation to the pelvis (or viee versa if the thorax is fìxed). 

The abdominal eavity is somewhat kidney-shaped in horizontal 
eross-seetion due to the posterior indentation of the vertebral column. 
Consequently, there are two distinet paravertebral gutters on either 
side of the spine. The lordosis of the lumbar spine eombined with the 
backward angulation of the saemm gives eaeh paravertebral gutter a 
parabola shape in sagittal seetion. In standing, the pelvie brim lies at 
an angle of about 55° to the horizontal such that the anterior supe- 
rior iliae spines and pubic tubercles are in approximately the same 
eoronal plane. The mean angle between the upper border of the first 
saeral vertebra and the horizontal plane is about 40-45 0 (Woon et al 
2013). 

Thoraeoabdominal interfaee 


The diaphragm constitutes the interfaee between the thoraeie and 
abdominal eavities (Ch. 55). Three prineipal pathways exist between 
the two eavities aeross the diaphragm: the eaval opening in the eentral 
tendon transmits the inferior vena eava and right phrenie nerve; the 
oesophageal hiatus, eneireled by the right ems of the diaphragm, trans- 
mits the oesophagus, vagal tmnks and vessels; and the aortie hiatus, 
posterior to the median arcuate ligament of the diaphragm, transmits 
the aorta, thoraeie duct and, usually, the azygos vein. The hemiazygos 
vein usually enters the thorax through the left ems of the diaphragm. 
Other lymphaties from the abdomen drain to the thorax alongside the 
inferior vena eava and via small vessels passing through and around 
the diaphragm. Thoraeie splanehnie nerves reaeh the abdomen through 
the diaphragmatie emra and behind the medial arcuate ligaments, 
and the left phrenie nerve pierees the muscle of the left hemidiaphragm. 
The subcostal vessels pass into the abdomen beneath the lateral arcuate 
ligaments of the diaphragm. Anteriorly, the superior epigastrie vessels 
pass between the eostal and xiphoid attaehments of the diaphragm. 
Neurovascular structures also eross between the thorax and abdomen 
within the subcutaneous tissues. 

Pelvis-lower limb interfaee 


The pelvis forms an integral part of the bony stmcture of both the 
abdominopelvie eavity and the lower limb. It transmits the weight of 
the upright body, as well as providing a stable platform for movement 
of the hip joint and bipedal loeomotion. Its bony surfaces provide 
attaehment sites for the muscles of the buttock and thigh (Ch. 80), the 
pelvie floor and perineal membrane, the abdominal wall and lower 
baek. The pelvis also transmits the neurovascular stmctures that supply 
the lower limb. There are four prineipal pathways between the pelvis 
and lower limb: the interval beneath the inguinal ligament anterior to 
the superior pubic ramus and ilium, which transmits the femoral neu- 
rovasoilar structures and lymphaties; the greater and lesser seiatie 
foramina, which transmit the gluteal vessels and nerves, seiatie nerve, 
and internal pudendal vessels and pudendal nerve; and the obturator 
foramen, which transmits the obturator nerve, vessels and lymphaties. 
Autonomic nerves travel with the arterial supply to the lower limb and 
with the branehes of the saeral plexus. Neurovascular stmctures also 
eross between the lower limb and pelvis within the subcutaneous 
tissues. 


GENERAL ARRANGEMENT 0F ABDOMINOPELVIO 
AUT0N0MIC NERVES 


What follows is a brief overview of the autonomic nervous system in 
the abdominopelvie region; deseriptions of the neurovascular supply to 
individual organs are given in the relevant ehapters. The autonomic 
supply to the abdominal and pelvie viseera is via the abdominopelvie 
part of the sympathetie ehain and the greater, lesser and least splanehnie 
nerves (sympathetie), and the vagus and pelvie splanehnie nerves (para- 
sympathetie). Numerous intereonneetions occur between plexuses and 
ganglia, particularly in the major plexuses around the abdominal aorta; 
henee, the deseriptions tend to be simplifieations based on the 'main' 
supply to eaeh organ (Fig. 59.2). The details of the terminations of 
these fibres are given in the deseription of the microstmcture of the gut 
wall. 

As a general mle, sympathetie neurones from the abdominopelvie 
autonomic plexuses inhibit viseeral smooth muscle motility and glan- 
dular seeretions, induce sphineter eontraetion and cause vasoeonstrie- 


tion. Parasympathetie stimulation leads to opposing effeets. Viseeral 
afferents also pass through these autonomic plexuses. 

Sympathetie innervation 


The eell bodies of neurones of the sympathetie supply of the abdomen 
and pelvis lie in the intermediolateral grey matter of the first to the 
twelfth thoraeie and the first two lumbar spinal segments. Myelinated 
axons from these neurones travel in the ventral ramus of the spinal 
nerve of the same segmental level, leaving it via a white ramus eom- 
municans to enter a thoraeie or lumbar paravertebral sympathetie gan- 
glion. Viseeral branehes may exit at the same level or aseend or deseend 
several levels in the sympathetie ehain before exiting; they leave the 
ganglia without synapsing and pass medially, giving rise to the paired 
greater, lesser and least splanehnie nerves, and the lumbar and saeral 
splanehnie nerves. Axons destined to supply somatie structures synapse 
in the sympathetie ganglion of the same level, and postganglionie, 
unmyelinated axons leave the ganglion as one or more grey rami eom- 
immieantes to enter the spinal nerve of the same segmental level. 

Greater splanehnie nerve 

On eaeh side, the greater splanehnie nerve is derived from the medial, 
viseeral branehes of the fifth to ninth thoraeie sympathetie ganglia. It 
gives off branehes to the deseending aorta and enters the abdomen 
through the fibres of the ipsilateral ems of the diaphragm, on which it 
deseends anteroinferiorly. The main tmnk of the nerve enters the supe- 
rior aspeet of the eoeliae ganglion, where most of the preganglionie 
fibres synapse (but not those destined for the suprarenal medulla). 

Lesser splanehnie nerve 

On eaeh side, the lesser splanehnie nerve is derived from the medial, 
viseeral branehes of the tenth and eleventh thoraeie ganglia (or ninth 
and tenth). It enters the abdomen mnning through the lowermost fibres 
of the ipsilateral ems of the diaphragm or under the medial arcuate 
ligament, and then lies on the ems as it mns anteroinferiorly. The tmnk 
of the nerve joins the aortieorenal ganglion and may give branehes to 
the lateral aspeet of the eoeliae ganglion. It oeeasionally joins the greater 
and least splanehnie nerves as a single splanehnie nerve. 

Least splanehnie nerve 

On eaeh side, the least splanehnie nerve is derived from the medial, 
viseeral branehes of the eleventh and/or twelfth thoraeie ganglia. It 
enters the abdomen medial to the sympathetie ehain under the medial 
arcuate ligament of the diaphragm and mns inferiorly to join the renal 
plexus. The tmnk of the nerve enters the aortieorenal ganglion and may 
give branehes to the lateral aspeet of the eoeliae ganglion. It is some- 
times part of the lesser splanehnie nerve, when it forms a twig that 
enters the renal plexus just below the aortieorenal ganglion. 

The thoraeie splanehnie nerves are subject to eonsiderable individual 
variation in their origin and distribution (Loukas et al 2010). For 
example, the greater splanehnie nerve may reeeive a contribution from 
the fourth or tenth thoraeie sympathetie ganglia or originate only from 
the sixth to ninth ganglia. 

Lumbar sympathetie system 

The lumbar part of eaeh sympathetie tmnk usually eontains four inter- 
eonneeted ganglia lying on the anterolateral aspeets of the lumbar 
vertebrae along the medial margin of psoas major (see Figs 59.2, 62.14) 
(Murata et al 2003). Superiorly, it is continuous with the thoraeie sym- 
pathetie tmnk posterior to the medial arcuate ligament. Inferiorly, it 
passes posterior to the eommon iliae vessels and is continuous with the 
saeral sympathetie tmnk. On the right side, it lies posterior to the infe- 
rior vena eava; on the left, it is posterior to the lateral aortie lymph 
nodes. It is anterior to most of the himbar vessels but may pass behind 
some lumbar veins. 

On eaeh side, the first, seeond and, sometimes, the third lumbar 
ventral spinal rami are eonneeted to the lumbar sympathetie tmnk by 
white rami communicantes. All lumbar ventral rami are joined near 
their origins by long, slender, grey rami eomimmieantes from the four 
lumbar sympathetie ganglia. Their arrangement is irregular: one gan- 
glion may give rami to two or three lumbar ventral rami, one lumbar 
ventral ramus may reeeive rami from two ganglia, or grey rami may 
leave the sympathetie tmnk between ganglia (Murata et al 2003). 

Somatie and vascular branehes 

Sympathetie nerve branehes aeeompany the lumbar arteries round the 
sides of the vertebral bodies, medial to the fibrous arehes to which psoas 
major is attaehed, to provide sympathetie innervation to the lumbar 
somatomes. Branehes from the lumbar ganglia innervate the abdominal 
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Fig. 59.2 The overall arrangement of the autonomic 
plexuses of the abdominal and pelvie viseera. 
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aorta and eommon, external and internal iliae arteries, forming delieate 
nerve plexuses that extend along the vessels. Other postganglionie sym- 
pathetie nerves to vessels and skin travel with somatie nerves. Thus, the 
femoral nerve earries vasoeonstrietor sympathetie nerves to the femoral 
artery and its branehes in the thigh, as well as sympathetie fibres in its 
cutaneous branehes. Postganglionie fibres travelling with the obturator 
nerve supply the obturator artery and the skin of the medial thigh. 
Sympathetie denervation of vessels in the lower limb ean be effeeted by 
removing or ablating the upper three lumbar ganglia and intervening 
parts of the sympathetie tmnk; this procedure may be useful in treating 
some varieties of vascular insufficiency of the lower limb. 

Lumbar splanehnie nerves 

Four lumbar splanehnie nerves pass as medial branehes from the 
ganglia to join the eoeliae, inferior mesenterie and superior hypogastrie 
plexuses. The first lumbar splanehnie nerve, from the first ganglion, 
gives branehes to the eoeliae, renal and inferior mesenterie plexuses. 
The seeond nerve joins the inferior part of the intermesenterie or infe- 
rior mesenterie plexus. The third nerve arises from the third or fourth 
ganglion and joins the superior hypogastrie plexus. The fourth lumbar 
splanehnie nerve from the lowest ganglion passes anterior to the 
eommon iliae vessels to join the lower part of the superior hypogastrie 
plexus, or the hypogastrie nerves. It is important to note that lumbar 
splanehnie sympathetie nerves contribute to the superior and inferior 
hypogastrie plexuses and, therefore, contribute to the innervation of the 
bladder neek, ductus deferens and prostate, among other stmctures. 


Damage to these nerves, e.g. during aortoiliae surgery, ean result in 
sexual dysfimetion. 

Pelvie sympathetie system 

The saeral region of the sympathetie tmnk usually eonsists of four or 
five ganglia loeated medial or anterior to the anterior saeral foramina 
beneath the presaeral faseia (Oh et al 2004). Oeeasionally, one or two 
eoeeygeal ganglia are present. The saeral sympathetie tmnk is eontimi- 
ous above with the lumbar sympathetie tmnk, and preganglionie fibres 
deseend from the lower lumbar spinal eord segments via this route. The 
first saeral sympathetie ganglion is the largest. More caudal ganglia 
beeome progressively smaller (Blaszezyk 1981). The saeral sympathetie 
ehain is often asymmetrie, with absent or fused ganglia, and eross- 
communications between eaeh side are frequent. Eaeh ganglion sends 
at least one grey ramus communicans to its adjaeent spinal nerve 
but up to 11 such branehes from a single ganglion have been reported 
(Potts 1925). 

The pelvie sympathetie ehain eonverges caudally to form a 
solitary retroperitoneal stmcture, the ganglion impar (or ganglion of 
Walther), which lies at a variable level between the saeroeoeeygeal 
joint and the tip of the coccyx; it is oeeasionally paired, unilateral 
or absent (Oh et al 2004). It eonveys sympathetie efferents to and 
noeieeptive afferents from the perineum and terminal urogenital 
regions. Ganglion impar bloekade may be used to treat intraetable 
perineal pain of sympathetie origin in patients with pelvie eaneers 
(Toshniwal 2007). 
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Somatie and vascular branehes 

Grey rami eommimieantes eontaining postganglionie sympathetie 
nerves pass from the pelvie sympathetie ganglia to the saeral and eoe- 
eygeal spinal nerves. There are no white rami communicantes at this 
level. The postganglionie fibres are distributed via the saeral and eoe- 
eygeal plexuses (Woon and Stringer 2014). Thus, sympathetie fibres in 
the tibial nerve are eonveyed to the popliteal artery and its branehes in 
the leg and foot, whilst those in the pudendal and superior and inferior 
gluteal nerves aeeompany these arteries to the perineum and buttocks. 
Small branehes also travel with the median and lateral saeral arteries. 

Saeral splanehnie nerves 

Saeral splanehnie nerves pass direetly from the ganglia to the inferior 
hypogastrie plexus and, from there, to pelvie viseera; they usually arise 
from the first two saeral sympathetie ganglia. 

Parasympathetie innervation 


The parasympathetie neurones innervating the abdomen and pelvis lie 
either in the dorsal motor nucleus of the vagus nerve or in the interme- 
diolateral grey matter of the seeond, third and fourth saeral spinal 
segments. The vagus nerves supply parasympathetie innervation to the 
abdominal viseera as far as the distal transverse eolon, i.e. they supply 
the foregut and midgut. The hindgut is supplied by parasympathetie 
fibres travelling via the pelvie splanehnie nerves (see below); the overlap 
between these two supplies is variable. The vagal tmnks are derived 
from the oesophageal plexus and enter the abdomen via the oesopha- 
geal hiatus, elosely related to the anterior and posterior walls of the 
abdominal oesophagus (see 7 ig. 56.6). The anterior vagal tmnk is 
mostly derived from the left vagus and the posterior from the right 
vagus. The nerves supply the intra-abdominal oesophagus and stomaeh 
direetly. The anterior tmnk gives off a hepatie braneh, which innervates 
the liver parenehyma and vasculature, the biliary tree including the 
gallbladder, and the structures in the free edge of the lesser omentum. 
The posterior tmnk supplies branehes to the eoeliae plexus; these fibres 
frequently constitute the largest portion of the fibres contributing to the 
plexus. They arise direetly from the posterior vagal tmnk and from its 


gastrie braneh, and mn beneath the peritoneum, deep to the posterior 
wall of the upper part of the lesser sae, to reaeh the eoeliae plexus. Their 
synaptie relays with postganglionie neurones are situated in the mye- 
nterie (Auerbach's) and submucosal (Meissner s) plexuses in the wall 
of the gut (see below). 

Pelvie splanehnie nerves 

Pelvie splanehnie nerves to the pelvie viseera travel in the anterior rami 
of the seeond, third and fourth saeral spinal nerves. They leave the 
nerves as they exit the anterior saeral foramina and pass in the presaeral 
tissue as a fine network of branehes that are distributed to three prin- 
eipal destinations. Most pass anterolaterally into the network of nerves 
that form the inferior hypogastrie plexus; from here, they pass to the 
pelvie viseera. Some join direetly with the hypogastrie nerves and aseend 
out of the pelvis, as far as the superior hypogastrie plexus; from here, 
they are distributed with branehes of the inferior mesenterie artery 
(p. 1153). A few mn superolaterally in the presaeral tissue, over the 
pelvie brim anterior to the left iliae vessels, and pass direetly into the 
tissue of the retroperitoneum and the mesentery of the sigmoid and 
deseending eolon. 

The pelvie splanehnie nerves are motor to the smooth muscle of the 
hindgut and bladder wall, supply vasodilator fibres to the ereetile tissue 
of the penis and elitoris, and are seeretomotor to the hindgut. 

Abdominopelvie autonomic plexuses 
and ganglia 


The abdominopelvie autonomic plexuses are somewhat variable and 
often fuse or are elosely interrelated. The following deseriptions reeog- 
nize their main features (Figs 59.3-59.4). 

Ooeliae plexus 

The eoeliae plexus is loeated at the level of the twelfth thoraeie and first 
lumbar vertebrae, and is the largest major autonomic plexus. It is a 
dense network that unites the eoeliae ganglia, and surrounds the eoeliae 
artery and the root of the superior mesenterie artery. It is posterior to 
the stomaeh and lesser sae, and anterior to the emra of the diaphragm 
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Fig. 59.3 The autonomic plexuses innervating the abdominal and pelvie viseera: sehematie diagram. 
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Fig. 59.4 The autonomic 
plexuses of the abdominal 
and pelvie viseera. 
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and the beginning of the abdominal aorta, and lies medial to the supra- 
renal glands. The plexus and ganglia reeeive the greater and lesser 
splanehnie nerves and branehes from the vagal tmnks. The plexus is in 
continuity with small branehes along adjaeent arteries and is eonneeted 
to the phrenie, splenie, hepatie, superior mesenterie, suprarenal, renal 
and gonadal plexuses (Fig. 59.5). Viseeral afferents in the eoeliae plexus 
eonvey pain and other sensations from upper abdominal viseera. 


Anaesthesia or ablation of these nerves (eoeliae plexus bloek) is some- 
times undertaken to treat intraetable pain from panereatie disorders. 

Ooeliae and aortieorenal ganglia 

The eoeliae ganglia are irregular neural masses, measuring approxi- 
mately 2 em aeross, loeated between the origin of the eoeliae tmnk and 
superior mesenterie artery, medial to the suprarenal glands and anterior 
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to the emra of the diaphragm (Zhang et al 2006). They vary in number, 
size, shape and preeise loeation; there are often two, one on eaeh side. 
The right ganglion is frequently posterior to the inferior vena eava, and 
the left ganglion often lies posterior to the origin of the splenie artery. 
The ipsilateral greater splanehnie nerve joins the upper part of eaeh 
ganglion and the lesser splanehnie nerve joins the lower part. The lower- 
most part of eaeh ganglion forms a distinet subdivision, usually termed 
the aortieorenal ganglion, which reeeives the ipsilateral lesser splaneh- 
nie nerve and gives origin to the majority of the renal plexus (which, 
most eommonly, lies anterior to the origin of the renal artery). 

Phrenie plexus 

The phrenie plexus is a periarterial extension of the eoeliae plexus 
around the right inferior phrenie artery, adjaeent to the right ems of the 
diaphragm (Rusu 2006). It eontains one or two phrenie ganglia and a 
definable nerve tmnk that eonneets the eoeliae plexus and phrenie 
nerve. The plexus supplies branehes to the suprarenal glands and 
diaphragm. 

Superior mesenterie plexus and ganglion 

The superior mesenterie plexus lies in the pre-aortie eonneetive tissue 
posterior to the panereas, around the origin of the superior mesenterie 
artery. It is an inferior continuation of the eoeliae plexus, and includes 
branehes from the posterior vagal tmnk and eoeliae plexus. Its branehes 
aeeompany the superior mesenterie artery and its divisions. The supe- 
rior mesenterie ganglion lies superiorly in the plexus, usually above the 
origin of the superior mesenterie artery. 

intermesenterie plexus 

Like other parts of the abdominal aortie autonomic plexus, the interme- 
senterie plexus is not a diserete stmcture but is part of a continuous 
periarterial nerve plexus eonneeted to the gonadal, inferior mesenterie, 
iliae and superior hypogastrie plexuses. It lies on the lateral and anterior 
aspeets of the aorta, between the origins of the superior and inferior 
mesenterie arteries, and eonsists of numerous fine, intereonneeted nerve 
fibres and a few ganglia continuous superiorly with the superior 
mesenterie plexus and inferiorly with the superior hypogastrie plexus. 
It is not well eharaeterized but reeeives parasympathetie and sympa- 
thetie branehes from the eoeliae plexus and additional sympathetie 
rami from the first and seeond lumbar splanehnie nerves. 

Inferior mesenterie plexus 

The inferior mesenterie plexus lies around the origin of the inferior 
mesenterie artery and is distributed along its branehes. It is formed 
predominantly from the aortie plexus, supplemented by sympathetie 
fibres from the first and seeond lumbar splanehnie nerves and aseend- 
ing pelvie parasympathetie fibres from the inferior hypogastrie plexus 
(via the hypogastrie nerves and superior hypogastrie plexus). Dismp- 
tion of the inferior mesenterie plexus alone rarely causes elinieally 
signifieant disturbances of autonomic fimetion. 

Superior hypogastrie plexus 

The superior hypogastrie plexus lies anterior to the aortie bifiireation, 
the left eommon iliae vein, median saeral vessels, fifth lumbar vertebral 
body and saeral promontory, and between the eommon iliae arteries. 
It is oeeasionally referred to as the presaeral nerve, but is seldom a single 
nerve and is prelumbar rather than presaeral. It lies within extraperito- 
neal eonneetive tissue in the midline, extending a little to the left. The 
breadth of the plexus and its constituent nerves varies; appearanees 
range from a reticular-like arrangement to a band-like structure or one 
or two distinet nerve tmnks (Paraskevas et al 2008). The medial attaeh- 
ment of the sigmoid mesoeolon and upper limit of the mesorectum lie 
anterior to the lower part of the plexus, separated from it by a thin layer 
of loose eonneetive tissue. The plexus is formed by branehes from three 
main sources: the aortie plexus (sympathetie and parasympathetie), 
lumbar splanehnie nerves (sympathetie) and pelvie splanehnie nerves 
(parasympathetie), which aseend from the inferior hypogastrie plexus 
via the right and left hypogastrie nerves. Viseeral afferents also pass 
through the plexus. The hypogastrie nerves lie in loose eonneetive tissue 
just posterolateral to the upper mesorectum and pass over the pelvie 
brim medial to the internal iliae vessels. The superior hypogastrie plexus 
eonveys branehes to the inferior mesenterie plexus and to the ureteric, 
gonadal and eommon iliae nerve plexuses; additional small branehes 
turn abmptly forwards into the upper mesorectum to travel with the 
superior reetal artery. 

Inferior hypogastrie plexus 

The inferior hypogastrie plexus lies in the thin extraperitoneal eonnee- 
tive tissue on the pelvie side wall anterolateral to the mesorectum. The 


internal iliae vessels and the attaehments of levator ani and obturator 
internus lie laterally, and the superior vesieal and obliterated umbilical 
arteries superiorly. In males, the inferior hypogastrie plexus lies postero- 
laterally on either side of the seminal vesieles, prostate and the base of 
the urinary bladder. In men, the point where the vas (ductus) deferens 
erosses the ureter provides an approximate guide to the upper limit of 
the plexus (Mauroy et al 2003). The upper border of the plexus lies 
beneath the peritoneum of the reetovesieal pouch and is in eontaet 
with the lateral aspeet of the base of the bladder. The anterior border 
reaehes the posterior aspeet of the prostate; at its inferior limit, the 
cavernous (deep, eavernosal) nerve passes forwards to reaeh the postero- 
lateral aspeet of the prostate (see Fig. 75.11). In females, eaeh plexus 
lies lateral to the uterine cervix, vaginal fornix and the posterior part of 
the urinary bladder, often extending into the broad ligaments of the 
utems. The upper limit of the plexus eorresponds approximately to the 
level where the uterine artery erosses the ureter in the base of the broad 
ligament (Azais et al 2013). 

The inferior hypogastrie plexus is formed mainly from pelvie 
splanehnie (parasympathetie) and saeral splanehnie (sympathetie) 
branehes; a smaller contribution is derived from sympathetie fibres 
(from the lower lumbar ganglia), which deseend into the plexus from 
the superior hypogastrie plexus via the hypogastrie nerves. It gives origin 
to a complex network of small pelvie branehes, which supply the pelvie 
viseera either direetly or indireetly via periarterial plexuses. The branehes 
of the inferior hypogastrie plexus supply the vas deferens, seminal vesi- 
eles, prostate, aeeessory glands and penis in males; the ovary, Fallopian 
tubes, utems, uterine cervix and vagina in females; and the urinary 
bladder and distal ureter in both sexes. The plexus plays a key role in 
eontinenee and sexual fimetion. 

Hypogastrie nerves The hypogastrie nerves are usually paired nerve 
bundles but may eonsist instead of multiple filaments. They eontain 
sympathetie fibres (mostly deseending from the superior hypogastrie 
plexus) and parasympathetie fibres (aseending from the inferior 
hypogastrie plexus). The nerves mn between the superior and inferior 
hypogastrie plexuses on eaeh side behind the presaeral faseia medial to 
the internal iliae vessels and lateral to the anterior saeral foramina. 

Other autonomic plexuses and ganglia 

Additional plexuses are deseribed for abdominopelvie viseera, such as 
the hepatie and gonadal plexuses. Eaeh tends to lie around the main 
arterial supply to the organ. They reeeive both sympathetie and para- 
sympathetie fibres from one or more of the major autonomic plexuses 
and have one or more ganglia. Thus, autonomic ganglia supplying the 
testis are found around the origin of the testicular arteries from the 
abdominal aorta and have eonneetions with the renal, lumbar and 
intermesenterie autonomic plexuses (Motoe et al 2010). 

Para-aortie bodies 


The para-aortie bodies (also known as paraganglia or, eolleetively, as 
the organ of Zuckerkandl) are eolleetions of neural erest-derived ehro- 
rnaffin tissue found in elose relation to the aortie autonomic plexuses. 
They are relatively large in the fetus, reaeh a maximum size at around 
3 years of age, and have usually regressed by adulthood. They are most 
eommonly found as a pair of bodies lying anterolateral to the aorta in 
the region of the inferior mesenterie and superior hypogastrie plexuses, 
but multiple smaller eolleetions may be present. Oeeasionally, they are 
found as high as the eoeliae plexus or as low as the inferior hypogastrie 
plexus in the pelvis, or may be elosely applied to the sympathetie 
ganglia of the lumbar ehain. Seattered eells that persist into adulthood 
may, rarely, be the sites of paraganglioma (extra-adrenal phaeoehromo- 
eytoma) (Subramanian and Maker 2006). 

GENERAL ARRANGEMENT 0F ABD0MIN0PELVIC 
VASCULAR SUPPLY 


The major vessels that occupy the abdomen and pelvis not only supply 
the viseera, retroperitoneal structures and much of the bony and soft 
tissue walls of both eavities, but also course through the eavities en route 
to supply the lower limbs. The arteries and systemie veins of the 
abdomen and pelvis lie predominantly posteriorly in the abdomen and 
posterolaterally in the pelvis. From the eaval and aortie openings in the 
diaphragm, they follow the general parabolie shape of the lumbar 
spine. The pelvie divisions follow the contours of the brim and side 
wall of the tme pelvis (Figs 59.6-59.7). The individual parts of the 
aortoiliae and ilioeaval systems are deseribed in the relevant ehapters. 
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Fig. 59.6 The overall arrangement of the aortoiliae arterial 
tree of the abdomen and pelvis. 
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Arterial siipply to the gastrointestinal traet 

The arterial supply to the gastrointestinal traet is derived from the ante- 
rior midline viseeral branehes of the aorta. There are usually three 
anterior branehes: the eoeliae tmnk and the superior and inferior 
mesenterie arteries. Major variants in the origin of the arteries are 
uncommon (Ch. 62). Aeeessory or replaeed branehes to the abdominal 
viseera are more eommon. The inferior mesenterie artery almost always 
arises separately but replaeed, aeeessory or anastomotie vessels may 
arise from the proximal superior mesenterie artery or its branehes. 
Oeeasionally, these may contribute to the arterial supply of the inferior 
mesenterie artery (Horton and Fishman 2002). 

The eoeliae tmnk and its branehes supply the part of the foregut that 
extends from the distal oesophagus to the mid part of the deseending 
duodenum, together with assoeiated viseera (liver, biliary tree, spleen, 
dorsal panereas, greater and lesser omenta). The superior mesenterie 
artery supplies the midgut, which extends from the mid deseending 
duodenum to the distal third of the transverse eolon (including 
jejunum, ileum, caecum, appendix, aseending and transverse eolon). 
The inferior mesenterie artery supplies the part of the hindgut that 
extends from the distal transverse eolon to the upper anal eanal. Even 
in the absenee of aeeessory arteries, numerous anastomoses exist 
between these vasailar territories. For example, anastomoses around the 
head of the panereas and the duodenum are formed between the ante- 
rior and posterior superior pancreaticoduodenal arteries and the ante- 
rior and posterior inferior pancreaticoduodenal arteries, and between 
the posterior superior pancreaticoduodenal artery and jejunal arteries 


(Ch. 69). Anastomoses between the territories of the superior and infe- 
rior mesenterie arteries are less numerous; the most eonsistent is the 
marginal artery of the eolon (Ch. 66). 

Portal venous system 


The (hepatie) portal system, like all portal venous systems, eonneets two 
eapillary beds: that of the abdominal and pelvie parts of the gut from 
the abdominal part of the oesophagus to the lower anal eanal, together 
with all derived organs other than the liver (i.e. the panereas, gallblad- 
der and spleen), and the hepatie simisoidal 'eapillary' bed. The intra- 
hepatie portal vein ramifies and ends in the hepatie sinusoids; from 
here, blood drains to eentral veins that eonverge to form the hepatie 
veins which drain into the inferior vena eava (Ch. 67). In adults, the 
portal vein has no valves. In fetal and early postnatal life, valves are 
demonstrable in tributaries of the portal vein but they usually atrophy 
with fhrther maturation. 

Portal vein 

The portal vein is formed behind the neek of the panereas at the level 
of the Ll/2 intervertebral dise (in the transpylorie plane) from the 
eonvergenee of the superior mesenterie and splenie veins (Fig. 59.8). It 
is approximately 8 em long in the adult and aseends obliquely to the 
right behind the first part of the duodenum, the eommon bile duct and 
gastroduodenal artery; at this point, it is direetly anterior to the inferior 
vena eava. It enters the right border of the lesser omentum and aseends 
anterior to the epiploie foramen to reaeh the right end of the porta 
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Fig. 59.7 The overall arrangement of the ilioeaval venous 
system of the abdomen and pelvis. 
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hepatis, where it divides into right and left main branehes, which 
aeeompany the eorresponding branehes of the hepatie artery into the 
liver. In the lesser omentum, the portal vein lies posterior to both the 
eommon bile duct and the hepatie artery. It is surrounded by the hepatie 
nerve plexus and aeeompanied by lymphaties and some lymph nodes. 

Tributaries of the portal vein 

The main extrahepatic tributaries of the portal vein are the left gastrie 
(eoronary) vein and the posterior superior pancreaticoduodenal vein 
(Ch. 67). Within the liver, the left braneh reeeives the obliterated 
umbilical vein via the ligamentum teres, which eonneets to its vertieal 
portion. 


GENERAL MICROSTRUCTURE 0F THE GUT WALL 


The gut wall displays a eommon structural plan that is modified region- 
ally to take account of loeal fimetional differenees. The general miero- 
structure is best appreeiated by referenee to the development of the gut 
(Ch. 60). Much of the alimentary eanal originates as a tube of endo- 
derm enelosed in splanchnopleuric mesoderm. Its external surface faees 
the embryonie eoelom, and the endodermal lining forms the epithe- 
lium of the eanal and also the seeretory and ductal eells of various 
glands that seerete into the lumen, including the panereas and liver. The 
splanchnopleuric mesoderm forms the eonneetive tissue, muscle layers, 
blood vessels and lymphaties of the walf and its external surface 
beeomes the viseeral mesothelium or serosa. There is no serosa sur- 
rounding the eervieal and thoraeie portions of the gut, or below where 


the hindgut traverses the pelvie floor; in these sites, the gut tube is sur- 
rounded by a eonneetive tissue adventitia. Neural elements invade the 
gut from neural erest tissue (Ch. 17). The smooth muscle of the mus- 
cularis externa layers of the alimentary eanal is supplemented with 
striated muscle at the beginning (from the branehial arehes) and end 
of the gut tube. 

The mature gut wall has four main layers: mneosa, submucosa, 
muscularis externa and serosa (Fig. 59.9). The imieosa (mucous mem- 
brane) is the innermost layer and is subdivided into a lining epithelmm, 
an underlying lamina propria (a layer of loose eonneetive tissue, where 
many of the glands are also found) and a thin layer of smooth imisele, 
the muscularis mucosae. The submucosa is a strong and highly vascular- 
ized layer of eonneetive tissue. The muscularis externa eonsists of inner 
circular and outer longitudinal layers of smooth muscle; an ineomplete 
oblique muscle layer is present only in the stomaeh. The external 
surface is bounded by a serosa or adventitia, depending on its position 
within the body. 

Mucosa 


Epithelium 

The epithelfiim is the site of seeretion and absorption, and provides a 
defenee against various threats, including mieroorganisms. Its protee- 
tive fimetion against meehanieal, thermal and ehemieal injury is par- 
tioalarly evident in the oesophagus and anal eanal, where it is thiek, 
stratified and eovered in mucus, which serves as a proteetive lubricant. 
At other sites, the epithelium lining the gut wall is single-layered, and 


















































General microstructure of the gut wall 


Fig. 59.8 The overall arrangement of the portal 
venous system draining the abdominal viseera. 
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either cuboidal (in glands) or columnar. It eontains eells modified for 
absorption, as well as various types of seeretory eell. 

The barrier fimetion and seleetivity of absorption depend on tight 
junctions over the entire epithelium. The surface area of the lumen 
available for seeretion or absorption is inereased by the presenee of 
mucosal folds, erypts, villi and glands (see Fig. 59.9). Mierovilli on the 
surfaces of individual absorptive eells amplify the area of apieal plasma 
membrane in eontaet with the eontents of the gut. Some glands lie in 
the lamina propria and some in the submucosa; others (the liver and 
panereas) are totally external to the wall of the gut. All of these glands 
drain into the lumen of the gut through individual ducts. The epithe- 
lium also eontains seattered neuroendocrine (enteroendoerine) eells. 

Lamina propría 

The lamina propria eonsists of eompaet eonneetive tissue, often rieh in 
elastin fibres, which supports the surface epithelium and eontains nutri- 
ent vessels and lymphaties. Lymphoid follieles are present in many 
regions of the gut, most notably in Peyer's patehes. Cells within the 
lamina propria are the source of growth faetors that regulate eell turn- 
over, differentiation and repair in the overlying epithelium. 

Muscularis mucosae 

The muscularis mucosae is particularly well developed in the oesopha- 
gus and in the large intestine, espeeially in the terminal part of the 
rectum. In addition, single muscle eells originating from the muscularis 


mucosae are found inside the villi or between the tubular glands of the 
stomaeh and large intestine. By its eontraetion, the muscularis mucosae 
ean alter the surface configuration of the mucosa loeally, allowing it to 
adapt to the shapes and meehanieal forees imposed by the eontents of 
the lumen, and in the intestinal villi, promoting vasailar exchange and 
lymphatie drainage. 

Submucosa 


The submucosa eontains large bundles of eollagen and is the strongest 
layer of the gut wall. However, it is also pliable and deformable, and 
ean therefore adjust to ehanges in the length and diameter of the gut. 
Its eontained arterial network is relatively dense and supplies both the 
mucosa and the muscle eoat. The submucosa extends into the mgae of 
the gastrie wall, the plieae circulares of the small intestine (but not the 
villi), and the folds that projeet into the himen of the eolon and rectum. 

Muscularis externa 


The muscularis externa usually eonsists of distinet inner circular and 
outer longitudinal layers that ereate waves of peristalsis responsible for 
the movement of ingested material through the lumen of the gut. In 
the stomaeh, where movements are more complex, there is an ineom- 
plete oblique layer of muscle, internal to the other two layers. The 
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Fig. 59.9 The general arrangement of the alimentary eanal to show the layers of the gut wall at the levels indieated. 


eireiilar muscle layer is invariably thieker than the longitudinal muscle, 
except in the eolon, where the longitudinal muscle is eondensed into 
three eords (taenia eoli). 

The muscularis externa is eomposed almost exclusively of smooth 
muscle, except in the upper oesophagus, where smooth muscle blends 
with striated muscle. Although the upper oesophageal musculature 
resembles that of the pharynx, it is entirely under involuntary eontrol. 
For most of its length, the smooth muscle of the gut wall eonsists of 
ill-defìned bundles of eells, typieally viseeral in type, and somewhat 
larger than vascular smooth muscle eells. They are approximately 
500 pm long, regardless of body size, and are eleetrieally and meehani- 
eally coupled. Their faseiaili laek a perimysium but have sharp 
boundaries. 

The arrangement of the musculature allows a segment of gut to 
undergo extensive ehanges in diameter (to virtual occlusion of the 
lumen) and length, although elongation is limited by the presenee of 
mesenteries. The eoordinated aetivity of the two muscle layers pro- 
duces a eharaeteristie motor behaviour that is mainly propulsive and 
direeted aborally (peristalsis), eombined with a non-propulsive motor 
aetivity that either mixes the luminal eontents, as occurs in the 


stomaeh, or partitions them, as occurs at the pylorie sphineter. The 
muscle maintains a eonstant volume, so that shortening of a segment 
of the gut wall is aeeompanied by an inerease in thiekness of the 
muscle layer. 

Intestinal smooth muscle exhibits variable and ehanging degrees of 
eontraetion on which rhythmie (or phasie) eontraetions are superim- 
posed. Slow waves of rhythmie eleetrieal aetivity, driven by ehanges in 
membrane potentials in paeemaker eells (interstitial eells), spread 
throughout the thiekness of the circular and longitudinal smooth 
muscle eoats. After spreading circumferentially, slow waves ean move 
in either oral or anal direetions, causing segmental eontraetion. The 
distanees of propagation and the patterns of this spontaneous aetivity 
vary between areas of the intestine. Neural regulation of slow and 
phasie eontraetions involves excitatory and inhibitory transmitters that 
are released from the myenterie plexus. This motor eontrol is elosely 
eoordinated with mucosal absorption and seeretion, and is mediated 
via intrinsie nerves in the submucous plexus. The peristaltie reflex 
occurs during passage of luminal eontents down the intestine. It 
involves aseending eontraetion and deseending relaxation; the sensory 
limb is mediated by sensory neurones that respond to either mucosal 



















































































































































General microstructure of the gut wall 


stimulation (intrinsie primary afferents) or muscle streteh (extrinsic 
afferents). 

Interstitial eells 

Interstitial eells of Cajal (ICCs) are found throughout the entire length 
of the gastrointestinal traet, where they lie in elose eontaet with nerve 
terminals; they have numerous gap junctions with eaeh other and with 
smooth muscle eells. Distinet networks are found in the myenterie 
plexus between the circular and longitudinal muscle. Looser arrange- 
ments exist within the individual muscle layers and the submucosa of 
the gut, and isolated or small groups of ICCs are also found in the 
subserosal region. ICCs originate from mesenehymal eells and resemble 
smooth muscle eells but have fewer eontraetile elements and their 
intermediate filaments eontain vimentin rather than desmin. They are 
involved in the generation of paeemaker signals, the propagation of 
eleetrieal slow wave aetivity, neuromuscular transmission, and meeh- 
anosensation (p. 1135) (Sanders et al 2014). Defeetive ICC fhnetion has 
been implieated in a wide range of gastrointestinal motility disorders 
(Al-Shboul 2013), and in the development of gastrointestinal stromal 
tumours (Roggin and Posner 2012). 

Cells with a similar morphology have been found in assoeiation 
with smooth muscle at many other sites, such as the urethra, ductus 
deferens, prostate, bladder, corpus cavernosum, ureter, uterine tube, and 
uterus. They may aet as eleetrieal paeemakers in the urethra and ureter 
but their role at other sites is less eertain (Dmmm et al 2014). 

Serosa and adventitia 


A layer of eonneetive tissue, of variable thiekness, lies external to the 
muscularis externa. In many plaees, it eontains adipose tissue. Where 
the gut is eovered by viseeral peritoneum, the external layer is a serosa, 
eonsisting of mesothelium overlying a thin layer of eonneetive tissue. 
In extraperitoneal regions, the surfaces of the gut in eontaet with the 
peritoneum are eovered by serosa, while other parts are eovered by eon- 
neetive tissue that blends with the surrounding faseiae and is referred 
to as an adventitia. 

Vascular plexuses 


Vascular plexuses are present at various levels of the wall, espeeially in 
the submucosa and mucosa; they eonneet with vessels that supply the 
surrounding tissues or those entering through the mesentery, and 
aeeompany the ducts of outlying glands. 

Innervation 


The gut wall is densely innervated by both the enterie nervous system 
(intrinsie eontrol) and the autonomic nervous system (extrinsic eontrol). 


The latter is not essential for fhnetion, as evideneed by intestinal aetivity 
after transplantation of the extrinsically denervated gut. In eontrast, 
neuropathies affeeting the enterie nervous system, such as Hirseh- 
spmngs disease, are potentially life-threatening. For a detailed deserip- 
tion of the enterie nervous system, see Furness et al (2014). 

Extrinsic innervation 

Extrinsic innervation of the gut is from sympathetie, parasympathetie 
and viseeral sensory nerves. The eell bodies of preganglionie parasym- 
pathetie efferent axons are found in the vagal dorsal motor nucleus in 
the medulla oblongata and in the saeral segments of the spinal eord. 
Their main target in the gut is the enterie neurones of the myenterie 
plexus. Vagal efferents play a major role in oesophageal propulsion, 
gastrie aeid seeretion and emptying, gallbladder eontraetion and pan- 
ereatie exocrine seeretion. Pelvie efferents innervate the distal eolon and 
rectum. Sympathetie efferent neurones have their eell bodies in the 
intermediolateral grey matter (lamina VII) of the thoracolumbar seg- 
ments of the spinal eord; those destined for the smooth muscle of the 
gut mostly pass through the sympathetie ehain without synapsing and 
relay in prevertebral ganglia (eoeliae, mesenterie and pelvie), whereas 
those mediating vasoeonstrietion synapse in the sympathetie ehain or 
prevertebral ganglia. Postganglionie sympathetie fìbres are distributed 
with the branehes of the eoeliae tmnk and mesenterie arteries to three 
prineipal targets: the myenterie and submucosal ganglia (causing inhi- 
bition), bloodvessels (inducing vasoeonstrietion) and sphineter muscle 
(inducing eontraetion). 

Viseeral sensory endings are distributed throughout the layers of the 
gut wall. They respond to various stimuli, including excessive muscular 
eontraetion or distension, isehaemia and inflammation; their eell 
bodies are loeated in the nodose ganglion of the vagus nerve (vagal 
afferents) and in thoraeie and lumbosacral dorsal root ganglia (viseeral 
afferents, which mn with sympathetie efferents). Their eentral projee- 
tions reaeh the brainstem and spinal eord, respeetively. Vagal afferents 
are more numerous in the foregut than the midgut and are eoneerned 
with physiologieal responses such as satiety, whereas pain and diseom- 
fort are mediated by spinal pathways. 

intrinsie innervation 

The intrinsie innervation of the gut is derived from enterie neurones 
distributed throughout its wall in thousands of small ganglia, eaeh 
eonsisting of neuronal eell bodies supported by enterie glial eells; it is 
estimated that there are between 200 and 600 million neurones in the 
human enterie nervous system. Enterie neurones are derived from 
neural erest eells. The enterie nervous system innervates the gut from 
oesophagus to anus, together with the panereas and biliary tree. 

The majority of enterie neurones in the wall of the gut are found in 
two ganglionated plexuses (Fig. 59.10). The most extensive of these is 
the myenterie (Auerbach's) plexus, which eonsists of a network of nerve 
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Fig. 59.10 The organization of the enterie nervous system in the human small intestine. There are two ganglionated plexuses: the myenterie plexus 
between the longitudinal and circular layers of the external musculature, and the submucosal plexus (SMP), which has outer and inner eomponents. 
Nerve fibre bundles eonneet the ganglia and form plexuses innervating the longitudinal muscle, circular muscle, muscularis mucosae, intrinsie arteries 
and the mucosa. Axons of extrinsic origin also run in these nerve fibre bundles. There are also innervations of gastroenteropanereatie (GEP) endoerine 
eells and gut-associated lymphoid tissue (GALT), which are not shown here. (Redrawn with permission from Furness JB. The enterie nervous system and 
neurogastroenterology. Nat Rev Gastroenterol Hepatol 2012;9:286-294. Reprinted with permission from Nature Publishing Group.) 
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fìbres and small ganglia lying between the circular and longitudinal 
layers of the muscularis externa. It mns in continuity from the oesopha- 
gus to the anus. The submucosal (Meissner's) plexus has outer and 
inner eomponents, and is present throughout the intestine but absent 
or minimal in the oesophagus and stomaeh. 

intereonneeting, non-ganglionated nerve plexuses lie at various 
levels in the wall of the gut, including the lamina propria (mucosal 
plexus), at the interfaee between the submucosa and muscularis externa, 
between the circular and longitudinal muscles (the non-ganglionated 
part of the myenterie plexus), and within the serosa. 

Individual enterie neurones hmetion in one of several ways: as affer- 
ent (sensory) nerves responding to meehanieal and ehemieal stimuli; 
as efferent (motor) nerves innervating epithelial eells (influencing 
absorption, seeretion and/or the release of hormones), smooth muscle 
(excitatory or inhibitory), arterioles (vasoeonstrietion or vasodilation) 
and lymphoid tissue; or as interneurones that relay and integrate 
signals. Collectively, they are involved in a hierarehy of enterie reflexes 
that include loeal reflexes within the gut wall; reflexes mediated through 
prevertebral sympathetie ganglia; and reflexes mediated through the 
eentral nervous system (the gut-brain axis). The fhnetions of enterie 
neurones may be fiirther modulated by loeal environmental faetors, e.g. 
enterie glia, gut mierobiota and feeding state, and by general faetors in 
the host, e.g. the imimme system, stress and disease (Brierley and 
Linden 2014). Pathologieal states beeome manifest by abnormal seere- 
tion, impaired absorption, disordered gastrointestinal motility and 
pain. 


SURFACE ANATOMY 0F THE ABDOMEN 
AND PELVIS 


ABDOMINAL PLANES AND REGIONS 


For deseriptive purposes, the abdomen ean be divided into regions 
using a eombination of horizontal and vertieal planes that are based 
on skeletal landmarks. Published deseriptions of surface anatomy 
largely apply to adults, in whom attempts have been made to validate 
or update standard deseriptions using eross-seetional imaging. The 
extent to which many of these surface projeetions ean be extrapolated 
to ehildren is uncertain; some differenees are inevitable, particularly in 
infants, given their different viseeral and body proportions (Stringer 
2011). In this ehapter, deseriptions of the surface projeetions of abdomi- 
nal structures refer to the most eommonly encountered arrangement 
seen in adults. However, it is important to note that there is eonsider- 
able individual variation in surface anatomy, compounded fhrther by 
potential variations related to age, sex, posture, respiration, body mass 
and ethnieity (Mirjalili and Stringer 2012). 

Vertieal lines and planes 

The midline (or median plane) passes through the xiphoid proeess and 
the pubic symphysis. There are two paramedian lines, left and right, 
that extend from the mid-clavicular point to the mid-inguinal point, a 
point midway between the anterior superior iliae spine and the pubic 
symphysis (Fig. 59.11A); this line erosses the eostal margin just lateral 
to the tip of the ninth eostal eartilage. In the upper abdomen, it approxi- 
mates to the lateral border of rectus abdominis. 

Horizontal lines and planes 

Several horizontal referenee planes have been defined but, with modern 
eross-seetional imaging, their elinieal utility for positioning abdominal 
viseera has beeome limited. Nevertheless, they help to conceptualize 
the relative positions of abdominal viseera with respeet to vertebral 
levels and bony surface landmarks. 

The xiphisternal joint most often lies in the same horizontal (axial) 
plane as the T9 vertebra (Mirjalili et al 2012b). 

The transpylorie plane lies midway between the suprasternal noteh 
of the manubrium and the upper border of the pubic symphysis. This 
eorresponds to a plane that is approximately midway between the 
xiphisternal joint and the umbilicus, or slightly below (Mirjalili et al 
2012a). Posteriorly, the plane interseets the lower half of the body of 
the first lumbar vertebra, the Ll/2 intervertebral dise, or the upper half 
of the body of the seeond lumbar vertebra in most individuals (range 
lower T12 to lower L2); it sits higher in males (lower Ll-Ll/2) than 
females (lower L2) (Mirjalili et al 2012a). Anteriorly, it interseets the 
eostal margin at the ninth eostal eartilage, where the linea semilunaris 
erosses, and where a distinet 'step' may be palpable in the rib margin. 
The following structures lie approximately within the transpylorie plane 
(Mirjalili et al 2012a, 2012b): the origin of the superior mesenterie 
artery; the origin of the portal vein (from the confluence of the superior 


mesenterie and splenie veins behind the neek of the panereas); the 
hilum of the left kidney (the hilum of the right kidney is slightly lower); 
the origin of the renal arteries; the level of the duodenojejunal flexure 
(Mirjalili 2012b); and the termination of the spinal eord. The pyloms 
may be found in the transpylorie plane but is not a eonstant feature. 

The subcostal plane is defined by a line that joins the lowest point 
of the eostal margin on eaeh side (usually, the tenth eostal eartilage); it 
is most eommonly at the level of the seeond lumbar vertebra (range 
T12/L1 dise to upper L3) (Mirjalili et al 2012a). 

The supracristal plane joins the highest point of the iliae erest on 
eaeh side. It serves as a useful landmark when performing a lumbar 
puncture or spinal injeetion, and usually lies at the level of the L4 body 
or L4/5 dise and its spinous proeess (see Fig. 78.16). The bifìireation of 
the abdominal aorta lies approximately in this plane (Mirjalili et al 
2012a). 

The transtubercular plane joins the tubercles of the iliae erests and 
is traditionally reported to lie at the level of the body of L5, near its 
upper border. It is an approximate landmark for the origin of the infe- 
rior vena eava from the confluence of the eommon iliae veins. 

The plane of the pubic erest is in line with the upper border of the 
pubic symphysis. In supine individuals, this plane frequently interseets 
the tip of the coccyx and the femoral head (Mirjalili et al 2012a), but 
there are variations relating to the degree of lumbar lordosis, saeral 
inelination and pelvie tilt. 

Abdominal regions 

The abdomen ean be divided into nine regions using the subcostal, 
transtubercular and two paramedian planes (Fig. 59.11A). These regions 
are used in elinieal praetiee for deseriptive loealization of a patient's 
pain or tenderness, or the position of a mass, and ean be used to refer- 
enee the position of abdominal viseera. From superior to inferior, the 
nine regions are: the epigastrium, flanked by the right and left hypo- 
chondrium; the umbilical, or eentral, flanked by the right and left 
lumbar; and the suprapubic or hypogastrium, flanked by the right and 
left iliae fossae. In praetiee, these regions are often loosely defined 
without striet referenee to their boundaries. An alternative system of 
deseription involves dividing the abdomen into quadrants using the 
median plane and a horizontal line passing through the umbilicus. 

ANTERI0R ABD0MINAL WALL 


Skeletal landmarks 

The superior boundary of the anterior abdominal wall is formed by 
several elear landmarks (Fig. 59.11B). The xiphoid proeess is palpable 
at the inferior sternum, in the midline. From here, the eostal margins 
ean be felt passing inferolaterally from the seventh eostal eartilage at the 
xiphisternal joint to the tip of the twelfth rib (the latter is often difficult 
to feel in the obese or if it is short). The lower border of the ninth eostal 
eartilage ean usually be defined as a distinet 'step' along the eostal 
margin. The lowest part of the eostal margin lies in the mid-axillary line 
and is formed by the inferior margin of the tenth eostal eartilage. 

The inferior boundary of the anterior abdominal wall is formed, 
from lateral to medial, by the iliae erest, which deseends to the anterior 
superior iliae spine; the inguinal ligament, which mns obliquely down- 
wards to the pubic tubercle; and the pubic erest, which extends from 
the pubic tubercle laterally to the pubic symphysis in the midline. The 
pubic tubercle is palpable on the anterosuperior surface of the pubic 
bone approximately 2 em lateral to the midline. The prominent tendon 
of adductor longus (best felt with the hip flexed, abducted and exter- 
nally rotated) attaehes to the pubis direetly below the pubic tubercle, 
and ean therefore be used to verify its position. 

The posterolateral boundary of the anterior abdominal wall is the 
mid-axillary line. 

Soft tissue landmarks 

Umbilicus 

The umbilicus is an obvious but ineonstant landmark. In the supine 
adult, it usually lies around the L4 level (range L2/3 dise to upper Sl) 
(Mirjalili et al 2012b). The umbilicus may lie at a lower level in the 
ereet position, and in ehildren, the obese and in individuals with a 
pendulous abdomen. 

Rectus abdominis 

In a thin, muscular individual, the tendinous interseetions of rectus 
abdominis may be visible, espeeially when the muscle is tensed by 
lifting the head against resistanee or by sitting up; the interseetions are 
usually situated at the level of the umbilicus, the level of the xiphoid 
proeess and midway between these two points (Fig. 59.11B). 










Surface anatomy of the abdomen and pelvis 




Fig. 59.11 A, Nine regions of the anterior abdominal wall. Key: 1, right hypochondrium; 2, epigastrium; 3, left hypochondrium; 4, right lumbar; 5, 
umbilical/central; 6, left lumbar; 7, right iliae fossa; 8, suprapubic/hypogastrium; 9, left iliae fossa; 10, paramedian line; 11, subcostal plane; 12, 
transtubercular plane. B, The surface projeetion of the abdominal viseera. Key: 1, diaphragm position: right dome level with fifth intereostal spaee and 
left dome with sixth rib; 2, liver: mapped between three points: right fifth rib/intereostal spaee mid-clavicular line, left fifth intereostal space/sixth rib 
mid-clavicular line and right tenth eostal eartilage mid-axillary line; 3, zone of gastro-oesophageal junction position (white): mainly loeated posterior to left 
seventh eostal eartilage, at approximately T11; 4, transpylorie plane; 5, zone of gallbladder fundus position (white); 6, duodenum: four parts marked 
D1-D4; 7, linea semilunaris; 8, position of small intestine mesentery; 9, linea alba; 10, tendinous interseetion of rectus abdominis. C, The surface position 
of the spleen and kidneys. Key: 1, spleen; sits deep to ribs 10-12 with long axis aligned with rib 11; 2, supracristal plane. (C, Derived with permission 
from Mirjalili SA, MeFadden SL, Buckenham T, Stringer MD. 2012b A reappraisal of adult abdominal surface anatomy. Clin Anat 25:844-50.) 


Linea alba 

The linea alba is usually only visible in thin, muscular individuals. It is 
wider and more obvious above the umbilicus, and is almost linear and 
less visible below this level (Ch. 61) (Fig. 59.11B; see Fig. 61.2). 

Linea semilunaris 

The linea semihmaris lies along the lateral margin of the rectus sheath 
and is visible as a shallow, curved groove in muscular individuals, par- 
ticularly when the abdominal muscles are tensed, e.g. by sitting up from 
the lying position (Fig. 59.11B). It passes from the ninth eostal eartilage 
to the pubic tubercle. 

Mid-inguinal point 

The mid-inguinal point lies at the midpoint of a line between the pubic 
symphysis and the anterior superior iliae spine. In adults, it is the 
approximate surface marking of the femoral artery (just below the liga- 
ment) and the deep inguinal ring (just above the ligament) (Hale et al 

2010 ). 


Inferior epigastrie artery 

The inferior epigastrie artery lies along the medial border of the deep 
inguinal ring immediately above the inguinal ligament. Up to the level 
of the rnnbiliais, it follows a course that lies approximately 40% of the 
distanee between the midline and a sagittal plane mnning through the 
anterior superior iliae spine (Epstein et al 2004). The surface anatomy 
of the artery is particularly important in laparoseopie surgery because 
troear insertion may injure the vessef causing a rectus sheath hae- 
matoma or intra-abdominal bleeding. The artery ean be avoided if a 
troear is inserted at least two-thirds of the distanee along a horizontal 
line between the midline and a sagittal plane passing through the ante- 
rior superior iliae spine. 

Siiperfieial reflexes 

Oremasterie reflex 

Stroking the skin of the medial side of the thigh evokes a reflex eon- 
traetion of eremaster, which elevates the ipsilateral testis. The reflex is 
mediated by the genitofemoral nerve (L1 and L2 nerve roots), although 
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the afferent are of the reflex may be via sensory fibres in the ilioingtiinal 
nerve. The reflex is usually absent if there is torsion of the testiele. 

Superficial abdominal reflex 

Gently stroking eaeh of the four quadrants of the anterior abdominal 
wall normally elieits a visible eontraetion of ipsilateral abdominal 
muscles. The reflex ean be used to help loealize lesions in the spinal 
eord but is now of minor elinieal signifieanee because of the availability 
of neuroimaging and the difficulties of elieiting the reflex in imiltipa- 
rous women, the elderly and the obese (Gosavi and Lo 2014). 

INTRA-ABDOMINAL VISOERA 


The surface markings of the intra-abdominal viseera are variable and 
depend on age, sex, body habitus, mitritional state, phase of ventilation 
and body position. The availability of eross-seetional and ultrasound 
medieal imaging of the abdominal viseera has led to a deeline in the use 
of surface anatomy, except for deseriptive purposes. The following 
deseriptions are, at best, regarded as the most eommon or approximate 
markings in a healthy supine adult (Fig. 59.11B,C). The spinous proe- 
esses of the lumbar vertebrae ean be used to loeate vertebral levels, with 
the lower part of the spinous proeess marking the level of the interverte- 
bral dise below the eorrespondingly mimbered vertebra. 

Diaphragm 

In the supine position at end-tidal inspiration, the dome of the dia- 
phragm is most frequently loeated level with the fifth intereostal spaee 
in the mid-clavicular line on the right and the sixth rib in the mid- 
elaviailar line on the left, and ranges from the fourth intereostal spaee 
to below the eostal margin (Mirjalili et al 2012c) (see Fig. 59.11B) (see 
Ch. 55 for fhrther discussion of the diaphragm). These levels are 
approximate, not only because of individual variation but also because 
diaphragmatie excursion in the ereet position during quiet breathing is 
about 2 em and inereases to about 7 em during deep breathing (Bous- 
suges et al 2009). The dome of the diaphragm ean reaeh as high as the 
fourth rib on maximal expiration. 

Stomaeh 

The gastro-oesophageal junction lies to the left of the midline, posterior 
to the left seventh eostal eartilage, at the level of the eleventh thoraeie 
vertebra (range upperT10 to Ll/2), with the level being lower in females 
and higher in the obese (Mirjalili et al 2012b) (see Fig. 59.11B). The 
stomaeh lies in a curve within the left hypochondrium and epigastrium, 
although, when distended, it may lie as far down as the umbilical or 
suprapubic regions. The epigastrium is the usual plaee to auscultate for 
a 'succussion splash' caused by gastrie outlet obstmetion or stasis, and 
is also the region where a thiekened pyloms is palpable in infantile 
hypertrophie pylorie stenosis. 

Duodenum 

The first part of the duodenum sometimes aseends above the transpy- 
lorie plane; the seeond part usually lies just to the right of the midline, 
alongside the seeond and third lumbar vertebrae; the third part usually 
erosses the midline at the level of the third lumbar vertebra; and the 
fourth part aseends to the left of the seeond lumbar vertebra, reaehing 
the transpylorie plane in the region of the lower border of the first 
himbar vertebra (see Fig. 59.11B). The duodenojejunal flexure eom- 
monly sits at L1 (range lower Tll to upper L3) (Mirjalili et al 2012b). 

Small intestine and its mesentery 

The small intestine mesentery mns obliquely in a line from a point just 
to the left of the lower border of the first lumbar vertebra (in the 
transpylorie plane) towards the right iliae fossa. 

Appendix 

The appendix is loeated in the right lower quadrant of the abdomen 
but is highly variable in its length and position. Studies analysing 
barium enemas in supine adults have shown the position of appendix 
base is variably loeated and rarely preeisely at McBurney's point (a point 
two-thirds of the way along a line joining the anterior superior iliae 
spine to the umbilicus) (Ramsden et al 1993, Naraynsingh et al 2002). 

Liver 

At the end of normal tidal inspiration, the inferior border of the liver 
extends along a line that passes from the right tenth eostal eartilage in 
the mid-axillary line to the left fifth intereostal space/sixth rib in the 
mid-clavicular line (see Fig. 59.11B). Itmaybepalpableinhealthyadults 
on deep inspiration. The superior border of the liver follows a line that 
passes from the right fifth rib or intereostal spaee in the mid-clavicular 


line to the left fifth intereostal space/sixth rib in the mid-clavicular line, 
and ean be mapped with the contour of the diaphragm (Mirjalili et al 
2012c). This border curves slightly downwards at its eentre and erosses 
the midline behind the xiphisternal joint. The right border of the liver 
is curved to the right and joins the upper and lower right limits. The 
upper border of the liver may be defined by dullness to peroission when 
eompared with the resonanee of the lungs above. 

Gallbladder 

The fundus of the gallbladder is eommonly identified with the tip of 
the ninth eostal eartilage (in the transpylorie plane), near the junction 
of the linea semilunaris with the eostal margin (see Fig. 59.11B). Reeent 
data have shown that the fundus lies in the transpylorie plane in 
approximately one-third of supine individuals and below the plane in 
most others (Mirjalili et al 2012b). 

Spleen 

The spleen is traditionally deseribed as sitting on the left posterolateral 
abdominal wall deep to ribs 9-11. Reeent data show that the spleen sits 
deep to ribs 10-12 in 50% of subjects and deep to ribs 9-11 in 25% of 
supine individuals; its long axis eorresponds most elosely to the elev- 
enth rib or tenth rib, respeetively, and passes anterior to the mid-axillary 
line in most subjects (Mirjalili et al 2012b) (see Fig. 59.11C).The spleen 
extends from a point about 5 em to the left of the posterior midline at 
the level of the eleventh thoraeie spine and extends about 3 em anterior 
to the mid-axillary line. Its normal size approximates roughly to that 
of the individual's elenehed fist. 

RETR0PERIT0NEAL VISOERA 


The surface projeetions of the retroperitoneal viseera are reasonably 
reliable but have limited elinieal utility sinee most interventions and 
procedures are guided by medieal imaging. 

Panereas 

The surface projeetion of the head of the panereas lies within the duo- 
denal curve on the right side of the seeond lumbar vertebra; the neek 
lies in the transpylorie plane, level with the Ll/2 intervertebral dise; and 
the body passes obliquely up and to the left towards the spleen, lying 
slightly above the transpylorie plane, near the tail. 

Kidney 

The right kidney usually lies, on average, 2 em lower than the left, 
although, in 10% of eases, the left kidney sits lower than the right 
(Mirjalili et al 2012b). The vertebral limits of the left kidney are T12- 
L3 or L4, while those for the right kidney are L1-L4 (overall range 
upper Tll to lower L5) (see Fig. 59.11C). The upper poles of both 
kidneys lie anterior to rib 12, and they lie anterior to the rib 11 in 30% 
(left) and 10% (right) of subjects. In supine adults at end-tidal inspira- 
tion, the eentre of the renal hihim usually lies at Ll/2 or L2 on the left 
and at a slightly lower vertebral level on the right. It is important to 
note that both kidneys move vertieally by a mean of about 2 em during 
deep respiration and both ean deseend by several eentimetres when 
moving from lying to standing (Schwartz et al 1994, Reiff et al 1999). 

The length of the normal adult kidney, measured along its long axis, 
is approximately 11.5 em in men and 11.0 em in women (Hale et al 
2010); the left kidney is a few millimetres longer than the right (Cheong 
et al 2007, Glodny et al 2009, Mirjalili et al 2012b). There is a small 
reduction in renal length beyond 50 years of age (Glodny et al 2009). 
Eaeh kidney is approximately 5-6 em wide. Both its longitudinal and 
transverse axes are slightly oblique, such that the upper pole of eaeh 
kidney is nearer the midline and the hilum is more anterior than the 
lateral surface. The eentre of the hilum is approximately 5-6 em from 
the midline. 

The lower pole of the normal right kidney may oeeasionally be felt 
in thin individuals by bimanual palpation via the renal angle on full 
inspiration. 

Ureter 

The ureter deseends on either side from approximately the level of the 
transpylorie plane, slightly lower on the right, about 5 em from the 
midline. Eaeh passes downwards just medial to the tips of the transverse 
proeesses of the lumbar vertebrae. In the pelvie eavity, eaeh ureter curves 
medially to enter the base of the bladder. 

Abdominal aorta and branehes 

The abdominal aorta begins at the level of the body of the twelfth 
thoraeie vertebra near the midline. It deseends and bifhreates at 
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approximately L4 (range lower L3 to lower L5), iisiially just to the left 
of the midline and up to 3 em caudal to the umbilicus (Mirjalili et al 
2012b). The position of the aortie bifhreation is shifted slightly proxi- 
mally with a greater degree of lumbar lordosis (Moussallem et al 2012). 
The pulsations of the aorta ean be felt in a thin, supine individual by 
pressing íìrmly in the midline backwards on to the lower lumbar spine. 
An easily palpable aorta in an obese person should raise the suspicion 
of an aneurysm. 

Llnpaired viseeral arteries 

The eoeliae tmnk arises from the aorta immediately after it enters the 
abdomen atT12; the superior mesenterie artery arises most eommonly 
at Ll, elose to the transpylorie plane; and the inferior mesenterie artery 
usually arises at L3 (Mirjalili et al 2012b). 

Renal arteries 

The renal arteries most eommonly arise from between lower L1 and 
upper L2, with the lower border of L1 (approximately, the transpylorie 
plane) being most eommon on both sides (Mirjalili et al 2012b). 

lliae arteries 

The surface projeetion of the eommon iliae artery eorresponds to the 
superior third of a broad line, which is slightly convex laterally, from 
the aortie bifhreation (see above) to a point midway between the ante- 
rior superior iliae spine and the pubic symphysis. The external iliae 
artery eorresponds to the inferior two-thirds of this line. 

Inferior vena eava 

The inferior vena eava most eommonly forms at L5 in the transtuber- 
cular plane (range upper L4 to upper Sl) approximately to the right of 
the midline (Mirjalili et al 2012b). The inferior vena eava leaves the 
abdomen by traversing the diaphragm at the level of the eleventh tho- 
raeie vertebra. 

PELVIS 


The posterior superior iliae spines lie at the level of the seeond saeral 
segment (McGaugh et al 2007); some individuals have an overlying 
saeral dimple. This palpable bony landmark eorresponds approximately 
to the termination of the dural sae (Senoglu et al 2013) and the middle 
of the saeroiliae joint. The seeond dorsal saeral foramina lies approxi- 
mately 2-3 em medial to the posterior superior iliae spine on eaeh side 
at an angle of 45 0 (MeGrath and Stringer 2011). The latter is potentially 
useful when loealizing the branehes of the dorsal saeral rami in the 
treatment of refraetory saeroiliae pain. 

Seiatie nerve 

The seiatie nerve leaves the pelvis approximately one-third of the 
way along a line between the posterior superior iliae spine and 
the isehial tuberosity and enters the thigh approximately half way 
between the greater troehanter and isehial tuberosity (see Fig. 78.16) 
(Currin et al 2014). 

Other surface landmarks for pelvie structures are deseribed in 

Chapter 78. 


eOMMON CLINICAL PR0CEDURES 


Pneumoperitoneum for laparoseopy 

A pneumoperitoneum is frequently established by aeeessing the perito- 
neal eavity just below the umbilicus. An ineision through the linea alba 


allows aeeess to the peritoneum at a point where there is relatively little 
extraperitoneal fat. Additional working ports are inserted through the 
anterior abdominal wall, avoiding major vessels such as the inferior 
epigastrie artery. 

Surgical ineisions 

Most surgical ineisions are sited aeeording to surgical imperatives rather 
than anatomieal eonstraints. Aeeess to the peritoneal eavity is gained by 
dividing or splitting muscles. Common approaehes include the midline 
ineision through the relatively avascular linea alba, the transverse 
suprapubic (Pfannenstiel) ineision for pelvie procedures, and, in infants 
and ehildren, the upper abdominal transverse ineision. In reeent years, 
progressively more abdominal surgery has been performed using 
laparoseopie procedures (minimally invasive or Teyhole' surgery). 

Intestinal stomas (ileostomy, eolostomy) 

When possible, intestinal stomas are usually formed through transree- 
tus ineisions. A emeiate ineision is made in the anterior rectus sheath 
and the muscle fibres are split, avoiding injury to the epigastrie vessels. 
This ineision offers the advantage that fibres of rectus abdominis 
support the stoma, providing a dynamie, eontraetile surround that 
tends to reduce the risk of herniation occurring around the stoma. 

Suprapubic eatheterization 

The urinary bladder may be aeeessed for short- or long-term eatheteriza- 
tion through the anterior abdominal wall. As the bladder fills, the upper 
part of its dome eomes to lie in the preperitoneal 'spaee' in the suprapu- 
bie region, where it ean be relatively easily aeeessed by a midline trans- 
cutaneous puncture through the linea alba. 

Endoseopie surgery 

Endoseopie surgery is a broad term that eneompasses all types of 
surgery that are performed using flexible or rigid fibreoptie endoseopes 
inserted through natural body orifiees or small surgical ineisions. It 
overlaps with the field of minimally invasive surgery. The aim is to 
minimize or eliminate external ineisions and hasten the patient's 
reeovery, whilst providing optimum treatment of the pathology with 
an aeeeptably low risk of eomplieations. In the abdomen and pelvis, 
therefore, it includes therapeutic procedures performed using an endo- 
seope inserted via the mouth (gastroseope or duodenoscope), anus 
(proetoseope, sigmoidoseope or eolonoseope), urethra (eystoseope or 
ureteroscope) or vagina, or via small surgical ineisions in the anterior 
or posterior abdominal wall (laparoseope and other endoseopie 
systems). 

A refinement of the technique is natural orifiee transluminal endo- 
seopie surgery, in which abdominal operations are performed using an 
endoseope inserted through a natural orifiee (e.g. mouth, anus, urethra) 
and then through an ineision in the viscus that has been entered (e.g. 
stomaeh, bladder, vagina). For example, pelvie and intra-abdominal 
eontents ean be aeeessed through the vagina via the recto-uterine pouch. 
Hystereetomy, oophoreetomy, pelvie organ prolapse repair and ineon- 
tinenee surgery are eommonly performed using transvaginal techniques. 
This approaeh avoids the morbidity of abdominal ineision but there 
are risks of seiatie, femoral and eommon fibular nerve injury from 
prolonged surgery in the lithotomy position. 

A fhrther development of endoseopie minimally invasive surgery has 
been the introduction of robotieally assisted surgery, which allows the 
surgeon to manipulate preeision instmments from a eonsole that is 
remote from the patient whilst viewing the operative field in three 
dimensions. The procedure is beeoming inereasingly eommon in 
prostateetomy. 
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POSTPHARYNGEAL FOREGUT 


The primitive gut is divided by head- and tail-folding into three main 
eompartments. The foregut extends from the buccopharyngeal mem- 
brane to its eontimiation into the eentral midgut region via the eranial 
intestinal portal. The midgut extends between the intestinal portals and, 
in the early embryo, is in wide communication with the yolk sae. The 
hindgut extends from the caudal intestinal portal to the eloaeal mem- 
brane. The eranial end of the foregut, the embryonie pharynx, is 
intimately assoeiated with head and neek development (Ch. 36). The 
portion of foregut that passes dorsal to the perieardial eavity gives rise 
to the respiratory diverticulum and oesophagus within the thorax (Chs 
36 and 52). Caudal to the developing diaphragm, the enterie gut is 
eonventionally subdivided into three embryologieal portions: fore-, 
mid- and hindgut. There are no eorresponding fhndamental morpho- 
logieal and eytologieal distinetions between the three parts (Fig. 60.1), 
and so the foregut produces a portion of the duodenum, as does the 
midgut, and the midgut similarly produces large intestine, as does the 
hindgut. The differenees between the portions of the gut develop as a 
result of interaetions between the three embryonie tissue layers that give 
rise to the gut: namely, the endodermal inner epithelium, the thiek layer 
of splanchnopleuric mesenehyme, and the outer layer of proliferating 
splanchnopleuric eoelomie epithelium. 

The epithelial layer of the mucosa and eonneeted ducts and glands 
are derived from the endodermal epithelium. The lamina propria and 
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Fig. 60.1 Major epithelial populations within the early embryo. The 
early gut tube is elose to the notoehord and neural tube dorsally. The 
splanchnopleuric layer of the intraembryonie eoelomie epithelium is in 
eontaet with the foregut ventrally and laterally, with the midgut laterally, 
and the hindgut ventrally and laterally. 


muscularis mucosa, the eonneetive tissue of the submucosa, the mus- 
cularis externa and the external eonneetive tissue are all derived from 
the splanchnopleuric mesenehyme. The outer peritoneal epithelium is 
derived from the splanchnopleuric eoelomie epithelium. 

Throughout the gut, blood vessels, lymphaties and lymph nodes 
develop from loeal populations of angiogenie mesenehyme. The nerves, 
which are distributed within the enterie and autonomic systems, are 
derived from the neural erest. There is a craniocaudal developmental 
gradient along the gut, in that the stomaeh and small intestine develop 
in advanee of the eolon. 

Figure 60.1 shows the fhndamental relationship of the intraembry- 
onie eoelom to the developing gut. Figure 60.2 shows the gut in a stage 
12 embryo in relation to the other developing viseera, espeeially the 
heart and liver. Figure 60.3 shows the overall development of the gut 
from stages 13 to 17. These diagrams should be eompared. 

All regions of the gut develop from epithelial-mesenehymal inter- 
aetions that are dependent on the sequential expression of a range of 
basie and speeifìe genes; on the regulation of the developmental eloek, 
seen in all areas of development; and on endogenous regulatory meeha- 
nisms and loeal environmental influences (Lebenthal 1989). Although 
all these faetors pertain to the whole range of developing tissues, loeal 
differenees in any one of these faetors along the length of the develop- 
ing gut promote the differentiation of, for example, the gastrie mucosa 
and hepatoeytes; the rotation of the midgut; and the final disposition 
of the sessile portions of the fully formed gastrointestinal traet. The 
hedgehog (Hh) ligands, Shh, Ihh and Dhh are expressed in the develop- 
ing gut: Shh and Ihh in the endodermal epithelium and Dhh in 
endothelial eells. These ligands bind to the Patehed reeeptors (Ptch-1 
and Ptch-2), which aetivate the transeription faetor Gli3. Knockout of 
Shh and Ihh has been assoeiated with oesophageal atresia, gut malrota- 
tion, deereased development of the muscularis propria, enterie neurone 
anomalies and imperforate anus (Koltemd et al 2009). The gut is func- 
tional prior to birth and able to interaet with the extrauterine environ- 
ment in preterm infants. 


0ES0PHAGUS 


The oesophagus ean be distinguished from the stomaeh at stage 13 
(embryo length 5 mm). It elongates during successive stages and its 
absolute length inereases more rapidly than the embryo as a whole. 
Cranially, it is invested by splanchnopleuric mesenehyme posterior to 
the developing traehea and, more caudally, between the developing 
lungs and perieardioperitoneal eanals posterior to the pericardium. 
Caudal to the pericardium, the terminal, pregastrie segment of the 
oesophagus has a short, thiek, dorsal meso-oesophagus (from splaneh- 
nopleuric mesenehyme), while ventrally, it is enelosed in the eranial 
stratum of the septum transversum mesenehyme. Eaeh of the above is 
continuous caudally with its respeetive primitive dorsal and ventral 
mesogastria. Thus, the oesophagus has only limited areas related to a 
primary eoelomie epithelium. However, it is important to note the 
subsequent development of the para-oesophageal right and left pneu- 
matoenterie reeesses (see Fig. 60.7), the relation of the ventral aspeet of 
the middle third of the oesophagus to the oblique sinus of the periear- 
dium, and the relation of its lateral walls in the lower thorax to the 
mediastinal pleura. All the foregoing are seeondary extensions from the 
primary eoelom. 

The oesophageal mucosa eonsists of two layers of eells by stage 15 
(week 5), but the proliferation of the mucosa does not occlude the 
lumen at any time. The mucosa beeomes eiliated at 10 weeks, and strati- 
fìed squamous epithelium is present at the end of the fifth month; 
oeeasionally, patehes of eiliated epithelium may be present at birth. 
Circular muscle ean be seen at stage 15 but longitudinal muscle has not 
been identified until stage 21. Neuroblasts ean be demonstrated in the 
early stages; the myenterie plexuses have eholinesterase aetivity by 
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Fig. 60.2 A, The digestive tube of a human embryo at stage 12, with 29 paired somites, a crown to rump length of 3.4 mm and an estimated age of 
27 days. (Pharyngeal development is followed further in Figure 36.18.) B, Reeonstmetion of a human embryo at the end of the fourth week. The 
alimentary eanal and its outgrowths are shown in median seetion. The brain is shown in outline but the spinal eord has been omitted. The heart is shown 
in perspeetive, and the left horn of the sinus venosus is cut just medial to the entranee of the eommon eardinal vein (see Fig. 52.8A-B). The somites are 
indieated in outline. 


9.5 weeks and ganglion eells are differentiated by 13 weeks. It has been 
suggested that the oesophagus is eapable of peristalsis in the fìrst tri- 
mester. Periodie fetal swallowing ean be seen on ultrasound from 
16 weeks. The volume of amniotie fluid ingested inereases during the 
third trimester to more than 500 ml/day. Oesophageal atresia is one of 
the more eommon obstmetive eonditions of the alimentary traet; it may 
be indieated by polyhydramnios. There is evidenee of maturation of the 
lower oesophageal sphineter at 32 weeks, when, with the prevention of 
free gastro-oesophageal reflex, stomaeh size inereases (Hiteheoek et al 
1992). 

Oesophagus at birth 


At birth, the oesophagus extends 8-10 em from the erieoid eartilage to 
the gastrie eardiae orifiee. It starts and ends one to two vertebrae, respee- 
tively, higher than in the adult, extending from between the fourth to 
the sixth eervieal vertebra to the level of the ninth thoraeie vertebra (see 
Fig. 14.7). Its average diameter is 5 mm and it possesses the eonstrie- 
tions seen in the adult. The narrowest eonstrietion is at its junction with 
the pharynx, where the inferior pharyngeal eonstrietor muscle hmetions 
to eonstriet the lumen; this region may be easily traumatized with 
instmments or eatheters. In the neonate, the mucosa may eontain seat- 
tered areas of eiliated columnar epithelium but these disappear soon 
after birth. Peristalsis along the oesophagus and at the lower oesopha- 
geal sphineter is immature at birth and results in frequent regurgitation 
of food in the newborn period. The pressure at the lower oesophageal 
sphineter approaehes that of an adult at 3-6 weeks of age. 

ST0MACH 


At the end of the fourth and beginning of the fifth weeks, the stomaeh 
ean be reeognized as a fhsiform dilation eranial to the wide opening of 
the midgut into the yolk sae (see H igs 60.2 and 60.3). By the fifth week, 
this opening has narrowed into a tubular vitelline intestinal duct, which 
soon loses its eonneetion with the digestive tube. At this time, the 
stomaeh is median in position and separated eranially from the peri- 
cardium by the septum transversum (see Fig. 60.5A), which extends 
caudally on to the eranial side of the vitelline intestinal duct and ven- 
trally to the somatopleure. Dorsally, the stomaeh is related to the aorta 
and, refleeting the presenee of the pleuroperitoneal eanals on eaeh side, 
is eonneeted to the body wall by a short dorsal mesentery, the dorsal 
mesogastrium (see Figs 60.5B and 60.6). The latter is direetly continu- 


ous with the dorsal mesentery (mesenteron) of almost all of the remain- 
der of the intestine, except its caudal short segment. 

In human embryos of 10 mm (stages 15-16), the eharaeteristie 
gastrie curvatures are already reeognizable. Growth is more aetive along 
the dorsal border of the viscus; its convexity markedly inereases and the 
mdimentary fundus appears. Because of more rapid growth along 
the dorsal border, the pylorie end of the stomaeh turns ventrally and 
the eoneave lesser curvature beeomes apparent (see Figs 60.3, 60.6). The 
stomaeh is now displaeed to the left of the median plane and, appar- 
ently, beeomes physieally rotated, which means that its original right 
surface beeomes dorsal and its left surface beeomes ventral. Aeeordingly, 
the right vagus is distributed mainly to the dorsal, and the left vagus 
mainly to the ventral, surfaces of the stomaeh. The dorsal mesogastrium 
inereases in depth and beeomes folded on itself. The ventral mesogas- 
trium beeomes more eoronal than sagittal. The panereatieoenterie 
reeess (see Fig. 60.7B(ii)), until this point usually deseribed as a simple 
depression on the right side of the dorsal mesogastrium, beeomes 
dorsal to the stomaeh and excavates downwards and to the left between 
the folded layers. It may now be termed the inferior reeess of the bursa 
omentalis. Put simply, the stomaeh has undergone two 'rotations'. The 
first is 90° clockwise, viewed from the eranial end; the seeond is 90° 
clockwise, about an anteroposterior axis. The displaeement, morpho- 
logieal ehanges and apparent 'rotation' of the stomaeh have been attrib- 
uted variously to its own and surrounding differential growth ehanges; 
extension of the panereatieoenterie reeess with ehanges in its mesen- 
ehymal walls; and pressure, particularly that exerted by the rapidly 
growing liver. 

Mucosa 


Mucosal and submucosal development ean be seen in the eighth to 
ninth weeks. No villi form in the stomaeh, unlike in other regions of 
the gut; instead, glandular pits ean be seen in the body and fundus. 
These develop in the pyloms and eardia by weeks 10 and 11, when 
parietal eells ean be demonstrated. Although aeid seeretion has not 
been demonstrated in the fetal stomaeh before 32 weeks' gestation, 
preterm infants, from 26 weeks' gestation onwards, are able to seerete 
aeid soon after birth. intrinsie faetor has been deteeted after 11 weeks. 
This inereases from the fourteenth to the twenty-fifth week, at which 
time the pyloms, which eontains more parietal eells than it does in the 
adult, also eontains a relatively larger quantity of intrinsie faetor. The 
signifieanee of the early production of intrinsie faetor and the late pro- 
duction of aeid by the parietal eells is not known. Chief eells ean be 
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Fig. 60.3 The shape of the endodermal epitheliiim of the gut at succeeding stages. The seale is eonstant, illustrating the enormous grovvth of the 
gut over a 13-day period. A, Stage 13. B, Stage 14. C, Stage 15. D, Stage 16. E, Stage 17. Note the separation of the respiratory diverticulum; the 
elongation of the foregut and expansion of the stomaeh; the formation of the hepatie and panereatie diverticula; the lengthening of the midgut loop, 
vvhieh protmdes into the umbilical eord; and the separation of the eloaea into enterie and allantoie portions. (Modified from O’Rahilly and MGIIer. 
Developmental Stages in Human Embryos 1987 Oarnegie lnstitution of VVashington. Pub 637.) 
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identiíìed after weeks 12-13, althoiigh they eannot be demonstrated to 
eontain pepsinogen until term. Mucous neek eells aetively produce 
mucus from week 16. Gastrin-producing eells have been demonstrated 
in the antmm between 19 and 20 weeks, and gastrin levels have been 
measured in eord blood and in the plasma at term. Cord semm eon- 
tains gastrin levels 2-3 times higher than those in maternal semm. 

Muscularis 


The stomaeh muscularis externa develops its circular layer at 8-9 weeks, 
when neural plexuses are developing in the body and fundus. The 
longitudinal muscle develops slightly later. Few studies note a time of 
appearanee of the oblique layer. The pylorie musculature is thieker than 
the rest of the stomaeh; in general, the thiekness of the total muscula- 
ture of the stomaeh at term is reduced, eompared to the adult. 

Serosa 


The serosa of the stomaeh is derived from the splanchnopleuric eoe- 
lomie epithelium. No part of this serosa undergoes absorption. The 
original left side of the gastrie serosa faees the greater sae; the right side 
faees the lesser sae. 

Stomaeh at birth 


The stomaeh exhibits fetal eharaeteristies until just after birth, when the 
initiation of pulmonary ventilation, the reflexes of coughing and swal- 
lowing, and erying cause the ingestion of large amounts of air and 
liquid. Onee postnatal swallowing has started, the stomaeh distends to 
four or five times its eontraeted state, and shifts its position in relation 
to the state of expansion and eontraetion of the other abdominal 
viseera, and to the position of the body. In the neonate, the anterior 
surface of the stomaeh is generally eovered by the lefi lobe of the liver, 
which extends nearly as far as the spleen (see Fig. 14.6B). Only a small 
portion of the greater curvature of the stomaeh is visible anteriorly. The 
eapaeity of the stomaeh is 30-35 ml in the fiill-term neonate, rising to 
75 ml in the seeond week and 100 ml by the fourth week (adult eapae- 
ity is, on average, 1000 ml). The mucosa and submucosa are relatively 
thieker than in the adult; however, the muscularis is only moderately 
developed and peristalsis is not eoordinated. At birth, gastrie aeid seere- 
tion is low, which means that gastrie pH is high for the first 12 postnatal 
hours. It falls rapidly with the onset of gastrie aeid seeretion, usually 
afier the first feed. Aeid seeretion usually remains low for the first 
10 days postnatally. Gastrie emptying and transit times are delayed in 
the neonate. 

DU0DENUM 


The duodenum develops from the caudal part of the foregut and the 
eranial part of the midgut. A ventral mesoduodenum, which is continu- 
ous eranially with the ventral mesogastrium, is attaehed only to the 
foregut portion. Posteriorly, the duodenum has a thiek dorsal mesoduo- 
denum, which is continuous with the dorsal mesogastrium eranially 
and the dorsal mesentery of the midgut caudally. Anteriorly, the extreme 
caudal edge of the ventral mesentery of the foregut extends on to the 
short initial segment of the duodenum. The liver arises as a diverticu- 
lum from the ventral surface of the duodenum at the foregut-midgut 
junction, i.e. where the midgut is continuous with the yolk sae wall (the 
eranial intestinal portal). The ventral panereatie bud also arises from 
this diverticulum. The dorsal panereatie bud evaginates posteriorly into 
the dorsal mesoduodenum slightly more eranially than the hepatie 
diverticulum. The rotation, differential growth, and eavitations related 
to the developing stomaeh and omenta cause eorresponding move- 
ments in the duodenum, which forms a loop direeted to the right, with 
its original right side now adjaeent to the posterior abdominal wall (see 
Fig. 60.6). This shift is compounded by the migration of the bile duct 
and ventral panereatie duct around the duodenal wall. Their origin 
shifts until it reaehes the medial wall of the seeond part of the fhlly 
formed duodenum; the bile duct passes posteriorly to the duodenum 
and travels in the free edge of the ventral duodenum and ventral meso- 
gastrium. Loeal adherenee and subsequent absorption of part of the 
duodenal serosa and the parietal peritoneum result in almost the whole 
of the duodenum, other than a short initial segment, beeoming retro- 
peritoneal (sessile). 

Duodenal atresia is a developmental defeet found in 1 in 5000 live 
births (Whittle 1999). It may be assoeiated with an anular panereas, 
which may eompress the duodenum externally (20% of duodenal 


atresia), or with anomalies of the bile duct. In 40-60% of eases, the 
atresia is eomplete and panereatie tissue fills the lumen. The eondition 
ean be diagnosed on ultrasound examination, which reveals a typieal 
double bubble appearanee, caused by fluid enlarging the stomaeh and 
the proximal duodenum. Polyhydramnios is invariably present and 
often is the indieation for the sean. Duodenal atresia eommonly occurs 
with other developmental defeets, e.g. eardiae and skeletal anomalies, 
and in Down's syndrome. 

D0RSAL AND VENTRAL MESENTERIES 
0F THE F0REGUT 


The epithelium of the stomaeh and duodenum does not rotate relative 
to its investing mesenehyme. The rotation includes the eoelomie epi- 
thelial walls of the perieardioperitoneal eanals, which are on eaeh side 
of the stomaeh and duodenum and form its serosa, and the elongating 
dorsal mesogastrium or the much shorter dorsal mesoduodenum. A 
ventral mesogastrium ean be seen when the distanee between the 
stomaeh and liver inereases. Whereas the dorsal mesogastrium takes 
origin from the posterior body wall in the midline, its eonneetion to 
the greater curvature of the stomaeh, which lengthens as the stomaeh 
grows, beeomes direeted to the left as the stomaeh undergoes its first 
rotation. With the seeond rotation, a portion of the dorsal mesogas- 
trium now faees caudally (see Fig. 60.6). The ventral mesogastrium 
remains as a double layer of eoelomie epithelium, which eneloses mes- 
enehyme and forms the lesser omentum (see Fig. 60.7). 

Movement of the stomaeh is assoeiated with an extensive lengthen- 
ing of the dorsal mesogastrium, which beeomes the greater omentum; 
this now, from its posterior origin, droops caudally over the small 
intestine, then folds baek anteriorly and aseends to the greater curvature 
of the stomaeh. The greater omentum is, therefore, eomposed of a fold 
eontaining, teehnieally, four layers of peritoneum. The dorsal mesoduo- 
denum, or suspensory ligament of the duodenum, is a much thieker 
structure, and it fixes the position of the duodenum when the rest of 
the midgut and its dorsal mesentery elongate and pass into the umbili- 
eal eord. 


SPECIAL GLANDS 0F THE 
POSTPHARYNGEAL F0REGUT 

Panereas 


The panereas develops from two evaginations of the foregut that fhse 
to form a single organ. A dorsal panereatie bud ean be seen in stage 13 
embryos as a thiekening of the endodermal tube that proliferates into 
the dorsal mesogastrium (see 4g. 60.3; Fig. 60.4). A ventral panereatie 
bud evaginates in elose proximity to the liver primordium but eannot 
be elearly identified until stage 14, when it appears as an evagination 
of the bile duct itself. At stage 16 (5 weeks), differential growth of the 
wall of the duodenum results in movement of the ventral panereatie 
bud and the bile duct to the right side and, ultimately, to a dorsal posi- 
tion. It is not elear whether there is a eorresponding shift of mesen- 
ehyme during this rotation. However, the ventral panereatie bud and 
the bile duct rotate from a position within the ventral mesogastrium 
(ventral mesoduodenum) to one in the dorsal mesogastrium (dorsal 
mesoduodenum), which is destined to beeome fixed on to the posterior 
abdominal wall. By stage 17, the ventral and dorsal panereatie buds 
have fhsed, although the origin of the ventral bud from the bile duct is 
still obvious. Three-dimensional reeonstmetion of the ventral and 
dorsal panereatie buds has eonfirmed that the dorsal panereatie bud 
forms the anterior part of the head, the body and the tail of the pan- 
ereas, and the ventral panereatie bud forms the posterior part of the 
head and the posterior part of the uncinate proeess. The ventral pan- 
ereatie bud does not form all of the uncinate proeess (Collins 2002a). 

The developing panereatie ducts usually fhse in such a way that most 
of the dorsal duct drains into the proximal part of the ventral duct (see 
Figs 60.3-60.4). The proximal portion of the dorsal duct usually per- 
sists as an aeeessory duct. The fhsion of the ducts takes plaee late in 
development or in the postnatal period; 85% of infants have patent 
aeeessory ducts, as eompared to 40% of adults. Fusion may not occur 
in 10% of individuals, in which ease separate drainage into the duode- 
num is maintained: so-ealled panereatie divisum (panereas divisum). 
Failure of the ventral panereatie diverticulum to migrate will result in 
an anular panereas, which may eonstriet the duodenum loeally. 

The ventral panereas does not always extend anterior to the superior 
mesenterie vein but remains related to its right lateral surface. Initially, 
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Fig. 60.4 Development of the panereas in a human embryo. A, An early 
stage, 7.5 mm embryo: lateral view. B, A later stage, 14.5 mm embryo: 
ventral view. 


the body of the panereas extends into the dorsal mesoduodenum and 
then eranially into the dorsal mesogastrium. As the stomaeh rotates, 
this portion of the dorsal mesogastrium is direeted to the left, forming 
the posterior wall of the lesser sae. The posterior layer of this portion 
of dorsal mesogastrium fuses with the parietal layer of the eoelom wall 
(perítoneum), and the panereas beeomes mainly retroperitoneal (see 
Fig. 60.7C). The region of fusion of the dorsal mesogastrium does not 
extend so far left as to include the tail of the panereas, which passes 
into the splenorenal (lienorenal) ligament. The anterior border of the 
panereas later provides the main line of attaehment for the posterior 
leaves of the greater omentum. 

Cellular development of the panereas 

The early speeifieation of panereatie endoderm involves the proximity 
of the notoehord to the dorsal endoderm, which loeally represses the 
expression of Shh transeription faetor. Endoderm caudal to the panere- 
atie region does not respond to notoehordal signals. The ventral pan- 
ereatie endoderm does not seem to undergo the same induction. 
Panereatie mesenehyme is derived from two regions. The mesenehyme 
that surrounds the dorsal panereatie bud proliferates from the splaneh- 
nopleuric eoelomie epithelium of the medial walls of the perieardio- 
peritoneal eanals, whereas the ventral panereatie bud is invested by 
septum transversum mesenehyme and by mesenehyme derived from 
the lower ventral walls of the perieardioperitoneal eanals. 

The primitive endodermal ductal epithelium provides the stem eell 
population for all the seeretory eells of the panereas. Initially, these 
endoerine eells are loeated in the duct walls or in buds developing from 
them; later, they accumulate in panereatie islets. The remaining primi- 
tive duct eells will differentiate into definitive ductal eells. In the fetus, 
they develop mierovilli and eilia but laek the lateral interdigitations 
seen in the adult. Branehes of the main duct beeome interlobular 


ductules, which terminate as blind-ending aeini or as tubular, aeinar 
elements. 

The ductal branehing pattern and aeinar structure of the panereas 
are determined by the panereatie mesenehyme. This mesenehyme gives 
rise to eonneetive tissue between the ducts, which, in the fetus, appears 
to be important in stimulating panereatie proliferation and maintaining 
the relative proportions of aeinar, a and (3 eells during development. It 
also provides eell lines for smooth muscle within the panereas. Ang- 
iogenie mesenehyme invades the developing gland to produce blood 
and lymphatie vessels. 

The proeess of islet differentiation is divided into two phases (Collins 
2002a). Phase I, eharaeterized by proliferation of polyhormonal eells, 
occurs from weeks 9-15. Phase II, eharaeterized by differentiation of 
monohormonal eells, is seen from week 16 onwards. The p eells, pro- 
ducing insulin and amylin, differentiate first, followed by a eells, which 
produce glucagon. The 5 eells, which produce somatostatin, are seen 
after 30 weeks. The dorsal bud gives rise mostly to a eells, and the 
ventral bud to most of the panereatie polypeptide-producing eells. The 
p eells develop from the duct epithelium throughout development and 
into the neonatal period. Later, in weeks 10-15, some of the primitive 
ducts differentiate into aeinar eells, in which zymogen granules or 
aeinar eell markers ean be deteeted at 12-16 weeks. 

The panereas in the neonate has all of the normal subdivisions of 
the adult. The head is proportionately large in the newborn and there 
is a smooth continuation between the body and the tail. The inferior 
border of the head of the panereas is found at the level of the seeond 
lumbar vertebra. The body and tail pass eranially and to the left, and 
the tail is in eontaet with the spleen (see Fig. 14.6). 


Liver 


The liver is one of the most precocious embryonie organs and is the 
main eentre for haemopoiesis in the fetus. It develops from an endo- 
dermal evagination of the foregut and from septum transversum mes- 
enehyme, which is derived from the proliferating eoelomie epithelium 
in the protoeardiae region. The development of the liver is intimately 
related to the development of the heart. The vitelline veins, succeeded 
by the umbilical veins passing to the sinus venosus, are dismpted by 
the enlarging septum transversum to form a hepatie plexus, the foremn- 
ner of the hepatie sinusoids. (See Collins (2002b) for a detailed account 
of hepatie development.) 

Earíy liver development 

As the head fold and early intraembryonie eoelom form, the ventral 
parietal wall of the perieardial eavity gives rise to populations of eells 
termed preeardiae or eardiae mesenehyme. Hepatie endoderm is 
induced to proliferate by this mesenehyme, although all portions of the 
early heart tube, tmncus arteriosus, atria, ventriele, both endocardium 
and myoeardmm, have hepatie induction poteney that is tissue-specific 
but not speeies-speeifie. As the heart and foregut beeome separated by 
the accumulation of the eardiae mesenehyme, the mesenehyme itself is 
renamed septum transversum. It is seen as a ventral mass, caudal to the 
heart, which passes dorsally on eaeh side of the developing gut to join 
the mesenehyme proliferating from the walls of the perieardioperito- 
neal eanals. The majority of the eells within the septum transversum 
are destined to beeome hepatie mesenehyme. For details of the molecu- 
lar signalling of early hepatie development, see Lemaigre (2009). 

In the stage 11 embryo, the loeation of the hepatie endoderm has 
been identified at the superior boundary of the rostral intestinal portal. 
By stage 12, the hepatie endodermal primordium is direeted ventrally 
and begins to proliferate as a diverticulum. There are two parts: a caudal 
part, which will produce the eystie duct and gallbladder; and a eranial 
part, which forms the liver biliary system (see Fig. 60.3; Fig. 60.5A). 
The eells start to express liver-speeifie molecular markers and glyeogen 
storage. 

Around the eranial portion of the hepatie diverticulum, the basal 
lamina is progressively dismpted and individual epithelial eells migrate 
into the surrounding septum transversum mesenehyme. The previously 
smooth contour of the diverticulum merges into columnar extensions 
of endoderm, the epithelial trabeculae, which stimulate the hepatie 
mesenehymal eells to form blood islands and endothelium. The 
advanee of the endodermal epithelial eells promotes the eonversion of 
progressively more hepatie mesenehyme into endothelium and blood 
eells, and only a little remains to form the seanty liver capsule and 
interlobular eonneetive tissue. This invasion by the hepatie epithelium 
is eompleted in stage 13, when it approaehes the caudal surface of the 
perieardial eavity, and is separated from it only by a thin lamina of 
mesenehyme that will give rise to part of the diaphragm. 
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Fig. 60.5 Early development of the liver and the supra-umbilical peritoneal 
eavities. A, The hepatie endodermal primordium proliferates ventrally into 
the septum transversum mesenehyme. The endodermal eells forming the 
hepatie trabeculae will beeome hepatoeytes; the septum transversum 
mesenehymal eells will beeome the endothelium of the liver sinusoids 
and early blood eells. The developing lung buds ean be seen expanding 
into the perieardioperitoneal eavities. B, The septum transversum 
mesenehyme and the stomaeh beeome enelosed by the right and left 
perieardioperitoneal eanals (shown on transverse seetion). The apposition 
of the medial perieardioperitoneal walls forms the dorsal and ventral 
mesogastria. The proximity of the lung buds to the developing stomaeh 
ean be seen. The pleural and supra-umbilical peritoneal eavities are 
transiently, and bilaterally, symmetrieal above the umbilicus. C, The lower 
border of the ventral mesogastrium denotes the eonneetion between the 
supra-umbilical peritoneal eavities: pleuroperitoneal eanals, which ean be 
identified by the position of the ventral panereatie bud and eommon bile 
duct. The white arrows in B and C indieate the direetion of movement of 
the dorsal and ventral mesogastria. 


During this early phase of development, the liver is far more highly 
vascularized than the rest of the gut. The hepatie eapillary plexus is 
eonneeted bilaterally with the right and left vitelline veins. Dorsolater- 
ally they empty by multiple ehannels into enlarged hepatoeardiae ehan- 
nels, which lead to the right and left horns of the sinus venosus (see 
Fig. 60.9); usually the ehannel on the right side is most developed. 
Both left and right ehannels bulge into the perieardioperitoneal eanals, 
forming sites for the exchange of fhiid from the eoelom into the vasailar 
ehannels. The growth of the hepatie tissue in these regions is sometimes 
referred to as the left and right horns of the liver. 

The liver remains proportionately large during its development and 
constitutes a sizeable organ dorsal to the heart at stage 14, then more 
caudally plaeed by stage 16. By this stage, hepatie ducts ean be seen 
separating the hepatie epithelium from the extrahepatic biliary system, 
but, even at stage 17, the ducts do not penetrate far into the liver. 

Matiiration of the liver 

At 3 months' gestation, the liver almost fills the abdominal eavity and 
its left lobe is nearly as large as its right. When the haemopoietie aetivity 
of the liver is assumed by the spleen and bone marrow, the left lobe 
undergoes some degeneration and beeomes smaller than the right. The 
liver remains relatively larger than in the adult throughout the remain- 
der of gestation. In the neonate, it constitutes 4% of the body weight, 
eompared to 2.5-3.5% in adults. It is in eontaet with the greater part 
of the diaphragm and extends below the eostal margin anteriorly, and, 
in some eases, to within 1 em of the iliae erest posteriorly. The left lobe 
eovers much of the anterior surface of the stomaeh and constitutes 
nearly one-third of the liver (see 4g. 14.6). Although its haemopoietie 
fhnetions eease before birth, its enzymatie and synthetie fhnetions are 
not eompletely mature at birth. Hepatoeytes remain a heterogeneous 
population with different gene expressions and metabolie fhnetions 
within different hepatie lobule loeations. This metabolie zonation 
beeomes fhlly established after birth (Lemaigre 2009). 

Development of intrahepatie biliary ducts 

The development of the intrahepatie biliary ducts follows the branehing 
pattern of the portal vein radieles (Collins 2002b). The eranial hepatie 


diverticulum gives rise to the liver hepatoeytes, the intrahepatie large 
bile ducts (right and left hepatie ducts, segmental ducts, area ducts and 
their fìrst branehes) and the small bile ducts (septal bile ducts, inter- 
lobular ducts and bile ductules). The portal and hepatie veins arise 
together from the vitelline veins. Early in development, the accumula- 
tion of mesenehyme around these veins is similar, whereas later mes- 
enehyme inereases around the portal veins. This is a prerequisite for 
bile duct development. Primitive hepatoeytes surround the portal vein 
branehes and assoeiated mesenehyme, and form a sleeve of eells termed 
the ductal plate. Individual eells of the ductal plate are termed eholan- 
gioeytes. Loeal hepatoblasts that are adjaeent to the eholangioeytes 
arrange themselves to delineate a bile duct lumen and then also switch 
to a eholangioeyte lineage (Lemaigre 2009). As the bile ducts develop, 
angiogenie mesenehymal eells form blood vessels that eonneet to the 
hepatie artery from 10 weeks. Thus, the portal triads are patterned by 
the portal vein radieles, which initially induce bile duct formation and 
then artery formation. The development of the biliary system extends 
from the hilum to the periphery. Anomalies of the biliary tree are assoei- 
ated with abnormalities of the branehing pattern of the portal vein. The 
developing bile ducts remain patent throughout development; the solid 
stage of ductal development previously promulgated has been refuted. 
Atresia of the extrahepatic bile ducts has been noted, often in assoeia- 
tion with extrahepatic atresia. The cause of this eondition is not elear; 
inflammatory proeess may be involved, although some eases have fea- 
tures of ductal plate malformation (Howard 2002). 

Development of extrahepatic biliary ducts 

The caudal part of the hepatie endodermal diverticulum forms the 
extrahepatic biliary system, the eommon hepatie duct, gallbladder, 
eystie duct and eommon bile duct. 

The bile duct, which originated from the ventral wall of the foregut 
(now duodenum), migrates with the ventral panereatie bud, fìrst to the 
right and then dorsomedially into the dorsal mesoduodenum. The right 
and left hepatie ducts arise from the eranial end of the eommon hepatie 
duct from 12 weeks' gestation. 

Atresia of the extrahepatic bile ducts in neonates occurs alone or in 
conjunction with a range of other anomalies, including situs inversus, 
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malrotation, polysplenia and eardiae defeets. In such eases, the intra- 
hepatie bile ducts have a mature tubular shape but also show features 
of ductal plate malformation. 

In the neonate, the gallbladder has a smaller peritoneal surface than 
in the adult, and its fundus often does not extend to the liver margin. 
It is generally embedded in the liver and, in some eases, may be eovered 
by bands of liver. After the seeond year, the gallbladder assumes the 
relative size it has in the adult. 


MIDGUT 


The midgut forms the third and fourth parts of the duodenum, jejunum, 
ileum and two-thirds of the way along the transverse eolon; its develop- 
ment produces most of the small, and a portion of the large, intestine. 
In embryos of stages 10 and 11, it extends from the eranial to the caudal 
intestinal portals and communicates direetly with the yolk sae over its 
entire length. Although it has a dorsal wall, the lateral walls have not 
yet formed at these stages. By stage 12, the eonneetion with the yolk 
sae has narrowed, such that the midgut has ventral walls eranially and 
caudally. This eonneetion is reduced to a yolk stalk eontaining the vitel- 
lointestinal duct during stage 13, at which time the yolk sae appears as 
a sphere in front of the embryo. Posterior to the midgut, the splaneh- 
nopleuric eoelomie epithelia eonverge, forming the dorsal mesentery. 
Ventrolaterally, the intraembryonie eoelom is in wide communication 
with the extraembryonic eoelom. At stage 14, the midgut has inereased 
in length more than the axial length of the embryonie body and, with 
elongation of the dorsal mesentery, it bulges ventrally, deviating from 
the median plane. For all these stages, see Figure 60.3. 

PRIMARY INTESTINAL (0R MIDGUT) L00P 

The midgut loop ean íìrst be seen at stage 15, when a bulge - the eaeeal 
bud - ean be diseerned on the lower limb of the loop, caudal to the 
yolk stalk (which arises from the apex or summit of the loop). Later, 
the original proximal limb of the loop moves to the right and the distal 
limb to the left (see Fig. 60.3C). The longest portion of the dorsal 
mesentery is at the level of the yolk stalk; there is less relative lengthen- 
ing near the caudal end of the duodenum or the eranial half of the 
eolon. The midgut extends into the umbilical eoelom, having already 
rotated through an angle of 90° (anticlockwise, viewed from the ventral 
aspeet). This relative position is approximately maintained so long as 
the protmsion persists, during which time the proximal limb that forms 
the small intestine elongates greatly. It beeomes eoiled, and its adjaeent 
mesentery adopts a pleated appearanee. The origin of the root of the 
mesentery is initially both median and vertieal, while, at its intestinal 
attaehment, it is elongated like a mffle and folded along a horizontal 
zone. The mesenterie sheet and its eontained vessels have spiralled 
through 90°. The distal, eolie, part of the loop elongates less rapidly 
and has no tendeney to beeome eoiled. By the time the fetus has 
attained a length of 40 mm (10 weeks), the peritoneal eavity has 
enlarged and the relative size of the liver and mesonephros is much 
less. The re-entry of the gut occurs rapidly and in a particular sequence, 
during which it continues the proeess of rotation. The proximal loop 
returns first, with the jejunum mainly on the left and the ileum mainly 
on the right of the subhepatic abdominal eavity. As they re-enter the 
abdominal eavity, the eoils of jejunum and ileum slide inwards over the 
right aspeet of the deseending mesoeolon, and so displaee the deseend- 
ing eolon to the left. The transverse eolon passes superiorly to the origin 
of the root of the mesentery (Fig. 60.6). The eaeernn is the last to 
re-enter and, at first, lies on eoils of ileum on the right. Later develop- 
ment of the eolon leads to its elongation and to the establishment of 
the hepatie and splenie flexures. A timetable for intestinal rotation in 
staged human embryos is given by Kim et al (2003). 

Anomalies of midgiit rotation 

If the midgut loop fails to return to the abdominal eavity at the appro- 
priate time, a range of ventral defeets ean result. Failure of obliteration 
of the vitellointestinal duct eonneeting the midgut to the yolk sae results 
in MeekeFs diverticulum. This may present as a short segment of vitel- 
line duct attaehed to the original ventral side of the ileum; it may 
remain attaehed to the umbilicus as a fistula; or it may remain as a liga- 
mentous attaehment to the umbilicus. 

An umbilical hernia occurs when loops of gut protmde into a 
widened umbilical eord at term. The degree of protuberance may 
inerease when the infant eries, which raises the intra-abdominal pres- 


sure; these hernias usually resolve without treatment. Exomphalos is a 
ventral wall defeet with midline herniation of the intra-abdominal 
eontents into the base of the umbilical eord. Herniated viseera are 
eovered by the peritoneum internally and amnion externally. The 
omphaloeele so formed ranges in size from a large umbilical hernia to 
a very large mass eontaining most of the viseeral organs. Even after the 
exomphalos has been repaired, these babies will still have a defieient 
anterior abdominal wall. 

Gastrosehisis is a para-umbilical defeet of the anterior abdominal 
wall assoeiated with eviseeration of the abdominal organs. The organs 
are not enelosed in membranes; thus, gastrosehisis ean be deteeted by 
prenatal ultrasonography and differentiated from exomphalos (see Fig. 
14.5B). Gastrosehisis is thought to result from periumbilical isehaemia, 
caused by vasoilar eompromise of either the umbilical vein or arteries. 
The ineidenee of this eondition appears to be inereasing, espeeially in 
babies born to young women less than 20 years old (Whittle 1999, 
Ionesoi et al 2014). 

Congenital volvulus arises if the midgut loop does not rotate appro- 
priately. A number of types of this eondition are identified. Left-sided 
eolon occurs if the midgut loop has not rotated at all; mixed rotation 
results in the caecum lying inferior to the pyloms; and failure of appro- 
priate attaehment of the peritoneum may result in the small intestine 
being attaehed at only two points on the posterior abdominal wall. All 
of these arrangements lead to a risk of volvulus, which may result in 
neerosis of the gut. 

The position and configuration of the duodenal loop are of particu- 
lar importanee in ehildren. The normal duodenal loop has a U-shaped 
configuration. The suspensory ligament of the duodenum (ligament of 
Treitz) is usually found to the left of the body of the first or seeond 
lumbar vertebral body after normal gut rotation; any other position of 
this ligament may indieate some degree of gut malrotation. On barium 
studies, the duodenojejunal flexure should, thus, lie to the left of the 
upper lumbar spine at the level of the pyloms. 

If the caecum has remained in the right upper quadrant, it may 
beeome fixed in that position by peritoneal attaehments passing to the 
right, the so-ealled Ladd's bands. These may eompress the underlying 
duodenum and give rise to duodenal stenosis. The high positioning of 
the eaeaim elose to the duodenal jejunal flexure - in some eases, in the 
midline - is assoeiated with later development of volvulus. 

The identifieation of intestinal malrotation ean be made by X-ray 
investigation. However, ultrasonography has the advantage of showing 
the position of the superior mesenterie vein and artery. The vein should 
lie to the right of the artery. Most eases of volvulus will show inversion 
of this normal relationship but malrotation ean occur with apparently 
normally related vessels, particularly in malrotation with bowel obstme- 
tion due to Ladd's bands and not volvulus. 

UMBIUCAL C0RD 


During the period when the midgut loop protmdes into the umbilical 
eoelom, the edges of the ventral body wall are beeoming relatively 
eloser, forming a more diserete root for the umbilical eord. Somatie 
mesenehyme, which will form the ventral body wall musculature, 
migrates into the somatopleuric mesenehyme and passes ventrally 
towards the midline. The umbilical eord forms all of the ventral body 
wall between the perieardial bulge and the developing external genita- 
lia. It eneloses a portion of the extraembryonic eoelom, the umbilical 
eoelom, into which midgut loop protmdes. When the midgut loop is 
abmptly returned to the abdominal eavity, the more reeognizable 
umbilical eord forms. The vitellointestinal duct and vessels involute. 
The eranial end of the allantois beeomes thinned and its lumen partially 
obliterated, and it forms the urachus. The mesenehymal eore of the 
umbilical eord is derived by eoaleseenee from somatopleuric amniotie 
mesenehyme, splanchnopleuric vitellointestinal (yolk sae) mesen- 
ehyme and splanchnopleuric allantoie (eonneeting stalk) mesenehyme. 
These various layers beeome fused and are gradually transformed into 
the viseid, mucoid, eonneetive tissue (Wharton's jelly) that eharaeterizes 
the more mature eord. The ehanges in the droilatory system result in 
a large, eranially orientated, left umbilical vein (the right umbilical vein 
regresses), and two spirally disposed umbilical arteries (see Lig. 52.19). 

MATURATI0N 0F THE SMALL INTESTINE 
Mucosa 


The exact timing of the cellular morphogenesis of the gut is difficult 
to establish, espeeially as it undergoes a proximodistal gradient in 
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Fig. 60.6 The major developmental sequences of the subdiaphragmatic embryonie and fetal guts, together with their assoeiated major glands, 
peritoneum and mesenteries: left anterolateral aspeet. A-F, The development sequence spans 1.5 months to the perinatal period. A-B, The top white 
arrows show the relative movements of the dorsal and ventral mesogastria that result in the longitudinal rotation of the stomaeh and limited entry to the 
lesser sae (see also Fig. 60.5). C-D, The lower white arrows assoeiated with the midgut indieate the relative movements and rotation of the midgut loop 
within the umbilical eoelom, and as it returns to the abdominal eavity. 

Continued 


matiiration. Developmental differenees between parts of the small 
intestine or eolon have not yet been eorrelated with age. The endoder- 
mal eells of the small intestine proliferate and form a layer some three 
to four eells thiek, with mitotie figures throughout. From 7 weeks, blunt 
projeetions of the endoderm have begun to form in the duodenum and 
proximal jejunum; these are the developing villi, which inerease in 
length untif in the duodenum, the lumen beeomes diffiailt to diseern. 
The eoneept of occlusion of the lumen and reeanalization, which is 
deseribed in many accounts of development, does not mateh the eyto- 
differentiation that occurs in the gut epithelia. Thus, it is no longer 
thought that there is seeondary reeanalization of the gut lumen. By 

9 weeks, the duodenum, jejunum and proximal ileum have villi, and 
the remaining distal portion of ileum develops villi by 11 weeks. The 
villi are eovered by a simple epithelium. Primitive erypts, epithelial 
downgrowths into the mesenehyme between the villi, appear between 

10 and 12 weeks and similarly follow a craniocaudal progression. Bmn- 


ners glands are present in the duodenum from 15 weeks and the mus- 
cularis mucosa ean be seen in the small intestine from 18 weeks. 

Whereas mitotie figures are initially seen throughout the endoder- 
mal layer of the small intestine prior to villus formation, by 10-12 weeks 
they are limited to the intervillous regions and the developing erypts. 
It is believed that an 'adnlt' turnover of eells may exist when rounded-up 
eells ean be observed at the villus tips, in position for exfoliation. The 
absorptive enteroeytes have mierovilli at their apieal borders before 
9 weeks. An apieal tubular system appears at this time, and is eom- 
posed of deep invaginations of the apieal plasma membrane and 
membrane-bound vesieles and tubules; many lysosomal elements 
(meconium corpuscles) appear in the apieal eytoplasm. These latter 
features are more developed in the ileum than jejunum, are most 
prominent at 16 weeks, and diminish by 21 weeks. There are abundant 
deposits of glyeogen in the fetal epithelial eells, and it has been sug- 
gested that, prior to the appearanee of hepatie glyeogen, the intestinal 
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Fig. 60.6, eont’d The major developmental sequences of the subdiaphragmatic embryonie and fetal guts, together with their assoeiated major glands, 
peritoneum and mesenteries: left anterolateral aspeet. E-F, The lower white arrows assoeiated with the midgut indieate the relative movements and 
rotation of the midgut loop within the umbilical eoelom, and as it returns to the abdominal eavity. G-H, The approximate disposition in the adult 
abdomen of the gut (G) and the mesenterie roots, showing their lines of attaehment and prineipal eontained vessels (H). 


epithelium serves as a major glyeogen store. Goblet eells are present in 
small numbers by 8 weeks, Paneth's eells differentiate at the base of the 
erypts in weeks 11 and 12, and enteroendoerine eells appear between 
weeks 9 and 11. M eells (membrane or mierofold eells) are present 
from 14 weeks. 

Intestinal subepithelial myofibroblasts (ISEMFs) have been deseribed 
within the villus eores and adjaeent to the intervillous spaee at the base 
of the erypts from week 21. They are arranged as a syncytium between 
the epithelium and the muscularis mucosae, where they contribute to 
the extracellular matrix. They demonstrate a-smooth muscle aetin 
(SMA) expression (MeLin et al 2009). It is not elear whether these eells 
derive from splanchnopleuric mesenehyme fibroblasts, smooth muscle 
precursors or neural erest. They migrate from the erypts to the villous 
axis in a manner similar to enteroeytes. 

Meconium ean be deteeted in the lumen of the intestine by the 
sixteenth week. It is derived from swallowed amniotie fluid, which 


eontains vernix and cellular debris, salivary, biliary, panereatie and 
intestinal seeretions, and sloughed enteroeytes. As the mixture passes 
along the gut, water and solutes are removed and cellular debris and 
proteins eoneentrated. Meconium eontains enzymes from the panereas 
and proximal intestine in higher eoneentrations in preterm than in 
fiill-term babies. 

Muscularis layer 


The muscularis layer is derived from the splanchnopleuric mesenehyme, 
as it is in other parts of the gut. Smooth muscle myoblasts are eharaeter- 
ized by expression of a-SMA. Longitudinal muscle ean be seen from 
12 weeks. At 26-30 weeks, the gut shows eontraetions without regular 
periodieity; from 30-33 weeks, repetitive groups of regular eontraetions 
have been seen in preterm neonates. 
























































































Primitive hindgut 
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The small intestine possesses only a dorsal mesentery. The movement 
of the root of this dorsal mesentery and the massive lengthening of its 
enterie border in order to mateh the longitudinal growth of the gut tube, 
refleet the spiralizing of the midgut loop in the umbilical eoelom. 

Small intestine at birth 


The radial patterning of the small intestine is eompleted before birth, 
with differentiation of the crypt-villous axis. Speeifieation of the spaee 
between villi, erypt depth and villous length is a dynamie proeess 
dependent on the establishment of the intestinal mierobiota. In the 
neonate, the small intestine forms an oval-shaped mass with its greater 
diameter transversely orientated in the abdomen, rather than vertieally 
as in the adult. The mass of the small intestine inferior to the umbilicus 
is eompressed by the urinary bladder, which is anterior at this point. 
The small intestine is 300-350 em long at birth and its width, when 
empty, is 1-1.5 em. The ratio between the length of the small and the 
length of the large intestine at birth is similar to the adult ratio. The 
mucosa and submucosa are fairly well developed and villi are present 
throughout the small intestine; however, some epithelial differentiation 
is ineomplete. The muscularis is very thin, particularly the longitudinal 
layer, and there is little elastie tissue in the wall. There are few or no 
eirailar folds in the small intestine, and the jejunum and ileum have 
little fat in their mesentery. 


PRIMITIVE HINDGIIT 


Just as the foregut has an extensive ventral endodermal diverticulum, 
which contributes to a system separate from the gut, so, too, the hindgut 
has a ventral diverticulum - the allantois - destined for a different 
system. However, unlike the respiratory diverticulum of the foregut, the 
allantois is formed very early in development, prior even to formation 
of the embryonie endoderm and tail-folding. With the reorganization 
of the caudal region of the embryo at stage 10, part of the allantois is 
drawn into the body eavity. The early embryonie hindgut thus eonsists 
of a dorsal tubular region extending from the caudal intestinal portal 
to the eloaeal membrane, and a ventral blind-ending allantois extend- 
ing from the eloaeal region into the eonneeting stalk. The slightly 
dilated eavity, lined by endoderm, that eranially reeeives the enterie 
hindgut proper and the root of the allantoenterie diverticulum is termed 
the endodermal eloaea. It is elosed ventrally by the eloaeal membrane 
(endoderm opposed to proetodeal eetoderm), and it also has, tran- 
siently, a small reeess of endoderm in the root of the tail, the postanal 
gut. As elsewhere, the hindgut, allantois and endodermal eloaea are 
eneased in splanchnopleuric mesenehyme. Proliferation of the mesen- 
ehyme and endoderm in the angle of the junction of hindgut and 
allantois produces a urorectal septum (see Fig. 72.4B). Continued pro- 
liferation of the urorectal septum and elongation of the endodermal 
structures thmst the endodermal epithelium towards the eloaeal mem- 
brane, with which it fuses eentrally, separating the presumptive rectum 
and upper anal eanal (dorsally) from the presumptive urinary bladder 
and urogenital sinus (ventrally) (see Pig. 72.4C). The eloaeal membrane 
is thus divided into anal (dorsal) and urogenital (ventral) membranes. 
The nodal eentre of division is the site of the future perineal body, the 
fimetional eentre of the perineum. 

ENTERIC HINDGLIT 


The development of the large intestine, whether derived from mid- or 
hindgut, seems to be similar. The proximal end of the eolon ean be first 
identified at stage 15, when an enlargement of a loeal portion of gut 
on the caudal limb of the midgut loop defines the developing caecum. 
An evagination of the distal portion of the caecum forms the vermiform 
appendix at stage 17 (see Fig. 60.3E). Apart from the embryonie studies 
of Streeter (1942), there is little information about the development of 
the large intestine in humans. The early endodermal lining of the eolon 
appears stratified, and mitoses occur throughout the layers. A series of 
longitudinal folds arise initially at the rectum and caecum, and later in 
the regions of eolon between these two points. The folds segment into 
villi with new villi forming between. The developing mucosa invagi- 
nates into the underlying mesenehyme between the villi to form glands 
that inerease in number by splitting longitudinally from the base 
upwards. The villi gradually diminish in size and are absent by the time 
of birth. 


MATIIRATION 0F THE LARGE INTESTINE 


The similarity of development of the small and large intestines is fhrther 
mirrored in their eytologieal differentiation. Fetal gut, from 11 weeks, 
shows dipeptidase aetivity in the eolon as well as in the small intestine. 
Throughout preterm development, meconium corpuscles are seen in 
the eolon and in the small intestine; they are believed to be the phago- 
eytosed remains of neighbouring eells that have died as a result of 
programmed eell death. 

There is little direet evidenee of eolonie fimetion in the human fetus 
and neonate. However, the speeifie results of mammalian studies are 
being eorrelated to human studies where possible. A number of distinet 
and important differenees between the fimetion of adult and fetal eolon 
have been reported. 

Mucosa 


The absorption of glucose and amino aeids does not take plaee through 
the eolonie mucosa in adult life, but there is evidenee of direet absorp- 
tion of these nutrients during development. At birth, the normal eyele 
of bile aeids is not mature. In the adult, bile is seereted by the liver, 
stored in the gallbladder and then seereted into the intestine, where it 
is absorbed by the jejunum and ileum. In the fetus and neonate, the 
transport of bile aeids by an aetive proeess from the ileum does not 
occur, and so bile salts pass on into the eolon. In the adult, the presenee 
of bile salts in the eolon stimulates the seeretion of water and eleetrolytes, 
which results in diarrhoeal syndrome; however, the fetal and neonatal 
eolon seems proteeted from this effeet. The eolon is not eonsidered a 
site of signifieant nutrient absorption in the adult, and yet neonates are 
unable to assimilate the full laetose load of a normal breast feed from 
the small intestine and a large proportion of it may be absorbed from 
the eolon. Thus, it appears that the eolon fiilfils a slightly different role 
in the preterm and neonatal period, eonserving nutrient absorption and 
minimizing fluid loss until the neonate has adjusted to extrauterine life, 
oral feeding and the establishment of the symbiotie baeterial flora. 

Muscularis 


The muscularis is present and fimetioning by the eighth week, when 
peristaltie waves have been observed. The speeifie orientation of the 
longitudinal muscle layer into taeniae eoli occurs in the eleventh to 
twelfth weeks, when haustra appear. The enterie nerves are present in 
Meissners and Auerbach's plexuses at 8 and 12 weeks, respeetively; 
there is a craniocaudal migration of neurones into the gut wall. A 
normal distribution of ganglion eells has been noted in preterm babies 
of 24 weeks, although there is a region devoid of ganglia just above the 
anal valves. Anomalous migration of neural erest eells to the gut may 
give rise to Hirsehspmngs disease (see below). Puborectalis appears in 
20-30 mm embryos, following opening of the anal membrane. 

Serosa 


The development of the serosa of the intestine is eonsidered with the 
development of the peritoneal eavity (see below). 

Colon at birth 


In the neonate, the eolon is typieally 66 em long and averages 1 em in 
width. The eaeernn is relatively smaller than in the adult; it tapers into 
the vermiform appendix. The aseending eolon is shorter in the neonate, 
refleeting the shorter lumbar region. The transverse eolon is relatively 
long, whereas the deseending eolon is short, but twice the length of the 
aseending eolon (see Fig. 14.6B). The sigmoid eolon may be as long as 
the transverse eolon; it often touches the inferior part of the anterior 
body wall on the left and, in about half of neonates, part of the sigmoid 
eolon lies in the right iliae fossa. The muscularis, including the taeniae 
eoli, is poorly developed in the eolon, as it is in the small intestine. 
Appendiees, epiploieae and haustra are not present, which gives a 
smooth external appearanee to the eolon. Haustra appear within the 
first 6 months. The rectum is relatively long; its junction with the anal 
eanal forms at nearly a right angle. 

ANAL CANAL 


Mesenehymal proliferation occurs around the rim of the eetodermal 
aspeet of the anal membrane, which thus eomes to lie at the bottom 
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of a depression, the proctodeum (see Fig. 72. 7E). With the absorption 
and disappearanee of the anal membrane, the anorectum communi- 
eates with the exterior. The lower part of the anal eanal is formed from 
the proetodeal eetoderm and underlying mesenehyme, but its upper 
part is lined by endoderm. The line of union eorresponds with the 
edges of the anal valves in the adult. The dual origin of the anal eanal 
is refleeted in its innervation: the endodermal portion is innervated by 
autonomic nerves, and the eetodermal proctodeum is innervated by 
spinal nerves. 

In the fourth and fifth weeks, a small part of the hindgut, the post- 
anal gut, projeets caudally beyond the anal membrane (see "ig. 60. 3B); 
it usually disappears before the end of the fifth week. 

Imperforate anus is a term used to deseribe many different anoreetal 
anomalies. The most eommon is anal agenesis, which is found in 
almost half of all eases of imperforate anus. The eondition is usually 
assoeiated with a fistula, which opens into the vulva (females) or into 
the urethra (males). It is more rare for the anal membrane to fail to 
perforate. The eondition eannot reliably be diagnosed prenatally by 
ultrasound diagnosis, and it may be eonfiised with Hirsehspmngs 
disease (see below) and eolonie atresia. The prognosis is good for low 
lesions of the anal eanal. The prineipal eoneern, in all eases, is the 
degree of bowel eontrol, urinary eontrol and, in some eases, sexual 
fimetion, which is eompromised by the eondition. Anoreetal anomalies 
may be indieators of other anomalies, e.g. those forming the 'VATER' 
syndrome (vertebral, anal, traeheo-oesophageal and renal anomalies). 

ENTERIC NERV0US SYSTEM 


Enterie neurones are derived from eranial (vagal) neural erest eells at 
somite levels 1-7 and from 28 onwards (see Fig. 17.19 and p. 251). 
After neumlation, the erest eells begin their ventral migration and invade 
the gut via the dorsal mesentery (see Fig. 17.11). Glial eells assoeiated 
with the gut have been identified as arising from similar levels. It is 
thought that the vagal and saeral neural erest eells have intrinsie differ- 
enees in their ability to eolonize the gut. The loeal splanchnopleuric 
mesenehyme patterns the erest eells, such that those that enter the gut 
layers attain an enterie fate, whereas those that remain outside the gut 
beeome eommitted as parasympathetie postganglionie neurones. The 
enterie neurones also migrate to the glands of the gut, e.g. the panereas. 
Migrating vagal neural erest eells reaeh the midgut by week 5 and the 
entire length of the gut is eolonized by week 7. Maturation of the 
myenterie plexus follows a craniocaudal progression. The submucosal 
plexus arises from eentripetally migrating eells from the myenterie plexus 
2-3 days later (Burns et al 2009). Interstitial eells of Cajal, which derive 
from splanchnopleuric mesenehyme, do not mature in a craniocaudal 
progression. They are seen around the myenterie ganglia along the entire 
gutfrom weeks 12-14 (Burns et al 2009).There is evidenee that mucosal 
enterie glial eells, which move into the mucosa after birth, interaet with 
the eolonizing intestinal flora, suggesting a mierobiota-driven homeo- 
statie meehanism for gut fimetion (Kabouridis et al 2015). 

Hirsehspriing’s disease 


Hirsehspmngsdisease (eommonly ealledmegaeolon) isusually eharae- 
terized by an aganglionie portion of gut that does not display peristalsis, 
and a dilated segment of stmcturally normal eolon proximal to this site. 
Histologieally, there is either an absenee or a reduction in the number 
of ganglia and postganglionie neurones in the myenterie plexus of the 
affeeted segment of gut; postganglionie innervation of the muscle layers 
is also often defeetive. It is believed that the eondition is caused by a 
failure of neural erest eells to eolonize the gut wall appropriately 
(Gershon 2010). A variable length of large intestine may be affeeted; the 
lower and mid-rectum are the most eommon sites but, in severe eases, 
the rectum, sigmoid, deseending and even proximal eolon ean be agan- 
glionie. Oeeasionally, aganglionosis affeets only a very short length of 
rectum proximal to the anoreetal junction and the degree of fimetional 
obstmetion is minimal; in these eases of Mltra-short-segment Hirsehs- 
pmng's disease', elinieal anomalies arise later in life. Infants with Hir- 
sehspmng's disease show delay in the passage of meconium, eonstipation, 
vomiting and abdominal distension. 

GUT-ASS0CIATED LYMPH0ID TISSUE 


Individual lymphoeytes appear in the lamina propria of the gut from 
approximately week 12 of development, and lymphoid aggregates - 
Peyer's patehes - have been noted between 15 and 20 weeks; it is not 


elear whether these eells migrate in from distant sources or differentiate 
from the investing mesenehyme. The endodermal epithelium overlying 
the lymphoid aggregates is often distorted into a dome shape. The eells 
within the dome are a mixed population of enteroeytes, endoerine eells, 
goblet eells and M eells. M eells are speeialized to provide a meehanism 
for the transport of mieroorganisms and intaet macromolecules aeross 
the epithelium to the intraepithelial spaee and lamina propria. They 
have been observed in the fetus by 17 weeks; it is believed that they are 
formed by a speeialized epithelial-mesenehymal interaetion of the 
endoderm and underlying lymphoid-type mesenehyme. 

There are similarly speeialized epithelial eells between the entero- 
eytes. Intraepithelial leukocytes typieally account for 15% of the epithe- 
lial eells of the gut in the adult. They have been observed at 11 weeks, 
with a distribution of 2-3 intraepithelial leukocytes per 100 gut epithe- 
lial eells. Both T and B lymphoeytes have been deseribed in the develop- 
ing gut wall. For an account of the development of the imimrne eells 
of the gut, consult Butzner and Befiis (1989). The neonatal gut beeomes 
eolonized by a range of baeterial flora; some of these exist in a symbiotie 
relationship with their host, and some of them may be eonsidered 
pathogenie. 

ULTRAS0UND ANTENATAL IMAGING 0F 
THE FETAL GUT 


The abdominal circumference, routinely estimated at 20 weeks, is eal- 
culated from the anteroposterior diameter and the transverse abdomi- 
nal diameter perpendicular to it, taken at the widest part of the 
abdomen. The seetion usually includes one entire rib and the stomaeh 
eavity (termed stomaeh bubble) and ean be eonfirmed on the left side 
of the body (see Fig 14.4G). Anteriorly, the eonneetion of the umbilical 
eord ean be eonfirmed (see Fig 14.4H). Anomalies of the anterior body 
wall, exomphalos and gastrosehisis, are readily deteeted. In exompha- 
los, a mass of peritoneal organs herniate through the base of the umbili- 
eal ring; in gastrosehisis, loops of small intestine and eolon float free 
in the amniotie fluid (see Fig. 14.5B) (Ionescu 2014). 


FUNCTI0NAL MATURITY 0F THE GUT AT BIRTH 


The postnatal maturation of the gut is dependent on the establishment 
of an intestinal mierobiota, which, in turn, is affeeted by gestational 
age, mode of delivery, type of feeding and any medieal interventions. 
In eases of ehorioamnionitis, preterm infants ingest baeterial products 
from the amniotie fluid; it has been suggested that this may be assoei- 
ated with preterm labour (Neu and Mai 2012). Normal, term, vaginal 
delivery establishes the initial eolonization of the neonatal gut with 
maternal vaginal and intestinal flora. Two-way interaetions between 
enterie mierobes in a biofilm within the luminal glycocalyx of entero- 
eytes modiíy intestinal permeability, inerease T and B lymphoeyte 
numbers within the imieosal lamina propria and mesenterie lymph 
nodes, and stimulate postnatal immune development (Vaarala 2012, 
Wynn and Neu 2012, Martin et al 2012, Patel et al 2012, Gritz and 
Bhandari 2015). Delivery by eaesarean seetion results in the establish- 
ment of skin mierobiota, different intestinal mierobes and low miero- 
biota diversity. Failure to develop an appropriate, dynamie, mierobiota 
is thought to be assoeiated with allergie and inflammatory eonditions 
in later life (Wynn and Neu 2012). (For fiirther reading, see Neu (2012' , 
Bàekhed et al (2015), Rodríguez et al (2015).) 

The onset of feeding also contributes to gut maturity. Breast milk is 
a source of epidermal growth faetor, which promotes postnatal mucosal 
development and helps imieosal repair. Breast feeding also affeets the 
production of immunoglobulin A (IgA) in the gut imieosa (Vaarala 
2012). Undernutrition leads to villous atrophy and, in the preterm 
infant, parenteral nutrition is assoeiated with ehanges in intestinal 
structure and fimetion that may lead to inereased intestinal permeabil- 
ity (Martin et al 2012). Antibiotie therapy within the neonatal period 
ean lead to ehanges in, and the establishment of, the normal intestinal 
mierobiota (Martin et al 2012). 

The first passage of faeees of the newborn is termed meconium. This 
is a dark, stieky, viseid substance formed from the passage of amniotie 
fluid, sloughed imieosal eells, digestive enzymes and bile salts along the 
fetal gut. Meconium beeomes inereasingly solid as gestation advanees 
but does not usually pass out of the fetal body while in ntero. Fetal 
distress produced by anoxia may induce the premature defeeation of 
meconium into the amniotie fluid, with the risk of its inhalation. At 
birth, the eolon eontains 60-200 g of meconium. The majority of 
neonates defeeate within the first 24 hours after birth. Delayed passage 
of stool beyond this time is assoeiated with Hirsehspmngs disease (see 











Peritoneal eavity 


above) or imperforate aniis. The normal passage of meeonimn eontin- 
ues for the fìrst 2 or 3 days after birth, and is followed by a transition 
to faeeal stools by day 7. 


PERITONEAL OAVITY 


The early development of the intraembryonie eoelom, which gives rise 
to the peritoneal eavity is deseribed on page 185. Figure 12.2 shows a 
seheme of the shape of the early peritoneal eavity and indieates the 
mesenehymal populations derived from its epithelial walls. Initially, the 
peritoneal eavity assoeiated with the lower end of the foregut has sepa- 
rate right and left eomponents: the pleuroperitoneal eanals (see Fig. 
60.1). At the level of the midgut, the pleuroperitoneal eanals join a 
confluent eavity surrounding the developing gut, which transitorily is 
in communication with the extraembryonic eoelom. 

The deseription of the development of the peritoneal eavity that 
follows pertains to ehanges that occur as a consequence of the differ- 
ential growth of the gut. 

PERITONELIM 


Peritoneum develops from a speeifie portion of the intraembryonie 
eoelomie walls. Initially, the intraembryonie eoelomie epithelium is a 
pseudostratified germinal layer from which cellular progeny with dif- 
ferent fates arise in speeifie sites and at speeifie developmental times. 
The portion that will give rise to the peritoneum is derived from the 
lower portion of the perieardioperitoneal eanals and the somatopleure 
and splanchnopleure assoeiated with the lower foregut, midgut and 
upper portions of the hindgut (see Figs 12.2, 60.1). 

The proliferative splanchnopleuric epithelium produces eell popula- 
tions for the mucosa and muscularis of the gut, and also for the lamina 
propria and epithelium of the viseeral peritoneum (the serosa of the 
gut wall). The somatopleuric epithelium gives rise to the lamina propria 
and epithelium of the parietal peritoneum. The viseeral and parietal 
peritoneal layers constitute a mesothelium, which denotes their origin 
from the intraembryonie mesoderm of the eoelomie wall. 

As the gut grows, splanehnie mesenehyme accumulates around the 
endodermal epithelium and the whole unit generally moves ventrally. 
There is a eoneomitant enlargement of the caudal ends of the develop- 
ing perieardioperitoneal (pleuroperitoneal) eanals and developing peri- 
toneal eavity. The medial walls of the intraembryonie eoelom move 
eloser and there is a relative deerease in the mesenehyme between them. 
The regions where the medial portions of the intraembryonie eoelom 
eome together are termed mesenteries. They are eomposed of two layers 
of peritoneum with intervening mesenehyme and eontain the neuro- 
vascular structures that pass to and from the gut. At the caudal ends of 
the pleuroperitoneal eanals, the gut has both ventral and dorsal 
mesenteries, whereas, caudal to this, there is only a dorsal mesentery 
(see Fig. 60.6; Fig. 60.7). 

The mesenteries attaehed to the gut lengthen to permit large move- 
ments or rotations of the gut tube. Later, when part or the whole of the 
mesentery lies against the parietal peritoneum, their apposed surfaces 
fuse and are absorbed, i.e. they beeome sessile. Only those viseera 
developed in direet apposition to one of the primary eoelomie regions, 
or a seeondary extension of the latter, retain a partial or almost eom- 
plete viseeral serous eover. Thus, the original line of refleetion of 
mesenteries beeomes altered, or, in some eases, the organ may beeome 
retroperitoneal. These meehanisms are signifieant throughout the sub- 
diaphragmatie gut, but are predominant in the small and large intestine. 
All serous membranes may vary their thiekness, lines of refleetion, 
disposition, 'spaee' enelosed and their ehannels of communication, by 
a proeess of areal and thiekness growth on one aspeet, eombined with 
eavitation (leading to expanding embryonie reeess formation) on the 
other. 

Although all of the gut tube and its derived glands are assoeiated 
with mesenteries formed as deseribed above, the nomenclature for 
some portions of the gut and glands is different. Thus, the mesenteries 
of the stomaeh are ealled omenta and the refleetions of peritoneum 
around the liver, which develop from a confluence of splanchnopleuric, 
somatopleuric and septum transversum-derived portions, are ealled 
ligaments. 

The movements of the developing viseera within the peritoneal 
eavity occur with assoeiated movements of the mesothelia that sur- 
round them. The deseriptions of peritoneal eavity development that 
follow are thus deseribing a sequence of ehanges that affeet a complex 
spaee and its boundaries. 


Mesenteries of the developing gut 


The eervieothoraeie oesophagus develops between the perieardioperito- 
neal eanals. It is eneased in prevertebral, retrotraeheal and retroeardiae 
mesenehyme. As the perieardioperitoneal eanals expand with the devel- 
oping lung buds, and the diaphragm forms immediately below them; 
the oesophagus, at this level, has no tme dorsal or ventral mesentery. 
At superior and intermediate thoraeie levels, parts of the lateral aspeets 
of the oesophagus are elosely related to the seeondary, mediastinal, 
parietal pleura. In the lower thorax, the oesophagus inelines ventrally 
anterior to the deseending thoraeie aorta. The dorsocaudally sloping 
midline diaphragm between oesophageal and aortie orifiees may be 
homologized with part of a dorsal meso-oesophagus, and is used in 
that context in deseriptions of diaphragmatie development. A ventral 
midline diaphragmatie strip may also be eonsidered to be a derivative 
of a ventral meso-oesophagus; however, this region is more usually 
thought of as septum transversum. 

The alimentary tube, from the diaphragm to the start of the rectum, 
initially possesses a sagittal dorsal mesentery. Its line of continuity with 
the dorsal parietal peritoneum (i.e. its 'root' or 'line of refleetion') is, 
initially, also midline. 

The abdominal foregut, from the diaphragm to the future hepato- 
panereatie duodenal papilla, also has a ventral mesentery. This extends 
from the ventrolateral margins of the abdominal oesophagus and as yet 
unrotated' primitive stomaeh and proximal duodenum, eranially to the 
future diaphragm and anteriorly to the ventral abdominal wall (to the 
level of the eranial rim of the umbilicus). Caudally, between umbilicus 
and duodenum, it presents a ereseentie free border. 

The midgut and hindgut have no ventral mesentery; thus, the pleural 
and supra-umbilical peritoneal eavities are, initially and transiently, 
bilaterally symmetrieal above the umbilicus. Below the umbilicus, the 
peritoneal eavity is freely continuous aeross the midline ventral to the 
gut (see Fig. 60. 5A). 

Foregut mesenteries 


The ventral and dorsal foregut mesenteries are relatively large eompared 
with the slender endodermal tubes they enease; they are eomposed 
of mesenehyme sandwiched between two layers of splanchnopleuric 
eoelomie epithelium. A complex series of reeesses develop in the 
splanchnopleuric mesenehyme and beeome confluent. As a result of 
foregut rotation, differential growth of the stomaeh, liver, panereas 
and spleen, and the eompletion of the diaphragm, the territories of 
the greater sae and lesser sae (omental bursa) are delimited, and the 
mesenterie complexes of these organs (omenta and 'ligaments') are 
defined (see Figs 60.6-60.7). 

Consequences of rotation of the stomaeh 

A number of proeesses occur concurrently, which, conceptually, ean be 
visualized as the movement of the right pleuroperitoneal eanal to a 
position posterior to the stomaeh, such that its eomimmieation with 
the remainder of the peritoneal eavity is reduced. These proeesses 
include the differential growth of the walls of the stomaeh, the forma- 
tion and speeifie loeal extension of the omenta (dorsal and ventral 
mesogastria), and the growth of the liver and, partiailarly, of the vessels 
and ducts that enter and leave the liver. These developments permit 
stomaeh expansion both anteriorly and posteriorly when food is 
ingested, and free movement of peristalsis. The right pleuroperitoneal 
eanal forms a diserete region of the peritoneal eavity, the lesser sae, and 
the remaining left pleuroperitoneal eanal and the remainder of the 
peritoneal eavity form the greater sae. The entranee to the original right 
pleuroperitoneal eanal (lesser sae) beeomes reduced in size. It is ealled 
the epiploie foramen, foramen of Winslow, or the aditus of the omental 
bursa (bursa omentalis). 

Early stages of lesser sae development 


The lesser sae is first indieated by the appearanee of multiple elefts 
in the para-oesophageal mesenehyme on both left and right aspeets 
of the oesophagus. Although they may beeome confluent, the left elefts 
are transitory and soon atrophy. The right elefts merge to form the 
right pneumatoenteric reeess that extends from the oesophageal end of 
the lesser curvature of the stomaeh as far as the caudal aspeet of the 
right lung bud. At its gastrie end, it eomimmieates with the general 
peritoneal eavity and lies ventrolateral to the gut; more rostrally it 
lies direetly lateral to the oesophagus. It is not, as eommonly stated, 
a simple progressive excavation of the right side of the dorsal 
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Fig. 60.7 A-C, Stages of development of the siibdiaphragmatie foregut and the right and left pericardioperitoneal/pleuroperitoneal eanals, with particular 
referenee to the terminal oesophagus, stomaeh, duodenum, spleen, the lesser sae of the peritoneum and the omenta, seen in semieoronal seetion (left 
column) and transverse seetion at the levels indieated by the arrows (right column). D-E, The lesser sae and dorsal and ventral mesogastria. 


mesogastrium. The right pneumatoenteric reeess undergoes hirther 
extension, subdivision and modifieation (see Fig. 60.7 A(i), B(i)). 
From its caudal end, a seeond proeess of eleft and eavity formation 
occurs, which produces the hepatoenterie reeess. This thins and 
expands the splanchnopleure between the liver and the stomaeh and 
proximal duodenum, and reaehes the diaphragm (see Fig. 60.7A(i), 
C(i)). The resulting, structurally bilaminar, mesenterie sheet is the 
lesser omentum. It is derived, eranially to caudally, from the small 


meso-oesophagus; the much larger ventral mesogastrium, and the 
most caudal free border, is from the ventral mesoduodenum. As dif- 
ferential growth of the duodenum occurs, the biliary duct is reposi- 
tioned and most of the duodenum beeomes sessile. The duodenal 
attaehment of the free border and a continuous neighbouring strip of 
the lesser omentum beeome eonfined to the upper border of a short 
segment of its superior part. The eontrasting growth and positioning of 
its attaehed viseera cause the free border to ehange gradually from the 











































































































































Peritoneal eavity 


horizontal to the vertieal. It earries the bile duct portal vein and 
hepatie artery, and its hepatie end is refleeted around the porta hepatis. 
An alternative name for this part of the lesser omentum is the hepa- 
toduodenal ligament; it forms the anterior wall of the epiploie 
foramen. The floor of the foramen is the initial segment of the superior 
part of the duodenum, its posterior wall is the peritoneum eovering 
the immediately subhepatic part of the inferior vena eava, and its roof 
the peritonealized caudate proeess of the liver. The major part of the 
lesser omentum from the lesser gastrie curvature passes in an approxi- 
mately eoronal plane to reaeh the floor of the inereasingly deep groove 
for the ductus venosus on the hepatie dorsum; this part is sometimes 
ealled the hepatogastrie ligament. 

Ligaments of the liver 

The liver is precociously large during development because of its early 
role in haemopoiesis. Thus, the liver mass projeets into the abdominal 
eavity with equal growth on the two sides of the peritoneal eavity. The 
ligaments assoeiated with the liver develop from the ventral mesogas- 
trium - which passes from the foregut to the ventral abdominal wall, 
down to the eranial rim of the intestinal portal - and from the reflee- 
tions of peritoneum from the liver to the diaphragm. 

The medial portions of the germinative eoelomie epithelial walls, 
eontaining splanchnopleuric mesenehyme, septum transversum mesen- 
ehyme and developing liver, constitute the early ventral mesogastrium 
(see Fig. 60.5). The mesenehyme between these layers is continuous 
superiorly with the septum transversum mesenehyme of the diaphragm. 
The eoelomie epithelial layers of the ventral mesogastrium almost touch 
anterior and posterior to the liver, and are separated by a slender lamina 
of mesenehyme. They form the faleiform ligament and the lesser 
omentum, respeetively, and where they are in eontaet with the liver 
direetly, they form viseeral peritoneum (see Fig. 60.7D). 

When the diaphragm is formed above the liver, loeal eavities eoalesee 
and open into the general eoelomie eavity as extensions of the greater 
(and lesser) saes. In this way, almost all the ventrosuperior, viseeral and 
some of the posterior aspeets of the liver beeome peritonealized. The 
proeess of extending the greater sae continues over the right lobe and 
stops when the future superior and inferior layers of the eoronary liga- 
ment and the right triangular ligament are defined. Those, plus a medial 
boundary provided by an extension of the lesser sae, enelose the 'bare 
area' of the liver, where loose areolar tissue of septum transversum 
origin persists. Later in development, when the haemopoietie fhnetion 
of the liver deelines, the left lobe beeomes relatively smaller than the 
right; this, presumably, accounts for the smaller size of the left triangu- 
lar ligament. 

Where the superior layers of the eoronary and left triangular liga- 
ments meet, they continue as a (bilaminar) ventral mesentery attaehed 
to the ventrosuperior aspeets of the liver. Its somewhat arehed umbilico- 
hepatie free caudal border earries the left umbilical vein. As the ventral 
body wall develops, this faleiform ligament, which initially attaehes to 
the early eranial intestinal portal, is drawn to the diminishing eranial 
rim of the umbilicus. It may be eonsidered the final ventral part of the 
ventral mesogastrium, although its free border has a ventral mesoduo- 
denal origin. Its passage to the ventral body wall beeomes inereasingly 
oblique, curved and faleiform (siekle-shaped) as the umbilicus beeomes 
more defined. 

In the early embryo, the eonneetion between one perieardioperito- 
neal eanal and the other was direetly aeross the ventral surface of the 
eranial midgut, immediately caudal to the developing primitive ventral 
mesogastrium. By stage 14, the passage from one side of the faleiform 
ligament to the other neeessitates passing below the greatly enlarged 
liver, or the curved lower edge of the faleiform ligament, or the lesser 
omentum. The position of the faleiform ligament is of elinieal interest 
in the neonate in diagnosing pneumoperitoneum because it is silhouet- 
ted by air on abdominal X-rays. 

Cavai fold 

The eaval fold is a linear eminenee, with divergent eranial and caudal 
ends, which passes from the upper abdominal to the lower thoraeie 
region and protmdes from the dorsal wall of the pleuroperitoneal eanal. 
Cranially, it beeomes continuous, lateromedially, with the root of the 
pulmonary anlage and pleural eoelom, the uppermost portion of the 
septum transversum mesenehyme, and the retroeardiae mediastinal 
mesenehyme. Caudally, it forms an areh with dorsal and ventral horns. 
The dorsal horn merges with the primitive dorsal mesentery and the 
mesonephrie ridge and assoeiated gonad and suprarenal (adrenal) 
gland. The ventral horn is confluent with the dorsal surface of the septal 
mesenehyme. 

Thus, the eaval fold is a zone where intestinal, mesenterie, intermedi- 
ate, hepatie, perieardial, pulmonary and mediastinal mesenehymes 


meet and blend. It provides a mesenehymal route for the upper abdom- 
inal, transdiaphragmatie and transperieardial parts of the inferior vena 
eava, and it is also prominent in the development of parts of the liver, 
lesser sae of peritoneum, and eertain mesenteries. The left fold regresses 
whereas the right fold enlarges rapidly (see Fig. 60. 7A). 

The pneumatoenteric reeess continues to expand to the right into 
the substance of the eaval fold. It stops near the left margin of the 
hepatie part of the inferior vena eava, which remains extraperitoneal 
and erosses the base of the now roughly triangular bare area of the liver 
and this new expanded line of refleetion. With closure of the pleuro- 
peritoneal eanals, the rostral part of the right pneumatoenteric reeess is 
sequestered by the diaphragm but often persists as a small serous sae 
in the right pulmonary ligament. The remaining eaval fold mesen- 
ehyme to the left of the inferior vena eava - which forms the right wall 
of the upper part of the lesser sae - beeomes eompletely invaded by 
embryonie hepatie tissue and is transformed into the caudate lobe of 
the liver. This smooth, vertieally elongated, mass projeets into the 
eavity of the lesser sae; both its posterior, and much of its anterior, 
surfaces beeome peritonealized as a result of the inereasing depth of 
the groove for the ductus venosus and the attaehment of the lesser 
omentum to its floor. 

Later stages of lesser sae development 


The lower (inferior) part of the lesser sae ean be first seen in embryos 
of 8-9 mm crown-rump length, and the early pneumatoenteric and 
hepatoenterie reeesses are well established. Progressive differential 
gastrie growth produces an elliptieal transverse seetional profile, with a 
right-sided lesser curvature, which eorresponds to the original ventral 
border of the gastrie tube. The lesser omental gastrie part of the ventral 
mesogastrium remains attaehed to this border. The greater curvature of 
the stomaeh is a new, rapidly expanding, region; its convex profile 
projeets mainly to the left, but also eranially and caudally (see Fig. 
60.7A(i), B(i), C(i)). The original dorsal border of the gastrie tube now 
traverses the dorsal aspeet of the expanding mdiment, curving along a 
line near the lesser curvature. The primitive dorsal mesogastrium is 
transiently attaehed to it, and blends with the thiek layer of compound 
gastrie mesenehyme elothing the posterior aspeet and greater curvature 
of the miniature stomaeh. Because of its thiekness, the mesenehyme 
projeets eranially, caudally and, partiailarly, to the left, beyond the 
'new' greater curvature of the endodermal lining of the stomaeh. 

The proeesses already deseribed in relation to the ventral mesenteries 
now supervene. Multiple elefts appear at various loei in the mesen- 
ehyme, and there are loeal mesenehyme to epithelial transitions. The 
groups of elefts rapidly eoalesee to form transiently isolated elosed 
spaees, which soon join with eaeh other and with the preformed upper 
part of the lesser sae; the newly formed epithelia join the eoelomie 
epithelium. In sequence, the initial loei occur in the compound poste- 
rior gastrie mesenehyme nearer the lesser curvature and along its zone 
of blending with the primitive dorsal mesogastrium; in the dorsal meso- 
duodenum; and independently, in the caudal rim, where greater curva- 
ture mesenehyme and dorsal mesogastrium blend. As these eavities 
beeome confluent and their 'reniform' expansion follows, matehes and 
then exceeds that of the gastrie greater curvature, there are several major 
sequelae. The primitive dorsal mesogastrium inereases in area by intrin- 
sie growth, and, as eavitation proeeeds, by ineorporating substantial 
contributions from the dorsal lamella separated by eleavage of the 
posterior gastrie mesenehyme; it is now ealled the seeondary dorsal 
mesogastrium (see Fig. 60.7A(ii)). The gastrie attaehment of the seeond- 
ary dorsal mesogastrium ehanges progressively. It may be regarded as a 
set of somewhat spiral lines, longitudinally disposed, that move with 
time to the left, from near the lesser curvature, towards and finally 
reaehing the definitive greater curvature. The parietal mesogastrial and 
(eleaving) mesoduodenal attaehment remains in the dorsal midline for 
a time, but it later undergoes profound ehanges. With the confluence 
of the eavities that eolleetively form the lower part of the lesser sae, its 
communication with the upper part (which eorresponds to the lesser 
gastrie curvature and right and left gastropanereatie folds) beeomes 
better defined. Ventral to the lower part of the eavity, post-eleavage 
splanchnopleure eovers the posteroinferior surface of the stomaeh and 
a short proximal segment of the duodenum. This ventral wall is eon- 
tinued beyond the greater curvature and duodenum as the splanehno- 
pleuric strip ofviseeral attaehment of the seeondary dorsal mesogastrium 
and mesoduodenum. The radial width of the strip is relatively short 
eranially (gastrie fundus) and gradually inereases along the deseending 
left part of the greater curvature. It is longest throughout the remaining 
perimeter of the greater curvature as far as the duodenum; this promi- 
nent part shows continued marginal (caudoventral and lateral) growth 
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with extended internal eavitation (its walls constitute the expanding 
greater omentum; see Fig. 60.6H). The margins of the eavity of the 
inferior part of the lesser sae are limited by the reflexed edges of the 
ventrally plaeed strata derived from the seeondary dorsal mesogastrium 
just deseribed. These eonverge to form the splanchnopleuric dorsal walf 
which is initially Tree' throughout, except at its midline dorsal root. At 
roughly mid-gastrie levels, the panereatie mdiment grows obliquely 
eneased in this dorsal wall; its tail ultimately reaehes the left limit of 
the lesser sae at the level of the junction between gastrie fundus and 
body (see Fig. 60.7C(ii)). 

Greater omentiim 

The greater omentum continues to grow, both laterally and, particularly, 
caudoventrally. It eovers and is elosely applied to the transverse meso- 
eolon, transverse eolon and inframesoeolie and infraeolie eoils of small 
intestine (see Fig. 60.6D-G). At this stage, the quadrilaminar nature of 
the dependent part of the greater omentum is most easily appreeiated. 
'Simple' mesenteries are bilaminar: they possess two mesothelial sur- 
faees derived from splanchnopleuric eoelomie epithelium, which 
enelose a eonneetive tissue eore derived from splanchnopleuric mesen- 
ehyme. In the greater omentum, the gastrie serosa eovering its postero- 
inferior surface (single mesothelium) and the anterosuperior serosa 
(single mesothelium) eonverge to meet at the greater curvature and 
initial segment of the duodenum. The resulting bilaminar mesentery 
continues caudoventrally as the 'deseending' stratum of the omentum. 
This, on reaehing the omental margins, is reflexed and now passes 
eraniodorsally to its parietal root as the 'aseending' posterior bilaminar 
stratum. The two bilaminar strata are, initially, in fairly elose eontaet 
caudally, but are separated by a fine, fluid-containing, eleft-like exten- 
sion of the lower part of the lesser sae. The posterior mesothelium of 
the posterior stratum makes equally elose eontaet with the anterosupe- 
rior surface of the transverse eolon, starting at the taenia omentalis, and 
with its transverse mesoeolon. 

Maturation of the lesser sae 


At this stage, and subsequently, it is eonvenient to designate the lower 
part of the lesser sae as eonsisting of three subregions: retrogastrie, peri- 
gastrie and greater omental (Fig. 60.7C(ii^). The names are self- 
explanatory but their eonfines are all modified by various faetors. Two 
phenomena are partiailarly prominent: namely, gastrie 'deseent' rela- 
tive to the liver, and fhsion of peritoneal layers with altered lines of 
refleetion, adhesion of surfaces and loss of parts of eavities. 

After the third month, hepatie growth, particularly of the left lobe, 
diminishes and the whole organ reeedes into the upper abdomen. 
Meanwhile, the stomaeh elongates and some deseent occurs, despite 
its relatively fixed eranial and caudal ends. This produces the angular 
flexure of the stomaeh, which persists postnatally. The eoneavity of the 
lesser curvature is now direeted more preeisely to the right; the lesser 
omentum is more exactly eoronal and its free border vertieal. Ventral 
to the liver, the free border of the faleiform ligament passes steeply 
eraniodorsally from umbilicus to liver (see disposition in the neonate 
in 7 igs 14.6-14.7). The mesenehymal dorsal wall of the lower part of 
the lesser sae, which is erossed obliquely by the growing panereas, has, 
up to this point, remained free and retained its original dorsal midline 
root. Substantial areas now fuse with adjaeent peritonealized surfaces 
of retroperitoneal viseera, the parietes, or another mesenterie sheet or 
fold. Where sheets fuse, there is a variable loss of apposed mesothelia 
and some eontimiity of their mesenehymal eores, but they remain 
surgically separable and no vascular anastomosis develops aeross the 
interzone. Above the panereas, the posterior seeondary dorsomesogas- 
trial wall of the sae beeomes elosely applied to the peritoneum 
eovering the posterior abdominal wall and its sessile organs, the dia- 
phragm, much of the left suprarenal gland, the ventromedial part of 
the upper pole of the left kidney, the initial part of the abdominal 
aorta, the eoeliae tmnk and its branehes, and other vessels, nerves 
and lymphaties. Their peritoneal surfaces fhse. However, albeit with 
some tissue loss, a single mesothelium remains eovering these stme- 
tures, interealated as a new seeondary dorsal wall for this part of the 
lesser sae. 

The panereas grows from the duodenal loop, penetrating the sub- 
stanee of the dorsal mesoduodenum and seeondary dorsal mesogas- 
trium; their mesenehymes and mesothelia initially elothe its whole 
surface, except where peritoneal lines of refleetion exist. Its posterior 
peritoneum beeomes elosely applied to that eovering all the posterior 
abdominal wall stmctures it erosses (the inferior vena eava, abdomi- 
nal aorta, splenie vein, superior mesenterie vessels, inferior mesenterie 


vein, portal vein, left renal vessels, the caudal pole of the left suprar- 
enal gland, a broad ventral band on the left kidney and various 
muscles). The intervening peritoneal mesothelia fhse and atrophy, and 
the mesenehymal eores form faseial sheaths and septa. The panereas is 
now sessile. The peritoneum eovering the upper left part of its head, 
neek and the anterosuperior part of its body forms the eentral part of 
the dorsal wall of the lesser sae. The panereatie tail remains perito- 
nealized by a persisting part of the seeondary dorsal mesogastrimn as 
it curves from the ventral aspeet of the left kidney towards the hilum 
of the spleen. The infraeolie parts of the panereas are eovered with 
greater sae peritoneum. In the greater omental subregion of the lower 
part of the lesser sae, two eontrasting forms of mesenterie adhesion 
occur. The posterior 'returning' bilaminar stratum of the omentum 
undergoes partial fhsion with the peritoneum of the transverse eolon 
at the taenia omentalis and with its mesoeolon. The layers remain 
surgically separable; no anastomosis occurs between omental and 
eolie vessels. 

The original dorsal midline attaehment to the parietes of the 
foregut dorsal mesentery is profoundly altered during the develop- 
ment of the lesser sae and its assoeiated viseera. However, despite the 
extensive areas of fhsion, virtually the whole of the gastrie greater cur- 
vature (other than a small suboesophageal area) and its topographieal 
continuation (the inferior border of the first 2-3 em of the duode- 
num) retain tme mesenterie derivatives of the seeondary dorsal mes- 
ogastrium and its eontimiation, the dorsal mesoduodenum. Although 
regional names are used to assist identifieation and deseription, it is 
important to emphasize that they are all merely subregions of one 
continuous sheet. 

The upper (oesophagophrenie) part of the lesser omentum arehes 
aeross the diaphragm. As this bilaminar mesentery approaehes the 
oesophageal hiatus, its laminae diverge, skirting the margins of the 
hiatus. They then deseend for a limited distanee and with variable 
inelination, to enelose reeiproeally shaped areas on the dorsum of the 
gastrie fundus and diaphragm. The area may be roughly triangular to 
quadrangular; it eontains areolar tissue and constitutes the bare area 
of the stomaeh or, when large, the left extraperitoneal spaee. Its right 
lower angle is the base of the left gastropanereatie fold, and its left 
lower angle reconstitutes the bilaminar mesentery. The root of the 
latter arehes downwards and to the left aeross the diaphragm and 
suprarenal gland, and gives the gastrophrenie ligament to the gastrie 
fundus. It continues to areh aeross the ventral surface of the upper 
part of the left kidney, and its layers part to reeeive the panereatie tail; 
they initially extend to the hilum of the spleen as the splenorenal liga- 
ment (see Figs 60.6C, 60.7D). The left half of this bilaminar 'liga- 
ment' provides an almost eomplete peritoneal tunic for the spleen. It 
then reunites with its fellow at the opposite rim of the splenie hilum, 
and continues to the next part of the gastrie greater curvature as the 
gastrosplenie ligament. The remaining part (perhaps two-thirds) of 
the gastrie greater curvature and its short duodenal extension provide 
attaehment for the anterior, 'deseending', bilaminar stratum of the 
greater omentum. Its returning, posterior, bilaminar stratum eontimies 
to its parietal root (which extends from the inferior limit assigned to 
the splenorenal ligament), and curves caudally and to the right along 
the anterior border of the body of the panereas, immediately eranial 
to the line of attaehment of the transverse mesoeolon. Crossing the 
neek of the panereas, the same curve is followed for a few eentimetres 
on to its head; the omental root then sharply recurves eranially and to 
the left, to reaeh the inferior border of the duodenum. Thus, it reaehes 
that part of the lesser sae provided by eleavage of the dorsal mesoduo- 
denum from the greater sae. It enters the epiploie foramen, traverses 
the epiploie eanal between the caudate hepatie proeess and proximal 
duodenum, then erosses the right gastropanereatie fold, and deseends 
behind the proximal duodenum to enter the right marginal strip 
enelosed by the greater omentum. The definitive origins of the perito- 
neum from the posterior abdominal wall are shown in the adult in 
Figures 63.1, 68.5, 63.6B. 

Peritoneum assoeiated with the 
mid- and hindgut 

It is eonvenient to eonsider the mesenteries of the small and large 
intestine after rotation and the prineipal growth patterns have been 
aehieved, and the developing panereas is beeoming retroperitoneal. 

Small intestine 

Most of the duodenal loop eneireles the head of the panereas and is 
retroperitoneal. The peritoneum prineipally eovers its ventral and 
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convex aspeets. Areas not eovered are a short initial segment of the 
superior (fìrst) part, which is more eompletely peritonealized because 
it gives attaehment to the right margins of the greater and lesser omenta; 
the sites where the transverse eolon is elosely apposed to the deseending 
(seeond) part, or where the latter is erossed by the root of the transverse 
mesoeolon; and the sites where the mesentery erosses the transverse 
(third) part, and deseends aeross the aseending (fourth) part from its 
upper extremity at the duodenojejunal flexure. These regions are illus- 
trated in the adult in Figure 63.2. In addition, one or more of up to six 
different duodenal reeesses may develop (p. 1108). 

From a mesenterie standpoint, the succeeding small intestine, from 
the duodenojejunal flexure to the ileoeaeeal junction, undergoes less 
modifieation of its embryonie form than other gut regions. Its early 
dorsal mesentery is a continuous, single (but structurally bilaminar) 
sheet, with a midline parietal attaehment (line of refleetion, or 'root'). 
The attaehment of the root beeomes an oblique narrow band from the 
left aspeet of the seeond lumbar vertebra to the eranial aspeet of the 
right saeroiliae joint (see Figs 60.6F1, 63.2). 

Aseending eolon 

The eaeernn and vermiform appendix arise as a diverticulum from the 
antimesenterie border of the caudal limb of the midgut loop; eonse- 
quently, the caecum does not possess a primitive mesocaecum. These 
regions of the gut undergo long periods of growth, often asymmetrieal, 
and their final positions, dimensions and general topography show 
eonsiderable variation. The vermiform appendix is almost wholly 
elothed with viseeral peritoneum, derived from the diverging layers of 
its rather diminutive mesoappendix. The latter should perhaps be 
regarded as a direet derivative of the primitive dorsal mesentery, and 
perhaps a similar status for the vasoilar fold of the caecum should be 
eonsidered. 

The eolonie gut retains its primitive dorsal mesentery, the mesoeo- 
lon, until the differential growth, rotation and circumabdominal dis- 
plaeement of this part of the gut tube near eompletion. Its original 
root is still vertieal in the dorsal midline, although the mesoeolon 
diverges from it widely as an ineomplete, flattened pyramid, to reaeh 
its eolonie border at the future taenia mesoeoliea. During the fourth 
and fifth months, substantial areas of the primitive mesoeolon adhere 
to, then fuse with, the parietal peritoneum. In this way, some eolonie 
segments beeome sessile while others have a shorter mesoeolon with 
an often profoundly altered parietal line of attaehment. The mesoeo- 
lon of the transverse and sigmoid segments normally persists, while 
the aseending eolon, right (hepatie) flexure and deseending eolon 
beeome sessile; the aseending or deseending, or both, eolonie seg- 
ments may also retain a mesoeolon, which varies from a loealized 
Told' to a eomplete mesoeolon. When sessile, the ventral, medial and 
lateral aspeets of the aseending or deseending eolon are elothed with 
peritoneum, and the protmsion of the viscus produces medial and 
lateral peritoneal paraeolie gutters on eaeh side. This form of apposi- 
tion to underlying stmctures (zygosis) proeeeds from the aseending 
eolon to include the right eolie (hepatie) flexure; from there, it eontin- 
ues anteroinferiorly to the left, so involving the right-sided initial 
segment of the transverse eolon. 

Transverse eolon 

The right extremity of the transverse eolon is sessile, and is separated 
by fibroareolar tissue from the anterior aspeet of the deseending 
(seeond) part of the duodenum and the eorresponding aspeet of most 
of the head of the panereas. The remainder of the transverse eolon, up 
to and including the left (splenie) eolie flexure, is almost eompletely 
peritonealized by the diverging layers of the transverse mesoeolon. 
The root of the latter reaehes the neek and whole extent of the ante- 
rior border of the body of the panereas. The long axis of the definitive 
panereas lies obliquely. The splenie eolonie flexure is eonsiderably 
more rostral than the hepatie flexure and, consequently, the root of 
the mesoeolon curves obliquely upwards as it erosses the upper 
abdomen from right to left. As it expands, the posteroinferior wall of 
the greater omental part of the lesser sae gradually eovers, and beeomes 
elosely applied to, the transverse mesoeolon and its eontained eolon, 
finally projeeting beyond the latter. Craniocaudal adherenee now 
occurs between the omental wall and the perieolonie and mesoeo- 
lonie layers. 

Deseending eolon 

The left eolie flexure reeeives much of its peritoneal eovering from the 
left extremity of the transverse mesoeolon. It is also often eonneeted 
to the parietal peritoneum of the diaphragm over the tenth and 


eleventh ribs by a phrenieoeolie ligament. The latter sometimes 
blends with a presplenie fold that radiates from the gastrosplenie liga- 
ment. The deseending eolon beeomes sessile. The proeess of fusion and 
obliteration of both aseending and deseending mesoeolons starts later- 
ally and progresses medially. 

Sigmoid eolon 

The sigmoid eolon is most variable in its length and disposition. It 
retains its dorsal mesoeolon, but the initial midline dorsal attaehment 
of its root is eonsiderably modified in its definitive state. 

Rectum 

The rectum eontimies from the ventral aspeet of the third saeral vertebra 
to its anoreetal (perineal) flexure anteroinferior to the tip of the coccyx; 
the distanee ehanges with age. All aspeets of the rectum are eneased by 
mesenehyme, and the early, dorsally plaeed, mass is named, by some 
authorities, the dorsal mesorectum. Ffowever, the latter does not form 
a tme mesentery; with progressive skeletal development, it is reduced 
to a woven fibroareolar sheet that displays patterned variations in thiek- 
ness and fibre orientation. The sheet is elosely applied to the ventral 
eoneavity of the saemm and coccyx, and eneloses numerous fibromus- 
cular and neurovascular elements. The rectum, therefore, beeomes 
sessile, and viseeral peritoneum is restrieted to its lateral and ventral 
surfaces (see Fig. 72.4). 

With the disappearanee of the postanal gut by the end of the fifth 
week, the ventrolateral peritoneum reaehes the superior surface of the 
pelvie floor musculature; this eondition persists until late in the fourth 
month. In the male, the ventral reetal peritoneum is refleeted over the 
posterior surface of the prostate, bladder trigone and assoeiated stme- 
tures. In the female, the ventral peritoneum initially reeeives a refleetion 
that eovers almost the whole posterior aspeet of the vagina, and is 
eontimied over the uterus. Subsequently, the elosely apposed walls of 
these deep peritoneal pouches fuse over much of their caudal extent, 
their mesothelia are lost, and the viseera are separated by an interven- 
ing, bilaminar (surgically separable), fibrous stratum. In the male, this 
beeomes the reetovesieal faseia and posterior wall of the prostatie 
sheath (see Fig. 72.10). In the female, it beeomes the reetovaginal 
septum between the lower part of the vagina and the rectum (see Fig. 
72.9). The proximal third of the rectum is eovered by peritoneum ven- 
trolaterally; the lateral extensions of this tunic are triangular and deep 
proximally, but taper to an acute angle by the middle third of the 
rectum. The middle third of the rectum is eovered by peritoneum only 
on its ventral surface, where it forms the posterior wall of the shallower 
reetovesieal or rectovagino-uterine pouch. The remaining rectum and 
anal eanal are extraperitoneal. 

NEONATAL PERITONEAL OAVITY 


The fully formed peritoneal eavity, although complex topographieally, 
remains a single eavity with numerous intercommunicating regions, 
pouches and reeesses (see Fig. 14.7). The only small peritoneal saes to 
separate eompletely from the main eavity are the infraeardiae bursa and 
the tunica vaginalis testis (see Fig. 72.17). 

In fetal life, the greater omental eavity extends to the internal 
aspeet of the lateral and caudal edges of the omentum. Postnatally, a 
slow but progressive fhsion of the internal surfaces occurs, with oblit- 
eration of the most dependent part of the eavity; this proeeeds ros- 
trally and, when mature, the eavity does not usually extend appreeiably 
beyond the transverse eolon. Transverse mesoeolon-greater omentum 
fhsion begins early while the umbilical hernia of the midgut has not 
returned. It starts between the right margin of the early greater 
omentum and near the root of the presumptive mesoeolon, and later 
spreads to the left. 

In the neonate, the peritoneal eavity is ovoid (see Fig. 14.6). It is 
fairly shallow from anterior to posterior because the bilateral posterior 
extensions on eaeh side of the vertebral column, which are prominent 
in the adult, are not present. Two faetors lead to the protuberance of 
the anterior abdominal wall in the neonate and infant. The diaphragm 
is flatter in the newborn, which produces a caudal displaeement of the 
viseera. The pelvie eavity is very small in the neonate, which means that 
organs that are normally pelvie in the adult, i.e. urinary bladder, ovaries 
and uterus, all extend superiorly into the abdomen (see Figs 14.7, 
72.9-72.10). The pelvie eavity is joined to the abdominal eavity at less 
of an acute angle in the neonate because there is no lumbar vertebral 
curve and only a slight saeral curve. 

The peritoneal attaehments are similar to the adult. Flowever, the 
greater omentum is relatively small; its constituent layers of peritoneum 
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may not be eompletely flised, and it does not extend much below the 
level of the umbilicus. Generally the length of the mesentery of the 
small intestine and of the transverse and sigmoid mesoeolons is greater 
than in the adult, whereas the area of attaehment of the aseending and 
deseending eolons is relatively smaller. The peritoneal mesenteries and 
omenta eontain little fat. 


SPLEEN 


The spleen appears about the sixth week as a loealized thiekening of 
the eoelomie epithelium of the dorsal mesogastrium near its eranial end 
(see Figs 60.6-60.7). The proliferating eells invade the underlying ang- 
iogenetie mesenehyme, which beeomes eondensed and vasailarized. 
The proeess occurs simultaneously in several adjoining areas, which 
soon fuse to form a lobulated spleen of dual origin (from eoelomie 
epithelium and from mesenehyme of the dorsal mesogastrium). 

The vasailar reticulum is well developed at 8-9 weeks, and eontains 
immature reticulocytes and numerous elosely spaeed, thin-walled, vas- 
cular loops. From 11 weeks, the development of the spleen has been 
deseribed in four stages: stage 0 has erythroeyte precursors, few maero- 
phages and fewer lymphoeytes; at stage I, lymphoeytes begin eoloniza- 
tion and arterial vasailar lobules are seen; at stage II, T and B 
lymphoeytes form peri-arteriolar clusters with B eells aggregated around 
the peripheral branehes of splenie arterioles and T eells eentrally; at 
stage III, before birth, the lobular arrangement is no longer diseernible 
(Steiniger et al 2007). 

From week 17, a-SMA-positive reticulum eells are found around 
arterioles. These inerease in number and form a retioilar framework 
from 20 to 23 weeks, when a primitive white pulp ean be observed 
around arterioles. By 24 weeks, T and B lymphoeytes beeome segre- 
gated, with T eells within the SMA-positive retioilar framework, and B 
eells aggregating elose to the peri-articular lymphoid sheath, where they 
form lymphoid follieles (Satoh et al 2009). 

Initially, the splenie capsule eonsists of cuboidal eells bearing eilia 
and mierovilli. The enlarging spleen projeets to the left, so that its sur- 
faees are eovered by the peritoneum of the mesogastrium on its left 
aspeet, which forms a boundary of the general extrabursal (greater) sae. 
When fhsion occurs between the dorsal wall of the lesser sae and the 
dorsal parietal peritoneum, it does not extend to the left as far as the 
spleen, which remains eonneeted to the dorsal abdominal wall by a 
short splenorenal ligament. Its original eonneetion with the stomaeh 
persists as the gastrosplenie ligament. The earlier lobulated eharaeter of 
the spleen disappears, but is indieated by the presenee of notehes on 
its upper border in the adult. 

The spleen displays various developmental anomalies, including 
eomplete agenesis, multiple spleens or polysplenia, isolated small addi- 
tional spleniculi and persistent lobulation. Asplenia and polysplenia 
are assoeiated with other anomalies, espeeially those involving the 
eardiae and pulmonary systems. Aeeessory spleens are very eommon in 
neonates, loeated in the greater omentum. At birth, the spleen weighs, 
on average, 13 g (see Fig. 14.6). It doubles its weight in the fìrst post- 
natal year and triples it by the end of the third year. 



The suprarenal (adrenal) cortex is formed during the seeond month by 
a proliferation of the eoelomie epithelium. Cells pass into the underly- 
ing mesenehyme between the root of the dorsal mesogastrium and the 
mesonephros (see Fig. 17.11). The proliferating tissue, which extends 
from the level of the sixth to the twelfth thoraeie segments, is soon 
disorganized dorsomedially by invasion of neural erest eells from 
somite levels 18-24, which form the medulla, and also by the develop- 
ment of venous sinusoids. The latter are joined by eapillaries, which 
arise from adjaeent mesonephrie arteries and penetrate the cortex in a 
radial manner. When proliferation of the eoelomie epithelium stops, 
the cortex is enveloped ventrally, and later dorsally, by a mesenehymal 
capsule that is derived from the mesonephros. The subcapsular nests of 
eortieal eells are the mdiment of the zona glomemlosa; they proliferate 
eords of eells that pass deeply between the eapillaries and sinusoids. 
The eells in these eords degenerate in an erratie fashion as they pass 
towards the medulla, beeoming gramilar, eosinophilie and, ultimately, 
autolysed. These eords of eells constitute the fetal cortex, which under- 
goes rapid involution during the fìrst 2 years after birth. The faseioilar 
and reticular zones of the adult cortex are proliferated from the glomer- 
ular zone after birth. Serial ultrasound measurements of the length of 
fetal suprarenal glands at 4-week intervals from the fifteenth week of 
gestation have been published (van Vuuren et al 2012). 


The most eommon anomaly of suprarenal gland development is 
eongenital hyperplasia, which occurs in 1:5000 to 1:15,000 births. 
This eondition is caused by a group of autosomal reeessive disorders, 
in which there are defieieneies in enzymes required for the synthesis of 
eortisol. In 90% of eases, the cause is defieieney of the enzyme 
21-hydroxylase, producing an aeonmilation of 17-hydroxyprogesterone, 
which is eonverted to androgens. The levels of androgens inerease by 
several hundred times, causing female embryos and fetuses to undergo 
external genital masculinization ranging from elitoral hypertrophy to 
formation of a phallus and scrotum; masculinization of the brain has 
also been suggested. In male embryos, the levels do not cause any 
ehanges in external genitalia. Signs of androgen excess may appear in 
ehildhood with precocious masoilinization and aeeelerated growth 
(Lewis et al 1999). 

SUPRARENAL GLANDS IN THE NE0NATE 


The suprarenal glands are relatively very large at birth (see Figs 14.6C, 
72.8) and constitute 0.2% of the entire body weight, eompared with 
0.01% in the adult. The left gland is heavier and larger than the right, 
as it is in the adult. At term, eaeh gland usually weighs 4 g; the average 
weight of the two glands is 9 g (average in the adult is 7-12 g). Estima- 
tion of the suprarenal gland volume ean provide an estimate of fetal 
weight; a volume of greater than 420 mm 3 /kg is relevant in predieting 
preterm birth within 5 days of measurement ( mran et al 2012, Turan 
et al 2007). Within the first 2 weeks of postnatal life, the glands shrink 
to normal infantile size. The average weight of both glands is 5 g by the 
end of the seeond week, and 4 g by 3 months; gland birth weight is not 
regained until puberty. This rapid involution of the glands occurs 
regardless of gestational age. It is thought that parturition is the stimu- 
lus for suprarenal involution (Ben-David et al 2007). The cortex of the 
suprarenal gland is thieker than in the adult and the medulla of the 
gland is small. With normal involution, the fetal zone eells of the post- 
natal gland beeome smaller and they assume the appearanee and organ- 
ization typieal of zona faseioilata. 


INFERI0R VENA CAVA, P0RTAL CIRCULATI0N 
AND UMBILICAL VESSELS 


INFERI0R VENA CAVA 


The inferior vena eava of the adult is a eomposite vessel that develops 
on the posterior abdominal wall dorsal to the developing peritoneal 
eavity. It forms as a consequence of the temporal remodelling of suc- 
eessive venous complexes (see Fig. 13.4). The preeise mode of develop- 
ment of its postrenal segment (caudal to the renal vein) is still somewhat 
uncertain. Its fimetion is initially earried out by the right and left post- 
eardinal veins (Fig. 60.8; see also Fig. 13.4), which reeeive the venous 
drainage of the lower limb buds and pelvis, and mn in the dorsal part 
of the mesonephrie ridges, reeeiving tributaries from the body wall 
(intersegmental veins) and from the derivatives of the mesonephroi. It 
should be remembered that deseriptions of venous development are 
very largely based on studies on animals, where the dimensions and 
final disposition of viseeral organs differ from those found in humans. 
Many of the ehanges seen in the development of the infrahepatie eaval 
and azygos systems in the human may result from lateral to medial 
movement of the vessels as a consequence of the growth of the abdomi- 
nal viseera (Hikspoors et al 2015). 

The early posteardinal veins eomimmieate aeross the midline via an 
interposteardinal anastomosis. This remains as an oblique transverse 
anastomosis between the iliae veins, and beeomes the major part of the 
definitive left eommon iliae vein. It diverts an inereasing volume of 
blood into the right longitudinal veins, which accounts for the ultimate 
disappearanee of most of those on the left. 

The supracardinal veins reeeive the larger venous drainage of the 
growing body wall. The right supracardinal vein persists and forms 
the greater part of the postrenal segment of the inferior vena eava. The 
continuity of the vessel is maintained by the persistenee of the anasto- 
mosis between the right supracardinal and the right subcardinal in the 
renal eollar. The left supracardinal disappears, but some of the renal 
eollar formed by the left supracardinal-subcardinal anastomosis per- 
sists in the left renal vein. Both supracardinal veins drain eranially into 
the subcardinal veins. On the right side, the subcardinal vein eomes 
into intimate relationship with the liver. An extension of the vessel takes 
plaee in a eranial direetion and meets and establishes eontimiity with 
a eorresponding new formation that is growing caudally from the right 












Inferior vena eava, portal circulation and umbilical vessels 


Braehioeephalie veins 


A 




Internal jugular veins 



Posteardinal vein 


Superior 
vena eava 

Azygos vein 


Remains of intersubcardinal 
anastomosis (renal eollar) 


Left supracardinal vein 
Oblique transverse anastomosis 


o Posteardinal vein 


O 


O 


O 


O 


Supracardinal vein (thoracolumbar line vein) 
Azygos line vein (medial sympathetie line vein) 
Subcardinal vein 

Hepatie segmentof inferior vena eava 
(and right vitelline vein) 

Subhepatic segmentof IVC 



Superior 
intereostal vein 


Oblique vein 
and ligament 
of left atrium 

IVC hepatie 
segment 

IVC subhepatic 
segment 

Hemiazygos vein 


IVC subcardinal 
segment 

Left supra renal vein 


Leftrenal vein 


Left gonadal vein 

IVC supracardinal 
segment 

Common iliae veins 


Fig. 60.8 The inferior vena eava (IVC) develops vvithin the posterior abdominal wall. It is a eomposite vessel formed by temporal remodelling of 
successive somatie venous anastomoses. A, The progressive asymmetry of the developing venous system. B, The definitive venous arrangement. (For 
early venous development, see Fig. 13.4.) 


vitelline hepatoeardiae (eommon hepatie) vein. In this way, on the right 
side, a more direet route is established to the heart and the prerenal 
(eranial) segment of the inferior vena. In smnmary, the inferior vena 
eava is formed from below upwards by the confluence of: the eommon 
iliae veins, a short segment of the right posteardinal vein, the 
postcardinal-supracardinal anastomosis, part of the right supracardinal 
vein, the right supracardinal-subcardinal anastomosis, right subcardi- 
nal vein, a new anastomotie ehannel of double origin (the hepatie 
segment of the inferior vena eava), and the eardiae termination of the 
right vitelline hepatoeardiae vein (eommon hepatie vein). 

Only the supracardinal part of the inferior vena eava reeeives 
intersegmental venous drainage. The postrenal (caudal) segment of the 
inferior vena eava is on a plane that lies dorsal to the plane of the 
prerenal (eranial) segment. Thus, the right phrenie, suprarenal and 
renal arteries, which represent persistent mesonephrie arteries, pass 
behind the inferior vena eava, whereas the testicular or ovarian artery, 
which has a similar developmental origin, passes anterior to it. 

In some animals, the right posteardinal vein constitutes a large part 
of the postrenal segment of the inferior vena eava. In these eases, the 
right ureter, on leaving the kidney, passes medially dorsal to the vessel 
and then, curving round its medial side, erosses its ventral aspeet. 
Rarely, a similar eondition is found in humans, and indieates the per- 
sistenee of the right posteardinal vein and failure of the right supracar- 
dinal to play its normal part in the development of the inferior vena 
eava. 

PORTAL CIRCULATI0N 


The heart first differentiates in splanchnopleure that, after head-fold 
formation, forms the dorsal wall of the primitive perieardial eavity 
(floor of the rostral foregut) and may, therefore, be eonsidered a highly 
speeialized vitelline vascular derivative. At the caudal extremity of the 
splanchnopleuric gut tube (the future lower rectum and upper anal 
eanal), the vitelline venous drainage makes eonneetions with the inter- 
nal iliae radieles of the posteardinal complex. 

The development of the gut occurs contemporaneously with ehanges 
to the early symmetrieal embryonie circulation (Ch. 13). A symmetrieal, 
segmental system of somatie arteries remains and supplies the body 
wall of the tmnk. The underlying arrangement of these vessels is only 
slightly modified by subsequent development. The main ehanges to the 


embryonie arrangement occur with the growth of the foregut, liver and 
paired viseera, i.e. kidneys and suprarenal glands. 

The early development of the ventral splanehnie arteries is outlined 
in Chapter 13. Three main arterial tmnks - the eoeliae tmnk, superior 
mesenterie and inferior mesenterie arteries - supply the fore-, mid- and 
hindgut, respeetively. From the gastrie terminal segment of the future 
oesophagus to the upper rectum, the developing endodermal epithe- 
lium is surrounded by splanchnopleuric mesenehyme permeated by a 
eapillary plexus that drains into an anastomosing network of veins. This 
plexus is partiailarly dense ventrally where it is assoeiated with the 
eentral midgut region; here, for a while, it reeeives a network of small 
veins from the definitive yolk sae. Later, in normal development, these 
vessels atrophy as the yolk sae diminishes. More rostrally, the splaneh- 
nopleuric eapillaries assoeiated with the foregut and upper portions of 
the yolk sae form longitudinal ehannels anterolateral to the gut and 
these beeome inereasingly well defined as the embryonie abdominal 
vitelline veins. Entering the septum transversum, the right and left vitel- 
line veins ineline slightly, beeoming parallel to the lateral aspeets of the 
gut. They establish eonneetions with eapillary plexuses in the septal 
mesenehyme, and then continue, finally curving to enter the medial 
part of the eardiae sinual horn of their eorresponding side. The parts of 
the gut elosely related to the presimial segments of the vitelline veins 
are the future subdiaphragmatic end of the oesophagus, primitive 
stomaeh, the superior (first) and deseending (seeond) regions of the 
duodenum, and the remainder of the duodenal tube. 

The prineipal aseending vitelline veins flanking the sides of the 
abdominal part of the foregut reeeive vemiles from its splanchnopleuric 
eapillaries and those of the septal mesenehyme. Within these venular 
nets, enlarged (but still plexiform) anastomoses eonneet the two vitel- 
line veins (Fig. 60.9; see Fig. 13. 1C). A subdiaphragmatic intervitelline 
anastomosis develops in the rostral septal mesenehyme, lying a little 
caudal to the eardiae sinuatrial ehamber, eonneeting the veins near their 
sinual terminations. (The ehannel is sometimes termed suprahepatic 
because of the position of the hepatie primordium; with expansion of 
the latter, it beeomes partly intrahepatie.) The presumptive duodenum 
is erossed by three transverse duodenal intervitelline anastomoses. Their 
relation to the gut tube alternates so that the most eranial, the subhe- 
patie, is ventral, the intermediate is dorsal and the caudal is ventral (Fig. 
60.9B). It has beeome customary to deseribe the paraduodenal vitelline 
veins and their assoeiated anastomoses as forming a figure eight. At this 
early stage, when left and right embryonie veins are still symmetrieal, 
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Fig. 60.9 Development of the vitelline, umbilical and terminal eardinal vein complexes: the early symmetrieal eondition. A, The early symmetrieal 
arrangement of eardinal and umbilical veins entering the sinus venosus; blood from the yolk sae passes, via vitelline veins, through anastomoses forming 
in the septum transversum mesenehyme (green). B, The developing duodenum is surrounded by transverse duodenal intervitelline anastomoses. 

Changes in the developing gut and umbilical veins cause shifts in the routes taken by venous blood flovving to the sinus venosus. 
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Fig. 60.10 Development of the vitelline, umbilical and terminal eardinal vein complexes: a mid-stage of asymmetry has been reaehed betvveen the early 
symmetrieal eondition (see Fig. 60.9) and the definitive late prenatal state. The extent of the liver vvithin the septum transversum mesenehyme is shovvn 
in green. 


the eranial duodenal anastomosis beeomes eonneeted with the subdia- 
phragmatie anastomosis by a median longitudinal ehannel, the primi- 
tive median ductus venosus, which is dorsal to the expanding hepatie 
primordium but ventral to the gut. The fhrther development of the 
vitelline veins and anastomoses is, as indieated, elosely interloeked, 
with rapid hepatie expansion and gut ehanges, and umbilical vein dis- 
position and modifieation is elosely involved. 


CHANGES IN THE VITELLO-UMBILICAL VEINS 

Progressive ehanges in the vitello-umbilical veins are rapid, profound 
and elosely linked with regional modifieations in shape and position 
of the gut, expansion and invasion of venous ehannels by hepatie tissue, 
asymmetry of the heart and eardiae venous return. The prineipal events 
are summarized in Figures 60.9-60.11. 
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From the eranial portion of the early hepatie evagination of the 
foregut intereonneeted sheets and 'eords' of endodermal eells, the pre- 
smnptive hepatoeytes, penetrate the septum transversum mesenehyme. 
Hepatie mesenehyme is eomposed of a mixed population of eells with 
endothelial/angiogenie and eonneetive tissue lineages. Capillary plex- 
uses develop within this mesenehyme and, possibly under the influence 
of the endodermal hepatie sheets, the plexuses beeome more profiise 
by fhrther addition of angioblastie septal mesenehyme, which also 
forms masses of perivascular intrahepatie haemopoietie tissue. These 
proeesses extend along the plexiform eonneetions of the vitelline, and 
later the umbilicaf veins until their intrahepatie (trans-septal) zones 
themselves beeome largely plexiform. Initially eapillary in nature, they 
transform into a mass of rather wider, irregular, simisoidal vessels with 
a discontinuous endothelium eontaining many phagoeytie eells. The 
lengths of vitelline veins involved in these proeesses are the intermedi- 
ate parts of the segments extending from the subhepatic (eranioventral 
duodenal) to the suprahepatic (subdiaphragmatic) transverse intervitel- 
line anastomoses, and the eorresponding lengths of the umbilical veins. 
Thus, at this early stage, the liver sinusoids are perfhsed by mixed blood 
reaehing them through a series of branehing vessels eolleetively ealled 
the venae advehentes, or afferent hepatie veins: they are deoxygenated 
from the gut splanchnopleure via vitelline vein hepatie terminals, and 
oxygenated from the plaeenta via hepatie terminals of the umbilical 
veins (see Fig. 60.10). Blood leaves the liver through four venae reve- 
hentes (efferent hepatie veins); two on eaeh side reaeh and open into 
their respeetive eardiae sinual horns. This full eomplement of four 
hepatoeardiae veins is only transient and beeomes reduced to one 
dominant, rapidly enlarging ehanneb The originally bilaterally sym- 
metrieal eardinal vein complexes, both rostral and caudal, develop 
transverse or oblique anastomoses so that the eardiae venous return is 
ultimately restrieted to the defìnitive right atrium. 

These eardiae and eoneomitant hepatoenterie ehanges are aeeompa- 
nied by events in supra-, intra- and subhepatic parts of the vitello- 
umbilical veins. Some vessels enlarge, persisting as defìnitive vessels to 
maturity; in plaees, they are joined later by other ehannels that beeome 
defìned in already established eapillary plexuses. Other vessels retro- 
gress, either disappearing eompletely or remaining as vestigial tags and, 
oeeasionally, vessels of fìne ealibre. Some vessels of emeial importanee 
in the circulatory patterns of embryonie and fetal life beeome obliter- 
ated postnatally and transformed to substantial fìbrous eords. Both 
right and left umbilical hepatoeardiae and the left vitelline hepatoear- 
diae veins continue, for a time, to diseharge blood into their sinual 
horns; however, they begin to retrogress (see Figs 60.9-60.10). The right 
umbilical ehannel atrophies eompletely. The left ehannels also disap- 
pear, but their eardiae terminals may, on oeeasion, be found as eonieal 


fìbrous tags attaehed to the inferior wall of the eoronary sinus. The right 
vitelline hepatoeardiae vein eontimies enlarging and, ultimately, forms 
the terminal segment of the inferior vena eava. The latter reeeives the 
right efferent hepatie veins and new ehannels draining the territories of 
the left efferent hepatie veins. These eolleetively form the upper and 
lower groups of right and (seeondary) left hepatie veins. The terminal 
eaval segment also shows the orifiee of the right half of the intervitelline 
subdiaphragmatic anastomosis, and a large new eonneetion with the 
right subcardinal vein. 

The hepatie terminals of the right and left duodenal parts of the 
vitelline veins are destined to form the eorresponding branehes of the 
hepatie portal vein, the left braneh ineorporating the eranial ventral 
intervitelline anastomosis. With rotation of the gut and formation of 
the duodenal loop, segments of the original vitelline veins and the 
caudal transverse anastomosis atrophy (indieated in Figs 60.10-60.11), 
while new splanchnopleuric venous ehannels - the superior mesenterie 
and splenie veins - eonverge and join the left end of the dorsal inter- 
mediate anastomosis. The numerous other radieles of the portal vein 
and its prineipal branehes, including the inferior mesenterie vein, are 
later formations. 

For a period, plaeental blood returns from the umbilicus via right 
and left umbilical veins, both diseharging through afferent hepatie veins 
into the hepatie sinusoids, where admixture with vitelline blood occurs. 
At approximately 7 mm crown-rump length, the right umbilical vein 
retrogresses eompletely. The left umbilical vein retains some vessels 
diseharging direetly into the sinusoids, but new enlarging eonneetions 
with the left half of the subhepatic intervitelline anastomosis emerge. 
The latter is the start of a bypass ehannel for the majority of the pla- 
eental blood, which continues through the median ductus venosus and, 
finally, the right half of the subdiaphragmatic anastomosis, to reaeh the 
termination of the inferior vena eava (see Fig. 60.11). 

The left and right hepatie portal veins and the ductus venosus are 
routinely observed in the seeond trimester ultrasound sean at the plane 
to estimate abdominal circumference (see Fig. 14.4G). 

FETAL/NEONATAL UMBILICAL VESSELS 
Umbilical arteries 


The fetal umbilical arteries are in direet continuation with the internal 
iliae arteries. Their himen is 2-3 mm in diameter at their origin, when 
distended. This narrows as they approaeh the umbilicus, where there is 
a reeiproeal thiekening of the tunica media, as a result, in particular, of 
an inerease in the number of longitudinal smooth muscle fibres and 
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SECTION 8 


DEVELOPMENT OF THE PERITONEAL OAVITY, GASTROINTESTINAL TRAOT AND ITS ADNEXAE 


Table 60.1 Key anatomieal referenee points for umbilical arterial eatheterization 


Structure 

Vertebral level 

Ductus arteriosus 

T4-5 

Coeliac artery 

T12 

Superior mesenterie artery 

T12-L1 

Renal artery 

L1 

Inferior mesenterie artery 

L3 

Aortie bifurcation 

L4-5 


elastie íìbres. Before birth, there is a proliferation of eonneetive tissue 
within the vessel wall. The umbilical vessels eonstriet in response to 
handling, stretehing, eooling and altered tensions of oxygen and earbon 
dioxide. llmbilieal vessels are muscular, but devoid of a nerve supply 
in their extra-abdominal course. After the eord is severed, the umbilical 
arteries eontraet, preventing signifieant blood loss; thrombi often form 
in the distal ends of the arteries. The arteries obliterate from their distal 
ends until, by the end of the seeond or third postnatal month, involu- 
tion has occurred at the level of the superior vesieal arteries. The proxi- 
mal parts of the obliterated vessels remain as the medial umbilical 
ligaments. 

(Jmbilieal arterial eatheterization 

Insertion of an umbilical eatheter is undertaken to provide direet aeeess 
to the arterial circulation. Arterial blood ean be withdrawn repeatedly 
for measurement of oxygen and earbon dioxide partial pressures, pH, 
base excess and many other parameters of blood bioehemistry and 
haematology. The indwelling eatheter also enables the continuous 
measurement of arterial blood pressure. 

The eatheter is inserted direetly into either the cut end or the side of 
one of the two umbilical arteries in the umbilical eord stump that 
remains attaehed to the baby after transeetion of the umbilical eord at 
the time of delivery. The eatheter tip is then advaneed along the length 
of the umbilical artery, through the internal iliae artery, into the 
eommon iliae artery and, from there, into the aorta. In order to keep 
the eatheter patent, a small volume of fluid is continuously infiised 
through it. It is important for the tip of the eatheter to be loeated well 
away from arteries branehing from the aorta, to avoid potentially 
harmffil perfiision of these arteries with the eatheter fluid. Thus, umbili- 
eal arterial eatheter tips are plaeed in the deseending aorta either in a 
'high' position, above the eoeliae artery but well below the ductus arte- 
riosus, or in a 'low' position, below the renal and inferior mesenterie 
arteries but above the point where the aorta bifiireates into the two 
eommon iliae arteries. The length of eatheter to be inserted ean be 
estimated from eharts relating the required eatheter length to external 
body measurements, or from birth weight. Positioning of the eatheter 
is assessed by means of radiographs of the abdomen or ehest: a 'high' 
eatheter tip should be loeated in the deseending aorta somewhere 
between the levels of the sixth and ninth thoraeie vertebrae (T6-9), 
while a 'low' eatheter tip should be at a level between the third and 
fourth lumbar vertebrae (L3-4). Relevant anatomieal referenee points 
are given in Table 60.1. 


llmbilieal vein 


The umbilical vein in the neonate is 2-3 em long and 4-5 mm in 
diameter when distended. It passes from the umbilicus, within the layers 
of the faldform ligament, superiorly and to the right, to the porta hepatis. 
Here, it gives off several large intrahepatie branehes to the liver and then 
joins the left braneh of the portal vein and the ductus venosus. The 
umbilical vein is thin-walled; it possesses a definite internal lamina of 
elastie fibres at the umbilical ring but not in its intra-abdominal course. 
The tunica media eontains smooth muscle fibres, eollagen and elastie 
fibres. When the eord is severed, the umbilical vein eontraets, but not 
so vigorously as the arteries. The rapid deerease in pressure in the umbili- 
eal vein after the eord is elamped means that the elastie tissue at the 
umbilical ring is sufficient to arrest any retrograde flow along the vessel. 
Before birth, there is a subintimal proliferation of eonneetive tissue. 
After birth, the eontraetion of the eollagen fibres in the tunica media 
and the inereased subintimal eonneetive tissue contribute to the trans- 
formation of the vessel into the ligamentum teres. Obliteration occurs 
from the umbilical ring towards the hepatie end. No thrombi are formed 
in the obliteration proeess. For up to 48 hours after birth, the intra- 
abdominal portion of the umbilical vein ean be easily dilated. In most 
adults, the original lumen of the vein persists through the ligamentum 
teres and ean be dilated to 5-6 mm in diameter. 

Ductus venosus 

The ductus venosus is a direet eontimiation of the umbilical vein and 
arises from the left braneh of the portal vein, direetly opposite the 
termination of the umbilical vein. It passes for 2-3 em within the layers 
of the lesser omentum, in a groove between the left lobe and caudate 
lobe of the liver, before terminating in either the inferior vena eava, or 
in the left hepatie vein immediately before it joins the inferior vena 
eava. The tunica media of the ductus venosus eontains circularly 
arranged smooth muscle fibres, an abundant amount of elastie fibres 
and some eonneetive tissue. 

The ductus venosus is already elosed in about one-third of newborn 
infants. It shuts down by an unknown meehanism. Obliteration begins 
at the portal vein end in the seeond postnatal week and progresses to 
the vena eava; the lumen has been eompletely obliterated by the seeond 
or third month after birth. The fibrous remnant of the ductus venosus 
is the ligamentum venosum. 

Llmbilieal vein eatheterization 

The umbilical vein may be eatheterized in the neonate to enable 
exchange and transffision of blood, for eentral venous pressure meas- 
urement and, usually in an emergeney, for vasailar aeeess. The eatheter 
is inserted into the cut end of the umbilical vein and is advaneed along 
the length of the vein, through the ductus venosus and into the inferior 
vena eava; the tip is plaeed between the ductus venosus and the right 
atrium. Positioning of the eatheter tip is eonfirmed radiologieally and 
it should be loeated just above the diaphragm at a point that is level 
with the ninth or tenth thoraeie vertebra (T9/T10). As with umbilical 
arterial eatheters, estimation of the required eatheter length ean be 
determined from standard eharts. 
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The anterior abdominal wall constitutes a hexagonal area defined supe- 
riorly by the eostal margins and xiphoid proeess, laterally by the mid- 
axillary line, and inferiorly by the iliae erests, pubis and pubic symphysis. 
It is continuous with the posterior abdominal wall and paravertebral 
tissues, forming a flexible sheet of skin, muscle and eonneetive tissue 
aeross the anterior and lateral aspeets of the abdomen. These tissues 
also form the umbilicus and the inguinal eanaf which eonneets the 
abdominal eavity to the scrotum in men or to the labia majora in 
women. The anterior abdominal wall maintains the shape of the 
abdomen and aids numerous physiologieal fimetions. However, its 
dysfimetion is equally notable because hernia repair is the single most 
eommon operation performed by general surgeons. 



The integument of the anterior abdominal wall eomprises skin, soft 
tissues, and lymphatie and vascular structures, as well as segmental 
nerves. The outer layer is formed from the skin and subcutaneous fat. 
The skin is non-speeialized and variably hirsute, depending on sex and 
raee. All postpubertal individuals have some extension of the pubic hair 
on to the anterior abdominal wall skin, although this is eommonly 
most pronounced in males, in whom the hair may extend almost up 
to the umbilicus in a triangular pattern. The subcutaneous fat of the 
abdominal wall is highly variable in thiekness, depending in part on 
gender and adiposity. 

SOFT TISSLIE 
Superficial faseia 


The 'superficial faseia' of the abdominal wall lies between the dermis 
and the muscles, and is eonventionally divided into a superficial fatty 
layer (Camper's faseia) and a deep membranous layer (Searpa's faseia). 
In reality, there are three layers, with a fiirther layer of adipose tissue 
deep to the membranous layer (Laneerotto et al 2011). These three 
layers are particularly well defined in the ehild. Lying within the super- 
fieial faseia are blood vessels, lymphaties, nerves and, in the region of 
the groin, superficial inguinal lymph nodes. 

Superficial adipose layer 

The superficial layer eontains a variable amount of fat that is partitioned 
by fibrous septa eonneeting the dermis with the deeper membranous 
layer. Inferiorly, it is continuous with the superficial faseia of the thigh, 
and medially, it is continuous over the linea alba. In the male, this layer 
continues over the external genitalia, where it beeomes thin and pale 
red, and eontains very little adipose tissue. In the scrotum it also eon- 
tains the smooth muscle fibres of the dartos muscle. In the female, it 
continues from the suprapubic region of the abdomen into the labia 
majora and perineum. 

Membranous layer 

The membranous layer is a variably developed entity eomposed of 
eonneetive tissue and elastie fibres. In the adult, its thiekness varies 
over the anterior abdominal wall, beeoming thinner in the upper 
abdomen (Laneerotto et al 2011). Measured histologieally, it is between 
0.5 and 1 mm thiek but it appears thieker on computed tomography 
(CT) seans (Laneerotto et al 2011, Chopra et al 2011). It is loosely eon- 
neeted to the underlying external oblique aponeurosis and rectus 
sheath by oblique fibrous septa. Superiorly, it is continuous with the 
superficial faseia over the remainder of the tmnk. In the midline, it is 


adherent to the linea alba and pubic symphysis. Inferiorly, it fhses 
with the iliae erest, extends superficial to the inguinal ligament and 
fhses with the faseia lata at the inguinal flexure or skin erease of the 
thigh. In the male, it extends on to the dorsum of the penis, forming 
part of the superficial ligament of the penis, and on to the scrotum, 
where it beeomes continuous with the membranous layer of superfi- 
eial faseia of the perineum (Colles' faseia). In the female, it eontimies 
into the labia majora and is continuous with the faseia of the 
perineum. 

In boys, the testis ean frequently be retraeted out of the scrotum into 
the loose areolar tissue between the membranous layer of superficial 
faseia over the inguinal eanal and the external oblique aponeurosis. This 
'spaee' is sometimes ealled the superficial inguinal pouch. 

Deep adipose layer 

The thiekness of the deep adipose layer is more variable than the super- 
fieial fatty layer. It is thin or absent where the membranous layer fiises 
with bony prominenees and the linea alba, and beeomes markedly 
thiek in the morbidly obese. Its adipoeytes show different metabolie 
aetivities to those in the superficial adipose layer (Chopra et al 2011). 
Liposuction preferentially removes this layer of fat with relative preser- 
vation of the superficial adipose layer in order to avoid skin dimpling 
and other skin contour irregularities (Markman and Barton 1987). 

Transversalis faseia 


The transversalis faseia is a thin layer of eonneetive tissue lying between 
the deep surface of transversus abdominis and the extraperitoneal fat. 
It is part of the general layer of thin faseia between the peritoneum and 
the abdominal wall. Posteriorly, it fiises with the anterior layer of the 
thoracolumbar faseia (p. 1083), and anteriorly, it forms a continuous 
sheet. Superiorly, it blends with the faseia eovering the inferior surface 
of the diaphragm. Inferiorly, it is continuous with the iliae and pelvie 
parietal faseiae, and is attaehed to the iliae erest between the origins 
of transversus abdominis and iliacus, and to the posterior margin of 
the inguinal ligament between the anterior superior iliae spine and the 
femoral sheath. Medial to the femoral sheath it is thin and fiised to the 
pubis behind the eonjoint tendon. An inferior extension of the trans- 
versalis faseia forms the anterior part of the femoral sheath. The faseia 
displays a diserete thiekening known as the iliopubic traet (also ealled 
the deep ernral areh), which mns parallel to the inguinal ligament 
(Leoh et al 1999); it eonsists of transverse fibres that fan out laterally 
towards the anterior superior iliae spine to blend with the iliopsoas 
faseia and mn medially behind the eonjoint tendon to the pubic bone. 
The iliopubic traet is reeognized as an important stmcture during open 
and laparoseopie inguinal hernia repair. A fiirther thiekening of the 
transversalis faseia, the interfoveolar ligament, mns inferior to the 
inguinal ligament at the medial margin of the deep inguinal ring; it 
may eontain muscle fibres. 

The transversalis faseia is prolonged as the internal spermatie faseia 
over the stmctures that pass through the deep inguinal ring (the testicu- 
lar vessels and vas (ductus) deferens in the male and the round ligament 
of the utems in the female). 

Extraperitoneal eonneetive tissue 


The extraperitoneal eonneetive tissue lying between the peritoneum and 
the faseiae lining the abdominal and pelvie eavities eontains a variable 
amount of fat. The fat is espeeially abundant on the posterior wall of 
the abdomen around the kidneys (particularly in obese men) and 
seanty above the iliae erest and in much of the pelvis. 
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Superficial vessels 


Deep vessels 


Axillary vein 


Lateral thoraeie vein 


Thoraeoepigastrie vein 



Subclavian artery and vein 


Superficial epigastrie artery and vein 


Superficial circumflex iliae artery and vein 
Superficial external pudendal artery and vein 


Long (great) saphenous vein 


Internal thoraeie artery and vein 


intereostal artery and vein 


Musculophrenic artery and vein 


Superior epigastrie artery and vein 


Subcostal artery and vein 


Inferior epigastrie artery and vein 


Deep circumflex iliae artery and vein 

External iliae artery and vein 
Femoral artery and vein 


Fig. 61.1 The blood supply of the anterior abdominal wall 


g) VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

ITnderstanding the blood supply of the abdominal wall is eritieal when 
planning ineisions, raising myocutaneous flaps and reeonstmeting the 
abdominal wall during ventral hernia repair (Fig. 61.1). 

[(*) Superior epigastrie artery and veins 

The superior epigastrie artery is a terminal braneh of the internal tho- 
raeie artery. It arises at the level of the sixth eostal eartilage and deseends 
between the eostal and xiphoid slips of the diaphragm, aeeompanied 
by two or more veins that drain to the internal thoraeie vein (see 
Fig. 61.1; Fig. 61.2). The vessels pass anterior to the lower fibres of 
transversus thoraeis and the upper fibres of transversus abdominis 
before entering the rectus sheath, where they mn inferiorly behind 
rectus abdominis. They anastomose with the inferior epigastrie arteries, 
usually above the level of the umbilicus, in one of several potential 
branehing patterns (Rozen et al 2008). 

Branehes supply rectus abdominis and perforate the anterior lamina 
of the rectus sheath to supply the abdominal skin. A braneh given off 
in the upper rectus sheath passes anterior to the xiphoid proeess of the 
sternum and anastomoses with a eorresponding eontralateral braneh. 
This vessel may give rise to bleeding during surgical ineisions that 
extend up to and alongside the xiphoid proeess. The superior epigastrie 


artery also gives small branehes to the anterior part of the diaphragm. 
On the right, small branehes reaeh the faleiform ligament, where they 
anastomose with branehes from the hepatie artery. 


Inferior epigastrie artery and veins 


The inferior epigastrie artery (often referred to as the deep inferior 
epigastrie artery in elinieal praetiee in order to distinguish it from the 
superficial (inferior) epigastrie artery) originates from the medial aspeet 
of the external iliae artery just proximal to the inguinal ligament (see 
Figs 61.1-61.2; Fig. 61.3). Its aeeompanying veins, usually two, unite 
to form a single vein that drains into the external iliae vein (Rozen et al 
2009). It curves forwards in the anterior extraperitoneal tissue and 
aseends obliquely along the medial margin of the deep inguinal ring. 
It lies posterior to the spermatie eord, separated from it by the transver- 
salis faseia. It pierees the transversalis faseia and enters the rectus sheath 
by passing anterior to the arcuate line. In this part of its course, it is 
visible through the parietal peritoneum of the anterior abdominal wall 
and forms the lateral umbilical fold. Dismption of the artery at this site 
by surgical ineisions (e.g. insertion of laparoseopie ports or abdominal 
drains) may result in a haematoma that ean expand to eonsiderable size 
because of the absenee of adjaeent tissue against which the bleeding 
ean be tamponaded. 





























































Anterior abdominal wall 


The vascular supply to the anterior abdominal wall ean be divided 
into three zones. Zone I represents the epigastrium and eentral anterior 
abdominal wall within the region of rectus abdominis, and is supplied 
by the superior and inferior epigastrie vessels. Zone II eonsists of the 
lower anterior abdominal wall below zone I and is predominantly 
supplied by the superficial epigastrie, superficial external pudendaf 
and superficial circumflex iliae arteries. Zone III is lateral to zone I and 
is supplied by the imisailophrenie, lower intereostaf subcostal and 
lumbar arteries. 

The distanee of the vertieally mnning superior and deep inferior 
epigastrie vessels from the midline is relevant to siting surgical ineisions 

(Table 61.1). 


Table 61.1 Distanees of superior and deep inferior epigastrie arteries from midline 


Level 

Left 

Right 

Xiphoid eartilage 

4.5±0.1 em 

4.4± 0.1 em 

Betvveen xiphoid and umbilicus 

5.4±0.2 em 

5.5±0.2 em 

Umbilicus 

5.6 ±0.1 em 

5.9±0.1 em 

Betvveen umbilicus and pubic symphysis 

5.3 ±0.1 em 

5.3±0.1 em 

Pubic symphysis 

7.5±0.1 em 

7.5±0.1 em 


Adapted from SaberAA, Meslemani AM, Davis R, Pimentel R 2004 Safety zones for anterior abdominal i/all 
entry during iaparoseopy: a CT sean mapping of epigastrie vessels. Ann Surg 239:182-5. 
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Fig. 61.2 The deep muscles and 
arterial supply of the anterolateral 
abdominal wall. The greater part of 
the left rectus abdominis has been 
removed to show the superior and 
inferior epigastrie vessels. 


The inferior epigastrie arteries aseend and anastomose with their 
superior counterpart without branehing in about 30% of eases 
(El-Mrakby and Milner 2002). Branehing into two vessels before anas- 
tomosis is the most eommon pattern, accounting for almost 60% of 
eases, with a triflireation being present in the remainder. The inferior 
epigastrie arteries have an average diameter of approximately 3 mm 
at their origin, eompared to an average diameter of 1.6 mm at the 
origin of the superior epigastrie arteries, presumably explaining why the 
inferior epigastrie arteries provide the 'dominant' supply to rectus 
abdominis. Preliminary ligation of the inferior epigastrie artery is often 
performed when preparing a myocutaneous flap using the mid or lower 
rectus abdominis based on the superior epigastrie artery; this encour- 
ages the augmentation of the superior epigastrie arterial supply. 

Branehes of the inferior epigastrie artery anastomose with branehes 
of the superior epigastrie artery within the rectus sheath posterior to 
rectus abdominis at a variable level above the umbilicus (Rozen et al 
2008). Other branehes anastomose with terminal branehes of the lower 
five posterior intereostaf subcostal and lumbar arteries at the lateral 
border of the rectus sheath. Inferolaterally branehes anastomose with 
the deep circumflex iliae artery. The inferior epigastrie artery aseends 
along the medial margin of the deep inguinal ring. The vas deferens in 
the male, or the round ligament in the female, passes medially after 
hooking around the artery at the deep inguinal ring. The artery forms 
the lateral border of Hesselbaeh's inguinal triangle, an important land- 
mark in laparoseopie inguinal hernia repair; the inferior border of the 
triangle is formed by the inguinal ligament, and the medial border is 
formed by the lateral margin of rectus abdominis. 

The inferior epigastrie artery also gives off the eremasterie artery, a 
pubic braneh, and muscular and cutaneous branehes. The eremasterie 
artery aeeompanies the spermatie eord in males, supplies eremaster and 
the other eoverings of the eord and anastomoses with the testicular 
artery. In females, the artery is small and aeeompanies the round liga- 
ment. A pubic braneh, near the femoral ring, deseends posterior to the 
pubis and anastomoses with the pubic braneh of the obturator artery. 
The pubic braneh of the inferior epigastrie artery may be larger than the 
obturator artery and supply most of the obturator artery territory in the 
thigh, in which ease it is referred to as the aberrant obturator artery (Pai 
et al 2009). It lies elose to the medial border of the femoral ring and 
may be damaged in medial disseetion of the ring during femoral or 


laparoseopie inguinal hernia repair or with pelvie fractures. Muscular 
branehes supply the abdominal muscles and peritoneum, and anasto- 
mose with the circumflex iliae and lumbar arteries. Cutaneous branehes 
perforate the aponeurosis of external oblique, supply the skin and 
anastomose with branehes of the superficial epigastrie artery. These 
musculocutaneous perforators have been mapped in detail because they 
are particularly important to plastie surgeons undertaking reeonstme- 
tive surgery with (myo)cutaneous flaps (Rozen et al 2008). 

Oeeasionally, the inferior epigastrie artery arises from the femoral 
artery. It then aseends anterior to the femoral vein to follow its usual 
abdominal course. Rarely, it arises from the external iliae artery in 
eommon with an aberrant obturator artery or from the obturator artery. 

The superior and inferior epigastrie arteries are important sources of 
eollateral blood flow between the internal thoraeie artery and the exter- 
nal iliae artery when aortie blood flow is eompromised. Small tributar- 
ies of the inferior epigastrie vein draining the skin around the umbilicus 
anastomose with terminal branehes of the umbilical vein draining the 
umbilical region via the faleiform ligament. These portosystemie anas- 
tomoses may open widely in eases of portal hypertension, when portal 
venous blood may drain into the systemie circulation via the inferior 
epigastrie veins. The pattern of dilated superficial veins radiating from 
the umbilicus is referred to as the 'caput medusae' 

Posterior intereostal, subcostal 
and lumbar arteries 


The tenth and eleventh posterior intereostal arteries, the subcostal 
artery, and the lumbar arteries pieree the posterior aponeurosis of trans- 
versus abdominis to enter the neurovascular plane of the abdominal 
wall deep to internal oblique (Fig. 61.4). The loeation of these arteries 
and their aeeompanying segmental nerves is of elinieal importanee 
when ereating myofaseial flaps during abdominal wall reeonstmetion. 
The arteries on either side mn forwards, giving off muscular branehes 
to the overlying internal and external oblique, before anastomosing 
with the lateral branehes of the superior and inferior epigastrie arteries 
at the lateral border of the rectus sheath (see Fig. 61.4). Perforating 
cutaneous vessels mn vertieally through the muscles to supply the 
overlying skin and subcutaneous tissue. A small contribution to the 
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Ingiiinal ligament Testicular vessels 



Fig. 61.3 A, The deep aspeet of the lower part of the anterior abdominal 
wall of the left side. The femoral and deep inguinal rings are displayed, 
together with the vessels and other structures in relation to them and also 
the opening into the obturator eanal. B, A laparoseopie view showing the 
parietal peritoneum eovering the area. Abbreviations: D, vas (ductus) 
deferens; E, external iliae vessels; H, orifiee of direet inguinal hernia; 

I, inferior epigastrie vessels; T, testicular vessels. (B, With permission from 
Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd 
ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


supply of the lower abdominal muscles eomes from branehes of the 
deep circumflex iliae arteries. 

The anterior abdominal wall is also supplied by branehes of the 
femoral artery: namely, the superfìcial epigastrie, superfìcial circumflex 
iliae, and superfìcial external pudendal arteries, and by the deep circum- 
flex iliae artery arising from external iliae artery (see Fig. 78.7A). 

Lymphatie drainage 

Superfìcial lymphatie vessels aeeompany the subcutaneous blood 
vessels immediately below the dermis ( "ourani et al 2013). Vessels from 
the lumbar and gluteal regions run with the superficial circumflex iliae 
vessels, and those from the infra-umbilical skin mn with the superfìcial 
epigastrie vessels. Both drain into superficial inguinal nodes. The supra- 
umbilical region is drained by vessels draining to axillary and paraster- 
nal nodes. 

The deep lymphatie vessels aeeompany the deeper arteries. Laterally 
they mn either with the lumbar arteries to drain into the lateral aortie 
nodes, or with the intereostal and subcostal arteries to posterior media- 
stinal nodes. Lymphaties in the upper anterior abdominal wall mn with 
the superior epigastrie vessels to parasternal nodes while those in the 


lower abdominal wall mn with the deep circumflex iliae and inferior 
epigastrie arteries to external iliae nodes. 

SEGMENTAL NERVES 


The ventral rami of the sixth to eleventh intereostal nerves, the subcostal 
nerve (twelfth thoraeie) and fìrst lumbar nerve (iliohypogastrie and 
ilioinguinal nerves) supply the muscles and skin of the anterior abdom- 
inal wall (Rozen et al 2008). The seventh to the twelfth thoraeie ventral 
rami continue anteriorly from the intereostal and subcostal spaees into 
the abdominal wall (Fig. 61.5). Approaehing the eostal margin, the 
seventh to tenth nerves curve medially aeross the deep surface of 
the eostal eartilages between the digitations of the diaphragm and 
transversus abdominis. The subcostal nerve gives a braneh to the fìrst 
lumbar ventral ramus (dorsolumbar nerve) that contributes to the 
lumbar plexus (Ch. 62). It aeeompanies the subcostal vessels along the 
inferior border of the twelfth rib, passing behind the lateral arcuate liga- 
ment and kidney and anterior to the upper part of the quadratus 
lumbomm. 

All these segmental nerves mn anteriorly within a thin layer of faseia 
in the neurovascular plane between transversus abdominis and internal 
oblique, where they braneh and intereonneet with adjaeent nerves 
(Rozen et al 2008). Muscular branehes innervate transversus abdominis 
and internal and external oblique. Cutaneous branehes supply the 
skin of the lateral and anterior abdominal walls. The thoraeie nerves 
enter the rectus sheath at its lateral margin and pass posterior to 
rectus abdominis, where they again intereomimmieate. Eaeh nerve then 
pierees rectus abdominis from its posterior aspeet and gives off muscu- 
lar branehes to this muscle (and a braneh to pyramidalis from the 
subcostal nerve), and cutaneous branehes that pieree the anterior rectus 
sheath to supply overlying skin. 

The ninth intereostal nerve supplies skin above the umbilicus, the 
tenth supplies skin that eonsistently includes the umbilicus, and the 
eleventh supplies skin below the umbilicus (see Fig. 16.10; Fig. 61.5). 
The subcostal nerve supplies the anterior gluteal skin just below the 
iliae erest, and the skin of the lower abdomen and inguinal region 
(overlapping with the L1 dermatome in this region) (Lee et al 2008). 
A typieal dermatome map of the anterior abdominal wall is shown in 
Figure 16.10. The ventral rami of the lower intereostal and subcostal 
nerves also provide sensory fibres to the eostal parts of the diaphragm 
and parietal peritoneum. 

The transversus abdominis plane (TAP) bloek is a regional anaes- 
thetie technique for abdominal surgery. Llsing ultrasound imaging guid- 
anee, loeal anaesthetie is injeeted into the neurovascular plane between 
internal oblique and transversus abdominis, targeting the segmental 
nerves of the anterolateral abdominal wall. 

Lesions of the intereostal nerves 


The anterolateral abdominal wall muscles are innervated by several 
segmental nerves and injury to a single nerve does not produce a elini- 
eally deteetable loss of muscle tone. The overlap between sequential 
dermatomes means that signifìeant cutaneous anaesthesia is appreei- 
ated only after seetioning at least two sequential nerves. 


MUSCLES 


ANTEROLATERAL MUSCLES 0F THE ABD0MEN 

Rectus abdominis, pyramidalis, external oblique, internal oblique and 
transversus abdominis constitute the anterolateral muscles of the 
abdomen. They aet together to perform a range of hmetions, some of 
which involve the generation of a positive pressure within one or more 
body eavity. Although many of these aetivities may occur with no 
'foreed assistanee', expiration, defeeation and micturition may be aided 
by the generation of a positive intra-abdominal pressure. Parturition, 
coughing and vomiting always require such a positive pressure. Under 
resting eonditions, the tone developed within the muscles provides 
support for the abdominal viseera and retains the normal contour of 
the abdomen. The consequences of diminished muscular support ean 
be seen in patients who have massive ventral hernias or eonditions like 
'pmne belly syndrome', where there is eongenital defìeieney or absenee 
of these muscles. 

Aetive eontraetion of the imiseles provides an important role in the 
maintenanee of abdominal wall tone. The eompression of the abdomi- 
nal eavity required to inerease intra-abdominal pressure is brought 
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Fig. 61.4 The arrangement of the anterolateral abdominal wall vessels at the level of the mid-abdomen. 


about mainly by eontraetion of the diaphragm. The bony pelvis, spine 
and lower thoraeie eage provide rigidity to part of the abdominal wall. 
During the generation of positive intra-abdominal pressure, the abdom- 
inal muscles aet to hold the abdominal wall in a relatively fixed posi- 
tion, rather than to generate pressure direetly; because the majority of 
the abdominal wall is muscular, the anterolateral abdominal wall 
muscles must be synchronously eontraeted to prevent displaeement of 
the viseera and the resultant loss of pressure. The oblique muscles, 
aeting through their anterior aponeuroses and the rectus sheath, provide 
the majority of this tension, although transversus abdominis and rectus 
abdominis contribute. 

The anterolateral abdominal muscles contribute little to the move- 
ments of the tmnk during normal sitting and standing; these move- 
ments are eontrolled predominantly by the paravertebral and spinal 
muscles. However, movements of the tmnk against resistanee or when 
the individual is supine require the anterolateral abdominal muscles. 
Rectus abdominis is the most important in these situations, producing 
anterior flexion of the tmnk. If the pelvie girdle is fixed, flexion of the 
thoraeie girdle occurs. With a fìxed thoraeie eage, eontraetion of rectus 
abdominis causes the pelvis to tilt and lift. Lateral flexion and rotation 
of the tmnk against resistanee is provided by unilateral eontraetion of 
the oblique muscles. 

Rectus abdominis 

Rectus abdominis is a paired, long, strap-like muscle that extends along 
the entire length of the anterior abdominal wall on either side of the 
linea alba (Fig. 61.6). It is widest in the upper abdomen. The muscle 
fibres of rectus abdominis are partially intermpted by three fìbrous 
bands or tendinous interseetions, which pass transversely or obliquely 
aeross the imisele. One is usually situated at the level of the umbilicus, 
another opposite the free end of the xiphoid proeess and a third about 
midway between the other two. They are rarely full-thickness and 
usually extend only half-way through the anterior thiekness of the 


imisele, fhsing with the fìbres of the anterior lamina of the rectus sheath. 
Oeeasionally, one or two ineomplete interseetions are present below the 
umbilicus. The interseetions may represent the myosepta delineating 
the myotomes that form the imisele. 

The medial border of eaeh rectus abdominis abuts the linea alba. Its 
lateral border may be visible on the surface of the anterior abdominal 
wall as a gently curved groove, the linea semilunaris, which extends 
from the tip of the ninth eostal eartilage to the pubic tubercle. In a 
muscular individual it is readily visible, even when the imisele is not 
aetively eontraeting, but in many normal and obese individuals it may 
be eompletely obscured. 

Attaehments Rectus abdominis arises by two tendons. The larger, 
lateral tendon is attaehed to the pubic erest and may extend beyond the 
pubic tubercle to the peetineal line. The medial tendon interlaees with 
the eontralateral muscle and blends with ligamentous fìbres eovering 
the front of the pubic symphysis. Additional fìbres may arise from the 
lower part of the linea alba. The pubic attaehment of the tendon of 
rectus abdominis and its anterior sheath mn over the anterior surface 
of the pubic symphysis and beeome continuous with the attaehments 
of graeilis and adductor longus (Norton-Old et al 2013). Superiorly, 
rectus abdominis is attaehed by three slips of muscle to the fifth, sixth 
and seventh eostal eartilages. The most lateral fibres are usually attaehed 
to the anterior end of the fifth rib; oeeasionally, this slip is absent or it 
extends to the fourth and third ribs. The most medial fibres are oeea- 
sionally eonneeted to the costoxiphoid ligaments and the side of the 
xiphoid proeess. 

Vaseillar SLipply Rectus abdominis is supplied prineipally by the 
superior and inferior epigastrie arteries, the latter being the dominant 
supply. Small terminal branehes from the lower three posterior inter- 
eostal arteries, the subcostal artery, the lumbar arteries and the deep 
circumflex iliae artery may contribute, particularly at the lateral edges 
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Fig. 61.5 The cutaneous branehes of 
the lovver intereostal and lumbar 
nerves. Portions of the muscles of 
the anterior abdominal wall have 
been removed, including most of the 
anterior layer of the rectus sheath 
and parts of rectus abdominis. 


and the lower parts of the miisele, where they anastomose with small 
lateral branehes of the epigastrie arteries. Rectus abdominis provides a 
reliable and versatile myocutaneous flap, either pedieled or free, because 
of the excellent vasailarity provided by the epigastrie vessels and 
because the muscle belly ean be separated relatively easily from its 
surrounding sheath. The upper half of the muscle may be used for 
breast reeonstmetion, and the lower half may be transposed to the 
groin and upper thigh or rotated on its lower attaehments and delivered 
into the perineum for reeonstmetion after radieal pelvie and perineal 
reseetions. 

Innervation Rectus abdominis is innervated segmentally by the ter- 
minal branehes of the ventral rami of the lower six or seven thoraeie 
spinal nerves. It may also reeeive a braneh from the ilioinguinal nerve 

(Rozen et al 2008). 

Aetions The reeti contribute to flexion of the tmnk and the mainte- 
nanee of abdominal wall tone required during straining. 

Rectus sheath 

Rectus abdominis on eaeh side is enelosed by a fibrous sheath (Figs 
61.7-61.10). The anterior portion of this sheath extends the entire 
length of the muscle and fhses with periosteum and ligaments at sites 
of the muscle's attaehments. The posterior part of the sheath is eomplete 
behind the upper two-thirds of the muscle but absent below this levef 
which eorresponds to approximately one-third of the distanee between 
the umbilicus and the pubis (Loukas et al 2008). The termination of 
the posterior rectus sheath is usually gradual but may be abmpt and 
marked by a elearly visible curved horizontal line known as the aroiate 
line (of Douglas). Below this levef rectus abdominis lies on the trans- 
versalis faseia and extraperitoneal eonneetive tissue. 

The rectus sheath is formed from the aponeuroses of all three 
lateral abdominal muscles: namely external oblique, internal oblique 
and transversus abdominis. Eaeh aponeurosis is bilaminar; the fibres 


from all three anterior leaves mn obliquely upwards, whereas the pos- 
terior leaves mn obliquely downwards at right angles to the anterior 
leaves. Above the arcuate line, the anterior rectus sheath is eomposed 
of both leaves of the aponeurosis of external oblique and the anterior 
leaf of the aponeurosis of internal oblique fhsed together. The poste- 
rior rectus sheath is eomposed of the posterior leaf of the aponeurosis 
of internal oblique and both leaves of the aponeurosis of transversus 
abdominis. Thus, both the anterior and posterior layers of the rectus 
sheath eonsist of three layers of fibres with the middle layer mnning 
at right angles to the other two. At the midline, the anterior and pos- 
terior layers are elosely approximated. Fibres from eaeh layer decussate 
to the opposite side of the sheath, forming a continuous aponeurosis 
with the eontralateral muscles. Fibres also decussate anteroposteriorly, 
erossing from the anterior sheath to the posterior sheath. The dense 
fibrous line caused by this decussation is ealled the linea alba. The 
external oblique, internal oblique and transversus abdominis muscles 
ean therefore be regarded as digastrie imiseles with a eentral tendon 
eomprising the linea alba (Rizk 1980). The deoissating fibres at the 
linea alba ean be used to identiíy the midline during surgical ineisions. 
Below the aroiate line, all three aponeuroses from the oblique and 
transversus abdominis muscles pass into the anterior rectus sheath (see 
Fig. 61.7). 

Linea alba and umbilicus 

The linea alba is a tendinous raphe extending from the xiphoid proeess 
to the pubic symphysis and pubic erest. It lies between the two reeti and 
is formed by the interlaeing and decussating aponeurotic fibres of exter- 
nal oblique, internal oblique and transversus abdominis. At its lower 
end, the linea alba has two attaehments to the pubis: superficial fibres 
are attaehed to the pubic symphysis, and deeper fibres form a triangular 
lamella that is attaehed behind rectus abdominis to the posterior 
surface of both pubic erests (adminiculum lineae albae). The fimdiform 
ligament of the penis and pyramidalis are attaehed to the suprapubic 
part of the linea alba. The linea alba is visible externally in those who 
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Fig. 61.6 Miiseles of the left side of 
the trunk. External oblique has been 
removed to show internal oblique, 
but its digitations from the ribs have 
been preserved. The sheath of rectus 
abdominis has been opened and its 
anterior layer removed. 
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Fig. 61.7 Transverse 
seetions through the 
anterior abdominal wall. 

A, Immediately above the 
umbilicus. B, Below the 
arcuate line. The bilaminar 
nature of eaeh muscular 
aponeurosis is difficult to 
illustrate in eross-seetion. 
The fibres appear to fuse 
into a single sheet during 
formation of the rectus 
sheath. Note that rectus is 
supported direetly by the 
transversalis faseia below 
the arcuate line. 


are lean and muscular, as a shallow midline groove in the anterior 
abdominal wall. Its width varies along its length: it is wider above the 
umbilicus than below, and widest at the level of the umbilicus (Rath 
et al 1996). It is wider and thinner in women, in adults aged over 
50years, and in the obese and multiparous (Naraynsingh et al 2012). 
Its tensile strength is proportional to its thiekness and density (Kore- 
nkov et al 2001). The linea alba is relatively bloodless but it is erossed 
superficially from side to side by a few small blood vessels. 

The umbilicus is a fibrous cicatrix that lies a little below the mid- 
point of the linea alba, and is eovered by an adherent area of skin. It 


eonsists of skin, a fibrous layer (representing the area of fhsion between 
the round ligament of the liver, the median umbilical ligament, and 
two medial umbilical ligaments), the transversalis faseia, the umbilical 
faseia surrounding the urachal remnant, and peritoneum ( ; athi et al 
2012). Its appearanee and position are variable ( : athi et al 2012). In 
adults, it tends to lie at a relatively lower position with advaneing age, 
in men, and in individuals with a higher body mass index. 

In the fetus, the umbilicus transmits the umbilical vessels, urachus 
and, up to the third month of gestation, the vitelline or yolk stalk. It 
eloses a few days after birth, but the vestiges of the vessels and urachus 
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Fig. 61.8 The reetiis sheath. Computed tomography sean (A) and 
diagram (B) of the anterior abdominal wall, demonstrating the formation of 
the rectus sheath above the umbilicus. The anterior rectus sheath is 
eomposed of both leaves of the aponeurosis of external oblique and the 
anterior leaf of the aponeurosis of internal oblique, fused together. 

The posterior rectus sheath is eomposed of the posterior leaf of the 
aponeurosis of internal oblique and both leaves of the aponeurosis of 
transversus abdominis. 


A 



Fig. 61.9 The rectus sheath. Computed tomography sean (A) and 
diagram (B) of the anterior abdominal wall, demonstrating the formation of 
the rectus sheath below the umbilicus. The posterior rectus sheath is 
replaeed by the transversalis faseia and extraperitoneal eonneetive tissue. 
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Fig. 61.10 The eoneept of bilaminar aponeuroses of the 
oblique and transversus abdominis muscles. Note that 
the fibres of the superficial and deep laminae are 
approximately at right angles; decussations occur as part 
of the linea alba. 
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Muscles 


remain attaehed to its deep surface. The remnant of the embryonie left 
umbilical vein forms the round ligament of the liver. The obliterated 
umbilical arteries form the medial umbilical ligaments on the under- 
surface of the anterior abdominal wall and are eovered by the medial 
umbilical folds. The partially obliterated remains of the urachus persist 
as the median umbilical ligament and fold. Both eongenital and 
acquired umbilical hernias are eommon; most ehildhood umbilical 
hernias elose spontaneously and do not require surgical repair. The 
umbilicus is the most eommon site for laparoseopie aeeess to the peri- 
toneal eavity. 

Divarieation of the reeti 

Thinning and widening of the linea alba in the upper abdomen may 
occur, most eommonly as a result of pregnaney, obesity or ehronie 
straining (Akram and Matzen 2014). Abdominal viseera protmde 
beneath the thinned tissue as a broad midline bulge, particularly when 
intra-abdominal pressure is raised, and the reeti beeome widely sepa- 
rated or divarieated. This state is not tme herniation because all the 
layers of the abdominal wall in the region are intaet. 

Pyramidalis 

Attaehments Pyramidalis is a triangular muscle that lies in front of 
the lower part of rectus abdominis within the rectus sheath. It is attaehed 
by tendinous fibres to the anterosuperior margin of the pubis and to 
ligamentous fibres in front of the symphysis. The muscle diminishes in 
size as it mns upwards, and ends in a pointed apex that is attaehed 
medially to the linea alba. This attaehment often lies midway between 
the umbilicus and pubis, but may occur higher. The muscle varies eon- 


siderably in size. It may be larger on one side than on the other, some- 
times absent on one or both sides, or rarely doubled. 

Vaseillar SLipply Pyramidalis is supplied by branehes of the inferior 
epigastrie artery. A small artery frequently erosses the midline posterior 
to the belly of the muscle to anastomose with the eontralateral vessel. 

Innervation Pyramidalis is usually supplied by the terminal branehes 
of the subcostal nerve, the ventral ramus of T12, but it may be inner- 
vated wholly or in part by fibres from L1 travelling in the subcostal or 
ilioinguinal nerves (Tokita 2006). 

Aetions Pyramidalis contributes to tensing the lower linea alba but 
is of doubtful physiologieal signifieanee. 

External oblique 

Attaehments External oblique is the largest and most superficial of 
the three anterolateral abdominal muscles (Fig. 61.11). It curves around 
the lateral and anterior parts of the abdomen and is attaehed to the 
external surfaces and inferior borders of the lower eight ribs. The attaeh- 
ments rapidly beeome muscular and interdigitate with the lower fibres 
of serratus anterior and latissimus dorsi along an oblique line that 
extends downwards and backwards. The upper attaehments are elose to 
the eartilages of the eorresponding ribs, the middle ones arise from the 
ribs at some distanee from their eartilages, and the lowest are elose to 
the apex of the eartilage of the twelfth rib. The fibres of external oblique 
diverge as they pass to their lower attaehments. Those from the lower 
two ribs pass nearly vertieally downwards and attaeh to the anterior half 
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Fig. 61.11 The left anterolateral 
abdominal wall muscles. 
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or more of the oiiter lip of the iliae erest. The middle and upper fibres 
pass downwards and forwards, and end in the anterior aponeurosis, 
whose fibres eross the midline (see above). The junction between 
muscle and aponeurosis extends along a vertieal line from the ninth 
eostal eartilage to just below the level of the umbilicus; muscle fibres 
do not usually deseend beyond a line from the anterior superior iliae 
spine to the umbilicus. External oblique has a free posterior border. 

The inguinal ligament is formed by the inferior margin of the 
aponeurosis of external oblique extending between the anterior supe- 
rior iliae spine and the pubic tubercle. The fibres of the aponeurosis of 
external oblique are not parallel to the long axis of the inguinal liga- 
ment; they approaeh the ligament obliquely at an angle of 10-20 0 and 
then turn medially to mn along the ligament to reaeh the pubic tubercle 
(Lytle 1974). The deepest fibres of the aponeurosis spread out postero- 
medially to insert into the peetineal line. 

The upper and lower rib attaehments of the muscle may be absent. 
Digitations or even the entire muscle may be duplicated. The upper 
attaehments of the muscle are sometimes continuous with peetoralis 
major or serratus anterior. 

Vaseillar Stipply External oblique is mainly supplied by branehes 
from the lower posterior intereostal and subcostal arteries above and 
the deep circumflex iliae artery below. There are additional smaller 
contributions (Sehlenz et al 1999). 

Innervation External oblique is innervated by the terminal branehes 
of the lower five intereostal nerves and the subcostal nerve from the 
ventral rami of the lower six thoraeie spinal nerves. 

Aetions External oblique contributes to the maintenanee of abdomi- 
nal tone, inereasing intra-abdominal pressure, and lateral flexion of the 
tmnk against resistanee. 

Inguinal ligament 

The inguinal ligament is the thiek lower border of the aponeurosis of 
external oblique that stretehes between the anterior superior iliae spine 
and the pubic tubercle. Its medial half is curled in on itself, forming 
the gutter-like 'floor of the inguinal eanak The ligament is not exactly 
linear but has an inferior and an anterior convexity. At its lower border, 
it is fused with the faseia lata. Laterally, it is fhsed with the iliopsoas 
faseia (Lytle 1974). At the medial end of the inguinal ligament, near 
its site of attaehment to the pubic tubercle, some of its fibres extend 
posteriorly and laterally to attaeh to the peetineal line, forming the 
triangular, shelf-like lacunar ligament. Other fibres pass upwards and 
medially behind the superficial inguinal ring and external oblique 
aponeurosis to join the rectus sheath and linea alba; these constitute 
the refleeted part of the inguinal ligament (Tubbs et al 2009). Fibres 
from both sides decussate in the linea alba. 

Internal oblique 

Attaehments Internal oblique lies deep to external oblique for most 
of its course (see Fig. 61.6). It is thinner and less bulky than external 
oblique. Its fibres are traditionally stated to arise from the lateral two- 
thirds of the inguinal ligament but, in faet, arise from the eorresponding 
length of a slightly deeper stmcture known as the iliopeetineal areh 
(Aeland 2008), a thiekened band of iliopsoas faseia that passes down- 
wards and medially from the anterior superior iliae spine to the ilio- 
peetineal eminenee of the hip bone. Further laterally, internal oblique 
is attaehed to the anterior two-thirds of the iliae erest deep to the attaeh- 
ment of external oblique. Posteriorly, some fibres are attaehed to the 
thoracolumbar faseia. The fibres originating from the posterior end of 
the iliae attaehment pass obliquely upwards and are attaehed to the 
inferior borders and tips of the lower three or four ribs and their earti- 
lages. Here, the attaehments merge with those of the internal intereostal 
muscles. The uppermost fibres form a short, free superior border. The 
fibres from the anterior end of the iliae erest diverge and end in the 
anterior aponeurosis, which gradually broadens from below upwards. 
The uppermost part of the aponeurosis is attaehed to the eartilages 
of the seventh, eighth and ninth ribs. The fibres that originate adjaeent 
to the inguinal ligament areh downwards and medially aeross the sper- 
matie eord in the male and the round ligament of the uterus in the 
female. They beeome tendinous, fhse with the eorresponding part of 
the aponeurosis of transversus abdominis, and attaeh to the pubic erest 
and medial part of the peetineal line, forming the eonjoint tendon. 

Vaseillar Slipply Internal oblique is mainly supplied by branehes 
from the lower posterior intereostal and subcostal arteries, the inferior 
epigastrie artery, and the deep circumflex iliae artery. There are several 
smaller contributions (Yang et al 2003). 


Innervation Internal oblique is innervated by the terminal branehes 
of the lower five intereostal nerves and the subcostal nerve from the 
ventral rami of the lower six thoraeie spinal nerves. In addition, it 
reeeives a small contribution from the iliohypogastrie and ilioinguinal 
nerves derived from the ventral ramus of the first lumbar spinal nerve. 

Aetions Internal oblique contributes to the maintenanee of abdomi- 
nal tone, inereasing intra-abdominal pressure, and lateral flexion of the 
tmnk against resistanee. 

Transversus abdominis 

Attaehments Transversus abdominis is the deepest of the anterola- 
teral abdominal muscles (Fig. 61.12). It is attaehed to the iliopeetineal 
areh deep to the lateral third of the inguinal ligament, the anterior two- 
thirds of the inner lip of the anterior segment of the iliae erest, the 
thoracolumbar faseia between the iliae erest and the twelfth rib, and the 
internal aspeets of the lower six eostal eartilages. The eostal attaehments 
interdigitate with those of the diaphragm. The muscle ends anteriorly 
in an aponeurosis; the lower fibres of the aponeurosis curve downwards 
and medially, together with those of the aponeurosis of internal oblique, 
and insert into the pubic erest and peetineal line to form the eonjoint 
tendon. A few muscle fibres may mn from the lower border of trans- 
versus abdominis to the inguinal ligament and reinforee the interfoveo- 
lar ligament (see above). The remainder of the aponeurosis passes 
medially and the fibres deaissate at, and blend with, the linea alba. The 
upper eostal and anterior iliae fibres of transversus abdominis are short 
and the thoracolumbar fibres are the longest. Near the xiphoid proeess, 
the aponeurosis is formed only a few eentimetres from the linea alba 
and so the muscular part of transversus abdominis extends behind 
rectus abdominis into the posterior layer of the rectus sheath. The 
medial edge of the muscle, at the origin of the aponeurosis, curves 
downwards and laterally, and is fhrthest from the lateral edge of the 
rectus sheath at the level of the umbilicus. It then oirves downwards 
and medially towards the superficial inguinal ring. 

Oeeasional defeets may occur in the lower muscular and aponeurotic 
parts of both internal oblique and transversus abdominis. The two 
muscles are sometimes fiised and, rarely, transversus abdominis may be 
absent. 

Vaseillar SLipply Transversus abdominis is supplied by branehes 
from the lower posterior intereostal and subcostal arteries, the superior 
and inferior epigastrie arteries, the superficial and deep circumflex iliae 
arteries and the posterior lumbar arteries. 

Innervation Transversus abdominis is innervated by the terminal 
branehes of the lower five intereostal nerves, the subcostal nerve and 
the iliohypogastrie and ilioinguinal nerves. These arise from the ventral 
rami of the lower six thoraeie and first lumbar spinal nerves. 

Aetions Transversus abdominis contributes mainly to the mainte- 
nanee of abdominal tone and inereasing intra-abdominal pressure. 

Oonjoint tendon 

The eonjoint tendon is formed from the lower fibres of internal oblique 
and the lower part of the aponeurosis of transversus abdominis. It is 
attaehed to the pubic erest and extends to a variable extent along the 
peetineal line (see Fig. 61.16). It deseends behind the superficial 
inguinal ring and aets to strengthen the medial portion of the posterior 
wall of the inguinal eanal. Medially, the upper fibres of the tendon fhse 
with the anterior wall of the rectus sheath, and laterally, some fibres 
may blend with the interfoveolar ligament. 

Oremaster 

Attaehments eremaster eonsists of loosely arranged muscle fasciculi 
lying along the spermatie eord or round ligament of the uterus. It is 
variable in thiekness but thiekest in young men. Together with eonnee- 
tive tissue, it forms an ineomplete eoating around the spermatie eord, 
known as the eremasterie faseia, which extends down around the testis 
deep to the external spermatie faseia. The muscle eonsists of a lateral 
part that arises mainly from the inferomedial border of internal oblique 
and transversus abdominis but also has attaehments to the middle of 
the inguinal ligament, and a medial part attaehed to the pubic tubercle, 
lateral pubic erest and the lower border of transversus abdominis; 
this part is variably developed, and may be absent (Shafik 1977). The 
longitudinal muscle fibres spread out over the spermatie eord as it 
approaehes the superficial inguinal ring. Cremaster is eomposed of both 
striated and smooth muscle fibre bundles (Kayalioglu et al 2008). 

Vaseillar Slipply eremaster is supplied by the eremasterie artery, a 
braneh of the inferior epigastrie artery. 
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Fig. 61.12 The left transversus 
abdominis. The aponeurosis of 
transversus abdominis fuses into 
the posterior layer of the rectus 
sheath above the arcuate line. The 
position of the lateral border of 
rectus abdominis is shovvn by the 
dotted vvhite line. 


Innervation eremaster is innervated by the genital braneh of the 
genitofemoral nerve, derived from the fìrst and seeond lumbar spinal 
nerves. 


Aetions Cremaster pulls the testis up towards the superficial inguinal 
ring. Although it eontains striated muscle fibres, it is not usually under 
voluntary eontrol. Stroking the skin of the medial side of the thigh 
evokes a reflex eontraetion of the mnsele, the eremasterie reflex, which 
is most pronounced in boys. It may represent a proteetive reflex. The 
eremaster may also have a role in testicular thermoregulation sinee it is 
aetivated by the eold. 

Inguinal eanal 

The inguinal eanal is a natural passageway between the muscle layers 
of the anterior abdominal wall in the region of the groin (Figs 61.13- 
61.15; see Figs 76.15, 76.16). Its size and form vary with age, and 
although it is present in both sexes, it is best developed in the male. 
The eanal is an oblique tunnel, with deep (internal) and superficial 
(external) openings or rings. It transmits the spermatie eord in males, 
the round ligament of the uterus in females, and the ilioinguinal nerve 
in both sexes. 

Superficial inguinal ring 

The superficial inguinal ring is a hiatus in the aponeurosis of external 
oblique, just above and lateral to the erest of the pubis. The ring is 
actually triangular, with its apex pointing laterally towards the anterior 
superior iliae spine. Although it varies in size, it does not usually extend 
laterally beyond the medial third of the inguinal ligament. The ring is 
smaller in the female. The base of the triangular opening lies along the 
erest of the pubis. Its sides are the lateral and medial emra of the 
opening in the aponeurosis. The lateral ems is stronger and is attaehed 
to the pubic tubercle. The medial ems is thinner and its fibres attaeh to 
the front of the pubic symphysis and interlaee with those from the 
opposite side. A few interemral fibres areh above the apex of the super- 
fieial inguinal ring (see Fig. 61.13). Some fibres from the external 
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Fig. 61.13 Superficial structures of the inguinal region and lower part of 
the anterior abdominal wall on the left side. 
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Fig. 61.14 Disseetion of the regions shovvn in Figure 61.13, vvith part of 
external oblique removed. 
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Fig. 61.15 Disseetion of the inguinal region and lovver part of the anterior 
abdominal vvall on the left side, vvith parts of external and internal oblique 
muscles removed. 


oblique aponeurosis and its overlying faseia continue downwards from 
the ernra of the ring over the spermatie eord, and form the delieate 
external spermatie faseia; consequently the 'ring appears less of a dis- 
erete opening in the living. 

Deep inguinal ring 

The deep inguinal ring is an opening in the transversalis faseia, approxi- 
mately midway between the anterior superior iliae spine and the pubic 
symphysis, and about 1 em above the inguinal ligament (Hale et al 
2010). It is ovaf with a roughly vertieal long axis. Its size varies between 
individuals but it is usually 1 -2 em wide in adults and larger in the male. 
It is related above to the arehed lower margin of transversus abdominis 
and medially to the interfoveolar ligament (see Fig. 61.16). The inferior 
epigastrie vessels mn in the medial border of the deep inguinal ring. 
Traetion on the faseial ring exerted by eontraetion of internal oblique 
may narrow the opening when intra-abdominal pressure is inereased. 
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Fig. 61.16 Deep structures of the inguinal eanal. The aponeurosis of 
external oblique has been removed. For elarity, the fibres of internal 
oblique and rectus abdominis have been divided, and the structures 
passing posteroinferiorly to the inguinal ligament have been excluded. 


Boundaries 

The inguinal eanal slants obliquely downwards and medially parallel 
to and just above the medial part of the inguinal ligament. It extends 
from the deep to the superficial inguinal rings; the length depends on 
the age of the individuaf but in the adult is between 3 and 6 em long. 
The eanal is bounded anteriorly by skin, superficial faseia and the 
aponeurosis of external oblique. In its lateral third, the anterior wall is 
reinforeed by the muscular fibres of the internal oblique just above their 
origin from the iliopeetineal areh. Posteriorly lie the refleeted inguinal 
ligament, the eonjoint tendon and the transversalis faseia, which sepa- 
rate it from extraperitoneal eonneetive tissue and peritoneum. Superi- 
orly lie the arehed fibres of internal oblique and transversus abdominis, 
forming the eonjoint tendon medially. Inferiorly is the union of the 
transversalis faseia with the inguinal ligament and, at the medial end, 
the lacunar ligament. 

In the newborn, the deep and superficial rings are nearly superim- 
posed and the eanal is extremely short. In infants undergoing inguinal 
hernia repair, the eanal is only about 1 em long (Parnis et al 1997). As 
a ehild grows, the anterior abdominal wall muscles develop fiirther, 
causing the positions of the rings to separate and the eanal to lengthen. 
The eanal beeomes progressively more oblique so that, by adulthood, 
it has separate anterior and posterior walls, ereating a 'shutter effeet. At 
the superficial ring and medial end of the anterior wall, where the eanal 
is weakest, the posterior wall is strengthened by the eonjoint tendon 
and refleeted inguinal ligament. inereases in intra-abdominal pressure 
transmitted to the posterior wall of the eanal are resisted by eontraetion 
of the three anterolateral abdominal wall muscles. The fibres of internal 
oblique and transversus abdominis, which form the eonjoint tendon, 
are eonstantly aetive in standing; this aetivity inereases during episodes 
of inereased intra-abdominal pressure. 

Relations 

The inferior epigastrie vessels are important medial relations of the deep 
inguinal ring (Fig. 61.16). They lie on the transversalis faseia as they 
aseend obliquely behind the eonjoint tendon to enter the rectus sheath. 
The inguinal triangle (of Hesselbaeh) is an important elinieal landmark 




































































































Hernias of the anterior abdominal wall 


related to the posterior wall of the inguinal eanal and is best appreeiated 
by examining the inguinal eanal region from within the abdomen 
(see Fig. 61.3). The triangle is bounded inferiorly by the medial third 
of the inguinal ligament, medially by the lower lateral border of rectus 
abdominis, and laterally by the inferior epigastrie vessels. 

Lacunar ligament 

The lacunar ligament is a triangular band of fibrous tissue lying mainly 
posterior to the medial end of the inguinal ligament. It measures 
approximately 2 em from base to apex and is a little larger in the male. 
It is formed from fibres of the medial end of the inguinal ligament 
together with fibres from the faseia lata of the thigh, which join 
the medial end of the inguinal ligament from below (Lytle 1974). The 
inguinal fibres mn posteriorly and laterally to the medial end of the 
peetineal line and are continuous with the peetineal faseia. They form 
a near-horizontaf triangular sheet with a curved lateral border, which 
forms the medial border of the femoral eanal. The apex of the triangle 
is attaehed to the pubic tubercle. A strong fibrous band, the peetineal 
ligament, extends laterally along the peetineal line from the peetineal 
attaehment of the lacunar ligament (Faure et al 2001). 

Myofaseial flaps and eomponent separation 
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HERNIAS 0F THE ANTERIOR ABDOMINAL WALL 


A wide range of anterior abdominal wall hernias are deseribed. These 
include inguinaf mnbilieafi ineisionaf para-nmbilieaf femoraf and 
rarer types such as Spigelian hernias (Larson and Farley 2002; Dabbas 
et al 2011). 

INGIJINAL HERNIA 


Although the inguinal eanal is arranged such that the weaknesses in the 
anterior abdominal wall caused by the deep and superficial inguinal 
rings are supported, the region is a eommon site of herniation, particu- 
larly in males. An inguinal hernia involves the protmsion of a viscus 
through the tissues of the inguinal region of the abdominal wall. 

indireet inguinal hernia 


An indireet inguinal hernia arises through the deep inguinal ring lateral 
to the inferior epigastrie vessels. Many indireet hernias are related to the 
abnormal persistenee of a patent processus vaginalis, a tube-like exten- 
sion of peritoneum through the inguinal eanal that is present during 
normal development and normally beeomes occluded after birth 
(p. 1215). Others are acquired as a result of progressive weakening of 
the posterior wall of the inguinal eanal in the region of the deep 
inguinal ring. The hernia may pass through the deep ring or may expand 
the deep ring such that it is no longer a elear entity. Small indireet 
hernias lie below and lateral to the fibres of the eonjoint tendon, but 
larger hernias often distort and thin the tendon superiorly. Small indi- 
reet hernias that do not protmde beyond the inguinal eanal are eovered 
by the same inner layers as the spermatie eord: namely, the internal 
spermatie faseia and eremaster. If the hernia extends through the super- 
fieial inguinal ring, it is also eovered by external spermatie faseia. In 
hernias related to a persistent fhlly patent processus vaginalis, the 
hernia eontents may deseend as far as the tunica vaginalis anterior to 
the testis. In many individuals with a partial or fully patent processus 
vaginalis, an indireet hernia will manifest in ehildhood, but in others, 
an actual hernia into the potential sae may not develop until adult life, 
often as a consequence of inereased intra-abdominal pressure or sudden 
muscular strain. 

Direet inguinal hernia 


A direet inguinal hernia arises medial to the inferior epigastrie vessels. 
Direet hernias are always caused by an acquired weakness of the 
posterior wall of the inguinal eanal (see Fig. 61.3B); as they enlarge, 
they frequently extend through the anterior wall of the inguinal 
eanal or superficial inguinal ring, beeoming eovered by external sper- 
matie faseia in the proeess. A direet inguinal hernia may elosely resem- 
ble an indireet hernia and ean be difficult to distinguish on elinieal 
examination. 


Clinical features of inguinal hernias 


indireet inguinal hernias often deseend from lateral to medial, follow- 
ing the path of the inguinal eanal, whereas direet inguinal hernias tend 
to protmde more direetly anteriorly. With the hernia reduced, pressure 
applied over the region of the deep inguinal ring may prevent the 
appearanee of an indireet hernia on standing or straining, but distin- 
guishing an indireet from a direet inguinal hernia by elinieal examina- 
tion alone is not reliable (Ralphs et al 1980, Tromp et al 2014). Direet 
hernias are more likely to have a wide neek, making strangulation less 
likely. 


UMBILICAL HERNIA 


The most extreme variety of umbilical hernia is known as an ompha- 
loeele or exomphalos, a eongenital malformation in which abdominal 
viseera, eovered by a membrane, protmde through a wide umbilical 
defeet (Fig. 61.17). The defeet arises from a failure of closure of the 
umbilical ring after return of the herniated midgut loop in the embryo. 
The most eommon variety of umbilical hernia is caused by a weakness 
of the umbilical sear tissue, and is often seen in babies, espeeially those 
of Afriean deseent. The vast majority of these will elose spontaneously 
during early ehildhood. Most umbilical hernias in adults are acquired 
as a result of stretehing of the supporting umbilical faseia and are due 
to obesity and ehronieally inereased intra-abdominal pressure (e.g. 
from multiple pregnaneies or aseites). 



FEM0RAL HERNIA 


The femoral sheath is continuous with the transversalis faseia anteriorly 
and the iliopsoas faseia posteriorly (p. 1338). The medial eompartment 
of the sheath is the femoral eanal, which typieally eontains lymphaties 
embedded in loose adipose eonneetive tissue. The opening of the eanal 
is the femoral ring, bounded anteriorly by the inguinal ligament, pos- 
teriorly by the peetineal ligament, medially by the ereseentie lateral 
margin of the lacunar ligament and laterally by the femoral vein. A 
femoral hernia protmdes through the femoral ring, which is normally 
elosed by a femoral septum of extraperitoneal tissue, and is therefore a 
site of potential weakness. In females, the ring is relatively wider and 
ehanges during pregnaney, which helps to explain why femoral hernias 
account for about 20% of all groin hernias in women but less than 1% 
of groin hernias in men (Whalen et al 2011). The ring also widens with 
advaneing age. Variations in the attaehment of the peetineal part of the 
laomar ligament may also be a faetor. 

When a tongue of omentum or a loop of intestine bulges through 
the ring, it pushes out a hernial sae of peritoneum that is eovered by 
extraperitoneal tissue (the femoral septum) and deseends within the 
femoral eanal to the saphenous opening. It is prevented from deseend- 
ing fhrther by the configuration of the femoral sheath and by the attaeh- 
ment of faseia to the inferior rim of the saphenous opening. The hernial 
sae henee turns forwards, stretehing the eribriform faseia and oirving 
upwards over the inguinal ligament within the subcutaneous tissues. 
While in the eanal, the hernia is usually small because it is eontained 
by the surrounding tissues, but it enlarges as it expands into the subcu- 
taneous tissues. 

The small size of some femoral hernias explains why they ean be 
easily missed on examination, partioilarly in the obese. They are also 
much more prone to strangulation than inguinal hernias (Whalen et al 
2011). The site of strangulation varies: it may be at the neek of the 
hernial sae, or at the saphenous opening, but is most often at the junc- 
tion of the faleiform margin of the saphenous opening with the free 
edge of the peetineal part of the inguinal ligament. When the lacunar 
ligament is being divided to release the neek of the hernia, eare must 
be taken to avoid or eontrol an aberrant obturator artery (see above). 

The pubic tubercle ean be a useful landmark when attempting to 
distinguish an inguinal from a femoral hernia; a femoral hernia lies 
below and lateral to this landmark, whilst an inguinal hernia is above. 
However, elinieal differentiation of groin hernias ean be relatively unre- 
liable (Hair et al 2001), prompting the use of imaging in suspected 
eases (Whalen et al 2011). 


SPIGELIAN HERNIA 


A Spigelian hernia is a protmsion of preperitoneal fat or a peritoneal 
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The goal of repairing massive ventral hernias lies in reapproximation 
of the rectus sheath, thereby restoring anatomy and maximizing the 
physiologieal potential of the abdominal wall. However, large faseial 
defeets often will not permit primary reapproximation without undue 
tension. Many techniques have been developed that utilize the layered 
nature of the abdominal wall mnsenlatnre, allowing additional mobi- 
lization of the faseial edges by 'releasing ineisions in myofaseial layers 
(Rosen 2011). This seetion reviews some of the more eommon teeh- 
niques. These repairs are often reinforeed with synthetie or biopros- 
thetie mesh applied in various ways: onlay (superficial to the faseia), 
sublay (within the myofaseial layers) or underlay (beneath the faseia 
and exposed to intraperitoneal eontents). 

The Ramirez technique, originally deseribed in 1990, refers to bilat- 
eral release of the external oblique muscles, which ean potentially 
provide up to 10 em, 20 em and 8 em of medial mobilization at the 
upper, mid and lower abdomen, respeetively (Ramirez et al 1990). A 
disadvantage of this technique is that, in order to aeeess and isolate the 
external oblique muscles lateral to the linea semilunaris from a midline 
ineision, large subcutaneous flaps must be raised. This proeess neees- 
sitates ligation of perforating vessels that supply the overlying subcuta- 
neous tissue, rendering the flaps vulnerable to isehaemia, neerosis and 
infeetion. In an attempt to overeome this limitation, an endoseopie 
technique was developed to aeeess the same myofaseial layer through 
smaller, lateral ineisions. This technique obviates the need for large 
subcutaneous flaps, a eompromised blood supply, and the ereation of 
a large dead spaee for potential seroma formation. While reducing the 
likelihood of wound neerosis and infeetion, the endoseopie technique 
also reduces the maximum medial advaneement by 1-2 em on eaeh 
side. When release of the external oblique layer is insufficient, an addi- 
tional 2-4 em of faseial advaneement ean be gained by simultaneous 
release of the posterior rectus sheath. 

Often, the posterior rectus sheath ean be ineised independently of 
external oblique release, allowing aeeess to the retromuscular spaee and 
providing several other options for medial advaneement. The tradi- 
tional Rives-Stoppa-Wantz technique, developed in the 1970s, involves 
ineising the posterior rectus sheath just lateral to the linea alba, allow- 
ing a retromuscular disseetion to the lateral edge of the rectus sheath. 
If this does not gain sufficient medial advaneement, fiirther extension 
ean be obtained by release of transversus abdominis (Novitsky et al 
2012). The posterior rectus sheath ean be ineised again 1-2 em medial 
to the linea semilunaris, safely preserving the laterally perforating neu- 
rovascular bundles. This release exposes the underlying transversus 
abdominis. Delieate transeetion of this muscle at its most medial inser- 
tion allows aeeess to a plane beneath transversus abdominis and super- 
fieial to the transversalis faseia, preperitoneal fat and peritoneum. This 
plane of disseetion ean be extended laterally to psoas major, inferiorly 
to the spaee of Retzius, and superiorly beneath the diaphragm. The 
same preperitoneal plane ean be entered direetly at the linea alba and 
allows for lateral disseetion, but does not provide the benefit of any 
faseial advaneement/release. 

In addition to the medial mobilization of faseia aided by myofaseial 
flaps and eomponent separations, these myofaseial planes allow for 
mesh reinforeement with extensive overlap without exposure to intra- 
peritoneal eontents (Heller et al 2012). 



Fig. 61.17 A, A neonatal exomphalos. B, A persistent umbilical hernia in a 
ehild. (A, B, Courtesy of Professor Mark Stringer.) 
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the region of the interseetion of the linea semilunaris with the arcuate 
line (Skandalakis et al 2006, Larson and Farley 2002). Below this level, 
the aponeuroses of external and internal oblique and transversus 
abdominis pass anterior to rectus abdominis and the posterior rectus 
sheath ends. A Spigelian hernia is an interstitial hernia in that the hernia 
passes through a defeet in the transversus and internal oblique aponeu- 
roses but remains deep to the overlying external oblique aponeurosis. 
It is frequently assoeiated with diagnostie delay. 

INCISI0NAL HERNIA 


ineisional hernias now eomprise as many as 20% of all anterior abdom- 
inal wall hernias. This eomplieation of abdominal laparotomy ineisions 
is due to teehnieal failures, wound infeetion, and patient-related faetors 
such as obesity, medieal eomorbidities and old age (Carlson et al 


1995). There is currently little consensus among surgeons as to the 
optimum method of repairing a large ineisional hernia and numerous 
techniques are deseribed (Cassar and Munro 2002). Needless to say, an 
understanding of abdominal wall anatomy is paramount to providing 
a durable repair without eompromising physiologieal fhnetion. 

[@ Bonus e-book images and table 

Fig. 61.17 A, A neonatal exomphalos. B, A persistent umbilical 
hernia in a ehild. 

Table 61.1 Distanees of superior and deep inferior epigastrie 
arteries from midline. 
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CHAPTER 



DEFINITIONS, BOUNDARIES AND C0NTENTS 


The posterior abdominal wall does not have an agreed uniform defini- 
tion. It represents the posterior boundary of the abdominal eavity. In 
eommon with the anterior and lateral abdominal walls, it is eomposed 
of several layers (skin, superficial faseia, muscle, extraperitoneal fat/ 
faseia and parietal peritoneum). The vertebral column and paraverte- 
bral muscles of the baek are part of the posterior abdominal walf but 
are usually not eonsidered in this context. The posterior abdominal wall 
is continuous with the posterior thoraeie wall at the posterior attaeh- 
ment of the diaphragm, with the posterior wall of the pelvis inferiorly, 
and with the anterolateral abdominal wall laterally. 

The retroperitoneum is a three-dimensional eompartment bounded 
anteriorly by the parietal peritoneum of the posterior abdominal wall 
and superiorly by the diaphragm. Inferiorly and laterally, it is continu- 
ous with the extraperitoneal eonneetive tissues lining the pelvis and 
anterolateral abdominal walf respeetively. The posterior boundary of 
the retroperitoneum is variably defined, depending on whether the 
psoas muscles and quadratus lumborum are regarded as eontents or 
boundaries of this eompartment. 

The posterior abdominal wall and the retroperitoneum are related 
but different eoneepts. The retroperitoneum is a eompartment and a 
three-dimensional spaee, a eoneept invoked when loealization, spread 
and eontainment of disease are primary eonsiderations. The posterior 
abdominal wall is a part of the parietal eoverings of abdominal viseera, 
a eoneept invoked when eonsidering posteriorly direeted surgery from 
within the abdomen, posterolateral aeeess to retroperitoneal organs 
(e.g. nephreetomy or percutaneous endoseopie renal aeeess), or else in 
eontradistinetion to the anterior abdominal wall. Advanees in eross- 
seetional imaging have promoted a better understanding of the anatomy 
of the retroperitoneum, particularly its eompartmental anatomy, and 
with it the retroperitoneum has beeome the more prevalent elinieal 
eoneept outside of speeifie surgical circumstances. 

The retroperitoneum houses the paired viseera originating from the 
embryonie extracoelomic spaee: the kidneys and ureters (Ch. 74), and 
the suprarenal glands (Ch. 71) and their vessels and nerves. It also 
houses the unpaired derivatives of the embryonie intraeoelomie gut 
tube seeondarily retroperitonealized: the duodenum (Ch. 65), the pan- 
ereas (Ch. 69), and the aseending and deseending eolon (Ch. 66) and 
their vessels and nerves. 

Attaehed to the retroperitoneum are the mesenteries of the small 
bowel (Ch. 65), transverse and sigmoid eolons (Ch. 66), and the peri- 
toneal ligaments of the liver (Ch. 67) and spleen (Ch. 70). 

The retroperitoneum eontains the abdominal aorta and branehes; 
the inferior vena eava and tributaries; the origins of the azygos and 
hemiazygos veins; the pre- and para-aortie (lumbar) lymph nodes, 
eisterna ehyli and the origin of the thoraeie duct (Ch. 56); the diaphrag- 
matie emra (Ch. 55); the lumbar plexus and lumbosacral tmnk; and 
the autonomic plexuses of the abdomen (Ch. 59). 


SKIN AND SOFT TISSUES 


The skin of the posterior abdominal wall is supplied by musculocutane- 
ous branehes of the lumbar arteries and veins, and innervated by the 
dorsal rami of the lower thoraeie and lumbar spinal nerves. However, 
the cutaneous distribution of the dorsal rami of L4 and L5 is variable 
and eontroversial (Lee et al 2008). 

In the muscular posterior abdominal wall, intermuscular faseial 
layers delineate eompartments and provide the conceptual anatomieal 
framework. In the retroperitoneum, the eompartments (the elinieal 
synonym is 'spaees') and their interrelationships provide the conceptual 
framework, particularly in eross-seetional anatomy, with the dividing 
faseiae often hard to visualize unless outlined by disease proeesses. 


TH0RAC0LUMBAR FASCIA 


The thoracolumbar faseia is eomposed of a complex arrangement of 
multiple faseial layers that is most prominent at the caudal end of the 
himbar spine (Ch. 43) (Willard et al 2012). In the himbar region, it is 
often deseribed as havingthree layers (Figs 62.1-62.3, see ?ig. 43.6). The 
posterior layer is attaehed medially to the spines of the lumbar vertebrae 
and to the supraspinous ligament; it has a superficial lamina (the 
aponeurosis of latissimus dorsi) and a deep lamina that eovers the pos- 
terior surface of the paraspinal muscles. The middle layer is attaehed 
medially to the tips of the transverse proeesses of the lumbar vertebrae 
and extends laterally behind quadratus lumborum; inferiorly, it attaehes 
to the iliae erest, and superiorly to the lower border of the twelfth rib. 
The anterior layer eovers the anterior surface of quadratus lumborum 
and is attaehed medially to the transverse proeesses of the lumbar verte- 
brae behind psoas major. Laterally, it fhses with the transversalis faseia 
and the aponeurosis of transversus abdominis. Inferiorly, it is attaehed 
to the iliolumbar ligament and adjoining iliae erest. Superiorly, it is 
attaehed to the inferior border of the twelfth rib and extends to the 
transverse proeess of the first lumbar vertebra, forming the lateral arcuate 
ligament of the diaphragm. The posterior and middle layers of the tho- 
racolumbar faseia fiise at the lateral margin of the paraspinal muscles 
(the so-ealled lateral raphe'), thereby enelosing the paraspinal imiseles 
in an osteofaseial eompartment. Although eontained in layers of thora- 
columbar faseia, the paraspinal imiseles are conceptualized as part of'the 
baek'. The aponeurosis of transversus abdominis fhses with both the 
anterior layer of thoracolumbar faseia at the lateral margin of quadratus 
lumborum and with the lateral raphe behind quadratus lumborum. 

ILI0PS0AS FASCIA 
Psoas faseia 


A relatively dense layer of faseia eovers the anterior surface of psoas 
major. Medially, it is continuous with the attaehments of the imisele to 
the transverse proeesses and bodies of the lumbar vertebrae and the 
tendinous arehes. Laterally, the faseia blends with the faseia over quad- 
ratus lumborum above and is continuous with the iliae faseia below. 
Superiorly, the faseia merges with the medial arcuate ligament, while, 
inferiorly, it extends down into the thigh around the iliopsoas tendon. 
The psoas faseia separates the anterior surface of the imisele and the 
lumbar plexus within it from the retroperitoneal structures lying ante- 
riorly. A psoas abseess, which ean arise by haematogenous seeding or 
from direet extension of infeetion from adjaeent structures (e.g. the 
spine, kidneys or eolon), often traeks along the muscle within the faseia, 
and, rarely, may 'point' in the groin. 

lliae faseia 


The iliae faseia overlies iliacus. Superiorly and laterally, it is attaehed to 
the inner aspeet of the iliae erest, and medially it blends with the ante- 
rior layer of thoracolumbar faseia over quadratus lumborum and with 
the psoas faseia. Inferiorly and laterally, it continues into the thigh to 
fhse with the femoral sheath, while medially, it is attaehed to the peri- 
osteum of the ilium and iliopubic eminenee at the pelvie brim. Both 
the femoral nerve and lateral femoral cutaneous nerve lie under the iliae 
faseia in the pelvis, where they ean be targeted for image-guided nerve 
bloeks (Hebbard et al 2011). 

VISCERAL FASCIAE 


The organization of the retroperitoneum is most easily conceptualized 
in terms of eompartments (synonym: spaees) rather than faseiae (Dodds 
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Anterior perirenal faseia fused with posterior peripanereatie faseia 


Posterior parietal peritoneum 


Aseending (fourth) part of duodenum 


Root of transverse mesoeolon 
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Anterior leaf of deseending mesoeolon 
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Fig. 62.1 eompartments and faseiae of the upper retroperitoneum (left side). A transverse seetion at approximately the level of the first lumbar vertebra, 
shovving the loeation and relations of the peripanereatie spaee. 
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Fig. 62.2 Compartments and faseiae of the mid-retroperitoneum (left 
side). A transverse seetion at approximately the level of the third lumbar 
vertebra, shovving the loeation and relations of the perirenal spaee. 


et al 1986). The faseiae boimding the eompartments limit or direet the 
spread of blood, fluid, gas or malignant disease, but are variable and 
often difficult to see with eross-seetional imaging. 

The faseial layers loeated between the posterior parietal peritoneum 
and the quadratus lumborum have been deseribed in eonfiising epony- 
mous terms in the literature. Different authors have used the same 
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Fig. 62.3 eompartments and faseiae of the lower retroperitoneum (left 
side). A transverse seetion at approximately the L4 vertebral level, 
showing the loeation and relations of the perieolie spaee. 


eponym for different faseiae; different eponyms have been used to refer 
to the same faseia. Thus, 'Gerota's faseia' has been used to refer to the 
entire perirenal faseia or to its anterior or posterior layers (Chesbrough 
et al 1989). 'Toldt's faseia' has been used to refer to the fiision faseia 
behind the aseending or deseending eolon (Culligan et al 2013), or to 
the posterior perirenal faseia, or to the fiision faseia behind the tail of 
the panereas (Kimura et al 2010). 'Zuckerkandl's faseia' has been used 
to refer to the posterior or anterior perirenal faseia (Chesbrough et al 
1989). 'Treitzs faseia' has been used to refer to the fiision faseia behind 
the head of the panereas (Kimura et al 2010). 






























































































































Muscles 


The eoneept of 'fiision faseia' deseribes a retroperitoneal faseia 
formed by the fnsion of an embryonie mesentery with embryonie retro- 
peritoneum. It is an avascular layer that allows a disseetion plane to be 
developed, and also limits the spread of disease. The retropanereati- 
coduodenal faseia and the retroeolie/retromesoeolie faseia (right and 
left) are fhsion faseias, and delimit their respeetive eompartments. They 
were first deseribed in detail by the Austrian anatomist Carl Toldt, and 
only later reported in the English literature (Congdon et al 1942). 

Traditional eompartmental anatomy of the retroperitoneum divides 
it into the anterior and posterior pararenal spaees, and the perirenal 
spaee. 'Anterior pararenal spaee' deseribes the eompartment between 
the posterior peritoneum and the anterior perirenal faseia. This is an 
oversimplifieation and is unable to explain all patterns of disease eon- 
tainment or spread. The smallest set of eompartments sufficient to 
explain most such phenomena is as follows. 

Perirenal spaee 


The paired perirenal spaee is bounded by the perirenal faseia, which 
envelops the kidney and suprarenal gland on eaeh side. Perirenal faseia 
is traditionally deseribed as having anterior and posterior layers, which 
are continuous with eaeh other laterally (see Figs 62.1-62.3; Ch. 74). 
The perirenal faseia ean usually be identified on eross-seetional imaging 
as a thin layer surrounding the kidney and suprarenal gland, separated 
from the renal capsule by a variable amount of perirenal fat. Inferiorly 
the perirenal spaee continues down around the ureter but beeomes 
progressively narrower and may or may not extend into the pelvie ret- 
roperitoneum. Medially, the two perirenal spaees may intereonneet 
anterior to the aorta and inferior vena eava (Kneeland et al 1987). The 
existence of a faseial partition separating the kidney and ipsilateral 
suprarenal gland within the perirenal faseial envelope is eontroversial 
(Amin et al 1976). 

Anterior and posterior pararenal spaees 

The anterior pararenal spaee (an oversimplifieation) refers to the region 
between the anterior layer of perirenal faseia and the posterior parietal 
peritoneum; it is not a single eompartment. On the right, it eontains 
the seeond part of the duodenum, aseending eolon and its mesentery, 
and on the left, the fourth part of the duodenum, deseending eolon 
and its mesentery (see Figs 62.1-62.3). 

The potential eompartment between the posterior layer of perirenal 
faseia and the thoracolumbar and psoas faseiae on eaeh side is the 
posterior pararenal spaee. It eontains a variable amount of fat. Faterally, 
it is continuous with the extraperitoneal (properitoneal) fat of the 
anterolateral abdominal wall, and inferiorly, with the retroperitoneal 
fat overlying iliacus and the pelvie wall, and the perivesieal fat (Coffin 
et al 2015). 

When the aseending or deseending eolon is retrorenal (an anatomi- 
eal variant), the eolon and perieolie spaee lie in a groove between the 
posterior layer of perirenal faseia and the posterior pararenal spaee. 

Peripanereatie spaee 


The peripanereatie spaee eontains the duodenum and panereas along 
with the origins of the superior mesenterie vessels and the retroperito- 
neal segments of the eommon bile duct, portal vein and hepatie artery. 
The posterior boundary is a fhsion faseia formed by fiision of the 
embryonie duodenal mesentery to the embryonie retroperitoneum 
(Dodds et al 1986). This faseia is termed 'retropanereatie' or 'retropan- 
creaticoduodenal' faseia in the imaging literature, and 'fiision faseia of 
Treitz' in the surgical literature (Kimura et al 2010). The faseia forms a 
relatively bloodless disseetion plane, used to mobilize the duodenum 
and head of the panereas. 

The lateral extent of the peripanereatie spaee is variable; it lies pos- 
terior to the aseending and deseending eolon and anterior to the peri- 
renal spaee (see Fig. 62.1). At the tail of the panereas, the peripanereatie 
spaee lies in continuity with the splenorenal ligament. Anteriorly, it is 
in eontimiity with the transverse mesoeolon and small bowel mesen- 
tery. Consequently, peripanereatie fluid eolleetions may extend into 
both mesenteries and extend posterior to the aseending and deseending 
eolon but do not usually eross into the perirenal and perieolie spaees. 

Perieolie spaees 


The aseending and deseending perieolie spaees are narrow eompart- 
ments surrounding the respeetive parts of the eolon and in continuity 


medially with the mesoeolon (see Figs 62.1-62.3). The perieolie spaees 
eontain a variable amount of fat and are limited anteriorly, superiorly 
and laterally by the eolonie serosa. Inferiorly, the perieolie spaees are 
continuous with the retroperitoneal spaees of the iliae fossae. Posteri- 
orly, eaeh perieolie spaee is limited by a fiision faseia formed by the 
right leaf of the embryonie mesoeolon fhsing to the left leaf of the 
embryonie duodenal mesentery and embryonie retroperitoneum fhrther 
laterally. This retroeolie faseia (of Toldt) (Culligan et al 2013, Culligan 
et al 2014) forms the elassie bloodless plane of disseetion when per- 
forming a hemieoleetomy. Its plane is entered by ineising the junction 
of the eolonie serosa with the parietal peritoneum at the white line (of 
Toldt) in the paraeolie gutter. Radiologieally, the retroeolie faseia may 
be indistinguishable from the anterior perirenal faseia when lateral to 
the duodenum and panereas. 

Variation in eolonie retroperitonealization may produce a free 
mesoeolie pediele instead (most eommonly seen at the caecum). 

Lateroeonal faseia 

Fateroeonal faseia was originally defined as the faseial layer extending 
from the junction of the anterior and posterior perirenal faseiae to 
the parietal peritoneum in the lateral paraeolie gutter (Congdon and 
Edson 1941). It is better understood as the lateral extension of the 
retroeolie fhsion faseia that blends with the parietal peritoneum (see 
Figs 62.1-62.3). 

The various eompartments deseribed above are illustrated in the 
context of elinieal disease in Figures 62.4-62.6. 



The posterior abdominal wall is supported by the vertebral column and 
bony pelvis. The individual bones are the lower two ribs, the twelfth 
thoraeie and five lumbar vertebrae, and the saemm and ilium, together 
with their intereonneeting ligaments (Chs 43, 53). 


MUSCLES 


The majority of the muscles of the posterior abdominal wall are fime- 
tionally part of the lower limb or vertebral column. They provide the 
surface against which the neurovascular and viseeral stmctures of the 
retroperitoneum lie (Fig. 62.7; see Fig. 62.14). 

Quadratus lumborum 

Quadratus lumborum is an irregularly shaped quadrilateral muscle, 
broader at its inferior attaehment than superiorly. 

Attaehments The inferior attaehment is by aponeurotic fibres to the 
iliae erest over an area 5-7 em lateral to the tip of the F4 transverse 
proeess and/or the iliohimbar ligament. The superior attaehment is to 
the lower anterior surface of the twelfth rib, the lateral surface of the 
twelfth thoraeie vertebra, and the apiees of the transverse proeesses of 
the upper four lumbar vertebrae. Faseieles vary in number and size but 
are arranged in three layers: anterior, middle and posterior (Phillips 
et al 2008). 

Relations Anteriorly are the eolon (aseending on the right, deseend- 
ing on the left), kidney, psoas major and minor, and diaphragm. The 
subcostal, iliohypogastrie and ilioinguinal nerves lie on the faseia ante- 
rior to the muscle, bound down to it by the medial continuation of the 
transversalis faseia. 

Vaseillar Slipply Quadratus lumbomm is supplied by branehes of 
the lumbar arteries, the arteria lumbales imae from the median saeral 
artery, the lumbar braneh of the iliolumbar artery, and branehes of the 
subcostal artery. 

Innervation The muscle is innervated by the ventral rami of the 
twelfth thoraeie and upper three or four lumbar spinal nerves. 

Aetions Quadratus lumbomm fixes the twelfth rib, and aets as a 
muscle of inspiration by helping to stabilize the lower attaehments of 
the diaphragm. With the pelvis fixed, unilateral eontraetion flexes the 
vertebral column to the same side, and bilateral eontraetion probably 
helps to extend the lumbar part of the vertebral column. These aetions 
on the himbar spine are reported to be weak (Phillips et al 2008) and 
yet the muscle undergoes eonsiderable hypertrophy in some sporting 
aetivities (Ranson et al 2008). 
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Fig. 62.4 A 58-year-old male with ehronie panereatitis and a peripanereatie pseudocyst. Oral and intravenous eontrast-enhaneed computed tomography 
(CT; axial and sagittal planes). The pseudocyst, eontaining gas and fluid, has expanded the peripanereatie spaee. The fusion faseiae forming the 
boundaries of the peripanereatie spaee are thiekened through ehronie inflammation and are easily visible. A, A transverse seetion at the level of the body 
of the seeond lumbar vertebra. Key: 1, neek of panereas; 2, gas in anterior part of eolleetion (outlining peripanereatie spaee); 3, fluid and debris in 
posterior (dependent) part of eolleetion (outlining peripanereatie spaee); 4, retropanereatie fusion faseia (anterior perirenal faseia fused to right leaf of 
mesoduodenum); 5, anterior peripanereatie faseia fused to right leaf of left mesoeolon; 6, anterior peripanereatie faseia deep to left mesoeolon and 
eollapsed lesser sae; 7, anterior peripanereatie faseia fused to peritoneum of lesser sae in gastrie bed; 8, superior mesenterie artery; 9, abdominal aorta; 

10, inferior vena eava; 11, left renal vein; 12, left kidney parenehyma; 13, left perirenal spaee (not distinguishable from left posterior pararenal spaee); 

14, right kidney parenehyma; 15, right perirenal spaee (not distinguishable from right posterior pararenal spaee); 16, upper L2 vertebral body; 17, splenie 
flexure; 18, stomaeh (elevated and eompressed by eolleetion); 19, gallbladder; 20, right lobe of liver (segments 5 and 6); 21, right crus of diaphragm; 

22, origin of left psoas major; 23, left quadratus lumborum; 24, left ereetor spinae group. B, A transverse seetion at the level of the body of the fourth 
lumbar vertebra. Key: 1, inferior part of body and uncinate proeess of panereas; 2, distal seeond part of duodenum; 3, third part of duodenum; 4, 
peripanereatie spaee eolleetion (around and anterior to panereas and duodenum); 5, superior mesenterie vein; 6, superior mesenterie artery; 7, small 
bowel mesentery; 8, part of eolleetion disseeting into transverse mesoeolon; 9, transverse mesoeolon (fused to greater omentum); 10, transverse eolon; 

11, eolleetion disseeting behind aseending eolon; 12, aseending eolon; 13, eolleetion (with gas) disseeting behind deseending eolon; 14, deseending 
eolon; 15, left kidney parenehyma; 16, left perirenal spaee; 17, left posterior perirenal faseia (normal thiekness, therefore faint); 18, left posterior pararenal 
spaee; 19, right kidney parenehyma; 20, right perirenal spaee; 21, right posterior perirenal faseia; 22, right posterior pararenal spaee; 23, anterior 
pararenal faseia (thiekened through ehronie inflammation); 24, upper L4 vertebral body; 25, abdominal aorta; 26, inferior vena eava; 27, right psoas 
major; 28, left quadratus lumborum; 29, left ereetor spinae group. C, A mid-sagittal seetion. Key: 1, neek of panereas; 2, gas in anterior part of 
eolleetion; 3, fluid in posterior part of eolleetion; 4, eoeliae trunk; 5, superior mesenterie artery; 6, left renal vein; 7, abdominal aorta; 8, diaphragmatie 
crura; 9, left lobe of liver; 10, antmrn of stomaeh (eollapsed); 11, part of eolleetion disseeting into transverse mesoeolon; 12, transverse eolon; 13, part 
of eolleetion disseeting into small bowel mesentery; 14, third part of duodenum. D, A left sagittal seetion through left renal hilum. Key: 1, body of 
panereas; 2, fluid eolleetion; 3, fundus of stomaeh (eontaining oral eontrast); 4, body of stomaeh (eontaining oral eontrast and displaeed); 5, left anterior 
perirenal faseia fused with retropanereatie faseia; 6, left anterior perirenal faseia fused with right leaf of left mesoeolon (fusion faseia of Toldt); 7, fourth 
part of duodenum; 8, left kidney parenehyma; 9, spleen. 
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Fig. 62.5 A 43-year-old male with subacute retroeaeeal appendieitis. Inflammatory fluid and stranding in the right perieolie spaee. The fused right 
anterior perirenal faseia and right mesoeolon (the fusion faseia of Toldt) is visible. A, A transverse seetion through the vermiform appendix. Key: 1, 
thiekened and inflamed retroeaeeal appendix; 2, inflammatory fluid traeking posteriorly in right perieolie spaee, anterior to right perirenal spaee; 3, 
anterior perirenal faseia (fused with retroeolie/mesoeolie) faseia; 4, caecum/ascending eolon; 5, right kidney parenehyma; 6, right perirenal spaee 
7, right posterior pararenal spaee (the posterior perirenal faseia is difficult to identify); 8, right quadratus lumborum; 9, right psoas major; 10, inferior 
vena eava; 11, abdominal aorta; 12, left psoas major; 13, left quadratus lumborum; 14, left ereetor spinae group; 15, left kidney parenehyma; 16, left 
posterior perirenal faseia; 17, left perirenal spaee; 18, left posterior pararenal spaee; 19, deseending eolon. B, A eoronal seetion through the appendix. 
Key: 1, thiekened and inflamed retroeaeeal appendix; 2, inflammatory fluid and oedema extending along right mesoeolon towards root of mesentery; 

3, enlarged inflamed right ileoeolie lymph node; 4, inflammatory fluid traeking in right mesoeolon; 5, inferior vena eava - retrohepatie segment; 6, 
inferior vena eava - infrahepatie peritonealized segment; 7, inferior vena eava - renal segment; 8, inferior vena eava - infrarenal segment; 9, left renal 
vein; 10, superior mesenterie artery; 11, eoeliae trunk; 12, abdominal aorta; 13, right eommon iliae artery; 14, left eommon iliae artery (origin); 15, tail of 


Psoas major, psoas minor and iliacus 

Psoas major and iliaeiis are functionally important in the lower limb 
and are deseribed together with psoas minor in ehapter 80. 

Posterior abdominai wali hernias 

In the absenee of a previous surgical ineision, herniation through the 
posterior abdominal wall is rare because the muscular and faseial layers 
usually proteet against protmsion of the posterior abdominal viseera, 
which are relatively immobile. However, the posterior free border of 
external oblique, the inferior free border of latissimus dorsi, and the 
iliae erest delimit the lumbar triangle (of Petit), an area of potential 
weakness through which a lumbar hernia may develop (Stamatiou et al 
2009). 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


ABD0MINAL A0RTA 


The abdominal aorta begins at the aortie hiatus of the diaphragm, 
anterior to the twelfth thoraeie vertebra (Mirjalili et al 2012a). It 
deseends anterior to the lumbar vertebrae and bifurcates into two 
eommon iliae arteries anterior to the fourth lumbar vertebra or the L4/5 
intervertebral dise, slightly to the left of the midline (Mirjalili et al 
2012b, Moussallem et al 2012) (Figs 62.8-62.10). The angle of bifhrea- 
tion is very variable (Moussallem et al 2012). The mean adult infrarenal 
aortie diameter measured by computed tomography is 19-21 mm in 
men and 16-18 mm in women (Rogers et al 2013), but there are ethnie 
variations (Jasper et al 2014). Measured by ultrasound, equivalent 
values are 20 mm (SD 2.5 mm) in men and 17 mm (SD 1.5 mm) in 
women (Needleman 2006). The mean ealibre of the abdominal aorta 
deereases slightly from proximal to distal. With advaneing age, there is 
a progressive inerease in abdominal aortie diameter in both sexes and 


panereas. 



Fig. 62.6 A 61-year-old male with mid-ureteric calculus causing high- 
grade obstmetion of the left ureter and extravasation of urine from the left 
renal hilum. Oral and intravenous eontrast-enhaneed CT. A transverse 
seetion through the left renal hilum (the calculus is below the plane of this 
seetion). Key: 1, left kidney parenehyma; 2, extravasated urine in left 
perirenal spaee; 3, posterior perirenal faseia; 4, anterior perirenal faseia 
(fused medially with retropanereatie faseia and fused laterally with right 
leaf of deseending mesoeolon); 5, left posterior pararenal spaee; 6, 
deseending eolon; 7, third part of duodenum; 8, inferior vena eava; 9, 
abdominal aorta; 10, right psoas major; 11, right quadratus lumborum; 

12, right ereetor spinae group; 13, aortoeaval lymph node (borderline 
enlarged); 14, left para-aortie lymph nodes (borderline enlarged). 
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Psoas major Psoas minor Lumbar vessels Transversus abdominis 



Fig. 62.7 Bones and deep muscles of the posterior abdominal wall. Left 
psoas major and the diaphragm have been removed. (Adapted from 
Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 

2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


the tapering beeomes more pronoimeed ( deisehmann et al 2001). In 
the elderly, the abdominal aorta frequently beeomes eetatie and tortu- 
ous, ehanging the angle and position of the bifhreation and rotating 
the origins of the major branehes. 

Approximately 80% of abdominal aortie aneurysms occur in the 
infrarenal segment of the aorta. Men with atheroselerosis are most at 
risk of developing the eondition, particularly from the sixth deeade 
onwards (fakayama and Yamanouchi 2013). The high mortality risk 
from spontaneous rupture has prompted the development of ultra- 
sound sereening programmes to deteet occult aneurysms and repair 
them eleetively. The most eommon elinieal cut-off diameter for the 
presenee of an abdominal aortie aneurysm is 3 em (Needleman 2006, 
Wegener 1992, Allan 2006, Moeller and Reif 2000). Repair is most 
eommonly performed by open surgery or endovascular stenting 
(endovasoalar aneurysm repair). 

Relations 


The upper abdominal aorta is direetly related anteriorly to the eoeliae 
tmnk and its branehes, autonomic nerve plexuses and lymphaties. 
Below the eoeliae tmnk, the superior mesenterie artery leaves the aorta, 
deseending anterior to the left renal vein. Anterior to these vessels lies 
the body of the panereas, with the splenie vein on its posterior surface, 
extending obliquely up and to the left (see Fig. 62.8). Further anteriorly, 
the lesser sae separates the upper abdominal aorta from the lesser 
omentum, stomaeh and left lobe of the liver. Below the panereas, the 
horizontal third part of the duodenum erosses the aorta anteriorly. The 
most inferior part of the abdominal aorta is eovered by the posterior 
parietal peritoneum and erossed obliquely by the origin of the small 
bowel mesentery. 

The twelfth thoraeie vertebra, the upper four lumbar vertebrae, inter- 
vening intervertebral dises and the anterior longitudinal ligament lie 


posterior to the abdominal aorta. Lumbar arteries arise from its dorsal 
aspeet, and the third and fourth (and sometimes the seeond) left 
lumbar veins eross behind it to reaeh the inferior vena eava. The 
abdominal aorta may overlap the medial border of the left psoas major 
muscle. 

On the right, the abdominal aorta is related superiorly to the eisterna 
ehyli and thoraeie duct, the azygos vein and the right ems of the dia- 
phragm, which overlaps and separates it from the inferior vena eava and 
right eoeliae ganglion. Below the seeond lumbar vertebra, it is elosely 
applied to the left side of the inferior vena eava. This elose relationship 
allows the development of an aortoeaval fistula, which is a rare eom- 
plieation of aneurysmal disease or trauma. On the left, the aorta is 
related superiorly to the left ems of the diaphragm and left eoeliae 
ganglion. Level with the seeond lumbar vertebra, it is related to the 
fourth part of the duodenum, the left sympathetie tmnk, and the infe- 
rior mesenterie vein. 

Branehes 


The branehes of the aorta are deseribed as anterior, lateral and dorsal 
(see Figs 62.8-62.10). The anterior (unpaired) and lateral (paired) 
branehes are distributed to the viseera, while the dorsal branehes supply 
the body wall, vertebral column, vertebral eanal and its eontents. The 
aorta terminates by dividing into the right and left eommon iliae 
arteries. 

Anterior group 

Ooeliae trunk 

The eoeliae tmnk is the first anterior braneh and arises just below the 
aortie hiatus, usually at the level of the vertebral body of T12. It is 
1-3 em long and passes almost horizontally forwards and slightly to 
the right above the body of the panereas and splenie vein. In most 
individuals, it trifhreates into the left gastrie, eommon hepatie and 
splenie arteries. Variations oeeasionally occur and include a separate 
origin of the left gastrie artery from the abdominal aorta, one or both 
inferior phrenie arteries arising from the eoeliae tmnk, and the superior 
mesenterie artery or one or more of its branehes arising in eommon 
with the eoeliae tmnk (Panagouli et al 2013). Anterior to the eoeliae 
tmnk lies the lesser sae. The eoeliae plexus surrounds the tmnk, sending 
extensions along its branehes. On the right lie the right eoeliae ganglion, 
right ems of the diaphragm and the caudate lobe of the liver. To the left 
lies the left eoeliae ganglion, left ems of the diaphragm and the eardiae 
region of the stomaeh. Rarely, the eoeliae tmnk ean be eompressed 
by the median arcuate ligament, resulting in viseeral isehaemia and 
abdominal pain (Loukas et al 2007a). 

Superior mesenterie artery 

The superior mesenterie artery originates from the aorta approximately 
1-2 em below the eoeliae tmnk, at the level of the L1 vertebral body 
(Mirjalili et al 2012b) (Chs 65-66). It lies posterior to the body of the 
panereas and splenie vein, and is separated from the aorta by the left 
renal vein. It passes forwards and inferiorly, anterior to the uncinate 
proeess of the panereas and the third part of the duodenum, to enter 
the root of the small bowel mesentery and supply the midgut. Numer- 
ous anatomieal variants have been deseribed (Bergman et al 2014), the 
most eommon being an aeeessory or replaeed right hepatie artery 
arising near the origin of the superior mesenterie artery. Present in 
about 15% of individuals, the aeeessory or replaeed right hepatie artery 
courses posterior to the portal vein and aseends posterolateral to the 
eommon bile duct (Winston et al 2007). 

Inferior mesenterie artery 

The inferior mesenterie artery is smaller than the superior mesenterie 
artery. It arises from the anterior or left anterolateral aspeet of the aorta 
at about the level of the L3 vertebral body, 3 or 4 em above the aortie 
bifhreation and posterior to the inferior border of the horizontal part 
of the duodenum (Ch. 66). 

Lateral group 

Suprarenal artery 

The right and left middle suprarenal arteries arise from eaeh side of the 
abdominal aorta, level with the superior mesenterie artery. Eaeh passes 
laterally over the ems of the diaphragm to the suprarenal gland, where 
it anastomoses with the suprarenal branehes of the ipsilateral inferior 
phrenie and renal arteries ( Toni et al 1988) (Ch. 71). The right middle 
suprarenal artery passes behind the inferior vena eava, near the right 
eoeliae ganglion. The left middle suprarenal artery passes elose to the 
left eoeliae ganglion, splenie artery and the superior border of the 
panereas. 
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Fig. 62.8 The abdominal aorta and inferior vena eava, and their branehes. The faseiae, lymphaties and eonneetive tissue have been removed for elarity 
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Fig. 62.9 The branehes of the abdominal aorta. 


Renal artery 

The renal arteries are two of the largest branehes of the abdominal aorta 
and arise laterally just below the origin of the superior mesenterie artery 
at about the level of the L1 vertebral body (Mirjalili et al 201 2b) (Ch. 
74). When the arteries arise at different cranio-caudal levels, the right 
ostium is more eommonly higher than the left. The right renal artery is 
longer and passes posterior to the inferior vena eava, right renal vein, 
head of the panereas and seeond part of the duodenum. The left renal 
artery passes behind the left renal vein, the body of the panereas and 
the splenie vein. Variations in the number, origin, course and branehing 
patterns of the renal arteries are eommon. 

Gonadal artery 

The gonadal arteries are two long, slender vessels that arise from the 
aorta a little inferior to the renal arteries. Eaeh passes inferolaterally 
under the parietal peritoneum on psoas major to supply the ipsilateral 
gonad (Chs 76-77). One or both gonadal arteries may arise from a 
renal artery or be double. 

Dorsal group 

Inferior phrenie arteries 

The inferior phrenie arteries usually arise either from the aorta, just 
above the level of the eoeliae tmnk, or direetly from the eoeliae tmnk; 
oeeasionally, they originate from the renal artery (Loukas et al 2005a, 
Gwon et al 2007). They contribute to the arterial supply of the dia- 
phragm. Eaeh artery aseends laterally, anterior to the ems of the dia- 
phragm, near the medial border of the ipsilateral suprarenal gland. It 
then divides into an aseending and a deseending braneh. The left 
aseending braneh passes behind the oesophagus and then mns anteri- 
orly on the left side of the oesophageal hiatus, where it bifhreates; one 
braneh curves forwards to anastomose with its counterpart in front of 
the eentral tendon of the diaphragm and the other braneh approaehes 
the thoraeie wall to anastomose with the musculophrenic and periear- 
diaeophrenie arteries. The right aseending braneh passes behind the 
inferior vena eava and then bifhreates; one braneh mns anteriorly on 
the right side of the diaphragmatie opening for the inferior vena eava 
(which it supplies) before anastomosing with its counterpart in front 
of the eentral tendon of the diaphragm, and the other braneh passes 
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Fig. 62.10 The abdominal aorta and its branehes. A 36-year-old female 
investigated by CT aortogram for possible Marfan’s aortie disseetion; only 
the normal abdominal aorta part of the dataset is shown in this three- 
dimensional reeonstmetion. Surface shaded display. Key: 1, apex of left 
ventriele; 2, low thoraeie aorta; 3, approximate position of diaphragmatie 
hiatus; 4, eoeliae trunk; 5, eommon hepatie artery; 6, splenie artery; 7, left 
gastrie artery; 8, proper hepatie artery; 9, left hepatie artery; 10, right 
hepatie artery; 11, gastroduodenal artery; 12, superior mesenterie artery; 
13, right renal artery; 14, left renal artery partly obscured by proper 
hepatie artery lying more superficial (with arrow); 15, inferior mesenterie 
artery; 16, superior reetal artery; 17, aortie bifurcation in front of L4; 18, 
right eommon iliae artery; 19, left eommon iliae artery; 20, right external 
iliae artery; 21, right internal iliae artery; 22, left external iliae artery; 23, 
left internal iliae artery; 24, right superior gluteal artery; 25, right inferior 
epigastrie artery; 26, left inferior epigastrie artery; 27, right T12 segmental 
artery; 28, right L1 segmental artery; 29, right L2 segmental artery; 30, 
right L3 segmental artery; 31, right L4 segmental artery; 32, right 
iliolumbar artery; 33, median saeral artery; 34, right superior epigastrie 
artery (continuing from right internal thoraeie artery). 


laterally on the undersurface of the diaphragm. The deseending branehes 
on eaeh side supply the muscular diaphragm and anastomose with the 
lower posterior intereostal and musculophrenic arteries. Eaeh inferior 
phrenie artery gives off two or three small suprarenal branehes. The 
abdominal oesophagus, capsule of the liver, and upper pole of the 
spleen may also reeeive small arterial twigs. 

The inferior phrenie artery may be a source of signifieant eollateral 
blood flow to large hepatocellular eaneers and is sometimes speeifieally 
occluded, along with the relevant hepatie artery, when treating such 
tumours by arterial embolization. 

Lumbar arteries 

There are usually four lumbar arteries on eaeh side, in series with the 
posterior intereostal arteries. They arise from the posterolateral aspeet 
of the abdominal aorta, opposite the lumbar vertebrae. A fifth, smaller, 
pair oeeasionally arise from the median saeral artery, but lumbar 
branehes of the iliolumbar arteries often take their plaee. The lumbar 
arteries mn posterolaterally on the first to the fourth lumbar vertebral 
bodies, passing behind the sympathetie tmnk and tendinous arehes 
formed by the attaehments of psoas major to the vertebral bodies. The 
right lumbar arteries pass posterior to the inferior vena eava. The upper 
two right lumbar arteries and the first left lumbar artery lie behind the 
eorresponding ems of the diaphragm. Just beyond the intervertebral 
foramina, eaeh lumbar artery divides into a medial braneh, which gives 
off spinal and ganglionie branehes; a middle braneh, from which dorsal 
and anastomotie branehes arise; and a lateral braneh, which supplies 
the abdominal wall (Arslan et al 2011). Of particular importanee is the 
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Fig. 62.11 Tributaries of the inferior vena eava and lumbar veins. Only the 
left lumbar venous system is shown, for elarity. 


spinal braneh known as the arteria radicularis magna (the artery of 
Adamkiewicz) (p. 770), which frequently originates from an upper 
himbar artery, particularly on the left side (Biglioli et al 2004) (Ch. 45). 
Injury to this vessel, e.g. during thoraeoabdominal aortie surgery, ean 
cause spinal eord infaretion. 

The lateral braneh of eaeh lumbar artery mns posterior to psoas 
major and the lumbar plexus, then aeross the anterior surface of quad- 
ratus lumbomm, before piereing the posterior limit of transversus 
abdominis to mn forwards between it and the internal oblique. Perfo- 
rating branehes pass posteriorly to supply the muscles and skin of the 
posterior abdominal wall (Kiil et al 2009). The himbar arteries anasto- 
mose with one another and the lower posterior intereostal, subcostal, 
iliolumbar, deep circumflex iliae and inferior epigastrie arteries. 

The dorsal braneh of eaeh lumbar artery passes backwards between 
the adjaeent transverse vertebral proeesses to supply the dorsal muscles, 
vertebrae, joints and skin of the baek. 

Median saeral artery 

The median saeral artery is a small braneh that arises from the posterior 
aspeet of the aorta a little above its bifhreation. It deseends elose to the 
midline, anterior to the fourth and fifth lumbar vertebrae, saemm and 
coccyx. At the level of the fifth lumbar vertebra, it is erossed by the left 
eommon iliae vein and often gives off a small lumbar artery (arteria 
lumbales imae), small branehes of which reaeh the anorectum via the 
anoeoeeygeal ligament. Anteriorto the fifth lumbarvertebra, the median 
saeral artery anastomoses with a lumbar braneh of the iliolumbar artery. 
Anterior to the saemm, it anastomoses with the lateral saeral arteries 
and sends branehes into the anterior saeral foramina. 


INFERI0R VENA CAVA 


The inferior vena eava (Figs 62.11-62.12) eonveys blood to the right 
atrium from almost all of the stmctures below the diaphragm. Most of 
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Fig. 62.12 A 41-year-old male investigated for mieroseopie haematuria. 
CT intravenous urogram. Normal study. Late phase acquisition. Oblique 
eoronal, mid-abdominal 15 mm slab, maximal intensity projeetion (MIP) 
reformats. Key: 1, inferior vena eava, hepatie segment; 2, inferior vena 
eava, peritonealized segment; 3, inferior vena eava, renal segment; 4, 
right renal vein; 5, left renal vein erossing in front of the aorta; 6, inferior 
vena eava, infrarenal segment; 7, inferior vena eava, confluence (partly 
obscured by right eommon iliae artery); 8, left eommon iliae vein (coursing 
posteriorly out of slab; right eommon iliae vein obscured); 9, right hepatie 
vein joining inferior vena eava; 10, liver parenehyma; 11, right kidney 
lovver pole parenehyma; 12, right ureter (with excreted eontrast); 13, 
urinary bladder (with excreted eontrast); 14, right psoas major; 15, right 
iliacus; 16, right external iliae artery; 17, right external iliae vein; 18, left 
external iliae artery; 19, left external iliae vein; 20, low thoraeie aorta; 21, 
eoeliae axis; 22, superior mesenterie artery; 23, right renal artery passing 
behind inferior vena eava; 24, aorta, infrarenal segment; 25, aortie 
bifurcation (partly obscured); 26, right eommon iliae artery (left eommon 
iliae artery courses posteriorly out of slab). 


its course is within the abdomen, but a small segment lies within the 
perieardmm in the thorax. 

The inferior vena eava is formed by the junction of the left and right 
eommon iliae veins anterior to the fifth lumbar vertebral body, about 
1 em to the right of the midline. It aseends anterior to the vertebral 
column, to the right of the aorta, and lies in a deep groove on the 
posterior surface of the liver, sometimes eompletely embedded by liver 
tissue. It traverses the eentral tendon of the diaphragm between its 
median and right 'leaves', and passes through the fibrous pericardium 
and a posterior infleetion of the serous pericardium to open into the 
posteroinferior part of the right atrium. The abdominal portion of the 
inferior vena eava is devoid of valves. 

The inferior vena eava ean be eneireled and eontrolled between the 
renal veins below and the hepatie veins above (e.g. when operating on 
a renal eell eareinoma extending into the inferior vena eava). 

Relations of the abdominal part of the 
inferior vena eava 


The inferior vena eava lies behind the peritoneum of the posterior 
abdominal wall. At its origin, it is related anteriorly to the right eommon 


iliae artery. From below upwards, its anterior surface is erossed obliquely 
by the root of the small bowel mesentery and its eontained vessels and 
nerves, the right gonadal artery and the third part of the duodenum. 
Further eranially, it lies behind the head of the panereas and first part 
of the duodenum, separated from these structures by the eommon bile 
duct and portal vein. Above the duodenum, its anterior surface is 
eovered by the peritoneum of the posterior abdominal wall, which 
forms the posterior wall of the epiploie foramen, and which separates 
the inferior vena eava from the right free border of the lesser omentum 
and its eontents. Above this, it is intimately related to the liver 
anteriorly. 

The posterior relations of the inferior vena eava include the lower 
three lumbar vertebral bodies and their intervertebral dises, the anterior 
longitudinal ligament, sympathetie tmnk, right third and fourth lumbar 
arteries, and the right psoas major. Superior to these stmctures, the 
inferior vena eava is related posteriorly to the right renal and middle 
suprarenal arteries, the medial part of the right suprarenal gland, the 
right eoeliae ganglion and the right inferior phrenie arteries. 

The right ureter, medial border of the right kidney, seeond part of 
the duodenum, and the right lobe of the liver are all lateral to the right 
side of the inferior vena eava. The abdominal aorta, right ems of the 
diaphragm and the caudate lobe of the liver are left-sided relations. 

The normal diameter of the adult inferior vena eava is up to 30 mm 
(Moeller and Reif 2000); its eross-seetional shape and ealibre refleet the 
degree of venous filling. Anatomieal variants of the inferior vena eava 
related to its complex embryogenesis are well deseribed. Among these 
are a double inferior vena eava (the left-sided vessel usually joins the 
left renal vein); azygos continuation of the inferior vena eava; or a left- 
sided inferior vena eava (which may exist in isolation or as part of situs 
inversus) (Ang et al 2013, Spentzouris et al 2014). 

Tribiitaries 


The inferior vena eava usually reeeives the eommon iliae veins at its 
origin and the lumbar, right gonadal, renal, right suprarenal, hepatie 
and inferior phrenie veins throughout its course (see Figs 62.11- 
62.12). 

Liimbar veins 

Four pairs of lumbar veins eolleet blood from the territories supplied 
by the eorresponding lumbar arteries (see above), including the dorsal, 
lateral and anterior abdominal wall. These branehes anastomose pos- 
teriorly with tributaries of the azygos and hemiazygos veins, and ante- 
riorly with branehes of the epigastrie, circumflex iliae and lateral 
thoraeie veins. These superficial anastomoses provide alternative routes 
of venous drainage from the pelvis and lower limbs to the heart in 
the presenee of inferior vena eaval obstmetion. The lumbar veins also 
communicate with the external and internal vertebral venous plexuses, 
providing an additional eollateral pathway for venous return. The 
paired longitudinal aseending lumbar veins eonneet ipsilateral lumbar 
veins. The third and fourth lumbar veins usually pass forwards on the 
sides of the eorresponding vertebral bodies to enter the posterior 
aspeet of the inferior vena eava; the left lumbar veins pass behind the 
abdominal aorta and are, therefore, longer. The first and seeond 
lumbar veins are much more variable; they may drain into the inferior 
vena eava, aseending lumbar, lumbar azygos and renal vein (on the 
left), and are often eonneeted to eaeh other. Indeed, the first lumbar 
vein often passes inferiorly to join the seeond himbar vein or, less 
eommonly, drains direetly into the aseending lumbar vein or passes 
forwards over the L1 vertebral body to join the lumbar azygos vein. 
The seeond lumbar vein may join the inferior vena eava at or near the 
level of the renal veins or, less eommonly, joins the third himbar or 
aseending lumbar vein. 

Aseending iumbar veins 

The paired aseending lumbar veins mn medial to psoas major and 
eonneet ipsilateral eommon iliae, iliolumbar and himbar veins. The 
aseending lumbar vein is variable in its course and eonneetions; rarely, 
the whole vein or a segment may be absent on one side (Lolis et al 
2011). It eommonly joins the subcostal vein to form the azygos vein on 
the right and the hemiazygos on the left. The azygos and hemiazygos 
veins mn forwards over the twelfth thoraeie vertebral body, and pass 
deep to or through the right and left ems of the diaphragm, respeetively, 
into the thorax (Ch. 56). The aseending lumbar vein is usually joined 
by a small vein, the lumbar azygos vein, from the baek of the inferior 
vena eava or left renal vein. Sometimes, the aseending lumbar vein ends 
in the first lumbar vein, which then joins the lumbar azygos vein at the 
level of the first himbar vertebra. Blood flow in the aseending lumbar 
veins ean occur in either direetion (Morita et al 2007). 
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Gonadal veins 

The right gonadal vein enters the inferior vena eava direetly on its right 
anterolateral aspeet at an acute angle about 2 em inferior to the left 
renal vein in adults; oeeasionally, it drains into the right renal vein 
(Barber et al 2012). The left gonadal vein terminates in the left renal 
vein. Both veins may be replaeed by multiple vessels in the lower 
abdomen and sometimes remain double as far as their termination. Of 
the two gonadal veins, the left is more prone to develop venous 
ineompetenee. 

Renal veins 

The renal veins are large-ealibre vessels, which lie anterior to the renal 
arteries and open into the inferior vena eava almost at right angles (Ch. 
74). The left is three times longer than the right (approximately 7.5 em 
and 2.5 em, respeetively). The left vein lies on the posterior abdominal 
wall posterior to the splenie vein and body of the panereas. It passes to the 
right in the angle between the abdominal aorta posteriorly and the supe- 
rior mesenterie artery anteriorly, to empty into the inferior vena eava. 
Oeeasionally the left renal vein or an aeeessory left renal vein is retro- 
aortie. The right renal vein lies posterior to the seeond part of the duode- 
num and, sometimes, the lateral part of the head of the panereas. 

Suprarenal vein 

Most eommonly, a single vein drains eaeh suprarenal gland (Ch. 71). 
The short right suprarenal vein drains direetly into the inferior vena eava 
at the level of the twelfth thoraeie vertebra; the longer left vein usually 
joins the left renal vein and may reeeive the left inferior phrenie vein. 
Numerous anatomieal variations have been deseribed (Cesmebasi et al 
2014). 

Inferior phrenie veins 

The inferior phrenie veins usually originate on the superior surface of 
the diaphragm but mn mostly on its inferior surface to drain into the 
posterolateral aspeet of the inferior vena eava. Both veins reeeive several 
diaphragmatie tributaries. The left vein mns to the left of the oesopha- 
geal hiatus, whereas the right courses to the right of the opening in the 
diaphragm for the inferior vena eava, eaeh reeeiving an oesophageal 
tributary (Loukas et al 2005b). Further, the left inferior phrenie vein 
frequently communicates with the left gastrie vein and henee may 
beeome prominent in portal hypertension. Both inferior phrenie veins 
usually drain direetly into the inferior vena eava just below the dia- 
phragm, sometimes joining anteriorly to form a short eommon tmnk. 
The right may oeeasionally drain into the right hepatie vein or inferior 
vena eava above the diaphragm. In eontrast, the left frequently drains 
into the left suprarenal, left renal or left hepatie vein. 

Oollaterals in inferior vena eaval oeehision 

Obstmetion of the inferior vena eava from thrombosis, embolism, 
extrinsic eompression or intrinsie disease results in the development of 
an extensive venous eollateral circulation via tributaries that ultimately 
eonneet to the superior vena eava. These include the azygos-hemiazygos 
venous system, the vertebral venous plexuses, and superficial body wall 
veins. The lumbar veins contribute signifieantly to these pathways 
(Golub et al 1992). 

LYMPHATIC DRAINAGE 


Lymph from the skin and subcutaneous tissues of the abdominal wall 
drains via small-ealibre superficial lymphaties to axillary and inguinal 
nodes ( Tourani et al 2013). The midline and the level of the umbilicus 
form ineonstant and variable watershed boundaries for these drainage 
territories. Lymphaties from the deeper layers of the body wall and the 
abdominal and pelvie viseera drain almost exclusively to the eisterna 
ehyli and thoraeie duct. The former drains via ipsilateral retroperitoneal 
lymph nodes that are eoneentrated around the external iliae and 
eommon iliae vessels and along the lateral aspeets of the aorta and 
inferior vena eava. There is eonsiderable overlap between the lymphatie 
drainage basins of individual viseera. At eertain sites, there is a eranio- 
caudal sequence of lymph nodes, e.g. para-oesophageal, retroemral and 
para-aortie nodes; mediastinal and gastro-oesophageal nodes; and para- 
sternal, superior and inferior epigastrie nodes. Some lymphatie drainage 
occurs direetly aeross the diaphragm to the ehest from the bare area of 
the liver. 

The paired retroperitoneal viseera drain to lateral aortie (also termed 
para-aortie) nodes around the origin of their arterial supply. Thus, the 
kidneys and suprarenal glands drain to nodes around the renal hilum 
and to lateral aortie nodes around the origin of the renal arteries (Ll-2 
vertebral level). The testes drain to para-aortie and paraeaval nodes 


(approximately L2); the pattern of lymphatie spread from a testicular 
malignaney suggests that lymph from the left testis drains to left para- 
aortie nodes en route to the eisterna ehyli, whereas lymph from the 
right testis drains to right and then left para-aortie nodes before reaeh- 
ing the eisterna ehyli. Lymph from the ovary may also drain via lym- 
phaties in the broad ligament and round ligament to internal iliae and 
inguinal lymph nodes, respeetively. Lymphatie drainage of the ureters 
is less well defined but follows a regional pattern to nearby nodes. 

The lymphatie drainage of the retroperitoneal eolon and rectum is 
deseribed in Chapter 66. The panereas drains to numerous peripanere- 
atie nodes (Ch. 69) as well as portal, splenie, paraeaval, superior 
mesenterie and eoeliae nodes. The lymphatie drainage of the duode- 
num is not well deseribed but the lymphaties generally drain to nodal 
stations related to loeal arteries (Ch. 65). Whilst the elinieal pattern of 
nodal metastases usually refleets normal lymphatie drainage pathways, 
lymphatie obstmetion may lead to metastases at unusual nodal sites. 

Oisterna ehyli and abdominal lymph trnnks 

The abdominal origin of the thoraeie duct usually lies to the right of 
the midline at the level of the twelfth thoraeie vertebral body or the 
thoracolumbar intervertebral dise. It reeeives almost all the lymph from 
below the diaphragm via the eisterna ehyli, a loealized lymphatie dila- 
tion formed most eommonly by the union of the intestinal lymph tmnk 
and the left himbar tmnk (Phang et al 2014). The eisterna ehyli is a 
saeoilar or fusiform lymphatie dilation measuring, on average, about 
1 em wide and 2 em long in the eadaver (Loukas et al 2007b). Reeent 
studies using magnetie resonanee imaging (MRI) in vivo have shown 
remarkable postural variations in the eross-seetional area of the eisterna 
ehyli, which expands eonsiderably when moving from supine to sitting, 
and again from sitting to standing (Niggemann et al 2010). The eisterna 
ehyli usually lies in front of the first and seeond lumbar vertebrae behind 
the right ems of the diaphragm to the right of the abdominal aorta but 
may be loeated at a higher vertebral level. The formation of the eisterna 
ehyli is variable. The most eommon configuration, found in approxi- 
mately two-thirds of individuals, is a single stmcture formed from the 
union of the intestinal lymph tmnk and the left (or, less eommonly, 
the right) himbar lymph tmnk (Loukas et al 2007b). In most other 
individuals, it is formed by the confluence of the intestinal and both 
lumbar lymph tmnks, with additional small branehes from intereostal 
lymphaties and retro-aortie lymph nodes. The upper two right lumbar 
arteries and the right lrnnbar azygos vein lie between the eisterna ehyli 
and the vertebral column. The medial edge of the right ems of the 
diaphragm lies anterior to the abdominal confluence of lymph tmnks. 

The lumbar lymph tmnks are formed by lymphatie vessels draining 
para-aortie nodes. The intestinal lymph tmnk (which may be double) 
reeeives vessels draining from pre-aortie nodes, i.e. eoeliae, superior and 
inferior mesenterie nodes, which drain the entire abdominal gastroin- 
testinal traet down to the anal eanal. The thoraeie duct leaves the supe- 
rior end of the eisterna ehyli and passes through the aortie hiatus of the 
diaphragm posterolateral to the right side of the aorta. Its thoraeie 
continuation is deseribed on page 979. 

The major lymphatie vessels adjaeent to the abdominal aorta are at 
risk of injury during surgical procedures that involve peri-aortie dissee- 
tion and/or lymphadeneetomy. Damage to these lymphatie tmnks or 
their obstmetion by malignant disease may cause major lymph leaks 
manifesting as chylous aseites or chylothorax. 

Retroperitoneal lymph node groups 


The lymphatie drainage of the rectum, eolon, stomaeh, panereas, 
oesophagus and other organs is often deseribed in terms of lymph node 
stations and levels of disseetion that relate to the management of malig- 
nant disease. The terminology and elassifieation of retroperitoneal 
lymph nodes are based on their loeation. In elassie anatomieal deserip- 
tions, the lymph nodes of the retroperitoneum around the abdominal 
aorta are grouped into pre-aortie, lateral or para-aortie, and retro-aortie 
groups (Fig. 62.13). However, it should be noted that adjaeent nodal 
groups merge into one another with no elear demareating boundaries. 
Normal lymph node dimensions are very variable. Cross-sectional 
imaging frequently uses 10 mm as an approximate measure for the 
upper limit of normal lymph node dimensions in the adult (Moeller 
and Reif 2000), even though some normal retroperitoneal nodes, such 
as the portaeaval node, are typieally larger. 

Pre-aortie nodes 

The pre-aortie nodes drain the gastrointestinal viseera, including 
the panereas, liver, and spleen. These nodes lie anterior to the aorta 
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Fig. 62.13 Peri-aortie lymph node groups. The main pre-aortie groups are 
shown. Only the left-sided lateral aortie (para-aortie) nodes are shown, for 
elarity. N.B. The eisterna ehyli is more eommonly formed by the intestinal 
lymph trunk and the left lumbar lymph trunk (rather than the right lumbar 
lymph trunk shown in this diagram). 


clustered around its anterior unpaired viseeral arteries and ean be sub- 
divided into eoeliae, superior mesenterie and inferior mesenterie nodes. 
Efferent lymphaties from these nodes contribute to the formation of 
the intestinal lymph tmnk. 

Ooeliae nodes 

These drain lymph from nodes around the stomaeh, hilum of the 
spleen, porta hepatis, eystie duct, lesser omentum, portaeaval nodes, 
peripanereatie nodes and pancreaticoduodenal nodes. They also reeeive 
lymph from superior and inferior mesenterie lymph nodes. Efferent 
lymphaties drain to the intestinal lymph tmnk. 

Superior mesenterie nodes 

There is extensive overlap with the drainage territory of eoeliae nodes, 
with subsidiary nodal groups that include peripanereatie, panereatieo- 
duodenaf portaeavaf small bowel mesenterie, ileoeolie, mesoeolie and 
inferior mesenterie nodes. Efferent lymphaties drain direetly to the 
intestinal lymph tmnk or via eoeliae nodes. 

Inferior mesenterie nodes 

These nodes drain lymph from the hindgut, which includes the distal 
transverse eolon, deseending and sigmoid eolon, and rectum (including 
superior reetaf mesoreetal and presaeral nodes). 

Lateral aortie groups 

The lateral aortie (or para-aortie) nodes lie on either side of the abdomi- 
nal aorta and inferior vena eava anterior to the medial margins of psoas 
major, diaphragmatie emra and sympathetie tmnks. Constituent nodal 
groups that are reeognized elinieally include: retroemral (posterior to 
the diaphragmatie emra at the aortie hiatus); left and right renal hilar; 
and aortoeavaf paraeavaf retroeaval and preeaval nodes. Retro-aortie 
lymph nodes are also para-aortie and are, therefore, sometimes included 
within the lateral aortie group. The lateral aortie nodes drain into the 
paired lumbar lymph tmnks, one on eaeh side, which terminate direetly 
or indireetly in the eisterna ehyli and thoraeie duct. Lymphatie eonnee- 
tions exist between lateral aortie, pre-aortie, retro-aortie and eontralat- 
eral lateral aortie nodes. 

The lateral aortie nodes drain the deep layers of the body wall, ret- 
roperitoneal paired viseera (including the gonads) and the iliae nodal 


ehains. Lymphatie drainage from the right testis is via lymphaties travel- 
ling with the gonadal vessels to the right para-aortie and aortoeaval 
nodes at the level of the seeond lumbar vertebra, whereas the left testis 
drains to the left para-aortie nodes just inferior to the left renal vein 

(Pano et al 2011). 

lliae nodes 

The paired iliae nodes are distributed around the eommon, external and 
internal iliae arteries and veins. Constituent groups include: eommon 
iliae, external iliae, internal iliae, circumflex iliae and obturator nodes. 
Obturator nodes are loeated near the obturator foramen and, along 
with the iliae nodes, are a eommon site of lymph node metastasis in 
prostate eaneer. 'Pelvie side-wall' nodes, lying adjaeent to the ilium but 
not assoeiated with a large artery or vein, are also deseribed in the elini- 
eal literature. The iliae nodes drain the pelvie viseera and walls, except 
for the ovaries and those parts of the rectum drained by superior reetal 
drainage pathways (see above). They also drain lymph from the inguinal 
nodes and lower limbs. 



The posterior abdominal wall eontains the lumbar plexus and numer- 
ous autonomic plexuses and ganglia, which lie elose to the abdominal 
aorta and its branehes (Fig. 62.14). 


LUMBAR PLEXUS 


The lumbar ventral rami pass laterally into the posterior part of psoas 
major, anterior to the transverse proeesses of the lumbar vertebrae; the 
plexus lies in a eoronal plane that is in line with the posterior part of 
the vertebral body at L1 but beeomes more anterior in the lower lumbar 
spine (Moro et al 2003, Benglis et al 2009) (see Fig. 62.14; Fig. 62.15). 
The fìrst four lumbar ventral rami, together with a contribution from 
the twelfth thoraeie ventral ramus (the dorsolumbar nerve), form the 
lumbar plexus. Although there are many variations, the most eommon 
arrangement of the plexus is deseribed here. 

The first lumbar ventral ramus is joined by a braneh from the twelfth 
thoraeie ventral ramus, and these roots contribute to the formation of 
the iliohypogastrie and ilioinguinal nerves, which mn laterally on the 
posterior abdominal wall (see Fig. 62.14). A braneh from the ventral 
ramus of L1 unites with a braneh from the seeond lumbar ventral ramus 
to form the genitofemoral nerve. The seeond, third and most of the 
fourth lumbar ventral rami divide into ventral and dorsal divisions; the 
ventral divisions unite to form the obturator nerve, while most of 
the nerve fibres in the dorsal divisions form the femoral nerve. The 
remaining fibres from the fourth lumbar ventral ramus join the fifth 
lumbar ventral ramus to form the lumbosacral tmnk, which deseends 
to join the saeral plexus (p. 1229). Branehes from the dorsal divisions 
of the seeond and third lumbar rami unite to form the lateral femoral 
cutaneous nerve (lateral cutaneous nerve of thigh). The aeeessory obtu- 
rator nerve, when present, usually arises from the third and fourth 
ventral divisions. The lumbar plexus is supplied by branehes from the 
lumbar vessels that supply psoas major. 

The branehes of the lumbar plexus are listed in Table 62.1. 

Division of constituent ventral rami into ventral and dorsal branehes 
is not as elear in the lumbar and saeral plexuses as it is in the braehial 
plexus. Lateral cutaneous branehes of the twelfth thoraeie and first 
lumbar ventral rami are drawn into the gluteal skin, but otherwise these 
nerves are similar to intereostal nerves. The seeond lumbar ventral 
ramus is more complex. It not only contributes substantially to the 
femoral and obturator nerves, but also has an anterior terminal braneh 
(the genital braneh of the genitofemoral) and a lateral cutaneous 
braneh (which contributes to the lateral femoral cutaneous nerve and 
the femoral braneh of the genitofemoral nerve). Anterior terminal 
branehes of the third to fifth lumbar and first saeral rami are suppressed, 
but the eorresponding branehes of the seeond and third saeral rami 
supply perineal skin. 

The fhreal nerve is an independent nerve with its own ventral and 
dorsal rootlets most eommonly arising alongside the L4 nerve root. Its 
branehes contribute to the femoral and obturator nerves arising from 
the lumbar plexus and to the lumbosacral tmnk, which joins the saeral 
plexus (Harshavardhana and Dabke 2014). The term fiireal refers to its 
forked nature sinee it links the lumbar and saeral plexuses. Oeeasion- 
ally, the fhreal nerve arises at the level of the third or the fifth lumbar 
nerve roots, in which ease the saeral plexus is eonsidered prefixed or 
postfixed, respeetively. 
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Fig. 62.14 Muscles and nerves of the posterior abdominal wall. The left psoas major has been removed to expose the origins of the lumbar plexus and 
quadratus lumborum. 


Inflammatory proeesses, such as retroeaeeal appendieitis on the right 
and diverticular abseess on the left, may occur in the posterior abdomi- 
nal wall in the tissues immediately anterior to psoas major. These may 
irritate one or more branehes of the lumbar plexus, causing pain or 
sensory disturbance in the distribution of the affeeted nerves, e.g. the 
skin of the thigh, hip or buttock. 

Muscular branehes 


Small branehes from the lumbar roots supply adjaeent muscles such as 
psoas major and quadratus lumborum. 

lliohypogastrie nerve 

Distribution 

The iliohypogastrie nerve usually originates from the L1 ventral ramus 
but may arise wholly or in part from the T12 ventral ramus (Klaassen 
et al 2011). It emerges from the upper lateral border of psoas major, 
and erosses obliquely behind the lower renal pole on the anterior 
surface of quadratus lumborum. Above the iliae erest, it enters the 
posterior part of transversus abdominis and then mns forwards between 
transversus abdominis and internal oblique, which it supplies. It gives 
off a lateral cutaneous braneh that pierees internal and external oblique 
above the iliae erest and supplies the posterolateral gluteal skin. It 
continues forwards, pierees the internal oblique approximately 3 em 
medial and 1 em inferior to the anterior superior iliae spine (in adults), 
and then penetrates the external oblique aponeurosis approximately 
3 em above and medial to the superficial inguinal ring to supply the 
suprapubic skin. The iliohypogastrie nerve frequently eonneets with the 
ilioinguinal nerve and, less eommonly, with the subcostal nerve (see 
Fig. 61.5). 

Motor 

The iliohypogastrie nerve contributes motor nerves to transversus 
abdominis and internal oblique, inehiding the eonjoint tendon. 


Sensory 

The iliohypogastrie nerve supplies sensory fibres to transversus 
abdominis, internal oblique and external oblique, and innervates the 
posterolateral gluteal and suprapubic skin. 

lnjury 

The nerve is oeeasionally injured by a surgical ineision in the right iliae 
fossa (e.g. during an inguinal hernia repair, open appendieeetomy or 
troear plaeement) but there is rarely any notieeable sensory loss because 
the suprapubic skin is innervated from several sources. Division of the 
iliohypogastrie nerve above the anterior superior iliae spine may weaken 
the posterior wall of the inguinal eanal and predispose to formation of 
a direet inguinal hernia. 

llioinguinal nerve 

Distribution 

The ilioinguinal nerve usually originates from the L1 ventral ramus but 
may reeeive a contribution from T12 or L2 (Klaassen et al 2011). It 
emerges from the lateral border of psoas major, with or just inferior to 
the iliohypogastrie nerve. It passes obliquely aeross quadratus lumbo- 
mm and the upper part of iliacus and enters transversus abdominis 
about 3 em medial and 4 em inferior to the anterior superior iliae spine 
(in the adult); at this site, it is readily bloeked by loeal anaesthetie. In 
this region, a braneh may eonneet with the iliohypogastrie or lateral 
femoral cutaneous nerve (see Fig. 61.5). It pierees internal oblique a 
little lower down, supplies it, and then traverses the inguinal eanal 
superficial to the spermatie eord or round ligament. It emerges with the 
eord from the superficial inguinal ring and divides into terminal sensory 
branehes. 

Numerous anatomieal variations are deseribed (Al-dabbagh 2002, 
Ndiaye et al 2007). The ilioinguinal and genitofemoral nerves may 
intereonneet within the inguinal eanal and, consequently, eaeh inner- 
vates the skin of the genitalia to a variable extent (Rab et al 2001, 
Cesmebasi et al 2015). The ilioinguinal nerve may pieree the external 
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Fig. 62.15 The lumbar plexus and its branehes 


Table 62.1 Branehes of the liimbar plexus 


Muscular 

T12, L1-4 

lliohypogastrie 

L1 

llioinguinal 

L1 

Genitofemoral 

L1, L2 

Lateral femoral cutaneous 

L2, L3 

Femoral 

L2-4 dorsal divisions 

Obturator 

L2-4 ventral divisions 

Aeeessory obturator 

L3, L4 


oblique aponeurosis proximal to the superficial inguinal ring or divide 
into terminal branehes vvithin the inguinal eanal. It may form a 
eommon tmnk with the iliohypogastrie nerve as far as the midpoint of 
the inguinal eanal. It may be very small or eompletely absent, in which 
ease the iliohypogastrie and genital braneh of the genitofemoral nerves 


supplies its territory. Rarely it may arise as a braneh of the genitofemo- 
ral nerve. 

Motor 

The ilioinguinal nerve supplies motor nerves to transversus abdominis 
and internal oblique; these fibres are given off before the nerve enters 
the lateral end of the inguinal eanal. 

Sensory 

The ilioinguinal nerve supplies sensory fibres to transversus abdominis 
and internal oblique. It innervates the skin of the proximal medial thigh 
and the skin over the root of the penis and upper part of the scrotum 
in males, or the skin eovering the mons pubis and the adjoining labium 
majus in females. 

Injury 

The nerve may be injured or entrapped during inguinal surgery, par- 
ticularly for inguinal hernia, leading to sensory disturbances and pain 
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over the skin of the genitalia and upper medial thigh (Ndiaye et al 

2007). 

Genitofemoral nerve 


Distribution 

The genitofemoral nerve originates from the L1 and L2 ventral rami and 
is formed within the substance of psoas major. It deseends obliquely 
forwards through the muscle to emerge on its anterior surface nearer 
the medial border, opposite the third or fourth lumbar vertebra (Moro 
et al 2003). It then deseends beneath the peritoneum on psoas major, 
erosses obliquely behind the ureter, and divides into genital and femoral 
branehes; it may divide elose to its origin such that its branehes emerge 
separately from psoas major. The genital braneh erosses the lower part 
of the external iliae artery, enters the inguinal eanal through the deep 
ring and aeeompanies the spermatie eord or round ligament. It exits the 
superficial inguinal ring, usually dorsal to the spermatie eord or round 
ligament, and supplies the eremaster muscle and skin of the external 
genitalia. The femoral braneh deseends lateral to the external iliae artery 
before erossing the deep circumflex iliae artery, to pass behind the 
inguinal ligament (oeeasionally, through it) (Rab et al 2001) and enter 
the femoral sheath lateral to the femoral artery. It pierees the anterior 
layer of the femoral sheath and faseia lata, and supplies the skin of the 
upper part of the femoral triangle. It may eonneet with the lateral 
femoral cutaneous and intermediate femoral cutaneous nerves. 

Motor 

The genitofemoral nerve innervates eremaster via the genital braneh. 

Sensory 

The genitofemoral nerve innervates the skin of the scrotum in males, 
or that of the mons pubis and labium majus in females, via its genital 
braneh; there is eonsiderable overlap and variability with the cutaneous 
distribution of the ilioinguinal nerve (Cesmebasi et al 2015). It also 
innervates the anteromedial skin of the thigh via its femoral braneh. 

The genitofemoral nerve is also understood to play a eritieal role in 
inguinoscrotal deseent of the developing testis (Hutson et al 2015). 

lnjury 

Like the ilioinguinal nerve, the genital braneh may be injured during 
inguinal surgery (open and laparoseopie), leading to neuralgic pain 

(Cesmebasi et al 2015). 

Femoral nerve 


The femoral nerve deseends through psoas major and emerges on or 
under its lateral border, about 4 em above the inguinal ligament (Moore 
and Stringer 2011). It passes between psoas major and iliacus deep to 
the iliae faseia and mns posterior to the inguinal ligament into the 
thigh. It gives off branehes that supply iliaais and pectineus, and sends 
sensory fibres to the femoral artery. Posterior to the inguinal ligament, 
it lies lateral to the femoral artery and sheath. The fhrther course and 
distribution are deseribed on page 1372. 

Lateral femoral cutaneous nerve (lateral 
cutaneous nerve of the thigh) 


The lateral femoral cutaneous nerve (lateral cutaneous nerve of the 
thigh) is usually derived from the ventral rami of L2 and 3, but variable 
contributions from L1 to L3 are deseribed (de Ridder et al 1999). It 
emerges from the posterolateral border of psoas major and erosses 
iliacus obliquely towards the anterior superior iliae spine. It supplies 
sensory fibres to the parietal peritoneum in the iliae fossa. On the right, 
the nerve passes posterolateral to the caecum, separated from it by the 
iliae faseia and peritoneum. The left nerve passes behind the lower part 
of the deseending eolon. Both nerves usually pass behind the inguinal 
ligament about 1-2 em medial to the anterior superior iliae spine; 
oeeasionally, they pass through or, rarely, anterior to the ligament (Ray 
et al 2010). Oeeasionally, the nerve lies anterior or superior to the ante- 
rior superior iliae spine as it enters the thigh. In the thigh, the lateral 
femoral cutaneous nerve usually passes anterior or lateral to sartorms 
but may pieree the muscle. The fhrther course and distribution are 
deseribed on page 1371. 


Obtiirator nerve 


The obturator nerve deseends within the substance of psoas major to 
emerge from its posteromedial border near the L5 vertebra (Kirehmair 
et al 2008). It passes posterior to the eommon iliae vessels and lateral 
to the internal iliae vessels. It then deseends on the lateral wall of the 
pelvis attaehed to the faseia over obturator internus and lies antero- 
superior to the obturator vessels before mnning into the obturator 
foramen to enter the thigh. It has no branehes in the abdomen or pelvis. 
The fhrther course and distribution are deseribed on page 1372. 

Aeeessory obturator nerve 


The aeeessory obturator nerve is sometimes present, more often on the 
left (Katritsis et al 1980). It is usually formed by the ventral rami of L3 
and L4. It emerges from the medial border of psoas major and mns 
along the posterior surface of the superior pubic ramus posterior to 
pectineus, where it gives off branehes to supply pectineus and the 
hip joint, and may join with the anterior braneh of the obturator nerve 
(p. 1372). 

LUMBAR SYMPATHETIC SYSTEM 


The lumbar part of eaeh sympathetie tmnk usually eontains four inter- 
eonneeted ganglia lying in extraperitoneal eonneetive tissue on the 
anterolateral aspeets of the lumbar vertebrae along the medial margin 
of psoas major (see Fig. 62.14). Superiorly, it is continuous with the 
thoraeie sympathetie tmnk posterior to the medial arcuate ligament at 
the Ll/2 vertebral level (Feigl et al 2011). Inferiorly, it passes posterior 
to the eommon iliae vessels and is continuous with the saeral sympa- 
thetie tmnk. On the right side, it lies posterior to the inferior vena 
eava; on the left, it is posterior to the lateral aortie lymph nodes. It is 
anterior to most of the fiimbar vessels but may pass behind some 
lumbar veins. 

The first, seeond and, sometimes, the third lumbar ventral rami are 
eaeh eonneeted to the lumbar sympathetie tmnk by a white ramus 
communicans. All lumbar ventral rami are joined near their origins by 
long, slender grey rami communicantes from the four lumbar sympa- 
thetie ganglia. Their arrangement is irregular: one ganglion may give 
rami to two or three lumbar ventral rami, one lumbar ventral ramus 
may reeeive rami from two ganglia, or grey rami may leave the sympa- 
thetie tmnk between ganglia (Murata et al 2003). 

The lumbar sympathetie tmnks are vulnerable during retroperito- 
neal nodal disseetion and their injury ean impair seminal emission and 
lead to retrograde ejaculation. 

LUMBAR PARASYMPATHETIC SYSTEM 


The parasympathetie supply to the abdominal viseera is provided by 
the vagus nerve to the eoeliae and superior mesenterie plexuses, and by 
pelvie splanehnie nerves that are distributed through the hypogastrie 
and inferior mesenterie plexuses (Ch. 59). 

PARA-A0RTIC B0DIES 


The para-aortie bodies (also known as paraganglia or, eolleetively, as 
the organ of Zuckerkandl) are eolleetions of neural erest-derived 
ehromaffin tissue found in elose relation to the aortie autonomic plex- 
uses. They are relatively large in the fetus, where they may have a role 
in maintaining blood pressure by eateeholamine seeretion. They reaeh 
a maximum size at around 3 years of age, and have usually regressed 
by adulthood. They are usually found as a pair of bodies lying antero- 
lateral to the aorta in the region of the inferior mesenterie and 
superior hypogastrie plexuses, but multiple smaller eolleetions may 
be present. Oeeasionally, they are found as high as the eoeliae plexus 
or as low as the inferior hypogastrie plexus in the pelvis, or are 
elosely applied to the sympathetie ganglia of the lumbar ehain. 
Seattered eells that persist into adulthood may, rarely, be the sites of 
paraganglioma (extra-adrenal phaeoehromoeytoma) (Subramanian 
and Maker 2006). 
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Peritoneum and peritoneal eavity 


The peritoneum is the largest serous membrane in the body, and its 
arrangements are complex. In males it forms a elosed sae, but in females 
it is open at the lateral ends of the uterine tubes. Although its smooth 
appearanee is nnremarkable, its structure is complex and varies greatly 
in different loeations. Direetly beneath the monolayer of mesothelium 
is a well-developed basement membrane, outside which is a rieh lym- 
phatie plexus. Mieroseopie mesothelial pores or peritoneal stomata are 
distributed throughout the peritoneum but particularly on the under- 
surface of the diaphragm and anterior abdominal wall (Wassilev et al 
1998). At peritoneal stomata, the mesothelium is in elose proximity to 
underlying lymphatie endothelial eells and there is no intervening base- 
ment membrane. Both peritoneal stomata and sites of lymphoid aggre- 
gates ('milky spots') in the omenta contribute to peritoneal fluid 
absorption, and their occlusion by malignant eells may result in aseites 
(Hagiwara et al 1994). Neighbouring mesothelial eells are joined by 
junctional complexes but probably permit the passage of maerophages. 
The submesothelial eonneetive tissue may also eontain maerophages, 
lymphoeytes and adipoeytes (in some regions). Mesothelial eells may 
transform into fibroblasts, which may play an important role in inflam- 
mation of the peritoneum and the formation of peritoneal adhesions 
after surgery (Sehniiriger et al 2011). 

The normal pressure within the peritoneal eavity is about 2-10 mmHg 
(higher in pregnaney and obese individuals) (Sanehez et al 2001). It 
ean be measured direetly using a eatheter inserted into the abdomen, 
or indireetly, by monitoring the pressure in the bladder or stomaeh. The 
pressure inside the abdomen may inerease after trauma as a result of 
the accumulation of blood, fluid or oedema, leading to an 'abdominal 
eompartment syndrome'. In such patients, monitoring of intra- 
abdominal pressure ean identify major inereases in pressure (above 
about 25 mmHg) that could jeopardize the blood flow to vital organs 
and dietate the need for urgent deeompression. 


PERIT0NEAL FLUID 


The peritoneal eavity is a potential spaee between the parietal perito- 
neum, which lines the abdominal wall, and the viseeral peritoneum, 
which eovers the abdominal viseera and assoeiated mesenteries within 
the eavity. It eontains a small amount of peritoneal fluid that rarely 
exceeds 5 ml in healthy males and postmenopausal females (Yoshikawa 
et al 2013). In healthy young females, up to 25 ml of fluid may be 
present, depending on the phase of the menstmal eyele (Koninckx et al 
1980). The fhiid lubricates the mobile viseera, allowing them to glide 
freely on the abdominal wall and against eaeh other within the limits 
imposed by their attaehments. However, the parietal peritoneum ean 
be surgically removed without neeessarily having adverse effeets on gut 
fimetion (Sugarbaker 2012). Normal peritoneal fluid eontains water, 
proteins (less than 30 g of protein per litre), eleetrolytes and solutes 
derived from interstitial fluid in the adjaeent tissues and from plasma 
in loeal eapillaries. It also eontains a few eells, including desquamated 
mesothelium, nomadie peritoneal maerophages, mast eells, fibroblasts, 
lymphoeytes and other leukocytes. Maerophages migrate freely between 
the peritoneal eavity and the surrounding eonneetive tissue. In females, 
blood or fluid may enter the peritoneal eavity from a mptured ovarian 
folliele (mittelsehmerz) or from the retrograde flow of menstmal fluid 
along the uterine tubes (which may cause endometriosis). Peritoneal 
fluid is absorbed via peritoneal stomata and milky spots (see above). 
Hnder normal circumstances, the peritoneal eavity never eontains gas. 

The peritoneum and its fluid have important defensive properties 
(Autio 1964). Peritoneal fluid gravitates to dependent sites within 
the peritoneal eavity; diaphragmatie respiratory movements, negative 
intrathoraeie pressure and intestinal peristalsis encourage flow from the 
pelvis to the subphrenic regions, even when the individual is ereet. Fluid 
preferentially aseends from the lower abdomen and pelvis to the right 
subhepatic and subphrenic 'spaees' via the right paraeolie gutter, which 
is deeper than the left paraeolie gutter and has no obstmeting phrenieo- 


eolie ligament (Meyers 1973). Passage aeross the midline to the left 
subphrenic spaee is prevented by the faleiform ligament. Peritoneal 
fluid flows in a predominantly clockwise direetion around the perito- 
neal eavity (Fig. 63.1); it reaehes the surface of the greater omentum, 
where it is proeessed by the immune system (Meyers et al 1987, Meyers 
1994). Malignant eells may beeome trapped within peritoneal reeesses 
or in the milky spots of the greater omentum, where they may prolifer- 
ate and produce visible and palpable tumour deposits. These sites must 
be deliberately examined when searehing for peritoneal metastases 
(Zonea et al 2008). Gross infiltration of the omentum by eaneer, often 
referred to as an 'omental eake', emphasizes the eapaeity of the omentum 
to trap malignant eells. The movement of peritoneal fluid explains the 
presenee of disease at sites such as the undersurface of the right hemidi- 
aphragm and the pelvie pouches. An example is the Fitz-Hugh-Curtis 
syndrome, in which gonorrhoea or ehlamydia organisms enter the peri- 
toneal eavity through the uterine tubes and are transported in the 
peritoneal fluid to the right upper quadrant, where they cause perihe- 
patie inflammation. Dismption of the integrity of the peritoneum by 
percutaneous puncture, laparoseopy or open surgery profoundly affeets 
its defensive fimetion and ean ereate 'stieky' sites where pathogens or 
malignant eells ean settle and proliferate. 

Direet communication of abdominal and pleural spaees ealled 
pleuroperitoneal fenestrae may rarely exist (Pestieau et al 2000, 
Simmons and Mir 1989). 


PERITONEAL ATTA0HMENTS 


The parietal peritoneum is attaehed to the muscular layers of the 
abdominal wall by extraperitoneal eonneetive tissue. Around the 
bladder and rectum, it is only loosely attaehed to allow for alterations 
in the size of these viseera, whereas it is firmly adherent to the inferior 
surface of the diaphragm and linea alba. The extraperitoneal tissue over 
the posterior abdominal wall frequently eontains large amounts of fat, 
espeeially in obese males. The viseeral peritoneum is firmly adherent to 
the underlying viseera and often blends with eonneetive tissue in the 
wall of the organ; it rarely eontains loose eonneetive or adipose tissue. 
The viseeral peritoneum is often eonsidered as part of the underlying 
viscus for elinieal and pathologieal purposes such as the staging of 
eaneer. Because of its attaehments, removal of the parietal peritoneum 
in the management of peritoneal metastases is possible without resee- 
tion of underlying tissues, whereas eaneer deposits on viseeral perito- 
neum usually require partial reseetion of the viscus for eomplete 
removal (see Video 63.1). 




The alimentary traet develops as a single tube suspended in the eoe- 
lomie eavity by ventral and dorsal mesenteries (Ch. 60). Ultimately, the 
ventral mesentery is largely resorbed, although some parts persist in the 
upper abdomen and form structures such as the lesser omentum and 
faleiform ligament. The mesenteries of the intestines in the adult are 
the remnants of the dorsal mesentery. The migration and subsequent 
fixation of parts of the gastrointestinal traet produce the so-ealled 'ret- 
roperitoneaF segments of bowel (most of the duodenum, aseending 
eolon, deseending eolon, and rectum) (Fig. 63.2), and four separate 
intraperitoneal bowel loops suspended by mesenteries of variable 
lengths. These are all eovered by viseeral peritoneum, which is eontimi- 
ous with the parietal peritoneum eovering the posterior abdominal 
wall. The first intraperitoneal loop is formed by the abdominal oesopha- 
gus, stomaeh and first part of the duodenum. The seeond loop is made 
up of the duodenojejunal junction, jejunum, ileum and usually the 
eaeaim. The third loop eontains the transverse eolon, and the final loop 
eontains the sigmoid eolon and oeeasionally the distal deseending 
eolon. 











General arrangement of the peritoneum 


Right subphrenic spaee 


Retrohepatie bare area 


Right triangular ligament 


Right infraeolie eompartment 

Root of the mesentery- 
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— Faleiform ligament Fig. 63.1 The peritoneal eavity. 

■ Left subphrenic spaee Aitovvs indieate the flow of 

peritoneal fluid. (Courtesy of CM 
Left triangular ligament Brown, Offiee of Visual Media 

IUSM 2011.) 
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Where viseeral peritoneum eneloses or suspends organs within the 
peritoneal eavity, the peritoneum and related eonneetive tissues form 
'peritoneal ligaments', omenta or mesenteries. All but the greater 
omentum are eomposed of two layers of viseeral peritoneum separated 
by variable amounts of fatty eonneetive tissue. The greater omentum is 
folded baek on itself and therefore eonsists of four layers of viseeral 
peritoneum separated by variable amounts of adipose tissue. Mesenter- 
ies attaeh their respeetive viseera to the posterior abdominal wall; the 
attaehment of the mesentery of the small intestine to the posterior 
abdominal wall is referred to as the root of the mesentery (see Fig. 
63.2). The mesenteries eontain the neurovascular bundles and lym- 
phatie ehannels that supply the suspended organs. In obese individuals, 
extensive adipose tissue within the mesenteries and omenta may 
obscure these neurovascular bundles. In eontrast, in the very young, the 
elderly or the malnourished, the mesenteries and omenta may eontain 
little adipose tissue and the neurovascular bundles are more obvious. 

Although they are deseribed as intraperitoneal, the suspended 
viseera, strietly speaking, do not lie within the peritoneal eavity because 
they are eovered by viseeral peritoneum. They are in eontimiity with 
extraperitoneal tissues, including the retroperitoneum. The loose 
areolar eonneetive tissue that forms the extraperitoneal and retroperi- 
toneal tissues is often divided into potential 'spaees' as evideneed by 
the presenee of diserete eolleetions of fhiid or blood in pathologieal 
eonditions (see Figs 62.4-62.6). 

PERIT0NEUM 0F THE UPPER ABDOMEN 


The abdominal oesophagus, stomaeh, liver and spleen all lie within a 
double fold of viseeral peritoneum that mns from the posterior to the 
anterior abdominal wall. This fold has no reeognized name but has 
been referred to as the mesogastrium, from which it is derived (Coakley 


and Hrieak 1999). It has a complex attaehment to the wall of the 
abdominal eavity and forms the faleiform ligament, eoronary liga- 
ments, lesser omentum (gastrohepatie and hepatoduodenal ligaments), 
greater omentum (including the gastroeolie ligament), gastrosplenie 
ligament, splenorenal ligament and phrenieoeolie ligament (see Fig. 
63.2; Figs 63.3-63.5). 

Faleiform ligament 


The faleiform ligament is a thin anteroposterior double fold of perito- 
neum that eonneets the liver to the posterior aspeet of the anterior 
abdominal wall just to the right of the midline. Adjaeent to the ante- 
rior abdominal wall, it eontains a variable amount of fat ( Feldberg and 
van Leeuwen 1990). It extends inferiorly to the level of the umbilicus 
and superiorly it narrows to a depth of 1-2 em as the distanee between 
the liver and anterior abdominal wall deereases. Its two peritoneal 
layers separate to enelose the liver, to which it is firmly adherent. Supe- 
riorly, the two peritoneal layers are continuous with the parietal 
peritoneum on the undersurface of the diaphragm but are refleeted 
laterally to form the superior layer of the eoronary ligament of the liver 
on the right and the left triangular ligament of the liver on the left. The 
inferior aspeet of the faleiform ligament forms a free border, where the 
two peritoneal layers are continuous with eaeh other as they enelose 
the ligamentum teres. Because the peritoneum of the faleiform liga- 
ment is in continuity with that eovering the posterior abdominal wall 
and with the parietal peritoneum of the anterior abdominal wall, 
blood from a retroperitoneal haemorrhage (eommonly, acute haemor- 
rhagie panereatitis) may traek between the folds of peritoneum and 
appear as haemorrhagie discolouration around the umbilicus (Cullen's 
sign). The bloodstained fluid reaehes the periumbilical region via the 
lesser omentum and faleiform ligament or via the pararenal spaees and 
abdominal wall. 
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Fig. 63.2 The posterior abdominal wall, showing the lines of peritoneal refleetion, after removal of the liver, spleen, stomaeh, jejunum, ileum, caecum, 
transverse eolon and sigmoid eolon. The various sessile (retroperitoneal) organs ean be seen through the posterior parietal peritoneum. Note the 
aseending and deseending eolon, duodenum, kidneys, suprarenal glands, panereas and inferior vena eava. Line W-W represents the plane of Figure 
63.3. Line X-X represents the plane of Figure 63.4. Line Y-Y represents the plane of Figure 63.5. Line A-A represents the plane of Figure 63.6A. Line 
B-B represents the plane of Figure 63. 6B. Line C-C represents the plane of Figure 63.6C. 


Peritoneal eonneetions of the liver 


The liver is almost eompletely eovered in viseeral peritoneum; only the 
'bare area' posteriorly is in direet eontaet with the right hemidiaphragm. 
Peritoneal ligaments mn from the liver to the surrounding viseera and 
to the abdominal wall and diaphragm (see Fig. 63.2; Fig. 63.6); they 
are deseribed in detail in ehapter 67. 

The eoronary ligament is formed by the refleetion of the peritoneum 
from the diaphragm on to the superior and posterior surfaces of the 
right lobe of the liver. Between the two layers of this ligament, a large 
triangular area, the 'bare area' of the liver, is devoid of peritoneal eover- 
ing. Here, the liver is eonneeted to the diaphragm by areolar tissue, 
which is in continuity inferiorly with the anterior pararenal spaee. On 
the right, the two layers of the eoronary ligament eonverge laterally to 
form the right triangular ligament. On the left, the two layers fuse to 
form the left triangular ligament. The upper layer of the eoronary liga- 
ment is refleeted superiorly on to the undersurface of the diaphragm 
and inferiorly on to the right and superior surfaces of the liver. The 
lower layer of the eoronary ligament is refleeted inferiorly from the 
posterior surface of the liver on to the posterior abdominal wall over 
the right suprarenal gland and kidney. The peritoneal reeess formed 
between the inferior surface of the liver and the upper pole of the right 


kidney is known as the hepatorenal pouch (of Morison) (Stringer 
2009). In the supine position, this is the most dependent part of the 
peritoneal eavity in the upper abdomen and is a site where fluid or 
peritoneal metastases may loealize. 

The lower layer of the eoronary ligament is continuous with the 
peritoneum that deseends over the anterior surface of the right kidney 
and to the front of the first part of the duodenum and hepatie flexure 
of the eolon (see Fig. 63.2). Medially, it passes in front of a short 
segment of the inferior vena eava lying between the first part of the 
duodenum below and the caudate proeess of the liver above, forming 
the posterior wall of the epiploie foramen. This narrow strip broadens 
out as the peritoneum continues aeross the midline on to the posterior 
wall of the lesser sae. 

The right triangular ligament is a short, V-shaped fold at the right 
lateral limit of the bare area of the liver, where the two layers of the 
eoronary ligament eonverge. It is continuous with the peritoneum of 
the right posterolateral abdominal wall. Surgical division of the right 
triangular and eoronary ligaments allows the right lobe of the liver to 
be retraeted forwards, exposing the lateral aspeet of the inferior vena 
eava behind the liver. 

The left triangular ligament is a double layer of peritoneum that 
extends for a variable length over the superior border of the left lobe 
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General arrangement of the peritoneum 


of the liver. Medially, the anterior leaf is continuous with the left layer 
of the faleiform ligament, while the posterior layer is continuous with 
the lesser omentum. The left triangular ligament lies in front of the 
abdominal oesophagus, the upper limits of the lesser omentum, and 
part of the fundus of the stomaeh. Division of the left triangular liga- 
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Fig. 63.3 A sagittal seetion through the abdomen to the right of the 
epiploie foramen along the line of W-W in Figure 63.2. 


ment allows the left lobe of the liver to be mobilized. The left triangular 
ligament is an important stabilizing faetor for the left lobe after excision 
of the right lobe of the liver. 

The peritoneum of the left triangular ligament is continuous with 
that lining the undersurface of the left dome of the diaphragm, which, 
in turn, is continuous with that lining the posterior abdominal wall. 
Here it passes behind the spleen on to the most lateral part of the 
mesentery of the transverse eolon and the splenie flexure. It continues 
down lateral to the deseending eolon into the pelvis, forming the left 
paraeolie gutter. Medially, the peritoneum eovering the left upper pos- 
terior abdominal wall is refleeted anteriorly to merge with the upper 
end of the lesser omentum, the peritoneum overlying the left aspeet of 
the abdominal oesophagus, and the left layer of the gastrosplenie liga- 
ment (see Fig. 63.2). 

Parietal peritoneum lines the posterior abdominal wall over the 
diaphragmatie emra, the upper abdominal aorta and its assoeiated 
branehes, lymph nodes and nerve plexuses, and the upper anterior 
surface of the panereas. Below the liver, it continues down the posterior 
abdominal wall, forming the right paraeolie gutter between the antero- 
lateral abdominal wall and the aseending eolon. 

Lesser omentum 


The lesser omentum is formed by two layers of peritoneum separated 
by a variable amount of eonneetive tissue and fat. It is derived from the 
ventral mesogastrium. It mns between the inferior viseeral surface of 
the liver and the abdominal oesophagus, stomaeh, pyloms and first part 
of the duodenum. Superiorly, its attaehment to the inferior surface of 
the liver forms an L shape. The vertieal eomponent of the L is formed 
by the fissure for the ligamentum venosum; inferiorly, the attaehment 
turns horizontally to eomplete the L in the porta hepatis. The part of 
the lesser omentum mnning between the liver and the stomaeh is 
known as the gastrohepatie ligament and the part between the liver and 
duodenum is the hepatoduodenal ligament. The right and left gastrie 
vessels, branehes of the vagus nerves and lymph nodes are eontained 
within the two layers of the gastrohepatie ligament elose to its gastrie 
attaehment. An aeeessory or replaeed left hepatie artery is sometimes 
present (p. 1166). The anterior layer of the lesser omentum deseends 
from the fissure for the ligamentum venosum on to the anterior surface 
of the abdominal oesophagus, stomaeh and duodenum. The posterior 
layer deseends from the fissure and mns on to the posterior surface of 
the stomaeh and pyloms. At the lesser curvature of the stomaeh, the 
peritoneal layers of the lesser omentum split to enelose the stomaeh 
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Fig. 63.4 A seetion through the upper part of 
the abdominal eavity, along the line X-X in 
Figure 63.2. The boundaries of the epiploie 
foramen are shown and a small reeess of the 
lesser sae is displayed anterior to the head 
of the panereas. Note that the transverse 
eolon and its mesoeolon are adherent to the 
posterior two layers of the greater omentum. 
Four peritoneal layers contribute to the 
formation of the greater omentum because 
the apron of omentum is folded baek on 
itself. 
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Fig. 63.5 A sagittal seetion through the 
abdomen, approximately in the median 
plane. Compare with Figure 63.2. The seetion 
cuts the posterior abdominal wall along the 
line Y-Y in Figure 63.2. The peritoneum is 
shown in blue except along its cut edges, 
which are left white. 
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and are continuous with the viseeral peritoneum eovering the anterior 
and posterior surfaces of the stomaeh. The posterior layer of the lesser 
omentum forms part of the anterior surface of the lesser sae (see 

Fig. 63.5). 

The free right lateral border of the lesser omentum is thiekened and 
extends from the porta hepatis to the junction between the fìrst and 
seeond parts of the duodenum. This free border forms the anterior 
boundary of the epiploie foramen and eontains the portal vein (poste- 
riorly), the bile duct (anteriorly to the right), and hepatie artery proper 
(anteriorly to the left) (see Fig. 63. 6B), together with lymphaties, lymph 
nodes and hepatie autonomic nerves. An aeeessory or replaeed right 
hepatie artery arising from the superior mesenterie artery may some- 
times be found in the free edge of the lesser omentum, usually mnning 
posterior to the portal vein. Oeeasionally the free margin of the lesser 
omentum extends to the right and mns on to the gallbladder, when it 
is referred to as the cystoduodenal ligament (Ashaolu et al 2011). 

The upper border of the lesser omentum is short and mns over the 
inferior surface of the diaphragm between the liver and medial aspeet 
of the abdominal oesophagus. The lesser omentum is thinner in this 
region and may be fenestrated or ineomplete; variations in thiekness 
are dependent on the amount of eonneetive tissue, espeeially fat. 

Greater omentiim 


The greater omentum is the largest peritoneal fold and hangs inferiorly 
from the greater curvature of the stomaeh. When the undisturbed 
abdomen is opened, the greater omentum is frequently draped over the 
upper abdominal organs, but often not in the even distribution shown 
in many illustrations. It is usually thin but always eontains some 
adipose tissue and is a eommon site for storage of fat in obese individu- 
als, partioilarly males (Coulier 2009). The greater omentum is a double 
sheet: eaeh sheet eonsists of two layers of peritoneum separated by 
a seant amount of eonneetive tissue. The two sheets are folded baek 
on themselves and firmly adherent to eaeh other below the transverse 
eolon. Above this level the anterior sheet separates from the posterior 


sheet and is attaehed to the greater curve of the stomaeh (see Fig. 63.5); 
this supracolic part of the greater omentum is known as the gastroeolie 
ligament. The most anterior layer of peritoneum of the greater omentum 
is continuous with the viseeral peritoneum over the anterior surface of 
the stomaeh and duodenum. The anterior sheet deseends from the 
greater curvature of the stomaeh and fìrst part of the duodenum for a 
variable distanee into the peritoneal eavity and then turns sharply baek- 
wards on itself to aseend as the posterior sheet. The posterior sheet 
passes anterior to the transverse eolon and transverse mesoeolon, and 
is attaehed to the posterior abdominal wall above the origin of the 
transverse mesoeolon and anterior to the head and body of the panereas 
(see Figs 63.2, 63.5). The anterior peritoneal layer of the posterior sheet 
is continuous with the peritoneum of the posterior wall of the lesser 
sae. The posterior peritoneal layer is refleeted sharply inferiorly and is 
continuous with the anterior layer of the transverse mesoeolon. The 
posterior sheet is adherent to the transverse eolon and its mesentery. In 
early fetal life, the greater omentum and transverse mesoeolon are sepa- 
rate structures, and this arrangement oeeasionally persists. During 
surgery, the natural adhesions between the transverse mesoeolon and 
greater omentum ean be divided, and the greater omentum ean be 
detaehed from the transverse eolon and mesoeolon if required. Aeeess 
into the lesser sae ean then be obtained by dividing the upper part of 
the posterior sheet of greater omentum. This gives a relatively bloodless 
surgical approaeh to the posterior wall of the stomaeh and the anterior 
surface of the panereas. 

On the left side of the abdomen, the greater omentum is continuous 
with the gastrosplenie ligament; on the right side, it extends to the 
beginning of the duodenum (see Fig. 63.2). A fold of peritoneum, the 
hepatoeolie ligament, may mn from either the inferior surface of 
the right lobe of the liver or the first part of the duodenum to the right 
side of the greater omentum or hepatie flexure of the eolon. The right 
border of the greater omentum is usually adherent to the anterior 
surface of the hepatie flexure and upper aseending eolon but its perito- 
neal layers are not continuous with the viseeral peritoneum over this 
part of the eolon. The right border of the greater omentum may also be 
attaehed to a thin but vascular peritoneal band (jaekson's membrane), 
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Fig. 63.6 Transverse seetions through the abdomen. A, At the level of the line A-A in Figure 63.2. The line passes through the bare area of the liver at 
the superior end of the lesser omentum. The parts of the left subphrenic spaee are elearly seen, although they are continuous with eaeh other. B, At the 
level of line B-B in Figure 63.2, viewed from below. The peritoneal eavity is shown by blue shading; the peritoneum and its cut edges are in pale blue. 

C, A transverse seetion through the abdomen at the level of the line C-C in Figure 63.2, viewed from below. Colours as in Figure 63.2. 
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which, when present, mns from the anterior aspeet of the aseending 
eolon and caecum to the posterolateral abdominal wall. Other perito- 
neal folds between the aseending eolon and posterolateral abdominal 
wall in the right lateral paraeolie gutter are oeeasionally present. Less 
eommonly, the left border of the greater omentmn is adherent to the 
anterior surface of the deseending eolon. 

The greater omentum has a rieh blood supply derived from the right 
and left gastroepiploie vessels that mn between the two peritoneal 
layers of the anterior sheet of greater omentum, elose to the greater 
curvature of the stomaeh. These vessels give off numerous omental 
(epiploie) branehes that mn the length of the omentum. Mieroseopie 
eapillary eonvoMtions, sometimes termed 'omental glomemli', lie 
direetly beneath the mesothelium of the greater omentum. They are 
surrounded by aggregations of maerophages and lymphoeytes (milky 
spots) that drain into lymphatie ehannels (Shimotsuma et al 1993); the 
maerophages form clusters near the mesothelial surface, while B and T 
lymphoeytes are grouped around vessels. The fenestrated endothelium 
lining the omental glomemli and the mesothelium overlying the milky 
spots share a similar mesodermal origin and together they form sites 
of leukocyte migration and peritoneal fluid absorption (Platell et al 
2000). The number and size of milky spots inerease in the presenee of 
peritoneal inflammation, highlighting their defensive role. 

The greater omentum serves several important fhnetions. It is highly 
mobile and frequently beeomes adherent to inflamed viseera or foreign 
bodies within the abdominal eavity. This ean limit the spread of infee- 
tion, as in the walling off of acute appendieitis, and promote haemo- 
stasis. However, it may also bloek peritoneal drains and eatheters (such 
that omenteetomy is sometimes performed when plaeing some intra- 
peritoneal eatheters). It absorbs peritoneal fluid. It eontains maero- 
phages and lymphoid tissue eapable of destroying pathogens; 
maerophages and neutrophils readily migrate from the greater omentum 
into the peritoneal eavity in the presenee of peritonitis. It promotes 
neovascularization of structures to which it beeomes adherent and thus 
promotes healing of isehaemie tissues and supports splenie autotrans- 
plantation (Ch. 70). It is rarely the site of primary pathology; reports 
of segmental infaretion, torsion or other disorders are rare. 

The remarkable eapaeity of the greater omentum to partieipate in 
reparative proeesses is highlighted by its use as an omental pediele flap 
or free flap in reeonstmetive surgery. It has been used to elose gastroin- 
testinal perforations, fill 'dead spaee' after surgical excision of pathol- 
ogy, and eover wound defeets. A greater omental pediele or free flap 
based on the right gastroepiploie vessels may be mobilized by dividing 
the gastrie branehes of these vessels elose to the surface of the stomaeh 
and the left gastroepiploie vessels near their origin. 

Peritoneal eonneetions of the spleen 


The peritoneal eonneetions of the spleen anehor it in the left upper 
quadrant of the abdomen; they include the gastrosplenie, splenorenal 
and phrenieoeolie ligaments. The gastrosplenie ligament mns between 
the greater curvature of the stomaeh and the hilum of the spleen, and 
is in continuity with the left side of the greater omentum. The peritoneal 
layers of the gastrosplenie ligament separate to enelose the spleen and 
then rejoin to form the splenorenal and phrenieoeolie ligaments. The 
splenorenal ligament extends from the spleen to the posterior abdomi- 
nal wall, and the phrenieoeolie ligament eonneets the splenie flexure of 
the eolon to the diaphragm. 

The splenorenal ligament is formed from two layers of peritoneum 
(see Fig. 63. 6B). The anterior layer is continuous medially with the 
peritoneum of the posterior wall of the lesser sae over the left kidney 
and mns up to the splenie hilum, where it is continuous with the pos- 
terior layer of the gastrosplenie ligament. The posterior layer of the 
splenorenal ligament is continuous laterally with the peritoneum over 
the inferior surface of the diaphragm and mns on to the splenie surface 
over the renal impression. The splenie vessels lie between the layers of 
the splenorenal ligament, and the tail of the panereas is usually present 
in its lower portion. 

The gastrosplenie ligament is also formed from two layers of perito- 
neum (see Fig. 63. 6B). The posterior layer is continuous with the peri- 
toneum of the splenie hilum and the peritoneum over the posterior 
surface of the stomaeh. The anterior layer is continuous with the peri- 
toneum refleeted off the gastrie impression of the spleen and with the 
peritoneum over the anterior surface of the stomaeh. The short gastrie 
and left gastroepiploie branehes of the splenie artery, with their eorre- 
sponding veins, pass between the layers of the gastrosplenie ligament. 
A fan-shaped fold of peritoneum often extends from the anterior aspeet 
of the gastrosplenie ligament below the inferior pole of the spleen and 
blends with the phrenieoeolie ligament. The phrenieoeolie ligament 


extends from the splenie flexure of the eolon to the diaphragm at about 
the level of the eleventh rib. Inferiorly, it is continuous with the perito- 
neum of the lateral end of the transverse mesoeolon near the tip of the 
panereatie tail, and the splenorenal ligament at the hilum of the spleen. 

Undue traetion on the peritoneal attaehments of the spleen at 
surgery may cause a capsular tear and serious bleeding. Downward trae- 
tion on the phrenieoeolie ligament during mobilization of the splenie 
flexure is particularly hazardous; medial traetion on the greater 
omentum may also injure the spleen if the omentum is adherent to the 
splenie capsule. 

PERIT0NEUM 0F THE LOVVER ABD0MEN 


The posterior surface of the lower anterior abdominal wall is lined by 
parietal peritoneum, which extends from the linea alba eentrally to the 
lateral paraeolie gutters, where it is refleeted over the front and sides of 
the aseending eolon on the right and the deseending eolon on the left 
(see Fig. 63.2). Oeeasionally, the aseending and deseending eolon are 
suspended by a short mesentery from the posterior abdominal wall 
(Ch. 66). Between the aseending and deseending eolon, the peritoneum 
eovers the posterior abdominal wall, except where it is refleeted over 
the oblique root of the mesentery of the small intestine. Over the pos- 
terior abdominal wall, it eovers psoas major and quadratus lumborum, 
the inferior vena eava, duodenum, vertebral column and both ureters. 
In the upper abdomen, the posterior parietal peritoneum is refleeted 
anteriorly where it is continuous with the peritoneum of the posterior 
layer of the transverse mesoeolon. 

Transverse mesoeolon 


The mesentery of the transverse eolon is a broad fold of viseeral peri- 
toneum refleeted anteriorly from the posterior abdominal wall. It sus- 
pends the transverse eolon in the peritoneal eavity. The root of the 
transverse mesoeolon passes obliquely from the anterior aspeet of the 
seeond part of the duodenum, over the head and neek of the panereas, 
superior to the duodenojejunal junction over the upper pole of the left 
kidney to the splenie flexure (see Fig. 63.2). It varies eonsiderably in 
length but is shortest at either end. It eontains the middle eolie vessels 
and their branehes, together with autonomic nerves from the aortie 
plexus, lymphaties and lymph nodes. Near the splenie flexure, the 
aseending braneh of the left eolie artery terminates within the transverse 
mesoeolon. Its two peritoneal layers pass to the posterior surface of the 
transverse eolon, where they separate to invest the eolon. The upper 
layer of peritoneum is continuous with the posterior layer of the greater 
omentum, to which it is adherent (see Fig. 63.5). The lower layer of 
peritoneum of the transverse mesoeolon is continuous with the perito- 
neum of the posterior abdominal wall. Lateral extensions of the trans- 
verse mesoeolon produce two folds: on the right, the duodenocolic 
ligament extends from the transverse mesoeolon at the hepatie flexure 
to the seeond part of the duodenum; on the left, the phrenieoeolie liga- 
ment extends from the transverse mesoeolon at the splenie flexure to 
the diaphragm. The root of the transverse mesoeolon is elosely related 
to the upper limit of the root of the mesentery of the small intestine 
near the uncinate proeess of the panereas. 

Mesentery of the small intestine 


The mesentery of the small intestine is arranged as a complex fan that 
is formed from two layers of peritoneum (anterosuperior and postero- 
inferior) separated by fatty eonneetive tissue eontaining vessels and 
nerves. The root of the mesentery lies along a line mnning diagonally 
from the duodenojejunal flexure on the left side of the seeond lumbar 
vertebral body to the right saeroiliae joint (see Fig. 63.2). The root 
erosses over the third part of the duodenum, abdominal aorta, inferior 
vena eava, right ureter and right psoas major. The average length of the 
root of the mesentery is 15 em in adults while along its intestinal 
attaehment it measures the same length as the small intestine (approxi- 
mately 5 m). Consequently, the mesentery is usually thrown into mul- 
tiple folds along its intestinal border. The average depth of the mesentery 
from the root to the intestinal border is 20 em, but this varies along the 
length of the small intestine: it is shortest at the jejunum and terminal 
ileum, and longest in the mid-ileal region. Its two peritoneal layers 
eontain the jejunal and ileal branehes of the superior mesenterie vessels, 
nerves related to the superior mesenterie plexus, lymphaties and 
regional lymph nodes. The length and mobility of the mesentery may 
make it difficult to determine the site and orientation of a loop of small 
intestine through a small surgical ineision. Traeing the continuity of a 
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peritoneal layer of the mesentery on to the posterior abdominal wall 
may be useful in orientating an isolated loop if the duodenojejunal 
flexure or ileoeaeeal junction is not readily aeeessible. The mesentery of 
the small intestine is sometimes joined to the transverse mesoeolon at 
the duodenojejunal flexure by a peritoneal band. Oeeasionally, the 
fourth part of the duodenum possesses a very short mesentery that is 
continuous with the upper end of the root of the mesentery of the small 
intestine. Additional bands of peritoneum may eonneet the terminal 
ileum to the posterior abdominal wall. The root of the mesentery of 
the small intestine is continuous with the peritoneum that surrounds 
the appendix and caecum in the right iliae fossa. 

Mesoappendix 


The mesentery of the appendix is a fatty triangular fold of peritoneum 
that passes between the posterior surface of the mesentery of the termi- 
nal ileum elose to the ileoeaeeal junction and the vermiform appendix. 
It may end short of the tip of the appendix, in which ease a thin, shallow 
fold of peritoneum eontaining fat is present towards the tip. It eneloses 
the blood vessels, nerves and lymph vessels of the vermiform appendix, 
and usually eontains a lymph node. A small fold of peritoneum mns 
between the terminal ileum and the anterior layer of the mesoappendix 
(the 'bloodless fold of Treves'), and another fold of peritoneum eon- 
taining the anterior eaeeal artery may extend from the terminal ileal 
mesentery to the anterior wall of the caecum (see below). 
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Fig. 63.7 The infra-iimbilieal part of the anterior abdominal wall of a male 
subject: posterior surface, with the peritoneum in situ. 


The sigmoid mesoeolon varies in length and depth between individuals. 
The root of the sigmoid eolon usually has a shallow, inverted V-shaped 
attaehment; the apex of the V overlies the division of the left eommon 
iliae artery (see Fig. 63.2). Alternatively, the attaehment may form a 
gentle curve. The left limb of the attaehment mns over the left psoas 
major and along the external iliae vessels. The right limb passes over 
the pelvie brim towards the midline at the level of the third saeral ver- 
tebra. The anteromedial peritoneal layer of the sigmoid mesoeolon is 
continuous with the peritoneum of the lower left posterior abdominal 
wall, and its posterolateral layer is continuous with the peritoneum of 
the lateral abdominal wall. Bands of peritoneum may be present 
mnning from the proximal sigmoid eolon to the posterior abdominal 
wall. The sigmoid and superior reetal vessels mn between its layers and 
the left ureter deseends into the pelvis behind its apex and anterior to 
the bifhreation of the left eommon iliae artery. 

Peritoneiim of the lower anterior 
abdominal wall 


The peritoneum of the lower anterior abdominal wall is raised into five 
folds (sometimes referred to as 'ligaments'), which diverge as they 
deseend from the umbilicus. They are the median, right and left medial, 
and right and left lateral, umbilical folds (Fig. 63.7, see Fig. 75.9). The 
median umbilical fold extends from the umbilicus to the apex of the 
bladder and eontains the urachus or its remnant (Ch. 72). The medial 
umbilical fold overlies the obliterated umbilical artery, which aseends 
from the internal iliae artery in the pelvis to the umbilicus. The lateral 
umbilical fold eovers the inferior epigastrie vessels below their entry 
into the rectus sheath. The supravesical fossa lies between the medial 
and median umbilical folds on eaeh side of the midline, and the medial 
and lateral inguinal fossae lie on either side of eaeh lateral umbilical 
fold. The lateral inguinal fossa overlies the deep inguinal ring, and the 
medial inguinal fossa overlies the femoral ring (Healy and Reznek 
1999). 

PERITONEUM OF THE PELVIS 


The parietal peritoneum of the abdominal wall is continuous with the 
parietal peritoneum that lines the side walls of the pelvis. The arrange- 
ment of the pelvie viseeral peritoneum differs between the sexes. 

Peritoneum of the male pelvis 


In males, the peritoneum of the left lower abdominal wall is refleeted 
from the distal sigmoid eolon and anterolateral surface of the upper 
rectum to the side walls of the tme pelvis, where it forms the right and 
left parareetal fossae (Fig. 63.8); these vary in size aeeording to the 
degree of distension of the rectum. The peritoneum is refleeted anteri- 


orly from the anterior surface of the rectum over the upper poles of 
the seminal vesieles and on to the posterior surface of the bladder, 
producing the reetovesieal pouch. The pouch is limited laterally by 
saerogenital folds of peritoneum, which extend posteriorly from the 
sides of the bladder to the anterior aspeet of the saemm. The perito- 
neum eovering the posterosuperior surface of the bladder forms a para- 
vesieal fossa on eaeh side that is limited laterally by a ridge of peritoneum 
eontaining the vas deferens; the depth of the paravesieal fossae depends 
on the volume of urine in the bladder. When the bladder is empty, a 
transverse vesieal fold may be visible at laparoseopy; its medial portion 
overlies the superior vesieal artery or arteries (Boaz et al 2011). Between 
the paravesieal and parareetal fossae, the ureters and internal iliae 
vessels may cause slight elevations in the peritoneum. From the apex 
of the bladder, the median umbilical fold extends superiorly on the 
posterior surface of the lower anterior abdominal wall to the umbilicus. 
When the bladder distends, the overlying peritoneum is lifted so that 
part of the anterior surface of the bladder eomes into direet eontaet with 
the posterior surface of the lower anterior abdominal wall. This means 
that a distended bladder ean be punctured direetly through the lower 
anterior abdominal wall without traversing the peritoneal eavity 
(suprapubic puncture). 

Peritoneum of the female pelvis 


In females, peritoneum eovers the anterolateral surface of the upper 
rectum as it does in the male, but it deseends fhrther over the anterior 
surface of the rectum. The parareetal and paravesieal fossae are limited 
laterally by the peritoneum that eovers the uterosacral and round liga- 
ments of the uterus, respeetively (see Figs 77.14, 77.15, 77.18). The 
presenee of the uterus and vagina means that there are two pelvie 
pouches instead of the single reetovesieal pouch seen in males. The 
peritoneum from the rectum is refleeted anteriorly on to the posterior 
surface of the posterior fornix of the vagina and the uterus, forming the 
recto-uterine pouch (of Douglas). The depth of the pouch - namely, 
the extent to which it deseends on the posterior surface of the vagina 
- is variable (Baessler and Schuessler 2000). The peritoneum eovers the 
fundus and body of the uterus, deseending on its anterior surface as far 
as the junction of the body and cervix; from here, it is refleeted forwards 
on to the posterosuperior surface of the bladder, forming a shallow 
vesico-uterine pouch. As in males, the peritoneum over the dome of the 
bladder is refleeted on to the posterior surface of the lower anterior 
abdominal wall. Recto-uterine folds eontaining the uterosacral liga- 
ments pass posteriorly from the sides of the cervix to the saemm, 
mnning lateral to the rectum. Peritoneum is also refleeted from the 
anterior and posterior uterine surfaces to the lateral pelvie walls as the 
broad ligament of the utems (see Fig. 77.18). This eonsists of anterior 
and posterior layers that are continuous at the upper border of the liga- 
ment. The broad ligament eontains the uterine tubes in its free upper 
border; the ovaries are suspended from its posterior layer. Inferiorly, the 
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Fig. 63.8 The peritoneum of the male pelvis: anterosuperior view. 


peritoneiim at the base of the broad ligament merges with the pelvie 
parietal peritoneum. The ovarian fossa is a shallow depression in the 
peritoneal lining of the lateral pelvie wall between the peritoneal ridges 
formed by the obliterated umbilical arteries anteriorly, the ureter pos- 
teriorly, and the external iliae vessels above; it lies behind the lateral 
attaehment of the broad ligament and usually eontains the ovary in 
nulliparous females. 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Parietal and viseeral peritoneum develops from the somatopleural 
and splanchnopleural layers, respeetively of the lateral plate mesoderm 
(p. 1059). Parietal peritoneum is supplied by the somatie blood vessels 
of the abdominal and pelvie walls, and its lymphaties join those in the 
body wall and drain to parietal lymph nodes. Viseeral peritoneum is 
best eonsidered as an integral part of the viscus it eovers: its blood 
supply and lymphatie drainage therefore eorrespond to those of the 
assoeiated viscus. 

INNERVATION 


The parietal peritoneum is innervated by somatie efferent and afferent 
nerves that also supply the muscles and skin of the overlying body wall. 
The viseeral peritoneum is innervated by afferent nerves that travel with 
the autonomic supply to the underlying viseera. Sensations arising from 
pathologies that affeet the parietal or viseeral peritoneum refleet these 
different patterns of innervation. Well-localized pain is elieited by 
meehanieaf thermal or ehemieal stimulation of noeieeptors in the pari- 
etal peritoneum; the pain is usually well loealized to the affeeted region. 
Somatie nerves that innervate the parietal peritoneum also supply the 
eorresponding segmental skin and muscles; when the parietal perito- 
neum is irritated, loeal reflex muscle eontraetion occurs, resulting in 
elinieal signs of guarding or even rigidity of the abdominal wall. The 
parietal diaphragmatie peritoneum is supplied eentrally by afferent 
fìbres from the phrenie nerves and peripherally by the lower intereostal 
and subcostal nerves; peripheral irritation of the diaphragm may there- 
fore result in pain loealized in the distribution of the lower thoraeie 
spinal nerves, while eentral irritation causes referred pain in the cutane- 
ous distribution of the third to fifth eervieal spinal nerves (the shoulder 
region). The innervation of the parietal peritoneum of the tme pelvis 
is poorly doaimented but the obturator nerve makes a signifieant 
contribution. 

Irritation or streteh of the viseeral peritoneum causes poorly loeal- 
ized diseomfort. The sensation of pain is referred to a diffiise area of 
the abdominal wall. Thus, diseomfort from structures derived from 


the foregut is felt in the epigastrie region, that from midgut structures 
in the umbilical region, and that from hindgut stmctures in the 
suprapubic region; none of these sensations is signifieantly lateralized. 
Pain from the panereas, gallbladder and even the small bowel may 
radiate to the baek. Streteh or irritation of the viseeral peritoneum 
may also elieit profound reflex vasomotor and eardiae ehanges medi- 
ated by autonomic nerves, including a vasovagal response. This is of 
eonsiderable elinieal relevanee. Painfhl responses to manipulation of 
the parietal peritoneum may be abolished by loeal or regional anaes- 
thesia. In marked eontrast, the direet eentral eonneetions of viseeral 
afferents, particularly via the vagus nerve, mean that stretehing the 
viseeral peritoneum may induce profound effeets, including acute 
haemodynamie instability, despite loeal or regional (including spinal) 
anaesthesia. 


GENERAL ARRANGEMENT 0F THE 
PERITONEAL CAVITY 


The peritoneal eavity is a single continuous spaee between the parietal 
peritoneum lining the abdominal wall and the viseeral peritoneum 
enveloping the abdominal organs. It eonsists of the greater sae, which 
is the main peritoneal eavity surrounding most of the abdominal and 
pelvie viseera, and the lesser sae, or omental bursa, which is a small 
diverticulum situated behind the stomaeh and lesser omentum and in 
front of the panereas. These two saes eomimmieate via the epiploie 
foramen. 

For elinieal purposes, the peritoneal eavity ean be divided into 
several 'spaees'; pathologieal proeesses are often eontained within these 
spaees and their anatomy may influence diagnosis and treatment. It is 
useful to divide the peritoneal eavity into two main eompartments, 
supramesocolic (often simply ealled supracolic) and inframesoeolie (or 
infraeolie), which are partially separated by the transverse eolon and its 
mesentery. The pelvie peritoneal spaees are deseribed above. 


SUPRAMES0C0LIC C0MPARTMENT 


This lies between the diaphragm and the transverse mesoeolon. It ean 
be arbitrarily divided into right and left supramesocolic spaees. The 
right supramesocolic spaee ean be subdivided into the right subphrenic 
spaee, the right subhepatic spaee and the lesser sae. The left suprameso- 
eolie spaee ean be divided into two subspaces: the left subphrenic spaee 
and the left perihepatie spaee. These 'spaees' usually communicate but 
may nevertheless be sites of loealized fhiid eolleetions. 














































































General arrangement of the peritoneal eavity 


Right subphrenic spaee 


The right subphrenic spaee lies between the diaphragm and the anterior, 
superior and right lateral surfaces of the right lobe of the liver. It is 
bounded on the left by the faleiform ligament and posteriorly by the 
upper layer of the eoronary ligament (see Fig. 63.3). Because of the 
clockwise flow of peritoneal fluid from the lower abdomen and pelvis, 
it is a relatively eommon site for an infeeted fluid eolleetion after a 
perforated appendieitis or duodenal ulcer. 

Right subhepatic spaee (hepatorenal pouch) 


The right subhepatic spaee lies between the inferior surface of the right 
lobe of the liver and the upper pole of the right kidney. It is bounded 
superiorly by the inferior layer of the eoronary ligament, laterally by the 
right lateral abdominal walf posteriorly by the anterior surface of the 
upper pole of the right kidney and inferomedially by the hepatie 
flexure, transverse mesoeolon, seeond part of the duodenum, and part 
of the head of the panereas. In the supine position, the hepatorenal 
pouch (of Morison) is more dependent than the right paraeolie gutter. 
It is a site where a pathologieal fluid eolleetion may develop. 


n*J Lesser sae (omental bursa) 


The lesser sae is a eavity lined with peritoneum and eonneeted to the 
main peritoneal eavity (greater sae) by the epiploie foramen (of 
Winslow). It is eonsidered part of the right supramesocolic eompart- 
ment because it develops in the embryo on the right side of the ventral 
mesogastrium (p. 1059). It has posterior and anterior walls and superior, 
inferior, right and left borders. The sae varies in size aeeording to the 
volume of the viseera making up its walls; it may be partially obliterated 
by natural adhesions between the anterior and posterior walls. 

The anterior wall of the lesser sae eonsists of the posterior peritoneal 
layer of the lesser omentum, the peritoneum over the posterior wall of 
the stomaeh and fìrst part of the duodenum, and the posterior upper 
part of the anterior sheet of the greater omentum (see Fig. 63.5). At its 
right border, the anterior wall is mostly formed by the lesser omentum 
but, towards the left, the lesser omentum beeomes progressively shorter 
and more of the anterior wall is formed by the posterior surface of the 
stomaeh and greater omentum. 

The lower part of the posterior wall of the lesser sae is formed by the 
anterior peritoneal layer of the posterior sheet of the greater omentum, 
which overlies the transverse mesoeolon. More superiorly, the perito- 
neum of the posterior wall eovers, from below upwards, a small part of 
the head and the whole neek and body of the panereas, the medial part 
of the anterior aspeet of the upper pole of the left kidney, most of the 
left suprarenal gland, the eommeneement of the abdominal aorta, the 
eoeliae tmnk and part of the diaphragm (see Fig. 63.2). The inferior 
phrenie, splenie, left gastrie and eommon hepatie arteries lie partly 
behind the bursa. Many of these stmctures form the 'bed' of the stomaeh 
and are separated from it only by the linings of the lesser sae. 

The superior border of the lesser sae is narrow and lies between the 
right side of the oesophagus and the upper end of the fissure for the 
ligamentum venosum; it is sometimes referred to as the superior reeess 
of the omental bursa. Here, the peritoneum of the posterior wall of the 
lesser sae is refleeted anteriorly from the diaphragm to join the posterior 
layer of the lesser omentum. The inferior border mns along the line of 
fhsion of the layers of the greater omentum, which extends from the 
gastrosplenie ligament on the left to the peritoneal fold behind the first 
part of the duodenum on the right. If the layers of the greater omentum 
are not eompletely fused, the lesser sae may extend to the inferior limit 
of this stmcture, but this is rarely demonstrable at surgery. 

The right border of the lesser sae is where the peritoneum overlying 
the head and neek of the panereas is refleeted on to the inferior aspeet 
of the first part of the duodenum. The line of this refleetion aseends to 
the left, along the medial side of the gastroduodenal artery. Near the 
upper duodenal border, the right border joins the floor of the epiploie 
foramen round the hepatie artery proper. The epiploie foramen there- 
fore intermpts the right border. Above the epiploie foramen, the right 
border is formed by the peritoneal refleetion from the diaphragm to the 
right margin of the caudate lobe of the liver, which then erosses the 
inferior vena eava. The left border of the lesser sae mns from the left 
end of the root of the transverse mesoeolon and is mostly formed by 
the inner peritoneal layers of the splenorenal and gastrosplenie liga- 
ments (see Fig. 63.6). The part of the lesser sae lying between the 
splenorenal and gastrosplenie ligaments is referred to as the splenie 
reeess. Above the spleen, the two ligaments merge to form the short 
gastrophrenie ligament, which passes forwards from the diaphragm to 


the posterior aspeet of the fundus of the stomaeh and forms part of the 
upper left border of the lesser sae. The two layers of the gastrophrenie 
ligament diverge near the abdominal oesophagus, leaving part of the 
posterior gastrie surface devoid of peritoneum. The left gastrie artery 
mns forwards here into the lesser omentum. 

The lesser sae is indented by a ereseentie peritoneal fold that mns 
from the upper border of the neek of the panereas to the upper part of 
the lesser curvature of the stomaeh. It is variably deseribed but eom- 
monly known as the gastropanereatie fold. The upper part of this fold 
overlies the left gastrie artery as it mns from the posterior abdominal 
wall to the lesser curvature of the stomaeh. The lower part of the fold 
overlies the eommon hepatie artery as it mns from the posterior abdom- 
inal wall to the lesser omentum. When the fold is prominent, it divides 
the lesser sae into a smaller superior and a larger inferior reeess. The 
superior reeess lies posterior to the lesser omentum and eneloses 
the caudate lobe of the liver; it extends superiorly into the fissure for 
the ligamentum venosum and lies adjaeent to the right ems of the 
diaphragm posteriorly. The inferior reeess of the lesser sae lies between 
the stomaeh and panereas, and is eontained within the double sheet of 
the greater omentum. 

Acute panereatitis is probably the most eommon cause of a fluid 
eolleetion within the lesser sae (or just behind its posterior peritoneal 
lining) (p. 1182). Bleeding from trauma or a ruptured splenie artery 
aneurysm and perforation of a posterior gastrie ulcer are other causes 
of lesser sae eolleetions. 


Epiploie foramen 

The epiploie foramen (foramen of Winslow or aditus to the lesser sae) 
is a short, vertieal slit, about 3 em in height in adults, behind the free 
right border of the lesser omentum. It is the entranee to the lesser sae 
from the greater sae. The hepatoduodenal ligament, formed by the 
thiekened free right margin of the lesser omentum and extending 
between the porta hepatis above and the upper border of the first part 
of the duodenum below, forms the anterior boundary of the foramen. 
Within this free border lie the bile duct (anteriorly on the right), the 
hepatie artery (anteriorly on the left) and the portal vein (posteriorly), 
together with nerves and lymphaties (see above). Rapid eontrol of the 
hepatie artery and portal vein ean be obtained by eompression of the 
free edge of the lesser omentum (a 'Pringle' manoeuvre), which is a 
potentially useful technique in liver trauma and surgery. Superiorly, the 
peritoneum of the posterior layer of the hepatoduodenal ligament mns 
over the caudate proeess of the liver, forming the roof of the epiploie 
foramen. This layer of peritoneum is then refleeted on to the inferior 
vena eava, which forms the posterior border of the foramen. The floor 
of the foramen is formed by the peritoneal refleetion overlying the 
upper border of the first part of the duodenum as it mns forwards above 
the head of the panereas. A narrow passage, the vestibule of the lesser 
sae, may be formed to the left of the foramen between the caudate 
proeess above and the first part of the duodenum below. To the right, 
the rim of the foramen is continuous with the peritoneum of the greater 
sae. The anterior and posterior walls of the foramen are normally 
apposed, which partly explains why patients ean develop large fluid 
eolleetions isolated to the greater or lesser sae (Shrestha et al 2010). 



Left siibphrenie spaee 


The left subphrenic spaee lies between the diaphragm, the anterior and 
superior surfaces of the left lobe of the liver, the anterosuperior surface 
of the stomaeh and the diaphragmatie surface of the spleen. To the right 
it is bounded by the faleiform ligament. It is expanded in the absenee 
of the spleen and is a eommon site for fluid eolleetion after splenee- 
tomy. The left subphrenic spaee is substantially larger than the right and 
ean be divided into a left perihepatie spaee and anterior and posterior 
subphrenic spaees (see Fig. 63.6); these are in eontimiity in the absenee 
of disease. The definitions of the boundaries of these spaees vary. 

The left anterior subphrenic spaee is large and lies between the 
superior and anterolateral surfaces of the spleen and the diaphragm. 

Inferiorly and medially, this spaee is bounded by the phrenieoeolie, 
splenorenal and gastrosplenie ligaments. The phrenieoeolie ligament 
partially obstmets the flow of fluid from the left paraeolie gutter (Meyers 
1973), which may explain why left subphrenic eolleetions are less fre- 
quent than right subphrenic eolleetions after lower abdominal and 
pelvie surgery. Nevertheless, the left subphrenic spaee is a relatively 
eommon site of fluid eolleetion after upper abdominal surgery, particu- 
larly surgery involving the spleen or distal panereas. The left posterior 
subphrenic spaee is small and lies between the fundus of the stomaeh 
and the diaphragm above the origin of the splenorenal ligament. 

The left perihepatie spaee is sometimes subdivided into anterior and 
posterior spaees. The left anterior perihepatie spaee lies between the 11 07 
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Peritoneum and peritoneal eavity 


Free tiimoiir eells in the peritoneal eavity, espeeially from mucinous 
tumours, may gain aeeess to the lesser sae and settle by gravity into the 
inferior reeess of the lesser sae. This is more likely on the right side of 
the lesser sae in an area reeognized surgically as the 'subpyloric spaee' 
Growth of tumour at this site may cause gastrie outlet obstmetion. 

During surgical exploration of the abdomen, some peritoneal sur- 
faees eannot be visualized without the aid of speeifie surgical manoeu- 
vres. One of these sites is the posterior aspeet of the hepatoduodenal 
ligament. The reeess ereated by the posterior aspeet of the hepatoduo- 
denal ligament and the caudate proeess is an important site for muci- 
nous peritoneal metastases. It ean be visualized during cytoreductive 
surgery by passing a tape around the stmctures in the free edge of the 
lesser omentum and retraeting them forwards. 
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anterosuperior surface of the left lobe of the liver and diaphragm. The 
left posterior perihepatie spaee, also known as the gastrohepatie reeess, 
lies inferior to the left lobe of the liver. It extends into the fissure for 
the ligamentum venosum on the right. Posteriorly, it is separated from 
the superior reeess of the lesser sae by the lesser omentum. 

Extraperitoneal subphrenic spaees 


There are two potential subphrenic spaees that actually lie outside the 
peritoneum but are of elinieal relevanee because they may be sites of 
fluid accumulation. The right extraperitoneal spaee is bounded by the 
two layers of the eoronary ligament, the bare area of the liver, and the 
inferior surface of the right hemidiaphragm. The left extraperitoneal 
spaee lies anterior to the left suprarenal gland and upper pole of the 
left kidney. 
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INFRAMESOCOLIC OOMPARTMENT 


The inframesoeolie eompartment (also ealled the infraeolie eompart- 
ment) lies below the transverse mesoeolon and transverse eolon, and 
is divided into two unequal spaees by the root of the mesentery of the 
small intestine (see Fig. 63.2). It eontains the right and left paraeolie 
gutters lateral to the aseending and deseending eolon, respeetively. 
As a consequence of the mobility of the transverse mesoeolon and 
mesentery of the small intestine, and the open boundaries of the 
inframesoeolie eompartment, disease proeesses are rarely eonfined to 
the eompartment. Continuous peristalsis of the small bowel may 
explain the relative laek of peritoneal metastases on intestinal and 
mesenterie surfaces. 

Right infraeolie spaee 


The right infraeolie spaee is a triangular spaee. It is smaller than its left- 
sided counterpart and lies posterior and inferior to the transverse eolon 
and mesoeolon to the right of the small intestinal mesentery. The spaee 
is narrowest inferiorly because the attaehment of the root of the mesen- 
tery of the small intestine lies well to the right of the midline. 

Left infraeolie spaee 


The left infraeolie spaee is larger than its right-sided counterpart and is 
in free communication with the pelvis. It lies posterior and inferior to 
the transverse eolon and mesoeolon, and to the left of the mesentery 
of the small intestine. The sigmoid eolon and its mesentery may par- 
tially restriet the flow of fluid or blood from this spaee into the pelvis 
to the left of the midline. 

[(*) Paraeolie gutters 

The right and left paraeolie gutters are peritoneal depressions on the 
posterior abdominal wall alongside the aseending and deseending 
eolon, respeetively. The prineipal paraeolie gutter lies lateral to the 
eolon on eaeh side. A less obvious medial paraeolie gutter may be 
present, more often on the right side, if the aseending or deseending 
eolon possesses a short mesentery for part of its length. The right 
(lateral) paraeolie gutter mns from the superolateral aspeet of the 
hepatie flexure of the eolon, down the lateral aspeet of the aseending 
eolon and caecum. It is continuous with the peritoneum of the pelvie 
eavity below. Superiorly, it is continuous with the peritoneum that lines 
the hepatorenal pouch and with the lesser sae through the epiploie 
foramen. Bile, pus, blood or other fluid may mn along the gutter and 
eolleet in sites distant to the organ of origin. In supine patients, infeeted 
fluid from the right iliae fossa may aseend in the gutter to the right 
subphrenic spaee. In ereet or semi-recumbent positions, fluid from the 
stomaeh, duodenum or gallbladder may mn down the gutter to eolleet 
in the right iliae fossa (mimieking acute appendieitis) or pelvis to form 
an abseess. The right paraeolie gutter is deeper than the left, which, 
together with the partial barrier provided by the phrenieoeolie ligament, 
may explain why subphrenic eolleetions are more eommon on the 
right. 


RECESSES OF THE PERITONEAL OAVITY 


Peritoneal fossae or reeesses within the peritoneal eavity are oeeasion- 
11 08 ally sites of internal herniation. If a loop of intestine beeomes stuck in 


Fig. 63.9 The superior and inferior duodenal reeesses. Note that the 
transverse eolon and jejunum have been displaeed. 


a fossa or reeess, the bowel may beeome obstmeted or strangulate from 
a eonstrietion at the entranee to the reeess. The eontents of the perito- 
neal fold forming the fossa/reeess must be eonsidered when repairing 
such a hernia. 



Although not usually elassified as a peritoneal reeess, the lesser sae may 
be a site of internal herniation. There are reports of the small intestine, 
eaeaim, transverse eolon or gallbladder migrating through the epiploie 
foramen into the lesser sae and causing acute abdominal symptoms 

(Shrestha et al 2010). 

Diiodenal reeesses 


Several folds of peritoneum may exist around the fourth part of the 
duodenum and the duodenojejunal junction, forming a number of 
named reeesses (Fig. 63.9). They probably arise during development as 
a result of minor aberrations of duodenal rotation and fixation. Some 
are potential sites of internal herniation (Zonea et al 2008). 


Siiperior duodenal reeess 

The superior duodenal reeess is oeeasionally present, often in assoeia- 
tion with an inferior duodenal reeess. It lies direetly to the left of the 
fourth part of the duodenum, adjaeent to the seeond lumbar vertebra, 
and behind a ereseentie superior duodenal fold. The fold has a semihi- 
nar free lower margin, which merges laterally with the peritoneum 
overlying the left kidney. The inferior mesenterie vein lies under the 
parietal peritoneum, direetly behind the lateral end of this fold. The 
reeess extends superiorly and varies in size, but eommonly admits a 
fingertip. 


Inferior duodenal reeess 

The inferior duodenal reeess is usually present, often in assoeiation with 
a superior reeess, with which it may share an orifiee. It lies to the left 
of the fourth part of the duodenum, adjaeent to the third lumbar ver- 
tebra, behind an avasailar, triangular inferior duodenal fold, which has 
a sharp upper edge. It usually admits one or two fingertips and extends 
inferiorly, sometimes behind the fourth part of the duodenum and to 
the left, in front of the aseending braneh of the left eolie artery and the 
inferior mesenterie vein. 



Paraduodenal reeess 

The paraduodenal reeess may occur in conjunction with superior and 
inferior duodenal reeesses. It lies a little to the left and slightly behind 
the fourth part of the duodenum, behind a faleiform fold of perito- 
neum. The free right edge of this fold eontains the inferior mesenterie 
vein and aseending braneh of the left eolie artery, and is part of the left 
eolie mesentery. This reeess is the site of a Teft paraduodenal hernia' 
(Khan et al 1998). 

Retroduodenal reeess 

The retroduodenal reeess is the largest of the duodenal reeesses but is 
rarely present. It lies behind the third and fourth parts of the duodenum 
in front of the abdominal aorta, is up to 10 em deep, and has a wide 
orifiee flanked by duodenoparietal peritoneal folds. 





































Peritoneum and peritoneal eavity 


The distribiition of peritoneal metastases via the paraeolie gutters is 
not the same on eaeh side. Peritoneal fluid usually traeks freely along 
the right paraeolie gutter, whereas the flow of peritoneal fluid mnning 
down the left paraeolie gutter from the upper abdomen will be impeded 
by any attaehments of the sigmoid eolon to the left abdominal wall. 
Cancer deposits at this site tend to invade the mesentery of the junction 
between the sigmoid and deseending eolon, and therefore neeessitate 
sigmoid eoleetomy for tumour elearanee. 

The superior and inferior reeesses of the duodenum may be sites of 
occult peritoneal metastases and must be examined in patients having 
surgery for peritoneal metastases. 




General arrangement of the peritoneal eavity 
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Fig. 63.10 The peritoneal folds and reeesses in the eaeeal region. 


Duodenojejunal reeess 

The diiodenojejimal or mesoeolie reeess occurs in a minority of adults. 
When present, it is almost never assoeiated with other duodenal 
reeesses. It is approximately 3 em deep and lies to the left of the abdom- 
inal aorta, between the duodenojejunal junction and the root of the 
transverse mesoeolon. It is bounded above by the panereas, on the left 
by the kidney, and below by the left renal vein. Its circular opening lies 
between two peritoneal folds and faees down and to the right. 


In addition to these eaeeal reeesses, one or more shallow paraeae- 
eal or paraeolie reeesses may be present. These are simply depres- 
sions within the right paraeolie gutter and are not sites of internal 
herniation. 

Intersigmoid reeess 


The intersigmoid reeess is present in fetal life and infaney, but often 
disappears subsequently. It lies behind and inferior to the apex of the 
V-shaped attaehment of the sigmoid mesoeolon. It opens downwards 
and varies in shape from a slight depression to a shallow fossa. Its 
posterior wall is formed by the parietal peritoneum of the posterior 
abdominal wall, where it eovers the left ureter as it erosses the bifìirea- 
tion of the left eommon iliae artery. It is a rare site for an internal hernia 
(Harrison et al 2011). 

Internal hernias 


An internal hernia is a protmsion of a viscus through a normal or 
abnormal aperture (which includes a surgically ereated opening) within 
the eonfines of the peritoneal eavity (Martin et al 2006). It is possible 
for any of the peritoneal reeesses, foramina or cul-de-sacs deseribed in 
this ehapter to be assoeiated with the development of an internal 
hernia, but with a elinieally apparent internal hernia the relevant peri- 
toneal reeess is usually enlarged and its aperture narrowed eompared 
to normal. Among the many potential sites for an internal hernia, the 
most eommon are paraduodenal, followed by perieaeeal, and hernias 
through the epiploie foramen. 


ADDITIONAL CLINICAL ASPECTS 0F THE 
PERITONEAL CAVITY 


Peritoneal fluid eolleetions 


Mesenterieoparietaí reeess 

The mesenterieoparietal reeess or fossa is rarely present. It lies just 
below the third part of the duodenum and invaginates the upper part 
of the mesentery of the small intestine towards the right. Its orifiee is 
large and faees to the left, behind a fold of mesentery raised by the 
superior mesenterie artery. This reeess is the site of the rare 'right 
paraduodenal hernia'. 

Caecal reeesses 


Peritoneal folds around the caecum may form a variety reeesses (Fig. 
63.10); these have the potential to beeome sites of internal herniation 
(Rivkind et al 1986). Paraeaeeal reeesses are eommon sites for abseess 
formation after acute appendieitis. 

Superior ileoeaeeal reeess 

The superior ileoeaeeal reeess is usually best developed in ehildren and 
may be absent in the aged or obese. It is a narrow slit bounded in front 
by a vasoilar fold of peritoneum eontaining the anterior eaeeal vessels, 
behind by the ileal mesentery, below by the terminal ileum and on the 
right by the ileoeaeeal junction. Its orifiee opens to the left. 

Inferior ileoeaeeal reeess 

The inferior ileoeaeeal reeess is similarly well developed in the young 
but frequently obliterated by fat in adults. It is formed by the ileoeaeeal 
fold, which extends from the anteroinferior aspeet of the terminal ileum 
to the front of the mesoappendix (or to the appendix or eaeoim). It is 
also known as the 'bloodless fold of Treves', although it sometimes 
eontains blood vessels that bleed if divided during surgery. If inflamed, 
espeeially when the appendix and its mesentery are retroeaeeal, it may 
be mistaken for the mesoappendix. The reeess is bounded in front by 
the ileoeaeeal fold, above by the terminal ileum and its mesentery, to 
the right by the eaeoim, and behind by the upper part of the mesoap- 
pendix. Its orifiee opens downwards to the left. 

Retroeaeeal reeess 

The retroeaeeal reeess lies behind the eaeoim. It aseends behind the 
aseending eolon to a variable extent, often being large enough to admit 
an entire finger. It is bounded in front by the eaeernn (and sometimes 
the proximal aseending eolon), behind by the parietal peritoneum, and 
on eaeh side by eaeeal folds (parietoeolie folds) passing from the 
eaeoim to the posterior abdominal wall. The vermiform appendix fre- 
quently occupies this retroeaeeal reeess (p. 1142). 


Fluid eolleetions frequently develop within the peritoneal eavity in 
response to a wide range of pathologieal proeesses. In the absenee of 
inflammation, peritoneal adhesions or previous surgery, serous fluid 
tends to be distributed widely between the peritoneal spaees. Simple 
aseites ean therefore be drained freely from any eonvenient dependent 
part of the peritoneal eavity; drainage is most eommonly performed by 
blind puncture or ultrasound-guided insertion of a eatheter into the 
lower left or right paraeolie gutters. The mobility of the small bowel 
makes it very unlikely to be injured during this procedure. 

Fluid eolleetions caused by inflammatory proeesses are often much 
thieker because they eontain pus, fibrin or blood. Furthermore, they are 
usually assoeiated with peritoneal adhesions arising from peritoneal 
inflammation. These faetors predispose to the formation of loealized 
fluid eolleetions, which may beeome walled-off as the inflammatory 
proeess progresses. Any of the peritoneal spaees may develop a loealized 
eolleetion, but the subphrenic, subhepatic and pelvie spaees are the 
most eommon sites sinee they are well defined by peritoneal folds and 
organs forming their boundaries. These spaees are also the most 
dependent regions within the peritoneal eavity. 

Surgical aeeess to the peritoneal spaees is less often needed today 
because of advanees in radiologieally guided percutaneous drainage 
using fluoroscopy, ultrasound, computed tomography (CT) or magnetie 
resonanee imaging (MRI) guidance. These techniques offer reliable and 
versatile methods of aeeessing peritoneal spaees, including relatively 
inaeeessible subhepatic, perihepatie or intermesenterie eolleetions. Pos- 
terolateral translumbar or trans-seiatie approaehes ean also be used to 
aeeess the retroperitoneum and pelvis, respeetively. Oeeasionally, a sur- 
gieal approaeh is neeessary; thus, a subcostal or lateral intereostal inei- 
sion may be required to drain a subphrenic abseess or an inguinal 
ineision to drain a pelvie abseess. 

Peritoneal dialysis 


The mean surface area of the peritoneum in the adult (female) has been 
estimated to be about 1.4 m 2 (with the viseeral peritoneum accounting 
for about 80% of the total) (Albanese et al 2009). Mesothelium resem- 
bles vascular endothelium in that it allows the passage of ions and small 
moleoiles. Normally, the volume of fhiid transmitted by peritoneal 
surfaces is small, but large volumes of fhiid ean be instilled into the 
peritoneal eavity and then siphoned out, using the peritoneum as a 
dialysing membrane. This ean be used to support individuals with acute 
or ehronie renal failure. 
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PERITONEIIM AND PERITONEAL OAVITY 


Ventriculoperitoneal shunts 


The absorptive eapabilities of the peritoneiim ean be exploited to 
absorb excess transitional fluids from several sites in the body. The most 
eommon of these is the absorption of eerebrospinal fluid diverted into 
the peritoneal eavity using a shunt (a fine eatheter) from the eerebral 
ventrieles or the intratheeal spaee. The eatheter plaeed within the peri- 
toneal eavity ean be equipped with a one-way valve to prevent reflux of 
peritoneal fluid into the eerebrospinal fluid. The eerebrospinal fluid is 
continuously absorbed by the peritoneum, maintaining a low pressure 
within the intraventricular or intratheeal spaee. 

Intraperitoneal eaneer ehemotherapy 


In patients with peritoneal metastases, attempts to optimize the 
benefits of cytoreductive surgery may involve the administration of 


chemotherapeutic agents (diluted in large volumes of fluid) direetly 
into the peritoneal eavity. Peritoneal aeeess may be aehieved via an 
intraperitoneal eatheter eonneeted to a subcutaneous port or by repeated 
paraeentesis. The infhsed chemotherapeutic agents may be retained 
loeally for longer than systemieally administered agents. Targeting dmgs 
to the peritoneal spaee may improve the results of treatment if eomplete 
tumour reseetion is not possible. 


f® Bonus e-book video 

Video 63.1 Siirgieal exploration of the peritoneal eavity. 
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SUBSECTION: Gastrointestinal traet 



CHAPTER 



ABDOMINAL 0ES0PHAGUS 


The abdominal oesophagus is 1-2.5 em in length, and is slightly 
broader at the eardiae orifiee than at the diaphragmatie aperture. It lies 
to the left of the midline and enters the abdomen through the oesopha- 
geal aperture (formed by the two diaphragmatie emra) at the level of 
the eleventh thoraeie vertebra (Mirjalili et al 2012). It mns obliquely to 
the left and slightly posteriorly, and ends at the gastro-oesophageal 
junction, where it is continuous with the eardiae orifiee of the stomaeh. 
The anterior wall of the abdominal oesophagus is effeetively longer 
than the posterior wall because of the obliquity of the emra. The 
abdominal oesophagus lies posterior to the left lobe of the liver, and 
anterior to the left ems, the left inferior phrenie vessels and the left 
greater and lesser splanehnie nerves; its surface is eovered by a thin layer 
of eonneetive tissue and viseeral peritoneum that eontain the anterior 
and posterior vagus nerves, as well as the oesophageal branehes of the 
left gastrie vessels. The anterior and posterior vagi may be single or 
eomposed of multiple tmnks (laekson 1949); the anterior is elosely 
applied to the anterior outer surface of the longitudinal muscle eoat of 
the oesophagus while the posterior usually lies within loose eonneetive 
tissue immediately posterior and to the right of the oesophagus, making 
its identifieation during surgery somewhat easier. llnlike the more 
proximal parts of the oesophagus, the muscular wall of the abdominal 
oesophagus is eomposed entirely of smooth muscle. 

The abdominal oesophagus is effeetively tethered to the margins of 
the muscular oesophageal hiatus in the diaphragm by the phreno- 
oesophageal ligament (Fig. 64.1) (Kwok et al 1999). This is formed by 
two circumferential layers of elastin-rieh eonneetive tissue eontaining 
some smooth muscle fibres. The inferior layer is an extension of the 
subperitoneal transversalis faseia below the diaphragm; it is thin and 
only loosely attaehed to the oesophagus. The superior layer is continu- 
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Fig. 64.1 The anatomieal structures around the abdominal oesophagus. 
(Reprinted from Netter Anatomy lllustration Collection, © Elsevier ine. All 
Rights Reserved.) 


ous with the subpleural endothoraeie faseia above the diaphragm; it is 
thieker, eontains more elastin than its inferior counterpart, and mns 
eranially and obliquely to fuse firmly with the wall of the oesophagus. 
A variable amount of adipose tissue lies in the triangular interval 
between the two layers of the ligament. The phreno-oesophageal liga- 
ment helps to anehor the oesophagus to the emral muscle fibres of the 
diaphragm and probably aets to limit upward and downward mobility 
of the oesophagus within the hiatus (Kwok et al 1999). In the elderly, 
the ligament tends to beeome attenuated and eontain more adipose 
tissue. The phreno-oesophageal ligament is denser anteriorly where it 
bridges between the outer layer of the oesophageal wall and the arehing 
fibres of the diaphragmatie emra. 

The peritoneal refleetion posterior to the abdominal oesophagus is 
short and eontimies direetly on to the posterior surface of the fundus 
of the stomaeh; it is sometimes referred to as the gastrophrenie liga- 
ment. It eneloses the oesophageal branehes of the left gastrie vessels 
and the eoeliae branehes of the posterior vagus and ean thus be eon- 
sidered to form an extremely short, wide mesentery to the abdominal 
oesophagus. In adults, a fat pad may be visible beneath the peritoneum 
over the anterior surface of the gastro-oesophageal junction and ean be 
a useful surgical marker of the gastro-oesophageal junction. 


Hiatus hernia 
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VASCULAR SUPPLY AND LYMPHATIO DRAINAGE 
Arteries 

The abdominal oesophagus is supplied by numerous oesophageal 
branehes of the left gastrie artery. These aseend beneath the viseeral 
peritoneum to supply perforating branehes to the intramural and sub- 
mucosal plexuses. The posterior surface usually reeeives an additional 
supply via branehes of the upper short gastrie arteries, reinforeed by 
terminal arteries from the oesophageal branehes of the thoraeie aorta 
and oeeasionally an aseending braneh of the posterior gastrie artery 
(Liebermann-Meffert et al 1987). 

Veins 


Mucosal and submucosal veins drain via plexuses to the left gastrie and 
upper short gastrie veins in the abdomen and to the azygos/hemiazygos 
system of veins in the thorax. The distal oesophagus is an important 
site of portosystemie anastomosis where oesophageal variees develop 
in portal hypertension (see below). 

Lymphatie drainage 


The oesophagus has a freely anastomosing plexus of lymphaties in the 
lamina propria, submucosa and muscularis propria. The lower third 
primarily drains caudally to left gastrie and left and right paraeardial 
nodes, and from there to eoeliae nodes. In lower oesophageal eaneer, 
lymph also drains eranially to mediastinal lymph nodes (Aikou et al 
1987). 

INNERVATION 


The oesophagus has a well-developed intrinsie nervous system eonsist- 
ing of a ganglionated myenterie plexus and a sparsely ganglionated 
submucosal plexus, modulated by extrinsic autonomic nerves. Parasym- 
pathetie innervation of the abdominal oesophagus is derived direetly 









































Abdominal oesophagus and stomaeh 


Hiatus hernia is a relatively eommon eondition involving expansion of 
the oesophageal hiatus and herniation of the stomaeh through the 
diaphragm into the mediastimim. It is more eommon in the elderly 
and the obese. There are two types of hiatus hernia: the sliding type, 
which accounts for at least 90%, and the para-oesophageal or mixed 
type, which makes up the remainder (Roman and Kahrilas 2014). A 
hiatus hernia may not cause any symptoms or it may be assoeiated with 
symptoms of gastro-oesophageal reflux. Para-oesophageal hernias ean 
cause obstmetion and/or isehaemia of the herniated stomaeh. Treat- 
ment of a symptomatie sliding hiatal hernia is direeted at managing 
assoeiated gastro-oesophageal reflux, which may require anti-reflux 
surgery. 





SECTION 8 


ABDOMINAL OESOPHAGUS AND STOMAOH 


from the thoraeie peri-oesophageal plexus and, to a lesser extent, from 
the anterior and posterior vagi. These nerves are motor to the distal 
oesophagus and both stimulatory and inhibitory to the lower oesopha- 
geal sphineter, maintaining basal tone and eoordinating distal oesopha- 
geal peristalsis with relaxation of the sphineter during swallowing (the 
latter being mediated by intrinsie nitrergie inhibitory neurones under 
vagal eontrol). Sympathetie supply of the distal oesophagus originates 
from the fìfth to twelfth thoraeie spinal segments mainly via the greater 
and lesser splanehnie nerves and the eoeliae plexus. Noeieeptive signals 
are eonveyed by afferent nerves aeeompanying sympathetie nerves and 
by vagal afferents, which are also involved in meehanosensory signal- 
ling (Neuhuber et al 2006). 


ST0MACH 


The stomaeh is the widest part of the alimentary traet and lies between 
the oesophagus and the duodenum. It performs numerous fhnetions, 
including the temporary storage of ingested nutrients; meehanieal 
breakdown of solid food; ehemieal digestion of proteins; regulation of 
the passage of ehyme into the duodenum; seeretion of intrinsie faetor 
for vitamin B 12 absorption; seeretion of gut hormones; and seeretion of 
aeid to aid digestion (including the absorption of iron). It is also impor- 
tant in mierobial defenee. 

The stomaeh is situated in the upper abdomen, extending from the 
left upper quadrant downwards, forwards and to the right, lying in the 
left hypochondrium, epigastrium and umbilical regions. It occupies a 
reeess beneath the diaphragm and anterior abdominal wall bounded 
by the upper abdominal viseera on either side. The mean eapaeity of 
the stomaeh inereases from approximately 20-30 ml at birth to approx- 
imately 1000-1500 ml in adults. The peritoneal surface of the stomaeh 
is intermpted by the attaehments of the greater and lesser omenta, 
which defìne the greater and lesser curvatures and separate the anterior 
and posterior surfaces. 


PARTS 0F THE ST0MACH 


For deseriptive purposes, the stomaeh ean be divided into a fundus, 
body, pylorie antmm and pyloms by artifìeial lines drawn on its external 
surface (Fig. 64.2). The internal appearanee and microstructure of these 
regions vary. The fundus is dome-shaped and projeets above and to the 
left of the oesophageal opening (eardiae (eardial) orifìee) to lie in 
eontaet with the left dome of the diaphragm; it lies above a horizontal 
line from the eardiae noteh to the greater curvature. The body extends 
from the fundus to the angular incisure (incisura angularis), a eonstant 
external noteh at the lower end of the lesser curvature. The eardia is the 
region of the stomaeh adjaeent to the oesophageal opening. A line 


drawn from the angular incisure to an ineonstant indentation on the 
greater curvature defines the lower boundary of the body. The pylorie 
antmm extends from this line to where the stomaeh narrows to beeome 
the pylorie eanal (1-2 em long), which terminates at the pylorie orifìee 

(Didio and Anderson 1968). 


GASTRIC RELATI0NS 

Gastrìe curvatures 


Lesser curvature 

The lesser curvature extends between the eardiae and pylorie orifìees 
and forms the medial border of the stomaeh. It deseends from the 
medial side of the oesophagus in front of the decussating fibres of the 
right ems of the diaphragm, curves downwards and to the right, and 
lies anterior to the superior border of the panereas (Fig. 64.3). It ends 
at the pyloms, just to the right of the midline. In the most dependent 
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Fig. 64.3 The posterior relations 
of the stomaeh. 
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Duodenojejunal flexure 





















































































Stomaeh 


part, there is typieally a noteh, the angular incisure, whose position and 
appearanee vary with gastrie distension. The lesser omentum is attaehed 
to the lesser curvature and eontains the right and left gastrie vessels. 

Greater curvature 

The greater curvature is two to three times longer than the lesser 
(Csendes and Burgos 2005). It starts from the eardiae noteh, formed 
between the lateral border of the abdominal oesophagus and the 
fundus of the stomaeh, and arehes upwards, posterolaterally and to the 
left. Its highest convexity, the apex of the fundus, is approximately level 
with the left sixth rib anteriorly but varies between individuals and with 
respiration (Mirjalili et al 2012). From this point, it sweeps inferiorly 
and anteriorly, slightly convex to the left, almost as far as the tenth 
eostal eartilage in the supine position, where it turns medially to end 
at the pyloms in the transpylorie plane at the lower border of the first 
lumbar vertebra. There is frequently a groove, the intermediate sulcus, 
in the curvature elose to the pylorie eanal. The start of the greater cur- 
vature is eovered by peritoneum, which eontimies over the anterior 
surface of the stomaeh. Laterally, the greater curvature gives attaehment 
to the gastrosplenie ligament and, below this, to the greater omentum, 
which eontains the gastroepiploie vessels. The gastrosplenie ligament 
and the greater omentum, together with the gastrophrenie and spleno- 
renal ligaments, are continuous derivatives of the original dorsal meso- 
gastrium; their names merely indieate regions of the same continuous 
sheet of peritoneum and its assoeiated eonneetive tissue. 

Gastrie volvulus 


Available with the Gray’s Anatomy e-book 

Gastrie surfaces 


When the stomaeh is empty and eontraeted, the anterior and posterior 
surfaces tend to faee superiorly and inferiorly, but as the stomaeh 
distends, they faee progressively more anteriorly and posteriorly 

(Fig. 64.4). 

Anterior (superior) surface 

The entire anterior (superior) surface of the stomaeh is eovered by peri- 
toneum. The lateral part of the anterior surface lies posterior to the left 
eostal margin in eontaet with the diaphragm, which separates it from 
the left pleura, the base of the left lung, the pericardium and the left 
seventh to ninth ribs and eostal eartilages (Fig. 64.5). It also lies pos- 
terior to the eostal attaehments of the upper fibres of transversus 
abdominis. The upper left part of this surface curves posteriorly and lies 
in eontaet with the viseeral surface of the spleen. The right half of the 
anterior surface is related superiorly to the left lobe of the liver and 
inferiorly to the anterior abdominal wall, through which it ean be 
aeeessed by a needle for plaeement of a gastrostomy tube (see below). 
When the stomaeh is empty, the transverse eolon may lie adjaeent to 
the anterior surface. 

Posterior (inferior) surface 

The posterior surface is eovered by peritoneum, except near the eardiae 
orifiee, where a small, triangular area eontaets the left diaphragmatie 


Axis 



Fig. 64.4 Axes of the empty and full stomaeh. As the stomaeh distends, 
the greater curvature ‘rolls’ downwards and the anterosuperior surface 
eomes to lie almost eompletely vertieal as the anterior surface. 


ems and sometimes the left suprarenal gland. The left gastrie vessels 
reaeh the lesser curvature at the right extremity of this bare area. The 
gastrophrenie ligament passes from the lateral aspeet of this bare area 
to the inferior surface of the diaphragm. The posterior surface of the 
stomaeh lies anterior to the left ems and lower fibres of the diaphragm, 
the left inferior phrenie vessels, the left suprarenal gland, the superior 
pole of the left kidney, the splenie artery, the anterior surface of the 
panereas, and the upper layer of the transverse mesoeolon (see Fig. 
64.3). Together, these form the shallow stomaeh bed, which is separated 
from the stomaeh by the lesser sae (over which the stomaeh slides as it 
distends). The upper left part of the posterior surface curves anterolater- 
ally and lies in eontaet with the viseeral surface of the spleen. The 
transverse mesoeolon separates the stomaeh from the duodenojejunal 
flexure and proximal jejunum. 

GASTRIC 0RIFICES 

Oardiae orifiee and gastro- 
oesophageal junction 


The oesophagus opens into the stomaeh at the eardiae orifiee (see Fig. 
64.1). It is usually situated to the left of the midline behind the seventh 
eostal eartilage at the level of the eleventh thoraeie vertebra (Mirjalili 
et al 2012). It is, on average, about 40 em from the ineisor teeth in the 
adult. The right side of the abdominal oesophagus is continuous with 
the lesser curvature and the left side with the greater curvature. 

Internally, the transition between the oesophagus and stomaeh is 
difficult to define because gastrie firndal mucosal folds extend a variable 
distanee up the abdominal oesophagus. For praetieal purposes, the 
gastro-oesophageal junction is usually identified by a circumferential 
zigzag' line ('Z line') between the pale pink oesophageal squamous 
epithelium above and the red columnar epithelium below. In the 
healthy oesophagus, the Z line is loeated at the proximal extent of the 
gastrie mucosal folds. When metaplastie columnar epithelium extends 
above the gastrie folds into the lower oesophagus, it is regarded 
as pathologieal and termed Barrett's oesophagus. The presenee of a 
sliding hiatus hernia with or without Barrett's oesophagus ean make 



Diaphragm Stomaeh Transverse eolon 


Fig. 64.5 Anterior relations of the stomaeh, viewed from behind. The 

fibres of the diaphragm (oblique), transversus abdominis (transverse) and 

rectus abdominis (vertieal) ean be seen through the outlines of the 

stomaeh and its viseeral relations. 1113 
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Abdominal oesophagus and stomaeh 


Volvulus of the stomaeh is much less eommon than volvulus of either 
the sigmoid eolon or the caecum. Two types of gastrie volvulus may 
occur. The first, organoaxial volvulus, occurs about an axis of rotation 
mnning from below the eardiae orifiee to the pyloms. The antmm, body 
and fundus rotate upwards, such that the greater curvature eomes to lie 
above the lesser curvature. The seeond type, mesenteroaxial volvulus, 
occurs about an axis drawn 'aeross' the body of the stomaeh, usually 
just above the angular incisure. This type of volvulus is perpendicular 
to the axis of organoaxial volvulus. The distal body and antmm rotate 
anteriorly, superiorly and laterally while the upper body and fundus 
rotate posteriorly, medially and inferiorly. Although it is relatively 
mobile within the upper abdomen, the stomaeh is normally tethered 
at the gastro-oesophageal junction and the pyloms, to the spleen by the 
gastrosplenie ligament, and to the liver by the lesser omentum. The 
attaehment to the transverse eolon via the gastroeolie omentum also 
restrains the stomaeh but it is the most mobile attaehment. For either 
type of gastrie volvulus to occur, some or all of these points of tethering 
must be loosened either by previous surgical division or by ehronie 
lengthening and laxity of their eonneetive tissue. Organoaxial volvulus 
is most eommon because the lesser omentum, gastrosplenie ligament 
and gastroeolie omentum are more likely to undergo ehronie lengthen- 
ing by traetion than the other attaehments of the stomaeh. Mesentero- 
axial volvulus requires the gastro-oesophageal junction and pyloms to 
be sufficiently mobile as to eome into elose approximation, which is 
much less eommon. Despite the rieh arterial supply of the stomaeh, 
either type of volvulus may cause a strangulating obstmetion. 

Provided the detorted stomaeh is viable, gastrie volvulus is typieally 
managed by fixation of the anterior surface of the stomaeh to the ante- 
rior abdominal wall ('gastropexy') (Gareía et al 2013). Gastrie volvulus 
of the organoaxial type is frequently assoeiated with a para-oesophageal 
hiatus hernia, which must also be repaired. This surgery ean usually be 
earried out laparoseopieally. 
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endoseopie identiíìeation of the gastro-oesophageal junction particu- 
larly diffiailt. 

Externally a fat pad is often present in adults beneath the perito- 
neum over the anterior surface of the gastro-oesophageal junction. The 
junction is also demareated by a sling of longitudinal and oblique 
gastrie muscle fibres that forms a loop on the superior, left, side of the 
gastro-oesophageal junction between the oesophagus and the stomaeh. 

Lower oesophageal sphineter and gastro- 
oesophageal reflux 

At rest, there is a pressure gradient aeross the gastro-oesophageal junc- 
tion, refleeting the negative intrathoraeie pressure transmitted to the 
thoraeie oesophagus and the positive intra-abdominal pressure trans- 
mitted to the stomaeh (augmented by any eontraetion of the stomaeh). 
Several anatomieal and physiologieal faetors normally prevent gastro- 
oesophageal reflux. The two major anti-reflux meehanisms are the toni- 
eally eontraeted, speeialized, thiekened intrinsie circular smooth muscle 
of the lower oesophagus, which is reinforeed by the extrinsic eneireling 
fibres of the right diaphragmatie ems. Together, they exert a radial pres- 
sure on the lower 2-4 em of oesophagus, ereating an effeetive high- 
pressure zone (HPZ) that ean be measured by eleetromyography or 
manometry (Paterson 2001, Mittal and Goyal 2006, Hersheoviei et al 
2011). The deseription of the intrinsie muscles of the lower oesophageal 
sphineter ean be refined fiirther to include elasp-like semicircular 
smooth muscle fibres on the right side of the oesophagus and sling-like 
oblique gastrie muscle fibres on the left side (Preiksaitis and Diamant 
1997, Stein et al 1995). The distribution of these muscle fibres eorre- 
sponds to the anatomieal and fimetional asymmetry of the HPZ. 

At and just below the level of entry of the abdominal oesophagus 
into the stomaeh, the circular fibres of the intermediate layer of the 
muscularis externa lying over the upper lesser curvature are particularly 
pronounced; they are sometimes referred to as 'elasp' fibres and exert 
fairly eonstant myogenie tone (Fig. 64.6). Sinee the oesophagus passes 
obliquely into the stomaeh, the tone in the elasp fibres rises with 
inereasing gastrie distension and they may aet to draw the anterior and 
posterior surfaces together, inereasing the tone at the gastro-oesophageal 
junction and contributing to the HPZ. Several minor anti-reflux faetors 
also exist: the folds of gastrie mucosa present at the gastro-oesophageal 
junction form a mucosal rosette that helps to ereate a fluid- and gas- 
tight seal from the basal tonie eontraetion of the muscular wall of the 
lower oesophagus; the angle of the eardiae orifiee (angle of His), 
formed, in part, by the pull of the oblique fibres of the innermost layer 
of gastrie smooth muscle, thereby constituting a type of 'flap valve'; and 
the length of the abdominal oesophagus, which is buttressed externally 
by pads of adipose tissue at and below the level of the oesophageal 
hiatus. These anatomieal and physiologieal features are eolleetively 
referred to as the lower oesophageal sphineter. The oesophageal part of 
the lower oesophageal sphineter is eontrolled by the intramural plex- 
uses of the enterie nervous system; aetivation of inhibitory neurones 
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Fig. 64.6 Detail of the arrangements of the miisele layers of the 
oesophageal and gastrie walls. (Reproduced and modified from Netter 
Anatomy lllustration Collection, © Elsevier ine. All Rights Reserved.) 


releasing nitrie oxide leads to relaxation of the sphineter. Muscle tone 
is reduced in advanee of the oesophageal peristaltie wave during swal- 
lowing and raised again after the food bolus has passed. During inspira- 
tion, the greater negative intrathoraeie pressure inereases the 
gastro-oesophageal pressure gradient, but this is offset by inereased 
pressure in the HPZ from eontraetion of the peri-oesophageal fibres of 
the right diaphragmatie ems. Aetivation of the emral muscle slightly 
before the rest of the diaphragmatie muscle faeilitates this anti-reflux 
meehanism. 

Reflux of gastrie eontents into the lower oesophagus as a result of 
transient relaxation of the lower oesophageal sphineter occurs as a 
normal event in most individuals on a daily basis. Prolonged episodes 
of aeid reflux as a result of a weak lower oesophageal sphineter or 
sliding hiatus hernia may cause oesophagitis and its assoeiated eompli- 
eations. Surgical procedures to prevent abnormal reflux aim to restore 
a normal length of intra-abdominal oesophagus, repair any hiatus 
hernia and inerease the pressure surrounding the intra-abdominal 
oesophagus; this is usually aehieved by wrapping the fundus of the 
stomaeh around the intra-abdominal oesophagus (fimdoplieation). 

The eonverse type of lower oesophageal sphineter dysfimetion occurs 
in aehalasia, which is eharaeterized by reduced or absent ganglion eells 
in the myenterie plexus of the distal oesophagus and gastro-oesophageal 
junction. Loss of inhibitory innervation of the sphineter leads to 
impaired relaxation, causing dysphagia and proximal oesophageal dila- 
tion. Management of this eondition involves dismption of the hyper- 
tonie muscle fibres by balloon dilation or surgical myotomy ('Heller s 
eardiomyotomy'). 


Barrett’s oesophagus 

The squamous epithelium lining the lower oesophagus may be patho- 
logieally replaeed by a metaplastie 'intestinalized' columnar epithelium 
known as 'Barrett's oesophagus' (see Oommentary 1.4). This proeess 
results from ehronie episodie reflux of gastrie aeid and bile into the 
lower oesophagus (Dvorak et al 2007). The abnormal intestinal meta- 
plasia may extend proximally for a variable length from the gastro- 
oesophageal junction and assoeiated maeroseopie mucosal ehanges ean 
be seen on endoseopy. The presenee of Barrett's oesophagus eonfers a 
signifieantly inereased risk of oesophageal adenoeareinoma, although 
the eondition ean remain stable or even regress with appropriate 
medieal therapy (Yousef et al 2008). 



Pylorie orifiee 


The pylorie orifiee is the opening from the stomaeh into the duodenum. 
When the body is supine and the stomaeh empty, it typieally lies 
1-2 em to the right of the midline in the transpylorie plane (the lower 
border of the body of the first lumbar vertebra). The pylorie sphineter 
is formed by a circumferential thiekening of circular muscle interlaeed 
with eonneetive tissue septa and some longitudinal muscle fibres, and 
is palpably thieker than the adjaeent stomaeh and duodenum. The 
eiroilar pylorie eonstrietion on the surface of the stomaeh usually indi- 
eates the loeation of the pylorie sphineter, and may be marked by a 
prepylorie vein that erosses the anterior surface in a caudal direetion. 

Infantile hypertrophie pylorie stenosis is due to idiopathie hypertro- 
phy of the eiroilar muscle of the pyloms and causes gastrie outlet 
obstmetion in early infaney. It is readily treated by dividing the thiek- 
ened pylorie muscle (pyloromyotomy). 


GASTRIC F0RM AND INTERNAL APPEARANCES 

Numerous faetors influence both the form and the position of the 
stomaeh, including the posture and build of the individual, the extent 
to which the stomaeh is filled, the position of the surrounding viseera, 
and the tone of the abdominal wall and gastrie musculature. The empty 
stomaeh is most eommonly J-shaped, the fundus usually eontains gas, 
and, in the ereet posture, the pyloms deseends to the level of the seeond 
or third lumbar vertebra. The lowest part of the antmm may lie below 
the level of the umbilicus, and the overall axis of the organ is slightly 
inelined from the vertieal (Fig. 64.7). In short, obese individuals, the 
axis of the stomaeh lies more towards the horizontal as a 'steer-horn' 
shape. 

The extent of filling mainly affeets the shape and position of the 
body of the stomaeh. As the stomaeh fills, it expands forwards and 
downwards but, when the eolon or small bowel is distended, the fundus 
enlarges towards the liver and diaphragm. As stomaeh eapaeity inereases, 
the pyloms is displaeed to the right and the axis of the whole organ lies 
in a more oblique direetion (see Fig. 64.4). 
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Areae gastrieae 


Fig. 64.7 Doiible eontrast barium meal films. A, In the ereet position, the stomaeh has a more 
‘J’-shaped configuration. B, Initial stomaeh filling demonstrates a horizontally lying stomaeh with 
prominent gastrie rugal folds. C, The areae gastrieae within the antrnm are elearly identified on 
distension of the stomaeh. 




Fig. 64.8 Endoseopie appearanees of the 
stomaeh. A, The eardiae orifiee and fundus from 
below, showing the pronounced lateral mucosal 
fold at the eardiae orifiee. B, The body and greater 
curvature, showing mucosal folds (‘ magenstrasse ’). 
C, The antrnm, showing the internal appearanee 
of the incisura angularis. D, The prepylorie antrnm 
and opening of the pylorie eanal. 



Internal appearanees 


During endoseopie examination (Fig. 64.8), the stomaeh is typieally at 
least partially distended by air. The eardiae orifiee and the lowest portion 
of the abdominal oesophagus viewed from above are typieally elosed 
at rest by tonie eontraetion of the lower oesophageal sphineter. The 
transition between the pale pink squamous epithelmm of the oesopha- 
gus and the red columnar epithelium of the stomaeh, the 'Z line', is 
usually elearly visible at the proximal extent of the gastrie mucosal folds 
(Silverstein and Tytgat 1991). Viewed retrogradely from within the dis- 
tended stomaeh, the eardiae orifiee lies medial to the fundus, with a 
mucosal fold between the two eorresponding to the acute angle at this 
orifiee. The mucosa also appears slightly thiekened, forming part of the 
'mucosal rosette' that lines the orifiee and contributes to its closure (see 
above). 


In the partially distended stomaeh, the mucosa of the body and, to 
a lesser extent, the fundus is thrown into longitudinal folds (mgae) (see 
Fig. 64.7). These are most obvious on the anterolateral, lateral and 
posterolateral parts of the stomaeh, towards the greater curvature. The 
smoother mucosa along the lesser curvature forms a gastrie eanaT or 
'magenstrasse that enables liquids entering the stomaeh to be fast- 
traeked to the pyloms (see Fig. 64.8). 

The areae gastrieae within the antmm are small undulations of the 
mucosal surface that give a subtle eobblestone-type appearanee on 
double eontrast barium meal examination (see 4g. 64.7) (Maekintosh 
and Kreel 1977). The few folds present in the antmm when the stomaeh 
is relaxed disappear with distension. The antmm adjaeent to the pylorie 
eanal, the prepylorie antmm, has a smooth mucosal surface that culmi- 
nates in a slight puckering of the imieosa at the pylorie orifiee, caused 
by eontraetion of the pylorie sphineter. 1115 
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Fig. 64.9 The arterial supply of the stomaeh. A posterior gastrie artery is 
not shown in this illustration. 


Gastrostomy 

(g) Available with the Gray’s Anatomy e-book 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
Arteries 

The arterial supply to the stomaeh eomes predominantly from the 
eoeliae tmnk, although intramural anastomoses exist with arteries of 
other origins at the two ends of the stomaeh (Figs 64.9-64.11). The left 
gastrie artery usually arises direetly from the eoeliae tmnk. The short 
gastrie arteries, left gastroepiploie artery and, when present, the poste- 
rior gastrie artery are branehes of the splenie artery. The right gastrie 
artery and right gastroepiploie artery arise from the hepatie artery and 
its gastroduodenal braneh, respeetively. 

Left gastrie artery 

The left gastrie artery is the smallest braneh of the eoeliae tmnk. It 
aseends to the left of the midline and erosses over the lower end of the 
left ems of the diaphragm beneath a fold of peritoneum in the upper 
posterior wall of the lesser sae (the gastropanereatie fold). Here, it lies 
adjaeent to the left inferior phrenie artery and medial or anterior to the 
left suprarenal gland. It mns forwards into the superior portion of the 
lesser omentum adjaeent to the upper end of the lesser curvature, and 
then turns anteroinferiorly to mn along the lesser curvature between 
the two peritoneal leaves of the lesser omentum. At the highest point 
of its course, it gives off one or more oesophageal branehes. In its course 
along the lesser curvature, it gives off multiple branehes that mn on to 
the anterior and posterior surfaces of the stomaeh, after which it anas- 
tomoses with the right gastrie artery in the region of the angular incisure. 

The left gastrie artery (replaeed or aeeessory) may rarely arise from 
the eommon hepatie artery or its left braneh, or direetly from the 
abdominal aorta (Panagouli et al 2013). The most eommon of these 
variations is an origin from the left braneh of the hepatie artery, when 
the left gastrie artery passes between the peritoneal layers of the upper 
lesser omentum to reaeh the lesser curvature of the stomaeh. However, 
a replaeed/aeeessory left hepatie artery arising from the left gastrie artery 
is more eommon than a replaeed/aeeessory left gastrie artery origin. 

Short gastrie arteries 

For praetieal purposes, the short gastrie arteries may be defìned as those 
arteries arising above the level of the splenie artery and supplying the 
fundus of the stomaeh on its greater curvature. The short gastrie arteries 
are variable in number: eommonly, between fìve and seven. They arise 
from the splenie artery or its terminal divisions, or from the proximal 
left gastroepiploie artery, and pass between the layers of the gastro- 
splenie ligament to supply the gastrie fundus and eardiae orifìee. They 
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Fig. 64.10 The eoeliae triink and its branehes. A, Digital subtraction 
angiogram. B-C, Digital reformatted multislice CT angiograms. (A, 
Courtesy of Dr James McCall, Chelsea & Westminster Hospital, London. 
B and C, Courtesy of GE Worldwide Medieal Systems.) 


anastomose with branehes of the left gastrie and left gastroepiploie 
arteries. Rarely, an aeeessory left gastrie artery may arise with these 
vessels from the distal splenie artery. 


Left gastroepiploie artery 

The left gastroepiploie artery is the largest braneh of the splenie artery. 
It arises near the splenie hilum and mns anteroinferiorly between the 
layers of the gastrosplenie ligament into the upper gastroeolie omentum. 
Here, it deseends between the layers of peritoneum elose to the greater 
curvature and often anastomoses with the right gastroepiploie artery. It 
gives off gastrie branehes to the fundus of the stomaeh through the 
gastrosplenie ligament, and to the body of the stomaeh through the 
gastroeolie omentum. These are neeessarily longer than the gastrie 
branehes of the right gastroepiploie artery and may be up to 8 em long. 





































































Abdominal oesophagus and stomaeh 


Sinee the lower half of the anterior surface of the stomaeh lies adjaeent 
to the anterior abdominal wall in the left upper quadrant, it may be 
readily aeeessed to form a gastrostomy. The mobility of the stomaeh 
allows it to be approximated to the parietal peritoneum on the upper 
anterior abdominal walf and a communication ean then be established 
between the lumen of the stomaeh and the skin surface. This may be 
performed as an open surgical procedure but is much more eommonly 
undertaken by percutaneous puncture of the stomaeh, guided by an 
endoseope within the gastrie lumen or by radiologieal or laparoseopie 
visualization of the stomaeh. Caution is needed to avoid inadvertent 
transíixion of the transverse eolon, which may be interposed between 
the stomaeh and anterior abdominal wall. 




Stomaeh 


Posterior gastrie 
artery 


Left gastrie artery origin: 



Right gastrie artery origin: Ineomplete gastroepiploie 

Common hepatie artery areade 


Fig. 64.11 Prineipal variations in the gastrie arterial supply. Aeeessory 
vessels or possible replaeed origins of vessels are shovvn by pale pink 
lines. 
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Fig. 64.12 The blood supply of the stomaeh and the proximal duodenum: 
a seheme of arterial arrangements at the gastroduodenal junction. Dotted 
lines indieate sites vvhere the submucous plexus may be non-continuous. 
Shaded areas represent the muscular layer of the viseeral wall. (Redrawn 
courtesy of C Piaseeki, Department of Anatomy, Royal Free Hospital 
Sehool of Medieine, London, and the Journal of Anatomy.) 


Epiploie (omental) branehes arise along the course of the vessel and 
deseend between the layers of the gastroeolie omentum into the greater 
omentum. A particularly large epiploie braneh eommonly originates 
elose to the origin of the left gastroepiploie artery deseends in the 
lateral portion of the greater omentum and provides a large arterial 
supply to the lateral half of the omentum. 

Posterior gastrie artery 

A posterior gastrie artery supplying the posterior wall of the upper part 
of the gastrie body is eommonly present but there has been a laek of 
consensus regarding its origin, course and distribution. It usually arises 
from the splenie artery (usually from its mid seetion), posterior to the 
body of the stomaeh (see Fig. 64.11), and aseends behind the perito- 
neum of the lesser sae towards the fundus to reaeh the posterior surface 
of the stomaeh. It may also arise from the left gastrie artery or eoeliae 
tmnk (Loukas et al 2007). 

Right gastrie artery 

The right gastrie artery is a relatively small artery that usually arises from 
the hepatie artery proper and mns forwards into the lesser omentum 
just above the first part of the duodenum. It then travels within the 
lesser omentum along the lesser curvature of the stomaeh, giving off 
multiple branehes to the anterior and posterior surfaces of the stomaeh, 
before anastomosing with the left gastrie artery. In a signifieant minority 
of individuals, it may originate from the eommon hepatie artery, left 
hepatie artery or gastroduodenal artery (Yamagami et al 2010). 

[® Right gastroepiploie artery 

The right gastroepiploie artery usually originates from the gastroduode- 
nal artery behind the first part of the duodenum, anterior to the head 
of the panereas. It passes inferiorly towards the midline just below the 
pyloms and then mns laterally along the greater curvature between the 
layers of the gastroeolie omentum about 1-2 em from the greater cur- 
vature of the stomaeh. It ends by anastomosing with the left gastroepi- 
ploie artery (although this anastomosis is variably developed (Ndoye 
et al 2006) and may be absent). The right gastroepiploie artery gives off 
gastrie branehes that aseend on to the anterior and posterior surfaces 
of the antmm and lower body of the stomaeh; epiploie branehes that 
deseend into the greater omentum; and branehes that contribute to the 
supply of the inferior aspeet of the first part of the duodenum. 

Arterial anastomoses of the stomaeh 

Oesophageal arteries originating from the thoraeie aorta anastomose 
with vessels supplying the fundus of the stomaeh in the region of the 
eardiae orifiee. At the pylorie orifiee, the extensive network of vessels 
supplying the duodenum allows for some anastomosis between 
branehes of the superior mesenterie artery and pylorie vessels derived 
from arteries arising from the eoeliae tmnk. The major named vessels 


supplying the stomaeh form extensive arterial anastomoses throughout 
the wall of the stomaeh but particularly in the submucosa. The right 
and left gastroepiploie arteries and left and right gastrie arteries anasto- 
mose along the greater and lesser curvatures, respeetively. Anastomoses 
also exist in the fundus between the short gastrie and left gastrie arteries, 
and in the antmm between the right gastrie and right gastroepiploie 
arteries. The rieh arterial supply to the stomaeh ensures that the high 
mucosal blood flow required for physiologieal fimetioning is main- 
tained even if one or more vessels beeome occluded; the stomaeh shows 
eonsiderable resistanee to isehaemia, even when multiple arterial sup- 
plies are lost. 

The pylorie arteries are branehes of the right gastrie and right gastro- 
epiploie arteries. They pieree the duodenal wall around its entire eir- 
cumference just distal to the sphineter and reaeh the submucosa. Here, 
they divide into two or three rami that mn towards the stomaeh in the 
submucosa of the pylorie eanal and terminate in the mucosa of the 
pylorie antmm (Fig. 64.12) (Piaseeki 1974). The pylorie arteries anas- 
tomose with submucosal arteries in the duodenum and gastrie antmm 
elose to their origin and termination, respeetively. The pylorie sphineter 
muscle is supplied by gastrie and pylorie arteries via branehes that leave 
their parent vessels in the subserosal and submucosal levels to penetrate 
the sphineter. 

Dieulafoy lesions 


Veins 


The veins draining the stomaeh ultimately empty into the portal vein. 

A rieh submucosal and intramural venous network gives rise to veins 
that usually aeeompany the eorresponding named arteries and drain 
into either the splenie or superior mesenterie veins, although some pass 
direetly into the portal vein. The course and distribution of the veins is 
highly variable even up to the level of the major named vessels. 

Short gastrie veins 

Three to five short gastrie veins drain the gastrie fundus and the upper 
part of the greater curvature into the splenie vein or one of its large 
tributaries. 

Left gastroepiploie vein 

The left gastroepiploie vein drains both anterior and posterior surfaces 
of the body of the stomaeh and the adjaeent greater omentum via 
multiple tributaries. It mns superolaterally along the greater curvature, 
between the layers of the gastroeolie omentum, and drains into the 
splenie vein within the gastrosplenie ligament. 1117 
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Abdominal oesophagus and stomaeh 


In patients requiring replaeement of the oesophagus for severe eon- 
genital anomalies or after reseetion for eaneer, a gastrie tube supplied 
by the left gastroepiploie artery ean be fashioned from the greater cur- 
vature of the stomaeh and anastomosed to the eervieal oesophagus 

(Aml and Parikh 2008). 

The right gastroepiploie artery has been used for eoronary artery 
revascularization in some eentres and this may pose a partiailar hazard 
if the patient subsequently requires surgery for gastrie eaneer. 

Abnormalities of the intramural vasailarity of the stomaeh are a rare 
cause of acute upper gastrointestinal haemorrhage. The so-ealled 'Dieu- 
lafoy' lesion occurs most often near the lesser curvature within a few 
eentimetres of the gastro-oesophageal junction and eonsists of an 
abnormally large artery that penetrates the muscular eoat of the 
stomaeh, mns a tortuous course in the submucosa, and protmdes 
through a small mucosal defeet, where it is vulnerable to mpture (Baxter 
and Aly 2010). 
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SECTION 8 


ABDOMINAL OESOPHAGUS AND STOMAOH 


Right gastroepiploie vein 

The right gastroepiploie vein drains the greater omentum, distal body 
and antmm of the stomaeh. It mns medially along the greater curvature 
in the upper part of the gastroeolie omentum. Just proximal to the 
pyloms, it passes posteriorly to drain into the superior mesenterie vein 
below the neek of the panereas. The right gastroepiploie vein may 
reeeive the right eolie vein (forming a 'gastroeolie tmnk') and/or supe- 
rior pancreaticoduodenal vein elose to its entry into the superior 
mesenterie vein (Yamaguchi et al 2002). 

Left gastrie vein 

The left gastrie vein drains the upper body and fundus of the stomaeh. 
It aseends along the lesser curvature to the oesophageal opening, where 
it reeeives several lower oesophageal veins. It then curves posteriorly 
and medially behind the posterior peritoneal surface of the lesser sae, 
passing either anterior or posterior to the eommon hepatie artery. It 
usually drains into the portal vein at the level of the upper border of 
the fìrst part of the duodenum, which eorresponds to 1-2 em from the 
origin of the portal vein (Rebibo et al 2012). In up to one-third of 
individuals, the left gastrie vein terminates in the splenie vein. On rare 
oeeasions, it drains into the left portal vein within the liver (Ohkubo 
2000), which may be elinieally important in portal hypertension. 

Right gastrie vein 

The right gastrie vein is typieally small and mns along the medial end 
of the lesser curvature, passing under the peritoneum as it is refleeted 
from the posterior aspeet of the pyloms and first part of the duodenum 
on to the posterior wall of the lesser sae. It drains direetly into the portal 
vein at the level of the first part of the duodenum. It reeeives the pre- 
pylorie vein as it aseends anterior to the pyloms at the level of the 
pylorie opening. Rarely, the right gastrie vein drains direetly into a 
braneh of the portal vein within the liver. 


Posterior gastrie veins 

One or more distinet posterior gastrie veins may be present, draining 
the middle of the posterior surface of the stomaeh into the splenie vein. 
They may beeome particularly prominent in portal hypertension 

(Kimura et al 1990). 



Oesophageal and gastrie variees 

Blood from the oesophageal mucosa normally drains into a submu- 
eosal venous plexus, then into a deeper intrinsie venous plexus and 
finally into peri-oesophageal veins via perforating veins. In the abdomi- 
nal oesophagus, the perforating veins drain into tributaries of the left 
gastrie vein, whereas, in the lower thoraeie oesophagus, they drain into 
tributaries of the azygos and hemiazygos systems. Bidireetional flow is 
possible in this region, and aeeommodates pressure ehanges that occur 
during breathing and Valsalva manoeuvres. 

Oesophageal and gastrie variees are abnormally dilated veins that 
occur in the submucosal plexus of the distal oesophagus and gastrie 
fundus when portal venous pressure is ehronieally elevated (typieally 
greater than 15 mmHg). This may develop as a consequence of liver 
fibrosis or eirrhosis, or portal vein thrombosis, or from a variety of other 
causes. Portal hypertension leads to the reeanalization of occluded 
embryonie venous ehannels between venous tributaries of the portal 
system and the systemie venous circulation (e.g. the ligamentum teres) 
and progressive dilation of small, naturally occurring venous anasto- 
moses between portal and systemie venous tributaries (Paquet 2000). 
Valves within these veins beeome ineompetent, permitting retrograde 
flow and causing the development of variees. Variees in the distal 
oesophagus are readily visible at endoseopy because they are situated 
superficially and protmde into the oesophageal lumen (Fig. 64.13); 
they are vulnerable to rupture and a source of major gastrointestinal 
bleeding. Gastrie variees may also be present on the inferior aspeet of 
the eardiae orifiee. 


Lymphatie drainage 


The stomaeh has a rieh network of lymphaties that eonneet with lym- 
phaties draining other viseera within the upper abdomen. At the gastro- 
oesophageal junction, the lymphaties are continuous with those 
draining the lower oesophagus; in the region of the pyloms, they are 
continuous with those draining the duodenum and panereas. In 
general, lymphaties follow the course of the arteries supplying the 
stomaeh. However, many separate groups of nodes are now reeognized 
(Fig. 64.14) and their relationship to the speeifie regions and vascular 
territories of the stomaeh is of great importanee during reseetion of the 
stomaeh, particularly for malignaney. Panereatie and hepatie lymphaties 
1118 play a signifieant role in draining the stomaeh during disease. 


Gastreetomy and gastrie lymphadeneetomy 



INNERVATION 


The stomaeh is innervated by sympathetie and parasympathetie nerves. 
A variety of neurotransmitters have been identified within pylorie 
muscle, including aeetyleholine, nitrie oxide, enkephalins and vasoae- 
tive intestinal polypeptide. Inhibition of the sphineter is mediated by 
nitrergie fibres whilst basal tone is mostly eholinergie (although it 
should be noted that many other faetors, including aeid and luminal 
nutrients, influencepyloriccontraction; Ramkumar and Schulze (2005 ). 

Sympathetie innervation 

The sympathetie supply to the stomaeh originates from the fifth to 
twelfth thoraeie spinal segments, and is mainly distributed via the 
greater and lesser splanehnie nerves and the eoeliae plexus. Peri-arterial 
plexuses form along the arteries arising from the eoeliae tmnk. Addi- 
tional innervation eomes from fibres of the hepatie plexus, which pass 
to the upper body and fundus via the lesser omentum and by direet 
branehes from the greater splanehnie nerves. 

Sympathetie aetivity causes vasoeonstrietion, inhibits gastrie motility 
and eonstriets the pyloms. Afferent sensory pathways, including pain, 
travel with sympathetie efferent nerves. 

Parasympathetie innervation 

The parasympathetie supply to the stomaeh is from the vagus nerves 
(Fig. 64.15). The anterior vagal tmnk (formed mainly from fibres from 
the left vagus nerve within the oesophageal plexus) is often double or 
even triple, and supplies filaments to the eardiae orifiee. The nerve is 
elosely applied to the anterior surface of the outer muscle of the abdom- 
inal oesophagus and usually divides near the gastro-oesophageal junc- 
tion into gastrie, pylorie and hepatie branehes (jaekson 1949). Hpper 
gastrie branehes radiate on the anterior surface of the upper body and 
fundus but the main gastrie braneh (also known as the anterior nerve 
of the lesser curvature or greater anterior gastrie nerve) lies in the lesser 
omentum near the lesser curvature. It supplies branehes to the body 
and antmm, and usually terminates near the angular incisure in a crow's 
foot type of pattern (Shanthi and Sudhayesshayyan 2011). The hepatie 
braneh mns almost transversely between the peritoneal layers of the 
lesser omentum towards its free edge to reaeh the hilum of the liver, 
where hepatie branehes ramiíy. From here, some fibres deseend adjaeent 
to the hepatie artery to supply the pyloms, duodenum and panereas. 
An additional pylorie braneh often arises from the greater anterior 
gastrie nerve during its course; this mns inferomedially to the pylorie 
antmm, where it gives off branehes to the pyloms before mnning supe- 
riorly to contribute to the hepatie plexus. Variations in the anterior 
nerve include aeeessory pylorie branehes and high and low courses of 
the hepatie and pylorie branehes in the lesser omentum. 

The posterior vagal tmnk usually lies within loose eonneetive tissue 
immediately posterior and to the right of the oesophagus. It divides 
into gastrie branehes and one or more eoeliae branehes. Gastrie branehes 
mn behind the eardiae orifiee and body of the stomaeh and extend to 
the proximal antmm, but do not normally reaeh the pylorie sphineter. 
The largest gastrie braneh (also known as the posterior nerve of the 
lesser curvature or the greater posterior gastrie nerve) deseends posteri- 
orly near the lesser curvature. The eoeliae braneh arises from the poste- 
rior vagal tmnk and earries the majority of fibres contributing to the 
eoeliae plexus. One or two small hepatie branehes may also originate 
from the eoeliae division of the nerve. 

The parasympathetie nerve supply is seeretomotor to the gastrie 
mucosa and motor to the gastrie musculature. It is responsible for 
eoordinated relaxation of the pylorie sphineter during gastrie emptying. 
However, the majority of fibres within the vagus nerves are afferent; 
these eonvey gut sensation, including fhllness, nausea and probably 
pain. 

Referred pain 

Pain sensation from the stomaeh is poorly loealized and, in eommon 
with other structures of foregut origin, is referred to the epigastrium. 
Pain arising from the gastro-oesophageal junction is eommonly referred 
to the lower retrosternal and subxiphoid areas. 

MICR0STRUCTURE 


The gastrie wall eonsists of the major layers found elsewhere in the gut, 
i.e. mucosa, submucosa, muscularis externa and serosa, together with 









Abdominal oesophagus and stomaeh 



Fig. 64.13 The endoseopie appearanee of oesophageal and gastrie variees in portal hypertension. A, Oesophageal variees. B, Fundal variees seen 
from vvithin the stomaeh after retroflexion of the gastroseope. C, Portal gastropathy (gastrie antrnm) due to venous eongestion of the gastrie mucosa. 
(Courtesy of Professor Mark Stringer.) 


Surgery for gastro-oesophageal malignaney involves varying degrees of 
radieal reseetion of lymph nodes that drain the tumour. Loeoregional 
lymphatie spread ean occur in the absenee of haematogenous spread 
and gastrie eaneer may therefore remain a loealized disease, even when 
lymph nodes are involved ( JICC et al 1997). Henee, gastreetomy with 
meticulous lymphadeneetomy ean be curative in a proportion of 
patients with gastrie eaneer and nodal involvement. 

The extent of potential/actual nodal involvement by the tumour is 
elassified as N1 (loeoregional nodes speeifie to the tumour site); N2 
(regional and major named vessel nodes draining the tumour); and N3 


(wider-draining nodes, inehiding para-aortie nodes). Gastreetomies ean 
be elassified aeeording to the node groups excised with the tumour: D1 
(removal of the affeeted portion of the stomaeh and en bloe reseetion 
of N1 nodes); D2 (total gastreetomy, including all N1 and N2 nodes); 
and D3 (total gastreetomy plus extensive lymphadeneetomy that 
includes the assoeiated upper abdominal lymph nodes: namely, pan- 
ereatie, superior mesenterie, eoeliae, hepatie and transverse eolie) (Japa- 
nese Gastrie Cancer Assoeiation 1998, Japanese Researeh Soeiety for 
Gastrie Cancer 1998). 















Stomaeh 


A 


Right paraeardial nodes 


Common 

Common 


Hepatie artery 

Suprapyloric 

nodes 

Gastroduodenal 

artery 


Splenie artery 


Inferior 

pancreaticoduodenal 

artery 


infrapylorie nodes 


Superior mesenterie 


Lesser curvature nodes 


Left paraeardial nodes 


Short gastrie arteries 



Short gastrie 
nodes 


Left gastroepiploie artery 


Left gastroepiploie nodes 


Right gastroepiploie artery 


B 


Coeliac trunk 


Common hepatie artery 

Common hepatie nodes 

Hepatie artery 
Hepatoduodenal nodes 
Gastroduodenal artery 


Retropanereatie 

nodes 


Anterior panereatie 

nodes 


Superior mesenterie 

nodes 


Superior mesenterie 

vein 

Superior mesenterie 

artery 



Superior mesenterie vein 


Short gastrie 
arteries 

Splenie hilar nodes 


Left gastroepiploie 
artery 


Left gastroepiploie 
nodes 


Common hepatie 
nodes 

Portal vein 


Fig. 64.14 The main lymph node stations of the stomaeh (A) and upper abdominal viseera (B). The sagittal relationships of the node groups around the 
neek of the panereas are shovvn bottom right. The para-aortie nodes are among the highest nodes for these viseera but have been removed for elarity. 
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ABDOMINAL OESOPHAGUS AND STOMAOH 
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Fig. 64.15 The distribiition of the vagal nerves to the stomaeh. The two 
most eommon variations in the anterior vagus are shown in pink. Key: 
A, multiple main trnnks; B, low origin of the hepatie/pylorie braneh lying 
elose to the lesser curvature. 


gastrie vessels and nerves (Figs 64.16-64.17). The microstructure 
refleets the frmetions of the stomaeh as an expandable muscular sae 
lined by seeretory epithelium, although there are loeal structural and 
fhnetional variations in this pattern. 

Mucosa 


The mucosa is a thiek layer with a soft, smooth surface that is mostly 
reddish brown in life but pink in the pylorie region. In the eontraeted 
stomaeh, the mucosa is folded into numerous folds, or rngae, most 
of which are longitudinal. They are most marked towards the pylorie 
end and along the greater curvature. The mgae represent large folds in 
the submucosal eonneetive tissue (see below) rather than variations in 
the thiekness of the mucosa eovering them, and they are obliterated 
when the stomaeh is distended. As elsewhere in the gut, the mucosa is 
eomposed of a surface epithelmm, lamina propria and muscularis 
mucosae. 

Epithelium 


When viewed mieroseopieally at low magnifieation, the internal surface 
of the stomaeh wall appears honeyeombed by small, irregular gastrie 
pits: there are approximately 60 to 100 gastrie pits per square millimeter 
of gastrie imieosa, eaeh pit having a diameter of approximately 70 jiim 
andadepthofabout0.2 mm (Lillibridge 1964) (see Figs 64.16-64.17). 
The base of eaeh gastrie pit reeeives several long, tubular gastrie glands 
that extend deep into the lamina propria as far as the muscularis mu- 
eosae. Simple columnar mucus-secreting epithelium eovers the entire 
luminal surface, including the gastrie pits, and is eomposed of a eon- 
tinuous layer of surface mucous eells that release gastrie mucus from 
their apieal surfaces to form a thiek, proteetive, lubricant layer over the 
gastrie lining. This epithelium eommenees abmptly at the Z line at the 
eardiae orifiee, where there is a sudden transition from oesophageal 
stratified squamous epithelium. 

Gastrie glands 

Although all gastrie glands are tubular, they vary in form and cellular 
eomposition in different parts of the stomaeh. They ean be divided into 
three groups: eardiae, prineipal and pylorie. The most highly speeialized 
are the prineipal glands. 


oiboidal in shape, and their mielei are rounded and euchromatic. They 
eontain seeretory zymogen granules and their abundant eytoplasmie 
RNA renders them strongly basophilie. Parietal (oxyntic) eells are the 
source of gastrie aeid and of intrinsie faetor, a glyeoprotein neeessary 
for the absorption of vitamin B 12 . They are large, oval and strongly 
eosinophilie, and have eentrally plaeed nuclei. 

Parietal eells occur intermittently along the walls of the more apieal 
half of the gland but ean reaeh as far as the isthimis; they bulge laterally 
into the surrounding eonneetive tissue. They have a unique ultrastruc- 
ture related to their ability to seerete hydroehlorie aeid. The luminal 
side of the eell is deeply invaginated to form a series of blind-ended 
ehannels (canaliculi) that bear numerous irregular mierovilli eovered 
by a plasma membrane rieh in H + /K + ATPase antiporter ehannels. The 
latter aetively seerete hydrogen ions into the lumen; ehloride ions 
follow along the eleetroehemieal gradient. The mitoehondria-rieh eyto- 
plasm faeing these ehannels eontains a tubulo-vesicular system of abun- 
dant fine membranous tubules direeted towards the canalicular surface. 
The preeise structure of the eell varies with its seeretory phase: when 
stimulated, the number and surface area of the mierovilli inereases up 
to five-fold, probably as a result of the rapid fhsion of the tubulo- 
vesioilar system with the plasma membrane. This proeess is reversed at 
the end of stiimilated seeretion, when the excess membrane retreats 
baek into the tubulo-alveolar system and mierovilli are lost. 

Mucous neek eells are numerous at the neeks of the glands and are 
seattered along the walls of the more basal regions. They are typieal 
imiois-seereting eells, displaying apieal seeretory vesieles, eontaining 
mucins, and basally displaeed nuclei; their products are distinet histo- 
ehemieally from those of the superficial mucous eells. 

Stem eells are relatively undifferentiated mitotie eells from which the 
other types of gland eell are derived. They are relatively few in number, 
and are situated in the isthmus of the gland and the bases of the gastrie 
pits. Stem eells are columnar and possess a few short apieal mierovilli. 
They periodieally undergo mitosis; their progeny migrate either apieally, 
to differentiate into new surface mucous eells, or basally, to form 
mucous neek, parietal, ehief or neuroendocrine eells. All of these eells 
have a limited lifespan, espeeially the mucus-secreting types, and so 
they are eonstantly replaeed. The typieal replaeement period for surface 
mucous eells is 3 days, and that for mucous neek eells is 1 week. Other 
eell types appear to live much longer. 

Neuroendocrine (enteroendoerine) eells occur in all types of gastrie 
gland but more frequently in the body and fundus of the stomaeh. They 
are situated mainly in the deeper parts of the glands, among the ehief 
eells. They are basally situated, pleomorphie eells and display irregular 
nuclei surrounded by granular eytoplasm that eontains clusters of large 
(0.3 |Ltm) seeretory granules. Neuroendocrine eells synthesize a number 
of biogenie amines and polypeptides that are important in the eontrol 
of gut motility and glandular seeretion. They are part of the system of 
dispersed neuroendocrine eells. In the stomaeh, they include gastrin- 
producing G eells; somatostatin-producing D eells; histamine-producing 
ECL (enteroehromaffin-like) eells; serotonin-producing enteroehromaf- 
fin eells; and ghrelin-producing P/D(l)-type endoerine eells (Sakata 
and Sakai 2010). 

Cardiac glands 

Cardiac glands are eonfined to a small area near the eardiae orifiee; 
some are simple tubular glands, others are compound branehed tubular 
glands. Mucus-secreting eells predominate; parietal and ehief eells are 
present but sparse. 

Pylorie glands 

Pylorie glands empty via groups of two or three short, convoluted tubes 
into the bases of the deep gastrie pits of the pylorie antmm; the pits 
oeoipy about two-thirds of the mucosal depth (Fig. 64.18). The glands 
are populated mainly by mucus-secreting eells but they also eontain 
neuroendocrine eells, espeeially G eells, which seerete gastrin when 
aetivated by appropriate meehanieal stimulation (causing inereased 
gastrie motility and seeretion of gastrie juices). Although parietal and 
ehief eells are searee, parietal eells are always present in both fetal and 
postnatal pylorie glands, and may also appear in the duodenal mucosa, 
proximally near the pyloms, in adult tissue. 


Prineipal gastrie glands 

The prineipal glands are found in the body and fundus, three to seven 
opening into eaeh gastrie pit. Their junction with the base of the pit is 
the isthimis; immediately basal to this is the neek; and the remainder 
is the base. The walls of the gland eontain at least five distinet eell types: 
ehief, parietal, mucous neek, stem and neuroendocrine. 

Chief (peptie) eells (see Fig. 64.16) are the source of the digestive 
enzymes pepsin and lipase. They are usually basal in position and 


Lamina propria 

The lamina propria forms a eonneetive tissue framework between the 
glands. It eontains small masses of lymphoid tissue, gastrie lymphatie 
follieles, which resemble solitary intestinal follieles (espeeially in early 
life). It also eontains a complex periglandular vasoilar plexus involved 
in the maintenanee of the mucosal environment, e.g. the removal of 
biearbonate produced in the tissues as a counterpart to aeid seeretion, 
and neural plexuses rieh in both sensory and motor terminals. 
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Fig. 64.16 Prineipal regions of the interior of the stomaeh and the microstructure of tissues and eells vvithin its vvall. Llndifferentiated, dividing eells are 
shovvn in vvhite. Abbreviations: ECL, enteroehromaffin-like. 


Muscularis mucosae 

The miiseiilaris mucosae is a thin layer of smooth muscle fibres lying 
external to the layer of glands, arranged as continuous inner circular 
and outer longitudinal layers, and a discontinuous external circular 
layer. The inner layer sends strands of smooth muscle eells between the 
glands; their eontraetion probably assists in emptying into the gastrie 
pits. 

Submucosa 


The submucosa is a variable layer of loose eonneetive tissue. It eontains 
thiek bundles of eollagen, numerous elastin fibres, blood vessels and 
nervous plexuses, including the ganglionated submucosal (Meissner's) 
plexus. 

Muscularis externa 


The muscularis externa is a thiek muscle eoat immediately under the 
serosa, with which it is elosely eonneeted by subserous loose eonneetive 
tissue. From innermost outwards, it eontains oblique, circular and lon- 
gitudinal layers of smooth muscle fibres (see Fig. 64.6). The layers are 


variably developed in different regions of the stomaeh and not easily 
separated. Clasp-like semieirailar smooth muscle fibres are present on 
the right side of the oesophagus and sling-like oblique gastrie muscle 
fibres on the left side; the latter radiate horizontally towards the greater 
curvature and maintain the angle between the oesophagus and stomaeh. 
The eirailar muscle layer is thieker in the distal pylorie antmm, where 
it forms the anular pylorie sphineter. The outer longitudinal layer is 
most pronounced in the upper two-thirds of the stomaeh. 

The muscularis externa enables the stomaeh to produce churning 
movements that mix food with the gastrie seeretions. When the imiseles 
eontraet, they reduce the volume of the stomaeh and throw the mucosa 
into longitudinal folds or mgae (see above). Muscle aetivity is eontrol- 
led by a network of unmyelinated autonomic nerve fibres and their 
ganglia, which lie between the imisele layers in the myenterie (Auer- 
baeh's) plexus. 

Interstitial eells of Cajal 


Like smooth imisele elsewhere in the gut, interstitial eells of Cajal are 
present within the submucosa and muscular layers of the stomaeh. 
These spindle-shaped eells eontaet nerve fibres and form gap junctions 
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SECTION 8 


ABDOMINAL OESOPHAGUS AND STOMAOH 



Fig. 64.17 A low-power mierograph showing the stomaeh wall, thrown 
into longitudinal folds or rugae that are visible maeroseopieally. The 
surface epithelium is infolded mieroseopieally to form gastrie pits. Gastrie 
glands extend through the thiekness of the mucosal lamina propria and 
open into the bases of the gastrie pits. A muscularis mucosae layer and 
submucosa follow the contours of the rugae. Part of the external 
muscularis layers is seen below left. (Courtesy of Mr Peter Helliwell and 
the late Dr Joseph Mathew, Department of Histopathology, Royal 
Cornwall Hospitals Trust, UK.) 



Fig. 64.18 A mierograph showing the pylorie region of the stomaeh. 
Pylorie glands are stained with the periodie aeid-Sehiff (PAS) technique to 
show mucin (magenta) in the gastrie pits and glands. Pale-staining eells 
are the larger parietal eells (P) and smaller enteroendoerine eells (E). 
(Courtesy of Dr JB Kerr, Monash University with permission from Kerr JB 
1999 Atlas of Functional Histology. London: Mosby.) 


with smooth muscle eells, eonsistent with their role in modulating 
motor neurotransmission. Interstitial eells of Cajal are involved in the 
generation of rhythmie gastrie slow-wave eontraetions and play an 
important role in gastrie motility. They have been implieated in the 
pathogenesis of gastrie motility disorders such as diabetie gastrie paresis 
(Negreanu et al 2008) and in the development of gastrie stromal 
tumours (Roggin and Posner 2012). 

Serosa or viseeral peritoneum 


The serosa is an extension of the viseeral peritoneum. It eovers the entire 
surface of the stomaeh other than along the attaehments of the greater 
and lesser omenta to the greater and lesser curvatures, respeetively, 
where the peritoneal layers are separated by vessels and nerves, and over 
a small posterosuperior area near the eardiae orifìee, where the stomaeh 
eontaets the diaphragm at the refleetions of the gastrophrenie and left 
gastropanereatie folds. 

Endoseopie mucosal reseetion 


Endoseopie mucosal reseetion (EMR) is a technique that ean be applied 
in the oesophagus and stomaeh in order to excise dysplastie lesions or 
early eaneers that remain eonfìned to the mucosa (Peeh et al 2008). 
EMR is a misnomer sinee the technique involves reseetion of both the 
mucosa and submucosa. The technique is inappropriate for tumours 
that have invaded the submucosa sinee these are assoeiated with a 
signifìeant risk of lymph node metastases and therefore require formal 
surgical reseetion (oesophageetomy or gastreetomy) and lymphadenee- 
tomy (Aneona 2008). 



In simple terms, the proximal region of the stomaeh (fundus and upper 
body) fhnetions mostly as a temporary storage eompartment, regulating 
intragastrie pressure and the onward passage of ehyme into the distal 
stomaeh. Proximal gastrie tone deereases with swallowing (reeeptive 
relaxation) and in response to gastrie distension (gastrie aeeommoda- 
tion). Its aetivity is modulated by enterogastrie reflexes (e.g. aeid, 
protein or fat in the duodenum inhibits proximal gastrie muscle eon- 
traetion) and gut hormones (e.g. eholeeystokinin, gastrin, glucagon and 
vasoaetive intestinal polypeptide). The vagus nerve plays a key role in 
these reflexes. In eontrast to this aetivity the muscle of the distal region 
of the stomaeh exhibits strong phasie eontraetions that inerease in 
amplitude towards the pyloms; these occur about three times per 
minute and aet to grind the food meehanieally and propel it towards 
the pyloms. Solid material lags behind liquids, and when the eontents 
of the antmm reaeh the eontraeted pyloms, only the liquid and small 
particulate solids ean be expelled into the duodenum; larger solid 
matter is retropulsed baek into the stomaeh for further breakdown 
(Patriek and Epstein 2008). 

f@ Bonus e-book images 

Fig. 64.13 The endoseopie appearanee of oesophageal and gastrie 

variees in portal hypertension. 
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CHAPTER 



Small intestine 


OVERVIEW 


The small intestine eonsists of the duodenum, jejunum and ileum. It 
extends from the distal end of the pylorie eanal to the ileoeaeeal junc- 
tion and has a mean length of 5 metres (3-8.5 metres) when measured 
intraoperatively in the living adult ( reitelbaum et al 2013). The duode- 
num extends from the stomaeh to the duodenojejunal junction. The 
remaining small intestine is often referred to as the 'small bowef, the 
proximal two-fifths of which is referred to as the jejunum and the distal 
three-fifths as the ileum. There is no elear boundary between the two 
parts, but there is a gradual transition in morphology from the proximal 
to distal ends of the small bowel. The distal 30 em or so of the ileum 
is often referred to as the terminal ileum, which has some speeialized 
physiologieal fimetions. 

The duodenum is in the upper abdomen and is mostly retroperito- 
neal. The jejunum and ileum occupy the eentral and lower parts of the 
abdominal eavity and usually lie within the boundary formed by the 
eolon. The small bowel is attaehed to the posterior abdominal wall by 
a mesentery that allows the intestinal loops to be mobile. In the supine 
position, loops of jejunum may be found anterior to the transverse 
eolon, stomaeh and even lesser omentum, whereas in the ereet position, 
loops of ileum may deseend into the pelvis anterior to the rectum. The 
greater omentum eovers the upper jejunum and ileum to a variable 
extent. The jejunum and ileum are eovered by viseeral peritoneum on 
all but their mesenterie borders, where the peritoneum is refleeted to 
enelose the adipose tissue of the mesentery. The small bowel mesentery 
abuts about 20% of the circumference of the muscular wall of the ileum 
and somewhat less of the jejunum. 


DU0DENUM 


The adult duodenum is approximately 25 em long and is the shortest, 
widest and most predietably plaeed part of the small intestine. The 
proximal 2.5 em is intraperitoneal and the remainder is retroperitoneal. 
The duodenum forms an elongated 'C that lies between the level of the 
first and third lumbar vertebrae in the supine position. The lower 'limb' 
of the C extends fiirther to the left of the midline than the upper limb. 
The head and uncinate proeess of the panereas lie within the eoneavity 
of the duodenum, which is 'draped' over the prominenee formed 
by the lumbar spine; the duodenum therefore curves in an anteropos- 
terior direetion as well as forming a 'C. The duodenum lies entirely 
above the level of the umbilicus. It is deseribed as having four parts 
(Fig. 65.1). 


FIRST (SUPERI0R) PART 

The first, and most mobile, part of the duodenum is about 5 em long. 
It starts at the duodenal end of the pyloms and ends at the superior 
duodenal flexure. The proximal 2.5 em is intraperitoneal while the 
distal 2.5 em is eovered by peritoneum on its anterior and superior 
surfaces and forms the inferior boundary of the epiploie foramen. 
The lesser omentum is attaehed to its upper border and the greater 
omentum to its lower border. The first 2-3 em of the duodenum is lined 
by relatively smooth mucosa and readily distends on insufflation during 
endoseopy. This part is frequently referred to as the duodenal 'eap'. 
During eontrast radiology, it shows a few longitudinal folds continuous 
with the pyloms (Mather Cordiner and Calthrop 1936) and has a tri- 
angular appearanee; it is often visible on plain radiographs of the 
abdomen as an isolated triangular gas shadow to the right of the first 
or seeond himbar vertebra. The first part of the duodenum passes supe- 
riorly, posteriorly and laterally for 5 em before curving sharply inferi- 
orly at the superior duodenal flexure. It beeomes more retroperitoneal 
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Fig. 65.1 A, The four parts of the duodenum. B, Anterior relations of the 
duodenum. C, Posterior relations of the duodenum. 


































Duodenum 


during this part of its eoiirse, until peritoneum only eovers its anterior 
aspeet. The seetion from the duodenal eap to the superior duodenal 
flexure lies posterior and inferior to the quadrate lobe of the liver. 
Beyond the duodenal eap, the internal appearanee is eharaeterized 
by circumferential mucosal folds that remain pronounced, even during 
endoseopie insufflation (Fig. 65.2). 

The first part of the duodenum lies anterior to the gastroduodenal 
artery eommon bile duct and portal vein, and anterosuperior to the 
head and neek of the panereas. The gastroduodenal artery lies immedi- 
ately behind the posterior wall of the duodenum; a penetrating peptie 
ulcer on the posterior wall may erode into the gastroduodenal artery 
or one its branehes and cause dramatie haemorrhage. A penetrating 
peptie ulcer on the anterior wall may perforate into the peritoneal eavity 



Diiodenal eap 


Duodenojejunal flexure 


Fig. 65.2 The eontrast radiographie appearanee of the duodenum 
showing a distended duodenal eap and the remainder of the duodenum 
up to the duodenojejunal flexure. 


because the anterior surface of the first part is eovered only by 
peritoneum. 

The eommon hepatie and hepatoduodenal lymph nodes lie elose to 
the first part of the duodenum (see Fig. 64.14B) and ean be visualized 
using endoseopie ultrasound; this may be important in the staging of 
gastrie, panereatie or bile duct tumours. The proximity of the eommon 
bile duct to the first part of the duodenum allows endoseopie ultra- 
sound examination of the distal eommon bile duct and the formation 
of a surgical anastomosis between bile duct and duodenum (eholedo- 
choduodenostomy) when required. 

The junction of the first and seeond parts of the duodenum lies 
posterior to the neek of the gallbladder. 


SEC0ND (DESOENDING) PART 

The seeond part of the duodenum is approximately 8 em long. It starts 
at the superior duodenal flexure and mns inferiorly in a gentle curve, 
convex to the right side of the vertebral column and extending to the 
lower border of the third lumbar vertebral body. It then turns sharply 
medially at the inferior duodenal flexure, which marks its junction with 
the third part of the duodenum. It is eovered by peritoneum only on 
its upper anterior surface, lies posterior to the gallbladder and the right 
lobe of the liver at its start, and is erossed anteriorly by the transverse 
eolon. The right end of the gastroeolie omentum and the origin of the 
transverse mesoeolon are attaehed to the anterior surface of the duode- 
num by loose eonneetive tissue. Below the attaehment of the transverse 
mesoeolon, the eonneetive tissue and vessels forming the mesentery of 
the upper aseending eolon and hepatie flexure are loosely attaehed to 
its anterior surface. This part of duodenum is at risk of injury during 
surgical mobilization of the aseending eolon and hepatie flexure. 

The seeond part lies anterior to the hilum of the right kidney, the 
right renal vessels, the lateral edge of the inferior vena eava and the right 
psoas major (see Fig. 65.1C). The head of the panereas and the eommon 
bile duct are medial and the hepatie flexure is above and lateral. Part of 
the panereatie head is sometimes embedded in the medial duodenal 
wall, and panereatie 'rests' in the duodenal wall may produce small 
filling defeets on eontrast radiology. The internal appearanee is similar 
to that of the distal portion of the first part of the duodenum, with 
pronounced mucosal folds (Fig. 65.3). The eommon bile duct and 
panereatie duct enter the medial wall, where they usually unite to form 
a eommon ehannel, which frequently eontains a dilated segment known 
as the hepatopanereatie ampulla (ofVater) (p. 1175). The narrow distal 
end of this ehannel opens on the summit of the major duodenal papilla, 
a mucosal elevation situated on the posteromedial wall of the seeond 
part, 8-10 em distal to the pyloms. A duodenal mucosal fold often 
partially eneireles the major papilla, forming a hood (Horiguchi and 
Kamisawa 2010) (see 4g. 65.3). A seeond, aeeessory panereatie duct is 



Fig. 65.3 The endoseopie appearanee of the 
duodenum. A, Duodenal eap (first part). B, Seeond 
part, showing the pronounced, ‘branehed’ 
mucosal folds. C, Major duodenal papilla. D, Third 
part. 
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sometimes present and opens about 2 cm proximal to the major papilla 
on a minor duodenal papilla (Suda 2010, Kamisawa et al 2010). 

Duodenal diverticula 


The duodenum is the most eommon site for a diverticulum in the small 
intestine. Diverticula are usually solitary and may be eongenital (eon- 
taining all layers of the duodenal wall) or acquired (protmsion of the 
mucosa and submucosa through a defeet in the muscular eoat of the 
bowel wall). They are typieally loeated on the medial wall of the seeond 
part of the duodenum, intimately related to the head of the panereas, 
and the major duodenal papilla is frequently found either on the 
mucosal fold at the mouth of a diverticulum or arising from the mucosa 
within it. Diverticula may eomplieate interpretation of eontrast radio- 
graphs of the duodenum or biliary system, and may cause difficulties 
during attempted endoseopie cannulation of the major duodenal 
papilla. Most are asymptomatie but they may be eomplieated by bleed- 
ing, inflammation, perforation and, oeeasionally, panereatitis or biliary 
eomplieations (Fotiades et al 2005). 


THIRD (H0RIZ0NTAL) PART 

The third part of the duodenum starts at the inferior duodenal flexure 
and is approximately 10 em long. It mns from the right side of the lower 
border of the third lumbar vertebra, and passes to the left and slightly 
superiorly, anterior to the inferior vena eava and abdominal aorta, 
beeoming continuous with the aseending fourth part (see Fig. 65.1C). 
It lies posterior to the transverse mesoeolon, and is erossed anteriorly 
by the origin of the small bowel mesentery and the superior mesenterie 
vessels. The lower portion of its anterior aspeet is eovered by perito- 
neum, which is refleeted anteriorly to form the posterior layer of the 
root of the small bowel mesentery. The anterior surface of the left 
end, elose to the junction with the fourth part, is also eovered by 
peritoneum. 

The third part lies anterior to the right ureter, right psoas major, right 
gonadal vessels, inferior vena eava and abdominal aorta (at the origin 
of the inferior mesenterie artery), and inferior to the head of the pan- 
ereas. Anteroinferiorly, loops of jejunum lie in the right and left infra- 
eolie eompartments. The mid portion of the third part lies in the angle 
between the superior mesenterie artery anteriorly and the abdominal 
aorta posteriorly; narrowing of this angle may occur from loss of 
perivasailar adipose tissue or spinal straightening and is a rare cause of 
duodenal obstmetion (Merrett et al 2009). 


F0URTH (ASCENDING) PART 

The fourth part of the duodenum is 2.5 em long. It starts just to the left 
of the aorta, mns superiorly and laterally to the level of the upper 
border of the seeond lumbar vertebra, then turns sharply anteroinferi- 
orly at the duodenojejunal flexure to beeome continuous with the 
jejunum. The inferior mesenterie vein lies either posterior to the duo- 
denojejunal flexure or at its lateral margin beneath a peritoneal fold. 
The duodenojejunal flexure is a useful landmark to loeate the vein 
radiologieally or surgically. The aorta, left sympathetie tmnk, left psoas 
major, left renal and left gonadal vessels are all posterior relations, 
the left kidney and left ureter are posterolateral, and the transverse 
eolon and mesoeolon are anterior, separating it from the stomaeh (see 
Fig. 62.8). The inferior border of the body of the panereas is superior. 
The peritoneum of the root of the small bowel mesentery deseends over 
its anterior surface. 

At its left lateral limit, the fourth part beeomes progressively invested 
in peritoneum, such that the duodenojejunal flexure is suspended from 
the retroperitoneum by a double fold of peritoneum, the suspensory 
ligament of the duodenum (or ligament of Treitz). The ligament of 
Treitz is in two parts; the first part may eontain skeletal muscle fibres 
and mns from the right ems of the diaphragm to eonneetive tissue 
around the eoeliae tmnk, and the seeond part eontains smooth muscle 
and deseends from eonneetive tissue around the eoeliae tmnk to the 
duodenum, passing behind the panereas anterior to the left renal vein. 
The ligament is often absent or mdimentary in adults and its fimetion 
is unknown (Kim et al 2008). The ligament of Treitz is avasailar; the 
vascular supply to the fourth part of the duodenum enters its wall from 
the posteromedial aspeet. 

The duodenojejunal flexure is an important landmark in the radio- 
logieal diagnosis of ineomplete rotation and malrotation of the small 
intestine (p. 1054). 
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Fig. 65.4 The arterial supply of the duodenum. Only representative 
branehes of the small vessels, which may be multiple, are shown. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Arteríes 

The main vessels supplying the duodenum are the superior and inferior 
pancreaticoduodenal arteries. The first and seeond parts also reeeive 
contributions from other sources, including the right gastrie, supraduo- 
denal, right gastroepiploie, hepatie and gastroduodenal arteries (Fig. 
65.4). Branehes of the superior pancreaticoduodenal artery may eon- 
tribute to the supply of the pylorie eanal, anastomosing to a minor 
extent with the gastrie arteries within the muscular layer of the 
pyloroduodenal junction. 

Gastroduodenal artery 

The gastroduodenal artery usually arises from the eommon hepatie 
artery behind or above the first part of the duodenum. It deseends 
behind the retroperitoneal portion of the first part of the duodenum to 
the left of the eommon bile duct. At the lower border of the first part 
of the duodenum, it is eommonly deseribed as dividing into the right 
gastroepiploie and superior pancreaticoduodenal arteries but this ana- 
tomieal arrangement is rare (Bradley 1973, Bertelli et al 1995, Bertelli 
et al 1996) and its usual branehing pattern is as follows. As it deseends 
behind the first part of the duodenum, it usually gives off the posterior 
superior pancreaticoduodenal artery, several retroduodenal branehes 
that supply the first part and proximal portion of the seeond part of the 
duodenum, and a supraduodenal artery that supplies the anterosupe- 
rior part of the proximal duodenum (Bianehi and Albanèse 1989). As 
the gastroduodenal artery emerges below the first part of the duode- 
num, it usually gives off the right gastroepiploie artery and several 
pylorie branehes. It then deseends on the anterior surface of the pan- 
ereas, where it divides into the anterior superior pancreaticoduodenal 
artery and panereatie branehes. Although the gastroduodenal artery 
usually branehes from the eommon hepatie artery, it may oeeasionally 
originate from other sources, including: as a trifiireation with the right 
and left hepatie arteries; the eoeliae tmnk; the superior mesenterie 
artery; or from the right or left braneh of the hepatie artery. 

The gastroduodenal artery or one of its branehes may be a source of 
haemorrhage from a penetrating posterior duodenal ulcer (see above) 
or it may be the site of aneurysm or pseudoaneurysm formation; for 
these reasons, it is an important vessel for interventional radiologists. 

Superior pancreaticoduodena! arteries 

There are usually two superior pancreaticoduodenal arteries: a posterior 
and anterior. The posterior superior pancreaticoduodenal artery is 
usually a separate braneh of the gastroduodenal artery and is given off 
behind the upper border of the first part of the duodenum. It deseends 
to the right, anterior to the portal vein and eommon bile duct, where 
the latter lies behind the first part of the duodenum. It then spirals 
around the right side of the bile duct to mn behind the head of the 
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panereas, erosses posterior to the retropanereatie segment of the 
eommon bile duct (which is embedded, to a variable degree, in the 
head of the panereas), and anastomoses with the posterior division of 
the inferior pancreaticoduodenal artery (Bertelli et al 1996). The pos- 
terior artery supplies branehes to the head of the panereas, the fìrst and 
seeond parts of the duodenum, and several branehes to the lowest part 
of the eommon bile duct. 

The anterior superior pancreaticoduodenal artery is usually a termi- 
nal braneh of the gastroduodenal artery and deseends in the anterior 
groove between the seeond part of the duodenum and the head of the 
panereas or on the anterior surface of the gland parallel to the groove 
(Bertelli et al 1995). It supplies branehes to the fìrst and seeond parts 
of the duodenum and to the head of the panereas, and then passes 
posteriorly to anastomose with the anterior division of the inferior 
pancreaticoduodenal artery. 

Inferior pancreaticoduodenal artery 

The inferior pancreaticoduodenal artery usually arises from the superior 
mesenterie artery or its fìrst jejunal braneh, near the superior border of 
the third part of the duodenum (Bertelli et al 1996). It erosses behind 
the superior mesenterie vein and passes behind the uncinate proeess 
of the panereas, where it divides into anterior and posterior branehes. 
The anterior braneh passes to the right, immediately inferior and then 
anterior to the lower border of the head of the panereas, and mns 
superiorly to anastomose with the anterior superior pancreaticoduode- 
nal artery. The posterior braneh mns posteriorly to the right behind the 
head of the panereas, and anastomoses with the posterior superior 
pancreaticoduodenal artery (Bertelli et al 1997). Both branehes supply 
the panereatie head, its uncinate proeess, and the seeond and third parts 
of the duodenum. Oeeasionally, the anterior and posterior branehes 
arise separately from the superior mesenterie or fìrst jejunal artery. 

Jejunal artery branehes 

Branehes from the fìrst jejunal braneh of the superior mesenterie artery 
supply the fourth part of the duodenum and frequently anastomose 
with a terminal braneh of the anterior superior pancreaticoduodenal 
artery. The fourth part of the duodenum therefore reeeives a potential 
eollateral supply from the eoeliae tmnk and superior mesenterie artery, 
which means that it is not eommonly affeeted by isehaemia. 

Veins 

Submucosal and intramural veins give rise to small veins that aeeom- 
pany eorresponding named arteries. The venous anatomy of this region 
is variable and not well eharaeterized. The superior pancreaticoduode- 
nal vein mns superiorly on the posterior surface of the head of the 
panereas, posterior to the distal eommon bile duct, and usually drains 
into the portal vein. The inferior pancreaticoduodenal vein mns inferi- 
orly and usually drains into the superior mesenterie vein or its fìrst 
jejunal tributary. Small veins from the fìrst and upper seeond parts of 
the duodenum drain direetly into the portal vein, and veins from the 
third and fourth parts may drain direetly into the superior mesenterie 
vein. Numerous small anastomoses are present between veins of the 
seeond and third parts of the duodenum and retroperitoneal veins 
(Murakami et al 1999). 


Lymphatie drainage 

Duodenal lymphaties mn to superior and inferior pancreaticoduodenal 
lymph nodes, and from there to supra- and infrapylorie, hepatoduo- 
denal, eommon hepatie, eoeliae and superior mesenterie nodes. 
Lymphatie drainage to para-aortie nodes has also been deseribed (Hirai 

et al 2001). 


Duodenal feeding 
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INNERVATION 


The duodenum is innervated by both parasympathetie and sympathetie 
neurones. 

Preganglionie sympathetie neurones have their eell bodies in the 
intermediolateral columns of the grey matter in the fifth to the twelfth 
thoraeie spinal segments. Their fibres travel via the greater and lesser 
splanehnie nerves to the eoeliae plexus and synapse in the eoeliae and 
superior mesenterie ganglia; postganglionie axons are distributed to the 
duodenal wall via peri-arterial plexuses on the branehes of the eoeliae 
tmnk and superior mesenterie artery. The sympathetie nerves are vaso- 
eonstrietor to the duodenal vasculature and inhibitory to duodenal 
musculature. 

The preganglionie parasympathetie supply is earried by vagal fibres 
that travel from the eoeliae plexus and synapse on neurones in the 
duodenal wall. The parasympathetie supply is seeretomotor to the duo- 
denal mucosa and motor to the duodenal musculature. 

Referred pain 

In eommon with other structures derived from the foregut, pain arising 
from the proximal duodenum is poorly loealized and referred to the 
epigastrium. It is mediated by afferent fibres that aeeompany the sym- 
pathetie neurones. 



The jejunum has an external diameter of about 4 em and an internal 
diameter of about 3 em. It has a thieker wall than the ileum and a rieh 
arterial blood supply. The plieae circulares (see below) are most pro- 
nounced in the proximal jejunum, where they are more numerous 
and deeper than elsewhere in the small bowel (Figs 65.5-65.6). They 
frequently 'braneh' around the lumen and may appear to be staeked 
on top of eaeh other, giving the jejunum a eharaeteristie appearanee 
during single eontrast radiography (see Fig. 65.6), computed tomo- 
graphie (CT) enterography (Fig. 65.7A) or magnetie resonanee (MR) 
enterography (Fig. 65. 7B). The plieae circulares are also elearly visible 
by capsule endoseopy, in which images of the small bowel are transmit- 
ted wirelessly from a small swallowed eamera that is the size of a pill 
(Fig. 65.8). 





Mesentery 
Vasa reeta 
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Fig. 65.5 Typieal eross-seetions throiigh the 
proximal jejunum (A) and terminal ileum (B). The 
mesenterie attaehment is wider in the jejunum, 
and two leaves of vessels enter the bowel wall. 
The latter is also thieker in the jejunum. 
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Small intestine 


When gastrie emptying is fnnetionally impaired - as, for example, in 
gastroparesis, nutrition may be delivered direetly into the duodenum 
or jejunum via a nasal transpylorie feeding tube. 


Superior mesenterie 

vein 
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Stomaeh 
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Stomaeh Transverse eolon 
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Fig. 65.7 A, Computed tomographie (CT) enterography. Coronal sliee 
shovving small intestinal loops and superior mesenterie vessels. 

B, Magnetie resonanee (MR) enterography. Coronal sliee shovving the 
small intestine and transverse eolon. 
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In the siipine position, the jejunum usually occupies the upper left 
infraeolie eompartment, extending down to the umbilical region. The 
first one or two loops often occupy a reeess between the left part of the 
transverse mesoeolon and the left kidney. On supine radiologieal exam- 
ination, the jejunal loops are eharaeteristieally situated in the upper 
abdomen, to the left of the midline, whereas the ileal loops tend to lie 
in the lower right part of the abdomen and pelvis. This distribution ean 
be reversed in small bowel obstmetion due to rotation of the dilated 
bowel around its mesenterie attaehment. 




Fig. 65.6 Bariiim studies of the jejunum and ileum. A, Barium follow- 
through. The feathery appearanee of the small intestine is due to the 
plieae circulares and is most prominent in the jejunum. The eonstrietions 
(arrows) are the result of peristalsis. B, Small bowel enema (enteroelysis). 
The plieae circulares are elearly demonstrated by this technique. 
Abbreviations: C, caecum; I, ileum; J, jejunum; PC, plieae circulares; Tl, 
terminal part of ileum. 


Jejlinal feeding In patients with a fimetioning intestine who eannot 
tolerate adequate oral or intragastrie feeding, jejunal feeding is often 
the preferred option. Compared to parenteral (intravenous) nutrition, 
enteral feeding is assoeiated with fewer eomplieations. Furthermore, it 
maintains the integrity of the gut mucosa (thereby reducing baeterial 
transloeation from the gut lumen), deereases the likelihood of aspira- 
tion from gastro-oesophageal reflux, and is less of a stimulus for pan- 
ereatieobiliary seeretion. Jejunal feeds ean be delivered via a nasojejunal 
or gastrojejunal tube, or direetly into the jejunum; gastrojejunal and 
jejunal tubes may be inserted endoseopieally, radiologieally or surgi- 
eally. The end of the feeding tube must lie beyond the duodenojejunal 
flexure to prevent reflux of feed into the duodenum and stomaeh. 


ILEUM 


The ileum has a median external diameter of about 3 em, an internal 
diameter of about 2.5 em and tends to have a thinner wall than the 
jejunum (see Fig. 65.5B). The plieae circulares beeome progressively less 
obvious in the distal ileum; they tend to be single and flatter (see Figs 
65.6-65.7; Fig. 65.9). The mucosa of the terminal ileum immediately 
proximal to the ileoeaeeal junction may appear almost flat at endos- 
eopy, although the villi ean be seen when viewed elose up (see Fig. 65.9) 
and at capsule endoseopy (see Fig. 65.8). 

In the supine position, the ileum lies mainly in the hypogastrie 
region and right iliae fossa. The terminal ileum frequently lies in the 
pelvis, from where it aseends over the right psoas major and right iliae 
vessels, to end by opening at the ileoeaeeal junction in the right iliae 
fossa. 



ANATOMICAL DIFFERENOES BETWEEN 
THE JEJUNUM AND ILEUM 


While there is no elear boundary between the jejunum (the proximal 
two-fifths of the small intestine beyond the duodenum) and the ileum 
(the distal three-fifths), there are general anatomieal differenees between 
these regions. The wall of the jejunum is thieker and more vascular, has 
a greater number of more prominent plieae eirailares, and eontains less 



Fig. 65.9 The endoseopie appearanee of the terminal ileum. 



Fig. 65.8 The small intestine visualized by capsule endoseopy (PillCam®). A, The proximal jejunum at 1 h 34 mins. B, The distal jejunum at 1 h 51 min. 
C, The proximal ileum at 2 h 25 min. D, The distal ileum at 3 h 34 min. Note the presenee of plieae circulares and visible intestinal villi. (Courtesy of 
1128 Simon Gabe.) 


























Small intestine 



Fig. 65.11 A Meekel’s diverticulum eontaining eetopie mucosa at its tip. 
(Courtesy of Professor Mark Stringer, Christchurch Hospital, New 
Zealand.) 


The mean length of the small bowef measured from the duodenojeju- 
nal flexure to the ileoeaeeal junction in vivo, is about 5 m but ean range 
from 3 to 8.5 m ( "eitelbaum et al 2013). Males have a longer small 
bowel than females, and height is positively assoeiated with small 
bowel length (Ieitelbamn et al 2013). Short bowel syndrome results 
from surgical reseetion, eongenital defieieney or disease-assoeiated loss 
of absorption, and is eharaeterized by the inability to maintain protein- 
energy, fluid, eleetrolyte or mieromitrient balanees when on a eonven- 
tionally aeeepted, normal diet (O'Keefe et al 2006). Left untreated, 
short bowel syndrome leads to dehydration, malnutrition and weight 
loss. Adults with the greatest risk of developing intestinal failure fall 
into three groups: those with an end-jejunostomy and <100 em of 
residual small bowel, those with a jejunocolic anastomosis and <50 em 
residual small bowel, and those with a jejunoileal anastomosis and 
<35 em of residual small bowel (despite the presenee of an ileoeaeeal 
junction and eolon) (Nightingale and Woodward 2006, Jeppesen 
2013). 

After surgical reseetion, the remaining small bowel undergoes an 
adaptive proeess that involves morphologieal and fimetional ehanges. 
The small bowel dilates and villus height and erypt depth inerease, 
expanding the absorptive surface area. Adaptation begins soon after 
intestinal reseetion and may continue for up to 2 years (Jeppesen and 
Mortensen 2002). However, there are differenees between the ability 
of the proximal and distal small bowel to adapt; the likelihood of 
regaining intestinal autonomy is greatest in patients with a retained 
segment of ileum and eolon in eontimiity, as eompared to patients 
with a residual duodenojejunal segment and an end-jejunostomy 
(Jeppesen 2013). 



Fig. 65.12 A temporary loop ileostomy in an infant. The skin marking 
around the stoma is from the stoma bag adhesive. (Courtesy of Professor 
Mark Stringer, Christchurch Hospital, New Zealand.) 


Small bowel transplantation has beeome a standard elinieal procedure 
for seleeted patients with intestinal failure. The small intestine may be 
transplanted in isolation or along with the liver and/or other abdomi- 
nal organs such as the panereas (multivisceral transplant). Postopera- 
tively, patients are reeommeneed on parenteral nutrition, and enteral 
feeding is started via a feeding jejunostomy onee intestinal motility has 
returned. Protein is delivered as peptides and fats as medium-chain 
triglyeerides, which are absorbed direetly into the mesenterie veins and 
not via the lymphaties (which are divided when the graft is taken from 
the donor). Parenteral nutrition ean usually be diseontimied 3-6 weeks 
after transplantation but may continue to be used to supplement enteral 
feeding when stoma losses are large. 

Intestinal dysmotility is eommon after intestinal transplantation. 
There is no extrinsic nerve supply to the graft but intrinsie small bowel 
motility usually reeovers within 48-72 hours after transplantation 
(Gunning and Friend 1998). Adequate gastrie emptying is often delayed 
for several weeks, despite pyloroplasty and the administration of dmgs 
to enhanee gastrie motility. Reinnervation of the allograft via its vascular 
pediele is a slow proeess (Walther et al 2013). Intestinal motility is also 
affeeted by any inflammatory response caused by rejeetion. Denervation 
and division of the lymphatie drainage of the intestinal allograft do not 
appear to seriously impair longer-term fimetion. In animal models, 
lymphatie drainage is re-established within 21-28 days, which is eon- 
sistent with observations in patients (Koeandrle et al 1966). 
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Fig. 65.10 Speeimens of the jejunum (A) and 
ileum (B) from a eadaver where the superior 
mesenterie artery was injeeted with red-coloured 
gelatin before fixation. Subsequently, the 
speeimens were dehydrated and then eleared in 
benzene, followed by methyl salieylate. The largest 
vessels present are the jejunal and ileal branehes 
of the superior mesenterie artery and these are 
succeeded by anastomotie arterial areades, which 
are relatively few in number (1-3) in the jejunum, 
beeoming more numerous (2-6) in the ileum. From 
the areades, straight arteries (arteriae reeta) pass 
towards the gut wall; frequently, successive 
straight arteries are distributed to opposite sides 
of the gut. Note the denser vascularity of the 
jejunal wall. (Speeimens prepared by MCE 
Hutchinson; photographs by Kevin Fitzpatriek on 
behalf of GKT Sehool of Medieine, London.) 


lymphoid tissiie than the ileum. There are also differenees between the 
mesenterie vessels in the jejunum and ileum (Conley et al 2010). The 
jejunal mesentery, measured from the superior mesenterie artery to 
the mesenterie border of the bowef is shorter than the ileal mesentery, 
and the jejunal arteries are slightly larger than their ileal counterparts. 
The jejunum typieally eontains 1-3 tiers of vascular areades, whereas 
there are often 2-6 tiers in the ileum (Fig. 65.10). The arteriae reeta in 
the ileum are more numerous, shorter and narrower than in the 
jejunum. The jejunal and ileal arteries, areades and arteriae reeta 
are muscular arteries eapable of influencing splanehnie blood flow, 
which ean vary between 10% and 35% of eardiae output (Rosenblum 
et al 1997). 

Solitary lymphoid follieles are seattered throughout the small intes- 
tinal mucosa but are most numerous in the distal ileum. Aggregated 
lymphoid follieles, Peyer s patehes, are circular or oval masses eontain- 
ing 5-260 follieles. They vary in size, shape and distribution, most 
measuring 2-8 em and visible maeroseopieally as dome-like elevations, 
usually along the antimesenterie border of the intestine. They are rarely 
present in the duodenum; small, circular, few in number and impalpa- 
ble in the distal jejunum; and larger, more numerous and often palpa- 
ble in the ileum (particularly in the terminal 25 em; Van Kminingen 
et al 2002). Villi are small or absent over the larger follicular masses. 
Lymphoid aggregates are most prominent in early ehildhood and, when 
enlarged in viral infeetions, may form the apex of an intussusception. 
They beeome less prominent around puberty, and deerease hirther in 
number during adult life (Cornes 1965). 


Short bowel syndrome 
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VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Arteries 

Branehes from the superior mesenterie artery supply the jejunum and 
ileum. The arteries divide as they approaeh the mesenterie border of 
the intestine (see Fig. 65.5), giving off numerous branehes that extend 
between the muscular layers before forming a submucosal arterial 
plexus that supplies the mucosa. Although there is a rieh anastomotie 
network of arteries within the intestinal mesentery, anastomoses 
between the terminal branehes elose to the intestinal wall are few. The 
intramural and submucosal arterial networks eonsist of small-ealibre 
vessels only. Consequently, division or occlusion of several consecutive 
vasa reeta may produce segmental isehaemia of the bowel, while divi- 
sion of more proximal arterial branehes in the small bowel mesentery 
may not cause isehaemia because of eollateral flow through vascular 
areades. 




Meekel’s diverticulum A eongenital ileal diverticulum (of Meekel) 
is found in 2-3% of individuals and represents the remnant of the 
proximal part of the vitellointestinal duct. It projeets from the antime- 
senterie border of the terminal ileum and is eommonly loeated between 
50 and 100 em from the ileoeaeeal junction. It is variable in length 
(usually 2-5 em in adults) and often possesses a short 'mesentery' of 
adipose tissue eontaining a vitellointestinal artery (from the termina- 
tion of the superior mesenterie artery) that extends from the ileal 
mesentery to its base (Fig. 65.11). The lumen of the diverticulum 
usually has a ealibre similar to that of the ileum. The tip is normally 
free but oeeasionally it may be eonneeted to the anterior abdominal 
wall near the umbilicus by a fibrous band. The mucosa is typieally ileal, 
but small heterotopie areas of gastrie body type epithelium, panereatie, 
eolonie or other tissues may also occur in the wall of a diverticulum. 
llnopposed aeid seeretion by heterotopie gastrie body type epithelhim 
may give rise to ulceration and bleeding in the adjaeent normal ileal 
mucosa. Diverticular inflammation may mimie acute appendieitis; 
sinee MeekeLs diverticulum and the appendix are both derived from 
midgut structures, pain from either structure is referred to the perium- 
bilieal region. Rarer eomplieations of a MeekeLs diverticulum include 
intestinal obstmetion, intussusception, perforation, calculi and tumours 
(Sagar et al 2006, Llppal et al 2011). 

Jejlinostomy and ileostomy In elinieal praetiee, a stoma is a 

surgically ereated opening from a hollow viscus to the skin, elassified 
aeeording to its loeation. An intestinal stoma may be either an end 
stoma, in which only the proximal end of the divided bowel is anasto- 
mosed to the skin, or a loop stoma, in which both the proximal and 
distal ends of the bowel are exteriorized on the surface (Fig. 65.12). 
The output of a jejunostomy is greater than that of an ileostomy and 
more likely to result in excessive fluid, eleetrolyte and nutrient losses. 


Superior mesenterie artery 

The superior mesenterie artery originates from the abdominal aorta 
1 em below the eoeliae tmnk, at the level of the lower border of the 
first lumbar vertebra in the transpylorie plane (Figs 65.13-65.14). The 
angle of its origin from the aorta is acute (mean value 45°, range 
38-60° and greater in individuals with a greater body mass index; 
Ozkurt et al 2007); this ean make cannulation via the transfemoral 
route somewhat difficult. The artery is usually surrounded by fat, lym- 
phaties and neural tissue at its origin, which helps to inerease the angle 
and distanee between it and the aorta, thereby preventing eompression 
of the duodenum where it is erossed by the artery. The artery deseends 
anterior to the uncinate proeess of the panereas and the third part of 
the duodenum, and posterior to the splenie vein and the body of the 
panereas. The left renal vein lies behind it and separates it from the 
aorta (Fig. 65.15B). Within the small bowel mesentery, the superior 
mesenterie artery erosses anterior to the inferior vena eava, right ureter 
and right psoas major. Its ealibre progressively deereases as successive 
branehes are given off to the jejunum and ileum, and its terminal 
braneh anastomoses with the termination of the ileoeolie artery. 

The superior mesenterie artery usually gives off the inferior panerea- 
ticoduodenal, middle eolie, right eolie and ileoeolie branehes from its 
right side, and jejunal and ileal branehes from its left side. Its jejunal 
and ileal branehes form vascular areades within the small bowel mesen- 
tery. The last of these areades forms an irregular and ineomplete 'mar- 
ginal artery' of the small intestine. Straight arteries, the arteriae reeta, 
are given off from the most distal areades and pass direetly to the small 
intestine. 

Anatomieal variations in the origin and branehing pattern of the 
superior mesenterie artery are well deseribed (Winston et al 2007, 
Horton and Fishman 2010) (see also p. 1144). It may be the source of 
the eommon hepatie, gastroduodenal, aeeessory or replaeed right 
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Fig. 65.13 The superior mesenterie artery and its 
branehes. The outlines of representative ileal and 
jejunal loops, appendix, caecum, aseending and 
transverse eolon are shovvn for referenee. Only the 
origin of jejunal and ileal branehes is shovvn. For 
details of areades, see Figure 65.10. 


Terminal ileal braneh 


hepatie, aeeessory panereatie, splenie or rarely the inferior mesenterie 
artery. Also rare is a superior mesenterie artery arising from a eommon 
eoeliaeomesenterie tmnk (Rountas et al 2013). 

The remnant of the vitellointestinal artery (the embryonie artery that 
originally eonneeted the intestinal circulation to the yolk sae) is usually 
obliterated; when present, it forms the artery supplying a MeekeTs 
diverticulum. It is oeeasionally represented in the mesentery by a fìbrous 
strand from the termination of the superior mesenterie artery to the 
ileum. 

Jejlinal branehes There are usually 4-6 jejunal branehes, which 
arise from the left side of the upper portion of the superior mesenterie 
artery (see 7 igs 65.13-65.14). They are distributed to the jejunum via 
1-3 tiers of arterial areades, the most distal of which gives rise to straight 
arteries. The latter mn almost parallel in the mesentery before being 
distributed alternately to either side of the small bowel, forming two 
distinet 'leaves' of vessels within the mesentery separated by a relatively 
avasailar plane (see Fig. 65.5 A). 

This vasoilar arrangement allows a dilated segment of small bowel 
to be biseeted longitudinally and tubularized to double its length, a 
potentially useful technique to aehieve small bowel lengthening in 
short bowel syndrome (Bianehi 1984). 

Small twigs from the jejunal arteries supply regional mesenterie 
lymph nodes. 

Ileal branehes Ileal branehes are more numerous (around 8-12) 
and slightly smaller in ealibre than the jejunal branehes. They arise from 
the left and anterior aspeets of the superior mesenterie artery. The length 
of the mesentery from the superior mesenterie artery to the mesenterie 
border of the bowel is greater in the ileum, and the branehes form 
between two and six areades before giving rise to multiple straight arter- 
ies that mn direetly towards the ileal wall (see Fig. 65.10B). These 
branehes mn parallel in the mesentery and are distributed to both 
aspeets of the ileum. They are shorter and thinner than their jejunal 
counterparts, particularly in the distal ileum, and do not form such 
distinet parallel 'leaves' of vessels. The terminal ileal areades are sup- 
plied by the ileal braneh of the ileoeolie artery and the last ileal braneh 
of the superior mesenterie artery (see Fig. 65.13). Few other vessels 
eonneet the ileoeolie and superior mesenterie artery territories, which 
makes surgical disseetion of the ileoeolie artery up to its origin relatively 
simple. 

Veins 

Superior mesenterie vein 

The superior mesenterie vein drains the small intestine, caecum, aseend- 
ing and transverse parts of the eolon, and parts of the stomaeh and 
greater omentum (Fig. 65.16; see Fig. 59.8). It is formed in the mesen- 
tery of the small bowel by the union of tributaries from the terminal 


ileum, caecum and vermiform appendix. It aseends in the mesentery to 
the right of the superior mesenterie artery, passing anterior to the right 
ureter, inferior vena eava, third part of the duodenum and uncinate 
proeess of the panereas. It joins the splenie vein behind the neek of the 
panereas in the transpylorie plane (lower border of L1 vertebra) to form 
the portal vein. 

The superior mesenterie vein reeeives jejunal, ileal, ileoeolie, right 
eolie, middle eolie, right gastroepiploie and inferior pancreaticoduode- 
nal veins. A major proximal jejunal braneh usually mns transversely 
behind the superior mesenterie artery to enter the right posterolateral 
aspeet of the superior mesenterie vein (Kim et al 2007). The right eolie 
vein is highly variable. When present, it may drain into the superior 
mesenterie vein direetly, or may join the right gastroepiploie or inferior 
pancreaticoduodenal vein to form a 'gastroeolie tmnk', which then 
drains into the superior mesenterie vein (Yamaguchi et al 2002). 
Although the inferior mesenterie vein usually drains into the splenie 
vein, it may join the superior mesenterie vein direetly or its confluence 
with the splenie vein (Graf et al 1997). 

Lymphatie drainage 

The lymphatie system of the small intestine regulates tissue fluid homeo- 
stasis, partieipates in imimme surveillance, and transports dietary fat 
and fat-soluble vitamins from the gut lumen. It is organized into two 
networks. Firstly, laeteals from the villi drain into a plexus of lymphaties 
in the submucosa and are joined by vessels from lymph spaees at the 
bases of solitary lymphoid follieles; these lymphatie vessels have few, if 
any, valves. Seeondly, a eoarse plexus of lymphaties also mns in the 
muscularis externa between the two muscle layers. The submucosal and 
muscular networks share few eonneetions but both communicate freely 
with larger valved eolleeting lymphaties at the mesenterie border of the 
small intestine (Miller et al 2010). Mesenterie lymphaties pass between 
the layers of the mesentery and drain via a series of mesenterie lymph 
nodes eoneentrated around the regional mesenterie vessels. Individual 
segments of small bowel have a relatively wide field of lymphatie drain- 
age, which makes radieal surgical reseetion of draining lymph nodes 
difficult if the blood supply to the remaining unaffected small bowel is 
to be preserved. Mesenterie nodes drain into superior mesenterie nodes 
around the root of the superior mesenterie artery. 

INNERVATI0N 


The jejunum and ileum are innervated by parasympathetie and sympa- 
thetie fibres via the superior mesenterie plexus (see Figs 59.2-59.4). 
Preganglionie sympathetie axons originate from neurones in the 
intermediolateral grey matter of the mid-thoraeie spinal segments and 
travel in the greater and lesser splanehnie nerves to the eoeliae and 
superior mesenterie ganglia, where they synapse. Postganglionie axons 



























Small intestine physiology 
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lleoeolie artery lleal branehes 



Fig. 65.14 The superior mesenterie artery and its branehes. A, A digital 
subtraction angiogram. B, A surface-shaded, volume-rendered CT 
angiogram. C, A sagittal reformat of a multislice CT angiogram. 

(A, Courtesy of Dr Adam Mitehell, Charing Cross Hospital, London. 

B, Courtesy of Dr Nasir Khan, Chelsea and Westminster Hospital, 
London. C, Courtesy of GE Worldwide Medieal Systems.) 
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Fig. 65.15 A, An ultrasound image through the origin of the superior 
mesenterie artery, sagittal plane. B, An axial CT sean in an adult 
demonstrating the relationship of the superior mesenterie artery to the left 
renal vein. (Courtesy of Professor Mark Stringer, Christchurch Hospital, 
New Zealand.) (C, continued online) 


aeeompany the superior mesenterie artery into the mesentery and are 
distributed along branehes of the artery. The sympathetie nerves are 
vasoeonstrietor to the vasculature and inhibitory to the musculature of 
the jejunum and ileum. Sympathetie neurotransmitters also have an 
immunomodulatory role by influencing mucosa-associated lymphoid 
tissue (Straub et al 2006). Preganglionie parasympathetie axons travel 
in the vagus nerves and are seeretomotor to the mucosa and motor 
to the smooth muscle of the jejunum and ileum. Viseeral afferents from 
the small bowef eonveying pain and other gut sensations, travel with 
the splanehnie and vagus nerves. 

Referred pain 

In eommon with other structures derived from the midgut, the viseeral 
sensation of pain arising from the jejunum or ileum is poorly loeal- 
ized, and is usually referred to the periumbilical region. 


SMALL INTESTINE PHYSI0L0GY 


The prineipal fhnetions of the small intestine are fluid and eleetrolyte 
haemostasis, digestion and absorption of nmríents, immunoregulation, 
and seeretion of hormones. The absorptive eapaeity of the small 
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Fig. 65.15 C, An axial ultrasound image shovving the superior mesenterie 
artery and the splenie vein. 
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Fig. 65.16 The superior mesenterie vein and its branehes, CT venogram, 
eoronal plane. (Courtesy of Dr Nasir Khan, Chelsea and Westminster 
Hospital, London.) 


intestine is greatly enhaneed by the plieae eirenlares, villi and mierovilli, 
which inerease its surface area by faetors of approximately 2, 7 and 13, 
respeetively (Helander and Fàndriks 2014), yielding a total estimated 
surface area of almost 30 m 2 . 


FLIJIDS AND ELECTR0LYTES 



Available with the Gray’s Anatomy e-book 



Circularfblds 


Fig. 65.17 The internal aspeet of a representative sample of the proximal 
jejunum, showing circular folds. 



Fig. 65.18 A low-power mierograph showing several circular folds 
(arrows) in the wall of the ileum. The folds are eovered with villi (V) 
projeeting into the lumen, and the submucosa (SM) extends into the eore 
of eaeh fold. Circular (innermost) and longitudinal smooth muscle layers 
form the underlying muscularis externa. Large masses of lymphoid tissue 
(Peyer’s patehes, P) lie in the mucosa. (Courtesy of Mr Peter Helliwell and 
the late Dr Joseph Mathew, Department of Histopathology, Royal 
Cornwall Hospitals Trust, UK.) 
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duodenum (see Fig. 59.9). The submucosa eontains aggregates of lym- 
phoid tissue, most numerous in the ileum. 



Available with the Gray’s Anatomy e-book 


MOTILITY 



Available with the Gray’s Anatomy e-book 


MICROSTRUCTURE 


The intestinal wall is eomposed of mucosa, submucosa, muscularis 
externa and serosa or adventitia (see Fig. 59.9). The mucosa is thiek and 
very vascular in the proximal small intestine, but thinner and less vas- 
cular distally. In plaees, it is ridged by the underlying submucosa to 
form circular folds, plieae eirailares, which protmde into the lumen; 
mucosal finger- or leaf-like intestinal villi eover the whole surface (Fig. 
65.17). There are numerous simple, tubular intestinal glands or erypts 
between the bases of the villi, and additional submucosal glands in the 


Circular folds 


Except in the first part of the duodenum, large eirailar folds of mucosa 
(known as plieae circulares or valvulae eonniventes) projeet into the 
lumen of the small intestine, orientated either transversely or slightly 
obliquely to its long axis (see Figs. 65.8, 65.17; Fig 65.18). Unlike 
gastrie folds, they do not disappear during physiologieal distension of 
the intestine. Most extend round half or two-thirds of the luminal eir- 
cumference, some are eomplete eireles, some bifhreate and join adjaeent 
folds, while others are spiral and extend one or more times round the 
lumen. Larger folds are up to 8 mm deep but most are smaller than 
this, and larger folds often alternate with smaller ones. Folds begin to 
appear 2.5-5 em beyond the pyloms and are relatively large and elose 
together in the distal duodenum and proximal jejunum. Beyond this 
point, they diminish in size and disappear almost eompletely in the 
terminal ileum, which therefore has a relatively thin wall. The eiroilar 
folds inerease the absorptive surface area and enhanee meehanieal seg- 
mentation in the small intestine. They are visible at endoseopy (see Fig. 
65.3), during small bowel eontrast studies (see 4g. 65.6), and some- 
times on plain radiographs. 








































Small intestine 


The seeretion and absorption of eleetrolytes and fluid are two essential 
flinetions of the small intestinal epithelium. In healthy adults, the 
gastrointestinal traet is eapable of seereting 8-10 litres of fluid per day 
in addition to the 1.5-2 litres ingested eaeh day. To reduce this volume 
to the typieal ileoeaeeal daily flow of approximately 2 litres per day 
the small intestinal epithelium has a large number of transport mole- 
cules and regulatory proteins. Net fluid movement aeross the gastro- 
intestinal epithelium is primarily the result of the aetive transport of 
Na + , Cl“, and HC0 3 “ ions. The jejunum ean only absorb sodium aeross 
a small sodium gradient and therefore does not normally absorb salt 
and water, but seeretes it into the lumen. Most fluid and eleetrolyte 
absorption occurs in the ileum, which is able to absorb aeross a larger 
sodium gradient (Nightingale and Spiller 2001). 

The mucosal bmsh border has an abundance of enzymes and pumps 
on its surface. Examples include the sodium-dependent glucose trans- 
porter protein (SGLTl) and the fmetose transporter protein (GLUT5). 
Most earbohydrates are broken down by enzymes to monosaeeharides 
before being transported aeross the mucosa. A defieieney of laetase on 
the mucosal bmsh border is relatively eommon and results in laetose 
intoleranee. Proteins are broken down into single amino aeids and 
small peptides. The peptidase gradient aeross the microvillus bmsh 
border inereases along the length of the small bowel, suggesting that 
amino aeids are absorbed more distally than earbohydrates. Dietary fats 
are eimilsified by biliary seeretions and then broken down by panereatie 
lipase into free fatty aeids and phospholipids, which form mieelles. The 
lipid eomponents are then absorbed within the distal small bowel and 
eonverted into ehylomierons in the enteroeytes before being seereted 
into the lymphatie system. Minerals such as ealemm, magnesium, phos- 
phoms and iron, and the water- and fat-soluble vitamins, are predomi- 
nantly absorbed in the duodenum and proximal jejunum (Farrell 2002, 
Malik and Westergaard 2002). Vitamin B 12 is absorbed in the terminal 
ileum after binding to intrinsie faetor released by gastrie parietal eells. 


muscle of the small intestine exhibits eyelieal myoeleetrieal aetivity, the 
so-ealled migrating motor complex (MMC). The frequency of these 
slow waves is regulated by interstitial eells of Cajal and is about 11/ 
minute in the jejunum, deereasing along the length of the small intes- 
tine to 7-8/minute in the ileum (Husebye 1999). When slow waves are 
amplified beyond a threshold by neural, endoerine or paraerine stimu- 
lation, aetion potentials are generated, resulting in smooth muscle 
eontraetion. This spreads circumferentially at first and then propagates 
along the entire circumference of the bowel in an aboral direetion, 
causing a ring-like eontraetion of the eirailar smooth muscle that 
progresses down the small bowel (with about 10% of eontraetions 
reaehing the ileum). 

The MMC eonsists of three phases: phase I is a period of quiescence, 
phase II is eomposed of irregular eontraetions, and phase III is a short 
burst of phasie eontraetions at the maximum frequency of the slow 
waves for that part of the intestine. The veloeity of migration is 5-10 em/ 
minute in the jejunum, deereasing gradually along the small bowel to 
about 1 cm/minute in the ileum. The MMC requires an intaet enterie 
nervous system and does not depend on extrinsic innervation. Conse- 
quently, MMCs are present in the transplanted (denervated) small 
bowel. However, there is evidenee that extrinsic innervation modulates 
the MMC. Lor example, sleep causes the almost eomplete disappearanee 
of phase II. Phase III aetivity normally reeovers in the proximal small 
bowel within a few hours of major abdominal surgery but the pressure 
wave amplitude is temporarily reduced. Somatostatin and opioids 
deerease phase II aetivity. 

After a meal, the eyelieal fasting aetivity is abolished for several hours 
and replaeed by irregular eontraetions that eonsist of both segmental 
'stationary' eontraetions and propulsive eontraetions (Barnert 2007). 

Assessment of small bowel motility ean eomplement detailed miero- 
seopie examination of full-thickness biopsy speeimens of the intestine 
when eharaeterizing eonditions assoeiated with intestinal dysmotility, 
helping to distinguish intestinal neuropathy from viseeral myopathy. 


The motility of the small intestine differs, depending on whether the 
individual is fasting or postprandial. In the fasting state, the smooth 






Microstructure 



Fig. 65.19 A low-power mierograph showing the wall of the duodenum, 
with villi (V) projeeting into the lumen (L); intestinal erypts (IC) of 
LieberkGhn in the mucosa, seen mainly in transverse seetion; muscularis 
mucosae (arrows); submucosal seromucous (Bmnner’s) glands (B); and 
muscularis externa (ME). (Courtesy of Mr Peter Helliwell and the late 
Dr Joseph Mathew, Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 


Intestinal villi 


Intestinal villi are highly vascular projeetions of the mucosal surface, 
just visible to the naked eye (see Fig. 65.18; Figs 65.19-65.21; Com- 
mentary 8.2). They eover the entire small intestinal mucosa, inerease 
the surface area of the lumen about seven-fold (Helander and Fàndriks 
2014), and give it a velvety texture. Villi are large and numerous in the 
duodenum and jejunum, and smaller and fewer in the ileum. In the 
fìrst part of the duodenum, they appear as broad ridges, beeome tall 
and foliate in the distal duodenum and proximal jejunum, and then 
gradually shorten to a finger-like form in the distal jejunum and ileum. 
Villi vary in density from 10 to 40 per mm 2 and from 0.5 to 1.0 mm in 
height (see Fig. 65.19). Infoldings of the mucosa dip down from the 
base of the villi for a short distanee into the lamina propria. These erypts 
(of Lieberkiihn) are most prominent in the proximal small intestine 
(see Fig. 65.20). 

Mucosa 


The mucosa eonsists of epithelium, lamina propria and muscularis 
mucosae. 

Epitheliiim 

A single-layered epithelium eovers the intestinal villi (see Figs 65.20, 
2.2C) and also lines the intestinal glands (erypts) that open between 
the bases of villi. Two types of eell, enteroeytes and goblet eells, eover 
the surfaces of the villi, whereas mierofold eells (M eells) are restrieted 
to the dome epithelium that eovers loealized accumulations of lym- 
phoid tissues. These eell types are all in eontaet basally with a basal 
lamina to which they adhere, and all are derived from a eommon stem 
eell in the intestinal erypts. 

Enteroeytes Enteroeytes are columnar absorptive eells, approxi- 
mately 20 jLtm tall. They are the most numerous type of eell in the small 
intestinal lining, and are responsible for nutrient absorption. Their 
surfaces bear up to 3000 mierovilli, which greatly inerease the surface 
area for absorption (Marsh and Swift 1969). Collectively, mierovilli are 
visible by light mieroseopy as a bmsh border 1 pm thiek; individual 
mierovilli ean be resolved only by eleetron mieroseopy. Enteroeyte 
nuclei are elongated vertieally, mainly euchromatic and loeated just 
below the eentre of the eell. 

The apieal eell surface is resistant to protease attaek because miero- 
villi possess a speeialized glyeoprotein-rieh surface eoat (glycocalyx), 
which, with an overlying layer of mucus (Johansson et al 2011), proteets 


the epithelium against panereatie enzymes in the intestinal lumen. The 
eell eoat also eontains a number of digestive enzymes as integral mem- 
brane proteins. These include enzymes that degrade disaeeharides and 
oligopeptides prior to absorption. 

The luminal surface is an important barrier to diffhsion. Nutrients 
generally have to pass through enteroeytes (transcellular absorption) 
before they reaeh the underlying lamina propria and its blood vessels 
and lymphaties (laeteals). Classical epithelial junctional complexes 
eneirele the apieal plasma membranes of adjaeent enteroeytes; their 
tight junctions form an effeetive barrier to non-seleetive diffiision 
between the gut lumen and the body as a whole. The lateral plasma 
membranes of enteroeytes are highly folded, interdigitating with eaeh 
other to form complex intercellular boundaries, anehored periodieally 
by desmosomes, and making eontaet at gap junctions. The lateral inter- 
cellular spaee expands during aetive absorption and is an additional 
conduit (supplementing transport aeross the basal eell surface) for the 
passage of fluids, nutrients and other solutes to the vessels of the lamina 
propria. 

Enteroeytes have a lifespan after differentiation of about 5 days. 
Their position on the villus wall refleets their stage in the life eyele; at 
the tips of intestinal villi, they undergo programmed, apoptotie, eell 
death and are shed from the epithelium. They are replaeed at the base 
of the villus by stem eell mitosis. 

Goblet eells Goblet eells are most numerous in the distal small 
intestine, inereasing in number from the duodenum to their highest 
density in the terminal ileum. They have elongated basal nuclei, an 
apieal region eontaining many membrane-bound mucinogen granules, 
and apieal surfaces that bear a few short mierovilli. Goblet eell mucins 
contribute to proteetion against mieroorganisms and toxins in the gut 
lumen, and also provide lubrication and meehanieal proteetion from 
the intestinal eontents. 

Mierofold (M) eells Mierofold eells are present where the epithe- 
lium eovers lymphoid aggregates in the intestinal wall. They are cuboi- 
dal or flattened in shape and have long, widely spaeed mierofolds rather 
than mierovilli on their apieal surfaces. They sample luminal antigens 
by endoeytosis, and transport antigen to lymphoeytes lying within 
intercellular poekets formed by deep invaginations of the M-eell baso- 
lateral plasma membranes. See Chapter 4 for details of antigen proeess- 
ing and presentation. 

Lymphoeytes Intraepithelial lymphoeytes are found in elose asso- 
eiation with M eells and also between the basolateral regions of entero- 
eytes and goblet eells. They are migratory eells derived from the 
underlying lymphoid tissue and constitute an important means of 
immune defenee. 

Intestinal glands or erypts 

Intestinal glands or erypts (of Lieberkiihn) are tubular pits that open 
into the lumen throughout the intestinal mucosa via small circular 
apertures between the bases of the villi (see Fig. 65.20). Their thin walls 
are eomposed of columnar enteroeytes supplemented by mucous 
eells, Paneth eells, stem eells and neuroendocrine eells. They are sepa- 
rated by a basal lamina from a rieh eapillary plexus within the lamina 
propria. 

Enteroeytes Enteroeytes in the erypts seerete ions and alkaline fluid 
to dilute ehyme and aid absorption by structurally similar eells that 
eover the villi. 

MuCOUS eells The mucous eells in the erypts are similar to the goblet 
eells of the villi. 

Paneth eells Paneth eells are highly speeialized epithelial eells of 
the small intestine, involved in the eoordination of many physiologieal 
fimetions. They were first identified more than a century ago on the 
basis of their readily diseernible seeretory aeidophilie granules that stain 
strongly with eosin or phosphotungstic haematoxylin. Paneth eells are 
numerous in the deeper parts of the intestinal erypts. They synthesize 
and seerete lysozyme, a highly speeifie antibaeterial enzyme, other 
defensive proteins (defensins) and tumour neerosis faetor alpha (TNF- 
a), which help to proteet the luminal surface. Reeent studies have 
shown that these antimierobial molecules are key mediators of host- 
mierobe interaetions, including maintaining the homeostatie balanee 
with eolonizing mierobiota and providing innate imimme proteetion 
from enterie pathogens (Oevers and Bevins 2013). In addition, Paneth 
eells seerete faetors that help sustain and modulate epithelial stem and 
progenitor eells in the erypts. 
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SECTION 8 


SMALL INTESTINE 
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Fig. 65.20 The architecture of an intestinal villus. The various layers and eells are not dravvn to seale 



Stem eells Stem eells occur in a zone just above the basal region of 
the erypts. Lineage traeing has demonstrated that Lgr5 hl erypt base 
columnar stem eells generate all eell types of the small intestinal epi- 
thelium (Barker et al 2007). These eells divide rapidly in the erypt 
eompartment direetly above the Paneth eells. Their progeny (transit- 
amplifying eells) move upwards from this eompartment on to the 
surfaces of the villi while differentiating into goblet eells, tuft eells, 
neuroendocrine eells and enteroeytes. An individual eell takes only 
4-5 days to reaeh the villus tip and undergo apoptosis. Paneth eells 
eseape this upward flow and migrate downwards instead to settle at the 
base of the erypt, where they ean remain for one month or more 
(Clevers and Bevins 2013). Stem eell daughter eells and young transit- 
amplifying eells retain their plastieity and are able to revert baek to stem 
eells if the erypt is damaged and existing stem eells are lost. 

NeuroendOCrÌne eells Several types of neuroendocrine eell are 
seattered among the walls of the intestinal erypts, and less eommonly 
over the villi. They seerete bioaetive peptides, such as gastrin, ehole- 
eystokinin and seeretin, basally into the surrounding lamina propria. 
Crypt neuroendocrine eells are derived from stem eells, which also give 
rise to enteroeytes and other epithelial elements. 
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Fig. 65.21 The endoseopie appearanee of the terminal villi (magnified). 
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Lamina propria 

The lamina propria is eomposed of eonneetive tissue and provides 
meehanieal support for the epithelium. It has a rieh vascular plexus, 
reeeives nutrients absorbed by the enteroeytes, and forms the eores of 
the villi. It eontains lymphoid tissue, fibroblasts and eonneetive tissue 
extracellular matrix fibres, smooth muscle eells, eosinophils, maero- 
phages, mast eells, eapillaries, lymphatie vessels and unmyelinated 
nerve fibres. Plasma eells are numerous. Lymphoeytes may be ehistered 
in solitary or aggregated follieles, some of which extend through the 
muscularis mucosae into the submucosa. 

Villus eore 

Eaeh villus has a eore of delieate eonneetive tissue that eontains a large, 
blind-ending lymphatie vessel or laeteal (so ealled because of its eontent 
of suspended ehylomierons, the droplets of apoprotein-lipid complex 
elaborated by enteroeytes from absorbed dietary fats). The eore also 
eontains blood vessels, nerves and smooth muscle eells derived from 
fine extensions of the muscularis mucosae. Eaeh laeteal, usually single 
but oeeasionally double, starts in a elosed dilated extremity near the tip 
of a villus, and extends through the eore to the base of the villus, where 
it joins a narrower lymphatie plexus in the deeper lamina propria. Its 
wall is a single layer of endothelial eells. Smooth muscle eells surround 
the laeteal throughout the villus and their eontraetion propels its eon- 
tents into the underlying lymphatie plexus. Capillaries within the eore 
are lined by fenestrated endothelium to faeilitate the rapid intake of 
mitrients diffiising from the eovering absorptive epithelium. 

Mucosa-associated lymphoid tissue 

Mucosa-associated lymphoid tissue (MALT) eonsists of lymphoid fol- 
lieles eovered by folliele-assoeiated intestinal epithelmm, which includes 
seattered M eells. MALT is found mainly in the lamina propria but 
sometimes expands into the submucosa; it is the source of B and T 
lymphoeytes and other related eells involved in the immune defenee of 
the gut wall. 

Like other masses of MALT (except lymph nodes), solitary and aggre- 
gated lymphoid follieles are most prominent around the age of puberty, 
after which they diminish in number and size, although many persist 
into old age. Lor fhrther details of intestinal MALT and its fimetion, 
including Peyers patehes, see Didierlaurent et al (2005). 

Muscularis mucosae 

The muscularis mucosae forms the base of the mucosa, and has external 
longitudinal and internal circular layers of smooth muscle eells. It 
follows the surface profiles of the eirailar folds and sends fine faseieles 
of smooth muscle eells into the eores of the villi. 


the duodenojejunal junction. They are small, branehed tubuloacinar 
glands; eaeh has several seeretory aeini lined by low columnar epithelial 
eells, which produce an alkaline (pH 9) mucoid seeretion that effee- 
tively neutralizes aeidie ehyme from the stomaeh. Many neuroendo- 
erine eells are present among the aeinar eells. 

Muscularis externa 


The muscularis externa eonsists of a thin, external, longitudinal layer 
and a thiek, internal, circular layer of smooth imisele eells. It is thieker 
in the proximal small intestine and is mainly responsible for the dif- 
ferential appearanee of proximal jejunum and distal ileum on CT 
seanning. 

Interstitial eells of Cajal 


Interstitial eells of Cajal (ICC; p. 1043) are found throughout the entire 
length of the gastrointestinal traet, where they lie in elose eontaet with 
nerve terminals ( "armgia 2008). They originate from mesenehymal 
eells and may be eonsidered to be speeialized smooth muscle eells. 
However, whereas smooth muscle eells develop an extensive array of 
eontraetile elements, ICCs are fiisiform eells with a large oval nucleus, 
sparse eytoplasm, dendritie-like proeesses, few eontraetile elements, an 
abundance of endoplasmie reticulum and mitoehondria, and eharae- 
teristie sets of ehannels in their membrane (Mostafa et al 2010). Distinet 
networks are found in the myenterie plexus between the circular and 
longitudinal muscle layers; ICCs eontaet eaeh other and neighbouring 
smooth muscle eells via gap junctions. Looser arrangements exist within 
the individual muscle layers and the submucosa of the gut. Isolated or 
small groups of ICCs are also found in eonneetive tissue septa and the 
subserosal region. The eells are involved in the generation of paeemaker 
signals, the propagation of eleetrieal slow wave aetivity, neuromuscular 
transmission, and meehanosensation (Sanders et al 2014). Defeetive 
ICC fimetion has been implieated in a wide range of intestinal motility 
disorders (Al-Shboul 2013). 

Serosa 


Serosa is viseeral peritoneum and eonsists of a subserous stratum of 
loose eonneetive tissue eovered by mesothelium. It eovers the majority 
of the muscularis externa; the only exceptions are the part adjaeent to 
mesenterie adipose tissue and the retroperitoneal portions of the duo- 
denum, both of which are eovered mainly by a eonneetive tissue adven- 
titia rather than by serosa. 


Submucosa 


The submucosa is eomposed of loose eonneetive tissue and eontains 
blood vessels, lymphaties and nerves. Its ridged elevations form the 
eores of the eiroilar folds. The geometry of its eollagen and elastin 
fibres permits the eonsiderable ehanges in transverse and longitudinal 
dimensions that aeeompany peristalsis, whilst still providing adequate 
support, elastieity and strength. 

Submucosal (Bmnner’s) glands 

Submucosal glands are limited to the submucosa of the duodenum and 
often referred to as 'Bmnner's glands' (see Fig. 65.19). Their ducts 
traverse the muscularis mucosae to enter the bases of the imieosal 
erypts. They are largest and most numerous near the pyloms and form 
an almost eomplete layer in the proximal half of the deseending duo- 
denum; thereafter, they gradually diminish in number and disappear at 


[@ Bonus e-book images 

Fig. 65.7 A, Computed tomographie (CT) enterography. Coronal 
sliee showing small intestinal loops and superior mesenterie 
vessels. B, Magnetie resonanee (MR) enterography. Coronal sliee 
showing the small intestine and transverse eolon. 

Fig. 65.11 A Meekel’s diverticulum eontaining eetopie mucosa at 
its tip. 

Fig. 65.12 A temporary loop ileostomy in an infant. 

Fig. 65.15C An axial ultrasound image showing the superior 
mesenterie artery and the splenie vein. 
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OVERVIEW 


The large intestine extends from the ileoeaeeal junction to the anus. It 
begins as the caecum and vermiform appendix, which are usually 
loeated in the right iliae fossa. The aseending or right eolon passes 
upwards in the right flank to the right hypoehondrmm, where it bends 
to the left to form the hepatie flexure (right eolie flexure) and beeome 
the transverse eolon. This loops aeross the abdomen with an anteroin- 
ferior convexity until it reaehes the left hypochondrium, where it curves 
inferiorly to form the splenie flexure (left eolie flexure). From here, it 
deseends in the left flank as the deseending or left eolon before continu- 
ing as the sigmoid eolon in the left iliae region. The sigmoid eolon 
deseends into the tme pelvis and beeomes the rectum anterior to the 
third saeral vertebra. The rectum transitions to the anal eanal at the level 
of the pelvie floor (Figs 66.1-66.2). The large intestine thus mns from 
the ileoeaeeal (ileoeolie) junction to the anal verge. It is formed from 
the distal midgut, all of the hindgut, and the proctodeum (Ch. 72 and 
Figs 72.4 and 72. 7E). Knowledge of the development of the large intes- 
tine not only helps to explain its anatomy, relations (including perito- 
neal attaehments) and neurovascular supply (Ch. 60), but is also 
flmdamental to understanding eongenital large bowel disorders such as 
anoreetal malformations and malrotation of the gut. 

In the adult, the large intestine is approximately 1-1.5 m long in 
vivo, although there is eonsiderable individual variation. The large intes- 
tine differs from the small intestine in several ways: it has a greater 
ealibre; for much of its course it is more fixed in position; the outer 
longitudinal muscle layer of the eolon is eoneentrated into three longi- 
tudinal bands, taeniae eoli; small fatty projeetions, appendiees epi- 
ploieae, are seattered over its free surface (although these tend to be 


absent frorn the caecum, vermiform appendix and rectum); and the 
eolonie wall is puckered into sacculations (haustrations), visible on 
plain radiographs as ineomplete septations arising frorn the bowel wall 
(see Fig. 66.2; Fig. 66.3). Its ealibre is greatest near the caecum, gradu- 
ally diminishes towards the sigmoid eolon, and then inereases again in 
the rectum, where the lower third is dilated to form the reetal ampulla. 
The mean internal diameter of the large intestine is 4.8 em (Helander 
and Fàndriks 2014). 

During development, the large intestine is temporarily suspended 
by a midline dorsal mesentery. However, after rotation of the gut in 
iitero, large portions of it eome to lie adherent to the retroperitoneum, 
while other segments remain suspended by a mesentery within the 
peritoneal eavity. The mesenteries of the eolon eonsist of two layers of 
viseeral peritoneum enelosing adipose and eonneetive tissues and sur- 
rounding vessels, nerves and lymphaties that mn forward from retro- 
peritoneal stmctures. Where eolonie mesenteries lie in eontaet with the 
retroperitoneum, the potential spaee between the retroperitoneum and 
mesentery, referred to as the 'subperitoneal spaee', forms an avascular 
plane during surgical disseetion and allows the traeking of fluid, blood 
and disease (Oliphant et al 1996, Coffey 2013) (Ch. 62). The eaeernn 
may be firmly adherent to the retroperitoneum but is frequently sus- 
pended by a short mesentery, espeeially in infants. The aseending eolon 
is usually adherent to the retroperitoneum, while the transverse eolon 
is suspended by a mesoeolon and is freely mobile within the upper 
abdomen. The hepatie and splenie flexures may have a short mesentery. 
The deseending eolon is adherent to the retroperitoneum, usually down 
to the level of the left iliae erest, and the sigmoid eolon has a mesentery 
of variable length. The sigmoid mesentery shortens as it approaehes the 
pelvis and praetieally disappears at the level of the reetosigmoid junc- 
tion. The rectum is a retroperitoneal stmcture. 
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Fig. 66.1 An overview of the abdominal eolon and its relations. 
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Fig. 66.2 The appearanee of the eolon on doiible eontrast barium enema 
examination, demonstrating the transverse eolon and hepatie and splenie 
flexures. 


The posterior attaehments of the small bowel mesentery and trans- 
verse mesoeolon result in the peritoneal eavity being divisible into 
named eompartments (Ch. 62). The supracolic and infraeolie eompart- 
ments are separated by the attaehment of the transverse mesoeolon to 
the posterior abdominal wall. Anteriorly, the transverse eolon and trans- 
verse mesoeolon are adherent to the posterior surface of the greater 
omentum. Lifting the greater omentum upwards exposes the infraeolie 
eompartment. This is divided by the root of the small bowel mesentery 
that deseends obliquely from left to right; to the right lies the right 
infraeolie eompartment, its apex the ileoeaeeal junction, and to the left, 
the left infraeolie eompartment, bordered laterally by the deseending 
eolon and continuous below with the pelvie eavity. 

The microstructure of the large bowel eorresponds to the general 
pattern of the gut walf having a mucous membrane eonsisting of epi- 
thelmm, lamina propria and muscularis mucosa, surrounded by an 
inner circular and outer longitudinal layer of muscle and a serosa (see 
Figs 66.3, 66.51). The mucosa also eontains seattered neuroendocrine 
eells derived from the amine precursor uptake and decarboxylation 
(APUD) eell lineage; these eells produce amines and/or peptides, which 
aet as hormones or neurotransmitters. Unlike the small intestine, the 
mucosa of the large intestine laeks villi and the glands (erypts) eontain 
a high proportion of goblet (mucin-secreting) eells. In the appendix, 
the glands are sparse and numerous lymphoid follieles are found in the 
mucosa and submucosa. Although it is not a vital organ, the primary 
fhnetion of the eolon is transmission and elimination of intestinal 
eontents, but it also has important absorptive and seeretory roles. The 
anal sphineter is responsible for both eontinenee and evacuation. The 
large intestine has its own intrinsie (enterie) nerve supply, the aetivity 
of which is modulated by extrinsic innervation. 


EXTERNAL APPEARANCE 


The haustrations of the eolon are frequently absent in the caecum and 
often relatively sparse in the aseending and proximal transverse eolon. 
They beeome more pronounced beyond the middle of the transverse 
eolon. The sigmoid eolon often has marked sacculation. Appendiees 
epiploieae are smalf fat-filled pouches of peritoneum that projeet from 
the external surface of the eolon and are supplied by blood vessels that 
perforate the bowel wall. There are few, if any, appendiees epiploieae 
on the serosal surface of the eaeaim, and only a limited number seat- 
tered along the aseending eolon. They are more eommon over the distal 
eolon and particularly numerous on the surface of the sigmoid eolon, 
where they ean be large in the obese individual. The rectum has no 
appendiees epiploieae. 

The three taeniae eoli are loeated in fairly eonstant positions beneath 
the serosal surface of the eolon, except in the transverse eolon. They are 
found on the anti-mesenterie aspeet of the eolon direetly opposite the 
mesentery (taenia libera), posterolaterally (taenia omentalis) and pos- 
teromedially (taenia mesoeoliea) midway between the taenia libera and 
the mesentery (see 7 ig. 66.3). In the aseending and deseending eolon, 
the posterolateral taenia is often obscured from view by the peritoneal 
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Taenia mesoeoliea 
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Fig. 66.3 Layers of the eolonie wall 


refleetion on to the eolonie wall. In the transverse eolon, the taeniae 
are rotated as a consequence of the dependent position of this segment 
of eolon and so anterior beeomes inferior, posteromedial beeomes 
posterior, and posterolateral beeomes superior. The width of the taeniae 
eoli remains fairly eonstant throughout the eolon but they broaden out 
in the distal part of the sigmoid eolon and gradually merge to form a 
eomplete longitudinal muscle layer around the rectum, which therefore 
has no external sacculations. 


INTERNAL APPEARANCE 


Colonic haustrations represent sites where the mucosa and submucosa 
of the eolonie wall is infolded; these folds partially span the bowel 
lumen but never form a eomplete, eiraimferential ring. The pattern of 
haustrations and appearanee of the eolonie mucosa help the elinieian 
appreeiate the level reaehed during flexible endoseopie examinations of 
the eolon (Silverstein and Tytgat 1991). In the eaeaim, the three longi- 
tudinal taeniae eoli eonverge to form a eharaeteristie 'trefoiL pattern on 
the eaeeal wall (Fig. 66.4). The lower pole of the eaeoim is usually 
devoid of haustrations, although a spiral mucosal pattern is often seen 
in the region of the orifiee of the appendix (Fig. 66.5). The upper 
caecum and aseending eolon possess shallow but deep haustrations, 
which may extend aeross one-third of the himen (Fig. 66.6). In the 
transverse eolon, the haustrations often eonfer a triangular appearanee 
to the eross-seetion of the lumen when viewed along its axis at eolon- 
oseopy (Fig. 66.7). The haustrations of the deseending and sigmoid 
eolon tend to be thieker and shorter, producing a more eiroilar eross- 
seetion to the himen (Figs 66.8-66.9). The wall of the eolon is thinnest 
in the region of the eaeoim and aseending eolon, where it is most at 
risk of perforation during therapeutic endoseopie procedures. The 
overall himinal diameter is often smallest in the deseending eolon. The 
tortuosity of the sigmoid eolon means that shorter lengths of eolon are 
visible during endoseopy than elsewhere in the eolon. The haustrations 
of the rectum usually form eonsistent and reeognizable transverse folds 
and the submucosal vessels tend to be more pronounced than in the 
eolon (Fig. 66.10). Distinet veins are usually visible during endoseopy, 
and are most marked above the anoreetal junction. 


RADIOGRAPHIC APPEARANCES 


Cross-sectional imaging of the eolon ean be performed with computed 
tomography (CT) and magnetie resonanee imaging (MRI). On axial 
imaging, the eolon may be filled with particulate faeees and air (Fig. 
66.11). The wall in normal individuals is thin. The eaeoim and aseend- 
ing eolon often eontain faeeal residue and are easily identified in the 
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Fig. 66.4 The endoseopie appearanee 
of the eaeeiim. The eharaeteristie trefoil 
appearanee of the confluence of the three 
taeniae is usually obvious. 


lleoeaeeal 

valve 



Fig. 66.5 The endoseopie appearanee of the orifiee of Fig. 66.6 The endoseopie appearanee of 

the appendix, seen as a slit-like depression near the the aseending eolon. 

eentre of this view of the eaeeal pole. The orifiee varies 
from a small depression to an obvious luminal structure. 

The ileoeaeeal junction is just visible in the top left 
eorner. (Courtesy of Dr Miehael Schultz.) 



Fig. 66.7 The 

endoseopie appearanee 
of the transverse eolon. 
Note the eharaeteristie 
triangular appearanee 
of the haustrations 
when viewed 
eolleetively (see also 
Fig. 66.11C). 



Fig. 66.9 The 

endoseopie appearanee 
of the sigmoid eolon. 
Multiple large mucosal 
folds are eharaeteristie. 
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Fig. 66.10 The endoseopie 
appearanee of the rectum. Note 
the large transverse folds, with little 
else in the way of mucosal folds, 
eharaeterizing the rectum. Prominent 
submucosal vessels are often seen, 
particularly in the lower third. 


retroperitoneum on the right. The transverse eolon may eontain faeees 
or gas and lies in a variable position, suspended by its mesentery. The 
deseending eolon lies in the retroperitoneum on the left and often 
eontains little faeeal residue. The volume data sets produced by modern 
multislice CT ean now produce virtual eolonoseopie mucosal images of 
the distended and eleaned eolon, and surface-rendered images of the 
internal surface of the bowel (Fenlon 2002). 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Arteries 

The arterial supply of the large intestine is derived from both the supe- 
rior and the inferior mesenterie arteries (Fig. 66.12) (jaekson 1999). 
The caecum, appendix, aseending eolon and proximal two-thirds of the 
transverse eolon (derived from the midgut) are supplied from ileoeolie, 
right eolie and middle eolie branehes of the superior mesenterie artery. 
The distal third of the transverse eolon, deseending and sigmoid eolon, 
rectum and upper anal eanal (hindgut derivatives) are supplied pre- 
dominantly from the inferior mesenterie artery via the left eolie, sigmoid 


and superior reetal arteries, with a small contribution from branehes of 
the internal iliae artery (the middle and inferior reetal arteries). 

The arteries of the midgut and hindgut contribute to an anastomotie 
vessel, the marginal artery of Dmmmond, which mns in the mesentery 
along the inner margin of the eolon and gives off short terminal 
branehes to the bowel wall. These divide into vasa brevia, which pass 
direetly through the muscularis externa of the eolonie wall, and vasa 
longa, which travel through the subserosa for a short distanee before 
mnning through the circular muscle, giving off branehes to the appen- 
diees epiploieae (Fig. 66.13). The marginal artery is formed by the main 
branehes and areades arising from the ileoeolie, right eolie, middle eolie 
and left eolie arteries. It is most apparent in the aseending, transverse 
and deseending eolons (Fig. 66.14) and poorly developed in the 
sigmoid eolon. The marginal artery in the region of the splenie flexure 
may be absent or of insufficient ealibre to be of fimetional signifieanee. 
Nevertheless, it may dilate eonsiderably when one of the main viseeral 
arteries is eompromised sinee it then provides a eollateral arterial supply 
to the eolon. The most susceptible part of the ehain of anastomosing 
vessels is at the junction of midgut and hindgut in the distal transverse 
eolon near the splenie flexure. However, the arterial supply to this 
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Fig. 66.11 The appearanee of the eolon on 
multislice computed tomographie examination. 

A, Axial CT. B, Coronal reformat shovving 
normal ealibre and distribution of the abdominal 
eolon (aseending, transverse and deseending). 

C, Volume-rendering of the eolonie vvall using the 
axial data set to produce virtual eolonoseopie 
vievvs, shovving the triangular lumen of the 
transverse eolon. D, Volume-rendering of the 
air-filled eolon using the axial data set to give an 
image similar to a double eontrast barium enema, 
demonstrating haustrations. (A-B, By courtesy of 
Dr Louise Moore, Chelsea and VVestminster 
Hospital. C-D, By courtesy of GE VVorldvvide 
Medieal Systems.) 




Fig. 66.12 The main branehes of the superior and 
inferior mesenterie arteries. 


r 


region may be aiigmented by an inner arterial are (of Riolan), which 
mns a meandering course in the eolonie mesentery between the main 
tmnk of the middle eolie artery and the aseending braneh of the left 
eolie artery (Fisher and Fry 1987, Gourley and Gering 2005). When 
present, this vessel is usually only prominent when there is occlusion 
of the superior or inferior mesenterie artery. 

Oolonie vascular occlusion 

The marginal artery of the eolon may beeome massively dilated when 
there is ehronie stenosis or occlusion of the superior or inferior 
mesenterie artery. The latter may occur, for example, in assoeiation with 


an abdominal aortie aneurysm, when the deseending eolon remains 
viable because the marginal artery continues to reeeive an adequate 
blood supply from the left braneh of the middle eolie artery and the 
sigmoid eolon gains its supply from the middle and inferior reetal arter- 
ies via the superior reetal and sigmoid arteries. When eolonie isehaemia 
does occur, it is usually maximal in the region of the splenie flexure and 
proximal deseending eolon because this segment is fhrthest from the 
eollateral arterial supplies. Occlusion of the eommon iliae arteries may 
also result in dilation of the marginal and inferior mesenterie arteries, 
which beeome an important eollateral supply to the lower limbs via 
dilated middle reetal arteries arising from the internal iliae artery. 
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Veins 

The venoiis drainage of the large intestine is primarily into the portal 
vein via the superior mesenterie and inferior mesenterie veins, although 
some drainage from the rectum occurs via middle reetal veins into the 
internal iliae veins, and inferior reetal veins into the internal pudendal 
veins. Those parts of the eolon derived from the midgut (eaeaim, 
appendix, aseending eolon and proximal two-thirds of the transverse 
eolon) drain into eolie branehes of the superior mesenterie vein, while 
hindgut derivatives (distal third of the transverse eolon, deseending and 
sigmoid eolon, rectum and upper anal eanal) drain into the inferior 
mesenterie vein (Fig. 66.15). 

Lymphatìe drainage 

Lymph drainage from the large intestine follows the course of the arter- 
ies. Thus, lymphatie vessels of the eaeaim, aseending and proximal 
transverse eolon drain ultimately into lymph nodes related to the supe- 
rior mesenterie artery, while those of the distal transverse eolon, 



Fig. 66.13 The typieal perieolie arrangement of the arterial vasculature. 


deseending eolon, sigmoid eolon and rectum drain into nodes follow- 
ing the course of the inferior mesenterie artery (Fig. 66.16). In eases 
where the distal transverse eolon or splenie flexure is predominantly 
supplied by vessels from the middle eolie artery, the lymphatie drainage 
of this area may be predominantly to superior mesenterie nodes. 


Right eolie Right eolie/middle Superior mesenterie Left eolie Marginal 
artery eolietmnk artery artery artery 



Aseending lleoeolie Inferior Superior reetal Sigmoid Deseending Aseending 

eolie artery artery mesenterie artery artery braneh braneh 

artery 


Fig. 66.14 The marginal artery mnning parallel to the eolon and providing 
an anastomosis between the branehes of the superior mesenterie artery 
supplying the right side of the eolon and the branehes of the inferior 
mesenterie artery supplying the left side of the eolon (digital subtraction 
arteriogram). (Courtesy of Dr J Jaekson, Hammersmith Hospital, London.) 
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Fig. 66.15 The main branehes of the superior and 
inferior mesenterie veins. 
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Midgut region of large intestine 



Fig. 66.16 The lymph vessels and nodes draining 
the large intestine. 


Colic nodes 

Lymph nodes related to the eolon form four groups: epieolie, paraeolie, 
intermediate eolie and preterminal eolie nodes. Epieolie nodes are 
minute whitish nodules on the serosal surface of the eolon, sometimes 
within the appendiees epiploieae. Paraeolie nodes lie along the medial 
borders of the aseending and deseending eolon and along the mesenterie 
borders of the transverse and sigmoid eolon. Intermediate eolie nodes 
lie along the named eolie vessels (the ileoeolie, right eolie, middle eolie, 
left eolie, sigmoid and superior reetal arteries). Preterminal eolie nodes 
lie along the main tmnks of the superior and inferior mesenterie arteries 
and drain into pre-aortie nodes at the origin of these vessels. 

Aseending mesoeolie lymph nodes are signifieantly larger than 
sigmoid mesoeolie lymph nodes; this is relevant to lymph node retrieval 
and examination after reseetion for eolonie eaneer (Ahmadi et al 2015). 

Radieal lymphadeneetomy during reseetion of eoloreetal eaneer 
requires removal of the highest possible lymph nodes draining the 
region of eolon in which the tumour is loeated. In eases of eaneer 
of the rectum or sigmoid eolon, this usually involves excision of the 
preterminal eolie nodes along the inferior mesenterie artery with liga- 
tion of the artery at its root or just below the origin of the left eolie 
artery. 


MIDGLIT REGION 0F LARGE INTESTINE 


CAECUM 


This blind pouch, measuring approximately 6 em in length, lies below 
the level of the ileoeolie junction, anterior to the faseia eovering the 
right iliacus and psoas major, with the lateral cutaneous nerve of the 
thigh interposed. The caecum usually lies adjaeent to the anterior 
abdominal wall unless the greater omentum or loops of small bowel 
are interposed. The caecum is often eompletely eovered by peritoneum, 
which is refleeted posteriorly and inferiorly to the floor of the right iliae 
fossa. Peritoneal folds from the posterior eaeeal wall may ereate a variety 
of peritoneal reeesses around the eaeernn that have the potential to 
beeome sites of internal herniation; a superior and inferior ileoeaeeal 
reeess, a retroeaeeal reeess and a paraeolie reeess have been deseribed 
(Rivkind et al 1986 ). The retroeaeeal reeess frequently eontains the 
vermiform appendix. The three taeniae eoli lie anteriorly, posteromedi- 
ally and posterolaterally, and eonverge on the base of the appendix. 
During ehildhood, the lateral eaeeal wall outgrows the medial wall such 
that the orifiee of the appendix, which is originally at the apex of the 
eaeernn (Fig. 66.17), usually eomes to lie slightly posteromedially. 

Fluid and eleetrolyte reabsorption by the large intestine begins in 
the caecum but occurs mostly in the aseending and transverse eolon. 
The distensible 'sae-like' morphology of the caecum allows storage of 
large volumes of semi-liquid ehyme from the small intestine. The rela- 



lleoeaeeal valve 


Terminal ileum 


Vermiform appendix 


Fig. 66.17 The caecum and ileoeolie jiinetion, double eontrast barium 
enema appearanee. 


tively large diameter of the eaeernn makes it liable to distension with 
inereased intraeolonie pressure and it is the region of the large intestine 
at greatest risk of perforation seeondary to eolonie distension (from 
obstmetion or other pathology). 

lleoeolie jiinetion 


The terminal ileum joins the posteromedial aspeet of the large intestine 
at the junction of the caecum and eolon, where it projeets into the 
himen of the large intestine as the ileal papilla (Fig. 66.18A). It eonsists 
of two labial folds; its preeise shape and form varies from slit-like to an 
oval mucosal rosette, depending, in part, on the state of eontraetion or 
distension of the eaeaim. The upper labial fold is approximately hori- 
zontal and is at the junction between the ileum and eolon; the lower 
lip is longer and more eoneave, and is at the junction between the ileum 
and caecum. At their bases, the labia fuse and continue as narrow 
mucosal ridges or frenula. 
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Fig. 66.18 A, The endoseopie appearanee of the ileoeolie junction (‘ileoeaeeal valve’), which appears as a bilabial structure on the left of this view of the 
eaeeal pole. B, A photomierograph showing a longitudinal seetion through the inferior labium of the ileal papilla (haematoxylin and eosin); the ileal 
mucosa is visible superiorly. (A, Courtesy of Dr Miehael Schultz. B, Courtesy of Drs. Matthew Pollard and Mark Stringer.) 
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The ileal papilla is formed by the mneosa, submucosa and external 
muscle layers of the ileum, continuing through the wall of the eolon 
and eombining with eorresponding layers from the caecum inferiorly 
and the eolon superiorly (Fig. 66.18B). The internal surface of the 
papilla is lined by small intestinal mucosa and its eolonie surface is 
eovered by large bowel mucosa; these epithelial surfaces meet near the 
tip of the papilla. A loealized thiekening of the muscle at the base of 
the ileal papilla is eonsistent with physiologieal data that suggest the 
presenee of an intrinsie anatomieal sphineter (Pollard et al 2012). In 
addition, the bilabial configuration of the papilla may eonfer a valvular 
fimetion. The ileoeolie junction performs several roles: it provides 
partial meehanieal and fimetional separation of the luminal environ- 
ments of the small and large intestine, which differ in their eomposi- 
tion, pH and baeterial eontent; it impedes reflux from the eolon; and 
it helps to regulate antegrade small bowel transit. 

Caecal volvulus 


If the caecum and aseending eolon are attaehed to the posterior 
abdominal wall by a narrow mesentery, the ileoeolie region is at risk 
of twisting about its mesenterie pediele, ereating a eaeeal volvulus. In 
such eases, the caecum beeomes markedly distended as a consequence 
of the strangulating elosed loop bowel obstmetion that develops. Non- 
anatomieal faetors such as eaeeal distension may also contribute to the 
pathogenesis of eaeeal volvulus (Madiba and Thomson 2002). 


Taenia eoli 


Caecum 


Retroeaeeal 
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Fig. 66.19 The major positions of the appendix encountered at surgery or 
postmortem. 


APPENDIX 


The vermiform (worm-like) appendix is a narrow, blind-ending tube, 
usually between 6 and 10 em long in the adult. It joins the postero- 
medial wall of the eaeernn below the ileoeolie junction. The appendix 
grows in length and diameter during early ehildhood, reaehing almost 
mature dimensions by about 3years of age (Searle et al 2013). The 
appendix usually lies in the right iliae fossa but its tip may occupy one 
of several positions (Fig. 66.19) (Buschard and Kjaeldgaard 1973). In 
elinieal praetiee, the tip is most eommonly retroeaeeal or retroeolie 
(behind the caecum or lower aseending eolon, respeetively, anterior to 
iliacus and psoas major), or pelvie (when the appendix deseends over 
the pelvie brim, in elose relation to the right uterine tube and ovary in 
females). Other positions include subcaecal, and pre- or post-ileal 
(anterior or posterior to the terminal ileum, respeetively), espeeially 
when a long appendicular mesentery allows greater mobility. The 
surface marking for the base of the appendix has traditionally been 
deseribed by McBurney's point (two-thirds of the way along a line 
between the umbilicus and right anterior superior iliae spine) but its 
position is variable and affeeted by posture, eaeeal distension and other 
faetors (Hale et al 2010). 

The appendix has a continuous outer layer of longitudinal muscle 
formed by the eoaleseenee of the three taeniae eoli. Its lumen is irregu- 
larly narrowed by submucosal lymphoid tissue. The mesoappendix is a 
triangular mesentery mnning between the terminal ileum and appen- 
dix; it eontains a variable amount of fat and frequently ends short of 
the tip of the appendix. A small fold of peritoneum mns between the 
terminal ileum and the anterior layer of the mesoappendix (the so-ealled 
'bloodless fold of Treves'), and another fold of peritoneum eontaining 
the anterior eaeeal vessels extends from the terminal ileal mesentery 
to the anterior wall of the caecum (and eontains the anterior eaeeal 


artery) (see Fig. 63.10). The luminal orifiee is sometimes partially 
eovered by a mucosal fold forming an asymmetrieal Valve' (see Fig. 
66.5). The fiimen may be widely patent in early ehildhood but is often 
partially or wholly obliterated in the elderly. Agenesis or duplication of 
the appendix are exceptionally rare (Barlow et al 2013). 

Microstructure 


The layers of the wall of the appendix are similar to those of the large 
intestine in general but with some notable differenees. The serosa forms 
a eomplete eovering, except along the mesenterie attaehment. The outer 
longitudinal muscle is a eomplete layer of uniform thiekness, except in 
a few small areas where the muscularis externa is defieient, allowing the 
serosa to eome into eontaet with the submucosa. 

The submucosa typieally eontains large lymphoid aggregates that 
may extend into the mucosa and dismpt the integrity of the muscularis 
mucosae (Fig. 66.20). The mucosa is eovered by a eohimnar epithe- 
lium, which eontains M eells where it overlies the mucosal lymphoid 
tissue. Glands (erypts) (see Fig. 4.5) are similar to those of the eolon 
but are fewer in mimber and less densely paeked. They penetrate deep 
into the lamina propria. The submucosal lymphoid tissue frequently 
exhibits germinal eentres within its follieles (see Fig. 4.10), indieative 
of B-eell aetivation. Lymphoid follieles are absent at birth but accumu- 
late during the first lOyears of life to beeome prominent. In adults, the 
lymphoid follieles gradually atrophy; in the elderly, the lumen of the 
appendix may be partially obliterated by fibrous tissue. 

Acute appendieitis 
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Large intestine 


Acute appendieitis may develop as a consequence of obstmetion of the 
lumen from inspissated materiaf a faeeolith (appendieolith) or lym- 
phoid swelling. This ean lead to suppuration, infaretion and neerosis. 
Appendieoliths are more eommon in ehildren than adults but their 
prevalenee is variable, refleeting differenees between populations, defi- 
nitions and methods of deteetion. In one radiographie study of normal 
appendiees removed ineidentally at surgery or at autopsy, ealeified fae- 
eoliths were identified in 2.7% (Felson 1949). The inereased size of the 
appendicular orifiee in early ehildhood and the deereased lumen in the 
elderly may be reasons why acute appendieitis is less eommon in these 
age groups. Although the appendix is well supplied by arterial anasto- 
moses at its base, the appendicular artery is an end artery; its elose 
proximity to the wall of the appendix makes it susceptible to thrombo- 
sis during acute appendieitis, which explains the high frequency of 
gangrenous perforation seen in the disease. 

Viseeral afferent nerves are responsible for the initial symptoms of 
acute appendieitis arising from distension and inflammation of the 
organ: namely, eolieky pain with or without vomiting. These afferent 
nerves enter the spinal eord at around the level of the tenth thoraeie 
spinal segment. Abdominal pain from appendieitis is poorly loealized 
initially and referred to the eentral (periumbilical) region of the 
abdomen, eonsistent with the midgut origin of the appendix. It is not 
until parietal tissues adjaeent to the appendix beeome involved in the 
inflammatory proeess that somatie noeieeptors are stimulated, resulting 
in loealization of pain to the right iliae fossa. Removal of the appendix 
is not by itself assoeiated with any diseernible long-term sequelae but 
this does not mean that it is an entirely vestigial organ. There is some 
evidenee that the appendix aets as a reservoir for normal gut flora, 
enabling the large bowel flora to reeover more rapidly after severe gas- 
troenteritis (Randal Bollinger et al 2007). 
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Fig. 66.20 A low-power mierograph of the appendix in transverse seetion, 
showing part of its eireiimferenee and a faeeal pellet lodged in its lumen. 
Lymphoid tissue (basophilie staining) occupies much of the mucosa 
between erypts, and part of the submucosa. The muscularis externa and 
outermost serosal layer are seen at the right of the field. 
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Fig. 66.21 Posterior relations of the aseending eolon. 
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Fig. 66.22 Axial CT images of the aseending eolon obtained (A) at the 
level of the mid aseending eolon and (B) at the level of the hepatie 
flexure, showing the relationship of the aseending eolon and hepatie 
flexure to the right lobe of the liver, the right kidney, the seeond part of 
the duodenum, and the gallbladder. (Courtesy of Dr Louise Moore, 
Chelsea and VVestminster Hospital, London.) 


of the aseending eolon are eovered by peritonemn, which mns laterally 
into the right paraeolie gutter and medially into the right infraeolie 
eompartment. The aseending mesoeolon is eomposed of two layers 
of mesothelimn eontaining fat embedded within a eonneetive tissue 
lattiee, vessels and nerves; it is attaehed to the retroperitoneum of the 
posterior abdominal wall via a layer of eonneetive tissue (Coffey 2013, 
Culligan et al 2014), known as Toldt's faseia, which forms the plane of 
disseetion when performing a right hemieoleetomy. 

Hepatie flexure 


The hepatie flexure, forming the junction between the aseending 
and transverse eolon, is variable in position, and has a less acute 
angle than the splenie flexure. It overlies the anterior surface of the 
lower pole of the right kidney, abutting the inferior smfaee of the right 
lobe of the liver above (see Fig. 66.21; Fig. 66.22B), the seeond part of 
the duodenum medially, and the fundus of the gallbladder anteromedi- 
ally. The posterior aspeet of the hepatie flexure is not eovered by peri- 
toneum and is in direet eontaet with renal faseia. The greater omentum 
often extends from its attaehment to the transverse eolon on to the 
hepatie flexure. 


The aseending eolon is 15-20 em long and passes upwards from the 
ileoeolie junction to the right eolie (hepatie) flexure, separated 
posteriorly by loose eonneetive tissue from the iliae faseia, iliolumbar 
ligament, quadratus lumborum, transversus abdominis, and the renal 
faseia anterior and inferolateral to the right kidney. The lateral femoral 
cutaneous nerve, usually the fourth lumbar artery, and sometimes the 
ilioinguinal and iliohypogastrie nerves lie posteriorly as they eross 
quadratus lumborum (Fig. 66.21). Both the lateral and anterior smfaees 


TRANSVERSE C0L0N 


The transverse eolon is intraperitoneal. It is highly variable both in 
length (approximately 50 em long on average) and the extent to which 
it hangs down anterior to the small bowel between sites of attaehment 
at the right (hepatie) and left (splenie) eolie flexures. The greater curva- 
tme of the stomaeh and the gastroeolie omentum, which fhses with the 
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Large intestine 


Oeeasionally, the aseending mesoeolon is refleeted forwards from 
the posterior abdominal walf eonferring greater mobility on this 
usually retroperitoneal part of the large bowel (Saunders et al 1995). 
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transverse eolon anteriorly and continues inferiorly as the greater 
omentum, are superior. The transverse eolon is suspended by the trans- 
verse mesoeolon, which is attaehed from the lower pole of the right 
kidney aeross the seeond part of the duodenum and panereas, to the 
upper pole of the left kidney (see Fig. 63.2). The splenie flexure lies at 
a higher level than the hepatie flexure, often abutting the spleen under 
the left lower ribs. The disposition of the transverse eolon and more 
posteriorly sited flexures results in the anterior taenia of the aseending 
(and deseending) eolon lying inferiorly (see above). The transverse 
mesoeolon affords eonsiderable mobility to the transverse eolon. Oeea- 
sionally, the eolon may be interposed between the liver and the dia- 
phragm, when it may be mistaken for free intraperitoneal gas on 
imaging; when assoeiated with gastrointestinal symptoms it is referred 
to as Ohilaiditi's syndrome (Murphy et al 2000). 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
0F THE MIDGUT 


Arteries 

Superior mesenterie artery 

The artery of the midgut is the superior mesenterie artery, which arises 
from the anterior surface of the aorta at the level of the lower border 
of the body of the first lumbar vertebra. It mns steeply downwards, 
posterior to the splenie vein and body of the panereas, with the superior 
mesenterie vein on its right, and direetly anterior to the left renal vein, 
the uncinate proeess of the panereas and the third part of the duode- 
num. It then enters the root of the mesentery of the small intestine and 
passes obliquely downwards and to the right, giving off several branehes 
to the large intestine. 

lleoeolie artery 

The ileoeolie artery arises from the superior mesenterie artery near 
the root of the mesentery of the small intestine, deseending within the 
mesentery to the right towards the caecum, and erossing anterior to the 
right ureter, gonadal vessels and psoas major. It usually divides into 
superior and inferior branehes, the superior braneh mnning up along 
the left side of the aseending eolon to anastomose with the right eolie 
artery (or right braneh of the middle eolie artery) (Veeresh et al 2012). 
The inferior braneh mns to the ileoeolie junction and divides into 
anterior and posterior eaeeal arteries, the appendicular artery, and an 
ileal braneh that passes to the left in the ileal mesentery to anastomose 
with a terminal ileal braneh of the superior mesenterie artery (Fig. 
66.23). The latter therefore provides a eollateral arterial supply to the 
caecum. The ileoeolie artery provides the major arterial supply to the 
caecum; traetion on the caecum in the direetion of the anterior superior 
iliae spine will cause the artery to tent up the mesentery, allowing easy 
identifieation of the vessel. 

The appendicular artery usually arises direetly from the ileoeolie 
artery and deseends posterior to the terminal ileum to enter the meso- 
appendix a short distanee from the base of the appendix (see Fig. 
66.23). Here, it gives off a recurrent braneh, which anastomoses at the 
base of the appendix with a braneh of the posterior eaeeal artery. The 
appendiailar artery approaehes the tip of the organ, at first near to, and 
then in the edge of, the mesoappendix. The terminal part of the artery 
lies on the wall of the appendix and may beeome thrombosed in appen- 
dieitis, resulting in distal gangrene or neerosis. Less eommonly, the 
appendiailar artery may arise from the posterior eaeeal artery or an 


ileal artery (Ouattara et al 2007) (see Fig. 66.12). Aeeessory appendioi- 
lar arteries are eommon; two or more arteries may supply the 
appendix. 

Right eolie artery 

The right eolie artery is relatively small and variable in its anatomy 
(Batra et al 2013). It usually arises as a eommon tmnk with the middle 
eolie artery, but may originate direetly from the superior mesenterie 
artery, or from the ileoeolie artery (when it is referred to as an aeeessory 
right eolie artery) (Fig. 66.24). It passes to the right, aeross the right 
psoas major and quadratus lumbomm, erossing the right gonadal 
vessels and ureter, just posterior to the peritoneal floor of the right 
infraeolie eompartment. Near the left side of the aseending eolon, it 
divides into a deseending braneh, which mns down to anastomose with 
the superior braneh of the ileoeolie artery, and an aseending braneh, 
which passes up aeross the lower pole of the right kidney to the hepatie 
flexure, where it anastomoses with a braneh of the middle eolie artery. 
Together, these anastomoses form the marginal artery at the hepatie 
flexure. 

Middle eolie artery 

The middle eolie artery arises from the right side of the superior 
mesenterie artery, either separately or in eommon with the right eolie 
artery, just inferior to the neek of the panereas, and passes anteriorly 
and superiorly within the transverse mesoeolon, just to the right of 
the midline. As it approaehes the eolon, it usually divides into right and 
left branehes. The right braneh anastomoses with the aseending braneh 
of the right eolie artery. The left braneh supplies the terminal part of 
the midgut and anastomoses with a braneh of the left eolie artery near 
the splenie flexure. The marginal artery thus formed lies a few eentime- 
tres from the mesenterie edge of the transverse eolon. Sometimes, 
the middle eolie artery divides into three or more branehes within the 
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Fig. 66.23 The arteries of the eaeeiim, vermiform appendix and 
aseending eolon. 
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Fig. 66.25 Variants in the origin 
of the middle eolie artery; only 
replaeed arteries have been 
illustrated for simplieity. 

Aeeessory arteries are more 
eommon than eompletely 
replaeed arteries. A, The left 
eolie artery or inferior mesenterie 
artery. B, The dorsal panereatie 
artery. C, The hepatie artery. Eaeh 
variant accounts for fevver than 
5% of eases. 


transverse mesoeolon, in which ease the most lateral branehes form the 
arterial anastomoses. An aeeessory, or rarely a replaeed, middle eolie 
artery may arise direetly from the aorta (Yoshida et al 1993), dorsal 
panereatie, hepatie, inferior mesenterie or left eolie arteries (Fig. 66.25). 
In addition, an aeeessory middle eolie artery is oeeasionally found 
arising from the superior mesenterie artery proximal to the origin of the 
actual middle eolie artery ( Tirmezei and Cockburn 2009). 

Veìns 

All the branehes of the superior mesenterie artery are aeeompanied by 
eorrespondingly named veins. These tributaries drain into the superior 
mesenterie vein, which aseends to the right of the artery, erossing the 
third part of the duodenum and uncinate proeess of the panereas. 
Behind the neek of the panereas, at the level of the transpylorie plane 
(the lower border of the body of the fìrst lumbar vertebra), it joins the 
splenie vein to form the portal vein, which aseends behind the fìrst part 
of the duodenum to reaeh the liver. The right eolie vein is highly vari- 
able: it may drain either direetly into the superior mesenterie vein, or 
into the right gastroepiploie or inferior pancreaticoduodenal veins to 
form a 'gastroeolie tmnk' that drains into the superior mesenterie vein, 
or it may be entirely absent (Yamaguchi et al 2002). Several tributaries 
draining into one or more middle eolie veins are highly variable in 
extent and position. The middle eolie veins drain either into the supe- 
rior mesenterie vein, just before its junction with the splenie vein, or 
direetly into the hepatie portal vein. The appendicular vein usually joins 
the eaeeal vein to beeome the ileoeolie vein; infeetion from the appen- 
dix ean therefore be earried direetly to the liver via the portal vein. 

Lymphatie drainage 

Lymphatie vessels originate from both anterior and posterior aspeets of 
the eolon. Lymph drainage from the midgut follows the course of the 
superior mesenterie artery. Thus, lymph from the caecum and appendix 
drains to nodes assoeiated with the ileoeolie artery, and from the distal 
aseending eolon and hepatie flexure to nodes along the right eolie artery 
(see Fig. 66.16). When the distal transverse eolon and splenie flexure 
are predominantly supplied by the middle eolie artery, lymph drainage 
of this segment is also largely to superior mesenterie nodes. Lymphatie 
vessels in the appendix are numerous and eombine to form vessels that 
aseend in the mesoappendix, oeeasionally intermpted by one or more 
nodes. They unite to form three or four larger vessels that anastomose 
with lymphatie vessels draining the aseending eolon into ileoeolie 
nodes. 


HINDGLIT REGION 0F LARGE INTESTINE 


Splenie flexure 


The splenie flexure marks the junction between the transverse and 
deseending eolon, and lies in the left hypochondrium, anterior to the 
tail of the panereas and the left kidney (Fig. 66.26). Its position with 
respeet to the spleen is variable: it usually lies inferomedial to the lower 
pole, forming the eolie impression, but it may lie anterior to the splenie 
hilum, or even a little above. The splenie flexure is often attaehed to the 
splenie capsule by a peritoneal ligament and inadvertent downward 
traetion on the flexure during surgery may tear the splenie capsule. The 
phrenieoeolie ligament attaehes the flexure to the diaphragm below the 
inferior pole of the spleen at about the level of the tenth rib. The splenie 
flexure often adopts a very acute angle such that the end of the trans- 
verse eolon overlaps the beginning of the deseending eolon; there may 



Fig. 66.26 Relations of the splenie flexure. 

be peritoneal and omental adhesions between the two stmctures. It lies 
more superiorly and posteriorly than the hepatie flexure. 

DESCENDING C0L0N 


The deseending eolon is 25-30 em long and deseends from the splenie 
flexure in the left hypochondrium to the level of the iliae erest, where 
it curves medially anterior to iliaais to beeome the sigmoid eolon. In 
most adults it is retroperitoneal, eovered anteriorly and on both sides 
by peritoneum, but oeeasionally the deseending eolon is more mobile, 
being suspended from the posterior abdominal wall by a short meso- 
eolon (Saunders et al 1995). Its lateral peritoneal refleetion in the left 
paraeolie gutter is marked by a white line (of Toldt). The posterior 
surface of the deseending eolon is separated by a layer of loose eon- 
neetive tissue from the anterior renal faseia inferolateral to the left 
kidney, transversus abdominis, quadratus lumbomm, iliacus and the 
lateral margin of psoas major (Fig. 66.27). The subcostal vessels and 
nerves, iliohypogastrie, ilioinguinal, lateral femoral cutaneous, femoral 
and genitofemoral nerves, and, usually, the fourth lumbar artery also 
lie posteriorly, and loops of jejunum are anterior. The deseending 
eolon is smaller in ealibre and more deeply plaeed than the aseending 
eolon. Appendiees epiploieae are more eommon in this part of the 
eolon. 
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Fig. 66.28 Posterior relations of the sigmoid eolon. 
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Fig. 66.27 Posterior relations of the deseending eolon. 


MESOeOLON 


1146 


SIGMOID C0L0N 


The sigmoid eolon mns from the lesser pelvis to the beginning of the 
rectum at the level of the third saeral vertebra. It is usually suspended 
from the posterior abdominal and pelvie walls by a fan-shaped sigmoid 
mesoeolon, but may be tethered by eongenital adhesions to the parietal 
peritoneum over iliacus. Consequently its length and position are 
highly variable. It usually lies within the pelvie eavity anterior to the 
rectum on the peritoneal surface of the bladder (and utems in the 
female). It is usually eompletely invested in peritoneum. The root of 
the sigmoid mesoeolon has an inverted V-shaped attaehment; the right 
limb of this inverted 'V' aseends from a point anterior to the third saeral 
vertebra to the bifhreation of the left eommon iliae vessels (erossed by 
the left ureter) and deseends from this point along the external iliae 
vessels. 

Between the fixed junctions with the deseending eolon and rectum, 
the relations of the sigmoid eolon are quite variable (Fig. 66.28). Later- 
ally are the left external iliae vessels, the obturator nerve, ovary or vas 
deferens, and the lateral pelvie wall; posteriorly lie the left external and 
internal iliae and gonadal vessels, ureter, piriformis and the saeral 
plexus; anteroinferiorly lie the bladder in males, or the utems and 
bladder in females; superiorly and to the right, the sigmoid eolon is in 
eontaet with loops of the ileum. The gonadal vessels and ureter lie in a 
distinet faseial plane, which is the inferior extension of the retroperito- 
neal perirenal faseia and is separate from the sigmoid mesoeolon. This 
plane ean be reeognized and separated during surgical reseetion of the 
sigmoid mesoeolon. The taeniae eoli of the sigmoid eolon are wider 
than elsewhere in the eolon, and eoalesee at its distal end to form a 
eomplete circumferential longitudinal muscle layer. Appendiees epi- 
ploieae are particularly prominent in the sigmoid eolon. 

The position and shape of the sigmoid eolon depend on its length 
(which inereases with age) and mobility; the length of the sigmoid 
mesoeolon (usually longer in males); and the degree of distension of 
the eolon, rectum, bladder and uterus. The length of the sigmoid eolon 
and its mesentery vary between ethnie groups (Alatise et al 2013). 

Sigmoid volvulus 

r® Available with the Gray’s Anatomy e-book 


The mesoeolon extends along the entire length of the eolon and is 
continuous with the small bowel mesentery proximally and the meso- 
rectum distally. The mesoeolon eonsists of fat embedded within a eon- 
neetive tissue lattiee and sandwiched between two layers of mesothelium; 
it also eontains nerves, blood and lymphatie vessels, and lymph nodes. 
A layer of loose eonneetive tissue, known as Toldt's faseia, lies immedi- 
ately posterior to the mesoeolon, where it is adherent to the retroperi- 
toneum oftheposteriorabdominal wall (Culligan et al 2014). Complete 
excision of the relevant segment of mesoeolon by disseeting within or 
behind the plane of Toldt's faseia has been shown to improve survival 
in eolon eaneer (Sondenaa et al 2014). 

RECTUM 


The rectum is continuous with the sigmoid eolon at the level of the 
third saeral vertebra and ends as it passes through the pelvie floor (the 
puborectalis part of levator ani), where it is continuous with the anal 
eanal. It deseends within the saeroeoeeygeal eoneavity, at first mnning 
posteriorly and then curving anteriorly. The junction between the ante- 
riorly direeted distal rectum and the posteriorly direeted anal eanal is 
the anoreetal angle, which is maintained by puborectalis. This is 2-3 em 
anterior to and slightly below the tip of the coccyx, level with the apex 
of the prostate in males. The rectum also deviates in three lateral curves: 
upper, convex to the right; middle (the most prominent), convex to the 
left; and lower, convex to the right. Both ends of the rectum are in the 
median plane (Fig. 66.30). 

Although variable in absolute length, the rectum is often defined in 
elinieal praetiee as extending approximately 15 em above the external 
anal margin. Its upper diameter is similar to that of the sigmoid eolon, 
but more inferiorly it beeomes dilated as the reetal ampulla. llnlike the 
sigmoid eolon, the rectum has no saeailations, appendiees epiploieae 
or taeniae eoli. The taeniae merge a few eentimetres above the reeto- 
sigmoid junction, initially forming wide anterior and posterior muscu- 
lar bands that then fuse to form a continuous outer layer of longitudinal 
muscle investing the entire length of the rectum. At the reetal ampulla, 
a few longitudinal muscle fibres pass forwards from the anterior reetal 
wall to the perineal body and urethra (rectourethralis). 

The upper third of the rectum is eovered by peritoneum on its ante- 
rior and lateral aspeets, and the middle third by peritoneum on its 
anterior aspeet only; the lower third is below the peritoneum. The 













































Large intestine 


Rotation or volvulus of the sigmoid eolon may occur around its 
mesenterie attaehment. Volvulus is more likely when the length of the 
sigmoid eolon and the length and width of its mesentery are greater 
(Akinkuotu et al 2011). Volvulus does not occur when the sigmoid 
eolon and its mesoeolon are short. The anatomieal features predispos- 
ing to sigmoid volvulus are most eommonly found in sub-Saharan 
Afrieans and ehronieally institutionalized patients. 

Acquired diverticula eommonly occur in the sigmoid eolon, particu- 
larly in Western populations. These diverticula frequently develop in 
parallel rows between the mesenterie taenia eoli and the two anti- 
mesenterie taeniae where the eolonie wall is weaker; at this site, the 
outer longitudinal muscle is defieient and the eiroilar muscle is tra- 
versed by arteries supplying the submucosal vasoilar plexus (Slaek 
1962). However, the predileetion of diverticula in the sigmoid eolon 
probably relates to causative faetors rather than intrinsie differenees in 
the structure of this segment of the eolon. In eontrast, eongenital diver- 
ticula may occur at any site in the eolon (Fig. 66.29) and are often 
found along the mesenterie border. 



Fig. 66.29 A CT sean (eoronal reformat) showing both right eolonie and 
sigmoid diverticulosis. (Courtesy of Dr Kamini Patel, Homerton Hospital, 
London.) 
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Fig. 66.30 A, A eoronal T2-weighted MRI of the rectum. B, A line diagram illustrating the main features in A. 


peritoneiim is refleeted anteriorly on to the urinary bladder in males to 
form the reetovesieal pouch, or on to the posterior vaginal fornix in 
females to form the recto-uterine pouch (of Douglas). The level of this 
refleetion is higher in males; the reetovesieal pouch is approximately 
7.5 em above the anoreetal junction in males, while the recto-uterine 
pouch is approximately 5.5 em above the anoreetal junction in females. 
In neonatal boys, the peritoneum extends on the anterior reetal wall as 
far as the lower limit of the prostate. Superiorly the peritoneum is 
fìrmly attaehed to the muscle layer of the sigmoid eolon by fìbrous 
eonneetive tissue, but as it deseends on to the rectum, it is more loosely 
attaehed by fatty eonneetive tissue, which allows eonsiderable expan- 
sion of the upper half of the rectum. 

When the rectum is empty, the mucosa has several longitudinal folds 
in its lower part, which beeome effaeed during distension. The rectum 
eommonly has three permanent semilunar transverse or horizontal 
folds (although the number ean vary), which are most marked in reetal 
distension (see Fig. 66.10). Two types of horizontal fold have been 
reeognized. One eonsists of the mucosa, the eirailar muscle layer and 
part of the longitudinal muscle, and is marked externally by an indenta- 
tion. The other is devoid of longitudinal muscle and has no external 
marking. The most superior fold at the beginning of the rectum may 
be on either the left or the right and oeeasionally eneireles the reetal 
lumen. The middle fold is largest and most eonstant, and lies immedi- 
ately above the reetal ampulla, projeeting from the anterior and right 
wall just below the level of the anterior peritoneal refleetion; the circular 
muscle is particularly prominent in this fold. The inferior fold is on the 
left and the most variable. 

Relations Posterior to the rectum and mesorectum, separated by the 
presaeral faseia, are the lower three saeral vertebrae, coccyx, median and 
lateral saeral vessels, and the lowest portion of the saeral sympathetie 
ehain. Laterally, the upper rectum is related to the sigmoid eolon and/ 
or small bowel, while below the peritoneal refleetion lie levator ani, 
obturator internus, the obturator nerve and vessels, ureters, the inferior 
hypogastrie plexus, internal iliae vessels, piriformis and the saeral 
plexus. Anteriorly, the rectum is related to the sigmoid eolon and/or 
small bowel in both sexes, and the base of the bladder, seminal vesieles, 
vas deferens, terminal parts of the ureters, and the prostate in males 
(see Figs 66.34, 76.17). In females, the cervix/body of the uterus and 
vagina are anterior, the latter separated from the rectum by a reetovagi- 
nal septum. In postmenopausal females, and after ehildbirth, the eon- 
neetive tissue of the reetovaginal septum may atrophy or beeome 
thinned, reducing the support of the anterior reetal and posterior 
vaginal walls. 

MES0RECTUM AND RECTAL FASCIAE 


Although the rectum has no mesentery, its surrounding fat is enelosed 
within a faseial envelope known as the mesorectum. This constitutes a 
distinet eompartment that is intimately related to the rectum down to 
the level of levator ani (Figs 66.31-66.36). It eontains the superior 
reetal artery and its branehes, the superior reetal vein and its tributaries, 
lymphatie vessels and nodes, and adipose eonneetive tissue. The meso- 
rectum is much bulkier posteriorly (see Figs 66.31, 66.32). It is enelosed 


by mesoreetal faseia, a distinet layer of eonneetive tissue that is also 
ealled the faseia propria of the rectum. This faseia limits the mesoree- 
tum posteriorly and lies anterior to the presaeral faseia (of Waldeyer), 
separated by a so-ealled retroreetal 'spaee'. The rectum and mesoreetal 
faseia are eonneeted to the parietal faseia of the pelvis by two 'lateral 
ligaments' (see below) and one posterior ligament, the reetosaeral faseia 
(Gaudio et al 2010). The latter is a thin layer of eonneetive tissue that 
passes obliquely downwards from the presaeral faseia to fuse with the 
mesoreetal faseia posterior to the rectum 3-5 em above the anoreetal 
junction (Gareía-Armengol et al 2008). The mesoreetal faseia is sur- 
rounded by a thin and relatively avascular layer of loose areolar tissue, 
which separates it from the posterior and lateral walls of the tme pelvis. 
Superiorly, the mesoreetal faseia blends with the eonneetive tissue 
bounding the sigmoid mesentery. Laterally, it extends around the 
rectum and mesorectum, and beeomes contiguous anteriorly with a 
denser eondensation of faseia, eonveniently deseribed eponymously as 
Denonvilliers' faseia. This faseia is sometimes confusingly known as 
reetovesieal faseia in males but it extends caudal to the bladder and is 
partioilarly dense posterior to the prostate and seminal vesieles; it lies 
immediately anterior to the mesoreetal faseia, to which it may be fused 
(Lindsey et al 2000). In females, Denonvilliers' faseia eombines with 
the anterior mesoreetal faseia to form the reetovaginal septum (Zhai 
et al 2009). 

Mesoreetal faseia is visible by CT, MRI and disseetion (Bissett et al 
2001). On MRI seans, the mesorectum appears as a fat-hlled envelope 
eontaining blood vessels and lymph nodes; small nerves are not visible 
but interlaeing eonneetive tissue strands ean be seen. The mesoreetal 
faseia is reeognizable on axial MRI images as a low-signal layer sur- 
rounding the mesorectum, eorresponding to a distinet eondensation of 
faseia seen on histologieal seetions (Brown et al 1999). identiheation 
of this layer in patients with a malignant reetal tumour ean help prediet 
the success of surgical reseetion. Branehes of the inferior hypogastrie 
plexus and middle reetal vessels enter the mesorectum anterolaterally. 
They are ensheathed by faseia and are sometimes eolleetively referred 
to as the 'lateral reetal ligaments'. The number and ealibre of the middle 
reetal vessels are highly variable; they may be very small or even absent 
(Sato and Sato 1991). The 'lateral ligaments' are not elearly seen on MRI 
or CT seanning, and only appear as an identihable structure with surgi- 
eal traetion on the rectum. The faseia of the 'ligaments' is himsy and 
probably plays little role in support of the rectum. Parietal faseia eovers 
levator ani and the muscles of the side wall of the pelvis, and is eontimi- 
ous posteriorly with the presaeral faseia (see Fig. 66.36). 

Reetal prolapse 
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Large intestine 


In prolapse of the reetiim involving all layers of the reetal walf the mid 
and upper rectum deseend towards the pelvie floor on straining. Deseent 
occurs within the lumen of the rectum as a form of intassmeeption, 
and may be a consequence of the large diameter of the reetal ampulla 
and relative fixation of the anal eanal. The loose adipose tissue of the 
upper mesorectum and the 'lateral ligaments' offer only limited resist- 
anee against reetal deseent. Chronic enlargement of the anoreetal spaee 
bound by levator ani eommonly occurs in patients suffering from recur- 
rent reetal prolapse, but is probably a consequence rather than a cause 
of the prolapse. In females, the recto-uterine pouch also deseends with 
the anterior reetal wall. 

When the reetovaginal septum is grossly effaeed, espeeially in post- 
menopausal females, the pressure of defeeation ean cause bulging of 
the reetal wall into the posterior vagina and, in extreme eases, through 
the vaginal introitus. Weakness of the pelvie floor muscles contributes 
to the prolapse by allowing deseent of the perineum during straining. 

An important eoneept in the surgical treatment of adenoeareinoma 
of the rectum is the neeessity of excising the rectum in eontimiity with 
the mesorectum and its eontained lymph nodes in order to avoid loeal 


tumour recurrence (Heald et al 1982). In total mesoreetal excision, the 
posterolateral plane of disseetion is outside the mesoreetal faseia but 
anterior to the presaeral faseia and its underlying venous plexus. Later- 
ally, the plane is intermpted only by small branehes of the middle reetal 
vessels; anteriorly, it merges with the reetovesieal or reetovaginal faseia. 
The inferior hypogastrie plexus is elosely related to the plane of dissee- 
tion laterally; these nerves must be preserved to retain bladder and 
sexual fimetion. Total mesoreetal excision involves eomplete excision 
of the rectum down to the level of the pelvie floor, where the puborec- 
talis eomponent of levator ani merges with the deep eomponent of the 
external anal sphineter. Superiorly, the inferior mesenterie artery is 
ligated near its origin. 

In abdominoperineal excision of the rectum, it should be noted that 
the mesorectum beeomes extremely thin at the point where the rectum 
passes through levator ani. To aehieve adequate surgical margins, the 
plane of disseetion is through the isehio-anal fossa and levator ani 
outside the puborectalis sling and into the mesoreetal plane well above 
the pelvie floor. 
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Fig. 66.31 A, A sagittal T2-weighted MRI of the rectum in a male. B, A line diagram illustrating the main features in A. 
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Fig. 66.32 A, A sagittal T2-weighted MRI of the rectum in a female. B, A line diagram illustrating the main features in A. 
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Fig. 66.33 A, An axial T2-weighted MRI of the upper rectum in a female. B, A line diagram illustrating the main features in A. 
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Fig. 66.34 A, An axial T2-weighted MRI of the mid rectum below the peritoneal refleetion in a male. B, A line diagram illustrating the main features in A. 
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Fig. 66.35 A, An axial T2-weighted MRI of the low rectum below the peritoneal 


refleetion in a female. B, A line diagram illustrating the main features in A. 
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Fig. 66.36 A, A light mieroseope transverse seetion of the mid reetiim (male, eadaverie speeimen). B, A line diagram illustrating the main features in A. 
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Fig. 66.37 A digital subtraction arteriogram shovving the inferior 
mesenterie artery and its branehes. 
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VASCULAR SLIPPLY AND LYMPHATIC DRAINAGE 
OF THE HINDGLJT 


Arteries 

Inferior mesenterie artery 

The artery of the hindgiit is the inferior mesenterie artery (Figs 66.37- 

66.39) , which arises from the anterior or left anterolateral aspeet of the 
aorta behind the inferior border of the third part of the duodenum 
3-4 em above the aortie bifurcation, at the level of the third lumbar 
vertebra. It mns obliquely down to the pelvie brim, beneath the peri- 
toneal floor of the left infraeolie eompartment, initially anterior and 
then to the left of the aorta. It gives off the left eolie and sigmoid arter- 
ies, and erosses the origin of the left eommon iliae artery medial to 
the ureter, with the inferior mesenterie vein lying between. Beyond the 
pelvie brim, it eontimies in the root of the sigmoid mesoeolon as the 
superior reetal artery. 

Left eolie artery 

The left eolie artery usually arises from the inferior mesenterie artery 
shortly after its origin, aseends within the left eolie mesentery and 
divides into an aseending and a deseending braneh (see Figs 66.38- 

66.39) . The aseending braneh passes upwards aeross the left psoas 
major, gonadal vessels, ureter and left kidney, and is erossed by the 
inferior mesenterie vein; its terminal branehes anastomose with those 
of the left braneh of the middle eolie artery within the transverse meso- 
eolon. The deseending braneh passes laterally and downwards, and 
anastomoses with branehes from the aseending braneh and the highest 
sigmoid artery to form part of the marginal artery. The arterial areades 
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Fig. 66.38 The inferior mesenterie artery 


thus formed supply the distal third of the transverse and the deseending 
eolon. The left eolie artery may originate from or in eommon with a 
sigmoid artery (Murono et al 2015). Oeeasionally, an aeeessory, or 
rarely a replaeed, left eolie artery may originate from the tmnk of the 
superior mesenterie artery or its middle eolie or first jejunal braneh 
(Fig. 66.40). When present, it mns laterally in the upper left eolie 
mesentery just inferior to the duodenojejunal flexure to supply the 
upper deseending eolon, and forms part or all of the marginal artery in 
the region of the distal transverse eolon. The left eolie artery may itself 
give rise to an aeeessory left middle eolie artery. Oeeasionally, the left 
eolie artery gives rise to a braneh shortly after its origin, which aseends 
in the mesentery and anastomoses direetly with a similar deseending 
braneh of the left braneh of the middle eolie artery (the so-ealled are of 
Riolan; van Gulik and Sehoots 2005). 

The dominant arterial supply of the splenie flexure is usually from 
the left eolie artery but may be from the left braneh of the middle eolie 
artery. The marginal artery in this region may be absent or small, but it 
may enlarge eonsiderably if the inferior mesenterie artery is stenosed or 
occluded (see p. 1100). 
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Fig. 66.39 The vascular supply of the deseending eolon from the inferior 
mesenterie artery via the aseending and deseending branehes of the left 
eolie artery, eoronal reformat CT. (Courtesy of Dr Louise Moore, Chelsea 
and Westminster Hospital, London.) 
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Fig. 66.40 A replaeed left eolie artery arising from the middle eolie braneh 
of the superior mesenterie artery. 

Sigmoid arteries 

The inferior mesenterie artery gives rise to between two and five sigmoid 
arteries, which deseend obliquely in the sigmoid mesoeolon anterior to 
the left psoas major, ureter and gonadal vessels. They supply the distal 
deseending eolon and sigmoid eolon, and anastomose superiorly with 
the left eolie artery and inferiorly with the superior reetal artery. LTnlike 
the arrangement in the small intestine, arterial areades do not form 
until the arteries are elose to the wall of the eolon, when small branehes 
arise that supply the sigmoid eolon direetly. A tme marginal artery is 
less obvious in the sigmoid eolon. A signifieant interval often exists in 
the mesentery between the highest sigmoid artery and the deseending 
braneh of the left eolie artery; this forms a useful guide to the arterial 
territories during surgical disseetion. 
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Fig. 66.41 The arterial supply of the rectum. 


Vascular ligation in left eolonie reseetions 

During reseetion of the distal deseending and sigmoid eolon, ligation 
of the inferior mesenterie artery elose to its origin preserves the bifhrea- 
tion of the left eolie artery and helps to maintain the arterial supply to 
the proximal deseending eolon via the anastomosis between the left 
braneh of the middle eolie artery and the aseending braneh of the left 
eolie artery. Ligation of the left eolie artery elose to its bifhreation may 
interfere with this supply and render the proximal deseending eolon 
more likely to beeome isehaemie. Similarly, if the inferior mesenterie 
vein is ligated, then the bifiireation of the left eolie vein forms the route 
of venous drainage from the proximal deseending eolon to the middle 
eolie vein. 

Superior reetal artery 

The prineipal arterial supply to the upper two-thirds of the rectum is 
via the artery of the hindgut - speeifieally, its pelvie continuation, the 
superior reetal artery (Fig. 66.41). The inferior mesenterie artery erosses 
the left eommon iliae vessels medial to the ureter and deseends in 
the medial limb of the sigmoid mesoeolon, straddled by the inferior 
hypogastrie nerves on either side. As it erosses the pelvie brim, it 
beeomes the superior reetal artery. At the level of the third saeral verte- 
bra, where the rectum begins, the artery enters the upper mesorectum 
in the midline and divides into two branehes that deseend, initially 
posterolaterally, and then on eaeh side of the rectum. Terminal branehes 
pieree the reetal wall and anastomose with branehes of the middle and 
inferior reetal arteries within the reetal submucosa. 

Middle and inferior reetal arteries 

The middle reetal arteries arise either direetly from the anterior division 
of the internal iliae artery or from the inferior vesieal artery (vaginal 
artery in females). When present, they enter the mesorectum antero- 
laterally in the 'lateral ligaments' and provide some additional supply 
to the middle third of the rectum. The inferior reetal arteries are termi- 
nal branehes of the internal pudendal arteries. They eross the isehio- 
anal fossa to enter the upper anal eanal laterally and supply the internal 
and external anal sphineters, the anal eanal and perianal skin. Aseend- 
ing branehes supply the distal third of the rectum, anastomosing with 
terminal branehes of the superior reetal artery in the reetal submucosa. 
The rectum also reeeives a small arterial supply from the median saeral 
artery via a braneh that enters posteriorly at the level of the anoreetal 
junction. 

Veins 

Inferior mesenterie vein 

The inferior mesenterie vein drains the rectum, sigmoid, deseending 
and distal transverse eolon (see Fig. 66.15; Fig. 66.42). It begins as the 
continuation of the superior reetal vein from the reetal plexus, through 
which it eonneets with the middle and inferior reetal veins. The inferior 
mesenterie vein lies to the left of the inferior mesenterie artery in the 
retroperitoneum and aseends anterior to the left psoas major and left 
ureter; it may eross the gonadal vessels or aseend medial to them. It lies 
just lateral or oeeasionally posterior to the duodenojejunal flexure, 
where it ean be loeated intraoperatively. The inferior mesenterie vein 
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Fig. 66.42 The inferior mesenterie vein and its tribiitaries, digital 
subtraction arteriogram. (Courtesy of Dr Adam Mitehell, Charing Cross 
Hospital, London.) 


Inferior mesenterie node 


Inferior mesenterie 


Superior reetal 

artery 


Middle reetal 


Inferior reetal artery 


Preterminal node 



Internal iliae nodes 


Parareetal nodes 


Epireetal nodes 


Fig. 66.43 Lymph nodes of the rectum and upper anal eanal (vievved from 
behind). 


reeeives the superior reetal vein, several sigmoid veins, and the left eolie 
vein. It usually passes posterior to the lower border of the body of the 
panereas and anterior to the left renal vein to drain into the splenie 
vein, but it may drain into the confluence of the splenie and superior 
mesenterie veins or direetly into the superior mesenterie vein (Graf et al 
1997). 

Reetal venous plexus 

A reetal venous plexus surrounds the rectum and eonneets anteriorly 
with the vesieal plexus in males or the uterovaginal plexus in females. 
It eonsists of internal veins beneath the mucosa of the rectum and upper 
anal eanaf and external veins lying outside the muscular wall. The 
upper two-thirds of the rectum and the internal part of the reetal venous 
plexus drain mainly to the superior reetal vein and, from there, to the 
inferior mesenterie vein; the middle third of the rectum drains by one 
or more middle reetal veins into the internal iliae vein; and the lower 
third of the rectum and anal eanal drains via inferior reetal veins into 
the internal pudendal veins. The reetal venous plexus is therefore a site 
of eomimmieation between the portal and systemie venous systems. 

Superior reetal vein 

Venous tributaries from the reetal venous plexus aseend in the reetal 
submucosa and pieree the reetal wall to form the superior reetal vein. 
This mns in the upper mesorectum and root of the sigmoid mesoeolon 
to the left of the superior reetal artery, erossing the pelvie brim and left 
eommon iliae vessels to form the inferior mesenterie vein (see Figs 
66.15, 66.44). 

Left eolie vein 

The left eolie vein is formed from several tributaries, including aseend- 
ing and deseending branehes that eorrespond to similarly named arter- 
ies. The left eolie vein usually lies superior to its eorresponding artery, 
and has a shorter course because the inferior mesenterie vein lies lateral 
to the inferior mesenterie artery (see Fig. 66.42). Oeeasionally, there are 
two left eolie veins that both drain into the inferior mesenterie vein. 

Lymphatìe drairtage 

Small lymphoid aggregates measuring no more than a few millimetres 
are oeeasionally visible on the surface of the large bowel (epieolie and 
epireetal nodes). Lymph from the deseending eolon drains to paraeolie 
nodes in the mesentery adjaeent to the bowel and, from there, to inter- 
mediate nodes along the left eolie artery (Jamieson and Dobson 1909). 
Lymphaties from the sigmoid eolon follow a similar pathway from 


paraeolie to intermediate nodes in the sigmoid mesoeolon. Intramural 
lymph from the rectum and anal eanal above the dentate line drains 
predominantly to parareetal nodes in the adipose tissue of the mesoree- 
tum and then along lymphaties aeeompanying the superior reetal artery 
(Fig. 66.43). These intermediate nodes then drain to lymph nodes 
along the inferior mesenterie artery and, from there, to pre-aortie nodes. 
Some lymphaties from the lower rectum travel with the middle and 
inferior reetal arteries to internal iliae nodes, and along the median 
saeral artery to presaeral nodes. The elinieal signifieanee of such drain- 
age in relation to the spread of malignaney from the lower rectum is 
debated (Bell et al 2009). 

INNERVATION 0F THE LARGE INTESTINE 


The innervation of the large intestine is complex, and includes the 
enterie nervous system (made up of motor neurones, intrinsie sensory 
neurones, and interneurones lying within the wall of the gut); the 
autonomic nervous system (sympathetie and parasympathetie innerva- 
tion); and extrinsic sensory innervation (viseeral afferents) (Brookes 
et al 2009) (Ch. 59). 

The enterie nervous system eonsists of ganglionated nerve plexuses 
lying in the submucosa (Meissner's plexus) and between the longitudi- 
nal and eirailar smooth muscle layers (Auerbach's myenterie plexus). 
Collectively, these nerves are eoneerned with eontrol of mucosal firne- 
tions (seeretion, blood flow) and the propulsion of himinal eontents 
by rhythmie and synehronized eontraetions. Motor neurones may be 
inhibitory or excitatory. intrinsie sensory neurones are aetivated by 
meehanieal stimuli such as streteh and muscle tension, and by ehemieal 
stimuli released by neuroendocrine eells in the wall of the gut (see Fig. 
3.26). Sensory neurones projeet loeally on to myenterie interneurones 
and motor neurones, allowing the spread of reflex aetivity along the 
gut. Interstitial eells of Cajal are present within the submucosal and 
myenterie nerve plexuses. In summary, they aet as a link between 
smooth muscle eells and extrinsic neurones, and are responsible for the 
intrinsie paeemaker aetivity of the gut; their aetivity is modulated by 
autonomic nerves. 

The large intestine is riehly innervated by sympathetie neurones that 
originate either direetly from the sympathetie ehain or indireetly via the 
aortie plexus; the former are mostly involved in the eontrol of blood 
flow (vasoeonstrietion), while the latter also influence the seeretory 
aetivity and motility of the gut. The eell bodies of preganglionie sym- 
pathetie fibres supplying the midgut are found in the intermediolateral 
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columns of the fifth to the twelfth thoraeie spinal segments and those 
of the hindgut in the intermediolateral columns of the first and seeond 
lumbar spinal segments. Postganglionie sympathetie neurones from 
both sources release noradrenaline (norepinephrine), causing presyn- 
aptie inhibition within enterie circuits, slowing gut motility and driving 
eontraetion of the ileoeaeeal and internal anal sphineters. Sympathetie 
supply to the midgut is eonveyed to the eoeliae and superior mesenterie 
plexuses via the greater and lesser splanehnie nerves; postganglionie 
axons are distributed with branehes of the superior mesenterie artery. 
Sympathetie supply of the hindgut is eonveyed via the lumbar splaneh- 
nie nerves that synapse in the abdominal aortie and inferior mesenterie 
plexuses, and via saeral splanehnie nerves that synapse in the superior 
and inferior hypogastrie plexuses; postganglionie fibres are distributed 
with branehes of the inferior mesenterie artery and are inhibitory to 
eolonie muscle. 

The midgut reeeives its parasympathetie innervation from the vagus, 
via the eoeliae and superior mesenterie plexuses, whereas the hindgut 
reeeives its parasympathetie innervation from the pelvie splanehnie 
nerves. The eell bodies of the pelvie splanehnie nerves are loeated in the 
seeond to fourth saeral spinal segments, the saeral parasympathetie 
nucleus. These parasympathetie fibres enter the inferior hypogastrie 
plexus, where some synapse. From here, some pass direetly to the 
rectum and other pelvie viseera while others aseend by one of two 
routes: either within the hypogastrie nerves to the superior hypogastrie 
plexus to be distributed along branehes of the inferior mesenterie artery, 
or by passing direetly through the retroperitoneal tissues to reaeh the 
splenie flexure and deseending and sigmoid eolon. Most preganglionie 
parasympathetie neurones synapse in intramural plexuses in the gut 
wall; from here, postganglionie neurones innervate the glands (seereto- 
motor) and muscle (motor) of the large intestine. Parasympathetie 
stimulation is integral to eolonie propulsion and defeeation and to 
relaxation of the internal anal sphineter. 

Viseeral afferent impulses mediating sensations of distension and 
spasm from the midgut travel with the vagus nerve while the hindgut 
is innervated by afferent neurones with eell bodies in the lumbar 
(mostly L2 and L3) and saeral dorsal root ganglia (mostly S1 and S2) 
(Brookes et al 2009). These travel alongside autonomic nerves and are 
often erroneously referred to as 'sympathetie afferents' or 'parasympa- 
thetie afferents'. Viseeral afferent innervation of intramural eolonie 
blood vessels probably eonveys the sensation of eolonie distension 
(Song et al 2009), while viseeral afferents in the rectum eonvey the 
sensation of reetal filling and are involved in reflex propulsive aetivity. 

M0T0R FUNCTI0N 0F THE LARGE INTESTINE 

Healthy eoloreetal fimetion includes absorption of water and sodium 
from the bowel lumen, net antegrade propulsion of intestinal eontents 
at an adequate rate, and temporary faeeal storage. Colonic motor aetiv- 
ity is greatest during the day and inereases on waking and after meals. 
It is eharaeterized by sustained tonie eontraetions and brief phasie 
eontraetions. Phasie eontraetions are subdivided aeeording to whether 
or not they propagate along the eolon. Non-propagating eontraetions 
are assoeiated with segmental mixing of luminal eontents, whereas 
propagated sequences ean be retrograde or antegrade. In the normal 
eolon, antegrade aetivity occurs more frequently than retrograde 
sequences, which are seen more in the proximal eolon. High-amplitude 
propagated eontraetions occur in adults 4-6 times per day, originate 
anywhere in the eolon (but mostly proximally), and migrate for a vari- 
able distanee distally (Narducci et al 1987, Bhameha 2012). They are 
often assoeiated with defeeation or passing flatus. The sigmoid eolon 
exhibits eyelieal bursts of motor aetivity, which may be important in 
modulating the delivery of faeees to the rectum. A high-pressure zone 
with unique eontraetile properties in response to sigmoid and reetal 
distension or eontraetion has been demonstrated in the distal sigmoid 
(the so-ealled reetosigmoid sphineter; Shafik et al 2003). Reetal motor 
aetivity is eharaeterized by motor complexes that ean be triggered by 
propagating eontraetions from the proximal eolon and by the delivery 
of stool or gas from the sigmoid eolon. However, sinee these frequently 
propagate retrogradely, it has been suggested that they help to keep the 
rectum empty, thereby preventing the untimely delivery of eolonie 
eontents. 


ANAL CANAL 


The anal eanal begins at the anoreetal junction and ends at the anal 
verge (Figs 66.44-66.46). It is direeted posteriorly because the sling-like 
puborectalis eomponent of levator ani pulls the rectum forwards to 


ereate the anoreetal angle. The anal eanal lies 2-3 em anterior and 
slightly inferior to the tip of the coccyx, opposite the apex of the prostate 
in males. At the anal verge, the squamous epithelium lining the lower 
anal eanal beeomes continuous with the skin of the perineum. The area 
of pigmentation of skin around the anal verge eorresponds approxi- 
mately to the extent of the external anal sphineter. identifieation of the 
anal verge may be diffiailt, particularly in males in whom the perineum 
may 'fimneF upwards into the lower anal eanal, but the eharaeteristie 
puckering of the skin formed by the penetrating fibres of the eonjoint 
longitudinal muscle of the anal eanal provides a useful landmark. 

The anal eanal eonsists of an inner epithelial lining, a vasoilar 
subepithelium, the internal and external anal sphineters, and fibro- 
muscular supporting tissue, as well as dense neuronal networks of 
autonomic and somatie origin. Functionally, it represents a zone of 
high pressure. It is between 2 and 5 em long in adults; the anterior 
wall is slightly shorter than the posterior. It is usually shorter in 
females. At rest, it forms an oval or triradiate slit in the anteroposte- 
rior plane rather than a tmly eiroilar eanal. The arrangement of the 
external anal sphineter and its attaehments to the perineal body and 
coccyx ereate sites of maximum pressure in the anterior and posterior 
midline of the eanal. 

Anteriorly, the middle third of the anal eanal is attaehed by dense 
eonneetive tissue to the perineal body, which separates it from the 
membranous urethra in males and from the lower vagina in females. 
Laterally and posteriorly, the anal eanal is surrounded by the loose 
adipose tissue of the isehio-anal fossae; this arrangement allows expan- 
sion of the eanal but offers a potential pathway for the spread of peri- 
anal sepsis. Posteriorly, the anal eanal is attaehed to the coccyx via the 
anoeoeeygeal ligament, a midline fibroelastie stmcture that mns 
between the posterior aspeet of the middle region of the external anal 
sphineter and the coccyx. The anoeoeeygeal ligament is traditionally 
regarded as lying just inferior to the midline raphe of levator ani but 
its relationship to the raphe is more complex (Kimigasa et al 2011). 

The isehial spines may be palpated laterally by an examining finger 
in the upper anal eanal. The pudendal nerves pass over the attaehment 
of the sacrospinous ligament at this point and pudendal nerve motor 
terminal lateney may be measured digitally using a modified eleetrode 
worn on the examining glove. 

LINING 0F THE ANAL CANAL 


The upper part of the anal eanal is lined by reddish columnar epithe- 
lium similar to that of the rectum; it eontains seeretory and absorptive 
eells with numerous tubular glands or erypts. Distally, the epithelium 
beeomes cuboidal and darker just above the level of the anal valves (Fig. 
66.47). The subepithelial tissues are mobile and relatively distensible, 
and eontain submucosal arterial and venous plexuses. 

In the mid-anal eanal, there are 6-10 vertieal mucosal folds, the anal 
columns. These are better defined in ehildren than in adults. The 
columns frequently eontain a terminal braneh of the superior reetal 
artery and vein, supplemented to a variable degree by middle and infe- 
rior reetal vessels (Thomson 1975). Dilated submucosal veins in the 
upper anal eanal form an internal haemorrhoidal venous plexus. Tiny 
arteriovenous eonneetions to these dilated submucosal veins give the 
blood within them a higher oxygen tension and therefore a redder 
colour than normal venous blood. The submucosal vessels are most 
prominent in the left-lateral, right-posterior and right-anterior quad- 
rants of the wall of the eanal (approximately 3, 7 and 9 o'eloek when 
viewed in the lithotomy position); here, the subepithelial tissues are 
expanded into three 'anal cushions' Although variable in number and 
position, the oishions help to seal the anal eanal and contribute to the 
maintenanee of eontinenee to flatus and fluid. The anal cushions are 
important in the pathogenesis of haemorrhoids. The lower ends of the 
columns form small ereseentie folds, ealled anal valves, between which 
lie small reeesses known as anal sinuses. The anal valves and sinuses 
together form the sealloped dentate (or peetinate) line, which is firmly 
anehored to submucosal eonneetive tissue. Anal glands open into small 
depressions, anal erypts, in the anal valves. The glands are branehed and 
lined by stratified columnar epithelium. Cystic dilations in the glands 
may extend through the internal anal sphineter and even into the exter- 
nal sphineter (Seow-Cheon and Ho 1994). 

The epithelmm below the dentate line is smooth and typieally shows 
an abmpt transition to parchment-coloured, non-keratinized, stratified 
squamous epithelium, which laeks sweat and sebaceous glands and hair 
follieles but eontains numerous somatie sensory nerve endings eonvey- 
ing sensations of touch, pain and temperature. It extends down to the 
intersphineterie groove, a palpable depression at the lower border of 
the internal sphineter. Below the intersphineterie groove, the anal eanal 
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Fig. 66.44 A, A eoronal seetion through the anal eanal; glandular and vascular structures are shovvn unilaterally for elarity. B, A sagittal seetion through 
the anal eanal; the anal eanal is angled posteriorly and so anterior sphineterie structures appear to be lovver than posterior structures. The glandular, 
vascular and fibromuscular structures have been omitted for elarity. 


is lined by hair-bearing keratinizing, stratified squamous epithelmm, 
which is continuous with the perianal skin. Dilated veins in the sub- 
epithelial tissue below the dentate line contribute to an external haem- 
orrhoidal venous plexus (see Fig. 66.44); this ean be seen on elinieal 
examination as a eiremnferential ring at the anal margin if the subject 
is asked to bear down. 

The junction between the columnar epithelium above and the squa- 
mous epithelium below is referred to as the anal transition zone (ATZ). 
It is variable in length and position but often extends about 1 em 
proximal to the dentate line ( "enger 1987). Nerve endings, inehiding 
thermoreeeptors, exist in the submucosa around the upper anal transi- 
tion zone; they probably play a role in eontinenee by providing a 
highly speeialized 'sampling' meehanism to identify the eontents of the 
lower rectum when the upper anal eanal relaxes (Duthie and Gairns 
1960). 


The well-defined muscularis mucosae of the rectum continues into 
the upper eanal. Some fibres from the eonjoint longitudinal muscle of 
the anal eanal traverse the internal anal sphineter and turn eranially to 
merge with the muscularis mucosae, forming the submucosal nmsele 
of the anal eanal (also ealled the musculus submucosae ani, or muscu- 
lus eanalis ani, or Treitzs muscle). Attaehments of the longitudinal 
fibres to the submucosal muscle of the anal eanal are particularly dense 
at the dentate line (the mucosal suspensory ligament (of Parks)), 
causing the mucosa to be tethered more firmly at this level and approxi- 
mately marking the watershed between the portal and systemie venous 
drainage of the haemorrhoidal plexuses. The attaehments of fibres from 
the longitudinal muscle layer, the muscularis mucosae of the anal eanaf 
also ereate 'spaees' within the submucosa: a proximal submucous spaee, 
a marginal spaee extending from the dentate line to the intersphineterie 
groove, and a perianal spaee distally. 





























































Anal eanal 




Fig. 66.45 A, A mid-eoronal MRI endoeoil image of 
the anal eanal. B, An anterior eoronal MRI endoeoil 
seetion in a woman showing the transverse perineii 
(TP) joining the external anal sphineter anteriorly 
(between arrows). Other abbreviations: EAS, 
external anal sphineter; IAS, internal anal sphineter; 
PR, puborectalis. 



Fig. 66.46 An MRI endoeoil mid-sagittal view of the anal eanal in a man. 
Abbreviations: Bs, bulbospongiosus; Cs, corpus spongiosum; Eas, 
external anal sphineter; las, internal anal sphineter; Lm, longitudinal 
muscle; PR, puborectalis; Tp, transverse perineii. 



Fig. 66.47 The endoseopie appearanee of the anoreetal junction viewed 
internally from above. The endoseope is visible in the upper left eorner of 
the image. 


MUSCI.ES OF THE ANAL CANAL 


The anal eanal is surrounded by internal and external anal sphineters, 
separated by the eonjoint longitudinal muscle layer, the whole arrange- 
ment being referred to as the anal sphineter complex (Figs 66.48- 
66.49) (Al-Ali et al 2009). The anatomy of this region has been elarified 
in reeent years using endoanal sonography and MRI. 


Internal anal sphineter 

The internal anal sphineter is the speeialized, white, thiekened terminal 
part of the inner eirailar muscle of the large intestine. It is thieker in 
males and in patients with ehronie eonstipation. The muscle fibre 
arrangement is not tmly circular, but rather a tight spiral that shortens 
and widens with relaxation. It eommenees at the anoreetal junction and 
ends above the anal verge; its lower border is palpable at the inter- 
sphineterie groove, which eorresponds to the proximal limit of the 
subcutaneous part of the external anal sphineter. It is traversed by 
fibres passing medially from the eonjoint longitudinal muscle into the 
submucosa. 

At rest, it is tonieally eontraeted but it relaxes as a consequence of 
reflex aetivity, predominantly during defeeation. Transient relaxation of 
the upper internal anal sphineter occurs in response to reetal distension 
(the reeto-anal inhibitory reflex) and postprandial reetal eontraetions 
(the sampling reflex). Relaxation allows the passage of distal reetal 
eontents into the upper anal eanal, enabling a conscious or subcon- 
scious pereeption of their physieal nature; this is aeeompanied by sus- 
tained eontraetion of the distal internal anal sphineter and eontraetion 
of the external anal sphineter to maintain eontinenee. The reeto-anal 
inhibitory reflex is primarily mediated by the enterie nervous system, 
although spinal pathways may have a modulatory role. It is absent in 
patients with Hirsehspmng's disease. 

Vascular supply and innervation 

The internal anal sphineter is supplied by terminal branehes of the 
superior and inferior reetal vessels, and innervated extrinsically by auto- 
nomie nerves. Sympathetie fibres originate in the upper two lumbar 
spinal segments, and parasympathetie fibres originate in the seeond to 
fourth saeral spinal segments, both being distributed via the inferior 
hypogastrie plexus. Stimulation of eholinergie muscarinic reeeptors 
(parasympathetie) causes internal anal sphineter relaxation and 
longitudinal anal muscle eontraetion, while a-adrenergie reeeptor stim- 
ulation (sympathetie) causes eontraetion of both the internal anal 
sphineter and longitudinal muscle. Aetivation of nitrergie nerves also 
mediates internal anal sphineter relaxation and is the rationale for using 
topieal nitroglyeerine and other dmgs that promote nitrie oxide release 
in the treatment of pathologieal eonditions assoeiated with inereased 
resting anal tone. 

Oonjoint iongitudinal miisele 

The eonjoint longitudinal muscle of the anal eanal is a direet continu- 
ation of the outer longitudinal smooth muscle of the rectum, deseend- 
ing between internal and external anal sphineters, and augmented in 
its upper part by striated muscle fibres from the medial aspeet of levator 
ani (Lunniss and Phillips 1992). The muscle is particularly prominent 
in the fetus, where it is actually thieker than the internal anal sphineter. 
With advaneing age, there is gradual replaeement of muscle by eonnee- 
tive tissue, such that the layer beeomes thin in the elderly and few 
muscle fibres are seen in its distal part. As it passes down the anal eanal, 
muscle fibres peel off in three direetions: internally, through the internal 
anal sphineter to reaeh the anal submucosa; inferiorly, through the 
striated muscle of the lower subcutaneous part of the external anal 
sphineter to insert into the perianal skin (some of these fibres eneireling 
the anal orifiee); and outwards, through the upper part of the external 
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Fig. 66.48 A-C, Axial views of the anal eanal at three levels on endoanal ultrasound in a woman. The endoanal ultrasound probe is the eentral blaek 
structure. A, The upper anal eanal. The ‘U’ shape of puborectalis is visible. B, The middle anal eanal. The external anal sphineter is now a eomplete 
ring anteriorly (arrowhead). C, The lower anal eanal. Below the termination of the internal anal sphineter, the longitudinal layer extends through the 
subcutaneous external anal sphineter (between arrowheads). D-F, An MRI of the anal eanal. D, At upper anal eanal level, the sling of puborectalis 
extends anteriorly to the pubic bones. E, At mid anal eanal level, the transverse perineii fuse into the external anal sphineter anteriorly. The superficial 
(middle) external anal sphineter is attaehed either side of the anoeoeeygeal ligament. F, The low anal eanal level, below the internal anal sphineter. G, A 
key for levels of the anal eanal. Abbreviations: Ael, anoeoeeygeal ligament; Eas, external anal sphineter; las, internal anal sphineter; Lm, longitudinal 
muscle; PR, puborectalis; S, subepithelial tissues; SeEas, subcutaneous (lower) part of the external anal sphineter; SpEas, superficial (middle) external 
anal sphineter; Tp, transverse perineii; Ur, urethra; Vag, vagina. 


anal sphineter (see Fig. 66.44). The lowermost fibres ereate a honey- 
eomb arrangement in the subcutaneous fat and separate a superficial 
perianal spaee from the deeper isehio-anal fossa. Additional ramifiea- 
tions of this muscle beyond the external anal sphineter have been 
deseribed, emphasizing its eentral role in anoreetal stability (Courtney 
1950). 

The eonjoint longitudinal muscle is innervated by autonomic nerves 
that share their origin with those supplying the internal anal sphineter 
(see above). Its eontraetion during defeeation shortens and widens the 
anal eanaf and everts the anal orifiee. Degeneration of the muscle and 
its gradual replaeement by eonneetive tissue occurs with age (Haas et al 


1984) and is eentral to the development of haemorrhoids. Its exten- 
sions provide pathways for the spread and eontainment of infeetion. 

External anal sphineter 

The external anal sphineter forms the bulk of the anal sphineter 
complex. It is an oval tube of striated muscle eomposed mostly of 
type I slow twitch muscle fibres adapted for prolonged eontraetion. The 
length and thiekness of the external anal sphineter is less in females 
(Rociu et al 2000). The historieal eoneept of the muscle having three 
parts (deep, superficial and subcutaneous) is no longer valid, but upper 
(deep) and lower (superficial or subcutaneous) parts are deseribed by 
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Fig. 66.49 A transilluminated 2.5 mm thiek eoronal seetion of a male 
pelvis proeessed for epoxy resin E12 sheet plastination, showing the 
entire length of the anal eanal and its muscular layers: namely, the 
external anal sphineter, eonjoint longitudinal muscle and internal anal 
sphineter. Note the continuity of the external anal sphineter with levator 
ani superiorly, eonsisting of two parts: the upper part and the lower part. 
The upper part of the eonjoint longitudinal muscle is continuous with the 
longitudinal muscular layer of the rectum and, inferiorly, its fibres traverse 
the lower part of the external anal sphineter to blend with or form 
fibro-fatty, honeyeomb-like eompartments around the perianal region 
(asterisks). The internal anal sphineter ends above the lower part of the 
external anal sphineter. (Courtesy of Dr Saad Al-Ali, with permission from 
Al-Ali S, Blyth P, Beatty S, Duang A, Parry B, Bissett IP. (2009) 
Correlation between gross anatomieal topography, seetional sheet 
plastination, mieroseopie anatomy and endoanal sonography of the anal 
sphineter complex in human males. J. Anat. 215; 212-220.) 


some aiithors. The upper part surrounds the internal anal sphineter 
while the lowermost part eneireles the anal eanal inferior to the internal 
anal sphineter ( Titseh et al 2002, Al-Ali et al 2009). 

The upper part of the external anal sphineter is attaehed to the ano- 
eoeeygeal ligament posteriorly and to the perineal body anteriorly; 
some muscle fìbres on eaeh side of the sphineter deaissate to form a 
commissure in the anterior and posterior midline. The uppermost fìbres 
blend with the lower medial fìbres of puborectalis and attaeh to the 
anoeoeeygeal raphe posteriorly and the transverse perineal muscles 
anteriorly. The lower part of the external anal sphineter extends below 
the internal anal sphineter and is traversed by the terminal fibres of the 
eonjoint longitudinal muscle (see above). Anteriorly, it is attaehed to 
bulbospongiosus and bulbocavernosus (Fig. 66.50) (Shafiket al 2007). 
Like the levator ani and internal anal sphineter, the external anal 
sphineter is tonieally eontraeted at rest (the postural reflex). 

Vascular supply and innervation 

The external anal sphineter is supplied by the inferior reetal vessels, with 
a small contribution from the median saeral artery. It is innervated 
bilaterally by the inferior reetal braneh of the pudendal nerve (eontain- 
ing contributions from the seeond, third and fourth saeral spinal 
nerves). The pudendal nerve also earries afferent fibres from the lining 
of the anal eanal and perianal skin. The upper external anal sphineter 
may also reeeive motor fibres from the nerve to levator ani (ventral rami 
of predominantly the third and fourth saeral spinal nerves). 

intersphineterie spaee and anal glands 

The intersphineterie 'spaee' is a potential spaee between the eonjoint 
longitudinal muscle layer and the external anal sphineter. It ean be 
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Fig. 66.50 A disseetion of the male external anal sphineter in a fresh 
eadaver, viewed from below. (Courtesy of Dr Robert P Myers.) 



entered surgically to provide aeeess in a variety of operations (e.g. inter- 
sphineterie excision of the rectum and intersphineterie approaehes to 
fìstulae). Within the spaee lie the intersphineterie anal glands, the 
source of most anal fìstulae (Parks 1961). There is an average of twelve 
intersphineterie anal glands within the adult anal eanal, evenly distrib- 
uted around the circumference. Their fhnetion is unknown, but they 
seerete mucin (different in eomposition from that seereted by reetal 
mucosa) and they communicate with the anal lumen via ducts (lined 
by epithelium similar to that of the anal transition zone), which eross 
the internal anal sphineter to open at the level of the anal valves imme- 
diately above the dentate line (Seow-Choen and Ho 1994). Retrograde 
passage of baeteria from the anal eanal to the gland is understood 
to cause infeetion; inflammatory occlusion of the duct prevents spon- 
taneous drainage baek into the lumen of the anal eanal. Sepsis may 
then spread along a variety of routes to cause abseesses and fìstulae 
within various spaees (Parks et al 1976). 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
0F THE ANUS 

Arteries 

The anal eanal is supplied by terminal branehes of the superior reetal 
artery and the inferior reetal braneh of the internal pudendal artery, 
together with a small contribution from the median saeral artery. The 
arterial supply to the epithelium of the lower anal eanal in the 
midline, particularly posteriorly, is relatively defìeient (Klosterhalfen 
et al 1989); this is hirther diminished if the internal anal sphineter is 
hypertonie (Schouten et al 1996). The epithelium is more firmly teth- 
ered to underlying structures in the midline, which may also be a 
foeal point of pressure in the anal eanal. Collectively, these faetors are 
thought to predispose to the oeoirrenee of acute and ehronie anal fìs- 
sures, which are most eommonly found in the midline, espeeially 
posteriorly. 

Veins 

The venous drainage of the anal eanal parallels the arterial supply. The 
upper eanal is drained predominantly by the superior reetal veins, tribu- 
taries of the inferior mesenterie vein and the portomesenterie venous 
system; some blood returns to the internal iliae veins via the middle 
reetal veins. The lower part of the anal eanal, including the external 
haemorrhoidal venous plexus, drains via the inferior reetal branehes of 
the internal pudendal vein into the internal iliae vein. 
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Haemorrhoids 

Haemorrhoids develop when the supporting eonneetive tissues of the 
anal cushions degenerate, causing downward displaeement of the cush- 
ions and abnormal venous dilation (Lohsiriwat 2012). They are assoei- 
ated with laxity of the anal eanal submucosa and enlargement of the 
terminal branehes of the superior reetal artery supplying the anal 
cushions. 

Lymphatie drairtage 

Lymph from the upper anal eanal drains eranially into the submucosal 
and intramural lymphaties of the rectum. Lymphaties around puborec- 
talis drain to internal iliae lymph nodes. Lymph from the lower anal 
eanal and external sphineter drains to inguinal lymph nodes. This 
pattern of drainage is particularly important when eonsidering lym- 
phatie spread of malignant tumours from the lower rectum and anal 
eanal. Bloekage of lymph drainage along normal routes ean lead to 
unusual patterns of dissemination. 

DEFECATI0N 


Defeeation is the aet of voiding stool from the anus and involves the 
eoordinated hmetion of the eolon and rectum, pelvie floor and anal 
sphineter. It is influenced by multiple faetors, including eolonie transit, 
stool volume and eonsisteney, posture, age, gender, psyehology and 
behaviour, culture and lifestyle (Palit et al 2012). Soeial behaviour 
entrains defeeation to occur at a time of eonvenienee rather than 
simply in response to a defeeatory urge. The urge to defeeate is pre- 
eeded by high-amplitude propagated eontraetions in the eolon, which 
result in the antegrade propulsion of intraluminal eontents to the 
rectum; these eontraetions inerease in frequency and intensity just 
before expulsion. The response to reetal filling involves intaet reetal 
afferent nerves, reflex reetal eontraetions and normal reetal wall bio- 
meehanies. The rectum aets as a reservoir and is able to relax to 
aeeommodate faeeal material and gas (adaptive relaxation). Periodie 
sampling within the upper anal eanal helps to determine the nature of 
the reetal eontent. If the defeeatory urge is ineonvenient, puborectalis 


and the external anal sphineter, which are tonieally eontraeted at rest, 
ean be fiirther eontraeted voluntarily to move stool baek up from the 
distal rectum. If the defeeatory urge is assoeiated with a conscious 
deeision to evacuate, distal progression of eolonie high-amplitude 
propagating complexes, reetal eontraetions, raised intra-abdominal 
pressure from voluntary straining (the effieieney of which is influ- 
eneed by posture), relaxation of puborectalis (which straightens the 
anoreetal angle) and the anal sphineters all eombine to enable defeea- 
tion. Relaxation of the internal anal sphineter is a reflex response to 
reetal distension, whereas relaxation of the external anal sphineter is 
voluntary. During defeeation, eontraetion of the eonjoint longitudinal 
muscle shortens and opens the anal eanal and flattens the anal cush- 
ions. Both reetal and a variable quantity of eolonie eontents are evacu- 
ated. After defeeation, the external anal sphineter eontraets (the 
elosing reflex), the internal anal sphineter gradually reeovers its resting 
tone, and the postural reflex is reaetivated. The eonjoint longitudinal 
imisele relaxes, permitting the anal eanal to elongate and the anal 
cushions to re-expand. 

Problems with defeeation may result from impaired eolonie transit 
or from a variety of fimetional or meehanieal reetal disorders (Lunniss 
et al 2009). Functional causes include inadequate or ineffeetive expul- 
sive effort, paradoxical eontraetion of the pelvie floor and external anal 
sphineter (dyssynergia), and laek of normal sensation (reetal hyposen- 
sitivity). Meehanieal causes include impedanee to evacuation when 
straining (reetal intussusception, obstmeting masses or anal stenosis), 
misdireetion of foree veetors during straining (reetoeele), or dissipation 
of evacuatory forees (ballooning perineum). 

Anal eontinenee and ineontinenee 

As long as anal pressure exceeds reetal pressure, faeeal eontinenee will 
be maintained. Anal resting tone is derived mainly from sympatheti- 
eally mediated tonie eontraetion of the internal anal sphineter, aug- 
mented by eontraetion of the external anal sphineter. The anal cushions 
contribute by providing an effeetive seal. Anal eontinenee involves 
eentral, spinal and peripheral pathways, somatie, autonomic and enterie 
nerves, intaet saeral sensorimotor reflexes, and stmcturally and flme- 
tionally intaet smooth and striated musculature. 
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Fig. 66.51 The microstructure of the eolonie wall and its epithelial eells. Note the aggregations of lymphoeytes (blue) and undifferentiated epithelial eells 
(white). 


1158 












































Key referenees 


Sphineterie causes of faeeal ineontinenee may be structural (dismp- 
tion or atrophy of part of the sphineter musculature) or neuropathic 
(damage to the nerve supply to the sphineters), or a eombination of 
both. The most eommon causes of sphineter dismption are obstetrie 
injury, anal surgery (for haemorrhoids, fistula or fissure) and trauma. 
Pudendal neuropathy is most eommonly assoeiated with ehildbirth 
(prolonged seeond stage) and ehronie straining. 

Although the anus constitutes the final barrier to faeeal ineonti- 
nenee, suprasphincteric faetors are also essential in maintaining faeeal 
eontinenee, particularly the rate at which the stool is delivered to the 
rectum, reetal sensation and eomplianee, and adaptive relaxation. Thus, 
even in the presenee of stmcturally and fimetionally intaet sphineter 
meehanisms, faeeal ineontinenee may occur: for instanee, in diarrhoeal 
states or eonditions where there is loss of reetal reservoir fimetion (Seott 
and Lunniss 2007). Conversely, ehronie reetal distension with retained 
faeees may result in passive (overflow) leakage, possibly as a result of a 
ehronieally relaxed internal anal sphineter consequent on a persistently 
aetivated reeto-anal inhibitory reflex, together with blunted reetal sensa- 
tion causing diminished conscious eontraetion of the external anal 
sphineter. 


MICROSTRUCTURE 0F THE LARGE INTESTINE 


Available with the Gray’s Anatomy e-book 

The layers of tissue in the large intestinal wall (Fig. 66.51) resemble 
those in the small intestine (Ch. 65), except that villi and circular folds 
are absent and the glands (erypts) are longer. 


[@ Bonus e-book image 

Fig. 66.29 A CT sean (eoronal reformat) showing both right eolonie 
and sigmoid diverticulosis. 
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Large intestine 


Mucosa 


The mucosa is pale, smooth and, in the eolon, raised into numerous 
ereseent-shaped folds between the sacculi. It is thieker, darker, more 
vascular, and more loosely attaehed to the submucosa in the rectum. 

EpitheUum 

The luminal surface of all but the anoreetal junction is lined by colum- 
nar eells, mucous (goblet) eells and oeeasional mierofold (M) eells that 
are restrieted to the epithelium overlying lymphoid follieles. 

Columnar (absorptive) eells Columnar (absorptive) eells are the 

most numerous of the epithelial eell types. Although there is some 
variation in their structure, they all bear apieal mierovilli which are 
shorter and less regular than those on enteroeytes in the small intestine. 
Typieal junctional complexes around their apiees limit extracellular 
diffhsion from the lumen aeross the intestine wall. 

MuCOUS (goblet) eells Mucous eells have a similar structure to 
those of the small intestine but they are more numerous. They are 
outnumbered by absorptive eells for most of the length of the eolon 
but they are equally frequent towards the rectum, where their numbers 
inerease. 

Mierofold (M) eells Mierofold eells are similar to those of the small 
intestine. 

Intestinal glands (erypts) 

Intestinal erypts are narrow, perpendicular tubular glands that are 
longer, more numerous and eloser together than those of the small 
intestine. Their orifiees lend a eribriform appearanee to the mucosa in 
surface view. The glands are lined by low columnar epithelial eells, 
mainly goblet eells, augmented by columnar absorptive eells and 
neuroendocrine eells. The latter are situated mainly at the bases of 
the glands, and seerete basally into the lamina propria. In general, the 
glands laek Paneth eells but some may be present in the caecum. Stem 
eells loeated at or near the bases of the intestinal glands (erypts) are the 
source of the other epithelial eell types in the large intestine. They 
provide eells that migrate towards the luminal surface of the intestine; 
their progeny differentiate, undergo apoptosis and are shed after 
approximately 5 days. 


Lamina propria 

The lamina propria is eomposed of eonneetive tissue that supports the 
epithelium, forming a speeialized perieryptal myofibroblast sheath 
around eaeh intestinal gland. Solitary lymphoid follieles within the 
lamina propria, similar to those of the small intestine, are most abun- 
dant in the caecum, appendix and rectum, but are also present seattered 
along the rest of the large intestine; efferent lymphatie vessels originate 
within them. Lymphatie vessels are absent from the intereryptal lamina 
propria. 

Muscuiaris mucosae 

The muscularis mucosae of the large intestine is essentially similar to 
that of the small intestine. 

Submucosa 


The submucosa of the large intestine is similar to that of the small 
intestine. 

Muscularis externa 


The muscularis externa has outer longitudinal and inner circular layers 
of smooth muscle. The longitudinal fibres form a continuous layer that 
is aggregated into maeroseopieally visible longitudinal bands or taeniae 
eoli (see Figs 66.3 and 66.13). Between the taeniae eoli, the longitudinal 
layer is much thinner, less than half the thiekness of the circular layer. 
The eirailar fibres constitute a thin layer over the caecum and eolon, 
and a thieker layer in the walls of the rectum; they form the internal 
anal sphineter in the anal eanal. interehange of faseieles between circu- 
lar and longitudinal layers occurs, espeeially near the taeniae eoli. 
Deviation of longitudinal fibres from the taeniae eoli to the eirailar 
layer may, in some instanees, explain the haustrations of the eolon. 

Serosa 


The serosa or viseeral peritoneum is variable in extent. Small, fat-filled 
appendiees epiploieae are most numerous on the sigmoid and trans- 
verse eolon but generally absent from the rectum. 











SECTION 8 


LARGE INTESTINE 


REFERENCES 


Ahmadi O, McCall JL, Stringer MD 2015 Mesoeolie lymph node number, 
size and density: an anatomieal study. Dis Colon & Rectum (in press). 

Akinkuotu A, Samuel JC, Msiska N et al 2011 The role of the anatomy of 
the sigmoid eolon in developing sigmoid volvulus: a ease-eontrol study. 
Clin Anat 24:634-7. 

Al-Ali S, Blyth P, Beatty S et al 2009 Correlation between gross anatomieal 
topography, seetional sheet plastination, mieroseopie anatomy and 
endoanal sonography of the anal sphineter complex in human males. 
J Anat 215:212-20. 

Alatise OI, Ojo O, Nwoha P et al 2013 The role of the anatomy of the 
sigmoid eolon in developing sigmoid volvulus: a eross-seetional study. 
Surg Radiol Anat 35:249-57. 

Barlow A, Muhleman M, Gieleeki J et al 2013 The vermiform appendix: a 
review. Clin Anat 26:833-42. 

Batra AP, Kaur J, Parihar D et al 2013 Variations in origin of right eolie artery 
supplying eolon. CIBTech J Surg 2:14-20 (available at http://www. 
cibtech.org/cjs.htm). 

Bhameha AE 2012 High amplitude propagated eontraetions. Neurogastro- 
enterol Motil 24:977-82. 

Bell S, Sasaki J, Sinelair G et al 2009 Lfnderstanding the anatomy of lym- 
phatie drainage and the use of blue-dye mapping to determine the 
extent of lymphadeneetomy in reetal eaneer surgery: unresolved issues. 
Colorectal Dis 11:443-9. 

Bissett IP, Fernando CC, Hough DM et al 2001 identifieation of the faseia 
propria by magnetie resonanee imaging and its relevanee to preoperative 
assessment of reetal eaneer. Dis Colon Rectum 44:259-65. 

Brookes SJ, Dinning PG, Gladman MA 2009 Neuroanatomy and physiology 
of eoloreetal fiinetion and defaeeation: from basie seienee to human 
elinieal studies. Neurogastroenterol Motil 21: 9-19. 

A eontemporary review of the nemoanatomy and physiology of eoloreetal 
motor fnnetion. 

Brown G, Riehards CJ, Newcombe RG et al 1999 Reetal eareinoma: thin- 
seetion MR imaging for staging in 28 patients. Radiology 211:215-22. 

Buschard K, Kjaeldgaard A 1973 Investigations and analysis of the positions, 
fixation, length and embryology of the vermiform appendix. Aeta Chir 
Seand 139:293-8. 

Coffey JC 2013 Surgical anatomy and anatomie surgery - elinieal and sei- 
entifie mutualism. Surgeon 11:177-82. 

Courtney H 1950 Anatomy of the pelvie diaphragm and anoreetal muscu- 
lature as related to sphineter preservation in anoreetal surgery. Am J Surg 
79:155-73. 

Culligan K, Walsh S, Dunne C et al 2014 The mesoeolon: a histologieal and 
eleetron mieroseopie eharaeterization of the mesenterie attaehment of 
the eolon prior to and after surgical mobilization. Ann Surg 260: 
1048-56. 

Duthie HL, Gairns FW 1960 Sensory nerve-endings and sensation in the 
anal region of man. Br J Surg 47:585-95. 

Felson B 1949 Appendieeal calculi: ineidenee and elinieal signifieanee. 
Surgery 25:734-7. 

Fenger C 1987 The anal transitional zone. Aeta Pathol Mierobiol Immunol 
Seand Suppl 289:1-42. 

Fenlon HM 2002 Virtual eolonoseopy. Br J Surg 89:1-3. 

A deseription and revieiv of the use of mnltisliee CT to image the eolon. 

Fisher DF Jr, Fry WJ 1987 Collateral mesenterie circulation. Surg Gyneeol 
Obstet 164:487-92. 

A review of eollateral mesenterie circulations that develop drning disease 
proeesses. 

Fritseh H, Brenner E, Fienemann A et al 2002 Anal sphineter complex: 
reinterpreted morphology and its elinieal relevanee. Dis Colon Rectum 
45:188-94. 

Gareía-Armengol J, Gareía-Botello S, Martínez-Soriano F et al 2008 Review 
of the anatomie eoneepts in relation to the retroreetal spaee and 
endopelvie faseia: Waldeyer s faseia and the reetosaeral faseia. Colorectal 
Dis 10:298-302. 

Gaudio E, Riva A, Franehitto A et al 2010 The faseial structures of the rectum 
and the 'so-ealled mesorectum': an anatomieal or a terminologieal eon- 
troversy? Surg Radiol Anat 32:189-90. 

Gourley EJ, Gering SA 2005 The meandering mesenterie artery: a historie 
review and surgical implieations. Dis Colon Rectum 48:996-1000. 


Graf O, Boland GW, Kaufman JA et al 1997 Anatomie variants of mesenterie 
veins: depietion with helieal CT venography. AJR Am J Roentgenol 168: 
1209-13. 

Haas PA, Fox TA Jr, Haas GP 1984 The pathogenesis of hemorrhoids. Dis 
Colon Rectum 27:442-50. 

Hale SJ, Mirjalili SA, Stringer MD 2010 ineonsisteneies in surface anatomy: 
the need for an evidenee-based reappraisal. Clin Anat 23:922-30. 

Heald RJ, Husband EM, Ryall RDH 1982 The mesorectum in reetal eaneer 
surgery: the clue to pelvie recurrence? Br J Surg 69:613-16. 

The original deseription of the mesoreetal plane and its relevanee to the 
smgieal excision of reetal tumours. 

Helander HF, Fàndriks F 2014 Surface area of the digestive traet - revisited. 
Seand J Gastroenterol 49:681-9. 

jaekson JE 1999 Vascular anatomy of the gastrointestinal traet. In: Butler P, 
Mitehell AWM, Ellis H (eds) Applied Radiologieal Anatomy. Cambridge: 
Cambridge University Press. 

Jamieson JK, Dobson JF 1909 The lymphaties of the eolon. Ann Surg 
50:1077-90. 

Kinugasa Y, Arakawa T, Abe S et al 2011 Anatomieal reevaluation of the 
anoeoeeygeal ligament and its surgical relevanee. Dis Colon Rectum 
54:232-7. 

Klosterhalfen B, Vogel P, Rixen H et al 1989 Topography of the inferior reetal 
artery: a possible cause of ehronie primary anal fissure. Dis Colon 
Rectum 32:43-52. 

A detailed postmortem angiographie study demonstrating the arrangement 
of anal arterial supply. 

Findsey I, Guy RJ, Warren BF et al 2000 Anatomy of Denonvilliers' faseia 
and pelvie nerves, impotenee, and implieations for the eoloreetal 
surgeon. Br J Surg 87:1288-99. 

Fohsiriwat V 2012 Hemorrhoids: from basie pathophysiology to elinieal 
management. World J Gastroenterol 18:2009-17. 

Funniss PJ, Gladman MA, Benninga MA et al 2009 Pathophysiology of 
evacuation disorders. Neurogastroenterol Motil 21:31-40. 

A review of the speetmm and elassifieation of reetal evacuatory disorders. 

Funniss PJ, Phillips RK 1992 Anatomy and fiinetion of the anal longitudinal 
muscle. Br J Surg 79:882-4. 

Madiba TE, Thomson SR 2002 The management of eeeal volvulus. Dis 
Colon Rectum 45:264-7. 

Murono K, Kawai K, Kazama S et al 2015 Anatomy of the inferior mesenterie 
artery evafiiated using 3-dimensional CT angiography. Dis Colon 
Rectum 58:214-9. 

Murphy JM, Maibaum A, Alexander G et al 2000 Chilaiditi's syndrome and 
obesity. Clin Anat 13:181-4. 

Narducci F, Bassotti G, Gaburri M et al 1987 Twenty four hour manometrie 
reeording of eolonie motor aetivity in healthy man. Gut 28:17-25. 

Oliphant M, Berne AS, Meyers MA 1996 The subperitoneal spaee of the 
abdomen and pelvis: planes of eontimiity. Am J Roentgenol 167: 
1433-9. 

Ouattara D, Kipré YZ, Broalet E et al 2007 Gassifieation of the terminal 
arterial vascularization of the appendix with a view to its use in reeon- 
stmetive microsurgery. Surg Radiol Anat 29:635-41. 

Palit S, Funniss PJ, Seott SM 2012 The physiology of human defeeation. Dig 
Dis Sei 57:1445-64. 

A detailed review of eontemporary understanding of the normal physiology 
of defeeation. 

Parks AG 1961 The pathogenesis and treatment of fistula in ano. Br Med J 
1:463-9. 

An early, full deseription of the relationship between the anatomy of anal 
glands and eryptoglandular sepsis. 

Parks AG, Gordon PH, Hardeastle JD 1976 A elassifieation of fistula-in-ano. 
Br J Surg 63:1-12. 

Pollard MF, Thompson-Fawcett MW, Stringer MD 2012 The human ileoeae- 
eal junction: anatomieal evidenee of a sphineter. Surg Radiol Anat 
34:21-9. 

Randal Bollinger R, Barbas AS, Bush EF et al 2007 Biofilms in the large bowel 
suggest an apparent fimetion of the human vermiform appendix. 
J Theor Biol 249:826-31. 


1159.e2 






Large intestine 


Rivkind AI, Shilon E, Muggia-Sullam M et al 1986 Paraeeeal hernia: a cause 
of intestinal obstmetion. Dis Colon Rectum 29:752-4. 

Rociu E, Stoker J, Eijkemans MJ et al 2000 Normal anal sphineter anatomy 
and age- and sex-related variations at high-spatial-resolution endoanal 
MR imaging. Radiology 217:395-401. 

Sato K, Sato T 1991 The vascular and neuronal eomposition of the lateral 
ligament of the rectum and the reetosaeral faseia. Surg Radiol Anat 
13:17-22. 

Saunders BP, Phillips RK, Williams CB 1995 Intraoperative measurement of 
eolonie anatomy and attaehments with relevanee to eolonoseopy. Br J 
Surg 82:1491-3. 

Schouten WR, Briel JW, Auwerda JJ et al 1996 Anal fissure: new eoneepts 
in pathogenesis and treatment. Seand J Gastroenterol Suppl 218: 
78-81. 

Seott SM, Lunniss PJ 2007 Risk faetors in faeeal ineontinenee In: Ratto C, 
Doglietto GB (eds) Feeal ineontinenee. Diagnosis and Treatment. 
London: Springer, pp. 43-66. 

A review of both eongenital and acc)uired risk faetors in faeeal ineontinenee 
with deseriptions of the underlying pathophysiologies. 

Searle AR, Ismail KA, Maegregor D et al 2013 Changes in the length and 
diameter of the normal appendix throughout ehildhood. J Pediatr Surg 
48:1535-9. 

Seow-Choen F, Ho JM 1994 Histoanatomy of anal glands. Dis Colon Rectum 
37:1215-18. 

Shafik A, Asaad S, Doss S 2003 identifieation of a sphineter at the sig- 
moidoreetal eanal in humans: histomorphologie and morphometrie 
studies. Clin Anat 16:138-43. 

Shafik A, Shafik IA, el-Sibai O et al 2007 Physioanatomieal relationship of 
the external anal sphineter to the bulbocavernosus muscle in the female. 
Int Urogynecol J Pelvie Floor Dysfimet 18:851-6. 


Silverstein FE, Tytgat GNJ 1991 Atlas of Gastrointestinal Endoseopy, 2nd ed. 
London: Gower Medieal. 

Slaek WW 1962 The anatomy, pathology and some elinieal features of 
diverticulitis of the eolon. Br J Surg 50:185-90. 

Sondenaa K, Quirke P, Hohenberger W et al 2014 The rationale behind 
eomplete mesoeolie excision (CME) and a eentral vascular ligation for 
eolon eaneer in open and laparoseopie surgery: proeeedings of a eon- 
sensus eonferenee. Int J Colorectal Dis 29:419-28. 

Song XY, Chen BN, Zagorodnyuk VP et al 2009 identifieation of medium/ 
high threshold extrinsic meehanosensitive afferent nerves to the gas- 
trointestinal traet. Gastroenterology 137:274-84. 

Thomson WH 1975 The nature of haemorrhoids. Br J Surg 62:542-52. 

An anatomieal and elinieal study direeted at understanding the nature of 
haemorrhoids. 

Turmezei TD, Cockburn JF 2009 Digital subtraction angiography of the 
superior mesenterie artery: identifying arterial branehes. Clin Anat 
22:777-9. 

van GulikTM, Sehoots I 2005 Anastomosis of Riolan revisited: the meander- 
ing mesenterie artery. Areh Surg 140:1225-9. 

Veeresh H, Halasagi SS, Shakuntala RP et al 2012 A study of arterial supply 
of caecum in humans. J Evol Med Dent Sei 1:811-16. 

Yamaguchi S, Kuroyanagi H, Milson JW et al 2002 Venous anatomy of the 
right eolon: preeise structure of the major veins and gastroeolie tmnk 
in 58 eadavers. Dis Colon Rectum 45:1337-40. 

Yoshida T, Suzuki S, Sato T 1993 Middle mesenterie artery: an anomalous 
origin of a middle eolie artery. Surg Radiol Anat 15:361-3. 

Zhai LD, Liu J, Li YS et al 2009 Denonvilliers' faseia in women and its rela- 
tionship with the faseia propria of the rectum examined by successive 
sliees of eelloidin-embedded pelvie viseera. Dis Colon Rectum 52: 
1564-71. 





CHAPTER 




SUBSECTION: Abdominal viseera 


Lver 


The liver is the largest of the abdominal viseera, occupying a substantial 
portion of the upper abdominal eavity. It occupies most of the right 
hypochondrium and epigastrmm, and frequently extends into the left 
hypochondrium as far as the left anterior axillary line (Fig. 67.1). As 
the body grows from infaney to adulthood, the liver rapidly inereases 
in size. This period of growth reaehes a plateau around 18years and is 
followed by a gradual deerease in liver weight from middle age. The 
ratio of liver to body weight deereases with growth from infaney to 
adulthood. The liver weight is 4-5% of body weight in infaney and 
deereases to approximately 2% in adulthood. The size of the liver also 
varies aeeording to sex, being smaller in females, and body size, enlarg- 
ing with fat deposition. It has an overall wedge shape, which is, in part, 
determined by the form of the upper abdominal eavity into which it 
grows. The narrow end of the wedge lies towards the left hypoehon- 
drium, and the anterior edge points anteriorly and inferiorly. The supe- 
rior and right lateral aspeets are shaped by the anterolateral abdominal 
and ehest wall, as well as the diaphragm. The inferior aspeet is shaped 
by the adjaeent viseera. The capsule is no longer thought to play an 
important part in maintaining the shape of the liver; it is notable that 
it allows expansion when the liver hypertrophies in response to disease, 
surgical reseetion or eontralateral embolization of the portal vein or 
hepatie artery. 

Throughout life, the liver is reddish brown in colour, although this 
ean vary, depending on the fat eontent. Obesity is the most eommon 
cause of excess fat in the liver (steatosis); the liver assumes a more yel- 
lowish tinge as its fat eontent inereases and gains a bluish tinge with 
venous obstmetion. The texture of the organ is usually soft to fìrm, 
although it depends partly on the volume of blood it eontains and on 
its fat and fibrous tissue eontent. 

The liver performs a wide range of metabolie aetivities required for 
homeostasis, nutrition and imimme defenee. For example, it is impor- 
tant in the removal and breakdown of toxic, or potentially toxic, materi- 
als from the blood; the regulation of blood glucose and lipids; the 
storage of eertain vitamins, iron and other micronutrients; the synthesis 


of proteins and elotting faetors; the metabolism of amino aeids; and 
bile production. It is involved in a plethora of other bioehemieal reae- 
tions. Sinee the majority of these proeesses are exothermic, a substantial 
part of the thermal energy production of the body, espeeially at rest, is 
provided by the liver. The liver is populated by phagoeytie maerophages, 
eomponents of the mononuclear phagoeyte system eapable of remov- 
ing partioalates from the blood stream. It is an important site of hae- 
mopoiesis in the fetus. 

An account of the more eommon eponyms relating to the anatomy 
and surgery of the liver is provided in Stringer (2009). 

SURFACES 0F THE LIVER 


The liver is usually deseribed as having superior, anterior, right, poste- 
rior and inferior surfaces, and has a distinet inferior border (Figs 67.2- 
67.3). However, the superior, anterior and right surfaces are continuous 
and no definable borders separate them. It is more appropriate to group 
them as the diaphragmatie surface, which is mostly separated from the 
inferior, or viseeral, surface by a narrow inferior border. At the infraster- 
nal angle, the inferior border is adjaeent to the anterior abdominal wall 
and aeeessible to examination by peroission, but not usually palpable, 
except on deep inspiration. In the midline, the inferior border of the 
liver is near the transpylorie plane. In women and ehildren, the border 
often projeets a little below the right eostal margin. 

Sliperior Slirfaee The superior surface is the largest and lies imme- 
diately below the diaphragm, separated from it by peritoneum, except 
for a small triangular area where the two layers of the faleiform ligament 
diverge. The majority of the superior surface lies beneath the right 
dome, but there is a shallow eardiae impression eentrally that eorre- 
sponds to the position of the heart above the eentral tendon of the 
diaphragm. The left side of the superior surface lies beneath part of the 
left dome of the diaphragm. 


Right cupola of diaphragm 


Right suprarenal gland 

Right kidney 
Hepatie flexure 


Duodenum 



Fig. 67.1 The ‘bed’ of the liver. The outline of the liver is shaded green. The eentral bare area is unshaded. 
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Fig. 67.2 The surfaces and external features of the liver. A, Superior view. B, Posterior view. C, Anterior view. D, Inferior view. 
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Fig. 67.3 Relations of the liver. A, Superior view. B, Posterior view. C, Anterior view. D, Inferior view. 


Anterior Slirfaee The anterior surface is approximately triangular 
and convex, and is eovered by peritonemn, except at the attaehment of 
the faleiform ligament. Much of it is in eontaet with the anterior attaeh- 
ment of the diaphragm. On the right, the diaphragm separates it from 
the pleura and sixth to tenth ribs and eartilages, and on the left, from 
the seventh and eighth eostal eartilages. 

Right Slirfaee The right surface is eovered by peritoneum and lies 
adjaeent to the right dome of the diaphragm, which separates it from 
the right lung and pleura and the seventh to eleventh ribs. The right 
lung and basal pleura lie above and lateral to its upper third, between 


the diaphragm and the seventh and eighth ribs. The diaphragm, the 
eostodiaphragmatie reeess lined by pleura, and the ninth and tenth ribs 
lie lateral to the middle and lower thirds of the right surface. Lateral to 
the lower third, the diaphragm and thoraeie wall are in direet eontaet. 
Rarely, the hepatie flexure and proximal transverse eolon lie on a long 
mesentery over the right, anterior and superior surfaces of the liver; this 
may lead to misdiagnosis of pneumoperitoneum on a radiograph or 
very rarely cause symptoms (Chilaiditi's syndrome) (see p. 1144). 

Posterior SLirfaee The posterior surface is convex, wide on the right 
but narrow on the left. A median eoneavity eorresponds to the forward 
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convexity of the vertebral column elose to the attaehment of the liga- 
mentum venosum. Much of the posterior surface is attaehed to the 
diaphragm by loose eonneetive tissue, forming the triangular 'bare area' 
The inferior vena eava lies in a groove or tunnel in the medial end 
of the 'bare area'. To the left of the eaval groove, the posterior surface of 
the liver is formed by the caudate lobe, and eovered by a layer of peri- 
toneum continuous with that of the inferior layer of the eoronary liga- 
ment and the layers of the lesser omentum. The caudate lobe is related 
to the diaphragmatie emra and the right inferior phrenie artery above 
the aortie hiatus, and separated by these stmctures from the deseending 
thoraeie aorta. 

The fissure for the ligamentum venosum separates the caudate lobe 
from the left lobe. The fissure cuts deeply in front of the caudate lobe 
and eontains the two layers of the lesser omentum. The posterior surface 
of the left lobe bears a shallow impression near the upper end of the 
fissure for the ligamentum venosum that is caused by the abdominal 
oesophagus. The posterior surface of the left lobe to the left of this 
impression is related to the fundus of the stomaeh. Together, these 
posterior relations make up what is sometimes referred to as the 'bed' 
of the liver (see Fig. 67.1). 

Inferior SLirfaee The inferior surface is bounded by the inferior edge 
of the liver. It blends with the posterior surface in the region of the 
origin of the lesser omentum, the porta hepatis and the inferior layer 
of the eoronary ligament, and is marked near the midline by a sharp 
fissure that eontains the ligamentum teres (the obliterated fetal left 
umbilical vein). The gallbladder usually lies in a shallow fossa but this 
is variable; it may have a short mesentery or be eompletely intrahepatie 
and lie within a eleft in the liver parenehyma. The quadrate lobe lies 
between the fissure for the ligamentum teres and the gallbladder. 

The inferior surface of the left lobe is related inferiorly to the fundus 
of the stomaeh and the upper lesser omentum. The quadrate lobe lies 
adjaeent to the pyloms, the first part of the duodenum and the lower 
part of the lesser omentum. Oeeasionally the transverse eolon lies 
between the duodenum and the quadrate lobe. To the right of the 
gallbladder, the inferior surface is related to the hepatie flexure of the 
eolon, the right suprarenal gland and right kidney, and the first part of 
the duodenum (see Fig. 67.1). 

SUPP0RTS OF THE LIVER 


The liver is stabilized and maintained in its position in the right upper 
quadrant of the abdomen by both statie and dynamie faetors. A three- 
tier elassifieation of supporting stmctures has been proposed: the sus- 
pensory attaehments at the posterior abdominal wall to the inferior 
vena eava, hepatie veins, eoronary and triangular ligaments (primary 
faetors); the support provided by the right kidney, right eolie flexure 
and duodenopancreatic complex (seeondary faetors); and the attaeh- 
ment to the anterior abdominal wall and diaphragm by the faleiform 
ligament (tertiary faetors) ( lament et al 1982). 

The surgical implieations of these different faetors are important for 
understanding the pathophysiology of blunt liver trauma and when 
eonsidering the stability of transplanted liver grafts. The inferior vena 
eava and the hepatie veins, espeeially the right hepatie vein, appear to 
be the most important anatomieal stmctures that support the bulk of 
the liver. Other faetors that influence the position of the liver within 
the abdominal eavity include positive intra-abdominal pressure and the 
movement of the diaphragm during respiration. 

GROSS ANATOMIOAL LOBES 


Historieally, the liver has been divided on the basis of its external 
appearanee into right, left, caudate and quadrate lobes, which are, in 
part, defined by peritoneal ligamentous attaehments. Additional liver 
lobes have been reported but are rare. 

Right lobe The right lobe is the largest in volume and contributes to 
all surfaces of the liver. It is divided from the left lobe by the faleiform 
ligament anteriorly and superiorly and the ligamentum venosum and 
fissure for the ligamentum teres inferiorly. On the inferior surface, to 
the right of the grooves formed by the ligamentum teres and ligamen- 
tum venosum, there are two prominenees separated by the porta 
hepatis; the caudate lobe lies posterior, and the quadrate lobe lies 
anterior. The gallbladder lies in a shallow fossa to the right of the quad- 
rate lobe. 

Left lobe The left lobe is the smaller of the two main lobes, although 
it is nearly as large as the right lobe in young ehildren. It lies to the left 


of the faleiform ligament with no subdivisions. It is substantially 
thinner than the right lobe, having a thin apex that points into the left 
upper quadrant. 

Quadrate lobe The quadrate lobe is visible as a prominenee on the 
inferior surface of the liver, to the right of the groove formed by the 
ligamentum teres (and thus is ineorreetly said to arise from the right 
lobe, although it is fimetionally related to the left hemi-liver). It lies 
anterior to the porta hepatis and is bounded by the gallbladder fossa 
to the right, a short portion of the inferior border anteriorly, the fissure 
for the ligamentum teres to the left, and the porta hepatis posteriorly. 
Like the caudate lobe, its morphology varies between individuals (Joshi 
et al 2009). 

Caudate lobe The caudate lobe is visible as a prominenee on the 
inferior and posterior surfaces to the right of the groove formed by the 
ligamentum venosum; it lies posterior to the porta hepatis. To its right 
is the groove for the inferior vena eava. Above, it eontimies into the 
superior surface on the right of the upper end of the fissure for the liga- 
mentum venosum. In gross anatomieal deseriptions, this lobe is said to 
arise from the right lobe but it is fimetionally separate. 

FUNCTI0NAL ANATOMIOAL DIVISIONS 


Current understanding of the fimetional anatomy of the liver is based 
on Couinaud's division of the liver into eight (subsequently nine, then 
later revised baek to eight) fimetional segments, based on the distribu- 
tion of portal venous branehes in the parenehyma (Couinaud 1957). 
Further understanding of the intrahepatie biliary anatomy, espeeially of 
the right ductal system, was enhaneed by contributions from Hjortsjò 
(1951) and Healey and Sehroy (1953), who used the biliary system as 
the main guide for division of the liver (Fig. 67.4). 

The liver is divided into four portal seetors by the four main branehes 
of the portal vein. These are right lateral, right medial, left medial and 
left lateral (sometimes, the term posterior is used in plaee of lateral, 
and anterior in plaee of medial). The three main hepatie veins lie 
between these seetors as interseetoral veins. These interseetoral planes 
are also ealled portal fissures (or scissures). Eaeh seetor is subdivided 
into segments (usually two), based on their supply by tertiary divisions 
of the vasailar biliary (Glissonian) sheaths. 

Fissures of the liver 


Knowledge of the fissures of the liver is essential for understanding liver 
surgery. Three major fissures (main, left and right portal fissures), not 
visible on the surface, mn through the liver parenehyma and eontain 
the three main hepatie veins. Three minor fissures (umbilical, venous 
and fissure of Gans) are visible as physieal elefts of the liver surface. The 
fissure of Gans is also known as Rouvière's sulcus or the incisura hepatis 
dextra. Aeeessory fissures are rare. 

Main portal fissiire The main fissure, sometimes ealled Cantlie's 
line, extends from the midpoint of the gallbladder fossa at the inferior 
margin of the liver baek to the midpoint of the inferior vena eava, and 
eontains the middle hepatie vein. It separates the liver into right 
and left hemi-livers. Segments V and VIII lie immediately to the right, 
and segment IV immediately to the left, of the fissure. 

Left portal fissiire The left portal fissure divides the left hemi-liver 
into medial (anterior) and lateral (posterior) seetors. It extends from 
the midpoint of the inferior edge of the liver between the faleiform 
ligament and the left triangular ligament to the point that marks the 
confluence of the left and middle hepatie veins. It eontains the left 
hepatie vein and separates the left medial (anterior) and left lateral 
(posterior) seetors; segment III lies immediately anteriorly and segment 
II posteriorly. 

Right portafl fissiire The right portal fissure divides the right hemi- 
liver into lateral (posterior) and medial (anterior) seetors. The plane of 
the right fissure is the most variable of the portal fissures and mns 
approximately diagonally through the anatomieal right lobe from the 
lateral end of the inferior border to the termination of the right hepatie 
vein. The fissure divides the right anterior seetor to its left (segments V 
and VIII) from the right posterior seetor to its right (segments VI and 
VII), and eontains the right hepatie vein. The right fissure traverses the 
thiekest portion of liver parenehyma that is eommonly transeeted 
during liver reseetion. 
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Fig. 67.4 The fissures and seetors of 
the liver. (Right lateral = right 
posterior; right medial = right 
anterior.) 
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Fig. 67.5 Segments of the liver (after 
Couinaud). A, Superior view. B, Posterior 
view. C, Anterior view. D, Inferior view. 
The segments are usually referred to by 
number (name): I (caudate); II (left lateral 
superior); III (left medial inferior); 

IV (left medial superior) (sometimes 
subdivided into superior and inferior 
parts); V (right medial inferior); VI (right 
lateral inferior); VII (right lateral superior); 
VIII (right medial superior). 
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Llmbilieal fissiire The umbilical fìssure (or fìssure for the ligamen- 
tum teres) separates segment III from segment IV within the left medial 
seetor and eontains a major braneh of the left hepatie vein (the umbili- 
eal fìssure vein). It is marked anteriorly by the attaehment of the falei- 
form ligament and inferiorly by the ligamentum teres, where it may be 
eovered by a bridge of liver tissue extending between segments III and 
IV. This liver bridge is usually avascular and ean be divided safely with 
diathermy during surgery. The umbilical fìssure also eontains the umbil- 
ieal portion of the left portal vein, segmental bile ducts eonverging to 
form the left hepatie duct, and the terminal branehes of the left braneh 
of the hepatie artery. The umbilical portion of the left portal vein offers 
direet surgical aeeess to the left portal vein; this is important for mobi- 
lization of the left portal vein in surgery for hilar eholangioeareinoma 
and in operations to restore intrahepatie portal blood flow after portal 
vein occlusion. A knowledge of the arrangement of the vasailar and 
biliary structures within the umbilical fìssure is also essential when 
splitting the liver for an adult and paediatrie reeipient and for live donor 
liver transplantation for a ehild reeipient. 


VenoilS fÌSSlire The venous fissure (or fìssure for the ligamentum 
venosum) is in direet continuity with the umbilical fìssure on the 
undersurface of the liver and eontains the ligamentum venosum (the 
obliterated ductus venosus). It lies between the caudate lobe and 
segment II. 

FÌSSLire Of Gans The fìssure of Gans (or Rouvière's sulcus) lies on 
the undersurface of the right lobe of the liver behind the gallbladder 
fossa. It often marks the variable site of division of the portal pediele 
to the right posterior seetor. 

Seetors and segments of the liver 

Seetors 

The seetors of the liver are made up of between one and three segments: 
right lateral seetor = segments VI and VII; right medial seetor = segments 
V and VIII; left medial seetor = segments III and IV (and part of I); 
left lateral seetor = segment II (Pig. 67.5). Segments are numbered 
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Fig. 67.6 Segments of the liver seen on axial computed tomography (CT) 
sean. A, A eontrast enhaneed CT shows the left (L), middle (M) and right 
(R) hepatie veins at the superior aspeet of the liver, marking the left, main 
and right portal fissures. B, Inferior to this, the caudate lobe (segment I) 
lies between the inferior vena eava (IVC) and the portal vein (PV). The left 
portal vein (LPV) separates segment II superiorly from segment III 
inferiorly. C, The right portal vein (RPV) divides segments V and VI 
inferiorly (C) from segments VII and VIII superiorly (B). 


clockwise from below, starting with segment I and ending with segment 
VIII (see Figs 67.4-67.5; Fig. 67.6). 

Segment Segment I eorresponds to the anatomieal caudate lobe and 
lies posterior to segment IV, with its left half direetly adjaeent to segment 
II and its medial half wrapped around the retrohepatie segment of the 
inferior vena eava to a variable extent. In European literature, it is sub- 
divided into three parts (caudate proeess, Spiegel lobe and paraeaval 


portion), while in the Far East, right and left subdivisions are reeog- 
nized. The Glissonian sheaths to segment I arise from both right and 
left main sheaths; the segment therefore reeeives vessels from both the 
left and right branehes of the portal vein and hepatie arteries. The 
venous drainage of the caudate lobe is direetly into the inferior vena 
eava by multiple small tributaries that nearly always arise from the 
lower, and oeeasionally from the middle, third of the segment, but 
rarely from the upper third. The bile ducts draining the segment are 
elosely related to the confluence of the right and left hepatie ducts (see 
Chapter 68), such that excision of bile duct tumours affeeting the hilum 
of the liver usually requires removal of segment I. 

Segment Segment II lies posterolateral to the left portal fissure and 
is the only segment in the left lateral seetor of the liver. It often has only 
one Glissonian sheath and drains into the left hepatie vein. Rarely, a 
separate vein drains direetly into the inferior vena eava. 

Segment Segment III lies between the umbilical fissure and the 
left portal fissure, and is supplied by one to three Glissonian sheaths; 
it drains into the left hepatie vein. The vein of the faleiform ligament 
ean provide an alternative drainage route for segment III. Very rarely, 
the venous drainage is to the middle hepatie vein and reeonstmetion is 
required following a right hepateetomy involving reseetion of the 
middle hepatie vein and in split liver transplantation (Dar et al 2008). 

Segment Segment IV lies between the umbilical fissure and the 
main portal fissure, immediately anterior to segment I. Segment IV is 
supplied by three to five Glissonian sheaths, most of which arise in the 
umbilical fissure; their origins are often elose to those that supply seg- 
ments II and III. Oeeasionally, segment IV is supplied by branehes from 
the main left pediele. The main venous drainage of segment IV is into 
the middle hepatie vein but the segment ean also drain into the left 
hepatie vein through the vein of the faleiform ligament. Segment IV has 
been divided into IVa superiorly and IVb inferiorly; this is relevant to 
transverse hepateetomy, in which segments IVb, V and VI are removed 
along a transverse portal plane (Sugarbaker 1990). 

Segment Segment V is the inferior segment of the right medial 
seetor and lies between the middle and the right hepatie veins. Its size 
is variable, as are the number of Glissonian sheaths that supply it from 
the right anterior sheath. Venous drainage is usually into the right and 
middle hepatie veins, but may be direet into the inferior vena eava via 
an inferior right hepatie vein. 

Segment Segment VI forms the inferior part of the right lateral 
seetor posterior to the right portal fissure. It is often supplied by two to 
three branehes from the right posterior Glissonian sheath, and oeea- 
sionally the Glissonian sheath to segment VI ean arise direetly from the 
right pediele. Venous drainage is normally into the right hepatie vein 
but, like in segment V, may be via an inferior right hepatie vein direetly 
into the inferior vena eava. 

Segment VII Segment VII forms the superior part of the right lateral 
seetor and lies behind the right hepatie vein. The sheath to segment VII 
is often single. The venous drainage is into the right hepatie vein; oeea- 
sionally, the segment ean drain direetly into the inferior vena eava. 

Segment VIII Segment VIII is the superior part of the right medial 
seetor. The right medial (anterior) seetoral sheath ends in segment VIII 
and supplies it, after giving off branehes to segment V. Venous drainage 
is to the right and middle hepatie veins. 

Peritoneal attaehments and ligaments 
of the liver 


The liver is attaehed to the anterior abdominal wall, diaphragm and 
other viseera by several peritoneal ligaments. 

Faleiform ligament and ligamentum teres 

The liver is attaehed to the anterior abdominal wall by the faleiform 
ligament, derived from the ventral mesogastrium in the embryo. The 
two layers of this ligament pass posteriorly and slightly to the right from 
the posterior surface of the anterior abdominal wall and the undersur- 
faee of the diaphragm in the midline, and attaeh to the anterior and 
superior surfaces of the liver. On the dome of the superior surface, the 
right leaf mns laterally and is continuous with the upper layer of the 
eoronary ligament. The left layer of the faleiform ligament turns medi- 
ally and is continuous with the anterior layer of the left triangular 
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ligament. The ligamentum teres is the obliterated remnant of the left 
umbilical vein of the fetus; it mns in the lower free border of the falei- 
form ligament and eontimies into a fissure on the inferior surface of 
the liver. In fetal life, the left umbilical vein opens into the left portal 
vein. It is supposed to be obliterated in adult life but frequently remains 
partially patent; in reality, its lumen is usually elosed rather than obliter- 
ated and it ean be disseeted at the umbilicus, dilated and used to aeeess 
the left portal vein in more than half of individuals. The ligamentum 
teres may reopen in eonditions such as portal hypertension, when it 
forms a sizeable eollateral ehannel. 

The ligamentum teres is important in abdominal surgery for several 
reasons. It is often divided in upper abdominal surgery to optimize 
aeeess to the upper abdominal viseera or as the first step in mobilization 
of the liver. It is vascularized by numerous small arterial branehes 
(mainly from the artery to segment IV) and para-umbilical veins, and 
these anastomose with branehes of the superior epigastrie artery; it is 
therefore important to ligate or coagulate the ligament during its divi- 
sion. The ligamentum teres is a guide to the segment III hepatie duct 
in hepaticojejunostomy formation, and to the left portal vein lying in 
the umbilical fissure during mesenterieo-portal bypass (Vellar et al 
1998, di Franeeseo et al 2014). 


dividing the lesser omentum because an aberrant or aeeessory left 
hepatie artery may mn within it; when present, it invariably extends to 
the liver at the base of the umbilical fissure, and may be identified by 
a pulsation in the lesser omentum elose to the umbilical fissure. 

Ligamentum venosum 

The ligamentum venosum represents the obliterated venous eonneetion 
that existed in the fetus between the left braneh of the portal vein and 
the termination of the left hepatie vein (the ductus venosus). It is used 
as a guide to gain eontrol of the left hepatie vein outside the liver during 
surgery. By dividing the ligament elose to its insertion into the left 
hepatie vein and retraeting it laterally, the angle between the left and 
the middle hepatie veins may be aeeessed. 

This ean be helpfhl in left liver reseetion with preservation of the 
caudate lobe, but if the caudate lobe is to be removed, the left hepatie 
vein (or, more usually, the confluence of the left and middle hepatie 
veins with the inferior vena eava) ean be approaehed more posteriorly 
without division of the ligamentum venosum. 

Porta hepatis, hepatoduodenal ligament 
and hilar plate 


Ooronary ligament 

The eoronary ligament is formed by the refleetion of the peritoneum 
from the diaphragm on to the superior and posterior surfaces of the 
right lobe of the liver. A large triangular area of liver devoid of peritoneal 
eovering, the so-ealled 'bare area' of the liver, lies between the two layers 
of the eoronary ligament. Here, the liver is attaehed to the diaphragm 
by areolar tissue, which is in continuity inferiorly with the anterior 
pararenal spaee. On the right, the two layers of the eoronary ligament 
eonverge laterally to form the right triangular ligament. On the left, the 
two layers beeome elosely applied, and form the left triangular liga- 
ment. The upper layer of the eoronary ligament is refleeted superiorly 
on to the inferior surface of the diaphragm and inferiorly on to the right 
and superior surfaces of the liver. The lower layer of the eoronary liga- 
ment is refleeted inferiorly over the right suprarenal gland and right 
kidney, and superiorly on to the inferior surface of the liver. Surgical 
division of the right triangular and eoronary ligaments allows the right 
lobe of the liver to be brought forwards, and exposes the lateral aspeet 
of the inferior vena eava behind the liver. 

Triangular ligaments 

The left triangular ligament is a double layer of peritoneum that extends 
for a variable length over the superior border of the left lobe of the liver. 
Medially, the anterior leaf is continuous with the left layer of the falei- 
form ligament, and the posterior layer is continuous with the left layer 
of the lesser omentum. The left triangular ligament lies in front of the 
abdominal part of the oesophagus and part of the fundus of the 
stomaeh. Division of the left triangular ligament allows the left lobe of 
the liver to be mobilized for exposure of the abdominal oesophagus 
and emra of the diaphragm. The left triangular ligament is an important 
stabilizing faetor for the left lobe after excision of the right lobe of the 
liver. Its division will result in the left lobe being unstable, to the extent 
that it ean rotate and displaee into the spaee ereated under the right 
hemidiaphragm, which, in turn, ean eompromise the venous outflow 
of the left lobe with consequent liver dysfimetion. If it is divided, the 
left lobe should be stabilized by reattaehing the faleiform ligament to 
the anterior abdominal wall. 

The right triangular ligament is a short stmcture that lies at the right 
lateral limit of the 'bare area' of the liver and represents the eonvergenee 
laterally of the two layers of the eoronary ligament. 

Lesser omentum 

The lesser omentum is a double layer of peritoneum that extends from 
the lesser curvature of the stomaeh and proximal duodenum to the 
inferior surface of the liver. Its free margin eontains the portal triad (Ch. 
63). Its attaehment to the inferior surface of the liver is L-shaped. The 
vertieal eomponent follows the line of the fissure for the ligamentum 
venosum, the fibrous remnant of the ductus venosus. More inferiorly, 
the attaehment mns horizontally to eomplete the L in the porta hepatis. 
At its upper end, the left layer of the lesser omentum is continuous with 
the posterior layer of the left triangular ligament, and the right layer is 
continuous with the eoronary ligament as it eneloses the inferior vena 
eava. At its lower end, the two layers of the lesser omentum diverge to 
surround the structures of the porta hepatis. A thin, fibrous eondensa- 
tion of faseia usually mns from the medial end of the porta hepatis into 
the fissure for the ligamentum teres. This faseia is continuous with the 
lower border of the faleiform ligament where the ligamentum teres 
re-emerges at the inferior border of the liver. Care should be taken when 


The porta hepatis is a deep transverse fissure on the inferior surface of 
the liver. It is situated between the quadrate lobe anteriorly and the 
caudate proeess posteriorly, and eontains the portal vein, hepatie artery 
and hepatie nervous plexuses as they aseend into the parenehyma of 
the liver, and the right and left hepatie ducts and some lymph vessels 
that emerge from the liver. The hepatie ducts usually lie anterior to the 
portal vein and its branehes, and the hepatie artery with its branehes 
lies between the two (Figs 67.7-67.8). However, the right hepatie artery 
sometimes lies anterior to the eommon hepatie duct; this variation is 
important during bile duct reeonstmetion by hepaticojejunostomy 


Anterior 
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Right hepatie duct 

Right hepatie artery 
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Fig. 67.7 A eross-seetion of the structures at the porta hepatis viewed 
from above. 
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Fig. 67.8 An axial CT of the porta hepatis. The hepatie diiets lie 
anteriorly, the portal vein posteriorly, and hepatie artery between the two. 
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(Miehels 1966). All these structures are enveloped within a perivascular 
sheath of loose eonneetive tissue that surrounds the vessels and bile 
ducts as they course through the liver parenehyma, and is continuous 
with the fibrous hepatie capsule (of Glisson). The dense aggregation of 
vessels, supporting eonneetive tissue, and liver parenehyma just above 
the porta hepatis is often referred to as the 'hilar plate' of the liver. 
ITnderstanding the eoneept of the hilar plate is important in surgical 
approaehes to the hilar structures; division or lowering of the hilar plate 
is essential for optimum surgical aeeess to the left hepatie duct. 

The hepatie artery, bile duct and portal vein extend between the 
porta hepatis and the upper border of the duodenum in the free edge 
of the hepatoduodenal ligament, which forms the anterior boundary 
of the epiploie foramen. Rapid eontrol of the vessels entering the porta 
hepatis (the hepatie pediele) ean be obtained by eompressing them in 
the free edge of the lesser omentum (a 'Pringle' manoeuvre); this is 
eonveniently done by dividing the lesser omentum immediately to the 
left of these structures and passing a tape around them through the 
epiploie foramen. 

The left hepatie duct is extrahepatic as it deseends obliquely along 
the undersurface of segment IV (the quadrate lobe) to the confluence 
of the hepatie ducts. Aeeess to this extrahepatic segment of the left 
hepatie duct is particularly useful when performing a biliary-enterie 
bypass procedure to treat a stricture of the hepatie duct confluence. The 
right hepatie duct is more intrahepatie and extension of a hepatieo- 
jejunal anastomosis on to the right hepatie duct neeessitates ineision of 
the liver parenehyma in the gallbladder fossa. 

Glissonian sheaths 

Glisson's capsule of the liver beeomes eondensed as Glissonian sheaths 
around the branehes of the portal triad structures as they enter the liver 
parenehyma and subdivide into segmental branehes. Thus, eaeh bile 
duct, hepatie artery and portal vein is surrounded by a single fibrous 
sheath, which Couinaud ealled the 'Valoean sheath' (after Valoeus, an 
anatomist from the Middle Ages who first deseribed the liver capsule). 
Within eaeh sheath, the portal vein is surrounded by loose areolar eon- 
neetive tissue, making disseetion of the portal vein relatively easy. The 
fibrous tissue around the bile ducts and hepatie artery is tougher, and 
disseetion of these structures is more difficult. This sheath arrangement 
faeilitates surgical eontrol of the right and left vasculobiliary pedieles 
of the liver, as well as seetoral and segmental divisions in complex liver 
reseetions (Yamamoto et al 2012). 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

The blood vessels eonneeted with the liver are the portal vein, hepatie 
artery and hepatie veins. The portal vein and hepatie artery aseend in 
the lesser omentum to the porta hepatis, where eaeh usually bifiireates. 
The eommon hepatie duct and lymphatie vessels deseend from the 
porta hepatis alongside the portal vein and hepatie artery (see Fig. 
67.8). The hepatie veins leave the liver via its posterior surface and mn 
direetly into the inferior vena eava. 

(§) Hepatie artery 

In adults, the eommon hepatie artery is intermediate in size between 
the left gastrie and splenie arteries. In fetal and early postnatal life, it is 
the largest braneh of the eoeliae tmnk. The hepatie artery gives off the 
right gastrie and gastroduodenal arteries, as well as branehes to the bile 
duct and gallbladder from its right hepatie braneh (Fig. 67. 9A). After 
originating from the eoeliae trnnk, the hepatie artery passes anteriorly 
and laterally above the upper border of the panereas to the upper aspeet 
of the first part of the duodenum. It is subdivided into the eommon 
hepatie artery, from the eoeliae tmnk to the origin of the gastroduode- 
nal artery, and the 'hepatie artery proper, from that point to its biffirea- 
tion. It aseends anterior to the portal vein and medial to the bile duct 
within the free margin of the lesser omentum in the anterior wall of 
the epiploie foramen. It divides into right and left branehes at a variable 
level below the porta hepatis. The right braneh of the hepatie artery 
usually erosses posterior (oeeasionally anterior) to the eommon hepatie 
duct (Fig. 67. 9B). This elose proximity often means that the right 
hepatie artery is involved in bile duct eaneer earlier than the left hepatie 
artery. Oeeasionally, the right hepatie artery erosses anterior to the 
eommon hepatie duct and is more vulnerable to injury in biliary 
surgery. It almost always divides into an anterior braneh supplying seg- 
ments V and VIII, and a posterior braneh supplying segments VI and 
VII. The anterior division also often supplies a braneh to segment I and 
the gallbladder. The hepatie artery proper sometimes divides at a low 
1166 level elose to its origin and, oeeasionally, it divides at a higher level, 
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Fig. 67.9 The hepatie artery. A, Branehes. B, Usual relations of the 
hepatie artery, bile duct and portal vein to eaeh other in the lesser 
omentum: anterior aspeet, portion of the liver removed. 


well to the left of the porta hepatis. The main signifieanee of an earìy 
division is that the right braneh may pass behind the portal vein 
(Lanouis and Jamieson 1993). The segmental arteries of the liver are 
maeroseopieally end arteries, although some eollateral circulation 
occurs between segments via fine terminal branehes. 

Anatomieal variants of the normal arrangement of the hepatie artery 
are found in about one-third of individuals and are important to 
reeognize because they are relevant to surgical and interventional radio- 
logieal procedures (Covey et al 2002, Miehels 1966, López-Andfijar 
et al 2007, Saba and Mallarini 2011). An artery that supplies part of the 
liver in addition to its normal artery is defined as an aeeessory artery. A 
replaeed hepatie artery is an artery that does not originate from an 
orthodox position and provides the sole supply to that part of the liver. 

The most eommon anatomieal variants are a replaeed or aeeessory 
left hepatie artery that arises from the left gastrie artery, or a replaeed 
or aeeessory right hepatie artery that arises from the superior mesenterie 
artery, both oeoirring in 10-20% of indivkhials. 

Variations in the intrahepatie arteries are eommon and may be surgi- 
eally important. For example, the segment IV artery most eommonly 
arises from the left hepatie artery, but in up to 30% of eases, it arises 
from the right hepatie artery or the hepatie artery proper (Onishi et al 
2000). The segment IV artery never arises to the right of the eommon 
hepatie duct; thus, if the right hepatie artery is divided to the right of 
the eommon hepatie duct, this arterial supply to segment IV is not 
endangered. Failure to reeognize this variation may eompromise the 
blood supply to segment IV following right hepateetomy, and is espe- 
eially important during right lobe donation for live donor liver 
transplantation. 
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A replaeed hepatie artery proper may arise from the siiperior 
mesenterie artery (Fig. 67.10) and ean be suspected at surgery by a rela- 
tively superficial portal vein (refleeting the absenee of a hepatie artery 
that would normally aseend in front of the vein). More eommonly, a 
replaeed or aeeessory right hepatie artery arises from the superior 
mesenterie artery (see Fig. 67.10; Fig. 67.11). In such eases, the variant 
artery mns in the lesser omentum behind the portal vein and bile duct, 
and ean usually be identified at surgery by palpable pulsation behind 
the portal vein. An aeeessory right hepatie artery may be injured during 
reseetion of the panereatie head because the artery lies in elose proxim- 
ity to the portal vein. Oeeasionally, a replaeed or aeeessory left hepatie 


artery arises from the left gastrie artery, entering the liver through the 
umbilical fissure; this artery provides a source of eollateral supply in 
eases where the arteries at the porta hepatis are occluded, but it may 
also be injured during mobilization of the stomaeh, as it lies in the 
upper portion of the lesser omentum. Rarely, an aeeessory left or right 
hepatie artery may arise from the gastroduodenal artery or direetly from 
the aorta. The presenee of replaeed arteries ean be life-saving in patients 
with bile duct eaneer; because they are fiirther away from the bile duct 
they tend to be spared from infiltration by the eaneer, making excision 
of the tumour feasible. Knowledge of these variations is also essential 
when performing whole and split liver transplantation. 


Replaeed left hepatie artery: 10-20% Replaeed hepatie artery proper: 4% 



Fig. 67.10 Common hepatie artery 
variants. 


Left hepatie artery — 



Gastrodiiodenal artery — 


Fig. 67.11 Hepatie 
arteriograms. A, A 
seleetive hepatie 
arteriogram shows 
normal left hepatie 
artery branehes and 
small right hepatie 
artery branehes. B, The 
right hepatie artery is 
arising from the origin 
of the siiperior 
mesenterie artery. 


Right hepatie artery 
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Liver 


Veins 


The liver has two venous systems. The portal system eonveys venous 
blood from the majority of the gastrointestinal traet and its assoeiated 
organs to the liver (p. 1039). The hepatie venous system drains blood 
from the liver parenehyma into the inferior vena eava. 

Portal vein 

The portal vein is formed behind the neek of the panereas, usually from 
the eonvergenee of the superior mesenterie and splenie veins (Fig. 
67.12; see also Figs 70.8b, 59.8). Its origin lies in the transpylorie plane 
between the lower border of the body of the first lumbar vertebra and 
the upper border of the body of the seeond himbar vertebra (Mirjalili 
et al 2012). The portal vein is approximately 8 em long and aseends 
obliquely to the right behind the first part of the dnodenmn, the 
eommon bile duct and gastroduodenal artery, and anterior to the infe- 
rior vena eava. It enters the right border of the lesser omentum and 
aseends anterior to the epiploie foramen to reaeh the right end of the 
porta hepatis, where it divides into right and left main branehes, which 
enter the liver. In the lesser omentum, the portal vein lies posterior to 
both the bile duct and the hepatie artery. It is surrounded by the hepatie 
nerve plexus and aeeompanied by numerous lymphaties and some 
lymph nodes. The portal vein eontains smooth muscle in its wall and, 
in experimental animals at least, has well-developed spontaneous eon- 
traetions with frequencies between 0.01 and 1 Hz (Burt 2003). It is 
typieally valveless. 


i- Portal vein 



Superior mesenterie vein 


Fig. 67.12 A eoronal CT of the portal vein and superior mesenterie vein. 


The main extrahepatic tributaries of the portal vein are the left gastrie 
(eoronary) vein, which ends in the left margin of the portal vein, and 
the posterior superior pancreaticoduodenal vein near the head of the 
panereas. The portal vein divides into right and left branehes at the 
hilum of the liver (Fig. 67.13). The left portal vein has a longer extra- 
hepatie course (4-5 em) than the right portal vein, tends to lie more 
horizontal, and is often smaller in ealibre. It has a horizontal portion 
that mns along the inferior surface of segment IV and invariably gives 
branehes to segment I and sometimes to segment IV. The left braneh of 
the portal vein continues within the liver, giving off a segment II braneh 
laterally before taking a more anterior and vertieal course in the umbili- 
eal fissure. Here, it gives off branehes to segments III and IV, and reeeives 
the obliterated left umbilical vein (ligamentum teres). The majority of 
the portal venous supply to segment IV eomes from the left portal vein, 
and only oeeasionally from the right braneh of the portal vein or its 
branehes to segment V or VIII. The right braneh of the portal vein is 
only 2-3 em in length and usually divides into a right medial (anterior) 
seetoral division supplying segments V and VIII, and a right lateral 
(posterior) seetoral division supplying segments VI and VII. The medial 
division may give a braneh to segment I. 

Portal vein variations usually involve the right braneh (Covey et al 
2004). If the latter is absent, which occurs in about 10-15% of livers, 
the portal vein usually trifiireates into left portal, right medial and right 
lateral seetoral veins. This has implieations for split liver and live donor 
liver transplantation, where its presenee might be eonsidered as a rela- 
tive eontraindieation. The right lateral seetoral portal vein may arise 
from the portal vein, or the right medial seetoral portal vein may origi- 
nate from the left portal vein, a variant that it is important to remember 
during left-sided liver reseetion. Rarely, the portal bifiireation is absent, 
in which ease the portal vein enters the liver, giving off the right seetoral 
branehes, and then turns left to supply the left lobe, which presents an 
added complexity in major liver surgery (Chaib 2009). 

Porto-systemie shiints 

Inereased pressure within the portal venous system may result in dila- 
tion of portal venous tributaries and reversed flow at sites of porto- 
systemie anastomoses. Common sites of porto-systemie shunts are 
listed in Table 67.1. 

Hepatie veins 

The liver drains by three major hepatie veins into the suprahepatic part 
of the inferior vena eava and via numerous minor hepatie veins that 
drain into the retrohepatie inferior vena eava. The adult retrohepatie 
inferior vena eava is 6-7 em long and surrounded, to a variable extent, 
by segment I (Camargo et al 1996). The three major veins are loeated 
between the four seetors of the liver (see Fig. 67.6A; Figs 67.14-67.15). 
Thus, the right hepatie vein lies between the right medial and lateral 
seetors, the middle hepatie vein lies between the right and left hemi- 
livers, and the left hepatie vein lies between the left medial and lateral 
seetors. During hepatie reseetion, the surgeon should transeet the liver 
parenehyma slightly to the left or right of the particular fissure that is 
being opened to avoid the main tmnk of a hepatie vein. 



Fig. 67.13 The main portal vein and its intrahepatie 
branehes. (Right lateral = right posterior; right medial = 
right anterior.) 


Right lateral seetoral vein 


Left portal vein 


Right medial seetoral vein 


Right portal vein 
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Middle hepatie vein 


Inferior vena eava 


Fig. 67.14 A sagittal ultrasound of the middle hepatie vein. The middle 
hepatie vein is seen draining into the inferior vena eava. 


Table 67.1 Common sites of porto-systemie anastomoses in portal hypertension and 
assoeiated elinieal implieations 


Portal vein tributaries 

Systemie veins 

eiinieal 

presentations 

Left gastrie vein 

Distal oesophageal veins 
draining into azygos and 
hemiazygos veins 

Oesophageal and 
gastrie variees 

Superior reetal veins 

Middle and inferior reetal 
veins draining into internal 
iliae and pudendal veins 

Reetal variees 

Persistent tributaries of left 
braneh of portal vein in 
ligamentum teres 

Periumbilical branehes of 
epigastrie and intereostal 
veins 

‘Caput medusae’ 

Tributaries of right braneh of 
portal vein overlying ‘bare 
area’ of liver 

Retroperitoneal veins 
draining into azygos, 
hemiazygos, lumbar, 
intereostal and phrenie veins 

Dilated retroperitoneal 
veins at risk during 
surgery or interventional 
procedures 

Omental and eolonie veins near 
hepatie and splenie flexures 

Retroperitoneal veins near 
hepatie and splenie flexures 

May be problematie 
during surgery 


Right hepatie vein 

This is the longest and largest hepatie vein. It is usually single, but 
oeeasionally remains as two tmnks until it terminates by draining into 
the inferior vena eava. The right hepatie vein mns in the right portal 
fissure between the right medial and lateral seetors. It drains the whole 
of segments VI and VII, and variable proportions of segments V and 
VIII, depending on the extent to which these segments drain into the 
middle hepatie vein. The right hepatie vein is formed anteriorly near 
the inferior border of the liver and lies in a eoronal plane through most 
of its course. It drains into the inferior vena eava near the upper border 
of the caudate lobe. Of the three major hepatie veins, the right hepatie 
vein is most variable in its size, not only due to the variable contribu- 
tion of the middle hepatie vein to the drainage of segments V and VIII 
but also due to the existence of an aeeessory right inferior (30%) and/ 
or middle hepatie vein (10%) ( Tmg et al 2012). The hepatie venous 
anatomy is particularly important in right lobe living donation and ean 
be assessed preoperatively by computed tomography (CT) or magnetie 
resonanee imaging (MRI) and/or by intraoperative ultrasound. 

Middle hepatie vein 

The middle hepatie vein lies in the main portal fissure between the right 
and left hemi-livers. It usually joins the left hepatie vein and terminates 
in the inferior vena eava as a short eommon tmnk (about 5 mm long); 
it ends as a single tmnk in the inferior vena eava in fewer than 10% of 
individuals. The middle hepatie vein drains the eentral part of the liver 
and reeeives eonstant tributaries from segments IV, V and VIII. The vein 
from segment IV lies in a sagittal plane and enters the middle hepatie 
vein on its left side. The vein from segment VIII mns transversely into 


irf.HVl 


RHV 


MHV8 LHV4 


LHV 



inf.HV2 


MHV5 


MHV5 MHV4 MHV4 


MHV4 


Fig. 67.15 Modern CT analysis techniques are helpful in demonstrating 
variations in hepatie venous anatomy and this is very useful for planning 
live donor surgery for liver transplantation. Abbreviations: inf. HV1, inf. 
HV2, right inferior hepatie veins; LHV, left hepatie vein; LHV4, left hepatie 
vein braneh to segment 4; MHV4, middle hepatie vein branehes to 
segment 4; MHV5, middle hepatie vein branehes to segment 5; MHV8, 
middle hepatie vein branehes to segment 8; RHV, right hepatie vein. 
(Courtesy of MeVis Medieal Solutions AG, Bremen, Germany.) 


the right side of the middle hepatie vein and is sometimes large enough 
to be mistaken for the middle hepatie vein. Anteriorly, the middle 
hepatie vein drains some of segment V; the sizes of the tributaries drain- 
ing segments V and VIII are variable. intrahepatie venous anastomoses 
between the middle and right hepatie veins, particularly in segment 
VIII, have been reported in up to one third of adult livers (Hribernik 
and Trotovsek 2014). 

Left hepatie vein 

The left hepatie vein lies between the left medial and left lateral seetors 
of the liver and drains segments II, III and, oeeasionally, IV. Small veins 
draining segment II and, oeeasionally, the superior part of segment IV 
may drain direetly into the inferior vena eava. Usually, a major tributary 
of the left hepatie vein, the umbilical fissure vein, mns between 
segments III and IV and contributes to their drainage. Oeeasionally, 
the vein draining segment III ends separately in the confluence of 
the left and middle hepatie veins. These variations in venous drainage 
are of signifieanee in split liver transplantation and live donor liver 
transplantation. 

Minor hepatie veins 

Segment I veins drain direetly into the inferior vena eava and vary in 
number from one to five. Sinee this segment has an independent venous 
drainage from the rest of the liver, in patients with Budd-Chiari syn- 
drome, in which the major hepatie veins are bloeked, segment I often 
continues to drain effeetively and undergoes eompensatory hypertro- 
phy. There may be an aeeessory inferior or middle right hepatie vein, as 
well as several smaller 'retrohepatie veins that drain the right lobe 
direetly into the inferior vena eava. When present, they are of surgical 
importanee, espeeially if greater than 5 mm in diameter; they drain 
segments V and VI independently of the three major hepatie veins and, 
therefore, a tumour involving the latter ean be reseeted safely as long 
as venous drainage from the aeeessory veins is preserved. In live donor 
and split liver transplantation, larger aeeessory veins must be individu- 
ally anastomosed to the reeipient inferior vena eava to ensure adequate 
venous drainage. 

Transjugular intrahepatie porto-systemie shunt 
(TIPS) procedure for portal hypertension 
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Liver 


In extreme eases of ehronie portal hypertension, a large-ealibre anasto- 
mosis between the portal and systemie circulations may be ereated 
within the liver parenehyma by inserting a stent between a large portal 
and hepatie vein within the liver. The stent is introduced through a 
eatheter inserted into the internal jugular vein and guided into the liver 
under radiologieal eontrol. This large shunt relieves the severe portal 
hypertension but tends to worsen ineipient hepatie eneephalopathy. 
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Segmental anatomy of the liver in relation 
to hepatie reseetion 



Available with the Gray’s Anatomy e-book 


Lymphatie drainage 


Lymph from the liver is rieh in protein and is mostly a product of the 
hepatie simisoids (Ohtani and Ohtani 2008). It passes, via deep and 
superficial pathways, to nodes above and below the diaphragm ( Tmt- 
mann and Sasse 1994). Obstmetion of hepatie venous drainage 
inereases the flow of lymph in the thoraeie duct. 

Siiperfieial hepatie lymphaties 

Superficial lymphaties mn in subserosal areolar tissue over the surface 
of the liver and drain in four direetions. Lymphaties from most of the 
posterior surface, including the caudate lobe, drain into nodes along- 
side the inferior vena eava; a few lymphaties from the posterior surface 
of the left lobe pass towards the oesophageal hiatus and nodes around 
the eardia. Lymphaties in the eoronary and right triangular ligaments 
may pass direetly to the thoraeie duct. Lymphaties from most of the 
inferior, anterior and superior surfaces drain into hepatie nodes at the 
porta hepatis. A few lymphaties from the right superior surface aeeom- 
pany the inferior phrenie artery aeross the right diaphragmatie ems to 
drain into eoeliae nodes. 

Deep hepatie lymphaties 

Fine lymphaties within the portal triads and around interlobular veins 
merge to form larger vessels. Some aseend through the parenehyma to 
pass through the vena eaval opening in the diaphragm and drain into 
inferior mediastinal nodes, but most drain to lymph nodes at the porta 
hepatis. 


INNERVATION 


The liver has a dual innervation. The parenehyma is supplied by nerves 
arising from the hepatie plexus, which eontains sympathetie and para- 
sympathetie (vagal) fibres; they all enter the liver at the porta hepatis. 
The capsule is supplied by fine branehes of the lower intereostal nerves, 
which also supply the parietal peritoneum, particularly around the 'bare 


area' and superior surface; distension or dismption of the liver capsule 
causes quite well-localized, sharp pain. 

Hepatie plexus 

The hepatie plexus reeeives preganglionie parasympathetie fibres from 
the anterior and, to a lesser extent, the posterior vagus, and postgangli- 
onie sympathetie fibres via the eoeliae and superior mesenterie plexuses. 
Nerve fibres aeeompany the branehes of the portal triad into the liver, 
penetrating as far as the hepatoeytes. Aminergie, eholinergie, peptider- 
gie and nitrergie nerve fibres have been identified and appear to be 
involved in hepatie metabolism and the eontrol of sinusoidal blood 
flow (McCuskey 2004); however, the transplanted, denervated liver 
indieates that this role is not essential. Multiple fine branehes from the 
plexus supply the extrahepatic bile ducts and gallbladder; the vagal 
fibres are motor to the muscle of the bile ducts and gallbladder, and 
inhibitory to the sphineter of the bile duct. Branehes from the plexus 
also mn inferiorly with the right gastrie artery to contribute to the 
supply of the pyloms; with the gastroduodenal artery and its branehes 
to reaeh the pyloms, proximal duodenum and panereas; and with the 
right gastroepiploie artery to provide a small contribution to the nerve 
supply of the stomaeh. 

Referred pain 

Pain arising from the parenehyma of the liver is poorly loealized. In 
eommon with other stmctures of foregut origin, pain is referred to the 
epigastrium. Streteh or irritation of the liver capsule by inflammation 
or neoplasia produces well-localized 'somatie' pain. Pathology involv- 
ing the diaphragmatie surface of the liver may be referred via the phrenie 
nerve to the right shoulder region (C3,4,5 dermatomes). 


MICROSTRUCTURE 


The liver is essentially an epithelial-mesenehymal outgrowth of the 
caudal part of the foregut, with which it remains eonneeted via the 
biliary tree (see Ch. 60). Most of the surface of the liver is eovered by 
a typieal serosa, the viseeral peritoneum. Beneath this, and enelosing 
the whole organ, is a thin (50-100 pm) capsule of eonneetive tissue, 
from which extensions pass into the liver as septa and trabeculae. 
Branehes of the hepatie artery and hepatie portal vein, together with 
bile ductules and ducts, mn within these eonneetive tissue trabeculae, 
which are termed portal traets. The eombination of the two types 
of vessel and a bile duct is termed a portal triad (Fig. 67.19); these 







C entral vein 

(tributary of hepatie vein) 


erminal branehes of hepatie 
arteriole and portal vein 


Metabolie zonation 
within liver acinus 


Fig. 67.19 The structural organization of human 
liver tissue. A, Lobules bordered by delieate 
eonneetive tissue septa (arrows), in which run 
branehes of the hepatie portal vein, hepatie artery 
and bile duct, grouped as portal triads. A eentral 
vein drains eaeh lobule. B, A portal triad 
eontaining branehes of the hepatie portal vein (PV; 
generally the largest profile), the hepatie artery (A) 
and a bile duct (B), with typieal round epithelial 
nuclei. Other small bile ductule and arteriolar 
branehes are also visible. C, A functional view, in 
which the territories of the hepatie lobules are 
shown as regular hexagons (unlike their real 
appearanee, which is highly variable). Functionally, 
the liver microarchitecture is better eonsidered in 
terms of aeini extending between adjaeent eentral 
venules and divided into three zones as shown. 

(A, With permission from Dr JB Kerr, Monash 
Llniversity, from Kerr JB 1999 Atlas of Functional 
Histology. London: Mosby. B, Courtesy of Mr 
Peter Helliwell and the late Dr Joseph Mathew, 
Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 
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Liver 


In 1888, Rex deseribed the midline division of the liver, and in the 
1950s Claude Couinaud's detailed deseription of the segmental 
anatomy of the liver formed the basis for subsequent advanees in liver 
imaging and surgery. Goldsmith and Woodburne also published a 
detailed deseription of liver anatomy in 1957 but used a different ter- 
minology; eonfhsion in hepatie nomenclature has persisted for several 
deeades. 

Couinaud divided the right and left hemi-livers into two seetors eaeh, 
aeeording to the seeondary divisions of the portal vein. In the right 
hemi-liver, the anteromedial and posterolateral seetors were eaeh sub- 
divided into a superior and an inferior segment, producing a total of 
four segments. In the left hemi-liver, the medial seetor was divided into 
two segments separated by the faleiform ligament and ligamentum 
teres, while the lateral seetor eonsisted of a single segment (II). The 
smallest segment, which Couinaud designated segment I, was loeated 
in the eentral and posterior part of the liver between the bifhreation of 
the portal vein and the inferior vena eava, and had independent hepatie 
vein and portal vein tributaries. Couinaud, therefore, deseribed eight 
liver segments, numbered I to VIII: segments II, III and IV made up 
the left hemi-liver and segments V, VI, VII and VIII made up the right 
hemi-liver. In 1994, he added segment IX to deseribe the small region 
of the right hemi-liver lying adjaeent to the right side of the inferior 
vena eava, but later reeognized that this was better eonsidered as part 
of segment I. 

In 1982, Henri Bismuth used Couinaud's anatomieal deseriptions 
with some modifieations as the basis for developing anatomieal liver 
reseetions (Bismuth 2013). Couinaud's studies had been based on eor- 
rosion easts of injeeted eadaverie livers that had undergone slight post- 
mortem flattening from resting on a firm surface. Bismuth renamed 
Couinaud's anteromedial and posterolateral seetors in the right hemi- 
liver as anterior and posterior, and also ehallenged Couinaud's subdivi- 
sion of the left liver. Couinaud had deseribed two seetors: a lateral seetor 
eonsisting of a single segment, and a medial seetor eonsisting of two 
segments separated by a braneh of the left portal vein lying in continuity 
with the round ligament. Bismuth eonsidered that this went against 
Couinaud's own deseription of individual segments eontaining a major 
braneh of the portal vein, and suggested that the left medial seetor also 
eonsisted of a single segment, i.e. segments III and IV were, in faet, 
'half-segments' (Fig. 67.16). This seheme ereated a single seetor eon- 
taining two segments within the left hemi-liver. To avoid eonfhsion, 
Bismuth ehose to retain the segment numbers III and IV, albeit reeog- 
nizing them as half-segments. The Bismuth elassifieation reeognized 
two hemi-livers, three seetors (right posterior, right anterior and left) 
and seven segments: segments 6 and 7 in the right posterior seetor, 
segments 5 and 8 in the right anterior seetor, half-segments 3 and 4 and 
segment 2 in the left seetor, and segment 1 (numbering was ehanged 
from Roman to Arabie). 

In 1986, Ken Takasaki deseribed a different basis for subdividing the 
gross architecture of the liver, in which the portal vein had three 
branehes (right, middle and left) and there were just two hepatie veins 
(right and middle, the left hepatie vein being a tributary of the middle 
hepatie vein; Fig. 67.17). Takasaki had divided the liver into three parts 
of almost equal volume, based on the three branehes of the portal vein 
and the two hepatie veins. Apart from the terms used, Takasaki's deserip- 
tion is similar to Bismuth's modifieation of Couinaud's anatomy in that 
the liver is eonsidered to eonsist of three, and not four, territories. It 
fails to take into account the division of the left side of the liver by the 
faleiform and round ligaments. The major advantage of Takasaki's 
deseription is the individualization of the middle part, faeilitating the 
eoneept of eentral hepateetomy. 


A 


Left hepatie 



Left posterior seetor 


Left portal fissure 


Left anterior seetor 


B 



Fig. 67.16 A, The iimbilieal fissure that divides the anterior seetor of the 
left lobe into two segments is, in faet, an artifieial scissure. B, When it is 
suppressed, the anterior seetor appears as a single segment. (Redrawn 
with permission from Bismuth H. Surgical anatomy and anatomieal 
surgery of the liver. World J Surg 1982;6:3-9, Springer.) 


Middle segment 


Left segment 



Right segment 


Three seeondary branehes of the 
Glissonian pediele 


Fig. 67.17 The liver is divided into three segments and a caudate area, 
aeeording to the ramifieation of the Glissonian pedieles. (Redrawn based 
on Takasaki K, Koabayashi S, Tanaka S, et al 1986 Highly seleeted 
hepatie reseetion by Glissonian sheath-binding method. Dig Surg 3: 121.) 
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SECTION 8 


LIVER 


In 1998, the International Hepato-Panereato-Biliary Assoeiation 
(IHPBA) developed an international eommittee on nomenclature of 
hepatie anatomy and reseetions, and this reported to the IHPBA General 
Assembly in Brisbane in 2000 (Terminology Committee of the IHPBA 
2000). The ehairman ofthe eommittee, Steven M. Strasberg, highlighted 
the eonfhsion that arose from applying multiple terms to the same 
anatomieal structure or operative procedure, and from using the same 
term to deseribe more than one structure or operation. For example, in 
1997, there were 13 terms in use for the plane that defined the water- 
shed between the right and left hemi-livers (ealled the midplane of the 
liver by the eommittee), and the terms 'lobe', 'lobeetomy', 'segment' 
and 'segmenteetomy' were being used to deseribe different parts of the 
liver and assoeiated procedures, depending on whether the surgeon was 
European or North Ameriean. The anatomieal basis for the Brisbane 
2000 nomenclature was the usual branehing pattern of the hepatie 
arteries and bile ducts within the liver. The ramifieation of the portal 
vein was said to follow an identieal pattern in the right hemi-liver but 
to be different in the left hemi-liver. Three orders of branehing resulted 
in successive division of the liver into two hemi-livers, four seetions and 
eight segments. Watershed areas between territories subserved by 
branehes of the hepatie artery and bile duct were demareated by the 
midplane of the liver, a right and left interseetional plane, and several 
intersegmental planes. The terminology of liver reseetions was based 
direetly on the anatomieal terminology, and individual reseetions were 
termed hemihepateetomy (or hepateetomy), seetioneetomy and seg- 
menteetomy; an extended reseetion of three seetions was ealled a trisee- 
tioneetomy (Fig. 67.18). There has been a elear trend towards adoption 
of this terminology sinee 2000 but it has not been universal, not least 
because the elassifieation has some anatomieal defieieneies. In particu- 
lar, Couinaud's segments II and III beeame the left lateral seetion 
(which meant that removal beeame a left lateral seetioneetomy) but this 
does not accurately represent the anatomieal division. The introduction 
of the term 'seetion', as opposed to 'seetor', was intended to introduce 
simpler terms for segments II and III (left lateral seetion) and segment 
IV (left medial seetion) that would mirror the arrangement in the right 
hemi-liver (right anterior and posterior seetions). 

Bismuth argued that elassifieation of the lateral part of the left hemi- 
liver was particularly problematie. Aeeording to Couinaud, individual 
liver territories eontain portal vein branehes but are separated by the 
major hepatie veins. However, the lateral part of the left hemi-liver is 
demareated by the faleiform and round ligaments. Reseetion of this part 
of the liver remains one of the most eommonly performed hepateeto- 
mies. In elassieal anatomy, the term lobe relates to part of an organ 
defined by an external fissure; removal of the part of the liver to the 
left of the faleiform and round ligaments was originally ealled a left 
lobeetomy. Aeeording to subsequent elassifieations, this reseetion has 
been termed a left lateral segmenteetomy (Goldsmith and Woodburne 


1957), bisegmenteetomy (Couinaud 1957), reseetion of half a segment 
(Fakasaki et al 1986), and left lateral seetioneetomy (ferminology 
Committee of the IHPBA 2000). To avoid eonfhsion, the term lobee- 
tomy is no longer used but Bismuth has argued for a return to elassieal 
anatomy and the use of the term left lobeetomy. He has also argued 
that all hepateetomies should be defined by the speeifie segments that 
are reseeted. Thus, removal of a single segment should be deseribed as 
'segmenteetomy n' where n is the speeifie number of the segment 
removed. Reseetion of two segments is a 'bisegmenteetomy n + nl', and 
that of three segments a trisegmenteetomy n + nl+n2 (Bismuth 2013). 

Masatoshi Makuuchi, a member of the IHPBA Brisbane 2000 eom- 
mittee on nomenclature, has reeently questioned the current status, 
pointing out that the differenees in portal vein branehing patterns in 
the left and right hemi-livers have been the major obstaele in eonsist- 
ently elassifying liver territories to satisfy what is known about hepatie 
embryology, as well as deseriptive and surgical anatomy. Makuuchi 
(2013) has eommented that, in the embryo, the right and left hemi- 
livers develop synchronously and that the right and left umbilical veins 
initially join the right and left branehes of the portal vein, respeetively. 
At 4-5 weeks' gestation, the right umbilical vein is resorbed so that the 
volume of the left side of the liver inereases eompared to the right, but 
after occlusion of the left umbilical vein after birth, the left hemi-liver 
gradually shrinks and the right side enlarges. Makuuchi argues that 
the left lateral seetor (segment II) and right lateral seetor (segments 
VI and VII) were so named by Couinaud because the portal vein 
branehes to both seetors are the first large branehes arising from the 
left and right divisions of the portal vein. These two seetors also share 
the eharaeteristie of having a major hepatie vein mnning on their 
medial border. This is eontrary to the views of both Bismuth and Taka- 
saki, who maintain that segment II should be amalgamated with seg- 
ments III and IV into a single seetor, and of the IHPBA Brisbane 2000 
nomenclature eommittee, who eonsidered segment IV to be a full 
seetor. Makuuchi postulates that the left lateral seetor shrinks after birth 
and, if segment IV is determined to be a seetor, then the right medial 
seetor of the liver should be demareated by a plane that eorresponds to 
the embryonie right umbilical vein. As the main portal pediele should 
be loeated at the eentre of the seetor and not at its border, if the left 
and right hemi-livers are eaeh divided into two seetors, it is more logieal 
to regard segment II as a seetor, as suggested by Couinaud, rather than 
segment IV. 

Makuuchi also discussed the use of the term 'extended', as proposed 
by Bismuth and the IHPBA Brisbane 2000 nomenclature eommittee. 
He suggested that ambiguity could be eliminated by adopting the 
wording 'extended into segment X', where X is the speeifie segment 
number identified by Couinaud. Further revision of the nomenclature 
is likely in the future (Strasberg and Phillips 2013). 
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Anatomieal term 


Couinaud segments 


Term for surgical reseetion 


Right liver 
or 

Hemi-liver 


Sg 5-8 


Right hepateetomy 

or 

Right hemihepateetomy 


Diagram 

(pertinent area is shaded) 



Left liver 
or 

Hemi-liver 


Sg 2-4 


Right anterior 
seetion 


Sg 5,8 


Right posterior 
seetion 


Sg 6,7 


Left medial 
seetion 



Left lateral 
seetion 


Sg 2,3 


Left hepateetomy 
or 

Left hemihepateetomy 


Right anterior seetioneetomy 


Right posterior seetioneetomy 


Left medial seetioneetomy 


Left lateral seetioneetomy 







Segments 1-8 


Any one of Sg 1-8 


Segmenteetomy 
(e.g. segmenteetomy 6) 



Two contiguous 
segments 


Any two of Sg 1 -8 
in continuity 


Bisegmenteetomy 
(e.g. bisegmenteetomy 5,6) 



Extended reseetions (Triseetioneetomy) 


Sg 4-8 


Right triseetioneetomy (preferred term) 

or 

Extended right hepateetomy 

or 

Extended right hemihepateetomy 



Sg 2,3,4,5,8 


Left triseetioneetomy (preferred term) 

or 

Extended left hepateetomy 

or 

Extended left hemihepateetomy 



Fig. 67.18 Reseetional terminology. (Redravvn vvith 
permission from Terminology Committee of the 
International Hepato-Panereato-Biliary Assoeiation. 
The Brisbane 2000 terminology of liver anatomy 
and reseetions. HPB 2000;2:333-9.) 
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SECTION 8 


LIVER 



structures are usually aeeompanied by one or more lymphatie vessels 
and nerves. 

The liver parenehyma eonsists of a complex network of epithelial 
eells, supported by eonneetive tissue, and perfused by a rieh blood 
supply from the portal vein and hepatie artery. The epithelial eells, 
hepatoeytes, earry out the major metabolie aetivities, but additional eell 
types possess storage, phagoeytie and meehanieally supportive func- 
tions. In the mature liver, hepatoeytes are arranged mainly in plates (or 
eords when seen in two-dimensional seetions) that are usually only one 
eell thiek and are separated by venous sinusoids, which anastomose 
with eaeh other via gaps in the plates (Fig. 67.20; see Fig. 67.22). LTntil 
about 7years of age, plates are normally two eells thiek. This pattern 
recurs in liver regeneration, when a mixture of hyperplasia and hyper- 
trophy results in eell plates that are several eells thiek and eomposed of 
larger multinucleated hepatoeytes, reverting over the course of about a 
year to single eell thiekness. 

Bile is seereted by hepatoeytes and eolleeted in a network of minute 
tubes (eanaliaili). The hepatoeytes ean therefore be regarded as exo- 
erine eells, seereting bile into the alimentary traet via the extrahepatic 
bile ducts. Their other metabolie fhnetions involve complex bioehemi- 
eal exchanges with the blood. 

The fetal liver is a major haemopoietie organ; erythroeytes, leuko- 
eytes and platelets develop from mesenehyme eovering the sinusoidal 
endothelium. 


Lobulation of the liver 


The structural unit of the liver is the lobule: a roughly hexagonal 
arrangement of plates of hepatoeytes, separated by intervening sinu- 
soids that radiate outwards from a eentral vein, with portal triads at the 
vertiees of eaeh hexagon (Fig. 67.21; see 7 ig. 67.19). The eentral veins 
drain into the hepatie veins. In some speeies, the elassie lobular units 
are delimited mieroseopieally by distinet eonneetive tissue septa. 
However, the lobular organization of the human liver is not immedi- 
ately evident in histologieal seetions; the lobules do not have distinet 
boundaries, and eonneetive tissue is sparse. The plates do not pass 
straight to the periphery of a lobule like the spokes of a wheel but mn 
irregularly as they anastomose and braneh. 

Detailed studies of human liver, using three-dimensional reeonstme- 
tion and morphometrie analysis eombined with histopathologieal 
observations, have revealed a highly ordered arrangement of hmetional 
units: the hepatie (portal) aeini. Eaeh acinus is an approximately ovoid 
mass of tissue, orientated around a terminal braneh of a hepatie arteri- 
ole and portal venule, and with its long axis defined by two adjaeent 
eentral veins (see Fig. 67.19). It inehides the hepatie tissue served by 
these afferent vessels and is bounded by adjaeent aeini. 

The aeinar definition of hepatie microarchitecture has elarified the 
interpretation of liver histopathology, particularly in relation to zones 
of hypoxic damage, glyeogen deposition and removal, and toxic injury, 
all of which are related to the direetion of blood flow. There are also 
real metabolie differenees between hepatoeytes within the aeini, which 


ean be divided into three zones: zone 1 (periportal) is nearest to the 
terminal branehes of afferent vessels; zone 2 is the intermediate zone; 
and zone 3 is the area elosest to the eentral vein. 

Blood siipply 


Preterminal hepatie arterioles within the aeini eonvey arterial blood to 
the simisoids, mostly via a fine eapillary plexus that drains to branehes 
of the portal veins; a small proportion of arterial blood passes direetly 
to the hepatie sinusoids, bypassing these eapillary plexuses. Sinusoids 
thus eontain mixed venous and arterial blood. Central veins from adja- 
eent lobules form interlobular veins that unite as hepatie veins and 
drain to the inferior vena eava. 

Hepatie plates (eords) 


The endothelium of the sinusoids is fenestrated and laeks a basal 
lamina, which enables it to aet as a dynamie blood filter ( "raser et al 
1995). The simisoids are separated from the plates of hepatoeytes by a 
narrow gap, the perisimisoidal spaee of Disse, which is normally 
0.2-0.5jiim wide but which distends in hypoxic states. The spaee eon- 
tains interstitial fluid, the mierovilli of adjaeent hepatoeytes, hepatie 
stellate eells, fine eollagen fibres (mostly type III, with some types I and 
IV), and oeeasional non-myelinated nerve terminals. 

A network of minute, intereonneeting biliary canaliculi (approxi- 
mately 1 pm in diameter) mns between the hepatie plates. The eanal- 
iculi are formed by the apposed plasma membranes of adjaeent 
hepatoeytes sealed by tight junctions. They conduct bile to the eanals 
of Hering, trough-like structures lined by eholangioeytes and hepato- 
eytes within the liver lobules. Eaeh eanal eolleets bile from multiple 
canaliculi and empties into a bile ductule (lined by eholangioeytes), 
which in turn drains into an interlobular bile duct within the portal 
traets (Roskams et al 2004). The flow of bile is thus towards the periph- 
ery of the lobule, in the opposite direetion to the blood flow, which is 
eentripetal. 

Cells of the liver 


Resident eells of the liver include hepatoeytes, hepatie stellate eells (also 
known as fat-storing Ito eells), sinusoidal endothelial eells, maero- 
phages (Kupffer eells), the epithelial eells of the biliary tree (eholangio- 
eytes), hepatie stem eells, natural killer lymphoeytes (pit eells), and 
eonneetive tissue eells of the capsule and portal traets (see Fig. 67.19B). 

Hepatoeytes About 80% of the liver vohime and 60% of its eelhilar 
population is made up of hepatoeytes (parenehymal eells) (see Fig. 
67.21; Fig. 67.22). They are polyhedral, with 5-12 sides, and measure 
20-30 pm aeross. Their nuclei are round, euchromatic and often tetra- 
ploid, polyploid or multiple, with two or more in eaeh eell. Their 
eytoplasm typieally eontains a eonsiderable amount of rough and 


C entral vein lnterlobularseptum 



Central vein 

Hepatoeyte 
Kupffer eells 

Sinusoid 
Bile canaliculi 


Hepatie artery 


Bile duct 

Hepatie 
portal vein 


Bile duct Hepatie artery Hepatie portal vein Portal triad Bile ductules 

Fig. 67.21 The hepatie microstructure. Sinusoidal endothelial eells are not shown. 
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Liver 




Fig. 67.20 Seanning eleetron mierographs of a 
resin eorrosion east of the human liver 
demonstrating the three-dimensional arrangement 
of the hepatie sinusoids. A, A portal vein (PV) 
braneh within a portal triad x33 100jum. 

B, Sinusoids and eentral veins (CV) x37 lOOpm. 

C, A sinusoidal network x330 10jum. D, Sinusoidal 
endothelial eells x 7000 1 jum. (Courtesy of 
Professor Greg Jones, Llniversity of Otago, New 
Zealand). 
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Liver 


Fenestrae- 

Kupffer eell- 

Sinusoid- 

Spaee of Disse- 

Smooth endoplasmie 
reticulum 


Tight junction — 
Biliary canaliculus 

Peroxisome- 

Gap junction- 

Desmosome- 


Oollagen fibres 



Endothelial eells 
—Stellate eell 


-Vacuole 

-Mitoehondrion 

— Golgi apparatus 
Nucleus (ehromatin) 

-Nucleolus 

Rough endoplasmie 

reticulum 

-Lipid 

-Lysosome 


Sinusoid 


Fig. 67.22 A sehematie illustration of a 
hepatoeyte and adjaeent sinusoids. 
(Redrawn from O’Grady J, Lake JR, 
Howdle PD. Oomprehensive dinieal 
Hepatology, Mosby 2000.) 


smooth endoplasmie retienlnm, many mitoehondria, lysosomes and 
well-developed Golgi apparatus, all features that indieate a high meta- 
bolie aetivity. Glyeogen granules and lipid vacuoles are usually promi- 
nent. Numerous large peroxisomes and vacuoles eontaining enzymes, 
e.g. urease in distinetive erystalline forms, indieate the complex metab- 
olism of these eells. Their role in iron metabolism is refleeted by 
the presenee of storage vacuoles eontaining erystals of ferritin and 
haemosiderin. 

The surfaces of hepatoeytes faeing the sinusoids exhibit numerous 
mierovilli, approximately 0.5 pm long, ereating a large surface area 
(approximately 70% of the hepatoeyte surface) exposed to blood 
plasma. Elsewhere, hepatoeytes are linked by numerous gap junctions 
and desmosomes. Lateral plasma membranes of adjaeent hepatoeytes 
form mieroseopie ehannels, the bile eanaliaili, which are speeialized 
regions of intercellular spaee formed by apposing grooves in hepatoeyte 
plasma membranes, sealed from extraneous interstitial spaee by 
tight junctions. Four types of transmembrane molecules (occludins, 
claudins, junctional adhesion molecules and coxsackie vims and aden- 
ovims reeeptors) constitute the eore units of the hmetional protein 
complexes of the tight junctions (Lee 2012) (see Fig. 1.19). Individual 
tight junction complexes, either alone or in eombination, are involved 
in signalling pathways in health and disease. Numerous membrane- 
bound exocytotic vesieles cluster near the lumen of the canaliculi 
because the seeretion of bile is targeted at the eanaliailar plasma mem- 
brane. The tight junctions surrounding the biliary canaliculi prevent 
bile from entering the interstitial fluid or blood plasma, thereby ereat- 
ing a blood-bile barrier. 

Hepatie Stellate eells Hepatie stellate eells are much less numerous 
than hepatoeytes. They are irregular in outline and lie within the per- 
isimisoidal spaee of Disse between the sinusoids and the hepatoeyte 
plates. They are thought to be mesenehymal in origin and are eharaeter- 
ized by numerous eytoplasmie lipid droplets. These eells seerete most 
of the intralobular matrix eomponents, including eollagen type III 
(retioilar) fibres. They store the fat-soluble vitamin A in their lipid 
droplets and are a signifieant source of growth faetors involved in liver 


homeostasis and regeneration. Hepatie stellate eells also play a major 
role in pathologieal proeesses (Yin et al 2013). In response to liver 
damage, they beeome aetivated and predominantly myofibroblast-like. 
They are responsible for the replaeement of damaged hepatoeytes with 
collagenous sear tissue, a proeess ealled hepatie fibrosis, that is seen 
initially in zone 3, around eentral veins. Fibrosis ean progress to eir- 
rhosis, where the parenehymal architecture and pattern of blood flow 
within the liver are destroyed, with major systemie consequences. 

SìnilSOÌdal endothelial eells Hepatie venous sinusoids are gener- 
ally wider than blood eapillaries and are lined by a thin but highly 
fenestrated endothelium that laeks a basal lamina. The endothelial eells 
are typieally flattened, eaeh with a eentral nucleus, and are joined to 
eaeh other by junctional complexes. The fenestrae are grouped in clus- 
ters with a mean diameter of 100 nm, allowing plasma direet aeeess to 
the basal plasma membranes of hepatoeytes. Their eytoplasm eontains 
numerous transeytotie vesieles. 

Kupffer eells Kupffer eells are hepatie maerophages derived from 
circulating blood monoeytes and originate in the bone marrow. They 
are long-term hepatie residents and lie within the sinusoidal lumen 
attaehed to the endothelial surface. Kupffer eells are irregular in shape 
and have long proeesses that extend into the sinusoidal lumen. They 
form a major part of the mononuclear phagoeyte system, which is 
responsible for removing eelhilar and mierobial debris from the eiroila- 
tion, and for seereting eytokines involved in defenee. They remove 
aged and damaged red eells from the hepatie eiroilation, a fimetion 
normally shared with the spleen but fiilfilled entirely by the liver after 
spleneetomy. 

Hepatie Stem eells Hepatie stem eells are undifferentiated, pluripo- 
tential eells and are understood to reside around the eanals of Hering; 
they are derived from the ductal plate in fetal livers. Their progeny are 
small epithelial eells (8-18 pm) with a large oval nucleus and seanty 
eytoplasm, expressing both biliary epithelial and hepatoeyte markers 
(Roskams et al 2010). 
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Fig. 67.10 Common hepatie artery variants. 

Fig. 67.11 Hepatie arteriograms. 

Fig. 67.16 A, The iimbilieal fissure that 
divides the anterior seetor of the left lobe 
into two segments is, in faet, an artifieial 


scissure. B, When it is suppressed, the 
anterior seetor appears as a single segment. 

Fig. 67.17 The liver is divided into three 
segments and a caudate area, aeeording to 
the ramifieation of the Glissonian pedieles. 


Fig. 67.18 Reseetional terminology. 

Fig. 67.20 Seanning eleetron mierographs of 
a resin eorrosion east of the human liver 
demonstrating the three-dimensional 
arrangement of the hepatie sinusoids. 
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The biliary tree eonsists of the system of ducts that eolleet and 
deliver bile from the liver to the seeond part of the duodenum. It is 
eonventionally divided into intrahepatie and extrahepatic biliary trees. 
The intrahepatie ducts are formed from bile ductules that join to form 
segmental ducts. These merge to form right and left hepatie ducts elose 
to the porta hepatis. The extrahepatic biliary tree eonsists of the extra- 
hepatie segments of the right and left hepatie ducts, the eommon 
hepatie duct, the eystie duct and gallbladder, and the eommon bile duct 
(Fig. 68.1). 



GALLBLADDER 


The gallbladder is a flask-shaped, blind-ending diverticulum attaehed 
to the bile duct by the eystie duct (Fig. 68.2). It stores and eoneentrates 
bile. In life, it is grey-blue in colour and is usually firmly attaehed 
by eonneetive tissue to the inferior surface of the right lobe of the 
liver, between segments IV and V at the lower limit of the prineipal 
plane. In the adult, the gallbladder is between 7 and 10 em long, 
with a resting volume of about 25 ml and a eapaeity of up to 50 ml 
(Di Ciaula et al 2012). It usually lies in a shallow fossa (the gallbladder 
bed) on the viseeral surface of the right lobe of the liver, eovered 
by peritoneum eontimied from the liver surface. This attaehment ean 
vary widely. Rarely, the gallbladder is almost eompletely buried within 
the liver (intrahepatie gallbladder; Guiteau et al 2009), or suspended 
from the liver by a peritoneal mesentery (when it is at risk of torsion; 
Gupta et al 2009), or eonneeted to the duodenum by an extension of 
the free edge of the lesser omentum (cystoduodenal ligament; Ashaolu 
et al 2011). 
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Fig. 68.1 The overall arrangement of the intrahepatie and extrahepatic 
biliary tree. The segmental ducts often braneh just before they enter the 
main ducts, or are multiple as they enter the main ducts, but for elarity 
are shown here as single ducts. Note that segment I often drains via both 
right and left hepatie ducts. The level of the liver parenehyma at the porta 
hepatis is shown by the dashed line. 


The gallbladder is deseribed as having a fundus, body and neek. 
The neek lies at the medial end, elose to the porta hepatis, and almost 
always has a short peritoneal attaehment (mesentery) to the liver, 
which usually eontains the eystie artery. The mucosa at the medial 
end of the neek is obliquely ridged, forming a ereseentie fold that is 
continuous with the spirally arranged mucosal folds in the eystie duct 
(Dasgupta and Stringer 2005). At its lateral end, the neek widens out 
to form the body of the gallbladder; when this widening is elearly 
demareated as a result of gallstone disease, it is referred to as 'Hart- 
mann's pouch' The neek usually lies anterior to the seeond part of the 
duodenum. The body of the gallbladder normally lies in eontaet with 
the viseeral surface of the liver. When the neek possesses a mesentery, 
this rapidly shortens along the length of the body as it lies in the gall- 
bladder fossa. The body lies anterior to the seeond part of the duode- 
num and the right end of the transverse eolon. The bulbous fundus lies 
at the lateral end of the body and usually projeets past the inferior 
border of the liver to a variable extent. Here, it frequently lies in eontaet 
with the anterior abdominal wall behind the ninth eostal eartilage, 
where the lateral edge of the right rectus abdominis erosses the eostal 
margin. This is where enlargement of the gallbladder is best sought on 
elinieal examination. The fundus eommonly lies adjaeent to the trans- 
verse eolon. 

The gallbladder varies in size and shape. The fundus may be elon- 
gated and highly mobile. Rarely, the fundus is folded baek on the body 
of the gallbladder, the so-ealled Phrygian eap; on ultrasound, this may 
be wrongly interpreted as an apparent septum within an otherwise 
normal gallbladder. Other anatomieal variants of the gallbladder 
include duplication, with or without a double eystie duct; agenesis; 
internal septation; and an eetopie loeation (most eommonly left-sided) 
(Gross 1936, Faure et al 2008); although rare, these eongenital anoma- 
lies are particularly important if the patient requires surgery for gall- 
bladder or gallstone disease (Lamah et al 2001, Singh et al 2006, 
Castorina et al 2014, Chowbey et al 2004). 



SEGMENTAL AND SECT0RAL DUCTS 



The segmental ducts of the left hemi-liver have a relatively eonstant 
pattern, although more than one segmental duct may drain eaeh 
partioilar segment. The left hepatie duct is formed by the union of 
segment II and III ducts, most often behind or to the left of the umbili- 
eal portion of the left portal vein (see Fig. 68.1). The biliary drainage 
of segment IV is more variable but is usually by a single duct into the 
left hepatie duct. The right hepatie duct is formed by the union of 
the right anterior (medial) and posterior (lateral) seetoral ducts. The 
right anterior (medial) seetoral bile duct drains segments V and VIII, 
and the right posterior (lateral) seetoral duct drains segments VI and 
VII. The right posterior seetoral duct usually curves around the posterior 
aspeet of the right anterior duct before fhsing with its medial aspeet; 
this is known as Hjortsjò's erook and is an important teehnieal eonsid- 
eration when performing liver reseetion (Fig. 68.3). The bile ducts 
draining the caudate lobe (segment I) usually join the origin of the 
left hepatie duct or may drain into both hepatie ducts near the hilar 
eonfhienee. 

The right hepatie duct and its branehes are more often subject to 
variation than the left ductal system (Cucchetti et al 2011, Chaib et al 
2014). These variations have been elassified into six main types (Table 
68.1, Fig. 68.4). Left intrahepatie ductal variations mostly relate to the 
drainage pattern of segment IV; this segmental bile duct usually drains 
into the left hepatie duct but it may open into a segment II or III bile 
duct, the right anterior seetoral duct, or even the eommon hepatie duct 
(Chaib et al 2014). 






















Gallbladder and biliary tree 


An oblique groove on the inferior surface of the liver posterior to 
the gallbladder bed is present in 70-80% of livers. It is variably known 
as the fissure of Gans, Rouviere's sulcus or the incisura hepatis dextra 
(Ch. 67). It overlies the division of the right posterior (lateral) portal 
pediele, where it gives off the inferior segment VI braneh. It has been 
inereasingly reeognized as a useful anatomieal landmark during hepatie 
reseetion and in laparoseopie eholeeysteetomy (sinee the eystie duct and 
artery lie anterosuperior to the sulcus while the eommon bile duct lies 
posteroinferior) (Dahmane et al 2013). 
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Fig. 68.2 The interior of the gallbladder and bile ducts. 


Table 68.1 Major variations of the intrahepatie diiet drainage patterns 


Type 

Approximate % 
of population 

Deseription 

1 

60* 

Normal anatomy 

2 

15 

No right hepatie duct. The eommon hepatie duct is formed by the 
union of right anterior seetoral, right posterior seetoral and left 
hepatie ducts (trifurcation pattern) 

3 

15 

One of the right seetoral ducts (more often the posterior) joins 
the left hepatie duct 

4 

10 

Low drainage of one of the right seetoral ducts (more often the 
posterior) into the eommon hepatie duct 

Rare 

<5 

The segment V duct or the right posterior seetoral duct drains 
into the eystie duct or gallbladder 


(Data from Cucchetti et al 2011 and Chaib et al 2014.) 

*This figure is higher in men and lower in women, i.e. women are more likely to have variant intrahepatie 
bile duct anatomy. N.B. The pereentage of different types varies between populations. 


EXTRAHEPATIC BILIARY TREE 


CYSTIC DUCT 


The eystie duct drains the gallbladder into the eommon bile duct. In 
adults, it is usually between 2 and 4 em long and has a luminal diameter 
of 2-3 mm (Dasgupta and Stringer 2005). It passes posteriorly and 
medially from the neek of the gallbladder, often in a tortuous fashion, 
to unite with the eommon hepatie duct and form the eommon bile 
duct. The anatomy of the junction between the eystie duct and eommon 
hepatie duct is variable (see Fig. 68.4). In most individuals, the eystie 
duct joins the middle third of the eombined lengths of the eommon 
hepatie and eommon bile ducts (Shaw et al 1993), but it may drain 
into the distal eommon bile duct or into a more proximal duct such as 
the proximal eommon hepatie duct or right hepatie duct; it usually joins 
the right lateral aspeet of the eommon hepatie duct but may merge 
medially, anteriorly or posteriorly; and it usually forms an oblique 
angle with the eommon hepatie duct but ean spiral around it or mn 
parallel to it in the free edge of the lesser omentum for a variable dis- 
tanee before merging (Lamah et al 2001). irrespeetive of the site or type 
of union, the terminal part of the eystie duct is frequently adherent to 
the eommon hepatie duct for a variable distanee. 

Rarely, the eystie duct is double or absent (when the gallbladder 
drains direetly into the bile duct), or reeeives an anomalous hepatie 
duct from segment V of the liver. These variations in eystie duct anatomy 
are of eonsiderable importanee during surgical excision of the gallblad- 
der (eholeeysteetomy). The eystie duct must be identified passing to the 
neek of the gallbladder and must be occluded some distanee away from 
the bile duct to prevent injury to the latter. A preliminary operative 
eholangiogram is essential if the anatomy is unclear or anomalous. 

The mucosa of the eystie duct has 2-10 ereseentie folds that projeet 
into the lumen and form a spiral; these are continuous with those in 
the neek of the gallbladder. The fimetion of these spiral folds is unknown 
but they may help to preserve the pateney of this narrow, tortuous duct 


Cystic duct variants 
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intrahepatie bile duct variants 
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Fig. 68.4 Variations in the anatomy of the eystie and intrahepatie bile 
ducts. The eystie duct variations are labelled A1-A4 and the intrahepatie 
bile duct variations as types 1-4 (see Table 68.1). 


rather than regulate the flow of bile, as is eommonly stated (Dasgupta 
and Stringer 2005). 


HEPATIC DUCTS 


The right and left hepatie ducts emerge from the liver and unite near 
the right end of the porta hepatis to form the eommon hepatie duct. 
The extrahepatic right duct is short (0.5-2.0cm in adults) and nearly 
vertieal, while the left is longer (1.5-3.5cm) and more horizontal, and 
lies along the inferior border of segment IV. The aeeessibility of the 
extrahepatic segment of the left hepatie duct is exploited when perform- 
ing a surgical biliary bypass in patients with benign hilar bile duct 
strictures (Myburgh 1993). 

In adults, the eommon hepatie duct deseends approximately 3cm 
before being joined obliquely on its right by the eystie duct to form 
the eommon bile duct. The eommon hepatie duct lies to the right of 
the hepatie artery and anterior to the portal vein in the free edge of the 
lesser omentum. In adults, the luminal diameter of the normal eommon 
hepatie duct, as measured by ultrasound, is less than 5 mm. 


C0MM0N BILE DUCT 


The eommon bile duct is formed near the porta hepatis, by the junction 
of the eystie and eommon hepatie ducts (Figs 68.5-68.6). In adults, it 
is usually between 6 and 8cm long and its himinal diameter, as 


































Gallbladder and biliary tree 


A small bile duct from segment V of the liver may traverse the gall- 
bladder fossa and join the right hepatie duct or its anterior seetoral 
braneh or the eommon hepatie duct. This is often known as Luschka's 
duct and its importanee lies in the faet that it may be injured during 
eholeeysteetomy, causing a postoperative bile leak (Spanos and Syrakos 
2006). Postmortem studies have identified such a duct in up to one- 
third of individuals but many of these are small and relatively insignifi- 
eant; if larger ducts (l-2mm) are eonsidered, the prevalenee is nearer 
5% (Ko et al 2006). These ducts are more likely to be injured if the 
gallbladder is not disseeted elose to its wall. Luschka did not deseribe 
a duct draining direetly into the gallbladder; this is referred to as a 
eystohepatie or eholeeystohepatie duct and should not be eonfhsed 
with a hepatoeystie duct (which is present when the eommon bile duct 
is absent and both hepatie ducts drain direetly into the gallbladder 
which drains in turn via the eystie duct into the duodenum) (Losanoff 
et al 2002). 


Fig. 68.3 Hjortsò’s erook. The right posterior (lateral) seetoral bile duct 
usually hooks around the right anterior (medial) seetoral pediele, rendering 
it vulnerable to injury when performing an extended left hepateetomy that 
includes segments V and VIII of the liver (left triseetioneetomy). 
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Fig. 68.5 A, An endoseopie retrograde eholangiopanereatogram 
(B, continued online) 
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Fig. 68.6 A magnetie resonanee eholangiopanereatogram. 


measured by ultrasound, is no more than 7 mm (Perret et al 2000); the 
diameter inereases slightly with advaneing age from a mean of 3.6mm 
below 60years to a mean of 4mm after 80years. The eommon bile duct 
ean be divided into supraduodenaf retroduodenal and panereatie seg- 
ments. The supraduodenal segment deseends posteriorly and slightly 
to the left, anterior to the epiploie foramen and inferior vena eava, in 
the free right border of the lesser omentum, where it lies anterior and 
to the right of the portal vein and to the right of the hepatie artery. This 
part of the eommon bile duct is the most aeeessible at surgery. The 
retroduodenal segment lies behind the fìrst part of the duodenum with 
the gastroduodenal artery on its left. The panereatie segment mns in a 
groove on the posterior surface of the head of the panereas, embedded 
in the gland to a variable degree; it lies up to 2 em away from the medial 


wall of the seeond part of the duodenum and anterior to the right renal 
vein. The posterior superior pancreaticoduodenal braneh of the gas- 
troduodenal artery deseends anterior to the retroduodenal portion of 
the eommon bile duct (at the superior border of the panereas) before 
spiralling around the right side of the bile duct to reaeh the posterior 
surface of the head of the panereas (Bertelli et al 1996). 

Hepatopanereatie ampulla 


As it deseends behind the head of the panereas medial to the seeond 
part of the duodenum, the eommon bile duct approaehes the right end 
of the panereatie duct. The two ducts usually enter the duodenal wall 
together in a Y configuration to form a short eommon ehannel measur- 
ing between 2 and 10mm in length ( lati et al 1994). This eommon 
ehannel often eontains a dilation known as the hepatopanereatie 
ampulla (of Vater) and it opens via a single orifiee on to the medial 
wall of the seeond part of the duodenum at the major duodenal papilla 
(Fig. 68.5B). In elinieal praetiee, the whole region is often termed the 
panereatieobiliary junction. Oeeasionally, the eommon bile duct and 
panereatie duct unite outside the duodenal wall to form an abnormally 
long eommon ehannel or the two ducts are separated by a septum or 
drain into the duodenum separately (Kamisawa and Okamoto 2008). 

The mucosa of the terminal 5-10mm of the eommon bile and pan- 
ereatie ducts has a complex arrangement of circumferentially arranged 
folds (Purvis et al 2013) (Fig. 68.7). Their distribution and orientation 
impede reflux of duodenal eontents into the bile and panereatie ducts, 
and they may sometimes cause difficulty cannulating the major duode- 
nal papilla during endoseopie retrograde eholangiopanereatography 
(ERCP). 

A complex arrangement of smooth muscle with prominent circular 
fibres surrounds the distal eommon bile duct (bile duct sphineter) and 
hepatopanereatie ampulla (sphineter of Oddi); to a lesser extent, it also 
surrounds the terminal part of the main panereatie duct (panereatie 
duct sphineter) (Boyden 1957, Didio and Anderson 1968). The whole 
sphineter muscle complex lies mostly within the wall of the duodenum 
and, in adults, measures approximately 15-20 mm in length; it eon- 
tains a high pressure zone that ean be deteeted by manometry ( Teilum 
1991, Habib et al 1988). The smooth muscle of the ampullary sphineter 
is developmentally and anatomieally distinet from the adjaeent duo- 
denal muscle. The sphineter regulates the flow of bile and panereatie 
seeretions into the duodenum and impedes reflux of duodenal eontents 
into the ductal system (Guelrud et al 1990); it is inhibited by ehole- 
eystokinin (CCK), which not only relaxes the sphineter but also causes 
gallbladder eontraetion (Woods et al 2005). Division of the upper part 
of the ampullary sphineter (sphineterotomy) may be required to allow 
aeeess to the eommon bile duct during ERCR 

The panereatieobiliary junction is elinieally important because it 
may be affeeted by various eongenital and acquired disorders. An anom- 
alous union between the bile and panereatie ducts, particularly one 
resulting in an abnormally long eommon ehannel, may be assoeiated 
with eongenital bile duct dilation, recurrent panereatitis, and/or gall- 
bladder eaneer (Kimura et al 1985, Misra and Dwivedi 1990, Stringer 
et al 1995). Acquired pathology in this region also inehides gallstone 
obstmetion and peri-ampullary tumours. 



Hepatobiliary triangle 


The triangular region formed between the eystie duct, the eommon 
hepatie duct and the inferior surface of the liver is the hepatobiliary 
triangle (Fig. 68.8). It is often mistakenly referred to as Calot's triangle, 
which is an isoseeles triangle based on the eommon hepatie duct, with 
the eystie artery and eystie duct forming its sides (Stringer 2009). The 
hepatobiliary triangle is bridged by the double layer of peritoneum that 
forms the short and variable mesentery of the eystie duct. Between these 
two layers there is a variable amount of fatty eonneetive tissue, lymphat- 
ies, the eystie lymph node, autonomic nerves, and usually the eystie 
artery as it mns from the right hepatie artery to the gallbladder; oeea- 
sionally, there may also be an aeeessory bile duct (see above). Under- 
standing the variations in biliary and arterial anatomy as they relate to 
the triangle is of eonsiderable importanee during excision of the gall- 
bladder in order to avoid injury to the eommon hepatie or eommon 
bile duct or right hepatie artery (Suzuki et al 2000, Talpur et al 2010). 



GALLST0NES 


Gallstones are relatively eommon and usually form in the gallbladder. 

Gallbladder eontraetion may move a gallstone towards the narrow eystie 1175 
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Gallbladder and biliary tree 



Fig. 68.5 B, Endoseopie image of the major duodenal papilla (arrow) on 
the medial wall of the deseending duodenum. 
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Fig. 68.8 A view of the hepatobiliary triangle (dashed line) at laparoseopie 
eholeeysteetomy. In this patient, the eystie artery ean be seen erossing 
the triangle superficially en route to the gallbladder. (Courtesy of Riehard 
Flint, Christchurch Hospital.) 



Fig. 68.7 A seanning eleetron mierograph showing mucosal folds (arrows) 
lining the wall the hepatopanereatie ampulla. Abbreviations: I, inferior; L, 
lateral; M, medial; S, superior. 
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diiet, where it ean cause obstmetion and pain (biliary eolie). If the stone 
continues to occlude the eystie duct, it will lead to inflammation of the 
gallbladder (acute eholeeystitis) or a sterile distension of the gallbladder 
(mucocele); providing the gallbladder has not been inflamed previ- 
ously, it will be non-fibrotie and distensible, and the fundus often 
beeomes palpable below the eostal margin. A gallstone lodged in the 
eystie duct or neek of the gallbladder may also produce an inflammatory 
swelling that eompresses the eommon hepatie duct, resulting in partial 
obstmetion to the flow of bile and the development of jaundice (the 
so-ealled 'Mirizzi syndrome'; Stringer 2009). If the gallstone passes 
through the eystie duct, it may beeome impaeted in the distal eommon 
bile duct or at the panereatieobiliary junction, causing obstmetive jaun- 
diee, eholangitis and/or acute panereatitis. 


END0SC0PIC CH0LANGI0PANCREAT0GRAPHY 

The eommon bile duct and/or panereatie duct may be aeeessed endo- 
seopieally from the duodenum for diagnostie eholangiography and/or 
panereatography, and for therapeutic interventions such as the relief of 
biliary obstmetion by insertion of an internal stent. The acute angle 
between the distal eommon bile duct and panereatie duct may make 
direet cannulation of the bile duct difficult. In such eases, the upper 
part of the major duodenal papilla may be ineised (pre-cut sphineter- 
otomy) to faeilitate cannulation of the eommon bile duct. This ineision, 
and the more extensive sphineterotomy that may be performed to 
release an impaeted gallstone (Sakai et al 2012), are oeeasionally eom- 
plieated by arterial bleeding. The risk may be reduced by making the 
ineision in the 10-11 o'eloek region of the sphineter (Mirjalili and 
Stringer 2011). Endoseopie sphineterotomy ean result in uncontrolled 
reflux of duodenal eontents into the distal eommon bile duct and 
aseending biliary infeetion. 


BILIARY DRAINAGE 


The proximity of the fundus of the gallbladder to the anterior abdomi- 
nal wall faeilitates ultrasound-guided percutaneous drainage of a dis- 
tended, obstmeted gallbladder. Because of the small ealibre of the eystie 
duct and its spiral folds, drainage of the gallbladder is rarely sufficient 
to deeompress the biliary tree when the eommon bile duct is obstmeted. 
In such eases, temporary or permanent biliary drainage may be aehieved 
by the endoseopie insertion of a biliary stent through the obstmetion 
via the major duodenal papilla, surgical bile diversion, or percutaneous 
transhepatie drainage. The latter involves image-guided puncture of a 
dilated intrahepatie bile duct and the insertion of an external drain or 
an internal stent through the biliary obstmetion. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


Cystic artery 

The eystie artery usually arises from the right braneh of the hepatie 
artery (Fig. 68.9, but see 7 ig. 68.10) and most often passes posterior to 
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Fig. 68.9 Normal anatomy of the eystie artery 


the eommon hepatie duct within the hepatobiliary triangle, where it 
lies superior to the eystie duct. On reaehing the superior aspeet of the 
neek of the gallbladder, it divides into a superficial braneh that mns 
along the peritoneal (inferior) surface of the gallbladder, and a deep 
braneh that mns between the gallbladder and its fossa; the branehes 
anastomose over the surface of the body and fundus. The eystie artery 
is usually less than 3mm in diameter, and a larger artery in the 
hepatobiliary triangle is more likely to be the right braneh of the 
hepatie artery. 

The origin of the eystie artery is variable (Fig. 68.10). The most 
eommon variant is an origin from the hepatie artery proper, when it 
often erosses anterior to the eommon bile duct or eommon hepatie duct 
to reaeh the gallbladder. Rarely, it may arise from the left hepatie, gas- 
troduodenal, superior pancreaticoduodenal, eoeliae, right gastrie or 
superior mesenterie arteries; in these eases, the eystie artery may not 
traverse the hepatobiliary triangle. The eystie artery frequently bifhreates 
elose to its origin, giving rise to two vessels. Alternatively, an aeeessory 
eystie artery may arise from the hepatie artery or one of its branehes. 
There appear to be raeial differenees in the frequency of these variants 
(Saidi et al 2007). Small arterial branehes from the parenehyma of 
segment IV or V of the liver may contribute to the supply of the body 
of the gallbladder, partiailarly when it is substantially intrahepatie; 
these help to proteet the gallbladder from isehaemie neerosis if inflam- 
mation results in thrombosis of the eystie artery. 

The eystie artery also gives rise to imiltiple fine branehes that eon- 
tribute to the blood supply of the extrahepatic bile ducts. 

Ductal arteries 

The eommon bile duct and hepatie ducts are supplied by a fine network 
of arteries arising from several sources. The eommon bile duct is fre- 
quently supplied by 2-4 small-ealibre arteries that form a long, tortu- 
ous, anastomotie network along its length; these narrow vessels tend to 
be eoneentrated at the 3 and 9 o'eloek positions around the circumfer- 
enee of the duct (Northover and Terblanehe 1979). The network is fed 
by arteries from the right braneh of the hepatie artery above, reinforeed 
by fine branehes from the eystie artery. Branehes from three main arte- 
rial sources often supply the duct from below: the posterior superior 
pancreaticoduodenal artery, the retroduodenal artery (both of which 
originate from the gastroduodenal artery and eross anterior to the 
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Fig. 68.10 Variant anatomy of the eystie artery. 
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retroduodenal segment of the bile dnet), and a retroportal artery arising 
from the superior mesenterie artery or eoeliae tmnk and passing to the 
right on the posterior surface of the portal vein (Chen et al 1999). The 
supraduodenal segment of the bile duct is relatively less well vascular- 
ized than the retroduodenal and panereatie segments, and excessive 
disseetion of this segment may result in an isehaemie bile duct 
stricture. 

The hilar ducts are supplied by a fine network of periductal arteries 
that arise from the right and left branehes of the hepatie artery and form 
an anastomotie plexus within the eonneetive tissue of the hilar plate. 
The intrahepatie ducts are supplied by segmental branehes of the 
hepatie artery arising within the Glissonian sheaths (Stapleton et al 
1998, Vellar 1999). The dependenee of the intrahepatie bile ducts on 
their hepatie arterial blood supply is well reeognized in liver transplan- 
tation sinee hepatie artery thrombosis may lead to diffiise intrahepatie 
biliary strictures despite preservation of portal venous blood flow. 

Cystic veins 

The venous drainage of the gallbladder is rarely by a single eystie vein. 
There are usually multiple small veins. Those arising from the superior 
surface of the body and neek lie in areolar tissue between the gallblad- 
der and liver, and drain into segmental portal veins within the liver. The 
remainder of the organ drains by one or two small eystie veins into 
either portal vein branehes within the liver or portal venous tributaries 
draining the hepatie ducts and upper bile duct (Sugita et al 2000). Only 
rarely does a single or double eystie vein drain direetly into the right 
braneh of the portal vein. 

Lymphatie drainage 

Lymph from the gallbladder and eystie duct drains via several pathways: 
to the eystie node, which usually lies above the eystie duct in the hepa- 
tobiliary triangle, and from here via nodes in the free edge of the lesser 
omentum and along the eommon hepatie artery to eoeliae lymph 
nodes; via lymphaties that deseend along the eommon bile duct to the 
superior retropancreaticoduodenal node (which communicates with 
para-aortie nodes); and direetly to superior mesenterie nodes (Sato et al 
2013). Lymphaties on the hepatie aspeet of the gallbladder eonneet 
direetly with intrahepatie lymph vessels. 

Lymphatie vessels aeeompanying the hepatie ducts and upper bile 
duct drain to hepatie nodes at the porta hepatis and then via lymph 
nodes in the free edge of the lesser omentum to eoeliae nodes. Lymphat- 
ies from the lower eommon bile duct also drain to the latter but some 
pass direetly to retropanereatie and superior mesenterie nodes. 


INNERVATION 


The gallbladder and the extrahepatic biliary tree are innervated by 
branehes from the hepatie plexus. Gallbladder eontraetion occurs in 
response to eholeeystokinin (CCK) and parasympathetie (vagal) stimu- 
lation. Postganglionie sympathetie nerve fibres from the eoeliae and 
superior mesenterie ganglia are inhibitory to gallbladder smooth 
muscle. Sympathetie afferents from the gallbladder eonvey pain sensa- 
tion; they travel with the greater and lesser splanehnie nerves and have 
their eell bodies in the T7-9 spinal eord segments. Viseeral pain from 
the gallbladder is referred to the right hypoehondrimn and epigastrium 
and may radiate around the baek below the right scapula. Inflammation 
of the parietal peritoneum overlying the gallbladder produces loealized 
right upper quadrant pain. A diverse range of neurotransmitters have 
been identified within intrinsie neurones of the gallbladder (Balemba 
et al 2004). 

The eommon bile duct and smooth muscle of the hepatopanereatie 
ampulla are also innervated by the vagi, either direetly or via the hepatie 
plexus, and by sympathetie nerves. 


MICR0STRUCTURE 


GALLBLADDER 


The fundus of the gallbladder is eompletely eovered by a serosa, and 
the inferior surfaces and sides of the body and neek of the gallbladder 
are usually eovered by a serosa. If the gallbladder possesses a mesentery, 
the serosa extends around the sides of the body and neek on to the 
superior surface and eontimies into the serosa of the mesentery, whereas 
the serosa is limited to the inferior surfaces only if the gallbladder is 
intrahepatie. Beneath the serosa is subserous loose eonneetive and 
adipose peritoneal tissue. The gallbladder wall microstructure generally 


resembles that of the small intestine. The mucosa is yellowish brown 
and elevated into minute mgae with a honeyeomb appearanee (see Fig. 
68.2). In seetion, projeetions of the mucosa into the gallbladder fiimen 
resemble intestinal villi, but they are not fixed stmctures and the surface 
flattens as the gallbladder fills with bile. The epithelium is a single layer 
of columnar eells with apieal mierovilli; basally, the spaees between 
epithelial eells are dilated (Fig. 68.11). Many eapillaries lie beneath the 
basement membrane. The epithelial eells aetively absorb water and 
solutes from the bile and eoneentrate it up to ten-fold. There are no 
goblet eells in the epithelium. The thin fibromuscular layer is eomposed 
of fibrous tissue mixed with smooth muscle eells arranged loosely in 
longitudinal, circular and oblique bundles. 

BILE DUCTS 


The walls of the large biliary ducts eonsist of external fibrous and inter- 
nal mucosal layers (Fig. 68.12). The outer layer is fibrous eonneetive 
tissue eontaining a variable amount of longitudinal, oblique and circu- 
lar smooth muscle eells. The mucosa is continuous with that in the 



Fig. 68.11 A low-power mierograph showing the gallbladder wall, with a 
mucosal projeetion that flattens in the full gallbladder, and the thin 
muscular layer. 



Fig. 68.12 A low-power mierograph showing the structure of a human 
eommon bile duct. Shown are the lumen (L), mucosal lining (M), smooth 
muscle eoat (SM) and outer eonneetive tissue (C), with numerous nerve 
fibre bundles (N). (Courtesy of Mr Peter Helliwell and the late Dr Joseph 
Mathew, Department of Histopathology, Royal Cornwall Hospitals 
Trust, UK.) 
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GALLBLADDER AND BILIARY TREE 


hepatie diiets, gallbladder and duodenum. The epithelium is columnar 
and there are numerous tubulo-alveolar (or tubulo-acinar) mucous 
glands in the duct walls. 

Expulsion of gallbladder eontents is under neuroendocrine eontrol. 
Fat in the duodenum causes the release of CCK by intestinal neuro- 
endoerine eells, which stimulates the gallbladder to eontraet because 
muscle eells in its walls bear surface reeeptors for CCK. When the pres- 
sure exceeds 100mmH 2 O of bile, the sphineter of Oddi relaxes and bile 
enters the duodenum. The termination of the united bile and panereatie 
ducts is paeked with villom, valvular folds of mucosa that eontain 
muscle eells in their eonneetive tissue eores. Contraction is thought to 
result in retraetion and clumping of these folds, so preventing reflux of 
duodenal eontents and eontrolling the exit of bile. 


[@ Bonus e-book images 

Fig. 68.3 Hjortsò’s erook. 

Fig. 68.5 B, Endoseopie image of the major duodenal papilla 
(arrow) on the medial wall of the deseending duodenum. 

Fig. 68.7 A seanning eleetron mierograph showing mucosal folds 
lining the wall the hepatopanereatie ampulla. 

Fig. 68.8 A view of the hepatobiliary triangle at laparoseopie 
eholeeysteetomy. 
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The panereas is one of the largest digestive glands. The major part of 
the gland is exocrine, seereting enzymes involved in the digestion of 
lipids, earbohydrates and proteins. It has an additional endoerine func- 
tion derived from clusters of eells seattered throughout the substance 
of the gland, which take part in glucose homeostasis and the eontrol 
of upper gastrointestinal motility and fnnetion. 

The healthy panereas is ereamy pink in colour, with a soft to 
fìrm eonsisteney and lobulated surface. It is divided into a head, neek, 
body, tail and uncinate proeess on the basis of its anatomieal relations 
(Figs 69.1-69.3A). In adults, the gland measures 12-15 em in length 
and is shaped as a flattened 'tongue' of tissue lying in the retroperito- 
neum, thieker at its medial end (head) and thinner towards the lateral 
end (tail). The head lies within the 'C' loop of the duodenum and the 
remainder of the gland extends transversely and slightly eranially aeross 
the retroperitoneum and posterior to the stomaeh to the hilum of the 
spleen. It is 'draped' over the vertebral column and other retroperitoneal 
structures, forming a distinet shallow curve, with the neek and medial 
body lying most anteriorly. In adults, it has an average volume of 
70-80 em 3 , although this varies eonsiderably between individuals (with 
a range of 40-170 em 3 ) and tends to be greater in males (Djuric- 
Stefanovie et al 2012). Panereatie volume inereases with age, to reaeh a 
peak in the fourth deeade. From about 60 years of age, the gland atro- 
phies and fatty eonneetive tissue replaees exocrine tissue (Caglar et al 
2012, Saisho et al 2007). 

The ventral surface of the panereas is eovered by parietal peritoneum 
and is erossed by the root of the transverse mesoeolon. A loose eonnee- 
tive tissue layer immediately posterior to the panereas, sometimes 
known the fìision faseia of Treitz in the region of the panereatie head 
and the fnsion faseia of Toldt in the region of the body and tail, eontains 
vessels that supply the panereas (Kimura 2000). 

HEAD 


The head of the panereas lies to the right of the midline, anterior 
and to the right of the vertebral column, within the curve of the duo- 
demim. It is the thiekest and broadest part of the panereas but is still 
flattened in the anteroposterior plane. Superiorly, it lies adjaeent to the 
fìrst part of the duodenum; elose to the pyloms, however, where the 
duodenum is on a short mesentery, it overlaps the upper part of 
the head anteriorly. The duodenal border of the head is flattened, 
slightly eoneave and adherent to the seeond part of the duodenum, 
particularly around the duodenal papillae. The superior and inferior 
pancreaticoduodenal arteries lie adjaeent to this region. The inferior 
border of the panereatie head lies superior to the third part of the 


duodenum and is continuous with the uncinate proeess. The anterior 
surface of the head is eovered by peritoneum and related to the origin 
of the transverse mesoeolon (Fig. 69.3B). Posteriorly, the eommon bile 
duct is partially embedded within the head of the gland just proximal 
to where it joins the panereatie duct near the major duodenal papilla 
(Burgard et al 1991, Nagai 2003). The posterior surface of the panereatie 
head is also related to the inferior vena eava, the right ems of the dia- 
phragm and the termination of the right gonadal vein (Ch. 76; see Fig. 
76.5). Near the midline, the head of the panereas beeomes continuous 
with the neek. 

NECK 


The neek of the panereas is approximately 2 em wide and links the head 
and body. It is often the most anterior part of the gland and may be 
defined as that part of the panereas lying anterior to the formation of 
the portal vein (usually the union of the superior mesenterie and 
splenie veins) in the transpylorie plane (Fig. 69.4D,E). This is a emeial 
relationship when evaluating panereatie eaneer because malignant 
involvement of these vessels may make reseetion impossible. The supe- 
rior mesenterie vein and portal vein groove the posterior aspeet of the 
neek. The inferior mesenterie vein joins the confluence of the superior 
mesenterie vein and splenie vein in one-third of individuals (Kimura 
2000; see Fig. 69.7). The anterior surface of the panereatie neek is 
eovered by peritoneum and lies adjaeent to the pyloms. The anterior 
superior pancreaticoduodenal braneh of the gastroduodenal artery 
deseends in front of the gland at the junction of the head and neek. 

B0DY 


The body of the panereas is the longest part of the gland and mns from 
the neek to the tail, beeoming progressively thinner. It is slightly trian- 
gular in eross-seetion, and has anterior and posterior surfaces and supe- 
rior and inferior borders. 

Anterior Slirfaee The anterior surface is eovered by peritoneum, 
which is refleeted anteroinferiorly from the surface of the gland to 
be continuous with the posterior layer of the greater omentum and 
the transverse mesoeolon (see Fig. 63.4). The two layers of the trans- 
verse mesoeolon diverge along this surface (see Fig. 69.3B). Above the 
attaehment of the transverse mesoeolon, the anterior surface of the 
panereas is separated from the stomaeh by the lesser sae. Inferiorly, it 
lies within the infraeolie eompartment, and its anterior relations include 


Inferior vena eava 


Bile duct 
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Aeeessory panereatie duct 
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Main panereatie duct 
Superior mesenterie artery 
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Fig. 69.1 Relations of the panereas 
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SECTION 8 


PANCREAS 


the fourth part of the ehiodenmn, the duodenojejunal flexure and eoils 
of jejunum. 

Posterior Slirfaee The posterior surface of the panereas is devoid of 
peritoneum. It lies on faseia (the fhsion faseia of Toldt) anterior 
to the aorta and the origin of the superior mesenterie artery, the left 
ems of the diaphragm, left suprarenal gland, the upper pole of the left 
kidney surrounded by perirenal faseia, and left renal vein (Kimura 
2000; see 7 igs 69.1, 69.4A-G). The splenie vein mns from left to right 
direetly on this surface of the gland and indents the parenehyma to a 
variable extent, ranging from a shallow groove to almost a tunnel. 

Superìor border To the right, the superior border of the body of the 
panereas is blunt but it beeomes narrower and sharper to the left. An 


Body of panereas Tail of panereas 


Liver 


Portal vein 


Panereatie duct 


Stomaeh 


Spleen 



Seeond partof duodenum 


Head of panereas 


J ejunum 


Neekof panereas Leftkidney 


Fig. 69.2 A eoronal reformat eompiited tomogram (CT) of the panereas 
showing its relations in the iipper abdomen. (Courtesy of the Department 
of Radiology, Global Hospital, Chennai, India.) 



Spleen 
(anterior border) 



Attaehment of the leaves 
of the transverse mesoeolon 


Attaehment of the leaves 
of the greater omentum 


Fig. 69.3 A, Regions and anterior surfaces and borders of the panereas. 
B, Anterior relations of the panereas. Areas eovered in peritoneum are 
shown in blue and structures overlying these areas are separated from 
the panereas by peritoneal ‘spaees’. The spleen lies anterior to the 
anterior leaf of the splenorenal ligament and not in direet eontaet 
with panereatie tissue. Abbreviations: D1, first part of the duodenum; 
SMA, superior mesenterie artery; SMV, superior mesenterie vein. 
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Fig. 69.4 A, Posterior relations of the panereas, with planes of seetion labelled as shown in B, D and F. B, Diagrammatie eross-seetion taken at the mid 
level of the uncinate proeess, and equivalent CT axial sliee (C). 
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Fig. 69.4, eont’d Diagrammatie eross-seetions and equivalent CT axial sliees taken at the head and neek (D-E), and tail (F-G) of the panereas. 


omental tuberosity usually projeets from the right end of the superior 
border above the level of the lesser curvature of the stomaeh. The supe- 
rior border is related to the eoeliae artery and its branehes; the eommon 
hepatie artery mns to the right just above the gland, and the splenie 
artery passes to the left in a tortuous manner, projeeting above the 
superior border at several points. 

Inferior border At the medial end of the inferior border, adjaeent to 
the neek of the panereas, the superior mesenterie vessels emerge from 
behind the gland. Laterally, the inferior mesenterie vein mns behind 
the inferior border to join the splenie vein or the confluence of the 
splenie and superior mesenterie veins. This is a useful site for identifiea- 
tion of the inferior mesenterie vein on computed tomographie (CT) 
imaging and during left-sided eolonie reseetions. 

TAIL 


The tail of the panereas is the narrowest, most lateral portion of the 
gland and is continuous medially with the body. It is between 1.5 and 
3.5 em long in adults and lies between the layers of the splenorenal 


ligament. It may terminate at the base of the splenorenal ligament or 
extend up to the splenie hilum, when it is at risk of injury at splenee- 
tomy during ligation or stapling of the splenie vessels. The splenie artery 
and its branehes, and the splenie vein and its tributaries, lie posterior 
to the tail (see Fig. 69.4F,G). 


UNCINATE PR0CESS 


The uncinate proeess is a hook-shaped continuation of the inferomedial 
part of the head of the gland. Embryologieally, it is separate from the 
rest of the gland (p. 1051). The superior mesenterie vein and, oeeasion- 
ally, the superior mesenterie artery deseend on its anterior surface before 
mnning forwards into the root of the mesentery of the small intestine. 
The uncinate proeess extends medially anterior to the abdominal aorta 
above the third part of the duodenum, which may be eompressed by a 
panereatie tumour at this site. On sagittal eross-seetional imaging, the 
left renal vein, uncinate proeess, and third part of duodenum ean be 
seen lying between the superior mesenterie artery anteriorly and the 
abdominal aorta posteriorly. 
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Aeeessory duct 
Main duct 



Aeeessory duct 
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Fig. 69.5 Variations in the ductal anatomy of the panereas. A, Normal. 
The main panereatie duct is formed by fusion of the dorsal and ventral 
bud ducts, and communicates with the aeeessory panereatie duct. 

B, Normal. There is no communication between the main duct and 
a normally sited aeeessory duct. C, Panereas divisum. The majority 
of the panereas drains via a dominant dorsal duct that enters the 
duodenum at the minor papilla. A short ventral duct is seen draining, 
along with the bile duct, into the major duodenal papilla. D, Absenee of 
aeeessory duct. (E-G, continued online) 


g) PANCREATIC DUCTS 

The exocrine panereatie tissue drains into multiple small lobular ducts. 
The arrangement of the main ducts draining the panereas is subject to 
variation but the most eommon arrangement is a single main and a 
single aeeessory duct (Fig. 69.5). This arrangement refleets the embryo- 
logieal development of the dorsal and ventral panereatie ducts (p. 1051; 
see ?igs 60.3-60.4). The main panereatie duct (ofWirsung) usually mns 
within the substance of the gland from left to right. It lies midway 
between the superior and inferior borders of the panereas, usually 
slightly more towards the posterior surface of the gland. It is formed by 
11 82 the junction of several lobular (seeondary) ducts in the tail and inereases 


in ealibre within the body of the gland as it reeeives fhrther lobular 
ducts that join it almost at right angles to its axis, forming a 'herring- 
bone pattern'. In adults, the duct ean often be demonstrated on ultra- 
sound, measuring approximately 3 mm in diameter in the head, 2 mm 
in the body and 1 mm in the tail; the ealibre of the duct inereases from 
about the fifth deeade onwards (Glaser et al 1987). As it reaehes the 
neek of the gland, it turns inferiorly and posteriorly towards the 
bile duct, which lies on its right side. The two ducts unite to form a 
short eommon ehannel, which enters the wall of the deseending part 
of the duodenum obliquely; it may eontain a dilation known as the 
hepatopanereatie ampulla (of Vater) (p. 1175). The terminal part of the 
main panereatie duct eontains a few mucosal folds that impede reflux 
of panereatie juice (Purvis et al 2013). The length of the eommon pan- 
ereatieobiliary ehannel is variable and measures up to 5-7 mm in 
normal individuals (Horaguchi et al 2014). 

The aeeessory (dorsal) panereatie duct (of Santorini) drains the 
upper part of the anterior portion of the panereatie head. Much smaller 
in ealibre than the main duct, it is formed within the substance of the 
head from several lobular ducts and usually communicates with the 
main panereatie duct near the neek of the gland or near its first inferior 
braneh (Kamisawa and Okamoto 2008, Kamisawa 2004). The aeeessory 
duct usually opens on to a small, rounded minor duodenal papilla, 
which lies about 2 em proximal to the major papilla (see Fig. 69.5 A). 
If the duodenal end of the aeeessory duct fails to develop, the lobular 
ducts drain via small ehannel(s) into the main duct (Hernandez-Jover 
et al 2011). The anatomy of the main and aeeessory panereatie ducts 
may vary, refleeting anomalies in the development and fhsion of the 
dorsal and ventral panereatie ducts. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


Arteries 

The panereas has a rieh arterial supply via branehes from the eoeliae 
tmnk and superior mesenterie artery (Figs 69.6A-C; see also Fig. 65.4). 
The head and adjoining duodenum are supplied mainly by four arter- 
ies: two from the eoeliae tmnk via the gastroduodenal artery (anterior 
and posterior superior pancreaticoduodenal arteries), and two from the 
superior mesenterie artery via the inferior pancreaticoduodenal artery 
(anterior and posterior inferior pancreaticoduodenal arteries). The two 
anterior arteries supply the ventral aspeets of the duodenum, panereatie 
head and uncinate proeess, and join to form the anterior panereati- 
coduodenal areade. The two posterior arteries supply the dorsal aspeet 
of the panereatie head, adjaeent duodenum and distal bile duct, and 
may join to form a posterior pancreaticoduodenal areade. 

The body and tail of the panereas are supplied by multiple branehes 
from the splenie artery, including the dorsal panereatie artery. Small 
arteries eharaeteristieally mn along the superior and inferior borders of 
the gland, lying in a deep groove or within the parenehyma. They are 
fed along their length by the pancreaticoduodenal and splenie arteries. 
Bleeding from these vessels is avoided by ligating the upper and lower 
borders of the panereas prior to transeetion. 



Posterior superior pancreaticoduodenal artery 

The posterior superior pancreaticoduodenal artery usually arises as the 
first braneh of the gastroduodenal artery at the superior edge of the first 
part of the duodenum. It mns to the right, anterior to the supraduode- 
nal portion of the bile duct, before spiralling posteriorly around the 
eommon bile duct and deseending on the posterior surface of the pan- 
ereatie head. It gives branehes to the duodenum, head of the panereas, 
and bile duct before anastomosing with the posterior inferior panerea- 
ticoduodenal artery to form the posterior pancreaticoduodenal areade. 
The posterior superior pancreaticoduodenal artery may also give origin 
to the retroduodenal and supraduodenal arteries, which supply the 
duodenum (Bertelli et al 1996a). The spiral course of the posterior 
superior pancreaticoduodenal artery refleets its embryonie develop- 
ment: it is the artery to the anterior aspeet of the ventral panereatie bud 
and the bile duct, which subsequently rotate clockwise behind the 
duodenum and dorsal panereatie bud (Bertelli et al 1997). 

Anterior superior pancreaticoduodenal artery 

The anterior superior pancreaticoduodenal artery usually arises as the 
smaller terminal braneh of the gastroduodenal artery, together with the 
right gastroepiploie artery. It originates behind the first part of the duo- 
denum and mns inferiorly on the anterior aspeet of the panereatie head 
at a variable distanee medial to the groove between the deseending 
duodenum and panereatie head. It passes inferiorly around the right or 
inferior border of the panereatie head, often piereing the gland to reaeh 
the posterior surface of the uncinate proeess, where it joins the anterior 




























Panereas 


An abnormally long eommon ehannel may occur in isolation or 
with eongenital eholedoehal dilation, and is assoeiated with panereatieo- 
biliary reflux and an inereased risk of gallbladder eaneer (Kamisawa 

et al 2010a). 

Patients who develop acute panereatitis are more likely to have a 
poorly developed minor papilla; if this were not so, the patent aeeessory 
duct system might aet as a seeondary drainage meehanism for the main 
ductal system and so prevent elevation of intraductal pressures likely to 
cause acute panereatitis (Kamisawa et al 2010b). One elinieally impor- 
tant variation is panereas divisiim', seen in 5-10% of individuals (Rana 
et al 2012; see Fig. 69.5C, G). In this eondition, there is a faihire of 
normal duct fusion and the aeeessory panereatie duct drains the entire 
panereas via the minor papilla, except that part of the head and unci- 
nate proeess that develop from the ventral bud. The relatively small size 
of the minor papilla might impair panereatie drainage, leading to recur- 
rent panereatitis. 


eatheterin Bileduct 
<ysticduct 


Panereatie duct 
(dorsal duct origin) 



Aeeessory panereatie duct 
(dorsal ductorigin) 

Minorduodenal papilla Gallbladder Dorsal panereatie duct 
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Majorduodenal papilla 


Ventral panereatie duct 


Panereatie duct (dorsal duct origin) 



Common bile duct Major duodenal Panereatie duct Area of fusion of embryonie 
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Fig. 69.5, eont’d Variations in the ductal anatomy of the panereas. E, Intraoperative eholangiogram visualizing the main panereatie duct opening into the 
duodenum through the major duodenal papilla, the aeeessory duct opening through the minor duodenal papilla and its communicating braneh. F, Normal 
magnetie resonanee eholangiopanereatogram (MRCP). The dorsal duct joins with the distal ventral duct in the head of the panereas. G, Panereas 
divisum. MRCP reeonstmetion shows that the dorsal duct is dominant and enters the duodenum at the minor duodenal papilla. A short ventral 
panereatie duct is seen draining with the bile duct into the major papilla. (Figs 69.5E-G, courtesy of Mohamed Rela, Global Hospitals, Chennai, India.) 
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Fig. 69.6 A, The arterial supply of the panereas. B, A CT angiographie reeonstmetion. The blaek arrow shows the eoeliae trunk, and the white arrow 
shows the superior mesenterie artery. Anastomotie areades, both ventral and dorsal, ean be seen coursing around the head of the panereas. The body 
and tail of the panereas are supplied by multiple panereatie branehes (PB) from the splenie artery and the dorsal panereatie artery (DPA), which, in this 
example, arises from the superior mesenterie artery, and gives origin to the transverse panereatie artery (TPA). Other abbreviations: AIPD, anterior inferior 
pancreaticoduodenal artery; ASPD, anterior superior pancreaticoduodenal artery; CHA, eommon hepatie artery; GDA, gastroduodenal artery; IPD, inferior 
pancreaticoduodenal artery; LGA, left gastrie artery; LHA, left hepatie artery; PIPD, posterior inferior pancreaticoduodenal artery; PSPD, posterior 
superior pancreaticoduodenal artery; RGE, right gastroepiploie artery; RHA, right hepatie artery; SA, splenie artery. C, The anterior and posterior 
pancreaticoduodenal arterial areades and a typieal communicating artery. (Adapted with permission from Mirjalili SA, Stringer MD. The arterial supply of 
the major duodenal papilla and its relevanee to endoseopie sphineterotomy. Endoseopy 2011; 43(4): 307-11.) 


inferiorpanereatieodiiodenal artery to form the anterior pancreaticoduo- 
denal areade (Bertelli et al 1995). 

Inferior pancreaticoduodenal artery 

An inferior pancreaticoduodenal artery is present in most individuals. 
It usually arises either direetly from the superior mesenterie artery at 
the inferior border of the panereas or as a eommon vessel with the fìrst 
jejunal artery (a pancreaticoduodenojejunal tmnk) from the posterior 
or left aspeet of the superior mesenterie artery (Horiguchi et al 2008, 
Bertelli et al 1996b). It mns to the right, posterior to the superior 
mesenterie vein, to reaeh the posterior surface of the uncinate proeess, 
where it divides into anterior and posterior inferior pancreaticoduode- 
nal arteries. When arising as a pancreaticoduodenojejunal tmnk, the 


artery gives off a jejunal braneh and then mns posterior to both the 
superior mesenterie artery and vein before dividing into its terminal 
branehes. Oeeasionally, the inferior pancreaticoduodenal artery is 
absent and the anterior and posterior inferior pancreaticoduodenal 
arteries arise separately from the superior mesenterie artery. 

The smaller anterior inferior pancreaticoduodenal artery mns to the 
right on the posterior surface of the uncinate proeess to join the anterior 
superior pancreaticoduodenal artery and form the anterior panereati- 
coduodenal areade. The larger posterior inferior pancreaticoduodenal 
artery mns on the posterior surface of the head of the panereas, parallel 
and superior to the anterior inferior pancreaticoduodenal artery. It joins 
the posterior superior pancreaticoduodenal artery to form the posterior 
pancreaticoduodenal areade (Bertelli et al 1997). 
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Communicating arteries 

Multiple small arteries mn between the anterior and posterior panerea- 
ticoduodenal areades, either via the pancreaticoduodenal groove or 
through the substance of the gland. The largest and most eonsistent of 
these is the eomimmieating artery (sometimes known as the middle 
pancreaticoduodenal areade), which passes between the main and 
aeeessory panereatie ducts and eonneets the anterior pancreaticoduode- 
nal arterial areade and the posterior superior pancreaticoduodenal 
artery (Yamaguchi et al 2001; Fig. 69.6C; see also Fig. 65.4). This artery 
gives rise to the majority of small arteries that supply the major duo- 
denal papilla (Mirjalili and Stringer 2011). 

Other arterial areades in the head of the panereas 

Kirk's areade is formed by a right braneh of the dorsal panereatie 
artery that emerges on to the anterior surface of the head of the 
gland and anastomoses with a braneh of either the gastroduodenal 
or the anterior pancreaticoduodenal areade (Woodburne and Olsen 
1951). It supplies blood to the ventral surface of the head and neek of 
the gland. 

Splenie artery 

The splenie artery arises from the eoeliae tmnk and mns behind the 
superior border of the panereas to the splenie hilum (see Fig. 69.6A). 
It gives multiple small branehes along its course that penetrate and 
supply the panereatie parenehyma. Prominent among these are the 
dorsal panereatie artery (see below); great panereatie artery (arteria 
panereatiea magna), arising approximately two-thirds of the way along 
the gland; and the artery to the tail of the panereas (arteria caudae 
panereatis), arising near the tail. These branehes lie on or within the 
posterior aspeet of the gland and often anastomose with the transverse 
panereatie artery. Anatomieal variations are not unusual; the dorsaf 
great or transverse panereatie arteries may be dominant in any one 
individual (Wu et al 2011). 


Dorsal panereatie artery 

The dorsal panereatie artery eommonly arises from the initial 2 em of 
the splenie artery, although it may take origin from the eommon hepatie 
or superior mesenterie artery or the eoeliae tmnk (Horiguchi et al 
2008). The artery is short and gives off numerous branehes, including 
a terminal left braneh near the inferior border of the gland. Several 
right-sided branehes mn to the head of the panereas, passing either 
behind or in front of the superior mesenterie vein to supply the poste- 
rior or anterior surface of the panereatie head, respeetively; they anas- 
tomose with arteries of the pancreaticoduodenal areade (Tsutsumi et al 
2014). The terminal left braneh anastomoses with the transverse pan- 
ereatie artery. 

The length and course of the dorsal panereatie artery depend prima- 
rily on its site of origin. When it arises from the splenie artery, eommon 
hepatie artery or eoeliae tmnk, the artery mns inferiorly on the dorsal 
surface of the panereas, whereas if it arises from the superior mesenterie 
artery, it mns superiorly. The artery uniformly terminates near the infe- 
rior border of the panereas elose to the confluence of the splenie and 
superior mesenterie veins (Bertelli et al 1998). 

Transverse panereatie artery 

The transverse panereatie artery, also ealled the inferior panereatie 
artery, eommonly originates from the left terminal braneh of the dorsal 
panereatie artery. It mns to the left on the posterior surface of the 
gland elose to its inferior border, gives multiple branehes to the body 
and tail, and anastomoses with other panereatie branehes of the 
splenie artery. 

The transverse panereatie artery may oeeasionally originate from the 
gastroduodenal artery or the anterior superior pancreaticoduodenal 
artery, erossing the anterior surface of the panereatie head to reaeh the 
inferior border of the neek of the gland and then the tail. In such eases, 
it may be the dominant artery to the panereatie body, and its injury or 
deliberate ligation during pancreaticoduodenectomy may cause isehae- 
mia of the remnant panereas. 


Arterial segmentation of the panereas 



Available with the Gray’s Anatomy e-book 


Venous drainage of the panereas 

Multiple veins drain the panereas into the portal, superior mesenterie 
and splenie veins (Mourad et al 1994; Fig. 69.7). Although variations 
are eommon, the anterior superior pancreaticoduodenal vein typieally 
joins either the confluence of the right gastroepiploie and right eolie 
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Fig. 69.7 Venoiis drainage of the panereas. (Adapted from Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Copyright 2010.) 


veins (the gastroeolie tmnk of Henle) or the right gastroepiploie vein 
alone, to drain into the superior mesenterie vein at the inferior border 
of the neek of the panereas (Mourad et al 1994, Lange et al 2000). The 
posterior superior pancreaticoduodenal vein drains eranially into the 
portal vein. Both anterior and posterior inferior pancreaticoduodenal 
veins usually drain direetly into the superior mesenterie vein. Veins 
from the body and tail of the gland drain direetly into the splenie vein. 
A transverse (or inferior) panereatie vein may be present, mnning along 
the inferior border of the panereas to join the inferior mesenterie vein. 
A few panereatie veins communicate with systemie veins in the retro- 
peritoneum (veins of Retzms); these may form retroperitoneal variees 
in portal hypertension. 

Lymphatie drainage 

The lymphatie drainage of the panereas is extensive (see Fig. 64.14B), 
which, in part, explains the poor prognosis of panereatie eaneer. Lym- 
phatie vessels eommenee within the eonneetive tissue septa within the 
gland and join to form larger lymphaties that follow loeal arteries (Deki 
and Sato 1988, O'Morehoe 1997). Lymphaties from the tail and body 
drain mostly into nodes along the splenie artery and inferior border of 
the gland, and from there to pre-aortie nodes between the eoeliae tmnk 
and superior mesenterie artery. Lymphaties from the neek and head 
drain more widely into nodes along the pancreaticoduodenal, superior 
mesenterie and hepatie arteries, and, ultimately, into pre-aortie nodes 
(Donatini and Hidden 1992). There is no evidenee of lymphatie ehan- 
nels within the panereatie islets. 


INNERVATION 0F THE PAN0REAS 


The panereas has a rieh autonomic nerve supply (Love et al 2007). 
Parasympathetie afferents eonvey sensory information from panereatie 
ducts, aeini and islets via the vagus nerve. Preganglionie vagal efferents 
have their eell bodies in the dorsal motor nucleus of the vagus and 
reaeh the panereas via hepatie, gastrie and eoeliae branehes of the 
nerve. They synapse with postganglionie parasympathetie panereatie 
neurones, which are distributed singly or clustered in ganglia in the 
interlobular eonneetive tissue, lobules and islets. Panereatie ganglia 
are most abundant in the head and neek of the gland. The ganglia 
eontain neurones that are dominantly eholinergie but nitrergie, pepti- 
dergie and dopaminergie neurones are also present. These panereatie 
neurones reeeive input not only from vagal efferents but also from 
enterie neurones from the stomaeh and duodenum, sympathetie 
efferents and other panereatie neurones. Their nerve fibres ramify in 
the interaeinar spaees and supply aeinar eells and islets, modulating 
both exocrine and endoerine seeretion (see Fig. 69.10). A network of 


























Panereas 


The panereas may be divided into two arterial 'segments' that are sepa- 
rated by a relatively avascular plane; there is disagreement on the defini- 
tion of these segments. One view is that the two segments are separated 
by a plane passing to the left of the superior mesenterie artery, such that 
the head and neek are supplied by branehes of the gastroduodenal and 
superior mesenterie arteries, and the body and tail are supplied by 
branehes of the splenie artery (Busnardo et al 1988). An alternative 
view holds that the anterior segment eonsists of the superior part of the 
panereatie head, neek, body and tail of the gland (derived from the 
dorsal panereatie bud), and the posterior segment eonsists of the infe- 
rior part of the head and the uncinate proeess (derived from the ventral 
panereatie bud) (Sakamoto et al 2000). In both sehemes, the main 
panereatie duct erosses between the segments. Currently, segmental 
anatomy is of limited praetieal surgical signifieanee. 
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Panereas 


interstitial eells (of Cajal) provides an additional link between auto- 
nomie nerves and panereatie aeini. 

Viseeral afferents transmit pain and other sensory information to eell 
bodies in the sixth to twelfth thoraeie dorsal root ganglia via the eoeliae 
plexus and thoraeie splanehnie nerves. The eell bodies of preganglionie 
sympathetie nerves are loeated in the intermediolateral columns of the 
spinal eord (T6-12); their axons travel in the thoraeie splanehnie nerves 
and synapse in the eoeliae and superior mesenterie ganglia. Postgangli- 
onie sympathetie nerves innervate the blood vessels, ganglia and ducts 
within the panereas, causing vasoeonstrietion and inhibiting exocrine 
seeretion. 

Perineural invasion is relatively eommon in panereatie eaneer and 
not only adversely affeets prognosis but may also be a faetor in the pain 
assoeiated with this disease (Bapat et al 2011). 

Referred pain 

Pain arising in the panereas is poorly loealized. In eommon with other 
foregut structures, the majority of pain arising from the panereas is 
referred to the epigastrium. Inflammatory or infiltrative proeesses 
arising from the gland rapidly involve the tissues of the retroperito- 
neum that are innervated by somatie nerves; pain is then loealized to 
the lower thoraeie spine. intraetable pain from ehronie panereatitis or 
inoperable panereatie tumours ean be temporarily eontrolled by 
thermal or ehemieal ablation of the eoeliae plexus. 

MICROSTRUCTURE 


The panereas is eomposed of exocrine and endoerine tissues. The main 
tissue mass is exocrine, forming 98% of the panereas, in which 


panereatie islets, forming the endoerine eomponent, are embedded 

(Figs 69.8-69.10). 

Exocrine panereas 


The exocrine panereas is a branehed aeinar gland (see Fig. 2.6), sur- 
rounded and ineompletely lobulated by delieate loose eonneetive 
tissue. Individual aeini are eomposed of roughly spherieal clusters of 
pyramidal eells that seerete digestive enzymes, water and biearbonate. 
A narrow intralobular duct lined by flattened or cuboidal eentro-aeinar 
eells originates from within eaeh seeretory acinus. Intralobular ducts 
unite to form larger interlobular ducts lined by taller cuboidal and, 
eventually, columnar epithelium. The latter are surrounded by eonnee- 
tive tissue septa, eontaining smooth muscle, autonomic nerves and fat. 
Neuroendocrine eells are present among the columnar ductal eells, and 
mast eells are numerous in the surrounding eonneetive tissue. A network 
of intralobular arteries, arterioles and eapillaries form eapillary net- 
works around the terminal ducts, aeini and the riehly vascularized 
endoerine islets (Love et al 2007). 

Aeinar eells Aeinar eells have a basal nucleus surrounded by abun- 
dant basophilie rough endoplasmie reticulum and an apieal region 
eontaining dense eosinophilie seeretory zymogen granules. A promi- 
nent supranuclear Golgi complex is assoeiated with large, membrane- 
bound granules eontaining the protein constituents of panereatie 
seeretion, including enzymes that are only aetive after release. Gangli- 
onie neurones and eords of undifferentiated epithelial eells are also 
found within the aeini. The structure of the exocrine panereas and its 
fimetional regulation are summarized in figure 69.8. 
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Fig. 69.8 The microstructure of the exocrine panereas and the meehanisms by which its seeretion is eontrolled. Panereatie stellate eells (see text) are 
not shown. 
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Fig. 69.9 Microstructure of the panereas. The exocrine tissue eonsists of 
aeini with pyramid-shaped columnar eells arranged in spherieal clusters. 
Aeinar seeretions drain into intralobular ducts, which, in turn, join larger 
interlobular ducts, present in eonneetive tissue septa eontaining blood 
vessels. Interspersed between the aeini are islets of Langerhans, which 
appear as clusters of pale-staining eells surrounded by a network of 
eapillaries, seen as narrow elear spaees. Adipoeytes may also be present. 
Haematoxylin and eosin. (Courtesy of Dr Mukul Vij, Global Hospital, Chennai, 
India.) 
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Stellate eells Panereatie stellate eells are myoíìbroblast-like eells dis- 
tribiited in the exocrine part of the panereas, mainly in the peri-aeinar 
spaee, where their long eytoplasmie proeesses eneirele the base of the 
aeimis, and in perivascular and periductal regions of the panereas. They 
are usually in a quiescent state but, when aetivated, they have been 
implieated in the pathogenesis of ehronie panereatitis and panereatie 
eaneer (Omary et al 2007, Masaimme and Shimosegawa 2013). 


ACUTE PANCREATITIS 



Available with the Gray’s Anatomy e-book 


CHR0NIC PANCREATITIS 


Endoerine panereas 


Panereatie islets (of Langerhans) constitute the endoerine eomponent 
of the panereas. The human panereas may eontain more than a million 
islets distributed throughout the gland but most numerous in the tail. 
Eaeh islet eonsists of a highly vascularized cluster of polyhedral eells 
arranged in a trabeailar pattern, elosely approximated to a dense 
network of fenestrated eapillaries, which enables bidireetional transport 
of substrates between the islet eells and the circulation (In't Veld and 
Mariehal 2010). Islets are also supplied by autonomic nerve fibres, 
which travel with the blood vessels and end blindly in the perieapillary 
spaee. Tme synaptie eontaet between these nerve fibres and islet eells 
has not been demonstrated, though their role in islet fimetion has been 
suggested (Rodriguez-Diaz et al 2012). Speeialized staining techniques 
are neeessary to distinguish various islet eells, designated alpha, beta, 
delta, epsilon and panereatie polypeptide (PP) or F eells. Beta eells 
seerete insulin and are the most abundant (nearly 50% in human 
islets), followed by ghieagon-seereting alpha eells (30-40%). Delta eells 
and PP eells are less eommon and seerete somatostatin and panereatie 
polypeptide, respeetively. Epsilon eells seerete ghrelin. Llnlike mouse 
islets, where beta eells form the eore of the islet and are surrounded by 
alpha eells, human islets do not show eell-type speeifie loealization. The 
various eell types are uniformly distributed along the microvasculature 
and have extensive interlinkages with other islet eells. Their general 
organization is shown in Figure 69.10. 


Available with the Gray’s Anatomy e-book 

PANCREATIC TUM0URS 

Available with the Gray’s Anatomy e-book 

PANCREATIC TRANSPLANTATION 

Available with the Gray’s Anatomy e-book 

[@ Bonus e-book images 

Fig. 69.5 E-G Variations in the ductal anatomy of the panereas. 

Fig. 69.11 An intraoperative photograph taken during 
pancreaticoduodenectomy. 
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Panereas 


Acute inílammation of the panereas occurs in response to a variety of 
panereatie insults, including gallstone obstmetion of the hepatopanere- 
atie ampnlla, which causes reflux of bile and panereatie juice into the 
panereatie duct. This preeipitates intraparenehymal aetivation of inae- 
tive digestive enzymes, leading to eell injury, an inflammatory easeade 
and destmetion of panereatie tissue. 

The regional anatomy of the panereas explains most of the elinieal 
eomplieations of acute panereatitis. Irritation of the stomaeh eontrib- 
utes to gastrie stasis and vomiting; inflammation of the superior 
mesenterie plexus may contribute to paralytie ileus; and vascular inflam- 
mation may cause superior mesenterie or portal vein thrombosis, arte- 
rial bleeding or pseudoaneurysms, and isehaemia of the transverse 
eolon. Haemorrhagie fluid may accumulate in the loose retroperitoneal 
tissues around the panereas and traek laterally to the flanks (Grey 
Turner s sign), down to the inguinal ligaments (Foxs sign), or via the 
lesser omentum and 'bare area' of the liver to the faleiform ligament 
and the skin around the umbilicus (Cullen's sign), manifesting as 
difflise bmising. 

Peripanereatie acute fluid eolleetions frequently resolve spontane- 
ously as the inflammation in the panereas subsides. Accumulation of 
fluid anterior to the panereas, just beneath the posterior wall of the 
lesser sae, ean result in a 'pseudocyst' eontaining amylase-rieh fluid and 
debris but laeking a tme epithelial lining (Banks et al 2013). A large 
pseudocyst bulges forwards into the lesser sae in eontaet with the pos- 
terior wall of the stomaeh, lesser omentum and gastrosplenie ligament. 
If it does not resolve spontaneously, the pseudocyst ean be drained 
internally through the posterior wall of the stomaeh by endoseopie or 
open surgery, or externally by means of a percutaneous drain inserted 
under radiologieal guidance. 

Sustained injury to the panereas ean cause permanent damage, 
leading to parenehymal fibrosis and ealeifieation within the paren- 
ehyma and the panereatie ducts. This often causes ehronie pain, diabe- 
tes mellitus and panereatie exocrine insufficiency with steatorrhoea and 
malnutrition. Fibrosis ean involve the bile duct in the head of the pan- 
ereas, leading to obstmetive jaundice, and/or the splenie vein, causing 
splenie vein thrombosis and 'left-sided' portal hypertension. 

The vast majority of panereatie tumours are ductal adenoeareinomas 
derived from exocrine ductal epithelium. Up to two-thirds of such 
tumours are loeated in the head of the panereas. Tumours in the head 
of the panereas often obstmet the panereatie segment of the bile duct 
early in the course of disease, leading to obstmetive jaundice. The 
appearanee of a dilated eommon bile duct and main panereatie duct 
on eross-seetional imaging (the 'double duct' sign) is a eharaeteristie 
sign in tumours of the panereatie head. Advaneed tumours may invade 
the adjaeent duodenum, causing gastrie outlet obstmetion and/or the 
portal or superior mesenterie veins posterior to the neek of the panereas. 
A tumour in the body or tail of the gland often grows to a large size 
before presenting as an abdominal mass or with baek pain and weight 
loss (Yeo et al 2002). Tumours of the uncinate proeess ean cause 
early involvement of the superior mesenterie vessels and duodenum 
(0'Sullivan et al 2009). Peripanereatie and pre-aortie lymph nodes may 
be involved, together with hepatie nodes, in panereatie head tumours, 
and splenie hilar nodes may be involved in panereatie tail tumours. 

Surgery for panereatie head tumours usually involves eombined 
reseetion of the panereatie head and duodenum (pancreaticoduodenec- 
tomy) because of their shared blood supply. The reseetability of the 
tumour depends on the presenee and extent of major vascular involve- 
ment, particularly the portal vein and superior mesenterie vessels. An 
aeeessory or replaeed right hepatie artery (p. 1166) mnning eranially on 
the posterior surface of the panereatie head and behind the supraduo- 
denal segment of the bile duct is at risk of injury during such procedures 
( rurrini et al 2010). Reeognition of this variation and preservation of 
the artery are essential to maintain the arterial supply to the right lobe 
of the liver. In distal or total panereateetomy, spleen-preserving resee- 
tions are generally undertaken if the underlying pathology does not 
involve the splenie vein lying in the groove on the posterior surface of 
the gland, taking eare to eontrol the imiltiple small panereatie venous 
tributaries. In duodenum-preserving reseetion of the panereatie head, 
which is sometimes undertaken for ehronie panereatitis and benign 
panereatie tumours, it is important to preserve an adequate duodenal 
blood supply from the pancreaticoduodenal arterial areades (Kimura 



Fig. 69.11 An intraoperative photograph taken during 
pancreaticoduodenectomy. This patient had eoeliae artery stenosis and 
consequently hypertrophied pancreaticoduodenal areade arteries 
(A) provided the arterial supply to the liver. The panereatie head and 
duodenum were reseeted, preserving the areade. Note the cut stump at 
the proximal body of the panereas (B) and the exposed portal/superior 
mesenterie vein (C). The areade communicates with the hepatie artery (E) 
to supply the liver (D). (Courtesy of Mohamed Rela, Global Hospitals, 
Chennai, India.) 


and Nagai 1995). Stenosis of the eoeliae artery is eommon in elderly 
individuals with atheroselerosis. Here, the arterial blood supply to the 
liver is provided by the superior mesenterie artery through hypertro- 
phied arteries of the anterior and posterior pancreaticoduodenal 
areades. Care should be taken to avoid ligation of these branehes during 
panereatie surgery sinee this could cause hepatie isehemia (Fig. 69.11). 

The panereas is usually transplanted along with the kidney (this is 
termed a simultaneous panereas-kidney transplant) in patients with 
end-stage renal disease caused by diabetes mellitus. In seleeted patients, 
the panereas alone ean be transplanted to treat poor glyeaemie eontrol 
and hypoglyeaemia unawareness (White et al 2009). 

Donor panereas is reeovered from deeeased donors, usually as part 
of a multi-organ reeovery procedure. The entire panereas, along with 
the duodenal C loop (attaehed to the head of panereas) and spleen 
(elosely related to the tail of the panereas), is reeovered to prevent 
damage to the vascular areades in the pancreaticoduodenal groove and 
minimize handling of the panereas during organ reeovery (Abu-Elmagd 
et al 2000). The arterial supply for the panereas graft is based on the 
splenie artery and the superior mesenterie artery, both of which should 
be earefidly preserved during the donor operation. Both arteries are 
reeonstmeted to a Y-shaped deeeased donor iliae artery graft to enable 
a single arterial anastomosis in the reeipient. The venous drainage is 
through the portal vein. The panereas graft is implanted heterotopieally 
in the pelvis (not in its normal anatomieal position, i.e. the upper 
retroperitoneum). The reeonstmeted artery is anastomosed to the exter- 
nal iliae artery. The portal vein of the grafi ean be anastomosed to either 
the iliae vein or the superior mesenterie vein of the reeipient. Though 
portal and systemie venous drainage eaeh has its own supporters, there 
is no evidenee regarding the superiority of one technique versus the 
other (Bazerbaehi et al 2012). Drainage of the panereas exocrine seere- 
tions is into the ileum through a duodeno-ileal anastomosis or into the 
reeipient urinary bladder through a duodeno-cystic anastomosis. Com- 
plieations of the procedure are primarily a result of the damage the 
delieate panereas sustains during the organ reeovery, storage and trans- 
plantation proeess. Complications include graft panereatitis, graft 
neerosis leading to bleeding, thrombosis of vascular anastomoses and 
sepsis (Delis et al 2004, Troppmann 2010). However, in the majority of 
patients, panereas transplantation provides the potential for an insulin- 
free life and retards the development of diabetes-related eomplieations 
(Gmessner et al 2012). 
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CHAPTER 




The spleen is a large, encapsulated, complex mass of vascular and lym- 
phoid tissue situated in the upper left quadrant of the abdominal eavity 
between the fundus of the stomaeh and the diaphragm. It is mainly 
eoneerned with phagoeytosis and immune responses. Although docu- 
mented for more than 3,000 years, there are many aspeets of the spleen 
that remain poorly understood. It plays important roles in immuno- 
logieal defenee, metabolism and maintenanee of eirailating blood ele- 
ments (Petroianu 2011, Tarantino et al 2013; Fable 70.1). In the fetus, 

it is also a major site of haemopoiesis and ean resume this role post- 

• • 

natally in eertain pathologieal eonditions ( Jngòr et al 2007). However, 
it is not essential for life; if the spleen is removed, many of its hmetions 
ean be assumed by the liver and other tissues of the mononuclear 
phagoeytie system. 

The most eommon elinieal manifestations of splenie disorders are 
splenomegaly and a deerease in the number of cellular elements in the 
blood (eytopenias). Other elinieal manifestations include infeetions, 
lassitude and abdominal diseomfort (Ooetzee 1982, Oguro et al 1993, 
Petroianu 2011, Tarantino et al 2013). Ohronie splenomegaly in ehil- 
dren may be assoeiated with growth retardation (Petroiami 2003, 
Petroianu 1996). The most serious long-term consequence of removal 
of the spleen is severe sepsis, which earries a 2% mortality in otherwise 
healthy adults and an even greater risk of death in ehildren, the elderly, 
and patients with ehronie diseases. 


g) GR0SS ANAT0MY 

The size and weight of the spleen vary with age and sex, and ean also 
vary slightly in the same individual under different eonditions. The 
adult spleen is usually 9-14 em long, 6-8 em wide and 3-5 em thiek, 
and fits eomfortably in the individual's cupped hand. It reaehes its 
largest dimension in puberty and diminishes thereafter (DeLand 1970, 
Jakobsen and Jakobsen 1997). Although its weight inereases during 
puberty, it is eomparatively largest in the young ehild and tends to 
diminish in size and weight in old age (Coquet et al 2010, DeLand 
1970, Jakobsen and Jakobsen 1997, Seothorne 1985, Skandalakis et al 


• • 

1993, Ungòr et al 2007). The average adult weight is dependent on the 
volume of eontained blood; emptied of blood, it weighs between 70 
and 120 g, whereas in vivo its weight ranges from 150 to 350 g (Naka- 
mura et al 1989, Petroiami 2011, Skandalakis et al 1993). 

The shape of the spleen is also variable and mostly determined by 

its relations to neighbouring structures during development; it often 

appears as a slightly curved wedge. The superolateral aspeet is shaped 

by the left dome of the diaphragm, and the inferomedial aspeet mostly 

by the neighbouring stomaeh, left kidney and splenie flexure of the 

eolon. In the fetus, the spleen is lobulated (Ch. 60; Coetzee 1982, Faller 

1985, Gupta et al 1976, Petroiami 2011, Seothorne 1985, Skandalakis 

• • 

et al 1993, Lfngòr et al 2007); the adult spleen usually only retains a 
noteh on its anterior border, although additional surface notehes may 
persist (Mikhail et al 1979). 

A splenie lobule that fails to eoalesee with the developing spleen ean 
persist as a supernumerary or aeeessory spleen (also known as a sple- 
nunculus; Gupta et al 1976). This fhlly fimetional island of splenie 
tissue is found in approximately 10% of individuals and may be loeated 
in any part of the abdomen, or even outside it, but is most eommonly 
present near the splenie hilum within the gastrosplenie ligament or 
greater omentum ( "aller 1985, Petroiami 2011; Fig. 70.1). 

A normal adult spleen is not palpable on abdominal examination. 
In living supine healthy adults, it is most frequently loeated between 
the tenth and twelfth ribs, with its long axis along the eleventh rib 
(Gupta et al 1976, Mirjalili et al 2012). Its posterior border is approxi- 
mately 4 em from the midline at the level of the tenth thoraeie vertebral 
spine and it extends about 3 em anterior to the mid-axillary line. In the 
absenee of long peritoneal ligaments, it has to triple in size before it 
beeomes palpable below the left eostal margin (Mikhail et al 1979, 
ÍÌngòr et al 2007). 



RELATI0NS 


The spleen has superolateral diaphragmatie and inferomedial viseeral 
surfaces (Fig. 70.2), anterosuperior and posteroinferior borders, and 


Table 70.1 Summary of splenie functions 


General functions 

Speeifie functions 

Haematologieal and immunological 

Haemopoiesis 

Maturation of blood elements 
lmmunoglobulin aetivation 

Recirculation of T and B lymphoeytes 

Production 

Leukocytes 

Peptides 

lmmunoglobulins (mainly IgM) 

Opsonins 

Tuftsin 

Properdin 

Oomplement faetors 

Stem eells 

Storage 

Leukocytes 

Platelets 

All metals 

eiearanee 

Mieroorganisms 

Parasites 

Circulating antigens 

Altered circulating eells 

Circulating foreign bodies 

Synthesis 

Precursor of hepatie functions 

Metabolism 

Lipids 

Cholesterol 

Bilimbin 

Amino aeids 

Control 

Bone marrovv 

Mononuclear phagoeytie function 
Somatie grovvth 


Superior pole 
(posterior extremity) 


Gastrie impression 


Vein leaving hilum 


Renal impression 


Posteroinferior border 


Segmental branehes 
of splenie artery 


Anterosuperior 
border (notehed) 



Inferior pole 


Panereatie 


Colic impression 


Fig. 70.2 The viseeral surface of the spleen 



















Spleen 


Spleens in men are proportionally heavier than those in women. In 
pathologieal eonditions, the spleen may expand and retain blood; 
weights rarely exceed 700 g but gigantie spleens exceeding 10 kg have 
been reported (Coquet et al 2010, DeLand 1970, Jakobsen and Jakobsen 
1997, Skandalakis et al 1993). Splenomegaly eompresses and displaees 
adjaeent organs, causing abdominal diseomfort, dyspepsia, respiratory 
restrietion and difficulty walking (Coetzee 1982, Petroiami 2011). 


Fig. 70.1 A supernumerary spleen loeated in the greater omentum 
(arrow). Supernumerary spleens are usually isolated and may be 
eonneeted to the spleen or splenie pediele by thin vessels. 
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C entral tendon 



Leftcupola of diaphragm 


Tail of panereas 


Phrenieoeolie ligament 
Splenie flexure 


Fig. 70.3 The posterior relations (‘bed’) of the spleen. (Adapted from 
Drake, RL, Vogl, AW, Mitehell, A (eds), Gray’s Anatomy for Students, 2nd 
ed, Elsevier, Churchill Livingstone. Copyright 2010.) 
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Fig. 70.4 The gross appearanee of the spleen in situ. An intra-abdominal 
image of the spleen (1) and its relation with the stomaeh (4), liver (3), 
eolon (6), diaphragm (2) and greater omentum (5). 


siiperior and inferior poles. The convex, smooth diaphragmatie surface 
faees mostly superiorly and laterally although the posterior part may 
faee posteriorly (Mirjalili et al 2012). The diaphragmatie surface is sepa- 
rated from the left pleural eostodiaphragmatie reeess, lower lobe of the 
left lung and the tenth to twelfth left ribs by the underside of the left 
dome of the diaphragm (Figs 70.3-70.4); splenie inflammation or 
surgery may lead to a left-sided basal pleural effhsion and left lower 
lobe ateleetasis (Petroianu 2011). 

The viseeral surface is irregular, faees inferomedially towards the 
abdominal eavity and is marked by gastrie, renal and eolie impressions. 
The gastrie impression faees anteromedially and is broad and eoneave 
where the spleen lies adjaeent to the posterior aspeet of the fundus, 
upper body and upper greater curvature of the stomaeh. It is separated 
from the stomaeh by a peritoneal reeess, limited by the gastrosplenie 
ligament. The renal impression is slightly eoneave and lies on the pos- 
teroinferior part of the viseeral surface, separated from the gastrie 
impression above by a ridge of splenie tissue and the splenie hilum. It 
faees inferomedially and slightly backwards, and is related to the upper 
lateral area of the anterior surface of the left kidney and sometimes to 
the superior pole of the left suprarenal gland. The eolie impression is 
usually flat; it lies at the inferior pole of the spleen and is related to the 
splenie flexure of the eolon and the phrenieoeolie ligament. The hilum 


of the spleen is a long fissure piereed by the splenie vessels, nerves and 
lymphaties, and lies on the viseeral surface eloser to the posteroinferior 
border (Petroiami 2011). 

The anterosuperior border separates the diaphragmatie surface 
from the gastrie impression and is usually convex. Inferiorly, it may 
bear one or two notehes that have persisted from the lobulated form 
of the spleen in early fetal life (p. 1064). However, the noteh may be 
absent and is not a eompletely reliable guide to identifieation of the 
spleen during elinieal examination. The posteroinferior border sepa- 
rates the renal impression from the diaphragmatie surface and is more 
rounded and blunt than the anterosuperior border. The superior pole 
eorresponds to the posterior extremity and usually faees the vertebral 
column. The inferior pole is longer and less angulated than the superior 
pole and eonneets the anterosuperior and posteroinferior borders 
anteriorly; it is related to the eolie impression and often lies adjaeent 
to the splenie flexure and phrenieoeolie ligament (Petroianu 2011). 

The inferior pole of the spleen is partioalarly at risk of injury from 
blunt abdominal trauma or during surgical procedures on the stomaeh, 
panereatie tail, left kidney, left suprarenal gland and left eolon. Excessive 
traetion of the stomaeh, transverse eolon or greater omentum may tear 
the splenie capsule and superíìcial parenehyma by way of their perito- 
neal attaehments, causing bleeding that may be difficult to eontrol 
(Merehea et al 2012). 


SPLENIC LIGAMENTS 



The spleen develops between the two leaves of the dorsal mesogastrium 

(see Figs 60.6-60.7) and so is almost entirely invested in viseeral peri- 

• • 

toneum that is firmly adherent to its capsule ( Jngòr et al 2007). The 
dorsal mesogastrie attaehments persist as peritoneal ligaments. Thus, 
the superior pole of the spleen is eonneeted to the stomaeh via the 
gastrosplenie ligament, and to the posterior abdominal wall by a vari- 
ably developed phrenieosplenie ligament. The inferior pole of the 
spleen is eonneeted to the posterior abdominal wall by the splenorenal 
ligament and to the splenie flexure of the eolon. The phrenieoeolie liga- 
ment lies just inferior to the lower pole (Fig. 70.5). Eaeh of these liga- 
ments is made up of two layers of peritoneum eontaining fat, blood 
and lymphatie vessels and nerves (Petroianu 2011, Skandalakis et al 
1993). The phrenieosplenie ligament mns between the spleen and the 
peritoneum of the undersurface of the diaphragm. The anterior layer of 
the splenorenal ligament is continuous with the peritoneum of the 
posterior wall of the lesser sae over the left kidney, and with the poste- 
rior layer of the gastrosplenie ligament at the splenie hilum. The poste- 
rior layer of the splenorenal ligament is continuous with the peritoneum 
over the inferior surface of the diaphragm and anterior surface of the 
left kidney. The terminal portions of the splenie artery and vein, and, 
more inferiorly, the tail of the panereas, lie between the two peritoneal 
layers of the splenorenal ligament. The tail of the panereas may be 
injured during disseetion when ligating and dividing the splenie vessels, 
resulting in bleeding, loeal panereatitis and panereatie fistula formation 
(Petroianu 2011, Skandalakis et al 1993). 

The gastrosplenie ligament is continuous with the phrenieosplenie 
ligament, the splenie capsule, the gastrie serosa and the greater 
omentum. It eontains the short gastrie and superior polar arteries, and 
the left gastroepiploie artery, all of which arise from the splenie artery, 
and their eorresponding veins. During spleneetomy or mobilization of 
the fundus of the stomaeh, the short gastrie vessels must not be ligated 
too elose to the stomaeh in order to avoid the risk of loeal gastrie 
neerosis, perforation and their consequences. 

The phrenieoeolie ligament eonneets the splenie flexure of the eolon 
to the diaphragm and mns inferior and lateral to the lower pole of the 
spleen. It is continuous with the peritoneum of the lateral end of the 
transverse mesoeolon at the end of the panereatie tail, and the spleno- 
renal ligament at the hilum of the spleen (Merehea et al 2012, 
Skandalakis et al 1993). When the phrenieoeolie ligament is being 
divided, particularly when electrocautery is used, the eolon is at risk 
of injury. 


Mobile spleen The length of the peritoneal ligaments assoeiated 
with the spleen vary; longer ligaments afford the spleen greater mobil- 
ity, which ean streteh its vascular pediele. This faeilitates surgical mobi- 
lization but may render the spleen more susceptible to injury from 
shear forees during trauma. 

A floating or wandering spleen is eharaeterized by excessive mobility 
and migration of the organ outside the left hypochondrium. In such 
eases, the spleen may undergo torsion or cause bladder or reetal symp- 
toms from loeal pressure; imaging usually eonfirms the diagnosis (Fig. 
70.6). If surgical treatment is neeessary, the spleen is freed from loeal 
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Spleen 


Operating on a normal-sized spleen is a relatively straightforward 
procedure for most surgeons. Mobilization of the spleen requires divi- 
sion of the phrenieoeolie, gastrosplenie and phrenieosplenie ligaments. 
llndue traetion on the phrenieoeolie ligament during mobilization of 
the splenie flexure may tear the splenie capsule, causing bleeding 
(Merehea et al 2012). This is less likely if the phrenieoeolie ligament is 
retraeted laterally rather than inferiorly and medially (Merehea et al 
2012). The anterosuperior border and anterior diaphragmatie surface 
of the spleen are often adherent to the greater omentum and eare must 
be taken when retraeting the latter. The diaphragmatie surface of 
the spleen is oeeasionally adherent to the peritoneum on the undersur- 
faee of the diaphragm; these adhesions may follow inflammation of 
the spleen or be eongenital in origin (Petroianu 2011, Skandalakis 
et al 1993). 
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1988, Liu et al 1996, Pandey et al 2004, Sylvester et al 1995). Almost 
always, the splenie artery arises from the eoeliae tmnk, in eommon with 
the left gastrie and eommon hepatie arteries. However, it may originate 
from the eommon hepatie artery or the left gastrie artery, or rarely 
direetly from the aorta either in isolation or as a splenomesenterie tmnk 
(Cortés and Pellieo 1988, Gareía-Porrero and Lemes 1988, Liu et al 
1996, Pandey et al 2004, Torres 1998, Tmbel 1985). 

From its origin, the artery mns a little way inferiorly before turning 
to the left behind the stomaeh to mn horizontally posterior to the upper 
border of the body and tail of the panereas. Multiple loops or even eoils 
of the artery appear above the superior border of the panereas (MeFee 
et al 1995, Pandey et al 2004). The splenie artery courses anterior to 
the left kidney and left suprarenal gland, and mns in the splenorenal 
ligament behind or above the tail of the panereas. In its course, it gives 
off numerous branehes to the panereas (dorsal panereatie, greater pan- 
ereatie artery, and arteries to the tail) and, near its termination, it gives 
off the short gastrie arteries and the left gastroepiploie artery (Gíirleyik 
et al 2000, Liu et al 1996, Mikhail et al 1979, Pandey et al 2004, Skan- 
dalakis et al 1993, Tmbel et al 1985, Tmbel et al 1988). Additional 
branehes include a posterior gastrie artery in 40% of individuals and 
small retroperitoneal branehes. 

The splenie artery varies between 8 and 32 em in length and its 
ealibre usually exceeds that of the eommon hepatie and left gastrie 
arteries, ranging from 3 to 12 mm. Splenie artery blood flow is approxi- 
mately 3 ml/see/100 g, eorresponding to approximately 7% of eardiae 
output (Cortés and Pellieo 1988, Gareía-Porrero and Lemes 1988, 
Nakamura et al 1989, Pandey et al 2004, Petroianu 2011, Skandalakis 
et al 1993, Torres 1998, Tmbel et al 1985). 

The splenie artery usually divides into two, or oeeasionally three, 
branehes before entering the hihim of the spleen. The superior and 
inferior branehes are sometimes known as superior and inferior polar 
arteries; as they enter the hilum they divide into four or five segmental 
arteries that eaeh supply a segment of splenie tissue. There is relatively 
little arterial eollateral eirailation between segments, which means that 
occlusion of a segmental vessel often leads to infaretion of part of the 
spleen (Cortés and Pellieo 1988, Gareía-Porrero and Lemes 1988, 
Gupta et al 1976, Liu et al 1996, Mikhail et al 1979, Pandey et al 2004, 
Torres 1998, Tmbel al 1985, Tmbel et al 1988). Segmental arteries 
divide within the splenie trabeculae and give rise to folliailar arterioles, 
which are surrounded by a thiek lymphoid sheath of white pulp. These 
feed the simisoids of the red pulp. There is eonsiderable communica- 
tion between arterioles (Gareía-Porrero and Lemes 1988, Liu et al 1996, 
Mikhail et al 1979, Skandalakis et al 1993, Sow et al 1991, Tmbel 
et al 1988). 

The superior pole of the spleen gains an additional arterial supply, 
distinet from the splenie hilar vessels, from the short gastrie arteries 
in the gastrosplenie ligament. These vessels eonneet the superior pole 
of the spleen to the gastrie fundus and preserve viability of this region 
of the spleen after ligation of the splenie pediele (Gareía-Porrero 
and Lemes 1988, Gíirleyik et al 2000, Liu et al 1996, Petroianu 2011, 
Petroiami and Petroianu 1994, Petroiami et al 1989, Skandalakis et al 
1993, Torres 1998, Tmbel et al 1988). 


Veins 


Fig. 70.5 The peritoneal eonneetions of the spleen. A, The posterior 
peritoneal eonneetions, seen as if the spleen has been removed, with the 
folds fixed in their ‘normal’ positions. B, The anterior peritoneal eonneetions, 
seen with the spleen in plaee, as if the stomaeh and greater omentum have 
been removed, with the folds fixed in their ‘normal’ positions. (Adapted from 
Drake, RL, Vogl, AW, Mitehell, A (eds), Gray’s Anatomy for Students, 2nd 
ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


adhesions and returned to the left hypochondrium, the surgeon short- 
ening and suturing its ligaments to the diaphragm (MeFee et al 1995, 
Petroianu 2011, Ììngòr et al 2007). 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
Arteries 
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The spleen is supplied by the splenie artery, one of the most tortuous 
arteries in the body (Fig. 70.7). The pathophysiology of the tortuosity 
of this vessel, which may beeome more pronounced with advaneing 
age, is not understood, although several theories have been proposed 

(Borley et al 1995, Cortés and Pellieo 1988, Gareía-Porrero and Lemes 


Blood from the parenehyma of the spleen is eolleeted by trabecular 
veins. They join to form segmental veins that drain individual splenie 
segments. In general, there are no anastomoses between intrasegmental 
venous tributaries. Segmental veins join to form two (superior and 
inferior) or three (superior, middle and inferior) 'lobar veins that 
emerge from the length of the splenie hilum and unite to form the 
splenie vein within the splenorenal ligament (see Fig. 70.2; Fig. 70.8). 
Communicating veins may intereonneet lobar veins (DeLand 1970, 
Gupta et al 1980, Liu et al 1996, Par et al 1965, Sow et al 1991). 

The splenie vein mns medially below the splenie artery and posterior 
to the tail and body of the panereas (see Fig. 69.4 D-G) (Giirleyik et al 
2000, Par et al 1965). It erosses the posterior abdominal wall anterior 
to the left kidney, renal hilum and abdominal aorta, separated from the 
left sympathetie tmnk and left ems of the diaphragm by the left renal 
vessels, and from the abdominal aorta by the superior mesenterie artery 
and left renal vein (Gupta et al 1976, Gupta et al 1980, Liu et al 1996, 
Par et al 1965). It ends posterior to the neek of the panereas, where it 
joins the superior mesenterie vein to form the portal vein. Along its 
course it reeeives the short gastrie veins, left gastroepiploie veins, retro- 
peritoneal veins (Retzms's retroperitoneal venous plexus), panereatie 
veins, posterior gastrie vein, left gastrie vein (oeeasionally) and the 
inferior mesenterie vein. Approximately 60% of portal vein blood flow 
is derived from the gut and the remainder from the spleen and panereas 


























































Spleen 



Fig. 70.6 A mobile enlarged spleen loeated in the left side of the pelvis. 

A, A eompiited tomography (CT) sean showing the abnormal loeation of 
an enlarged spleen (S). B, A siirgieal view of the same spleen, which 
appears eongested due to partial obstmetion of its venous drainage at 
the splenie hilum (arrow). Note the laek of restraining peritoneal ligaments. 



Fig. 70.7 A, A three-dimensional reeonstmeted eontrast-enhaneed CT 
sean. Key: 1, spleen; 2, liver; 3, kidneys; 4, splenie vein; 5, superior polar 
vein; 6, portal vein; 7, aorta. B, A splenie digital subtraction arteriogram 
showing the splenie artery (1) and its branehes. Note the primary division 
of the splenie artery (2) into superior (3) and inferior branehes (4). C, An 
excised spleen demonstrating the hilar vessels. 
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Fig. 70.8 A, A splenoportogram. B, An axial oblique CT sliee shovving the 
portal and splenie veins. 
































Spleen 


(Dawson et al 1986, Giipta et al 1980, Gíirleyik et al 2000, Liu et al 
1996, Oguro et al 1993, Par et al 1965). 

Obstmetion to portal or splenie venous drainage leads to reversed 
venous flow through the splenie vein and its tributaries, resulting in 
splenomegaly and widespread variees (Petroianu 1988, Petroianu 1992, 
Petroianu 2011, Petroianu et al 1989, Re et al 1985, Skandalakis et al 
1993). 

Lymphatie drainage 



Lymphatie drainage begins in the white pulp. Lymphaties travel with 
the blood vessels towards a lymphatie subcapsular plexus, which drains 
via larger lymphatie ehannels to lymph nodes at the splenie hilum and 
around the tail of the panereas (Fig. 70.9). From here, lymph drains to 
suprapancreatic, infrapanereatie and omental lymph nodes, and from 
there to eoeliae nodes and the eisterna ehyli. 


INNERVATI0N 



The spleen is innervated by both eomponents of the autonomic nervous 
system; the sympathetie supply is dominant. Postganglionie sympa- 
thetie nerves from the eoeliae plexus and parasympathetie nerves from 
the vagal tmnks travel with the splenie vessels (see Fig. 70.9). Sympa- 
thetie fibres innervate arteries at least to the trabeodar level and have 
the potential to influence blood flow within the human spleen (Kudoh 
et al 1979). Llnlike in some animals, the motor innervation of the 
human splenie capsule is largely vestigial; it eontains minimal quanti- 
ties of smooth muscle and therefore does not eontraet. In eontrast, the 
capsule and parenehyma are innervated by sensory fibres that eonvey 
pain. Mild to moderate splenomegaly is often painless but splenie 
inflammation from infeetion, infaretion (e.g. siekle eell disease, emboli- 
zation) or abmpt distension of the capsule (e.g. haematoma) may cause 
severe pain, intensified by inflammation of the overlying parietal peri- 
toneum. Referred pain from the splenie pulp is poorly loealized to the 
epigastrium (Petroianu 2011). 


MICR0STRUCTURE 


The spleen eontains the largest single mass of lymphoid tissue in the 
body in direet continuity with the circulation. Splenie parenehyma 
is divided into two prineipal regions - white pulp and red pulp - 
named aeeording to the appearanee of the cut surface of a fresh spleen 

(Fig. 70.10). 



Fig. 70.10 A seetion through the spleen. VVhite pulp (W) is present as 
ovoid areas of basophilie tissue. Red pulp (R) lies between white pulp 
tissue and eonsists of splenie sinusoids and intervening cellular eords. 
Part of the capsule (C) is seen top right, from which trabeculae (T) 
extend into the splenie tissue. (Courtesy of Mr Peter Helliwell and 
the late Dr Joseph Mathew, Department of Histopathology, Royal 
Cornwall Hospitals Trust, UK.) 


Fibrous framework 


The serosa of the peritoneum eovers the entire spleen, except at its 
hilum and where the peritoneal ligaments are attaehed. The eonneetive 
tissue capsule, deep to the serosa, is approximately 1.5 mm thiek and 
eontains abundant type I eollagen fibres and some elastin fibres. It is 
eomposed of an outer and inner lamina in which the direetions of the 
eollagen fibres differ, so inereasing its strength. Numerous trabeculae 
extend from the capsule into the substance of the spleen, where they 
braneh to form a eonneetive tissue seaffold (Faller 1985, Seothorne 
1985). The largest trabeculae enter at the hilum and divide into branehes 
in the splenie pulp, providing conduits for the splenie vessels and nerves 
(see Fig. 70.10; Figs 70.11-70.12). Within the spleen, these branehes 
beeome continuous with a delieate network of type III (reticular) eol- 
lagen fibres that pervades both red and white pulps and is maintained 
by fibroblasts within its interstiees (Gupta et al 1976, Krieken and Velde 
1988, Seothorne 1985). 

White pulp 


In an adult, white pulp accounts for between 5% and 20% of the splenie 
tissue. Branehes of the splenie artery radiate out into the parenehyma 
of the spleen from the hilum, ramifying within trabeculae. In their 
terminal few millimetres, their eonneetive tissue adventitia is replaeed 
by a sheath of T lymphoeytes, the peri-arteriolar lymphatie sheath 
(PALS). This is expanded in plaees by aggregations of B lymphoeytes, 
lymphoid follieles measuring 0.25-1 mm in diameter and visible to the 
naked eye on the freshly cut surface of the spleen as white semi-opaque 
dots, in eontrast to the surrounding deep reddish purple of the red pulp. 
Follieles are usually situated near the terminal branehes of arterioles 
and typieally protmde to one side of a vessel, which consequently 
appears eeeentrieally plaeed within the folliele. Arterioles braneh later- 
ally within follieles to form a series of parallel terminal arterioles, peni- 
eillar arterioles (Krieken and Velde 1988, Seothorne 1985; see Figs 
70.10-70.12). 

Like peri-arteriolar sheaths, follieles are eentres of lymphoeyte aggre- 
gation and proliferation. After antigenie stimulation, they beeome sites 
of intensive B-eell proliferation, developing germinal eentres similar to 
those found in lymph nodes; antigen presentation by follioilar den- 
dritie eells is involved in this proeess. Germinal eentres regress when 
the stimulus abates. Follieles tend to atrophy with advaneing age and 
may be absent in the very elderly (Krieken and Velde 1988, Petroiami 
2011, Seothorne 1985; see Figs 70.10-70.12). 

Red pulp 


The red pulp constitutes up to 90% of the total splenie volume and is 
a unique filtration deviee that enables the spleen to elear particulate 
material from the blood as it perfhses the organ (Krieken and Velde 
1988, Petroianu 2011, Seothorne 1985; see Fig. 70.11). It eontains large 
numbers of venous simisoids that ultimately drain into tributaries of 
the splenie vein. The simisoids are separated from eaeh other by a 
fibrocellular network of small bundles of eollagen fibres, the reticulum, 
numerous retiodar fibroblasts and splenie maerophages. Seen in two 
dimensions, these intersimisoidal regions appear as strips of tissue, the 
splenie eords (see Figs 70.11-70.12), whereas in reality they form a 
three-dimensional eontimmm around the venous spaees (Chen 1978, 
Krieken and Velde 1988, Seothorne 1985, Weiss 1983). 

Venous sinusoids are elongated ovoid vessels, approximately 50 pm 
in diameter, supported externally by circumferential and longitudinal 
reticular fibres (Krieken and Velde 1988, Seothorne 1985, Weiss 1983), 
and lined by a eharaeteristie, discontinuous endothelium that is unique 
to the spleen. The long, narrow endothelial eells are aligned with the 
long axis of the sinusoid; they are also ealled stave eells because they 
resemble the planks in a barrel (see Fig. 70.12). Stave eells are attaehed 
to their neighbours at intervals along their length by short stretehes of 
intercellular junctions that alternate with intercellular slits that allow 
blood eells to squeeze into the lumen of the simisoid from the sur- 
rounding splenie eords. A discontinuous basal lamina is present on the 
abhiminal aspeet of the sinus. 

Large, stellate fibroblasts - retiodar eells - lie around the sinusoids. 
They synthesize the matrix eomponents of the reticulum, including 
eollagen and proteoglyeans, and their eytoplasmie proeesses help to 
eompartmentalize the reticular spaee. Blood from the open ends of the 
eapillaries that originate from penieillar arterioles pereolates through 
the retiodar spaees within the splenie eords. Maerophages in the spaees 
remove blood-borne particulate material, including ageing and damaged 
erythroeytes. If the number of damaged erythroeytes inereases, the 
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Fig. 70.9 The lymph nodes related to the spleen. The panereas has been rendered partially transparent to visualize the major blood vessels lying 
posteriorly. The greater curvature of the stomaeh has been refleeted superiorly to expose its posterior surface and the peritoneal lining of the posterior 
wall of the lesser sae removed. (Courtesy of Dr Andy Petroianu and Dr Iriam Starling.) 


In malignant neoplasms of the greater curvature of the stomaeh, 
distal panereas or distal transverse eolon, it may be neeessary to remove 
the spleen and tail of the panereas to aehieve a radieal reseetion. In 
leukaemias and lymphomas, lymphadenopathy of splenie hilar nodes 
may be found along with splenomegaly during staging investigations 
(Petroianu 2011). 




CHAPTER 70 


















































SECTION 8 





Fig. 70.11 The microstructure of the spleen (haematoxylin and eosin staining). A, Red pulp eovered by the splenie capsule (arrow). B, Trabeculae 
(arrows) inside the red pulp. Trabecular arterioles (1) and venules (2), eontaining erythroeytes, are also shown. C, Red pulp (1), marginal or perifollicular 
zone (2), and white pulp (3) eontaining a follicular arteriole surrounded by a peri-arteriolar lymphatie sheath (arrow). D, Red pulp eontaining several 
sinusoid eapillaries (*) with discontinuous endothelial eells and surrounded by maerophages eontaining phagoeytosed partieles within their eytoplasm 
(arrows). 
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Capsule 
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Fig. 70.12 The main features of splenie structure, not to seale. The capsule, trabeculae, reticular fibres and eells, the perivascular lymphoid sheaths and 
follieles (white pulp), and the cellular eords and venous sinusoids of the red pulp are shown. The ‘open’ and ‘elosed’ theories of splenie circulation are 
illustrated; it is likely that most of the circulation is of the open form. The venous sinusoids are lined by speeialized endothelial ‘stave’ eells; the 
intercellular gaps of these have been over-emphasized for elarity. 

















































































































































































































































































Key referenees 


retieiilar eells proliferate and the red piilp expands, causing the spleen removing abnormal and effete eells, blood eell partieles, baeteria, para- 
to enlarge (Kudoh et al 1979, Seothorne 1985). sites and foreign antigens. 


Perifollicular zone 


The perifolliailar (marginal) zone lies at the interfaee between the 
white and red pulp; it is the site where blood is delivered into the red 
pulp and where many lymphoeytes leave the circulation to migrate to 
their respeetive T- and B-lymphoeyte aggregations in the white pulp. 
These lymphoeytes are more loosely arranged than they are in the white 
pulp, and are held in a dense network of reticular fibres and eells. The 
arterioles leaving the white pulp are also surrounded by a small aggrega- 
tion of maerophages: the peri-arteriolar maerophage sheath (Krieken 
and Velde 1988, Petroianu 2011, Seothorne 1985; see Fig. 70.11C). 


IMAGING 



Available with the Gray’s Anatomy e-book 


SPLENOMEGALY 



Available with the Gray’s Anatomy e-book 


Splenie microcirculation 


Segmental splenie arteries ramiíy in the trabeculae (trabecular arteries) 
before tapering to beeome arterioles that pass through the white pulp 
and give off penieillar arterioles (Gareía-Porrero and Lemes 1988, 
Gupta et al 1976, Seothorne 1985). These exit the white pulp and 
traverse the perifolliailar marginal zone before entering the red pulp. 
Evidenee supports a dominantly 'open' circulation in humans, in which 
blood empties into and pereolates slowly through the retioilar tissue 
of the splenie eords before re-entering the vasoilar lumen through slits 
in the walls of the venous simisoids (Cavalli et al 1982, Chen 1978; see 
Fig. 70.12). From the venous sinusoids, blood eolleets in venules that 
unite to form small veins that mn within the trabeculae and drain into 
segmental splenie veins (Cavalli et al 1982, Chen 1978, Petroiami 2011, 
Seothorne 1985). Some blood probably takes an alternative, 'elosed' 
route and enters the venous sinusoids direetly from arterioles and eapil- 
laries in the marginal zone. Either way, the blood is exposed to maero- 
phages and the filtering meehanism of the spleen responsible for 


SPLENIC TRAIJMA 


The spleen is one of the most frequently damaged organs in blunt 
abdominal trauma ( fable 70.2, Fig. 70.15). It is partioilarly prone to 
injury during rapid deeeleration or eompression, and its peritoneal liga- 
ments render it vulnerable to shearing injuries of the parenehyma and 
splenie vessels. Fractures of the lower left ribs may be assoeiated with 
blunt injuries (Buntain et al 1988). Traetion on peritoneal ligaments or 
adhesions may lead to inadvertent capsular tears during surgical proee- 
dures such as splenie flexure mobilization. There is insufficient evidenee 
to know whether enlarged spleens are at a signifieantly greater risk of 
trauma (Skandalakis et al 1993), but this is frequently postulated. 



SPLENEdOMY 



Available with the Gray’s Anatomy e-book 


[@ Bonus e-book images 

Fig. 70.1 A supernumerary spleen loeated in 
the greater omentum. 

Fig. 70.6 A mobile enlarged spleen loeated 
in the left side of the pelvis. A, A computed 
tomography (CT) sean showing the 
abnormal loeation of an enlarged spleen. 

B, A surgical view of the same spleen, 
which appears eongested due to partial 
obstmetion of its venous drainage at the 
splenie hilum. 

Fig. 70.7 A, A three-dimensional 
reeonstmeted eontrast-enhaneed CT sean. 

B, A splenie digital subtraction arteriogram 
showing the splenie artery and its branehes. 

C, An excised spleen demonstrating the 
hilar vessels. 


Fig. 70.8 A, A splenoportogram. B, An axial 
oblique CT sliee showing the portal and 
splenie veins. 

Fig. 70.9 The lymph nodes related to the 
spleen. 

Fig. 70.13 Splenie imaging. A, An ultrasound 
sean with colour Doppler. B, A magnetie 
resonanee sean. C, A radioisotope sean 
(" m T C sulphur eolloid). 

Fig. 70.14 Examples of different pathologies 
causing splenomegaly. A, Portal 
hypertension. B, Gaucher’s disease. 

C, Myelofibrosis. D, Thalassaemia. 

E, Sareoma. F, Lymphoma. 


Fig. 70.15 Splenie trauma. A, A CT sean 
showing multiple splenie tears. B, Suture 
repair of a ruptured spleen. C, Complete 
splenie rupture. D, Subtotal spleneetomy 
after treatment of the patient illustrated 
in C. 

Fig. 70.16 Partial spleneetomy and 
autotransplantation. A, Partial spleneetomy 
preserving the superior pole supplied by the 
short gastrie vessels. B, Partial spleneetomy 
preserving the inferior pole supplied by the 
left gastroepiploie vessels. C, A splenie 
segment removed after total spleneetomy 
and slieed into 1-2 em cubes. D, The 
same sliees in C sutured on to the greater 
omentum. 
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A deseription of the tortuosity of the splenie artery, demonstrating its 
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Spleen 


Imaging demonstrates the gross morphology and vascular supply of the 
spleen, and ean also be used to assess splenie fhnetion. Imaging modali- 
ties include ultrasound (US), computed tomography (CT), magnetie 
resonanee imaging (MRI), arteriography, splenoportography and sein- 
tigraphy (Buntain et al 1988, Merran et al 2007, Nakamura et al 1989, 
Xu et al 2009; see Figs 70.7-70.8; Fig. 70.13). Cross-sectional imaging 
is particularly useful for assessing tumours and infiltrations of the 
spleen. Percutaneous drainage of splenie and perisplenie fluid eollee- 
tions is routinely performed under image guidance, and percutaneous 
splenie biopsy is being inereasingly utilized in diagnosis. Arteriography 
is essential for seleetive embolization and the insertion of an arterial 
stent to treat splenie artery aneurysm. Seintigraphy ean be used to 
investigate splenie phagoeytie fimetion by quantiíying the uptake of 
radioaetive labelled agents (e.g. 99m technetium sulphur eolloid or heat- 
damaged erythroeytes) (Hermann and Winkel 1977, Merran et al 2007, 
Petroiami 2011, Xu et al 2009). 

The numerous causes of splenomegaly may broadly be elassified into 
haematologieal (e.g. lymphoproliferative, myeloproliferative, erythro- 
eyte disorders); vascular (e.g. portal hypertension); infectious (e.g. viral, 
baeterial, other); autoimmune; and infiltrative (e.g. storage disorders 
and tumours) (Cavalli et al 1982, Petroiami 1988, Petroianu 2011, Re 
et al 1985; Fig. 70.14). 

Contrast-enhanced CT imaging is partiailarly useful in the assess- 
ment of splenie trauma. The majority of splenie injuries from bfirnt 
abdominal trauma are successfully treated by eonservative manage- 
ment. Extensive burst injuries with persistent bleeding or major injuries 
to the hilar vessels may require spleneetomy but various repair teeh- 
niques are available. With hilar injuries, a subtotal spleneetomy, pre- 
serving the short gastrie vessels and superior pole only, is one option. 
Minor intraoperative capsular tears may be eontrolled by the topieal 
applieation of haemostatie agents and sutures, although direet suture 
repair is ehallenging because the splenie pulp is fragile. Arteriography 
and embolization are additional techniques that ean be used to eontrol 
bleeding or treat vascular lesions (Petroianu 2011). 

Most surgical procedures performed on the spleen should start with 
ligation of the splenie artery at the superior border of the panereatie 
tail. This ean be difficult in patients with portal hypertension, splenie 
artery aneurysm, retroperitoneal fibrosis, regional lymphadenopathy or 
inflammatory eonditions. After splenie artery ligation, the spleen 
beeomes softer because most of its eontained blood returns to the eir- 
oilation. Despite the intermption of splenie artery inflow, the superior 
pole of the spleen continues to be perfiised by the short gastrie arteries, 
and the inferior pole may be supplied retrogradely via the left gastroepi- 
ploie artery. Ligation and division of the splenie vein should be the last 
step before removal of the spleen to maximize autotransfusion of blood 
from the spleen (Liu et al 1996, Petroiami 2011, Petroianu and Petroi- 
anu 1994, Petroianu et al 1989, Skandalakis et al 1993, Sowet al 1991). 

In partial or subtotal spleneetomy, the vessels that supply the part 
of the spleen to be removed are ligated and divided elose to the organ. 
The devascularized region turns dark blue, demareating it from the 
residual viable splenie tissue; the organ is then divided in this plane 
(ehristo and DiDio 1997, Giirleyiket al 2000, Liu et al 1996, Petroiami 
and Petroianu 1994, Sow et al 1991). Wedge excision leaves two flaps 
of splenie capsule that ean be sutured or stapled to eover the remaining 
raw parenehyma, after suture of any visible bleeding vessels (Petroianu 
2011, Petroianu 1993, Petroianu et al 1989, Petroianu 1988; Fig. 70.16). 

If total spleneetomy is required to treat splenie trauma, autotrans- 
plantation of splenie tissue into the greater omentum or mesentery of 
the bowel ean preserve useful splenie fimetion (see Fig. 70.16). Approxi- 
mately 20% of the original splenie mass needs to be transplanted and 
venous drainage of this tissue must be to the portal venous system to 
maintain the metabolie and immunological fimetions of the splenie 
tissue (Oguro et al 1993, Petroianu 2011). 

Total spleneetomy has numerous potential consequences. Intraop- 
eratively, bleeding or damage to the panereas, stomaeh or eolon may 
occur. Early postoperative eomplieations include left-sided basal pul- 
monary ateleetasis and pleural effiision, subphrenic abseess, transient 
leukocytosis and thromboeytosis with the risk of thrombotie eompliea- 
tions. In the longer term, there is an inereased risk of infeetion (espe- 
eially from encapsulated baeteria), which may be fatal (Petroiami 2011). 

Conservative management of splenie trauma and partial splenee- 
tomy now enable splenie fimetion to be preserved in situations where 
spleneetomy would onee have been routinely performed. Lurthermore, 
most surgical procedures on the spleen ean now be performed laparo- 
seopieally, which readily affords inspeetion of the spleen from all per- 
speetives (Poulin and Thibaut 1993, Sow et al 1991). 
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Fig. 70.13 Splenie imaging. A, An ultrasound sean with colour Doppler. 
B, A magnetie resonanee sean. C, A radioisotope sean ( 99m Tc sulphur 
eolloid). Contrast-enhanced CT imaging, digital subtraction angiography 
and a splenoportogram are shown in Figures 70.7-70.8. 


Table 70.2 Bimtain’s elassifieation of splenie injiiry 


Grade 

Deseription of injiiry 

Grade 1 

Subcapsular haematoma or loealized capsular dismption without signifieant 
injury to the parenehyma 

Grade II 

Single or multiple capsular and parenehymal dismptions that do not involve 
the hilar vessels 

Grade III 

Deep fractures in the hilum involving the vessels 

Grade IV 

Shattered or fragmented spleen or hilar avulsion 


(Reproduced from Buntain WL, Gould HR, Maull Kl. Predietability of splenie salvage by computed 
tomography. J Trauma. 1988; 28:24-34.) 
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Fig. 70.14 Examples of different pathologies causing splenomegaly. A, Portal hypertension. B, Gaucher’s disease. C, Myelofibrosis. D, Thalassaemia. 
E, Sareoma. F, Lymphoma. 
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Fig. 70.15 Splenie trauma. A, A CT sean showing multiple splenie tears. B, Suture repair of a ruptured spleen. C, Complete splenie rupture. The splenie 
hilum has been elamped to eontrol bleeding. D, Subtotal spleneetomy after treatment of the patient illustrated in C. 





Fig. 70.16 Partial spleneetomy and autotransplantation. A, Partial spleneetomy preserving the superior pole supplied by the short gastrie (‘splenogastrie’) 
vessels (arrow). B, Partial spleneetomy preserving the inferior pole supplied by the left gastroepiploie vessels (arrow). C, A splenie segment removed 
after total spleneetomy and slieed into 1-2 em cubes. D, The same sliees in C sutured on to the greater omentum. 
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The suprarenal (adrenal) glands lie immediately superior and slightly 
anterior to the upper pole of eaeh kidney (see Figs 74.5, 62.8). Golden 
yellow in colour, eaeh gland possesses two fhnetionally and structurally 
distinet areas: an outer cortex and an inner medulla. The glands are 
surrounded by perinephrie fat enelosed within the renal faseia, and 
separated from the kidneys by a small amount of fibrous tissue. 

The dimensions of the suprarenal glands in adults in vivo have been 
measured from axial computed tomography (CT) seans (Vineent et al 
1994). The mean maximum width of the body of the suprarenal gland 
is 61 mm (right) and 79 mm (left), and the mean width of eaeh limb 
of the gland (medial and lateral) is approximately 30 mm. No indi- 
vidual suprarenal limb should measure more than 5 mm in transverse 
seetion. In adults, eaeh suprarenal gland weighs approximately 5 g (the 
medulla contributes about one-tenth of the total weight) and has a 
vohime of approximately 3-6 em 3 (Wang et al 2013). 

The glands are maeroseopieally slightly different in external appear- 
anee (Fig. 71.1). The right is pyramidal in shape and has two well- 
developed lower projeetions (limbs), giving a eross-seetional appearanee 
similar to a three-pointed star. The left gland is more semilunar in 

A 


shape, flattened in the anteroposterior plane and marginally larger than 
the right. The bulk of the right suprarenal sits on the apex of the right 
kidney and usually lies slightly higher than the left gland, which lies 
on the anteromedial aspeet of the upper pole of the left kidney. 

At birth, the glands are proportionately larger and are approximately 
one-third the size of the ipsilateral kidney. The cortex of eaeh gland is 
expanded by a well-developed 'fetal zone', responsible for producing 
dehydroepiandrosterone (DHEA), the substrate for plaeental oestrogen, 
in the fetus. The suprarenal cortex (speeifieally the fetal zone) reduces 
in size immediately after birth and the medulla grows eomparatively 
little. By the end of the seeond postnatal month, the weight of the 
suprarenal has reduced by more than 50%. The glands begin to grow 
again by the end of the seeond year and regain their weight at birth by 
puberty. There is little fhrther weight inerease in adult life. 

Small aeeessory suprarenal nodules, eomposed mainly of eortieal 
tissue (also known as 'adrenal rests'), may occur in the areolar tissue 
near the suprarenal glands. They are also oeeasionally found in the 
spermatie eord, epididymis or testis in boys (Altin et al 1992), and 
ovary or broad ligament of the uterus in girls. Eetopie suprarenal tissue 
may cause diagnostie eonfhsion and is rarely the site of neoplastie 
ehange. 
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Fig. 71.1 The suprarenal glands. A, Anterior aspeet. B, Posterior aspeet. 


RIGHT SUPRARENAL GLAND 


The right suprarenal gland lies posterior to the inferior vena eava, sepa- 
rated from it by only a thin layer of faseia and eonneetive tissue. It also 
lies posterior to the right lobe of the liver and anterior to the right ems 
of the diaphragm and superior pole of the right kidney (Fig. 71.2). Its 
inferior surface or base overlaps the anterosuperior aspeet of the upper 
pole of the right kidney, with the two lower projeetions (limbs) of the 
gland straddling the renal tissue. The anterior surface has two distinet 
faeets: a narrow medial faeet that lies posterior to the inferior vena eava, 
and a triangular lateral faeet that lies in eontaet with the bare area of 
the liver. The lowest part of the anterior surface may be eovered by the 
peritoneal refleetion of the inferior layer of the eoronary ligament, 
which also represents the upper reeess of the hepatorenal pouch (see 
Fig. 63.2). Here, the gland lies posterior to the lateral border of the 
seeond part of the duodenum. Below the apex, near the anterior border 
of the gland, the right suprarenal vein emerges from the hilum to join 
the inferior vena eava. This vein is short, which makes surgical reseetion 
of the gland or mobilization of the inferior vena eava potentially haz- 
ardous. It may be inadvertently avulsed from the inferior vena eava 
during surgery or, oeeasionally, by high-energy deeeleration injuries. 
The posterior surface of the gland is divided into upper and lower areas 
by a curved transverse ridge. The large upper area is slightly convex and 
abuts the diaphragm, whereas the small lower area is eoneave and lies 
in eontaet with the superior aspeet of the upper pole of the right kidney. 
The medial border of the gland is thin and lies lateral to the right eoeliae 
ganglion and the right inferior phrenie artery where the artery mns over 
the right ems of the diaphragm. 


LEFT SUPRARENAL GLAND 


The left suprarenal gland is elosely applied to the left ems of the dia- 
phragm, separated from it by a thin layer of faseia (see Fig. 71.2). The 
medial aspeet is convex longitudinally, whereas the lateral aspeet is 
eoneave because it is moulded by the medial surface of the upper pole 
of the left kidney. The superior border is sharply defined while the 
inferior surface is more rounded. The upper part of the anterior surface 
is eovered by the peritoneum of the posterior wall of the lesser sae, 
which separates it from the stomaeh and sometimes from the postero- 
inferior border of the spleen. A small lower part of the anterior surface 
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Fig. 71.2 Magnetie resonanee imaging (MRI) of the suprarenal glands. A, 
Axial T1 vveighted MRI. B, Coronal T2 vveighted MRI. (Courtesy of Dr 
Louise Moore, Chelsea & VVestminster Hospital.) 


is not eovered by peritoneiim and lies adjaeent to the panereas and 
splenie artery. The hilum faees inferiorly from the lower part of the 
medial aspeet. The left suprarenal vein emerges from the hilum and 
mns inferomedially to join the left renal vein. The posterior surface of 
the gland is divided by a ridge into a lateral area adjoining the kidney 
and a smaller medial area that lies in eontaet with the left ems of the 
diaphragm. The medial border lies lateral to the left eoeliae ganglion 
and the left inferior phrenie and left gastrie arteries, which aseend on 
the left ems of the diaphragm. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

Arteries 

The suprarenal glands have one of the highest arterial flow rates per 
gram of tissue (up to 5 ml/g/min) (Williams and Leggett 1989). Eaeh 
gland is supplied by superior, middle and inferior suprarenal arteries, 
whose main branehes may be imiltiple (Fig. 71.3). They ramify over 
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Fig. 71.3 The arterial supply and venous drainage of the suprarenal 
glands. (With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 


the capsule before penetrating the gland to form a subcapsular arterial 
plexus, from which fenestrated sinusoids pass around clustered glomer- 
ulosa eells and between the columns in the zona faseiailata to a deep 
plexus in the zona retioilaris. Venules from this plexus pass between 
medullary ehromaffin eells to medullary veins, which they enter 
between prominent bundles of smooth muscle fibres. Some relatively 
large arteries bypass this indireet route and pass direetly to the medulla 
(Fig. 71.4). The arterial supply of the suprarenal gland is prone to 
eonsiderable variation (Manso and DiDio 2000, Dutta 2010); only the 
main variants will be deseribed here. 

Superior suprarenal arteries 

The superior suprarenal artery usually arises from the ipsilateral inferior 
phrenie artery and passes to the gland as four or five small branehes; it 
may oeeasionally arise from the abdominal aorta. 

Middle suprarenal arteries 

The middle suprarenal artery is usually single, but may be multiple or 
absent. It often arises from the lateral aspeet of the abdominal aorta at 
around the level of the superior mesenterie artery and aseends slightly 
over the emra of the diaphragm to anastomose with the other suprar- 
enal arteries on the surface of the gland. The right middle suprarenal 
artery passes behind the inferior vena eava elose to the right eoeliae 
ganglion, whereas the left middle suprarenal artery passes elose to the 
left eoeliae ganglion, splenie artery and the superior border of the pan- 
ereas. The middle suprarenal artery may originate from either the ipsi- 
lateral inferior phrenie or renal artery. 

Inferior suprarenal arteries 

The inferior suprarenal arteries often contribute most of the arterial 
supply to the gland. One or two arteries usually arise from the ipsilateral 
renal artery, but the inferior suprarenal arteries may originate from 
either the abdominal aorta or the ipsilateral gonadal artery. 

Veins 

Medullary veins emerge from the hilum to form a suprarenal vein, 
which is usually single. The right vein is very short, and passes direetly 
and horizontally into the posterior aspeet of the inferior vena eava. An 
aeeessory right suprarenal vein is oeeasionally present and mns from 
the hilum superomedially to join the inferior vena eava above the right 
suprarenal vein. The short course renders the right suprarenal vein(s) 
vulnerable to injury or even avulsion from the inferior vena eava during 
surgery if undue traetion is applied. The left suprarenal vein is longer 
and deseends medially, anterolateral to the left eoeliae ganglion, then 
passes posterior to the panereatie body and usually drains into the left 
renal vein; it may reeeive the left inferior phrenie vein (Loukas et al 
2005). Sinee the venous drainage from eaeh gland is usually via a single 
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SECTION 8 


SLIPRARENAL (ADRENAL) GLAND 
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Fig. 71.4 The gross seetional appearanee, microstructure, vasculature and ultrastructure of the suprarenal gland. Brief functional summaries are 
included. 
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Suprarenal (adrenal) gland 



Fig. 71.5 A eross-seetion through an adult suprarenal gland showing the cortex (Cx) and highly vascular medulla (M). The cortex is shown at higher 
magnifieation to demonstrate the outer capsule (C), the zona glomemlosa (ZG), zona fasciculata (ZF) and zona reticularis (ZR). The boundaries between 
zones are indistinet and variable. (Courtesy of Mr Peter Helliwell and the late Dr Joseph Mathew, Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 


vein, infaretion of the gland is more likely to be caused by damage to 
a suprarenal vein than to one of the suprarenal arteries. 

IJnderstanding variant suprarenal venous anatomy is important to 
avoid bleeding during minimally invasive adrenaleetomy, particularly 
in patients with large tumours and phaeoehromoeytomas. Cadaver 
studies have shown little variation in suprarenal venous anatomy but 
suggest that variants are more eommonly found on the right (Cesme- 
basi et al 2014). However, a small elinieal series showed that there may 
be a higher rate of suprarenal vein variants in patients with phaeoehro- 
moeytoma (Parnaby et al 2008). 

Antieipating variant suprarenal venous anatomy is key to minimiz- 
ing bleeding during laparoseopie adrenaleetomy, particularly in patients 
with large tumours or phaeoehromoeytomas. Sholten et al (2013) 
reported variant suprarenal veins in 13% of individuals undergoing 
laparoseopie adrenaleetomy more often on the right (17%) than the 
left (9%). Common variants included an absent main suprarenal vein; 
two or more suprarenal veins draining one side; and veins draining to 
the inferior phrenie vein or, on the left, to the inferior vena eava. 

Lymphatie drainage 

Lymphatie ehannels within the capsule of the suprarenal gland eom- 
municate with subserous lymphaties that drain medially to para-aortie 
and paraeaval nodes (Merklin 1966). A few capsular lymphaties eom- 
municate with lymph vessels that pass through the diaphragm. 

INNERVATION 


The suprarenal gland, relative to its size, has a greater autonomic supply 
than any other organ. The nerves are distributed throughout the gland: 
around blood vessels (regulating blood flow), in the medulla (stimulat- 
ing the release of eateeholamines from ehromaffin eells), and in the 
cortex (where they may influence steroid hormone production; Tóth 
et al (1997)). A suprarenal plexus lies between the medial aspeet of 
eaeh gland and the eoeliae and aortieorenal ganglia. It eontains pre- 
dominantly preganglionie sympathetie fibres that originate in the lower 
thoraeie spinal segments, reaeh the plexus via branehes of the greater 
splanehnie nerves, and synapse on clusters of large medullary ehromaf- 
fin eells (which ean be regarded as homologous with postganglionie 


sympathetie neurones). A smaller proportion of postganglionie sympa- 
thetie nerve fibres innervate eortieal blood vessels. Other nerve fibres 
eontaining a variety of neurotransmitters have been identified within 
the suprarenal cortex and may be involved in modulating steroid 
hormone seeretion. The eell bodies of afferent nerve fibres arising in 
the suprarenal medulla are almost all loeated in dorsal root ganglia, 
although some lie in vagal ganglia; their preeise fhnetion is unknown 
(Mravee 2005). 

MICR0STRUCTURE 


In seetion, the suprarenal gland has an outer cortex, which is yellowish 
in colour and forms the main mass, and a thin medulla, forming about 
one-tenth of the gland, which is dark red or greyish, depending on its 
eontent of blood (see 7 ig. 71.4; Fig. 71.5). The medulla is eompletely 
enelosed by cortex, except at the hilum. The gland has a thiek eollagen- 
ous capsule from which trabeodae extend deep into the cortex. The 
capsule eontains a rieh arterial plexus (see above) that supplies branehes 
to the gland. 

Suprarenal cortex 


The suprarenal cortex is eomposed of a zona glomemlosa, a zona fasei- 
ailata and a zona reticularis (see Fig. 71.5). The outer, subcapsular, zona 
glomemlosa eonsists of a narrow region of small polyhedral eells 
arranged in rounded clusters. The eells have deeply staining nuclei and 
a basophilie eytoplasm eontaining a few lipid droplets. Ultrastmctur- 
ally, their eytoplasm displays an abundant smooth endoplasmie reticu- 
lum that is typieal of steroid-synthesizing eells. The broader, intermediate, 
zona fasciculata eonsists of large polyhedral basophilie eells arranged 
in straight columns, two eells wide, separated by parallel fenestrated 
venous sinusoids. The eells eontain many lipid droplets and large 
amounts of smooth endoplasmie reticulum. The innermost part of the 
cortex, the zona reticularis, eonsists of branehing intereonneeted 
columns of rounded eells with eytoplasm eontaining smooth endoplas- 
mie reticulum, numerous lysosomes and aggregates of brown lipofhsein 
pigment that accumulate with age. 
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SIIPRARENAL (ADRENAL) GLAND 


Cortical eells prodiiee several hormones, and the eells of the zonae 
fasciculata and retioilaris are also rieh in aseorbie aeid. Cells in the zona 
glomemlosa produce mineraloeortieoids, e.g. aldosterone, which regu- 
lates eleetrolyte and water balanee; eells in the zona faseiailata produce 
hormones maintaining earbohydrate balanee (ghieoeortieoids), e.g. eor- 
tisol (hydroeortisone); and eells in the zona retiailaris produce sex 
hormones (progesterone, oestrogens and androgens). The suprarenal 
cortex is essential to life and its eomplete removal is lethal without 
replaeement therapy. It exerts eonsiderable eontrol over lymphoeytes 
and lymphoid tissue; an inereased seeretion of eortieosteroids ean result 
in a marked reduction in lymphoeyte numbers. 

The deeper part of the zona faseioilata widens in pregnaney. Cortical 
atrophy in elderly males is greatest in the same region. 

Suprarenal medulla 


The suprarenal medulla is eomposed of groups and eohimns of ehro- 
maffin eells (phaeoehromoeytes), separated by wide venous sinusoids 
and supported by a network of reticular fibres. ehromaffin eells, so 
ealled from their colour reaetion to diehromate fixatives, form part of 
the neuroendocrine system and are fimetionally equivalent to postgan- 
glionie sympathetie neurones. They synthesize, store (as gramiles) and 
release the eateeholamines noradrenaline (norepinephrine) and adren- 
aline (epinephrine) into the venous sinusoids. Release is under pregan- 
glionie sympathetie eontrof mediated by the sympathetie neurones that 
occur either singly or in small groups in the medulla. 

The majority of ehromaffin eells synthesize adrenaline and store it 
in small gramiles with a dense eore. Less numerous noradrenaline- 
seereting eells have larger granules with a dense eeeentrie eore. Some 
eells synthesize both hormones. ehromogranin proteins paekage eate- 
eholamines within the gramiles, which also eontain enkephalins, 
opiate-like proteins that may have endogenous analgesie effeets in some 
eiraimstanees. All of the eells are large, with large nuclei and basophilie, 
faintly granular eytoplasm. They form single rows along the venous 
sinusoids. Sympathetie axon terminals synapse with the ehromaffin 
eells on the surfaces that faee away from the sinusoids. 

The simisoids are lined by fenestrated endothelium and drain to the 
eentral medullary vein and hilar suprarenal vein. LTnder normal eiraim- 
stanees, little adrenaline or noradrenaline is released; seeretion is 
inereased in response to fear, anger or stress. Lfnlike the cortex, the 
suprarenal medulla is not essential to life. 


SUPRARENAL GLAND EXCISI0N 


Removal of one or both of the suprarenal glands may be performed 
using 'open surgery', which remains the standard of eare for patients 
with adrenoeortieal eareinoma who require en bloe reseetion of the 


tumour. For other tumours and disorders of the suprarenal gland 
requiring surgery, minimally invasive techniques are now generally pre- 
ferred. The original laparoseopie approaehes were deseribed in 1992 
(transabdominal; Gagner et al 1992) and 1995 (posterior retroperito- 
neal; Merean et al 1995). The posterior approaeh is eonsidered superior 
on account of its safety, rapidity, avoidanee of the peritoneal eavity, and 
the ability to operate on both sides without repositioning the patient 
(Morris and Perrier 2012). This has been eonfirmed in several large 
eohort studies (Walz et al 2006, Diekson et al 2011). 

Nevertheless, eonventional laparoseopy has eertain disadvantages, 
such as a two-dimensional view, unstable eamera platform, and rigid 
instmmentation. Robotie surgery is a new and emerging technique now 
performed in many eentres and offers the advantages of a three- 
dimensional stable platform, seven degrees of freedom, and enhaneed 
vision (Taskin and Berber 2013). During the last deeade, experience 
with robotie adrenaleetomy has highlighted several faeets, including a 
steep learning curve, no signifieant reduction in the need to eonvert to 
an open procedure, operative eomplieations or blood loss eompared to 
eonventional laparoseopy, and longer operative times (although this 
deereases with experience). Robotie surgery is also more expensive. 
However, with appropriate patient seleetion, robotie adrenaleetomy ean 
be advantageous. For example, patients with familial suprarenal disor- 
ders, who are more likely to have bilateral pathology, require eortieal 
sparing, or have glands that may be diffioilt to aeeess posteriorly, are 
partioilarly good eandidates for robotie surgery. 

In the posterior retroperitoneal approaeh, the patient is plaeed in 
the prone jaek-knife position to open up the interval between the eostal 
margin and iliae erest posteriorly. A small ineision is made 2 em inferior 
and parallel to the twelfth rib, and the perinephrie faseia is entered 
using blunt disseetion or with the aid of laparoseopie visualization. A 
disseeting balloon is then inserted and inflated under laparoseopie 
eontrol, after which a 12 mm troear is inserted into the eavity and C0 2 
is insufflated up to a pressure of 20-25 mmHg. The 0° laparoseope is 
replaeed by a 45° teleseope, and two additional 5- or 10 mm ports are 
inserted medial and lateral to the initial port. Disseetion is initiated at 
the superior aspeet of the suprarenal gland and proeeeds laterally and 
then inferiorly. The medial surface of the gland is disseeted last and the 
adrenal vessels isolated and divided either with elips or a harmonie 
sealpel (Lal and Clark 2010). 

Similar steps are taken in the robotie approaeh. The robot is doeked 
after insertion of the 5- and 10 mm seeondary ports; the robotie grasper 
is plaeed in the lateral port and the harmonie sealpel in the medial 
before proeeeding with the disseetion. 

In obese (or Cushingoid) patients, identifieation of a relatively 
normal-sized suprarenal gland ean be extremely difficult and time- 
consuming. The suprarenal vein emerges from the lower medial border 
of the gland and is often a very substantial structure. In eontrast, the 
supplying arteries tend to be small and named arteries are often difficult 
to identify during surgery. 
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SUBSECTION: (Jrogenital system 



CHAPTER 



LIRINARY SYSTEM 


The urinary and reproductive systems develop from intermediate mes- 
enehyme and are intimately assoeiated with one another, espeeially in 
the earlier stages of their development. The urinary system develops 
ahead of the reproductive or genital systems. 

Intermediate mesenehyme is disposed longitudinally in the tmnk, 
subjacent to the somites (in the folded embryo), at the junction between 
the splanchnopleuric mesenehyme (adjaeent to the gut medially) and 
the somatopleuric mesenehyme (subjacent to the eetoderm laterally) 
(Fig. 72.1). In lower vertebrates, intermediate mesenehyme typieally 
develops seriaf segmentaf epithelial diverticula termed nephrotomes. 
Eaeh nephrotome eneloses a eavity, the nephroeele, which communi- 
eates with the eoelom through a peritoneal funnef the nephrostome 
(Fig. 72.2). The dorsal wall of a nephrotome evaginates as a nephrie 
tubule. The dorsal tips of the eranial nephrie tubules bend caudally and 
fuse to form a longitudinal primary excretory duct, which grows cau- 
dally and curves ventrally to open into the eloaea. The more caudally 
plaeed, and therefore ehronologieally later, tubules open seeondarily 
into this duct or into tubular outgrowths from it. Glomemli, speeifie 
arrangements of eapillaries and overlying eoelomie epithelium, arise 
from the ventral wall of the nephroeele (internal glomemli) or the roof 
of the eoelom adjaeent to the peritoneal fimnels (eoelomie or external 
glomemli), or in both situations (see Fig. 72.2). 

It has been aistomary to regard the renal excretory system as three 
organs - the pronephros, mesonephros and metanephros - succeeding 
eaeh other in time and spaee, such that the last to develop is retained 
as the permanent kidney (see Figs 72.1-72.2). However, it is difficult 
to provide reliable eriteria by which to distinguish these stages or to 
define their preeise limits in embryos. 

Pronephros 

The intermediate mesenehyme beeomes visible in stage 10 embryos and 
ean be distinguished as a nephrogenie eord when 10 somites are present. 


A pronephros is present in human embryos only as clusters of eells in 
the most eranial portions of the nephrogenie eord (see Figs 72.1-72.2). 
More caudally, similar groups of eells appear and beeome vesicular. The 
dorsal ends of the most caudal of the vesieles join the primary excretory 
duct. Their eentral ends are eonneeted with the eoelomie epithelium by 
cellular strands, which probably represent mdimentary peritoneal 
fimnels. Glomemli do not develop in assoeiation with these eranially 
situated nephrie tubules, which ultimately disappear. It is doubtful 
whether external glomemli develop in human embryos. 

Primary excretory duct 

In stage 11 embryos of approximately 14 somites, the primary excretory 
duct ean be seen as a solid rod of eells in the dorsal part of the neph- 
rogenie eord. Its eranial end is about the level of the ninth somite and 
its caudal tip merges with the undifferentiated mesenehyme of the eord. 
It differentiates before any nephrie tubules and, when the latter appear, 
it is at first unconnected with them. In older embryos, the duct has 
lengthened and its caudal end beeomes detaehed from the nephrogenie 
eord to lie immediately beneath the eetoderm. From this level, it grows 
caudally, independent of the nephrogenie mesenehyme, and then 
oirves ventrally to reaeh the wall of the eloaea. It beeomes eanalized 
progressively from its caudal end to form a tme duct, which opens into 
the eloaea in embryos at stage 12. eiearly, up to this stage, the name 
'duct' is seareely appropriate. 

Mesonephros 

From stage 12, mesonephrie tubules, which develop from the interme- 
diate mesenehyme between somite levels 8-20, begin to eonneet to the 
primary excretory duct, which is now renamed the mesonephrie duct. 
More caudally, a continuous ridge of nephrogenie mesenehyme extends 
to the level of somite 24. The mesonephrie tubules (nephrons) are not 
metamerie; there may be two or more mesonephrie tubules opposite 
eaeh somite. 

Within the mesonephros, eaeh tubule first appears as a eondensation 
of mesenehyme eells, which epithelialize and form a vesiele. One end 
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Fig. 72.1 A, The major epithelial 
popiilations within a stage 11 
embryo, viewed from a 
ventrolateral position. B, The 
position of pronephros and 
mesonephros on the posterior 
thoraeie and abdominal walls. 
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SECTION 8 


DEVELOPMENT OF THE IJROGENITAL SYSTEM 
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Fig. 72.2 Prineipal features of the primitive vertebrate nephrie system for eomparison with the development of the human nephrie system. A 
eonsiderable period of embryonie and fetal life has neeessarily been eompressed into a single diagram. (Modified with permission from VVilliams PL, 
VVendell-Smith CP, Treadgold S 1969 Basie Human Embryology, 2nd edn. London, Pitman Medieal & Seientifie.) 
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Fig. 72.3 The relative positions of the mesonephros and early gonad in 
the abdomen in the ambisexual stage of development. The mesonephrie 
and paramesonephrie ducts run within the tubal fold to the urogenital 
sinus. 


of the vesiele grows towards and opens into the mesonephrie duct, 
while the other dilates and invaginates. The outer stratum forms the 
glomemlar capsule, while the inner eells differentiate into mesonephrie 
podoeytes, which elothe the invaginating eapillaries to form a glomer- 
ulus. The eapillaries are supplied with blood through lateral branehes 
of the aorta. It has been estimated that 70-80 mesonephrie tubules and 
a eorresponding number of glomemli develop. However, these tubules 
are not all present at the same time; it is rare to find more than 30-40 
in an individual embryo because the eranial tubules and glomemli 
develop and atrophy before the development of those situated more 
caudally. 

By the end of the sixth week, eaeh mesonephros is an elongated, 
spindle-shaped organ that projeets into the eoelomie eavity, one on eaeh 
side of the dorsal mesentery, from the level of the septum transversum 
to the third himbar segment. This whole projeetion is ealled the mesone- 
phrieridge, mesonephros orWolffianbody (see Fig. 72.1B-C; Fig. 72.3). 
It develops subregions, and a gonad develops on its medial surface. 
There are striking similarities in structure between the mesonephros 
and the permanent kidney or metanephros, but the mesonephrie neph- 
rons laek a segment that eorresponds to the deseending limb of the 
loop of Henle. The mesonephros is believed to produce urine by 
stage 17. A detailed eomparison of the development and fimetion of 
the mesonephros and metanephros in staged human embryos is not 
available. 

In stage 18 embryos (13-17 mm), the mesonephrie ridge extends 
eranially to about the level of rib 9. In both sexes, the eranial end of 
the mesonephros atrophies; in embryos 20-mm in length (stage 19), a 
mesonephros is found only in the first three lumbar segments, although 
it may still possess as many as 26 tubules. The most eranial one or 
two tubules persist as rostral aberrant ductules (see Fig. 72.13); the 
succeeding five or six tubules develop into either the efferent ductules 
of the testis and lobules of the head of the epididymis (male), or the 
tubules of the epoophoron (female); the caudal tubules form the caudal 
aberrant ductules and the paradidymis (male), or the paroophoron 
(female). 

Mesonephrie duct 

Onee mesonephrie nephrons eonneet to the primary excretory duct, it 
is renamed the mesonephrie duct. This mns caudally in the lateral part 


of the nephrie ridge, and, at the caudal end of the ridge, it projeets into 
the eavity of the eoelom in the substance of a mesonephrie fold (see 
Fig. 72.3). As the mesonephrie ducts from eaeh side approaeh the uro- 
genital sinus, the two mesonephrie folds ffise, between the bladder 
ventrally and the rectum dorsally, forming a transverse partition aeross 
the eavity of the pelvis, which is somewhat inappropriately ealled the 
genital eord (see Fig. 72.3). In the male, the peritoneal fossa between 
the bladder and the genital eord beeomes obliterated, but it persists in 
the female as the uterovesical pouch. In the male, the mesonephrie duct 
itself beeomes the eanal of the epididymis, vas deferens and ejaailatory 
duct. 

Llrogenital sinus 

The primitive hindgut ends in a eloaeal region. This is eonneeted ven- 
trally with a blind-ending diverticulum, the allantois, which is inti- 
mately related to the development of the caudal portion of the urinary 
system. The enterie and allantoie portions of the hindgut are separated 
by the proliferation of the urorectal septum, a partition of mesenehyme 
and endoderm in the angle of the junction of hindgut and allantois 
(Fig. 72.4; see Fig. 72.7). Molecular markers of the urorectal septum 
mesenehyme, also termed the intereloaeal mesenehyme, include Sixl 
and Six2 (Wang et al 2011, Wang et al 2013). The endodermal epithe- 
lium beneath the mesenehyme of the urorectal septum approaehes but 
does not fuse with the eloaeal membrane; it effeetively divides the 
membrane into anal (dorsal) and urogenital (ventral) membranes, and 
the eloaeal region into dorsal and ventral portions. The dorsal portion 
of the eloaeal region is the putative rectum. The ventral portion ean be 
ffirther divided into: a eranial vesico-urethral eanal, continuous above 
with the allantoie duct; a middle, narrow ehannel, the pelvie portion; 
and a caudal, deep, phallie seetion, which is elosed externally by the 
urogenital membrane. The seeond and third parts together constitute 
the urogenital sinus. The ventral perieloaeal mesenehyme contributes 
to the genital tubercle (Wang et al 2013) (see Fig. 72.20). 

Metanephros 

The pronephros and mesonephros are linear structures. They both 
eontain staeks of tubules distributed along the craniocaudal axis of the 
embryo, an arrangement that results in the production of hypotonie 
urine. In marked eontrast, the tubules in the metanephrie kidney are 
arranged eoneentrieally, and the loops of Henle are direeted towards 
the renal pelvis. This arrangement allows different eoneentration gradi- 
ents to develop within the kidney and results in the production of 
hypertonie urine. Metanephrie nephrons do not join with the existing 
mesonephrie duct but with an evagination of that duct, which branehes 
dichotomously to produce a eharaeteristie pattern of eolleeting ducts. 

The metanephrie kidney develops from three sources. An evagina- 
tion of the mesonephrie duct, the ureteric bud, and a loeal eondensa- 
tion of mesenehyme, the metanephrie blastema, form the nephrie 
structure (Fig. 72.5). Angiogenie mesenehyme migrates into the 
metanephrie blastema slightly later to produce the glomemli and vasa 
reeta. It is possible that an intaet nerve supply is also required for 
metanephrie kidney induction. The aetions of a range of intra- and 
extracellular faetors involved in metanephrie development have been 
presented (Kanwar et al 2004). 

An epithelial-mesenehymal interaetion between the duct system and 
the surrounding mesenehyme occurs in both mesonephrie and meta- 
nephrie systems. In the mesonephrie kidney, development proeeeds in 
a craniocaudal progression, and eranial nephrons degenerate before 
caudal ones are produced. In the metanephrie kidney, a proportion of 
the mesenehyme remains as stem eells that continue to divide and 
which enter the nephrogenie pathway later, when the individual eol- 
leeting ducts lengthen. The temporal development of the metanephrie 
kidney is patterned radially, such that the outer cortex is the last part 
to be formed. The following interaetions occur in the development of 
the metanephrie kidney (see Fig. 72.5). The ureteric bud undergoes a 
series of bifiireations within the surrounding metanephrie mesenehyme, 
and forms smaller ureteric ducts. At the same time, the metanephrie 
mesenehyme eondenses around the dividing ducts to form S-shaped 
clusters, which transform into epithelia and fiise with the ureteric ducts 
at their distal ends. Blood vessels invade the proximal ends of the 
S-shaped clusters to form vasailarized glomemli. 

The ureteric bud biffireates when it eomes into eontaet with the 
metanephrie blastema in response to extracellular matrix molecules 
synthesized by the mesenehyme. Both ehondroitin sulphate proteogly- 
ean synthesis and ehondroitin sulphate glyeosaminoglyean proeessing 
are neeessary for the dichotomous branehing of the ureteric bud. In 
metanephrie culture, inoibation of fetal kidneys in p-D-xyloside, an 
inhibitor of ehondroitin sulphate synthesis, dramatieally inhibits uret- 
erie bud branehing. 
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Fig. 72.4 The division of the hindgut into urinary and enterie 
parts: left ventrolateral view of the intraembryonie eoelom and 
eorresponding midsagittal seetions. A, The early eloaea. 

B, Proliferation of the urorectal septum. C, Complete separation of 
the urethra and anal eanal, and position of the perineal body. 


Subsequent divisions of the ureteric bud and assoeiated mesen- 
ehyme define the gross structure of the kidney and the major and minor 
ealyees, the distal branehes of the ureteric ducts that will form the eol- 
leeting ducts of the kidney. The proximal position of the ureteric bud 
elongates to form the developing ureter (see Fig. 72.6). As the eolleeting 
ducts elongate, the metanephrie mesenehyme eondenses around them. 
An adhesion moleaile, syndeean, ean be deteeted between the mesen- 
ehymal eells in the eondensate. The eells switch off expression of neural 
eell adhesion molecule (N-CAM), fibroneetin and eollagen I, and start 
to synthesize liver eell adhesion moleaile (L-CAM; also ealled E ead- 
herin) and the basal lamina constituents, laminin and eollagen IV. The 
mesenehymal clusters are thus eonverted to small groups of epithelial 
eells, which undergo complex morphogenetie ehanges. Eaeh epithelial 
group elongates, and forms first a eomma-shaped, then an S-shaped, 
body, which continues to elongate and subsequently fuses with a braneh 
of the ureteric duct at its distal end, while expanding as a dilated sae at 
its proximal end (see Fig. 72.5). The latter involutes, and eells differenti- 
ate loeally such that the outer eells beeome the parietal glomemlar eells, 
while the inner ones beeome viseeral epithelial podoeytes. The podo- 
eytes develop in elose proximity to invading eapillaries derived from 
angiogenie mesenehyme outside the nephrogenie mesenehyme. This 
third source of mesenehyme produces the endothelial and mesangial 
eells within the glomerulus. The (metanephrie-derived) podoeytes and 


the angiogenie mesenehyme produce fibroneetin and other eomponents 
of the glomemlar basement membrane. The isoforms of type-IV eolla- 
gen within this layer follow a speeifie programme of maturation as the 
filtration of maeromoleoiles from the plasma beeomes restrieted. 
Although the timing of human development is not the same as other 
mammalian speeies, similar grovvth and transeription faetors are 
thought to underpin kidney development (Chai et al 2013, Batehelder 
et al 2010, Davidson 2009, Faa et al 2012). A number of genes involved 
in the development of the renal medulla and vasa reeta in the mouse 
have been identified (Song and Yosypiv 2012). The genetie, epigenetie 
and in utero environmental faetors in the pathogenesis of non-syndromie 
forms of human eongenital anomalies of the kidney and urinary traet 
(CAKUT) have been eonsidered (Yosypiv 2012). 

Platelet-derived growth faetor (PDGF) (3-ehain and the PDGF reeep- 
tor (3-subunit (PDGFR (3) have been deteeted in developing human 
glomemli between 54 and 109days' gestation. PDGF (3-ehain is loeal- 
ized in the differentiating epithelium of the glomemlar vesiele during 
its eomma- and S-shaped stages, while PDGFR (3 is expressed in the 
undifferentiated metanephrie blastema, vascular stmctures and intersti- 
tial eells. Both PDGF (3-ehain and PDGFR (3 are expressed by mesangial 
eells, which may promote fiirther mesangial eell proliferation. 

Metanephrie mesenehyme will develop successfully in vitro, which 
makes experimental perturbation of kidney development eomparatively 
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Fig. 72.5 An overvievv of metanephrie kidney development. A, The iireterie bud arises from the mesonephrie duct. The metanephrie mesenehyme 
proliferates and separates vvith eaeh subdivision of the ureteric bud. B, The metanephrie mesenehyme eonverts to epithelia, forming eomma- and 
S-shaped vesieles, vvhieh beeome metanephrie nephrons. C, All stages of metanephrie development are present concurrently. The most reeently formed 
nephrons are on the outer aspeet of the kidney. 


easy to evaluate. Early experimental studies demonstrated that other 
mesenehymal popnlations, and spinal eord, were able to induce ureteric 
bud division and metanephrie development. Nerves enter the develop- 
ing kidney very early travelling along the developing ureter. If develop- 
ing kidney mdiments are incubated with antisense oligonneleotides, 
which neutralize nerve growth faetor reeeptor (NGF-R) mRNA, neph- 
rogenesis is eompletely bloeked, suggesting that metanephrie mesen- 
ehyme induction is a response to innervation. The powerful inductive 
effeet of the spinal eord on metanephrie mesenehyme may be a further 
expression of this phenomenon. All stages of nephron differentiation 
are present concurrently in the developing metanephrie kidney (see Fig. 
72.5). Antigens for the bmsh border of the renal tubule appear when 
the S-shaped body has formed. They appear fìrst in the inner eortieal 
area. The metanephrie kidney is lobulated throughout fetal life, but 
this eondition usually disappears during the fìrst year after birth (see 
Fig. 72.8). Varying degrees of lobulation oeeasionally persist through- 
out life. 

The growth of left and right kidneys is well matehed during develop- 
ment. Fetal kidney volume inereases most during the seeond trimester 
in both sexes. For reasons that are not understood, male fetuses show 


greater values for renal volume than female fetuses from the third tri- 
mester onwards. Kidney weight is lower in infants with a birth weight 
less than -2 SDs for gestational age, refleeting a deereased number of 
nephrons. This relative smaller kidney size continues into early ehild- 
hood and may be a faetor in adult kidney pathology (Geelhoed et al 
2009). 

Endoerine development of the kidney 

The kidney hmetions not only as an excretory organ, but also as an 
endoerine organ, seereting hormones that are eoneerned with renal 
haemodynamies. Before birth, homeostasis is eontrolled by the pla- 
eenta. The fetal kidney produces amniotie fluid. The kidneys of pre- 
mature babies of less than 36weeks are immature. They eontain 
ineompletely differentiated eortieal nephrons, which eompromise their 
ability to maintain homeostasis. Problems of immaturity are further 
compounded by the effeets of hypoxia and asphyxia, which modiíy 
renal hormones. 

Renal hormones include the renin-angiotensin system, renal pros- 
taglandins, the kallikrein-kinin system and renal dopamine. Renin is 
found in the smooth muscle eells of arterioles, interlobular arteries and 
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Fig. 72.6 The development of the urinary part of the urogenital sinus and formation of the trigone of the bladder. A-C, E, Posterior vievvs. D, Male and 
female, median sagittal seetions. (Based on Tuchmann-Duplessis H, Haegel P 1972 lllustrated Human Embryology, Vol 2 Organogenesis. London: 
Ohapman and Hall. With kind permission of Springer Science+Business Media.) 


branehes of the renal artery, and has also been deseribed in the distal 
convoluted tubule eells. Kallikrein has been demonstrated in rat fetal 
kidney, and prostaglandins have been demonstrated in the renal 
medulla and renal tubule. Renal dopamine is produced (mainly) by the 
enzymatie eonversion of L-dopa to dopamine in the early segments of 
the proximal convoluted tubule, and is also sourced loeally from 
dopaminergie nerves. Other renal hormones include an antihyperten- 
sive lipid, which is produced in the interstitial eells of the renal medulla, 
and, possibly, histamine and serotonin. Growth faetors produced by 
human embryonie kidney eells include erythropoietin and interleukin 
(3 (which stimulate megakaryoeyte maturation) and transforming 
growth factor-(3. 

Aseent of the kidney 

The metanephrie kidney is initially saeral. As the ureteric outgrowth 
lengthens, it beeomes positioned more and more eranially. The 
metanephrie pelvis lies on a level with the seeond lumbar vertebra 
when the embryo reaehes a length of about 13 mm. During this period 
the aseending kidney reeeives its blood supply sequentially from arter- 
ies in its immediate neighbourhood, i.e. the middle saeral and 
eommon iliae arteries. The definitive renal artery is not reeognizable 
until the beginning of the third month. It arises from the most caudal 
of the three suprarenal arteries, all of which represent persistent meso- 
nephrie or lateral splanehnie arteries. Additional renal arteries are 
relatively eommon, and may enter at the hilum or at the upper or 
lower pole of the gland - they also represent persistent mesonephrie 
arteries. 


U reter 

The wall of the early ureter is initially highly permeable. Its lumen later 
beeomes obliterated and is subsequently reeanalized. Both of these 
proeesses begin in intermediate portions of the ureter and proeeed 
eranially and caudally. Reeanalization is not assoeiated with metane- 
phrie fimetion, but perhaps refleets the rapid elongation of the ureter 
as the embryo grows. Two fhsiform enlargements appear at the lumbar 
and pelvie levels of the ureter at 5 and 9 months, respeetively (the pelvie 
enlargement is ineonstant). As a result, the ureter shows a eonstrietion 
at its proximal end (pelvmreterie region) and another as it erosses the 
pelvie brim. A third narrowing is always present at its distal end and is 
related to the growth of the bladder wall. 

At first, the distal end of the ureter is eonneeted to the dorsomedial 
aspeet of the mesonephrie duct but, as a result of differential grovvth, 
this eonneetion eomes to lie lateral to the duct. 

Urinary bladder 

The urinary bladder develops from the eranial vesico-urethral eanal, 
which is continuous above with the allantoie duct (see Fig. 72.4; Figs 
72.6, 72.7). The mesonephrie ducts open into the urogenital sinus early 
in development. The ureters develop as branehes of the mesonephrie 
ducts, which attain their own aeeess to the developing bladder, and their 
orifiees open separately into the bladder on the lateral side of the 
opening of the mesonephrie ducts. Later, the two orifiees beeome sepa- 
rated still fhrther and, although the ureter retains its point of entry into 
the bladder, the mesonephrie duct opens into that part of the urogenital 
sinus that subsequently beeomes the prostatie urethra (see Fig. 72. 6E). 
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Fig. 72.7 A, The caudal end of a human embryo, 4weeks, showing the left lateral aspeets of the spinal eord, notoehord and endodermal eloaea. B, The 
endodermal eloaea of a human embryo, near the end of the fifth week. Part of the left wall of the eloaea, including the left mesonephrie duct, has been 
removed, together with the adjoining portions of the walls of the developing bladder and rectum. A pieee of the eetoderm around the eloaeal membrane 
has been left in situ. A wire is shown passing along the right mesonephrie duct into the eloaea. C, The caudal end of a human embryo, 5weeks, showing 
the endodermal eloaea. D, The caudal end of a human embryo, 6weeks. The eloaea is beeoming divided by the urorectal septum. E, The caudal end of 
a female human fetus, 8)^-9 weeks, from the left-hand side, showing structures in and near the median plane. The eloaea is now eompletely divided into 
urogenital and intestinal segments. F, Part of the vesico-urethral portion of the endodermal eloaea of a female human fetus, 8^-9weeks. The sinus 
tubercle is the elevation on the posterior wall of the urogenital sinus, caused by the fusion with the paramesonephrie ducts. 
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The remainder of the vesico-urethral eanal forms the body of the 
bladder and methra, and its apex is prolonged to the umbilicus as a 
narrow eanaf the urachus. 

For many years, it was believed that the absorption of the mesone- 
phrie ducts into the urogenital sinus contributed a mesodermal epithe- 
lium into the endodermal bladder, limited to the trigone and the dorsal 
wall of the proximal half of the prostatie urethra to the opening of the 
prostatie utricle and ejaculatory ducts, or its female homologue, the 
whole female urethral dorsal wall. Antibody labelling and studies on 
transgenie miee have now demonstrated that the region of the eom- 
bined ducts elose to the urogenital sinus, referred to as the eommon 
nephrie duct, undergoes loeal apoptosis as a part of the normal develop- 
ment of the trigone region of the bladder and the establishment of 
separate entry points for the ureters and mesonephrie ducts (Mendel- 
sohn 2009). Retinoie aeid is required for ureter insertion into the uro- 
genital sinus (Batourina et al 2005). There is no mesodermal epithelial 
contribution to the bladder at the trigone. This is fhrther supported by 
the observations that tissue eombination of fetal urogenital sinus mes- 
enehyme with epithelial mesoderm or endoderm produces different 
outcomes. Tissue reeombinant with endoderm gives rise to prostatie 
epithelmm, whereas the same mesenehyme eombined with epithelial 
mesoderm forms seminal vesiele epithelium. Trigone epithelium dif- 
ferentiates into prostatie epithelmm, eoníìrming an endoderm lineage 
(Tanaka et al 2010). 

The previous meehanism for trigone development also suggested 
that the muscle in that region derived from the ureter and contributed 
to the valve-like entry point that prevents urinary reflux. Studies have 
now shown that the ureter passes through a tunnel in the bladder wall 
in parallel with blood vessels. Such a tunnel forms even in the absenee 
of ureters (Viana et al 2007). Study of smooth muscle progenitors 
shows that the bulk of the trigone derives from bladder muscle (detm- 
sor), with a limited contribution from ureteral longitudinal smooth 
nmsele fibres at the lateral edges. Eponymous muscle such as Mereier's 
bar and Bell's muscle, which were thought to arise from the ureter, are 
derived from bladder muscle (Viana et al 2007). 

Bladder filling and emptying eyeles are required for normal bladder 
remodelling during fetal development; in this proeess, detmsor smooth 
muscle eells undergo eyelieal apoptosis and proliferation. Meehanieal 
stretehing promotes proliferation. Bladders in which the fluid is 
diverted do not show this eyele, and do not enlarge or undergo normal 
remodelling; the detmsor stops growing, producing a low-volume, low- 
eomplianee bladder, although the serosal eonneetive tissues continue 
to expand (Wei et al 2012). As yet, there is little information on the 
development of bladder interstitial eells of Cajaf which are present 
within detmsor, bladder mierovessels and the mucosal lamina propria 
(Johnston et al 2010). 

Ultrasound antenatal imaging of the 
urinary system 

The fetal bladder may be identified by ultrasound examination at 9-11 
weeks' gestation in transverse and sagittal seetion. Filling and emptying 
over a 30-45 minute eyele ean be demonstrated. The absenee of a 
bladder image at 13 weeks or later is eonsidered abnormal. At 20 weeks, 
the kidneys are best visualized in a seetion of the abdomen caudal to 
that used for abdominal circumference estimation. The diameter of the 
renal pelvis is reported in the anterior posterior view; 7 mm or less is 
eonsidered normal at mid-gestation ( "o and Periera 2015). 

The routine use of ultrasound as an aid to in utero diagnosis of 
abnormalities has revealed a prevalenee of 1-2 abnormal fetuses per 
1000 ultrasound procedures, of which 20-30% are anomalies of the 
genitourinary traet, deteetable as early as 12-15 weeks' gestation. The 
deeision to be made after such a finding is by no means elear. llrinary 
obstmetion is eonsidered an abnormality, yet transient modest obstme- 
tion is eonsidered normal during eanalization of the urinary traet, and 
has been reported in 10-20% of fetuses in the third trimester. A delay 
in eanalization, or in the rupture of the eloaeal membrane, ean produce 
a dilation. Similarly, the closure of the urachus at 32 weeks may be 
assoeiated with high-resistanee outflow for the system, which again 
produces transient obstmetion. Distension of the fetal bladder, which 
may indieate lower urinary traet obstmetion, affeets 2.2/10,000 births, 
more eommonly in males (Hodges et al 2009, Dias et al 2014). Over 
half of such eases are caused by the development of posterior urethral 
valves (a eongenitally obstmeting posterior urethral membrane); there 
may also be a dilated posterior urethra and thiekened bladder wall. 

Neonatal urinary system 

At fiill-term parturition, the two kidneys weigh approximately 23 g. 
They fimetion early in development and produce the amniotie fluid that 
surrounds the fetus. The lobulated appearanee of fetal kidneys is still 
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Fig. 72.8 The posterior abdominal wall of a full-term neonate. Note the 
lobulated kidneys and relatively wide ealibre of the ureters. 


present at birth (Fig. 72.8; see Fig. 14. 6C). Addition of new eortieal 
nephrons continues in the first few months of postnatal life, after which 
general growth of the glomemli and tubules results in the disappear- 
anee of lobulation. The renal blood flow is lower in the neonate; adult 
values are attained by the end of the first year. The glomemlar filtration 
rate at birth is approximately 30% of the adult value, which is attained 
by 3-5 months of age. 

The neonatal urinary bladder is egg-shaped and the larger end is 
direeted downwards and backwards (Figs 72.9-72.10; see 4gs 14.6B- 
14.7). Although deseribed as an abdominal organ, nearly one-half of 
the neonatal bladder lies below a line drawn from the promontory of 
the saemm to the upper edge of the pubic symphysis, i.e. within the 
eavity of the tme pelvis. From the bladder neek, the bladder extends 
anteriorly and slightly upwards in elose eontaet with the pubis, until it 
reaehes the anterior abdominal wall. The apex of the eontraeted bladder 
lies at a point midway between the pubis and the umbilicus. When the 
bladder is filled with urine, the apex may extend up to the level of the 
umbilicus. It is therefore possible to obtain urine by inserting a needle, 
eonneeted to a syringe, into the bladder through the abdominal wall 
about 2 em above the pubic symphysis, and then aspirating the eon- 
tents into the sterile syringe. The success rate of the procedure is variable 
and depends on the bladder being ffill; a much higher success rate has 
been reported by using an ultrasound seanner to loeate the bladder and 
eonfirm that it eontains urine prior to insertion of the needle. 

There is no tme fundus in the fetal bladder as there is in the adult. 
Although the anterior surface is not eovered with peritoneum, perito- 
neum extends posteriorly as low as the level of the urethral orifiee. 
Because the apex of the bladder is relatively high, pressure on the lower 
abdominal wall will express urine from an infant bladder. Moreover, 
because the bladder remains eonneeted to the umbilicus by the obliter- 
ated remains of the urachus (see Fig. 14.7), stimulation of the umbilicus 
ean initiate micturition in babies. The elongated shape of the bladder 
in neonates means that the ureters are eorrespondingly reduced in 
length and they laek a pelvie portion. The bladder does not gain its 
adult, pelvie, position until about the sixth year. A distinet intemreterie 
fold is present in the eontraeted neonatal bladder. 

Anomalies of the urinary system 

Congenital anomalies of the kidney and urinary traet are relatively 
eommon (3-6% of live births) (Yosypiv 2012). Renal agenesis is the 
absenee of one or both kidneys. In unilateral renal agenesis, the remain- 
ing kidney exhibits eompensatory hypertrophy and produces a nearly 
normal fimetional mass of renal tissue. Atresia of the ureter during 
development causes a non-fimetional multicystic dysplastie kidney, 
thought to be seeondary to urinary obstmetion being present while the 
tubules are still forming. Problems with kidney aseent ean result in a 
pelvie kidney. Alternatively, the kidneys may ffise together at their 
caudal poles, producing a horseshoe kidney, which eannot aseend out 
of the pelvie eavity because the inferior mesenterie artery prevents 
ffirther migration. A duplex kidney arises when two ureteric buds meet 
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Fig. 72.9 A midsagittal seetion through the pelvis of a full-term female neonate. Note the abdominal position of the urinary bladder and uterus. (After 
Crelin ES 1969 Anatomy of the Nevvborn. Philadelphia: Lea and Febiger.) 
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SECTION 8 


DEVELOPMENT OF THE UROGENITAL SYSTEM 
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Fig. 72.11 Bladder exstrophy. Misalignment of the genital tubercle and urogenital svvellings with the urogenital membrane during early development 
results in subsequent malposition of the bladder, urethra and assoeiated sphineters. The disappearanee of the urogenital membrane exposes the 
posterior wall of the bladder, and the urethral opening is on the superior side of the penis or elitoris. (Redrawn from Tuchmann-Duplessis H, Haegel P 
1972 lllustrated Human Embryology, Vol 2 Organogenesis. London: Ohapman and Hall. With kind permission of Springer Science+Business Media.) 


the metanephros; it is eharaeterized by two pelviealyeeal systems and is 
assoeiated with ureterocele, eetopie insertion of the ureter, and vesieo- 
ureteric reflux. 

It was thought that renal eysts arose from clumps of vesicular eells, 
which persisted when the tips of branehes from the ureteric diverticu- 
lum failed to fuse with metanephrogenie eap tissue. It is now believed 
that they are wide dilations of a part of otherwise continuous nephrons. 
In most eases, autosomal dominant polyeystie kidney disease results 
from mutations of PKDl or PKD2 genes, which are expressed in human 
embryos from 5-6weeks of development within the mesonephros 
and later the metanephros (Chauvet et al 2002). In this eondition, 
the eystie dilation may affeet any part of the nephron, from Bowman's 
capsule to eolleeting tubules. Less eommon is infantile eystie renal 
disease, inherited as a reeessive trait, in which the proximal and distal 
tubules are dilated to some degree but the eolleeting ducts are grossly 
affeeted. 

There is evidenee that infants born small for gestational date retain 
smaller kidneys throughout ehildhood. A causal relationship between 
low birth weight and later ehronie kidney disease is speculated, as well 
as susceptibility to hypertension in adult life (White et al 2009). 

Anomalies of the ventral body wall caudal to the umbilicus, espe- 
eially with inappropriate siting of the genital tubercle, ean result in 
exstrophy of the bladder (Fig. 72.11) (Suzuki et al 2009, Williams 
2013). In this eondition, the urorectal septum (internal) is assoeiated 
with the genital tubercle (external), which means that the urogenital 
and anal membranes are widely separated. When the urogenital mem- 
brane involutes, the posterior surface of the bladder is exposed to the 
anterior abdominal wall. The lower part of the abdominal wall is, 
therefore, occupied by an irregularly oval area, eovered with mucous 
membrane, on which the two ureters open. The periphery of this extro- 
verted area, which is eovered by urothelium, beeomes continuous with 
the skin. 

The volume of amniotie fluid is used as an indieator of renal func- 
tion but, because other sources produce amniotie fluid in early gesta- 
tion, amniotie volume does not refleet fetal urinary output until the 
seeond trimester (see p. 179). Too little amniotie fluid is termed oligo- 
hydramnios; too much, polyhydramnios. Although variation in the 
amount of amniotie fluid may suggest anomalies of either the gut or 
the kidneys, it is not always possible to eorrelate even severe oligohy- 
dramnios with renal dyshmetion. There is an important relationship 
between the volume of amniotie fluid, lung development and maturity, 
and oligohydramnios has been shown to be assoeiated with pulmonary 
hypoplasia (Ch. 52). 



Development of the reproductive organs from the intermediate mesen- 
ehyme starts from stage 14, about lOdays later than the urinary system. 
Bilateral paramesonephrie (Miillerian) ducts develop alongside the 
mesonephrie ducts, and the midportion of eaeh mesonephros under- 
goes thiekening to form the gonadal ridge. Although the primordial 


germ eells are delineated very early in development, they are seques- 
tered in the extraembryonic tissues until the gonadal ridge is ready to 
reeeive them. It was thought that development to one or other sexual 
phenotype occurred after migration of the primordial germ eells to the 
indifferent gonads. However, it is now reeognized that the development 
of male or female gonads, genital ducts and external genitalia is far 
more eomplieated, and is the result of a complex interplay between 
genetie expression, timing of development and the influence of sex 
hormones. As development proeeeds, a signifieant proportion of early 
embryonie urinary tissue is ineorporated into the reproductive traets, 
espeeially in the male. The earliest stage of reproductive development, 
prior to the arrival of the primordial germ eells into the gonad, is termed 
the indifferent or ambisexual stage. 

Earìy gonadal development (ambisexual or 
indifferent stage) 

Essentially, four different eell lineages contribute to the gonads. Cells 
are derived from: proliferating eoelomie epithelium on the medial side 
of the mesonephros; underlying mesonephrie mesenehyme; invading 
angiogenie mesenehyme already present in the mesonephros; and 
primordial germ eells that arise from the epiblast very early in develop- 
ment and later migrate from the allantoie wall. 

The formation of the gonads is first indieated by the appearanee of 
an area of thiekened eoelomie epithelium on the medial side of the 
mesonephrie ridge in the fifth week, stage 16 (Figs 72.12-72.13; see 
Fig. 72.16). Elsewhere on the surface of the ridge, the eoelomie epithe- 
lium is one or two eells thiek, but over this gonadal area it beeomes 
multilayered. Thiekening rapidly extends in a longitudinal direetion 
until it eovers nearly the whole of the medial surface of the ridge. The 
thiekened epithelium continues to proliferate, displaeing the renal eor- 
puscles of the mesonephros in a dorsolateral direetion, and forms a 
projeetion into the eoelomie eavity: the gonadal ridge. Surface depres- 
sions form along the limits of the ridge, which is, thus, eonneeted to 
the mesonephros by a broad mesentery, the mesogenitale. In this way, 
the mesonephrie ridge beeomes subdivided into a lateral part - the 
tubal fold, eontaining the mesonephrie and paramesonephrie ducts, 
and a medial part - the gonadal fold. The tubal fold also eontains the 
nephrie tubules and glomemli at its base (see fig. 72.3). 

Up to the seventh week, the ambisexual gonad possesses no sexually 
differentiating feature. From stage 16, the proliferating eoelomie epithe- 
lium forms a number of eelhilar epithelial eords (sometimes ealled 
primary sex eords), separated by mesenehyme. The eords remain at 
the periphery of the primordium and form a cortex. Proliferation and 
labyrinthine cellular eondensation of the mesonephrie mesenehyme, 
including angiogenie mesenehyme, produce a eentral medulla. 

Reproductive ducts 

The paramesonephrie, Míillerian, ducts develop in embryos of both 
sexes, but beeome dominant in the development of the female repro- 
ductive system. They are not deteetable until the embryo reaehes a 
length of 10-12 mm (early sixth week). Eaeh begins as a linear invagi- 
nation of the eoelomie epithelimn, the paramesonephrie groove, on the 
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Fig. 72.12 A, The position of the gonads on the posterior abdominal wall, anteromedial to the mesonephros. B, A transverse seetion of figure A, through 
the line X-Y. 
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lateral aspeet of the mesonephrie ridge near its eranial end. The blind 
caudal end continues to grow caudally into the substance of the ridge 
as a solid rod of eells, which beeomes eanalized as it lengthens. Through- 
out the extent of the mesonephros, it is lateral to the mesonephrie duct, 
which aets as a guide for it. The paramesonephrie duct reaehes the 


caudal end of the mesonephros in the eighth week. It turns medially 
and erosses ventral to the mesonephrie duct to enter the genital eord, 
where it bends caudally in elose apposition with its fellow from the 
opposite side (see Fig. 72.13). The two ducts reaeh the dorsal wall of 
the urogenital sinus during the third month, and their blind ends 
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SECTION 8 


DEVELOPMENT OF THE LIROGENITAL SYSTEM 


produce an elevation ealled the Miillerian or sinus tubercle (see Figs 
72.7F, 72.19). 

At the end of the indifferent stage, eaeh paramesonephrie duct eon- 
sists of vertieal eranial and caudal parts and an intermediate horizontal 
region. The mesonephrie ducts course caudally, medial to the parameso- 
nephrie ducts, and both duct systems open into the urogenital sinus. 
The genital ducts possess an external serosa on some surfaces, derived 
from eoelomie epithelium; a smooth muscle miiseiilaris, derived from 
underlying mesenehyme; and an internal mneosa, derived either from 
the mesonephrie duct or from the invaginated tube of eoelomie epithe- 
lium that forms the paramesonephie duct. The layers are invaded by 
angiogenie mesenehyme and by nerves. 

Uterus and uterine tubes 

In the female, the mesonephrie duct is vestigial. Cranially, it beeomes 
the longitudinal duct of the epoophoron, while, caudally, it is referred 
to as Gartner's duct (Table 72.1). The eranial part of the paramesone- 
phrie ducts forms the uterine tubes, and the original eoelomie invagina- 
tion remains as the pelvie opening of the tube. The fimbriae beeome 


Table 72.1 Homologies of the parts of the iirogenital system in male and female 


Gonad 

Testis 

Ovary 

Gubernacular eord 

Gubernaculum testis 

Ovarian and round ligaments 

Mesonephros 

Appendix epididymis (?) 

Appendiees vesiculosae (?) 

(Wolffian body) 

Efferent ductules 

Lobules of epididymis 

Epoophoron 


Paradidymis 

Aberrant ductules 

Paroophoron 

Mesonephrie duct 

Duct of epididymis 

Duct of epoophoron (Gartner’s duct) 

(Wolffian duct) 

Vas deferens 

Ejaculatory duct 



Part of bladder and prostatie 
urethra 

Part of bladder and urethra 

Paramesonephrie 

Appendix testis 

Uterine tube 

(Miillerian) duct 


Uterus 


Prostatie utricle 

Vagina (?) 

Allantoie duct 

Cloaca: 

Urachus 

Urachus 

Dorsal part 

Rectum and upper part of anal 

Rectum and upper part of anal 


eanal 

eanal 

Ventral part 

Most of bladder 

Part of prostatie urethra 

Most of bladder and urethra 

Llrogenital sinus 

Prostatie urethra distal to 
utricle 



Bulbourethral glands 

Greater vestibular glands 


Rest of urethra to glans 

Vestibule 

Genital folds 

Ventral penis 

Labia minora 

Genital tubercle 

Penis 

Urethra in glans 

eiitoris 


defined as the eranial end of the mesonephros degenerates. The caudal 
vertieal parts of the two ducts fuse with eaeh other to form the utero- 
vaginal primordium (Fig. 72.14). This gives rise to the lower part of the 
uterus, and, as it enlarges, it takes in the horizontal parts to form the 
fundus and most of the body of the adult uterus. A eonstrietion between 
the body of the uterus and the cervix ean be found at 9weeks. The 
stroma of the endometrium and the uterine musculature develop from 
the surrounding mesenehyme of the genital eord. 

Failure of fusion of the two paramesonephrie ducts ean lead to a 
range of anomalies summarized in Figure 72.15. These ffisions ean also 
contribute to anomalies of vaginal development. 

At birth, the uterus is 2.5-5 em long (average 3.5 em), 2 em wide 
between the uterine tubes, and a little over 1 em thiek (see Figs 72.9, 
14.6 C-14.7). The body of the uterus is smaller than the uterine cervix, 
which forms two-thirds or more of the length. The isthmus between the 
body and the cervix is absent. The fetal female reproductive traet is 
affeeted by maternal hormones and undergoes some enlargement in 
the fetus. The endoeervieal glands are aetive before birth and the eervieal 
eanal is usually filled with mucus. The uterus is relatively large at birth 
and, subsequently, involutes to about one-third of its length and more 
than half of its weight; it does not regain its neonatal size and weight 
until puberty. The uterine tubes are relatively short and wide. 

The position of the uterus in the pelvie eavity depends, to a great 
extent, on the state of the bladder anteriorly and the rectum posteriorly. 
If the bladder eontains only a small amount of urine, the uterus may 
be anteverted but it is often in a direet line with the vagina (see Figs 
72.9, 72.19). 

Vagina 

At approximately 60 mm crown-rump (CR) length, an epithelial pro- 
liferation, the sinuvaginal bulb, arises from the dorsal wall of the uro- 
genital sinus in the region ofthe sinus tubercle (see Figs 72.7F, 72.14B). 
Its origin marks the site of the future hymen. The proliferation gradually 
extends eranially as a solid, anteroposteriorly flattened plate inside the 
tubular eondensation of the uterovaginal primordium, which will, 
eventually, beeome the fibromuscular vaginal wall. The caudal tip of 
the paramesonephrie duct epithelium reeedes until, at about 140 mm 
(CR), its junction with the epithelial proliferation lies in the eervieal 
eanal. 

Starting from its caudal end and gradually extending eranially 
through its whole extent, the solid plate formed by the sinus prolifera- 
tion enlarges into a eylindrieal structure. After this, the eentral eells 
desquamate to establish the vaginal lumen. As the upper end of the 
vaginal plate enlarges, it grows up to embraee the cervix, and then is 
excavated to produce the vaginal forniees. The boundary of origin of 
the vaginal mucosa, between the epithelial contribution of the para- 
mesonephrie ducts and the sinuvaginal bulb, has been defined in the 
mouse (Kurita 2010, Kurita 2011). Anomalies of paramesonephrie duct 
ffision ean produce related vaginal anomalies (see Fig. 72.15). The 
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Fig. 72.14 Relative movements of the gonads and assoeiated tubes. A, Gonads and mesonephros move caudally, and the metanephros aseends. B, A 
posterior view of the mesonephrie ducts (ureters) and the fused paramesonephrie ducts (uterovaginal eanal) in the female. For earlier development, see 
Figure 72.3. (Based on Tuchmann-Duplessis H, Haegel P 1972 lllustrated Human Embryology, Vol 2 Organogenesis. London: Ohapman and Hall. With 
kind permission of Springer Science+Business Media.) 
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urogenital sinus undergoes relative shortening craniocaudally to form 
the vestibule, which opens on the surface through the eleft between the 
genital folds. The lower end of the vaginal plate grows caudally so that, 
in 109 mm embryos, the vaginal mdiment approaehes the vestibule. In 
fetuses of 162 mm, the vaginal lumen is eomplete, except at the eephalie 
end, where the forniees are still solid; they are hollow by 170 mm. At 
approximately halfway through gestation (180 mm), the genital eanal 
is continuous with the exterior. During the later months of fetal life, 
the vaginal epithelium is greatly hypertrophied, apparently under the 
influence of maternal hormones, but, after birth, it assumes the inaetive 
form of ehildhood. 

In the neonate, the vagina is 2.5-3.5 em long and 1.5 em wide at 
the forniees, and the uterine cervix extends into the vagina for about 
1 em. The posterior vaginal wall is longer than the anterior wall, giving 
the vagina a distinet curve (see Figs 72.9, 72.19, 14.7). The eavity is 
filled with longitudinal columns eovered with a thiek layer of eornified, 
stratified, squamous epithelium. These eells slough off after birth, when 
the effeet exerted by maternal hormones is removed. 

The orifiee of the vagina is surrounded by a thiek, elliptieal ring of 
eonneetive tissue: the hymen. During ehildhood, the hymen beeomes 
a membranous fold along the posterior margin of the vaginal lumen. 
Should the fold form a eomplete diaphragm aeross the vaginal lumen, 
it is termed an imperforate hymenal membrane. 

Reproductive ducts in the male 

In the male, most of the paramesonephrie ducts atrophy (see Fig. 72. 13) 
under the influence of anti-Míillerian hormone (AMH; also ealled 
Miillerian inhibiting substance, or MIS), which is released into the 
mesonephrie duct by the Sertoli eells of the testis. It is thought that the 
epithelial eells of the paramesonephrie duct initially undergo apoptosis 


and also that, onee the epithelial eells no longer seerete a basal lamina, 
the remaining ductal epithelial eells transform into mesenehyme that 
remains in the vieinity of the involuting duct (Allard et al 2000). Ves- 
tigial remnants of the paramesonephrie ducts are most likely to persist 
eranially and/or caudally, at the limits of the loeal exocrine effeets of 
AMH. A vestige of the eranial end of the duct persists as the appendix 
testis (see Figs 72.13, 72.19; see Table 72.1). The fused caudal ends of 
the two ducts are eonneeted to the wall of the urogenital sinus by a 
solid utricular eord of eells, which soon merges with a proliferation of 
sinus epithelium, the sinu-utricular eord. The latter is similar to, but 
less extensive than, the sinus proliferation in the female. The proliferat- 
ing epithelium is elaimed to be an intermingling of the endoderm of 
the urogenital sinus with the lining epithelia of the mesonephrie and 
paramesonephrie ducts, which have extended on to the surface of the 
sinus tubercle. As the sinu-utricular eord grows, so the utricular eord 
reeedes from the tubercle. In the seeond half of fetal life, the eomposite 
eord acquires a lumen and beeomes dilated to form the prostatie utricle, 
the lining of which eonsists of hyperplastie stratified squamous epithe- 
lium. The sinus tubercle beeomes the colliculus seminalis. 

The main reproductive ducts in the male are derived from the meso- 
nephrie ducts; the latter persist under the aetion of androgens that are 
probably seereted down the ducts themselves, and are subsumed into 
the male reproductive system as the metanephrie kidney develops. The 
mesonephrie duct gives rise to the eanal of the epididymis, vas deferens 
and ejaailatory duct. The seminal vesiele and the ampulla of the vas 
deferens appear as a eommon swelling at the end of the mesonephrie 
duct during the end of the third and into the fourth months. Their 
appearanee eoineides with degeneration of the paramesonephrie ducts, 
although no causal relation between the two events has been estab- 
lished. Separation into two mdiments occurs at about 125 mm crown- 
heel length. The seminal vesiele elongates, its duct is delineated and 
hollow diverticula bud from its wall. Around the sixth month (300 mm 
crown-heel length), the growth rate of both vesiele and ampulla is 
greatly inereased. Figure 72.10 shows the position of the ampulla of the 
vas deferens in the neonate, possibly in response to inereased seeretion 
of prolaetin by the fetal or maternal hypophysis, or to the effeets of 
plaeental hormones. The tubules of the prostate show a similar inerease 
in growth rate at this time. 

Primordial germ eells 

The primordial germ eells are formed very early from the epiblast (see 
Fig. 10.3). They are larger (12-20 jLtm in diameter) than most somatie 
eells, and are eharaeterized by vesicular nuclei with well-defined nuclear 
membranes, and by a tendeney to retain yolk inclusions long after these 
have disappeared from somatie eells. It is not yet elear whether the 
primordial germ eells are derived from particular blastomeres during 
eleavage, if they constitute a elonal line from a single blastomere, or if 
they are the product of a progressive eoneentration of the nucleus of 
the fertilized ovum by unequal partition at successive mitoses. Primor- 
dial germ eells spend the early stages of development within the extra- 
embryonie tissues near the end of the primitive streak and in the 
eonneeting stalk (see Fig. 10.4). In this situation, they are away from 
the inductive influences to which the majority of the somatie eells are 
subjected during early development. 

Primordial germ eells ean be identified in human embryos in stage 
11, when the number of eells is probably not more than 20-30. When 
the tail fold has formed, they appear within the endoderm and the 
splanchnopleuric mesenehyme and epithelium of the hindgut, as well 
as in the adjoining region of the wall of the yolk sae. They migrate 
dorsoeranially in the mesentery, by amoeboid movements and by 
growth displaeement, and pass around the dorsal angles of the eoelom 
(medial eoelomie bays) to reaeh the genital ridges from stage 15 (see 
Fig. 72.16). It is believed that the genital ridges exert long-range effeets 
on the migrating primordial germ eells, in terms of eontrolling their 
direetion of migration and supporting the primordial germ-eell popula- 
tion. Primordial germ eells eontaet eaeh other via long proeesses and 
retain eytoplasmie bridges when they divide. They are usually in elose 
proximity to somatie eells, which may modify the loeal environment, 
forming junctional complexes with them. The surface of primordial 
germ eells displays binding sites for extracellular matrix maeromole- 
cules. A range of moleoilar markers assoeiated with the migration and 
proliferation of primordial germ eells has been deseribed (Soto-Suazo 
and Zorn 2005, Runyan et al 2006, De Feliei 2013). 

Primordial germ eells proliferate both during and after migration to 
the mesonephrie ridges. Cells that do not eomplete this migration 
mainly degenerate, but if they survive, they ean give rise to germ eell 
tumours, usually in the midline (Runyan et al 2006). After segregation, 
when they are often termed primary gonoeytes, they divide to form 
seeondary gonoeytes. 
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Fig. 72.16 The development of the gonads and assoeiated ducts, as seen in transverse seetion, to shovv the fate of the primordial germ eells, 
mesonephrie duct and tubules, and paramesonephrie duct in males and females. (Modified vvith permission from VVilliams PL, VVendell-Smith CP, 
Treadgold S 1969 Basie Human Embryology, 2nd edn, London, Pitman Medieal & Seientifie.) 
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Reproductive system 


Development of the gonads 

The faetors that lead to formation of either testis or ovary are deseribed 
below and in Figure 72.16. The morphologieal events that occur in eaeh 
type of gonadal development are presented first. 

Testis 

Most studies support the hypothesis that the seminiferous tubules are 
formed from eords of epithelial eells derived from the proliferating 
eoelomie epithelium (see Figs 72.13, 72.16). The eords lengthen, partly 
by addition from the eoelomie epithelium, and eneroaeh on the 
medulla, where they unite with a network of eells derived from the 
mesonephrie mesenehyme destined to beeome the rete testis. Primor- 
dial germ eells are ineorporated into the eords, which later beeome 
enlarged and eanalized to form the seminiferous tubules. The eells 
derived from the surface of the early gonad form the supporting Sertoli 
eells. The latter proliferate throughout fetal and early postnatal life (less 
than 6 months) and perhaps again at puberty initiation (Sharpe et al 
2003); when they stop dividing, they mature and eannot be reaetivated. 
Eaeh Sertoli eell ean only support a fixed mimber of germ eells during 
their development into spermatozoa, i.e. the number of Sertoli eells 
produced at this time determines the maximal limit of sperm output 
(Sharpe et al 2003). Because the germ eells make up the bulk of the 
adult testis, the number of Sertoli eells is a major determinant of the 
size to which the testes will grow (faetors that impair the proeess of 
spermatogenesis, resulting in the loss of germ eells, will also affeet 
testicular size). Variation in Sertoli eell number is probably the most 
important faetor in accounting for the enormous variation in sperm 
counts between individual men, whether fertile or infertile. Indeed, the 
available data for adult men indieate that Sertoli eell numbers vary 
aeross a fifty-fold range (Sharpe et al 2003). Although some of this 
variation may result from attrition of Sertoli eell numbers because of 
ageing, the major differenees in Sertoli eell numbers will have been 
determined by events in fetal and/or ehildhood life. 

The interstitial eells of the testis are derived from mesenehyme and, 
possibly, also from eoelomie epithelial eells that do not beeome ineor- 
porated into the tubules. Among other eell lines, they form the embry- 
onie and fetal eells of Leydig, which seerete testosterone and insulin-like 
faetor 3 (Insl3). A later migration of mesenehyme beneath the eoelomie 
epithelium forms the tunica albuginea of the testis. 

The eords of the rete testis beeome eonneeted to the glomemlar 
capsules in the persisting part of the mesonephros. LTltimately, they 
beeome eonneeted to the mesonephrie duct by the 5-12 most eranial 
persisting mesonephrie tubules. These beeome exceedingly convoluted 
and form the lobules of the head of the epididymis. The mesonephrie 
duct, which was the primitive 'ureter of the mesonephros, beeomes the 
eanal of the epididymis and the vas deferens of the testis. The seminifer- 
ous tubules do not acquire lumina until the seventh month; the tubules 
of the testicular rete beeome eanalized somewhat earlier. 

Disorders of development of the testis and reproductive traet in the 
male fetus seem to be inereasing in ineidenee. Testicular maldeseent 
(eryptorehidism) and hypospadias appear to have doubled or trebled 
in ineidenee in the last 30-50 years, while testicular eaneer has inereased 
by an even greater margin and is now the most eommon eaneer of 
young men. Although testicular eaneer is primarily a disease of young 
men (95% of eases affeet 15- to 45-year-old males), it is now established 
that this age ineidenee refleets aetivation of premalignant eareinoma -in- 
situ (CIS) eells, which are present at birth and which almost eertainly 
arise during fetal life. It is now aeeepted that CIS eells are primordial 
germ eells/gonoeytes that have failed to eomplete differentiation into 
spermatogenie germ eells (Rajpert-De Meyts 2006). Anomalies of devel- 
opment of the testis and reproductive traet (e.g. gonadal dysgenesis, 
eryptorehidism, small testes) are important risk faetors for the develop- 
ment of testicular germ eell eaneer. However, the most dramatie ehange 
that appears to have occurred in the relatively reeent past is a fall in 
sperm counts of around 40-50% (1% per year over the last 50years). 
Although this dramatie deerease is obviously manifest only in adult- 
hood, as is the ease with testicular eaneer there is growing evidenee that 
it may refleet impaired testicular development during fetal or ehildhood 
life (Dean and Sharpe 2013). 

Ovary 

The ovary develops from the middle part of the gonadal ridge only. The 
eranial part of the gonadal ridge beeomes the suspensory ligament of 
the ovary (infundibulopelvic fold of peritoneum), and its caudal region 
is ineorporated into the ovarian ligament. 

The ovary elosely resembles the testis early in development, except 
that its eharaeteristieally female features are slower to differentiate (see 
Figs 72.13, 72.16). Few, if any, of the epithelial eords invade the 


medulla. The majority remain in the cortex, where they may be joined 
by a seeond proliferation from the eoelomie epithelium overlying the 
gonad. In histologieal seetions of ovaries from the third and subsequent 
months, the epithelial eords appear as clusters of eells, which may 
eontain primitive germ eells, separated by fine septa of undifferentiated 
mesenehyme. An ovarian rete eondenses in the medullary mesenehyme 
and some of its eords may join mesonephrie glomemli. The medulla 
subsequently regresses, and eonneetive tissue and blood vessels from 
this region invade the cortex to form the ovarian stroma. During this 
invasion, the clusters of epithelial eortieal eells break into individual 
groups of supporting eells (now identified as gramilosa eells), which 
surround the primordial germ eells (now identified as primary ooeytes) 
that have entered the prophase of the first meiotie division. Primary 
ooeytes are derived from a mitotie division of the primordial germ eells 
(naked oogonia). Their epithelial capsules eonsist of flattened pregranu- 
losa eells derived from proliferations of eoelomie epithelium. The ovary 
now has its full eomplement of primary ooeytes. The majority undergo 
atresia, a hormonally eontrolled apoptotie proeess, but the remainder 
resume development after puberty, when they eomplete the first meiotie 
division shortly before ovulation. The granulosa eells at this time 
enlarge and multiply to form the stratum granulosum; as they do so, 
they beeome surrounded by theeal eells, which differentiate from the 
stroma. 

There are temporospatial ehanges within the developing ovary. Neu- 
rotropins and their reeeptors have been shown to be expressed within 
the fetal ovary between 13 and 21weeks. NT4 is loealized initially in 
epithelioid eells mingled with oogonia, then within oogonial mRNA, 
and finally in gramilosa eells of the primordial follieles, with lesser 
expression in the enelosed ooeytes (Anderson et al 2002). 

Expression of p450cl7, a steroidogenie enzyme involved in the pro- 
duction of androgens, has been shown in the human fetal ovary during 
the seeond and third trimesters (Cole et al 2006). Its temporospatial 
expression showed a movement from the cortex to the medulla, with 
its presenee in primary interstitial eells in the cortex from 14weeks to 
23weeks, but not in hilus interstitial eells; between 27 and 33weeks, 
few eells stained for p450cl7, but there was an inerease after 33weeks 
in theea interstitial eells assoeiated with preantral follieles. Positive- 
staining hilus interstitial eells were rarely seen before 33weeks. The 
temporospatial expression was similar in aneneephalie fetuses of the 
same age, indieating that anterior pituitary fimetion is not regulating 
this maturation. The authors suggest a possible role for insulin in regu- 
lating fetal ovary androgen production. It is noted that overexpression 
of interstitial androgen production is a eomponent in the pathophysiol- 
ogy of polyeystie ovary syndrome (Cole et al 2006). 

Sex determination in the embryo 

It was believed that the gonads were indifferent or ambisexual until the 
arrival of the primordial germ eells in the gonadal ridge, at which point 
the sex of the embryo was 'turned on' by the presenee of the male or 
female germ eells. It is now elear that the germ eells may be essentially 
irrelevant to testis determination; embryos in which the genital ridges 
are devoid of germ eells may still undergo otherwise normal testis 
development. It is not elear if the germ eells are neeessary for ovarian 
determination. They are required for the proper organization and dif- 
ferentiation of the ovary, and their absenee results in the development 
of 'streak gonads', where only lines of follicular eells ean be seen, as in 
Turners syndrome. 

The proeesses of sex determination and differentiation involve inter- 
aeting pathways of gene aetivity, which lead to the total patterning of 
the embryo as either male or female. 

In the airrent, generally aeeepted, model of sex determination in 
humans, the female pathway is eonsidered to be the 'set-up' programme; 
in other words, this is the course of events that will occur, unless there 
is modifieation via differentiation of Sertoli eells, which leads to testis 
formation. The trigger for the latter is the presenee of a Y ehromosome, 
which diverts development into the testioilar pathway. The resulting 
cellular ehanges eonvert the indifferent gonad into a testis, which then 
produces three key hormones (AMH, Insl3 and testosterone), which 
eolleetively induce masculinization of the fetus and, thus, acquisition 
of male seeondary sexual eharaeteristies. 

The possession of a Y ehromosome is usually assoeiated with a male 
developmental pathway. Deletion mapping of the Y ehromosome in a 
elass of XX males arising from abnormal X:Y interehange at meiosis 
showed that the male-determining region of the ehromosome was a 
eonserved sequence loeated near its tip, termed the testis-determining 
faetor (TDF). This sequence eontains a gene that is established to be the 
'master switch' that programmes the direetion of sexual development, 
the so-ealled SRY gene (sex-determining region on the Y ehromosome). 
It is believed to be genetieally and fimetionally equivalent to the TDF. 
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The SRY gene aets initially within the epithelial eords of eells derived 
from the eoelomie epithelium of the ambisexual gonad. These eells ean 
potentially differentiate into either Sertoli or granulosa eells (the sup- 
porting eells for the germ eells in the testis and ovary, respeetively). 
Studies indieate that SRY initiates testis formation from the indifferent 
gonad by direeting the development of supporting-cell precursors as 
Sertoli rather than gramilosa eells (Albreeht and Eieher 2001). Gene 
expression is seen fìrst in eells designated as pre-Sertoli, loeated een- 
trally in the developing gonad, and then later in the eranial and caudal 
poles. Onee the developmental pathway of Sertoli eells is direeted, this 
influences the differentiation of the other eell types in the testicular 
pathway, so that Leydig eells appear later, and the eonneetive tissue 
beeomes organized into a male pattern. The germ eells are also affeeted 
by this environment. When they arrive, they beeome enelosed within 
the Sertoli eells and do not enter meiosis; they continue to proliferate 
(which is eharaeteristie of spermatogenesis), instead of eeasing prolif- 
eration and entering meiosis and meiotie arrest, as occurs in the ovary. 
Thus, the development of male eharaeteristies follows the expression of 
SRY, and female eharaeteristies develop in its absenee. 

Studies ofXY individuals with sex reversal (i.e. XY females) and eor- 
responding gene knockout studies in miee have established that SRY 
initiates testis development by inducing the expression of another gene, 
SOXD (SRY-like HMG-box protein 9), and expression of the latter in the 
absenee of SRY is suffìcient for male determination. It is now known 
that there is a multi-step easeade of gene expression ehanges that essen- 
tially works to reinforee SOX9 expression and, thus, to eonsolidate 
development down the male pathway; these genes include WT1 
(Wilm's tumour gene), GATA4 (GATA-binding protein 4), FGF9 (fibrob- 
last growth faetor 9) and DAX-1 (orphan nuclear reeeptor DAX-1) 
(Biason-Lauber 2010, Munger et al 2013). This easeade also aetively 
represses expression of genes that promote development along the 
female pathway; these include RSPOl (R-spondin 1), WNT4 (Wingless- 
type MMTV integration site family member 4) and FOXL2 (Lorkhead 
box L2). In turn, aetivation of the female easeade of gene expression 
aetively suppresses expression of SOX9 and/or other genes in the 'male 
easeade'. Therefore, development of either a testis or an ovary results 
from a reinforeing programme of gene expression ehanges, and inaeti- 
vating mutations in any one of these genes, or their aberrant expression 
in the wrong sex fetus, has the potential to interfere, partially or eom- 
pletely, with normal gonad formation and, thus, with downstream 
sexual development (Biason-Lauber 2010, Munger et al 2013). However, 
fewer than 50% of disorders of sex development (DSD) in humans ean 
be explained by alterations in the expression of known genes, such as 
those listed; this means that more genes and new pathways remain to 
be diseovered, and these may involve eompletely new meehanisms. 
Very reeently, the fìrst example of sex reversal (in miee) due to an epi- 
genetie ehange was reported, which resulted from the inaetivating 
mutation of a gene ( JMJDIA ) involved in histone demethylation of 
genes, thus allowing their expression (Kuroki et al 2013). Absenee of 
this demethylase prevented normal demethylation of the Sry gene and, 
thus, failure of its expression in an otherwise normal XY mouse with a 
normal Sry gene. 

Subsequent development of the male phenotype requires fetal seere- 
tion of testosterone, AMH and Insl3. Of these, testosterone is the most 
important, as it has body-wide effeets, both on the developing repro- 
ductive system/genitalia and on numerous other organs/tissues, includ- 
ing the brain. Also important is the development of the appropriate 
eytoplasmie testosterone-binding reeeptor protein (the androgen reeep- 
tor). Sertoli eells synthesize AMH, which causes the regression of the 
Míillerian ducts, and Leydig eells produce testosterone, which promotes 
the development of the mesonephrie ducts, sets into proeess the devel- 
opment of male external genitalia, and sensitizes other tissues to testos- 
terone. Absenee of a fhnetional androgen reeeptor, as occurs in the 
eomplete androgen insensitivity syndrome (CAIS), results in XY indi- 
viduals who have testes and degenerated Míillerian ducts, but eannot 
respond to the eiroilating testosterone produced by their testes; they 
therefore develop female seeondary sexual eharaeteristies. 

Deseent of the gonads 

The gonads develop on the posterior abdominal wall bilaterally along 
the eentral portion of the mesonephros. This region reeeives a rieh 
blood supply, which is direeted to the gonads as the mesonephros 
involutes. Both gonads deseend, the testis to lie outside the abdominal 
eavity, and the ovary to the pelvis; however, they both retain their early 
blood supply from the dorsal aorta. 

Deseent of the testis 

The meehanism of testioilar deseent is not eompletely understood and, 
to some extent, remains eontroversial. Reeent evidenee suggests that it 


involves two phases - transabdominal and inguinoscrotal - which are 
regulated by distinet morphologieal and endoerine faetors (Barteezko 

and jaeob 2000). 

Transabdominal phase 

Eaeh testis initially lies on the dorsal abdominal wall. As it enlarges, its 
eranial end degenerates and the remaining organ therefore occupies a 
more caudal position. It is attaehed to the mesonephrie fold by the 
mesorchium (the mesogenitale of the undifferentiated gonad), a peri- 
toneal fold that eontains the testioilar vessels and nerves, and a quantity 
of undifferentiated mesenehyme. It also acquires a seeondary attaeh- 
ment to the ventral abdominal wall, which has a eonsiderable influence 
on its subsequent movements. At the point where the mesonephrie fold 
bends medially to form the genital eord (see Lig. 72.3), it beeomes 
eonneeted to the lower part of the ventral abdominal wall by an inguinal 
fold of peritoneum eovering a mesenehymal eord, termed the guber- 
naculum or genito-inguinal ligament (see Ligs 72.3, 72.13; Fig. 72.17). 
The distal end of this eord seems to align to the inguinal part of the 
milk line which extends from the axilla to the femoral region (see Lig. 
53.28). It has been suggested that this line eorresponds to the original 
lateral edge of the embryo, which expresses the apieal eetodermal ridges 
and mesenehymal progress zones of the upper and lower limbs (Hutson 
2013, Hutson et al 2014). 

Up to about 10weeks, the gubernaculum in male and female 
embryos is the same, but then production of Insl3 from the Leydig eells 
stimulates enlargement (known as the 'swelling reaetion') of the guber- 
naculum in males. This serves to anehor the fetal testis near the future 
inguinal eanal as the abdominal eavity enlarges between 10 and 
15weeks. By eomparison, the gubernaculum in females remains thin 
and subsequently develops into the round ligament (see below). The 
eranial attaehment of the urogenital ridge, known as the eranial suspen- 
sory ligament, regresses in males under the aetion of androgens. 

After the midgut loop returns to the abdomen, the anterior abdomi- 
nal wall inferior to the umbilical eord lengthens. As eaeh umbilical 
artery mns ventrally from the dorsal to the ventral wall, it pulls up a 
faleiform peritoneal fold, which forms the medial boundary of a peri- 
toneal fossa, the saeois vaginalis of lateral inguinal fossa, into which 
eaeh testis projeets. 

lnguinoscrotal phase 

The caudal end of the gubernaculum is initially assoeiated with a spe- 
eifie portion of the milk line of the abdominal wall around which the 
future inguinal eanal is formed by differentiating abdominal wall 
muscles. An interaetion with the mammary line eetoderm and underly- 
ing mesenehyme may trigger gubenacular meristematie growth similar 
to that seen in the progress zone of the limb bud. Between 25 and 35 
weeks, the male gubernaculum begins to bulge out from the abdominal 
muscles and elongate aeross the pubis and into the scrotum (see Fig. 
72.1 7). An outpocketing of peritoneum, the processus vaginalis, extends 
into the gubernaculum, hollowing it out so that the proximal part is 
divided into a ereseentie parietal layer within which the eremaster 
muscle develops, and a eentral column attaehed to the epididymis. 
Elongation of the soft, gelatinous end of the gubernaculum, which, in 
the early stage, is formed mainly of hyaluronic aeid, is eontrolled by 
androgens. The exact meehanism mediating elongation in humans is 
uncertain. In rodent models, there is good evidenee that androgens 
cause sexual dimorphism of the sensory branehes of the genitofemoral 
nerve, which supplies the gubernaculum, the developing eremaster 
muscle within it, and part of the scrotum. The genital braneh of the 
nerve releases ealeitonin gene-related peptide (CGRP), which stimulates 
growth of the gubernacular tip along a ehemotaetie gradient to the 
scrotum. 

The testis remains in apposition with the deep inguinal ring, held 
by the gubernaculum during the fourth to sixth months (Barteezko and 
jaeob 2000). From 35 weeks the extracellular matrix of the gubernacu- 
lum is resorbed and it forms a fibrous attaehment to the inside of the 
scrotum. Testis deseent during the inguinoscrotal phase oeoirs relatively 
rapidly about the seventh month, the left testis usually deseending 
ahead of the right. It is thought that intra-abdominal pressure aeting 
through the patent processus vaginalis contributes to this migration 
(Hutson 2012). In full-term male neonates, over 95% have deseended 
testes, although, in premature babies, deseent may not be eomplete. 
After deseent, the distal processus vaginalis persists as a Tiny satellite 
peritoneal eavity' around the testis as the tunica vaginalis, which 
beeomes firmly attaehed to the surrounding scrotum within a few 
weeks. The proximal part of the processus vaginalis then obliterates, 
and there is evidenee that this also is eontrolled by androgens indireetly 
via CGRP released from the genitofemoral nerve. Both exogenous CGRP 
and hepatoeyte growth faetor ean cause obliteration in vitro of the 
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Fig. 72.17 The deseent of the testis. The testis is retroperitoneal throughout development. It beeomes obliquely orientated during abdominal deseent. 

A, The gubernaculum attaehed to the lovver part of the testis has an abdominal part eovered with developing peritoneum, an interstitial part and a distal 
end embedded in the anterior abdominal wall at the site of the future inguinal eanal. B, The gubernaculum swells, beeoming similar in width to the testis. 
The distal-most portion of the gubernaculum bulges into abdominal wall muscles and grows 3-5 em over the superior pubic ramus and into the scrotum. 
A ereseentie column of peritoneum, the processus vaginalis, develops in the expanding gubernaculum. C, The testis gains a ereseentie eovering of 
viseeral and parietal peritoneum (which forms the tunica vaginalis) and muscle and eonneetive tissue layers as it passes through the deep and superficial 
inguinal rings. The eoverings remain around the ductus deferens, whereas the proximal processus vaginalis normally beeomes obliterated by 3 weeks 
after birth. (Based on Tuchmann-Duplessis H, Haegel P 1972 lllustrated Human Embryology, Vol 2 Organogenesis. London: Ohapman and Hall. VVith 
kind permission of Springer Science+Business Media.) 


processus vaginalis in hernial saes excised from babies with indireet 
inguinal hernia. 

At birth, the processus vaginalis is narrowed and eollapsed, but not 
neeessarily eompletely obliterated. It remains patent for 2weeks in 
nearly 70% of male infants but, by 3weeks after birth, it is at least 
partially obliterated in 80% of male infants, the left side before the 
right. 

Persistent pateney of the processus vaginalis leads to indireet inguinal 
hernia (widely patent and allowing prolapse of bowel), or hydroeele 
(narrow pateney permitting only intraperitoneal fluid to triekle down 
into the tunica vaginalis). During obliteration, fluid may triekle only 
part of the way down the processus vaginalis to produce an eneysted 
hydroeele of the eord. This is a relatively eommon but transient state 
and usually resolves eompletely within a few weeks by further oblitera- 
tion. Because of perinatal androgen exposure, the spermatie eord and 
scrotum are relatively large in the neonate, as are the seminal vesieles 
and adjaeent ampullae of the vas deferens. 

In aberrant testicular deseent, the testis may remain in the abdomen, 
although this is thought to be uncommon because the hormonal and 
morphologieal features of the transabdominal phase are relatively 
simple. By eontrast, the indireet endoerine regulation and complex 
migratory proeess of the gubernaculum during the inguinoscrotal phase 
is frequently abnormal, leading to the testis lying in the inguinal or 
pubic region in 2-5% of neonates. Rarely, the testis may lie in the 
perineum, in the upper part of the thigh or at the root of the penis. The 
cause for these aberrant loeations is unknown but is most likely to be 
seeondary to aberrant migration of the gubernaculum, perhaps caused 
by a misloeated genitofemoral nerve. 

Testes that have deseended may not remain within the scrotum if 
the spermatie eord does not double its length between birth and puberty 
(Hutson 2013). It is thought that the aetiology of such acquired unde- 
seended testes is also linked to that of hydroeele and hernia. Causes 
may be defieient prenatal and postnatal androgens and inadequate 
CGRP from the genitofemoral nerve. 

Cryptorchidism is eommon in infants with abdominal wall defeets 
such as bladder exstrophy, exomphalos (30% affeeted) and gastrosehisis 


(15% affeeted). It is also seen in myelomeningoeoele affeeting the 
upper lumbar spinal eord (>30% affeeted), although in these latter eases 
it is not elear whether low abdominal pressure or genitofemoral nucleus 
dysplasia is the cause (Hutson 2012). Cryptorchidism used to be eon- 
sidered a relatively minor birth defeet that was eorreeted surgically 
sometime during ehildhood. It is now eonsidered to be a symptom of 
testiailar dysgenesis syndrome, a speetmm that includes hypospadias, 
impaired semen quality and testicular germ eell eaneer (Toppari et al 
2014). Sinee germ eell numbers deerease rapidly in undescended testes, 
orchipexy is now undertaken between 6-9 months of postnatal life. 
Further delay results in impaired testiailar catch-up growth in boys: 
even with early orchipexy, men with bilateral undescended testes are 
six times more likely to be infertile (Lee and Shortliffe 2014). 

Deseent of the ovary 

The relative movements of the ovary are less extensive than those of the 
testis and are not hormonally regulated. Like the testis, the ovary ulti- 
mately reaehes a lower level than it occupies in the early months of fetal 
life, but it does not leave the pelvis to enter the inguinal eanal, except 
in eertain anomalies. The ovary is eonneeted to the medial aspeet of the 
mesonephrie fold by the mesovarium (homologous with the mesor- 
chium), and to the ventral abdominal wall by the inguinal fold (see 
Fig. 72.13; Fig. 72.18). A mesenchymatous gubernaculum develops in 
this fold but, as it traverses the mesonephrie fold, it acquires an addi- 
tional attaehment to the lateral margin of the uterus near the entranee 
of the uterine tube. Its lower part, caudal to this uterine attaehment, 
beeomes the round ligament of the uterus, and the part eranial to this 
beeomes the ovarian ligament. Collectively, these structures are homo- 
logous with the gubernaculum testis in the male (Fig. 72.19). This new 
uterine attaehment may be eorrelated with the restrieted ovarian 
deseent. At first, the ovary is attaehed to the medial side of the mesone- 
phrie fold but, in aeeordanee with the manner in which the two mes- 
onephrie folds form the genital eord, it is finally eonneeted to the 
posterior layer of the broad ligament of the uterus. The gubernacula 
thus develop in the female, unlike the male, as bilateral fibrous bands 
or ligaments in the absenee of Insl3. They do not extend into the labia 
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Fig. 72.18 The deseent of the ovary. A, An early developing left ovary and uterine tube. B, The start of posterior movement of the ovary. C, The left 
ovary in its definitive posterior position. D, A sagittal seetion of the ligaments assoeiated with the ovary, viewed from a left lateral position. (Based on 
Tuchmann-Duplessis H, Haegel P 1972 lllustrated Human Embryology, Vol 2 Organogenesis. London: Ohapman and Hall. With kind permission of 
Springer Science+Business Media.) 


majora, but end in the eonneetive tissue just external to the external 
ring of the inguinal eanal because, in the absenee of androgens, there 
is no migratory phase analogous to inguinoscrotal migration in the 
male. The saccus vaginalis is present in the female. Its prolongation into 
the inguinal eanal (sometimes termed the eanal of Nuck) is normally 
eompletely obliterated, but may remain patent and form the sae of a 
potential indireet inguinal hernia. 

In the neonate, the ovaries lie in the lower part of the iliae fossae. 
The long axis of the ovary is almost vertieal. It beeomes temporarily 
horizontal during deseent, but regains the vertieal when it reaehes 
the ovarian fossa. The ovaries eomplete their deseent into the ovarian 
fossae in early ehildhood. Thus, at birth, the ovary and the lateral 
end of the eorresponding uterine tube lie above the pelvie brim. They 
do not sink into the lesser pelvis until the latter enlarges sufficiently 
to eontain both of them and the other pelvie viseera, including the 
bladder. Neonatal ovaries are 1-3.6 mm long (Stranzinger and Strouse 
2008) and their eombined weight at birth is 0.3 g, which is relatively 
large, and much larger than the eombined weight of the testes (see 
Figs 72.9, 14.6C). The ovaries double in weight during the first 6 
postnatal weeks. They bear surface furrows, which disappear during 
the seeond and third postnatal months. All of the primary ooeytes for 
the reproductive life of a female are present in her ovaries by the end 
of the first trimester of pregnaney. Of the 7 million primary ooeytes 
estimated to be present at the fifth month of gestation, 1 million 
remain at birth and 40,000 by puberty; only 400 are ovulated during 
reproductive life. 

Cloaca and external genitalia 

The eloaea is that region at the end of the primitive hindgut that is 
continuous with the allantois (see Figs 72.4, 72.7). The allantois, a 
ventral diverticulum, passes into the eonneeting stalk of the early 
embryo prior to tail-folding and is then drawn into the body eavity after 
stage 10. It retains an extension into the eonneeting stalk, and later into 
the umbilicus, throughout embryonie life. The eloaea is a slightly 
dilated eavity lined with endoderm. It is initially eonneeted eranially to 


the enterie hindgut, and ventrocaudally is in eontaet with overlying 
eetoderm at the eloaeal membrane. Proliferation of mesenehyme at the 
angle of the junction of the hindgut and allantois produces a urorectal 
septum (intereloaeal mesenehyme), which grows caudally, promoting 
the movement, but not the fusion, of the endodermal epithelium 
towards the eloaeal membrane (Fig. 72.20). The eloaea beeomes sepa- 
rated into a presumptive rectum and anal eanal dorsally, and a pre- 
sumptive urinary bladder and urogenital sinus ventrally; the eloaeal 
membrane is divided into anal and urogenital parts, respeetively. 
The nodal eentre of division is the site of the future perineal body. 
The urogenital sinus reeeives the mesonephrie and paramesonephrie 
ducts. 

Anomalies of eloaeal development may result in a range of defeets. 
In extroversion of the eloaea (eetopia eloaeae), the urorectal septum 
does not develop and there is failure of mesenehymal migration around 
the ventral body wall to support the umbilical eord; this results in a 
large abdominal defeet with a eentral eolonie portion and bilateral 
bladder eomponents. With only partial development of the urorectal 
septum, the urogenital sinus may remain with a high eonfhienee of 
bladder, vagina and rectum. The eloaeal membrane may be abnormally 
elongated and prematurely ruptured throughout its whole extent, prior 
to the formation of the urorectal septum, or, in some eases, there may 
be only a small sinus opening externally at the skin. The anal muscu- 
lature is often present but not assoeiated with the anal eanal. 

Pelvie floor 

The pelvie floor eonsists of the ligamentous supports of the cervix, and 
the pelvie and urogenital diaphragms, and constitutes another partition 
that traverses the body eavity. Little is known about pelvie floor devel- 
opment in the human. The striated muscle is derived from the dermo- 
myotomes in a similar manner to the muscles of the ventrolateral body 
wall. Puborectalis appears in 20-30 mm embryos, following opening 
of the anal membrane, and striated muscle fibres ean be seen at 
15weeks. The smooth muscle of the urethral sphineter is also present 
at this time. 
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Fig. 72.19 The development of the iirogenital system from the indifferent stage to the definitive male and female states. (Modified with permission from 
VVilliams PL, VVendell-Smith CP, Treadgold S 1969 Basie Human Embryology, 2nd edn. London, Pitman Medieal & Seientifie.) 


Llrethra 

The urethra is derived from endoderm, as are the prostate gland and 
vagina (both outgrowths of the lower urogenital sinus), and the other 
small glandular structures that develop around the caudal body 
orifìees. 

In the male, the prostatie urethra proximal to the orifiee of the pro- 
statie utricle is derived from the vesico-urethral part of the eloaea and 
the ineorporated caudal ends of the mesonephrie ducts. The remainder 
of the prostatie part, the membranous part, and probably the part 
within the bulb, are all derived from the urogenital sinus. The anterior 
urethra, as far as the glans, is formed by eanalization of the urethral 
plate (see below). Seeondary ingrowth of mesenehyme fuses the genital 
folds over the urethra (see Fig. 72.20). The short seetion within the glans 
may be formed from eetoderm, which invaginates into the glans. 

In the female, the urethra is derived entirely from the vesico-urethral 
region of the eloaea, including the dorsal region derived from the meso- 
nephrie ducts. It is homologous with the part of the prostatie urethra 
proximal to the orifiees of the prostatie utricle and the ejaculatory ducts. 
The region of the early urethra remains open to form the vestibule, into 
which the definitive urethra and vagina open (see Fig. 72.20). It is 


believed that these regions are invaded by eetoderm because they are 
innervated by somatie nerves. 

LJrethral defeets caused by anomalous development are not uncom- 
mon in the male. In epispadias, the urethra opens on the dorsal aspeet 
of the penis at its junction with the anterior abdominal wall. This 
anomaly is eonsidered to be a less severe form of exstrophy of the 
bladder. In the simplest form of hypospadias, related to ineomplete 
eanalization of the urethral plate, the urethra may open on the ventral 
(perineal) aspeet of the penis at the base of the glans, and the part of 
the urethra that is normally within the glans is absent. In more severe 
eases, the genital folds fail to fuse, and the urethra opens on the ventral 
aspeet of a malformed penis just in front of the scrotum. A still greater 
degree of this anomaly is aeeompanied by failure of the genital swell- 
ings to unite with eaeh other. In these eases, the scrotum is divided and, 
sinee the testes are also frequently undescended, the resemblanee to the 
labia majora is very striking, leading to genital ambiguity. In such eases, 
it is important to determine at the earliest time not only the ehromo- 
somal status of the infant but also the internal anatomy and state of 
development of the internal genital traet. Sex assignment and rearing 
will depend on these faetors. 
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Fig. 72.20 The development of the external genitalia from the indifferent 
stage to the definitive male and female states. 


The iirethral sphineter fìrst forms as a mesenehymal eondensation 
around the urethra in 12-15 mm (stage 18) embryos, after division of 
the eloaea. The mesenehyme proliferates and beeomes defined at the 
bladder neek in 31 mm embryos, and along the anterior part of the 
urethra by 69 mm. The muscle fibres differentiate after 15 vveeks' devel- 
opment, at which time both smooth and striated fibres are present. In 
females, there is eontimiity between the smooth muscle of the urethral 
wall and of the bladder. In males, the muscle fibres are less abundant 
because of the loeal development of the prostate. Striated muscle fibres 
form around the smooth muscle, initially in the anterior wall of the 
urethra, and later eneirele the smooth imisele layer. The origin of the 
striated muscle is not known; it could be derived from the myogenie 
eells that give rise to puborectalis. The smooth and striated eomponents 
of the urethral sphineter are elosely related, but there is no mhdng of 
fibres as occurs in the anoreetal sphineter. 

Prostate gland 

The prostate gland arises during the third month from interaetions 
between the urogenital sinus mesenehyme - mesenehyme that was 
assoeiated with the mesonephrie and paramesonephrie ducts and the 
endoderm of the proximal part of the urethra. This region has been 
termed the Miillerian duct-urogenital simis junction (Cai 2008). Early 
outgrowths, some 14-20 in number, arise from the endoderm around 
the whole circumference of the tube, but mainly on its lateral aspeets 
and excluding the dorsal wall above the utricular plate. They give rise 
to the outer glandular zone of the prostate. Later outgrowths from 
the dorsal wall above the mesonephrie ducts arise from the epithelmm 
of mixed urogenital, mesonephrie and, possibly, paramesonephrie 
origin that eovers the eranial end of the simis tubercle. They produce 
the internal zone of glandular tissue that appears to be patterned by 
the mesenehyme that surrounded the lower end of the mesonephrie 
and paramesonephrie ducts. The developing gland is affeeted by the 
loeal hormonal environment, as, in response to inereased androgens, 
reeombination of female vaginal mesenehyme ean direet endodermal 
epithelium to form prostate gland (Cai 2008). The outgrowths, which 
are at first solid, braneh, beeome tubular and invade the surrounding 
mesenehyme. The latter differentiates into smooth muscle, assoeiated 
blood and lymphatie vessels and eonneetive tissue, and is invaded 
by autonomic nerves. An early surge in androgens at 8-10weeks is 
assoeiated with endodermal growth, with mesenehymal proliferation 
occurring later at 12weeks, when maternal oestrogen levels inerease 
(Cai 2008). 

Similar outgrowths occur in the female but remain mdimentary in 
the absenee of androgenie stimulation. The urethral glands eorrespond 
to the mucosal glands around the upper part of the prostatie urethra, 
and the para-urethral glands eorrespond to the tme prostatie glands of 
the external zone. 

The bulbourethral glands in the male, and the greater vestibular 
glands in the female, arise as diverticula from the epithelial lining of 
the urogenital sinus. 

External genitalia 

Patterning of the external genitalia may be aehieved by meehanisms 
similar to those that pattern the faee and limb. In the eranial region, 
neural erest mesenehyme makes an important contribution to the 
organization of the pharyngeal arehes and the regions around the upper 
sphineters. Neural erest also arises from the tail-bud region, speeifieally 
from a population of eells termed the caudoneural hinge, which share 
the same moleailar markers as the primitive node. The neural tube at 
this level is derived from a mesenehymal-epithelial transformation of 
caudoneural hinge eells, which form a eylinder. Neural erest eells de- 
laminate from the dorsal surface of the eylinder in a rostrocaudal diree- 
tion. It is not known whether neuronal neural erest arising from 
seeondary neurulation proeesses contributes to the caudal interfaee 
between endoderm and eetoderm. Many of the genes eontrolling exter- 
nal genital development have been identified (Kojima et al 2010, Blas- 
ehko et al 2012). 

The external genitalia, like the gonads, pass through an indifferent 
state before distinguishing sexual eharaeters appear (see Fig. 72.20). 
From stage 13, primordia of the external genitalia, eomposed of under- 
lying proliferating mesenehyme eovered with eetoderm, arise around 
the eloaeal membrane, between the primitive umbilical eord and the 
caudal limit of the embryo. During stage 15, the eloaeal membrane is 
divided by the urorectal septum into a eranial urogenital membrane 
and a caudal anal membrane (see Fig. 72.4). Loeal eetodermal- 
mesenehymal interaetions give rise to the anal sphineter, which will 
develop even without the presenee of the anal eanal. A surface elevation, 
produced by underlying perieloaeal mesenehyme, the genital tubercle, 
appears at the eranial end of the urogenital membrane and two lateral 
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Fig. 72.21 Seanning eleetron mierographs of early human external genitalia. A, The indifferent stage in a human embryo, estimated as 42postovulatory 
days. B, A human female embryo at 12weeks’ development. The genital folds are not fused. C, A human male embryo at 12weeks. Fusion of the genital 
folds has occurred. (Photographs by P Collins.) 


ridges, the genital or iirethral folds, form eaeh side of the membrane 
(see Fig. 72.20). The genital tubercle forms a distinet primordmm, 
which will beeome the glans of either the penis or the elitoris. Elonga- 
tion of the genital folds and urogenital membrane produces a primitive 
phallus. As this structure grows, it is deseribed as having a eranial surface 
analogous to the dorsum of the penis, and a caudal surface analogous 
to the perineal surface of both sexes. The urogenital sinus, contiguous 
with the internal aspeet of the urogenital membrane, beeomes attenu- 
ated within the elongating phallus, forming the primitive urethra. The 
urogenital membrane breaks down at about stage 19, allowing eom- 
munication of eetoderm and endoderm at the edges of the dismpted 
membrane and continuity of the urogenital sinus with the amniotie 
eavity. llrine ean eseape from the urinary traet from this time. The 
endodermal layer of the attenuated distal portion of the urogenital 
sinus, which is now displayed on the caudal aspeet of the phallus, is 
termed the urethral plate. As mesenehyme proliferates within the genital 
folds, the urethral plate sinks into the body of the phallus, forming a 
primary urethral groove. The genital folds meet proximally in a trans- 
verse ridge immediately ventral to the anal membrane. 

While these ehanges are in progress, two labioserotal (genital) swell- 
ings appear, one on eaeh side of the base of the phallus, and extend 
caudally, separated from the genital folds by distinet grooves (see Fig. 
72.20; Fig. 72.21). 

As a general mle, epithelium, which ean be touched easily and has 
a somatie innervation, is derived from eetoderm. In the buccal eavity 
and pharynx, the eetoderm/endoderm zone is towards the posterior 
third of the tongue; touch here usually elieits the gag reflex. In the anal 
eanal, the outer portion, distal to the anal valves, is derived from eeto- 
derm and has a somatie innervation, whereas the epithelium proximal 
to the valves is derived from endoderm and has an autonomic 
innervation. 

Homologies of the parts of the urogenital system are shown in 

Table 72.1. 

Male genitalia 

The growth of male external eharaeteristies is stimulated by androgens 
regardless of the genetie sex. The male phallus enlarges to form the 
penis. The genital swellings meet eaeh other ventral to the anus and 
unite to form the scrotum (see Fig. 72.20). The genital folds fuse with 
eaeh other from behind forwards, enelosing the phallie part of the 
urogenital sinus behind to form the bulb of the urethra, and elosing 
the definitive urethral groove in front to form the greater part of the 
spongiose urethra. Fusion of the folds results in the formation of a 
median raphe and occurs in such a way that the lining of the postglan- 
dular urethra is mainly, perhaps wholly, endodermal in origin, formed 
by eanalization of the urethral plate. Thus, as the phallus lengthens, the 
urogenital orifiee is earried onwards until it reaehes the base of the glans 
at the apex of the penis. From the tip of the phallus, an ingrowth of 
surface eetoderm occurs within the glans to meet and fuse with the 
penile urethra. Subsequent eanalization of the eetoderm permits a eon- 
tinuation of the urethra within the glans. 

The glans and shaft of the penis are reeognizable by the third month. 
The prepuce also begins to develop in the third month, when the 
primary external orifiee of the urethra is still at the base of the glans. A 
ridge eonsisting of a mesenehymal eore eovered by epithelium appears 
proximal to the neek of the penis and extends forwards over the glans. 
A solid lamella of epithelium deep to this ridge extends backwards to 
the base of the glans. The ventral extremities of the ridge curve baek- 


wards to beeome continuous with the genital folds at the margins of 
the urethral orifiee. As the urethral folds meet to form the terminal part 
of the urethra, the ventral horns of the ridge fuse to form the frenulum. 
The epithelial lamella breaks down over the dorsum and sides of the 
glans to form the preputial sae, and thus free the prepuce from the 
surface of the glans. Thereafter, the prepuce grows as a free fold of skin, 
which eovers the terminal part of the glans. Although the prepuce and 
glans begin to separate from the fifth month in utero, they may still be 
joined at birth. The preputial sae may not be eomplete until 6-12 months 
or more after birth and, even then, the presenee of some eonneeting 
strands may still interfere with the retraetability of the prepuce. 

The mesenehymal eore of the phallus is eomparatively undifferenti- 
ated in the first 2 months, but the blastemata of the eorpora eavernosa 
beeome defined during the third month. Nerves are present in the dif- 
ferentiating mesenehyme from the seventh week. Despite eontaining 
less smooth muscle and elastie tissue than the adult, the neonatal penis 
is eapable of ereetion. 

The scrotum is formed by proliferation of the genital swellings. The 
genital swellings fuse aeross the midline eovering the base of the penis. 
The testes deseend into the scrotum prior to birth. The gelatinous matrix 
of the gubernaculum is then resorbed and the tunica vaginalis beeomes 
adherent to the eonneetive tissue of the scrotum. In the neonate, the 
penis and scrotum are relatively large. The scrotum has a broad base 
that does not narrow until after the first year. Both the septum (i.e. the 
mesenehyme remaining between the tunica vaginalis on eaeh side) and 
the walls of the scrotum are relatively thieker than in adults. 

Female genitalia 

The female phallus, which exceeds the male in length in the early stages, 
beeomes the elitoris. The genital swellings remain separate as the labia 
majora and the genital folds also remain separate, forming the labia 
minora (see Fig. 72.20). The perineal orifiee of the urogenital sinus is 
retained as the eleft between the labia minora, above which the urethra 
and vagina open. The prepuce of the elitoris develops in the same way 
as its male homologue. By the fourth month, the female external geni- 
talia ean no longer be masculinized by androgens. 

At birth, neonatal females have relatively enlarged labia minora, 
elitoris and labia majora. The labia majora are united by a posterior 
labial commissure. The distal end of the round ligament of the 
uterus, the gubernaculum ovarii, ends just outside the external inguinal 
ring. 

There is evidenee that in eertain tissues, e.g. urogenital sinus and 
genital swellings, testosterone is eonverted into 5a-dihydrotestosterone. 
In XY individuals with a genetie defieieney of the enzyme responsible 
for this eonversion, not only fimetioning testes but also female external 
genitalia, with an enlarged elitoris and a small vaginal pouch, are 
present, suggesting that external genital development is under the 
eontrol of 5a-dihydrotestosterone (Kang et al 2014). Such individuals 
are often raised as girls; however, at puberty the external genitalia 
beeome responsive to testosterone, which causes masculinization at this 
time. 

Disorders of sex development 

The acquisition of appropriate gonads, reproductive ducts, external 
genital structures and matehing gender identity occurs through a myriad 
of complex proeesses, both loeal and systemie. Anomalous develop- 
mental proeesses, leading to differenees in sex ehromosomes, gonadal 
structure and position, retention of ductal homologues, androgen 
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insensitivity, androgen excess, and ambivalent external genitalia requir- 
ing gender assignment, were previously deseribed as intersexual eondi- 
tions or hermaphrodism. Such terminology is non-speeifie, eonfhsing 
and pereeived as potentially pejorative by affeeted individuals. Advanees 
in the identifieation of moleailar genetie causes of such eonditions have 
led to proposed ehanges to deseribe them as 'disorders of sex develop- 
ment' (DSD): eongenital eonditions in which development of ehromo- 
somaf gonadal or anatomieal sex is atypieal (Lee et al 2006). The range 
of anomalous development and its management by multidisciplinary 
teams, as well as by the affeeted family are eomprehensively eovered 
by Arboleda and Vilain (2014). 

Maturation of the reproductive organs 
at puberty 

LTntil the adoleseent growth spurt, the reproductive organs grow very 
slowly. Generally, the ehanges occur over a time period termed puberty. 
The sequence of these events is much less variable than the age at which 
they take plaee. The sequence of puberty in girls and boys is shown in 

Figure 72.22. 

In girls, the appearanee of the breast bud is usually the first sign of 
puberty. The uterus and vagina develop simultaneously with the breast. 
Menarehe occurs after the peak of the height spurt; onset is more elosely 
related to radiologieal than to ehronologieal age. It has been suggested 
that the menarehe occurs as a eritieal weight of 50 kg is attained, and 
eertainly sports and excessive restrietion of diet, which may reduce 
weight below this level, ean cause amenorrhoea in women who were 
previously menstmating normally. Tall girls reaeh sexual maturity 
earlier than short ones, but girls with a late adoleseent growth spurt and 
later puberty are ultimately taller on the average than those who pass 
through the menarehe early, for they have longer to grow. A girl who 
has begun to menstmate ean be predieted to grow a fhrther 7.5 em at 
most. Menarehe marks a definitive stage of uterine development but 
does not mean attainment of fiill reproductive fimetion. Many of the 
early menstmal eyeles may not involve ovulation. 

The earliest sign of puberty in boys is the growth of the testes and 
scrotum. The volume of the testes may be estimated: the average adult 
volume is 20 ml, and a volume of 6 ml indieates that puberty has 
started. Later, the penis, prostate and seminal vesieles begin to enlarge. 
inereased testosterone levels produced by the Leydig eells of the testes 
promote ehanges in the larynx, skin and distribution of bodily hair. 
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Fig. 72.22 The average ages at which maturation events occur in 
adoleseent girls and boys. The figures beneath the bars indieate the 
range of ages within which eaeh event may begin and end. Figures within 
the bars indieate the developmental stage. The veloeity of the strength 
spurt peaks later than the height spurt in boys, assoeiated with 
testosterone and growth hormone levels. It is appreeiated that the 
assessment and interpretation of the strength spurt during puberty is 
complex (De Ste Croix 2007). (Adapted with permission from Tanner JM 
1962 Growth at Adoleseenee, 2nd edn. Oxford: Blackwell Publishing.) 
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(JHAPTER 



TRUE PELVIS AND PELVIC FLOOR 


The tme pelvis is a bowl-shaped stmcture formed from the saemm, 
pubis, ilium, isehmm, the ligaments that intereonneet these bones, and 
the muscles that line their inner surfaces. The tme pelvis is eonsidered 
to start at the level of the plane passing through the promontory of the 
saemm, the arcuate line on the ilium, the iliopeetineal line and the 
posterior surface of the pubic erest. This plane, or 'inlet', lies at an angle 
of between 35° and 50° up from the horizontal; above this plane, the 
bony structures are sometimes referred to as the false pelvis. They form 
part of the walls of the lower abdomen. In ehildren, the width of the 
pelvie inlet is an age-independent predietor of ehest width and thoraeie 
dimensions (Emans et al 2005). The 'outlet' of the tme pelvis is formed 
by the ischiopubic rami, isehial tuberosities, sacrotuberous ligaments 
and distal saemm. The bones surround a eentral pelvie eanal that forms 
a ventrally eoneave curve (the curve of Cams); in the female, it eonsti- 
tutes the birth eanal. The details of the topography of the bony and 
ligamentous pelvis are eonsidered fully in ehapter 80. 


MUSCLES AND FASCIAE 0F THE PELVIS 
Pelvie muscles 


The muscles arising within the pelvis form two groups. Piriformis and 
obturator internus form part of the walls of the pelvis, and are eonsid- 
ered primarily as muscles of the lower limb (Fig. 73.1). Levator ani and 
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Fig. 73.1 Piriformis, obturator internus and the ligaments of the pelvis. 
Those muscles relating only to the pelvis or perineum have been omitted 
for elarity. (Adapted with permission from Drake RL, Vogl AW, Mitehell A 
(eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill 
Livingstone. Copyright 2010.) 


ischiococcygeus form the pelvie diaphragm and delineate the lower 
limit of the tme pelvis (Fig. 73.2). The faseiae investing the muscles are 
continuous with viseeral pelvie faseia above, perineal faseia below, and 
obturator faseia laterally. 

Piriformis 

Piriformis forms part of the posterolateral wall of the tme pelvis and is 
attaehed to the anterior surface of the saemm, the gluteal surface of the 
ilium near the posterior inferior iliae spine, the capsule of the adjaeent 
saeroiliae joint and, sometimes, to the upper part of the pelvie surface 
of the sacrotuberous ligament. It passes out of the pelvis through the 
greater seiatie foramen above the sacrospinous ligament. Within the 
pelvis, the posterior surface of the muscle lies against the saemm, and 
the anterior surface is related to the rectum (espeeially on the left), the 
saeral plexus of nerves and branehes of the internal iliae vessels. Piri- 
formis is deseribed in more detail in Chapter 80. 

Obtiirator interrms 

Obturator internus and the faseia over its upper, inner (pelvie), surface 
form part of the anterolateral wall of the tme pelvis. It is attaehed to 
the stmctures surrounding the obturator foramen, ischio-pubic ramus, 
the pelvie surface of the hip bone below and behind the pelvie brim, 
and the upper part of the greater seiatie foramen. It is also attaehed to 
the medial part of the pelvie surface of the obturator membrane. The 
muscle is eovered by a faseial layer, and the muscle fibres ean be seen 
through this semi-transparent membrane from within the pelvis. Spe- 
eialized portions of the faseia give attaehment to some of the fibres of 
levator ani (tendinous areh of levator ani), so that only the upper 
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Fig. 73.2 Miiseles of the female pelvis. The superior gluteal and obturator 
vessels and nerves, as well as the pelvie viseera, have been omitted for 
elarity. (Adapted with permission from Drake RL, Vogl AW, Mitehell A 
(eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill 
Livingstone. Copyright 2010.) 
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Fig. 73.3 Muscles of the female pelvis vievved 
from above. The saeral nerve roots have been 
divided elose to the saeral foramina. The anoreetal 
junction, vagina and urethra have been divided at 
the level of the pelvie floor. 


portion of obturator internus ean be seen from above. The lower portion 
forms part of the boundaries of the isehio-anal fossa. In the male, the 
upper portion lies lateral to the bladder, the obturator and vesieal 
vessels, and the obturator nerve. In the female, the attaehments of the 
broad ligament of the uterus, the ovarian end of the uterine tubes and 
the uterine vessels also lie medial to obturator internus and its faseia. 

Levator ani (pubococcygeus, iliococcygeus 
and puborectalis) 

Levator ani is a broad muscular sheet of variable thiekness attaehed to 
the internal surface of the pelvis. It forms a large portion of the pelvie 
floor (Fig. 73.3) (Lawson 1974a, Roberts et al 1988, VVendell-Smith 
and Wilson 1991). The muscle is subdivided into named portions 
aeeording to their attaehments and the pelvie viseera to which they are 
related (pubococcygeus, iliococcygeus and puborectalis). These parts 
are often referred to as separate muscles but the boundaries between 
eaeh part eannot be easily distinguished and, moreover, they perform 
many similar physiologieal fhnetions. Ischiococcygeus (coccygeus) lies 
immediately eranial to levator ani and is contiguous with it. Pubococcy- 
geus is often subdivided into separate parts aeeording to the pelvie 
viseera to which eaeh part relates (puboperinealis, puboprostaticus or 
pubovaginalis, puboanalis, puborectalis). Levator ani arises from eaeh 
side of the walls of the pelvis along the eondensation of the obturator 
faseia (the tendinous areh of levator ani). Fibres from ischiococcygeus 
attaeh to the saemm and coccyx but the remaining parts of the muscle 
eonverge in the midline. Fibres from iliococcygeus join by a partly 
fibrous interseetion and form the ilioeoeeygeal raphe posterior to the 
anoreetal junction. Closer to the anoreetal junction, and elsewhere 
in the pelvie floor, the fibres are more nearly continuous with those of 
the opposite side, such that the muscle forms a sling (iliococcygeus, 
puborectalis). 

Attaehments The attaehments for pubococcygeus, iliococcygeus and 
puborectalis are as follows. 

Pubococcygeus Pubococcygeus originates from the posterior aspeet 
of the body of the pubis and passes baek almost horizontally. The most 
medial fibres mn direetly lateral to the urethra and its sphineter as it 
passes through the pelvie floor; here, the muscle is eorreetly ealled 
puboperinealis, although, because of its elose relationship to the upper 
half of the urethra in both sexes, it is often referred to as pubourethralis; 
despite this, no direet eonneetion with the urethra is present. In males, 
some of these fibres lie lateral and inferior to the prostate and are 
referred to as puboprostaticus (levator prostatae). In females, fibres mn 
further baek and attaeh to the lateral walls of the vagina, where they are 
referred to as pubovaginalis. In both sexes, fibres from this part of 
pubococcygeus attaeh to the perineal body; a few elements also attaeh 
to the anoreetal junction. Some fibres, sometimes ealled puboanalis, 
decussate and blend with the longitudinal reetal muscle and faseial 
elements to contribute to the eonjoint longitudinal eoat of the anal 
eanal. Behind the rectum, other fibres of pubococcygeus form a tendi- 
nous interseetion as part of the levator raphe. Elements of pubococcy- 
geus (puboperineus, pubovaginalis/puboprostaticus and puboanalis) 
may eolleetively be referred to as 'pubovisceralis'. 


lliococcygeus Iliococcygeus is attaehed to the inner surface of the 
isehial spine below and anterior to the attaehment of ischiococcygeus, 
and also to the tendinous areh as far forwards as the obturator eanal 
(see Fig. 73.2). The most posterior fibres are attaehed to the tip of the 
saemm and coccyx, but the majority join fibres from the eontralateral 
side to form a raphe that is effeetively continuous with the fibroelastie 
anoeoeeygeal ligament, which is elosely applied to its inferior surface; 
some muscle fibres may attaeh into the ligament. The raphe provides a 
strong attaehment for the pelvie floor posteriorly and must be divided 
to allow wide excisions of the anoreetal eanal during abdominoperineal 
excisions for malignaney. An aeeessory slip may arise from the most 
posterior part and is sometimes referred to as iliosaeralis. 

Puborectalis Puborectalis lies lateral to pubococcygeus and eannot 
been seen from inside the pelvis. It originates from the inner surface of 
the ischiopubic rami immediately adjaeent to, and sometimes arising 
in part from, the perineal membrane. Its fibres pass lateral to those of 
iliococcygeus and pubococcygeus to decussate posterior to the rectum 
at the anoreetal junction. The border between puborectalis and some 
fibres of the external anal sphineter is indistinet. 

lschiococcygeus Ischiococcygeus may be referred to as a separate 
muscle, sometimes named coccygeus. It lies as the most posterosuperior 
portion of levator ani, and arises as a triangular musculotendinous 
sheet with its apex attaehed to the pelvie surface and tip of the isehial 
spine, and base attaehed to the lateral margins of the coccyx and the 
fifth saeral segment. Ischiococcygeus is rarely absent, but may be almost 
eompletely tendinous rather than muscular. It lies on the pelvie aspeet 
of the sacrospinous ligament and may be ffised with it, particularly if 
it is mostly tendinous. The sacrospinous ligament may represent either 
a degenerate part or an aponeurosis of the muscle, sinee muscle and 
ligament are coextensive. 

Relations The superior, pelvie, surface of levator ani is separated only 
by faseia (superior pelvie diaphragmatie, viseeral and extraperitoneal) 
from the urinary bladder, prostate or uterus and vagina, rectum and 
peritoneum. Its inferior, perineal, surface forms the medial wall of the 
isehio-anal fossa and the superior wall of the anterior reeess of the fossa, 
both being eovered by inferior pelvie diaphragmatie faseia. The poste- 
rior border is separated from the coccyx by areolar tissue. The medial 
borders of the two levator muscles and the inferior ischiopubic rami 
border the levator hiatus, through which pass the urethra, vagina (in 
the female) and amis. In the female, that portion of the hiatus that lies 
anterior to the perineal body is referred to as the urogenital hiatus. 

Vaseillar Slipply Levator ani is supplied by branehes of the inferior 
gluteal, inferior vesieal and pudendal arteries. 

Innervation The nerves to levator ani originate mainly from the third 
and fourth saeral spinal segments, with lesser contributions from the 
seeond segment. These nerves enter the pelvis just above, and some- 
times pieree, ischiococcygeus to pass along the ventral surface of isehio- 
coccygeus and pubococcygeus, supplying these muscles and sending 
fibres to puborectalis (Sato 1980, Roberts and Krishingner 1967). The 



























True pelvis and pelvie floor 


pudendal nerve also may supply pubococcygeus from its lateral surface 
through its inferior reetal and perineal branehes. 

Aetions Pubococcygeus and puborectalis pull the pelvie and perineal 
structures ventrally and eranially, occluding the levator hiatus. In the 
female, this aetion occludes the vaginal eanal and prevents prolapse of 
the pelvie organs through the urogenital hiatus. The eonstant baseline 
aetivity of the levator muscles is similar to that of the anal sphineter, 
modulated to adjust to the loads plaeed on them. The aetion of pubo- 
reetalis and pubococcygeus also reinforees the external anal sphineter 
and helps to ereate the anoreetal angle. Iliococcygeus and, to a lesser 
extent, the less muscular ischiococcygeus form a relatively horizontal 
diaphragm, espeeially in the dorsal half of the pelvis, that assists pubo- 
reetalis in aehieving anoreetal and urinary eontinenee. 

Levator ani must relax appropriately to permit expulsion of urine 
and, particularly, faeees; it eontraets with the abdominal muscles and 
the abdominothoraeie diaphragm to raise intra-abdominal pressure. It 
forms much of the muscular pelvie diaphragm, which supports the 
pelvie viseera. Like the abdominothoraeie diaphragm, but unlike the 
abdominal muscles, levator ani is also aetive in the inspiratory phase 
of quiet respiration. In the pregnant female, the shape of the pelvie floor 
may help to direet the fetal head into the anteroposterior diameter of 
the pelvie outlet. 

Pelvie faseiae 


The pelvie faseiae may be eonveniently divided into the parietal pelvie 
faseia, which forms the eoverings of the pelvie muscles, and the viseeral 
pelvie faseia, which forms the eoverings of the pelvie organs and their 
neurovascular supply (Fig. 73.4). 

Parietal pelvie faseia 

The parietal pelvie faseia eonsists of the obturator faseia, the faseiae over 
piriformis, and over levator ani (the pelvie diaphragm) and the presae- 
ral faseia. 

Obturator faseia 

The parietal pelvie faseia on the pelvie (medial) surface of obturator 
internus is well differentiated. In humans, ventral to the lateral attaeh- 
ment of the pelvie organs, a portion of it is derived from the degener- 


ated upper portion of the attaehment of levator ani. It is eonneeted to 
the posterior part of the arcuate line of the ilium and is continuous 
with iliae faseia. Anterior to this, as it follows the line of origin of obtu- 
rator internus, it is gradually separated from the attaehment of the iliae 
faseia, and a portion of the periosteum of the ilium and pubis spans 
between them. It arehes below the obturator vessels and nerve, investing 
the obturator eanal, and is attaehed anteriorly to the baek of the pubis. 
Behind the obturator eanal, the faseia is markedly aponeurotic and gives 
a firm attaehment to the ilioeoeeygeal portion of levator ani, usually 
ealled the tendinous areh of levator ani (arcus tendineus musculi leva- 
toris ani) (see Figs 73.3, 73.14, 73.15). Above the attaehment of levator 
ani, the faseia is thin and is effeetively eomposed only of the epimysium 
of the muscle and overlying eonneetive tissue; posteriorly, it forms part 
of the lateral wall of the isehio-anal fossa in the perineum, and anteri- 
orly, it merges with the faseiae of the muscles of the deep perineal spaee, 
which is continuous with the isehio-anal fossa. The obturator faseia is 
continuous with the pelvie periosteum and, thus, the faseia over 
piriformis. 

Faseia over piriformis 

The faseia over the inner aspeet of piriformis is very thin, and fuses with 
the periosteum on the front of the saemm at the margins of the anterior 
saeral foramina. It ensheathes the anterior primary rami of the saeral 
nerves that emerge from these foramina; the nerves are often deseribed 
as lying behind the faseia. The internal iliae vessels lie in front of 
the faseia over piriformis; their branehes draw out sheaths of the faseia 
and extraperitoneal tissue into the gluteal region, above and below 
piriformis. 

Faseia over levator ani (pelvie diaphragm) 

Both surfaces of levator ani have a faseial eovering; the eombination of 
the two faseial layers and the intervening muscle is ealled the pelvie 
diaphragm. On the inferior surface, the thin faseia is continuous with 
the obturator faseia below the tendinous areh of levator ani laterally. It 
eovers the medial wall of the isehio-anal fossa and blends below with 
faseiae on the urethral sphineter and the external anal sphineter. The 
superior faseia of the pelvie diaphragm is markedly thieker than the 
inferior faseia and is attaehed anteriorly to the posterior aspeet of 
the body of the pubis, approximately 2 em above its lower border. It 
extends laterally aeross the superior pubic ramus, blending with the 
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Fig. 73.4 Faseiae of the pelvis and perineiim: median sagittal seetion in the male. The viseeral parietal faseiae have been omitted for elarity. 
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obturator faseia and continuing along an irregular line to the spine of 
the ischium. It is continuous posteriorly with the faseia over piriformis 
and the anterior saeroeoeeygeal ligament. Medially, the superior faseia 
of the pelvie diaphragm blends with the viseeral pelvie faseia to eon- 
tribute to the endopelvie faseia. 

Tendinous areh of the pelvie fascia/white line of the 
parietal pelvie faseia 

Low on the superomedial aspeet of the upper faseia over levator ani, a 
thiek, white band of eondensed eonneetive tissue extends from the 
lower part of the pubic symphysis to the superior margin of the isehial 
spine. It provides attaehment for the eondensations of viseeral pelvie 
faseia that provide support to the urethra and bladder, and to the vagina 
in females (see below). 

Presaeral faseia 

The presaeral faseia forms a hammoek-like structure behind the poste- 
rior portion of the mesoreetal faseia. Laterally, it extends to the origin 
of the faseia over piriformis and the faseia over levator ani (superior 
pelvie diaphragmatie faseia), with which it blends; more inferiorly it 
extends between the white line of the parietal pelvie faseia on either 
side. Inferiorly it extends to the anoreetal junction, where it fuses with 
the posterior aspeet of the mesoreetal faseia and the ilioeoeeygeal raphe 
at the level of the anoreetal junction. Superiorly it ean be traeed to the 
origin of the superior hypogastrie plexus, where it beeomes progres- 
sively thinner over the saeral promontory and beeomes continuous with 
the retroperitoneal tissues. The right and left hypogastrie nerves and 
inferior hypogastrie plexuses lie on its surface, and the presaeral veins 
lie immediately posterior to it. It forms a distinet layer that ean be seen 
both on magnetie resonanee images of the pelvis and during surgery. 
The presaeral faseia provides an important landmark because extension 
of reetal tumours through it signifieantly reduces the possibility of cura- 
tive reseetional surgery. Disseetion in the plane posterior to the faseia 
may result in bleeding from the presaeral veins; because the adventitia 
of the veins is partly attaehed to the posterior surface of the faseia, the 
haemorrhage may be severe (as the veins are unable to eontraet prop- 
erly). The presaeral faseia is a useful structure to which the rectum may 
be sutured during rectopexy for reetal prolapse in ehildren. 

Viseeral pelvie faseia 

The urogenital organs in both sexes are eonneeted bilaterally to the 
pelvie walls by neurovascular mesenterie eondensations ensheathed by 
a meshwork of loose eonneetive and adipose tissue and lying above the 
perineal membrane (Roberts et al 1964, Rieei et al 1947, Reiffenstuhl 
1982, Range and Woodburne 1964, Campbell 1950). The lateral attaeh- 
ments of the pelvie organs to the pelvie side walls are referred to as 
the endopelvie faseia. Considered as a unit, the eonneetions provide a 
conduit for conducting neurovascular elements from the pelvie side 
wall to the organs and attaehments that help to retain the pelvie organs 
in plaee; this faetor is important in the female in preventing pelvie 
organ prolapse (DeLaneey 1992). The loose eonneetive tissue assoei- 
ated with these mesenteries extends to the midline, separating the 
bladder from the vagina, and the vagina from the rectum, in the female; 
it separates the bladder, prostate and seminal vesieles from the rectum 
in the male. The faseial tissues eontain varying amounts of eonneetive 
tissue and smooth muscle; where they either are unusually dense or 
form visible ridges, they are ealled 'ligaments' (e.g. eardinal ligament, 
uterosacral ligament). Clinically, these lateral attaehments are often 
referred to as viseeral 'ligaments', but they are mesenterie in nature and, 
therefore, quite unlike the bands of dense, regular, eonneetive tissue 
that typiíy skeletal ligaments. The lateral attaehments of the mesenter- 
ies sweep off the pelvie walls, arising from the superior faseia over 
levator ani and from part of the faseia over piriformis more superiorly 
and posteriorly. The mesenteries passing to the bladder in the male, or 
the bladder and upper vagina and uterus in the female, are relatively 
long, but these lateral eonneetions beeome shorter towards the pelvie 
outlet, until at the level of the perineal membrane, there is a direet 
eonneetion between the organs and the pelvie walls. 

In the female, the eardinal ligament is the upper portion of this 
mesentery. It surrounds the eervieovaginal junction and extends down 
to mid-vagina, where the vagina has a more direet lateral attaehment at 
the tendinous areh of the pelvie faseia. The portions that attaeh to the 
uterus and vagina are sometimes ealled the parametrium and paraeol- 
pium, respeetively. Further accounts of the paraviseeral portions of the 
viseeral pelvie faseia are given in the ehapters deseribing the organs to 
which the faseia relates. 

The uterosacral ligament is a visible fold of tissue flanking the 
rectum as it deseends posterior to the cervix in the female. It eontains 
a eonsiderable amount of smooth muscle near its attaehment to the 


cervix, together with some of the pelvie autonomic nerves. A similar 
vesieosaeral fold is present in the male. 

Approximately 1 em above the inferior border of the pubic bone and 
1 em lateral to the midline, a band of dense pelvie eonneetive tissue 
- the anterior end of the tendinous areh of the pelvie faseia - attaehes 
to the paravaginal tissues in the female and the prostatie tissues in the 
male. This band extends on the inner surface of levator ani and joins 
the tendinous areh of levator ani to the ischium, just above the spine. 
The attaehment of the paravaginal tissue to the pubic bones is some- 
times ealled the pubourethral ligament, which is a misnomer sinee it 
is not attaehed to the urethra. The attaehment of the anterior vaginal 
wall to the tendinous areh of the pelvie faseia, the paravaginal attaeh- 
ment, helps to provide support to the vagina, urethra and bladder. 

There is much less eondensation of eonneetive tissue around the 
rectum. A layer presumed to be a peritoneal fusion faseia is deseribed 
between the rectum and either the seminal vesieles in the male or the 
vagina in the female (the reetovesieal septum or reetovaginal septum, 
respeetively); it does not eonneet to the rectum itself. The eonneetive 
tissue over the longitudinal muscles of the rectum is thiekened just 
above the anal hiatus in levator ani and fuses with the endopelvie faseia 
and the anoeoeeygeal ligament, forming a structure that is sometimes 
referred to as a reetosaeral ligament. 


VASCULAR SUPPLY AND LYMPHATIO 
DRAINAGE 0F THE PELVIS 


The tme pelvis eontains the internal iliae arteries and veins, and the 
lymphaties that drain the majority of the pelvie viseera. The eommon 
and external iliae vessels and the lymphaties that drain the lower limb 
lie along the pelvie brim and in the lower retroperitoneum, but are 
eonveniently discussed together with the vessels of the tme pelvis. 
Remarkable variation exists in the terminal branehing pattern for the 
iliae vessels and no two individuals have quite the same anatomy. 
General patterns do, however, exist and this deseription will eonsider 
the eommon pattern. 


Arteries of the pelvis 


Common iliae arteríes 

The abdominal aorta bifiireates into the right and left eommon iliae 
arteries anterolateral to the left side of the body of the fourth lumbar 
vertebra (Roberts and Krishingner 1967). These arteries diverge as they 
deseend and they divide at the level of the saeroiliae joint into external 
and internal iliae arteries. The external iliae artery is the prineipal artery 
of the lower limb. The internal iliae artery provides the prineipal supply 
to the walls and viseera of the pelvis, the perineum and the gluteal 
region. 



Right eommon iliae artery The right eommon iliae artery is 
approximately 5 em long. It passes obliquely aeross part of the bodies 
of the fourth and the fifth lumbar vertebrae, and is erossed anteriorly 
by the sympathetie rami to the pelvie plexus and, at its division into 
internal and external iliae arteries, by the ureter. It is eovered by the 
parietal peritoneum, which separates it from the eoils of the small 
intestine. Posteriorly, it is separated from the bodies of the fourth 
and fifth lumbar vertebrae and their intervening dise by the right sym- 
pathetie tmnk, the terminal parts of the eommon iliae veins and the 
start of the inferior vena eava, the obturator nerve, lumbosacral tmnk 
and iliolumbar artery. Laterally, the inferior vena eava and the right 
eommon iliae vein lie superiorly and the right psoas major lies inferi- 
orly. The left eommon iliae vein is medial to the upper part of the right 
eommon iliae artery. 

Left eommon iliae artery The left eommon iliae artery is shorter 
than the right and is approximately 4 em long. Lying anterior to it are 
the sympathetie rami to the pelvie plexus, the superior reetal artery and, 
at its terminal biffireation, the ureter. The sympathetie tmnk, the bodies 
of the fourth and fifth lumbar vertebrae and intervening dise, the obtu- 
rator nerve, lumbosacral tmnk and iliolumbar artery are all posterior. 
The left eommon iliae vein is posteromedial, and the left psoas major 
lateral, to the left eommon iliae artery. 


Branehes In addition to the external iliae and internal iliae branehes, 
eaeh eommon iliae artery also gives small branehes to the peritoneum, 
psoas major, ureter, adjaeent nerves and surrounding areolar tissue. The 
eommon iliae artery oeeasionally gives rise to the iliolumbar artery and 
aeeessory or replaeed renal arteries if the kidney is low-lying. 








True pelvis, pelvie floor and perineum 


The anteroposterior diameters of the eommon, external and internal 
iliae arteries are strongly eorrelated to body surface area (BSA) in ehil- 
dren, in eontrast to adults, in whom the relationship is ineonsistent. 
Vessel diameters measured by ultrasonography are signifieantly larger 
in boys than in girls. The relationship between vessel diameters and BSA 
is shown in Figure 73.7 (Munk et al 2002). 
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right eommon iliae artery 
(systolie phase) 
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Boys (1-16 years): 
right internal iliae artery 
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Boys (1-16 years): 
right external iliae artery 
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Girls (1-16 years): 
right eommon iliae artery 
(systolie phase) 
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right internal iliae artery 
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Fig. 73.7 The relationship between 
anteroposterior diameters of the right 
eommon, internal and external iliae arteries 
and body surface area (BSA) in boys and 
girls between the ages of 1 and 16 years. 
(With permission from Munk AL, Darge K, 
Wiesel M, Troeger J, Diameter of the 
infrarenal aorta and the iliae arteries in 
ehildren: ultrasound measurements. 
Transplantation 2002;73:631-635.) 
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True pelvis and pelvie floor 


Internal iliae arteries 

Eaeh internal iliae artery, approximately 4 em long, begins at the 
eommon iliae bifnreation, level with the lmnbosaeral intervertebral dise 
and anterior to the saeroiliae joint (Figs 73.5, 73.6). It deseends poste- 
riorly to the superior margin of the greater seiatie foramen, where it 
divides into an anterior tmnk, which continues in the same line towards 
the isehial spine, and a posterior tmnk, which passes baek to the greater 
seiatie foramen. The anterior tmnk primarily supplies the pelvie organs, 
while the posterior tmnk primarily supplies muscles in the hip and 
baek. Anterior to the artery are the ureter and, in females, the ovary and 
fimbriated end of the uterine tube. The internal iliae vein, lumbosacral 


tmnk and saeroiliae joint are posterior. Laterally are the external iliae 
vein, between the artery and psoas major, and the obturator nerve lying 
inferior to the vein. The parietal peritoneum is medial, separating it 
from the terminal ileum on the right and the sigmoid eolon on the left, 
and tributaries of the internal iliae vein. For details of the eonsiderable 
variation in the anatomy of the internal iliae artery, see Roberts and 
Krishingner (1967). 

In the fetus, the internal iliae artery is twice the size of the external 
iliae artery and is the direet continuation of the eommon iliae artery. 
The main tmnk aseends on the anterior abdominal wall to the umbili- 
cus, eonverging on the eontralateral artery, and the two arteries mn 
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Fig. 73.5 Arteries of the male pelvis. 
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Fig. 73.6 Arteries of the female pelvis. 
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through the umbilicus to enter the umbilical eord as the umbilical 
arteries. At birth, when plaeental eirailation eeases, only the pelvie 
segment remains patent as the internal iliae artery and part of the supe- 
rior vesieal artery; the remainder beeomes a fibrous medial umbilical 
ligament. Persistenee of the umbilical artery has been deseribed and 
may cause extrinsic obstmetion of the distal ureter (Gupta et al 1999). 
In males, the patent part (eommonly, the superior vesieal artery) usually 
gives off an artery to the vas (ductus) deferens. 

Posterior trunk branehes 

The branehes of the posterior tmnk of the internal iliae artery are the 
iliolumbar, lateral saeral and superior gluteal arteries. 

IMolumbar artery The iliolumbar artery is the first braneh of the 
posterior tmnk and aseends laterally anterior to the saeroiliae joint and 
lumbosacral nerve tmnk. It lies posterior to the obturator nerve and 
external iliae vessels, and reaehes the medial border of psoas major, 
dividing behind it into the lumbar and iliae branehes. The lumbar 
braneh supplies psoas major and quadratus kmbomm, and anastomo- 
ses with the fourth lumbar artery. It sends a small spinal braneh through 
the intervertebral foramen between the fifth lumbar and first saeral 
vertebrae, to supply the cauda equina. The iliae braneh supplies iliacus; 
between the muscle and bone, it anastomoses with the iliae branehes 
of the obturator artery. A large nutrient braneh enters an oblique eanal 
in the ilium. Other branehes mn around the iliae erest, contribute to 
the supply of the gluteal and abdominal mnseles, and anastomose 
with the superior gluteaf circumflex iliae and lateral circumflex femoral 
arteries (see Fig. 80.18). 

Lateral saeral arteries The lateral saeral arteries are usually double; 
if they are single, they divide rapidly into superior and inferior branehes. 
The superior and larger artery passes medially into the first or seeond 
anterior saeral foramen, supplies the saeral vertebrae and eontents of 
the saeral eanal, and then leaves the saemm via the eorresponding 
dorsal foramen to supply the skin and muscles dorsal to the saemm. 
The inferior or lateral saeral artery erosses obliquely anterior to piri- 
formis and the saeral anterior spinal rami, and then deseends lateral to 
the sympathetie tmnk to anastomose with its fellow and the median 
saeral artery anterior to the coccyx. Its branehes enter the anterior saeral 
foramina and are distributed in the same way as the branehes of the 
superior artery. 

Sliperíor glllteal artery The superior gluteal artery is the largest 
braneh of the internal iliae artery and, effeetively, forms the main eon- 
tinuation of its posterior tmnk. It mns posteriorly between the lum- 
bosaeral tmnk and the first saeral ramus, or between the first and seeond 
rami, and then turns slightly inferiorly, leaving the pelvis by the greater 
seiatie foramen above piriformis and dividing into superficial and deep 
branehes. In the pelvis, it supplies piriformis, obturator internus and a 
nutrient artery to the ilium. The superficial braneh enters the deep 
surface of gluteus maximus. Its numerous branehes supply the muscle 
and anastomose with the inferior gluteal branehes (see Fig. 80.30), 
while others perforate the tendinous medial attaehment of the muscle 
to supply the skin over the saemm, where they anastomose with the 
posterior branehes of the lateral saeral arteries. The deep braneh of the 
superior gluteal artery passes between gluteus medius and the bone, 
soon dividing into superior and inferior branehes. The superior braneh 
skirts the superior border of gluteus minimus to the anterior superior 
iliae spine, and anastomoses with the deep circumflex iliae artery and 
the aseending braneh of the lateral circumflex femoral artery. The infe- 
rior braneh mns through gluteus minimus obliquely, supplies it and 
gluteus medius, and anastomoses with the lateral circumflex femoral 
artery. A braneh enters the troehanterie fossa to join the inferior gluteal 
artery and aseending braneh of the medial circumflex femoral artery; 
other branehes mn through gluteus minimus to supply the hip joint. 

The superior gluteal artery oeeasionally arises direetly from the inter- 
nal iliae artery with the inferior gluteal artery and sometimes from the 
internal pudendal artery. 

Anterior trunk branehes 

The branehes of the anterior tmnk of the internal iliae artery are the 
superior and inferior vesieal, middle reetal, vaginal, obturator, uterine, 
internal pudendal and inferior gluteal arteries (see Fig. 73.6). Signifi- 
eant variation occurs in the branehing patterns of the anterior tmnk; 
the general prineiples will be eonsidered here. 

Sliperìor vesieal artery The superior vesieal artery is the first large 
braneh of the anterior tmnk. It lies on the lateral wall of the pelvis, just 
below the brim, and mns anteroinferiorly, medial to the periosteum of 


the posterior surface of the pubis. It supplies the distal end of the ureter, 
the bladder, the proximal end of the vas deferens and the seminal vesi- 
eles. It also gives origin to the umbilical artery in the fetus, which 
remains as a fibrous eord - the medial umbilical ligament - in the adult. 
This vessel oeeasionally remains patent as a small artery supplying the 
umbilicus. 

Inferior vesieal artery The inferior vesieal artery may arise as a 

eommon braneh with the middle reetal artery. It supplies the bladder, 
prostate, seminal vesieles and vas deferens in the male, and the bladder 
in the female, where it is often replaeed by the vaginal artery. 

Middle reetal artery The middle reetal artery mns into the lateral 
faseial eoverings of the mesorectum. It often eonsists of multiple 
branehes, may be small, and oeeasionally arises either elose to, or in 
eommon with, the origin of the inferior vesieal artery in males. 

Vaginal artery In females, the vaginal artery may replaee the inferior 
vesieal artery. It may arise from the uterine artery elose to its origin and 
ean be a single vessel or multiple branehes. 

Obtlirator artery The obturator artery mns anteroinferiorly from the 
anterior tmnk on the lateral pelvie wall to the upper part of the obtura- 
tor foramen. In the pelvis, it is related laterally to the faseia over obtura- 
tor internus and is erossed on its medial aspeet by the ureter and, in 
the male, by the vas deferens. The obturator nerve mns above the artery, 
the obturator vein below it. The artery provides iliae branehes to the 
iliae fossa that supply the bone and iliacus and anastomose with 
the iliolumbar artery. It gives off a vesieal braneh that mns medially to 
the bladder and sometimes replaees the inferior vesieal braneh of the 
internal iliae artery. In the female, the ovary lies medial to the obturator 
artery. A pubic braneh usually arises just before the obturator artery 
leaves the pelvis; it aseends over the pubis to anastomose with the 
eontralateral artery and the pubic braneh of the inferior epigastrie 
artery. 

The obturator artery leaves the pelvis via the obturator eanal and 
divides into anterior and posterior branehes that eneirele the obturator 
foramen between obturator externus and the obturator membrane. The 
anterior braneh curves anteriorly on the membrane and then inferiorly 
along its anterior margin to supply branehes to obturator externus, 
pectineus, the femoral adductors and graeilis. It anastomoses with the 
posterior braneh and the medial circumflex femoral artery. The poste- 
rior braneh follows the posterior margin of the foramen and turns 
anteriorly on the isehial part to anastomose with the anterior braneh. 
It supplies the muscles attaehed to the isehial tuberosity and anastomo- 
ses with the inferior gluteal artery. An acetabular braneh enters the hip 
joint at the acetabular noteh, ramifies in the fat of the acetabular fossa 
and sends a braneh along the ligament of the femoral head. 

Oeeasionally, the obturator artery is replaeed by an enlarged pubic 
braneh of the inferior epigastrie artery that deseends almost vertieally 
to the obturator foramen. It usually lies near the external iliae vein, 
lateral to the femoral ring, and is rarely injured during inguinal or 
femoral hernia surgery. Sometimes, it curves along the edge of the 
laomar part of the inguinal ligament, partly eneireling the neek of a 
hernial sae, and may be inadvertently cut during enlargement of the 
femoral ring in reducing a femoral hernia. 

Llterine artery The uterine artery is an additional braneh in females. 
It is a large artery that arises below the obturator artery on the lateral 
wall of the pelvis and mns inferomedially into the broad ligament of 
the utems (Ch. 77). 

Internal pudendal artery (pelvie portion) The internal pudendal 

artery is the smaller terminal braneh of the anterior division of the 
internal iliae artery. Close to its origin, it erosses anterior to piriformis, 
the saeral plexus and the inferior gluteal artery. It deseends laterally to 
the inferior rim of the greater seiatie foramen, where it leaves the pelvis 
between piriformis and ischiococcygeus, and enters the gluteal region 
(see Fig. 77.3B). It next curves around the dorsum of the isehial spine 
and enters the isehioreetal fossa via the lesser seiatie foramen. This 
course effeetively allows the nerve to wrap around the posterior limit 
of levator ani at its attaehment to the isehial spine. Behind the isehial 
spine, the artery is eovered by gluteus maximus, the pudendal nerve is 
medial, and the nerve to obturator internus is lateral. The artery traverses 
the isehioreetal fossa in Aleoek's eanal in the faseia eovering obturator 
internus; it gives off an inferior reetal braneh early in its course through 
the fossa (see Fig. 73.12). The internal pudendal artery gives off several 
muscular branehes in the pelvis and gluteal region that supply adjaeent 
muscles and nerves. 
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Inferior gluteal artery The inferior gluteal artery is the larger termi- 
nal braneh of the anterior internal iliae tmnk and prineipally supplies 
the buttock and thigh. It deseends posteriorly, anterior to the saeral 
plexus and piriformis but posterior to the internal pudendal artery. It 
passes between either the first and seeond, or seeond and third, saeral 
ventral rami, then between piriformis and ischiococcygeus, before 
mnning through the lower part of the greater seiatie foramen to reaeh 
the gluteal region. The artery mns inferiorly between the greater tro- 
ehanter and isehial tuberosity, together with the seiatie and posterior 
femoral cutaneous nerves, deep to gluteus maximus. It eontimies down 
the thigh, supplying the skin and anastomosing with branehes of the 
perforating arteries. The inferior gluteal and internal pudendal arteries 
often arise as a eommon stem from the internal iliae artery, sometimes 
with the superior gluteal artery. In the pelvis, the inferior gluteal artery 
gives branehes to piriformis, ischiococcygeus and iliococcygeus, and 
oeeasionally contributes to the middle reetal arterial supply. In the 
male, it may supply vessels to the seminal vesieles and prostate. 

External iliae arterìes 

The external iliae arteries are of larger ealibre than the internal iliae 
arteries (see Figs 73.5, 73.6). Eaeh artery deseends laterally along the 
medial border of psoas major, from the eommon iliae bifurcation to a 
point midway between the anterior superior iliae spine and the pubic 
symphysis, and enters the thigh posterior to the inguinal ligament to 
beeome the femoral artery. 

The parietal peritoneum and extraperitoneal tissue separate the right 
external iliae artery from the terminal ileum and, usually, the appendix, 
and the left external iliae artery from the sigmoid eolon and eoils of 
small intestine anteromedially. At its origin, the external iliae artery may 
be erossed by the ureter; it is subsequently erossed by the gonadal 
vessels, the genital braneh of the genitofemoral nerve, the deep circum- 
flex iliae vein, and the vas deferens (male) or round ligament (female). 
Posteriorly, the artery is separated from the medial border of psoas 
major by the iliae faseia. The external iliae vein lies partly posterior to 
its upper part but is more medial below. Laterally, it is related to psoas 
major, which is eovered by the iliae and psoas faseiae. Numerous lymph 
vessels and nodes lie on its anterior and lateral aspeets. 

The external iliae artery is prineipally the artery of the lower limb 
and, as such, has few branehes in the pelvis. Apart from giving off very 
small vessels to psoas major and neighbouring lymph nodes, the artery 
has no branehes until it gives off the deep circumflex iliae and inferior 
epigastrie arteries, near to the point at which it passes under the inguinal 
ligament. 

Deep circumflex iliae artery The deep circumflex iliae artery 
branehes laterally from the external iliae artery almost opposite the 
origin of the inferior epigastrie artery (see Fig. 78.7A). It aseends and 
mns laterally to the anterior superior iliae spine behind the inguinal 
ligament in a sheath formed by the union of the transversalis and iliae 
faseiae. There, it anastomoses with the aseending braneh of the lateral 
circumflex femoral artery, pierees the transversalis faseia and skirts 
the internal lip of the iliae erest. About halfway along the iliae erest, it 
mns through transversus abdominis, and then between transversus 
abdominis and internal oblique, to anastomose with the iliolumbar 
and superior gluteal arteries. It gives off a large aseending braneh at the 
anterior superior iliae spine that mns between internal oblique and 
transversus abdominis, supplies both muscles, and anastomoses with 
the lumbar and inferior epigastrie arteries. 

Inferior epigastrie artery The inferior epigastrie artery originates 
from the external iliae artery posterior to the inguinal ligament. It curves 
forwards in the anterior extraperitoneal tissue and aseends obliquely 
along the medial margin of the deep inguinal ring; from here, it eon- 
tinues as an artery of the anterior abdominal wall. 

Veins of the pelvis 


The tme pelvis eontains a large number of veins that drain the pelvie 
walls and most of the viseera eontained within the pelvis, and also earry 
venous blood from the gluteal region, hip and thigh. The external iliae 
veins, which lie elose to the brim of the pelvis, earry the venous drainage 
from most of the lower limb. There is eonsiderable variation in the 
venous drainage of the pelvis: although the major veins frequently 
follow their named arterial counterparts, the small tributaries exhibit 
eonsiderable inter-individual variation. 

Common iliae veins 

The eommon iliae vein is formed by the union of the external and 
internal iliae veins, anterior to the saeroiliae joints (see Fig. 78.8). It 


aseends obliquely to end at the right side of the fifth lumbar vertebra, 
uniting at an acute angle with the eontralateral vessel to form the infe- 
rior vena eava. The right eommon iliae vein is shorter and more nearly 
vertieal, lying posterior, and then lateral, to its artery. The right obtura- 
tor nerve passes posteriorly. The left eommon iliae vein is longer and 
more oblique, and lies first medial, then posterior, to its artery. It is 
erossed anteriorly by the attaehment of the sigmoid mesoeolon and 
superior reetal vessels. Eaeh vein reeeives iliolumbar and, sometimes, 
lateral saeral veins. The left eommon iliae vein usually drains the 
median saeral vein. There are no valves in these veins. 

The left eommon iliae vein oeeasionally aseends to the left of the 
aorta to the level of the kidney, where it reeeives the left renal vein and 
erosses anterior to the aorta to join the inferior vena eava; this vessel 
represents the persistent caudal half of the left posteardinal or supra- 
eardinal vein. 

Median saeral veins The right and left medial saeral veins aeeom- 

pany the eorresponding arteries anterior to the saemm, where they unite 
to form a single vein that usually ends in the left eommon iliae vein, 
but which sometimes ends at the eommon iliae junction. 

Internal pildendal veins The internal pudendal veins are venae 
eomitantes of the internal pudendal artery and unite as a single vessel 
that drains into the internal iliae vein. They reeeive veins from the 
inferior reetal veins and either the penile bulb and scrotum (males), or 
the elitoris and labia (females). 

Internal iliae vein 

The internal iliae vein is formed by the eonvergenee of several veins 
above the greater seiatie foramen. It does not have the predietable 
tmnks and branehes of the internal iliae artery but its tributaries drain 
the same territories. It aseends posteromedial to the internal iliae 
artery to join the external iliae vein, forming the eommon iliae vein at 
the pelvie brim, anterior to the lower part of the saeroiliae joint. It is 
eovered anteromedially by parietal peritoneum. Its tributaries are the 
gluteal, internal pudendal and obturator veins, which originate out- 
side the pelvis; the lateral saeral veins, which mn from the anterior 
surface of the saemm; and the middle reetal, vesieal, uterine and vagi- 
nal veins, which originate in the venous plexuses of the pelvie viseera 
(Fig. 73.8). 

The venous drainage of the leg may be bloeked by thrombosis 
involving the external iliae systems and the inferior vena eava. Under 
these circumstances, the pelvie veins, particularly the internal iliae tribu- 
taries, enlarge and provide a major avenue of venous return from the 
femoral system. Surgical interferenee with these veins may seriously 
eompromise venous drainage and preeipitate oedema of one or 
both legs. 

Stiperior glllteal veins The superior gluteal veins are the venae 
eomitantes of the superior gluteal artery. They reeeive tributaries that 
eorrespond to the branehes of the superior gluteal artery and enter the 
pelvis via the greater seiatie foramen, above piriformis. They join the 
internal iliae vein, frequently as a single tmnk. 

Inferior glllteal veins The inferior gluteal veins are venae eomitantes 
of the inferior gluteal artery. They begin proximally and posterior in the 
thigh, where they anastomose with the medial circumflex femoral and 
first perforating veins, and they enter the pelvis low in the greater seiatie 
foramen, joining to form a vessel that opens into the distal (lower) part 
of the internal iliae vein. The inferior gluteal and superficial gluteal 
veins eonneet by perforating veins (Doyle 1970) analogous to the sural 
perforating veins. The gluteal veins probably have a venous 'pumping' 
role, and provide eollaterals between the femoral and internal iliae 
veins. 

Obtlirator vein The obturator vein begins in the proximal adductor 
region and enters the pelvis via the obturator foramen. It mns posteri- 
orly and superiorly on the lateral pelvie wall below the obturator artery 
and between the ureter and internal iliae artery, and ends in the internal 
iliae vein. It is sometimes replaeed by an enlarged pubic vein, which 
joins the external iliae vein. 

Lateral saeral veins The lateral saeral veins aeeompany the lateral 
saeral arteries and are intereonneeted by a saeral venous plexus. 

Middle reetal vein The middle reetal vein begins in the reetal venous 
plexus and drains the rectum and mesorectum. Variable in size, it mns 
laterally on the pelvie surface of levator ani to end in the internal iliae 
vein. The middle reetal vein often reeeives tributaries from the bladder 
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Fig. 73.8 Veins of the female pelvis. 


and either the prostate and seminal vesiele (males) or the posterior 
aspeet of the vagina (females). 

External iliae vein 

The external iliae vein is the proximal continuation of the femoral vein 
(see Figs 78.8, 80.33). It begins posterior to the inguinal ligament, 
aseends along the pelvie brim, and ends anterior to the saeroiliae joint 
by joining the internal iliae vein to form the eommon iliae vein. On 
the right, it lies medial to the external iliae artery, gradually inelining 
behind it as it aseends. On the left, it is vvholly medial. Disease of the 
external iliae artery may cause it to adhere elosely to the vein at the 
point where it is in eontaet, and, particularly on the right side, the walls 
of the vessels may beeome fìised, making disseetion hazardous. The 
external iliae vein is erossed medially by the ureter and internal iliae 
artery. In males, it is erossed by the vas deferens, in females by the round 
ligament and ovarian vessels. Psoas major lies laterally, except where 
the artery intervenes. The vein is usually valveless but may eontain a 
single valve. Its tributaries are the inferior epigastrie, deep circumflex 
iliae and pubic veins. Agenesis of the external iliae vein has been 
reported in assoeiation with Klippel-Trenaunay syndrome (Dogan et al 
2003). 

Inferior epigastrie vein One or two inferior epigastrie veins aeeom- 

pany the inferior epigastrie artery and drain into the external iliae vein 
a little above the inguinal ligament. 

Deep CÌrcumflex iliae vein The deep circumflex iliae vein is formed 
from venae eomitantes of the eorresponding artery. It joins the external 
iliae vein a little above the inferior epigastrie vein, after erossing anterior 
to the external iliae artery. 

PubÌC vein The pubic vein eonneets the external iliae and obturator 
veins. It aseends on the pelvie surface of the pubis with the pubic braneh 
of the inferior epigastrie artery and sometimes replaees the normal 
obturator vein. 

Lymphatie drainage of the pelvis 


The lymph nodes in the pelvis are grouped around the eommon, 
external iliae and internal iliae vessels, and are named aeeordingly 

(Nesselrod 1936). 

Common iliae nodes 

The eommon iliae nodes reeeive the entire lymphatie drainage of the 
lower limb because they drain both internal and external iliae nodes. 


They usually lie in medial, lateral and anterior ehains around the 
eommon iliae artery, the lateral being the main route; one or two lie 
inferior to the aortie bifhreation and anterior to the fifth lumbar verte- 
bra or saeral promontory. The eommon iliae nodes eonneet to the 
lateral aortie nodes. 

External iliae nodes 

The external iliae nodes usually form three subgroups, which are lateral, 
medial and anterior to the external iliae vessels (see Fig. 77.3B). The 
medial nodes are eonsidered the main ehannel of drainage, eolleeting 
lymph from the lower limb via the inguinal nodes, the deeper layers of 
the infra-umbilical abdominal wall, the adductor region of the thigh, 
the glans penis or elitoris, the membranous urethra, prostate, fundus of 
the bladder, uterine cervix and upper vagina. Their efferents pass to the 
eommon iliae nodes (see Fig. 78.10). 

Inferior epigastrie and circumflex iliae nodes The inferior 

epigastrie and circumflex iliae nodes are assoeiated with their similarly 
named vessels and drain the eorresponding areas to the external iliae 
nodes. 

Internal iliae nodes 

The internal iliae nodes surround the branehes of the internal iliae 
vessels. They reeeive afferents from most of the pelvie viseera (with the 
exception of the gonads and the majority of the rectum), the deeper 
parts of the perineum, and the gluteal and posterior femoral muscles, 
and drain to the eommon iliae nodes. The individual groups are eon- 
sidered in the deseription of the viseera. There are frequent eonneetions 
between the right and left groups, particularly when they lie elose to 
the anterior and posterior midlines (Fig. 73.9). 

INNERVATION 0F THE PELVIS 


The pelvis eontains the lumbosacral nerve tmnk, the saeral and eoeey- 
geal plexuses, and the pelvie parts of the sympathetie and parasym- 
pathetie systems. Collectively, these nerves earry the somatie and 
autonomic innervation to the majority of the pelvie viseeral organs, 
and the muscles of the pelvie floor and perineum, the gluteal region 
and the lower limb. 

The ventral rami of the saeral and eoeeygeal spinal nerves form the 
saeral and eoeeygeal plexuses (Fig. 73.10). The upper four saeral ventral 
rami enter the pelvis by the anterior saeral foramina, the fifth enters 
between the saemm and coccyx, and the ventral ramus of the eoeeygeal 
nerve curves forwards below the mdimentary transverse proeess of the 
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fìrst eoeeygeal segment. The fìrst and seeond saeral ventral rami are 
large, the third to fifth diminish progressively in size, and the eoeeygeal 
ramus is the smallest. Eaeh reeeives a grey ramus communicans from a 
eorresponding sympathetie ganglion. Viseeral efferent rami leave the 
seeond to fourth saeral rami as the pelvie splanehnie nerves, eontaining 
preganglionie parasympathetie fìbres to minute ganglia in the walls of 
the pelvie viseera. 

Lumbosacral trunk and saeral plexus 


The saeral plexus is formed by the lumbosacral tmnk, the fìrst to third 
saeral ventral rami, and part of the fourth saeral ventral ramus 
(the remainder of the fourth saeral ventral ramus joins the eoeeygeal 
plexus). 

The lumbar part of the lumbosacral tmnk eontains part of the fourth 
and all of the fifth lumbar ventral rami; it appears at the medial margin 
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Fig. 73.9 Lymphatie drainage of the female pelvis and urinary bladder. 


of psoas major and deseends over the pelvie brim, anterior to the sae- 
roiliae joint, to join the first saeral ramus. The greater part of the seeond 
and third saeral rami eonverge on the inferomedial aspeet of the lum- 
bosaeral tmnk in the greater seiatie foramen to form the seiatie nerve. 
The ventral and dorsal divisions of the nerves do not separate physieally 
from eaeh other but their fibres remain separate within the rami; the 
ventral and dorsal divisions of eaeh contributing root join within the 
seiatie nerve. The fibres of the dorsal divisions will go on to form 
the eommon fibular nerve, and the fibres of the ventral division form 
the tibial nerve. The seiatie nerve, oeeasionally, divides into eommon 
fibular and tibial nerves inside the pelvis; when this occurs, the eommon 
fibular nerve usually mns through piriformis. 

The saeral plexus lies against the posterior pelvie wall anterior to 
piriformis, posterior to the internal iliae vessels and ureter, and behind 
the sigmoid eolon on the left. The superior gluteal vessels mn either 
between the lumbosacral tmnk and first saeral ventral ramus, or between 
the first and seeond saeral rami, while the inferior gluteal vessels 
lie between either the first and seeond, or seeond and third, saeral 
rami. 

The saeral plexus is not eommonly involved in malignant tumours 
of the pelvis because it lies behind the relatively dense presaeral faseia, 
which resists all but loeally very advaneed malignant infiltration. When 
it occurs, there is intraetable pain in the distribution of the branehes of 
the plexus, which may be very diffiailt to treat. The plexus may also be 
involved in the reticuloses or be affeeted by plexiform neuromas. 

Branehes of the saeral plexus 

The branehes of the saeral plexus are shown in fable 73.1. 

The course and distribution of most of the branehes of the saeral 
plexus are eovered fhlly in Seetion 9. 


Table 73.1 Branehes of the saeral plexus 


Nerve 

Ventral divisions 

Dorsal divisions 

Nerve to quadratus femoris and gemellus inferior 

L4, 5; S1 


Nerve to obturator internus and gemellus superior 

L5; S1, 2 


Nerve to piriformis 


S2 (S1) 

Superior gluteal nerve 


L4, 5; S1 

Inferior gluteal nerve 


L5; S1, 2 

Posterior femoral cutaneous nerve 

S2, 3 

S1, 2 

Tibial (seiatie) nerve 

L4, 5; S1, 2, 3 


Common fibular (seiatie) nerve 


L4, 5; S1, 2 

Perforating cutaneous nerve 


S2, 3 

Pudendal nerve 

S2, 3, 4 


Nerves to levator ani and external anal sphineter 

S4 



Superior gluteal nerve 


Inferior gluteal nerve 


Seiatie nerve 


Obturator nerve 


Nerve to obturator internus 
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Fig. 73.10 The lumbosacral plexus in the pelvis. 
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Pudendal nerve (in the pelvis) 

The piidendal nerve arises from the ventral divisions of the seeond, 
third and fourth saeral ventral rami and is formed just above the supe- 
rior border of the sacrotuberous ligament and the upper fibres of isehi- 
ococcygeus (Klink 1953, Sato 1980). It leaves the pelvis via the greater 
seiatie foramen between piriformis and ischiococcygeus (see Fig. 
73.10), enters the gluteal region and passes dorsal to the sacrospinous 
ligament, elose to its attaehment to the isehial spine, where it lies 
medial to the internal pudendal vessels. It aeeompanies the internal 
pudendal artery through the lesser seiatie foramen into the pudendal 
(Aleoek's) eanal on the lateral wall of the isehio-anal fossa. In the pos- 
terior part of the eanal, it gives rise to the inferior reetal and perineal 
nerves; the dorsal nerve of the penis or elitoris continues ventrally 
from this origin. 

Saeral viseeral branehes 

Viseeral branehes - the pelvie splanehnie nerves - arise from the seeond 
to fourth saeral ventral rami and innervate the pelvie viseera. 

Saeral muscular branehes 

Several muscular branehes arise from the fourth saeral ventral ramus to 
supply the superior surface of levator ani and the upper part of the 
external anal sphineter. The branehes to levator ani enter the superior 
(pelvie) surface of the muscle whilst the braneh to the external anal 
sphineter (also referred to as the perineal braneh of the fourth saeral 
nerve) reaehes the isehio-anal fossa by mnning either through isehio- 
coccygeus, or between ischiococcygeus and iliococcygeus. It supplies the 
skin between the anus and coccyx via its cutaneous branehes. 

Coccygeal plexus 


The eoeeygeal plexus is formed by a small deseending braneh from the 
fourth saeral ramus and by the fifth saeral and eoeeygeal ventral rami. 
The fifth saeral ventral ramus emerges from the saeral hiatus, curves 
round the lateral margin of the saemm below its cornu, and pierees 
ischiococcygeus from below to reaeh its upper, pelvie, surface. Here it 
is joined by a deseending braneh of the fourth saeral ventral ramus; the 
small tmnk so formed deseends on the pelvie surface of isehioeoeey- 


geus, joins the minute eoeeygeal ventral ramus that emerges from the 
saeral hiatus, and curves round the lateral eoeeygeal margin, piereing 
coccygeus to reaeh the pelvis. The small tmnk that is formed in this way 
is the eoeeygeal plexus. Anoeoeeygeal nerves arise from it and form a 
few fine filaments that pieree the sacrotuberous ligament to supply the 
adjaeent skin. 

Pelvie part of the sympathetie system 


The pelvie sympathetie tmnk lies in the extraperitoneal tissue, anterior 
to the saemm beneath the presaeral faseia (Fig. 73.11), and supplies 
sympathetie innervation to the pelvie organs and vascular system. It lies 
medial or anterior to the anterior saeral foramina and has four or five 
intereonneeted ganglia. Above, it is continuous with the lumbar sym- 
pathetie tmnk. The right and left tmnks eonverge below the lowest 
ganglia and unite in the small ganglion impar anterior to the coccyx. 
Grey rami eomimmieantes pass from the ganglia to saeral and eoeeygeal 
spinal nerves but there are no white rami communicantes. Medial 
branehes eonneet aeross the midline, and twigs from the first two 
ganglia join the inferior hypogastrie plexus or the hypogastrie 'nerve'. 
Other branehes form a plexus on the median saeral artery. 

Vascular branehes 

Preganglionie fibres for the vessels supplying the pelvis and lower limb 
are derived from the lower three thoraeie and upper two or three lumbar 
spinal segments. They reaeh the lower thoraeie and upper lumbar 
ganglia through white rami eomimmieantes and deseend through the 
sympathetie tmnk to synapse in the lumbar ganglia. Postganglionie 
fibres pass from these ganglia via grey rami communicantes to the 
femoral nerve, which earries them to the femoral artery and its branehes. 
Some fibres deseend through the lumbar ganglia to synapse in the 
upper two or three saeral ganglia, from which postganglionie axons pass 
through grey rami eomimmieantes to the roots of the saeral plexus. 
Those in the pudendal and superior and inferior gluteal nerves aeeom- 
pany the arteries of the same name to the gluteal and perineal tissues; 
branehes may also supply the pelvie lymph nodes. Those joining the 
tibial nerve are earried to the popliteal artery and distributed via its 
branehes to the leg and foot. 
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Fig. 73.11 Autonomic nerves of the pelvis 
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Perineum 


Sympathetie denervation of vessels in the lower limb ean be effeeted 
by removing or ablating the upper three lumbar ganglia and the inter- 
vening parts of the sympathetie tmnk, which is used, rarely in treating 
vascular insufficiency of the lower limb. 



MUSCLES AND FASdAE OF THE PERINEUM 

The perineum is an approximately diamond-shaped region that lies 
below levator ani, between the inner aspeets of the thighs and anterior 
to the saemm and coccyx. It is usually deseribed as if from the position 
of an individual lying supine with the hip joints in abduction and 
partial flexion. The surface projeetion of the perineum and the form of 
the skin eovering it vary eonsiderably depending on the position of the 
thighs, whereas the deep tissues themselves occupy relatively fixed posi- 
tions. The perineum is bounded anteriorly by the pubic symphysis and 
its araiate ligament, posteriorly by the coccyx, anterolaterally by the 
ischiopubic rami and the isehial ftiberosities, and posterolaterally by 
the sacrotuberous ligaments. The deep limit of the perineum is the 
inferior surface of the pelvie diaphragm, and its superficial limit is the 
skin that is continuous with that over the medial aspeet of the thighs 
and the lower abdominal wall. An arbitrary line joining the isehial 
tuberosities (the inter-isehial line) divides the perineum into an ante- 
rior urogenital triangle and a posterior anal triangle. The urogenital 
triangle faees downwards and forwards, whereas the anal triangle faees 
downwards and backwards at an approximate angle of 120° from the 
plane of the urogenital triangle. 

The male urogenital triangle eontains the bulb and attaehments of 
the penis (Fig. 73.12) (Ch. 76), and the female urogenital triangle 
eontains the mons pubis, the labia majora, the labia minora, the elitoris 
and the vaginal and urethral orifiees (Ch. 77). 

Anal triangle 

The stmcture of the anal triangle is similar in males and females, the 
main differenee refleeting the wider transverse dimension of the triangle 
in females that is assoeiated with giving birth. The anal triangle eontains 
the anal eanal and its sphineters, and the isehio-anal fossa and its eon- 
tained nerves and vessels. It is lined by superficial and deep faseia. 

Superficial faseia of the anal triangle 

The superficial faseia (subcutaneous tissue; tela subcutanea) of the 
region is thin and is continuous with the superficial/subcutaneous 
faseia of the skin of the perineum, thighs and buttocks. 


Deep faseia of the anal triangle 

The deep faseia (faseia musculomm) lines the inferior surface of levator 
ani and is continuous at its lateral origin with the faseia over obturator 
internus below the attaehment of levator ani. It lines the deep portion 
of the isehio-anal fossa and its lateral walls. 

isehio-anal fossa 

The isehio-anal fossa is an approximately horseshoe-shaped region 
filling the majority of the anal triangle. Although often referred to as a 
spaee, it is filled with loose adipose tissue and oeeasional blood vessels 
and nerves (see Fig. 73.12). The 'arms' of the horseshoe are triangular 
in eross-seetion because levator ani slopes medially from its lateral 
pelvie origin towards the anoreetal junction (see 7 ig. 66.44). The anal 
eanal and its sphineters lie in the eentre of the horseshoe. Above them, 
the medial limit of the fossa is formed by the deep faseia over levator 
ani. The outer boundary of the fossa is formed anterolaterally by the 
faseia over obturator internus and the periosteum of the isehial tuber- 
osities. Posterolaterally, the outer boundary is formed by the lower 
border of gluteus maximus and the sacrotuberous ligament. 

There is an anterior reeess to the isehio-anal fossa that lies eranial to 
the perineal membrane and transverse perineal muscles. It extends 
anteriorly as far as the posterior surface of the pubis, below the attaeh- 
ment of levator ani. Posteriorly, the fossa eontains the attaehment of 
the external anal sphineter to the tip of the coccyx; above and below 
this, the adipose tissue of the fossa is uninterrupted aeross the midline. 
These continuations of the isehio-anal fossa mean that infeetions, 
tumours and fluid eolleetions within not only may enlarge relatively 
freely to the side of the anal eanal, but also may spread with little resist- 
anee to the eontralateral side and deep to the perineal membrane. The 
internal pudendal vessels and aeeompanying nerves lie in the lateral 
wall of the isehio-anal fossa, enelosed in faseia forming the pudendal 
eanal. The inferior reetal vessels and nerves eross the fossa from the 
pudendal eanal and often braneh within it. 

The isehio-anal fossa is an important surgical plane during reseetions 
of the anal eanal and anoreetal junction for malignaney. It provides an 
easy, relatively bloodless, plane of disseetion that eneompasses all of 
the muscular structures of the anal eanal and leads to the inferior 
surface of levator ani, through which the disseetion is earried. 

External anal sphineter 

The external anal sphineter is a band of striated muscle that surrounds 
the lowest part of the anal eanal (Oh and Kark 1972, Dalley 1987, 
Lawson 1974b). The uppermost (deepest) fibres blend with the lowest 
fibres of puborectalis; the two are seen to be contiguous on endoanal 
ultrasound and magnetie resonanee imaging. Anteriorly, some of these 
upper fibres decussate into the superficial transverse perineal muscles. 
Posteriorly, fibres are attaehed to the anoeoeeygeal raphe. The majority 
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Fig. 73.12 Miiseles and faseiae 
of the male perineum. On the left 
side, the skin and superficial 
faseia of the perineum only have 
been removed. The posterior 
serotal (perineal) artery has been 
shown as it runs forwards into 
the serotal tissues. On the right 
side, the eorpora eavernosa and 
corpus spongiosum and their 
assoeiated muscles, the 
superficial perineal muscles and 
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removed to reveal the underlying 
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perineum. All veins and nerves 
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of the middle fibres of the external anal sphineter surround the lower 
part of the internal sphineter and are attaehed anteriorly in the perineal 
body, and posteriorly to the coccyx via the anoeoeeygeal ligament. Some 
fibres from eaeh side of the sphineter decussate in these areas to form 
a sort of commissure in the anterior and posterior midline. The anterior 
and posterior attaehments of the external anal sphineter give the mus- 
cular tube an oval profile lying anteroposteriorly. A subcutaneous 
portion eneireles the anal verge and ereates the radial skin ereases sur- 
rounding the anus. The lower fibres lie below the level of the internal 
anal sphineter and are separated from the lowest anal epithelmm by 
submucosa. The thiekness of the external anal sphineter in ehildren is 
positively eorrelated with age (de la Portilla and López-Alonso 2009, 
Rehman et al 2011). 

Anoeoeeygeal ligament and ilioeoeeygeal raphe 

The anoeoeeygeal ligament is a musculotendinous structure mnning 
between the middle portion of the external anal sphineter and the 
coccyx. The ilioeoeeygeal raphe (the deaissation of the posterior fibres 
of iliococcygeus) lies just above the anoeoeeygeal ligament and is sepa- 
rated from the rectum by presaeral faseia. These stmctures are often 
referred to as the postanal plate. Division of the anoeoeeygeal raphe 
may cause deseent of the anal eanal and a lowering of the posterior part 
of the anal triangle, but does not demonstrably interfere with the 
proeess of defeeation. 

Urogenital triangle 

The urogenital triangle is bounded posteriorly by the inter-isehial line, 
which usually overlies the posterior border of the transverse perineal 
muscles. Anteriorly and laterally, it is bounded deeply by the pubic 
symphysis and ischiopubic rami. In males, the urogenital triangle 
extends superficially to eneompass the scrotum and the root of the 
penis. In females, it extends to the lower limit of the labia and mons 
pubis. The urogenital triangle is divided into two parts by a strong 
perineal membrane: the deep perineal spaee lies above the membrane, 
and the superficial perineal spaee lies below it. 

The female urogenital triangle includes muscles, faseiae, ereetile 
stmctures and spaees similar to those in the male. There are some dif- 
ferenees in size and disposition caused by the presenee of the vagina 
and female external genitalia. 

Deep perineal spaee 

Perineal membrane 

For many years, it was thought that the anterior pelvie outlet was 
spanned by a triangular, trilaminar, musculofascial stmcture - the uro- 


genital diaphragm - eonsisting of urogenital sphineter muscles sand- 
wiched between two layers of faseia and eonneeted to the perineal body, 
the periosteum of the ischiopubic rami and the arcuate ligament of the 
pubis, and perforated by the urethra and vagina. Oelrieh introduced the 
alternative term perineal membrane' (Oelrieh 1983). Reeent detailed 
histologieal examination of serial eross-seetions supports the eoneept 
of the perineal membrane as part of a larger intereonneeted support 
apparatus. It has distinet dorsal and ventral portions that are intimately 
eonneeted with levator ani: the dorsal portion is related to the support 
of the perineal body and lateral vaginal wall by its attaehment to the 
ischiopubic ramus, and the ventral portion is contiguous with the ure- 
thral supportive apparatus (Stein and DeLaneey 2008). The perineal 
membrane is particularly thiek where it is attaehed to the arcuate liga- 
ment of the pubis, and is here referred to as the transverse perineal liga- 
ment. The posterior border of the perineal membrane is continuous 
with the deep part of the perineal body at its dorsal margin, and is 
continuous with the faseia over the superficial transverse perineal 
muscles. 

In the male, the perineal membrane is erossed by several structures: 
the urethra, which traverses it 2-3 em behind the inferior border of the 
pubic symphysis; the vessels and nerves to the bulb of the penis; the 
ducts of the bulbourethral glands, posterolateral to the urethral orifiee; 
the deep dorsal vessels and dorsal nerves of the penis, behind the pubic 
areh in the midline; and the posterior serotal vessels and nerves, ante- 
rior to the transverse perinei. 

In the female, the perineal membrane is divided almost into two 
halves by the vagina and urethra, such that it forms a triangle on eaeh 
side of these structures. The lateral margins of the vagina are attaehed 
to the perineal membrane at the level of the hymenal ring, and levator 
ani lies on its eranial surface. The ducts of Bartholin's glands are at this 
level in the posterior lateral introitus. The deep dorsal vessels and dorsal 
nerves of the elitoris lie within its fibres. 

Urethral sphineter meehanism 


The urethral sphineter meehanism eonsists of both striated and smooth 
muscle sphineters (Oelrieh 1980, Oelrieh 1983, Huisman 1983). The 

striated urogenital sphineter has an upper circular element that sur- 
rounds the urethra in the female and the apex of the prostate in the male, 
between the vesieal neek and perineal membrane. In the female, at the 
level of the perineal membrane, it extends laterally outside of the urethra 
in two areh-shaped bands that lie on the eranial surface of the perineal 
membrane (Fig. 73.13). One, the eompressor urethrae, follows the pubic 
areh to attaehed eonneetive tissue in this area near the inner surface of 
the ischiopubic ramus. The other, the urethrovaginal sphineter, extends 
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Fig. 73.13 Muscles of the female perineum. A, On the right side, the membranous layer of superficial faseia has been removed (note the cut edge). On 
the left side, superficial perineal muscles and overlying faseia have been removed to show the deep perineal muscles. B, The continuity of the deep 
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caudally to surround the lateral margin of the vaginal wall. In the male, 
these lateral extensions are not well developed and the sphineter in this 
area primarily eneireles the membranous urethra, forming a robust eon- 
strietor at this level. The smooth muscle sphineter eonsists of circularly 
orientated smooth muscle eells that lie between the striated sphineter 
and the longitudinal smooth muscle and urethral lumen. It is not well 
developed. In ehildren, the inner diameter of the urethral sphineter 
inereases with age: a cutoff value of 3 mm has been reported to prediet 
detmsor-sphineter ineoordination (Kakizaki et al 2003). 

Innervation The urethral sphineter meehanism extends from the peri- 
neum through the urogenital hiatus into the pelvie eavity. It probably 
reeeives innervation via the perineal braneh of the pudendal nerve from 
below, and direet branehes from the saeral plexus and the pelvie 
splanehnie nerves from above. All these nerves originate in the seeond, 
third and fourth saeral spinal segments. 

Aetions Tírinary ineontinenee is primarily a problem that affeets 
women and is more eommon after ehildbirth. Continence in women 
is maintained by an elegantly orehestrated system of muscles and eon- 
neetive tissue that involves the urethral sphineters and the tissues that 
support them. The urethral sphineter meehanism eompresses the mid- 
urethra in females and membranous urethra in males, particularly 
when the bladder eontains fluid. Its loeation around the region of 
highest urethral elosing pressure suggests that it plays an important role 
in the eontinenee of urine. At rest, aetivity of both the smooth and stri- 
ated sphineters contributes to this closure and, during times of inereased 
need, voluntary eontraetion of the striated sphineter augments this 
closure. In the distal portion of the urethra, where it is adjaeent to the 
perineal membrane, areh-shaped eomponents of the striated sphineter 
(eompressor urethrae and urethrovaginal sphineter) pass between the 
urethra and pubic bone, and eontraetion eompresses the lumen until it 
is elosed. All muscles are relaxed during micturition to aid voiding, but 
striated muscle eontraetion ean help to expel final drops of urine, or of 
semen in the male, from the bulbar urethra. 

During inereases in abdominal pressure that occur, for example, 
during a cough, bladder pressure rises above the normal urethral 
closure pressure that keeps the lumen of the urethra elosed. In this 
situation, the rise in urethral closure pressures (ealled pressure trans- 
mission) that prevents urine leakage occurs because the urethra is 
eompressed against the faseial tissues that lie between it and the 
vaginal wall. If this layer is stable and unyielding, the urethra ean be 
eompressed elosed against it, but if it is not well supported, this meeh- 
anism is less effeetive and leakage ean occur (DeLaneey 1994). Overall 
eontinenee during such events is a eombination of sphineter eonstrie- 
tion due to the aetions of the muscles in the urethral wall and pressure 
transmission; sphineter fimetion is the predominant faetor (DeLaneey 
et al 2008). 

Superficial and deep perineal faseiae 

Superficial perineal faseia 

The tissue eommonly referred to as the superficial faseia of the peri- 
neum (Colles' faseia) forms a elear, surgically reeognizable, plane 
beneath the skin of the anterior perineum ( Tobin and Benjamin 1949). 
It is firmly attaehed posteriorly to the faseia over the superficial trans- 
verse perineal muscles and the posterior limit of the perineal mem- 
brane. Laterally, it is attaehed to the margins of the ischiopubic rami as 
far baek as the isehial tuberosities. From here, it mns more superficially 
to the skin of the urogenital triangle, lining the skin of the external 
genitalia; in the male, it is also continuous with the faseial layer in the 
skin of the scrotum that eontains the dartos muscle. In females, the 
faseia follows the same limits but is imieh less extensive in the labia 
majora. This layer mns anteriorly and superiorly into the skin of the 
lower abdominal wall where it is continuous with the membranous 
faseia (Searpa's faseia). English-speaking anatomists refer to these tissue 
layers as a 'superficial faseia' but this is a misnomer; more accurately, 
they constitute the membranous layer of subcutaneous tissue (tela 
subcutanea). 

Deep perineal faseia (investing faseia of the 
superficial perineal muscles) 

The tissue eommonly referred to as the deep perineal faseia is a layer 
of faseia that overlies the superficial muscles of the perineum 
(bulbospongiosus, ischiocavernosus, superficial transverse perineal 
muscles). It is, in effeet, the investing faseia of the superficial perineal 
muscles and, as such, is firmly attaehed to the borders of the imiseles 
at attaehments to the ischiopubic rami, posterior margin of the perineal 
membrane and perineal body. Anteriorly, it fhses with the suspensory 


ligament of the penis or elitoris, and the faseiae of external oblique and 
the rectus sheath. 

Superficial and subcutaneous perineal 
pouches 

Subcutaneous perineal pouch 

The subcutaneous perineal pouch lies between the deep perineal faseia 
and the superficial perineal faseia. Llnder normal circumstances, these 
two layers are only separated by relatively thin subcutaneous eonneetive 
tissue; the skin of the anterior perineum and external genitalia is rela- 
tively mobile over the deeper structures. However, this pouch is eapable 
of expanding eonsiderably in the presenee of fluid accumulation; blood, 
urine or fluid eolleeting in the subcutaneous pouch following trauma 
or surgery on the urogenital triangle will spread throughout the tissues 
of the triangle, including the scrotum or labia majora, but eannot pass 
posteriorly into the anal triangle or laterally into the medial thigh 
because of the firm tethering of the posterior attaehments of the sub- 
cutaneous faseia. Sinee the superficial perineal faseia is in continuity 
with the faseia of the anterior abdominal wall, fluid, blood or pus may 
also traek freely between the subcutaneous tissues of the anterior 
abdominal wall and the subcutaneous perineal pouch (e.g. postsurgical 
haematomas of the abdominal wall readily cause discolouration of the 
perineal and genital skin). 

Superficial perineal pouch 

The superficial perineal pouch lies below the perineal membrane and 
is limited superficially by the deep perineal faseia (investing faseia of 
the superficial perineal muscles) (Fig. 73.14). It eontains the eorpora 
eavernosa and corpus spongiosum, ischiocavernosus, bulbospongiosus 
and the superficial transverse perineal muscles, and branehes of the 
pudendal vessels and nerves. In the female, it is erossed by the urethra 
and vagina and eontains the elitoris. In the male, it eontains the urethra 
as it mns in the root of the penis. It is a fiilly eonfined spaee; injuries 
to the eontents of the spaee (such as bleeding into the urethra in the 
penile root) do not eomimmieate with the deep or subcutaneous 
pouches unless the faseial eoverings are also laeerated or breaehed. 

Perineal body 

The perineal body is not a stmcture but an aggregation of fibromuscular 
tissue loeated in the midline at the junction between the anal and 
urogenital triangles, just ventral to the anal sphineter (Oh and Kark 
1973). It is attaehed to many structures in both the deep and superficial 
urogenital spaees. Posteriorly, it merges with fibres from the middle part 
of the external anal sphineter and the eonjoint longitudinal eoat. Supe- 
riorly, it is continuous with the reetoprostatie or reetovaginal septum, 
including fibres from levator ani (puborectalis or pubovaginalis). Ante- 
riorly, it reeeives a contribution from the deep and superficial transverse 
perineal muscles and bulbospongiosus (see Figs 73.4, 73.13). The peri- 
neal body is continuous with the perineal membrane and the superfi- 
eial perineal faseia. Sinee the latter mns forwards into the skin of the 
perineum, the perineal body is tethered to the eentral perineal skin, 
which is often puckered over it. In males, this is continuous with the 
perineal raphe in the skin of the scrotum. In females, the perineal body 
lies direetly posterior, and is attaehed, to the posterior commissure of 
the labia majora and the introitus of the vagina. 

Spontaneous laeerations of the perineal body sustained during 
ehildbirth are often assoeiated with damage to the anterior fibres of the 
external anal sphineter. The deliberate division of the perineal body to 
faeilitate delivery (episiotomy) is sometimes angled laterally to avoid 
such sphineterie injuries. The perineal body is often used to position 
radiologieal markers in the assessment of pelvie floor dysfimetion. 

Superficial transverse perineal muscles 

The superficial transverse perineal muscles are narrow strips of muscle 
that mn more or less transversely aeross the superficial perineal spaee 
anterior to the anus, from the medial and anterior aspeets of the isehial 
tuberosities to the perineal body (see Fig. 73.13). A few fibres may also 
pass into the ipsilateral bulbospongiosus or external anal sphineter. 
They are oeeasionally small and may be absent. 

Bulbospongiosus 

Bulbospongiosus differs between the sexes. In the male, it lies in the 
midline, anterior to the perineal body (see Fig. 73.12). It eonsists of 
two symmetrieal parts united by a median fibrous raphe. The fibres 
attaeh to the perineal body, in which they deoissate, and to the trans- 
verse superficial perinei and the external anal sphineter; they diverge 
like the sides of a feather from the median raphe. A thin layer of pos- 
terior fibres joins the posterior portion of the perineal membrane. The 
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Fig. 73.14 Miiseles and faseiae of the male perineum: eoronal view. The seetion passes through the bulb of the penis at the level of the urethra. The 
deep perineal spaee is continuous with the isehio-anal fossa posteriorly. The viseeral and parietal faseiae have been omitted for elarity. The pelvie faseia 
over the ‘pelvie’ aspeet of the deep transverse perinei is very thin and does not form a distinet layer: in plaees it blends with the parietal pelvie faseia 
over the inferior aspeet of levator ani. 


majority of the middle fìbres eneirele the biilb of the penis and adjaeent 
corpus spongiosnm, and attaeh to an aponeurosis on the dorsal sur- 
faees. The anterior fìbres spread out over the sides of the eorpora eav- 
ernosa, ending partly in them, anterior to isehioeavernosns, and partly 
in a tendinous expansion that eovers the dorsal vessels of the penis. In 
the female, bulbospongiosus also attaehes to the perineal body, but the 
muscle on eaeh side is separate and eovers the superfìcial parts of the 
vestibular bulbs and greater vestibular glands (see Fig. 73.13). Fibres 
mn anteriorly on either side of the vagina to attaeh to the eorpora 
eavernosa elitoridis, and a few fìbres eross over the dorsum of the body 
of the elitoris. 

Aetions In the male, bulbospongiosus helps to empty the urethra of 
urine after the bladder has emptied. It may assist in the fìnal stage of 
ereetion as the middle fìbres eompress the ereetile tissue of the bulb 
and the anterior fìbres contribute by eompressing the deep dorsal vein 
of the penis. It eontraets six or seven times during ejaailation, assisting 
in the expulsion of semen. In the female, bulbospongiosus aets to 
eonstriet the vaginal orifìee and express the seeretions of the greater 
vestibular glands. Anterior fìbres contribute to ereetion of the elitoris 
by eompressing its deep dorsal vein. 

lschiocavernosus 

In the male, ischiocavernosus eovers the ems penis. It is attaehed by 
tendinous and muscular slips to the medial aspeet of the isehial tuber- 
osity posteriorly, and to the isehial ramus on both sides of the ems (see 
Fig. 73.12). These fibres end in an aponeurosis that is attaehed to the 
sides and undersurface of the ems penis. In the female, ischiocavernosus 
is related to the ems of the elitoris but is otherwise similar to the eor- 
responding muscle in the male (Figs 73.15-73.16). 

Aetions Ischiocavernosus eompresses the ems penis in males and may 
help to maintain penile ereetion. The muscles form a triangle on eaeh 
side of the midline with bulbospongiosus medially and the superficial 
transverse perineal muscles posteriorly, attaehed to the perineal mem- 
brane; when eontraeted, the two isehioeavernosi aet together to stabilize 
the ereet penis. In the female, ischiocavernosus may help to promote 
inereased pressure in the elitoris. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE OF 
THE PERINEUM 

Arteries of the perineum 

Internal pudendal artery (in the perineum) 

The internal pudendal artery enters the perineum around the posterior 
aspeet of the isehial spine and mns on the lateral wall of the isehio-anal 
fossa in the pudendal (Aleoek's) eanal with the pudendal veins and the 
pudendal nerve. The eanal lies about 4 em above the lower limit of the 
isehial tuberosity and is formed by eonneetive tissue binding the vessels 
and nerve to the medial surface of the faseia eovering obturator inter- 
nus. As the artery approaehes the margin of the isehial ramus, it pro- 
eeeds above or below the perineal membrane, along the medial margin 
of the inferior pubic ramus, en route to its target stmctures. 

In the male, the internal pudendal artery distal to the perineal artery 
gives a braneh to the bulb of the penis before it divides into the eavern- 
ous (deep, eavernosal) and dorsal arteries ofthe penis (see Ag. 73.12). 
Given its distribution, the internal pudendal artery distal to its perineal 
braneh has been named the artery of the penis. The artery to the bulb 
supplies the corpus spongiosum, and the cavernous artery of the penis 
supplies the corpus cavernosum on eaeh side. The dorsal artery mns 
on the dorsal aspeet of the penis and supplies circumflex branehes 
to the eorpora eavernosa and corpus spongiosum that end by anasto- 
mosing in the eoronal sulcus and supplying the glans penis and its 
overlying skin. 

In the female, a similar braneh of the pudendal artery is distributed 
to the ereetile tissue of the corpus spongiosum and vagina. The eavern- 
ous artery supplies the eorpora eavernosa of the elitoris; the dorsal artery 
supplies the glans and prepuce of the elitoris. 

Branehes of the internal pudendal artery are sometimes derived from 
an aeeessory pudendal artery, which is usually a braneh of the pudendal 
artery before its exit from the pelvis; effeetively, the artery is double 
before it leaves the pelvis. 

Inferior reetal artery 

The inferior reetal artery arises just after the internal pudendal artery 
enters the pudendal eanal on the lateral wall of the isehio-anal fossa. It 
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Fig. 73.15 Muscles and faseiae of the female perineum - eoronal view. The seetion passes through the bulb of the elitoris at the level of the urethra. The 
deep perineal spaee is continuous with the isehio-anal fossa posteriorly. The viseeral and parietal faseiae have been omitted for elarity. The pelvie faseia 
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over the inferior aspeet of levator ani. 
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Fig. 73.16 Muscles and faseiae of the female 
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resonanee image. (Courtesy of Dr J Lee and Ms K 
VVimpey, Chelsea and VVestminster Hospital, 
London.) 


mns anteromedially through the adipose tissue of the isehio-anal fossa 
to reaeh the deep portion of the external anal sphineter, and often 
branehes before reaehing the sphineter. During disseetions of the anal 
eanaf particularly during perineal excisions of the anorectum, the infe- 
rior reetal vessels are encountered in the isehio-anal fossa and must be 
secured before division; othenvise, they tend to retraet laterally to the 
eanaf where they ean cause troublesome bleeding. 

Perineal artery 

The perineal artery is a braneh of the internal pudendal artery that arises 
near the anterior end of the pudendal eanal and mns through the peri- 
neal membrane. In the male, it approaehes the scrotum in the superfi- 
eial perineal spaee, between bulbospongiosus and ischiocavernosus (see 
Fig. 76.24). A small transverse braneh passes medially inferior to the 
superficial transverse perineal mnsele, to anastomose with the 


eontralateral artery and with the posterior serotal and inferior reetal 
arteries. It supplies the transverse perinei, the perineal body and the 
posterior attaehment of the bulb of the penis. The posterior serotal 
arteries are usually terminal branehes of the perineal artery but may 
also arise from its transverse braneh. They are distributed to the serotal 
skin and dartos muscle in the male and supply the perineal muscles. 
In the female, the perineal artery mns an almost identieal course to that 
in the male and gives off the posterior labial arteries (see Fig. 77.4). 

Veins of the perineum: internal 
pudendal veins 


The internal pudendal veins are venae eomitantes of the internal puden- 
dal artery and unite as a single vessel ending in the internal iliae vein. 
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SECTION 8 


TRUE PELVIS, PELVIC FLOOR AND PERINELIM 


The perineal tributaries reeeive veins from the penile bulb and the 
scrotum (males), or elitoris and labia (females), and the inferior reetal 
veins join towards the posterior end of the pudendal eanal. 

Lymphatie drainage of the perineum 


The lymphaties from the skin of the penis and scrotum (male), or skin 
of the elitoris and labia (female), drain together with lymphaties from 
the perineal skin to the superficial inguinal nodes and, from there, to 
the deep inguinal nodes. The glans, eorpora eavernosa and corpus 
spongiosum of the penis or elitoris drain direetly to the deep inguinal 
nodes (see Fig. 78.10). 

INNERVATION 0F THE PERINELIM: PUDENDAL 
NERVE (IN THE PERINEUM) 

The pudendal nerve gives rise to the inferior reetal and perineal nerves 
and to the dorsal nerves of the penis or elitoris. The course of its 
branehes parallels the pudendal vessels (see Figs 76.24, 77.4). The 
pudendal nerve occupies a very eonstant position over the isehial spine 
and is readily found. It may be 'bloeked' by infiltration with a loeal 
anaesthetie applied via a needle passed through the lateral wall of the 
vagina to numb the perineal and anal skin. It may also be palpated over 
the isehial spine through the lateral wall of the rectum and motor ter- 
minal lateneies may be measured. 

Inferior reetal nerve 


The inferior reetal nerve mns through the medial wall of the pudendal 
eanal with the inferior reetal vessels. It erosses the isehio-anal fossa to 
supply the external anal sphineter, the lining of the lower part of 
the anal eanal and the circumanal skin. It frequently breaks into termi- 
nal branehes before reaehing the lateral border of the sphineter. Its 
cutaneous branehes that are distributed around the anus overlap the 
cutaneous branehes of the perineal braneh of the posterior femoral 
cutaneous nerve and of the serotal or labial nerves. The inferior reetal 
nerve oeeasionally arises direetly from the saeral plexus and erosses the 
sacrospinous ligament or reeonneets with the pudendal nerve. In 
females, the inferior reetal nerve may supply sensory branehes to the 
lower part of the vagina. 


Perineal nerve 


The perineal nerve is the inferior and larger terminal braneh of the 
pudendal nerve in the pudendal eanal. It mns forwards below the 
internal pudendal artery and aeeompanies the perineal artery, dividing 
into posterior serotal or labial and muscular branehes. The posterior 
serotal or labial nerves are usually double; they have medial and lateral 
branehes that mn over the perineal membrane and pass forwards in the 
lateral part of the urogenital triangle with the serotal or labial branehes 
of the perineal artery. They supply the skin of the scrotum or labia 
majora, overlapping the distribution of the perineal braneh of the pos- 
terior femoral cutaneous and inferior reetal nerves. In females, the 
posterior labial branehes also supply sensory fibres to the skin of the 
lower vagina. 

Muscular branehes arise direetly from the pudendal nerve to supply 
the superficial transverse perineal muscles, bulbospongiosus, isehioeav- 
ernosus, sphineter urethrae and the anterior parts of the external anal 
sphineter and levator ani. In males, a nerve to the bulb of the urethra 
leaves the nerve to the bulbospongiosus, pierees this muscle to supply 
the corpus spongiosum penis, and ends in the urethral mucosa. 

Dorsal nerve of the penis or elitoris 


The dorsal nerve of the penis or elitoris mns anteriorly above the inter- 
nal pudendal artery along the ischiopubic ramus, deep to the perineal 
membrane. It supplies the corpus cavernosum and aeeompanies the 
dorsal artery of the penis or elitoris between the layers of the suspensory 
ligament. In males, the dorsal nerve of the penis mns on the dorsum 
of the penis to end in the glans. 


(@ Bonus e-book images 

Fig. 73.7 The relationship between anteroposterior diameters of the 
right eommon, internal and external iliae arteries and body siirfaee 
area (BSA) in boys and girls between the ages of 1 and 16 years. 
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CHAPTER 


Kidney and ureter 




The kidneys excrete end-products of metabolism and excess water. 
These aetions are essential for the eontrol of eoneentrations of various 
substances in the body, maintaining eleetrolyte and water balanee 
approximately eonstant in the tissue fluids. The kidneys also have 
endoerine fhnetions, producing and releasing erythropoietin, which 
affeets red blood eell formation; renin, which influences blood pres- 
sure; l,25-di-hydroxycholecalciferol (the metabolieally aetive form of 
vitamin D), which is involved in the eontrol of calcium absorption and 
mineral metabolism; and various other soluble faetors with metabolie 
aetions. 

In the fresh state, the kidneys are reddish-brown. They are situated 
posteriorly behind the peritoneum, on eaeh side of the vertebral 
column, and are surrounded by adipose tissue. Superiorly, they are level 
with the upper border of the twelfth thoraeie vertebra, and inferiorly, 
with the third lumbar vertebra. The right is usually slightly inferior to 
the left, refleeting its relationship to the liver. The left is a little longer 


and narrower than the right and lies nearer the median plane (Fig. 
74.1). The long axis of eaeh kidney is direeted inferolaterally and the 
transverse axis posteromedially, which means that the anterior and 
posterior aspeets usually deseribed are, in faet, anterolateral and pos- 
teromedial. An appreeiation of this orientation is important in percu- 
taneous and endo-urological renal surgery. 

In adults, eaeh kidney is typieally 11 em in length, 6 em in breadth 
and 3 em in anteroposterior dimension. The left kidney may be 1.5 em 
longer than the right; it is rare for the right kidney to be more than 
1 em longer than the left. The average weight is 150 g in men and 135 g 
in women. In thin individuals with a lax abdominal wall, the lower 
pole of the lower right kidney may just be felt in full inspiration by 
bimanual lumbar examination, but this is unusual. In the fetus and the 
newborn, the kidney normally has 12 lobules; in the adult, these 
lobules are fused to present a smooth surface, although traees of lobula- 
tion may remain and ean mimie a renal mass on radiographie imaging. 

Absent and eetopie kidneys A single absent kidney, resulting 
from the failure of the metanephrie blastema to join a ureteric bud on 
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Fig. 74.1 Relationships of the kidneys and ureters in the male retroperitoneum. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, Urban and Fiseher. Copyright 2013.) 
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KIDNEY AND LIRETER 


the affeeted side, is seen in 1 in 1200 individuals. There are no elinieal 
sequelae, but the ipsilateral vas (ductus) deferens and/or epididymis 
may also be absent and there may be other eongenital anomalies, 
including imperforate anus, eardiae valvular anomalies and oesopha- 
geal atresia. A single kidney often shows eompensatory hypertrophy 
but, provided the single kidney is anatomieally and fhnetionally 
normaf the life expectancy of individuals with a single kidney is no 
different from that of those with two kidneys. 

Failure of the kidney to aseend into the renal fossa in utero results 
in renal eetopia. An eetopie kidney is found in the pelvis in 1 in 2500 
live births. Kidneys so plaeed often have assoeiated malrotation anoma- 
lies and may have marked fetal lobulation. Pelvie kidneys frequently 
beeome hydronephrotie as a result of an anteriorly plaeed ureter and 
an anomalous arterial supply; an assoeiated ureteropelvic junction 
obstmetion is often present. 

Very rarely and despite the normal loeation of the ureteric orifiees 
within the bladder, the two kidneys may be on the same side (erossed 
renal eetopia) and are usually fused (erossed-fhsed eetopia). A solitary 
erossed renal eetopia may be assoeiated with skeletal and other geni- 
tourinary anomalies. A number of different anatomieal patterns ean 
result, all of which are extremely rare (Fig. 74.2). 

Horseshoe kidney Horseshoe kidneys are found in 1 in 400 indi- 
viduals. A transverse bridge of renal tissue, the isthmus, often eontain- 
ing fimetioning renal substance, eonneets the two renal masses. The 
isthmus lies between the inferior poles, most eommonly anterior to the 
great vessels; it is often inferior to the inferior mesenterie artery because 
this vessel obstmets the normal aseent of the kidney during embryologi- 


eal development. The ureters curve anterior to the isthmus and often 
have a high insertion into the renal pelvis (Fig. 74.3). 

The blood supply to horseshoe kidneys is variable. One vessel to 
eaeh moiety is seen in 30% of horseshoe kidneys but imiltiple anoma- 
lous vessels are eommon; the isthmus may be supplied by a vessel 
direetly from the aorta or from branehes of the inferior mesenterie, 
eommon iliae or external iliae arteries. In view of this variable arterial 
anatomy, angiography or computed tomography (CT) seanning with 
vasailar reeonstmetion is very helpfiil when planning renal surgery on 
horseshoe kidneys. Horseshoe kidneys may exhibit an assoeiated eon- 
genital ureteropelvic junction obstmetion in up to 30% of eases and 
have a ehromosomal anomaly in 56% of eases (Seott 2002). Anoma- 
lous vessels erossing the ureter, and the abnormal course of the ureter 
as it passes over renal substance, may also cause obstmetion. 

PERIRENAL FASCIA 


The perirenal faseia, sometimes referred to as Gerota's faseia (p. 1084), 
is a dense, elastie eonneetive tissue sheath that envelops eaeh kidney 
and suprarenal gland, together with a layer of surrounding perirenal fat 
(Fig. 74.4; see Fig. 62.2). The kidney and its vessels are embedded in 
perirenal fat, which is thiekest at the renal borders and extends into the 
renal sinus at the hilum. 

The perirenal faseia was originally deseribed as being made up of 
two separate entities, the posterior faseia of Zuckerkandl and the ante- 
rior faseia of Gerota, which fiised laterally to form the lateroeonal faseia 
(Burkhill and Healy 2000). Aeeording to this view, the lateroeonal faseia 
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Fig. 74.2 Crossed renal eetopia: the possible arrangements of erossed eetopie kidneys. 
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Fig. 74.3 A, A horseshoe kidney. Note the ureters pass anterior to the 
isthmus, and the relatively high insertion of the ureters into the renal 
pelvis. B, Axial eontrast-enhaneed computed tomography (CT) image. 
C, Coronal maximal intensity projeetion (MIP) image of the abdomen. 

B and C demonstrate midline eonneetion of the parenehyma of the two 
kidneys below the inferior mesenterie artery (B, arrow), in a horseshoe 
configuration, in keeping with a horseshoe kidney. (A, With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, llrban and Fiseher. Copyright 2013.) 


continued anterolaterally behind the eolon to blend with the parietal 
peritoneum. However, work by Mitehell (1950) showed that the peri- 
renal faseia is not made up of distinet fused faseiae but is, in faet, a 
single multilaminated structure that is fused posteromedially with the 
muscular faseiae of psoas major and quadratus lumborum. It then 
extends anterolaterally behind the kidney as a bilaminated sheet, 
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Fig. 74.4 A, A sagittal seetion through the posterior abdominal wall, 
showing the relations of the renal faseia of the right kidney. B, A 
transverse seetion, showing the relations of the renal faseia. 


which, at a variable point, divides into a thin anterior lamina, passing 
anterior to the kidney as the anterior perirenal faseia, and a thieker 
posterior lamina that continues anterolaterally as the lateroeonal faseia 
and fuses with the parietal peritoneum. 

eiassieally, the anterior perirenal faseia was thought to blend into 
the dense mass of eonneetive tissue surrounding the great vessels in the 
root of the mesentery behind the duodenum and panereas, thereby 
preventing communication between perirenal spaees aeross the midline. 
However inspeetion of CT images or of anatomieal seetions of eadavers, 
following injeetion of eontrast or coloured latex, respeetively, into the 
perirenal spaee, revealed that fluid could extend aeross the midline at 
the third to fifth lumbar levels through a narrow ehannel measuring 
2-10 mm in anteroposterior dimension. In the midline superiorly, the 
anterior and posterior renal faseiae fuse and are attaehed to the emra 
of their respeetive hemidiaphragms. Inferiorly, the faseiae separate for 
a variable craniocaudal distanee. The posterior perirenal faseia fuses 
with the muscular faseia of psoas major, while the anterior perirenal 
faseia extends aeross the midline anterior to the great vessels; commu- 
nieation between the two sides is permitted, although is very rarely of 
elinieal signifieanee. Below this level, the two faseiae onee again merge 
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and are attaehed to the great vessels or iliae vessels. The eontainment 
of fluid to one side of the perirenal spaee that is observed in over two- 
thirds of elinieal eases is attributed to the presenee of fibrous septa. 

Above the suprarenal glands, the anterior and posterior perirenal 
faseiae were previously said to fuse with eaeh other and to the diaphragm- 
atie faseia. This deseription of a elosed superior eone is not universally 
aeeepted. Cadaveric experiments have shown the superior aspeet of the 
perirenal spaee to be open and in eontimiity with the bare area of the 
liver on the right and the subphrenic extraperitoneal spaee on the left. 
The posterior faseial layer blends bilaterally with the faseia of psoas 
major and quadratus hmbomm, as well as the inferior phrenie faseia. 
The anterior faseial layer on the right blends with the right inferior 
eoronary ligament at the level of the upper pole of the kidney and bare 
area of the liver. On the left, the anterior layer fhses with the gastro- 
splenie ligament at the level of the suprarenal gland. 

There is some debate eoneerning the inferior fhsion of the perirenal 
faseia. Many investigators believe that, inferiorly the anterior and pos- 
terior leaves of the perirenal faseial fuse to produce an inverted eone 
that is open to the pelvis at its apex. Laterally the anterior and posterior 
leaves fuse with the iliae faseia; medially they fuse with the periureteric 
eonneetive tissue. The inferior apex of the eone is open anatomieally 
towards the iliae fossa but rapidly beeomes sealed in inflammatory 
disease. An alternative view is based on the disseetion of reeently 
deeeased eadavers after injeetions of coloured latex into the perirenal 
spaee, which have shown that the anterior and posterior perirenal 
faseiae merge to form a single multilaminar faseia that eontains the 
ureter in the iliae fossa. Anteriorly this eommon faseia is loosely eon- 
neeted to the parietal peritoneum, and so denies free communication 
between the perirenal spaee and the pelvis, and between the perirenal 
and pararenal spaees. 

A simple nephreetomy for benign disease removes the kidney from 
within perirenal faseia; a radieal nephreetomy (for eaneer) elassieally 
removes the entire eontents of the perirenal spaee, including the peri- 
renal faseia and suprarenal gland, in order to give adequate elearanee 
around the tumour. 


RELATIONS 


The superior poles of both kidneys are thiek and round, and related to 
their respeetive suprarenal glands (Fig. 74.5). The inferior poles are 
thinner and extend to within 2.5 em of the iliae erests. The lateral 
borders are convex. The medial borders are convex adjaeent to the poles 
and eoneave between them, and slope inferolaterally. In eaeh, a deep 
vertieal fissure opens anteromedially as the hilum, which is bounded 
by anterior and posterior lips and eontains the renal vessels and nerves, 
and the renal pelvis. The relative positions of the main hilar structures 
are the renal vein (anterior), the renal artery (intermediate) and the 
pelvis of the kidney (posterior) (Fig. 74.6). Usually, an arterial braneh 
from the main renal artery mns over the superior margin of the renal 
pelvis to enter the hilum on the posterior aspeet of the pelvis, and a 
renal venous tributary often leaves the hilum in the same plane. Above 
the hilum, the medial border is related to the suprarenal gland and 
below to the origin of the ureter. 

The convex anterior surface of the kidney actually faees anterolater- 
ally and its relations differ on the right and left. Likewise, the posterior 
surface of the kidneys, in reality, faees posteromedially. Its relations are 
similar on both sides of the body (Fig. 74.7). 

A small area of the superior pole of the right kidney is in eontaet with 
the right suprarenal gland, which may overlap the upper part of the 
medial border of the superior pole (Fig. 74.8). A large area below this is 
immediately related to the right lobe of the liver, separated by a layer of 
peritoneum. A narrow medial area is direetly related to the retroperito- 
neal deseending part of the duodenum. Inferiorly, the anterior surface is 
direetly in eontaet laterally with the retroperitoneal right eolie flexure 
and medially with part of the intraperitoneal small intestine. 

A small medial area of the superior pole of the left kidney is related 
to the left suprarenal gland (see Fig. 74.8). The lateral half of the ante- 
rior surface is related to the spleen, from which it is separated by a layer 
of peritoneum. A eentral quadrilateral area lies in direet eontaet with 
the retroperitoneal panereas and the splenie vessels. Above this, a small, 
variable, triangular region, between the suprarenal and splenie areas, is 
in eontaet with the stomaeh, separated by a layer of peritoneum. Below 
the panereatie and splenie areas, a narrow lateral strip that extends to 
the lateral border of the kidney is direetly related to the retroperitoneal 
left eolie flexure and the beginning of the deseending eolon. An exten- 
sive medial area is related to intraperitoneal loops of jejunum. The 
gastrie area is eovered with the peritoneum of the lesser sae (omental 
bursa), and the splenie and jejunal areas are eovered by the peritoneum 
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Fig. 74.5 A, The posterior aspeet of the left kidney and suprarenal gland. 
B, The posterior aspeet of the right kidney and suprarenal gland. Note 
that the left suprarenal vein enters the left renal vein. This is an important 
relationship to identify when performing a left nephreetomy. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban and Fiseher. Copyright 2013.) 


of the greater sae. Behind the peritoneiim eovering the jejunal area, 
branehes of the left eolie vessels are related to the kidney. 

The posteromedial surface of the kidneys is embedded in fat and 
devoid of peritoneum. The right and left kidneys are related to similar 
structures. Superiorly are the diaphragm and the medial and lateral 
araiate ligaments. More inferiorly, moving in a medial to lateral 





















































Kidney 


direetion, are psoas major, quadratus lumborum and the aponeurotic 
tendon of transversus abdominis, the subcostal vessels, and the subcos- 
taf iliohypogastrie and ilioinguinal nerves. The upper pole of the right 
kidney is level with the twelfth rib, and that of the left with the eleventh 
and twelfth ribs. The diaphragm separates the kidney from the pleura, 
which deseends to form the eostodiaphragmatie reeess; diaphragmatie 
muscle is sometimes defeetive or absent in a triangle immediately above 
the lateral arcuate ligament, and this allows perirenal adipose tissue to 
eontaet the diaphragmatie pleura. 



Fig. 74.6 An intraoperative view of the disseeted renal hilum. The kidney 
is seen enveloped by Gerota’s faseia in the siiperior aspeet of the 
operative field. The renal artery (RA) is noted in its posterior loeation 
adjaeent to the larger renal vein (RV). 


INTERNAL MACROSTRUCTURE 


The postnatal kidney has a thin fibrous capsule eomposed of eollagen- 
rieh eonneetive tissue with some elastie and smooth muscle fibres. In 
renal disease, the capsule may beeome adherent. 

The kidney itself ean be divided into an internal medulla and 
external cortex (Fig. 74.9). The renal medulla eonsists of pale, striated, 
eonieal renal pyramids; their bases are peripheral, and their apiees 
eonverge to the renal sinus. At the renal sinus, they projeet into ealyees 
as papillae. 

The renal cortex (see Fig. 74.14) is subcapsular, arehing over the 
bases of the pyramids and extending between them towards the renal 
sinus as renal columns. Its peripheral regions are termed eortieal arehes 
and are traversed by radial, lighter-coloured, medullary rays, separated 
by darker tissue, the convoluted part. The rays taper towards the renal 
capsule and are peripheral prolongations from the bases of renal pyra- 
mids. The cortex is histologieally divisible into outer and inner zones. 
The inner zone is demareated from the medulla by tangential blood 
vessels (arcuate arteries and veins), which lie at the junction of the two; 
however, a thin layer of eortieal tissue (subcortex) appears on the med- 
ullary side of this zone. The cortex elose to the medulla is sometimes 
termed the juxtamedullar cortex. 

Renal pelvis and ealyees 


The hilum of the kidney leads into a eentral renal sinus, lined by the 
renal capsule and almost filled by the renal pelvis and vessels; the 
remaining spaee is filled by fat. Disseetion into this plane ean be ehal- 
lenging but is important in surgery on the renal pelvis, particularly open 
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Fig. 74.7 Multislice CT seans of the kidneys. A, An axial CT sean of the kidneys showing the anatomieal relationships of the kidneys at the renal hilum. 
B, A eoronal reformat showing both kidneys and the suprarenal glands. C, A sagittal reformat of the left kidney lying posterior to the stomaeh, spleen 
and panereas. D, A sagittal reformat of the right kidney lying posterior to the right lobe of the liver, hepatie flexure and duodenum. 
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Fig. 74.8 The surfaces of the kidneys. A, Anterior, shovving the areas related to neighbouring viseera. The areas vvhere overlying viseera are separated 
from the kidney by peritoneum are shovvn. B, Posterior, shovving the areas of relation to the posterior abdominal vvall. (With permission from Drake RL, 
Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 
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Fig. 74.9 The left kidney, oblique vertieal hemiseetion: normal maeroseopie appearanee of the renal cortex and renal medulla, and the major structures 
at the hilum of the kidney. A, The fat body of the renal sinus and most of the major vessels at the hilum have been removed, and the renal pelvis has not 
been opened. B, The renal pelvis has been opened to reveal the interlobar arteries. (B, With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Urban and Fiseher. Copyright 2013.) 


stone surgery. Within the renal sinus, the eolleeting tubules of the 
nephrons of the kidney open on to the summits of the renal papillae 
to drain into minor ealyees, which are fhnnel-shaped expansions of the 
upper urinary traet. The renal capsule eovers the external surface of the 
kidney and eontimies through the hilum to line the sinus and fuse with 
the adventitial eoverings of the minor ealyees. Eaeh minor calyx sur- 
rounds either a single papilla or, more rarely, groups of two or three 
papillae. The minor ealyees unite with their neighbours to form two, or 
possibly three, larger ehambers: the major ealyees. There is wide varia- 
tion in the arrangement of the ealyees. As the posterior aspeet of the 
kidney rotates laterally during its aseent in utero, the ealyees that were 
lateral in utero beeome positioned anteriorly, and the medial ealyees 
move more posteriorly. The ealyees drain into the infundibula. The 
renal pelvis is normally formed from the junction of two infundibula 
- one from the upper and one from the lower pole ealyees - but there 
may be a third, which drains the ealyees in the mid portion of the 
kidney. The ealyees are usually grouped so that three pairs drain into 
the upper pole infundibulum and four pairs into the lower pole 
infundibulum. If there is a middle infundibulum, the distribution is 
normally three pairs at the upper pole, two in the middle, and two at 
the lower pole. There is eonsiderable variation in the arrangement of 
the infundibula and in the extent to which the pelvis is intrarenal or 


extrarenal. The hmnel-shaped renal pelvis tapers as it passes infero- 
medially, traversing the renal hilum to beeome continuous with the 
ureter (see Figs 74.9-74.10). It is rarely possible to determine preeisely 
where the renal pelvis eeases and the ureter begins; the region is usually 
extrahilar and normally lies adjaeent to the lower part of the medial 
border of the kidney. Rarely, the entire renal pelvis has been found to 
lie inside the sinus of the kidney so that the pelvmreterie region occurs 
either in the vieinity of the renal hilum or eompletely within the renal 
sinus. 

The ealyees, renal pelvis and ureter are well demonstrated radiologi- 
eally following an intravenous injeetion of radio-opaque eontrast that 
is excreted in the urine (computed tomographie urography, CTU) (Fig. 
74.10), or after the introduction of radio-opaque eontrast into the 
ureter by eatheterization through a eystoseope (aseending or retrograde 
pyelography). Normal cupping of the minor ealyees by projeeting renal 
papillae may be obliterated by eonditions that cause hydronephrosis: 
ehronie distension of the ureter and renal pelvis due to upper or lower 
urinary traet obstmetion, resulting in elevated intrapelvie pressure. An 
appreeiation of the rotation of the kidneys, which results in the poste- 
rior ealyees lying relatively medially and the anterior ealyees lying later- 
ally, is essential when interpreting eontrast imaging of the eolleeting 
system of the kidneys. 
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Fig. 74.10 A 39-year- 
old man with a history 
of intrinsie sphineter 
defieieney: eoronal 
CT urogram. A, A 
maximum-intensity 
projeetion (MIP). 

B, A volume-rendered 
image. Both images 
demonstrate eolleeting 
systems, ureters and 
bladder that appear 
normal. 
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VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
Renal arteries 



The paired renal arteries take about 20% of the eardiae output to supply 
organs that represent less than 1% of total body weight. They braneh 
laterally from the aorta just below the origin of the superior mesenterie 
artery (see Fig. 59.6; Fig. 74.11A). Both eross the eorresponding ems of 
the diaphragm at right angles to the aorta. The right renal artery is 
longer and often higher, passing posterior to the inferior vena eava, right 
renal vein, head of the panereas, and deseending part of the duodenum. 
The left renal artery is a little lower and passes behind the left renal 
vein, the body of the panereas, and splenie vein. It may be erossed 
anteriorly by the inferior mesenterie vein. 

A single renal artery to eaeh kidney is present in approximately 70% 
of individuals (Fig. 74.12). The arteries vary in their level of origin and 
in their ealibre, obliquity and preeise relations (Fig. 74.11B). In its 
extrarenal course, eaeh renal artery gives off one or more inferior supra- 
renal arteries, a braneh to the ureter, and branehes that supply peri- 
nephrie tissue, the renal capsule and the pelvis. Near the renal hilum, 
eaeh artery divides into an anterior and a posterior division, and these 
divide into segmental arteries supplying the renal vascular segments 
(Fig. 74.11C). Aeeessory renal arteries are eommon (30% of individu- 
als), and usually arise from the aorta above or below (most eommonly, 
below) the main renal artery and follow it to the renal hilum (Merklin 
and Miehels 1958). They are regarded as persistent embryonie lateral 
splanehnie arteries. Aeeessory vessels to the inferior pole eross anterior 
to the ureter and may, by obstmeting the ureter, cause hydronephrosis 
(Fig. 74.13). In ehildren with pelviureteric junction obstmetion, a 
erossing vessel is found in 28% of eases (Veyrae et al 2003). Three 
anatomieal variants of aberrant lower pole erossing vessels have been 
deseribed: anterior to the dilated pelvis or pelvmreterie junction, or 
inferior to the pelvmreterie junction, causing kinking of the ureter 


(Sehneider et al 2013). Rarely, aeeessory renal arteries arise from the 
eoeliae or superior mesenterie arteries near the aortie bifurcation, or 
from the eommon iliae arteries. 

The subdivisions of the renal arteries are deseribed sequentially as 
segmental, lobar, interlobar, arcuate and interlobular arteries, and affer- 
ent and efferent glomemlar arterioles (Fig. 74.14). 

Segmental arteries 

Renal vascular segmentation was originally reeognized by John Hunter 
in 1794, but the fìrst detailed account of the primary pattern was pro- 
duced in the 1950s from easts and radiographs of injeeted kidneys. Five 
arterial segments have been identified (Fig. 74.15). The apieal segment 
occupies the anteromedial region of the superior pole. The superior 
(anterior) segment includes the rest of the superior pole and the eentral 
anterosuperior region. The inferior segment eneompasses the whole 
lower pole. The middle (anterior) segment lies between the anterior and 
inferior segments. The posterior segment includes the whole posterior 
region between the apieal and inferior segments. This is the pattern 
most eommonly seen, and although there ean be eonsiderable varia- 
tion, it is the pattern that elinieians most frequently encounter when 
performing partial nephreetomy. Whatever pattern is present, it is 
important to emphasize that vasailar segments are supplied by virtual 
end arteries. In eontrast, larger intrarenal veins have no segmental 
organization and anastomose freely. 

Bròdel deseribed a relatively avasailar longitudinal zone (the 'blood- 
less' line of Bròdel) along the convex renal border, which was proposed 
as the most suitable site for surgical ineision (Bròdel 1911). However, 
many vessels eross this zone, and it is far from 'bloodless'; planned 
radial or intersegmental ineisions are preferable. Knowledge of the 
vascular anatomy of the kidney is important when undertaking partial 
nephreetomy for renal eell eaneers. In this surgery, the branehes of the 
renal artery are defìned so that the surgeon may safely excise the renal 
substance eontaining the tumour while not eompromising the vascular 
supply to the remaining renal tissue (Noviek 1998). 

Lobar, interlobar, arcuate 
and interlobular arteries 

The initial branehes of segmental arteries are lobar, usually one to eaeh 
renal pyramid. Before reaehing the pyramid, they subdivide into two or 
three interlobar arteries, extending towards the cortex around eaeh 
pyramid. At the junction of the cortex and medulla, interlobar arteries 
diehotomize into arcuate arteries, which diverge at right angles. As they 
areh between cortex and medulla, eaeh divides fhrther, ultimately sup- 
plying interlobular arteries that diverge radially into the cortex. The ter- 
minations of adjaeent aroiate arteries do not anastomose but end in the 
cortex as additional interlobular arteries. Though most interlobular arter- 
ies eome from aroiate branehes, some arise direetly from arcuate, or even 
terminal, interlobar arteries (see 7 ig. 74.14). Interlobular arteries aseend 
towards the superfìcial cortex or may braneh oeeasionally en route. Some 
are more tortuous and reoirve towards the medulla at least onee before 
proeeeding towards the renal surface. Others traverse the surface as per- 
forating arteries to anastomose with the capsular plexus (which is also 
supplied from the inferior suprarenal, renal and gonadal arteries). 

Afferent and efferent glomemlar arterioles 

Afferent glomemlar arterioles are mainly the lateral rami of interlobular 
arteries. A few arise from aroiate and interlobar arteries, when they vary 
their direetion and angle of origin: deeper ones ineline obliquely baek 
towards the medulla, the intermediate pass horizontally, and the more 
superfìcial approaeh the renal surface obliquely before ending in a 
glomemlus (see Fig. 74.14). Efferent glomemlar arterioles from most 
glomemli (except at juxtamedullary and, sometimes, at intermediate 
eortieal levels) soon divide to form a dense peritubular eapillary plexus 
around the proximal and distal convoluted tubules; there are, thus, two 
sets of eapillaries - glomemlar and peritubular - in series in the main 
renal eortieal circulation, linked by efferent glomemlar arterioles. The 
vasoilar supply of the renal medulla is largely from efferent arterioles 
of juxtamedullary glomemli, supplemented by some from more super- 
fieial glomemli, and 'aglomemlar' arterioles (probably from degener- 
ated glomemli). Efferent glomemlar arterioles passing into the medulla 
are relatively long, wide vessels, and contribute side branehes to neigh- 
bouring eapillary plexuses before entering the medulla, where eaeh 
divides into 12-25 deseending vasa reeta. As their name suggests, these 
mn straight to varying depths in the renal medulla, contributing side 
branehes to a radially elongated eapillary plexus applied to the deseend- 
ing and aseending limbs of renal loops and to eolleeting ducts. The 
venous ends of eapillaries eonverge to the aseending vasa reeta, which 
drain into aroiate or interlobular veins. An essential feature of the vasa 
reeta (particularly in the outer medulla) is that both aseending and 


1243 


CHAPTER 74 



























Kidney and ureter 




Fig. 74.13 Marked dilation of the right renal pelvis (*) and ealyees, and 
non-dilation of the right iireter (without an assoeiated lesion) due to 
ureteropelvic junction obstmetion. Note a erossing inferior right renal vein 
(arrow) at the level of the obstmetion. A, A eoronal maximum-intensity 
projeetion of the abdomen. B, An axial eontrast-enhaneed CT image of 
the abdomen. 
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Fig. 74.11 A, An axial multislice CT renal angiogram. B, Variations in the 
number and patterns of branehing of the renal artery (pereentages are 
approximate). C, An intraoperative angiogram of the left kidney, 
demonstrating the main renal artery (1), segmental renal arteries (2) and their 
subsequent branehes. (B, With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban and Fiseher. 
Oopyright 2013.) 


deseending vessels are grouped into vascular bundles, within which the 
external aspeets of both types are elosely apposed, bringing them elose 
to the limbs of renal loops and eolleeting ducts. As these bundles eon- 
verge eentrally into the renal medulla, they eontain fewer vessels; some 
terminate at successive levels in neighbouring eapillary plexuses. This 
proximity of deseending and aseending vessels to eaeh other and to 
adjaeent ducts provides the structural basis for the countercurrent 
exchange and multiplier phenomena (Fig. 74.16). These complex renal 
vascular patterns show regional speeializations that are elosely adapted 
to the spatial organization and fhnetions of renal eorpnseles, tubules 
and ducts (see below). 

Renal veins 


Fine radieles from the venous ends of the peritubular plexuses eonverge 
to join interlobular veins, one with eaeh interlobular artery. Many inter- 
lobular veins begin beneath the fibrous renal capsule by the eonver- 
genee of several stellate veins, which drain the most superficial zone of 
the renal cortex and so are named from their surface appearanee. Inter- 
lobular veins pass to the corticomedullary junction and also reeeive 
some aseending vasa reeta before ending in arcuate veins (which aeeom- 
pany arcuate arteries), and anastomose with neighbouring veins. 


Arcuate veins drain into interlobar veins, which anastomose and form 
the renal vein. 

The large renal veins lie anterior to the renal arteries and open into 
the inferior vena eava almost at right angles (see Fig. 59.7; Fig. 74.17). 
The left is three times longer than the right (7.5 em and 2.5 em, respee- 
tively), and for this reason, the left kidney is the preferred side for live 
donor nephreetomy. The left renal vein mns from its origin in the renal 
hilum, posterior to the splenie vein and the body of panereas, and then 
aeross the anterior aspeet of the aorta, just below the origin of the 
superior mesenterie artery. Nutcracker syndrome, eharaeterized by left 
renal vein hypertension seeondary to eompression of the vein between 
the aorta and the superior mesenterie artery has been assoeiated with 
haematuria and varieoeele in ehildren. The left gonadal vein enters the 
left renal vein from below, and the left suprarenal vein, usually reeeiving 
one of the left inferior phrenie veins, enters it above but nearer the 
midline. The left renal vein enters the inferior vena eava a little superior 
to the right. The right renal vein is behind the deseending duodenum 
and, sometimes, the lateral part of the head of the panereas. It ean be 
extremely short (less than 1 em), such that safe nephreetomy may 
require excision of a cuff of the inferior vena eava. 

The left renal vein may be double, one vein passing posterior, and 
the other anterior, to the aorta before joining the inferior vena eava. 
This is sometimes referred to as persistenee of the 'renal eollar. The 
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Fig. 74.12 A resin eorrosion east of human 
kidneys. llreters, pelves and ealyees are yellovv; 
aorta, renal arteries and their branehes are red. 
(Prepared by the late DH Tompsett of the Royal 
College of Surgeons of England. With permission 
from the Museums of The Royal College of 
Surgeons.) 
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Fig. 74.14 The major structures in the kidney cortex and medulla (left), the position of eortieal and juxtamedullary nephrons (middle), and the major 
blood vessels (right). 
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Fig. 74.15 The segmental arterial anatomy of the right kidney. The posterior division branehes near the hiliim before the anterior division divides into the 
other segmental arteries. 


anterior vein may be absent so that there is a single retro-aortie left renal 
vein. The left renal vein may have to be ligated during surgery for aortie 
aneurysm because it has such a elose relationship with the aorta; this 
seldom results in any harm to the kidney provided that the ligature is 
plaeed medial to the draining gonadal and suprarenal veins, sinee these 
usually provide adequate eollateral venous drainage. The right renal 
vein has no signifìeant eollateral drainage and eannot be ligated with 
impunity. 

Lymphatie drainage 


Renal lymphatie vessels begin in three plexuses: around the renal 
tubules, under the renal capsule, and in the perirenal fat (the latter two 
eonneet freely). Collecting vessels from the intrarenal plexus form four 
or five tmnks that follow the renal vein to end in the lateral aortie nodes; 
the subcapsular eolleeting vessels join them as they leave the hilum. 
The perirenal plexus drains direetly into the same nodes. 

INNERVATION 


Rami from the eoeliae ganglion and plexus, aortieorenal ganglion, 
lowest thoraeie splanehnie nerve, first lumbar splanehnie nerve and 
aortie plexus form a dense plexus of autonomic nerves around the renal 
artery (see Figs 59.4, 59.5). 

Small ganglia occur in the renal plexus, the largest usually behind 
the origin of the renal artery. The plexus continues into the kidney 
around the arterial branehes and supplies the vessels, renal glomemli 
and, espeeially, the eortieal tubules. Axons from plexuses around the 
aroiate arteries innervate juxtamedullary efferent arterioles and vasa 
reeta, which eontrol the blood flow between the cortex and medulla 
without affeeting the glomemlar circulation. Axons from the renal 
plexus contribute to the ureteric and gonadal plexuses. 

MICROSTRUCTURE 


The kidney is eomposed of many tortuous, elosely paeked uriniferous 
tubules, bounded by a delieate eonneetive tissue in which mn blood 
vessels, lymphaties and nerves. Eaeh tubule eonsists of two embryologi- 
eally distinet parts, the nephron, which produces urine, and the eolleet- 
ing duct, which eompletes the eoneentration of urine and through 
which urine passes out into the ealyees of the kidney, the renal pelvis, 
the ureter and urinary bladder. 

Nephron 


The nephron eonsists of a renal corpuscle, eoneerned with filtration 
from the plasma, and a renal tubule, eoneerned with seleetive resorp- 
tion from the filtrate to form the urine (see Fig. 74.14). Collecting ducts 
earry fluid from several renal tubules to a terminal papillary duct, 
opening into a minor calyx at the apex of a renal papilla. Papillary 
surfaces show numerous minute orifiees of these ducts and pressure on 
a fresh kidney expresses urine from them. 


Renal corpuscle 

Renal corpuscles are small, rounded stmctures averaging 0.2 mm 
in diameter, visible in the renal cortex deep to a narrow peripheral eorti- 
eal zone (Fig. 74.18; see Fig. 74.16). Eaeh has a eentral glomemhis of 
vessels and a glomemlar (Bowman's) capsule, from which the renal 
tubule originates. 

There are about 1 million renal corpuscles in eaeh kidney, their 
number (which may be determined, in part, by intrauterine faetors) 
deereasing with age; this proeess is aeeelerated by raised blood pressure. 
After birth, new nephrons eannot be developed; a lost nephron ean 
never be replaeed. The deerease in corpuscular numbers with age is 
refleeted in a eorresponding reduction in the rate of glomemlar filtra- 
tion from the fourth deeade onwards. 

Glomerulus 

A glomerulus is a eolleetion of convoluted eapillary blood vessels, 
united by a delieate mesangial matrix and supplied by an afferent arte- 
riole which enters the capsule opposite the urinary pole, where the 
filtrate enters the tubule (Davies et al 2001). (The term glomerulus is 
used most frequently to deseribe the entire renal corpuscle.) An efferent 
arteriole emerges from the same point, the vascular pole of the corpus- 
ele. Glomemli are simple in form until late prenatal life; some remain 
so for about 6 months after birth, the majority maturing by 6 years and 
all by 12 years. Low birth weight, defined as a weight less than 2500 g 
at birth, is assoeiated with a reduction in the number and volume of 
glomemli (Manalieh et al 2000). 

Bovvman’s capsule 

Bowman's capsule is the blind expanded end of a renal tubule, and is 
deeply invaginated by the glomemlus. It is lined by a simple squamous 
epithelium on its outer (parietal) wall; its glomemlar, juxtacapillary 
(viseeral) wall is eomposed of speeialized epithelial podoeytes. Between 
the two walls of the capsule is a flattened urinary (Bowman's) spaee, 
continuous with the proximal convoluted tubule (Fig. 74.18B; see Fig. 
74.16). 

Podoeytes are stellate eells. Their major (primary) foot proeesses 
curve around the eapillary loops and braneh to form seeondary pro- 
eesses that are applied elosely to the basal lamina; seeondary or tertiary 
proeesses give rise to terminal pedieels (Fig. 74.19A). Pedieels of one 
eell alternate with those of an adjaeent eell and interdigitate tightly with 
eaeh other, separated by narrow (25 nm) gaps: the filtration slits (Fig. 
74.19B). The latter are eovered by a dense, membranous, slit diaphragm, 
through which filtrate must pass to enter the urinary spaee. The dif- 
ferentiation of the adult podoeyte phenotype is assoeiated with the 
presenee of several speeifie proteins, including nephrin, podoein, syn- 
aptopodin and GLEPP-1. Mutations in these proteins ean cause impor- 
tant fimetional problems, e.g. the elassie Finnish form of eongenital 
nephritie syndrome is caused by a mutation of NHPSl, eoding for 
nephrin. The luminal membrane and the slit diaphragm are eovered by 
a dense surface eoat rieh in sialoglyeoproteins, which gives this surface 
a very high negative eharge and is one of the key eharaeteristies of the 
perm-seleetivity barrier. Differentiated podoeytes eannot replieate. 

The glomemlar endothelium is finely fenestrated. The prineipal 
barrier to the passage of fluid from eapillary lumen to urinary spaee is 
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Fig. 74.16 The regional microstructure and prineipal aetivities of a kidney nephron and eolleeting duct. For elarity, a nephron of the long loop 
(juxtamedullary) type is shovvn. Abbreviations: ADH, antidiuretic hormone. 
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examination and reeonstmeted as a three-dimensional, surface-shaded 


reformat. 


the glomemlar basal lamina, the fhsed endothelial and podoeyte basal 
laminae (see Fig. 74.19B). This is usually 0.33 jLtm thiek in humans, and 
aets as a seleetive filter, allowing the passage from blood, under pres- 
sure, of water and various small molecules and ions in the circulation. 
Haemoglobin may eross the filter, but larger molecules and those of 
similar size with a negative eharge are largely retained. Most protein 
that does enter the filtrate is seleetively resorbed and degraded by eells 
of the proximal convoluted tubule. 

The glomemlar basement membrane serves as the skeleton of the 
glomemlar tuft. Its outer aspeet is eompletely eovered by podoeytes, 
and the interior is filled by eapillaries and a delieate mesangial matrix 
(mesangium). The major eomponents of the glomemlar basement 
membrane are laminin and type IV eollagen (both of which are 
expressed as unique isoforms), and heparin sulphate proteoglyeans. The 



Fig. 74.18 A, A low-power histologieal seetion of the renal cortex, 
eontaining glomemli (G), proximal and distal convoluted tubules and 
blood vessels (BV). B, A higher-power view of the seetion demonstrating 
several glomemli (G) within a network of mesangium. The glomemlar 
basement membrane of the eapillaries is continuous with Bowman’s 
capsule (short arrow) of the glomerulus, and is separated from it by 
Bowman’s spaee (long arrow). 


thiekness of the glomemlar basement membrane inereases throughout 
ehildhood; the rate of inerease deereases after the age of 11 years 

(Ramage et al 2002). 

Irregular mesangial eells, with phagoeytie and eontraetile properties, 
lie within and seerete the glomemlar mesangium, a speeialized eonnee- 
tive tissue that binds the loop of glomemlar eapillaries and fills the 
spaees between endothelial surfaces that are not invested by podoeytes 
(see Figs 74.18B, 74.16). Mesangial eells are related to vascular perieytes 
and are eoneerned with the turnover of glomemlar basement membrane. 
They elear the glomemlar filter of immune complexes and cellular 
debris, and their eontraetile properties help to regulate blood flow. 
Similar eells, the extraglomemlar mesangial (laeis) eells, lie outside the 
glomemlus at the vascular pole and form part of the juxtaglomemlar 
apparatus. 

Renal tubule 

A renal, or uriniferous, tubule eonsists of a glomemlar capsule that 
leads into a proximal convoluted tubule, eonneeted to the capsule by 
a short neek and eontimiing into a sinuous or eoiled convoluted part 
(see Fig. 74.16). This straightens as it approaehes the medulla, and 
beeomes the deseending thiek limb of the loop of Henle, and then the 
aseending limb by an abmpt U-turn. The limbs of the loop of Henle 
are narrower and thin-walled within the deeper medullary tissue, where 
they beeome the deseending and aseending thin segments. The aseend- 
ing thiek limb continues into the distal tubule. The tubule wall shows 
a foeal thiekening, the macula densa, where it eomes elose to the vas- 
cular pole of its parent glomerulus at the start of the convoluted part 
of the distal tubule. The nephron finally straightens onee more as the 
eonneeting tubule, which ends by joining a eolleeting duct. 
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Fig. 74.19 A, A seanning eleetron mierograph showing podoeytes forming 
the viseeral layer of Bowman’s capsule in the renal corpuscle. Their eell 
bodies (P) send out primary proeesses that braneh several times and end 
in fine pedieels, which wrap tightly around the glomemlar eapillaries (C), 
and interdigitate with similar pedieels from a neighbouring podoeyte. 

B, An eleetron mierograph demonstrating the glomemlar filtration 
apparatus. Note the endothelial eells of fenestrated eapillaries, the 
filtration slits between podoeyte pedieels and their thiek shared basal 
lamina. Abbreviations: BL, basal lamina; C, lumina of eapillary loops; 

E, endothelial eell eytoplasm; F, fenestrations; FS, filtration slits; P, 
podoeyte; P^ and P 2 , primary and seeondary foot proeesses that rest on 
the glomemlar basal laminae. (A, With permission from lgaku-Shoin, 
Tokyo, from Fujita T, Tanaka K, Tokunaga J 1981 SEM Atlas of Cells and 
Tissues. B, With permission from Young B, Heath JW 2000 Wheater’s 
Functional Histology. Edinburgh: Churchill Livingstone.) 


Collecting ducts originate in the eortieal medullary rays and join 
others at intervals. They finally open into wider papillary ducts, which 
open on to a papilla, their numerous orifiees forming a perforated area 
eribrosa on the surface at its tip (see fig. 74.14). 

Renal tubules are lined throughout by a single-layered epithelium 
(see Fig. 74.16; Fig. 74.20). The type of epithelial eell varies aeeording 
to the fimetional roles of the different regions, e.g. aetive transport and 
passive diffiision of various ions and water into and out of the tubules; 
reabsorption of organie eomponents such as glucose and amino aeids; 
uptake of any proteins which leak through the glomemlar filter. 

The proximal convoluted tubule is lined by cuboidal or low colum- 
nar epithelium and has a bmsh border of tall mierovilli on its luminal 
surface. The shape of the eells depends on tubular fluid pressure, which, 
in life, distends the lumen and flattens the eells (they beeome taller 
when glomemlar blood pressure falls post mortem or at biopsy). The 
eytoplasm of proximal tubular eells is strongly eosinophilie and the 
nuclei are euchromatic and eentral. The basal eytoplasm is rieh in 
mitoehondria, orientated perpendienlarly, and the basal plasma mem- 
brane is highly infolded. The lateral surfaces of adjaeent epithelial eells 
interdigitate, inereasing the complexity of the basolateral plasma mem- 
brane. The mierovilli on the luminal surfaces signifieantly inerease the 
area of plasma membrane in eontaet with tubular fluid and the extra- 
tubular spaee, faeilitating the transport of ions and small molecules 
against steep eoneentration gradients. The abundant mitoehondria 
supply the energy, as adenosine triphosphate (ATP), needed for this 
proeess. Sodium/potassium adenosine triphosphatase (Na + /K + ATPase) 
is loeated in apieal and basal membranes, and the eytoplasm eontains 



Fig. 74.20 A histologieal eross-seetion of a part of the renal medulla. 

Note the large eolleeting ducts and small, thin segments of the loop of 
Henle, interspersed with vasa reeta (V) (triehrome-stained). 

numerous other enzymes eoneerned with ion transport. Water and 
other solutes pass between eells (paracellular transport) passively, along 
osmotie and eleetroehemieal gradients, probably through leaky apieal 
tight junctions. Pinoeytotie vesieles are found near the apieal surface, 
and represent the means by which small proteins and peptides from 
the filtrate are internalized and degraded by assoeiated lysosomes. Per- 
oxisomes and lipid droplets abound in the eytoplasm. 

The loop of Henle eonsists of a thin segment (30 pm in diameter), 
lined by low cuboidal to squamous eells, and a thiek segment (60 pm 
in diameter), eomposed of cuboidal eells like those in the distal eon- 
voluted tubule. The thin segment forms most of the loop in juxtamedul- 
lary nephrons, which reaeh deep into the medulla. Few organelles 
appear in eells lining the thin segment, indieating that these eells play 
a passive, rather than an aetive, role in ion transport. The thiek segment 
is eomposed of cuboidal epithelium with many mitoehondria, deep 
basolateral folds and short apieal mierovilli, indieating a more aetive 
metabolie role. The thiek limb of the loop of Henle is the source of 
Tamm-Horsfall protein in normal urine. 

Cells of the distal tubule are cuboidal and resemble those in the 
proximal tubule. They have few mierovilli, and so the tubular lumen 
has a more distinet outline. The basolateral folds eontaining mitoehon- 
dria are deep, almost reaehing the luminal aspeet. Enzymes eoneerned 
with aetive transport of sodium, potassium and other ions are abun- 
dant. At the junction of the straight and convoluted regions, the distal 
tubule eomes elose to the vascular pole of its parent renal corpuscle. 
Here, tubular eells form the macula densa, a sensory structure that is 
eoneerned with the regulation of blood flow and, thus, filtration rate. 
Cells in the terminal part of the distal tubule have fewer basal folds and 
mitoehondria, and constitute a eonneeting duct formed from metane- 
phrie mesenehyme during embryogenesis. Collecting ducts are lined by 
simple oiboidal or columnar epithelium. This inereases in height from 
the cortex, where the ducts reeeive the eontents of distal tubules, to the 
wide papillary ducts that diseharge at the area eribrosa. The pale- 
staining prineipal eells have relatively few organelles or lateral interdigi- 
tations, and only oeeasional mierovilli. A seeond eell type, interealated 
or dark eells (also present in smaller nmnbers in the distal convoluted 
tubule), has longer mierovilli and more mitoehondria, and seeretes H + 
into the filtrate; these eells fimetion in the maintenanee of aeid-base 
homeostasis. 

Renal vessels 


Renal, interlobar and arcuate arteries are typieal large muscular arteries 
and the interlobular vessels resemble small muscular arteries. Afferent 
glomemlar vessels have a typieal arteriolar stmcture with a muscular 
eoat 2-3 eells thiek; this eoat and the eonneetive tissue eomponents of 
the wall diminish near a glomemhis until a point 30-50 pm proximal 
to it, where arteriolar eells begin to show modifieations typieal of the 
juxtaglomemlar apparatus. The efferent arterioles from most eortieal 
glomemli have thieker walls and a narrower ealibre than eorresponding 
afferents. Although the afferent arteriole is generally eonsidered to be 
solely responsible for tubuloglomemlar feedbaek, the peritubular and 
medullary eapillaries possess a well-defined basal lamina and their 
endothelial eells have typieally fenestrated eytoplasm, as do the aseend- 
ing vasa reeta, whereas the deseending vasa reeta have a thieker, eontimi- 
ous endothelium (Davies 1991). 
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Other renal eells 


Other eells essential to renal structure and fimetion lie between the 
renal tubules and blood vessels. Oonneetive tissue is inconspicuous in 
the cortex but prominent in the mednlla, particularly in the papillae. 
Medullary interstitial eells, which may be modified fibroblasts, form 
vertieal staeks of tangentially orientated eells between the more distal 
eolleeting ducts, like the mngs of a ladder. These eells seerete prosta- 
glandins and may eontribnte, with eortieal tubular eells, to the renal 
source of erythropoietin. 

Calyces and pelvis 


The wall of the proximal part of the urinary traet is eomposed of three 
layers: an outer eonneetive tissue adventitia, an intermediate layer of 
smooth muscle and an inner mucosa. The mucosal lining of the renal 
ealyees and pelvis is identieal in stmcture to that of the ureter (see 
below). The adventitia eonsists of loose fibroelastie eonneetive tissue 
that merges with retroperitoneal areolar tissue. Proximally the eoat 
fhses with the fibrous capsule of the kidney lining the renal sinus. 

The smooth muscle of the renal ealyees and pelvis is eomposed of 
two distinet types of smooth muscle eell. One type of muscle eell is 
identieal to that deseribed for the ureter and ean be traeed proximally 
through the pelviureteric region and renal pelvis, as far as the minor 
ealyees. The other type of eell forms the muscle eoat of eaeh minor calyx 
and continues into the major ealyees and pelvis, where it forms a distinet 
inner layer. The eells also form a thin sheet of muscle that eovers eaeh 
minor calyx and extends aeross the renal parenehyma between the 
attaehments of neighbouring minor ealyees, thereby linking eaeh minor 
calyx to its neighbours. This diserete inner layer of atypieal smooth 
muscle eeases in the pelvmreterie region, so that the proximal ureter 
laeks such an inner layer. Paeemaker eells that initiate renal pelvie and 
ureteric peristalsis are sited within the ealyees (Goslingand Dixon 1974). 
These allow eoordinated peristalsis of the ureter six times a minute. 

PR0DUCTI0N 0F URINE 
Glomemlar filtration 


Glomemlar filtration (see Figs 74.14, 74.16) is the passage of water 
eontaining dissolved small molecules from the blood plasma to the 
urinary spaee in the glomemlar capsule. Larger molecules, e.g. plasma 
proteins above 70 kilodaltons and those with a net negative eharge, 
polysaeeharides, lipids and eells, are largely retained in blood by the 
seleetive permeability of the glomemlar basal lamina. 

Filtration occurs along a steep pressure gradient between the large 
glomemlar eapillaries and the urinary spaee, the prineipal stmcture 
separating the two being the glomemlar basal lamina ( 7 ig. 74.19B). 
This gradient far exceeds the eolloid osmotie pressure of blood, which 
opposes the outward flow of filtrate. In the peripheral renal cortex, the 
arteriolar pressure gradient is enhaneed because afferent glomemlar 
arterioles are wider than efferent glomemlar arterioles. In all glomemli, 
the rate of filtration ean be altered by ehanges in the tone of the 
glomemlar arterioles. When first formed, the glomemlar filtrate is iso- 
tonie with glomemlar blood and has an identieal eoneentration of ions 
and small molecules. 

The assessment of glomemlar filtration is fimdamental to the diag- 
nosis of renal glomemlar pathology and the management of dmg 
therapy, where elearanee depends on the glomemlar filtration, and in 
ehronie kidney disease to faeilitate timely management deeisions. Meas- 
urements of glomemlar filtration rate (GFR) are based on the renal 
elearanee of a marker in plasma, expressed as the volume of plasma 
eompletely eleared of the marker per unit time. Markers used to measure 
GFR may be endogenous (ereatinine, urea) or exogenous (inulin, iotha- 
lamate) substances. The ideal marker is endogenous, freely filtered by 
the glomerulus, neither reabsorbed nor seereted by the renal tubule, 
and eliminated only by the kidney. 

Seleetive resorption 


Seleetive resorption from the filtrate is an aetive proeess and occurs 
mainly in the proximal convoluted tubules, which resorb glucose, 
amino aeids, phosphate, ehloride, sodium, calcium and biearbonate, 
and take up small proteins (e.g. albumin) by endoeytosis. Cells of the 
proximal tubules are permeable to water, which passes out of the 
tubules passively, so that the filtrate remains loeally isotonie with blood. 


The rest of the tubule reabsorbs most of the water (to a variable extent, 
up to 95%), so that, when it reaehes the ealyees, urine is generally much 
reduced in vohime and hypertonie to blood. The proeess depends on 
the establishment of high osmolality in the medullary interstitium, in 
order to exert sufficient osmotie pressure on water-permeable regions 
of the tubule, and is aehieved by a countercurrent multiplier 
meehanism. 

Countercurrent multiplier meehanism 

The countercurrent multiplier meehanism is responsible for producing 
a high osmolality in the extratubular interstitial tissue of the renal 
medulla. Water passes freely from the tubular lumen into the adjaeent 
medullary interstitium along the deseending limb of the loop of Henle. 
This part of the tubule is less permeable to solutes. In the thiek segment 
of the aseending limb, sodium and ehloride ions are aetively transported 
from the tubule lumen to interstitial spaees, while the tubular epithe- 
lium remains impermeable to water. The inereased interstitial osmolal- 
ity causes water to be withdrawn from the deseending part of the loop, 
thus eoneentrating the filtrate. Tubular fluid flows in a countercurrent 
on its deseent into and aseent out of the medulla; it is augmented by 
new isotonie fluid entering the loop, and depleted by hypotonie fluid 
leaving the loop as solutes are aetively resorbed. The osmotie gradient 
within the interstitium is, thus, multiplied from the corticomedullary 
boundary to the medullary pyramids, where it reaehes an equilibrium 
of four to five times the osmolality of plasma. Although the tonieity of 
the tubular fluid ehanges during its passage through the steep osmotie 
gradient within the medulla, the osmotie gradient between aseending 
and deseending limbs at eaeh level never exceeds 200 mOsm/kg, a foree 
that ean be sustained by the eells of the tubular wall. 

Countercurrent exchange meehanism 

Rapid removal of ions from the renal medulla by the eirailation of 
blood is minimized by another looped countercurrent system. This is 
the countercurrent exchange meehanism, in which arterioles entering 
the medulla pass for long distanees parallel to the venules leaving it, 
before ending in eapillary beds around tubules. This elose apposition 
of oppositely flowing blood allows the direet diffiision of ions from 
outflowing to inflowing blood, so that the vasa reeta (see Fig. 74.14) 
eonserve the high osmotie pressure in the medulla. 

Concentration of iirine 


Because sodium and ehloride ions are seleetively resorbed by the eells 
of the aseending limbs and distal tubules under aldosterone eontrol, 
the filtrate at the distal end of the convoluted tubules is hypotonie. As 
it reaehes the eolleeting ducts, fluid deseends again through the medulla 
and, thus, re-enters a region of high osmotie pressure. The eells lining 
the eolleeting ducts are variably permeable to water, under the influence 
of neurohypophysial ADH. Water follows an osmotie gradient into the 
adjaeent extratubular spaees, so that the tonieity of the filtrate gradually 
rises along eolleeting ducts, until, at the tip of the renal pyramids, it is 
above that of blood. This complex system is highly flexible and the 
balanee between the rate of filtration and absorption ean be varied to 
meet current physiologieal demands. 

Control of hydrogen and ammonium ion eoneentrations is essential 
to the regulation of aeids and bases in the blood. Seeretion of various 
ions occurs at several sites. Over 91% of ingested potassium is excreted 
in urine, largely through seeretion by eells of the distal tubule and eol- 
leeting duct. (For fhrther details of renal physiology, see Madias and 
Adrogué (2005 , Tannen and Hallows (2005 , Singh and Thomson 
( 2011 ).) 

Juxtaglomerular apparatus 


The juxtaglomerular apparatus provides a tubuloglomerular feedbaek 
system that maintains systemie arterial blood pressure during a reduc- 
tion in vasoilar volume and deerease in filtration rate. The elements of 
a juxtaglomerular apparatus are juxtaglomerular and laeis eells, and the 
maoila densa. The afferent and efferent arterioles at the vasoilar pole 
of a glomerulus and the maoila densa of the distal tubule of the same 
nephron lie in elose proximity, enelosing a small eone of tissue popu- 
lated by extraglomerular mesangial (laeis) eells (see Fig. 74.16). The 
eells of the tunica media of afferent and, to a lesser extent, efferent, 
arterioles differ from typieal smooth muscle eells. These juxtaglomeru- 
lar eells are large, rounded, myoepithelioid eells and their eytoplasm 
eontains many mitoehondria and dense, renin-eontaining vesieles, 
10-40 nm in diameter. Eaeh macula densa of the distal tubule is a 
cluster of up to 40 tightly paeked eells in the tubule wall; the eells have 
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large, oval niielei and apieally eoneentrated mitoehondria. They are 
osmoreeeptors, sensing the NaCl eontent of the filtrate after its passage 
through the loop of Henle. 

When NaCl eoneentrations in the filtrate ehange, tubuloglomerular 
feedbaek meehanisms operate to maintain the inverse relationship 
betvveen salt eoneentration and glomemlar filtration rate. Juxtaglomeru- 
lar eells release renin, an enzyme that aets on circulating angiotensino- 
gen to aetivate the easeade whereby angiotensin II inereases blood 
pressure (and therefore filtration rate), stimulates aldosterone and ADH 
release and inereases sodium ion and water resorption, primarily from 
the distal tubule, to inerease plasma volume. Macula densa eells are 
thought to respond to high salt eoneentration in the distal tubule by 
releasing nitrie oxide, which inhibits the tubuloglomerular feedbaek 
response and reduces filtration rate. The role of macula densa eells in 
the stiimilation of renin release to inerease filtration rate is less well 
understood. 

The third element of the juxtaglomemlar apparatus is a population 
of extraglomerular mesangial eells that form a network (or laee; henee, 
their alternative name of laeis eells) of stellate eells eonneeting the 
macula densa sensory eells with the juxtaglomemlar effeetor eells. It is 
likely that extraglomemlar mesangial eells transmit the sensory signal, 
possibly through gap junctions. They may also signal to eontraetile 
glomemlar mesangial eells and effeet vasoeonstrietion direetly within 
the glomemlus. Adrenergie nerve fibres occur in small nmnbers among 
these eells. 


LIRETER 


The ureters are two muscular tubes whose peristaltie eontraetions eonvey 
urine from the kidneys to the urinary bladder (see Figs 74.1, 74.10, Fig. 
74.21). Eaeh measures 25-30 em in length, is thick-walled and narrow, 
and is continuous superiorly with the fimnel-shaped renal pelvis. Eaeh 
deseends slightly medially, anterior to psoas major, and enters the pelvie 
eavity, where it curves initially laterally, then medially, to open into the 
base of the urinary bladder. The diameter of the ureter is normally 3 mm, 
but is slightly less at its junction with the renal pelvis, at the brim of the 
lesser pelvis near the medial border of psoas major, and where it mns 
within the wall of the urinary bladder, which is its narrowest part. These 
are the most eommon sites for renal stone impaetion. 

RELATIONS 


In the abdomen, the ureter deseends posterior to the peritoneum on 
the medial part of psoas major, which separates it from the tips of the 
lumbar transverse proeesses. During surgery on intraperitoneal stme- 
tures, the ureter ean be tented up as the peritoneum is drawn anteriorly, 
resulting in inadvertent ureteric injury. Anterior to psoas major, it 
erosses anterior to the genitofemoral nerve and is obliquely erossed by 


the gonadal vessels. It enters the lesser pelvis either anterior to the end 
of the eommon iliae vessels or at the origin of the external iliae vessels 

(Fig. 74.22). 

The inferior vena eava is medial to the right ureter, while the left 
ureter is lateral to the aorta. The inferior mesenterie vein has a long 
retroperitoneal course lying elose to the medial aspeet of the left ureter. 

At its origin, the right ureter is usually overlapped by the deseending 
part of the duodenum. It deseends lateral to the inferior vena eava, and 
is erossed anteriorly by the right eolie and ileoeolie vessels. Near the 
superior aperture of the lesser pelvis, it passes behind the lower part of 
the mesentery and terminal ileum. The left ureter is erossed by the 
gonadal and left eolie vessels. It passes posterior to loops of jejunum 
and sigmoid eolon and its mesentery in the posterior wall of the inter- 
sigmoid reeess. 

In the pelvis, the ureter lies in extraperitoneal areolar tissue. At first, 
it deseends posterolaterally on the lateral wall of the lesser pelvis along 
the anterior border of the greater seiatie noteh. Opposite the isehial 
spine, it turns anteromedially into fibrous adipose tissue above levator 
ani to reaeh the base of the bladder. On the pelvie side wall, it is anterior 
to the internal iliae artery and the beginning of its anterior tmnk, pos- 
terior to which are the internal iliae vein, lumbosacral nerve and saero- 
iliae joint. Laterally, it lies on the faseia of obturator internus. It 
progressively erosses to beeome medial to the umbilical, inferior vesieal 
and middle reetal arteries. 

In males, the pelvie ureter hooks under the vas deferens (Fig. 74.23); 
it then passes anterior and slightly superior to the upper pole of the 
seminal vesiele to traverse the bladder wall obliquely before opening at 
the ipsilateral trigonal angle. Its terminal part is surrounded by tributar- 
ies of the vesieal veins. In females, the pelvie part initially has the same 
relations as in males but, anterior to the internal iliae artery, it is imme- 
diately behind the ovary, forming the posterior boundary of the ovarian 
fossa (see Fig. 77.8). In the anteromedial part of its course to the 
bladder, it is related to the uterine artery, uterine cervix and vaginal 
forniees. It is in extraperitoneal eonneetive tissue in the inferomedial 
part of the broad ligament of the utems, where it may be damaged 
during hystereetomy (see Eig. 77.7). In the broad ligament, the uterine 
artery is anterosuperior to the ureter for approximately 2.5 em and then 
erosses to its medial side to aseend alongside the utems. The ureter turns 
forwards slightly above the lateral vaginal fornix and is, generally, 2 em 
lateral to the supravaginal part of the uterine cervix in this loeation. It 
then inelines medially to reaeh the bladder, with a variable relation to 
the anterior aspeet of the vagina. As the utems is eommonly deviated 
to one side, one ureter, usually the left, may be more extensively 
apposed to the vagina, and may eross the midline. 

The distal 1-2 em of eaeh ureter is surrounded by an ineomplete 
eollar of non-striated muscle (sheath of Waldeyer). The ureters pieree 
the posterior aspeet of the bladder and mn obliquely through its wall 
for a distanee of 1 . 5-2.0 em before terminating at the ureteric orifiees 
(see Fig. 75.10B). This arrangement is believed to assist in the preven- 
tion of reflux of urine into the ureter, sinee the intramural ureters are 
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thought to be occluded during inereases in bladder pressure at the time 
of micturition. There is no evidenee of a elassie ureteral sphineter meeh- 
anism in humans. The longitudinally orientated muscle bundles of the 
terminal ureter continue into the bladder wall and, at the ureteric ori- 
fìees, beeome continuous with the superfìcial trigonal muscle. In the 
distended bladder, in both sexes, the ureteric openings are usually 5 em 
apart, and 2.5 em apart when the bladder is empty. 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
Arteries 

The ureter is supplied by branehes from the renal, gonadal, eommon 
iliae, internal iliae, vesieal and uterine arteries, and the abdominal aorta. 
The pattern of distribution is subject to much variation. The abdominal 
ureter is supplied from vessels originating medial to the ureter; the pelvie 
ureter is supplied by vessels lateral to the ureter (Fig. 74.24). There is a 
good longitudinal anastomosis between these branehes on the wall of 
the ureter, which means that the ureter ean be safely transeeted at any 
level intraoperatively, and a uretero-ureterostomy performed, without 
eompromising its viability. The branehes from the inferior vesieal artery 
are eonstant in their occurrence and supply the lower part of the ureter, 
as well as a large part of the trigone of the bladder. The braneh from the 
renal artery is also eonstant and is preserved whenever possible in renal 
transplantation to ensure good vascularity of the ureter. 

Veins 


The venous drainage of the ureters generally follows the arterial supply. 

Lymphatie drainage 

Lymph vessels draining the ureter begin in submucosal, intramuscular 
and adventitial plexuses, which all communicate. Collecting vessels 
from the upper abdominal ureter may join the renal eolleeting vessels 


or pass direetly to the lateral aortie nodes near the origin of the gonadal 
artery; those from the lower abdominal ureter drain to the eommon 
iliae nodes; and those from the pelvie ureter drain to eommon, external 
or internal iliae nodes. 

INNERVATION 


The ureter is supplied from the lower three thoraeie, fìrst lumbar, and 
the seeond to fourth saeral segments of the spinal eord by branehes 
from the renal and aortie plexuses, and the superior and inferior 
hypogastrie plexuses (see Figs 59.3, 75.11). The ureteric nerves eonsist 
of relatively large bundles of axons that form an irregular plexus in the 
adventitia of the ureter. The plexus reeeives branehes from the renal and 
aortie plexuses (in its upper part); from the superior hypogastrie plexus 
and hypogastrie nerve (in its intermediate part); and from the hypogas- 
trie nerve and inferior hypogastrie plexus (in its lower part). Numerous 
small branehes penetrate the ureteric muscle eoat; some of the adven- 
titial nerves aeeompany the blood vessels and braneh with them as they 
extend into the muscle layer; others are unrelated to the vascular supply 
and lie free in the adventitial eonneetive tissue around the circumfer- 
enee of the ureter. 

The density of innervation inereases gradually from the renal pelvis 
and upper ureter (where autonomic nerves are sparse) to a maximum 
density in the juxtavesical segment. At least three different neurotrans- 
mitter phenotypes - eholinergie, noradrenergie and peptidergie (sub- 
stanee P) - are well known and others have been reported. The 
fhnetional signifìeanee of these different types of autonomic nerve fibres 
in relation to ureteric smooth muscle aetivity is not fully understood; 
although they are thought to influence the inherent motility of the 
ureter, they are not essential for the initiation and propagation of ure- 
terie eontraetion waves. A branehing plexus of fìne eholinergie, 
noradrenergie and peptidergie axons occurs throughout the lamina 
propria and extends from the inner aspeet of the muscle eoat towards 
the base of the urothelium. Some of these axons form perivascular 
plexuses, while others lie in isolation from the vascular supply and may 
be sensory in hmetion. 
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Fig. 74.23 The posterior aspeet of the male urogenital organs, shovving 
the relationship of the lovver ureter to the vas deferens and seminal 
vesieles. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Urban and Fiseher. Copyright 2013) 



Fig. 74.25 A eoronal CT urogram volume-rendered image demonstrates a 
duplicated right eolleeting system and ureter, along vvith dilation of the 
eolleeting system of the lovver pole moiety. No urothelial lesion is seen. 
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Fig. 74.24 The arterial 
supply of the left 
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permission from Walsh 
PC, Retik AB, Vaughan 
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8th edn. Philadelphia: 
Saunders.) 


llreterie peristalsis 


llnder normal eonditions, eontraetion waves originate in the proximal 
part of the upper urinary traet and are propagated in an anterograde 
direetion towards the bladder. Atypieal smooth muscle eells in the wall 
of the minor ealyees aet individually or eolleetively as paeemaker sites. 
A peristaltie wave begins at one (or possibly more) of these sites. Onee 


initiated, the eontraetion is propagated through the wall of the adjaeent 
major calyx and aetivates the smooth muscle of the renal pelvis. Con- 
traetion waves are propagated away from the kidney, and so undesirable 
pressure rises are not direeted against the renal parenehyma. Sinee 
several potential paeemaker sites exist, the initiation of eontraetion 
waves is unimpaired by partial nephreetomy; the minor ealyees 
spared by the reseetion remain in situ to eontimie their paeemaking 
fhnetion. Pressures within the ureter at the time of peristalsis reaeh 
20-80 em H 2 0. 

Experimental evidenee indieates that autonomic nerves do not play 
a major part in the propagation of peristalsis. It seems more likely 
that they play a modulatory role on the eontraetile events occurring in 
the musculature of the upper urinary traet. The most likely meeha- 
nism to account for impulse propagation is myogenie conduction 
mediated by the eleetrotonie coupling of one muscle eell to its imme- 
diate neighbours by means of intercellular 'gap' junctions; there are 
numerous regions of elose approaeh between ureteric smooth muscle 
eells and also between both types of muscle eell in the renal pelvis 
and ealyees. 

Referred pain Excessive distension of the ureter or spasm of its 
muscle may be caused by a stone (calculus) and provokes severe pain 
(ureteric eolie, which is eommonly, but mistakenly, ealled renal eolie). 
The pain is spasmodie and agonizing, particularly if the obstmetion is 
gradually foreed down the ureter by the muscle spasm. It is referred to 
cutaneous areas innervated from spinal segments that supply the ureter, 
mainly T11-L2, and shoots down and forwards from the loin to the 
groin and scrotum or labium majus; it may extend into the proximal 
anterior aspeet of the thigh by projeetion to the genitofemoral nerve 
(Ll, 2). The eremaster, which has the same innervation, may reflexly 
retraet the testis. 


RENAL AND URETERIC CALCULI 



An understanding of intrarenal and ureteric anatomy is essential 
when managing patients with calculi, particularly now that mini- 
mally invasive techniques are widely used to treat this eommon 
pathology. 


MICR0STRUCTURE 


Like the ealyees and the renal pelvis, the wall of the ureter is eomposed 
of an external adventitia, a smooth muscle layer and an inner mucosal 
layer. The mucosal layer eonsists of a urothelium (see Lig. 2.5D) and 
an underlying eonneetive tissue lamina propria. 1 253 
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Kidney and ureter 


Smaller renal ealeiili are treated with extracorporeal shoek wave 
lithotripsy. Stones in the lower pole of the kidney elear less well if the 
angle between the infundibulum of the calyx eontaining the stone and 
the ureter is acute, or if there is a particularly long and narrow infundibu- 
lum. Percutaneous stone extraction is most frequently aehieved by 
puncturing a posterior calyx with a needle. 

llreterie calculi tend to be arrested in their deseent in either the 
pelviureteric region, or the point where the ureter passes over the pelvie 
brim as it erosses the eommon iliae artery, or the vesico-ureteric junc- 
tion, because these are the three areas where the ureter is narrowest. 
The vesico-ureteric junction is the narrowest of these areas and ean be 
responsible for arresting the passage of stones of as little as 2-3 mm. 

The kidney and upper ureter move with respiration within the peri- 
renal faseia, and this ean affeet the visualization and traeking of a stone, 
both at the time of extracorporeal shoek wave lithotripsy and at retro- 
grade endoseopy. 
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The iireterie adventitial blood vessels and eonneetive tissue fibres are 
orientated parallel to the long axis of the ureter. Throughout its length, 
the muscle eoat of the ureter is fairly uniform in thiekness and, in eross- 
seetion, measures 750-800 jLtm in width. The muscle bundles that eon- 
stitute this eoat are frequently separated from one another by relatively 
large amounts of eonneetive tissue. However, branehes that intereon- 
neet muscle bundles are eommon and there is frequent interehange of 
muscle fibres between adjaeent bundles. As a consequence of this exten- 
sive branehing, individual muscle bundles do not spiral around the 
ureter, but form a complex meshwork of interweaving bundles. More- 
over, unlike the gut (Ch. 65), the muscle bundles are so arranged that 
morphologieally distinet longitudinal and eirailar layers eannot be 
elearly distinguished. In the upper part of the ureter, the inner muscle 
bundles tend to lie longitudinally while those on the outer aspeet have 
a eirailar or oblique orientation. In the middle and lower parts, there 
are additional outer longitudinally orientated fibres, and as the uretero- 
vesieal junction is approaehed, the muscle eoat eonsists predominantly 
of longitudinally orientated muscle bundles. 

The mucosa of the ureter eonsists of an epithelium, the urothelium, 
lying on a layer of subepithelial fibroelastie eonneetive tissue lamina 
propria. The latter varies in thiekness from 350 to 700 pm and is a 
conduit for small blood vessels and bundles of unmyelinated nerve 
fibres. Oeeasional lymphoeytes may be present in the lamina propria 
but their aggregation into definitive lymph nodules is rare. The urothe- 
lium is usually extensively folded, giving the ureteric lumen a stellate 
outline. 

Developmental anomalies of the iireter 


Duplex ureters In 1 in 125 individuals, two ureters drain the renal 
pelvis on one side; this is termed a duplex system (Fig. 74.25). Bilateral 
duplex ureters occur in approximately 1 in 800 eases. Duplex ureters 
are the product of two ureteric buds arising from the mesonephrie duct; 
they share a single faseial sheath and may either fuse at any point along 
their course, or remain separate until they insert through separate ure- 
terie orifiees into the bladder. 

Care must be taken not to eompromise the blood supply of the 
seeond ureter when excising or reimplanting a single ureter of a duplex. 
The ureter from the upper pole of the kidney (the longer ureter) inserts 
more medially and caudally in the bladder than the ureter from the 
lower pole (Weigert-Meyer mle). This refleets the embryologieal devel- 
opment of the ureter: the ureteric bud that is initially more proximal 
on the mesonephrie duct has a shorter time to be pulled eranially in 
the bladder and so it inserts more distally in the mature bladder. The 
ureter from the lower pole has a shorter intramural course than the 
longer ureter and is prone to reflux. 

Eetopie Lireters Single ureters, and, more eommonly, the longer 
ureter of a duplex system, ean insert more caudally and medially than 


normal in some individuals. In the male, the ureter ean insert at the 
bladder neek or posterior urethra, or, rarely, into the seminal vesiele, 
but it always inserts eranial to the external urethral sphineter. In the 
female, eetopie insertion ean be distal to the external urethral sphineter 
in the urethra, or into the vagina, resulting in persistent ehildhood 
ineontinenee. 


Llreteroeeles A ureterocele is a eystie dilation of the lower end of the 
ureter; the ureteric orifiee is eovered by a membrane that expands as it 
is filled with urine and then deflates as it empties. Ureteroceles ean vary 
in size and usually have no influence on ureteric drainage; however, 
they ean be a cause of obstmetion in the ureter and pelviealyeeal system 
more proximally. Prolapsing ureteroceles, though small, prolapse from 
their position around the ureterovesical junction region into the urethra, 
causing intermittent bladder outflow obstmetion. 

They are identified antenatally with ultrasound (Fig. 74.26). In 
adults, ureteroceles tend to be bilateral and small, and are often found 
ineidentally when the urinary traet is being imaged in the investigation 
of a eoineidental pathology. Radiologieally, they elassieally result in a 
'eobra-head' halo around the ureteric orifiee following administration 
of eontrast on intravenous urography. 



Retroeaval lireter A persistenee of the posterior eardinal vein, asso- 
eiated with high eonfhienee of the right and left eommon iliae veins or 
a double inferior vena eava, may result in a retroeaval (or circumcaval) 
ureter that passes behind the inferior vena eava, usually at the level of 
the inferior edge of the third part of the duodenum, before it emerges 
anterior to it to pass from medial to lateral. Retroeaval ureter occurs in 
1 in 1500 individuals. Most eommonly, it has no elinieal sequelae, 
although it ean result in upper ureteric obstmetion (Fig. 74.27). 



f® Bonus e-book images 

Fig. 74.13 Marked dilation of the right renal pelvis and ealyees, and 
non-dilation of the right ureter without an assoeiated lesion due to 
ureteropelvic junction obstmetion. 

Fig. 74.26 A-B, Sagittal grey-seale ultrasound images through the 
pelvis of a 2-day-old girl demonstrate a dilated left ureter, which 
eontains layering eehogenie debris, and an aneehoie round filling 
defeet in the inferior bladder with inereased through-transmission 
and an eehogenie rim, in keeping with a ureterocele. 

Fig. 74.27 An intravenous urogram showing a elassie retroeaval (or 
circumcaval) ureter. 
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Fig. 74.26 A-B, Sagittal grey-seale ultrasound images through the pelvis 
of a 2-day-old girl demonstrate a dilated left ureter (U), which eontains 
layering eehogenie debris, and an aneehoie round filling defeet (*) in the 
inferior bladder (B) with inereased through-transmission and an eehogenie 
rim, in keeping with a ureterocele. 


Fig. 74.27 An intravenous urogram showing a elassie retroeaval (or 
circumcaval) ureter. A degree of obstmetion has resulted in a markedly 
dilated upper ureter. The ureter passes eranially, medially and then 
caudally, and ean be followed into the pelvis. Key: 1, eontrast within 
dilated eolleeting system of right kidney and upper ureter; 2, eontrast 
within ureter turning behind inferior vena eava; 3, eontrast within normal 
ealibre ureter seen below the obstmetion; 4, eontrast within normal 
eolleeting system of left kidney and upper ureter. 
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(JHAPTER 



IIRINARY BLADDER 



The urinary bladder is a reservoir. Its size, shape, position and relations 
all vary, aeeording to its eontent and the state of the neighbouring 
viseera. When the bladder is empty, it lies entirely in the lesser pelvis, 
but as it distends, it expands anterosuperiorly into the abdominal eavity 
(Video 75.1). An empty bladder is somewhat tetrahedral and has a base 
(fhndm), neek, apex, and a superior (dome) and two inferolateral 
surfaces. 


g) RELATIONS 

The base of the bladder is triangular and loeated posteroinferiorly. In 
females, it is elosely related to the anterior vaginal wall (Fig. 75.1); in 
males, it is related to the rectum, although it is separated from it supe- 
riorly by the reetovesieal pouch, and inferiorly by the seminal vesiele 
and vas (ductus) deferens on eaeh side, and by Denonvilliers' faseia 
(Fig. 75.2). The neek, which is most fixed, lies most inferiorly, 3-4 em 
behind the lower part of the pubic symphysis and just above the plane 
of the inferior aperture of the lesser pelvis. The bladder neek is, essen- 
tially, the internal urethral orifiee, which lies in a eonstant position 
that is independent of the varying positions of the bladder and rectum. 
In males, the neek rests on, and is in direet continuity with, the base 
of the prostate; in females, it is related to the pelvie faseia that 
surrounds the upper urethra. In both sexes, the apex of the bladder 
faees towards the upper part of the pubic symphysis. The median 


umbilical ligament (urachus) aseends behind the anterior abdominal 
wall from the apex to the umbilicus, eovered by peritoneum to 
form the median umbilical fold (Fig. 75.3, see Fig. 72.19) (see below 

and p. 1077). 

The anterior surface of the bladder is separated from the transversalis 
faseia by adipose tissue in the potential retropubic spaee (of Retzius) 
(Fig. 75.4). This is more adherent to the bladder than to the anterior 
surface of the prostate, which aids reliable identifieation of the region 
of the bladder neek surgically. In males, eaeh inferolateral surface is 
related anteriorly to the pubis and puboprostatic ligaments. In females, 
the relations are similar, except that the pubovesical ligaments replaee 
the puboprostatic ligaments. The inferolateral surfaces are not eovered 
by peritoneum. The triangular superior surface is bounded by lateral 
borders from the apex to the ureteric entranees, and by a posterior 
border that joins them. In males, the superior surface is eompletely 
eovered by peritoneum, which extends slightly on to the base and eon- 
tinues posteriorly into the reetovesieal pouch and anteriorly into the 
median umbilical fold; it is in eontaet with the sigmoid eolon and 
the terminal eoils of the ileum (see Fig. 75.2). In females, the superior 
surface is largely eovered by peritoneum, which is refleeted posteriorly 
on to the uterus at the level of the internal os (the junction of the 
uterine body and cervix), to form the vesicouterine pouch. The posterior 
part of the superior surface, devoid of peritoneum, is separated from 
the supravaginal cervix by fibroareolar tissue. 

These relationships are important in managing bladder trauma. 
Extraperitoneal injuries ean often be managed eonservatively because 
urine is eontained, whereas intraperitoneal injuries usually require sur- 
gieal repair. 
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Fig. 75.1 The relations of the 
female bladder, sagittal seetion of 
the pelvis. (With permission from 
Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, 

Urban & Fiseher. Copyright 2013.) 
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Fig. 75.2 A, The relationship of the bladder and prostate: sagittal seetion, male pelvis. The relationship of the bladder to the peritoneum and anterior 
abdominal wall on filling allows suprapubic eystostomy without intraperitoneal urinary leak. (With permission from VVasehke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 
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As the bladder fills, it beeomes ovoid (Fig. 75.5; see Fig. 75.2 and 
Video 75.1). Anteriorly, it displaees the parietal peritonemn from the 
suprapubic region of the abdominal wall. Its inferolateral surfaces 
beeome anterior and rest against the abdominal wall without interven- 
ing peritoneum for a distanee above the pubic symphysis that varies 
with the degree of distension, but is eommonly 5-7 em. The distended 
bladder may be punctured just above the pubic symphysis without 
traversing the peritoneum (suprapubic eystostomy) (see Fig. 75.2); sur- 
gieal aeeess to the bladder through the anterior abdominal wall is 
usually by this route. The summit of the full bladder points up and 
forwards above the attaehment of the median umbilical ligament, so 
that the peritoneum forms a supravesical reeess of varying depth 


between the summit and the anterior abdominal wall; this reeess often 
eontains eoils of small intestine. At birth, the bladder is higher than in 
the adult because the tme pelvis is shallow, and the internal urethral 
orifiee is level with the upper symphysial border. The bladder is then 
abdominal rather than pelvie, and extends about two-thirds of the 
distanee towards the umbilicus. 


LIGAMENTS OF THE BLADDER 



The bladder is anehored inferiorly to the pubis, lateral pelvie side 
walls and rectum by eondensations of pelvie faseia; although these 



































































Bladder, prostate and urethra 


IJrine samples may, therefore, be obtained in ehildren by performing 
suprapubic needle puncture. A normogram of bladder volume index 
(BVI = lengthxwidthxdepth of bladder), based on sonographie meas- 
urements in ehildren, is shown in Figure 75.6. The bladder progres- 
sively deseends with growth, and reaehes the adult position shortly after 
puberty. 
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Fig. 75.6 Centiles of bladder volume index in ehildren. (Redrawn with 
permission from Leung VY, Chu WC, Yeung CK et al Nomograms of total 
renal volume, urinary bladder volume and bladder wall thiekness index in 
3,376 ehildren with a normal urinary traet, Pediatrie Radiology (2007); 
37:181-188.) 
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Fig. 75.2, eont’d B, A sagittal T2-weighted magnetie resonanee image of 
the male pelvis, showing the bladder, prostate and relations. 





eondensations are not tme anatomieal ligaments, the term is applied 
in routine elinieal use (see p. 1224 for a fiirther deseription of the vis- 
eeral pelvie faseia). 

In both sexes, stout bands of fibromuscular tissue, the pubovesical 
ligaments, extend from the bladder neek to the inferior aspeet of the 
pubic bones; they lie on eaeh side of the median plane, leaving a 
midline hiatus through which numerous small veins pass. The pubo- 
vesieal ligaments are derived from the detmsor muscle, part of the 
detmsor apron (Fig. 75.7). In the female, they constitute the superior 
extensions of the pubourethral ligaments. In the male, the detmsor 
apron is deseribed as an extension of detmsor that extends over the 
anterior surface of the prostate, and eondenses distally and anteriorly 
to form the puboprostatic ligaments. 

Other ligaments that have been deseribed in relation to the base of 
the urinary bladder are the lateral, sacrogenital/uterosacral and eardinal 
ligaments. The literature is sometimes eonfhsing and even eontradie- 
tory. The lateral ligament was deseribed by Miles in 1908; although 
never deseribed in anatomieal eadaverie disseetion studies, it is reeog- 
nized elinieally as an important stmcture in the parareetal spaee at 
operation. It is a broad band of dense eonneetive tissue, varying in 
depth from 5 to 7 em, and passing between the lateral wall of the pelvis 
and the base of the bladder at the point where the ureter terminates. It 
eontains the middle reetal artery and lymphatie vessels that pass from 
the lower rectum to the iliae lymph nodes ( Takahashi et al 2000). The 
apex of the bladder is eonneeted to the umbilicus by the remains of the 
urachus, which forms the median umbilical ligament (see Fig. 75.3; 
Video 75.2). Composed of longitudinal muscle fibres derived from the 
detmsor, it beeomes more fibrous towards the umbilicus. It usually 
maintains a lumen lined with epithelium that persists into adult life 
but is only rarely eomplieated by a urachal eyst, sinus, fistula or 
adenoeareinoma. 

From the superior surface of the bladder, the peritoneum is earried 
off in a series of folds: the 'false' ligaments of the bladder. Anteriorly, 
there are three folds (Fig. 75.8): the median umbilical fold over the 
median umbilical ligament (urachus), and two medial umbilical folds 
over the obliterated umbilical arteries. The inferior epigastrie vessels 
(Fig. 75.9) are lateral to these folds on the anterior abdominal wall and 
are termed lateral umbilical ligaments in deseriptions of anterior 
abdominal wall anatomy. 
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Fig. 75.3 A, A view of the midline anterior abdominal wall and ligaments 
during laparoseopy. B, A view of the left side of the anterior abdominal 
wall and ligaments during laparoseopy. 


BLADDER INTERIOR 


Vesieal mucosa 

Almost all of the vesieal mucosa (Fig. 75.10) is attaehed only loosely 
to subjacent muscle; it folds when the bladder empties, and the folds 
are stretehed flat as it fills. Over the trigone, immediately above and 
behind the internal urethral orifiee, it is adherent to the subjacent 
muscle layer and is always smooth. The anteroinferior angle of the 
trigone is formed by the internal urethral orifiee, its posterolateral 
angles by the ureteric orifiees. The superior trigonal boundary is a 
slightly curved inter-ureteric bar, which eonneets the two ureteric ori- 
fiees and is produced by the eontimiation into the vesieal wall of the 
ureteric internal longitudinal muscle. Laterally, this ridge extends 
beyond the ureteric openings as ureteric folds, produced by the terminal 
parts of the ureters, which mn obliquely through the bladder wall. At 
eystoseopy, the inter-ureteric erest appears as a pale band and is a guide 
to the ureteric orifiees (Fig. 75.10B). 

Trigone 

The smooth muscle of the trigone eonsists of two distinet layers, some- 
times termed the superficial trigonal muscle and deep trigonal detmsor 
muscle. The latter is eomposed of muscle eells, indistinguishable from 
those of the detmsor, and is simply the posteroinferior portion of the 
detmsor muscle proper. The superficial trigonal muscle represents a 
morphologieally distinet eomponent of the trigone, which, unlike the 
detmsor, is eomposed of relatively small-diameter muscle bundles that 
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Bladder, prostate and urethra 


The iiraehiis may play a eritieal role in maintaining fetal life when 
atresia of the urethra results in eomplete obstmetion to the flow of 
amniotie fluid. Anhydramnios noted at 17weeks' gestation has been 
reported to resolve by 21 weeks when the patent urachus aets as a fistula 
between the bladder and the amniotie spaee, preserving pulmonary and 
renal fimetion (Stalberg and Gonzalez 2012). 
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Fig. 75.8 A laparoseopie view of the empty bladder and median and 
medial umbilical folds in a 12-month-old boy. (Courtesy of Mr Girish 
Jawaheer.) 
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Fig. 75.9 A laparoseopie view of the left inferior epigastrie vein (lateral 


umbilical ligament) in a 12-month-old boy. (Courtesy of Mr Girish 


Jawaheer.) 
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Fig. 75.4 A transperitoneal view of the male pelvis, as seen during 
robotie-assisted laparoseopie radieal prostateetomy. The bladder is 
released from the anterior abdominal wall, the spaee of Retzius is 
developed and the endopelvie faseia opened. 
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Fig. 75.5 Laparoseopie view of the full bladder 


are eontiniioiis proximally with those of the intramural ureters. The 
superfìcial trigonal muscle is relatively thin but is generally deseribed 
as beeoming thiekened along its superior border to form the intemret- 
erie ridge (bar). Similar thiekenings occur along the lateral edges of 
the superficial trigone. In both sexes, the superfìcial trigone muscle 
beeomes continuous with the smooth muscle of the proximal urethra, 
and extends in the male along the urethral erest as far as the openings 
of the ejaoilatory ducts. 

ilreterie orifiees 

The slit-like ureteric orifìees are plaeed at the posterolateral trigonal 
angles (Fig. 75.10A,B). In empty bladders, they are approximately 
2.5 em apart, and 2.5 em from the internal urethral orifiee; in disten- 
sion, these measurements may be doubled. 

Internal urethral orifiee 

The internal urethral orifiee is sited at the trigonal apex, the lowest part 
of the bladder, and is usually somewhat ereseentie in seetion. There is 
often an elevation immediately behind it in adult males (particularly 
past middle age), which is caused by the median prostatie lobe. 


BLADDER NECK 


The smooth muscle of the bladder neek is histologieally, histoehemi- 
eally and pharmaeologieally distinet from the detmsor muscle proper 
and so the bladder neek should be eonsidered as a separate hmetional 
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Fig. 75.7 Ligaments that anehor the neek of the bladder and pelvie part 
of the iirethra to the pelvie bone. A, In the female. B, In the male. In 
males, the detmsor extends over the anterosiiperior aspeet of the 
prostate and inserts into the pubic bone. It eondenses to form 
pubovesical/puboprostatic ligaments. (A-B, With permission from Drake 
RL, Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), Gray’s Atlas of 
Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 


unit. The arrangement of smooth muscle in this region is quite different 
in males and females, and therefore will be deseribed separately. 

Female 

In the female, the bladder neek eonsists of morphologieally distinet 
smooth muscle (Fig. 75.10C). The large-diameter faseiaili eharaeteristie 
of the detmsor are replaeed in the region of the bladder neek by small- 
diameter fasciculi that extend obliquely or longitudinally into the ure- 
thral wall. In the normal female, the bladder neek sits above the pelvie 
floor, supported predominantly by the pubovesical ligaments (see Fig. 
75.7A), the endopelvie faseia of the pelvie floor and levator ani. These 
support the urethra at rest; with elevated intra-abdominal pressure, the 
levators eontraet, inereasing urethral closure pressure to maintain eon- 
tinenee. This anatomieal arrangement eommonly alters after parturition 
and with inereasing age, such that the bladder neek lies beneath the 
pelvie floor, particularly when intra-abdominal pressure rises, which 
means that the meehanism deseribed above fails to maintain eonti- 
nenee and women may experience stress ineontinenee (Klutke and 
Siegel 1995). 

Male 

In the male, the bladder neek is eompletely surrounded by a eirailar 
eollar of smooth muscle, with its own distinet adrenergie innervation, 
which extends distally to surround the preprostatie portion of the 
urethra. These smooth muscle bundles are distinet from the smooth 
muscle bundles that mn in eontimiity from the bladder neek down to 
the prostatie urethra, and from the smooth muscle within the prostate. 
The bundles that form this preprostatie sphineter are small in size 
eompared with the muscle bundles of the detmsor, and are separated 
by a relatively larger eonneetive tissue eomponent rieh in elastie fibres. 

The bladder neek is sometimes ealled the proximal or internal 
sphineter meehanism, to distinguish it from the distal urinary sphineter 
meehanism. The internal sphineter contributes to urinary eontinenee 
and, in the faee of distal sphineterie ineompetenee, ean, at times, main- 
tain eontinenee independently. LTnlike the detmsor and the rest of the 
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Fig. 75.10 A, A eoronal seetion of the urinary bladder in the male. The miieosal folds are dependent on the state of filling. B, The iireterie orifiee seen at 
endoseopy. C, A posterior view of the bladder neek in the female. (A, With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


iirethral smooth muscle (eommon to both sexes), the preprostatie 
sphineter is riehly supplied with sympathetie noradrenergie nerves and 
is almost totally devoid of parasympathetie eholinergie nerves (see 
below). 

Bladder outflow obstmetion 

In progressive ehronie obstmetion to mietmition, e.g. as a result of 
prostatie enlargement or urethral stricture, or in ehildren with eongeni- 
tal bladder outflow obstmetion, e.g. posterior urethral valves, the 
muscle of the bladder hypertrophies. The muscle fasciculi inerease in 
size and, because they interlaee in all direetions, a thick-walled 'trabecu- 
lated bladder is produced. Mucosa between the faseieles forms 'diver- 
ticula' When outflow is obstmeted, emptying is not eomplete; some 
urine remains and may beeome infeeted. Back-pressure from a ehroni- 
eally distended bladder may gradually dilate the ureters, renal pelves 
and even the renal eolleeting tubules, which ean result in progressive 
renal impairment. 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 
Arteries 

The bladder is supplied prineipally by the superior and inferior vesieal 
arteries (see Figs 77.3, 74.22), derived from the anterior tmnk of the 
internal iliae artery, and supplemented by the obturator and inferior 
gluteal arteries. In the female, additional branehes are derived from the 
uterine and vaginal arteries. 

Superior vesieal artery 

The superior vesieal artery supplies many branehes to the fundus of the 
bladder. The artery to the vas deferens often originates from one of these 
and aeeompanies the vas deferens to the testis, where it anastomoses 
with the testiailar artery. Other branehes supply the ureter. The initial 
portion of the superior vesieal artery is the proximal, patent, seetion of 
the fetal umbilical artery. 


Inferior vesieal artery 

The inferior vesieal artery often arises with the middle reetal artery from 
the internal iliae artery. It supplies the base of the bladder, prostate, 
seminal vesieles and lower ureter, and may sometimes provide the 
artery to the vas deferens. Prostatie branehes communicate aeross the 
midline. 

Veins 


The veins that drain the bladder form a eomplieated plexus on its infe- 
rolateral surfaces and pass backwards in the lateral ligaments of the 
bladder to end in the internal iliae veins (see Fig. 77.3). 

Lymphatie drainage 

Lymphaties that drain the bladder begin in mucosal, intermuscular and 
serosal plexuses (see Fig. 77.3). There are three sets of eolleeting vessels; 
most end in the external iliae nodes. Vessels from the trigone emerge 
on the exterior of the bladder to mn superolaterally. Vessels from the 
superior surface of the bladder eonverge to the posterolateral angle and 
pass superolaterally to the external iliae nodes (some may go to the 
internal or eommon iliae group). Vessels from the inferolateral surface 
of the bladder aseend to join those from the superior surface or mn to 
the lymph nodes in the obturator fossa. Minute nodules of lymphoid 
tissue may occur along the vesieal lymph vessels. 

INNERVATION 


The nerves supplying the bladder arise from the pelvie plexuses, a mesh 
of autonomic nerves and ganglia lying on the lateral aspeets of the 
rectum, internal genitalia and bladder base (Fig. 75.11). They eonsist 
of both sympathetie and parasympathetie eomponents, eaeh of which 
eontains both efferent and afferent fibres. For fiirther reading, see 
Mundy et al (1999a). 
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Fig. 75.11 Innervation of the lovver urinary traet and male genitalia. (Redravvn with permission from Dyek P, Thomas PK, 2005, Peripheral Neuropathy, 
Saunders, Elsevier.) 


Efferent fibres 

Parasympathetie fibres arise from the seeond to the foiirth saeral seg- 
ments of the spinal eord and enter the pelvie plexuses on the postero- 
lateral aspeets of the rectum as the pelvie splanehnie nerves. The 
sympathetie fibres are derived from neuronal eell bodies in the lower 
three thoraeie and upper two lumbar segments of the spinal eord and 
form the eoeliae and mesenterie plexuses around the great vessels in the 
abdomen; from here, the hypogastrie plexuses deseend into the pelvis 
as fairly diserete nerve bundles within the extraperitoneal eonneetive 
tissue posterior to the ureter on eaeh side. The anterior part of the pelvie 
plexus is known as the vesieal plexus. Small groups of autonomic neu- 
rones occur within the plexus and throughout all regions of the bladder 
wall. These multipolar intramural neurones are rieh in aeetyleholinester- 
ase (AChE) and occur in ganglia eonsisting of up to 20 neuronal eell 
bodies. The majority of the preganglionie nerve terminals eorrespond 
morphologieally to presumptive eholinergie fibres. Noradrenergie ter- 
minals also relay on eell bodies in the pelvie plexus; it is not known 
whether similar nerves synapse on intramural bladder ganglia. 

The urinary bladder (including the trigonal detmsor muscle) is pro- 
fhsely supplied with nerves, which form a dense plexus among the 
detmsor muscle eells. The majority of these nerves eontain AChE and 
occur in abundance throughout the muscle eoat of the bladder. Axonal 
varieosities adjaeent to detmsor muscle eells possess features that are 


eonsidered to typify eholinergie nerve terminals, and eontain clusters 
of small (50 nm diameter) agranular vesieles, oeeasional large 
(80-160 nm diameter) granulated vesieles and small mitoehondria. 
Terminal regions approaeh to within 20 nm of the surface of the muscle 
eells and may be partially surrounded by Schwann eell eytoplasm; more 
often, they are naked nerve endings. The human detmsor muscle pos- 
sesses a sparse but definite supply of sympathetie noradrenergie nerves 
that generally aeeompany the vascular supply and only rarely extend 
among the myoeytes. Non-adrenergie, non-eholinergie nerves have 
been identified, and a number of other neurotransmitters or neuro- 
modulators have been deteeted in intramural ganglia, including the 
peptide somatostatin. The superficial trigonal muscle is assoeiated with 
more noradrenergie (sympathetie) fibres than eholinergie (parasympa- 
thetie) nerves, a differenee that supports the view that the superficial 
trigonal muscle should be regarded as 'ureteric' rather than vesieal' in 
origin. It is, however, important to emphasize that the superficial trigo- 
nal muscle forms a very minor part of the total muscle mass of the 
bladder neek and proximal urethra in either sex and is probably of little 
signifieanee in the physiologieal meehanisms that eontrol these regions. 

The smooth muscle of the bladder neek in males is predominantly 
orientated obliquely or circularly. It is sparsely supplied with eholin- 
ergie (parasympathetie) nerves but possesses a rieh noradrenergie (sym- 
pathetie) innervation. A similar distribution of autonomic nerves also 














































Male urethra 


occurs in the smooth muscle of the prostate gland, seminal vesieles and 
vasa deferentia. Stimulation of sympathetie nerves causes eontraetion 
of smooth muscle in the wall of the genital traet, resulting in seminal 
emission. Concomitant sympathetie stimulation of the proximal ure- 
thral smooth muscle causes sphineterie closure of the preprostatie 
sphineter, thereby preventing reflux of ejaculate into the bladder. 

It is extensively dismpted in the vast majority of men undergoing 
bladder neek surgery, e.g. transurethral reseetion of the prostate, which 
may result in retrograde ejaculation. Similarly, anejaculation ean result 
when the sympathetie fibres are dismpted during retroperitoneal lymph 
node disseetion surgery. 

Although this genital fimetion of the bladder neek of the male is 
well established, it is not known whether the smooth muscle of this 
region plays an aetive role in maintaining urinary eontinenee. In eon- 
trast, the smooth muscle of the bladder neek of the female reeeives rela- 
tively few noradrenergie nerves but is riehly supplied with presumptive 
eholinergie fibres. The sparse supply of sympathetie nerves presumably 
relates to the absenee of a fimetioning genital' portion of the wall of 
the female urethra. 

The lamina propria of the fundus and inferolateral walls of the 
bladder is virtually devoid of autonomic nerve fibres, apart from some 
noradrenergie and oeeasional presumptive eholinergie perivascular 
nerves. However, the density of nerves unrelated to blood vessels 
inereases eloser to the urethral orifiee. At the bladder neek and trigone, 
a nerve plexus of eholinesterase-positive axons extends throughout the 
lamina propria, independent of blood vessels. Some of the larger- 
diameter axons are myelinated and others lie adjaeent to the basal 
urothelial eells. In the absenee of any obvious effeetor target sites, the 
subepithelial nerve plexuses of the bladder and the ureter are assumed 
to subserve a sensory fimetion. 

Afferent fibres 

Vesieal nerves are also eoneerned with pain and awareness of distension, 
and are stimulated by distension or spasm due to a stone, inflammation 
or malignant disease; they travel in sympathetie and parasympathetie 
nerves, but predominantly in the latter. Division of the sympathetie 
paths (e.g. 'presaeral neurectomy') or of the superior hypogastrie plexus, 
therefore, does not materially relieve vesieal pain, whereas eonsiderable 
relief follows bilateral anterolateral eordotomy. Sinee nerve fibres medi- 
ating awareness of distension travel in the posterior columns (fasciculus 
graeilis), the patient still retains awareness of the need to micturate after 
anterolateral eordotomy. The nerve endings deteeting noxious stimuli 
are probably of more than one type; a subepithelial plexus of fibres 
eontaining dense vesieles, which are probably afferent endings, has 
been deseribed. 


MICROSTRUCTURE 


The bladder eonsists of four layers: a lining epithelium (urothelium), 
lamina propria, muscularis propria and serosa. 

Lining epitheliiim or urothelium 

Urothelium (transitional epithelium; see Fig. 2.5D) is 4-7 eells thiek; 
it may appear to be attemiated to 2-3 eells thiek when the bladder is 
ffilly distended. It eontains three distinetive eell layers: a basal layer, an 
intermediate layer and a superficial ('mnbrella' eell) layer (see Fig. 
75.15). The basal layer eonsists of small cuboidal eells from which the 
upper layers arise. The intermediate layers are polygonal and possess 
the eapaeity to streteh and flatten. The superficial layer forms a protee- 
tive, almost impermeable, surface for the bladder mucosa and eonsists 
of large, sometimes multinucleated, eells displaying degenerative 
ehanges in their eytoplasm; these eells are ultimately exfoliated into the 
urine. The apieal surface of the umbrella eell layer is eovered by 16 nm 
protein partieles paeked hexagonally to form two-dimensional erystals 
of asymmetrie unit membranes (AUMs), which contribute to the per- 
meability barrier fimetion of the urinary bladder, preventing reabsorp- 
tion of urine aeross the urothelium into the blood stream. Islands or 
nests of urothelium (von Bmnn's nests) may beeome separated from 
the surface during development and are found embedded in the under- 
lying lamina propria; they may undergo eentral degeneration to form 
eysts (eystitis eystiea). 

Lamina propria 

The lamina propria forms a eonneetive tissue bed supporting the overly- 
ing urothelium, from which it is separated by a basement membrane. 
It is rieh in eapillaries, lymphaties and nerve endings, and eontains 
elastie fibres and a thin, poorly defined, layer of smooth muscle fibres, 
the muscularis mucosae, which is variably distributed within the 


bladder. This layer is often very superficial, lying elose beneath the 
urothelium, but is sometimes deeper in the lamina propria, where it 
may be well developed; it must be distinguished from the muscularis 
propria. Several fimetions have been proposed for the lamina propria, 
including aeting as the eapaeitanee layer of the bladder (determining 
bladder eomplianee and enabling adaptive ehanges to inereasing 
volumes); providing faetors that influence the growth of the urothelium 
and/or detmsor; and playing a role in signal transduction (Andersson 
and McCloskey 2014). 

Interstitial eells of Cajal-like eells 

Interstitial eells of Cajal (ICC) are a speeialized population of eells 
involved in smooth muscle excitability that were initially deseribed in 
the gastrointestinal traet (p. 1043). Cells with a similar morphology but 
expressing platelet-derived growth reeeptor alpha (PDGFRa), rather 
than the tyrosine kinase reeeptor Kit that typifies ICC, and therefore 
designated interstitial eells of Cajal-like eells (ICC-LC), have been 
reported in the urethra, vas deferens, prostate, bladder, corpus eaverno- 
sum, ureter, Fallopian tube, oviduct and uterus, where they form a 
fimetional syncytium with nerves and smooth muscle eells. They may 
fimetion as eleetrieal paeemakers in the urethra and prostate. In the 
bladder, they are found elosely apposed to detmsor smooth muscle 
eells, in the lamina propria and within the suburothelium; it has been 
tentatively suggested that one of their fimetions in the bladder is to aet 
as intermediary eells transducing nerve signals to detmsor smooth 
muscle eells (Dmmm et al 2014). 

Miiseiilaris propria 

The muscularis propria is the detmsor muscle of the bladder wall. It 
eonsists of three indistinet layers: an inner and outer longitudinal, and 
an intermediate circular layer. In eontrast to the muscularis mucosae, 
which eonsists of small wispy fibres, the muscularis propria is made up 
of larger, poorly defined, bundles of smooth muscle that form well- 
defined inner eirailar and outer longitudinal layers at the neek of the 
bladder. 

Serosa 

The serosa partially eovers the bladder. It is lined externally by mesothe- 
lium, beneath which there is a variable amount of vascularized adipose 
tissue that frequently extends into the muscularis propria and, oeeasion- 
ally, into the lamina propria. 


MALE tJRETHRA 


The maleurethra (Fig. 75.12, see Fig. 75.2) is 18-20 em long, andextends 
from the internal orifiee in the urinary bladder to the external opening, 
or meatus, at the end of the penis. It may be eonsidered in two parts. The 
anterior urethra is approximately 16 em long and lies within the peri- 
neum (proximally) and the penis (distally), surrounded by the corpus 
spongiosum. The posterior urethra is 4 em long and lies in the pelvis 
proximal to the corpus spongiosum, where it is aeted on by the urogenital 
sphineter meehanisms. Functionally, both parts aet as a conduit. 

The anterior urethra is subdivided into a proximal eomponent, the 
bulbar urethra, which is surrounded by bulbospongiosus and entirely 
within the perineum, and a pendulous or penile eomponent, which 
continues to the tip of the penis. The posterior urethra is divided into 
preprostatie, prostatie and membranous segments. In the flaeeid penis, 
the urethra has a double curve. The urethral eanal is a mere slit, except 
during the passage of fluid; in transverse seetion, it is transversely arehed 
in the prostatie part, stellate in the preprostatie and membranous por- 
tions, transverse in the bulbar and penile portions, and sagittal at the 
external orifiee. 

Posterior part 

Preprostatie urethra 

The preprostatie urethra is approximately 1 em in length, and extends 
from the base of the bladder to the prostate (Fig. 75.12). Small peri- 
urethral glands at this site may contribute to benign prostatie hyperpla- 
sia (BPH) and symptoms of outflow obstmetion in older men. 


Prostatie urethra 

The prostatie urethra is 3-4 em in length and tunnels through the 
substance of the prostate, eloser to the anterior than the posterior 
surface of the gland (Fig. 75.13; see Fig. 75.10). It is continuous above 
with the preprostatie part and emerges from the prostate slightly ante- 
rior to its apex (the most inferior point of the prostate). Throughout 
most of its length, the posterior wall possesses a midline ridge, the 
urethral erest, that projeets into the lumen, causing it to appear 
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Fig. 75.12 A, The male urethra. B, Endoseopie vievvs (top to bottom): posterior bladder wall and trigone, bladder neek, urethral erest, membranous 
urethra, bulbar urethra, penile urethra, navicular fossa. (A, with permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Llrban & Fiseher. Copyright 2013.) 


ereseentie in transverse seetion. On eaeh side of the erest, the floor of a 
shallow depression, the prostatie sinus, is perforated by the orifiees of 
15-20 prostatie ducts. An elevation, the verumontanum (seminal eol- 
liculus), occurs at about the middle of the length of the urethral erest; 
at this point, the urethra turns anteriorly and eontains the slit-like 
orifiee of the prostatie utricle. The extent of angulation most often 
approximates 30-35° but ean ehange with age and differs between 
individuals. The verumontanum is used as a surgical landmark for the 
urethral sphineter during transurethral reseetion for benign enlarge- 
ment of the prostate. 

The two small openings of the ejaailatory ducts open on both sides 
of, or just within, the prostatie utricle, a cul-de-sac approximately 6 mm 
long, that mns upwards and backwards in the substance of the prostate 
behind its median lobe. Its walls are eomposed of fibrous tissue, muscular 
fibres and mucous membrane, the latter pitted by the openings of numer- 
ous small glands. It develops from the paramesonephrie ducts or urogeni- 
tal sinus, and has been thought to be homologous with the vagina of the 
female so that it is sometimes ealled the Vagina masculina'; the more 
usual view is that it is a uterine homologue - henee the name Vtriele'. 

The lowermost part of the prostatie urethra is fixed by the pubopros- 
tatie ligaments and is therefore immobile. 


Membranous urethra 

The membranous part of the urethra is the shortest (2-2.5 em), least 
dilatable and, with the exception of the external orifiee, the narrowest 
seetion of the urethra. It deseends with a slight ventral eoneavity from 
the prostate to the bulb of the penis, passing through the perineal 
membrane, 2.5 em posteroinferior to the pubic symphysis. The wall of 
the membranous urethra eonsists of a muscle eoat that is separated from 
the epithelial lining by a narrow layer of fibroelastie eonneetive tissue. 
The muscle eoat eontains a relatively thin layer of bundles of smooth 
mnsele, which are continuous proximally with those of the prostatie 
urethra, and a prominent outer layer of eiroilarly orientated striated 
muscle fibres, which together form the external urethral sphineter. 

llrinary eontinenee at the level of the membranous urethra is medi- 
ated by the radial folds of urethral mucosa, the submucosal eonneetive 
tissue, the intrinsie urethral smooth muscle, the striated muscle fibres 
and the pubourethral eomponent of levator ani. The muscle eoat of the 
urethra and puborectalis surround the membranous urethra and are 
attaehed to the inner surface of the ischiopubic ramus; fibres also reaeh 
up to the lowest part of the neek of the bladder and lie on the surface 
of the prostate. The striated external urethral sphineter has a posterior 
fibrous defeet and is inserted throughout its length into the perineal 

























































































Bladder, prostate and urethra 


Cystic dilation of the prostatie utricle (Fig. 75.14) may present in 
ehildhood with urinary traet infeetions, recurrent epididymitis or 
haematuria. 



Fig. 75.14 Cystic dilation of the prostatie utricle (arrow) demonstrated in 
an 8-month-old ehild during a micturating cystourethrogram. (Courtesy of 
Mr Alok Godse.) 





Male urethra 


Urethral sinuses 


Internal urethral sphineter 
(smooth muscle) 


P rostate 


Prostatie utricle 


Openings ofducts of 
glandular elements 
of prostate 


Openings of 
ejaculatory ducts 


External urethral sphineter 
(skeletal muscle) 



U rethral erest 


Seminal colliculus 
(verumontanum) 


G landular elements 

of prostate 


F ibromuscular stroma 
(smooth muscle and 
fibrous eonneetive tissue) 


Deep perineal pouch 
Perineal membrane 


Fig. 75.13 The prostatie part of the male urethra. 
The raised part of the urethral erest is 
the seminal colliculus, knovvn elinieally as the 
verumontanum. (With permission from Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for 
Students, 2nd ed, Elsevier, Churchill Livingstone. 
Copyright 2010.) 


body. It is related to the dorsal vein complex anteriorly, levator ani later- 
ally and the perineal body and rectourethralis posteriorly; it is sus- 
pended from the pubis by fibrous tissue that extends from its anterior 
and lateral parts to the puboprostatic ligaments posteriorly and to the 
suspensory ligament of the penis anteriorly. The bulbourethral glands 
are invested in sphineterie muscle and drain into the membranous 
urethra during sexual excitement. 

jt^l Anterìor part 

The anterior, or spongiose, part of the urethra lies within the corpus 
spongiosum penis (see Fig. 76.3). In the flaeeid penis, it is about 15 em 
long and extends from the end of the membranous urethra to the 
external urethral orifiee on the glans penis. It starts below the perineal 
membrane at a point anterior to the lowest level of the pubic symphysis 
as the bulbar urethra, the widest part of the methra, surrounded by 
bulbospongiosus. The bulbourethral glands open into the bulbar 
urethra approximately 2.5 em below the perineal membrane. The 
urethra next curves downwards as the penile urethra. It is a nanmy 
transverse slit when empty and has a diameter of approximately 6 mm 
when passing urine. It is dilated at its termination within the glans 
penis, where it is known as the navicular fossa. The external urethral 
orifiee is the narrowest part of the urethra and, in the adult, is a sagittal 
slit, about 6 mm long, bounded on eaeh side by a small labium. 

The urethral epithelmm, particularly in the bulbar and distal penile 
segments, presents the orifiees of numerous small mucous urethral 
glands that lie in the submucosa. It also eontains a number of small 
pit-like reeesses, or laomae, of varying sizes with orifiees direeted for- 
wards. One, the lacuna magna, is larger than the rest and is situated in 
the roof of the naviailar fossa. 

Traumatic injury to the male urethra 


Available with the Gray’s Anatomy e-book 

Oongenitai anomalies of the male iirethra 

g) Available with the Gray’s Anatomy e-book 

VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 

ilrethral artery 

The urethral artery arises from the internal pudendal artery or eommon 
penile artery just below the perineal membrane, and travels through the 
corpus spongiosum to reaeh the glans penis. It supplies the urethra and 
the ereetile tissue around it. The urethra is also supplied by the dorsal 
penile artery, via its circumflex branehes on eaeh side and in a retrograde 
fashion from the glans, by its terminal branehes. The blood supply 


through the corpus spongiosum is so plentifhl that the urethra ean be 
divided without eompromising its vascular supply. 

Veins 

The venous drainage of the anterior urethra is to the dorsal veins of the 
penis and internal pudendal veins, which drain to the prostatie plexus. 
The posterior urethra drains into the prostatie and vesieal venous plex- 
uses, which drain into the internal iliae veins. 

Lymphatie drainage 

Vessels from the posterior urethra pass mainly to the internal iliae nodes; 
a few may end in the external iliae nodes. Vessels from the membranous 
urethra aeeompany the internal pudendal artery. Vessels from the ante- 
rior urethra aeeompany those of the glans penis, most ending in the 
deep inguinal nodes; some may end in superficial nodes, while others 
may traverse the inguinal eanal to end in the external iliae nodes. 

INNERVATION 


The prostatie plexus supplies the smooth muscle of the prostate and 
prostatie urethra (see Fig. 75.11). On eaeh side, it is derived from the 
pelvie plexus and lies on the posterolateral aspeet of the seminal vesiele 
and prostate. The cavernous (deep, eavernosal) nerves, both major and 
minor, pieree the bulb of the corpus spongiosum to innervate the eav- 
ernous bodies of the penis. The sympathetie autonomic nerves that 
supply the internal urethral sphineter are derived from the pelvie plexus 
as it deseends in the pelvis adjaeent to the inferior prostatovesieal 
pediele and prostate, and fimetion to prevent retrograde ejaculation. 
Parasympathetie preganglionie axons arise from neuronal eell bodies in 
the seeond to fourth saeral spinal segments. The nerve supply of the 
external urethral sphineter is eontroversial. It is generally believed to be 
supplied by neurones in Onufs nucleus and by perineal branehes of 
the pudendal nerve lying on the perineal aspeet of the pelvie floor; in 
both instanees, the axons arise from neurones in the seeond to fourth 
saeral spinal segments. Fibres from Onuf s nucleus (somatie) travel with 
the pelvie plexus on eaeh side until they braneh off to mn on the pelvie 
aspeet of the pelvie floor to enter the membranous urethra. 

MICROSTRUCTURE 


The epithelium lining the preprostatie urethra and the proximal part 
of the prostatie urethra is a typieal urothelium (Fig. 75.15). It is eon- 
tinuous with that lining the bladder, and with the epithelium lining the 
ducts of the prostate and bulbourethral glands, the seminal vesieles, 
and the vasa deferentia and ejaculatory ducts. These relationships are 
important in the spread of urinary traet infeetions. 
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Bladder, prostate and urethra 


The mean length of the slit is 5.4 mm in boys between the ages of 
0.3 and 15years (Hutton and Babu 2007). The width of the external 
urethral orifiee in uncircumcised boys between the ages of 5months 
and 16years varies from 3.5 to 7.5 mm (Orkiszewski and Madej 2010). 

The urethra may be ruptured by a fall-astride (straddle) injury to the 
bulbar urethra in the períneum, or by an injury related to a pelvie 
fracture. These injuries usually affeet the junction of the membranous 
with the bulbar segments aeross the perineal membrane. One of the 
eomplieations assoeiated with such injuries is extravasation of urine. 
After an injury to the bulbar urethra, urine usually extravasates between 
the perineal membrane and the membranous layer of the superficial 
faseia (elinieally known as Oolles' faseia). As both of these are attaehed 
firmly to the ischiopubic rami, extravasated fluid eannot pass posteri- 
orly because the two layers are continuous around the superficial trans- 
verse perineal muscles. Laterally the spread of urine is bloeked by the 
pubic and isehial rami. Urine eannot enter the lesser pelvis through the 
perineal membrane if this remains intaet, and so it traeks anteriorly into 
the loose eonneetive tissue of the scrotum and penis, and, from there, 
to the anterior abdominal wall. If the posterior urethra is injured, urine 
is extravasated into the pelvie extraperitoneal tissue; if the perineal 
membrane is also torn, then urine may be extravasated into the 
perineum. 

Hypospadias, found in 1 in 300 boys, most often results in the urethra 
opening in the distal penis, either on the ventral aspeet of the penis or, 
more proximally, on to the perineum. There is also an assoeiated abnor- 
mality of the prepuce, which is longer dorsally and laeking ventrally, 
and often an assoeiated ehordee, which causes a ventral curvature of 
the penis. The mierovessel density of the prepuce is reduced in ehildren 
with hypospadias and this has surgical implieations when preputial 
flaps are used for the repair of hypospadias (Yucel et al 2004, Cagri 
Savas et al 2011). Anomalies of arterial vascular anatomy of the prepuce 
have been deseribed in boys with hypospadias; it is, therefore, impor- 
tant for hypospadias to be identified prior to circumcision because the 
abnormal foreskin is sometimes used for surgical eorreetion of the 
deformity. The anogenital distanee (distanee from the anus to the base 
of penis) is reduced in Caucasian boys with hypospadias (Hsieh et al 
2012 ). 

Epispadias occurs in approximately 1 in 100,000 boys; it is typieally 
part of the exstrophy-epispadias complex but may occur in isolation. 
The urethra is either eompletely open dorsally or uncovered to the level 
of the pubic symphysis. The neurovascular bundles are anterolateral 
along the proximal portions, and lateral along the middle and distal 
portions, of the eorporeal bodies (Hurwitz et al 1986). Other features 
of epispadias are shortened penis and dorsal ehordee; the ineidenee of 
eryptorehidism is inereased ten-fold. 

Posterior urethral valves occur in 1 in 5000-8000 males and are the 
most eommon cause of urinary outflow obstmetion in male infants. 
The most eommon type (type I) is believed to occur if the Wolffian 
ducts open too anteriorly on to the primitive prostatie urethra; this 
abnormal migration of the ducts leaves behind thiek vestigial tissue that 
forms rigid valve cusps extending caudally from the vemmontanum. 
Megalourethra may be assoeiated with posterior urethral valves. Con- 
genital anterior urethral valves are a rare cause of urethral obstmetion 
in boys and may be assoeiated with posterior urethral valves and 
hypospadias. 

Very rarely, urethral duplication occurs; the two urethrae almost 
invariably lie on top of eaeh other rather than side by side. One of the 
urethrae, usually the more dorsal, may be blind-ending. Congenital 
prepubic sinus eonsists of a midline traet in the skin passing from the 
suprapubic region towards the anterior bladder without communica- 
tion, and is believed to be a variant of dorsal urethral duplication. 
Congenital urethrocutaneous fistulae are very rare anomalies in which 
the urethra opens on the ventral surface of the penis in the absenee of 
ehordee or hypospadias. 

Congenital rectourethral fistulae may be present in ehildren born 
with anoreetal malformation. The prostatie or bulbar urethra is usually 
affeeted, and the rectum and urethra share a eommon wall immediately 
above the fistula site. 
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Fig. 75.15 The bladder is lined by urothelium with a surface ‘iimbrella 
eell’ layer (U) and a layer of intermediate eells (3-5 eells thiek). The 
lamina propria (LP) eonsists of stroma with blood vessels and von 
Bmnn’s nests. 

The epitheliiim ehanges below the openings of the ejaculatory ducts 
to a pseudostratifìed or stratified columnar type, which lines the mem- 
branous urethra and the major part of the penile urethra. Mucus- 
seereting eells are eommon throughout this epithelium and frequently 
occur in small clusters in the penile urethra. Branehing tubular para- 
urethral glands seerete proteetive mucus on to the urethral epithelial 
lining and are espeeially numerous on its dorsal aspeet. In older men, 
many of the deep reeesses of the urethral mucosa eontain eoneretions 
similarto those found within prostatieglands (see fig. 75.23A).Towards 
the distal end of the penile urethra, the epithelium ehanges onee again, 
beeoming stratified squamous in type with well-defined eonneetive 
tissue papillae. This epithelium also lines the navicular fossa and 
beeomes keratinized at the external meatus. The epithelial eells lining 
the naviailar fossa are glyeogen-rieh. This may provide a substrate for 
eommensal laetobaeilli, which, as in the female vagina, provide a 
defenee against pathogenie organisms. 


FEMALE IIRETHRA 


The adult female urethra is approximately 4 em long and 6 mm in 
diameter. The average length of the urethra is 26 mm in girls, inereas- 
ing from 23 mm at birth to 32 mm at 15years (Hirdes et al 2010). It 
begins at the internal urethral orifiee of the bladder, approximately 
opposite the middle of the pubic symphysis, and mns anteroinferiorly 
behind the pubic symphysis, embedded in the anterior wall of the 
vagina (see Fig. 75.1). It is suspended beneath the pubis by the pos- 
terior pubourethral ligaments, and anteriorly, by the suspensory liga- 
ment of the elitoris. It erosses the perineal membrane and normally 
ends at the external urethral orifiee in the vestibule as an anteropos- 
terior slit with rather prominent margins, direetly anterior to the 
opening of the vagina and 2.5 em behind the glans elitoris. It some- 
times opens into the anterior vaginal wall. Except during the passage 
of urine, the anterior and posterior walls of the urethra are in apposi- 
tion and the epithelium is thrown into longitudinal folds, one of 
which, on the posterior wall of the eanal, is termed the urethral erest. 
Many small, mucous urethral glands and minute, pit-like reeesses or 
lacunae open into the urethra and may give rise to urethral diverticula. 
On eaeh side, near the lower end of the urethra, a number of these 
glands, Skene's glands, are grouped together and open into the para- 
urethral duct; eaeh duct mns down in the submucous tissue and ends 
in a small aperture on the lateral margin of the external urethral 
orifiee. 

Epispadias is a rare eongenital anomaly that may affeet the female 
urethra. It may occur in isolation or as part of the exstrophy-epispadias 
complex. Isolated epispadias in girls is eharaeterized by the urethra 
opening at the elitoris, which is typieally bifid. 

VASCULAR SUPPLY AND LYMPHATIO DRAINAGE 

ilrethral artery 

The urethra is supplied prineipally by the vaginal artery, but also reeeives 
a supply from the inferior vesieal artery. 


Veins 

The venous plexus around the urethra drains into the vesieal venous 
plexus around the bladder neek and into the internal pudendal veins 
(see Fig. 77.3). An ereetile plexus of veins along the length of the urethra 
is continuous with the ereetile tissue of the vestibular bulb. 

Lymphatìe drainage 

The urethral lymphaties drain into the internal and external iliae 
nodes. 

INNERVATION 


Parasympathetie preganglionie axons arise from neuronal eell bodies in 
the intermediolateral column of the seeond to fourth segments of the 
saeral spinal eord, mn in the pelvie splanehnie nerves, and synapse in 
the vesieal plexus in or near the bladder wall (see Fig. 77.5B). Postgan- 
glionie fibres are distributed to the smooth muscle of the urethral wall. 
Somatie fibres to the striated muscle are also derived from the seeond 
to fourth segments of the saeral spinal eord, and mn in the pelvie 
splanehnie nerves but do not synapse in the vesieal plexus. Sensory 
fibres mn in the pelvie splanehnie nerves to the seeond to fourth seg- 
ments of the saeral spinal eord. Postganglionie sympathetie fibres arise 
from the plexus around the vaginal arteries. 

MICROSTRUCTURE 


The mucosa lining the female urethra eonsists of a stratified epithelium 
and a supporting lamina propria of loose fibroelastie eonneetive tissue. 
The latter is bulky and well vascularized, and eontains numerous thin- 
walled veins. Its abundant elastie fibres are orientated both longitudi- 
nally and eirailarly around the urethra. The lamina propria eontains a 
fine nerve plexus, believed to be derived from sensory branehes of the 
pudendal nerves. The proximal part of the urethra is lined by urothe- 
lium, identieal in appearanee to that of the bladder neek. Distally, the 
epithelium ehanges into a non-keratinizing stratified squamous type 
that lines the major portion of the female urethra. This epithelium is 
keratinized at the external urethral meatus, where it beeomes eontimi- 
ous with the skin of the vestibule. 

The wall of the female urethra eonsists of an outer muscle eoat and 
an inner mucosa, which lines the lumen and is continuous with that 
of the bladder. The muscle eoat eonsists of an outer sheath of striated 
muscle, together with an inner eoat of smooth muscle fibres. The female 
external urethral sphineter is anatomieally separate from the adjaeent 
periurethral striated muscle of the anterior pelvie floor. The muscle eells 
forming the external urethral sphineter are all small-diameter, slow- 
twitch fibres. 

The smooth muscle eoat extends throughout the length of the 
urethra and eonsists of slender muscle bundles, the majority of which 
are orientated obliquely or longitudinally. A few circularly arranged 
muscle fibres occur in the outer aspeet of the non-striated muscle layer 
and intermingle with the skeletal muscle fibres forming the inner part 
of the external urethral sphineter. Proximally, the urethral smooth 
muscle extends as far as the bladder neek, where it is replaeed by fasei- 
eles of detmsor smooth muscle. This region in the female laeks a well- 
defined circular smooth muscle eomponent eomparable with the 
preprostatie sphineter of the male. Distally, urethral smooth muscle 
bundles terminate in the subcutaneous adipose tissue surrounding the 
external urethral meatus. 

The smooth muscle of the female urethra reeeives an extensive pre- 
sumptive eholinergie parasympathetie nerve supply but eontains rela- 
tively few noradrenergie nerves. In the absenee of an anatomieal bladder 
neek sphineter, eompetenee of the female bladder neek and proximal 
urethra is unlikely to be totally dependent on smooth muscle aetivity, 
and is more probably related to the support provided by the ligamen- 
tous stmctures that surround them. The innervation and longitudinal 
orientation of most of the muscle fibres suggest that urethral smooth 
muscle in the female is aetive during micturition, serving to shorten 
and widen the urethral lumen. 


MICTURITI0N AND URINARY C0NTINENCE 


The eentral integration of nervous eontrol of the bladder and urethra is 
essential for normal micturition (Fig. 75.16). (For fhrther reading, see 
Yoshimura and Chancellor (2012).) 

Mietmition eonsists of storage and voiding phases. During the 
storage phase, the bladder aeeommodates an inereasing volume of urine 
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Fig. 75.16 The micturition eontrol eentre is in 
the paramedian pontine reticular formation on 
eaeh side and eonsists of a medially plaeed 
micturition eentre, ‘M’, and a laterally plaeed 
storage eentre, ‘L’. Neurones projeet from the 
‘M’ eentre and the storage eentre ‘L’ to 
parasympathetie neurones in segments 2-4 of 
the saeral spinal eord, and to Onuf’s nucleus, 
vvhieh is in the same segments, and vvhieh 
innervates the external urethral sphineter. At 
higher levels, neurones in the right prefrontal 
and anterior cingulate cortex, right preoptie 
nucleus and periaqueductal grey matter are 
involved in the eontrol of micturition. Vesieal 
afferents from streteh reeeptors in the detmsor 
and trigonal mucosa relay the extent of 
bladder filling to the brainstem and thalamus 
via spinoreticulothalamic fibres (1). Aetivity in 
the sympathetie system that maintains 
inereases in bladder eomplianee (via p 2 
reeeptors on detmsor fibres) and 
parasympathetie aetivity is inhibited (2). 
Spinoreticular fibres synapsing in the ‘L’ 
nucleus in the pons aetivate Onuf’s nucleus to 
inerease the tone of the external sphineter (3). 

If micturition is deferred, fibres projeeting from 
the inferior frontal gyms inhibit the right 
anterior cingulate gyms, preoptie area and 
periaqueductal grey matter (4). Voluntary 
eontraetion of the pelvie floor musculature, 
eontrolled by the prefrontal cortex driving the 
perineal ‘area’ of the motor cortex (5), eannot 
be long sustained onee filling is eomplete. 

(With permission from FitzGerald MJT, 
Folan-Curren J 2001 dinieal Neuroanatomy, 
4th edn. London: Saunders.) 


without any ehange in intravesieal pressure, partly because of the vis- 
eoelastie properties of its walls, and partly because a gating meehanism 
operates in the spinal eord that reflexively inhibits preganglionie para- 
sympathetie aetivity. A gating meehanism in the pelvie ganglia prevents 
the aetivation of postganglionie parasympathetie neurones until pre- 
ganglionie aetivity has reaehed a threshold level (Chancellor and 
Yoshimura 2002). 

Mean bladder eapaeity in adult males varies around 400 ml but 
micturition eommonly occurs at smaller volumes. Voluntary eontrol is 
imposed from the inferior frontal gyms of the eerebral cortex. Filling 
to 500 ml may be tolerated; beyond this levef pain caused by tension 
in the bladder wall leads to the urgent desire to micturate. The pain is 
referred to the cutaneous areas supplied by T10-L2 and S2-4, includ- 
ing the lower anterior abdominal walf perineum and penis. Threshold 
afferent stimulation aetivates the micturition eentre in the rostral pons 
(the 'M' eentre) (see Fig. 75.16), which drives preganglionie parasym- 
pathetie neurones in the intermediolateral grey column of the seeond, 
third and fourth saeral spinal segments via deseending spinal path- 
ways. The axons of these neurones mn to the inferior hypogastrie 
plexus in the pelvie splanehnie nerves; they synapse on postganglionie 
neurones in ganglia lying within the plexus and in the wall of the 
bladder. Postganglionie axons ramify throughout the thiekness of the 
detmsor smooth muscle eoat. When stimulated, they release aeetyleho- 
line, which aetivates muscarinic reeeptors in the detmsor layer of the 
bladder wall and produces the sustained bladder eontraetion required 
for micturition. The distal urethral sphineter maintains urethral 
closure. 


llrinary eontinenee in the male 

llrinary eontinenee at the level of the membranous urethra is mediated 
by the radial folds of urethral mucosa, the submucosal eonneetive 
tissue, the intrinsie urethral smooth muscle, the striated external ure- 
thral sphineter and the pubourethral eomponent of levator ani, pubo- 
perinealis (Fig. 75.17). The external urethral sphineter represents the 
point of highest intraurethral pressure in the normal, eontraeted, state. 
The striated muscle eomponent of the external urethral sphineter is 
devoid of muscle spindles. The striated muscle fìbres themselves are 
unusually small in eross-seetion (15-20 pm in diameter), and are phys- 
iologieally of the slow-twitch type, unlike the pelvie floor musculature, 
which is a heterogeneous mixture of slow- and fast-twitch fibres of 
larger diameter. The slow-twitch fìbres of the external sphineter are 
eapable of sustained eontraetion over relatively long periods of time 
and aetively contribute to the tone that eloses the urethra and maintains 
urinary eontinenee. They are innervated by neurones that lie in Onuf s 
nucleus in the anterolateral grey matter of the seeond to fourth saeral 
spinal segments. Their fìring is eontrolled eentrally by a storage eentre 
within the rostral pons (the 'L' eentre) (see Fig. 75.16). Just before the 
onset of voiding, the external urethral sphineter is relaxed by eentral 
inhibition of Onufs nucleus. 

Llrinary eontinenee in the female 

The urethral sphineter meehanism eonsists of the intrinsie striated and 
smooth muscle of the urethra, the mucosa and submucosal eonneetive 
tissue, and the puborectalis eomponent of levator ani (which surrounds 
the urethra at the point of maximum eoneentration of those muscles). 
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Fig. 75.17 A, Coronal illustration of male anterior levator ani (urogenital) hiatus: prostate above, intervening striated urethral sphineter and perineal 
membrane with eorporal bodies below. B, This eoronal T2-weighted MRI includes the eephalad extension of the smooth muscle urethral sphineter, which 
eannot be diseriminated from striated urethral sphineter; bulbourethral glands are offset from expected symmetry. (A, B Courtesy of Robert P Myers MD, 
Akira Kawashima MD and Bernard F King MD, used with permission of Mayo Foundation for Medieal Education and Researeh.) 


The striated muscle eomponent of the urethral sphineter meehanism 
surrounds the middle and lower thirds of the urethra in the female. 
ProKÌmally, it forms a eomplete ring around the urethra, while, more 
distally, it eovers the anterior and lateral aspeets of the urethra; it blends 
above with the smooth muscle of the bladder neek and below with the 
smooth muscle of the lower urethra and vagina. Contraction of this part 
of the sphineter eompresses the urethra against the relatively fixed 
anterior vaginal wall. At its most distal point; the striated sphineter 
eneompasses the urethra and vagina as the urethrovaginal sphineter. 
The mucosa and submucosa are oestrogen-dependent and atrophy 
postmenopausally possibly resulting in stress ineontinenee. 


PROSTATE 


The prostate is a globular fibromuscular gland that surrounds the pro- 
statie urethra from the bladder base to the membranous urethra (Myers 
2001). It is enelosed by firmly adherent tissue that has been variously 
termed the prostatie capsule or the prostatie faseia (parietal faseia eover- 
ing the adjaeent part of levator ani, lateral pelvie faseia, periprostatie 
faseia, parapelvie faseia), refleeting, in part at least, inter-individual 
variability and sampling site (Myers et al 2010) (Fig. 75.18). Histologi- 
eally, it is a multilayered eonneetive tissue (Hinata et al 2013). There is 
no tme fibrous capsule at the base or apex of the prostate, and the pres- 
enee of a capsule between the apex and base is variable. 

The muscular tissue within the prostate is mainly smooth muscle. 
Anterior to the urethra, a layer of smooth muscle merges with the main 
mass of muscle in the fibromuscular septa; it blends superiorly with 
vesieal smooth muscle. Anterior to the layer of smooth muscle, a trans- 
versely ereseent-shaped mass of skeletal muscle is continuous inferiorly 
with the external urethral sphineter in the deep perineal pouch. Its fibres 
pass transversely internal to the capsule and are attaehed to it laterally 
by diffiise eollagen bundles; other eollagen bundles pass posteromedi- 
ally, merging with the prostatie fibromuscular septa and the septum of 
the urethral erest. This muscle, supplied by the pudendal nerve, probably 
eompresses the urethra but it may pull the urethral erest baek and the 
prostatie sinuses forwards, dilating the urethra. Glandular eontents may 
be expelled simultaneously into the urethra when it has expanded in 
this way, so that it eontains 3-5 ml seminal fluid prior to ejaculation. 

The prostate lies at a low level in the lesser pelvis, behind the inferior 
border of the pubic symphysis and pubic areh (see Fig. 75.2A; Fig. 
75.19), and anterior to rectourethralis and the reetal ampulla, through 
which it may be palpated. It presents a base or vesieal aspeet superiorly, 
an apex inferiorly, and posterior, anterior and two inferolateral surfaces. 
The prostatie base measures about 4 em transversely. The gland is 2 em 
in its anteroposterior, and 3 em in its vertieal, diameters. It weighs 


about 8 g in youth but, almost invariably, enlarges with the develop- 
ment of BPH; it usually weighs 40 g, but sometimes as much as 150 g 
or even more, after the first five deeades of life. The small prostate 
without BPH is deseribed as a eroissant shape (short anterior eommis- 
sure, prominent apieal noteh and posterior lip of prostatie tissue), and 
the enlarged gland is more doughnut-shaped. The shape of the prostate 
affeets the relationship of the prostatie apex to the external urethral 
sphineter. This relationship is important when removing the prostate 
at radieal prostateetomy for eaneer, and anastomosing the bladder to 
the urethra to maintain sphineter integrity. The external urethral sphine- 
ter is flush to a large doughnut-type gland, and so a perpendicular 
ineision will separate the prostate and external urethral sphineter accu- 
rately. In a small prostate, the external urethral sphineter fills the defeet 
in the anterior aspeet of the prostate, and so a perpendicular ineision 
at the level of the posterior lip of the eroissant-shaped gland will excise 
much external urethral sphineter and leave the patient ineontinent. 

Superiorly, the base is largely contiguous with the neek of the 
bladder. The apex is inferior, surrounding the junction of the prostatie 
and membranous parts of the posterior urethra. The apieal posterior 
relation of the prostate and external urethral sphineter is rectourethralis, 
a Y-shaped muscle that originates from the outer longitudinal eoat of 
the rectum. The upper limbs of the Y extend from the lateral reetal wall 
to the midline, where rectourethralis inserts into the perineal body at 
the anoreetal junction (Brooks et al 2002). 

The anterior surface lies in the areh of the pubis, separated from it 
by the dorsal vascular complex (Santorini's plexus) and loosely attaehed 
adipose tissue. It is transversely narrow and convex, extending from the 
apex to the base. Near its superior limit, it is eonneeted to the pubic 
bones by the puboprostatic ligaments. The urethra emerges from this 
surface anterosuperior to the apex of the gland. The anterior part of the 
prostate is relatively defieient in glandular tissue and is largely eom- 
posed of fibromuscular tissue. The anterior and lateral aspeets of the 
prostate are eovered by a layer of faseia derived from the endopelvie 
faseia on eaeh side, ealled the lateral prostatie faseia. This is adherent 
medially to the prostate, continues posteriorly over the lateral aspeet of 
the prostate, neurovascular bundles and rectum (lateral reetal faseia), 
and passes distally over the urethra (see Fig. 75.18A). The prostatie 
venous plexus (see Fig. 75.19) lies between this extension of the 
endopelvie faseia and the prostate. Anteroinferiorly, the parietal and 
viseeral faseiae of the prostate merge and blend with the puboprostatic 
ligaments. The anterior surface of the prostate and assoeiated vascular 
plexus is eovered by the detmsor apron (Myers 2002). 

The inferolateral surfaces are related to the muscles of the pelvie side 
wall; the anterior fibres of levator ani embraee the prostate in the pubo- 
urethral sling or pubourethralis. These muscles are separated from the 
prostate by a thin layer of eonneetive tissue. 
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Fig. 75.18 A, The endopelvie faseia. The faseia eovers the pelvie viseera 
and continues posteriorly over the lateral aspeet of the prostate, as the 
lateral prostatie faseia and, on the lateral aspeet of the rectum, as the 
lateral reetal faseia. Its relationship with Denonvilliers’ faseia may be 
visualized as an ‘H’. The deep dorsal vein and lateral branehes run deep 
to the endopelvie faseia and the lateral prostatie faseia, although 
communicating with perforators to the pelvie side wall. Denonvilliers’ 
faseia is adherent to the prostate in the posterior midline but, like the 
lateral prostatie faseia, is separated from the prostatie tissue by the 
neurovascular structures and fatty tissues elsewhere. Between 
Denonvilliers’ faseia and the rectum is a fatty potential plane, the prereetal 
spaee. B, The prostatie capsule (PC) is a eondensation of eonneetive 
tissue (green) on the surface of the gland and eneloses the neurovascular 
bundle (NVB). The prostatie fibromuscular stroma and glands lie beneath 
the capsule. 


The posterior surface of the prostate is transversely flat and vertieally 
convex. Near its superior (juxtavesical) border is a depression where it 
is penetrated by the two ejaculatory ducts. Below this is a shallow, 
median sulcus, usually eonsidered to mark a partial separation into 
right and left lateral lobes. It is separated from prereetal fat in the pre- 
reetal spaee (see Figs 75.2A, 75.18A) and rectum by Denonvilliers' 
faseia, a eondensation of pelvie faseia that develops by obliteration of 
the reetovesieal peritoneal pouch, and by loose yellow, fatty areolar 
tissue. The reetovesieal pouch is obliterated from below upwards as fetal 
life progresses, forming Denonvilliers' faseia; at birth, this faseia sepa- 
rates the prostate, the seminal vesieles and the ampullae of the vasa 
deferentia from the rectum. The superior limit of Denonvilliers' faseia 
is the peritoneum of the reetovesieal pouch. Laterally, Denonvilliers' 
faseia fuses with the lateral pelvie faseia; anterior to Denonvilliers' 
faseia, the lateral pelvie faseia is ealled the lateral prostatie faseia and, 
posterior to Denonvilliers' faseia, it is ealled the lateral reetal faseia. 

The prostate is traversed by the urethra and ejaculatory ducts, and 
eontains the prostatie utricle. The urethra enters the prostate near its 
anterior border and usually passes between its anterior and middle 
thirds. The ejaailatory ducts pass anteroinferiorly through its posterior 
region to open into the prostatie urethra. 


ZONAL ANATOMY OF THE PROSTATE 



The prostate gland was onee thought to be divided into five anatomieal 
lobes, but it is now reeognized that five lobes ean only be distinguished 
in the fetal gland prior to 20weeks' gestation. Between then and the 
onset of BPH, only three lobes are reeognizable: two lateral and a 
median lobe. Oinieians refer to left and right 'lobes' when deseribing 
either what ean be felt on reetal palpation, or the endoseopieally visible 
abnormalities that are seen in the diseased state when prostatie anatomy 
is distorted by BPH. 

From an anatomieal, and particularly from a morbid anatomieal, 
perspeetive, the glandular tissue may be subdivided into three distinet 
zones (Figs 75.20-75.22): peripheral (70% by vohime), eentral (25% 
by vohime) and transitional (5% by volume) (Mundy et al 1999b). 
Non-glandular tissue (fibromuscular stroma) fills the spaee between the 
peripheral zones anterior to the preprostatie urethra. The eentral zone 
surrounds the ejaoilatory ducts, posterior to the preprostatie urethra, 
and is more or less eonieal in shape, with its apex at the verumontanum. 
The fibromuscular stroma includes the smooth muscle detmsor apron 
superoanteriorly and striated urethral sphineter fibres that extend ante- 
riorly over the anterior prostate on to the bladder neek. The transitional 
zone lies around the distal part of the preprostatie urethra just proximal 
to the apex of the eentral zone and the ejaoilatory ducts; it includes the 
smooth muscle of the preprostatie urethral wall. Its ducts enter the 
prostatie urethra just below the preprostatie sphineter and just above 
the ducts of the peripheral zone. The peripheral zone is cup-shaped and 
eneloses the eentral transitional zone and the preprostatie urethra, 
except anteriorly, where the spaee is filled by the anterior fibromuscular 
stroma. Simple mucus-secreting glands lie in the tissue around the 
preprostatie urethra, above the transitional zone and surrounded by the 
preprostatie sphineter. These simple glands are similar to those in the 
female urethra and unlike the glands of the prostate. 

On magnetie resonanee imaging (MRI), the prostate gland has a 
zonal anatomy on T2-weighted images (see Fig. 75.21). The normal 
peripheral zone has high-signal intensity, as does fluid within the 
seminal vesieles. The eentral and transitional zones have relatively low 
signal and are often referred to as the 'eentral gland'. The vemmonta- 
num may be seen as high-signal within the eentral gland. The relation- 
ship of the zones of the gland normally ehanges with age. The eentral 
zone atrophies, and the transitional zone enlarges seeondary to BPH. 
This often produces a low-signal band at the margin of the hypertro- 
phied transitional and eompressed peripheral zones: the surgical pseu- 
docapsule, which is well seen on T2-weighted MR images. 

The zonal anatomy of the prostate is elinieally important because 
most eareinomas arise in the peripheral zone, whereas BPH affeets the 
transitional zone, which may grow to form the bulk of the prostate. 


VASdJLAR SUPPLY AND LYMPHATIC DRAINAGE 
Arteries 


The prostate is supplied by branehes from the inferior vesieal, internal 
pudendal and middle reetal arteries (see Fig. 75.19). They perforate the 
gland along a posterolateral line from the junction of the prostate with 
the bladder down to the apex of the gland. 1267 
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Bladder, prostate and urethra 


As the transitional zone grows, it produces the appearanee of 'lobes' 
on either side of the urethra. In due course, these lobes may eompress 
or distort the preprostatie and prostatie parts of the urethra and produce 
symptoms. The eentral zone surrounding the ejaailatory ducts is rarely 
involved in any disease. It shows eertain histoehemieal eharaeteristies 
that differentiate it from the rest of the prostate; it is thought to be 
derived from the Wolffian duct system (much like the epididymi, vasa 
deferentia and seminal vesieles), whereas the rest of the prostate is 
derived from the urogenital sinus (p. 1218). 
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Fig. 75.19 A sagittal seetion of the male pelvis. The pelvie plexus lies with its midpoint level with the tip of the seminal vesieles. It gives branehes to the 
prostate, bladder urethra, seminal vesieles, rectum and eorpora eavernosa via the cavernous nerves. The cavernous nerves are the continuation of the 
neurovascular bundles, lying posterolateral to the prostate. These bundles may be damaged at radieal prostateetomy, resulting in impotenee. 


The inferior vesieal artery often arises from the internal iliae artery 
with the middle reetal artery. It gives rise to two groups of branehes: the 
urethral and capsular. The urethral vessels enter at the prostatovesieal 
junction, prineipally posteriorly at the 5 and 7 o'eloek positions, but 
also anteriorly at 1 and 11 o'eloek. This bladder neek arterial anatomy 
is always apparent at transurethral reseetion of the prostate and open 
removal of BPH adenomas. The capsular arteries mn posterolaterally 
and inferiorly in the neurovascular bundles, providing perpendicular 
perforating vessels to the prostate. The most eonstant in position and 
prominenee is the apieal perforator at the prostatourethral junction, an 
important landmark for this point and for the neurovascular bundle at 
radieal prostateetomy. 

Veins 


The veins mn into a plexus around the anterolateral aspeets of the 
prostate, posterior to the arcuate pubic ligament and the lower part of 
pubic symphysis, anterior to the bladder and prostate. The ehief tribu- 
tary is the deep dorsal vein of the penis. The plexus also reeeives anterior 
vesieal and prostatie rami (which eonneet with the vesieal plexus and 
internal pudendal vein), and drains into vesieal and internal iliae veins. 

Lymphatie drainage 

Collecting vessels from the vas deferens drain into the external iliae 
nodes, while those from the seminal vesiele drain to the internal and 
external iliae nodes. Prostatie vessels end mainly in internal iliae, saeral 
and obturator nodes. A vessel from the posterior surface aeeompanies 
the vesieal vessels to the external iliae nodes, and another from the 
anterior surface reaehes the internal iliae group by joining vessels that 
drain the membranous urethra. 

INNERVATION 


The prostate reeeives an abundant nerve supply from the inferior 
hypogastrie (pelvie) plexus (see Figs 59.4, 75.11 and Fig. 8.1.1 in 


Commentary 8.1). The prostatie capsule is eovered by numerous nerve 
fibres and ganglia posterolaterally, forming a ereseentie periprostatie 
nerve plexus. The greatest density of nerves is found in the preprostatie 
sphineter; fewer fibres are found in the anterior fibromuscular stroma, 
and the peripheral zone is the least densely innervated. Nerves eontain- 
ing neuropeptide Y and vasointestinal polypeptide (VIP) are loealized 
in the subepithelial eonneetive tissue, in the smooth muscle layers of 
the gland, and in the walls of its blood vessels. Neurovascular bundles 
(Walsh and Donker 1982) eontaining autonomic nerves that supply the 
prostate, seminal vesieles, prostatie urethra, ejaculatory ducts, eorpora 
eavernosa, corpus spongiosum, membranous and penile urethra, and 
bulbourethral glands are elosely applied to, but separable from, the 
posterolateral margins of the prostate (see Gommentary 8. ). They are [(C 
intimately related to the prostatie faseia. These nerves may be damaged 
during radieal prostate surgery for organ-eonfined prostate eaneer, pro- 
ducing impotenee, or saerifieed as part of wide loeal excision of the 
prostate ( Tewari et al 2006, Pisipati et al 2014). 

The somatie pudendal nerve supplies the external urethral sphineter. 
The branehes enter at the 5 and 7 o'eloek positions. Sensory branehes 
pass through the penile hilus in assoeiation with the dorsal venous 
complex and dorsal vein of the penis. 


MICROSTRUCTURE 


The glandular tissue eonsists of numerous follieles with frequent inter- 
nal papillae. Follieles open into elongated eanals, which join to form 
12-20 main ducts. The follieles are separated by loose eonneetive tissue, 
supported by extensions of the fibrous capsule and muscular stroma, 
and enelosed in a delieate eapillary plexus. Follicular epithelium is 
variable but predominantly columnar, and either single-layered or 
pseudostratified. 

Prostatie ducts open mainly into the prostatie simises in the 
floor of the prostatie urethra. They have a bilayered epithelium, the 
luminal layer is columnar, and the basal layer is populated by small 
cuboidal eells. Small eolloid amyloid bodies (eorpora amylaeea) are 
frequent in the follieles (Fig. 75.23). Prostatie and seminal vesicular 





























































































Prostate 



Fig. 75.20 Ultrasound of the prostate. A, An axial view showing the 
hypoeehoie transition zone (TZ) and the more eehogenie peripheral zone 
(PZ). Their interfaee is the surgical capsule (*). B, A sagittal view showing 
the hypoeehoie transition zone (TZ) and the more eehogenie peripheral 
zone (PZ). 


seeretions form the bulk of seminal fluid. Prostatie seeretions are 
slightly aeid, and eontain aeid phosphatase, amylase, prostate-speeifie 
antigen, fibrinolysin and zine. Numerous neuroendocrine eells, eon- 
taining neurone-specific enolase, ehromogranin and serotonin 
(5-hydroxtryptamine, 5-HT), are present in the glandular epithelium; 
their numbers deeline after middle age and their fimetion is unknown. 

Histologieal seetions just above the level of the verumontanum 
reveal two eoneentrie, partially circumurethraf zones of glandular 
tissue. The larger outer zone is the peripheral zone and has long, 
branehed glands, whose ducts open mainly into the prostatie sinuses. 
The inner zone is the transitional zone and eonsists of glands whose 
ducts open on the floor of the prostatie sinuses and colliculus seminalis, 
and a group of simple mucosal glands that surround the preprostatie 
urethra. Anteriorly, in the prostatie isthmus, the peripheral zone and 
submucosal glands are absent. 

g) AGE CHANGES IN THE PROSTATE 

At birth, the prostate has a system of ducts embedded in a stroma that 
forms a large part of the gland. Follieles are represented by small end- 
buds on the ducts. Before birth, the epithelmm of the ducts, seminal 
colliculus and prostatie utricle display hyperplasia and squamous meta- 
plasia, possibly due to maternal oestrogens in the fetal blood. This 
subsides after birth and is followed by a period of quiescence lasting 
for 12-14years. 

At puberty, between the ages of approximately 14 and 18years, the 
prostate gland enters a maturation phase and more than doubles in size 
during this time. Growth is almost entirely due to follicular develop- 
ment, partly from end-buds on ducts, and partly from modifieation of 


Central and transitional Verumontanum Bladder Peripheral zone of 


zones of prostate \ / prostate 



Peripheral zone of Prostatie Central and transitional Bladder 

prostate urethra zones of prostate 

Fig. 75.21 Magnetie resonanee imaging (MRI) of the prostate. A, A 
T2-weighted MRI sean showing the normal high signal of the peripheral 
zone and the intermediate signal of the eentral and transitional zones and 
the verumontanum in the eentral gland. B, A T2-weighted eoronal MRI 
sean of the prostate showing the zonal anatomy. 


the ductal branehes. Morphogenesis and differentiation of the epithelial 
eords starts in an intermediate part of the epithelial anlage and proeeeds 
to the urethral and subcapsular parts of the gland; the latter is reaehed 
by the age of 17-18years. The glandular epithelium is initially multi- 
layered squamous or cuboidal, and is transformed into a pseudostrati- 
fied epithelium eonsisting of basal, exocrine seeretory (including 
mucous) and neuroendocrine eells. The mucous eells are temporary, 
and are lost as the gland matures. The remaining exocrine seeretory eells 
produce a number of products, including aeid phosphatase, prostate- 
speeifie antigen and (3-mieroseminoprotein. Growth of the seeretory 
eomponent is assoeiated with eondensation of the stroma, which 
diminishes relative to the glandular tissue. These ehanges are probably 
a response to the seeretion of testosterone by the testis. 

During the third deeade, the glandular epithelium grows by irregular 
multiplication of the epithelial infoldings into the lumen of the folli- 
eles. After the third deeade, the size of the prostate remains virtually 
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SECTION 8 


BLADDER, PROSTATE AND (JRETHRA 



Fig. 75.22 The zonal anatomy of the prostate. (With permission from 
Walsh PC, Retik AB, Vaiighan ED et al (eds) 2002 CampbeH’s Llrology, 
8th edition. Philadelphia: Saunders.) 


unaltered until 45-50years, when the epithelial foldings tend to disap- 
pear, follicular outlines beeome more regular, and amyloid bodies 
inerease in number: all signs of prostatie involution. After 45-50years, 
the prostate tends to develop BPH: an age-related eondition. If a man 
lives long enough, then BPH is inevitable, although not always 
symptomatie. 



Fig. 75.23 A, Prostatie aeini show papillary infoldings at the base of the 
gland (eentral zone). They are irregularly divided by fibromuscular stroma. 
Some aeini eontain eosinophilie (pink) seeretions ealled eorpora amylaeea 
(CA) (x10, haematoxylin and eosin stain). B, Prostatie aeini eonsist of a 
double layer of epithelial eells (E), which line the lumen, and basal eells 
(B), which give rise to epithelial eells. 


(@ Boniis e-book images and videos 

Fig. 75.6 Centiles of bladder volume index in ehildren. 

Fig. 75.8 A laparoseopie view of the empty bladder and median 
and medial umbilical folds in a 12-month-old boy. 

Fig. 75.9 A laparoseopie view of the left inferior epigastrie vein 
(lateral umbilical ligament) in a 12-month-old boy. 

Fig. 75.14 Cystic dilation of the prostatie utricle demonstrated in an 
8-month-old ehild during a micturating cystourethrogram. 

Video 75.1 Laparoseopie view of bladder filling and emptying in 
relation to the reetovesieal pouch. 

Video 75.2 Laparoseopie view of anterior abdominal wall and 
ligaments. 
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Bladder, prostate and urethra 


BPH begins as micronodules in the transitional zone, which grow 
and eoalesee to form macronodules around the inferior margin of the 
preprostatie urethra, just above the verumontanum. Macronodules, in 
turn, eompress the surrounding normal tissue of the peripheral zone 
posteroinferiorly, ereating a 'false capsule' around the hyperplastie 
tissue, which, eoineidentally, provides a plane of eleavage for its surgical 
enucleation (for fhrther reading see Kutikov et al (2006 ). 
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(JHAPTER 



INTRODUCTION 


The male reproductive system eonsists of the gonads (testes), sperm- 
atie eord, sex aeeessory glands and external genitalia. The testes perform 
both spermatogenie and steroidogenie hmetions. The unique anatomy 
of the reproductive traet, both gross and mieroseopie, is optimally 
suited for these fhnetions to be earried out effieiently and effeetively. 


TESTIS AND EPIDIDYMIS 
jgl TESTIS 

The testes are ovoid organs responsible for sperm and testosterone 
production. In adults, they typieally measure 4-5 em in length, 2-3 em 
in breadth and 3-4 em in anteroposterior diameter ( rishler 1971); their 
weight varies between 12 and 20 g. Average testicular volume ranges 
from 15 to 25 ml (Prader 1966, Goede 2011). 

The testes are suspended in the scrotum by the spermatie eord (Figs 
76.2, 76.3). The left testis usually lies lower than the right testis; both 
are positioned obliquely, such that the upper pole is tilted anterolater- 
ally while the lower pole is tilted anteromedially. The loeation of the 
testes in the scrotum, eombined with the eharaeteristies of the serotal 
skin, as well as the counter-current heat exchange meehanism of the 
testiailar pampiniform plexus, maintains the testes at a temperature 
3-4°C below body temperature. 

The testes are enelosed in a tough capsule made up of three layers: 
an innermost tunica vasailosa, an intermediate tunica albuginea and 
an outer tunica vaginalis (Fig. 76.4). The posterior aspeet of the testis 
is the site of attaehment of the epididymis and is, therefore, only partly 
eovered by serosa. Here, the tunica albuginea projeets inwards to form 
the mediastinmn testis, and the tunica vaginalis projeets outwards to 
eover the epididymis. Within the scrotum, the testes are separated by a 
fibrous median septum. 

Tliniea vasetllosa The trnfiea vasculosa eontains a plexus of blood 
vessels and loose eonneetive tissue. It lines the inner surface of the 
tunica albuginea, as well as all of the surfaces and septations within the 
testis. 

Tliniea albliginea The tmfiea albuginea is a dense, blue-white layer 
eomposed primarily of eollagen fibres. It eovers the tunica vasculosa 
and is surrounded by the viseeral layer of the tunica vaginalis. At the 
posterior aspeet of the testis, it projeets inwards as a thiek but ineom- 
plete fibrous septum - the mediastinum testis - which extends from 
the upper to the lower pole of the testis. It is here that vessels, nerves 
and testiofiar ducts traverse the testicular capsule (Fig. 76.5). 

Tliniea vaginalis The tunica vaginalis is a eontimiation of the peri- 
toneal processus vaginalis, whose formation preeedes the deseent of the 
fetal testis from the abdomen to the serotmn. Following testicular 
migration into the scrotum, the portion of the processus vaginalis that 
falls between the internal inguinal ring and the testis eontraets and is 
obliterated, leaving a distal sae eontaining the testis. Faihire to obliterate 
the processus vaginalis results in a persistent communication with the 
scrotum and peritoneal eavity (Fig. 76.6), which ean lead to hydroeeles 
and indireet inguinal hernias. 

The tunica vaginalis is refleeted from the surface of the testis on to 
the inner surface of the scrotum, forming viseeral and parietal layers 
that are continuous at both poles of the testis. The viseeral layer eovers 
all aspeets of the testis, except the posterior aspeet, where it is refleeted 
towards the epididymis before beeoming continuous with the parietal 
layer. The inner surface of the parietal layer has a smooth, moist, 


mesothelium. The potential spaee between the viseeral and parietal 
layers - the eavity of the tunica vaginalis - is normally occupied by a 
thin film of elear, straw-coloured fluid. The volume of this fluid ean 
inerease with obstmetion of lymphatie drainage, due to inflammatory, 
traumatic or neoplastie eonditions of the testis, resulting in a hydroeele. 

Vascular supply and lymphatie drainage 


Arteries 

The arterial supply to the testis and epididymis is derived from three 
sources. In deseending order of contribution, these are the testicular 
artery (supplying approximately two-thirds of the testicular blood 
supply), the vasal artery (artery to vas deferens, artery to ductus defer- 
ens, vasal artery, ductal artery) and the eremasterie arteries (together 
supplying approximately one-third of the testicular blood supply) (Fig. 
76.7) (Harrison and Barelay 1948, Raman and Goldstein 2004). 

Testicular artery 

The testicular artery (internal spermatie artery) arises from the abdomi- 
nal aorta, inferior to the origin of the renal artery, and courses infero- 
laterally under the parietal peritoneum, along psoas major, towards the 
pelvis. On the right, it courses anterior to the inferior vena eava and 
posterior to the middle eolie and ileoeolie arteries and the terminal 
ileum. On the left, it courses posterior to the inferior mesenterie vein, 
left eolie artery and the deseending eolon. As the right and left testicular 
arteries enter the pelvis, they lie anterior to the genitofemoral nerves, 
ureters and external iliae arteries. Both arteries then enter the deep 
internal inguinal ring and travel with the ipsilateral spermatie eord in 
the inguinal eanal to the scrotum (see Figs 76.2, 76.5). 

In its course to the testis, the testicular artery gives off one or more 
internal spermatie arteries, an inferior testicular artery, and branehes 
supplying the caput, corpus and cauda epididymis (Maemillan 1954). 
The level at which this branehing occurs is variable; in 31-88% of eases, 
it occurs within the inguinal eanal (Beek et al 1992, Jarow et al 1992). 
At the level of the testis, branehes of the testicular artery enter the 
tunica albuginea in the mediastinum testis and ramiíy in the tunica 
vasofiosa before reaehing their distribution. Ramifieation of the testicu- 
lar arteries occurs primarily in the anterior, medial and lateral portions 
of the lower pole of the testis, and in the anterior segment of the upper 
pole (Jarow 1991), which has important implieations for planning 
testicular biopsies. (For fiirther reading about variations in the origin, 
course and mimber of the testicular arteries, see Asala et al (2001), Pai 
et al (2008)). 

Vasal artery (artery to vas deferens, artery to 
ductus deferens, deferential artery, ductal artery) 

The vasal artery is a braneh of the superior (and, oeeasionally, inferior) 
vesieal artery, which arises from the internal iliae artery. 

Cremasteric artery 

The eremasterie artery (external spermatie artery) is a braneh of the 
inferior epigastrie artery. It aeeompanies the spermatie eord and sup- 
plies the eremaster and other eoverings of the eord. Both the vasal and 
the eremasterie arteries enter the inguinal eanal at the deep inguinal 
ring, and travel the length of the spermatie eord alongside the testicular 
artery. The testicular artery and internal spermatie veins lie within the 
internal spermatie faseia, whereas the vas (ductus) deferens and its 
vessels, as well as the eremaster muscles and its vessels, lie outside the 
internal spermatie faseia but within the external spermatie faseia. In the 
scrotum, a rieh vascular anastomosis occurs at the head of the epidi- 
dymis, between the testicular and epididymal arteries, and at the tail of 
the epididymis between the testicular, epididymal, eremasterie and 
vasal arteries. 












Male reproductive system 


The volume of the left and right testis, as measured by ultrasono- 
graphy in boys between infaney and adoleseenee, is shown in Table 
76.1; referenee curves for mean testicular volume are shown in Figure 
76.1. 
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Age (years) 


B 
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Age (years) 


Fig. 76.1 A, Referenee curves for mean testicular volume measured by 
ultrasound. P 10 , P 50 and P 90 indieate tenth, fiftieth and ninetieth eentiles, 
respeetively. B, Enlargement of the referenee curves for mean testicular 
volume measured by ultrasound. (With permission from Goede J, Haek 
WW, Sijstermans K et al; Normative values for testicular volume measured 
by ultrasonography in a normal population from infaney to adoleseenee. 
Horm Res Paediatr. 2011 ;76(1):56-64.) 


Table 76.1 Voliime of the left and right testis, as measured by ultrasound in boys 
between infaney and adoleseenee 

Ultrasound (ml) 


Age 

(years) 

Boys 

(n) 

Left 

volume 

SD 

Right 

volume 

SD 

Mean 

volume 

SD 

1 

40 

0.48 

0.14 

0.48 

0.13 

0.48 

0.13 

2 

38 

0.47 

0.09 

0.45 

0.1 

0.46 

0.09 

3 

36 

0.52 

0.18 

0.5 

0.13 

0.51 

0.15 

4 

38 

0.52 

0.18 

0.5 

0.15 

0.51 

0.16 

5 

48 

0.59 

0.15 

0.58 

0.15 

0.58 

0.15 

6 

42 

0.63 

0.25 

0.64 

0.28 

0.63 

0.26 

7 

62 

0.64 

0.18 

0.66 

0.18 

0.65 

0.17 

8 

59 

0.64 

0.2 

0.67 

0.24 

0.66 

0.22 

9 

53 

0.78 

0.46 

0.8 

0.48 

0.79 

0.46 

10 

49 

0.95 

0.51 

0.99 

0.52 

0.97 

0.51 

11 

60 

1.31 

0.95 

1.35 

1.14 

1.33 

1.03 

12 

55 

2.31 

1.8 

2.35 

1.79 

2.33 

1.77 

13 

47 

4.21 

2.44 

4.62 

2.95 

4.42 

2.66 

14 

35 

7.2 

4.13 

7.42 

4.16 

7.31 

4.11 

15 

26 

8.69 

3.06 

8.69 

2.86 

8.69 

2.91 

16 

31 

11.48 

2.99 

11.55 

3.24 

11.51 

3.03 

17 

27 

12.14 

2.87 

12.09 

2.95 

12.12 

2.8 

18 

23 

13.67 

3.49 

13.8 

3.77 

13.73 

3.51 


(SD = standard deviation) 

(With permission from Goede J, Haek WW, Sijstermans K et al; Normative values for testicular volume 
measured by ultrasonography in a normal population from infaney to adoleseenee. Horm Res Paediatr. 
2011 ; 76 ( 1 ): 56 - 64 .) 
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Fig. 76.2 The external male genitalia, ventral aspeet. 
Nerves and vessels exposed by extensive removal of 
the skin and the superficial faseia of the penis. The 
layers of the spermatie eord have been ineised on the 
right; note the pampiniform venous plexus surrounding 
the testicular artery. (With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, llrban and Fiseher. Copyright 2013.) 
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Fig. 76.3 The external male genitalia, 
ventral aspeet. The skin of the abdomen 
and parts of the skin of the scrotum have 
been removed, and the body of the penis 
has been severed, revealing the internal 
structure of the penis. The layers of the 
spermatie eord and the eoverings of the 
External oblique, testis have been disseeted on the right. 
aponeurosis (With permission from Waschke J, Paulsen 

F (eds), Sobotta Atlas of Human Anatomy, 
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Veins 

[0 Pampiniform plexus 

Testicular veins emerge posteriorly from the testis, drain the epididymis, 
and unite to form several highly anastomotie ehannels surrounding the 
testis, known as the pampiniform plexus, a major eomponent of the 
spermatie eord (see Fig. 76.2). This vascular arrangement means that 
counterflowing arteries and veins are separated only by the thiekness of 


their vasoilar walls, permitting the exchange of heat and small mole- 
cules (Harrison 1949), and faeilitating the maintenanee of lower tes- 
tiailar temperatures. The pampiniform plexus aseends anterior to the 
vas deferens, and is drained by 3-4 veins in the inguinal eanal. The 
veins enter the abdomen through the deep inguinal ring and eoalesee 
into a single testicular vein that drains into the inferior vena eava on 
the right, and into the renal vein on the left. The right testicular vein 
joins the inferior vena eava at an acute angle, just inferior to the level 
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Fig. 76.4 The left testis, exposed by ineising and laying open the 
eremasterie faseia and parietal layer of the tunica vaginalis on the lateral 
aspeet of the testis. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban and Fiseher. 
Copyright 2013.) 


of the renal veins, while the left testicular vein joins the left renal vein 
at a right angle (Fig. 76.8). The testicular veins eontain valves. 

Lymphatie drainage 

Testiailar lymphatie flow is abundant and eonsistent, and follows the 
general retroperitoneal seheme of vertieal drainage, with lateral flow 
from right to left. Lymphatie vessels from the right testis drain primarily 
into the inter-aortoeaval nodes and paraeaval nodes, with some drain- 
age into the left para-aortie nodes. Lymphatie vessels from the left testis 
drain into the left para-aortie and inter-aortoeaval nodes. 

Innervation 


The testis is innervated either by nerve fibres that arise from the tenth and 
eleventh thoraeie spinal segments, via the renal and aortie plexuses, and 
aeeompany the testicular vessels, or by fibres that arise from the pelvie 
plexus and aeeompany the vas deferens (Rauchenwald et al 1995). Inter- 
estingly some afferent and efferent nerves have been shown to eross over 
to the eontralateral pelvie plexus ( Caguchi et al 1999), which may be one 
reason why pathologieal proeesses in one testis ean affeet the other. 

Microstructure 


The testis is enelosed within a tough, collagenous tunica albuginea, 
which thiekens posteriorly as the mediastinum testis. Blood vessels, 
lymphaties and genital ducts all enter and leave the testis at the media- 
stinum (Fig. 76.9). Septations originating at the mediastinum testis 
extend internally to partition the testis into approximately 250 lobules 
that differ in size, the largest and longest lobules being near the eentre 
(see Fig. 76.5). Eaeh lobule eontains 1-4 eonvohited seminiferous 
tubules and interstitial tissue eomposed of Leydig eells, mast eells, 
maerophages, nerves and blood vessels. 

Seminiferous tubules are typieally long, highly eoiled and looped; 
both ends terminate in the mediastinmn testis. Spermatogenesis occurs 
in the highly eoiled portions (Fig. 76.10). As the tubules reaeh the 
apieal portion of the lobule near the mediastinum, they beeome much 
less convoluted and form short tubuli reeti, which laek spermatogenie 
eells and are, instead, lined by cuboidal epithelium. Within the media- 
stinum testis, tubuli reeti anastomose to form the rete testis, which is 
lined by a flat epithelium. Here, tubular fluid is reabsorbed and sperm- 
atozoa beeome eoneentrated. The rete testis eoalesees to form 7-15 
efferent ductules, which aet as conduits to earry spermatozoa into the 
caput epididymis. The efferent ductules are lined by a eiliated columnar 
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Fig. 76.5 A, A vertieal seetion throiigh the testis and epididymis. B, The 
arrangement of the ducts of the testis and the mode of formation of the 
vas deferens. (With permission from Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, Urban and Fiseher. Copyright 
2013.) 


epithelium that also eontains non-eiliated, aetively endoeytie eells. 
Outside the epithelial lining, the ductules are surrounded by a thin 
eiroilar eoat of smooth muscle. 

There is a reduction in the diameter of the seminiferous tubules 
during the third trimester of pregnaney and immediately before birth, 
which is followed by a gradual inerease in the diameter throughout 
ehildhood (Mendez and Emery 1979). Seminiferous tubules are respon- 
sible for up to 80% of the total testicular volume. It is estimated that 
the eombined length of the 600-1200 tubules in the human testis is 
approximately 250 metres. Eaeh tubule is surrounded by a basal lamina, 
resting on a complex, stratified epithelium. In eross-seetion, the lumen 
of the seminiferous tubule is lined by Sertoli eells, and eontains sperm- 
atozoa in various stages of development, from spermatogonial stem 
eells near the base, to progressively mature forms (spermatogonia, 
spermatoeytes, spermatids and spermatozoa) arranged in a systematie 
fashion towards the eentre of the tubule. Residual bodies, spherieal 
structures derived from surplus spermatid eytoplasm shed during 
spermatozoal maturation, may be found among the spermatids. 

Speeialized tight junctional complexes between adjaeent Sertoli eells 
form a fimetional 'blood-testis barrier' that subdivides the seminiferous 
epithelium into basal and adhiminal eompartments. Spermatogonia 
and developing spermatoeytes lie outside the blood-testis barrier, in 
the basal eompartment, whereas mature spermatoeytes and spermatids 
are sequestered above the blood-testis barrier, in the adluminal 
eompartment. 
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The longer length of the left testicular vein and its angle of insertion 
into the left renal vein have been suggested as possible aetiologies for 
the occurrence of varieoeeles. Additionally, the testicular veins may 
anastomose with the external pudendaf eremasterie and vasal veins, 
allowing varieoeeles to persist or recur after ablative procedures that do 
not address these potential eollaterals. 
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Fig. 76.7 The arterial blood supply and venous drainage of the testis. 
(With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, Urban and Fiseher. Copyright 2013.) 


Spermatogonia Spermatogonia, the germ eells for all spermatozoa, 
are deseended from primordial germ eells that migrate into the genital 
eords of the developing testis. In the fhlly differentiated testis, they are 
loeated along the basal laminae of the seminiferous tubules (Fig. 
76.10B). Based on their cellular and mielear dimensions, distribution 
of mielear ehromatin, and histoehemieal and ultrastructural properties, 
spermatogonia are eharaeterized as either dark-type A (Ad), pale-type A 
(Ap) or type B. Ad spermatogonia divide mitotieally to maintain their 
own population, and ean differentiate to give rise to Ap eells, the precur- 
sors of type B eells, which are eommitted to the spermatogenesis eyele. 
Type B eells give rise to type I spermatoeytes; they leave the basal eom- 
partment of the seminiferous tubule and eross the blood-testis barrier 
to enter the adluminal eompartment in a step eoordinated by Sertoli 
eells. 

The generation of mature spermatozoa from spermatogonia takes 
approximately 64 days. In eross-seetion, a seminiferous tubule shows 
more than one phase of the eyele around its circumference because 
waves of progression through a spermatogenie eyele occur in spirals 
along the length of a tubule (see Fig. 76.10B). 

Primary and seeondary spermatoeytes Primary spermatoeytes 

have a diploid ehromosome number, with duplicated sister ehromatids 
(4N DNA eontent). They are large eells with round nuclei, in which the 
ehromatin is eondensed into dark, thread-like, eoiled ehromatids. They 
undergo meiosis I to give rise to seeondary spermatids (2N), which 
rapidly undergo meiosis II to form haploid spermatids (N). Theoreti- 
eally, eaeh primary spermatoeyte produces four spermatids; however, a 


2 


3 


1 



Fig. 76.8 A multislice computed tomogram of the inferior vena eava, 
showing the left testicular vein draining to the left renal vein, and the right 
testicular vein draining direetly to the inferior vena eava. Key: 1, right 
testicular vein; 2, inferior vena eava; 3, left renal vein; 4, left testicular 
vein. 




Fig. 76.9 A colour Doppler sean of the serotal eontents showing normal 
flow. The linear eehogenie band (arrow) seen eentrally represents the 
mediastinum testis, which is eomposed of fibrofatty material. 


proportion of spermatids degenerate during maturation, reducing the 
expected yield. 

Spermatids Spermatids undergo a series of nuclear and eytoplasmie 
ehanges, termed spermiogenesis, in order to develop into mature sper- 
matozoa. These ehanges take plaee while the spermatids are elosely 
assoeiated with Sertoli eells, and linked to one another by eytoplasmie 
bridges. Spermiogenesis includes the development of the aerosome 
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Fig. 76.10 A, Seminiferous tubules (ST; cut in various planes of seetion) 
and the interstitial tissue (Leydig eells, L) of the testis. The seminiferous 
tubules are highly convoluted and lined by a stratified epithelium, 
vvhieh eonsists of eells in various stages of spermatogenesis and 
spermiogenesis (eolleetively referred to as the spermatogenie series). 
Non-spermatogenie eells are the Sertoli eells. B, A human seminiferous 
tubule shovving the differentiation sequence of spermatozoa from basally 
situated spermatogonia (SG). Large primary spermatoeytes (SC) have 
eharaeteristie thread-like ehromatin in various stages of prophase of the 
first meiotie division. Smaller haploid spermatids (ST) have round nuclei 
initially, but mature to possess the dense, elongated nuclei and flagella 
of spermatozoa (SZ). Sertoli eells (S) are identified from their oval or 
pear-shaped nuclei, orientated perpendicular to the basal lamina, and 
from their prominent nucleoli. The tubule is surrounded by peritubular 
myoid eells (M). Clusters of large endoerine Leydig eells (L) are seen in 
the interstitial eonneetive tissue. 


from Golgi vesieles, generation of the axoneme from the eentrioles, and 
formation of the aerosomal eap at the anterior pole of the spermato- 
zoon. eonenrrently, the mielear ehromatin eondenses and the nucleus 
assumes a spearhead shape. The eytoplasmie volume shrinks, bringing 
the wall of the aerosomal vesiele into eontaet with the plasma mem- 
brane. A perinuclear sheath of microtubules develops from the poste- 
rior edge of the aerosome and extends towards the posterior pole of the 
spermatozoon. Here, the microtubules are arranged in the typieal flagel- 
lar pattern of nine outer microtubules surrounding two eentral miero- 
tubules, the axonemal complex that extends longitudinally to form the 
tail of the spermatozoon. Mitoehondria migrate along the axonemal 
complex and eoneentrate in the mid-pieee of the tail. In the final phase 
of spermiogenesis, excess eytoplasm is detaehed from the spermato- 
zoon as a residual body that is phagoeytosed and degraded by Sertoli 
eells. During the formation of residual bodies, spermatids lose their 
eytoplasmie bridges, and separate from one another, before being 
released into the lumen of the seminiferous tubule. 

SpermatOZOa Spermatozoa released into the seminiferous tubule are 
structurally mature but usually non-motile. In the presenee of excurrent 
ductal obstmetion, testicular sperm ean acquire motility (Jow et al 
1993). The shape of the spermatozoon is ideally suited for rapid pro- 
gressive motility (Fig. 76.11). Its head has minimal eytoplasm and 
measures approximately 4 |Ltmx3 pm. It eontains an elongated, flat- 
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Fig. 76.11 The main ultrastructural features of a mature spermatozoon. 


tened nucleus with eondensed, dark-staining ehromatin, eovered 
anteriorly by an aerosomal eap. The latter eontains aeid phosphatase, 
hyaluronidase and proteases neeessary for ooeyte fertilization. The head 
is eonneeted by a short neek, approximately 0.3 jiim in length, to a long 
tail, which is divided into middle, prineipal and end pieees. The mid- 
pieee of the tail is a long eylinder, approximately 7 jLim in length. It 
eonsists of an axial bundle of microtubules, the axoneme, surrounded 
by a eylinder of nine dense outer microtubules, surrounded by a helieal 
mitoehondrial sheath. The mid-pieee is the powerhouse of the sperma- 
tozoon. The prineipal pieee of the tail is responsible for motility. With 
a length of 40 jLim and a diameter of 0.5 jiim, the tail forms the majority 
of the volume of a spermatozoon. The axonemal complex is continuous 
from the neek region to the terminus of the tail, with only the axoneme 
persisting in the final 5-7 jiim. 

Sertoli eells Sertoli eells have euchromatic and irregular nuclei that 
are aligned perpendicular to the basal lamina and eontain one or two 
prominent nucleoli. They are variable in shape. Their basal end rests on 
the basal lamina, while their apieal end extends into the tubule lumen. 
Oonsistent with their phagoeytie fimetion, their eytoplasm is rieh in 
lysosomes. Sertoli eells provide key support for spermatogenesis within 
the seminiferous tubules. Complex reeesses in their plasma membranes 
serve to envelop spermatogonia, spermatids and spermatozoa, until the 
latter are mature enough for release. Long eytoplasmie proeesses extend 
between spermatogonia in the basal eompartment and spermatoeytes 
in the adluminal eompartment of the seminiferous tubule. Adjaeent 
Sertoli eells are joined at this level by tight junctions that ereate a dif- 
ffision barrier between the extratubular and intratubular eompartments. 
This so-ealled blood-testis barrier ean be dismpted by traumatic or 
inflammatory events, allowing self-direeted immune responses to 
develop against sperm antigens, potentially leading to subfertility. 

In addition to their role in spermatogenesis, Sertoli eells seerete 
proteinaceous fluid to faeilitate spermatozoal transport through the 
seminiferous tubules and into the excurrent ducts. They also regulate 
the intratesticular hormonal milieu by seereting inhibin B and andro- 
gen binding protein in response to stimulation by pituitary 
gonadotropins. 

Leydig eells and interstitial tissue The interstitial tissue between 

seminiferous tubules includes peritubular myoid eells, vessels, nerves 
and clusters of Leydig eells. Myoid eells are eontraetile; their rhythmie 
aetivity helps propel non-motile spermatozoa through the seminiferous 
tubules towards the rete testis and excurrent ductal system. Leydig eells 
are large polyhedral eells with eeeentrie nuclei eontaining 1-3 mieleoli, 
and pale-staining eytoplasm eontaining smooth endoplasmie reticu- 
lum, lipid droplets, and eharaeteristie needle-shaped, erystalloid inclu- 
sions (erystals of Reinke). In response to stimulation by pituitary 
gonadotropins, they synthesize and seerete testosterone. 














































































Testis and epididymis 


Age-related ehanges Fimetionally, the fetal testis is primarily 
an endoerine organ that produces testosterone and anti-Miillerian 
hormone. Seminiferous tubules do not beeome eanalized until approxi- 
mately the seventh month of gestation. Fetal Leydig eells, responsible 
for androgen-induced differentiation of male genitalia, degenerate after 
birth. A seeond wave of Leydig eell differentiation occurs 2-3 months 
after birth, briefly elevating testosterone levels in male infants. The 
Leydig eells of early infaney subsequently regress and the testis remains 
in a state of dormaney during ehildhood. In a study of Japanese boys, 
gonoeytes were reported to appear at about the age of 2years, sperma- 
toeytes by 4years and spermatids by llyears (Yuasa et al 2001). 

Puberty is assoeiated with the development of an adult population 
of androgen-producing Leydig eells, which persist throughout adult life. 
The testes grow slowly in size until the age of 10 or 11 years, at which 
time there is a marked aeeeleration of growth rate. This inerease in 
testiailar size is largely due to the onset of spermatogenesis, eharaeter- 
ized by proliferation and differentiation of previously dormant sperma- 
togonial stem eells. Testicular size, sperm quality and quantity, and the 
numbers of Sertoli and Leydig eells have all been reported to deeline 
with age, although no eonsistent or definitive age for the onset of this 
deeline has been identified. Testicular volume occupied by seminiferous 
tubules deereases, whereas that occupied by interstitial tissue remains 
approximately eonstant. 

The most frequently observed histologieal ehange in the ageing testis 
is the apparent variability in spermatogenesis; spermatogenesis is eom- 
plete in some areas, and reduced in others, or absent altogether as a 
result of tubular selerosis. In tubules where spermatogenesis is eom- 
plete, morphologieal abnormalities, such as multinucleation, may be 
observed in the germ eells. Germ eell loss, beginning with spermatids, 
and progressively affeeting the earlier stages of spermatogenesis, ean 
also be seen. As a result, both sperm quality and quantity may be 
affeeted. In some men, this ehange is notable as early as the third or 
fourth deeade of life. 

Sertoli eells are also affeeted by ageing, and show a range of mor- 
phologieal ehanges including de-differentiation, mitoehondrial meta- 
plasia, and multinucleation. In Leydig eells, there is a deeline in the 
number of mitoehondria and the quantity of smooth endoplasmie 
reticulum, paralleled by an inerease in lipid droplets, erystalline inclu- 
sions and residual bodies. Some eells may also beeome multinucleated. 
Functionally, these ehanges are manifested as an age-related gradual 
deeline in circulating testosterone levels. 

Sperm motility and matliration Fhiman spermatozoa acquire an 
inereased eapaeity for motility as they migrate through the epididymis, 
which is manifested not only as a quantitative inerease in the pereentage 
of spermatozoa with motile tails, but also as a qualitative ehange from 
an immature to a more mature pattern of motility. Spermatozoa in the 
proximal epididymis demonstrate high-amplitude, low-frequency tail 
movements, producing little motion. This is in eontrast to spermatozoa 
in the cauda epididymis, which demonstrate low-amplitude and high- 
frequency tail movements, resulting in eonsiderably greater forward 
progression (Bedford et al 1973). 

Whether, and to what extent, sperm motility is dependent on the 
interaetion of human spermatozoa with a particular seetion of the 
epididymis is unknown. In patients with eongenital absenee or obstme- 
tion of the vas deferens, spermatozoa in the distal epididymis demon- 
strate worse motility eompared to spermatozoa in the proximal 
epididymis (Silber 1989, Sehoysman and Bedford 1986). Therefore, 
intrinsie sperm proeesses, as well as intrinsie epididymal fimetion, 
appear to play an important role in sperm maturation. 

Following ejaculation, spermatozoa display their full pattern of mo- 
tility. Although sperm motility is highest in the hours following ejacula- 
tion, motile human spermatozoa have been reeovered from eervieal 
mucus several days after insemination. However, this survival period 
may be of little relevanee, given that human spermatozoa are eapable of 
migrating to their tubal destination within an hour of insemination. 

After entering the female reproductive traet, spermatozoa undergo a 
proeess known as eapaeitation, to render them eapable of fertilizing the 
ooeyte. Capacitation involves a number of structural and bioehemieal 
ehanges, including the development of hyperaetivated motility and 
eompletion of the aerosome reaetion. Independent of other sperm 
eharaeteristies such as motility and morphology, eapaeitation is a neees- 
sary step for the development of fimetional spermatozoa. 


inguinal ring, in the inguinal eanal, or between the superficial inguinal 
ring and the scrotum. Retention in the inguinal eanal is assoeiated with 
a patent processus vaginalis, and may be ffirther eomplieated by a eon- 
genital hernia. Oeeasionally, the testis may migrate outside its normal 
path of deseent, and lie in an eetopie loeation. 

At birth, 3% of ffill-term male infants have a unilateral undescended 
testis. By 6 months of age, this number deereases to less than 1%. Unde- 
seended testes are assoeiated with a higher risk of infertility and testicu- 
lar eaneer later in life. 

In eontrast, maldeseent in ehildren between the ages of 1 and 
15years is assoeiated with Sertoli eell degeneration (Rune et al 1992). 
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EPIDIDYMIS 


The epididymis lies posterior, and slightly lateral, to the testis. Anatomi- 
eally, it is divided into three seetions: caput (head), corpus (body) and 
cauda (tail). Between 8 and 12 efferent ductules from the superior pole 
of the testis drain into and form the caput epididymis. Distally, the 
cauda epididymis beeomes continuous with the convoluted portion of 
the vas deferens (see Fig. 76.5B). The epididymis is invested by tunica 
vaginalis, continuous with that eovering the testis. Laterally, a deep 
groove, the sinus epididymis, marks the boundary between the testis 
and epididymis. Testis-epididymis non-ffision has been deseribed in 
ehildren with eryptorehidism; non-ffision may involve the epididymal 
head or tail, or the whole epididymis (Kraft et al 2011). 

Epididymal eyst and spermatoeeles 



Microstructure 


The epididymal tubule is 3-4metres in length (Turner et al 1978), and 
is entirely encapsulated by the tunica vaginalis. Extensions from this 
eonneetive tissue sheath enter the interductal spaees, forming septa that 
divide the tubule into histologieally similar regions (Kormano and 
Reijonen 1976). The caput epididymis eonsists of 8-12 efferent ducts 
and the proximal segment of the ductus epididymis. The efferent ducts 
beeome larger and more convoluted than they are in the testis. Eaeh 
duct is 15-20 em in length, and opens into an individual epididymal 
tubule. The tubules anastomose with one another along the length of 
the epididymis, eventually beeoming a single, eoiled tubule in the 
corpus epididymis. They are surrounded by eontraetile smooth muscle 
eells (Fig. 76.13), which inerease in size and number in the distal 
epididymis. Peristaltie eontraetions generated by the smooth muscle 
propel the spermatozoa in an antegrade direetion towards the cauda. 



Developmental anomalies of the testis 

eryptorehidism Testicular deseent from the abdominal eavity to the 
scrotum may be arrested at any point along its course at the deep 


Epithelilim The epithelial lining of the epididymal tubule eontains 
prineipal, basal, apieal and elear eells. Prineipal eells are tall columnar 
eells with basally loeated, oval nuclei. They bear long stereoeilia 
(15 jLtm), and ffinetion to resorb testicular fhiid; approximately 90% of 
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Orchidopexy is, therefore, reeommended for patients with persistent 
eryptorehidism after 6months of age and within 18 months of age. 
Available evidenee suggests that orchidopexy at any age may improve 
spermatogenesis (Shin et al 1997), but does not deerease the risk of 
testicular eaneer in a eryptorehid testis. An inverse relationship has been 
reported between age at orchidopexy and total sperm count and sperm 
motility. The data are in support of orchidopexy in the fìrst year of life 
(Canavese et al 2009). Nevertheless, surgical eorreetion does maximize 
the ehanee of early deteetion of a testicular mass, and is the only means 
of restoring a normal milieu for spermatogenesis to occur. Interestingly, 
Leydig eell hmetion is usually unchanged by maldeseent, so semm 
testosterone levels remain within the normal range in affeeted patients. 

Retraetile testes are seen more eommonly than undescended testes in 
boys. A retraetile testis is one that moves to and fro between the groin 
and the scrotum. llnlike undescended testes, retraetile testes ean be 
manipulated to the lower part of the scrotum on elinieal examination. 
Retraetile testes are smaller than normal testes, having a mean volume 
of 0.50 ml in ehildren. 

Testicular torsion refers to rotation of the testis around its blood supply, 
leading to testicular isehaemia. Torsion may be extravaginal or intra- 
vaginaf depending on whether it involves a rotation of both the testis 
and the tunica vaginalis, or of the testis alone, within an intaet tunica 
vaginalis. In either ease, torsion results in severe serotal pain seeondary 
to tissue isehaemia. Fertility ean be affeeted by a single episode of 
torsion. If unrelieved within 4-6 hours, permanent tissue loss ean occur. 
Testiailar torsion is therefore eonsidered a surgical emergeney. 

Other stmctures in the scrotum, such as the appendix testis (hydatid 
ofMorgagni) (Fig. 76.12) and appendix epididymis (see Fig. 76.4), ean 
also undergo torsion, resulting in serotal pain that may be diffiailt to 
differentiate from testicular torsion. In some instanees, a 'blue dot' sign 
is noted at the upper pole of the testis, which is diagnostie. These stme- 
tures are developmental remnants of the paramesonephrie (Miillerian) 
duct and the mesonephros, respeetively. There are no assoeiated long- 
term sequelae. 

A patent processus vaginalis allows eomimmieation between the peri- 
toneal eavity and the spermatie eord or scrotum. Passage of peritoneal 
fluid into the scrotum presents as a eomimmieating hydroeele, and 
usually resolves spontaneously onee the processus is obliterated, by 
18-24 months of age. Alternatively, if the processus is patent proximally 
but obliterated distally, a hydroeele or eyst of the eord may be noted. 
Surgical treatment may be indieated for persistent, non-eomimmieating 
hydroeeles. Hydroeele ean also occur as a result of lymphatie obstme- 
tion from testicular tumour, epididymitis, orehitis or trauma. A 20% 
ineidenee of hydroeele has been reported in ehildren having laparo- 
seopie en bloe ligation of the spermatie vessels on the posterior ab- 
dominal wall (Palomo procedure). This eomplieation is avoided by 
lymphatie-sparing surgery (Schwentner et al 2006). 

Splenogonadal fhsion is a rare eongenital anomaly eharaeterized by 
splenie tissue being eonneeted to the gonad, resulting from an abnor- 
mal eonneetion between the spleen and the gonad during gestation. It 
has a higher predominanee in males and is almost invariably on the 
left side. It may be of the continuous type, where the testis is eonneeted 
to the main spleen, or of the discontinuous type, where the testis is 
eonneeted to eetopie splenie tissue. 


Gargene of appendix testis 
seeondary to torsion 



Fig. 76.12 Gangrene of the appendix testis seeondary to torsion in an 
8 -year-old ehild. 


Transverse/erossed testicular eetopia is an extremely rare eondition in 
which both testes deseend into a single inguinal eanal or hemiscrotum. 
The origin of the spermatie eord is normally loeated on eaeh side. It 
may occur in assoeiation with persistent Miillerian duct syndrome 

(Tiryaki et al 2005). 

Polyorehidism is a rare eongenital anomaly in which there are two or 
more testes. The most eommon type eonsists of three testes; eases with 
four testes have also been reported. The supernumerary testes may or 
may not be eonneeted to a vas deferens. 

Epididymal eysts arise from the epididymal tubules and may occur 
anywhere in the caput, corpus or cauda epididymis. If asymptomatie, 
removal is unnecessary, particularly given the risk of iatrogenie epidi- 
dymal obstmetion. Spermatoeeles are eysts that are, basieally, aneu- 
rysms of the efferent ducts that form the caput epididymis and eontain 
sperm. Removal is unnecessary unless they grow to a large size and 
cause pain (Kaufman et al 2011). However, spermatoeeles may be aspi- 
rated as a source of spermatozoa. 
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the total seeretory fluid volume is absorbed in the epididymis. They also 
endoeytose other eomponents of seminal fluid and produce glyeopro- 
teins that are essential for sperm maturation. Basal eells lie between the 
bases of the prineipal eells and are thought to be precursors of prineipal 
eells. Apieal and elear eells are far less eommon than prineipal and basal 
eells. Apieal eells are rieh in mitoehondria and are most abundant in 
the caput epididymis. In eontrast, elear eells are columnar and most 
abundant in the cauda epididymis. They have few mierovilli but numer- 
ous endoeytie vesieles and lipid droplets. Their hmetions are unknown. 


VAS DEFERENS, SPERMATIC C0RD, 
PARADIDYMIS AND EJACULATORY DUCT 


VAS DEFERENS 


The vas deferens (ductus deferens) is a tubular structure derived from 
the mesonephrie duct. Its primary fhnetion is the transport of sperm 
from the epididymis to the urethra, although absorptive and seeretory 
fhnetions have also been deseribed (Hoffer 1976). As it arises from the 
cauda epididymis, the vas is tortuous for 2-3 em (see Fig. 76.5B). 
Beyond this convoluted segment, it lies posterior and parallel to the 
vessels of the spermatie eord, passes through the inguinal eanal (see Fig. 
76.16), and emerges in the pelvis lateral to the inferior epigastrie vessels 
(see Fig. 61.3). At the internal ring, the vas diverges from the testiailar 
vessels, coursing medial to the structures of the pelvie side wall, in order 
to reaeh the base of the prostate posteriorly. Here, the vas onee again 
beeomes tortuous and dilated (the ampulla of the vas deferens), before 
culminating at the ejaculatory duct (see Fig. 74.23). 


Fig. 76.13 The mierostriietiire of the epididymis. Abbreviations: ET, 
epididymal tubule; FCT, fibromuscular eonneetive tissue. 


derived direetly from the internal iliae artery. Veins from the vas and 
seminal vesieles drain to the pelvie venous plexus, whereas the assoei- 
ated lymphatie vessels drain into the external and internal iliae nodes. 

Innervation 


The vasa deferentia are innervated by a rieh autonomic plexus of pri- 
marily postganglionie sympathetie fibres derived from the pelvie plexus. 

Microstructure 


In humans, the vas deferens is 30-35 em in length and 2-3 mm in 
diameter, with a luminal diameter of 300-500 pm. In eross-seetion, it 
eonsists of an outer adventitial sheath eontaining blood vessels and 
nerves; a thiek, three-layered muscular wall of inner and outer longitu- 
dinal and middle circular smooth muscle; and an inner mucosal lining 
of pseudostratified columnar epithelium with non-motile eilia (Fig. 
76.14). It has the greatest muscle to lumen ratio (approximately 10:1) 
of any hollow viscus in the body. During ejaculation, the smooth 
muscle layers eontraet reflexively, propelling the sperm in an antegrade 
direetion (see above). 

Developmental anomalies 
of the vas deferens 


Available with the Gray’s Anatomy e-book 


SPERMATIC C0RD 


The spermatie eord begins at the deep or internal inguinal ring, extends 
the length of the inguinal eanal, exits the eanal at the superficial or 
external inguinal ring, and suspends the testis in the scrotum (Fig. 
76.15; see Fig. 76.3). Between the superficial inguinal ring and the testis, 
the eord lies anterior to the tendon of adductor longus. It is flanked 
anteriorly by the superficial external pudendal artery, and posteriorly 
by the deep external pudendal artery. The ilioinguinal nerve lies inferior 
to the eord as it traverses the inguinal eanal. 

In addition to the artery, veins, lymphaties and nerves supplying the 
testis, which are eontained within the internal spermatie faseia, the 
spermatie eord includes the ilioinguinal nerve, the genital braneh of 
the genitofemoral nerve, the eremasterie artery, veins and lymphaties, 
and the vasal artery, veins and lymphaties, all of which are eontained 
within the external spermatie faseia (Fig. 76.16; see Fig. 76.2). These 
faseial layers are continuous with the layers of the abdominal wall. The 
internal spermatie faseia is derived from the transversalis faseia, and 
forms a thin, loose layer around the spermatie eord. The eremasterie 
faseia, which eontains the skeletal muscle fibres that make up the ere- 
master muscle, is derived from internal oblique. The external spermatie 
faseia is continuous with the aponeurosis of external oblique. 

Eetopie suprarenal tissue (adrenal rest) is encountered within the 
distal end of the spermatie eord in 2% of ehildren undergoing inguinal 
procedures. Adrenal rests are typieally bright yellow to orange in colour, 
round or oval in shape, and up to 5 mm in diameter; they eontain the 
three layers of the suprarenal (adrenal cortex) but no medulla (Savas et 
al 2001). 


Vascular supply and lymphatie drainage 

The vas deferens is supplied by the vasal artery, which is usually derived 
from the superior vesieal artery, and oeeasionally from the inferior 
vesieal artery, both branehes of the internal iliae artery. Rarely, it is 






Fig. 76.14 The vas deferens. A, A low-power view, 
transverse seetion. B, A higher-power view. The 
convoluted lumen is lined by pseudostratified 
columnar epithelial eells. 
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Male reproductive system 


The vas deferens may be eongenitally absent, either unilaterally or 
bilaterally. When bilateraf the eondition is assoeiated with a mutation 
of the eystie fibrosis transmembrane conductance gene in 80% of 
affeeted men. This eondition is eharaeterized by low semen volume due 
to absent or hypoplastie seminal vesieles and azoospermia, although 
spermatogenesis is usually normal. Absent vasa is usually the only 
genital manifestation of eystie fibrosis. 

The anatomy of the vas deferens is worthy of note in ehildren with 
eryptorehidism (see above). At laparoseopie orchidopexy for intra- 
abdominal testis, it is important to exclude a 'looping vas deferens' that 
enters the inguinal eanal and loops baek to the abdominal eavity 
(Shalaby et al 2011); failure to reeognize this anatomieal anomaly may 
result in iatrogenie injury to the vas deferens. 




Aeeessory glandular structures 
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Fig. 76.15 The relationship of 
the spermatie eord to the 
anterior abdominal wall. (With 
permission from VVasehke J, 
Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, 
Elsevier, Urban and Fiseher. 
Copyright 2013.) 
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Fig. 76.16 Structures eontained within the 
spermatie eord. (VVith permission from VVasehke 
J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban and Fiseher. 
Oopyright 2013.) 


PARADIDYMIS 


The paradidymis (organ of Giraldes) is a small eolleetion of eonvo- 
luted tubules loeated anteriorly in the spermatie eord, just above 
the caput epididymis. The tubules are lined with columnar eiliated 
epithelium and are likely to represent a vestigial remnant of the 
mesonephros. 

EJACULAT0RY DUCTS 


The paired ejaculatory ducts are formed from the union of the duct of 
the seminal vesiele with the ampulla of the vas deferens. Eaeh is approx- 
imately 2 em in length, and extends from the base of the prostate, 
between the median and lateral lobes, towards its opening on the vem- 
montanmn (see Fig. 75.13). The ducts diminish in size and eonverge 
towards their ends. Ejaculatory duct obstmetion, though rare, ean lead 
to oligospermia or azoospermia. Causes include eongenital eysts, such 
as Miillerian duct eysts, or iatrogenie injury during urethral manipula- 
tion. In eontrast to the walls of the vas deferens, the walls of the ejacula- 
tory ducts are thin. They eonsist of an outer fibrous layer, which 
deereases in thiekness on their entry into the prostate; a thin layer of 
smooth muscle fibres; and a mucosa lined by eohimnar epithelium. The 
ducts dilate during ejaculation. Normal luminal and wall dimensions 
of the ejaculatory duct are remarkably uniform among men; a luminal 


diameter of greater than 2.3 mm defines a dilated or obstmeted efferent 
duct (Nguyen et al 1996). 


ACCESS0RY GLANDULAR STRUCTURES 


SEMINAL VESICLES 


The seminal vesieles are paired outpouchings of the terminal vas defer- 
ens, loeated at the base of the prostate, between the bladder and the 
rectum (Fig. 76.17, see Fig. 74.23). In adults, the seminal vesiele meas- 
ures between 5 and 10 em in length, and 3 and 5 em in diameter, with 
an average volume eapaeity of 13 ml (Goldstein 2012). In the majority 
of men, the right seminal vesiele is slightly larger than the left; the size 
of both glands deereases with age. 

In essenee, eaeh seminal vesiele is a eoiled tube with irregular diver- 
ticula, eontained within a dense, fibromuscular sheath and partly 
eovered by peritoneum. The upper pole is a cul-de-sac, while the lower 
pole narrows to a straight duct, which, together with the vas deferens, 
culminates as the ejaailatory duct. The seminal vesieles are intimately 
assoeiated with the prostate and bladder anteriorly, the distal ureter 
superiorly, and the rectum and Denonvilliers' faseia posteriorly. The 
ampullae of the vas deferens lie along the medial margins of the 
seminal vesieles, while the veins of the prostatie venous plexus lie 
laterally. 
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Rectum Bladder Left seminal vesiele 



Obturator internus 


Fig. 76.17 An axial magnetie resonanee imaging (MRI) sean 
demonstrating the normal high signal in the seminal vesieles on a 
T2-weighted sean. 


Agenesis of the seminal vesieles is a eongenital anomaly, which is 
assoeiated with absenee of the vas deferens or vasoureteral communica- 
tion (Wu et al 2005). 

Vascular supply and lymphatie drainage 

The primary blood supply to the seminal vesieles is from the vesiailo- 
deferential artery a braneh of the umbilical artery (Braithwaite 1952). 
An additional source of blood supply is the inferior vesieal artery, which 
arises from the internal iliae artery or the inferior gluteal artery. Venous 
drainage is provided by the vesiculodeferential veins and the inferior 
vesieal plexus. Lymphatie drainage, aeeordingly, occurs via the internal 
iliae nodes. 

Innervation 


The seminal vesieles reeeive preganglionie parasympathetie input from 
the pelvie nerve, and sympathetie (postganglionie) and parasympa- 
thetie (preganglionie) input from the hypogastrie nerve. 

Microstructure 


After puberty, the vesieles mature into elongated, sae-like structures, 
produce a viscous white-yellow fluid that contributes to at least two- 
thirds of the total ejaoilate volume, and play an important role in sperm 
motility and metabolism. The seereted fluid is rieh in fmetose, coagula- 
tion proteins and prostaglandins, with a pH in the neutral to alkaline 
range. The wall of the seminal vesiele is eomposed of an external eon- 
neetive tissue layer, a middle smooth muscle layer (signifieantly thinner 
than the eorresponding layer in the vas deferens), and an inner mucosal 
layer with a highly folded, labyrinthine stmcture (Fig. 76.18). The 
mucosal layer is lined by cuboidal to pseudostratified columnar epithe- 
lium, featuring typieal protein-seereting eells. Contrary to the impliea- 
tion of their name, seminal vesieles are not reservoirs for spermatozoa, 
except in eases of ejaoilatory duct obstmetion; they eontraet during 
ejaculation to release seeretions into the ejaculatory duct. 

BULBOURETHRAL GLANDS 


The bulbourethral glands (Cowper s glands) are small, round, yellow, 
lobulated structures, measuring approximately 1 em in diameter, and 



Fig. 76.18 The microstructure of the seminal vesieles, showing the 
tubulo-acinar structure. 


loeated lateral to the membranous urethra and superior to the perineal 
membrane. They are drained by long excretory ducts, eaeh duct being 
almost 3 em in length, which pass obliquely and anteriorly from the 
region of the membranous urethra, to penetrate the perineal mem- 
brane, and open on the floor of the bulbar urethra, approximately 
2.5 em below the perineal membrane. The glands are surrounded by 
fibres of the urinary sphineter. During sexual excitement, eontraetion of 
the muscle fibres leads to expulsion of elear mucus from the glands into 
the bulbar urethra. Seeretions of the bulbourethral glands eomprise 
5-10% of the total ejaculate vohime. 

Microstructure 


Eaeh bulbourethral gland eonsists of several lobules enelosed by a 
fibrous capsule. The seeretory units are tubulo-alveolar in form. The 
glandular epithelium is columnar, and seeretes aeidie and neutral 
mucins into the urethra prior to ejaculation; the seeretions primarily 
have a lubricating fimetion. Diffiise mucosa-associated lymphoid tissue 
(MALT) is assoeiated with the glands. 

PERIURETHRAL GLANDS 


The periurethral glands (glands of Littre) are most numerous in the 
penile urethra. Like the bulbourethral glands, they seerete mucus into 
the lumen of the urethra prior to ejaoilation; the seeretions have a 
lubricating fimetion. 


EXTERNAL GENITALIA 


PENIS 


The penis eonsists of an attaehed root in the perineum (radix), and a 
free, pendulous body (shaft), which is eompletely enveloped in skin 
(Fig. 76.19). At its base, the penis is supported by two suspensory liga- 
ments, which anehor it to the pubic symphysis (Fig. 76.20B). These 
ligaments are eomposed primarily of elastie fibres and are continuous 
with Buck's faseia of the penis. The penile shaft eontains three ereetile 
columns - the paired eorpora eavernosa and the corpus spongiosum; 
the urethra; and the investing faseiae, blood vessels and nerves assoei- 
ated with these structures (Fig. 76.20A). 

The eorpora eavernosa lie in intimate apposition with one another 
along the length of the penile shaft (Fig. 76.21); the corpus spongiosum 
lies in the ventral groove between the cavernous bodies. Proximally, 
posterior to the suspensory ligaments, the right and left eorpora eaver- 
nosa diverge to form two tapering proeesses, the emra penis, which are 
firmly anehored to the ischiopubic rami (see Fig. 76.20B). The corpus 
spongiosum broadens between the two emra to form the bulbospongi- 
osus muscle (see Fig. 76.20C). At the distal end of the penis, the corpus 
spongiosum again enlarges and assumes a bulbous shape to form the 
glans penis. The rounded base of the glans, the eorona, separates the 
glans from the penile shaft. The glans is eovered by the foreskin 
(prepuce), which is a loose fold of retraetable skin attaehed to the 
ventral surface of the glans penis, under the eorona, at the frenulum. 
Cutaneous sensitivity is greatest over the glans penis. 
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Fig. 76.19 Stmetiires in the male urogenital triangle. A, An inferior view. B, The ventral surface of the body of the penis. C, A lateral view of the body of 
the penis and glans. D, An inferior view of the urogenital triangle of a male, with the ereetile tissues of the penis indieated with overlays. (With permission 
from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


Skin The skin of the penile shaft is thin, highly elastie and devoid of 
appendages (hair or glandular elements), with the exception of smegma- 
producing glands loeated at the base of the eorona. It is also devoid of 
fat and quite mobile because of loose attaehments between the dartos 
faseia and the underlying Buck's faseia. In eontrast, the skin of the glans 
is immobile, as a result of its direet attaehment to the underlying tunica 
albuginea. Blood supply to the penile skin is independent of the ereetile 
bodies, and is derived from the external pudendal branehes of the 
femoral vessels that enter the base of the penis and mn longitudinally 
within the dartos faseia, forming a rieh anastomotie network. Thus, it 
is possible to mobilize penile shaft skin on a vasailar pediele for surgi- 
eal procedures such as urethral reeonstmetion. 

The superficial penile faseia is devoid of fat, and eonsists of loose 
eonneetive tissue interspersed by fibres of the dartos muscle from the 
scrotum; it is eommonly referred to as the dartos layer. In eontrast, the 
deep penile faseia is a denser faseial sheath, known as Buck's faseia, 
which envelops both eorpora eavernosa and splits to envelop the corpus 
spongiosum (Fig. 76.22B). Distally, it blends with the tunica albuginea 
eovering all three eorporal bodies. Proximally, it is continuous with the 
dartos muscle and the deep perineal faseia. Bleeding from a tear in the 
eorporal bodies is usually eontained within Buck's faseia, and eeehymo- 
sis is limited to the penile shaft. 

Root The root (radix) of the penis eonsists of three masses of ereetile 
tissue in the urogenital triangle: namely, the two emra and the bulb, 
firmly attaehed to the pubic areh and the perineal membrane, respee- 
tively. The emra are the posterior extensions of the eorpora eavernosa, 
while the bulb is the dilated posterior end of the corpus spongiosum. 
The urethra enters the bulb via its posterior surface and travels the 
length of the penile shaft within the corpus spongiosum. 


Shaft The major portion of the penile shaft eonsists of the paired 
eorpora eavernosa. These eontain ereetile tissue, enelosed within a 
dense fibroelastie sheath of eonneetive tissue, the tunica albuginea 
(see Figs 76.21E, 76.22). The outer longitudinal and inner circular 
fibres of the tunica form an undulating meshwork when the penis is 
flaeeid but beeome tightly stretehed on ereetion. The circular fibres 
surround eaeh corpus separately and the eorpora are then surrounded 
as a unit by the outer longitudinal fibres. Smooth muscle bundles 
traverse the ereetile bodies to form endothelium-lined cavernous 
simises, which give the ereetile tissue a spongy appearanee on gross 
examination. Blood flow into the simises leads to penile engorgement 
and eompression of venous outflow ehannels, resulting in penile 
ereetion. 

The eorpora eavernosa are not distinet, separate stmctures but are 
divided in the midline by a fibrous septum that is continuous with 
the deep eirailar fibres of the tunica albuginea. The septum is eom- 
plete and thiek proximally, but ineomplete distally, permitting eom- 
munication and exchange of blood flow between the eorporal bodies. 
The wide median groove along the ventral aspeet of the eorpora eaver- 
nosa is occupied by the corpus spongiosum, eontaining the urethra. 
Dorsally, a similar, but narrower, groove eontains the dorsal neurovas- 
cular bundle. The eorpora eavernosa end distally within the glans 
penis as individual, rounded eones (see Fig. 76.19D). The corpus 
spongiosum eontains less ereetile tissue than the eorpora eavernosa, 
and is enelosed by a thinner layer of tunica albuginea. The urethra 
traverses the length of the corpus spongiosum, terminating at a slit- 
like meatus on the tip of the glans penis, which is, itself, an expan- 
sion of the corpus spongiosum. Numerous small preputial glands 
seereting sebaceous smegma line the eorona along the base of the 
glans penis. 
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Fig. 76.20 A, The ereetile tissues of the penis. B, The muscles in the superficial perineal pouch. C, The muscles and ereetile tissues of the penis in 
seetion. (A-B, With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010. C, Adapted from Drake RL, Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. Copyright 
2008.) 
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Fig. 76.21 A-B, An MRI sean of the penis shovving the eorpora cavernosum and spongiosum. Note the corpus spongiosum flaring posteriorly into 
the bulbospongiosus. C, An MRI sean shovving the bulb of the penis and the attaehment of the posterior portion of the eorpora eavernosa, the crura. 
D-E, An MRI sean of the penis shovving the tunica albuginea. 


Vascular supply and lymphatie drainage 
Arteries 

Blood siipply to the eorporal bodies is derived from the internal puden- 
dal artery, a braneh of the internal iliae artery, which travels within 
Aleoek's eanal before reaehing the penis and perineum (Fig. 76.23). As 
it emerges from Aleoek's eanaf the internal pudendal artery gives off 
the perineal artery, to supply ischiocavernosus and bulbospongiosus, 
and the posterior surface of the scrotum, as well as the eommon penile 
artery that supplies the deep structures of the penis (Fig. 76.24). 

The eommon penile artery has three main branehes: the bulboure- 
thral artery the dorsal penile artery and the cavernous (deep, eavern- 
osal) artery (Fig. 76.25). 

BulbOUrethral artery The bulbourethral artery penetrates the peri- 
neal membrane to enter the spongiosum from above its posterolateral 
border and supplies the penile bulb and the urethra, in addition to the 
corpus spongiosum and glans penis. 

Dorsal artery Of the penis The dorsal artery of the penis passes 
between the ems penis and the pubis to reaeh the dorsal surface of the 
eorporal bodies. It mns alongside the dorsal vein and the dorsal penile 
nerve, and is attaehed, together with these stmctures, to the underside 
of Buck's faseia. As it courses to the glans penis, it gives off circumfer- 


ential branehes to the corpus spongiosum and urethra. The rieh blood 
supply to the spongiosum allows safe division of the urethra during 
stricture repair. 

Cavernous (deep, eavernosal) artery of the penis The eavern- 

ous (deep, eavernosal) artery of the penis is usually a paired vessel that 
pierees the tunica albuginea of the eorpora eavernosa at the hilum of 
the penis and then travels near the eentre of the eorporal bodies in the 
direetion of the glans penis. Along its course, it gives off several straight 
and helieine branehes at regular intervals; they open direetly into the 
simisoidal spaees of the eorporal bodies. 

Variations in penile vascular anatomy are eommon, and may include 
a single or absent cavernous artery or the presenee of aeeessory puden- 
dal arteries (Bare et al 1994, Matin 2006). While penile arterial supply 
is eommonly derived from both aeeessory and internal pudendal arter- 
ies, it may be derived exclusively from either the internal pudendal 
arteries or the aeeessory pudendal arteries (Droupy et al 1997). Reeog- 
nizing such variation is extremely important for any surgeon eontem- 
plating penile revascularization surgery. 

Veins 

Blood leaving the penis is drained by one of three venous systems: 
superficial, intermediate or deep (see Figs 76.22B, 76.23). The superfi- 
eial veins are eontained within the dartos faseia on the dorsolateral 
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Fig. 76.22 A, Layers of the penis and main structures. 
B, C, Cross-sectional anatomy of the penile shaft. 
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surface of the penis. They reeeive blood from the penile shaft skin and 
prepuce, and eoalesee at the base of the penis to form a single superficial 
dorsal vein that drains into the great saphenous vein via the superficial 
external pudendal veins. 

The intermediate drainage system eontains the circumflex and deep 
dorsal veins, which lie within and beneath Buck's faseia. This system 
reeeives blood from the glans, corpus spongiosum and the distal two- 
thirds of the penis. Circumflex veins originate in the corpus spongio- 
sum, and course around the eorpora eavernosa to meet the deep dorsal 
vein perpendicularly. They are only present in the distal two-thirds of 
the penile shaft, and range between 3 and 10 in number. Intermediate 
venules in the ereetile tissue of the eorpora eavernosa arise from the 
cavernous sinuses and drain into a subtunical eapillary plexus. This 
plexus gives rise to emissary veins that course obliquely through the 
tunica albuginea, and drain either into the circumflex veins, or direetly 
into the deep dorsal vein. The deep dorsal vein lies in the midline 


groove between the two eorpora eavernosa. It passes inferior to the 
pubic symphysis at the level of the suspensory ligament, leaving the 
shaft of the penis at the ems, and drains into the prostatie plexus. 

Deep venous drainage occurs via the emral and cavernous (deep, 
eavernosal) veins, which reeeive blood from the proximal third of the 
penis. The emissary veins eonsolidate into 2-5 veins on the dorsome- 
dial surface of the eorpora eavernosa. Cmral veins arise in the midline, 
in the spaee between the emra, and join the cavernous veins at the 
hilum of the penis, ultimately draining into the internal pudendal vein. 

Lymphatìe drainage 

The penile and perineal skin is drained by lymphatie vessels that aeeom- 
pany the external pudendal veins to the superficial inguinal nodes. 
Lymphaties from the glans penis pass to the deep inguinal and external 
iliae nodes, and those from the ereetile tissue and penile urethra pass 
to the internal iliae nodes. 
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Fig. 76.23 The perineal vessels. (Adapted from Drake RL, Vogl AW, 
Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill 
Livingstone. Copyright 2010.) 


Innervation 


A rieh sensory innervation to the glans penis is provided by the dorsal 
nerve, a division of the pudendal nerve; it follows the course of the 
dorsal penile arteries (Fig. 76.26, see also Fig. 76.2). Small branehes 
from the perineal nerve provide additional innervation to the skin on 
the ventmm of the penis, as far distally as the glans ( Jehio et al 1999). 

Sympathetie and parasympathetie input to the eorpora eavernosa is 
provided by the cavernous (deep, eavernosal) nerve, which originates 
in the pelvie plexus. It courses along the posterolateral aspeet of the 
prostate before exiting the pelvis, together with the urethra, and enter- 
ing the eorpora eavernosa at the ems. Before entering the cavernous 
bodies, the cavernous nerve sends branehes to the corpus spongiosum. 
Parasympathetie input to the penis (excitatory) originates in the neu- 
rones of the first four saeral segments of the spinal eord and travels via 
the pelvie splanehnie nerves (nervi erigentes) to the pelvie plexus (see 
Fig. 76.26), where preganglionie fibres synapse on postganglionie 
neurons that give rise to the cavernous nerve. Sympathetie input to the 
penis (inhibitory) originates in the intermediolateral columns of the 
eleventh and twelfth thoraeie, and first lumbar segments of the spinal 
eord, and travels through the sympathetie tmnk before deseending to 
the pelvie plexus. Parasympathetie stimulation produces vasodilation, 
while sympathetie innervation causes vasoeonstrietion, eontraetion of 
the seminal vesieles and prostate, and seminal emission. 

Microstructure 


The eorpora eavernosa are eylinders of spongy ereetile tissue, eomposed 
of intereonneeted endothelium-lined sinusoids, separated by smooth 
muscle trabeculae, and surrounded by elastie fibres, eollagen and loose 
areolar tissue. The sinusoids are larger in the eentre. Terminal cavernous 


nerves and helieine arteries are intimately assoeiated with smooth 
muscle. The helieine arteries are eontraeted and tortuous in the flaeeid 
state, and straight and dilated in the ereet state. 

The tunica albuginea surrounding the eorpora eonsists of an inner 
eirailar and outer longitudinal layer of elastie fibres arranged in a lat- 
tieed network. Venous drainage from the eorpora eavernosa originates 
in the trabeculae between the peripheral sinusoids and the tunica albug- 
inea (the subtunical venous plexus) before exiting the eorpora via the 
emissary veins. 

Emissary veins travel between the two layers of the tunica albug- 
inea, and exit the outer layer in an oblique fashion. The outer layer 
eompresses the emissary veins when the penis beeomes engorged 
with blood, preventing venous outflow, and thereby maintains the 
ereetion. 

The stmcture of the corpus spongiosum is similar to that of the 
eorpora eavernosa, with the exception of larger sinusoids and a thinner 
tunica albuginea. The glans has no tunical eovering. 


EREdlON AND EJACULATI0N 


Penile ereetion is a neurovascular proeess, initiated by sexual stimula- 
tion and relaxation of the smooth muscle of the eorpora eavernosa and 
mediated by various neurotransmitters produced by the parasympa- 
thetie nerves and the endothelium. The most important neurotransmit- 
ter is nitrie oxide, which aets via the eyelie guanosine monophosphate 
(eGMP) seeond messenger system. Following smooth muscle relaxa- 
tion, there is rapid influx of blood flow from the helieine arteries, filling 
the cavernous spaees and leading to penile tumescence. The resulting 
distension eompresses the emissary veins, preventing venous outflow. 
This so-ealled Veno-occlusive meehanism' eonverts tumescence into an 
ereetion. Continuing cutaneous stimulation of the glans and frenulum 
contributes signifieantly towards maintaining an ereetion and initiating 
orgasm and ejaculation. Ereetion, therefore, depends on a variety of 
faetors, including a normal psyehogenie response to stimulation, intaet 
parasympathetie nerves, healthy eorporal smooth muscle eapable of 
relaxation, patent arteries eapable of delivering blood at the required 
rate, and a normal venous system. Following ejaculation, the sequence 
just deseribed is reversed; smooth muscle eontraetion in response to 
sympathetie stimulation leads to penile detumescence. 

Emission and ejaculation are separate, but related, proeesses. Emis- 
sion is the transmission of seminal fluid from the vas deferens, prostate 
and seminal vesieles into the prostatie urethra and is under sympathetie 
eontrol. Ejaculation is the expulsion of seminal fluid from the prostatie 
urethra to the exterior and has both autonomic and somatie eompo- 
nents. The first diseernible event during ejaculation is eontraetion of 
bulbospongiosus, which oeoirs approximately six times and is under 
somatie eontrol. Antegrade ejaoilation requires eoneomitant bladder 
neek closure and periurethral muscle eontraetion (Ch. 75). Relaxation 
of the external urethral sphineter, under autonomic eontrol, permits 
expulsion of seminal fluid from the prostatie to the bulbar urethra, and 
from there to the exterior. The timing of this proeess is such that the 
ejaculate is expelled from the external urethral meatus between the 
seeond and final eontraetion of bulbospongiosus; in some men, ejacu- 
lation may be pulsatile. 

Ereetile dysfunction and priapism 



Available with the Gray’s Anatomy e-book 


SCR0TUM 


The scrotum is eomposed of multiple layers of tissues, including skin, 
dartos muscle and external spermatie, eremasterie and internal sperm- 
atie faseiae (see Fig. 76.3). The internal spermatie faseia is loosely 
attaehed to the parietal layer of the tunica vaginalis. 

Serotal skin is thin, pigmented, devoid of fat, hair-bearing, and rieh 
in sebaceous and sweat glands. It is also riehly innervated by sensory 
nerves that respond to stimulation of the skin and hairs, and to ehanges 
in temperature. The appearanee of the serotal skin may vary from 
smooth to mgated, depending on the degree of eontraetion of the 
underlying dartos muscle. A midline raphe extends from the urethral 
meatus, down the ventral penile shaft and to the anus, signiíying the 
line of fhsion of the genital tubercles (see Fig. 72.20). It is a relatively 
avasoilar plane and, therefore, a popular loeation for ineisions used to 
aeeess both serotal eompartments. Deep to the raphe, the scrotum is 
separated into two eompartments by a septum eomposed of all the 
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Ereetile dysflinetion is the inability to aehieve tumescence despite ade- 
quate sexual stimulation. The pathophysiology of ereetile dysfhnetion 
is complex, and involves vascular, neurogenic and psyehogenie eompo- 
nents. Common aetiologies underlying a diagnosis of ereetile dysfhne- 
tion include: inability to relax the cavernous smooth muscle; arterial 
insuffìciency due to atheromatous disease; neurogenic dysfhnetion due 
to diabetes or surgery; and radiation therapy. 

A prolonged ereetion that fails to subside after ejaculation is ealled 
priapism. Priapism ean, broadly, be elassified as being high-flow (non- 
isehaemie) or low-flow (isehaemie). Low-flow priapism, which is due 
to impaired efflux of venous blood from the penis, is eharaeterized by 
signifieant pain and is a medieal emergeney. If untreated, priapism leads 
to isehaemia of the eorporal smooth muscle and irreversible ereetile 
dysfhnetion. The aetiology of low-flow priapism includes eonditions 
such as siekle-eell disease and leukaemia, and the use of intraeavernosal 
injeetion therapy with medieations such as prostaglandin. In eontrast, 
high-flow priapism is the consequence of excessive blood flow into the 
penis, usually seeondary to a fistula between the cavernous arteries and 
sinusoidal spaees. 
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Fig. 76.24 The blood vessels 
and nerves of the perineal 
region and external genitalia 
in the adult male. The fat 
body of the isehio-anal fossa 
has been removed and 
gluteus maximus has been 
ineised in order to expose the 
course of the pudendal nerve 
and internal pudendal artery. 
(With permission from 
Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, 
Urban and Fiseher. Copyright 
2013.) 
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Fig. 76.25 The arterial blood supply to the body of the penis. 


layers of the serotal wall except the skin. The testes are suspended by 
the spermatie eords within these eompartments. 

The dartos layer of smooth muscles is continuous with eolles', 
Searpa's and the dartos faseia of the penis. The external spermatie, ere- 
masterie and internal spermatie layers of the scrotum are continuous 
with the eorresponding layers in the spermatie eord, and arise from the 
aponeuroses of external oblique and internal oblique and the transver- 
salis faseia of the abdominal wall, respeetively. The testis is also fixed 
to the serotal wall at its lower pole by a fibrous band of tissue known 
as the gubernaculum. 

Developmental anomalies of the scrotum eongenital agenesis 

of the scrotum is a very rare anomaly eharaeterized by the absenee of 
the scrotum; no mgae are noted in the perineum (Yilmaz et al 2013). 
Penoserotal transposition, in which the scrotum is loeated superior and 
anterior to the penis, is a consequence of abnormal genital tubercle 
development and is assoeiated with hypospadias, renal agenesis and 
dysplasia, and imperforate anus. 

Vascular supply and lymphatie drainage 

Arterial supply to the scrotum includes external pudendal branehes of 
the femoral artery, serotal branehes of the internal pudendal artery, and 
a eremasterie braneh from the inferior epigastrie artery. Of note, the 
anterior serotal wall is supplied primarily by branehes of the external 
pudendal artery, which mn parallel to the mgae and do not eross the 
raphe; this anatomieal detail is important for planning appropriate 
ineisions during serotal surgery. 

The serotal vessels are arranged in a dense subcutaneous network, 
which faeilitates heat loss and regulation of serotal temperature. Venous 
drainage follows the arterial network, and simple arteriovenous anas- 
tomoses are eommon. 
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Fig. 76.26 The nerve siipply to the penis. The corpus cavernosum of 
penis reeeives both a parasympathetie and a sympathetie innervation 
from the cavernous nerves. It should be noted that, in life, multiple 
cavernous nerves emanate from the prostatie plexus and intertvvine with 
both dorsal sensory nerves. The afferent fibres from the glans pass via 
the dorsal nerves of the penis and via the pudendal nerve. (Adapted from 
Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 

2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


Serotal lymphaties do not eross the median raphe. Therefore, lym- 
phatie drainage from the scrotum is always routed to the ipsilateral 
superfìcial inguinal nodes. 

Innervation 


The scrotum is innervated by the ilioinguinal nerve, the genital braneh 
of the genitofemoral nerve, two posterior serotal branehes of the peri- 
neal nerve, and the perineal braneh of the posterior femoral cutaneous 
nerve (see Fig. 76.24). Innervation of the anterior third of the scrotum 
is primarily derived from the fìrst lumbar spinal segment, by way of the 
ilioinguinal and genitofemoral nerves (see Fig. 76.2). Innervation of the 
posterior two-thirds of the scrotum is primarily derived from the third 
saeral spinal segment, via the perineal and posterior femoral cutaneous 
nerves. In order to anaesthetize the scrotum, spinal anesthesia must, 
therefore, be injeeted higher than the L1 level. 


[@ Bonus e-book images and table 

Fig. 76.1 A, Referenee curves for mean testicular volume measured 
by ultrasound. B, Enlargement of the referenee curves for mean 
testicular volume measured by ultrasound. 

Fig. 76.12 Gangrene of the appendix testis seeondary to torsion in 
an 8-year-old ehild. 

Table 76.1 Volume of the left and right testis, as measured by 
ultrasound in boys between infaney and adoleseenee. 
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CHAPTER 76 





(JHAPTER 



The female reproductive system eonsists of the lower genital traet (vulva 
and vagina) and the upper traet (uterus and cervix with assoeiated 
uterine (Fallopian) tubes and ovaries). 


L0WER GENITAL TRACT 


VULVA 


The female external genitalia or vulva include the mons pubis, labia 
majora, labia minora, elitoris, vestibule, vestibular bulb and the greater 
vestibular glands (Fig. 77.1). 

Mons pubis 


The mons pubis is the rounded, hair-bearing area of skin and adipose 
tissue over the pubic symphysis and adjaeent pubic bone. Before 
puberty the mons pubis is relatively flat and hairless, and the labia 
minora are poorly formed. Through adoleseenee and into adult life, the 


mons beeomes prominent with eoarse hair and atrophies slightly after 
menopause. 

Labia majora 


The labia majora are two prominent, longitudinal folds of skin that 
extend baek from the mons pubis to the perineum (Fig. 77.1B). They 
form the lateral boundaries of the vulva. Eaeh labium has an externaf 
pigmented surface eovered with hairs and a smooth, pink internal 
surface with large sebaceous follieles. Between these surfaces there is 
loose eonneetive and adipose tissue, intermixed with smooth muscle 
(resembling the serotal dartos imisele), vessels, nerves and glands. The 
subcutaneous layer eonsists of a superficial fatty layer similar to Camp- 
er's faseia, and a deep membranous layer - Colles' faseia - continuous 
with Searpa's faseia of the anterior abdominal wall (p. 1069). The 
uterine round ligament may end in the adipose tissue and skin in the 
anterior part of the labium. A patent processus vaginalis may also reaeh 
a labium. The labia join anteriorly to form the anterior commissure. 
Posteriorly, they do not join, but instead merge into neighbouring skin, 
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Fig. 77.1 A, The siiperfieial features of the perineum. B, The labia majora and surrounding external genitalia. C, The labia minora. D, An inferior view of 
the vestibule with the left labium minus pulled to one side to show the regions of the vestibule into which the greater vestibular and para-urethral glands 
open. (A, With permission from Drake RL, Vogl AW, Mitehell A, Tibbitts R, Riehardson P (eds), Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. 
Copyright 2008. B-D, With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. 
Copyright 2010.) 


















































































Lower genital traet 


ending near and almost parallel to eaeh other. The eonneeting skin 
between them posteriorly forms a ridge, the posterior commissure, 
which overlies the perineal body and is the posterior limit of the vulva. 
The distanee between the posterior vulva and the anus is 2.5-3 em and 
is termed the 'gynaeeologieal' perineum. 

Labia minora 


The labia minora are two small cutaneous folds, devoid of fat, that lie 
between the labia majora. They extend from the elitoris obliquely 
down, laterally and baek, flanking the vaginal orifiee. Anteriorly eaeh 
labium minus bifhreates. The upper layer of eaeh side passes above the 
elitoris to form the hood or prepuce, while the lower layer passes below 
the elitoris to form the frenulum of the elitoris (Fig. 77.1A-C). Seba- 
ceous follieles are numerous on the medial surfaces. Sometimes, an 
extra labial fold (labium tertium) is found on one or both sides between 
the labia minora and majora. Adhesions between the labia minora are 
eommon in prepubertal girls and may predispose to urinary infeetions 
(Leung and Robson 1992). 

Vestibule 


The vestibule is the eavity that lies between the labia minora. It eontains 
the vaginal and external urethral orifiees and the openings of the two 
greater vestibular (Bartholin's) glands and of numerous mucous, lesser 
vestibular glands. There is a shallow vestibular fossa between the vaginal 
orifiee and the frenulum of the labia minora. The posterior part of the 
vestibule is a elassie site where a fistulous opening of the rectum may 
be loeated in girls born with an imperforate anus (Bill et al 1975). 

llrethra 


The urethra opens into the vestibule about 2.5 em below the elitoris 
and above the vaginal opening via a short, sagittal eleft with slightly 
raised margins: the urethral meatus. The meatus is very distensible and 
varies in shape; the aperture may be rounded, slit-like, ereseentie or 
stellate. The ducts of the para-urethral glands (Skene's glands) open on 
eaeh side of the lateral margins of the urethra. 

Bulbs of the vestibule 

The bulbs of the vestibule lie on eaeh side of the vestibule (Fig. 77.2B). 
They are two elongated masses of ereetile tissue, 3 em long, which flank 
the vaginal orifiee and unite anterior to it by a narrow commissura 
bulborum (pars intermedia). Their posterior ends are expanded and are 
in eontaet with the greater vestibular glands. Their anterior ends taper 
and are joined by a commissure, and also to the elitoris by two slender 
bands of ereetile tissue. Their deep surfaces eontaet the inferior aspeet 
of the perineal membrane; superficially, eaeh is eovered posteriorly by 
bulbospongiosus (Fig. 77.2A) (Delaneey 2011). 

Greater vestibular glands 
(Bartholin’s glands) 

The greater vestibular glands are homologues of the male bulbourethral 
glands. They eonsist of two small, round or oval, reddish-yellow bodies 
that flank the vaginal orifiee, in eontaet with, and often overlapped by, 
the posterior end of the vestibular bulb. Eaeh opens into the vestibule 
by a 2 em duct, situated in the groove between the hymen and the 
labium minus at approximately the 5 and 7 o'eloek positions (Corton 
2012) (see Fig. 77.1D). The glands are eomposed of tubulo-acinar 
tissue; the seeretory eells are columnar and seerete a elear or whitish 
mucus for lubrication during sexual arousal. 

eiitoris 


The elitoris is an ereetile structure, partially enelosed by the anterior 
bifhreated ends of the labia minora. It has a root, a body and a glans 
(see Fig. 77.2). The body ean be palpated through the skin. It eontains 
two eorpora eavernosa, eomposed of ereetile tissue and enelosed in 
dense fibrous tissue, and separated medially by an ineomplete fibrous 
peetiniform septum. The fibrous tissue forms a suspensory ligament 
that is attaehed superiorly to the pubic symphysis. Eaeh corpus eaverno- 
sum is attaehed to its ischiopubic ramus by a ems that extends from 
the root of the elitoris. The glans elitoris is a small, round tubercle of 
spongy ereetile tissue at the end of the body, eonneeted to the bulbs of 
the vestibule by thin bands of ereetile tissue. It is exposed between the 
anterior ends of the labia minora. Its epithelium has high cutaneous 
sensitivity, important in sexual responses. Congenital absenee of the 
elitoris is very rare. 
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Fig. 77.2 A, The muscles of the vestibule and elitoris. B, The ereetile 
tissues of the elitoris. C, The ereetile tissues of the elitoris, vestibule and 
greater vestibular gland with a surface anatomy overlay. (A-B, Adapted 
with permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010. C, With permission from Drake RL, Vogl AW, Mitehell A (eds), 
Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. 
Copyright 2010.) 


Vascular supply and lymphatie drainage 
of the vulva 


Arteries 

The arterial blood supply of the female external genitalia is derived 
from the superficial and deep external pudendal branehes of the femoral 
artery superiorly and the internal pudendal artery inferiorly on eaeh 
side (Figs 77.3A, 77.4). 
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Fig. 77.3 A, The vessels of the female pelvis: sagittal view. B, The nerves and lymphaties of the female pelvis: sagittal view. (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Lower genital traet 
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Fig. 77.4 The miiseles, 
vessels and nerves of 
the female perineum: 
inferior vievv. (With 
permission from 
VVasehke J, Paulsen F 
(eds), Sobotta Atlas of 
Human Anatomy, 15th 
ed, Elsevier, llrban & 
Fiseher. Copyright 
2013.) 


This blood supply to the labial fat must be earefhlly preserved during 
vaginal surgery e.g. in ereating a Martius fat pad flap to repair a vesieo- 
vaginal fistula where blood supply has already been eompromised by 
radiation or fibrosis (Delaneey 2011). 


Veins 

Venous drainage of the vulval skin is via external pudendal veins to the 
long saphenous vein. Venous drainage of the elitoris is via deep dorsal 
veins to the internal pudendal vein, and via superficial dorsal veins to 
the external pudendal and long saphenous veins. 



Lymphatie drainage 

A meshwork of eonneeting vessels from the skin of the labia, elitoris 
and perineum join to form three or four eolleeting tmnks that drain to 
superficial inguinal nodes lying on the eribriform faseia eovering the 
femoral artery and vein; these nodes drain through the eribriform faseia 
to the deep inguinal nodes lying medial to the femoral vein (Corton 
2012). The deep inguinal nodes drain via the femoral eanal to the pelvie 
nodes ( lable 77.1). The last of the deep inguinal nodes lies under the 
inguinal ligament within the femoral eanal and is often ealled Cloquet's 
node. Lymph vessels from the elitoris drain direetly to the deep inguinal 
nodes, and direet elitoral lymphaties may pass to the internal iliae nodes 
(Fig. 77.3B). Lymph vessels in the perineum and lower part of the labia 
majora drain to the reetal lymphatie plexus. 


Innervation 



The main nerve supply of the vulva is the pudendal nerve (S2, 3 and 
4) through its inferior reetal and perineal branehes and the dorsal nerve 
of the elitoris (Table 77.2; Figs 77.4, 77.5). Shoja et al 2013). The 

sensory innervation of the anterior and posterior parts of the labium 
majus differs. The anterior third of the labium majus is supplied by the 
ilioinguinal nerve (Ll), the posterior two-thirds are supplied by the 
pudendal nerve through the posterior labial branehes of the perineal 
nerve (S3), and the lateral aspeet is also innervated by the perineal 
braneh of the posterior cutaneous nerve of the thigh (S2). Vulvar nerves 
are susceptible to trauma and inflammation, leading to vulvar pain 
syndromes or vulvodynia (Shoja et al 2013). 


VAGINA 


The vagina is a fibromuscular tube lined by non-keratinized stratified 
epithelium. It extends from the vestibule (the opening between the 
labia minora) to the uterus. The upper end of the vagina surrounds the 
vaginal projeetion of the uterine cervix. The anular reeess between the 
cervix and vagina is the fornix; the different parts of the fornix are given 
separate names, i.e. anterior, posterior and right and left lateral, but they 
are continuous (Fig. 77.6). 

In the standing position, the vagina aseends posteriorly and superi- 
orly, forming an angle of 60-70° with the horizontal plane (Corton 
2012). The vagina forms an angle of over 90° to the uterine axis (see 
Fig. 77.12); this angle varies with the eontents of the bladder and 
rectum. The apex of the vagina is direeted posteriorly towards the isehial 
spines. The width of the vagina inereases as it aseends. The inner sur- 
faees of the anterior and posterior vaginal walls are in eontaet with eaeh 
other, forming a transverse slit. The vaginal mucosa is attaehed to the 
uterine cervix higher on the posterior eervieal wall than on the anterior; 
the anterior wall is approximately 7.5 em long and the posterior wall 
is approximately 9 em long. The fibromuscular anterior wall of the 
vagina supports the base of the bladder in its middle and upper por- 
tions, and the urethra (which is embedded in it) inferiorly. The fibro- 
muscular posterior wall of the vagina supports the rectum. The upper 
quarter of the posterior vagina is separated from the rectum by the 
peritoneum of the recto-uterine pouch, and by moderately dense fibro- 
muscular tissue (Denonvilliers's faseia) in its middle half (Delaneey 
2011). In its lower quarter, it is separated from the anal eanal by the 
fibromuscular perineal body. The upper part of the vagina is supported 
laterally by levator ani, together with the transverse eervieal, pubocervi- 
eal and uterosacral ligaments. Pubovaginalis provides a U-shaped mus- 
cular sling around the mid-vagina. The lower vagina is surrounded by 
the skeletal muscle fibres of bulbospongiosus (see Fig. 77.4). As the 
ureters pass anteromedially to reaeh the fundus of the bladder, they 
pass elose to the lateral forniees, where eare must be taken to avoid 
damage during hystereetomy (Fig. 77.7). As they enter the bladder, the 
ureters are usually anterior to the vagina; at this point, eaeh ureter is 
erossed transversely by a uterine artery (Fig. 77.8). 


1291 


CHAPTER 77 



















































Female reproductive system 


Table 77.1 Lymphatie drainage of the female genitalia 


Structure 

Nodes 

Vulva 

Labia, elitoris, and perineum 

Superficial inguinal nodes 

Perineum and lower labia majora 

Reetal lymphatie plexus 

eiitoris 

Superficial inguinal nodes 

Direet to deep inguinal nodes 

Direet to internal iliae nodes 

Vagina 

Upper vagina 

Internal and external iliae nodes 

Mid-vagina 

Internal iliae nodes 

Lower vagina 

Superficial inguinal nodes 

Uterus 

Fundus 

Para-aortie nodes 

lsthmus of tube and round ligament 

Superficial inguinal nodes 

Body of uterus, including cervix 

External iliae nodes 

Internal iliae nodes 

Obturator nodes 

Uterine (Fallopian) tubes 

Para-aortie nodes 

Internal iliae nodes 

Superficial inguinal nodes 

Ovaries 

Para-aortie nodes 
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Fig. 77.5 The aiitonomie innervation of the 
female reproductive system. (Based on Barneha 
AE 2006 Pelvie floor: anatomy and fiinetion. 
Neurogastroenterol Motil 18:507-19.) 
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Fig. 77.6 The cervix 
and vaginal forniees, as 
seen via a Cusco’s 
bivalve speculum. 


The vagina opens externally via a sagittal introitus positioned below 
the urethral meatus (see Fig. 77. 1C). The size of the introitus varies; it 
is eapable of great distension during ehildbirth and, to a lesser degree, 
during sexual intercourse. The hymen is a thin fold of mucous mem- 
brane situated just within the vaginal orifiee. The internal surfaces of 
the folds are normally in eontaet with eaeh other and the vaginal 
opening appears as a eleft between them. The hymen varies greatly in 
shape and dimensions. When stretehed, it is anular and widest poste- 
riorly; it may also be semilunar and eoneave towards the mons pubis, 
eribriform, fringed, absent or eomplete and imperforate. The hymenal 
ring normally ruptures after first sexual intercourse, but ean rupture 
earlier during non-sexual physieal aetivity. Small round carunculae 
hymenales (also known as carunculae myrtiformis) are its remnants 


after it has been ruptured. It has no established fimetion. The hymen 
may be imperforate; this is usually deteeted in adoleseenee. 

Remnants of the duct of Gartner (embryologieally, the caudal end 
of the mesonephrie duct) (see Figs 72.13, 72.19) are oeeasionally seen 
protmding through the lateral forniees or lateral parts of the vagina and 
may cause eysts (Gartner's eysts). Prepubertal distal longitudinal folds 
are eommon within the vagina and they disappear during puberty 
(Altehek et al 2008). 


Vascular supply and lymphatie drainage 


Arteries 

The arterial supply of the vagina is derived from the internal iliae arter- 
ies by two median longitudinal vessels, the azygos arteries of the vagina, 
which deseend anterior and posterior to the vagina; they also supply 
the vestibular bulb, fundus of the bladder, and adjaeent part of the 
rectum (see Fig. 77.3A). The uterine, internal pudendal and middle 
reetal branehes of the internal iliae artery may contribute to the blood 
supply of the vagina. 


Veins 

The vaginal veins, one on eaeh side, arise from lateral plexuses that 
eonneet with uterine, vesieal and reetal plexuses and drain to the inter- 
nal iliae veins. The uterine and vaginal plexuses may provide eollateral 
venous drainage to the lower limb. 


Lymphatie drainage 

Vaginal lymphatie vessels link with those of the cervix, rectum and 
vulva. They form three groups but the regions drained are not sharply 
demareated. llpper vessels aeeompany the uterine artery to the internal 
and external iliae nodes; intermediate vessels aeeompany the vaginal 
artery to the internal iliae nodes; and vessels draining the vagina below 
the hymen, and from the vulva and perineal skin, pass to the superficial 
inguinal nodes (see Table 77.1). 
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Fig. 77.7 The most eommon sites of ureteric injury during hystereetomy. 
Key: 1, distal ureter at the level of the uterine artery; 2, dorsal to the 
infundibulopelvic ligament, near the pelvie bone; 3, intramural portion of 
ureter at the angle of the vaginal cuff. 
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Fig. 77.8 The relationship of the ureter to the uterine and vaginal arteries. 
(With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 


Innervation 


The lower vagina is siipplied by the pudendal nerve (S2, S3 and S4). 
The upper vagina is supplied by the pelvie splanehnie nerves (S2, S3 
and, sometimes, S4) (see 4g. 77.5 and Table 77.2). 



Developmental anomalies of the vagina 


Congenital anomalies of the vagina are vaginal agenesis, absent hymen, 
transverse vaginal septum and persistent eloaea. Vaginal agenesis, in 
the presenee of other Miillerian duct anomalies and renal agenesis, 
is termed Mayer-Rokistansky-Kuster-Hauser syndrome. An absent 
hymen in patients with vaginal agenesis is assoeiated with renal agen- 
esis (Kimberley et al 2012). A eongenital transverse septum may be 
present within the vagina and manifests elinieally in adoleseenee with 
primary amenorrhoea and haematoeolpos. Children with a persistent 
eloaea have a eongenital defeet eharaeterized by fusion of the rectum, 
vagina and urethra into a single eommon ehannel that varies in length 
from 1 to 7 em. 

Microstructure 


The vagina has an inner mucosal and an external muscular layer. The 
mucosa adheres firmly to the muscular layer. There are two median 
longitudinal ridges on its epithelial surface: one anterior and the other 
posterior. Numerous transverse bilateral mgae extend from these 
vaginal columns, divided by sulci of variable depth, giving an appear- 
anee of eonieal papillae. These transverse mgosities are most numerous 
on the posterior wall and near the orifiee; they inerease under the infhi- 
enee of oestrogen during puberty and pregnaney, are espeeially well 
developed before parturition, and deerease after the menopause (Corton 
2012). The epithelium is non-keratinized, stratified, squamous similar 
to, and continuous with, that of the ectocervix. After puberty, it thiekens 
and its superficial eells accumulate glyeogen, which gives them a elear 
appearanee in histologieal preparations. 

The vaginal epithelium does not ehange markedly during the men- 
stmal eyele, but its glyeogen eontent inereases after ovulation and then 
diminishes towards the end of the eyele. Natural vaginal baeteria, par- 
tioilarly Laetobaeilliis aeidophilns, break down glyeogen in the desqua- 
mated cellular debris to laetie aeid. This produces a highly aeidie (pH 
3) environment that inhibits the growth of most other mieroorganisms. 
The amount of glyeogen is less before puberty and after the menopause, 
when vaginal infeetions are more eommon. There are no mucous 
glands, but a fluid transudate from the lamina propria and mucus from 
the eervieal glands lubricate the vagina (Fig. 77.9). The muscular layers 
are eomposed of smooth muscle and eonsist of a thiek outer longitu- 
dinal and an inner circular layer; the two layers are not distinet but are 



Fig. 77.9 Stratified squamous non-keratinizing epithelium (E) eovering the 

ectocervix and vagina. The eells of the middle and upper layers appear 

elear due to their glyeogen eontent. (Courtesy of Mr Peter Helliwell and 

the late Dr Joseph Mathew, Department of Histopathology, Royal 

Cornwall Hospitals Trust, UK.) 1293 
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Fig. 77.10 T2-weighted magnetie resonanee images through the pelvis, demonstrating the normal female anatomy. A, Sagittal view. Abbreviations: A, 
anus; B, bladder; C, cervix; R, rectum; S, pubic symphysis; V, vagina; *, endometrium; **, inner myometrium of uterus (also known as the junctional 
zone); ***, outer myometrium of uterus. B-D, Axial views. B, Abbreviations: O, ovaries; R, rectum; *, endometrium, **, inner myometrium of uterus 
(junctional zone); ***, outer myometrium of uterus. C, Abbreviations: B, bladder; C, cervix (which, from external to internal, has several layers, as seen on 
T2-weighted images: a high-signal-intensity outer eervieal stroma (contiguous with the outer myometrium); a low-signal-intensity inner eervieal stroma 
(contiguous with the inner myometrium); high-signal-intensity endoeervieal glands (contiguous with endometrium); and a very high-signal-intensity 
endoeervieal eanal (contiguous with the endometrial eanal)); R, rectum. D, Abbreviations: A, anus; I, isehio-anal fossa; S, pubic symphysis; U, urethra; V, 
vagina. 
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eonneeted by oblique interlaeing fìbres. The longitudinal fibres are 
continuous with the superficial muscle fibres of the uterus. A layer of 
loose eonneetive tissue, eontaining extensive vascular plexuses, sur- 
rounds the muscle layers. 



UTERUS 


The uterus is a thick-walled, muscular organ situated in the pelvis 
between the urinary bladder and the rectum (Figs 77.10-77.12). It lies 
posterior to the bladder and uterovesical spaee, and anterior to the 
rectum and recto-uterine pouch; it is mobile, which means that its posi- 
tion varies with distension of the bladder and rectum. The broad liga- 
ments are lateral. 

The uterus is divided structurally and fimetionally into two main 
regions: the muscular body of the uterus (corpus uteri) forms the upper 
two-thirds, and the fibrous cervix (cervix uteri) forms the lower third. 


In the adult nulliparous state, the cervix usually tilts forwards relative 
to the axis of the vagina (anteversion), and the body of the uterus tilts 
forwards relative to the cervix (anteflexion) (see "ig. 77.12). In 10-15% 
of women, the whole uterus leans backwards at an angle to the vagina 
and is said to be retroverted. A uterus that angles backwards on the 
cervix is deseribed as retroflexed. 

Body 


The body of the uterus is pear-shaped and extends from the fundus 
superiorly to the cervix inferiorly. The uterine tubes enter the uterus on 
both sides at the uterine cornua. The round and ovarian ligaments are 
inferoanterior and inferoposterior, respeetively, to eaeh cornu. The 
dome-like fundus is superior to the entry points of the uterine tubes 
and eovered by peritoneum that is continuous with that of neighbour- 
ing surfaces. The fundus is in eontaet with eoils of small intestine and, 
oeeasionally by distended sigmoid eolon. The lateral margins of the 
body are convex; on eaeh side, their peritoneum is refleeted laterally to 
form the broad ligament, which extends as a flat sheet to the pelvie wall 




























Female reproductive system 


Table 77.2 Innervation of the female genitalia 



Origin 

Proximal course 

Distal course 

Organ 

Function 

Parasympathetie 

S2-S4 

Pelvie splanehnie nerves 

Pelvie ganglia 

Llterine tube 

Uterus 

Vasodilation 



Cavernous (deep, eavernosal) nerves of elitoris 


Vagina 

Transudation 





eiitoris 

Ereetion 

Sympathetie 

T12, L1-L2 

Superior mesenterie and renal plexus 

Superior hypogastrie plexus 

Ovarian plexus 

Hypogastrie nerve 

i 

Inferior hypogastrie plexus 

1 

Llterovaginal plexus (Frankenhàuser’s ganglion) 

Ovary 

Vasoeonstrietion 




Uterine tube, uterus, upper vagina 

Oontraetion 

Somatie 

S2, 3, 4 

Pudendal nerve 

Dorsal nerve of elitoris 

ditoris 




Pudendal nerve 

Posterior labial nerves 

Lower vagina 

Labia majora 
lschiocavernosus 

Bulbospongiosus 

Oontraetion 


(With permission from Shoja MM, Sharma A, Mirzaya N, Groat C, Watanabe K, Loukas M and Tubbs RS. Neuroanatomy of the Female Abdominoplevie Region: /1 Revievv with Applieation to Pelvie Pain Syndromes. dinieal 
Anatomy 26:66-76, 2013.) 
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Fig. 77.11 A, Anatomieal relations of the female genital traet, bladder and 
rectum. B, Pelvie peritoneal refleetions, shovving the broad ligament and 
its eontents. (A, With permission from Drake RL, Vogl AW, Mitehell A, 
Tibbitts R, Riehardson P (eds), Gray’s Atlas of Anatomy, Elsevier, 

Churchill Livingstone. Copyright 2008. B, With permission from Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Copyright 2010.) 


(see Figs 77.11B, 77.15). The anterior surface of the uterine body is 
eovered by peritoneum refleeted on to the bladder at the uterovesical 
fold (see Fig. 77.14). This normally occurs at the level of the internal 
os, the most inferior margin of the body of the uterus. The vesieo- 
uterine pouch, between the bladder and uterus, is obliterated when the 
bladder is distended, but may be occupied by small intestine when the 
bladder is empty. The posterior surface of the uterus is convex trans- 
versely. Its peritoneal eovering continues down to the cervix and upper 
vagina, and is then refleeted baek to the rectum along the surface of the 
recto-uterine pouch, which lies posterior to the uterus (see Fig. 77.16). 
The sigmoid eolon, and oeeasionally the terminal ileum, lie posterior 
to the uterus. 

The eavity of the uterine body usually measures 6 em from the 
external os of the cervix to the wall of the fundus and is flat in its 
anteroposterior plane (Salardi et al 1985). In eoronal seetion, it is tri- 
angular, broad above where the two uterine tubes join the uterus, and 
narrow below at the internal os of the cervix. There is no ehange in the 
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Angleof 
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Fig. 77.12 Angles of anteflexion and anteversion. (With permission from 
Drake RL, Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd 
ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


size of the uterus until approximately 7 years of age, when there is 
greater enlargement of the body of the uterus than the cervix. 

Developmental anomalies of the uterus There may be failure 

in fiision of the paramesonephrie (Miillerian) ducts, which results in a 
uterus that is not pear-shaped. There may only be a septum (septate 
uterus) or partial elefting of the uterus (bicornuate uterus); the most 
extreme example is a septate vagina, two eerviees and two diserete uteri, 
eaeh with one uterine tube (uterus didelphys) (Minto et al 2001) (see 
Fig. 72.15). 

Cervix 


The adult, non-pregnant cervix is narrower and more eylindrieal than the 
body of the uterus and is typieally 2.5 em long. The upper end commu- 
nieates with the uterine body via the internal os, and the lower end opens 
into the vagina at the external os (see Fig. 77.6). In nulliparous women, 
the external os is usually a circular aperture, whereas, after ehildbirth, it 
is a transverse slit. Two longitudinal ridges, one eaeh on its anterior and 
posterior walls, give off small, oblique, palmate folds that aseend later- 
ally like the branehes of a tree (arbor vitae uteri); the folds on opposing 
walls interdigitate to elose the eanal. The narrower isthmus forms the 
upper third of the cervix. Although unaffected in the first month of 
pregnaney, it is gradually taken up into the uterine body during the 
seeond month to form the 'lower uterine segment' (see below). In non- 
pregnant women, the isthmus undergoes menstmal ehanges, although 
these are less pronounced than those occurring in the uterine body. The 
external end of the cervix enters the upper end of the vagina, thereby 
dividing the cervix into supravaginal and vaginal parts. The supravaginal 
part is separated anteriorly from the bladder by cellular eonneetive tissue: 
the parametrium, which also passes to the sides of the cervix and laterally 
between the two layers of the broad ligaments. 

Peritoneal folds and ligaments of the pelvìs 


The uterus is eonneeted to a number of 'ligaments'. Some are tme liga- 
ments, in that they have a fibrous eomposition and provide support to 
the utems; some provide no support to the utems; and others are simply 
folds of peritoneum. 

Perìtoneal folds 

The parietal peritoneum is refleeted over the upper genital traet to 
produce anterior (uterovesical), posterior (reetovaginal) and lateral 
peritoneal folds. The lateral folds are eommonly ealled the broad liga- 
ments (Fig. 77.13). 
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Round ligament Ovary Uterus 



Broad ligament 


Rectum Uterine tube 


Fig. 77.13 A laparoseopie view of the uterus. The patient is tilted head 
down so that the small bowel is moved away from the uterus to give this 
view. 


Uterus Recto-uterine pouch Round ligament External iliae artery 



Rectum Uterine tube Broad ligament 

Fig. 77.15 A laparoseopie view of the broad ligament. 


Oatheter balloon in bladder Uterovesical fold 


\ 



Uterine tube Uterus Rectum 

Fig. 77.14 A laparoseopie view of the anterior part of the pelvis, showing 
the uterovesical fold anterior to the uterus. 


Uterovesical and reetovaginal folds 

The anterior, or nterovesieal, fold eonsists of peritoneum refleeted on 
to the bladder from the uterus at the junction of its cervix and body 
(Fig. 77.14). The posterior or reetovaginal fold extends lower than the 
anterior fold and eonsists of peritoneum refleeted from the posterior 
vaginal fornix on to the front of the rectum, thereby ereating the deep 
recto-uterine pouch (pouch of Douglas). The recto-uterine pouch is 
bounded anteriorly by the uterus, supravaginal cervix and posterior 
vaginal fornix; posteriorly, by the rectum; and laterally, by the uterosac- 
ral ligaments. 

Broad ligament 

The lateral folds, or broad ligaments, extend on eaeh side from the 
uterus to the lateral pelvie walls, where they beeome continuous with 
the peritoneum eovering those walls (Figs 77.15, 77.17-77.18). The 
upper border is free and the lower border is continuous with the peri- 
toneum over the bladder, rectum and side wall of the pelvis. The borders 
are continuous with eaeh other at the free edge via the uterine fundus, 
and diverge below near the superior surfaces of levatores ani. A uterine 
tube lies in the upper free border on either side. The broad ligament is 
divided into an upper mesosalpinx, a posterior mesovarium and an 
inferior mesometrium. 



Ovary 


Uterus 


Recto-uterine pouch 


Uterosacral ligament 


Sigmoid eolon deseending 


Ovarian vessels 


Uterine tube 


to rectum 

Fig. 77.16 A laparoseopie view of the posterior pelvis, showing the 
recto-uterine pouch (pouch of Douglas) with the sigmoid eolon 
deseending towards the rectum. 


Mesosalpinx 

The mesosalpinx is attaehed above to the uterine tube and posteroin- 
feriorly to the mesovarium (see Fig. 77.17). Superior and laterally, it is 
attaehed to the suspensory ligament of the ovary; medially, it is attaehed 
to the ovarian ligament. The fimbria of the tubal infundibulum projeets 
from its free lateral end. Between the ovary and uterine tube, the mes- 
osalpinx eontains vascular anastomoses between the uterine and 
ovarian vessels, the epoophoron and the paroophoron. The meso- 
varium projeets from the posterior aspeet of the broad ligament, of 
which it is the smaller part. It is attaehed to the hilum of the ovary and 
earries vessels and nerves to the ovary. 

Mesometrium 

The mesometrium is the largest part of the broad ligament, and extends 
from the pelvie floor to the ovarian ligament and uterine body. The 
uterine artery passes between its two peritoneal layers typieally 1.5 em 
lateral to the cervix; it erosses the ureter shortly after its origin from the 
internal iliae artery and gives off a braneh that passes superiorly to the 
uterine tube, where it anastomoses with the ovarian artery (Fig. 77.19). 
Between the pyramid formed by the infundibulum of the tube, the 
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Fig. 77.17 Pelvie peritoneal 
refleetions, demonstrating the 
broad ligament and its eontents. 
(With permission from Drake RL, 
Vogl AW, Mitehell A (eds), 

Gray’s Anatomy for Students, 
2nd ed, Elsevier, Churchill 
Livingstone. Copyright 2010.) 
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Fig. 77.18 The ovaries and broad ligament: superior view with the uterus lifted away from the bladder. (With permission from Waschke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


upper pole of the ovary, and the lateral pelvie walf the mesometriiim 
eontains the ovarian vessels and nerves lying within the fìbrous suspen- 
sory ligament of the ovary (infundibulopelvic ligament). This ligament 
continues laterally over the external iliae vessels as a distinet fold. The 
mesometrium also eneloses the proximal part of the round ligament of 
the ntems, as well as smooth muscle and loose eonneetive tissue. 

Ligaments of the pelvis 

The ligaments of the pelvis eonsist of the round, uterosacraf transverse 
eervieal and pubocervical ligaments. 

Round ligament 

Eaeh round ligament is a narrow smooth muscle band 10-12 em long, 
which extends from the lateral cornu of the utems through the broad 
ligament to enter the deep inguinal ring lateral to the inferior epigastrie 
artery (see ugs 77.13, 77.15, 77.18). Although eonventionally deseribed 
as ending in the labhim majus, a eadaverie disseetion study found that, 
in girls, the round ligament ended just outside the external ring, with 


neither attaehment nor extension to the caudal labium (the homologue 
of the hemiscrotum) (Attah and Hutson 1991). Near the utems, the 
round ligament eontains a eonsiderable amount of smooth muscle but 
this gradually diminishes and the terminal portion is purely fìbrous. 
The round ligament also eontains striated muscle, blood vessels, nerves 
and lymphaties. The latter drain the uterine region around the entry of 
the uterine tube to the superfìcial inguinal lymph nodes. 

In the fetus, a projeetion of peritoneum (processus vaginalis) is 
earried with the round ligament for a short distanee into the inguinal 
eanal. This is generally obliterated in adults, although it is sometimes 
patent even in old age. A patent processus vaginalis in the inguinal eanal 
in females is often referred to as the eanal of Nuck; it may be asymp- 
tomatie or it may give rise to an inguinal hernia or hydroeele of the 
eanal of Nuck. In the eanal, the ligament reeeives the same eoverings as 
the spermatie eord, although they are thinner and blend with the liga- 
ment itself, which may not reaeh the mons pubis. The round and 
ovarian ligaments both develop from the gubernaculum and are 
continuous. 
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Llterosaeral, transverse eervieal and 
pubocervical ligaments 

The uterosacral, transverse eervieal and pubocervical ligaments are eon- 
densations of the viseeral or endopelvie eonneetive tissue that eonneet 
the pelvie viseera to the side wall of the pelvis; they radiate like the 
spokes of a wheel around the hub of the cervix, providing it with eon- 
siderable support (see 7 igs 77.13-16) (Delaneey 2011). The eonneetive 
tissue lateral to the uterus and the cervix - the parametrium - continues 
down along the vagina as the paracolpium. The uterosacral ligaments 
eontain fibrous tissue and smooth muscle. They pass baek from the 
cervix and uterine body on both sides of the rectum, and are attaehed 
to the anterior aspeet of the saemm. They ean be palpated laterally on 
reetal examination and ean be felt as thiek bands of tissue passing 
downwards on both sides of the posterior fornix on vaginal examina- 
tion. The transverse eervieal ligaments (eardinal ligaments, ligaments of 
Maekenrodt) (Fig. 77.20) extend from the side of the cervix and lateral 
fornix of the vagina, and are attaehed extensively on the pelvie wall. 
The lower parts of the ureters and pelvie blood vessels traverse the 
transverse eervieal ligaments. Fibres of the pubocervical ligament pass 
forwards from the anterior aspeet of the cervix and upper vagina to 
diverge around the urethra, and are attaehed to the posterior aspeet of 
the pubic bones. 

The transverse eervieal and uterosacral ligaments are almost verti- 
eally orientated in the standing position and maintain the near- 



Fig. 77.19 The broad ligament (left), and blood supply to the uterus and 
ovaries (right). (With permission from Drake RL, Vogl AW, Mitehell A, 
Tibbitts R, Riehardson P (eds), Gray’s Atlas of Anatomy, Elsevier, 
Churchill Livingstone. Copyright 2008.) 


horizontal axis of the upper vagina. The utems and vagina are supported 
by the elose interaetion of the uterosacral and transverse eervieal liga- 
ments with the muscles of the pelvie floor, including the levatores ani 
and eoeeygei, the perineal membrane and the perineal body. The 
support of the pelvie floor has been reviewed in detail by Delaneey 
(2011) (see also Ch. 73). 

Vascular supply and lymphatie drainage 


Arteries 

The arterial supply to the utems eomes from the uterine artery (see Fig. 
77.19; Fig. 77.21), which arises as a braneh of the anterior division of 
the internal iliae artery. From its origin, the uterine artery erosses the 
ureter anteriorly in the broad ligament before branehing as it reaehes 
the uterus at the level of the cervico-uterine junction (see Fig. 74.21 B). 
One major braneh aseends the uterus tortuously within the broad liga- 
ment until it reaehes the region of the ovarian hilum, where it anasto- 
moses with branehes of the ovarian artery. Another braneh deseends to 
supply the cervix and anastomoses with branehes of the vaginal artery 
to form two median longitudinal vessels: the azygos arteries of the 
vagina, which deseend anterior and posterior to the vagina. Although 
there are anastomoses with the ovarian and vaginal arteries, the domi- 
nanee of the uterine artery is indieated by its marked hypertrophy 
during pregnaney. 

The tortuosity of the vessels as they aseend in the broad ligaments 
is repeated in their branehes within the uterine wall. Eaeh uterine artery 
gives off numerous branehes. These enter the uterine wall, divide and 
mn circumferentially as groups of anterior and posterior arcuate arter- 
ies. They ramify and narrow as they approaeh the anterior and posterior 
midline so that no large vessels are present in these regions. However, 
the left and right arterial trees anastomose aeross the midline and uni- 
lateral ligation ean be performed without serious effeets. Terminal 
branehes in the uterine muscle are tortuous and are ealled helieine 
arterioles. They provide a series of dense eapillary plexuses in the myo- 
metrium and endometrium. From the arcuate arteries, many helieal 
arteriolar rami pass into the endometrium. Their detailed appearanee 
ehanges during the menstmal eyele. In the proliferative phase, helieal 
arterioles are less prominent, whereas they grow in length and ealibre, 
beeoming even more tortuous in the seeretory phase. 

Veins 

The uterine veins extend laterally in the broad ligaments, mnning adja- 
eent to the arteries and passing over the ureters. They drain into the 
internal iliae veins (see Fig. 77.3). The uterine venous plexus anasto- 
moses with the vaginal and ovarian venous plexuses. 

Lymphatie drainage 

Uterine lymphaties exist in the superficial (subperitoneal) and deep 
parts of the uterine wall. Collecting vessels from the body of the utems 
and cervix pass laterally in the parametrium to three main groups of 
lymph nodes: the external and internal iliae and the obturator nodes 
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Fig. 77.20 The siipporting ligaments of the 
pelvis, showing the transverse eervieal 
ligaments. (With permission from Waschke 
J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & 
Fiseher. Copyright 2013.) 
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Fig. 77.21 A, The normal arterial supply to the uterus and ovary. B-D, Variations in arterial blood supply to the ovary. E-F, Variations in arterial blood 
supply to the fundus of the uterus. (A, With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & 
Fiseher. Copyright 2013.) 


(see Table 77.1). The external and internal iliae nodes surround their 
eorresponding arteries. The obturator nodes lie in the obturator fossa 
between the external and internal iliae vessels; the obturator nerve 
passes through the lower part of this group of lymph nodes. 

Lymph vessels from the fundus of the uterus and the uterine 
tubes may aeeompany the lymph drainage of the ovaries to para-aortie 
nodes (see Fig. 77.3B). The region surrounding the isthmus of the 
uterine tube may drain along the round ligament to the superficial 
inguinal nodes. 

Innervation 


Endometrium 

The endometrium is formed by a layer of eonneetive tissue, the endome- 
trial stroma, which supports a single-layered columnar epithelium. 
Before puberty, the epithelium is eiliated and cuboidal. It eontains 
glands that are eomposed largely of columnar eells seereting glyeopro- 
teins and glyeogen. After puberty, the structure of the endometrium 
varies with the stage of the menstmal eyele (see below). The glands are 
tubular, mn perpendicular to the luminal surface and penetrate up to 
the myometrial layer. The stroma eonsists of a highly cellular eonneetive 
tissue between the endometrial glands, and eontains blood and lym- 
phatie vessels. 



The nerve supply to the uterus is predominantly from the inferior hypogas- 
trie plexus (see Fig. 77.5) (Shoja et al 2013). Some branehes aseend with, 
or near, the uterine arteries in the broad ligament. They supply the uterine 
body and tubes, and eonneet with tubal nerves from the inferior hypogas- 
trie plexus and with the ovarian plexus. The uterine nerves terminate in 
the myometrium and endometrium, and usually aeeompany the vessels 
(see Table 77.2). Nerves to the cervix form a plexus that eontains small 
paraeervieal ganglia. Sometimes, one ganglion is larger and is termed the 
uterine eervieal ganglion. Branehes may pass direetly to the cervix uteri or 
may be distributed along the vaginal arteries. 

Efferent preganglionie sympathetie fibres are derived from neurones 
in the last thoraeie and first lumbar spinal segments; the sites where 
they synapse on their postganglionie neurones are unknown but are 
presumably in the superior and/or inferior hypogastrie plexuses (Lee 
et al 1973). Preganglionie parasympathetie fibres arise from neurones 
in the seeond to fourth saeral spinal segments and relay in the paraeervi- 
eal ganglia. Sympathetie aetivity may produce uterine eontraetion and 
vasoeonstrietion, and parasympathetie aetivity may produce uterine 
inhibition and vasodilation, but these aetivities are eomplieated by 
hormonal eontrol of uterine fimetions. 


Microstructure 


Body of the uterus 

The uterus is eomposed of three main layers. From its lumen outwards, 
these are the endometrium (mucosa), myometrium (smooth muscle 
layer) and serosa (or adventitia) (Fig. 77.22). 


Myometrmm 

The myometrium is eomposed of smooth muscle and loose eonneetive 
tissue, and eontains blood vessels, lymphatie vessels and nerves. It is 
dense and thiek at the uterine midlevel and fundus but thin at the tubal 
orifiees. The body of the uterus has four muscular layers. The submu- 
eosal (innermost) layer is eomposed of longitudinal and some oblique 
smooth muscle fibres. Where the lumen of the uterine tube passes 
through the uterine wall, this layer forms a eirailar muscle eoat. The 
vasailar layer is external to the submucosal layer and is rieh in blood 
vessels, as well as longitudinal muscle; it is succeeded by a layer of 
predominantly circular muscle, the supravascular layer. The outer, thin, 
longitudinal muscle layer, the subserosal layer, lies adjaeent to the 
serosa. 

The muscular fibres of the outer two layers eonverge at the lateral 
angles of the uterus and continue into the uterine tubes. Some fibres 
enter the broad ligaments as the round and ovarian ligaments; others 
turn baek into the uterosacral ligaments. At the junction between the 
body and the cervix, the smooth muscle merges with dense, irregular 
eonneetive tissue eontaining both eollagen and elastin, and forms the 
majority of the eervieal wall. Bilateral longitudinal fibres extend in the 
lateral submucosal layer from the fimdal angle to the cervix. Their 
muscle fibres differ structurally from those of typieal myometrium, and 
they may provide fast-conducting pathways that eoordinate the eontrae- 
tile aetivities of the uterine wall. 

Serosa 

The uterine body is eovered by peritoneal serosa, which continues 
downwards posteriorly to eover the supravaginal cervix. The anterior 
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Fig. 77.22 The iitems, uterine tubes and ovaries. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 
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Fig. 77.23 The endoeervieal glands. These are are deep infoldings of the 
lining of the endoeervieal eanal (EC). The epithelium (E) is simple 
columnar and mucus-secreting. The underlying lamina propria (LP) is 
riehly supplied with blood vessels (BV) and lymphaties (L). (Courtesy of Mr 
Peter Helliwell and the late Dr Joseph Mathew, Department of 
Histopathology, Royal Cornwall Hospitals Trust, UK.) 

cervix and the lateral surfaces of the uterine body and cervix are not 
eovered by peritoneum. 

Cervìx uterì 

The cervix eonsists of fibroelastie eonneetive tissue and eontains rela- 
tively little (10%) smooth muscle. The elastin eomponent of the eervieal 
stroma is essential to the stretehing eapaeity of the cervix during ehild- 
birth. The eervieal eanal is lined by a deeply folded mucosa with a 
surface epithelium of eohimnar mucous eells (Fig. 77.23). There are 
branehed tubular glands present within the mucosa, which are lined by 
a similar seeretory epithelium. The glands extend obliquely upwards 
and outwards from the eanal. They seerete elear, alkaline mucus, which 
is relatively viscous except at the midpoint of the menstmal eyele, when 
it beeomes more copious and less viscous to encourage the passage of 
sperm. At the vaginal end of the cervix, the aperture of a gland may 
bloek and it then fills with mucus to form a Nabothian folliele (or eyst). 
None of the mucosa is shed during menstmation and so, unlike the 
body of the utems, it is not divided into fimetional and basal layers, 
and laeks spiral arteries. The surface of the intravaginal part of the cervix 
(ectocervix) is eovered by non-keratinizing stratified squamous epithe- 
lium, which eontains glyeogen. 



Fig. 77.24 The transformation zone of the iiterine cervix. The single- 
layered columnar epithelium lining the endoeervieal eanal (EC) and its 
endoeervieal glands (EG) ehanges abmptly (arrow) to the stratified 
squamous non-keratinizing epithelium of the external os and ectocervix 
(below arrow). 

The squamocolumnar junction, where the columnar seeretory epi- 
thelium of the endoeervieal eanal meets the stratified squamous eover- 
ing of the ectocervix, is loeated at the external os before puberty. As 
oestrogen levels rise during puberty, the eervieal os opens, exposing the 
endoeervieal columnar epithelium on to the ectocervix. This area of 
columnar eells on the ectocervix forms an area that is red and raw in 
appearanee, ealled an eetropion (eervieal erosion). It is then exposed to 
the aeidie environment of the vagina and, through a proeess of squa- 
mous metaplasia (p. 40), transforms into stratified squamous epithe- 
lium. This area is thus known as the 'transformation zone' (Fig. 77.24). 
Other hyperoestrogenie states, such as pregnaney and the use of oral 
eontraeeptive pills, ean also result in an eetropion. This area is the most 
usual site of eervieal intraepithelial neoplasia (CIN), which may 
progress to malignaney. In postmenopausal women, the squamocolum- 
nar junction reeedes into the endoeervieal eanal. 
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Magnetie resonanee imaging of the uterus 
and vagina 


On T2-weighted magnetie resonanee imaging (MRI), the uterus displays 
a zonal anatomy, with three distinet zones: the endometrmm, junc- 
tional zone and myometrium (Fig. 77.25) (Minto et al 2011). The 
endometrium and uterine eavity appear as a high-signal stripe; the 
thiekness varies with the stage of the menstmal eyele. In the early pro- 
liferative phase, it measures up to 5 mm, and widens to up to 1 em in 
the mid-seeretory phase. A band of low signal, the junctional zone, 
borders the endometrium. It represents the inner myometrium and is 
of eonstant thiekness and signal throughout the menstmal eyele; it 
usually measures 5 mm. The outer myometrium is of medium-signal 
intensity in the proliferative phase, and of high-signal intensity in the 
mid-seeretory phase as a result of the inereased vascularity and promi- 
nenee of the arcuate vessels. 


In prepubertal females, the uterus is smaller (only 4 em in length), 
and on T2-weighted images, the endometrium is minimal or absent, 
and the junctional zone is indistinet. In postmenopausal women, the 
corpus deereases in size and the zonal anatomy is indistinet. 

On T2-weighted MRI, the cervix has an inner, low-signal stroma 
continuous with the junctional zone of the utems. Often, this is sur- 
rounded by an outer zone of intermediate signal intensity, which is 
continuous with the outer myometrium. The appearanees do not 
ehange with the menstmal eyele or oral eontraeeptive pill use. The 
eentral stripe is very high-signal and is a consequence of the seeretions 
produced by the endoeervieal glands. 

The vagina is best seen on T2-weighted MRI as a thin layer of high- 
signal intensity of the mucosa and an outer, low-signal layer of the 
submucosa and muscularis (see Fig. 77.25). MRI accurately demon- 
strates eongenital and acquired Míillerian anomalies, including uterine 
and vaginal aplasia, duplication and septa (Grant et al 2010). Vaginal 
and perivaginal eysts are well visualized with T2-weighted MRI. 


High-signal stroma 
at hilum of right ovary 


Left ovary 



Small follieles in llrinary Uterus 

low-signal outer stroma bladder 


Fluid in recto-uterine pouch 

Myometrium Junctional zone (pouch of Douglas) 



Bladder Endometrial eavity Vagina Cervix 


Fig. 77.25 T2-weighted MRI seans of the uterus and ovaries. A, A eoronal 
T2-weighted MRI through a female pelvis showing the uterus and both 
ovaries with the high-signal eentral stroma and lower-signal outer stroma. 
B, A sagittal T2-weighted MRI through a female pelvis, showing the zonal 
anatomy of the uterus. 


UTERINE (FALLOPIAN) TUBES 

The uterine tubes are attaehed to the upper part of the body of the 
utems, and their ostia open into the uterine eavity (Figs 77.26, 77.27, 
77.28). The medial opening of the tube (the uterine os) is loeated at 
the superior angle of the uterine eavity. The tube passes laterally and 
superiorly, and eonsists of four main parts: intramural, isthmus, ampulla 
and fimbria (see Fig. 77.22). The intramural part is 0.7 mm wide and 
1 em long, and lies within the myometrium. It is continuous laterally 
with the isthimis, which is 1-5 mm wide and 3 em long; it is rounded, 
muscular and firm. The isthimis is continuous laterally with the 
ampulla, the widest portion of the tube with a maximum luminal 
diameter of 1 em. The ampulla is 5 em long and has a thin wall and a 
tortuously folded luminal surface. Typieally, fertilization takes plaee in 
its himen. The ampulla opens into the tmmpet-shaped infundibulum 
at the abdominal os. Fimbriae, numerous imieosal finger-like folds 
1 mm wide, are attaehed to the ends of the infundibulum and extend 
from its inner circumference beyond the muscular wall of the tube. One 
of these, the ovarian fimbria, is longer and more deeply grooved than 
the others, and is typieally applied to the tubal pole of the ovary. At the 
time of ovulation, the fimbriae swell and extend as a result of engorge- 
ment of the vessels in the lamina propria, which aids capture of the 
released ooeyte. All fimbriae are eovered, like the mucosal lining 
throughout the tube, by a eiliated epithelium whose eilia beat towards 
the ampulla. 

Vascular supply and lymphatie drainage 
Arteries 

The blood supply to the uterine tubes is derived from ovarian and 
uterine arteries (see Fig. 77.21A). The lateral third of the tube is supplied 
by the ovarian artery, which continues in the mesosalpinx to anasto- 
mose with branehes from the uterine artery. The medial two-thirds of 
the tube are supplied by the uterine artery. 


0stium of left uterine tube Fundus Ostium of right uterine tube 



Fig. 77.26 A hysteroseopie view of the endometrial eavity of the uterus. 
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Fig. 77.27 A digitally subtracted hysterosalpingogram. Radiopaque 
eontrast is introduced via a eatheter inserted through the eervieal os; the 
eatheter is introduced using a vaginal speculum. The eontrast fills the 
triangular uterine eavity. The lumina of the narrovv intramural and isthmie 
parts of the uterine tubes may be traeed inferolaterally from the superior 
angles as they expand into the vvider ampullae. Some eontrast media has 
eseaped into the pelvie eavity from the abdominal ostia. (Courtesy of Dr 
Julia Hillier, Chelsea and VVestminster Hospital, London.) 


Broad ligament Round ligament Origin of left uterine Uterus 

\ I tube from uterus 



Uterine tube Ovary Fimbriated end of uterine tube 


Fig. 77.28 A laparoseopie view of the origin of the uterine tube from the 
uterus. 


Veins 

Venous drainage is similar to the arterial supply. The venous drainage 
of the lateral two-thirds of the uterine tube is via the pampiniform 
plexus to the ovarian veins, which open into the inferior vena eava on 
the right side and the renal vein on the left side. The medial two-thirds 
of the tube drain via the uterine plexus to the internal iliae vein. 

Lymphatie drainage 

Lymph drainage is via ovarian vessels to the para-aortie nodes and 
uterine vessels to the internal iliae ehain. It is possible for lymph to 
reaeh the inguinal nodes via the round ligament (see Table 77.1). 



Fig. 77.29 The uterine tube (ampulla) with the mucosal lining thrown into 
extensive folds that fill the lumen. The superficial epithelium includes both 
seeretory and eiliated eells, eovering a lamina propria (LP). Smooth 
muscle (SM) occupies the wall of the tube. (Courtesy of Mr Peter Helliwell 
and the late Dr Joseph Mathew, Department of Histopathology, Royal 
Cornwall Hospitals Trust, UK.) 


Innervation 


The uterine tube is innervated by autonomic fibres that are distributed 
mainly with the ovarian and uterine arteries. Most of the tube has a dual 
sympathetie and parasympathetie supply (see Table 77.2). Preganglionie 
parasympathetie fibres are derived from the vagus for the lateral half of 
the tube, and pelvie splanehnie nerves for the medial half. Preganglionie 
sympathetie supply is derived from neurones in the intermediolateral 
column of the tenth thoraeie to the seeond lumbar spinal segments; 
postganglionie sympathetie fibres are most likely derived from the supe- 
rior hypogastrie plexus, via the superior hypogastrie and hypogastrie 
nerves (see Fig 77.5) (Chen et al 2014). Viseeral afferent fibres travel 
with the sympathetie nerves and enter the eord through eorresponding 
dorsal roots; they may also travel with parasympathetie fibres. The am- 
pullary submucosa eontains modified Paeinian corpuscles. 



Microstructure 


The walls of the uterine tubes show typieal viseeral mucosal, muscular 
and serosal layers (Fig. 77.29). The mucosa is thrown into longitudinal 
folds, which are most pronounced distally at the infundibulum and 
deerease to shallow bulges in the intrauterine (intramural) portion. The 
mucosa is lined by a single-layered, tall, columnar epithelium, which 
eontains mainly eiliated eells and seeretory (peg) eells (so ealled because 
they projeet into the lumen fhrther than their eiliated neighbours), and 
oeeasional intraepithelial lymphoeytes. In the tube, eiliated eells pre- 
dominate distally and seeretory eells proximally. Their aetivities vary 
with the stage in the menstmal eyele and with age. Seeretory eells are 
most aetive around the time of ovulation. Their seeretions include 
nutrients for the gametes and aid eapaeitation of the spermatozoa. Cili- 
ated eells inerease in height and develop more eilia in the oestrogenie 
first half of the menstmal eyele. Their eilia waft the ooeyte from the 
open-ended infundibulum towards the uterus in fluids seereted by the 
peg eells. The epithelium regresses in height towards the end of the eyele 
and postmenopausally, when eiliated eells are reduced in mimber. 

The lamina propria provides vascular eonneetive tissue support and 
abundant lymphatie drainage vessels. The smooth muscle of the imis- 
cularis is arranged as an inner circular, or spiral, layer and an outer, 
thinner, longitudinal layer. Together, their eontraetile aetivity produces 
peristaltie movements of the tube, which assist propulsion of the 
gametes and the fertilized ovum. The uterine tubes are eovered exter- 
nally by a highly vascular serosa. 


OVARIES 


In the adult, non-pregnant state, the ovaries lie on eaeh side of the 
utems elose to the lateral pelvie wall, suspended in the pelvie eavity by 
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a double fold of peritonemn, the mesovarmm, which is attaehed to the 
upper limit of the posterior aspeet of the broad uterine ligament. They 
are dull white in colour and eonsist of dense fibrous tissue, in which 
ova are embedded. Before regular ovulation begins, they have a smooth 
surface but, thereafter, their surfaces are distorted by searring that 
follows the degeneration of successive eorpora lutea (Speroff and Fritz 
2004) (Fig. 77.30). Their average dimensions are 4x2x3 em in repro- 
ductively mature women; they more than double their size during 
pregnaney. In the neonate, their dimensions are 1.3x0.6x0.4 em. Prior 
to the first menstmal period (menarehe), the ovaries are about one- 
third of the normal reproductive adult size; they gradually inerease in 
size with body growth (Sforza et al 1993, Badouraki et al 2008) and 
deerease signifieantly after the menopause. 

The lateral surface of the ovary eontaets parietal peritoneum in the 
ovarian fossa. Behind the ovarian fossa are retroperitoneal stmctures, 
including the ureter, internal iliae vessels, obturator vessels and nerve, 
and the origin of the uterine artery (Fig. 77.31). The medial surface 
faees the utems and uterine vessels in the broad ligament, and the 
peritoneal reeess here is termed the ovarian bursa. Above the superior 
extremity are the fimbria and distal seetion of the uterine tube. The 

Recto-uterine llterns Origin of Ovary held up by laparoseopie 



Sigmoid loop in Small bowel in Fimbrial end of 

posterior pelvis posterior pelvis uterine tube 

Fig. 77.30 A laparoseopie view of the right ovary, showing its distorted 
surface. 


Obturator Obturator External External 
artery nerve iliaevein iliae artery 



Sigmoid eolon Obliterated internal Internal iliae Bifurcation of 

iliae artery artery eommon iliae artery 


Fig. 77.31 The broad ligament disseeted and pelvie lymph nodes 
removed to reveal the structures of the right-hand pelvie side wall. 


inferior extremity points downwards towards the pelvie floor. The ante- 
rior border faees the posterior leaf of the broad ligament and eontains 
the mesovarium. The posterior border is free and faees the peritoneum, 
which overlies the upper part of the internal iliae artery and vein, and 
the ureter. On the right side, superior and lateral to the ovary, are the 
ileoeaeeal junction, caecum and appendix. On the left side, the sigmoid 
eolon passes over the superior pole of the ovary and joins the rectum, 
which lies between the medial surfaces of both ovaries. The meso- 
salpinx lies below the uterine tube. The ovarian ligament is inferior and 
mediak The mesovarium and ovary lie inferiorly at its fimbrial end. The 
round ligament is anterior to the tube. The superior and posterior sur- 
faees of the tube lie free in the peritoneal eavity. 

In embryonie and early fetal life, the ovaries are situated in the 
lumbar region near the kidneys. They gradually deseend along the 
gubernaculum, stopping at the lesser pelvis. The relationship between 
the loeation of the ovaries and surface landmarks is important in order 
to enable shielding of the ovaries from exposure to radiation during 
radiologieal procedures. In girls, the ovaries lie at or below the iliae 
erest, just medial to the anterior superior iliae spine, and above the 
pubic symphysis at all ages (Bardo et al 2009). Aeeessory ovarian tissue 
may occur in the mesovarium or along the course of the gubernacula; 
rarely, the ovaries may deseend along the whole course of the guber- 
nacula and are found in the labia majora. During pregnaney, the ovaries 
are lifted high in the pelvis; by 14 weeks of gestation, they beeome 
partly abdominal structures, and by the third trimester, they are totally 
abdominal structures and lie vertieally behind and lateral to the parous 
uterus. 

Peritoneal and ligamentous supports 
of the ovary 


The peritoneal and ligamentous supports of the ovary eonsist of the 
infundibulopelvic and ovarian ligaments and the mesovarium. 

lnfundibulopelvic (suspensory) ligament 

The suspensory or infundibulopelvic ligament of the ovary is a perito- 
neal fold attaehed to the upper part of the lateral surface of the ovary, 
which eontain the ovarian vessels and nerves (see Fig. 77.18). On the 
right side, the infundibulopelvic ligament is attaehed to a fold of peri- 
toneum that is posterior and inferior to the caecum and appendix. On 
the left side, the peritoneal attaehment is higher than on the right, and 
is lateral to the junction of the deseending and sigmoid eolons. As it 
joins the peritoneum eovering psoas major, the suspensory ligament of 
the ovary passes superiorly over the external iliae vessels, genitofemoral 
nerve and ureter. 

Ovarian ligament (ligament of the ovary) 

The ovarian ligament (ligament of the ovary) attaehes the uterine (infer- 
omedial) extremity of the ovary to the lateral angle of the uterus, pos- 
teroinferior to the uterine tube (see Fig. 77.22). It lies in the posterior 
leaf of the broad ligament and eontains some smooth muscle eells. It 
is continuous with the medial border of the round ligament. Both liga- 
ments are remnants of the gubernaculum. 

Mesovarium 

The mesovarium is a short peritoneal fold that attaehes the ovary to the 
baek of the broad ligament. It earries blood vessels and nerves to the 
ovarian hilum. The uterine tube arehes over the ovary and aseends in 
relation to its mesovarian border, then curves over its tubal end and 
passes down on its posterior, free, border and medial surface. 

Vascular supply and lymphatie drainage 
Arteries 

The ovarian arteries are branehes of the abdominal aorta and originate 
below the renal arteries. Eaeh deseends behind the peritoneum and, at 
the brim of the pelvis, erosses the external iliae artery and vein to enter 
the tme pelvie eavity. Here, the artery turns medially in the ovarian 
suspensory ligament and splits into a braneh to the mesovarium that 
supplies the ovary, and a braneh that eontimies into the uterine broad 
ligament, below the uterine tube, and supplies the tube. There are vari- 
ations in the site of the division to the ovary and tube (see Fig. 77.21). 
On eaeh side, a braneh passes lateral to the uterus to unite with the 
uterine artery. Other branehes aeeompany the round ligaments through 
the inguinal eanal to the skin of the labium majus and the inguinal 
region. Early in intrauterine life, the ovaries flank the vertebral column 
inferior to the kidneys, and so the ovarian arteries are relatively short; 
they gradually lengthen as the ovaries deseend into the pelvis. 
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Fig. 77.32 The microstructure 
of the ovary and follieles at 
various stages in their eyelieal 
development and the formation 
of eorpora lutea and albieantes. 
Note that, in the human ovary, 
developing follieles are rarely 
seen. 


Ovarian vessels 


Regressing corpus luteum 

Corpus albieans 


Veins 

The ovarian veins emerge from the ovary as a plexus (pampiniform 
plexus) in the mesovarium and suspensory ligament (see Fig. 77.3A). 
Two veins emerge from the plexus and aseend with the ovarian artery; 
they usually merge into a single vessel before entering either the inferior 
vena eava on the right side, or the renal vein on the left side. 

Lymphatìe drainage 

The main lymphatie drainage of the ovaries is along vessels that follow 
the ovarian veins to para-aortie nodes situated near the origin of the 
renal arteries (see Table 77.1). Drainage may also occur via pelvie nodes 
into lower para-aortie nodes and, rarely, may follow the round ligament 
to the inguinal nodes. 

Innervation 



The ovarian innervation is derived from autonomic plexuses (see fable 
77.2). The upper part of the ovarian plexus is formed from branehes of 
the renal and aortie plexuses, and the lower part is reinforeed from the 
superior and inferior hypogastrie plexuses. These plexuses eonsist of 
postganglionie sympathetie fibres, preganglionie parasympathetie fibres 
from the saeral outflow, and viseeral afferent fibres (Lee et al 1973). The 
efferent preganglionie sympathetie fibres are derived from the tenth and 
eleventh thoraeie spinal segments. 


Microstructure 


In young females, the surface of the ovary is eovered by a single layer 
of oiboidal epithelmm, which eontains some flatter eells. It appears 
dull white, in eontrast to the shiny, smooth peritoneal mesothelial 
eovering of the mesovarmm, with which it is continuous. A white line 
around the anterior mesovarian border usually marks the transition 
between peritoneum and ovarian epithelium. The surface epithelium is 
also termed the germinal epithelmm, but this is a misnomer because it 
is not the source of germ eells. Immediately beneath the epithelium, 
there is a tough collagenous eoat, the tunica albuginea. The ovarian 
tissue it surrounds is divisible into a cortex, eontaining the ovarian fol- 
lieles, and a medulla, which reeeives the ovarian vessels and nerves at 
the hilum. 

Ovarian cortex 

Before puberty, the cortex forms 35%, the medulla 20% and interstitial 
eells up to 45% of the volume of the ovary. After puberty, the cortex 
1304 forms the major part of the ovary, enelosing the medulla, except at the 


hilum. It eontains the ovarian follieles at various stages of development, 
and eorpora lutea and their degenerative remnants, depending on age 
or stage of the menstmal eyele. The follieles and the structures derived 
from them are embedded in a dense stroma eomposed of a meshwork 
of thin eollagen fibres and fhsiform fibroblast-like eells, arranged in 
eharaeteristie whorls. Stromal eells differ from fibroblasts in general 
eonneetive tissue in that they eontain lipid droplets, which accumulate 
in pregnaney. Stromal eells give rise to the theeal layers of maturing 
ovarian follieles. 

Ovarian follieles 

Primordial follieles 

The development of ovarian follieles ean be divided into different stages 
(Fig. 77.32). At birth, the ovarian cortex eontains a superficial zone of 
primordial follieles. These eonsist of primary ooeytes 25 pm in diam- 
eter, eaeh surrounded by a single layer of flat follicular eells. The ooeyte 
nuclei are slightly eeeentrie and have a eharaeteristieally prominent 
nucleolus. They eontain the diploid number of ehromosomes (dupli- 
eated as sister ehromatids), arrested at the diplotene stage of meiotie 
prophase sinee 16-20 weeks of fetal life (Speroff and Fritz 2004) (Fig. 
77.33). Many follieles degenerate either during prepubertal (including 
prenatal) life, or through atresia at some stage after beginning the 
proeess of eyelieal maturation during the ehild-bearing period. Their 
remnants are visible as atretie follieles, the remains of which accumulate 
throughout the period of reproductive life. After puberty, eohorts of up 
to 20 primordial follieles beeome aetivated in eaeh menstmal eyele 
(fewer are aetivated with advaneing age). Their development takes a 
number of eyeles. Of the follieles aetivated in eaeh eohort, usually only 
one folliele from one or other ovary beeomes dominant, reaehes matu- 
rity and releases its ooeyte at ovulation. 

Abnormal, non-growing follieles with indistinet germinal vesiele 
membranes and absent nucleoli are sometimes found in prepubertal 
ovaries and, oeeasionally, in pubertal ovaries, but are not found in adult 
ovaries (Anderson et al 2014). 

Primary follieles 

Primary follieles develop from primordial follieles. The first sign is a 
ehange in the folliele eells from flattened to cuboidal, followed by their 
proliferation to give rise to a multilayered folliele eonsisting of granu- 
losa eells surrounded by a thiek basal lamina (Fig. 77.34). Stromal eells 
immediately surrounding the folliele begin to differentiate into spindle- 
shaped eells, which constitute the theea folliculi that will beeome the 
theea interna. They are later surrounded by a more fibrous layer, the 
theea externa. At the same time, the ooeyte inereases in size and seeretes 












































llpper genital traet 



Fig. 77.33 Ovarian cortex with primordial (p) and early primary (P) follieles 
within the stroma (S); stimulated primary follieles have cuboidal eells 
forming their wall. A large ooeyte nucleus is visible in the plane of seetion 
of most of the follieles (arrow). (Courtesy of Mr Peter Helliwell and the late 
Dr Joseph Mathew, Department of Histopathology, Royal Cornwall 
Hospitals Trust, UK.) 



Fig. 77.34 A high-magnifieation mierograph of a primary folliele in a 
human ovarian cortex. The pale ooeyte, with its eeeentrie nucleus (N), is 
separated from the folliele (F) by the zona pellucida (arrow). Cells of the 
folliele wall are in the early stages of proliferation to form a multilayered, 
late primary folliele. (Courtesy of Mr Peter Helliwell and the late Dr Joseph 
Mathew, Department of Histopathology, Royal Cornwall Hospitals Trust, 
UK.) 


a thiek layer of extracellular proteoglyean-rieh material - the zona pel- 
lucida - between its plasma membrane and the surrounding gramilosa 
eells of the early folliele; this is important for the proeess of fertilization. 
The gramilosa eells in eontaet with the zona pellucida send eytoplasmie 
proeesses radially inwards; these eontaet and eomimmieate with ooeyte 
mierovilli at gap junctions (Motta et al 2003). The folliailar eells - in 
partiailar, the granulosa eells - continue to proliferate and so the thiek- 
ness of the late primary folliele wall inereases. 

Seeondary (antral) follieles 

Seeondary (antral) follieles develop from primary follieles. The number 
of granulosa eells continues to inerease. Cavities begin to form between 
them and are filled with a elear fluid (liquor folliculi) eontaining 
hyaluronate, growth faetors, and steroid hormones seereted by the 
gramilosa eells. The folliele is now about 200 jLtm in diameter and 
usually lies deep in the cortex. The eavities eoalesee to form one large, 
fluid-filled spaee - the antmm - which is surrounded by a thin, uniform 
layer of granulosa eells, except at one pole of the folliele where a thiek- 
ened granulosa layer envelops the eeeentrieally plaeed ooeyte, to form 
the cumulus oophoms. The ooeyte has now reaehed its maximum size 
of about 80 jitm and the inner and outer theeae are elearly differentiated 
(Fig. 77.35). As follieles mature, the theea interna beeomes more prom- 
inent and its eells more rounded and typieal of steroid-seereting endo- 
erine eells. They produce androstenedione, from which the gramilosa 



Fig. 77.35 An antral (seeondary) folliele, showing the layers of the 
developing folliele wall. Granulosa eells (GC) enelose the antrnm (A), filled 
with liquor folliculi, and surround the ooeyte (not seen in the plane of 
seetion) within an eeeentrie cellular mass (right). The outer theea interna 
(Tl) is a highly vascular layer that develops steroid seeretory aetivity and 
is enelosed by the outermost theea externa (TE). (Courtesy of Mr Peter 
Helliwell and the late Dr Joseph Mathew, Department of Histopathology, 
Royal Cornwall Hospitals Trust, UK.) 



Fig. 77.36 A low-power 
view of a seetion of a 
human ovary, 
eontaining a corpus 
luteum (C). (Courtesy of 
Mr Peter Helliwell and 
the late Dr Joseph 
Mathew, Department of 
Histopathology, Royal 
Cornwall Hospitals 
Trnst, UK.) 


eells synthesize oestrogens (primarily oestradiol). Follicular develop- 
ment is stiimilated by follicle-stimulating hormone (FSH). 

Tertiary (Graafian) folliele 

Although a mimber of follieles may progress to the seeondary stage by 
about the first week of a menstmal eyele, usually only one tertiary fol- 
liele develops; the remainder beeome atretie. The surviving folliele 
inereases eonsiderably in size as the antmm takes up fluid from the 
surrounding tissues and expands to a diameter of 2 em. The term Graa- 
fian folliele is often used to deseribe this mature follicular stage. The 
ooeyte and a surrounding ring of tightly adherent eells, the eorona 
radiata, breaks away from the folliele wall and floats freely in the fol- 
licular fluid. The primary ooeyte, which has remained in the first meiotie 
prophase (see Fig. 1.16) sinee fetal life, eompletes its first meiotie divi- 
sion to produce the almost equally large seeondary ooeyte and a small 
first polar body with very little eytoplasm. The seeondary haploid 
ooeyte immediately begins its seeond meiotie division, but when it 
reaehes metaphase, the proeess is arrested until fertilization has 
occurred. The folliele moves to the superficial cortex, causing the surface 
of the ovary to bulge. The tissues at the point of eontaet (the stigma) 
with the tough tunica albuginea and ovarian surface epithelium are 
eroded until the folliele ruptures and its eontents are released into the 
peritoneal eavity for capture by the fimbria of the uterine tube. The 
ooeyte at ovulation is still surrounded by its zona pellucida and eorona 
radiata of granulosa eells. If fertilization does not occur, it begins to 
degenerate after 24-48 hours. 

Corpus luteum 

After ovulation, the remainder of the folliele beeomes the corpus 
luteum (Fig. 77.36). The walls of the empty folliele eollapse and fold. 
The gramilosa eells inerease in size and synthesize a eytoplasmie 
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earotenoid pigment (lutein), giving them a yellowish colour (henee, 
corpus luteum). These large (30-50 jLtm) granulosa lutein eells form 
most of the corpus luteum. The basal lamina surrounding the folliele 
breaks down, and numerous smaller theea lutein eells infiltrate the 
folds of the cellular mass, aeeompanied by eapillaries and eonneetive 
tissue. Extravasated blood from theeal eapillaries accumulates in the 
eentre as a small elot, but this rapidly resolves and is replaeed by eon- 
neetive tissue. All lutein eells have a eytoplasm filled with abundant 
smooth endoplasmie reticulum, eharaeteristie of steroid-synthesizing 
endoerine eells. Granulosa lutein eells seerete progesterone and oestra- 
diol (from aromatization of androstenedione synthesized by theea 
lutein eells). The two eell types also respond differently to circulating 
gonadotropins: theea lutein eells respond to hiteinizing hormone (LH) 
and granulose lutein eells respond to FSH. Theea lutein eells express 
reeeptors for human ehorionie gonadotrophin (hCG). If the ooeyte is 
not fertilized, the corpus luteum (of menstmation) fimetions for 
12-14 days after ovulation, then atrophies. The fiitein eells undergo 
fatty degeneration, autolysis, removal by maerophages and gradual 
replaeement with fibrous tissue. Eventually, after 2 months, a small, 
whitish, sear-like corpus albieans is all that remains. 

If fertilization does occur, implantation of the blastoeyst into the 
uterine endometrium usually begins 7 days later and the embryonie 
trophoblast then starts to produce hCG. The ehorionie gonadotrophin 
stimulates the corpus luteum of menstmation to grow, and it beeomes 
a corpus luteum of pregnaney. It normally inereases in size from 10 mm 
in diameter to 25 mm at 8 weeks of gestation and ean be seen elearly 
on ultrasound. It seeretes progesterone, oestrogen and relaxin, and fime- 
tions throughout pregnaney, although it gradually regresses as its endo- 
erine fimetions are largely replaeed by the plaeenta after 8 weeks' 
gestation. Its diameter is reduced by the end of pregnaney to 1 em. In 
the next few months, it degenerates, like the corpus luteum of men- 
stmation, to form a corpus albieans. 

Ovarían medulla 

The medulla is highly vascular. It eontains numerous veins and spiral 
arteries that enter the hilum from the mesovarium and lie within a loose 
eonneetive tissue stroma. Small numbers of eells (hilus eells) with 
eharaeteristies similar to interstitial (Leydig) eells in the testis are found 
in the medulla at the hilum; they may be a source of androgens. 

Menopause 

At the menopause, ovulation eeases and various mieroseopie ehanges 
ensue within the ovarian tissues. The stroma beeomes denser, the tunica 
albuginea thiekens and the ovarian surface epithelium thins. However, 
many follieles persist within the cortex. 


MENSTRUAL CYCLE 


The onset of menstmation (menarehe) occurs between the tenth and 
seventeenth years of life, with a peak between 12 and 14 years. The 
utems, ovaries and vagina undergo ehanges during the menstmal eyele, 
which normally lasts approximately 28 days. A folliele begins a period 
of development in the ovary during the first days of the eyele, and 
matures and mptures mid-eyele (approximately day 14 of a 28-day 
eyele) to release a seeondary ooeyte. The wall of the folliele is then 
transformed into the corpus luteum, which seeretes progesterone (luteal 
phase). About 10 days after ovulation, the corpus luteum begins to 
regress, then eeases to fimetion and is replaeed by fibrous tissue. The 
breakdown of the endometrium that follows this eessation of fimetion 
is due to the reducing levels of progesterone and oestrogen as the corpus 
luteum degenerates. 

The ehanges that occur in the endometrium during the menstmal 
eyele may be divided into three phases: proliferative, seeretory and 
menstmal (Fig. 77.37). 

PROLIFERATIVE PHASE 


In the early proliferative phase, even before the menstmal flow eeases, 
the epithelmm from the persisting basal parts of the uterine glands 
grows over the surface of the endometrium, which has been denuded 
by menstmation. Re-epithelialization is eomplete 5-6 days after the 
start of menstmation. Initially, the tissue is only 1-2 mm thiek and is 
lined by low cuboidal epithelium. The glands are straight and narrow, 
and their lining eells are short columnar. The apieal eell surface eontains 
mierovilli; some eells are eiliated. The stroma is dense and eontains 
small numbers of lymphoeytes. During days 10-12 of the proliferative 
phase, the endometrium thiekens. Cells divide in response to rising 


levels of oestrogen, which is produced by the ovary and which aets 
through reeeptors present on both the stromal and the epithelial eells. 
The glands beeome tortuous and their lining epithelial eells beeome tall 
columnar in nature (Speroff and Fritz 2004). 

SECRET0RY PHASE 


The seeretory phase eoineides with the luteal phase of the ovarian eyele. 
The endometrial ehanges are driven by progesterone and oestrogen, 
seereted by the corpus luteum. Steroid reeeptors in the endometrium 
aetivate a programme of new gene expression that produces, in the fol- 
lowing 7 days, a highly regulated sequence of differentiative events, 
presumably required to prepare the tissue for blastoeyst implantation. 
Part of the response is direet, but there is evidenee that some of the 
effeets may be mediated through growth faetors (Speroff and Fritz 
2004). The first morphologieal effeets of progesterone are evident 
24-36 hours after ovulation (which occurs approximately 14 days 
before the next menstmal flow). In the early seeretory phase, glyeogen 
masses accumulate in the basal eytoplasm of the epithelial eells lining 
the glands, where they are often assoeiated with lipid. Giant mitoehon- 
dria appear and are assoeiated with semi-rough endoplasmie reticulum. 
There is an obvious inereased polarization of the gland eells: nuclei are 
displaeed towards the eentre of the eells, and Golgi apparatus and seere- 
tory vesieles accumulate in the supranuclear eytoplasm. The nuclear 
ehannel system is prominent and nuclei enlarge. Naseent seeretory 
products may be deteeted immunohistochemically within the eells. 
Progestational effeets on the stroma (known as the decidual reaetion) 
are also evident in the early seeretory phase. Nuclear enlargement occurs 
and the paeking density of the resident stromal eells inereases, due, in 
part, to the inerease in volume of gland lumina and onset of seeretory 
aetivity in the epithelial eompartment. 

By the mid-seeretory phase, the endometrium may be up to 6 mm 
deep. The basal epithelial glyeogen mass is progressively transferred to 
the apieal eytoplasm, and nuclei return to the eell bases. The Golgi 
apparatus beeomes dilated and products, including glyeogen, mucin 
and other glyeoproteins, are released from the glandular epithelium 
into the lumen by a eombination of apoerine and exocrine meeha- 
nisms; this aetivity reaehes a maximum 6 days after ovulation. These 
seeretory ehanges are eonsiderably less pronounced in the basal gland 
eells and the luminal epithelium than in the glandular eell population 
of the stratum fimetionalis. There is a notable stromal oedema and a 
eorresponding deerease in the density of eollagen fibrils. At the same 
time, the endoplasmie reticulum and Golgi apparatus beeome more 
prominent; there is evidenee for eollagen synthesis and degradation, 
presumably refleeting ongoing matrix remodelling. 

In the late seeretory phase, glandular seeretory aetivity deelines. 
Decidual differentiation occurs in the superficial stromal eells that sur- 
round blood vessels; this transformation includes nuclear rounding and 
an inereased eytoplasmie volume, refleeting an inerease in and dilation 
of the rough endoplasmie reticulum and Golgi systems, and eytoplas- 
mie accumulation of lipid droplets and glyeogen. The eells begin to 
produce basal lamina eomponents, including laminin and type IV 
eollagen. 

Ultrasound is frequently used in the elinieal evaluation of the 
endometrium. In the early seeretory phase, the endometrium is identi- 
fied as a thin eehogenie line, a consequence of speailar refleetion from 
the interfaee between opposing surfaces of endometrium. During the 
late proliferative phase, the endometrium appears as a triple layer: a 
eentral eehogenie line (due to the apposed endometrial surfaces), sur- 
rounded by a thieker hypoeehoie fimetional layer, and bounded by an 
outer eehogenie basal layer. During the seeretory phase, the fimetional 
layer surrounding the eehogenie line beeomes more hypereehoie as a 
result of the inereased mucus and glyeogen within the glands and the 
inereased number of interfaees caused by the development of tortuous 
spiral arteries (Fig. 77.38). 

MENSTRUAL PHASE 


Prior to menstmation, three layers ean be reeognized in the endometrium: 
the strata compactum, spongiosum and basale. In the stratum eompae- 
tum, which is next to the free surface, the neeks of the glands are only 
slightly expanded and the stromal eells show a distinet decidual reae- 
tion. In the stratum spongiosum, the uterine glands are tortuous, 
dilated and, ultimately, only separated from one another by a small 
amount of interglandular tissue. The stratum basalis, next to the uterine 
muscle, is thin and eontains the tips of the uterine glands embedded 
in an unaltered stroma. 
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Fig. 77.37 Stages in the menstmal eyele with eoneomitant ehanges in the endometrium. Note that developing antral follieles are seleeted from eohorts 
of follieles reemited in earlier eyeles. The ten lower panels are histologieal seetions of endometrium at the eyele times indieated (low magnifieation on top 
and high magnifieation below in eaeh ease). 



Fig. 77.38 Transvaginal ultrasound of the uterus, showing the triple- 
layered endometrium. The eentral eehogenie line is produced by the 
interfaee of the opposing surfaces of the endometrium. The functional 
layer of the endometrium surrounding the eehogenie line is hypoeehoie on 
the left, in keeping with late proliferative phase, but is beeoming more 
hypereehoie on the right, indieating the early seeretory phase. 

The two upper strata are often grouped together as the fhnetional 
layer, stratum hinetionalis, of the endometrium; the lower (basal) layer 
is ealled the stratum basalis. As regression of the corpus luteum occurs, 
those parts of the stroma showing a decidual reaetion, together with 
the glandular epithelium, undergo degenerative ehanges and the 


endometrium often diminishes in thiekness. Blood eseapes from the 
superficial vessels of the endometrmm, forming small haematomata 
beneath the surface epithelium (see below). The stratum hmetionalis, 
next to the free surface, is shed pieeemeal, leaving mainly the stratum 
basalis, adjaeent to the uterine muscle; 65-75% of the thiekness of the 
endometrium may be shed. Blood and neerotie endometrium then 
begin to appear in the uterine lumen, to be diseharged from the uterus 
through the vagina as the menstmal flow, which usually lasts 3-6 days. 
The amount of tissue lost is variable, but usually the stratum eompae- 
tum and most of the spongiosum are desquamated. 

VASCULAR CHANGES WITHIN THE UTERUS DURING 
THE MENSTRUAL CYCLE 


The vasailar bed of the endometrium undergoes signiheant ehanges 
during the menstmal eyele. The arteries to the endometrium arise from 
a myometrial plexus and eonsist of short, straight vessels to the basal 
portion of the endometrium, and more muscular spiral arteries to its 
superhcial two-thirds. The venous drainage, eonsisting of narrow per- 
pendicular vessels that anastomose by eross-branehes, is eommon to 
both the superhcial and the basal layers of the endometrium. The eapil- 
lary bed eonsists of an endothelium with a basal lamina that is diseon- 
tinuous in the proliferative phase, but beeomes more distinet by the 
mid-seeretory phase. Perieytes are present, some of which resemble 
smooth muscle eells, and these are sometimes enelosed within the basal 
lamina. The perieytes make eontaet with the endothelial eells by means 
of eytoplasmie extensions that projeet through the basal lamina. 
Enlargement of the perieytes starts in the early seeretory phase, and 
leads to a conspicuous cuff of eells in the mid- and late seeretory phases. 
The arterial supply to the basal part of the endometrium remains 
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imehanged during the menstmal eyele. However, the spiral arteries to 
the superficial strata lengthen disproportionately. They beeome inereas- 
ingly eoiled and their tips approaeh the uterine epithelium more elosely. 
This leads to a slowing of the eirailation in the superficial strata with 
some vasodilation. Immediately before the menstmal flow, these vessels 
begin to eonstriet intermittently, causing stasis of the blood and anaemia 
of the superficial strata. During the periods of relaxation of the vessels, 
blood eseapes from the devitalized eapillaries and veins, causing the 
menstmal blood loss. The breakdown of the endometrimn is a eonse- 
quence of the reducing levels of progesterone and oestrogen as the 
corpus luteum degenerates. 


PREGNANCY AND PARTLIRITION 


During pregnaney, many morphologieal ehanges occur in the female 
reproductive system and assoeiated abdominal stmctures. The uterus 
enlarges to aeeommodate the developing fetus and plaeenta, and 
various alterations take plaee in the pelvie walls, floor and eontents that 
allow for this expansion, and which antieipate parturition. At the end 
of gestation, dramatie ehanges occur that faeilitate the passage of the 
baby through the birth eanal and, subsequently, allow the pelvie organs 
to return to the non-pregnant state (involution). 

On average, human gestation is approximately 280 days (or 
40 weeks) from the date of the last menstmal period (LMP) (Ch. 14). 
However, as the menstmal history ean often be inaccurate due to eyele 
irregularity or inaccurate reeolleetion, an aeoirate gestational age ean 
be ealoilated by ultrasound measurement of the fetal crown-rump 
length in the first trimester (Fig. 77.39). A diserepaney of more than 
5-7 days from the LMP-estimated age is usually cause to revise the 
estimated date of eonfinement. For women presenting after the first 
trimester, gestational dating ean be based on other sonographieally 
obtained fetal biometrie measurements, such as the fetal biparietal 
diameter, head circumference and femur length, although preeision 
gradually deereases later in pregnaney (see Fig. 14.4). The inereased 
accuracy of gestational dating using sonographie fetal biometry rather 
than menstmal history alone has signifieantly reduced the mimber of 
pregnaneies requiring induction of labour for post-term women. 


UTERUS IN PREGNANOY 


The fimetion of the uterus in pregnaney is to retain the developing fetus 
and to provide a proteeted environment until a stage at which the fetus 
is eapable of surviving ex utero. The utems must grow, faeilitate delivery 
of the fetus and then involute. 

The utems grows dramatieally during pregnaney, inereasing in 
weight from about 50 g at the beginning of pregnaney to up to 1 kg at 
term. Most of the weight gain is the result of inereased vascularity and 
fluid retention in the myometrium. The inereased growth of the uterine 
wall is driven by a eombination of meehanieal stretehing and endoerine 
input. The meehanieal load that inereasing gestation imposes on the 
uterine wall induces hypertrophy of uterine smooth muscle eells and is 
the major stimulus that inereases smooth muscle mass. Some hyperpla- 
sia occurs early on in pregnaney, mainly from the growth of the media 
of the myometrial arteries and veins. The myometrium is relatively 
unresponsive to additional endoerine stimulation during most of preg- 
naney, a relative quiescence that is, in part, attributed to progesterone. 



Fig. 77.39 Transabdominal ultrasound at 12 weeks, showing 
measurement of the crown-rump length to calculate the gestational age. 


However, a number of growth faetors, e.g. insulin-like growth faetor-1 
(IGF-1), have been identified, which interaet with oestrogen in promot- 
ing uterine growth. The myometrium thins with advaneing gestation 
from 2-3 em thiek in early pregnaney to 1-2 em at term. 

The upper third of the cervix (isthmus) is gradually taken up into 
the uterine body during the seeond month to form the 4ower segment' 
(Fig. 77.40). The isthmus hypertrophies like the uterine body during 
the first trimester and triples in length to about 3 em. From the seeond 
trimester, the wall of the isthmus and that of the body are the same 
thiekness and their junction is no longer visible externally. This eondi- 
tion persists until the middle of the third trimester, when the lower 
uterine segment thins eonsiderably to less than 1 em in thiekness. The 
thieker myometrium above this transition is the main eontraetile 
portion of the uterus that will generate the expulsive forees during 
labour; the thin lower uterine segment, which begins just below the 
vesico-uterine pouch and is thought to eorrespond to the level of the 
anatomieal internal os, is more eompliant and allows for the deseent 
of the fetus in late pregnaney and during labour. As the lower uterine 
segment is thinner and less vascular than the upper uterus, it is the 
preferred site of ineision during a eaesarean seetion. In addition, 
because it is less eontraetile, there is a lower risk of uterine rupture in 
subsequent pregnaneies, eompared with an ineision made in the body 
of the uterus during a 'elassie' eaesarean seetion. 

The growing uterus generally emerges from the pelvis by the twelfth 
week of pregnaney and ean be palpated on the maternal abdomen just 
above the pubic symphysis. By the twentieth week of pregnaney, the 
uterine fundus is at the level of the umbilicus and reaehes the xiphister- 
num by 36 weeks. After 24 weeks of gestation, the distanee between the 
pubic symphysis and the uterine fundus generally eorresponds to the 
mimber of gestational weeks and is often used in elinieal eare as a 
sereening method to deteet a pregnaney that is measuring suspiciously 
larger or smaller than expected. If there is more than a 2 em diserepaney, 
a more aeoirate, sonographie assessment of fetal size and amniotie fluid 
volume is indieated. 

Cervix and pregnaney 


During pregnaney, the uterine cervix is a relatively rigid, fibromuscular 
structure that retains the developing fetus within the uterus. The rigidity 
of the cervix appears to be related to the orientation of its eollagen fibres 
within a regular eonneetive tissue matrix. The cervix gradually softens 
and shortens in the weeks preeeding labour. During aetive labour, 
the cervix dilates to allow the fetus to deseend through the birth eanal. 
The exact proeesses that allow softening, effaeement and dilation of the 
cervix are unclear, but are believed to include remodelling of the eon- 
neetive tissue matrix, probably mediated by an inerease in the aetivity 
of enzymes such as matrix metalloproteinase 1, a reduction in eollagen 
eoneentration, a signifieant inerease in the water eontent in the cervix, 
an infiltration of maerophages and neutrophils, and an inereased level 
of apoptosis. 

Transvaginal ultrasound examination allows for a robust evaluation 
of the cervix during pregnaney. Cervical length, dilation of the internal 
os and bulging of the membranes into the eanal ean all be assessed 
(Fig. 77.41). Deteetion of a shortened eervieal length in mid-gestation 
using transvaginal ultrasound is a strong risk faetor for premature deliv- 
ery and has been used elinieally to identify women at high risk of 
preterm delivery in order to plan appropriate management ( "onseea 
et al 2007, Hassan et al 2011, Owen et al 2009). Emerging sonographie 
and MRI teehnologies are being used to investigate both the biome- 
ehanieal properties and the microstructure of the cervix in pregnaney 
and promise to shed light on the poorly understood meehanisms 
involved in both normal and pathologieal eervieal shortening in human 
pregnaney (Feltovieh et al 2012, House et al 2013). 

Relations of the uterus in pregnaney 


With uterine expansion, the ovaries and uterine tubes are displaeed 
upwards and laterally. The round ligaments beeome hypertrophied and 
their course from the cornual regions of the uterus down to the internal 
inguinal ring beeomes more vertieal. The broad ligament tends to open 
out to aeeommodate the massive inerease in the sizes of the uterine and 
ovarian vessels. The uterine veins, in particular, ean reaeh about 1 em 
in diameter and they appear to aet as a signifieant reservoir for blood 
during uterine eontraetions. Lymphaties and nerves expand their terri- 
tories (the signifieanee of this inereased innervation is not elear because 
paraplegie women are able to labour normally, albeit painlessly). Later 
in pregnaney, the inerease in intra-abdominal pressure produced by the 
gravid uterus may produce eversion of the umbilicus. On the skin over 
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Fig. 77.40 A frontal view of the uterus, showing the loeation and extent of the body, isthmus and cervix in the non-gravid and gravid uterus at different 
stages in gestation. The isthmus forms the lower uterine segment with advaneing gestation. 
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Fig. 77.41 Transvaginal ultrasound at 36 weeks. A, Measurement of eervieal length. 
B, Posterior plaeenta praevia 18.5 mm from the internal os. C, A plaeenta eompletely 
eovering the internal eervieal os, eonsistent with a eomplete plaeenta praevia. 
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the abdomen, a eombination of stretehing and hormonal ehanges may 
produce streteh marks (striae gravidamm). In multiparous patients, 
diastasis (diverifieation) of right and left rectus abdominis may occur 
to aeeommodate the enlarging uterine fundus fiirther. In the supine 
position, the gravid utems ean cause aortoeaval eompression, leading 
to reduced venous return to the heart and deereased eardiae output. In 
some women, this ean lead to symptomatie hypotension and symptoms 
of nausea and faintness. These symptoms are minimized if the woman 
lies on her left side, thereby deviating the gravid utems and reducing 
eompression of the inferior vena eava. 

The jejunum, ileum and transverse eolon tend to be displaeed 
upwards by the enlarging utems, whereas the eaeaim and appendix are 
displaeed to the right, and the sigmoid eolon posteriorly and to the left. 
Upward and lateral displaeement of the appendix in later pregnaney 
ean cause difficulties in the diagnosis of appendieitis. The ureters are 
pushed laterally by the enlarging uterus and, in late pregnaney, ean be 
eompressed at the level of the pelvie brim, resulting in hydronephrosis 
and loin pain. However, mild ureteric dilation is normal in pregnaney, 
and is caused by progesterone-induced relaxation of smooth muscle in 
the ureteric walls. The axis of the utems is often dextrorotated by the 
presenee of the sigmoid eolon; this rotation must be eonsidered when 
performing a hysterotomy at the time of eaesarean seetion to avoid 
injuring the large uterine vessels loeated bilaterally. 

PELVIC CHANGES IN PREGNANCY 


The presenee of a pregnant utems results in a ehange in the eentre of 
gravity of the body, espeeially in late pregnaney. In order to eompensate 
for this, the mother tends to straighten her eervieal and thoraeie spine, 
and throw her shoulders baek, resulting in a eompensatory lumbar 
lordosis. There is also a softening of the pubic symphysis and saeroiliae 
joints, caused by production of relaxin and other pregnaney hormones, 
leading to mild pelvie instability that may result in a waddling gait. 
Softening also produces an inerease in pelvie diameter, which is of 
benefit during the time of labour. Signifieant joint relaxation may lead 
to pubic symphysis diastasis, which, in severe eases, may produce debili- 
tating pain during walking. 

Advanees in three-dimensional ultrasound imaging permit the real- 
time visualization of the anatomieal relationships and adaptations of 
the pelvie floor in pregnaney. They also enable deteetion of pelvie floor 
injury that might lead to symptomatie postpartum pelvie floor prolapse 

(Dietz and Lanzarone 2005, Shek et al 2012). 

PLACENTAL DEVELOPMENT 


Plaeental attaehment to the uterus occurs at the point where the blasto- 
eyst beeomes embedded, and is determined by a multitude of molecular 
signalling pathways. In early pregnaney, the plaeental dise occupies a 
large proportion of the uterine eavity and will often appear to be situ- 
ated near the internal os. In the majority of eases, growth and stretehing 
of the uterus will usually draw the plaeenta upwards, away from the 
cervix, by the end of pregnaney. 

In about 1% of pregnaneies, the position of the plaeenta will remain 
over, or in elose proximity to, the internal eervieal os at the end of 
pregnaney (see Fig. 77.41B; Fig. 77.42). This eondition is ealled pla- 
eenta praevia and ean be assoeiated with vaginal bleeding during preg- 
naney and labour. If the plaeenta eovers the internal os, or the lower 
edge is less than 1-2 em from the internal os, delivery by eaesarean 
seetion is generally indieated. 

Normal trophoblastie development includes the remodelling of 
maternal spiral arterioles to allow for low-resistance flow into the inter- 
villous spaee. Thus, the uteroplacental vasculature is a low-resistance, 
high-eapaeitanee system. Antenatal ultrasound Doppler veloeimetry ean 
be used during pregnaney to evaluate the resistanee to flow in both the 
uterine and the umbilical arteries, and may be helpffil in the manage- 
ment ofhigh-risk pregnaneies (Fig. 77.43). 

Abnormally invasive plaeentation ean occur when trophoblastie 
tissue invades through the decidua basalis and reaehes the myometrium; 
this ean lead to a morbidly adherent plaeenta and signifieant maternal 
morbidity. This eondition, plaeenta aeereta, occurs in approximately 3 
per 1000 births. When the trophoblastie tissue invades the myometrium, 
it is referred to as plaeenta inereta; if the plaeental tissue reaehes the 
uterine serosa, it is ealled a plaeenta perereta. In extreme eases, a pla- 
eenta perereta ean also invade into the maternal bladder mucosa. These 
eonditions often require a hystereetomy. Prior uterine surgery, espeeially 
multiple prior eaesarean seetions, is the most signifieant risk faetor 
(Fig. 77.44). 


Twin 1 Liimbarspine 



Twin 2 Bladder 

Plaeenta praevia - low-lying plaeenta 
eovering internal eervieal os 


Fig. 77.42 A sagittal T2-weighted sean of a twin pregnaney with a 
plaeenta praevia overlying the internal eervieal os. 



Fig. 77.43 Doppler examination of the maternal and fetal circulation in 
pregnaney. A pulsed Doppler showing normal waveforms in the umbilical 
arteries at 28 weeks. 


LAB0LJR 


The onset of labour is defined as the eombination of regular uterine 
eontraetions that are of sufficient intensity to produce progressive 
effaeement and dilation of the cervix. The proeess of labour is deseribed 
in three main stages. 

First stage 

The first stage of labour is the period during which the cervix progres- 
sively dilates until the fetus is able to deseend into the birth eanal and 
there is no longer any cervix palpable on vaginal examination. There is 
little ehange in the uterine volume because myometrial eontraetions are 
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Pregnaney and parturition 



Fig. 77.44 A gross photograph taken at the time of eaesarean seetion in 
a patient with a plaeenta aeereta. Note the hypervascularity caused by 
the plaeental tissue invading into, and almost through, the myometrial 
layer of the lower uterine segment, which is still eovered with its serosal 
layer. 


isometrie, and so there is minimal shortening of the muscle fibres. 
Progress is determined by the equilibrium between forees generated by 
myometrial eontraetions, espeeially from the fimdns, and the resistanee 
of the cervix. 

Seeond stage 

The seeond stage of labour begins onee the cervix is fully dilated, and 
ends with the delivery of the fetus. Cervical resistanee is lost and myo- 
metrial aetivity results in isometrie eontraetions that aid deseent of the 
fetus in the birth eanal. The head of the fetus usually enters the pelvis 
with the occiput faeing laterally. As the head deseends ffirther, the 
occiput eontaets the gutter-shaped pelvie floor formed by levator ani 
and this promotes flexion and rotation of the occiput to the anterior 
position. With ffirther deseent, the occiput eseapes under the pubic 
symphysis and the head is born by extension. At this point, the head 
of the fetus regains its normal relationship with its shoulders, and slight 
rotation (or restitution) of the head is seen. Further external rotation 
occurs as the leading shoulder is direeted medially by the maternal 
pelvie floor. The body of the fetus is now born by lateral flexion as one 
shoulder slips underneath the symphysis and the posterior shoulder is 
drawn over the frenulum. 

Third stage 

The third stage of labour is the time from delivery of the fetus until 
delivery of the plaeenta. Prior to separation of the plaeenta, a large 
proportion of the mother s eardiae output passes through the uterine 
circulation. After separation in the third stage of labour, maternal exsan- 
guination is only prevented by marked uterine eontraetion; the eriss- 
erossing myometrial fibres aet as a tourniquet restrieting blood flow to 
the area that was the plaeental site. This proeess is usually expedited 
elinieally by the administration of oxytocic dmgs in an attempt to limit 
maternal blood loss. Any eondition that predisposes to poor uterine 
eontraetion, such as retained plaeental tissue, will inerease the likeli- 
hood of postpartum haemorrhage. 

Plaeenta after delivery 


Separation of the plaeenta from the uterine wall takes plaee along the 
plane of the stratum spongiosum and extends beyond the plaeental 
area, detaehing the villous plaeenta, with assoeiated fibrinoid matrix 
and small amounts of decidua basalis; the ehorio-amnion, together 
with a superficial layer of the ffised decidua capsularis; and the decidua 
parietalis. When the plaeenta and membranes have been expelled, a 
thin layer of stratum spongiosum is left lining the uterus; it soon 
degenerates and is east off in the early part of the puerperium. A new 
epithelial lining is regenerated from the remaining stratum basalis. The 
expelled plaeenta is a flattened diseoid mass with an approximately 
circular or oval outline (Fig. 77.45). It has an average volume of 
500 ml (range 200-950 ml), a weight of 470 g (range 200-800 g), a 
diameter of 185 mm (range 150-200 mm), a thiekness of 23 mm 



Fig. 77.45 The fetal surface of a reeently delivered plaeenta. The spiral 
umbilical vessels in the umbilical eord and their radiating branehes are 
seen through the transparent amnion. The maternal surface is exposed in 
the lower and right eorner of the figure. Note the fringes of amnion and 
ehorion, the majority of which have been cut away near the plaeental 
margin. 


(range 10-40 mm), and a surface area of approximately 30,000 mm 2 . 
It is thiekest at its eentre (the original embryonie pole), and rapidly 
thins towards its periphery, where it continues as the ehorion laeve. 
The size of the plaeenta eorrelates well with the birth weight of the 
neonate. 

Maeroseopieally, the fetal or inner surface, eovered by amnion, is 
smooth, shiny and transparent, so that the mottled appearanee of the 
subjacent ehorion, to which it is elosely applied, ean be seen. The 
umbilical eord is usually attaehed near the eentre of the fetal surface, 
and branehes of the umbilical vessels radiate out under the amnion 
from this point; the veins are deeper and larger than the arteries. The 
maternal surface of the plaeenta is finely granular and mapped into 
some 15-30 lobes by a series of fissures or grooves. The plaeental lobes, 
which are often somewhat loosely termed eotyledons, eorrespond, in 
large measure, to the major branehes of the umbilical vessels. The 
grooves eorrespond to the bases of ineomplete plaeental septa, which 
beeome inereasingly prominent from the third month onwards. They 
extend from the maternal aspeet of the intervillous spaee (the basal 
plate) towards the ehorionie plate (see Fig. 9.5) but do not quite reaeh 
it. The septa are complex structures eomposed of eomponents of the 
eytotrophoblastie shell and residual syncytium, together with mater- 
nally derived material, including decidual eells, oeeasional blood vessels 
and gland remnants, collagenous and fibrinoid extracellular matrix, 
and, in the later months of pregnaney, foei of degeneration. 

In multiple pregnaneies, the number of plaeentas is determined by 
the zygosity; for example, in twin gestations, dizygotie pregnaneies will 
always have two plaeentas (diehorionie). Monozygotie pregnaneies 
usually have a single plaeenta (monoehorionie), but about one-third 
will have two plaeentas; the number is determined by the timing of 
splitting of the embryonie mass (see Ch. 8 and Fig. 8.9). If the split 
occurs within 3 days of fertilization, eaeh fetus will have its own pla- 
eenta and amniotie sae (diehorionie diamniotie); splitting after the 
third day following fertilization results in a monoehorionie diamniotie 
pregnaney (two amniotie saes) and vascular communication within the 
two plaeental circulations (Fig. 77.46); splitting after the ninth day 
results in a single plaeenta and single amniotie sae (monoehorionie 
monoamniotie); and splitting after the twelfth day results in eonjoined 
twins. 

Plaeental variations 


The umbilical eord is usually attaehed near the eentre of the plaeenta, 
although it ean oeeasionally insert more laterally and eloser to the 
plaeental margin; this eondition is known as a battledore plaeenta 
(Fig. 77.47). Oeeasionally, the eord fails to reaeh the plaeenta itself and 
ends in the membranes as a velamentous insertion. When insertion of 
the eord is velamentous, the larger branehes of the umbilical vessels 
traverse the membranes before they reaeh and ramify on the plaeenta 
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(Fig. 77.48). They travel unprotected through the membranes to the 
plaeenta, and this puts the fetus at risk because eompression or tearing 
of the vessels ean dismpt blood flow to and from the fetus. This ean be 
particularly problematie when the vessels present themselves aeross the 
eervieal os, a eondition ealled vaso praevia. An aeeessory (succenturiate) 
plaeental lobe is oeeasionally present, eonneeted to the main organ by 
membranes and blood vessels. If it is inadvertently retained in utero after 
delivery of the main plaeental mass, it ean cause postpartum haemor- 
rhage or infeetion. Other variations include plaeenta membranaeea, in 
which villous stems and their branehes persist over the whole ehorion; 
and plaeenta circumvallata, where the plaeental margin is undercut by 
a deep groove caused by an abnormally eentral insertion of the mem- 
branes (Fig. 77.49). 


Fig. 77.46 A vascular east from a monoehorionie diamniotie 
twin pregnaney, showing vascular communications between both 
plaeentas. (Courtesy of Dr Ling Wee, Llniversity College London 
Hospital.) 


[@ Bonus e-book tables 

Table 77.1 Lymphatie drainage of the female genitalia. 
Table 77.2 Innervation of the female genitalia. 


Insertion of umbilical 
eord into plaeenta 


Chorionic plate 



Llmbilieal eord 


Insertion of umbilical eord into 
ehorio-amniotie menbrane 



Llnproteeted fetal 
vessels 


Fig. 77.47 A battledore plaeenta showing the marginal insertion of the 
umbilical eord into the plaeenta. (Courtesy of Dr Miehael Ashworth, 
Consultant Histopathologist, Great Ormond Street Hospital for Children, 
London.) 


Fig. 77.48 Velamentous insertion of the umbilical eord, showing the eord 
inserting into the ehorioamniotie membranes rather than the plaeental 
dise. (Courtesy of Dr Miehael Ashworth, Consultant Histopathologist, 
Great Ormond Street Hospital for Children, London.) 


Dise margin with no 
membrane attaehment 


Circumvallate insertion of 
membranes 


Dise margin with no 
membrane attaehment 


Layer of fibrin at Membrane 

site of attaehment attaehment 






Fig. 77.49 Plaeenta circumvallata. A, The fetal surface and a thiek ring of membranes on the fetal surface of the plaeenta. B, A seetion through the 
plaeenta, showing that the membranes insert eentral to the edge of the plaeental dise. (Courtesy of Dr Miehael Ashworth, Consultant Histopathologist, 
Great Ormond Street Hospital for Children, London.) 
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eOMMENTARY 



The neurovascular bundles of 

the prostate 

Robert P Myers 


The neurovascular bundles are diserete anatomieal structures flanking 
the posterolateral surfaces of the prostate. They eontain autonomic 
nerves that beeome cavernous nerves onee they enter the eorpora eav- 
ernosa and corpus spongiosum more distally. The neurovascular 
bundles are so named because, where they course along the prostate, 
the bundles, which serve as a visual marker in radieal prostateetomies, 
eontain small arteries and veins, as well as nerves (Walsh et al 1983). 
They extend distally from the vasodar pediele at the vesieoprostatie 
junction and base of the prostate, and reaeh all the way to the prostatie 
apex. Nerves in the neurovascular bundles are derived from the pelvie 
plexus. 


The pelvie plexus eonsists of sympathetie and parasympathetie eom- 
ponents (Fig. 8.1.1). A major portion of the plexus eonsists of the 
inferior hypogastrie plexus, where the sympathetie innervation is 
eentred on the lateral surfaces of the rectum, superior and posterior to 
the seminal vesieles. Nerve roots eomprising the parasympathetie 
portion exit saeral foramina S2-4 and join and intermix with the 
hypogastrie plexus. Both sympathetie and parasympathetie nerve fibres 
entering the neurovascular bundles emerge from the pelvie plexus 
to embraee both the lateral surfaces of the seminal vesieles and the 
posterolateral surfaces of the prostate. Proximal to the vascular pediele 
to the prostate, the nerves course particularly elose to the lateral surfaces 
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Fig. 8.1.1 Pelvie plexus origins with ramifieations 
distally into the prostatie and cavernous plexuses, 
with autonomic nerves to seminal vesieles, 
bladder and rectum. Variable configurations 
include prostate shape with blunt apex to 
accentuate the inward turn of the neurovascular 
bundle towards the prostato-urethral junction, and 
anterior 90° prostatie urethral angulation into the 
vesieal neek. Inset: radieal prostateetomy 
speeimen. (Used with permission of Mayo 
Foundation for Medieal Education and Researeh.) 





























The neurovascular bundles of the prostate 


of the seminal vesieles (Limaeek et al 2005, Sehlegel and Walsh 1987), 

and thus mobilization of the seminal vesieles during radieal prostatee- 
tomy is of potential risk to nerve integrity. On oeeasion, nerves mn in 
a mass anterior to the seminal vesieles (van der Zypen 1988). As nerves 
from the pelvie plexus mn distally, branehes are given off to the bladder, 
ureters, seminal vesieles, vasa deferentia, levator ani, rectum, prostate 
and membranous urethra (Walsh et al 1983, Oostello et al 2004, 
Durward 1953, Arai 2006). Individual variation in the distribution of 
pelvie plexus nerves relative to where they join the neurovascular 
bundle is well reeognized, and four distribution types have been identi- 
fied by intraoperative nerve stimulation and measurement of eoneomi- 
tant intraeavernosal eorporal body pressures (Takenaka et al 2011). 
These four tentative nerve distribution types have not yet been eorrobo- 
rated by gross disseetion speeimens. 

Residual autonomic branehes of the neurovascular bundles pass 
beneath the pubic areh to innervate the eorpora eavernosa and corpus 
spongiosum as the cavernous nerves (Walsh et al 1983, Durward 1953, 
Paiek et al 1993, Alsaid et al 2011, Miiller 1836). Nerves braneh both 
posteriorly, into the corpus spongiosum, and anterolaterally, to 
intermesh with the dorsal sensory nerves of the penis; the latter aet as 
a seaffold for both proximal and distal entry of cavernous nerve fibres 
into the cavernous bodies. 

After radieal prostateetomy with prostate removed, the preserved 
neurovascular bundles sit prominently on the reetal surface and course 
distally from the bladder to embraee either side of the protmding 
membranous urethra and external striated urethral sphineter (rhab- 
dosphineter) (Fig. 8.1.2). 

Within neurovascular bundles next to the prostate, the major nerves 
vary in their distanee from the underlying prostatie faseia or capsule. If 
they are elose, they are more easily injured in the lateral disseetion of 
the neurovascular bundles during radieal prostateetomy. If they mn next 
to a bleeding vessel that needs to be secured, there is greater likelihood 
that an adjaeent nerve may be injured in the proeess. Within the neu- 
rovasailar bundles, eross-seetional nerve diameters of 0.04-0.37 mm 
have been measured with a eross-referenee human hair 0.02 mm in 
diameter (Myers 2002a). The periprostatie faseia is multilayered, and 
eompartmentalizes the neurovascular bundles on eross-seetion; pro- 
ereetile nerves are situated more posteriorly (Costello et al 2004). 

With the posterior Denonvilliers' faseia removed, eadaverie dissee- 
tion shows the prostate situated literally in a basket of autonomic nerves 
(Costello et al 2004). The disposition of this basket may be altered as 
a consequence of the development of benign prostatie hyperplasia, 
which tends to favour a more posterolateral displaeement of the neu- 
rovascular bundles. Anteriorly, the top edges of the basket abut the 
lateral aspeet of the dorsal vascular (venous) complex and the detmsor 
apron (Myers 2002b), both of which eover the anterolateral prostate. 
Gross disseetion demonstrates the rieh abundance of nerves both later- 
ally and posteriorly, with evident decussation of some nerves at the 
prostato-urethral junction posteriorly (Costello et al 2004, Takenaka 


et al 2005). This point of deaissation is in proximity to the triangular 
tip of Denonvilliers' faseia as it merges to join the posterior median 
raphe of the urethra. On the basis of anatomieal study, passing a needle 
posteriorly elose to this junction of the neurovascular bundles (Roeeo 
stiteh; Roeeo et al 2007) must be done earefhlly because there is eertain 
risk of nerve entrapment. The basket configuration makes the intrafas- 
eial disseetion and removal of the prostate the most nerve-preserving 
technique (Walz et al 2010). 

In an anatomieal study of transverse prostate seetions, Kiyoshima 
and colleagues (2004) found that, in approximately half of prostates, 
the nerves were in the typieal bundle configuration dominant at the 4 
and 5 o'eloek and the 7 and 8 o'eloek positions, as was originally 
deseribed. However, in the other half of the speeimens, the nerves were 
more evenly distributed on the posterolateral surfaces of the prostate. 
This finding has affeeted the conduct of nerve-sparing radieal retropubic 
prostateetomies ealling for mobilization of the nerves with initial high 
lateral prostate faseial ineision and release (Montorsi et al 2005). This 
manoeuvre allows as many nerves as possible to be mobilized laterally 
away from the prostate, even if the major nerves are still found at the 
4 and 5 o'eloek positions, as based on stimulation study (Kaiho et al 
2009). While dominanee of nerves is demonstrated reetolaterally, one- 
fifth to one-fourth of nerves have been found along the ventral eiraim- 
ferenee of the prostate (Eiehelberg et al 2007). 

As autonomic nerves pass the prostato-urethral junction with a 
medial swing inwards, hugging the prostate apex at the prostato- 
urethral junction, they approaeh very elose to the rhabdosphineter and 
membranous urethra; anterolateral fibres extend as far anteriorly as the 
10 and 2 o'eloek positions en route to beeoming tme cavernous nerves 
(Costello et al 2004, Lepor et al 1985). In radieal retropubic prostatee- 
tomies, exceptional eare must be taken to secure and transeet the 
dorsal vascular complex without trapping these anteriorly direeted 
nerve fibres with suture material or transeeting them with blunt dissee- 
tion manoeuvres and instmments passed distal to the prostato-urethral 
junction. An imimmohistoehemieal study found 15% of sympathetie 
and 6.8% of parasympathetie fibres disposed anterolaterally at the 
prostate apex; the distribution distal to the apex was not detailed (Cos- 
tello et al 2011). Beyond the prostatie plexus, a cavernous plexus has 
been deseribed that is mixed within the anterior rhabdosphineter, 
distal to which fibres pass under the symphysis embedded in fibrous 
tissue eonneeting the penile emra with the pubic arcuate ligament 
(Míiller 1836). 

For years, patients undergoing radieal prostateetomy for loealized 
prostate eaneer were almost always rendered impotent. Interest in pre- 
serving poteney was elear but the success rate was virtually nil; when it 
was reported, e.g. in radieal perineal prostateetomy, the reason was 
elusive ( finkle 1975). When surgery was the ehosen method of treat- 
ment, patients generally knew that ereetile dysfimetion or loss would 
be likely to be an outcome in the quest to cure their eaneer. This sad 
situation was to be reversed in the 1980s. 




Fig. 8.1.2 A-B, With the prostate removed, two neurovascular bundles (NVB), left and right, are shown as gross anatomieal structures, isolated on the 
reetal surface (R) as they course distally to embraee the transeeted striated sphineter (SS) and membranous urethra (U). Other abbreviations: B, bladder; 
LA, levator ani; NVT, neurovascular triangle. (A, Adapted with permission from Myers RP, Oheville JC, Pawlina W; Making anatomie terminology of 
the prostate and contiguous structures elinieally useful: historieal review and suggestions for revision in the 21 st century. dinieal Anatomy. 2010 
Jan;23(1):18-29. B, Used with permission of Mayo Foundation for Medieal Education and Researeh.) 
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SECTION 8 


THE NEUROVASCULAR BUNDLES OF THE PROSTATE 




Fig. 8.1.3 A-B, After haemostatie elips are applied to secure the prostate vascular pediele, a seissor cut releases the left neurovascular bundle (NVB) 
isolated by eombined retrograde and anterograde disseetion during robotie-assisted laparoseopie prostateetomy. Other abbreviations: B, bladder; NVT, 
neurovascular triangle; P, prostate; SV, seminal vesiele. (A, Video frame courtesy of V. Patel, MD, FACS, Llniversity of Oentral Florida, Altamonte Springs, 
Florida. llsed with permission. B, Used with permission of Mayo Foundation for Medieal Education and Researeh.) 


Finding the reason for the dysfhnetion and the means of preventing 
it was the focus of attention of Walsh and Donker (1982 , who inde- 
pendently reported the course of autonomic nerves mnning distally 
from the pelvie plexus, some of which beeame cavernous nerves of the 
penis. Their work eorroborated that of Míiller (1836), who, on the basis 
of disseeting two male eadavers, deseribed a cavernous plexus that was 
a continuation of the prostatie plexus; major and minor cavernous 
nerves infiltrated the eorpora eavernosa and corpus spongiosum, ulti- 
mately and intimately eonneeting in their terminal distribution to the 
penile helieine arteries that are responsible for ereetion. 

In surgery devised to preserve poteney successfully (Quinlan et al 
1991), the neurovascular bundles must be disseeted bilaterally away 
from the posterolateral aspeets of the prostate (Fig. 8.1.3). As originally 
defined and emphasized by Walsh and colleagues (1983), the eritieal 
teehnieal step in preservation of the neurovascular bundles in radieal 
prostateetomy is to ligate the vascular pedieles to the inferior bladder 
and prostate in a line anterior to the course of the neurovascular 
bundles. When the procedure is done eorreetly, the result is a neuro- 
vascular triangle on eaeh side in the region of the vascular pediele at 
the junction of the prostate and the seminal vesieles (see Figs 8.1.2 and 
8.1.3) (Tewari et al 2006). 

Any role of nerves within the neurovascular bundles eontrolling 
urinary eontinenee is eontroversial. Nerve fibres from the neurovascular 
bundles that enter the striated urethral sphineter may be simply passing 
through the sphineter to innervate the smooth muscle sphineter (lis- 
sosphineter) of the membranous urethra. The idea that autonomic 
nerves would ever innervate the speeialized striated and slow-twitch 
rhabdosphineter is particularly contentious. The faet that patients who 
have surgery with preservation of neurovascular bundles seem to do 
better has never been separated from the confounder that they are left 


with more fimetional profile, membranous urethral sphineterie length 
(Presti et al 1990). Pudendal innervation of the sphineter complex from 
below is well reeognized (Hollabaugh et al 1997), and patients under- 
going prostate removal with no preservation of their neurovascular 
bundles ean experience perfeet urinary eontrol. 

The neurovascular bundles are important. In surgery, patients sub- 
jeeted to the least injury by virtue of maintaining the fiill number and 
integrity of all neurovascular bundle-related autonomic nerves, as well 
as those disposed to be cavernous in destination, will do best in terms 
of reeovery of their ereetile fimetion and, possibly, urinary eontrol. 
Despite universal reeognition by the urological community, neurovas- 
cular bundles have yet to be reeognized in offieial anatomieal nomen- 
clature (International Anatomieal Nomenclature Committee 1989, 
Federative Committee on Anatomieal Terminology 1998). With this in 
mind, a suggestion has been offered to update terminology with the 
Latin fasciculus neurovascularis prostatae [dexter et sinister] and, in English, 
nernovasenlar bundle ofprostate [right and left] (Myers et al 2010). Offieial 
reeognition of these grossly reproducible structures would put anatom- 
ists, urologists, surgical pathologists and other students of anatomy on 
the same page. 
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Real-time mieroseopy of the upper and lower 
gastrointestinal traet and the hepatobiliary- 

panereatie system during endoseopy 

Martin Gòtz 



lntroduction 


Real-time histology during ongoing endoseopy has been a goal of endos- 
eopists sinee the very beginning of modern endoseopy. Teehnologieal 
advaneements have brought forward endomieroseopy and endoeytos- 
eopy, two mieroseopie techniques that provide high-resolution (sub) 
cellular images of the mucosa with approximately 1000-fold magnifiea- 
tion in vivo (Goetz et al 2014). These novel techniques have been exten- 
sively studied for diseases of the upper gastrointestinal traet and the 
lower gastrointestinal traet, and also, more reeently, for intrabiliary and 
intrapanereatie imaging. Imaging relies on the applieation of fluorescent 
agents (mostly fluorescein) for endomieroseopy or of topieal dyes for 
endoeytoseopy. 

Real-time virtual histology ('optieal biopsy') serves several needs in 
elinieal medieine: first, it provides an immediate diagnosis for the well- 
trained endoseopist. This limits the need for biopsies and helps to 
minimize sampling error. Seeond, mieroseopie imaging ean prediet 
depth of invasion of lesions or assist in guiding immediate endoseopie 
reseetion. Third, endomieroseopy has also been successfully evaluated 
for fimetional and molecular imaging of the gastrointestinal mucosa, 
providing deep insights into normal tissue fimetion and disease pathol- 
ogy in translational researeh. 

Teehnology and deviees 


For eonfoeal laser endomieroseopy (CLE), two deviees are available for 
elinieal use: in an endoseope-based approaeh (eCLE), a miniaturized 
eonfoeal seanner is integrated into the distal end of a dedieated endo- 
seope, whereas in probe-based CLE (pCLE), a flexible probe ean be 
introduced into the working ehannel of different endoseopes (Fig. 
8.2.1). eCLE provides images with higher resolution and user-adaptable 
imaging plane depth. pCLE is more flexible for use 'on demand', and 
thin probes ean be introduced into the bile or panereatie duct. Fluores- 
eein is the eontrast agent most eommonly used (5 ml/10% intrave- 
nously), together with blue laser light excitation, but - sinee fluorescein 
does not stain nuclei - aeriflavine and eresyl violet have also been 
studied for topieal applieation. CLE provides transverse optieal seetions, 
i.e. orientated at 90° to eonventional histopathology, at the tissue 
surface or below (up to 250 pm). 

Endoeytoseopy is an adaption of eontaet white light mieroseopy with 
lens-based magnifieation ('ultrahigh zoom-endoseopy'). After intravital 
tissue staining, high-resolution images of the uppermost mucosal layer 
(including nuclei) are visible. Systems are currently not marketed, limit- 
ing the broad elinieal applieation of endoeytoseopy. 

Llpper gastrointestinal traet 


In the healthy upper gastrointestinal traet, squamous epithelium of the 
oesophagus, gastrie mucosa and duodenal villi ean be easily visualized 
and differentiated with CLE by their eharaeteristie structural features, 
even without visualization of nuclei (Fig. 8.2.2). In Barrett's oesopha- 
gus, the visualization of goblet eells is the hallmark of intestinal meta- 
plasia. Barrett's-assoeiated neoplasia was diagnosed in a pilot trial with 
high aeairaey (Kiesslieh et al 2006) (Fig. 8.2.3). When eompared to 
untargeted quadrant biopsies, the yield per biopsy was signifieantly 
higher when eCLE was used, and two-thirds of patients did not need 
any biopsy based on normal optieal biopsies (Dunbar et al 2009). 
Similarly, pCLE had a high negative predietive value for Barrett's 
oesophagus (Pohl et al 2008). Sinee pan-endomieroseopy of larger 
mucosal regions is not feasible, CLE is often used in conjunction with 
ehromoendoseopy to pinpoint the region of interest to be examined 
subsequently by CLE. In squamous eell eareinoma, eCLE was able to 
prediet malignant histology in unstained regions after ehromoendos- 
eopy with LugoFs solution (Peeh et al 2008). 



Fig. 8.2.1 For endomieroseopy, two systems are available: for probe- 
based imaging (right), a thin eonfoeal probe is used together with a 
eonventional endoseope; for endoseope-integrated imaging (left), a 
miniaturized seanner is integrated into a dedieated endoseope (protmding 
tip). See text for details. 


In the stomaeh, studies have addressed the use of CLE to diagnose 
gastritis (Wang et al 2010), Helieobaeter pylori (Kiesslieh et al 2005), 
intestinal metaplasia (Guo et al 2008), and gastrie hyperplastie and 
adenomatous polyps (Li et al 2010). In a large trial, eCLE was able to 
diagnose high-grade neoplasia and superficial gastrie eaneer in a high- 
risk population of 1786 patients (Li et al 2011). CLE ean also help to 
guide intervention and minimize sampling error prior to reseetion 

















Real-time mieroseopy of the upper and lovver gastrointestinal traet 



Fig. 8.2.2 Normal mieroseopie anatomy of the gastrointestinal traet. A, In the squamous eell lining of the oesophagus, intrapapillary eapillary loops 
(arrovvs) are orientated perpendicular to the tissue surface in a eorkserevv fashion. Bright vessel eontrast is found after intravenous fluorescein injeetion; 
blaek dots vvithin the vessel lumen eorrespond to unstained red blood eells. B, The gastrie mucosa (antrnm) typieally shovvs a eobblestone-like surface 
pattern; in subsurface seetions, eapillaries beeome visible (arrovvs). C, In the terminal ileum, the villi are easily seen. Belovv the columnar epithelium vvith 
goblet eells (arrovvheads), separated by the basal membrane, hairpin-like eapillaries (arrovvs) ean be seen vvithin the lamina propria. D, The normal eolon 
shovvs erypts of fairly even size vvith an unstained (blaek) eentral lumen (arrovvs), surrounded by goblet eells vvith dark mucin inclusions (arrovvheads) that 
ean be optieally seetioned parallel (drop-like shape) or vertieal (round shape) to the mucosa. Original magnifieation x1000. 


(Jeon et al 2011) or siirveillanee and reintervention after reseetion (Ji 

et al 2011). 

Lovver gastrointestinal traet 


The fìrst study with eCLE in patients was performed in sereening eolon- 
oseopy, establishing eriteria for normal mneosa, hyperplasia and neo- 
plasia (Kiesslieh et al 2004) that were followed by a similar elassifieation 
system for pCLE (Kuiper et al 2011) (see Fig. 8.2.2). In ulcerative eolitis, 
eombination of eCLE with ehromoendoseopy found a four-fold inerease 
in the number of intraepithelial neoplasias with a 10-fold reduction 
in biopsies eompared to a quadrant biopsy protoeol (Kiesslieh et al 
2007a), eorroborating the eoneept of targeted, 'smart' biopsies for 
optimized surveillance. CLE eompetes with non-mieroseopie teeh- 


niques for predietion of histology, such as virtual ehromoendoseopy 
and high-definition endoseopy, but shows higher accuracy (Buchner 

et al 2010). 

Endoeytoseopy has mostly been studied in the lower gastrointestinal 
traet. A high accuracy and kappa agreement with histology have been 
found for the diagnosis of eoloreetal lesions (Sasajima et al 2006). 
Endoeytoseopy was non-inferior to histopathology but results were 
available immediately (Mori et al 2013). 

Hepatobiliary and panereatie system 

Indeterminate biliary strictures pose a elinieal dilemma and the 
approaeh to obtain speeimens for histopathology is often limited. CLE 
probes that are advaneed into the bile duct via duodenoscopes have e77 
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SECTION 8 


REAL-TIME MICROSCOPY OF THE (JPPER AND LOWER GASTROINTESTINAL TRACT 



Fig. 8.2.3 A, In Barrett’s oesophagus, the normal squamous epithelium is replaeed by speeialized intestinal metaplasia that resembles mucosa of the 
small intestine (eompare Fig. 8.2.2C). The double lining at the surface of the villi (arrows) eorresponds to the brush border, while blaek dots (arrowheads) 
indieate mucin inclusions in goblet eells, establishing the diagnosis of Barrett’s oesophagus during endoseopy. B, In Barrett’s-assoeiated neoplasia 
(same patient), the tissue structure is progressively lost. Residual gland structures are visible (arrows), and white eontrast extravasation into the solid 
tissue indieates inereased vessel leakiness of tumour-associated neoangiogenesis. Original magnifieation x1000. 


demonstrated inereased sensitivity in a fìrst trial (Meining et al 2008). 
Such thin CLE probes were also used for imaging in the panereatie duct 
(Meining et al 2012) and were advaneed through needles targeted by 
endoseopie ultrasonography to panereatie eystie lesions (Konda et al 
2011). Rigid laparoseopie CLE deviees have been used for mieroseopie 
liver imaging (Goetz et al 2010a). Interpretation of images from the 
hepatobiliary and panereatie systems is less straightforward sinee stme- 
tural resolution is lower than in the gastrointestinal traet. The final 
elinieal signifieanee, therefore, remains to be established in larger trials. 

Perspeetive 


The introduction of CLE has augmented translational researeh. To date, 
no other deviee is able to study mieroseopie events dynamieally in the 
natural micromilieu, free of artefaets and without dismpting tissue 
integrity or perfhsion. CLE was able to visualize intramucosal baeteria 
in patients with inflammatory bowel diseases (IBD) (Moussata et al 
2011), exemplifying the high resohition that ean be obtained in vivo. 
Gaps smaller than a single eell, punctuating the epithelial barrier of the 
healthy gut mucosa ean be visualized, and probably eorrespond to 
residual mierolesions after normal eell shedding (Kiesslieh et al 2007b). 
inereased shedding was found in IBD (Liu et al 2011). Functional 
impairment of such gaps in endoseopieally and histopathologieally 
normal mucosa predieted IBD flares (Kiesslieh et al 2012), potentially 
constituting the microarchitectural eorrelate of the impaired barrier 


fimetion. Similarly, in patients with H. pylori -assoeiated gastritis, epithe- 
lial barrier damage was predominant: failure to reverse barrier fimetion 
indieated eomplieations despite H. pylori elearanee (Ji et al 2012). 

CLE has also been used for molecular imaging (Atreya and Goetz 
2013). Fluorescent labelling of single molecules highlighted adenoma- 
tous lesions in patients (Hsfimg et al 2008, Lfii et al 2013). Targeting 
of speeifie surface reeeptors overexpressed on malignant eells has been 
used as a moleoilar beaeon for eoloreetal (Goetz et al 2010b) and 
gastrie eaneers (Hoetker et al 2012) in murine models, and has been 
linked to predieting response to targeted therapy (Goetz et al 2013). It 
is too early to integrate these results into routine elinieal protoeols. 
However, they indieate a way to individualizing therapy based on fime- 
tional and molecular mieroseopie imaging. 

Summary 


In the past 10 years, mieroseopie imaging during endoseopy has beeome 
possible, and multiple trials have evaluated its relevanee in imaging in 
the upper and lower gastrointestinal traets and, reeently, within the 
hepatobiliary and panereatie systems. Optieal biopsies by mieroseopie 
imaging have not replaeed (or aimed at replaeing) tissue sampling, but 
ean help to target, eomplement or avoid eonventional biopsies, deeide 
on and guide endoseopie reseetion and, broaden our understanding of 
microarchitectural and moleailar proeesses within the mucosa of the 
gastrointestinal traet. 
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CHAPTER 



Pelvie girdle and lovver limb: overvievv 

and surface anatomy 


The structure of the lower limb is speeialized for support of the body's 
weight, loeomotion, and maintenanee of body stability (balanee). 
Indeed, adaptations for weight-bearing and stability account for the 
major structural and hmetional differenees between the upper and 
lower limbs. The inguinal (pelviemral) and gluteal (buttock) regions 
are important anatomieal junctional zones between the tmnk and the 
lower limb through which longitudinally mnning nerves and vessels 
travel (Fig. 78.1). The inguinal region includes the transitional zones 
between the lower limb and abdominal eavity via the myopeetineal 
orifiee (the gap between the inguinal ligament and hip joint) and 
inguinal eanal, and provides a gateway for the passage of various stme- 
tures. Similarly, the obturator eanal allows for the obturator nerve and 
vessels to traverse between the pelvis and thigh. The gluteal region eom- 
municates with the lower limb and the abdominopelvie eavity via the 
greater seiatie foramen, and with the lower limb and pelvie eavity and 
perineum via the lesser seiatie foramen. 

This ehapter will provide general information on the lower limb in 
two seetions. The first seetion is an overview of the general organization 
of the lower limb, with particular emphasis on the fasciocutaneous 
system, distribution of the major blood vessels and lymphatie ehannels, 
and the branehes of the lumbar and saeral plexuses; it is intended to 
eomplement the detailed regional anatomy deseribed in ehapters 
80-84. The seeond seetion deseribes the surface anatomy of the lower 


limb, which is espeeially important to physieians during various surgi- 
eal and elinieal procedures. 


SKIN, FASCIA AND SOFT TISSUES 


In the young adult and as an adaptation to weight-bearing, the skin of 
the lower limb is generally stronger and thieker than that of the upper 
limb. The soft tissues of the sole of the foot are particularly thiekened 
in order to support weight during standing. The skin of the buttocks 
and posterior thigh bears weight in the sitting position, and eonse- 
quently is relatively thiek. The skin over the anteromedial aspeet of the 
leg is particularly fragile and vulnerable in the elderly. 

Subcutaneous tissue (tela subcutanea) 

The subcutaneous tissue (tela subcutanea; hypodermis) of the lower 
limb beeomes thinner peripherally. It partieipates in the integrity of the 
skin and provides support for subcutaneous structures such as super- 
fieial veins and cutaneous nerves. It is eonneeted to the adventitia of 
the superficial veins by thin bands that prevent the displaeement of the 
veins during movement. The hypodermal plexus of arteries and veins 
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Obturator vessels 


Greater seiatie foramen above piriformis 

Superior gluteal nerve, artery, vein- 
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Fig. 78.1 Gateways from the abdomen, pelvis and perineum to the lower limb. (With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 




















































Skin, faseia and soft tissues 


eontrols blood flow through the skin, thus helping to regulate body 
temperature (Sterzi 1910). 

The deep faseia of the lower limb is a well-defined layer that forms 
a tough circumferential 'stoeking-like' structure that eonstrains the mus- 
culature (Fig. 78.2). Septa pass from the deep surface of this faseial 
sheath to the bones within, eonfining the fhnetional muscle groups 
within osteofaseial eompartments. The tough faseia gives additional 
areas of attaehment to the muscles and ensures maximal fhnetion. 
Aeeording to Cruveilhier (1841), all aponeurotic faseiae are put under 
tension by speeifie myofaseial expansions or dedieated muscles. Such 
thiekenings may aet flmetionally as additional tendons. Elsewhere, 
thiekenings in the faseial skeleton form fibrous retinaoda where 
tendons eross joints. The pattern of soft tissue organization has a 
bearing on the physiologieal effeets of the muscles and is emeial for 
effieient venous return from the limb. The faseial planes also eontrol 
and direet the spread of pathologieal fluids (blood, pus) within the 
limb and play an important part in determining the degree and diree- 
tion of displaeement seen in long bone fractures. 


Fasciocutaneous system 

The faseial septa dietate the pathways of cutaneous arteries, which sub- 
sequently perforate and ramify on the faseial 'stoeking' before supplying 
the skin. 

Osteofaseial eompartments in the lovver limb 

The muscles of the thigh may be grouped into three eompartments 
aeeording to their fhnetion: namely, anterior (extensor), posterior 
(flexor) and medial (adductor). Only the anterior and posterior eom- 
partments possess distinet faseial boundaries. A very definite faseial 
separation into anterior (extensor), posterior (flexor) and lateral 
(evertor) eompartments exists in the leg, and eompartment syndrome 
is most eommon in this region (see below). Osteofaseial eompartments 
in the foot are deseribed on page 1420. 

Vessels and nerves mn through all the osteofaseial eompartments 
and supply the muscles eontained within them. The muscles aeting 
within these elosed eompartments assist in maintaining the anti-gravity 
flow of venous blood. 
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Fig. 78.2 The deep faseia of the lower limb. A, Anterior view. B, Posterior view. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of 
Human Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 
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Compartment syndrome The faseial boundaries that limit the 

osteofaseial eompartments are largely inelastie, which means that any 
eondition that leads to an inerease in the volume of the eompartmental 
eontents, e.g. muscle swelling caused by trauma, haemorrhage or loeal 
infeetion, is likely to cause an inerease in intraeompartmental pressure. 
If unrelieved, this inereased pressure will lead to eompressive occlusion 
of the vessels in the eompartment and consequent isehaemie damage 
to the nerves and muscles of the eompartment, a phenomenon known 
as eompartment syndrome. The normal eompartmental pressure of 
the leg is signifieantly higher in ehildren than in adults: the average 
pressure in the eompartments varies between 13.3 and 16.6 mmHg in 
ehildren, eompared with 5.2 and 9.7 mmHg in adults (Staudt et al 
2008). 

The treatment of eompartment syndrome relies on reducing abnor- 
mally elevated tissue pressure. Surgical deeompression of the restrieting 
eompartment's faseiae may be neeessary; in order to prevent neurovas- 
cular injury during a faseiotomy, the exact course of the nerves and 
vessels within the affeeted eompartment must be known (Apaydin et al 
2008). 


BONES AND JOINTS 


The bones of the lower limb are the three fused eomponents of the 
pelvie girdle; the femur and patella (thigh); the tibia and fibula (leg); 
and the tarsus, metatarsus, phalanges and sesamoid bones (foot) (Fig. 
78.3). The pelvie bones (espeeially the ilium and isehmm), femur, tibia 
and bones of the hindfoot are strong and their external (eortieal) and 
internal (trabecular) structure is adapted for weight-bearing. 

The pelvie girdle eonneets the lower limb to the axial skeleton via 
the saeroiliae joint, a plane synovial type of joint in which mobility has 
been saerifieed for stability and strength, to allow for effeetive weight 
transmission from the tmnk to the lower limb. Anteriorly, the pelvie 
girdle articulates with the eontralateral girdle at the pubic symphysis, a 
seeondary cartilaginous joint that may display a slight degree of mobil- 
ity during hip and saeroiliae movement, and during ehildbirth. The hip 
joint, a synovial ball-and-soeket joint, exhibits a very effeetive eompro- 
mise between mobility and stability that allows movement in all three 
orthogonal planes. The more distal joints have gained mobility at the 
expense of stability. The knee joint is a bieompartmental synovial artie- 
ulation, which occurs mainly between the femur and the tibia, and 
allows flexion, extension and some medial and lateral rotation of the 
leg. It is not a tme hinge joint because its axes of flexion and extension 
are variable and there is coupled rotation. The knee joint also includes 
the articulation between the patella and femur. The tibia and fibula 
articulate with eaeh other at the superior and inferior tibiofibular joints. 
The superior joint, a plane synovial joint, allows slight gliding move- 
ment only. The inferior joint, a fibrous joint, lies just above the ankle 
and allows a degree of fibular rotation linked to ankle motion. The 
ankle (taloemral) joint is formed by the distal ends of the tibia and 
fibula 'gripping' the talus, and allows dorsiflexion and plantar flexion. 
There are multiple joints in the foot that may be elassified topograph- 
ieally on the basis of whether they are in the hindfoot, midfoot or 
forefoot. Collectively, these joints allow the complex movements 
required as the foot fiilfils its fimetional roles as a platform for standing 
and for shoek absorption and propulsion in gait. 

Both the knee and ankle are eommonly subject to elosed injuries, 
and the relatively superficial loeation of the knee renders it susceptible 
to open injury and infeetion. Although the ankle is frequently injured 
and is a major load-bearing joint, the ineidenee of elinieally signifieant 
degenerative arthritis is surprisingly low when eompared with that 
found in the hip and knee joints. 


MUSCLES 


The effeets of extension and medial rotation of the limb that occur 
during fetal development are manifest in the relative positions of the 
muscle groups in the thigh and the leg, and in the adult pattern of 
segmental cutaneous innervation (dermatomes).The role ofthe muscles 
of the lower limb in the maintenanee of equilibrium during loeomo- 
tion and in stanee is rarely emphasized sufficiently. Many of the muscles 
aet frequently or predominantly from their distal attaehments. During 
both stanee and loeomotion, the distal attaehment is often fixed and 
the proximal attaehment is mobile, e.g. the predominant aetion of 
gluteus medius is as a pelvie stabilizer rather than as a hip abductor. In 
eontrast, in the upper limb, the proximal muscle attaehments are 
usually fixed and the distal attaehments are mobile, an arrangement 
that is eonsistent with the prehensile fimetion of the hand. The lower 



Fig. 78.3 An overview of the bones of the lower limb. A, Posterior aspeet. 
B, Anterior aspeet. 


limb eontains many muscles that aet on more than one joint, and it is 
unusual for any joint of the lower limb to move in isolation. 

Muscles of the lower limb may be subdivided into those of the iliae 
and gluteal regions, and those of the thigh, leg and foot. Note that in 
anatomieal nomenclature, 'leg' refers to that part of the lower limb 
between the knee and ankle. The main muscles of the posterior abdomi- 
nopelvie region are psoas major and iliacus (together ealled iliopsoas), 
the major flexors of the hip that mn from the lumbar spine and inner 
surface of the ilium, respeetively, to attaeh distally on to the lesser tro- 
ehanter of the femur. When present, the much less important psoas 
minor mns from the lumbar spine to the pubis. The muscles of the 
gluteal region include the three named gluteal muscles and the deeper 
short lateral rotators of the hip joint. Gluteus maximus lies most super- 
fieially, mnning from the posterior pelvis to the proximal femur and 
faseia lata. It is a powerful extensor of the hip joint, aeting more often 
to extend the tmnk on the femur than to extend the limb on the tmnk. 
Gluteus medius and minimus, attaehing proximally to the outer surface 
of the ilium and distally to the greater troehanter of the femur, are 
abductors of the hip; their most important aetion is to stabilize the 
pelvis on the femur during loeomotion, and they are helped in this 


























































Vaseiilar supply and lymphatie drainage 


fnnetion by tensor faseiae latae, a more anteriorly plaeed muscle that 
arises from the anterolateral ilium and inserts via the iliotibial traet on 
to the proximal tibia. Two of the short lateral rotators of the hip, piri- 
formis and obturator internus, arise from within the pelvis, while the 
others, obturator externus, the gemelli and quadratus femoris, originate 
externally; all of these muscles are attaehed distally to the proximal 
femur. 

The muscles of the thigh lie in three fhnetional eompartments. The 
anterior or extensor eompartment includes sartorius and the quadriceps 
femoris. Sartorius and rectus femoris are attaehed proximally to the 
pelvis and ean thus aet on the hip joint as well as on the knee, whereas 
the vasti are attaehed proximally to the femoral shaft and, aeting as a 
unit, are powerful knee extensors. The medial or adductor eompartment 
eontains the named adductor muscles and graeilis; pectineus may also 
be included. These muscles are attaehed proximally to the anterior 
aspeet of the pelvis, and distally to the feimir; graeilis has no femoral 
attaehment, being attaehed distally to the proximal tibia, while a part 
of adductor magnus has a proximal attaehment to the isehial tuberosity. 
The posterior eompartment includes semitendinosus, semimembrano- 
sus and bieeps femoris. These muscles are attaehed proximally to the 
isehial tuberosity and aet both to extend the tmnk on the feimir and to 
flex and rotate the knee. Adductor magmis, as may be inferred from the 
extent of its proximal attaehment and its dual innervation, shares the 
first of these fhnetions with the hamstrings. Bieeps femoris is the only 
imisele of the thigh that is attaehed distally to the fibula, and has no 
tibial attaehment. 

In the leg, the anterior or extensor eompartment includes the exten- 
sors (dorsiflexors) of the foot and the extrinsic extensors of the toes. 
Tibialis anterior, the main foot dorsiflexor, also inverts the foot at the 
subtalar joint, while the smallest muscle of the eompartment, fibularis 
(peroneus) tertius, is a dorsiflexor that everts the foot. The posterior or 
flexor (plantar flexor) eompartment has superfìcial and deep eompo- 
nents. The superfìcial eomponent eontains gastrocnemius and soleus, 
powerful plantar flexors of the foot, and the small plantaris with its 
long slender tendon. Gastrocnemius and soleus are attaehed distally to 
the foot via the ealeaneal (Aehilles) tendon. The deep eomponent of 
the flexor eompartment eontains popliteus, a rotator of the knee; the 
extrinsic flexors of the toes; and tibialis posterior, the main invertor of 
the foot. The lateral eompartment eontains the main evertors of the 
foot, fìbularis (peroneus) longus and brevis; both muscles are also 
plantar flexors of the foot. Gastrocnemius and plantaris are attaehed 
proximally to the femur and distally to the calcaneus; these two muscles 
ean therefore aet on the knee as well as at the ankle. The intrinsie 
muscles of the sole of the foot are arranged in four layers. They faeilitate 
the aetions of the extrinsic flexors of the toes, and provide subtle 
ehanges in the shape of the foot, thereby contributing to the eontrol of 
foot posture in stanee and loeomotion. 


VASdlLAR SUPPLY AND LYMPHATIC DRAINAGE 


ARTERIES 


The femoral artery (the continuation of the external iliae artery) pro- 
vides the prineipal arterial supply to the lower limb distal to the 
inguinal ligament and the ghiteal fold (Figs 78.4-78.5). The femoral 
artery courses within the subsartorial (adductor) eanal, which is 
loeated on the anteromedial aspeet of the thigh. It passes through the 
adductor hiatus to beeome the popliteal artery on entering the post- 
erior eompartment of the thigh and soon thereafter divides into the 
anterior and posterior tibial arteries. The obturator and inferior gluteal 
vessels also contribute to the supply of the proximal part of the limb. 
In the embryo, the inferior gluteal artery supplied the main axial artery 
of the limb, which is represented in the adult by the artery to the 
seiatie nerve. 

The bones of the lower limb reeeive their arterial supply from nutri- 
ent vessels, metaphysial arterial branehes of the peri-articular anasto- 
moses, and the arteries supplying the muscles that attaeh to their 
periosteum. The pattern of arterial supply is particularly relevant to 
fracture healing, the spread of infeetion and malignaney, and the plan- 
ning of reeonstmetive surgical procedures. For further details, consult 
Cormack and Lamberty (1984), Faylor and Razaboni (1994) and Crock 
(1996). 

isehaemia of the lower limb due to peripheral vascular disease is a 
tremendous burden on healtheare resources. Many diseases contribute 
to this pathology and include diabetes, hypertension and atheroselero- 
sis. Obesity and smoking also inerease the risk of developing peripheral 
vascular disease. Symptoms include intermittent claudication and 
wounds that do not heal well. Physieal examination of such patients 


may reveal deereased distal pulses (e.g. of the posterior tibial artery), 
pallor or a eool extremity. 

Arterial perforators of the lovver limb 
and siirgieal flaps 


Aehieving adequate and aesthetieally satisfaetory skin and soft tissue 
eover for large, superficial tissue defeets is a perennial ehallenge in the 
field of plastie and reeonstmetive surgery, and accounts for a substantial 
part of the plastie surgeon's workload. Generally, split-thiekness and 
fhll-thiekness skin grafts are suitable only for very superficial defeets. To 
aehieve tissue eoverage for deeper and larger tissue defeets, the plastie 
surgeon employs one of a variety of autologous tissue flaps. A faseio- 
cutaneous flap is eomposed of skin, fat and deep faseia (faseia muscul- 
omm); a lower-extremity fasciocutaneous flap (Pontén 1981) is very 
useful in the repair of soft tissue defeets of the leg. 

The viability of a flap transplanted from one part of the body to 
another is emeially dependent on the flap's blood supply. An appreeia- 
tion of the angiosome eoneept, coupled with teehnologieal advanees in 
reeonstmetive microsurgery, has stimulated the development and use 
of perforator (or perforator-based) flaps. These are flaps of skin or sub- 
cutaneous tissue supplied by one or more faseial 'perforators', i.e. arter- 
ies, which reaeh the suprafascial plexus either direetly from a source 
vessel, or indireetly from some other neighbouring tissue (Harry et al 
2009) (Fig. 78.6). Perforator-based flaps are typieally harvested with 
sparing of underlying muscle tissue and minimal trauma; their use 
is said to reduce postoperative pain, donor site morbidity and fime- 
tional loss. 

The lower limb is the largest donor site in the body for perforator- 
based flaps. Commonly used flaps include anterolateral thigh flaps, 
which provide a large amount of skin; superior and inferior gluteal 
artery perforator flaps used in breast reeonstmetion; vascularized fibular 
flaps for reeonstmetion of defieient bone; vasailarized tensor faseiae 
latae flaps for tendon reeonstmetion; vascularized sural nerve flaps for 
nerve reeonstmetion; and the graeilis muscle flap, used in, for example, 
reanimation of paralysed muscle. 

In the context of perforator flap surgery, the lower limb may be 
eonsidered in terms of four anatomie regions: gluteal; anterior hip and 
thigh; knee and leg; and ankle and foot. Eaeh lower limb accounts for 
approximately 23% of the total body surface area (thigh 10.5%, leg 
6.5%, buttock 2.5% and foot 3.5%) and eontains an average of 90 art- 
erial perforators (Fig. 78.7). 

VEINS 


The veins of the lower limb ean be subdivided, like those of the upper 
limb, into superficial and deep groups (Figs 78.8-78.9). The superficial 
veins lie in the subcutaneous tissue; the deep veins (deep to the deep 
faseia) aeeompany the major arteries. Valves are present in both groups, 
but are more numerous in the deep veins and are more numerous in 
the veins of the lower versus the upper limb. Venous plexuses occur 
within and between some of the lower limb muscles. The two prineipal 
superficial veins are the long and short saphenous veins; their numer- 
ous tributaries are mostly unnamed; however, ehanges in elinieal prae- 
tiee are driving a revision of the terminology. For fiirther reading, see 
Caggiati et al (2002, 2005). The long saphenous vein ean be harvested 
and used as a graft for peripheral vasoilar surgery, including eoronary 
artery bypass (Kosinski 1926). 

Deep veins of the lower limbs aeeompany the arteries and their 
branehes. Plantar digital veins arise from plexuses in the plantar regions 
of the toes, eonneet with dorsal digital veins and unite to form four 
plantar metatarsal veins. These mn in the intermetatarsal spaees and 
eonneet with dorsal veins by means of perforating veins. They then 
eonneet with eaeh other to constitute a deep plantar venous areh adja- 
eent to the deep plantar areh. From this venous areh, medial and lateral 
plantar veins mn near the eorresponding arteries; they eomimmieate 
with the long and short saphenous veins before forming the posterior 
tibial veins posterior to the medial malleolus. The posterior tibial veins 
aeeompany the posterior tibial artery. They reeeive veins from the ealf 
muscles, espeeially the venous plexus in soleus, and eonneet with super- 
fieial veins and with the fibular veins. The latter, mnning with their 
artery, reeeive tributaries from soleus and from superficial veins. 

The anterior tibial veins are continuations of the venae eomitantes 
of the dorsalis pedis artery. They leave the extensor region between the 
tibia and fibula, pass through the proximal end of the interosseous 
membrane, and unite with the posterior tibial veins, at the distal border 
of popliteus, to form the popliteal vein. 
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Fig. 78.4 An overvievv of the arteries of the lovver limb. A, Anterior aspeet. B, Posterior aspeet. 


Venous (muscle) pumps 


While standing, venous return from the lower limb depends largely on 
muscular aetivity, espeeially eontraetion of the ealf and foot imiseles, 
known as the 'muscle pump', whose effieieney is aided by the tight 
sleeve of deep faseia (Rieei 2011). 'Perforating' veins eonneet the long 
saphenous vein with the deep veins, particularly near the ankle, distal 
ealf and knee. Their valves are arranged so as to prevent flow of blood 
from the deep to the superficial veins. At rest, pressure in a superficial 
vein is equal to the height of the column of blood extending from that 
vein to the heart. When the posterior leg muscles eontraet, blood is 
pumped proximally into the deep veins and is normally prevented from 
flowing into the superficial veins by the valves in the perforating veins. 
During muscular relaxation, blood is drawn into the deep veins from 
the superficial veins. If the valves in the perforating veins beeome 
ineompetent, these veins beeome sites of 'high-pressure leaks' during 
muscular eontraetion, and the superficial veins beeome dilated and 
varieose. Similar perforating eonneetions occur in the anterolateral 
region, where varieosities may also occur. ineompetenee of the valves 


in the eonneeting veins between the long saphenous vein and femoral 
vein in the adductor eanal may predispose to superficial varieosities 
along the medial aspeet of the thigh (Dodd and Cockett 1976). 

Venous plexuses 

Venous plexuses may be intramuscular (soleus) or intermuscular (in the 
foot and gluteal region). The plexuses communicate with the axially 
mnning deep veins and are eomponents of the 'muscle pump' 
meehanism. 

LYMPHATIC DRAINAGE 


Most lymph from the lower limb traverses a large intermediary inguinal 
group of nodes (Fig. 78.10). Peripheral nodes are few and all are deeply 
sited. Except for an ineonsistent node lying proximally on the interos- 
seous membrane near the anterior tibial vessels, they occur only in the 
popliteal fossa. Enlarged popliteal nodes may be palpated along the 
line of the popliteal vessels while the passively supported knee is 
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Fig. 78.5 The anatomieal territories served by the cutaneous blood supply 
to the lovver limb. 
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Fig. 78.6 Types of arterial perforators. 
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gradually moved from extension to semi-flexion. These are often due 
to inflammation, malignaney or injury to the lateral side of the foot. 
Inguinal lymph nodes are found superficial and deep to the deep faseia. 
The deep nodes are few and lie alongside the medial aspeet of the 
femoral vein. The superficial nodes may be divided into a lower vertieal 
group that elothe the proximal part of the long saphenous vein, and an 
upper group that lie parallel to, but below, the inguinal ligament and 
which are related laterally to the superficial circumflex iliae and medi- 
ally to the superficial external pudendal vessels. Lymph from the lower 
limb passes from the inguinal lymph nodes to the external and eommon 
iliae nodes, and ultimately drains to the lateral aortie nodes. Deep 
gluteal lymph reaehes the same group through the internal and eommon 
iliae lymphatie vessels. 

Superficial tissues 


The superficial lymph vessels begin in subcutaneous plexuses. Collect- 
ing vessels leave the foot medially, along the long saphenous vein, or 
laterally with the short saphenous vein. Medial vessels are larger and 
more numerous; they start on the medial side of the dorsum of the 
foot, aseend anterior or posterior to the medial malleolus and aeeom- 
pany the long saphenous vein. They drain to the distal superficial 
inguinal nodes. Lateral vessels begin on the fibular side of the dorsum 
of the foot; some eross anteromedially in the leg to join the medial 
vessels and so pass to the distal superficial inguinal lymph nodes, while 
others aeeompany the short saphenous vein and drain to the popliteal 
nodes. Superficial lymph vessels from the gluteal region mn anteriorly 
to the proximal superficial inguinal nodes. 

Deeper tissues 


The deep lymph vessels aeeompany the anterior and posterior tibiaf 
fibular, popliteal and femoral vessels. Popliteal nodes intermpt the deep 
vessels from the foot and leg; those from the thigh pass to the deep 
inguinal nodes. The deep lymphatie vessels of the gluteal region follow 
their eorresponding blood vessels. Those aeeompanying the superior 
gluteal vessels end in a node near the intrapelvie part of the superior 
gluteal artery, adjaeent to the superior border of the greater seiatie 
foramen, while those that follow the inferior gluteal vessels traverse one 
or two of the small nodes inferior to piriformis and then pass to the 
internal iliae nodes. 


INNERVATION 


0VERVIEW OF THE LIIMBAR 
AND SAORAL PLEXUSES 


Nerves derived from the lumbar and saeral plexuses innervate the lower 
limb (Fig. 78.11). The lumbar plexus lies deep within psoas major, 
anterior to the transverse proeesses of the first three lumbar vertebrae. 
The saeral plexus lies in the pelvis on the anterior surface of piriformis, 
external to the pelvie faseia, which separates it from the inferior gluteal 
and internal pudendal vessels. The lumbosacral tmnk (L4 and L5) 
emerges medial to psoas major on the posterior abdominal wall and 
lies on the ala of the saemm before erossing the pelvie brim to join the 
ventral ramus of Sl. Contributions to the lumbosacral tmnk may also 
be derived from the third lumbar nerve (Bergman et al 1988). 

Lesions of the lumbar and saeral plexuses 


The deep and proteeted situation of the plexuses means that lesions are 
not eommon. The lumbar plexus may be involved in retroperitoneal 
pathology, and the saeral plexus may be invaded by pelvie malignaneies. 
Both may be involved in the reticuloses, affeeted by plexiform neuro- 
mas, or damaged in fractures of the lumbar spine and pelvis or in other 
eonditions that cause severe retroperitoneal and pelvie haemorrhage. 
Temporary lesions may occur after pregnaney and ehildbirth, e.g. after 
difficult foreeps delivery of a large baby. Pain, which may be diffiise, is 
the most eommon feature. 

Seiatiea is pain in the lower baek and hip region, which radiates 
inferiorly along the posterior thigh to the leg. It is often caused by a 
herniated intervertebral dise, eompressing the L5 or S1 ventral rami. 
The so-ealled piriformis syndrome, which may result from a variant or 
anomalous relationship between piriformis and the seiatie nerve, may 
also produce hip pain that radiates inferiorly along the course of the 
seiatie nerve. 
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Fig. 78.7 The source and loeation of the arterial perforators of the lovver limb. A, Anterior aspeet. B, Posterior aspeet 


0VERVIEW OF THE PRINCIPAL NERVES 
OF THE L0WER LIMB 

Femoral nerve (L2-4) 


The femoral nerve is the nerve of the anterior eompartment of the thigh. 
It arises from the posterior divisions of the seeond to fourth lumbar 
ventral rami, deseends through psoas major and emerges on its lateral 
border to pass betvveen it and iliacus. It enters the thigh behind the 
inguinal ligament and lateral to the femoral sheath. Its terminal 
branehes form in the femoral triangle about 2 em distal to the inguinal 
ligament. In the abdomen, the nerve supplies small branehes to iliacus 
and a braneh to the proximal part of the femoral artery. It subsequently 
supplies a large cutaneous area on the anterior and medial thigh, 
medial leg and foot, and gives articular branehes to the hip, knee and 
ankle. The femoral nerve is deseribed in detail on page 1372. 


Obturator nerve (L2-4) 


The obturator nerve is the nerve of the medial eompartment of the 
thigh. It arises from the anterior divisions of the seeond to fourth 
lumbar ventral rami, deseends through psoas major and emerges from 
its medial border at the pelvie brim. It erosses the saeroiliae joint 
behind the eommon iliae artery and lateral to the internal iliae vessels, 
mns along the lateral pelvie wall medial to obturator internos, and 
enters the thigh through the upper part of the obturator foramen. 
Near the foramen, it divides into anterior and posterior branehes, 
which are separated at fìrst by part of obturator externus and more 
distally by adductor brevis. It provides articular branehes to the hip 
and knee, and may supply skin on the medial thigh and leg. The 
obturator nerve is deseribed in detail on page 1372. An aeeessory 
obturator nerve may also be present and leaves the pelvis anterior to 
the pubis. 
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Fig. 78.8 An overvievv of the veins of the lovver limb. 


Seiatie nerve (L4, L5, S1-3) 


The seiatie nerve travels in the posterior eompartment of the thigh and, 
via its major branehes, supplies the leg and foot. Formed in the pelvis 
from the ventral rami of the fourth lumbar to third saeral spinal nerves, 
it is typieally 2 em wide at its origin and is the thiekest nerve in the 
body. It enters the lower limb via the greater seiatie foramen inferior to 
piriformis and deseends between the greater troehanter and isehial 
tuberosity. In its deseent along the posterior thigh, it is erossed by the 
long head of bieeps femoris and divides into the tibial and eommon 
fibular (peroneal) nerves proximal to the knee; however, the level of 
bifhreation ean be variable. Prior to diverging, the tibial and eommon 
fibular nerves are structurally separate and only loosely held together 
as the seiatie nerve. The tibial nerve is derived from the anterior divi- 
sions of the saeral plexus, and the eommon fibular nerve is made up of 
the posterior divisions of the plexus. The seiatie nerve sends articular 
branehes to the hip joint through its posterior capsule (these are some- 
times derived direetly from the saeral plexus) and to the knee joint. The 
posterior thigh muscles, including the isehial part of adductor magnus 
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Fig. 78.9 A, The long saphenous vein and its tributaries. B, The short 
saphenous vein and its tributaries. 


but not the short head of bieeps femoris, are supplied by the medial 
(tibial) eomponent of the seiatie nerve. The short head of bieeps femoris 
is supplied by the lateral (eommon fibular) eomponent. The eommon 
variations of the seiatie nerve have been well deseribed and have been 
elassified into six types (Beason and Anson 1937). The seiatie nerve is 
deseribed in detail on page 1373. 
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Fig. 78.10 An overvievv of the lymphaties of the lovver limb. 


Tibial nerve (L4, L5, S1-3) 


The tibial nerve is derived from the anterior divisions of the saeral 
plexus. It deseends along the posterior thigh and popliteal fossa to the 
distal border of poplitens, then passes anterior to the soleus with the 
popliteal artery and continues into the leg. In the popliteal fossa, it lies 
lateral to the popliteal vessels, beeomes superficial to them at the knee 
and erosses to the medial side of the artery. In the leg, it is the nerve of 
the posterior eompartment and deseends with the posterior tibial 
vessels to lie between the heel and the medial malleolus. It ends deep 
to the flexor retinaculum by dividing into the medial and lateral plantar 
nerves. The tibial nerve supplies articular branehes to the knee and 
ankle joints. Its cutaneous supply, including its terminal branehes, sup- 
plies the baek of the ealf, the sole, the lateral border of the foot and the 
medial and lateral sides of the heel. The tibial nerve is deseribed in 
detail on page 1415. 

Common fibular nerve (L4, L5, S1, S2) 


The eommon fibular nerve (eommon peroneal nerve) is derived from 
the posterior divisions of the saeral plexus. In the leg, it is the nerve of 


the anterior and lateral eompartments. It deseends obliquely along the 
lateral side of the popliteal fossa to the fibular head, lying between the 
tendon of bieeps femoris and the lateral head of gastroenemms; it then 
curves lateral to the neek of the fibula, lying on the bone deep to fibu- 
laris longus, and divides into superficial and deep fibular (peroneal) 
nerves. Before it divides, it gives branehes to the knee and superior 
tibiofibular joints, and to the skin. The cutaneous area supplied by the 
eommon fibular nerve and its terminal branehes includes the antero- 
lateral leg and most of the dorsum of the foot. The eommon fibular 
nerve is deseribed in detail on page 1415. 

Gluteal nerves (L4, L5, S1, S2) 


The gluteal nerves arise from the posterior divisions of the saeral plexus. 
The superior gluteal nerve (L4, L5, Sl) leaves the pelvis through the 
greater seiatie foramen superior to piriformis and supplies gluteus 
medius, gluteus minimus, tensor faseiae latae and the hip joint. The 
inferior gluteal nerve (L5, Sl, S2) passes through the greater seiatie 
foramen inferior to piriformis and supplies gluteus maximus. The 
gluteal nerves are deseribed in detail on page 1374. 


CUTANE0US INNERVATION 



The cutaneous nerves supplying the skin of the lower limb are all 
branehes of the lumbar and saeral plexuses, with the exception of some 
proximal nerves. The areas of distribution and spinal segments of origin 
of the cutaneous nerves of the lower limb are illustrated in Figure 
78.12. Variations in the eomposition and course of the cutaneous 
nerves of the lower limb are eommon. 


Dermatomes 

Our knowledge of the extent of individual dermatomes, espeeially in 
the limbs, is largely based on elinieal evidenee (Ladak et al 2014). The 
dermatomes of the lower limb are innervated by spinal nerves T12 to 
S3 (see Fig. 78.12; Figs 78.13-78.14). 



AUT0N0MIC INNERVATION 



The autonomic nerve supply to the limbs is exclusively sympathetie. 
Preganglionie sympathetie fibres to the lower limb are derived from 
neurones in the lateral horn of the lower thoraeie (T10, Tll and T12) 
and upper lumbar (Ll, L2) spinal eord segments. Fibres pass in white 
rami eomimmieantes to the sympathetie tmnk and synapse in the 
lumbar and saeral ganglia. Postganglionie fibres pass in grey rami eom- 
immieantes to enter the lumbar and saeral plexuses; many are distrib- 
uted to the skin via the cutaneous branehes of the nerves derived from 
these plexuses. The blood vessels to the lower limb reeeive their sym- 
pathetie nerve supply via adjaeent peripheral nerves. Postganglionie 
fibres aeeompanying the iliae arteries are destined mainly for the pelvis 
but may supply vessels in the proximal thigh. 


MOVEMENTS, MUSCLES AND 
SEGMENTAL INNERVATION 


Most limb muscles are innervated by neurones derived from more than 
one segment of the spinal eord. The predominant segmental origin of 
the nerve supply for eaeh of the imiseles of the lower limb and for the 
movements that take plaee at the joints of the lower limb is summarized 

in Tables 78.1-78.4 (Sharrard 1955). 



Movements At the eentral nervous level of eontrol, imiseles are not 
reeognized as individual actuators but as eomponents of movement, 
and may therefore contribute to several types of motion, aeting vari- 
ously as prime movers, antagonists, fixators or synergists. Some muscles 


have been inehided in more than one plaee in Table 78.3 on the basis QgJ 
that a imisele that aets aeross one joint ean produce a eombination of 
movements (e.g. flexion with medial rotation, or extension with adduc- 
tion) and a muscle that erosses two joints ean produce more than one 
movement. It is also important to remember that these listings are not 
exhaustive. 


Spinal nerves There is no universal consensus eoneerning the eon- 
tribution that individual spinal nerves make to the innervation of indi- 
vidual muscles; the most positive identifieations, which are limited, 
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For example, the ilioinguinal and iliohypogastrie nerves may arise 
from a eommon tmnk or the ilioinguinal nerve may be absent. The 
ilioinguinal nerve may also join the iliohypogastrie nerve at the iliae 
erest. When the obturator nerve makes a more signifieant contribution 
to the cutaneous innervation, the medial cutaneous braneh of the 
femoral nerve is relatively small. Alternatively the cutaneous braneh of 
the obturator nerve may be absent. The lateral femoral cutaneous nerve 
normally arises from L2 and L3, but L1 may also contribute. Although 
it usually bifiireates after it exits the pelvis, it may biffireate within the 
pelvie eavity. The nerve may be absent on one side and/or may be 
replaeed by the ilioinguinal nerve or a braneh of the anterior femoral 
cutaneous nerve. The genital and femoral branehes of the genitofemoral 
nerve may arise as separate offshoots of the lumbar plexus. The genital 
braneh may reeeive fibres from the twelfth thoraeie nerve or may be 
eompletely absent, while the femoral braneh may have an extensive 
distribution to the skin of the upper two-thirds of the thigh. The sural 
nerve is subject to wide variation and may supply the dorsal cutaneous 
aspeet of the lateral two-and-a-half toes, or may terminate in the foot 
without any digital branehes. 

The preaxial border starts near the midpoint of the thigh and 
deseends to the knee. It then curves medially, deseending to the medial 


Table 78. Segmental innervation of the miiseles of the lower limb 


Segment 

Muscles snpplied 

L1 

Psoas major, psoas minor 

L2 

Psoas major, iliacus, sartorius, graeilis, pectineus, adductor longus, adductor 
brevis 

L3 

Psoas major, quadriceps femoris, adductors (magnus, longus, brevis) 

L4 

Psoas major, quadriceps femoris, tensor faseiae latae, adductor magnus, 
obturator externus, tibialis anterior, tibialis posterior 

L5 

Gluteus medius, gluteus minimus, obturator internus, semimembranosus, 
semitendinosus, extensor hallucis longus, extensor digitomm longus, fibularis 
tertius, popliteus 

S1 

Gluteus maximus, obturator internus, piriformis, bieeps femoris, semitendinosus, 
popliteus, gastrocnemius, soleus, fibularis longus and fibularis brevis, extensor 
digitomm brevis 

S2 

Piriformis, bieeps femoris, gastrocnemius, soleus, flexor digitomm longus, flexor 
hallucis longus, some intrinsie foot muscles 

S3 

Some intrinsie foot muscles (except abductor hallucis, flexor hallucis brevis, 
flexor digitomm brevis, extensor digitomm brevis) 


malleolus and the medial side of the foot and hallux. The postaxial 
border starts in the gluteal region and deseends to the eentre of the 
popliteal fossa, then deviates laterally to the lateral malleolus and the 
lateral side of the foot. The ventral and dorsal axial lines exhibit eor- 
responding obliquity. The ventral axial line starts proximally at the 
medial end of the inguinal ligament and deseends along the postero- 
medial aspeet of the thigh and leg to end proximal to the heel. The 
dorsal axial line begins in the lateral gluteal region and deseends pos- 
terolaterally in the thigh to the knee; it inelines medially and ends 
proximal to the ankle. Considerable overlap exists between adjaeent 
dermatomes innervated by nerves derived from consecutive spinal eord 
segments. 

Surgical or ehemieal lumbar sympatheetomy may be indieated in 
arterial disease and in the management of plantar hyperhidrosis, and 
may be used to treat rest pain or other troublesome sensory symptoms 
of arterial disease or in causalgia. A segment of the sympathetie tmnk 
including the seeond and third lumbar ganglia is removed; preservation 
of the first lumbar ganglion is said to lessen the risk of ejaculatory 
problems. 


Table 78.2 Segmental innervation of joint movements of the lower limb 


Region 

Muscles supplied 

Segment 

Hip 

Flexors, adductors, medial rotators 

L1-3 


Extensors, abductors, lateral rotators 

L5, S1 

Knee 

Extensors 

L3, 4 


Flexors 

L5, S1 

Ankle 

Dorsiflexors 

L4, 5 


Plantar flexors 

S1, 2 

Foot 

Invertors 

L4, 5 


Evertors 

L5, S1 


intrinsie muscles 

S2, 3 
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Table 78.3 Movements, muscles and segmental innervation in the lower limb 


Joint 

HIP 


KNEE 


Movement 

FLEXI0N 


EXTENSION 


MEDIAL ROTATION 


LATERAL ROTATION 


ADDLIOTION 


ABDLIOTION 


FLEXI0N 


Muscle 

Psoas major 


lliacus 


Pectineus 


Rectus femoris 


Adductor longus 


Sartorius 


Gluteus maximus 


Adductor magnus 


Semitendinosus, semimembranosus, bieeps femoris 


lliacus 


Gluteus medius and minimus 


Tensor faseiae latae 


Superior and inferior gemelli 


Quadratus femoris 


Piriformis 


Obturator internus 


Obturator externus 


Sartorius 


Graeilis 


Adductor longus 


Adductor magnus 


Adductor brevis 


Pectineus 


Tensor faseiae latae 


Gluteus medius and minimus 


Piriformis 


Semimembranosus 


Semitendinosus 


Bieeps femoris 


Gastrocnemius 


Innervation 

Spinal nn. L1-3 


L1 


L2 L3 L4 L5 S1 S2 S3 


Femoral n. 


Femoral n. or aeeessory obturator n 


Femoral n. 


Obturator n. 



Femoral n. 


Inferior gluteal n. 


Obturator and tibial nn 




Tibial and eommon fibular nn 


Femoral n. 



Superior gluteal n. 


Superior gluteal n. 



Nerve to obturator internus and nerve to quadratus 
femoris, respeetively 


Nerve to quadratus femoris 


Nerve to piriformis 


Nerve to obturator internus 



Obturator n. 


Femoral n. 


Obturator n. 


Obturator n. 


Obturator and tibial nn 



Obturator n. 


Femoral n. or aeeessory obturator n 


Superior gluteal n. 


Superior gluteal n. 


Nerve to piriformis 


Tibial n. 


Tibial n. 


Tibial and eommon fibular nn 



Tibial n. 


EXTENSION 


Quadriceps femoris 


Rectus femoris 


Femoral n 


Vastus lateralis 


Femoral n 


Vastus intermedius 


Femoral n 


Vastus medialis 


Femoral n 


ANKLE 


D0RSIFLEXI0N 


Tibialis anterior 


Deep fibular n 


Extensor digitomm longus 


Deep fibular n 


Extensor hallucis longus 


Deep fibular n 


Fibularis tertius 


Deep fibular n 


PLANTAR FLEXI0N 


Gastrocnemius 


Tibial n. 


Soleus 


Tibial n. 


Flexor digitomm longus 


Tibial n. 


Flexor hallucis longus 


Tibial n. 



Fibularis longus 


Superficial fibular n 


Tibialis posterior 


Tibial n. 


INVERSION 


Tibialis anterior 


Deep fibular n 



Tibialis posterior 


Tibial n. 


EVERSION 


Fibularis longus 


Superficial fibular n 


Fibularis tertius 


Deep fibular n. 


Fibularis brevis 


Superficial fibular n 


TOES 


FLEXI0N 


Flexor digitomm longus 


Tibial n. 


Flexor hallucis longus 


Tibial n. 



Flexor hallucis brevis 


Medial plantar n 


Flexor digitomm brevis 


Medial plantar n 


Flexor accessorius (quadratus plantae) 


Lateral plantar n 


Flexor digiti minimi brevis 


Lateral plantar n 


Abductor hallucis 


Medial plantar n 


Abductor digiti minimi 


Lateral plantar n 


Lumbricals 


Medial and lateral plantar nn 


EXTENSION 


Extensor digitomm longus 


Deep fibular n. 


Extensor hallucis longus 


Deep fibular n 



Extensor digitomm brevis 


Deep fibular n 


ABDUCTION 


Abductor hallucis 


Medial plantar n 


Abductor digiti minimi 


Lateral plantar n 


Dorsal interossei 


Lateral plantar n 


ADDUCTION 


Plantar interossei 


Lateral plantar n 


Adductor hallucis 


Lateral plantar n 


fíoyal blue shading denotes nerve roots from which there is a known dominant contribution. Turquoise shading denotes nerve roots from which the contribution is of similar degree. 
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Table 78.4 The movements and muscles tested to determine the loeation of a lesion in the lower limb 


Movement 

Muscle 

Upper motor neurone 

Spinal nerve level 

Reflex 

Nerve 

Hip flexion 

lliopsoas 

++ 

L1,2 


Femoral 

Hip adduction 

Adductors 

+ 

L2, 3 

(+) 

Obturator 

Hip extension 

Gluteus maximus 


L5, S1 


Inferior gluteal 

Knee flexion 

Hamstrings 

+ 

S1 


Seiatie 

Knee extension 

Quadriceps femoris 


L3, 4 

++ 

Femoral 

Ankle dorsiflexion 

Tibialis anterior 

++ 

L4 


Deep fibular 

Ankle eversion 

Fibularis longus and fibularis brevis 


L5, S1 


Superficial fibular 

Ankle inversion 

Tibialis posterior 


L4, 5 


Tibial 

Ankle plantar flexion 

Gastrocnemius/soleus 

+ 

S1, 2 

++ 

Tibial 

Great toe extension 

Extensor hallucis longus 


L5 


Deep fibular 


*The miiseles listed in the ‘Llpper motor neurone’ column are those that are preferentially affeeted in upper motor neurone lesions. The root level is the prineipal supply to a muscle. 
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lliacus 


Femoral nerve 


Pectineus 


Lateral femoral 
cutaneous nerve 


Sartorius 


Rectus femoris 
Vastus lateralis 
Vastus intermedius 
Vastus medialis 


Quadriceps 

femoris 


Intermediate femoral 
cutaneous nerve 


Common fibular nerve 

Superficial fibular nerve 
Fibularis longus 


Fibularis brevis 


Lateral sural 
cutaneous nerve 


Fibularis tertius 


Extensordigitorum brevis 



Superiorgluteal nerve 


Piriformis 


Seiatie nerve 


Semitendinosus 


Semimembranosus 


Adductormagnus 


Tibial nerve 


Gastrocnemius, medial head 


Popliteus 

Soleus 


Tibialis posterior 
Flexordigitorum longus 


Tibial nerve 


Caleaneal braneh 

Medial plantar nerve to 
Abductorhallucis 
Flexordigitorum brevis 
Flexorhallucis brevis 
F irst lumbrical 
Cutaneous branehes 


Fig. 78.11 The nerves of the lovver limb, vvith their cutaneous and muscular branehes. A, Anterior aspeet. B, Posterior aspeet. Adductor magnus has 
dual innervation. 



have been obtained by eleetrieally stimulating spinal nerves and reeord- 
ing the evoked eleetromyographie aetivity in the muscles. Much of the 
information in Tables 78.1-78.4 is based on the elinieal appreeiation 
of defieits following lesions to various nerves. 


as the tip of the handle of a peraission hammer. Normally this aetion 
elieits flexion of the toes. However, in patients with upper motor 
neurone lesions, the response includes extension of the great toe 
(Babinski's sign). 


effexes 


Neiirologieal loealization of a lesion 


Knee reflex (L2-4) With the patient sitting and the knee supported 

and partially flexed, the patellar ligament is stmek with a finger or 
peroassion hammer, resulting in extension of the knee joint. 

Ankle reflex (S1,2) With the patient sitting and the lower limb later- 
ally rotated and partially flexed at the hip and knee, the foot is dorsi- 
flexed by the examiner and the ealeaneal tendon stmek with a percussion 
hammer. This results in plantar flexion of the foot. 

Plantar reflex The plantar reflex is an important part of the elinieal 
examination of the eentral nervous system. With the foot relaxed, the 
outer edge of the sole is stroked longitudinally with a blunt objeet such 



Available with the Gray’s Anatomy e-book 


SURFACE ANATOMY 

SKELETAL LANDMARKS 
Pelvis 


The inguinal or groin skin erease marks the junction of the anterior 
thigh with the anterior abdominal wall. It lies distal to the inguinal 
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In elinieal praetiee, it is only neeessary to test a relatively small number 
of muscles in order to determine the loeation of a lesion. Any muscle 
to be tested must satisfy a mimber of eriteria. It should be visible, so 
that wasting or fasciculation ean be observed, and the muscle eonsist- 
eney with eontraetion ean be felt. It should have an isolated aetion, so 
that its fhnetion ean be tested separately. It should help to differentiate 
between lesions at different levels in the neural axis and in the periph- 
eral nerve, or between peripheral nerves. It should be tested in such a 
way that normal ean be differentiated from abnormal, so that slight 
weakness ean be deteeted early with reliability. Some preferenee should 
be given to muscles with an easily elieited reflex. Table 78.4 gives a list 
of movements and muscles ehosen aeeording to these eriteria; in prae- 
tiee, these tests would be eombined with tests of sensory fhnetion. 
Knowledge of the sequence in which motor branehes leave a peripheral 
nerve to innervate speeifìe muscles is very helpfhl in loealizing the level 
of a lesion. 
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Medial plantar 
Lateral plantar 

Saphenous 

Sural 

Tibial 




Deepfibular 

Sural 


Saphenous 


Superficial fibular 


Fig. 78.12 The cutaneous nerves of the lovver limb: areas of distribution and spinal segments of origin. A, Anterior aspeet. B, Posterior aspeet. C, The 
sole of the foot. D, The dorsum of the foot. 



Fig. 78.13 Dermatomes of the perineum. (With permission from O’Brien 
M, Aids to the Examination of the Peripheral Nervous System, 5th Edition, 
May 2010, Elsevier, Saunders.) 


Posterior 


Anterior 



Fig. 78.14 Dermatomes 
of the lovver limb. There 
is eonsiderable variation 
and overlap betvveen 
dermatomes, but the 
overlap aeross axial lines 
(heavy blaek) is minimal. 
(With permission from 
O’Brien M, Aids to the 
Examination of the 
Peripheral Nervous 
System, 5th Edition, 

May 2010, Elsevier, 
Saunders.) 
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Fig. 78.15 The ingiiinal region and femoral triangle. Key: 1, anterior 
superior iliae spine; 2, lateral femoral cutaneous nerve and its zone of 
emergenee into femoral triangle (white): range 0.3-7.3 em (mean 
2.1-3.5 em) from anterior superior iliae spine; 3, inguinal ligament; 

4, femoral artery and zone of emergenee into femoral triangle (white): 
mid-inguinal point ± 1 em either side, femoral nerve (yellow eross) and 
vein (blue eross) sit lateral and medial, respeetively, to the femoral artery; 

5, femoral head: loeated 2-4 em above the midpoint of the greater 
troehanter to pubic tubercle line; 6, pubic tubercle; 7, greater troehanter 
to pubic tubercle line; 8, profunda femoris artery: almost always arises 
6.5 ± 1.5 em distal to the mid-inguinal point, or superior 

to or at the level of the inguinal/groin erease; 9, zone of saphenofemoral 
junction loeation: almost always sits within a 3 em x 3 em zone situated 
1-4 em lateral and 0-3 em inferior to the pubic tubercle; 10, sartorius; 

11, inguinal/groin erease; 12, adductor longus. (Adapted from Drake R, 
Vogl AW, Mitehell AW, et al, Gray’s Atlas of Anatomy, Elsevier 2008, 
Churchill Livingstone.) 



ligament by a mean of 6.7 ±1.9 em (Leehner et al 1988) (Fig. 78.15). 
The inguinal erease sits more distal to the inguinal ligament in females 
than in males (7.5 ± 1.9 em versus 6.3 ± 1.9 em) (Leehner et al 1988). 
The anterior superior iliae spine lies superior to the lateral end of the 
fold, and from this point, the iliae erest is palpable along its entire 
length. A line (Tuffier's) joining the most superior aspeets of the iliae 
erests almost always erosses the L4 body or L4/L5 intervertebral dise 
(Render 1996, Walsh et al 2006, Chakraverty et al 2007) (Fig. 78.16). 
This line is used as a landmark when performing a lumbar puncture; 
loealization via palpation, espeeially in females and patients with a 
greater body mass index (BMI), often plaees it at a higher vertebral 
level, up to the L2-L3 interspaee (Chakraverty et al 2007, Kim et al 
2007, Hale et al 2010). Vertebral column flexion in the adult has little 
effeet on the level of Tuffier's line (Kim et al 2003). In neonates, Tuffi- 
er's line sits at the L4/L5 interlaminar spaee level whilst prone, moving 
to the upper third of L5 during vertebral column flexion (van Sehoor 
et al 2014). The iliae erest terminates posteriorly as the posterior supe- 
rior iliae spine, which is marked superficially by the gluteal dimples 
(dimples of Venus). Palpation plaees the posterior superior iliae spines 
in the range of the L5-S1 vertebral junction to the S2 spinous proeess 
level (Kim et al 2007), whereas radiographie assessment shows their 
inferior margin to mark vertebral level S2 almost always (McGaugh 
et al 2007). The caudal limit of the dura mater ranges from the L5-S1 
junction to S4 (Hansasuta et al 1999, Binokay et al 2006, Senoghi 
et al 2013), with the majority sitting at the lower S1 to the S2 level 
(Senoglu et al 2013) and the mean position being lower in males 
versus females (Binokay et al 2006). The isehial tuberosity is eovered 
by gluteus maximus and is palpable during hip flexion. The coccyx is 
palpable in the superior part of the intergluteal eleft, the deep vertieal 
groove between the buttocks extending to the S3-S4 bony saeral seg- 
ments. The saeral hiatus sits superior to the tip of the coccyx at a mean 
of 57.5 ± 8.7 mm and is flanked by the raised palpable saeral cornua, 
which serve as reliable landmarks (Aggarwal et al 2009). The hiatus 
ean also be loeated at the apex of an inverted equilateral triangle 



Fig. 78.16 The gluteal region and seiatie nerve. Key: 1, zone of 
siipraeristal plane interseetion with vertebrae (white): ranges from the 
L2-L3 to the L4-L5 junction/interspinous spaee; 2, highest point of iliae 
erests (supracristal plane or Tuffier’s line): most eommonly interseets the 
L4 vertebra to the L4/5 junction; 3, zone of interseetion between the 
vertebrae and a horizontal plane between the posterior superior iliae 
spines (white): ranges from the L5-S1 junction/interspinous spaee to S2 
when determined via palpation, loeated at S2 via radiographs; 4, posterior 
superior iliae spine and interspinous plane: marked by a skin indentation 
(dimple of Venus); 5, safe zone (white) for gluteal region injeetion (upper 
lateral quadrant), determined via a vertieal line from the highest point of 
the iliae erest to isehial tuberosity level, and a horizontal line passing 
through its midpoint; 6, zone of termination of dural sae (blue): ranges 
from L5-S1 to S4, most eommonly sitting from the lower part of S1 to the 
S2 level; 7, saeral hiatus bordered by saeral cornua, loeated at the apex 
of an approximately equilateral triangle with baseline measurement taken 
between the posterior superior iliae spines; 8, course of seiatie nerve: 
from approximately one third of the way down a line joining the posterior 
superior iliae spine to the isehial tuberosity (blaek X and white zone) to 
the midpoint or middle third of a line joining the isehial tuberosity to the 
upper greater troehanter (blue X and white zone); 9, tip of coccyx within 
intergluteal eleft; 10, greater troehanter; 11, isehial tuberosity; 12, gluteal 
fold. (Adapted from Drake R, Vogl AW, Mitehell AW, et al, Gray’s Atlas of 
Anatomy, Elsevier 2008, Churchill Livingstone.) 


whose base is measiired between the posterior siiperior iliae spines 
(Senoglu et al 2005), although this arrangement may not always be 
observed (Agganval et al 2009). The termination of the dural sae is 
loeated a mean of 31.6 ± 11.8 mm from the saeral hiatus apex (Aggar- 
wal et al 2009), a point relevant to caudal anaesthetie administration. 

Femur 


The greater troehanter of the femur sits on the upper lateral thigh, 
inferior to the midpoint of the iliae erest and approximately level with 
a horizontal plane passing through the pubic tubercle (see Fig. 78.15). 
It ean be used to guide surgeons during anterolateral approaehes to the 
hip joint. A line (Nelaton's/Roser-Nelaton's) drawn from the anterior 
superior iliae spine to the isehial tuberosity passes superior to or over 
the greater troehanter. In a patient with hip disloeation or femoral neek 
fracture, the greater troehanter ean be palpated superior to this line. The 
femoral shaft is not direetly palpable but mns inferomedially from a 
point 2-3 em medial to the lateral aspeet of the greater troehanter to 
the midpoint of the patella. The femoral head sits 2-4 em superior to 
the midpoint of a line between the superior margin of the greater tro- 
ehanter and the pubic tubercle. 
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When the knee is flexed, the medial surface of the medial eondyle 
and the lateral surface of the lateral eondyle of the femur may both be 
palpated, and portions of the femoral eondylar articular surface ean be 
examined on eaeh side of the patellar ligament. 

Patella 


The entire patella is palpable except for its articular surface. When the 
quadriceps femoris is relaxed in the fiilly extended knee, the patella 
ean be tilted and moved on the distal aspeet of the femur. The inferior 
limit of the patella is loeated superior to the knee joint line by 1-2 em 

(Fig. 78.17). 

Knee 


The patella and the femoral eondyles have been deseribed above. The 
tibial eondyles form visible and palpable landmarks on the medial and 
lateral sides of the patellar ligament (see Fig. 78.17). The latter may be 
traeed inferiorly from the apex of the patella to the tibial tuberosity, 
which is both visible and palpable. When the knee is flexed, the anterior 
margins of the tibial eondyles ean be felt: eaeh forms the lower bound- 
ary of a depression at the side of the patellar ligament. The lateral 
eondyle is the more prominent of the two. The joint line of the knee 
(tibiofemoral joint) eorresponds to the upper margins of the tibial 
eondyles and ean be represented by a line drawn round the limb at this 
level. The anterior horns of the menisei lie in the angles between this 


line and the edges of the patellar ligament. The iliotibial traet is attaehed 
to a prominenee, Gerdy's tubercle, on the anterior aspeet of the lateral 
eondyle that is usually approximately 1 em inferior to the joint line and 
about 2 em superolateral to the tibial tuberosity. 

The head of the fibula forms a slight surface elevation on the poste- 
rior part of the proximal lateral leg. It lies vertieally below the posterior 
part of the lateral eondyle of the femur, 1-2 em inferior to the knee 
joint line. 

Leg and ankle 


The subcutaneous medial surface of the tibia eorresponds to the flat 
anteromedial aspeet of the leg. Superiorly, this surface merges with the 
medial eondyle of the tibia, and inferiorly, it is continuous with the 
visible prominenee of the medial malleolus of the tibia (see "ig. 78.17; 
Figs 78.18-78.19). The anterior border of the tibia ean be palpated 
distinetly throughout most of its extent, but inferiorly, it is somewhat 
masked by the tendon of tibialis anterior, which lies to its lateral side. 
The lateral malleolus of the fibula forms a conspicuous projeetion on 
the lateral side of the ankle; it deseends to a more distal level than the 
medial malleolus and is loeated on a more posterior plane. The lateral 
aspeet of the lateral malleolus is continuous superiorly with an elon- 
gated, subcutaneous, triangular area of the inferior shaft of the fibula. 
The lateral part of the anterior margin of the inferior end of the tibia 
ean be palpated immediately anterior to the base of the lateral malleo- 
lus; the line of the ankle joint ean be gauged from it. 



Fig. 78.17 The anterior aspeet of the 
knee and leg. Key: 1, vastus lateralis; 

2, vastus medialis; 3, iliotibial traet; 

4, quadriceps tendon overlying 
suprapatellar bursa; 5, sartorius; 6, 
anterior horns of menisei: loeated above 
knee joint line (dotted line) and either 
side of patellar ligament; 7, Gerdy’s 
tubercle; 8, fibular head; 9, patellar 
ligament insertion into tibial tuberosity; 
10, anterior tibial artery and deep fibular 
nerve: pass from halfway between fibular 
head and tibial tuberosity to a point 
halfway between the malleoli; 11, soleus 
and long saphenous vein (blue); 12, 
medial tibial border (subcutaneous); 13, 
medial malleolus: long saphenous vein 
and saphenous nerve pass anterior; 14, 
lateral malleolus; 15, tendon of tibialis 
anterior. (Adapted from Drake R, Vogl 
AW, Mitehell AW, et al, Gray’s Atlas of 
Anatomy, Elsevier 2008, Churchill 
Livingstone.) 




Fig. 78.18 The posterior aspeet of the 
knee and leg. Key: 1, popliteal artery: 
passing from a point (blaek X) 2.5 em 
medial to the posterior midline of the 
thigh at the junction of its middle and 
lower thirds to a point halfway 
between the femoral eondyles/the 
midaxial line of the ealf (blue X); 2, 
iliotibial traet; 3, tendon of bieeps 
femoris and eommon fibular nerve 
loeated medially; 4, semimembranosus 
and semitendinosus; 5, graeilis; 6, 
popliteal fossa; 7, head of fibula; 8, 
gastrocnemius, lateral head; 9, 
gastrocnemius, medial head; 10, 
soleus; 11, posterior tibial artery and 
tibial nerve: run from the midaxial line 
of the ealf at the fibular neek level to a 
point one-third of the way from the 
posterior border of the medial 
malleolus to the ealeaneal tendon; 12, 
medial malleolus; 13, lateral malleolus 
and short saphenous vein passing 
posteriorly; 14, ealeaneal tendon 
insertion into calcaneus. (Adapted 
from Drake R, Vogl AW, Mitehell AW, 
et al, Gray’s Atlas of Anatomy, 

Elsevier 2008, Churchill Livingstone.) 
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Fig. 78.19 The dorsal aspeet of the foot and ankle. Key: 1, long 
saphenous vein and saphenous nerve; 2, medial malleolus; 3, lateral 
malleolus; 4, dorsalis pedis artery and deep fibular nerve: loeated 
immediately lateral to the tendon of extensor hallucis longus; 

5, intermediate dorsal cutaneous nerve: visible passing towards the fourth 
digit during digit and ankle plantar flexion; 6, extensor digitomm brevis; 

7, tendon of extensor hallucis longus; 8, tendon of tibialis anterior: 
insertion into medial cuneiform; 9, tuberosity of fifth metatarsal; 10, dorsal 
venous areh of foot; 11, tendon of extensor digitomm longus (to digit 
two). (Adapted from Drake R, Vogl AW, Mitehell AW, Gray’s Anatomy for 
Students, 2nd ed, Elsevier 2010, Churchill Livingstone.) 


Foot 


The anterior part of the upper surface of the calcaneus ean be identified 
slightly anterior to the lateral malleolus on the dorsum of the foot. 
When the foot is passively inverted, the upper and lateral parts of the 
head of the talus ean be both seen and palpated approximately 3 em 
anterior to the distal end of the tibia; the extensor tendons obscure 
them when the toes are extended. Regional tenderness ean indieate a 
talar neek fracture. 

The dorsal aspeets of the bodies of the metatarsals ean be felt more 
or less distinetly, although they are partly obscured by the extensor 
tendons of the toes. The tuberosity on the base of the fifth metatarsal 
forms a distinet palpable and visible projeetion on the lateral border of 
the foot. 

The flat lateral surface of the calcaneus ean be palpated on the lateral 
aspeet of the heel and ean be traeed anteriorly and inferior to the lateral 
malleolus, where the tendons of fibularis longus and brevis hide it. The 
fibular (peroneal) tubercle, when sufficiently large, ean be palpated 
2 em inferior to the tip of the lateral malleolus. A palpable depression 
just anterior to the lateral malleolus leads to the lateral end of the tarsal 
sinus. 

On the medial side of the foot, the sustentaculum tali ean be felt 
approximately 2 em inferior to the medial malleohis, with the tendon 
of flexor hallucis longus loeated inferiorly (Fig. 78.20). The navicular 
tuberosity is palpable and usually visible approximately 2.5 em anterior 
to the sustentaculum tali. Anterior to this, the medial omeiform ean be 
identified, with the tendon of tibialis anterior inserting on to it. The 
upper and medial parts of the joint between the medial cuneiform and 
the first metatarsal ean be felt as a narrow groove. 

When the foot is plaeed on the ground, it rests on the posterior part 
of the inferior surface of the ealeanem, the heads of the metatarsals and, 
to a lesser extent, on its lateral border. The medial longitudinal areh of 
the foot, the instep, is elevated from the ground. The medial and lateral 



Fig. 78.20 The medial aspeet of the foot and ankle. Key: 1, long 
saphenous vein and saphenous nerve; 2, medial malleolus; 3, posterior 
tibial artery and tibial nerve: loeated approximately one-third of the 
distanee along a line passing from the posterior border of the medial 
malleolus to the ealeaneal tendon; 4, tendon of tibialis anterior: insertion 
into medial cuneiform; 5, navicular tuberosity and tibialis posterior 
insertion; 6, sustentaculum tali; 7, dorsal venous areh; 8, region of the 
posterior tibial artery bifurcation into medial and lateral plantar arteries; 

9, medial border of plantar aponeurosis; 10, medial ealeaneal tubercle 
eovered by fibro-fatty heel pad. (Adapted from Drake R, Vogl AW, Mitehell 
AW, Gray’s Anatomy for Students, 2nd ed, Elsevier 2010, Churchill 
Livingstone.) 



Fig. 78.21 The anterolateral aspeet of the foot and ankle. Key: 1, tendons 
of fibularis longus and brevis; 2, tendons of extensor digitomm longus 
and fibularis tertius; 3, inferior extensor retinaculum; 4, lateral malleolus; 

5, fibular tubercle/trochlea; 6, tendon of fibularis tertius; 7, 
calcaneocuboid joint and transverse tarsal joint line; 8, tuberosity of fifth 
metatarsal and tarsometatarsal (Lisfrane) joint line (dotted). (Adapted from 
Drake R, Vogl AW, Mitehell AW, Gray’s Anatomy for Students, 2nd ed, 
Elsevier 2010, Churchill Livingstone.) 


tubercles of the calcaneus ean be palpated on its inferior surface via the 
anterior region of the fibro-fatty heel pad, which eovers and obscures 
them. The heads of the metatarsals are similarly eovered by a fibro-fatty 
pad on the plantar surface of the foot and ean be palpated on the dorsal 
foot, with the digits in flexion. 

The calcaneocuboid joint is about 2 em posterior to the tuberosity 
on the base of the fifth metatarsal and is almost in line with the talo- 
navicular joint, whose position may be gauged from the talar head 
(Fig. 78.21). The tarsometatarsal (Lisfrane) joints lie on a line joining 
the tuberosity of the fifth metatarsal to the tarsometatarsal joint of the 
great toe, which is loeated 2-3 em anterior to the navicular tuberosity 
and is palpable. The joint between the seeond metatarsal and the inter- 
mediate cuneiform is loeated 2-3 mm posterior to the line of the other 
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PELVIC GIRDLE AND LOWER LIMB: OVERVIEW AND SLIRFAOE ANATOMY 


tarsometatarsal joints. The metatarsophalangeal joints lie about 2.5 em 
behind the web spaees of the toes and are palpable on the dorsal foot, 
where they are aeeessible via needle. 

MUSCULOTENDINOUS AND 
LIGAMENTOUS LANDMARKS 

See Video 78.1. 

Buttock and hip 


The bulky prominenee of the buttock is formed by gluteus maximus, a 
variable amount of subcutaneous fat and the normal alignment of the 
pelvis, which angles the ischium posteriorly (see Fig. 78.16). 

The horizontal gluteal fold marks the upper limit of the posterior 
aspeet of the thigh. It does not eorrespond to the lower border of gluteus 
maximus but is formed by fibrous eonneetions between the skin and 
the deep faseia. The intergluteal eleft, which separates the buttocks 
inferiorly begins superiorly at the S3 or S4 vertebrae. The superior 
border of gluteus maximus begins on the iliae erest 5-7 em superola- 
teral to the posterior superior iliae spine and mns inferiorly and later- 
ally towards the apex of the greater troehanter. Its lower border 
eorresponds to a line drawn from the isehial tuberosity through the 
midpoint of the gluteal fold, to a point approximately 9 em below the 
greater troehanter. Although gluteus maximus overlaps the isehial tuber- 
osity in the standing position, on sitting, it slides superiorly posterior 
to the tuberosity, leaving it free to bear weight. Gluteus maximus ean 
be felt to eontraet when the hip is extended against resistanee. 

Gluteus medius eompletely eovers the underlying gluteus minimus. 
Both muscles lie in a slight depression superolateral to gluteus maximus 
and inferior to the anterior portion of the iliae erest and both pass 
inferiorly to insert into the greater troehanter. They constitute the major 
abductors of the hip and are demonstrated by asking the subject to 
stand on one limb. The ipsilateral muscles eontraet to stabilize the 
eentre of gravity and maintain a relatively horizontal pelvie position. 
Paresis or paralysis causes pelvie tilt towards the unsupported, eontra- 
lateral side (Trendelenburg s sign). 

Thigh 


The inguinal ligament ean be felt mnning between the anterior superior 
iliae spine and the pubic tubercle, espeeially when the thigh is abducted 
and laterally rotated (see Fig. 78.15). The groin/inguinal erease (Hold- 
en's line), where the deep layer of the subcutaneous tissue of the ant- 
erior abdominal wall meets the faseia lata of the thigh, is distal to the 
inguinal ligament and mns obliquely. It lies a mean of 6.7 ± 1.9 em 
distal to the inguinal ligament (Leehner et al 1988). 

The femoral triangle is loeated on the proximal anterior thigh. It is 
bounded superiorly by the inguinal ligament and laterally by the strap- 
like sartorius, which ean be both seen and felt in a reasonably thin and 
muscular subject when the hip is flexed in the sitting position, while 
the knee is kept extended and the thigh is slightly abducted and rotated 
laterally. Sartorius ean be traeed inferomedially from the anterior supe- 
rior iliae spine to approximately halfway down the medial side of the 
thigh; distally, it may be identified as a soft longitudinal ridge passing 
towards the posterior part of the medial femoral eondyle. The adductor 
group of muscles forms the bulky, fleshy mass at the upper part of the 
medial thigh. The medial boundary of adductor longus forms the 
medial boundary of the femoral triangle and ean be felt as a distinet 
ridge when the thigh is adducted against resistanee. At its superior end, 
its prominent tendon of origin ean be seen and palpated immediately 
inferior to the pubic tubercle, which is a useful guide to this bony 
landmark. 

The forward convexity of the anterior thigh is caused by the curvature 
of the femur eovered by the muscle mass of quadriceps femoris. Rectus 
femoris appears as a raised ridge passing down the anterior aspeet of 
the thigh to the patellar base, when the sitting subject flexes the hip 
with the knee extended. Vastus medialis constitutes a bulge that is both 
superior and medial to the patella (see Fig. 78.17). Vastus lateralis forms 
an elevation superior and lateral to the patella that is more proximal 
and less pronounced than that of vastus medialis. Vastus intermedius 
is eovered by the three other muscles in the group. The thiek tendon of 
adductor magnus ean be palpated on the distal medial thigh, deep 
within the indentation formed between vastus medialis anteriorly and 
graeilis and sartorius posteriorly. 

The iliotibial traet, a thiekened portion of the deep faseia of the thigh 
1330 (faseia lata), mns from the lateral aspeet of the iliae erest to Gerdy's 


tubercle and produces the flattened appearanee of the lateral thigh. It 
forms a defined ridge that is visible on the lateral aspeet of the knee 
either when the knee is extended against gravity or when the opposite 
limb is lifted from the floor while standing. 

The muscles of the posterior thigh may be palpated from the isehial 
tuberosity inferiorly along the lateral (bieeps femoris) and medial 
(semitendinosus and semimembranosus) aspeets of the thigh. 

Knee 


The large depression visible posterior to the knee when the joint is 
aetively flexed against resistanee eorresponds to the popliteal fossa. The 
transverse skin erease of the popliteal fossa is loeated 2-3 em superior 
to the knee joint line. The fossa is bounded on the superolateral side 
by the prominent tendon of bieeps femoris, which ean be palpated 
between the finger and thumb and traeed inferiorly to the head of the 
fibula. Three tendons, of semitendinosus, graeilis and semimembrano- 
sus, ean be felt on the superomedial side of the fossa. Semitendinosus 
is the most lateral and posterior, while graeilis is the most medial and 
anterior; both tendons stand out sharply and ean be seen when the knee 
is flexed against resistanee and the limb aetively adducted. The tendon 
of semimembranosus may be palpated deeply in the interval between 
the tendons of semitendinosus and graeilis. It is much thieker than the 
other two tendons and broadens rapidly as it is traeed proximally. The 
upper borders of the two heads of gastrocnemius form the inferomedial 
and inferolateral boundaries of the popliteal fossa. 

The eord-like fibular eollateral ligament may be felt passing from the 
apex of the fibular head to the lateral epieondyle of the femur when 
the knee is flexed and laterally direeted pressure (valgus foree) is applied 
to the medial side of the knee. The medial patellar retinaculum may be 
felt as a flat, broad band overlying the medial femoral eondyle in the 
flexed knee, mnning between the midpoint of the medial side of the 
patella and the medial femoral epieondyle. 

Leg 

The muscles in the anterior osteofaseial eompartment of the leg form 
a gentle prominenee over the upper two-thirds of its anterolateral 
aspeet; this prominenee is accentuated when the foot is aetively dorsi- 
flexed. These muscles are replaeed by their tendons in the lower third 
of the leg. The tendon of tibialis anterior ean be seen just lateral to the 
anterior border of the tibia and traeed inferiorly and medially aeross 
the anterior aspeet of the ankle to the medial cuneiform (see Figs 78.17, 
78.19). The other tendons eannot be examined satisfaetorily superior 
to the ankle. Immediately superior to the posterior border of the medial 
malleohis and elose to the medial border of the tibia, the tendons of 
tibialis posterior and flexor digitomm longus ean be felt (rather indis- 
tinetly) when the foot is aetively inverted and plantar flexed. 

On the lateral aspeet of the leg, fibularis longus ean be seen as a 
narrow ridge following the line of the lateral aspeet of the fibula during 
aetive eversion and plantar flexion of the foot. It eovers and hides fibu- 
laris brevis. The shaft of the fibula ean only be palpated indistinetly 
between its neek and the area above the lateral malleolus. 

The bulky prominenee of the posterior leg is formed by gastro- 
cnemius and soleus, both of which ean be identified either when the 
foot is plantar flexed against resistanee, or when the heel is raised from 
the ground by standing on tiptoes (see Fig. 78.18). The two heads of 
gastroenemms unite to form the inferior borders of the popliteal fossa. 
The medial head of gastroenemms deseends to a more inferior level 
than the lateral head. Soleus lies deep to gastrocnemius; when tensed, 
it bulges from under the medial and lateral margins of gastrocnemius, 
particularly on the lateral side, and its fleshy belly extends to a more 
distal level. Both muscles end inferiorly in the conspicuous ealeaneal 
tendon, which ean be palpated between the finger and thumb and fol- 
lowed inferiorly to its insertion into the posterior aspeet of the 
calcaneus. 

Foot 


When the toes are aetively extended, the bellies of extensor digitomm 
brevis and extensor hallucis brevis form a small elevation on the dorsal 
foot, just anterior to the lateral malleolus (see Fig. 78.19). During ankle 
inversion and extension of the toes, the prominent tendon of tibialis 
anterior is visible on the medial side of the dorsal foot, passing inferi- 
orly and medially to the medial cuneiform. The tendon of extensor 
hallucis longus ean be identified laterally; the tendons of extensor digi- 
tomm longus and fibularis tertius are fiirther lateral as they pass deep 
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to the inferior extensor retinaculum and immediately anterior to the 
lateral part of the distal tibia. More distally, the tendons of extensor 
digitomm longus and fibularis tertius diverge and may be traeed to their 
insertions. 

The tendon of tibialis posterior winds posterior to the medial malle- 
olus and then curves anteriorly in the interval between this bony land- 
mark and the sustentaculum tali to reaeh the tuberosity of the navicular 
(see Fig. 78.20). The tendon is visible and palpable posterior to the 
malleolus when the foot is foreibly plantar flexed and inverted. The 
tendon of flexor digitomm longus lies immediately posterolateral to 
that of tibialis posterior. It curves forwards inferior to tibialis posterior 
and lies on the medial aspeet of the sustentaculum tali. From there, it 
passes anteriorly and laterally to the eentre of the plantar foot, where 
it divides into four tendons that pass to the lateral four toes. The tendon 
of flexor hallucis longus lies inferior to, and grooves, the sustentaculum 
tali. As it passes towards the great toe, it erosses the line of the flexor 
digitomm longus opposite the interval between the sustentaculum 
tali and the tuberosity of the navicular. Abductor hallucis may be seen 
in some subjects as a fleshy mass along the medial border of the 
foot, passing from the medial ealeaneal tubercle to the first metatarso- 
phalangeal joint. 

When the toes are maximally dorsiflexed, the plantar aponeurosis is 
easily palpated along the medial border of the foot, from just distal to 
the heel pad as far as the first metatarsophalangeal joint. It originates 
from the ealeaneal tubercles, which may be palpable via the anterior 
aspeet of the heel pad. 

VESSELS, PLILSES AND NERVES 
Arteries 


The femoral artery normally enters the anterior thigh at the mid- 
inguinal point ± 1 em either side (medial to lateral) ( iale et al 2010) 
(see Fig. 78.15). The midinguinal point is halfway between the anterior 
superior iliae spine and the pubic symphysis. The artery normally passes 
direetly anterior to the hip joint; its course may be represented by the 
upper two-thirds of a line joining its entry point into the thigh with the 
adductor tubercle, when the thigh is flexed, slightly abducted and 
rotated laterally. It travels deep to sartorius from the apex of the femoral 
triangle to the adductor hiatus. The profimda femoris artery (deep artery 
of the thigh) normally arises from the lateral side of the femoral artery, 
6.5 ±1.5 em distal to the mid-inguinal point (Choy et al 2013), which 
is most eommonly at or superior to the level of the inguinal/groin 
erease (Leehner et al 1988). 

The popliteal artery may be represented by a line extending from the 
junction of the middle and lower thirds of the thigh, 2.5 em medial to 
its posterior midline, to a point halfway between the femoral eondyles, 
and eontimiing inferolaterally to the level of the tibial tuberosity, 
medial to the fibular neek, where it bifhreates into the anterior and 
posterior tibial arteries (see Fig. 78.18). 

The anterior tibial artery may be represented by a line extending 
from a point halfivay between the tibial tuberosity and the fibular head 
to a point midway between the anterior borders of the two malleoli 
(see Fig. 78.17). It passes on to the dorsal foot lateral to the tendon of 
extensor hallucis longus, as the dorsalis pedis artery. The latter gives off 
a medial braneh that travels toward the first intermetatarsal spaee. 

The posterior tibial artery may be represented by a line drawn from 
a midaxial point on the ealf (approximately midway between the 
tibial eondyles) at the level of the neek of the fibula, to a point one- 
third of the way between the posterior border of the medial malleolus 
and the ealeaneal tendon (see Fig. 78.18). The same line represents 
the course of the tibial nerve. At first, the nerve lies lateral to the pop- 
liteal artery but gradually erosses the vessel to gain its medial side. The 
posterior tibial artery bifiireates into the plantar arteries halfivay 
between the medial malleolus and the medial ealeaneal tubercle (see 
Fig. 78.20). 

The medial plantar artery passes anteriorly towards the great toe. 
The lateral plantar artery passes obliquely towards a point approxi- 
mately 2.5 em medial to the tuberosity of the fifth metatarsal, after 
which it enters the proximal part of the fourth intermetatarsal spaee. 
Digital arteries and nerves pass along the medial and lateral sides of 
the toes. 

Pulses 

Femoral artery The pulsations of the femoral artery ean be felt at its 
entry point into the proximal femoral triangle, where it ean be eom- 
pressed against either the superior pubic ramus or the hip joint. The 
pulse of the femoral artery is of value in assessing whether there is any 


signifieant eardiae output in eases of circulatory eollapse. It is a eommon 
site for eatheter insertion for radiologieal examinations such as eardiae 
angiography and for arterial puncture for blood gas analysis. 

Popliteal artery The pulse of the popliteal artery is the most diffi- 
cult of the peripheral pulses to feel because the artery lies deep in the 
popliteal fossa. It is best examined with the subject lying supine or 
prone, with the knee flexed in order to relax the tense popliteal faseia 
that roofs the popliteal fossa. The popliteal pulse is then felt over the 
midline of the fossa by deep pressure against the popliteal surface of 
the femur. 

Posterior tibial artery The pulse of the posterior tibial artery ean 
be felt by gentle palpation posterior to the medial malleolus as the 
artery lies between the tendons of flexor hallucis longus and flexor digi- 
tomm longus, approximately one-third of the way along a line eonneet- 
ing the posterior border of the medial malleohis to the ealeaneal 
tendon. 

Dorsalis pedis artery The dorsalis pedis arterial pulse is found by 
palpation against the underlying tarsals, immediately lateral to the 
tendon of extensor hallucis longus, from the midpoint between the 
malleoli to the proximal end of the first intermetatarsal spaee. 

Veins 


The femoral vein is loeated immediately medial to the femoral artery 
pulse, where it ean be aeeessed (see Fig. 78.15). While femoral vein 
puncture is relatively easy and supplies ready aeeess to the right atrium, 
the use of this approaeh is relatively unpopular for long-term cannul- 
ation because of a greater ineidenee of thrombosis and sepsis. However, 
it is a useful site for venous sampling in a patient with eollapsed veins. 
For femoral vein eanmilation, the skin puncture site is approximately 
1 em medial to the femoral artery and just inferior to the inguinal 
ligament. 

The dorsal venous areh of the foot is visible and curves aeross the 
metatarsals (see Fig. 78.19). The long saphenous vein arises from the 
medial end of the areh, and the short saphenous vein arises from 
the lateral end. The long saphenous vein ean be seen and palpated 
anterior to the medial malleolus, after which it mns superiorly and 
posteriorly aeross the distal medial surface of the tibia: this is a useful 
site for surgical venous aeeess (cut-down) or venous harvesting for 
eardiae bypass surgery (see Figs 78.17, 78.19). The vein then mns proxi- 
mally along the posterior aspeet of the medial border of the tibia, where 
it is aeeompanied by the saphenous nerve, to reaeh a point a hand's 
breadth (7-10 em) posterior to the medial patellar border. From here, 
the vein aseends the thigh to the saphenous opening, where it passes 
deep to enter the femoral vein. An image-based study found that the 
saphenofemoral junction almost always occupied a 3x3 em zone 
loeated 1-4 em lateral and 0-3 em inferior to the pubic tubercle 
(Mirjalili et al 2014) (see Fig. 78.15). The junction was nearer to the 
pubic tubercle in younger and thinner subjects. 

The course of the short saphenous vein may be represented by a line 
from the posterior surface of the lateral malleolus superiorly along the 
midline of the ealf to the popliteal fossa; together with the sural nerve, 
this vein is the key anatomieal guide to surgical disseetion of the pop- 
liteal fossa (see Fig. 78.18). 

Nerves 


In the proximal femoral triangle, the femoral nerve is loeated immedi- 
ately lateral to the femoral artery pulse. 

The surface marking for the course of the saphenous nerve in the 
leg matehes that of the long saphenous vein (see above). The lateral 
femoral cutaneous nerve enters the femoral triangle 2.1-3.5 em (range 
0.3-7.3 em) from the anterior superior iliae spine (see Fig. 78.15) 
(Grothaus et al 2005, Bjurlin et al 2007, Ropars et al 2009). Itthen passes 
over the lateral border of sartorius up to 11.3 em distal to the anterior 
superior iliae spine (Grothaus et al 2005, Ropars et al 2009), and overthe 
anterior border of tensor faseiae latae between 2.4 and 9.2 em distal to 
the anterior superior iliae spine (Ropars et al 2009). The nerve is at risk 
of damage during anterolateral surgical approaehes to the hip. 

The course of the seiatie nerve ean be represented by a curved line 
that starts at a point 0.3 ± 0.05 of the distanee down a line drawn from 
the posterior superior iliae spine to the isehial tuberosity, and passes to 
a point 0.5 ± 0.05 of the distanee along a line drawn from the isehial 
tuberosity to the greater troehanter (see Fig. 78.16). It then eontimies 
vertieally and inferiorly in the midline of the posterior aspeet of the 
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thigh, deep to bieeps femoris, to the upper angle of the popliteal fossa, 
where it divides into the tibial and eommon fibular nerves (if it has not 
already done so at a more superior level). 

The surface marking for the course of the tibial nerve in the leg 
matehes that of the posterior tibial artery (see above). The course of the 
sural nerve at the ankle ean be represented by a line mnning parallel 
to the ealeaneal tendon that is situated halfway between the tendon and 
the lateral malleolus: this position is variable and the sural nerve is at 
risk from surgery in this region. 

The course of the eommon fibular nerve ean be indieated by a line 
that mns from the superior angle of the popliteal fossa, along the 
medial side of the tendon of bieeps femoris (see fig. 78.18) and then 
curves inferiorly and anteriorly around the neek of the fibula approxi- 
mately 3 em distal to the superior tip of the fibula. The eommon fibular 
nerve is palpable medial and distal to the tendon of bieeps femoris and 
over the neek of the fibula, although here it beeomes less distinet as it 
passes deep to the origin of fibularis longus. At the neek of the fibula, 
the nerve is at particular risk of damage either from a tightly applied 
plaster east or from a fracture. 

The deep fibular nerve starts on the lateral aspeet of the neek of the 
fibula, passes downwards and medially and rapidly beeomes assoeiated 
with the anterior tibial artery, with which it is landmarked (see Fig. 
78.18). The superficial fibular nerve also begins on the lateral aspeet of 
the neek of the fibula. It deseends to a point on the anterior border of 
fibularis longus, at the junction of the middle and lower thirds of the 
leg, where it pierees the deep faseia and divides into intermediate and 
medial dorsal cutaneous branehes. The intermediate dorsal cutaneous 
braneh is normally both visible and palpable over the dorsolateral 
aspeet of the ankle and foot toward the fourth toe (see 7 ig. 78.19). The 
medial dorsal cutaneous braneh is rarely visible and passes towards the 
seeond toe. These superficial nerves are at risk from surgery in the ant- 
erior ankle region (espeeially during arthroseopy). 

CLINICAL PROCEDURES 

Nerve anaesthesia (nerve bloeks) 


Nerves ean be effeetively anaesthetized with loeal anaesthetie injeetion 
for surgical or post-injury pain relief. Common injeetion sites for the 
lower limb are around the hip for thigh and knee pain, and around the 
ankle for foot surgery. For the deeper nerves around the hip, the use of 
a nerve stimulator is very helpful in loealizing the target nerve preeisely 
before infiltration of loeal anaesthetie. For example, bloekade of the 
seiatie nerve in the buttock, femoral nerve in the anterior thigh, and 
obturator nerve in the medial thigh may be undertaken to provide pain 
relief for total knee replaeement; the tibial nerve at the posteromedial 
ankle, the sural nerve at the posterolateral ankle and the superficial 
fibular nerves at the anterior ankle may all be anaesthetized at the ankle 
to allow 'awake foot surgery' 

lntramuscular injeetion 


Intramuscular injeetions into the buttock should be avoided to prevent 
iatrogenie damage to the seiatie nerve. If the buttock is to be used, a 
relatively safe area is the tme upper and outer quadrant, which is iden- 
tified with the whole buttock exposed. The injeetion is then given 
mainly into gluteus medius rather than into gluteus maximus, pro- 
vided a sufficiently long needle is used; most so-ealled 'intramuscular 
injeetions given into the buttock are actually given into the fat. A safe 
alternative is to injeet into the lateral aspeet of the thigh (vastus 
lateralis). 

Joint injeetion and aspiration 


Careful aseptie technique is essential for all joint aspirations and 
injeetions. 

Hip Intra-articular hip injeetions are typieally performed under fluoro- 
seopie or ultrasonographic guidance. With the patient lying supine, and 
after the positions of the femoral artery and the anterior superior iliae 
spine have been marked out, the needle is introduced anteriorly, 
approximately 5 em distal to the anterior superior iliae spine and 4 em 
lateral to the femoral artery pulse, and passed posteriorly, a little proxi- 
mally and medially. An alternative technique that is dependent on 
relative distanees from surface landmarks, rather than imaging guid- 
anee, utilizes the site of the proximal anterolateral portal for hip 
arthroseopy as the point of needle insertion (Masoud and Said 2013). 


Knee The lateral retropatellar approaeh is used. With the patient 
supine and the knee extended, the needle is introduced at the level of 
the superior border of the patella and guided towards the suprapatellar 
bursa. 

Popliteal fossa Seiatie nerve bloeks at the popliteal fossa in infants and 
ehildren ean be effeetively performed above the popliteal skin erease by 
eorreeting the adult landmark of 10 em by the ratio of the ealailated 
ehild femoral shaft length over the adult femoral shaft length (Bernière 

et al 2008). 

Ankle The anterior approaeh entails introducing the needle between 
the tendons of tibialis anterior and extensor hallucis longus with the 
foot partially plantar flexed. 

Arthroseopy portals 


The plaeement of portals for arthroseopy is important for maximizing 
surgical aeeess for visualization and for surgical instmments, and also 
for avoiding damage to stmctures such as nerves and blood vessels. 

Hip Arthroseopy of the hip is not yet a eommon procedure but is 
inereasingly being used. A variety of entry portals have been deseribed. 
The anterolateral portal is sited on the skin approximately 4 em lateral 
to the femoral artery pulse and 4 em inferior to the inguinal ligament. 
llnder fluoroscopy, a needle traversing the skin 30-45 degrees proxi- 
mally is advaneed into the joint. Other more lateral portals ean be used; 
the lateral femoral cutaneous nerve and the seiatie nerve are potentially 
at risk. 

Knee The knee is the joint most frequently examined with arthroseopy. 
The standard portals are plaeed anteriorly. When the knee is flexed at a 
right angle, 'soft triangles' bordered by the patellar ligament, the femoral 
eondyles and the tibia and anterior horns of the menisei are palpable 
on either side of the superior third of the patellar ligament. Small inei- 
sions ean be made in the apiees of these triangular areas at about the 
level of the inferior pole of the patella for the anterolateral portal, and 
slightly lower for the anteromedial portal. These portals will allow 
passage of an arthroseope and instmments, with good aeeess to most 
of the joint. The patellar ligament and the infrapatellar braneh of the 
saphenous nerve are at risk from the skin ineisions. The nerve is less 
vulnerable than the ligament; its position is variable but it usually lies 
below the appropriate portal sites. In the days of open meniseal surgery, 
the nerve was usually divided and painffil neuroma formation was not 
uncommon. 

Posteromedial and posterolateral portals are useful when better 
aeeess to the posterior knee is required. The saphenous and eommon 
fibular nerves, respeetively, are at risk with these approaehes, and ana- 
tomieal knowledge is vital to ensure safe portal plaeement. Laterally, 
the ineision should be anterior to the tendon of bieeps femoris, which 
ean easily be palpated. Medially, the situation is more difficult because 
the saphenous nerve and long saphenous vein travel superficial to the 
medial epieondylar region of the knee, approximately a hand's breadth 
posterior to the medial border of the patella. It is essential that sharp 
ineision includes the skin only, and that disseetion down to the joint 
capsule is undertaken bluntly. If the medial meniscus is sutured, the 
capsule must be exposed before tying off sutures to avoid ensnaring the 
nerve. 

Ankle The use of ankle arthroseopy is well established, espeeially 
in treating sports-related injuries. Anterior portals are standard. The 
anteromedial portal ean be plaeed just medial to the tendon of tibialis 
anterior, in the palpable soft spot. However, this eomes elose to the long 
saphenous vein and saphenous nerve; limiting the sharp ineision to the 
skin, followed by blunt deeper disseetion, reduces the risk. Alternatively, 
the anteromedial portal ean be ehosen to pass between the lateral edge 
of tibialis anterior and extensor hallucis longus. The anterolateral portal 
is plaeed with the help of the arthroseope in the joint to eheek the 
position of a preliminary needle passed into it. The portal should pass 
lateral to fibularis tertius and extensor digitomm longus. The intermedi- 
ate dorsal cutaneous braneh of the superficial fibular nerve is at risk 
as it erosses the ankle anterior to the lateral malleolus, and therefore 
it is wise to mark the positions of the nerves and blood vessels with a 
pen before making any ineision. The nerves ean usually be felt at the 
front of the ankle, even in obese patients. They are often seen if the 
ankle is maximally pulled into plantar flexion. Posterior ankle arthros- 
eopy is eontroversial: there is a view that the proximity of the neurov- 
ascular bundle (medially) and the sural nerve (laterally) renders it too 
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hazardous. Keeping lateral to the tendon of flexor hallucis longus will 
safeguard the medial neurovascular bundle. 

Plaeement of siirgieal ineisions 


Hip Surgery of the hip joint is usually undertaken for eongenital issues, 
slipped eapital femoral epiphysis in ehildren, trauma or arthroplasty. 
Anterior and anterolateral approaehes, often used in ehildren, put the 
lateral femoral cutaneous nerve at eonsiderable risk. Even in more 
lateral approaehes, the lateral femoral cutaneous nerve and the femoral 
and seiatie nerves are all at risk through traetion. A popular anterolateral 
approaeh to the hip joint involves splitting and separating forwards the 
anterior part of gluteus medius and vastus lateralis as a single sheet of 
tissue for subsequent reattaehment to the greater troehanter. This teeh- 
nique relies on the anatomieal continuity of the tissue. If the splitting 
of gluteus medius is more than a few eentimetres superior to the tip of 
the greater troehanter, then the superior gluteal nerve and vessels are at 
risk, and weakness of hip abduction and a limp may result. In the 
posterior approaeh to the hip joint, gluteus maximus is ineised in 
the line of its fibres. This is followed by division of the tendons of 
the short lateral rotators (piriformis, obturator internus and externus 
and gemelli) near their troehanterie attaehments to reveal the joint 
capsule. Refleeting these cut tendons medially proteets the seiatie nerve. 
The inferior and superior gluteal nerves are at risk during posterior 
approaehes to the hip. 

Knee Most open knee surgery ean be undertaken through an anterior 
midline longitudinal ineision, which gives good aeeess and means that 
any future surgery ean usually be undertaken via the same wound. New 
ineisions mn the risk of skin neerosis and poor wound healing as a 
consequence of interfering with the cutaneous blood supply. Inevitable 
intermption of cutaneous nerves, including the infrapatellar braneh of 


the saphenous nerve, means that there is always numbness lateral to a 
longitudinal ineision. 

The extensile approaeh to the posterior knee is extensive. The key is 
to expose the sural nerve and short saphenous vein and to traee them 
proximally. This will lead the surgeon into the popliteal fossa and, after 
opening the deep faseia, safely to the neurovascular bundle. The wound 
erosses a flexure erease. A sear perpendicular to the erease might induce 
a fixed flexion contracture of the joint and therefore an S-shaped inei- 
sion is employed where the transverse segment mns in the line of the 
flexure erease. 

Ankle and foot ineisions around the foot and ankle frequently put 
cutaneous nerves at risk and such an injury ean result in a neuroma. 
The sural nerve at the ankle has a notorious tendeney to form neuromas 
if transeeted, often after repair of a mptured ealeaneal tendon. 



Table 78.1 Segmental innervation of the miiseles of the lower limb. 

Table 78.2 Segmental innervation of joint movements of the lower 
limb. 

Table 78.3 Movements, muscles and segmental innervation in the 
lower limb. 

Table 78.4 The movements and muscles tested to determine the 
loeation of a lesion in the lower limb. 

Video 78.1 Lower limb surface anatomy. 
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PELVIC GIRDLE DEVELOPMENT 


The pelvie girdle develops in elose proximity to eloaeal structures. The 
anterior portion of the pelvie girdle is intimately assoeiated with the 
normal development of the caudal part of the urogenital system and 
the anterior body wall. Studies on the development of the lower limb 
in avian speeies and the mouse show that the perineal imiseles, includ- 
ing the sphineters, derive from somitie myoblasts that have previously 
entered the hindlimb bud. Similar to the developmental proeess seen 
in the upper limb, somitie myoblasts originating from the dorsoventral 
edge of the dermomyotome migrate into the somatopleuric mesen- 
ehyme of the early lower limb bud. The myoblasts eoalesee into a single 
entity before dividing into dorsal and ventral muscle masses. The eells 
of the ventral muscle mass then divide again, with one population 
continuing to develop within the limb and the other migrating ventrally 
towards the genital tubercle (Valasek et al 2005). In the avian embryo, 
myoblasts from somites 26-29 enter the limb only and those from 
somites 30-33 form both eloaeal and limb muscles, whereas those from 
somite 34 form eloaeal muscles solely. Within pelvie girdle develop- 
ment, myoblasts do not attain their position by somitie hypaxial 
domain extension; all myoblasts migrate into the region. Interestingly, 
the population of myoblasts giving rise to perineal muscles are inner- 
vated by axons derived from neurones loeated in Onufs nucleus, 
whereas those that remain in the limb bud gain innervation from ante- 
rior horn eells (Valasek et al 2005). 

The bony pelvis forms from two hemipelves, eaeh of which develops 
from one cartilaginous focus. Ossifieation of the pelvis starts with the 
ilium, which undergoes endoehondral ossifieation at 9.5weeks. Devel- 
opment of trabecular bone in the ilium is evident from about 22 weeks' 
gestation and a mature trabecular morphology is present at birth (Cun- 
ningham and Blaek 2009a, Cunningham and Blaek 2009b). It is sug- 
gested that the trabecular pattern, previously assumed to develop 
consequent to weight bearing and bipedal gait, is initiated through 
genetie patterning plus intrauterine muscular movements which eonfer 
biomeehanieal loading onto the ilium and pelvis. 

The development of the superior pubic rami is related to the normal 
development of the eloaeal membrane. In eases of bladder exstrophy 
(see Fig. 72.11), the superior pubic rami are shortened and do not meet 
at the pubic symphysis. There is a 4 em pubic diastasis at birth, which 
inereases to 8 em at age 10 years, eompared with a mean normal width 
of the pubic symphysis of 0.6em at all ages (Wild et al 2011). The 
ischiopubic segment of the pelvis is 30% shorter, the iliae wings are 
externally rotated and the acetabuli are retroverted (Wild et al 2011). 
The meehanisms suggested for this are premature rupture of an abnor- 
mally eranially plaeed eloaeal membrane, obstmetion of medial migra- 
tion of somatopleuric mesenehyme, and loeal apoptosis of ventral 
mesenehyme (Stee 2011). It is thought that some eombination of the 
three is likely. 

The saeroiliae joint ean be reeognized from 7 weeks; its development 
is slightly different from that of other synovial joints in that the devel- 
opment of the ilium is ahead of that of the saemm. Reeonsideration of 
the role of the saeroiliae joint in the transfer of load from axial to 
appendiailar skeleton has been prompted by study of the relative 
growth of regional surface areas of the ilium from birth to adulthood 
(Yusof et al 2013). Cavitation of the hip joint has been reported at 
7-8weeks. 


L0WER LIMB DEVEL0PMENT 


The lower limb is first reeognizable as a laterally projeeting thiekening 
in the body wall opposite somites 24-29 at stage 13 (28days); by stage 
14, it is elosely assoeiated with the wide umbilical eord. During stages 
15-17, the limb projeets laterally and outgrowth is fairly symmetrieal. 
The eore of mesenehymal eells is derived from both somatopleuric and 
paraxial mesenehyme. 


By stage 17, the lower limb still has a flattened foot plate and, 
although a hip region ean be identified, there is no tme knee as yet. In 
stage 18, the lower limb appears to be flexed and abducted at the 
hip with the knee bent, giving the appearanee that the knee is faeing 
laterally. The femur and tibia form in eartilage, and the seiatie nerve 
extends distally to the tibia by stage 18. Very little skin of the thigh is 
visible. The soles of the feet faee the umbilical eord, and the foot plate 
has digit rays. During stages 20-23, the digit rays separate and toes are 
elearly defined by stage 23. The feet ean finally touch at stage 21, when 
the umbilical eord beeomes proportionally smaller and the embryo 
larger. For more details, see O'Rahilly and Gardner (1975). 

VESSELS 

Arteries 


The blood supply to the lower limb is derived from the lateral braneh 
of the fifth lumbar intersegmental artery, which arises from the dorsal 
root of the umbilical artery passing to the plaeenta, and continues into 
the limb bud as the axial artery. The arterial supply to the developing 
lower limb is thus far less oxygenated than the arterial supply to the 
upper limb, which reeeives blood direetly from the heart via the sub- 
elavian artery. It is possible that the development of several arteries, 
some of which subsequently regress, in the distal part of the leg in the 
embryonie period, is a refleetion of the lower oxygenation of these 
tissues. During development, the lower limb undergoes medial rotation 
and extension, so that the original dorsal (extensor) portion of the limb 
beeomes direeted ventrally. This relative movement suggests that very 
different patterning meehanisms operate in the lower limb eompared 
to those in the upper limb: an early, complex vasculature may be a 
product of that differenee. 

There have been relatively few studies on the early development of 
the vasculature of the lower limb (Senior 1991a,b, Mandell et al 1985, 
Levinsohn et al 1991). The terminology used to deseribe the developing 
vessels is speeifie and will be used here: deseriptions of developmental 
vasailar anomalies retain the original terminology. Table 79.1 deseribes 
and illustrates the ehanges to the axial artery, the new vessels that arise 
and the vessels that regress, during stages 13-19 (eorresponding to 
weeks 5-7 of development). The mature vascular pattern is established 
by the end of the embryonie period. 

Veins 


The superficial veins of the lower limb are derived from the marginal 
vein which mns along the periphery of the extending limb bud beneath 
the pre- and post-axial limb borders. The preaxial vein beeomes the long 
saphenous vein, which drains into the femoral vein at the saphenous 
opening. The postaxial vein beeomes the short saphenous vein, which 
passes deep and joins the popliteal vein. The earliest valves in the short 
saphenous vein are noted at 13 weeks' gestation. The number of valves 
inereases from 1 to 8 between 13 and 18weeks' gestation; there are 
more valves present in the upper than in the lower portion of the short 
saphenous vein (Czarniawska-Grzesinska and Bmska 2002). 

ULTRAS0UND ANTENATAL IMAGING 


Femur length is routinely measured to assess growth veloeity (along 
with head circumference and abdominal circumference) and to prediet 
the expected date of delivery. The longest axis of the ossified diaphysis 
is identified with soft tissue noted beyond both ends. The distal 
epiphysis is excluded (Fig. 79.1). Fetal femur length is related to ethnie- 
ity, and appropriate fetal biometry eomparison eharts are neeessary for 
accurate evaluation; whether such data ean be extrapolated to mixed 
ethnieity fetal populations has been questioned (Ogasawara 2009). 











Neonatal lower limb 


Table 79. The development of the arteries of the lower limb during stages 13-19 (eorresponding to weeks 5-7 of development), showing the ehanges to the axial artery, the 
new vessels that arise and the vessels that regress 


Stage of 
development 


Axial artery 


Developing arteries 


11-12 


First appearanee of the lower 
limb bud. The lower limb 
axial artery arises from the 
fifth lumbar intersegmental 
braneh of the aorta. 


13-16 


The axial artery courses 
through the lower limb bud 
to the developing digital 
plate where it branehes into 
a terminal plexus (future 
dorsal and plantar networks). 


Regressing 

arteries 


Arterial status 



16-17 



The axial artery is now 
deseribed as isehiadie 
proximally and popliteal 
profunda (PP) and interossea 
(I) as it progresses distally. 


The external iliae artery, which arises 
just proximal to the origin of the 
isehiadie artery, extends distally towards 
the knee as the femoral artery. A braneh, 
the ramus communicans superior (RCS), 
passes dorsally to join the isehiadie 
artery. Perforating branehes of the 
profunda femoris artery initially 
anastomose with the proximal part of the 
isehiadie artery. 



Elongation of the axial artery 
forms the popliteal 
superficialis (PS) between 
the popliteal profunda and 
interossea arteries. 


Two new vessels arise from the popliteal 
superficialis artery. These are the tibialis 
posterior superficialis (TPS) and the 
peronea posterior superficialis (PPS). 

Both vessels join the plantar network. 
There are now three arteries in the leg. 


The proximal portion 
of the isehiadie artery 
starts to regress. 

Parts persist in the 
adult as the inferior 
gluteal artery and the 
arteria eomitans nervi 
isehiadiei. 


Femoral 

RCS 

isehiadie 




20 


Two further vessels arise. They are the 
tibialis anterior pars distalis (TApd) from 
the interossea artery and the ramus 
communicans inferior (RCI) from the 
peronea posterior superficialis. The 
original plantar network is remodelled 
into a medial plantar artery (from the 
distal part of tibialis posterior 
superficialis) and a lateral plantar artery 
(from the distal continuation of the 
confluence of the interossea, ramus 
communicans inferior and the peronea 
posterior superficialis) which together 
form the plantar areh. 

There are now five arteries in the leg. 

The arteries in the leg at this stage are 
the tibilalis anterior (TA), tibialis posterior 
and the ramus communicans inferior. 

The latter is confluent with the peronea 
posterior superficialis in the tarsal region 
and beeomes the fibular (peroneal) 
artery. The plantar areh is now supplied 
solely by the tibialis posterior. 

There are now three arteries in the leg. 


Popliteal profunda, 
interossea artery and 
peronea posterior 
superficialis arteries. 





Fig. 79.1 An ultrasound image shovving femur length. (With permission 
from To M, Pereira S 2015 Routine fetal anomaly sean, in Coady AM (ed) 
Tvvining’s Textbook of Fetal Abnormalities, 3rd edition, Churchill 
Livingstone.) 


identiíìeation of short femur length is assoeiated with a higher risk of 
ehromosomal abnormalities (Mathiesen et al 2014) and a signifieantly 

higher likelihood of the fetus being small for gestational age and at risk 

• • 

of early preterm delivery (Mathiesen et al 2014, Ozlíi and Ozean 2013). 

It has been estimated that identifieation of isolated short femur length 
below the tenth or fifth pereentile at mid-gestation is assoeiated with 
more than a three-fold risk of the development of fetal growth retarda- 
tion and inereased risk of early preterm birth before 37 and 34weeks 
(Goetzinger et al 2012). Although the cause of this relationship must 
be multifactorial, it is suggested that ehanges in plaeentation and 
ehronie fetal hypoxia may lead to a fetal adaptive response in which 
highly oxygenated blood is diverted to the brain and heart at the 
expense of the extremities. 


NEONATAL L0WER LIMB 


In the neonate, the pelvis is eone-shaped. The transverse diameter of 
the tme pelvis is 2.2 em, its anteroposterior diameter is 2.8 em, and the 
length between the inlet and outlet is 2 em. The saemm is proportion- 
ately larger than in the adult and the saeral promontory is higher. When 
walking begins, the saemm deseends between the ilia and the promon- 
tory develops. The ilia, isehia and pubic bones are variably ossified at 
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SECTION 9 


DEVELOPMENT OF THE PELVIO GIRDLE AND LOWER LIMB 


birth; they meet at the aeetabiiliim, which in the neonate is eartilagi- 
nous, relatively large and shallow. 

The lower limbs are underdeveloped in the neonate when eompared 
to the upper limbs. They are retained in a flexed position and the lower 
leg is proportionately shorter than the thigh. Although the legs appear 
to be bowed, the tibia and fibula are straight; the illusion of bow legs 
is caused by the shape of the soft tissues and the slightly more advaneed 
development of the lateral head of gastroenemms eompared to its 
medial head. The femoral neek is much shorter and forms an acute 
angle with the shaft. The latter is quite straight because the adult cur- 
vature is acquired with walking. The head of the femur is larger than 
the acetabular fossa and nearly one-third remains externaf which 
means that the ligament of head of femur is relatively very long. Dislo- 
eation of the hip joint is relatively easy; the femoral head ean be 
removed from the acetabular fossa laterally but not posteriorly. The 
calcaneus and the talus have an ossifieation eentre at birth, and a eentre 
is present in the cuboid in half of neonates. 

The imiseles of the lower limb are much less developed than those 
in the upper limb. The fetal position often assumed by postnatal babies 
keeps the thighs in continuous abduction, stretehing the adductors. The 
muscles that will be used for walking are weak; the laek of gluteal 
development, in particular, gives the typieally diminutive buttocks of 
the neonate. 

In neonates, the feet are usually inverted and they have a greater 
degree of dorsiflexion, caused by the relatively greater area of the tro- 
ehlea of the talus. Plantar flexion is limited, in part refleeting the short- 
ness of the extensor muscles of the foot. At birth, the footprint outlines 
the whole plantar surface, refleeting the deposition of subcutaneous fat 
beneath the longitudinal and transverse arehes, and so most babies 
appear flat-footed. 



The eategories of limb defeets deseribed by Swanson (1976) are given 
on page 796. Although devised for the upper limb, they similarly apply 
to the lower limb. 

Developmental dysplasia of the hip (previously known as eongenital 
disloeation of the hip) refers to an abnormal configuration ofl or rela- 
tionship between, the femoral head and the acetabulum that occurs 
either before or after birth in approximately 1 in 100 live births with a 
female: male ratio of 6:1. (In 2% of eases, hip disloeation is not evident 
at birth but manifests in the first few months of the life.) It eovers a 
eontimmm of disorders that ranges from shallowness of the acetabulum 
to instability and subluxation of the femoral head and, ultimately to 
frank disloeation. Acetabular anteversion may occur (Li et al 2009). The 
aetiology is eonsidered to be multifactorial and is assoeiated with first 
pregnaneies, suggesting that both maternal and uterine musculature 
restriets fetal movement and puts postural strain on the fetal hips. 

Developmental dysplasia of the hip is seen more frequently in 
breeeh delivery, espeeially if the ehild's knees are extended. The inei- 
denee is similar in preterm and term infants born in the breeeh position 
(Quan et al 2013). The left hip is more frequently affeeted than the 
right, possibly because, in breeeh presentation, the fetus lies with the 
right shoulder anterior and the left thigh elosest to the maternal saemrn. 
The physiologieal effeets that cause the maternal ligaments to beeome 
temporarily lax prior to delivery are also eonsidered to affeet the fetus 
and to contribute to laxity of the hip capsule. Risk faetors are breeeh 
delivery, female sex, a positive family history and elieking hips at elini- 
eal examination (de Hundt et al 2012). Ultrasound is benefieial in the 
early deteetion and assessment of ehildren with developmental dyspla- 
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sia of the hip; magnetie resonanee imaging (MRI) may be benefieial in 
identifying the underlying bony and soft tissue anatomy. 

The eollodiaphysial angle (CDA; neek-shaft angle, Mikulicz angle) 
is the angle between the long axis of the femoral shaft and the head 
and neek of the femur; the normal range varies between 125 0 and 140 0 
(see Fig. 81.10). Where the CDA is enhaneed, usually above 135°, a 
coxa valga deformity occurs. Where CDA is deereased (usually defined 
as less than 120°), a coxa vara deformity occurs; the meehanism is 
thought to be a failure of medial growth of the physial plate. The result- 
ing lower limb is shortened and abduction is restrieted. In both coxa 
valga and coxa vara, the long-term unequal weight distribution may 
result in excessive wear of artiailar eartilage. 

The femur normally aligns on the tibia obliquely, ereating an angle 
of 174° faeing laterally. A medial angulation of the leg in relation to 
the thigh is a deformity ealled genu vamm, whereas a lateral angulation 
is ealled genu valgum. The hip-knee (femoral-tibial) angle in ehildren 
is +3.6 0 (vamm) between the ages of 1 and 2years, and -2.5 0 (valgum) 
between the ages of 2 and 3years. The prevalenee of lower limb deform- 
ities physiologieally deereases after 5years of age; the angle is +0.3 0 after 
the age of 7 years, which is within 1 ° of adult referenee values (Sabhar- 
wal and Zhao 2009). Both deformities cause unequal weight distribu- 
tion that hastens destmetion of knee eartilages; persistenee of genu 
vamm/valgum until late ehildhood may require eorreetion in order to 
prevent arthrosis. (For fhrther reading, see Goldman and Green (2010).) 

The patella may be absent or hyoplastie, a malformation that may be 
isolated or may be assoeiated with other defeets (Mizobuchi et al 2007). 

Congenital talipes equinovams, or club foot, derives its name from 
a eombination of talus and pes, together with terms deseribing an ele- 
vated heel resembling that of a horse [eejmno), which is also turned 
inwards ( varus ). It is a eommon neonatal anomaly and occurs in 
approximately 1 per 1000 live births, with males affeeted twice as often 
as females. There is some degree of inheritanee, so it is not entirely an 
effeet of intrauterine positioning or of oligohydramnios (abnormally 
little amniotie fluid). Both bones and soft tissues are affeeted and it is 
diffioilt to tell which are primary effeets and which are seeondary. A 
number of theories have been proposed to explain the underlying 
pathogenetie meehanism(s), including abnormal tendon and ligament 
attaehments, defeetive development of the talus and delayed muscle 
maturation. One theory is that the talus undergoes defeetive develop- 
ment and that all the other deformities arise as a consequence of this 
initial defeet. The talus is deereased in size by up to 25%. It has a fore- 
shortened neek and deereased body/neek angle, and the subtalar faeets 
are medially rotated. The navicular is small and medially deviated rela- 
tive to the talus. The calcaneus is also small and shows vams displaee- 
ment and equinus tilt; the anterior faeets eorrespond to those of the 
talus (Barlow and Clarke 1994). The entire affeeted foot and ealf are 
smaller than their normal counterparts. The foot is inverted and supi- 
nated, and the forefoot is adducted. The heel is small, rotated inwards 
and elevated. The calcaneus is inverted beneath the talus. MRI analysis 
of the lower legs of patients who had been treated for idiopathie eon- 
genital talipes equinovams showed that leg muscle volume was eonsist- 
ently reduced (Duce et al 2013). Treatment varies between splintage 
and repeated complex surgery, which refleets the highly variable severity 
of the eondition and individual response to therapy. 

'Flat feet' are eommon in ehildhood. The majority are 'flexible' and 
simply related to posture, whereas 'rigid' flat feet are caused by structural 
abnormalities. The deseription of'roeker bottom' foot is assoeiated with 
many eongenital syndromes. The foot is flat and rigid, and the plantar 
surface appears curved with the apex of the curve at the mid-tarsal joint. 
The eondition shows an equinus position of the hindfoot. The talus 
may be vertieal and palpable on the plantar surface. A majority of 
infants with this eondition have neurological abnormalities. 
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CHAPTER 



The pelvie girdle eonsists of the paired hip bones (eaeh eomposed of 
the ilium, isehimn and pubis) and the saemm. The two pubic bones 
artiailate anteriorly at the pubic symphysis and the saemm articulates 
posteriorly with the two iliae bones at the saeroiliae joint; the bones are 
virtually ineapable of independent movement, except in the female 
during parturition or as a result of pathologieal ehange. The pelvie girdle 
is massively eonstmeted and serves as a weight-bearing and proteetive 
stmcture, as an attaehment for tmnk and lower limb mnseles, and as 
the skeletal framework of a birth eanal eapable of aeeommodating 
passage of the fetus. 

The gluteal region or buttock is an area demareated by the gluteal 
fold inferiorly a line joining the greater troehanter and the anterior 
superior iliae spine laterally the iliae erest superiorly and the midline 
medially. It eontains a large bulk of skeletal muscle that eovers several 
vulnerable neurovascular stmctures, and ineorporates junctional zones 
between the lower limb, pelvis and perineum at the seiatie foramina. 
Direet and indireet musculoskeletal injuries in this region may damage 
the seiatie nerve and gluteal vessels. 

The thigh eonsists of a eylinder of eompaet bone, the femoral shaft, 
surrounded by muscle groups traversed by important neurovascular 
stmctures. The muscles are grouped aeeording to fhnetion and lie 
within osteofaseial eompartments that are defined by faseial septa 
mnning between the femur and an enveloping tube of thiek faseia, the 
faseia lata. The femoral artery gives off its major braneh, the profimda 
femoris artery (deep artery of the thigh), in the anterior eompartment, 
and the seiatie nerve usually divides into its main branehes, the tibial 
and eommon fibular nerves, as it passes through the posterior eompart- 
ment of the thigh. The femoral nerve divides soon after entering the 
anterior eompartment of the thigh beneath the inguinal ligament; the 
obturator nerve enters the medial thigh proximally and medially from 
the pelvis and divides into its main branehes, which mn anterior and 
posterior to adductor brevis. 


SKIN AND SOFT TISSUES 


SKIN 


See also Chapter 78 (p. 1316). 

Cutaneous vascular supply 
and lymphatie drainage 


Buttock 

Most of the skin of the buttock is supplied by musculocutaneous per- 
forating vessels from the superior and inferior gluteal arteries. There 
are also small peripheral contributions from similar branehes of the 
internal pudendal, iliolumbar and lateral saeral arteries. 

Cutaneous veins are tributaries of vessels that eorrespond to the 
named arteries. Cutaneous lymphatie drainage is to the superficial 
inguinal nodes. 

Thigh 

The skin of the thigh distal to the inguinal ligament and gluteal fold is 
supplied mainly by branehes of the femoral and profimda femoris 
arteries. There is some contribution from the obturator, inferior gluteal 
and popliteal arteries, and from direet cutaneous, musculocutaneous 
and fasciocutaneous vessels. For ffirther details, consult Cormack and 
Lamberty (1994). 

Cutaneous veins are tributaries of vessels that eorrespond to the 
named arteries. Cutaneous lymphatie drainage is to the superficial 
inguinal nodes, mainly via eolleeting tmnks aeeompanying the long 
saphenous vein. 


Innervation 


For the dermatomes and cutaneous nerves, see Figures 78.12B, 78.13, 
78.14. 

SOFT TISSUES 

Subcutaneous tissue 

The subcutaneous tissue (tela subcutanea) of the thigh and buttock 
eonsists, as elsewhere in the limbs, of loose areolar tissue eontaining a 
variable quantity of fat. In some regions, particularly near the inguinal 
ligament, it splits into reeognizable layers, between which may be found 
the branehes of superficial vessels and nerves. It is thiek in the inguinal 
region, where its two layers enelose the superficial inguinal lymph 
nodes, long saphenous vein and other smaller vessels. Here, the super- 
fieial layer is continuous with that of the abdominal faseia. The deep 
layer, a thin fibroelastie stratum, is most marked medial to the long 
saphenous vein and inferior to the inguinal ligament, and is interposed 
between the subcutaneous vessels and nerves and the deep faseia, ffising 
with the latter a little below the ligament. This membranous layer of 
subcutaneous tissue overlies the saphenous opening, blending with its 
circumference and with the femoral sheath. Over the opening, it is 
perforated by the long saphenous vein, by the superficial branehes of 
the femoral artery other than the superficial circumflex iliae braneh 
(which perforates the faseia lata separately), and lymphatie vessels; 
henee the term eribriform faseia. The subcutaneous tissue of the buttock 
is continuous superiorly with that over the low baek and eontains a 
variable quantity of fat. 

Deep faseia 

The deep faseia (faseia musculomm) eovering the gluteal muscles varies 
in thiekness. Over gluteus maximus it is thin, but over the anterior two- 
thirds of gluteus medius it forms the thiek, strong gluteal aponeurosis. 
This is attaehed to the lateral border of the iliae erest superiorly, and 
splits anteriorly to enelose tensor faseiae latae and posteriorly to enelose 
gluteus maximus. 

Faseia lata 

The faseia lata, the wide, deep faseia of the thigh, is thieker in the proxi- 
mal and lateral parts of the thigh where tensor faseiae latae and an 
expansion from gluteus maximus are attaehed to it. It is thin posteriorly 
and over the adductor muscles, but thieker around the knee, where it 
is strengthened by expansions from the tendon of bieeps femoris lat- 
erally, sartorius medially and quadriceps femoris anteriorly. The faseia 
lata is attaehed superiorly and posteriorly to the baek of the saemm and 
coccyx, laterally to the outer margin of the iliae erest, anteriorly to the 
inguinal ligament and superior ramus of the pubis, and medially to the 
inferior ramus of the pubis, the ramus and tuberosity of the isehmm, 
and the lower border of the sacrotuberous ligament. From the iliae erest, 
it deseends as a dense layer over gluteus medius to the upper border of 
gluteus maximus, where it splits into two layers, one passing superficial 
and the other deep to the muscle, the layers reuniting at the lower 
border of the muscle. 

Iliotibial traet 

Over the flattened lateral surface of the thigh, the faseia lata thiekens to 
form a strong band, the iliotibial traet. The upper end of the traet splits 
into two layers, where it eneloses and anehors tensor faseiae latae and 
reeeives, posteriorly, most of the tendon of gluteus maximus. The super- 
fieial layer aseends lateral to tensor faseiae latae to the iliae erest; the 
deeper layer passes up and medially, deep to the muscle, and blends 
with the lateral part of the capsule of the hip joint. Distally, the iliotibial 
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traet is attaehed to a smooth, triangiilar faeet (Gerdy's tubercle) on the 
anterolateral aspeet of the lateral eondyle of the tibia, where it is super- 
fieial to, and blends with, an aponeurotic expansion from vastus latera- 
lis. When the knee is extended against resistanee, it stands out as a 
strong, visible ridge on the anterolateral aspeet of the thigh and knee. 

Distally, the faseia lata is attaehed to all exposed bony points around 
the knee joint, such as the eondyles of the femur and tibia, and the 
head of the fibula. On eaeh side of the patella, the deep faseia is re- 
inforeed by transverse fibres, which reeeive contributions from the 
lateral and medial vasti. The stronger lateral fibres are continuous with 
the iliotibial traet. 

Intermuscular septa 

The deep surface of the faseia lata yields two intermuscular septa, which 
are attaehed to the whole of the linea aspera and to its proximal and 
distal prolongations. The lateral septum, thieker and stronger than the 
medial one, extends from the attaehment of gluteus maximus to the 
lateral femoral eondyle; it lies between vastus lateralis in front and 
the short head of bieeps femoris behind, and provides partial attaeh- 
ment for them. The medial, thinner and weaker septum lies between 
vastus medialis and the adductors and pectineus. Numerous smaller 
septa, such as that separating the thigh adductors and flexors, pass 
between the individual muscles, ensheathing them and sometimes 
providing partial attaehment for their fibres. 

Saphenous opening 

The saphenous opening is an aperture in the deep faseia, inferolateral 
to the medial end of the inguinal ligament, which allows passage for 
the long saphenous vein and other smaller vessels (Fig. 80.1). The 
eribriform faseia, which is piereed by these structures, fills in the aper- 
ture and must be removed to reveal it. Adjaeent subsidiary openings 
may exist to transmit venous tributaries. In the adult, the approximate 
eentre of the saphenous opening is 3 em lateral to a point just distal to 
the pubic tubercle. The length and width of the opening vary eonsider- 
ably. The faseia lata in this part of the thigh displays superficial and 
deep strata (not to be eonfhsed with the superficial and deep layers of 
the subcutaneous tissue deseribed above). They lie, respeetively, anterior 
and posterior to the femoral sheath, with the saphenous opening situ- 
ated where the two layers are in continuity. This serves to explain the 
somewhat oblique and spiral configuration of the saphenous opening. 

The superficial layer, lateral and superior to the saphenous opening, 
is attaehed, in continuity, to the erest and anterior superior spine of the 
ilium, to the whole length of the inguinal ligament, and to the peeten 
pubis and lacunar ligament. It is refleeted inferolaterally from the pubic 
tubercle as the arehed faleiform margin, which forms the superior, 
lateral and inferior boundaries of the saphenous opening; this margin 
adheres to the anterior layer of the femoral sheath, and the eribriform 
faseia is attaehed to it. The faleiform margin is eonsidered to have 
superior and inferior horns. The inferior horn is well defined, and is 
continuous behind the long saphenous vein with the deep stratum of 
the faseia lata. 

The deep layer is medial to the saphenous opening and is eontimi- 
ous with the superficial stratum at its lower margin. Traeed upwards, 
it eovers pectineus, adductor longus and graeilis, passes behind the 
femoral sheath, with which it blends, and continues to the peeten pubis. 



Fig. 80.1 The saphenous opening following removal of the eribriform 
faseia. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


Faseial eompartments 

There are three fimetional groups of muscle in the thigh: namely, ant- 
erior (extensor), posterior (flexor) and medial (adductor). The anterior 
and posterior groups occupy separate osteofaseial eompartments that 
are limited peripherally by the faseia lata and separated from eaeh other 
by the femur and the medial and lateral intermuscular septa (Fig. 80.2). 
The adductor muscles do not possess a separate eompartment limited 
by faseial planes. Nevertheless, it is customary to speak of three eom- 
partments: anterior, posterior and medial. The muscles of the three 
eompartments are deseribed below. Adductor magnus, adductor longus 
and pectineus could eaeh be eonsidered to be constituents of two eom- 
partments, i.e. adductor magnus in the posterior and the medial eom- 
partments, and adductor longus and pectineus in the anterior and the 
medial eompartments. 

The nerve supply to the eompartments of the thigh mainly follows 
the 'one eompartment - one nerve' prineiple. Thus, the femoral nerve 
supplies the anterior eompartment muscles, the obturator nerve sup- 
plies the medial eompartment muscles, and the seiatie nerve supplies 
those in the posterior eompartment. The dual fimetional and eompart- 
mental attribution of adductor magnus, adductor longus and pectineus 
are refleeted in their dual nerve supplies. 

In eontrast to the motor innervation, the arterial supply to the eom- 
partmental muscle groups does not exhibit such a direet relationship. 
All groups reeeive a supply from the femoral system, particularly from 
the profimda femoris artery and its branehes. The adductors reeeive a 
contribution from the obturator artery, and the hamstrings reeeive a 
proximal supply from the inferior gluteal artery. Further details are 
given in the deseriptions of the individual muscles. 

Femoral sheath 

The femoral sheath is a fimnel-shaped distal prolongation of extraperi- 
toneal faseia, formed of transversalis faseia anterior to the femoral 
vessels, and of the iliae faseia posteriorly. It is wider proximally and its 
tapered distal end fuses with the vascular adventitia 3 or 4 em distal to 
the inguinal ligament. At birth the sheath is shorter; it elongates when 
extension at the hips beeomes habitual. The femoral braneh of the 
genitofemoral nerve perforates its lateral wall. The medial wall slopes 
laterally and is piereed by the long saphenous vein and lymphatie 
vessels. Like the earotid sheath, the femoral sheath eneloses a mass of 
eonneetive tissue in which the vessels are embedded. Three eompart- 
ments are deseribed: a lateral one eontaining the femoral artery; an 
intermediate one for the femoral vein; and a medial eompartment, the 
femoral eanal, which eontains lymph vessels and an oeeasional lymph 
node embedded in areolar tissue. The presenee of this eanal allows the 
femoral vein to distend. The eanal is eonieal and approximately 1.25 em 
in length. Its proximal (wider) end, termed the femoral ring, is bounded 
in front by the inguinal ligament, behind by pectineus and its faseia 
and the peetineal ligament, medially by the ereseentie, lateral edge of 
the lacunar ligament and laterally by the femoral vein. The spermatie 
eord, or the round ligament of the uterus, is just above its anterior 
margin, while the inferior epigastrie vessels are near its anterolateral 
rim. It is larger in women than in men: this is due partly to the relatively 
greater width of the female pelvis and partly to the smaller size of the 
femoral vessels in women. The ring is filled by eondensed extraperito- 
neal tissue, the femoral septum, which is eovered on its proximal aspeet 
by the parietal peritoneum. Numerous lymph vessels that eonneet the 
deep inguinal to the external iliae lymph nodes traverse the femoral 
septum (Fig. 80.3). 

Femoral hernia 

Femoral hernia is deseribed with other groin hernias on page 1081. 

lliae faseia 

The iliae faseia eovers psoas and iliacus. It is thin above but thiekens 
progressively towards the inguinal ligament. The part eovering psoas is 
thiekened above as the medial arcuate ligament. Medially, the faseia 
over psoas is attaehed by a series of fibrous arehes to the intervertebral 
dises, the margins of vertebral bodies, and the upper part of the saemm. 
Laterally, it blends with the faseia anterior to quadratus lumbomm 
above the iliae erest, and with the faseia eovering iliaais below the erest. 

The iliae part is eonneeted laterally to the whole of the inner lip of 
the iliae erest and medially to the pelvie brim, where it blends with the 
periosteum. It is attaehed to the iliopubic ramus, where it reeeives a slip 
from the tendon of psoas minor, when this muscle is present. The 
external iliae vessels are anterior to the faseia but the branehes of the 
lumbar plexus are posterior to it. The faseia is separated from the peri- 
toneum by loose extraperitoneal tissue. Lateral to the femoral vessels, 
the iliae faseia is continuous with the posterior margin of the inguinal 
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ligament and the transversalis faseia. Medially, it passes behind the 
femoral vessels to beeome the peetineal ligament, attaehed to the peeten 
pubis. At the junction of its lateral and medial parts, it is attaehed to 
the iliopubic ramus and the capsule of the hip joint. It thus forms a 
septum between the inguinal ligament and the hip bone, dividing the 
spaee here into a lateral part, the muscular spaee, eontaining psoas 
major, iliacus and the femoral nerve, and a medial part, the vascular 
spaee, transmitting the femoral vessels (see Fig. 80.3). The iliae faseia 
continues downwards to form the posterior wall of the femoral sheath. 

Obturator membrane 

The obturator membrane (Fig. 80.4) is a thin aponeurosis that eloses 
(obturates) most of the obturator foramen, leaving a superolateral aper- 
ture, the obturator eanal, through which the obturator vessels and nerve 
leave the pelvis and enter the thigh. The membrane is attaehed to the 
sharp margin of the obturator foramen except at its inferolateral angle, 
where it is fixed to the pelvie surface of the isehial ramus, i.e. internal 
to the foramen. Its fibres are arranged mainly transversely in interlaeing 
bundles; the uppermost bundle, which is attaehed to the obturator 
tubercles, eompletes the obturator eanal. The outer and inner surfaces 
of the obturator membrane provide attaehment for the obturator exter- 
nus and internus, respeetively. Some fibres of the pubofemoral ligament 
of the hip joint are attaehed to the outer surface. 


BONES 


The pelvie girdle is an entity eonsisting of the two hip bones and the 
saemm (strietly speaking, the saemm is part of the vertebral column). 
The pelvie girdle is massively eonstmeted and serves as a weight-bearing 
and proteetive stmcture, an attaehment for tmnk and limb muscles, and 
as the skeletal framework of the birth eanal. 

HIP BONE 


The hip bone is large, irregular, eonstrieted eentrally and expanded 
above and below (Fig. 80.5). Its lateral surface has a deep, cup-shaped 
acetabulum, articulating with the femoral head, anteroinferior to which 
is the large, oval or triangular obturator foramen. Above the acetabu- 
lum, the bone widens into an undulant plate surmounted by a sinu- 
ously curved iliae erest. 

The bone articulates in front with its fellow and posteriorly with the 
side of the saemm to form the pelvie girdle. Eaeh hip bone has three 
parts - ilium, isehmm and pubis, eonneeted to eaeh other by eartilage 
in youth but united as one bone in adults. The prineipal union is in 
the acetabulum. The ilium includes the upper acetabulum and expanded 
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Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. 
Copyright 2013.) 



Fig. 80.4 An anterolateral view of left bony pelvis, showing assoeiated 
ligaments and the obturator membrane. 


area above it; the isehiiim includes the posteroinferior acetabulum and 
bone posteroinferior to it; the pubis forms the anteroinferior 
acetabulum. 

Acetabulum 

The acetabulum (Fig. 80.5A,C) is an approximately hemispherieal 
eavity situated about the eentre of the lateral aspeet of the hip bone. It 
faees anteroinferiorly and is circumscribed by an irregular margin defi- 
eient inferiorly at the acetabular noteh. The acetabular fossa forms the 
eentral floor and is rough and non-articular. The articular lunate surface 
is widest above (the 'dome'), where weight is transmitted to the femur. 
Consequently fractures through this region tend to be assoeiated with 
unsatisfactory outcomes. All three eomponents of the hip bone eontrib- 
ute to the acetabulum, although unequally. The pubis forms the antero- 
superior fifth of the artioilar surface, the ischium forms the floor of the 
fossa and rather more than the posteroinferior two-fifths of the articular 
surface, and the ilium forms the remainder. Oeeasionally, a linear defeet 
may be seen to eross the acetabular surface from the superior border to 
the acetabular fossa. This does not eorrespond to any junction between 
the main morphologieal parts of the hip bone. 


Obturator foramen 

The obturator foramen lies below and slightly anterior to the acetabu- 
lum, between the pubis and ischium. It is bordered above by the 
grooved obturator surface of the superior pubic ramus, medially by the 
pubic body and its inferior ramus, below by the isehial ramus, and later- 
ally by the anterior border of the isehial body, including the margin of 
the acetabulum. The foramen is almost elosed by the obturator mem- 
brane (see above), which is attaehed to its margins, except superolat- 
erally, where a communication remains between the pelvis and thigh. 
This free edge of the membrane is attaehed to an anterior obturator 
tubercle at the anterior end of the inferior border of the superior pubic 
ramus, and a posterior obturator tubercle on the anterior border of 
the acetabular noteh; these tubercles are sometimes indistinet. Sinee 
the tubercles lie in different planes and the obturator groove erosses the 
upper border of the foramen, the acetabular margin is in faet a spiral. 
The foramen is large and oval in males, but smaller and nearly triangu- 
lar in females. 

Structure 

The thieker parts of the hip bone are trabeoilar, eneased by two layers 
of eompaet bone, while the thinner parts, as in the acetabulum and 
eentral iliae fossa, are often translucent and eonsist of a single lamina 
of eompaet bone. In the upper acetabulum and along the aroiate line, 
i.e. the route of weight transmission from the saemm to the femur, the 
amount of eompaet bone is inereased and the subjacent trabeoilar bone 
displays two sets of pressure lamellae. These start together near the 
upper auricular surface and diverge to meet two strong buttresses of 
eompaet bone, from which two similar sets of lamellar arehes start and 
eonverge on the acetabulum. The anterior part of the iliae erest has been 
much studied with regard to distribution of eortieal and trabecular 
bone. Whitehouse (1977) deseribed the eortieal bone as very porous, 
being only 75% bone, deereasing to 35% near the anterior superior iliae 
spine. 

Studies of the internal stresses within the hip bone have revealed a 
pattern of trabeoilae that eorresponds well with the theoretieally 
expected patterns of stress trajeetories (Holm 1980). These patterns 
are eonsiderably more complex than in any other major bone. Stresses 
are higher in the acetabular than in the iliae region. In the ilium, the 
pelvie surface is subjected to eonsiderably less stress than is the gluteal 
surface. 

Muscle attaehments 

See individual bones. 

Vascular supply 

In the infant, nutrient arteries are elearly demonstrable for eaeh eom- 
ponent of the hip bone. Eaeh nutrient artery branehes in a fan-like 
fashion within its bone of supply (Crock 1996). Later, a periosteal art- 
erial network develops, with contributions from numerous loeal arteries 
(see under individual bones). 
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Fig. 80.5 The left hip bone. A, Outer aspeet. B, Inner aspeet. C, Anterosuperior view. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Oopyright 2013.) 
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Innervation 

Periosteal innervation is by a network of nerves derived from branehes 
of loeal nerves. These nerves also supply muscles attaehing to the peri- 
osteum and the joints involving the hip bone. Autonomic nerves 
aeeompany nutrient arteries and braneh within the bone. 

Ossifieation 

Ossifieation (Figs 80.6-80.7) is by three primary eentres: one eaeh for 
the ilmm, ischium and pubis. The iliae eentre appears above the greater 
seiatie noteh prenatally at about the ninth week; the isehial eentre in 
its body in the fourth month; and the pubic eentre in its superior ramus 
between the fourth and fifth months. The pubis is often not reeovered 
from prenatal remains due to its size and fragility and because it is the 
last of the hip bones to begin ossifieation (Scheuer and Blaek 2004). At 
birth the whole iliae erest, the acetabular floor and the inferior margin 
are cartilaginous. Gradual ossifieation of the three eomponents of the 
acetabulum results in a triradiate cartilaginous stem extending medially 
to the pelvie surface as a Y-shaped epiphysial plate between the ilmm, 
ischium and pubis, and including the anterior inferior iliae spine. Car- 
tilage along the inferior margin also eovers the isehial tuberosity forms 



isehiiim 


Unossified (cartilaginous) regions 

Fig. 80.6 The hip bone. A, At birth. B, In adoleseenee; more heavily 
stippled areas indieate the seeondary eentres of ossifieation. 



Fig. 80.7 An anteroposterior radiograph of the pelvis of a boy aged 
7 years. Key: 1, ilium; 2, part of triradiate growth eartilage; 3, superior 
femoral epiphysis; 4, cartilaginous growth plates; 5, ossifying greater 
troehanter; 6, ischium; 7, pubis; 8, eartilage between inferior pubic and 
isehial rami. 


eonjoined isehial and pubic rami, and eontimies to the pubic symphy- 
sial surface and along the pubic erest to the pubic tubercle. 

The ossifying ischium and pubis fuse to form a continuous isehio- 
pubic ramus at the seventh or eighth year. Seeondary eentres, other than 
for the acetabulum, appear at about puberty and fuse between the fif- 
teenth and twenty-fifth years. There are usually two for the iliae erest 
(which fuse early), and single eentres for the isehial tuberosity (in ear- 
tilage elose to the inferior acetabular margin and spreading forwards), 
anterior inferior iliae spine (although it may ossify from the triradiate 
eartilage) and symphysial surface of the pubis (the pubic tubercle and 
erest may have separate eentres). Progression of ossifieation of the iliae 
erest in girls is an index of skeletal maturity and is useful in determining 
the optimal timing of surgery for spinal deformity. 

Between the ages of 8 and 9 years, three major eentres of ossifieation 
appear in the acetabular eartilage. The largest appears in the anterior 
wall of the acetabulum and fuses with the pubis, the seeond in the iliae 
acetabular eartilage superiorly, fhsing with the ilium, and the third in 
the isehial acetabular eartilage posteriorly, fhsing with the ischium. At 
puberty, these epiphyses expand towards the periphery of the acetabu- 
lum and contribute to its depth (Ponseti 1978). Fusion between the 
three bones within the acetabulum occurs between the sixteenth and 
eighteenth years. Delaere et al (1992) have suggested that ossifieation 
of the ilium is similar to that of a long bone, possessing three eartilagi- 
nous epiphyses and one cartilaginous proeess, although it tends to 
undergo osteoelastie resorption eomparable with that of eranial bones. 
During development, the acetabulum inereases in breadth at a faster 
rate than it does in depth. 

Avulsion fraetmes of pelvie apophyses may occur from excessive pull 
on tendons, usually in athletie adoleseents. The most frequent examples 
of such injuries are those to the isehial tuberosity (hamstrings) and 
anterior inferior iliae spine (rectus femoris). 

Pubis 


The pubis (see 4gs 80.5-80.6) is the ventral part of the hip bone and 
forms a median cartilaginous pubic symphysis with its fellow. The body 
of the pubis oeaipies the anteromedial part of the bone, and from the 
body a superior ramus passes up and baek to the acetabulum and an 
inferior ramus passes baek, down and laterally to join the isehial ramus 
inferomedial to the obturator foramen. 

Body 

The body, anteroposteriorly eompressed, has anterior, posterior and 
symphysial (medial) surfaces and an upper border, the pubic erest. The 
anterior surface also faees inferolaterally; it is rough superomedially and 
smooth elsewhere, giving attaehment to medial thigh muscles. The 
smooth posterior surface faees upwards and backwards as the oblique 
anterior wall of the lesser pelvis and is related to the urinary bladder. 
The symphysial surface is elongated and oval, united by eartilage to its 
fellow at the pubic symphysis. Denuded of eartilage, it has an irregular 
surface of small ridges and furrows or nodular elevations, varying eon- 
siderably with age, features that are of forensie interest. The pubic erest 
is the rounded upper border of the body and overhangs the anterior 
surface; the pubic tubercle is a small rounded eminenee on its lateral 
end. Both erest and tubercle are palpable; the latter partly is obscured 
in males by the spermatie eord that erosses above it from the scrotum 
to the anterior abdominal wall. The pubic rami diverge posterolaterally 
from the superolateral eorners of the body. 

The anterior surface of the pubic body faees the adductor region. The 
anterior pubic ligament attaehes to its medial part along a rough strip, 
which is wider in females. The posterior surface is separated from the 
urinary bladder by retropubic fat. The puboprostatic ligaments are 
attaehed to this surface medial to levator ani. 

Superior pubic ramus 

The superior pubic ramus passes upwards, backwards and laterally from 
the body, superolateral to the obturator foramen, to reaeh the acetabu- 
lum. It is triangular in seetion and has three surfaces and borders. Its 
anterior, peetineal surface, tilted slightly up, is triangular in outline and 
extends from the pubic tubercle to the iliopubic ramus. It is bounded 
in front by the rounded obturator erest and behind by the sharp peeten 
pubis (peetineal line), which, with the erest, is the pubic part of the 
linea terminalis (i.e. anterior part of the pelvie brim). The posterosupe- 
rior, pelvie surface, medially inelined, is smooth and narrows into the 
posterior surface of the body, which is bounded above by the peeten 
pubis and below by a sharp inferior border. The obturator surface, 
direeted down and baek, is erossed by the obturator groove sloping 
down and forwards. Its anterior limit is the obturator erest and its pos- 
terior limit is the inferior border. 
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Inferior pubic ramus 

The inferior pubic ramus, an inferolateral proeess of the body, deseends 
inferolaterally to join the isehial ramus medial to, and below, the obtu- 
rator foramen. The union may be loeally thiekened, but not obviously 
so in adults. The ramus has two surfaces and borders. The anterolateral 
surface, continuous above with that of the pubic body, faees the thigh 
and is marked by muscles. It is limited laterally by the margin of the 
obturator foramen, and medially by the rough anterior border. The 
posteromedial surface is continuous above with that of the body and 
is transversely convex; its medial part is often everted in males and gives 
attaehment to the ems of the penis. This surface faees the perineum 
medially, its smooth lateral part tilted up towards the pelvie eavity. 

The internal surface is indistinetly divided into mediaf intermediate 
and lateral areas. The medial area faees inferomedially in direet eontaet 
with the ems of the penis or elitoris and is limited above and behind 
by an indistinet ridge for attaehment of the faseia overlying the super- 
fieial perineal muscles. The medial margin of the raimis, strongly 
everted in males, provides attaehment for the faseia lata and the stratum 
membranosum perinei. 

Pubic tubercle 

The pubic tubercle provides attaehment to the medial end of the 
inguinal ligament. It forms part of the floor of the superficial inguinal 
ring and is erossed by the spermatie eord. 

Peeten pubis 

The peeten pubis is the sharp, superior edge of the peetineal surface. 
The eonjoint tendon (inguinal falx) and lacunar ligament are attaehed 
at its medial end and a strong, fibrous peetineal ligament is attaehed 
along the rest of its surface. The smooth pelvie surface is separated from 
parietal peritoneum only by areolar tissue, in which the lateral umbili- 
eal ligament deseends forwards aeross the ramus and, laterally, the vas 
deferens (ductus deferens) passes backwards. The obturator groove, 
which is eonverted to a eanal by the upper borders of the obturator 
membrane and obturator muscles, transmits the obturator vessels and 
nerve from the pelvis to the thigh. Some fibres of the pubofemoral liga- 
ment are attaehed to the lateral end of the obturator erest. 

Muscle attaehments 

The tendon of adductor longus is attaehed on the anterior (external) 
surface of the body, below the pubic erest. Below adductor longus, 
graeilis is attaehed to a line near the lower margin extending down on 
to the inferior ramus. Above graeilis, adductor brevis is attaehed to the 
body and inferior ramus. Above again, obturator externus is attaehed 
to the anterior surface, spreading on to inferior pubic and isehial rami. 
Adductor magnus usually extends from the isehial ramus on to the 
lower part of the inferior pubic ramus between adductor brevis and 
obturator externus. Pectineus is attaehed to the peetineal surface of the 
superior ramus along its upper part. Aseending loops of eremaster are 
attaehed to the pubic tubercle. The lateral part of rectus abdominis and, 
inferiorly, pyramidalis, are attaehed lateral to the tubercle, on the pubic 
erest. Medially, the erest is erossed by the medial part of rectus abdominis, 
aseending from ligamentous fibres that interlaee in front of the pubic 
symphysis. Anterior fibres of levator ani are attaehed on the posterior 
(internal) surface of the body near its eentre. More laterally, obturator 
internus is attaehed on this surface, extending on to both rami. Psoas 
minor, when present, is attaehed near the eentre of the peeten pubis. 

Vascular supply 

The pubis is supplied by a periosteal anastomosis of branehes from the 
obturator, inferior epigastrie and medial circumflex femoral arteries. 
The superficial and deep external pudendal arteries may also contribute. 
Multiple vascular foramina are present, mainly at the lateral (acetabu- 
lar) end of the bone, but there is no eonsistently plaeed nutrient 
foramen. 

Innervation 

The pubic periosteum is innervated by branehes of the nerves that 
supply muscles attaehed to the bone, the hip joint and the symphysis 
pubis. 

Ossifieation 

Ossifieation of the pubis is deseribed on page 1342. 

Ilium 


The ilium has upper and lower parts and three surfaces (see Figs 80.5, 
80.6). The smaller, lower part forms a little less than the upper two-fifths 
of the acetabulum. The upper part is much expanded, and has gluteal, 


saeropelvie and iliae (internal) surfaces. The posterolateral gluteal 
surface is an extensive rough area; the anteromedial iliae fossa is smooth 
and eoneave; and the saeropelvie surface is medial and posteroinferior 
to the fossa, from which it is separated by the medial border. 

lliae erest 

The iliae erest is the superior border of the ilium. It is convex upwards 
but sinuous from side to side, being internally eoneave in front and 
convex behind. Its ends projeet as anterior and posterior superior iliae 
spines. The anterior superior iliae spine is palpable at the lateral end of 
the inguinal fold; the lateral end of the inguinal ligament is attaehed 
to the anterior superior iliae spine. The posterior superior iliae spine is 
not palpable but is often indieated by a dimple, approximately 4 em 
lateral to the seeond saeral spinous proeess, above the medial gluteal 
region. 

The iliae erest has ventral and dorsal segments. The ventral segment 
occupies slightly more than the anterior two-thirds of the iliae erest and 
its prominenee is assoeiated with ehanges in iliae form as a result of the 
emergenee of the upright posture. It has internal and external lips and 
a rough intermediate zone that is narrowest eentrally. The dorsal 
segment, which occupies approximately the posterior one-third in 
humans, is a feature of all land vertebrates. It has two sloping surfaces 
separated by a longitudinal ridge ending at the posterior superior spine. 
The interosseous and posterior saeroiliae ligaments arise from the 
medial margin of the dorsal segment. The tubercle of the iliae erest 
projeets outwards from the outer lip approximately 5 em posterosupe- 
rior to the anterior superior spine. The summit of the iliae erest, a little 
behind its midpoint, is level with the fourth lumbar vertebral body in 
adults and with the fifth lumbar vertebral body in ehildren aged 10 years 
or less (Tame and Burstal 2003). 

Anterior border 

The anterior border deseends to the acetabulum from the anterior 
superior spine. Superiorly it is eoneave forwards. Inferiorly, immediately 
above the acetabulum, is a rough anterior inferior iliae spine, which is 
divided indistinetly into an upper area for the straight head of rectus 
femoris and a lower area extending laterally along the upper acetabular 
margin to form a triangular impression for the proximal end of the 
iliofemoral ligament. 

Posterior border 

The posterior border is irregularly curved and deseends from the pos- 
terior superior spine, at first forwards, with a posterior eoneavity forming 
a small noteh. At the lower end of the noteh is a wide, low projeetion: 
the posterior inferior iliae spine. Here the border turns almost horizont- 
ally forwards for approximately 3 em, then down and baek to join the 
posterior isehial border. Together these borders form a deep noteh, the 
greater seiatie noteh, which is bounded above by the ilium and below 
by the ilium and ischium. The upper fibres of the sacrotuberous liga- 
ment are attaehed to the upper part of the posterior border. The superior 
rim of the noteh is related to the superior gluteal vessels and nerve. The 
lower margin of the greater seiatie noteh is eovered by piriformis and 
is related to the seiatie nerve. 

Medial border 

The medial border separates the iliae fossa and the saeropelvie surface. 
It is indistinet near the erest, rough in its upper part, then sharp where 
it bounds an articular surface for the saemm, and finally rounded. 
The latter part is the arcuate line, which inferiorly reaehes the poste- 
rior part of the iliopubic ramus, marking the union of the ilium and 
pubis. 

Gluteal surface 

The gluteal surface, faeing inferiorly in its posterior part and laterally 
and slightly downwards in front, is bounded above by the iliae erest, 
and below by the upper acetabular border and by the anterior and 
posterior borders. It is rough and curved, convex in front, eoneave 
behind, and marked by three gluteal lines. The posterior gluteal line is 
shortest, deseending from the external lip of the erest approximately 
5 em in front of its posterior limit and ending in front of the posterior 
inferior iliae spine. Above, it is usually distinet, but inferiorly it is poorly 
defined and frequently absent. The anterior gluteal line, the longest, 
begins near the midpoint of the superior margin of the greater seiatie 
noteh and aseends forwards into the outer lip of the erest, a little anter- 
ior to its tubercle. The inferior gluteal line, seldom well marked, begins 
posterosuperior to the anterior inferior iliae spine, curving posteroinfe- 
riorly to end near the apex of the greater seiatie noteh. Between the 
inferior gluteal line and the acetabular margin is a rough, shallow 
groove. Behind the acetabulum, the lower gluteal surface is continuous 
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with the posterior isehial surface, the conjunction marked by a low 
elevation. 

The articular capsule is attaehed to an area adjoining the acetabular 
margin, most of which is eovered by gluteus minimus. Posteroinferiorly 
near the union of the ilium and isehmm, the bone is related to 
piriformis. 

lliae fossa 

The iliae fossa, the internal eoneavity of the ilmm, faees anterosuperi- 
orly. It is limited above by the iliae erest, in front by the anterior border 
and behind by the medial border, separating it from the saeropelvie 
surface. It forms the smooth and gently eoneave posterolateral wall of 
the greater pelvis. Below it is continuous with a wide shallow groove, 
bounded laterally by the anterior inferior iliae spine and medially by 
the iliopubic ranms. 

The eonverging fibres of iliacus occupy the wide groove between 
the anterior inferior iliae spine and the iliopubic ramus laterally and 
the tendon of psoas major medially; the tendon is separated from the 
underlying bone by a bursa. The right iliae fossa eontains the caecum, 
and often the vermiform appendix and terminal ileum. The left iliae 
fossa houses the terminal part of the deseending eolon and the proxi- 
mal sigmoid eolon. 

Saeropelvie surface 

The saeropelvie surface, the posteroinferior part of the medial iliae 
surface, is bounded posteroinferiorly by the posterior border, antero- 
superiorly by the medial border, posterosuperiorly by the iliae erest and 
anteroinferiorly by the line of fhsion of the ilimn and ischium. It is 
divided into iliae tuberosity and auricular and pelvie surfaces. The iliae 
tuberosity, a large, rough area below the dorsal segment of the iliae erest, 
shows eranial and caudal areas separated by an oblique ridge and eon- 
neeted to the saemm by the interosseous saeroiliae ligament. The sae- 
ropelvie surface gives attaehment to the posterior saeroiliae ligaments 
and, behind the auricular surface, to the interosseous saeroiliae liga- 
ment. The iliolumbar ligament is attaehed to its anterior part. The 
auricular surface, immediately anteroinferior to the tuberosity, articu- 
lates with the lateral saeral mass. Shaped like an ear, its widest part is 
anterosuperior, and its 'lobule' posteroinferior and on the medial aspeet 
of the posterior inferior spine. Its edges are well defined but the surface, 
though artioilar, is rough and irregular. It artiailates with the saemm 
and is reeiproeally shaped. The anterior saeroiliae ligament is attaehed 
to its sharp anterior and inferior borders. The narrow part of the pelvie 
surface, between the auricular surface and the upper rim of the greater 
seiatie noteh, often shows a rough pre-auricular sulcus (that is usually 
better defined in females) for the lower fibres of the anterior saeroiliae 
ligament. For the reliability of this feature as a sex diseriminant, refer 
to Finnegan (1978) and Brothwell and Pollard (2001). The pelvie 
surface is anteroinferior to the aoitely curved part of the auricular 
surface, and contributes to the lateral wall of the lesser pelvis. Its upper 
part, faeing down, is between the auricular surface and the upper limb 
of the greater seiatie noteh. Its lower part faees medially and is separated 
from the iliae fossa by the arcuate line. Anteroinferiorly, it extends to 
the line of union between the ilium and ischium. Though usually 
obliterated, it passes from the depth of the acetabulum to approxi- 
mately the middle of the inferior limb of the greater seiatie noteh. 

Muscle attaehments 

The attaehment of sartorius extends down the anterior border below the 
anterior superior iliae spine. The iliae erest gives attaehment to the ant- 
erolateral and dorsal abdominal muscles, and to the faseiae and muscles 
of the lower limb. The faseia lata and iliotibial traet are attaehed to the 
outer lip and tubercle of its ventral segment. Tensor faseiae latae is 
attaehed anterior to the tubercle. The lower fibres of external oblique 
and, just behind the summit of the erest, the lowest fibres of latissimus 
dorsi are attaehed to its anterior two-thirds. A variable interval exists 
between the most posterior attaehment of external oblique and the most 
anterior attaehment of latissiimis dorsi, and here the erest forms the base 
of the lumbar triangle through which herniation of abdominal eontents 
may rarely occur. Internal oblique is attaehed to the intermediate area of 
the erest. Transversus abdominis is attaehed to the anterior two-thirds of 
the inner lip of the erest, and behind this to the thoracolumbar faseia 
and quadratus lumborum. The highest fibres of gluteus maximus are 
attaehed to the dorsal segment of the erest on its lateral slope. Ereetor 
spinae arises from the medial slope of the dorsal segment. The straight 
head of rectus femoris is attaehed to the upper area of the anterior infe- 
rior spine. Some fibres of piriformis are attaehed in front of the posterior 
inferior spine on the upper border of the greater seiatie foramen. 

The gluteal surface is divided by three gluteal lines into four areas. 
Behind the posterior line, the upper rough part gives attaehment to the 


upper fibres of gluteus maximus and the lower, smooth region to part 
of the sacrotuberous ligament and iliae head of piriformis. Gluteus 
rnedms is attaehed between the posterior and anterior lines, below the 
iliae erest, and gluteus minimus is attaehed between the anterior and 
inferior lines. The fourth area, below the inferior line, eontains vascular 
foramina. 

The refleeted head of rectus femoris attaehes to a curved groove 
above the acetabulum. Iliacus is attaehed to the upper two-thirds of the 
iliae fossa and is related to its lower one-third. The medial part of 
quadratus lumborum is attaehed to the anterior part of the saeropelvie 
surface, above the iliolumbar ligament. Piriformis is sometimes partly 
attaehed lateral to the pre-auricular sulcus, and part of obturator int- 
ernus is attaehed to the more extensive remainder of the pelvie surface. 

Vascular supply 

Branehes of the iliolumbar artery mn between iliacus and the ilium; 
one or more enter large nutrient foramina lying posteroinferiorly in the 
iliae fossa. The superior gluteal, obturator and superficial circumflex 
iliae arteries contribute to the periosteal supply. The obturator artery 
may supply a nutrient braneh. Vascular foramina on the ilium underly- 
ing the gluteal imiseles may lead into large vasailar eanals in the bone. 

Innervation 

The periosteum is innervated by branehes of nerves that supply muscles 
attaehed to the bone, the hip joint and the saeroiliae joint. 

Ossifieation 

Ossifieation of the ilium is deseribed on page 1342. 

Ischium 


The ischium, the inferoposterior part of the hip bone, has a body and 
ramus. The body has upper and lower ends and femoral, posterior and 
pelvie surfaces (see 7 igs 80.5-80.7). Above, it forms the posteroinferior 
part of the acetabulum; below, its ramus aseends anteromedially at an 
acute angle to meet the inferior pubic ramus, thereby eompleting the 
boundary of the obturator foramen. The isehiofemoral ligament is 
attaehed to the lateral border below the acetabulum ( mss and Baeher 
1991). 

The femoral surface faees downwards, forwards and laterally towards 
the thigh. It is bounded in front by the margin of the obturator foramen. 
The lateral border, indistinet above but well defined below, forms the 
lateral limit of the isehial tuberosity. At a higher level, the femoral 
surface is eovered by piriformis, from which it is partially separated by 
the seiatie nerve and the nerve to quadratus femoris. The posterior 
surface, faeing superolaterally, is continuous above with the iliae gluteal 
surface, and here a low convexity follows the acetabular curvature. 
Inferiorly, this surface forms the upper part of the isehial tuberosity, 
above which is a wide, shallow groove on its lateral and medial aspeets. 
Above the isehial tuberosity, the posterior surface is erossed by the 
tendon of obturator intermis and the gemelli. The nerve to quadratus 
femoris lies between these structures and the ischium. The isehial tuber- 
osity is a large, rough area on the lower posterior surface and inferior 
extremity of the ischium. Though obscured by gluteus maximus in hip 
extension, it is palpable in hip flexion. It is 5 em from the midline and 
about the same distanee above the gluteal fold. It is elongated and 
widest above, and tapers inferiorly. The isehial posterior aspeet lies 
between the lateral and posterior borders. The posterior border blends 
above with that of the ilhim, helping to eomplete the inferior rim of 
the greater seiatie foramen, the posterior end of which has a conspicu- 
ous isehial spine. Below this, the rounded border forms the floor of the 
lesser seiatie foramen, between the isehial spine and tuberosity. The 
pelvie surface is smooth and faees the pelvie eavity; inferiorly, it forms 
part of the lateral wall of the isehio-anal fossa. 

isehial ramus 

The isehial ramus has anteroinferior and posterior surfaces continuous 
with the eorresponding surfaces of the inferior pubic ramus. The antero- 
inferior surface is roughened by the attaehment of the medial thigh 
muscles. The smooth posterior surface is partly divided into perineal 
and pelvie areas, like the inferior pubic ramus. The upper border eom- 
pletes the obturator foramen; the rough lower border, together with the 
medial border of the inferior pubic ramus, contributes to the pubic 
areh. The faseia overlying the superficial muscles of the perineum is 
attaehed below the ridge between the perineal and pelvie areas of the 
posterior surface of the isehial ramus. Above the ridge, areas give attaeh- 
ment to the ems of the penis or elitoris and the external urethral 
sphineter. The lower border of the ramus provides an attaehment for 
the faseia lata and the stratum membranosum perinei. 
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Isehial tuberosity 

The isehial tiiberosity is divided nearly transversely into upper and 
lower areas. The upper area is subdivided by an oblique line into 
superolateral and inferomedial parts. The lower area, narrowing as it 
curves on to the inferior isehial aspeet, is subdivided by an irregular 
vertieal ridge into lateral and medial areas. The medial area is eovered 
by fibroadipose tissue that usually eontains the seiatie bursa of gluteus 
maximus, which supports the body in sitting. Medially the tuberosity 
is limited by a curved ridge that passes on to the ramus and which gives 
attaehment to the sacrotuberous ligament and its faleiform proeess. 

isehial spine 

The isehial spine projeets downwards and a little medially (see Fig. 
80.5A,B). The sacrospinous ligament is attaehed to its margins, separat- 
ing the greater from the lesser seiatie foramen. The ligament is erossed 
posteriorly by the internal pudendal vessels, pudendal nerve and the 
nerve to obturator internus. 

Muscle attaehments 

Part of obturator externus is attaehed to the lower femoral surface of 
the isehial body. Part of obturator externus, the anterior fibres of adduc- 
tor magnus and, near the lower border, graeilis are all attaehed to the 
anterior surface of the isehial ramus. Between adductor magnus and 
graeilis, the attaehment of adductor brevis may deseend from the infe- 
rior pubic ramus. The posterior surface is divided into pelvie and peri- 
neal areas. The pelvie area, faeing baek, has part of obturator internus 
attaehed to it. The perineal area faees medially; its upper part is related 
to the ems of the penis or elitoris, and its lower part gives attaehment 
to sphineter urethrae, ischiocavernosus and the superficial transverse 
perineal muscle. 

The isehial tuberosity gives attaehment to the posterior thigh 
muscles. Quadratus femoris is attaehed along the upper part of its 
lateral border. The upper area of the tuberosity is subdivided by an 
oblique line into a superolateral part for semimembranosus and an 
inferomedial part for the long head of bieeps femoris and semitendi- 
nosus. The lower area is subdivided by an irregular vertieal ridge into 
lateral and medial areas. The larger lateral area is for part of adductor 
magnus. Superomedial to the tuberosity, the posterior surface has a 
wide, shallow groove, usually eovered by hyaline eartilage, with a bursa 
between it and the tendon of obturator internus. Gemellus inferior is 
attaehed to the lower margin of the groove, near the tuberosity. Gemel- 
lus superior is attaehed to the upper margin, near the isehial spine. 
Foreefhl eontraetion of the hamstrings ean result in an avulsion fracture 
of the isehial tuberosity. 

The pelvie surface of the isehial spine gives attaehment to coccygeus 
and to the most posterior fibres of levator ani. Obturator internus is 
attaehed to the upper part of the smooth pelvie isehial surface and 
eonverges on the bony part of the lesser seiatie foramen, eovering the 
rest of this surface other than the pelvie aspeet of the isehial spine; the 
muscle and its faseia separate the bone from the isehio-anal fossa. 

Vascular supply 

There are multiple vasailar foramina at the acetabular margins and a 
few are usually present on the pelvie surface. Branehes of the obturator, 
medial circumflex femoral and inferior gluteal arteries supply the 
ischium. 

Innervation 

The periosteum is innervated by branehes of nerves that supply the hip 
joint and muscles attaehed to the bone. 

Ossifieation 

Ossifieation of the ischium is deseribed on page 1342. 


SACRUM 


See page 726. 


C0CCYX 


See page 729. 


BONY PELVIS AS A WH0LE 


The term pelvis ('basin') is applied variously to the skeletal ring formed 
by the hip bones and the saemm, the eavity therein, and even the entire 
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Fig. 80.8 Anterior (A) and posterior (B) views of the female pelvis, upper 
femur and lower lumbar spine, using three-dimensional computed 
tomography. (Courtesy of Dr Yoginder Vaid and Mr Jon C Betts, Jr.) 


region where the tmnk and lower limbs meet (Fig. 80.8). It is used here 
in the skeletal sense, to deseribe the irregular osseous girdle between 
the femoral heads and fifth lumbar vertebra. It is large because its 
primary fimetion is to withstand the forees of body weight and muscu- 
lature. In this seetion, its obstetrie, forensie and anthropologieal signifi- 
eanee will be eonsidered. 

The pelvis ean be regarded as having greater and lesser segments, the 
tme and false pelves. The segments are arbitrarily divided by an oblique 
plane passing through the saeral promontory posteriorly and the lineae 
terminales elsewhere. Eaeh linea terminalis includes the iliae arcuate 
line, peetineal line (peeten pubis) and pubic erest. 

Greater pelvis 

The greater pelvis eonsists of the ilium and pubis above the lineae 
terminales and the base of the saemm. This junctional zone is stmctur- 
ally massive and forms powerful arehes from the acetabular fossae to 
the vertebral column around the viseeral eavity, which is part of the 
abdomen. It has little anterior wall because of the pelvie inelination. 

Pelvie inlet (superior pelvie aperture) 

The pelvie inlet or brim may be round or oval in shape, and is indented 
posteriorly by the saeral promontory. The pelvie brim is obstetrieally 
important and has also long been measured for anthropologieal 
reasons, as has the pelvie eavity. 

By eonvention, the pelvie inlet is deseribed in three dimensions. The 
anteroposterior diameter (tme conjugate) is measured between the 
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midpoints of the saeral promontory and upper border of the pubic 
symphysis, and on average is 10 em in the adult male and 11.2 em in 
the adult female. The transverse diameter is the maximum distanee 
between similar points (assessed by eye) on opposite sides of the pelvie 
brim, and is on average 12.5 em in the adult male and 13.1 em in the 
adult female. The oblique diameter is measured from the iliopubic 
ramus to the opposite saeroiliae joint, and is on average 12 em in the 
adult male and 12.5 em in the adult female. These measurements vary 
with the individual and with raeial group. In ehildren, dimensions of 
the thorax and spine are signifieantly eorrelated with the width of the 
pelvie inlet, which are age-independent predietors of paediatrie ehest 
width and may be useful in assessing growth of the thorax and spine 
in ehildren with early-onset spinal deformity (Emans et al 2005). 

Articulated bony pelvis 

The lesser pelvis eneloses a tme basin when soft tissues of the pelvie 
floor are in plaee. Skeletally, it is a narrower continuation of the greater 
pelvis, with irregular but more eomplete walls around its eavity. Of 
obstetrie importanee, it has a curved median axis, and superior and 
inferior openings. The superior opening is occupied by viseera. The 
pelvie floor, viseera and subjacent perineal sphineters elose the inferior 
opening. 

Cavity of the lesser pelvis 

The eavity of the lesser pelvis is short, curved, and markedly longer in 
its posterior wall. Anteroinferiorly, it is bounded by pubic bones, their 
rami and symphysis. Posteriorly, it is bounded by the eoneave anterior 
saeral surface and coccyx. Laterally on eaeh side, its margins are the 
smooth quadrangular pelvie aspeet of the fhsed ilium and ischium. 
The region so enelosed is the pelvie eavity proper, through which pass 


the rectum, urinary bladder and parts of the reproductive organs. The 
eavity in females must also permit passage of the fetus. 

The pelvie eavity diameters are measured at approximately the mid- 
level. The anteroposterior diameter is measured between the midpoints 
of the third saeral segment and posterior surface of the pubic symphysis, 
and is about 10.5 em in the adult male and 13 em in the adult female. 
The transverse diameter is the widest transverse distanee between the 
side walls of the eavity, and often the greatest transverse dimension in 
the whole eavity. It measures about 12 em in the adult male and 
12.5 em in the adult female. The oblique diameter is the distanee from 
the lowest point of one saeroiliae joint to the midpoint of the eontral- 
ateral obturator membrane, and measures about 11 em in the adult 
male and 13.1 em in the adult female. All measurements vary with the 
individual and with raeial group. 

Pelvie outlet (inferior pelvie aperture) 

Less regular in outline than the pelvie inlet, the pelvie outlet is indented 
behind by the coccyx and saemm, and bilaterally by the isehial tuberos- 
ities. Its perimeter thus eonsists of three wide ares. Anteriorly is the 
pubic areh, between the eonverging ischiopubic rami. Posteriorly and 
laterally on both sides are the seiatie notehes between the saemm and 
isehial tuberosities. The seiatie notehes are divided by the sacrotuberous 
and sacrospinous ligaments into greater and lesser seiatie foramina 
(Fig. 80.9). 

With ligaments included, the pelvie outlet is rhomboidal. Its anterior 
limbs are the ischiopubic rami (joined by the inferior pubic ligament) 
and its posterior margins are the sacrotuberous ligaments, with the 
coccyx in the midline. The outlet is thus not rigid in its posterior half, 
being limited by ligaments and the coccyx, all slightly yielding. Even 
with the saemm taken as the posterior midline limit (more reliable for 
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Fig. 80.9 Joints and ligaments of the pelvis. 

A, Anterior aspeet. Note the arrows indieating vascular 
and muscular spaees. B, Posterior aspeet. (With 
permission from Waschke J, Paulsen F (eds), Sobotta 
Atlas of Human Anatomy, 15th ed, Elsevier, Llrban & 
Fiseher. Copyright 2013.) 
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measiirement), there may be slight mobility at the saeroiliae joints. 
Note also that a plane of the pelvie outlet is merely conceptual. The 
anterior, ischiopubic part has a plane that is inelined down and baek 
to a transverse line between the lower limits of the isehial mberosities, 
and the posterior half has a plane approximating to the sacrotuberous 
ligaments, sloping down and forwards to the same line. 

Three measurements are made for the pelvie outlet. The anteropos- 
terior diameter is usually measured from the apex of the coccyx to the 
midpoint of the lower rim of the pubic symphysis. The lowest saeral 
point may also be used (on average: male 8 em, female 12.5 em). The 
transverse (bituberous) diameter is measured between the isehial tuber- 
osities at the lower borders of their medial surfaces (on average: male 
8.5 em, female 11.8 em). The oblique diameter extends from the mid- 
point of the sacrotuberous ligament on one side to the eontralateral 
ischiopubic junction (on average: male 10 em, female 11.8 em). All 
measurements vary among individuals and raeial groups. 

Other measiirements 

Apart from these main measurements, by consensus the basis of pelvie 
osteometry, other planes and measurements are used in obstetrie prae- 
tiee. The plane of greatest pelvie dimensions is an obstetrie eoneept. It 
represents the most capacious pelvie level, between the pelvie brim and 
midlevel plane, and eorresponds with the latter anteriorly at the middle 
part of the pubic symphysis and posteriorly at the level of the seeond 
and third saeral segments. 

The plane of least dimensions is said to be at about mid-pelvie level. 
Its transverse diameter is between the apiees of the isehial spines. This 
measurement is about 9.5 em in an adult female and is just wide 
enough to allow passage of the biparietal diameter of a fetal head 
(about 9 em). Not surprisingly, most difficulty in parturition occurs 
here. 

The above measurements are sometimes made in elinieal praetiee 
using radiographs or magnetie resonanee imaging (MRI) pelvimetry. 
Preeise measurement is not possible without radiologieal techniques, 
and even these do not take into account the adjaeent soft tissues. In the 
past, measurements were made at physieal (e.g. vaginal) examinations. 
However, these manual measurements have proved to be of little elini- 
eal value and are now more or less obsolete. 

Morphologìeal elassifieation of pelves 

g) Available with the Gray’s Anatomy e-book 

Pelvie axes and inelination 

The axis of the superior pelvie aperture traverses its eentre at right angles 
to its plane, direeted down and backwards (Fig. 80.10). When pro- 
longed (projeeted), it passes through the umbilicus and mid-coccyx. An 
axis is similarly established for the inferior aperture: projeeted upwards, 
it impinges on the saeral promontory. Axes ean likewise be eonstmeted 
for any plane, and one for the whole eavity is a eoneatenation of an 
infinite series of such lines (see Fig. 80.10). The fetal head, however, 



Fig. 80.10 A median sagittal seetion through the female pelvis, showing 
the planes of the inlet and outlet and the axis of the pelvie eavity. 


deseends in the axis of the inlet as far as the level of the isehial spines; 
it is then direeted forwards into the axis of the vagina at right angles to 
that axis. The form of this pelvie axis and the disparity in depth between 
the anterior and posterior contours of the eavity are prime faetors in 
the meehanism of fetal transit in the pelvie eanal. 

In the standing position, the pelvie eanal curves obliquely backwards 
relative to the tmnk and abdominal eavity. The whole pelvis is tilted 
forwards, the plane of the pelvie brim making an angle of 50-60° with 
the horizontal. The plane of the pelvie outlet is tilted to about 15°. 
Strietly, the pelvie outlet has two planes: an anterior passing backwards 
from the pubic symphysis and a posterior passing forwards from the 
coccyx, both deseending to meet at the intertuberous line. In standing, 
the pelvie aspeet of the pubic symphysis faees nearly as much upwards 
as backwards and the saeral eoneavity is direeted anteroinferiorly. The 
front of the pubic symphysis and anterior superior iliae spines are in 
the same vertieal plane. While sitting, body weight is transmitted 
through the inferomedial parts of the isehial tuberosities, with variable 
soft tissues intervening. The anterior superior iliae spines are in a verti- 
eal plane through the acetabular eentres, and the whole pelvis is tilted 
baek with the lumbosacral angle somewhat diminished at the saeral 
promontory. 

Pelvie meehanism 

The skeletal pelvis supports and proteets the eontained viseera but is 
primarily part of the lower limbs, affording wide attaehment for muscles 
of the thigh, leg and tmnk. It constitutes the major meehanism for 
transmitting the weight of the head, tmnk and upper limbs to the lower 
limbs. It may be eonsidered as two arehes divided by a eoronal trans- 
acetabular plane. The posterior areh, ehiefly eoneerned in transmitting 
weight, eonsists of the upper three saeral vertebrae and strong pillars of 
bone from the saeroiliae joints to the acetabular fossae. The anterior 
areh, formed by the pubic bones and their superior rami, eonneets these 
lateral pillars as a tie beam to prevent separation; it also aets as a eom- 
pression stmt against medial femoral thmst. The saemm, as the summit 
of the posterior areh, is loaded at the lumbosacral joint. Theoretieally, 
this foree has two eomponents: one thmsting the saemm downwards 
and backwards between the iliae bones, the other thmsting its upper 
end downwards and forwards. Saeral movements are regulated by 
osseous shape and massive ligaments. The first eomponent therefore 
aets against the wedge, its tendeney to separate iliae bones resisted by 
the saeroiliae and iliolumbar ligaments and pubic symphysis. 

Vertieal eoronal seetions through the saeroiliae joints suggest divi- 
sion of the (synovial) articular region of the saemm into three segments. 
In the anterosuperior segment, involving the first saeral vertebra, the 
artiailar surfaces are slightly sinuous and almost parallel. In the middle 
segment, the posterior width between the articular markings is greater 
than the anterior, and eentrally a saeral eoneavity fits a eorresponding 
iliae convexity, an interloeking meehanism relieving the strain on the 
ligaments produced by body weight. In the posteroinferior segment, the 
anterior saeral width is greater than the posterior and here its saeral 
surfaces are slightly eoneave. Anteroinferior saeral disloeation by the 
seeond eomponent (of foree) is prevented, therefore, mainly by the 
middle segment, owing to its cuneiform shape and interloeking meeha- 
nism. However, some rotation occurs, in which the anterosuperior 
segment tilts down and the posteroinferior segment up. 'Superior' seg- 
mental movement is limited to a small degree by wedging but primarily 
by tension in the sacrotuberous and sacrospinous ligaments. In all 
movements, the saeroiliae and iliolumbar ligaments and pubic symphy- 
sis resist separation of the iliae bones. 

SEXUAL DIFFERENCES IN THE PELVIS 


The pelvis provides the most marked skeletal differenees between male 
and female. Distinetion ean be made even during fetal life, particularly 
in the subpubic areh. In infaney, dimensions of the whole pelvis are 
greater in males than in females, but the size of the pelvie eavity is 
usually greater in females. This distinetion prevails in ehildhood but 
the differenee is maximal at about 22 months. Sexual differenees in 
adults are divisible into metrieal and non-metrieal features; the range 
of most features overlaps between the sexes. 

Differenees are inevitably linked to fimetion. While the primary 
pelvie fimetion in both sexes is loeomotor, the pelvis, particularly the 
lesser pelvis, is adapted to parturition in females, and these ehanges 
variably affeet the proportions and dimensions of the greater pelvis. 
Sinee males are distinetly more muscular and therefore more heavily 
built, overall pelvie dimensions, such as the intereristal distanee (dis- 
tanee between the iliae erests), are greater, markings for muscles and 
ligaments more pronounced, and general architecture more robust. The 
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Pelvie girdle, gluteal region and thigh 


Interest in the dimensions deseribed above is primarily obstetrie and, 
less frequently, forensie. All pelvie measurements display individual 
variation and the values quoted are means from limited surveys. These 
measurements have been analysed by many anatomists, anthropolo- 
gists, obstetrieians and radiologists in attempts to elassify human 
pelves, espeeially female. The four most eommon terms used today are 
gynaeeoid, anthropoid, platypelloid and android. The gynaeeoid pelvis 
is the traditional Western female pelvis with a heart-shaped brim and 
the range of measurements quoted above. An anthropoid pelvis has a 
larger mid-eavity and a wide anteroposterior inlet, which is oval in 
shape; it is more eommon in women of Afriean origin and may be 
assoeiated with a 'high-assimilation' pelvis where there is an additional 
lumbar vertebra. A platypelloid pelvis is flat and oval from side to side 
at the brim; it is a eontraeted pelvis that is rarely seen nowadays, having 
previously been assoeiated with riekets. An android pelvis has a trian- 
gular brim and is the shape of a male pelvis. 
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male iliae erest is more mgged and more medially inelined at its ant- 
erior end; in females the iliae erests are less curved in all parts. The iliae 
alae are more vertieal in females but do not aseend so far; the iliae fossae 
are therefore shallower. These iliae peculiarities probably account for 
the greater prominenee of female hips. 

The male is relatively and absolutely more heavily built above the 
pelvis, with consequent differenees at the lumbosacral and hip joints. 
The saeral basal articular faeet for the fifth himbar vertebra and interven- 
ing intervertebral dise is more than one-third of the total saeral basal 
width in males but less than one-third in females, in whom the saemm 
is also relatively broader, accentuating this differenee. The female has 
relatively broader saeral alae. The male acetabulum is absolutely larger, 
and its diameter is approximately equal to the distanee between its 
anterior rim and pubic symphysis. In females, acetabular diameter is 
usually less than this distanee, not only because it is absolutely smaller 
but also because the anterolateral wall of the eavity is eomparatively 
and often absolutely wider. The height of the female pubic symphysis 
and adjoining parts of the pubis and ischium, which form the anterior 
pelvie wall, are also absolutely less, producing a somewhat triangular 
obturator foramen, which is more ovoid in males. Differing pubic 
growth is also expressed in the pubic areh below the pubic symphysis 
and between the inferior pubic rami. It is more angular in males, being 
50-60°; in females it is rounded, less easy to measure and usually 
80-85°. A greater separation of the pubic tubercles in females eontrib- 
utes to the pubic width. The ischiopubic rami are also much more 
lightly built and narrowed near the symphysis; in males they bear a 
distinetly rough, everted area for attaehment of the penile emra, the 
eorresponding attaehment for the elitoris being poorly developed. The 
isehial spines are eloser in males and are more inturned. The greater 
seiatie noteh is usually wider in females: mean values for males and 
females are 50.4° and 74.4°, respeetively. The greater female values for 
angle and width are assoeiated with inereased backward saeral tilt and 
greater anteroposterior pelvie diameter, espeeially at lower levels. 

The saemm also displays metrieal sexual differenees. Female saera 
are less curved, the curvature being most marked between the first and 
seeond segments and the third and fifth, with an intervening flatter 
region. Male saera are more evenly curved, and relatively long and 
narrow, and more often exceed five segments (by addition of a lumbar 
or eoeeygeal vertebra). The saeral index eompares saeral breadth 
(between the most anterior points on the auricular surfaces) with length 
(between midpoints on the anterior margins of the promontory and 
apex): average vahies for males and females are 105% and 115%, respee- 
tively. Auricular surfaces are relatively smaller and more oblique in 
females, but extend on to the upper three saeral vertebrae in both sexes. 
The dorsal auricular border is more eoneave in females. Many differ- 
enees may be summarized in the generalization that the pelvie eavity is 
longer and more eonieal in males, and shorter and more eylindrieal in 
females; the axis is curved in both. Differenees are greater at the inferior 
aperture than at the brim, where in absolute measurements males are 
not as different from females as sometimes stated. 

In forensie praetiee, identifieation of human skeletal remains (which 
are sometimes fragmentary) usually involves determination of sex, and 
this is most reliably established from an examination of the pelvis. Even 
fragments of the pelvis may be useful in this respeet. Several studies of 
metrieal eharaeteristies in various pelvie regions have been made, 
leading to the establishment of various indiees. The ilium has reeeived 
particular attention, e.g. one index eompares the pelvie and saeroiliae 
parts of the bone. A line is extended baek from the iliopubic ramus to 
the nearest point on the anterior auricular margin and thenee to the 
iliae erest. The auricular point divides this ehilotie line into anterior 
(pelvie) and posterior (saeral) segments, eaeh expressed as a pereentage 
of the other. Chilotic indiees display reeiproeal values in the sexes: the 
pelvie part of the ehilotie line is predominant in females, and the saeral 
part in males. Detailed metrieal studies of the ilium have indieated its 
limited reliability in 'sexing r pelves. However, the higher ineidenee and 
definition of the female pre-auricular sulcus is reeognized. The desira- 
bility of eorrelating all available metrieal data is to be emphasized; 
when a range of pelvie data ean be eombined, espeeially if they are 
metrieal, 95% accuracy should be aehieved. Complete accuracy has 
been elaimed when the rest of the skeleton is available. Assessment of 
sex from isolated and often ineomplete human remains is less reliable. 
For fhrther details, consult Mays (1998) and Brothwell and Pollard 
( 2001 ). 

FEMUR 


The femur is the longest and strongest bone in the human body (Figs 
80.11-80.12). Its length is assoeiated with a striding gait, and its 


strength with the weight and muscular forees it is required to withstand. 
Its shaft, almost eylindrieal along most of its length, is bowed forwards. 
It has a proximal rounded, articular head projeeting medially from its 
short neek, which, in turn, is a medial extension of the proximal shaft. 
The distal extremity is wider and more substantial, and presents a 
double eondyle that articulates with the tibia. In standing, the femoral 
shafts show an inelination upwards and outwards from their tibial 
articulations, with the femoral heads being separated by the pelvie 
width. Sinee the tibia and fibula deseend vertieally from the knees, the 
ankles are also in the line of body weight in standing or walking. The 
degree of femoral obliquity varies between individuals but is generally 
greater in women, refleeting the relatively greater pelvie breadth and 
shorter femora. Proximally, the femur eonsists of a head, neek and 
greater and lesser troehanters. 

Femoral head 

The femoral head faees anterosuperomedially to articulate with the 
acetabulum (Fig. 80.13). The head, often deseribed as rather more than 
half a 'sphere', is not part of a tme sphere but is spheroidal. Its smooth- 
ness is intermpted posteroinferior to its eentre by a small, rough fovea. 
The head is intracapsular and is eneireled, distal to its equator, by the 
acetabular labmm. Its articular margin is distinet, except anteriorly, 
where the articular surface extends on to the neek. The ligamentum teres 
is attaehed to the fovea. The anterior surface of the head is separated 
inferomedially from the femoral artery by the tendon of psoas major, 
the iliopeetineal bursa and the articular capsule. 

Femoral neek 

The femoral neek (see 4g. 80.13) is approximately 5 em long, narrow- 
est in its mid part and widest laterally, and eonneets the head to the 
shaft at an average angle of 127° (Gilligan et al 2013) (angle of ineli- 
nation; neek-shaft angle): this faeilitates movement at the hip joint, 
enabling the limb to swing elear of the pelvis. The neek also provides 
a lever for the aetion of the muscles aeting about the hip joint, which 
are attaehed to the proximal femur. The neek-shaft angle is widest at 
birth and diminishes gradually until the age of 10 years (Birkenmaier 
et al 2010); it is smaller in females. The neek is laterally rotated with 
respeet to the shaft (angle of anteversion) some 10-15°, although 
values of this angle vary between individuals and between populations 
(Eekhoff et al 1994). The contours of the neek are rounded; the upper 
surface is almost horizontal and slightly eoneave, while the lower is 
straighter but oblique, direeted inferolaterally and backwards to the 
shaft near the lesser troehanter. On all aspeets the neek expands as it 
approaehes the articular surface of the head. The anterior surface of 
the neek is flat and marked at the junction with the shaft by a rough 
intertroehanterie line. The posterior surface, faeing posteriorly and 
superiorly, is transversely convex, and eoneave in its long axis; its junc- 
tion with the shaft is marked by a rounded intertroehanterie erest. 
There are numerous vascular foramina, espeeially anteriorly and 
posterosuperiorly. 

The anterior surface is intracapsular, the capsule attaehing laterally 
to the intertroehanterie line. Faeets, often eovered by extensions of 
artioalar eartilage, and various imprints frequently occur here. These 
faeets may sometimes be assoeiated with squatting. On the posterior 
surface the capsule does not reaeh the intertroehanterie erest; little more 
than the medial half of the neek is intracapsular. The anterior surface 
adjoining the head and eovered by eartilage is related to the iliofemoral 
ligament. A groove, produced by the tendon of obturator externus as it 
approaehes the troehanterie fossa, spirals aeross the posterior surface of 
the neek of the femur in a proximolateral direetion. 

Greater troehanter 

The greater troehanter is large and quadrangular, projeeting up from the 
junction of the neek and shaft (see Fig. 80.13). Its posterosuperior 
region projeets superomedially to overhang the adjaeent posterior 
surface of the neek and here its medial surface presents the rough tro- 
ehanterie fossa. The proximal border of the troehanter lies approxi- 
mately a hand's breadth below the iliae tuberculum, level with the 
eentre of the femoral head. It has an anterior rough impression. Its 
lateral surface, continuous distally with the lateral surface of the femoral 
shaft, is erossed anteroinferiorly by an oblique, flat strip, which is wider 
above. This surface is palpable, espeeially when the muscles are relaxed. 
The troehanterie fossa oeeasionally presents a tubercle or exostosis. 

Lesser troehanter 

The lesser troehanter is a eonieal posteromedial projeetion of the shaft 
at the posteroinferior aspeet of its junction with the neek. Its summit 
and anterior surface are rough, but its posterior surface, at the distal 
end of the intertroehanterie erest, is smooth. It is not palpable. 
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Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Oopyright 2013.) 


intertroehanterie line 

The intertroehanterie line, a prominent ridge at the junction of the 
anterior surfaces of the neek and shaft, deseends medially from a tuber- 
ele on the upper part of the anterior aspeet of the greater troehanter to 
a point on the lower border of the neek, anterior to the lesser troehanter, 
where there may also be a tubercle. This line is the lateral limit of the 
hip joint capsule anteriorly. The upper and lower bands of the iliofemo- 
ral ligament are attaehed to its proximal and distal ends and the assoei- 
ated tubercles. Distally it is continuous with the spiral line. 

intertroehanterie erest 

The intertroehanterie erest, a smooth and prominent ridge at the junc- 
tion of the posterior surface of the neek with the shaft, deseends medi- 
ally from the posterosuperior angle of the greater troehanter to the 
lesser troehanter. A little above its eentre is a low, rounded quadrate 
tubercle. It is eovered by gluteus maximus, from which it is separated, 
medial to the tubercle, by quadratus femoris and the upper border of 
adductor magnus. 

Gluteal tuberosity 

The gluteal tuberosity may be an elongated depression or a ridge. It may 
at times be prominent enough to merit the title of a third troehanter. 

Shaft 

The shaft is surrounded by muscles and is impalpable (see Figs 80.11- 
80.12). The distal anterior surface, for 5-6 em above the patellar articu- 
lar surface, is eovered by a suprapatellar bursa, between bone and 
muscle. The distal lateral surface is eovered by vastus intermedius. The 
medial surface, devoid of attaehments, is eovered by vastus medialis. 

The shaft is narrowest eentrally, expanding a little at its proximal 
end, and substantially more at its distal end. Its long axis makes an 
angle of approximately 10° with the vertieal, and diverges 5-7° from 
the long axis of the tibia. Its middle one-third has three surfaces and 
borders. The extensive anterior surface, smooth and gently convex, is 
between the lateral and medial borders, which are both round and 


indistinet. The posterolateral surface is bounded posteriorly by the 
broad, rough linea aspera, usually a erest with lateral and medial edges. 
Its subjacent eompaet bone is augmented to withstand eompressive 
forees, which are eoneentrated here by the anterior curvature of the 
shaft. The linea aspera gives attaehment to adductor longus, intermus- 
cular septa and the short head of bieeps femoris, all inseparably blended 
at their attaehments. Perforating arteries eross the linea aspera laterally 
under tendinous arehes in adductor magnus and bieeps femoris. Nutri- 
ent foramina, direeted proximally, appear in the linea aspera, varying 
in number and site, one usually near its proximal end, a seeond usually 
near its distal end. The posteromedial surface, smooth like the others, 
is bounded in front by the indistinet medial border and behind by the 
linea aspera. In its proximal third the shaft has a fourth, posterior 
surface, bounded medially by a narrow, rough spiral line that is eontimi- 
ous proximally with the intertroehanterie line and distally with the 
medial edge of linea aspera. Laterally, this surface is limited by the 
broad, rough gluteal tuberosity, aseending a little laterally to the greater 
troehanter and deseending to the lateral edge of the linea aspera. In its 
distal one-third, the posterior surface of the shaft presents a further 
surface, the popliteal surface (see below) between the medial and lateral 
supracondylar lines. These lines are continuous above with the eorre- 
sponding edges of the linea aspera. The lateral line is most distinet in 
its proximal two-thirds, where the short head of bieeps femoris and 
lateral intermuscular septum are attaehed. Its distal third has a small, 
rough area for the attaehment of plantaris, often eneroaehing on the 
popliteal surface. The medial line is indistinet in its proximal two- 
thirds, where vastus medialis is attaehed. Distally, the femoral vessels 
entering the popliteal fossa from the adductor eanal eross the medial 
line obliquely. Further distally, the line is often sharp for 3 or 4 em 
proximal to the adductor tubercle. 

The popliteal surface, triangular in outline, lies between the medial 
and lateral supracondylar lines. In its distal medial part, it is rough and 
slightly elevated. Forming the proximal part of the floor of the popliteal 
fossa, the popliteal surface is eovered by a variable amount of fat that 
separates the popliteal artery from bone. The superior medial genicular 
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Fig. 80.12 The femur, posterior aspeet. A, Osseous features. B, Muscle attaehments. (VVith permission from VVasehke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Oopyright 2013.) 
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Fig. 80.13 The proximal end of the femur, posterior aspeet. (VVith 
permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


artery, a braneh of the popliteal artery, arehes medially above the medial 
eondyle. It is separated from bone by the medial head of gastrocnemius. 
The latter is attaehed a little above the eondyle; fhrther distally, there 
may be a smooth faeet underlying a bursa for the medial head of 
gastrocnemius. More medially, there is often an imprint proximal to 
the articular surface; in flexion, this is elose to a rough tubercle on 
the medial tibial eondyle for the attaehment of semimembranosus. The 
superior lateral genicular artery arehes up laterally proximal to the 
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Fig. 80.14 The distal end of the femur, articular surface. (VVith permission 
from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


lateral eondyle but is separated from bone by the attaehment of plantaris 
to the distal part of the lateral supracondylar line. 

Distal end 

The distal end of the femur is widely expanded as a bearing surface for 
transmission of weight to the tibia (Fig. 80.14). It bears two massive 
eondyles, which are partly articular. Anteriorly, the eondyles are conflu- 
ent and continue into the shaft; posteriorly, they are separated by a deep 
intereondylar fossa and projeet beyond the plane of the popliteal 
surface. The articular surface is a broad area, like an inverted U, for the 
patella and the tibia. The patellar surface extends anteriorly on both 
eondyles, espeeially the lateral. It is transversely eoneave, vertieally 
convex and grooved for the posterior patellar surface. The tibial surface 
is divided by the intereondylar fossa but is anteriorly continuous with 
the patellar surface. Its medial part is a broad strip on the convex 
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inferoposterior surface of the medial eondyle, and is gently curved with 
a medial convexity. Its lateral part eovers similar aspeets of the lateral 
eondyle but is broader and passes straight baek. The tibial surfaces are 
convex in all direetions. The medial and lateral tibial surfaces have dis- 
similar anteroposterior curvatures. However, views differ as to the exact 
representation of these differenees. One view holds that in both tibial 
portions of the femoral eondyles, the sagittal radius of curvature is ever- 
deereasing (a 'elosing helix). More reeently it has been suggested that 
the medial articular surface deseribes ares of two eireles. The more 
posterior has a smaller radius. Laterally there may only be one are of 
fixed curvature with a radius similar to that of the posterior are of the 
medial femoral articular surface. These differenees are believed to be 
important determinants of knee joint motion. 

Patellar surface 

The patellar surface extends more proximally on the lateral side. Its 
proximal border is therefore oblique and mns distally and medially 
separated from the tibial surfaces by two faint grooves that eross the 
eondyles obliquely. The lateral groove is the more distinet. It mns lat- 
erally and slightly forwards from the front of the intereondylar fossa 
and expands to form a faint triangular depression, resting on the ante- 
rior edge of the lateral meniscus when the knee is fhlly extended. The 
medial groove is restrieted to the medial part of the medial eondyle and 
rests on the anterior edge of the medial meniscus in full extension. 
Where it eeases, the patellar surface eontimies baek to the lateral part 
of the medial eondyle as a semilunar area adjoining the anterior region 
of the intereondylar fossa. This area articulates with the medial vertieal 
faeet of the patella in fiill flexion; its outline is indistinet in most 
femora. In habitual squatters articular eartilage may extend to the lateral 
aspeet of the lateral eondyle under vastus lateralis. 

intereondylar fossa 

The intereondylar fossa separates the two eondyles distally and behind. 
In front, the distal border of the patellar surface limits it, and behind 
an intereondylar line limits it, separating it from the popliteal surface. 
It is intracapsular but largely extrasynovial. Its lateral walf the medial 
surface of the lateral eondyle, bears a flat posterosuperior impression 
that spreads to the floor of the fossa near the intereondylar line for the 
proximal attaehment of the anterior emeiate ligament. The medial wall 
of the fossa, i.e. the lateral surface of the medial eondyle, bears a similar 
larger area, but far more anteriorly for the proximal attaehment of the 
posterior emeiate ligament. Both impressions are smooth and largely 
devoid of vascular foramina, whereas the rest of the fossa is rough and 
pitted by vascular foramina. A bursal reeess between the ligaments may 
aseend to the fossa. The capsular ligament and, laterally the oblique 
popliteal ligament are attaehed to the intereondylar line. The infrapatel- 
lar synovial fold is attaehed to the anterior border of the fossa. 

Lateral eondyle 

The lateral eondyle (see Fig. 80.14) is larger anteroposteriorly than the 
medial. Its most prominent point is the lateral epieondyle to which the 
fibular eollateral ligament is attaehed (Fig. 80.15). A short groove, 
deeper in front, separates the lateral epieondyle inferiorly from the 
articular margin. This groove allows the tendon of popliteus to mn deep 
to the fibular eollateral ligament and insert inferior and anterior to the 
ligament insertion. Adjoining the joint margin is a strip of eondyle, 
1 em broad. It is intracapsular and eovered by synovial membrane 
except for the attaehment of popliteus. 

The medial surface is the lateral wall of the intereondylar fossa. Its 
lateral surface projeets beyond the shaft. Part of the lateral head of 
gastrocnemius is attaehed to an impression posterosuperior to the 
lateral epieondyle. 

Medial eondyle 

The medial eondyle has a bulging, convex medial aspeet, which is easily 
palpable. Proximally, its adductor tubercle, which may only be a faeet 
rather than a projeetion, reeeives the tendon of adductor magnus. The 
medial prominenee of the eondyle, the medial epieondyle, is antero- 
inferior to the tubercle. The lateral surface of the eondyle is the medial 
wall of the intereondylar fossa. The eondyle projeets distally so that, 
despite the obliquity of the shaft, the profile of the distal end is almost 
horizontal. A curved strip, 1 em wide and adjoining the medial articular 
margin, is eovered by synovial membrane and is inside the joint capsule. 
Proximal to this, the medial epieondyle reeeives the tibial eollateral 
ligament. 

Structure 

The femoral shaft is a eylinder of eompaet bone with a large medullary 
eavity. The wall is thiek in its middle third, where the femur is narrowest 
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Fig. 80.15 The distal end of the femur, lateral aspeet. Key: 1, attaehment 
of plantaris; 2, attaehment of lateral head of gastrocnemius; 3, lateral 
epieondyle; 4, attaehment of fibular eollateral ligament; 5, groove for 
popliteus in full flexion; 6, attaehment of popliteus. 

and the medullary eavity most capacious. Proximally and distally, the 
eompaet wall beeomes progressively thinner, and the eavity gradually 
fills with trabecular bone. The extremities, espeeially where articular, 
eonsist of trabeailar bone within a thin shell of eompaet bone, their 
trabeculae being disposed along lines of greatest stress. At the proximal 
end, the main trabeculae form a series of plates orthogonal to the 
articular surface, eonverging to a eentral dense wedge, which is sup- 
ported by strong trabeculae passing to the sides of the neek, espeeially 
along its upper and lower profiles (Fig. 80.16). Foree applied to the 
femoral head is therefore transmitted to the wedge and from there to 
the junction of the neek and shaft. This junction is strengthened by 
dense trabeculae extending laterally from the lesser troehanter to the 
end of the superior aspeet of the neek, thus resisting tensile or shearing 
forees applied to the neek through the head (Fig. 80.17). Tensile and 
eompressive tests indieate that axial trabeculae of the femoral head 
withstand much greater stresses than peripheral trabeculae. A smaller 
bar aeross the junction of the greater troehanter with the neek and shaft 
resists shearing produced by muscles attaehed to it. These two bars are 
proximal layers of arehes between the sides of the shaft and transmit to 
it forees applied to the proximal end. A thin vertieal plate, the so-ealled 
ealear femorale, aseends from the eompaet wall near the linea aspera 
into the trabeailae of the neek (see Fig. 80.17). Medially, it joins the 
posterior wall of the neek; laterally, it continues into the greater tro- 
ehanter, where it disperses into general trabeoilar bone. It is thus in a 
plane anterior to the troehanterie erest and base of the lesser troehanter. 
Dixon (1910" demonstrated that the trabecular framework of the proxi- 
mal femur was spiral, and that the 'arehes' were simplified seetional 
profiles of this spiral. At the distal end of the femur, trabeculae spring 
from the entire internal surface of eompaet bone, deseending perpen- 
dicular to the artioilar surface. Proximal to the eondyles these are 
strongest and most aeoirately perpendicular. Horizontal planes of 
trabecular bone, arranged like erossed girders, form a series of cubical 
eompartments. 

Muscle attaehments 

The greater troehanter provides attaehment for gluteus minimus and 
medius. Gluteus minimus is attaehed to its rough anterior impression 
and gluteus medius to its lateral oblique strip. The bone is separated 
from the tendon of gluteus medius by a bursa. The area behind it is 
eovered by deep fibres of gluteus maximus, with part of its troehanterie 
bursa interposed. The tendon of piriformis is attaehed to the upper 
border of the troehanter and the eommon (trieipital) tendon of obtura- 
tor internus and the gemelli is attaehed to its medial surface. The tro- 
ehanterie fossa reeeives the tendon of obturator externus. Psoas major 
is attaehed to the summit and anteromedial surface of the lesser tro- 
ehanter. Iliacus is attaehed to the medial or anterior surface of its base, 
deseending a little behind the spiral line as its tendon fuses with that 
of psoas major. Adductor magnus (upper part) passes over its posterior 
surface, sometimes separated by an interposed bursa. 
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Fig. 80.16 A eoronal seetion 
through the left hip joint. 
(With permission from 
Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, 
llrban & Fiseher. Copyright 
2013.) 
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Fig. 80.17 A eoronal seetion through the proximal end of the femur 
shovving the trabecular architecture, ealear femorale and variations in 
eortieal thiekness. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. 
Copyright 2013.) 


The most proximal fibres of vastiis lateralis are attaehed to the proxi- 
mal end of the intertroehanterie line, and those of vastus medialis to 
the distal end. Quadratus femoris is attaehed to the quadrate tubercle 
and the immediately distal bone. Vastus intermedius is attaehed to the 
anterior and lateral surfaces of the proximal three-quarters of the 
femoral shaft. Slips of articularis genus are attaehed distal to this. 

The gluteal tuberosity reeeives the deeper fibres of the distal half of 
gluteus maximus and, at its medial edge, the uppermost fibres of adduc- 


tor magnus. Distal to this, adductor magnus is attaehed to the linea 
aspera and, by an aponenrosis, to the proximal part of the medial 
supracondylar ridge. Its remaining fibres form a large tendon attaehed 
to the adductor tubercle, with an aponeurotic expansion to the distal 
part of the medial supracondylar ridge. 

Pectineus and adductor brevis are attaehed to the posterior femoral 
surface between the gluteal tuberosity and spiral line. The peetineal 
attaehment is a line, sometimes slightly rough, from the base of the 
lesser troehanter to the linea aspera. Adductor brevis is attaehed lateral 
to pectineus and beyond this to the proximal part of the linea aspera, 
medial to adductor magnus. Adductor longus, intermuscular septa and 
the short head of bieeps femoris are attaehed to the linea aspera. Vastus 
lateralis has a linear attaehment from the anterior surface of the base 
of the greater troehanter to the proximal end of the gluteal tuberosity, 
and along the lateral margin of the latter to the proximal half of the 
lateral edge of the linea aspera. Vastus medialis is attaehed from the 
distal end of the intertroehanterie line along the spiral line to the medial 
edge of the linea aspera and thenee to the medial supracondylar line, 
which also reeeives many fibres from the aponeurotic attaehments of 
adductor magnus. 

The medial head of gastrocnemius is attaehed to the posterior surface 
a little above the medial eondyle. The short head of bieeps femoris is 
attaehed to the proximal two-thirds of the lateral supracondylar line. 
Plantaris attaehes to the line distally. Vastus medialis is attaehed to the 
proximal two-thirds of the medial supracondylar line. 

Part of the lateral head of gastrocnemius is attaehed posterosuperi- 
orly to the lateral epieondyle. Popliteus is attaehed anteriorly in the 
groove on the outer aspeet of the lateral epieondyle. Its tendon passes 
deep to the fibular eollateral ligament (see Fig. 80.15). The tendon lies 
in the groove in full knee flexion; in extension it erosses the articular 
margin and may form an impression on it. 

Vascular supply 

The blood supply of the femoral head is derived from an arterial ring 
around the neek, just outside the attaehment of the fibrous capsule, 
constituted by the medial and lateral circumflex femoral arteries with 
minor contributions from the superior and inferior gluteal vessels (see 
'Troehanterie anastomosis ) (Fig. 80.18). From this ring, aseending eer- 
vieal branehes pieree the capsule (under its zona orbiailaris) to aseend 
the neek beneath the refleeted synovial membrane. These vessels 
beeome the retinacular arteries and form a subsynovial intracapsular 
anastomosis. Here the vessels are at risk with a displaeed fracture of the 
femoral neek. Intermption of blood supply in this way ean lead to 
avascular neerosis of the femoral head. If the fracture is intracapsular, 
not only is the intraosseous blood supply damaged but the retinacular 
vessels are also vulnerable. If the fracture is extracapsular, the retinacular 
vessels will remain intaet and avasailar neerosis of the femoral head is 
much less likely. The aseending eervieal vessels give off metaphysial 
branehes that enter the neek, while the intracapsular ring gives off 
lateral and inferior epiphysial branehes. A small medial epiphysial 
supply, of importanee in early ehildhood, reaehes the head along the 
ligament of the head of femur by the acetabular branehes of the obtura- 
tor and medial circumflex femoral arteries, which anastomose with 
the other epiphysial vessels. During growth, the epiphysial plate sepa- 
rates the territories of the metaphysial and epiphysial vessels; these 
vessels anastomose freely after osseous union of the head and neek. 
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Fig. 80.18 The eollateral eireiilation around the hip and upper thigh, 
anterior aspeet. 


Observations of developmental patterns of this supply in late fetal and 
early postnatal periods have revealed that although medial and lateral 
circumflex femoral arteries at first contribute equally two major 
branehes of the medial provide the final supply both posterior to the 
neek. The supply from the lateral circumflex artery diminishes and 
the arterial ring is intermpted. As the femoral neek elongates, the extra- 
capsular eirele beeomes more distant from the epiphysial part of 
the head. 

The troehanterie regions and subtrochanteric shaft are supplied by 
the troehanterie and emeiate arterial anastomoses. More distally in the 
shaft, nutrient foramina, direeted proximally are found in the linea 
aspera, varying in number and site: one is usually near its proximal end 
and a seeond usually near its distal end. The main nutrient artery is 
usually derived from the seeond perforating artery (see 'Profimda 
femoris artery). If two nutrient arteries occur, they may braneh from 
the first and third perforators. Periosteal vessels arise from the perfora- 
tors and from the profimda femoris artery, and mn circumferentially 
rather than longitudinally. The distal metaphysis has many vascular 
foramina. Arterial supply here is from the genicular anastomosis. For 
ffirther details, consult Crock (1980, 1996). 

In general, the pattern of venous drainage of the head and neek eor- 
responds to that of the arteries, though there may be a single large eervi- 
eal vein posteroinferiorly. 

Innervation 

The periosteal innervation is derived proximally from nerves that supply 
the hip joint, distally from those supplying the knee, and in all areas 
from nerves that innervate muscles attaehed to the bone. 




Ossifieation 

The femur ossifies from five eentres: in the shaft, head, greater and lesser 
troehanters and the distal end (Fig. 80.19). Other than the elaviele, it 
is the first long bone to ossify. The proeess starts in the mid-shaft in the 
seventh prenatal week and extends to produce a miniature shaft that is 
largely ossified at birth. Seeondary eentres appear in the distal end 
(from which the eondyles and epieondyles are formed) during the 
ninth month, in the head during the first six months after birth 
(Fig. 80.20), in the greater troehanter during the fourth year and in 
the lesser troehanter between the twelfth and fourteenth years. In the 
infant, the femoral head is entirely cartilaginous; it eannot be seen on 
plain radiographs and is best visualized using ultrasound (Fig. 80.21). 
The eentre in the cartilaginous head is restrieted to it until the tenth 
year, so that the epiphysial line (see Fig. 80.7) is horizontal and the 
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Fig. 80.19 Stages in ossifieation of the femiir (not to seale). 


inferomedial part of the artioilar surface is on the neek. The medial 
epiphysial margin later grows over this part of the artioilar surface. 
Thus, the mature epiphysis is a hollow cup on the summit of the neek. 
The epiphysial line follows the articular margin except where it is sepa- 
rated superiorly from the articular surface by a non-articular area where 
blood vessels enter the head (Tmeta 1957). The epiphyses fuse inde- 
pendently: the lesser troehanter soon after puberty, followed by the 
greater troehanter. The eapital epiphysis ffises in the fourteenth year in 
females and seventeenth year in males. The epiphysis at the distal end 
ffises in the sixteenth year in females, and eighteenth year in males. The 
distal epiphysial plate traverses the adductor tubercle. 

Growth plate eonsiderations 

Trauma to any epiphysial plate ean lead to bony union between epiphy- 
sis and metaphysis, and so cause premature eessation of growth. Any 
surgery in the hip region in ehildren ean injure the growth plate, result- 
ing in abnormal proximal femoral development. In the ease of fractures 
involving the epiphysis, expeditious restoration of normal bony align- 
ment is essential in order to minimize the risk of subsequent abnormal 
growth. 

The growth plate represents a line of weakness and predisposes to 
fracture from injury. Such acute injuries affeeting the eapital epiphysis 
are uncommon. However, a more ehronie fracture through the eapital 
epiphysis occurs in slipped eapital femoral epiphysis (SCFE) (see Fig. 
81.9). The eondition affeets pubescent adoleseents, espeeially males. 
Endoerinologieal abnormality may be related. The femoral head epi- 
physis displaees posteriorly off the femoral neek. If it heals in this 
position, lower limb deformity and restrieted hip movement occur. A 
elassie hallmark is obligatory lateral rotation of the femur as the hip is 
flexed. Treatment varies aeeording to the time taken for the 'slip' to 
occur. Normal anatomieal restoration is not attempted because of an 
inereased ineidenee of avasoilar neerosis. The position of the femoral 
head may be aeeepted as it is and fixed with screws in this position to 
stop ffirther displaeement. This treatment will deliberately cause pre- 
mature growth plate fiision and so prevent future 'slippage'. Sinee the 
distal femoral growth plate accounts for most of the normal inerease 
in longitudinal growth of the femoral shaft, an aeeeptable limb length 
differenee usually results. 

infeetion of bone in neonates and young ehildren tends to arise via 
baeteria in the blood stream that usually 'seed' in the metaphysial 
region, probably as a consequence of the vasoilar 'areade' arrangement 
of arteries in this part of the bone. The proximal femoral growth plate 
is intra-articular. As a result, infeetion in the proximal femoral meta- 
physis ean spread into the joint and result in a septie arthritis that ean 
destroy the hip joint permanently. 

The distal end of the femur is the only epiphysis in which ossifie- 
ation eonsistently starts just before birth; the phenomenon therefore 
serves as a reliable indieator of the gestational maturity of a stillborn 
baby. Sinee the epiphysial plate is level with the adductor tubercle, the 
epiphysis is partly extra-articular. Operations here may damage the 
distal epiphysial eartilage in ehildren and result in subsequent shorten- 
ing of the leg. 


J0INTS 


PUBIC SYMPHYSIS 


The pubic bones meet in the midline at the pubic symphysis, a seeond- 
ary cartilaginous joint (see Fig. 80.4). 
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Fig. 80.20 A radiograph of the pelvis of a 9-month-old infant showing the 
eentre of ossifieation of the femoral epiphysis (arrow). (Courtesy of Mr 
Christopher Edward Baehe.) 


Fig. 80.21 An ultrasound image of a 4-week-old baby taken in the lateral 
position and demonstrating the cartilaginous femoral head (yellow arrow) 
and edge of the acetabulum (red arrow). (Courtesy of Mr Christopher 
Edward Baehe.) 
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Articulating sur aees The articulating surfaces are the medial (sym- 
physial) surfaces of the pubic bones, eaeh eovered by a thin layer of 
tightly adherent hyaline eartilage (surface growth eartilage in the 
young). The junction is not flat but is marked by reeiproeal erests and 
papillae. Theoretieally, this would resist shearing. The surfaces of hyaline 
eartilage are eonneeted by fibroeartilage, varying in thiekness and eon- 
stituting the interpubic dise. The symphysis often eontains a eavity 
probably due to absorption. It rarely appears before the tenth year and 
is non-synovial. The eavity which is better developed in females, is 
usually posterosuperior but may reaeh the front or even occupy most 
of the eartilage. 

Ligaments The interpubic dise is strengthened anteriorly by several 
interlaeing collagenous fibrous layers, passing obliquely from bone to 
bone, decussating with fibres of the external oblique aponeuroses and 
the medial tendons of the reeti abdominis. These layers constitute the 
anterior pubic ligament. There are less well developed posterior fibres, 
sometimes named the posterior pubic ligament. The main ligaments of 
the joint are the superior and arcuate pubic ligaments. The superior 
pubic ligament eonneets the bones above, extending to the pubic tuber- 
eles. The arcuate pubic ligament, a thiek areh of fibres, eonneets the 
lower borders of the symphysial pubic surfaces bounding the pubic 
areh. It blends superiorly with the interpubic dise and extends laterally 
attaehed to the inferior pubic rami. Its inferior edge is separated from 
the anterior border of the perineal membrane by an opening, which is 
traversed by the deep dorsal vein of the penis or elitoris. 

Vascular supply The pubic symphysis is supplied by pubic branehes 
of the obturator, superficial external pudendal and inferior epigastrie 
arteries. 

Innervation The pubic symphysis is innervated by branehes from the 
iliohypogastrie, ilioinguinal and pudendal nerves. 

Faetors maintaining Stability The interpubic dise and the superior 
and arcuate ligaments are the main stabilizing faetors of the pubic 
symphysis. 

Movements Angulation, rotation and displaeement are possible but 
slight, and are likely during movement at the saeroiliae and hip joints. 
The movements at the pubic symphysis range between 0.1 and 2 mm 
and are higher along the vertieal axis than along the sagittal and trans- 
verse axes (Walheim et al 1984). Excessive movement may occur fol- 
lowing an injury. Some separation occurs late in gestation and during 
ehildbirth; on oeeasion, this is eonsiderable. 

elations Anteriorly, the pubic symphysis is related to subcutaneous 
tissue and skin. Because of the obliquity of the joint, the proximal ends 
of the penile or elitoral shafts lie anterior to the lower half of the joint. 
Inferiorly, the urethra lies about 2.5 em away in the male, and some- 
what eloser in the female, as it passes through the perineal membrane. 
Closer to the joint, the deep dorsal vein of the penis or elitoris passes 
between the arcuate ligament and the anterior border of the perineal 
membrane. Posteriorly, the upper part of the joint is separated from the 
inferolateral surfaces of the urinary bladder by the retropubic fat pad. 
Inferiorly in the male, the prostatie venous plexus separates the prostate 
from the lower part of the joint. The region is sometimes termed the 
retropubic spaee (of Retzms). These relationships explain why traumatic 
dismption of the anterior bony pelvis may be assoeiated with serious 
urogenital injury. 

SACR0ILIAC JOINT 


The saeroiliae joint occurs between the saeral and iliae auricular surfaces 
and, in essenee, is a stress-relieving joint (Bogduk 1997) (see Fig. 
80.8A). The joint eonsists of syndesmotie and synovial parts. Fibrous 
adhesions and gradual obliteration occur in both sexes, earlier in males, 
and after menopause in females. Radiologieal evidenee of obliteration 
in normal subjects is oeeasionally seen before 50 years but is not 
uncommon thereafter; in old age, the joint may be eompletely fibrosed 
and oeeasionally even ossified. 

Artieillatìng siirfaees The surfaces are nearly flat in infants, whereas 
in adults they are irregular, often markedly so, and sometimes undu- 
lant. The curvatures and irregularities, greater in males, are reeiproeal; 
they restriet movements and contribute to the eonsiderable strength of 
the joint in transmitting weight from the vertebral column to the lower 
limbs. The saeral surface is eovered by hyaline eartilage, which is thieker 


anteriorly than posteriorly in adults. The thinner eartilage on the iliae 
surface is also hyaline in type, as eonfirmed by the presenee of type II 
eollagen. 

FÌbroilS eapsille The capsule is attaehed elose to both articular 
margins. 

Ligaments The ligaments of the saeroiliae joint are the anterior, 
interosseous and posterior saeroiliae, iliolumbar, sacrotuberous and 
sacrospinous ligaments. 

Anterior saeroiliae ligament The anterior saeroiliae ligament (see Fig. 
80.9A), an anteroinferior capsular thiekening, is partiailarly well devel- 
oped near the arcuate line and the posterior inferior iliae spine, where 
it eonneets the third saeral segment to the lateral side of the pre- 
auricular sulcus. It is thin elsewhere. 

lnterosseous saeroiliae ligament The interosseous saeroiliae liga- 
ment is the major bond between the bones, filling the irregular spaee 
posterosuperior to the joint. The posterior saeroiliae ligament eovers it 
superficially. Its deeper part has superior and inferior bands passing 
from depressions posterior to the saeral auricular surface to those on 
the iliae tuberosity. These bands are eovered by, and blend with, a 
more superficial fibrous sheet eonneeting the posterosuperior margin 
of a rough area posterior to the saeral auricular surface to the eorre- 
sponding margins of the iliae tuberosity. This sheet is often partially 
divided into superior and inferior parts, the former uniting the supe- 
rior articular proeess and lateral erest on the first two saeral segments 
to the neighbouring ilium as a short posterior iliae ligament (see Fig. 

43.68) . 

Posterior saeroiliae ligament The posterior saeroiliae ligament (see 
Fig. 80.9B) overlies the interosseous ligament: the dorsal rami of the 
saeral spinal nerves and vessels intervene. It eonsists of several weak 
fasciculi eonneeting the intermediate and lateral saeral erests to the 
posterior superior iliae spine and posterior end of the internal lip of 
the iliae erest. Inferior fibres, from the third and fourth saeral segments, 
aseend to the posterior superior iliae spine and posterior end of the 
internal lip of the iliae erest; they may form a separate long posterior 
saeroiliae ligament. This ligament is continuous laterally with part of 
the sacrotuberous ligament and medially with the posterior lamina of 
the thoracolumbar faseia. 

lliolumbar ligament See page 738. 

Sacrotuberous ligament The sacrotuberous ligament (see Figs 80.9, 

43.68) is attaehed by its broad base to the posterior superior iliae spine, 
the posterior saeroiliae ligaments (with which it is partly blended), 
lateral saeral erest, and the lateral margins of the lower saemm and 
upper coccyx. Its oblique fibres deseend laterally, eonverging to form a 
thiek, narrow band that widens again below and is attaehed to the 
medial margin of the isehial tuberosity. It then spreads along the isehial 
ramus as the faleiform proeess, whose eoneave edge blends with the 
faseial sheath of the internal pudendal vessels and pudendal nerve. The 
lowest fibres of gluteus maximus are attaehed to the posterior surface 
of the ligament; superficial fibres of the lower part of the ligament 
continue into the tendon of bieeps femoris. The eoeeygeal branehes of 
the inferior gluteal artery, the perforating cutaneous nerve and filaments 
of the eoeeygeal plexus pieree the ligament. 

Saerospinoiis ligament The thin, triangular sacrospinous ligament 
(see Fig. 80.9) extends from the isehial spine to the lateral margins of 
the saemm and coccyx anterior to the sacrotuberous ligament, with 
which it blends in part. Its anterior surface is in faet the coccygeus 
muscle, i.e. muscle and ligament are coextensive. The sacrospinous liga- 
ment is often regarded as a degenerate part of coccygeus. 

Seiatie foramina The sacrotuberous and sacrospinous ligaments 
eonvert the seiatie notehes into foramina (see Fig. 80.9). 

Greater seiatie foramen The greater seiatie foramen is bounded 
anterosuperiorly by the greater seiatie noteh, posteriorly by the saero- 
tuberous ligament and inferiorly by the sacrospinous ligament and 
isehial spine (see Fig. 80.9). It is partly filled by the emerging piriformis, 
above which the superior gluteal vessels and nerve leave the pelvis. 
Below it, the inferior gluteal vessels and nerve, internal pudendal vessels 
and pudendal nerve, seiatie and posterior femoral cutaneous nerves and 
the nerves to obturator internus and quadratus femoris all leave the 
pelvis. 




Muscles 


Lesser seiatie foramen The lesser seiatie foramen is bounded anteri- 
orly by the isehial body superiorly by its spine and sacrospinous liga- 
ment, and posteriorly by the sacrotuberous ligament (see Fig. 80.9A). 
It transmits the tendon of obturator intermis, the nerve to obturator 
intenms, and the internal pudendal vessels and pudendal nerve. 

Vascular supply The arterial supply of the saeroiliae joint is derived 
from the iliolmnbar, superior gluteal and superior lateral saeral arteries, 
with eorresponding venous drainage. Lymphatie drainage follows the 
arteries, reaehing the iliae and lumbar nodes. 

Innervation Nerve fibres ramify within the joint capsule and adjoin- 
ing ligaments, but their source is uncertain. It is thought that the joint 
probably reeeives branehes from the anterior and posterior rami of the 
first two saeral spinal nerves, and from the superior gluteal nerve, and 
that there may also be contributions from the obturator nerve and the 
lumbosacral tmnk. 

The saeroiliae joint has sometimes been implieated as the source of 
pain in the lower baek and buttocks. Diagnosing saeroiliae joint- 
mediated pain is difficult because the presenting eomplaints are similar 
to those seen with other causes of baek pain. Patients with saeroiliae 
joint-mediated pain rarely report pain above the level of L5; most loeal- 
ize their pain to the area around the posterior superior iliae spine. 

Faetors maintaining Stability The saeroiliae joint is one of the 

most stable joints in the body and supports the weight of the tmnk. 
The reeiproeal irregularity of the joint surfaces allows very little move- 
ment. The tendeney of the saemm to be foreed downwards by the tmnk 
is resisted by the extremely strong posterior ligaments, while the ilio- 
lumbar ligaments help to resist displaeement of the fifth lumbar verte- 
bra over the saemm. The sacrotuberous and sacrospinous ligaments 
oppose upward tilting of the lower part of the saemm when downward 
thmst is applied at its upper end. 

Movements Primary movement of the saeroiliae joint is minimal. All 
muscles that eross the joint aet on the himbar spine or on the hip. Such 
movements as do occur are seeondarily imposed on the joint as the 
pelvis moves. Data from living subjects are teehnieally difficult to 
obtain, and those based on plain radiographs are unreliable. Studies 
using implanted tantalum spheres and biplanar radiography have 
shown mean rotational ranges of less than 2°. Even when there is 
reeordable movement, the direetion of movement is irregular. Biplanar 
radiography has also shown that the axes of movement of the saeroiliae 
joint during hip movement are oblique, and that the axes differ in 
flexion and extension. 

During pregnaney, the pelvie joints and ligaments loosen under the 
influence of the hormone relaxin. Movements in the joints inerease. 
Relaxation renders the saeroiliae loeking meehanism less effeetive, per- 
mitting greater rotation and perhaps allowing alterations in pelvie 
diameters at ehildbirth, although the effeet is probably small. The 
impaired loeking meehanism diverts the strain of weight-bearing to the 
ligaments, with frequent saeroiliae strain after pregnaney. 

elations The saeroiliae joints have many important anterior rela- 
tions. The internal and external iliae veins join to form the eommon 
iliae veins immediately anteriorly, separating the joints from the bifhr- 
eations of the eommon iliae arteries and, more anteriorly, the ureters. 
The lumbosacral tmnk and the obturator nerve eross the anterior aspeet 
of the joint behind the vessels. Piriformis partly attaehes to the anterior 
capsule, separating the joint from the upper part of the saeral plexus. 

Variants Aeeessory saeroiliae articulations are not uncommon. They 
develop behind the articular surface between the lateral saeral erest and 
posterior superior iliae spine and iliae tuberosity, and are acquired 
fibrocartilaginous joints resulting from the stresses of weight-bearing. 
They have a joint capsule, are saddle-shaped, and may be single, double, 
unilateral or bilateral (Weisl 1954). 



MUSCLES 0F THE ILIAC REGION 


Although there is no 'iliae region' as such, this heading eonveniently 
deseribes a group of three muscles that originate from the lumbar ver- 
tebral column (psoas major and minor) and the ilium (iliacus). Psoas 
major and iliacus are attaehed together on the femur as flexors of the 
hip joint and are often eonsidered as a fimetional unit, iliopsoas. Psoas 
minor only reaehes the pubis, and aets on the spine and saeroiliae joint. 


Psoas major 

Attaehments Psoas major is a long muscle that lies on either side 
of the fiimbar vertebral column and the pelvie brim (Fig. 80.22, see 
Fig. 62.7). Its proximal attaehments are complex. They include the 
anterior surfaces and lower borders of the transverse proeesses of all the 
lumbar vertebrae. There are five digitations, eaeh from the bodies of two 
adjoining vertebrae and their intervertebral dise. The highest of these 
arises from the lower margin of the body of the twelfth thoraeie verte- 
bra, the upper margin of the body of the first lumbar vertebra and the 
interposed intervertebral dise. The lowest arises from the adjaeent 
margins of the bodies of the fourth and fifth lumbar vertebrae and the 
interposed dise. A series of tendinous arehes extend aeross the narrow 
parts of the bodies of the lumbar vertebrae between the digitations 
already deseribed. The lumbar arteries and veins, and filaments from 



Quadratus lumborum 


Psoas minor 


Psoas major 


lliacus 


Anterior superior iliae spine 


lnguinal ligament 
Piriformis 

Coccygeus 
Levatorani 
Pubic tubercle 


Tensor faseiae latae 
Pectineus 


Adductorlongus 


Graeilis 


Sartorius 


Adductormagnus 


Rectus femoris 


lliotibial traet 


Vastus lateralis 


Vastus medialis 


Fig. 80.22 The hip flexors and superficial muscles of the thigh. 
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the sympathetie trnnk, pass medial to these arehes. The upper four 
lumbar intervertebral foramina bear important relations to these attaeh- 
ments of the muscle. The foramina lie anterior to the transverse proe- 
esses and posterior to the attaehments to vertebral bodies, intervertebral 
dises and tendinous arehes. Thus, the roots of the lumbar plexus enter 
the muscle direetly, the plexus is lodged within it, and its branehes 
emerge from its borders and surfaces. 

The muscle deseends along the pelvie brim, continues posterior to 
the inguinal ligament and anterior to the capsule of the hip joint, and 
eonverges to a tendon that, having reeeived on its lateral side nearly all 
the fibres of iliacus, beeomes attaehed to the lesser troehanter of the 
femur. The large subtendinous iliae bursa, which oeeasionally commu- 
nieates with the eavity of the hip joint, separates the tendon from the 
pubis and the capsule of the joint. 

The complex vertebral attaehments of psoas major sometimes 
display minor numerical variations. 

elations The upper limit of psoas major is posterior to the dia- 
phragm in the lowest part of the posterior mediastinmn. It may be in 
eontaet with the posterior extremity of the pleural sae. In the abdomen, 
its anterolateral surface is related to the medial arcuate ligament (a 
linear, arehed thiekening in the psoas faseia), extraperitoneal tissue and 
peritoneum, the kidney, psoas minor, renal vessels, ureter, testicular or 
ovarian vessels and the genitofemoral nerve. Anteriorly, the right psoas 
is overlapped by the inferior vena eava and erossed by the terminal part 
of the ileum; the eolon erosses the left psoas. Its posterior surface is 
related to the transverse proeesses of the lumbar vertebrae and the 
medial edge of quadratus lumborum. The himbar plexus is embedded 
posteriorly in the substance of psoas major. Medially, the muscle is 
related to the bodies of the lumbar vertebrae and lumbar vessels. Along 
its anteromedial margin, it is in eontaet with the sympathetie tmnk, 
aortie lymph nodes and, along the pelvie brim, with the external iliae 
artery. This margin is eovered by the inferior vena eava on the right side, 
and lies posterior and lateral to the abdominal aorta on the left side. 
In the thigh, iliopsoas is related anteriorly to the faseia lata and the 
femoral artery, and posteriorly to the capsule of the hip joint, from 
which it is separated by a bursa. At its medial border, it is related to 
pectineus and the medial circumflex femoral artery, and to the femoral 
vein, which may overlap it slightly. At its lateral border, it is related to 
the femoral nerve and iliacus. The femoral nerve deseends at first 
through the fibres of psoas major, and then in the furrow between it 
and iliacus. 

Branehes of the lumbar plexus diverge from the abdominal part of 
psoas major. Emerging from the lateral border, from above downwards, 
are the iliohypogastrie, ilioinguinal and lateral femoral cutaneous and 
femoral nerves. Emerging from the anterolateral surface is the genito- 
femoral nerve. The obturator and aeeessory obturator nerves (when 
present) and the upper root of the lumbosacral tmnk all emerge from 
the medial border. 

Vaseillar SLipply Psoas major is supplied by a rieh network of arteries 
derived from the lumbar, iliolumbar, obturator, external iliae and 
femoral arteries. In general terms, the upper part of the muscle is sup- 
plied by the lumbar arteries, the mid part by the anterior braneh of the 
iliolumbar artery (the main artery to the muscle) with contributions 
from the deep circumflex and external iliae arteries, and the distal part 
by the femoral artery and its branehes. The psoas sheath has an arterial 
supply independent from that of the muscle, though the same vessels 
contribute. 

Innervation Psoas major is innervated by the ventral rami of the 
lumbar spinal nerves, mainly L1 and 2 with some contribution from 
L3. 

Aetions Psoas major aets together with iliacus; the eombination is 
referred to as iliopsoas. See below ( Iliacus ). 

Testing See below (after 'lliaojs'). 

Psoas minor 

AttaehmentS Psoas minor (see Fig. 80.22) is sometimes absent. 
When present, it lies anterior to psoas major, entirely within the 
abdomen. It arises from the sides of the bodies of the twelfth thoraeie 
and first lumbar vertebrae, and from the intervertebral dise between 
them. It ends in a long, flat tendon that is attaehed to the peeten pubis, 
iliopubic ramus and, laterally, to the iliae faseia. 

Relations Psoas minor lies on psoas major, and its proximal anterior 
relations are those of the anterior or anteromedial surface of that muscle. 


Vaseillar SLipply The main arterial supply to psoas minor is from 
the lumbar arteries, though there may be minor contributions from 
other vessels of the network that supplies psoas major. 

Innervation Psoas minor is innervated by a braneh from Ll. 

Aetions Psoas minor is probably a weak flexor of the tmnk. 

Testing Psoas minor eannot be tested elinieally. 

Uiacus 

AttaehmentS Iliacus (see Figs 80.22, 62.7) is a triangular sheet of 
muscle that arises from the superior two-thirds of the eoneavity of the 
iliae fossa, the inner lip of the iliae erest, the ventral saeroiliae and iliol- 
umbar ligaments, and the upper surface of the lateral part of the saemm 
(see Fig. 43.49). In front, it reaehes as far as the anterior superior and 
anterior inferior iliae spines, and reeeives a few fibres from the upper 
part of the capsule of the hip joint (iliocapsularis, p. 1377). Most of its 
fibres eonverge into the lateral side of the strong tendon of psoas major, 
and the muscles then insert together into the lesser troehanter, but some 
fibres are attaehed direetly to the femur 2.5 em below and in front of 
the lesser troehanter. 

elations In the abdomen, the anterior surface of iliacus is related to 
its faseia (which separates the muscle from extraperitoneal tissue and 
peritoneum), the lateral femoral cutaneous nerve, the caecum (on the 
right) and the iliae part of the deseending eolon (on the left). On its 
posterior surface is the iliae fossa, and at its medial border, psoas major 
and the femoral nerve. In the thigh, its anterior surface is in eontaet 
with the faseia lata, rectus femoris, sartorius and the profimda femoris 
artery, and its posterior surface is in eontaet with the capsule of the hip 
joint, from which it is partially separated by a bursa it shares with psoas 
major. 

Vaseillar SLipply Iliacus is supplied by the same arterial network as 
psoas major, and there is mutual overlap of the arterial territories of 
eaeh muscle. The main supply is from the iliae branehes of the iliolum- 
bar artery, with contributions from the deep circumflex iliae and obtur- 
ator arteries, and branehes of the femoral artery. 

Innervation Iliacus is innervated by branehes of the femoral nerve, 
L2 and 3. 

Aetions Psoas major, aeting from above together with iliacus, flexes 
the thigh on the pelvis. Eleetromyographie studies do not support the 
eommon view that psoas major aets as a medial rotator of the hip joint, 
but aetivity has been deseribed in lateral rotation, particularly in the 
young. When psoas major and iliacus of both sides aet from below, they 
eontraet powerfully to bend the tmnk and pelvis forwards against resist- 
anee, as in raising the tmnk from the recumbent to the sitting posture 
when undertaking a 'sit-up' exercise. 

Eleetromyography does not support the eommonly held belief that 
unilateral aetion of psoas major causes lateral and forward flexion of 
the tmnk to that side (Joseph 1975). 

In symmetrieal upright stanee, iliopsoas has some aetion from below 
to maintain the vertebral column upright. Psoas major is aetive in bal- 
aneing the tmnk while sitting. 

Testing Both psoas and iliacus may be the sites of pathologieal eol- 
leetions of fluid. An abseess (typieally tuberculous) of vertebral origin 
may traek down through psoas and present as a mass in the thigh. 
Haematoma or infeetion within the iliacus faseia may present as a mass 
or as a flexion deformity of the hip. 

Iliopsoas may be tested elinieally by aetively flexing the hip against 
resistanee, in the supine position with the hip and knee flexed. 

MUSCLES 0F THE GLUTEAL REGION 

Tensor faseiae latae 

Attaehments Tensor faseiae latae (see Fig. 80.22) arises from the 
anterior 5 em of the outer lip of the iliae erest, from the lateral surface 
of the anterior superior iliae spine and part of the border of the noteh 
below it, between gluteus rnedms and sartorius, and from the deep 
surface of the faseia lata. Proximal attaehments may extend to the 
aponeurotic faseia superficial to gluteus medius. It deseends between, 
and is attaehed to, the two layers of the iliotibial traet of the faseia lata 
and usually ends approximately one-third of the way down the thigh, 









Muscles 


although it may oeeasionally extend as far as the lateral femoral 
eondyle. 

Vascular supply The muscle itself is supplied mainly by a large 
aseending braneh of the lateral circumflex femoral artery. The tensor 
faseiae latae musculocutaneous flap is raised on this pediele. The supe- 
rior part of the muscle reeeives branehes from the superior gluteal artery. 
The faseia surrounding the muscle is supplied on its superficial aspeet 
by the superficial circumflex iliae artery and on its deep surface by the 
lateral circumflex femoral artery. 

Innervation Tensor faseiae latae is innervated by the superior gluteal 
nerve, L4, 5 and Sl. 

Aetions Tensor faseiae latae, aeting through the iliotibial traet, extends 
the knee with lateral rotation of the leg; it may also assist in abduction 
and medial rotation of the thigh, though its role as an abductor is 
debatable. The muscle helps to maintain upright posture while mini- 
mizing energy expenditure on muscle aetivity: when the subject is 
standing it aets from below to steady the pelvis on the head of the femur 
and, through the iliotibial traet, to steady the eondyles of the femur on 
the tibial eondyles while the knee extensors are relaxed. The muscle aids 
gluteus medius in postural abduction at the hip. Postural eontrol is its 
main fimetion. 

In the last 20° or so of extension, the pull of the iliotibial traet is 
anterior to the flexion axis of the knee and so the tensor faseiae latae is 
a weak extensor. Flexion of greater than 20 ° leads to the iliotibial traet 
passing posterior to the axis of flexion so that the muscle beeomes a 
weak flexor. 

Testing When the thigh is flexed against gravity and the knee is 
extended, an angular depression appears immediately below the ant- 
erior superior iliae spine; its lateral boundary is tensor faseiae latae. If 
the thigh is then abducted against resistanee, the muscle ean be felt and 
sometimes seen. 

Gluteus maximus 

Attaehments Gluteus maximus (Fig. 80.23) is the largest and most 
superficial muscle in the gluteal region. It is a broad, thiek, quadrilateral 
mass, which, with its overlying adipose faseia, forms the familiar promi- 
nenee of the buttock. Gluteus maximus is thieker and more extensive 
in humans than in any non-human primate, features that presumably 
eorrelate with the evolutionary transition to bipedality and a perma- 
nently upright posture. The muscle has a eoarse fascicular architecture, 
with large bundles of fibres separated by fibrous septa. It arises from 
the posterior gluteal line of the ilium and the rough area of bone, 
including the erest, immediately above and behind it; from the aponeu- 
rosis of ereetor spinae; the dorsal surface of the lower part of the saemm 
and the side of the coccyx; the sacrotuberous ligament; and the faseia 
(gluteal aponeurosis) that eovers gluteus medius. There may be addi- 
tional slips from the lumbar aponeurosis or isehial tuberosity. The 
muscle may also be bilaminar. The fibres deseend laterally; the upper 
part of the muscle, together with the superficial fibres of the lower part, 
ends in a thiek tendinous lamina that passes lateral to the greater tro- 
ehanter and is attaehed to the iliotibial traet of the faseia lata. The 
deeper fibres of the lower part of the muscle are attaehed to the gluteal 
tuberosity between vastus lateralis and adductor magnus. 

elations A thin faseia separates the superficial surface of gluteus 
maximus from the overlying thiek, adipose subcutaneous tissue. The 
deep surface of the imisele is related to the ilium, saemm, coccyx, sae- 
rotuberous ligament, part of gluteus medius, piriformis, the gemelli, 
obturator internus, quadratus femoris, the isehial tuberosity, greater 
troehanter, and the attaehments of bieeps femoris, semitendinosus, 
semimembranosus and adductor magnus to the isehial tuberosity. 
Three bursae lie deep to gluteus maximus: troehanterie, over the greater 
troehanter; gluteofemoral, between the tendon of gluteus maximus and 
that of vastus lateralis; and isehiofemoral, over the gluteal tuberosity, 
which is less eommonly present. 

The superficial division of the superior gluteal artery reaehes the 
deep surface of the imisele between piriformis and gluteus medius. The 
inferior gluteal and internal pudendal vessels, the seiatie, pudendal and 
posterior femoral cutaneous nerves, muscular branehes from the saeral 
femoral cutaneous nerves, and muscular branehes from the saeral 
plexus all leave the pelvis below piriformis. The first perforating artery 
and the terminal branehes of the medial circumflex femoral artery are 
also deep to the lower part of gluteus maximus. Its upper border is thin 
and overlies gluteus medhis. Its prominent lower border is free and 
slopes downwards and laterally. It is erossed by the horizontal gluteal 
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Fig. 80.23 Gluteus maximus, posterior view with the posterior thigh 
muscles seen through the overlying faseia lata. 


fold (the posterior flexure line of the hip joint), which marks the upper 
limit of the baek of the thigh on the surface. 

Vaseillar SLipply The dominant vasoalar pediele is usually that of 
the inferior gluteal artery, which supplies approximately two-thirds of 
the imisele. The remainder is supplied mainly by the superior gluteal 
artery, though this may sometimes be the dominant vessel. The lateral 
and distal borders of the imisele reeeive a supply from the first perfora- 
tor given off from the profimda femoris artery and from the medial 
circumflex femoral artery. Minor branehes may be derived from the 
lateral circumflex femoral, lateral saeral and internal pudendal 
arteries. 

Gluteus maximus musculocutaneous flaps may be based on either 
of the gluteal vessels or on the first perforator given off from the pro- 
firnda femoris artery, depending on the site and size of the defeet requir- 
ing eoverage. 

Innervation Gluteus maximus is innervated by the inferior gluteal 
nerve, L5, S1 and S2. 

Aetions Aeting from the pelvis, gluteus maximus ean extend the flexed 
thigh and bring it into line with the trnnk. Aeting from its distal attaeh- 
ment, it may prevent the forward momentum of the tmnk from produc- 
ing flexion at the supporting hip during bipedal gait. The muscle is 
inaetive during standing, when swaying forwards at the ankle joints, or 
when bending forwards at the hip joints to touch the toes. However, it 
aets with the hamstrings in raising the tmnk after stooping, by rotating 
the pelvis backwards on the head of the femur. It is intermittently aetive 
in the walking eyele and in elimbing stairs, and continuously aetive in 
strong lateral rotation of the thigh. Its upper fibres are aetive in powerful 
abduction of the thigh. It is a tensor of the faseia lata, and through the 
iliotibial traet it stabilizes the femur on the tibia when the extensor 
muscles of the knee are relaxed. 
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Fig. 80.24 A, Gluteus medius, posterior view. B, Gluteus minimus and 
short lateral rotators of the hip, posterior view. 


Testing Gluteus maximus may be tested by extension of the hip 
against resistanee, in the supine or prone position. 

Gluteus medius 

Attaehments Gluteus medius is a broad, thiek muscle (see Fig. 80.23; 
Fig. 80.24A). It arises from the outer surface of the ilium between the 
iliae erest and posterior gluteal line above, and the anterior gluteal line 
below, and also from the strong faseia superficial to its upper part. The 
fibres eonverge to a flat tendon that attaehes to a ridge that 
slants downwards and forwards on the lateral surface of the greater 
troehanter. 

A deep slip of the muscle may be attaehed to the upper border of 
the troehanter. The posterior edge of gluteus medius sometimes blends 
with piriformis. 

elations The posterior third of gluteus medius is eovered by gluteus 
maximus but it is superficial in its anterior two-thirds, where a strong 
layer of deep faseia eovers it. Its deep surface is related to gluteus 
minimus. Branehes of the deep divisions of the superior gluteal nerve 
and artery mn between the medius and minimus muscles, and are 
vulnerable during anterolateral and lateral approaehes to the hip 
that involve splitting gluteus medius. Where the tendon glides on the 
anterosuperior part of the lateral surface of the troehanter, a bursa 
(troehanterie bursa of gluteus medius) separates it from the bone. 


aseillar Slipply The main supply to gluteus medius is from the deep 
braneh of the superior gluteal artery (Fig. 80.25A). The distal part of 
the muscle is supplied by the troehanterie anastomosis. 

Innervation Gluteus medius is innervated by the superior gluteal 
nerve, L4, 5 and Sl. 

Aetions These are eonsidered below with gluteus minimus. 

Testing This is eonsidered below with gluteus minimus. 

Gluteus minimus 

AttaehmentS Gluteus minimus lies deep to gluteus medius (see 
Fig. 80.24B). The fan-shaped muscle arises from the outer surface of the 
ilium between the anterior and inferior gluteal lines and, behind, from 
the margin of the greater seiatie noteh. The fibres eonverge below to the 
deep surface of an aponeurosis that ends in a tendon attaehed to an 
anterolateral ridge on the greater troehanter and contributes an expan- 
sion to the capsule of the hip joint. 

The muscle may divide into anterior and posterior parts. Separate 
slips may pass to piriformis, gemellus superior or vastus lateralis. 

elations Branehes of the deep division of the superior gluteal artery 
and nerve mn on the superficial surface of the muscle. The refleeted 
tendon of rectus femoris and the capsule of the hip joint are deep to 
gluteus minimus. A bursa (troehanterie bursa of gluteus minimus) sepa- 
rates the tendon from the medial part of the anterior surface of the 
greater troehanter. 

Vaseillar Slippl Gluteus minimus is supplied from both its surfaces, 
from the main tmnk and the deep braneh of the superior gluteal artery, 
with a contribution at its femoral attaehment from the troehanterie 
anastomosis (see Fig. 80.25). 

Innervation Gluteus minimus is innervated by the superior gluteal 
nerve, L4, 5 and Sl. 

Aetions of gluteus medius and minimus 

Both gluteus rnedms and miniimis, aeting from the pelvis, abduct the 
thigh, and their anterior fibres rotate it medially. Aeting from the feimir, 
they play an essential part in maintaining the tmnk upright when the 
foot of the opposite side is raised from the ground in walking and 
mnning. In this phase, the body weight tends to make the pelvis sag 
downwards on the unsupported side. This is counteracted by the gluteus 
medius and minimus of the supporting side, which, aeting from below, 
exert such powerful traetion on the hip bone that the pelvis is actually 
raised a little on the unsupported side. In symmetrieal standing with 
the feet somewhat separated, the abductor muscles are usually 'silent' 
on eleetromyography, but with the feet plaeed parallel and elose 
together they are aetive. 

Testing The supportive effeet of the glutei (medius and minimus) on 
the pelvis when the eontralateral foot is raised depends on the following 
eonditions. The two muscles, and their innervation, imist be fimetion- 
ing normally. The eomponents of the hip joint, which forms the 
fhlemm, must be in their usual relation. The neek of the feimir must 
be intaet, with its normal angulation to the shaft. 

When any one of these eonditions is not fiilfilled, e.g. in paralysis 
of the glutei, developmental dysplasia of the hip or coxa vara, the sup- 
porting meehanism is upset and the pelvis sinks on the unsupported 
side when the patient tries to stand on the affeeted limb. This is known 
elinieally as Trendelenburgs sign. Individuals with paralysis of gluteus 
medfiis and minimus have a eharaeteristie lurching gait. Provided that 
these two muscles are intaet, paralysis of other muscles aeting on the 
hip joint produces remarkably little defieit in walking, or even in 
mnning. 

Gluteus medfiis and minimus may be tested together by medial 
rotation of the thigh against resistanee, in the supine position with hip 
and knee flexed. Both muscles may be tested together with tensor 
faseiae latae by abduction of the lower limb against resistanee, in the 
supine position with the knee extended. 

Piriformis 

Attaehments Piriformis (see Figs 80.24B, 80.25A) occupies a eentral 
position in the buttock, where it lies in the same plane as gluteus 
medius. It arises from the anterior surface of the saemm by three digit- 
ations, which are attaehed to the portions of bone between the pelvie 
saeral foramina, and to the grooves leading from the foramina (see 
Fig. 43.49). It also arises from the gfiiteal surface of the ilfiim near the 
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Fig. 80.25 The arteries and miiseles of the left gliiteal and femoral regions. A, Posterior aspeet. B, Anterior aspeet. (VVith permission from Drake RL, Vogl 
AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 2010.) 


posterior inferior iliae spine, from the capsule of the adjaeent saeroiliae 
joint, and sometimes from the upper part of the pelvie surface of the 
sacrotuberous ligament. The muscle passes out of the pelvis through 
the greater seiatie foramen, which it substantially fills. Here it eonsti- 
tutes an important surgical landmark in the identifieation of structures 
that emerge above and below it. It inserts into the medial side of the 
upper border of the greater troehanter of the femur via a rounded 
tendon that lies behind and above, but is often partially blended with, 
the eommon tendon of obturator internus and the gemelli. The muscle 
itself may be fused with gluteus medius. 

elations Within the pelvis, the anterior surface of piriformis is 
related to the rectum (espeeially on the left), the saeral plexus of nerves 
and branehes of the internal iliae vessels. The posterior surface lies 
against the saemrn. Outside the pelvis, its anterior surface is in eontaet 
with the posterior surface of the ischium and capsule of the hip joint, 
and its posterior surface with gluteus maximus. Its upper border is in 
eontaet with gluteus medius and the superior gluteal vessels and nerve, 
its lower border with coccygeus and gemellus superior. The inferior 
gluteal and internal pudendal vessels, the seiatie, posterior femoral 
cutaneous and pudendal nerves, and muscular branehes from the saeral 
plexus appear in the buttock in the interval between piriformis and 
gemellus superior. The relationship between piriformis and the seiatie 
nerve is variable. The undivided nerve may emerge above the muscle or 
through the muscle. The major divisions of the nerve may lie either side 
of the muscle, or (the most eommon variant) one division passes 
between the heads of a divided muscle and one division either above 
or below. 

Piriformis ean oeeasionally cause entrapment of the seiatie nerve in 
the buttock, giving rise to the so-ealled 'piriformis syndrome'. 

Vaseillar Slipply In the buttock, piriformis is supplied mainly from 
the superior gluteal artery, with contributions from the gemellar 
branehes of the internal pudendal. There may be a separate braneh from 


the inferior ghiteal artery (see Fig. 80.25A). In the pelvis, the main 
supply is from the lateral saeral artery, with contributions from both 
gluteal vessels. 

Innervation Piriformis is innervated by branehes from S1 and 2 
(sometimes only from S2). It may also eontain fibres from L5. 

Aetions Piriformis rotates the extended thigh laterally, but abducts the 
flexed thigh. 

Testing eiinieally, it is not possible to test piriformis alone; however, 
for suspected injury to piriformis the best provoeative test is to ask the 
seated subject to abduct the thighs. Buttock pain suggests piriformis 
injury. 

Obturator internus 

Attaehments Obturator intermis (see Figs 80.24B, 80.27) is situated 
partly within the tme pelvis and partly posterior to the hip joint. It 
arises from the internal surface of the anterolateral wall of the lesser 
pelvie eavity. Its attaehments, which almost surround the obturator 
foramen, are to the inferior ramus of the pubis, the isehial ramus, and 
the pelvie surface of the hip bone below and behind the pelvie brim, 
to the upper part of the greater seiatie foramen above and behind, to 
the obturator foramen below and in front. It also arises from the 
medial part of the pelvie surface of the obturator membrane, from the 
tendinous areh that eompletes the obturator eanal, and, to a small 
extent, from the obturator faseia that eovers the muscle. The fibres 
eonverge towards the lesser seiatie foramen and end in four or five 
tendinous bands on the deep surface of the muscle. These bands make 
a lateral right-angled turn around the grooved surface of the ischium 
between its spine and tuberosity. The grooved surface is eovered with a 
smooth layer of hyaline eartilage and is separated from the tendon by 
a bursa; ridges on the surface eorrespond to furrows between the tendi- 
nous bands. These bands leave the pelvis through the lesser seiatie 1359 
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foramen and unite to form a single flattened tendon that passes hori- 
zontally aeross the capsule of the hip joint. The gemelli fuse with this 
tendon before it inserts on to an anterior impression on the medial 
surface of the greater troehanter anterosuperior to the troehanterie 
fossa. A long, narrow bursa is usually interposed between the tendon 
and the capsule of the hip joint, and oeeasionally eomimmieates with 
the bursa between the tendon and the ischium. 

Relations Within the pelvis, the anterolateral surface of the muscle is 
in eontaet with the obturator membrane and inner surface of the lateral 
wall of the pelvis. Its posteromedial surface is related to the obturator 
faseia, the origin of levator ani, and the sheath that surrounds the 
internal pudendal vessels and pudendal nerve, and forms the lateral 
wall of the isehio-anal fossa. Outside the pelvis, the muscle is eovered 
by gluteus maximus, is erossed posteriorly by the seiatie nerve and 
passes behind the hip joint. As the tendon of obturator intermis emerges 
from the lesser seiatie foramen, it is overlapped both above and below 
by the two gemelli, which form a muscular eanal for it. Near its termi- 
nation, the gemelli pass anterior to the tendon and form a groove in 
which it lies. 

Vaseillar Slipply The main arterial supply of the extrapelvic part of 
obturator internus is from the gemellar branehes of the internal puden- 
dal artery. intrapelvie and extrapelvic parts are supplied by the branehes 
of the obturator artery. 

Innervation Obturator internus is innervated by the nerve to obtura- 
tor internus, L5 and Sl. 

Aetions See below aetions of obturator externus. 

Obturator externus 

Attaehments Obturator externus (Figs 80.26-80.29; see Fig. 80.16) 

is a flat, triangular muscle eovering the external surface of the anterior 
pelvie wall. It arises from the anteromedial two-thirds of the external 
surface of the obturator membrane, and from the adjaeent bone of the 
pubic and isehial rami, extending for a short distanee on to their pelvie 
surfaces between the margin of the obturator foramen and the obtura- 
tor membrane. The whole muscle, and the tendon into which its fibres 
eonverge, spiral backwards, laterally and upwards, and thus eross the 
inferior aspeet and then the baek of the neek of the femur and lower 
part of the capsule of the hip joint to end in the troehanterie fossa of 
the femur. 



Fig. 80.26 Obturator externus, anterior aspeet. (Adapted from Drake RL, 
Vogl AW, Mitehell A (eds), Gray’s Anatomy for Students, 2nd ed, Elsevier, 
Churchill Livingstone. Oopyright 2010.) 


Relations A bursa, which communicates with the hip joint, may be 
interposed between the tendon and the hip joint capsule and femoral 
neek. The obturator vessels lie between the muscle and the obturator 
membrane. The anterior braneh of the obturator nerve reaehes the 
thigh by passing in front of the muscle, and the posterior braneh by 
piereing it. 

Vaseillar Slipply Obturator externus reeeives a variable pattern of 
supply from the obturator and medial circumflex femoral arteries. 

Innervation Obturator externus is innervated by the posterior braneh 
of the obturator nerve, L3 and 4. 

Aetions It has been suggested that the short muscles around the hip 
joint (pectineus, piriformis, obturator externus and intermis, the gemelli 
and quadratus femoris) are more important as postural muscles than 
as prime movers, aeting as adjustable ligaments to maintain the stability 
and integrity of the hip. However, these muscles are largely inaeeessible 
to direet observation, and, because of the hazards presented by their 
elose relationship to important neurovascular structures, there is a laek 
of eleetromyographie data in humans. In both bipedal walking and 
vertieal elimbing, obturator externus is reemited during the early part 
of the swing phase; in elimbing it effeets lateral rotation of the thigh, 
and in walking it probably counteracts the tendeney to medial rotation 
produced by the anterior adductor muscles at this stage of the eyele. 
Obturator internus differs from obturator externus in its pattern of use 
but its role in bipedal walking remains unclear. Its attaehments suggest 
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Fig. 80.27 The posterior thigh and gluteal muscles with gluteus maximus 
and medius partially removed. (With permission from Waschke J, Paulsen 
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Fiseher. Oopyright 2013.) 



























































Muscles 


that it, like the gemelli, is a lateral rotator of the extended thigh and an 
abductor of the flexed thigh. These aetions may be used to antagonize 
unwanted eomponents of movement produced by the primary loeomo- 
tor muscles. 

Testing The short rotators eannot be tested individually but lateral 
rotation of the extended hip and abduction of the flexed hip against 
resistanee tests them as a group. 

Gemelliis inferior and gemellus superior 

Attaehments Gemellus inferior arises from the upper part of the 
lateral surface of the isehial tuberosity immediately below the groove 
for the tendon of obturator internus (Fig. 80.27). It blends with the 
lower border of this tendon, and inserts with it into the medial surface 
of the greater troehanter. 

Gemellus superior, the smaller of the two gemelli, arises from the 
dorsal surface of the isehial spine, blends with the upper border of the 
tendon of obturator internos, and inserts with it into the medial surface 
of the greater troehanter. It is sometimes absent. 

The two gemelli ean be regarded as aeeessory to obturator intermis 
(see Fig. 80.24B). 

Relations The relations of the gemelli are as deseribed for the extrapel- 
vie part of obturator internus. 

Vascular supply Gemellus superior is supplied by the internal 
pudendal artery and its gemellar branehes; by the inferior gluteal artery; 
and sometimes also by the superior gluteal artery. Gemellus inferior is 
supplied mainly by the medial circumflex femoral artery. 

Innervation Gemellus superior is innervated by the nerve to obturator 
intermis, L5, S1 and S2. Gemelhis inferior is innervated by the nerve to 
quadratus femoris, L4, L5 and Sl. 

Aetions The gemelli rotate the extended thigh laterally and abduct the 
flexed thigh. 

Testing See testing of obturator externus above. 

Quadratus femoris 

Attaehments Quadratus femoris (see Fig. 80.24B) is a flat, quadri- 
lateral muscle lying between gemellus inferior and the upper margin of 
adductor magnus, from which it is separated by the transverse braneh 
of the medial circumflex femoral artery. It arises from the upper part of 
the external aspeet of the isehial tuberosity and inserts on to a small 
tubercle a little above the middle of the troehanterie erest of the femur 
and into the bone for a short distanee below. It may be absent. 

elations The muscle passes behind the hip joint and the neek of the 
femur, separated from them by the tendon of obturator externus and 
the aseending braneh of the medial circumflex femoral artery (which 
may cause troublesome bleeding if injured during the posterior 
approaeh to the hip). The seiatie nerve erosses the muscle posteriorly. 
A bursa is often present between the muscle and the lesser troehanter. 

Vascular supply Branehes pass to the superficial surface of the 
muscle from the inferior gluteal artery and from the medial circumflex 
femoral artery which also supplies the deep surface. 

Innervation Quadratus femoris is innervated by the nerve to quadra- 
tus femoris, L5 and Sl. 

Aetions Quadratus femoris produces lateral rotation of the thigh. 
Testing See testing of obturator externus. 


MUSCLES OF THE THIGH 


The presenee and position of the femoral neek cause the femoral shaft 
to lie obliquely; consequently the anterior (extensor) muscle group, 
quadriceps femoris, mns obliquely distally and medially and so applies 
a pull to the patella that is both laterally and proximally direeted. The 
adductor muscles occupy the region between quadriceps femoris and 
the medial margin of the thigh. They are attaehed distally to the post- 
erior surface of the femur and lie more posteriorly than quadriceps 
femoris. The posterior muscle group, the hamstrings, lie behind the 
adductors. The attaehments of these muscles determine the nature and 
direetion of displaeement of femoral shaft fractures. 


Anterior eompartment 


The muscles of the anterior eompartment (see Figs 80.2, 80.22) inehide 
sartorius and rectus femoris, which ean aet at both the hip and knee 
joints, and vasti medialis, lateralis and intermedius, which aet 
only at the knee. Articularis genus eompletes the group: it retraets the 
synovial capsule of the knee joint. Rectus femoris and the vasti extend 
the knee joint through a eommon tendon and henee are eolleetively 
termed quadriceps femoris. Adductor longus and pectineus are some- 
times eonsidered to be part of both the anterior and the adductor 
eompartments. 

Sartorius 

AttaehmentS Sartorius is a narrow strap muscle and is the longest 
muscle in the body (see Fig. 80.31). It arises by tendinous fibres from 
the anterior superior iliae spine and the upper half of the noteh below 
it. It erosses the thigh obliquely over to the medial side and then 
deseends more vertieally to the medial side of the knee. The muscle 
fibres terminate at this point and a thin, flattened tendon curves 
obliquely forwards and expands into a broad aponeurosis. The aponeu- 
rosis is attaehed to the proximal part of the medial surface of the tibia 
in front of graeilis and semitendinosus, together forming the so-ealled 
pes anserinus (Fig. 80.28). A slip from its upper margin blends with 
the capsule of the knee joint, and another from its lower margin merges 
with the superficial layer of the deep faseia on the medial side of the 
leg. This sheet of tissue passes inferiorly to lie superficial to and over 
the distal insertions of graeilis and semitendinosus. It has to be split by 
sharp disseetion to reveal these two tendons if they need to be har- 
vested, e.g. in emeiate ligament surgery. 

In some eases, sartorius is absent, while in others, the muscle may 
possess an extra head; when the latter occurs, the extra head is attaehed 
to the peetineal line or to the femoral sheath. Variations in the distal 
attaehment of sartorius, in the vieinity of the knee, have been deseribed. 

elations The relations of sartorius are deseribed in the femoral tri- 
angle (see below). 

Vaseillar SLipply The main arterial supply to sartorius is derived from 
multiple branehes of the femoral system and enters the medial half of 
the muscle from its deep surface. Vessels supplying the proximal third 
of sartorius may arise from the femoral artery, the profhnda femoris 
artery, the 'artery of the quadriceps' or the lateral circumflex femoral 
artery. There may be an additional proximal supply from the superficial 
circumflex iliae artery. Those vessels supplying the middle third of the 
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Fig. 80.28 The distal attaehment of muscles of the thigh, medial aspeet. 
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muscle arise from the femoral artery. The distal vessels arise from the 
femoral artery within the adductor eanal and from the deseending 
genicular artery. 

Innervation Sartorius is innervated by the femoral nerve, L2 and 3. 

Aetions Sartorius assists in flexing the leg, and the thigh on the pelvis, 
particularly when these two movements are eombined. It also helps to 
abduct the thigh and to rotate it laterally. Together with inversion of 
the foot, these movements bring the sole of the foot into direet view. 
The faet that sartorms represents only 1% of the physiologieal eross- 
seetional area of all muscles that eross the hip or knee joint would 
appear to suggest that its role in walking is a minor one. In a subject 
aseending steps, eleetromyographie aetivity of sartorius inereases during 
lateral rotation of the thigh at the end of the swing phase immediately 
preeeding heel strike, which presumably deeelerates the limb. Sartorius 
may therefore have a signifieant involvement in elimbing. 

Testing When it eontraets against gravity, as it usually does, sartorms 
ean be both seen and felt in the living subject. 

Femoral triangle 

The femoral triangle is a depressed, intermuscular spaee in the antero- 
medial aspeet of the proximal thigh, lying immediately distal to the 
inguinal ligament. The latter constitutes the base of the femoral trian- 
gle's inverted triangular outline. Its lateral boundary is the medial 
margin of sartorius. Its medial boundary is the medial margin of adduc- 
tor longus. Its distal extremity, the apex, is where sartorius overlaps 
adductor longus (see Fig. 80.31). Its floor is provided laterally by iliacus 
and psoas major, and medially by pectineus and adductor longus. Its 
roof is the overlying faseia lata. The femoral vessels, passing from mid- 
base to apex, are in the deepest part of the triangle. Lying lateral to the 
artery and outside the femoral sheath is the femoral nerve, which, on 
entering the femoral triangle divides into multiple branehes. The trian- 
gle also eontains fat and lymph nodes. 

Quadriceps femoris 

Quadriceps femoris (see Figs 80.2, 80.22, 80.31), the great extensor 
muscle of the leg, eovers almost all of the front and sides of the femur. 
It ean be divided into four parts, eaeh named individually. One, rectus 
femoris, arises from the ilium and travels straight down the middle of 
the thigh, its shape and path determining its name. The other three arise 
from the shaft of the femur and surround it (apart from the linea 
aspera) from the troehanters to the eondyles: vastus lateralis is lateral 
to the femur, vastus medialis is medial to it, and vastus intermedius lies 
anterior to the femur. Rectus femoris erosses both hip and knee joints, 
while the three vasti only eross the knee joint. 

The tendons of the four eomponents of quadriceps femoris unite 
in the lower part of the thigh to form a single strong tendon attaehed 
to the base of the patella, and some fibres eontimie over it to blend 
with the patellar ligament. The patella is a sesamoid bone in the quad- 
rieeps femoris tendon, and the patellar ligament, which extends from 
the patellar apex to the tibial tuberosity, is the eontimiation of the main 
tendon. The medial and lateral patellar retinaaila are expansions from 
its borders. The suprapatellar bursa (a synovial extension of the knee 
joint) lies between the femur and the suprapatellar part of the quadri- 
eeps femoris tendon. The deep infrapatellar bursa lies between the 
patellar ligament and the proximal end of the tibia. 

The arterial supply to the quadriceps femoris has been traditionally 
aseribed to a single braneh of either the profhnda femoris artery or the 
lateral circumflex femoral artery, the 'artery of the quadriceps' This 
vessel, which may be large, oeeasionally arises direetly from the femoral 
artery. However, aeeording to Taylor and Razaboni (1994 , this artery 
does not supply all four eomponents of quadriceps femoris; vastus 
medialis is supplied direetly from the femoral artery. The supply of the 
individual muscle eomponents is deseribed below; their sheaths may 
have an additional and variable supply. 

Quadriceps femoris as a group shows little anatomieal variation. 

Rectus femoris 

Attaehments Rectus femoris is fhsiform. Its superficial fibres are 
bipennate, the deep fibres parallel. It has a double origin on the ilium: 
a straight tendon arises from the anterior inferior iliae spine, and a 
thinner, flatter refleeted tendon from a groove above the acetabulum 
and from the fibrous capsule of the hip joint. The two unite at an acute 
angle and spread into an aponeurosis that is prolonged downwards on 
the anterior surface of the muscle; the muscular fibres arise from this 
aponeurosis. The fibres end in a broad, thiek aponeurosis that forms 
over the lower two-thirds of its posterior surface and gradually narrows 


into the thiek, flat tendon by which it is attaehed to the base of the 
patella. This constitutes the superficial eentral part of the quadriceps 
femoris tendon. A third head of rectus femoris may exist; it attaehes 
deeply to the iliofemoral ligament and superficially to the tendon of 
gluteus minimus as it attaehes on to the femur (Tubbs et al 2006). 
Rectus femoris may also arise from the anterior superior iliae spine, and 
its refleeted head may be absent. 

elations Proximally, the muscle is eovered by tensor faseiae latae, 
iliacus and sartorius. The refleeted head lies beneath gluteus minimus. 
The capsule of the hip joint, vastus intermedius, the anterior borders of 
vasti lateralis and medius, the lateral circumflex femoral artery and 
some branehes of the femoral nerve all lie deep to rectus femoris. 

Vaseillar Slipply There are two main vascular pedieles: a superior 
and an inferior. The superior enters rectus femoris at the junction of 
its upper and middle thirds, and arises from the 'artery of the quadri- 
eeps'. The inferior and larger braneh arises from the 'artery of the quad- 
rieeps' at about mid-thigh level and enters the muscle a few eentimetres 
more distally. There are additional contributions from the lateral eir- 
cumflex femoral artery and, less often, from the superficial circumflex 
iliae artery. 

Vastus medialis and vastus medialis obliquus 

Attaehments Vastus medialis arises from the lower part of the inter- 
troehanterie line, spiral line, medial lip of the linea aspera, proximal 
part of the medial supracondylar line, the tendons of adductor longus 
and magnus, and the medial intermuscular septum. Its fibres pass 
downwards and forwards at an average angle of 15 0 to the long axis of 
the femur, most of them into an aponeurosis on the deep surface of the 
muscle that is attaehed to the medial border of the patella and to the 
quadriceps femoris tendon. An expansion from this aponeurosis re- 
inforees the capsule of the knee joint and is attaehed below to the 
medial eondyle of the tibia. 

The lowest fibres are nearly horizontal and form a bulge in the living 
subject, medial to the upper half of the patella. Some authors distin- 
guish this part of the muscle as the vastus medialis obliquus, with fibres 
that originate largely from the tendon of adductor magnus and insert 
into the medial border of the patella. It plays an important role in the 
fhnetion of patellofemoral joint. 

elations Vastus medialis is partly eovered by rectus femoris and 
sartorius. In the eentral part of the thigh it forms the lateral wall of the 
adductor (Hunter s) eanal. 

Vaseillar SLipply Vastus medialis is supplied by three branehes of the 
femoral artery. The superior and middle branehes arise, sometimes from 
a eommon tmnk, proximal to the adductor eanal, while the inferior 
arises within the eanal. There may also be minor branehes from the 
prohmda femoris artery and deseending genicular arteries. 

Vastus lateralis 

Attaehments Vastus lateralis is the largest eomponent of quadriceps 
femoris. It arises by a broad aponeurosis from the upper part of the 
intertroehanterie line, the anterior and inferior borders of the greater 
troehanter, the lateral lip of the gluteal tuberosity, and the proximal half 
of the lateral lip of the linea aspera. This aponeurosis eovers the proxi- 
mal three-quarters of the muscle; many additional fibres arise from its 
deep surface. A few fibres also arise from the tendon of gluteus maximus 
and the lateral intermuscular septum between vastus lateralis and the 
short head of bieeps femoris. The muscular mass thus formed is attaehed 
to a strong aponeurosis on the deep surface of the lower part of the 
muscle. This narrows to a flat tendon, which is attaehed to the base and 
lateral border of the patella and blends into the compound quadriceps 
femoris tendon. It contributes an expansion to the capsule of the knee 
joint that deseends to the lateral eondyle of the tibia and blends with 
the iliotibial traet. 

Relations Vastus lateralis is eovered laterally by the faseia lata and the 
aponeurotic insertions of tensor faseiae latae and gluteus maximus. It 
is separated from vastus intermedius by branehes of the femoral nerve 
and the lateral circumflex femoral artery. Posteriorly, it is separated from 
bieeps femoris by the lateral intermuscular septum. 

Vaseillar Slipply There are three main arteries of supply: the superior 
medial artery arises direetly from the lateral circumflex femoral artery; 
the inferior medial (the largest of the three) from the 'artery of the 
quadriceps'; and the lateral from the first perforating braneh given off 
from the prohmda femoris artery. 











Muscles 


Vastus intermedius 

Attaehments Vastus intermedius arises from the anterior and lateral 
surfaces of the upper two-thirds of the femoral shaft, and from the lower 
part of the lateral intermuscular septum. Its fibres end on the anterior 
surface of the muscle in an aponeurosis that forms the deep part of the 
quadriceps femoris tendon and is attaehed to the lateral border of the 
patella and the lateral eondyle of the tibia. 

Vastus intermedius appears to be inseparable from vastus medialis. 
However, when rectus femoris is refleeted, a narrow eleft ean be seen 
extending upwards from the medial border of the patella between the 
two muscles, sometimes as far as the lower part of the intertroehanterie 
line; proximal to this, the two muscles are frequently fused. 

Relations Vastus intermedius is almost eompletely eovered by the 
other eomponents of quadriceps femoris, except laterally, where a small 
part beeomes superficial behind vastus lateralis. 

Vascular supply Vastus intermedius reeeives a lateral artery of 
supply, which arises from the 'artery of the quadriceps', and a medial 
artery that arises direetly from the profimda femoris artery. Arteries to 
the other eomponents of quadriceps femoris may also contribute. There 
is an anastomotie network deep to the muscle that supplies the supra- 
patellar bursa and articularis genus, and may form a eollateral pathway 
when the femoral artery is bloeked. 

Articularis genus 

Articularis genus is a small muscle, usually distinet from vastus inter- 
medius but oeeasionally blending with it. It eonsists of several muscular 
bundles that arise from the anterior surface of the lower part of the 
femoral shaft and are attaehed to a proximal refleetion of the synovial 
membrane of the knee joint. It is visible during knee arthroseopy when 
viewed looking superiorly from within the suprapatellar bursa (see 
Cj Commentary 9.3). 

Innervation of quadriceps femoris 

Quadriceps femoris and artiailaris genus are supplied by the femoral 
nerve, L2, 3 and 4. 

Aetions of quadriceps femoris 

Quadriceps femoris extends the knee. Rectus femoris helps to flex the 
thigh on the pelvis; if the thigh is fixed, it helps to flex the pelvis on 
the thigh. Rectus femoris ean flex the hip and extend the knee simulta- 
neously. Eleetromyographie studies indieate that the three vasti are not 
equally aetive in different phases of extension or rotation. There is little 
or no aetivity in quadriceps femoris during standing. Rectus femoris 
pulls the patella along the line of the meehanieal axis of the lower limb 
(i.e. the line eonneeting the eentres of the hip, knee and ankle) because 
its attaehment is anterior to the hip joint. The remaining muscles in the 
group are attaehed to the shaft of the femur and their pull is lateral as 
well as proximal. An extremely important dynamie fimetion of vastus 
medialis obliquus is to counter this lateral veetor on the patella during 
knee motion. Other statie faetors that help are the depth of the femoral 
patellar surface, the buttressing effeet of the lateral femoral eondyle in 
the groove, and the restraining aetion of the medial patellofemoral liga- 
ment. Inadequacy of vastus medialis obliquus is a faetor in producing 
patellar instability and pain. Strengthening of this muscle to improve 
patellar 'traeking on the femur is an important part of physiotherapy 
regimens for patellofemoral problems. 

Articularis genus retraets the synovial suprapatellar bursa proximally 
during extension of the leg, presumably to prevent interposition of 
redundant synovial folds between patella and femur. 

Testing The quadriceps femoris is tested by extending the knee against 
resistanee, in the supine position with the hip flexed. 
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Fig. 80.29 The adductor muscles of the thigh, anterior aspeet. (VVith 
permission from VVasehke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


Graeilis 

Attaehments Graeilis (see Figs 80.2, 80.29) is the most superficial of 
the adductor group. It is thin and flat, broad above, and narrow and 
tapering below. It arises by a thin aponeurosis from the medial margins 
of the lower half of the body of the pubis, the whole of the inferior 
pubic ramus, and the adjoining part of the isehial ramus. The fibres 
deseend vertieally into a rounded tendon, often harvested as a knee 
ligament graft, which passes aeross the medial eondyle of the femur 
posterior to the tendon of sartorius. It then curves around the medial 
eondyle of the tibia, where it fans out and is attaehed to the upper part 
of the medial surface of the tibia, just below the eondyle, forming part 
of the pes anserimis (see Fig. 80.28). A few fibres from the lower part 
of the tendon eontimie into the deep faseia of the lower leg. Often there 
is a slip that blends with the tendon of the medial head of gastroene- 
mius. Unless divided, this ean lead to problems during surgical harvest- 
ing of the graeilis tendon. 


Adductor eompartment 


The muscles of the adductor eompartment - graeilis, pectineus, adduc- 
tor longus, adductor brevis, and adductor magnus (Fig. 80.29) - have 
evolved, as their nerve supply suggests, from both flexor and extensor 
columns. All five muscles eross the hip joint but only graeilis reaehes 
beyond the knee. They are known eolleetively as the adductors of the 
thigh, although their aetions are more complex than this, e.g. aeting 
from below they have important roles in balaneing the tmnk on the 
lower limb during walking. 

Their blood supply is derived from the profimda femoris artery, 
medial circumflex femoral, femoral and obturator arteries. The pro- 
fimda femoris artery (or sometimes the first perforator) supplies a large 
braneh, the 'artery of the adductor muscles' 


elations The muscle is eovered medially by the faseia lata through- 
out most of its length. Deep to graeilis lie adductor brevis and adductor 
magnus. The tibial attaehment is immediately proximal to that of semi- 
tendinosus, and the tendon of sartorius, with which it is partly blended, 
overlaps its upper edge. It is separated from the tibial eollateral ligament 
of the knee joint by the anserine bursa. 

Vaseillar SLipply The arterial supply to graeilis enters via its lateral 
surface. The main pediele arises from the 'artery to the adductors', a 
braneh of the profimda femoris artery, and enters at the junction of the 
upper and middle thirds of the muscle. The graeilis musculocutaneous 
flap is based on this pediele. A less important artery enters the distal 
third of the muscle from the femoral artery. There is a minor proximal 
supply from the medial circumflex femoral artery. 
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Innervation Graeilis is innervated by the obturator nerve, L2 and 3. 

Aetions Graeilis flexes the leg and rotates it medially. It may also aet 
as an adductor of the thigh. When the foot is fixed, graeilis rotates the 
femur and pelvis laterally on the tibia, and helps balanee the tmnk 
during walking. 

Testing While palpating over the tendon posteromedially at the 
flexed knee, the knee is aetively fhrther flexed and the leg aetively 
rotated medially. Graeilis ean also be tested with the other adductors 
of the hip. 

Adductor longus 

Attaehments Adductor longus (see Figs 80.2, 80.22), the most ant- 
erior of the three adductors, is a large, fan-shaped muscle that lies in 
the same plane as pectineus. It arises by a narrow tendon with a flat- 
tened (sometimes C-shaped) eross-seetion, which is attaehed to the 
front of the pubis in the angle between the erest and the symphysis. It 
expands into a broad fleshy belly that deseends posterolaterally and 
inserts by an aponeurosis into the linea aspera in the middle third of 
the femur, between vastus medialis and adductors magnus and brevis, 
usually blending with all of them. Its proximal attaehment is vulnerable 
to overload from sporting aetivity: this is one cause of sport-related 
groin pain. 

Adductor longus is oeeasionally double. 

elations Anterior to adductor longus are the spermatie eord, faseia 
lata (which separates it from the long saphenous vein) and, near its 
attaehment, the femoral artery and vein and sartorius. Posterior to it are 
adductor brevis and adductor magnus, the anterior braneh of the obtu- 
rator nerve and, near its attaehment, the deep artery and vein of the 
thigh. Lateral and medial to adductor longus are, respeetively, pectineus 
and graeilis. 

Vaseillar SLipply The main supply to adductor longus is to the 
eentral part of the muscle from the 'artery to the adductors', a braneh 
of the profimda femoris artery. There is an additional proximal supply 
from the medial circumflex femoral artery, and a more distal supply 
from the femoral artery and sometimes the deseending genicular 
artery. 

Innervation Adductor longus is innervated by the anterior division of 
the obturator nerve, L2, 3 and 4. 

Aetions The aetions of the named adductors as a group are discussed 
below, after eaeh muscle has been deseribed. 

Testing The adductors are tested as a group by adduction of the thigh 
against resistanee, in the supine position and with the knee extended. 

Adductor brevis 

Attaehments Adductor brevis (see Fig. 80.2A; Fig. 80.25B) lies pos- 
terior to pectineus and adductor longus. It arises by a narrow attaeh- 
ment from the external aspeet of the body and inferior ramus of the 
pubis, between graeilis and obturator externus. Like adductor longus, it 
is somewhat triangular, and expands as it deseends posterolaterally to 
insert via an aponeurosis into the femur, along a line from the lesser 
troehanter to the linea aspera, and on the upper part of the linea imme- 
diately behind pectineus and the upper part of adductor longus. 

Adductor brevis often has two or three separate parts, or may be 
integrated into adductor magnus. 

elations Anteriorly lie pectineus, adductor longus, the profimda 
femoris artery and the anterior braneh of the obturator nerve; posteri- 
orly are adductor magnus and the posterior braneh of the obturator 
nerve. The upper border of adductor brevis is related to the medial 
circumflex femoral artery, obturator externus, and the eonjoined tendon 
of psoas major and iliacus. Its lower border is related to graeilis and 
adductor magnus. The seeond perforating artery, or first and seeond 
perforating arteries, pierees it near its femoral attaehment. 

ascular supply The vascular supply to adductor brevis is variable. 
llsually the main supply is direetly from the profimda femoris artery 
distally and from the 'artery to the adductors' more proximally. There 
is an additional proximal supply from the medial circumflex femoral 
artery. The deep surface reeeives branehes from the obturator artery. 

Innervation Adductor brevis is innervated by the obturator nerve, L2 
and 3. 


Aetions The aetions of the named adductors as a group are discussed 
below, after eaeh muscle has been deseribed. 

Testing Adductor brevis is tested in the same way as adductor 
longus. 

Adductor magnus 

AttaehmentS Adductor magnus (see Figs 80.2, 80.25A, 80.29, 80.30), 

a massive triangular muscle, arises from a small part of the inferior 
ramus of the pubis, from the eonjoined isehial ramus, and from the 
inferolateral aspeet of the isehial tuberosity. The short, horizontal fibres 
from the pubic ramus are inserted into the medial margin of the gluteal 
tuberosity of the femur, medial to gluteus maximus; this part of the 
muscle, in a plane anterior to the rest, is sometimes ealled adductor 
minimus. The fibres from the isehial ramus fan out downwards and 
laterally, to insert via a broad aponeurosis into the linea aspera and the 
proximal part of the medial supracondylar line. The medial part of the 
muscle, eomposed mainly of fibres from the isehial tuberosity, is a thiek 
mass that deseends almost vertieally, and ends in the lower third of the 
thigh in a rounded tendon, which ean be palpated proximal to its 
attaehment to the adductor tubercle on the medial eondyle of the 
femur. The tendon is eonneeted by a fibrous expansion to the medial 
supracondylar line. 

The long, linear attaehment of the muscle is intermpted by a series 
of osseo-aponeurotic openings, bridged by tendinous arehes attaehed 
to the bone. The upper four are small and transmit the perforating 
branehes and the termination of the profimda femoris artery. The 
lowest is large and allows the femoral vessels to eross to the popliteal 
fossa. 

The vertieal, isehioeondylar part of the muscle varies in its degree of 
separation from the rest. The upper border of adductor magnus may 
fhse with quadratus femoris. 

elations Anteriorly lie pectineus, adductor brevis and adductor 
longus, the femoral and deep femoral vessels, and the posterior braneh 
of the obturator nerve. A bursa separates the proximal part of the muscle 
from the lesser troehanter of the femur. Posteriorly are the seiatie nerve, 
gluteus maximus, bieeps femoris, semitendinosus and semimembrano- 
sus. The superior border is parallel with quadratus femoris, and the 
transverse braneh of the medial circumflex femoral artery passes 
between the muscles. The medial border is related to graeilis, sartorius 
and the faseia lata. 

Vaseillar Slipply As expected from its position, adductor magnus is 
supplied from both its anterior and its posterior aspeets. The contribu- 
tion from the anterior eompartment is the more important. The pro- 
fimda femoris artery, obturator artery and femoral artery all contribute; 
the main supply eomes direetly from the distal part of the profimda 
femoris artery. Distally, there may be contributions from the femoral 
and deseending genicular arteries. Posteriorly, there are branehes from 
the medial circumflex femoral, the first and seeond perforating and the 
popliteal vessels. 

Innervation Adductor magnus is eomposite and is doubly innervated 
by the obturator nerve and by the tibial division of the seiatie nerve (L2, 
3 and 4), which supplies the isehioeondylar part. Both nerves are 
derived from anterior divisions in the lumbosacral plexus, indieating a 
primitive flexor origin for both parts of the muscle. 

Aetions of the adductors 

Extensive or foreible adduction of the femur is not often required. 
Although the adductors ean aet in this way, they more eommonly aet 
as synergists in the complex patterns of gait aetivity, and to some degree 
as eontrollers of posture. They are aetive during flexion and extension 
of the knee. Adductors magnus and longus are probably medial rotators 
of the thigh. The adductors are inaetive during adduction of the 
abducted thigh in the ereet posture (when gravity assists), but aetive in 
other postures, such as the supine position, or during adduction of the 
flexed thigh when standing. They are also aetive during flexion (longus) 
and extension (magnus) of the thigh at the hip joint. In symmetrieal 
easy standing their aetivity is minimal. 

Testing Of the addlietors The adductors are usually tested as a 
group by adduction of the thigh against resistanee, in the supine posi- 
tion with the knee extended. The tendon of adductor magnus ean be 
felt just proximal to the adductor tubercle on the medial eondyle of the 
femur. Clinical testing of the other aetions mentioned above is not 
feasible for the individual muscles. 
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Fig. 80.30 The posterior thigh and 
gluteal regions with assoeiated 
neurovascular structures. (With 
permission from Netter, FH, Atlas of 
Human Anatomy, 5th ed, Elsevier, 
Saunders. Copyright 2011.) 


Pectineus 

Attaehments Pectineus (see Fig. 80.22) is a flat, quadrangular 
muscle in the femoral triangle. It may also be eonsidered as part of the 
anterior eompartment of the thigh. It arises from the peeten pubis, from 
the bone anterior to it between the iliopubic ramus and the pubic 
tubercle, and from the faseia on its own anterior surface. The fibres 
deseend, initially posteromedially and then posterolaterally to be 
attaehed along a line from the lesser troehanter to the linea aspera. 
Proximally it may be partially or wholly attaehed to the capsule of the 
hip joint. 

elations Pectineus is related anteriorly to the deep lamina of the 
faseia lata, which separates it from the femoral vessels and long saphen- 
ous vein; posteriorly to the capsule of the hip joint, adductor brevis, 
obturator externus and the anterior braneh of the obturator nerve; 


laterally to psoas major and the medial circumflex femoral vessels; and 
medially to the lateral margin of adductor longus. 

Vaseillar SLipply The main arterial supply to pectineus is derived 
from the medial circumflex femoral artery, which enters the superficial 
surface of the muscle. There may be a braneh from the femoral artery 
more proximally and a deep supply from the obturator artery. 

Innervation Pectineus is innervated by the femoral nerve, L2 and 3, and 
theaeeessoryobtnratornerve, L3 (whenpresent). Oeeasionally itreeeives 
a braneh from the obturator nerve. The muscle may be ineompletely 
divided into dorsal and ventral layers, which are supplied by the obtura- 
tor and femoral (or rarely aeeessory obturator) nerves, respeetively. 

Aetions Pectineus adducts the thigh and flexes it on the pelvis. 
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Testing The aetion of pectineus eannot be tested elinieally in 
isolation. 

Adductor eanal 

The addiietor eanal (Himters eanal; subsartorial eanal) is a trough- 
shaped intermuscular tunnel occupying the distal two-thirds of the 
medial aspeet of the thigh (see Fig. 80. 2B). It starts at the apex of the 
femoral triangle and extends distally as far as the distal attaehment of 
the tendon of adductor magnus. It is triangular in seetion and is 
bounded anterolaterally by vastus medialis; posteromedially by adduc- 
tor longus; and distal to adductor longus, by adductor magnus. Its 
anteromedial boundary (often referred to as the roof) is a strong and 
dense faseia that extends from the medial surface of vastus medialis to 
the medial edge of the adductors longus and magnus, overlapping in 
its stride the femoral vessels in the adductor eanal. This faseia, on 
account of being overlain by sartorms, is termed the subsartorial faseia. 

The adductor eanal eontains the femoral artery and vein, the deseend- 
ing genicular and muscular branehes of the femoral artery and their 
eorresponding venous tribmaries, the saphenous nerve, and the nerve 
to vastus medialis (until it enters its muscle). The femoral vessels pass 
from the adductor eanal into the popliteal fossa via the adductor hiatus, 
an opening in the tendon of adductor magnus adjaeent to the femoral 
shaft, two-thirds of the way down the adductor eanal. 

Posterior eompartment 


The posterior thigh mnseles, bieeps femoris, semitendinosus and semi- 
membranosus, are colloquially termed the 'hamstrings'. They eross both 
hip and knee joints, and integrate extension at the hip with flexion at 
the knee. As the muscles span the baek of the knee, they form the 
proximal lateral and medial margins of the popliteal fossa. The aetions 
of these muscles and their elinieal anatomy will be eonsidered as a 
group after they have been deseribed individually. 

The muscles of the posterior eompartment (see Figs 80.2, 80.25A, 
80.27) reeeive their blood supply from the perforating branehes of the 
prohmda femoris artery, most importantly through the fìrst perforator 
given off from this artery. This vessel has important anastomoses with 
the inferior gluteal artery (on or within semitendinosus) and with the 
medial circumflex femoral artery, while the third perforator anastomo- 
ses with the superior medial genicular artery within the short head of 
bieeps femoris. This anastomotie ehain forms an important eollateral 
arterial pathway when the femoral artery is bloeked. 

Semitendinosus 

Attaehments Semitendinosus (see 7 igs 80.2B, 80.30), notable forthe 
length of its tendon, lies posteromedial in the thigh. It arises from an 
inferomedial impression on the upper area of the isehial tuberosity (see 
Fig. 80.5), by a tendon it shares with the long head of bieeps femoris, 
and from an aponeurosis eonneeting the adjaeent surfaces of the two 
muscles for 7.5 em from their eommon origin. The belly is fhsiform 
and ends a little below mid-thigh in a long, rounded tendon that mns 
on the posterior surface of semimembranosus. The tendon curves 
around the medial eondyle of the tibia, passes over the tibial eollateral 
ligament (from which it is separated by the anserine bursa), and inserts 
into the upper part of the medial surface of the tibia behind the attaeh- 
ment of sartorms and distal to that of graeilis (see 7 ig. 80.28). At its 
termination, it is united with the tendon of graeilis and gives off a 
prolongation to the deep faseia of the leg and to the medial head of 
gastrocnemius. A tendinous interseetion is usually present near the 
midpoint of the muscle, which may also reeeive a muscular slip from 
the long head of bieeps femoris. These eonneetions with the medial 
head of gastrocnemius and bieeps femoris ean cause diffìculty when 
harvesting the tendon surgically for a graft. 

elations Semitendinosus lies on semimembranosus throughout its 
length. The relations of the distal part of the muscle are deseribed above 
and with the pes anserinus. 

Vaseillar Slipply The two main arteries of supply to semitendinosus 
are superior and inferior. The superior is derived from either the medial 
circumflex femoral artery or the fìrst perforating artery. The inferior and 
larger braneh arises from the fìrst perforator distal to the origin of the 
superior braneh. An aeeessory supply at the isehial attaehment is derived 
from the inferior gluteal artery, and at the tibial attaehment from the 
inferior medial genicular artery. 

Innervation Semitendinosus is innervated by the seiatie nerve, L5, S1 
and 2, through its tibial division (see 7 ig. 80.30). 


Semimembranosus 

Attaehments Semimembranosus (see Figs 80.2, 80.30), so named 
because of the flattened form of its upper attaehment, is posteromedial 
in the thigh. It arises by a long, flat tendon from a superolateral impres- 
sion on the isehial tuberosity (see Fig. 80.5). Inferomedially, the tendi- 
nous fibres intermingle to some extent with those of bieeps femoris and 
semitendinosus. The tendon reeeives, from the isehial tuberosity and 
ramus, two fìbrous expansions that flank adductor magnus. It then 
broadens and deseends deep to semitendinosus and the long head of 
bieeps femoris. Muscle fìbres arise from the tendon at about mid-thigh 
and eonverge to a seeond aponeurosis on the posterior aspeet of the 
lower part of the muscle, which tapers to the heavy, rounded tendon of 
the distal attaehment. The tendon divides at the level of the knee into 
fìve eomponents. The main one is attaehed to a tubercle (sometimes 
ealled the tuberculum tendinis) on the posterior aspeet of the medial 
tibial eondyle. The others are: a series of slips to the medial margin of 
the tibia, immediately behind the tibial eollateral ligament; a thin 
fibrous expansion to the faseia over popliteus; a eord-like tendon to the 
inferior lip and adjaeent part of the groove on the baek of the medial 
tibial eondyle, deep to the tibial eollateral ligament; and a strong expan- 
sion that passes obliquely upwards to the femoral intereondylar line 
and lateral femoral eondyle, and forms much of the oblique popliteal 
ligament of the knee joint. 

Semimembranosus varies eonsiderably in size and may be absent. It 
may be double, and arise mainly from the sacrotuberous ligament. Slips 
to the femur or to adductor magnus may occur. 

Relations Semimembranosus overlaps the popliteal vessels and is 
itself partly overlapped by semitendinosus throughout its extent (see 
Fig. 80.2). Its deep surface lies on adductor magnus. The seiatie nerve 
lies laterally and smprisingly elose to the surface. The distal end of the 
muscle partially overlies the medial head of gastrocnemius before 
passing anteromedially to it. An important bursa lies between the semi- 
membranosus tendon and gastrocnemius, and often communicates 
with the knee joint and with a smaller bursa between the tendon and 
the posterior tibial margin. 

Vaseillar Slipply Semimembranosus is supplied from the perforat- 
ing arteries, usually from all, though predominantly from the first. 
Sometimes the predominant artery arises from the fourth perforator. A 
braneh of the femoral or popliteal artery supplies the distal part of the 
muscle, and there may be a contribution from the inferior gluteal artery 
at the proximal attaehment. 

Innervation Semimembranosus is innervated by the seiatie nerve, L5, 
S1 and 2, through its tibial division. 

Bieeps femoris 

Attaehments Bieeps femoris (see Figs 80.2, 80.30) occupies a 
posterolateral position in the thigh. It has two proximal attaehments. 
One, the long head, arises from an inferomedial impression on the 
upper area of the isehial tuberosity (see ug. 80.5), via a tendon that it 
shares with semitendinosus, and from the lower part of the sacrotuber- 
ous ligament. The other, the short head, arises from the lateral lip of 
the linea aspera, between adductor magnus and vastus lateralis. This 
attaehment extends proximally almost to gluteus maximus and distally 
along the lateral supracondylar line to within 5 em of the lateral femoral 
eondyle, and from the lateral intermuscular septum. The long head 
forms a fiisiform belly that deseends laterally aeross the seiatie nerve. 
The fibres end in an aponeurosis that eovers the posterior surface of the 
muscle. This aponeurosis reeeives on its deep surface the fibres of the 
short head, and gradually narrows to a tendon (the lateral hamstring). 
The main part of the tendon splits round the fibular eollateral ligament 
and is attaehed to the head of the fibula. The remainder splits into three 
laminae. The intermediate lamina fuses with the fibular eollateral liga- 
ment, while the others pass superficial and deep to the ligament to 
attaeh to the lateral eondyle of the tibia. 

The short head may be absent. Additional slips may arise from the 
isehial tuberosity, linea aspera or medial supracondylar line. 

elafions Proximally, bieeps femoris is eovered by gluteus maximus, 
but elsewhere it lies relatively superficially. Deep to it lie semimem- 
branosus proximally, and the seiatie nerve, adductor magnus and the 
lateral head of gastroenemms more distally. Semitendinosus and semi- 
membranosus lie medially. A bursa may lie between the tendon and 
the fibular eollateral ligament. The eommon fibular nerve deseends 
along the medial border of the tendon of bieeps femoris, separating it 
distally from the lateral head of gastroenemms. 







Vascular supply and lymphatie drainage 


As a giiide during snrgery, it is safest to íìnd a nerve proximally and 
disseet it free distally. The eommon fibular nerve is found emerging 
posterior to the bieeps femoris tendon, which is a useful guide to loeat- 
ing the nerve and avoiding iatrogenie injury. The nerve is adherent to 
the tendon; if part of the fibular head or the attaehment of the tendon 
of bieeps femoris, usually with the insertion of the fibular eollateral 
ligament, is avulsed, then the tendon will exert proximal traetion on 
the nerve, which may contribute to eommon fibular nerve traetion 
injury. When the lateral meniscus is sutured arthroseopieally, eare must 
be taken that all needle passages are anterior to bieeps femoris. A proxi- 
mal fibular fracture may result in the nerve being trapped in the fracture 
line. 

Vascular supply The long head of bieeps femoris is supplied by the 
first and seeond perforating arteries. There are aeeessory supplies at the 
isehial attaehment from the inferior gluteal and medial circumflex 
femoral arteries, and in the distal quarter from the superior lateral 
geniailar artery. The short head is supplied superiorly by the seeond or 
third perforating artery and inferiorly by the superior lateral genicular 
artery. 

Innerva ion Bieeps femoris is innervated by the seiatie nerve, L5, S1 
and 2: the long head through the tibial division and the short head 
through the eommon fibular division, a distribution that refleets the 
eomposite derivation from flexor and extensor musculature. 

Aetions of posterior thigh muscles 

Aeting from above, the posterior thigh muscles flex the knee. Aeting 
from below, they extend the hip joint, pulling the tmnk upright from 
a stooping posture against the influence of gravity, bieeps femoris being 
the main agent. When the knee is semi-flexed, bieeps femoris ean aet 
as a lateral rotator and semimembranosus and semitendinosus as 
medial rotators of the lower leg on the thigh at the knee. When the hip 
is extended, bieeps femoris is a lateral rotator and semimembranosus 
and semitendinosus are medial rotators of the thigh. As is the ease with 
quadriceps femoris, the adductors and gluteus maximus, the hamstrings 
are quiescent in easy symmetrieal standing. However, any aetion that 
takes the eentre of gravity in front of a transverse axis through the hip 
joints, e.g. forward reaehing, forward sway at the ankle joints or forward 
bending at the hips, is immediately aeeompanied by strong eontraetion 
of the hamstrings. This is in marked eontrast to gluteus maximus, which 
eontraets only when there is a eall for powerful extension at the hip 
joint. 

When the knee is flexed against resistanee, the tendon of bieeps 
femoris ean be felt lateral to the popliteal fossa. Medial to the fossa, the 
tendons of graeilis (which is the more medial) and semitendinosus 
stand out sharply. The semimembranosus tendon is just palpable in the 
interval between them (and also by deep pressure from a 'pineer' grip 
beyond their margins). There is some evidenee that semimembranosus, 
semitendinosus and bieeps femoris, although they eross both hip and 
knee joints, may produce movement at one of these joints without 
resisting antagonists at the other. Usually, however, eaeh of these 
muscles eontraets as a whole, and whether or not movement takes plaee 
at hip or knee is determined by other muscles that aet as fixators of 
these joints. 

Testing The posterior thigh muscles are tested elinieally by aetive knee 
flexion against resistanee in the supine or prone position. In the prone 
position, the individual hamstring tendons ean be identified more 
easily. 

When relaxed, these muscles show eonsiderable variation in length; 
in some individuals, the imiseles are so short as to impose a serious 
limitation on flexion of the tmnk at the hip joints when the knees are 
kept extended. Movements such as stooping imist then be aeeom- 
plished by flexing the vertebral column or squatting. Perhaps the need 
for more stress on the lumbar spine accounts for the occurrence of 
hamstring tightness in adoleseents who develop spondylolysis. These 
imiseles are prone to tearing, which may be related to the relative eom- 
plexity of imiseles that eross two joints, or to the faet that they are 
subject to large forees including eeeentrie eontraetions. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


lliae vessels and external iliae arteries 
and veins 

The iliae vessels are deseribed on page 1224, and the external iliae arter- 
ies and veins on pages 1227 and 1228, respeetively. 


ARTERIES 

Gluteal vessels 


The superior and inferior gluteal arteries (see Fig. 80.30) are deseribed 
on pages 1226 and 1227, respeetively. 

Arteria eomitans nervi isehiadiei 
(artery to seiatie nerve) 


The arteria eomitans nervi isehiadiei is a direet or indireet braneh of the 
internal iliae artery, and mns on the surface of, or within, the seiatie 
nerve. It represents the primitive axial artery of the lower limb. The 
artery is usually a very small vessel; oeeasionally, it persists as a large 
vessel, in which ease the femoral artery is eorrespondingly reduced in 
size. The artery may partieipate in eollateral eiroilatory pathways. 

Femoral artery 


The femoral artery (see Figs 78.4, 80.2-80.3; Figs 80.31-80.32) is a 

eontimiation of the external iliae artery (Benninger 2014). It begins 
behind the inguinal ligament, midway between the anterior superior 
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Fig. 80.31 The left femoral triangle. (With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 
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Fig. 80.32 The neurovascular structures of the anteromedial thigh. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Fig. 80.33 The neurovascular structures of the anterior thigh. This is a 
deeper disseetion than is shovvn in Figure 80.32. (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 2013.) 


iliae spine and the pubic symphysis, deseends along the anteromedial 
part of the thigh in the femoral triangle, enters and passes through the 
adductor (subsartorial) eanaf and beeomes the popliteal artery as it 
passes through an opening in adductor magnus near the junction of 
the middle and distal thirds of the thigh. Its fìrst 3 or 4 em are enelosed, 
with the femoral vein, in the femoral sheath. The femoral artery gives 
off several branehes in the proximal thigh, including the superficial 
epigastrie, superficial circumflex iliae, superficial external pudendal, 
deep external pudendal and the profimda femoris artery. It gives off the 
deseending genicular artery within the adductor eanal. 

Rarely, the femoral artery divides, distal to the origin of the profimda 
femoris artery, into two tmnks that reunite near the adductor opening. 
The inferior gluteal artery, aeeompanying the seiatie nerve to the pop- 
liteal fossa and representing a persistenee of the original axial artery, 
may replaee it. The external iliae artery is then small, ending as the deep 
artery of the thigh. 

Relations 

Anterior to the artery in the femoral triangle are the skin, subcutaneous 
tissue, superficial inguinal lymph nodes, faseia lata, femoral sheath, 
superficial circumflex iliae vein (erossing in the subcutaneous tissue) 
and the femoral braneh of the genitofemoral nerve (which is at first 
lateral and then anterior). Near the apex of the triangle, the medial 
femoral cutaneous nerve erosses in front of the artery from the lateral 


to the medial side. Posteriorly, the posterior wall of the femoral sheath 
separates the artery from the tendons of psoas, pectineus and adductor 
longus. The artery is separated from the hip joint by the tendon of psoas 
major, from pectineus by the femoral vein and deep femoral vessels, 
and from adductor longus by the femoral vein. Proximally, the nerve 
to pectineus passes medially behind the artery. The femoral nerve lies 
lateral to the artery, outside the femoral sheath. The femoral vein is 
medial to the artery in the proximal part of the triangle and beeomes 
posterior distally at the apex. 

Within the adductor eanal, the artery is eovered by skin, subcutan- 
eous tissue, deep faseia, sartorius and the fibrous roof (subsartorial 
faseia) of the eanal. The saphenous nerve lies at first lateral, then ant- 
erior and finally medial to the artery. Adductor longus and adductor 
magnus are posterior, vastus medialis and its nerve are anterolateral, 
and the femoral vein is also posterior proximally but it beeomes lateral 
distally (see Figs 80.31-80.32; Fig. 80.33). 

Compression of the femoral artery is most effeetive just distal to the 
inguinal ligament, where it is superficial and separated from the bone 
(iliopubic ramus) only by the psoas tendon. For this reason, arterial 
injury proximal to the inguinal ligament, such as laeeration by a knife, 
eannot be eontrolled simply by eompression. Gaining proximal eontrol 
of bleeding involves major exposure of the more proximal arteries as a 
life-saving manoeuvre. 

















































































































Vaseiilar supply and lymphatie drainage 


Branehes 

The branehes of the femoral artery include the superficial epigastrie, 
superficial circumflex iliae, superficial external pudendaf deep external 
pudendal arteries, muscular branehes, the profimda femoris artery and 
the deseending genicular artery (see Fig. 78.4). 

Siiperfieial epigastrie artery 

The superficial epigastrie artery arises anteriorly from the femoral artery 
approximately 1 em distal to the inguinal ligament, and traverses the 
eribriform faseia to aseend anterior to the ligament and mn in the 
abdominal subcutaneous tissue almost to the umbilicus. It supplies 
the superficial inguinal lymph nodes, subcutaneous tissue and skin, and 
anastomoses with branehes of the inferior epigastrie artery and its eon- 
tralateral fellow. 

Superficial circumflex iliae artery 

The superficial circumflex iliae artery is the smallest superficial braneh 
of the femoral artery and arises near or with the superficial epigastrie 
artery. It usually emerges through the faseia lata, lateral to the saphen- 
ous opening, and turns laterally distal to the inguinal ligament towards 
the anterior superior iliae spine. It supplies the skin, subcutaneous 
tissue and superficial inguinal lymph nodes, anastomosing with the 
deep circumflex iliae, superior gluteal and lateral circumflex femoral 
arteries. 

The superficial circumflex iliae artery is the basis for the important 
axial-pattern pedieled groin skin flap. Free flaps based on the vessel may 
also be raised. 

Superficial external pudendal artery 

The superficial external pudendal artery arises medially from the 
femoral artery, elose to the preeeding branehes. Emerging from the 
eribriform faseia, it passes medially, usually deep to the long saphenous 
vein, aeross the spermatie eord (or round ligament) to supply the lower 
abdominal, penile, serotal or labial skin, and anastomoses with 
branehes of the internal pudendal artery. 

Deep external pudendal artery 

The deep external pudendal artery passes medially aeross pectineus and 
anterior or posterior to adductor longus, eovered by faseia lata, which 
it pierees to supply the skin of the perineum and scrotum or labium 
majus. Its branehes anastomose with the posterior serotal or labial 
branehes of the internal pudendal artery. 

Muscular branehes 

These branehes supply sartorius, vastus medialis and the adductors. 

Profunda femoris artery (deep artery of the thigh) 

The profimda femoris artery (see Figs 80.2B, 80.25, 80.32-80.33) is a 
large braneh that arises posterolaterally from the femoral artery about 
3.5 em distal to the inguinal ligament. At first lateral to the femoral 
artery, it spirals posterior to this and the femoral vein to reaeh the 
medial side of the femur. It passes between pectineus and adductor 
longus, then between the latter and adductor brevis, before it deseends 
between adductor longus and adductor magnus. It pierees adductor 
magnus and anastomoses with the upper muscular branehes of the 
popliteal artery. This terminal part is sometimes named the fourth 
perforating artery. 

The profimda femoris artery is the main supply to the adductor, 
extensor and flexor muscles, and also anastomoses with the internal 
and external iliae arteries above and with the popliteal artery below. 
It is a major eollateral artery of the lower limb in patients with femoro- 
popliteal arterial oeehisive disease (see Fig. 80.33) (Shakeri et al 
2010 ). 

The profimda femoris artery sometimes arises from the posterior 
aspeet of the femoral artery, and more rarely from the medial aspeet. If 
it arises posteriorly, it may eross anterior to the femoral vein and then 
pass backwards around its medial side. 

Relations 

Posteriorly, in proximodistal order, lie iliacus, pectineus, adductor 
brevis and adductor magnus. Anteriorly, the femoral and deep femoral 
veins, and distally, adductor longus, separate the profimda femoris 
artery from the femoral artery. Laterally, vastus medialis separates the 
proximal part of the artery from the femur. 

Branehes 

The profimda femoris artery gives off the lateral and medial circumflex 
arteries in the proximal thigh, and perforating and muscular branehes 
more distally. 


Lateral circumflex femoral artery The lateral circumflex femoral 

artery (see Figs 80.32-80.33) is a laterally mnning braneh given off near 
the root of the profimda femoris artery. It passes between the divisions 
of the femoral nerve, posterior to sartorius and rectus femoris, and 
divides into aseending, transverse and deseending branehes. The aseend- 
ing braneh aseends along the intertroehanterie line, under tensor faseiae 
latae, lateral to the hip joint. It anastomoses with the superior gluteal 
and deep circumflex iliae arteries, supplying the greater troehanter, and, 
with branehes of the medial circumflex femoral, forms an anastomotie 
ring round the femoral neek, from which the femoral neek and head 
are supplied. The aseending braneh forms the pediele of the tensor 
faseiae latae musculocutaneous flap. The deseending braneh deseends 
posterior to rectus femoris, along the anterior border of vastus lateralis, 
which it supplies; a long braneh deseends in vastus lateralis to the knee, 
anastomosing with the superior lateral genicular braneh of the popliteal 
artery, aeeompanied by the nerve to vastus lateralis. The fasciocutaneous 
perforators that arise from the deseending braneh supply the antero- 
lateral thigh fasciocutaneous flap. The transverse braneh, the smallest, 
passes laterally anterior to vastus intermedius and pierees vastus latera- 
lis to wind round the femur, just distal to the greater troehanter. It 
anastomoses with the medial circumflex, inferior gluteal and first per- 
forating arteries, forming a emeiate anastomosis. 

The lateral circumflex femoral artery may arise from the femoral 
artery or as a eommon tmnk with the profimda femoris artery and the 
medial circumflex femoral artery. The aseending and deseending 
branehes may oeeasionally arise separately (Siddharth et al 1985). 

Medial circumflex femoral artery The medial circumflex femoral 

artery (see Figs 80.32-80.33) usually originates from the posteromedial 
aspeet of the profimda femoris artery, but sometimes originates from 
the femoral artery itself or as a eommon tmnk with either the profimda 
femoris artery or the lateral circumflex femoral artery or both (Sid- 
dharth et al 1985). It supplies the adductor muscles and curves medi- 
ally round the femur between pectineus and psoas major and then 
obturator externus and adductor brevis, finally appearing between 
quadratus femoris and the upper border of adductor magnus, dividing 
into transverse and aseending branehes. The transverse braneh takes 
part in the emeiate anastomosis. The aseending braneh aseends on the 
tendon of obturator externus, anterior to quadratus femoris, to the 
troehanterie fossa, where it anastomoses with branehes of the ghiteal 
and lateral circumflex femoral arteries. An acetabular braneh at the 
proximal edge of adductor brevis enters the hip joint under the trans- 
verse acetabular ligament with one from the obturator artery. It supplies 
the fat in the fossa and reaehes the femoral head along its ligament. For 
details of the blood supply of the proximal end of the femur, consult 
Crock (1996). 

Perforating arteries The perforating arteries (see Fig. 80.25) perfo- 
rate the femoral attaehment of adductor magnus to reaeh the flexor 
aspeet of the thigh. There are three perforating branehes, and the ter- 
minal part of the profimda femoris artery itself beeomes the fourth 
perforator. They pass elose to the linea aspera under small tendinous 
arehes and give off muscular, cutaneous and anastomotie branehes. 
Diminished, they pass deep to the short head of bieeps femoris (the 
first usually through the attaehment of gluteus maximus), traverse the 
lateral intermuscular septum and enter vastus lateralis. The first arises 
proximal, the seeond anterior, and the third distal to adductor brevis. 
The first perforating artery passes baek between pectineus and adductor 
brevis (sometimes through the latter), pierees adductor magnus near 
the linea aspera to supply adductor brevis, adductor magnus, bieeps 
femoris and gluteus maximus, and anastomoses with the inferior 
gluteal, medial and lateral circumflex femoral and seeond perforating 
arteries. The larger seeond perforating artery, often arising with the first, 
pierees the attaehments of adductor brevis and magnus, divides into 
the aseending and deseending branehes supplying the posterior thigh 
muscles and anastomoses with the first and third perforating arteries. 
The femoral nutrient artery usually arises from it. When two nutrient 
arteries exist, they usually arise from the first and third perforators. The 
third perforating artery starts distal to adductor brevis, pierees the 
attaehment of adductor magnus and divides into branehes to the pos- 
terior thigh muscles. It anastomoses proximally with the perforating 
arteries, and distally with the end of the profimda femoris artery and 
muscular branehes of the popliteal. The femoral nutrient artery may 
arise from it. Side branehes of the diaphysial nutrient and other 
branehes of the profimda femoris artery provide subsidiary eortieal 
arteries. 

The perforating arteries form a double ehain of anastomoses, 
initially in the adductor muscles and subsequently near the linea 
aspera. 


1369 


CHAPTER 80 



















SECTION 9 


PELVIC GIRDLE, GLLITEAL REGION AND THIGH 


1370 


Muscular branehes Numerous muscular branehes arise from the 
prohmda femoris artery. Some end in the adductors, and others pieree 
adductor magnus, supply the flexors and anastomose with the medial 
circumflex femoral artery and superior muscular branehes of the pop- 
liteal artery. The profhnda femoris artery is thus the main supply to the 
thigh muscles. 

Deseending genicular artery 

The deseending genicular artery (see Figs 82.1, 80.32-80.33), the distal 
braneh of the femoral artery, arises just proximal to the adductor 
opening and immediately supplies a saphenous braneh. It then deseends 
in vastus medialis, anterior to the tendon of adductor magnus, to 
the medial side of the knee, where it anastomoses with the superior 
medial genicular artery. Muscular branehes supply vastus medialis and 
adductor magnus, and give off articular branehes that anastomose 
round the knee joint. One articular braneh erosses above the femoral 
patellar surface, forming an areh with the superior lateral genicular 
artery and supplying the knee joint. The saphenous braneh (saphenous 
artery) emerges distally through the roof of the adductor eanal to 
aeeompany the saphenous nerve to the medial side of the knee. It passes 
between sartorius and graeilis, and supplies the skin of the proximome- 
dial area of the leg; it anastomoses with the inferior medial genicular 
artery. 

Arterial anastomoses around the hip 


In the fetus, a peri-acetabular vascular eirele formed by the superior and 
inferior gluteal, internal pudendal and obturator arteries reduces the 
risk of bony neerosis of this region in ehildren. However, there is a zone 
at the anterior portion of the acetabulum where the blood supply is 
less abundant (Damsin et al 1992). 

Anastomoses on the baek of the thigh 

An important ehain of anastomoses extends on the baek of the 
thigh from the gluteal region to the popliteal fossa. It is formed in 
proximodistal order by anastomoses between the gluteal arteries and 
terminal branehes of the medial circumflex femoral artery; the circum- 
flex femoral arteries and the first perforating artery; the perforating 
arteries themselves; and between the fourth perforating artery and the 
superior muscular branehes of the popliteal artery (see Fig. 80.18). The 
troehanterie and emeiate anastomoses are the proximal elements of this 
ehain. 

Troehanterie anastomosis 

The so-ealled troehanterie anastomosis lies near the troehanterie fossa 
of the femur and is an anastomosis between the aseending braneh of 
the medial circumflex femoral artery and deseending branehes of the 
superior and inferior gluteal arteries (see Fig. 80.18). The lateral eir- 
cumflex femoral artery and the first perforating artery from the pro- 
funda femoris artery may also contribute, ereating an extracapsular 
'arterial ring of the femoral neek' (Crock 1996). Branehes from this 
ring, the retinaailar vessels, pieree the capsule and aseend along the 
femoral neek to give the main blood supply to the head of the 
femur. 

Cruciate anastomosis 

The emeiate anastomosis lies at the level of the lesser troehanter, 
near the lower edge of the femoral attaehment of quadratus femoris, 
and is an anastomosis between the transverse branehes of the medial 
and lateral circumflex femoral arteries, a deseending braneh of the 
inferior gluteal artery and an aseending braneh from the first perforating 
artery. 

Oollateral circulation in proximal femoral 
artery occlusion 

After occlusion of the femoral artery proximal to the origin of the pro- 
funda femoris artery, five main anastomotie ehannels are available. 
These are between branehes of the superior and inferior gluteal arteries, 
the medial and lateral circumflex femoral arteries and the first perforat- 
ing braneh of the prohmda femoris artery; the obturator braneh of the 
internal iliae artery and the medial circumflex femoral artery; the inter- 
nal pudendal braneh of the internal iliae artery and the superficial and 
deep external pudendal branehes of the femoral artery; a deep circum- 
flex iliae braneh of the external iliae artery, the lateral circumflex femoral 
braneh of the deep artery of the thigh and the superficial circumflex 
iliae braneh of the femoral artery; and the inferior gluteal braneh of the 
internal iliae artery and perforating branehes of the prohmda femoris 
artery. 


Perforator flaps in the hip and thigh 


Gluteal region 

The gluteal region of the lower limb has an average of 21 perforators, 
which arise from three main source arteries: namely, the superior and 
inferior gluteal and the internal pudendal arteries (see Fig. 78.7). The 
flaps based on these perforators are used as free flaps for breast reeon- 
stmetion and as loeal flaps for eovering defeets in the saeral and perineal 
region. 

Hip and thigh region 

The hip and thigh region has six source arteries and an average of 50 
arterial perforators. The thigh ean be divided into four areas: antero- 
medial; anterolateral and troehanterie; posteromedial; and posterola- 
teral. The perforators that supply the anteromedial thigh are derived 
from the femoral artery, and those for the anterolateral thigh are derived 
from branehes of the lateral circumflex femoral artery. Perforators that 
supply the skin over the posteromedial and posterolateral thigh regions 
are derived from the prohmda femoris artery and the popliteal arteries. 
Skin flaps based on the superficial circumflex iliae, superficial external 
pudendal and superficial inferior epigastrie arteries have been used as 
loeal flaps, tube pedieles and free tissue transfers. Other popular skin 
flaps are TFL (tensor faseiae latae) perforator flaps, ALT (anterolateral 
thigh) and AMT (anteromedial thigh) flaps, graeilis perforator flap and 
posterior thigh flaps. 

VEINS 

Femoral vein 


The femoral vein aeeompanies its artery, beginning at the adductor 
opening as the eontimiation of the popliteal vein, and ending posterior 
to the inguinal ligament as the external iliae vein (see Figs 78.8, 80.1- 
80.3, 80.31). The vein is posterolateral to the femoral artery in the distal 
adductor eanal. More proximally in the eanal, and in the distal femoral 
triangle (i.e. at its apex), the vein lies posterior to the artery and proxi- 
mally, at the base of the triangle, the vein lies medial to the artery. The 
vein occupies the middle eompartment of the femoral sheath, between 
the femoral artery and femoral eanal; fat in the eanal permits expansion 
of the vein. 

The femoral vein has numerous muscular tributaries. The profhnda 
femoris vein (deep vein of the thigh, deep femoral vein) joins the 
femoral vein posteriorly 4-12 em distal to the inguinal ligament, and 
the long saphenous vein then enters anteriorly. Veins aeeompanying the 
superficial epigastrie, superficial circumflex iliae and external pudendal 
arteries join the long saphenous vein before it enters the saphenous 
opening. Lateral and medial circumflex femoral veins are usually tribu- 
taries of the femoral vein. There are usually four or five valves in the 
femoral vein; the two most eonstant are just distal to the entry of pro- 
funda femoris and near the inguinal ligament. 

Profunda femoris vein (Deep vein of the thigh) 

Prohmda femoris lies anterior to its artery and reeeives tributaries eor- 
responding to the branehes of the artery. Through these tributaries it 
eonneets distally with the popliteal vein and proximally with the infe- 
rior gluteal veins. It sometimes drains the medial and lateral circumflex 
femoral veins and has a valve just before it empties into the femoral 
vein. 

Long saphenous vein 

The long saphenous vein (great saphenous vein) (see Fig. 78.9A), the 
longest vein in the body, starts distally as a continuation of the medial 
marginal vein of the foot, and ends in the femoral vein a short dis- 
tanee distal to the inguinal ligament. It aseends immediately anterior 
to the tibial malleolus, erosses the distal third of the medial surface of 
the tibia obliquely in an anteroposterior direetion to reaeh its medial 
border, and then aseends a little behind the border to the knee. Proxi- 
mally, it is posteromedial to the medial tibial and femoral eondyles 
(lying the breadth of the subject's hand posterior to the medial edge 
of the patella), and then aseends the medial aspeet of the thigh. It 
passes through the saphenous opening and finally opens into the 
femoral vein. The 'eentre' of the opening is often said to be 2.5-3.5 em 
inferolateral to the pubic tubercle, and the vein is then represented 
by a line drawn from this point to the adductor tubercle. However, 
the saphenous opening varies greatly in size and disposition so that 
this 'eentre' is not a reliable surface marking for the saphenofemoral 
junction. 



















Innervation 


In its eoiirse through the thigh, the long saphenous vein is aeeom- 
panied by the medial branehes of the anterior cutaneous branehes of 
the femoral nerve. At the knee, the saphenous braneh of the deseending 
genicular artery (the saphenous artery) and, in the leg and foot, the 
saphenous nerve all lie anterior to the vein. The vein is often duplicated, 
espeeially distal to the knee. It has 10-20 valves, which are more numer- 
ous in the leg than in the thigh. One is present just before the vein 
pierees the eribriform faseia, another at its junction with the femoral 
vein. In almost its entire extent the vein lies in subcutaneous tissue, but 
it has many eonneetions with the deep veins, espeeially in the leg. 

Tributaries 

At the ankle, the long saphenous vein drains the sole by medial mar- 
ginal veins. In the leg, it often eonneets with the short saphenous vein 
and with deep veins via perforating veins. Just distal to the knee, it 
usually reeeives three large tributaries from the front of the leg, the tibial 
malleolar region (eonneeting with some of the 'perforating' veins) and 
the ealf (eomimmieating with the short saphenous vein). The tributary 
draining the tibial malleolar region is formed distally from a fine 
network or 'eorona' of delieate veins over the medial malleolus, and 
then aseends the medial aspeet of the ealf as the posterior areh vein 
(Dodd and Cockett 1976). This vein was first ilhistrated by Leonardo 
da Vinei, whose name is sometimes given to it. It eonneets with poste- 
rior tibial venae eomitantes by a series of perforating (communicating) 
veins. There are usually three, equally spaeed between the medial malle- 
olus and the mid-ealf. More than three such perforators are uncommon, 
and an areh vein perforator above mid-ealf is only very rarely found. 

Above the posterior emral areh vein, perforating veins join the long 
saphenous vein or one of its main tributaries at two main sites. The first 
is at a level in the upper ealf indieated by its name, the tibial tubercle 
perforator; the seeond is in the lower/intermediate third of the thigh, 
where it perforates the deep faseia roof of the subsartorial eanal to join 
the femoral vein. 

In the thigh, the long saphenous vein reeeives many tributaries. 
Some open independently, while others eonverge to form large named 
ehannels that frequently pass towards the basal half of the femoral 
triangle before joining the long saphenous near its termination. These 
may be grouped as follows: one or more large posteromedial tributaries, 
one or more large anterolateral tributaries, and four or more peri- 
inguinal veins. The posteromedial vein of the thigh, large and some- 
times double, drains a large superficial region indieated by its name; it 
has (as have the other tributaries) radiologieal and surgical signifieanee. 
One of its lower radieles is often continuous with the short saphenous 
vein. The posteromedial vein is sometimes named the aeeessory saph- 
enous vein, though some restriet the term aeeessory to a lower (more 
distal) posteromedial tributary when two (or more) are present. Another 
large vessel, the anterolateral vein of the thigh (anterior femoral cutan- 
eous vein), usually eommenees from an anterior network of veins in 
the distal thigh and erosses the apex and distal half of the femoral tri- 
angle to reaeh the long saphenous vein. As the latter traverses the 
saphenous opening, it is joined by the superficial epigastrie, superficial 
circumflex iliae and superficial external pudendal veins. Their mode of 
union varies. Superficial epigastrie and circumflex iliae veins drain the 
inferior abdominal wall, the latter also reeeiving tributaries from the 
proximolateral region of the thigh. The superficial epigastrie or the 
femoral vein may eonneet with the lateral thoraeie veins by means of a 
thoraeoepigastrie vein that mns superficially on the anterolateral aspeet 
of the tmnk. This vein eonneets the inferior and superior eaval areas of 
drainage and may be dilated and visible in eases of inferior eaval 
obstmetion. Superficial external pudendal veins drain part of the 
scrotum/labia; one is joined by the superficial dorsal vein of the penis/ 
elitoris. The deep external pudendal veins join the long saphenous vein 
at the saphenous opening. 

The long saphenous vein is often harvested for grafts used in both 
peripheral and eoronary arterial surgery. 

LYMPHATIC DRAINAGE 
Superficial inguinal nodes 

The superficial inguinal nodes form proximal and distal groups. The 
proximal group usually eonsists of five or six nodes just distal to the 
inguinal ligament. Its lateral members reeeive afferent vessels from 
the gluteal region and the adjoining infra-umbilical anterior abdominal 
wall. Medial members reeeive superficial vessels from the external geni- 
talia (including the inferior vagina), inferior anal eanal and perianal 
region, adjoining abdominal wall, umbilicus and vessels aeeompanying 
the round ligament. The distal group usually eonsists of four or five 


nodes along the termination of the long saphenous vein. They reeeive 
all the superficial vessels of the lower limb, except those from the pos- 
terolateral ealf. All superficial inguinal nodes drain to the external iliae 
nodes, some via the femoral eanal and others anterior or lateral to the 
femoral vessels. Numerous vessels intereonneet individual nodes. 

Superficial inguinal nodes are frequently enlarged in disease or 
injury in their region of drainage. Thus the proximal inguinal nodes are 
almost invariably affeeted in malignant or infeetive disease of the 
prepuce, penis, labia majora, scrotum, perineum, anus and lower 
vagina, or in diseases affeeting the skin and superficial structures in 
these regions, in the infra-umbilical part of the abdominal wall or in 
the gluteal region. The distal group is implieated only in disease or 
injury of the limb. 

Deep inguinal nodes 


The deep inguinal nodes vary from one to three, and are situated medial 
to the femoral vein. One lies just distal to the saphenofemoral junction, 
another in the femoral eanal, and the most proximal node lies laterally 
in the femoral ring. The middle node is the most ineonstant and the 
proximal node is often absent. All reeeive deep lymphaties that aeeom- 
pany the femoral vessels, lymph vessels from the glans penis or elitoris 
and a few efferents from the superficial inguinal nodes. Their own 
efferents traverse the femoral eanal to the external iliae nodes. 


INNERVATION 


LIJMBAR PLEXUS AND BRANOHES 


The lumbar plexus is formed by the first three and most of the fourth 
himbar ventral rami (see Fig. 62.15). The iliohypogastrie, ilioinguinal 
and genitofemoral nerves are deseribed on pages 1094-1096. 

Lateral femoral cutaneous nerve 


The lateral femoral cutaneous nerve (lateral cutaneous nerve of the 
thigh) arises from the dorsal branehes of the seeond and third lumbar 
ventral rami and emerges from the lateral border of psoas major, eross- 
ing iliacus obliquely towards the anterior superior iliae spine. It supplies 
the parietal peritoneum in the iliae fossa. The right nerve passes poste- 
rolateral to the eaeaim, separated from it by the faseia iliaea and peri- 
toneum; the left passes behind the lower part of the deseending eolon. 
Both pass behind or through the inguinal ligament, variably medial to 
the anterior superior iliae spine (eommonly 1 em) and anterior to or 
through sartorius into the thigh, where they divide into anterior and 
posterior branehes. The anterior braneh beeomes superficial approxi- 
mately 10 em distal to the anterior superior iliae spine and supplies the 
skin of the anterior and lateral thigh as far distally as the knee. It eon- 
neets terminally with the cutaneous branehes of the anterior division 
of the femoral nerve and the infrapatellar braneh of the saphenous 
nerve, forming the peripatellar plexus. The posterior braneh pierees the 
faseia lata higher than the anterior, and divides to supply the skin on 
the lateral surface from the greater troehanter to about mid-thigh. It 
may also supply skin of the gluteal region. 

Lesions of the lateral femoral cutaneous nerve 

The lateral femoral cutaneous nerve may beeome entrapped at three 
sites along its course: elose to the vertebral column; within the abdomi- 
nal eavity as the nerve travels aeross the pelvis; and as it leaves the pelvis. 
This last site is where the nerve is most eommonly damaged, and 
entrapment is thought to occur as the nerve passes through or deep to 
the inguinal ligament just medial to the anterior superior iliae spine. 
The angulation of the nerve as it erosses the iliae erest means that it is 
vulnerable to eompression during movement, e.g. hip extension may 
inerease angulation and tension on the nerve. 

Injury produces an area of impaired sensation, often with pain and 
paraesthesia on the anterolateral aspeet of the thigh (meralgia paraes- 
thetiea) in the distal cutaneous distribution of the nerve. This area does 
not extend aeross the midline anteriorly, it does not extend below the 
knee and it does not extend behind the hamstring tendons laterally. 
Symptoms may be exacerbated when wearing tight belts or tight-waisted 
elothes or as a result of a reeent weight gain or pregnaney. Exceptionally, 
the posterior braneh of the lateral femoral cutaneous nerve, which sup- 
plies a thin strip from the greater troehanter of the femur down about 
two-thirds of the way to the knee, may be affeeted separately. This 
braneh leaves the main tmnk of the nerve, usually distal to the inguinal 
ligament, and it then turns laterally to pieree tensor faseiae latae, where 
it may beeome entrapped. 
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Femoral nerve 


The femoral nerve is the largest braneh of the lumbar plexus and arises 
from the dorsal branehes (posterior divisions) of the seeond to fourth 
lumbarventral rami (see Figs 78.11A, 80.31-80.33). It deseends through 
psoas major, emerging low on its lateral border, and then passes 
between psoas and iliacus, deep to the iliae faseia. Passing behind the 
inguinal ligament into the thigh, it is split into anterior and posterior 
divisions by the lateral circumflex femoral artery. Behind the inguinal 
ligament, it is separated from the femoral artery by part of psoas major. 
In the abdomen, the nerve supplies small branehes to iliacus and 
pectineus and a braneh to the proximal part of the femoral artery; the 
latter braneh sometimes arises in the thigh. 

Nerve to pectineus 

The nerve to pectineus branehes from the medial side of the femoral 
nerve near the inguinal ligament. It passes behind the femoral sheath 
and enters the anterior aspeet of the muscle. 

Anterior division of the femoral nerve 

The anterior division of the femoral nerve supplies intermediate and 
medial femoral cutaneous nerves and branehes to sartorius. 

Medial femoral cutaneous nerve of the thigh The medial 

femoral cutaneous nerve (medial cutaneous nerve of the thigh) is at 
first lateral to the femoral artery. It erosses anterior to the artery at the 
apex of the femoral triangle and divides into anterior and posterior 
branehes. Before doing so, it sends a few rami through the faseia lata 
to supply the skin of the medial side of the thigh, near the long saphe- 
nous vein; one ramus emerges via the saphenous opening, while 
another beeomes subcutaneous about mid-thigh. The anterior braneh 
deseends on sartorius, perforates the faseia lata beyond mid-thigh, and 
divides into a braneh that supplies the skin as low as the medial side 
of the knee, and another that mns lateral to the former and eonneets 
with the infrapatellar braneh of the saphenous nerve. The posterior 
braneh deseends along the posterior border of sartorius to the knee, 
pierees the faseia lata, eonneets with the saphenous nerve and gives off 
several cutaneous rami, some as far as the medial side of the leg. The 
nerve contributes to the subsartorial plexus (see below). 

Intermediate cutaneous nerve of the thigh The intermediate 

femoral cutaneous nerve (intermediate cutaneous nerve of the thigh) 
usually pierees the faseia lata some 8 em below the inguinal ligament, 
either as two branehes or as one tmnk that quickly divides into two. 
These deseend on the front of the thigh, supplying the skin as far as the 
knee and ending in the peripatellar plexus. The lateral braneh of the 
intermediate cutaneous nerve eomimmieates with the femoral braneh 
of the genitofemoral nerve, frequently piereing sartorius and sometimes 
supplying it. 

Nerve tO sartorÌUS The main nerve to sartorius arises from the 
femoral nerve in eommon with the intermediate cutaneous nerve of the 
thigh. 

Posterior division of the femoral nerve 

The branehes of the posterior division of the femoral nerve are the 
saphenous nerve and branehes to quadriceps femoris and the knee joint. 

Saphenous nerve See page 1399. 

Muscular branehes The muscular branehes of the posterior divi- 
sion of the femoral nerve supply quadriceps femoris. A braneh to rectus 
femoris enters its proximal posterior surface and also supplies the hip 
joint. A larger braneh to vastus lateralis forms a neurovascular bundle 
with the deseending braneh of the lateral circumflex femoral artery in 
its distal part and also supplies the knee joint. A braneh to vastus 
medialis deseends through the proximal part of the adductor eanal, 
lateral to the saphenous nerve and femoral vessels, and enters the 
muscle at about its midpoint, sending a long articular filament distally 
along the muscle to the knee. Two or three branehes to vastus inter- 
medius enter its anterior surface about mid-thigh; a small braneh from 
one of these deseends through the muscle to supply artiailaris genus 
and the knee joint. 

Vascular branehes 

Vascular branehes of the femoral nerve supply the femoral artery and 
its branehes. 


Lesions of the femoral nerve 

The main tmnk of the femoral nerve is not subject to an entrapment 
neuropathy, but it may be eompressed by retroperitoneal tumours or 
retroperitoneal haemorrhage in patients on anticoagulants or with a 
bleeding diathesis. A loealized lesion of the femoral nerve may occur 
in diabetes mellitus (one of the forms of diabetie amyotrophy). The 
most striking feature of femoral neuropathy is wasting and weakness of 
quadriceps femoris, which results in eonsiderable difficulty in walking 
and a tendeney for the leg to eollapse. Pain and paraesthesia may occur 
on the anterior and medial aspeet of the thigh, extending down the 
medial aspeet of the leg in the distribution of the saphenous braneh of 
the femoral nerve. 

Obturator nerve 


The obturator nerve arises from the ventral branehes of the seeond to 
fourth lumbar ventral rami. The braneh from the third is the largest 
while that from the seeond is often very small. The nerve deseends in 
psoas major, emerging from its medial border at the pelvie brim to pass 
behind the eommon iliae vessels and lateral to the internal iliae vessels. 
It then deseends forwards along the lateral wall of the lesser pelvis on 
obturator internus, anterosuperior to the obturator vessels, to the obtu- 
rator foramen, entering the thigh by its upper part. Near the foramen, 
it divides into anterior and posterior branehes, separated at first by part 
of obturator externus and lower down by adductor brevis. 

Anterior braneh 

The anterior braneh (see Fig. 80.33) leaves the pelvis anterior to obtur- 
ator externus, deseending in front of adductor brevis, behind pectineus 
and adductor longus. At the lower border of adductor longus it eom- 
municates with the medial cutaneous and saphenous branehes of the 
femoral nerve, to form a subsartorial plexus that supplies the skin on 
the medial side of the thigh (see below). It deseends on, and supplies, 
the femoral artery. Near the obturator foramen, the anterior braneh 
supplies the hip joint. Behind pectineus it supplies adductor longus, 
graeilis, usually adductor brevis and often pectineus, and eonneets with 
the aeeessory obturator nerve (when present). Oeeasionally, the eom- 
municating braneh to the femoral medial cutaneous and saphenous 
branehes continues as a cutaneous braneh to the thigh and leg. When 
this occurs, the nerve emerges from behind the distal border of adductor 
longus to deseend along the posterior margin of sartorius to the knee, 
where it pierees the deep faseia and eonneets with the saphenous nerve 
to supply the skin halfway down the medial side of the leg. 

Sllbsartorial nerve plexus The medial cutaneous nerve of the 

thigh forms a subsartorial plexus with branehes of the saphenous and 
obturator nerves, deep to the faseia lata, at the lower border of adductor 
longus. When the eomimmieating braneh of the obturator nerve is large 
and reaehes the leg, the posterior braneh of the medial cutaneous nerve 
is small, and ends in the plexus from which it gives rise to a few cutan- 
eous filaments. 

Posterior braneh 

The posterior braneh pierees obturator externus anteriorly, supplies it 
and passes behind adductor brevis to the front of adductor magnus, 
dividing into branehes to this and adductor brevis when the latter is 
not supplied by the anterior division. It usually sends an articular fila- 
ment to the knee joint, which either perforates adductor magnus dis- 
tally or traverses its opening with the femoral artery to enter the 
popliteal fossa. Within the fossa, the nerve deseends on the popliteal 
artery to the baek of the knee, pierees its oblique posterior ligament and 
supplies the articular capsule. It gives filaments to the popliteal artery. 

Lesions of the obturator nerve 

Isolated lesions of the obturator nerve are extremely rare, but may 
oeeasionally occur as a result of direet trauma (sometimes during par- 
turition) or in anterior disloeations of the hip. The nerve may also be 
damaged by an obturator hernia, or be involved together with the 
femoral nerve in retroperitoneal lesions that occur elose to the origins 
of the lumbar plexus. Compression of the nerve by herniated bowel 
loops at the obturator foramen ean result in pain referred to the hip, 
medial thigh and knee, the so-ealled Ffowship-Romberg sign. A more 
distal nerve entrapment syndrome causing ehronie medial thigh pain 
has been deseribed in athletes with large adductor muscles. 

Aeeessory obturator nerve 


Oeeasionally present, the aeeessory obturator nerve is small and arises 
from the ventral branehes of the third and fourth lumbar ventral rami. 









Innervation 


Table 80.1 The branehes of the saeral plexus 



Ventral divisions 

Dorsal divisions 

Nerve to quadratus femoris and gemellus 
inferior 

L4, 5, S1 


Nerve to obturator internus and gemellus 
superior 

L5, S1, 2 


Nerve to piriformis 


(L5), S1, 2 

Superior gluteal 


L4, 5, S1 

Inferior gluteal 


L5, S1, 2 

Posterior femoral cutaneous 

S2, 3 

S1, 2 

Tibial (seiatie) 

L4, 5, S1, 2, 3 


Oommon fibular (seiatie) 


L4, 5, S1, 2 

Perforating cutaneous 


S2, 3 

Pudendal 

S2, 3, 4 


Branehes to levator ani, coccygeus and 
external anal sphineter 

S4 



It deseends along the medial border of psoas major, erosses the superior 
pubic ramus behind pectineus and divides into branehes; one braneh 
enters the deep surface of pectineus, another supplies the hip joint, and 
a third eonneets with the anterior braneh of the obturator nerve. Some- 
times the aeeessory obturator nerve is very small and only supplies 
pectineus. Any braneh may be absent and others may occur; an addi- 
tional braneh sometimes supplies adductor longus. 

SACRAL PLEXUS AND BRANCHES 


The branehes of the saeral plexus (see Fig. 78.11B) are shown in 

Table 80.1. 

Seiatie nerve 


The seiatie nerve is 2 em wide at its origin and is the thiekest nerve in 
the body. It leaves the pelvis via the greater seiatie foramen below piri- 
formis and deseends between the greater troehanter and isehial tuberos- 
ity, along the baek of the thigh, dividing into the tibial and eommon 
fibular nerves at a varying level proximal to the knee (Fig. 80.34; see 
Fig. 78.11B). Superiorly, it lies deep to gluteus maximus, resting first on 
the posterior isehial surface with the nerve to quadratus femoris between 
them. It then erosses posterior to obturator internus, the gemelli and 
quadratus femoris, separated by the latter from obturator externus and 
the hip joint. It is aeeompanied medially by the posterior femoral cuta- 
neous nerve and the inferior gluteal artery. More distally, it lies behind 
adductor magnus and is erossed posteriorly by the long head of bieeps 
femoris. Its course eorresponds to a line drawn from just medial to the 
midpoint between the isehial tuberosity and greater troehanter to the 
apex of the popliteal fossa. 

Articular branehes arise proximally to supply the hip joint through 
its posterior capsule; these are sometimes derived direetly from the 
saeral plexus. Muscular branehes are distributed to bieeps femoris, 
semitendinosus, semimembranosus and the isehial part of adductor 
magnus. 

The point of division of the seiatie nerve into its tibial and eommon 
fibular eomponents is very variable. The eommon site is at the junction 
of the middle and lower thirds of the thigh, near the apex of the pop- 
liteal fossa, but the division may occur at any level above this point 
and, rarely, may occur below it. 

Blood supply to the seiatie nerve 

In the gluteal region, the seiatie nerve is supplied by the inferior gluteal 
artery and emeiate anastomosis (the medial and lateral circumflex 
femoral arteries, inferior gluteal artery and the first perforating braneh 
of the profimda femoris artery) (see Fig. 80.30). On rare oeeasions, it 
is supplied by branehes from the superior gluteal or internal pudendal 
arteries, which reaeh the nerve on its medial side. Lower in the thigh, 
arterial branehes derived from the perforating branehes of the profimda 
femoris artery or the anastomotie ehain between them or, oeeasionally, 
from the popliteal artery, enter the nerve on its lateral or anterolateral 
side (Sunderland 1945). The numerous arterial branehes to the seiatie 
nerve anastomose with eaeh other to form extraneural and intraneural 
arterial ehains (Sunderland 1945, llgrenovie et al 2013). 



Lesions of the seiatie nerve 

The seiatie nerve supplies the knee flexors and all the muscles below 
the knee, which means that a eomplete palsy of the seiatie nerve results 
in a flail foot and severe difficulty in walking. Fortunately, eomplete 
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seiatie nerve palsy is very rare. The nerve is vulnerable in posterior dis- 
loeation of the hip. As it leaves the pelvis, it passes either behind piri- 
formis or sometimes through the imisele, and at that point it may very 
rarely beeome entrapped or tethered; the piriformis syndrome is a 
eontroversial eondition in which an anomalous relationship between 
piriformis and the seiatie nerve is thought to cause pain in the buttocks 
and along the course of the seiatie nerve. External eompression over the 
bnttoek, e.g. in patients who lie immobile on a hard surface for a eon- 
siderable length of time, ean injure the nerve. However, the most 
eommon cause of serious seiatie nerve injury (and of the resulting major 
medieolegal elaims) is iatrogenie (Dillow et al 2013). The nerve may 
be damaged in misplaeed therapeutic injeetions into gluteus maximus. 
Seiatie nerve palsy occurs after total hip replaeement or similar surgery 
in 1% of eases, and may be caused by sharp injury, burning from bone 
eement, traetion from instmments, manipulation of the hip, inadvert- 
ent lengthening of the femur, or haematoma surrounding the nerve. For 
some reason, possibly anatomieal, the eommon fibular eomponent of 
the seiatie nerve is more usually affeeted; the patient has a foot drop 
and a high-stepping gait. 

Inferior gluteal nerve 

The inferior gluteal nerve arises from the dorsal branehes of the fifth 
lumbar and first and seeond saeral ventral rami. It leaves the pelvis via 
the greater seiatie foramen below piriformis, and divides into branehes 
that enter the deep surface of gluteus maximus (see Fig. 80.30). 

Superior gluteal nerve 


The superior gluteal nerve arises from the dorsal branehes of the fourth 
and fifth lumbar and first saeral ventral rami. Aeeompanied by the 
superior gluteal vessels, the nerve leaves the pelvis via the greater seiatie 
foramen above piriformis, and divides into superior and inferior 
branehes (see Fig. 80.30). The superior braneh aeeompanies the upper 
braneh of the deep division of the superior gluteal artery to supply 
gluteus medius and oeeasionally gluteus minimus. The inferior braneh 
mns with the lower ramus of the deep division of the superior gluteal 
artery aeross gluteus minimus, supplies the glutei medius and minimus, 
and ends in tensor faseiae latae. 


Nerve to obturator internus 


The nerve to obturator internus arises from the ventral branehes of the 
fifth lumbar and first and seeond saeral ventral rami. It leaves the pelvis 
via the greater seiatie foramen below piriformis, supplies a braneh to 
the upper posterior surface of gemellus superior, erosses the isehial 
spine lateral to the internal pudendal vessels, re-enters the pelvis via the 
lesser seiatie foramen, and enters the pelvie surface of obturator 
internus. 

Posterior femoral cutaneous nerve (posterior 
cutaneous nerve of the thigh) 


The posterior femoral cutaneous nerve (posterior cutaneous nerve 
of the thigh) arises from the dorsal branehes of the first and seeond, 
and the ventral branehes of the seeond and third saeral rami. It leaves 
the pelvis via the greater seiatie foramen below piriformis and deseends 
under gluteus maximus with the inferior gluteal vessels, lying posterior 
or medial to the seiatie nerve (see 7 ig. 80.30). It deseends in the baek 
of the thigh superficial to the long head of bieeps femoris, deep to the 
faseia lata. It pierees the deep faseia behind the knee and aeeompanies 
the short saphenous vein to mid-ealf, its terminal twigs eonneeting with 
the sural nerve. Its branehes are cutaneous and are distributed to the 
gluteal region, perineum, posterior thigh and proximal posterior leg. 

Three or four gluteal branehes (inferior clunial nerves) curl round 
the lower border of gluteus maximus to supply the skin over the infero- 
lateral portion of the muscle. The perineal braneh supplies the supero- 
medial skin in the thigh, curves forwards aeross the hamstrings below 
the isehial tuberosity, pierees the faseia lata and then mns in the super- 
fieial perineal faseia to the serotal or labial skin. It communicates with 
the inferior reetal and posterior serotal or labial branehes of the perineal 
nerve, and gives numerous branehes to the skin of the baek and medial 
side of the thigh, the popliteal fossa and the proximal part of the baek 
of the leg. One study found the perineal braneh of the posterior cutane- 
ous nerve of the thigh in about one-half of speeimens ( fubbs et al 
2009). 

Nerve to piriformis 


Pudendal nerve 


See ; igure 62.15 and pages 1230 and 1236. 

Perforating cutaneous nerve 


The nerve to piriformis usually arises from the dorsal branehes of the 
first and seeond saeral ventral rami (sometimes only the seeond) and 
enters the anterior surface of piriformis. 

Viseeral and pelvie muscular branehes 
of saeral plexus 


The perforating cutaneous nerve usually arises from the posterior 
aspeets of the seeond and third saeral ventral spinal rami. It pierees the 
sacrotuberous ligament, curves round the inferior border of gluteus 
maximus and supplies the skin over the inferomedial aspeet of this 
muscle. The nerve may arise from the pudendal nerve or it may be 
absent, in which ease it may be replaeed either by a braneh from the 
posterior femoral cutaneous nerve or from the third and fourth, or 
fourth and fifth, saeral ventral rami. 

Nerve to quadratus femoris 


The nerve to quadratus femoris arises from the ventral branehes of the 
fourth lumbar to the first saeral ventral rami. It leaves the pelvis via the 
greater seiatie foramen below piriformis, deseends on the ischium deep 
to the seiatie nerve, the gemelli and the tendon of obturator internus, 
and supplies gemellus inferior, quadratus femoris and the hip joint. 


Viseeral branehes of the saeral plexus are deseribed on page 1229. Pelvie 
muscular branehes are deseribed on page 1221. 



Boniis e-book images 


Fig. 80.20 An ultrasound image of a 4-week-old baby taken in the 
lateral position and demonstrating the eartilaginoiis femoral head 
and edge of the acetabulum. 

Fig. 80.21 A radiograph of the pelvis of a 9-month-old infant 
showing the eentre of ossifieation of the femoral epiphysis. 
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TOPOGRAPHY 


The hip joint is a synovial joint of ball-and-soeket (multiaxial spheroi- 
dal) type between the head of the femur and the cup-shaped (eotyloid) 
acetabulum; its eentre lies a little inferior to the middle one-third of the 
inguinal ligament. 

Articular surfaces 



The femoral head ean be landmarked from the surface roughly 2-4 em 
superior to an approximate midpoint of a line joining the superior 
margin of the greater troehanter to the pubic tubercle. The articular 
surfaces of the femoral head and the acetabulum are reeiproeally curved 
but neither coextensive nor eompletely eongment (Fig. 81.1; see Fig. 
80.16). The elose-paeked position of the hip joint is one of full exten- 
sion, with slight abduction and medial rotation (see also Table 5.4). 
This position winds up most of the joint's capsular ligaments, which 
ean provide an important element of articular stability. The femoral 
head is eovered by articular eartilage, except over the rough pit where 
the ligament of the head of the femur is attaehed. Anteriorly the earti- 
lage extends laterally over a small area on the adjoining neek. Articular 
eartilage is, generally thieker eentrally than peripherally. Cartilage thiek- 
ness is maximal anterosuperiorly in the acetabulum and anterolaterally 
on the femoral head, the two areas that eorrespond to the prineipal 
load-bearing areas within the joint. The acetabular articular surface, the 
lunate surface, is an ineomplete ring, broadest anterosuperiorly where 
the pressure of body weight falls in the ereet posture, and narrowest in 
its pubic region. It is defieient inferiorly opposite the acetabular noteh. 
The lunate surface is eovered by articular eartilage, which is thiekest 
where the surface is broadest. The acetabular fossa, the eentral non- 
articular area in the floor of the acetabulum, is devoid of eartilage but 
eontains fibroelastie fat largely eovered by synovial membrane. The 
acetabular labmm, a fibrocartilaginous rim attaehed to the acetabular 
margin, serves to deepen the acetabulum and bridges the acetabular 
noteh by attaehing to the peripheral edge of the transverse acetabular 


ligament. The acetabular labmm is triangular in seetion, attaehed by its 
base to the acetabular margin and blending with adjaeent artioilar 
eartilage; its acute free edge projeets beyond the acetabular margin. The 
diameter of the acetabular eavity is eonstrieted by the labral rim, which 
embraees the femoral head, thereby contributing to the stability of the 
artioilation. The acetabular labmm inereases the surface area for joint 
eontaet as well as sealing the joint, allowing optimal intra-articular 
distribution of synovial fluid ( "erguson et al 2003, Cadet et al 2012). It 
thus faeilitates mitrition of the articular eartilage and helps to reduce 
intra-articular frietion (Safran et al 2011, Song et al 2012). Nerve 
endings found within the labmm suggest this structure may be a source 
of proprioeeption or, when injured, of pain (Kim and Azuma 1995). A 
torn acetabular labmm ean be deteeted using MRI, to identiíy the site 
and severity of the lesion (Fig. 81.2). 



Acetabular labmm and impingement injury 



Available with the Gray’s Anatomy e-book 


Fibrous capsule 


The fibrous capsule of the hip joint is strong and dense (Fig. 81.4). It 
is attaehed superiorly to the acetabular margin 5-6 mm medial to the 
labral attaehment, anteriorly to the outer labral aspeet and, near the 
acetabular noteh, to the transverse acetabular ligament and the adjaeent 
rim of the obturator foramen. From its acetabular attaehment, it extends 
laterally to surround the femoral head and neek, and is attaehed ante- 
riorly to the intertroehanterie line, superiorly to the base of the femoral 
neek, posteriorly 1 em superomedial to the intertroehanterie erest, and 
inferiorly to the femoral neek near the lesser troehanter. Anteriorly, 
many fibres aseend along the neek as longitudinal retinacula, eontain- 
ing blood vessels for both the femoral head and the neek. The capsule 
is thieker anterosuperiorly, where maximal stress occurs, particularly 
while standing with the hip extended. Posteroinferiorly, it is relatively 
thin and loosely attaehed. The capsule as a whole has two sets of fibres, 



Fig. 81.1A Anteroposterior radiograph of an adult female 
pelvis. 1, saeral promontory; 2, margin of anterior saeral 
foramen; 3, linea terminalis; 4, fovea for ligament of head; 
5, lesser troehanter of left femur; 6, left isehial tuberosity; 
7, left obturator foramen; 8, coccyx; 9, left anterior 
inferior iliae spine; 10, gas in sigmoid eolon. 

(B, coritinued online) 
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Hip 



Fig. 81.1 B Anteroposterior radiograph of an 
adult male pelvis (the hip joint is normal). 

1, ossifieation in right iliolumbar ligament; 2, pubic 
symphysis; 3, inferior margin of left saeroiliae joint; 
4, left anterior superior iliae spine. 




Fig. 81.3 Pre-surgical radiograph of a hip with a eam deformity of the 
femoral head-neek junction (arrow). Note the loss of spherieity in the 
femoral head and the loss of the tapering of the neek. (Image courtesy of 
John T Heinrieh MD, Milwaukee Orthopaedie Group Limited, Milwaukee, 
Wl, USA.) 


Fig. 81.2 T1-weighted fat-saturated MR arthrogram of the left hip joint 
(eoronal seetion). The arrow points to a torn acetabular labrnm at the 
anterosuperior margin of the acetabulum. 


The shape of the bones of the hip normally limits large and potentially 
damaging eontaet stress on adjaeent eonneetive tissues, espeeially 
during the extremes of movement. Oonsider, for example, the normal 
shape of the femoral head and neek region. Similar to the shape of a 
light bulb, the spherieal femoral head narrows gradually at its junction 
with the neek of the femur. This tapering limits large eontaet stress 
between the femoral neek and the margin of the acetabulum. However, 
tapering may be lost as a result of natural variation or underlying 
pathology, resulting in a speeifie deformity that has been referred to as 
a eam deformity because the head and neek of the femur, together, 
resemble a eamshaft. Although often subtle, this deformity may be 
deteeted radiographieally (see arrow in Fig. 81.3). In some patients with 
a eam deformity, extreme and repeated motions of the hip, typieally 
involving eombinations of flexion, medial rotation and adduction, ean 


ereate damaging impingement between the hard and bulbous femoral 
neek and the softer acetabular labmm. The anterosuperior seetion of 
the labmm is particularly vulnerable to this type of injury, which is a 
painfhl and often motion-limiting eondition referred to as femoral- 
acetabular impingement syndrome. The repeatedly traumatized seetion 
of the labmm ean beeome enlarged, fragmented or torn. When the 
acetabular labmm is torn, a hip joint may beeome unstable as a eon- 
sequence of the loss of the natural suction seal around the joint. In 
some advaneed eases, the impingement trauma may ereate lesions at 
the ehondrolabral junction, resulting in damage to the adjaeent articu- 
lar eartilage, potentially predisposing the hip joint to degenerative 
arthritis (osteoarthrosis). Treatment may involve arthroseopie repair of 
the acetabular labmm and eartilage, as well as reshaping the area of the 
femoral head and neek responsible for the impingement. 
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Topography 


eireiilar and longitudinal. The eirailar fibres (zona orbicularis) are 
internal and form a eollar round the femoral neek; although partly 
blended with the pubofemoral and isehiofemoral ligaments, these 
fibres are not direetly attaehed to bone (see fig. 81.4). Externally lon- 
gitudinal fibres are most numerous in the anterosuperior region, where 


Acetabular margin 
Synovial membrane 


G reater troehanter 


isehial spine 



intertroehanterie erest 


Fig. 81.4 Synovial eavity of the left hip joint (distended): posterior aspeet 


they are reinforeed by the iliofemoral ligament. The capsule is also 
strengthened inferiorly by the pubofemoral ligament, and posteriorly 
by the isehiofemoral ligament. Externally the capsule is rough, eovered 
by muscles and tendons, and separated anteriorly from psoas major 
and iliacus by a bursa. The capsular attaehment to the femur lies 
well distal to the growth plate of the femoral head both anteriorly 
and posteriorly, and so the upper femoral epiphysis is entirely intrae- 
apsular. The capsular attaehment interseets the growth plate of the 
greater troehanter on the superior surface of the base of the neek. 


llioeapsiilaris 



elations The joint capsule is surrounded by muscles (Fig. 81.5). 
Anteriorly, lateral fibres of pectineus separate the capsule from the 
femoral vein. Lateral to this, the tendon of psoas major, with iliacus 
lateral to it, deseends en route to the lesser troehanter, partly separated 
from the capsule by a bursa. The femoral artery is anterior to the tendon 
of psoas major, and the femoral nerve lies deep in a groove between 
the tendon and iliacus. More laterally, the straight head of rectus femoris 
erosses the joint with a deep layer of the iliotibial traet, which blends 
with the capsule under the lateral border of the muscle. Superiorly, the 
refleeted head of rectus femoris eontaets the capsule medially, while 
gluteus minimus eovers it laterally, being elosely adherent. Inferiorly, 
medial fibres of pectineus adjoin the capsule and, more posteriorly, 
obturator externus spirals obliquely to its posterior aspeet. Posteroinfe- 
riorly, the capsule is eovered by the tendon of obturator externus, sepa- 
rating it from quadratus femoris and aeeompanied by an aseending 
braneh of the medial circumflex femoral artery. Superior to this, the 
tendon of obturator internus and the gemelli eontaet the joint capsule, 
separating it from the seiatie nerve. The nerve to quadratus femoris is 
deep to the obturator internus tendon and deseends medially on the 
capsule. Superior to this, the posterior surface of the joint is erossed by 
piriformis. 
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Fig. 81.5 Sehematie disseetion to display the structures surrounding the hip joint. The femoral head has been disarticulated and removed. 
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Ilioeapsiilaris (also ealled iliacus minor or iliotroehanteriais) is a little- 
known but eonstant muscle that lies immediately deep to the tendon 
of iliopsoas and overlies the anterior hip capsule (Babst et al 2011, Ward 
et al 2000). Typieally present as just a few strands of fibres, it originates 
from the anteromedial hip capsule and anteroinferior iliae spine, and 
is attaehed just distal to the lesser troehanter. Although the fimetion of 
the muscle is uncertain, it may draw the capsule taut as a way of redu- 
eing its impingement during hip flexion. 
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Fig. 81.6 Ligaments of the hip joint. A, Anterior aspeet; B, Posterior aspeet. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Ligaments 


The ligaments of the hip joint are the iliofemoraf pubofemoraf 
isehiofemoral and transverse acetabular ligaments, and the ligament of 
the head of the femur (Fig. 81.6). As the hip moves, the capsular liga- 
ments wind and unwind, tightening around the hip, and affeeting 
stability, excursion and joint eapaeity (Fuss and Baeher 1991). Joint 
eapaeity is maximal when the hip joint is held in a partially flexed and 
abducted position; a patient with an effhsion in the hip joint is there- 
fore most eomfortable when the joint is held in this position. 

Iliofemoral ligamenl The iliofemoral ligament is very strong and is 
shaped like an inverted Y, lying anteriorly and intimately blended with 
the capsule. Its apex is attaehed between the anterior inferior iliae spine 
and acetabular margin, its base to the intertroehanterie line. It is eom- 
posed of a medially plaeed, thieker deseending part and a laterally 
plaeed, transverse part, which is typieally distinguishable anteriorly. 
The obliquely disposed transverse part is attaehed to a tubercle at the 
superolateral end of the intertroehanterie line, while the vertieally 
oriented deseending part reaehes the inferomedial end of the line. 

Pllbofemoral ligament The pubofemoral ligament is triangular, 
with a base that is attaehed to the iliopubic ramus, superior pubic 
ramus, obturator erest and membrane. It blends distally with the 
capsule and deep surface of the deseending part of the iliofemoral liga- 
ment and has been deseribed as eonsisting of multiple emra ( Fuss and 
Baeher 1991). 

isehiofemoral ligament The isehiofemoral ligament thiekens the 

posterior aspeet of the capsule. The eentral part spirals superolaterally 
from the ischium, where it is attaehed posteroinferior to the acetabu- 
lum, then courses posterior to the femoral neek to attaeh distally to the 
greater troehanter deep to the iliofemoral ligament. Some fibres blend 
with the zona orbicularis. Some of the more inferior fibres of the 
isehiofemoral ligament embraee the posterior circumference of the 
femoral neek. 

Transverse aeetablllar ligament The transverse acetabular liga- 

ment (see Fig. 80.4) is continuous peripherally with the labmm but 
does not possess any eartilage eells. Its strong, flat fibres eross the 
acetabular noteh, forming a foramen through which vessels and nerves 
pass to enter the joint. 
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Fig. 81.7 Interior aspeet of the hip joint to show the ligament of the head 
of the femur. (With permission from Drake RL, Vogl AW, Mitehell A, et al 
(eds), Gray’s Atlas of Anatomy, Elsevier, Churchill Livingstone. Copyright 
2008.) 


Ligament of the head of the fenrmr The ligament of the head of 

the femur is a triangular and somewhat flattened band of eonneetive 
tissue (see Fig. 81.5, Fig. 81.7). Its apex is attaehed anterosuperiorly in 
the fovea for the ligament of the head of the femur while its base is 
attaehed prineipally to both edges of the acetabular noteh, between 
which it blends with the transverse acetabular ligament. It also reeeives 
weaker contributions from the margins of the acetabular fossa, is 
ensheathed by synovial membrane and varies in strength. Oeeasionally, 
the synovial sheath exists by itself in the absenee of the ligament; rarely, 
both the ligament and sheath are absent. 

Although the ligament of the head of the femur is known primarily 
for lending structural support to the blood vessels that travel to and 













































































Faetors maintaining stability 



from the femoral head, speculation exists that it may also have a role 
in stabilizing the hip joint in utero. In the adult, it is mostly elongated 
and assumed to be taut when the hip joint is semi-flexed, laterally 
rotated, and adducted, the position where the capsular ligaments, as a 
whole, offer least stability to the joint (Martin et al 2012). The degree 
to which the ligament of the head of the femur offers fhnetional stabil- 
ity to the adult hip is uncertain, although it is likely to be seeondary to 
that provided by the capsular ligaments and muscle aetivation. 

Medieal interest in the ligament of the head of the femur has 
inereased with the advaneing teehnology assoeiated with medieal 
imaging and arthroseopie hip surgery (Botser et al 2011, Gray and Villar 
1997; Fig. 81.8). Free nerve endings have been identified within this 
ligament, suggesting that this structure may be a source of pain when 
it is injured or degenerating (Leunig et al 2000). The afferent innerv- 
ation in the healthy state may serve as a source of proprioeeption or 
proteetion of the joint (Bardakos and Villar 2009). 


Synovial membrane 


Starting from the femoral articular margin, the synovial membrane 
eovers the intracapsular part of the femoral neek, and then passes to 
the internal surface of the capsule to eover the acetabular labmm, the 
ligament of the head of femur and fat in the acetabular fossa. It is thin 
on the deep surface of the iliofemoral ligament where it is eompressed 
against the femoral head, and sometimes is even absent here. 

Bursae 


The hip joint may communicate with the subtendinous iliopeetineal 
bursa through a eirailar aperture between the pubofemoral ligament 
and the deseending part of the iliofemoral ligament. More distant 
bursae are assoeiated with the tendons of distal attaehment of glutei 
medius and minimus at the greater troehanter, and between gluteus 
maximus and vastus lateralis. 


g) VASCULAR SUPPLY AND LYMPHATIO DRAINAGE 

Articular arteries are branehes from the obturator, medial circumflex 
femoral, and superior and inferior gluteal arteries; they form the emei- 
ate and troehanterie anastomoses (see Fig. 80.18). There is a eorre- 
sponding venous drainage. 

Lymphaties from the anterior aspeet of the hip joint drain to the 
deep inguinal nodes, while those from the medial and posterior aspeets 
of the joint travel with the obturator and gluteal arteries, respeetively, 
to reaeh the internal iliae nodes. 


INNERVATI0N 


The anterior capsule of the hip joint is innervated by the femoral, 
obturator and aeeessory obturator (when present) nerves. The poste- 
rior capsule is innervated by the seiatie and superior gluteal nerves, and 
by the nerve to quadratus femoris (Birnbaum et al 1997, Gardner 
1948). 

Hip and groin pain 


Pain emanating from the hip and groin has many possible causes. Tme 
pain from the hip joint is typieally felt deep in the erease of the groin. 
Pain over the lateral aspeet of the hip usually suggests a loeal problem 
such as troehanterie bursitis. Pain in the buttock is only oeeasionally 
derived from the hip joint; most frequently, it is referred from the 
lumbosacral spine or may be caused by vascular claudication. Pain in 
the groin may be assoeiated with inguinal or femoral hernias. In the 
younger age group, it affliets those engaged in sports, espeeially mnning 
ball sports; the pain is sometimes due to femoro-acetabular impinge- 
ment or to hernia but most often is related to adductor longus tendinitis 
(groin strain'). Attritional ehronie overload of the anterior abdominal 
wall at its attaehments to the pubis and inguinal ligament, or of external 
oblique at the superficial inguinal ring, is a eommon occurrence. Rarely, 
problems may occur at the pubic symphysis. 


FACT0RS MAINTAINING STABILITY 


The hip joint is normally very stable. The femoral head is elosely fitted 
to the acetabulum in an area exceeding half a sphere, and is embraeed 


elosely by the acetabular labmm, which restrains it in the soeket. In 
addition, a Vacuum effeet' is present. The thiek capsule is reinforeed by 
the three major ligaments: iliofemoral, pubofemoral and isehiofemoral. 
The iliofemoral ligament is the strongest, and is progressively tightened 
when the femur extends to the line of the tmnk. The pubofemoral and 
isehiofemoral ligaments also tighten when this happens and, as the 
joint approaehes the elose-paeked position, resistanee to an extending 
torque inereases rapidly. The transverse acetabular ligament and liga- 
ment of the head of the femur also contribute to stability. Only slight 
separation of the articular surfaces ean be aehieved by strong traetion 
on the joint. To aid insertion of an arthroseope, a needle is first inserted 
into the joint to eliminate the suction effeet; the joint will subsequently 
open sufficiently with traetion. Traumatic disloeation usually occurs 
only when the joint is subjected to extreme foree. 


BI0MECHANICS 0F THE HIP J0INT 


The transition from quadmpedal to bipedal gait was a eonsiderable bio- 
meehanieal milestone in the evohition of Homo sapiens. The biomeeh- 
anieal features of the human lower limb, whose fimetion is primarily 
to allow stanee and bipedal propulsion, are very different from those of 
the quadmped lower limb, and these differenees are refleeted in the 
anatomy and biomeehanies of the human hip, knee, ankle and foot 
joints. 

The acetabulum and femoral head form a multiaxial spheroidal 
('ball and soeket') joint, which allows relatively unhindered motion in 
three degrees of freedom, i.e. flexion/extension, abduction/adduction 
and medial/lateral rotation. This articulation is innately limited in its 
eapaeity for translational motion in anteroposterior, transverse and 
vertieal direetions. 

Femur 


The femur is essentially a tubular stmcture with distortions that eonsist 
of bows and twists. The most notable is the anterior bow in its mid 
portion, where the radius of curvature is relatively eonstant along the 
length of the femoral shaft. In the eoronal (frontal) plane, the femoral 
neek is inelined obliquely to the shaft at an angle of about 135 0 (range 
120-140°; Fig. 81.10) . Although the neek-shaft angle (eollo-diaphyseal 
angle; Mikulicz angle) and neek length are variable, the eentre of the 
neek in the eoronal plane is at the level of the apex of the greater tro- 
ehanter. In the axial (transverse) plane, the femoral neek is anteverted, 
i.e. rotated anteriorly relative to the posterior surfaces of the femoral 
eondyles; in the adult, this angle is 10-15° (Fig. 81.HA). Excessive 
anteversion may exist when this angle is signifieantly greater than 
10-15° (Fig. 81.11B). At birth, the angle of anteversion is typieally 
about 35-40°. As the ehild develops, forees from muscles and gravity 
cause the angle of anteversion to deerease gradually, approaehing 15° 
by young adulthood. Excessive anteversion usually persists beyond 
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Fig. 81.10 The neek-shaft angle (NSA) between the long axis of the 
femoral shaft (S) and the axis of the femoral neek (N) is on average 135° 
(range 125-140°). In addition, in most hips, a line nearly perpendicular to 
S from the tip of the greater troehanter (B) passes through the eentre of 
the femoral head. This approximation ean be utilized in judging the 
position of the femoral osteotomy in hip arthroplasty. 
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Hip 


The blood siipply to the hip in the ehild is different from that in the 
adult and this has very important implieations elinieally. Sinee the 
growth plate is avascular, the only blood supply to the femoral head is 
eonveyed through the retinacular vessels, which are mainly tributaries 
of the medial circumflex femoral artery. These retinacular arteries enter 
the joint capsule in the troehanterie fossa and aseend the femoral neek 
on its outer aspeet superiorly and posteriorly. They pass around the edge 
of the growth plate (physis) and enter the femoral head (Fig. 81.9). A 
minor contribution to the vascular supply eomes from the ligament of 


the head of the femur. Any damage to these vessels (e.g. trauma, infee- 
tion) ean result in the devastating eomplieation of avascular neerosis of 
the femoral head. The growth plate represents a line of weakness and 
predisposes to fracture from injury. Acute injuries affeeting the eapital 
epiphysis are uncommon. A more ehronie fracture through the eapital 
epiphysis resulting in slipped eapital femoral epiphysis, where the 
femoral head epiphysis displaees posteriorly off the femoral neek, 
occurs in pubescent adoleseents, espeeially males (see Fig. 81.9 and 
p. 1353). 


Ligament of head offemiir Fovea for ligament of head offemiir Greater troehanter 
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Fig. 81.8 An intaet ligament of the head of the femur in a left adult hip. A, T2-weighted fat-saturated MR arthrogram of the hip joint (eoronal seetion). 
(Courtesy of Miehael O’Brien MD, VViseonsin Radiology Speeialists, Milwaukee, Wl, USA.) B, Photograph taken through an arthroseope of a slightly 
distraeted hip joint. (Courtesy of John T Heinrieh MD, Milwaukee Orthopaedie Group Limited, Milwaukee, Wl, USA.) 







Fig. 81.9 Radiograph of the left hip of a 14-year-old boy. The yellow 
arrow shows posterior displaeement of the femoral head in the slipped 
eapital femoral epiphysis. The red arrow indieates the course of the 
retinacular vessels along the posterior aspeet of the femoral neek. The 
blue arrow indieates the physis (growth plate). (Courtesy of Mr 
Christopher Edward Baehe.) 
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Excessive anteversion 

Fig. 81.11 A, Superior view of a proximal femur with normal anteversion. 
B, Superior view of a proximal femur with excessive anteversion. (With 
permission from Neumann D, Kinesiology of the Musculoskeletal System, 
2nd ed, Elsevier, Mosby. Copyright 2010.) 


the body passes posterior to a line joining the eentres of the femoral 
heads. The body therefore tends to ineline posteriorly but this is coun- 
terbalaneed by ligamentous tension and eongmenee and eompression 
of the articular surfaces within the hip joints in the elose-paeked posi- 
tion. llnder inereased loading of the tmnk or leaning posteriorly, these 
resistive but passive faetors are assisted by aetive foree produced by the 
hip joint flexors. In swaying anteriorly at the ankles, or when the arms 
are stretehed forwards, and also in forward-bending at the hip, the line 
of body weight moves anterior to the medial-lateral axis of rotation 
through the hip joints. The posture adopted, or the rate of ehange of 
posture, is largely eontrolled by the hamstrings, which, besides being 
powerful flexors of the knee, are strong extensors of the hip. Gluteus 
maximus beeomes particularly aetive when the thigh is extended 
against resistanee, as in rising from a bending position or during 
elimbing. 

Abduction is produced by glutei medius and minimus, assisted by 
tensor faseiae latae, piriformis and sartorius. The motion is limited by 
adductor muscle tension, the pubofemoral ligament and the extreme 
medial bands of the deseending part of the iliofemoral ligament. The 
abductor muscles, most notably glutei medius and minimus, are aetive 
periodieally at preeise phases of the walking or mnning eyele to ensure 
eoronal plane stability of the pelvis. 

Adduction is produced by adductors longus, brevis and magnus and 
by graeilis assisted by pectineus, quadratus femoris and the inferior 
fibres of gluteus maximus. The range of adduction is limited by the 
inereasing tension in the abductor muscles, the transverse part of the 
iliofemoral ligament and the faseia lata of the thigh. 

Medial rotation is produced by the anterior fibres of glutei miniimis 
and medius, and assisted by tensor faseiae latae and most adductor 
muscles. The strength of medial rotation naturally inereases as the hip 
is flexed because this position inereases the moment arm of most 
medial rotator muscles (Delp et al 1999). Medial rotation is limited 
by tension in lateral rotator imiseles such as piriformis, the isehiofem- 
oral ligament and the adjaeent posterior joint capsule (Wagner et al 
2012 ). 

Lateral rotation is produced by gluteus maximus, obturator internus, 
superior and inferior gemelli, quadratus femoris and piriformis, and it 
is assisted by obturator externus and sartorius. Lateral rotation, a 
stronger motion than medial rotation, is limited by tension in the 
medial rotator imiseles and the transverse part of the iliofemoral liga- 
ment (Myers et al 2011). 


ehildhood in eases of abnormal motor development, such as ean be 
seen with eerebral palsy. 

The degree of anteversion affeets many aspeets of lower limb bio- 
meehanies, including the moment (lever) arms of the hip abductor and 
medial rotator muscles (the perpendicular distanee from the eentre of 
rotation of the femur to the line of aetion of the resultant muscle foree); 
patellar traeking (the motion of the patella relative to the feimir); and 
foot orientation. 

Acetabulum 


The acetabulum eonsists of the eonfhienee of the ilium, ischium and 
pubis at the triradiate eartilage. By itself, the acetabulum eovers an area 
slightly less than a hemisphere; it is deepened by the acetabular labmm. 
The degree of acetabular anteversion is about 17° (16° males and 18° 
females) (Reikeras et al 1983). In the eoronal plane, the acetabular axis 
is inelined inferiorly approximately 45 0 from the horizontal. 

M0VEMENTS 


Available with the Gray’s Anatomy e-book 

Muscles producing hip joint movements 


Flexion is primarily produced by psoas major, iliacus and rectus femoris, 
assisted by pectineus, tensor faseiae latae and sartorius. The adductors, 
particularly adductor longus and brevis, also assist, espeeially when the 
hip is near full extension. Effeetive aetion of the hip flexor muscles 
requires strong synergistie aetivation of the abdominal imiseles to sta- 
bilize the pelvis. 

Extension is produced by gluteus maximus, bieeps femoris, semi- 
tendinosus, semimembranosus and adductor magnus. The posterior 
fibres of gluteus medhis assist with this aetion (Neumann 2010a). In 
the fiilly ereet posture, a vertieal line through the eentre of gravity of 


Forees aeting on the hip 


In quiet upright standing, the femoral heads support the weight of the 
tmnk, upper limbs and head. About two-thirds of body weight is 
loeated above the hips, and so eaeh femoral head normally aeeepts 
about one-third of body weight. This foree is eompressive in nature, as 
gravity pulls the acetabula against the femoral heads. When viewed in 
the sagittal plane, minimal muscle forees suffice to maintain equilib- 
rium as long as the weight of the upper body is direeted over the femoral 
heads. If the upper body leans anteriorly, shifting the upper body weight 
veetor anteriorly beyond the femoral heads and thereby producing a 
hip flexion moment, posterior thigh imiseles ean counter such rotation. 
As the capsular ligaments of the hip slaeken in flexion, none of them 
is able to resist the forward lean. 

During walking, hip joint eompression foree varies from one-third 
of body weight, when both feet are on the ground, to some four times 
body weight when the other foot is lifted. The large eompression forees 
generated while walking originate primarily from two sources: gravity 
and muscle aetivation. During the stanee phase, gravity pulls the upper 
body and acetabulum inferiorly on the femoral heads (as deseribed 
above for quiet standing). More signifieantly, eaeh femoral head is 
pushed superiorly against its soeket as the foot strikes and then pushes 
against the ground. Although aetivation of muscles is responsible for a 
greater portion of joint eompression at the hip, the influences of gravity 
and of capsular tension (when the hip joint is extended) should not be 
ignored. 

As the lower limb is swinging anteriorly and free of eontaet with the 
ground, hip joint eompression foree is estimated to be at about 50% 
of body weight (Correa et al 2010). Such joint foree is essentially myo- 
genie. Oonsider, for example, a eontraeting iliopsoas pulling the femoral 
head against the acetabulum as it simultaneously advanees the lower 
limb in walking. 

In eontrast, during the stanee phase of walking, hip joint forees may 
reaeh four times body weight. These forees are mainly caused by the 
pull of the hip abductor muscles (primarily gluteus medius, gluteus 
minimus and tensor faseiae latae). This muscular aetion, essential to 

















Hip 


Two terms ean eonveniently deseribe the kinematies (movements) at 
the hip. Femoral-on-pelvie hip kinematies deseribes the rotation of the 
femur about a relatively fixed pelvis. Conversely pelvie-on-femoral 
(hip) kinematies deseribes the rotation of the pelvis, and often the 
superimposed tmnk, over a relatively fixed femur or set of femurs. 
Regardless of whether the femur or the pelvis is the moving segment, 
kinematies are deseribed for all three eardinal planes on the assumption 
that movements are initiated from the anatomieal position. 

Flexion and extension are motions that occur in the sagittal plane. 
To appreeiate the hip joint arthrokinematies that aeeompany the assoei- 
ated femoral-on-pelvie motions, the length and angulation of the 
femoral neek in relation to the shaft must be eonsidered. As the hip 
(femur) is flexed about 120° towards the anterior thoraeie wall, or 
extended 10-20° beyond the plane of the tmnk, the femoral head 
'spins' in the acetabulum about a side-to-side (medial-lateral) axis of 
rotation. Conversely, from a pelvie-on-femoral perspeetive, the aeetab- 
ula rotate around a similar axis in flexion and extension relative to 





Fig. 81.12 Hip flexion shown from two kinematie perspeetives, as 
indieated by the green curved arrows. A, Femoral-on-pelvie flexion. 

B, Pelvie-on-femoral flexion. Note the direetional-speeifie motion of the 
lumbar spine in B; this is a neeessity, assuming the trunk remains upright. 
Tissues that are elongated or pulled taut are indieated by orange arrows; 
tissues slaekened are indieated by blue wavy arrows. In all eases, 
muscles are assumed to be inaetive but stretehed. The red eirele 
indieates the axis of rotation at the hip. (With permission from Neumann 
D, Kinesiology of the Musculoskeletal System, 2nd ed, Elsevier, Mosby. 
Copyright 2010.) 


stationary femoral heads (eompare Figs 81.12A and B). Depending on 
the aeeompanying tmnk movement, the lumbar vertebrae will either 
flex or extend in rhythm with the rotating pelvis. Consider, for example, 
a short-are anterior rotation (or tilt) of the pelvis over both femurs while 
the upper tmnk remains stationary. During this motion, the lumbar 
vertebrae extend slightly towards greater lordosis. By eomparison, rotat- 
ing both the pelvis and the tmnk over both femurs (as in reaehing 
towards the ground with knees held extended), the pelvis and the tho- 
racolumbar vertebrae both flex, thereby augmenting the overall forward 
motion of the body as a whole. 

Abduction and adduction of the hip joint occur in the eoronal plane 
about an anterior-to-posterior axis of rotation through the femoral 
head. With the pelvis fixed, the femur abducts about 40° (Fig. 81.13A). 
Conversely, pelvie-on-femoral (hip) motions that occur in the eoronal 
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Fig. 81.13 Hip abduction shown from two kinematie perspeetives, as 
indieated by the green curved arrows. A, Femoral-on-pelvie abduction. 

B, Pelvie-on-femoral abduction. Note the direetional-speeifie motion of 
the lumbar spine in B; this is a neeessity, assuming the trunk remains 
upright. Tissues that are elongated or pulled taut are indieated by orange 
arrows. In all eases, muscles are assumed to be inaetive but stretehed. 
The red eirele indieates the axis of rotation at the hip. (With permission 
from Neumann D, Kinesiology of the Musculoskeletal System, 2nd ed, 
Elsevier, Mosby. Copyright 2010.) 
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Fig. 81.14 Hip adduction shovvn from a pelvie-on-femoral perspeetive, as 
indieated by the green curved arrovv. Note the direetional-speeifie motion 
of the lumbar spine; this is a neeessity, assuming the trunk remains 
upright. Tissues that are elongated or pulled taut are indieated by orange 
arrovvs. In all eases, muscles are assumed to be inaetive but stretehed. 
The red eirele indieates the axis of rotation at the hip. (With permission 
from Neumann D, Kinesiology of the Musculoskeletal System, 2nd ed, 
Elsevier, Mosby. Copyright 2010.) 
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Fig. 81.15 The right lateral rotator muscles of the hip eontraet to produce 
lateral rotation of the right hip, from a pelvie-on-femoral perspeetive. 

Baek extensor muscles are also shovvn aetive, rotating the lovver trunk 
to the left. (With permission from Neumann D, Kinesiology of the 
Musculoskeletal System, 2nd ed, Elsevier, Mosby. Copyright 2010.) 


plane are best deseribed assuming a person is bearing weight firmly on 
one lower limb, referred to hereafter as the 'snpport' hip. Abduction at 
the support hip occurs by raising the eontralateral side of the pelvis a 
few degrees (Fig. 81.13B). Marked tightness in hip adductor muscles or 
medial capsule of the hip on the support hip ean limit this pelvie 
motion. Adduction at the support hip occurs by lowering the eontra- 
lateral side of the pelvis (Fig. 81.14). Assuming that the tmnk remains 
nearly stationary during these short-are pelvie-on-femoral motions, the 
lumbar spine laterally bends slightly as a way to offset undesired tho- 
raeie motion. The lumbar vertebrae, therefore, aet to decouple motion 
of the pelvis (moving on the femur) from undesired motions between 
the thorax and pelvis (Neumann 2010b). This decoupling fimetion of 
the lumbar vertebrae is espeeially useful during walking as a way of 
partially fixing the spatial orientation of the upper thorax, as well as the 
assoeiated eranioeervieal region and the embedded senses of vision and 
equilibrium. This kinematie linkage between the spine, pelvis and 
femur exists in essentially all hip motions to varying degrees, and is an 
essential eharaeteristie of normal walking. 

Medial and lateral rotation of the hip joint occurs in the transverse 
(horizontal) plane about a vertieal axis of rotation. With the pelvis 


fixed, the femur rotates medially about 35°. The extended hip rotates 
laterally about 45 °. Transverse plane movements of the hip joint from 
a pelvie-on-femoral perspeetive, as explained above, are best deseribed 
assuming a person is bearing weight over a given 'support' hip. Con- 
sider, for example, mnning and rapidly ehanging direetions while one 
lower limb is securely planted on the ground. During lateral rotation 
of the support hip, the iliae erest loeated eontralateral to the support 
limb rotates posteriorly in the transverse plane, an aetion driven strongly 
by gluteus maximus (Fig. 81.15). Conversely, pelvie-on-femoral (hip) 
medial rotation occurs as the eontralateral iliae erest region rotates 
anteriorly. 

As stated above, the axis of rotation for transverse plane motions at 
the hip joint occurs about a vertieal axis of rotation. The slight anterior 
bowing for the femoral shaft, coupled with the natural angle between 
the femoral shaft and neek, means that this axis is not intramedullary; 
rather it passes just posterior and slightly medial to the shaft. The posi- 
tion of this 'meehanieaT (versus medullary) axis beeomes biomeehani- 
eally relevant when eonsidering the aetions and moment arms of eertam 
hip muscles, most notably for adductor muscles that also fimetion as 
medial rotators. 
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Fig. 81.16 VVhile standing on one (left) lovver limb, body vveight (BW) line 
of foree, i.e. total body vveight minus the vveight of the left lovver limb, 
passes just lateral to the midline, exerting a counterclockwise moment 
about the stanee hip (BW x b). An equal but clockwise moment is 
required about the stanee hip for meehanieal equilibrium: a moment 
produced by the foree of the abductors (Ab), whose lever arm (a) is 
approximately half that of the lever arm (b). The two moments are in 
balanee when (Ab x a = BW x b). The abductor foree required to maintain 
equilibrium is approximately twice that of BW, resulting in a joint reaetion 
foree (JRF) about 2.5 times that of total weight of the subject’s body. 

normal bipedal gait, provides the neeessary eoronal plane stabilization 
of the pelvis relative to the femoral head of the stanee limb. 

The importanee of hip abductor muscle aetivation during the stanee 
phase of walking ean be well appreeiated by understanding the simple 
meehanies of standing on one limb (Fig. 81.16). The lever arm (a) of 


left hip abductor foree (Ab) is about half the length of the lever arm 
(b) assoeiated with body weight (BW). To balanee the eompeting 
(eoronal plane) gravitational moments about the stanee hip, the hip 
abductors must produce a foree about twice superincumbent body 
weight. Thus, the acetabulum is pulled inferiorly against the femoral 
head not only by the body weight but also by the foree ereated by the 
aetivated hip abductor muscles. The sum of the muscular and gravit- 
ational forees equals about 2.5 times the total weight of the person. 
These downward forees on the head of the femur are counteracted by 
an upward joint reaetion foree of equal magnitude (JRF in Fig. 81.16). 
Both magnitude and direetion of the joint reaetion foree are strongly 
influenced by the pull of the hip abductor muscles. 

The above analysis is for standing quietly on one limb. During 
walking, however, the joint reaetion foree routinely reaehes at least four 
times body weight, refleeting both the high ground reaetion forees and 
the need for the hip abductor muscles to deeelerate rotations of the 
pelvis (Bergmann et al 1993). Hip joint forees reaeh still greater values 
during mnning or stair-elimbing (see review in Stansfield and Nieol 
2002 ). 

Compression forees produced by the gluteus medius during stanee 
phase are direeted superiorly and slightly anteromedially within the 
acetabulum (Correa et al 2010), a region naturally proteeted by thiek 
articular eartilage. In the healthy hip joint, the muscular-based eompres- 
sive forees serve important fimetions, such as helping to stabilize the 
articulation and stimulate the morphologieal development of the 
growing hip. Forees that eross the hip typieally do not harm the joint 
because they are absorbed by healthy articular eartilage and eongment 
joint surfaces. Failure of these eonditions to absorb forees in the joint 
may predispose to osteoarthritis of the hip. 

The three faetors that infhienee both the magnitude and the diree- 
tion of eompressive forees aeting on the hip are the position of the 
eentre of gravity; the abductor moment arm, which is a fimetion of neek 
length (offset) and neek-shaft angle; and the amount of body weight. 
Shortening of the lever arm of the abductors, such as occurs in coxa 
valga or excessive femoral anteversion, or in a remodelled proximal 
femur in advaneed hip osteoarthritis, would inerease abductor muscle 
demand and thus inerease joint reaetion foree as well. If the muscles 
eannot meet this demand, the pelvis eannot be held level in standing 
on one limb, a problem known as either a eompensated or an uncom- 
pensated Trendelenburg sign. The Trendelenburg sign is said to be 
eompensated if the pelvis is brought towards the affeeted stanee limb 
as a way of shortening the body weight's lever arm. Conversely, the 
Trendelenburg sign is said to be uncompensated if the pelvis drops away 
from the affeeted stanee limb uncontrollably. 



Fig. 81.1 B Anteroposterior radiograph of an 
adult male pelvis. 

Fig. 81.2 T1-weighted fat-saturated MR 
arthrogram of the left hip joint (eoronal 
seetion). 

Fig. 81.3 Pre-surgical radiograph of a hip 
with a eam deformity of the femoral 
head-neek junction. 


Fig. 81.8 An intaet ligament of the head of 
the femur in a left adult hip. 

Fig. 81.9 Radiograph of the left hip of a 
14-year-old boy. 

Fig. 81.12 Hip flexion shown from two 
kinematie perspeetives. 

Fig. 81.13 Hip abduction shown from two 
kinematie perspeetives. 


Fig. 81.14 Hip adduction shown from a 
pelvie-on-femoral perspeetive. 

Fig. 81.15 The right lateral rotator muscles 
of the hip eontraet to produce lateral 
rotation of the right hip, from a pelvie-on- 
femoral perspeetive. 

Imaging slideshow 81.1 Hip arthroseopy. 
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Knee 



The knee is the largest synovial joint in the body. It eonsists of three 
fnnetional eompartments that eolleetively form a dynamie, speeialized 
hinge joint. During propnlsion, the knee is able to withstand impressive 
weight-bearing loads while conducting preeision movements, providing 
a stable yet fluid meehanism for relatively effieient bipedal loeomotion. 
The complex arrangement of intra- and extracapsular ligaments that 
helps to counter the eonsiderable biomeehanieal demands that are 
imposed on the joint ean also be involved in disease (i.e. tri- 
eompartment disease). 


SKIN AND SOFT TISSUES 


SKIN 


Innervation 


Infrapatellar braneh of the saphenous nerve 

The infrapatellar braneh of the saphenous nerve reaehes the anterior 
aspeet of the knee from the medial side. It is invariably divided in the 
medial surgical approaehes to the knee, which accounts for the numb- 
ness that inevitably occurs following such procedures. A painfiil 
neuroma may form if the nerve is partially seetioned, e.g. by the ineision 
for an arthroseopy portal or a small medial arthrotomy. Unfortunately 
the position of the nerve relative to the line of the joint is variable. In 
most eases, it erosses just below the joint line, passing over the patellar 
ligament at its insertion on to the tibia. For ffirther details, see Tennant 
et al (1998). 

Peripatellar plexus 

Proximal to the knee, the infrapatellar braneh of the saphenous nerve 
eonneets with branehes of the medial and intermediate femoral cutan- 
eous nerves, and lateral femoral cutaneous nerve. Distal to the knee, it 
eonneets with other branehes of the saphenous nerve. This fine, subcu- 
taneous network of eomimmieating nerve fibres over and around the 
patella is termed the peripatellar plexus. 

Cutaneous vascular supply 
and lymphatie drainage 


The arterial supply of the skin eovering the knee is derived from genicu- 
lar branehes of the popliteal artery, the deseending genicular braneh of 
the femoral artery, and the anterior recurrent braneh of the anterior 
tibial artery, with small contributions from muscular branehes to vastus 
medialis and the posterior thigh muscles (Fig. 82.1). For ffirther details, 
consult Cormack and Lamberty (1994). 

Cutaneous veins are tributaries of vessels that eorrespond to the 
named arteries. Cutaneous lymphatie drainage is initially to the super- 
fieial inguinal nodes, possibly also to the popliteal nodes, and then to 
the deep inguinal nodes. 


SOFT TISSLJES 
Popliteal fossa 


The popliteal fossa (Figs 82.2-82.3) is a diamond-shaped region pos- 
terior to the knee, bordered by posterior eompartment muscles of the 
thigh and leg. The boundaries are bieeps femoris proximolaterally; 
semimembranosus and the overlying semitendinosus proximomedi- 
ally; the lateral head of gastroenemms with the underlying plantaris 
distolaterally; and the medial head of gastrocnemius distomedially. The 
anterior boundary (or floor) of the fossa is formed, in proximodistal 
sequence, by the popliteal surface of the femur, the oblique popliteal 


ligament (overlying the posterior surface of the capsule of the knee 
joint), and the posterior aspeet of the proximal tibia eovered by popli- 
teus and its faseia. The deep faseia (faseia musculorum) aets as the roof 
of the fossa and is continuous with the faseia lata proximally and with 
the deep faseia of the leg distally. It is a dense layer that is strongly 
reinforeed by transverse fibres and is often perforated by the short 
saphenous vein and medial and lateral sural cutaneous nerves; these 
structures are useful landmarks in the direet posterior approaeh to the 
knee joint. 

The popliteal fossa is approximately 2.5 em wide. Distally, its eon- 
tents are proteeted and hidden by the heads of gastroenemms, which 
eontaet eaeh other. The fossa eontains the popliteal vessels (see Fig. 
82.2; Fig. 82.4), tibial and eommon fibular nerves, short saphenous 
vein, medial and lateral sural cutaneous nerves, posterior femoral cuta- 
neous nerve, artiailar braneh of the obturator nerve, lymph nodes, fat 
and a variable number of bursae. The tibial nerve deseends eentrally 
immediately anterior to the deep faseia, erossing the vessels posteriorly 
from lateral to medial. The eommon fibular nerve deseends laterally 
immediately medial to the tendon of bieeps femoris. When the pop- 
liteal vessels enter the proximal region of the popliteal fossa, they 
maintain a side-by-side relationship, which shifts to an over-under 
relationship as they deseend through the fossa and are held together by 
dense areolar tissue within the fossa. This may potentially eompromise 
the popliteal artery in distal femoral fractures. The popliteal vein is 
generally loeated posterior to the artery. Proximally, the vein lies lateral 
to the artery, erossing to its medial side distally. At times, the popliteal 
vein may be duplicated, so that the artery lies between the veins, which 
are usually bridged by eonneeting ehannels. An articular braneh from 
the obturator nerve deseends along the artery to the knee. Six or seven 
popliteal nodes are embedded in the fat, one under the deep faseia near 
the termination of the short saphenous vein, one between the popliteal 
artery and knee joint, and the others intimate with the popliteal vessels. 


Deseending 
genicular artery 

Articular braneh of 
deseending genicular 

artery 

Saphenous braneh 
ofdeseending 
genicular artery 

S uperior medial 
genicular artery 


Tibial eollateral 
ligament 

Patellar ligament 

Inferior medial 
genicular 
artery 



Deseending braneh 
of lateral 

circumflex femoral 
artery 


S uperior lateral 
genicular artery 


F ibular eollateral 
ligament 


Inferior lateral 
genicular artery 


Circumflex 
fibular artery 


Anterior tibial 
recurrent artery 

Anterior 
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Fig. 82.1 The arterial anastomoses around the left knee joint, anterior 
aspeet. 
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Fig. 82.2 The left popliteal fossa. (With permission from Waschke J, 
Paiilsen F (eds), Sobotta Atlas of Hiiman Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 


BONES 


FEMUR, TIBIA AND FIBULA 

The femur is deseribed on pages 1348-1353 and the tibia and fibula 
are deseribed on pages 1401-1405 and 1405, respeetively. 


PATELLA 


The patella is the largest sesamoid bone in the body (Figs 82.5-82.6) 
and is embedded in the tendon of quadriceps femoris, lying anterior to 
the distal femur (femoral eondyles). It is flat, distally tapered and proxi- 
mally curved, and has anterior and articular surfaces, three borders and 
an apex, which is the distal end of the bone. Most surfaces and borders 
are palpable. With the knee in extension, the apex is positioned proxi- 
mal to the line of the knee joint by 1-2 em. 

The subcutaneous, convex anterior surface is perforated by numer- 
ous nutrient vessels. It is longitudinally ridged, separated from the skin 
by the subcutaneous prepatellar bursa, and eovered by an expansion 
from the tendon of quadriceps femoris, which blends distally with 
superficial fibres of the patellar ligament (inaccurately named because 
this structure is the continuation of the tendon of quadriceps femoris). 
The posterior surface has a proximal smooth, oval articular area, erossed 
by a smooth vertieal ridge, which fits the intereondylar groove on the 
femoral patellar surface and divides the patellar articular area into 
medial and lateral faeets; the lateral is usually larger. Eaeh faeet is 
divided by faint horizontal lines into approximately equal thirds. A 
seventh 'odd' faeet is present as a narrow strip along the medial border 
of the patella; it eontaets the medial femoral eondyle in extreme knee 
flexion. Distal to the articular surface, the apex is roughened by the 
attaehment of the patellar ligament. Proximal to this, the area between 
the roughened apex and the articular margin is eovered by an infrapatel- 
lar fat pad. The patellar articular eartilage is the thiekest in the body, 
refleeting the magnitude of the stresses to which it is subjected. 

The thiek superior border (surface) slopes anteroinferiorly. The 
medial and lateral borders are thinner and eonverge distally; the 
expansions of the tendons of vasti medialis and lateralis (medial and 
lateral patellar retinacula, respeetively) are attaehed to them. The lateral 
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Fig. 82.3 Muscles of the ealf, superficial view including the boundaries of 
the popliteal fossa. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. 
Oopyright 2013.) 


retinaculum reeeives contributions from the iliotibial traet. Ossifieation 
oeeasionally extends from the lateral margin of the patella into the 
tendon of vastus lateralis. 

The shape of the patella ean vary and eertain configurations are 
assoeiated with patellar instability. Not infrequently, a bipartite and, 
less eommonly, a tripartite patella are seen on imaging. The bone seems 
to be in separate parts, usually with a smaller superolateral fragment: 
this has long been attributed to the presenee of a separate ossifieation 
eentre but, in some eases, could represent failed union following either 
a stress fracture or a violent eontraetion of quadriceps femoris (e.g. 
landing on the feet after jumping from a substantial height) resulting 
in a traumatic fracture. 

Structure The patella eonsists of more or less uniformly dense trabee- 
ular bone, eovered by a thin eompaet lamina. Trabeculae beneath the 
anterior surface are parallel to the surface; elsewhere, they radiate from 
the articular surface into the substance of the bone. 

Mlisde attaehments Quadriceps femoris is attaehed to the superior 
surface, except near its posterior margin; the attaehment extends distally 
on to the anterior surface. The attaehment for rectus femoris is antero- 
inferior to that for vastus intermedius. Rough markings ean be traeed 
in eontimiity around the periphery of the bone from the anterosuperior 
surface to the deep surface of the apex. Those at the lateral and medial 
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Fig. 82.4 The left popliteal, posterior tibial and fibiilar arteries, posterior 
aspeet. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, llrban & Fiseher. Copyright 2013.) 


borders represent the attaehments of vasti lateralis and medialis, and 
those at the apex represent the attaehment of the patellar ligament. 

Vaseillar Slipply The arterial supply of the patella is derived from 
the genicular anastomosis, particularly from the genicular branehes of 
the popliteal artery and from the anterior tibial recurrent artery. An 
anatomieal study in ehildren and fetuses eonfìrmed that this netvvork 
is already well developed in these age groups (Hamel et al 2012). 

Ossìfieatíon Several eentres appear during the third to sixth years and 
these eoalesee rapidly. Aeeessory marginal eentres appear later and fuse 
with the eentral mass. 


JOINTS 

SLIPERIOR TIBIOFIBLILAR JOINT 




Fig. 82.5 A, Left patella, anterior aspeet. Key: 1, area of attaehment of 
rectus femoris; 2, medial border: attaehment of medial retinaculum 
(expansion); 3, apex; 4, area of attaehment of vastus intermedius; 5, 
markings of attaehment of tendon of quadriceps femoris; 6, lateral border: 
attaehment of lateral retinaculum (expansion). B, Left patella, articular 
(posterior) surface. Key: 1, upper lateral faeet: in eontaet with femur in 
flexion of the knee; 2, lower lateral faeet: in eontaet with femur in 
extension of the knee; 3, area overlain by edge of circumferential fat pad; 
4, upper medial faeet: in eontaet with femur in flexion of the knee; 5, 
medial vertieal (‘odd’) faeet: in eontaet with femur in extreme flexion of 
the knee; 6, lower medial faeet: in eontaet with femur in extension of the 
knee; 7, ridge; 8, area eovered by infrapatellar fat pad; 9, area for 
attaehment of patellar ligament. 


latter ease, the joint surfaces are inelined at an angle of greater than 
20°). The fibular faeet is usually elliptieal or circular, and almost flat or 
slightly grooved. The surfaces are eovered with hyaline eartilage. 

The volume of articular eartilage peaks at Tanner stage 2; boys gain 
artiailar eartilage faster than girls. The rate of cartilaginous volume 
development is +233 pl/year for the patella, +350 jiiL/year for the 
medial tibial eompartment and +256 pL/year for the lateral tibial eom- 
partment (Jones et al 2003). 

FÌbroilS eapsille The capsule is attaehed to the margins of the articu- 
lar surfaces of the tibia and fibula, and is thiekened anteriorly and 
posteriorly. 


The superior (proximal) tibiofibular joint is a synovial joint (plane 
variety) between the lateral tibial eondyle and head of the fibula. 

Artieillating siirfaees The articulating surfaces vary in size, form 
and inelination. The joint line may be transverse or oblique (in the 


Ligaments The ligaments of the superior tibiofibular joint are not 
entirely separate from the capsule. The anterior ligament is made up of 
two or three flat bands, which pass obliquely up from the fibular head 
to the front of the lateral tibial eondyle in elose relation to the tendon 
of bieeps femoris. The posterior ligament is a thiek band that aseends 


1385 


CHAPTER 82 













































































SECTION 9 


KNEE 



Fig. 82.6 Anteroposterior (A) and lateral (B) radiographs of the knee of a boy aged 14 years. Key: 1, patella; 2, cartilaginous grovvth plates; 
3, intereondylar eminenee; 4, prolongation of proximal tibial epiphysis and grovvth plate forming the tibial tuberosity. 


obliquely between the posterior aspeet of the fibular head and the 
lateral tibial eondyle, eovered by the popliteal tendon. 

Synovial nfiembrane The synovial membrane of the superior tibio- 
fibular joint is oeeasionally continuous with that of the knee joint via 
the subpopliteal reeess. 

Vascular supply and lymphatie drainage The superior tibio- 

fibular joint reeeives an arterial supply from the anterior and posterior 
tibial recurrent branehes of the anterior tibial artery. Lymphaties follow 
the arteries and drain to the popliteal nodes. 

Innervation The superior tibiofibular joint is innervated by branehes 
from the eommon fibular nerve and from the nerve to popliteus. 

Faetors maintaining Stability Stability of the superior tibiofibular 
joint is maintained by the fibrous capsule and the anterior and posterior 
ligaments, assisted by the bieeps femoris tendon and the interosseous 
membrane of the leg. 

Movements Very little movement other than limited gliding takes 
plaee at the superior tibiofibular joint. Some movement must occur in 
conjunction with movement at the inferior tibiofibular joint; however, 
surgical fiision (arthrodesis) of the superior tibiofibular joint seems to 
have no effeet on movements of the ankle joint. 

Relations The eommon fibular nerve mns posterior to the head of 
the fibula, medial to the tendon of bieeps femoris, which is elosely 
assoeiated with the anterior capsule. The anterior and posterior tibial 
branehes of the popliteal artery and the fibular artery are all vulnerable 
inferomedial to the joint. 


flexion, when the highest lateral patellar faeet eontaets the anterior part 
of the lateral femoral eondyle. As the knee extends, the middle patellar 
faeets eontaet the lower half of the femoral surface; in full extension, 
only the lowest patellar faeets are in eontaet with the femur. In summary 
on flexion, the patellofemoral eontaet point moves proximally and the 
eontaet area broadens to eope with the inereasing stress that aeeompa- 
nies progressive knee flexion. 

Patellar ligament sheath and patellar ligament The patellar 

ligament is a eontimiation of the tendon of quadriceps femoris and 
therefore is inaccurately named. It continues from the patella to the 
tibial tuberosity (see Figs 80.28, 80.31). It is strong, flat and 6-8 em in 
length. Proximally, it is attaehed to the apex of the patella and adjoining 
margins, to roughened areas on the anterior surface and to a depression 
on the distal posterior patellar surface. Distally, it is attaehed to the 
superior smooth area of the tibial tuberosity. This attaehment is oblique, 
and is more distal laterally. Its superficial fibres are continuous over the 
patella with the tendon of quadriceps femoris, the medial and lateral 
parts of which deseend, flanking the patella, to the sides of the tibial 
tuberosity, where they merge with the fibrous capsule as the medial and 
lateral patellar retinacula. The patellar ligament is separated from the 
synovial membrane by a large infrapatellar fat pad and from the tibia 
by a bursa, and lies within its own well-defined sheath. 

In the procedure of tibial osteotomy, the tibia is cut transversely just 
above the insertion of the patellar ligament. Failure to appreeiate the 
obliquity of the tibial attaehment of the tendon may lead to inadvertent 
division of the tendon during this procedure. The middle third of the 
patellar ligament may be harvested for surgical repair of a emeiate 
ligament. 

All other aspeets of the patellofemoral joint are deseribed with the 
tibiofemoral joint. 


PATELLOFEMORAL JOINT 


TIBIOFEMORAL JOINT 


1386 


The patellofemoral joint is a synovial joint and is part of the knee joint. 

Artieillating siirfaees The articular surface of the patella is adapted 
to that of the femur. The latter extends on to the anterior surfaces of 
both femoral eondyles like an inverted U. Sinee the whole area is 
eoneave transversely and convex in the sagittal plane, it is an asymmetri- 
eal sellar surface. The 'odd' faeet on the artiailar surface of the patella 
eontaets the anterolateral aspeet of the medial femoral eondyle in full 


The tibiofemoral joint is a complex synovial joint and is part of the 
knee joint. 

Articulating surfaces 

Proximal tibial surface 

The proximal tibial surface (unofficially referred to as the tibial plateau) 
slopes posteriorly and downwards relative to the long axis of the shaft 
(Fig. 82.7). The tilt, which is maximal at birth, deereases with age, and 





























Joints 




3 

4 


Fig. 82.7 The left tibial plateau. Key: 1, tibial tuberosity; 2, attaehment of 
anterior horn, lateral meniscus; 3, lateral eondyle; 4, attaehment of 
posterior horn, lateral meniscus; 5, attaehment of anterior horn, medial 
meniscus; 6, attaehment of anterior emeiate ligament; 7, medial eondyle; 
8, intereondylar eminenee; 9, attaehment of posterior horn, medial 
meniscus; 10, attaehment of posterior emeiate ligament. 



is more marked in habitiial squatters. The tibial plateau presents medial 
and lateral articular surfaces (faeets) for articulation with the eorre- 
sponding femoral eondyles. The posterior surface, distal to the articular 
margin, displays a horizontaf rough groove to which the capsule and 
posterior part of the tibial eollateral ligament are attaehed. The antero- 
medial surface of the medial tibial eondyle is a rough strip, separated 
from the medial surface of the tibial shaft by an inconspicuous ridge. 
The medial patellar retinaculum is attaehed to the medial tibial eondyle 
along its anterior and medial surfaces, which are marked by vascular 
foramina. 

The medial articular surface is oval (long axis anteroposterior) and 
longer than the lateral articular surface. Around its anterior, medial and 
posterior margins, it is related to the medial meniscus; the meniseal 
imprint, wider posteriorly and narrower anteromedially, is often dis- 
eernible. The surface is flat in its posterior half and the anterior half 
slopes superiorly about 10 0 . The menisais eovers much of the posterior 
surface so that, overall, a eoneave surface is presented to the medial 
femoral eondyle. Its lateral margin is raised as it reaehes the intereondy- 
lar region. 

The lateral tibial eondyle overhangs the shaft of the tibia postero- 
laterally above a small circular faeet for articulation with the fibula. The 
lateral articular surface is more circular and eoapted to its meniscus. In 
the sagittal plane, the articular surface is fairly flat eentrally, and ant- 
eriorly and posteriorly the surface slopes inferiorly. Overall, this ereates 
a rather convex surface so that, with the lateral femoral eondyle in 
eontaet, there are anterior and posterior reeesses (triangular in seetion), 
which are oeoipied by the anterior and posterior meniseal 'horns'. 
Elsewhere, the surface has a raised medial margin that spreads to the 
lateral intereondylar tubercle. Its artioilar margins are sharp, except 
posterolaterally, where the edge is rounded and smooth: here the 
tendon of popliteus is in eontaet with bone. 

intereondylar area 

The rough-surfaced area between the eondylar articular surfaces is nar- 
rowest eentrally where there is an intereondylar eminenee, the edges of 
which projeet slightly proximally as the lateral and medial intereon- 
dylar tubercles. The intereondylar area widens behind and in front of 
the eminenee as the artioilar surfaces diverge (see Fig. 82.7; Fig. 82.8). 

The anterior intereondylar area is widest anteriorly. Anteromedially, 
anterior to the medial articular surface, a depression marks the site of 
attaehment of the anterior horn of the medial meniscus. Behind this, a 
smooth area reeeives the anterior emeiate ligament. The anterior horn 
of the lateral meniscus is attaehed anterior to the intereondylar emi- 
nenee, lateral to the anterior emeiate ligament. The eminenee, with 
medial and lateral tubercles, is the narrow eentral part of the area. The 
raised tubercles are thought to provide a slight stabilizing influence on 
the femur. It is believed that the eminenee beeomes prominent onee 
walking eommenees and that the tibial eondyles transmit the weight of 
the body through the tibia. 

The posterior horn of the lateral meniscus is attaehed to the posterior 
slope of the intereondylar area. The posterior intereondylar area inelines 
down and backwards behind the posterior horn of the lateral menisois. 
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Fig. 82.8 The siiperior aspeet of the left tibia, showing the menisei and 
the attaehments of the emeiate ligaments. (With permission from Drake 
RL, Vogl AW, Mitehell A, et al (eds), Gray’s Atlas of Anatomy, Elsevier, 
Churchill Livingstone. Copyright 2008.) 



Fig. 82.9 Left knee joint, T1-weighted eoronal magnetie resonanee image 
(MRI). Key: 1, posterior emeiate ligament; 2, tibial eollateral ligament; 

3, medial meniscus; 4, lateral meniscus; 5, fibular eollateral ligament; 

6, anterior emeiate ligament. 


A depression behind the base of the medial intereondylar tubercle is 
for the attaehment of the posterior horn of the medial menisois. The 
rest of the area is smooth and provides attaehment for the posterior 
emeiate ligament, spreading baek to a ridge to which the capsule is 
attaehed. 

In a study of Nigerian ehildren, the mean intereondylar distanee was 
0.2 em at 1 year of age and there was no signifieant inerease in this 
distanee by the age of 10 years (Omololu et al 2003). 

Femoral surface 

The femoral eondyles, bearing artioilar eartilage, are almost wholly 
convex. Opinions as to the contours of their sagittal profiles tend to 
vary. One view is that they are spiral with a curvature inereasing pos- 
teriorly ('a elosing helix), that of the lateral eondyle being greater. An 
alternative view is that the artioilar surface for eontaet with the tibia on 
the medial femoral eondyle deseribes the ares of two eireles. Aeeording 
to this view, the anterior are makes eontaet with the tibia near extension 
and is part of a virtual eirele of larger radius than the more posterior 
are, which makes eontaet during flexion. The lateral femoral eondyle is 
believed to deseribe a single are and thus to possess a single radius of 
curvature. 

Tibiofemoral eongmenee is improved by the menisei, which are 
shaped to produce eoneavity of the surfaces presented to the femur; the 
eombined lateral tibiomeniseal surface is deeper. The lateral femoral 
eondyle has a faint groove anteriorly, which rests on the peripheral edge 
of the lateral meniscus in full extension. A similar groove appears on 
the medial eondyle but does not reaeh its lateral border, where a narrow 
strip eontaets the medial patellar articular surface in full flexion. These 
grooves demareate the femoral patellar and eondylar surfaces. The dif- 
ferenees between the shapes of the articulating surfaces eorrelate with 
the movements of the knee joint. 

Menisei 

The menisei (semilunar eartilages) are ereseentie, intracapsular, fibro- 
cartilaginous laminae (see Fig. 82.8; Fig. 82.9). They serve to widen, 
deepen and prepare the tibial articular surfaces that reeeive the femoral 
eondyles. Their peripheral attaehed borders are thiek and convex, and 
their free, inner borders are thin and eoneave. Their peripheries are 
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vascularized by eapillary loops from the fibrous capsule and synovial 
membrane, while their inner regions are less vascular. Tears of the 
menisei are eommon. Peripheral tears (e.g. in the vasoilarized zone) 
have the potential to heal satisfaetorily espeeially with surgical inter- 
vention. Tears in the less vasailar or inner zones seldom heal spontane- 
ously; if surgery is indieated, these menisei are often reseeted. The 
meniseal horns are riehly innervated eompared with the remainder of 
the meniscus. The eentral one-third is devoid of innervation (Gronblad 
et al 1985). The proximal surfaces are smooth and eoneave, and in 
eontaet with the articular eartilage on the femoral eondyles. The distal 
surfaces are smooth and flat, resting on the tibial articular eartilage. 
Eaeh eovers approximately two-thirds of its tibial articular surface. 
Canal-like structures open on to the surface of the menisei in infants 
and young ehildren, and may transport nutrients to deeper, less 
vascular areas. 

Two structurally different regions of the menisei have been identi- 
fied. The inner two-thirds of eaeh meniscus eonsist of radially organized 
eollagen bundles, and the peripheral one-third eonsists of larger circum- 
ferentially arranged bundles (Ghadially et al 1983). Thinner eollagen 
bundles parallel to the surface line the artioilar surfaces of the inner 
part, while the outer portion is eovered by synovium. This structural 
arrangement suggests speeifie biomeehanieal fimetions for the two 
regions: the inner portion of the menisois is suited to resisting eompres- 
sive forees while the periphery is eapable of resisting tensional forees. 
With ageing and degeneration, eompositional ehanges occur within the 
menisei, which reduce their ability to resist tensional forees. Outward 
displaeement of the menisei by the femoral eondyles is resisted by firm 
anehorage of the peripheral circumferential fibres to the intereondylar 
bone at the meniseal horns. 

The menisei spread load by inereasing the eongmity of the artioil- 
ation, provide stability by their physieal presenee and proprioeeptive 
feedbaek, and may oishion the underlying bone from the eonsiderable 
forees generated during extremes of flexion and extension of the knee. 

Medial meniscus 

The medial meniscus is broader posteriorly and is almost a semieirele 
in shape (see fig. 82.8). It is attaehed by its anterior horn to the anterior 
tibial intereondylar area in front of the anterior emeiate ligament; the 
posterior fibres of the anterior horn are continuous with the transverse 
ligament of the knee (when present). The anterior horn is in the floor 
of a depression medial to the upper part of the patellar ligament. The 
posterior horn is fixed to the posterior tibial intereondylar area, between 
the attaehments of the lateral menisois and posterior emeiate ligament. 
Its peripheral border is attaehed to the fibrous capsule and the deep 
surface of the tibial eollateral ligament. The tibial attaehment of the 
meniscus is known as the 'eoronary or meniseotibial ligament'. Col- 
leetively, these attaehments ensure that the medial menisois is relatively 
fixed and moves much less than the lateral meniscus. 

Lateral meniscus 

The lateral meniscus forms approximately four-fifths of a eirele and 
eovers a larger area than the medial meniscus (see Fig. 82.8). Its breadth, 
except at its short tapered horns, is more or less uniform. It is grooved 
posterolaterally by the tendon of popliteus, which separates it from the 
fibular eollateral ligament. Its anterior horn is attaehed in front of the 
intereondylar eminenee, posterolateral to the anterior emeiate ligament, 
with which it partly blends. Its posterior horn is attaehed behind this 
eminenee, in front of the posterior horn of the medial meniscus. Its 
anterior attaehment is eontorted so that the free margin faees postero- 
superiorly, and the anterior horn rests on the anterior slope of the 
lateral intereondylar tubercle. Near its posterior attaehment, it eom- 
monly sends a posterior meniseofemoral ligament superomedially 
behind the posterior emeiate ligament to the medial femoral eondyle. 
An anterior meniseofemoral ligament may also eonneet the posterior 
horn to the medial femoral eondyle anterior to the posterior emeiate 
ligament. The meniseofemoral ligaments are often the sole attaehments 
of the posterior horn of the lateral meniscus. More laterally, part of the 
tendon of popliteus is attaehed to the lateral menisois, and so mobility 
of its posterior horn may be eontrolled by the meniseofemoral liga- 
ments and by popliteus. A meniscofibular ligament occurs in most knee 
joints. As with the medial meniscus, there is a tibial attaehment via the 
so-ealled eoronary ligament, but the meniscus has no peripheral bony 
attaehment in the region of popliteus; in the surgical literature, this gap 
is referred to as the popliteus hiatus. 

Diseoid lateral meniscus A diseoid lateral meniscus oeeasionally 
occurs, often bilaterally. The distinguishing features of a diseoid lateral 
meniscus are its shape and posterior ligamentous attaehments. The 
following elassifieation of the abnormality is based on the work of 


Watanabe et al (1979). In its mildest form, the partial diseoid meniscus 
is simply a wider form of the normal lateral meniscus. The acute, medial 
free edge is interposed between the femoral and tibial eondyles but it 
does not eompletely eover the tibial plateau. A eomplete diseoid menis- 
cus appears as a bieoneave dise with a rolled medial edge and eovers 
the lateral tibial plateau. The Wrisberg type of menisois has the same 
shape as a eomplete diseoid menisois but its only peripheral posterior 
attaehment is by the meniseofemoral ligaments. In this ease, the normal 
tibial attaehment of the posterior horn of the lateral meniscus is laeking 
but the posterior meniseofemoral ligament persists. As a result, this type 
of menisois is attaehed anteriorly to the tibia and posteriorly to the 
femur, which renders the posterior horn unstable. llnder these eiroim- 
stanees, the meniscus is liable to beeome caught between the femur and 
tibia: this accounts for the elassie presenting symptom of the 'clunking 
knee' in some patients. The aetiology of diseoid meniscus is not elear. 
Most are asymptomatie and are often found by ehanee at arthroseopy. 
However, they may cause difficulty in gaining aeeess to the lateral eom- 
partment at arthroseopy. A diseoid medial meniscus is extremely rare. 

Transverse ligament of the knee 

The transverse ligament of the knee eonneets the anterior convex margin 
of the lateral meniscus to the anterior horn of the medial meniscus (see 
Fig. 82.8). It varies in thiekness and is often absent. Its exact role is 
conjectural, although one study found that the ligament was slightly 
taut in knee extension ( Fubbs et al 2008); presumably, it helps to 
deerease tension generated in the longitudinal eiraimferential fibres of 
the menisei when the knee is subjected to load. A posterior meniseo- 
meniseal ligament is sometimes present. 

Meniseofemoral ligaments 

The two meniseofemoral ligaments eonneet the posterior horn of the 
lateral meniscus to the inner (lateral) aspeet of the medial femoral 
eondyle (Figs 82.10-82.11). The anterior meniseofemoral ligament 
(ligament of Humphrey) passes anterior to the posterior emeiate liga- 
ment. The posterior meniseofemoral ligament (ligament of Wrisberg) 
passes behind the posterior emeiate ligament and attaehes proximal to 
the margin of attaehment of the posterior emeiate. 



Fig. 82.10 A, The anterior emeiate ligament, proton density (PD)-weighted 
sagittal MRI. Key: 1, suprapatellar bursa; 2, patella; 3, infrapatellar fat 
pad; 4, femoral articular eartilage; 5, patellar ligament; 6, anterior emeiate 
ligament. B, Anterior emeiate ligament: T2-weighted sagittal MRI. Key: 

1, femoral articular eartilage; 2, infrapatellar fat pad; 3, patellar ligament; 

4, anterior emeiate ligament. 
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Fig. 82.11 A, Posterior emeiate ligament, PD-weighted sagittal MRI. 

Key: 1, epiphyseal line; 2, femoral articular eartilage; 3, patellar ligament; 

4, popliteus; 5, posterior emeiate ligament; 6, gastrocnemius. B, Medial 
meniscus, PD-weighted sagittal MRI. Key: 1, suprapatellar fat pad; 

2, tendon of quadriceps femoris; 3, patellar articular eartilage; 4, patella; 

5, femoral articular eartilage; 6, patellar ligament; 7, infrapatellar fat pad; 
8, medial meniscus. 


Anatomieal studies found that at least one meniseofemoral ligament 
was almost always present in the eadaverie knees examined, while both 
sometimes coexisted (Gupte et al 2003). Biomeehanieal studies have 
revealed the eross-seetional area and strength of the meniseofemoral 
ligaments to be eomparable to those of the posterior fìbre bundle of 
the posterior emeiate ligament. 

The meniseofemoral ligaments are believed to aet as seeondary 
restraints, supporting the posterior emeiate ligament in minimizing 
displaeement caused by posteriorly direeted forees on the tibia. These 
ligaments are also involved in eontrolling the motion of the lateral 
meniscus in conjunction with the tendon of popliteus during knee 
flexion. 

Soft tissues 


Reeent advanees in imaging and surgery of knee ligaments have eon- 
tributed to an improved understanding of the anatomy of the medial 
and lateral soft tissues of the knee. 

Capsule and retinacula 

The joint capsule is a fibrous membrane ofvariable thiekness. Anteriorly 
it is replaeed by the patellar ligament and does not pass proximal to 
the patella or over the patellar area. Elsewhere, it lies deep to expansions 
from vasti medialis and lateralis, separated from them by a plane of 
vascularized loose eonneetive tissue. The expansions are attaehed to the 
patellar margins and patellar ligament, extending baek to the eorre- 
sponding eollateral (tibial and fìbular) ligaments and distally to the 
tibial eondyles. They form medial and lateral patellar retinacula, the 
lateral being reinforeed by the iliotibial traet. 

Posteriorly, the capsule eontains vertieal fìbres that arise from the 
artiailar margins of the femoral eondyles and intereondylar fossa, and 
from the proximal tibia. The fibres mainly pass downwards and some- 
what medially. The oblique popliteal ligament is a well-defined thieken- 
ing aeross the posteromedial aspeet of the capsule, and is one of the 
major extensions from the tendon of semimembranosus. 
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Fig. 82.12 A posterior disseetion of the knee. A, Capsule intaet. 

B, Capsule removed. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. 
Copyright 2013.) 


Medial soft tissues 

The medial soft tissues (see Fig. 80.28; Fig. 82.12) are arranged in three 
layers (Warren and Marshall 1979). 

Layer 1 Layer 1 is the most superficial and is the deep faseia that 
invests sartorius. The saphenous nerve and its infrapatellar braneh are 
superficial to the deep faseia of the leg. Sartorius inserts into the faseia 
as an expansion rather than as a distinet tendon. The faseia spreads 
inferiorly and anteriorly to lie superficial to the distinet and readily 
identifiable tendons of graeilis and semitendinosus and their insertions. 
The latter two tendons are eommonly harvested for surgical reeonstme- 
tion of damaged emeiate ligaments. To gain aeeess to them, the upper 
edge of sartorms ean be identified. The sartorms (layer 1) faseia is then 
ineised to reveal the tendons. Deep to the tendons is the anserine bursa, 
which overlies the superficial part of the tibial eollateral ligament; this 
bursa sometimes beeomes inflamed, espeeially in traek and field ath- 
letes. Posteriorly, layer 1 overlies the tendons of gastrocnemius and the 
structures of the popliteal fossa. Anteriorly, layer 1 blends with the 
anterior limit of layer 2 and the medial patellar retinaculum. More 
inferiorly, layer 1 blends with the periosteum. 

A eondensation of tissue passes from the medial border of the 
patella to the medial epieondyle of the femur (the medial patellofemo- 
ral ligament), the anterior horn of the medial meniscus (the meniseo- 
patellar ligament), and the medial tibial eondyle (the patellotibial 
ligament). 
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Layer 2 Layer 2 is the plane of the superficial part of the tibial eol- 
lateral ligament, which means that the tendons of graeilis and semi- 
tendinosus lie between layers 1 and 2. The superficial part of the tibial 
eollateral ligament has vertieal and oblique portions. The former eon- 
tains vertieally orientated fibres that pass from the medial epieondyle 
of the femur to a large insertion on the medial surface of the proximal 
end of the tibial shaft. It extends to an area about 5 em distal to the 
joint line. Its anterior edge is rolled and easily seen just posterior to the 
insertions of graeilis and semitendinosus onee layer 1 has been opened. 
The posteriorly plaeed oblique fibres mn posteroinferiorly from the 
medial epieondyle of the femur to blend with the underlying layer 3 
(eapsnle), effeetively to insert on the posteromedial tibial articular 
margin and posterior horn of the medial meniscus. This area is re- 
inforeed by a part of the insertion of semimembranosus. There is a 
vertieal split in layer 2 anterior to the superficial part of the tibial eol- 
lateral ligament. The fibres anterior to the split pass superiorly to blend 
with vastus medialis faseia and layer 1 in the medial patellar retinacu- 
lum. The fibres posterior to the split pass superiorly to the medial epi- 
eondyle and thenee anteriorly as the medial patellofemoral ligament. 

Layer 3 Layer 3 is the capsule of the knee joint and ean be separated 
from layer 2 everywhere except anteriorly elose to the patella, where it 
blends with the more superficial layers. Deep to the superficial part of 
the tibial eollateral ligament it is thiek and has vertieally orientated 
fibres that make up the deep medial part of the tibial eollateral liga- 
ment. It sends fibres to the medial meniscus. Anteriorly, the separation 
of the superficial and deep parts of the tibial eollateral ligament is 
distinet. Posteriorly, layers 2 and 3 blend to form a eonjoined postero- 
medial capsule. 

Lateral soft tissues 

The lateral soft tissues (see Fig. 82.12; Fig. 82.13) are also arranged in 
three layers (Seebaeher et al 1982), which eolleetively have been referred 
to as the lateral eollateral ligamentous complex (Nissman et al 2008). 
The most superficial layer is the lateral patellar retinaculum. The middle 
layer eonsists of the fibular eollateral popliteofibular, fabellofibular and 
arcuate ligaments. The reeently deseribed anterolateral ligament of the 
knee may exist in this layer (Claes et al 2013). The deep layer is the 
lateral part of the capsule. 

The lateral patellar retinaculum eonsists of superficial oblique and 
deep transverse portions. The former mns from the iliotibial traet to the 


patella. The latter is thieker and subdivided into three parts: the lateral 
patellofemoral ligament, mnning from the lateral patellar border to the 
lateral epieondyle of the femur; the transverse retinaculum, mnning 
from the iliotibial traet to the mid-patella; and the patellotibial band, 
mnning from the patella to the lateral tibial eondyle. 

The faseia lata and the iliotibial traet lie posterior to the lateral reti- 
naculum. They eome together distally to insert on to the tibia at a 
tubercle (Gerdy's tubercle) on the anterolateral proximal tibia; some 
fibres continue to insert on the tibial tuberosity. Proximally, the faseia 
lata merges with the lateral intermuscular septum. Posteriorly, it blends 
with the faseia over bieeps femoris. Here, as it emerges from behind the 
bieeps femoris tendon, the eommon fibular nerve lies in a thin layer of 
fat bound by the faseia. 

The fibular eollateral ligament arises from the lateral epieondyle of 
the femur posterior to the popliteus insertion and just proximal to the 
groove for popliteus. It is a eord-like stmcture that passes distally, super- 
fieial to the popliteus tendon and deep to the lateral retinaculum, to 
attaeh to the fibular head, where it blends with the bieeps femoris 
tendon just anterior to the apex of the head of the fibula. It is separated 
from the capsule by a thin layer of fat and the inferior lateral genicular 
vessels. 

The single most important stabilizer of the posterolateral knee is the 
popliteofibular (short external lateral) ligament. It passes from the 
popliteus tendon at a level just below the joint line, posteriorly, laterally 
and inferiorly, to the apex of the head of the fibula. As a passive 'tether 
eombined with the popliteus tendon proximal to it, it resists lateral 
rotation of the tibia. Its eonneetion to the tendon of popliteus also 
allows 'dynamie' tensioning. 

The fabellofibular ligament is a eondensation of fibres that mns 
either from the fabella (a sesamoid bone sometimes found within the 
tendon of the lateral head of gastrocnemius) or from the lateral head 
of gastrocnemius (if the fabella is absent), to the apex of the head of 
the fibula. The arcuate ligament is a eondensation of fibres that mns 
from the apex of the head of the fibula, posteromedially over the emerg- 
ing tendon of popliteus below the level of the tibial joint surface, to the 
tibial intereondylar area. The lateral joint capsule is thin and blends 
posteriorly with the arcuate ligament. Anteriorly, it forms the weak, lax 
eoronary or meniseotibial ligament, which attaehes the inferior border 
of the menisais to the lateral tibia. 

Ligaments 
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Cruciate iigaments 

The emeiate ligaments, so named because they eross eaeh other, are very 
strong, riehly innervated intracapsular stmctures. The point of erossing 
is loeated a little posterior to the articular eentre. They are named ant- 
erior and posterior with referenee to their tibial attaehments (Figs 
82.14-82.15; see Pig. 82.17). A synovial membrane almost surrounds 
the ligaments but is refleeted posteriorly from the posterior emeiate 
ligament to adjoining parts of the capsule; the intereondylar part of the 
posterior region of the fibrous capsule therefore has no synovial 
eovering. 
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Fig. 82.13 The left knee joint, lateral aspeet. The synovial eavity is 
distended and the synovial membrane appears grey. (With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 
15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


Fig. 82.14 The left knee joint. A, Anterior aspeet in full flexion. 

B, Posterior aspeet in extension. (With permission from Drake RL, Vogl 
AW, Mitehell A, et al (eds), Gray’s Atlas of Anatomy, Elsevier, Churchill 
Livingstone. Copyright 2008.) 
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Fig. 82.15 The 

intereondylar noteh at 
arthroseopy, showing 
the anterior emeiate 
and transverse 
ligaments of the knee. 
(Courtesy of Smith and 
Nephew Endoseopy.) 


Anterior emeiate ligament The anterior emeiate ligament is 

attaehed to the anterior intereondylar area of the tibia, just anterior and 
slightly lateral to the medial intereondylar tubercle, partly blending 
with the anterior horn of the lateral meniscus (see Fig. 82 . 8 ). It aseends 
posterolaterally, twisting on itself and fanning out to attaeh high on the 
posteromedial aspeet of the lateral femoral eondyle (Girgis et al 1975 ). 
The average length and width of an adult anterior emeiate ligament are 
38 mm and 11 mm, respeetively. It is formed of two, or possibly three, 
fhnetional bundles that are not apparent to the naked eye but ean be 
demonstrated by mierodisseetion techniques. The bundles are named 
anteromedial, intermediate and posterolateral, aeeording to their tibial 
attaehments (Amis and Dawkins 1991 ). 

Posterior emeiate ligament The posterior emeiate ligament is 

thieker and stronger than the anterior emeiate ligament (see Fig. 82 . 8 ), 
the average length and width of an adult posterior emeiate ligament 
being 38 mm and 13 mm, respeetively. It is attaehed to the lateral 
surface of the medial femoral eondyle and extends up on to the anterior 
part of the roof of the intereondylar fossa, where its attaehment is 
extensive in the anteroposterior direetion. Its fibres are adjaeent to the 
artiailar surface. They pass distally and posteriorly to a fairly eompaet 
attaehment posteriorly in the intereondylar region and in a depression 
on the adjaeent posterior tibia. This gives a fan-like stmcture in which 
fibre orientation is variable. Anterolateral and posteromedial bundles 
have been defined; they are named (against eonvention) aeeording to 
their femoral attaehments. The anterolateral bundle tightens in flexion 
while the posteromedial bundle is tight in extension of the knee. Eaeh 
bundle slaekens as the other tightens. llnlike the anterior emeiate liga- 
ment, it is not isometrie during knee motion, i.e. the distanee between 
attaehments varies with knee position. The posterior emeiate ligament 
mptures less eommonly than the anterior emeiate ligament and mpture 
is usually better tolerated by patients than rupture of the anterior emei- 
ate ligament. 

Synovial membrane, plieae and fat pads 


The synovial membrane of the knee is the most extensive and complex 
in the body. It forms a large suprapatellar bursa between quadriceps 
femoris and the lower femoral shaft proximal to the superior patellar 
border (Fig. 82.16). The bursa is an extension of the joint eavity. The 
attaehment of artiailaris genus to its proximal aspeet prevents the bursa 
from eollapsing into the joint. Alongside the patella, the membrane 
extends beneath the aponeuroses of the vasti, espeeially under vastus 
medialis. It extends proximally a hand's breadth above the superior pole 
of the patella. Distal to the patella, the synovial membrane is separated 
from the patellar ligament by an infrapatellar fat pad. Where it lies 
beneath the fat pad, the membrane projeets into the joint as two fringes, 
alar folds, which bear villi. The folds eonverge posteriorly to form a 
single infrapatellar fold or pliea (ligamentum mucosum), which curves 
posteriorly to its attaehment in the femoral intereondylar fossa (Fig. 
82.17). This fold may be a vestige of the inferior boundary of an origi- 
nally separate femoropatellar joint. The extent of the infrapatellar pliea 
ranges from a thin eord to a eomplete sheet that ean obstmet the 
passage of instmments during knee arthroseopy. When substantial, it 
has been mistaken for the anterior emeiate ligament, which is direetly 
posterior to it. The medial pliea extends in the midline anteriorly from 
the medial alar fold medially to the suprapatellar bursa. Oeeasionally, 
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Fig. 82.16 A sagittal seetion through the left knee joint, lateral aspeet. 


Femur 

Articular capsule 

Posterior cruciate 

ligament 

Ligamentum 
mucosum 
overlying 
anterior 
emeiate ligament 

Alar folds overlying 
the infrapatellar fat pad 


Patella 


Tendon of quadriceps 

femoris 



Fig. 82.17 The left knee joint in full flexion. The tendon of quadriceps 
femoris has been seetioned and the patella retraeted distally. Compare 
with Figure 82.14A. 


it ean be thiekened and inflamed, usually following acute or ehronie 
trauma. 

The suprapatellar plieae are remnants of an embryonie septum that 
eompletely separates the suprapatellar bursa from the knee joint. Oeea- 
sionally, a septum persists, either in its entirety or perforated by a small 
peripheral opening. 

The infrapatellar fat pad is the largest part of a circumferential extra- 
synovial fatty ring that extends around the patellar margins (Newell 

1991 ). 

At the sides of the joint, the synovial membrane deseends from the 
femur and lines the capsule as far as the menisei, whose surfaces have 
no synovial eovering. Posterior to the lateral meniscus, the membrane 
forms a subpopliteal reeess between a groove on the meniseal surface 
and the tendon of popliteus, which may eonneet with the superior 
tibiofibular joint. The relationship of the synovial membrane to the 
emeiate ligaments is deseribed above. 

Bursae 

Numerous bursae are assoeiated with the knee. Anteriorly, there is a 
large subcutaneous prepatellar bursa between the lower half of the 
patella and skin; a small, deep infrapatellar bursa between the tibia and 
patellar ligament; a subcutaneous infrapatellar bursa between the distal 
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part of the tibial tuberosity and skin; and a large suprapatellar bursa, 
which is the superior extension of the knee joint eavity (see Fig. 82.16). 
Posterolaterally, there are bursae between the lateral head of gastroene- 
mius (lateral subtendinous bursa of gastrocnemius) and the joint 
capsule (this bursa is sometimes continuous with the joint eavity); the 
fibular eollateral ligament and the tendon of bieeps femoris; the fibular 
eollateral ligament and the tendon of popliteus; and the tendon of 
popliteus and the lateral femoral eondyle, which is usually an extension 
of the synovial eavity of the joint. The last two bursae may communicate 
with eaeh other. 

Medially, the arrangement of the bursae is complex. The bursa 
between the medial head of gastrocnemius and the fibrous capsule is 
prolonged between the medial tendon of gastrocnemius and the tendon 
of semimembranosus (the semimembranosus bursa), and usually eom- 
municates with the joint. The bursa between the tendon of semimem- 
branosus and the medial tibial eondyle and the medial head of 
gastrocnemius may eomimmieate with this bursa. The anserine bursa 
is loeated between the tibial eollateral ligament and the tendons of 
sartorms, graeilis and semitendinosus. Bursae that vary in both number 
and position lie deep to the tibial eollateral ligament between the joint 
capsule, femur, medial meniscus, tibia or tendon of semimembranosus. 
Oeeasionally, there may be a bursa between the tendons of semimem- 
branosus and semitendinosus. Posteriorly, bursae assoeiated with the 
knee are variable. 

The elinieally important bursae are the anterior group, the anserine 
bursa and the semimembranosus bursa. Inflammation of the subcuta- 
neous prepatellar bursa and infrapatellar bursa are referred to colloqui- 
ally as 'housemaid's knee' and 'elergyman's knee', respeetively. The 
anserine bursa ean beeome inflamed, espeeially in athletes. In adults, 
bursal inflammation producing a popliteal fossa swelling eommonly 
occurs seeondary to degeneration within the knee joint; regardless 
of its size and position, it almost always arises from the plane 
between semimembranosus and the tendon of the medial head of 
gastrocnemius. 

Relations and ‘at risk’ structures 


The tendon of quadriceps femoris (which eneloses and is attaehed to 
the non-articular surfaces of the patella), the patellar ligament, tendi- 
nous expansions from vasti medialis and lateralis (which extend over 
the anteromedial and anterolateral aspeets ofthe capsule, respeetively), 
and the patellar retinacula all lie anterior to the knee joint. Postero- 
medially are sartorius and the tendon of graeilis (which lies along its 
posterior border); both deseend aeross the joint. Posterolaterally, the 
tendon of bieeps femoris and the eommon fibular nerve (which lies 
medial to the tendon) are in eontaet with the capsule, and thereby 
separated from the tendon of popliteus. Posteriorly, the popliteal artery 
and assoeiated lymph nodes lie posterior to the oblique popliteal liga- 
ment; the popliteal vein is posteromedial or medial, and the tibial nerve 
is posterior to both. The nerve and vessels are overlapped by both heads 
of gastroenemms and laterally by plantaris. Gastrocnemius eontaets the 
capsules on either side of the vessels. Semimembranosus lies between 
the capsule and semitendinosus, medial to the medial head of 
gastrocnemius. 

Movements at the knee 


Movements at the knee are customarily deseribed as flexion, extension, 
medial (internal) and lateral (external) rotation. Flexion and extension 
differ from tme hingeing, in that the articular surface profiles of the 
femoral and tibial articular surfaces produce a variably plaeed axis of 
rotation during the flexion are, and when the foot is fixed, flexion 
entails eorresponding conjunct (coupled) lateral rotation. These eon- 
junct rotations are a product of the complex geometry of the articular 
surfaces and, to an extent, the disposition of the assoeiated ligaments. 
There is differential motion in the medial and lateral tibiofemoral 
eompartments. Laterally, there is eonsiderable displaeement of the 
femur on the tibia, with rolling as well as sliding at the joint surface. 
In eontrast, medially, for most of the flexion are there is minimal rela- 
tive motion of the femur and tibia, and the motion almost exclusively 
involves one joint surface sliding on the other. In full flexion, the lateral 
femoral eondyle is elose to posterior subluxation off the lateral tibial 
articular surface. Medially, signifieant posterior femoral displaeement 
only occurs when flexion exceeds 120°. The menisei move with the 
femoral eondyles, the anterior horns more than the posterior, and the 
lateral meniscus eonsiderably more than the medial. 

The axial rotations have a smaller range than the are of flexion and 
extension. These rotations are conjunct, and integral with flexion and 


extension, i.e. they are obligatory. They ean also be adjunct and inde- 
pendent, i.e. voluntary, and are best demonstrated with the knee semi- 
flexed. The degree of axial rotation therefore varies with flexion and 
extension. 

The range of extension is 5-10° beyond the 'straight position'. Aetive 
flexion is approximately 120° with the hip extended, 140° when it is 
flexed, and 160° when aided by a passive element, e.g. sitting on the 
heels. Voluntary rotation is 60-70° but conjunct rotation only 20°. 

Conjunct medial rotation of the femur on the tibia in the later stages 
of extension is part of a 'loeking meehanism, the so-ealled 'screw-home 
movement', which is an asset when the ffilly extended knees are sub- 
jeeted to strain. Full extension results in the elose-paeked position, with 
maximal spiralization and tightening of the ligaments. The roles of the 
articular surfaces, musculature and ligaments in generating conjunct 
rotations remain eontroversial (Girgis et al 1975, Rajendran 1985) but 
the following points ean be made. The lateral eombined meniseotibial 
'reeeiving surface' is smaller, more eirailar and more deeply eoneave. 
Sinee the articular surface is virtually convex in sagittal seetion, the 
depth of the reeeiving surface is largely due to the presenee of the lateral 
meniscus. The lateral femoral artioilar surface is also smaller. Conse- 
quently, the lateral femoral eondyle approaehes ffill eongmenee with 
the opposed surface some 30° before full extension (well before the 
medial eondyle). Simple extension eannot continue, but medial rota- 
tion of the femur occurs on a vertieal axis through its head and medial 
eondyle; the medial femoral eondyle moves very little in the sagittal 
plane and is stabilized by the 'upslope' of the anterior half of the medial 
tibia, while rotation of the lateral femoral eondyle and meniscus brings 
the anterior horn of the latter on to the anterior 'downslope' of the 
lateral tibial eondyle. Rotation and extension follow simultaneously 
and smoothly until final elose paeking of both eondyles is aeeom- 
plished. At the beginning of flexion from ffill extension (with the foot 
fixed), lateral femoral rotation occurs, which fimloeks' the joint. While 
joint surfaces and many ligaments are involved, eleetromyographie evi- 
denee reveals that eontraetion of popliteus is important, and that it 
pulls down and backwards on the lateral femoral eondyle, lateral to the 
axis of femoral rotation. It also retraets the posterior horn during lateral 
rotation and eontimiing flexion, via its attaehment to the lateral menis- 
cus, and so prevents traumatic eompression. 

Any position of extension adopted is a balanee between forees 
(torque) extending the joint and passive meehanisms resisting them. 
The range near to elose paeking is fimetionally important. In symmetri- 
eal standing, the line of the body's weight is anterior to the transverse 
axes of the knee joints, but the passive meehanisms noted above pre- 
serve posture with minimal muscular effort (Joseph 1960). Aetive eon- 
traetion of quadriceps femoris and a elose-paeked position only occurs 
in asymmetrieal postures, e.g. in leaning forward, during heavy loading, 
or when powerful thmst is needed. 

In knee extension, parts of the emeiate ligaments, the tibial and 
fibular eollateral ligaments, the posterior capsular region, the oblique 
popliteal ligament, skin and faseiae are all taut. Passive and sometimes 
aetive tension exists in the posterior thigh muscles and gastroenemms, 
and the anterior part of the medial meniscus is eompressed between 
the femoral and tibial eondyles. During extension, the patellar ligament 
is tightened by quadriceps femoris but is relaxed in the ereet attitude. 
When the knee flexes, the fibular eollateral ligament and the posterior 
part of the tibial eollateral ligament relax but the emeiate ligaments and 
the anterior part of the tibial eollateral ligament remain taut; the pos- 
terior parts of the menisei are eompressed between the femoral and 
tibial eondyles. Flexion is eheeked by quadriceps femoris, anterior parts 
of the knee joint capsule, posterior emeiate ligament and eompression 
of soft tissues behind the knee. In extreme passive flexion, eontaet of 
the ealf with the thigh may be the limiting faetor and parts of both 
emeiate ligaments are also taut. In addition to conjunct rotation with 
terminal extension or initial flexion, relaxed eollateral ligaments also 
allow independent medial and lateral rotation (adjunct rotation) when 
the joint is flexed. 

Aeeessory movements 

Wider rotation ean be obtained by passive movements when the knee 
is semi-flexed. To a limited extent, the tibia ean also be translated baek- 
wards and forwards on the femur. Abduction and adduction are pre- 
vented in ffill extension by the eollateral ligaments and seeondary 
restraints such as the emeiate ligaments. With the knee slightly flexed, 
limited adduction and abduction are possible, both passive and aetive. 
Slight separation of the femur and tibia ean be aehieved by strong trae- 
tion on the leg with countertraction applied to the thigh. 

Physiologieal knee joint laxity may occur during puberty. inereased 
knee joint flexibility is seen more frequently in adoleseent girls than 
boys. There is an inverse relationship between Tanner stage and the 






Biomeehanies of the knee 


degree of laxity with a progressive deerease of sagittal laxity at the onset 
of Tanner stage 2 (Faleiglia et al 2009). 


generated by aetivities such as mnning, the patella has the thiekest 
artiailar eartilage in the body. 


Muscles producing movements 

FIexÌon Flexion is produced by bieeps femoris, semitendinosus and 
semimembranosns, assisted by graeilis, sartorius and popliteus. With 
the foot stationary, gastrocnemius and plantaris also assist (see Fig. 
82.3). 

Extensìon Extension is produced by quadriceps femoris, assisted by 
tensor faseiae latae. 

Medial rotation Of the flexed leg Medial rotation of the flexed 

leg is produced by popliteus, semimembranosus and semitendinosns, 
assisted by sartorius and graeilis. 

Lateral rotation Of the flexed leg Lateral rotation of the flexed 

leg is produced by bieeps femoris. 

Patellofemoral joint The alignment of the femoral and tibial shafts 
is such that the pull of quadriceps femoris on the patella imparts a foree 
on the patella that is direeted both superiorly and laterally. The statie 
bony faetors that counter this tendeney to move laterally are the eongm- 
ity of the patellofemoral joint and the buttressing effeet of the larger 
lateral part of the patellar surface of the femur, which, elinieally, is often 
referred to as the troehlear groove. Instability of the patella may result 
if the patella is small or if the patellar surface of the femur is too 
shallow. The statie ligamentous faetors are the medial patellofemoral 
ligament and medial patellar retinaculum. 

Dynamie neuromuscular eontrol is important. The most distal part 
of vastus medialis (vastus medialis obliquus) eonsists of transverse 
fibres that are attaehed direetly to the medial edge of the patella: these 
pull the patella medially, countering the tendeney to move laterally. 
This is the muscle that is preferentially strengthened in a physieal 
therapy programme aimed at treating patellofemoral eonditions often 
assoeiated with patella traeking problems such as those seen in growing 
adoleseents. 

Tibiofemoral joint The tibiofemoral joint surfaces are inherently 
mobile, espeeially laterally. Medially, some stability is afforded by the 
relatively eoneave tibial surface and the relatively fixed posterior horn 
of the medial meniscus. Both medially and laterally the menisei are 
helpfiil, partioalarly as they move with the femoral eondyles. Ligaments 
play a major role in eonstraining mobility because they bind the bones 
in positions of extreme stress and also provide proprioeeptive feedbaek, 
aiding eoordination of stabilizing muscle aetivity. To take a somewhat 
'two-dimensional' view, the tibial and fibular eollateral ligaments may 
be eonsidered as sensors (resistors) of valgus and vams forees on the 
knee, respeetively, and the anterior and posterior emeiate ligaments as 
sensors (resistors) of anterior and posterior tibial translation, respee- 
tively. However, in reality the situation is more complex than this. The 
stresses are rarely applied in orthogonal planes and so a eombination 
of forees, espeeially rotational, is involved. Moreover, many stmctures 
other than the eollateral and emeiate ligaments are involved in stabiliz- 
ing the joint. The 'posterolateral eorner, which resists tibial lateral 
rotation, eonsists of the popliteofibular, fabellofibular, arcuate and 
fibular eollateral ligaments and iliotibial traet, together with popliteus, 
the lateral head of gastroenemms and bieeps femoris. The 'postero- 
medial eorner', which resists tibial rotation, eonsists of the posterior 
oblique portion of the superficial part of the tibial eollateral ligament, 
the capsule including the oblique popliteal ligament and semimem- 
branosus. Sinee stresses are often a eombination of foree plus rotation, 
stmctures usually operate together rather than in isolation. 

Loading at the knee 

During level walking, the foree aeross the tibiofemoral joint for most 
of the eyele is between two and four times body weight, and ean be 
more. In eontrast, the foree aeross the patellofemoral joint is no more 
than 50% of body weight. Peak foree transmission aeross the joint 
inereases sequentially as the menisei, articular eartilage and subchon- 
dral bone are damaged or removed. Walking up or down stairs has little 
influence on tibiofemoral forees, but signifieantly inereases patellofem- 
oral forees to two (walking up) or three (walking down) times body 
weight, refleeting the ehanged angle of the tendon of quadriceps femoris 
and patellar ligament during flexion. There are two meehanisms for 
ameliorating forees transmitted aeross the patella: the extensor lever 
arm is lengthened as the axis of rotation moves posteriorly during 
flexion, and the eontaet area between the patella and femur almost 
triples between 30° and 90°. To eope with the potential large forees 



The knee joint is a complex synovial joint eonsisting of the tibiofemoral 
and patellofemoral articulations. It fimetions to eontrol the eentre of 
body mass and posture in the aetivities of daily living. This neeessitates 
a large range of movement in three dimensions coupled with the ability 
to withstand high forees. These eonflieting parameters of mobility and 
stability are only aehieved by the interaetions between the articular 
surfaces, the passive stabilizers and the muscles that eross the joint. 

The relatively ineongment nature of the joint surfaces makes the 
knee joint inherently mobile. In addition, because it aets as a pivot 
between the longest bones in the body, and is subjected to eonsiderable 
loads in loeomotion, the joint is also potentially at risk of injury if any 
of the imiltiple faetors providing joint stability are eompromised. The 
long bones may aet as levers, inereasing the stresses on the stabilizing 
ligaments. 


KNEE J0INT KINEMATICS 


The surfaces of the tibia and feimir are not as eonforming as those of 
the relatively eongment hip joint. Although this variation in geometry 
permits motion to occur in six degrees of freedom (Fig. 82.18), the 
primary motion of the knee occurs in the sagittal plane, and a relatively 
minor degree of movement occurs in the transverse plane. The knee 
joint may therefore be deseribed simplistieally as a modified hinge joint 
allowing flexion-extension and a measure of rotatory motion. Knee 
motion is normally defined as starting from 0° (the neutral position), 
when the tibia and femur are in line in the sagittal plane. Biomeehani- 
eally, it is important that the knee reaehes the neutral position in exten- 
sion because that allows the leg to support the body weight like a simple 
stmt when the subject is standing still. When the subject is standing 
upright, if the knee is flexed, the vertieal line of aetion of the body 
weight passes posterior to the eentre of rotation of the knee, tending to 
cause the body to tilt posteriorly. To counterbalance this, continuous 
quadriceps femoris eontraetion is required, causing expenditure of 
energy. 


Anterior/posterior translation Medial/lateral shift 



Compression/distraction 



Abduction/adduction 


Flexion/extension 


Medial/lateral rotation 





Fig. 82.18 The knee joint motion in three dimensions, deseribed using six 
independent variables (degrees of freedom). 
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Aetive knee flexion leads to approximately 130° flexion. The aetive 
motion is limited by apposition of the soft tissue masses (posterior 
thigh and ealf). Passive flexion may reaeh 160°. This is required in 
people who habitually kneel as part of daily life, and is a ehallenge for 
designers of knee prostheses. It ean be observed that such deep flexion 
is often aeeompanied by tibial medial rotation, so that, when the 
subject is kneeling, the buttocks ean rest on the feet. This movement 
earries the lateral tibial plateau anteriorly, so that it does not engage 
with the femoral lateral eondyle in deep knee flexion. The femoral 
eondyle passes posteriorly and rides over the horn of the lateral 
meniscus. 

The most frequently employed knee movement occurs when walking 
(Fig. 82.19). When the leg is swinging past the supporting leg, the knee 
must be flexed in order to avoid dragging the toes on the ground; this 
requires approximately 67° knee flexion. When the swinging leg 
approaehes the first eontaet with the ground, the knee extends, to move 
the foot forwards for heel strike. If the knee remained extended, this 
would then cause the body to move in a circular are, eentred at the 
ankle, causing the eentre of gravity to move upwards and then baek 
down again, leading to more energy expenditure. It would also inerease 
the forees on the knee because the leg would aet more like a rigid stmt, 
unable to dissipate the impaet forees when the foot hit the ground. All 
these problems are overeome by flexing the knee 15 0 in the mid-stanee 
phase; the eentre of gravity of the body ean move forwards at approxi- 
mately eonstant height, and the impaet energy is absorbed by stretehing 
quadriceps femoris (see Fig. 82.19). 

Tibial medial-lateral rotation also occurs during gait: the tibia 
rotates laterally during terminal extension, a phenomenon known as 
'screw-home' (Fig. 82.20). It is surmised that this rotation helps to loek 


the geometry and tighten the soft tissues, thereby maintaining the knee 
in a stable position prior to the impaet load of weight-bearing. The knee 
aets as one link in a ehain of limb segments, and this screw-home relates 
to rotation of both the foot and hip. When the foot is swung forwards 
for heel strike, the pelvis rotates so that the hip is moved forwards, a 
movement that entails lateral rotation of the hip. During stanee, the 
femur is medially rotated against the loeked knee. Tibial lateral rotation 
also causes inversion of the foot at the subtalar joint, raising the areh 
and loeking the stmcture of the foot. The knee flexion that occurs after 
the impaet on the ground allows the tibia to rotate medially so that the 
foot everts, softening its stmcture and allowing it to deform and absorb 
energy. Conversely, towards toe-off, the knee extends, rotating the tibia 
laterally, so the foot is again a rigid lever with which to push the body 
forwards. 

Artieiilar kinematies 

We now eonsider knee motion at a smaller seale, within the joint. This, 
of course, is difficult to separate from the aetions of the ligaments that 
aet as passive restraints to tibiofemoral joint movements, and are dis- 
aissed below. 

Sagittal seetions of the knee reveal that the ares of the femoral eon- 
dyles are much longer than the anterior-posterior length of the tibial 
plateau. This means that if the knee flexed with a purely rolling motion, 
then the femur would roll off the baek of the tibia long before the knee 
reaehes full flexion (see Fig. 82.20). This does not happen because the 
femur slides anteriorly at the same time as it rolls posteriorly, and thus 
remains in eorreet articulation. If the knee were to possess a fully eon- 
forming roller-in-trough geometry, as in the humero-ulnar joint, then 
flexion would occur by pure sliding movement between the joint 


Heelstrike 


Cortralateral 
heel strike Toe-off 


Fig. 82.19 Knee flexion-extension motion during gait 
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Extension: 

Oentral eontaet 
of femur on to tibia 
(F1 on toTI) 



Early flexion: 

Posterior rolling. 
Oontaet now 
moves baek to 
F2 on to T2 


C Fig. 82.20 Knee joint kinematies during gait: 

rolling and sliding (flexion, anterior translation). 



Deeper flexion: 

Anterior cruciate 
ligament prevents 
the femur from rolling 
baek further, so now 
it slides on the tibia. 
F3 moves on to T2 
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surfaces. This eonformity is not possible at the knee because it would 
inhibit the tibial medial-lateral rotation that is needed during 
loeomotion. 

In the loeked, fully extended knee, the anterodistal femoral articular 
surfaces press on to the anterior horns of the menisei. This tends to 
cause the femur to slide posteriorly tensing the anterior emeiate liga- 
ment and slaekening the posterior emeiate ligament. With knee flexion, 
the femur lifts off the anterior horns of the menisei, leading to eontaet 
between the smaller radii of the posterior parts of the femoral eondyles 
and the tibial plateau plus the posterior horns of the menisei. This 
means that the eentre of eontaet moves posteriorly in early knee flexion. 
After this, the femoral eondyles have approximately circular sagittal 
seetions. The femur is now prevented from rolling baek any fhrther by 
tension in the anterior emeiate ligament. 

Artieiilar meehanìes 

The eombined effeet of the external and internal loads on the knee is 
to impose eonsiderable forees on the artioilar eartilage. This may be 
analysed as a vertieal (eompressive) eomponent and a horizontal (shear 
or frietion) eomponent. The frietion eomponent is a eombination of 
the eompressive foree and the frietion eharaeteristies of the joint 
surfaces. 

Compression 

The eompressive foree is distributed over an area to produce a eontaet 
pressure (eontaet stress). The eontaet pressure is, therefore, dependent 
on the area of eontaet as well as the load itself. Fully eonforming articu- 
lar surface geometry would allow the greatest area of eontaet, and thus 
would minimize eontaet pressure; however, this is not present in the 
knee. The medial eompartment of the knee is semi-eonforming with a 
convex femoral eondyle articulating over a eoneave medial tibial 
plateau. The lateral eompartment has less eonformity; the lateral tibial 
plateau is flat or slightly convex in sagittal seetions. These different 
shapes refleet the differential movement of the medial and lateral eom- 
partments. In normal movement, the screw-home rotation of the tibia 
occurs about a medial axis, which means that most of the rotation of 
the tibia is due to an anterior-posterior translation of the lateral eom- 
partment (Fig. 82.21). 

In order to maintain some degree of eonformity and also to mini- 
mize eontaet pressure between the femur and tibia, the menisei are 
wedge-shaped in eross-seetion, thereby inereasing the area over which 
the eompressive foree on the knee is distributed. In the absenee of the 
menisei, the load is earried by a much smaller area of eartilage, resulting 
in higher eontaet stresses on the artiodar eartilage. This helps to explain 
the prevalenee of osteoarthrosis following meniseeetomy (Fig. 82.22). 

The menisei are most firmly attaehed at the intereondylar eminenee 
of the tibia, which means that they ean translate anteriorly and pos- 
teriorly to Tollow' the femoral rollbaek. The lateral menisais is more 
mobile because it is attaehed to the capsule less tightly than the medial 
meniscus. The anterior-posterior movement of the menisei is approxi- 
mately half the magnitude of the anterior-posterior movement of the 
femur, suggesting that the eonformity of the joint ehanges during 
flexion of the knee joint. 

The distal aspeet of the femur, resting on the menisei in the extended 
knee, has a large radius of curvature and thus fits against the entire area 
of the menisei. However, as the knee flexes, the smaller radii of the 
posterior parts of the femoral eondyles cause the femur to lift off the 


Medial eompartment 



Lateral eompartment 



Medial pivotin eoneave 

tibial plateau 



Mobile lateral 
eompartment 


Concave tibial plateau Convex/flattibial plateau 
(eongment) (ineongment) 

Fig. 82.21 The shape of the articular surfaces providing mobility of the 
lateral eompartment. 


anterior horns of the menisei, and the femoral eontaet is now solely on 
the posterior horns in the flexed knee. This, eombined with the large 
joint forees that are generated when arising from a seated position, 
explains why there are often spontaneous tears of the posterior horns 
in older patients, when standing up from a squatting position. 

The load-earrying mode of the menisei is shown in Figure 82.23. 
When the femoral eondyle presses down on the meniscus, it tends to 
squeeze the meniscus out of the joint because of its tapered eross- 
seetion. This causes the diameter of the eiroilar shape of the menisois 
(and therefore the meniseal eiraimferenee) to inerease. This is resisted 
by 'hoop tension' in strong fibres that pass around the periphery of the 
meniscus, and transmit the tension to the tibial plateau via strong 
insertional ligaments. As the tissue is adapted to resist hoop stresses, it 
has much greater hoop strength (approximately 100 MPa) than radial 
strength (approximately 3 MPa), which explains why bucket handle 
tears occur. It also explains why a circumferential tear does not have 
such a serious effeet on meniseal fhnetion because the circumferential 
fibres ean still transmit the loads, whereas a radial tear breaks the load- 
earrying fibres. 

Frietion 

The knee aets as a bearing that transmits forees and movements between 
the limb segments. Load-bearing synovial joints move with remarkably 
little frietion and their surfaces must withstand many millions of impaet 
loads, which tend to cause fatigue failure and breakdown of the 
surfaces. 

During walking, every step involves phases of aetion that vary the 
loading and veloeity eonditions at the knee joint. A variety of lubrica- 
tion meehanisms normally prevent joint surface damage. Thus, in the 
swing phase, when the foot is off the ground, the joint surfaces are 




Fig. 82.22 The fiinetion of the menisei in inereasing articular eonformity, 
with inereased peak pressure before and after meniseeetomy. 



Fig. 82.23 The load-earrying mode of the menisei. Conversion of axial 
load into meniseal hoop stresses. 


1395 


CHAPTER 82 









































SECTION 9 


KNEE 


1396 


Swing phase 




Tibia 


Heel strike 




Stanee phase 



Body weight 



Fluid film 


Squeeze film: 
fluid squeezed out, 
mieroseopie separation 
remains 


Hydrodynamie lubrication: 
eartilage surface deforms, 
trapping fluid film 


Fig. 82.24 The different modes of knee joint motion and lubrication when walking. 


Toe-off 




Squeeze film with protein 
boundary lubricant 


loaded lightly, and have high relative veloeity while the knee flexes and 
extends. This allows the synovial fluid to separate the snrfaees, giving 
fluid film hibrieation, with very low frietion and no wear (Fig. 82.24). 
At the time of heel strike, a large impaet load aets to eompress the 
surfaces together. At a mieroseopie level, the surfaces do not eome into 
eontaet because of the squeeze-film effeet: in essenee, the impaet occurs 
so rapidly (less than 0.1 see) that the synovial fluid eannot all be 
squeezed out of the joint spaee because of its viseosity and the narrow- 
ness of the spaee. In the mid-stanee phase, the flexion-extension motion 
again entrains the synovial fluid in between the joint surfaces, prod- 
ucing what is known as a hydrodynamie effeet: the fluid is trapped 
between the surfaces by the motion and therefore it aets to separate 
them. Finally, when the foot is pushing off the body weight, there is 
little motion and the thin fluid film diminishes under the eompressive 
load. If the squeeze-film effeet were insufficient, then the joint surfaces 
would eome into direet eontaet were it not for the faet that the synovial 
fluid eontains large protein molecules that are trapped on the eartilage 
surfaces when the fluid is expelled. This molecular layer aets as a bound- 
ary lubricant, proteeting the eartilage in the same way that grease pro- 
teets a synthetie bearing. 

Many aspeets of the arthritie breakdown of the eartilage ean be 
explained on the basis of lubrication biomeehanies. Thus, in joints 
affeeted by osteoarthrosis, synovial fluid is known to have a lower vis- 
eosity than that in normal joints. The viseosity is lower still in joints 
afflieted with rheumatoid arthritis and is unable to prevent attritional 
damage to the eartilage surfaces. 

SOFT TISSLIE MECHANICS 


The knee joint relies on aetive (musculotendinous) and passive (liga- 
mentous) restraints to maintain its stability. The muscles provide the 
loading to move the joint: quadriceps femoris, hamstrings and gastroe- 
nemius eontrol both flexion/extension and medial-lateral rotation. 
However, they also cause anterior-posterior shear forees that are resisted 
primarily by the emeiate ligaments. This tethering effeet is eritieal in 
allowing the joint to move physiologieally, maintaining eongmeney 
and stability. 

The passive stabilizers of the joint aet by resisting unwanted displaee- 
ments between the bones. This may be to eontrol the path of motion 
or to limit the range of motion. When the muscles or some other exter- 
nal foree (due to body weight or impaet) cause the bones to displaee, 
the ligaments are stretehed, and so develop tensile forees that resist the 


displaeement and allow the joint to maintain its stability. Dismption 
of any of these passive restraints may cause a meehanieal instability, 
which is an abnormally inereased displaeement due to an applied foree 
(in biomeehanieal terms this is ealled excess laxity). 

Prìmary and seeondary restraints 

On testing the laxity in any of the degrees of freedom of the joint (e.g. 
in the anterior drawer test, a bedside elinieal test in which the subject 
is plaeed in the supine position with the knee to be tested flexed to 
80-90° before passive forward traetion is applied to the tibia), there 
are usually eombinations of ligaments that are tensed. Some of these 
are better aligned to resist the applied load or displaeement. These are 
termed primary restraints, and are exemplified by the emeiate ligaments 
and the tibial and fibular eollateral ligaments. Seeondary restraints are 
less well aligned but still have a signifieant restraining effeet. These are 
exemplified by the menisei and by the meniseofemoral ligaments. In 
the example in Figure 82.25, the anterior emeiate ligament is well 
aligned to resist the applied anterior foree. With an absent anterior 
emeiate ligament, the tibial eollateral ligament ean resist the applied 
foree; however, it does so by being loaded to a much higher level than 
the original loading on the anterior emeiate ligament. The size of the 
lines in the veetor diagram demonstrate this prineiple: although joint 
laxity may remain normal initially following mpture of a primary 
restraint, it may subsequently result in the overload of a seeondary 
restraint and, ultimately, in hirther soh tissue failure. 

The patellofemoral joint is most heavily loaded during weight- 
bearing aetivities when the knee is flexed. Analyses of rising from a ehair 
have predieted that the patellar ligament tension at 90° of knee flexion 
may be greater than the tibiofemoral joint, which is loaded at the same 
time (Amis and Farahmand 1996). 

In the frontal plane, quadriceps femoris and the patellar ligament 
tensions eombine to cause a lateralizing foree veetor termed the Q-angle 
effeet. The Q angle is defined as the differenee between the resultant 
foree veetor of quadriceps femoris, which is normally parallel to the 
femoral shafl, and the patellar ligament (Fig. 82.26). Clinically, the Q 
angle is ehanged by the position of hip rotation, tibial rotation and 
quadriceps femoris tension. The elinieal Q angle is 12-15 0 (males) and 
15-18° (females), which means that there is a greater lateralizing foree 
veetor on the patellofemoral joint in females. Contraction of quadriceps 
femoris, therefore, tends to displaee the patella laterally, which is 
resisted by the geometry of the joint and by the ligaments. Vastus 
medialis obliquus aets medially and posteriorly as much as it aets 
proximally, and so its tension helps to resist the Q-angle effeet. 






























Vascular supply and lymphatie drainage 



Fig. 82.25 Primary and seeondary restraints to anteroposterior forees. 
The example shovvs the anterior emeiate ligament (ACL) and superficial 
part of the tibial eollateral ligament (sTCL). 



PL = Patellar ligament foree PF = Patellofemoral joint reaetion foree Q = Quadriceps 
femoris traetion foree 


Fig. 82.26 The patellofemoral joint foree with knee extension (A) and with 
90° of knee flexion (B). 



The majority of muscles that aet on the knee joint are deseribed in either 
Chapter 80 (quadriceps femoris, semimembranosus, bieeps femoris, 
semitendinosus, articularis genus) or on page 1409 (gastrocnemius). 
Popliteus is deseribed below. 

Popliteus 

Attaehments Popliteus is a flat muscle that forms the floor of the 
lowerpart ofthe popliteal fossa (see Figs 82.12A, 83.4B, 83. 9A). Itarises 
within the capsule of the knee joint by a strong tendon, 2.5 em long, 
which is attaehed to a depression at the anterior end of the groove 
(groove for popliteus) on the lateral aspeet of the lateral eondyle of the 
femur. Medially this tendon is joined by collagenous fibres arising from 
the araiate popliteal ligament; the fibrous capsule adjaeent to the lateral 
meniscus; and the outer margin of the meniscus. 


Popliteus is attaehed to the medial aspeet of the head of the fibula 
by the popliteofibular ligament, which passes laterally and inferiorly 
from the popliteus tendon in a sheet of tissue that is normally about 
2 em 2 . This ligament is the single most important stabilizer of the pos- 
terolateral region of the knee and resists lateral rotation of the tibia on 
the femur. Failure to reeognize and reeonstmet damage to this ligament 
and to the related ligamentous stmctures is the most eommon reason 
for a poor result from an otherwise well-performed operation for repair 
of mptured emeiate ligaments. 

Fleshy fibres expand from the inferior limit of the tendon to form a 
somewhat triangular muscle that deseends medially to be inserted into 
the medial two-thirds of the triangular area above the soleal line on the 
posterior surface of the tibia, and into the tendinous expansion that 
eovers its surface. 

An additional head may arise from the sesamoid bone in the lateral 
head of gastrocnemius. Very rarely two other muscles may be found 
deeply situated behind the knee. Popliteus minor mns from the pos- 
terior surface of the lateral tibial eondyle, medial to plantaris, to the 
oblique popliteal ligament. Peroneotibialis mns deep to popliteus 
from the medial side of the fibular head to the upper end of the 
soleal line. 

elations Popliteus is eovered posteriorly by a dense aponeurotic 
expansion, which is largely derived from the tendon of semimembrano- 
sus. Gastrocnemius, plantaris, the popliteal vessels and the tibial nerve 
all lie posterior to the expansion. The popliteal tendon is intracapsular 
and is deep to the fibular eollateral ligament and the tendon of bieeps 
femoris. It is invested on its deep surface by synovial membrane, and 
grooves the posterior border of the lateral meniscus and the adjoining 
part of the tibia before it emerges inferior to the posterior band of the 
aroiate ligament. This region is ealled the 'popliteus hiatus'; the lateral 
meniscus has no peripheral bony attaehment here and is therefore 
rather mobile. 

Vaseillar Slippl The arterial supply of popliteus is derived mainly 
from the inferior medial and lateral genicular arteries. The latter may 
eross either superficial or deep to the muscle. There are additional eon- 
tributions from the mitrient artery of the tibia (from the posterior tibial 
artery), the proximal part of the posterior tibial artery, and the posterior 
tibial recurrent artery. 

Innervation Popliteus is innervated by a braneh of the tibial nerve 
(L4, 5 and Sl), which winds around the distal border of popliteus and 
enters the anterior surface of the muscle; this nerve also innervates 
the superior tibiofibular joint and the interosseous membrane of 
the leg. 

Aetions Popliteus rotates the tibia medially on the femur or, when 
the tibia is fixed, rotates the femur laterally on the tibia. It is usually 
regarded as the muscle that unlocks' the joint at the beginning of 
flexion of the fully extended knee; eleetromyography supports this view. 
Its eonneetion with the arcuate popliteal ligament, fibrous capsule and 
lateral menisois has led to the suggestion that popliteus may retraet the 
posterior horn of the lateral meniscus during lateral rotation of the 
femur and flexion of the knee joint, thus proteeting the meniscus from 
being emshed between the femur and the tibia during these move- 
ments. The muscle is markedly aetive in crouching, perhaps to provide 
stability as the tibia rotates medially during flexion of the knee. However, 
the main fhnetion is likely to be provision of dynamie stability to the 
posterolateral part of the knee by preventing excessive lateral rotation 
of the tibia, partly by its direet aetion, but more signifieantly by tensing 
the popliteofibular ligament. 


VASCULAR SUPPLY AND LYMPHATIC DRAINAGE 


ARTERIES 


There is an intrieate arterial anastomosis around the patella and the 
femoral and tibial eondyles (see Fig. 78.4). A superficial arterial network 
spreads between the faseia and skin around the patella and in the fat 
deep to the patellar ligament. A deep arterial network lies on the femur 
and tibia near the adjoining artiodar surfaces, and supplies the bone, 
articular capsule, synovial membrane and emeiate ligaments (see Fig. 
82.1). The vessels involved are the superior, middle and inferior genioi- 
lar branehes of the popliteal artery; deseending genicular branehes of 
the femoral artery and deseending braneh of the lateral circumflex 
femoral artery; circumflex fibular artery; and anterior and posterior 
tibial recurrent arteries. For details, consult Seapinelli (1968). 
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Variations in the arterial anatomy of the lower limb 

Most anatomieal variations in the arterial pattern of the lower limb 
arteries cause no symptoms. They are usually ineidental findings in the 
disseetion room, or may eome to light in the course of angiographie 
examination. Some variations in vasailar anatomy may be symptomatie 
and may neeessitate surgical eorreetion; other variations, while asymp- 
tomatie, may influence teehnieal eonsiderations during vascular surgical 
procedures. 

Anatomieal variations of the femoraf profimda femoris, anterior 
and posterior tibial and fibular arteries have been deseribed elsewhere 
in this Seetion. 

Popliteal artery 


The popliteal artery is the eontimiation of the femoral artery and erosses 
the popliteal fossa (see Figs 82.2, 82.4). It deseends laterally from the 
opening in adductor magnus to the femoral intereondylar fossa, inelin- 
ing obliquely to the distal border of popliteus, where it divides into the 
anterior and posterior tibial arteries. This division usually occurs at 
the proximal end of the interosseous spaee between the wide tibial 
metaphysis and the slender fibular metaphysis. The artery is relatively 
tethered at the adductor hiatus and again distally by the faseia related 
to soleus, and is therefore susceptible to damage following knee 
injnries, e.g. disloeation. Aneurysms of the popliteal artery are not 
uncommon. 

Variations in the popliteal artery 

The popliteal artery may oeeasionally bifiireate more superiorly and 
divide into its terminal branehes proximal to poplitens, or it may tri- 
ffireate into anterior and posterior tibial and fibular arteries. Either the 
anterior tibial or the posterior tibial artery may be reduced or inereased 
in size. The size of the fibular artery is usually inversely related to the 
size of the anterior and posterior tibial arteries. Rarely, the anterior tibial 
artery is the source of the fibular artery a variation that is almost always 
assoeiated with a high biffireation of the popliteal artery. 

The popliteal and inferior gluteal arteries may be joined by a large 
anastomotie vessel; in such eases, the femoral artery is hypoplastie 
(Kawashima and Sasaki 2010). When this occurs, the popliteal artery 
usually has an abnormal relationship to popliteus, mnning deep to the 
muscle before dividing into its terminal branehes. The popliteal artery 
may pass medially beneath the medial head of gastroenemms, or may 
pass beneath an aberrant band of muscle in the popliteal fossa; in either 
ease, eontraetion of the muscles may occlude the artery - a eondition 
that may present with claudication on exertion. The popliteal vein is 
usually superficial and adjaeent to the artery but it may mn deep to the 
artery, or be separated from it by a slip of muscle derived from the 
medial head of gastrocnemius. 

Relations 

Anteriorly from proximal to distaf are fat eovering the femoral pop- 
liteal surface, the capsule of the knee joint, and the faseia of popliteus. 
Posteriorly are semimembranosus (proximally) and gastrocnemius and 
plantaris (distally). In between, the artery is separated from the skin 
and faseiae by fat and erossed from its lateral to its medial side by the 
tibial nerve and popliteal vein; the vein lies between the nerve and 
artery and is adherent to the latter. Laterally are bieeps femoris, the tibial 
nerve, popliteal vein and lateral femoral eondyle (all proximal), and 
plantaris and the lateral head of gastrocnemius (distal). Medially are 
semimembranosus and the medial femoral eondyle (proximal), and the 
tibial nerve, popliteal vein and medial head of gastrocnemius (distally). 
The relations of the popliteal nodes are deseribed below. 

Branehes (other than terminal) 

Genicular anastomosis There is an intrieate arterial anastomosis 
around the patella and femoral and tibial eondyles (see fig. 82.1). A 
superficial network spreads between the faseia and skin around the 
patella and in the fat deep to the patellar ligament. A deep network lies 
on the femur and tibia near their adjoining articular surfaces, and sup- 
plies the bone, articular capsule and synovial membrane. The vessels 
involved in this anastomosis are superior medial and lateral genicular; 
inferior medial and lateral genicular; deseending genicular; deseending 
braneh of the lateral circumflex femoral; circumflex fibular; and anterior 
and posterior tibial reoirrent arteries. 

Sliperior genieillar arteries The superior genicular arteries braneh 
from the popliteal artery, curving round proximal to both femoral 
eondyles to reaeh the anterior aspeet of the knee. The superior medial 
genicular artery lies under semimembranosus and semitendinosus, 


proximal to the medial head of gastroenemms and deep to the tendon 
of adductor magnus. It divides into a braneh to vastus medialis that 
anastomoses with the deseending genicular and inferior medial genicu- 
lar arteries, and a braneh that ramifies on the femur and anastomoses 
with the superior lateral genicular artery. Its size varies inversely with 
that of the deseending genicular artery. The superior lateral genicular 
artery passes under the tendon of bieeps femoris, pierees the lateral 
intermuscular septum and divides into superficial and deep branehes. 
The superficial braneh supplies vastus lateralis and anastomoses with 
the deseending braneh of the lateral circumflex femoral and inferior 
lateral genioilar arteries, while the deep braneh anastomoses with the 
superior medial genicular artery, forming an anterior areh aeross the 
femur with the deseending genicular artery. The superficial braneh is 
vulnerable if the lateral patellar retinaculum is divided surgically. 

Middle genicular artery The middle genicular artery is small. It 
arises from the popliteal artery near the midpoint of the posterior aspeet 
of the knee joint. It pierees the oblique popliteal ligament to supply the 
emeiate ligaments and synovial membrane. 

Inferior genicular arteries The inferior medial and lateral genicu- 

lar arteries arise from the popliteal artery deep to gastroenemms. The 
inferior medial genioilar artery is deep to the medial head of gastroe- 
nernms. It deseends along the proximal margin of popliteus, which it 
supplies; passes inferior to the medial tibial eondyle, under the tibial 
eollateral ligament; and then aseends anteromedial to the knee joint at 
the anterior border of the tibial eollateral ligament. It supplies the joint 
and the tibia, and anastomoses with the inferior lateral and superior 
medial genicular arteries and with the anterior tibial recurrent artery 
and saphenous braneh of the deseending genicular artery. The inferior 
lateral genicular artery mns laterally aeross popliteus and forwards over 
the head of the fibula to the front of the knee joint, passing under the 
lateral head of gastrocnemius, the fibular eollateral ligament and the 
tendon of bieeps femoris. Its branehes anastomose with the inferior 
medial and superior lateral genioilar arteries; anterior and posterior 
tibial recurrent arteries; and the circumflex fibular braneh of the pos- 
terior tibial artery. 

Cutaneous branehes: the superficial sural arteries The 

superficial sural arteries are three vessels that leave the popliteal artery, 
or its side branehes, deseend between the heads of gastroenemms and 
perforate the deep faseia to supply the skin on the baek of the leg. The 
eentral or median vessel is usually larger than the medial or lateral 
vessels, and usually aeeompanies the sural nerve. 

Fasciocutaneous free and pedieled flaps may be raised on the super- 
fieial sural arteries. 

SuperÌor muscular branehes The superior muscular branehes are 
two or three vessels that arise proximally and pass to adductor magnus 
and the posterior thigh muscles. They anastomose with the termination 
of the profimda femoris artery. 

Sural arteries The two sural arteries are large and arise behind the 
knee joint to supply gastrocnemius, soleus and plantaris. They are used 
in gastrocnemius musculocutaneous flaps. 

VEINS 


The veins draining the knee eorrespond in name to the arteries and mn 
with them; the named smaller veins drain into the popliteal and 
femoral veins. 

Popliteal vein 


The popliteal vein aseends through the popliteal fossa to the opening 
in adductor magnus, where it beeomes the femoral vein (see 4gs 78.8, 
78.9B, 80.30). Its relationship to the popliteal artery ehanges as the vein 
aseends: distally, it is medial to the artery; between the heads of gas- 
trocnemius, it is superficial (posterior) to the artery; and proximal to 
the knee joint, it is posterolateral to the artery. Its tributaries are the 
short saphenous vein; veins eorresponding to branehes of the popliteal 
artery; and muscular veins, including a large braneh from eaeh head of 
gastrocnemius. There are usually four or five valves in the popliteal vein. 

Long saphenoiis vein 


The course of the long saphenous vein is deseribed on pages 
1370-1371. 
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Short saphenoiis vein 


The short saphenoiis vein (small saphenous vein) begins posterior to 
the lateral malleolus as a eontimiation of the lateral marginal vein (see 
Fig. 78.9B). In the lower third of the ealf, it aseends lateral to the eal- 
eaneal tendon, lying on the deep faseia and eovered only by subcutan- 
eous tissue and skin. inelining medially to reaeh the midline of the ealf, 
it penetrates the deep faseia, within which it aseends on gastrocnemius, 
only emerging between the deep faseia and gastroenemms gradually at 
about the junction of the middle and proximal thirds of the ealf (usually 
well below the lower limit of the popliteal fossa). Continuing its aseent, 
it passes between the heads of gastrocnemius and proeeeds to its termi- 
nation in the popliteal vein, 3-7.5 em above the knee joint. 

Tributaries 

The short saphenous vein eonneets with deep veins on the dorsum of 
the foot, reeeives many cutaneous tributaries in the leg, and sends 
several communicating branehes proximally and medially to join the 
long saphenous vein. Sometimes a communicating braneh aseends 
medially to the aeeessory saphenous vein: this may be the main eon- 
tinuation of the short saphenous vein. In the leg, the short saphenous 
vein lies near the sural nerve and eontains 7-13 valves, with one near 
its termination. Its mode of termination is variable: it may join the long 
saphenous vein in the proximal thigh or it may bifiireate, one braneh 
joining the long saphenous vein and the other joining the popliteal or 
deep posterior femoral veins. Sometimes it drains distal to the knee in 
the long saphenous or sural veins. 

LYMPHATIC DRAINAGE 


Lymphatie drainage is to the popliteal nodes (see 7 ig. 78.10). Most of 
the lymph vessels aeeompany the genicular arteries; some vessels from 
the joint drain direetly into a node between the popliteal artery and the 
posterior capsule of the knee joint. 

Popliteal nodes 


There are usually six small lymph nodes embedded in the fat of the 
popliteal fossa. One, near the termination of the short saphenous vein, 
drains the superficial region served by this vessel. Another lies between 
the popliteal artery and the posterior aspeet of the knee, reeeiving direet 
vessels from the knee joint and those aeeompanying the genicular 


arteries. The remainder flank the popliteal vessels, reeeiving tmnks that 
aeeompany the anterior and posterior tibial vessels. Popliteal lymphatie 
vessels aseend elose to the femoral vessels to reaeh the deep inguinal 
nodes; some may aeeompany the long saphenous vein to the superficial 
inguinal nodes. 



The knee joint is innervated by branehes from the obturator, femoral, 
tibial and eommon fibular nerves (see Fig. 78.11) ( Aeeman and Wyke 
1967). The articular braneh of the obturator nerve is the terminal 
braneh of its posterior division. Muscular branehes of the femoral nerve, 
espeeially to vastus medialis, supply artioilar branehes to the knee joint. 
Genicular branehes from the tibial and eommon fibular nerves aeeom- 
pany the genicular arteries, and those from the tibial nerve travel with 
the medial and middle genicular arteries, while those from the eommon 
fibular nerve travel with the lateral genioilar and anterior tibial recur- 
rent arteries. 

The femoral and obturator nerves are deseribed on page 1372, 
and the tibial and eommon fibular nerves are deseribed on 

page 1415. 

Saphenous nerve 


The saphenous nerve is the largest and longest cutaneous braneh of the 
femoral nerve and the longest nerve in the body (see Figs 78.11, 80.32). 
It deseends lateral to the femoral artery in the femoral triangle and 
enters the adductor eanal, where it erosses anterior to the artery to lie 
medial to it. At the distal end of the eanal, it leaves the artery and 
emerges through the aponeurotic eovering with the saphenous braneh 
of the deseending genicular artery. As it leaves the adductor eanal, it 
gives off an infrapatellar braneh that contributes to the peripatellar 
plexus and then pierees the faseia lata between the tendons of sartorius 
and graeilis, beeoming subcutaneous to supply the skin anterior to the 
patella. It deseends along the medial border of the tibia with the long 
saphenous vein and divides distally into a braneh that continues along 
the tibia to the ankle and a braneh that passes anterior to the ankle to 
supply the skin on the medial side of the foot, often as far as the first 
metatarsophalangeal joint. The saphenous nerve eonneets with the 
medial braneh of the superficial fibular nerve. Near the mid-thigh, it 
provides a braneh to the subsartorial plexus. The nerve may beeome 
entrapped as it leaves the adductor eanal. 
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CHAPTER 




This ehapter deseribes the shafts of the tibia and fibiila, the soft tissues 
that surround them and the interosseous membrane between them. The 
superior (proximal) and inferior (distal) tibiofibular joints are deseribed 
on pages 1385 and 1433, respeetively. 


SKIN AND SOFT TISSUES 


SKIN 


Vascular supply and lymphatie drainage 


The cutaneous arterial supply is derived frorn branehes of the popliteal, 
anterior tibial, posterior tibial and fibular vessels (see fig. 78.5). Mul- 
tiple fasciocutaneous perforating branehes frorn eaeh vessel pass along 
intermuscular septa to reaeh the skin; musculocutaneous perforators 
traverse muscles before reaehing the skin. In some areas, there is an 
additional, direet cutaneous supply from vessels that aeeompany cuta- 
neous nerves, e.g. the deseending genicular artery (saphenous artery) 
and superficial sural arteries. Fasciocutaneous and direet cutaneous art- 
erial branehes have a longitudinal orientation in the skin, whereas the 
musculocutaneous branehes are more radially oriented. For fiirther 
details, consult Cormack and Lamberty (1994). 

Cutaneous veins are tributaries of vessels that eorrespond to the 
named arteries. Cutaneous lymphatie vessels mnning on the medial 
side of the leg aeeompany the long saphenous vein and drain to the 
superficial inguinal nodes, while those from the lateral and posterior 
sides of the leg aeeompany the short saphenous vein and pieree the 
deep faseia to drain into the popliteal nodes. 

Innervation 


The skin of the leg is supplied by branehes of the saphenous, posterior 
femoral cutaneous, eommon fibular and tibial nerves (see below and 

Figs 78.11, 78.12, 78.17, 78.18). 


SOFT TISSLJES 
Deep faseia 


The deep faseia of the leg is continuous with the faseia lata and is 
attaehed around the knee to the patellar margin, the patellar ligament, 
the tuberosity and eondyles of the tibia, and the head of the fibula. 
Posteriorly, where it eovers the popliteal fossa as the popliteal faseia, 
it is strengthened by transverse fibres and is perforated by the short 
saphenous vein and sural nerve. It reeeives lateral expansions from the 
tendon of bieeps femoris and multiple medial expansions from the 
tendons of sartorms, graeilis, semitendinosus and semimembranosus. 
The deep faseia blends with the periosteum on the subcutaneous surface 
of the tibia and the subcutaneous surfaces of the fibular head and lateral 
malleolus, and is continuous below with the extensor and flexor reti- 
nacula. It is thiek and dense in the proximal and anterior part of the 
leg, where fibres of tibialis anterior and extensor digitomm longus are 
attaehed to its deep surface, and is thinner posteriorly, where it eovers 
gastrocnemius and soleus. On the lateral side, it is continuous with the 
anterior and posterior intermuscular septa of the leg, which are attaehed 
to the anterior and posterior borders of the fibula, respeetively. 

Transverse ìntermuscular septum 

The transverse intermuscular septum of the leg is a fibrous stratum 
between the superficial and deep muscles of the ealf. It extends trans- 
versely from the medial margin of the tibia to the posterior border of 
the fibula. Proximally, where it is thiek and dense, it is attaehed to the 


soleal ridge of the tibia and to the fibula, inferomedial to the fibular 
attaehment of soleus. Between these bony attaehments, it is continuous 
with the faseia eovering popliteus, which is, in effeet, an expansion from 
the tendon of semimembranosus. At intermediate levels it is thin but 
distally, where it eovers the tendons behind the malleoli, it is thiek and 
continuous with the flexor and superior fibular retinacula. 

interosseous membrane 

The interosseous membrane eonneets the interosseous borders of the 
tibia and fibula (Fig. 83.1). It is interposed between the anterior and 
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Fig. 83.1 The posterior aspeet of the interosseous membrane. Note the 
eontrasting direetion of the fibre bundles around the vascular openings. 
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Fig. 83.2 A, A transverse (axial) seetion through the left leg, approximately 10 em distal to the knee joint. B, Colour-coded axial magnetie resonanee 
imaging (MRI) of the leg. Observe the anterior (blue), lateral (red) and posterior (deep part yellovv and superficial part green) eompartments of the leg. 
(C, continued online) 


posterior groups of emral muscles; some members of eaeh group are 
attaehed to the eorresponding surface of the interosseous membrane. 
The anterior tibial artery passes forwards through a large oval opening 
near the proximal end of the membrane, and the perforating braneh of 
the fibular artery pierees it distally. An assoeiated ligament (ligament of 
Barkow), in the same plane as the interosseous membrane, may be 
found uniting the proximal tibiofibular joint; when present, it forms 
the upper half of this oval opening (see Fig. 83.1) ( Tibbs et al 2009). 
Its fibres are predominantly oblique and most deseend laterally; those 
that deseend medially include a bundle at the proximal border of the 
proximal opening. The thiekness of the interosseous membrane differs 
between its thin eentre and thiek tibial and fibular borders. The mem- 
brane is continuous distally with the interosseous ligament of the distal 
tibiofibular joint. 


Retiriacula 

The retinacula at the ankle joint are deseribed on page 1418. 



Osteofaseial eompartments 

The eompartments of the leg are particularly well defined and are the 
most eommon sites at which osteofaseial eompartment syndromes 
occur. The three main eompartments are anterior (extensor), lateral 
(fibular) and posterior (flexor). The posterior eompartment is divided 
into deep and superficial parts by the transverse intermuscular septum 
(Fig. 83.2). These eompartments are enelosed by the unyielding deep 
faseia and separated from eaeh other by the bones of the leg and inter- 
osseous membrane, and by the anterior and posterior intermuscular 
septa that pass from the deep faseia to the fibula. The anterior eompart- 
ment, the least expansile of the three, is bounded by the deep faseia, 
the interosseous surfaces of the tibia and fibula, the interosseous mem- 
brane and the anterior intermuscular septum. The lateral eompartment 
lies between the anterior and posterior intermuscular septa, and is 
bordered laterally by the deep faseia and medially by the lateral surface 
of the fibula. The posterior eompartment is bounded by the deep faseia, 
the posterior intermuscular septum, the fibula and tibia, and the inter- 
osseous membrane. Its relatively expansile superficial eomponent is 
separated from the eompaeted deep eomponent by the transverse inter- 
muscular septum, reinforeed by the deep aponeurosis of soleus. Knowl- 
edge of the eompartmental anatomy of the leg is important in planning 
the treatment of eompartment syndromes and for soft tissue tumour 
reseetions of the leg. 

The nerve supply of the muscles in the eompartments follows the 
'one eompartment - one nerve' prineiple: the deep fibular nerve sup- 
plies the anterior eompartment, the superficial fibular nerve supplies 
the lateral eompartment, and the tibial nerve supplies the posterior 
eompartment. Magnetie resonanee imaging (MRI) is the best imaging 
modality for evaluating the soft tissues of the leg. Most of the muscle 
in the anterior eompartment is supplied by the anterior tibial artery, 


with an additional contribution from the fibular artery to extensor hal- 
lucis longus. The muscles of the posterior eompartment are supplied by 
the popliteal, posterior tibial and fibular arteries. The muscles of the 
lateral eompartment are supplied by the anterior tibial and fibular arter- 
ies, and to a lesser extent proximally, by a braneh from the popliteal 
artery. 

Trauma and soft tissues of the leg 

The relative paucity of soft tissue in the shin region and the subcutan- 
eous position of the medial surface of the tibia means that even trivial 
soft tissue injury may lead to serious problems such as ulceration and 
osteomyelitis. In the elderly, these soft tissues are often espeeially thin 
and unhealthy, refleeting the effeets of ageing and venous stasis (see 
below). Tibial fractures are eommon in the young and, partly as a result 
of poor soft tissue eoverage, they are often open injuries. Diminished 
blood supply to the bone, caused by traumatic stripping of attaehed 
soft tissues, and the risk of eontamination add greatly to the risk of 
non-union and infeetion of the fracture. Healing of fractures at the 
junction of the middle and lower thirds of the tibia is eompromised by 
the relatively poor blood supply to this region. Injury to the leg may 
result in elevated pressures of one or more eompartments (so-ealled 
eompartment syndrome); this elinieal seenario is manifested by the 'six 
Ps': pain, paraesthesias, pallor, paralysis, pulselessness and poikilother- 
mia (differing temperatures in the affeeted and unaffected limbs). 



TIBIA 


The tibia lies medial to the fibula and is exceeded in length only by the 
femur (Figs 83.3-83.4). The tibial shaft is triangular in seetion and has 
expanded ends; a strong medial malleolus projeets distally from the 
smaller distal end. The anterior border of the shaft is sharp and curves 
medially towards the medial malleolus. Together with the medial and 
lateral borders, it defines the three surfaces of the bone. The exact shape 
and orientation of these surfaces show individual and raeial variations. 
In ehildren, the mean tibial length is greater in males than in females 
(Oeffinger et al 2010). 

Proximal end 

The expanded proximal end bears the weight transmitted through the 
femur. It eonsists of medial and lateral eondyles, an intereondylar area 
and the tibial tuberosity. 

Condyles The tibial eondyles overhang the proximal part of the pos- 
terior surface of the shaft. Both eondyles have articular faeets on their 
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Fig. 83.2 C, An axial T2-weighted MRI of the leg in a patient with anterior 
eompartment denervation (arrow). 
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Fig. 83.3 A, The left tibia and fibula, anterior 
aspeet. Key: 1, medial eondyle; 2, tibial tuberosity; 
3, anterior border of tibia; 4, interosseous border 
of tibia; 5, medial surface; 6, medial malleolus; 7, 
Gerdy’s tubercle; 8, lateral eondyle; 9, head of 
fibula; 10, interosseous border of fibula; 11, 
anterior border of fibula; 12, medial erest; 13, 
anterior surface; 14, subcutaneous area; 15, lateral 
malleolus. B, The muscle attaehments. Key: 1, 
semimembranosus; 2, medial patellar retinaculum; 
3, epiphysial line (growth plate); 4, tibial eollateral 
ligament; 5, graeilis; 6, sartorius; 7, 
semitendinosus; 8, tibialis anterior; 9, capsular 
attaehment; 10, iliotibial traet; 11, capsular 
attaehment; 12, fibular eollateral ligament; 13, 
bieeps femoris; 14, patellar ligament; 15, 
epiphysial line (growth plate); 16, fibularis longus; 
17, extensor digitomm longus; 18, tibialis 
posterior; 19, fibularis brevis; 20, extensor hallucis 
longus; 21, extensor digitomm longus; 22, fibularis 
tertius; 23, epiphysial line (growth plate); 24, 
epiphysial line (growth plate). 


superior surfaces, separated by an irregular, non-articular intereondylar 
area. The eondyles are visible and palpable at the sides of the patellar 
ligament, the lateral being more prominent. In the passively flexed 
knee, the anterior margins of the eondyles are palpable in depressions 
that flank the patellar ligament. 

The fibular articular faeet on the posteroinferior aspeet of the lateral 
eondyle faees distally and posterolaterally. The angle of inelination of 
the superior tibiofibular joint varies between individuals, and may be 
horizontal or oblique. Superomedial to it, the eondyle is grooved on 
its posterolateral aspeet by the tendon of popliteus; a synovial reeess 
intervenes between the tendon and bone. The anterolateral aspeet of 
the eondyle is separated from the lateral surface of the shaft by a sharp 
margin for the attaehment of deep faseia. The distal attaehment of the 
iliotibial traet makes a flat and usually definite marking (Gerdy's tuber- 
ele) on its anterior aspeet. This tubercle, which is triangular and faeet- 
like, is usually palpable through the skin. 

The anterior eondylar surfaces are continuous with a large triangular 
area whose apex is distal and formed by the tibial tuberosity. The lateral 


edge is a sharp ridge between the lateral eondyle and lateral surface of 
the shaft. The eondyles, their articular surfaces and the intereondylar 
area are deseribed on pages 1386-1387. 

Tibial tllberosity The tibial tuberosity is the tmneated apex of a 
triangular area where the anterior eondylar surfaces merge. It projeets 
only a little, and is divided into distal rough and proximal smooth 
regions. The distal region is palpable and is separated from skin by the 
subcutaneous infrapatellar bursa. A line aeross the tibial tuberosity 
marks the distal limit of the proximal tibial growth plate (see Fig. 83.3). 
The patellar ligament is attaehed to the smooth bone proximal to this, 
its superficial fibres reaehing a rough area distal to the line. The deep 
infrapatellar bursa and fibroadipose tissue intervene between the bone 
and tendon proximal to its site of attaehment. The latter may be marked 
distally by a somewhat oblique ridge, on to which the lateral fibres of 
the patellar ligament are inserted more distally than the medial fibres. 
This knowledge is neeessary for avoiding damage to this stmcture when 
performing an osteotomy just above the tibial tuberosity in a lateral to 
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Fig. 83.4 A, The left tibia and fibula, posterior 
aspeet. Key: 1, groove for tendon of popliteus; 

2, apex of head of fibula; 3, head of fibula; 4, neek 
of fibula; 5, medial erest; 6, interosseous border of 
tibia; 7, posterior border; 8, groove for fibular 
tendons; 9, lateral malleolus; 10, intereondylar 
eminenee; 11, groove for semimembranosus 
attaehment; 12, soleal line; 13, nutrient foramen; 
14, vertieal line; 15, medial border of tibia; 16, 
medial malleolus; 17, groove for tibialis posterior 
tendon. B, The muscle attaehments. Key: 1, gap 
in capsule for popliteus tendon; 2, soleus; 3, flexor 
hallucis longus; 4, fibularis brevis; 5, epiphysial 
line (growth plate); 6, capsular attaehment; 7, 
semimembranosus; 8, epiphysial lines (growth 
plates); 9, popliteus; 10, soleus; 11, tibialis 
posterior; 12, flexor digitomm longus; 13, 
epiphysial line (growth plate); 14, capsular 
attaehment. 


medial direetion. In habitual squatters, a vertieal groove on the anterior 
surface of the lateral eondyle is occupied by the lateral edge of the 
patellar ligament in full flexion of the knee. 

Shaft 

The shaft is triangular in seetion and has (antero)mediaf lateral and 
posterior surfaces separated by anterior, lateral (interosseous) and 
medial borders. It is narrowest at the junction of the middle and distal 
thirds, and expands gradually towards both ends. The anterior border 
deseends from the tuberosity to the anterior margin of the medial 
malleolus and is subcutaneous throughout. Except in its distal quarter, 
where it is indistinet, it is a sharp erest. It is slightly sinuous, and turns 
medially in the distal quarter. The interosseous border begins distal and 
anterior to the fibular articular faeet and deseends to the anterior border 
of the fibular noteh; it is indistinet proximally. The interosseous mem- 
brane is attaehed to most of its length, eonneeting the tibia to the fibula. 
The medial border deseends from the anterior end of the groove on the 
medial eondyle to the posterior margin of the medial malleolus. Its 
proximal and distal quarters are ill defined but its eentral region is sharp 
and distinet. 


The anteromedial surface, between the anterior and medial borders, 
is broad, smooth and almost entirely subcutaneous. The lateral surface, 
between the anterior and interosseous borders, is also broad and 
smooth. It faees laterally in its proximal three-quarters and is trans- 
versely eoneave. Its distal quarter bends to faee anterolaterally, on 
account of the medial deviation of the anterior and distal interosseous 
borders. This part of the surface is somewhat convex. The posterior 
surface, between the interosseous and medial borders, is widest above, 
where it is erossed distally and medially by an oblique, rough soleal 
line. A faint vertieal line deseends from the eentre of the soleal line for 
a short distanee before beeoming indistinet. A large vascular groove 
adjoins the end of the line and deseends distally into a nutrient foramen. 
Deep faseia and, proximal to the medial malleolus, the medial end of 
the superior extensor retinaculum are attaehed to the anterior border. 
Posterior fibres of the tibial eollateral ligament and slips of semimem- 
branosus and the popliteal faseia are attaehed to the medial border 
proximal to the soleal line, and some fibres of soleus and the faseia 
eovering the deep ealf muscles are attaehed distal to the line. The distal 
medial border mns into the medial lip of a groove for the tendon of 
tibialis posterior. The interosseous membrane is attaehed to the lateral 
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border, except at either end of this border. It is indistinet proximally 
where a large gap in the membrane transmits the anterior tibial vessels. 
Distally, the border is continuous with the anterior margin of the fibular 
noteh, to which the anterior tibiofibular ligament is attaehed. 

The anterior part of the tibial eollateral ligament is attaehed to an 
area approximately 5 em long and 1 em wide near the medial border 
of the proximal medial surface. The remaining medial surface is subcu- 
taneous and erossed obliquely by the long saphenous vein. Tibialis 
anterior is attaehed to the proximal two-thirds of the lateral surface. The 
distal third, devoid of attaehments, is erossed in mediolateral order by 
the tendons of tibialis anterior (lying just lateral to the anterior border), 
extensor hallucis longus, the anterior tibial vessels and deep fibular 
nerve, extensor digitomm longus and fibularis tertius. 

On the posterior surface, popliteus is attaehed to a triangular area 
proximal to the soleal line, except near the fibular articular faeet. The 
popliteal aponeurosis, soleus and its faseia, and the transverse inter- 
muscular septum are all attaehed to the soleal line; the proximal end 
of the line does not reaeh the interosseous border, and is marked by a 
tubercle for the medial end of the tendinous areh of soleus. Lateral to 
the tubercle, the posterior tibial vessels and tibial nerve deseend on 
tibialis posterior. Distal to the soleal line, a vertieal line separates the 
attaehments of flexor digitomm longus and tibialis posterior. Nothing 
is attaehed to the distal quarter of this surface, but the area is erossed 
medially by the tendon of tibialis posterior travelling to a groove on 
the posterior aspeet of the medial malleolus. Flexor digitomm longus 
erosses obliquely behind tibialis posterior; the posterior tibial vessels 
and nerve and flexor hallucis longus eontaet only the lateral part of the 
distal posterior surface. 

Distal end 

The slightly expanded distal end of the tibia has anterior, medial, pos- 
terior, lateral and distal surfaces. It projeets inferomedially as the medial 
malleolus. The distal end of the tibia, when eompared to the proximal 
end, is laterally rotated (tibial torsion). The torsion begins to develop 
in utero and progresses throughout ehildhood, mainly during the first 
four years of life (Kristiansen et al 2001), until skeletal maturity is 
attained. Some of the femoral neek anteversion seen in the newborn 
may persist in adult females: this causes the femoral shaft and knee to 
be medially rotated, which may lead the tibia to develop a eompens- 
atory external torsion to counteract the tendeney of the feet to turn 
inwards. Tibial torsion is approximately 30° in Caucasian and Asian 
populations, but is signifieantly greater in Afrieans (Eekhoff et al 1994). 

The smooth anterior surface projeets beyond the distal surface, from 
which it is separated by a narrow groove. The capsule of the ankle joint 
is attaehed to an anterior groove near the articular surface. The medial 
surface is smooth and continuous above and below with the medial 
surfaces of the shaft and medial malleolus, respeetively; it is subcutan- 
eous and visible. The posterior surface is smooth except where it is 
erossed near its medial end by a nearly vertieal but slightly oblique 
groove, which is usually conspicuous and extends to the posterior 
surface of the malleolus. The groove is adapted to the tendon of tibialis 
posterior, which usually separates the tendon of flexor digitomm longus 
from the bone. More laterally, the posterior tibial vessels, tibial nerve 
and flexor hallucis longus eontaet this surface. The lateral surface is the 
triangular fibular noteh; its anterior and posterior edges projeet and 
eonverge proximally to the interosseous border. The floor of the noteh 
is roughened proximally by a substantial interosseous ligament but is 
smooth distally and is sometimes eovered by articular eartilage. The 
anterior and posterior tibiofibular ligaments are attaehed to the eorre- 
sponding edges of the noteh. The distal surface articulates with the talus 
and is wider in front, eoneave sagittally and slightly convex transversely, 
i.e. saddle-shaped. Medially, it eontimies into the malleolar articular 
surface, which may extend into the groove that separates it from the 
anterior surface of the shaft. Such extensions, medial or lateral or both, 
are squatting faeets, and they artioilate with reeiproeal talar faeets in 
extreme dorsiflexion. These features have been used in the field of 
forensie medieine to identify the raee of skeletal material. 

Medial malleollis The short, thiek medial malleolus has a smooth 
lateral surface with a ereseentie faeet that articulates with the medial 
surface of the talus. Its anterior aspeet is rough and its posterior aspeet 
features the continuation of the groove from the posterior surface of 
the tibial shaft for the tendon of tibialis posterior. The distal border is 
pointed anteriorly, posteriorly depressed, and gives attaehment to the 
deltoid ligament. The tip of the medial malleohis does not projeet as 
far distally as the tip of the lateral malleolus, the latter also being the 
more posteriorly loeated of the two malleoli. The capsule of the ankle 
joint is attaehed to the anterior surface of the medial malleolus, and 
the flexor retinaculum is attaehed to its prominent posterior border. 


Muscle attaehments 

The patellar ligament is attaehed to the proximal half of the tibial 
tuberosity. Semimembranosus is attaehed to the distal edge of the 
groove on the posterior surface of the medial eondyle; a tubercle at the 
lateral end of the groove is the main attaehment of the tendon of this 
muscle. Slips from the tendon of bieeps femoris are attaehed to the 
lateral tibial eondyle anteroproximal to the fibular articular faeet (see 
Fig. 83.3 B). Proximal fibres of extensor digitomm longus and (oeea- 
sionally) fibularis longus are attaehed distal to this area. Slips of semi- 
membranosus are attaehed to the medial border of the shaft posteriorly, 
proximal to the soleal line. Some fibres of soleus attaeh to the postero- 
medial surface distal to the line. Semimembranosus is attaehed to the 
medial surface proximally, near the medial border, behind the attaeh- 
ment of the anterior part of the tibial eollateral ligament. Anterior to 
this area (in anteroposterior sequence) are the linear attaehments of 
the tendons of sartorius, graeilis and semitendinosus; these rarely mark 
the bone. Tibialis anterior is attaehed to the proximal two-thirds of the 
lateral (extensor) surface. Popliteus is attaehed to the posterior surface 
in a triangular area proximal to the soleal line, except near the fibular 
artioilar faeet (see Fig. 83. 4B). Soleus and its assoeiated faseia are 
attaehed to the soleal line itself. Flexor digitomm longus and tibialis 
posterior are attaehed to the posterior surface distal to the soleal line, 
medial and lateral, respeetively, to the vertieal line (see above). 

Vascular supply 

The proximal end of the tibia is supplied by metaphysial arteries from 
the genicular anastomosis. The nutrient foramen usually lies near the 
soleal line and transmits a braneh of the posterior tibial artery; the 
nutrient vessel may also arise at the level of the popliteal bifiireation or 
as a braneh from the anterior tibial artery. On entering the bone, the 
mitrient artery divides into aseending and deseending branehes. The 
periosteal supply to the shaft arises from the anterior tibial artery and 
from muscular branehes. The distal metaphysis is supplied by branehes 
from the arterial anastomosis around the ankle. 

Innervation 

The proximal and distal ends of the tibia are innervated by branehes 
from the nerves that supply the knee joint and ankle joint, respeetively. 
The periosteum of the shaft is supplied by branehes from the nerves 
that innervate the muscles attaehed to the tibia. 

Ossifieation 

The tibia ossifies from three eentres: one in the shaft and one in eaeh 
epiphysis. Ossifieation (see Figs 83.3-83.4; Fig. 83.5) begins in mid- 
shaft at about the seventh intrauterine week. The proximal epiphysial 
eentre is usually present at birth: at approximately 10 years, a thin 
anterior proeess from the eentre deseends to form the smooth part of 
the tibial tuberosity. A separate eentre for the tuberosity may appear at 
about the twelfth year and soon fuses with the epiphysis. Distal strata 
of the epiphysial plate are eomposed of dense collagenous tissue in 
which the fibres are aligned with the patellar ligament. Exaggerated 
traetion stresses may account for Osgood-Sehlatter disease, in which 
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Fig. 83.5 Stages in the ossifieation of the tibia (not to seale). 
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fragmentation of the epiphysis of the tibial tuberosity occurs during 
adoleseenee and produces a painful swelling around it. Healing occurs 
onee the growth plate fuses, leaving a bony protmsion. Prolonged 
periods of traetion with the knee extended, both in ehildren and adol- 
eseents, ean lead to growth arrest of the anterior part of the proximal 
epiphysis, which results in bowing of the proximal tibia as the posterior 
tibia continues to grow. The proximal epiphysis fftses in the sixteenth 
year in females and the eighteenth in males. The distal epiphysial eentre 
appears early in the first year and joins the shaft at about the fifteenth 
year in females and the seventeenth in males. The medial malleolus is 
an extension from the distal epiphysis and starts to ossify in the seventh 
year; it may have its own separate ossifieation eentre. An aeeessory 
ossifieation eentre sometimes appears at the tip of the medial malleo- 
lus, more often in females than in males. It fiises during the eighth year 
in females and the ninth year in males; it should not be eonftised with 
an os subtibiale, which is a rare aeeessory bone found on the posterior 
aspeet of the medial malleolus. The average growth rate of the distal 
tibia deereases from a plateau of about 11 years of age in boys and 10 
years of age in girls (Kàrrholm et al 1984). 


FIBULA 


The fibula (see ?igs 83.3-83.4) is much more slender than the tibia and 
is not direetly involved in transmission of weight. It has a proximal 
head, a narrow neek, a long shaft and a distal lateral malleolus. The 
shaft varies in form, being variably moulded by attaehed muscles; these 
variations may be eonftising. 

Head 

The head of the fibula is irregular in shape and projeets anteriorly, 
posteriorly and laterally. A round faeet on its proximomedial aspeet 
articulates with a eorresponding faeet on the inferolateral surface of the 
lateral tibial eondyle. It faees proximally and anteromedially, and has 
an inelination that may vary among individuals from almost horizontal 
to an angle of up to 45°. A bhrnt apex projeets proximally from the 
posterolateral aspeet of the head and is often palpable approximately 
2 em distal to the knee joint. The fibular eollateral ligament is attaehed 
in front of the apex, embraeed by the main attaehment of bieeps 
femoris. The tibiofibular joint capsule is attaehed to the margins of the 
articular faeet. The eommon fibular nerve erosses posterolateral to the 
neek and ean be rolled against the underlying bone at this loeation. 

Shaft 

The shaft has three borders and surfaces, eaeh assoeiated with a particu- 
lar group of muscles. The anterior border aseends proximally from the 
apex of an elongated triangular area that is continuous with the lateral 
malleolar surface, to the anterior aspeet of the fibular head. The poste- 
rior border, continuous with the medial margin of the posterior groove 
on the lateral malleolus, is usually distinet distally but often rounded 
in its proximal half. The interosseous border is medial to the anterior 
border and somewhat posterior. Over the proximal two-thirds of the 
fibular shaft the two borders approaeh eaeh other, with the surface 
between the two being narrowed to 1 mm or less. 

The lateral surface, between the anterior and posterior borders and 
assoeiated with the fibular muscles, faees laterally in its proximal three- 
quarters. The distal quarter spirals posterolaterally to beeome continu- 
ous with the posterior groove of the lateral malleolus. The anteromedial 
(sometimes simply termed anterior, or medial) surface, between the 
anterior and interosseous borders, usually faees anteromedially but 
often direetly anteriorly. It is assoeiated with the extensor muscles. 
Though wide distally, it narrows in its proximal half and may beeome 
a mere ridge. The posterior surface, between the interosseous and pos- 
terior borders, is the largest and is assoeiated with the flexor imiseles. 
Its proximal two-thirds are divided by a longitudinal medial erest, sepa- 
rated from the interosseous border by a grooved surface that is direeted 
medially. The remaining surface faees posteriorly in its proximal half; 
its distal half curves on to the medial aspeet. Distally, this area occupies 
the fibular noteh of the tibia, which is roughened by the attaehment of 
the prineipal interosseous tibiofibular ligament. The triangular area 
proximal to the lateral surface of the lateral malleolus is subcutaneous; 
muscles eover the rest of the shaft. 

The anterior border is divided distally into two ridges that enelose a 
triangular subcutaneous surface. The anterior intermuscular septum is 
attaehed to its proximal three-quarters. The lateral end of the superior 
extensor retinaculum is attaehed distally on the anterior border of the 
triangular area and the lateral end of the superior fibular retinaculum 
is attaehed distally on the posterior margin of the triangular area. The 
interosseous border ends at the proximal limit of the rough area for the 


interosseous ligament. The interosseous membrane attaehed to this 
border does not reaeh the fibular head, which leaves a gap through 
which the anterior tibial vessels pass. The posterior border is proximally 
indistinet, and the posterior intermuscular septum is attaehed to all but 
its distal end. The medial erest is related to the fibular artery. A layer of 
deep faseia separating the tendon of tibialis posterior from flexor hal- 
lucis longus and flexor digitomm longus is attaehed to the medial erest. 

Lateral malleoliis 

The distal end of the fibula forms the lateral malleolus, which projeets 
distally and posteriorly (see Figs 83.3-83.4). Its lateral aspeet is subcu- 
taneous while its posterior aspeet has a broad groove with a prominent 
lateral border. Its anterior aspeet is rough, round and continuous with 
the tibial inferior border. The medial surface has a triangular articular 
faeet, vertieally convex, its apex distal, which articulates with the lateral 
talar surface. Behind this faeet is a rough malleolar fossa pitted by vas- 
cular foramina. The posterior tibiofibular ligament and, more distally, 
the posterior talofibular ligament, are attaehed in the fossa. The ant- 
erior talofibular ligament is attaehed to the anterior surface of the 
lateral malleolus; the calcaneofibular ligament is attaehed to the noteh 
anterior to its apex. The tendons of fibularis brevis and longus groove 
its posterior aspeet; the latter is superficial and eovered by the superior 
fibular retinaculum. 


Muscle attaehments 

The main attaehments of bieeps femoris embraee the fibular eollateral 
ligament in front of the apex of the fibular head. Extensor digitomm 
longus is attaehed to the head anteriorly, fibularis longus anterolat- 
erally, and soleus posteriorly. Extensor digitomm longus, extensor hal- 
lucis longus and fibularis tertius are attaehed to the anteromedial 
(extensor) surface. Fibularis longus is attaehed to the whole width of 
the lateral (fibular) surface in its proximal third, but in its middle third 
only to its posterior part, behind fibularis brevis. The latter continues 
its attaehment almost to the distal end of the shaft. 

Muscle attaehments to the posterior surface, which is divided longi- 
tudinally by the medial erest, are complex. Between the erest and inter- 
osseous border, the posterior surface is eoneave. Tibialis posterior is 
attaehed throughout most (the proximal three-quarters) of this area; an 
intramuscular tendon may ridge the bone obliquely. Soleus is attaehed 
between the erest and the posterior border on the proximal quarter of 
the posterior surface; its tendinous areh is attaehed to the surface proxi- 
mally (see Fig. 83.4B). Flexor hallucis longus is attaehed distal to soleus 
on the posterior surface and almost reaehes the distal end of the shaft. 


Vaseiilar supply 

A little proximal to the midpoint of the posterior surface (14-19 em 
from the apex), a distally direeted nutrient foramen on the fibular shaft 
reeeives a braneh of the fibular artery. An appreeiation of the detailed 
anatomy of the fibular artery in relation to the fibula is ftmdamental to 
the raising of osteofasciocutaneous free flaps. Free vascularized diaphys- 
ial grafts may also be taken on a fibular arterial pediele. The proximal 
and distal ends reeeive metaphysial vessels from the arterial anastomo- 
ses at the knee and ankle, respeetively ( "aylor and Razaboni 1994). 


Innervation 

The proximal and distal ends of the bone are supplied by branehes of 
nerves that innervate the knee and superior tibiofibular joint, and the 
ankle and inferior tibiofibular joints, respeetively. The periosteum of 
the shaft is supplied by branehes from the nerves that innervate the 
muscles attaehed to the fibula. 


Ossifieation 

The fibula ossifies from three eentres: one eaeh for the shaft and the 
extremities. The proeess begins in the shaft at about the eighth week in 
utero; in the distal end in the first year; and in the proximal end at about 
the third year in females and the fourth year in males. The distal epi- 
physis unites with the shaft at about the fifteenth year in females and 
the seventeenth year in males, whereas the proximal epiphysis does not 
unite until about the seventeenth year in females and the nineteenth 
year in males. A longitudinal radiographie study of ehildren has shown 
that the proximal growth plate of the fibula contributes more to growth 
than the proximal growth plate of the tibia, their growth contributions 
being 61% and 57%, respeetively (Pritehett and Bortel 1997). 



MUSCLES 


The muscles of the leg eonsist of an anterior group of extensor muscles, 

which produce dorsiflexion (extension) of the ankle; a posterior group 1405 
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Leg 


An os siibfìbiilare is an oeeasional and separate entity and lies pos- 
terior to the tip of the fibnla, whereas the distal fibular apophysis lies 
anteriorly. An os retinaculi is rarely encountered; if present, it overlies 
the bursa of the distal fibula within the fibular retinaculum. Fibular 
dimelia is eharaeterized by duplication of the fibula, tibial aplasia and 
partial duplication of the foot with mirror polydaetyly and may be 
assoeiated with ulnar dimelia and ealeaneal duplication. It has been 
postulated that a re-establishment of limb polarity during embryogen- 
esis may account for this eondition (Bayram et al 1996, Ganey et al 
2000 ). 
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Fig. 83.6 Muscles of the left leg and foot. The faseiae have been 
removed. A, Anterior view. B, Lateral view. (With permission from 
VVasehke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, 
Elsevier, Urban & Fiseher. Copyright 2013.) 


of flexor mnseles, which produce plantar flexion (flexion); and a lateral 
group of nmseles, which evert the ankle and which are derived, embryo- 
logieally, from the anterior muscle group. The greater bulk of the 
muscles in the ealf is commensurate with the powerful propulsive role 
of the plantar flexors in walking and mnning. 

ANTERIOR 0R EXTENS0R 00MPARTMENT 

The anterior eompartment eontains muscles that dorsiflex the ankle 
when aeting from above (see Fig. 83.2A, B; Fig. 83.6). When aeting from 
below, they pull the body forwards on the fìxed foot during walking. 
Two of the muscles, extensor digitomm longus and extensor hallucis 
longus, also extend the toes, and two muscles, tibialis anterior and 
fìbularis tertms, have the additional aetions of inversion and eversion, 
respeetively. 

Tibialis anterior 

Attaehments Tibialis anterior is a superfìcial muscle and is therefore 
readily palpable lateral to the tibia. It arises from the lateral eondyle 
and proximal one-half to two-thirds of the lateral surface of the tibial 
shaft; the adjoining anterior surface of the interosseous membrane; the 
deep surface of the deep faseia; and the intermuscular septum between 
itself and extensor digitomm longus. The muscle deseends vertieally 
and ends in a tendon on its anterior surface in the lower third of the 
leg. The tendon passes through the medial eompartments of the supe- 
rior and inferior retinacula, inelines medially, and is inserted on to the 
medial and inferior surfaces of the medial cuneiform and the adjoining 
part of the base of the fìrst metatarsal. 


Attaehments to the talus, fìrst metatarsal head, base of the proximal 
phalanx of the hallux, and extensor retinaculum have been reeorded. 

Relations Tibialis anterior overlaps the anterior tibial vessels and 
deep fìbular nerve in the upper part of the leg. It lies on the tibia and 
interosseous membrane. Extensor digitomm longus and extensor hal- 
lucis longus lie laterally. 

Vaseillar SLipply The main body of tibialis anterior is supplied by a 
series of medial and anterior branehes of the anterior tibial artery; the 
branehes may occur in two columns. There is a proximal aeeessory 
supply from the anterior tibial recurrent artery. The tendon is supplied 
by the anterior medial malleolar artery and network, dorsalis pedis 
artery, medial tarsal arteries, and by the medial malleolar and ealeaneal 
branehes of the posterior tibial artery. 

Innervation Tibialis anterior is innervated by the deep fìbular nerve, 
L4 and L5. 

Aetions Tibialis anterior dorsiflexes and inverts the foot. It is most 
aetive when both movements are eombined, as in walking. Its tendon 
ean be seen through the skin lateral to the anterior border of the tibia 
and ean be traeed downwards and medially aeross the front of the ankle 
to the medial side of the foot. Tibialis anterior elevates the fìrst meta- 
tarsal base and medial cuneiform, and rotates their dorsal aspeets 
laterally. 

The muscle is usually quiescent while standing, sinee the weight of 
the body aets through vertieal lines that pass anterior to the ankle joints. 
Aeting from below, it helps to counteract any tendeney to overbalanee 

































































































Muscles 


backwards by flexing the leg forwards at the ankle. It has a role in sup- 
porting the medial part of the longitudinal areh of the foot; although 
eleetromyographieally deteetable aetivity is minimal during standing, it 
is manifest during any movement that inereases the areh, such as toe-off 
in walking and mnning. 

Testing Tibialis anterior ean be seen to aet when the foot is dorsiflexed 
against resistanee. Dorsiflexion is best tested by asking the subject to 
walk on their heels. 

Extensor hallucis longus 

Attaehments Extensor hallucis longus lies between, and is partly 
overlapped by, tibialis anterior and extensor digitomm longus (see Figs 
83.6A, B). It arises from the middle half of the medial surface of the 
fibula, medial to extensor digitomm longus, and from the adjaeent 
anterior surface of the interosseous membrane. Its fibres mn distally 
and end in a tendon that forms on the anterior border of the muscle. 
The tendon passes deep to the superior extensor retinaculum and 
through the inferior extensor retinaaihim, erosses anterior to the ante- 
rior tibial vessels to lie on their medial side near the ankle, and is 
inserted on to the dorsal aspeet of the base of the distal phalanx of the 
hallux. At the metatarsophalangeal joint, a thin prolongation from eaeh 
side of the tendon eovers the dorsal surface of the joint. An expansion 
from the medial side of the tendon to the base of the proximal phalanx 
is usually present. 

Extensor hallucis longus is sometimes united with extensor digit- 
omm longus and may send a slip to the seeond toe. 

Relations The anterior tibial vessels and deep fibular nerve lie between 
extensor hallucis longus and tibialis anterior. Extensor hallucis longus 
lies lateral to the artery proximally, erosses it in the lower third of the 
leg, and is medial to it on the foot. 

Vaseillar Slippl Extensor halhieis longus is supplied by the anterior 
tibial artery via obliquely mnning branehes, with a variable contribu- 
tion from the perforating braneh of the fibular artery (Fig. 83.7). More 
distally, the tendon is supplied via the anterior medial malleolar artery 
and network, the dorsalis pedis artery, and the plantar metatarsal artery 
of the first digit via perforating branehes. 

Innervation Extensor halhieis longus is innervated by the deep fibular 
nerve, L5. 

Aetions Extensor hallucis longus extends the hallux and dorsiflexes 
the foot. When the hallux is aetively extended, relatively little external 
foree is required to overeome the extension of the distal phalanx, 
whereas eonsiderable foree is needed to overeome the extension of the 
proximal phalanx. 

Testing When the hallux is extended against resistanee, the tendon of 
extensor hallucis longus ean be seen and felt on the lateral side of the 
tendon of tibialis anterior. 

Extensor dìgitomm longus 

Attaehments Extensor digitomm longus arises from the inferior 
surface of the lateral eondyle of the tibia, the proximal three-quarters 
of the medial surface of the fibula, the adjaeent anterior surface of the 
interosseous membrane, the deep surface of the deep faseia, the anterior 
intermuscular septum and the faseial septum between itself and tibialis 
anterior. These origins form the walls of an osseo-aponeurotic tunnel. 
Extensor digitomm longus beeomes tendinous at about the same level 
as tibialis anterior, and the tendon passes deep to the superior extensor 
retinaculum and within a loop of the inferior extensor retinaculum with 
fibularis tertius (see Figs 83.6, 84.1). It divides into four slips, which 
mn forwards on the dorsum of the foot and are attaehed in the same 
way as the tendons of extensor digitomm in the hand. At the metatarso- 
phalangeal joints, the tendons to the seeond, third and fourth toes are 
eaeh joined on the lateral side by a tendon of extensor digitomm brevis. 
The so-ealled dorsal digital expansions thus formed on the dorsal 
aspeets of the proximal phalanges, as in the fingers, reeeive contribu- 
tions from the appropriate lumbrical and interosseous muscles. The 
expansion narrows as it approaehes a proximal interphalangeal joint, 
and divides into three slips. These are a eentral (axial) slip, attaehed to 
the base of the middle phalanx, and two eollateral (coaxial) slips, which 
reunite on the dorsum of the middle phalanx and are attaehed to the 
base of the distal phalanx. 

The tendons to the seeond and fifth toes are sometimes duplicated, 
and aeeessory slips may be attaehed to metatarsals or to the hallux. 

elations Extensor digitomm longus lies on the lateral tibial eondyle, 
fibula, lower end of the tibia, ankle joint and extensor digitomm brevis. 
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Fig. 83.7 The left anterior tibial and dorsalis pedis arteries. To expose the 
anterior tibial artery, a large part of tibialis anterior has been excised. 


Tibialis anterior and extensor hallucis longus lie medially in the leg, 
and the fibular muscles lie laterally. In the upper part of the leg, the 
anterior tibial vessels and deep fibular nerve lie between extensor digi- 
tomm longus and tibialis anterior; the nerve mns obliquely and medi- 
ally beneath its upper part. 

Vaseillar Slipply The main blood supply to extensor digitomm 
longus is derived from anteriorly and laterally plaeed branehes of the 
anterior tibial artery, supplemented distally from the perforating braneh 
of the fibular artery. Proximally, there may also be a supply from the 
inferior lateral genicular, popliteal or anterior tibial recurrent arteries. 
At the ankle and in the foot, the tendons are supplied by the anterior 
lateral malleolar artery and malleolar network, and by lateral tarsal, 
metatarsal, plantar and digital arteries. 
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Innervation Extensor digitomm longus is innervated by the deep 
fibular nerve, L5, Sl. 

Aetions Extensor digitomm longus extends the lateral four toes. 
Aeting synergistieally with tibialis anterior, extensor hallucis longus and 
fibularis tertius, it is a dorsiflexor of the ankle. Aeting with extensor 
hallucis longus, it helps tighten the plantar aponeurosis. 

Testing The tendons of extensor digitomm longus ean be seen when 
the toes are extended against resistanee. 

Fibularis tertius 

Attaehments Fibularis tertius (peroneus tertius) often appears to be 
part of extensor digitomm longus and might be deseribed as its 'fifth 
tendon'. The muscle fibres of fibularis tertius arise from the distal third 
or more of the medial surface of the fibula, the adjoining anterior 
surface of the interosseous membrane, and the anterior intermuscular 
septum. The tendon passes deep to the superior extensor retinaculum 
and within the loop of the inferior extensor retinaculum alongside the 
extensor digitomm longus (see figs 83.6B, 84. 2A). It is inserted on to 
the medial part of the dorsal surface of the base of the fifth metatarsal; 
a thin expansion usually extends forwards along the medial border of 
the shaft of the bone. 

elations Fibularis tertius lies lateral to extensor digitomm longus. 

Vaseillar SLipply Fibularis tertius is supplied by the same vessels as 
extensor digitomm longus. In the foot it reeeives an additional supply 
from the termination of the arcuate artery and the fourth dorsal meta- 
tarsal artery. 

Innervation Fibularis tertius is innervated by the deep fibular nerve, 
L5, Sl. 

Aetions Eleetromyographie studies show that during the swing phase 
of gait (see Fig. 84.27), fibularis tertius aets with extensor digitomm 
longus and tibialis anterior to produce dorsiflexion of the foot, and with 
fibularis longus and fibularis brevis to effeet eversion of the foot (Jungers 
et al 1993). This levels the foot and helps the toes to elear the ground, 
an aetion that improves the effieieney and enhanees the eeonomy of 
bipedal loeomotion. Fibularis tertius is not aetive during the stanee 
phase, a finding that is at varianee with the suggestion that the muscle 
aets primarily to support the lateral longitudinal areh and to transfer 
the eentre of pressure of the foot medially. 

Testing Fibularis tertius eannot be tested in isolation, but its tendon 
ean sometimes be seen and felt when the foot is dorsiflexed against 
resistanee. 

LATERAL (FIBLILAR 0R PERONEAL) C0MPARTMENT 

The lateral eompartment eontains fibularis (peroneus) longus and fibu- 
laris (peroneus) brevis (see Figs 83.2A, B, 83.6A, B). Both muscles evert 
the foot and are plantar flexors of the ankle, and both probably play a 
part in balaneing the leg on the foot in standing and walking. 

Fibularis longus 

Attaehments Fibularis longus is the more superficial of the two 
muscles of the lateral eompartment. It arises from the head and proxi- 
mal two-thirds of the lateral surface of the fibula, the deep surface of 
the deep faseia, the anterior and posterior intermuscular septa, and 
oeeasionally by a few fibres from the lateral eondyle of the tibia. The 
muscle belly ends in a long tendon that mns distally behind the lateral 
malleolus in a groove it shares with the tendon of fibularis brevis. The 
groove is eonverted into a eanal by the superior fibular retinaculum, so 
that the tendon of fibularis longus and that of fibularis brevis, which 
lies in front of the longus tendon, are eontained in a eommon synovial 
sheath. If the fibular retinaculum is mptured by injury and fails to heal, 
the tendons ean disloeate from the groove. The fibularis longus tendon 
mns obliquely forwards on the lateral side of the calcaneus, below the 
fibular troehlea and the tendon of fibularis brevis, and deep to the 
inferior fibular retinaculum. It erosses the lateral side of the cuboid and 
then mns under the cuboid in a groove that is eonverted into a eanal 
by the long plantar ligament (see Fig. 84.20). It erosses the sole of the 
foot obliquely and is attaehed by two slips, one to the lateral side of 
the base of the first metatarsal and one to the lateral aspeet of the medial 
cuneiform; oeeasionally, a third slip is attaehed to the base of the seeond 
metatarsal. The tendon ehanges direetion below the lateral malleolus 


and on the cuboid bone. At both sites it is thiekened, and at the seeond 
site a sesamoid fibroeartilage (sometimes a bone, the os peroneum) is 
usually present. A seeond synovial sheath invests the tendon as it erosses 
the sole of the foot. 

Relations Proximally, fibularis longus lies posterior to extensor digi- 
tomm longus and anterior to soleus and flexor hallucis longus. Distally, 
in the leg, it lies posterior to fibularis brevis. Between its attaehments 
to the head and shaft of the fibula there is a gap through which the 
eommon fibular nerve passes. 

Vascular supply of lateral eompartment Usually, the predomi- 

nant supply of the lateral eompartment muscles is derived from 
branehes of the anterior tibial artery; the superior is eommonly the 
larger. There is also a lesser, variable, contribution from the fibular 
artery in the distal part of the leg. A fibular braneh may replaee the 
inferior braneh of the anterior tibial artery; less eommonly, the fibular 
artery provides the main supply to the whole eompartment. The upper 
part of fibularis longus is also supplied by the circumflex fibular braneh 
of the posterior tibial artery, which is usually a braneh of the anterior 
tibial artery. The eompanion artery to the eommon fibular nerve, a 
braneh of the popliteal artery, provides a minor contribution proxi- 
mally. Distally, the tendons are supplied by the fibular perforating, 
anterior lateral malleolar, lateral ealeaneal, lateral tarsal, arcuate, lateral 
and medial plantar arteries (see Fig. 84.9). 

Innervation Fibularis longus is innervated by the superficial fibular 
nerve, L5, Sl. 

Aetions There is little doubt that fibularis longus ean evert the foot 
and plantar flex the ankle, and possibly aet on the leg from its distal 
attaehments. The oblique direetion of its tendon aeross the sole also 
enables it to support the longitudinal and transverse arehes of the foot. 
With the foot off the ground, eversion is visually and palpably assoei- 
ated with inereased prominenee of both tendon and muscle. It is not 
elear to what extent this helps to maintain plantigrade eontaet of the 
foot in normal standing, but eleetromyographie reeordings show little 
or no fibular aetivity under these eonditions. Fibularis longus and brevis 
eome strongly into aetion to maintain the eoneavity of the foot during 
toe-off and tip-toeing. If the subject deliberately sways to one side, 
fibularis longus and brevis eontraet on that side, but their involvement 
in influencing postural interaetions between the foot and leg remains 
uncertain. 

Testing Fibularis longus and brevis are tested together by eversion of 
the foot against resistanee; the tendons ean be identified laterally at the 
ankle and in the foot. 

Fibularis brevis 

Attaehments Fibularis brevis arises from the distal two-thirds of the 
lateral surface of the fibula, anterior to fibularis longus, and from the 
anterior and posterior emral intermuscular septa. It passes vertieally 
downwards and ends in a tendon that passes behind the lateral malleo- 
lus together with, and anterior to, that of fibularis longus. The two 
tendons mn deep to the superior fibular retinaculum in a eommon 
synovial sheath. The tendon of fibularis brevis then mns forwards on 
the lateral side of the calcaneus above the fibular troehlea and the 
tendon of fibularis longus, and is inserted into a tuberosity on the 
lateral side of the base of the fifth metatarsal. 

elations Anteriorly lie extensor digitomm longus and fibularis ter- 
tius. Fibularis longus and flexor hallucis longus are posterior. On the 
lateral surface of the calcaneus, the tendons of fibularis longus and fibu- 
laris brevis occupy separate osteofaseial eanals formed by the calcaneus 
and the inferior fibular retinaculum; eaeh tendon is enveloped in a sepa- 
rate distal prolongation ofthe eommon synovial sheath (see Fig. 84. 2A). 

Vascular SLipply See Tibularis longus' 

Innervation Fibularis brevis is innervated by the superficial fibular 
nerve, L5, Sl. 

Aetions Fibularis brevis may limit inversion of the foot and so relieve 
strain on the ligaments that are tightened by this movement (the lateral 
part of interosseous taloealeaneal, lateral taloealeaneal and ealeaneo- 
fibular ligaments). It partieipates in eversion of the foot and may help 
to steady the leg on the foot. See also 'Fibularis longus' 

Testing See 'Fibularis longus' 





Muscles 


Variants of fibular muscles 

Tendinous slips from íìbularis longus may extend to the base of the 
third, fourth or fifth metatarsals, or to adductor hallucis. Fusion of 
fibularis longus and brevis has been reported but is rare. Fibularis tertius 
is highly variable in its form and bulk but is seldom eompletely absent; 
its distal attaehment may be to the fourth metatarsal rather than the 
fifth. Two other variant fibular muscles, arising from the fibula between 
fibularis longus and fibularis brevis, have been deseribed. These are 
fibularis accessorius, whose tendon joins that of fibularis longus in the 
sole, and fibularis quartus, which arises posteriorly and inserts on to 
the calcaneus or on to the cuboid. 


POSTERIOR (FLEX0R) OOMPARTMENT 

The muscles in the posterior eompartment of the lower leg form super- 
fieial and deep groups, separated by the transverse intermuscular septum. 

Superficial flexor group 


The superficial muscles - gastroenemms, plantaris and soleus (Fig. 
83.8; see Figs 83.2A, 82.3) - form the bulk of the ealf. Gastroenemms 
and soleus, eolleetively known as the trieeps surae, constitute a powerful 
muscular mass whose main fimetion is plantar flexion of the foot, 
although soleus in particular has an important postural role (see 
below). Their large size is a defining human eharaeteristie, and is related 
to the upright stanee and bipedal loeomotion of the human. Gastroe- 
nemms and plantaris aet on both the knee and the ankle joints, soleus 
on the latter alone. 

Gastrocnemius 

Attaehments Gastrocnemius is the most superficial muscle of the 
group and forms the 'belly' of the ealf (see Fig. 82.3). It arises by two 
heads, eonneeted to the eondyles of the femur by strong, flat tendons. 
The medial, larger head is attaehed to a depression at the upper and 
posterior part of the medial eondyle behind the adductor tubercle, and 
to a slightly raised area on the popliteal surface of the femur just above 
the medial eondyle. The lateral head is attaehed to a reeognizable area 
on the lateral surface of the lateral eondyle and to the lower part of the 
eorresponding supracondylar line. Both heads also arise from subjacent 
areas of the capsule of the knee joint. The tendinous attaehments 
expand to eover the posterior surface of eaeh head with an aponeurosis, 
from the anterior surface of which the muscle fibres arise. The fleshy 
part of the nmsele extends to about mid-ealf. The muscle fibres of the 
larger medial head extend lower than those of the lateral head. As the 
muscle deseends, the muscle fibres begin to insert into a broad aponeu- 
rosis that develops on its anterior surface; up to this point, the muscular 
masses of the two heads remain separate. The aponeurosis gradually 
narrows and reeeives the tendon of soleus on its deep surface to form 
the ealeaneal tendon (for a detailed deseription of the ealeaneal tendon, 
see page 1440). 

On oeeasion, the lateral head, or the whole muscle, is absent. A third 
head arising from the popliteal surface of the fenrnr is sometimes 
present. 

elations Proximally, the two heads of gastrocnemius form the lower 
boundaries of the popliteal fossa. The lateral head is partially overlaid 
by the tendon of bieeps femoris, the medial head by semimembrano- 
sus. Over the rest of its length, the nmsele is superficial and the two 
heads ean easily be seen in the living subject. The superficial surface of 
the muscle is separated by the deep faseia from the short saphenous 
vein and the fibular communicating and sural nerves. The eommon 
fibular nerve erosses behind the lateral head of the nmsele, partly under 
eover of bieeps femoris. The deep surface lies posterior to the oblique 
popliteal ligament, popliteus, soleus, plantaris, popliteal vessels and the 
tibial nerve. A bursa, which communicates with the knee joint, is 
loeated anterior to the tendon of the medial head; if the bursa expands 
into the popliteal fossa, it does so in the plane between the medial head 
of gastrocnemius and semimembranosus. The tendon of the lateral 
head frequently eontains a sesamoid bone, the fabella, where it moves 
over the lateral femoral eondyle. A sesamoid bone may oeeasionally 
occur in the tendon of the medial head. 
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Fig. 83.8 Muscles of the left leg, posterior aspeet. Gastrocnemius has 
been partially removed. (With permission from VVasehke J, Paulsen F 
(eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & 
Fiseher. Copyright 2013.) 


muscle head with its nerve of supply, the pediele entering the muscle 
near its axial border at the level of the middle of the popliteal fossa. 
Medial or lateral gastrocnemius musculocutaneous flaps may be raised, 
eaeh based on its neurovascular pediele. Minor aeeessory sural arteries 
arise from the popliteal or from the superior genicular arteries. 

The blood supply to the ealeaneal tendon is deseribed on page 1440. 

Innervation Gastrocnemius is innervated by the tibial nerve, S1 
and S2. 


Vascular supply Eaeh head of gastroenemms is supplied by its own 
sural artery. These arteries are branehes of the popliteal artery and arise 
at variable levels, usually at the level of the tibiofemoral joint line. The 
medial sural artery almost always arises more proximally than the 
lateral; the medial may arise proximal to the joint line, the lateral 
sometimes distal to the line. Eaeh sural artery enters the eorresponding 


Aetìons The aetion of gastrocnemius is eonsidered with soleus. 

Testing Gastrocnemius is tested by plantar flexion of the foot against 
resistanee, in the supine position and with the knee extended. Plantar 
flexion (gastrocnemius and soleus) is best tested by asking the subject 
to perform repetitive unilateral toe rises. 
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Plantaris 

AttaehmentS Plantaris arises from the lower part of the lateral siipra- 
eondylar line and the oblique popliteal ligament (see Fig. 83.8). Its 
small fhsiform belly is 7-10 em long and ends in a long slender tendon, 
which erosses obliquely in an inferomedial direetion, between gastroe- 
nemius and soleus, then mns distally along the medial border of the 
ealeaneal tendon and inserts on to the calcaneus just medial to the eal- 
eaneal tendon. Oeeasionally it ends by fusing with the ealeaneal tendon. 

The muscle is sometimes double, and oeeasionally absent. Oeeasion- 
ally its tendon merges with the flexor retinaculum or with the faseia of 
the leg. 

Vaseillar Slipply Plantaris is supplied superficially by the lateral sural 
and popliteal arteries, and deeply by the superior lateral genicular 
artery. The distal tendon shares a blood supply with the ealeaneal 
tendon. 

Innervation Plantaris is innervated by the tibial nerve, often from the 
ramus that supplies the lateral head of gastroenemms, S1 and S2. 

Aetions In many mammals, plantaris is well developed and inserts 
direetly or indireetly into the plantar aponeurosis. In humans, the 
muscle is almost vestigial and is normally inserted well short of the 
plantar aponenrosis, usually into the calcaneus. It is therefore presumed 
to aet with gastrocnemius. 

Soleus 

Attaehments Soleus is a broad, flat muscle situated immediately 
deep (anterior) to gastrocnemius (see Fig. 83.8). It arises from the 
posterior surface of the head and proximal quarter of the shaft of the 
fibula; the soleal line and the middle third of the medial border of the 
tibia; and from a fibrous band between the tibia and fibula (tendinous 
areh of the soleus) that arehes over the popliteal vessels and tibial nerve. 
This origin is aponeurotic; most of the muscular fibres arise from its 
posterior surface and pass obliquely to the tendon of insertion on the 
posterior surface of the muscle. Other muscle fibres arise from the 
anterior surface of the aponeurosis. They are short, oblique and bipen- 
nate in arrangement, and eonverge on a narrow, eentral intramuscular 
tendon that merges distally with the prineipal tendon. The latter gradu- 
ally beeomes thieker and narrower, and joins the tendon of gastroene- 
mius to form the ealeaneal tendon. The muscle is eovered proximally 
by gastrocnemius, but below mid-ealf it is broader than the tendon of 
gastrocnemius and is readily aeeessible on either side of the tendon. 

An aeeessory part of the muscle is sometimes present distally and 
medially. It may be inserted into the ealeaneal tendon, the calcaneus or 
the flexor retinaculum. 

elations The superficial surface of soleus is in eontaet with gastroe- 
nemius and plantaris. Its deep surface is related to flexor digitomm 
longus, flexor hallucis longus, tibialis posterior and the posterior tibial 
vessels and tibial nerve, from all of which it is separated by the trans- 
verse intermuscular septum of the leg. 

Vaseillar SLipply Soleus is supplied by two main arteries: the supe- 
rior arises from the popliteal artery at about the level of the soleal areh, 
and the inferior from the proximal part of the fibular artery or some- 
times from the posterior tibial artery. A seeondary supply is derived 
from the lateral sural, fibular or posterior tibial vessels. 

There is a venous plexus within the muscle belly that is important 
physiologieally as part of the imisele pump complex (see below). Patho- 
logieally, it is a eommon site of deep vein thrombosis. 

Innervation Soleus is innervated by two branehes from the tibial 
nerve, S1 and S2. 

Aetions See 'Trieeps surae' 

Testing Soleus is tested by plantar flexion of the foot against resistanee 
in the supine position, with hip and knee flexed; the imisele belly ean 
be palpated separately from those of gastrocnemius. 

Aetions of trieeps surae 

Gastroenemms and soleus are the ehief plantar flexors of the foot; gas- 
troenemms is also a flexor of the knee. The nmseles are usually large 
and eorrespondingly powerful. Gastrocnemius provides foree for pro- 
pulsion in walking, mnning and leaping. Soleus, aeting from below, is 
said to be more eoneerned with steadying the leg on the foot in stand- 
ing. This postural role is also suggested by its high eontent of slow, 
fatigue-resistant (type 1) muscle fibres. In many adult mammals, the 


proportion of this type of fibre in soleus approaehes 100%. However, 
such a rigid separation of fimetional roles seems unlikely in humans; 
soleus probably partieipates in loeomotion, and gastrocnemius in 
posture. Nevertheless, the ankle joint is loose-paeked in the ereet 
posture, and sinee the weight of the body aets through a vertieal line 
that passes anterior to the joint, a strong braee is required behind the 
joint to maintain stability. Eleetromyography shows that these forees 
are supplied mainly by soleus; during symmetrieal standing, soleus is 
continuously aetive, whereas gastrocnemius is reemited only intermit- 
tently. The relative contributions of soleus and gastrocnemius to phasie 
aetivity of the trieeps surae in walking have yet to be satisfaetorily 
analysed. 

Deep flexor group 


The deep flexor group (see Fig. 83.2A, B; Figs 83.9-83.10) lies beneath 
(anterior to) the transverse intermuscular septum and eonsists of pop- 
liteus, which aets on the knee joint, and flexor digitomm longus, flexor 
hallucis longus and tibialis posterior, which all produce plantar flexion 
at the ankle in addition to their speeifie aetions on joints of the foot 
and digits. 

Popliteiis 

Popliteus is deseribed on page 1397. 

Flexor digitomm longus 

Attaehments Flexor digitomm longus is thin and tapered proximally, 
but widens gradually as it deseends (see Figs 83.9A, B). It arises from 
the posterior surface of the tibia medial to tibialis posterior from just 
below the soleal line to within 7 or 8 em of the distal end of the bone; 
it also arises from the faseia eovering tibialis posterior. The muscle ends 
in a tendon that extends along almost the whole of its posterior surface. 
The tendon gradually erosses tibialis posterior on its superficial aspeet 
and passes behind the medial malleolus where it shares a groove with 
tibialis posterior, from which it is separated by a fibrous septum, i.e. 
eaeh tendon occupies its own eompartment lined by a synovial sheath 
(see Fig. 84.2B). The tendon of flexor digitomm longus then curves 
obliquely forwards and laterally, in eontaet with the medial side of the 
sustentaculum tali, passes deep to the flexor retinaculum, and enters 
the sole of the foot on the medial side of the tendon of flexor hallucis 
longus. It erosses superficial to that tendon and reeeives a strong slip 
from it (and may also send a slip to it). The tendon of flexor digitomm 
longus then passes forwards as four separate tendons, one eaeh for the 
seeond to fifth toes, deep to the tendons of flexor digitomm brevis. After 
giving rise to the lumbricals, it passes through the fibrous sheaths of 
the lateral four toes. The tendons of flexor accessorius insert into the 
long flexor tendons of the seeond, third and fourth digits; flexor hallucis 
longus makes a variable contribution through the eonneeting slip men- 
tioned above. The long flexor tendons of the lateral four digits are 
attaehed to the plantar surfaces of the bases of their distal phalanges; 
eaeh passes between the slips of the eorresponding tendon of flexor 
digitomm brevis at the base of the proximal phalanx. 

A supplementary head of the muscle, flexor accessorius longus, with 
its own tendon, may arise from the fibula, tibia or deep faseia and insert 
into the main tendon or into flexor accessorius in the foot. It may send 
eomimmieating slips to tibialis anterior or to flexor hallucis longus. 

elations Flexor digitomm longus lies medial to flexor halhieis 
longus. In the leg, its superficial surface is in eontaet with the transverse 
intermuscular septum, which separates it from soleus, and distally from 
the posterior tibial vessels and tibial nerve. Its deep surface is related to 
the tibia and to tibialis posterior. In the foot, it is eovered by abductor 
hallucis and flexor digitomm brevis, and it erosses superficial to flexor 
hallucis longus. 

Vaseillar Slipply A series of transversely mnning branehes of the 
posterior tibial artery enters the lateral border of flexor digitomm 
longus. There may be a seeondary supply from fibular branehes to flexor 
hallucis longus. The tendons are supplied by the vessels of the ankle 
and sole of the foot. 

Innervation Flexor digitomm longus is innervated by branehes of the 
tibial nerve, L5, S1 and S2. 

Aetìons See 'Flexor hallucis longus' 

Testing Flexor digitomm longus is tested by flexing the toes against 
resistanee. Aberrant fimetion of flexor digitomm longus is implieated 
in toe deformities such as hammer toe, claw toe and mallet toe. Its 
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Fig. 83.9 Miiseles of the left leg, posterior aspeet. A, The siiperfieial muscles have been extensively removed. B, The superficial muscles have been 
extensively removed, popliteus has been seetioned and the tendon of flexor digitomm longus removed as it erosses the tendon of tibialis posterior. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


tendon may be used in transfer procedures for the surgical treatment of 
tibialis posterior tendon dysfunction. 

Flexor halliieìs longiis 

Attaehments Flexor hallucis longus arises from the distal two-thirds 
of the posterior surface of the fibula (except for the lowest 2.5 em of 
this surface); the adjaeent interosseous membrane and the posterior 
emral intermuscular septum; and from the faseia eovering tibialis pos- 
terior, which it overlaps to a eonsiderable extent (see Fig. 83.9). Its fibres 
pass obliquely down to a tendon that occupies nearly the whole length 
of the posterior aspeet of the muscle. This tendon grooves the posterior 
surface of the lower end of the tibia, then, successively the posterior 
surface of the talus and the inferior surface of the sustentaculum tali of 


the calcaneus (see Fig. 84. 2B). Fibrous bands eonvert the grooves on 
the talus and calcaneus into a eanal lined by a synovial sheath. In 
daneers, ovemse causes thiekening of the tendon in this region, and 
pain and even 'triggering ean occur (hallux saltans). In the sole of the 
foot, the tendon of flexor hallucis longus passes forwards in the seeond 
layer like a bowstring. It erosses the tendon of flexor digitomm longus 
from lateral to medial, curving obliquely superior to it. At the erossing 
point (knot of Henry), it gives off two strong slips to the medial two 
divisions of the tendons of flexor digitomm longus and then erosses 
the lateral part of flexor hallucis brevis to reaeh the interval between 
the sesamoid bones under the head of the first metatarsal. It continues 
on the plantar aspeet of the hallux, and mns in an osseo-aponeurotic 
tunnel to be attaehed to the plantar aspeet of the base of the distal 
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Fig. 83.10 A transverse seetion through the left leg, approximately 6 em 
proximal to the medial malleolus. 


phalanx. The tendon is retained in position over the lateral part of flexor 
hallucis brevis by the diverging stems of the distal band of the medial 
intermuscular septum. 

The distal extent of the muscle belly is a distinetive eharaeteristie; in 
the posteromedial surgical approaeh to the ankle, flexor hallucis longus 
is readily identifiable by the faet that muscle fibres are evident almost 
to ealeaneal level. In athletes, the muscle fibres may be present so far 
inferiorly into the tendon as to be susceptible to impingement when 
pulled into the tunnel at the talus. 

The eonneeting slip to flexor digitomm longus varies in size; it 
usually continues into the tendons for the seeond and third toes but is 
sometimes restrieted to the seeond toe and oeeasionally extends to the 
fourth toe. 


hallucis longus and flexor digitomm longus, and is overlapped by both, 
but espeeially by the former. Its proximal attaehment eonsists of two 
tapered proeesses, separated by an angular interval that is traversed by 
the anterior tibial vessels. The medial proeess arises from the posterior 
surface of the interosseous membrane, except at its most distal part, and 
from a lateral area on the posterior surface of the tibia between the 
soleal line above and the junction of the middle and lower thirds of 
the shaft below. The lateral part arises from a medial strip of the pos- 
terior fibular surface in its upper two-thirds. The muscle also arises from 
the transverse intermuscular septum, and from the intermuscular septa 
that separate it from adjaeent muscles. In the distal quarter of the leg, 
its tendon passes deep to that of flexor digitomm longus, with which 
it shares a groove behind the medial malleolus, eaeh enelosed in a 
separate synovial sheath (see Fig. 84. 2B). It then passes deep to the 
flexor retinaculum and superficial to the deltoid ligament to enter the 
foot. In the foot, it is at first inferior to the plantar calcaneonavicular 
ligament, where it eontains a sesamoid fibroeartilage. The tendon then 
divides into two. The more superficial and larger division, which is a 
direet eontimiation of the tendon, is attaehed to the tuberosity of the 
naviailar, from which fibres continue to the inferior surface of the 
medial cuneiform. A tendinous band also passes laterally and a little 
proximally to the tip and distal margin of the sustentaculum tali. The 
deeper lateral division gives rise to the tendon of origin of the medial 
limb of flexor hallucis brevis, and then eontimies between this muscle 
and the navicular and medial cuneiform to end on the intermediate 
cuneiform and the bases of the seeond, third and fourth metatarsals; 
the slip to the fourth metatarsal is the strongest. 

The slips to the metatarsals vary in number. Slips to the cuboid and 
lateral cuneiform may also occur. An additional imisele, the tibialis 
secundus, has been deseribed mnning from the baek of the tibia to the 
capsule of the ankle joint. 

elations The superficial surface of tibialis posterior is separated from 
soleus by the transverse intermuscular septum, and is related to flexor 
digitomm longus, flexor hallucis longus, the posterior tibial vessels, the 
tibial nerve and the fibular vessels. The deep surface is in eontaet with 
the interosseous membrane, tibia, fibula and ankle joint. 

Vaseillar SLipply Tibialis posterior is supplied by numerous branehes 
of small ealibre arising from the posterior tibial and fibular arteries. The 
tendon is supplied by arteries of the medial malleolar network and by 
the medial plantar artery. 


elations Soleus and the ealeaneal tendon lie superficial (i.e. poste- 
rior) to flexor hallucis longus, separated by the transverse intermuscular 
septum. Deeply situated are the fibula, tibialis posterior, fibular vessels, 
distal part of the interosseous membrane and the taloemral joint. Lat- 
erally lie fibularis longus and fibularis brevis; medially are tibialis pos- 
terior, posterior tibial vessels and the tibial nerve. Flexor hallucis longus 
is an important surgical landmark at the ankle; staying lateral to it 
prevents injury to the neurovascular bundle. 

ascular supply Flexor hallucis longus is supplied by numerous 
branehes of the fibular artery. The tendon is supplied by arteries of the 
ankle and foot. 

Innervation Flexor hallucis longus is innervated by branehes of the 
tibial nerve, L5, S1 and S2 (mainly Sl). 

Testing Flexor hallucis longus is tested by flexion of the hallux against 
resistanee. 

Aetions of deep digital flexors 

Both flexor hallucis longus and flexor digitomm longus ean aet as 
plantar flexors but this aetion is weak eompared with that of gastroene- 
mius and soleus. When the foot is off the ground, both muscles flex the 
phalanges, aeting primarily on the distal phalanges. When the foot is 
on the ground and under load, they aet synergistieally with the small 
muscles of the foot and, espeeially in the ease of flexor digitomm 
longus, with the lumbricals and interossei to maintain the pads of the 
toes in firm eontaet with the ground, enlarging the weight-bearing area 
and helping to stabilize the heads of the metatarsals, which form the 
fhlemm on which the body is propelled forwards. Aetivity in the long 
digital flexors is minimal during quiet standing, so they apparently 
contribute little to the statie maintenanee of the longitudinal areh, but 
they beeome very aetive during toe-off and tip-toe movements. 

Tibialis posterior 

AttaehmentS Tibialis posterior is the most deeply plaeed muscle of 
the flexor group (see Fig. 83.9). At its origin it lies between flexor 


Innervation Tibialis posterior is innervated by the tibial nerve, L4 
and L5. 

Aetions Tibialis posterior is a powerful muscle that, on eontraetion, 
has an excursion of only 1-2 em. It is the prineipal invertor of the 
foot and also initiates elevation of the heel; it is responsible for the 
hindfoot vams that occurs during a single heel raise. Due to its inser- 
tions on to the ameiforms and the bases of the metatarsals, it has 
long been thought to assist in elevating the longitudinal areh of the 
foot, although eleetromyography shows that it is actually quiescent in 
standing. It is phasieally aetive in walking, during which it probably 
aets with the intrinsie foot musculature and the lateral leg muscles to 
eontrol the degree of pronation of the foot and the distribution of 
weight through the metatarsal heads. It is said that when the body is 
supported on one leg, the invertor aetion of tibialis posterior, exerted 
from below, helps to maintain balanee by resisting any tendeney to 
sway laterally. 

Tibialis posterior is also important in the maintenanee of the medial 
part of the longitudinal areh of the foot. In overweight individuals with 
pes planus (flat foot deformity), unaccustomed aetivity ean result in 
inflammation and degeneration of the terminal portion of the tendon, 
which leads to elongation of the tendon, attemiation of the spring liga- 
ment and progressive eollapse of the medial longitudinal areh. As the 
excursion is so short, the muscle eannot eompensate for the lengthen- 
ing of its tendon, a failure that results in tibialis posterior tendon 
dysfimetion. 

Testing Tibialis posterior is tested by asking the subject to move the 
foot into a position of maximal plantar flexion and inversion against 
the resistanee of the examiner s hand; the tendon ean be seen and felt 
just proximal to the medial malleolus. Testing tibialis posterior fimetion 
is important in establishing a diagnosis of a eommon fibular nerve 
neuropathy and differentiating it from an L5 radioilopathy, which are 
two eommon elinieal eonditions. In a eommon fibular nerve neur- 
opathy, tibialis posterior has normal fimetion, whereas in an L5 radioil- 
opathy, tibialis posterior is weak. 












































Vascular supply 


VASCULAR SUPPLY 


ARTERIES 


Anterior tibial artery 


The anterior tibial artery arises at the distal border of popliteus (Fig. 
83.11; see Figs 78.4A, B, 83.7, 83.10, 82.1, 82.4, 84.9). At first in the 
flexor eompartment, it passes between the heads of tibialis posterior 
and through the oval aperture in the proximal part of the interosseous 
membrane to reaeh the extensor (anterior) eompartment, passing 
medial to the fibular neek; it is vulnerable here during tibial osteotomy. 
Deseending on the anterior aspeet of the membrane, it approaehes the 
tibia and, distally, lies anterior to it. At the ankle, the anterior tibial 
artery is loeated approximately midway between the malleoli, and it 
eontimies on the dorsum of the foot, lateral to extensor hallucis longus, 
as the dorsalis pedis artery. 

The anterior tibial artery may, on oeeasion, be small but it is rarely 
absent. Its fimetion may be replaeed by perforating branehes from the 
posterior tibial artery or by the perforating braneh of the fibular artery. 
It oeeasionally deviates laterally, regaining its usual position at the 
ankle. It may also be larger than normal, in which ease its territory of 
supply in the foot may be inereased to include the plantar surface. 

Relations 

In its proximal two-thirds the anterior tibial artery lies on the interos- 
seous membrane, and in its distal third it is anterior to the tibia and 


ankle joint. Proximally, it lies between tibialis anterior and extensor 
digitomm longus, then between tibialis anterior and extensor hallucis 
longus. At the ankle it is erossed superficially from the lateral side by 
the tendon of extensor hallucis longus and then lies between this 
tendon and the first tendon of extensor digitomm longus. Its proximal 
two-thirds are eovered by adjoining muscles and deep faseia, its distal 
third by the skin, faseiae and extensor retinacula. It is aeeompanied by 
venae eomitantes. The deep fibular nerve, curling laterally round the 
fibular neek, reaehes the lateral side of the artery where it enters the 
extensor region, is then anterior to the artery in the middle third of 
the leg, and beeomes lateral again distally. 

Branehes 

The named branehes of the anterior tibial artery are the posterior and 
anterior tibial recurrent, muscular, perforating, and anterior medial and 
lateral malleolar arteries. 

Posterior tibial recurrent artery The posterior tibial recurrent 

artery is an ineonstant braneh that arises before the anterior tibial artery 
reaehes the extensor eompartment of the leg. It aseends anterior to 
popliteus, anastomosing with the inferior genicular branehes of the 
popliteal artery. It supplies the superior tibiofibular joint. 

Anterior tibial recurrent artery The anterior tibial recurrent artery 

arises near the posterior tibial recurrent artery. It aseends in tibialis 
anterior, ramifies on the front and sides of the knee joint, and joins the 
patellar anastomosis, which intereonneets with the genicular branehes 
of the popliteal and circumflex fibular arteries. 
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Fig. 83.11 Three-dimensional CT imaging illustrating the arterial supply of 
the lower limb. Note the relationships of the arteries to the surrounding 
bones. (Courtesy of Dr Yoginder Vaid and Mr Jon C Betts, Jr.) 


Muscular branehes Numerous branehes supply the adjaeent 
muscles. Some then pieree the deep faseia to supply the skin, while 
others traverse the interosseous membrane to anastomose with branehes 
of the posterior tibial and fibular arteries. 

Perforating branehes Most of the fasciocutaneous perforators pass 

along the anterior fibular faseial septum behind extensor digitomm 
longus before penetrating the deep faseia to supply the skin. 

Anterior medial malleolar artery The anterior medial malleolar 

artery arises approximately 5 em proximal to the ankle. It passes pos- 
terior to the tendons of extensor hallucis longus and tibialis anterior 
medial to the joint, where it joins branehes of the posterior tibial and 
medial plantar arteries. 

Anterior lateral malleolar artery The anterior lateral malleolar 

artery mns posterior to the tendons of extensor digitomm longus and 
fibularis tertius to the lateral side of the ankle and anastomoses with 
the perforating braneh of the fibular artery and aseending branehes of 
the lateral tarsal artery. 

Posterior tibial artery 


The posterior tibial artery begins at the distal border of popliteus, 
between the tibia and fibula (see 4gs 78.4B, 82.4, 83.11). It deseends 
medially in the flexor eompartment and divides under abductor hal- 
lucis, midway between the medial malleolus and the ealeaneal tubercle, 
into the medial and lateral plantar arteries. The artery may be much 
reduced in length or in ealibre; the fibular artery then takes over its 
distal territory of supply and may consequently be inereased in size. 

Relations 

The posterior tibial artery is successively posterior to tibialis posterior, 
flexor digitomm longus, the tibia and the ankle joint. Proximally, gas- 
trocnemius, soleus and the transverse intermuscular septum of the leg 
are superficial to the artery, and distally, it is eovered only by skin and 
faseia. It is parallel with and approximately 2.5 em anterior to the 
medial border of the ealeaneal tendon; terminally, it is deep to the flexor 
retinaculum. The artery is aeeompanied by two veins and the tibial 
nerve. The nerve is at first medial to the artery but soon erosses behind 
it and subsequently beeomes largely posterolateral in position. 

Branehes 

The named branehes of the posterior tibial artery are the circumflex 
fibular, nutrient, muscular, perforating, communicating, medial malle- 
olar, ealeaneal, lateral and medial plantar, and fibular arteries. 

Circumflex fibular artery The circumflex fibular artery, which 
sometimes arises from the anterior tibial artery, passes laterally round 
the neek of the fibula through the soleus to anastomose with the 
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inferior medial and lateral genicular and anterior tibial recurrent arter- 
ies. It supplies bone and related artiailar structures. 

Nutrient artery Of the tibia The nutrient artery of the tibia arises 

from the posterior tibia near its origin. After giving off a few muscular 
branehes, it deseends into the bone immediately distal to the soleal 
line. It is one of the largest of the mitrient arteries. 

Muscular branehes Muscular branehes are distributed to the soleus 
and deep flexors of the leg. 

Perforating branehes Approximately five fasciocutaneous perfor- 
ators emerge between flexor digitomm longus and soleus, and pass 
through the deep faseia, often aeeompanying the perforating veins that 
eonneet the deep and superficial venous systems. The arterial perfor- 
ators then divide into anterior and posterior branehes to supply the 
regional periosteum and skin. These vessels are utilized in raising 
medial fasciocutaneous perforator flaps in the leg. 

CommunÌcatÌng braneh The communicating braneh mns posteri- 
orly aeross the tibia approximately 5 em above its distal end, deep to 
flexor hallucis longus, to join a communicating braneh of the fibular 
artery. 

Medial malleolar branehes The medial malleolar branehes pass 

round the medial malleolus to the medial malleolar network, which 
supplies the skin. 

Calcaneal branehes ealeaneal branehes arise just proximal to the 

terminal division of the posterior tibial artery. They pieree the flexor 
retinaculum to supply fat and skin behind the ealeaneal tendon and in 
the heel, and muscles on the tibial side of the sole; the branehes anas- 
tomose with medial malleolar arteries and ealeaneal branehes of the 
fibular artery. 

Medial plantar artery 


The medial plantar artery is the smaller terminal braneh of the posterior 
tibial artery and passes distally along the medial side of the foot, medial 
to the medial plantar nerve (see Figs 78.4B, 84.25). At first deep to 
abductor hallucis, it mns distally between this muscle and flexor digi- 
tomm brevis, and supplies both. Near the first metatarsal base, its size, 
already diminished by muscular branehes, is hirther reduced to a super- 
fieial stem that divides to form three superficial digital branehes. These 
aeeompany the digital branehes of the medial plantar nerve and join 
the first to third plantar metatarsal arteries. The main tmnk of the 
medial plantar artery then mns on to reaeh the medial border of the 
hallux, where it anastomoses with a braneh of the first plantar metatar- 
sal artery. 

Lateral plantar artery 


The lateral plantar artery is the larger terminal braneh of the posterior 
tibial artery (see Figs 78.4B, 84.25). It passes distally and laterally to 
the fifth metatarsal base, lateral to the lateral plantar nerve. (The medial 
and lateral plantar nerves lie between the eorresponding plantar arter- 
ies.) Turning medially with the deep braneh of the lateral plantar nerve, 
it reaehes the interval between the first and seeond metatarsal bases, 
and unites with the deep plantar artery to eomplete the plantar areh. 
As it passes laterally, it is first between the calcaneus and abductor hal- 
lucis, then between flexor digitomm brevis and flexor accessorius. 
Running distally to the fifth metatarsal base, it passes between flexor 
digitomm brevis and abductor digiti minimi, and is eovered by the 
plantar aponeurosis, superficial faseia and skin. 

Branehes 

Muscular branehes supply the adjoining muscles. Superficial branehes 
supply the skin and subcutaneous tissue along the lateral sole. Anasto- 
motie branehes mn to the lateral border of the foot, joining branehes 
of the lateral tarsal and arcuate arteries. A ealeaneal braneh sometimes 
pierees abductor hallucis to supply the skin of the heel. 

Fibular artery 


The fibular artery arises from the posterior tibial artery approximately 
2.5 em distal to popliteus and passes obliquely to the fibula, deseend- 
ing along its medial erest either in a fibrous eanal between tibialis 
posterior and flexor hallucis longus or within flexor hallucis longus (see 


Figs 78.4B, 82.4, 83.2, 83.10). Reaehing the inferior tibiofibular syn- 
desmosis, it divides into ealeaneal branehes that ramiíy on the lateral 
and posterior surfaces of the calcaneus. Proximally, it is eovered by 
soleus and the transverse intermuscular septum between soleus and the 
deep muscles of the leg, and distally it is overlapped by flexor hallucis 
longus. 

The fibular artery may braneh high from the posterior tibial artery 
or may even braneh from the popliteal artery separately, resulting in a 
tme / trifurcation , . It may also braneh more distally from the posterior 
tibial artery, sometimes 7 or 8 em distal to popliteus. Its size tends to 
be inversely related to the size of the other arteries of the leg. It may be 
reduced in size but is more often enlarged, when it may join, reinforee 
or even replaee the posterior tibial artery in the distal leg and foot. 

Branehes 

The fibular artery has muscular, nutrient, perforating, eomimmieating 
and ealeaneal branehes. 

Mliseillar branehes Multiple short branehes supply soleus, tibialis 
posterior, flexor hallucis longus and the fibular muscles. 

Nlltrient artery The nutrient artery branehes from the main tmnk 
approximately 7 em from its origin and enters the fibula 14-19 em 
from the apex of the head of the fibula. 

Perforating branehes The main perforating braneh traverses the 
interosseous membrane approximately 5 em proximal to the lateral 
malleolus to enter the extensor eompartment, where it anastomoses 
with the anterior lateral malleolar artery. Deseending anterior to the 
inferior tibiofibular syndesmosis, it supplies the tarsus and anastomoses 
with the lateral tarsal artery. This braneh is sometimes enlarged and may 
replaee the dorsalis pedis artery. 

Fasciocutaneous perforators from the lateral muscular branehes pass 
along the posterior fibular faseial septum to penetrate the deep faseia 
and reaeh the skin. These vessels are utilized in raising fasciocutaneous 
posterolateral leg flaps (see below). 

CommunÌcatÌng braneh The communicating braneh eonneets to 
a eomimmieating braneh of the posterior tibial artery approximately 
5 em proximal to the ankle. 

aleaneal branehes ealeaneal (terminal) branehes anastomose 
with the anterior lateral malleolar and ealeaneal branehes of the pos- 
terior tibial artery. 

Perforator flaps in the knee and leg 

The perforators, which arise from the rieh vascular anastomosis around 
the patella, generally traverse the tendon of quadriceps femoris to 
supply the skin over the patella and the peripatellar region (see Fig. 
78.7). The skin flaps based on these perforators may be used as distally 
based or proximally based flaps to eover defeets over the knee and 
popliteal region. The direet cutaneous braneh of the popliteal artery and 
a superficial sural artery, which aeeompanies the sural nerve, provide 
additional perforators to the skin over the baek of the knee. The poste- 
rior tibial artery gives off an average of ten perforators to the skin eover- 
ing the anteromedial and posterior parts of the leg. In the upper third 
of the leg, the perforating vessels are predominantly muscular and 
periosteocutaneous, while in the lower third, the perforating vessels are 
mainly direet subcutaneous types. They anastomose with the perforat- 
ing branehes of the anterior tibial artery anteriorly and fibular artery 
posteriorly. Inferiorly, the posterior tibial artery forms a rieh anasto- 
motie ring around the ankle joint with the fibular and anterior tibial 
arteries. Perforators from these vessels supply the ealeaneal tendon and 
the overlying skin. The posterior tibial artery gives off three direet cuta- 
neous perforators in the lower part of the leg; a distally based skin or 
adipofaseial flap based on one of these perforators may be used to 
reeonstmet a defeet over the anterior or the posterior aspeet of the lower 
leg. The anterior tibial artery gives off an average of six perforators, 
which supply the anterolateral part of the leg. They emerge in two 
longitudinal rows; one perforator is fairly large and aeeompanies the 
superficial fibular nerve. A small skin flap based on any one of these 
perforators may be used to eover small defeets over the tibia, and a 
neurocutaneous flap that inefodes the superficial fibular nerve may 
be used. 

The fibular artery has an average of five perforators. A eonstant 
perforator pierees the deep faseia approximately 5 em above the 
lateral malleofos and divides into an aseending and a deseending 
braneh. A vascularized fibula graft based on the fibular artery is now 
the standard graft used in reeonstmetion of the mandible, while small 
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faseioeiitaneoiis and adipofaseial flaps based on the perforators of the 
fibular artery are useful in eovering soft tissue defeets over the heel and 
proximal part of the foot. 

DEEP AND SUPERFICIAL VEN0US SYSTEM 
Posterior tibial veins 

The posterior tibial veins aeeompany the posterior tibial artery (see Fig. 
78.8). They reeeive tributaries from the ealf imiseles (espeeially from 
the venous plexus in the soleus) and eonneetions from superficial veins 
and the fibular veins. 

Fibular veins 


The fibular veins, mnning with their artery, reeeive tributaries from 
soleus and from superficial veins. 

Anterior tibial veins 


The anterior tibial veins, continuations of the venae eomitantes of the 
dorsalis pedis artery, leave the anterior eompartment between the tibia 
and fibula, and pass through the proximal end of the interosseous 
membrane. They unite with the posterior tibial veins to form the pop- 
liteal vein at the distal border of popliteus. 

Long and short saphenous veins 


The long and short saphenous veins are deseribed on pages 1370-1371 
and 1399, respeetively. 

Venous disease 


Chronic venous disease is eommon. Sustained overdistension of the 
superficial veins of the lower limb may result in the development of 
short, dilated venous segments or varieosities. Varieose veins ean occur 
as a consequence of venous valve failure at the proximal end of the long 
saphenous vein at the saphenofemoral junction, or in the perforating 
veins that pass from the superficial system to the high-pressure deep 
veins. Varieose veins have thin walls and 'leak' red blood eells into 
adjaeent soft tissues. As these eells are broken down, haemosiderin is 
deposited in the soft tissues, resulting in a brown pigmentation. This 
phenomenon, together with the faet that venous stasis produces 
oedema, renders the soft tissues of the leg unhealthy and prone to 
ulceration, particularly after minor trauma. 

Acute venous disease occurs most eommonly in the posterior eom- 
partment of the leg. This is attributed to the sluggish blood flow that 
occurs, at times, in the deep veins of the ealf. This relative stasis predis- 
poses to the formation of venous thrombi. Fragments of these thrombi 
may beeome dislodged and earried in the venous return to the heart to 
cause a life-threatening pulmonary embolism. Bloekage of the normal 
venous system may contribute to inereased loeal venous pressure and 
oedema. 
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Tibial nerve 


tibialis posterior for most of its course except distally, where it adjoins 
the posterior surface of the tibia. The tibial nerve ends under the flexor 
retinaculum by dividing into the medial and lateral plantar nerves. 

Branehes 

The branehes of the tibial nerve are articular, muscular, sural, medial 
ealeaneal and medial and lateral plantar nerves. The medial and lateral 
plantar nerves and the medial ealeaneal nerve are deseribed on page 
1447. 

Articular branehes Articular branehes to the knee joint aeeompany 
the superior and inferior medial genioilar arteries and the middle 
genioilar artery; they form a plexus with a braneh from the obturator 
nerve and also supply the oblique popliteal ligament. The branehes 
aeeompanying the superior and inferior medial genicular arteries supply 
the medial part of the capsule. A braneh of the nerve to popliteus (tibial 
nerve) supplies the posterior portion of the superior tibiofibular joint. 
Just before the tibial nerve bifiireates, it gives off branehes that supply 
the ankle joint. 

Mliseillar branehes Proximal muscular branehes arise between the 
heads of gastrocnemius and supply gastrocnemius, plantaris, soleus and 
popliteus. The nerve to soleus enters its superficial aspeet. The braneh 
to popliteus deseends obliquely aeross the popliteal vessels, curling 
round the distal border of the muscle to its anterior surface. It also 
supplies tibialis posterior, the superior tibiofibular joint and the tibia, 
and gives off an interosseous braneh that deseends near the fibula to 
reaeh the distal tibiofibular joint. 

Muscular branehes in the leg, either independently or by a eommon 
tmnk, supply soleus (on its deep surface), tibialis posterior, flexor digi- 
tomm longus and flexor hallucis longus. The braneh to flexor hallucis 
longus aeeompanies the fibular vessels. 

Sliral nerve The sural nerve deseends between the heads of gastroe- 
nemius, pierees the deep faseia proximally in the leg, and is joined at 
a variable level by the sural communicating braneh of the eommon 
fibular nerve. Some authors term this braneh the lateral sural cutaneous 
nerve, and eall the main tmnk (from the tibial nerve) the medial sural 
cutaneous nerve. The sural nerve deseends lateral to the ealeaneal 
tendon, near the short saphenous vein, to the region between the lateral 
malleolus and the calcaneus, and supplies the posterior and lateral skin 
of the distal third of the leg. It then passes distal to the lateral malleolus 
along the lateral side of the foot and fifth toe, supplying the overlying 
skin. It eonneets with the posterior femoral cutaneous nerve in the leg 
and with the superficial fibular nerve on the dorsum of the foot. 

The sural nerve is often used as an autologous peripheral nerve graft 
on the grounds that it is easily harvested, readily identified and exclu- 
sively cutaneous. 

Lesions of the tibial nerve 

The tibial nerve is vulnerable to direet injury in the popliteal fossa, 
where it lies superficial to the popliteal vessels at the level of the knee, 
or to eompression at the tendinous areh of the soleus. It may be 
damaged in eompartment syndrome that affeets the deep flexor eom- 
partment of the ealf. The tibial nerve or the medial and lateral plantar 
nerves may beeome entrapped beneath the flexor retinaculum or the 
so-ealled plantar tunnels (beneath the faseia of the abductor hallucis) 
at the ankle, resulting in tarsal tunnel syndrome. 

Common fibular nerve 


The tibial nerve, the larger eomponent of the seiatie nerve, is derived 
from the ventral branehes (anterior divisions) of the fourth and fifth 
lumbar and first to third saeral ventral rami. It deseends along the baek 
of the thigh and popliteal fossa to the distal border of popliteus. It 
then passes anterior to the areh of soleus with the popliteal artery and 
continues into the leg. In the thigh, it is overlapped proximally by the 
hamstring muscles but it beeomes more superficial in the popliteal 
fossa, where it is lateral to the popliteal vessels. At the level of the knee, 
the tibial nerve beeomes superficial to the popliteal vessels and erosses 
to the medial side of the artery. In the distal popliteal fossa, it is over- 
lapped by the junction of the two heads of gastrocnemius. 

In the leg, the tibial nerve deseends with the posterior tibial vessels 
to lie between the heel and the medial malleolus (see fig. 82.4). Proxi- 
mally, it is deep to soleus and gastrocnemius, but in its distal third is 
eovered only by skin and faseiae, and overlapped sometimes by flexor 
hallucis longus. At first medial to the posterior tibial vessels, it erosses 
behind them and deseends lateral to them until it bifhreates. It lies on 


The eommon fibular nerve (eommon peroneal nerve) is approximately 
half the size of the tibial nerve and is derived from the dorsal branehes 
of the fourth and fifth lumbar and first and seeond saeral ventral rami. 
It deseends obliquely along the lateral side of the popliteal fossa to the 
fibular head, medial to bieeps femoris. It lies between the tendon of 
bieeps femoris, to which it is bound by faseia, and the lateral head of 
gastrocnemius (Fig. 83.12). The nerve then passes into the anterolateral 
eompartment of the leg through a tight opening in the thiek faseia 
overlying tibialis anterior. It oirves lateral to the fìbular neek, deep to 
fibularis longus, and divides into superficial and deep fibular nerves; an 
articular tmnk, derived from the deep fibular nerve, provides an articu- 
lar braneh that travels with the anterior tibial recurrent artery and a 
proximal braneh to tibialis anterior. 



Branehes 

The eommon fibular nerve has articular and cutaneous branehes, and 
terminates as the superficial and deep fibular nerves. 1415 
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Fig. 83.12 The course, relations and branehes of the right eommon fibular 
nerve. (Courtesy of Rolfe Bireh, all rights reserved, published in Bireh R, 
Surgical Disorders of the Peripheral Nerve. 2nd edition, 2011. Springer- 
Verlag, London.) 
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SECTION 9 


LEG 


Articular branehes There are three articular branehes. Two aeeom- 
pany the superior and inferior lateral genicular arteries; they may arise 
in eommon. The third, the recurrent articular braneh, arises near the 
termination of the eommon fibular nerve. It aseends with the anterior 
reairrent tibial artery through tibialis anterior and supplies the antero- 
lateral part of the knee joint capsule and the proximal tibiofibular 
joint. 


to the lateral malleolus. Branehes of the superficial fibular nerve supply 
the skin of the dorsum of all the toes except that of the lateral side of 
the fifth toe (supplied by the sural nerve) and the adjoining sides of the 
great and seeond toes (supplied by the medial terminal braneh of the 
deep fibular nerve). Some of the lateral branehes of the superficial 
fibular nerve are frequently absent and are replaeed by sural nerve 
branehes. 


CutaneOUS branehes The two cutaneous branehes, often from a 
eommon tmnk, are the lateral sural and sural eomimmieating nerves. 
The lateral sural cutaneous nerve (lateral cutaneous nerve of the ealf) 
supplies the skin on the anterior, posterior and lateral surfaces of the 
proximal leg. The sural communicating nerve arises near the head of 
the fibula and erosses the lateral head of gastrocnemius to join the sural 
nerve. It may deseend separately as far as the heel. 

Lesions of the eommon fibular nerve 

The eommon fibular nerve is relatively unprotected as it traverses the 
lateral aspeet of the neek of the fibula and is easily eompressed at this 
site, e.g. by plaster easts or ganglia. The nerve may also beeome entrapped 
by a faseial band beneath fibularis longus within the so-ealled fibular 
tunnel, between the attaehments of fibularis longus to the head and 
shaft of the fibula. Traetion lesions ean aeeompany disloeations of the 
lateral eompartment of the knee, and are most likely to occur if the 
distal attaehments of bieeps femoris and the ligaments that insert on 
to the fibular head are avulsed, possibly with a small part of the fibular 
head; the nerve is tethered to the tendon of bieeps femoris by dense 
faseia and so is pulled proximally. Severe traetion lesions may produce 
longitudinal injuries affeeting a long segment of the eommon fibular 
nerve. Torsional injury following ankle injury (sprain or fracture) may 
result in eommon fibular neuropathy; the injury is transmitted from 
the ankle along the interosseous membrane to the proximal leg (Lal- 
ezari et al 2012). Patients with such injury present with a foot drop. 
Physieal examination reveals weakness or paralysis of ankle dorsiflex- 
ion, toe extension and eversion of the foot, but inversion and plantar 
flexion are normal. Sensation on the dorsum of the foot, including the 
first dorsal web spaee, is diminished. The ankle reflex is preserved. Sinee 
the eommon fibular nerve divides at the fibular neek into the superficial 
and deep fibular nerves, injuries to the nerve at this level may damage 
either the main tmnk or its branehes. Eleetrodiagnostie studies ean help 
loealize a eommon fibular nerve injury to the fibular neek region. At 
this level, nerve conduction studies may show slowed veloeities and 
eleetromyography would demonstrate denervation in the muscles 
innervated by the eommon fibular nerve (such as tibialis anterior or 
fibularis longus), whereas more proximally innervated muscles (par- 
ticularly the short head of bieeps femoris) would be normal. 

Siiperfieial fibular nerve 

The superficial fibular nerve (superficial peroneal nerve) begins at the 
bifhreation of the eommon fibular nerve. It lies deep to fibularis longus 
at first, then passes anteroinferiorly between fibularis longus and brevis 
and extensor digitomm longus, and pierees the deep faseia in the distal 
third of the leg (see Fig. 83.12). It divides into a large medial dorsal 
cutaneous nerve and a smaller, more laterally plaeed, intermediate 
dorsal cutaneous nerve, usually after piereing the deep faseia, but some- 
times while it is still deep to the faseia. As the nerve lies between the 
muscles it supplies fibularis longus, fibularis brevis and the skin of the 
lower leg. The deep course, i.e. the eompartmental loealization, and the 
peripheral digital distribution of the superficial fibular nerve are subject 
to eonsiderable variation (see Kosinksi's elassifieation; Kosinski 1926, 
Solomon et al 2001). 

Branehes 

The medial dorsal cutaneous nerve passes in front of the ankle joint 
and divides into two dorsal digital branehes; one of these supplies the 
medial side of the hallux and the other supplies the adjaeent side of 
the seeond and third toes. It eomimmieates with the saphenous and 
deep fibular nerves. The smaller intermediate braneh erosses the dorsum 
of the foot laterally. It divides into dorsal digital branehes that supply 
the contiguous sides of the third to fifth toes and the skin of the lateral 
aspeet of the ankle, where it eonneets with the sural nerve. Both 
branehes, espeeially the intermediate, are at risk during the plaeement 
of portal skin ineisions for arthroseopy and during surgical approaehes 


Aeeessory fiblllar nerves An aeeessory superficial fibular nerve 
and an aeeessory deep fibular nerve have been deseribed as variant 
branehes of the superficial fibular nerve; both are probably the product 
of atypieal branehing of the parent nerve deep to the deep faseia (see 
above). 

Lesions of the siiperfieial fibular nerve 

A lesion of the superficial fibular nerve causes weakness of foot eversion 
and sensory loss on the lateral aspeet of the leg that extends on to the 
dorsum of the foot. The nerve ean be subject to entrapment as it pen- 
etrates the deep faseia of the leg and it may also be involved in eompart- 
ment syndrome that affeets the lateral eompartment of the leg. 

Deep fibiilar nerve 

The deep fibular nerve (deep peroneal nerve) begins at the bifhreation 
of the eommon fibular nerve, between the fibula and the proximal part 
of fibularis longus. It passes obliquely forwards deep to extensor digi- 
tomm longus to the front of the interosseous membrane and reaehes 
the anterior tibial artery in the proximal third of the leg. It deseends 
with the artery to the ankle, where it divides into lateral and medial 
terminal branehes. As it deseends, the nerve is first lateral to the artery, 
then anterior, and finally lateral again at the ankle. 

Branehes 

The deep fibular nerve supplies muscular branehes to tibialis anterior, 
extensor hallucis longus, extensor digitomm longus and fibularis 
tertms, and an articular braneh to the ankle joint. 

The lateral terminal braneh erosses the ankle deep to extensor digi- 
tomm brevis, enlarges as a pseudoganglion and supplies extensor digi- 
tomm brevis. From the enlargement, three minute interosseous 
branehes supply the tarsal and metatarsophalangeal joints of the middle 
three toes. 

The medial terminal braneh mns distally on the dorsum of the foot 
lateral to the dorsalis pedis artery, and eonneets with the medial braneh 
of the superficial fibular nerve in the first interosseous spaee. It divides 
into two dorsal digital nerves, which supply adjaeent sides of the great 
and seeond toes. Before dividing, it gives off an interosseous braneh, 
which supplies the first metatarsophalangeal joint. The deep fibular 
nerve may end as three terminal branehes. 

Lesions of the deep fibular nerve 

Isolated injury to the deep fibular nerve may result from eompartment 
syndrome that affeets the anterior eompartment of the leg or from an 
intraneural ganglion eyst (mucinous eyst within the nerve derived from 
the superior tibiofibular joint via the articular braneh that travels with 
the anterior tibial recurrent artery (Spinner et al 2003)). Indivkhials 
with lesions of the deep fibular nerve have weakness of ankle dorsiflex- 
ion and extension of all toes but normal foot eversion. Sensory impair- 
ment is eonfined to the first interdigital web spaee. 

Saphenous nerve 


The saphenous nerve is deseribed on page 1399. 



Fig. 83.2 C, An axial T2-weighted MRI of the leg in a patient with 
anterior eompartment denervation. 

Fig. 83.12 The course, relations and branehes of the right eommon 
fibular nerve. 
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The ankle joint (taloemral joint) is a diarthrodial articulation involving 
the distal tibia and fibula and the body of the talus; it is the only 
example in the human body of a tme mortise joint. The human foot is 
a complex stmcture adapted to allow orthograde bipedal stanee and 
loeomotion and is the only part of the body that is in regular eontaet 
with the ground (Jones 1949). There are 28 separate bones in the 
human foot, including the sesamoid bones of the first metatarsophalan- 
geal joint, and 31 joints, including the ankle joint. The hindfoot eom- 
prises the calcaneus and talus; the midfoot eomprises the navicular, 
cuboid and three omeiforms; the forefoot eomprises five metatarsals, 
fourteen phalanges and two sesamoid bones. With regard to the nomen- 
clature of the surfaces of the foot, the terms 'plantar and 'dorsal' are 
used to denote inferior and superior surfaces, respeetively. 


SKIN AND SOFT TISSUES 


SKIN 


Vaseiilar supply and lymphatie drainage 

The skin around the ankle is supplied by anterior lateral and anterior 
medial malleolar arteries from the anterior tibial artery posterior 
medial malleolar branehes from the posterior tibial artery posterior 
lateral malleolar branehes from the fibular artery, and fasciocutaneous 
perforators from the anterior and posterior tibial and fibular arteries. 
The main blood supply to the medial side of the heel is from the medial 
ealeaneal branehes of the posterior tibial artery or, sometimes, the 
lateral plantar artery passing through the flexor retinaculum. The skin 
of the lateral side of the heel is supplied by lateral ealeaneal branehes 
of the fibular artery and the lateral tarsal artery. The arterial supply to 
the skin of the foot is rieh and is derived from branehes of the dorsalis 
pedis (the direet continuation of the anterior tibial artery), posterior 
tibial and fibular arteries. The skin eovering the dorsum of the foot is 
supplied by the dorsalis pedis artery and by its eontimiation, the first 
dorsal metatarsal artery, with smaller contributions from the anterior 
perforating braneh of the fibular artery and the marginal anastomotie 
arteries on the medial and lateral borders of the foot. The skin eovering 
the plantar surface of the foot is supplied by perforating branehes of 
the medial and lateral plantar arteries (the terminal branehes of the 
posterior tibial artery). The skin of the forefoot is supplied by cutaneous 
branehes of the eommon digital arteries. 

Cutaneous venous drainage is via dorsal and plantar venous arehes, 
which drain into medial and lateral marginal veins. The medial and 
lateral marginal veins form the long and small saphenous veins, respee- 
tively. On the plantar aspeet of the foot, a superficial venous network 
forms an intradermal and subdermal mesh that drains to the medial 
and lateral marginal veins. Branehes that aeeompany the medial and 
lateral plantar arteries arise from a deep venous network. llniquely 
within the lower limb, venous flow in the foot is bidireetional. However, 
when valves are present, flow is from the plantar to the superficial dorsal 
system. From here, blood leaves the foot in the superficial and deep 
veins of the lower limb. 

Superficial lymphatie drainage of all areas of the leg and foot 
(except the superficial posterolateral area) is via lymphatie vessels that 
aeeompany the long saphenous vein and its tributaries. The superficial 
posterolateral foot and leg drain into the popliteal lymph nodes via 
lymphatie vessels that aeeompany the small saphenous vein. Deep 
lymphatie vessels that aeeompany the dorsalis pedis, posterior tibial 
and fibular arteries drain into the popliteal lymph nodes. 

Innervation 


The skin eovering the ankle and foot is supplied by nerves derived from 
the fourth and fifth himbar and first saeral spinal nerves (see Figs 78.12, 


78.14). Innervation of the dorsum of the foot is provided medially by 
the saphenous nerve, eentrally by the superficial fibular nerve, and lat- 
erally by the sural nerve; the deep fibular nerve supplies the dorsum of 
the first web spaee. Dorsal branehes of the medial and lateral plantar 
nerves supply the nail beds. The plantar aspeet of the foot is supplied 
by the medial and lateral plantar nerves, which arise as terminal 
branehes of the tibial nerve. The medial plantar nerve supplies sens- 
ation to the plantar aspeet of the great toe and the seeond, the third 
and the medial half of the fourth toes. The lateral plantar nerve supplies 
the remaining lateral aspeet of the fourth and the entire fifth toe. The 
heel is innervated by ealeaneal branehes of the tibial and sural nerves. 
Injury to any of these nerves ean lead to painfhl neuromas and loss of 
proteetive sensation. The sural nerve and its branehes are espeeially 
prone to neuroma formation. 

SOFT TISSUES 

Retinacula at the ankle 


In the vieinity of the ankle joint, the tendons of the muscles of the leg 
are bound down by loealized, band-shaped thiekenings of the deep 
faseia termed retinacula, which eolleetively serve to prevent bowstring- 
ing of the underlying tendons during muscle eontraetion. There are 
superior and inferior extensor retinacula, superior and inferior fibular 
retinacula, and a flexor retinaculum. 

Extensor retìnacula 

Superior extensor retinaculum 

The superior extensor retinaculum binds down the tendons of tibialis 
anterior, extensor hallucis longus, extensor digitomm longus and fibu- 
laris tertius immediately proximal to the anterior aspeet of the ankle 
joint (see Fig. 83.6; Fig. 84.1). The anterior tibial vessels and deep 
fibular nerve pass deep to the retinaculum, and the superficial fibular 
nerve passes superficially. The retinaculum is attaehed laterally to the 
distal end of the anterior border of the fibula and medially to the ant- 
erior border of the tibia. Its proximal border is continuous with the 
deep faseia of the leg, and dense eonneetive tissue eonneets its distal 
border to the inferior extensor retinaculum. Laterally, it blends with the 
superior fibular retinaculum and medially with the upper border of the 
extensor retinaculum. The tendon of tibialis anterior is the only exten- 
sor tendon that possesses a synovial sheath at the level of the superior 
extensor retinaculum. 

Inferior extensor retinaculum 

The inferior extensor retinaculum is a Y-shaped band lying anterior to 
the ankle joint (see Fig. 83.6; Fig. 84.2). The stem of the Y is at the 
lateral end, where it is attaehed to the upper surface of the calcaneus, 
anterior to the ealeaneal sulcus. The band passes medially, forming a 
strong loop around the tendons of fibularis tertius and extensor digit- 
omm longus (see Fig. 84. 2A). From the deep surface of the loop, a band 
passes laterally behind the interosseous taloealeaneal ligament and the 
eervieal ligament, and is attaehed to the ealeaneal sulcus. At the medial 
end of the loop, two diverging limbs extend medially to eomplete the 
'Y' shape of the retinaculum. The proximal limb eonsists of two layers. 
The deep layer passes deep to the tendons of extensor hallucis longus 
and tibialis anterior, but superficial to the anterior tibial vessels and 
deep fibular nerve, to reaeh the medial malleolus. The superficial layer 
erosses superficial to the tendon of extensor hallucis longus and then 
adheres firmly to the deep one; in some eases, it continues superficial 
to the tendon of tibialis anterior, before blending with the deep layer. 
The distal limb extends downwards and medially, and blends with the 
plantar aponeurosis. It is superficial to the tendons of extensor hallucis 
longus and tibialis anterior, the dorsalis pedis artery and the terminal 
branehes of the deep fibular nerve. 
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Fig. 84.1 The synovial sheaths of the tendons of the ankle, anterior 
aspeet. (With permission from Drake RL, Vogl AW, Mitehell A (eds), Gray’s 
Anatomy for Students, 2nd ed, Elsevier, Churchill Livingstone. Copyright 
2010 .) 


Flexor retinaculum 

The flexor retinaculum is attaehed anteriorly to the medial malleolns, 
distal to which it is continuous with the deep faseia on the dorsum of 
the foot (see Fig. 84. 2B). From its malleolar attaehment, it extends 
posteroinferiorly to the medial proeess of the calcaneus and the plantar 
aponeurosis. Proximally there is no elear demareation between its 
border and the deep faseia of the leg, espeeially the deep transverse layer 
of the deep faseia. Distally, its border is continuous with the plantar 
aponemosis, and many fibres of abductor hallucis are attaehed to it. 
The flexor retinaculum eonverts grooves on the tibia and calcaneus into 
eanals for the tendons, and bridges over the posterior tibial vessels and 
tibial nerve. As these structures enter the sole, they are, from medial to 
lateraf the tendons of tibialis posterior and flexor digitomm longus, 
the posterior tibial vessels, the tibial nerve and the tendon of flexor 
hallucis longus (see Fig. 84.14). 

Fìbular retinacula 

The fibular retinacula are fibrous bands that retain the tendons of fibu- 
laris longus and brevis in position as these tendons eross the lateral 
aspeet of the ankle region (see Fig. 84. 2A). 

Superior fibular retinaculum 

The superior fibular retinaculum is a short band that extends from the 
baek of the lateral malleolus to the deep transverse faseia of the leg and 
the lateral surface of the calcaneus. Damage to the retinaculum ean lead 
to instability of the tendons of fibularis longus and brevis. 


Inferior fibular retinaculum 

The inferior fibular retinaculum is continuous in front with the infe- 
rior extensor retinaculum, and is attaehed posteriorly to the lateral 
surface of the calcaneus. Some of its fibres are fused with the perios- 
teum on the fibular troehlea (peroneal troehlea or tubercle) of the 
calcaneus, forming a septum between the tendons of fibularis longus 
and brevis. 

Synovial sheaths at the ankle 


Anterior to the ankle, the synovial sheath for tibialis anterior extends 
from the proximal margin of the superior extensor retinaculum to the 
interval between the diverging limbs of the inferior retinaculum (see 
Figs 84.1-84.2B). A eommon sheath eneloses the tendons of extensor 
digitomm longus and fibularis tertius, starting just above the level of 
the malleoli, and reaehing to the level of the base of the fifth metatarsal 
(see Figs 84.1, 84. 2A). Although variable, the sheath for extensor hal- 
lucis longus begins near that for extensor digitomm longus and extends 
as far as the base of the first metatarsal (see 4gs 84.1-84.2). 

Posteromedial to the ankle, the sheath for tibialis posterior starts 
approximately 4 em above the medial malleolus and ends just proximal 
to the attaehment of the tendon to the tuberosity of the naviailar (see 
Fig. 84. 2B). The sheath for flexor halhieis longus begins at the level of 
the medial malleolus, and extends distally as far as the base of the first 
metatarsal (see Fig. 84. 2B). Oeeasionally, as a result of ovemse, particu- 
larly in ballet daneers where balanee on the tips of the toes en pointe 
involves sustained extreme plantar flexion of the ankle and great toe in 
the weight-bearing position, a fibrous nodule may develop in the 
tendon, just proximal to the tendon sheath. This may result in the 
thiekened tendon being caught intermittently in the sheath, causing 
pain and 'triggering of the great toe, a eondition referred to as hallux 
saltans. Surgical opening of the sheath may be required. In athletes, the 
muscle belly of flexor hallucis longus may be abnormally large and 
may extend more distally than usual; it ean also eateh at the opening 
of the sheath. The sheath for flexor digitomm longus begins slightly 
superior to the level of the medial malleolus and ends at the level of 
the navicular. 

Posterolateral to the ankle, the tendons of fibularis longus and brevis 
are enelosed in a single sheath deep to the superior fibular retinaculum. 
This sheath splits into two separate sheaths enelosing their respeetive 
tendons deep to the inferior fibular retinaculum (see Fig. 84. 2A). From 
the lateral malleolus, it extends for about 4 em both proximally and 
distally. 

Plantar aponeurosis 


The plantar aponeurosis is eomposed of densely eompaeted eollagen 
fibres orientated mainly longitudinally, but also transversely (Fig. 
84.3). Its medial and lateral borders overlie the intrinsie muscles of the 
great and fifth toes, respeetively, while its dense eentral part overlies the 
extrinsic and intrinsie flexors of the digits. 

The eentral part is the strongest and thiekest. The faseia is narrow 
posteriorly, where it is attaehed to the medial proeess of the ealeaneal 
tuberosity proximal to flexor digitomm brevis, and traeed distally it 
beeomes broader and somewhat thinner. Just proximal to the level of 
the metatarsal heads, it divides into five bands, one for eaeh toe. As 
these five digital bands diverge below the metatarsal shafts, they are 
united by transverse fibres. Proximal, plantar and a little distal to the 
metatarsal heads and the metatarsophalangeal joints, the superficial 
stratum of eaeh of the five bands is eonneeted to the dermis by skin 
ligaments (retinacula cutis). These ligaments reaeh the skin of the first 
metatarsophalangeal joint proximal to, and in the floors of, the furrows 
that separate the toes from the sole; Ledderhose's disease (plantar 
fibromatosis) may involve these ligaments, resulting in contractures of 
the affeeted digits. The deep stratum of eaeh digital band of the aponeu- 
rosis yields two septa that flank the digital flexor tendons and separate 
them from the lumbricals and the digital vessels and nerves. These septa 
pass deeply to fuse with the interosseous faseia, the deep transverse 
metatarsal ligaments (which mn between the heads of adjaeent meta- 
tarsals), the plantar ligaments of the metatarsophalangeal joints, and 
the periosteum and fibrous flexor sheaths at the base of eaeh proximal 
phalanx. Pads of fat develop in the web spaees between the metatarsal 
heads and the bases of the proximal phalanges; they cushion the digital 
nerves and vessels from adjoining tendinous stmctures and extraneous 
plantar pressures. Just distal to the metatarsal heads, a plantar interdig- 
ital ligament (superficial transverse metatarsal ligament) blends pro- 
gressively with the deep aspeet of the superficial stratum of the plantar 
aponeurosis where it enters the toes (see Fig. 84.3). The eentral part of 
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SECTION 9 


ANKLE AND FOOT 
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Fig. 84.2 The synovial sheaths of the tendons of the ankle. A, Lateral aspeet. B, Medial aspeet. (With permission from Waschke J, Paulsen F (eds), 
Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


the plantar aponeurosis thus provides an intermediary structure between 
the skin and the osteoligamentous framework of the foot via numerous 
cutaneous retinacula and deep septa that extend to the metatarsals and 
phalanges. The eentral part is also continuous with the medial and 
lateral parts; at the jnnetions, two intermuscular septa, medial and 
lateraf extend in oblique vertieal planes between the mediaf intermedi- 
ate and lateral groups of plantar muscles to reaeh bone. Thinner, hori- 
zontal intermuscular septa, derived from the vertieal intermuscular 
septa, pass between the muscle layers. 

The lateral part of the plantar aponenrosis, which eovers abductor 
digiti minimi, is thin distally and thiek proximally, where it forms a 
strong band, sometimes eontaining muscle fibres, between the lateral 
proeess of the ealeaneal tuberosity and the base of the fifth metatarsal. 
It is continuous medially with the eentral part of the aponeurosis, and 
with the faseia on the dorsum of the foot around its lateral border. The 
medial part of the plantar aponeurosis, which eovers abductor hallucis, 
is thin. It is continuous proximally with the flexor retinaculum, medi- 
ally with the dorsal faseia of the foot, and laterally with the eentral part 
of the plantar aponeurosis. 

[(*) Plantar faseiitis 

Plantar faseiitis is a eommon cause of plantar heel pain. 

Faseial eompartments of the foot 


There are four main eompartments of the plantar aspeet of the foot (Fig. 
84.4). The medial eompartment eontains abductor hallucis and flexor 
hallucis brevis, as well as the tendon of flexor hallucis longus. The 
medial eompartment is bounded inferiorly and medially by the medial 
1420 part of the plantar aponeurosis and its medial extension, laterally by 


an intermuscular septum, and dorsally by the first metatarsal. The 
eentral eompartment eontains flexor digitomm brevis, the lumbricals, 
flexor accessorius (quadratus plantae), adductor hallucis, and the 
tendons of flexor digitomm longus. The eentral eompartment is 
bounded by the plantar aponeurosis inferiorly, the osseofaseial tar- 
sometatarsal stmctures dorsally and intermuscular septa medially and 
laterally. The lateral eompartment eontains abductor digiti minimi and 
flexor digiti minimi brevis, and its boundaries are the fifth metatarsal 
dorsally, the plantar aponeurosis inferiorly and laterally, and an inter- 
muscular septum medially. The interosseous eompartment eontains the 
seven interossei and its boundaries are the interosseous faseia and the 
metatarsals. 

The dorsal aspeet of the foot effeetively eontains a single eompart- 
ment, which is occupied by the extrinsic extensor tendons and exten- 
sor digitomm brevis, and is roofed by the deep dorsal faseia (see 
below). 

Lateral intermuscular septum 

The lateral intermuscular septum is ineomplete, espeeially at its proxi- 
mal end where the lateral plantar artery and nerve enter the lateral 
eompartment. Distally, its deep attaehments are to the fibrous sheath 
of fibularis longus and to the fifth metatarsal. 

Medial intermuscular septum 

The medial intermuscular septum is ineomplete where the tendon of 
flexor digitomm longus enters the eentral eompartment and where 
adductor hallucis and the lateral head of flexor hallucis brevis enter the 
medial eompartment. The septum divides into three bands - proximal, 
intermediate and distal, eaeh of which displays lateral and medial divi- 
sions as it approaehes its deep attaehments. The proximal band is 









































































































Ankle and foot 


Many contributing aetiologieal faetors have been reported, such as 
obesity, abnormal posture, advaneed age, and extrinsic faetors such as 
poor footwear and excessive biomeehanieal stressors (League 2008). 
These faetors may lead to inflammation and degeneration of the plantar 
aponeurosis. However, reeent histologieal studies have ealled into ques- 
tion the role of inflammation in the aetiology of the disease and have 
led to the reeommendation that the term Taseiitis' be replaeed with 
'faseiosis' (Lemont et al 2003). The stress and strain applied to the 
plantar aponeurosis may lead to the formation of a bony spur at its 
proximal attaehment to the calcaneus. Clinically palpation of the 
plantar aponeurosis at the medial tubercle of the calcaneus may result 
in loealized tenderness and exacerbated heel pain in patients. Multiple 
treatments, from eonservative therapies to surgical interventions, have 
been used to provide pain relief. Non-operative treatments include 
stretehing exercises, orthoses, extracorporeal shockwave therapy, mult- 
iple steroid injeetions, padding and strapping (Landorf and Menz 
2008). Reeently, the use of cryosurgery has been investigated for this 
eondition (Cavazos et al 2009). Surgical treatments include partial or 
eomplete release of the plantar aponeurosis with eoneomitant heel spur 
reseetion and nerve deeompression, when neeessary (League 2008). 


1420.e1 


CHAPTER 84 





Bones 


attaehed laterally to the eiiboid and blends medially with the tendon 
of tibialis posterior. The middle band is attaehed laterally to the cuboid 
and the long plantar ligament, and medially to the medial cuneiform. 
The distal band divides to enelose the tendon of flexor hallucis longus 
and is attaehed to the faseia over flexor hallucis brevis. 

Deep dorsal faseia 

The deep faseia on the dorsum of the foot (faseia dorsalis pedis) is a 
thin layer, continuous above with the inferior extensor retinaculum; it 
eovers the dorsal extensor tendons and extensor digitomm brevis. 


to relieve the inereased pressure in the eompartment surgically results 
in neerosis of the soft tissues within the eompartment. The most 
eommon cause of eompartment syndrome in the foot is trauma, usually 
of high-energy (high-impaet) type; emsh injuries, ealeaneal fractures 
and dismption of the tarsometatarsal joints are the usual anteeedents 
assoeiated with eompartment syndrome in the foot. 

Speeialized adipose tissue (heel and 
metatarsal pads) 


Compartment syndrome in the foot 

A eompartment syndrome results from an inerease in intraeompart- 
mental pressure sufficient to impair venous outflow from that eompart- 
ment. As blood enters at arterial pressure, the eompartment pressure 
inereases fhrther until it exceeds arterial pressure, at which point inflow 
of arterial blood eeases, leading to muscle and nerve isehaemia. Failure 
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Fig. 84.3 The plantar aponeurosis. (With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 


The heel is subject to repeated high impaets and is anatomieally adapted 
to withstand these pressures. The adult heel pad has an average thiek- 
ness of 18 mm and a mean epidermal thiekness of 0.64 mm (dorsal 
epidermal thiekness averages 0.069 mm). The heel pad eontains elastie 
adipose tissue organized as spiral fibrous septa anehored to eaeh other, 
to the calcaneus and to the skin. The septa are U-shaped, fat-filled 
columns designed to resist eompressive loads and are reinforeed intern- 
ally with elastie diagonal and transverse fibres, which separate the fat 
into eompartments. 

In the forefoot, the subcutaneous tissue eonsists of fibrous lamellae 
arranged in a complex whorl eontaining adipose tissue attaehed via 
vertieal fìbres to the dermis superficially and the plantar aponeurosis 
deeply. The fat is partiailarly thiek in the region of the metatarsophalan- 
geal joints, which cushions the foot during the toe-off phase of gait (see 
below). Like the heel pad, the metatarsal fat pad is designed to with- 
stand eompressive and shearing forees. Atrophy of either may be a cause 
of persistent pain in the distal plantar region. 


BONES 


Functionally, the skeleton of the foot may be divided into the tarsus, 
metatarsus and phalanges. Anatomieally, it may be divided into the 
hindfoot (calcaneus and talus), midfoot (navicular, cuboid and cunei- 
forms), and forefoot (metatarsals, phalanges, and sesamoid bones of 
the great toe). 


DISTAL TIBIA 


The distal end of the tibia has anterior, medial, posterior, lateral and 
distal surfaces, and projeets inferomedially as the medial malleolus (see 
Figs 83.3-83.4). The distal surface, also ealled the tibial plafond, articu- 
lates with the talus and is wider anteriorly than posteriorly. It is eoneave 
sagittally and slightly convex transversely, and continues medially into 
the malleolar articular surface. The medial malleolus is short and thiek, 
and has a smooth lateral surface with a ereseentie or eomma-shaped 
faeet that artiailates with the medial surface of the talar body. The 
distal end of the tibia, including its ossifieation, is deseribed in detail 
on page 1404. 

LÌgamentOllS attaehments No muscles are attaehed to the distal 
tibia. The interosseous membrane, the deltoid ligament, and the ante- 
rior and posterior tibiofibular ligaments are attaehed to the distal tibia. 

Vascular supply The distal tibia is supplied by an arterial network 
formed by branehes of the dorsalis pedis, posterior tibial and fibular 
arteries. 
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Fig. 84.4 A eoronal seetion through the 
midfoot showing the main faseial 
eompartments. 
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SECTION 9 


ANKLE AND FOOT 


Innervation The distal tibia is innervated by branehes from the deep 
fibular, tibiaf saphenous and sural nerves. 


Vaseillar SLipply The distal fibula is supplied by an arterial network 
made up of branehes of the dorsalis pedis, posterior tibial and fibular 
arteries. 


DISTAL FIBIILA 


The distal end of the fibula or lateral malleolus projeets distally and 
posteriorly relative to the medial malleohis (see Figs 83.3-83.4). Its 
lateral aspeet is subcutaneous, the posterior surface has a broad groove 
with a prominent lateral border, and the anterior surface is rough and 
somewhat rounded and artiailates with the anteroinferior aspeet of the 
tibia. The medial surface has a triangular artiailar faeet and is vertieally 
convex with its apex direeted distally. It articulates with the lateral talar 
surface. Behind the faeet is a rough malleolar fossa for ligamentous 
attaehment. The distal end of the fibula, including its ossifieation, is 
deseribed in detail on page 1406. 

LìgamentOllS attaehments No muscles are attaehed to the distal 
fibula below the level of the interosseous ligament. The ligamentous 
attaehments are those of the lateral ligament complex, i.e. the anterior 
talofibular, the calcaneofibular and the posterior talofibular ligaments. 
The interosseous membrane is attaehed on its medial aspeet. 


Innervation The distal fibula is innervated by the deep fibular, tibial, 
saphenous and sural nerves. 

TARSIIS 


The seven tarsal bones occupy the proximal half of the foot (Figs 
84.5-84.6). The tarsus and carpus are homologous, but the tarsal ele- 
ments are larger, refleeting their role in supporting and distributing 
body weight. As in the carpus, tarsal bones are arranged in proximal 
and distal rows, but medially, there is an additional single intermediate 
tarsal element, the navicular. The proximal row is made up of the talus 
and calcaneus; the long axis of the talus is inelined anteromedially and 
inferiorly, and its distally direeted head is medial to the calcaneus and 
at a superior level. The distal row eontains, from medial to lateral, the 
medial, intermediate and lateral cuneiforms and the oiboid. Collec- 
tively, these bones display an arehed transverse alignment that is dor- 
sally convex. Medially, the navicular is interposed between the head of 
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Fig. 84.5 The skeleton of the left foot, with muscle attaehments. A, Dorsal aspeet. B, Plantar aspeet. The attaehments of tibialis posterior to the 
metatarsals vary; those to the third and fifth metatarsals are sometimes absent. 
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Fig. 84.6 A, A lateral radiograph of the adult ankle and foot in full 
plantigrade eontaet with the ground, during symmetrieal standing, in a 
man aged 24 years. Key: 1, fibula; 2, tibia; 3, talar neek; 4, talar head; 5, 
talonavicular joint; 6, navicular; 7, medial cuneiform; 8, taloemral joint; 9, 
talar body; 10, posterior proeess of talus; 11, subtalar joint; 12, calcaneus 
(note the trabecular pattern); 13, tarsal sinus; 14, calcaneocuboid joint; 

15, cuboid; 16, styloid proeess of the fifth metatarsal; 17, base of the first 
metatarsal; 18, shaft of the first metatarsal; 19, head of the first 
metatarsal. B, A dorsoplantar radiograph of adult foot in full plantigrade 
eontaet with the ground, during symmetrieal standing, in a man aged 24 
years. Key: 1, interphalangeal joint; 2, middle phalanx; 3, head of fifth 
metatarsal; 4, shaft of fifth metatarsal; 5, base of fifth metatarsal; 6, lateral 
cuneiform; 7, cuboid; 8, calcaneus; 9, head of distal phalanx; 10, shaft of 
distal phalanx; 11, base of distal phalanx; 12, head of proximal phalanx; 
13, shaft of proximal phalanx; 14, base of proximal phalanx; 15, first 
metatarsophalangeal joint; 16, lateral (fibular) sesamoid; 17, medial (tibial) 
sesamoid; 18, shaft of first metatarsal; 19, first metatarsocuneiform joint; 
20, medial cuneiform; 21, intermediate cuneiform; 22, tuberosity of 
navicular; 23, talar head. (Courtesy of New York College of Podiatrie 
Medieine, New York, NY.) 


the talus and the cuneiforms. Laterally, the calcaneus articulates with 
the cuboid. 

The tarsus and metatarsus are arranged to form interseeting longitu- 
dinal and transverse arehes. Henee, thmst and weight are not transmit- 
ted from the tibia to the ground (or viee versa) direetly through the 
tarsus, but are distributed through the tarsals and metatarsals to the 
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Fig. 84.7 Ossifieation of the bones of the foot. 


ends of the longitudinal arehes. For the purposes of deseription, eaeh 
tarsal bone is arbitrarily eonsidered to be cuboidal in form, with six 
surfaces. The ossifieation sites and timing of ossifieation are summa- 
rized in Figure 84.7. 


Talus 

The talus is an interealated bone with no tendinous attaehments. It is 
the osseous link between the foot and leg through the ankle joint (see 

Figs 84.16 and 84.18). 


Head Direeted distally and somewhat inferomedially, the head has a 
distal surface, which is ovoid and convex; its long axis is also inelined 
inferomedially to articulate with the proximal navicular surface (see 4g. 
84. 5A). The plantar surface of the head has three articular areas, sepa- 
rated by smooth ridges (Fig. 84. 8C). The most posterior and largest is 
oval and slightly convex, and rests on a shelf-like medial ealeaneal 
projeetion, the sustentaculum tali. Anterolateral to this and usually 
continuous with it, a flat articular faeet rests on the anteromedial part 
of the dorsal (proximal) ealeaneal surface; distally, it continues into the 
navicular surface. Between the two ealeaneal faeets, a part of the talar 
head, eovered with articular eartilage, is in eontaet with the plantar 
calcaneonavicular (spring) ligament, which is eovered here, superiorly, 
by fibroeartilage (see Fig. 84.13B). When the foot is inverted passively, 
the dorsolateral aspeet of the head is visible and palpable approxi- 
mately 3 em distal to the tibia; it is hidden by extensor tendons when 
the toes are dorsiflexed. 



Neek The neek is the narrow, medially inelined region between the 
head and body. Its rough surfaces are for ligaments. The medial plantar 
surface has a deep sulcus tali that, when the talus and calcaneus are 
artioilated, forms a roof to the tarsal sinus, which is oeoipied by inter- 
osseous taloealeaneal and eervieal ligaments. 

The long axis of the neek, inelined downwards, distally and medially, 
makes an angle of approximately 150° with that of the body; it is 
smaller (130-140°) at birth, accounting in part for the inverted foot in 
young ehildren. The dorsal talonavicular ligament and ankle articular 
capsule are attaehed distally to the dorsal surface of the talus. Thus, the 
proximal part of this surface lies within the capsule of the ankle joint. 1423 
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Ankle and foot 


In a hypermobile flat foot undergoing pronation, the talar head is 
unsupported medially by the sustentaculum tali. The resulting laek of 
support results in a visible medial protmsion of the talar head as the 
foot adducts and plantar flexes towards the ground (Michaud 2011). 
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The medial articular faeet of the talar body and part of the troehlear 
surface may extend on to the neek. The anterior talofibular ligament is 
attaehed on the lateral aspeet of the neek, spreading along the adjaeent 
anterior border of the lateral surface. The interosseous taloealeaneal and 
eervieal ligaments are attaehed to the inferior surface of the neek. A 
dorsolateraf so-ealled 'squatting faeet' is eommonly present on the talar 
neek in those individuals who habitually adopt the squatting position; 
it artioalates with the anterior tibial margin in extreme dorsiflexion and 
may be doubled. 

Body The body is oiboidaf eovered dorsally by a troehlear surface 
articulating with the distal end of the tibia. It is anteroposteriorly 
convex, gently eoneave transversely, widest anteriorly and, therefore, 
sellar in shape. The triangular lateral surface is smooth and vertieally 
eoneave for articulation with the lateral malleolus. Superiorly it is 
continuous with the troehlear surface; inferiorly its apex is a lateral 
proeess. Proximally the medial surface is (posterosuperiorly) eovered 
by a eomma-shaped faeet, which is deeper in front and articulates with 
the medial malleolus. Distally this surface is rough and eontains 
numerous vascular foramina. The small posterior surface features a 
rough projeetion termed the posterior proeess. The proeess is marked 
by an oblique groove between two tubercles. The lateral tubercle is 
usually larger; the medial is less prominent and lies immediately behind 
the sustentaculum tali. The plantar surface articulates with the middle 
third of the dorsal ealeaneal surface by an oval eoneave faeet, its long 
axis direeted distolaterally at an angle of approximately 45 0 with the 
median plane. The medial edge of the troehlear surface is straight, but 
its lateral edge inelines medially in its posterior part and is often broad- 
ened into a smalf elongated triangular area, which is in eontaet with 
the posterior tibiofibular ligament in dorsiflexion. 

The posterior talofibular ligament is attaehed to the lateral tubercle 
of the posterior proeess (posterolateral tubercle). Its attaehment extends 
up to the groove, or depression, between the proeess and posterior 
troehlear border. The posterior taloealeaneal ligament is attaehed to the 
plantar border of the posterior proeess. The groove between the tuber- 
eles of the proeess eontains the tendon of flexor hallucis longus and 
continues distally into the groove on the plantar aspeet of the susten- 
taculum tali. The medial taloealeaneal ligament is attaehed below to 
the medial tubercle, whereas the most posterior superficial fibres of 
the deltoid ligament are attaehed above the tubercle. The deep fibres 
of the deltoid ligament are attaehed more superiorly to the rough area 
immediately below the eomma-shaped articular faeet on the medial 
surface. 

LÌgamentOUS attaehments No muscles are attaehed to the talus. 
However, many ligaments are attaehed to the bone, and these eonfer 
stability to the taloemral, subtalar and talocalcaneonavicular joints. 

Vascular supply The talar blood supply is rather tenuous because 
of the laek of muscle attaehments. The first eomprehensive account of 
talar blood supply was provided by Wildenauer in 1950. The extraos- 
seous blood supply is via the posterior tibial, dorsalis pedis and fibular 
arteries (Fig. 84.9). The 'artery of the tarsal eanal' arises from the pos- 
terior tibial artery approximately 1 em proximal to the origin of the 
medial and lateral plantar arteries (Fig. 84.10) and passes anteriorly 
between the sheaths of flexor digitomm longus and flexor hallucis 
longus to enter the tarsal eanal, in which it lies anteriorly, elose to the 
talus. (The 'tarsal eanal' is the term that is eommonly used to deseribe 
the tunnel-shaped medial end of the tarsal sinus.) Branehes from the 
arterial network in the tarsal eanal enter the talus. The artery continues 
through the tarsal eanal into the lateral part of the tarsal sinus, where 
it anastomoses with the artery of the tarsal sinus, forming a vascular 
sling under the talar neek. A braneh of the artery of the tarsal eanal 
known as the deltoid braneh passes deep to the deltoid ligament and 
supplies part of the medial aspeet of the talar body. Sometimes, it arises 
from the posterior tibial artery; rarely, it arises from the medial plantar 
artery; it may be the only remaining arterial supply to the talus when 
this bone is fractured. The dorsalis pedis artery supplies branehes to the 
superior aspeet of the talar neek and also gives off the artery of the tarsal 
sinus. This large vessel is always present and anastomoses with the 
artery of the tarsal eanal. The artery of the tarsal sinus reeeives a eontri- 
bution from the anterior perforating braneh of the fibular artery and 
supplies direet branehes to the talus. The fibular artery provides small 
branehes, which form a plexus of vessels posteriorly with branehes of 
the posterior tibial artery; however, the contribution that the fibular 
artery makes to the talar blood supply is thought to be insignifieant. 

The intraosseous blood supply of the talar head arises medially from 
branehes of the dorsalis pedis and laterally via vessels that arise from 
the anastomosis between the arteries of the tarsal eanal and tarsal sinus. 


The middle third of the talar body, other than its most superior aspeet, 
and the lateral third, other than its posterior aspeet, are supplied mainly 
by the anastomotie areade in the tarsal eanal. The medial third of the 
body of the talus is supplied by the braneh of the artery of the tarsal 
eanal to the deltoid ligament. 


Innervation The talus is innervated by branehes from the deep fibular, 
tibial, saphenous and sural nerves. 


Ossifieation A single ossifieation eentre appears prenatally at 6 
months (see Fig. 84.7). The posterolateral proeess sometimes fhses with 
an aeeessory bone ealled the os trigomim. 



Talar fraetlires Sinee 70% of the surface of the talus is eovered by 
articular eartilage, displaeed talar neek fractures, where the blood supply 
to the talar body is intermpted, may result in avascular neerosis and 
non-union. Transehondral fractures of the superior aspeet of the talus 
are frequently overlooked on initial radiographs of patients with ankle 
eomplaints ( Tepal et al 1986). A systematie review by Halvorson et al 
(2012) reported that approximately 33% of talar neek fractures progress 
to avasoilar neerosis, 20% progress to malunions and 5% progress to 
non-unions. In general, these eomplieations do not occur in non- 
displaeed fractures. If a subchondral lucency is seen in the talus on 
radiographs at 8 weeks after fracture of the talar neek (Hawkins sign), 
it may be assumed that vascularity to the talar body is intaet and that 
the fracture is likely to heal satisfaetorily. 


Calcaneus 

The calcaneus is the largest of the tarsal bones and projeets posterior 
to the tibia and fibula as a short lever for muscles of the ealf attaehed 
to its posterior surface. It is irregularly cuboidal, its long axis being 
inelined distally upwards and laterally (see Fig. 84.8A,B). It has a rela- 
tively thin cortex (Daftary et al 2005). The superior or proximal surface 
is divisible into three areas. The posterior third is rough and eoneavo- 
convex; the convexity is transverse and supports fibroadipose tissue 
(Kager s fat pad) between the ealeaneal tendon and ankle joint. The 
middle third earries the posterior talar faeet, which is oval and convex 
anteroposteriorly. The anterior third is partly articular; distal (anterior) 
to the posterior articular faeet, a rough depression, the ealeaneal sulcus, 
narrows into a groove on the medial side and eompletes the tarsal sinus 
with the talus (see Fig. 84.8B). (The tarsal sinus is a eonieal hollow 
bounded by the talus medially, superiorly and laterally, with the supe- 
rior surface of the calcaneus below. Its medial end is narrow and tunnel- 
shaped, and is often referred to as the tarsal eanal.) Distal and medial 
to this groove, an elongated articular area eovers the sustentaculum tali 
(talar shelf) and extends distolaterally on the body of the bone. This 
faeet is often divided into middle and anterior talar faeets by a non- 
artioalar interval at the anterior limit of the sustentaculum tali (the 
ineidenee of this subdivision varies with sex, raee and occupation). 
Rarely, all three faeets on the upper surface of the calcaneus are fhsed 
into one irregular area. 

The anterior surface is the smallest, and is an obliquely set eoneavo- 
convex articular faeet for the cuboid. The posterior surface is divided 
into three regions: a smooth proximal (superior) area separated from 
the ealeaneal tendon by a bursa and adipose tissue; a middle area, 
which is the largest, limited above by a groove and below by a rough 
ridge for the ealeaneal tendon; and a distal (inferior) area, vertieally 
striated and inelined downwards and forwards, which is the subcutan- 
eous weight-bearing surface. 

The plantar surface is rough, espeeially proximally as the ealeaneal 
tuberosity, the lateral and medial proeesses of which extend distally, 
separated by a noteh. The medial proeess is longer and broader (see Fig. 
84.8B). Further distally, an anterior tubercle marks the distal limit of 
the attaehment of the long plantar ligament. 

The lateral surface is almost flat. It is proximally deeper and palpable 
on the lateral aspeet of the heel distal to the lateral malleolus. Distally, 
it presents the fibular troehlea (see Fig. 84.8A,B), which is exceedingly 
variable in size and palpable 2 em distal to the lateral malleolus when 
well developed. It bears an oblique groove for the tendon of fibularis 
longus and a shallower proximal groove for the tendon of fibularis 
brevis. About 1 em or more behind and above the fibular troehlea, a 
seeond elevation may exist for attaehment of the calcaneofibular part 
of the lateral ligament. 

The medial surface is vertieally eoneave, and its eoneavity is accentu- 
ated by the sustentaculum tali, which projeets medially from the distal 
part of its upper border (see Fig. 84.8B). Superiorly, the proeess bears 
the middle talar faeets and inferiorly a groove, which is continuous with 
that on the talar posterior surface for the tendon of flexor hallucis 
longus (see Fig. 84.8A,B). The medial aspeet of the sustentaculum tali 






Ankle and foot 


This aeeessory bone is oeeasionally found and arises from a separate 
ossifieation eentre that appears between 8 and 11 years of age. When 
the os trigonum fhses to the posterolateral proeess of the talus it is 
ealled the trigonal proeess (Stieda's proeess). Another aeeessory bone 
(although rare) of the foot is the os supratalare, which lies on the dorsal 
aspeet of the talus; it rarely measures more than 4 mm in length. 

A detailed analysis of patterns of anterior talar articular faeets in a 
series of 401 Indian ealeanei revealed four types. Type I (67%) showed 
one continuous faeet on the sustentaculum extending to the disto- 
medial ealeaneal eorner; type II (26%) presented two faeets, one sus- 
tentacular and one distal ealeaneal; type III (5%) possessed only a single 
sustentacular faeet; and type IV (2%) showed confluent anterior and 
posterior faeets (Gupta et al 1977). 
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Fig. 84.8 The skeleton of the foot. A, Foot bones. B, Calcaneus. C, Talus. (With permission from Drake RL, Vogl AW, Mitehell A, et al (eds), Gray’s Atlas 
of Anatomy, Elsevier, Churchill Livingstone. Copyright 2008.) 
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Fig. 84.9 The arterial anastomoses of the ankle, tarsus and metatarsus. 
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Fig. 84.10 Branehes of the posterior tibial artery, posteromedial view of 
the ankle. 


ean be felt immediately distal to the tip of the medial malleolus; oeea- 
sionally, it is also grooved by the tendon of flexor digitomm longus. 

Muscle and ligamentous attaehments The interosseous talo- 

ealeaneal and eervieal ligaments and the medial root of the inferior 
extensor retinaculum are attaehed in the ealeaneal sulcus. The non- 
articular area distal to the posterior talar faeet is the site of attaehment 
of extensor digitomm brevis (in part), the prineipal band of the inferior 
extensor retinaculum and the stem of the bifiireate ligament. 

Abductor hallucis and the superficial part of the flexor retinaculum 
and, distally, the plantar aponeurosis and flexor digitomm brevis are 
all attaehed to the medial proeess (medial eondyle) of the ealeaneal 
tuberosity at its prominent medial margin. The medial proeess of the 
ealeaneal tuberosity is the primary weight-bearing portion of the eal- 
caneus. Clinically, pain over the medial tuberosity is often assoeiated 
with plantar faseiitis (Yi et al 2011). Abductor digiti minimi is attaehed 
to the lateral proeess, extending medially to the medial proeess. The 
long plantar ligament is attaehed to the rough region between the pro- 
eesses proximally, and extends to the anterior tubercle distally. The 
plantar calcaneocuboid ligament (short plantar ligament) is attaehed 


to the tubercle and the area distal to it. The lateral tendinous head of 
flexor accessorius is attaehed distal to the lateral proeess near the lateral 
margin of the long plantar ligament. Plantaris is attaehed to the poste- 
rior surface near the medial side of the ealeaneal tendon. The anterior 
part of the lateral surface is erossed by the fibular tendons but is largely 
subcutaneous. The calcaneofibular ligament is attaehed 1-2 em proxi- 
mal to the fibular troehlea, usually to a low, rounded elevation. 

The dorsal surface of the sustentaculum tali is part of the taloealea- 
neonavicular joint; its plantar surface is grooved by the tendon of flexor 
hallucis longus, and margins of the groove give attaehment to the deep 
part of the flexor retinaculum. The plantar calcaneonavicular ligament 
is attaehed distally to the medial margin of the sustentaculum, which 
is narrow, rough and convex. A slip from the tendon of tibialis posterior, 
and superficial fibres of the deltoid ligament and medial taloealeaneal 
ligaments are attaehed proximally. Distal to the attaehment of the 
deltoid ligament, the tendon of flexor digitomm longus is related to 
the margin of the sustentaculum tali and may groove it. The large 
medial head of flexor accessorius is attaehed distal to the groove for 
flexor hallucis longus. 

Vascular supply The calcaneus reeeives its arterial supply from the 
medial and lateral ealeaneal arteries (arising from the posterior tibial 
and fibular arteries, respeetively), fibular artery, posterior ealeaneal 
anastomosis (formed from the posterior tibial and fibular arteries), 
medial and lateral plantar arteries, artery of the tarsal sinus and tarsal 
eanal, branehes of the lateral tarsal artery and perforating fibular 
arteries. 


Innervation The calcaneus is innervated by branehes of the tibial, 
sural and deep fibular nerves. 


Ossifieation The calcaneus is the only tarsal bone that always has 
two ossifieation eentres (see Fig. 84.7). In addition to the main ossifiea- 
tion eentre, there is a seale-like posterior apophysis that eovers most of 
the posterior, and part of the plantar, surfaces. The main eentre appears 
prenatally in the third month, whereas the posterior apophysis appears 
in the sixth year in females and the eighth year in males, fusing in the 
fourteenth and sixteenth years, respeetively. 

An os calcaneus secundarius, an aeeessory bone rather than a see- 
ondary ossifieation eentre, oeeasionally occurs. When present, it is 
loeated on the so-ealled anterior proeess of the calcaneus, from which 
the bifiireate ligament arises, in an interval between the anteromedial 
aspeet of the calcaneus, the proximal ends of the cuboid and navicular, 
and the head of the talus. Other rare aeeessory bones of the calcaneus 
include the calcaneus accessorius in the region of the fibular troehlea; 
the os sustentaculi on the posterior aspeet of the sustentaculum tali; the 
os subcalcis on the plantar aspeet of the calcaneus slightly posterior to 
the origin of the plantar aponeurosis; and the os aponeurosis plantaris, 
which lies within the plantar aponeurosis in elose proximity to the 
medial proeess of the ealeaneal tuberosity. 



Navieiilar 

The navicular articulates with the talar head proximally and with the 
cuneiform bones distally (see Fig. 84.8A; Fig. 84.11). In convex pes 
planovalgus (vertieal talus), the navicular is subluxed dorsally and 
articulates instead with the talar neek. The downward displaeement of 
the talar head ereates a eharaeteristie convex 'roeker-bottom foot'. The 
distal surface of the navicular is transversely convex and divided into 
three faeets (the medial being the largest) for articulation with the 
ameiforms. The proximal surface is oval and eoneave, and artioilates 
with the talar head. The dorsal surface is rough and convex. The medial 
surface is also rough and projeets proximally as a prominent tuberosity, 
palpable approximately 2.5 em distal and plantar to the medial malleo- 
lus. The plantar surface, rough and eoneave, is separated from the 
tuberosity medially by a groove for the tendon of tibialis posterior. The 
lateral surface is rough and irregular, and often bears a faeet for artioila- 
tion with the oiboid. 

The faeet for articulation with the medial cuneiform is roughly tri- 
angular, its rounded apex is medial and its 'base', faeing laterally, is 
often markedly curved; the articular faeets for the intermediate and 
lateral ameiforms are also triangular, with plantar-faeing apiees. The 
faeet for the lateral cuneiform may appear as a wide ereseent or a semi- 
eirele rather than a triangle. Dorsal talonavicular, cuneonavicular and 
oibonavioilar ligaments are attaehed to the dorsal navicular surface. 


Miisele and ligamentous attaehments The navioilar mberosity 

is the main attaehment of tibialis posterior, and a groove lateral to it 
transmits part of the tendon distally to the cuneiforms and middle three 
metatarsal bases. The plantar calcaneonavicular ligament is attaehed to 

















































Ankle and foot 


Calcaneal apophysitis (Severs disease) is a self-limiting inflamma- 
tory eondition seen in some ehild athletes, boys more eommonly than 
girls. It is not a tme apophysitis and the use of imaging for its initial 
diagnosis is a subject of eontroversy (Kose 2010, Raehel et al 2011). 
Calcaneal apophysitis is often treated with stretehing, therapeutic heel 
lifts, ieing and non-steroidal anti-inflammatory dmgs (Mieheli and 
Ireland 1987). 
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a slight projeetion lateral to the groove and adjaeent to the proximal 
surface. The calcaneonavicular part of the bifhreate ligament is attaehed 
to the rough part of the lateral surface (see Fig. 84.5 B). 

Vaseillar Slipply The dorsal aspeet of the navicular is supplied either 
from a braneh of, or direetly from, the dorsalis pedis artery. The medial 
plantar artery supplies its plantar aspeet, and the tuberosity is supplied 
by an anastomosis between the dorsalis pedis and medial plantar 
arteries. 

Innervation The navicular is innervated by the deep fibular and 
medial plantar nerves. 

Ossifieation The navioilar ossifieation eentre appears during the 
third year (see Fig. 84.7). It is sometimes affeeted by avasoilar neerosis 
between the ages of 4 and 7 years (Kòhlers disease). An aeeessory 
navioilar bone, which is eonsidered an anatomieal variant, oeeasionally 
occurs. It arises from a separate ossifieation eentre in the region of the 
posteromedial aspeet of the navioilar tuberosity. There are three distinet 
types of aeeessory navioilar. Type I is probably a sesamoid bone within 
the plantar aspeet of the tendon of tibialis posterior at the level of the 
inferior calcaneonavicular ligament. In type II, the aeeessory bone is 
separated from the body of the navioilar by a synehondrosis. These 
types are sometimes known as os tibiale externum or naviculare 
secundarium. Type III is eommonly ealled the cornuate navicular or 
gorilloid navioilar (Barnes 2003), where the aeeessory bone is united 
to the navioilar by a bony ridge, and may represent the possible end 
stage of type II. An aeeessory navicular may be the source of pain in 
athletes. Type II is the most eommonly symptomatie variant; it has been 
suggested that the pull of the tendon of tibialis posterior, the degree of 
foot pronation, and the loeation of the aeeessory bone in relation to 
the undersurface of the navioilar may produce tension, shear and/or 
eompression forees on the synehondrosis. An aeeessory navioilar is one 
aetiology of posterior tibial tendon dysfimetion (PTTD). The altered 
meehanies cause abnormal stresses, leading to tendon degeneration, 
deereased strength and possible tendon rupture. 

Rarely, the navicular is bipartite and it arises from two distinet 
eentres of ossifieation. This ean lead to premature degeneration within 
the talocalcaneonavicular joint (Miiller-Weiss disease). Oeeasionally, a 
small bone is found within the taloealeaneonavioilar joint on its dorsal 
aspeet. Referred to as an os talonavioilare dorsale, it represents either a 
separate aeeessory bone or a fractured osteophyte of the proximal dorsal 
aspeet of the navioilar. A bipartite navicular is sometimes found with 
cuneonavicular eoalitions. 


Cuboid 

The cuboid, the most lateral bone in the distal tarsal row, lies between 
the calcaneus proximally and the fourth and fifth metatarsals distally 
(see Figs 84.8A, 84.11). Its dorsolateral surface is rough for the attaeh- 
ment of ligaments. The plantar surface is erossed distally by an 
oblique groove for the tendon of fibularis longus and bounded proxi- 
mally by a ridge that ends laterally in the tuberosity of the oiboid, 
the lateral aspeet of which is faeeted for a sesamoid bone or eartilage 
that is frequently found in the tendon of fibularis longus. Proximal to 
its ridge, the rough plantar surface extends proximally and medially 
because of the obliquity of the calcaneocuboid joint, making its 
medial border much longer than the lateral. The lateral surface is 
rough; the groove for fibularis longus extends from a deep noteh on 
its plantar edge. The medial surface, which is much more extensive 
and partly non-articular, bears an oval faeet for articulation with the 
lateral cuneiform, and proximal to this another faeet (sometimes 
absent) for articulation with the navioilar; the two form a continuous 
surface separated by a smooth vertieal ridge. The distal surface is 
divided vertieally into a medial quadrilateral articular area for the 
base of the fourth metatarsal and a lateral triangular area, its apex 
lateral, for the base of the fifth metatarsal. The proximal surface, trian- 
gular and concavo-convex, artioilates with the distal ealeaneal surface; 
its medial plantar angle projeets proximally and inferiorly to the 
distal end of the calcaneus. 

Muscle and ligamentous attaehments The dorsal ealeaneo- 

cuboid, cubonavicular, omeoaiboid and cubometatarsal ligaments are 
attaehed to the dorsal surface. Deep fibres of the long plantar ligament 
are attaehed to the proximal edge of the plantar ridge. Slips from the 
tendons of tibialis posterior and flexor hallucis brevis are attaehed to 
the projeeting proximomedial part of the plantar surface. Interosseous, 
ameoaiboid and cubonavicular ligaments are attaehed to the rough 
part of the medial cuboidal surface. Proximally, the medial ealeane- 
ocuboid ligament, which is the lateral limb of the bifiireate ligament, 
is also attaehed to this surface. The plaeement and trapezoidal shape of 
the oiboid give it the ability to aet as the 'keystone' of the lateral lon- 
gitudinal areh of the foot. During loeomotion, the tension of the eal- 
caneocuboid joint helps 'loek' the mid-tarsal joint and aets as a major 
stabilizer of the foot. 

Vascular supply The cuboid is supplied by deep branehes of the 
medial and lateral plantar arteries and by branehes from the dorsal 
arterial network. 
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Innervation The cuboid is innervated by branehes from the lateral 
plantar, sural and deep fibular nerves. 


MllSde attaehments Part of the tendon of tibialis posterior is 
attaehed to the intermediate cuneiform. 


Ossif ieation The cuboid frequently begins to ossiíy before birth, the 
primary ossifieation eentre appearing just before birth (see Fig. 84.7). 
An os oaboides secundarium is a rare aeeessory bone situated on the 
plantar aspeet of the cuboid and is sometimes involved in the infre- 
quently reported cubonavicular eoalitions. 

Cuneiforms 


The wedge-like cuneiform bones articulate with the navicular proxi- 
mally and with the bases of the first to third metatarsals distally; the 
medial cuneiform is the largest, the intermediate the smallest. The 
dorsal surfaces of the intermediate and lateral cuneiforms form the base 
of the wedge. The wedge is reversed in the medial ameiform, which is 
a prime faetor in shaping the transverse areh. The proximal surfaces of 
all three form a eoneavity for the distal surface of the naviailar. The 
medial and lateral cuneiforms projeet distally beyond the intermediate 
cuneiform and so form a reeess (mortise) for the seeond metatarsal 
base. 

Medial cuneìform 

The medial cuneiform (see Figs 84.5, 84.8A, 84.11) artioilates with the 
navicular and base of the first metatarsal. It has a rough, narrow dorsal 
surface. The distal surface is a kidney-shaped faeet for the first metatarsal 
base, its 'hilum' being lateral. The proximal surface bears a piriform 
faeet for the navioilar, which is eoneave vertieally and dorsally nar- 
rowed. The medial surface, rough and subcutaneous, is vertieally convex; 
its distal plantar angle earries a large impression, which reeeives the 
prineipal attaehment of the tendon of tibialis anterior (see fig. 84.5 B). 
The lateral surface is partly non-articular; there is a smooth right-angled 
strip along its proximal and dorsal margins for the intermediate cunei- 
form. Its distal dorsal area is separated by a vertieal ridge from a small, 
almost square, faeet for articulation with the dorsal part of the medial 
surface of the seeond metatarsal base. Plantar to this, the medial cunei- 
form is attaehed to the medial side of the seeond metatarsal base by a 
strong ligament (Lisfrane's ligament). Proximally, an intercuneiform 
interosseous ligament eonneets this surface to the intermediate cunei- 
form. The distal and plantar areas of the surface are roughened by 
attaehment of part of the tendon of fibularis longus. 

MllSde attaehments The plantar surface reeeives a slip from the 
tendon of tibialis posterior, in addition to part of the insertion of the 
tendon of fibularis longus. The medial surface reeeives the attaehment 
of most of the tendon of tibialis anterior. 

Vaseillar Slipply The medial cuneiform is supplied via its dorsal, 
medial and lateral surfaces, mainly from the dorsal arterial network. 

Innervation The medial cuneiform is supplied by the deep fibular and 
medial plantar nerves. 

SSÍfieation The medial cuneiform may have two separate ossifie- 
ation eentres, which appear during the seeond year of life (see Fig. 
84.7). Very rarely, the medial cuneiform is bipartite and there is a hori- 
zontal eleavage plane between the two parts. 

The os cuneo-l metatarsale-I plantare is a rare aeeessory bone that 
oeoirs on the plantar aspeet of the foot at the base of the first metatarsal 
and artioilates with the plantar base of the first metatarsal and the 
medial cuneiform. 

Intermediate eimeiform 

The intermediate (middle) cuneiform artioilates proximally with the 
navicular and distally with the seeond metatarsal base (see Figs 84.5 A, 
84.11). It has a narrow plantar surface that reeeives a slip from the 
tendon of tibialis posterior. The distal and proximal surfaces are both 
triangular artioilar faeets. The medial surface is partly articular; it articu- 
lates via a smooth, angled region that is oeeasionally double with the 
medial cuneiform along its proximal and dorsal margins. The lateral 
surface is also partly articular; along its proximal margin a vertieal 
segment, usually indented, abuts the lateral cuneiform. Strong interos- 
seous ligaments eonneet the non-articular parts of both surfaces to the 
adjaeent cuneiforms. An intrieate arrangement of dorsal and plantar 
ligaments spans the tarsometatarsal joint, eonneeting the most distal 
row of tarsals to their respeetive metatarsals. However, the plantar liga- 
ment between the intermediate cuneiform and the base of the seeond 
metatarsal is uniquely absent (Castro et al 2010, Chaney 2010, de Palma 
et al 1997, Blouet et al 1983). 


Vascular Slipply The intermediate cuneiform is supplied via its 
dorsal, medial and lateral surfaces, mainly from the dorsal arterial 
network. 

Innervation The intermediate ameiform is innervated by the deep 
fibular and medial plantar nerves. 

Ossifieation The ossifieation eentre appears during the third year of 
life (see Fig. 84.7). The os cuneo-2 metatarsale-II dorsale, a rare aeees- 
sory bone, lies on the dorsal aspeet of the joint between the intermedi- 
ate cuneiform and the seeond metatarsal. It is wedge-shaped with its 
base orientated dorsally. 

Lateral eimeiform 

The lateral cuneiform lies between the intermediate cuneiform and 
oiboid, and also articulates with the navicular and, distally, with the 
third metatarsal base (see Figs 84.5A, 84.11). Like the intermediate 
ameiform, its dorsal surface, which is rough and almost rectangular, is 
the base of a wedge. The plantar surface is narrow and reeeives a slip 
from tibialis posterior and sometimes part of flexor hallucis brevis. The 
distal surface is a triangular articular faeet for the third metatarsal base. 
The proximal surface is rough on its plantar aspeet, but its dorsal two- 
thirds articulate with the navicular by a triangular faeet. The medial 
surface is partly non-articular and has a vertieal segment, indented by 
the intermediate cuneiform, on its proximal margin; on its distal 
margin, a narrower strip (often two small faeets) articulates with the 
lateral side of the seeond metatarsal base. The lateral surface, also partly 
non-articular, bears a triangular or oval proximal faeet for the cuboid; 
a semilunar faeet on its dorsal and distal margin articulates with the 
dorsal part of the medial side of the fourth metatarsal base. Non- 
articular areas of the medial and lateral surfaces reeeive intercuneiform 
and cuneocuboid ligaments, respeetively, which are important in the 
maintenanee of the transverse areh of the foot. 

Mlisele attaehments The plantar surface of the lateral cuneiform 
reeeives a slip from the tendon of tibialis posterior and, oeeasionally, 
part of flexor hallucis brevis. 

Vascular SLipply The lateral cuneiform is supplied via its dor- 
sal, medial and lateral surfaces, mainly from the dorsal arterial 
network. 


Innervation The lateral cuneiform is innervated by branehes of the 
deep fibular and lateral plantar nerves. 


Ossifieation The lateral ameiform ossifies during the first year of life 
(see Fig. 84.7). 


Tarsal eoalition 

Tarsal eoalition is a hereditary eondition in which there is a fibrous, 
cartilaginous or osseous union of two or more tarsal bones. The 
aetiology of tarsal eoalition is unclear; suggestions include genetie pre- 
disposition, failure of segmentation of primitive mesenehyme, trauma, 
arthritie ehanges, and/or osteoehondroses of the tarsal bones (e.g. 
Kòhler's disease) (Gregersen 1977, Zaw and Calder 2010, Lemley et al 
2006, Harris 1965, Varner and Miehelson 2000). 



METATARSUS 


The five metatarsals lie in the distal half of the foot and eonneet the 
tarsus with the phalanges. Like the metaearpals, they are miniature long 
bones and have a shaft, proximal base and distal head. Except for the 
first and fifth, the shafts are long and slender, longitudinally convex 
dorsally, and eoneave on their plantar aspeets. Prismatie in seetion, they 
taper distally. Their bases artioilate with the distal tarsal row and with 
adjaeent metatarsal bases. The line of eaeh tarsometatarsal joint, except 
the first, inelines proximally and laterally with the metatarsal bases 
being oblique relative to their shafts. The heads articulate with the 
proximal phalanges, eaeh by a convex surface that passes farther on to 
its plantar aspeet, where it ends on the summits of two eminenees. The 
sides of the heads are flat, with a depression surmounted by a dorsal 
tubercle for a eollateral ligament of the metatarsophalangeal joint. 

On oeeasion, an os intermetatarseum is encountered between the 
medial cuneiform and the bases of the first and seeond metatarsals and 
represents a rare aeeessory bone in this region. 






Ankle and foot 


Harris and Beath (1948) were the first to reeognize an assoeiation 
between tarsal eoalitions and 'peroneal (fibular) spastie flat foot'. The 
two most eommon examples are taloealeaneal and calcaneonavicular 
eoalitions, which usually present with symptoms early in the seeond 
deeade of life. They are often, but not invariably, assoeiated with flat 
feet (pes planus). A talonavicular eoalition is rare (Brennan et al 2012), 
but when present, it is often assoeiated with a 'ball-and-soeket' ankle 
joint. Surgical reseetion of tarsal eoalitions may eradieate assoeiated 
pain but seldom improves the range of movement. 
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Bones 


lndividual metatarsals 


First metatarsal 

The first metatarsal (see Figs 84.5, 84.11) is the shortest and thiekest, 
and has a strong shaft, of marked prismatie form. The base sometimes 
has a lateral faeet or ill-defined smooth area as a result of eontaet with 
the seeond metatarsal. Its large proximal surface, usually indented on 
the medial and lateral margins, articulates with the medial cuneiform. 
Its circumference is grooved for tarsometatarsal ligaments and, medi- 
ally, part of the tendon of tibialis anterior is attaehed; its plantar angle 
has a rough, oval, lateral prominenee for the tendon of fibularis longus. 
The medial head of the first dorsal interosseous is attaehed to the flat 
lateral surface of the shaft. The large head has a plantar elevation, the 
erista, which separates two grooved faeets (of which the medial is 
larger), on which sesamoid bones glide. The most eommon joint 
deformity related to the first metatarsal is hallux valgus. 

MllSde attaehments The first metatarsal reeeives attaehments from 
the tendon of tibialis anterior medially, and the tendon of fibularis 
longus on its plantar aspeet. It gives origin to the medial head of the 
first dorsal interosseus on the proximal aspeet of the lateral surface. 

Vaseillar Slipply The first metatarsal is supplied by the first dorsal 
and first plantar metatarsal arteries and a superficial braneh of the 
medial plantar artery, which together form a periosteal arterial network. 
A mitrient artery enters the lateral surface of the mid-diaphysis. The 
head reeeives a medial, lateral and plantar supply from these arteries. 

Innervation The first metatarsal is innervated by the deep fibular and 
medial plantar nerves. 

Ossifieation The first metatarsal has two eentres of ossifieation, one 
in the shaft and the other in the base (unlike the other metatarsals, in 
which the seeondary ossifieation eentre is distal). They appear during 
the tenth week of prenatal life and the third year of life, respeetively 
(see Fig. 84.7,) and fuse between the seventeenth and twentieth years. 
There may be a third eentre in the first metatarsal head. 

Seeond metatarsal 

The seeond metatarsal is the longest (see Figs 84.5, 84.11). Its cuneiform 
base bears four articular faeets. The proximal one, eoneave and triangu- 
lar, is for the intermediate cuneiform. The dorsomedial one, for the 
medial cuneiform, is variable in size and usually continuous with that 
for the intermediate cuneiform. Two lateral faeets, dorsal and plantar, 
are separated by non-articular bone, eaeh divided by a ridge into distal 
demifaeets, which artioilate with the third metatarsal base, and a proxi- 
mal pair (sometimes continuous) for the lateral cuneiform. The areas 
of these faeets vary, particularly the plantar faeet, which may be absent. 
An oval pressure faeet, caused by eontaet with the first metatarsal, may 
appear on the medial side of the base, plantar to that for the medial 
cuneiform. Because of its length, its steep inelination, and the position 
of its base reeessed in the tarsometatarsal joint, it is at risk of stress 
overload; perhaps this is why it is a eommon site for stress fractures 
(partioilarly in athletes) and an avasailar phenomenon in its head 
(Freibergs infraetion). The seeond metatarsal head is affeeted in 68% 
of eases, the third metatarsal head in 27% of eases, and the fourth 
metatarsal head in 3% of eases. Freiberg's disease is the only osteoehon- 
drosis more eommon in females and oeoirs at a ratio of 5 :1 with peak 
age of onset between 11 and 17 years (Carmont et al 2009, Cerrato 
2011 ). 

MllSde attaehments The lateral head of the first dorsal interos- 
seous and the medial head of the seeond are attaehed to the medial 
and lateral surfaces of the shaft, respeetively. 

Vaseillar SLipply The blood supply of the seeond, third and fourth 
metatarsals follows the same pattern as that deseribed for the first meta- 
tarsal, i.e. the bones are all supplied by branehes of the dorsal and 
plantar metatarsal arteries. The nutrient artery enters the diaphysis on 
its lateral side near the metatarsal base. A eonstant plantar vessel sup- 
plies the heads of the metatarsals. 

Innervation The seeond metatarsal is innervated by branehes of the 
deep fibular and branehes of the medial plantar nerve. 

Ossifieation There are two eentres of ossifieation, one in the shaft 
and one distally in the metatarsal head (see Fig. 84.7). Ossifieation of 
the shaft starts during the ninth prenatal week and ossifieation of the 


metatarsal head starts between the third and fourth years; fhsion oeoirs 
between the seventeenth and twentieth years. 

Third metatarsal 

The third metatarsal (see Figs 84.5, 84.11) has a flat triangular base, 
articulating proximally with the lateral cuneiform, medially with the 
seeond metatarsal, via dorsal and plantar faeets, and laterally, via a 
single faeet, with the dorsal angle of the fourth metatarsal. The medial 
plantar faeet is frequently absent. The third tarsometatarsal joint is 
relatively immobile and predisposes the third metatarsal to stress 
fracture. 

MllSde attaehments The lateral heads of the seeond dorsal interos- 
seous and first plantar interosseous are attaehed to the medial surface 
of the shaft. The medial head of the third dorsal interosseous is attaehed 
to its lateral surface. 

Vaseillar SLipply The blood supply of the third metatarsal is the same 
as that of the seeond metatarsal, deseribed above. 

Innervation The third metatarsal is innervated by the deep fibular and 
lateral plantar nerves. 

Ossifieation There are two eentres of ossifieation, one in the shaft 
and one distally in the metatarsal head (see Fig. 84.7). Ossifieation of 
the shaft starts during the ninth prenatal week and ossifieation of the 
metatarsal head starts between the third and fourth years; fhsion oeoirs 
between the seventeenth and twentieth years. 

Fourth metatarsal 

The fourth metatarsal is smaller than the third (see Figs 84.5, 84.11). 
Its base has, proximally, an oblique quadrilateral faeet for artioilation 
with the cuboid; laterally, a single faeet for the fifth metatarsal; and 
medially, an oval faeet for the third metatarsal. The latter is sometimes 
divided by a ridge, in which ease the proximal part artioilates with the 
lateral cuneiform. 

Mlisele attaehments The lateral head of the third dorsal and 
seeond plantar interossei are attaehed to the medial surface. The medial 
head of the fourth dorsal interosseous is attaehed to the lateral surface. 

Vaseillar Slipply The blood supply of the fourth metatarsal is the 
same as that of the seeond and third metatarsals, deseribed above. 

Innervation The fourth metatarsal is innervated by the deep fibular 
and lateral plantar nerves. 

Ossifieation There are two eentres of ossifieation, one in the shaft 
and one distally in the metatarsal head (see Fig. 84.7). Ossifieation of 
the shaft starts during the ninth prenatal week and ossifieation of the 
metatarsal head eommenees between the third and fourth years; fusion 
occurs between the seventeenth and twentieth years. 

Fifth metatarsal 

The fifth metatarsal has a tuberosity on the lateral side of its base (see 
Figs 84.5, 84.11). The base artioilates proximally with the cuboid by a 
triangular, oblique surface, and medially with the fourth metatarsal. The 
tuberosity ean be seen and palpated midway along the lateral border 
of the foot; in acute inversion it may be fractured. The metaphysial- 
diaphysial junction of the fifth metatarsal base is prone to traumatic or 
stress fractures. It is believed that fractures at this level damage the 
mitrient artery and the extraosseous arterial plexus, resulting in eom- 
promised vascularity of the fracture site, consequent poor fracture 
healing and non-union that often requires surgical fixation. 

Muscle attaehments The tendon of fibularis tertius is attaehed to 
the medial part of the dorsal surface and medial border of the shaft, 
and that of fibularis brevis to the dorsal surface of the tuberosity. A 
strong band of the plantar aponeurosis, sometimes eontaining muscle, 
eonneets the apex of the tuberosity to the lateral proeess of the ealeaneal 
tuberosity. It is this attaehment, and not that of fibularis brevis, that is 
responsible for avulsion fractures of the tuberosity. The tendon of 
abductor digiti minimi grooves the plantar surface of the base and flexor 
digiti minimi brevis is attaehed here. The lateral heads of the fourth 
dorsal and the third plantar interossei are attaehed to the medial side 
of the shaft. 

Vascular supply The fifth metatarsal is supplied by dorsal and 
plantar metatarsal arteries and an ineonstant fibular marginal artery. 
The nutrient artery enters the diaphysis proximally and medially. 
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Innervation The fifth metatarsal is innervated by branehes from the 
suraf superficial fibular and lateral plantar nerves. 

Ossifieation There are three eentres of ossifieation, one at the base 
in the region of the tuberosity (an apophysis), one in the shaft and one 
distally in the metatarsal head. Ossifieation of the shaft starts during 
the tenth prenatal week and ossifieation of the metatarsal head starts 
between the third and fourth years (see Fig. 84.7). Fusion of the distal 
and shaft eentres occurs between the seventeenth and twentieth years; 
the proximal apophysis fftses earlier. An os vesalianum pedis is a 
rare variant that should not be eonfhsed with the basal apophysis 
(Fig. 84.12). 

PHALANGES OF THE FOOT 


In generaf the phalanges of the foot resemble those of the hand; there 
are two in the great toe, and three in eaeh of the other toes (see Fig. 
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84.5). On oeeasion, there are only two phalanges in the little toe and, 
rarely, this is the ease with the other toes. The phalanges of the toes are 
much shorter than their counterparts in the hand, and their shafts, 
espeeially those of the proximal set, are eompressed from side to side. 
In the proximal phalanges, the eompressed shaft is convex dorsally, 
with a plantar eoneavity. The base is eoneave for articulation with a 
metatarsal head, and the head is a troehlea for the middle phalanx. 
Middle phalanges are small and short, but broader than their proximal 
counterparts. Distal phalanges resemble those in the fingers, but are 
smaller and flatter. Eaeh has a broad base for articulation with a middle 
phalanx and an expanded distal end. A rough tuberosity on the plantar 
aspeet of the latter supports the pulp of the toe and provides a weight- 
bearing area. 

MllSde attaehments Tendons of the long digital flexors and exten- 
sors are attaehed to the plantar and dorsal aspeets of the bases of the 
distal phalanges of the lateral four toes. Flexor hallucis longus and 
extensor hallucis longus are similarly attaehed to the great toe. The 
bases of the middle phalanges reeeive the tendons of flexor digitomm 
brevis and extensor digitomm brevis. The proximal phalanges of the 
seeond, third, fourth and fifth toes eaeh reeeive a lumbrical on their 
medial side; those of the seeond, third and fourth toes also reeeive an 
interosseous muscle on both sides. For fftrther details of muscular, 
capsular and ligamentous arrangements in the toes, refer to Figure 84.5. 
The terminal phalanx of the great toe normally shows a small degree 
of abduction, as may the proximal phalanx. This is presumed to be 
unrelated to footwear because this degree of deviation has also been 
observed in fetal speeimens. 

Vaseillar SLipply The proximal phalanges reeeive most of their blood 
supply from the dorsal digital arteries. The middle phalanges are sup- 
plied by plantar and dorsal digital arteries. The distal phalanges reeeive 
their supply mainly from plantar digital arteries. 

Innervation The phalanges are innervated by the plantar and dorsal 
digital nerves. 

Ossifieation Phalanges are ossified frorn a primary eentre for the 
shaft and a basal epiphysis (see Fig. 84.7). Primary eentres for the distal 
phalanges appear between the ninth and twelfth prenatal weeks, and 
somewhat later in the fifth digit. Primary eentres for the proximal 
phalanges appear between the eleventh and fifteenth weeks, and later 
for the middle phalanges, but there is wide variation. Basal eentres 
appear between the seeond and eighth years (usually seeond or third 
in the great toe), and union with the shaft occurs by the eighteenth year. 
There is eonsiderable variation in ossifieation and fhsion dates. 


SESAMOID BONES 
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Fig. 84.12 Sites of sesamoid and aeeessory bones found in the left foot. 
A, Medial aspeet. B, Lateral aspeet. C, Plantar aspeet. 


Most sesamoid bones are only a few millimetres in diameter and their 
shape is variable. Some have a predietable loeation (see below), but 
many others vary in terms of loeation and frequency of occurrence (see 
Fig. 84.12). Some sesamoid bones ossify, whereas others remain earti- 
laginous. Most sesamoid bones are embedded in tendons in elose 
proximity to joints. Their preeise role is not understood; it is believed 
that they may alter the direetion of muscle pull, deerease frietion and 
modify pressure. 

Medial and lateral sesamoid bones of the 
first metatarsophalangeal joint 

The two eonstant sesamoid bones within the foot are those of the first 
metatarsophalangeal articulation. The medial (tibial) sesamoid bone is 
generally larger than the lateral (fibular) sesamoid bone and lies slightly 
more distally. During dorsiflexion of the great toe, the sesamoid bones 
lie below the first metatarsal head, offering proteetion to the otherwise 
exposed plantar aspeet of the first metatarsal head. The medial sesamoid 
is approximately 10 mm wide and 14 mm long, and the lateral sesam- 
oid is usually smaller (approximately 8 mm wide and 10 mm long); 
the overall sizes of the sesamoid bones vary eonsiderably. 

The sesamoid bones are embedded within the double tendon of 
flexor hallucis brevis and articulate on their dorsal surfaces with the 
plantar faeets of the first metatarsal head. They are separated by the 
erista or intersesamoidal ridge, which provides stability to the sesamoid 
bone complex. (This ridge ean be eroded to the point of obliteration 
in severe eases of hallux valgus.) The sesamoid bones are eonneeted to 
the plantar base of the proximal phalanx through the plantar plate, 
which is an extension of the tendon of flexor hallucis brevis. A thin 
layer of the tendon of flexor hallucis brevis eovers the plantar surface 
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of eaeh sesamoid, whereas the dorsal or superior surface is eovered by 
hyaline eartilage. The sesamoid bones are suspended by a sling-like 
meehanism made up of the eollateral ligaments of the first metatarso- 
phalangeal joint and the sesamoid ligaments on either side of the 
joint. The plantar aponeurosis also has an attaehment to the sesamoid 
bones. 

Approximately 30% of these sesamoid bones are bipartite. The me- 
dial is much more eommonly affeeted and may have two, three or four 
parts, but the fibular sesamoid rarely has more than two. The eondition 
may be bilateral. The sesamoid bones may be eongenitally absent. 

Mlisele attaehments The medial sesamoid bone reeeives an attaeh- 
ment from abductor hallucis, which medially stabilizes the sesamoid 
complex. The lateral sesamoid reeeives some fibres from the tendon of 
adductor hallucis and this provides lateral stabilization. The medial and 
lateral sesamoid bones are eonneeted by the intersesamoid ligament, 
which forms the floor of the tendinous eanal for the tendon of flexor 
hallucis longus. 

Vaseillar Slipply There are three patterns of blood supply to the 
sesamoid bones. In 50% of eases, the arterial supply is derived from the 
medial plantar artery and the deep plantar areh; in 25% of eases, it is 
predominantly from the deep plantar areh; and in 25% of eases, it is 
from the medial plantar artery alone. The major arterial blood supply 
to the sesamoid bones enters from the proximal and plantar aspeets, 
and only a minor contribution enters through their distal poles. 

Innervation The medial and lateral sesamoid bones are innervated by 
the plantar digital nerves. 

Ossifieation The ossifieation eentres of the sesamoid bones ean be 
multiple or single. 

Other sesamoid and aeeessory bones 

Aeeessory or ineonstant sesamoid bones may occur under any weight- 
bearing surface of the foot but are most eommon under the seeond to 
fifth metatarsal heads. They are extremely variable in size and their 
ineidenee is difficult to determine. 

A tme sesamoid bone oeeasionally occurs in the tendon of tibialis 
posterior. It lies on the plantar aspeet of the navicular tuberosity within 
the tendon at the level of the inferior border of the calcaneonavicular 
ligament (see above, aeeessory naviculars). Very rarely, a sesamoid bone 
is found within the tendon of tibialis anterior near its insertion at the 
level of the anteroinferior eorner of the medial cuneiform, where there 
is an artioilar faeet. An os peroneum is a sesamoid bone within the 
tendon of fibularis longus that artioilates with the lateral surface of the 
calcaneus, the ealeaneooiboid joint or, more frequently, the plantar 
aspeet of the oiboid where there is an artioilar faeet. The bone is situ- 
ated where the tendon of fibularis longus angles around the plantar 
aspeet of the lateral border of the cuboid and is usually cartilaginous. 
The frequency of the os peroneum has been reported to be as low as 
4.7% and as high as 90% (Coskun et al 2009, Oyedele et al 2006, 
Muehleman et al 2009). 


J0INTS 


ANKLE (TAL0CRURAL) J0INT 

The ankle joint is a hinge joint, approximately uniaxial. The lower end 
of the tibia and its medial malleolus, together with the lateral malleolus 
of the fibula and inferior transverse tibiofibular ligament, form a deep 
reeess ('mortise') for the body of the talus. Although it appears to be a 
simple hinge, its axis of rotation is dynamie, shifting during dorsiflexion 
and plantar flexion. Starting from the plantigrade position, the normal 
range of dorsiflexion is 10° when the knee is straight, and 30° with the 
knee flexed (when the ealeaneal tendon will be relaxed). The range of 
normal plantar flexion is 30 0 . (The values of these ranges are all approx- 
imate.) Dorsiflexion results in the joint adopting the 'elose-paeked' 
position, with maximal eongmenee and ligamentous tension; from this 
position, all major thmsting movements are exerted, in walking, 
mnning and jumping. The malleoli grip the talus, and even in relaxa- 
tion, no appreeiable lateral movement ean occur without streteh of the 
inferior tibiofibular syndesmosis. The superior talar surface is broader 
in front, and in dorsiflexion, the malleolar gap is inereased by slight 
lateral rotation of the fibula, by 'give' at the inferior tibiofibular syn- 
desmosis and gliding at the superior tibiofibular joint. Normal ankles 
show valgus inelination at birth. The morphology ehanges in the first 
few years of life and the ankle reaehes the adult position by the age of 
three years (Nakai et al 2000). 


Artieillatìng siirfaees Artioilar surfaces are eovered by hyaline ear- 
tilage. The talar troehlear surface, which is convex sagittally and gently 
eoneave transversely, is wider anteriorly; the distal tibial articular surface 
is reeiproeally oirved. The talar articular surface for the medial malleo- 
lus is a proximal area on the medial talar surface, and is fairly flat, 
eomma-shaped and deeper anteriorly. The larger lateral talar articular 
surface is triangular and vertieally eoneave, while the artioilar surface 
on the lateral malleolus is reeiproeally curved. Posteriorly, the edge 
between the troehlear and fibular articular surfaces of the talus is bevel- 
led to a narrow, flat triangular area that articulates with the inferior 
transverse tibiofibular ligament (Fig. 84.13A); all surfaces are contigu- 
ous. The bones are held together by a fibrous capsule, and by medial 
eollateral (deltoid), anterior and posterior talofibular and calcaneofibu- 
lar ligaments. 

FìbroilS eapsille Around the joint, the fibrous capsule is thin in front 
and behind. It is attaehed proximally to the borders of the tibial and 
malleolar articular surfaces, and distally to the talus near the margins 
of its troehlear surface, except anteriorly where it reaehes the dorsum 
of the talar neek. The capsule is strengthened by strong eollateral liga- 
ments. Its posterior part eonsists mainly of transverse fibres. It blends 
with the inferior transverse ligament and is thiekened laterally where it 
reaehes the fibular malleolar fossa. 

Ligaments The ligaments of the ankle joint are the medial and lateral 
eollateral ligaments. 

Medial eollateral ligament (deltoid ligament) The medial eollateral 
ligament (deltoid ligament) is a strong, triangular band, attaehed to the 
apex and the anterior and posterior borders of the medial malleolus 
(Panehani et al 2014; Fig. 84.13B). Of its superficial fibres, anterior 
(tibionavicular) fibres pass anteriorly to the navicular tuberosity, behind 
which they blend with the medial margin of the plantar ealeaneona- 
vicular ligament; intermediate (tibioealeaneal) fibres deseend almost 
vertieally to the entire length of the sustentaculum tali; posterior (super- 
fieial posterior tibiotalar) fibres pass posterolaterally to the medial side 
of the talus and its medial tubercle; and additional fibres posterior to 
the sustentaculum tali have been reported (Panehani et al 2014). Of its 
deep fibres, anterior (anterior tibiotalar) fibres pass from the medial 
malleolus to the non-articular part of the medial talar surface; interme- 
diate fibres deep to the tibioealeaneal ligament deseend almost verti- 
eally to the entire length of the sustentaculum tali; posterior (deep 
posterior tibiotalar) fibres pass posterolaterally to the medial side of the 
talus and its medial tubercle; and additional fibres may pass to the 
spring ligament (Pankovieh and Shivaram 1979, Milner and Soames 
1998, Boss and Hintermann 2002). The tendons of tibialis posterior 
and flexor digitomm longus eross the ligament. The medial eollateral 
ligament of the ankle is rarely injured alone: tears are eommonly assoei- 
ated with a fracture of the distal fibula. Chronic instability is rare. 

Lateral eollateral ligament The lateral eollateral ligament has three 
diserete parts. The anterior talofibular ligament extends anteromedially 
from the anterior margin of the lateral malleolus to the talus, attaehed 
anterior to its lateral articular faeet and to the lateral aspeet of its neek 
(Fig. 84.13C). The posterior talofibular ligament mns almost horizon- 
tally from the distal part of the lateral malleolar fossa to the lateral 
tubercle of the posterior talar proeess (see Fig. 84.13A); a 'tibial slip' of 
fibres, also known as transverse fibres of the posterior talofibular liga- 
ment, eonneets it to the medial malleolus. The calcaneofibular liga- 
ment, a long eord, mns from a depression anterior to the apex of the 
lateral malleolus to a tubercle on the lateral ealeaneal surface and is 
erossed by the tendons of fibularis longus and brevis (see Fig. 84.13A,C) . 
The lateral ligament complex - more speeifieally, the anterior talofibular 
ligament - is injured most eommonly with inversion sprains; the pos- 
terior talofibular ligament is almost always spared. Although the result- 
ing inereased laxity is tolerated in most eases, some require surgical 
reeonstmetion. 

Synovial membr'ane The joint is lined by a synovial membrane, 

which projeets into the inferior tibiofibular joint. 

Vascular supply and lymphatie drainage The ankle joint is 

supplied by malleolar branehes of the anterior and posterior tibial and 
fibular arteries. Lymphatie drainage is via vessels aeeompanying the 
arteries and via the long and small saphenous veins, superficially. 

Innervation The ankle joint is innervated by branehes from the 
deep fibular, saphenous, sural and tibial nerves (or medial and lateral 
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Fig. 84.13 The left ankle and tarsal joints. A, Posterior aspeet. B, Medial aspeet. C, Lateral aspeet 
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plantar nerves, depending on the level of division of the tibial nerve). 
Oeeasionally, the superficial fibular nerve also supplies the ankle 
joint. 

For a eomprehensive account of the innervation of the ankle joint 
(and other foot joints), see Gardner and Gray (1968) and Sarrafian 
( 2011 ). 

Relations Anteriorly from medial to lateraf are tibialis anterior, 
extensor hallucis longus, the anterior tibial vessels, deep fibular nerve, 
extensor digitomm longus and fibularis tertms; posteromedially, from 
medial to lateraf are tibialis posterior, flexor digitomm longus, the 
posterior tibial vessels, tibial nerve and flexor hallucis longus; in the 
groove behind the lateral malleolus are the tendons of fibularis longus 
and brevis. The tendon of fibularis brevis lies anterior to the tendon of 
fibularis longus at this level (Fig. 84.14). The long saphenous vein and 
saphenous nerve eross the ankle joint medial to the tendon of tibialis 
anterior and anterior to the medial malleolus, the nerve lying posterior 
to the vein. 

All of the above stmctures are at risk during surgery on the ankle; 
the main stmctures at risk are the neurovascular stmctures loeated 
anteriorly and posteromedially. Branehes of the superficial fibular nerve 
are at risk of injury on the anterolateral aspeet of the ankle, particularly 
during ankle arthroseopy. 


Faetors maintaining stability Passive stability is eonferred upon 
the ankle mainly by the medial and lateral ligament complexes, the 
distal tibiofibular ligaments, the tendons erossing the joint, the bony 
contours and the capsular attaehments. Gravity, muscle aetion and 
ground reaetion forees provide dynamie stability. Stability requires the 
continuous aetion of soleus assisted by gastrocnemius; it inereases 
when leaning forwards, and deereases when leaning backwards. If baek- 
ward sway takes the projeetion of the eentre of gravity (weight line') 
posterior to the transverse axes of the ankle joints, the muscles that 
plantar flex and dorsiflex relax and eontraet, respeetively. 

Failure of the fibular muscles ean lead progressively to vams instabil- 
ity of the ankle, whereas long-standing failure of the tendon of tibialis 
posterior, posterior tibial tendon dysfimetion, ean result in valgus insta- 
bility of the ankle and particularly a planovalgus foot deformity eom- 
monly referred to as adult acquired flat-foot deformity. 


Posterior tibial tendon dysfunction 



Available with the Gray’s Anatomy e-book 



Muscles produCÍng movement Dorsiflexion is produced by tibi- 

alis anterior, assisted by extensors digitomm longus and hallucis longus, 
and fibularis tertius. Plantar flexion is produced by gastrocnemius and 








































































Ankle and foot 


The aetiology of posterior tibial tendon dysfnnetion is complex. The 
ineidenee is greater in obese, middle-aged women. There are imiltiple 
contributory faetors such as diabetes mellitus and hypertension, which 
are fhrther eomplieated by steroid exposure or previous trauma or 
surgery in the region of the tendon of tibialis posterior. There is often 
a progressive dismption not only of this tendon, but also of multiple 
ligamentous complexes such as the spring ligament and those support- 
ing the naviculocuneiform and tarsometatarsal ligaments. This leads to 
a marked eollapse of the medial longitudinal areh, which ean be staged 
using the original Johnson and Strom (1989) elassifieation system and 
that of Myerson (1997). Along with the varying methods used to diag- 
nose posterior tibial tendon dysfimetion, a elinieally important test is 
the single heel-rise test used in the initial stages of adult acquired flat- 
foot deformity (Deland 2008, Gluck et al 2010, Durrant et al 2011). 
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Fig. 84.14 A transverse seetion through the lovver part of the left ankle 
joint, superior aspeet. 


soleiis, assisted by plantaris, tibialis posterior, flexor hallucis longus and 
flexor digitomm longus. 

Ankle fraetlires Ankle fractures are eommon and of importanee 
because failure to aehieve accurate anatomieal alignment in the treat- 
ment of ankle fractures often results in signifieant long-term morbidity. 
Except for very simple and non-displaeed fractures, most ankle fractures 
are assoeiated with a ligamentous injury. The direetion and nature of 
forees applied to the ankle eorrelate with the fracture pattern and eon- 
eomitant ligament injury. 


inferior transverse ligament, a thiek band of yellow fibres, which erosses 
from the proximal end of the lateral malleolar fossa to the posterior 
border of the tibial artioilar surface almost to the medial malleolus. 
The ligament projeets distal to the bones, in eontaet with the talus. Its 
colour refleets its eontent of yellow elastie fibres. 

Synovial membrane The synovial membrane of the ankle joint 
projeets into the distal 4 mm or so of the inferior tibiofibular joint. 

Vascular supply and lymphatie drainage The inferior tibiofibu- 

lar joint is supplied by the perforating braneh of the fibular artery and 
lateral malleolar branehes of the anterior and posterior tibial arteries. 
Lymphatie drainage is via vessels eorresponding to the arteries, and via 
vessels that aeeompany the great and small saphenous veins. 

Innervation The inferior tibiofibular joint is innervated by branehes 
from the deep fibular and sural nerves. 

elations No signifieant structures pass anterior to the anterior aspeet 
of the inferior tibiofibular joint but the superficial fibular nerve is at 
risk during surgery to this area. Posteriorly, the fibular artery passes over 
the posterior tibiofibular ligament and is at risk in the posterolateral 
approaeh to the fibula. 

Faetors maintaining Stability Stability is maintained in part by 

the bone contours, but mainly by the dense anterior and posterior 
tibiofibular and the interosseous ligaments. 

Mliseles produCÌng movement No muscles aet on the inferior 

tibiofibular joint, which moves only slightly. Because of the varying 
slope of the lateral surface of the body of the talus, the fibula undergoes 
a small degree of lateral rotation during dorsiflexion at the ankle, and 
this results in slight widening of the interval between the bones. Testing 
for a signifieant dismption of this joint is usually earried out with the 
patient under anaesthesia and involves applying a lateral rotation and 
abduction foree, looking for abnormal widening of the syndesmosis. 
Another helpfhl elinieal test for evaluating a syndesmotie injury is the 
Hopkinson squeeze test. This test is earried out by eompressing the 
fibula to the tibia at the midpoint of the leg. An injured syndesmosis 
will result in pain in the area of the inferior tibiofibular joint (Seheyerer 
et al 2011, Hopkinson et al 1990). Excessive anterior/posterior glide of 
the fibula relative to the tibia also indieates a dismption of the joint. 


TARSAL JOINTS 


INFERIOR TIBIOFIBLILAR JOINT 


The inferior tibiofibular joint is usually eonsidered a syndesmosis. It 
eonsists of the anterior and posterior tibiofibular and interosseous 
ligaments. 

Artieillatìng siirfaees The distal tibiofibular joint is between the 
rough, medial convex surface on the distal end of the fibula and the 
rough eoneave surface of the fibular noteh of the tibia. These surfaces 
are separated distally for approximately 4 mm by a synovial prolon- 
gation from the ankle joint, and may be eovered by artioilar eartilage 
in their lowest parts. 

FÌbrotlS eapSLlle The inferior tibiofibular joint does not have a 
capsule. 

Ligaments The ligaments of the inferior tibiofibular joint are the 
anterior, interosseous and posterior ligaments. 

Anterior tibiofibular íigament The anterior tibiofibular ligament is a 
flat band, which deseends laterally between the adjaeent margins of the 
tibia and fibula, anterior to the syndesmosis (see Fig. 84.13C). Bassett's 
ligament is a variant that presents as a low-lying slip of the ligament, 
which is inserted so far distally on the fibula that it may cause irritation 
of the lateral aspeet of the talus; it is amenable to arthroseopie removal 
(Subhas et al 2008). 

lnterosseous tibiofibiilar ligament The interosseous tibiofibular liga- 
ment is continuous with the interosseous membrane and eontains 
many short bands between the rough adjaeent tibial and fibular sur- 
faees; it is the strongest union between the bones. 

Posterior tibiofibiilar ligament The posterior tibiofibular ligament is 
stronger than the anterior, and is plaeed similarly on the posterior 
aspeet of the syndesmosis (see Fig. 84.13A). Its distal, deep part is the 


Taloealeaneal joint 


Anterior and posterior articulations between the calcaneus and talus 
form a hmetional unit termed the taloealeaneal or subtalar joint (see 
Fig. 84.16). The posterior articulation is referred to as the taloealeaneal 
joint and the anterior articulation is regarded as part of the taloealea- 
neonavicular joint. The taloealeaneal joint is a modified multiaxial joint 
and its permitted movements are eonsidered together with those at 
other tarsal joints. The bones are eonneeted by a fibrous capsule, and 
by lateral, medial, interosseous taloealeaneal and eervieal ligaments. 

Artieillatìng siirfaees The subtalar joint proper involves the eoneave 
posterior ealeaneal faeet on the posterior part of the inferior surface of 
the talus and the convex posterior faeet on the superior surface of the 
calcaneus (Fig. 84.15). 

FÌbroilS eapsille The fibrous capsule envelops the joint; its fibres are 
short and attaehed to its articular margins. 

Ligaments The ligaments of the taloealeaneal joint are the lateral, 
medial and interosseous taloealeaneal ligaments and the eervieal 
ligament. 

Lateral taloealeaneal ligament The lateral taloealeaneal ligament is a 
short flat fasciculus that deseends obliquely and mns inferoposteriorly 
from the lateral proeess of the talus to the lateral ealeaneal surface and 
is attaehed anterosuperior to the calcaneofibular ligament. 

Medial taloealeaneal ligament The medial taloealeaneal ligament eon- 
neets the medial tubercle of the talus to the posterior aspeet of the 
sustentaculum tali and adjaeent medial surface of the calcaneus. Its 
fibres blend with the medial (deltoid) ligament of the ankle joint; the 
most posterior fibres line the groove for flexor hallucis longus between 
the talus and calcaneus. 
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Fig. 84.15 A, Disarticulated taloealeaneal and talocalcaneonavicular joints, seen from above. B, A disarticulated talus (seen from belovv). (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, llrban & Fiseher. Copyright 2013.) 
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Fig. 84.16 A eoronal seetion through the 
left ankle and taloealeaneal joint (seen 
from behind). (With permission from 
Waschke J, Paulsen F (eds), Sobotta Atlas 
of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 


interosseoeis taloealeaneal ligament The interosseoiis taloealeaneal 
ligament is a broad, flat, bilaminar transverse band in the tarsal sinus 
(see Fig. 84.15A; Fig. 84.16). It deseends obliquely and laterally from 
the sulcus tali to the ealeaneal sulcus. The posterior lamina of the liga- 
ment is assoeiated with the taloealeaneal joint, and the anterior lamina 
with the taloealeaneonaviailar joint. Its medial fibres are taut in ever- 
sion of the foot. 

Posterior taloealeaneal ligament The posterior taloealeaneal ligament 
is attaehed to the plantar border of the posterior proeess (posterolateral 
tubercle) of the body of the talus. 

Cervical ligament The eervieal ligament is just lateral to the tarsal sinus 
and attaehed to the superior ealeaneal surface (see Fig. 84.13C). It is 


medial to the attaehment of extensor digitomm brevis, from where it 
aseends medially to an inferolateral tubercle on the talar neek (Barelay- 
Smith 1896). It is eonsidered to be taut in inversion of the foot. 

Synovial membrane The synovial eavity of the taloealeaneal joint 
is usually quite separate and does not communicate with those of other 
tarsal joints. However, direet communication with the ankle joint has 
been observed in rare instanees. 

Innervation The taloealeaneal joint is innervated by branehes of the 
tibial, medial plantar and sural nerves. 

Relations Posteromedially, in the region of the posterior aspeet of 
the taloealeaneal joint, and viewed from anterior to posterior, veins on 





































































Joints 


either side of the posterior tibial artery, the tibial nerve and the tendon 
of flexor hallucis longus are seen. These neurovascular structures are at 
risk in posteromedial approaehes to the ankle and taloealeaneal joints. 
On the lateral side, the tendon of fibularis brevis lies anterior to the 
tendon of fibularis longus, both passing behind the lateral malleolus 
in proximity to the taloealeaneal joint. The sural nerve lies just posterior 
to the tendons of the fibularis longus and brevis. 

Faetors maintaining Stability Stability is eonferred by the bony 

contours of the hindfoot plus the above-mentioned ligaments; it is not 
known which ligaments provide the most stability. An additional liga- 
mentous restraint is provided by the calcaneofibular eomponent of the 
lateral ligament complex. The tendons erossing the articulation also add 
stability. 

Mliseles produdng movement Heel inversion is eontrolled by 

tibialis anterior, tibialis posterior and the gastrocnemius-soleus 
complex via the ealeaneal tendon; the extrinsic flexors of the toes also 
contribute. Eversion of the foot results from the pull of fibularis longus, 
brevis and tertms in addition to the extrinsic muscles that extend the 
toes. 

Talocalcaneonavicular joint 


Barelay-Smith provided an eloquent account of the taloealeaneonaviai- 
lar joint in 1896; for more reeent stndies, see Bonnel et al (2011) and 
Bonnel et al (2013). In terms of fimetion, and in elinieal praetiee, it is 
helpfiil to regard this complex joint as eomprising two articulations, i.e. 
the anterior part of the 'snbtalar joint and the talonavioilar joint. It is 
a compound, multiaxial articulation. 

Articulating surfaces The ovoid talar head is continuous with the 
triple-faeeted anterior area of its inferior surface. This part fits the eon- 
eavity formed eolleetively by the posterior surface of the navicular, the 
middle and anterior talar faeets of the calcaneus, and the superior 
fibrocartilaginous surface of the plantar calcaneonavicular ligament 
(spring ligament). The bones are eonneeted by a fibrous capsule and by 
the talonavioilar and plantar ealeaneonavioilar ligaments, and the eal- 
eaneonavioilar part of the bifhreate ligament. 

FÌbrouS capsule The fibrous capsule is poorly developed, except 
posteriorly, where it is thiek and blends with the anterior part of the 
interosseous ligament filling the tarsal sinus. 

Ligaments The ligaments of the talocalcaneonavicular joint are the 
talonavicular and plantar calcaneonavicular (spring) ligaments. 
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Fig. 84.17 Ligaments on the plantar aspeet of the left foot. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


Synovial membrane The taloealeaneonavioilar joint is a synovial 
joint whose eavity sometimes communicates with that of the taloealea- 
neal joint. 


Talonavicular ligament The talonavioilar ligament is a broad, thin 
band (see Fig. 84.13B,C). It eonneets the dorsal surfaces of the neek of 
the talus and the navicular, and is eovered by extensor tendons. The 
plantar calcaneonavicular ligament and the ealeaneonavioilar part of 
the bifiireate ligament (see Fig. 84.13C) are the plantar and lateral liga- 
ments of the joint, respeetively. Although the calcaneus and navioilar 
do not articulate direetly, they are eonneeted by the ealeaneonavioilar 
part of the bifiireate ligament and the plantar calcaneonavicular 
ligament. 



Plantar calcaneonavicular (spring) ligament The plantar ealeaneo- 

navicular (spring) ligament is a broad, thiek band eonneeting the ant- 
erior margin of the sustentaculum tali to the plantar surface of the 
navioilar (see Figs 84.13B, 84.15A; Fig. 84.17). It ties the calcaneus to 
the navicular below the head of the talus as part of its artioilar eavity 
and it maintains the medial longitudinal areh of the foot. Aeeording to 
Davis et al (1996), the spring ligament is made up of two distinet 
structures: the superomedial calcaneonavicular portion and the inferior 
calcaneonavicular portion. 

The dorsal surface of the superomedial calcaneonavicular portion 
has a triangular fibrocartilaginous faeet on which part of the talar head 
rests (see Fig. 84.15A). Its plantar surface is supported medially by the 
tendon of tibialis posterior and laterally by the tendons of flexors hal- 
lucis longus and digitomm longus; its medial border is blended with 
the anterior superficial fibres of the medial (deltoid) ligament. Jennings 
and ehristensen (2008) showed that transeetion of the spring ligament 
leads to instability of the hindfoot, including talar head plantar flexion 
and adduction, eonsistent with pes planovalgus (adult acquired flat- 
foot) deformity. The inferior ealeaneonavioilar portion ean beeome 
attenuated in adult acquired flat-foot deformity, and may require surgi- 
eal eorreetion. 


Innervation The talocalcaneonavicular joint is innervated by the deep 
fibular and medial plantar nerves. 

elations On the medial side, from dorsal to plantar, lie the tendon 
of tibialis posterior and the tendon of flexor digitomm longus above 
the sustentaculum tali, and the flexor hallucis longus tendon below. At 
this point, flexor hallucis longus lies deep to the medial and lateral 
plantar branehes of the posterior tibial artery and tibial nerve. The latter 
stmctures are at risk during medial approaehes to the joint, e.g. resee- 
tion of taloealeaneal eoalition. Dorsally from medial to lateral, lie the 
tendons of tibialis anterior and extensor hallucis longus, the deep 
fibular nerve and the dorsalis pedis artery, the muscle belly of extensor 
hallucis brevis passing medially and deep to the tendons of extensor 
digitomm longus and fibularis tertius. Structures at risk during the 
dorsal approaeh to the talonavicular joint include the branehes of the 
superficial fibular nerve superficially and the dorsalis pedis artery and 
deep fibular nerve deep to the inferior extensor retinaculum. 

Faetors maintaining stability Stability of the joint is due to a 

eombination of faetors: bony contours, the strong plantar ealeaneo- 
navicular (spring) ligament, and the calcaneonavicular eomponent of 
the biffireate ligament. 

MliSdes prodlieing movement The muscles producing move- 
ment are as deseribed above for the taloealeaneal joint. 

Calcaneocuboid joint 


The calcaneocuboid joint is at the same level as the talonavicular joint 
and together they represent the transverse tarsal joint. It is a saddle 
(sellar) or biaxial joint with concavo-convex surfaces. 
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Ankle and foot 


The superomedial portion is the larger of the two, and originates 
from the superomedial aspeet of the sustentaculum tali and the anterior 
edge of the anterior faeet of the calcaneus. The inferior calcaneonavicu- 
lar portion originates from between the middle and anterior ealeaneal 
faeets at the anterior portion of the sustentaculum tali. Both portions 
insert on the inferior surface of the midnavicular, with the supero- 
medial portion inserting medial to the inferior portion. 
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Artieillating surfaces The articular surfaces of the calcaneocuboid 
joint, which is 2 em proximal to the tubercle on the fifth metatarsal 
base, are between the anterior (distal) surface of the calcaneus and the 
posterior (proximal) surface of the cuboid. 

Fibroiis eapsille The fibrous capsule is thiekened dorsally as the 
dorsal calcaneocuboid ligament. The synovial eavity of this joint is 
separate, and does not communicate with those of other tarsal 
artioalations. 

Ligaments The ligaments of the ealeaneoaiboid joint are the bifur- 
eate, long plantar and plantar calcaneocuboid ligaments. 

Bifurcate ligament The bifhreate ligament (Ohopart's ligament) is a 
strong Y-shaped band (see Fig. 84.13C). It is attaehed by its stem proxi- 
mally to the anterior part of the upper ealeaneal surface, and distally it 
divides into calcaneocuboid and ealeaneonaviailar parts. A separate 
ligament, the lateral calcaneocuboid ligament, extends to the dorso- 
medial aspeet of the cuboid, forming a main bond between the two 
rows of tarsal bones; the (medial) calcaneonavicular ligament is 
attaehed to the dorsolateral aspeet of the navioilar. 

Long plantar ligament The long plantar ligament is the longest liga- 
ment assoeiated with the tarsus (see Figs 84.130, 84.17; Fig. 84.18). It 
extends from the plantar surface of the calcaneus (anterior to the pro- 
eesses of its tuberosity) and from its anterior tubercle, to the ridge and 
tuberosity on the plantar surface of the cuboid. Deep fibres are attaehed 
to the oiboid and more superficial fibres eontimie to the bases of the 
seeond to fourth, and sometimes fifth, metatarsals. This ligament, 
together with the groove on the plantar surface of the oiboid, makes a 
tunnel for the tendon of fibularis longus. It is a most powerful faetor 
limiting depression of the lateral longitudinal areh. 

Plantar calcaneocuboid ligament This short ligament (see Fig. 84.17) 

is deeper than the long plantar ligament, from which it is separated by 
areolar tissue. It is a short, wide and strong band stretehing from the 
anterior ealeaneal tubercle and the depression anterior to it, to the 
adjoining part of the plantar surface of the oiboid; it also supports 
the lateral longitudinal areh. 

Synovial menribrane Asynovial membrane lines the calcaneocuboid 
joint. 

Innervation The calcaneocuboid joint is innervated on its plantar 
aspeet by the lateral plantar nerve, and dorsally by the sural and deep 
fibular nerves. 


Relations Fibularis longus and abductor digiti minimi pass in prox- 
imity to the joint, and the lateral plantar nerve passes medially. Extensor 
digitomm brevis overlies the lateral aspeet of the joint. The sural nerve 
and the tendon of fibularis longus are at risk during approaehes to an 
os peroneum. 

Faetors maintaining Stability The calcaneocuboid joint only 
permits a small amount of movement; its stability refleets the bony 
contours and strong ligaments deseribed above. 

Muscles produCÍng movement Gliding occurs between the eal- 

caneus and cuboid, with conjunct rotation on eaeh other during inver- 
sion and eversion of the entire foot. The same muscles that aet on the 
taloealeaneal and talocalcaneonavicular joints bring about these 
movements. 

Naviculocuneiform joint 


The naviculocuneiform joint is a compound joint, often deseribed as a 
plane joint. 

Articulating surfaces The navicular articulates distally with the 
cuneiform bones where the distal navicular surface is transversely 
convex and divided into three faeets by low ridges that are adapted to 
the proximal, slightly curved surfaces of the ameiforms. 

FÌbrouS capsule The fibrous capsule is continuous with those of the 
intercuneiform and omeoaiboid joints, and it is also eonneeted to the 
seeond and third cuneometatarsal joints and intermetatarsal joints 
between the seeond to fourth metatarsals. 

Ligaments The ligaments of the naviculocuneiform joint are the 
dorsal and plantar ligaments. 

Dorsal and plantar ligaments The dorsal and plantar ligaments 
eonneet the navicular to eaeh cuneiform; of the three dorsal ligaments, 
one is attaehed to eaeh cuneiform. The fasciculus from the navioilar to 
the medial cuneiform is continued as the capsule of the joint around 
its medial aspeet, and then blends medially with the plantar ligament. 
Plantar ligaments have similar attaehments and reeeive slips from the 
tendon of tibialis posterior. 

Synovial membrane The synovial membrane lines the fibrous 
capsule in the manner outlined above. 
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Fig. 84.18 A sagittal seetion of the foot showing ankle and tarsal joints. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 
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Innervation The naviculocuneiform joint is innervated dorsally by 
branehes from the deep fibular nerve. The medial plantar nerve inner- 
vates the medial and intermediate naviculocuneiform joints, and the 
lateral plantar nerve innervates the lateral naviculocuneiform joint. 

elations The tendon of tibialis posterior sends fibres to the medial 
cuneiform and erosses the joint on its medial side; it is vulnerable to 
injury when a medial surgical approaeh is used, as are the dorsal venous 
areh and the saphenous nerve. The tendon of tibialis anterior passes 
over the dorsomedial aspeet of the joint and the tendon of extensor 
halfoeis longus is lateral. Running over the intermediate ameiform, 
from medial to lateraf are the deep fibular nerve, the dorsalis pedis 
artery and extensor halfoeis brevis, all of which are vulnerable during 
dorsal exposure of the joint. On the lateral aspeet of the joint, the 
superficial structures at risk are the superficial fibular nerve and the 
dorsal venous areh of the foot. 

Muscles prodlieíng nrioveinent Movements atthe naviculocunei- 

form, cuboideonavicular, intercuneiform and cuneocuboid joints are 
slight and subtle gliding and rotational movements that occur during 
pronation or supination of the foot; when alterations occur in a loaded 
foot in eontaet with the ground, they inerease suppleness when the 
forefoot is stressed, e.g. in the initial thmst of mnning and jumping. 
The muscles responsible for these slight movements are tibialis anterior, 
tibialis posterior, fibularis longus and brevis, and the long flexors and 
extensors of the toes. 

Cuboideonavicular joint 


The cuboideonavicular joint is usually a fibrous joint, the bones being 
eonneeted by dorsal, plantar and interosseous ligaments. This syn- 
desmosis is often a synovial joint that is almost plane; its articular 
capsule and synovial lining are continuous with that of the naviculo- 
cuneiform joint. The dorsal ligament extends distolaterally, and the 
plantar nearly transversely from the cuboid to the navicular. The inter- 
osseous ligament is made of strong transverse fibres and eonneets non- 
articular parts of adjaeent surfaces to the two bones. 

lntercuneiform and cuneocuboid joints 

The intercuneiform and cuneocuboid joints are all synovial and approx- 
imately plane or slightly curved. Their articular capsules and synovial 
linings are continuous with those of the naviculocuneiform joints. The 
bones are eonneeted by dorsal, plantar and interosseous ligaments (see 

Figs 84.13B,C, 84.15A). 

Ligaments The ligaments of the intercuneiform and cuneocuboid 
joints are the dorsal, plantar and interosseous ligaments. 

Dorsal and plantar ligaments The dorsal and plantar ligaments eaeh 
have three transverse bands that pass between the medial and inter- 
mediate cuneiforms, the intermediate and lateral cuneiforms, and the 
lateral cuneiform and cuboid. The plantar ligaments reeeive slips from 
the tendon of tibialis posterior. 

lnterosseous ligaments The interosseous ligaments eonneet non- 
articular areas of adjaeent surfaces and are strong agents in maintaining 
the transverse areh. 

Innervation The intercuneiform and cuneocuboid joints are inner- 
vated dorsally via the deep fibular nerve. The plantar aspeet of the 
medial two joints is innervated from the medial plantar nerve, and the 
plantar aspeet of the lateral joints is innervated from the lateral plantar 
nerve. 

Muscles produCÍng movement The muscles producing move- 

ment are as deseribed above for the naviculocuneiform joint. 

TARSOMETATARSAL JOINTS 


Tarsometatarsal artiailations are approximately plane synovial joints. 

Articulating surfaces The first metatarsal articulates with the 

medial ameiform; the seeond is reeessed between the medial and 
lateral ameiforms and articulates with the intermediate cuneiform; the 
third articulates with the lateral cuneiform; the fourth articulates with 
the lateral ameiform and the cuboid; and the fifth artioilates with the 
oiboid. The joints are approximately on an imaginary line traeed from 


the tubercle of the fifth metatarsal to the tarsometatarsal joint of the 
great toe, except for that between the seeond metatarsal and intermedi- 
ate ameiform, which is 2-3 mm proximal to this line (see Figs 84.5A, 
84.11). Ryan et al (2012) reported that the average joint depths for the 
first, seeond and third metatarsal-cuneiform joints were 32.3, 26.9, and 
23.6 mm, respeetively. 

FÌbrouS capsule The tarsometatarsal joint of the great toe has its 
own eapsfoe. The articular capsules and eavities of the seeond and third 
toes are continuous with those of the interameiform and naviefoo- 
cuneiform joints, but are separated from the fourth and fifth joints by 
an interosseous ligament between the lateral cuneiform and fourth 
metatarsal base. 

Ligaments The bones are eonneeted by dorsal and plantar tarsometa- 
tarsal and ameometatarsal interosseous ligaments. 

Dorsal ligaments The dorsal ligaments are strong and flat. The first 
metatarsal is joined to the medial cuneiform by an articular eapsfoe, 
and the other tarsometatarsal eapsfoes blend with the dorsal and 
plantar ligaments. The seeond metatarsal reeeives a band from eaeh 
cuneiform, the third from the lateral cuneiform, the fourth from the 
lateral cuneiform and the oiboid, and the fifth from the oiboid alone. 

Plantar ligaments The plantar ligaments are longitudinal and oblique 
bands, and are less regular than the dorsal ligaments. Those for the first 
and seeond metatarsals are strongest. The seeond and third metatarsals 
are joined by oblique bands to the medial cuneiform, and the fourth 
and fifth metatarsals by a few fibres to the oiboid. 

Cuneometatarsal interosseous ligaments There are three cuneometa- 
tarsal interosseous ligaments. One (the strongest) passes from the 
lateral surface of the medial cuneiform to the adjaeent angle of the 
seeond metatarsal (see Fig. 84.17). Known as Lisfrane's ligament, it is 
emeial to the stability of the tarsometatarsal joint complex. Dismption 
of this ligament ean lead to instability and deformity, and subsequent 
degenerative ehanges. A seeond ligament eonneets the lateral cuneiform 
to the adjaeent angle of the seeond metatarsal; it does not divide the 
joint between the seeond metatarsal and lateral cuneiform, and is 
ineonstant. A third ligament eonneets the lateral angle of the lateral 
cuneiform to the adjaeent fourth metatarsal base. 

Synovial membrane The first tarsometatarsal joint has its own 
capsule, with a synovial lining. The other joints are similarly arranged, 
but there is a eomimmieation between the seeond and third and 
between the fourth and fifth tarsometatarsal joints. 

Innervation The interosseous cuneometatarsal ligaments are inner- 
vated dorsally via the deep fibular nerve. The plantar aspeets of the 
medial two joints are innervated from the medial plantar nerve, and 
the plantar aspeets of the lateral joints are innervated by the lateral 
plantar nerve. 

Relations From medial to lateral, the following stmctures eross the 
dorsal aspeet of the tarsometatarsal joints: the saphenous nerve, the 
dorsal venous areh, the tendon of extensor halfoeis longus, the dorsalis 
pedis artery, the deep fibfoar nerve, extensor halfoeis brevis, the tendons 
of extensor digitomm longus, extensor digitomm brevis, fibularis tertfos 
and fibfoaris brevis. Branehes of the superficial fibular nerve are variable 
in loeation on the dorsum. The sural nerve lies just inferior to the 
tendon of fibularis brevis in the subcutaneous tissues. Surgery involving 
the tarsometatarsal joints is performed through a dorsal approaeh, and 
therefore all of these stmctures are potentially at risk of injury. 

Faetors maintaining Stability The major stabilizers of the tarso- 

metatarsal joints are the assoeiated ligaments. However, despite the 
strength of the ligaments, this joint complex is vulnerable to injury 
because of the laek of ligamentous eonneetion between the first and 
seeond metatarsal bases. The medial interosseous ligament or Lisfrane's 
ligament is responsible for the tell-tale avulsion fracture of the seeond 
metatarsal base, which may be the only radiographie indieation of 
abnormality after injury to this part of the foot. It is a highly signifieant 
injury that is often missed; faifore to reeognize and treat this injury by 
surgical reduction and fixation ean lead to long-term disability. 

Muscles pmducing movement Movements between the tarsals 

and metatarsals are limited to flexion and extension, except in the first 
tarsometatarsal joint, where some abduction and rotation occur. The 
muscles that produce this motion are tibialis anterior and fibularis 
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longus. Flexion and extension are brought about by the long and short 
flexors and extensors of the toes. Movement between the medial cunei- 
form and first metatarsaf and between the fourth and fifth metatarsal 
bases and the cuboid, is moderate and allows the foot to adapt to 
uneven surfaces, whereas movement between the seeond and third 
metatarsal bases and their eorresponding cuneiforms is very limited. 

INTERMETATARSAL JOINTS 


The intermetatarsal ligaments are very strong and are present between 
all the lateral four metatarsals; they are absent between the first and 
seeond metatarsals. The base of the seeond metatarsal is joined to 
the first tarsometatarsal joint by the omeometatarsal interosseous 
ligament. 

Ligaments The ligaments of the intermetatarsal joints include the 
dorsal and plantar intermetatarsal ligaments. 

Dorsal and plantar intermetatarsal ligaments As with their dorsal 

counterparts, the plantar intermetatarsal ligaments are longitudinaf 
oblique or transverse and they vary eonsiderably in both number and 
organization. The plantar ligaments are signifieantly stronger than the 
eorresponding dorsal ligaments. The strongest is the seeond oblique 
plantar ligament, which eonneets the medial cuneiform to the bases of 
the seeond and third metatarsals. 

Other ligaments All the metatarsal heads are eonneeted indireetly by 
deep transverse metatarsal ligaments. Dorsal and plantar ligaments pass 
transversely between adjaeent bases; interosseous ligaments are strong 
transverse bands that eonneet non-articular parts of the adjaeent sur- 
faees (see Fig. 84.17). 

METATARSOPHALANGEAL JOINTS 


Metatarsophalangeal articulations are ovoid or ellipsoid joints between 
the rounded metatarsal heads and shallow eavities on the proximal 
phalangeal bases. They are usually 2.5 em proximal to the web spaees 
of the toes. 

Articulating sur aees Articular surfaces eover the distal and plantar, 
but not the dorsaf aspeets of the metatarsal heads. The plantar aspeet 
of the first metatarsal head has two longitudinal grooves separated by 
a ridge (the erista). Eaeh articulates with a sesamoid bone embedded 
in the capsule of the joint, formed here by the two tendons of flexor 
hallucis brevis. The sesamoid bones are eonneeted to eaeh other by the 
intersesamoid ligament, which forms the floor of the tendinous eanal 
for the tendon of flexor hallucis longus. The medial sesamoid bone 
reeeives an attaehment from abductor hallucis and the lateral sesamoid 
bone reeeives an attaehment from adductor hallucis, forming the eon- 
joint tendon. 

Articular areas on the proximal phalangeal bases are eoneave. 
The ligaments are capsular, plantar, deep transverse metatarsal and 
eollateral. 

FÌbrouS capsules Fibrous capsules are attaehed to their articular 
margins. They are thin dorsally, and may be separated from the extrinsic 
extensor tendons by small bursae, or they may be replaeed by the 
tendons, but they are inseparable from the plantar and eollateral liga- 
ments. The plantar aponeurosis blends with the plantar capsule to form 
the so-ealled 'plantar plate', which inserts distally into the base of the 
proximal phalanx via medial and lateral bundles. Proximally, the plate 
is attaehed to the metatarsal head via a thin synovial fold. It also reeeives 
an attaehment from the aeeessory eollateral ligament. 

Ligaments The ligaments of the metatarsophalangeal joints are the 
plantar, deep transverse metatarsal and eollateral ligaments. 

Plantar ligaments The plantar ligaments are thiek and dense. They lie 
between and blend with the eollateral ligaments, being loosely attaehed 
to the metatarsals and firmly attaehed to the phalangeal bases. Their 
margins blend with the deep transverse metatarsal ligaments. Their 
plantar surfaces are grooved for the flexor tendons, the fibrous sheaths 
of which eonneet with the edges of the grooves, and their deep surfaces 
extend the articular areas for metatarsal heads. 

Deep transverse metatarsal ligaments The deep transverse metatarsal 
ligaments are four short, wide, flat bands that unite the plantar liga- 


ments of adjoining metatarsophalangeal joints. The interossei are 
dorsal to, and the lumbricals, digital vessels and nerves are plantar to, 
these ligaments. They resemble the deep transverse metaearpal liga- 
ments except that, in the foot, there is a deep transverse metatarsal liga- 
ment between the plantar ligament of the seeond metatarsophalangeal 
joint and that of the first metatarsophalangeal joint (see 4g. 84.17). 

Oollateral ligaments The eollateral ligaments are strong eords flanking 
eaeh joint. They are attaehed to the dorsal tubercles on the metatarsal 
heads and the eorresponding side of the phalangeal bases, and they 
slope inferodistally. The first metatarsophalangeal joint also eontains 
metatarsosesamoid ligaments. On either side, the ligaments arise from 
the metatarsal head with a narrow origin and then fan out to insert on 
the border of the proximal phalanx and the plantar plate. Eaeh eollat- 
eral ligament eonsists of the phalangeal eollateral ligament, which 
inserts into the base of the proximal phalanx, and the aeeessory eol- 
lateral ligament, which inserts into the plantar plate. 

Synovial membrane Eaeh metatarsophalangeal joint is a separate 
synovial joint. 

Innervation The main nerve supply of the metatarsophalangeal joints 
is from the plantar digital nerves, which supply the first, seeond, third 
and medial half of the fourth metatarsophalangeal joint on their plantar 
aspeets. Digital branehes of the lateral plantar nerve supply the lateral 
half of the fourth joint, and both medial and lateral aspeets of the fifth 
joint, on their plantar sides. The medial dorsal cutaneous braneh of the 
superficial fibular nerve supplies the dorsomedial side of the hallucal 
metatarsophalangeal joint. The deep fibular nerve supplies the dorso- 
lateral side of the hallucal metatarsophalangeal joint and the medial 
side of the metatarsophalangeal joint of the seeond toe. 

elations Dorsally, the tendon of extensor hallucis longus lies medial 
to the tendon of extensor hallucis brevis. The same arrangement occurs 
in the lateral four toes with the tendons of extensor digitomm longus 
and brevis. The interossei are plantarmedial and plantarlateral, dorsal 
to the transverse intermetatarsal ligament, whereas the lumbrical ten- 
dons and the digital artery and nerve are plantar to the transverse 
intermetatarsal ligament. The extrinsic and intrinsie flexors lie on the 
plantar aspeet of the joint in the midline. If approaehing the metatar- 
sophalangeal joint surgically from the plantar surface, it is important 
not to stray from the midline. 

Faetors maintaining Stability The first metatarsophalangeal joint 

owes its stability to its capsuloligamentous stmctures, and to flexor and 
extensor hallucis brevis, with a small contribution from flexor and 
extensor hallucis longus or the bony contours. The eollateral ligaments 
and plantar plates stabilize the metatarsophalangeal joints of the lateral 
four toes. Rupture of the plantar plate ean lead to disloeation of the 
metatarsophalangeal joint and, possibly, hammer toe deformity. 

Muscles produCÌng movement The types of movements that 

occur at these joints are like those that occur at the eorresponding joints 
in the hand, but the range of movement is quite different. In eontrast 
to the metaearpophalangeal joints, the range of aetive extension that 
ean occur at the metatarsophalangeal joints (50-60°) is greater than 
that of flexion (30-40°); this is an adaptation to the needs of walking, 
and is most marked in the joint of the great toe, where flexion is a few 
degrees while extension may reaeh 90 °. When the foot is on the ground, 
metatarsophalangeal joints are already extended to at least 25 ° because 
the metatarsals ineline proximally in the longitudinal arehes of the foot 
(see Fig. 84. 8A). The range of passive movements in these joints is 90° 
(extension) and 45° (flexion), aeeording to Kapandji (2011). The fol- 
lowing muscles produce movements at the metatarsophalangeal joints: 

Flexion Flexor digitomm brevis, lumbricals and interossei, assisted by 
flexor digitomm longus and flexor aeeessorms. In the fifth toe, flexor 
digiti minimi brevis assists. For the great toe, flexors hallucis longus and 
brevis and the oblique head of the adductor hallucis are the only flexors. 

Extension Extensors digitomm longus and extensor digitomm brevis, 
extensor hallucis longus. 

Adduction Adductor hallucis; in the third to fifth toes, the first, seeond 
and third plantar interossei, respeetively. 

Abduction Abductor hallucis; in the seeond toe, the first and seeond 
dorsal interossei; in the third and fourth toes, the eorresponding dorsal 
interossei; in the fifth toe, abductor digiti minimi. 






Arehes of the foot 


Note that the line of referenee for adduction and abduction is along 
the seeond digit, which has the least mobile metatarsal. The seeond toe 
may therefore be 'abdneted' medially and laterally by the fìrst and 
seeond dorsal interossei, respeetively. 

Hallux valgus Hallux valgus is a eommon eondition, occurring 
mainly in individuals who have a genetie predisposition. Footwear is 
implieated in the eondition, which presumably accounts for the greater 
ineidenee in females. Metatarsus primus vams, an adduction deformity 
of the fìrst metatarsaf is eommonly assoeiated with hallux valgus. 

The more spheroidal the shape of the fìrst metatarsal head, the more 
likely it is to be unstable. Conversely, a flat metatarsal head is less likely 
to be assoeiated with hallux valgus. No muscle inserts into the fìrst 
metatarsal head, and therefore its position is determined by the posi- 
tion of the proximal phalanx. As the proximal phalanx moves laterally 
on the metatarsal head, it pushes the head medially. This leads to 
attenuation of the medial soft tissue stmctures and contracture of the 
lateral ones. The sesamoid sling (i.e. plantar plate and flexor hallucis 
brevis), which is anehored laterally by adductor hallucis, remains in 
plaee as the head moves medially, displaeing the sesamoid bones from 
beneath the metatarsal head. As this happens, the weakest point of the 
medial capsule fails, so that abductor hallucis slips under the metatarsal 
head. This leads to failure of the intrinsie muscles to stabilize the joint, 
and the pull of abductor hallucis leads to spinning of the proximal 
phalanx, which results in a vams deformity. Failure to intervene surgi- 
eally inevitably results in a progressive deformity. 

INTERPHALANGEAL JOINTS 


Interphalangeal articulations are almost pure hinge joints, in which the 
troehlear surfaces on the phalangeal heads articulate with reeiproeally 
curved surfaces on adjaeent phalangeal bases. Eaeh has an articular 
capsule and two eollateral ligaments, as occurs in the metatarsophalan- 
geal joints. The plantar surface of the capsule is a thiekened fìbrous 
plate, like the plantar metatarsophalangeal ligaments, and is often 
termed the plantar ligament. 

Innervation The interphalangeal articulations are innervated by 
branehes from the plantar digital nerves. The medial dorsal cutaneous 
braneh of the superfìcial fìbular nerve also supplies the interphalangeal 
joint of the great toe. Branehes of the deep fìbular, intermediate dorsal 
cutaneous and sural nerves sometimes supply the joints of the lateral 
four toes. 

Mlisdes prodlieing movement Movements are flexion and exten- 

sion, which are greater in amplitude between the proximal and middle 
phalanges than between the middle and distal. Flexion is marked, but 
extension is limited by tension of the flexor muscles and plantar liga- 
ments. Abduction, adduction and rotation occur to a minor extent. The 
following muscles produce movements at the interphalangeal joints: 

Flexion Flexor digitomm longus, flexor digitomm brevis, and flexor 
hallucis longus. Flexor accessorius assists flexor digitomm longus to 
maintain an extended toe and neutralize the medial pull of flexor digi- 
tomm longus. 

Extension Extensor digitomm longus, extensor digitomm brevis, exten- 
sor hallucis longus and extensor hallucis brevis. 



Three main arehes are reeognized in the foot. They are the medial lon- 
gitudinal, the lateral longitudinal and the transverse arehes. The roles 
of the arehes of the foot in standing, walking and mnning are discussed 
later in this ehapter. 

Medial longitudinal areh 


The medial margin of the foot arehes up between the heel proximally 
and the medial three metatarsophalangeal joints to form a visible areh 
(see Fig. 84. 8A). It is made up of the calcaneus, talar head, navicular, 
the three cuneiforms and the medial three metatarsals. The posterior 
and anterior pillars are the posterior part of the inferior ealeaneal surface 
and the three metatarsal heads, respeetively. The bones themselves eon- 
tribute little to the stability of the areh, whereas the ligaments contribute 
signifìeantly. The most important ligamentous stmcture is the plantar 
aponeurosis, which aets as a tie beam between the supporting pillars 


(Hieks 1954). Dorsiflexion, espeeially of the great toe, draws the two 
pillars together, thus heightening the areh: the so-ealled 'windlass' 
meehanism. Next in importanee is the spring ligament, which supports 
the head of the talus. If this ligament fails, the navicular and calcaneus 
separate, allowing the talar head, which is the highest point of the areh, 
to deseend, leading to a flat-foot deformity. The taloealeaneal ligaments 
and the anterior fibres of the deltoid ligament, from the tibia to the 
navioalar, also contribute to the stability of the areh. 

Muscles play a role in the maintenanee of the medial longitudinal 
areh. Flexor hallucis longus aets as a bowstring. Flexor digitomm longus, 
abductor hallucis and the medial half of flexor digitomm brevis also 
contribute but to a lesser extent. Tibialis posterior and anterior invert 
and adduct the foot, and so help to raise its medial border. The impor- 
tanee of tibialis posterior is manifest by the eollapse of the medial 
longitudinal areh that aeeompanies failure of its tendon (see below). 

Lateral longitiidinal areh 


The lateral longitudinal areh is a much less pronounced areh than the 
medial one. The bones making up the lateral longitudinal areh are the 
calcaneus, the cuboid and the fourth and fifth metatarsals; they eon- 
tribute little to the areh in terms of stability (see Fig. 84. 8A). The pillars 
are the calcaneus posteriorly and the lateral two metatarsal heads ant- 
eriorly. Ligaments play a more important role in stabilizing the areh, 
espeeially the lateral part of the plantar aponeurosis and the long and 
short plantar ligaments. However, the tendon of fibularis longus makes 
the most important contribution to the maintenanee of the lateral areh. 
The lateral two tendons of flexor digitomm longus (and flexor aeees- 
sorius), the muscles of the first layer (lateral half of flexor digitomm 
brevis and abductor digiti minimi), and fibularis brevis and tertius also 
contribute to the maintenanee of the lateral longitudinal areh. 

Transverse areh 


The bones involved in the transverse areh are the bases of the five meta- 
tarsals, the cuboid and the cuneiforms (see 4g. 84. 8A). The intermedi- 
ate and lateral cuneiforms are wedge-shaped and thus adapted to 
maintenanee of the transverse areh. The ligaments, which bind the 
cuneiforms and the metatarsal bases, mainly provide the stability of the 
areh, as does the tendon of fibularis longus, which tends to approximate 
the medial and lateral borders of the foot. A shallow areh is maintained 
at the metatarsal heads by the deep transverse ligaments, transverse 
fibres that tie together the digital slips of the plantar aponeurosis, and, 
to a lesser extent, by the transverse head of adductor hallucis. 

Pes planiis and pes cavus 


The term pes planus denotes an excessively flat foot. There is no preeise 
degree of flatness that defines pes planus but it may be either physiologi- 
eal or pathologieal. In physiologieal pes planus, the feet are flexible and 
rarely problematie. There is a high prevalenee in ehildren of presehool 
age. In the age group 2-6 years, normal areh volumes in the sitting and 
standing positions eorrelate with the height of the navioilar (lowest 
palpable medial projeetion of the navicular to the floor (Chang et al 
2012)). In marked eontrast, pathologieal pes planus is often assoeiated 
with stiffness and pain. The windlass (or 'jaek's great toe') test involves 
passively dorsiflexing the great toe at the metatarsophalangeal joint. 
This tightens the plantar aponeurosis and, in flexible pes planus, results 
in accentuation of the medial longitudinal areh. In pathologieal pes 
planus, no accentuation of the areh is seen. This test ean also be earried 
out by asking the individual to stand with both feet plantar flexed while 
viewing the hindfoot from behind. In flexible flat feet, the calcaneus 
swings into a vams position; in pathologieal pes planus it does not. 
Causes of pathologieal pes planus include tarsal eoalition, dismption 
of the tendon of tibialis posterior, rupture of the spring ligament, tar- 
sometatarsal arthritis (and subsequent eollapse), and hindfoot (taloeal- 
eaneal or subtalar joint) degenerative or inflammatory arthritis. 

Pes cavus denotes an excessively high-arehed foot. The majority of 
eases arise as a result of a neurological disorder (e.g. Charcot-Marie- 
Tooth disease, tethered spinal eord, poliomyelitis). Aeeording to the 
anatomieal loeation of the deformity, pes cavus may be elassified into 
hindfoot, midfoot or forefoot cavus. When pes cavus involves all three 
parts of the foot, it is ealled 'global' cavus. 

In Charcot-Marie-Tooth disease, an overaetive fibularis longus leads 
to plantar hyperflexion of the first metatarsal. To keep the forefoot in 
eontaet with the ground, the patient develops a progressive eompens- 
atory hindfoot vams. If ignored, the hindfoot vams, which is initially 
flexible, beeomes fixed. 
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The muscles aeting on the foot may be divided into extrinsic and intrin- 
sie grottps. 

EXTRINSIC MUSCLES 


The extrinsic miiseles are deseribed in Chapter 83. Their tendons eross 
the ankle, and move and stabilize this joint. Distally, the tendons also 
aet on the joints of the foot and help to stabilize them. The muscles 
ean be grouped aeeording to their arrangement in the leg. The extensors 
arise in the anterior eompartment of the leg and their tendons pass 
anterior to the ankle, where they are bound down by the extensor reti- 
nacula. The lateral group arises in the relatively narrow lateral eompart- 
ment of the leg and their tendons pass posterior to the lateral malleolus, 
bound down by the fibular retinacula. The flexors arise in the posterior 
eompartment of the leg and their tendons pass posterior to the ankle, 
where the tendons of the superficial group of flexors are inserted into 
the calcaneus (see below), and the tendons of the deep group of flexors 
are bound down by the flexor retinaculum. 

Anterior group 


Tibialis anterior, extensor hallucis longus, extensor digitomm longus 
and fibularis tertius are deseribed on pages 1406-1408. 

Lateral group 


Fibularis longus and fibularis brevis are deseribed on page 1408. 

Posterior group 


Siiperfieial group 

Gastroenemms, soleus and plantaris are deseribed on pages 1409-1410; 
the ealeaneal tendon is deseribed below. 

Oaleaneal (Aehilles) tendon 

The ealeaneal tendon is the eommon tendon of gastrocnemius and 
soleus. It is the thiekest and strongest tendon in the human body (see 
Fig. 82.3). Approximately 15 em long, it begins near the middle of the 
ealf; its anterior surface reeeives muscle fibres from soleus almost to its 
inferior end. It gradually beeomes more rounded until approximately 
4 em above the calcaneus; below this level, it expands and beeomes 
attaehed to the midpoint of the posterior surface of the calcaneus. Age- 
dependent variability in the terminal insertion site of the ealeaneal 
tendon (Snow et al 1995, Kim et al 2010, Kim et al 2011) may explain 
why ealeaneal tendinopathy is infrequently found in ehildren and adol- 
eseents. It also has implieations for the appropriate siting of surgical 
entry portals about the ealeaneal tendon insertion in order to reduce 
the risk of iatrogenie injury to the tendon (Lohrer et al 2008). The fibres 
of the ealeaneal tendon are not aligned strietly vertieally and they 
display a variable degree of spiralization (Cummins and Anson 1946). 
The tendon fibres spiral laterally through 90° as they deseend, so 
that the fibres assoeiated with gastrocnemius eome to insert on the 
calcaneus more laterally, and those assoeiated with soleus more medi- 
ally. The fibres in the tendon of plantaris (deseribed in Ch. 83) exhibit 
varying degrees of blending with the fibres of the ealeaneal tendon, 
sometimes blending entirely at its insertion or inserting into the plantar 
aponeurosis. 

Tensile properties The estimated tensile breaking load of a fetal 
ealeaneal tendon inereases from 2 kg at 6 months post fertilization to 
18 kg at full term (Yamada 1970). In adults, the average estimated 
tensile breaking load of the ealeaneal tendon is 192 kg, deereasing to 
160 kg in the eighth deeade (Takigawa 1953), which may explain why 
ealeaneal tendon ruptures are infrequently encountered in youth 
(Yamada 1970). 

Vaseillar Slipply The blood supply to the ealeaneal tendon is poor; 
the predominant artery is a recurrent braneh of the posterior tibial 
artery, which mainly supplies peritendinous tissues (Salmon et al 
1994). There is an additional supply from the paratenon (Carr and 
Norris 1989, Chen et al 2009), as well as a supply proximally from 
intramuscular arterial branehes and distally from the calcaneus. Miero- 
disseetion and angiographie studies have identified three main vasoilar 
territories: a proximal seetion, a hypovascular midseetion and a distal 


seetion (Ahmed et al 1998, Zantop et al 2003, Chen et al 2009). The 

posterior tibial artery primarily supplies the proximal and distal see- 
tions, and the midseetion reeeives a relatively poor blood supply from 
the fibular artery (Chen et al 2009). These findings support previous 
work showing that the hypovascular midseetion of the ealeaneal 
tendon is the area most prone to rupture and also underscore the 
importanee of avoiding dismption of the vascular supply to the tendon 
during percutaneous surgery. The vascularity of the skin overlying the 
ealeaneal tendon varies aeeording to loeation: the skin on the medial 
side of the tendon is supplied by the posterior tibial artery and on the 
lateral side by the fibular artery (Yepes et al 2010). The skin eovering 
the posterior aspeet of the tendon is the most poorly vascularized; 
medial or lateral ineisions of the skin surrounding the tendon should 
reduce post-surgical healing eomplieations relative to a direet posterior 
approaeh. 

The ealeaneal tendon is not the only plantar flexor of the ankle, 
which is one of the reasons that mptures of the ealeaneal tendon may 
not always be elinieally apparent. However, it is a frequent site of 
pathology because of its susceptibility to mpture, degenerative ehange 
(tendinosis) and inflammation (paratendinitis); the area of relative 
avascularity in the mid-substance of the tendon is where the majority 
of problems occur. 

elations The ealeaneal tendon is subcutaneous. The sural nerve 
erosses its lateral border about 10 em above its insertion; the nerve is 
espeeially vulnerable here to iatrogenie injury during surgery. Distally, 
there are bursae superficial and deep to the tendon. The muscle belly 
of flexor hallucis longus lies deep to the deep faseia on the anterior 
surface of the tendon. 

Aetions The ealeaneal tendon produces plantar flexion of the ankle 
joint. The tendon fibres spiral laterally through 90° as they deseend, so 
that the fibres assoeiated with gastrocnemius eome to insert on the bone 
more laterally, and those assoeiated with soleus more medially. 

Heel blirsae There are three loeations about the heel where bursae 
occur. The most eommon is the retroealeaneal bursa, which lies between 
the ealeaneal tendon and the posterior surface of the calcaneus. An 
almost eonstant finding, it has an anterior bursal wall eomposed of 
fibroeartilage and a thin posterior wall, which blends with the thin 
epitenon (epitendineum) of the ealeaneal tendon. Dorsiflexion of the 
ankle results in eompression of the bursa. Less eommon are an adventi- 
tious bursa superficial to the ealeaneal tendon, and a subcalcaneal bursa 
between the inferior surface of the calcaneus and the origin of the 
plantar aponeurosis. A prominent superolateral ealeaneal tuberosity 
may impinge on the deep aspeet of the ealeaneal tendon where it inserts 
on to the calcaneus (Haglund's disease). It is often assoeiated with a 
retroealeaneal bursa, and symptoms are exacerbated by dorsiflexion of 
the ankle because this movement inereases the pressure within the 
bursa and causes impingement of calcaneus against the tendon 
insertion. 

Plantaris 

Plantaris is deseribed on page 1410. 

Deep group 

The deep muscles of the ealf include popliteus, which aets on the knee 
joint, and flexor hallucis longus, flexor digitomm longus and tibialis 
posterior, which all aet on the ankle joint and joints of the foot. 

Flexor hallucis longus 

Flexor hallucis longus is deseribed on page 1411. The tendon of flexor 
hallucis longus is deseribed below. 

Flexor digitomm longus 

Flexor digitomm longus is deseribed on page 1410. 

Tibialis posterior 

Tibialis posterior is deseribed on page 1412. 

INTRINSIC MUSCLES 


The intrinsie muscles, i.e. those eontained entirely within the foot, 
follow the primitive limb pattern of plantar flexors and dorsal 
extensors. 

The plantar muscles may be divided into medial, lateral and inter- 
mediate groups. The medial and lateral groups eonsist of the intrinsie 
muscles of the great and fifth toes, respeetively, and the eentral or 
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Fig. 84.19 Turbo spin-eeho, T1-weighted magnetie resonanee (MR) images of the left ankle of a woman aged 26. A, A eoronal turbo spin-eeho, 
T1-weighted MR image of the forefoot through a metatarsal. Key: 1, extensor hallucis longus tendon; 2, first metatarsal; 3, adductor hallucis, oblique 
head; 4, flexor hallucis (medial head); 5, flexor hallucis (lateral head); 6, flexor hallucis longus tendon; 7, flexor digitomm longus tendons; 8, third 
metatarsal; 9, fourth metatarsal; 10, flexor digiti minimi brevis; 11, abductor digiti minimi; 12, fifth metatarsal; 13, dorsal interossei; 14, seeond metatarsal. 
B, An axial turbo spin-eeho, T1-weighted MR image of the ankle. Key: 1, deep fibular nerve; 2, tibia; 3, tendon of tibialis posterior; 4, tendon of flexor 
digitomm longus; 5, posterior tibial artery; 6, tibial nerve (early medial and lateral plantar branehing); 7, tendon of flexor hallucis longus; 8, ealeaneal 
tendon; 9, soleus; 10, sural nerve; 11, flexor hallucis longus; 12, fibularis brevis; 13, tendon of fibularis longus; 14, fibula; 15, extensor digitomm longus; 
16, extensor hallucis longus; 17, tendon of anterior tibialis. C, A sagittal turbo spin-eeho, T1-weighted MR image of the ankle and hindfoot. Key: 1, flexor 
digitomm longus; 2, soleus; 3, taloealeaneal (subtalar) joint; 4, ealeaneal tendon; 5, calcaneus; 6, flexor digitomm brevis; 7, flexor accessorius; 8, cuboid; 
9, lateral cuneiform; 10, intermediate cuneiform; 11, navicular; 12, taloealeaneal interosseous ligament; 13, talus; 14, taloemral joint; 15, tibia; 16, tibialis 
anterior. (Courtesy of Robert J. Ward, MD, Tufts Llniversity Sehool of Medieine, Boston, MA.) 
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Fig. 84.20 Muscles of the sole of the foot. A, First layer. B, Seeond layer. (With permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


intermediate group includes the lumbricals, interossei and intrinsie 
digital flexors. It is customary to group the muscles in four layers 
because this is the order in which they are encountered during dissee- 
tion. In elinieal praetiee and in terms of fhnetion, however, the former 
grouping is often more useful. The vascular supply and innervation of 
the intrinsie muscles of the foot are given at the end of this seetion. 

Plantar muscles of the foot: first layer 


This superficial layer includes abductor hallucis, abductor digiti minimi 
and flexor digitomm brevis (Fig. 84.20). All three extend from the 
ealeaneal tuberosity to the toes, and all assist in maintaining the eoneav- 
ity of the foot. 

Abductor hallucis 

Attaehments Abductor hallucis arises prineipally from the flexor 
retinaculum, but also from the medial proeess of the ealeaneal tuberos- 
ity, the plantar aponeurosis, and the intermuscular septum between this 
muscle and flexor digitomm brevis. The muscle fibres end in a tendon 
that is attaehed, together with the medial tendon of flexor hallucis 
brevis, to the medial side of the base of the proximal phalanx of the 
great toe. Frequently, some fibres are attaehed more proximally to the 
medial sesamoid bone of this toe. The muscle may also send some 
fibres to the dermis along the medial border of the foot. 

elations Abductor hallucis lies along the medial border of the foot 
and eovers the origins of the plantar vessels and nerves (Fig. 84.21). 
The spaee ereated for the plantar nerves and vessels by abductor hallucis 
and its relationship to the calcaneus is ealled the porta pedis. 

Aetions Abductor hallucis produces abduction of the great toe relative 
to the longitudinal axis of the foot at the shaft of the seeond metatarsal. 

Testing Abductor hallucis is tested elinieally by instmeting the subject 
to resist a foreibly applied lateral deviation of the proximal phalanx. 


eiinieal anatomy Abductor hallucis faseia is strong and ean be used 
in soft tissue augmentation following eorreetion of hallux valgus 
deformity. Rarely, persistent, exaggerated tonus in the muscle may be a 
cause of vams deformity of the foot, neeessitating surgical intervention. 
An abductor hallucis flap is sometimes used for provision of soft tissue 
eoverage. 

Flexor digitomm brevis 

Attaehments Flexor digitomm brevis arises by a narrow tendon from 
the medial proeess of the ealeaneal tuberosity, from the eentral part of 
the plantar aponeurosis, and from the intermuscular septa between it 
and adjaeent muscles (see Fig. 84.20A). It divides into four tendons, 
which pass to the lateral four toes; the tendons enter digital tendinous 
sheaths aeeompanied by the tendons of flexor digitomm longus, which 
lie deep to them. At the bases of the proximal phalanges, eaeh tendon 
divides around the eorresponding tendon of flexor digitomm longus; 
the two slips then reunite and partially decussate, forming a tunnel 
through which the tendon of flexor digitomm longus passes to the 
distal phalanx. The tendon of flexor digitomm brevis divides again and 
attaehes to both sides of the shaft of the middle phalanx. The way in 
which the tendon of flexor digitomm brevis divides and attaehes to the 
phalanges is identieal to that of the tendons of flexor digitomm super- 
fieialis in the hand. The slip to a given toe may be absent, or it may be 
replaeed by a small muscular slip from the extrinsic flexor tendons or 
from flexor accessorius. Conversely, the slip may be joined by a seeond, 
supernumerary slip. 

elations Flexor digitomm brevis lies immediately deep to the eentral 
part of the plantar aponeurosis (see Fig. 84.20A). Its deep surface is 
separated from the lateral plantar vessels and nerves by a thin layer of 
faseia. 

Aetions Flexor digitomm brevis flexes the lateral four toes at the 
proximal interphalangeal joint, with equal effeet in any position of the 
ankle joint. 
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Fig. 84.21 Plantar nerves and vessels in relation to muscle layers. (With 
permission from Waschke J, Paulsen F (eds), Sobotta Atlas of Human 
Anatomy, 15th ed, Elsevier, Urban & Fiseher. Copyright 2013.) 


Testing To test the aetion of flexor digitomm brevis, the examiner 
passively extends the distal interphalangeal joint and asks the subject 
to flex the toes at the proximal interphalangeal joint. Contracture of the 
tendons of flexor digitomm brevis ean lead to toe deformities, and 
release or lengthening procedures may be required. The muscle belly is 
sometimes excised as a flap to eover a soft tissue defeet. 

Abductor digiti minimi 

Attaehments Abductor digiti minimi arises from both proeesses of 
the ealeaneal tuberosity, from the plantar surface of the bone between 
them, from the plantar aponeurosis and from the intermuscular septum 
between the muscle and flexor digitomm brevis. Its tendon glides in a 
smooth groove on the plantar surface of the base of the fifth metatarsal 
and is attaehed, with flexor digiti minimi brevis, to the lateral side of 
the base of the proximal phalanx of the fifth toe; henee it is more a 
flexor than an abductor. Some of the fibres arising from the lateral 
ealeaneal proeess usually reaeh the tip of the tuberosity of the fifth 
metatarsal (see Fig. 84.5 B) and may form a separate muscle: abductor 
ossis metatarsi digiti quinti. An aeeessory slip from the base of the fifth 
metatarsal is not infrequent. 

elations Abductor digiti minimi lies along the lateral border of the 
foot, and its medial margin is related to the lateral plantar vessels and 
nerve (see Fig. 84.21). 

Aetions Despite its name, abductor digiti minimi is more a flexor than 
an abductor of the metatarsophalangeal joint of the fifth toe. 

Plantar muscles of the foot: seeond layer 


The seeond layer eonsists of flexor accessorius and the four lumbrical 
muscles. The tendons of flexor hallucis longus and flexor digitomm 
longus mn in the same plane as the muscles of the seeond layer (see 
Fig. 84.20B); flexor hallucis longus and flexor digitomm longus are 
deseribed on pages 1410-1412. 


Flexor tendinoits sheaths 

The terminations of the tendons of the extrinsic and intrinsie flexor 
muscles are eontained in osseo-aponeurotic eanals similar to those that 
occur in the fingers. These eanals are bounded above by the phalanges 
and below by fibrous bands, the digital fibrous sheaths, which areh 
aeross the tendons and attaeh on either side to the margins of the 
phalanges (see Fig. 84.20A). Along the proximal and middle phalanges, 
the fibrous bands are strong and the fibres are transverse (amilar part); 
opposite the joints they are much thinner and the fibres decussate 
(emeiform part). Eaeh osseo-aponeurotic eanal has a synovial lining, 
which is refleeted around its tendon; within this sheath, vincula tendi- 
num are arranged as they are in the fingers. 


Flexor aeeessoriiis (quadratus plantae) 

Attaehments Flexor accessorius (quadratus plantae) arises by two 
heads, with the long plantar ligament situated deeply in the interval 
between the two heads (see Figs 84.20B, 84.19C). The medial head is 
larger and is attaehed to the medial eoneave surface of the calcaneus, 
below the groove for the tendon of flexor hallucis longus. The lateral 
head is flat and tendinous, and is attaehed to the calcaneus distal to the 
lateral proeess of the tuberosity, and to the long plantar ligament. The 
muscle belly inserts into the tendon of flexor digitomm longus at the 
point where it is bound by a fibrous slip to the tendon of flexor hallucis 
longus and where it divides into its four tendons. 

The imisele is sometimes absent altogether. Its distal attaehment to 
the tendons of flexor digitomm longus may vary, which means that the 
fourth and fifth long flexor tendons may, at times, fail to reeeive slips 
from the flexor accessorius. 



Relations The medial plantar nerve passes medial to and the lateral 
plantar nerve passes superficial to flexor accessorius. 

Aetions By pulling on the tendons of flexor digitomm longus, flexor 
accessorius provides a means of flexing the lateral four toes in any posi- 
tion of the ankle joint. 

Lumbrical muscles 

Attaehments The himbrieal muscles are four small imiseles (num- 
bered from the medial side of the foot) that are aeeessory to the tendons 
of flexor digitomm longus (see Fig. 84.20). They arise from these 
tendons as far baek as their angles of separation, eaeh springing from 
the sides of two adjaeent tendons, except for the first lumbrical, which 
arises only from the medial border of the first tendon. The muscles end 
in tendons that pass distally on the medial sides of the four lateral toes 
and are attaehed to the dorsal digital expansions on their proximal 
phalanges. 

Relations The lumbricals are intimately related to the tendons of 
flexor digitomm longus before the latter enter their eorresponding 
fibrous flexor sheaths. The lumbricals remain outside the fibrous flexor 
sheaths and eross the plantar aspeets of the deep transverse metatarsal 
ligaments before reaehing the dorsal digital expansions. 

Aetions The lumbricals help to maintain extension of the interphalan- 
geal joints of the toes. In injuries of the tibial nerve, and in eonditions 
such as the hereditary motor-sensory neuropathies (e.g. Charcot- 
Marie-Tooth disease), lumbrical dysfhnetion contributes to clawing of 
the toes. 


Plantar miiseles of the foot: third layer 


The third layer of the foot eontains the shorter intrinsie muscles of the 
toes, i.e. flexor hallucis brevis, adductor hallucis and flexor digiti minimi 
brevis (Fig. 84.22). 

Flexor hallucis brevis 

Attaehments Flexor hallucis brevis has a bihireate tendon of origin 
(see Figs 84.20, 84.22). The lateral limb arises from the medial part of 
the plantar surface of the cuboid, posterior to the groove for the tendon 
of fibularis longus, and from the adjaeent part of the lateral cuneiform. 
The medial limb has a deep attaehment direetly continuous with the 
lateral division of the tendon of tibialis posterior, and a more superficial 
attaehment to the middle band of the medial intermuscular septum. 
The belly of the muscle divides into medial and lateral parts, the twin 
tendons of which are attaehed to the sides of the base of the proximal 
phalanx of the great toe. The medial part blends with the tendon of 
abductor hallucis, and the lateral with that of adductor hallucis, as they 
reaeh their terminations. 
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Fig. 84.22 Muscles of the sole of the foot, third layer. (With permission 
from Waschke J, Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th 
ed, Elsevier, Llrban & Fiseher. Copyright 2013.) 


A sesamoid bone iisiially occurs in eaeh tendon near its attaehment. 
eiinieal problems with flexor hallucis brevis are usually related to the 
assoeiated sesamoid bones. However, excision of both sesamoid bones 
leads to dismption of both tendons and a subsequent extension deform- 
ity at the first metatarsophalangeal joint; such surgery is, therefore, not 
reeommended. 

Aeeessory slips may arise proximally from the calcaneus or long 
plantar ligament. A tendinous slip may extend to the proximal phalanx 
of the seeond toe. 

Relations Flexor hallucis brevis lies on the underside of the first 
metatarsal shaft; abductor hallucis lies medially. The medial digital 
nerve to the great toe and the tendon of flexor hallucis longus pass to 
the great toe on its plantar surface. The medial plantar nerve lies more 
superficially on its lateral side. 


is no phalangeal attaehment for the transverse part of the muscle; fibres 
that fail to reaeh the lateral sesamoid bone are attaehed with the oblique 
part. 

The transverse part of adductor hallucis is sometimes absent; part of 
the muscle may be attaehed to the first metatarsaf constituting an 
opponens hallucis; a slip may also extend to the proximal phalanx of 
the seeond toe. 


Relations Adductor hallucis lies plantar to the metatarsal shafts and 
interossei and the long and short toe flexors. The medial and lateral 
plantar arteries and nerves are superficiaf and flexor hallucis brevis is 
proximal and medial. 


Aetions Adductor hallucis partly flexes the proximal phalanx of the 
great toe, but also stabilizes the metatarsal heads. 


eiinieal anatom^ Adductor hallucis is one of the deforming forees 
in hallux valgus and needs to be released during a distal soft tissue 
release when there is a fixed deformity. 


Flexor digiti minimi brevis 

Attaehments Flexor digiti minimi brevis arises from the medial part 
of the plantar surface of the base of the fifth metatarsaf and from the 
sheath of fibularis longus (see Figs 84.20B, 84.22 and 84.19A). It has 
a distal tendon that inserts into the lateral side of the base of the proxi- 
mal phalanx of the fifth toe; this tendon usually blends laterally with 
that of abductor digiti minimi. Oeeasionally some of its deeper fibres 
extend to the lateral part of the distal half of the fifth metatarsaf eon- 
stituting what may be deseribed as a distinet muscle: opponens digiti 
minimi. 



Relations The fifth metatarsal shaft lies on the deep surface of flexor 
digiti minimi brevis, the interossei lie medially and abductor digiti 
minimi is lateraL The most lateral braneh of the lateral plantar nerve 
lies superficially and just medial to flexor digiti minimi brevis. 

Aetìons Flexor digiti minimi brevis flexes the metatarsophalangeal 
joint of the fifth toe. 


Plantar muscles of the foot: fourth layer 


The fourth layer of muscles of the foot eonsists of the plantar and dorsal 
interossei and the tendons of tibialis posterior and fibularis longus 
(tibialis posterior and fibularis longus are deseribed in Ch. 83). The 
interossei resemble their counterparts in the hand except that, when 
deseribing adduction and abduction of the toes, the axis of referenee is 
a longitudinal axis eorresponding to the shaft of the seeond metatarsal 
(unlike in the hand, where referenee is made to the long axis of the 
third metaearpal). 


Dorsal interossei 

Attaehments The dorsal interossei (Fig. 84.23A; see Fig. 84.19A) are 

situated between the metatarsals. They eonsist of four bipennate 
muscles, eaeh arising by two heads from the sides of the adjaeent meta- 
tarsals. Their tendons are attaehed to the bases of the proximal phalanges 
and to the dorsal digital expansions. The first inserts into the medial 
side of the seeond toe; the other three pass to the lateral sides of the 
seeond, third and fourth toes. 



Aetìons Flexor hallucis brevis flexes the proximal phalanx of the great 
toe. 


Testing The individual is asked to flex the first metatarsophalangeal 
joint with the interphalangeal joint extended, thereby eliminating the 
aetion of flexor hallucis longus. 



Addi/etor hallucis 

Attaehments Adductor hallucis arises by oblique and transverse 
heads (see Figs 84.20B, 84.22 and 84.19A). The oblique head arises 
from the bases of the seeond, third and fourth metatarsals, and from 
the fibrous sheath of the tendon of fibularis longus. The transverse head 
- a narrow, flat fasciculus - arises from the plantar metatarsophalangeal 
ligaments of the third, fourth and fifth toes (sometimes only from the 
third and fourth), and from the deep transverse metatarsal ligaments 
between them. The oblique head has medial and lateral parts. The 
medial part blends with the lateral part of flexor hallucis brevis and is 
attaehed to the lateral sesamoid bone of the great toe. The lateral part 
joins the transverse head and is also attaehed to the lateral sesamoid 
bone and direetly to the base of the first phalanx of the great toe. There 


elations Between the heads of eaeh of the three lateral muscles, there 
is an angular spaee through which a perforating artery passes to the 
dorsum of the foot. Between the heads of the first muscle, the eorres- 
ponding spaee transmits the terminal part of the dorsalis pedis artery 
to the sole (see Fig. 84.1). 

Aetions Dorsal interossei abduct the toes relative to the longitudinal 
axis of the seeond metatarsal. They also flex the metatarsophalangeal 
joints and extend the interphalangeal joints of the lateral four toes. The 
great and fifth toes have their own abductors. 

eiinieal anatomy Denervation of the interossei leads to claw-toe 
deformities. Development of clawed toes should alert the elinieian to 
the possibility of a neuropathic proeess (e.g. Charcot-Marie-Tooth 
disease, tethered spinal eord). 

Piantar interossei 

There are three plantar interossei (see Fig. 84.23B). They lie below, 
rather than between, the metatarsals, and eaeh is eonneeted to only one 
metatarsal. They are unipennate, unlike the dorsal interossei; they arise 
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Fig. 84.23 The interossei of the left foot. A, The dorsal interossei viewed 
from the dorsal aspeet. B, The plantar interossei viewed from the plantar 
aspeet. The axis to which the movements of abduction and adduction are 
referred is indieated. 

from the bases and medial sides of the third, foiirth and fifth metatar- 
sals, and insert into the medial sides of the bases of the proximal 
phalanges of the nmnerieally eorresponding toes, and into their dorsal 
digital expansions. 

Relations The plantar interossei lie plantar to the dorsal interossei 
and deep to the muscles of the third layer. 

Aetions Plantar interossei adduct the third, fourth and fifth toes, flex 
the metatarsophalangeal joints and extend the interphalangeal joints. 

eiinieal anatomy The elinieal anatomy of the plantar interossei is 
similar to that of the dorsal interossei. 

Extensor miiseles of the foot 


Extensor digitomm brevis and extensor 
hallucis brevis 

Attaehments Extensor digitomm brevis (see Fig. 84. 2A) is a thin 
muscle that arises from the distal part of the superolateral surface of 
the calcaneus in front of the shallow lateral groove for fibularis brevis, 
from the interosseous taloealeaneal ligament, and from the deep surface 
of the stem of the inferior extensor retinaculum. It slants distally and 
medially aeross the dorsum of the foot and ends in four tendons. The 
medial part of the muscle is usually a more or less distinet slip, ending 
in a tendon that erosses the dorsalis pedis artery superficially to insert 
into the dorsal aspeet of the base of the proximal phalanx of the great 
toe; this slip is termed extensor hallucis brevis. The other three tendons 
attaeh to the lateral sides of the tendons of extensor digitomm longus 
for the seeond, third and fourth toes. 

The muscle is subject to much variation, e.g. aeeessory slips from the 
talus and naviailar, an extra tendon to the fifth digit, or an absenee of 
one or more tendons. It may be eonneeted to the adjaeent dorsal 
interossei. 

elations The most medial tendon, that of extensor hallucis brevis, 
courses dorsomedially and passes superficial to the dorsalis pedis artery 
and the deep fibular nerve. The remaining three tendons pass obliquely 
deep to the eorresponding tendons of extensor digitomm longus. 

Aetions The muscle assists in extending the phalanges of the middle 
three toes via the tendons of extensor digitomm longus; for the great 
toe, it assists in extension of the metatarsophalangeal joint. 

eiinieal anatomy Laeeration of extensor digitomm brevis leads to 
little in the way of fimetional impairment because the long extensors 
ean eompensate for the loss of the muscle. The proximal part of the 
muscle ean be used as interposition material to prevent bone fusion 
after reseetion of a ealeaneonaviailar bar (a eommon tarsal eoalition). 


The muscle belly and tendon of extensor hallucis brevis serve as guides 
to the loeation of the dorsalis pedis artery and deep fibular nerve. The 
tendon of extensor hallucis brevis ean be used as a loeal graft. 

Vascular supply to the intrinsie muscles of the foot 

Abductor hallucis is supplied by the medial malleolar network, medial 
ealeaneal branehes of the lateral plantar artery (see Fig. 84.9), the 
medial plantar artery (direetly and via superficial and deep branehes), 
the first plantar metatarsal artery and perforators from the plantar art- 
erial areh. Flexor digitomm brevis is supplied by the lateral and medial 
plantar arteries, the plantar metatarsal arteries and the plantar digital 
arteries to the lateral four toes. Abductor digiti minimi is supplied by 
the medial and lateral plantar arteries (see Figs 84.21, 84.25A), the 
plantar digital artery to the lateral side of this muscle, branehes from 
the deep plantar areh, the fourth plantar metatarsal artery, and end 
twigs from the aroiate and lateral tarsal arteries (see Fig. 84.9). Flexor 
accessorius is supplied by the stem of the medial plantar artery (to the 
medial head), the lateral plantar artery and the deep plantar areh. The 
lumbricals are supplied by the lateral plantar artery and deep plantar 
areh and by four plantar metatarsal arteries (four distal perforating 
arteries joined by three proximal perforating arteries). Their tendons are 
supplied by twigs from the dorsal digital arteries (and their parent 
dorsal metatarsal arteries) to the lateral four toes. Flexor hallucis brevis 
is supplied by branehes of the medial plantar artery, the first plantar 
metatarsal artery, the lateral plantar artery and the deep plantar areh. 
Adductor hallucis is supplied by branehes of the medial and lateral 
plantar arteries, the deep plantar areh and the first to fourth plantar 
metatarsal arteries. Flexor digiti minimi brevis is supplied by end twigs 
of the aroiate and lateral tarsal arteries, and the lateral plantar artery 
and its digital (plantar) braneh to the lateral side of the fifth toe. Dorsal 
interossei are supplied by the arcuate artery, lateral and medial tarsal 
arteries, the first to fourth plantar arteries and the first to fourth dorsal 
metatarsal arteries (reeeiving proximal and distal perforating arteries), 
and by the dorsal digital arteries of the lateral four toes. Plantar inter- 
ossei are supplied by the lateral plantar artery, the deep plantar areh, 
the seeond to fourth plantar metatarsal arteries and the dorsal digital 
arteries of the lateral three toes. Extensor digitomm brevis is supplied 
by the anterior perforating braneh of the fibular artery, the anterior 
lateral malleolar artery, lateral tarsal arteries, dorsalis pedis artery, 
arcuate artery, the first, seeond and third dorsal metatarsal arteries, 
proximal and distal perforating arteries, and the dorsal digital arteries 
to the medial four toes (including the great toe). 

Innervation of the intrinsie muscles of the foot Abductor 

hallucis is innervated by the medial plantar nerve, S1 and S2. Contrac- 
tion of the muscle eonfirms an intaet medial plantar nerve when the 
integrity of this nerve is in question. 

Flexor digitomm brevis is innervated by the medial plantar nerve, 

51 and S2. Abductor digiti minimi and flexor accessorius are innervated 
by the lateral plantar nerve, Sl, S2 and S3. The first lumbrical is supplied 
by the medial plantar nerve; the other lumbricals are supplied by the 
deep braneh of the lateral plantar nerve, S2 and S3. Flexor hallucis 
brevis is supplied by the medial plantar nerve, S1 and S2. Adductor 
hallucis is innervated by the deep braneh of the lateral plantar nerve, 

52 and S3. Flexor digiti minimi brevis is innervated by the superficial 
braneh of the lateral plantar nerve, S2 and S3. Dorsal interossei are 
supplied by the deep braneh of the lateral plantar nerve (S2 and S3), 
except that of the fourth intermetatarsal spaee, which is supplied by the 
superficial braneh of the lateral plantar nerve. Plantar interossei are 
supplied by the deep braneh of the lateral plantar nerve (S2 and S3), 
except that of the fourth intermetatarsal spaee, which is supplied by the 
superficial braneh of the lateral plantar nerve. Extensor digitomm brevis 
is supplied by the lateral terminal braneh of the deep fibular nerve, L5 
and Sl. 



ARTERIES 


Dorsalis pedis artery 


The dorsalis pedis artery (see fig. 84.1; Fig. 84.24) is usually the eon- 
timiation of the anterior tibial artery distal to the ankle. It passes to the 
proximal end of the first intermetatarsal spaee, where it turns into 
the sole between the heads of the first dorsal interosseous to eomplete 
the deep plantar areh, and provides the first plantar metatarsal artery. 

The artery may be larger than normal, to eompensate for a small 
lateral plantar artery. It may be absent, in which event it is replaeed by 
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Fig. 84.24 The dorsal arteries of the foot. 


a large perforating braneh of the fìbular artery. It often diverges laterally 
from its usual route. 

Relations 

The dorsalis pedis artery erosses, successively, the taloemral articular 
capsule, talus, navicular and intermediate cuneiform and their liga- 
ments; superficial to it are the skin, faseiae, inferior extensor retinacu- 
lum and, near its termination, extensor hallucis brevis. Medial to it is 
the tendon of extensor hallucis longus and lateral to it are the medial 
tendon of extensor digitomm longus and medial terminal braneh of 
the deep fibular nerve. The tendons are useful landmarks in the plan- 
ning of safe anatomieal approaehes in surgery of the ankle and foot. 

Branehes 

The dorsalis pedis artery gives rise to the tarsal, arcuate and first dorsal 
metatarsal arteries (see Figs 84.1, 84.9, 84.24). 

Tarsal arteries There are two tarsal arteries, lateral and medial (see 
Fig. 84.24). They arise as the dorsalis pedis artery erosses the navicular. 
The lateral mns laterally under extensor digitomm brevis; it supplies 
this muscle and the tarsal articulations, and anastomoses with branehes 
of the arcuate, anterior lateral malleolar and lateral plantar arteries, and 
the perforating braneh of the fibular artery. Two or three medial tarsal 
arteries ramify on the medial border of the foot and join the medial 
malleolar arterial network. 

Arcuate artery The arcuate artery (see Fig. 84.24) arises near the 
medial cuneiform, passes laterally over the metatarsal bases, deep to 
the tendons of the digital extensors, and anastomoses with the lateral 
tarsal and plantar arteries. It supplies the seeond to fourth dorsal meta- 
tarsal arteries, mnning distally superficial to the eorresponding dorsal 
interossei, and divides into two dorsal digital branehes for the adjoining 
toes in the interdigital elefts. Proximally, these branehes reeeive proxi- 
mal perforating branehes from the deep plantar areh. Distally, they are 
joined by distal perforating branehes from the plantar metatarsal arter- 
ies. The fourth dorsal metatarsal artery sends a braneh to the lateral side 
of the fifth toe. 

The frequency of the arcuate artery has been reported to range from 
10% to 67%, depending on the preeise definition of the artery (DiLan- 

dro et al 2001). 


First dorsal metatarsal artery The first dorsal metatarsal artery 

(see Fig. 84.24) arises just before the dorsalis pedis artery enters the 
sole. It mns distally on the first dorsal interosseous and divides at the 
eleft between the first and seeond toes. One braneh passes under 
the tendon of extensor hallucis longus and supplies the medial side of 
the great toe; the other bifhreates to supply the adjoining sides of the 
great and seeond toes. 

Cutaneous vessels from the dorsalis pedis artery The dor- 

salis pedis artery and its first dorsal metatarsal braneh give rise to small 
direet cutaneous branehes that supply the dorsal foot skin between the 
extensor retinaculum and the first web spaee. This vessel provides the 
basis for a fasciocutaneous flap raised from this region, and which may 
be used to eover superficial defeets elsewhere. 

Deep plantar areh 


The deep plantar areh (Fig. 84.25B) is deeply situated, extending from 
the fifth metatarsal base to the proximal end of the first intermetatarsal 
spaee. Convex distally, it is plantar to the bases of the seeond to fourth 
metatarsals and eorresponding interossei, but dorsal to the oblique part 
of adductor halhieis. 

Branehes 

The deep plantar areh gives rise to three perforating and four plantar 
metatarsal branehes, and numerous branehes that supply the skin, 
faseiae and muscles in the sole. Three perforating branehes aseend 
through the proximal ends of the seeond to fourth intermetatarsal 
spaees, between the heads of dorsal interossei, and anastomose with the 
dorsal metatarsal arteries. Four plantar metatarsal arteries extend distally 
between the metatarsals in eontaet with the interossei (Fig. 84.25). Eaeh 
divides into two plantar digital arteries, supplying the adjaeent digital 
aspeets. Near its division, eaeh plantar metatarsal artery sends a distal 
perforating braneh dorsally to join a dorsal metatarsal artery. The first 
plantar metatarsal artery springs from the junction between the lateral 
plantar and dorsalis pedis arteries, and sends a digital braneh to the 
medial side of the great toe. The lateral digital braneh for the fifth toe 
arises direetly from the lateral plantar artery near the fifth metatarsal 
base. Flaemorrhage from the deep plantar areh is difficult to eontrol 
because of the depth of the vessel and its important elose relations. 

Siirfaee anatomy 

The lateral plantar artery begins between the heel and medial malleolus, 
and erosses obliquely to a point 2.5 em medial to the tuberosity of the 
fifth metatarsal. With a slight distal convexity, it reaehes the proximal 
end of the first intermetatarsal spaee. 

Posterior tibial artery 


Before the posterior tibial artery divides into its two main terminal 
branehes, it gives off a communicating braneh that mns posteriorly 
aeross the tibia approximately 5 em above its distal end, deep to flexor 
hallucis longus, and joins a eomimmieating braneh of the fibular artery; 
ealeaneal branehes, which arise just proximal to the termination of the 
posterior tibial artery, pieree the flexor retinaculum and supply the skin 
and fat behind the ealeaneal tendon; and the artery of the tarsal eanal. 
The terminal branehes of the posterior tibial artery are the medial and 
lateral plantar arteries. 

Branehes 

Medial plantar artery The medial plantar artery is the smaller ter- 
minal braneh of the posterior tibial artery (see Fig. 84.25). It arises 
midway between the medial malleolus and the medial ealeaneal tuber- 
ele, and passes distally along the medial side of the foot, with the medial 
plantar nerve lateral to it. At first deep to abductor hallucis, it mns dis- 
tally between abductor hallucis and flexor digitomm brevis, supplying 
both. Near the first metatarsal base, when its ealibre is already dimin- 
ished as a result of supplying numerous muscular branehes, it is fiirther 
diminished by a superficial stem. It passes to the medial border of the 
great toe, where it anastomoses with a braneh of the first plantar meta- 
tarsal artery. Its superficial stem then trifiireates and supplies three super- 
fieial digital branehes that aeeompany the digital branehes of the medial 
plantar nerve and join the first to third plantar metatarsal arteries. 

Lateral plantar artery The lateral plantar artery is the larger termi- 
nal braneh of the posterior tibial artery (see Fig. 84.25). It passes distally 
and laterally to the fifth metatarsal base; the lateral plantar nerve is 
medial. The plantar nerves lie between the plantar arteries. Turning 
medially, with the deep braneh of the nerve, it gains the interval between 
the first and seeond metatarsal bases, and unites with the dorsalis pedis 
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Fig. 84.25 The plantar arteries of the left foot. A, Superficial disseetion. B, Deep disseetion. 


artery to eomplete the deep plantar areh. As it passes laterally, it is fìrst 
between the calcaneus and abductor hallucis, then between flexor digi- 
tomm brevis and flexor accessorius. Running distally to the fifth meta- 
tarsal base, it passes between flexor digitomm brevis and abductor digiti 
minimi, and is eovered by the plantar aponenrosis, superficial faseia 
and skin. 

Muscular branehes supply the adjoining muscles. Superficial 
branehes emerge along the intermuscular septum to supply the skin 
and subcutaneous tissue over the lateral part of the sole. Anastomotie 
branehes mn to the lateral border and join branehes of the lateral tarsal 
and arcuate arteries. Sometimes, a ealeaneal braneh pierees abductor 
hallucis to supply the skin of the heel. Anastomosis between the medial 
and lateral plantar arteries superficial to the flexor digitomm brevis is 
sometimes present and is termed the superficial plantar areh. 

Perforator flaps in the ankle and foot region 


The arteries around the ankle and in the foot are the medial and lateral 
ealeaneal arteries, medial and lateral plantar arteries and the dorsalis 
pedis artery (see Fig. 78.7). In the foot, the two plantar arteries with 
communicating arteries from the dorsalis pedis artery give rise to mul- 
tiple small perforators. In the sole of the foot, the perforators emerge 
on either side of the plantar aponeurosis, and also pass through it, to 
supply the skin. 'Island flaps' from these perforators may be advaneed 
to reeonstmet small defeets in the weight-bearing area. The skin of the 
sole of the foot is highly speeialized and therefore, ideally, defeets in 
this region should be reeonstmeted using loeal skin. 

DEEP AND SUPERFICIAL VEN0US SYSTEMS 
IN THE FOOT 


Plantar digital veins arise from plexuses in the plantar regions of the 
toes. They eonneet with dorsal digital veins to form four plantar meta- 
tarsal veins, which mn proximally in the intermetatarsal spaees and 
eonneet via perforating veins with dorsal veins, then continue to form 
the deep plantar venous areh, which is situated alongside the deep 
plantar arterial areh. From this venous areh, medial and lateral plantar 
veins mn near the eorresponding arteries and, after communicating 
with the long and short saphenous veins, form the posterior tibial veins 
behind the medial malleolus. 


The prineipal named superficial veins are the long and short saphen- 
ous. Their numerous tributaries are mostly (but not wholly) unnamed; 
named vessels will be noted (see Fig. 78.9). As in the upper limb, the 
vessels will be deseribed eentripetally from peripheral to major drainage 
ehannels. 

Dorsal digital veins reeeive rami from the plantar digital veins in the 
elefts between the toes and then join to form dorsal metatarsal veins, 
which are united aeross the proximal parts of the metatarsals in a dorsal 
venous areh. Proximal to this areh, an irregular dorsal venous network 
reeeives tributaries from deep veins and is continuous proximally with 
a venous network in the leg. At eaeh side of the foot, this network eon- 
neets with medial and lateral marginal veins, which are both formed 
mainly by veins from more superficial parts of the sole. In the sole, 
superficial veins form a plantar cutaneous areh aeross the roots of the 
toes and also drain into the medial and lateral marginal veins. Proximal 
to the deep plantar areh there is a plantar cutaneous venous plexus, 
espeeially dense in the fat of the heel. It eonneets with the plantar 
cutaneous venous areh and other deep veins, but drains mainly into the 
marginal veins. The veins of the sole are an important part of the lower 
limb Venous pump' system aiding propulsion of blood up the limb 
(Broderiek et al 2008). Intermittent foot eompression deviees are avail- 
able to enhanee this flow and so reduce the risk of deep vein thrombosis 
during periods of inereased risk, e.g. after surgery. 


INNERVATION 


Siiperfieial fibular nerve 


The superficial fibular nerve is deseribed on page 1416. 

Deep fibular nerve 

The deep fibular nerve is deseribed on page 1416. 

Tibial nerve 

The branehes of the tibial nerve that innervate structures in the ankle 
and foot are artiodar, muscular, sural, medial ealeaneal and medial and 
lateral plantar nerves. The course and distribution of the tibial nerve in 
the ealf are deseribed on page 1415. 










































































































Biomeehanies of standing, walking and mnning 


Medial ealeaneal nerve 


The medial ealeaneal nerve arises from the tibial nerve and perforates 
the flexor retinaculum to supply the skin of the heel and medial side 
of the sole. 

Medial plantar nerve 


The medial plantar nerve is the larger terminal division of the tibial 
nerve, and lies lateral to the medial plantar artery. From its origin under 
the flexor retinaculum, it passes deep to abductor hallucis, then appears 
between it and flexor digitomm brevis, gives off a medial proper digital 
nerve to the great toe, and divides near the metatarsal bases into three 
eommon plantar digital nerves (Fig. 84.26; see Fig. 84.21). 

Cutaneous branehes pieree the plantar aponeurosis between abduc- 
tor hallucis and flexor digitomm brevis to supply the skin of the sole 
of the foot. Muscular branehes supply abductor halMeis, flexor digit- 
omm brevis, flexor hallucis brevis and the first lumbrical. The first two 
arise near the origin of the nerve and enter the deep surfaces of the 
muscles. The braneh to flexor hallucis brevis is from the hallucal medial 
digital nerve, and that to the first lumbrical from the first eommon 
plantar digital nerve. Articular branehes supply the joints of the tarsus 
and metatarsus. 

Three eommon plantar digital nerves pass between the slips of the 
plantar aponemosis, eaeh dividing into two proper digital branehes. 
The first supplies adjaeent sides of the great and seeond toes; the seeond 
supplies adjaeent sides of the seeond and third toes; and the third sup- 
plies adjaeent sides of the third and fourth toes, and also eonneets with 
the lateral plantar nerve. The first gives a braneh to the fìrst lumbrical. 
Eaeh proper digital nerve has cutaneous and articular branehes: near 
the distal phalanges, a dorsal braneh supplies stmctures around the 
nail. Abductor hallucis, flexor hallucis brevis and the first lumbrical are 
all supplied by the medial plantar nerve. 

Lateral plantar nerve 



The lateral plantar nerve supplies the skin of the fifth toe, the lateral 
half of the fourth toe, and most of the deep muscles of the foot (see 
Fig. 84.21). It is loeated medial to the lateral plantar artery and courses 
anteriorly towards the tubercle of the fifth metatarsak Next, it passes 
between flexor digitomm brevis and flexor accessorius, and ends 
between flexor digiti minimi brevis and abductor digiti minimi by 
dividing into superficial and deep branehes. Before division, it supplies 
flexor accessorius and abductor digiti minimi, and gives rise to small 
branehes that pieree the plantar aponeurosis to supply the skin of the 
lateral part of the sole (see Fig. 84.26). The superficial braneh splits into 
two eommon plantar digital nerves: the lateral supplies the lateral side 
of the fifth toe, flexor digiti minimi brevis and the two interossei in the 
fourth intermetatarsal spaee; the medial eonneets with the third 
eommon plantar digital braneh of the medial plantar nerve and divides 
into two to supply the adjoining sides of the fourth and fifth toes. The 
deep braneh aeeompanies the lateral plantar artery deep to the flexor 
tendons and adductor hallucis, and supplies the seeond to fourth lum- 
brieals, adductor hallucis and all the interossei (except those of the 
fourth intermetatarsal spaee). Branehes to the seeond and third lumbri- 
eals pass distally deep to the transverse head of adductor hallucis, and 
travel around its distal border to reaeh them. See Video 84.1. 
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Fig. 84.26 The plantar digital nerves. (With permission from Waschke J, 
Paulsen F (eds), Sobotta Atlas of Human Anatomy, 15th ed, Elsevier, 
Urban & Fiseher. Copyright 2013.) 


nerve ean be damaged in severe inversion injuries of the ankle, and the 
deep fibular nerve is sometimes eompressed by osteophytes in the 
region of the seeond tarsometatarsal joint. Sural nerve entrapment is 
usually not due to eompression by faseial elements. Entrapment of the 
third eommon digital nerve as it passes deep to the intermetatarsal liga- 
ment of the third (or less eommonly the seeond) web spaee ean result 
in a Morton's neuroma, which is probably the most eommon form of 
nerve entrapment in the foot. 



NAIL STRUCTURE 


[^) Nerve entrapment syndromes in the foot 

All nerves of the foot ean be affeeted by entrapment, leading elassieally 
to a burning sensation in the distribution of that nerve. Tarsal tunnel 
syndrome is much less eommon than earpal tunnel syndrome. The 
flexor retinaculum may eompress the tibial nerve or either of its 
branehes (medial and lateral plantar nerves); entrapment at this level 
is most eommonly due to a space-occupying lesion, e.g. a ganglion, or 
to eompression by either a leash of vessels or the deep faseia assoeiated 
with abductor hallucis. Compression of the first braneh of the lateral 
plantar nerve (Baxter's nerve) by the deep faseia that eovers abductor 
halhieis has been implieated as a possible cause of ehronie heel pain 
and of plantar faseiitis. (Plantar faseiitis, often caused by repetitive high- 
impaet injury to the foot, may be assoeiated with pain, espeeially over 
the medial ealeaneal proeess, which may be exacerbated by passive 
ankle or great toe flexion.) The medial plantar nerve ean be eompressed 
at the 'knot of Henry', which is the point where the tendon of flexor 
hallucis longus erosses deep to the tendon of flexor digitomm longus, 
to reaeh its medial side in the sole of the foot. The superficial fibular 


A toenail eonsists of a nail plate and unit (Dykyj 1989; pages 151-152). 
The toenail is eommonly a site of several pathologies, including ony- 
ehomyeosis and onyehoeryptosis (Jules 1989, Eekhof et al 2012). 



PLANES 0F M0TI0N 


Much eonfhsion surrounds the deseriptive terms for movement in the 
foot and ankle. Plantar flexion and dorsiflexion refer to movement in 
the sagittal plane and occur prineipally, but not exclusively, at the ankle, 
metatarsophalangeal and interphalangeal joints. Inversion is tilting of 
the plantar surface of the foot towards the midline, and eversion is 
tilting away from the midline. This is motion in the eoronal plane and 
takes plaee prineipally in the taloealeaneal and transverse tarsal joints. 
Adduction is movement of the foot towards the midline in the trans- 
verse plane; abduction is movement away from the midline. This 
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Ankle and foot 


Patients with Morton's neuroma usually present with a main eom- 
plaint of metatarsalgia. While there is no pathognomonie elinieal test, 
diagnostie imaging coupled with elinieal tests ean provide eonvergent 
validity to help with diagnosis (Owens et al 2011). Two eommonly used 
elinieal tests are web-space tenderness and forefoot squeeze tests. The 
web-space tenderness test is performed by plaeing the side of the thumb 
into the third web spaee and pressing down. The forefoot squeeze test 
is performed by squeezing the forefoot from side to side while concur- 
rently performing the web-space test. 
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movement occurs at the transverse tarsal joints and, to a limited degree, 
the fìrst tarsometatarsal and metatarsophalangeal joints. 

Supination deseribes a three-dimensional movement and is a eom- 
bination of adduction, inversion and plantar flexion. Pronation is the 
opposite motion, i.e. a eombination of abduction, eversion and dorsi- 
flexion. Pronation and supination are usually better terms than eversion 
and inversion, as the latter rarely occur in isolation and the former 
deseribe the 'eomponnd' motion that usually occurs. 

Aetive movements occur at the ankle, talocalcaneonavicular and sub- 
talar joints. Movements at the ankle joint are almost entirely restrieted 
to dorsiflexion and plantar flexion, but slight rotation may occur in 
plantar flexion. The ranges of movement at the taloealeaneonaviailar 
and subtalar joints are greater; inversion and eversion mainly occur 
here. 


STANDING 


Humans are bipedal: we stand and walk with an ereet tmnk and knees 
that are almost straight. Moreover, we are plantigrade, i.e. we set the 
whole length of the foot down on the ground, whereas most medium 
to large mammals are digitigrade, i.e. they stand and walk on their toes, 
and ungulates stand on hooves on the tips of their toes. In the sagittal 
plane, body weight aets along a line that passes a few eentimetres ant- 
erior to the tibiotalar joint, exerting a moment that must be balaneed 
by the plantar flexor muscles. 

PROPIILSION 


The eontraetion of tibialis posterior, gastrocnemius and soleus is the 
ehief faetor responsible for propulsion in walking, mnning and 
jumping. The propulsive aetion of these ealf muscles is enhaneed by 
arehing of the foot and flexion of the toes. In walking, the weight on 
the foot is taken successively on the heel, lateral border and the first 
metatarsophalangeal joint. The last part of the foot to leave the ground 
is the anterior pillar of the medial longitudinal areh and the medial 
three toes. In the aet of sprinting, the heel does not touch the ground, 
but the point of take-off is still the anterior pillar of the medial longi- 
tudinal areh. As the heel leaves the ground, the toes gradually extend. 
Extension, of the great toe particularly, tightens the plantar aponeurosis 
and thus heightens the areh. At the same time, flexor hallucis longus 
and flexor digitomm longus elongate, which inereases their subsequent 
eontraetion. The extrinsic and intrinsie toe flexors inerease the foree of 
take-off by exerting foree on the ground. The most important muscle 
in this respeet is flexor hallucis longus, which is strongly assisted by the 
intrinsie toe flexors. The lumbricals provide a balaneing aetion to the 
extrinsic flexors and prevent buckling of the toes during the toe-off 
phase of gait. 

Walking 


In walking, eaeh foot is on the ground (stanee phase) for approximately 
60% of the stride, and off the ground (swing phase) for approximately 
40% (Fig. 84.27). Thus, single-support phases (one foot on the ground) 
alternate with double-support phases (two feet on the ground). The 
knee is straight at heel strike and remains nearly straight (10-30°) for 
most of the stanee phase of that leg, bending more only immediately 
before toe-off. During the swing phase, the knee flexes to a maximum 
of 60° at mid-swing. 

Stanee phase starts with 'heel strike'. With the foot still planted in 
front of the body, 'foot flat' is reaehed, and beeomes 'mid-stanee' when 
the body eomes to be direetly above the planted foot. The heel then 
rises as the eontralateral foot makes eontaet with the ground (the 
'double stanee' phase). The last event of stanee is 'toe-off when the 
'swing phase' starts. Early in the stanee phase, while it is 'foot flat' in 
front of the tmnk, the foot pushes downwards and forwards on the 
ground, deeelerating the body as well as supporting it. Later, when the 
foot is behind the tmnk, it pushes downwards and backwards, 
re-aeeelerating the body (see Fig. 84.27). 

The height of the eentre of gravity, and therefore the potential energy 
of the body, also fluctuates. This is inevitable if the knee is kept nearly 
fully extended, making the hip move in a near-circular are about the 
ankle of the supporting foot. The vertieal eomponent of the total foree 
exerted by both feet on the ground in the double-support phase is 
greater than body weight, giving the body an upward aeeeleration. The 
vertieal eomponent of the ground foree during the single-support phase 
is less than body weight, giving the body a downward aeeeleration. The 


foree fluctuations have to be larger at higher speeds, to give the same 
vertieal movement in less time. 

Development of vvalking 

The average ehild sits at 6 months, crawls at 9 months, walks with 
support at 12 months, and walks without support at 18 months. The 
eharaeteristie early gait matures rapidly and is similar to that of the 
adult by 3 years. Some minor ehanges occur up to 7 years, which are 
largely a refleetion of neurological development but are also related to 
stature ( rhomson & Volpe 2001). Early gait is jerky, unsteady and wide- 
based. Initial ground eontaet varies, and heel-toe, whole foot and toe- 
heel are all possible. Generally, a plantar flexed posture is adopted, 
which eontrasts with the adult pattern. In adults, heel strike is aeeom- 
panied by a straight knee, which then flexes. A ehild strikes the ground 
with a flexed knee, which is then extended in response to weight- 
bearing, and a short time is spent in single-leg stanee (Fig. 84.28). 
Maturation is assoeiated with dimimition of base width and inerease 
in step length and veloeity. The earliest ehanges are development of 
heel-strike, knee flexion during stanee, and reeiproeal upper limb swing. 

Running 


Walking involves dual-support phases, but in mnning eaeh foot is on 
the ground for 40% (jogging) to 27% (sprinting) of the stride, so there 
is an aerial phase - the 'double-float' phase - when neither foot is on 
the ground. The faster the subject mns, the shorter the stanee phase; 
world-class sprinters spend approximately 22% of the gait eyele in 
stanee. During eaeh aerial phase, the body rises and then falls under 
gravity, which means that its height and potential energy are maximal 
in the middle of this phase and minimal at mid-stanee, when, in 
marked eontrast to walking, the knee of the supporting leg bends. The 
ehanges in muscle belly lengths are relatively slight during mnning. The 
muscles are aeting as tensioners of the tendons; indeed, most of the 
ehange of length is produced by the streteh and reeoil of the tendons. 
It has been estimated that, of the kinetie and potential energy lost and 
regained in eaeh stanee phase, 35% is stored temporarily as elastie strain 
energy in the ealeaneal tendon, and 17% in the ligaments of the areh 
of the foot. Together, these springs approximately halve the work 
required from the muscles. 

The ealeaneal tendon is the most important 'spring' in the leg. Most 
mnners strike the ground first with the heel, and the eentre of pressure 
moves rapidly forwards to the distal heads of the metatarsals, where it 
remains for most of the stanee phase. 

As in walking, the ground foree aets more or less in line with the 
leg, so the body is deeelerated and re-aeeelerated during eaeh stanee 
phase. The stanee phase starts with deeeleration and absorption of 
energy. Power is generated after stanee phase reversal as the limb pushes 
up with the knee extending and foot plantar flexed, and this eontimies 
in the swing phase as the limb is aeeelerated forwards. Onee the limb 
is ahead of the tmnk, the final phase of swing-phase absorption is initi- 
ated, during which the limb is deeelerated. 

The ground foree aets upwards on the metatarsal heads, and the 
ealeaneal tendon pulls upwards on the calcaneus. The neeessary balan- 
eing reaetion occurs at the ankle, where the tibia presses downwards on 
the talus. Together, these three forees flatten the longitudinal areh of 
the foot, foreing the ankle 10 mm nearer to the ground than it would 
be if the foot were rigid. Meehanieal tests on amputated feet have shown 
that the foot is a reasonably good spring, giving an energy return of 
nearly 80%. The plantar aponeurosis, long and short plantar ligaments 
and the plantar calcaneonavicular ligament are all involved in the 
spring aetion; they are predominantly collagenous but presumably have 
elastie properties similar to those of tendon. 

MOVEMENTS 0F THE F00T 


With the foot on the ground, body weight causes some supination 
(used here to imply uneven distribution of weight to the lateral side of 
the foot) and flattening of the longitudinal arehes; about one-third of 
the weight borne by the forefoot is taken by the head of the first meta- 
tarsal (MeDonald and Tavener 1999). When a resting position beeomes 
aetive, as occurs on starting to walk, the foot is pronated (used here to 
imply uneven distribution of weight to the medial side of the foot) by 
imisoilar effort, and the first metatarsal is depressed (the seeond less 
so), which accentuates the longitudinal areh to its maximum height 
(Hieks 1954). Similar ehanges ean be imposed on a weight-bearing foot 
by aetive lateral rotation, which is transmitted through the tibia to the 
talus and entails passive supination of the foot. Medial rotation has an 
opposite effeet. When the foot is grounded and immobile, imiseles that 
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Fig. 84.27 The events that oeeiir diiring the different phases of a normal gait eyele. Depieted are: distribution of pressure on the plantar surface of the 
foot; ehanges in the angles of hip, knee and ankle joints, together with aetivity in the eorresponding muscle groups; and vertieal and horizontal (sagittal 
plane) eomponents of the ground reaetion foree during stanee phase. (Chart eollated from various sources by Miehael Gunther, Department of Human 
Anatomy and Cell Biology, Llniversity of Liverpool.) 
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SECTION 9 


ANKLE AND FOOT 



Fig. 84.28 Development of a matiire gait. A, A 1-year-old. Note the flexed 
elbows and laek of arm swing. The foot is plantar flexed at eontaet. B, A 
3-year-old. Arm swing is now present, as is heel strike. C, A 6-year-old. 
There is now an adult-type gait. (With permission from Benson MKD, 
Fixsen JA, MaeNieol MF (eds) 2001 Development of a mature gait. In: 
Children’s Orthopaedies and Fractures, 2nd edn. Edinburgh: Churchill 
Livingstone.) 



Fig. 84.29 The eoneept of the foot skeleton as a twisted plate that may 
be untwisted (supination) or further twisted (pronation) during the 
maintenanee of a plantigrade stanee in various positions of the foot. 

A, The foot skeleton in supination, as in standing with the feet widely 
separated. Note the marked medial tilting of the talus and, to a lesser 
degree, of the calcaneus and the depression of the medial longitudinal 
areh. B, Relative pronation of the foot, as in standing with the feet elose 
together. C, Supination of the foot when standing on an inelined surface; 
if the position of the wedge had been reversed, the foot skeleton would, 
of course, approaeh maximal pronation. (Based on MaeOonaill MA 1945 
The postural meehanism of the human foot. Proe Roy Irish Aead 
50:265-278.) 
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move it when it is freely suspended may exert effeets on the leg, e.g. the 
dorsiflexors ean then pull the leg forwards at the ankle joint. 

The foot has two major hmetions: to support the body in standing 
and progression, and to lever it forwards and absorb shoek in walking, 
mnning and jumping (Alexander 1992). To fhlfil the fìrst fhnetion, the 
pedal platform must be able to spread the stresses of standing and 
moving, and be pliable enough to aeeommodate walking or mnning 
over uneven and sloping surfaces. To fhlfil the seeond fhnetion, the foot 
must be transformable into a strong, adjustable lever in order to resist 
inertia and powerful thmst; a segmented lever ean best meet such 
stresses if it is arehed. 

In infants and young ehildren, fatty eonneetive tissue on the plantar 
aspeet may give the foot a flat appearanee and soft tissues modify its 
appearanee to varying degrees at all ages. The thiekness of the medial 
mid-foot plantar fat pad ranges from 3.1 to 4.9 mm (Riddiford-Harland 
et al 2007). However, the skeleton of the human foot is normally 
arehed, and the sole of the foot is usually visibly eoneave. These arehes 
vary individually in height, espeeially the longitudinal in its medial 
part. Sinee they are dynamie, their heights also differ in different phases 
of aetivity. 

The medial longitudinal areh eontains the calcaneus, talus, navicular, 
cuneiform and medial three metatarsals. Its summit, at the superior 
talar articular surface, takes the full thmst from the tibia and passes it 
backwards to the calcaneus, and forwards through the naviailar and 
cuneiforms to the metatarsals. When the foot is grounded, these forees 
are transmitted through the three metatarsal heads and calcaneus (espe- 
eially its tuberosity). The medial areh is higher, and more mobile and 
resilient than the lateral areh; its flattening progressively tightens the 
plantar calcaneonavicular ligament and plantar aponeurosis. The lateral 
areh is adapted to transmit weight and thmst rather than to absorb such 
forees; the long plantar and plantar calcaneocuboid ligaments tighten 
as it flattens. 

The lateral areh makes eontaet with the ground more extensively 
than the medial areh. As the foot flattens, an inereasing fraetion of load 
traverses soft tissues, which are inferior to the entire areh. The whole 
lateral border usually touches the ground, whereas the medial border 
does not. However, the medial border is visibly eoneave, usually even 
in standing, which explains the familiar outline of human footprints 


(though this varies with the position of the feet (Fig. 84.29), the devel- 
opment of assoeiated soft tissues, and the nature of the surface). In any 
aetivity, as soon as the heel rises, the toes are extended and muscular 
stmctures (including the plantar aponeurosis) tighten up in the sole, 
accentuating the longitudinal arehes. It has been suggested that tension 
diminishes in the deeper plantar ligaments in this phase. 

The sole is transversely eoneave, both in skeletal form and usually 
in external appearanee, and serial transverse arehes are most developed 
inferior to the metatarsus and adjoining tarsus. Transmission of foree 
occurs at the metatarsal heads, to some degree along the lateral border 
of the foot, and through subjacent soft tissues. 

In standing, with only body weight to support, both the intrinsie 
and extrinsic muscles appear to relax (Perry 2010). If the longitudinal 
arehes are allowed to sink as a result of muscular relaxation, the plantar 
ligaments tie the bones into an arehed form. The medial areh is more 
elevated when the feet are together than when they are apart, i.e. inver- 
sion with supination inereases as the feet are separated. This medial sag 
ean be countered by voluntary eontraetion of muscles such as tibialis 
anterior. Pronation and supination ensure that in standing, whatever 
the position of the feet, a maximal weight-bearing area is grounded, 
from the metatarsal heads along the lateral border of the foot to the 
calcaneus. The twist of the ligamentous skeleton of the foot imparted 
by pronation (which is partly undone in supination) prompts the liken- 
ing of the foot to a twisted but resilient plate (see Fig. 84.29), where 
adequate ground eontaet was ensured whatever the angle between the 
foot and leg, and adaptable resilienee was imparted in standing and 
progression. 



Fig. 84.19 Turbo spin-eeho, T1-weighted magnetie resonanee (MR) 
images of the left ankle of a woman aged 26. 

Video 84.1 Ankle bloek: surface anatomy. 
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COMMENTARY 



Nerve biomeehanies 

Kimberly S Topp 


Althoiigh assumed postures and movements plaee physieal forees on 
peripheral nerves, the biomeehanieal properties of these nerves permit 
continued eleetrieal signalling in the faee of reasonable physieal 
demands. Consider the seiatie nerve in an individual moving from a 
standing to a seated posture. Where it erosses the lateral rotators of the 
femur, the nerve undergoes lengthening, its eross-seetional shape 
beeomes elliptieal and narrowed, and endoneurial fluid is foreed proxi- 
mally and distally away from the site of shape ehange. The segment of 
the seiatie nerve in the thigh glides proximally eonverging towards the 
flexing hip joint and diverging away from the flexing knee joint ( bpp 
and Boyd 2006). 

When a nerve bed is elongated aeross a moving joint, the nerve 
undergoes longitudinal tension. The biomeehanieal response of that 
nerve may be doaimented in a load-elongation curve, in which load 
is measured in Newtons and length in millimetres (Haftek 1970). To 
enable eomparisons to be made between nerves, it is helpfhl to measure 
their eross-seetional areas and starting lengths, and translate the load- 
elongation curves into stress-strain curves. Stress is defined as the inten- 
sity of foree per unit eross-seetional area, and may be reported in N/m 2 
or MPa (Paseal). Strain is defined as the ratio of ehange in length to the 
original length, and is ofien reported as a pereentage of the original 
length. Three distinet regions are seen in load-elongation or stress- 
strain curves (Fig. 9.1.1). In the initial 'toe' region of the curve, appliea- 
tion ofvery little load or stress results in signifieant elongation or strain. 
In the 'linear behaviour region, there is a eorrelation between the 
applied tensile load or stress and the elongation or strain. In the 'plastie' 
region of the curve, minimal tensile load or stress results in meehanieal 
failure and discontinuity of nerve structures. 

Several structural features of peripheral nerves may be related to 
segments of the stress-strain curve. Nerve in situ is under tension; the 
transition between the 'toe' region and the 'linear behaviour' region of 
the curve eorresponds roughly with the in situ strain (Kwan et al 1992). 
When severed, a peripheral nerve reeoils approximately 10% of its 
length. The elastieity observed in the stress-strain curve is due to stme- 
tures that make up visible, periodie light-dark bands that were initially 
deseribed by, and named after, Felix Fontana (Fontana 1781). These 
bands vary in their angulation, width, spaeing and periodieity; they 
have long been assumed to be optieal artefaets produced by the ehar- 
aeteristie zig-zag course of individual nerve fibres (i.e. axons, both 
myelinated and unmyelinated) lying within the perineurial sheath. A 
strong linear relationship between inereasing nerve strain and deereas- 
ing band frequency and axonal undulations has been demonstrated 
experimentally in rat seiatie nerve using Fourier analysis (Love et al 
2013). In vivo mierodisseetion studies coupled with computer model- 
ling suggest that the layers of perineurial eells are probably responsible 
for the short-wavelength, large-amplitude bands and that wavy spiral- 
ling nerve fibres in the endoneurium are responsible for the long- 
wavelength, small-amplitude bands (Merolli et al 2012), the two 
patterns merging to form the visible bands of Fontana. Interestingly, a 
reeent study of Trembler-J miee, a model of Charcot-Marie-Tooth 
disease, suggested that the altered bands of Fontana in Trembler-J seiatie 
nerve appear to be the result of unusually long, sinuous axons moving 
out of phase (Power et al 2015). The zig-zag, spiralling nerve fibres are 
thought to provide the elastieity evident in the 'toe' region of the stress- 
strain curve. inereasing strain in the 'linear behaviour' region of the 
stress-strain curve causes the bands of Fontana to disappear (Pourmand 
et al 1994). 

Anatomieal features have been studied to diseern their contribution 
to the 'linear behaviour' region of the stress-strain curve. The slope of 
this region is termed Young's modulus of elastieity, or in the ease of the 
load-elongation curve, it indieates the stiffness of a nerve. A steep slope 
indieates that a nerve is stiff, and signifieant tensile foree results in only 
modest ehange in length. The modulus of elastieity or stiffness of an 
acellular nerve is similar to that of fresh nerve, indieating that eonnee- 


tive tissue fibres contribute to stiffness (Borsehel et al 2003). Endoneur- 
ial fluid and the perineurial sheath that maintains the fluid eompartment 
also contribute to stiffness. When a nerve is elongated, it undergoes 
transverse eontraetion (Walbeehm et al 2004): the reduction in eross- 
seetional area inereases endoneurial eompartment pressure contribut- 
ing to nerve stiffness (Millesi et al 1995). As one might prediet, nerve 
roots, which laek a perineurial sheath, demonstrate less stiffness than 
a peripheral nerve (Beel et al 1986). External features, such as nerve 
branehing and entering/exiting blood vessels, resist elongation of a 
nerve in its nerve bed, and inerease nerve stiffness measured in situ 
(Millesi et al 1995). 


Plastie region 



A E longation (mm) 


Plastie region 



Fig. 9.1.1 Typieal load-elongation (A) and stress-strain curves (B) for a 
peripheral nerve. The transition between the toe region and the linear 
region in the stress-strain curve (asterisk) has been shown to eorrespond 
approximately with the strain in situ. The slope of the stress-strain curve 
is ealled the modulus of elastieity and represents the stiffness of the 
nerve, as seen in the load-elongation curve. If the slope is steep, then the 
nerve has more stiffness and is less eompliant to elongation. If the slope 
is less steep, then the nerve has less stiffness and is more eompliant to 
elongation. Onee the nerve has reaehed ultimate strain, the structural 
integrity of the nerve is overeome and the deformation is termed ‘plastie’ 
or ‘permanent’. (From Topp KS, Boyd BS 2006 Structure and 
biomeehanies of peripheral nerves: nerve responses to physieal stresses 
and implieations for physieal therapist praetiee. Phys Ther 86:92-109.) 

















Nerve biomeehanies 


In the plastie' region of the stress-strain enrve, inereasing longitu- 
dinal stress causes non-reeoverable elongation and structural integrity 
is lost. The foree per unit eross-seetional area at the point of meehanieal 
failure is termed ultimate stress and occurs at ultimate strain. At this 
point, a nerve behaves like a viscous material (Haftek 1970). Along the 
stress-strain curve, structures within the nerve beeome impaired in a 
hierarehieal fashion. With inereasing tensile load, there is fìrst sliding 
and loss of tenuous eonneetions in the interfaee between the layer of 
inner perineurial eells and the sheath of outer perineurial eells and 
assoeiated epineurial tissues (Tillett et al 2004, Georgeu et al 2005). 
With eontimied load, the eore of nerve fibres and inner perineurial eell 
layers is dismpted and fimetion is impaired or lost; ultimately the 
sheath of outer perineurial and epineurial tissues mptures. Given that 
acellular nerve demonstrates signifieantly lower tensile strength and 
ultimate strain than fresh nerve (Borsehel et al 2003), the perineurial 
eell layer should be appreeiated for its ability to withstand stress. 
Although definitive anatomieal studies are laeking, it is likely that 
mieroseopie dismptions of perineurial eell-eell eonneetions occur with 


inereasing stress along the 'linear behaviour' region of the stress-strain 
curve, long before the ultimate strain is reaehed. 

Nerve is best deseribed as a viseoelastie tissue because its biomeeh- 
anieal properties are time-dependent. In response to fixed tension, 
nerve demonstrates ereep or elongation over time (Grewal et al 1996). 
Slow elongation allows for higher ultimate strain (Haftek 1970, Rydevik 
et al 1990). When stretehed to a fixed length, nerve exhibits stress 
relaxation or a reduction in tension over time (Wall et al 1991, Driseoll 
et al 2002). 

Returning to the example of the seiatie nerve, during movement from 
standing to seated, the nerve bed is elongated posterior to the hip as 
forward tmnk motion causes flexion at the hip joint. The seiatie nerve 
is exposed to tensile load or stress with resultant elongation or strain. 
Adjusting to these forees, segments of the nerve eonverge towards the 
flexing hip joint, with minimal motion in distant segments (Topp and 
Boyd 2006). Endoneurial pressure resists transverse eontraetion. When 
the seated posture is assumed and maintained, the nerve undergoes 
stress-relaxation - until the next postural adjustment. 
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eOMMENTARY 



Functional anatomy and biomeehanies 

of the pelvis 



This eommentary foeiises on the anatomy and biomeehanies of the 
pelvie girdle and, speeifieally, the saeroiliae joints. In bipeds, the pelvis 
serves as a basie platform with three large levers aeting on it (the spine 
and two lower limbs). Movement of the pelvie platform upon the hip 
joints relative to the femur, such as flexion and extension (pelvie ante- 
and retroversion), and rotation and abduction/adduction, strongly 
influences lumbar spinal movement. As well as this substantial exter- 
nal pelvie motion, internal pelvie motion through the saeroiliae joint 
is essential for effeetively transferring loads between the spine and 
lower limbs. It has been postulated that the saeroiliae joints aet as 
important stress relievers in the 'foree-motion' relationships between 
the tmnk and lower limb (Vleeming et al 2007). These joints ensure 
that the pelvie girdle is a flexible ring of bone that will not easily frae- 
ture under the great forees to which it might be subject, either from 
trauma or from its many bipedal fimetions (Lovejoy 1988). Analysis of 
gait meehanies demonstrates that the saeroiliae joints provide suffi- 
eient flexibility for the intrapelvie forees to be transferred effeetively to 
and from the lumbar spine and lower extremities (Vleeming et al 
2007). 

The saeroiliae joint is a highly speeialized joint that lends stable (yet 
flexible) support to the upper body. Both the tightness of the well- 
developed dorsal fibrous apparatus and the speeifie architecture of the 
saeroiliae joint result in limited mobility. Numerous researehers have 
tried to model saeroiliae joint fimetion by studying its prineipal dis- 
plaeement eharaeteristies. A eommon assumption of these studies is 
that inereased loading on the saemm leads to tilting of the saemm 
ventrally (nutation), a proeess by which most dorsal saeroiliae joint 
ligaments are stretehed and the dorsal aspeets of the iliae bones are 
drawn together (Solonen 1957, Vleeming et al 1990a, Vleeming et al 
1990b). Counternutation normally takes plaee in unloaded situations, 
such as lying. Nutation implies a forward tilting of the saemm relative 
to a posterior rotation of the ilia, and viee versa in counternutation. 

Saeroiliae joint movement 


Pelvie motion of males and females has been investigated by roentgen 
stereophotogrammetrie motion analysis (RSA). RSA is a technique for 
measuring small movements and is regarded as the gold standard for 
determining mobility in orthopaedies (Kibsgárd et al 2012). Several 
studies applied this technique to measure the mean saeroiliae joint 
mobility, espeeially around the sagittal axis, in patients with pelvie 
girdle pain (PGP; Sturesson 2007). The average mobility for men is 
about 40% less than for women. However, with age, there was no 
deteetable deerease in total mobility in either gender (in patients up to 
50 years old). In faet, there was a signifieant inerease of mobility with 
age for both moving from a 'supine to sitting position' and from 'stand- 
ing to lying prone with hyperextension' position, particularly in women. 
Likewise, gender differenees of symphysial motion were analysed in a 
group of 45 asymptomatie individuals. In men, the average frontal 
plane movement was 1.4 mm, and in nulliparous women 1.6 mm. 
However, in multiparous women, motion inereased to 3.1 mm (Garras 
et al 2008). 

The inereased saeroiliae joint mobility in females eompared to males 
has possible anatomieal eorrelates. The curvature of the saeroiliae joint 
surfaces is usually less pronounced in women to allow for greater 
mobility (Vleeming et al 1990a). Also, the pubic angle differs between 


men and women (Vleeming et al 2012). The inerease in mobility of the 
pelvie ring seen in the post-pubescent female pelvis is fimetional in 
allowing passage for the ehild during labour. When the data are eom- 
bined from published studies employing RSA and appropriate plaeing 
of markers, the maximum sagittal rotation of the saeroiliae joint never 
exceeds 3.6° and translation of the joint never exceeds 2 mm (Kibsgárd 
et al 2012). If these data are amalgamated with the observation that 
osteophytosis is rare in women, regardless of age (1.83% of females), 
and is not very eommon in men (12.27%; Dar et al 2008), it appears 
that small saeroiliae joint movements are present, even at an advaneed 
age (Vleeming et al 2012). 

Saeroiliae joint stability 


To illustrate the importanee of both myofaseial and ligamentous stabil- 
ity of the saeroiliae joint, the biomeehanieal prineiples of form and 
foree closure were introduced (Vleeming et al 1990a, Vleeming et al 

1990b). Form closure refers to a theoretieal stable situation in a joint 
with elosely fitting surfaces, where no extra forees are needed to main- 
tain the state of the system. With foree closure (leading to joint eom- 
pression), both a lateral foree and frietion are needed to withstand 
vertieal load. The structural features that contribute to saeroiliae joint 
form closure are eomplementary ridges and grooves of the articular 
surfaces; dorsoeranial 'wedging' of the saemm into the ilia; a particular 
high eoeffieient of frietion in the saeroiliae joint (Vleeming et al 1990a, 
Vleeming et al 1990b); and the integrity of the dorsal binding ligaments 
in particular, which are among the strongest in the body (Vleeming et al 
1990a) . Both form and foree closure are neeessary for balaneing frietion/ 
eompression in the saeroiliae joint. Foree closure is the result of altered 
joint reaetion forees by tensing ligaments, faseiae, muscles and ground 
reaetion forees (Vleeming et al 1990a, Vleeming et al 1990b). Foree 
closure ideally generates a perpendicular eompressional reaetion foree 
to the saeroiliae joint to overeome the forees of gravity (Vleeming et al 
1990b). 

Biomeehanieal eonsiderations and the aetive 
straight leg raise (ASLR) test in pelvie girdle 
pain (PGP) patients 


PGP patients, who test positively on the fimetional ASLR test, show an 
inability to raise the leg while lying supine. This test ean temporarily 
be normalized by manual anterior eompression of the pelvis or the use 
of a pelvie belt. This suggests that inereased unilateral motion of the 
saeroiliae joint could lead to impairment and failure to lift the leg 
(Mens et al 1999). 

Likewise, Sturesson (2007), using RSA, studied the effeets of surgical 
applieation of an anterior external fixation frame for severe PGP 
patients. This resulted in a mean reduction of movement of the saero- 
iliae joint around the helieal axis of 59% and around the X-axis of 74%. 
In addition, the ASLR test and other evidenee-based PGP tests were 
normalized (Vleeming et al 2008). When the frame was tightened, a 
mitation movement of the saemm was notieed (Sturesson 2007). 

This and other studies mentioned in this eommentary imply that 
'too much movement' of the saeroiliae joint could be a signifieant faetor 
in the onset of PGP (Vleeming et al 2008). 
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COMMENTARY 



Articularis genus 


Stephanie J Woodley 


Articularis genus, sometimes referred to as the 'articular muscle of the 
knee' (Puig et al 1996), is a small muscle loeated deep to vastus inter- 
medius on the anterior aspeet of the thigh (Fig. 9.3.1). Due to its distal 
capsular insertions, it is morphologieally similar to the subanconeus 
muscle (articularis cubiti) of the elbow joint, although subanconeus is 
eonsidered to represent the deep fibres of the medial head of trieeps 
braehii (rather than being a separate entity) and its fimetion is likely to 
differ from that of articularis genus ( fibbs et al 2006). From an evolu- 
tionary perspeetive, fibres eorresponding to articularis gemis have been 
deseribed in early tetrapods (Diogo and Molnar 2014) and it is eompar- 
able to the subcrureus muscle of primates including apes, gorillas and 
leimirs (Murie and Mivart 1872, Hepburn 1892). A distinet, yet small, 
articularis genus is also found in domestie animals such as the dog, eat 
and goat (Getty 1975, Kineaid et al 1996, Glenn and Samojla 2002, 
Evans 2013). 

While artiailaris genus has been of interest to anatomists for over 
two centuries (refer to DiDio et al (1967) for a historieal account), 
eontroversy still surrounds many aspeets of its architecture. Diserepan- 
eies in the literature are most likely to be the result of differenees in 
study methodologies, particularly with respeet to the type and seope of 
data eolleeted and/or in definitions of the imisele and its eomponents. 
To date, most studies of artiailaris genus have been disseetion-based; 
there are only three studies in which modern imaging techniques have 
been used to investigate morphology (Puig et al 1996, Roth et al 2004, 
Woodley et al 2012) (Table 9.3.1). 

Artiailaris genus eonsists of staggered layers of bundles (Puig et al 
1996, Kiimira and Takahashi 1987, Woodley et al 2012) that arise from 
the distal third of the anterior, medial and lateral surfaces of the feimir 
(Ahmad 1975, DiDio et al 1967, Woodley et al 2012, DiDio et al 1969) 
(Fig. 9.3.2), with a broad attaehment to the proximal and/or posterior 
margins of the suprapatellar bursa (Puig et al 1996, Ahmad 1975, 
Kiimira and Takahashi 1987, Toseano et al 2004, Woodley et al 2012, 
Sakuma et al 2014) (Fig. 9.3.3) and speeifie regions of the articular 


Fig. 9.3.1 An anterior 
view of the thigh 
showing articularis 
genus (AG) deep to 
the refleeted vastus 
intermedius (VI) muscle. 
Other abbreviations: 

N, nerve braneh to 
articularis genus from 
the femoral nerve; 

P, proximal border 
of biseeted patella; 

VM, vastus medialis; 

* midpoint of 
suprapatellar bursa. 


capsule (DiDio et al 1967, Kiimira and Takahashi 1987, Woodley et al 
2012, Reider et al 1981). The imisele may be triangular, rectangular or 
trapezoid in shape (DiDio et al 1967, Toseano et al 2004, DiDio et al 

1969). There is eonsiderable variation in the reported mean muscle 
length (between 6.2 and 14 em in adults; Ahmad 1975, DiDio et al 
1967, Toseano et al 2004, Woodley et al 2012), as well as the number 
of constituent bundles, which typieally ranges from 1 to 7 (Puig et al 
1996, Ahmad 1975, DiDio et al 1967, Toseano et al 2004, Sakuma et al 
2014) but sometimes exceeds 10 (DiDio et al 1969, Reider et al 1981; 
see Iable 9.3.1). The mimber of bundles may be underestimated when 
viewed using magnetie resonanee imaging (Puig et al 1996, Woodley 
et al 2012), possibly because of the reasonably eompaet nature of this 
muscle. Reeent disseetion evidenee demonstrates that 6 of 11 different 
muscle bundles, organized in superficial, intermediate and deep layers, 
are eonsistently present (Woodley et al 2012; Fig. 9.3.4). The superficial 
layer usually eomprises a large eentral bundle bordered by lateral and 
medial bundles; faseieles in some of these bundles may insert into the 
bursa through an intermediary thin areolar membrane (see Fig. 9.3.4). 
A eentral bundle forms the intermediate layer, and two bundles (medial 
and lateral) make up the deepest part of artioilaris genus, and may be 
aeeompanied by a third, eentral bundle (Sakuma et al 2014). Bundle 
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Fig. 9.3.2 A medial view of the biindles of articularis genus arranged into 
superficial (S), intermediate (I) and deep (D) layers, inserting into the 
suprapatellar bursa. Note that some superficial faseieles insert into the 
deep surface of the vastus intermedius (VI) tendon. 



Fig. 9.3.3 A sagittal proton density MRI sean of the knee from a 
23-year-old female. The distal portion of articularis genus (AG), deep to 
vastus intermedius (VI), is seen inserting into the suprapatellar bursa (*). 
















































Articularis genus 


Table 9.3.1 Summary of data relating to the morphology of articularis genus 


Study Study eharaeteristies (type, General muscle morphology; origin and insertion 

speeimen number and sex) 

Architectural parameters 


DiDio et al 
(1967) 


DiDio et al 
(1969) 


Ahmad 

(1975) 


Reider et al 
(1981) 


Kimura and 
Takahashi 
(1987) 


Puig et al 
(1996) 


Roth et al 
(2004) 


Toseano et al 
(2004) 


Woodley et al 
(2012) g 


Sakuma et al 
(2014) 


Disseetion follovving injeetion of 
gelatine 
n = 156 adults 
104 male, 52 female 


Disseetion 

n=66 (fetuses, nevvborn, adults) 
Histology 
n = 16 fetuses 
29-34 vveeks 

Disseetion 
n = 20 


Disseetion 

n = 24 from 48 adults 
26 male, 22 female b 
40-90 years 

Disseetion 
n=44 adults 
36 male, 8 female b 


MRI (prospeetive and retrospeetive) 
n=40 from 34 patients 
19 male, 15 female b 
16-56 years 


MRI (retrospeetive) 

92 knees from 84 patients 
42 male, 42 female 
20-76 years 

Disseetion 

n=65 from 44 adults 
36 male, 8 female b 


MRI and disseetion 
n = 18 adults 
8 male, 10 female 
71-97 years 
Histology 
n=4 adults 
4 male 
68-80 years 


Disseetion 

n=40 from 22 adults 
13 male, 9 female 
77-98 years 


Separated from VI by eonneetive tissue and fat 
Shape: rectangular 56%; trapezoid 27%; inverted trapezoid 17% 
0: distal femur, anterior, medial and lateral 
I: articular capsule at the level of the suprapatellar bursa, mostly 
proximal, eentre. Also to medial and lateral aspeets, 
oeeasionally anterior and posterior 

Shape: triangular 44%; lambdoidal 27%; rectangular 24%; 
unclassified 5% 

0: distal third of femur, anterior (92.4%) and lateral or medial 
aspeets (30.3%) 

: articular capsule at the level of the suprapatellar bursa 


Margins demareated by fat and eonneetive tissue 
0: distal femur, usually anterior, oeeasionally medial and lateral 
aspeets 

I: suprapatellar bursa, proximal border. Oentral, medial or lateral, 
oeeasionally posterior or anterior aspeets 

Flat and vvispy without distinet investing faseia 
0: anterior aspeet supracondylar portion of femur 
: joint capsule at suprapatellar bursa 


Superficial and deep layers, separated by fat 
Superficial layer: derived from lower muscle bundles of VI 
suprapatellar bursa, posterior aspeet, spreading medially and 
laterally. Posterior aspeet of capsule 


0: anterior surface of femur 

: suprapatellar bursa, proximal surface, medial and lateral aspeet 
of posterior surface 


Separated from VI by fat of variable thiekness 
Shape: trapezoid 40%; rectangular 33%; triangular and irregular 
27% 

0: distal third of ferrmr, usually anterior (43%) 
suprapatellar bursa, often anterior (57%) 


Distinet from VI 

Staggered arrangement eomprised of three layers (superficial, 
intermediate and deep) 

0: distal 32% of ferrmr (range 29-42 em), anterior, anterolateral 
or anteromedial surfaces 

proximal and/or posterior wall of suprapatellar bursa, direetly or 
via a thin areolar membrane; deep surface of distal tendon of 
VI (superficial bundles); knee joint capsule, posterior or 
posteromedial surface (one intermediate and both deep 
bundles) 


Superficial and deep layers, separated by fat in some 
Deep layer eomprised of three bundles (medial, eentral, lateral) 
0: anterior aspeet of femur 

Junction of suprapatellar bursa and joint eavity proper (deep 
fibres) 


Muscle length: mean 8 em (range 3-13 em) 

Most proximal point of insertion: mean 10.5 em (range 8-16 cm) a 
Bundles: n = 1 —6, most eommonly 1 or 2 (78%); same number bilaterally in 
60% of individuals 

Maximum bundle width: mean 0.9 em (range 0.1—4.0 em) 


Muscle length (fetal, n = 14): mean 4.4 em; range 1.2-5.4 em 
Maximum muscle width (fetal, n = 14): mean 0.9 em; range 0.2-2.0 em 
Bundles: n = 1, 66.7%; n = 2 divergent but not separate, 27.3%; n = 2, 1.5%; 
unaccounted, 4.5%. Same number bilaterally in 82% of individuals 


Muscle length: mean 9 em 

Fibre direetion: mostly vertieal, some inferomedial or inferolateral 
Bundles: n = 1—2 most eommon, sometimes 3-4 
Innervation: braneh of nerve to VI 


Muscle width: range 1.5-3 em 


Most proximal point of insertion 0 : range 14.9-16.5 em (superficial layer); 
10.2-11.9 em (deep layer) 

Bundles: n=>10 bundles 

Deep layer: mean 3.4 bundles; range 1-7, usually 2 

Superficial layer: 2 bundles 

Bundle length: range 5.2-6.6 em (superficial layer); 3.5-5.0 em (deep layer) 

Innervation: femoral nerve, one braneh derived from the eommon braneh to 
VI and VL, the other from that to VM and VI (superficial layer). Deep layer 
supplied by eommon braneh to VM and VI 

Maximal muscle transverse area d : mean 1.2 ±0.3 em 2 ; range 0.8-2.0 em 2 

Highest point of insertion 3 : mean 6.4±0.5 em; range 3.5-9.0 em 

Bundles: n = mean 2.4±0.7; range 1-4 

Most proximal bundle: mean length 4.7±0.4 em; range 3.1-6.6 em; mean 
angle 6 11.4±1.3°; range 6.0-17.5°; mean transverse diameter (at origin) 
0.9±0.08 em; range 0.6-1.3 em 

Most distal bundle: mean length 2.8±0.4 em; range 0.9-3.5 em; mean 
angle 6 12.4±2.5°; range 5.0-20.0° 

Anteroposterior muscle thiekness: range 0.1-0.8 em 


Muscle length: mean 6.2 em; range 3.8-8.5 em 

Most distal point of insertion: mean 3.0 em; range 2.0-4.1 em 

Bundles: n = range 2-7, 4 most frequent (33%) 

Bundle orientation: mostly vertieal, some oblique 


Muscle length' 1 : mean 13.9±1.1 em; 12.3-17.4 em 


Muscle PCSA: mean 1.5±0.7 em , range 0.5-3.3 enr 
Faseiele length: mean 5.9±1.0 em 

Bundles: n = mean 7±1.8; range 4-10, same number bilaterally in 44% of 
individuals; MRI mean 3.8±0.8; range 2-5, signifieantly less than 
disseetion (p <0.0001) 

Bundle orientation: mostly vertieal (1-5°) except three bundles (two of 
which were in deep layer; mean range 11-15°) 

Most proximal point of insertion 3 : mean 12.4±2.9 em; range 7.2-17.4 em 
Most distal point of insertion 3 : mean 3.3±2.8 em; range 0-10.4 em 
Fibre type: inconclusive due to variation 

All measurements relate to deep layer 
Bundles: n = 2.7 ± 0.5 

Bundle length: mean 5.4 ± 1.3 em; medial bundle longer than lateral 
(p < 0.05) 

Bundle area': 5.5 ± 2.6 em 2 ; medial bundle larger than lateral (p < 0.05) 
and eentral (p < 0.05) bundles 


'Proximat border or apex of pateiia used as landmark. b Represents number of eadavers/partieipants, not speeimens. c fíelative to the distal end of the medial femoral eondyle, unctear if data from one speeimen or all speeimens. 


a ln this study ± ’ refers to SEM. e Angle reeorded betvveen anterior surface of femur and posterior surface of muscle bundle. Pelative to superior edge of troehlea. 9 AII data relate to disseetion measures unless stated. n ln this 
study ‘± ’ refers to standard deviation. Palenlated by multiplying bundle length by width. 

Abbreviations: I, insertion; MRI, magnetie resonanee imaging; n, number; O, origin; PCSA, physiologieal eross-seetional area; VI, vastus intermedius; I /L, vastus lateralis; VM, vastus medialis. 
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orientation is predominantly longitudinal, although the deepest two 
peripheral bundles may be oriented obliquely (Puig et al 1996, 
Ahmad 1975, Toseano et al 2004, Woodley et al 2012). Symmetry of 
bundle arrangement in the right and left limbs of individuals appears 
variable (40-82%; DiDio et al 1967, Woodley et al 2012, DiDio et al 
1969, Saìoima et al 2014). 

Articularis genus is dimimitive: its mean physiologieal eross-seetional 
area of 1.5±0.7 em 2 (eadaver speeimens; Woodley et al 2012) indieates 
that it is eapable of generating only a small amount of foree. Faseiele 
length (mean 5.9±1.0 em; Woodley et al 2012) is likely to be influ- 
eneed by bundle loeation (Puig et al 1996, Kimura andTakahashi 1987, 
Woodley et al 2012). The deepest, most distal layer of articularis genus 
eontains the shortest faseieles, and the superficial, proximal bundles 
eontain the longest (Woodley et al 2012; see Fig. 9.3.4). Functionally, 


it is possible that this arrangement enables the longer, superficial fasei- 
eles to aeeommodate ehanges in muscle length (Woodley et al 2012), 
partiailarly during knee flexion, where it is postulated that the length 
of eaeh bundle of articularis genus elongates two-fold at the end-range 
of movement (Kimura and Takahashi 1987). 

There has been long-standing debate as to whether articularis genus 
is a deep bundle of quadriceps femoris or an independent imisele 
(DiDio et al 1967). While it is tme that artiailaris gemis and vastus 
intermedius share an innervation from branehes of the femoral nerve 
(Ahmad 1975, Kiimira and Takahashi 1987; see Fig. 9.3.1), other ana- 
tomieal data tend to favour the view that artiailaris genus is an inde- 
pendent muscle. First, although a small pereentage of superficial 
faseieles in the superficial bundles of artioilaris genus may insert into 
the deep layer of the distal tendon of vastus intermedius (see Fig. 9.3.2), 
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Fig. 9.3.4 The three layers of articularis genus. A, The siiperfieial (S) layer, 
vvhere some faseieles insert into the suprapatellar bursa via an areolar 
membrane (AM). Note the presenee of a eomplete superior pliea 
(arrovvheads), positioned betvveen the knee joint eavity and the 
suprapatellar bursa. B, The intermediate (I) layer beneath the refleeted 
superficial (S) bundles. C, Tvvo deep (D) bundles, positioned laterally and 
medially. Other abbreviations: P, proximal pole of biseeted patella; VI, 
vastus intermedius tendon; * proximal border of the midpoint of the 
suprapatellar bursa. 


the biilk of articularis genus appears distinet from the overlying quad- 
rieeps (Kimura and Takahashi 1987, Woodley et al 2012). Seeond, the 
two muscles may be delineated by a distinet faseial layer of variable 
eomposition and thiekness (Ahmad 1975, DiDio et al 1967, Toseano 

et al 2004), although this feature is ineonsistent (Kimura and Takahashi 
1987, Woodley et al 2012, Toseano et al 2004). The fibre type profiles, 
albeit limited to four eadaver speeimens, appear to differ between artie- 
ularis genus and vastus intermedius (Woodley et al 2012). Perhaps the 
most reliable method of defining articularis genus is by referenee to its 
diserete distal insertion sites into the suprapatellar bursa and/or joint 
capsule (Kimura and Takahashi 1987, Woodley et al 2012). Articularis 
genus may hypertrophy (Puig et al 1996) or atrophy (Toseano et al 
2004) in parallel with quadriceps femoris, but the signifieanee of these 
adaptations is unknown. 

When eontemplating fimetion, the architectural arrangement of 
artiailaris genus is paramount because direet evidenee regarding its 
aetion is limited to a single study (Ahmad 1975). Ahmad observed 
elevation of the knee joint capsule and synovial membrane on stimulat- 
ing a braneh of the femoral nerve innervating articularis genus in three 
patients undergoing surgical amputation. This finding is eonsistent with 
previous hypotheses, suggesting that articularis genus is responsible for 
retraeting the suprapatellar bursa or knee joint capsule proximally 
(Ahmad 1975, DiDio et al 1967, Kimura and Takahashi 1987, Roth 
et al 2004, Toseano et al 2004), potentially preventing interposition of 
these structures between the patella and femur during extension of the 
knee joint (Ahmad 1975, DiDio et al 1967). Functional implieations 
may be elucidated from eomparison with the dog stifle (knee) joint, 
where articularis genus usually eonsists of two thin bundles (medial 
and lateral) forming an 'inverted-V' shaped imisele (Kineaid et al 1996), 
approximately 2 mm wide (Evans 2013). This morphology, together 
with the distribution of muscle spindles, which are loeated both in the 
vieinity of the muscle-capsule interfaee and isolated within the capsular 
eonneetive tissue, suggest that in addition to tensioning the suprapatel- 
lar bursa (Kineaid et al 1996, Evans 2013), articularis genus may have 
an important proprioeeptive role (Kineaid et al 1996). 

A detailed knowledge of the morphology of artiailaris genus is rel- 
evant to understanding normal fimetion of the knee joint as well as its 
role in possible dysfimetion; for example, the possible proteetive role 
that articularis genus may have in counteracting impingement of eap- 
sular tissues (Ahmad 1975, DiDio et al 1967) might be appropriate to 
eonsider in some individuals who present with undifferentiated ant- 
erior knee pain (Woodley et al 2012). It is perhaps surprising that this 
imisele has not been afforded more attention; given its complexity and 
variability, there is seope for fhrther examination of its detailed anatomy 
and fimetion, partiailarly in healthy volunteers. Techniques such as 
dynamie magnetie resonanee imaging and eleetromyography may be 
useful adjuncts to morphologieal investigations, and assist in contribut- 
ing to a better understanding of the fimetional and elinieal relevanee 
of this interesting muscle. 
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Note: 

lndex Structure 

This index is in a dassified form, i.e. arteries, ducts, muscles, nerves, veins, ete. are all listed under these respeetive main entries, e.g. ‘arteries (named)’. 
This includes subjects/structures such as eells, eonneetions, diseases, syndromes and traets, e.g. lymphoeytes are to be found under ‘eells (named)’. 
Bones are an exception, and speeifie bones are listed as main entries, e.g. tibia is listed as tibia, not under ‘bones’. 

Organs and regional structures have their own main entries and subentries (e.g. oesophagus). Cross-references to individual arteries, veins, muscles, ete. 
are assumed, not explicit. 

In most eases, structures are listed under singular nouns, with the plural in braekets. 

Index Entry Order 

This index is in a letter-by-letter order, whereby hyphens and spaees between words are excluded from the alphabetization (e.g. ‘lymphatie’ preeedes 
‘lymph node’). Oharaeters in braekets are also excluded from alphabetization. For example, are(s) preeedes areade or areh(es). 

Terms such as first, seeond, third (as in areh(es), pharyngeal) are in numerical order ahead of alphabetieal sub (or sub-sub) entries. 

Page numbers 

Page numbers suffixed with ‘f’ refer to figures, those suffixed with ‘t’ refer to tables. 


A 

abdomen 1029-1047 

in breathing 974 
elinieal proeediires 1047 
muscles 1033-1034, 1072-1081, 1085-1087 
anterolateral 1072-1081 
expulsive efforts 1072 
see also abdominal wall 
peritoneum 1099-1105, 1100/-1102/ 
surface anatomy 1044-1047 
planes 1044 
regions 1044,1045/ 
viseera 

intra-abdominal 1045/, 1046 
retroperitoneal 1046-1047 
unpaired arteries 1046-1047 
tone 1072-1074, 1078 
wall see abdominal wall 
see also region(s), abdominopelvie 
abdominal wall 
anterior 1069-1082 
arteries 1070-1072,1070/ 1073/ 
boundaries 1044, 1069 
dermatomes 233/ 

faseia see faseia(e), of abdominal wall, anterior 
hernias 1081-1082 
innervation 1072,1074/ 
lymphatie drainage 1072 
muscles 1033-1034, 1071/ 1072-1081, 1077/ 
*) eomponent separation 1081 

functions 1072 
speeeh, role in 601 
*) myofaseial flaps 1081 

neonatal 210 
peritoneum 1105,1105/ 
reflexes, superficial 1045-1046 
segmental nerves 1072, 1074/ 
skin 1069 


soft tissue 1069 
subcutaneous fat 1069 
surface anatomy 1044-1046 
skeletal landmarks 1044,1045/ 
soft tissue landmarks 1044-1045 
tone 1072-1074, 1078 
veins 1070-1072,1070/ 
width assessment, gestation age and 210 
guarding/rigidity 1106 
muscles, innervation 107-108 
posterior 1083-1097 
arteries 1087-1090 
bones 1085,1088/ 
boundaries 1083 
as eoneept 1083 
eontent 1083 
definitions 1083 
hernia 1087 

innervation 1093-1096,1094/ 
lymphatie drainage 1092-1093 
muscles 1033, 1085-1087, 1088/ 1094/ 
parietal peritoneum 1100/1101,1104 
skin 1083 

soft tissues 1083-1085 
veins 1090-1092 

abduction (movement) 102 

ofarm 102 

*) ABO blood group 69 
abseess 

*) axillary 799 
?) Bezold’s 635, Eponyms 
dental 532-533, 547, 552 
*) digital spaee 866 
epidural 746, 764/ 

*) palmar 866 

peritonsillar 411, 577 
postauricular 635 
X) Pott’s 447, Eponyms 
psoas 1083, 1356 


acalculia 397 
aeardia 168 
aeeeleration, of head 

angular 644, 651 
eye movements 674 
gravito-inertial 651 
linear 644, 651, 653/ 
eye movements 674 

aeeommodation, of eye 687, 691, 693-694, 698 

loss 699 

acetabulum 1340,1341/ 

dome 1340 
fractures 1340 

in hip joint 1340/ 1376, 1377/ 
biomeehanies 1380 

osseofibrous, of glenohumeral joint 813 
ossifieation 1342 
sex differenees 1348 

aeetyleholine (ACh) 45, 47-48, 58, 63,108 
aeetyleholinesterase (AChE) 47-48, 63, 72,108 
in striatum 366-367 
aehalasia 989,1114 
aehondroplasia 534-535 
aeid(s) 

deoxyribonucleic see DNA 
gastrie 

fetal seeretion 1049-1051 
neonatal seeretion 1051 
hyaluronic see hyaluronan 
laetie 63 
retinoie 94, 927 
ribonucleic see RNA 
aeiniis (aeini) 

of breast 948, 949/ 950, 952/ 
development 191 
glandular 32 

hepatie (portal) 1169/ 1170 
of laerimal gland 683, 683/ 
of lung 958-959 
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acinus (aeini) (Continued) 

of panereas 1185 
of sebaeeoiis glands 149-150 
serous 529 

aene 150 
aeromegaly 94 
aeromion 803 

development 804 
ossifieation 804 

surface anatomy 786, 788f-789/ 7 
see also scapula 

aerosin 163 

aerosomal eap 1275-1276 
aerosome 1275-1276 
acrosyringium 151 

ACTH (adrenoeortieotrophin) 146, 360, 360f 
aetin 12-13,127 

a-isoform 111,138 
axons 43-45 
grovvth eones 246-247 
binding proteins 12-13,137, 24,125-126 
branehing 13 
eardiae muscle 137-138 
F-aetin (fibrillar) 12-13, 25, 104 
G-aetin (globular) 12-13 
mierovilli 23 
myosin binding 12 
polymerization in vitro 12 
skeletal muscle 104,108, 110 
smooth muscle 125-126 
tendons 115 
treadmilling 12 

a-aetinin 23-24,104-105,125-126 
aetion potentiai 42, 66 
all-or-none 59, 66 
eardiae muscle 138 
skeletal muscle 63,108 
synaptie aetivation 47 
unmyelinated axons 55 
aetive pulley hypothesis 669 
aetive transport 10 
Adam’s apple 413, 588, Eponyms 
adaptive remodeling 122,1227 
adduction (movement) 102 
adductive tensing 595, 5967 
adenoeareinoma, oesophageal - Oommentary 1.4 
adenohypophysis 360, 3617 
development 2437-2447, 245, 360 
endoerine feedbaek loops 34 
hormones produced 360, 3607 
microstructure 1297, 360, 3617 
seeretion 360 
vascular supply 360-361 
adenoid see tonsil, pharyngeal 
adenoma, pitiiitary 708 
adenosine 48 

adenosine 5'-triphosphate (ATP) 

as neurotransmitter 64, 234, 236 
as signaling molecule 48 

adermatoglyphia 157 
adhesion(s) 

interthalamie 272, 2747, 350 
peritoneal 1109 

adhesion molecules see eell adhesion molecules 
adhesion plaques, foeal 13, 25 
adipokines 36 
aditus 

laryngis (laryngeal) see inlet(s), laryngeal 
to lesser sae see foramen (foramina), epiploie (of 

Winslow) 

to mastoid antmrn 634 

adminiculum lineae albae 1074-1075 
adoleseenee 

growth spur 214-215, 2157-2167, 217 
skull growth 425 
weight 215 
see also puberty 





adrenaline (epinephrine) 47-48,139 

eardiae eontraetility 139 
eells seereting 1198 

adrenoeortieotrophin (ACTH) 146, 360, 3607 
adventitia 

eonneetive tissue 40 
of gut wall 1040,1043 
of ureter 1254 

of urinary traet, proximal 1250 

age 

eoital 205 
fertilization 205 
gestational 210, 2137, 1308 
menstmal 205-206 
age-related ehanges 
alveolus, of lungs 962 
anal eanal musculature 1155-1156 
aorta, abdominal 1087-1088 
araehnoid granulations 278 
arteriovenous anastomoses 131 
bladder neek 1258 
bone marrow 75 
bone remodelling 95 
breast 946, 950 
ealeaneal tendon 1440 
eartilage 83 
eells 25-26 
cementum 523 
eoehlear hair eells 657 
eornea 689 

cutaneous microcirculation 152 
eyelids 680 

of faee see faee, ageing 
hair 149, 158 

intervertebral dises 717, 734 

lens (of eye) 697-699, 6987 

mandible 539-540, Commentary 4.3 

maxilla 425, Commentary 4.3 

meniscus of knee 1388 

olfaetory sensory function 563 

panereas 1179 

parathyroid glands 472 

pharyngeal tonsil 574 

prostate gland 1267,1269-1270 

renal corpuscles 1246 

salivary glands 531 

skeletal muscle 112 

skin 158 

skull sutures 623 

spermatoeytes 1277 

spermatogenesis 1277 

synovial joints 99 

teeth 523 

testis 1277 

thymus 76, 983, 9837, 985, 9857 
in vertebral column 717 

agger nasi 485, 560, 568 
aggliitination 73 
aggreeans 81 
aggregates 

lymphoid 

of appendix 1142,11437 
in peritoneum (‘milky spots’) 1098,1104 
pulmonary 961 
mossyfibres 343-344 

agnosia 

appereeptive visual 397 
assoeiative visual 397 

agraphia 397 
agrin 34, 63 

AIDS (acquired immiine defieieney syndrome) 

72 

air, humidification in respiratory traet 968 
airflovv, glottalie 

egressive 601 
ingressive 601 
velarie 601 







air sae see alveolus (alveoli) 

air siniises see sinus(es), paranasal 

airvvays 

conducting 

cartilaginous support 968, 9687 
eells 9637-9647, 968 
development 926 
microstructure 968 
postnatal ehanges 927 
see also bronchus (bronehi); traehea 
obstmetion 

mandibular fractures 487 
neek cellulitis 447 
pharyngeal, pateney 575 
proteetion during swallowing 583 
surgical 474 
akinesia 231 
ala(e) 

of erista galli 480 

iliae, sex differenees 1347-1348 

nasal 556 

of saemrn 727, 759, 1348 
ofvomer 483 

albinism 146 
albumin 178 

aleoholie eneephalopathy (Korsakoff psyehosis) 

397, Eponyms 
aldosterone 151,1198 

functions 137 

alexia 397 

allantois 178,1787, 202-203 

anastomosing network around 178, 201 
eloaea relationship 1057,1216 
formation/development 169, 177,181,1817,1837, 

184, 1857, 1201 

allergie disorders 70 
allodynia, meehanieal 786 
allografts 72 

alveolar bone 521 7, 524-525, 525 f 

atrophy 524-525 
resorption 532-533, 540, 5407 

alveolar—eapillary dysplasia speetmm 927 
alveolus (alveoli) 

of breast 948, 9497, 950, 9527 
dental 421-422, 520-521,537-539 
glandular 32 

laerimal gland, development 665 
of lungs 962-965 
age-related ehanges 962 
area 962 
at birth 927 
budding 927 
development 927 
postnatal 929 
mouth of (saes) 958-959 
number 962 
primitive 927 

structure 962-965, 9637-9657 
surface tension 965 
surfactant see surfactant 

alveus 385, 387 
amastia 949-950 
amaurosis fugax 455 
amazia 949-950 
amblyopia 665 
ametropia 698-699 
amino aeids 48 
absorption, small intestine 1132 
amnesia 
anterograde 397 
retrograde 397 

amnion (ehorio-amnion) 178-179,1787,181, 

193 

infeetion/inflammation 178-179 
prenatal ehanges 178-179 
uses/applications 178 

amphetamine 366 


1454 
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ampulla 

hepatopanereatie 1125-1126,1175,1175 7, 1177 
reetal 1146 

of semicircular eanals 642, 644, 658 
of uterine tube 1301 
of vas deferens 12077,1211,1278 
of Vater 1125-1126, 1175, 11757, 1177, Eponyms 
amygdala 3867, 388-390, 3897, 396 
eonneetions, efferent 359 
‘extended’ 389, 3907 
nuclei 383, 388 
basal 

aeeessory 389-390 
paralaminar 389 
eentral 389-390 

information flow, unidirectional 389 
lateral 389-390 
mediobasal 351 
projeetions 389-390 
see also complex(es), amygdaloid nuclear 
anaemia 68 

anaesthesia, sub-Tenon’s 668-669 
analgesia 
loeal, dental 527 
naturally occurring opiates 49 
anaphase, cellular division 19-21, 207 
anaphase promoting complex 18 
anaphylaetie shoek 37 
anastomosis (anastomoses) 
arterial 132 

of artery of pterygoid eanal 553, 5537 
of eerebral arteries 267-268 
eonvergenee 132 

eoronary 1016,10167,10187,1020 
extracardiac 1020,10207 
emeiate 1353,1370 
end-to-end 132 
genicular 13837, 1398 
in heart 138 
ofhip 1370 
Hyrtl’s 174, Eponyms 
intraosseous 90 
of knee 1383, 13837,1397 
of lingual artery 513 
of mandible (around) 541 
in maxillary sinus 569 
of panereas and duodenum 1039 
posteostal 717 

of posterior intereostal artery 943 
post-transverse 717 
preeostal 717 
ring, of femoral neek 1369 
in scrotum 1272 
of skin 152, 1537 
of spinal eord 770 
splanehnie 
dorsal 202 
ventral 202 

of stomaeh 1117,11177 
ofthigh, baekof 13537,1370 
transverse 132 

troehanterie 1353,13537,1370 
of vertebral column 717, 7177, 735 
arteriovenous 131,1317 
ehoke 132 

glomera 131,1317, 152 
newborn 131 
skeletal muscle 107 
ofskin 152 
cavopulmonary 959 
embryonie, in lungs 926 
nervous 

auriculotemporal—faeial 552, 5527 
faeial 502 

Galen’s see ansa, Galeni 
laryngeal nerves 598-599, 5987 
with mandibular nerve 552 











Martin—Gruber - Eponyms 
with maxillary nerve 554 
of Oort 651, Eponyms 
trigeminal—faeial 552, 554 
vestibulofacial 651 
vascular 131-132 
venous 
eardiae 1021 
interposteardial 1064 
intersubcardinal 204 
intervitelline 1065-1067 
supracardinal-subcardinal 204,1064-1065 
anatomieal landmark studies - Prefaee Oommentary 
anatomieal nomenclature xvi 
anatomieal position xvii7 
anatomieal snuffbox 790-791, 7907, 893 
anatomy 
definition xvi 

formalizations - Commentary 2.1 
informaties - Commentary 2.1 
online resources - Commentary 2.1 
reverse translational researeh - Prefaee Commentary 
surface see individual structures 
in surgical praetiee/researeh - Prefaee Commentary 
androgens 
bone growth 95 
excess 1064 
hair growth 149 
lung development 925 
sebaceous glands 150 
testicular deseent 1214 
see also hormones 
aneneephaly 241,759 
aneuploid progeny 21 
aneurysms 

aortie 1025-1026, 1244-1246 
abdominal 1088,1139 
eerebral 287, 2877 
internal earotid artery 287, 2877 
right subclavian artery 1026 
angina 

Ludwig’s 552, 5527, Eponyms 
peetoris 236 
Prinzmetal’s - Eponyms 
angiogenesis 132 
allantois 178 
brain vascularization 267 
dermal repair 158-159 
embryonie 199-201 
optie vesiele 661 
retinal vasculature 663 
stages 200 

angiography - Oommentary 7.1 

arterial thoraeie outlet syndrome - Commentary 6.3 
eoronary 1020,10207 
heart - Commentary 7.1 
renal artery - Commentary 7.1 
angiomyosomes 
axillary artery 829 
braehial artery 829 
profunda braehii artery 829 
suprascapular artery 827 
angiosomes 107,132,160 
angiotensin II 1251 
angle(s) 

aeromial 7887-7897, 803 
anoreetal 1146,1153 
‘anterior’ 935 
of arytenoid eartilage 588 
Camper’s - Eponyms 
eardiae orifiee (of His) 1114, Eponyms 
earrying, of elbow 787, 843 
eerebellopontine 317 

eollodiaphyseal (CDA) see angle(s), neek-shaft, of 

femur 

femoral—tibial 1336 
filtration see angle, iridoeorneal 













frontal (anterosuperior), of parietal bone 478 
hip-knee 1336 

of His (of eardiae orifiee) 1114, Eponyms 
iridoeorneal 687-688, 6887 
aqueous humour drainage 687, 6877-6887 
development 664 

of Louis (sternal) 898, 901-902, 933, 9347, 

Eponyms 
of Ludwig 933 
of mandible 419, 539 
fractures 489 
manubriosternal 901-902 
mastoid (posteroinferior), of parietal bone 478 
Mikulicz see angle, neek-shaft, of femur 
of mouth 475 
nasolabial 556 

neek-shaft, of femur 1336,1348,1379-1380, 

13797-13807, Eponyms 

oeeipital (posterosuperior), of parietal bone 478 
posteroinferior (mastoid), of parietal bone 478 
Q 1396, 13977 
scapular 803 
inferior 749, 786, 803 
lateral 803 
superior 749, 803 

sphenoidal (anteroinferior), of parietal bone 478 
sternal (of Louis) 898, 901-902, 933, 9347, 

Eponyms 

subarachnoid 765 

angiilation (movement) 102 
anhydramnios 179,1257 
aniridia 661-663 
ankle see joints (named), ankle 
ankyloglossia 509 
ankylosing spondylitis 746 
a-ankyrin 13 
anlage 

eerebellar 255 

of eerebral hemisphere 259-260 

anlagen, eoehlear 658-659 
anniiliis see anulus 
anodontia 524-525 
anonyehia 152 
anophthalmia 661 
anosmia 565 
anotia 6287, 6287 
anoxia 

conduction bloek - Commentary 1.6 
isehaemie 786 

ansa 

eerviealis (hypoglossi) 4527-4537, 463-464 
Galeni 598-599, 5987, Eponyms 
lenticularis 362, 369, 3697, 396 
of Maubrac 467, Eponyms 
peduncularis 396 
subclavia 4657, 469 
antagonists (muscle) 114 
‘anterior’ xvi 
anthropometry 
digital - Commentary 4.2 
manual - Commentary 4.2 
antibodies 69-72 
to keratins 144-145,1457 
opsonization 70 
plaeental transfer 177 
zebrin 2 338 

see also immunoglobulin(s) 

antibody-dependent eell-mediated cytotoxicity 

(ADCC) 72 

antidiuretic hormone (ADH) see hormones, 

vasopressin 
antigen(s) 8, 71 

ABO blood group 69 
of eell eoats 6 
of erythroeytes 69 
human leukocyte (HLA) 69 
leukocytes 69 
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antigen(s) (Continued) 
reeognition 78 
*) Rhesus 69 

very late (VLA) 133 

antihelix 627 
X) antilingiila 539 
antiporter 10 
antitragiis 627 
antmrn 

mastoid 423, 431, 624, 627, 635 
at birth 635 
boundaries 635 
development 659 
relations 635 
of ovarian folliele 1305 
prepylorie 1115 
pylorie 1112,1112/; 1115 f 
anulo-aortic eetasia 1026 
anulus 

fibrosus 119, 733-734 
ageing 734 
development 755-756 
innervation 734 
vascular supply 734 
stapes 659 

of temporomandibular joint articular dise 542 
tympanie 629, 633 
of valves 

aortie 1010-1011 
mitral 1007-1008,1013 
pulmonary 1024 
tricuspid 1003,1013 

X) of Vieussens 1016,1016/; 1020, Eponyms 

anus 

agenesis 1058 
imperforate 1058,1289 
lymphaties 1158 
sphineter see sphineter(s), anal 
vascular supply 1157-1158 
see also eanal(s), anal; rectum 
aorta 

abdominal 1087-1090,1089 f-1090 f 
age-related ehanges 1087-1088 
aneurysms 1088, 1139 
bifurcation 1046-1047,1087-1088 
branehes 1046-1047,1088-1090,1089/^-1090^ 
anterior group 1088 
dorsal group 1089-1090 
lateral group 1088-1089 
development 919-920 
in neonates 924 
pulse 1046-1047 
relations 1088,1089 f 
surface anatomy 1046-1047 
aneurysms 1025-1026,1244-1246 
antenatal ultrasound 208/; 924 
areh 995f-996/; 1024-1026 
branehes 995Z-996/; 1025 
variations 1025 
development 610, 919-920 
diameter 1024-1025 
double 1025 
embryonie 610,6107 
derivatives 6117 
first 2007, 266-267, 610 
seeond 266-267, 610 
third 266-267, 610, 6117 
fourth 610, 6117 
sixth 610, 6117 
hypoplasia 1025 
radiographs 991 
relations 9957,10227,1025 
|) right-sided 924, 965-966,1025 

shadovv 1024-1025 
summit 1025 

surface anatomy 9027, 9027, 903 
variations 1025 


aseending 9007, 9627, 9967,10057,10177, 1024 
relations 9957-9967,1024 
surface anatomy 902-903 
atheroselerosis 1027 
ealeifieation 1027 

X) eoaretation 924,1025,10257 
deseending 1026-1027 
branehes 1026-1027 
development 201, 610, 6117, 919-920 
radiographs 990 
relations 1026 
surface anatomy 1026 
dimensions (diameter) 127 
3 disseetion 1026,10267 

*) double-barrel 1026 

embryonie 201 

dorsal 2007-2017, 201-202, 266-267, 610, 
6107-6117, 919-920 
ventral 201 
fetal circulation 920 
intermption 1025 
isthmus 919-920, 1024-1025 
knuckle 903, 9907, 1024-1025 
primitive 201 
X) ‘right’ 1025 

rupture, traumatic 1026-1027 
thoraeie 9007, 1024-1026 
aseending see aorta, aseending 
deseending see aorta, deseending 
oesophageal branehes 987 
vvall structure 127 
aperture(s) 85 

of diaphragm 899, 9707, 971-972, 977 
aortie 899, 971-972, 1034 
lesser 972 

oesophageal 899, 972, 1034,1111 
vena eaval 899, 972,1034 
of frontal sinus 567 

of interosseous membrane, of forearm 846 
of Luschka seeforamen (foramina), of Luschka 
of Magendie seeforamen (foramina), of Magendie 
nasal 

anterior 418 

posterior (ehoanae) 422, 559, 5597 
superior 410 

§ orbital, ageing - Commentary 4.3 
palpebral 670 
vertieal 680 

of paranasal sinuses 565 
pelvie 

inferior see outlet(s), pelvie 
superior see inlet(s), pelvie 
piriform 557, 5577 
thoraeie 
inferior 898 
superior 898 
of ventrieles, of brain 

lateral (of Luschka) seeforamen (foramina), of 
Luschka 

median (of Magendie) sssforamen (foramina), of 
Magendie 

see also aditus; hiatus; opening(s); orifiee(s) 

apex 

of arytenoid eartilage 588 
of bladder, urinary 1255 
of eoehlea 642, 6477 
of fundus, gastrie 1113 
of heart 997, 999 
X) insular 384 

of lung 413-414, 898, 956 
relations 956 

surface anatomy 9017-9027, 903, 956, 9597 
moduli 497 
of nose 556 
of nostril 557 
of patella 1384 
of prostate 1266 


of saemrn 729 

of temporal bone, petrous part 626 
oftongue 511 
uncal 384-385 
ofvagina 1291 

apex beat, eardiae 902 
aphasia 397 

semantie 397 
transeortieal 397 

apieal ridge maintenanee faetor 219 
apnoea 

neonates 265 
*) obstmetive sleep 575 
aponeiirosis 
bieipital 777, 789, 824 
epieranial 404, 475, 490 
ereetor spinae 741 

of external oblique muscle 1074,10757-10767,1078 
gluteal 1337, 1357 

of internal oblique muscle 1074, 10757-10767, 1078 

of latissimus dorsi 1083 

of levator palpebrae superioris 670, 681 

lumbar intermuscular 741 

palatine 575 

palmar 777 

*) longitudinal (pretendinous) fibres 866 

transverse fibres 865 
plantar 1419-1420,14217 
of transversus abdominis 1074, 10757-10767,1078, 

1083 

apophyses, ring 756 
apoptosis 26 

amniotie eells 178 
in digit formation 189-190 
pathvvays 26, 267 
T eells 
cytotoxic 72 
progenitors 76-78 
apparatus 

extensor tendon 880-882, 8827 
3 in hand opening 886 
?) Golgi 6-8, 77, Eponyms 

juxtaglomerular 1250-1251 
laerimal, development 665 
long flexor tendon 879 
nail see nail 
spine 43 
subneural 108 
vestibular 643-646 
eye movements 674 
microstructure 645-646 
visual, aeeessory 666-685 
appendage 
endolymphatie 658 
left atrial 1005, 10057 
development 911, 9127 
right atrial 9967,1000-1001 
development 911, 9127 
3 appendieitis 10877,1142 
X) appendieolith (faeeoiith) 1142 
appendix (appendiees) 
of epididymis 12747 
X) torsion 1277 

epiploieae 1136-1137,11377 
3 testis 12097, 1211,12177, Eponyms 
g torsion 1277, 12777 

vermiform 1142 
arteries 1138,1144,11447 
development 10507,1057,1063 
glands 1137 

lymphatie drainage 11417,1145 
mesentery 1105 
microstructure 1142,11437 
peritoneum 1063 
positional variation 1142,11427 
in pregnaney 1310 
3 referred pain 1129,1142 
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removal 1142 

siirfaee anatomy 1046,1142 
veins 1140,1145 

vesiculosae epoophori see appendix (appendiees), 

testis 

approximants, speeeh 603-604 
apraxia, ideomotor 397 
apron, detmsor 1257 
*) aquaporins 49 
aqueduct 

g) eerebral 228, 271, 273, 274/; 275/, 276, 321, 323/ 

development 255-256 
eoehlear 642 

Fallopian see eanal(s), Fallopian 
X) Sylvian - Eponyms 
vestibular 641-642 
araehnoiditis 765, 766 f 
araehnoid mater 
eerebral 278, 278/ 
eranial 432, 440-441 
granulations see granulations, araehnoid 
development 266 
spinal 765, 765/ 
villi 278 
arbor vitae 

of cerebellum 332/, 335 
uteri 1295 

are(s) 


spinal reflex 265 
areade 
arterial 
of bone 90 

of hand 889/-890/, 890 
dorsal 862, 890 
superficial 890 

X) Kirk’s 1184, Eponyms 

of lymph node 74 
of panereatie head 1184 
pancreaticoduodenal 
anterior 1182-1183 
middle 1184 
posterior 1182 

ofsmall intestine 1128-1130,1129/ 
subungual 862, 890, 890/ 
eollagen, articular eartilage 83 
X) Frohse (of Fròhse) - Eponyms 
intersegmental, eervieal grey rami 

communicantes 469 
X) of Struthers 784, Eponyms 
vertebral eanal 767-768 
areh(es) 

alveolar 421-422, 485 
aortie see aorta, areh 
arterial 

aortie see aorta, areh 
palmar 

|) deep 778-779, 887Z-888/, 889, 893 

development 794 

superficial 778-779, 790/, 888/, 889-890, 893 
variations 890 
surface anatomy 790/, 791 
plantar, deep 1445,1446/ 
branehes 1445 
surface anatomy 1445 
pollieial 889 
radioearpal, dorsal 889 
of atlas 

anterior 722, 756-757 
posterior 722, 756-757 
branehial see areh(es), pharyngeal 
eoraeo-aeromial 824 
eortieal, of kidney 1241 
erieoid 588 
ernral, deep 1069 


g impingement 824 
3 painful, rotator cuff disease 824 
£) of Riolan 1138-1139,1150, Eponyms 


of Dmmmond see arteries (named), marginal, of 

eolon (of Dmmmond) 
faeial 411 

fingerprint ridge pattern 157 
offoot 1439 

in foot movements 1450,1450/ 
longitudinal 

lateral 1425/, 1439,1450 
medial 1425/, 1439, 1450 
in standing 1450,1450/ 
transverse 1425/, 1439 
Gothie 119/ 

hyoid see areh(es), pharyngeal, seeond 
iliopeetineal 1078 
lumbocostal 970 

mandibular see areh(es), pharyngeal, first 
neural 752-755 
oeeipital 620 
palatine 411 

palatoglossal 509, 509/, 511 /, 575, 580 
palatopharyngeal 509/, 511/, 575, 580-581 
of pelvis 1347 

c( pharyngeal 196/, 606-612, Commentary 2.2 

first (mandibular) 197, 605, 607/, 607/, 609-611, 
609/, 614, 617, 659-660 
seeond (hyoid) 605-607, 607/, 607/, 609, 609/, 
611, 659-660 

third 605, 607, 607/, 607/, 609-610, 609/ 
fourth 607, 607/, 607/, 609-610, 609/ 
sixth 607, 607/, 607/, 609/ 

§ anterior i /s. posterior - Commentary 2.2 

blood vessels 610, 610/ 
eartilages 607, 608/ 
derivatives 607/ 
development 606, 607/ 

§ embryonie eell populations - Commentary 2.2 

embryonie staging 205 
formation 606 

muscles 607/, 608-610, 609/ 
nerves 198/, 609/, 610 
§ remodelling - Commentary 2.2 

S signalling pathways - Commentary 2.2 

skeletal elements 607-608 
structure 606, 607/ 
posterosuperior, of parietal bone 477 
pubic 1346 
sex differenees 1348 

superciliary 410, 416, 423, 478-479, 566-567 

oftarsus 1423 

tendinous 


of levator ani 1221-1223, 1222/, 1234/-1235/ 
of pelvie faseia 1223/, 1224, 1234/-1235/ 
ofsoleus 1410 
venous 

3 azygos 978 

*) in pregnaney 990 

jugular 414, 459 
posterior 1371 
venous, of foot 
dorsal 1446 

surface anatomy 1329/, 1331 
plantar 

cutaneous 1446 
deep 1319,1446 
venous, of hand (palmar) 
deep 890 
dorsal 779 
superior 890 
vertebral 719 

zygomatie 409-410, 419, 423, 484 

archicortex (archipallium) 259 
archipallium (archicortex) 259 
arcuate seotomas 708 
*) arcus, parieto-oeeipitai 381 
area(s) 
aortie 903 

assoeiation, parietal 397 











atrial 999 
bare 

of liver 1061,1100, 1161-1162,1165 
ofstomaeh 1113 

Broea’s (motor speeeh) 376, 376/, 379, 379/, 391, 

397, Eponyms 
Brodmann’s 374, 377/ 
area 1 380 
area 2 380 
area 3a 380 
area 3b 380 
area 4 376 
area 5 380 

area 6 378-379, 379/, 675 

area 7 380 

area 7a 380 

area 7b 380 

area 8 379, 379/, 675 

area 9 377/, 379, 379/ 

area 10 379 

area 17 381, 396, 707, Eponyms 
area 18 381-382, Eponyms 
area 19 381-382 
area 20 382-383 
area 21 382-383 
area 22 382 
area 23 385-386 
area 24 379, 385-386 
area 25 385-386 
area 27 386 
area 28 386, 388 
area 28a 388 
area 28b 388 
area 29 385-386 
area 32 385-386 
area 33 385-386 
area 35 386 
area 36 386 
area 38 382 
area 39 675 
area 40 675 
area 41 382 
area 42 382 
area 44 379, 379/ 
area 45 377/, 379, 379/, 397 
area 46 377/, 379, 675 
area 48 386 
area 49 386 
eoehlear, anterior 643 
eortieal 

Broea’s see area, Broea’s 
Brodmann’s see area, Brodmann’s 
cingulate motor 379 
intraparietal, posterior 382 
motor 

hand 376, 376/ 
pre-supplementary 379 
primary (Ml) 375-376 
speeeh 379, 379/ 

supplementary (SMA, Mll) 375-376, 379, 397 
parieto-oeeipital 382 
prefrontal, lesions 397 
premotor 375-376, 397 
somatosensory 
primary (Sl) 396 
seeond (Sll) 380 
for spoken language 376, 376/ 
visual see area(s), visual 
Wernicke’s speeeh 380, 382, 391, Eponyms 
eribrosa 1245/ 

intereondylar, of tibiofemoral joint 1387, 1387/ 
junctional, of lungs 993 
keystone 557 
language 397 
lesions 397 
Little’s 563, Eponyms 
mitral 903 
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area(s) (Continued) 

nasal valve 561 
paranodal 1014 
paraspinal 993 
postrema 52, 276 
pulmonary 903 
reticular 

parvocellular 327 
ventrolateral, superficial 327-328 
soft tissue, nasal 
alar 557 
lateral 557 
paraseptal 557 
subarachnoid 266 
of superficial eardiae dullness 957 
tegmental, ventral (of Tsai) 323-324, Eponyms 
temporoparietal fibre interseetion 392-393 
tricuspid 903 

of Tsai 323-324, Eponyms 
vestibular 273-274, 318-319 
inferior 643 

superior 641-643, 643f 
visual 
temporal 

medial superior 675 
middle 675 
V2 382 
V3 382 
V4 382 
V5 675 

watershed 287 
areae gastrieae 1115,1115/ 
areola(e) 

of bone 
primary 92 
seeondary 92-93 
of breast 946 
male 951 
skin 946 

arginine vasopressin (AVP) 356 
Argyll Robertson pupil - Eponyms 
Arll 3b 240 
arm 

arteries 829-830, 829/ 
development 794 
faseia, deep 777 
hyperextension-abduction injury 786 
X) infeetion spread 799 

innervation 829/, 831 /, 832, 833/ 
lymphaties 780, 830 
X) movements 815 

muscles 824-826, 829/ 
anterior eompartment 821, 824-826 
posterior eompartment 826 
skin 797-798 

innervation 797-798, 797Z-798/ 
vascular supply 797 
soft tissue 798-799 
veins 830, 831/ 
see also forearm; limb(s), upper 
armpit 799 

ej Array Express - Oommentary 2.1 
§ array tomography (AT) - Oommentary 1.5 
arteries (general) 127 

blood supply 134 
eerebral 135 
elassifieation 127 
conducting 127 
development 202 
in limb 223 
diameter 127 
distributing 127 
distribution 127 

elastie 127-128, 128/, 132/, 134 
embryonie 201-202 
heat exchange 127 
innervation 134 



muscular 127-128,128/ 
nomenclature 127 
resistanee 127,134 
smooth muscle 128/, 134 
structure 127 
arteries (named) 
aberrant 1026 
aeeessory 
appendicular 1144 
eystie 1176 
meningeal 439, 549 
pudendal 1234, 1283 
|) renal 1243,1243/ 

of skeletal muscle 107 
aeromiothoraeie 819/, 828 
X) of Adamkiewicz 770, 770/, 1090, Eponyms 
‘to the adductors’ 1363-1364 
alveolar (dental) 
branehes 526 
inferior 526, 549 
development 610 
ineisive braneh 526 
lingual braneh 526 
mylohyoid braneh 526 
superior 526 
anterior 526, 552 
middle 526, 552 
posterior 526, 552 

3 anastomotie, of Kugel 1020, Eponyms 
X) anastomotiea auricularis magna 1020, Eponyms 
aorta see aorta 
aortie areh see aorta, areh 
X) appendicular 1142,1144 

aeeessory 1144 

*) thrombosis 1142,1144 
arcuate 


offoot 1445, 1445/ 
of kidney 1243-1244, 1249 
of uterus 1298 
to atrioventricular node 1019 
auditory, internal (labyrinthine) 284, 650 
auricular 499 
anterior 629 
deep 548, 637 
posterior 454, 499-500, 629 
superior 629 

axial (axis), of embryonie limb 794, 1334 
axillary 778, 827-829, 827/, 835/, 947 
X) angiomyosomes 829 

anomalous ‘high division’ 828-829 

branehes 828, 835/ 

deep see arteries (named), profunda braehii 
development 794 
*) occlusion 829 

relations 827 
variants 828-829 
azygos, of vagina 1292,1298 
basilar 281/-282/, 283-284, 284/, 406 
development 266-267 
basisphenoid 574 

braehial 778, 821/, 829-830, 849/-850/, 856, 

856/ 

X) angiomyosomes 829 

branehes 829 
development 794 
X) flow 786 

S occlusion - Commentary 6.2 

pulse 779 
relations 829 

surface anatomy 788Z-789/, 791 
variants 829 

braehioeephalie seetmnk (arterial), braehioeephalie 
bronehial 955, 968,1026 
development 927-928 

X) extracardiac anastomoses 1020,1020/ 

left 968, 1026 
right 968,1026 









buccal 499, 550 
to bulb, of penis 1234 
bulbourethral 1283, 1286/ 
eaeeal (anterior/posterior) 1144 
ealeaneal 
offibular 1414 
of posterior tibial 1414,1445 
earotieotympanie 280 
earotid 

eommon 405/, 406, 414, 451-453, 1027 
absent 1025 

bifurcation 414,451,452/ 
branehes 453 
development 610 
left 995/-996/, 1025, 1027 
in neonates 924 
origins 451,1027 
pulse 414, 451 
relations 452-453,1027 
variations 452-453,1025 
external 406, 451, 452Z-453/, 453-454 
branehes 406, 444, 453, 629 
eollateral vascular pathways 547/, 553 
development 610 
embolization 553 
pulse 453 
relations 453 

internal 280-283, 280/, 406, 414, 422, 451, 453/, 
455, 455/ 

aneurysm 287, 287/ 
cavernous part 280-281, 437, 438/ 
eollateral vascular pathways 547/, 553 
development 266-267, 610, 611/ 
intraeranial part 281 
occlusion 287, 455 
paraelinoidal segment 438/ 
petrous part 280, 431 
relations 455 

eavernosal see arteries (named), cavernous 
cavernous 
ofelitoris 1234 
of penis 1234, 1283, 1286/ 
eentral 

of brain 282/, 285 
of anterior eerebral 284-285 
of middle eerebral 283 
of posterior eerebral 282/, 283, 285 
of heart 1014 
of retina 676, 703/, 704 
centrifugal 268 
eentripetal 268 
eerebellar 

development 266-267 
inferior 

anterior 281 /, 284 
posterior 283, 284/ 
superior 282/, 284, 284/ 
eerebral 

anterior 281-283, 282Z-283/, 286 
branehes 282-283, 283/ 
development 266-267 
divisions 281 

middle 267, 282Z-283/, 283, 286 
branehes 283 
segments 283 

posterior 281, 281/-283/, 284-286 
development 266-267 
structure 135 
eervieal 

aseending 458, 717 
deep 405/, 458, 710, 717, 717/ 
superficial 405/, 458, 710, 781, 826 
transverse 710, 781, 826 
Charcot’s, of eerebral haemorrhage 286, Eponyms 
ehoroidal 

anterior 281, 285 
posterior 266-267 
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eiliary 676 
anterior 676, 696 
posterior 691/; 705-706, 705/ 
long 676, 690, 691 /, 696 
short 676, 690, 691 f 
eilioretinal 705 
circumflex 
femoral 

lateral 1368 f, 1369 
medial 1368/; 1369 
fibular 1413-1414 
of heart 1018/; 1019 
humeral 

anterior 797, 828 
posterior 827/; 828 
iliae 

deep 1227 
superficial 1369 
scapular 828 

eoeliae see trnnk (arterial), eoeliae 
eolie 

left 1138, 1150, 1150/-1151 f 
aeeessory/replaeed 1150,1151/ 
ligation 1151 

middle 1144-1145, 1145/ 
aeeessory/replaeed 1144-1145,1145/, 
1150 

right 1144,1144/ 
aeeessory 1144 
eollateral 
apieal 1020 
eardiae 1020,1020/ 
middle 797, 830 
radial 797, 830, 858 
ulnar 

inferior 829/, 830, 858 
middle 830 

superior 786, 821/, 830, 858 
see also circulation, eollateral 
eomitans nervi isehiadiei 1334, 1367 
communicating 
of brain 

anterior 282, 285 
development 267 
posterior 281, 282/, 285 
development 266-267 
fetal 281 

of panereas 1183/, 1184 
of posterior tibial 1414,1445 
eonal (conus) 
left 1019 
right 1016,1016/ 

eoronary 1004/-1005/, 1016-1020,1017/ 
anastomoses 1016,1016/, 1018/, 1020 
angiography 1020,1020/ 
atrial supply 1019-1020 
bypass 943, 943/ 
ealibre 1016 

eongenital abnormalities 1016 
development 919 
distribution 1019-1020 
dominanee 1016,1019 
eetopie origins 1024 
extracardiac anastomoses 1020,1020/ 
fistula 1020,1020/ 
left 1017/-1020/, 1018-1020 
anomalous 1016 
revascularization 1020 
right 1016-1020, 1017/-1018/, 1020/ 
stenosis 1020 
third 1016 

variations 1017/, 1019 
eostoeervieal 717/ 
eranial, development 266-269 
eremasterie 1071, 1272 
erieothyroid 453, 474, 598 
cubital, inferior 837 






eystie 1176,1176/ 
aeeessory 1176 
variations 1176,1176/ 
deep 

of penis see arteries (named), cavernous 
of thigh see arteries (named), profunda femoris 
deferential 1272,1278 
dental see arteries (named), alveolar 
deseending, posterior see arteries (named), 

interventricular, posterior 
diagonal, left 1019 
digital 

dorsal, of hand 889 
palmar 890 

eommon 862, 888/, 890 
ofthumb 890 
plantar 1445 
dorsal 

ofelitoris 1234 
digital (of hand) 889 
lingual 513 

metaearpal see arteries (named), metaearpal 
metatarsal 1445,1445/ 
nasal 499, 677 
panereatie 1184 
of penis 1234, 1283, 1286/ 
scapular see arteries (named), scapular 
dorsalis pedis 1331, 1419/, 1444-1445, 1445/ 
branehes 1419/, 1426/, 1445, 1445/ 
cutaneous vessels 1445 
development 1334 
pulse 1331 
ductal 

ofeommon bile duct 1176-1177 
of hepatie duct 1176-1177 
of vas deferens 1272,1278 
to ductus deferens 1272,1278 
epigastrie 

eollateral blood flow 1071 
inferior (deep inferior) 1070-1071,1070/-1072/, 
1070/, 1227 
branehes 1071 
ligation 1071 
pubic braneh 1071 
surface anatomy 1045 
variations 1071 
superficial 1369 

superior 943,1070, 1070/-1071/, 1070/ 
epiphysial 89-91 
offemur 1352-1353 
ethmoidal 

anterior 410, 563, 676 
ligation 563 
posterior 676 

faeial 452/-453/, 454, 498-499, 498/ 
branehes 454, 498, 498/ 
pulse 412, 454, 498 
transverse 499 
variations 498 

femoral 1319, 1320/-1321/, 1337, 1339/-1340/, 

1367-1370, 1367/-1368/ 
in adductor eanal 1368,1368/ 
branehes 1367-1370 
to anterior abdominal wall 1072 
muscular 1369 
circumflex 
lateral 1368/, 1369 
medial 1368/, 1369 
eompression 1368 
eoronary angiography 1020 
deep see arteries (named), profunda femoris 
development 1334 
in femoral triangle 1367/, 1368 
injury 1368 
occlusion 1370 
pulse 1331 

relations 1367/-1368/, 1368 



surface anatomy 1327/, 1331 
variations 1368 

fibular 1385/, 1401/, 1405, 1409/, 1412/, 

1414-1415, 1426/ 
anterior 1398 
branehes 1407/, 1414 
posterior 1334,1398 
variations 1414 

frontal, of superficial temporal 499 
ganglionie see arteries (named), eentral, of brain 
gastrie 
left 1116 

oesophageal branehes 1111,1116 
replaeed/aeeessory 1116 
variations 1116 
posterior 1117,1117/ 
right 1117 
short 1116,1190 
gastroduodenal 1126 
retroduodenal branehes 1126 
gastroepiploie 
left 1116-1117 

omental (epiploie) branehes 1104,1116-1117 
right 1117,1126 
genicular 

deseending 1338/, 1368/, 1370 
inferior 1398 
lateral 1349-1350 
medial 1349-1350 
middle 1398 
superior 1398 
glandular, of faeial 454 
gluteal 

inferior 1227, 1319, 1334, 1337-1338, 1359/, 
1365/, 1368 

superior 1226, 1337, 1359/, 1365/ 
variations 1226 
gonadal 1089 

great, transposition 924,1013, 1013/ 
helieine, of penis 1285 
hepatie 1165/-1166/, 1166 
aeeessory 1088,1102, 1165-1166,1187 
ehemoembolization 973 
eommon 1166 
in Glissonian sheath 1166 
left 1166 

replaeed 1088,1102,1166,1187 
right 1166,1166/ 
variations 1166,1166/ 

Heubner’s (recurrens anterior) 267-268, Eponyms 
humeral, circumflex 
anterior 797, 828 
posterior 797, 827/, 828 
hyaloid 699 

development 661, 663-664 
hypoglossal, persistent 455 
hypophysial 
inferior 360 
superior 360 
ileoeolie 1130,1144 
branehes 1144,1144/ 
iliae 

body surface area in ehildren and 1224, 1224/ 
circumflex 
deep 1227 
superficial 1369 
eommon 1224 
branehes 1224 
left 1224 
occlusion 1139 
right 1224 
external 1224,1227 
internal 1224-1227,1225/ 
anterior trnnk branehes 1226-1227 
fetal 1225-1226 
posterior trnnk branehes 1226 
surface anatomy 1047 
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arteries (named) (Continued) 

ilioliimbar 1226, 1344 
infrahyoid 453 
infraorbital 499, 526, 552 
development 610 

innominate seetmnk (arterial), braehioeephalie 
intereostal 717 f, 972 
anterior 942, 947 

posterior 717, 7177, 9427-9437, 943, 1071-1072, 
10737 

branehes 943 

eatheter embolization 943, 9437 
elinieal signifieanee 943 
eollateral branehes 943 
cutaneous branehes 943 
dorsal branehes 943 
mammary branehes 943 
miiseiilar branehes 943 
superior 943 
interdental 526 

interlobar, of kidney 1243-1244, 1249 
interlobular, of kidney 1243-1244, 12457 
interosseous 

anterior 778, 794, 840, 8427, 8507, 8567, 857, 
8597 

eommon 778 

posterior 778, 794, 837, 8427, 8567, 857, 

8597 

intersegmental 202, 2027 
fifth lumbar 202 
pro-atlantal 455 
seventh 794 
interventricular 

anomalous origins 1024,10247 
anterior 10167, 1019, 10197-10207 
posterior (inferior) 997, 1016-1018,10187 
intramedullary, of spinal eord 770 
jejunal 1127 

Kugel’s anastomotie 1020, Eponyms 
labial 

inferior 498 
posterior 1235 
superior 498-499 

labyrinthine (internal auditory) 284, 650 
laerimal 499, 676 
branehes 676 
development 610 
laryngeal 
inferior 458, 598 
posterior 598 
superior 453, 597-598 
lenticulostriate 283, 285 
leptomeningeal 267 
lingual 4537, 454, 513, 5137 
branehes 513 
deep 513 
dorsal 513 
relations 454 

lobar, of kidney 1243-1244 
lumbales imae 1090 

hjmbar 717, 7177, 1071-1072, 10737, 1090 
segmental 7177 
small 1090 
lusoria 1025, 10257 
malleolar 

lateral, anterior 1413 
medial, anterior 1413 

mammary, internal see arteries (named), thoraeie, 

internal 

marginal 

of eolon (of Dmmmond) 1138-1139,11407, 
1144-1145, Eponyms 
of heart 
left 1019 
right 1016-1018 
of small intestine 1129 
masseterie 549 




maxillary 5477, 548-550, 5497, 563 
branehes 548, 552 
faeial 499 
infraorbital 677 
ligation 563 
mandibular part 548 
pterygoid part 548 
pterygopalatine part 548, 552-553 
variations 548, 5497 
median 857, 890 
antebraehial type 890 
palmartype 890 
medullary 
of bone 90 
of brain 284 

of spinal eord see arteries (named), radicular 
meningeal 439-440, 4407, 454 
aeeessory 439, 549 
development 267, 610 
infratentorial 267 
long circumferential 267 
middle 409-410, 4387, 439, 4407, 549, 5507 
branehes 638 
development 610 
extradural haematoma 432 
surface anatomy 237 
variations 5507 
paramedian 267 
posterior 454 
short circumferential 267 
mental 499, 526 

meseneephalie, primitive 266-267 
mesenterie 

inferior 1039,1088, 11397,1150-1151, 
11507-11517 
development 202 
ligation 1151 
occlusion 1139 

superior 1039, 1088,1129-1130,11307-11317, 
1138, 11397, 1144-1145 
branehes 1129,1144-1145 
ileal 1130,11307 
jejunal 1130, 11307-11317 
development 202 
occlusion 1139 
variations 1088,1129-1130 
surface anatomy 1047 
mesonephrie 1064 
persistent 1204 
metaearpal 
dorsal 862, 889 
first 8877, 889 
seeond 889 
third 889 
fourth 889 

cutaneous branehes 889, 8897 
palmar 8887, 889 
metaphysial 89-91 
metatarsal 
dorsal 1445, 14457 
plantar 1445,14467 
muscular 

of anterior tibial 1413 
offibular 1414 
of posterior tibial 1413 
musculophrenic 943 
mylohyoid 526 
nasal 

dorsal (external) 499, 677 
lateral 499 

nasopalatine 553, 560 
‘nodal’ 1018 
nutrient 

of bone 89-90 
ofelaviele 800 
diaphysial 89-90 
of femur 1353,1369 






offibula 1414 
of hip bone 1340 
of humerus 830 
of incus 636 

of lower limb bones 1319 
of metatarsals 1429 
of tibia 1404, 1414 
obturator 1226,1338 
aberrant 1071 
branehes 1226 
variations 1226 

oeeipital 4527-4537, 454, 499, 638 
olfaetory, primitive 266-267, 6107 
ophthalmie 281, 676-677, 6767 
branehes 676 
faeial 499 
meningeal 676 
muscular 676 
development 610 
variations 676 

ovarian 202,12987,1301,1303 
palatine 

aseending 454 

greater (deseending) 510, 553, 563 
lesser 510, 553 
palmar 

eommon 862, 8887, 890 
metaearpal 8887, 889 
palpebral 
lateral 676 
medial 499, 677 
panereatie 
dorsal 1184 
greater 1184 
transverse (inferior) 1184 
pancreaticoduodenal 
inferior 1127,1183 
anterior 1183 
posterior 1183 
superior 1126-1127 
anterior 1126-1127,1182-1183 
posterior 1126-1127, 1176-1177, 1182 
parietal, of superficial temporal 499 
penile, eommon 1283,12867 
of penis 1234 
perforating 

of anterior abdominal wall 1071-1072 
of anterior tibial artery 1413-1414 
ofarm 797 

of brain see arteries (named), eentral, of brain 
of embryonie lower limb 1334 
of femoral shaft 1349 
of fibular artery 1414-1415 
of posterior tibial artery 1414 
septal, of heart 1018-1019 
of thigh 13597,1369 
first,, 1366, 1369 
seeond 1369 
third 1369 
fourth 1369 
perieallosal 281 
periductal 1177 
perineal 1235,1283 
periosteal 90 
pharyngeal 553 
aseending 453-454, 575 
ventral 267, 610 
phrenie 202 

inferior 972, 9727,1089-1090 
left 972, 9727 
occlusion 1090 
right 972, 9727 
superior 972 
left 972, 9727 
right 972, 9727 
pial 705-706 
pineal 363 


1460 

















SUBJECT INDEX 









plantar 

lateral 1329/; 1331, 1414, 1445-1446, 14467 
surface anatomy 1445 
medial 13297, 1331, 1414, 1445, 14467 
polar 1190 

popliteal 1319,1383, 13857, 1398 g 

branehes 1398 
cutaneous 1398 
muscular 1398 

iatrogenie injury - Commentary 6.2 
pulse 1331 
relations 1398 

surface anatomy 13287,1331 
variations 1398 

premasseterie 498 ((? 

presegmental 

hypoglossal 266-267 ((? 

otie 266-267 
prineeps pollieis 889 

profunda braehii 778-779, 8257, 829-830, 8297, 858 
angiomyosomes 829 
muscular branehes 830 

profunda femoris 1331,1338,13397,13597,13687, 

1369 


branehes 1369-1370 
muscular branehes 1370 
variations 1369 
profunda linguae 454 
pterygoid 280, 550 
of pterygoid eanal 553 
pudendal 

aeeessory 1234, 1283 
external 1286 
deep 1369 
superficial 1369 
internal 1283,12857 
inferior reetal braneh 1157 
pelvie portion 1226 
in perineum 12317, 1234 
pulmonary 959-960 
anomalies 924 
bifurcation 1024 
development 926-927 
left 959, 9627 
variations 959 

postnatal development 929, 9297 
right 959, 9627 
sling 930 

unilateral absenee 959 
see also trnnk (arterial), pulmonary 
pylorie 1117,11177 
of the quadriceps 1362 
radial 

cannulation 791 
development 794 
at elbovv 778 

fasciocutaneous perforators 837 
in forearm 8497-8507, 856-857, 8597, 8947 
branehes 857 
in hand 887-889, 8887 
dorsal earpal braneh 889 
palmar earpal braneh 889 
perforating branehes 889 
recurrent branehes 889 
superficial palmar braneh 8887, 889 
variations 890 
pulse 779, 791, 893 
puncture, neonates 795 
surface anatomy 7887-7907, 791, 893 
variations 857 
radialis indieis 889 
radicular 770, Commentary 6.2 
posterior 770 

radicularis magna 7177,1090 
radiculomedullary feeder 770 
anterior 770 

great anterior, of Adamkievviez 770 







reeta (straight) 11277,1128-1129, 11297 
reetal 

inferior 1151,11517, 1234-1235 
middle 1151, 11517, 1226 
superior 1138,1151, 11517,1157 
recurrens anterior (Heubner’s) 267-268, Eponyms 
recurrent 

interosseous, posterior 858 
radial 8497-8507, 8567, 857 
tibial 

anterior 1413 
posterior 1413 
ulnar 

anterior 8567, 857 
posterior 857, 8577 

renal 1089, 1240, 1243-1244, 12447-12457 
aeeessory 1243,12437 
branehes 1243, 12457, 1252 
development 202,1204 
left 1089, 1243, 12487 
microstructure 1249 
in neonates 924 
right 1089, 1243 
surface anatomy 1047 
variations 1243,12447 
retinacular 1352-1353,1370,1379,13797 
retinal, eentral 676, 7037, 704 
retroduodenal 1176-1177 
retroportal 1176-1177 
saeral 739 
lateral 717,1226 
median 1090,1151 
saphenous 1370 
scapular 
circumflex 828 
dorsal 458, 781, 826-827 
variants 826 
to seiatie nerve 1367 
serotal, posterior 1235 
segmental 202, 2027 
of kidney 1243,12467 
of liver 1166 
of spleen 1190,1193 
septal 560 

anterior, of heart 1019 
sigmoid 1138,1151 
ofsinusnode 10177,1018-1020 
somatie 202, 2027 
intersegmental 717 
spermatie 

external (eremasterie) 1071,1272 
internal see arteries (named), testicular 
sphenopalatine 553, 563 
ligation 553, 563 
spinal 717 

anterior 283, Commentary 6.2 
posterior 283 

spiral, of uterus 175,1307-1308 
splanehnie 
lateral 202 
persistent 1243 
ventral 202, 2027 
splenie 11837, 1184, 1190, 11907 
ligation 1193 
origins 1190 

panereatie branehes 1184,1190 
segmental 1190,1193 
stapedial 638 
development 610, 6107 
sternoeleidomastoid 453 
straight (arteria reeta) 11277,1128-1129,11297 
striate 285 
lateral 268, 283, 285 
medial 285-286 
stylomastoid 454, 637 

subclavian 4057, 406, 414, 455-458, 4607, 4657, 

778, 7787, 827, 1027 


development 610, 794 
left 456, 9957-9967, 1025, 1027 
relations 1027 
parts 456-457 
pulse 414, 445, 456, 779 
relations 456-457 
right 456,1027 
aneurysms 1026 
anomalous origin 456-457, 924 
retrotraeheal 1025,10257 
variations 1025 
rupture - Commentary 6.1 
variations 456-457 
subcostal 972, 1026, 1071-1072, 10737 
sublingual 513 
submental 4527, 454 
subscapular 8277, 828, 8357 
supraclavicular 797, 7987 
supraduodenal 1126 
suprahyoid 454 
supraorbital 499, 676 
suprarenal 1088, 1243 
development 1204 
inferior 1195 
middle 1088,1195 
superior 1195 

suprascapular 4527, 458, 818, 826-827, 

8277 

supratrochlear 499, 677, 8297, 830 
sural 1398 
superficial 1398 
to tail of panereas 1184 
tarsal 

lateral 1445, 14457 
medial 1445,14457 
of tarsal eanal 1424,14267 
of tarsal sinus 1424 
temporal 
deep 547, 549 
anterior 549 
middle 499 
superficial 499 
branehes 499 

frontal (anterior) braneh 499 
parietal (posterior) braneh 499 
pulse 412, 499 

testicular 127, 202, 1272, 12737-12747 
inferior 1272 
ramifieation 1272 
thoraeie 
alar 828-829 

internal 458, 899-900, 9007, 942-943, 947 
elinieal signifieanee 943 
grafts 943, 9437 
perforating branehes 931, 942 
perieardiaeophrenie branehes 995-997 
relations 942 
sternal branehes 942 
lateral 828, 931 
mammary branehes 828 
superficial 828-829, 931 
superior 828, 8357 
thoraeo-aeromial 8197,828 
thoraeodorsal 822, 828 
thyroid 

inferior 4527, 458, 4647, 470, 473-474 
superior 4527-4537, 453, 4607, 470, 472 
branehes 453 
thyroidea ima 470,1026 
tibial 

anterior 1319, 13837, 13857, 1398, 14077, 1408, 
14127-14137, 1413, 14267 
branehes 1413 
development 1334 
occlusion - Commentary 6.2 
surface anatomy 13287, 1331 
variations 1413 
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arteries (named) (Continued) 

posterior 1319,1383/; 1385/; 1398,1413-1414, 
1413 / 1445-1446 
branehes 1413-1414,1445-1446 
primitive 1334 
pulse 1331 

puncture, neonates 795 
surface anatomy 13287; 1331 
tonsillar 454, 576-577, 5767-5777 
trabecular, of spleen 1193 
trigeminal, primitive 266-267 
tubal 575 
tympanie 
anterior 548, 637 
inferior 454, 638 
superior 439, 638 
ulnar 

deep palmar braneh 888 f, 889 
development 794 
dorsal earpal braneh 889 
dorsal cutaneous braneh 889 
at elbow 778 

fasciocutaneous perforators 837 
in forearm 849/-850/; 857-858 
branehes 857-858 
in hand 881/, 888/, 889 
variations 890 
palmar earpal braneh 889 
pulse 779, 791 
superficial, anomalous 791 
X) surface anatomy 788Z-789/, 791, 893 

variations 857 

umbilical 179, 920, 920/, 1067-1068, 1075-1077, 

1225-1226 

eatheterization 1068,1068/ 
at ehorionie plate 174 
early (embryonie) 200/, 202 
obliteration 1067-1068 
persistenee 1225-1226 
urethral 1263-1264 

uterine 1226, 1293/, 1296-1298, 1298/-1299/, 

1301 

uteroplacental 175 
vaginal 1225/, 1226,1293/ 
vasal 1272,1278 
to vas deferens 1259,1272, 1278 
3 ventricular 1016-1018,1018/ 

3 anterior 1018/ 

5) posterior 1018/, 1019 

ventriculofugal 267, 268/ 
ventriculopetal 267, 268/ 

|) vertebral 281 / 283-284, 284/, 406, 457-458, 457/, 

717, 717/ 

eervieal branehes 458 
|) left 1025 

meningeal branehes 283 
parts (VI -V4) 458 
relations 458 
vesieal 

inferior 1226, 1252, 1259, 1268, 1280, 1290/ 
superior 1226,1259,1290/ 
vesiculodeferential 1280 
Vidian 553 

vitellointestinal 1129-1130 
zygomatie 499 
zygomatieofaeial 499 
zygomatieo-orbital 499 
zygomatieotemporal 499 
arteries (of organs, or regions) 
of abdominal wall 

anterior 1070-1072,1070/, 1073/ 
posterior 1087-1090 
ofanaleanal 1138,1151,1157 
of appendix 1144,1144/ 
ofarm 829-830, 829/ 
of atrioventricular node 1015 
of auricle, of ear 629 


of baek 

cutaneous 710, 712/ 
musculature 744 
of bladder, urinary 1259 
of bone 89-90 
see also individual bones 
of braehial plexus 781 
of brain 280-288, 281/-282/ 
development 266-269 
regional supply 285-286 
of breast 947 
of bronehi 968 
ofcaecum 1144,1144/ 
ofeheek 507 
ofehoroid 691/ 
of eiliary body 690/, 693, 695/ 
of eolon 1138-1139, 1140/, 1150 
aseending 1144/ 
sigmoid 1151 
of conjunctiva 682 
ofdiaphragm 972 

of duodenum 1117/ 1126-1127,1126/ 
of ear, inner 650 
of elbow region, cutaneous 837 
of epididymis 1272,1275/ 
of ethmoidal sinuses 568 
of external acoustic meatus 630 
of eyelids 682 
of faee 498-500, 498/ 
of femoral region 1359/ 
offoot 1444-1446, 1445/-1446/ 
cutaneous 1418 
of forearm 856-858, 856/ 
cutaneous 837 
of frontal sinus 567 
of gallbladder 1176 
of gastrointestinal traet 1039 
of gluteal region 1337,1359/ 

|) ofhand 878-879, 887-890, 887/ 

cutaneous 153/ 862-863 
intrinsie muscles 885-886 
of hard palate 510 

of head 404-406, 405/ 547/ 549/ 551/ 
ofheart 1016-1020 
eardiae muscle 138 
of hindgut 1150-1151 
of ileum 1127/ 1129-1130, 1129/ 
of infratemporal fossa 548-550 
of intervertebral dise 734 
of jejunum 1127/ 1129-1130,1129/ 
ofjoints 100 
see also individual joints 
of kidney 1243-1244, 1244/-1245/ 1249 
of knee 1383/ 1397-1398 
of laerimal gland 684 

of large intestine 1138-1141, 1139/-1140/ 

1144-1145, 1150-1151 
of larynx 597-598, 597/ 
ofleg 1413-1415 
cutaneous 1321/ 1400 
lateral eompartment 1408,1426/ 
of limb bud 223 
of lips 508 

of liver 1166,1166/ 1170 
of lower limb 1319,1320^-1321/ 1331 
development 1334 
variations 1398 
of lungs 959-960, 963/ 
of lymph node 74 
of maxillary sinus 569 
of mediastinum 977-979 
of midgut 1144-1145 
of muscle 
skeletal 107 
smooth 125 

see also individual muscles 
of nasal eavity 563, 563/ 


Cj of neek 404-406, 405/ 451-458, 452Z-453/ 464/ 

610/-611/ 619-620, Commentary 6.2 
cutaneous 442 
of nose, cutaneous 559 
of oesophagus 473, 987, 987/ 
abdominal 1111 
of oral mucosa 508-509 
of orbits 676-677, 676/ 
of ovary 1298/ 1303 
of palatine tonsil 576Z-577/ 577 
of panereas 1182-1184,1183/ 
of parathyroid glands 472 
of parotid gland 505 
of pelvis 1224-1227, 1225/ 
of penis 1283, 1285/-1286/ 
cutaneous 1281 
of pericardium 995-997 
of perineum 1234-1235,1285/ 
of periodontal ligament 526 
of peritoneum 1106 
of pharyngeal arehes 610, 610/ 
of pharyngeal tonsil 574, 576Z-577/ 
of pharyngotympanie tube 575 
of pharynx 571 
of pineal gland 363 
of pituitary gland 360-361 
of pleura 955 

of prostate 1267-1268,1268/ 
of rectum 1138,1151, 1151/ 
of retina 699/ 703/ 704-705 
of sealp 475, 498-499 
ofscrotum 1286-1287 
of seminal vesieles 1280 
of shoulder region 826-830 
of skin 152-153 
see also individual regions 
of soft palate 575 
of sphenoidal sinus 568 
X) of spinal eord 770, 770/-771 / 
of spinal nerves 770 
of spinal roots 770 
ofspleen 1190 

ofstomaeh 1116-1117, 1116/-1117/ 
of sublingual gland 528 
of submandibular gland 528 
of suprarenal gland 1195,1195/-1196/ 
ofteeth 526 
oftendons 114-115 
of testis 1272, 1275/ 
of thigh 1337, 1367-1370, 1368/ 
of thoraeie wall 713, 899-900, 900/ 942-943, 972 
cutaneous 712/ 899, 931, 932/ 
ofthymus 983 

of thyroid gland 460/ 464/ 470 
oftongue 513 
of traehea 474, 967 
of tympanie eavity 637-638 
of upper limb 778-779, 778/ 791 
cutaneous 779, 780/ 
development 794-795, 795/ 
of ureter 1252 
of urethra 
female 1264 
male 1263 
of uterine tube 1301 

of uterus 1298, 1298/-1299/ 1307-1308 
ofvagina 1292 
of vas deferens 1278 
X) of vertebral column 717, 717/ 
of vulva 1289-1291, 1290/ 
ofwrist 878-879 
cutaneous 778/ 862-863 
arterioles 

‘aglomemlar’ 1243-1244 
eerebral 135 
diameter 127 
endoneurial 55 
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follicular, of spleen 1190 
glomemlar 

afferent 1243-1244, 1245 /, 1247 /, 1249-1250 
efferent 1243-1244, 1247 /, 1249-1250 
helieine 1298 
hepatie 1170 
innervation 128 
penieillar 1191, 1193 
smooth muscle 134 
structure 128,129 / 

arthroseopy see surgical procedures and 

approaehes, arthroseopy 
articulation(s) 

ehondrosternal seejoints (named), sternoeostal 
scapulothoracic 810 
speeeh 600, 603 

asbestosis 964-965 
aseites 1109 
chylous 1092 
see also fluid, peritoneal 
aspartate 48 
asplenia 1064 
asterion 409-410, 622-623 
surface anatomy 237 
X) asthma, ehronie 125-126 
astigmatism 698-699 
astrogliosis 49 

asymmetrieal eell division 160 
asymmetry, eerebral 396-397 
athelia 949 
atheroma 138 
3 atheromatosis 6 
5) atheroselerosis 128,134, 455,1019 
aortie 1027 

atlas (C1 vertebra) 404, 722, 722/ 

areh see areh(es), of atlas 
defeets 757-758 
development 756-757 
muscle attaehments 722 
ossifieation 722, 722/ 
surface anatomy 413 

ATP see adenosine 5'-triphosphate (ATP) 
atresia 

*) bronehial 930 
duodenum 1051 

extrahepatic bile ducts 1053-1054 
*) oesophageal 907, 930/ 
pulmonary 1024 
pupil 663-664 
ureter 1206-1208 
uterus 1211 / 

atrial natriiiretie peptides 137,139 
atrium (atria) 

of heart 

arteries 1019-1020 
development 911 / 
innervation 1023 
left 998, 1005-1006 
development 913, 916/ 
external features 1005-1006 
internal features 1005-1006,1008/ 
orientation 997 
muscle eells 137 
right 996/; 998, 1000-1001 
development 200/, 911-913, 912/, 1000-1001 
external features 1000 
internal features 1000-1001, lOOOf-IOOIf 
orientation 997 
relations 1000 

septal defeets 920-921, 923, 923/ 
septation 915-916,916/" 
of middle meatus 561 

atrophy 

alveolar bone 524-525 
disuse, skeletal muscle 112 
epidermal 158 
mesonephros 1201 


skeletal muscle 112 
thoraeie diaphragm 971 

attention defieit hyperaetivity disorder 

(ADHD) 370-371 
attie (epitympaniim) 632 
§ ATUMtome - eommentary 1.5 
X) auditory brainstem implants 657 
‘auditory objeets’ 657 
auricle, of ear 409, 627-629, 627/ 

X) abnormalities 627-628, 628/ 
arteries 629 
at birth 627 
eartilage 628, 628/ 
development 610-611,660 
innervation 629 
ligaments 628 
lymphaties 629 
muscles 628-629, 629/ 
veins 629 

§ autism - eommentary 3.1 
autocrine signalling 10,11/ 
automaticity 910 
autophagosome 8 
autophagy 8 

autosomal dominant leukodystrophy 15-16 
*) avis, ealear 261-262, 272, 381 
axilla 833-834 

boundaries 813/, 832/, 833, 834Z-835/ 
eontents 827/, 833-834, 835/ 

X) infeetion spread 799 

lymph nodes see lymph nodes (named), axillary 
*) nerve injury 786 
skin 776-777 
axis (axes) 

arterial, thoraeo-aeromial 797, 931 
of cervix 1294,1295/ 
eoeliae 1116,1116/ 
erypt—villous, differentiation 1057 
embryonie 

bilateral (laterolateral) 193 
cephalocaudal 193 
of division 166-167 
dorsoventral 193 
speeifieation 193 
endoerine 34 
of femoral neek 1379/ 
inter-epieondylar 804-806 
of joints 101-102, 120, 121/ 
of kidney 1237 
of lens 697 

of limb bud 218-220, 219/ 
craniocaudal 218-219 
dorsoventral 218-219 
proximodistal 218-219 
meehanieal, of bone 118,118/ 
neuroendocrine, thymus in 983-984 
ocular 672, 673/ 
orbital 672, 673/ 
of pelvis 1347/ 

X) for pronation 847 
of rotation 102 
ofstomaeh 1113/ 

X) for supination 847 

of uterus 1294,1295/, 1310 
visual 672 

axis (C2 vertebra) 404, 722-723, 723/ 

abnormalities 757-758 
arterial supply 723 
development 756-757 
muscle attaehments 723 
ossifieation 722/, 723 
surface anatomy 413, 747-748 
axolemma 43-45 
axon(s) 43-45 
a-efferent 108, 252 
(3-efferent 252 
conduction veloeity 66 


demyelination 66 
extension 247 
y-efferent 252 

growth eones see eone(s), growth, of axon 

hilloek 43-45, 43/ 

initial segment 66 

injury 45, 55 

ion ehannels 45 

microtubules 45 

alpha-motor 108 

myelinated 45, 51, 55-56, 55/, 66 
Paeinian corpuscles 61 
regrowth 45 

§ retrograde degeneration - Oommentary 1.6 
terminals 45 
termination patterns 45 
transport meehanisms 45 
unmyelinated 45, 51, 55, 66 
varieosities 125 

§ Wallerian degeneration - Commentary 1.6 
see also neurone 

axoneme 
of eilia 22 
offlagella 22 
of spermatozoa 1276 

C) axonotmesis - eommentary 1.6 

X) axonotmesis, upper limb 786 
axoplasmic flow 45 


B 

baek 709-750 

antenatal ultrasound 760 
bones 711-730 
elinieal examination 749 
dermatomes 710, 711/ 
development 751-761 
faseia 710-711 
muscles 739-745, 818/ 
attaehments 739 
extrinsic 739, 739/, 941 / 
fibre direetion 739 
intrinsie 447, 739, 739/ 
layers 739 
vascular supply 744 
pain 711, 734, 747 
skin 710 

innervation 710, 769/ 
lymphatie drainage 710, 712/ 
vascular supply 710, 712/ 
surface anatomy 747-749, 748/ 
musculotendinous landmarks 749 
skeletal landmarks 747-749, 748/ 
see also column(s), vertebral; vertebra(e) 
baeteria 

in amniotie eavity 179 
gut eolonization 210 
intestinal 1058 

plaeental barrier, transfer aeross 177 
vaginal 1293-1294 

balanee, anatomy of 651 
ballism (hemiballismus) 369 
band(s) 

fff) of Baillarger 374, 376/, Eponyms 
p® Broea’s, diagonal - Eponyms 

of Biingner - Eponyms, Commentary 1.6 
eentral, interosseous membrane of forearm 846 
ehromosomal 17 

§ of Fontana - Commentary 9.1 

of Giaeomini 384-385, Eponyms 
of Grapow 866, Eponyms 
of inferior glenohumeral ligament 
anterior 815 
posterior 815 

(§) Ladd’s 1054, Eponyms 

moderator 1001-1003 

oblique, anterior, of glenohumeral joint 813 
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band(s) (Continued) 

onyehodermal 152 
patellotibial 1390 
sagittal 880 
septal 1001-1003 
of skeletal muscle 

A (anisotropie) 103-104,105/; 108,110 
I (isotropie) 103-104, 105/; 108, 110 
terminal (end-plate) 108 
of ulnar eollateral ligament 844 
vestibular 615 

banding techniques, ehromosomal 17 
bar 

*) Bill’s 643, Eponyms 
calcaneonavicular 1444 
intemreterie 1257-1258 
*) Mereier’s - Eponyms 

Passavant’s see ridge(s), Passavant’s 
3 Stahl’s 628/; 628/ 

3 barium shidies, oesophagus 989-991, 9907 
3 barotrauma, oesophageal rupture 989 
?) Barr body 16, 70, Eponyms 

Barrett’s oesophagus see oesophagus, Barrett’s 
barrier(s) 
blood-air 962-963 
blood-aqueous 696-697 
blood—brain 42, 50, 50/, 286 
development 269 
blood—eerebrospinal fluid 269 
blood-gas 
maturation 927 
thinning in development 927 
blood-nerve 57 
blood—retinal 701, 704-705 
blood—testis 1274, 1276 
blood-thymus 984-985 

basal ganglia 228, 230f, 231, 364-372, 3647-3657 

arterial supply 135, 285 
eonneetions 3687-369/, 370-371 
disorders 231, 364 
pathophysiology 370-371,370/ 
output overaetivity 370 
‘rate model’ of function 370 
basal lamina see lamina(e), basal 
base 

of breast 945 
eranial 404, 416, 556 b 
anterior 556 b 
fractures 489 
grovvth 425 
sex differenees 426 
see also ealvaria 
of heart 996/, 997-1000 
of lungs 956 
of mandible 537 
moduli 497 
of saemrn 727, 728/ 
of skull 416, 556 b 
anterior 556 b 
development 620, 756 
et surgery - Commentary 4.1 
of ventrieles, eardiae 998-999 
of the vitreous 699 

basement membrane see membrane (membrana), 

basement 

basicranium see base, eranial 
x) basilar invagination 757 
basiocciput 422 
development 756 
BBSome protein complex 15 
*) Beeker muscular dystrophy 105, Eponyms 
bed 

eapillary 128 
embryo 127, 200 
gallbladder 1173 
of liver 1160/, 1162 
microcirculatory, venules in 130 


nail 152,155 
stomaeh 1113 

3 Bennett shift 544, Eponyms 
?) Bernoulli effeet 601, Eponyms 
beta-lipotropin 360 
biglyean 86-87 
bilateral, terminology xvi 
bile 69 
flovv 1170 
seeretion 8, 1170 
biliarytree 1173-1178 
anomalies 1053 
arteries 1176-1177 
extrahepatic 1173/, 1174-1176 
innervation 1177 
intrahepatie 1173,1173/ 
lymphaties 1177 

see also duct(s) (or ductus), bile (biliary) 

binary ehoiee 189 
biologieal identity 426 
biomeehanies 115-122 

eoneepts 116-117 

deformation see deformation, biomeehanies 
joint movements 120-121,120/ 
see also individual joints 
liquids 117 

material properties 116 
skeletal tissues 117-118,117/ 

§ nerve - Commentary 9.1 

§ pelvis - Commentary 9.2 

standing 1448 

systems, meehanieal properties 116 
vvalking 1448,1449/ 

C| bio-ontologies - Oommentary 2.1 
*) Birbeek granules 80,146, Eponyms 
birth see labour (ehildbirth) 
bivalents 21 
bladder 

gall see gallbladder 
urinary 1255-1271 
apex 1255 
arteries 1259 
at birth 1256 
eapaeity 1265 
eatheterization 1047 
eongenital anomalies 1208,1208/ 
development 1202/, 1204-1206,1204/-1205/ 
filling/emptying eyeles 1206 
remodelling 1206 

distension, peritoneum movements 1105 
empty 1255 

exstrophy 1208, 1208/, 1334 
full 1256, 1258/ 
hypertrophy 1259 
innervation 1259-1261,1260/ 
afferent fibres 1261 
efferent fibres 1260-1261 
interior 1257-1258 

§ intestinal metaplasia - Commentary 1.4 

ligaments 1256-1257,1258/ 
false 1257 

lymphatie drainage 1229/, 1259,1290/ 
microstructure 1261 
muscle, smooth 126 

neek see neek (of bones, or organs), of bladder 
neonatal 211/-212/, 1206, 1207/ 
neurogenic 306 
outflow obstruction 1259 
puncture 1256 
relations 1255-1256,1257/ 
female 1255, 1255/, 1301/ 
male 1255, 1256/-1257/ 
trabeculated 1259 
trauma 1255 

trigone 1204/, 1206, 1257-1258 
veins 1259,1290/ 

£) bladder voliime index, ehildren 1256,1256/ 


blastema, metanephrie 1201 
blastemata, muscle 760 
blastoeyst 165,167,167/ 

C) eomplementation - Commentary 1.2 
blastomere 163 
blastopore 181-182 
bleeding see haemorrhage 
‘blind spot’ 705 
blinking 680 
blood 68-80 
eells 68-73 
formation 75-78 
red see erythroeytes 
white see eells (named), leukocytes 
elot formation 68, 68/, 73 
elot retraetion 73 
groups 69 
plasma 68 

platelets see eells (named), platelets 
et umbilical eord, Commentary 1.2 
vessels see vessels, blood 

blood flow, eerebral 286-288 

*) newborns 286 

body (bodies) 

amyloid, eolloid 1268-1269, 1270/ 

|) aortie 317,1026 

aorticopulmonary 1024 
*) Barr 16, 70, Eponyms 
basal 14 

eoehlear hair eells 649 
earotid 60, 236, 455, 456/ 
blood supply 455 
vagal branehes to 467 
of caudate nucleus 365-366, 365/ 
eentral fibrous, of heart 1004/, 1006/, 

1012-1013 

eiliary 686, 690-694, 692/ 
development 663 
layers 687/, 691 
vascular supply 691 /, 693 
ofelitoris 1289 

dense, smooth muscle 125-126 

of epididymis 1277 

foreign 

in bronchus 966 
in larynx 593-594 
offornix 385 
of gallbladder 1173 
geniculate 

lateral 255-256, 350 
medial 255-256, 353, 655-657 
glomus 131/, 890 
Golgi see apparatus, Golgi 
of hyoid bone 443 
of incus 636 
of ischium 1341/ 

juxtarestiform 310/, 311, 318/, 335 
of lateral ventriele 259-260, 271-272 
of left atrium 1005 
mammillary 356, 359 
development 258 
of mandible 409, 537-539 
fractures 489 
of maxilla see maxilla, body 
of metatarsals 1329 
multivesicular 8 
neuroepithelial 58-59 
3 Nissl 42-43, 44/, Eponyms 

X) Odland 144, Eponyms 

Paeehionian see granulations, araehnoid 
of panereas 1179-1181,1180/ 
para-aortie 1038,1096 
development 251 
perineal 1223/, 1233 
female 1233 
laeeration 1233 
male 1233 
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polar 

first 166/; 1305 
seeond 163 
of pubis 1342 

residual (tertiary lysosome) 7/, 8-9,1275-1276 
restiform 311, 314/; 335 
X) Ruffini - Eponyms 
saemrn 727 

X) ofsinusnode 1014 / 

of sphenoid 422, 430, 534-536 
pneumatization 537 
of sternum 933, 933f-934f 
of stomaeh 1112,1112/; 1114 
of talus 1424, 1425 f 
‘tar’ 964 

of teeth 520, 521 f 
trapezoid 318/; 319 
tympanie 461 
ultimobranchial 618-619 
of uterus 1294-1295, 1299-1300, mOf 
vertebral 719 
ofaxis 723 
eervieal 721 
eoeeygeal 729 
development 755 
joints betvveen 733-734 
lumbar 725, 725 f, 728f 
thoraeie 724, 724 f 
vvidth 719 
vitreous 699 
development 664 

*) Wiebel—Palade 132-133, Eponyms 

Wolffian see mesonephros 

X) body siirfaee area (BSA), ehildren 1224,1224/ 
boliis formation 583 
bone (general) 84-96 

ageing 95 
alveolar 87/ 

anatomy, maeroseopie 84-85 
articular surfaces 85 
bending strength 118,118/ 
biomeehanies 117 
bundle (vvoven) 86-88, 87/-88Z 
ealeifieation 92, 94 
canaliculi 87-88 

cancellous (trabecular) 84-85, 85/, 89, 90/, 92, 

95 

eells 37 

eompaet 84-85, 92 
in skull 416 

eompaet to cancellous proportions 85 
eortieal 88-89, 117/ 
ereep 117 
erystals 86, 91-92 
deposition 87, 93 
development 91-96 
in limbs 221-222, 221/ 
diploie 416 
endosteum 89 
fetal 89 

fractures see fracture(s) 
grovvth 88, 95-96 
postnatal 94-95 
see also individual bones 
innervation 91 

lacuna 83/, 87, 87/, 92-93, 92/ 
lamellar 86, 88, 89/ 
long 85, 93-94 
lymphaties 91 
macromolecules 86 
maintenanee 94-95 
markings 85 

marrovv see marrovv, of bone 
material properties 117-118,117/ 
matrix, organie 86, 86/ 
meehanieal loading 95 
meehanieal properties 118,118/ 


mechanotransduction 122 
membrane 91-92, 623 
metaphysial 90-91 
metaplastie 94 
microstructure 86-89 
mineralization 86 
minerals 86 
modelling 94 
movements 120,121/ 
muscle attaehments 85 
non-lamellar (vvoven) 86-88, 87/-88Z 
ossifieation see ossifieation 
parietal 87/ 

periosteum see periosteum 
pneumatized 85 
primary 86 

remodelling 88, 95, 95/, 122/ 
adaptive 122,122/ 
resorption 87-88, 95 

spongy (cancellous) 84-85, 85/, 89, 90/, 92, 95 
stiffness 117-118 
tendon attaehment 85 

trabecular (cancellous) 84-85, 85/, 89, 90/, 92, 

95 

vascular supply 89-91, 90/-91/ 
vvoven (non-lamellar) 86-88, 87/-88Z 

bone marrovv see marrovv, of bone 
bone morphogenetie proteins (BMPs) 86-87, 247 
bones (named) see individnal bones 
bones (of regions) 

of abdominal vvall, posterior 1085,1088/ 
of abdominopelvie eavity 1033-1034,1033/ 
ofbaek 711-730 
ofeheek 483-484, 484/ 
of faeial skeleton 477-489 
of foot 1421-1431, 1422/-1423/, 1425/, 1427/ 
aeeessory 1431 
offorearm 838-843 
of hand 866-872 
of head 404 
of knee 1384-1385 
ofleg 1401-1405 
of lovver limb 1318,1318/ 
of neek 404, 413, 443 
of nose 557-558, 557/ 
of orbit 666-668, 667/ 
of peetoral girdle 776, 776Z-777/ 
of pelvie girdle 1318,1337,1339-1353 
of shoulder region 799-808 
ofskull 85 

of thoraeie vvall 898, 931-938, 935/ 
of upper limb 776, 776Z-777/, 799-808 

borders 

X) brnsh, of intestine 6, 23,1132 
of heart 995/, 997-1000 
of humerus 807 
of ilium 1343 
inferior, of liver 1160 
interosseous 
of radius 839 
of ulna 841-842 
of lesser omentum 1102,1103/ 
of lesser sae 1100/, 1103/, 1107 
of limb bud 

postaxial (posterior) 218-219 
preaxial (anterior) 218-219 
of lovver limb 

3 postaxial xvi, 1324 

X) preaxial xvi, 1324 

of lung 902/, 903, 957 
of panereas 1180-1181,1180/ 
predentine—dentine 522-523 
mffled, osteoelasts 87-88 
ofscapula 802-803 
ofspleen 1189 
X) striated, mierovilli 23 

boundary, midbrain-hindbrain 247-248 


bouton(s) 46 

presynaptie 45, 47 
synaptie 46, 46/-47Z 
terminal 45-46 

bouton de passage 46 
*) bow, Cupid’s 475, Eponyms 
box, brain see ealvaria 
braehiiim 

conjunctivum 341 
quadrigeminal 

inferior (of inferior colliculus) 312/, 322, 353 
X) lesions 325 

superior (of superior colliculus) 312/, 322, 350, 
353 

braehyeephaly 425 
braehydaetyly 796 
*) Braille text - Eponyms 
brain 227-228, 763/ 

arterial supply 280-288, 281 /-282/ 
eollateral 287 
development 266-269 
regional 285-286 
at birth 264 
blood flow 286-288 
development 228, 239/, 253-266 
early regions 238-240, 239/ 
induction 247-248 
patterning 247-248 
divisions/regions 228, 229/-230/ 
growth rates 217/ 
inflammatory eell entry into 53-54 
limbie 387 
lymphoeyte entry 53 
neonatal 264-266 

§ plastieity - Prefaee Commentary 
postnatal maturation 265/, 266 
§ resting - Commentary 3.1 
‘sand’ 363 

vascularization 267-269, 268/ 
venous drainage 288-289, 288Z-289/ 
development 269-270 
X) volume eontrol 49 

see also cerebellum; eerebral hemispheres; cortex, 

eerebral 

brain death (eerebral death) 309 
brain-derived neurotrophic faetor (BDNF) 247 
‘brain sand’ 363 

brainstem 227-228, 230/, 309-330 

analgesie system 294-295 
arteries 285 

elinieal context 309, 309/-310/ 
columns 227, 227/ 
death 309 


development 255/ 

lesions 309, 328-329, 328Z-329/ 

neonatal 254 

X) breakpoint, columellar 558 
breast 945-951, 946/-947/ 

aeeessory tissue 949-950 
age-related ehanges 946, 950 
arteries 947 
bud 1220 

*) eaneer 136, 949 

axillary nodes disseetion 948 
*) diagnosis 949 

lymphaties 948 
male 949 

3 surgery 949 

X) surgical reeonstmetion 949 

development 949-950, 949/ 
faseia 945 
innervation 948 
laetation 947/, 950, 952/ 

*) lumps 949 

lymphatie drainage 947-948, 948/ 
male 951 

menstmal eyele, ehanges during 950 


1465 

























SUBJECT INDEX 










breast (Continued) 

microstructure 948-949, 949f 
post laetation 950-951 
postmenopausal ehanges 949-950 
in pregnaney 946, 950 
prepuberty 950, 951 f 
at puberty 949-950, 951 f 
relations 945-946, 946 f 
seeretion from 32 
shape 945 
soft tissue 946-947 
structure 946-947, 947 f 
supernumerary 949-950 
superolateral quadrant 945 
surface anatomy 901 
veins 947 

breathing 974-975 

‘abdominal’ 974 
aeeessory muscles 899, 942 
speeeh, role in 600-601 
anatomy 974-975 
diaphragm, role in 974 
expiration 974 
neonates 908 
during speeeh 600 
speeeh production 600 
surface anatomy 903 
during swallowing 584 
fetal 905, 928 

high spinal injury effeets 975 
inspiration 974, 974 f 
during speeeh 600 
preterm infants 908 
during sleep 908, 974-975 
during speeeh 600 
during swallowing 584 
‘thoraeie’ 974 

thoraeie eage movements 942 

bregma 418 
bridges 

myoeardial 1016, 1019,1019/ 7 
syneytial 176 

brim, pelvie see inlet(s), pelvie 
Brodmann’s areas see area(s), Brodmann’s 
bronehi see bronehiis (bronehi) 
bronehiole 
epithelium 968 
microstructure 968 
smooth muscle 968f 
terminal 958-959 
bronehoeele 930 
bronehodilation 968 
bronehomalaeia 930 

bronchopulmonary segments see segment(s), 

bronchopulmonary 
bronehoseopy 969, 9697 
bronehospasm 968 
bronchus (bronehi) 
anatomieal variants 966 
arteries 968 
atresia 930 
eartilage 961 f, 968 

eongenital malformations 929-930, 966 
development 925-926 
hyparterial 967 
innervation 968 
intermedius 966 
left prineiple 967, 990-991 
lingular, eommon 967 
lobar 957, 9597 
development 926 
inferior 

left 9617-9627, 967 
right 966-967 
middle 

eommon 966 
right 9617-9627, 966 


superior 

left 9617-9627, 967 
right 9617-9627, 966 
lymphatie drainage 968 
microstructure 968 
poreine 965-966 

right prineiple 9617-9627, 966-967, 9677 
branehes 966, 9677 
segmental 957, 9597 
anterior 9617, 966-967 
apieal (superior) 9617, 966-967 
apieoposterior 967 
basal 

anterior 966-967 
lateral 966-967 
medial 966-967 
posterior 966-967 
lateral 966 
lingular 
inferior 967 
superior 967 
medial 966 

posterior 9617, 966-967 
subsuperior (subapical) 966-967 
X) smooth muscle 1257, 968 
surface anatomy 903 
traeheal 965-966 
veins 968 
bud(s) 
breast 1220 
eaeeal 1054 
limb 218-221, 2187 
basie helix-loop-helix (bHLH) genes 
109-110 

eell-eell interaetions 219, 2207 
molecular basis 221 
eell populations 218 
eetodermal interaetion 2207, 221 
embryonie staging 205 
upper 794 
vasculature 223 

lung 610, 905-906, 9067, 926, 10537 
mammary 949 
osteogenie 92-93 
panereatie 

dorsal 10507, 1051, 10527 
ventral 1051 
taste see taste buds 
tongue, median 614, 6147 
tonsillar 615 
tooth 194, 615-616 
traeheal 925 

ureteric 1201-1202,12037 
bifurcation 1201 

bulb(s) 

§ end, nerve injury - Commentary 1.6 
hair 148-149, 1487, 155 
of jugular vein, internal 
inferior 414, 459 
superior 459 
olfaetory 390, 562 
*) aeeessory 565 

development 259 
X) interneurones 390 

structure 390, 3907 
paranodal 567 
of penis 1281 
sinuvaginal 1210 
urethral, development 1219 
of vestibule 1289,12897 
bulbus 913-914, 917 
bulge(s), follicular 148 
bulla ethmoidalis 481-482, 560, 5607, 568 
bullous pemphigoid 25, 34 
bundle(s) 
angular 388 

§ of articularis genus - Commentary 9.3 


atrioventricular 10007, 10147,1015-1016, Eponyms 
development 139, 914, 917,1016 
left braneh 1015-1016, 10157 
right braneh 1015 
3 Baehmann’s 1014, Eponyms 
X) eateeholamine, longitudinal 328 
eiliary 494 
of emeiate ligaments 
anterior 1391 
posterior 1391 

deseending, serotoninergie 304 
forebrain, medial 3587, 359 
of His see bundle(s), atrioventricular 
keratin filaments 142-143 
lateral raphe spinal 304 
myoeardial 1012 
neurovascular 107-108,127 
Cj of prostate 1268, Commentary 8.1 
ej after radieal prostateetomy - Commentary 8.1 
Cj injury - Commentary 8.1 
§ urinary eontinenee and - Commentary 8.1 
noradrenergie, dorsal 328 
olivoeoehlear 659 
X) Probst - Eponyms 

of Rasrrmssen see traet(s) (tractus) (nerve), 

olivoeoehlear 

spiral, of eoehlear nerve 652 

bursa(e) 

in acromioclavicular joint 809 
adventitious 1440 
anserine 13657, 1389,1392 
inflammation 1392 
of gastrocnemius 
lateral subtendinous 1391-1392 
for medial head 1349-1350, 1409 
of glenohumeral joint 815 
gluteofemoral 1357 
gluteus maximus 1357 
of heel 1440 


ofhipjoint 1379 
iliopeetineal 1379 
infraeardiae 987, 10607,1063 
infrapatellar 1362,1391-1392 
isehiofemoral 1357 
X) of Luschka 574, Eponyms 
obturator internus 1359-1360 
oleeranon 843-844 
omental see sae, lesser 
ovarian 1303 
pharyngeal 574 
prepatellar 1391-1392, 13917 
retroealeaneal 1440 
semimembranosus 1366,1392 
subacromial 803-804,815 
subcalcaneal 1440 
subscapular 801-802 
subscapularis 8107 

suprapatellar 1349, 1362, 1391,13917 

synovial 99 

troehanterie 

of gluteus maximus 1357 
of gluteus medius 1358 
of gluteus minimus 1358 

biirst-forming units, erythroid line (BFU-E) 78 
buttock see region(s), gluteai 
buttress, zygomatie, fractures 488 


e 

‘eable’, of infraspinatus 823 
cachexia (vvasting) 79 
X) eadherins 23-25 

smooth muscle 125 
caecum 1141-1142,11417 

arteries 1138, 1144,11447 
development 1054,1063 
distension 1141 
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internal appearanee 1137,11387 
lymphaties 1140, 1141/; 1145 
mesentery 1136 
neonate 1054 
peritonealized 1085 
radiographie appearanee 1137-1138 
reeesses 1109,11097,1141 
‘sae-like’ morphology 1141 
trefoil pattern, on wall 1137,11387 
veins 1140,1145 
volvulus 1142 
see also intestine, large 
eaesarean seetion 210 
ineision 1308 
intestinal mierobiota 1058 
see also labour (ehildbirth) 

*) ealeaneal apophysitis (Sever’s disease) 1426, 

Eponyms 

ealeaneiis 1424-1426,14257 

aeeessory bones 1426 
anomalies 1336 
attaehment sites 1426 
innervation 1426 
neonatal 1336 
ossifieation 96,14237,1426 
surface anatomy 1329,1424 
vascular supply 1426 
ealeaneiis aeeessoriiis 1426 
ealear femorale 1351,13527 
ealear humerale 807 
ealeifieation 
aortie 1027 
bone 92, 94 
eartilage 82-83, 94 
ehoroid plexus 53, 276, 363, 3637 
pineal gland 276, 363, 3637 
ealeitonin gene-related peptide (CGRP) 236,1214 
calcium 

in bone 84-86, 94 
in eardiae muscle 137 
defieieney 94 
muscle eontraetion 
eardiae muscle 136,138 
skeletal muscle 108 
smooth muscle 126 
in nail 151 
*) overload 139 

in skeletal muscle 106 
smooth muscle 126 
wave, sperm-oolemma fusion 163 
X) calcium reiiptake ehannels 126 
ealeospherites 522-523 
calculi 

mid-ureteric 10877 
renal 1253 
salivary 528 
ureteric 1253 

calluses 144 

calsequestrin 106,137-138 
ealvaria 404, 416, 418, 4197 

appositional growth 622 
|) at birth 423, 4237 
bones 477-489 
development 6217, 622-623 
growth 266, 423-425, 622 
internal surface 429, 4297 
ossifieation 424 
surface anatomy 409 
calyx (ealyees) 
glycocalyx 57, 6 
renal 1241-1242, 12457 
X) dilation 12437 

imaging 1242,12437 
major 1241-1242, 1250 
microstructure 1250 
minor 1241-1242, 1250 
vestibular hair eells 645 


eampomelie dysplasia 221-222 
eamptodaetyly 796 
eanal(s) 85 

3 adductor 13397,1366, Eponyms 
*) Aleoek’s (pudendal) 1234, Eponyms 
alveolar 484 


anal 1136, 1153-1159, 11547-11557, 11577 
arteries 1138, 1151,1157 
development 1057-1058 
lining 1153-1154 
lymphaties 1152, 11527, 1158 
muscles 1155-1157 
structure 1153 
veins 1140, 1157 
atrioventricular 908, 910-911,914 
positioning 916-917, 9177 
septation 916-917 
auditory see meatus, acoustic 
birth 1221 
of bone 84-85 
earotid 422, 431, 620-621 
opening 626 
petrous 431 

eentral, of spinal eord 42, 228, 291, 762 
development 240-241, 2417 
fusion 2497, 252 
eervieal 1300 
cervico-axillary 833 
eoehlear 642 
eondylar 

anterior see eanal(s), hypoglossal 
posterior 422-423, 431, 713 
3 eraniopharyngeal 245, 537, 566 
Dorello’s 431, 437, Eponyms 
ethmoidal 
anterior 480 
posterior 429-430, 480 
faeial nerve 634 
dehiseenees 639 
*) Fallopian 634, Eponyms 
femoral 1081, 1338 
gastrie 1115 

3 Guyon’s 864, 8647, Eponyms 

3 Haversian 88, 897-907, Eponyms 

3 of Hering 1170, Eponyms 

Hunter’s 13397, 1366, Eponyms 
hyaloid 663-664, 6867, 699 
hypoglossal 422-423, 431, 468, 713 
ineisive 486 
lateral 486 
infraorbital 484, 666 
inguinal 1079-1081,10797-10807 
boundaries 1080 
development 1214 
newborn 1080 
relations 1080-1081, 10807 
3 innominate, of Arnold 552, Eponyms 
mandibular 527, 5277, 539 
bilateral symmetry 539 
X) imaging 539 

medullary, of bone 84-85 
nasolaerimal 483-485, 560-561, 666, 6677 
nasopalatine 560,612-613 
neurenteric 182 

*) of Nuck 1215-1216, 1297, Eponyms 
nutrient 

of bone 89-90 
of radius 839 

obturator 1316,13167, 1339 
optie 410, 430, 536, 666-667, 6677 
neonatal 537 

osseo-aponeurotic, of foot 1442 
palatine, greater 484-485 
palatovaginal 536 
pelvie 1221 
axis 1347 
fetal transit 1347 


perieardioperitoneal 185,193, 201, 905-906, 


9057-9067, 1059, 10607 


pilary 













dermal 148 
intraepidermal 148 
pleuropericardial 906 
closure 906 

pleuroperitoneal 906, 10487,1059,10607,1061 
closure 906 

pterygoid 422, 5357, 552 
opening 535 

pudendal (Aleoek’s) 1234, Eponyms 
pulp 520 
pylorie 1112 

in pyramidal eminenee 635 
radicular (‘root’) 720, 765, 767 
resorption, bone 95 
‘root’ (radicular) 720, 765, 767 
Rosenthal’s 642, Eponyms 
saeral 727, 7287, 729, 7307 
caudal epidural 773, 7737 
of Sehlemm (seleral venous sinus) 664, 687-688, 

6877-6887, Eponyms 
semicircular 6417-6427, 642-645 
development 620-621, 658 
dimensions 642, 6427 
head movements 645, 651, 6527, 674 
lateral (horizontal) 642 
planes of 642 
posterior 642 

superior (anterior) 626, 6417, 642 
surgical aeeess 657 
sinuosus 526, 569 
sphenoparietal 439, Eponyms 
spinal 717 

spinal nerve see eanal(s), radicular 
spiral, of modiolus 642 
subsartorial 13397, 1366, Eponyms 
tarsal 1424,14257 
for tensor tympani 635 
of Trolard 439, Eponyms 
urethral 1261 
vascular eartilage 82 

vertebral 7107, 714, 717, 7177, 719-720, 7207 
eompartments 722 
vesico-urethral 1201 
Vidian see eanal(s), pterygoid 
Volkmann’s 88-89, 907, Eponyms 
vomerovaginal 483 
for zygomatieofaeial nerve 667 
for zygomatieotemporal nerve 667 
canaliculus (canaliculi) 
biliary 1170 
bone 87-88 
for ehorda tympani 
anterior 632 
posterior 632 
eoehlear 626, 642 
dental 523 

of gastrie parietal eells 1120 
laerimal 684 
eommon 684 
development 665 
inferior 684 
superior 684 
mastoid 423, 626 
perforantes 643 
for tympanie nerve 626 
eanalis sinuosus 484 
eanaliths 646 
eanalization 214 
eaneer 25-26 
bile duct 1166 
breast see breast, eaneer 
eoloreetal 1141 

elastography - Commentary 7.1 
hepatocellular 1090 
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eaneer (Continued) 

of lung 414, 978, Commentary 7.2 
lymphoedema 136 
panereatie 1185 
reetal 1147 
renal 1240, 1243 
testicular 1213 
vertebral 718,746 
see also tumour(s) 
eanines see teeth 
eanniilation 
eentral venous 413 
femoral vein 1331 
internal jugular vein 461 
neonates 924 
subclavian vein 461 
upper limb arteries 791 
canthus 
lateral 680 
medial 680 

canuliculi see canaliculus (canaliculi) 
eap 

aerosomal 1276 
duodenal 1124-1125, 1125 f 
Phrygian 1173 
eapaeitation 163,1277 
eapillary (eapillaries) 128-129,1297 
of bone 90, 907 
eerebral 507,135 
of ehoroid 690-691, 6917 
of eiliary body 693 
continuous 129 
dimensions 128-129 
of endometrium 1307-1308 
fenestrations 129 
fetal 173 

fluid exchange 130 
glomemlar 1243-1244 
lymphatie 135 
medullary, of kidney 1249 
peritubular, of kidney 1243-1244,1249 
permeability 129 
pulmonary 959 
of retina 704-705, 7057 
of skeletal muscle 107 
of skin 1437, 152, 1537, 156 
splanchnopleuric 1065 
of ventricular zone 268 
eapitate 866-867, 8677-8687, 869 
ossifieation 869, 8707-8717 
capitulum 838, 843 
capsule(s) 

Bowman’s 1199-1201, 1246-1248, 12487-12497, 

Eponyms 

external 364-365, 392, 396, 3967 
extreme 364-365 
fibrous (of joints) 
of acromioclavicular joint 809 
of ankle 1431 
of atlanto-axial joint 737 
of atlanto-oeeipital joint 736 
of calcaneocuboid joint 1436 
of eostotransverse joints 939 
of eostovertebral joints 938 
of distal radio-ulnar joint 846 
of glenohumeral joint 8107, 813-814, 8147 
ofhipjoint 1376-1377 
of humero-ulnar joint 843-844, 8447 
ofkneejoint 1389 
of metatarsophalangeal joints 1438 
of naviculocuneiform joint 1436 
of proximal radio-ulnar joint 845 
of sternoclavicular joint 808 
of sternoeostal joints 940 
of synovial joints 97, 99 
of taloealeaneal joint 1433 
of tarsometatarsal joints 1437 













of temporomandibular joint 541, 5427 
of tibiofibular joint, superior 1385 
ofwrist 872 

of zygapophysial joints 735 
glomemlar see capsule(s), Bowman’s 
internal (of eerebmm) 228, 2307-2317, 350, 

364-365, 3817, 394-395, 3947-3957 
anterior limb 3647, 3667, 394-395 
arterial supply 267-268, 286 
development 258, 2587, 260-261 
posterior limb 394-395 
retrolenticular part 395 
stroke 286-287 
of kidney 1241-1242, 12427 
lens 663-664, 697, 6977 
of liver 1160,1169 
lymph nodes 74 
nasal 620 

otie 620-621, 626-627, 659 
Paeinian corpuscles 61 
parotid 477, 505 
prostatie 1266,12677 
‘false’ 1270 
splenie 11917-11927 
development 1064 
of suprarenal gland 1197 
Tenon’s 668-669, 6687-6697, Eponyms 
oftestes 1272 
vascular 663-664 
caput 85 

medusae 1071, 11687 
of pillar eell 648 
ofstapes 636 
succedaneum 423 

earbohydrates 

absorption, small intestine 1132 
plasma membrane 5 

earbonate, in bone 86 
eareinoma 

hepatocellular 973 
laryngeal 592 

Merkel eell 146, Oommentary 1.3 
nasopharyngeal 573 
see also eaneer 

eardia, of stomaeh 1112 
eardiae paeing 1016 
eardiae tamponade 997, 997 f 
eardiolipin 9 

eardiomyopathy, hypertrophie 1007 
earina 968 

Oarnegie stage - Eponyms 
earpal bones 866-869, 8677-8687 

ehondrifieation 794 
distal row 866-867, 874 
instability 876 
kinematies 874-875 
kineties 8747, 875-876 
malalignment 876, 8767 
ossifieation 95-96, 869, 8707-8717 
proximal row 866-867, 874 
surface anatomy 788, 893 
see also individual bones 
carpus see earpal bones 
earrier proteins 10 
eartilage (general) 81-84 
articular 83, 837, 95, 98, 997, 1187-1197, 119, 

122 

ereep 118 
deformability 98 

material properties 1177,118,1187 
wear 118 

ealeifieation 82-83, 94 
eanals 82 
eells 37, 81-82 
eollagen seeretion 82 
eontaet stress reduction 83,1197 
development 84, 221-222 






elastie 84, 847 
material properties 118 
embryonie 84, 221-222 
epiphysial 96 
fibroeartilage 83-84, 847 
intra-articular 100 
material properties 118 
nucleus pulposus 734 
growth 84, 90-91, 95-96 
hyaline (glassy) 817-827, 82-83, 95 
material properties 118 
injury 82, 84 
load distribution 81 
matrix 81, 817 
mechanotransduction 122 
microstructure 81-84 
nutrition 82-83 
poroelastieity 117 
remodeling 122 
shoek absorption 83 
vascular supply 82 
zones 83-84, 837 
eartilage (named) 
arytenoid 586, 5867-5877, 588 
ealeifieation 589 
ehildren 594 
development 6087, 619 
movements 589 
auricular 628, 6287 
bronehial 9617, 968 
eondylar 539-540, 542 
corniculate 586, 5877, 588 
development 619 
eostal 898, 9357, 937-938 
ageing 83 

attaehments 937-938 
development 905-906 
forensie radiology 938 
ossifieation 938 
surface anatomy 1044 
eranial 620 
erieoid 586, 5877, 588 
ealeifieation 589, 594 
development 619 
malformation 588 
surface anatomy 413 
cuneiform 586, 588, 5907 
ofaxis 723 

epiglottie 586-587, 5877 
exoccipital 620 

of external acoustic meatus 629 
hypophysial 620 
interarytenoid 589 
intrathyroid 588 
laryngeal 404, 5867-5877, 9617 
ealeifieation 589 
development 619 
infants 594 
sesamoid 589 
supernumerary 589 

Meekel’s 539, 5407, 607, 612, 617, Eponyms 
nasal 418, 5577, 558 
alar 558 
major 418 
minor 418 
morphology 558 
lateral (superior) 418, 558 
aeeessory 558 
lower 558 
upper 558 
septal 418 
orbital 620 

palatopterygoquadrate 607 
paraehordal 620 
of pharyngeal arehes 607, 6087 
first see eartilage (named), Meekel’s 
seeond see eartilage (named), Reiehert’s 
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third 607-608 
fourth 607-608 
polar 620 
presphenoid 620 
Reiehert’s 607-608, Eponyms 
semilunar see meniscus (menisei), of knee 
sesamoid 589 
thyroid 586, 5867-5877, 588 
ealeifieation 589 
development 619 
fracture 594 
infants 594 
sex differenees 586 
surface anatomy 413 
traeheal 413, 961 7, 9637, 965-966, 968 
eomplete rings 930 
ineomplete rings 968 
relations, eervieal 473 
tritiate 586, 586/; 588-589 
unciform 537 
eartilago tritieea 5867 
eamnele 
laerimal 665, 680 
sublingual 509 
eariineiilae 
hymenales 1292 
myrtiformis 1292 
easpases 26 
eataraets 663, 697 
eateeholamines 48, 58 
eatenins 23 
eatheterization 
eentral venous 924 
suprapubic 1047 
umbilical arterial 1068,1068/ 
umbilical vein 1068 
eations 86 

eaiida equina 762, 7637, 767 

injury 772 
lesions 773 

‘caudar, terminology xvi 
cauliflower ear 84 
causalgia 799 
eave 

Meekel’s 433, 437, Eponyms 
of Retzius see spaee(s), retropubic 
eaveolae 8,1247,125,132 
eavity (eavities) 
abdominopelvie 1033-1034 
musculoskeletal framework 1033-1034,10337 
acetabular 1376 
amniotie 169, 1717, 1787,181 
arcuate, lateral 616 
of atrium, left 1005 
blastoeyst 169,1697 
of cavernous sinus 437 

ehorionie 169, 1717, 177, 1787, 181, 193, 1054 

eranial 404 

eystie, pituitary 360 

ethmoid 425 

head 

infraglottie 593 
lymphaties 598 
neonatal 594 

laryngeal 5907-5917, 591-594 
lower part 593 
middle part 592-593 
tumour staging 591 
upper part 591-592 
of lesser pelvis 1346 
medullary, primitive 93, 937 
nasal 418, 556, 5567, 559-565 
air eonditioning 561 
airflow dynamies 561 
arteries 563, 5637 
development 612-614 
floor 560 


innervation 564-565, 5647 
autonomic 565 
general sensation 564-565 
olfaetory 565 

lateral wall 4817, 5577, 560-561, 5607 
lymphatie drainage 564 
medial wall 5577, 560 
mucosa 561-563 
roof 5577-5587, 559-560 
X) terminology 556/?, 556/ 

upper 425 
veins 564, 5647 
oral 507-533, 5077, 5097 
after birth 2117, 616 
development 610-611,614-616 
see also mouth 
orbital 666, 6667 
growth 425 

pelvie, neonatal 2127,1063,12077 
perieardial 994-995 

development 905-906, 9057, 9077, 908, 9097, 
10487 

peritoneal 1098,10997,1106-1110 
elinieal aspeets 1109-1110 
eompartments see eompartment(s), of peritoneal 
eavity 

development 185,1957, 906,10537,1059-1064 
fetal 1063 

neonatal 2117-2127,1063-1064 
pressure 1098 

reeesses (fossae) 1108-1109 
pleural 899, 953 
development 905-906 
of pubic symphysis 1354 
pulp 520 
subglottic 593 
synovial 997 
thoraeie 8987, 899 
eontents 898 
see also thorax 
of tunica vaginalis 1272 
tympanie 6307-6317, 632 
anterior wall 6307, 635 
arteries 637-638 
at birth 423, 632 
boundaries 632-635 
development 613-614, 659 
fetal 632 
floor 632 

innervation 638-639 

lateral wall 6307-6317, 632-633, 6407 

lymphaties 638 

medial wall 634, 6347 

mucosa 639-640 

muscles 637 

posterior wall 634-635, 6347 
roof 632 

uterine 1295,1301,13017 
of ventriele, left 1006 
cavum septiim pellucidum (CSP) 271 
eeli adhesion molecules 23-25,133 

afadin 24 
blood vessels 133 
calcium-dependent 23-24 
calcium-independent 24-25 
in embryo 191 
homophilie binding 24 
immunoglobulin-like superfamily 24-25 
intracellular 24 
neural 24 
vascular 24 
eells (general) 
ageing 25-26 
eharaeteristies 4, 47 
eoat 57, 6 

eyele 14, 18-21, 187 
eheekpoints 18-19,187 


death 26 

programmed see apoptosis 
differentiation 18 
division 18-21 
asymmetrieal 160 
symmetrieal 160 
domains 21-25 
apieal 21 
basolateral 21 
function 1-27 
membrane 5-6, 57 
motility 4 

nucleus see nucleus (nuclei), of eells 
organelles 4-6, 47-57 
see also individual organelles 
organization 4-18, 47-57 
polarity 21-25 
quiescence 18 
seneseenee 17, 26 
telomere-initiated 26 
shape 4 

signaling see signals (signalling), cellular 
size 4 

structure 1-27, 47 
surface 4-5, 21 
apieal differentiation 21-23 
eontaets 23-25 
projeetions 21-23 
eells (named) 

absorptive (columnar) see eells (named), columnar 
*) aeidophils 360 

aeinar, of panereas 1185,11857 
adipoeytes 35-36, 367, 39, 985 
agger nasi 560, 568 
air 

ethmoidal 

*) anterior 480-481, 568, 5687 

*) development 482-483, 566, 620 

middle 480-482 

*) posterior 480-481, 568, 5687 

mastoid 623, 6347, 635 
at birth 635 



innervation 635 
alpha, of panereas 1052, 1187 
amaerine 703 
elasses 703 
development 663 
displaeed 703 
ameloblasts 615-616 

amine precursor uptake and decarboxylation 

(APUD) 58 

angioblasts (angioblastie) 169-170,199-200 
development 760 

*) antigen-presenting (APC) 8, 69, 73, 75, 78-80 

surface reeeptors 78 
in thymus 984 

apieal, of epididymis 1277-1278 
araehnoid 278 
3 argentaffin 59 
?) argyrophil 59 

astroeytes 49-50, 507, 65 
bipolar 49 
development 245 
ependymal 52 
fibrous 49 
injury states 49 
protoplasmie 49, 507 
retinal 704 
velate 49 
atrial muscle 137 
band (stab) 70 
basal 

of eoehlear duct 647 
*) of conducting airways 968 

development 926 
ofepididymis 1277-1278 
globose 562-563 
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eells (named) (Continued) 

horizontal 562-563 
of olfaetory mucosa 562-563 
of salivary glands 530 
basket 335-336, 374, 375 f 
see also eells (named), myoepithelial 
basophil 69 f, 70, 360 
development 78 
beige fat 36 

Bergmann glial 49, 245, 335, Eponyms 
beta, of panereas 1052,1187 
Betz 301-302, Eponyms 
bipolar (eerebral cortex) 374, 375 f 
bipolar (retinal) 699-700, 702-703 
eone 702 
diffuse eone 702 
midgeteone 702 
‘OFF’ 702-703 
‘ON’ 702-703 
rod 703 
S (blue) eone 702 
bitufted 374 

blood see blood; speeifie eell types (in this seetion) 

B lymphoeytes 37, 71-72, 74-75, 78 
development 73, 76 
differentiation 71, 76 
memory 71, 74 
naíve 76 

in spleen 1191,1193 
bone-lining 87 
border 649 
boundary eap 65 
brnsh 

of cerebellum 336 
of conducting airvvays 968 
‘burst’ 674 

C (elear), of thyroid gland see eells (named), elear, of 

thyroid gland 

of Oajal, interstitial see eells (named), interstitial eells 

of Cajal (ICC) 
capsular 56 

carcinoma-/77-s/fr/ (CIS), testes 1213 
eardiomyoeytes 139, 910, 1013-1014 
arrangement 1013,1013 f 
automaticity 910 
conduction 910 
eontraetion 910 
excitability 1014 
phenotypes 910, 91 Of 
Purkinje 1013-1014 
eartilage 37, 81-82 
eementoeytes 523 
eentroblasts 74 
eentroeytes 74 
ehandelier 374 
ehief 

of epididymis 1277-1278 
of parathyroid glands 472, 473 f 
of stomaeh 1120,1121f 
development 1049-1051 
eholangioeytes 1053 
ehondroblasts 37, 81-82, 82 f, 84, 84/; 92 
ehondroeytes 37, 81-84, 82/, 84/; 92-93, 221-222, 
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ultrastructure 82 

ehromaffin (phaeoehromoeytes) 58 
development 251 
progenitors 251 

of suprarenal medulla 251,1197-1198 
ehromophils 360, 647 
ehromophobes 360, 647 
Clara 965, 968, Eponyms 
development 926 
Claudius’ 647/, 649 
elear 59 

of epididymis 1277-1278 
of svveat glands 151 






of thyroid gland 471 
development 618 
‘clump’ 694 
eoelomie 186 
columnar 28-29, 31 
of large intestine 1159 
eone (retinal) 701-702, 701/-702/ 
bipolar 702 
blue (S) 702 
density 702 
development 663 
green (M) 702 
red (L) 702 
types 702 

eorneoeytes 144,144/ 
eortieotrophs 360 
cuboidal 28-29, 31 
D 1120 
dark 

eoehlear duct 647 
endolymphatie duct 646 
renal eolleeting ducts 1249 
svveatglands 151 
decidual 171-172 
Deiters’ 647/, 648-649, 649/ 
delta, of panereas 1052,1187 
dendritie 73-74, 79-80, 79/ 
development 78 
follicular 74, 78, 80, 80/ 
immature 69 
interdigitating 79-80 
interstitial 79-80 
myeloid (elassieal) 79-80, 79/ 
plasmaeytoid 79-80 
thymie 78 

dense-eore see eells (named), neuroendocrine 
dermal sheath 160 
double bouquet 374 
dust 77/, 79, 79/, 964 
ECL (enteroehromaffin-like) 1120 
endoeardial 909 
endoerine 32 
of panereas 1146 
endothelial 
in brain 132 
marrovv sinusoids 76 
sinusoidal 1171 
see also endothelium 
enteroehromaffin 58-59,1120 
enteroeytes 1133 
eell eoat 6,1133 
development 1055-1056,1058 
in intestinal erypts 1133 
lifespan 1133 

enteroendoerine 1055-1056,1120,1121/ 
eosinophil 37, 70 
development 78 
of parathyroid glands 472, 473/ 
ependyma 49/, 52-53, 52/, 245, 276 
epithelial see epithelium (epithelia) 
epithelial eells rests of Malassez (ERM 

eells) 523-524 
epsilon, of panereas 1187 
erythroblast 78 
erythroeytes see erythroeytes 
extravillous 173 
F, of panereas 1187 
fat (adipoeytes) 35-36, 36/, 39, 985 
fibroblasts 35, 35/-36Z, 40 
in eartilage 84 
in plaeental villus 177 
in thymus 984 
wound healing 159 
fibroeytes 35, 647 
follicular, of thyroid gland 471, 471 / 
follicular dendritie (FDC) 74, 78, 80, 80/ 
frontoethmoidal 567 


X] fusiform 374, 375/ 

G 1120 

ganglion (retinal) 696, 699-700, 703-705, 707 
axons 703-704, 703/ 
midget (P) 703 
W eells 354 
X-type 354 
Y-type 354 
ganglionie glia 56 

gastrin-producing, development 1049-1051 
germ, primordial 182/, 184, 1211,1212/ 
development 182/-183/, 1211 
gonad development 1208 
migration 1208,1211 
giant (syneytia) 79 
glia (neuroglia) 42 
eentral nervous system 49-54, 49/ 
development 245 
enterie 56, 58 
MOIIer 663 

olfaetory ensheathing 56 
radial 49 

eerebral cortex development 241 /, 262-263 
development 245 
of neural tube 240, 245-246 
of retina 702, 704 
types 704 
glioblasts 245 
glomus 455 

glyeogen-eontaining 928 
goblet 29, 30/, 40-41 
in bronehi 968 
conjunctival 682 
development 1055-1056 
*) of large intestine 1159 

of pharyngotympanie tube 574-575 
small intestine 1133 
#) in traehea 968 

see also eells (named), mucous 
#) Golgi, of eerebellar cortex 335-336, 336/, 

Eponyms 
gonadoeytes 
primary 1211 
seeondary 1211 
#) gonadotrophs 360 
gonoeytes 1277 
granule 338, 374, 387-388 
of eerebellar cortex 255 
#) of olfaetory bulb 374, 390 
granulocytes 37, 69-70, 69/ 
basophil see eells (named), basophil 
entry into CSF 54 

eosinophil see eells (named), eosinophil 
formation 77/, 78 

neutrophil see eells (named), neutrophil 
granulosa 1304-1305 
development 1213 
granulosa lutein 1305-1306 
hair 641 

eoehlear 648-649, 648/ 
age-related ehanges 657 
defeets 660 

inner 647Z-648/, 648-649, 653 
loss 649 

neurotransmitters 649, 653 
organization pattern 648-649 
outer 644/, 647Z-648/, 648-649, 653-655, 
656/ 

resting potential 655 
synaptie eontaets 649 
transmembrane potential 655 
trauma 657 
development 659 
mechanotransduction 649 
vestibular 644-645, 644/, 646/ 
nerve terminals 645 
orientations 645-646 
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type I 644/; 645 
type II 644/; 645, 646/ 

Haller’s 561, 568, 568/ 

‘heart-failiire’ 79, 964-965 
Hensen’s 647/, 649-650, Eponyms 
hepatoeyte 1170-1171, 1170/-1171 / 


bile seeretion 8 
matiiration 1053 
primitive 1053 
hilus 1213, 1306 
Hofbauer 177, Eponyms 
horizontal 

of eerebral cortex 374, 375/ 
retinal 663, 699-700, 702 
hyaloeytes 699 
infraorbital 568, 568/ 
interealated, renal eolleeting ducts 1249 
interneurones see interneurones 
interplexiform 703 
interstitial 

of renal medullary 1250 
oftestes, development 1213 
interstitial eells of Cajal (ICC) 58,1043, Eponyms 
bladder 1206 
development 1058 
gastrie 1121-1122 
large intestine 1152 
in panereas 1184-1185 
small intestine 1135 

interstitial eells of Cajal-like eells (ICC-IC) 1261 





Ito 1171 

juxtaglomerular 1250-1251 
keratinoeytes 31, 141-145,143/, 147 
development 154 
of nail 152 

re-epithelialization 158 
keratoeytes 664, 689 
Kulchitsky 59, Eponyms 
see also eells (named), neuroendocrine 
Kupffer 1171, Eponyms 
laeis 1247/, 1248, 1250-1251 
laetotrophs 360 
Langerhans 74, 79/, 80, 141-143,143/, 146, 146/, 

Eponyms 

development 154-155 
oesophageal 988 
Langhans 176, Eponyms 
leptomeningeal 277/, 278, 765 
leukocytes 69-72, 77/ 
adhesion defieieney 25 
in decidua 171-172 
endothelial eell interaetions 132-133 
intraepithelial, development 1058 
mononuclear 70-72 
polymorphonuclear see eells (named), 
granulocytes; eells (named), neutrophil 
Leydig 1276, Eponyms 
development 1213-1214 



fetal 1277 


ligamentoeytes 221-222 
light 646-647 

‘linking’, of sinus node 1014 
lipoeytes see eells (named), adipoeytes 
Lugaro 336, 336/, Eponyms 
lymphoblast 76 

lymphoeytes 37, 71-72, 71/, 77/ 
aetivation 73 

B see eells (named), B lymphoeytes 
in conducting airways 968 
development/formation 73, 76-78, 77/ 
entry into brain 53 
entry into lymphoid tissue 73 
intraepithelial 71, 71/, 75,1133 
lifespan 71 

in palatine tonsil 576-577 
progenitor 76 
small 71, 71/ 


in small intestine 1133 
T see eells (named), T lymphoeytes 
thymie see eells (named), thymoeytes 
M see eells (named), mierofold (M) 
maeroglia 49 

maerophages see maerophages 
marginal, of eoehlear duct 647 
Martinotti’s 375/, Eponyms 
mast 37 

in conducting airways 968 
development 70, 77/ 
granule release 37 
megakaryoblast 78 
megakaryoeyte 78 

melanoeytes 141,145-146, 145/, 218 
in ehoroid 690 
development 241 
fetal 154-155 
memory B 71, 74 
meningeal 135 

Merkel 58-60, 60/, 141-143,146, Eponyms, 

Commentary 1.3 
development 155 
ontogeny - Commentary 1.3 
mesangial 1247/, 1248 
extraglomular (laeis) 1247/, 1248, 1250-1251 
mesenehymal see mesenehyme 
metamyeloeyte 70, 78 
mierofold (M) 75 
development 1055-1056, 1058 
large intestine 1159 
small intestine 1133 
mieroglia 49, 53-54, 53/, 79 
aetivation 53, 53/ 
development 245 
phagoeytosis 53 
proeesses 53 
resting 53 
retinal 704 

mierovillar, of olfaetory mucosa 561 /-562/, 

562 

mitral, of olfaetory bulb 390 
monoblast 78 
monoeytes 70 
entry into CNS 54 
formation 76, 78 
phagoeytosis 70 
wound healing 158 
mucous 

in intestinal erypts 1133 
large intestine 1159 
prostate 1269 
salivary glands 529 
see also eells (named), goblet 
mucous neek, of stomaeh 1120,1121/ 
development 1049-1051 
Muller 49, 245, 701/, 702, 704, Eponyms 
myeloblast 78 
myeloeyte 70, 78 

myoblasts 110-112, 126, 222, 608-609, 760 
eardiae 139 
migration 110 

pelvie girdle development 1334 
upper limb 794 
myoeytes 103 

eardiae see eells (named), eardiomyoeytes 
smooth muscle 123,123/-124/ 
vascular muscle 134 
see also fibre(s), muscle 
myoepithelial 29, 30/, 33,103,151 
of breast 30/, 948, 950, 952/ 
of laerimal gland 683 
salivary glands 529-530 
of salivary glands 530/ 
myofibroblasts 35, 103,159 
intestinal subepithelial (ISEMFs) 1056 
myogenie precursor 222 


myoid 

in testis 1276 
in thymus 984 
myointimal 128 

natural killer (NK) 71-72, 171-172 
neural erest see neural erest 
neuroblast 

axon growth 246-247 
in eerebral hemisphere 259 
olfaetory 612 

spinal nerve development 249 
neuroendocrine 33, 34/, 58-59 
3 of conducting airways 968 

S) in intestinal erypts 1134,1159 

of large intestine 1137 
lung development 928 
of prostate 1268-1269 
of stomaeh 1120,1121/ 
neuroglia see eells (named), glia 
neurogliaform 374, 375/ 
neurone see neurone 
neutrophil 37, 69-70, 69/ 
development 70, 78 
lifespan 70 
nucleus 70 
phagoeytosis 70 
wound healing 158 
non-pyramidal (of eerebral cortex) 374 
‘nurse’ 984 

odontoblasts 522-523, 615-616 
odontoelasts 518-519 
olfaetory ensheathing (OECs) 56, 563 
oligodendroeytes 50-52, 51 / 
development 50-51, 245 
interfascicular 50 
perineuronal (satellite) 50 
oneoeytes 26 
Onodi 568, 568/, Eponyms 
ooeyte see ooeyte(s) 
ootids 163 

osteoblasts 37, 86-87, 87/, 89, 91-93, 95 
osteoelasts 37, 79, 87, 87/-88Z, 92-93, 95 
differentiation 88 
osteoeytes 37, 87-88, 87/, 91-92 
dead 87 
lifespan 87 

oxyntic, of stomaeh see eells (named), parietal, of 

stomaeh 

oxyphil, of parathyroid glands 472, 473/ 
paeemaker, renal 1250,1253 
panereatie polypeptide (PP) 1187 
Paneth 1133, Eponyms 
development 1055-1056 
paraerine glandular 32 

parafollicular, of thyroid gland see eells (named), 

elear, of thyroid gland 
paraneurones 58-59 
parasol 703 

parietal (oxyntic), of stomaeh 1120,1121/ 
development 1049-1051 
peg 1302 

peptie see eells (named), ehief 
perieytes 130, 135, 135/, 177, 200-201, 1307-1308 
periglomemlar 390 
perilymphatie 643, 646 

phaeoehromoeytes (ehromaffin) see eells (named), 

ehromaffin 
phagoeytes 78-80 
alveolar 968 

phalangeal 647/, 649, 649/ 
inner 649 
outer 648 

photoreeeptor see photoreeeptors 
pigment, development 241 
pillar 648 
pinealoeytes 363 
pituicytes 49, 360, 361 / 
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eells (named) (Continued) 

plasma 16-17, 37, 71, 71 í 74, 77 f 
platelets 68, 68f, 72-73 
agglutination 73 
production 78 

pneumocytes 962-964, 964 f, 968 
development 927 
type I 962-963, 965f 
type II 964, 965f 
podoeytes 1246,1249 f 
development 1202 
mesonephrie 1199-1201 
metanephrie 1202 
polydendroeyte 50-51 
polymorphs see eells (named), neutrophil 
preehondroblasts 84, 794 
pre-odontoblasts 615-616 
pre-Sertoli 1213-1214 
prineipal 1277-1278 
proerythroblast 78 
progenitor 189 

basal (intermediate neural) 246 
blood eells 76 
eardiae 139 

intermediate neural (basal) 246 
myeloid 78 
retinal 663 
prolymphoeyte 76 
promegakaryoeyte 78 
promonoeyte 78 
promyeloeyte 78 
proplatelet 78 
Purkinje - Eponyms 
of eerebellar cortex 335, 336f-337f 
development 255, 256 f 
3 pyramidal 44 f, 374, 375 f 
X) dendritie spines 374 

radial (Muller), of retina 701 f, 704 
red blood see erythroeytes 
p Renshaw’s - Eponyms 

reticular (reticulocytes) 35, 76 
of spleen 1064,1191-1193 
reticulum 177 

rod (retinal) 701-702, 701É-702f 
bipolar 703 
development 663 

?S root, of spiral eoehlear ligament 647 
satellite 

development 249 
nervous system 56, 57 f 
skeletal muscle 110-112,1107-1117 
satellite glial (SCCs) 57 
ej Schwann 52, 55-56, 65, 218, Eponyms, 

Commentary 1.6 
eytoplasm 55 
development 55, 245 
myelination 52 f 
myelin-forming 55 
nonmyelin-forming 55 
seboeytes 149-150 
serous, salivary glands 529 
?S Sertoli 1274, 1276, Eponyms 

ageing 1277 
development 1213 
number variations 1213 

small granule see eells (named), neuroendocrine 
small intensely fluorescent (SIF) 57, 251 
p somatotrophs 360 

spermatid 15,1275-1277 
spermatoeytes 
age-related ehanges 1277 
primary 1275,12767 
seeondary 1275 
spermatogonia 1275,12767 
types 1275 

spermatozoa see spermatozoa 
3 sphenoethmoidal 568, 5687 
















spiderweb 374 
squames 28,144,1447, 151 
stab (band) 70 
stave 1191,11927 
stellate 

of eerebellar cortex 335-336 
of eerebral cortex 374, 3757 
non-spiny 374 
spiny 374 
hepatie 1171 
panereatie 1187 

stem 18, 40,189, Commentary 1.2 
adult - Commentary 1.2 
allogenie - Commentary 1.2 
amniotie fluid (AFSCs) - Commentary 1.2 
autologous - Commentary 1.2 
definition - Commentary 1.2 
embryonie (ESCs) - Commentary 1.2 
haemopoietie 76, 777 
hair folliele 160 
hepatie 1171 

induced pluripotent (iPSCs) - Commentary 1.2 

in intestinal erypts 1134,1159 

keratinoeyte 143 

mammary (MaSCs) 951 

mesenehymal (MSCs) 36, 76, Commentary 1.2 

of neural tube 240 

olfaetory epithelium 56 

osteoprogenitor 86, 89, 91-92 

panereas development 1052 

in regenerative medieine - Commentary 1.2 

in skin 141,160 

ofstomaeh 1120 

subventricular 246 

sweatglands 160 

syngeneie - Commentary 1.2 

thymie 984 

types - Commentary 1.2 
umbilical eord - Commentary 1.2 
xenogeneic - Commentary 1.2 
stromal, of thymus 78 
supporting 

of Claudius - Eponyms 
eoehlear 648-649 
Deiters’ pharyngeal - Eponyms 
in vestibular system 6447, 646 
sustentacular 455 
of olfaetory mucosa 5617-5627, 562 
syantoeyte 50-51 
sympathoehromaffin 249 
syneytia (giant) 79 
synovial (synovioeytes) 99-100 
type A 100 
type B 100 

tanyeytes 49, 52, 258-259, 275 
T-eell precursors see eells (named), thymoeytes 
tendon 40 
tenoeytes 221-222 
terminally differentiated 189-190 
theea lutein 1305-1306 
thromboeytes see eells (named), platelets 
thymoeytes 983-984, 9857 
apoptosis 984 
differentiation 78 

T lymphoeytes (thymus-derived) 37, 71-72, 

74-75 

CD nomenclature 72 
in conducting airways 968 
cytotoxic 72, 76-78 
delayed-type hypersensitivity 72 
development 73, 76-78, 984, 9857 
functions 72 
helper 72, 76-78 
homing 24 
naíve 76-78 

presumptive see eells (named), thymoeytes 
progenitors 76-78 


regulatory (Tregs) 72, 76-78 
in spleen 1193 
stimulation 80 
Thl helper 72 
Th2 helper 72 
Th17 helper 72 

transit (transient) amplifying 18, 143,189,1134 
transitional, of heart 1013-1014 
‘tremor’ 352 

*) tufted, of olfaetory bulb 390 
vascular muscle 134 
veiled 74, 79-80, 797 
white blood see eells (named), leukocytes 
whitefat 36 

eells (of organs, or regions) 

X) of conducting airways 968 
ofthymus 984 

see also microstructure entries under speeifie organs/ 

regions 

eelliilar oneogene (proto-oneogene) 10-11 
eelliilitis, in neek 447 
eementiim 523 

primary 523 
seeondary 523 

eentral venous cannulation 461 

eentral venous eatheterization, neonates 924 

eentre(s) 

epiphysial, eostal 729 
germinal 

of appendix 757, 1142 
B lymphoeytes 71 
of lymphoid follieles 74, 747-757 
ofspleen 1191 
of gravity, in pregnaney 1310 

*) Kerekring’s - Eponyms 

lateral hypothalamie feeding 358 
microtubule-organizing 14 
micturition 1265,12657 
ossifieation see ossifieation 
of rotation 121,1217 
salivary 530 
vital 309 

eentrioles 14,14f, 43 
eentrosomes 14 

eentmm (eentra), of vertebrae, ossifieation 

756 

‘eephalie’ xvi 
cerebellum 228, 331-349 

arterial supply 285 
circuitry 3367-3377, 337-347 
reeeptive fields 338 
topographieal relationship 338 
commissure 335 
eonneetions 340-342 
afferent 331, 343-345 
efferent 331 
cortex 335-336 
development 254-255, 2567 
layers 335, 3367 
organization 254-255 
development 238-239, 254-255, 338 
cellular 254-255 
extraventricular portion 254-255 
extroversion 254-255 
intraventricular portion 254-255 
disorders 231 

external features 331-335, 3317-3347 

eye movement eontrol 675 

fissures seefissure(s), of cerebellum 

functional divisions 347, 3487 

functions, non-motor 331 

hemispheres 331, 3317, 3337, 339 

herniation 313,3297 

internal organization 331, 335-337, 3377 

lesions 331, 342 

lingula 331-335 

lobes see lobe(s), of cerebellum 
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mierozones 337-338 
modules 331, 338-340, 339f 
as motor system 342 
in movement 331 
neuroimaging 347, 3487 
nomenclature 3337 
nuclei 331, 336-337, 337/; 340-342 
oculomotor 346-347, 3477 
peduncles see peduncle(s), eerebellar 
relations 331-335, 3327 
tonsil seetonsil, of cerebellum 
vallecula 254 
venous drainage 288 
vermis see vermis, of cerebellum 
eerebral death (brain death) 309 
eerebral hemispheres 228, 230 f, 373-398 
arterial supply 286 
asymmetry 396-397 
eentral eore 396 
eonneetivity 396 

development 2397, 257/-260/; 259-264 
eye movement eontrol 675 
gyri see gyrns (gyri), of eerebral hemispheres 
left 396 

lesions 313, 329/; 397 
lobes 375-387, 3787 
frontal see lobe(s), frontal 
limbie see lobe(s), limbie 
oeeipital see lobe(s), oeeipital 
parietal see lobe(s), parietal 
X) surface anatomy 237, 2377 
margins 373 
right 396 

sulci see sulcus (sulci), of eerebral hemispheres 
suprastriate part 259 

surfaces see surface(s), of eerebral hemispheres 
vascularization 267-268 
*) venosinus thrombosis 289 
venous drainage 288-289 
vvhite matter 391-395 
see also cortex, eerebral 
eerebrospinal fluid see fluid, eerebrospinal 
eerebmm 228 
eemmen (ear wax) 628 
cervix (iiterine) 12927,1295 
axis 1294 
atbirth 1210 
innervation 1299 
in labour 1311 
microstructure 1300,13007 
MRI 1301 

non-pregnant 1295 
in pregnaney 1308, 13097 
supravaginal part 1295 
vaginal part 1295 

ehains, folial 331, 3347 
ehalazion (internal hordeolum) 681 
ehaliee, vestibular hair eells 645 
ehamber(s) 

anterior 687, 694, 6977 
development 664 
posterior 687, 694, 6977 
development 664 
pulp 520 

utriculosaccular 658 
vitreous 687 

ehannel(s) 

calcium, eardiae muscle 138 
eoelomie 185 
hepatoeardiae 201 

hindbrain, primordial 6057-6067, 619 
H + /K + ATPase antiporter, gastrie parietal eells 

1120 

ion transport 10 
voltage-sensitive ion 66 
smooth muscle 126 

ehannel proteins 10 













charge-coupled deviee (CCD) eameras - 

Commentary 1.1 
eheek(s) 475, 507 

arteries 499, 507 
bones 419, 483-484, 4847 
development 612, 615 
external features 475 
fractures 488 
innervation 507 
laeerations 505 
lymphaties 501 
mucosa 475 
mmseles 495 

skeletal aeeess surgery 489 

eheekbone see zygomatie bone 
ehemieal fixation - eommentary 1.5 
ehemokines, reeognition 133 
ehemotherapy, intraperitoneal 1110 
ehest see thorax 
ehest wall see thorax, wall 
ehevving 583 

Chiari malformation type I (CM-I) 757 
ehiasma 

eampbell’s - Eponyms 
optie 259, 356, 663 
arterial supply 285 
lesions 7077, 708 

ehiasmata (in meiosis) 21 
chickenpox 57 

ehildbirth see labour (ehildbirth) 
ehildren 

age determination from skull 426 
ambient eistern 277 
bladder volume index 1256,12567 
body surface area, iliae vessel diameter and 1224, fí? 

12247 

eerebral aqueduct 273, 2757 
eerebrospinal fluid 278 
conus medullaris 762 
foot appearanee 1450 
grovvth 210-214 
hip joint arteries 1379,13797 
iliolumbar ligament 738 
larynx 594 

left braehioeephalie vein 1027,10277 
lungs 929 
nose bleed 563 
paranasal sinuses 
1 -4 years 566 
4-8 years 566 
8-12years 566 
anatomieal variations 566 
pharyngotympanie tube 574-575 
pharyngotympanie tube bloekage,, 635 
sex determination from skull 426 
superior vena eava 1027,10277 
thymus 983, 9837, 985 
urine sampling 1256 
voeal eords 594 
vvalking 1448 
see also neonate 
ehimeras 192 
ehin 537, 539-540 
‘ehin lift’ 511 

ehoanae 422, 559, 5597, 612 
eholeeystitis 1175-1176 
eholeeystokinin (CCK) 1175,1178 
eholesteatoma 632, 640 
eholesterol, epidermal 145 
eholine 48 

eholine aeetyl transferase 48 
chondrocranium 6087, 620-621, 6217 
at birth 621 
unossified 621 
ehondrogenesis 221-222 
ehondron 81-82, 827 
ehorda see notoehord 




ehordae tendineae 

false 1003,1010 
of left ventriele 10097,1010 
of mitral valve 10097-10107,1010 
of right ventriele 1001-1004 

ehordamesoderm see notoehord 
ehorea, Huntington’s see disease(s), Huntington’s 
ehorio-amnion see amnion (ehorio-amnion) 
ehorio-amnionitis 178 
ehorioeapillaris 690-691,6907 
ehorion 173-174,177,181 
frondosum 1727-1737, 173-174, 177 
laeve 173-174, 1737, 177, 1787, 1311 
ehoroid (eye) 686, 690-691 
blood supply 690, 6917 
development 664 
dimensions 690 
layers 690, 6907, 7007 
perfusion rate 690 
ehromaffin tissue 237 
ehromatin 16-17,19-20 
eondensed see heteroehromatin 
ehromophore, retinal 702 
ehromosomes 17 
aeroeentrie 17-18 
elassifieation 17, 177, 177 
dmmstiek formation 70 
meiosis 21 
mitosis 19 
X 16, 21 
Y 21, 1213 
chunkgrip 876 
ehyle 135 
leakage 979 

ehylomierons 135,1132 
chylothorax 956,1092 
eilia 22-23, 227 

of bronehial tree 968 
beat rate 968 
development 926 
motile 926 
movement 14 
nasal mucosa 561 
nodal 926 
olfaetory 562 
primary 926 

of serosal pericardium 995 
of uterine tubes 1302 

eiliary neurotrophic faetor (CNTF) 247 
eiliogenesis 15, 22 
eiliopathies 12,15, 23 
cingulum 392 

ineisor teeth 517-518 

eirele 

arterial (iridie) 

major 6917, 693, 6957, 696 
minor 6957, 696 
vascular, of synovial joints 100 
of Willis see circulus arteriosus (eirele of VVillis) 
of Zinn/Haller 705-706, 7057, Eponyms 
circuit, Papez 397, Eponyms 
eireiilation 
anterior 280 
ehorionie 193 
eollateral 
to caecum 1144 
at elbovv 858, Commentary 6.2 
of heart 1016,1020 

inferior vena eava obstmetion 1028,1092 
at knee, nerve injury risk - Commentary 6.2 
of liver 1166 

proximal femoral artery occlusion 1370 
shoulder girdle 829 

superior/inferior epigastrie arteries 1071 

ulnar artery 795-796 

of upper limb 778-779 

see also arteries (named), eollateral 
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circulation (Continued) 

embryonie 200-204, 200f-201 f 
embryonie-plaeenta 172 
fetal 175, 919-920, 920f 
around hip 1370 
ehanges after birth 920-922 
maternal 175 
portal 127 

development 1065-1066,1066 f 
primitive 185 
pulmonary 127 
systemie 127 

circulus arteriosus (eirele of Willis) 282/j 284/, 285, 

Eponyms 

development 267 
isehaemie stroke 287 
variations 285 

circulus arteriosus major see eirele, arterial 

(iridie) 

circulus arteriosus minor see eirele, arterial 

(iridie) 

circulus articularis vasculosus 100 
circulus tonsillaris 577 
circumduction (movement) 103, 876, 886-887 
eirrhosis 1171 
eisterna(e) (eistern) 
ambient 277 
angle 277 

basal (interpeduncular) 277, 310/ 

cerebellomedullary (magna) 277 

eerebellopontine 277 

ehiasmatie (suprasellar) 278 

ehyli 204, 979, 1092 

ernral 277 

Golgi apparatus 8 

interpeduncular (basal) 277, 310/ 

interpositum 393 

of lamina terminalis 272, 278 

of lateral fossa (Sylvian) 277-278, Eponyms 

magna (cerebellomedullary) 277 

periotie 659 

peripineal 277 

pontine (pontis, prepontine) 277, 317 

quadrigeminal 277 

sareoplasmie reticulum 106 

subarachnoid 276Z-277/, 277, 432, 441 

superior 277 

supracallosal 278 

suprasellar (ehiasmatie) 278 

Sylvian (of lateral fossa) 277-278, Eponyms 

terminal 105/-106/, 106,108 

vein of Galen 277 

eitrie aeid (Krebs’) eyele 9, Eponyms 
eiassifieation 

arteries 127 
bony pelvis 1347 
ehemieal synapses 45-48 
ehromosomes 17,17/, 17/ 
epithelium 28-32, 29/ 
exocrine glands 32, 33/ 
joints seejoints (general) 
neurones 42, 44/ 
reeeptors 59-60 
skin 141, 142/-143/ 
tissues 28, 39-40 
elathrin 8 

claustrum 364-365, 381 f, 396 
elaviele 799-801,800/ 

antecurve 799-800 
attaehment sites 800, 800/ 
defeets 801 
development 794 
disloeation 800-801 
in embryo 801 
fractures 801 

lateral/aeromial end 799-800 
lateral two-fifths 800 











medial three-fifths 800 
movement 799, 810, 811/ 
ossifieation 801, 801 / 
defeets 801 
retrocurve 799-800 
sex differenees 799-800 
shortening 801 
sternal/medial end 799-801 
structure 799-800 

surface anatomy 413, 786, 788Z-789/, 799-801, 

901-902, 901/ 

claw hand 866 
claw-toe deformities 1443 
elearanee, interocclusal 519-520 
eleavage (zygote) 164-167,167/ 
eleft 

formation 191 
hypomandibular 659-660 
hypophysial 360 
intergluteal 1325-1327, 1330 
intratonsillar 576, 615 
laryngo-traeheo-oesophageal 594 
pharyngeal 606, 610-611, Commentary 2.2 
first 610-611, 659-660 
seeond 611 
third 611 
fourth 611 
failure 610 
primary, sole plate 63 

Sehmidt-Lanterman see incisura(e) (incisure), 

Sehmidt-Lanterman 
seeondary, sole plate 63 
synaptie 45-46,108 

eleidoeraniai dysplasia 622-623 
elergyman’s knee 1392 
elieking, reeiproeal 544-545 
elinodaetyly 796 
elitoris 1289,1289/ 
development 1219 
ereetile tissue 1289/ 
innervation 1291 
lymphatie drainage 1236,1291 
muscles 1289/ 
neonates 1219 
venous drainage 1291 
clivus 422, 431, 437/, 534-535, 713 
eloaea 1202/, 1205/, 1210/, 1216-1219 
anomalies 1216 
endodermal 1057,1205/ 
extroversion 1216 
persistent 1293 
clubfoot 1336 
clusterin - Oommentary 1.6 
cluster of differentiation (CD) 72 
eoalitions 

calcaneonavicular 1428 
cubonavicular 1428 
taloealeaneal 1428 
talonavicular 1428 
tarsal bones 1428 
eoats 

cellular 5/, 6 
outer, of eye 687-690 
see also tunica(e) 

eobbler’s ehest see pectus, excavatum 

eoeaine 366 

coccyx 729-730, 731/ 

muscle/ligament attaehments 729-730 
ossifieation 729-730, 731 / 
surface anatomy 749,1325-1327 
eoehlea 431, 641/, 642-643, 647/ 
autonomic innervation 652 
development 620-621, 658-659 
duct see duct(s) (or ductus), eoehlear 
eleetrieal responses 655 
eoehlear eleetrodes 657 
eoehlear implant deviees 657 


eoelom 186 

extraembryonic see eavity (eavities), ehorionie 
intraembryonie 187/, 194/-195/, 197, 201, 907/, 

1054 

formation 183/, 185-186 
heart development 908 
perieardial 197,908 
peritoneal 906 
pleural, primary 906 
umbilical 1054 

*) eognitive functions 397, 397/ 
eohesins 18-20 

eoil, of apoerine gland duct 150 

eoital age 205 

eolie 

renal 1253 
ureteric 1253 
eollagen 38 
banding pattern 38 
basal lamina 34 
blood vessels 134 
of bone 86, 86/, 88 
ofeartilage 81-83 
eorneal stroma 689 
dental pulp 523 
dermal 146-147 
in embryo 188 
fetal skin 155 
Golgi tendon organs 61-62 
in heart 1012-1013 





of muscle 119 
muscle sheaths 107 
mutations 34 
in plaeental villi 175-176 
scartissue 159 
seleral 687 
smooth muscle 123 

in temporomandibular joint articular dise 543 
type I 35/, 38 
periodontal ligament 524 
tendons 114 
type II 38 
eartilage 81 
nucleus pulposus 734 
type III 38 

periodontal ligament 524 
type IV, basal lamina 34 
type V 38 
type XI 38 

eollar 

periosteal 92, 92/, 222 
renal 204, 1244-1246 
eollaterals 
of mossy fibres 338 
Sehaffer 387-388, Eponyms 
eolleetions, peritoneal fluid 1109 
colliculus (colliculi) 
of brainstem, arterial supply 285 
faeial 273-274, 318-319, 318/-319/ 
inferior 312/, 322, 322/, 325, 655-657 
development 256 
lesions 325 
projeetions 325 
seminal 1211,1261-1262 
superior 312/, 322, 325-326, 675 
development 256 
layers 325 
eolloid 471 

eoloboma, eongenital 661 
eolon 1136/ 


arteries 1138-1139,1140/, 1150 
aseending (right) 1136,1143 
arteries 1144/ 
mesentery 1063 

radiographie appearanee 1137-1138 
relations 1143,1143/ 
retrorenal 1085 
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at birth 1057 

deseending (left) 1136,1145 
innervation 1153 
peritoneum 1063 

radiographie appearanee 1137-1138 
relations 1145,1146 7 
retrorenal 1085 
development 1057 
functions 1137 
haustrations 1138 7 
internal appearanee 1137,11387 
isehaemia 1139 

lymphatie drainage 1140,1141 7, 1145,1152 
mesentery 1136 
neonate 2117,1054,1057 
sigmoid 1136,1146 
arteries 1151 

X) diverticula 1146,11467 

innervation 1153 
mesentery 1136 
mesoeolon 1063 
motor aetivity 1153 
relations 1146,11467 
root 11007,1105 
taeniae eoli 1137 
*) volvulus 1146 

transverse 1136,11377,1143-1144 
mesentery 1063,11027,1104,1136 
radiographie appearanee 1137-1138 
taeniae eoli 1137 
veins 1140,11407 
eolony-forming units 76, 777, 78 
colony-stimulating faetors (CSF) 78 
eolostmm 950 
*) columella 556, 558 
columels 222 
column(s) 
anal 1153 

of eerebral cortex 375 
3 of fornix 385, 3857 

*) of Morgagni - Eponyms 

nervous 227, 2277 
X) Clarke’s 292-293, Eponyms 

dorsal (posterior) 311,313 
grey, of spinal eord 2937 
anterior (ventral), development 2417, 252 
lateral, development 252 
posterior (dorsal), development 2417-2427, 
2497, 252 

intermediolateral 295 
longitudinal, lateral/medial 295 
ocular dominanee 381-382 
parasympathetie 311 
of reticular nuclei 
lateral 327-328 
medial 295, 327 
median 326-327 
somatie afferent 
general 311 
speeial 311 

somatie efferent, speeial 311 
somatie motor 227 
somatie sensory, general 227 
viseeral efferent 
general 311 
speeial 311 
visual cortex 375 

vvhite, of spinal eord, dorsal 296, 2987 
ocular-dominance 375 
orientation 375, 381-382 
renal 1241 
of scapula 803 
spinal see column(s), vertebral 
vertebral 714-718, 7157 
antenatal ultrasound 760 
anterior aspeet 715, 7157 
3 arteries 717, 7177 


bones 718-720 

curvatures see curvatures, of vertebral column 
development 751-762 
diurnal height variations 746 
in elderly 717 
functions 714-715 
inflammatory disease 733, 746 
|) injury 733, 7337, 746, 770-772 

meehanieal 747 
innervation 718, 7347 
joints 733-739 
lateral aspeet 715-716, 7157 
ligaments 731-733, 745, 747 
developmental laxity 733 
injury 733, 745-746 
instability 733 
lymphatie drainage 718 
morphology 714 
movements 745-747 
muscles, role of 746 
posterior aspeet 7157, 716 
*) structu ral defeets 716,716 7 

segments 714-715 
stability 746-747 
extraspinal faetors 747 
musculature in 747 
three-column eoneept 746 
venous drainage 717-718, 7187 
see also baek; spine (or spina), vertebral; 
vertebra(e) 
eomedone 150 
commissure(s) 

X) anterior, of brain 365, 3667, 3857-3867, 3897, 

393-394, 396 

development 2617-2627, 262 
bulborum 1289 
eerebellar 335 
posterior 674-675 
lesions 674-675 
eerebral, development 262, 2627 
of fornix see commissure(s), hippoeampal 
grey, of spinal eord 
dorsal 291-292 
ventral 291-292 
habenular 362, 394 
development 258 
hippoeampal 385, 394 
development 262 
labial 475 

anterior 1288-1289 
posterior 1219,1288-1289 
of larynx, anterior 592 
of mitral valve 1007-1008 
of neocortex, development 262 
posterior, of brain 362, 394 
development 258, 2617 
X) of Probst - Eponyms 
of pulmonary valve 1005 
supraoptic 262 
of tricuspid valve 1003 
communication, eeil-eell 190-191 
eompaetion, embryo 165-166 
eompartment(s) 
of arm 

anterior 821, 824-826 
posterior 826 
ofeytoplasm 6 
of femoral sheath 1338 












medial braehial faseial (MABC) 786 
neurovascular faseial, of upper limb 
eompression 786 
isehaemia 786 

nerves at risk - Commentary 6.2 
osteofaseial, of baek 711 
of palmar aponeurosis 866 
of peritoneal eavity 1106 
inframesoeolie (infraeolie) 11007,1108,1137 
supramesocolic (supracolic) 1106-1108,1137 
of pterygopalatine fossa 552, 5527 
of retroperitoneum 1083-1085,10847 
ofscrotum 1285-1286 
supratentorial 433 
of thigh seethigh, eompartments 
of vertebral eanal 722 
viseeral, of neek see spaee(s), viseeral 
eompetenee 189 
eomplement easeade 70 
complex(es) 
amygdaloid nuclear 
basolateral area 389 
eentromedial 389 
eonneetions 389 
development 259-261 
see also amygdala 
anal sphineter 1155,11567-11577 
anaphase promoting 18 
Arp2/3 protein 13 
axonemal 1275-1276 
Buford 815 

dystroglyean/sareoglyean 104-105 
Edinger—Westphal 324 
Eisenmenger 923, Eponyms 
epithelial apieal junctional 247, 25 
ethmoidal 5567, 566 
faseial 

digital 865, 8657 
palmar 864-865, 8657 
Golgi 6, 77, Eponyms 
immune 72 
l-Z-l 110 
junctional 

endothelial eells 132 
erythroeytes 69 

lentiform (lenticular) 364-365, 3647-3657 
development 260-261 
ligamentous, lateral eollateral 1390 
Merkel eells—neurite - Commentary 1.3 
migrating motor (MMC) 1132 
nasoethmoidal, fractures 488, 4887 
neural floor plate, myogenesis 760 
notoehord/floor plate 2427, 248 
nuclear pore 15 
olivary 
inferior 313 
superior 319, 655 
ostiomeatal 5677, 569, 5697 
pharyngeal, caudal 6187,619 
subicular 388 
synaptonemal 21 

triangular fibroeartilage (TFCC) 846, 8487 
foree transmission 875-876 
tears 874 

vascular supply 846, 8487 
troponin-tropomyosin 108 
vagal, dorsal 276 
vestibular nuclear 650 




of foot 1420-1421, 14217 
of forearm see forearm 
of hand 866 
infratentorial 433 


of knee 1395, 13957 
of leg see leg, eompartments 
of lower limb 1317-1318 

medial antebraehial, bleeding into 786, Commentary 

6.2 


XYZ 756-757 

3 zygomaticomaxillary, fractures 488, 4887 

§ compound metal-oxide semiconductor (CMOS) 

eamera - Oommentary 1.1 

computed tomographie iirography (CTU) 1242,12437 
§ computed tomography (CT) - Commentary 7.1 

eardiae 1011-1012, 10127 
§ eontrast agents - Commentary 7.1 

3 mandibular eanal 539 
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computed tomography (CT) - Commentary 7.1 

(Continued) 

mediastinal spaees 991-993, 991 ^-992f 
multiplane reeonstmetion - Commentary 7.1 
paranasal sinuses 569, 569 f 
thymus 983 

computer reeonstmetion, faee 427 
conceptus 171 f, 181-184 
eoneha(e) 

of auricle 627 
bullosa 560 
nasal 

development 612-613, 6147, 620 
functions 561 

highest (supreme) 561, 566 
inferior 4817, 483, 560-561, 5607 
ossifieation 95, 483 
middle 481-482, 561 
ossifieation 620 
superior 481-482, 561 
terminology 556 b 
sphenoidal 536-537 
eondensations 

eetomesenehyme, temporomandibular joint 

development 546, 5467 
mesenehymal, premandibular 197 
perimysial, of heart 1012 
pre-muscle 608-609 
eondensins 17 
conduction 
axonal 66 

myogenie, ureteric peristalsis 1253 
saltatory 66 

conduction bloek - Commentary 1.6 
eondyle(s) 85 

femoral 

lateral 1328, 13507-13517, 1351, 1387 
medial 1328,1351, 1387 
surface anatomy 1328 
mandibular 539 
age ehanges 539-540 
development 623 
fibrocartilaginous eovering 542 
fractures 487 

oeeipital 422-423, 431, 713, 722 
defeets 757 
development 756 
tibial 1401-1402 
lateral 1387,1402 
medial 1386-1387 
surface anatomy 1328,1401-1402 
eone(s) 

‘elosing’ 95 
‘cutting’ 95 

growth, of axon 246-247 
eonsolidation 246-247 
guidance cues 247 

of sympathetie preganglionie neurones 251 
hair 155 

of retina see eells (named), eone (retinal) 

eone beam computed tomography (CBCT) 

inferior alveolar nerve-third molar relationship 

527 

mandibular eanal 539 

tooth root—maxillary sinus relationship 527, 5277 

confluence 

of dural venous sinuses 237, 409 
of the sinuses 237, 4337, 435-436 
venous, petroelival 431 

eonfoeal laser endomieroseopy (CLE) - Commentary 

8.2 

endoseope-based approaeh (eCLE) - Commentary 8.2 
hepatobiliary system - Commentary 8.2 
lower gastrointestinal traet - Commentary 8.2 
molecular imaging - Commentary 8.2 
panereatie system - Commentary 8.2 
perspeetives - Commentary 8.2 


Cj probe-based (pCLE) - Commentary 8.2 
C| upper gastrointestinal traet - Commentary 8.2 

5) eongenital bronehial atresia 966 
X) eongenital eystie adenomatous malformations 

(CCAM) 930 

eongenital/developmental anomalies 

anoreetal 1058 

*) of auricle 627-628, 6287 

of bladder, urinary 1208, 12087 
of bronehi 929-930 
eardiae 922-923,1013 
eataraets 663 
ofchestwall 906 
ofeloaea 1216 
eoloboma 661 

X) of eoronary arteries 1016 
of gallbladder 1173 
of great vessels 924, 9247 
of heart 922-923,1013 
of kidney 1206-1208 
of larynx 594 
of lower limb 1336 
of lungs 929-930 
nipple inversion 950 
3 of pericardium 997 
*) pulmonary artery, unilateral absenee 959 
ofscrotum 1286 
ofskull 426 
ofspleen 1064 
of suprarenal glands 1064 
of testis 1213, 1277 
ofthymus 985 
oftraehea 929-930 
of upper limb 796 
of ureter 1254 
of urethra 1217 
female 1264 
*) male 1263 

of uterus 12117, 1295 
of vagina 12117,1293 
vascular 201 
of vas deferens 1278 

X) eongenital large hyperlucent piilmonary lobe 

(CLHL) 930 

eongenital malformations see eongenital/ 

developmental anomalies 
eoning, transtentorial 433 
eonjoined twins 168,1311 
conjunctiva 6667, 682, 6827 
bulbar 682 
innervation 682 
limbal 682 
lymphaties 682 
orbital 682 
palpebral 682 
regions 682, 6827 
structure 682 
tarsal 682 
vascular supply 682 
eonneetions (neural) 

*) amygdalohippoeampal 390 

commissural, of somatosensory cortex 380 

dendrodendritie 43 

dendrosomatie 43 

heterotopie 393 

homotopie 393 

thalamie 

*) ofamygdala 390 

of eerebral cortex 396 
of frontal eye field 379 
of frontal pole 379 
of hippoeampal formation 388 
of inferior temporal cortex 383 
of insula 384 
of motor cortex 376 
of prefrontal cortex 379 
of premotor cortex 378-379 


of primary visual cortex 381-382 
of seeond somatosensory area 380 
of seeond visual area 382 
of somatosensory cortex 380 
of supplementary motor cortex 379 
see also fibre(s), nerve 
connexins 643 
connexons 25 

conotruncus see traet(s), outflow, of heart 
eontinenee 

anal 1158-1159 
urinary 1233 
female 1265-1266 
male 1265,12657 

at membranous urethra 1262-1263,1265 
see also ineontinenee 
eontraetion 
large intestine 1153 
muscular 

eardiae muscle 136,138, 910 
eoneentrie 114 
eeeentrie 114 
isometrie 114 
skeletal muscle 108-109 
range 113 

smooth muscle 1247,125-126 
wound healing 159 

contracture 

Dupuytren’s 866, Eponyms 

XÍ[c) Volkmann’s isehaemie - Eponyms, Commentary 1.6 

‘eontralateral’ xvi 
conus 913-914 

conus arteriosus 913-914,1001 
conus elasticus 5867, 591 
conus medullaris 291, 726, 762 

aseent 252-253 
development 252-253 
lesions 773 

prenatal position determination 253 

copula 614 
eord(s) 

of braehial plexus 782-785 
lateral 782, 830-831 
g) injury 786, 7867, 7987 

medial 782-783, 830-831 
g) injury 786, 7987 

posterior 782-783, 830-831 
g) injury 786, 7987 

epithelial (primary sex) 1208, 12127, 1213 

genital 1201, 12017,1214 

gubernacular 12107 

haemopoietie 76 

hepatie 1170 

hypoglossal 605 

labial 497 

laerimal 612 

medullary, lymph nodes 74-75 
oblique, of forearm 8427, 846 
sex, primary 1208,12127, 1213 
sinu-utricular 1211 
spermatie 1278, 12797 
eontents 12737, 1278, 12797 
faseia 1278 

spinal 228, 2287, 291-308, 762-773, 7637-7647 
((*) arterial supply 770, 7707-7717 

eanal 42 

elinieal procedures 773 
column arrangement 227, 2277 
see also column(s), nervous 
development 2417-2427, 2497, 252-253, 762 
induction 247-248 
patterning 247-248 
enlargements 762 
external features 291, 762-764 
fissures 762 

horns see horns, of spinal eord 
injury 765, 770-772 
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assessment 771-772 
eomplete 770-771 
ineomplete 770-771 
intermediate layer 765 
internal organization 291-305, 291 7 
isehaemia 770 
lesions 306-308, 3077-3087 
*) hemiseetion 306 b, 307f-308f 

ligaments 765 
maturation 252-253 
meninges 764-765, 765 f 
monoaminergie pathvvays 304 
myelination 252 

neuronal eell groups 292-294, 292 f 
relations 291 

termination zone 726, 762 

tethering 759-760 

traets see traet(s) (tractus) (nerve) 

X) transeetion 306 b 

venous drainage 770, 772 f 
X) spiral, in hand 866 
splenie 1191,1192f 
tendinous see ehordae tendineae 
umbilical 40,179-180 
after delivery 1311 
blood vessels 179 
eompression 180 
delayed elamping 180 
detaehment 178 
development 1054 
mesenehymal eore 1054 
prolapse 180 
size 180 

structure 178 f, 179 
velamentous 180, 1311-1312, 1312 f 
vessel ehanges at birth 921 
voeal 5907-591 f, 591-593 
‘eadaverie’ position 599 
ehildren 594 
immobility 599 

laryngoseopie examination 593, 5937 
lengthening 602 
lubrication 591-592 
nodules 592-593 
paralysis 600 
*) soft tissues 592 

in speeeh 601, 6017-6027 
structure 592, 5937 
eore stability 746 
eornea 686-690 
age-related ehanges 689 
curvature 688 
development 6627, 664 
epithelium 661 
dimensions 688 
innervation 690 
layers 689, 6897 
refraetion errors 699 
refraetive index 698 
eornifieation 141 
cornu (cornua, cornus) 85 
ammonis see hippocampus 
eoeeygeal 729 
of hyoid bone 
greater 443 
lesser 443 

of lateral ventriele see horns, of lateral ventriele 
of modiolus 
inferior 497 
superior 497 

|) saeral 727-729, 749, 773, 7737, 1325-1327 
of thyroid eartilage 588 
inferior 588 
superior 588 
uterine 1294-1295 
eetopie pregnaney 168 
see also hamulus; horns 


eorona 

eiliaris 6877, 691-692, 6927 
ofglanspenis 1280 
radiata 

|) of brain 3897, 394, 3947 

of ooeyte 163,1305 
corpus (eorpora) 
albieans 1305-1306 
amylaeea 1268-1269, 12707 
arenaeea 363 
bigemina 256 

callosum 3747, 3767, 3857, 393, 3937, 657 
development 2617-2627, 262 
genu 393, 3937 

interhemispherie eonneetions through 393 
lesions 397 
rostrum 393 
splenium 393 
lesions 397 
surgical division 396 
trnnk 393, 3937 
eavernosa 
ofelitoris 1289 

of penis 1280-1281, 12837, 1285 
development 1219 
innervation - Commentary 8.1 
venous drainage 1285 
luteum 171,1305-1306, 13057 
of menstmation 1305-1306 
of pregnaney 1306 
pontobulbare 254 

spongiosum 1280-1281,12837,1285 
innervation - Commentary 8.1 
striatum 364-365, 3647 
development 259, 261 
uteri see body (bodies), of uterus 
corpuscle(s) 

3 Golgi - Eponyms 
X) Hassall’s (thymie) 984, 9847, Eponyms 
lamellated 100 
meconium 1055-1057 

3) Meissner’s 607-617, 61,153, 475, Eponyms 
Merkel see eells (named), Merkel 
3) Paeinian 55, 61, 617,153, Eponyms 
renal 1246-1248, 12477-12487 
age-related ehanges 1246 
3) Ruffini - Eponyms 

vvhite see eells (named), leukocytes 
§ eorrelative light and eleetron mieroseopy (CLEM) 

- eommentary 1.5 

cortex 

assoeiation 
auditory 382, 657 
prefrontal 397 
auditory 

primary 382, 657 
tonographie gradients 657 
3) projeetions from amygdala 390 

seeondary 657 

eerebellar see cerebellum, cortex 
eerebral 228 
area see area(s), eortieal 
arterial supply 286 
cellular development 2417, 262-264, 
2637-2647 



columns 375 
eonneetivity 396 
lamination and 374-375 
subcortical 396 
thalamie 396 

functional netvvorks 347, 3487 
gyri see gyrns (gyri) 
laminar organization 374, 3767-3777 
layers see lamina(e), of eerebral cortex 
microstructure 374-375, 3757 
modules 375 

neoeortieal structure 374, 3777 


types 

agranular 374, 3777 
frontal 374, 3777 
granular 374, 3777 
parietal 374, 3777 
polar 374, 3777 
vascularization 268, 2687 
see also speeifie eerebral cortex regions (below) 
cingulate 385-386 
anterior 385-386 
posterior 385-386 
entorhinal 384-385, 388 
eonneetions 388 
layers 388 
frontal 396 
of hair 148 
hippoeampal 386-387 
infralimbie 385-386 
juxtamedullar 1241 
lymph nodes 73-74 
motor, cingulate 386 

*) olfaetory, projeetions from amygdala 390 
orbitofrontal 379 
ovarian 1304-1306 
parahippoeampal 385-386 
parietal, lesions 397 
piriform 391 
prefrontal 379 
dorsolateral 675 
medial 379 
ventrolateral 379 
prelimbie 385-386 
premotor 378-379 
eonneetivity 378-379 
dorsal and ventral areas 378 
prepiriform 391 
primary motor (Ml) 376-378 
svvallovving 584 
renal 1241, 12427, 12457 
retrosplenial 385-386, 397 
somaesthetie, primary 2987, 311 
somatosensory (Sl) 380 
svvallovving 584 

topographieal representation 380 
striate 381, 707 
supplementary motor 379 
of suprarenal gland 1064, 1194,11967-11977, 

1197-1198 
temporal 
inferior 383 
middle 382-383 
ofthymus 984-985 
visual 

columns 375 

primary (VI) 381, 3817, 396, 707 
*) projeetions from amygdala 390 

Corti, organ of see organ(s), of Corti 
eortilymph 648 

eotyledons, plaeental 175,1311 
coughing 969 

anatomy 969 
*) ehronie 969 

foreign bodies 593-594 
3 impairment 969 

*) intrathoraeie pressures 969 

*) neural eontrol 969 
phases 969 

*) sounds/patterns 969 

countercurrent exchange meehanism 12477,1250 
countercurrent nmltiplier meehanism 12477,1250 
coxa 

valga 1336 
vara 1336 

eranial (anatomieal term) xvi 
eranial bones see skull, bones 
eranioraehisehisis 759 
eranioraehisehisis totalis 241 
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eraniosehisis 241 
eraniosynostosis 425, 622, 622/ 

eoronal synostosis 622 
sagittal 622 

cranium 404, 416 

base 404 
see also skull 

ereases 

eyelid, lower 680 
inframammary 945 

inguinal/groin (Holden’s line) 1325-1327,1326/, 

1330-1331, Eponyms 
skin 156, 156/ 
anal 1231-1232 
of elbow 776-777 
of fingers 776-777, 893 
of hand 156/, 862, 862/ 
palmar 156-157, 790/, 893 
transverse, of popliteal fossa 1330 
of wrist 776-777, 788-789, 790/, 862, 862/, 
893 

ereep 117,117/ 



crown, of teeth 

eompletion 519, 519/ 
dentine 522 

formation time calculation 427 
ineisors 517-518 
molars 518 

crown to heel length 210 
‘crow’s feet’ 494, Oommentary 4.3 
crus (crura) 

ampullaris 644 
ofantihelix 627 

eerebri 310/ 321-322, 322Z-323/ 
arterial supply 285 
ofelitoris 1289 
commune 642, 644 
dextrum 1015 
ofdiaphragm 970 
left 970 

as oesophageal sphineter 989 
right 970 
of fornix 385, 393 
nasal 


ereseent, eardiae 908, 908/, 910 


intermediate 558 

erest (or erista(e)) 85 


lateral 558 

ampullary 645-646, 645/ 

g) 

medial 558 



basilar 646 
bone marking 85 
eonehal 484-486 
ethmoidal 485-486, 561 
faleiform 643, 643/ 
of first metatarsal 1429,1438 
frontal 429, 479 
galli 429, 480, 482-483 
iliae 749, 1325-1327, 1340, 1343-1344 
sex differenees 1347-1348 
surface anatomy 1044 
ineisor 486 
infratemporal 536 
intertroehanterie 1349 
inter-ureteric 1257 
jugal 484-485 
laerimal 485 
anterior 410, 666 
posterior 483, 666 
of membranous labyrinth 643 
mitoehondrial 9 
nasal 486 
negleeta 651 
neural see neural erest 
oeeipital 
external 423 
external, median 712 
internal 432, 712 
palatine 421-422, 486 
pubic 1342 
saeral 727-729 
of scapular spine 803 
seeond 1001 

seeondary, of terminal saccule 927 
sphenoidal 536-537 
supinator 841-842 
supramastoid 409-410,419,624 
supraventricular 918,1000/ 1001-1003,1002/ 
temporal 539 
terminalis 1000-1001 
transverse 643, 643/ 
of rib 934-935 
urethral 1261-1262,1264 
vestibular 641-642 

erevasse ehest see pectus, excavatum 

erista see erest (or erista(e)) 

erook, Hjortsjò 1173,1174f, Eponyms 

eross-bridge eyeling 108 

erossed acoustic response 628 

eross links, vestibular hair eeils 645 

eross-seetional studies, height/weight 213-214, 

214/ 











of penis 1280-1281, 1282/ 
of pillar eell 648 
sinistmm 1015-1016,1015/ 
ofstapes 636 

of superficial inguinal ring 1079-1080 

crux, eardiae 998-999,1016 

erying, preterm infants 665 

eryo-eleetron mieroseopy of vitreous seetions 

(OEMOVIS) - Oommentary 1.5 
cryo-fixation - Oommentary 1.5 
eryo-transmission eleetron mieroseopy - 

Oommentary 1.5 

erypt(s) 

alveolar 423 
of appendix 71/ 1142 
conjunctival, of Henle - Eponyms 
of Fuchs 694 

intestinal 1132-1134, 1132/-1134/ 1159 
development 1054-1055 
of Lieberkuhn 1132-1134,1132/-1134/ 

Eponyms 

of palatine tonsil 576 
tonsillar 615 

eryptorehidism 1213,1277-1278 
eryptotia 628/, 628/ 
erystallins 698 

erystals, Reinke’s 1276, Eponyms 
CT see computed tomography (CT) 
cuboid (bone) 1427-1428,1427/ 

innervation 1428 

muscle/ligamentous attaehments 1427 
neonatal 1336 
ossifieation 1423/ 1428 
vascular supply 1427 

cumulus oophoms 163,1305 
cuneiform bones 1428 

innervation 1428 

intermediate (middle) 1422/ 1427/ 1428 
lateral 1422/ 1427/ 1428 
medial 1422/ 1427/ 1428 
surface anatomy 1329 
muscle attaehments 1428 
ossifieation 1423/ 1428 
vascular supply 1428 
cuneus 374, 380-381 
cup, optie 661, 662/, 663 
patterning 661 

Cupid’s bow 475, Eponyms 
cupula (cupola; cupolae) 

of eoehlea 642, 647/ 

of diaphragm 899, 904, 970-971, 971/ 974 
of semicircular eanal 645 


curtain, subaortic 1004/, 1006,1007/, 1009/, 

1012 - 1013 
curvatures 

of spine see curvatures, of vertebral column 
of stomaeh 1112-1113 

development 1049,1050/ 1055/-1056/ 1060/ 
1061-1062 
greater 1113 
lesser 1112-1113,1112/ 
of vertebral column 716-717 
adult 716-717 
eervieal 716-717 
embryonie 716 
fetal 716 
lateral 717, 747 
lumbar 716-717 
seeondary 716 
neonatal 716 
pelvie 716-717 
sagittal 715/ 717 
thoraeie 716-717 
see also kyphosis; lordosis 
curve(s) 

X) of Carus 1221, Eponyms 
of oesophagus 986 
of rectum 1146 

*) Cusco’s speculum - Eponyms 
cushion(s) 

anal 1153,1155/ 

eardiae see cushion(s), endoeardial 

endoeardial 909-910 

atrioventricular 909-910, 916-918, 916/-917/ 
fusion anomalies 924 
outflow 917 

Eustachian 507, 572/ 574 

cusp(s) 

*) of Carabelli 518, 520, Eponyms 
of heart valves see under leaflet(s) 
of teeth 517, 521/ 
bicuspid 518 
buccal 518 
eanines 518 
lingual 518 
molars 518 
premolars 518 

*) cuspiet, of earabelli 518, 520, Eponyms 
cuticle 

of hair 148,149/ 
of nail 151 

eyele 

eardiae 1004/ 1010,1013-1014,1021 
cellular 14,18-21,18/ 
regulation 18-19,18/ 
hairgrowth 149 
menstmal 

breast ehanges 950 
corpus luteum 1305-1306 
hormonal ehanges 1306 
menstmal phase 1306-1307, 1307/ 
primordial follieles 1304 
proliferative phase 1306,1307/ 
seeretory phase 1306,1307/ 
vascular ehanges 1298,1307-1308 
myosin-aetin adenosine 5'-triphosphatase 126 

*) nasal 561 
ovarian 1307/ 
luteal phase 1306 
uterine see eyele, menstmal 
eyelie adenosine monophosphate 139 
eyelin-dependent protein kinases (Cdks) 18,18/ 
eyelins 18 
eyeiosome 18 
eylopia 661 
eymba eonehae 627 
eyst(s) 

aeeessory, of thyroid tissue 470 
bladder 1261 
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branehial 449 
3 bronehogenie 930 

e) eervieal - Commentary 2.2 

3 epididymal 1277 

3 Gartner’s 1292, Eponyms 

3 Meibomian - Eponyms 

3 Nabothian 1300, Eponyms 

3 perieardial 997, 9977 

protoepithelial, primitive 165-166 
renal 1208 

retention, sublingual gland 529, 5297 
retinal 700,7017 
3 saccular 592 

3 Thornwaldt’s 574, 5747 

thyroglossal duct 470 
eystitis eystiea 1261 
3 eytoehalasin D 12 
eytokines 10-11,72,80 
eytolysin (perforin) 72 

eytomegalovims (CMV), plaeental transfer 177 
eytomembrane 4-5 
eytoplasm 4-10 
eytoskeleton 4-5,12-15 

abnormalities 12 
instability 15 

eytosol 4-6,10 

organelles 6-10 

eytotrophoblast 172-174,1727-1737,176 

intermediate 176 
villous 171, 176 




dandmff 144 
deafness 657 

hereditary 660 
prelingual 660 

deeeleration, of head, angular 651 
deeibel sound pressure levels (dBSPL) 655 
decidua 171 
basalis 172-174, 1727 
capsularis 172-174,1727 
parietalis 172,174,1767 
decidualization 171 
deelive, of cerebellum 331-335 
deeorin 86-87 
decussation 

pyramidal (motor) 311-314 
sensory 313 

superior eerebellar peduncles 324 

‘deep’ xvi 

deep brain stimulation (DBS) 

Parkinson’s disease 371, 3717-3727 
thalamie targets 350, 3507 

defeeation 1158-1159 

problems 1158 

deformation, biomeehanies 116,1167 

elastie 116 
plastie 116 
viseoelastie 117 

deformity 

adult acquired flat-foot see pes, planovalgus 

Boutonnière 878 

eam 1376, 13767 

Haglund’s 1440, Eponyms 

nasal 558 

‘parenthesis tip’ 558 
‘polybeak’ 558 
Sprengel’s - Eponyms 
Stahl’s - Eponyms 
swan neek 878 
degeneration 
skeletal tissue 122 

Wallerian 66, Eponyms, Commentary 1.6 
neuronal eell body - Commentary 1.6 
proximal/distal stumps - Commentary 1.6 

degenerative diseases 26 


3 degloving injury 779, 862 
deglutition see swallowing 
3 dehiseenee, Killian’s 582, Eponyms 
7-dehydroeholesterol 145 
delay, atrioventrieiilar 1015 
dementia, semantie 397 
demilunes, serous 529 
demyelination 
disorders 66 

§ nerve conduction bloek - Commentary 1.6 
dendrite(s) 42-43, 437 
eonneetions 43, 477 
growth/development 43, 246-247 
of Purkinje eells 447-457, 335, 3367-3377 
of reticular neurones 326 
tree structure 43, 457 
retraction/pruning 247 

denervation, sympathetie, lower limb 1230 
dens, of axis 722 

abnormalities 723, 757-758 
3 arterial supply 7177 
ossifieation 723 
dentes aeiistiei 648 
dentine 522-523, 5237, 5257 
accentuated lines 522-523 
formation 522-523, 615-616 
ineremental lines 522-523 
intertubular 522 
mantle 522 
peritubular 522, 5237 
primary 523 
seeondary 523 
spindles 522 
tertiary 523, 5237 
translucent 522 

deoxyribonucleic aeid (DNA) see DNA 
3 De Quervain’s tenovaginitis 879 

derangement, internal, of temporomandibular 

joint 546 
dermal bones 622 
dermatoglyphies 157 
dermatomes 153, 233, 770-771 
of abdominal wall, anterior 2337 
of baek 710, 7117 
of head 4127, 413, 5017, 7117 
of lower limb 1324,13267 
maps 233, 2337 
of neek 413, 5017 
of perineum 13267 
of upper limb 7867, 792, 7927 
dermis 1427-1437,146-147,1507 
age-related ehanges 158 
eells of 147 
development 154-155 
embryonie 155 
layers of 147 
of lips 475 
of nail bed 152 

dermomyotome see somites, epithelial plate 
deseent 

of ovary 12097, 1215-1216, 12167, 1303 
of testes see testis (testes) 

desmins 15 

skeletal muscle 104-105, 110 
smooth muscle 125-126,134 

desmosomes 23, 247, 25 

belt 25 

eardiae muscle 137-138 
embryonie 167 
in skin 144 

smooth muscle 123, 126 
of tympanie membrane 633 
desquamation 144 
development 
aeeessory 1064 
postnatal 205-217 
preimplantation 162-170 


prenatal 205-217 

see also embryo; fetus; neural erest; speeifie organs/ 

regions 

developmental anomalies see eongenital/ 

developmental anomalies 

deviation 

radial (movement) 875, 8757 
ulnar (movement) 874, 8757 

3 dextrocardia 1013 
3 dextroposition 1013 

diabetes insipidus, eranial 358 
3 diabetes mellitus, type 2 210 
diakinesis 21 
dialysis, peritoneal 1109 
diapedesis 133 
diaphragm 9707 
abdominal 9707 
pelvie 1223-1224 
surface anatomy 10457,1046 
thoraeie 899, 970-975, 9707 
apertures see aperture(s), of diaphragm 
arteries 972 
atrophy 971 

attaehments 970-971,9707 
at birth 907 


breathing, role in 974 

eentral tendon seetendon(s), eentral, of diaphragm 
eomponents 970-971 
eostal part 9407, 970 
crus see crus (ernra), of diaphragm 
development 905-907, 9067, 9257 
domes (cupolae) 899, 904, 970-971, 9717, 974 
eleetrieal stimulation 974 
eventration 907, 972 
3 high spinal injury effeets 975 

innervation 973-974, 9737 
3 laeeration 972 

lumbar part 970 
lymphaties 973 
movements 
in breathing 942 
during REM sleep 908 
openings see aperture(s), of diaphragm 
paralysis 973 

posture, effeets on level 974 
profile 971 

radiography 971, 9907 
referred pain 974 
relations 971 

3 rupture 972 

speeeh, role in 600-601 
sternal part 9407, 970 
surface anatomy 904 
3 trauma 972 

ultrasound 971 
veins 972-973 

urogenital see membrane (membrana), perineal 

dìaphragma sellae 430, 432-433 
diastema 508 
diastematomyelia 759-760 
diastole 139,1014 

aortie valve 10047, 1011 
mitral valve 1010 
pulmonary valve 1005 
tricuspid valve 1003 

dieneephalon 228, 350-363 

arterial supply 285 

development 238-239, 257-259, 350 
derivatives 2397 

teleneephalon wall fusion 2587, 261 
segmentation 248 

3 Dieulafoy lesions 1117 
differentiation 

cellular 16 

embryonie eell populations 189 
terminal 189-190 

§ multilineage - Commentary 1.2 
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diffuse idiopathie skeietal hyperostosis 746 
diffusion 

aeross plaeental barrier 177 
aeross plasma membrane 5 

diffusion tensor imaging (DTI) 391, Oommentary 7.1 
digitalis (digoxin) 139 

digital subtraction angiography (DSA) - Oommentary 

7.1 

digitations, of serratus anterior 818-819 
digits 

development 220-221 
of foot see toe(s) 
of hand 

anomalies 796 
of number 796 
see also finger(s); thumb 
movements 102 

digoxin (digitalis) 139 
1,25-di-hydroxycholecalciferol 1237 
L-dihydroxyphenylalanine 370 
dimples 

gluteal (of Venus) 1325-1327 
saeral 749 

of Venus (gluteal) 1325-1327 

diplosome 14 
diplotene 21 

direet deteetion deviees (DDD) - Gommentary 1.5 
direetions, anatomieal xvi 
direet stoehastie optieal reeonstmetion mieroseopy 

(dSTORM) - eommentary 1.1 












dise(s) 

articular 

of acromioclavicular joint 810 
of distal radio-ulnar joint 846 
of sternoclavicular joint 808 
of synovial joints 100 
of temporomandibular joint 100, 542—545, 543^, d* 
545f 

displaeement 544-546 
internal derangement 546 
position 546 
removal 543 
bilaminar 169 
of eones (retinal) 702 
embryonie 

bilateral 181-184,1817 
trilaminar 184,1847 
person, representation of 184-185, 1867 
epiphysial 719 
fibrocartilaginous, saeroeoeeygeal joints 738-739 
interealated, eardiae muscle 103,1367-1377, í? 

137-138 




interpubic 1354 

intervertebral 83-84,122, 7317, 733-734 
age-related ehanges 717, 734 
‘at risk’ structures 734 
X) degeneration 720, 7207 

development 7547, 755-756 
elastie deformability 746 
ergonomies 747 
functions 718 
height ehanges 746-747 
innervation 734, 7347 
internal dismption 734 
meehanieal properties 119 
movements 745 
prolapse 734, 7357 
‘far lateral’ 734 
relations 734 
spinal length 714-715 
structure 7317, 733, 7337 
thiekness 733 
vascular supply 734 
vvatereontent 746-747 
X) Merkel - Eponyms 

optie 663, 6997, 7037, 705-706 
oedema 706 









periehordal 755 
plaeental 1310 
of rods (retinal) 702 
symphyses 97 

Z (Zvvisehenseheiben) 103-104,1057-1067,108, 

110,137 

disease(s) 

Addison’s 9, Eponyms 

Alzheimer’s 45, 397, Eponyms, Commentary 3.1 
autosomal dominant polyeystie kidney disease 

1208 

Beeker muscular dystrophy 105 
Buerger’s - Eponyms 
eardiae 299-300 

Charcot-Marie-Tooth 1439, Eponyms 
eoronary heart 139 
Danon 9, Eponyms 
degenerative 26 

Duchenne muscular dystrophy 105 
Dupuytren’s 866, Eponyms 
femoropopliteal arterial occlusive 1369 
Fox-Fordyce 150, Eponyms 
Freiberg’s 1429 
Grave’s 669-670, Eponyms 
haemolytie, of the nevvborn 69 
Haglund’s 1440, Eponyms 
Hirsehspmng’s 58, 251,1058, Eponyms 
ultra-short-segment 1058 
Huntington’s 9, 370, Eponyms 
industrial 964-965 
infantile eystie kidney 1208 
inflammatory bovvel - Commentary 8.2 
Kienbòek’s 869, Eponyms 
Kòhler’s 1427, Eponyms 
Ledderhose’ 1419-1420, Eponyms 
lysosomal storage 9 
Ménière’s 651, 657, Eponyms 
Muller—Weiss 1427, Eponyms 
neurodegenerative 12 
Osgood-Sehlatter 1404-1405, Eponyms 
Parkinson’s 9, 285, 3507, 352, 364, 369-370, 

Eponyms, Commentary 3.1 
deep-brain stimulation 371, 3717-3727 
medieal therapy 370 
neurosurgery 371 
pathophysiology 370, 3707 
substantia nigra 369-370 
periodontal 520-521 
peripheral vascular 1319 
Peyronie’s - Eponyms 
Raynaud’s - Eponyms 
rotator cuff 824 
Scheuermann’s - Eponyms 
severe eombined immune defieieney (SCID) 

985 

Sever’s (ealeaneal apophysitis) 1426, Eponyms 
siekle-eell 69 

Sjògren’s eonneetive tissue - Eponyms 
Taussig—Bing 923, Eponyms 
Tay-Saehs 9, Eponyms 
venous, of leg 1415 
von Willebrand 132, Eponyms 
Wartenberg’s - Eponyms 
disjiinetion 21 
disloeation(s) 
elbovv 861, 8617 
hip 1336, 1379 
knee - Commentary 6.2 
manubriosternal joint 938 
nerves at risk - Commentary 6.2 
shoulder 786, 789, 816 
sternoclavicular joint 808 
temporomandibular joint 543-544 
disomy, uniparental 163-164 
disorders 
allergie 70 

of consciousness - Commentary 3.1 













depressive - Commentary 3.1 

of sex development (DSD) 1214,1219-1220 

svvallovving 582 

displaeement, humerus - Oommentary 6.2 
disseetion studies - Prefaee Oommentary 
dissoeiation 

radio-ulnar 846 
scapholunate 876, 8767 

‘distal’ xvi 
distanee 

intereristal 1347-1348 
internodal 66 

disturbance, peripheral vestibular 650 
diverticulum (diverticula) 

allantoenterie 178,1817 
aortie 1025 

of eerebral hemisphere 259-260 

duodenal 1126 

hepatie 10507, 1052, 10537 

hypopharyngeal 582 

of Kommerell 1025, Eponyms 

Laimer’s - Eponyms 

lateral 259 

Meekel’s (ileal) 1054,11287,1129, Eponyms 
oesophageal (Zeneker) 989, Eponyms 
perieardial 997 

of pharyngeal pouches 612, 6187 
pulsion 582 
respiratory 9067 
development 925 
sigmoid eolon 1146,11467 
thyroid 614, 6147, 618, 6187 
urethral 1264 

Zeneker (oesophageal) 989, Eponyms 
division 
cellular 18-21 
eleavage 163 

embryo, eell populations 189-192 

DNA 

mitoehondrial 10 
organization 16-17 
replieation 18-21 
staining 15 

DNA helieases 18 
dome 

ofacetabulum 1340 
of bladder, urinary 1255,12557-12577 
of diaphragm 899, 904, 970-971, 9717, 974 
glial 65 
nasal 558 
pleural 954 
dopamine 48, 358 
A9 eell group 323, 3237 
A10 eell group 323-324, 3237 
Parkinson’s disease 370 
renal 1203-1204 
in striatum 366-367 
‘dorsal’ (dorsum) xvi 

dorsal interealated segment instability (DISI) 876, 

876 f 

dorsiflexion 102 
dorsum 

anatomieal term xvi 
of nose 556 
sellae 430, 534-535 
of tongue 511, 5117 

dovvager’s hump 717 
droplets, lipid 10, 35-36 

skeletal muscle 106 
in trophoblast 176 

drugs, transfer aeross plaeental barrier 177 
drum, ear see membrane (membrana), tympanie 
driisen 691 

Duchenne muscular dystrophy 105, Eponyms 
duct(s) (or ductus) 

allantoie 178-179,1201,12107 
persistent 178 
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alveolar 958-959 
of apoerine gland 150 
arteriosus 611 / 920-922, $20f-922f 
closure 610,922 
development 610 
|) patent 922, 924,1013 
of Bartholin glands 1232 
Bartholin’s see duct(s) (or ductus), sublingual 
bile (biliary) 1174 f 

|) eommon 1125-1126, 1174-1175, 1175f 

arteries 1176-1177 
development 1053 
innervation 1177 
lymphaties 1177 
development 1051 
extrahepatic 
atresia 1053-1054 
development 1053-1054 
interlobular 1170 
intrahepatie 
development 1053 
variations 1173, 1174/; 1174/ 
lymphaties 1177 

microstructure 1177-1178,1177/ 
seetoral 1173 

of breast 30/, 946-948, 949/ 
of bulbourethral glands 1280 
earotid 919-920 
of ceruminous glands 628 
X) eholeeystohepatie 1174 

eoehlear 641/, 642, 646-650, 647/ 
development 658-659 
diffusion barrier 646 
eolleeting 1201 

of kidney 1246, 1247/, 1249-1250 
of salivary glands 529 
3 of Cuvier - Eponyms 
|) left 995 
eystie 1174 
lymphaties 1177 
variations 1174,1174/ 

X) eystohepatie 1174 

deferens see vas (vasa), deferens 
efferent, of epididymis 1277 
ej ae u I ato ry 1267, 1279 
development 1211 
obstmetion 1279 

endolymphatie 626, 641-643, 641/, 646 
development 658 
of epididymis 1277 
of epoophoron 1210 
excretory, primary 1199,1199/ 
frontonasal 481-482, 488 
X) Gartner’s 1210, 1292, Eponyms 
genital 1210 
hepatie 1174 
arteries 1176-1177 
eommon 1174 
development 1053 
development 1053 
left 1166, 1173-1174, 1173/ 
lymphaties 1177 
right 1166,1173-1174 
variations 1173 
*) hepatoeystie 1174 

interealated, salivary glands 529 
intestinal, vitelline 178,1049 
intralobular, of panereas 1185 
of laerimal gland 682-683 
development 665 
lactiferous 948 
of lingual glands 529 
X) Luschka’s 1174 

lymphatie, right 136, 462 
ineomplete 462 

mesonephrie 1199, 1201,1201/, 1204-1206,1209/, 

1210 , 1210 /, 1212 / 


female 1210 
male 1211 

MGIIerian see duct(s) (or ductus), paramesonephrie 
nasolaerimal 556, 556/, 560-561, 684 
development 612, 665 
injury 488 

nephrie, eommon 1206 
of oesophageal glands 989 
X) panereatie 1175, 1182, 1182/ 

aeeessory (dorsal) 1051,1125-1126,1182 
development 1050/, 1051, 1052/ 
lobular (seeondary) 1182 
main (of Wirsung) 1182 
opening 1125-1126 
X) variations 1182,1182/ 

papillary, of kidney 1246,1249 
paramesonephrie 1208-1210,1209/, 1210/ 
female 1210,1212/ 
fusion failure 1210,1211/ 
male 1209/, 1211, 1212/ 
structure 1210 
para-urethral 1264,1289 
paravaginal see duct(s) (or ductus), Gartner’s 
parotid 411-412, 504/, 505, 507, 527 
cannulation 411-412 
development 615 
sialogram 505, 505/ 
prostatie 1268-1269 
reproductive, development 1208-1211 
male 1211 

reuniens 641 / 643, 646, 658-659 
salivary glands 529 
X) ofSantorini 1182, Eponyms 
sebaceous 148-150 
segmental, of liver 1173 
semicircular 642/, 644 
anterior 644 
lateral 644 
posterior 644 

striated, salivary glands 529, 531 / 
sublingual 510/515/529 
submandibular 411, 509, 510/ 515/ 528 
svveat 142/ 150,150/ 
development 155 
intradermal 151, 155 
intraepidermal 151,155 
thoraeie 135-136,463/ 979,979/ 
abdominal origin 1092 
course in mediastinum 979 
dimensions 979 
laeeration 979 

oesophageal surgery-related injury 979 
relations 979 
right 780 
termination 463/ 
total lymphatie flovv 979 
tributaries 979 
variations 979 
thyroglossal 618 
eysts 470 
vestiges 470 
ureteric 1201 
utriculosaccular 643, 658 
venosus 920,1068 
measurement 208/ 1067 
obliteration 1068 
primitive median 1065-1066 
vitellointestinal 179,1054,1129 
3 vomeronasal 565 
X) Wharton’s - Eponyms 

*) Wirsung - Eponyms 

Wolffian see duct(s) (or ductus), mesonephrie 
ductule(s) 

aberrant, rostral 1201 
aeeessory parotid gland 505, 505/ 
bile 1170 

efferent, of testis 1274 


duodenum 1124-1127 

arteries 1117/ 1126-1127,1126/ 
atresia 1051 

development 1051, 1055/-1056/ 

diverticula 1126 

endoseopie appearanee 1125/ 

*) feeding 1127 
innervation 1127 

internal appearanee 1124-1126,1125/ 
loop 

formation 1051 
position/configuration 1054 
lymphatie drainage 1092,1127 
mesentery 1104-1105 
papilla 1125-1126 
parts 1124/ 

first (superior) 1124-1125 

seeond (deseending) 1125-1126,1125/ 

*) third (horizontal) 1124/ 1126,1127/ 

fourth (aseending) 1126 
referred pain 1127 
relations 1124/ 1125-1126 
stenosis 1054 

surface anatomy 1045/ 1046 
veins 1127 
dura mater 
eranial 432-440 
arterial supply 439 
eranial nerve sheaths 432 
head trauma 432 
inner (meningeal) layer 432 
innervation 433-434, 434/ 
outer (endosteal) layer 432 
partitions 432-433, 433/ 
spinal vs. 432 
structure 432 

venous sinuses see sinus(es), dural venous 
development 266 
spinal 764-765, 765/ 1325-1327 
suture position and 266 

dvvarfism 94 
dyads 137 

dynamie instability, microtubules 14 
dynamin 14 
dyneins 14, 22, 45 
dynorphins 49, 388 
*) dyskeratosis eongenita 17, 26 
dyskinesias 231, 364 
pathophysiology 370, 370/ 

3 primary eiliary 968 
X) dysphagia 584 

dysphagia lusoria 456-457, 924 
dysplasia 

eleidoeranial 622-623 
developmental, of hip 1336 
labyrinthine 660 
short limb 795 

dystonia 371 

*) early-onset primary torsion (Oppenheim’s) - Eponyms 

dystrophie epidermolysis bullosa 146-147 



ear 624-657 

bleeding from 632 
cauliflower 84 

development 610-611,658-660 
elastie eartilage 84 
external 627-631,630/ 
development 659-660 
in hearing 655/ 

see also auricle, of ear; meatus, acoustic, external 
|) hidden 628/ 628/ 
inner 630/ 641-657 
arteries 650 
at birth 423, 627 
development 658-659, 658/ 
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ear (Continued) 

fluid eompositions 643 
in hearing 655Z 7 
innervation 650-657 
surgical approaehes 657 
veins 650 

see also meatus, acoustic, internal 
middle 630f-632f, 631-640 
at birth 627, 632 
eavitation 659 
development 611-612, 659 
external surgical approaehes 630-631 
functions 631-632 
in hearing 655 f 
postnatal ehanges 659 
proteetive meehanisms 632 
see also eavity (eavities), tympanie 
‘poeket’ 628/; 628/ 
prominent (bat) 628/, 628/ 

Satiro’s 628/, 628/ 

‘ear-eoiigh’ 969 
ear wax (eemmen) 628 
E-eadherin 166 

eehoeardiography 1011-1012,1012/ 
hypertrophie eardiomyopathy 1007 
‘eehograms’ - Oommentary 7.1 
eetethmoid, outer 620 
ectocervix 1300 
eetoderm 

breast development 949 
embryonie 181,182/, 183-184 
interaetions, limb development 220/, 221 
myogenesis 760 
neural 184, 194, 238 
eye development 661 
fusion 238 
pharyngeal 610-611 
of pharyngeal arehes 610-611 
surface 154, 184,193-194,196/ 
eye development 661 
of pharyngeal arehes 610-611 
eetopia (eetopie organs/tissues) 
eloaeae 1216 
eordis 1013 

kidney 1237-1238,1238/ 
sebaceous glands 507 
suprarenal glands 1194,1278 
testicular, transverse/erossed 1277 
thymus 983 
thyroid gland 470, 618 
ureter 1254 

eetopie pregnaney 168 
eetropion 680,1300 
eezema 144 

edge, ineisal, of tooth 517 
effusions 
chylous 979 
perieardial 997 
pleural 951, 953, 956, 979 
eight-eell stage 166-167 
ejaculation 1234,1285 
retrograde 1261 
ejeetive 601 
elastie limit 116 
elastie reeoil 84 
elastin 37/ 

in blood vessels 128,134 
dermal 146-147 
in elastie eartilage 84 
in extracellular matrix 37/, 38 
in respiratory tree 963/, 968, 968/ 
elastograms - Oommentary 7.1 
elderly, saemrn 729 
eleetroeardiograph (ECG) 
developing heart 914 
intraeardiae 1016 
lead plaeement 952 






eleetrolytes, seeretion/absorption, small 

intestine 1132 

eleetromyography (EMG) 113-114 
eleetron mieroseopy - Oommentary 1.5 

artefaets - Commentary 1.5 
instmmentation advanees - Commentary 1.5 
in pathology - Commentary 1.5 
proeessing techniques limitations - Commentary 1.5 
see also individual types 
eleetron tomography - Oommentary 1.5 
eleetrophysiology, intraeardiae 1016 
elements, eostal 719, 729 
Elements of Morphology projeet - Oommentary 2.1 
elephantiasis 136 
elevations 
ofauricle 627 
eardiae 611 
embolism 
air 414 

myoeardial damage 138 
paradoxical 960 
pulmonary 960,1415 
syneytial, maternal 176 
embryo 167/ 
age estimation 205 
arteries 202 

axes see axis (axes), embryonie 
body plan speeifieation 193 
body system development 207/ 
eell division 189-192 
eell populations 
determination 189 
differentiation 189 


epithelial 186-187, 194-195, 196/, 1048/ 
fate of 196/ 
at gastmlation 181-188 
mesenehymal 187-188,195-199 
at organogenesis 193-199 
ehimerie 192 

circulation 200-204, 200/-201/ 
developmental stages 164/-165/, 207/ 
external appearanee 205, 206/-207/ 
eye development 661-665 
folding 184-185, 185/-187/, 193 
head 185,185/ 
tail 185 

frozen/eryopreserved 164 
genes, role in development 192 
head see head, development 
implantation see implantation 
induction 189-192 
inner eell mass 167,167/ 
length estimation 205, 207/ 
lymphoid tissue 204 
movements 223 
mucoid tissue 40 
ossifieation eentres 95 
paeemaker 914 
pharynx 606-612 
preimplantation 164-168 
pronuclei 163 
segmented 193 
sex determination 1213-1214 


staging 163, 164/-165/, 205, 206/-207/, 755 
synapses 48 
tenasein 39 
testing 164 

unfolded 184, 184/, 193 
veins 200/-201 /, 202, 203/, 920 
vertebral curvatures 716 
embryogenesis 
experimental approaehes 192 
extraembryonic tissue formation 164/, 168-170 
morphogenesis 191-192 
organogenesis 194/ 
pattern formation 191-192 
preimplantation development 162-170 










protein synthesis 166 
see also embryo 

Emery-Dreifuss muscular dystrophy 15, Eponyms 
eminenee (eminentia) 85 

arcuate 431, 626, 642 
articular 423 
of mandible 541 
of mandibular 419 
eanine 410-411, 484, 518 
caudal 182-183, 238 
eonehae 628 
hypobranehial 614 
hypopharyngeal 614 
hypothenar 778, 790, 893 
intereondylar 1387,1387/ 

‘levator’ 581 
medial 273-274, 356 
median 276 
olivary see olive 
parietal 418 
pyramidal 635 
development 659 
seaphae 628 
thenar 790, 790/, 893 

emission, of seminal fluid 1260-1261,1285 

emmetropization 699 

emphysema 

eongenital lobar 930 
surgical 488 

enamel (teeth) 521-522, 525/, 615-616 

accentuated lines 522, 533 
eross-striations 522, 522/ 
grovvth 522 
hypoplasia 522 
ineremental lines 522 

prismless (non-prismatie, aprismatie) 521-522, 522/ 
prisms 521-522, 522/ 
stria 522, 522/ 

eneephalitis, Rasirmssen’s - Eponyms 
eneephalon see brain 
endings, nerves see nerves (general) 
endobronehial ultrasound (EBUS) - Oommentary 7.2 

eomplieations - Commentary 7.2 
future developments - Commentary 7.2 
lung eaneer - Commentary 7.2 
technique - Commentary 7.2 
uses - Commentary 7.2 

endobronehial ultrasound-fine needle aspiration 

(EBUS-FNA) - eommentary 7.2 
endobronehial ultrasound-transbronchial needle 

aspiration (EBUS-TBNA) - Oommentary 7.2 
endocardium 138,1012 
development 908 
endoerine signalling 10,11/ 
endoeytoseopy - Oommentary 8.2 
endoeytosis 8, 78 
elathrin-dependent 8 
reeeptor-mediated 8 
endoderm 195,196/ 
anal eanal 1057-1058 
embryonie 181/, 183, 183/, 196/ 
extraembryonic 169 
gut development 1048,1050/ 
hepatie 1052 
panereatie 1052 
pharyngeal 611-612 

pharyngeal areh development - Commentary 2.2 
proetodeal 1057-1058 
respiratory epithelium formation 925 
thyroid gland development 618 
urethral development 1217-1218 
endolymph 641, 642/, 643, 646, 651, 653 
resorption 643 
endometriosis 1098 
endometrium 1299 
embryo implantation 168 
menstmal eyele 1306-1308, 1307/ 
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MRI 1301 

in pregnaney see decidua 
ultrasound 1306, 1307f 
vascular supply 1307-1308 

et endomieroseopy - Oommentary 8.2 
endomysium 85,107,1012 
endoneurium 54-55, 57 
endoplasmie reticulum 6, 6 f 
muscular see sareoplasmie reticulum 
rough (granular) 6, 77 
smooth 6, 67 
endoreduplication 78 
beta-endorphin 49, 360 
endoseopie eholangiopanereatography 1176 
endoseopie mucosal reseetion (EMR) 1122 
endoseopy 
duodenum 11257 


stomaeh 1115,11157 

Cj theeal sae pathologies - Prefaee Commentary 
S ‘ultrahigh zoom’ - Commentary 8.2 

endosomes 8 

early 8 
late 8 

endosteum 89 
endothelium 

angiogenesis 200-201 
of blood vessels 127-133, 1297, 1327 
inflammation 130 
permeability 130 
continuous 129 
eorneal 689, 6897 
discontinuous 135 
fenestrated 129 
glomemlar 1246-1248 
leukocyte interaetions 132-133 
X) of lymph vessels 135, 204 
phagoeytie aetivity 132 
primordial eorneal 6627, 664 
seeretions 132 

of splenie venous sinusoids 1191,11927 
venules 130 

endotraeheal intubation, neonate 926 
end-plate, vertebral 733, 733 f 
energy 

biomeehanies 117 

e) radiofrequency (RF) - Commentary 7.1 

S energy filtered transmission eleetron mieroseopy 

(EFTEM) - Oommentary 1.5 
enkephalins 49, 388 
enlargement 

gangliform 54 
pseudoganglion 54 
of spinal eord 
eervieal 762 
lumber 762 
entaetin (nidogen) 34 
X) enterography, jejunum 1127,11277 
entheses 115,1157 
fibrocartilaginous 115,1157 
fibrous 115,1157 
entropion 680 
envelope 

of motion, mandible 545-546 
nuclear 15-16,167 
syneytiotrophoblastie 172 

enzymes 

alkaline phosphatase 87 
digestive 527 

X) E3 ubiquitin ligases 18 
21 -hydroxylase 1064 
lysosomal 8-9 
*) lysosomal hydrolases 9 
lysozyme 1133 
p450c17 1213 


g gastrie variees 11187 
S intradural spinal - Prefaee Commentary 
3 oesophageal variees 1118,11187 


peroxisomal 9 
proteinases 37 
pyrophosphatase 87 
renin 1237,1251 
*) of small intestine 1132 
eosinophilia 70 
ependyma 

eells 497, 52-53, 527 
development 252 

X) ependymoma, spinal 7737 
epiblast 167,169,1697,1717,181 

eell division 169 
ingression 182, 1827, 751 
proliferation, at primitive streak 182 

epicanthus 680 

transient 680 

epicardium 994-995 

development 909, 918-919 

epieondyle 85 

femoral 

lateral 1351-1352, 13517 
medial 1351 
humeral 

lateral 787, 804-806, 8057, 838-839 
medial 787, 804-806, 838 

c( epidermis 141-146,1427-1437, Oommentary 1.3 

age-related ehanges 158 
atrophy 158 
eells 141-146 
development 154-155 
interfollicular 154-155 
keratinization 144 
layers 141-142, 1437 
of lips 475 
of nail bed 152 
regeneration 141 
see also skin 

epidermolysis bullosa simplex 15 
epididymis 1277-1278 

arteries 1272 
development 1211, 1213 
microstructure 1277-1278,12787 

epigastrium 1046 

epiglottis 586-588, 5867-5877, 5907 

development 614, 619 
functions 587-588 
infants 586, 594 
laryngoseopie examination 593 
movements, in swallowing 583-584, 587-588 
neonate 584 
epilepsy 397 
epimysium 85,107 
epinephrine see adrenaline 
epineurium 54 
epiphora 680 
epiphyses 95-96 
annular 756 

fifth lumbar vertebra 726 
fusion 94 

see also individual bones 

epiphysis eerebri see gland(s), pineal 
epipterie bones 425 
3 epispadias 1217,1263-1264 
*) epistaxis, refraetory 553 
epitendineum 114 
epithalamus 362-363 
development 258 

epithelium (epithelia) 28-32, 297 

alveolar see eells (named), pneumocytes 
amnion 178 

ofanaleanal 1153-1154,11557 
of Bowman’s capsule 307,1246 
of breast 948, 9527 
of bulbourethral glands 1280 
eiliary 691-693, 700 
eiliated columnar 29, 307 
3 respiratory traet 968 


elassifieation 28-32, 297 
eoelomie 186,195,1967, 1199 
gonad development 1208 
intraembryonie 1059 
somatopleuric 185, 1957,197 
splanchnopleuric 185,1957, 197, 908,1048 
heart development 9097, 910 
columnar 
eiliated 29, 307 
simple (unilaminar) 307 
stratified (multilaminar) 31, 317 
communication 4 
of conjunctiva 682 
eorneal 689-690, 6897 
cuboidal 

simple (unilaminar) 28-29, 307 
stratified (multilaminar) 31 
development 28,1967 
domains 21 

eleetrolyte transporting 529 

embryonie 307,186-187, 194-195,1967, 10487, 

11997 

polarity faetors 187 
enamel 615-616 
of epididymis 1277-1278 
folliele-assoeiated 75 
function 28 
of gallbladder 1177 
germinal 187-188,195, 1304 
of gut wall 1040-1041, 10427 
proteetive function 1040-1041 
hepatie 1052 
of iris 694-695 
anterior 694-695 
posterior 694-695 
junctional complex 28 
keratinized 31, 317 
*) of large intestine 1159 
of lens 697, 6977 
mesenehyme transition 188 
heart development 909 
mucociliary, tympanie eavity 639 
multilaminar see epithelium (epithelia), stratified 
non-keratinized 31 
of oesophagus 988, 9887 
proteetive role 988 
regeneration 988 

|) olfaetory 561-562, 5617-5627 

stem eells 56 
orthokeratinized 31 
of ovary 1304 
of panereas, exocrine 1185 
parakeratinized 31 
of prostate 1269 
pseudostratified 29, 307 
of renal tubules 12477,12497 
*) respiratory 29, 307, 561, 9637, 968 

development 925 
of larynx 307, 591 
reticulated 576 

retinal pigmented 6887, 691-692, 699-701, 7007 
development 661-663 
light absorption 701 
phagoeytie aetivity 701 
seeretory 29 
seminiferous 32 
sensory 29 
shape 28 

simple (unilaminar) 28-29 
columnar 28-29, 307 
cuboidal 28-29, 307 
squamous 28, 307 

of small intestine 307,1133-1134,11337-11347 
somatopleuric, peritoneum development 1059 
splanchnopleuric, peritoneum development 

1059 

of stomaeh 1120-1121,11217-11227 
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epitheliiim (epithelia) (Continued) 

stratified (multilaminar) 28-32 
columnar 31, 31 f 
cuboidal 31 

stratified, squamous 29-31 
keratinized 31 f 
non-keratinized 31, 31 f 
of thymus 984, 984f 
transitional see urothelium 
unilaminar see epithelium (epithelia), simple 
of urethra 1264 
male 1263 

urinary see urothelium 
of vagina 1293,1293 f 

epitheliiim/mesenehymal interaetions see under 

mesenehyme 
epitympaniim (attie) 632 
eponychium 152 
epoophoron 1296 
equation(s) 

*) Laplaee 786 

?) Newtonian - Eponyms 

equator, of lens 697 
ereetion 11,1234,1281,1285 
X) dysfunction 1285 
ergonomies 747 
erosion, eervieal 1300 
emption, teeth see teeth, emption 
erythroeytes 68-69, 68f-69f 
antigens 69 
erenated form 68-69 
deformation 69 
fetal 69 
lifespan 69 
plasma membrane 69 
production 76, 77/, 78 
proteins 69 
red-eell ghosts 68-69 
removal 

by maerophages 69 
in spleen 1191-1193 

erythroderma 141 
erythropoiesis 53, 78 
erythropoietin 78 
E-seleetin 133 

ethmoid bone 479M82f, 480-483 

eribriform plate 429 
development 620 
fractures 488 
fusion 426 

orbital plate 480-481, 666, 667/ 
ossifieation 482-483 
roof 568 

ethmoturbinals 556b, 561 
euchromatin 5f, 16 
eumelanin 141,145 
evaginations, optie 257 
examination 
baek 749 

laryngeal 593, 593/ 

X) upper limb nerve lesions/injury 786 
voeal eords 593, 593/ 
excitation-contraction eoiipling 
eardiae muscle 138-139 
hormonal influence 139 
eleetromeehanieal 126 
pharmaeomeehanieal 126 
skeletal muscle 108 
smooth muscle 126 
regulation 126 
exocytosis 8 

X) exomphalos 179,1054,1081,1081 f 
exophthalmos 669-670 
expansion(s) 

digital, dorsal 1407 
extensor, of hand 880, 882/ 

expiration see breathing 


exportins 16 
extension 
joints 102 
leftatrial 1015 
extension (movement) 102 
‘extensor’ xvi 
‘externar (outer) xvi 
external hordeolum (stye) 681 
extorsion, eye movement 672, 673f 
3 extracorporeal shoek wave lithotripsy 1253 
*) ex utero intrapartum (EXIT) treatment 209 
eye (and eyeball) 686-708, 686f 
absenee 661 
‘blaek box effeet’ 692 
ehambers 687, 694, 697/ 
elosed 670 

development 661-665, 662/ 
defeets 661 

functional eomponent differentiation 661-664 
structures around 664-665 
dioptrie power 693 
embryonie eomponents 661, 662/ 
emmetropie 698-699 
faseial sheath 668-669, 668Z-669/ 
infant 665 

movements 671-675, 673/ 
binocular 672 

extraocular muscle aetions 672, 674/ 

gaze shift/stabilization 672-674 

to head aeeeleration 674 

neural eontrol 674-675, 675/ 

pursuit 674-675 

rotation 672 

torsional 672 

muscles of, extraocular 670-675, 670/ 
neonatal 665 

optie dise see dise(s), optie 
outercoat 687-690 
preterm infant 665 
small 661 

eyebrows 475, 670 

muscles 494 

eyelashes 680 

development 664 

Cj eyelids 680-682, 680f, 686f, Oommentary 4.3 

*) age-related ehanges 680 
arteries 682 
X) at birth 680 
eiliary part 680 
development 662/, 664 
drooping (ptosis) 670 
innervation 682 
laerimal part 680 
lower 681, 686/ 
malposition 680 
lymphaties 682 
movements 672, 681 
muscles 494, 670, 672 
minor 671 
skin 680 

structure 680-681, 681 / 

*) upper 680 
veins 682 


F 

fabella 1390,1409 
faee 475-506 

§ ageing - Commentary 4.3 
§ gravitational effeets - Commentary 4.3 
ej sequence of appearanee - Commentary 4.3 
Cj sexual dimorphism - Commentary 4.3 
S tissue layers - Commentary 4.3 
arteries 498-500, 498/ 
at birth 423 
elefts 617 
dermatomes 413 












development 612, 613/-614/, Commentary 4.2 
anomalies 616-617 
faseia 404, 476-477 
Golgi 8 

gravitational pull resistanee 477 
growth 623 
innervation 501-504 
cutaneous 501/ 

laser seanning - Commentary 4.2 
lesion excision 476 
ligaments 477, Commentary 4.3 
lymphatie drainage 461/, 500-501, 500/ 
modiolus 497-498 

movements 496-498, Commentary 4.3 
muscles 489-498, 490/-493/ 
buccolabial group 494-496 
circumorbital group 494 
development 489, 609, 609/ 
epieranial group 490 
nasal muscle group 558-559, 558/ 
palpebral group 494 
proportions 556, 556/ 
relaxed skin tension lines 476, 476/ 

‘sagging’ - Commentary 4.3 
skeleton see skeleton, faeial 
skin 475-476 
skin flaps 476 

soft tissue 476-477, Commentary 4.3 
stabilization - Commentary 4.3 
surface anatomy 412/ 

three-dimensional imaging - Commentary 4.2 
tissue planes 476-477 
veins 498/, 500 

FaeeBase Consortium - eommentary 4.2 
faeelifts 477 
faeet(s) 85 

articular, vertebral 719 
aeeessory saeral 729 
ofaxis 723 
eervieal, superior 721 
inferior, of atlas 722 
lumbar 725, 725/ 
thoraeie 724, 724/ 
ealeaneal 1423 
clavicular 800 
eostal 724-725, 756 
costocapitular 724 
costotubercular 724 
erieoid 589 
erieothyroid 589 
ofcuboid 1427 
of femoral neek 1348 


of fibula 1405, 1422 
joints see joints (named), zygapophysial 
on metaearpals 870-871 
of metatarsals 1429 
of navicular 1426, 1427/ 
odd, of patella 1384,1386 
of rib 934-935 
squatting 1423-1424 
of suprarenal gland 1194 
|) talar 1423-1424 

faeial approximation (reeonstmetion) 

427 


faeial siiperimposition 427, 428/ 

X) F-aetin (fibrillar aetin) 12-13, 25,104 
faetors 

growth see growth faetors 
intrinsie 1049-1051 
transeription see transeription faetors 
see also individual faetors 

3 faeeolith (appendieolith) 1142 

Fallot’s tetralogy 923-924,1013,1013f, 

Eponyms 

falx 

eerebelli 432 

eerebri 404, 429, 432, 433/ 
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faseia(e) 41 

of abdominal wall, anterior 
superficial 1069 
transversalis 1069 
abductor hallucis 1441 
adherens 25, 137-138 
alar 445-446 
of anal triangle 1231 
antebraehial 837 
anterior, of Gerota 1238-1239 
of arm,deep 777, 798-799 
axillary 799 

Z) bleeding into 786 
of baek 710-711 



braehial 799 
of breast 945 

buccopharyngeal 477, 577-578 

Z) Buck’s 1281,1284/; Eponyms 
bulbi 668-669, mf~mf 

Z) eampbell’s - Eponyms 
Camper’s 1069 
capsulopalpebral 681 

eervieal 445-447 fíZ 

deep 404, 445-447, 446 f, 541, 799 
superficial 404, 445, 446 f 
elavipeetoral 799, 931 

|) Colles’ 1233, 1288-1289, Eponyms 
eremasterie 1078, 1278, 1286 
eribriform 1338 
deep 41 

of anal triangle 1231 
ofarm 777, 798-799 
eervieal 711 
dorsal, of foot 1421 
of forearm 777, 837 
of gluteal region 1337-1338 
of knee 1383, 1389 
ofleg 1400-1401 
of lower limb 1317,1317f 
of thoraeie wall 931 
of upper limb 777 
deltoid (over) 799 

Z) Denonvilliers’(reetovesieal) 1063,1147,1256^- 

1257 f, 1267, 1267/; 1291, Eponyms 
dentata 387 

digital, of hand 865, 865/ 
dorsal, of foot, deep 1421 
dorsalis pedis 1421 
endopelvie 1224 
endothoraeie 715, 953 
of faee 404, 476-477 
of foot 1420-1421, 1421/ 
of forearm, deep 777, 837 
fusion 1085, 1086/-1087/ 

|) of Toldt 1084-1085, 1086/-1087/, 1143, 1146, 

1179, Eponyms 

Z) of Treitz 1084-1085,1179, Eponyms 
Gerota’s see faseia(e), perirenal 
of hand 865 
of head 404 

Z) Hesselbaeh’s 1338, Eponyms 
iliae 1083, 1338-1339 
of iliacus 1356 
iliopsoas 1083 
infraspinous 799 
investing 41 

of superficial perineal muscles 1233 
laerimal 684 
lata 

of knee 1390 




ofthigh 1337-1338 
lateroeonal 1084/, 1085,1238-1239 
over levator ani 1223-1224 
of lower limb 1316-1318 
material properties 118 
mesoreetal 1147 
muscular, of eyeball 669 


musculorum see faseia, deep 

of neek 404, 977 ((Z 

around nerves - Commentary 6.2 
obturator 1223,1235/ 

palmar 864-865, 865/ ((Z 

parotid 477 

parotid-masseterie 404, 477 
peetoral 799 
peetoralis 945 

pelvie 1223-1224, 1223/ (g 

lateral 1266 M 

parapelvie 1266 

parietal 1223-1224 [tg 

periprostatie 1266 
viseeral 1224 

of pelvie diaphragm 1223-1224 
penile 

deep 1281, 1284/ ((C 

superficial 1281 


of perineum 1223/, 1231-1234, 1231/, 1234/-1235/ 
deep 1233 

superficial (Colles’) 1233 
perirenal 1084-1085, 1084/, 1238-1240, 1239/, 

Eponyms 

anterior 1084,1086/-1087/, 1239-1240 
fusion 1240 

posterior 1084, 1087/, 1239-1240 
pharyngeal 577-578 
pharyngobasilar 577-578, 580/ 
over piriformis 1223 
plantar, surface anatomy 1331 
popliteal 1400 ((Z 

posterior, of Zuckerkandl 1238-1239 
presaeral 1224 

presaeral, of VValdeyer - Eponyms 

prevertebral 445, 446/, 715, 777, 786, Commentary 

6.2 


propria, of rectum 1147 
prostatie 1266, 1267/ 
lateral 1266-1267, 1267/ 
psoas 1083 
reetal 1147,1150/ 
lateral 1267 

reetovesieal (Denonvilliers’) see faseia(e), 

Denonvilliers’ 

retroeolie/retromesoeolie 1085 

retropanereatie 1085 

retropancreaticoduodenal 1085 

retrosaeral 1147 

ofsartorius 1389 

of sealp 404, 476 

Searpa’s 1069, Eponyms 

Sibson’s 414, 446, Eponyms, Commentary 6.3 

spermatie 

external 1079-1080,1278,1286 
internal 1069,1278, 1285-1286 
subsartorial 1366 
subscapular 799 
superficial 41 

of abdominal wall, anterior 1069 
of anal triangle 1231 
of baek 710 
eervieal 404, 445, 446/ 
penile 1281 
of perineum 1233 
of sealp 404, 475-476 
temporal 477 
of thoraeie wall 931 
of upper limb 777 
supraspinous 799 
temporal 477, 541 
deep 477 
superficial 477 
temporoparietal 404, 477 
tensile strength 118 

thoracolumbar (lumbodorsal) 711, 713/, 726, 746, 

1083,1084/ 










of thyroid gland 599 

of Toldt 1084-1085, 1086/-1087/, 1143, 1146, 

1179, Eponyms 
transversalis 1069 
of Treitz 1084-1085,1179, Eponyms 
of upper limb 776-777 
deep 777 
superficial 777 

viseeral, of retroperitoneum 1083-1085 
of VValdeyer - Eponyms 
Zuckerkandl’s 1084, Eponyms 

faseiele(s) 

of articularis genus - Commentary 9.3 
of atrioventricular bundle 1015 
of eoehlear nerve 642 
of dura mater 432 
ereetor spinae 740 

‘hourglass’ eonstrietion - Commentary 1.6 
ilioeostalis lumborum 741 
longissimus thoraeis 741 
multifidus 742-743 
olfaetory reeeptor neurons 562 
semispinalis muscles 743 
skeletal muscle 110 
smooth muscle 123 
spinalis thoraeis 740 
oftendons 114 
fasciculus (fasciculi) 
circumolivary 319 

cuneatus 296, 297/, 311, 313/, 315, 762 
fronto-oeeipital 365/, 366 
inferior 391 /, 392 
graeilis 296, 297/, 311, 313/, 762 
intrafusal 61-62 
lenticularis 362, 369, 369/ 
of Lissauer see traet(s) (tractus) nerve, of Lissauer 
of long assoeiation fibres 391 
longitudinal 
dorsal - Eponyms 
inferior 391-392, 391/ 

medial 313-314, 318/, 319, 322/, 324-325, 651, 
654/, 674, 675/ 
lesions 325, 674 
middle 392, 392/ 
superior (SLF) 391, 391 / 
eomponents (SLF I, SLF II, SLF III) 391 
of palatopharyngeus 580-581 
papillomacular 703-704 
peripheral nerves 54, 54/ 
proprii 297/, 304-305 
retroflexus 327, 362 
of Schutz - Eponyms 
skeletal muscle 107 
subcallosal 365Z-366/, 366 
sulcomarginal 297/, 303 
oftendons 114 
thalamie 362, 369 
oftongue 511 
uncinate 391 /, 392 

see also bundle(s); traet(s) (tractus) (nerve) 

Fas ligand (FasL), apoptosis 26 
fat 

absorption, small intestine 1132 
in bone marrow 76 
brown 36 

eells 35-36, 36/, 39 
mobilization 36 
nasolabial - Commentary 4.3 
orbital 668Z-669/, 669-670 
perirenal 1238 
subcutaneous 39 
of anterior abdominal wall 1069 
distribution 147 
faeial ageing - Commentary 4.3 
subepicardial 1012 
see also lipids 

‘fat bag’, orbital - eommentary 4.3 


1485 













































SUBJECT INDEX 


fate maps, nervous system development 242É-2437 
fat pads 

articular, of synovial joints 99-100 
CJ of Biehat 475, Eponyms, Commentary 4.3 
§ buccal 475, Eponyms, Commentary 4.3 
epieardial 1005-1006 
offoot 1421 

at gastro-oesophageal junction 1111,1114 
heel 1421 

of humero-ulnar joint 844 
infrapatellar 1384,1391, 1391 7 
p Kager’s (pre-Aehilles) 1424, Eponyms 
ofkneejoint 1391-1392 
et malar 476, Commentary 4.3 
metatarsal 1421 
mid-foot plantar 1450 
3 Ostmann’s - Eponyms 
?) pre-Aehilles (Kager’s) 1424, Eponyms 
suctorial 616 
temporal, superficial 477 
temporoparietal 477 

et Federative International Programme on Anatomieal 

Terminologies (FIPAT) - Oommentary 2.1 

feedbaek 

hypothalamus 34 
loop, hormones 34 

feeding 

duodenal 1127 
enteral 1128 
jejunal 1128 

feet see foot 
felon 866 

femur 1348-1353,1349M350T 

X] arterial supply 1352-1353, 1353/; 1379,13797 
eongenital anomalies 1336 
p deformity 1376, 1376f 
development 1334 
distal end 1350-1351,13507 
fetal length measurement 1334-1335,13357 
fractures 1352-1353 
growth plate 1353 

head 1327, 1336, 1348, 13507, 1376 
in hip joint 1376 
biomeehanies 1379-1380 
infeetion 1353 
innervation 1353 

in knee movements 1392,1394-1395,13947 
muscle attaehments 1351-1352 
neek 1348, 13507 
neonatal 1336 
obliquity, degree of 1348 
?) ossifieation 96,1353,13537 
patellar surface 1351 

shaft 1327, 1349-1350, 13497-13507, 1352 

structure 1351,13527 

surface anatomy 1327-1328 

tibial surface 1350-1351 

troehanter 

greater 1327,13277, 1348,13507, 1351 
lesser 1348, 13507, 1351 
venous drainage 1352-1353 
fenestra(e) 
bone marking 85 
of eapillaries 129 

eoehleae (rotunda; round window) 634, 642 
vestibuli (ovalis; oval window) 634, 641-642 

ferritin 69 

fertilization 163-164,1667,1306 

age 205 
in vitro (IVF) 164 

*\ fetal maerosomia 210 
fetus 

abnormalities 206, 2097 
amniotie fluid, swallowing of 179 
aneuploidic 204 
aortie isthmus 1024-1025 
araehnoid villi 278 


bone 89 
bone marrow 75 
breathing movements 905, 928 
eapillaries 173 
eerebrospinal fluid 258-259 
ehest size estimation 907 
ehromaffin tissue 237 
ehromosomal analysis 17 
circulation see circulation, fetal 
conus medullaris 762 
dermis 155 
development 209 
erythroeytes 69 

extrauterine life, transition to 210 
X) femur 13537 

gastrie aeid seeretion 1049-1051 

haemoglobin (HbF) 69 

head, imaging 623 

health predietors 179 

hearing 659 

heart 922 

kidney 1203,1237 

length 209, 2137 

lens (of eye) 698, 6987 

liver 1170 

lungs 

X) microstructure 968 

seeretion 179 
lymphatie flow rates 204 
lymphoeyte development 76 
melanoeytes 154-155 
membranes 177-179 
movements 209, 223 
muscle 111 
nutrition 209 

oesophageal peristalsis 1048-1049 
ossifieation eentres 95 
ovaries 1303 
peritoneal eavity 1063 
prostate 1269 

pulmonary vascular resistanee 928 
X) rhesus antigens 69 
sebaceous glands 209 
size 2137 

skull size/shape measurements 206, 2087 
staging 205, 2077-2087 
ultrasound sean 206, 2087 
suprarenal glands 1064 
surgery 209 
testes 1277 
tympanie eavity 632 
ultrasound see ultrasound, antenatal 
umbilical vessels 1067-1068 
umbilicus 1075-1077 
urine 

output 179 
production 1201 
vertebral curvatures 716 
weight 209, 2137 
wound healing 159-160 
fibre(s) 

arcuate, of flexor tendon sheaths 879 
eollagen see eollagen 
emeiate, of flexor tendon sheaths 879 
elastie 377 
in elastie eartilage 84 
elastin see elastin 
*) Henle 704, Eponyms 

lens 697-698, 6977-6987 
primary 663 
seeondary 663 
of ligaments 115 

longitudinal, of palmar faseial complex 864 
motor, of eranial nerves 249-250 
muscle 103 
‘elasp’ 1114,1121 
extrafusal 54 


fast-twitch (white) 108-109 
formation 110-111,1107 
gastrie 1121 
intrafusal 54 

length growth/regulation 111 
reinnervation 109 
skeletal 103,1037-1067,1097 
slow-twitch (red) 108-109 
smooth 123, 1237-1247, 126 
type development 111 
type differentiation 111 
typel 108-109,1097 
typell 108-109 
type IIA 108-109, 1097 
type IIX 108-109, 1097 
type transformation 109 
see also muscles (general) 
nerve 
A 54 

A B C elassifieation 54 
adrenergie 134-135 
afferent 

groups I, II, III, IV 54,108 
intramuscular 125 
viseeral 236 
arcuate 391 
external 3147, 319 
posterior 296 
internal 296,313 
assoeiation 391-393, 3917,396 
long 391 
short 391 
B 54 

basilar 652 
(3 efferent 62 
C 54 

X) coughing 969 

eerebellombral 324 
eholinergie 134-135 
elimbing 335, 337-338, 3387-3397 
commissural 391,393-394,396 
corticobulbar see fibre(s), nerve, corticonuclear 
(corticobulbar) 

*) eortieoeortieal 374-375, 382 

corticofugal 230, 394 
development 261 
eortieonigral 323 

corticonuclear (corticobulbar) 230, 394-395 
medullary 230 
meseneephalie 230 
pontine 230 

eortieopetal, development 261 
eortieopontine 318, 322, 345-346, 380 
eortieombral 324, 395 
eortieospinal (pyramidal traet) 230, 394-395 
development 252 
eortieostriatal 380 
eortieoteetal 380 
eortieothalamie 350 
efferent 
autonomic 64 
fusimotor (y) 62, 108 
myelinated (p) 62 
frontopontine 318, 322, 394-395 
fusimotor 62,108 
spinal eord 294 
GABAergie pallidonigral 323 
y—efferent 62,108 
geniculocortical 381-382 
hypothalamospinal 304 
intersegmental 252 
intrafusal 62, 637 
mossy 335-338, 3367-3387 
afferent eonneetions 343-345, 3447 
development 255 
hippoeampal formation 388 
reticulocerebellar 345 
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terminals 343-344 
trigeminoeerebellar 345 
vestibiiloeerebellar 345, 3457 
oeeipitopontine 322 
olivoeerebellar 337-338 
pallidothalamie 369 
parietopontine 322 
peripheral 54 
pontoeerebellar 317-318 
postganglionie, to oesophagus 988 
projeetion 391, 394-395 
development 261 
X) Purkinje - Eponyms 

development 139 
reticulocerebellar 344-345 
X) retinoteetal 327 

seeretomotor 33 
of spinal nerves 
somatie 768 
viseeral 768 
spinal white matter 296 
spinoeerebellar 344-345 
spinoreticular 345 
striatonigral 367 

3 striatopallidal 369, Eponyms 

*) tectoreticular 327 

temporopontine 322 
transverse pontine 317-318 
trigeminoeerebellar 344-345 
trigeminothalamie 316 
U-fibres 391 

vasomotor sympathetie, to oesophagus 988 
vestibular 651 

vestibulocerebellar 344-345 
viseeral pain 236 

see also eonneetions (neural); projeetion(s) 
nuclear bag 62 
nuclear ehain 62 
of palmar faseial complex 
transverse 864-865 
vertieal 865 

3 peneil, of Wilson - Eponyms 

X) Pmssak’s - Eponyms 

reticular 38, 387 

|) Sharpey’s 89, 520-521, 523, 525, 5257, 

Eponyms 

*) of Skoog - Eponyms 
zonular 697 

fibrillin 38 
fibrils 

eollagen 35/; 38, 81 
eartilage 83 
elastin 37/; 38 
muscle see myofibrils 
nerve (neurofibrils) 43 
fibrin, elot formation 68, 68f, 73,158 
fibrinoid deposits, plaeental villi 176 
fibroblast growth faetors (FGFs) 221, 247, 751-752, 

926 


fibroeartilage see under eartilage (general) 
fibroneetin 39,158-159 

in embryo 188 

internal enamel epithelium 615-616 
lung development 925 
vascular development 200-201 
fibrosis, hepatie 1171 
fiblila 14027-1403/j 1405 
distal end 14027-1403/; 1422 
innervation 1422 
ligamentous attaehments 1422 
vascular supply 1422 
head 1328,1405 
innervation 1405 
muscle attaehments 14037,1405 
neonatal 1336 
ossifieation 1405 


shaft 1330, 1405 


surface anatomy 1328, 1330 
vascular supply 1405 

‘fibiilar’ (peroneal) xvi 
X) fibular dimelia 1405 
field(s) 

eye 257 
of Forel 362 

frontal eye 379, 3797, 675, 6757 
X) ‘H’, of Forel 362, 3657, 369, 3697, Eponyms 
heart-forming 
primary 908, 9087, 910 
seeondary 908, 9087, 910 
hippoeampal see hippocampus 
nail 155 

posterior eye 675 
supplementary eye 675 
visual, defeets 708 

§ field emission giin (FEG) - Oommentary 1.5 
fila eoronaria 1003,1012-1013 
filaggrin 144-145 
filament(s) 

aetin 12-13, 127 
eytokeratin 144 
fibroneetin 39 

intermediate 127-137,15-18 
keratin 41 

neurones see neurofilaments 
nuclear 15 
proteins 15 

smooth muscle 125-126 
keratin 15,25 
long sareomerie 104 
myosin 126 

X) severing proteins 12-13 
sliding 108 
smooth muscle 125 
thiek 103-104, 1047-1067, 108 
smooth muscle 126 


thin 13, 103-104, 1047-1067, 108 
smooth muscle 126 
unit length 15 

filamin 13 
X) filariasis 136 
film, tear 

preeorneal 683 
preocular 682, 684, 6847 

§ filopodia 12, 23, eommentary 1.6 
filum (fila), terminale 252, 729-730, 762 

externum 762 
internum 762 
X) tethered 773, 7737 

fimbria(e) 

of fornix 385, 3867-3877 
hippoeampi 261 
ovarian 1301 
of uterine tube 1301 
development 1210 

X) fine needle aspiration (FNA), breast eaneer 949 
finger(s) 

bones 869-872 
X) clawing 7867 

innervation 891, 893 
little, phalanges of 872 
X) mallet 878 
*) movements 114, 7867 
skin ereases 862 
X) trigger 879 
webbing 796 

fingerprints 157,1577, 862 
fissure(s) 

antitragohelieine 628 
in auricular eartilage 628 
*) azygos, aeeessory 978 
bone 85 

of cerebellum 331, 3337 
development 254, 2557 
paramedial 331 











posterolateral 254, 2557 
postpyramidal 254 
pre-pyramidal 254, 2557 
prima 254, 2557 

of eerebral hemispheres 373-374 
see also individual fissures 
ehoroid 2737, 276, 661 
ehoroidal 2737, 384 

development 2577-2587, 260-261, 2617 
of Gans 1163,1173, Eponyms 
interemral 331-335 
interhemispherie 376 
intrasegmental selerotomie 755 
lateral (Sylvian) 237, 373, 3737, 376, 382, 409-410, 

Eponyms 
development 261 
for ligamentum teres 1162-1163 
for ligamentum venosum 1162-1163 
of liver 1162-1163,11637 
major 1162 
minor 1162 
longitudinal 376 

of lungs (pulmonary) 903, 9557, 957, 9587 
aeeessory 957 
azygos 990 

horizontal (minor) 9017, 903, 9037, 9557, 957, 
9587 

ineomplete 957 

oblique (major) 903, 9557, 957, 9587 
on mandibular seeond premolar 518 
median 

of medulla oblongata 311 
of spinal eord, anterior 291, 2917, 762 
development 2497, 252 
optie 661 
oral 475 
orbital 667 

inferior 410, 422, 484, 666-667, 6677-6687 
superior 430, 536, 667, 6677-6687 
palpebral 680 
parieto-oeeipital 381 
petroelival 431, 437 
petro-oeeipital 431,437 
petrosquamous 423, 624, 627 
petrotympanie 423, 541, 624, 632-633 
portal 
left 1162 
main 1162 
right 1162 
pterygoid 536 
pterygomaxillary 421-422 
Rolandie 237, Eponyms 
of Santorini 629, Eponyms 
secunda 254 

squamotympanic 423, 541, 624, 626 
Sylvian see fissure(s), lateral (Sylvian) 
transverse 276 
umbilical 1162 

umbilical (for ligamentum teres) 1163 
venous 1162-1163 
von Ebner’s 755, Eponyms 
fistula(e) 
aortoeaval 1088 
branehial 449 

caroticocavernous sinus (CCF) 438 
eoronary arteriovenous 1016,1020 
eoronary artery 1020,10207 
eoronary eameral 1020 
dural arteriovenous 286 
rectourethral, eongenital 1263 
traeheo-oesophageal 930, 9307 
urethrocutaneous, eongenital 1263 
vesieovaginal 1291 
fixation, of focus of attention 672 
fixator (muscie) 114 
flageila 22-23 
movement 14 
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flange, troehlear 841-842 
flap(s) (skin flaps) 160 

abductor hallucis 1441 
axial pattern 160 
bieoronal 475, 477 
breast reconstruction 949, 949f 
autologous tissue 949 

deep inferior epigastrie artery perforator (DIEP) 949, 

9497 

‘extended’, breast reeonstmetion 949 
faee 476 
faseial 160 
fasciocutaneous 160 
anterolateral thigh 1369 
lower-extremity 1319 
of upper limb 779 
forehead 476 
free 160 
Gillies - Eponyms 
hand reeonstmetion 863 
island 1446 
from lower limb 1319 
Martius fat pad 1291, Eponyms 
muscle 160 
musculocutaneous 160 
gluteus maximus 1357 
latissimus dorsi 949 

transverse rectus abdominis (TRAM) 949 
myocutaneous 
latissimus dorsi 779 
rectus abdominis 1073-1074 
myofaseial, of anterior abdominal wall 1081 
nasolabial 476 
nasoseptal 553, 563 
from neek 442 
nomenclature 160 
omental pediele 1104 
osteoplastie, faeial 489 
palatal mucoperiosteal 553 
parascapular 828 
pedieled 
groin 863 

from temporalis 547 
perforator-based 1319,1321 7 
in ankle 1446 
in foot 1446 
gluteal region 1370 
of hip region 1370 
of knee 1322/; 1414-1415 
of leg 1322/; 1414-1415 
of lower limb 1319,1322f 
of thigh region 1370 
perieranial 475 

posterior interosseous island 863 
radial forearm (‘Chinese’) 863 
rectus abdominis 943 
sealp 475-476 
scapular 828 
sternoeleidomastoid 448 
ulnarforearm 863 
‘flare’ 696-697 
flexion (movement) 102 
‘flexor’ xvi 
flexure(s) 

angular, of stomaeh 1062 
eervieal 239-240, 2407 
eolie 

left see flexure(s), splenie 
right see flexure(s), hepatie 
duodenal 
inferior 1125 
superior 1124-1125 
duodenojejunal 1046,1125/; 1126 
hepatie 1136, 1137/; 1143, 1143 7 
meseneephalie 239-240, 2407 
midbrain 253 

pontine 239-240, 240/; 253, 2557 











splenie 1063, 1136, 1137/; 1145, 11457 
arterial supply 1150 

floaters, eye 699 

flocculus, cerebellum 331-335, 346-347, 3487 

eye movement eontrol 675 

floor 

fourth ventriele 274, 2757 
mouth see mouth, floor 
nasal eavity 560 
orbit 666 

pelvie see pelvis, floor 
pharynx, development 6147 
plate see plate(s), floor 
tympanie eavity 632 

fluid 

amniotie 179, 210 
abnormal volume 179, 1208 
bioehemieal analysis 179 
fetal health predietion 179 
fetal swallowing 179 
lung development 928 
lung fluid mixing 928 
sources 179,1206 
volume 179 

eerebrospinal (CSF) 42, 276, 432 
absorption 278 
by peritoneum 1110 
aeeessto 773 
circulation 278 
flow patterns 278 

eolleetion/drainage - Prefaee Commentary 
fetal 258-259 
newborns 264 
obstmetion 278 
spinal 765 
volume of 278 
eoelomie 185, 201 
endoneurial 54-55 
exchange, microvasculature 130 
exocoelomic 185 
of inner ear 643 
interstitial 135 
laerimal see tears 
nuchal 204 
perieardial 995 
peritoneal 1098 
absorption 1098 
eolleetions 1109 
defensive properties 1098 
flow 1098, 10997, 1108 
pleural 953-954 

seeretion/absorption, small intestine 1132 
seminal 1268-1269, 1280 
emission 1260-1261,1285 
synovial 97,100, 119 
of flexor tendon sheaths 879 
at temporomandibular joint 542 
in testes 1272 
vaginal 1293-1294 
fluorescein - Commentary 8.2 
fluorescence in sitii hybridization 17,177 
fluorescence mieroseopy - Oommentary 1.1 
laser light - Commentary 1.1 
multiphoton excitation - Commentary 1.1 
fluorescent fusion eonstmets - Oommentary 1.1 
fluoride ions, in bone 86 
foeal adhesion kinase (FAK) 126 
focused ion beam (FIB) - Oommentary 1.5 
fold(s) 

alar, of kneejoint 99, 1391, 13917 
aryepiglottie 586-587, 590, 5907, 592 
development 619 
axillary 

anterior 789, 820 
posterior 789, 822 

bloodless, of Treves 1105,1109,1142, Eponyms 
eaeeal (parietoeolie) 1109 


eaval 10607,1061 

circular, of small intestine see pliea(e), 

circulares 

ereseentie, atrial septation 915 
duodenal 
inferior 1108 
superior 1108 
duodenoparietal 1108 
epithelial, nasal 560-561 
of eyelids 680 
fimbriated 511 
gastrie 1115 
of gastrie mucosa 1114 
gastropanereatie 1107,1116 
genital 12107, 1217-1219 
fusion 1219 

glossoepiglottie 511,586-587 
gluteal 1337 
horizontal 1330 
gonadal 1208 
head 185,1857, 908, 9097 
horizontal, of rectum 11387,1147 
ileoeaeeal 1109 
infrapatellar 1391 
inguinal 1214-1216 
interarytenoid 601 
intemreterie 1206 

e) labiomandibular - Commentary 4.3 
*) of left superior vena eava 995 

longitudinal, of uterine tube 1302,13027 
malleolar 633 
mesonephrie 1201 
mucosal 

of bladder, urinary 12597 
duodenal 1125-1126,11257 
gastrie 1115, 1120,11227 
nail 151-152, 1517, 866 
ej nasolabial 475, Commentary 4.3 
neural 238, 241, 605 
epithelial/mesenehyme transformation 241 
expansion 238-239 
palatoglossal 5097, 580 
palmate 1295 
palpebral 680 
parietoeolie (eaeeal) 1109 
*) parieto-oeeipital 381 

peritoneal see peritoneum, folds (ligaments) 
presplenie 1063 
recto-uterine 1105-1106 
reetovaginal (posterior) 1296 
of rectum 1137,11387 
horizontal 11387,1147 
transverse 11387,1147 
salpingopalatine 573 
salpingopharyngeal 5727, 573 
spiral, of eystie duct 1174 
sublingual 509, 5107, 528 
synovial 99 

*) temporo-oeeipital 381 
tubal 12017, 1208 
umbilical 1105, 11057 
lateral 1105 

|) medial 1075-1077, 1105, 1257, 12577 

median 1075-1077, 1105, 1255, 1257 
ureteric 1257 
of urethra, female 1264 
urethral see fold(s), genital 
uterovesical 1294-1296, 12967 
vascular, of tympanie eavity 639-640 
ventriculosaccular 592 
vesieal, transverse 1105 
vesieosaeral 1224 

vestibular 5907-5917, 591-593, 5937 
voeal 

false see fold(s), vestibular 
true see eord(s), voeal 
see also pliea(e) 
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folia (folium) 

eentral tendon, of diaphragm 971 
ofcerebellum 331-335, 341 
folliele(s) 
anagen 148 
endoerine glands 32 
hair 142/; 147-148, 147f-148f 
lymphoid 74, 747 
of appendix 757, 1142 
bronehial 968 

*) of large intestine 1159 

of palatine tonsil 576-577 
primary 74 
seeondary 74 

of small intestine 1129,1135 
of spleen 1191,1192 7 
mucosa-associated lymphoid tissue 75, 757 

X) Nabothian 1300, Eponyms 
ovarian 1304-1306, 13047 
abnormal 1304 
atretie 1304 
development 13047 

*) Graafian - Eponyms 

primary 1304-1305,13057 
primordial 1304,13057 
rupture 1305 

seeondary (antral) 1305,13057 
tertiary (Graafian) 1305,13057 
of prostate 1268-1269 
thyroid 471,4717 

folliculogenesis, thyroid gland 618 
fontanelle(s) 

anterior 409, 418, 423-424, 426, 

622-623 
closure 424, 426 

mastoid (posterolateral) 409-410, 419, 423-424, 

426, 622-623 

posterior 418, 423-424, 622-623, 712 
sphenoidal (anterolateral) 419, 423-424, 

622-623 

*) surface anatomy 2377 
foot 1418-1451 

adipose tissue 1421 

arehes 1439, 1450, 14507 

arteries 1444-1446, 14457-14467 

biomeehanies 1447-1450 

bones 1421-1431, 14227-14237, 14257, 

14277 

aeeessory 1431 

sesamoid see sesamoid bones, of foot 
calluses 144 
club 1336 

eompartments, faseial 1420-1421,14217 
faseia 1420-1421, 14217 
flail 1373-1374 

|) flat 1336, 1412, 1423, 1428, 1439 
functions 1450 
heel see heel (of foot) 
innervation 1446-1447 
joints 1318, 1431-1439 
ligaments 14357 
movements 1447-1450,14507 
muscles 1319, 1440-1444 
extensor 1444 

*) extrinsic 1440,14407 

intrinsie 1440-1444 
innervation 1444 

vascular supply 14267,14417, 1444,14467 
plantar 

first layer 1441-1442, 14417 
fourth layer 1443-1444 
seeond layer 14417,1442 
third layer 1442-1443, 14437 
neonatal 1336 
perforator flaps 1446 
planes of motion 1447-1448 
roekerbottom 1336,1426 


skin 1418 
innervation 1418 
lymphaties 1418 
vascular supply 1418 
soft tissues 1418-1421 
surface anatomy 1329-1331,13297 
trauma 1421 
venous systems 1446 
footplate, stapedial 631-632, 636 
foramen (foramina) 85 
aeeessory, of mandible 539 
apieal, of tooth 520 
arcuate 722 
basivertebral 721 
bulboventricular 917 
caecum 311, 429, 479, 614, 6147, 618 
earotieoelinoid 280-281, 430, 536 
of eribriform plate 429, 480 
emissary 416 
sphenoidal 422 

|) epiploie (of Winslow) 10557-10567, 1059-1061, 

10607, 11017,1107, Eponyms 
ethmoidal 667, 6677 
anterior 667, 6677 
middle 6677 
posterior 667, 6677 
frontal 478-479 

genial seeforamen (foramina), lingual (genial) 

*) of Huschke 627, Eponyms 
ineisive 410-411 
anterior 486 
lateral 421-422 
median 421-422 
posterior 486 

infraorbital 410,416-418,484 
|) interventricular 259-260, 271-272, 276, 350, 385, 

395, 914, 917, Eponyms 
intervertebral 714-716, 718, 720, 756 
boundaries 719-720, 7207 
eervieal 720 
eoeeygeal 729 
lumbar 720 

|) lumbosacral 715-716, 7167, 720 

saeral 729 
thoraeie 720 

X) volume reduction 720, 7207 

jugular 423, 431, 626 
development 620-621 
laeemm 422, 431, 573 
*) lingual (genial) 513, 539, 541 

aeeessory 539 

3 lateral 539-541, 5407 

3 of Luschka 254, 271, 273, 276, Eponyms 

X) of Magendie 254, 271, 274, 276, Eponyms 
magnum 422-423, 431, 620 
mandibular 409, 539 
mastoid 419,423,432,624 
mental 409, 418, 537 
aeeessory 409 
age ehanges 539-540 

of Monro seeforamen (foramina), interventricular 
nasopalatine 410-411 
nervosum 642-643 
nutrient 

of bone 89-90 
of elaviele 800 
of femoral shaft 1349,1353 
offibula 1405 
of humerus 806 
of radius 839 
of seaphoid 868 
oftibia 1404 
of ulna 842 

obturator 1034,1339-1340 
optie 687 
orbital 667 

3 ovale 536, 5517, 573 


of heart 916, 920 
closure 920-921 
in neonate 2117, 922 
patent 1001 

of sphenoid bone 422, 430, 620 
palatine 

greater 410-411, 421-422 
lesser 421-422, 487 
parietal 418,429,477 
postglenoid 624 
primum 915, 9167 
defeets 923 

rotundum 430, 5357, 536, 552, 620 
saeral 

dorsal 727-729 
pelvie 727 

seiatie 13467, 1354-1355 
greater 1034,1316,13167,13467, 1354 
lesser 1034, 1316, 13167, 1346, 13467, 1355 
of selera 687 
secundum 915,9167 
singular 643 
of skull 416 

*) sphenoidal emissary 422, 430, 439, 536, Eponyms 
sphenopalatine 486-487, 561 
spinosum 422, 430, 536 
squamosal 624 
of stapes 610 
sternal 933-934 
stylomastoid 423, 626 
supraorbital 410,416,478-479 
transversarium, eervieal vertebrae 404, 720-721 
of axis (C2 vertebra) 723 
vertebra prominens (C7 vertebra) 723-724 
vascular 

eervieal vertebrae 721 
of femoral neek 1348 
of ilium 1344 
of maxilla 486 
of vertebral body 719, 7197 
vertebral 714, 7197, 724 
lumbar 7167, 725-726, 7277 
X) of Vesalius (sphenoidal emissary) 422, 430, 439, 

536, Eponyms 

of Winslow (epiploie) seeforamen (foramina), epiploie 

(of Winslow) 

zygomatieofaeial 483-484 
zygomatieo-orbital 483-484 
see also opening(s); orifiee(s) 

*) foreeps, minor 393, 3937 
forees, biomeehanieal 1167 

eompressive 116 
shear 116 
tensile 116 

*) Fordyee spots 475, 507, Eponyms 
forearm 837-861 

arteries 856-858, 8567 
bones 838-843 
eompartments 777, 837, 8387 
development 794 
faseia, deep 777 
3 fracture—disloeation 861 

*) injuries 861 

lymphaties 780, 858 
muscles 848-856 
anterior eompartment 
deep flexor 777, 837, 8497-8507, 851 
superficial flexor 837, 848-851, 8497 
posterior eompartment 837, 851-856 
deep extensor 854-856, 8547 
superficial extensor 851-854 
proximolateral 837 
superficial flexors 789-790 
nerves 858-861 
skin 837 
innervation 837 
vascular supply 837 
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forearm (Continued) 

softtissue 837 
veins 858 
see also arm 

forebrain see proseneephalon (forebrain) 
foregut 

mesenteries 10557-10567, 1059,1060 f 
dorsal 1051 
ventral 1051 

postpharyngeal 1048-1054,1048 f 
glands 1051-1054 
primitive 185 
forehead (frons) 
bones of 478-480 
ethnie origin determination 427 
growth 623 
muscles 490 
sex differenees 426 
skeletal landmarks 410 
skin development 612 
skin flaps 476 

foreign bodies, inhaled 593-594, 966 
*) forensie radiology, eostal eartilage 938 
foreskin see prepiiee, of penis 
formants 603 
formation 

hippoeampal 359, 387-388 
eell fields 386 f 
eonneetions 388 
pathways 388 

peptide-eontaining neurones 388 
see also complex(es), subicular; cortex, entorhinal; 
gyrns (gyri), dentate; hippocampus 
reticular 309, 314, 326-328, 326f 
development 254 
gaze 674 

midbrain 326-328, 326 f 
paramedian pontine 674-675, 675 f 

fornix (forniees) 

|) of brain 271-272, 2737, 359, 385, 3857, 3877, 392, 

3937 


development 261 
fimbria 385, 3867-3877 
conjunctival 682 
postcommissural 359 
precommissural 359 
of vagina 1291,12927 
development 1210-1211 
vestibuli 508 

^ forvvard shmgging 786 
fossa(e) 85 

acetabular 1340, 1376 

articular 541 

eanine 410-411, 484 

eerebral, lateral, development 2607 

eondylar 422-423, 713 

eoronoid 839 

eranial 429-432, 4307 

tg) anterior 404, 429-430, 4307, 4377, Commentary 

4.1 

S terminology 5567 

middle 404, 430-431, 4307, 4377, Commentary 
4.1 




dura mater arrangement 433 
fractures 632 

3 terminology 5567 ((? 

§ posterior 404, 4307, 431-432, Commentary 4.1 
*) terminology 5567 

venous drainage 288 

ej surgical approaehes - Commentary 4.1 
cubital 7887-7897, 837 
cutaneous vascular supply 837 
surface anatomy 7887-7897, 789 
digastrie 537 
gallbladder 1162,1173 
glenoid (mandibular) see fossa(e), mandibular 
glenoid (of scapula) 801, 803, 813 


hyaloid 699 
hypophysial 430, 620 
iliae 1344 

sex differenees 1347-1348 
ineisive 421-422, 484, 510 
infundibular 486 
incudis 635 

infraclavicular 7887-7897, 789 
surface anatomy 787, 7887-7897 
infraspinous 802-803 
infratemporal 419, 421-422, 534-541 
arteries 548-550 
bones 534-541 
boundaries 534, 5347 
communications 534 
‘extended’ 534, 5347 
infeetion 488, 552 
lymphatie drainage 550 
muscles 546-548 
nerves 5477, 5497, 550-552 
structures within 534 
tissue spaees 541, 5417 
venous drainage 550 
inguinal 

lateral 1105,1214 
medial 1105 
intereondylar 1351 
interpeduncular 321-322 
isehio-anal 1153,11547, 1231 
jugular 626 

laerimal 485, 6677, 684 
for laerimal gland 479 
lunate 875-876 
malleolar 1405,1422 

mandibular (glenoid) 419, 423, 541, 624, 627 
mesenterieoparietal 1109 
nasal 422 

for nasolaerimal sae 666 
navicular 1263-1264 
of oeeipital bone 712 
oleeranon 839 
olfaetory 568 
ovalis 1001 

ovarian 1105-1106, 1303 
paraeentral 376 
parareetal 

female 1105-1106 
male 1105 
paravesieal 
female 1105-1106 
male 1105 
peritoneal 1201 

of peritoneal eavity 1108-1109 
piriform 577 
pituitary 430 

popliteal 1383,13847, Commentary 6.2 
boundaries 1383 
eontents 1383, 13847-13857 
injeetion/aspiration 1332 
surface anatomy 13287, 1330 
posterior, malformations 261 
pterygoid 422 

pterygopalatine 422, 484, 5347, 552-555 
boundaries 552 
communications 552 
eompartments 552, 5527 
eontent 552-553 
radial 839 
retromolar 539 

rhomboid 273-274, 2767, 317 
of Rossenmiiller see reeess(es), pharyngeal 
seaphoid 
ofauricle 627 
of sphenoid bone 536 
of wrist 875-876 
scapular, faseia 798-799 
subarcuate 432, 626 










sublingual 537-539 
submandibular 537-539 
subscapular 801-802 
supraclavicular 
greater 414, 445 
lesser 413-414, 448 
supraspinous 802-803 
supratonsillar 576 
supravesical 1105 
temporal 419 
tonsillar 575, 615 
triangular 627 
troehanterie 1351 
vermian 712 
vestibular 1289 

Foundation Model Explorer - eommentary 2.1 
Foundation Model of Anatomy (FAT) - Oommentary 

2.1 

‘fountains of mieroglia’ 245 
fovea(e) 85 

of bone 85 
ethmoidalis 568 
of femoral head 1348 

of fourth ventriele (superior/inferior) 273-274 
oblonga 588 
palatine 510 
palatini 575 
pterygoid 539 
of retina 699-700, 704 
triangularis 588 
troehlear 479 
foveola(e) 
granular 429 

of retina 699-700, 7007, 702, 704, 7047 
fracture(s) 
acetabular 1340 
ankle 1433 

avulsion, of pelvie apophyses 1342 
‘blowout’ 488, 666 
eheek 488 
elaviele 801 
Colles’ - Eponyms 
eranial base 489 
dens 723, 7237 
ethmoid bone 488 
faeial 487-489 
lower third 488-489 
middle third 487-488, 537 
eentral 487-488 
lateral 488 

upper third 487,4877 
femoral neek 1352-1353 
fibular 1367 
frontal bone 487, 4877 
frontal sinus 487, 4877 
Guérin’s 488, 4887, Eponyms 
humerus 786, 807, Commentary 6.2 
Le Fort - Eponyms 

I 488, 4887 

II 488, 4887 

III 488, 4887 

mandibular 487-489, 540, 5407, 543-544 
maxillary 487-488 
metatarsal 1429,1437 
midfaee 537 

nasal bones 488, 557-558 

nasoethmoidal complex 488, 4887 

nerves at risk - Commentary 6.2 

orbital 487-488, 4887-4897, 666 

patella 1384 

pelvis - Commentary 6.2 

pyramidal 488, 4887 

radius 217, 861 

repair/healing 89 

ribs 938 

seaphoid 868 

skull 416 
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sphenoid bone 488 
talar 1424 
thyroid eartilage 594 
tibial 1401 

tympanie eavity roof 632 


fracture-dislocation 

anterior oleeranon 861 
Galeazzi 861, 861 7, Eponyms 
Monteggia 861, 861 f 
pelvis - Commentary 6.2 
freekles 146 
frenulum (frenula) 
of elitoris 1288/; 1289 
of ileoeolie junction 1141 
labial 508, 508 f 
lingual 411, 509 
veli 256 

frenum (frena), lingual 508, 508f 
frequency, of voiee 602 
frieative, speeeh 603-604 
fringes, ehoroid vascuiar 276 
frons see forehead 
frontal bone 416, 478-480, 4797 
at birth 423 
development 622-623 
fractures 487, 4877 
growth, postnatal 623 
internal surface 429, 479 
nasal part 479 
orbital parts 479-480, 666 
ossifieation 480 
primordia 622 

squamous part 418, 478-479 
surface anatomy 409-410 
temporal surface 478-479 

frostbite 152 
frovvning 494, 558 

C) functional magnetie resonanee imaging (fMRI) 

- Oommentary 7.1 

cerebellum 347, 3487 

functions 

X) eognitive 397, 3977 
executive 397 

fundus 

of bladder, urinary 1255,12557 
of gallbladder 1173,1177 
of stomaeh 1049, 1112, 11127, 1114-1115, 11157 
striati 366, 3667 
of uterus 1294-1295 
in pregnaney 1308 
funiculus (funiculi) 
of medulla oblongata 
lateral 311 
ventral 311 
separans 273-274 
of spinal eord 2917, 2977 
anterior (ventral) 296, 762 
development 252 
dorsal (posterior) 296, 3007, 762 
development 252 
lateral 296, 762 
ventrolateral (anterolateral) 762 
see also column(s), nervous; eord(s), spinal; 

fasciculus (fasciculi) 
fiinisitis 180 

funnel ehest see pectus, excavatum 

X) furcula of His - Eponyms 
furrow(s) 

on frontal bone 429 
malar 680 
nasojugal 680 
nasolabial 494 
palpebral 680 
on parietal bone 429 



g ulna 861 

|l zygomatie 477, 488, 4887, 536 
3 zygomaticomaxillary complex 488, 4887 


fusion 

sperm-ooeyte 163 
*) splenogonadal 1277 

G 

GABA see gamma-aminobutyric aeid (GABA) 

X) G-aetin (globular aetin) 12-13 
gait 

muscle involvement 117 
swing phase 1408 

Trendelenburg’s see sign, Trendelenburg’s 
waddling, in pregnaney 1310 
see also walking 
gaiaetoeerebroside 52 
gaiea aponeurotica 475 
gallbladder 1173-1178 
anatomy 1173,11747 
anomalies 1173 
arteries 1176 
eontraetion 1178 
development 1053 
drainage 1176 
innervation 1177 
intrahepatie 1173 
lymphaties 1177 

microstructure 11747,1177,11777 
neonates 1054 
referred pain 1177 
surface anatomy 10457,1046 
veins 1177 

gallstones 1175-1176 

GALT see gut-associated lymphoid tissue (GALT) 

*) gamekeeper’s thumb 878 
gamete(s) 

fusion 163 
production 21 

see also ooeyte(s); spermatozoa 
gamma-aminobutyric aeid (GABA) 47-48 
gangiion (gangiia) 57-58, 57 f 

aeeessory nerve, development 250 
acoustic, development 250 
aortieorenal 1037-1038 
autonomic 57-58 
abdominopelvie 1036-1038 
basal see basal ganglia 
eardiae 1021-1023 
eervieal 767 

inferior (eervieothoraeie) see ganglion (ganglia), 
eervieothoraeie 

middle 409, 415, 4657, 469-470 
superior 409, 415, 4647, 468-470, 652, 695 
branehes 468-469 
development 251 
sympathetie 415, 470 
uterine 1299 

C( eervieothoraeie 138, 409, 415, 4657, 469-470, 652, 

980, Commentary 6.1 
bloek 415 
branehes 469 

eiliary 235-236, 408, 4107, 679-680, 6797, 695 
development 251 
roots 679, 6797 

eoehlear (spiral) 57, 642, 6477, 652, 6547 

eoeliae 1037-1038 

eranial 

autonomic, development 250 
sensory, development 2447, 2497, 250 
dorsal root 42 

§ avulsion - Commentary 6.1 

eervieal 462-463 
development 2437, 249 
§ displaeement - Commentary 6.1 

herpes zoster 57 

§ preganglionie injuries - Commentary 6.1 

sensory neurons 57, 577 
enterie 57-58, 587 


of faeial nerve see ganglion (ganglia), geniculate 
geniculate, of faeial nerve 638 
development 250 
herpes zoster 57 
of glossopharyngeal nerve 
development 250 
inferior 465 
superior 465 
viseeral afferents 236 
of hypoglossal nerve, development 250 

*) impar (saeroeoeeygeal) 1035, Eponyms 
jugular 466 
lumbar 1230 
sympathetie 1034,1096 
mesenterie, superior 1038 
nodose, of vagus nerve 466 
development 250 

otie 235-236, 408-409, 4107, 552, 638 
branehes 552 
development 251, 605 
panereatie 1184-1185 
paraeervieal 1299 
parasympathetie 57-58 
development 251 
in head 408, 4107 

petrosal, of glossopharyngeal nerve, development 

250 

X) phrenie 973, 9737 

aeeessory 973 

pterygopalatine 235-236, 408, 4107, 554-555, 5547, 

565, 680 
branehes 553 
development 251 

postganglionie sympathetie fibres 555 
preganglionie parasympathetie fibres 555 
preganglionie seeretomotor fibres 555 
saeral 1230 

*) saeroeoeeygeal 1035, Eponyms 

Searpa’s see ganglion (ganglia), vestibular 
sensory 57 

spinal 762-764, 7637, 767 
lesions 772-773 
vertebral segmentation 755 
spiral (eoehlear) 57, 642, 6477, 652, 6547 
splanehnie 981 

statoacoustic see ganglion (ganglia), vestibulocochlear 
stellate see ganglion (ganglia), eervieothoraeie 
submandibular 235-236, 408, 4107, 528 
development 251 
sympathetie 
eervieal, superior 1021 
development 251 
lumbar 1034,1096 
saeral 1035 
thoraeie 980 
first 980 
seeond 980 
terminal 235 
trigeminal 57 
development 250 
herpes zoster 57 
of vagus nerve 
development 250 
inferior (nodose) 250, 466 
superior (jugular) 466 
viseeral afferents 236 
vertebral 469 

*) vestibular 650-651, Eponyms 

development 250 
vestibulocochlear 659 
development 658 

X) of Walther (saeroeoeeygeal) 1035, Eponyms 

gangliosides 52 
gap 1 (G0 phase, eell eyele 18 
gap 2 (G 2 ) phase, eell eyele 18 
gastrosehisis 179,1054 

gastmlation, embryonie eell populations 181-188 
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gaze 

binocular 672 
horizontal movements 674 
motoreommand 674 
neural eontrol 674-675, 675/ 
shifting/stabilizing movements 672-674 
vertieal, holding of 674-675 
gelatinoretieiiliim 909, 909 1 
gelsolin 12/j 13 
gene(s) 

ABCA4, Commentary 4.2 
eardiae hypertrophy 1007 
CHX10 661, 663 
in development 192 
Dlx family 247-248 
EFNB1, deletions 616 
£/77xfamily 247-248 
eye development 661, 663-664 
FOXC1 664 

gcm2, Commentary 2.2 
Gremlin 221 
in growth 215 
hereditary deafness 660 
homeobox see gene(s) HOX ( HoX) 

HOX{HoX) 192, 221, 247-248, 248/ 
head development 606 
imprinted 163-164 
IRF6, Commentary 4.2 
JMJD1A 1214 
MAFB - Commentary 4.2 
metaplasia - Commentary 1.4 
MITF 663 
mitoehondrial 10 
Noteh 751 
Otx family 247-248 
p53 26 

PAX3, Commentary 4.2 
PAX6 661-663 
Pax7 111 
Pax fam\\y 248 
Piezo2, Commentary 1.3 
PITX2 664 

planar eell polarity ( PCP) 245 

repair-assoeiated (RAGs) - Commentary 1.6 

Scx 221-222 

in sex determination 1214 

Sonie hedgehog (Shh) 221, 661 

S0X2 661 

SOX9(Sox9) 220/, 221-222, 1214 
S/?K(sex-determining region on Y 

ehromosome) 1213-1214 
Tbx1, Commentary 2.2 
tenasein 39 
TP63, Commentary 4.2 
Wnt7a 221 

genetie reeombination 21 
genital ambigiiity 1217 
genitalia, external 

development 1218-1219,1218/-1219/ 
5a-dihydrotestosterone 1219 
female 1218/, 1219 

indifferent stage 1218-1219, 1218/-1219/ 
male 1219 

embryonie staging 205 
female see vulva 
male 1280-1287 
innervation 1260/ 
see also penis; scrotum 
patterning 1219 

genome-wide assoeiation studies (GWAS), 


eraniofaeial development - 
Commentary 4.2 


genu 



of corpus callosum 393, 393/ 
of internal capsule 394-395, 395/ 
valgum 1336 
vamrn 1336 


germ 

hair 155 

tooth 423, 615-616 
gestation 
eetopie 168 
period 205-206 

gestational age 210, 213/, 1308 
*) gestational diabetes 210 
gigantism 94 

gingiva(e) 411, 508-509, 508/, 520-521 

arterial supply 508 
attaehed 508 
buccal 508 

development 615-616, 616/ 
free 508 

innervation 509, 526/ 
labial 508 
lingual 508 
lymphaties 508-509 
palatal 508 
venous drainage 508 
girdle(s) 

peetoral 774-793 
bones 776, 776Z-777/ 
development 794 
joints 808-816 
muscles 816-826, 816/ 
development 794 
pelvie 1314-1333, 1337-1375 
bones 1318, 1337, 1339-1353 
development 1334 
joints 1318, 1353-1355 
C) pain (PGP) - eommentary 9.2 

shoulder 

*) potential vascular anastomoses 829 

glabella 410, 416, 478-479 

at birth 423 

gladiolus see body (bodies), of sternum 
gland(s) 32-34 

adrenal see gland(s), suprarenal 
anal 1153 

intersphineterie 1157 
apoerine 32, 33/, 150 
development 155 
of appendix 71/, 1137, 1142 
areolar 946 
arytenoid 591 

X) Bartholin’s 1288/, 1289, Eponyms 

development 1218 
3 Bowman’s 563, Eponyms 

?) Bmnner’s 1133/, 1135, Eponyms 

development 1054-1055 
buccal 475, 529 

X) bulbourethral 1262-1263,1280, Eponyms 

development 1218 
microstructure 1280 
seeretion 1280 
eardiae 

oesophageal 989 
ofstomaeh 1120 
ceruminous 149, 628 
*) Cloquet’s 1291, Eponyms 
compound 32 

Cowper’s see gland(s), bulbourethral 
ductless 32 

endoeervieal 1300,1300/ 
endoerine 32-33 
feedbaek loops 34 
seeretion eontrol 33 
endometrial 1299 
exocrine 32 
elassifieation 32, 33/ 
multicellular 32 
seeretion eontrol 33 
seeretory proeesses 32, 33/ 
of eyelids 681 
development 664 


gastrie 1120,1122/ 
prineipal 1120 
ofgutwall 1041 
holoerine 32 
innervation 33 

intestinal (erypts) 1132-1134, 1132/-1134/, 1159 
of Krause 683, Eponyms 
labial 529 

laerimal 683-684, 683/ 
aeeessory 683 
development 664 
innervation 684 
microstructure 683, 683/ 
orbital part 683 
palpebral part 683 
seeretion 683 
vascular supply 684 
of Littre see gland(s), periurethral 
mammary see breast 
master see gland(s), pituitary 
Meibomian see gland(s), tarsal 
meroerine 32 

of Moll 681, 681 /, Eponyms 
of Montgomery 149, Eponyms 
mucous (mucus-secreting) 32 
aeini 32 

of airways, development 926 
of larynx 591 
in oesophagus 988 
respiratory traet 968 
soft palate 575 
multicellular 32 

of neek, development 618-619 
oesophageal 989 
olfaetory 563 
palatal 529 
palpebral 681 
parathyroid 471-472 
development 618-619, 618/ 
inferior 471-472, 472/, 618-619 
lymphaties 472 
microstructure 472, 473/ 
neonate 618-619 
superior 472, 472/, 618-619 
tumours 472 
vascular supply 472 
para-urethral 1264,1289, Eponyms 
parotid 503/, 504-505, 527 
aeeessory 504 
development 615 
inflammation 505 
innervation 505, 552 
lymphaties 505 
microstructure 529, 531 / 
relations 504, 504/ 
structures within 504-505 
surface anatomy 411-412 
vascular supply 505 
periurethral 1261,1280 
pineal 274/, 276, 312/, 357, 362-363, 394 
arteries 363 

ealeifieation 276, 363, 363/ 
development 258 
seeretions 363 
veins 363 

pituitary 274/, 359-361, 360/-361/ 
adenoma 708 

arterial supply 285, 360-361 
at birth 245 

development 244/, 245, 258, 620 
endoerine feedbaek loops 34 
hormones 360/ 
posterior see neurohypophysis 
relations 359-360 
seeretion eontrol 361 / 
tumours 708 
venous drainage 360-361 
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preputial 1281 
prostate see prostate 
pylorie 1120,1122 7 
salivary 527-531, 527 7 
aetivity eontrol 530-531 
age ehanges 531 
buccal 475, 529 
development 615 
innervation 530-531,5307 
labial 529 
lymph nodes 530 
major 507 

microstructure 529-530, 5307 
minor 507-508, 510, 529 
development 615 
neonates 531 
palatal 529 

parotid see gland(s), parotid 
retention eyst 529 
seeretions 527 

seeretory end-pieees 529, 5307 
sublingual see gland(s), sublingual 
submandibular see gland(s), submandibular 
sebaceous 142/; 147/; 149-150,1497 
of breast 946 
development 155 
eetopie 507 
of eyelids 681 
in fetus 209 
in lips 475 

seeretion eontrol 33-34 
seromucous 
nasal 561 

pharyngeal tonsil 574 

*) tubuloacinar, in conducting airways 968 
serous 32 

respiratory traet 968 

*) of von Ebner 5137, 515-516, 529, Eponyms 
Skene’s see gland(s), para-urethral 
of stomaeh see gland(s), gastrie 
sublingual 5157,528-529 
arteries 528 
development 615 
innervation 528 
lymphatie drainage 528 
microstructure 529, 5317 
retention eyst 529, 5297 
submandibular 469-470, 5157, 528 
arteries 528 

deep part 5157, 5277, 528 
development 615 
innervation 528 
lymphatie drainage 528 
microstructure 529, 5317 
relations 528 
superficial part 528 
surface anatomy 414 
submucosal 

3 in conducting airways 968 

X) duodenal (Bmnner’s) 1054-1055,11337,1135, 

Eponyms 

suprarenal 1194-1198,11947, 12407 
aeeessory 1194 
anomalies 1064 

arteries 1195-1197,11957-11967 
at birth 1194 

eongenital hyperplasia 1064 

cortex 1064, 1194, 11967-11977, 1197-1198 

development 1064 

dimensions 1194 

eetopie 1194, 1278 

excision 1198 

fetal 1064 

innervation 1197 

left 1194-1195, 11957, 1240 

lymphaties 1092,1197 

medulla 1064, 1194, 11967-11977, 1198 


microstructure 1197-1198 
neonatal 2117, 1064, 12067 
right 1194, 11957,1240 
tumours 1197 
veins 1195-1197,11957 
weight 1194 

sweat 32,150-151,1507 
development 155 
eeerine 150,155-156 
X) tarsal 149, 680—681, Eponyms 

development 664 
obstmetion 681 
thymus see thymus 
thyroid 470-471 
aberrant masses 618 
aeeessory 470 
arteries 4607, 4647, 470 
development 6147, 618, 6187 
eetopie 470, 618 
faseia 599 
follieles 471, 4717 
imaging 470,4717 
innervation 470 
isthmus 470 
lingual 470, 511, 618 
lobes 470 
lymphaties 470 
microstructure 471 
neonate 6087, 618 
relations 470 
sex differenees 470 
size estimation 470 
surface anatomy 413 
surfaces 470 
veins 4597-4607, 470 
tubular 32 
unicellular 32 
urethral 1263-1264,1267 
development 1218 
uterine 1306 

vestibular, greater see gland(s), Bartholin’s 
3 of Wolfring 683, Eponyms 
5) of Zeis 681, 6817, Eponyms 

glans 

elitoris 1218-1219, 1289 
penis 1218-1219,1280-1281,12817 
innervation 1285,12877 
skin 1281 

glaucoma 697, 706, 708 
open angle 688 
primary elosed angle 697 
primary open angle 697 

glia see eells (named), glia 

glial eell (line)-derived neiirotrophie faetor 

(GDNF) 223 

glial fibrillary aeidie protein (GFAP) 49 
glia limitans 

external 245-246 
internal 245-246 

giiogenesis 246 
globulin 69 

globus pallidus 364, 369 

eells 369 

eonneetions 3687-3697, 369 

deep-brain stimulation 371, 3717 

dorsal 365 

lesions 370 

segments 365, 369 

ventral 365 

glomera 131,1317,1517 

glomemlar filtration 12457,12477,12497,1250 

rate (GFR) 1250 
atbirth 1206 
glomerulus (glomemli) 

eoelomie (external) 1199,12007 
internal 1199,12007 
‘omental’ 1104 


renal 1246 

development 1199-1202 
structure 127 
synaptie 45, 467 

glomus jugulare see body (bodies), tympanie 
glottis 591, 593 
X) tumours 592 

glucose, plaeental transfer 177 
glue ear 633, 635, 657 
glutamate 48 
*) astroeytes 49 

glutamic aeid decarboxylase (GAD), 

striatum 366-367 
glyeine 48 

glycocalyx (eell eoat) 57, 6 
glyeogen 

in eardiae muscle 138 
skeletal muscle 106 
vaginal epithelium 1293-1294 
glyeolipids 5, 52 
epidermal 145 
of myelin 52 

glyeolysis, anaerobie 108 
glyeophorins 69 

glyeophospholipids, epidermis 144 
glyeoproteins 

adhesive 37-39 

myelin assoeiated glyeoprotein 52 
teetorins 649 

glyeosaminoglyeans (GAGs) 38-39 

in eartilage 81 
embryonie skin 155 
fetal skin 155 

*) temporomandibular joint articular dise 543 

glyeosylation 8 

GM2 gangliosidosis (Tay-Saehs disease) 9 
goitre 471 

*) Golgi apparatus (complex) 6, 77, Eponyms 
Golgi tendon organs 61-62, 617,100,108,115 
gonads 

deseent 1214-1216 
development 12127,1213-1214 
ambisexual/indifferent stage 12017,1208,12097, 


12127 

early 1208, 12097,12127 
female see ovary (ovaries) 
lymphatie drainage 1092 
male see testis (testes) 

‘streak’ 1213 
goose bump 150 
G-protein coupled reeeptors 11 
grafts/grafting 
eranial bone 416 
full-thickness 160 
hypoglossal nerve 468 
*) internal thoraeie artery 1020 
knee ligament 1363 
X) radial artery 1020 
revascularization 160 
X) saphenous vein 1020 
skin 160 

see also flap(s) (skin flaps) 

§ spinal nerves - Commentary 6.1 
split-thiekness 160 
temporalis faseia 631 
ulnar nerve 784 

granulation (of tissue) 35,158-159 
*) granulations, araehnoid 278, 2787, 4357-4367, 436, 

Eponyms 

X) systolie dilation 278 
granule(s) 
azurophilic 70 
basophilie 70 

*) Birbeek 80,146, Eponyms 

eortieal, sperm-ooeyte fusion 163 
eosinophilie 70 

glyeogen, skeletal muscle 106 
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granule(s) (Continued) 

keratohyalin 144,154 
lamellar 144 
lipofuscin 134-135 
lytie, T eells 72 
neuromelanin 323 
neutrophilic 70 

*) Nissl 42-43, 44/; Eponyms 
pigment, neurones 43, 44/ 
of platelets 
alpha 73 
delta 73 
lambda 73 
zymogen 529 
granzymes 72 
B, apoptosis 26 
gravity 

eentre of, in vvalking 1448 
ej faeial ageing - Commentary 4.3 
grey matter see matter, grey 
grips 887 
chunk 876 
pineh 876, 887 
povver 876 
groin 
pain 1379 
strain 1379 

see also region(s), inguinal 

grommets 635 
groove(s) 85 

aortie 957 

atrioventricular (eoronary) 902-903, 919, 996/, 

998 

bieipital (intertubercular) 787, 806 
of bone 85 
buccolabial 475 
earpal 867 

eaval, of liver 1161-1162 
circumalar 475 

eoronary see groove(s), atrioventricular 
eostal 934-935 
deltopeetoral 819/ 

diaphragmatie see groove(s), interventricular 
on femoral eondyles 1387 
of femoral neek 1348 
gingival, free 508 

for greater palatine nerve/vessels 486 
for greater petrosal nerve 626 
on heart surface 998 
infraorbital 484, 666 

X) interatrial (of Waterston) 998,1000, Eponyms 
intersealene 414 
intersphineterie 1153-1155 
intertubercular (bieipital) 787, 806 
interventricular (diaphragmatie) 
anterior 998 
development 916-917 
posterior (inferior) 998 
labiomarginal 475 
laryngotraeheal 619, 925 
lateral, of femur 1351 
linguogingival 614-615,614/ 
on lung surface 956-957 
for maxillary nerve 487 
medial, of femur 1351 
mentolabial 475 

ej mid-eheek - Commentary 4.3 
for middle meningeal vessels 477 
mylohyoid 537-539 
nail 155 

for nasal septal eartilage 483 
e) nasojugal - Commentary 4.3 

S nasolabial 475, Commentary 4.3 

nasolaerimal 484-485 
for nasopalatine nerve/vessels 483 
neural 184, 238 
obturator 1343 


oeeipital 624 
palatine, greater 486 
§ palpebromalar - Commentary 4.3 
paramesonephrie 1208-1210 
pharyngeal 606 

for the pharyngotympanie tube 422 

for popliteus 1397, 1402, 1403/ 

primitive 182 

radial (spiral) 807 

for radial nerve 806 

for sigmoid sinus 478 

spiral (radial) 807 

subclavian 957 

subtarsal 682 

for superior petrosal sinus 431 
for superior sagittal sinus 477 
on tibia, distal end 1404 
for transverse ligament 722 
for transverse sinus 432 
on trapezium 869 
of troehlea, humeral 838 
urethral, primary 1218-1219 
vertebral 719 

X) of Waterston (interatrial) 998,1000, Eponyms 
see also sulcus (sulci) 

ground substance 37-38 
grovvth 

adoleseent spur 214-215, 215/-216/, 217 
adult size 214-215 
allometrie 216, 216/ 
appositional 
bone 93 

ealvarial bones 622 
eartilage 84 

of bone see bone (general), growth 
ofeartilage 84 
ehildhood 210-214 

development-related gene expression 215 

hair 147-149 

infants 210-214 

interstitial 84 

in utero 209-210 

isometrie 216 

multiplicative 216, 216/ 

of nail 152 

neonatal 210 

symphysial 97 

types 216-217 

integration during life 216-217 
grovvth curves 213-214, 213/-215 f, 217/ 
grovvth faetors 

bone growth 86-87 
embryonie eell signaling 191,191/ 
from embryonie kidney 1203-1204 
fibroblast see fibroblast growth faetors (FGFs) 
*) intrauterine (IGF)-I 210 
nerve (NGF) 247 
platelet-derived (PDGF) 73,1202 
polypeptide 10-11 

transforming beta (TGF-j3) 86-87, 100 
vascular endothelial (VEGF) 158 

grovvth hormone (GH) see hormones, grovvth 
grovvth rate, of tissues/organs 

hair 149 
nails 152 

grovvth tables, embryo 163 
gubernaculum 

homologies 1215-1216,1215/-1217/ 
ofovary 1209/-1210/, 1214-1216, 1219 
of testis 1201/, 1209/, 1214, 1215/, 1286 
swelling reaetion 1214 
testicular deseent and 1214 
gums see gingiva(e) 

X) gustatory svveating 442-443, 505, 981 
gut 

development 1040 

functional maturity at birth 1058-1059 














maturation at birth 210 
mierobiota establishment 210 
postanal 1050/, 1057-1058 
wall 

innervation 1043-1044 
extrinsic 1043 
intrinsie 1043-1044 
microstructure 1040-1044 
see also speeifie anatomieal regions 
gut-associated lymphoid tissue (GALT) 75 
development 1058 
gutter 

paraeolie 1063, 1108 
left 1108 
medial 1108 

metastases distribution 1108 
right (lateral) 1101,1108 
paravertebral 898,1034 
gynaeeomastia 951 
gyrus (gyri) 
ambiens 389/, 391 
ambient 384-385 
angular 373/, 374, 380 
lesions 397 

of eerebral hemispheres 373-374, 373Z-374/ 
development 260/, 261-262 
surface anatomy 237/ 
see also individual gyri 
cingulate 374, 376, 376/, 380, 384, 386 
anterior 386 
cuneal 380 
cuneolingual 381 
dentate 261, 384-385, 386/ 
eonneetions 387/ 
internal structure 387, 387/ 
molecular layer 388 
deseendens of Eeker 381, Eponyms 
faseiolaris 393 
frontal 

inferior 373/, 374, 376, 383/ 
medial 376 
middle 373/, 374, 376 
superior 373/, 374, 376 
of frontal lobe 376, 376/ 
fusiform 374, 381-382, 384-385 
Hesehl’s 382 
insular 383/, 384 
aeeessory 384 
long 374 
anterior 384 
posterior 384 
short 374, 384 
anterior 384 
middle 384 
posterior 384 
transverse 384, 396 
intralimbie 384-385 
of limbie lobe 384-385 
lingual 374, 376/, 381 
longitudinal, superior 376 
oeeipital 

inferior 374, 381 
middle 374, 381 
superior 374, 381 

of oeeipital lobe 376/, 380/-381 /, 381 
olfaetory 
lateral 261, 391 
medial 261 
orbital 376 
anterior 376 
lateral 376 
medial 376 
posterior 376 

parahippoeampal 374, 384-386, 387/ 
paraolfaetory 
anterior 384 
posterior 384 
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paraterminal 384 
of parietal lobe 380 
posteentral 374, 376, 380, 396 
preeentral 374, 376, 376f 
inferior 376 
superior 376 
precuneus 380 
rectus 374, 376 
semi-annular 384-385 
semilunaris 384-385, 389f, 391 
subcallosal 376 
subcentral 376, 380 
supramarginal 373/; 374, 380 
temporal 

Hesehl’s transverse - Eponyms 
inferior 373/; 374, 381-382 
middle 373/; 374, 382-383 
superior 373/; 374, 382-383, 390 
of temporal lobe 373/; 376/; 381 f, 382 
temporo-oeeipital 
lateral 381-382 
medial 381 

transverse 373-374, 382 
uncinate 384-385, 389Z 7 

H 

habeniila, projeetions from 388 
habeniila perforata 642-643, 648 
haem 69 
haematoma 

aortie intramural 1026 
extradural (epidural) 432, 439/; 441, 764 f 
femoral nerve injury - Commentary 6.2 
humerus fracture - Commentary 6.2 
infratemporal fossa 527 
retrobulbar 527 
subdural 439/; 441 
haemoglobin 69 
adult (HbA) 69 
fetal (HbF) 69 
S (HbF) 69 
haemolysis 68-69 
haemopoiesis 68, 75-78 
eell lineages 76-78 
haemorrhage 
antepartum 168 
from dental implants 541, 541 f 
eetopie pregnaney 168 
floor of mouth 541, 541 f 
intraperitoneal 168 
postpartum 1311 
presaeral veins 1224 
purpuric 158 
retroperitoneal 1099 
subarachnoid 287, 287 f 
venoeonstrietion 130 
haemorrhoids 1156,1158 
haemosiderin 69 
haemostasis 
defeetive 132 
platelets 73 
wound healing 158 
haemothorax 956 
hair 147-149 

age-related ehanges 149,158 
of baek 710 

bulb 148-149, 148/; 155 

colour 149 

eone 155 

cortex 148 

cuticle 148,149/ 7 

eyele 149 

development 155 

folliele 142/; 147-148, 147/M4 8Z 7 

functions 147 

germ 155 












growth 147-149 
intermediate 155 
keratin 144-145 
lanugo 155, 209 
medulla 148 
nasal 561 
peg 155 
plaeode 155 

pubic, on anterior abdominal wall 1069 
mdiment 149 
sheaths 148-149 
structure 148-149,149 f 
terminal 147 
vellus 147, 149, 155 
hallux 

saltans 1411-1412,1419 
valgus 1429-1431, 1439, 1443 
hamate 866-867, 867f-868f, 869 
ossifieation 869, 870f-871 f 
surface anatomy 788, 893 
hammer aetion 876, 886 
hamulus 85 
of hamate 867, 869 
laerimal 483 
pterygoid 422, 536, 575 
hand 862-894 
anatomieal position 886 
arteries 878-879, 885-890, 887f 
cutaneous 153f, 779 
bones 866-872 
calluses 144 

clawing 778, 786f 866, 886, 893 
eompartments 866 
degloving injury 779, 862 
faseia 865 
functions 865-866 
muscle attaehment framework 866 
grips see grips 
infeetions 866 
innervation 879, 891-893 
‘intrinsie minus’ 886 
‘intrinsie plus’ 886 
joints 872-879, 872f 
load transmission 866 
lymphaties 780 
minus-type 866 
movements 886-887 
closure 886 
fist making 886 
opening 886 
position of rest 887 
muscles 778, 879-886 
extensors 879-882 
extrinsic long flexors 879-882, 886 
intrinsie 882-886 
innervation 886 
vascular supply 885-886 
paralysed 887 
simian 893 

skin 776-777, 862-863 
anehorage 866 

colour/sweating ehanges 786, 786f 
dorsal i /s. palmar 862 
innervation 863, 863f 892f 
vascular supply 862-863 
softtissues 863-866 
speeial functions 886-887 
surface anatomy 790f 893 
veins 890, 891 f 
deep 890 
superficial 890 

handle, of malleus 630f, 633f, 636, 640f 
movements 637 
harmonies 603 

haustrations, of large intestine 1136-1137, 

1137f-1138f 

neonatal 1057 






head 399-415 

antenatal ultrasound 623 
arterial supply 404-406, 405f 547f 549f 551 f 
bones 404 

dermatomes 412-413, 412f 501 f, 711f 
development 198f, 605-623, 605f Commentary 4.2 
folding 908, 909f 
segmental organization 606 
faseia 404 
fetal 623 

fold, formation 185,185f 
innervation 407-409, 547f 549f 551 f 
lymphatie drainage 406-407, 408f 413-414, 461 f 
movements 644-645, 651, 674 
muscles 404, 492f-493f 
pulses 412 
reflexes 407 
skin 404 

surface anatomy 409-413 
skeletal landmarks 409-411, 411f-412f 
soft tissues 411-413 
viseera 411-413 

venous drainage 406, 406f-407f 549f 
development 269-270, 269f 
head (of bones or organs) 85 
of bieeps braehii 817f 
of caudate nucleus 260-261, 365-366 
ofelaviele 413 
of epididymis 1277 
of femur 1327, 1348, 1350f 1376 
avascular neerosis 1352-1353 
neonatal 1336 
of fibula 1328, 1405 
of hippocampus 385 
of humerus 805f 806 
of malleus 636 
of mandibular eondyle 541 
fracture disloeation 543-544 
of metaearpals 867f 869-870, 871 f, 877, 893 
of metatarsals 1329, 1428 
optie nerve 700, 705-706 
vascular supply 705f, 706 
zones 705, 706f 
of panereas 1046,1179,1180f 
tumours 1187 
of phalanges 
offoot 1430 
of hand 872 
of radius 839 
of rib 934-935 
first 936 

of spermatozoa 163,1276 
of stapes 636 

of sternoeleidomastoid muscle 448 
of talus 1329, 1422f 1423, 1434f 
oftrieeps 826 

of ulna 839f-840f 842, 893 

headaehe 434 

eervieogenie 442 

hearing 

aetive tuning 653 
anatomy 652-657, 655f 
eentral auditory pathway 655-657, 656f 
deeibel sound pressure levels 655 
fetal 659 
loss 

conductive 657 
sensorineural 657 
nerve pathways 652 
passive tuning 653 
heart 994-1023, 996 f 
Q aeyanotie defeets 1013 
g anatomieal deseription rnles 997, 997f-998f 
§ angiography - Commentary 7.1 
*] antenatal ultrasound 924, 924f 
apex 997, 999 
apex beat 902 
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heart (Continued) 

arteries 138, 1016-1020 
athlete’s 1007 

atria see atriiim (atria), of heart 
base 996/; 997-1000 
borders 901/, 902, 997-1000 
ehambers 997-998 
conduction studies 1016 

conduction system 1000/, 1013-1016,1015/-1016/ 
abnormalities 914-915, 1016 
definition 914 

development 914-915, 915/, 1014 
failure 1014 
fast pathvvay 1015 
slovv pathvvay 1015 

eongenital defeets/malformations 623, 922-923, 

1013 

positional 1013 
septal 917 
atrial 1013 
ventricular 1013 
eonneetive tissue 1012-1013 
eyanotie defeets 1013 

development 184-185, 201, 905, 908-924, 1014 
eardiae function 914-915 
eardiae muscle 139 
eells giving rise to 908-910 
conduction system 914-915, 915/ 
eoronary vasculature 918-919 
direetional flovv 914 

embryonie eompartments septation 915-918 
impulse conducting tissues 139 
non-myoeardial eomponents 918-919 
patterning, signaling pathvvays 914, 915/ 
effieieney 1014 
external features 998 
extrathoracic 1013 
failure see heart failure 
fetal 922 

fibrous skeleton 1012-1013 
functions 127 
grooves 998 
hypertrophy 139 
innervation 1021-1023 
left 997-998 

lymphatie drainage 1021,1022/ 

mirror image 1013 

muscle 

hypertrophy 139, 1007 
see also muscles (general), eardiae; muscles 
(named), papillary 
myogenie rhythm 914, 1013 
neonate 211 /, 921 /, 922 
organization, general 996/, 997-1012 
orientation terminology 997, 997/ 
paeing 1016 

pericardium see pericardium 
rate, hormonal influences 139 
referred pain 236 
regeneration 139 
right 997-998 
shape 998 
sinus rhythm 1014 
size 998 

surface anatomy 901 /, 902-903 
surfaces 996/, 997-1000, 999/ 
veins 1020-1021,1020/ 
ventrieles see ventriele(s), of heart 
vveight 922, 998 
heartfailiire 139 
ehronie 139 
therapy 139 

heat dissipation, tendons 117 
hedgehog ligands 1048 
heel (of foot) 

bursae 1440 

cutaneous vascular supply 1418 


fat pad 1421 

§ innervation - Commentary 1.5 

helieotrema 642, 659 
helix 627, 660 
hemiballismus (ballism) 369 
hemicapsule 

of palatine tonsil 576 
of pharyngeal tonsil 574 

hemidesmosomes 23, 25 

in skin 142-143, 143/, 156 

hemispheres 

eerebellar see cerebellum, hemispheres 
eerebral see eerebral hemispheres 

hemivertebrae 756, 906 
heparin 68 
herculin 109 

hermaphrodism 1219-1220 
hernia/herniation 

of anterior abdominal vvall 1081-1082 
*) Boehdalek’s 907, Eponyms 
eerebellar 313, 329/ 
cingulate gyrns 313, 329/ 

*) diaphragmatie 907, 907/ 

X) eongenital 209, 928, 972 

femoral 1081 
strangulation 1081 
3 hiatus 972, 989,1111 
2 type I (sliding) 972,1111 

*) type II (para-oesophageal/mixed) 972,1111 

ineisional 1082 
inguinal 1081 
elinieal features 1081 
direet 1081, 1094 
indireet 1081,1215 
internal 1109 
lumbar 749, 1087 
X) Morgagni 907, 907/, Eponyms 
paraduodenal 1108-1109 
*) periorbital fat 488, 488/ 

of posterior abdominal vvall 1087 
Spigelian 1081-1082 
X) tonsillar 329/, 431, 433, 757 
transtentorial (eentral) 329, 329/ 
transtentorial uncal 433 
umbilical 1054, 1075-1077, 1081 
uncal 329, 329/ 
upwards transtentorial 433 
herpes zoster (shingles) 57 
heteroehromatin 5 f, 16,16/ 
constitutive 16 
facultative 16 

heterophagy see phagoeytosis 
*) heterotaxy 1028 
hiatus 85 

adductor 1366 
faeial 431 

for greater petrosal nerve 431 
levator 1222 
maxillary 484-485, 569 
in mylohyoid 509 
popliteal 1388,1397 

X) saeral 727-729, 749, 773, 1325-1327 
semilunaris 560, 568 
urogenital 1222 
see also aperture(s); opening(s) 

hiccups 612 

hidradenitis suppurativa 150 
§ high angular resolution diffusion imaging (HARDI) 

- Oommentary 7.1 

high endothelial venuies (HEV) 74,130,133,133/ 
§ high-pressure freezing (HPF) - Oommentary 1.5 
hilloek(s) 

auricular 607/, 610-611, 660 
axon 43-45, 43/ 
hilum (hila; hilus) 
of dentate gyrns 387 
of kidney 1240,1241/ 


of lungs 955/, 956-958 
left 955/, 958 
relations 958 
right 955/, 958 
lymph node 73-74 
neurovascular, of skeletal muscle 107 
ofspleen 1189 

of suprarenal gland 1194-1195 

hindbrain see rhombeneephalon (hindbrain) 
hindgut 

allantoie portion 1201,1202/ 
arteries 1150-1151 
enterie 1057,1201, 1202/ 
extent 1048,1048/ 
innervation 

parasympathetie 1153 
sympathetie 1152-1153 
large intestine 1145-1153 
lymphaties 1152 
peritoneum 1062-1063 
primitive 1057-1058 
hinge 

caudoneural 182-183,238,1218 
joints 101-102, 101/ 
point, of neural plate 238 
hip bone 1339-1345,1341/ 
acetabulum see acetabulum 
innervation 1342 
ossifieation 1342, 1342/ 
parts 1339-1340 
structure 1340 
vascular supply 91,1340 
see also ilium; ischium; pubis 
hip joint see joints (named), hip 
*) hippocampus 383/, 385, 385/, Eponyms 
eonneetions 387/ 
development 261 
fields 386, 386Z-387/ 

CA1 386-387,386/ 

CA2 386-387, 386/ 

CA3 386-387, 386/ 
internal structure 386-387, 386Z-387/ 
strata 386/-387/, 387 
see a/so formation, hippoeampal 
hippocampus inversus 384-385 
hippocampus proper see hippocampus 
hirsutism 147 
histaminase 70 
histamine 33, 48, 705 
histones 16 

HIV (human immiinodefieieney virns) 72 
hoarseness 591 
laryngeal nerve lesions 599 
holoproseneephaly 661 
homeorhesis 214 
*) homing 24 
homunculus 
motor 376, 378/ 
sensory 378/, 380 

hood, of elitoris see prepuce, of elitoris 
X) hook, of hamate 869, 893 

surface anatomy 788 

hormones 

aeetyleholine (ACh) 48, 58, 63,108 
adrenaline see adrenaline (epinephrine) 

*) adrenoeortieotrophin (ACTH) 146,360,360/ 
aldosterone see aldosterone 
androstenedione 1305 
antidiuretic (ADH) see hormones, vasopressin 
anti-Mullerian 1211 
atrial natriuretic peptides 137,139 
bradykinin, effeets on fetal blood vessels 921 
ealeitonin (thyroealeitonin) 471 
eateeholamines see eateeholamines 
eortieotrophin-releasing (CRH) 357 
dehydroepiandrosterone (DHEA) 1194 
5a-dihydrotestosterone 1219 
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dopamine see dopamine 
epinephrine see adrenaline (epinephrine) 
erythropoietin 1237 
feedbaek loops 34 

follicle-stimulating (FSH) 34, 357, 360, 360f, 

1305 

gastrin 1049-1051 
glucocorticoids 1198 
gonadotrophin-inhibitory (GnlH) 357 
gonadotrophin-releasing (GnRH) 357 
grovvth 357, 360, 3607 
bone grovvth regulation 94 
grovvth hormone release-inhibiting see hormones, 

somatostatin 

grovvth hormone-releasing (GHRH) 357 
histamine 48, 705 

human ehorionie gonadotrophin (hCG) 171,1306 

hypophysial 48 

kallikrein 1203-1204 

luteinizing (LH) 357, 360, 3607 

luteinizing hormone-releasing (LHRH) 613 

melatonin 276 

mineraloeortieoids 1198 

monoamines 48 

noradrenaline see noradrenaline (norepinephrine) 
norepinephrine see noradrenaline (norepinephrine) 
oestradiol 34 
oestrogen(s) 95, 1306 
breast ehanges 950 
hairgrovvth 149 
sebum seeretion 150 
oxytocin 358, 360, 3607 
parahormone see hormones, parathyroid (PTH) 
parathyroid (PTH) 87, 94, 472 
excess 94 
plaeental 177 
progesterone 1306 
prostaglandins 1203-1204 
renal 1203-1204 
renin 1203-1204 
seeretion regulation 33-34 
serotonin see serotonin 
sex 1198 

somatostatin 49, 357, 366-367 
steroid 11 

testosterone 34,1214,1220 
tetra-iodothyronine (thyroxine; T 4 ) 471 
thyroealeitonin (ealeitonin) 471 
thyroid 95 

thyroid-stimulating (TSH; thyrotropin) 360, 3607, 

471 

thyrotrophin-releasing (TRH) 357 
thyroxine (tetra-iodothyronine) 471 
tri-iodothyronine (T 3 ) 471 
vasopressin 358, 360, 3607 

horns 

Ammon’s see hippocampus 
of faleiform margin 1338 
greater, of hyoid bone 413 
of lateral meniscus 1388 
of lateral ventriele 259-260 
anterior (frontal) 271, 2727 
inferior (temporal) 272, 2737 
posterior (oeeipital) 272 
of liver 1053 
of medial meniscus 1388 
sinual 202 
sinus (of heart) 911 
left 911 
right 911-913 
of sinus venosus 
left 911, 9127 

right 911-913, 9127, 9167, 10667 
of spinal eord 

dorsal (posterior) 228, 2287, 291-292, 2937, 
294-295 

lateral 228, 291-292, 295 


ventral (anterior) 228, 2287, 291-292, 2937, 
295-296, 2957 

see also cornu (cornua, cornus) 

fej Hounsfield seale - eommentary 7.1 
housemaid’s knee 1392 
5-HT (serotonin) see serotonin 
human eathelieidin LL-37 141 
fe) Human Developmental Anatomy, ontoiogy of 

- eommentary 2.1 

fe} Human Developmental Studies Netvvork (HIJDSEN) 

database - Oommentary 2.1 
human immiinodefieieney virus (HIV) 72 
human leukocyte antigens (HLA) 69,171-172 
fe) Human Phenotype Ontology (HPO) - 

Oommentary 2.1 

humerus 804-808, 8057, 838-839 

anatomieal neek 8057, 806 
(§1 in anatomieal position 806, 815 

development 794 

fe) displaeement - Commentary 6.2 

distal end 838, 8387 

^fe) fractures 786, 807, Commentary 6.2 

head 8057, 806 
muscle attaehments 806 
ossifieation 807-808, 8077, 839 
proximal end 806 
shaft 806-807 


surface anatomy 787, 806 
surgical neek 8057, 806 

humour 

aqueous 687, 696-697 
drainage 687-688, 6877-6887, 697 
uveoscleral pathvvay 688 
refraetive index 698 
vitreous 6867, 687, 699 
hyaluronan 37-39, 82,100,159, 637, 699 
in embryo 188 
hyaluronate see hyaluronan 
hyaliironie aeid see hyaliironan 
hyaluronidase 191 

hydatid, of Morgagni see appendix (appendiees), 

testis 

(S hydroeele 1215,1272,1277 
*jfc) hydrocephalus 273, 278, 278f, 425, 425f, Prefaee 

Oommentary 

hydrodynamie effeet, knee joint 1395-1396 
hydrodynamie hypothesis 527 
hydronephrosis 1242 
hydrops, endolymphatie 646, 657 
hydrothorax 956 
hydroxyapatite 86, 521-522 
5-hydroxytryptamine (5-HT) see serotonin 
hymen 1292 
absent 1293 
development 1211 
hyoid bone 404, 443, 4437 
body 443 

ehondrifieation 443 
cornua 443 
development 607-608 
movements, in svvallovving 583-584 
muscle attaehments 443 
neonate 619 
ossifieation 443 
surface anatomy 413 
hyperaetivity 370-371 
hypercolumns 375 

(§1 hyperdontia 520, 5217 
hypergonadism 95 
hyperkeratinization 150 
hyperlordosis 747 
hyperopia 698-699 
hyperparathyroidism, primary 94 
hyperphagia 358 
hyperplasia 

g) benign prostatie (BPH) 1261,1266-1267, 

1269-1270 









eongenital, suprarenal glands 1064 
eoronoid proeess 539 
mandibular eondyles 539 
medullary follicular, thymus 986 
uterine, in pregnaney 1308 
hypertelorism, traiimatie 488 
hypertension 

glossopharyngeal nerve lesions 466 
portal 988, 1118, 1168, 11687 
pulmonary 125-126, 907, 929 
hyperthyroidism 471,669-670 
hypertrophy 
bladder, urinary 1259 
heart muscle 139,1007 
left ventricular 1007 
masseter 546 
skeletal muscle 112 
smooth muscle 126 
temporalis 547 

hypoblast 167,169,1697,1717,181 

extraembryonic 169 
parietal 169 

primitive streak formation 181-182 
viseeral 169 

hypodermis see tissue, subcutaneous 

hypodontia 520, 5207 

hypogonadism 95 

hyponychium 152 

hypopharynx 577 

hypophysis 

eerebri see gland(s), pituitary 
pharyngeal 360 
hypoplasia 
of basiocciput 757 
enamel 522 
pulmonary 907, 928 
hypospadias 1213,1217,1263 
hypothalamus 3527, 355-359, 3567-3577 
autonomic system eontrol 356 
eonneetions 359 
afferent 3587, 359 
aminergie inputs 359 
efferent 359 
damage 356 
development 258-259 
endoerine feedbaek loops 34 
endoerine system eontrol 356 
lesions 356 

nuclei 356-359, 3577-3587, 3587 
relations 355-356 

hypothesis 
aetive pulley 669 
hydrodynamie 527 

hypotympanum 632 
hysteresis energy 117,1177 


i 

iehthyosis viilgaris 144 
identity 

biologieal 426 
personal 426 

ileum 1124,11277,1128-1131 

arteries 11277, 1129-1130,11297 
development 1054 

3 diverticulum (Meekel’s) 11287,1129 
imaging 11277-11287 
innervation 1130-1131 
jejunum vs. (anatomieal differenees) 

1128-1129 
lymphaties 1130 
mesentery 1128-1129 
referred pain 1131 
terminal 1124,1128 
mesentery 1104-1105 
vascular areades 1128-1129,11297 
veins 1130 
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ilium 1339-1340,1341 /-1342f, 1343-1344, 

Commentary 9.2 

in aeetabiiliim 1340 
arteries 1344 
borders 1343 

eerebrospinal fluid eolleetion site - Prefaee 

Commentary 

in forensie praetiee 1348 
innervation 1344 
muscle attaehments 1344 
neonatal 1335-1336 
ossifieation 1334, 1342 
sex differenees 1347-1348 
structure 1340 
surface anatomy 1343 
surfaces 1343-1344 
vascular supply 1344 
see also hip bone 
imaging 

braehial plexus injury - Oommentary 6.1 
breasteaneer 949 
jejunum 1127,1127f-1128f 
mandibular eanal 539 
mediastinum see mediastinum, imaging 
paranasal sinuses 569, 569f 
parotid duct 504/; 505 
pleura 953, 958/; 990 f 
spleen 1190/; 1193, 1193/ 

3D, faeial anatomieal assessment - 

Commentary 4.2 
thyroid gland 470, 471 f 
see also individual imaging modalities 
immunodeficiency 72 
immunoglobulin(s) 

leukocyte—endothelial eell adhesion 133 
plaeental transfer 177 
see also antibodies 
immunoglobuiin A (IgA) 71-72 
in breast milk 950 
defieieney 71-72 
seeretion, salivary glands 529 
seeretory 72 

immunoglobulin D (IgD) 71-72 
immunoglobulin E (IgE) 70-72 
immunoglobulin G (IgG) 71-72 

pregnaney 72 

immunoglobulin M (IgM) 69, 71-72 
impingement, shoulder 811/ 
implantation 167-168,171-172,171/, 193 

abdominal 168 
eetopie 168 
interstitial 171, 171/ 
site 168 

importins 16 

impoteney - Oommentary 8.1 
impression 

eolie 1145 

on lungs 955/, 956-957 
eardiae 955/, 956-957 
of spleen 
eolie 1189 
gastrie 1189 
renal 1189 
trigeminal 431,626 

inea bone (ossiele of Goethe) see interparietal 

bone 

ineisors see teeth 
incisura(e) (ineisiire) 85 

angularis 1112-1113 
brain surface 373-374 
Gans - Eponyms 

hepatis dextra 1163, 1173, Eponyms 
intertragie 627 
mandibular 539 

Sehmidt-Lanterman 51, 55-56, Eponyms 
semilunaris 539 
tentorial 433 




thyroid 588 
superior 588 
see also noteh 

inclusions, eytosolie 4-5,10 
ineontinenee 

anal 1158-1159 
stress 1258, 1265-1266 
urinary 1233 
see also eontinenee 
incus 631, 631/-632/, 636, 636/ 
development 607, 659 
movements 637 
ossifieation 636 
see also ossieles, auditory 
index (indiees) 

bladder volume, ehildren 1256,1256/ 
ehilotie 1348 
refraetive 698 
saeral 1348 

indoleamines, pineal 363 
induction see tissue interaetions 
indusium griseum 261-262, 384 
lnfancy/Childhood/Puberty (ICP) grovvth model 


214 







infants 

araehnoid villi 278 

birth phenotype-pathologieal sequelae 

eorrelation 210 
epiglottis 586, 594 
eye 665 

femur 1353,1353/ 
foot appearanee 1450 
growth 210-214 
gut maturation 210 
laryngeal eartilages 594 
larynx 585/, 586, 594 
lumbar puncture 773 
pelvie sex differenees 1347 
premature 
breathing 908 
eerebral vessels 268-269 
conus medullaris 762 
erying 665 
eye 665 

growth rates 213 
postnatal lung development 929 
respiration 908 
skin 156 
stillborn 205-206 
tongue 585/ 
vertebral curvatures 716 
walking 1448 
see also neonate 
infaretion, venous 289 
infarets 

border-zone 287 
boundary-zone 287 
watershed 287 
infeetion 
amnion 178-179 
earotid sheath 578 
danger spaee(s) 578 
dental pulp 525 
femur 1353 
of hand 866 
hypothenar spaee 866 
infratemporal fossa 488, 552 
intrapharyngeal spaee 578 
mandibular molar teeth 447 
maxillary sinus 488 
neek, spread in 446-447, 578 
paranasal sinuses, spread from 569 
pharyngeal tissue spaees 578 
pterygomandibular spaee, spread from 552 
retropharyngeal spaee 578 
submasseteric spaee 547 
of umbilical eord 180 









vertebrae 746 
zygomatie fractures 488 
‘inferior’ xvi 
infertility 164 
inflammation 
amnion 178-179 
endothelial permeability 130 
knee bursae 1392 
laryngeal 593-594 
masteells 37 
of parotid gland 505 
peripheral neurogenic 236 
wound healing 158 
informaties (Imman anatomy) - 

Commentary 2.1 

abnormal anatomy/dysmorphology - 

Commentary 2.1 
prospeets - Oommentary 2.1 
resources - Commentary 2.1 
infraetion, Freiberg’s 1429, Eponyms 
infundibulum (infundibula) 
of ethmoid bone 481-482, 560, 568 
of hair folliele 148 
ofheart 1001-1003 
of hypothalamus 356, 359-360 
of kidney 1241-1242 
subpulmonary 918 
of uterine tube 1301 
ingression 182 

inion see protuberance, oeeipital, external 
injeetion(s) 

epidural 764-765 
intraeytoplasmie sperm (ICSI) 164 

injury 

degloving 779, 862 
Essex-Lopresti 846, 861, Eponyms 
Monteggia - Eponyms 

musculoskeletal, nerves at risk - Oommentary 6.2 
preganglionie - Commentary 6.1, Oommentary 1.6 
ring avulsion 862 

see also trauma; speeifie anatomieal structures 

inlet(s) 

laryngeal 571 /, 577, 583-584, 591, 593 
pelvie 1221, 1345-1346 
angle of 1034 
axis 1347, 1347/ 
thoraeie 413, 898 
inner (internal) xvi 

innervation see nerves (of organs, or regions); 

speeifie anatomieal structures 
innominate bone see hip bone 
inositol triphosphate 126 
inotropie agents 139 
inspiration see breathing 
insula 374, 383-384, 383/, 396/ 
eonneetivity 384 
development 259/, 261 
internal structure 384 
projeetions to amygdala 390 
surfaces 383/ 
insulin, resistanee 210 
integrins 24-25,133 
aetivation 24 
smooth muscle 125-126 

intereelMar adhesion molecule-1 (ICAM-1) 133 
intereelMar adhesion molecule-2 (ICAM-2) 133 
interfaee 

air—epithelium 684 
air-tear 684 
dura-arachnoid 440-441 
pelvis—lower limb 1034 
thoraeoabdominal 1034 
vasculosyncytial 177 
INTERGR0WTH-21st 206 
interkinetie nuclear migration 246 
‘internal’ (inner) xvi 
internal hordeolum (ehalazion) 681 
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interneiirones 42 
of eerebellar cortex 335-336, 3367 
ganglionie 57-58 
of spinal eord 294 
development 252 
swallowing group 
dorsal 584 
ventral 584 
internode 45, 55, 56f 
interniielear ophthalmopiegia 674 
interparietal bone 418, 418f, 425, 622, 712-713 
interphase, eelliilar division 18 
intersexual eonditions 1219-1220 
interstiees, of laerimal gland 683 
interval 

rotator 813-814 
triangular 826 

interzones, joint development 222 
intestine, large 1136-1159,11367-11377 

appearanee 
external 1137 
internal 1137 

radiographie 1137-1138,11397 
arteries 1138-1139,11397-11407,1144-1145, 

1150-1151 
occlusion 1139 
ealibre 1136 
eontraetions 1153 
development 1057,1136 
functions 1137 
hindgut region 1145-1153 
innervation 1152-1153 
parasympathetie 1153 
sympathetie 1152-1153 
lymphatie drainage 1140-1141, 11417, 1145, 

1152 

maturation 1057 
mucosa 1057 
muscularis 1057 

microstructure 1137,11377,11587, 1159 

midgut region 1141-1145 

motor function 1153 

mucosa 1057,1137,1159 

muscularis 1159 

in pregnaney 1310 

serosa 1159 

small intestine vs. (anatomieal differenees) 1136 
veins 1140, 11407, 1145, 1151-1152 
see also caecum; eolon; rectum 
intestine, small 1124-1135 
at birth 1057 
development 1054 
functions 1131-1132 
isehaemia 1129 

large intestine i /s. (anatomieal differenees) 1136 
length 1124 
lymph 135 
lymphaties 1130 
maturation 1054-1057 
mucosa 1054-1056 
muscularis layer 1056 
serosa 1057 

mesentery 1046,1104-1105, 1124 
neonatal 1063-1064 
microstructure 1132-1135 
migrating motor complex (MMC) 1132 
motility 1132 
neonatal 1057 
obstmetion 1128 
peritoneum 1062-1063, 11007 
physiology 1131-1132 
in pregnaney 1310 
reeanalization 1054-1055 
stoma 11287, 1129 
surface anatomy 1046 
transplantation 1128 
see also duodenum; ileum; jejunum 




i: 







intima 

synovial 99-100 
tunica see tunica(e), intima 

intorsion, eye movement 672, 673 f 
intraeytoplasmie sperm injeetion (ICSI) 164 
intraflagellar transport (IFT) partieles 14-15 
intraoperative eleetrieal stimulation (IES) - 

eommentary 7.1 
intrinsie faetor 1049-1051 
introitus, vaginal 1292 
intubation, endotraeheal 926 
intumescence, medial 559 
in vitro fertiIization (IVF) 164 
123 iodine - eommentary 7.1 
iodothyroglobulin 471 
ions 

bone mineral 86 

seleetive resorption, kidneys 1250 
transport, aeross eell membranes 10 
ipsilateral’ xvi 
iris 686-687, 6867, 690, 694-696, 6957-6967 

absent 661-663 
arteries 6917, 696 
colour 663, 694 
development 661-663 
muscles 695-696 
development 663 
structure 694, 6957 
veins 696 

iris heteroehromia 469 

iron 69 

isehaemia 

eolonie 1139 
lower limb 1319 
myoeardial 139 
premature brain 268 

slowly progressing, nerve conduction bloek 

- Commentary 1.6 
small intestine 1129 
spinal eord 770, 7707 

transient, nerve conduction bloek - Commentary 1.6 
upper limb 786 

ischium 1339-1340,13417-13427,1344-1345 

in acetabulum 1340 
arteries 1345 
innervation 1345 
muscle attaehments 1345 
neonatal 1335-1336 
ossifieation 1342 
surfaces 1344 
vascular supply 1345 
see also hip bone 
island 

haemopoietie 76 
parathyroid 471-472 
of urothelium 1261 

islet(s), of Langerhans (panereatie) 1187, Eponyms 

development 1052 

Islet 1 222 

isomerism, eardiae 1013 
isthmus 

aortie 919-920, 1024-1025 
cavotricuspid 1001 
eerebral 396 

of cervix, uterine 1295,1308,13097 
of cingulate gyrns 384 
of external acoustic meatus 629 
of gastrie glands 1120 
of hair folliele 148 
of kidney 1238,12397 
leftatrial (mitral) 1005-1006 
mitral (leftatrial) 1005-1006 
organizer 254 

oropharyngeal 509, 5097, 575, 614 
of parotid gland 504 
pharyngeal 572-573 
of pharyngotympanie tube 574 


prostatie 1269 

rhombeneephali 238-239, 2407, 253-254 
derivatives 2397 
of thyroid gland 470, 618 
of uterine tube 1301 






jaundice, blood-brain barrier 50 

jaw 

cellulitis 447 
elieking 544-546 
elosing 544, 5457 
eeeentrie 545 
symmetrieal 545 

development 612, Commentary 2.2 
movements 544-546 
opening 544, 5457 
eeeentrie 545 
maximum range 544 
symmetrieal 544 
tissue spaees 531-532, 5327 
lower 531-532, 5327 
upper 532 

tooth-bearing region, quadrants 517 
see also mandible; maxilla 

‘ja^thmst’ 511 

jejunum 1124,1127-1128,11287 

arteries 11277, 1129-1130,11297 
development 1054 
feeding 1128 

ileum vs. (anatomieal differenees) 1128-1129 
imaging 1127, 11277-11287 
innervation 1130-1131 
lymphaties 1130 

mesentery 1104-1105,1128-1129 
referred pain 1131 
vascular areades 1128-1129,11297 
veins 1130 

jelly 

eardiae 909, 916 

VVharton’s 40,179,1054, Eponyms 

joints (general) 96-103 

capsule see capsule(s) 
elassifieation 

ball-and-soeket 101,1017 
biaxial 102 
bieondylar 101 
cartilaginous 96-97, 987 
primary 97, 987 
seeondary 97, 987 
complex 997,101-102 
compound 997,101-102 
ellipsoid 101,1017 
fibrous 96, 977 
gomphosis 96, 977 
hinge 101-102,1017 
multiaxial 102 
pivot 101, 1017 
plane 101,1017 
saddle 101,1017 
sehindylesis 96 
sutures 977 
see also suture(s) 
symphyses 97, 987 
synarthroses 96 
synehondroses 97, 987 
syndesmosis 96, 977 
synovial 97-103, 987 
adipose tissue 99 
age-related ehanges 99 
articular surfaces 98-99,1197 
elassifieation 100-101,1017 
complexity of form 997,101-102 
degrees of freedom 102,1027 
development 222 
‘dry’ 99 
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joints (generai) (Continued) 

fibroijs capsule 99 
ineongmity 119,119f 
innervation 100 
lubrication 119,119 f 
lymphatie drainage 100 
meehanieal properties 119 
membrane 99-100, 99 f 
movements 102-103 
faetors influencing 101-102 
stability 97,118-119,11 Sf 
vascular supply 100 
uniaxial 102 
elose-paeking 797 
eongmenee 98,101,119f 
degrees of freedom 102 
development 222 

movements see movement(s), of joints 
position 

elose-paeked 120-121,121 1, 797 
loeked 120-121 
loose-paeked 120-121,121 1 
radius of curvature 102,102 f 

joints (named) 

acromioclavicular 776, 809-810 
articulating surfaces 98, 809, 809 f 
innervation 810 
ligaments 809-810 

*) movements 810, 810/-812/, 813, 815 

stability 810 

surface anatomy 786, 799-800, 901-902, 
901 f 

vascular supply 810 
ankle 1318, 1431-1433, 1432M 433/; 

1436 f 

arthroseopy 1332-1333 
articulating surfaces 1431,1432 f 
*) ‘ball-and-soeket’ 1428 

elose-paeked position 1431 
fibrous capsule 1431 
fractures 1433 
injeetion/aspiration 1332 
injury 1318 

innervation 1431-1432 
ligaments 1431 
lymphatie drainage 1431 
*) movements 102, 1324/, 1448 

muscles aeting on 1432-1433 
perforator flaps 1446 
range of motion 1431 
reflex 1325 
relations 1432,1433/ 
retinacula 1418-1419 
at risk structures 1432 
stability 1432 

surface anatomy 1328,1329/ 
synovial membrane 1431 
synovial sheath 1419, 1419/-1420/ 
vascular supply 1431 
cutaneous 1418 
arytenocorniculate 589 
innervation 589 
atlanto-axial 736/, 737-738 
articulating surfaces 737 
‘at risk’ structures 738 
ligaments 736Z-737/, 737-738 
movements 738, 745 
rotational instability 733 
|) stability 722/, 733, 733/, 738 

synovial membrane 738 
atlanto-oeeipital 736-737, 736Z-737/ 
innervation 736 
ligaments 736 

movements 416, 736-737, 745 
muscles aeting on 736-737 
relations 737 
stability 736 


calcaneocuboid 1435-1436 
articulating surfaces 1436 
ligaments 1436 
muscles aeting on 1436 
surface anatomy 1329-1330,1329/ 
earpal 873-874 
distal row 873 
proximal row 873 
synovial membrane 873 
vascular supply 878-879 
earpometaearpal 776, 876-877 
innervation 879 
movements 876-877 
muscles aeting on 876-877 
seeond to fifth 876-877 
*) surface anatomy 893 

ofthumb 876 
vascular supply 878-879 
eostoeorporeal 938 
eostotransverse 938-939, 939/ 
movements 939, 939/ 
eostovertebral 938-940, 938/ 
development 759 
movements 974/ 
eraniovertebral 735-738 
variants 738 

erieoarytenoid 586Z-587/, 589, 589/ 
innervation 589 
erieothyroid 586/, 589, 589/ 
innervation 589 
cuboideonavicular 1437 
muscles aeting on 1437 
cuneocuboid 1437 
muscles aeting on 1437 
dento-alveolar 97/ 
elbow 776, 843-848, 844/, 847/ 
eavitation 794 
elose-paeking 797 
innervation 845 
movements 786/, 846-848 
aeeessory 846 

muscles aeting on 778, 847-848 
neonatal 795 
stability 846 
surface anatomy 787 
traumatic instability 861, 861 / 
vascular supply 844, 857/ 
venepuncture 791 

see also joints (named), humero-ulnar; joints 
(named), radio-ulnar 
faeet seejoints (named), zygapophysial 
glenohumeral 102/, 776, 813-815, 813/ 
abduction 815-816 
arthrodesis 776 

articulating surfaces 119/, 813, 814/ 
bursae 815 
eavitation 794 
elose-paeking 797, 813 
degrees of freedom 102/ 
disloeation 789, 816 
ease study 786 
nerve injury 816 
posterior 816 

fibrous capsule 810/, 813-814, 814/ 
flexion 815-816 
ganglion formation 804 
gliding 813 
innervation 815 
ligaments 814-815 
movements 102, 786/, 815-816, 819/ 
muscles of 778, 815-816 
rotation 816 
stability 797, 813, 815 
synovial membrane 815 
vascular supply 815 
hamate-triquetral 876 
hip 1318,1376-1382, 1376/-1378/ 











arteries 1379,1379/ 
ehildren 1379,1379/ 
arthroseopy 1332,1379 
articular surfaces 1340/, 1352/, 1376 
lunate 1376 

biomeehanies 1379-1380 
eavitation 1334 

elose-paeked position 121/, 1376,1379 
disloeation 1379 
eongenital 1336 
in neonates 1336 
fibrous capsule 1376-1377 
forees aeting on 1380-1381 
injeetion/aspiration 1332 
innervation 1379 
ligaments 1378-1379,1378/ 
lymphaties 1379 

movements (kinematies) 102,1324/, 1380-1381 
abduction/adduction 1380, 1380/ 
femoral-on-pelvie 1380 
flexion 1380/ 
flexion/extension 1380 
medial/lateral rotation 1380,1380/ 
muscles producing 1380 
pelvie-on-femoral (hip) 1380 
transverse plane 1380 
muscles aeting on 1318-1319, 1355/, 1380 
pain 1379 

relations 1377,1377/ 
stability 1379-1381 
surface anatomy 1330 
synovial membrane 1379 
topography 1376-1379 
humero-radial, movements 846-848 
humero-ulnar 843-845 
articulating surfaces 843, 847/ 
fibrous capsule 843-844, 844/ 
ligaments 844 
movements 846-848 
synovial membrane 844, 844/ 
incudomalleolar 637 
incudostapedial 631 /-632/, 637 
interearpal 873 
movements 874 
intereoeeygeal 739 
intereostal 940, 940/ 
intercuneiform 1437 
muscles aeting on 1437 
intermetaearpal 877 
ligaments 877 
movements 877 
muscles aeting on 877 
intermetatarsal 1438 
ligaments 1435/, 1438 
interphalangeal 
offoot 1439 
movements 1439 
muscles aeting on 1439 
of hand 877Z-878/, 878 
aeeessory movements 878 
innervation 879 
ligaments 878 
movements 878, 886 
muscles aeting on 778, 878 
stability 878 

surface anatomy 788, 893 
vascular supply 878-879 
intervertebral 121,733-735 
articulating surfaces see dise(s), intervertebral 
knee 1318,1383-1399 
arteries 1383/, 1397-1398 
arthroseopy 1332 
articular meehanies 1395-1396 
‘at risk’ structures 1392 
biomeehanies 1393-1396 
bones 1384-1385 
bursae 1391-1392 
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capsule 1389 
elergyman’s 1392 
elose-paeked position 1392 
‘clunking’ 1388 
eompartments 1395,1395 / 
eompression 1395,1395 / 
degrees of freedom 1393,1393/ 
development 1334 
disloeation - Commentary 6.2 
fatpads 1391-1392 
frietion 1395-1396 
housemaid’s 1392 
injeetion/aspiration 1332 
injury 1318 
innervation 1399 
kinematies 1393-1396 
articular 1394-1395 
laxity 1392-1393 
ligaments 1390-1391 
loading 1393 

lubrication meehanisms 1395-1396,1396/ 
lymphatie drainage 1399 
menisei 100 

movements 1324/, 1392-1393 
aeeessory 1392-1393 
muscles producing 1384/, 1393 
screw-home 1392,1394,1394/ 
muscles 1397 
neutral position 1393 
perforator flaps 1414-1415 
plieae 1391-1392 
reflex 1325 
relations 1392 
restraints 

primary 1396, 1397/ 
seeondary 1396, 1397/ 
skin 1383 
innervation 1383 
lymphatie drainage 1383 
vascular supply 1383,1383/ 
soft tissues 1383,1389-1390 
lateral 1389/-1390/, 1390 
meehanies 1396 
medial 1389-1390,1389/ 
surface anatomy 1328,1328/, 1330 
synovial membrane 1391-1392,1391/ 
veins 1398-1399 

Lisfrane see joints (named), tarsometatarsal 
lumbosacral 1347 
of Luschka 733, Eponyms 
mandibular seejoints (named), temporomandibular 
manubriosternal 933, 938 
disloeation 938 
movements 938 

metaearpophalangeal 776, 877-878, 877/ 
innervation 879 
ligaments 877 
movements 877, 886 
aeeessory 877 

muscles aeting on 778, 877-878 
*) surface anatomy 788, 893 

vascular supply 878-879 
metatarsophalangeal 1438-1439 
articulating surfaces 1438 
innervation 1438 
ligaments 1438 
movements 1438-1439 
sesamoid bones 1430-1431,1438 
stability 1438 

surface anatomy 1329-1330 
midearpal 873 
foree transmission 876 
movements 874, 875/ 
naviculocuneiform 1436-1437 
muscles aeting on 1437 
neurocentral seejoints (named), uncovertebral 
patellofemoral 1386 







articulating surfaces 1386 
loading 1393,1396,1397/ 
muscles aeting on 1393 
see a/sojoints (named), knee 
pisotriquetral 873 

radioearpal see joints (named), wrist 
radio-ulnar 

distal 101/, 846, 893/ 
articulating surfaces 846 
fibrous capsule 846 
ligaments 846 
movements 846-848 




stability 847, 848/ 
synovial membrane 846, 893/ 
proximal 101/, 844Z-845/, 845-846, 847/ 
articulating surfaces 845 
fibrous capsule 845 
innervation 846 
ligaments 845 
movements 846-848 
synovial membrane 845-846 
vascular supply 846, 848/ 
saeroeoeeygeal 738-739 

saeroiliae 1318, 1346/, 1354-1355, Commentary 9.2 
aeeessory 1355 
arteries 1355 
articulating surfaces 1354 
biomeehanies - Commentary 9.2 
development 1334 
innervation 1355 
ligaments 1354 
lymphaties 1355 

movements 1355, Commentary 9.2 
in pregnaney 1310,1355 
relations 1355 

sex differenees - Commentary 9.2 
stability 1355, Commentary 9.2 
variants 1355 

seaphotrapeziotrapezoid 876 
scapulothoracic 
innervation 810 
movements 810-813 
stability 797 

shoulder seejoints (named), glenohumeral 
sternoclavicular 776, 808-809 
articular dise 808 
articulating surfaces 98, 808, 808/ 
degeneration 809 
disloeation 808 
innervation 808 

movements 808-809, 810/-812/, 813 
stability 808 

surface anatomy 901-902, 901/ 
sternoeostal 932, 939-940, 940/ 
movements 940 

subtalar seejoints (named), taloealeaneal 
symphysis see symphysis 
taloealeaneal 1433-1435, 1434/ 
articulating surfaces 1433,1434/ 
ligaments 1433-1434 
muscles aeting on 1435 
range of movement 1448 
stability 1435 
synovial membrane 1434 
talocalcaneonavicular 1433, 1434/, 1435 
articulating surfaces 1435 
ligaments 1435 
range of movement 1448 
stability 1435 

taloemral seejoints (named), ankle 
talonavicular, surface anatomy 1329-1330 
tarsal 1432/, 1433-1437, 1436/ 









transverse 1435 

tarsometatarsal 1329-1330,1437-1438 
articulating surfaces 1422/, 1427/, 1437 
innervation 1437 
ligaments 1437 


muscles aeting on 1437-1438 
stability 1437 

temporomandibular (TMJ) 541-552, 543/ 
ageing - Commentary 4.3 
arteries 544 

articular dise 100, 542-546, 543/, 545/ 
articular surfaces 98, 542 
eompartments 543 
development 546, 546/ 
disloeation 543-544 
fibrous capsule 541, 542/ 
innervation 544 
internal derangement 546 
ligaments 541-542, 542/ 
lubrication 542-543 
lymphaties 544 
movement 416, 544 
dise position ehanges 544-545, 545/ 
palpation 409 
pressure/load at 541 
relations 543-544, 544/ 
remodelling 543 
stability 543 
synovial membrane 542 
vascular supply 544 
thoracoscapular 776 
arthrodesis 776 
tibiofemoral 1328,1386-1393 
articulating surface 1386-1387 
femoral surface 1387 
intereondylar area 1387,1387/ 
loading 1393 
muscles aeting on 1393 
proximal tibial surface 1386-1387,1387/ 
see also joints (named), knee 
tibiofibular 
inferior 1318, 1433 
articulating surfaces 1433 
ligaments 1433 
movements 1433 
stability 1433 

superior (proximal) 1318,1385-1386 
articulating surfaces 1385 
ligaments 1385-1386 
movements 1386 
stability 1386 

trapeziometaearpal, movements 886 
uncovertebral 721,733,733/ 
of Luschka - Eponyms 
wrist 872-873 
aetions 876 
arteries 878-879 

articulating surfaces 872, 872Z-873/ 

extensor/dorsal surface 790/, 893 

fibrous capsule 872 

flexor/volar surface 893 

foree transmission 875-876 

in hand closure 886 

innervation 879 

instability 876 

ligaments 873-874 

loading 874/, 875-876 

movements 776, 786/, 874-875, 875/, 886 

muscles aeting on 778, 790, 790/, 874-875 

nerve bloeks 793 

paralysis 887 

surface anatomy 788, 790, 790/, 893 
vascular supply 878-879 
xiphisternal 938 
surface anatomy 901-902 
zygapophysial 719, 734-735 
arteries 735 
articular surfaces 735 
articular tropism 729, 735 
‘at risk’ structures 735 
development 755 
innervation 735 
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joints (named) (Continued) 

intracapsular structures 735 
stability 747 
vascular supply 735 
joints (of regions) 
of eostal heads 938, 938 f 
of foot 1318, 1431-1439 
ofhand 872-879, 872 f 
of head 404 
of larynx 589 
of lower limb 1318 
of neek 404 

of peetoral girdle 808-816 
of pelvie girdle 1318,1353-1355 
of pelvis 1346f 



sinuatrial 911 
sinutubular 1010/; 1011 
spinomedullary see junction(s), oeeipitoeervieal 
squamocolumnar 1300 
tight 21, 23, 24í 25 
embryonie 165-166 
of retinal pigmented epithelium 701 
transverse-sigmoid sinus 409 
X) vesico-ureteric, ureteric calculi 1253 
jiinetional adhesion molecules 25 
junctional epidermolysis bullosa 146-147 
‘junctional feet’ (pillars) 106 
juncturae tendinae 852 
juxtaparanode 45, 55, 567 


of skull 416 

of thoraeie wall 938-940 
*) of upper limb 776, 786/ 
of vertebral column 733-739 

ej jowl - Oommentary 4.3 

jugum sphenoidale 429-430, 534-535, 537 
junction(s) 

anoreetal 1153,1155/ ((? 

anterior, of lungs 993 
bulboventricular 917 
caudoneural 182-183, 238, 1199 
X) ehondrolabral, injury 1376 

eorneoseleral 680, 687-688, 688/, 690 
corticomedullary 76-78 
eostoehondral 940 

eraniovertebral seejunction(s), oeeipitoeervieal 
decidual-myometrial 174 
dermal-epidermal 142, 147 
faseia adherens 137-138 
gap 23, 24/, 25, 64 
blood vessels 132 
embryonie 165-166,190-191 
smooth muscle eells 123/, 125 
gastro-oesophageal 1113-1114 
mucosa 988 
referred pain 1118 
surface anatomy 1045/ 1046 
ileoeolie (ileoeaeeal) 1136, 1141-1142,1141/-1142/ 
intracellular 23-25, 24/ 
adhesive 23-25 
anehoring 25 
communicating 25 
occluding seejunction(s), tight 
speeialized 25 
symmetrie 25 
lumbosacral 738, 738/ 
meehanieal, of lens fibres 698, 698/ 
mesodieneephalie 342 
mucogingival 508 

Miillerian duct-urogenital sinus 1218 
myotendinous 115 
nerve root-spinal eord 65/ 
neuromuscular (myoneural) 63-64 
autonomic 64 
development 110 
skeletal muscle 63, 64/ 108 
smooth muscle 125 
oeeipitoeervieal 756-758 
X) bony anomalies 757 

development 756-758 
embryo (stages 12-15) 756, 758/ 
segmentation 756-757, 758/ 
osteotendinous 115 
panereatieobiliary 1175 
pediculolaminar 720-721 
petro-oeeipital 422-423 
petrosphenoidal 422 
pontomedullary, lesions 328-329 
posterior, of lungs 993 
primary, heart development 917 
saeroeoeeygeal 738-739 
saphenofemoral 1327/ 1331,1370 


K 

kallikrein 1203-1204 
karyotypes 17,17/ 
keratinization 
epidermal 144 
terminal 141-142 
keratinosomes 144, Eponyms 
keratins 15,142-145,145f 
in hair 148-149 
skin development 154 
keratoeoniis 699 


kidney 1237-1254 

absent 1206-1208, 1237-1238 
agenesis 928,1206-1208 
arteries 1243-1244,1244/-1245/ 
microstructure 1249 
segmentation 1243,1246/ 
ealyees see calyx (ealyees), renal 
eaneer 1240,1243 
eells 1250 

eongenital anomalies 1206-1208 
convoluted parts 1241 
cortex 1241, 1242/ 1245/ 
development 
aseent 1204 
endoerine 1203-1204 
geneties 1202 
mesonephrie 1199-1201 
metanephrie 1201-1204, 1203/ 
dimensions 1237 
duplex 1206-1208 
eetopie 1237-1238 
erossed 1238,1238/ 
fetal 1203,1237 
functions 1237 
endoerine 1237 
hilum 1240, 1241/ 
horseshoe 1206-1208,1238,1239/ 
innervation 1246 
lobules 1203/ 1206, 1206/ 1237 
lymphatie drainage 1092,1246 
macrostructure, internal 1241-1242, 1242/ 
medulla 127, 1241, 1242/ 1243-1244, 1245/ 1250 
microstructure 1246-1250,1247/ 
multicystic dysplastie 1206-1208 
neonatal 211/ 1206,1206/ 1237 



orientation 1237 

pelvie 1206-1208, 1238 

pelvis of see pelvis, renal 

relations 1237, 1237/ 1240-1241, 1240/-1241/ 

stones 1253 

surface anatomy 1045/ 1046 
surfaces 1240, 1241/-1242/ 
surgical approaehes 954, 958/ 
veins 1244-1246 

kindlins 24 

kinesins 14, 45 

kinetoehore 14,17,19 

kinocilium 22, 645 

knee joint see joints (named), knee 

‘knob’, aortie 990/ 1024-1025 




knot 

of Henry 1411-1412,1447, Eponyms 
syneytial 176 

knuckle(s) 

aortie 903, 990/ 1024-1025 
of hand 788, 869, 893 

Korsakoff psyehosis (aleoholie eneephalopathy) 397, 

Eponyms 

Krebs’ (eitrie aeid) eyele 9, Eponyms 
kyphosis 716-717,747-748 

Scheuermann’s - Eponyms 

L 

labial traetors, direet 496-497, 497/ 
superior 497 
labium (labia) 

majora (majus) 1288-1289,1288/ 
development 1218/ 1219 
innervation 1291 
lymphatie drainage 1236 
neonates 1219 
minora 1288/ 1289 
development 1218/ 1219 
lymphatie drainage 1236 
neonates 1219 
tertium 1289 
tympanie 648 
vestibular 648 

labour (ehildbirth) 1310-1312 

firststage 1310-1311 
gestational age 210 
seeond stage 1311 
third stage 1311 
vaginal delivery 210 
eranial bone sliding 622 
intestinal mierobiota 1058 
skull eompression 423 
labmrn (labra) 100 
acetabular 1376 
impingement injury 1376 
torn 1376,1376/ 
glenoid 809/ 813, 814/ 
labyrinth(s) 

bony (osseous) 641-643, 641/ 
development 659 
microstructure 642/ 643 
ethmoidal 480-482, 620 
membranous 641, 641/ 643-650 
development 658, 658/ 
laeerations 
eheek 505 
diaphragm 972 
perineal body 1233 
sealp 475 
thoraeie duct 979 
laerimal bone 481 /, 483 
development 623 
lesser 483 

orbital (lateral) surface 483, 666, 667/ 
ossifieation 95, 483 

laerimation 684 
laetation 947/ 950, 952/ 
laeteals 135,1135 
laetie aeid 63 
laetose intoleranee 1132 
lacuna(e) 

of bone 83/ 87, 87/ 92-93, 92/ 
ofeartilage 81-82 
Howship’s 87/ Eponyms 
lateral - Prefaee Oommentary 
magna 1263 
urethral 1263-1264 
venous 286, 435Z-436/ 
frontal (small) 436 
oeeipital (intermediate) 436 
parietal (large) 436 
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lacus laerimalis 680 
lagena 646 
lake, laerimal 680 
lambda 418, 478 
lamella(e) 

anulus fibrosus 731 7, 733 

of atlas 722 

basal 

of ethmoidal sinuses 568 
of middle turbinate 561 
of bone 88, 907 
eorneal stroma 689, 6897 
eostal, vertebra prominens 723-724 
elastie, arterial 128,1287,134 
pressure, of hip bone 1340 
ventral posterior nucleus, thalamie 352-353 
lamellipodium (lamellipodia) 12, 51-52 
lamina(e) 

basal 25, 28, 34-35, 347 
Brneh’s ehoroidal see membrane (membrana), 
Bmeh’s 

functions 34-35 
glomemlar 1246,12497, 1250 
muscular 107,123 
neuromuscular junction 34 
of skin 142, 1437, 156 
smooth muscle 123,1247 
of bieeps femoris 1366 
bone surface marking 85 
Bowman’s anterior limiting see layer(s), Bowman’s 
of eerebral cortex 374, 3767-3777 




ofgutwall 1040 
of large intestine 1159 
nasal mucosa 561 
of oesophagus 988 
of small intestine 1135 
of stomaeh 1120 
oftongue 515 
of urethra, female 1264 
of uterine tubes 1302 
of voeal fold 592, 5937 
reticular 25, 34 
eoehlear 646, 648-649, 6487 
of vestibular system 646 
Rexed’s 292, 2927, Eponyms 
l-IV 292 

V 292 

VI 292 

292- 293 

293- 294 

IX 294-295 

X 294 

of spinothalamie traet 300 
septal 271 

spiral, of eoehlea 642, 646, 648 
primary (osseous) 642-643, 6477 
seeondary 642-643 
splendens 98-99 
suprachoroid 687 
supraciliaris 687 

of temporomandibular joint articular dise 

542-543 





external granular (II) 374, 3767 

terminalis 257, 2577, 261, 272, 2747, 393 

gj 

external pyramidal (III) 374 

of thoracolumbar faseia 1083 


ganglionie 3767 

thyroid 413 


internal granular (IV) 374, 3767 

of thyroid eartilage 588 

jgj 

internal pyramidal (ganglionie) (V) 374-375 

oftrieeps 826 

11 

molecular/plexiform layer 374, 3767 

ventrolateral see plate(s), basal 


multiform (fusiform/plexiform) (VI) 374-375, 3767 

ofvertebrae 719 


pyramidal 3767 

of axis (C2 vertebra) 723 


of costoclavicular ligament 808, 8087 
eribrosa 705 
eribrosa selerae 687 
erieoid 588,619 
densa 34 
ofskin 142 
dental 6147, 615, 6167 
disseeans 388 
dorsolateral see plate(s), alar 
dura 525, 5257 
elastie 

arterial 128, 1287-1297, 134,1347 
fenestrations 134 
episeleral 687 
fibroreticularis 142 
flexor retinaculum 863-864 
fusca 690 

of inferior colliculus 325 
labiogingival 615 
laerimal 612 

lateral geniculate nucleus 353-354, 3547 
limiting, of eornea 
anterior 689, 6897 

posterior see membrane (membrana), Deseemet’s 
lucida 34 
ofskin 142 
marginalis 292, 294 
medullary 
external 350 
internal 350, 355 
nuclear 15 
of palatine bone 486 
papyraeea 666, 6677 
of peetoralis major 819-820 
of prineiple olive 3417, 342 
propria 40,1041 
of bladder 1261 
of blood vessels 133 




eervieal 720-721 
defeets 716 
lumbar 725 
saeral 727 
thoraeie 724 
vitrea 691 

see also layer(s); plate(s) 

laminin 34, 39 
a 2 -laminin 104-105 
laminopathies 15-16 
lamins 15-16 
lantrunculin 12 
large-for-gestational age 210 
large intestine see intestine, large 
laryngoeeles 592 
laryngopharynx 577 
boundaries 5717-5727, 577 
laryngoseopie examination, larynx 593, 

5937 

larynx 586-604 

airflow generation 601 
arteries 597-598, 5977 
at birth 616 
eareinoma 592 

eartilage 586, 5867-5877, 9617 
eavity see eavity (eavities), laryngeal 
closure 600 

eongenital anomalies 594 
development 585, 6087, 6147, 619 
epithelium 307, 591 
examination 593, 5937 
functions 600 
infants 5857, 586, 594 
inflammation 593-594 
inlet 5717, 577, 583-584, 591, 593 
innervation 5977-5987, 598-600 
autonomic 600 
joints 589 


ligaments 5867 
extrinsic 590 
intrinsie 590-591 
lymphatie drainage 598 
membranes 5907 
extrinsic 590 
intrinsie 590-591 
microstructure 591 
movements, in swallowing 583-584 
mucosa 591, 594 
muscles 594-597, 609-610 
development 609-610 
extrinsic 594-595 
intrinsie 595-597, 5967 
X) variations 595 

neonate 2117, 584, 5857, 619 
obstmetion 593-594 
paediatrie 594 
pubertal ehanges 586 
removal, speeeh following 601 
sex differenees 586, 594 
skeleton 586-589, 5867-5877 


softtissues 589-591 
speeeh 600-604 
taste buds 591 
trauma 593-594 
tumours, nodal spread 598 
veins 597-598 

§ laser seanning, faee - eommentary 4.2 
last menstmal period (LMP) 1308 
‘lateral’ xvi 

lateral links, of eoehlear hair eells 649 
laws 

Hilton’s 100, Eponyms 
3 Mendel’s - Eponyms 

2 Newton’s seeond 119, Eponyms 
g Poiseuille’s 786 

3 Semon’s 600, Eponyms 
X) Wolff’s 122, Eponyms 

layer(s) 

of abdominal wall, anterior 
deep adipose 1069 
membranous 1069 
superficial adipose 1069 
aponeurotic, of sealp 475 
basal 

ofepidermis 141-143,1437 
of urothelium 1261 
border, anterior, of iris 694 
*) Bowman’s 689, 6897, Eponyms 

development 664 
eambial 96 

of eerebellar cortex 335, 3367 
development 255 

of eerebral cortex see lamina(e), of eerebral cortex 

of ehoroid 690, 6907, 7007 

of eiliary body 6877, 691 

elear, of epidermis 141-142, 1437-1447,144 

of eornea 689, 6897 

eornified, of epidermis 141-142,1437-1447 
dartos 1281,1286 
of deep eervieal faseia 
deep 445, 4467 
investing (superficial) 445, 4467 
middle 445, 4467 
dermal 

hypodermis 147 
papillary 1437,147 
reticular 147 

Deseemet’s see membrane (membrana), 

Deseemet’s 
Elsehnig’s - Eponyms 
S of faee - Commentary 4.3 
S subcutaneous, ageing - Commentary 4.3 
of faseia lata 1338 
fibrous, of conjunctiva 682 
ganglion eell, of retina 703 
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layer(s) (Continued) 

germinal see zone(s), ventricular 
germinative, external 254-255 
glomemlar, of olfaetory bulb 390, 390 f 
granular 

of eerebellar cortex 335, 338 
development 255 
external 255 

of epidermis 141-142, 143f-144/i 144 
of olfaetory bulb 390, 390 f 
of gut wall 1040, 1042 f 
3 Haller’s 690, Eponyms 

3 Henle’s 148-149,148 f, Eponyms 

3 Huxley’s 148-149, Eponyms 
X) intermediary, of Kuhnt - Eponyms 
intermediate 
of spinal eord 765 
of urothelium 1261 
investing, of deep eervieal faseia 541 
of knee soft tissues 1389-1390 
of lens 697, 697 f 
matrix see zone(s), ventricular 
mitral eell, of olfaetory bulb 390, 390 f 
molecular, of eerebellar cortex 335-336 
development 255 
muscular, of uterus 1299 
nerve fibre, of olfaetory bulb 390, 390 f 
X) Nitabuch’s 174, Eponyms 
nuclear, of retina 702 
of oesophagus 988, 988Z 7 
of olfaetory bulb 390, 390 f 
papillary, of dermis 143/; 147 
of penis 1281, 1284 f 
pigment, of eiliary epithelium 692 
plexiform 
of olfaetory bulb 
external 390, 390 f 
internal 390, 390 f 
of retina 699-700, 705 
priekle eell, of epidermis 1437-144/; 144 
primitive ependymal see zone(s), ventricular 
Purkinje, of eerebellar cortex 335 
development 255, 2567 
reticular, of dermis 147 
of retina 699, 7007 
development 663 
*) Sattler’s 690, Eponyms 
of sealp 475 

of serosal pericardium see epicardium 
spinous/prickle eell, of epidermis 141-142 
subserosal, eardiae 995 
supraciliary 694 
of thoracolumbar faseia 1083 
of urothelium 1261 
superficial 1261 
‘umbrella eell’ 1261 
vessel, of ehoroid 690 
vitelline 163 

*) of voeal folds (eords) 592 

L-CAM 166 
leaflet(s) 

of aortie valve 10097-10107, 1010-1013 
development 919 
fetal 1011 
nomenclature 1011 
of cerebellum see folia, of cerebellum 
of heart valves, development 918-919 
of mitral valve 1007-1010 
aeeessory 1008 

anterior (ao rt i e/se ptal/g reate r/ante ro m ed i al) 10027, 
10057, 10077, 1008-1010, 10097 
development 919 

posterior (mitral/ventricular/smaller/ 
posterolateral) 1008-1010 
seallop 1010 

of pulmonary valve 1005,1012-1013 
development 919 


of tricuspid valve 1001 -1003 
anterosuperior 1003 
development 919 
inferior 1003 
septal 1003 

X) left bronehial isomerism 966 
leg 1400-1417 

arteries 1413-1415 
bones 1401-1405 

eompartments 1317, 1319, 1401,14017 
anterior (extensor) 1319, 1330,1401,14017, 
1406-1408, 14067 
X) denervation 14017 

innervation 1401 

lateral (evertor, fibular, peroneal) 1319,1401 
14017, 14067, 1408-1409 
blood supply 1408, 14267 
normal pressure 1318 
posterior (flexor) 1319,1401,1409-1412 
deep muscle group 14017, 1410-1412, 
14117-14127 

superficial muscle group 13847,14017, 
1409-1410, 14097 
innervation 1415-1416 
muscles 1319, 1405-1412 
eompartments see leg, eompartments 
perforator flaps 1414-1415 
skin 1400 
innervation 1400 
lymphatie drainage 1400 
vascular supply 13217,1400 
softtissues 1400-1401 
trauma 1401 

surface anatomy 1328,13287,1330 

veins 1415 

venous disease 1415 

lemniseiis 

lateral 319 

medial 296, 2987, 313, 3187, 319 
spinal 299, 314 
trigeminal 316, 319 
see also traet(s) (tractus) (nerve) 
lens (of eye) 686 f, 687, 697-699, 697 f 
age-related ehanges 697-699, 6987 
at birth 697 
curvature ehanges 693 
determination 661 

development 605-606, 6627, 663-664 
dimensions 697 
disloeated 699 
fetal 698, 6987 
radii of curvature 697 
refraetive index 698 
relations 697, 6977 
structure 697, 6977 
*) leprosy 887 

leptomeninges see araehnoid mater; pia mater 
leptotene 21 

lesions see speeifie nerves or anatomieal 

structures 

leiikomalaeia, periventrieiilar (PVL) 267 
level(s) 

lymph nodes, in neek 4087, 462 
spinal eord injury 
motor 770-771 
neurological 770-771 
sensory 770-771 
levodopa ( L -DOPA) 370 
lifting, ergonomies 747 
ligaments (general) 115 
aeeessory 99 
functions 114 

material properties 1177,118 
mechanotransduction 122 
microstructure 115 
movement limitation 115 
tensile strength 118 


ligaments (named) (ligamentum(a)) 

aeeessory 

of eostotransverse joints 939 
of synovial joints 99 

*) acetabular, transverse 13767,1378 
acromioclavicular 
|) inferior 809-810 

superior 809 

alar, atlanto-axial joint 733, 737-738, 7377 
annular 
of elbow 845 

lateral/medial tensors of 855 
ofstapes 636 
anoeoeeygeal 1153,1232 
anterior 
ofauricle 628 

of superior tibiofibular joint 1385-1386 
anterolateral, of knee 1390 
apieal, of dens 7367-7377, 738 
arcuate 
of knee 1390 

lateral, of diaphragm 970,1083 
medial, of diaphragm 970 
medial, of iliae region 1338 
median, of diaphragm 970 
ofwrist 873 

arteriosum 610, 6117, 922, 959 
aryepiglottie 590 

3 atlantal, transverse 7227, 733, 737-738, 7377 
X) of Barkow 1400-1401, 14007, Eponyms 
Bassett’s 1433 

3 Berry’s 470, 5867, 590, Eponyms 
X) bifurcate 14327,1436, Eponyms 

calcaneonavicular part 14327, 1435 
broad, of uterus 1105-1106, 1294-1297, 

12967-12987, 1308-1310 
*) Broyle’s 592, Eponyms 
calcaneocuboid 
lateral 1436 
plantar 14357, 1436 
calcaneofibular 1431,14327 
calcaneonavicular 
medial 1436 

|) plantar (spring) 14327,14347-14357, 1435, 

1439 


eanthal see ligaments (named), palpebral 
capsular (intrinsie) 99 

eardinal see ligaments (named) (ligamentum(a)), 

eervieal, transverse 
earotieoelinoid 430, 537 
earpal 

dorsal, extrinsic 8727, 874 
palmar, extrinsic 8727, 873-874 
earpometaearpal 867 
eervieal 14327, 1434 

*) transverse 1224, 1257,1298, 12987, 

Eponyms 

eheek 

lateral 669, 6697 
medial 669, 6697 

Ohopart’s see ligaments (named), bifurcate 
claviculocoracoid 8117 
*) Cleland’s 865-866, Eponyms 
eollateral 
aeeessory 1438 
fibular 1330,1390, 1392-1393 
of interphalangeal joints 878,1439 
lateral 

of ankle 1431,14327 
of knee 1390 

medial, of ankle (deltoid) 1431, 14327 
of metaearpophalangeal joints 877, 8777 
of metatarsophalangeal joints 1438 
phalangeal 1438 

3 radial 844, 8447, 846, 873 
5) injury 878 

of temporomandibular joint 541-542, 544 
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tibial 1387/; 1390, 1392-1393, 1396 
ulnar 844, 844/; 846, 874 
avulsion 878 

commissural, proximal 865 
eonal (conus) 1013 
eonoid 809-810, 813 
eoraeo-aeromial 804, 811 / 
coracoclavicular 800, 800/; 809-810, 809^811Z 7 
coracohumeral 810/; 815 
corniculopharyngeal 590 
eoronary 

of knee (meniseotibial) 1388, 1390 
of liver 1099-1100, 1100/; 1165 
development 1061 
costoclavicular 808-811, 808/ 7 
ossifieation 809 
eostoeoraeoid 799 
eostotransverse 732/; 939 
lateral 725, 939 
superior 725, 939 
costoxiphoid 940 

erieoarytenoid, posterior 586Z-587/; 589 
erieothyroid, anterior/median 413, 588, 591 
erieotraeheal 586/, 590 
emeiate (of knee) 1390-1392,1390/-1391/ 
anterior 1388/, 1390/-1391/, 1391 
absent 1396 

posterior 1387/, 1389/-1391/, 1391 
rupture 1391 
emeiform 737, 737/ 
cystoduodenal 1102,1173 
deltoid (medial eollateral) 1431,1432/ 
denticulatum (denticulate) 765 
dorsal 

of earpometaearpal joints 876 
of cuboideonavicular joint 1437 
of cuneocuboid joint 1434/ 1437 
of intercuneiform joint 1434/ 1437 
of intermetaearpal joints 877 
of naviculocuneiform joint 1436 
of tarsometatarsal joints 1437 
duodenocolic 1104 
extrinsic, of auricle 628 
fabellofibular 1390 
faleiform 1099, 1164-1165 
development 1061 
in neonate 1061 
‘false’, of bladder 1257 
flava 721, 731/-732/ 732, 736/ 737 
flavum 115, 745 
gastroeolie 1102 
gastrohepatie 1101-1102 
gastrophrenie 1062,1107,1111 
gastrosplenie 1062,1064, 1103/ 1104,1113,1189, 

1190/ 




genito-inguinal see gubernaculum 
glenohumeral 815,815/ 

inferior 815 ((? 

middle 813, 815 
superior 815 
Grayson’s 865, Eponyms 
of Grnber 431, Eponyms 
of head of femur 1378-1379,1378/-1379/ 
hepatoeolie 1102-1104 

hepatoduodenal 1059-1061,1101-1102, 1107, 


1165-1166 

hepatogastrie 1059-1061 
Hesselbaeh’s see ligaments (named), interfoveolar 
humeral, transverse 810/ 815 
of Humphrey see ligaments (named), meniseofemoral 
hyoepiglottie 586-587, 590 
median 594 
iliae, posterior 1354 
iliofemoral 1378-1379 





iliolumbar 738, 738/ 1346/ 1355 
of incus, superior/posterior 636 
infundibulopelvic 1213, 1296-1297, 1303 


inguinal 1078,1338-1339,1340/ 
surface anatomy 1325-1327, 1327/ 1330 
interearpal 867, 874 
interehondral 98/ 
interclavicular 808 
interelinoidal 430, 433, 537 
intercornual 739 
interemral 558 
interdomal 558 
interfoveolar 1069, Eponyms 
intermetatarsal 
dorsal 1438 
plantar 1438 
interosseous 96 
of earpometaearpal joints 876 
of cuboideonavicular joint 1437 
of cuneocuboid joint 1437 
cuneometatarsal 1435/ 1437-1438 
of distal row of earpals 874 
of intercuneiform joint 1437 
intermetatarsal 1438 
of proximal row of earpals 874 
intersesamoid 1438 
interspinous 731 / 732 
intertransverse 732-733 
intra-articular 

of eostovertebral joints 938 
of sternoeostal joints 940 
of vertebral column 733 
intrinsie (capsular) 99 
intrinsie, of auricle 628 
isehiofemoral 1378-1379 
lacunar 1078,1081 
of Landsmeer see ligaments (named) (ligamentum(a)), 

retinacular, of Landsmeer 

lateral 

of ankle 1431, 1432/ 
arcuate 970,1083 
of bladder 1257 
of earpometaearpal joints 876 
eollateral (of knee) 1390 
eostotransverse 725, 939 
malleolar 636 
palpebral 680-681, 681 / 
patellofemoral 1390 
reetal 1147 

saeroeoeeygeal 729-730, 739 
taloealeaneal 1433 
of temporomandibular joint 541, 542/ 
of thyroid gland 599 
of the left superior vena eava 920 
Lisfrane’s 1435/ 1437, Eponyms 
longitudinal 

anterior 715, 731-732, 731/ 736/ 737-738, 

747 

posterior 732, 732/ 
lumbocostal 939 
lunotriquetral 874, 876 
of Maekenrodt see ligaments (named) 

(ligamentum(a)), eervieal, transverse 
malleolar 
anterior 607, 636 
lateral 636 
superior 636 

mammillo-aeeessory 725, 743 
mandibular 477 
ageing - Commentary 4.3 
mandibulostylohyoid 477 
masseterie, lower - Commentary 4.3 
maxillary, medial - Commentary 4.3 
meningovertebral 764 
meniseofemoral 1387/-1388/ 1388-1389, 

Eponyms 
anterior 1388 
posterior 1388 
meniseopatellar 1389 
meniseotibial (eoronary) 1388,1390 



metaearpal, transverse 
deep 865, 877, 882/ 
superficial 865 

metatarsal, transverse, deep 1435/ 1438 
metatarsosesamoid 1438 
midearpal 
dorsal 874 
palmar 874 
mucosum 99,1391 
natatory 865-866 
nuchae 738-740, 747-748 
oblique popliteal 1366 
oeeipital, transverse 737-738 
ossicular 630/ 636 
ovarian 1215-1216,1303 
palmar 

of earpometaearpal joints 876 
of intermetaearpal joints 877 
of interphalangeal joints 878, 878/ 
of metaearpophalangeal joints 877 
palpebral 

lateral 680-681, 681 / 
medial 680-681, 681/ 
panereatieoeolie 1190/ 
of Parks 1154 

patellar 1328, 1328/ 1362, 1386, 1392, 1402-1403 
tension 1396 
patellofemoral 
lateral 1390 
medial 1389-1390 
patellotibial 1389 
peetineal 1081,1338-1339 
perineal, transverse 1232 
periodontal 520-521, 521/ 523-524, 525/ 616 
blood supply 526 
innervation 524 

peritoneal 1100,1100/ 1103/ 1189 
Cooper’s - Eponyms 
see also mesentery 
perivertebral 732 
petroelinoidal 430, 433 
petrosphenoidal 431, Eponyms 
phrenieoeolie 1063,1104,1145, 1189,1190/ 
phrenieosplenie 1189,1190/ 
phreno-oesophageal 972,1111,1111/ 
plantar 1432/ 1435/-1436/ 
of cuboideonavicular joint 1437 
of cuneocuboid joint 1437 
of intercuneiform joint 1437 
of interphalangeal joints 1439 
long 1436 

of metatarsophalangeal joints 1438 
of naviculocuneiform joint 1436 
popliteal, oblique 1366 

popliteofibular (short external lateral) 1390,1397 
posterior 
ofauricle 628 

emeiate 1387/ 1389/-1391/ 1391 
iliae 1354 
of incus 636 
pubic 1354 
saeroiliae 1354 
sternoclavicular 808, 810-811 
of superior tibiofibular joint 1385-1386 
taloealeaneal 1434 
talofibular 1431, 1432/ 
tibiofibular 1432/ 1433 
tibiotalar 1431 
pterygospinous 537, 548 
pubic 

anterior 1354 
arcuate 1354 
posterior 1354 
superior 1354 
pubocervical 1298 
pubofemoral 1378-1379 
puboprostatic 1257, 1258/ 
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ligaments (named) (ligamentum(a) (Continued) 

pubourethral 1224 
pubovesical 1257, 12587 
pulmonary, inferior 954, 9557 
quadrate 845 
radiate 

of head of rib 938, 9387 
of sternoeostal joints 940 
radioearpal 867 
meehanoreeeptor endings 879 
radiolunate 
long 873 
short 874 

radiolunotriquetrial, dorsal 874 
radioseaphoeapitate 873 
radioscapholunate 873 
radio-ulnar 
dorsal 846-847 
palmar 846-847 
reetal, lateral 1147 
reetosaeral 1224 
retaining, of faee 477 
ej ageing - Commentary 4.3 

retinacular, of Landsmeer 
3 oblique 865, 882, 8827, Eponyms 

3 transverse 865, 882, 8827, Eponyms 
X) retrovascular, transverse (Cleland’s) 865-866, 

Eponyms 

round 

of liver 1075-1077 
of uterus 1215-1216, 1297 
saeroeoeeygeal 739 
anterior 729-730, 739 
lateral 729-730, 739 
posterior 

deep 729-730, 739 
superior 729-730, 7387, 739 
sacrogenital/uterosacral 1257 
saeroiliae 

anterior 13467,1354 
interosseous 1354 
posterior 1354 

sacrospinous 1222, 13467, 1354-1355 
sacrotuberous 13467,1354-1355 
seaphoeapitate 874 
seaphoeapitate-trapezoid 874 
*) scapholunate 874, 876 

seaphotrapeziotrapezoidal 874 
lateral 874 
scapular, transverse 
inferior 804 
superior 804 
*) septoemral 558 

skin, of foot 1419-1420 

sphenomandibular 541-542, 5427, 544, 607, 636 
of spinal eord 
dorsal 765 
dorsolateral 765 
ventral 765 
spinoglenoid 804 
|) spiral 643, 646-647 
splenoeolie 11907 

splenorenal 10557-10567, 1062, 11037,1104, 1189 
*) spring (plantar calcaneonavicular) 14327,14347- 

14357, 1435, 1439 
sternoclavicular 
anterior 808-811 
posterior 808, 810-811 
sternoeostal, radiate 940 
sternoperieardial 994 
*) of Stmthers 859, Eponyms 

stylohyoid 449, 512, 5127, 607-608 
stylomandibular 477, 542, 5427 
superior 

eostotransverse 725, 939 
glenohumeral 815 
of incus 636 












malleolar 636 
pubic 1354 

suprascapular 802, 804 
supraspinous 7317, 732 
suspensory 
of anal eanal 1154 
of Astley Cooper 946-947, Eponyms 
ofaxilla 799 

of breast 946-947, Eponyms 
ofelitoris 1289 
eranial 1214 

ofduodenum 1051,1054,1126 
of eye 664, 669, 691-692 
of Loekvvood - Eponyms 
mucosal, of Parks - Eponyms 
of ovary 1213, 1296-1297, 1303 
of penis 1280, 12827 
sutural 977 
taloealeaneal 

interosseous 1434, 14347 
lateral 1433 
medial 1433 
posterior 1434 
talofibular 

anterior 1431,14327 
posterior 1431, 14327 
talonavicular 14327, 1435 
tarsometatarsal 1437 
tear trough - Commentary 4.3 
temporomandibular 541, 5427, 544 
teres 1068,1164-1165 
in abdominal surgery 1165 
of Testut 873, Eponyms 
thyroepiglottie 586-587, 590, 594 
thyrohyoid 413 

lateral (Berry’s) 470, 5867, 590, Eponyms 
median 5867, 590, 594 
thyroid, lateral 470 
tibioealeaneal 1431 
tibiofibular 

anterior 14327,1433 
interosseous 1433 
posterior 14327,1433 
tibionavicular 1431 
tibiotalar 
anterior 1431 
posterior 1431 
transforaminal 720 
transverse 

acetabular 13767, 1378 

atlantal 7227, 733, 737-738, 7377 

eervieal 1224,1257, 1298,12987, Eponyms 

of eye 669 

humeral 8107,815 

inferior 1433 

of knee 13877,1388, 13917 
oeeipital 737-738 
superior 802 

of vertebral column 722, 7227 
of VVhitnall - Eponyms 
trapezoid 809 

ofTreitz 1054,1126, Eponyms 
triangular, of liver 1165 
left 1099-1101, 11007, 1165 
right 1061,1100,1165 
triquetrocapitate 874 
triquetrohamate 874 
ulnolunate 874 
ulnotriquetral 874 
umbilical 

lateral 1257,12577 

medial 1067-1068, 1075-1077, 1225-1226 
median 1075-1077, 1255, 1257, 12577 
uterosacral 1105-1106,1224,12967,1298 
venosum 1068,1165 
vestibular 590, 5907, 592 
‘viseeral’ 1224 


voeal 591-593 

3 of VVrisberg 1388, Eponyms 
ej zygomatie 477, Commentary 4.3 
ligaments (of organs, or regions) 
of acromioclavicular joint 809-810 
of ankle 1431 
ofanklejoint 1431 

of atlanto-axial joint 7367-7377, 737-738 
of atlanto-oeeipital joint 736 
of auditory ossieles 6307, 636 
of auricle 628 

of bladder, urinary 1256-1257,12587 
of calcaneocuboid joint 1436 
of earpometaearpal joints 876 
of eostotransverse joints 939 
of eostovertebral joints 938, 9387 
offaee 477 

Cj ageing - Commentary 4.3 
offoot 14357 

of glenohumeral joint 814-815 
of hipjoint 1378-1379, 13787 
of humero-ulnar joint 844 
of intermetaearpal joints 877 
of intermetatarsal joints 14357, 1438 
of interphalangeal joints 
offoot 1439 
of hand 878 
of knee 1390-1391 
of larynx 5867 
extrinsic 590 
intrinsie 590-591, 5907 
ofliver 1164-1165 
development 1061 
of metaearpophalangeal joints 877 
of metatarsophalangeal joints 1438 
of ovaries 1303 

of pelvis 12217, 1297-1298, 12987, 13467 
of pubic symphysis 1354 
of radio-ulnar joint 
distal 846, 8487 
proximal 845 
of saeroiliae joint 1354 
scapular 804, 8107-8117 
of spinal eord 765 
of spleen 1189-1190,11907 
of sternoclavicular joint 808 
of synovial joints 99 
of taloealeaneal joint 1433-1434 
of talocalcaneonavicular joint 1435 
of tarsometatarsal joints 1437 
of temporomandibular joint 541-542, 5427 
of thyroid gland 599 
of tibiofibular joint 
inferior 1433 
superior 1385-1386 
of uterus 1295-1298 
of vertebral column 731-733, 747 
ofwrist 873-874 
extrinsic 873-874 
intrinsie 874 
ligands 10-11 
Liml 222 
limb(s) 

eongenital malformations 221 
development 197, 218-224, 2187 
oftissues 221-223 
lower 1314-1333 

antenatal ultrasound 1334-1335,13357 
arterial perforators 1319,13227 
arteries 1319,13207-13217, 1331 
development 1334 
variations 1398 
bones 1318,13187 
arterial supply 1319 
elinieal procedures 1332-1333 
eompartments, osteofaseial 1317-1318 
development 1334-1336 
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developmental anomalies 1336 
faseia 1316-1318 

innervation 295, 295/, 1230,1321-1325, 
1325 / 

autonomic 1324 
cutaneous 1324, 1326 / 
lesion loealization 1324Í, 1325 
segmental 1324-1325,1324Í 
surface anatomy 1331-1332 
isehaemia 1319 

lymphatie drainage 1320-1321,1324/ 
deeptissues 1321 
superficial tissues 1321 
movements 1324,1324Í 
muscle (venous) pumps 1320 
muscles 1318-1319, 1324-1325, 1324Í 
neonatal 1336 
neonatal 1335-1336 
paralysis 772 
pelvie interfaee 1034 
pulses 1331 
reflexes 1325 
skin 1316-1318 
soft tissues 1316-1318 
surface anatomy 1325-1333 
arteries 1331 
ligamentous 1330-1331 
musculotendinous 1330-1331 
nerves 1331-1332 
skeletal 1325-1330 
veins 1331 

veins 1319-1320, 1323 /, 1331 
development 1334 
venous (muscle) pumps 1320 
see also foot; leg; thigh 
upper 774-793, 797-836 
antenatal ultrasound 795 
arteries 778-779, 778/ 
cutaneous 779, 780 f 
development 794-795, 795 f 
bones 776, 776f-777f, 799-808 
development 794-796 
developmental anomalies 796 
faseia 776-777 
innervation 295, 776, 780-786, 

791-793 

autonomic 786, 787 f 
segmental 786, 786 f, 786 1 
joints 776, 7867 
lymphatie drainage 780 
deeper tissues 780 
superficial tissues 780 
movements 7867 
muscle perforators 779 
muscles 777-778, 7867 
neonatal 212/; 795-796 
nerve bloeks 792-793 
nerve lesions/injury 786/, 797Z-798/ 
acute 786 
elosed 786 
conduction bloek 786 
cutaneous sensation 786 
depth of 786 
diagnosis 786 
examination 786 
iatrogenie 786 
level reeognition 786 
muscle examination 786 
nerve severanee 786 
patterns 786 

seeondary examination 786 
sensory loss 786, 786 f 
wound eharaeteristies 786 
paralysis 772 
pulses 779 
reduction defeets 796 
reflexes 792 


skin 776-777 
arteries 779, 780/ 
innervation 777 
surface anatomy 786-793 
arteries 791 
lymph nodes 791 
musculotendinous landmarks 


789-790 


nerves 791-793 
skeletal landmarks 786-789, 
788/-789/ 


veins 788/-790/, 791 
veins 779, 779/ 
development 795 
see also arm; forearm; hand 

limb girdles see girdle(s) 
limbus 

eorneoseleral 680 
of eye 688, 688/, 690 
of fossa ovalis 1001 
laminae spiralis 647/, 648 
nasal 688 

of sphenoid bone 429-430 
spiral 646, 647/, 648 
temporal 688 
*) limen insulae 384 
limen nasi 559, 561 
line(s) (linea) 
of abdomen 
horizontal 1044 
paramedian 1044 
vertieal 1044 
accentuated 
of dentine 522-523 
of enamel 522 











AC-PC 394 

alba 507, 1045, 1045/, 1074-1077 
Andresen 522-523, 523/, Eponyms 
arcuate 

of ilium 1340, 1343 
of rectus sheath 1074,1075/ 
arrest 86 

aspera 1349,1352 
axial, of lower limb 1324,1326/ 
azygo-oesophageal 990 
of Baillarger - Eponyms 
Blasehko’s 157, Eponyms 
bloodless, of Bròdel 1243, Eponyms 
bone marking 85 
eampbell’s 489, Eponyms 
Cantlie’s 1162, Eponyms 
eement 89, 95 
ehilotie, ilium 1348 
contour 156 

of Owen 522-523, Eponyms 
eostomediastinal, anterior 954 
dentate 1153 
ofdependeney 156 
of Douglas 1074, Eponyms 
epiphysial 94 
of expression 156 
dynamie - Commentary 4.3 
offemur 1349 
flexure 156-157, 156/ 
of hand 156-157, 862 
ofwrist 862 

frontalis - Commentary 4.3 
frontozygomatie (Sylvian) 237 
Futcher’s see line(s) (linea), Voigt’s 
gliiteal 1343-1344 
ofgravity 747 
grey 680 

growth-reversal 95 

Harris’s growth 96, 533, Eponyms 

Holden’s 1325-1327, 1326/, 1330-1331, 

Eponyms 
ineision 157 


ineremental 
ofcementum 523 
of dentine 522-523, 523/ 
of enamel 522 
intereondylar 1351 
inter-isehial 1231-1232 
intertroehanterie 1349,1352 
intraperiod, of myelin 51-52 
joint see line(s), flexure 
Kraissl’s 157, Eponyms 
labelled, eoneept of 294 
of Langer 157, Eponyms 
lumbocostal venous 204 
M (Mittelseheibe) 103-104,105/ 
mammary 194 
mid-axillary 1044 
milk 949, 950/ 
mucogingival 508 
myelin sheath 

majordense 51-52, 55-56 
minordense 51-52, 55-56 
mylohyoid 509, 537-539 
Nelaton’s 1327 
neonatal, teeth 210, 522-523 
nuchal 

highest 418, 712 
inferior 418, 423, 712 
superior 409, 418, 423, 712 
supreme 423 
oblique 

of isehial tuberosity 1345 
of mandible, external 525, 537 
of thyroid eartilage 587/, 588 
of ulna 842 
occupational 156 
paraspinal 990 
peetinate 1153 
peetineal 1342 
perieranioeervieal 409,413 
period, of myelin 51-52 
porion 412-413 
preeostal venous 204 
relaxed skin tension (RSTLs) 157 
of faee 476, 476/ 
resting, of bone 89 
of Retzius see stria(e), of Retzius 
reversal 89, 95 

Roser-Nelaton’s 1327, Eponyms 
sears 157 

of Schwalbe - Eponyms 
semilunaris 1045,1045/, 1073 
skin 141, 156-157 
post-manipulation 157 
skin surface pattern 156,156/ 
skin tension 156 
of baek 710, 711/ 

‘snowdrift’ 644 
soleal 1403-1404 
spiral 1349 

supracondylar 1349, 1352 
surface reversal 94 
sutural, zygomatie 412-413 
suture 409 

Sylvian (frontozygomatie) 237 
Taylor-Haughton eraniometrie 237 
temporal 

inferior 418-419,477-479 
lower 409-410 

superior 409-410, 418-419, 477-479 
terminalis, pubic part 1342 
ofToldt 1145 

tragus—ehelion, lower 411-412, 411/ 
trapezoid 800, 800/ 

Tuffier’s 749,1325-1327,1327/, Eponyms 
Twining’s 757, 957, Eponyms 
‘valve’ 902-903 

Voigt’s (Voigt—Futcher) 157, Eponyms 
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line(s) (linea) (Continued) 

*) von Ebner 522-523, Eponyms 
white 

of Gennari see stria(e), of Gennari 

of parietal pelvie faseia 1223/; 1224, 1234/-1235/ 7 

of Toldt 1085 

wrinkle 156 rf* 

*) of wrist joint 893 g* 

Z (‘zigzag’) 

of gastro-oesophageal junction 1113-1115 
*) of oesophagus 989 

Z (Zwischenscheiben) 103-104,105/-106/; 108, 

110 


lingula 535, 539 
ofcerebellum 331-335 
of lung 957 
linked transport 10 
lip(s) 475-476, 507-508 
arteries 508 

§ eleft 612, 617, 617/; Commentary 4.2 

median (hare lip) 617 
with/without eleft palate (CL/P) 617 
eross-seetional profile 476 
development 612, 615, 616/ 
dimensions 475 
external features 475-476 
ineompetent 508 
innervation 475, 508 
internal mucous surfaces 475 
lower 475 

lymphatie drainage 501 
movements 494, 497 
mucosa 507 
muscles 494 

neutral eontaet position 476 
protmsion 497 
rhombie 
inferior 254 
superior 254 
of rostral neuropore 238 
upper 475-476 
lipids 

droplets 10 
epidermal 145 
myelin 52 

plaeental transport 177 
plasma membrane 5 
see also fat 

lipofuscin 8-9, 43,137 
liquids, biomeehanies 117 
liquor amnii see fluid, amniotie 
liquor follieiili 1305 
liver 1160-1172,11607 
appearanee 1160 
arteries 1166, 1166/, 1170 


early 1052-1053,1053/ 
extrahepatic biliary ducts 1053-1054 
intrahepatie biliary ducts 1053 
maturation 1053 
fetal 1170 

fissures 1162-1163,1163/ 
functional anatomieal divisions 1162-1166,1163/ 
functions 1160 
growth 1160 
innervation 1169 
ligaments 1164-1165 
development 1061 
|) lobes 1162,1169 
lobulation 1169/, 1170 
lymphaties 1169 
deep 1169 
superficial 1169 

X) microstructure 1169-1171,1169/-1170/ 
neonatal 1053,1055/-1056/ 


eells 1169/-1170/, 1170-1171 
§ eonfoeal laser endomieroseopy - Commentary 8.2 

§ development 1051-1054, 1169 












parenehyma 1170 

peritoneal attaehments/eonneetions 1099/, 

1100-1101, 1103/, 1164-1165 
referred pain 1169 
regeneration 1170 
relations 1161/ 
seetion 1169 

seetors 1162-1164,1163/, 1169 
segments 1162-1164,1163/-1164/ 
size/weight 1160 
supports 1162 

surface anatomy 1045/, 1046 
surfaces 1160-1162,1161/ 
veins 1164, 1167-1168, 1170 

load-elongation curve, nerve biomeehanies 

- eommentary 9.1 

loading 

eoneentrie 824 
eeeentrie 824 
retrolingual 583 

lobe(s) 

of breast 946-948 
ofcerebellum 331,333/ 
anterior 331-335 
flocculonodular 254 
posterior 331 
eerebral 375-387, 378/ 
surface anatomy 237, 237/ 
see also cortex, eerebral; speeifie lobes (below) 
deep, of parotid gland 504 
tumours 504 
frontal 373, 375-379 
asymmetry 397 
boundaries 378/ 
eonneetivity 376-379 
internal structure 376-379 
insular 383-384, 383/ 
limbie 384-387 
eonneetivity 385-387 
development 261 
internal structure 385-387 
of liver 1162,1169 
caudate 1162, 1164-1165 
left 1162 
quadrate 1162 
right 1162 

Spiegel 1164, Eponyms 
of lung 903, 955/, 957 
azygos 957, 978 
inferior 957 
middle 957 
superior 957 
oeeipital 381-382 
arterial supply 286 
eonneetivity 381-382 
internal structure 381-382 
sulci and gyri 381 
olfaetory, primitive 259 
parietal 373, 376/, 380 
eonneetivity 380 
internal structure 380 
lesions 397 

of pharyngeal tonsil 574 
plaeental 173-174, 1311 
of prostate 1267 
pyramidal, of thyroid 470 
of salivary glands 529 
succenturiate 173-174 
temporal 373, 373/, 376/, 382-383, 396/ 
asymmetry 397 
eonneetivity 382-383 
internal structure 382-383 
perceptual stimuli 397 
sulci and gyri 382 
surfaces 382 
ofthymus 983-984 
of thyroid gland 470, 618 


lobule(s) 

ansiform 347 
of auricle 627, 660 
biventral, of cerebellum 331-335 
Bolk’s paramedian 331-335 
Bolk’s simplex 331-335 
of breast 946-948, 949/ 
of bulbourethral glands 1280 
of earotid body 455, 456/ 
ofcerebellum 331-335, 333/ 
graeile 331-335 
of kidney 1237 
of laerimal gland 683, 683/ 

Larsell’s 331, 333/ 
of liver 1169/, 1170 
of lungs, seeondary 958-959 
of nose 556 

3 orbital, posteromedial 384 
?) paraeentral (of Eeker) 374, 376, 380, Eponyms 
parietal 

X) inferior 374, 380 

*) superior 374, 380, 380/ 

plaeental 175 

posterior quadrangular 331-335 
quadrangular of Foville see precuneus 
of salivary glands 529 
semilunar 331-335 


of testis 1274, 1274/ 
ofthymus 984 

*) locus coeruleus 327-328 
long-sightedness 698-699 
long-term potentiation (LTP) 48 

g astroeytes 49 

loop(s) 

anterior, of mental nerve 539 
eapillary 143/, 152, 153/, 156 
of duodenum 1051,1054 
fingerprint ridge pattern 157 
X) of Henle 1247/, 1248-1249, Eponyms 

functions and permeability 1250 
limbs 1248 
of ileum 1128 
intraperitoneal 1098 
ofjejunum 1128 

X) Meyer’s 396, 707, Eponyms 
papillary 156 

primary intestinal (midgut) 1050/, 1054, 

1055/-1056/ 

*) Renshaw’s - Eponyms 
sinusoidal, of bone 90-91 
ventricular 910, 914, 916-917 
*) lop ear 628 f, 628 1 

lordosis 716-717, 745-748 
in pregnaney 1310 
loudness, of voiee 602 
L-seleetin 133,171 
lubricin 98-99,119 
lumen 
eentral 228 

see also eavity (eavities); spaee(s); tube(s) 
lunate 866-869, 867/-868/ 

*) avascular neerosis 869 
ossifieation 869, 870/-871 / 
lung(s) 955/, 956-965, 959/ 

*) agenesis 930 

alveoli see alveolus (alveoli), of lungs 
antenatal ultrasound 928 
apex see apex, of lung 
*) aplasia 930 

arteries 959, 963/ 
base 956 

borders 902/, 903, 957 
bronchopulmonary segments see segment(s), 

bronchopulmonary 

buds 610, 905-906, 906/, 926, 1053/ 
eadaverie 956 
3 eaneer staging 978 
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ehanges at birth 928-929 
eongenital malformations 929-930 
defensive meehanisms 953, 968-969 
development 905, 924-928 
abnormal branehing 928 
alveolar phase 927 
amniotie fluid in 928 
canalicular phase (17-27 weeks) 927 
dichotomous branehing 925 
embryonie phase (0-7 weeks) 926 
intrapulmonary vasculature 927-928 
intrauterine maturation 928 
adverse effeets on 928 
lymphaties 927-928 

postnatal see lung(s), postnatal development 
pseudoglandular phase (5-7 weeks) 926 
saccular/alveolar phase (28 weeks to term) 927 
sexual dimorphism 925 
Sonie hedgehog 926 
fissures see fissure(s), of lungs 
functions 953 

hilum see hilum (hila; hilus), of lungs 
hypoplastie 906 
innervation 961-962, 963/ 
left 955/, 957 
fissures 955/, 957 
lobes 955/, 957 
surface impressions 955/, 957 
lobes 903, 957 
lymphatie drainage 961, 963/ 
microstructure 962-965, 963Z-965/ 
see also alveolus (alveoli), of lungs 
neonate 929 

postnatal development 929 
adverse effeets on 929 
arterial 929, 929/ 
right 955/, 957 
fissures 955/, 957 
lobes 955/, 957 
surface impressions 956-957 
roots 957-958 

surface anatomy/features 903-904, 903/, 955/, 

956-957 

impressions 955/, 956-957 
vascular supply 959-961 
veins 959-961, 963/ 
weight 956 

lunula, of nail 152 

lunules, of aortie valve leaflets 1009/, 1011 
lutein 704,1305-1306 
lymph 73-74,127,130,135 
3 lymphangiography, thoraeie duct 979 
P lymphangitis 136, 799 

lymphatie drainage (of organs, or regions) 
of abdominal wall 
anterior 1072 
posterior 1092-1093 
ofanaleanal 1152,1152/ 1158 
of ankle 1431 
of appendix 1141/ 1145 
of arm 780, 830 
of auricle, of ear 629 
of baek, cutaneous 710, 712/ 
of bile ducts 1177 

of bladder, urinary 1229/ 1259,1290/ 
of bone 91 
of breast 947-948 
of bronehi 968 

ofcaecum 1140,1141/1145 
of eheek 501 
of elitoris 1236,1291 
of eommon bile duct 1177 
of conjunctiva 682 
of eystie duct 1177 
of diaphragm 972 
of duodenum 1092,1127 
of ethmoidal sinuses 568 


of external acoustic meatus 630 
of eyelids 682 

of faee 461/ 500-501, 500/ 
of foot, cutaneous 1418 
of forearm 780, 858 
of frontal sinus 567 
of gallbladder 1177 
of gluteal region 1337 
ofgonads 1092 
of hand 780 

of head 406-407, 408/ 413-414, 461/ 
of heart 1021, 1022/ 
of hepatie ducts 1177 
ofhindgut 1152 
of ileum 1130 


of infratemporal fossa 550 ri* 

of intestine pg 

large 1140-1141,1141/ 1145, 1152 g 

small 1130 
ofjejunum 1130 

of kidney 1092,1246 [{£ 


of knee 1383,1399 
of labia 1236 
of larynx 598 
of leg, cutaneous 1400 
of lips 501 

of liver 1169 ({? 

of lower limb 1320-1321,1324/ 
of lungs 961, 963/ 
development 927-928 
of maxillary sinus 569 
of midgut 1145 
of nasal eavity 564 

of neek 406-407, 408/ 413-414, 462 
cutaneous 442, 461 / 
node groupings 408/ 462 
of nose, cutaneous 559 
of oesophagus 473, 988 
abdominal 1111,1119/ 

of oral mucosa 508-509 ({? 

oforbit 677 

of ovaries 1092,1291/ 1304 
of palatine tonsil 577 
of panereas 1092,1119/ 1184 
of parathyroid glands 472 
of parotid gland 505 
of pelvis 1228, 1229/ 
of penis 1236, 1284 
of pericardium 997 
of perineum 1236 
of peritoneum 1106 
of pharyngeal tonsil 574 
of pharynx 571 
of pleura 955 
of posterior triangle 462 
of prostate 1268 

of rectum 1140, 1152,1152/ ({? 

of retroperitoneal viseera 1092 
of saeroiliae joint 1355 
of salivary gland 530 
of sealp 500-501, 500/ 
ofscrotum 1236,1286-1287 
of seminal vesieles 1280 
of skeletal muscle 107 
ofskin 152-153,155 
of baek 710, 712/ 
of sphenoidal sinus 568 
*) of spleen 1191,1191/ 
of stomaeh 1118, 1119/ 
of sublingual gland 528 
of submandibular gland 528 
of suprarenal gland 1092,1197 
of synovial joints 100 
ofteeth 526 

of temporomandibular joint 544 
oftendons 114-115 
of testis 1093, 1274 


of thigh 1337, 1371 
of thoraeie wall 900, 931, 944 
ofthymus 983 
of thyroid gland 470 
of tongue 513-514, 514/ 
eentral vessels 514 
dorsal vessels 514 
marginal vessels 514, 514/ 
oftraehea 967 
of tympanie eavity 638 
of upper limb 780, 791 
of ureter 1092,1252 
of urethra 
female 1264 
male 1263 

of uterine tube 1291 / 1302 
of uterus 1289/ 1291/ 1298-1299 
of vagina 1291/ 1292 
of vas deferens 1278 
of vertebral column 718 
of vulva 1289/-1291 / 1291, 1291/ 
lymphatie vessels see vessels, lymphatie 
lymph nodes (general) 73-75, 73/ 
cells/cellular zones 74-75, 74/ 
development 204 
distribution 73,135-136 
infeetions 136 
lymphaties 74 
microstructure 73-74, 74/ 
vascular supply 74 
lymph nodes (named) 
aortie, lateral 1093,1246, 1252 
aortoeaval 1093 
apieal 780 

auricular, posterior 500-501 
axillary 834, 836/ 900, 944, 946/ 948, 948/ 1092 
anterior 834 
apieal 834, 948 
eentral 834, 948 
disseetion 948-949 
lateral 780, 834 
posterior 834 
subscapular 780, 948 
bronchopulmonary 961 
buccal 501 
eentral 780 

eervieal 408/ 461-462,461/ 
anterior 442, 462 
deep 406-407, 413-414, 442, 461 
inferior 462, 780 
lower 501 
superior 462 
upper 500-501, 505 
tumourspread 598 
superficial 413-414, 500-501 
terminal group 461 
Cloquet’s 1291, Eponyms 
eoeliae 1093,1177 
eolie 1141 

intermediate 1141,1152 
preterminal 1141 
eystie 1177 
diaphragmatie 944 
anterior group 944 
lateral groups 944 
posterior groups 944 
epieolie 1141, 1152 
epigastrie, inferior 1228 
epireetal 1152 
hepatie 1125,1169,1177 
hepatoduodenal 1125 
ileoeolie 1145 
iliae 1093 
circumflex 1228 
eommon 1228,1252 
external 1228,1252,1263-1264,1268, 

1298-1299 
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lymph nodes (named) (Continued) 

internal 1152,1158,1228, 1229/; 1252, 
1263-1264, 1268, 1290 f, 1298-1299 
infraclavicular 780, 834 
infrahyoid 462 

inguinal 1092,1158,1320-1321 
deep 1263, 1291, 1371 
superficial 1072,1291, 1337,1371 
inter-aortoeaval 1274 
intereostal 944, 979 
jugular 
lower 462 
middle 462 
upper 462 

jugulodigastric 413-414,462, 577 
jugulo-omohyoid 462, 501 
lingual 462 

mediastinal 978-979, 978 f 
elassifieation 978 1 
metastatie involvement 978 
mesenterie 1130 
inferior 1093 

superior 1093,1130,1145, 1177 
obturator 1093,1298-1299 
oeeipital 501 

pancreaticoduodenal 1127 
para-aortie 10937,1274 
paraeaval 1092,1274 
paraeolie 1141,1152 
parareetal 1152 

parasternal 944, 947-948, 1072 
paratraeheal 462, 470 
tumourspread 598 
parotid 501 
superficial 500-501 
peetoral 780, 944 
‘pelvie side-wall’ 1093 
peripanereatie 1092 
popliteal 1320-1321, 1383, 1399 
pre-aortie 1092-1093,1184 
preauricular 505 
prelaryngeal 462, 470 
preperieardial 997 
presaeral 1152 
pretraeheal 462, 470 
pulmonary 978 
retro-aortie 1093 
retroemral 1093 

retropancreaticoduodenal, superior 1177 
retroperitoneal 1092-1093,10937 
retropharyngeal 462 
Rotter’s 948 
‘skip’ 948 

submandibular 4617, 500-501, 5007 
submental 501 
subscapular 944 
supraclavicular 414 
supratrochlear 780, 858 
surface anatomy 791 

thoraeie, internal (parasternal) 944, 947-948, 

1072 

traeheobronehial 978, 997 
inferior 961 
superior 961 

lymph nodes (of organs, or regions) see lymphatie 

drainage (of organs, or regions) 
lymphoedema 136 

primary 136 
seeondary 136 

lymphoid aggregations see aggregates, lymphoid 
lysosomal storage diseases 9 
lysosomes 8-9 

dysfunction 9 
seeondary 8 
storage diseases 9 
tertiary (residual body) 77, 8-9 

lysozyme 529 
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maerodontia 520 
macromolecules, in bone 86 
macronodules, benign prostatie hyperplasia 1270 
maerophage-eolony stimulating faetor 88 
maerophages 36-37, 367, 74, 78-79 
alveolar 777, 79, 797, 964-965 
phagoeytosis 79, 797 
bone marrow stroma 76 
development 78 
haemopoietie tissue 76 
hepatie 1171 
lifespan 79 

in lymph nodes 74, 79 
phagoeytosis 79 
in plaeental villus 177 
seeretory aetivities 79 
in spleen 1191-1193 
structure 79 
tingible body 74 
wound healing 158 
macula(e) 

adherentes see desmosomes 
eribrosa 

media 641-642 
superior 641-642 
densa 1248-1251 
of eye 699, 6997, 703-704 
flavae 592 

of membranous labyrinth 643 
of saccule 644, 6447 
sound deteetion 651 
of utricle 644, 6447 
head movements 651, 6537 
macular sparing 286, 708 
magenstrasse 1115,11157 
magma reticulare 169-170 
magnetie resonanee imaging (MRI) - Oommentary 

7.1 

breast eaneer 949 
eardiae 1011-1012 
cervix 1301 

diffusion - Commentary 7.1 

fat suppression sequences - Commentary 7.1 

mediastinal spaees 991-993 

mesorectum 1147 

prenatal 209, 2097 

prostate 1267,12697 

rectum 11487-11497 

T1 weighted images - Commentary 7.1 

thymus 983 

thyroid gland 470, 4717 

uterus 1301,13017 

vagina 1301,13017 

magnetie resonanee speetroseopy (MRS) - 

Oommentary 7.1 

magnetie resonanee traetography (MRT) - 

eommentary 7.1 

major histoeompatibility complex (MHC) 69, 72, 

76-78 

restrietion 76-78 
male pattern baldness 149 
malformations 

Arnold—Chiari - Eponyms 
arteriovenous (AVMs) 287-288, 2887 
Chiari 431 

eongenital/developmental anomalies see eongenital/ 

developmental anomalies 
Dandy-Walker 261, Eponyms 
posterior fossa 261 

malleolus 

lateral 14027-14037, 1405 
surface anatomy 1328 
medial 1404,1421 
ossifieation 1404-1405 

malletfinger 878 












malleus 631, 6317-6327, 636, 6367 
development 607, 659 
movements 637 
ossifieation 636 
see also ossieles, auditory 
malrotation, intestinal 1054 
MALT see mucosa-associated lymphoid tissue 

(MALT) 

mamelons, ineisorteeth 517-518 
mammography 

breasteaneer 949 
sternalis muscle 942 

manehette 15 

mandible 404, 537-541, 5387 

age-related ehanges 425, 539-540, Commentary 4.3 
alveolar part 537-539 
arteries 540-541 
endosseous blood supply 541 
at birth 423, 539-540 
body 537-539 
bone resorption 540, 5407 
border movements 545 
development 607, 623 
edentulous 532-533, 537-540, 5407 
envelope of motion 545-546 
fractures 487-489, 540, 5407 
growth 540 

ossifieation 539, 5407, 623 
seeondary eentres 623 
sex differenees 426 
strength 488-489 
surface anatomy 409 
mandibulofacial dysostosis 616 
manner of articulation 603 
manoeuvre 
Epley’s 646, Eponyms 
Koeher’s - Eponyms 
Pringle 1166, Eponyms 
‘63.10’ 1107 

Valsalva (foreed expiration) 414, 779, Eponyms 

manubrium 

of malleus 6307, 6337, 636, 6407 
movements 637 
of sternum 932, 9337, 934 
superior 413 

margin 

acetabular 1376 
eervieal, of tooth 520 
eostal 898, 901-902 
surface anatomy 1044 
of eyelids 680 
faleiform 1338 
of heart 
acute 1000 
obtuse 1000 
infraorbital 410, 416 

parietal (posterior), of frontal bone 478-479 
pupillary 694 

supraorbital 410,416,478-479 
oftongue 511 

marrovv, of bone 75-76, 757, 85, 89 

gelatinous 75 
red 75-76 

replaeement therapy 76 
in skull 416 
vasculature 76 
yellow 75-76 

Martin-Gmber nerve eonneetion 859 
mass(es) 

lateral, of eervieal vertebrae 720-722 
lateral, of saemrn 727 
premuscle 222 

massa intermedia 272, 2747, 350 
mastieation 

jaw movements 545 
muscles of 546-548, 5467, 550 
nasal airflow, effeets on 561 
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mastoiditis 635 
mater 

araehnoid see araehnoid mater 
dura see dura mater 
pia see pia mater 

matrix 

of bone 86, 86/ 
dorsal, of nail 152 
extracellular 37-39 
angiogenesis 200-201 
eardiae (heart development) 909, 909/, 916 
of eartilage 81, 81 / 
degradation 37 
embryonie 188 
molecules, in embryo 191 
fibrillar 38 
germinal 
of hair 148 
of nail 152 
interfibrillar 37-39 
mesangial 1248,1248f 
mitoehondrial 9-10 
of nail 152,155 
sterile, of nail 152 
subsarcolemmal 115 
matrix metalloproteinases (MMPs) 37 
preimplantation embryos 171 
re-epithelialization 158 
matter 

grey 42, 42/, 66, 227 
of eerebral cortex 228, 230/ 
development 259 
of medulla oblongata 313 
periaqueductal 294-295 
pontine tegmental reticular 327 
of spinal eord 228, 228/, 291-296, 29U-292f 
vvhite 42, 42/; 52, 66, 227 
ofcerebellum 335 

of eerebral hemisphere 228, 230/; 373, 391-395 
postnatal maturation 265/; 266 
of spinal eord 228, 228 /, 291, 296-305 
vascularization 267 

maxilla 404, 416-418, 482f, 484-486 

C) age-related ehanges 425, Commentary 4.3 
arteries 569 
at birth 423, 486 
body 484-485 
anterior surface 484 
infratemporal surface 484 
nasal surface 484-485 
orbital surface 484 
*) bone resorption 540, 540/ 
development 623 
edentulous 532-533 
fractures 487-488 
grovvth 425 
in orbit 666 
ossifieation 486, 623 
et retmsion - Commentary 4.3 
skeletal aeeess surgery 489 
surface anatomy 410-411 
tooth loss effeets 486 
measurements 

crown-rump length 206,1308,1308/ 
femoral length, fetal 1334-1335,1335/ 
neonatal 210 
pelvie 1345-1347 
of skull, fetal 206, 208/ 
meatus 

acoustic (auditory) 

external 419, 423, 629-630, 630f-631f 
atbirth 423 
cartilaginous part 629 
eonstrietions 629 

development 608/, 610-611, 623, 627, 
659-660 
innervation 630 


lymphaties 630 
occlusion, by wax 628 
osseous part 629, 659-660 
relations 629 
seeondary 659-660 
skin 628 
tumours 629 
vascular supply 630 

see also ear, external ((? 

internal 431-432, 643, 643f 
at birth 627 
development 620-621 
neonatal 627 
opening 626 
see also ear, inner 

nasal 

inferior 560-561 
middle 560/, 561 
superior 481-482, 561 
urethral 1281,1289 

meehanism(s) 

‘boundary lubrication’ 98-99 ((? 

proximal/internal sphineter 1258-1259 
scapular movements 803-804 
urethral sphineter 1232-1234, 1265-1266 ((? 

aetions 1233 
innervation 1233 
see also sphineter(s), urethral 
veno-occlusive 1285 
windlass 1439 

meehanobiology 115-116,122 
mechanotransduction 122 ((? 

meeoniiim 1056,1058-1059 

delayed passage 1058-1059 
premature defeeation 1058-1059 

media, ocular 696 
‘medial’ xvi 
mediastinoseopy 979 

mediastinum 899, 976-993, 9767, 9817-9827 ((? 

definition 976 
imaging 990-993 
CT 991-993, 9917-9927 
MRI 991-993 

radiographs 990-991,990/ 
inferior 899, 976-977, 976/ 
anterior 899, 976, 976/, 992/ g 

middle 899, 976, 976/, 992/ 
posterior 899, 976-977, 976/, 992/ 
abdominal communications 977 
lymphaties see lymph nodes (named), mediastinal 
neek, communications with 977 ((? 

subdivisions 976-979, 976/ 
superior 899, 976, 976/, 992/ 
testis 1272, 1274, 12747-1275/ 
vagus nerve course 980/, 981-983 ((? 

vascular supply 977-979 
medulla 
of hair 148 

of kidney 1241, 1242/, 1243-1244, 1245/, 1250 
of lymph nodes 73-75 
oblongata 272, 311-317 
arterial supply 285 
development 254 
external features 311, 311 /-312/ 
internal organization 311-317 
lesions 328-329 

pyramid see pyramid (pyramis), of medulla 
oblongata 
relations 311 
transverse seetions 

atfourth ventriele, caudal end 313-317, 314/ 
lower 311-313, 312/ 
at sensory decussation 313, 313/ 
venous drainage 288 
ovarian 1304, 1306 

of suprarenal gland 1064,1196/-1197/, 1197-1198 
3 of thymus 983-985, 984/ 


megaeolon see disease(s), Hirsehspmng’s 
meiosis 20-21,207 
meiosis I 207, 21 
meiosis II 207, 21 
melanin 141,145-146 
melanogenesis 146 
melanopsin 703 
melanosomes 144-146 
melatonin 357, 363 
membrane (membrana) 
amniotie 178 

anal 1057, 1201, 1202/, 1218-1219 
asymmetrie unit (AUMs) 1261 
atlanto-oeeipital 
anterior 736, 736/ 
posterior 736, 736/ 
basement 34-35 
glomemlar 1248 
myoeardial 909, 909/ 
basilar 642, 647/, 648 
in hearing 653 
Brneh’s 691, Eponyms 
buccopharyngeal 184-185 
of eell 5-6, 5/ 

‘detergent-resistant’ 5 
ehoanal 612 

eloaeal 184, 1057, 1202/, 1205/, 1216, 1218-1219, 

1218/ 

abnormal 1216 
erieothyroid 590-591 
erieovoeal (conus elasticus) 586/, 591 
Deseemet’s 34, 689-690, 689/, Eponyms 
development 664 
of Elsehnig 705 
exocoelomic (Heuser’s) 169 
fetal 177-179 
glassy 148 

glial limiting see glia limitans 
Heuser’s (exocoelomic) 169, Eponyms 
imperforate hymenal 1211 
intereostal 
external 940 
internal 941 

internal limiting, of retina 704 
interosseous 

of forearm 777, 842/, 846 
ofleg 1400-1401,1400/ 
of lunotriquetral ligament 874 
of scapholunate ligament 874 
intracellular, protein transloeation 10 
Jaekson’s 1102-1104, Eponyms 
laryngeal 590/ 
extrinsic 590 
intrinsie 590-591, 590/ 

Liliequist’s 277, Eponyms 
limiting 
inner 245 
outer 245 
mitoehondrial 9 
mucous see mucosa 
mucus see mucosa 
myelin 52 
nietitating 680 
nuclear 15-16, 16/ 
inner 15-16, 16/ 
outer 15-16,16/ 
obturator 1339-1340,1340/ 
otoeonial 651 

otolithie 644, 644/, 646, 651 
perineal 1232 
female 1232 
male 1232 
pharyngeal 659 

plasma, of eell see plasma membrane 
pleuropericardial 906, 906/ 
pleuroperitoneal 906, 906/ 
proseneephalon 185 
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membrane (membrana) (Continued) 

piipillary 663-664 
quadrangular 590, 590 f 
X) Reissner’s 642, 646, Eponyms 
serous see serosa 
statoeonial 644, 644 f, 646 
ej suprapleural 414, 446, 954, Commentary 6.3 
synaptie 45 
synovial 99-100, 99 f 
development 222 
of flexor tendon sheaths 879 
of individual joints see individual joints 
teetoria 7367-7377, 737 
teetorial 647/; 648-650, 653 
thyrohyoid 413, 586/; 588, 590, 590 f 
tympanie 630/; 633-634, 633/; 640 f 
anaesthesia 633 
at birth 423 

development 611-612, 659-660 
innervation 633 
microstructure 633 
movement 637 
perforation 633 
seeondary 634 

urogenital 1057,1201,1202/; 1218-1219 
breakdovvnof 1218-1219 
membrane bone 
offaee 623 
of viscerocranium 623 
memory 

autobiographical (episodie) 397 
eerebral asymmetry 396 
semantie 397 
theories 48 
menarehe 1220,1306 
meninges 
eranial 432-441 
innervation 434Z 7 
development 266 
spinal 291, 764-765, 765 f 
meningiomas 278 
meningitis 54 
meningoeele 759 
meningomyeioeele 209, 759, 7597 
meninx 
primary 266 
primitiva 266 
meniscus (menisei) 
eentral, of optie nerve head 705 
*) eentral tissue, of Kuhnt - Eponyms 
homologue 846 
of knee 1387-1389,13877 
age-related ehanges 1388 
biomeehanies 1388 
eompression 1395,13957 
innervation 1387-1388 
lateral 13877,1388 
diseoid 1388 

load-earrying mode 1395,13957 
medial 1387-1388, 13877 
movements 1392, 1395 
tears 1387-1388,1395 
Wrisberg type 1388 
of Kuhnt 705 
synovial joints 100 
ulnocarpal 846 
of vvrist joint 872 
menopause 

breast ehanges 949-950 
ovarian ehanges 1306 

menstmal age 205-206 
menstmation see eyele, menstmal 
meralgia paraesthetiea 1371 
C) Merkel eell - Oommentary 1.3 
merosin 34 

mesangium 1248,12487 
mesaxons 51-52 


meseneephalon (midbrain) 272, 321-326 

analgesie system 294-295 
arterial supply 285 

development 238-239, 2397, 255-256, 2577 
derivatives 2397 
divisions 3107, 321 
external features 321-322 
internal organization 322-326 
lesions 328-329 
relations 321-322 

transverse seetion 3107, 322, 3227-3237 
mesenehyme 183,187-188,1957 
angioblastie 199 
heart development 908 
kidney development 1201 
neuroglia development 245 
angiogenie 

foregut development 1048 
gonad development 1208 
lung development 926 
thymus development 619 
traehea development 925 
axial 197,1987 
breast development 949 
eardiae (preeardiae) 197, 909,1052 
migration 909-910 
eranial 606 
derivatives 1967 
embryonie dermis 155 
epithelial interaetions 1917 
gut development 1048 
head development 606 
in mesonephrie system 1201 
in metanephrie system 1201 
signaling meehanisms 190, 1907 
tooth development 615-616, 6157 
epithelial transformation 
seeondary neurulation 238 
during somitogenesis 752 
epithelial transition 188 
extraembryonic 172-173,181 
eoating yolk sae 177 
frontonasal 6067,612,623 
at gastmlation 187-188 
head 

hepatie 1067 

intereloaeal see mesenehyme, urorectal septum 
intermediate 1957,199,1199,11997-12007 
intraembryonie 183 

lateral plate 183,185,193,1957,197-199 
lovver limb development 1334 
mandibular 623 
mediastinal 908, 915, 918 
mesonephrie, gonad development 1208 
metanephrie 1202 
neural erest, of pharyngeal areh 606 
panereatie 1052 

paraxial 183-184, 1857, 1967, 197, 1987, 751 
development 7517 
limb development 218 
meningeal development 266 
segmentation 751-752 
periplaeodal 245 

pharyngeal, heart development 913-914 
of pharyngeal arehes 606, 6077, 608-609 
preeardiae (eardiae) 197,1052 
preehordal 182, 197,1987, 6097 
presomitie 197, 751 
bilateral segmentation 751 
primary 187-188,197-199, 606 
prostate development 1218 
selerotomal 
eondensation 755 

intervertebral dise development 7547, 
755-756 

seeondary 187-188 

septum transversum 906, 9067,1048, 10537 


somatopleuric 197 
diaphragm development 906 
limb development 218 
peetoral girdle development 796 
thoraeie development 905-906 
upper limb development 794 
splanchnopleuric 197,199 
derivatives 1048 
lung development 905-906, 926 
oesophagus development 619,1048 
respiratory tree branehing 925 
traehea development 619 
traeheal 925 
umbilical eord 179 

unsegmented see mesenehyme, presomitie 
urorectal septum 1201,1216 

mesenteron 1049 
mesentery 

of appendix, vermiform 1105 
attaehments 1099 
bilaminar 1062 
ofcaecum 1136 
of eolon 1136 
of eystie duct 1175 
of developing gut 1059 
development 10557-10567, 1059,10607 
dorsal 10557-10567, 1059, 1098, 1136 
root 10557-10567, 1063, 11007 
ofduodenum 1104-1105 
foregut 1059,10607 
offoregut 10557-10567 
of gallbladder 1173,1177 
of ileum 1128-1129 
of jejunum 1104-1105,1128-1129 
nomenclature 1059 
of sigmoid eolon 1136 
‘simple’ 1062 

of small intestine 1099,1104-1105,1124 
of terminal ileum 1104-1105 
of transverse eolon 11027, 1104 
ventral 1059,1061,1098 
see also peritoneum 
mesethmoid 620 
meshvvork, trabecular 687-688 
X) mesiodens 520 

mesoappendix 1063,1105,1142 
mesoblast 187-188,195-197,1957 
eardiogenie 184 
definition 187-188 
early embryonie dise 1957 
extraembryonic 169-170,1697 
intraembryonie 1817, 183 
paraxial 751, 7517 
segmentation 752 
trilaminar dise 1837,184 
mesocardium, dorsal 908, 9097, 910 
breakdovvn 910 
mesoeolon 1063,1146 
*) aseending 1143 

structure 1143 
neonatal 1063-1064 
sigmoid 1105,1146 

transverse 1063,11027,1104, 1136,1143-1144 

mesoderm 188 

ej pharyngeal development - Commentary 2.2 
mesoduodenum 
dorsal 1051,1061-1062 
ventral 1051 

mesogastrium (mesogastria) 1048,1099 

dorsal 1049, 1051, 10557-10567, 1059, 10607, 

1061, 1064 

seeondary 10607,1061-1062 
viseeral attaehment 1061-1062 
ventral 1049, 1051, 10537, 1059, 10607, 1061 
liver ligaments development 1061 

mesogenitale 1208 
mesometrium 1296-1297 
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mesonephros 1199-1201,1199f-1201f, 1208,1210f 
atrophy 1201 
urine production 1201 
mesoneurium 54 
meso-oesophagus 1048,1059 
mesorchium 1214 

mesorectum 1063,1147,1148f-1150f 

MRI imaging 1147 

mesosalpinx 1296,1298f 

mesosternum see body (bodies), of sternum 

mesotheliiim 

of bladder, urinary 1261 
of peritoneum 1059,1098 
yolksae 177 

mesotympanum see eavity (eavities), tympanie 
mesovarium 1215-1216,1296,1302-1303 
messengers, seeond 11-12 
metabolomies 68 
metaearpal bones 869-871, 871 f 
|) first 790/; 8677, 869-871, 871 f ; 887, 893 
seeond 8677, 870, 8717 
third 8677, 870-871, 8717 
fourth 8677, 871, 8717 
fifth 8677, 871, 8717 
ossifieation 8707-8717, 871 
*) surface anatomy 788, 790, 7907, 893 
metacarpus see metaearpal bones 
ej metallie artefaet reduction sequences (MARS), MRI 

- Oommentary 7.1 
metamerism see segmentation 
metanephros 1201-1206 
metaphase, cellular division 19,19f-20f, 21 
metaphysis fusion 94 
C) metaplasia 40, Oommentary 1.4 
Barrett’s see oesophagus, Barrett’s 
ej eaneer predisposition - Commentary 1.4 
S glandular - Commentary 1.4 
mesenehymal (osseous) 40 
squamous 40 
metarterioles 131,131 f 
*) metastases, peritoneal 1098,1108,1110 
metatarsals 1427f, 1428-1430 
first 1329, 14227, 14277, 1429 
seeond 14227, 14277, 1429 
third 14227, 14277, 1429 
fourth 1429 

fifth 1329, 14227, 14277, 1429-1430 


bases 1428 
heads 1428 
innervation 1429-1430 
muscle attaehments 1429 
ossifieation 14237, 1429-1430 
shafts 1428 
surface anatomy 1329 
vascular supply 1429 

metathalamus see body (bodies), geniculate 
meteneephalon 238-239, 254-255, 255f 
derivatives 2397 
metenkephalins 49 

C) methylene-diphosphonate (MDP) - Oommentary 7.1 
MHC restrietion of T-eell reeognition 76-78 
*) mieelles 1132 

mierobiota, intestinal 1058 
microcirculation 127 
*) mierodontia 520, 520f 
mierofilaments 12-13 
mierognathia 616 

C) mieromanipiilator tool - Oommentary 1.5 
mierophthalmia 661 
mieropinoeytosis 177 
mieropores, bony labyrinth 643 
mierosaeeades 672 
mieroseopy 

eleetron see eleetron mieroseopy 
fluorescence see fluorescence mieroseopy 
ej photoaetivated loealization - Commentary 1.1 
S real-time - Commentary 8.2 


@ seleetive plane illumination - Commentary 1.1 
lej single-molecule loealisation - Commentary 1.1 
■je) stimulated emission depletion (STED) - Commentary 

1.1 

§ structured illumination - Commentary 1.1 

super-resolution - Commentary 1.1 
mierosomia, hemifaeial 616 
(g) mierotia 627-628, 628f, 628f 

microtubule-associated proteins (MAPs) 14 
microtubules 12 f, 14-15 
eargo transport 14-15 
cellular division 19 
ofeilia 22 
depolymerization 14 
neurones 43 
of pillar eells 648 
platelets 72-73 
polymerization 14 
microvasculature 127 
fluid exchange 130 
mierovilli 23, 23f 
of columnar epithelium 28-29 
of enteroeytes 1133 
of gastrie parietal eells 1120 
of Miiller eells 7017, 704 
(§) of olfaetory mucosa 5617-5627, 562 

of retinal pigmented epithelium 700-701 
micturition 1233,1264-1266,1265f 
storage phase 1264-1265 
voluntary eontrol 1265 
midbrain see meseneephalon (midbrain) 
midgut 1141-1145 
arteries 1144-1145 
development 10507,1054-1057 
extent 1048,10487 
innervation, sympathetie 1152-1153 
loop (primary intestinal) 10507,1054,10557-10567 
lymphaties 1145 

parasympathetie innervation 1153 
peritoneum 1062-1063 
rotation, anomalies 1054 
veins 1145 
migration 
paracellular 133 
transcellular 133 
milk 

breast 72, 950,1058 
gut maturation 210 
‘vviteh’s’ 949 

mineral(s) 86 

(§) absorption, small intestine 1132 

mineralization, osteoid 86 
miosis 696 

(§) mirror ear 628f, 628 1 

misearriage, threatened 174 
mitoehondria 9-10, 9f 

eardiae muscle 137 
genetie diseases 10 
skeletal muscle 106 

mitosis 17,19-20,19f-20f 

ehemieal dismption 20 
ehromatin 17 
quantal 189 

mittelsehmerz 1098 
model(s) 

fluid mosaie 5, 57 
muscle seaffold 617, 794 
te) tvvo-site reeeptor - Commentary 1.3 

modelled reeonstmetion, faee 427 
modiolus 

ofeoehlea 642 

of faeial muscles 497-498 

modules 

of cerebellum 331, 3377, 338-340, 3397 
of eerebral cortex 375 

modulus 116,122 
molars see teeth 


CJ molecular magnetie resonanee imaging (mMRI) 

- Oommentary 7.1 
molecules 

eell adhesion see eell adhesion molecules 
ehemotaetie signalling 133 
damage-assoeiated pattern (DAMPs) 79-80 
extracellular matrix 37-38 
embryonie eell signaling 191 
signalling 10-11 
axon grovvth eones 247 
speetrin-like 13 
*) speetrin-related 13 

moments 116-117,116 f, 120 
torsional 116 
monoamines 48 
mons pubis 1288 
morphogenesis 191-192 
branehing 191, 1917 
rnomla 167,167f 
mosaieism 163-164 
mound 
aortie 1001 

et malar - Commentary 4.3 
mouth 507 
of alveoli 958-959 
development 612 
dry (xerostomia) 527, 531 
floorof 507, 509-510, 5107, 5137 
*) haemorrhage 541, 5417 

muscles 509-510 
opening 544 

eí primitive - Commentary 4.2 
movement(s) 120-121 

adjunct 102 
of auditory ossieles 637 
X) Bennett 544, Eponyms 
of bone 120,1217 
‘border’, mandibular 545 
bucket handle 974 
cerebellum, role in 331 
of eilia 14 
conjunct 102 

eontrol, supplementary motor cortex role 379 
coupled 102 
dynein-related 14 
embryonie 223 

of eye see eye (and eyeball), movements 
of eyelids 672, 681 

et of faee 496-498, Commentary 4.3 
fetal 209, 223 
offlagella 14 
foot 1447-1450, 14507 
of hand see hand, movements 
of head 674 
intervertebral 121 
ofjavv 544-546 
of joints 96, 102-103 
abduction 102 
adduction 102 
angulation 102 
biomeehanies 120-121,1207 
circumduction 103 
dorsiflexion 102 
extension 102 
flexion 102 
gliding 102 

lever systems 120,1207 
limitations 101-102 
plantar flexion 102 
roll 120-121, 1217 
rotation see rotation (movement) 
slide 120-121, 1217 
spin 120-121, 1217 
translation 102 
see also individual joints 
kinesin-dependent 14 
of lips 497 
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movement(s) (Continued) 

*) of lovver limb 1324, 1324Í 
‘piimp handle’ 974 
respiration see breathing 
of scapula 803-804 
of scapulothoracic motion 810-813 
skilled 397 
of spermatozoa 1277 
|) ‘triek’ 786, 7867 

of vertebral column 745-747 
of voeal eords, during speeeh 601, 601É-6027 
see also individual movements 
movement disorders 331 
M phase, eell eyele 18 
M-phase promoting faetor 18-19 
mucins 40-41,1133 
*) mucocele 508, 529, 592 
gallbladder 1175-1176 
mucociliary eseaiator (rejeetion eiirrent) 561, 968 
mucosa 28, 40-41, 407 
alveolar 508, 5087 
ofappendix 1142 
*) Barrett’s 988, Eponyms 
of bile ducts 1177-1178 
of bladder, urinary 1257,12597 
of cervix 1300 
of eheeks 507 
of eystie duct 1174 
of epiglottis 586-587 
ofgutwall 1040-1041 
of hard palate 510 

*) of hepatopanereatie ampulla 1175,11757 
of intestine 

3 large 1137,1159 

development 1057 
small 1132-1135 
development 1054-1056 
labial 507 
of larynx 591, 594 
lingual, dorsal 515-516 
nasal 561 

of nasopharynx 573 
oesophageal 988-989 
development 1048-1049 
olfaetory 561-563 
oral 508-509 
arterial supply 508-509 
innervation 509 
lining 508 

lymphaties 508-509 
mastieatory 508-509 
palatine 508 

venous drainage 508-509 
of paranasal sinuses 565 
of pharyngotympanie tube 574-575 
proper 40 
of stomaeh 1120 
development 1049-1051 
of terminal ileum 1128 
oftongue 511 
dorsal 515-516 
tympanie 639-640 
of ureter 1254 
of urethra, female 1264 
of urinary traet, proximal 1250 
of uterine tube 1302 
of vagina 1291,1293 
vesieal, of bladder 1257,12597 
rrmeosa-assoeiated lymphoid tissue (MALT) 75 
lymphoeytes 75 
oesophageal 988 
in small intestine 1135 
venules 130 
mucus 40-41 
eervieal 1300 
synthesis 41 

multiple eongenital contractures 223 


^f|Cj multiple selerosis 66, 306, Oommentary 3.1 

muscle pump 107 
muscles (aeting on) 

anklejoint 1432-1433 
atlanto-axial joint 738 
atlanto-oeeipital joint 736-737 
auricle 628-629 
calcaneocuboid joint 1436 
earpometaearpal joints 876-877 
cuboideonavicular joint 1437 
cuneocuboid joint 1437 
elbow 778, 847-848 
*) glenohumeral joint 778, 815-816 
hipjoint 1380 
intercuneiform joint 1437 
intermetaearpal joints 877 
interphalangeal joints 
offoot 1439 
of hand 778 

knee joint 13847,1393,1397 
metaearpophalangeal joints 778, 877-878 
metatarsophalangeal joints 1438-1439 
naviculocuneiform joint 1437 
patellofemoral joint 1393 
radioearpal joint 778 

shoulder-elbow motion eoordination 824-826 
taloealeaneal joint 1435 
tarsometatarsal joints 1437-1438 
thumb 778 

tibiofemoral joint 1393 
wrist joint 874-875 
muscles (general) 103 
aetions of 113-114 
antagonist 114 

architecture 112-113,1127,119 
bipennate 112-113,1127-1137 
blood supply 132 
eardiae 103, 123,136-139 
calcium-induced calcium release 138 
eontraetile protein isoforms 138 
eontraetion 136, 138 
development 139, 10377 
excitation—eontraetion coupling 138-139 
dysfunction 139 
foree transmission 137 
innervation 138 
microstructure 136-138 
origin 139 
plastieity 139 
regeneration 139 
X) remodelling 139 

vascular supply 138 
circumpennate 112-113 
elassifieation 103 

eonjoint longitudinal 11547,1155-1156, 

11577 
eontraetion 13 
emeiate 112-113,1127 
development, in limbs 222 
digastrie 1127 
direetion of pull 112-113 
epaxial 295 
development 7547, 760 
fixators 114 
flat 112-113 

foree 1127-1137, 113, 116, 1167 
internal 119, 1197 
fusiform 112-113,1127 
hypaxial 295 

development 7547, 760, 794 
involuntary see muscles (general), smooth 
leversystems 119-120,1207 
long 112-113 
mechanotransduction 122 
multipennate 112-113,1127 
nomenclature 112,1127 
origin 109 


pennate 112-113 
power 113 
prime movers 114 
quadrilateral 112-113,1127 
radial 1127 
short 112-113 
skeletal 103-114 
aetion potential 108 
aetions of 113-114 
ageing 112 
attaehments 85 

elassifieation, by fibre architecture 112-113, 
1127 

elassifieation, by vascular supply 107, 1077 
eonneetive tissue 107 
eontraetion 108-109 
range of 113 

development 109-112,197, 760 

direetion of foree 1127-1137,113 

fibres see fibre(s), muscle 

foree 113 

form 112-114 

formation 110-111,1107 

function 112-114 

growth 109-112 

innervation 107-108 

length regulation 111 

lymphatie drainage 107 

mass regulation 112 

microstructure 103-107, 1037-1047 

movements 114 

neuromuscular junction 63 

organelles 106 

power 113 

proteins 104-105,109 
regeneration 139 
repair 111-112 
striations 103 
vascular supply 107 
smooth 103,123-126 
*) ofairways 968 

of breast 948-949 
calcium regulation 126 
eell-eell attaehment 123,126 
eontraetion 1247, 125-126 
development 126 
differentiation 126 
distribution 123 

eleetromeehanieal coupling 126 
excitation—eontraetion coupling 126 
functions 123 
glycocalyx (eell eoat) 125 
ofgutwall 1042 
hypertrophy 126 
innervation 125, 1257 
intestinal 1042-1043 
eontraetion 1042-1043 
microstructure 123-125, 1237-1247 
multi-unit 125 
origin 126 

pharmaeomeehanieal coupling 126 
phasie 126 
plastieity 126 

remodelling, in disease 126 
of renal ealyees and pelvis 1250 
*) seeretory phenotype 125-126 

tonie 126 
unitary 125-126 
of ureter 1254 
of urethra, female 1264 
vascular 1287, 134-135 
vascular supply 125 
spindle, sensory innervation 62 
spiral 1127-1137 

spiral/twisted arrangement 112-113 
strap-like 112-113,1127 
strength 113 
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striated 103 

of pharyngeal arehes 608-609 
see also miiseles (general), eardiae; muscles 
(general), skeletal 
synergists 114 
triangular 112-113,112/ 
trieipital 112 / 
twisted 112-113 
unipennate 112-113,112 / 
voluntary see muscles (general), skeletal 
wasting 112 
see also fibre(s), muscle 
muscles (named) 
abductor 
digiti, minimi 

of foot 1442, 1442/; 1444 
ofhand 778, 883-886, 883/ 
hallucis 1331, 1441, 1441/-1442/, 1444 
indieis 884-885 
pollieis 

brevis 778, 882, 883/, 886 
longus 854, 854/, 859/, 894/ 
synovial sheath 879 
adductor 

brevis 1339/, 1363/, 1364 
|) hallucis 1440/-1441 /, 1443-1444, 1443/ 

longus 1338, 1339/, 1363/, 1364 
surface anatomy 1330 
tendinitis 1379 

magnus 1319,1338,1339/, 1364, 1365/ 
surface anatomy 1330, 1364 
minimus 1364 

pollieis 778, 881/, 883, 883/, 885-886 
anconeus 853-854, 854/, 859/ 

*) anterolateral, of heart 997 
antitragicus 628 
apieis nasi 558 
arreetor pili 142/, 147/, 150 
articular, of knee see muscles (named), articularis, 

genus 
articularis 
cubiti 826 

ej genus 1363, Commentary 9.3 
aryepiglottie 595 
aryepiglotticus 595 
arytenoid 
oblique 595 
transverse 595, 596/ 
auricularis 628 
*) Bell’s 1206, Eponyms 
bieeps 

|) braehii 778, 815, 817/, 824, 825/ 

surface anatomy 788Z-789/, 789 
synovial sheath 810/, 814/, 815 
testing 825 

femoris 1319, 1328/, 1332, 1339/, 1365/, 

1366-1367 






heads 1366 

surface anatomy 1367 ((? 

biventer eervieis 743 
braehialis 114, 821/, 825-826 
*) braehioradialis 777, 845/, 850/, 851-852, 859/, 893/ 

surface anatomy 789 ((? 

branehiomerie 608-609 
buccinator 495, 583 

relations 495 ((? 

bulbospongiosus 1233-1234, 1280, 1283/, 1285 
aetions 1234 
ejaculation 1234 
sex differenees 1233-1234 
eanalis ani 1154 
eeratoerieoid 595 
ehondro-epitroehlearis 820, 942 
chondroglossus 512 
eiliary 687/, 693-694, 693/ 
eleidohyoid 449 
eloaeal, development 1334 


coccygeus 1222 
eompressor 
naris 558 

urethrae 1232-1233 
eonstrietor, of pharynx 571 
inferior 512/, 573/, 578/, 580/, 582 
middle 512/, 573/, 578/, 580/, 581 
stripping aetion 584 

superior 512/, 571/, 573/, 576/, 578/, 580/, 581 
in swallowing 584 

eoraeobraehialis 789, 817/, 821-822, 821/ 
aetions 819 

eormgator, supercilii 494 
eremaster 1078-1079 
erieoarytenoid 
lateral 595-597, 596/ 
posterior 595, 596/ 
degenerative ehanges 595 
cricopharyngeus 578/, 580/, 582 
erieothyroid 596/, 597 
development 609-610 
paralysis 602 
dartos 1281 

deltoid 778, 812/, 819/, 820 
aetions 815-816, 819-820 
paralysis 816 
surface anatomy 789 
depressor 
anguli oris 495 
labii inferioris 495 
septi 558-559 
supercilii 494 
detmsor 1258/, 1261 
development 1206 
innervation 1260 
trigonal, deep 1257-1258 
diaphragm see diaphragm 
digastrie 413, 448/, 449 
dilator 
naris 

anterior 558 
posterior 558 
pupillae 695, 696/ 
development 663 
innervation 695-696 
tubae 579-580 
epicranius 490 

ereetor spinae 713/, 740-742, 740/, 741/ 
surface anatomy 749 
extensor 
earpi radialis 

brevis 788, 845/, 852, 859/, 875, 893/ 
surface anatomy 790, 893 
synovial sheath 879 
longus 778, 788, 852, 875, 893/ 
surface anatomy 790, 893 
synovial sheath 879 
earpi ulnaris 853, 859/, 875, 893/ 
surface anatomy 790, 893 
synovial sheath 879 
digiti, minimi 853, 853/, 893/ 
synovial sheath 879 

digitomm 778, 852-853, 859/, 886, 893/ 
brevis 1329/, 1330-1331, 1420/, 1444 
longus 1330-1331, 1406/, 1407-1408, 1420/ 
surface anatomy 790, 893 
synovial sheath 879 
hallucis 

brevis 1329/, 1330-1331, 1444 
longus 1330-1331,1407 
indieis 854/, 855, 893/ 
brevis, manus 855 
synovial sheath 879 
pollieis 

brevis 853/, 854-855 
surface anatomy 790 
synovial sheath 879 



longus 788, 854, 854/, 859/, 893/ 
rupture 866 
synovial sheath 879 
externa see muscularis, externa 
externus mallei 636 
extraocular 670-675, 670/ 
aetions 672, 674/ 
eongenital absenee 670 
development 109, 664 
neonatal eoordination 665 
supernumerary 670 

extrinsic, of eye see muscles (named), extraocular 
of faeial expression 489-498, 490/-493/, 

Commentary 4.3 

fibularis 

accessorius 1409 
brevis 1401/, 1408-1409 
longus 1401/, 1408,1440/ 
surface anatomy 1330 
quartus 1409 

tertius 1319, 1330-1331, 1406/, 1408-1409, 
1420/ 

variants 1409 
flexor 

accessorius 1440/-1441/, 1442,1444 
longus 1410 
earpi 

radialis 848-849, 849/, 859/, 875 
surface anatomy 790, 790/, 893 
ulnaris 778, 845/, 849/, 850-851, 859/, 894/ 
aetions 875 

surface anatomy 790, 893 
digiti, minimi, brevis 

of foot 1440/-1441 /, 1443-1444, 1443/ 
ofhand 778, 884-886 
digitomm 

brevis 1440/-1441/, 1441-1442, 1444 
longus 1330-1331, 1410-1412 
profundus 850/, 851, 859/, 886, 894/ 
surface anatomy 790, 893 
synovial sheath 879 
superficialis 849-850, 849/, 859/, 886 
surface anatomy 790, 893 
synovial sheath 879 
testing 850 
hallucis 

brevis 1441/, 1442-1444, 1443/ 
longus 1331, 1411-1412, 1420/, 1436/ 
pollieis 

brevis 778, 882, 883/, 885-886 
longus 778, 849/-850/, 851, 859/, 894/ 
surface anatomy 790, 893 
synovial sheath 879 
frontalis 490 

gastrocnemius 1319,1349-1350,1409 
heads 1409 

surface anatomy 1328/, 1330 
vascular supply 107,1409 
gemellus 1359-1361 
inferior 1358/, 1360/, 1361 
superior 1358/, 1360/, 1361 
genioglossus 511, 513/ 
geniohyoid 510 
gluteus 

maximus 1318-1319, 1330, 1357-1358, 1357/ 
vascular supply 107,107/ 
medius 1318-1319, 1330, 1357/-1358/, 1358 
minimus 1318-1319, 1330, 1358, 1358/ 
paralysis 1358 
surface anatomy 1330 
testing 1358 

graeilis 1319, 1339/, 1355/, 1363-1364, 1389 
surface anatomy 1330 
vascular supply 107,107/ 
hamstrings 1361,1366 
aetions 1367 
shortened 1367 
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muscles (named) (Continued) 

siirfaee anatomy 1367 
tears 1367 
testing 1367 
vascular supply 1366 
helieis 
major 628 
minor 628 

hyoglossus 511-512, 5127 
hypothenar 882 

iliacus 1318-1319, 13557, 1356 
3 minor 1377 
X) iliocapsularis 1377 

iliococcygeus 12217,1222-1223 
ilioeostalis 7407, 741, 741 1 
eervieis 741 
lumborum 741 
thoraeis 741 

iliopsoas 1318-1319,1356 
iliosaeralis 1222 
X) iliotrochantericus 1377 
incisivus labii 
inferioris 496 
superioris 496 
infraclavicularis 942 

infrahyoid (strap) 447, 4487, 449-450, 595 
infraspinatus 816, 823, 8257 
surface anatomy 7887-7897, 789 
intereostal 899, 940-941 
breathing, role in 942, 975 
external 940-941, 974 
innermost 941 
internal 9407, 941, 974 
REM sleep, aetivity during 908 
speeeh, role in 600-601 
interossei 
dorsal 

3 of foot 14407, 1443-1444, 14447 
|) of hand 880-882, 8817-8837, 885-886, 8857, 

893 

surface anatomy 790 
palmar 778, 8827-8847, 884-886 
paralysis 884 
plantar 1443-1444, 14447 
interspinales 743-744 
intertransversarii 743-744 
anterior 743 
laterales 743 
mediales 743 
posterior 743 
intrinsie 
offoot 1319 

of lovver oesophageal sphineter 1114 
of tongue 511-513, 5137, 760 
inferior longitudinal 512-513 
superior longitudinal 512-513 
transverse 512-513 
vertieal 512-513 
ischiocavernosus 1234 
female 1234,12357 
male 1234 

ischiococcygeus 1222-1223 
X) of Laneisi 1004, Eponyms 

latissimus dorsi 822, 8257, 9417, 10767 
aetions 810-811, 816, 819 
development 794 
speeeh, role in 600-601 
surface anatomy 749, 789 
vascular supply 107, 1077, 822 
laxator tympani 636 
levator 

anguli oris 495 
ani 1222-1223 
faseia over 1223-1224 
glandulae thyroideae 470 
labii superioris 494 
alaeque nasi 559 


palpebrae superioris 6687, 670, 672, 6817 
development 664 
sheath 6687, 669-670 
prostatae 1222 

scapulae 4507, 810, 818, 8187 

of thyroid gland 470 

veli palatini 573, 5737, 578-579, 

5787-5807 

levatores eostamm 899, 941-942 
breves 941 
longi 941 

longissinrms 7407, 741, 7417 
eapitis 741 
eervieis 741 
thoraeis 741 

longitudinal, of veins 130 
longus 

eapitis 450, 4507 
eolli 450-451 
lumbricals 

of foot 14417, 1442, 1444 
|) of hand 880-882, 8827-8837, 885-886, 

8857 

vascular supply 886 
malaris 495 

masseter 498, 546-547, 5467 
hypertrophy 546 
surface anatomy 411 
of mastieation 498, 546-548, 5467 
vvasting 550 
mentalis 495 
Mereier’s bar 1206 
mucosae see muscularis, mucosae 
multifidus 742-743, 7427, 7427 
muscularis see muscularis 
mylohyoid 509, 5107, 5137 
nasalis 558 
oblique 

external 1077-1078,10777 
aponeurosis 1074, 10757-10767, 1078 
inferior 6707, 671-672, 6737 
sheath 669 
internal 10757,1078 
aponeurosis 1074, 10757-10767, 1078 
superior 6707, 671-672, 6737 
obliquus 
auriculae 628 
eapitis 

inferior 744, 7447 
superior 744-745, 7447 
obturator 

externus 1360-1361,13607 
internus 1221-1222, 13507, 13587, 1360-1361 
faseiaover 1221-1222 
oeeipitalis 490 

oeeipitofrontalis 475, 490, 670 
omohyoid 4487, 449-450 
opponens 
digiti minimi 
offoot 1443 
of hand 884-886 

pollieis 778, 882-883, 8837, 885-886 
orbicularis 

C) oculi 494, 670, 684, Commentary 4.3 

eiliary (marginal) part 680 
development 664 
palpebral part 680 
oris 495-497 

X) orbital, of Muller 671, Eponyms 
orbitalis 671 

palatoglossus 512, 5737, 580 
development 609-610 
palatopharyngeus 5737, 5797, 580-581 
palmaris 

brevis 8657, 884-886 
longus 8497, 850, 8597, 8947 
3 surface anatomy 790, 7907, 893 


papillary 

|) of left ventriele 997, 10087-10097,1011 

anterolateral (posterosuperior) 1011 
posteromedial (anteroinferior) 1011 
of right ventriele 1001-1004,10027 
anterior 1004 
inferior 1004 
septal (medial) 1004 

X) Passavant’s 581, Eponyms 
peetinate 
development 911 
of left atrium 1005 
of right atrium 1001 

pectineus 1338, 13557, 1360-1361, 1365-1366 
peetoralis 
development 794 
major 8127, 819-820, 8197 
aetions 810-811,815-816, 820 
surface anatomy 789 
variants 820 

vascular supply 107, 820 
minimus 817, 942 
minor 8117, 817, 8177 
aetions 810-811, 816-817 
tertius 942 

perinei, transverse superficial 1233 

peroneotibialis 1397 

peroneus 

brevis see muscles (named), fibularis, brevis 
longus see muscles (named), fibularis, longus 
tertius see muscles (named), fibularis, tertius 
piriformis 1221, 1358-1361, 13587 
faseia over 1223 
plantaris 1319, 1410 

§ platysma 147, 448, 496, Commentary 4.3 

development 611, 617 
popliteus 1319, 13897,1397 
minor 1397 

*) posteroseptal, of heart 997 
prevertebral 450 
proeems 558 
pronator 

quadratus 8417, 8507, 851, 8947 
teres 8477, 848, 8497-8507, 8597 
attaehment 115,1157, 848 
surface anatomy 789 
psoas 

abseess 1356 

major 726, 1318-1319, 1355-1356, 13557 
minor 1318-1319, 13557, 1356 
pterygoid 

lateral 534, 547-548, 5477 
medial 5477, 548 
puboanalis 1222 
pubococcygeus 1222-1223 
puboperinealis 1222 
puboprostaticus 1222 
puborectalis 1158,1222 
development 1216 
pubourethralis 1222 
pubovaginalis 1222,1291 
‘pubovisceralis’ 1222 
pyramidalis 10757,1077 
quadratus 

femoris 13587,1361 
aetions 1360-1361 
lumborum 1085 

plantae see muscles (named), flexor, 
accessorius 

quadriceps, femoris 1361-1363 
aetions 1363 
arterial supply 1362 
povver 113 
Q-angle effeet 1396 
tendons 1362 
testing 1363 
rectourethralis 1146 
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rectus 

abdominis 1073-1077,1075 7 
attaehments 1073 
diastasis (diverifieation) 1308-1310 
divarieation 1077 
innervation 1074 
sheath 1074,1075/^-1076 7 
surface anatomy 1044,10457 
vascular supply 107,1073-1074 
eapitis 
anterior 450 
lateralis 450 

posterior (major and minor) 744-745, 7447 
of eyeball 670-671, 6707 
inferior 6707, 671-672, 6737 
lateral 6707, 671-672 
medial 6707, 671-672 
sheaths 6687, 669-670 
superior 6707, 671-672, 6737 
femoris 1319,1362-1363 
surface anatomy 1330 
sternalis 820 
thoraeis bifurcalis 898 
rhomboid 
development 794 
major 818, 8187 
minor 818, 8187 
oeeipitalis 818 
risorius 496 

*) rotator cuff 803-804, 813, 815, 822 

disease 824 
innervation 823 
*) rupture 816 

see also individual muscles 
rotatores 742-743, 7427 
brevis 742 
longus 742 
thoraeis 742, 7427 

salpingopharyngeus 5717, 5737, 5797, 581 
sartorius 1319,1361-1362,13617 
extra head 1361 
surface anatomy 1330 
vascular supply 107,1077 
scalenus 415 

ej anterior 4487, 451, 4657, 473, Commentary 6.3 

relations 451 
medius 4487, 4507, 451 
ej minimus - Commentary 6.3 

posterior 4507, 451 
surface anatomy 414-415 
semimembranosus 1319,13397,13657, 1366-1367 
surface anatomy 1330,1367 
semispinalis 7427, 743, 7437 
eapitis 743, 7437 
eervieis 743, 7437 
surface anatomy 749 
thoraeis 743, 7437 

semitendinosus 1319, 13397,13617,13657, 

1366-1367, 1389 
surface anatomy 1330 
serratus 

anterior 8177, 818-819 
aetions 810-811, 819 
development 794 

*) examination, upper limb nerve injury 786 

palsy 817, 819 

ej paralysis - Commentary 6.1 

surface anatomy 789 
variants 819 
posterior 
inferior 739, 942 
superior 739, 941, 9417 
small dilator, of nose 558 
soleus 1319,1410 
aeeessory 1410 
surface anatomy 1330 
sphineter see sphineter(s) 


spinalis 740-741, 7407, 7417 
eapitis 740-741 
eervieis 740-741 
thoraeis 740 

spinotransverse group 742-743, 7427 
splenius 

eapitis 740, 7407 
eervieis 740, 7407 
stapedius 637 
development 659 
reflex 321 

X) sternalis 820, 898, 942 

sternoeleidomastoid 447-449, 4487 
development 794 
innervation 448-449, 467 
relations 448 

surface anatomy 413, 4137 
sternoeostalis see muscles (named), transversus, 

thoraeis 

sternohyoid 4487, 449 
sternothyroid 4487, 450 
styloglossus 512, 5127 
stylohyoid 4487, 449, 583 
stylopharyngeus 5127, 5737, 5807, 581 
development 609-610 
subclavius 817-818, 8177 
aetions 809, 816, 818 
subcostales 941 
submucosae ani 1154 
suboccipital 744-745, 7447 
subscapularis 816, 8177,823-824 
accessorius 824 
aetions 816, 824 

supinator 8457, 8547-8567, 855-856 
suprahyoid 447, 449 
supraspinatus 823, 8257 
surface anatomy 7887-7897, 789 
testing 823 

*) suspensorius duodenii - Eponyms 
tarsal 

inferior 671, 681 
development 664 

*) superior 670-672, 681, 6817, Eponyms 

development 664 
temporalis 498, 5467, 547 
hypertrophy 547 
surface anatomy 411 
*) vascular supply 547, 5477 

temporoparietalis 490 
tensor 

faseiae latae 1318-1319, 13557,1356-1357 
vascular supply 107, 1077,1357 
|) tympani 431, 6307-6327, 637 

development 609, 659 
reflex 321 

veli palatini 4827, 5737, 5787-5797, 579-580 
development 609 

teres 

major 824, 8257 
aetions 816, 822-824 
minor 823, 8257 
aetions 816, 823 
thenar 882 

thyroarytenoid 5967, 597 
superior 597 
thyroarytenoids 595 
thyroepiglotticus 592, 595, 597 
thyrohyoid 4487, 450 
thyropharyngeus 5787, 5807, 582 
tibialis 

anterior 1319,1406-1407 
surface anatomy 13287-13297, 1330-1331 
vascular supply 107 
posterior 1319,1412 
surface anatomy 13297,1330-1331 
X) tendon dysfunction 1432 

secundus 1412 


tongue, intrinsie see muscles (named), intrinsie, of 

tongue 
tragicus 628 
transversus 

abdominis 1078,10797 
aponeurosis 1074, 10757-10767, 1078 
auriculae 628 
menti 495 
nuchae 490 
thoraeis 9407, 941 
speeeh, role in 600-601 
trapezius 8117,816-817, 9417 
aetions 810, 813, 816-817 
development 617, 794, 816 
innervation 467, 781, 816 
palsy 817 

surface anatomy 7487, 749 
variants 816 

X) Treitz’s 1154, Eponyms 

triangularis sternae see muscles (named), 

transversus, thoraeis 
trieeps 114, 8217, 8257, 826 
braehii 115,1157 
*) paralysis 786 

surae 1409 
aetions 1410 

surface anatomy 7887-7897, 789 
testing 826 
trigonal 

deep 1257-1258 
superficial 1257-1258, 1260 
uvulae 5717, 5797, 581 
vastus 

intermedius 1330,1363 
lateralis 1330,1362 
medialis 1362,1393 
obliquus 1362-1363,1393 
surface anatomy 13287, 1330 
vertebral 

anterior group 447, 450-451, 4507 
lateral group 447, 4507, 451 
posterior group 447 
voealis 592, 595, 5967, 597, 602 
zygomaticus 
major 494 
minor 494 

miiseles (of organs, or regions) 

of abdomen, anterolateral 1072-1081 
of abdominal wall 

anterior 1033-1034,10717,1072-1081,10777 
posterior 1033, 1085-1087, 10887, 10947 
of abdominopelvie eavity 1033-1034,10337 
aeeessory, of ventilation 899 
speeeh, role in 600-601 
of anal eanal 1155-1157 
ofarm 824-826, 8297 
of auricle 628-629, 6297 
extrinsic 628, 6297 
intrinsie 628-629, 6297 
of baek see baek, muscles 
of eheek 495 

eraniofaeial see faee, muscles 
of eye, extraocular 670-675, 6707 
of eyelids 494, 670-671 
of faee see faee, muscles 
ej of faeial expression 489-498, 4907-4937, 

Commentary 4.3 
of floor of mouth 509-510 
of foot 1319, 1440-1444 
arehes 1439 

*) extrinsic 1440,14407 

intrinsie 1440-1444 
offorearm 848-856 
offorehead 490 

of gluteal region 1318-1319, 1356-1361,13657 
of hand see hand, muscles 
of head 404, 4927-4937 
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muscles (of organs, or regions) (Continued) 

of hip 1318-1319, 1355 f 
of iliae region 1355-1356 
of infratemporal fossa 546-548 
of iris 663, 695-696 
ofkneejoint 1397 
of larynx 594-597 
development 609-610 
of leg 1319, 1405-1412 
of lovver limb 1318-1319, 1324-1325, 13247 
neonatal 1336 

of mastieation 498, 546-548, 546f 
vvasting 550 

of neek see neek, muscles 
of nose 558-559, 558 f 
of peetoral girdle 794, 816-826, 8167 
ofpelvis 1221-1223, 12217-12227 



prefrontal cortex 264-265 
spinal eord 252 

myelin basie protein (MBP) 52 
myeloeele 7597 
Myf-5 109-110 
Myf-6 109-110 
myoeardial infaretion 138 
myocardium 136,1367 
ehamber phenotype 913 
development 139, 908, 910 
internodal atrial 1014 
isehaemie damage 138 
perfusion rate 138 
primary 914 
regeneration 1013 
ventricular 913 
MyoD 109-110 



of perineum 1231-1234,12317-12327, 12347-12357 myofibrils 







of pharyngeal arehes 6077, 608-610, 6097 
of pharynx 5127, 571, 578-582, 5787, 5807 
of sealp 490 

of scapular motion 818-819 
of scapular suspension 816-818 
of shoulder region 816-826, 8187, 8257 
of soft palate 578-582, 5797 
of thigh 1319, 1361-1367, 13617, 13657 
of thoraeie vvall 898-899, 940-942 
extrinsic 898-899 
intrinsie 898-899, 940-942 
of thoraeobraehial motion 819-822 
oftongue 511-513 
extrinsic 511, 5127 
intrinsie 511-513, 5137, 760 
of tympanie eavity 637 
of upper limb 777-778, 7867 
of vvrist 790, 7907 
muscle seaffold model 617, 794 
muscularis 
externa 40 
ofappendix 1142 
ofgutwall 1040-1043 
of large intestine 1159 
maturation 1057 

of oesophagus 989,1042,1114, 11147 
circular layer 989 
longitudinal layer 989 
of small intestine 1135 
of stomaeh 1041-1042,11147,1121 
development 1051 
mucosae 40 
of anal eanal 1154 
of bladder 1261 
ofgutwall 1040-1041 
of large intestine 1159 
of oesophagus 989 
of small intestine 1135 
of stomaeh 1121 
propria, of bladder 1261 
submucosae ani 1154 
of uterine tubes 1302 

musculotendinous transfer - Oommentary 1.6 
mutism, kinetie 355 
myasthenia gravis 986 
mydriasis 696 

myeleneephalon 238-239, 254 

derivatives 2397 
development 2397 
see also medulla, oblongata 
myelin 45, 51-52 
CNS/PNS differenees 52 
mutations 52 
seeretion 51-52 
ultrastructure 51-52 

myelin assoeiated glyeoprotein (MAG) 52 
myelination 51-52, 527, 264-265 

eortieospinal traets 264-265 
peripheral nervous system 264 






eardiae muscle 137,1377,139 
skeletal muscle 103-104,1037-1057,110 

myofilaments, eardiae muscle 137 
myogenesis 110-111,760 
myogenie determination faetors 109-110 
myogenin 109-110 
myoglobin 108 
myoid, photoreeeptors 702 
myometrium 1299 
MRI 1301 
in pregnaney 1308 
myopia 698-699 
myosin(s) 13 
aetin binding 12 
adult fast 111 
adultslow 111 
eardiae muscle 138 
elass I 13 
elass II 13 
elassV 13 
eytoskeleton 12 

embryonie isoform 110-111,126 
fetal (neonatal) isoforms 110-111 
mierovilli 23 
non-muscle isoform 126 
skeletal muscle 13,104,108-110 
SM-1 isoform 126 
SM-2 isoform 126 
smooth muscle 13,126 
myosin phosphatase 126 
myotomes 110, 233, 760, 7607, 770-771 
epaxial 754-755 
formation 752 
oeeipital 6097 
of upper limb 7867, 792 
myotubes 110,1107, 760 
hypaxial muscle development 760 
primary 110, 608-609 
seeondary 110 
tertiary 110 




nail 151-152,1517,863 

absenee of 152 
bed 152,155 
cuticle 151 
development 155 
dystrophies 152 
field 155 

folds 151-152, 1517, 866 
growth 152 
hardness 151 
keratin 144-145 
matrix 152,155 
neonatal 795 
plate 151,1517,155 
oftoes 1447 
vascular supply 152 



nanoseopy - Oommentary 1.1 
nares (naris), external 556-557 

development 612 

nasal bones 416, 418, 4807-4827, 483, 

557 

development 623 
fractures 488, 557-558 
ossifieation 95, 483 
surface anatomy 410 
nasion 410, 416 
nasopharynx 572-575 
boundaries 5717-5727, 572-573 
eaneer spread 573 
innervation 573 
microstructure 307, 573 
mucosa 573 
neonate 619 

surface features 5727-5737, 573 
swallowing 583 

National lnstitute of Dental and Craniofacial 

Researeh - Oommentary 4.2 
navicular bone 14257,1426-1427,14277 

aeeessory 1427,1431 
anomalies 1336 

attaehment sites 14227,1426-1427 
bipartite 1427 
cornuate 1427 
gorilloid 1427 
innervation 1427 
ossifieation 14237,1427 
surface anatomy 1329,1426 
vascular supply 1427 
naviculare secundarium 1427 
nebulin 13,104-105,110 
neek 399-415, 442-474 
antenatal ultrasound 623 

arteries 404-406, 4057, 451-458, 4527-4537, 4647, 

Commentary 6.2 

development 6107-6117, 619-620 
bones 404, 443 
eartilage 413, 443 
cellulitis 447 
dermatomes 413 

development (formation) 6087, 617-620 
faseia 404, 409-415, 977 
glands, development 618-619 
infeetion spread 446-447 
injeetate spread 446-447 
innervation 407-409, 462-469, 4647 
joints 404 

lymphatie drainage 406-407, 4087, 413-414, 

462 

malignant disease spread 462 
mediastinum, communications with 977 
muscles 404, 447-451, 4927-4937 
anterior triangle 4487, 449 
lateral 447 

superficial 447-451, 4927-4937 
vertebral 

anterior 447, 450-451, 4507 
lateral 4507, 451 
posterior 447 
reflexes 407 

rootof 413, 4657, 472-474 
skin 404, 442-443 

innervation 442-443, 4427, 5017, 7667 
lymphaties 442, 4617 
vascular supply 442 
surface anatomy 4117, 413-415 
cartilaginous landmarks 413 
nerves 414-415 
skeletal landmarks 413 
softtissue 413-414 
vessels 414 
viseera 413-414 
surgical disseetions 462 
tissue spaees 404, 445-447, 578 
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C| veins 406, 406M07Í 458-461, 459M60Í 464/; 

Commentary 6.2 
cutaneous 442 
deep 458-459 
development 269/; 619-620 
superficial 458-459 
viseera 469-472 
neek (of bones, or organs) 
anatomieal 

of humerus 805/; 806 
ofscapula 803 

of bladder, urinary 1255,1258-1259 
female 1258, 1258^-12597 
innervation 1260-1261 
male 1258-1259, 1258 7 
of femur 1348,1350/ 7 
anteversion 1379-1380,1380 7 
neonatal 1336 
of gallbladder 1173 
of gastrie glands 1120 
of malleus 636 
of mandibular eondyle 539 
of panereas 1179,11807-1181 7 
of radius 839 
of rib 934-935 
first 936 
of scapula 801 
of spermatozoa 1276 
of stapes 636 

surgical, of humerus 8057, 806 
of talus 1423-1424 
oftooth 520 

neerosis 26 

avascular, femoral head 1352-1353 

neetin-like moleeiiles (Neels) 24 
neetins 24-25 
negative seleetion 78 
negleet 397 

neonatal leukodystrophy 9 
neonatal respiratory distress 928 
neonate 210 

anterior abdominal wall width 210 
aorta, abdominal 924 
apnoea 265 
arteries 924 

arteriovenous anastomoses 131 
birth weight 209-210, 2137 
bladder 2117-2127,12077 
brain 264-266 
brainstem 254 
brown fat 36 
caecum 1054 
cannulation 924 

eatheterization, eentral venous 924 
X) eerebral blood flow 286 
eolon 2117, 1054, 1057 
conus medullaris 762 
crown to heel length 210 
diaphragm 907 
endotraeheal intubation 926 
epiglottis 584 

external genitalia, female 1219 
extrauterine life, transition to 210 
eye 665 

gallbladder 1054 
greatvessels 9217 
growth 210 

gut, functional maturity 1058-1059 
heart 2117, 9217, 922 
hip bone 1342 
hyoid bone 619 
iliolumbar ligament 738 
infraglottie eavity 594 
kidney 2117, 1206, 12067, 1237 
larynx 2117, 584, 5857, 619 
length measurement 210 
lower limb 1335-1336 








lumbar puncture 773 
lungs 929 

lymphatie flow rates 204 
lymphoid tissue 204 
mandible 539-540, 5407 
measurements 210 
nasopharynx 619 
neurotmesis - Oommentary 1.6 
nucleus pulposus 734 
oeeipital bone 714, 7147 
oesophagus 619 
optie eanal 537 
ovaries 2117,12077, 1216 
parathyroid gland 618-619 
penis 1219 

period of time in utero 210 
peripheral arterial puncture 795-796 
peritoneal eavity 2117-2127,1063-1064 
pharynx 619 

preterm (premature) 205-206 
see also infants, premature 
pubic bones 1335-1336 
respiratory muscle failure 907-908 
respiratory traet 58-59 
ribs 907 

salivary glands 531 

scrotum 1219 

skeleton 2127 

skin growth 156 

skull 423-426, 4247 

soft palate 584 

swallowing 584-585, 5857 

temporal bone 627 

thorax 907 

thymus 9837, 985 

thyroid gland 2117, 618 

traehea 2097, 619, 925-926, 965-966 

Tuffier’s line 1325-1327 

umbilical vessels 1067-1068 

upper limb 2127, 795-796 

urine sampling 1206 

uterus 2117-2127, 12077, 1210 

vagina 2127, 12077, 1211, 12177 

veins 924 

vertebral curvatures 716 
viseera positions 210, 2117-2127 
visual acuity 665 
see also infants 
neoplasia/neoplasms 18 
Barrett’s-assoeiated - Commentary 8.2 
eervieal intraepithelial (CIN) 1300 
see also eaneer; tumour(s) 
neostriatum see striatiim 
nephroeele 1199 

nephron 1245f, 1246-1249,12477 

development 1202-1203,12037 
metanephrie 1201 
neonates 12067 

see also glomerulus (glomemli), renal; tubule(s), renal 

nephrostome 1199,12007 
nephrotomes 1199 
nerve bloek 

braehial plexus 792-793 

eoeliae plexus 1036-1037 

inferior alveolar 507, 527 

intersealene, nerve injury following - Commentary 

6.2 

lingual 527 
lower limb 1332 
mandibular 527 
pudendal nerve 1236 
seiatie 1332 

superior alveolar nerve 526 
transversus abdominis plane (TAP) 1072 
upper limb 792-793 
atwrist 793 

nerve grovvth faetor (NGF) siiperfamily 247 















nerves (general) 

afferent, intramuscular 125 
biomeehanies - Commentary 9.1 
eholinergie 48,134-135 
development, in limbs 222-223 
endings, sensory 59-63, 607 
anulospiral (primary) 62 
dynamie bagl 62 
encapsulated 45, 59-62, 607 
en grappe 108 
en plaque 108 
flowerspray (seeondary) 62 
free 45, 60, 607, 153 
ingutwall 1043 
joint reeeptors 62-63 
Merkel taetile 60 
motor 62 
neurosecretory 47 
in periodontal ligament 524 
primary (anulospiral) 62 
rapidly adapting 59 
regeneration - Commentary 1.6 
response to stimuli 59 
Ruffini 61,100, Eponyms 
seeondary (flowerspray) 62 
slowly adapting 59 
statie bag2 62 

faseial arranges - Commentary 6.2 
impulse conduction 65-66, 657 
motor 108 

development in limbs 222-223 
nitrergie 1155 
peripheral 54-58 
blood supply 54-55, 57 
degenerative lesions - Commentary 1.6 
injury, reaetion to - Commentary 1.6 
laboratory/elinieal studies - Commentary 1.6 
lesion deepening, undivided nerve - Commentary 
1.6 

preganglionie injury - Commentary 6.1, 
Commentary 1.6 

reeovery of function - Commentary 1.6 
regeneration - Commentary 1.6 
stress—strain curves - Commentary 9.1 
roots see root(s), of nerves 
sensory 
cutaneous 153 
development 155, 223 
development in limbs 223 
speeial branehial (viseeral) efferent 610 
tethering - Commentary 6.2 
as viseoelastie tissue - Commentary 9.1 
see also fibre(s), nerve; neurone; plexus (nervous) 
nerves (named) 

abducens 2327, 310-311, 407, 431, 6777, 678 
in cavernous sinus 437 
aeeessory 2327, 310, 407, 414, 444-445, 

4527-4537, 4647, 466-468, 762, 781, 810 
eervieal course 467 
eranial root 310 
extradural part 467 
intraspinal portion 295 
lesions 468 
relations 781 
spinal root 310 
alveolar (dental) 
inferior 527, 5277, 551 
bloek 527 
ineisive braneh 527 
injury 527 
variations 527 
superior 526 
anterior 526 
middle 526 
posterior 526, 553 
ampullary 651 
to anconeus 833 
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nerves (named) (Continued) 

anoeoeeygeal 1230 
ansa(e) see ansa 
£] Arnold’s 467, Eponyms 
auricular 

greater 414, 442-443, 442 f t 629, 781 
dental branehes 527 
posterior 502 

auriculotemporal 502, 551,629,633 
injury 502 
neural anastomoses 552, 552 f 
p axillary 783, 783/; 829 f, 831, 832/; Commentary 

6.2 

3 injury 786, 798/; 816 

ej rupture 786/; Commentary 6.2 

sensory loss 798 f 
surface anatomy 7887-7897, 791 
3 testing 786 

§ tethering - Commentary 6.2 

3 Baxter’s 1447, Eponyms 

Bell’s (long thoraeie) see nerves (named), thoraeie, 

long 

p to braehioradialis 783, 786, 860 
buccal 502, 550 
p ‘communicating’ 552 

to bulb of urethra 1236 

to bulbospongiosus 1236 

ealeaneal, medial 1447 
eardiae 236 
sympathetie 469,1021 
earotieotympanie 638 
earotid, internal 235, 468 

ej cavernous (deep, eavernosal), of penis 1263,1285, 

12877, Commentary 8.1 

eervieal 407, 4097, 433-434, 5017, 504, 766-767, 

7667, 779, 7867, 931 

Cj avulsion - Commentary 6.1, Commentary 1.6 
3 first, MeKenzie braneh of - Eponyms 
ej postganglionie lesions - Commentary 6.1 
S preganglionie lesion - Commentary 6.1 

rami see ramus (rami), of spinal nerves 
ej Wallerian degeneration - Commentary 1.6 

ehorda tympani 408, 516-517, 5517, 552, 638-639, 

6387, 6407 

in tympanie eavity 632 
eiliary 

long 679, 6797, 695 
short 408, 679, 693, 695 
circumflex see nerves (named), axillary 
clunial, inferior 1374 
eoeeygeal 767 
eoehlear 319, 650, 652-653 
afferent fibres 652 
efferent fibres 652 
intratemporal 6507, 651-652 
eollateral, ulnar 833 
communicating, sural 1416 
eonarii 363 

eranial 227, 231-233, 2327, 310-311, 407, 

465-468, 610 

in cavernous sinus 437, 4387 
defieits 328-329 

development 1987, 249-250, 2497 
in neek 465-468 
neonatal 264 

p plexiform intereonneetions 310 

see also individual nerves 
cutaneous 
of arm 










lateral 783, 797-798, 831, 833 
medial 797-798, 832 
£] injury 786, 7867 

posterior 797-798, 832-833, 837 
eervieal, transverse 443 
dorsal 

intermediate 13297,1332,1416 
medial 13297,1416 





femoral, lateral see nerves (named), cutaneous, of 
thigh, lateral 
of forearm 
dorsal 785 

lateral 8187, 837, 8377, 8597, 860 
injury 786 

medial 7857, 8317, 832, 837, 8377, 8457, 8597, 
860 



injury 786, 7867 

posterior 783, 833, 837, 8597, 860 
lateral, of ealf 1416 
palmar 783-784, 7847 
injury 786, 7867 
perforating 1374 
sural 

lateral 1415 
medial 1415 
of thigh 

intermediate 1372 




lateral 1093, 1096, 1324, 13277, 1331, 1371 
lesions 1371 
medial 1372 
posterior 13657, 1374 
of thorax, anterior 945 
dental see nerves (named), alveolar 
deseendens eerviealis 463-464 
deseendens hypoglossi 463, 468 
to digastrie 502 
digital 

dorsal, of hand 863, 893 
hallucal medial 1447 
nerve bloek, in hand 7907, 793 
palmar 783-784, 863, 891, 8927, 893, 8947 
eommon 891,893 
injury 786 
plantar 14477 
eommon 1447,14477 
entrapment 1447 
dorsal 

of elitoris 1236,1291 
of penis 1236, 1285 
scapular 781, 810 
dorsolumbar 945 
erigentes 1285 
ethmoidal 

anterior 429-430, 564-565, 679 
posterior 679 

to extensor earpi radialis brevis 783, 786, 860 
to extensor earpi radialis longus 783, 860 
faeial 2327, 310, 3197, 407, 412-413, 4127, 

502-504, 5037, 629 
branehes 412-413, 4127 
buccal 502 
eervieal 503 
cutaneous 503 

marginal mandibular 502-503 
temporal 502 
zygomatie 502 
branehing patterns 5037 
infratemporal portion 638, 6397 
injury 412 

in internal auditory meatus 643 
labyrinthine segment 6317, 638, 6387 
lesions 320, 503-504 
mastoid part 638 
meatal portion 6317, 638 
neural anastomoses 552, 5527 
surface anatomy 412-413 
in tympanie eavity 638-639 
femoral 1093, 1096, 1322, 1324, 1337-1338, 

13677-13687, 1372 
anterior division 1372 
injury - Commentary 6.2 
lesions 1372 
muscular branehes 1372 
palsy - Commentary 6.2 
posterior division 1372 








surface anatomy 1331 
vascular branehes 1372 
fibular 

aeeessory 1416 

eommon 1229, 1323-1324, 13287, 1332, 1367, 
1415-1416, Commentary 6.2 
branehes 1415-1416 
lesions 1416 
neuropathy 1412 
tethering - Commentary 6.2 
traetion injury 1367, Commentary 6.2 
deep 13297, 1332, 1416 
branehes 1416 
injury - Commentary 6.2 
lesions 1416 
superficial 1416 
aeeessory 1416 
branehes 1416 
lesions 1416 
superior 1332 
to flexor earpi ulnaris 785 
frontal 679 
furcal 1093 

Galen’s see ansa, Galeni 
gastrie 

anterior, greater 1118 
posterior, greater 1118 
to geniohyoid 468 

genitofemoral 1093, 1096, 1214,1324 
distribution 1096 
femoral braneh 1096 
genital braneh 1096,1287 
injury 1096 

glossopharyngeal 2327, 310, 3117, 407, 4537, 4577, 

465-466, 4657, 514, 5157, 516, 610 
branehes of distribution 465-466 
earotid braneh 466, 4667 
communicating branehes 465 
lesions 466 

pharyngeal branehes 466 
tonsillar braneh 5767, 577 
at tonsillar fossa 5737, 576, 5767 
tympanie braneh 577, 638 
gluteal 1324 

inferior 1324,13657,1374 
superior 1324,13657, 1374 
hypogastrie 1038,1252 

hypoglossal 2327, 310-311, 407, 4527-4537, 4647, 

468, 5137, 514-515, 5157 
branehes 

communicating 468 
deseending 468 
of distribution 468 
meningeal 468 
ganglion 236 
injury 514-515 
lesions 468 

iliohypogastrie 1072, 1093-1094,10947 
distribution 10747,1094 
injury 1094 
variations 1324 

ilioinguinal 1072, 1093-1096,10947 
distribution 10747, 1094-1095 
injury 1095-1096 
variations 1094-1095,1324 
ineisive 527 

infraorbital 502, 553, 564-565, 6787, 679 
in neonates 410 
infratroehlear 502, 679 
intereostal 900, 931, 9427, 944-945, 9447 
first 945 

sixth to eleventh 1072 
branehes 9447, 945 
cutaneous branehes 2337, 945 
entrapment 945 
lesions 945, 1072 
transfer of - Commentary 1.6 
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intereostobraehial 797-798, 832, 931, 945 
injiiry 786 
intermedius 643 
interosseous 

anterior 783-784, 842/; 850/; 858, 859/ 879 
eompression 786, Commentary 6.2 
posterior 783, 845/; 849/ 855f-857f, 859/; 
860-861, 879 
surface anatomy 791 
intrathoraeie, of Kuntz 980 
jugular 468 
of Kuntz - Eponyms 
labial, posterior 1236 
laerimal 501-502, 678-679 
laryngeal 

external 467, 599 
surgical damage risk 599 
inferior 599 
internal 467, 599 
lesions 599 
non-recurrent 599 
recurrent 467, 470, 599-600 
anastomoses 599 
anterior braneh 599 
left i /s. right course 467, 599 
paralysis 599-600 
posterior braneh 599 
superior 467, 598-599 
lesions 599 
to lateral pterygoid 551 
of lesser curvature 
anterior 1118 
posterior 1118 
tolevatorani 1157 

lingual 411, 513/; 514, 515/; 527, 549/; 551, 551 / 
bloek 527 
injury 514, 527 
neural anastomoses 554 
lumbar 766-767, 1072 
cutaneous branehes 1072,1074/ 
intradural injury - Commentary 6.2 
mandibular 232/, 502, 550-552, 554/, 610 
anterior trnnk 550-551 
buccal braneh 527 
marginal 412-413 
meningeal braneh 550 
neural anastomoses 552 
posterior trnnk 551 

sensory branehes 547/, 549/, 550, 551/ 
to masseter 550-551 
maxillary 232/, 502, 553-554, 554/ 
branehes 553 
cutaneous branehes 502 
ganglionie branehes 553 
neural anastomoses 554 
in orbit 678/, 679 
orbital branehes 553 
in pterygopalatine fossa 553-554 
tonsillar braneh 577 
to medial pterygoid 550 
median 782/, 783-784, 784/, 825/, 832, 833/ 
anomalies 891, 893 
bloek 793 
branehes 

in forearm 858-859 
muscular 859, 891 
palmar cutaneous 849/, 858, 888/ 
palmar digital 888/, 891, 892/ 
eompression 859, 893 
in cubital fossa 858 
division, at wrist 893 
in forearm 849/-850/, 858-859 
gliding 866 

in hand 891-893, 892Z-893/ 
hourglass eonstrietion - Commentary 1.6 
injury 786, 786/, 893, Commentary 6.2, 
Commentary 1.6 









regeneration - Commentary 1.6 
sensory loss 863/ 

surface anatomy 784, 788Z-789/, 790, 792, 893 
testing 786 
ulnar 893 

meningeal 434, 553, 767-768 
recurrent see nerves (named), sinuvertebral 
sinuvertebral 767-768 
meningeus medius 433-434 
mental 502, 527 
anterior loop 539 
musculocutaneous 785, 785/, 831-832, 833Z-834/ 
injury 786, 786/ 

neurotization - Prefaee Commentary 
sensory loss 786/ 
variations 782-783, 832 
mylohyoid 527 
nasal 

external 502 
superior posterior 
lateral 553 
medial 553 

nasoeiliary 564-565, 679 
nasopalatine 421-422, 510, 553 
surgical division 509 

obturator 1093, 1096, 1322, 1324, 1337-1338, 

1372 



aeeessory 1093,1096,1322,1372-1373 
anterior braneh 1368/ 1372 
lesions 1372 
posterior braneh 1372 
to obturator internus 1374 
oeeipital 

greater 412/ 413, 442, 768 
neuralgia 768 
lesser 442, 442/ 



third 768 

oculomotor 232/, 310, 325, 407, 677-678, 677/ 
aneurysms near 287, 287/ 
in cavernous sinus 437 
inferior division 678 
superior division 678 

olfaetory 231-233, 232/, 310, 390, 407, 565, 565/ 
development 261 
injury 565 
sheath 565 





ophthalmie 232/, 501-502, 678-679, 678/ 
branehes 501, 678, 678/ 
optie 231-233, 232/, 310, 407, 666/ 678, 707, 

707/ 


development 663 
myelination 663 
relations 668/ 678 
in selera 687 
palatine 

greater 509/ 510, 553-554 
lesser 510, 553-554, 575 
middle 510, 554 
posterior 510, 554 
to pectineus 1368/ 1372 
peetoral 

lateral 831, 832/ 
medial 831, Prefaee Commentary 
of penis, dorsal 1236,1285 
perforating cutaneous 1374 
perineal 1236,1285 
peroneal 

eommon see nerves (named), fibular, eommon 
deep see nerves (named), fibular, deep 
superficial see nerves (named), fibular, superficial 
petrosal 
greater 431 

greater (superficial) 638 
lesser 552, 638 
pharyngeal 554 

phrenie 452/ 464, 464Z-465/ 473, 973-974, 

Commentary 6.3 






aeeessory 464 
branehes 973 

diaphragmatie relationships 973, 973/ 
ganglion 973, 973/ 
left 973-974, 995/ 
lesions 973-974 
‘paeing 974 

reinnervation - Prefaee Commentary 
right 973 

thoraeie course 973 
to piriformis 1374 
plantar 

lateral 1441/ 1447,1447/ 
eompression 1447 
medial 1447 
to popliteus 1415 
presaeral 1038 
pretrematie 608/-609/ 610 
to pronator teres 783-784 
of pterygoid eanal 555, 565 
pudendal 1157 
bloek 1236 
in pelvis 1230,1268 
in perineum 1236 
to quadratus femoris 1374 
radial 783, 783/ 821/ 829/ 832-833, 833/ 
bloek 790/ 793 
branehes 
cutaneous 833 
in forearm 860 
muscular 833 
palmar cutaneous 863 
eompression 860, Commentary 1.6 
in cubital fossa 833/ 837 
in forearm 860 
in hand 892/ 893 

injury 786, 786/ 861, 893, Commentary 6.2 
humeral fractures - Commentary 6.2 
sensory loss 786, 786/ 863/ 
superficial 783, 860 
injury 786 

surface anatomy 788Z-789/ 790-791, 893 
surface anatomy 783, 788Z-789/ 791 
testing 786 
variations 860 
reetal, inferior 1236 
cutaneous branehes 1236 
recurrent eardiae 138 
renal 981 
saeral 767, 769 
fifth 729 

intradural injury - Commentary 6.2 
saphenous 1399 
infrapatellar braneh 1383 
surface anatomy 1331 
to sartorius 1372 
scapular 
dorsal 781,810 
inferior 786 
superior 786 

seiatie 1229, 1323, 1337-1338, 1359, 1373-1374, 

1373/ Commentary 6.2 
biomeehanies - Commentary 9.1 
bloeks 1332 

blood supply 1365/ 1373 
development 1334 
entrapment 1359 

lesions 1373-1374, Commentary 6.2 
palsy 1373-1374 

surface anatomy 1327/ 1331-1332 
serotal, posterior 1236 

to serratus anterior see nerves (named), thoraeie, 

long 

sinuvertebral 469, 718, 734, 767-768, 767/ 

somatie, development 248-250 

spinal 227-228, 228/ 231, 235/ 291, 407, 718, 

762-773, 763/ 1324-1325 
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nerves (named) (Continued) 

avulsion - Commentary 6.1 
branehing pattern 766, 766 f 
eorresponding 980 
eoverings 765f-766f 
development 248-249, 249Z 7 
functional eomponents 768 
gross anatomy 766-769 
intervertebral dise prolapse 734 
lesions 772-773 
mixed 249, 762 

postganglionie injury - Commentary 6.1 
preganglionie injury - Commentary 6.1 
proper 766-768, 766 f 
rami see ramus (rami), of spinal nerves 
relations 765, 767 
rootvalues 766-767 
rupture - Commentary 6.1 
somatie eomponents 768 
succeeding 980 
variations 768 
vascular supply 770 
viseeral eomponents 768 
spinosus 433-434, 550 
splanehnie 

aeeessory (fourth) 981 
greater 981,1034 
lesser 981,1034 
lower (least) 981,1034 
lumbar 1035,1152-1153 
pelvie 1036, 1153, 1228-1230, 1260, 1292 f 
afferent fibres 236 
saeral 1036 
thoraeie 1034 
to stapedius 638 
to stylohyoid 502 
to subclavius 781 

subcostal (twelfth thoraeie) 900, 931, 944-945, 

1072 

suboccipital 463-465, 768 
subscapular 
lower (inferior) 831 
upper (superior) 831 
supraclavicular 443, 797-798, 931 
lateral 797-798 
medial 797-798 
middle 797-798 
supraorbital 501, 679 

suprascapular 464/; 781, 831, Commentary 6.2 
cutaneous braneh 831 
entrapment 804 
injury 816, Commentary 1.6 
intraneural ganglion 804 
supratrochlear 501, 679 
sural 1415 
entrapment 1447 
lateral 1416 
surface anatomy 1332 
variations 1324 
temporal, deep 527, 551 
anterior 551, 551 f 
posterior 551, 551 f 
tentorii 433-434 
to teres minor 831 
to thenar muscles 783-784 
thoraeie 233 f, 767, 900, 931, 933/; 944/; 1071 
long 781, 810, Eponyms, Commentary 6.3 
preganglionie lesion - Commentary 6.1 
thoraeodorsal 831 
testing 786 
to thyrohyoid 468 
tibial 1036, 1229-1230, 1323-1324, 1415, 1446, 

Commentary 6.2 
branehes 1415,1446 
articular 1415 
muscular 1415 

deeompression - Commentary 6.2 



injury 786 f, Commentary 6.2 
lesions 1415 

surface anatomy 1328/; 1331 
to trieeps 

lateral head 783, 786 
medial head 783, 785 
trigeminal 232/, 310, 407, 501-502, 610 
in cavernous sinus 437 
cutaneous branehes 412/, 413 
development 501, 612, 613/-614/ 
injury 488 

maxillary division 437, 438/, 553 
in nasal eavity 564-565 
neural anastomoses 552 
neuralgia 315, 502 
roots 317 

troehlear 232/, 310, 407, 677/, 678 
in cavernous sinus 437 
tympanie 465-466 

ulnar 784-785, 785/, 825/, 832, 833Z-834/, 864/, 

Commentary 6.2 
bloek 793 
branehes 
deep 784 
dorsal 860 
in forearm 860 
muscular 860 
palmar cutaneous 860, 863 
eompression 860, 893 
division, at wrist 893 
in forearm 859-860 
in Guyon’s eanal 864 
in hand 893, 894/ 
deep terminal braneh 893, 894/ 
dorsal braneh 892/, 893 
superficial terminal braneh 893 
injury 786, 786/, 861, Commentary 6.2 
paralysis 886 
sensory loss 863/ 

surface anatomy 787, 788Z-789/, 792, 838, 893 
surface anatomy/palpation 785 
testing 786 
at wrist 893, 894/ 
ureteric 1252 
uterine 1299 
utricular 651 

vagus 232/, 310, 311/, 407, 452Z-453/, 464/, 

466-467, 609/, 610 
in abdominopelvie region 1036 
branehes 

auricular 467, 629, 633 
eardiae 981-982, 1021 
to earotid body 467 
duodenal 1127 
gastrie 1118,1120/ 
hepatie 1118 
meningeal 434, 467 
in neek 467 
oesophageal 988 
pharyngeal 467, 582 
pulmonary 981-982 
pulmonary (bronehial) 982 
left 466, 981/-982/, 982-983 
lesions 599-600 
in mediastinum 980/, 981-983 
in neek 452Z-453/, 464/, 466-467 
oesophageal innervation 1111-1112 
oesophageal relations 1111 
panereatie innervation 1184-1185 
parasympathetie fibres 407-408 
right 466, 981/-982/, 982 
thoraeie 901 
vertebral 469 
vesieal 1261 

vestibular 650-651, 650/ 
head movements 651 
intratemporal 651 


supplementary/accessory braneh 651 
3 surgery 657 

X) tumours 657 

vestibulocochlear 232/, 310, 311/, 407, 650-657 
development 650, 659 
herpes zoster 57 
intratemporal portion 650 
lesions 650 
vestibular fibres 320 

Vidian see nerves (named), of pterygoid eanal 
Voit’s 651 

X) vomeronasal 565 
zygomatie 553, 679 
zygomatieofaeial 502, 679 
X) neural anastomoses 554 

zygomatieotemporal 501-502, 679 
X) neural anastomoses 554 

see also ganglion (ganglia); plexus (nervous); ramus 

(rami); speeifie anatomieal regions/structures 
nerves (of organs, or regions) 
of abdominal wall 
anterior 1072,1074/ 
posterior 1093-1096,1094/ 
of arm 829/, 831/, 832, 833/ 
cutaneous 797-798, 797Z-798/ 
of auricle, of ear 629 
of baek, cutaneous 710, 769/ 
of biliary tree 1177 
of bladder 1259-1261,1260/ 


of bone 91 

see also individual bones 
of breast 948 
of bronehi 968 
of cervix 1299 
of eheek 507 
of eolon 

deseending 1153 

sigmoid 1153 
of eommon bile duct 1177 
of conjunctiva 682 
of eornea 690 
of dental pulp 523, 524/ 
of diaphragm 973-974, 973/ 
ofduodenum 1127 

of dura matter, eranial 433-434, 434/ 
of ear, inner 650-657 
of elbow region, cutaneous 837 
of ethmoidal sinuses 568 
of external acoustic meatus 630 
of external anal sphineter 1157 
of eyelids 682 
offaee 501-504 

cutaneous 501/ 
of fingers 891, 893 
offoot 1446-1447 


cutaneous 1326/, 1418 
offorearm 858-861 
cutaneous 837, 837/ 
of frontal sinus 567 
of gallbladder 1177 
of gingivae 509, 526/ 
of gluteal region 1365/ 
ofgutwall 1043-1044 
of hand 879, 891-893 
cutaneous 863, 863/, 892/ 
of hard palate 510-511 
of head 407-409, 547/, 549/, 551/ 
ofheart 1021-1023 
of hindgut 1152-1153 
of hip joint 1379 
of ileum 1130-1131 
of infratemporal fossa 550-552 
of internal anal sphineter 1155 
of intervertebral dises 734, 734/ 
of intestine, large 1152-1153 
of iris muscles 695-696 
ofjejunum 1130-1131 
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ofjoints 100 
see also individual joints 
of kidney 1246 

ofknee 1383,1399 fg 

of laerimal gland 684 
of larynx 597f-598/; 598-600 
ofleg 1415-1416 
cutaneous 1400 
of lesser curvature 
anterior 1118 
posterior 1118 
of lips 475, 508 
of liver 1169 

of lower limb 295, 2957, 1230, 1321-1325, 13257 
of lungs 961-962, 9637 
of mastoid air eells 635 
of maxillary sinus 569 
of midgut 1152-1153 
of muscle 
eardiae 138 
skeletal 107-108 
smooth 125, 1257 
see also individual muscles 
of nasal eavity 564-565, 5647 
of nasopharynx 573 
of neek 407-409, 462-469, 4647 
cutaneous 442-443, 4427, 5017, 7667 
of nipple 948 
of nose, cutaneous 559 
of oesophagus 473, 988,1111-1112 
of oral mucosa 509 
of orbit 677-680, 6777-6787 
of ovaries 1304 
of palatine tonsil 577 
of panereas 1184-1185 
of parathyroid glands 472 
of parotid gland 505, 552 
of pelvis 1228-1231, 12297 
ej of penis 1285,12877, Commentary 8.1 
of pericardium 9737, 997, 10227 
of perineum 1236 
of periodontal ligament 524 
of peritoneum 1106 
of pharyngeal arehes 1987, 6097, 610 
of pharyngotympanie tube 575 
of pharynx 571, 582 
of pleura 956 

of prostate 12677-12687,1268 
ej basket configuration - Commentary 8.1 
of pterygoid eanal 555, 565 
of rectum 1153 
of retina 705 
of ribs 935-937 

of salivary glands 530-531, 5307 
of sealp 442 
of selera 687 
of scrotum 12737, 1287 
of seminal vesieles 1280 
of shoulder region 830-833 
of skin 153 

see also individual regions 
of soft palate 575, 582 
of sphenoidal sinus 568 
X) of spleen 1191,11917 
of stomaeh 1118 
of sublingual gland 528 
of submandibular gland 528 
of suprarenal gland 1197 
of synovial joints 100 
oftastebuds 516 
of teeth 526-527, 5267 
oftendons 115 
of testis 1038, 1274 
of thigh 13657, 13687, 1371-1374 
cutaneous 13507 
of thoraeie wall 944-945 
cutaneous 7117, 931, 9337 


of thumb 891, 893 
ofthymus 983 
of thyroid gland 470 

of tongue 316, 5137, 514-517, 5157, 615 
of traehea 474, 968 
of tympanie eavity 638-639 
of tympanie membrane 633 
of upper limb 295, 776, 780-786, 791-793 
cutaneous 777 
of ureter 1252-1253 
of urethra 1263-1264 
of uterine tube 1302 
of uterus 1299 
ofvagina 1293 
of vas deferens 1278 
of vertebral column 718, 7347 
of vulva 12907, 1291, 12927, 12947 
of wrist 879, 891-893 
cutaneous 863 

ej nerve transfer - eommentary 1.6 
nervi vasoriim 134-135 
nest 

eells, in eartilage 82, 827 
X) von Bmnn’s 1261, Eponyms 

nestin 15 
network(s) 

eapillary 

of conjunctiva 682 
development 200 
in exocrine panereas 1185 
retinal 704-705, 7057 
|) Chiari’s 1001,10017 
e/s-Golgi 8 

Cj Default Mode (DMN) 347, Commentary 3.1 
S abnormal - Commentary 3.1 

ej predietive potential - Commentary 3.1 

neuroimmune 58, 597 
reticulin, lymph nodes 74 
sinusoidal, of bone 89 
subendocardial 1015-1016 
7ra/7s-Golgi 8 

neural erest 184,196/j 197, 238, 241-243 

autonomic nervous system development 250 
to gut 1048 
eardiae 251 

eranial 250-251, 605, 6057-6067 

eranial autonomic ganglia development 250 

from dieneephalon 242-243 

enterie nervous system development 2507, 251, 

1048 

external genitalia development 1218 
ej faee development 612, Commentary 4.2 
faeial malformation 616 
fate maps 2427-2437 
head 197, 605, 6057-6067 
heart development 908-910, 918 
lumbosacral region 251 
meningeal development 266 
migration 1987, 241, 2437, 250-251, 2507 
from meseneephalon 242-243 
patterns 605, 6057-6067 
in trnnk 242, 2437 
myeleneephalie 251 
neuronal population 241,2437 
non-neuronal mesenehymal population 241, 2437 
oeeipital region 605 

ej pharyngeal development - Commentary 2.2 
post-otie eells 617, 794 
skull development 620, 6207 
sympathosuprarenal lineage 250 
trigeminal population 605 
trnnk 197 

derivatives 250, 2507 
migration 197, 2437 
vagal 251,1058 
defeetive development 619 
derivatives 250, 2507 


neuralgia 

glossopharyngeal 466 
greater oeeipital nerve 768 
trigeminal 315, 502 

Cj neurapraxia - Commentary 1.6 
neurectoderm see eetoderm, neural 
neurites 612 
neurobiotaxis 254 
neurocranium 416, 429, 620 
development 6207 

neuroectoderm see eetoderm, neural 
neuroendocrine eell hyperplasia of infaney 

(NEHI) 928 

neuroepithelium 194,1967 
pseudostratified, neural tube 240 
neurofibrillary tangles 15 
neurofibrils 43 
neurofibromas 772-773 
neurofilaments 137,15, 43, 45 
neurogenesis, postnatal 246 
neuroglia see eells (named), glia (neuroglia) 
neurohormones 47-48 
neurohypophysis 276, 360, 3617 
arteries 360 

development 2437-2447, 245 
*) neurohormones 360, 3607 
venous drainage 361 
see also gland(s), pituitary 

neiiroma 

X) Morton’s 1447, Eponyms 
sural nerve 1333 

neuromediation 47-48 
neuromediators 58 
neuromelanin 43, 447, 48, 323 
neuromeres 

of meseneephalon 255-256 
primary 238-239, 248 
in rhombeneephalon see rhombomeres 
seeondary 238-239, 248 

neuromodulators 48 
neuromuscular spindles 62, 627-637 
neurone 42-49 

adrenergie 327 
aging 43 
a-efferent 108 
autonomic 42, 64 
axon see axon(s) 
bipolar 42 

eell body (soma) 42-43, 437 

eentrioles 43 

eerebellar 335 

eholinergie 48 

elassifieation 42, 447 

eytoskeleton 43 

degeneration 247 

dendrites see dendrite(s) 

depolarization 65-66 

development 245-246 

dopaminergie 323-324, 3237, 358, 

367-368 

eleetrieal potential ehange 65-66, 657 
enterie 1043 
functions 1044 
functions 42 
ganglionie 
autonomic 57 
enterie 58, 587 
sensory 57 

general somatie efferent 250 
general viseeral efferent (parasympathetie 

preganglionie) 250 
giant pyramidal 301-302 
Golgi see eells (named), Golgi 
hippoeampal 48 
histaminergie 72-73 
hyperpolarization 65-66 
immature 246 
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neurone (Continued) 

injury 45 

interneurones see interneurones 
intrinsie 236 
eardiae 1021 

X) Martinotti’s - Eponyms 
medium spiny 366 
migration 246 
motor 42, 44/; 108 
a of spinal eord 294-295 
y, of spinal eord 294-295 
lesions 231 
lower 231 

spinal eord 294-295, 295f 
upper 231 
multipolar 42, 44f 
neurosecretory, hypothalamie 359 
3 noradrenergie 327-328 
5) olfaetory reeeptor 56, 561 f-562f, 562 

turnover 563 

parasympathetie 57-58, 58 f 
parasympathetie preganglionie (general viseeral 

efferent) 250 
pause 674 
pontoeerebellar 675 
postganglionie 233 
parasympathetie 235-236 
sympathetie 235 
preganglionie 233 
parasympathetie 235 
sympathetie 235, 235 f, 295 
primary (first-order) 229 
proeesses 42, 447 
projeetion 42 
propriospinal 304 
protein synthesis 42-43 
pseudounipolar 42 
purinergic 64 

Purkinje see eells (named), Purkinje 
pyramidal, giant 301-302 
resting potential 65-66 
reticular 326 

seeondary (seeond-order) 229 
sensory 42, 447 
in large intestine 1152 
size 42 

ej slowly adapting type I (SAI) afferents - Commentary 

1.3 

soma (eell body, perikaryon) 42-43, 

437 

somatostatin-immunoreactive 388 
speeial branehial efferent 1987, 250 
of spinal eord 292-294, 2927 
spinal motor 42-43, 447 
of spinoreticular pathway 300-301 
of spinothalamie traet 299-300 
striatonigral 367 
striatopallidal 367 
subplate 262 

substance P/dynorphin 366 
sympathetie 57-58 
tertiary (third-order) 229 
unipolar 42, 57 
vestibular 675 
vestibulo-abducens 675 
VIP-immunoreactive 388 
ej Wallerian degeneration - Commentary 1.6 
Neuron Glia 2 (NG2) 50-51 
neuropathy 

eommon fibular nerve 1412,1416 
femoral 1372 

neuropeptides 45, 49, 251 
neuropil 42, 44f 
neuropore, rostral 

a (dorsal) lip 238 
P (terminal) lip 238 

3 neurostenalgia 804 


neurotmesis 

§ neonate - Commentary 1.6 
C| peripheral nerves - Commentary 1.6 
upper limb 786 

neurotransmitters 14-15, 42, 45, 47-49, 66 

autonomic nervous system 234 
axonal conduction 66 
*) eerebral cortex eells 374 
molecules 48-49 
pylorie muscle 1118 
of suprachiasmatic nucleus 356-357 
vascular smooth muscle, effeets on 

134-135 

see also individual neurotransmitters 

neurotrophic vimses 45 
neurotrophin 3 (NT3) 247 
neurotrophins 247 
neurotropins 1213 
neurulation 238-241 
eranial 606 

early brain regions 238-240, 2397 
failure 241, 2427 

primary 184, 1857-1867, 238, 2387 
seeondary 238 

neutrophil extracellular trap (NET) 70 
nevvborn see neonate 
X) Nevvton - Eponyms 
niehe, olfaetory 568 
nieotinie Aeh reeeptor 47 
nidogen (entaetin) 34 
nipple 946, 947 f 
aeeessory tissue 949-950 
age-related ehanges 946 
3 ‘aortie’ 943-944, 990, 1024-1025 

inverted 1025,10257 
development 949 
ereetion 948-949 
innervation 948 
inversion, eongenital 950 
male 946, 951 
microstructure 948-949 
skin 946, 9477 
supernumerary 949-950 
surface anatomy 901 
see also breast 

nitrie oxide 11, 48-49, 58,1251,1285 
nitrie oxide synthase (NOS) 928 
node(s) 

|) atrioventricular (AV) 138, 10007,1013-1015,10147, 

10167 


arterial supply 1015,1019-1020 
development 139, 914 
‘elergyman’s’ 592-593 
Hensen’s see node(s), primitive 
lymph see lymph nodes (general); lymph nodes 

(named) 

PNS-CNS compound 65 
*) primitive 181-182, Eponyms 

epiblast eell ingression 751 
ingression 182,1827 
*) of Ranvier 45, 51, 517, Eponyms 

peripheral nervous system 55, 567 
X) Rotter’s - Eponyms 
‘singer’s’ 592-593 

|) sinus (sinuatrial) 138, 10007,1001,1014,10147, 

10167 


arteries 1019-1020 
development 139, 914 
nodule(s) 
aeeessory 
suprarenal 1194 
thymus 983 
of thyroid tissue 470 
of aortie valve leaflets 1011 
X) of Arantius 1005, Eponyms 
bone, attaehment sites 85 
cerebellum, eye movement eontrol 675 


lymphoid see folliele(s), lymphoid 
voeal eord 592-593 

nodulus, of cerebellum 331-335, 346 
non-disjunction 21 
non-enzymatie glyeation 82 
noradrenaline (norepinephrine) 47-48 

eardiae eontraetility 139 
eells seereting 1198 

vascular smooth muscle, effeets on 134-135 
norepinephrine see noradrenaline 
nose 556-570 

X) airflow 561 
at birth 423 
*) bleeding 563 

eavity see eavity (eavities), nasal 
development 612 
external 556-559 
soft tissue 557 
fracture 488, 557-558 
muscles 558-559, 5587 
anomalous 559 
obstmetion 561 
3 proportions 556, 5567 

3 aesthetie 556 
?) sex differenees 556 
skeleton 

bones 557-558, 5577 
cartilaginous 5577, 558 
skin 556-557 
innervation 559 
lymphatie drainage 559 
vascular supply 559 
subdivisions 556 

3 superficial muscular aponeurotic system 559 

?) tip support meehanisms 558 

nostrils see nares (naris), external 
notaigia paraesthetiea 945 
noteh 

acetabular 1340, 1376 
of bone 85 
eardiae 953, 957 
ofstomaeh 1113 
clavicular 799-800 
eostal 933, 9337 
ethmoidal 479-480 
fibular 1404 
frontal 478-479 
interarytenoid 591 
intertragie 627 
intervertebral 723 

jugular 413, 626, 713, 799-801, 901-902, 932 
on jugular foramen 423 
laerimal 484 
lobular, caudal 557 
mandibular 419, 539 
mastoid 423 
nasal 479, 484 
preoeeipital 3787, 380 
of Meynert 381 
radial 841 
seiatie 1346 
greater 1343-1344 
sex differenees 1348 
lesser 1344 
sigmoid 539 
sphenopalatine 486-487 
spinoglenoid 802-803 
on spleen 1188-1189 
sternal 413 

supraorbital 410,416,478-479 
suprascapular 8017, 802 
suprasternal 413,901-902, 932 
tentorial 433 
thyroid 413, 588 
superior 588 
trigeminal 431 
troehlear 838, 841-843 
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ulnar 839 
vertebral 719, 725 

see also eleft; fossa(e); incisura(e) (incisure) 

notoehord 181 f, 182,183f, 194 

caudal 182-183 

intervertebral dise development 755-756 

myogenesis 760 

neural tube development 241 

‘organizer’ signal 247 

panereatie endoderm speeifieation 1052 

removal 182,241 

selerotomal mesenehyme, eondensation around 755 

tip 620, 621 / 
vertebral segmentation 755 

NT-3 223 

nuchal translucency 204, 208f, 623 
nuclear envelope (membrane) 15-16,16f 
nuclear lamins 15-16 
nuclear loealization sequence (NLS) 16 
C) nuclear medieine - Oommentary 7.1 
nuclear membrane (envelope) 15-16,16f 
nuclear pore 5,16f 

nucleolar reorganizing regions (NORs) 17-18 
nucleolus 5 f, 17-18 
nucleosome 16 
nucleus (nuclei) 

of eells 4-5, 4/-5/, 15-18 
‘eloek-faee’ 16-17, 37, 77f 
skeletal muscle 103 
nervous see nucleus (nuclei - nervous) 
pulposus 122, 734 
ageing 734 
at birth 734 





development 754/; 755-756, 757/ 
meehanieal properties 119 
nucleus (nuclei - nervoiis) 42, 227 

abducens 310/; 311, 319/; 320, 674 
development 254 
lesions 674 
aeeessory 311, 313 
accumbens 366-367, 366Z 7 
X) ambiguus 315/; 317 

development 253 
neurobiotaxis 254 
amygdaloid see amygdala 
amygdaloid nuclear complex 389 
|) arcuate 313, 314/; 319, 357-358 

development 254 
basal 

development 257f-259f, 260-261 
X) of Meynert - Eponyms 

see also basal ganglia 
*) Bechterew 319-320, Eponyms 

braehial (speeial viseeral) efferent 253 
of Cajal, interstitial 325 
*) eardiorespiratory 313,317 

caudate 271, 364-366, 365f-366f 


afferents to 367 
aminergie inputs 367 
arterial supply 285 
development 260-261 
3 eentral 324 
3 caudal 324 

3 of inferior colliculus 325, 655-657 

*) eentralis tegmenti superior - Eponyms 
eerebellar 336-337, 337f 
eonneetions 340-342 
deep 331 

development 255, 256 f 
eervieal, lateral 301 
of circumolivary bundle 254 
eoehlear 319 

dorsal (posterior) 319, 655 
ventral (anterior) 319, 655 

X) commissural, posterior (of Darkschewitsch) 342, 

362, Eponyms 

eranial nerve 310-311, 310 f 







cuneate 296, 311, 312M137, 313-315 
aeeessory (external/lateral) 296, 298-299, 314/, 
315 

development 254 
of dorsal medulla 296 
cuneiform 327 

of Darkschewitsch 342, 362, Eponyms 
Deiters’ 319-320, 341, Eponyms 
dentate 336-337, 337/, 342, 343/ 
caudal 342, 343/ 
evolution 342 
rostral 342, 343/ 
size 342 

of diagonal band of Broea 388 
dorsal column 314-315 
Edinger—Westphal 693, Eponyms 
preganglionie 324-325 
emboliform 336-337, 337/, 341, 341/ 
faeial 317, 319/, 320 
development 253-254 
neurobiotaxis 254 



fastigial 335-337, 337/, 340-341, 340/, 342/ 
general viseeral (general splanehnie) 
afferent 253-254 
efferent 253 
geniculate 

lateral 353-354, 354/, 707 
medial 325, 353 
gigantocellular 327, 351 
globose 336-337, 337/, 342, 343/ 
graeilis 296, 311, 312/-313/, 313-315 
development 254 
gustatory 313 
habenular 362, 394 
development 258 
lesions 362 
medial 362 
hypoglossal 316 

hypothalamie 356-359, 357Z-358/, 358/ 
dorsomedial 358 
ventromedial 358-359 
intercalatus 316 
intermediolateral 292-293 
intermediomedial 292-293 
intermedius, of Cajal 297 
interpeduncular 355-356, 362 
interposed 

anterior see nucleus (nuclei - nervous), emboliform 
posterior see nucleus (nuclei - nervous), globose 
interstitial 341 
basal 337 



of Cajal 362, 674-675 
of the posterior commissure 362 
rostral 674-675 
Kòlliker—Fuse 327, Eponyms 
of lateral lemniscus 319 
lentiform (lenticular) see complex(es), lentiform 
lumbosacral 296 

magnocellular (gigantocellular) 327, 351 
mammillary 
lateral 351, 359 
medial 351, 359 
meseneephalie 320-321 
trigeminal, development 255-256 
oculomotor 311, 323/, 324-325, 674-675 
development 255-256 
olfaetory, anterior 390 
olivary 

aeeessory 317 
development 254 
evolution 342 
inferior 314/, 316-317 
superior 319 
lateral 319,652 
medial (aeeessory) 319, 652, 655 
of Onuf 296, 328, 1263, 1265, 1334, Eponyms 
of optie traet 347 




parabigeminal 325 
parabraehial 327 
paragigantocellular, lateral 327 
paranigral 323 
parasolitarius 317 
parataenial 355 
paraventricular 304, 358-359 
pedunculopontine 318, 327-328, 370 
deep-brain stimulation 371, 372/ 
perihypoglossal 316 
periventricular 356-357 
phrenie 296 

pontine (pontis) 317-318, 318/, 675 
development 254 
pontine reticular 327 
posterior thoraeie 292-294, 297-298 
preeerebellar 316-317 
prepositus hypoglossi 674 
prembral 362 
preteetal 326 
prineiple 313 
propositus hypoglossi 675 
proprius, dorsal spinal horn 292 
pulvinar 354-355 
inferior 354 
lateral 354 
medial 354 
raphe 323/, 326-327 
dorsal (rostral) 326-327 
interpositus 674 

magnus 295, 304, 316, 326-327 
obscurus 304, 326-327 
pallidus 304, 326-327 
pontine 326-327 
superior, eentral 326-327 
red 303, 323/, 324 
development 256 
magnocellular 324, 341 
parvocellular 342 
reticular 350, 355 
development 254, 256 
lateral 328 
ventral 345 

lateral column 327-328 
medial column 327 
median column 326-327 
paramedian 328, 345 
pontine 327 

tegmental, of pons 327, 346, 346/ 
terminations 327 
vital eentres 309 

reticularis tegmenti pontis 327, 346, 346/ 

reticulotegmental 328 

retroambiguus 304 

reuniens 355, 397 

rhomboid 355 

salivatory 321 

Schwalbe 319-320 

of Schwalbe see nucleus (nuclei - nervous), vestibular 
septal 
dorsal 388 
fimbrial 388 
lateral 388 
medial 388 
triangular 388 

solitarius (of solitary traet) 313, 317 
speeial somatie afferent 253-254 
speeial viseeral (speeial splanehnie) 

afferent 253-254 
spinal 313 

of aeeessory nerve 295 
of trigeminal nerve 313 
subcoeruleus 327 
subcuneiform 327 
subthalamic 362, 365/, 369 
deep-brain stimulation 371, 371/ 
destmetion 369 
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nucleus (nuclei - nervous) (Continued) 

overaetivity 370 
therapeutic lesions 371 
suprachiasmatic 356-358 
suprageniculate limitans 355 
supraoptic 358-359 
supraspinal 311 

tegmentalis pedunculopontine see nucleus (nuclei 

- nervous), pedunculopontine 
thalamie 350, 351 1, 352f-353f 
anterior 351, 351 1, 352 f 
assoeiation 350-351 
eentral lateral 355 
eentral medial 355 
eentromedian 355 
eonneetions 350 
intralaminar 353/; 355 
lateral 352-355 
dorsal 354 
posterior 354 
medial 351-352, 351/ 
mediodorsal (dorsomedial) 351 
damage 351-352 
midline 355 
nonspeeifie 350 
paraeentral 355 
parafascicular 355 
relay 350-351 
speeifie 350 
surgery 352 
ventral anterior (VA) 352 
ventral lateral (VL) 352 
X) ventral medial, posterior part 353 

ventral posterior (VP) 352-353, 380 
ventral posterolateral 352, 376 
ventral posteromedial 352 
thoraeie, posterior 292-294, 297-298 
of tractus solitarius 253-254, 969 
*) trapezoid 318/, 319 
trigeminal nerve 
development 253-254 
meseneephalie 311/, 324 
motor 310/, 321 

sensory 311, 315-316, 318/, 320-321, 321/ 
spinal 312/-313/, 315/, 316, 318/ 
troehlear 310/, 311, 322/, 324-325, 674-675 
tuberomammillary 359 
vagal 253-254, 314/, 316 
vestibular 303, 310/, 318-320 
inferior 319-320 

X) lateral 319-320, 341, Eponyms 

medial 319-320, 674-675 
projeetions 304/, 320 
superior 319-320 
vestibulocochlear 253-254 
Z 315 

X) niitrient absorption, small intestine 1132-1133 
nutrition, in utero grovvth 209 
nystagmus 651,674 

optokinetie 674 

o 

obesity 215 

left ventricular mass 1006 
X) maternal 210 

C) OBO-Edit vievver - Oommentary 2.1 

obsessive-compulsive disorder (OCD) 370-371 

obstetrie staging 205-206 

obstmetion 

airway 447, 487 
bladder outflow 1259 
eerebrospinal fluid 278 
ejaculatory ducts 1279 
inferior vena eava 1028,1092 
larynx 593-594 
nasal 561 


£] pelviureteric junction 1243,1243/ 
portal vein 1191 
small bowel 1128 
splenie vein 1191 
ureter 1087/ 

*) obstmetive sleep apnoea (OSA) 575 
oeeipital bone 418, 711-714, 714f, 736/ 

basilar part 713, 714/ 
at birth 423 


oligodaetyly 220-221 
oligohydramnios 179,1208 
olive 311,311/, 313 

aeeessory, dorsal 339, 342 
inferior 341/ 
dorsal eap 341 / 347 
ventrolateral outgrowth 341 / 347 

‘omental eake’ 1098 
omentum 


development 620 

lateral (eondylar) part 431, 713, 714/ 
ossifieation 96, 713-714, 714/ 
squamous part 418, 423, 432, 712-713, 714/ 
surface anatomy 409 

occludins 25 
occlusion 

of eolonie vasculature 1139 
eoronary 138 

oedema 130 

optie dise 706 

g Reinke’s 592, Eponyms 

oesophagoseopy 989 

oesophagus 978/, 980/, 986-990, 986/-987/ 

abdominal 1111-1112,1111/ 
arteries 1111 
innervation 1111-1112 
lymphatie drainage 1111,1119/ 
relations 1111 
veins 1111 

arteries 473, 987, 987/, 1111 
atresia 907,1048-1049 

*Hcj Barrett’s 40,1113-1114, Eponyms, Oommentary 1.4 
© eonfoeal laser endomieroseopy - Commentary 8.2 

at birth/neonatal 212/1049 
eervieal 473, 978Z-979/ 986-987 
arteries 473 
innervation 473 
lymphaties 473 
relations 473, 986-987 
veins 473 

eonstrietion points 986 
‘corkscrew’ 989-990 
curves 986 

development 619, 906-908,1048-1049,1059, 

1060/ 



mesentery 1059 
mucosa 1048-1049 
diffuse spasm 989-990 
dysmotility 989-990 
gastrie metaplasia 40 
glands 989 
X) imaging 989 

innervation 473, 988, 1111-1112 
lymphatie drainage 473, 988,1111, 1119/ 
microstructure 988-989, 988/ 
neonate 619 
radiographs 990-991 
reflux 972, 988 
3 replaeement 1117 
*) rupture 989 
speeeh 601 

sphineterie meehanisms 989, 990/ 
sphineters see sphineter(s), oesophageal 
swallowing 584 
thoraeie 899, 986Z-987/ 987 
relations 987 

|) variees 988,1118,1118/ 1168/ 
veins 473, 987-988, 987/ 1111 
wall 988/ 

oestrogens see hormones, oestrogen(s) 
oleeranon 841-842 

ossifieation 843 

surface anatomy 787, 788Z-789/ 
olfaetion 565 
age-related ehanges 563 
epithelium 561-562 
loss 565 





greater 1099, 1100/-1102/ 1102-1104,1113,1137 
development 1051,1055/-1056/ 1062 
fetal 1102 
functions 1104 
malignant eell trapping 1098 
neonatal 212/ 1063-1064 
structure 1101/ 1102 
vascular supply 1104 
lesser 1101-1102,1103/ 1165 
attaehments 1101-1102 
development 1051,1059-1061, 1060/ 
omphaloeele 1054,1081 
oneogenes 10-11 
Ondine’s curse 974, Eponyms 
Online Mendelian inheritanee in Man (OMIM) 

- eommentary 2.1 
ontologies - Oommentary 2.1 
Ontology of Craniofacial Development and 

Malformation projeet - Commentary 4.2 
ooeyte(s) 1305,1305/ 
eolleetion 164 
in i//7ro fertilization 164 
meiosis II eompletion 163 
atovulation 1305 
primary 1213,1216,1304,1305/ 
seeondary 163, 1305 
oogonia, naked 1213 
oolemma 163 
ootids 163 
eleavage 167/ 
opening(s) 

of Bartholin’s glands 1289 
for eoehlear aqueduct 642 
diaphragmatie see aperture(s), of diaphragm 
of ejaculatory ducts 1262 
in glenohumeral joint capsule 814 
of inguinal eanal see ring, inguinal 
of internal acoustic meatus 626 
orbital 410, 416 

saphenous 1337-1338,1338/ 1370 

of semicircular eanals 641-642 

stomodeal 612 

of vestibular glands 1289 

see also aditus; aperture(s); foramen (foramina); 

orifiee(s); ostium (ostia) 
operculum 

development 261, Commentary 2.2 
fronto-orbital 384 
frontoparietal 376/ 384 
of insula 384 
temporal 382, 384 
ophthalmoseopy, retina 699, 699/ 
opiates, natiirally oeenrring 49 
Oppenheim’s dystonia 371 
opposition (movement) 869, 876-877, 886-887 
muscles used 887 
opsonization 70 

optieal biopsy, real-time virtual histology - 

eommentary 8.2 

optieal eoherenee tomography, retina 699, 700/ 
optogeneties, Merkel eells - Commentary 1.3 
optokinetie response 674 
ora serrata 686/, 691, 692/, 700, 701 / 
orbiculus eiliaris 687/, 691-692, 692/ 
orbit 416, 666-685 
arteries 676-677, 676/ 
at birth 423 

bones 404, 666-668, 667/ 




























SUBJECT INDEX 


borders 410 

eonneetive tissue 668-670, 6687 
pulleys 669 

eontents 666, 666/; 6687 
fat mf-mf, 669-670 
fissures 667 
floor 666 
foramina 667 

*) fractures 488, 488 M89/; 666 
grovvth 666 
lateral vvall 667 
lymphaties 677 
margins 416 
medial vvall 666 
nerves 677f-678f 
roof 666, 667 f 
fractures 487 
skeletal landmarks 410 
veins 677, 677f 
organ(s) 

circumventricular 50, 52, 258-259, 275-276, 

276 f 

development 245 

X) of Corti 642, 646, 6477-6487, 648-649, Eponyms 

development 658-659 
innervation 652, 6547 
enamel 610-611,615-616, 6157-6167 
enthesis 221-222 

*) of Giraldes 1279, Eponyms 
glomus 131,1517 

|) Golgi tendon 61-62, 617, 100,108,115, 

Eponyms 

ej reinnervation - Commentary 1.6 
of lamina terminalis 356 
lymphoid 
primary 73 

seeondary (peripheral) 73 
tertiary 73 
otolithie 651 

see also saccule(s) (sacculus), of ear; utricle 
(utriculus), of ear 
parapineal 258 

reproductive, grovvth rates 2177 
speeial sensory 59 
subcommissural 276 
subfornical 275-276 
vascular 275 

X) vomeronasal 565, 613 
of Zuckerkandl 1038,1096 
see also indivielLial organs 

organelles 4-6, 47-57 

eytosol 6-10 

organogenesis 193-199,1947-1957 
eell populations 193-199 
organiim vasculosum 275, 356 
orifiee(s) 

aortie valve 902-903,1006,10097 
of appendix 1137, 11387, 1141-1142, 11417-11427 
atrioventricular 
eommon 923, 9237 
left 998, 1006 

right see orifiee(s), of tricuspid valve 
eardiae 201,11117, 1112-1115, 11157 
of inferior vena eava 1001 
of mitral valve 903,1007-1008 
myopeetineal 1316 
of parotid duct 411-412 
pharyngeal 574-575 
of prostatie ducts 1261-1262 
of prostatie utricle 1261-1262 
of pulmonary valve 902-903 
of pulmonary veins 916,1005,10077 
pylorie 1112,1114 
sinuatrial 913 
of stomaeh 1113-1114 
of submandibular gland 615 
of superior vena eava 1001 


of tarsal gland 681 

of tricuspid valve 903, 998,1001, 1003,10037 

ureteric 1251-1252, 1258, 12597 

urethral 

*) external 1263-1264 

female 1289 
internal 1258,1264 
of urethral glands 1263 
vaginal 1289,1292 

see also aditus; aperture(s); hiatus; opening(s); 

ostium (ostia) 
oropharynx 575-577 
boundaries 5717-5737, 575 
in svvallovving 583 

§ orthoses, braehial plexus injury - Oommentary 6.1 
os 


abdominal 1301 
aponeurosis plantaris 1426 
calcaneus secundarius 1426 
eentrale 869 

cuboides secundarium 1428 
cuneo-1 metatarsale-l plantare 1428 
cuneo-2 metatarsale-ll dorsale 1428 
external, of uterus 1295,1300 
incisivum 423 
intermetatarseum 1428 
internal, of uterus 1294-1295 
|) odontoideum 723, 7237, 757-758 
peroneum 1408,14307,1431 
X) retinaculi 1405 
subcalcis 1426 
*) subfibulare 1405 
subtibiale 1404-1405 
*) supratalare 1424 
sustentaculi 1426 
talonaviculare dorsale 1427 
tibiale externum 1427 
*) trigonum 1424 
uterine 1301 

vesalianum pedis 1430,14307 

*) oseillations, slow calcium, smooth muscle 126 
ossieles 

auditory 631, 635-637 
articulations 637 
at birth 423, 636 
development 607, 611-612, 659 
in hearing 653 
ligaments 6307, 636 
movements 637, 653 
ossifieation 95, 636 
postnatal ehanges 659 
see also indiviclual bones 
of Goethe (inea bone) see interparietal bone 
mental 539, 623 
pterion 425 
suprasternal 934 
sutural see sutural bones 
ossiculum terminale 757-758 
ossifieation 
eentres 95, 967 
primary 92, 927, 96 
seeondary 94 

endoehondral 91-94, 927-937 
epiphysial 94-96 

of individual bones see under individual named 

bones 

intramembranous 91-92 
metaphysial 94 
rates of 96 

osteitis fibrosa eystiea 94 
osteoarthritis 1381 
*) osteoarthrosis 1376,1396 
osteoealein 86-87 

*) osteoehondritis, Scheuermann’s - Eponyms 
osteogenesis imperfeeta 191 
osteoid 86-87, 92-93 

mineralization 86 


osteomalaeia 94 
juvenile (riekets) 94 
osteoneetin 86-87 
*) osteons 88, 907, Eponyms 
eylindrieal 86, 897 
primary 92 
seeondary 92, 95 
osteopaenia 94 
osteophytes, vertebral 717 
§ osteopontin 86-87, Oommentary 1.6 
osteoporosis 94-95, 717 
osteoprotegerin 86-87 
ostium (ostia) 

arteriosum see valve(s), aortie 
of eoronary arteries 
left 1018-1019 
|) right 10167 

of eoronary sinus 1001 
laerimalis 684 
of maxillary sinus 569 
of pharyngotympanie tube 5727, 573 
primum 915-916, 9167 
defeets 923 

secundum 915-916,9167 
sphenoid 567-568 
venosum see valve(s), mitral 
venous, of right atrium 1001 

otitis media 633 
ehronie suppurative 633-634 
vvith effusion (glue ear) 633, 635, 657 

otoeonia see otoliths 
otoeyst 194, 244, 605-606, 658, 6587 
otoliths 644, 6447, 646 
eye movements 674 
otorrhoea 431 
otoselerosis 637, 657 
‘outer’ (external) xvi 
outlet(s) 

pelvie 1221, 1346-1347 
axis 1347, 13477 
measurements 1347 
planes 1346-1347 
see also pelvis, floor 
thoraeie 898 

ovary (ovaries) 12977,13007,1302-1306,13037 

aeeessory 1303 
arteries 12987, 1303 
variations 12997 
at birth 209 
cortex 1304-1306 

deseent 12097, 1215-1216, 12167, 1303 
development 12017,12097-12107,12107,12127, 

1213 

testicular homologies 12107 
dimensions 1302-1303 
embryonie 1303 
fetal 1303 
innervation 1304 
ligaments 1303 

X) lymphatie drainage 1092, 12917,1304 
medulla 1304,1306 
menopause 1306 
microstructure 1304-1306, 13047 
neonate 2117, 12077,1216 
in non-pregnant state 1302-1303 
peritoneal supports 1303 
peritoneum 1105-1106 
in pregnaney 1303, 1308-1310 
relations 12977,1303,13037 
surface anatomy 1303 
veins 12987, 1304 
overbite 519-520 
overjet 519-520 
ovulation 1305 
uterine tube fimbria 1301 
oxidases 9 
oxycephaly 425 


1527 
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paeemaker 

artifieial 1016 
in embryonie heart 914 
enterie 58 

of heart see node(s), siniis (sinuatrial) 
master eireadian see nucleus (nuclei - nervous), 

suprachiasmatic 
renal 1250 

pachymeninx see dura mater 
paehyonyehia eongenita 152 
paehytene 21 
paclitaxel (taxoi) 14 
pads 

fat see fat pads 
symphyses 97 

pain 

baek 711, 734, 747 

braehial plexus injury - Commentary 6.1 

buttocks 1379 

ehronie 295 

eontrol, naturally occurring opiates 49 
dental 523, 527 
from diaphragm 1106 
dura mater 434 
‘fatigue-related’ 827 
from gallbladder 1106 
groin 1379 
hip 1379 
neuropathic 55 
upper limb nerve injury 786 
oesophageal 988 
panereatie 1106 
from parietal peritoneum 1106 
pathvvays 294-295, 2947 
pelvie girdle - Commentary 9.2 
perieardial 997 
plantar heel 1420 
proeessing 386 
referred see referred pain 
saeroiliae joint-mediated 1355 
from small bovvel 1106 
spinal 100,773 
nerve injury - Commentary 6.1 
radicular 773 
from spleen 1191 
synovial joints 100 
uterine 236 
viseeral 59, 236 

palaeocortex (palaeopallium) 259 
palaeopallium (paiaeocortex) 259 
palate 

bony 421-422 

eleft 583, 612, 617, 617/; Commentary 4.2 
closure 612 

development 612-614, 6147 
hard 510-511 
arteries 510 
at birth 616 
bones 486 

development 612-613 
innervation 510-511 
lymphaties 510 
mucosa 510 
veins 510 
primary 612 
primitive 612 
soft 572f-573f, 575 
arteries 575 
development 612-613 
innervation 575, 582 
muscles 578-582, 5797 
neonate 584, 5857 
in svvallovving 579, 583 
taste buds 575 
veins 575 












palatine bone 421-422, 485M86/, 486-487 
in orbit 666, 6677 
ossifieation 487 
palisades 93 
of Vogt 690, Eponyms 
pallidotomy paradox 370 
pallidum see globus pallidus 
palliiim 259-260, 263-264 
palm, of hand 
shoek absorption 866 
skin ereases 156/; 862 
vascular proteetion 866 
‘palmar’ xvi 

palmar hyperhidrosis 981 
palpebrae see eyelids 
palsy 

anterior interosseous 786 
Bell’s 320, 503-504, 639, Eponyms 
bulbar 328-329 
deltoid 816 

Erb’s - Prefaee Commentary 

faeial nerve, temporal, dental analgesia 527 

femoral - Commentary 6.2 

pressure 54 

seiatie nerve 1373-1374 
serratus anterior 817, 819 
supranuclear faeial 320 
trapezius 817 
ulnar 786 
see also paralysis 

panereas 1179-1187,11797-11807 

age-related ehanges 1179 
anular 1051 

arteries 1182-1184,11837 
segmentation 1184 
body 1179-1181, 11807 
eaneer 1185 

development 10507, 1051-1052, 10527, 10607, 

1062 

cellular 1052 

divisum 1051, 1182, 11827 
donation 1187 

ducts see duct(s) (or ductus), panereatie 
endoerine 1179,11867,1187 
exocrine 1179,1185-1187,1185 7 
head 1046 

innervation 1184-1185 
lymphaties 1092,11197,1184 
microstructure 1185-1187,11857-11867 
neonatal 2117,1052 
peritoneum 1062 
pseudocysts 1187 
referred pain 1185 
relations 11797-11817 
surface anatomy 1046 
tail 11807-11817, 1181 
injury 1189 
transplantation 1187 
tumours 1187 
veins 1184,11847 
panereatitis 
acute 1187 

ehronie 10867, 1185,1187 

panniculus adiposus 147 
panniculus carnosus 497 
pansynostosis 425 
papilla(e) 

dental 615-616 

dermal 142, 1427, 147, 155, 157 
of lips 475 
dermal hair 148 
duodenal 

major 1125-1126 
minor 1182 
ileal 1141,11427 
ineisive 510 
interdental 508 







laerimal 680 

lingual see papilla(e), of tongue 
of oesophageal epithelium 988 
parotid 507 

of prostate 1268,12707 
renal 1241-1242, 1246, 1249 
sublingual 509 

of tongue (lingual) 511,5117, 515-516 
circumvallate 511, 5117, 515-516, 5167 
filiform 511, 5117, 515, 5157 
foliate 511, 5117, 515 
fungiform 511, 5117, 515, 5157 
papilloedema 706 
paracolpium 1224,1298 
paracortex, lymph nodes 74 
paraerine signalling 10,11 f, 33 
paradidymis 1279 
paraflocculus 347 

aeeessory, of Henle 331-335, Eponyms 
parafovea, of retina 704 
paraganglia 237, 237/; 1038,1096 

aortopulmonary 1026 
ehromaffin 237 
eoronary 1026 
development 251 
laryngeal nerves 600 
non-ehromaffin 237 
pulmonary 1026 
subclavian-supra-aortic 1026 
paralysis 231,303 
erieothyroid muscles 602 
diaphragmatie 973 
Erb-Duchenne - Eponyms 
faeial 503-504 
hand 887 

Klumpke’s - Eponyms 
lingual 468 

recurrent laryngeal nerve 599-600 
vvrist 887 
see also palsy 

parametrium 1224,1295,1298 
paranode 45,51,55,567 
paraplegia 770-772 
parasitie attaek 70 
parasitie vvorms 72 
parasubiculum 388 
parental imprinting 163-164 
parietal bone(s) 418, 477-478, 4787 
at birth 478 
development 622 
grovvth, postnatal 623 
internal surface 429, 477 
ossifieation 478 

Parkinson’s disease see disease(s), Parkinson’s 
paronyehia 866 
paroophoron 1296 
pars 

aeeessoria 504 
alaris, of nasalis 558 

anterior (distalis), of adenohypophysis 360 
caudalis 

spinal nucleus of trigeminal nerve 3097, 
315-316 

ventral lateral nucleus, thalamie 352 
eompaeta 

of pedunculopontine nucleus 328 
of substantia nigra 323, 369-370 
dissipata 328 

dorsalis dieneephali 255-256 
externa 

of external acoustic meatus 629 
of saccular macula 644 
of utricular macula 644 
flaeeida, of tympanie membrane 633 
fundiformis, of cricopharyngeus 582 
interarticularis, defeets 716 
intermedia, of adenohypophysis 360 
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interna 

of external acoustic meatus 629 
of saccular macula 644 
of utricular macula 644 

interpolaris, spinal nucleus of trigeminal nerve 316 
labialis, of platysma 496 
lateralis 323 

mandibularis, of platysma 496 
marginalis, of orbicularis oris 496-497 
media, of external acoustic meatus 629 
modiolaris, of platysma 496 
nervosa, neurohypophysis 360 
oblique, of cricopharyngeus 582 
oralis 

spinal nucleus of trigeminal nerve 316 
ventral lateral nucleus, thalamie 352 
palatina 576 

peripheralis, of orbicularis oris 496 
plana, of eiliary body 687/; 691-692, 692f 
plieata, of eiliary body 687/, 691-692, 692f 
posterior, neurohypophysis 360 
reticularis, of substantia nigra 323, 369-370, 675 
rotunda, nucleus cuneatus 314-315 
tensa, of tympanie membrane 633 
triangularis, nucleus cuneatus 314-315 
tuberalis, of pituitary gland 360 
ventralis dieneephali 255-256 
partieles, intraflagellar transport (IFT) 14-15 
partiirition 1308-1312 
body water distribution ehanges 204 
passage, temporolimbie 382 
passive transport 10 
pateh(es) 

MeGregor’s 477, Eponyms 
Peyer’s 1129, Eponyms 
development 1058 
‘regimental badge’ 816 
striosomes 366-367 
patella 1384-1385,1385/-1386T 
absent 1336 
bipartite 1384 
hypoplastie 1336 
instability 1393 

muscle attaehments 1384-1385 
ossifieation 1384-1385 
structure 1384 

surface anatomy 1328,1328/ 
vascular supply 1385 

pathogen-assoeiated molecular pattern molecules 

(PAMPs) 79-80 
pathway(s) 

apoptosis 26, 26/ 

aseending, of spinal eord 296-301, 297/ 
auditory, eentral 655-657, 656/ 
eerebellothalamie 343/ 
eortieopontine 231 
corticoreticular 231 

deseending, of spinal eord 296, 301-304, 301/-302/ 
direet 369 

underactivity 370, 370/ 
dopamine 

mesolimbie 367-368 
mesostriatal 367 
eleetron transport (eytoehrome) 9 
endoeytie (internalization) 8 
exocytic (seeretory) 8 
indireet, of striatum 367, 367/, 369 
overaetivity 370 
laerimal drainage 683/, 684 
magnocellular 707 
motor, deseending 230-231 
nucleo-olivary 338 
olfaetory 390-391 
pain 294-295, 294/ 
parvocellular 707 
perforant 387-388 
pontoeerebellar 335, 343 


propriospinal 297/, 304-305 
sensory, aseending 229-230, 230/ 

X) serotoninergie 327 

spinal, monoaminergie 304 
spinoeervieothalamie 301 
spinomeseneephalie 301 
spinoreticular 300-301, 301 / 
spino-reticulo-thalamo-cortical 300-301 
uveoscleral, aqueous humour drainage 688, 697 
viseeral 
afferent 236 
efferent 233, 234/ 
visual 703, 707-708, 707/ 
non-imaging 703 

see also fibre(s), nerve; traet(s) (tractus) (nerve) 

patterning/pattern formation 191-192 

brain 247-248 
external genitalia 1219 
heart development 914, 915/ 
neural tube 247 
spinal eord 247-248 
pattern reeognition reeeptors 79-80 
paxillin 126 
X) peau d’orange 949 
peeten pubis 1343 
pectus 

3 carinatum 934 
P excavatum 934, 934/ 

pedieel, terminal, Bowman’s capsule 1246, 

1249/ 

pediele 

hepatie see porta hepatis 
pulmonary 957-958 
vascular, skeletal muscle 107,107/ 
of vertebrae 719, 719/ 
axis 723 

eervieal 720-721, 723 
lumbar 725 
thoraeie 725 

peduncle(s) 

eerebellar 335, 335/, 345-346 
inferior 311, 335, 335/ 
development 254 
middle 335, 335/ 
superior 328, 335, 335/ 
development 254 
eerebral 321 
development 255-256 
3 temporal 396 

*) thalamie 396 

peg 

bulbous 155 
hair 155 

pelvis 1029-1047 

arteries 1224-1227,1225/ 

§ biomeehanies - Commentary 9.2 
bony 1345-1347, 1345/ 

3 android 1347 

*) anthropoid 1347 

articulated 1346 
axes 1347, 1347/ 
development 1334 
greater (true) 1345 
X) gynaeeoid 1347 

inelination 1347 
joints 1346/ 
lesser (false) 1221, 1346 
eavity 1346 

measurements 1345-1347 
meehanism 1347 

*) morphologieal elassifieation 1347 

ossifieation 1334 
planes 1347 

*) platypelloid 1347 

sex differenees 1347-1348 
weight bearing 1347 
faseia 1223-1224, 1223/ 


floor 1221-1231, 1222/ 
development 1216 
in pregnaney 1223 
forensie praetiee 1348 
Cj fractures - Commentary 6.2 
S functional anatomy - Commentary 9.2 
inlet see inlet(s), pelvie 
innervation 1228-1231,1229/ 
ligaments 1221/, 1297-1298, 1298/, 1346/ 
lower limb interfaee 1034 
lymphatie drainage 1228,1229/ 
metanephrie 1204 
muscles 1221-1223, 1221/-1222/ 
neonatal 1335-1336 
peritoneum of see peritoneum, pelvie 
pregnaney-related ehanges 1310 
renal 1241-1242, 1242/-1243/, 1245/ 

X) dilation 1243/ 

imaging 1242,1243/ 
microstructure 1250 

surface anatomy 749,1325-1327, 1326/ 
true 1221-1236 
neonatal 1335-1336 
veins 1227-1228, 1228/ 
see also region(s), abdominopelvie 
pemphigoid, bullous 34 
*) peneils, VVilson’s 365, Eponyms 
penis 1280-1285,1281/ 
arteries 1283,1285/-1286/ 
cutaneous 1281 
variations 1283 
bulb 1281 
development 1219 
ejaculation see ejaculation 
ereetile tissue 1280,1282/ 
ereetion 11, 1281, 1285 
faseia 1281, 1284/ 
innervation 1285, 1287/ 
lymphatie drainage 1236,1284 
microstructure 1285 
neonate 1219 
root 1281 
shaft 1281 
skin 1281 

veins 1283-1284, 1285/ 

penoserotal transposition 1286 
*) pentalogy of Cantrell 997, Eponyms 
peptide(s) 

atrial natriuretic 137,139 
ealeitonin gene-related 236,1214 
lateney-assoeiated 191 
see also neuropeptides 

perceptual stimuli 397 
perforin (eytolysin) 72 

peri-arteriolar lymphatie sheath (PALS) 1191,1192/, 

1193 

perieardial tamponade 976 
pericardium 994-997, 994/-995/ 

*) absenee, eongenital 997, 997/ 
anehoring 994 

X) eongenital anomalies 997 
development 184, 906, 907/ 
fibrous 994-995 
development 994 
relations 994-995 
innervation 973/, 997,1022/ 
lymphatie drainage 997 
multifunctionality 994 
serosal 994-995, 996/ 
refleetions 994-995, 995Z-996/ 
vascular supply 995-997 
perichondrium 81, 84, 94 
*) perieoronitis 447, 527, 552 
pericranium 475 
periderm 154,194 
perifovea, of retina 704 
perikymata 522, 522/ 
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perilymph 641, 643, 648, 659 

movement 637 
perimysiiim 85,107 
perineum 1231-1236 

arteries 1234-1235,1285 7 

faseia 1223/; 1231-1234, 1231/; 1234M2357 

female 1232/; 1235 7, 1288/; 12917 

‘gynaeeologieal’ 1288-1289 

innervation 1236 

lymphatie drainage 1236 

male 12317, 12347 

muscles 1231-1234, 12317-12327, 12347-12357 
development 1334 
veins 1235-1236, 12857 

perineurium 54 
period 

embryonie 163, 205 
fetal 205 

gestation 205-206 
neonatal 210 
perinatal 205-206, 2077 
refraetory 66 

periosteum 89, 92-93,1157 

of orbit 669 

peripheral aiiditory lesion 650 
peristalsis 1042 

oesophageal 584 
at birth 1049 
fetal 1048-1049 
renal pelvie 1250 
ureteric 1250,1253 
peritoneum 1098-1110 
of abdomen 

anterior wall 1105,11057 
lower 11007, 1104-1105 
from posterior wall 10997, 11027 
upper 1099-1104, 11007-11027 
adhesions 1109 
arrangement 1098-1106 
attaehments 1098 
eavity see eavity (eavities), peritoneal 
eovering aseending eolon 1143 
eovering caecum 1141 
eovering deseending eolon 1063 
eovering duodenum 1126 
eovering ileum 1124 
eovering jejunum 1124 
eovering kidney 1240,12427 
eovering panereas 1062 
eovering rectum 1063,1146-1147 
eovering small intestine 1062-1063,11007 
eovering spleen 1104 
eovering stomaeh 1122 
eovering suprarenal gland 11007,1194-1195 
eovering uterus 1105-1106,1294-1295 
development 1957,10487,1059-1063 
folds (ligaments) 

of anterior abdominal wall 1105,11057 
eaeeal 1109,11097 
of uterus 1295-1297 
greater sae see sae, greater 
hindgut 1062-1063 
innervation 1106 
lesser sae see sae, lesser 
lymphatie drainage 1106 
mesenteries see mesentery 
midgut 1062-1063 
of ovaries 1105-1106 
parietal 

attaehments 1098 
innervation 1106 
lymphaties 1106 
removal 1098 
vascular supply 1106 
pelvie (of pelvis) 1105-1106 
female 1105-1106 
male 1105, 11067 


refleetions 11007 
structure 1098 

of transverse mesoeolon 11027,1104 
vascular supply 1106 
viseeral 1099 
attaehments 1098 
development 1061 
innervation 1106 
X) of large intestine 1159 

lymphaties 1106 
vascular supply 1106 
periventricular leukomaiacia (PVL) 267 
perleean 34 
peroneal (fibular) xvi 
peroxisomes 9 

persistent hyperplastie primary vitreoiis 

663-664 

personal identity 426 
pes 

anserinus 502,1361,1363 
cavus 1439 
hippoeampi 385 
planovalgus 1426,1432, 1435 
X) planus 1412, 1428, 1439 
petiolus, of epiglottis 586-587 
phaeoehromoeytomas 1197 
phaeomelanin 141,145 
phagoeytosis 8, 70, 79 
phagosome 8 
phalanx (phalanges) 
of foot 14227, 1430 
innervation 1430 
muscle attaehments 14227,1430 
ossifieation 14237,1430 
vascular supply 1430 
see also toe(s) 
of hand 8717, 872 
of little finger 872 
muscle attaehment sites 872 
ossifieation 8707-8717, 872 
*) surface anatomy 788, 893 

of thumb 871-872 
see also finger(s) 
ossifieation 96 
X) phalloidin 12 
phallus 

development 1219 
female 1219 
primitive 1218-1219 
see also penis 
pharyngula 193 
pharynx 571-585,5717 
arterial supply 571 
development 1987, 607, 619 
§ evolutionary eonsideration - Commentary 2.2 
embryonie 606-612 
faseia 577-578 
floor, development 6147 
innervation 571, 582 
lymphaties 571 

muscles 5127, 571, 578-582, 5787, 5807 
neonate 619 
relations 571, 5717-5727 
swallowing 583-584 
tissue spaees 578 
pheromones 150 
philtmm 475 
phoeomelia 796 
phonation 600-603 
breathy 602-603 
eontrol 595 
phonemes 603 
phoneties 603 

phosphate, in bone 84-86, 94 
phospholipids, epidermal 145 
§ photoaetivated loealization mieroseopy (PALM) 

- Oommentary 1.1 


photoageing, skin 158 
photoreeeptors 11, 699-700 

‘inner retinal’ 703 

see also eells (named), eone (retinal); eells (named), 

rod (retinal) 

et Physiome projeet - Oommentary 2.1 
pia mater 

eerebral 2777, 278 
eranial 432, 440-441 
development 266, 278 
spinal 765, 7657 
of third ventriele 260 

vascular (tela ehoroidea) see tela ehoroidea 

et Pictures of Standard Syndromes and Undiagnosed 

Malformations (POSSUM) - Oommentary 
2.1 

3 Pierre Robin sequence 616, 6167, Eponyms 
X) ‘pigeon ehest’ 934 
pigment(s) 

macular 704 
senility (lipofuscin) 43 
visual 702 
zeaxanthin 704 

pigment, eells see eells (named), pigment 
pigmentation 

constitutive 146 
facultative 146 
of skin 146 

pillar 

articular, of eervieal vertebrae 720-721 
of diaphragm see crus (ernra), of diaphragm 
of fauces 

anterior 5097, 575 
posterior 5097, 575 
*) of fornix 385, 3857 
‘junctional’ (feet) 106 

pineh grip 876, 887 
pinna see aiiriele, of ear 
pinoeytosis 8 

see also vesiele(s), pinoeytotie 

ej ‘pins and needles’ - Oommentary 6.1, Oommentary 

1.6 

pisiform 866-867, 8677-8687, 869 

ossifieation 96, 869, 8707 
*) surface anatomy 788, 893 

pit(s) 

eoated 8 

gastrie 1120,11217-11227 

glandular, of stomaeh 1049-1051 

mammary 949, 9497 

nasal 612 

otie 605-606, 658 

of palatine tonsil 576 

primitive 182 

piteh, of voiee 595, 597, 602 
plaeenta 

abdominal 168 
aeereta 1310,13117 
after delivery 1311, 13117 
battleeore 1311-1312,13127 
eells 171 

ehorio-allantoie 173 
ehoriovitelline 173 
circumvallata 1311-1312,13127 
deciduate 173 
delivery 1311 

development 172-177, 1737-1747, 1310 

diehorionie 1311 

diehorionie diamniotie 1311 

diseoidal 173 

drug transfer 177 

as endoerine organ 177 

enzymes 177 

fetal circulation and 920 

growth 173-177 

haemoehorial 173,175 

inereta 1310 
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lobes 1311 

aeeessory (succenturiate) 1311-1312 
membranaeea 173-174, 1311-1312 
monoehorionie 1311 
monoehorionie diamniotie 1311,1312f 
in multiple pregnaneies 1311 
oxygen gradient 175 
perereta 1310 
physiologieal hypoxia 175 
praevia 13097-13107,1310 
rupture 178 
separation 1311 
siteof 1727, 173-174 
size inereases, nutrition-related 209-210 
atterm 174 

twin pregnaney 168,1687, 1311,13127 
umbilical eord insertion 180 
variations 1311-1312 

plaeentation 171-180 

abnormally invasive 1310 

plaee of articulation 603 
plaeode(s) 

adenohypophysial 194 
eetodermal 184, 194, 238, 243-245, 

605-606 

eranial nerve ganglion development 250 
epithelial to mesenehymal transformation 
606 

epibranehial 194, 244, 2447 
epipharyngeal 605-606 
hair 155 

hypophysial 244-245 
lens 661 
nasal 612 

olfaetory 194, 2437, 244, 612 
optie 194 
otie 194, 244, 658 
trigeminal 244 

plafond, tibial 1421 
plagioeephaly 425, 622 
plane(s) 

ofabdomen 1044 
horizontal 1044 
midline (median) 1044 
vertieal 1044 
anatomieal xvii7 
(trans)axial xvi 
eoronal (frontal) xvi 
horizontal xvi 
median xvi 
sagittal xvi 
transverse xvi 

*) eampbell’s - Eponyms 

glenohumeral articular gliding 813 
gliding, of hand 866 
of pelvie dimensions 
greatest 1347 
least 1347 

of pelvie outlet 13467 
of pubic erest 1044 
sternal 898, 901-902, 9027, 9027 
*) stylohamular 537, 5377 

subcoracoid-subacromial-subdeltoid 813 
subcostal 1044 

e) sub-superficial musculo-aponeurotic system 

- Commentary 4.3 
supracristal 1044 
transpylorie 1044 
transtubercular 1044 
‘plantar’ xvi 

plantar faseiitis 1420,1426,1447 
plantar fibromatosis 1419-1420 
plantar flexion 102 
planum 

semilunatum 6457 
sphenoidale 429-430 
temporale 397 


plaque(s) 

*) adhesion, foeal 13,25 
atheromatous 134 
eytoplasmie dense 247 
dense 123, 125-126 
dental 520-521 
foeal adhesion 25 
plasma 68 
axonal 43-45 
embryonie circulation 201 
plasma fibroneetin 39 
plasma membrane 5-6 
apieal 8 

fluid mosaie model 5, 57 
potential 65-66 
transport meehanisms 10 
urothelial eells 31-32 

plasmin 73 

Plasmodiiim faleipamm 177 
plate(s) 

alar 

eell columns 253-254, 2537 
of meseneephalon 256 
of neural tube 241 
from rhombie lip 254 
spinal eord development 2497, 252 
alveolar 525 
basal 

eell columns 249-250, 253, 2537 
of meseneephalon 2 255-256 rf* 

of meteneephalon 254 
of neural tube 241 
of plaeenta 173-177,1737,1757 
spinal eord development 2497, 252 
buccal 537-539 
ehorionie 173-174, 1737, 1757 
of eompaet bone, skull 416 
eortieal 246, 262 

eribriform 429, 480, 482-483, 525 
development 620 
cuticular 649 
ductal 1053 
epiphysial 95 

epithelial, of somites see somites 
floor 

of myeleneephalon 254 
of neural tube 240-241, 248 
foot 1334 
fusion 658 
growth 93 
cartilaginous 83 
epiphysial 95 
offemur 1353 
jugular 426 

of tibia 1402-1403, 14027 g 

hand 794 

erenation 2187,794 
hepatie 1170 
hilar, of liver 1165-1166 
horizontal, of palatine bone 486 
lateral 

of embryo 183, 185, 193,1957,197-199 
thyroid eartilage development 619 
lingual 537-539 
metaphase (equatorial) 19 
motor end 63, 647,108 
nail 151, 1517, 155 
neural 184,1847, 238, 241 
patterning 247 
notoehordal 182,194 
orbital 

of ethmoid bone 480-481, 620, 666, 6677 
of frontal bone 429-430, 479-480, 666, 6677 
of maxilla 666 
perpendicular 
of ethmoid bone 480 
of palatine bone 486 


plantar 1438 
postanal 1232 
preehordal 182,197 
meningeal development 266 
pterygoid 

lateral 422, 536-537 
medial 422, 536-537 
sole 63,108 
sternal 934 
tarsal 680-681, 6817 
inferior 680 
superior 680 
tympanie 419, 423, 627 
at birth 423 
urethral 1218-1219 
vaginal 1210-1211 
volar 877-878, 8787 
see also lamina(e) 
plateau 

‘eardiae’ of diaphragm 971 
tibial 1386-1387, 13877 

platelet-derived grovvth faetor reeeptors 

(PDGFR) 1202 

platelet-derived grovvth faetors (PDGF) 73,1202 
platelets see eells (named), platelets 
pleura(e) 899, 953-956, 9587 

arteries 955 
aspiration 951 
dome 954 

effusions 951, 953, 956, 979 
imaging 953, 9587, 9907 
innervation 956 
lymphatie drainage 955 
microstructure 956 
parietal 899, 953-954 
arteries 955 

eervieal (apieal) 473, 954-955, 9547 
eostovertebral 953, 955 
diaphragmatie 904, 953, 955 
lymphaties 955 
mediastinal 954-955 
nerves 956 

refleetions 9017, 903-904 
surface anatomy 902-904, 9037 
veins 955 
pressure 953 
refleetions 903-904, 953 
surface anatomy 903-904, 9037 
veins 955 

viseeral (pulmonary) 899, 953-954, 9557 
development 926 
lymphaties 955 
vascular supply 955 

pleurapophysis see rib(s), eervieal 
plexopathies, infraclavicular 786 
plexus 

arteries see plexus (arterial) 
eapillary see plexus (eapillary) 
ehoroid 42, 53, 537, 228, 271-272, 2727-2737, 276 
age-related ehanges 53 
arterial supply 285 
ealeifieation 53, 276, 363, 3637 
fetal 53 

fourth ventriele 276 
development 254 
lateral ventriele 537, 2737, 276 
development 259-260 
microstructure 53, 537, 276 
third ventriele 276 
development 258-259, 2587 
endoeardial 908 
lymphatie see plexus (lymphatie) 
of nerves see plexus (nervous) 
veins see plexus (venous) 
plexus (arterial) 
capsular, of kidney 1243 
deep horizontal, of skin 155 
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plexus (arterial) (Continued) 

deep (internal) of pituitary gland 360-361 
dermal 152 
ofgutwall 1043 

hypodermal, of lower limb 1316-1317 

Kiesselbaeh’s 563, Eponyms 

mantle (external) of pituitary gland 360-361 

palmar, superficial 794 

periosteal 90 

pial 770 

of skin, development 155 
subcapsular, of suprarenal gland 1195,1196 f 
subcutaneous 152 
subodontoblastic 523 
subpapillary 142/; 152, 155 
subsynovial 100 
plexus (eapillary) 
of head, primary 269 
of lips 475 
of liver 1170 
peripheral nerves 57 
peritubular, of kidney 1243-1244 
of pituitary gland 360-361 
pulmonary 959 
subpleural 968 
subtunical 1284 
plexus (lymphatie) 
abdominal 944 
digital, of hand 780 
intrarenal 1246 
of lungs 
deep 961 
superficial 961 
myoeardial 1021 
palmar, eentral 780 
perirenal 1246 
reetal 1291 
retro-areolar 947-948 
of small intestine 1130 
subendocardial 1021 
subepicardial 1021 
of synovial subintima 100 
thoraeie 944 
plexus (nervous) 
aortie 1152-1153, 1252 
thoraeie 980 
atrial 1023 

Auerbach’s see plexus (nervous), myenterie 
autonomic 

abdominopelvie 1035/-1037/; 1036-1038 
thoraeie 901 

braehial 407, 409/, 464, 464Z-465/, 781-785, 

781/-782/, 830-833, 832/ 
in axilla 830-831, 832/ 
birth lesions 801, Commentary 1.6 
blood supply 781 
branehes 832/ 

eords see eord(s), of braehial plexus 
divisions 781-782 
rupture 786/ 
injury - Commentary 6.2 
conduction studies - Commentary 6.1 
diagnosis - Commentary 6.1 
history taking - Commentary 6.1 
inspeetion - Commentary 6.1 
investigations - Commentary 6.1 
muscle weakness - Commentary 6.1 
pain - Commentary 6.1 
pain relief - Commentary 6.1 
preganglionie - Commentary 1.6 
rehabilitation - Commentary 6.1 
sensory loss - Commentary 6.1 
supraclavicular - Commentary 6.1 
treatment - Commentary 6.1 
lesions 

elosed traetion - Commentary 6.1 
lower 786/ 










patterns - Commentary 6.1 
traetion - Commentary 6.1 
upper 786/ 
nerve bloeks 792-793 
surface anatomy 414-415, 445, 781, 791 
trnnks 781, 786/ 
eardiae 901,1021-1023, 1022/ 
deep (dorsal) part 1023 
superficial (ventral) part 1021-1023 
earotid 517,696 
cavernous - Commentary 8.1 
eervieal 407, 409/, 414, 463-464 
branehes 

communicating 463-464 
cutaneous 412/, 413-414, 442, 442/ 
deep, lateral series 464 
deep, medial series 463-464 
muscular 463-464 
superficial 463 
eoeeygeal 1230 

eoeliae 1036-1037, 1037/, 1118, 1153, 1260 
eorneal 690 
eoronary 
left 1023 
right 1023 
enterie 58 
gonadal 1038 
hepatie 1038,1118,1169 
hypogastrie 1260 

inferior 1038,1153, 1252, 1299, Commentary 8.1 
superior 1038, 1153,1252 
ineisor 527 
infraorbital 502 
intermesenterie 1038 
intragemmal 516 
intramural, gut wall 1153 
laryngeal 598 

lumbar 1093-1096, 1094/-1095/, 1321, 1371-1373 
branehes 1095/, 1371-1373 
muscular 1094 
lesions 1321 
lumbosacral 

injury, fracture disloeation - Commentary 6.2 
lesions - Commentary 6.2 
preganglionie injury - Commentary 1.6 
Meissner’s see plexus (nervous), submucosal 
mesenterie 
inferior 1038,1260 

superior 1035/-1037/, 1038, 1130-1131,1153, 
1260 

mucosal 1044 

myenterie (Auerbach’s) 58, 58/, 64,1043-1044, 

1152, Eponyms 

development 1048-1049,1057-1058 
oesophageal innervation 1111-1112 
non-ganglionie, of gut wall 1044 
oesophageal 901, 980/, 982-983, 988 
ovarian 1304 
papillary, superficial 153 
parotid 502 

pelvie 251,1259,1268,1268/, 1274, Commentary 

8.1 

penile innervation 1285 
urethra innervation 1263 
perigemmal 516 
peri-oesophageal 1111-1112 
peripatellar 1371,1383 
periprostatie 1268 
pharyngeal 466, 582 
phrenie 1038 
prostatie 1263 

pulmonary 901, 961-962, 1022/ 
anterior 961-962, 968 
posterior 961-962, 968, 980, 982-983 
Raschkow’s 523, 524/, Eponyms 
renal 1246,1252 
reticular, deep 153 


retro-orbital 553 

Ct saeral 1229-1230, 1229/, 1321, 1373-1374, 

Commentary 6.2 

branehes 1229, 1229/, 1373-1374, 1373/ 
muscular 1230 
viseeral 1230 
lesions 1321 
tumours 1229 
on subclavian artery 469 

X) submucosal (Meissner’s) 58,1043-1044,1152, 

Eponyms 

development 1057-1058 
oesophageal innervation 1111-1112 
subsartorial 1372 
suprarenal 1197 

tympanie 465-466, 575, 638, 638/ 
vertebral 469 
vesieal 1260 
plexus (venous) 

3 basilar 435/, 438 

X) Batson’s vertebral - Eponyms 

bronehiolar 968 
of dura mater 269 
epidural spaee 764 
of foramen ovale 439 
haemorrhoidal 

external 1153-1154, 1154/ 
internal 1153 
hepatie 1052 

hypodermal, of of lower limb 1316-1317 
of hypoglossal eanal 439 
internal earotid 439 
intraseleral 688, 688/ 
of lower limb 1320 

pampiniform 127, 1273-1274, 1273/, 1304 
peri-oesophageal 987 
pharyngeal 574 
pial 269 

plantar, cutaneous 1446 
pretraeheal 470 
prostatie 1263, 1266, 1268/ 
pterygoid 440, 550 
reetal 1152 

X) retroperitoneal, of Retzius - Eponyms 
sagittal 270 

X) of Santorini - Eponyms 
subpapillary 152-153,156 
subtunical 1285 
turbinate, cavernous 564 
uterine 1292,1298,1302 
vaginal 1292 
vertebral 717-718, 718/ 
external 718,734 
internal 461, 718, 734 
vesieal 1263-1264 
pliea(e) 

eiliary 691-692 

X) circulares 1125/, 1127, 1127/-1128/, 1132, 1132/ 
fimbriata 511 
infrapatellar 1391 
ofkneejoint 1391-1392 
laerimalis 684 
semilunaris 665, 680 
suprapatellar 1391 
triangularis 576 
see also fold(s) 

X] pli de passage moyen of Broea 376, Eponyms 

X) pli de passage of Gratiolet - Eponyms 
plugs, uteroplacental arteries 174/, 175 
pneumoconiosis 964-965 

X) pneumomediastinum 1025,1025/ 
pneumonia, aspiration 967 
pneumoperitoneum 1047 
pneumothorax 956 
tension 956 

3 poeket, Sehvvalbe - Eponyms 

X) podoeoniosis 136 
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point(s) 

ehoroidal, inferior 384 
X) eraniometrie 2377 
datiim 517 

*) Erb’s 414, Eponyms 

hinge, of neural plate 238 
*) McBurney’s 1046,1142, Eponyms 

mid-inguinal 1044-1045, 1045 7, 1327/; 1331 
motor 108 
Rolandie 237 
Sylvian 237 

*) tip/defining/domal, of nose 558 

pole(s) 

arterial, of heart seetraet(s), outflow, of heart 
X) cingulate 376, 384 
embryonie 172,173 7 
|) frontal 376, 379 

development 259 
*) insular 384 

of kidney 1240,12407 
of lens 697 
oeeipital 381 
development 259 

posterior, of brain, development 259 
spindle 19 
ofspleen 1189 

*) temporal 382-383, 382/; 3907 

development 259-260 
of thymus, superior 983 
venous, of heart see traet(s), inflow, of heart 

polyeythaemia 68 
polydaetyly 220-221 
polyhydramnios 179, 209f, 1048-1049, 

1208 


polymastia 949-950 
3 polyorehidism 1277 
*) polyotia 6287, 628 1 

polypeptide grovvth faetors 10-11 
polyribosomes (polysomes) 6 
polyspermy bloek 163 
polysplenia 1064 
polythelia 949-950 
pons 272, 317-321 
arterial supply 285 
basilar 317-318 
development 254 
external features 317 
internal organization 317-321 
lesions 328-329 
relations 317 

transverse seetions 317, 3187-3197 

*) pontieles 722, 7227 
pontieiiliis 628, 634 
pore 

of eapillaries 129 
gustatory, oftastebuds 516 
X) interalveolar, of Kohn 964, Eponyms 
mesothelial, of peritoneum 1098 
nuclear 5,167 
skin 150 

sweat gland duct 150 

poroelastieity 117 

porta hepatis 1165-1166,11657 

portals, lymphovenous, eervieal 462, 4637 

porta pedis 1441 

positive seleetion 78 

C) positron emission tomography (PET) - Oommentary 

7.1 


‘posterior’ xvi 

posterior tibial tendon dysfiinetion (PTTD) 1427 
post-herpetie neuralgia 57 
posticus ponticus 722 
postnatal development 205-217 
posture 651, 747 
anatomy of 651 
‘beaeh’, breathing 974 
diaphragmatie level and 974 














potassium 

aetion potential 66 
membrane potential 65-66 
urinary excretion 1250 

potential 

aetion see aetion potential 
eoehlear mierophonie 655 
endolymphatie 649, 655 
end-plate 108 
graded 66 

hair-eell membrane 649, 655 
membrane 65-66, 657 
nervous, reeeptor 59 
resting 65-66 

pouch(es) 

adenohypophysial 620, 6217 
axillary 815 
Blake’s 274 

of Douglas (recto-uterine) 1105-1106,1146-1147, 

1294-1296, 12967, Eponyms 
Hartmann’s 1173, Eponyms 
hepatorenal (of Morrison) 1100,1107, Eponyms 
inguinal, superficial 1069 
of Morrison (hepatorenal) 1100,1107, Eponyms 
perineal 

subcutaneous 1233 
superficial 1233, 12347 
pharyngeal 606, 6087, 611-612, 618, 6187, 

Commentary 2.2 
first 611-612 
seeond 612,6187 
third 612, 618-619, 6187 
fourth 612, 6187, 619 
failure 610 

Rathke’s 194, 244-245, 2447, 620, 6217, Eponyms 
formation proeess 245 
remnants 360, 3617 

recto-uterine (of Douglas) 1105-1106, 1146-1147, 

1294-1296, 12967, Eponyms 
reetovesieal 1105,1146-1147,1267 
Seessel’s 245, Eponyms 
uterovesical 1201 
vesico-uterine 1105-1106 
vesicouterine 1255 
vesico-uterine 1294-1295 
povver, grip 876 

precuneus 374, 374f, 3767, 380, Eponyms 
predentine 522-523 
pregnaney 1308-1312 

abdominal 168 

aortoeaval eompression 1308-1310 
azygos areh 990 
breast ehanges 946, 950 
cervix in 1308,13097 
eomplieations 175 
corpus luteum 1306 
dating/staging 205-206, 2077 
eetopie 168 
hair growth 149 
immunoglobulins 72 
insulin sensitivity 210 
intestinal position ehanges 1310 
misearriage 205-206 
multiple 168 
see also twins 
nutrition 209 
ovarian 168 

ovaries 1303,1308-1310 
pelvie ehanges 1310 
pelvie floor shape 1223,1310 
rhesus antigen 69 
saeroiliae joint 1355 
skin ehanges 146 
starvation 210 
term 205-206 
termination 206-209 
trimesters 205-206 


ureters 1310 

uterine relations 1308-1310 
uterine veins 1308-1310 
uterus in 1308-1310,13097 
size 1308 

see also ultrasound, antenatal 

preimplantation genetie diagnosis (PGD) 164 

preimplantation genetie sereening (PGS) 164 

premature infants see infants, premature 

premaxilla, ossifieation 623 

premolars see teeth 

prenatal stages 205-209 

preplate 262 

prepuce 

of elitoris 12887, 1289 
development 1219 
of penis 1280 
development 1219 

presbyacusis 657 
presbyoesophagus 989-990 
presbyopia 698 
pressure 

blood, measurement 791 
eentral venous 414 
hydrostatie 130 

intra-abdominal, positive/inereased 
deep inguinal ring 1080 
generation 1073 
inguinal eanal, effeets on 1080 
X) intraeompartmental, upper limb 786 
intraocular 687-688, 690 
jugular venous 414 
oneotie 130 

of peritoneal eavity 1098 
subglottic 600-602 
transmission 1233 
in venous system 130 

prestin 653-655 
presubiculum 388 

preterm infants see infants, premature 
*) priapism 1285 
prime movers 114 
primordium 

ehiasmatis 661 

§ faeial - Commentary 4.2 
of nail 155 
optie 661 
uterovaginal 1210 

prisms, enamel 521-522, 5227 
*) pro-atlas 723, 757 

problem-solving behavioiir 397 
proeess (or processus) 85 

aeeessory, of lumbar vertebrae 725 
alveolar 409, 485-486 
maxillary 416-418 

articular, of vertebrae see zygapophyses 
axodendritic 57 
blastemal articular 755 
of ealeaneal tuberosity 
lateral 1424, 14257 
medial 1424, 14257, 1426 
caudate 1164 

eiliary 664, 691-692, 6927, 697 
elinoid 

anterior 430, 536 
middle 430, 534-535 
posterior 430, 432, 534-535 
eoehleariformis 635 
eondylar, mandibular 409, 419, 539 
fractures 489 

eoraeoid 801, 8017-8027, 803 
surface anatomy 787 
eoronoid 

of mandible 409, 419, 539 
fractures 489 
*) hyperplasia 539 

of ulna 841 
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proeess (or processus) (Continued) 

eostal, development 755, 756 f, 759 

ethmoidal 483 

faleiform 1354 

foot, of podoeyte 1246 

frontal 

of maxilla 416-418, 485 
of zygomatie bone 409-410, 416, 484, 667 
head, of embryo see notoehord 
of incus 636 
intrajugular 713 
jugular 422-423, 713 
junctional, eardiae muscle 137 
laerimal 483 
of malleus 636 
mammillary 725-726 
mandibular 612 

mastoid, of temporal bone 409, 419, 423-426, 

623 

aireells 635 
development 627 
maxillary 483, 607, 612, 6137 
muscular, of arytenoid eartilage 588 
nasal 

lateral 612 
medial 612 

odontoid see dens, of axis 
orbital, of palatine bone 486-487, 666, 667f 
palatal 612, 614 f 
seeondary 612 

palatine, of maxilla 421-422, 486 

paramastoid 713 

petrosal 534-535 

petrous, of temporal bone 422 

phalangeal 649 

posterior, of talus 1424 

pterygoid 536-537 

pyramidal, of palatine bone 421-422, 487 
septal 558 

sphenoidal, of palatine bone 486-487 
spinous, of vertebrae 719 
of axis (C2 vertebra) 723 
eervieal 720-721 
surface anatomy 413 
development 755 
fusion 756 
lumbar 725 
saeral 727-729, 728 f 
surface anatomy 747-748, 771-772 
thoraeie 724-725, 901-902 
of stapes 636 

X) Stieda’s (trigonal) 1424, Eponyms 
styloid 

|) of radius 839-840, 893 

of temporal bone 409, 419-421, 423, 626 
development 607-608, 626-627 
relations 626 

of third metaearpal 870-871, 871 f 
of ulna 787-788, 842, 893 
supracondylar 806 

temporal, of zygomatie bone 409-410, 419 
of thoraeie vertebrae, inferior 724 
transverse, of vertebrae 719 
of atlas 409, 719, 720/; 722 
of axis 723 

eervieal 413-414, 719-723, 720/; 936 

eoeeygeal 729 

development 755 

lumbar 719, 725, 726f 

saeral 727 

thoraeie 719, 724-725 

vertebra prominens (C7 vertebra) 724 

X) trigonal (Stieda’s) 1424, Eponyms 
tubarius 536 
uncinate 

of eervieal vertebrae 721 
of ethmoid bone 481, 560, 568 











of panereas 1180f-1181 f, 1181 
tumours 1187 
terminology 556/ 
vaginal 

of sphenoid bone 536 
of temporal bone 423, 626 
vaginalis 1214,1215/, 1217/, 1297 
males, patent 1272, 1275/ 
obliteration 1215 

patent 1081, 1215, 1277, 1288-1289, 

1297 

voeal, of arytenoid eartilage 588-589 
xiphoid 901-902, 933-934, 934/ 
surface anatomy 1044 
zygomatie 

of frontal bone 409-410, 416, 478-479 
of maxilla 416-418, 484-485 
of temporal bone 409-410, 419, 624 
see also prominenee 

proeollagen 82 

proetodeiim 1057-1058,1202/, 1205/ 
pro-epieardiiim 918-919 
progerin 15-16 
projeetion(s) 

eoemleospinal 304 

corticonuclear, modular organization 338-340 
eortieopontoeerebellar 345-346, 346/ 
olivoeerebellar, modular organization 338-340 
palmar 867 

pontoeerebellar 345-346 
mbro-olivary 324 
of suprarenal gland 1194 
teeto-olivary 326 
Towne’s - Eponyms 
ulnar 867 

see also eonneetions (neural); fibre(s), nerve 

prolaetin 360, 360/ 
prolapse 

intervertebral dise 734, 735/ 
reetal 1147 
umbilical eord 180 
ureteroceles 1254 

prometaphase, cellular division 19,19/ 
prominenee 85 

eardiae 193 

of faeial nerve eanal 634 
frontonasal - Commentary 4.2 
laryngeal 413, 588 
mandibular - Commentary 4.2 
maxillary - Commentary 4.2 
spiral 646 

see also proeess (or processus) 

promontory, of middle ear 634 
pronation (movement) 846-847, 856/ 
pronephros 1199,1199/-1200/ 
prongs, eoronary 1003,1007-1008 
pronuclei 163 
pro-opiomelanoeortin 360 
prophase, cellular division 16,19,19/-20/, 21 
propulsion 1448 
prorhombomeres 605 
proseneephalon (forebrain) 
development 238-239, 256-264 
derivatives 239/ 
subdivisions 239/, 257 
divisions 228 
pain pathways 295 
prosopagnosia 397 

prostate 1256/-1257/, 1266-1270,1268/, 1270/ 

age-related ehanges 1267,1269-1270 

arteries 1267-1268,1268/ 

atbirth 1269 

‘eentral gland’ 1267 

development 1218,1267 

faseia 1266,1267/ 

fetal 1269 

hyperplasia, benign 1261,1266-1267,1269-1270 


Cj innervation 1267/-1268/, 1268, Commentary 8.1 
lobes 1267 

lymphatie drainage 1268 
microstructure 1268-1269,1270/ 

MRI 1267, 1269/ 
muscle 1266 
relations 1266 
seeretions 1268-1269 
size 1266 
veins 1268, 1285/ 
zonal anatomy 1267 
26S proteasome 9 
protein(s) 

*) absorption, small intestine 1132 
aeid hydrolases 8-9 
aetin-binding 12-13,13/, 24,125-126 
aetin-related 13 
X) afadin 24-25 
band 3 69 











bone morphogenetie (BMPs) 86-87 

bundling 13 

eapping 12/, 13 

earrier 10 

ehannel 10 

ehromogranin 1198 

eohesins 19-20 

eomplement 70 

eross-linking 13 

erystallins 663 

eytoskeletal 12 

degradation meehanisms 9 

dyneins 14, 22, 45 

enkephalins 1198 

exportins 16 

extracellular matrix 37-38 

F-aetin eapping 13 

fasein 13 

filamin 13 

fimbrin 13 

fodrin 13 

formin 13 

gelsolin 12/, 13 

gene regulatory 16 

Gli 221 

golgins 8 

green fluorescent (GFP) - Commentary 1.1 

histones 16 

house-keeping 189 

Hox 222 

IFT 22 

importins 16 

intermediate filaments 15, 28 
kinesins 14, 22, 45 
kinetoehore 14,17,19 
lysosomal membrane 8-9 
M-eadherin 110-111 
membrane-assoeiated 13 
microtubule-associated 14 
mitoehondrial 10 
motor 13 
of muscle 
aetin see aetin 

a-aetinin 23-24, 104-105, 125-126 

ealdesmon 126 

ealponin 126 

desmins seedesmins 

dystrophin 13,104-105,137 

myomesin 104-105 

myosin see myosin(s) 

nebulin 13 

pleetrin 104-105 

skeletal 104-105 

smooth 125 


titin 13, 104,110 
tropomyosin 13,104 
troponin see troponin 
myelin see myelin 
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myelin assoeiated glyeoprotein (MAG) 52 

myelin basie (MBP) 52 

neiirofilament 43 

non-histone 16 

olfaetory marker 562 

opsin 702 

p21 19 

|) p53 19,26 

perforin (eytolysin) 72 
peroxins 9 
phosphorylation 8 
plasma 68 

plasma membrane 5, 57 
prestin 653-655 
profilaggrin 144-145 
X) profilin 13 
proteolipid 52 
P-seleetin 133 
Ras-related nuclear 16 
seeondary 189 
3 septins 12 
X) severing 12-13 

signalling reeeptors 11 
signal sequence 10 
smooth muscle 125-126 
Sonie hedgehog 221 

X) steroidogenie acute regulatory (StAR) 9 
sulphation 8 
synovial 100 
synthesis 6 
embryonie 165 


of tight junctions 25 
transloeation 10 
transmembrane 5, 57, 11 
transport 10,16 
|) villin 13 

see also glyeoproteins 
proteoglyeans 39 
bone 86-87 
in eartilage 81-82,100 
nucleus pulposus 734 
in reticular lamina 34 
in synovial joints 100 
protofilaments 12/j 14, 22 
proto-oneogene (cellular oneogene) 10-11 
protmding ehin stanee 747 
protmsion, mesenehymal, dorsal 915 
protuberance 85 
buccal 518-519 
mental 418, 537 
oeeipital 

external 409, 418, 423, 712, 747-748 
internal 432, 712 

|) Prox-1 204 
‘proximar xvi 
pseudocysts 
*) panereatie 1187 
peripanereatie 10867 
pseudodepression 397 
pseudoganglion 54 
of deep fibular nerve 1416 
*) pseudo-nodule, lung 978 

pseudopsychopathic behaviour 397 

pseudosubluxation 733 

psoriasis 143-144 

pterion 409-410, 419, 478, 622-623 

ptosis 670, 681 

puberty 

apoerine glands 150 
bone growth 96 

breast ehanges 949-950, 9517, 1220 
hairgrowth 149 
knee joint laxity 1392-1393 
laryngeal ehanges 586 
prostate gland ehanges 1269 


3 Tamm-Horsfall 1249, Eponyms 
3 thymosin (34 13 


reproductive organs maturation 1220,12207 

saemrn 729 

sebaceous glands 150 

temporal-speeifie assoeiated pathology 217 

testicular ehanges 1277 

voiee ehanges 602 

see also adoleseenee 

pubis 1339-1340,13417-13427,1342-1343 

in acetabulum 1340 
innervation 1343 
muscle attaehments 1343 
ossifieation 1342 
sex differenees 1348 
surface anatomy 1342 
vascular supply 1343 
see also hip bone 
pulley(s) 

anular 879, 8807-8817 
emeiform 879, 8807-8817 
orbital eonneetive tissue 669 

pulmonary agenesis 956 
pulmonary interstitial glyeogenosis (PIG) 

928 

pulmonary sequestration 959-960 

extralobar 959-960 
*) intralobar 959-960, 9607 

pulmonary vascuiar resistanee, fetal 928 
pulp 

dental 520, 523 
development 615-616 
infeetion 525 
innervation 523, 5247 
of spleen 

development 1064 

red 1191-1193,11917-11927 

white 1191,11917-11927 

pulse(s) 

arterial 

aorta, abdominal 1046-1047 
braehial 779 

eommon earotid 414,451 
dorsalis pedis 1331 
external earotid 453 
faeial 412, 454, 498 
femoral 1331 
interscapular 1025 
popliteal 1331 
posterior tibial 1331 
|) radial 779, 791, 893 

subclavian 414, 445, 456, 779 
superficial temporal 412, 499 
ulnar 779, 791 
venous, jugular 414 
pulvinar 3127, 350, 3537, 354-355 
anterior/oral 355 
pump(s) 

calcium-ATPase 106 
hypopharyngeal suction 584 
muscle 107 

3 sodium, inhibition 139 

3 transport, in small intestine 1132 

venous, of hand 866 

venous (muscle), of lower limb 1320,1446 

puncta laerimalia 665, 680, 684 
puncture 

X) eisternal 773 
erieothyroid 413 

|) lumbar 749, 773, 7737, 13277 

peripheral arterial (neonates) 795-796 
suprapubic 1105 
venepuncture, elbow 791 
pupil (of eye) 690, 694 
X) Argyll Robertson - Eponyms 
eongenital atresia 663-664 
eonstrietion 693-694, 696 
diameter 696 

pursuit eye movements 674-675 


pus 70 

putamen 364-365 

afferentsto 367 
aminergie inputs 367 
development 260-261 

pyelography 1242 

pyloms, of stomaeh 1112,11127,1114 

development 1049-1051 
orifiee 1112,1114 
pyramid (pyramis) 
ofcerebellum 331-335 
of medulla oblongata 302, 311, 313 
development 254 
renal 1241 

of tympanie eavity 635 
vestibular 641-642 

pyrophosphatase 87 

Q 

Q-angle effeet 1396,13977 
quadrantanopia, bitemporal 708 
quadrants 

mandibular 517 
maxillary 517 

retinal, inferior/superior 381 

quadrate bone (reptiles) 607 
quadriplegia 772 
quadruplets 168 
quickening 209, 223 
quinsy 411 

R 

‘radial’ xvi 
radiation 

auditory 395 

optie 381, 3817, 395, 707 
arterial supply 285 
lesions 708 

somaesthetie (superior thalamie) 394-395 

radiography 

§ braehial plexus injury - Commentary 6.1 
diaphragm 971, 9907 
§ interventional - Commentary 7.1 
mediastinal contours 990-991, 9907 
parotid duct 5047, 505 
pneumothorax 956 
teeth 525, 5257 

Cj radiology, diagnostie - Oommentary 7.1 
S radionuclide imaging - Oommentary 7.1 

thyroid gland 470 

§ radionuclides (radiopharmaceuticals) - Oommentary 

7.1 

radius 839-841,8397-8407 

attaehment sites 839-840 
ehondrifieation 794 
distal 839, 8407 
3 fractures 217, 861 
3 movements 847 

ossifieation 8077, 840-841, 8437 
proximal 839 
shaft 839 

*) surface anatomy 787-788, 7907, 893 
vascular supply 840, 8417 

3 ) rafts, lipid 5 

rami communicantes (communicans) 

to eiliary ganglion 679 
grey 235, 734, 767 
eervieal 463, 469 

from lumbar sympathetie ganglion 1034,1096 
pelvie 1036 
thoraeie 980 
‘mixed’ 980 
white 235, 767 
development 252 
thoraeie 980 





























SUBJECT INDEX 


ramus (rami) 

communicantes see rami communicantes 

(communicans) 
eristae terminalis 1018 
dorsal, of somatie arteries 202, 202/ 
of faeial nerve 502 
frontal 502 

*) intermedius 1018 / 
intrathoraeie 980 
isehial 1344 
ischiopubic 1342 
sex differenees 1348 
lingualis vagi 467, 582 
mandibular 409, 419, 539 
blood supply 540-541 
fractures 489 
muscle attaehments 539 
orbitales 680 
of phrenie nerve 973 
pubic 

inferior 1343 
sex differenees 1348 
superior 1342 
development 1334 

of spinal nerves see ramus (rami), of spinal nerves 
of vagus nerve, auricular braneh 467 
ramus (rami), of spinal nerves 768-769 
dorsal (posterior) 231, 710, 718, 766-768, 

766 / 

eervieal 407, 464-465, 721, 768-769 
first see nerves (named), suboccipital 
seeond 501 /, 744/; 768 
third 768 
eoeeygeal 769 
lumbar 769, 769/ 
saeral 769 

thoraeie 766/, 769, 900, 945 
intermedius 767 
ventral (anterior) 231, 766-768 
eervieal 407, 463-464 
braehial plexus forming 781, 781/-782/ 
eoeeygeal 1228-1230 
lateral braneh 766 
lumbar 1034,1093,1096 
seeond 1093 
saeral 727,1228-1230 
thoraeie 233/, 710, 900, 933/, 944-945, 944/, 
1072 
first 945 

seeond to sixth 945 
seventh to eleventh 945 
twelfth 945 

braehial plexus forming 781, 781/-782/ 

RANKL 86-88 
ranula 529 

‘plunging’ 529 

raphe 

dorsal, ligamentum nuchae 739-740 
ilioeoeeygeal 1222,1232 
lateral 1083 
median, fibrous 509 
nuclei 48 
palatine 510 
palpebral, lateral 494 
pharyngeal 422, 571 
median, of eonstrietors 577-578 
pterygomandibular 422, 495, 575 
ofscrotum 1285-1286 
rate reemitment 108 
*) Rayleigh seatter - Eponyms 
rays 

digital 218 
lowerlimb 1334 
upper limb 218/, 794 
medullary, of kidney 1241 

reaetion, aerosome 163 
reaetive oxygen speeies 70 


® reagent, Sehiff’s - Eponyms 

real-time virtual histology (optieal biopsy) 

- Oommentary 8.2 
reeeptor(s) 

androgen 1214 
elassifieation 59-60 
ionotropie 47 

lymphoeyte homing see L-seleetin 
muscarinic 48 
nieotinie 47-48 
odorant 562 
olfaetory 29 
Patehed 1048 
postsynaptie membrane 47 
g! rapidly adapting (RAR) 969 

ryanodine 106 
sensory 59-63, 60/, 153 
baroeeptors 60 
ehemoreeeptors 59-60 
elassifieation, functional 59-60 
cutaneous 59 
dynamie phase 59 
epithelial 59 
exteroceptors 59 
features 59 
general 59 
interoeeptors 59-60 
irritant 59 
joint 62-63 

meehanoreeeptors 59-61 
of larynx 591 
neuroepithelial 59 
neuronal 59 
noeieeptors 59 
polymodal 59-60 
unimodal 60 
peritriehial 60 
polymodal 59 
proprioeeptors 59, 61-62 
speeial 59 
statie phase 59 
taste 59 

thermoreeeptors 60 
visual 59 

signalling molecules 10-11 
(§1 slowing adapting streteh (SAR) 969 

T-eell (TeR) 76-78 

see also individual reeeptors 

reeess(es) 

aortie (inferior and superior) 995 
azygo-oesophageal 977-978, 987, 993 
eaeeal 1109,1109/, 1141 
eoehlear 641-642 
eostodiaphragmatie 899, 954 
eostomediastinal 954 
duodenal 1062-1063,1108-1109, 1108/ 
inferior 1108 
superior 1108 

duodenojejunal (mesoeolie) 1109 
elliptieal 641-642,641/ 
frontal 567 
frontonasal 567 
gastrohepatie 1107-1108 
hepatoenterie 1059-1061,1060/ 
hypophysial see pouch(es), Rathke’s 
ileoeaeeal 1141 
inferior 1109 
superior 1109 

inferior, of bursa omentalis 1049,1107 
infundibular, of third ventriele 245, 258, 273 
interaortieo-oesophageal 976-977 
interazygo-oesophageal 976-977 
intersigmoid 1109 
to isehio-anal fossa, anterior 1231 
lateral 

of fourth ventriele 253 
of vertebral eanal 720 


mesenterieoparietal 1109 
mesoeolie (duodenojejunal) 1109 
optie 273, 393 
palatinus 576 

panereatieoenterie 1049,1060/ 
paraeaeeal 1109 
paraeolie 1109 
paraduodenal 1108 
*) perieardial 995 

of peritoneal eavity 1108-1109 
pharyngeal 573 
pineal 394 
pleural 954 

pneumatoenteric 1048,1060/, 1061 
right 1059-1061, 1060/ 

*) posteaval 995 

prestyloid, of wrist 846, 872 
*) pulmonary venous 995 
retroeaeeal 1109,1141 
retroduodenal 1108 
saccular, of tympanie eavity 639-640 
sphenoethmoidal 561, 567-568 
splenie 1107 
subpopliteal 1391 
X) sub-Thebesian 1001 
superior 

of omental bursa 1107 
of tympanie eavity 639-640 
supravesical 1256 
tubotympanic 611-614, 659 
of urethra 1263-1264 
*) reetoeele 1147 

reetiim 1136,1146-1147,1147/ 
arteries 1138, 1151,1151/ 

*) eaneer 1147 

development 1063,1201, 1202/, 1205/ 
haustrations 1137,1138/ 
innervation 1153 
internal appearanee 1137,1138/ 
lymphaties 1140,1152 
motor aetivity 1153 
MRI 1148/-1149/ 
neonatal 1057 
peritoneum 1063 
female 1105-1106 
*) prolapse 1147 

relations 727,1146-1147,1149/ 
variees 1168/ 
veins 1140, 1152 
referred pain 236, 299-300, 773 
X) of appendix 1129,1142 
of diaphragm 974,1106 
ofduodenum 1127 
of gallbladder 1177 

from gastro-oesophageal junction 1118 
of ileum 1131 
of intereostal nerves 945 
ofjejunum 1131 
of liver 1169 

of Meekel’s diverticulum 1129 
micturition desire 1265 
of palatine tonsil 577 
of panereas 1185 
of pleura 956 
somatie 773 
of spine 773 
ofspleen 1191 
of stomaeh 1118 
in teeth 532 
of ureter 1253 
viseeral 773 
refleetions 

eostodiaphragmatie 903/, 904, 953, 

958/ 

peritoneal see peritoneum 
pleural 903-904, 953 
of serosal pericardium 994 
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reflex(es) 

abdominal, superficial 1046 
aeeommodation 693-694, 6947 
ankle 1325 

asymmetrie tonie neek response 265 
auditory 265 

*) Babinski 265, 303, 305, 1325, Eponyms 
baroreeeptor 130 
bieepsjerk 792 
bilateral light 326 
at birth 265-266 
blink 320 
elosing 1158 
eorneal 320 

|) cough 317, 407, 969 

eremasterie 1045-1046, 1079 
erossed extensor 305, 3067 
deep tendon 305, 3057 
diving 265 
enterie 1044 
enterogastrie 1122 
*) expiratory 969 

extensor plantar (Babinski) see reflex(es), 

Babinski 
extrusion 266 

*) Ferguson 358, Eponyms 
flexor 305, 3067 
gag 317, 584 
gamma 305, 3067 
glabellar tap 265 
grasp 265 
head, involving 407 
head-turning 265 

*) Hering—Breuer 969, Eponyms 

jaw jerk 320-321 
knee 1325 
laerimation 684 
of lower limb 1325 
milk ejeetion 358 
monosynaptie streteh 305 
*) Moro 265, Eponyms 

muscle streteh 305, 3057 
myotaetie 305 
nasal 265 
neek, involving 407 
neek-righting 265 
*) otorespiratory 969 

peristaltie 58,1042-1043 
plaeing 265 
plantar 1325 

pupillary light 265, 6947, 696 
radial jerk 792 
reeto-anal inhibitory 1155 
rooting—sucking 265 
salivary 530-531 
sampling 1155 
sneeze 265, 317, 407 
sniffing 265 
spinal 305 
pathology 305 
stapedial 637 
stapedius 321 
stepping 265 
sucking 265 
swallowing 265, 317 
tendon 115,305,305/" 
tensor tympani 321, 637 
torsional tilt 674 
traetion response 265 
trieeps jerk 792 
trnnk incurvation 265 
vestibulo-ocular 347, 348/; 674-675 
visual 651 
withdrawal 102 
reflux 

ej gastro-oesophageal 989,1114, Commentary 1.4 
oesophageal 972, 988 


refraetion, ocular 698-699 

disorders 698-699 
regeneration 
eardiae muscle 139 
epidermis 141 
liver 1170 

§ sensory nerve endings - Commentary 1.6 
skeletal muscle 139 
skin 158,160 

region(s) 

abdominal 1044,1045 7 
abdominopelvie 

autonomic nerve supply 1034-1040,10357 
posterior, muscles 1318-1319 
vascular supply 1038-1040,10397-10407 
aorta-gonad-mesonephros 202 
of conjunctiva 682, 6827 
§ elbow 837-861, Commentary 6.2 

injuries 861 
lymphaties 858 
X) nerve injuries 861 

skin 837 

innervation 837, 8377 
vascular supply 837 
femoral, arteries 13597 
gluteal 1337-1375 
arteries 13597 
cutaneous 1337 
boundaries 1337 
communications 1316 
intramuscular injeetion 1332 
lymphaties 1321 
cutaneous 1337 

muscles 1318-1319, 1356-1361, 13657 
perforator flaps 1370 
soft tissues 1337-1339 
surface anatomy 13277,1330 
veins, cutaneous 1337 

hip see girdle(s), pelvie; joints (named), hip; region(s), 

gluteal 

of hypothalamus 356 
iliae, muscles 1355-1356 
inguinal 1316, 13167 
subcutaneous tissue 1337 
surface anatomy 13277 
intraeranial 429-441 
meseneephalie loeomotor (MLR) 328 
nerves 

paranodal 55 

perinuclear (mid-internodal) 55 
pelviemral see region(s), inguinal 
pelviureteric 1241-1242 
polarizing see zone(s), of polarizing aetivity 
pseudoautosomal, DNA 21 
sellar 4377 
shoulder 

arteries 826-830 
bones 799-808 
innervation 830-833 
joints seejoints (named), glenohumeral 
muscles 816-826, 8177-8187, 8257 
of eoneavity eompression 822-824 
skin 797-798 
innervation 797-798 
vascular supply 797 
soft tissue 798-799 
striatopallidal, ventral 391 
temporal 409-410,419 
wrist 862-894 
*) degloving injury 862 

nerves 891-893 
skin 862-863 
innervation 863 
vascular supply 7787, 862-863 
soft tissues 863-866 
vascular supply 887-890 
rejeetion eiirrent (nmeoeiliary esealator) 561 


relationship, anatomieal xvi 
replieative seneseenee 17 
respiration see breathing 
response 

Babinski’s see reflex(es), Babinski 
eortieal ‘reemiting’ 352 
vasovagal 1106 
*) viseeral alerting 328 

rest(s) 

adrenal 1194,1278 
*) of Malassez - Eponyms 
panereatie 1125 

restrietion, eells 189 
rete 

ovarian 1213 
pegs 142, 1437, 147 
ridges 142, 1427-1437, 147 
testis 1274 
development 1213 
reticulin see eollagen, type III 
reticulum 

endoplasmie see endoplasmie reticulum 
of lymph nodes 74 
myoepieardial 909, 9097 
sareoplasmie see sareoplasmie reticulum 
stellate 615-616 
retina 6867, 699-706 
arteries 6997, 7037, 704-705 
eentral 699, 6997, 704 
detaehment 699-701 
development 661-663, 699 
vascular supply 663 
innervation, retinopetal 705 
lesions 708 

microstructure 699-704 
eells 700-704 
layers 699, 7007 
neural 699-700 
development 663 
veins 6997, 704-705 
retinaculum (retinacula) 
atankle 1418-1419 
cutis, of foot 1419-1420 
extensor 
ofankle 1418 
inferior 1401,14067,14207 
superior 14067, 1418, 14197 
of wrist 777, 864, 8647 
fibrous, of lower limb 1317 
fibular 1419, 14207 
inferior 1419 
rupture 1408 
superior 1419 
X) flexor 893 

of ankle 1419, 14207, 14327 
of wrist 777, 863-864, 8837, 8887 
surface anatomy 789 
of knee 1389 
transverse 1390 
patellar 

lateral 1389-1390 
medial 1330,1389 

retinal slip 347 
retinoie aeid 94 

alveolar budding 927 
retinopathy of prematurity 665 
retroperitoneum 1083-1097 

boundaries 1083 
as eoneept 1083 
eontents 1083 
definitions 1083 
faseia 1083-1085, 10847 
spaees (eompartments) 1083-1085,10847 
in elinieal disease 10867-10877 
viseera, surface anatomy 1046-1047 
retroposition (movement) 886-887 
reverse transeriptase 17 
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gffj Rhesus antigen system 69 
fljp Rhesus faetor ineompatibility 69,177 
rheumatoid arthritis 70, 733, 7337, 746 
rhinion 556 
rhinosinusitis 569 
rhizomelia 795 
rhodopsins 702 
rhombeneephalon (hindbrain) 
development 238-239, 253-255 
alar plate eell columns 253-254, 2537 
basal plate eell columns 253, 253f 
derivatives 2397 
divisions 228 
neuromediator eentre 295 
segmentation 248 

rhombomeres 238-239, 2397, 242, 248, 2487, 

605-606, 6067 

8 605 

eranial nerve motor nuclei assoeiation 253 
seeondary 238-239 
rib(s) 898, 934-938, 9357 
anomalies 906 
arteries 935-937 
attaehments 935-937, 9367 
eervieal 473, 935-936 
development 7567, 759 
eleventh 937 
false 934 

tgì first 936, 9367, Commentary 6.3 

surface anatomy 413-414 
floating 898 
fractures 938 
innervation 935-937 
lumbar 726 
neonate 907 
ossifieation 936-937 
precartilaginous 759 
relations 935 
seeond 936-937, 9367 
tgì seventh eervieal - Commentary 6.3 

size 934 
structure 934 
surface anatomy 901-902 
tenth 937 
true 934 

tvvelfth 937, 9377 
surface anatomy 1044 
typieal 934-935, 9367 
vascular supply 935-937 

ribbons, synaptie 46-47, 477 
ribonucleic aeid (RNA) see RNA 
ribonucleoproteins 17-18 
ribosomes 6, 77,17-18 

((*) mitoehondrial 10 

ribs see rib(s) 

riekets (jiivenile osteomalaeia) 94 
ridge(s) 85 

apieal eetodermal 218-220, 2187, 2207 
epidermal 157 
development 155 
epiperieardial 611 
Eustachian 1001 
of fibular shaft 1405 
frietion 150,156,1567 
genital 1211 
gonadal 1208,1213 
on hard palate 510 
for internal intereostal membrane 935 
intersesamoidal 1430-1431 
intemreterie 1257-1258 
mammary 949, 9507 
mesonephrie see mesonephros 
mucosal, of ileoeolie junction 1141 
nails 151 
nasolaerimal 665 
papillary 156-157,1577 

1538 m Passavant’s 581, 583, Eponyms 


pulmonary 906 
supracondylar 
lateral 807, 838-839 
medial 806-807 
transverse, on sternal body 933 
zygomatieo-alveolar 485 
rigor mortis 108 

rima glottidis 5907-591 f, 591-593, 5937, 601 


rima vestibiili 591 
ring 

arterial 

aortie areh defeet 924 
of femoral neek 1370 
circumpharyngeal lymphoid 577 
eommon tendinous, of orbit 667-668, 6687, 670 
eontents 668, 6777 
eetodermal 194 
intermembral part 194 
faseial, of eyeball 669 
femoral 1081,1338 
inguinal 

deep (internal) 1080 
nevvborn 1080 

superficial (external) 1079-1080,10797 
nevvborn 1080 
*) interventricular 1016 

macular eapillary 704-705 
neonatal 210 

*) of Sehvvalbe - Eponyms 

tympanie 623, 626-627, 659-660 
vascular 1025 

*) Waldeyer’s 406-407, 577, Eponyms 

RNA 

messenger (mRNA) 6,109 
segmentation eloek 751 
mitoehondrial 10 
ribosomal (rRNA) 6,17-18 
*) small interfering (sileneing; siRNA) 6 
staining 15 
rod(s) 

of Corti see organ(s), of Corti 
enamel 521-522, 5227 
of pillar eell 648 

of retina see eells (named), rod (retinal) 

X) ‘thalamie’ 353 

S roentgen stereophotogrammetrie motion analysis 

(RSA), saeroiliae joint - Oommentary 9.2 

root(s) 

of anterior elinoid proeess 430 
aortie 1011,1013 
ventral 610 
ofelitoris 1289 
of limb xvi 
of lungs 957-958 
left 958 


right 958 

of mesentery 1099,11007 
dorsal 10557-10567, 1063, 11007 
ofsmall intestine 11007,1104-1105 
of neek 413, 4657, 472-474 
of nerves 
aeeessory 

X) eranial 310 

5) spinal 310 

ansa eerviealis 
inferior 4527-4537, 463-464 
superior 4527-4537, 463 
of braehial plexus 415 
eervieal 767 
dorsal 462-463 
of eiliary ganglion 679, 6797 
eoeeygeal 767 
faeial 313 
motor 638 

of greater splanehnie nerve 981 
lumbar 767 
mandibular 550 


of median nerve, lateral 782-783, 832 
*) injury 786 

otie ganglion 552 
saeral 767 
spinal 767 
appearanee 767 
eoverings 765, 7667 
dorsal (posterior) 228, 2287, 231, 291, 
762-764, 7637, 767 
development 248-249, 2497 
neurotransmitters 294 
exiting 734, 7357 
intervertebral dise prolapse 734 
lesions 772-773 
orientation 767 

et reimplantation - Commentary 6.1 

traversing 734, 7357 
variations 7667, 768 
vascular supply 770 
ventral (anterior) 228, 2287, 231, 291, 
762-764, 7637, 767 
development 248-249, 2497 
C) injury - Commentary 1.6 

thoraeie 767 
trigeminal 317 
of penis 1281 

of seventh eervieal transverse proeess 936 
of sigmoid eolon 11007, 1105 
of sigmoid mesoeolon 1146 
of teeth 520-521, 5217 
eanines 518 
eompletion 519, 5197 
deciduous 518-519 
dentine 522 
ineisors 517-518 

X) maxillary sinus relationship 527, 5277 

molars 518-519, 537-539 
premolars 518 
oftongue 511 

of transverse mesoeolon 11007,1104 
of umbilical artery 202 
zygomatie, of temporal bone 624 

rootlets 

hypoglossal 468 
olfaetory nerve 562 
spinal nerves 231, 762-764, 7637 
dorsal 291 
ventral 291 
rosettes 

mossy fibres 3387, 343-344 
mucosal, gastrie 1114-1115 
vestibular supporting eells 646 

rostmm 

of corpus callosum 393 
sphenoidal 536 

rotation (movement) 102,102f, 120-121,1217 

adjunct 102 
axial 102,1027 
axis of 102 

conjunct (coupled) 102,121 

rotator cuff see muscles (named), rotator cuff 
rouleaux 68-69 
mbella, maternal 177 
mdiment 

of apoerine gland 155 
prehippoeampal 384 
seeondary hair 149 
svveatgland 155 
thymie 619 

of tongue, anterior 614 
of zona glomemlosa 1064 

mff 

pigment 694 
pupillary 694, 6957 

mgae 

of gallbladder 11747,1177 
of hard palate 510, 616 
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of stomaeh 1115,1115/; 1120,1122f 
ofvagina 1293 

rule(s) 

of‘6, 8, 10’ 903 

*) Weigert-Meyer 1254, Eponyms 
mnning 1448 
double-float phase 1448 
stanee phase 1448 

s 

sae(s) 

alveolar 958-959 
aortie 201, 610, 913-914 
ehorionie, twin pregnaney 168 
conjunctival 683 
dental 615-616 
endolymphatie 641 /, 643, 646 
damage/bloekage 646 
development 658 
*) surgical aeeess 657 
greater, peritoneal 1106 
development 1059 
laerimal 410,684 
development 665 
lesser, peritoneal 1106-1108 
aditus to, (epiploie foramen) see foramen 
(foramina), epiploie (of Winslow) 
borders 1100/, 1103/, 1107 
development 
early stages 1059-1061 
later stages 1055/-1056/, 1060/, 1061-1062 
fluid eolleetions 1107 
maturation 211/, 1062 
reeesses 1107 
subregions 1060/, 1062 
X) tumours, invasion by 1107 

vestibule 1107 
walls 1100/, 1102/, 1107 
lymph 204 
jugular 204 
posterior 204 
pleural 907/, 953, 958/ 
seeondary 906 
preputial 1219 
retroperitoneal 204 
subclavian 204 

yolk 169, 177-178, 178/, 181, 193 
primary 169 

seeondary 169, 177, 183 

saeeade (eye movement) 672, 674-675 

reflex 672 
volitional 672 

sacculations, of large intestine see haustrations, of 

large intestine 
saccule(s) (sacculus) 

of ear 641-644, 644/ 
development 658 
head movements 644, 651 
microstructure 645-646 
of larynx 591 /, 592 
*) enlargement 592 

paediatrie 594 
terminal, of lung 927 
saccus 

endolymphaticus 626 
vaginalis 1214-1216 
saeralization 726, 729 
§ sacrum 726-729, Commentary 9.2 

agenesis 759 
apex 729 
asymmetry 729 
base 727, 728/ 
development 759 
in elderly 729 
malformations 759 
muscle attaehments 728/, 729 


neonatal 1335-1336 
ossifieation 729, 731 /, 759 
puberty 729 
segments 1347 
sex differenees 1348 
surface anatomy 748/, 749 
surfaces 

dorsal 727-729, 728/ 
lateral 729, 730/ 
pelvie 727, 728/ 
variants 729 
weight bearing 1347 
saliva 527, 531 
eomposition 527, 529, 531 
flow rates 527 
hypotonie 529 
protein seeretion 531 

sareo-endoplasmie reticulum calcium ATPase 

(SERCA) 138 

*) inhibition 139 
sareolemma 108 
eardiae muscle 137 
depolarization 63 
skeletal muscle 103 
sareomere(s) 
eardiae muscle 136-137 
skeletal muscle 103-104,106/, 110-111 
sareopenia 112 
sareoplasm 

skeletal muscle 103, 106 
smooth muscle 125-126 
sareoplasmie reticulum 6 
eardiae muscle 137-138 
corbular 137 
junctional 106,137 
skeletal muscle 106, 106/, 108,110 
seala 

media 642 

tympani 642-643, 659 
vestibuli 642-643, 659 

seallops, of mitral valve leaflets 1010 
sealp 475 

arterial supply 475, 498-499 
faseia 404, 476 
innervation 442 
laeerations 475 

lymphatie drainage 500-501, 500/ 

muscles 490 

skin 475 

skin flaps 476 

traumatic avulsion 475 

§ seanning eleetron mieroseopy (SEM) - Oommentary 

1.5 

seaphoeephaly 425 
seaphoid 867/-868/, 868 

*) fractures 868 

ossifieation 869, 870/-871 / 

X) surface anatomy 788, 867, 893 
*) vascular supply 868 

scapula 801-804, 801 /-802/ 

anatomieal neek 803 
angles 803 

borders see borders, of scapula 
eostal surface 801-802, 801/ 

*) development 794, 796, 804 
dorsal surface 801 /, 802 
fetal 804 

ligaments 804, 809/-810/ 

X) movements 786/, 803-804, 810 

elevation/depression 810 
lateral/medial rotation 813 
protraetion/retraetion 810-811, 811/-812/ 
muscle attaehments 802-803 
ossifieation 804, 804/ 
subcoracoid eentre 804 
spine 748/, 749, 786, 801/, 803 
structure 801 


surface anatomy 748/, 749, 786, 803 
vascular supply 91 
winging 817,819 
scapus, of pillar eell 648 
sears/searring 35 
epiphysial 94 
faeial 476 
glial 35, 49 
intrinsie 157 
phalangeal 649 
skin 157 
ofskin 158-160 

3 Sehvvalbe poeket - Eponyms 
*) sehvvannomas 657, 772-773 
seiatiea 1321 

C) scintillator-couple charge-coupled-device (SCCD) 

- eommentary 1.5 

scissures, portal see fissure(s), portal 
X) SCIWORA (spinal eord injury without radiologieal 

abnormality) 772 
selera 686-688, 686/-688/ 

development 664, 687 
dimensions 687 
nerves 687 
vascular supply 687 

*) selerosant, oesophageal variees 988 
selerotome(s) 188 

caudal 248 

eell fates 752-754, 753/ 
eentral 752-754 
development 753/, 755-760 
dorsal 752-754 
lateral 752-754 
mesenehymal 752 
mesenehyme eondensation 755 
mitogenie effeets, neural erest eells 249 
oeeipital 620 
rib development 752-754 
ventral 752-754 
vertebra development 754/, 755 
seoliosis 747, 756, 906 
scrotum 1273/, 1285-1287 
agenesis 1286 
development 1218/, 1219 
anomalies 1286 
innervation 1273/, 1287 
lymphaties 1236, 1286-1287 
neonate 1219 
skin 1285-1286 



vascular supply 1286-1287 

scutum 632 

sebum 149-150,149/ 

seetion, of liver 1169 

seetor(s), of liver 1162-1164,1163/, 1169 

segment(s) 

bronchopulmonary 957, 959Z-962/ 
development 926 
naming/numbering 958/ 
vascular supply 959 
ofeommon bile duct 1174-1175 
of eye 

anterior 686 
development 662/, 664 
dysgenesis 664 
posterior 686 
of iliae erest 1343 
inferior, hair folliele 148 
of liver 1162-1164, 1163/-1164/, 1169/ 
Bismuth elassifieation 1169 
Brisbane 2000 nomenclature 1169 
Couinaud elassifieation 1162,1169, 1169/ 
half-segments 1169 
hepatie reseetion and 1169 
Takasaki’s deseription 1169,1169/ 
of loop of Henle 1248-1249 
retroperitoneal, of bowel 1098 
ofsaemm 1347 
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segment(s) (Continued) 

spinal 764 

iiterine, lower 1295,1308 
vertebral 714-715 
presaeral 714-715 
segmentation 
dieneephalon 248 
neural tube 248 
notoehord 755 

oeeipitoeervieal junction 756-757, 758 f 
*) panereatie arteries 1184 

paraxial mesenehyme 751-752 
paraxial mesoblast 752 
presomitie mesenehyme 751 
renal vascular 1243,1246f 
rhombeneephalon 248 
somites 248 
teleneephalon 248 
vertebral, anomalies 722, 726 
segmentation eioek 751 
C) Seidinger technique - Oommentary 7.1 
seleetins 23-24,133 

C) seleetive plane iliumination mieroseopy (SPIM) 

- Commentary 1.1 
sella turcica 430, 534-535, 620 
senile elastosis 158 
senses 
general 229 
speeial 229 

see also individual senses/sense organs 

sepsis, digital 866 
septie thrombophlebitis 569 
X) septins 12 
septum (septa) 

aorticopulmonary 610, 918 
atrial 

development 913, 9167 
primary 915, 9167 
bone ossifieation 92 
eotyledonary (plaeental) 1737,175 
femoral 1081,1338,13407 
fibromuscular, prostatie 1266 
fibrous, of penis 1281 
interalveolar 962, 9647-9657 
interdental 525 
intermuscular 
of arm 777, 799, 820 
lateral 807 
of foot 
lateral 1420 
medial 1420-1421 
ofthigh 1338 
lateral 1338 
medial 1338 
transverse, of leg 1400 
interorbitonasal 620 
inter-radicular 525 
X) Kòrner’s 635, Eponyms 

lateral (eerebral hemisphere), projeetions from 388 
of ligamentum nuchae 739-740 
of limbie lobe 388 
membranous 

of heart 1001,10027, 1006,1012-1013 
of nose 560 

nasal 422, 480, 483, 556 
bony 4807, 560 
cartilaginous 560 
ineleftlip 617, 6177 
development 612-613 
membranous 560 
ossifieation 483 
orbital 668, 6687 
of palatine tonsil 576 
peetiniform, of elitoris 1289 
pellucidum 271-272, 3667, 3867, 388, 393 
perimysial 107 

plaeental (eotyledonary) 1737, 175,1311 


of plantar aponeurosis 1419-1420 
primum 915-916,9167 
radial, of orbit 669 
reetovaginal 1063,1147,1224 
reetovesieal 1224 
ofscrotum 1285-1286 
secundum 916, 1001 
sphenoidal sinus 568 
deviation 568 

of spinal eord, dorsal (posterior) 291, 2917 
spurium 913,1001 

supracommissural see septum (septa), pellucidum 

‘Swiss eheese’ 923 

transverse, eongenital 1293 

transversum (of embryo) 1957, 197, 906, 9067, 

1052 

caudal migration 906-907 
stomach/pericardium separation 1049,10537 
transversum, of semicircular eanal 645 
urorectal 1057,1201,12027,12057,1216, 

1218-1219 

ventricular 1001,1006,10087 
development 917 

vertieal, of palmar faseial complex 865-866 
3 sequence, Pierre Robin - Eponyms 
§ serial bioek faee seanning eieetron mieroseopy 

(SBFSEM) - Oommentary 1.5 
serosa 28, 40-41 
ofappendix 1142 
of bladder 1261 
of gallbladder 1177 
ofgutwall 1040,1043 
X) of large intestine 1159 
ofliver 1169-1170 
of small intestine 1135 
development 1057 
ofstomaeh 1122 
development 1051 
of uterus 1299-1300 
serotonin 47-48, 363 
in striatum 366-367 
serum 68 
sesamoid bones 
fabella 1390,1409 
fibular (lateral) 1430-1431 
of first metatarsophalangeal joint 1430-1431 
of flexor hallucis brevis 1443 
of foot 1430-1431, 14307 
ineonstant 1431 
innervation 1431 
muscle attaehments 1431 
ossifieation 1431 
vascular supply 1431 
lateral (fibular) 1430-1431 
medial (tibial) 1430-1431,1438 
patella see patella 
pisiform see pisiform 
tibial (medial) 1430-1431,1438 
seven-helix reeeptors 11 
seven-pass transmembrane reeeptors 11 
sex determination 1213-1214 
sex differenees 
acetabulum 1348 
elaviele 799-800 
*) eostal eartilage 938 
ilium 1347-1348 
larynx 586, 594 
mandible 426 

*) nasal proportions 556 
in pelvis 1347-1348 
pubis 1348 
saemrn 1348 
in skull 426 
thorax 898 
thyroid eartilage 586 
thyroid gland 470 
sex hormones 1198 


sexual dimorphism 

C) faeial ageing - Commentary 4.3 
lung development 925 
vertebrae 719 

shadovv 

aortie areh 1024-1025 
see also silhouette 

shaft 

of elaviele 799-800 

of femur 1327, 1349-1351, 13497-13507 
neonatal 1336 
of fibula 1330, 1405 
of hair 148 
of humerus 806-807 
of metaearpals 869-871 
of penis 1281, 12827 
of phalanges, of hand 872 
of radius 839 
of rib 934-935 
seeond 936-937 
oftibia 1403-1404 
of ulna 8397-8407, 841-842, 8597 
sheath(s) 

axillary 445, 473, 777, 799 
bleeding into 786 
3 deeompression 786 

X) nerve injuries 799 

bieipital 815 
braehial 777 
earotid 404, 446, 452 
infeetion 578 

eonneetive tissue, peripheral nerves 54-55, 

547 

for eranial nerves 432 
endomysial 107 
epimysial 107 

of eyeball, faseial 668-669, 6687-6697 
femoral 1338,1367-1368 
eompartments 1338 
fibrous, of flexor tendons 
of fingers 879, 8807 
of toes 14417, 1442 
Glissonian 1164,1166 
of hair 148-149 
myelin 55 
notoehordal 620 
of optie nerve 278 
of patellar ligament 1386 
peri-arteriolar lymphatie (PALS) 1191,11927, 

1193 

perimysial 107 

perinotoehordal 194, 752-754 
psoas 1356 

rectus 669, 10757-10767 
*) reapproximation 1081 
of spinal nerves 765 
of styloid proeess 626 
synovial 114 

atankle 1419,14197-14207 
of extensor tendons 
offinger 879 

of toes 1419, 14197-14207 
of flexor tendons 
of fingers 8787, 879, 8807-8817 
of toes 1419, 14197-14207 
oftendons 114 
3 Valoean 1166, Eponyms 
P of VValdeyer 1251-1252, Eponyms 
sheets 

digital, lateral 865, 8657 
of greater omentum 1102 
shelf (shelves) 
palatal 612,6147 
elevation 612 
fusion 612-613 
talar see sustentaculum tali 
shingles (herpes zoster) 57 
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shoek, spinal 770-771 
shoek absorption 117,117/ 
eartilage 83 
by hand 866 
tendons 114,117 
short-sightedness 698-699 
short tau inversion reeovery (STIR) - eommentary 

7.1 

shoulder see joints (named), glenohumeral 

shouting 601 

shunts 

arteriovenous 131 

through atrial septal defeets 923, 923/ 

Glenn 959, Eponyms 
left-to-right 1013 
porto-systemie 1167,11687 
transjugular intrahepatie porto-systemie 1168 
vascular 131-132 
porto-systemie 988 
ventriculoperitoneal 1110 
sialadenitis, acute 505 
sialogram 

parotid duct 505, 505/ 
sublingual duct 528/, 529 
submandibular duct 528, 528/ 

sialolith 528 

sialoproteins, bone 86-87 
sign 

Babinski’s see reflex(es), Babinski 
Battle’s 489, Eponyms 
‘blue dot’ 1277 
Cullen’s 1099,1187, Eponyms 
‘double duct’ 1187 
Fox’s 1187, Eponyms 
GreyTurner’s 1187, Eponyms 
Havvkins 1424, Eponyms 
Horner (Bernard Horner) - Commentary 6.1 
Hovvship-Romberg 1372 
pterygoid 548 
Romberg’s - Eponyms 

Tinel’s 786, 859, Eponyms, Commentary 6.1 
Trendelenburg’s 1330,1358, 1381, Eponyms 
VVartenberg’s - Eponyms 

signals (signalling) 







adhesive glyeoproteins 39 
apoptosis 26 

eontaet-dependent (juxtacrine) 10,11 / 
embryonie 190-191,190f 
hydrophobie 11 
molecules 10-11 
reeeptor proteins 11 
reeeptors 10-11 
endoerine 10,11 / 
see also hormones 
hedgehog pathvvay 22-23 
intracellular 11-12 
neurocrine (neuroendocrine) 10,11 / 
paraerine 10,11 /, 33 
synaptie 11 / 

see also individLial signalling molecules 

signal sequence 10 
silhouette 

eardiae 990-991, 990 / 

‘mediastinal’ 990, 990/ 
see also shadovv 

simian hand 893 
singing 450, 601 

single-molecule loealisation mieroseopy (SMLM) 

- Oommentary 1.1 

single nucleotide polymorphisms (SNPs), faeial 

morphology - Oommentary 4.2 
single photon emission computed tomography 

(SPECT) - eommentary 7.1 








autocrine 10,11/ 


axonal neuregulin 1 55 


calcium 42 


cellular 4,10-12, 11/ 

[gj 







sinus(es) 

air 487 
anal 1153 

aortie (of Valsalva) 1001,1007/; 1011,1011/; 1013, 

Eponyms 
basilar 438 
ofbrain 288f-290f 
branehial 449 
earotid 236, 317, 455 

cavernous 288-289, 430, 433, 435/; 437-438, 

437M387 
development 270 
of penis 1281 

structures vvithin 437, 438/ 
thrombosis 438 
tumours 438 
vvalls 437 
eentral, of bone 90 

eervieal 607, 607/-608/; 611, Eponyms, 

Commentary 2.2 
eonehal 561 

eoronary 920, 996/; 1000/; 1001,1020-1021,1020f 
development 911, 912/ 
left 1018-1019 
right 1016, 1016 / 
tributaries 1020 
‘unroofing’ 924 

dural venous 288/; 409, 433/, 434-439, 435/ 
development 266, 269, 434 
surface anatomy 237, 237/ 
thrombosis 434-435 
variations 434-435 
see also individual sinuses 
epididymis 1277 
ethmoidal 565, 566Z-567/, 568 
anatomieal variations, ehildhood 566 
anterior 568, 569/ 
at birth 566, 623 
innervation 568 
lymphaties 568 
pneumatization 568 
posterior 568 
vascular supply 568 
see also eells (named), air, ethmoidal 
frontal 480, 565-567, 566Z-567/ 
absent 567/ 

anatomieal variations, ehildhood 566 
aplasia 566 
at birth 566 
eranialization 475, 487 
dimensions 566-567 
drainage 560 
fractures 487, 487/ 
grovvth 480 
innervation 567 
lymphatie drainage 567 
pneumatization 566 
terminology 556/ 
variations 566, 567/ 
vascular supply 567 
of His see sinus(es), eervieal 
intercavernous 435/, 437/, 438 
jugular, external 459 
lactiferous 948 
laryngeal 590/-591/ 
of lesser sphenoidal vving 439 
lymphatie 73-74 
eortieal 74 
medullary 74 
subcapsular 73/, 74, 204 
marginal 439 

maxillary 484-486, 565, 566Z-567/, 568-569, 569/ 
anatomie variations, ehildhood 566 
at birth 566, 623 
boundaries 569 
eavitation 527 
development 566 

















fractures 488 
hypoplasia 566 
infeetion 488 
innervation 569 
lymphatie drainage 569 
ossifieation 486 
pneumatization 566 
roof 568-569 
terminology 556/ 
tumourspread 569 
vascular supply 569 
meningeal, middle 439-440 
oblique, of pericardium 995, 995/, 998-999,1005 
oeeipital 288, 432, 435/, 439 
of orbital proeess 487 

paranasal 85, 404, 418, 556, 556/, 565-569, 

566/-567/ 

anatomieal variations, ehildhood 566 
at birth 423, 566 
development 566, 623 
variations 566 

ethmoidal see sinus(es), ethmoidal 
frontal see sinus(es), frontal 
grovvth 623 
imaging 569, 569/ 
infeetion spread 569 
maxillary see sinus(es), maxillary 
mucosa 565 

sphenoidal see sinus(es), sphenoidal 
terminology 556 b, 556/ 
perieranii 440 
petrosal 

inferior 288, 288/, 435/, 437, 460, 626 
development 270 

superior 288-289, 431, 433/, 435/, 436-437, 
437/-438/, 626 
development 270 
petrosquamous 439, 624 
development 270 
piriform, tumour spread into 592 
pre-auricular 628/, 628/ 
prepubic, eongenital 1263 
pro-otie 270 
prostatie 1261-1262 
of pulmonary trnnk 1013 
renal 1241-1242 
sagittal 

inferior 432, 433/, 436 
development 270 

superior 278, 288, 288/, 432, 433/, 435-436, 
435/-436/ 
development 270 
surface anatomy 237 
thrombosis 436 

seleral venous (eanal of Sehlemm) see sinus(es), 

venosus selerae (eanal of Sehlemn) 
septum 913,1001 

sigmoid 288, 409-410, 435Z-436/, 436-437 
development 269, 269/ 
sphenoidal 536-537, 566Z-568/, 567-568 
anatomieal variations, ehildhood 566 
aplasia 566 
eonehal 568 
innervation 568 
lymphatie drainage 568 
pneumatization 568 
presellar 568 
relations 567-568 
sellar 568 
terminology 556/ 
types 568 
vascular supply 568 
sphenoparietal 435/, 438-439 
straight 288, 288/, 433/, 436 
development 270 
tarsal 1423-1424, 1425/ 
tentorial 
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sinus(es) (Continued) 

development 270 
lateral 436 
medial 436 
tonsillar 575 
transverse 

g) eranial 288-289, 409-410, 432, 435/; 436 

surface anatomy 237 
perieardial 910, 
tympani 634 

urogenital 1201,1204/; 1210/, 1217-1219 
vagina development 1210-1211 
of Valsalva see sinus(es), aortie 
venamm 911-913 

venosus, of heart 203/, 911,1000, 1053 
defeets 923, 923/ 
development 908, 911, 912/ 

X) venosus selerae (eanal of Sehlemm) 664, 687-688 

687/-688/, Eponyms 
venous 911-913 
dural see sinus(es), dural venous 
marginal 175 

sinusoid(s) 129-130,129/ 

of bone 89-90 
of bone marrovv 75/, 76 
of earotid body 455, 456/ 

|) hepatie 127, 129-130, 1170, 1170/-1171 / 

development 1052,1067 
of penis 1285 

of pituitary gland 129/, 360-361 
of suprarenal gland 1064,1198 
venous, of spleen 1191,1191/-1192/ 

siphon, earotid 280/, 281 
sitting, ergonomies 747 
3 situs ambiguus 957,1028 

X) vvith polysplenia 1028 

situs inversus 957 
*) vvith asplenia 1028 

S vvith dextrocardia 1028 

X) vvith levoeardia 1028 

totalis 1013,1028 
situs solitus 957 
skeleton 

eardiae 1012-1013 
faeial 416,477-489 
aeeess surgery 489 
et ageing - Oommentary 4.3 

development 623 
fractures 487-489 
grovvth 423-425, 623 
landmarks 409-411 
ossifieation 623 
of larynx 586-589, 586Z-587/ 
nasal 

bones 557-558, 557/ 
cartilaginous 557/, 558 
neonatal 212/ 
thoraeie 898 
see also individual bones 
skin 141-161 
of abdominal vvall 
anterior 1069-1072 
posterior 1083 
age-related ehanges 158 
appendages 141-161 
development 154-155 
of areola, of breast 946 
of arm see arm, skin 
around anal verge 1153 
of auricle, of ear 628 
of axilla 776-777 
of baek see baek, skin 
eells 142-146, 154 
turnover 141 

elassifieation 141,142/-143/ 
colour 141 

ereases see ereases, skin 


desmosomes 144 

development 154-156,154/, 754/, 760 
epithelial—mesenehymal interaetions 156 
disorders 143 

of elbovv region see region(s), elbovv 
embryonie 154 
of external ear 628 
of eyelids 680 
offaee 475-476 
flaps see flap(s) (skin flaps) 
of foot see foot, skin 
of forearm see forearm, skin 
offorehead, development 612 
functions 141 
glabrous 141,142/-143/ 
grafts see grafts/grafting 
of hand see hand, skin 
of head 404 
hirsute 141,142/ 
immune responses 141 
innervation 153,155 
see also nerves (of organs, or regions) 
intrinsie ageing 158 
of knee see joints (named), knee 
of leg, skin see leg 
lines 141, 156-157 
of lovver limb 1316-1318 
lymphatie drainage 152-153,155 
mieroanatomy 141-152 
of neek see neek, skin 
neonatal grovvth 156 
of nipple 946, 947/ 
of nose 556-557, 559 
g peau d’orange 949 
of penis 1281 

photoageing (extrinsic ageing) 158 
pigmentation 146 
pores 150 

pregnaney, ehanges in 146 

premature infants 156 

re-epithelialization 158 

regeneration 158,160 

remodelling 159 

renevval 160 

repair see wound healing 

ofsealp 475 

searring 158-160 

ofscrotum 1285-1286 

of shoulder region see region(s), shoulder 

tanning 146 

tension 157 

ofthigh 1337 

of thoraeie wall seethorax, wall, skin 
types 141 

of upper limb 776-777 
vascular supply 152-153, 153/, 155 
systems 152 

see also arteries (of organs, or regions); veins or 
venae (of organs, or regions) 
wound healing see wound healing 
of wrist region see region(s), wrist 
skin flaps see flap(s) (skin flaps) 
skull 416-428 
age determination 426-427 
base see base, of skull 
at birth 423, 424/ 
bones 85, 404, 416, 417/-420/ 
grafts 416 
growth 94 

ossifieation 96, 423-424, 620 
endoehondral 621 
intramembranous 622 
vasculature 91 
see also individual bones 
eompression, during birth 423 
eongenital abnormalities 426 
development 416, 620-623, 620/-621/ 


distortion, premature babies 223 
ethnie origin determination 427 
external 416-428 

frontal (anterior) view 416-418, 417/ 
inferior view (surface) 421-423, 421 / 
anterior part 421-422, 421/ 
lateral part 421 /, 423 
middle part 421-422, 421/ 
posterior part 421-423, 421/ 
lateral view 419-421, 420/ 
posterior (oeeipital) view 418, 418/ 
superior view 418, 419/ 
fractures 416 
geographieal variation 427 
growth rates 217/ 
identifieation from 426-427 
intentional modifieation 425, 426/ 
joints 416 

muscle attaehments 404, 426, 490/-491 / 
neonatal 423-426, 424/ 
paediatrie 423-426 
postnatal growth 423-426, 623, 623/ 
seneseent anatomy 423-426 
sex determination 426 
size/shape measurements 444-445 
fetal 206, 208/ 
sutures see suture(s) 
vertex 418 
sleep 

breathing during 908, 974-975 
*) obstmetive apnoea 575 

rapid eye movement (REM), neonatal intereostal 

aetivity 908 

sleeve 

myoeardial, left atrium 1005 
root, of spinal nerves 765 

sling 

*) left pulmonary artery 959 
‘mental’ 495 

*) pulmonary artery 930 

sesamoid, in halluxvalgus 1439 

slip, of hand 

X) eentral 880-882, 886 
*) lateral 886 

slipped eapital femoral epiphyses (SCFE) 1353 
slit filtration, Bovvman’s capsule 1246,1249/ 
small-for-gestational age 210 
small intestine see intestine, small 
smegma 1281 

smell (sense), taste pereeption and 517 

soeia parotidis 504 

soekets, teeth 421-422, 485, 537-539 

sodium 

aetion potential 66 
membrane potential 65-66 

somatopleure 193 

extraembryonic 181 

somatostatin (ST) 49, 357 

in striatum 366-367 

somatotropin release inhibiting faetor see 

somatostatin (ST) 
somites 195,197 

embryonie staging 205, 755 
epithelial 184,188, 760 
epithelial plate (dermomyotome) 222, 752, 752/ 
cellular proliferation 754-755, 754/ 
development 760 
dorsomedial lip (border) 760 
formation 751-752 
rates of 751 

muscle development 109-110, 222, 754-755 

neural erest migration and 242, 243/, 249 

neural tube fusion 238 

oeeipital region 608-609, 609/, 756, 794 

segmentation 248 

skin development 755 

structures derived from 760 
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thoraeie 905 

thyroid gland development 618 
vertebra development 755, 7bbf-756f 

somitoeoele 752-754, 760 
somitogenesis 197, 752-755, 752 f 

eompaetion 752 
stages 752, 752 f 

somitomeres 197 
sound(s) 

*) cough 969 
valve 903 

voieed 600, 602-603 

Sox9 transeription faetor 221-222 
spaee(s) 

aroundjaws 531-533, 532Z 7 
lower jaw 531-532, 532f 
upperjaw 532 
axillary 777 

Bowman’s (urinary) 1246,1248f 
buccal 477, 531-532 
eanine 532 
earotid 447 
eervieal, anterior 447 
eisternal 6 
danger 447 
infeetion 578 
digital, of hand 866 
discomandibular (inferior) 542 
diseotemporal (superior) 542 
X) of Disse 1170, Eponyms 
epidural 762, 764-765, 764f 


faseial 

ofdiaphragm 972 
offaee 477 
freeway 519-520 
infraeolie (left/right) 1108 
infraorbital 477, 532 
infratemporal 532 

*) of infratemporal fossa 541, 541 f 
intereostal 898, 934, 942f-943f 
intermembrane, mitoehondria 9 
interseptovalvular 915 
intersphineterie 1157 
interspinous 747-748 
intervillous 172/-175/; 173,175 
venous drainage 175 
intranasal 559 
intrapharyngeal 578 
infeetions 578 
intraretinal 661 
intratonsillar 578 
lacunar, conceptus 172 
mastieator 541 
median, oral eavity 616 
mediastinal, CT and MRI 991-993, 991/-992/ 
of neek 404, 445-447 
infeetion spread 578 
X) of Nuel 648, Eponyms 
palatal 532 
palmar 866 
deep 866 

X) paraglottie 594, 594/ 

?) tumour spread 592 
paralumenal, of larynx 594 
parapharyngeal 531-532, 573, 578, 977 
tumours 578 
pararenal 

anterior 1084/, 1085 
posterior 1085,1087/ 
paratraeheal 993 
paravertebral 715-716,764-765 
parotid 531-532 
perieardial 995 
perieolie 1084/, 1085,1087/ 

3 periepiglottie 586-587, 594, 594/ 


aeeess to 773 

£) pathologieal proeesses 764, 764/ 


perihepatie, left 1107-1108 
perineal, deep 1232 
perinuclear 15 

peripanereatie 1084/, 1085, 1086/ 
peripharyngeal 578 

perirenal 1085, 1086/-1087/, 1239-1240 
X) perisinusoidal, of Disse 1170, Eponyms 
peritoneal 1106 
fluid eolleetions 1109 
peritonsillar 531-532, 578 
perivitelline 163 
pharyngeal 578 
infeetion spread 578 
3 of Poirier 873, Eponyms 
3 pre-epiglottie 586-587, 594, 594/ 

S premasseterie - Commentary 4.3 

pretraeheal 447, 993 
prevertebral 447 

X) Pmssak’s 639-640, Eponyms 

pterygomandibular 507, 531-532, 541 
infeetion spread 552 
pulp, digital 866 
quadrangular 825/, 826 
3 Reinke’s 592, Eponyms 
retroemral 993 

of retroperitoneum 1083-1085,1084/ 
retropharyngeal 447, 531-532, 573, 578 
infeetion 578 

retropubic (of Retzius) 1255, 1258/, 1354 
retroreetal 1147 

of Retzius (retropubic) 1255, 1258/, 1354 
spinal extradural see spaee(s), epidural 
subacromial 824 

subarachnoid 276-278, 277/, 432, 762, 764/ 
development 266 
inflammation 765 
leptomeninges 276-277 
subcarinal 993 
subdural 432, 765 
subepicardial 918-919 
subglottic 594 
subhepatic, right 1107 
sublingual 531 
submammary 945-946 
submandibular 531 
submasseteric 531-532, 541 
infeetions 547 
submental 531 

submucosal, of anal eanal 1154 
subperitoneal 1136 
subphrenic 
extraperitoneal 1108 
left 1103/, 1107-1108 
right 1101/, 1107 
subpial 765 
subpyloric 1107 

sub-superficial musculo-aponeurotic system 

- Commentary 4.3 
suprachoroidal 688 
supraciliary 688 
supramesocolic 1103/1106 
suprasternal 445 
temporal 
deep 541 
superficial 541 
traeheal, posterior 993 
triangular, upper/lower 825/ 826 
urinary (Bowman’s) 1246,1248/ 
venous 

of cavernous sinus 437 
in sphenopetroelival area 437 
vestibular perilymphatie 659 
Virchow-Robin - Eponyms 
viseeral, of neek 447 
anterior 447 
posterior 447 
web 866 




spans, subaortic 1013 
spasmodie tortieollis 468 
spastieity 303-304 
spastie paraparesis 306 
spatiai analysis 397 
speetrin 43-45, 69,137 
*) speculum, Cusco’s - Eponyms 
speeeh 497, 600-604 
articulation 600, 603 
eentral eontrol pathways 600 
*) eerebral areas 379, 379/ 391, 397 
eliek production 601 
eonsonantal ('labial’) sounds 497 
eonsonant production 603-604, 603/ 
eonversational 600 
harmonies 603 

muscular eontrol, airstream 600-601 
eompensatory meehanisms 601 
oesophageal 601 
phonation 601-603 
piteh 595, 597 
production 600 
seeond languages 603 
sounds 600 

voeal eord movements 601, 601/-602/ 
vowel production 603 

x) spermatoeeles 1277 

spermatogenesis 1274-1275,1276/ 

age-related ehanges 1277 

spermatozoa 22-23,163,1276,1276/ 

eapaeitation 163, 1277 
counts 1213 

intraeytoplasmie injeetion 164 
in i//íro fertilization 164 
maturation 1277 
mobility 1277 

spermiogenesis 1275-1276 
S phase, eell eyeie 14,18 
S-phase promoting faetor (SPF) 18-19 
sphenoid bone 422, 429-430, 534-537, 

535/ 

|) at birth 537, 566 
body 534-536 
pneumatization 537 
development 620 
fractures 488 

|) ossifieation 96, 537, 566, 621 

postnatal 537 
postsphenoidal part 537 
presphenoidal part 537 
premature synostosis 537 
wings 

development 620 
greater 422, 430, 536-537 
in orbit 667 
lesser 430, 536 
in orbit 666 
sphineter(s) 
anal 

blood supply 1151 
development 1218-1219 
external 1153, 1154/ 1156-1157, 1156/-1157/ 
1231-1232 
defeeation 1158 
innervation 1157 
vascular supply 1157 
faeeal ineontinenee 1159 
internal 1155,1156/-1157/ 
defeeation 1158 
innervation 1155 
relaxation 1155,1158 
vascular supply 1155 
bile duct 1175 

*) of Oddi 1175, Eponyms 
oesophageal 
external, functional 989 
lower 989,1114 
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sphineter(s) (Continued) 

at birth 1049 
musclefibres 1114 
reflux 1114 
maturation 1048-1049 
upper 582, 584 
dysfunction 989 
palatopharyngeal 581 
panereatie duct 1175 
preeapillary 128 
‘preprostatie’ 1258 
pupillae 695, 695Z 7 
innervation 695-696 
pylorie 1114 
blood supply 1117 
reetosigmoid 1153 
urethral 1232-1234 
development 1216,1218 
external 1262-1266,1268 
ejaculation, role in 1285 
innervation 1263 
internal, innervation 1263 
see also meehanism(s), urethral sphineter 
urethrovaginal 1232-1233, 1265-1266 
urogenital 1232-1233 
female 1232-1233,1232 f 
male 1232-1233 
spin (movement) 120-121,121/ 
spina bifida 241, 759-760, 759 f 
antenatal ultrasound 760 
aperta 759 
eystiea 759 
occulta 716, 759 

spinal eord injury without radiologieal abnormality 

(SCIWORA) 772 
spinal dysraphism 759 
spinalshoek 770-771 
spindle(s) 
enamel 522 

muscle, regeneration - Commentary 1.6 
neuromuscular 62, 62/-63Z; 108 

spine (or spina) 

bone marking 85 

curvatures see curvatures, of vertebral column 
dendritie 43 
of Purkinje eells 335 
grovvth fetal 206 
of helix 628 
iliae 
inferior 

anterior 1343 
posterior 1343 
superior 

anterior 749, 1343,1347 
posterior 749, 1325-1327, 1327/, 

1343 

isehial 1153, 1341/, 1345 
‘memory’ 43 
mental 539 
nasal 479 

anterior 416-418, 484, 486 
posterior 486 

of scapula 748/, 749, 801 / 803 
surface anatomy 786 
of sphenoid 422, 536 
suprameatal 629 
troehlear 479 

vertebral see proeess (or processus), spinous, of 

vertebrae; vertebra(e) 
vestibular (vestibule) 915 
vestibuli 916 

splanchnopleure, extraembryonic 181 
spleen 1188-1193 

aeeessory 1188,1188/ 
arteries 1190 

autotransplantation 1193,1193/ 
atbirth 211/, 1064 

















development 1055/-1056/, 1060/, 1064 
anomalies 1064 
dimensions 1188 
disorders 1188 

floating/vvandering 1189-1190, 1190/ 
functions 1188, 1188/ 
gross anatomy 1188 
imaging 1190/, 1193,1193/ 
injury 1104, 1189 
innervation 1191,1191/ 
ligaments 1189-1190,1190/ 
lymphaties 1191,1191/ 
microcirculation 1193 
microstructure 1191-1193,1191/ 
fibrous framevvork 1191,1191 /-1192/ 
mobile 1189-1190, 1190/ 
multiple 1064 
parenehyma 1191 

peritoneal eonneetions 1104, 1189-1190,1190/ 

referred pain 1191 

relations 1188-1189,1189/ 

removal 1188,1191 

shape 1188 

size/vveight 1188 

supernumerary 1188,1188/ 

surface anatomy 1045/, 1046,1188 

surgery 1189 

trauma 1193,1193/, 1193/ 
veins 1190-1191 

splenium 

of corpus callosum 393 
lesions 397 

of lateral ventriele 259-260 

splenogonadal fusion 1277 
splenomegaly 1188,1191,1193,1193/ 
splenunculus 1188,1188/ 
splints, braehial plexus injury - eommentary 6.1 
split line pattern 83 
spondylolisthesis 716, 716/ 
spondylolysis 716,1367 
spongiosa, primary 91-92 
spots 
‘blind’ 705 

Fordyee 475, 507, Eponyms 
‘milky’ 1098,1104 

Sprengel shoulder 804 
sprinting 1448 
sprouts 

mammary 949 

peripheral nerve injury - Commentary 1.6 
syneytial 176 

spur(s) 

calcaneus 1420 
of malleus 636 

seleral 687-688, 687Z-688/, 691 

sputum, ‘msty’ 964-965 
squama(e) 85 

squeeze-film effeet 1395-1396 
stage, Carnegie - Eponyms 
stains/staining techniques 

Bielsehovvsky - Eponyms 
Giemsa - Eponyms 
Golgi - Eponyms 

Heidenhain’s triehrome - Eponyms 
Mallory’s triple - Eponyms 
Masson’s triehrome - Eponyms 
Nissl - Eponyms 
Sehiff’s - Eponyms 

van Gieson/elastie van Gieson - Eponyms 
of Weigert - Eponyms 
Wright’s - Eponyms 

stairease response 139 
stalk 

eonneeting 170,177-178, 193 
of epiglottis 586-587 
hypophysial 620 
infundibular 355-356 











optie 661, 663 
pineal 363 
yolk 1054 
see also peduncle(s) 

standing 1448 

biomeehanies 1448 
single leg stanee 1381,1381/ 

stapes 631,636 
development 607-608, 659 
movements 637 
ossifieation 636 
see also ossieles, auditory 
Starling forees 130 
statoliths see otoliths 
steatosis 1160 
stem 

infundibular 360 

temporal 383/, 384, 392, 394, 396, 396/ 
villous 173-176 

‘stemness’ faetor - Oommentary 1.2 
stenosis 

heartvalves 1013 
infantile hypertrophie pylorie 1114 
lumbar foraminal 716/ 
primary aqueductal 273 
rooteanal 720 
spinal 720 
subglottic 588 
stereoeilia 23 

of eoehlear hair eells 648-649, 648/, 653 
of vestibular hair eells 651 
type I 645, 645/ 

stereognosis 776 

sterility 12 

sternebrae 931-933 

sternum 898, 931-934, 933Z-934/ 

arteries 933 

eerebrospinal fluid eolleetion site - Prefaee 

Commentary 

development 794, 905-906 
innervation 933 
muscle attaehments 933 
ossifieation 934, 934/ 
surface anatomy 901-902 
vascular supply 933 
steroid hormones 11 
stiffness 116 
bone 117-118 
stigma, ovarian 1305 
stillbirth 205-206 

stimulated emission depletion (STED) mieroseopy 

- Oommentary 1.1 

stimulus-triggered acquisition of pliiripoteney 

(STAP) - Oommentary 1.2 
stirmp see stapes 
stoma 1128/, 1129 
stomaeh 1111-1123 
antmrn 1112,1112/, 1115/ 
arteries 1116-1117,1116/-1117/ 
anastomoses 1117, 1117/ 
axes 1113/ 
at birth 1051 
body 1112, 1112/, 1114 
eapaeity 1112 
eardia 1112 

eonfoeal laser endomieroseopy - Commentary 8.2 
curvatures see curvatures, of stomaeh 
development 1049-1051, 1049/-1050/, 1062 
mucosa 1049-1051 
rotations 1049, 1059 
empty 1113/, 1114, 1115/ 
endoseopy 1115,1115/ 
filling/distension 1113/1114 
form 1114-1116 
functions 1112 

fundus 1112,1112/ 1114-1115,1115/ 
development 1049 
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innervation 1118 
parasympathetie 1118,1120 / 
sympathetie 1118 
internal appearanees 1115-1116 
ej intestinal metaplasia - Commentary 1.4 
lesser omentum 1101 -1102 
lymphatie drainage 1118,1119/ 
microstructure 1118-1122,1121 /-1122 f 
motility 1122 
neonatal 211/; 1051 
orifiees 1113-1114 
parts 1112,1112 f 
peritoneum 1122 
referred pain 1118 
relations 1112-1113,1112^1113/ 
surface anatomy 1046 
surfaces 1113,1113 f 
3 tethering points 1113 

variees 1118,1118 f, 1168/ 
veins 1117-1118 
X) volvulus 1113 

stomata, peritoneal 1098 
C) stomatodeum - Oommentary 4.2 
stones see calcuii 
stops, speeeh 603-604 
strain energy 114,117,117 f 
strain value 116 
stratiim (strata) 
aseending, of omentum 1062 
basale 

of skin 141-143,143/ 
of uterus 174,1306 
basalis 1307 
cinereum 325 

compactum, of uterus 174, 1306 
corneum, of skin 31, 141-142,143/-144/, 144 
deseending, of omentum 1062 
of flexor digitomm superficialis 849-850 
functionalis 1307 
granulosum 
ofovary 1213 

of skin 141-142, 143/-144/, 144 
of hippocampus 386Z-387/, 387 
lacunosum-moleculare 386/, 387 
lucidum 

of hippocampus 386/, 387 
of skin 141-142, 143/-144/, 144 
oriens 386/, 387 
of otolithie membrane 646 
pyramidalis 386/, 387 
radiatum 386/, 387 
*) sagittal 394, 396, 396/ 

spinosum, of skin 141-142,143/-144/, 144 
spongiosum, of uterus 174, 1306 
of tympanie membrane 633 
development 659-660 
zonale 350 

see also layer(s); zone(s) 

streak, primitive 169,181-182,181/, 193 

epithelial-to-mesenehyme transition 188 
formation 181-182 
ingression 182,182/ 

‘streak gonads’ 1213 
stream, visual 

dorsal 382 
ventral 382 

strength (biomeehanies) 116 
ultimate 116,116/ 
stress relaxation 117,117/ 
ej stress-strain curves, nerve biomeehanies - 

Commentary 9.1 
stressvaiue 116 
streteh marks 157,1308-1310 
stria(e) 
acoustic 

dorsal 319, 655 
intermediate 319 


albae 157 

*) of Baillarger - Eponyms 

of eiliary body 691-692, 692/ 
enamel 522, 522/ 

*) of Gennari 374, 381, Eponyms 
gravidamm 157, 1308-1310 
longitudinal 262 

medullaris 273-274, 311, 312/, 315/, 319 
thalami 362 

X) Nitabuch’s 174, Eponyms 
olfaetory 

3 lateral 382/, 389/, 391 

X) medial 376, 382/, 391 

of olfaetory traet 261 
X) of Retzius 522, 522/, Eponyms 
rnbrae 157 

terminalis 359, 365-366, 365/ 
vascularis 643, 647, 647/, 659 

striations 

basal 529 

eross, of tooth enamel 522, 522/ 
striatum 364-369, 365/ 
eonneetivity 366-369, 367Z-368/ 
dorsal 365-366 
afferentsto 367 
eonneetions 367, 367/ 
neuroactive ehemieals 366-367 
neurones 366 
ventral 366 
afferents to 367, 368/ 
aminergie inputs 367-368 
eonneetions 367, 367/ 
efferents from 368-369, 368/ 
stricture 

ej biliary - Commentary 8.2 
eonsonant production 603 

striola 

ofsaccule 644 
of utricle 644 

striosomes 366-367 
strip(s) 

dorsal, of metaearpals 871 
palmar, of metaearpals 870-871 
tear, marginal 
lower 683 
upper 683 

*) stripe, Hensen’s 649-650, Eponyms 
stroke 455 

isehaemie 286-287, 286/ 

stroma 

of bone marrow 76 
of breast 946-947 
ofehoroid 690 
eiliary 693 
of eornea 689, 689/ 
endometrial 1299 
of iris 694 
ofovary 1304 
of prostate 1267 
seleral 687 

Cj structured illiimination mieroseopy (SIM) - 

eommentary 1.1 
structures 

elastie 84 

skeletal, meehanieal properties 118-119 

strut 

optie 430, 536 

pterygomaxillary, fractures 487-488 

stye (external hordeolum) 681 
stylohyal 626 
subcortex, of kidney 1241 
subepicardium 918-919 
subglottis 591 
*) tumours 592 

subiculum 384, 385/, 387-388, 387/, 634 
subintima, synovial joints 99 
subluxation, atlanto-axial 733 















submucosa 40 

ofappendix 1142 
ofduodenum 1042/ 1132 
ofgutwall 1040-1041 
of hard palate 510 
of large intestine 1159 
of oesophagus 989 
oral 508 

of small intestine 1132,1135 
ofstomaeh 1121 

subnucleus (subnuclei) 

hypoglossal 316 
rectus, medial 324 

subplate 262 
substance 

MOIIerian inhibiting (MIS) 1211 
perforated 

anterior 366, 366/ 391 
posterior 321-322, 355-356 
substance P (SP) 49, 236 
substantia 

gelatinosa 294-295 

nigra 43, 44/ 48, 322-324, 322Z-323/ 

369-370 

development 256 
propria 

of conjunctiva 682 
of eornea 664, 689, 689/ 

sub-superficial musculo-aponeurotic system 477 
subthalamus 361-362, 369/ 
development 258 
subtriangles, of neek 413 
‘succussion splash’ 1046 
sucking, in neonates 
non-nutritive 266 
nutritive 266 

suckling, oral eavity spaees 616 
sulcus (sulci) 85 

acusticus 382 
alar 556 
angular 380 

antihelicus transversus 628 
Brissaud’s 380, Eponyms 
ealeaneal 1424 
ealearine 374, 381 
development 261-262 
external 381 
eallosal 374 
earotid 430, 535 

eentral 262, 374, 376, 378/ 384, 397 
surface anatomy 237 
of cerebellum 331 

of eerebral hemispheres 373-374, 373Z-374/ 
continuous 374 

development 260/ 261-262, 264 
short 374 

surface anatomy 237, 237/ 
see also individual sulci 
chiasmaticus 534-535 
cingulate 376, 376/ 384 
development 262 

circularis insulae seesulcus (sulci), peri-insular 
circular of Reil see sulcus (sulci), peri-insular 
circumalar 475 

eollateral 262, 374, 381-382, 384, Eponyms 
eoronary 902-903 
emeiform 322 
of Rolando 376, Eponyms 
cuneal 381 

diagonal of Eberstaller 376, Eponyms 
fimbriodentate 385, 386/ 
frontal (of frontal lobe) 376, 376/ 378/ 
inferior 262, 376, 376/ 
medial 376 

middle/intermediate 376 
superior 262, 376 
triangular 376 
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sulcus (sulci) (Continued) 

on frontal bone 479 

frontomarginal of Wernicke - Eponyms 

fronto-orbital 376 

fusiform 382 

gingival 508, 520-521 

of Hesehl 382, Eponyms 

hippoeampal 261,385, 385 f 

hypothalamie 256, 257 f, 272, 350 

inferior longitudinal, of Huschke see sulcus (sulci), 

eollateral 
infraorbital 667 
of insula 382, 383/; 384 
posteentral 384 
intermediate 

of Jensen 380, Eponyms 
of stomaeh 1113 
intertubercular 804-806, 815 
interventricular, posterior 997 
intralingual 381 
intra-oeeipital 380-381 
intraparietal 262, 373 f, 380-381 
lateral 381 

surface anatomy 237 
of limbie lobe 384-385 
limitans 238, 240-241, 252, 273-274 
limiting 



cuneal 380-381 

gj 

inferior 382, 383/, 384 


of insula 


anterior 384 


inferior 384 


superior 384 

fgj 

precuneal 380 

g) 

superior 382, 384 


linguogingival 615 

gj 

lunate 381 


median, of fourth ventriele 273-274 
of medulla oblongata 
dorsal median 311 
posterolateral 311 
ventrolateral 311 
mentolabial 475 
nasolabial 475 

oeeipital (of oeeipital lobe) 380/; 381 
anterior 381 
development 262 
inferior 381 
lateral 381 
aeeessory 381 
superior 380-381, 380 f 
transverse 381 
oeeipitotemporal 262, 381 
oculomotor 321-322 
olfaetory 376 
optie 661 
orbital 
lateral 376 
medial 376 
transverse 376 
paraealearine 381 
paraeentral 376 
paracingulate 384 
paramedial, oeeipital 381 
paramesial, of Elliott Smith 381, Eponyms 
paraolfaetory, anterior 384 
parietal, transverse (Brissaud’s) 380, 

Eponyms 

of parietal lobe 380 
parieto-oeeipital 237, 374, 380-381 
development 261-262 
peri-insular 382, 383/; 384 
anterior 384 
inferior 384 
superior 384 
posteentral 262, 380 
pre-auricular, of ilium 1344 









preeentral 262 

marginal, of Cunningham 376, Eponyms 
medial, of Eberstaller 376, Eponyms 
preehiasmatie 429-430 
preotie 605^-606/j 606 
of Reil, circular 384 
retroealearine 381 
rhinal 261-262, 382, 384-385 
rostral, superior 376 
Rouviere’s 1163, 1173, Eponyms 
sagittal 429 

inferior, of the cuneus of Retzius 381, 
Eponyms 
superior 712 
of Retzius 381, Eponyms 
selerae 688 
sigmoid 432, 624 
of spinal eord 
median, posterior 762 
posterointermediate 762 
posterolateral 762 
spiral 

external (spiralis externus) 646 
internal 648 
subparietal 380 
for superior sagittal sinus 712 
supraorbital 376 
tali 1423 

temporal (of temporal lobe) 376/; 381 /-382/; 

382 







inferior 262, 382 
superior 262, 380, 382 
transverse 382 
temporo-oeeipital 382 
terminalis 365-366, 614,999-1000 
oftongue 511 
transverse 317, 432 
ofcerebellum 254 
first 382 

for transverse sinus 712 
tubae 536 

tubero-infundibular 356 
tympanie 626-627, 629, 633 
uncal 384-385 

of Wernicke, frontomarginal 376 
see also groove(s) 

siilphatide 52 
summit, of iliae erest 1343 
sunburn 144 

sunken ehest see pectus, excavatum 
‘siiperfieial’ xvi 

superficial musculo-aponeurotic system 

(SMAS) 404, 476-477, 559 

faeial ageing - Commentary 4.3 






‘superior 7 xvi 

super-resolution far-field mieroseopy - 

Oommentary 1.1 

super-resolution mieroseopy - Oommentary 1.1 
siipination (movement) 846-847, 8557 
muscles involved 855 
suppuration, axillary 799 
suprachoroid 690 
supraglottis 591 
lymphaties 598 
tumours 592, 598 
surface(s) 
articular 

movements 120-121 
ovoid 101,102/ 
shapes of 101 

of synovial joints 98-99, 119/ 
basal, epithelium 28 
of bladder, urinary 1255, 1255/-1257/ 
cellular 4-5 
apieal 21 
basal 21 
lateral 21 








of eerebral hemispheres 373-374 
inferior 373 
medial 373 
superolateral 373 
extracellular 5 
flexor/volar, of vvrist 893 
of hamate 869 
of heart 997-1000 
anterior (sternoeostal) 999, 999/ 
diaphragmatie 997 
inferior (diaphragmatie) 996/, 999 
left (pulmonary) 999 
right 999-1000 
of humerus 805/, 806 
of ilium 1343-1344 
intracellular (protoplasmie) 5 
of isehial body 1344 
of kidney 1240, 1241/-1242/ 
of liver 1160-1162,1161/, 1163/ 
anterior 1161 
inferior 1160/, 1162 
posterior 1161-1162 
right 1161 
superior 1160 
of lunate 868-869 
of lung 
eostal 956 
medial 956 

of panereatie body 1180,1180/-1181 / 
of patella 1384 

of plaeenta, after delivery 1311,1311/ 
respiratory see alveolus (alveoli), of lungs 
of saernrn see saemrn, surfaces 
of scapula 801-802, 801/ 
of spleen 1188-1189,1188/ 
of stomaeh 1113,1113/ 
anterior (superior) 1113,1113/ 
posterior (inferior) 1112/, 1113 
of teeth 517, 517/ 
oftrapezium 869 
volar, of nail 152 

surface anatomy see speeifie anatomieal structures 
surfactant 965 

eomposition 965 
defieieney 928 
production 
Clare eells 965 
during development 928 
surgical procedures and approaehes 
adenoideetomy 574 
adrenaleetomy 1195-1197 
robotie 1198 
ankle aspiration 1332 
ankle injeetion 1332 
anterior, of Henry 852, Eponyms 
anterior eranial fossa approaehes - Commentary 4.1 
arthrodesis 
glenohumeral 776 
superior tibiofibular joint 1386 
thoracoscapular joint 776 
arthroseopy 1332-1333 
ankle 1332-1333, 1432 
hand 874 
hip 1332, 1379 
knee 1332 
vvrist 874 

axillary node disseetion 948-949 
axillary thoraeotomy 952 
balloon angioplasty 1020 
bifrontal transbasal approaeh - Commentary 4.1 
biliary drainage 1176 
breast eonservation 949 
breast reeonstmetion 949 
autologous tissue 949 
Caldwell-Luc - Eponyms 
eanalplasty 631 
cannulation see cannulation 
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to cavernous sinus 438 
Chamberlain procedure 979 
ehest drain insertion 952 
choledochoduodenostomy 1125 
eolostomy 1047 
commissurotomy 396 
eompartment reseetion, mandible 541 
eordotomy, anterolateral 1261 
eoronary artery bypass grafting 1020 
eoronary artery revascularization 1117 
eoronary artery stent plaeement 1020,10207 
eranieetomy 436-437 
eraniotomy - Commentary 4.1 
erieothyroid approximation surgery 589 
erieothyroidotomy 413, 474, 966 
Dingman approaeh - Eponyms 
diseeetomy - Commentary 5.1 
ear surgery 

endaural approaehes 631 
inner ear 657 

middle ear, external approaehes 630-631 
per-meatal approaehes 631 
postauricular approaeh 631 
endoseopie mucosal reseetion (EMR) 1122 
endoseopie surgery 
abdominopelvie 1047 
endonasal approaeh - Commentary 4.1 
natural orifiee transluminal 1047 
robotieally assisted 1047 
epidural 

caudal 7647, 773, 7737 
eervieal 773 
lumbar 773 
thoraeie 773 
epiglottopexy 584 
episiotomy 1233 

Epley’s eanalith repositioning procedure 646 
faeelifts 477 

far lateral transeondylar approaeh - Commentary 4.1 
fetal 209 









frenulectomy 508 
frenulotomy 509 

frontal sinus eranialization 475, 487 
frontolateral approaeh - Commentary 4.1 
fundoplication 1114 

gastreetomy and gastrie lymphadeneetomy 1118 
gastropexy 1113 
gastrostomy 1116 

Gillies temporal approaeh 488, 547, Eponyms 
Heller’s myotomy (eardiomyotomy) - Eponyms 
hip aspiration 1332 
hip injeetion 1332 
ileostomy 1047,1129,1132 7 
ineisions 157 
abdominal 1047 
ankle surgery 1333 
emeiate 1047 
footsurgery 1333 
forearm deeompression 856 
hip surgery 1333 
knee surgery 1333 
Pfannenstiel - Eponyms 
thoraeotomy see below 
intestinal stomas 1047 
intramuscular injeetion, lower limb 1332 
jejunostomy 1129 
Keen approaeh - Eponyms 
kidney, posterior approaeh 954, 9587 
knee aspiration 1332 
knee injeetion 1332 
Koeher’s method - Eponyms 
laparoseopie splenie procedures 1193 
laryngotomy 966 

left eolonie reseetions, vascular ligation 1151 
left lobeetomy, liver 1169 
liposuction 1069 

liver reseetions, terminology 1169,11697 









lumbar spinal eorridors - Commentary 5.1 
lumbar sympatheetomy 1324 
lymphadeneetomy, eoloreetal eaneer 1141 
mandibular swing 489 
masteetomy 949 
skin-sparing 949 
median nerve deeompression 893 
mediastinotomy, anterior 979 
meniseeetomy 1395, 13957 
mesoreetal excision 1147 
to middle eranial fossa - Commentary 4.1 
minimal aeeess surgery (MAS), lumbar spine 

- Commentary 5.1 

open spinal procedures i /s. - Commentary 5.1 
myringoplasty 633-634 
myringotomy 635 

natural orifiee transluminal endoseopie surgery 1047 
neek disseetions 462 
needle thoraeoeentesis 951-952 
nephreetomy 1240 
partial 1243 
radieal 1240 

ocular, surface landmarks 690 
orchidopexy 1277 

Osborne’s eanal (cubital tunnel) release 860 
osteotomy 
aeeess 489 
lateral zygomatie 489 
tibial 1386 
pallidotomy 285, 371 
Palomo procedure - Eponyms 
panereateetomy 1187 
pancreaticoduodenectomy 1187,11877 
parapharyngeal spaee tumours, management 578 
parotideetomy 442-443, 504 
percutaneous transhepatie drainage 1176 
perieardioeentesis 952, 997, 9977 
petroseetomy, anterior 431 
pharyngostomy 584 
pituitary surgery 432-433 
pleural drainage 956 
pneumoperitoneum for laparoseopy 1047 
posterior (dorsal), of Thompson 852, Eponyms 
posterior eanal obliteration 657 
to posterior eranial fossa - Commentary 4.1 
posterior deeompression of spinal eord - 

Commentary 5.1 
Poswillo approaeh - Eponyms 
presigmoid approaehes - Commentary 4.1 
pyloromyotomy 1114 
pyramidotomy 303 

radieal prostateetomy 1266,1268, Commentary 8.1 
impoteney following - Commentary 8.1 
nerve-sparing - Commentary 8.1 
poteney-preserving - Commentary 8.1 
Ramirez technique 1081 
reetal excision 1147 
rhinoplasty 558 

Rives-Stoppa-Wantz technique 1081 
sentinel lymph node biopsy 948 
skeletal aeeess surgery, faeial 489 
skin grafts 160 
skull base - Commentary 4.1 
small bowel transplantation 1128 
sphineterotomy 1175-1176 
spleen mobilization 1189 
spleneetomy 1193,11937 
panereatie tail injury 1189 
splenie artery ligation 1193 
splenie autotransplantation 1193, 11937 
stapedeetomy 637 
stapedotomy 637 
sternotomy 952 

suboccipital approaeh - Commentary 4.1 
supraclavicular braehial plexus injury - Commentary 

6.1 

suprapubic eystostomy 1289 





suprarenal gland excision 1198 
temporal bone reseetion 631 
thalamotomy 352, 371 
thoraeie sympatheetomy 981 
thoraeoeentesis 951 
needle 951-952 
thoraeoseopie aeeess 952 
thoraeosternotomy, transverse 952 
thoraeotomy 989 
thoraeotomy ineisions 952 
anterolateral 952 
elam shell (transverse) 952 
posterolateral 952 
thymeetomy 985-986 
thyroideetomy 471 
tonsilleetomy 577 
traeheostomy 474, 966 
transjugular intrahepatie porto-systemie shunt 

(TIPS) 1168 

transoral robotie surgery 578 
trans-sphenoidal approaeh - Commentary 4.1 
transverse eolon mobilization 1102 
tympanie membrane repair 631 
tympanie neurectomy 638 
tympanoplasty 633 
tympanotomy 630-631, 657 
posterior 657 

ulnar nerve deeompression 893 
uvulopalatopharyngoplasty 575 
vacuum-assisted mammotome biopsy 949 
ventral root reeonneetion - Commentary 6.1 
video-assisted thoraeoseopie surgery 952 
sustentaculum tali 1424-1426,14257 
muscle/ligamentous attaehments 1426 
surface anatomy 1329,13297 
sutural bones 418-419, 425, 425f, Eponyms 
aeeessory 418 
suture(s) 416 

anteroposterior, of parietal bone 478 
bevelled 416 


at birth 423 
closure 426 

eoronal 418, 425, 429, 478, 620, 622 

growth 622 
eranial 

premature fusion see eraniosynostosis 
*) surface anatomy 2377 
frontal 409-410,425 
frontoethmoidal 429 
frontonasal 416 
frontozygomatie 410,416,419 
fusion see synostosis 
growth 623 
ineisive 486 

intentional modifieation 425, 4267 
interfrontal (metopie) 416 
intermaxillary 416-418 
intermaxillary palatine 486 
internasal 416,425 

lambdoid 416, 418-419, 425, 429, 478, 622 
lens 698 

median, of frontal bone 480 
metopie 480, 622-623 
midpalatal 425 
morphogenesis 266 
nasofrontal, disjunction 488 
obliteration 425, 429 
oeeipitomastoid 409,418-419,423 
oeeipitoparietal 409 
palatine 

medial 421-422 

transverse (palatomaxillary) 421-422 
palatomaxillary 421-422 
parietal 409-410 
parietomastoid 409, 418-419 
parietotemporal 416 
petrosquamosal 632 
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suture(s) (Continued) 

petrosquamous 431 
position, dura mater and 266 
premature closure 425 
sagittal 418, 425, 429, 477-478, 622-623 
sehindylesis 96 
serrated 416 
simple (butt-end) 416 
sphenoid 409-410 
sphenosquamosal 419 
sphenozygomatie 419,488 
squamosal 409-410 
temporal 409-410 
zygomatieofrontal 488 
zygomaticomaxillary 416-419,488 
zygomatieotemporal 409-410, 419, 488 
swallowing 582-585 
bolus formation 583 
breathing during 584 
disorders 582 

fetal movements 265-266, 1048-1049 
neonate 584-585, 585 f 
oesophageal phase 584 
oral phases, solids 583 
oral preparatory phase 583 
oral transit/transfer phase 583 
pharyngeal phase 583-584 
X) loss of eontrol 584 
phases 582-583 
retrolingual loading 583 
supramedullary influences 584 
temporary accumulation of food 584 
swallowing pattern generator 584 
sweat 151,156 
sweating 

*) gustatory 442-443, 505, 981 
S) olfaetory 981 

swelling(s) 130 

arytenoid 619 

labioserotal (genital) 1218/-1219/; 1219 
female 1219 
male 1219 
lingual 614,614/ 
maxillary 606/, 623 
nasal 607 

switch, calcium-sensitive 108 
symmetrieal eell division 160 
symphalangism 796 
symphysis 97 

intervertebral 97 
manubriosternal 97 

menti (mandibular) 97, 425, 539-540, 540/ 
movements 97 

pubic 97, 1318, 1340/, 1353-1354 
diastasis 1310 
ligaments 1354 
movements 1354 
in pregnaney 1310 
relations 1354 
sex differenees 1348 
symporter 10 

*) symptom, Wartenberg’s - Eponyms 
synapses 42, 45-49, 46 f 

aetivity meehanisms 47-48 
asymmetrie 46-47 
axo-axonal 46 
axoaxonic 43-45 
axodendritic 46 
axosomatic 46 
ehemieal 46/-47Z 
elassifieation 45-48 
postsynaptie density 45-46 
presynaptie density 45-46 
dendro-axonal 46 
dendrodendritie 46 
depolarization 47 
development 48 












dopaminergie 48 
eleetrieal 45 
embryonie 48 
hyperpolarization 47 
immature 48 

peripheral see junction(s), neuromuscular 
plastieity 48 
postsynaptie events 47 
ribbons 46-47, 47/ 

‘sign-eonserving’ 702-703 
‘sign-inverting’ 702-703 
somatodendritie 46 
somatosomatie 46 
symmetrieal 46-47 
tripartite 49 
type I 47 
type II 47 

synaptie ribbon 46-47, 47/ 
synaptogenesis 247 
synehondroses 94, 621 

ofaxis 723 
posteranial 97 

spheno-oeeipital 416, 425, 431, 534-535, 713 
fusion 426 
sphenopetroelival 431 

syneytia 760 

maerophages 79 

muscle fibre formation see myotubes 

syneytiotrophoblast 169/, 171-172,171/-173/, 176 

hormones seereted 171 
syncytium 176 
astroeytes 49 
hormones produced 177 
syndeean 1202 
syndesmoses 
interehondral 98/ 
radio-ulnar 97/, 846 
syndrome(s) 

acquired immune defieieney (AIDS) 72 
Alport’s 34, Eponyms 
amnestie 397, Eponyms 
anterior eord 306/?, 772 
anterior interosseous nerve 859 
Apert’s 425, Eponyms 
aphasie, of Broea 397 
auriculotemporal 505 
Axenfeld—Rieger 664, Eponyms 
Bardet—Biedl 15, Eponyms 
Bernard-Horner see syndrome(s), Horner’s 
Bland—White—Garland 1024,1024/, Eponyms 
Bloom’s 18, Eponyms 
Boerhaave’s 989, Eponyms 
Brown-Séquard 306/?, 307/-308/, 772, Eponyms 
Budd—Chiari 1168, Eponyms 
earpal tunnel 881 /, 893 
Oarpenter’s 425, Eponyms 
cauda equina 773 
eentral alveolar hypoventilatory 974 
eentral eord 306/?, 772 
eerebellar eognitive/affeetive 331 
eerebrohepatorenal 9 
ehilaiditi’s 1143-1144,1161, Eponyms 
eompartment 1401,1415-1416 
abdominal 1098 
ofarm 799 
offoot 1421 
offorearm 856 
of hand 866 
of lower limb 1318 
of upper limb 786 

eomplete androgen insensitivity (CAIS) 1214 
eongenital undescended scapular 804 
conus medullaris 773 
eraniofaeial dysostosis 425 
eraniofrontonasal 616 
Crouzon’s 425, Eponyms 
Cushing’s - Eponyms 



DiGeorge’s 248, Eponyms, Commentary 2.2 
Down’s 21, 157, 204, 483, 623, Eponyms 
Dunbar’s (median arcuate ligament) 972 
dysacusis see syndrome(s), Usher 
dystrophia retinae dysacusis see syndrome(s), Usher 
Ehlers—Danlos - Eponyms 
femoral-acetabular impingement 1376 
Fitz—Hugh—Curtis 1098, Eponyms 
Frey’s 442-443, 505, 638, Eponyms 
Fròhlieh 358, Eponyms 
frontal lobe 397 
Gilles de la Tourette’s 370-371 
Goldenhaar’s 616, Eponyms 
Goodpasture’s 34, Eponyms 
Guillain—Barre - Eponyms 
Haglund’s 1440, Eponyms 
Hallgren see syndrome(s), Usher 
herniation 329, 329/ 
heterotaxy 957, 966 
Holmes-Adie 969, Eponyms 
Horner’s 469, 670, 681, 772, 786, 981, Eponyms 
eongenital 469 
Hurler’s - Eponyms 
hypermobility 813 
hypoplastie left heart 1013/ 
impingement 824 
Jeune’s - Eponyms 
Joubert’s - Eponyms 
jugular foramen 466, 468 
Kartagener’s (immobile eilia) 12, 23, 968,1013, 

Eponyms 

Kindler’s - Eponyms 

Klippel—Feil 758, Eponyms 

Korsakoff 397, Eponyms 

lateral medullary (Wallenberg’s) 315 

Li Fraumeni 19, Eponyms 

Marfan’s 191, 699, Eponyms 

Mayer-Rokistansky-Kuster-Hauser 1293, Eponyms 

median arcuate ligament (Dunbar’s) 972 

Minor’s 657, Eponyms 

Mirizzi’s 1175-1176, Eponyms 

multiple pterygium 223 

nerve entrapment, in foot 1447 

nutcracker 1244 

Parkinson’s see disease(s), Parkinson’s 
Pfeiffer’s 425, Eponyms 
piriformis 1321, 1359, 1373-1374 
Poland’s 817, 820, Eponyms 
posterior eord 306 b 
posterior interosseous nerve 860 
Potter’s 905, 928, Eponyms 
pronator 859 
‘prnne belly’ 1072 
radial tunnel 860 
Ramsay Hunt 57, Eponyms 
rectus abdominis 945 
respiratory distress 210 
Saethre-Chotzen 425, Eponyms 
short bowel 1128,1130 
spinal eord 772 
split-brain 396-397 
tarsal tunnel 1415, 1447 
Taussig—Bing 923, Eponyms 
temporomandibular joint dysfunction 548 
tethered eord 773, 773/ 
thoraeie outlet 473, Commentary 6.3 
arterial - Commentary 6.3 
neural, without plain motor signs - Commentary 6.3 
neurogenic - Commentary 6.3 
Treaeher Collins 616, Eponyms 
Turner’s - Eponyms 
ulnartunnel 893 
Usher 645, Eponyms 
Usher—Hallgren see syndrome(s), Usher 
van de Woude’s - Eponyms 
Waardenburg’s 248, Eponyms, Commentary 4.2 
Wallenberg’s (lateral medullary) 315 
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g Werner’s 18, Eponyms 
*) Wernicke’s 397, Eponyms 
g Williams—Campbell 930, Eponyms 

X) Wiskott—Aldrieh - Eponyms 

|l Wolff—Parkinson—White 1016, Eponyms 

X) Zellweger 9, Eponyms 
synergists (muscle) 114 
syngamy 163 
synostosis 96, 416 
claviculocostal 809 
eoronal 425, 622 
natural 623 
premature 416 
sphenoid bone 537 
X) syringomyelia 306 
systems 

aortoiliae arterial 10397 
azygos venous 977-978, 977f 
cardiovascular 127-136 
organization 127-131 
earotid, internal 280 
conducting, of heart see heart 
counterflow heat exchange 127 
cutaneous blood supply 152 
dorsal column-medial lemniscus 313-315 
eontrol meehanisms 315 
extrapyramidal (motor) 231 
fasciocutaneous 
of lower limb 1317 
*) of upper limb 779 
Haversian see osteons 

ej hepatobiliary, eonfoeal laser endomieroseopy 

- Commentary 8.2 
internal earotid 280 
laerimal 683-684, 683f 
drainage pathway 683/; 684 
lever, of muscle 119-120,120f 
limbie 373, 3857, 387-390, 397 
see also lobe(s), limbie 
lymphatie 127-136 
mononuclear phagoeyte 78 
musculoskeletal 81-122 
mechanotransduction 122 
nasolaerimal drainage 6837, 684 
nervous (general) 42-67, 225-237 
development 238-270 
lineage and growth 246-247 
meehanisms 245-248 
vascular supply 266-270 
glia: neurone ratio 42 
surface anatomy 237 
nervous (speeifie) 

autonomic (ANS) 42, 227, 233-237 
abdominopelvie 1034-1040, 10357 
aetivity 233-234 
airway function eontrol 961 
development 250-251 
efferent pathways 233, 2347 
of glands 33 
of heart 1021 

intercellular communication 58 
neurotransmission 234 


of thorax 900-901, 980-983, 9807-9827 
oftongue 517 
eentral (CNS) 42, 227-231 
demyelination disorders 66 
development 52, 238, 252-266 
injury 49 
myelin 52 

ej plastieity - Commentary 1.6 

eortieo-olivary 340-342 

enterie (ENS) 42, 58, 227, 233, 236, 1043-1044, 
10437, 1152 

development 250-251, 2507,1057-1058 
parasympathetie 233, 235-236 
to abdominopelvie region 1036 
3 airway smooth muscle eontrol 968 


gastrie innervation 1118 
in head and neek 407-409 
lumbar 1096 

peripheral (PNS) 42, 227, 231-233 
demyelination disorders 66 
development 52, 238, 248-251 
injury 55 

microstructure 54-58 
myelin 52 

sympathetie 233, 235 
to abdominopelvie region 1034-1036 
gastrie innervation 1118 
in head and neek 409, 4097 
of heart 1021 

lumbar 10337, 1034-1035, 10947, 1096 
pelvie 1035-1036,1230-1231,12307 
vascular branehes 1230-1231 
structures innervated 235 
thoraeie 900-901,9807 
neuroendocrine, dispersed 58-59 
olivoeoehlear 652 

pain modulating, deseending 294-295 
Cj panereatie, eonfoeal laser endomieroseopy 

- Commentary 8.2 
peripheral auditory 653-655, 6557 
portal (hepatie) venous 1039-1040,1167 
reproductive 

ambisexual/indifferent stage 1208, 12097,12127 
development 1208-1220 
female 1288-1313 
lower genital traet 1288-1294 
upper genital traet 1294-1306 
male 1272-1287 

aeeessory glandular structures 1279-1280 
maturation at puberty 1220, 12207 
see also gonads 

respiratory see lung(s); traet(s), respiratory 
*) Rhesus antigen 69 
somatie sensory 396 
X) striatopallidal, ventral 390 
urinary 

anomalies 1206-1208 
development 1199-1208, 12007 
neonatal 1206,12067-12077 
see also bladder, urinary; kidney 
urogenital 

development 1199-1220 
male/female homologies 12107 
venous, ilioeaval 10407 

*) ventricular 42, 228, 2297, 271-279, 2717 

development 2577 
enlargement 278 
relations 271-276 
topography 271-276 
vertebrobasilar 406 
vestibular 

head position/movement 651 
microstructure 645-646 
in visual reflexes 651 
visual, aeeessory 674 

see also apparatus; individual structures/regions 
systole 139 
aortievalve 1011 
atrial 1014 
left ventriele 1006 
mitral valve 1008-1010 
pulmonary valve 1005 
tricuspid valve 1003 

T 

table of eompaet bone, skull 416 
taenia(e) 

eoli 1136-1137, 11377, 11407, 1159 
ofcaecum 1141 
neonate 1057 
of sigmoid eolon 1146 


libera 1137,11377 
mesoeoliea 1137, 11377 
omentalis 1137,11377 
sagittalis 1001 

tail 

*) axillary, of Spenee 945, Eponyms 

of caudate nucleus 260-261, 365-366 
embryo, folding 185, 1857 
of epididymis 1277 
of helix 628 

of panereas 11807-11817,1181 
injury 1189 
of spermatozoa 1276 

talin 24 

smooth muscle 125-126 
talipes equinovarus, eongenital 1336 
talus 1423-1424,14347,14367 

inanklejoint 1431 
anomalies 1336 
arteries 1424,14267 
attaehment sites 1424,14257 
body 1424, 14257 
head 14227, 1423, 14347 
X) hypermobile flat foot 1423 
innervation 1424 
neek 1423-1424 
neonatal 1336 
ossifieation 14237,1424 
surface anatomy 1329 
vascular supply 1424, 14267 
vertieal 1426 

tangles, nenrofibrillary 15 
tanning, skin 146 
*) tapetum 393, 396, 3967 
tarsal bones see tarsus 
tarsus 1422-1428,14227-14237,14277 
eoalition 1428 
of eyelids see plate(s), tarsal 
ossifieation 95-96,14237 
rows 1422-1423 
see also individual bones 
taste 

basie 516-517 
diserimination 516-517 
X) nerves 317, 514, 554 

sensations, types of 516-517 
smell pereeption and 517 
taste buds 516-517 
of fetal epiglottis 516 
innervation 516 
eentral eonneetions 516 
laryngeal 591 
microstructure 516 
of soft palate 516, 575 
oftongue 516-517 
distribution 516 
tau protein 45 

X) Taussig-Bing anomaly 923, Eponyms 
taxol (paclitaxel) 14 
tears 

drainage 6837, 684 
dynamies 6837 
flow 494 
volume 683 

Cj 99m technetium - Oommentary 7.1 
technetium ( 99 Tc) perteehnetate 470 
tectum 321, 325-326 

development 256 
teeth 517-527,5247 

abseesses 532-533, 547, 552 
age determination 426 
age-related ehanges 523 
alignment 519-520 
anatomieal nomenclature xvi 
arteries 526 
auditory 648 
bicuspid 518 
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teeth (Continued) 

atbirth 423, 616 
eanines (eaniniform) 517 
abseesses 532 
deciduous 518-519 
mandibular 518, 537-539 
maxillary 518 
morphology 518 
soeket 485 

crown see crown, of teeth 
cuspid seeteeth, eanines (eaniniform) 
cusps see cusp(s), of teeth 
deciduous (primary) 517-519, 5177-518/" 
at birth 616 

emption 519, 5197-5207, 5197, 616 
extrauterine life, transition to 210 
forensies 522 
shedding 426-427 
degree of separation/gape 497 
development 426-427, 615-616, 6157-6167 
epithelial—mesenehymal interaetions 615-616, 
6157 

emption 519, 5197-5207, 5197 
wisdom teeth 527 
ethnie differenees 520 
extraction 527 
form variations 520 
geographieal 520 

ineisors (ineisiform) 517, 5177-5187 
abseesses 532 
eentral (first) 517-518 
deciduous 518-519 
lateral (seeond) 517-518 
mandibular 537-539 
maxillary, retroelined 508 
morphology 517-518, 5177-5187 
peg-shaped 517-518 
roots 517-518 
soeket 485 
supernumerary 5207 
infeetion 447 

innervation 526-527, 5267 
alternative pathways 527 
loeal analgesia 527 
loss 486, 532-533, 540 
lymphatie drainage 526 
malocclusion 520 
maturation assessment 426 
mineralization 616 
missing 520 
molariform 517 
molars seeteeth, molars 
premolars seeteeth, premolars 
molars 517 
abseesses 532, 547 
deciduous 518-519 
extraction 527 
first 517-518 
impaeted 527 
mandibular 518, 537-539 
infeetion 447 
maxillary 518 
morphology 518 
roots 518-519, 537-539 
seeond 517-518 
soeket 485 

third 517-518, 537-539 
third (wisdom teeth) sssteeth, wisdom 
morphology 517-520 
natal 517 
neonatal 517 
number variations 520 
occlusion 519-520 
eentrie 519-520 
ideal 520 

pain sensation 527 
periodieity 522 









permanent (seeondary) 517 
development 616 
emergenee 426-427 
emption 519, 5197-5207, 5197 
mineralization 426-427 
premolars 517 
first 517 
mandibular 518 
maxillary 518 
morphology 518 
roots 518 
seeond 517 
soeket 485 

primary seeteeth, deciduous (primary) 

radiographs 525, 5257 

seeondary see teeth, permanent (seeondary) 

size variations 520 

soekets 421-422, 525, 537-539 

supernumerary (additional) 520, 5207-5217 

surface anatomy 409, 411 

surfaces 517, 5177 

terminology 517 

tissue arrangement 520-525, 5217 
venous drainage 526 
wisdom 527 
impaetion 527 

see also dentine; enamel (teeth) 

tegmen 

mastoideum 431 

tympani 431, 541, 624, 626, 632 
development 659 

tegmentiim 

meseneephalie 3107, 321, 3227-3237, 324-325 
pontine 318-321, 3187, 342, 3447 
lateral 328 

tektins 22 
tela ehoroidea 276 
development 239-240, 254, 256, 267 

tela subcutanea see tissne, subcutaneous 
telecanthus, traiimatie 488 
teleneephalon 228 

development 238-239, 257, 2577, 259-264, 2597 
cellular proliferation 246 
derivatives 2397 

dieneephalon wall fusion 2587, 261 
segmentation 248 

teleneephalon impar 259 
telomerase 17 
telomeres 17 

shortening 26 

telophase, cellular division 16, 20-21 
temporal bone 404, 419, 624-627, 6257 

at birth 423, 6277 
development 622 
growth 623 

mastoid part 418, 432, 624-626 
muscle attaehments 624 
neonatal 627 

ossifieation 96, 626-627, 6277 
petromastoid part 624-626 
petrous part 422, 431-432, 626-627 
squamous part 419, 431, 623-624, 626-627 
surface anatomy 409-410 
tympanie part 624, 626 
tenasein 39 
lung development 925 
tendon(s) 114-115,1147 
Aehilles see tendon(s), ealeaneal 
of adductor longus 1044 
anterior commissure 592 
attaehments 115,1157 
to bone 85,115 
bieipital 789 

ealeaneal (Aehilles) 1157,13847,1440, Eponyms 
aetions 1440 
age-related ehanges 1440 
blood supply 114-115 









pathology 1440 
in mnning 1448 
surface anatomy 1330 
tensile properties 1440 
vascular supply 1440 
eanthal - Commentary 4.3 
eentral, of diaphragm 970-971, 9717 
during breathing 974 
folia 971 
eonjoint 1078 
of deltoid 789 
development 221-222 
of flexor digitomm brevis 1441 
function 114-115 
growth 114-115 
of infraspinatus 823 
of infundibulum, of heart 1013 
innervation 115 
lateral hamstring 1366 
material properties 1177, 118 
of omohyoid 4487, 449-450 
posterior tibial tendon dysfunction 1432 
of quadriceps femoris 1362 
of rectus abdominis 1073 
remodelling (replaeement) 114-115 
repair 114-115 
as shoek absorbers 114 
structure 40, 407, 114-115,1147 
subendocardial 1003,1007-1008 
of subscapularis 823 
of supraspinatus 823-824 
tensile strength 118 
thiekness 114-115 
of Todaro 913, 10007,1001, Eponyms 
vascular supply 114-115 
tenovaginitis 

de Quervain’s 879, Eponyms 
trigger finger 879 

tension pneumothorax 956 
tentorium eerebelli 404, 433, 4337 
development 266 
teratogenieity 177 
terminais 
axons 45 
eholinergie 64 
terminal web 23 

termination, of pregnaney 206-209 
Terminologia Anatomiea xvi 
territories 

vascular 132 

venous, of skeletal muscle 107 

test(s) 

abductor digiti minimi 884 

abductor pollieis brevis 882 

abductor pollieis longus 854 

aetive straight leg raise (ASLR) - Commentary 9.2 

adductor pollieis 883 

Allen’s 791, 795-796, Eponyms 

bieeps braehii 825 

braehialis 826 

braehioradialis 852 

ealorie 651 

eoraeobraehialis 822 

deltoid 820 

extensor earpi radialis brevis 852 
extensor earpi radialis longus 852 
extensor earpi ulnaris 853 
extensor digiti minimi 853 
extensor digitomm 853 
extensor indieis 855 
extensor pollieis brevis 855 
extensor pollieis longus 854 
flexor earpi radialis 849 
flexor earpi ulnaris 851 
flexor digiti minimi brevis 884 
flexor digitomm brevis 1441-1442 
flexor digitomm profundus 851 
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flexor digitomm superficialis 850, 886 
flexor pollieis brevis 882 
flexor pollieis longus 851 
X) forefoot squeeze 1447 
Hopkinson squeeze 1433 
X) immersion 786 

interossei, of hand 884-885 
Jaek’s great toe (windlass) 1439 
latissimus dorsi 822 
lumbricals, of hand 885 
opponens digiti minimi 884 
opponens pollieis 883 
palmaris brevis 884 
palmaris longus 850 
peetoralis major 820 
pronator quadratus 851 
pronator teres 848 
rhomboid muscles 818 
X) Romberg’s 306 

serratus anterior 819 
supinator 855-856 
supraspinatus 823 
teres major 824 
tibialis posterior 1412 
trapezius 817 
trieeps 826 

X) web-space tenderness 1447 
windlass (Jaek’s great toe) 1439 
*) wrist tenodesis 886 

testis (testes) 1272-1277,1273/ 
abdominal 1215 
age-related ehanges 1277 
arteries 1272,1275 / 
counterflow heat exchange 127,1272 
eremaster aetion 1079 
deseent 209, 1214-1215,1215/ 
aberrant 1215 

inguinoscrotal phase 1214-1215 
transabdominal phase 1214 
development 1210f, 1212 /, 1213 
anomalies 1213, 1277 
ovarian homologies 12107 
dimensions 1272 
*) eetopia 1277 
fetal 1277 
innervation 1274 
autonomic 1038 
interstitial tissues 1276 


lobules 1274, 1274/ 
lymphaties 1093, 1274 
maldeseent 1213, 1277 
microstructure 1274-1277 
position in scrotum 1272, 1273/ 
at puberty 1277 
rete 1213,1274 
*) retraetile 1277 

retraetion from scrotum 1069 
3 supernumerary 1277 
S) torsion 1277 

undescended 1215, 1277 
veins 1273-1274, 1273 / 

|) volume 1272, 1272/; 1272/ 

testis-determining faetor (TDF) 1213-1214 
testis-epididymis non-fusion 1277 
*) tetralogy of Fallot 923-924,1013,1013f, Eponyms 
tetraplegia 770-771 
tetraspanins 25 
thalamus 350-355, 350/-351 / 
arterial supply 285 

deep brain stimulation targets 350, 350/ 
development 255-256, 257Z-258/, 261 
negleet 355 

nuclei/nuclear groups see nucleus (nuclei - nervous), 

thalamie 

relations 312/, 350 

X) thalassaemia 69 
thalidomide 796 


theea 762 

externa 1304-1305 
folliculi 1304-1305 
interna 1304-1305 

thelarehe 950 
theories 



aerodynamie-myoelastie 601 


of earpal movements 874 

11 

column 874 


‘four-unit’ 874 

g) 

gate eontrol 294, 294/ 


monophyletie, of neurogenesis 246 


ring 874 

g) 

row/rigid body 874 


thermoreeeptors, anal transition zone 1154 
thermoregulation 

cutaneous veins 130 
hair involvement 147 
ofscrotum 1286 
skin involvement 141, 151-152 
sweatglands 151 
thigh 1337-1375 
arteries 1367-1370,1368/ 
cutaneous 1337 

eompartments 1317,1338-1339,1339/ 
anterior (extensor) 1317,1319, 1338, 1339/, 
1355/, 1361-1363 
arterial supply 1338 
innervation 1338 

medial (adductor) 1317,1319,1338, 1361, 
1363-1366, 1363/ 

posterior (flexor) 1317, 1319,1338,1339/, 1360/, 
1361, 1365/, 1366-1367 
innervation 1368/, 1371-1374 
cutaneous 1350/ 
lymphatie drainage 1371 
cutaneous 1337 

muscles 1319, 1361-1367, 1361/, 1365/ 
posterior, aetions 1367 
superficial 1355/ 
see also thigh, eompartments 
perforator flaps 1370 
skin 1337 

soft tissues 1337-1339 
surface anatomy 1327/, 1330 
venous drainage, cutaneous 1337 

§ thin-piate spline vvarping - Oommentary 4.2 
thorax 895-904 

antenatal ultrasound imaging 907-908 
at birth 898 

elinieal procedures 951-952 
development 905-930, 905/, 907/ 
innervation 900-901 
autonomic 900-901 
interventional aeeess 951-952 
neonatal 907 
sex differenees 898 
surface anatomy 901-904 
musculotendinous landmarks 902 
skeletal landmarks 901-902, 901/-902/ 
viseera 902-904, 902/, 902/ 
wall 898-899, 898/, 931-952 
arteries 899-900, 900/, 942-943, 972 
cutaneous 712/, 899, 931, 932/ 
bones 898, 931-938, 935/ 
eartilage 931-938 
eongenital anomalies 906 
development 905-908 
faseia 931 
innervation 944-945 
joints 898, 938-940 
lymphaties 900, 944 
deep tissue 944 
movement meehanism 942 
muscles 898-899, 940-942 
extrinsic 898-899 
intrinsie 898-899, 940-942 


neonate 907 
skin 931 

arteries 712/, 899, 931, 932/ 
innervation 711/, 931, 933/ 
lymphaties 931 
veins 900/, 931 
soft tissue 931 
veins 900, 900/, 943-944 
§ three-D stereo photogrammetry - 

eommentary 4.2 

*) thrombasthenia, Glanzmann’s - Eponyms 
thrombosis 

X) appendicular artery 1142, 1144 
cavernous sinus 438 
*) deep vein 960,1415 
dural venous sinuses 286 
*) intraeranial venosinus 289, 289/ 
jugular bulb, superior 466 
leg venous drainage 1227 
superior sagittal sinus 436 
thrombospondin 86-87 
thiimb 
ball of 778 
bones 871-872 

3 flexion-adduction deformity 887 
*) gamekeeper’s 878 
innervation 891, 893 
joints 876-877 

*) movements 102, 786/, 876, 886-887 
muscles 778 
opposition 887 
pineh grip 887 
retroposition 887 
phalanges 871-872 
skin, vascular supply 862 
skin ereases 862 
thymus 983-986, 983/ 
aeeessory nodules 983 
age-related ehanges 76, 983, 983/, 985, 

985/ 


arteries 983 
at birth 985 
ehildren 983, 983/, 985 
ehronie involution 76 
eongenital anomalies 985 
cortex 984-985 

development 618/, 619, 983-984 
eetopie 983 
innervation 983 
lymphatie drainage 983 
3 lymphoeyte development 73, 76-78 

3 medulla 983-985, 984/ 

*) medullary follicular hyperplasia 986 

microstructure 983-985, 985/ 
epithelial framework 984, 984/ 
general architecture 984, 984/ 
microcirculation 985 
non-lymphoeytie thymie eells 984 
neonatal 983/, 985 
relations 983 
mdiments 619 
*) tumours 986 

veins 983 
weight 985 

tibia 1387/, 1401-1405,1402/-1403/ 

eondyles see eondyle(s), tibial 
development 1334 

distal end 1402/-1403/, 1404, 1421-1422 
innervation 1422 
ligamentous attaehments 1421 
vascular supply 1421 
growth 95 

growth plate 1402-1403,1402/ 
innervation 1404 
in knee movements 1392 
muscle attaehments 1402/-1403/, 1404 
neonatal 1336 
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tibia (Continued) 

ossifieation 1402/-1404/ 1404-1405 
aeeessory eentre 1404-1405 
postnatal growth 94 
proximal end 1401-1403 
shaft 1403-1404 

siirfaee anatomy 1328,1328 f, 1401-1402 
torsion 1404 
vascular supply 1404 

tibial (anatomieal term) xvi 
tidemarks 83,115f 
timbre, of voiee 595, 602 
tip 

of nose 556 

X) support meehanisms 558 
of notoehord 620, 621 f 
tip links, hair eells 645, 645/j 648 f, 649 
tissue 28-41 

adipose 36, 36/; 39 
of anterior abdominal wall 1069 
of eheek 475 
as endoerine organ 36 
epieardial 995 
in foot 1421 
areolar, of heart 1012 

*) border, of Jaeoby 705, 706/; Eponyms 
brown adipose (BAT) 36 
buccolabial 475-476 
eartilage see eartilage (general) 
elassifieation 28 
conductive, of heart 1013-1016 
eonneetive 35-40 
areolar 39 
eells 35-37 
migrant 36-37 
resident 35-36 
elassifieation 39-40 
*) of conducting airways 968 

extraperitoneal 1069 
of eyelids 680 
functions 35 

general (ordinary) 35-37, 35/ 
ofheart 1012-1013 
irregular 39 
dense 39 

in limbs, development 221-222 
of liver 1169-1170 
loose 35/, 37/, 39 
lymph nodes 74 
matrix 35, 37-39 
muscular 107 
of orbits 668-670, 668/ 
pulleys 669 
regular 40, 40/ 
skeletal muscle 107 
speeialized 37 
subendothelial 133 
dental 520-525, 521 / 
see also teeth 
eetoderm see eetoderm 
endoneurium 54-55, 57 
endothelium see endothelium 
epidermis see epidermis 
epineurium 54 

epithelium see epithelium (epithelia) 
extraembryonic 
formation 164/, 168-170 
twin pregnaney 168 
extraperitoneal 1099 
glandular 29 
granulation 35, 158-159 
haemolymphoid 35 
haemopoietie 76 
hypodermis 147,155 
injury (neerosis) 26 
interaetions see tissue interaetions 
3 intermediary, of Kuhnt 705, Eponyms 


lymphoid 68, 73-75 
development 204 
embryonie 204 
growth rates 217/ 
lymphoeyte entry into 73 
neonatal 204 

of oral eavity, development 615 
palatine tonsil 576 

see also gut-associated lymphoid tissue (GALT); 
lymph nodes (general); mucosa-associated 
lymphoid tissue (MALT) 
metaplasia 40 
mucoid 40 
mucosa see mucosa 
multiplicative growth 216, 216/ 
muscle see muscles (general) 
perineurium 54 
reticular 35 
retroperitoneal 1099 
sear, dermal 158 
skeletal 
eells 37 

degeneration 122 
frustrated repair 122 
injury 122 

loading, excessive 122 
material properties 117-118,117/ 
see also bone (general); eartilage (general) 
soft see faseia(e); speeifie anatomieal structures 
subcutaneous 41,147 
ofeheek 476 
of gluteal region 1337 
of lower limb 1316-1318 
ofsealp 475 
ofthigh 1337 

subcutaneous fibroadipose, of faee 476 
submucosa see submucosa 
subsynovial 99 
transdifferentiation 40 
urothelium see urothelium 
§ tissiie engineering - Commentary 1.2 

tissue inhibitors of matrix metalloproteinases 

(TIMPs) 158 
tissue interaetions 

epithelium/mesenchymal see under mesenehyme 
instmetive (direetive) 190 
permissive 190 
restrietion 189 

toe(s) 

§ clawing - Commentary 6.2 
deformities 1410-1411 
development 1334 
great see hallux 
3 movements 1324/ 

X) muscles 1324/ 
toenails 1447 
tongue 511-517 
apex 511 
arteries 513 
atbirth 609/, 615 

development 511, 605, 612, 614-615, 614/ 
dorsum (posterosuperior) surface 511,511/ 
infants 585/ 

inferior (ventral) surface 511 
X) innervation 316, 513/, 514-517, 515/615 

autonomic 517 
sensory 515-517 
lymphatie drainage 513-514, 514/ 
movements 
embryonie 612 
in swallowing 583-584 
mucosa 511 
muscles 511-513 
extrinsic 511, 512/ 
intrinsie 511-513, 513/ 760 
oral (presulcal) part 511 
papillae see papilla(e), of tongue 


pharyngeal (postsulcal) part 511 
root 511 

surface anatomy 411 
taste buds see taste buds 
veins 513 

tongue driving foree (tongne thrust pressiire 

foree) 584 

tongue thrnst pressure foree (tongue driving 

foree) 584 
‘tonguetie’ 509 
tonsil 

adenoid seetonsil, pharyngeal 
of cerebellum 331-335, 334/ 431 
extrusion 313, 329/ 
development 615 
lingual 511,513-514 
development 615 

nasopharyngeal see tonsil, pharyngeal 
palatine 75, 411, 509/ 511/ 576-577, 576/ 
arteries 576Z-577/ 577 
development/growth 576, 608/ 615 
innervation 577 
involution 576 
lymphaties 577 
lymphoid tissue 576-577 
microstructure 576-577, 576/ 
referred pain 577 
veins 577 

pharyngeal 573-574, 573Z-574/ 
age-related ehanges 574 
arteries 574, 576Z-577/ 
development/growth 204, 574, 615 
functions 574 
lymphaties 574 
microstructure 574 
removal 574 
veins 574 
tubal 573-575 
development 615 
tonsillitis 577 
tooth see teeth 

torcula see confluence, of the siniises 
torcular herophili see confluence, of the sinuses 
torques 116,116/ 120 
torsion 

X) testicular 1277 
tibial 1404 
torns 85 
aorticus 1001 
mandibularis 533, 539 
maxillary 485, 533 
palatinus 533 
tubarius 507/ 572/ 574 
tough materials 117 

toxoplasma, transfer aeross plaeental barrier 

177 

trabecula(e) 

of bone 84-85, 85/ 89 
earneae 1001-1003,1006,1009/ 
epithelial 1052 
of liver 1169-1170 
of pituitary gland 360 
splenie 1191,1191/-1192/ 
of subarachnoid spaee 276-277, 277/ 
trabecular meshvvork 687-688 
trabeculation(s) 

of heart ventrieles, development 912/-913/ 913 
septomarginal 1001-1003 
septoparietal 1001-1003 
et traeers - eommentary 7.1 
traehea 961 / 965-966 
arteries 967 
bifurcation 965, 968 
branehing pattern 967/ 
at bronehoseopy 965-966 
eartilage 961/ 963/ 965-966, 968 
ineomplete rings 968 
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eervieal portion 473-474 
diameter 473 
innervation 474 
lymphaties 474 
relations 473, 966 
vascular siipply 474 
eongenital malformations 929-930 
development 619, 905/; 925-926,10507, 10537 
diameter 965-966 
innervation 968 
lymphatie drainage 967 
microstructure 968 

neonate 2097, 619, 925-926, 965-966 
radiographs 990-991 
X) smooth muscle 968, 9687 

surface anatomy 413, 901-903, 9027 
surgical airway 474 
thoraeie part, relations 966 
ej tissue engineering - Oommentary 1.2 
veins 967 

X) traeheomalaeia 930 
traet(s) 

angular 477 

dead, in dentine 523, 5237 
gastrointestinal 
arterial supply 1039 
cellular morphogenesis 1054-1055 
ej eonfoeal laser endomieroseopy - Commentary 8.2 

development 1048-1068,10497-10507 
see also individual organs 
genital see systems, reproductive 
hair, of baek 710, 7107 
iliopubic 1069 

iliotibial 1330, 1337-1338, 1390 
inflow, of heart 908, 9097, 910-913, 9117 
paeemaker aetivity 914 
nervous see traet(s) (tractus) (nerve) 
outflow, of heart 908, 9097, 910-911, 9117-9127, 

913-914 

fusion 9187-9197 
positioning 918 

septation 916-918, 9177-9187 
terminology 913-914 
portal 1169-1170 
respiratory 

defensive meehanisms 953, 968-969 
development 9057, 924-930, 9257 
neonatal 58-59 

spiral (spiralis foraminosus) 642-643 
supralaryngeal voeal 600, 603 
uveal 686 

traet(s) (tractus) (nerve) 

of eentral nervous system 227 
eervieospinoeerebellar 297 
corticonuclear 230, 2317, 301-303, 317 
eortieopontine 318 

eortieospinal (pyramidal) 230, 2317, 301-303, 3027, 

314, 322, 341-342, 377-378, 3897, 
3947-3957, 395 
development 261 

ej diffusion tensor MRI - Commentary 7.1 

lateral 230, 2977, 3007, 302, 3027, 314 
|) lesions 231, 303, 306, 324 

myelination 264-265 
in pons 317 
preeentral axons 303 
somatotopieal organization 3007, 302 
termination 3027, 303 
ventral 2977, 302-303, 3027, 314 
cuneocerebellar 298-299, 2987, 345 
termination 344 

*) dorsolateral (of Lissauer) 252, 291-292, 305, 

Eponyms 

fastigiobulbar 340-341 
frontal ‘aslant’ 391 
fronto-orbitopolar 391 
3 habenulointerpeduncular 327, 362 


hypothalamohypophysial 360 
interstitiospinal 304 

*) of Lissauer 252, 291-292, 305, Eponyms 
mammillotegmental 3587, 359 
mammillothalamie 351,3587,359 
nerve fibres 42 
*) olfaetory 261, 376, 391 

olivoeerebellar 3147, 316-317 
*) olivoeoehlear 319 

olivospinal, myelination 264-265 
optie 663, 696, 707 
aeeessory 3417 
arterial supply 285 
development 259 
paraventriculohypophysial 358 
pyramidal see traet(s) (tractus) (nerve), eortieospinal 
reticular 300-301, 3017 
reticulocerebellar 344 
reticulospinal 2977, 3017, 303-304 
lesions 303-304 

X) medullary (lateral) 303, 327 

myelination 264-265 
*) pontine (medial) 3017, 303, 327 
rubrobulbar 324 

mbrospinal 2977, 303, 314, 324, 341-342 
solitariospinal 304 
solitarius 313, 317, 516 
development 250 
spinal 

aseending 296-301,2977 
deseending 296, 2977, 301-304, 3017-3027 
of trigeminal nerve 3097, 3127-3147, 315-316, 
3187, 320 

spinoeerebellar 296, 2977-2987, 313-314, 344-345 
eervieal, upper (eentral) 345 
dorsal (posterior) 297, 345 
rostral 297, 345 
termination 344, 3447 
ventral (anterior) 297, 335, 345 
spinoeervieal 301 
spino-olivary 301 
dorsal 301 
spinoteetal 301,314 

*) spinothalamie 295, 2977, 299-300, 353 

dorsolateral 299 
lateral 294-295, 299, 2997 
*) lesions 306 

neurones 299-300 
segmental organization 299, 3007 
ventral 299, 3007 
subthalamic 361-362 
supraopticohypophysial 358 
tectobulbar 325-326 
teetospinal 2977, 303, 325-326 
myelination 264-265 

tegmental, eentral 3147, 3187, 3227, 324, 342, 

3447 

trigeminal nerve 313 
trigeminoeerebellar 344 
X) tubero-infundibular 357 
uncinate 335, 340-341 
vestibulospinal 303, 3047, 314 
lateral 303 

medial 2977, 303, 3047, 325 
myelination 264-265 

see also fasciculus (fasciculi); fibre(s), nerve 

tragiis 627 

development 660 

§ transbronehial needle aspiration (TBNA) biopsy 

- eommentary 7.2 

transeription faetors 

X) EB (TFEB) 9 
Nkx2-5 908 
T-box 908, 914, 9157 

transeytosis 8 

transforming grovvth faetor beta (TGF-J3) 86-87 

searless wound healing 159-160 














transforming oneogene 10-11 
transient isehaemie attaeks (TIAs) 455 
translation (movement) 102,120 
transmission eleetron mieroseopy (TEM) - 

Oommentary 1.5 

eontrast ehallenges - Commentary 1.5 

transmitter, neurochemical see neurotransmitters 
transplantation 

blastoeyst eomplementation - Commentary 1.2 
panereas 1187 

simultaneous panereas-kidney 1187 
small bowel 1128 

tissue engineering - Commentary 1.2 
transport 
aetive 10 
intraeiliary 15 
linked 10 
paracellular 1249 
passive 10 

transtentorial eoning 433 

trap(s), neutrophil extracellular (NETs) 70 

trapezium 867M568 f, 869 

ossifieation 869, 8707-8717 
surface anatomy 788, 893 

trapezoid 866-867, 8677-8687, 869 

ossifieation 869, 8707-8717 

trauma 

bladder, urinary 1255 
diaphragmatie 972 
foot 1421 
head 432 
laryngeal 593-594 
sealp avulsion 475 
splenie 1193,11937, 11937 
urethra, male 1263 

see also injury; speeifie anatomieal structures 

travelling wave 653 
tree 

biliary see biliary tree 
respiratory see traet(s), respiratory 

tremor, essential 352, 3527 
triad 

Beek’s 997, Eponyms 
portal 1169-1170,11697 
skeletal muscle 1057-1067,106 
triangle(s) 
anal 1231-1232 
of auscultation 7397, 749 
Calot’s 1175, Eponyms 
eervieal see triangle(s), of neek 
elinoidal 437 

deltopeetoral see fossa(e), infraclavicular 
femoral 1362, 13677 
surface anatomy 13277, 1330 
hepatobiliary 1175,11757 
Hesselbaeh’s 1071, 1080-1081, Eponyms 
hypoglossal 273-274 
infratroehlear (Parkinson’s) 437, Eponyms 
inguinal (of Hesselbaeh) 1071,1080-1081, Eponyms 
Kawase’s, of middle fossa 431, Eponyms 
Killian’s 582, Eponyms 
of Koeh 10007-10017,1001,1003, Eponyms 
Laimer’s 582, Eponyms 

lumbar (Petit’s) 7397, 749, 822,1087, Eponyms 
Macewen’s 635, Eponyms 
of neek 443-445, 4447 
anterior 413-414, 4137, 444, 4447, 4487 
earotid 444 
digastrie 444 
muscles of 4487, 449 
muscular 444 
submental 444 

posterior 413-414, 4137, 444-445, 4447 
oeeipital 444-445 
supraclavicular 445 
swelling in - Commentary 6.1 
surface anatomy 413-414, 4137 


1553 











































SUBJECT INDEX 


triangle(s) (Continued) 

*) Parkinson’s (infratroehlear) 437, Eponyms 
Petit’s see triangle(s), lumbar (Petit’s) 
posteromedial, of middle fossa 431 
‘soft’ of knee 1332 
suboccipital 744 f 
relations 744 

suprameatal 409-410, 419, 624, 635 
urogenital 1231-1232 
female 1231-1232 
male 1231-1232, 1231/, 1281/ 
vagal 273-274 
see also trigone (trigonum) 
triangular fibroeartilage complex (TFCC) 

see complex(es), triangular 
fibroeartilage 
triehiasis 680 
3 trieiispid atresia 1013/ 

X) trigger finger 879 
trigone (trigoniim) 
of bladder 1257-1258 
eollateral 384 
habenulae 258 

of heart, fibrous 1004/, 1006/, 1007-1008, 

1011-1013 
hypoglossal 312/, 316 
olfaetory 391 
retromolar 539 
see also triangle(s) 
trigonoeephaly 425 
trimesters, pregnaney 205-206 
triplets 168 

triquetrum 866-867, 867/-868/, 869 
ossifieation 869, 870/-871 / 
trismiis 547, 552 
trisomy 13 483 

trisomy 21 see syndrome(s), Dovvn’s 
troehanter 85 

greater 1327,1327/, 1348,1350/, 

1351 

lesser 1348,1350/, 1351 
troehlea 85 
fibular 1424, 1425/ 
humeral 838, 843 
of orbit 671 

tropheetoderm see trophoblast 
trophoblast 166-167,174,181 

enzyme systems 177 
extravillous 171,174-175 
endovascular 172/, 173,174/, 175 
interstitial 173, 174/ 
mural 167 
polar 167 

syneytial see syneytiotrophoblast 
tropoeollagen 82, 86 
troponin 139 
X) eardiae muscle 138 
skeletal muscle 104 
truncus 913-914 
truncus arteriosus 1024 
trunk (arterial) 
braehioeephalie 996/, 1026 
branehes 1026 
origin 995/-996/, 1025 
relations 1026 
surface anatomy 903 
eoeliae 1039,1088 
eompression 972 
development 202 
stenosis 1187 
surface anatomy 1047 
variations 1088 
eommon 924, 924/ 
eostoeervieal 406, 458 
inferolateral 437, 438/ 
meningohypophysial 437, 438/ 
pancreaticoduodenojejunal 1183 



pulmonary 959, 962/, 996/, 1024 
bifurcation 1024 
eongenital eonditions 1024 
fetal 920,1024 
relations 1024 

surface anatomy 902-903, 902/ 

X) variations 1024, 1024/ 
thyroeervieal 406, 458, 781 
transposition 924 
trunk (lymphatie) 
abdominal 1092 
bronehomediastinal 944, 978 
left 462, 463/, 979 
right 462, 463/, 979-980 
eardiae eolleeting 1021 
intereostal 979 
intestinal 1092 
jugular 408/, 780, 979 

left 461-462, 463/, 780, 834/ 
right 461-462, 463/, 780, 979-980 
lumbar 979, 1092 
right 979-980, 979/ 
subclavian 
left 462, 463/, 979 
right 462, 463/, 979-980 
trunk (nerve) 

X) of braehial plexus 415, 781, 786/ 

surface anatomy 791 
eervieofaeial 502 

*) of corpus callosum 393, 393/ 

lumbosacral 1093,1229-1230,1321 
lumbar part 1229 
mandibular nerve 
anterior 550-551 
posterior 551 
sympathetie 
eervieal 468-469 
lumbar 1094/, 1096 
pelvie 1230, 1230/ 

thoraeie 900-901, 980-981, 980/-982/ 
temporofaeial 502 
vagal 

anterior 1036,1118 
gastrie branehes 1118 
hepatie branehes 1118 
posterior 1036, 1118 

*) trunk (venous), gastroeolie of Henle 1118,1130, 

1145,1184, Eponyms 
T-tubules 63 

eardiae muscle 137-138 
skeletal muscle 105/-106/, 106, 108 
formation 110 

tube(s) 

auditory seetube(s), pharyngotympanie 
digestive/gut 1048/-1049/ 
endoeardial 908 

Eustachian see tube(s), pharyngotympanie 
Fallopian seetube(s), uterine 
heart 139, 908, 910-911, 911/ 
automaticity 910 
genetie fate map studies 910 
looping 910-911,911/ 
primary 908, 910 
slow conduction 910 
neural 42, 184, 193, 228, 242/ 
cellular arrangement, early 240-241, 241/ 
eharaeteristies/shape 238 
closure 238 
failure 241, 242/ 
domains 247-248 
formation 238 
fusion 184,238 
histogenesis 245-246 
lateral walls 252 
myogenesis 760 
patterning 247 
segmentation 248 


signaling eentres 247-248 
spinal eord development 252 
perivenous 995 

*) pharyngotympanie 422, 431, 573-575, 630/-631/, 

Eponyms 

X) at birth 566 

bloekage, ehildren 635 
bony part 574 
cartilaginous part 574 
development 613-614, 659 
functions 574 
innervation 575 
mucosa 574-575 
mucosal folding 574-575 
in newborn 627 
opening 572/, 573, 575, 635 
pressure equalization 575, 632 
relations 575 
vascular supply 575 
et Schwann - Oommentary 1.6 
thoraeostomy 952 
tympanostomy 635 
uterine 1300/, 1301-1302, 1302/ 
arteries 1301 

development 1210,1210/, 1217/ 
fertilization 163 
innervation 1302 
intramural part 1301 
*) lymphatie drainage 1291 1 ,1302 

microstructure 1302,1302/ 
in pregnaney 1308-1310 
veins 1302 
tuber 

cinereum 356 
development 258 
frontal 478-479 
parietal 418,477 
vermis 331-335, 341 
see also tuberosity 
tubercle(s) (tuberculum) 85 
articular 

of mandibular 419 
of mandibular fossa 419 
ofsaemm 727-729 
of temporal bone 624 
auditory 319 
ofcalcaneus 1331 
anterior 1424 
lateral 1329 
medial 1329 

3 Carabelli’s 518, 520, Eponyms 
3 earotid 414, 721, 721/, Eponyms 
*) Chassaignac’s 414, 721, 721/, Eponyms 
eonoid 800 
cuneate 311, 312/ 

*) Darwin’s 627, Eponyms 
deltoid 800, 803, 807 
dentinal 522, 523/ 

dorsal of radius see tubercle(s) (tuberculum), 

Lister’s 

of epiglottis 586-587, 592 
fibular (peroneal) 1329 
genial 539 

genital 1201, 1210/ 1218-1219, 1218/ 

*) Gerdy’s 1328,1402, Eponyms 
graeile 311, 312/ 
of humerus 

greater 787, 805/, 806 
lesser 787, 804-806, 805/ 
of iliae erest 1343 
impar 614, 614/ 
ineisor teeth 517-518 
infraglenoid 802-803, 802/ 
intereondylar 1387 

X) intervenous, of Lower 1001, Eponyms 
jugular 431, 713 

3 Lister’s 788, 790/, 839-840, 893, Eponyms 
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marginal 484 

mental 409, 537 

of metaearpal, seeond 870 

X) Montgomery’s 946, Eponyms 

Miillerian sinus 1205/; 1208-1210, 

1217 / 

nervi optiei 568 
obturator 1340 
on oeeipital eondyles 431 
olfaetory 366-367 
orbital 667 

peroneal (fibular) 1329 
petrous 431 
pharyngeal 422, 713 
postglenoid 541, 624 
pterygoid 536 
pubic 1342-1343 
sex differenees 1348 
surface anatomy 1044 
quadrate 1349 

radial, dorsal see tubercle(s) (tuberculum), 

Lister’s 
of rib 934-935 

e) first 936, eommentary 6.3 

seeond 936-937 
sealene 936 

*) of seaphoid 788, 867/; 868, 893 
sellae 430, 534-535 
sinus 1205/; 1211 
supraglenoid 803 
suprameatal 432 
oftalus 1424 
tendinis 1366 
thalamie 
anterior 312/ 
anterodorsal 351 
anteromedial 351 
anteroventral 351 
thyroid 
inferior 588 
superior 588 
tibial 1371 

*) oftrapezium 788, 867, 867/; 869, 893 
vertebral 
atlas 722 
eervieal 720-721 
saeral 727-729 
tvvelfth thoraeie vertebra 725 
vertebra prominens 723-724 


of zygomatie root 624 
tuberosity 85 
ealeaneal 1424, 1440 
frontal 410,478-479 
gluteal 1349, 1352 
iliae 1344 

isehial 1341/; 1344-1345, 1347 
surface anatomy 1325-1327,1344 
maxillary 484 

of metatarsal, fifth 1329,1429 
navicular 1329,1426 
palmar 872 

*) parietal 380, 477 
radial 839 

tibial 1328, 1402-1403 

see also tuber; tubercle(s) (tuberculum) 

tubule(s) 

eolleeting 1241-1242,1248 
epididymal 1277 
mesonephrie 1199, 1212 / 
male 1213 

mucous, salivary glands 529 
nephrie 1199 

renal 1246, 1247/; 1248-1249 
distal convoluted 1247/; 1249 
proximal convoluted 1247/; 1248-1250 


3 Whitnall’s 410, 484, Eponyms 
3 of Zuckerkandl - Eponyms 


seminiferous 1274,1276 / 
development 1209/; 1212/; 1213 
fetal 1277 

transverse, of muscle seeT-tubules 
uriniferous see tubule(s), renal 

tubulins 14 
tubuli reeti 1274 
tuft, glomemlar 1248 
tumour(s) 

of cavernous sinus 438 
eerebral 50 
ehondrosareomas 431 
X) conus medullaris 773, 773f 
eranial ehordomas 431 
of deep lobe of parotid gland 504 
of external acoustic meatus 629 
glomus 890 
X) laryngeal 592 

nodal spread 598 
mesothelioma 964-965 
neurofibromas 772-773 
3 Paneoast - Eponyms 

3 panereatie 1187 

parapharyngeal 411 
parapharyngeal spaees 578 
parasagittal meningiomas 436 
parathyroid glands 472 
parotid gland 411-412 
saeral plexus 1229 
suprarenal gland 1197 
3 thymomas 986 
3 thymus 986 

tympanie bodies 461 
see also eaneer 

tumour neerosis faetor alpha (TNF-oc) 79,1133 
tunica(e) 

adventitia 127,128 / 
arterial 128 

of blood vessels 134-135 
lymphatie 135-136 
venous 130 
albuginea 
of ovary 1304 

of penis 1281, 1283/^-1284/; 1285 
of testes 1272,1274 / 
intima 127, 128/; 132-133 
arterial 128,128 / 
lymphatie 135-136 
thiekening 128 
media 127,128 / 
arterial 128,128 / 
of blood vessels 133-134 
lymphatie 135-136 
venous 130 
vaginalis 

of epididymis 1277 
of testes 1063, 1215/; 1272, 1274 / 
vasculosa, of testes 1272 

tunnel 

earpal 867 

3 surface anatomy 789, 790/; 893 

ulnar nerve eompression 860 
3 of Corti 647/; 648, Eponyms 

osseo-aponeurotic, of fingers 879 

turbinate 

nasal see eoneha(e), nasal 
paradoxical 560 

turricephaly 425 
twenty-nail dystrophy 152 
twins 168 

eonjoined 168, 1311 
dizygotie 168 
monozygotie 168 
plaeentas 1311 

tympanohyal 626 
tympanoselerosis 657 
tyrosine kinase (Trk) reeeptors 247 


u 

§ Uber-anatomy Ontology (Uberon) - Oommentary 2.1 
ulcers/ulceration 


leg 1401 

3 penetrating atheroselerotie 1026 
peptie 1125 
ulna 841-843, 842/ 
attaehment sites 842-843 
ehondrifieation 794 
distal 842 
3 fractures 861 
3 movements 846 

ossifieation 807/, 843, 843/ 

proximal 841, 845/ 

shaft 839/-840/, 841-842, 859/ 

3 surface anatomy 787-788, 788/-790/, 893 
3 vascular supply 841/, 843, 857/ 

‘ulnar’ xvi 

§ ultrasound - Oommentary 7.1 

antenatal 
of baek 760 
biometry eharts 206 
of cervix 1308,1309/ 

3 eongenital heart abnormalities 1013,1013/ 

femoral length measurement 1334-1335, 
1335/ 


fetal abnormalities 206 
fetal circulation 1310, 1310/ 
of fetal lungs 928 
of great vessels 208/, 924 
head imaging 623 
3 of heart 924, 924/ 

hepatie portal veins 208/, 1067 
of lovver limb 1334-1335,1335/ 
maternal circulation 1310,1310/ 
neek imaging 623 

pregnaney dating 206-209, 208/, 1308, 1308/ 
first trimester sean 206 
seeond trimester sean 206-209 
spina bifida 760 
thoraeie imaging 907-908 
of upper limb 795 
3 breast eaneer 949 
§ eontrast agents - Commentary 7.1 
diaphragm 971 

endobronehial see endobronehial ultrasound (EBUS) 
endometrium, menstmal eyele 1306,1307/ 

3 endoseopie transoesophageal 989 
thyroid gland 470, 471 / 

3 ureteroceles 1254,1254/ 
ultraviolet light, skin ageing 158 
umami taste 516-517 
umbilicus 1044,1074-1077 
eversion 1308-1310 


fetal 1075-1077 


umbo 633 

3 uncus 381 /-382/, 384-385, 386/ 
unit 

bone-remodeling 95 
burst-forming 78 
eolony-forming 76, 77/, 78 
columnar proliferation 143 
epidermal proliferation 143 
lamellar 128 
microvascular 131,131/ 

‘motor’ 108 

3 ostiomeatal 567/, 569, 569/ 

pilosebaceous 142/, 147-150,147/ 
development 155 

unvoiced eonsonants 603-604 
unvoiced sounds 600, 602-603 
urachus 1054,1075-1077, 1255,1257,1257/ 

3 asfistula 1257 

ureter 1243/, 1245/, 1251-1254 

arteries 1252,1253/ 
atresia 1206-1208 
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ureter (Continued) 

calculi 1253 

development 1202,1204, 1204 f 
anomalies 1254 
duplex 1253/; 1254 
eetopie 1254 
female 1251 

hystereetomy, injury during 1291, 

1293f 

in pregnaney 1310 
relations 1291,1293 f 
imaging 1242,1243 f 
innervation 1252-1253 
left 1251, 1253 f 
lymphatie drainage 1092,1252 
male 1251,1253 f 
microstructure 1253-1254 
obstmetion 1087/ 
reeanalization 1204 
referred pain 1253 

relations 1237/; 1251-1252, 1251 f-1252/ 7 
abdominal 1251 
pelvie 1251 

X) retroeaval (circumcaval) 1254,1254 f 
right 1251 

surface anatomy 1046 
veins 1252 

*) ureteroceles 1254,1254f 
urethra 

arteries 1263-1264 
defeets 1217 

development 1201/j 1217-1218 
female 1264,1289 
eongenital anomalies 1264 
development 1201/; 1217 
microstructure 1264 
opening 1289 
suspension 1264 
glands 1218, 1263-1264, 1267 
innervation 1263-1264 
lacunae 1263-1264 
lymphatie drainage 1263-1264 
male 1261-1264, 1262/ 
anterior (spongiose) part 1261,1263 
bulbar 1261, 1263 
|) injury 1263 

development 1201/, 1217, 1219 
3 duplication 1263 

injury 1263 
meatus 1281 

membranous 1262-1263,1265 
microstructure 1263-1264 
penile 1263 

posterior part 1261-1263 
preprostatie 1261,1262/ 
prostatie 1217, 1261-1263, 1263/, 1267 
development 1204-1206,1204/ 

*) rupture 1263 

primitive 1218-1219 
sphineter see sphineter(s), urethral 
sphineter meehanism see meehanism(s), urethral 

sphineter 
veins 1263-1264 

urinary bladder see bladder, iirinary 
urine 

eoneentration 1250 
X) extravasation 1263 
leakage 1233 
production 1250-1251 
fetal 1201 

seleetive resorption 1250 
sampling, neonates 1206 
see also micturition 
urothelium 28, 31-32, 31/ 
of bladder 1261 
female/male 31 
of ureter 1254 


of urethra 
female 1264 
male 1263,1264/ 
uterus 1294-1301,1294/-1296/ 

anomalies 1211/, 1295,1301 
anteflexion 1294,1295/ 
anteversion 1294,1295/ 
arteries 1298,1298/-1299/, 1307-1308 
atresia 1211/ 
axis 1294, 1295/ 
in pregnaney 1310 
bicornuate 1211/, 1295 
atbirth 211/-212/, 1207/, 1210 
body 1294-1295 
cervix see cervix (uterine) 
development 1205/, 1209/-1210/, 1210,1217/ 
anomalies 1211/, 1295 
innervation 1299 
ligaments 1295-1298 

|) lymphatie drainage 1290/, 1291 /, 1298-1299 
microstructure 1299-1300,1300/ 

MRI 1301, 1301/ 
pain 236 

peritoneum 1105-1106 
positions 1207/, 1210, 1218/, 1294, 1295/ 
in pregnaney 1308-1310, 1309/ 
relations 1308-1310 
relations 1294-1295 
retroflexed 1294 
retroverted 1294 
septate 1295 

supporting structures 1298 
veins 1298,1298/ 
wall, embryo attaehmentto 167-168 
utricie (utriculus) 
of ear 641 / 643-644 
development 658 
head movements 644, 651 
microstructure 645-646 
prostatie 1209/, 1211, 1217/, 1262 
*) eystie dilation 1262, 1262/ 

development 1262 
uvea 686/, 690-696 
blood supply 690, 691 / 
uvomorulin 166 
uvula, of soft palate 575 
development 612-613 

v 

vacuoies, milk 950 
vagina 1291-1294 

agenesis 1293 
angulation 1291 
anomalies 1211/, 1293,1301 
arteries 1292 

development 1205/, 1210-1211, 1210/ 
forniees 1291,1292/ 
innervation 1293 

X) lymphatie drainage 1291/, 1292 

masculina see utricle (utriculus), prostatie 
microstructure 1293-1294,1293/ 

MRI 1301, 1301/ 
neonate 212/, 1207/, 1217/ 
relations 1291 

supporting structures 1255/, 1291,1298 
veins 1292 

vaginal delivery see labour (ehildbirth) 
vallecula 

ofcerebellum 254 
of larynx 586-587 
valve(s) 
anal 1153 

aortie 998, 1004/, 1007/, 1009/, 1010-1011 
development 918-919, 918/ 
opening 1004/ 1011 
orientation 997 


orifiee 902-903 
regurgitation 1011 
relations 1011 
X) stenosis 1013 
atrioventricular 1014 
development 918-919 
axillary vein 830 
bicuspid see valve(s), mitral 
eardiae 

auscultation sites 903 
surface anatomy 902-903 
see also individual vaives 
3 of eoronary sinus 913,1020, Eponyms 
S) Eustachian 913,1000/-1001/ 1001, Eponyms 

fetal 1001 


of femoral vein 1370 
of Hasner 560-561 
X) of Hoboken 180, Eponyms 

ileoeaeeal (ileoeolie junction) 1136,1141-1142, 

1141/-1142/ 


of inferior vena eava see valve(s), Eustachian 
of long saphenous vein 1371 
of lower limb veins 1319 
lymphatie 135-136,135/ 
mitral 1007-1010, 1013 
‘eleft’ 923 
closure 1010 
development 918-919 
opening 995/ 1010 
orientation 997 
orifiee 903 

*) stenosis 1013 

X) nasal 561 

of portal vein 1039 
pulmonary 1004-1005,1004/-1006/ 
development 918-919, 918/ 
opening 1003/ 1005 
orifiee 902-903 
X) stenosis 1013 

of short saphenous vein, development 1334 
sinuatrial (venous) 913 
sphineterie, of developing heart 914 
X) Thebesian (valve of eoronary sinus) 913,1001, 1020, 

Eponyms 

of thoraeie duct 979 
tricuspid 998, 1002/ 1003,1013 
development 918-919, 919/ 
opening 1003,1004/ 
orientation 997 
orifiee 903 
X) urethral 1263 

venous 130-131,130/ 
ofVieussens 1021 

valvulae eonniventes see pliea(e), circulares 

varieella zoster virns 57 

variees 

3 gastrie 1118, 1118/ 1168/ 

5) oesophageal 988,1118,1118/ 1168/ 
reetal 1168/ 
retroperitoneal 1184 

x) varieoeeles 1274 
varieosities 64 

axons 47 

vas (vasa) 

aberrantia, braehial artery 829 
brevia, of eolon 1138-1139,1140/ 
deferens 1274/ 1278 
*) absent 1278 

ampulla 1207/ 1211, 1278 
development 1211,1213 
anomalies 1278 
innervation 1278 
|) ‘looping’ 1278 

lymphaties 1278 
microstructure 1278, 1278/ 
vascular supply 1278 
longa, of eolon 1138-1139,1140/ 
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nervomm 54 
praevia 180 

reeta 127, 1243-1244, 1245/, 1249-1250 
development 1201 
spirale 648 

vasoriim 127,128 /, 134 
lymphatie vessels 136 

vascular anomalies 201 

vascular eell adhesion molecule-1 (VCAM-1) 133 
vascular endothelial grovvth faetor (VEGF) 158 
vasculogenesis 199-200 

retinal vasculature 663 

vasoaetive intestinal polypeptide (VIP) 49, 58, 356 
vasoeonstrietors 132 
vasodilation, pulmonary, at birth 928 
vaso praevia 1311-1312 
vault, eranial see ealvaria 
veins or venae (general) 130-131 
blood pressure ehanges 130 
blood supply, blood supply 134 
eollapse prevention 130 
development in limb 223 
embryonie 200f-20U, 202-204, 203f 
somatie group 202, 203/, 204 
viseeral group 202 
episeleral 688, 688/" 
heat exchange 127 
nomenclature 127 
pressure 130 
smooth muscle 134 
structure 130-131 
system 127 
valves 130-131, 130f 
varieose 130-131,1320,1415 
wall muscle 130 
veins or venae (named) 
advehentes 1066 /, 1067 
alveolar (dental) 
inferior 526 
superior 526 
anastomotie 

X) inferior (of Labbé) 269, 288-289, 436, Eponyms 

superior (of Trolard) 269, 288-289, 436 
angular 500 

anterolateral, of thigh 1371 
appendicular 1145 
arehes see areh(es), venous 
arcuate, of kidney 1243-1244 
arterioluminal 1021 
arteriosinusoidal 1021 
atrial 1001 
auricular 629 
posterior 500 
tributaries 500 
axillary 779, 830, 947 

azygos 900, 900/, 931, 977-978, 977/; 987 f 
development 204 
lumbar 977, 1091 
relations 977-978 
surface anatomy 902/, 903 
tributaries 977-978 
variations 978 
azygos line 203-204, 203/ 
basal 288-289 
eommon 960 

X) of Rosenthal - Eponyms 

basilie 779, 858, 858Z-859/, 893/ 
development 795 
surface anatomy 791 
basivertebral 91,718 
braehial 830, 858 

braehioeephalie 406, 414, 460/, 779, 991, 1027 
development 920 
left 903, 920, 1027 
|) ehildren 1027,1027/ 

tributaries 1027 
variations 1028 
















right 903, 1027 
surface anatomy 903 
variations 1028 
bronehial 927-928, 968 
buccal 500 
eaeeal 1145 

eardiae 1020-1021,1020/ 
anastomoses 1021 
anterior 1020-1021 
great 1020/, 1021 
middle 1018/, 1021 
small 1020-1021, 1020/ 
variations 1020 

eardinal 200/-201/, 203-204, 203/, 1066/ 
eommon 203, 619-620, 920 
left 911, 920 
remnants 995 
right 911-913, 920 

eava 

eongenital agenesis 1028 
eongenital intermption 978 
inferior 1028,1090-1092,1090/-1091/ 
azygos continuation 1028 
development 203/, 204, 1064-1065, 1065/, 
1067 

double 1028,1091 
fetal circulation 920 
left-sided 1028,1091 
lesions 924 

obstmetion 1028,1092 
orifiee 1001 

relations (abdominal) 1091 
retrohepatie 1167 
surface anatomy 1047 
thoraeie 899, 970/, 1028 
tributaries 1090/-1091/, 1091-1092 
valve 1000/-1001/, 1001 
variations 1028,1091 
superior 995/, 1027-1028 
ehildren 1027,1027/ 
development 920 
double 995,1028 
fetal circulation 920 
left 995 

obstmetion 1027-1028 
orifiee 1001 

persistent left 924,1028 
relations 973/, 1027 
surface anatomy 903 
tributaries 981/-982/, 1027 
variations 1028 
eavernosal 1284 
cavernous, of penis 1284 
eentral 
of liver 1170 
of retina 677, 706 
eephalie 830, 831 /, 858, 859/, 893/ 
aeeessory 858 
development 619-620, 795 
in hand 890, 891/ 

surface anatomy 790-791, 790/, 893 
venepuncture 791 
eerebellar 288 
inferior 288 
superior 288, 436 
eerebral 135, 288, 288/-290/ 
anterior 288-289 

deep (internal) 268, 288Z-289/, 289 
development 268-269 
external (superficial) 288, 288/ 
great 288-289, 393, 436 
development 270 
inferior 289 

internal (deep) 268, 288Z-289/, 289 
middle 

deep 288-289 
superficial 288-289 


superficial (external) 288, 288/ 
superior 288 
eervieal, deep 461 
ehoroidal 289 
eiliary 691/, 693 
circumflex 
iliae 

deep 1228 
superficial 1371 
of penis 1284 
eoehlear 650 
eolie 

left 1152 
middle 1145 
right 1130,1145 

eomitans nervi hypoglossi 460, 513 
eomitantes 127 
offorearm 856-858 
of upper limb 779 

communicating (perforating), of thigh 1371 
conjunctival 682 
eordis minimae 968 
eoronary, development 919 
emral 1284 

cubital, median 779, 858 
surface anatomy 791 
venepuncture 791 
cutaneous, anterior femoral 1371 
eystie 1177 
deep 

of penis 1284 

of thigh see veins (named), profunda 
femoris 

digital 
deep 862 
dorsal 1446 
offoot 1319 
of hand 890, 891 / 
palmar 890 
eommon 890 
plantar 1319,1446 
diploie 440, 440/ 
frontal 440, 440/ 
oeeipital 440 
temporal 

anterior 440, 440/ 
posterior 440, 440/ 
dorsal 

offoot 1319 
of hand 890, 891 / 
lingual 460, 513 
metaearpal 890 
metatarsal 1446 
of penis 1263, 1283-1284 
deep 1284 

emissary 269, 430, 439 
of bone 90 
mastoid 439 
oeeipital 439, 500 
parietal 439 
of penis 1284-1285 
supracondylar 439 
epigastrie 

|) inferior 1070-1071, 1070/-1072/, 1228, 

1257/ 

superficial 1371 
superior 1070,1070/-1071/ 
faeial 459/, 460, 498, 500 
deep 619-620 
development 619-620 
tributaries 460, 500 

femoral 1338/-1340/, 1367/, 1370-1371 
cannulation 1331 

deep see veins (named), profunda femoris 
in femoral triangle 1370 
surface anatomy 1327/, 1331 
tributaries 1370 
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veins or venae (named) (Continued) 

fibular 1319,1415 
fissure, umbilical 1163,1168 
Galen’s see veins (named), eerebral, deep 
gastrie 
left 1118 
posterior 1118 
right 1118 
short 1117 
gastroepiploie 
left 1117 
right 1118 
gluteal 

inferior 1227 
superior 1227 
gonadal 1092 
left 1092, 1244 
right 1092 

head, primary 269-270, 619 
hemiazygos 977/; 978 
aeeessory 978 

hepatie 127, 1164/; 1167-1168, 1168/ 7 
aeeessory inferior 1168 
afferent 1066 f, 1067 
eommon 1064-1065 
development 1053,1067 
efferent 1067 
fetal circulation 920 
left 1168 
major 1167 
middle 1168 
minor 1168 
right 1168 
middle 1168 
hepatoeardiae 201 
umbilical 1066/; 1067 
vitelline 1064-1065,1066/; 1067 
ileoeolie 1145 
iliae 

circumflex 
deep 1228 
superficial 1371 
eommon 1227 
development 1064 
left 1227 
right 1227 
variations 1227 
external 1228 
inferior 1140 
internal 1227-1228 
tributaries 1227,1228 f 
infraorbital 500, 677 

innominate see veins (named), braehioeephalie 
intereostal 900, 947 
anterior 900, 931, 944 
posterior 900, 931, 944, 996f 
superior 

|) left 943-944, 995 

right 944 

interlobar, of kidney 1244 
interlobular, of kidney 1243-1244 
intervertebral 718, 734 
intramedullary 770 
intramural, of duodenum 1127 
jugular 

anterior 414, 459 
external 406, 406 f, 414, 444/; 459 
damage 414 
development 619-620 
posterior 459 
tributaries 459 

internal 406, 414, 459-460, mf 
X) cannulation 461 

development 269, 619-620, 920 
relations 459-460 
tributaries 460 
labyrinthine 650 


laryngeal 
inferior 598 
superior 598 
lingual 460, 513 
deep 460, 511, 513 
dorsal 460, 513 
linguofacial 619-620 
‘lobar’, of spleen 1190 
lumbar 1090/; 1091 
aseending 1091 
azygos 977, 1091 
lumbocostal line 204 
marginal 223 
lateral 1446 
left (obtuse) 1021 
medial 1371,1446 
right 1020-1021 
of Marshall 1021 
maxillary 549/, 550 
primitive 270, 619-620 
median 845/, 847/, 858, 858/ 
anterior 770 

of forearm, surface anatomy 791 
posterior 770 
medullary 
median 
anterior 288 
posterior 288 
of suprarenal gland 1195 
meningeal 439-440 
|) middle 435/, 439-440 
mental 500 
mesenterie 

inferior 1130,1140, 1140/, 1151-1152, 1152/ 
superior 1041/, 1130, 1132/, 1140, 1140/, 1145 
development 1067 
metaearpal 
dorsal 890 
palmar 890 
metatarsal 
dorsal 1446 
plantar 1319,1446 
oblique 

offorearm 858 

of left atrium 911, 920,1020/, 1021 
obturator 1227 
oeeipital 500 
oesophageal 473, 987 
ophthalmie 439 
inferior 677 
superior 270, 677 
ovarian 1290/, 1302,1304 
palatine (paratonsillar) 574 
external 576 
palmar, superficial 862 
panereatie, transverse (inferior) 1184 
pancreaticoduodenal 
inferior 1127 
anterior 1184 
posterior 1184 
superior 1127 
anterior 1184 
posterior 1184 

paratonsillar see veins or venae (named), palatine 
perforating 
of lovver limb 1320 
ofoesophagus 1118 
ofthigh 1371 
peri-oesophageal 1118 
pharyngeal 460, 571 
ventral 619-620 
phrenie 972-973 
inferior 972-973,1092 
pineal 363 
plantar 

lateral 1319,1446 
medial 1319,1446 


pontine 288 

popliteal 1319,1383,1398 
tributaries 1398 

portal 127, 1039-1040, 1041/, 1165/, 1167, 1167/ 
development 1053,1067 
extrahepatic tributaries 1167 
fetal 920 

in Glissonian sheath 1166 
left 1043, 1167/ 
umbilical portion 1163 
obstmetion 1191 
right 1167,1167/ 
seetoral 1167 
tributaries 1040 
valves 1039 
variations 1167 

postaxial, of embryonie limb 223, 795, 1334 
posteardinal 201/, 203-204, 203/, 1064, 1065/ 
persistent 1065,1227 
posterior, of left ventriele 1020/, 1021 
posteromedial, of thigh 1371 
preaxial, of embryonie limb 223, 795, 1334 
preeardinal 200/-201/, 203, 269, 619, 920 
preeostal line 204 
presaeral 1224 
profunda femoris 1370 
pubic 1227-1228 
pudendal 
external 
deep 1371 
superficial 1371 

internal 1140, 1227, 1235-1236, 1263 
inferior reetal branehes 1157 
pulmonary 959-961 
anomalous eonneetions 924 
development 913, 916, 926-927 
fetal circulation 920 
inferior, left/right 960-961, 962/ 
left 960, 1005 
third 960-961 
orifiees 1005, 1007/ 
right 960,1005 

superior, left/right 960-961, 962/ 
terminations 961, 996/ 
tributaries 960 
radial 858 
radicular 288 
radiculomedullary 770 
reetal 

inferior 1140,1152 
middle 1140, 1152, 1227-1228 
tributaries 1227-1228 
superior 1140/, 1152, 1154/, 1157 
renal 1092, 1244-1246 
left 1092, 1244 
ligation 1244-1246 
right 1092, 1244, 1248/ 
retinal 699/, 704 
eentral 677, 706 
retinoeiliary 705 
‘retrohepatie’ 1168 
retromandibular 505, 619-620 
X) of Retzius 1184, Eponyms 
revehentes 1067 
saeral 

lateral 1227 
median 1227 
saphenous 

aeeessory 1371, 1399 
long (great) 1319,1323/, 1370-1371,1446 
development 1334 
surface anatomy 1328/-1329/, 1331 
tributaries 1371 

short (small) 1319, 1323/, 1399, 1446 
development 1334 
surface anatomy 1331 
tributaries 1399 
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satellite (venae eomitantes) see veins or venae 

(named), eomitantes 
segmental 
of liver 1168 
spinal 770 

of spleen 1190, 1193 
siniises, dural see sinus(es), dural venous 
spinal 

anterior 770 
posterior 770 

|) splenie 1184,1188/; 1190,1190 / 

development 1067 
obstmetion 1191 
segmental 1193 
tributaries 1190-1191 
stellate, of kidney 1244 
subcardinal 203-204, 203/; 1064-1065 
subcentral 203/; 204 
subclavian 406, 414, 460/; 461, 779, 830 
*) cannulation 461 

development 619-620 
fetal circulation 920 
tributaries 461, 779 
subependymal 268 
sublingual 460, 513 
submucosal 
of anal eanal 1153 
ofduodenum 1127 

supracardinal 203-204, 203/; 1064-1065 
persistent 1227 
supraorbital 500 
suprarenal 1092,1195-1198 
aeeessory 1195-1197 
left 1092, 1194-1197, 1244 
right 1092,1194-1197 
variant anatomy 1197 
supratrochlear 500 
sympathetie line 

lateral see veins (named), supracardinal 
medial seeve ins (named), azygos line 
temporal 
middle 500 
superficial 500 
tributaries 500 
testicular 1273-1274 
|) left 1273-1274, 1275 / 

right 1273-1274, 1275 / 
thalamostriate 289 
superior 271-272, 272/ 

*) Thebesian 968,1020-1021, Eponyms 
thoraeie, internal 900, 943, 947 
thoraeoepigastrie 1371 

thoracolumbar line see veins (named), supracardinal 

thymie 983 

thyroid 

inferior 459M60/; 470 
middle 460/; 461, 470 
superior 459/-460/, 461, 470 
tibial 

anterior 1319,1415 
posterior 1319, 1323/, 1415, 1446 
trabecular, of spleen 1190 
traeheal 474 
ulnar 858 

umbilical 920,1068 
eatheterization 1068 
development 1066/ 
early (embryonie) 200/-201 /, 202 
left 920, 1075-1077, 1165 
patent 1165 
obliteration 1068 
right 179, 920 
retrogression 1067 
uterine 1298 
in pregnaney 1308-1310 
vaginal 1292 
venoluminal 1021 


venosinusoidal 1021 
vertebral 461 
aeeessory 461 
anterior 461 
tributaries 461 
vesiculodeferential 1280 
vitelline 177, 200/-201/, 202, 1053, 1065, 

1066/ 

paraduodenal 1065-1066 
vitello-umbilical, ehanges in 1066-1067, 

1066/-1067/ 
vortex 690, 691 / 
superior 677 

veins or venae (of organs, or regions) 

of abdominal wall 
anterior 1070-1072, 1070/ 
posterior 1090-1092 
of anal eanal 1140, 1157-1158 
ofappendix 1145 
of arm 830, 831 / 
of auricle, of ear 629 
of baek, cutaneous 710 
of bladder 1259,1290/ 
of bone 90 

see also individual bones 
of brain 288-289, 288Z-289/ 
development 269-270 
of breast 947 
of bronehi 968 
ofcaecum 1145 

of eerebral hemispheres 288-289 
of ehoroid 690, 691 / 
of eiliary body 691 /, 693 
of conjunctiva 682 
ofdiaphragm 972 
ofduodenum 1127 
of ear, inner 650 
of ethmoidal sinuses 568 
of external acoustic meatus 630 
of eyelids 682 
of faee 498/, 500 
offoot 1446 
cutaneous 1418 
offorearm 858 
of gallbladder 1177 
of gluteal region 1337, 1370-1371 
of hand 890, 891 / 
of hard palate 510 
of head 406, 406/-407/, 549/ 
development 269-270, 269/ 
of heart 1020-1021,1020/ 
of ileum 1130 
of infratemporal fossa 550 
of intervertebral dise 734 
of iris 696 
ofjejunum 1130 
ofkidney 1244-1246 
of knee 1398-1399 
of laerimal gland 684 

of large intestine 1140,1140/, 1145, 1151-1152 
of larynx 597-598 
of leg 1415 
cutaneous 1400 
of limb bud 223 
of liver 1164,1167-1168,1170 
of lower limb 1319-1320,1323/, 1331 
development 1334 
of lungs 959-961, 963/ 
of maxillary sinus 569 
of mediastinum 977-979 
of midgut 1145 
of muscle, skeletal 107 
of nasal eavity 564, 564/ 
of neek see neek, veins 
of nose, cutaneous 559 
of oesophagus 473, 987-988, 987/ 
abdominal 1111 


of oral mucosa 508-509 
of orbit 677, 677/ 
of ovaries 1298/, 1304 
of palatine tonsil 577 
of panereas 1184,1184/ 
of parathyroid glands 472 
of parotid gland 505 
of pelvis 1227-1228, 1228/ 
of penis 1283-1284, 1285/ 
of pericardium 995-997 
of perineum 1235-1236,1285/ 
of peritoneum 1106 
of pharyngeal tonsil 574 
of pharyngotympanie tube 575 
of pharynx 571 
of pineal gland 363 
of pituitary gland 360-361 
of pleura 955 
of prostate 1268,1285/ 
of rectum 1140,1152 
of retina 699/, 704-705 
ofscrotum 1286-1287 
of seminal vesieles 1280 
of shoulder region 830 
ofskin 152-153 
see also individual regions 
of soft palate 575 
of sphenoidal sinus 568 
of spinal eord 770, 772/ 
of spinal nerves 770 
of spinal roots 770 
ofspleen 1190-1191 
of sternum 933 
of stomaeh 1117-1118 
of suprarenal gland 1195-1197,1195/ 
ofteeth 526 

of temporomandibular joint 544 
of testis 1273-1274, 1273/ 
of thigh 1337, 1370-1371 
of thoraeie wall 900, 900/, 931, 943-944 
ofthymus 983 

of thyroid gland 459/-460/, 470 
oftongue 513 
of traehea 474, 967 
of tympanie eavity 638 
of upper limb 779, 779/, 791 
deep 779 
development 795 
superficial 779 
of ureter 1252 
of urethra 1263-1264 
of uterine tube 1301 
of uterus 1298, 1298/ 
ofvagina 1292 
of vas deferens 1278 
of vertebral column 717-718, 718/ 
of vulva 1290/, 1291 
of zygapophysial joints 735 
veloeity curves 213, 214/, 216/ 
velopharyngeal insiiffieieney (VPI) 574 
velum (veli) 
frenulum, median 322 
medullary 239-240 
inferior 273-274 

superior 273-274, 275/, 312/, 317 

venepuncture, elbovv 791 
venoeonstrietion 130 
§ venograms - Oommentary 7.1 
ventilation see breathing 
‘ventral’ xvi 
ventriele(s) 
of brain 

fourth 228, 229/, 271, 271/, 273-274, 274Z-275/, 
312/ 

development 253-254, 255/ 
floor 274, 275/ 
vascularization 267 
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ventriele(s) (Continued) 

lateral 228, 229 f, 271-272, 272f-273f 
development 259-260, 259 f 
third 228, 2297, 271-273, 271 7, 

273 f-275f 

development 256, 258-259, 258 f 
ependyma 52 
of heart 
base 998-999 

development 911 /-91 2f, 913-914 
double outlet 924 
left 998, 1006-1011, 1008M009/ 7 
eontraetion 998 
ejeetion phase 998 
external features 996 f, 1006,1008/" 

*) hypertrophy 1007 

internal features 1006-1011,1008/" 
obesity 1006 
orientation 997 
microstructure 136 
primitive 917 
remodelling 913 
right 998,1001-1005 
eontraetion 998 
*) double-outlet 1013 

external features 996/; 1001 
internal features 1000 f, 1001-1005,1002/; 
1008/" 

orientation 997, 999 f 
wall thiekness 1001 
septal defeets 923, 923 f 
septation 917-918,917 f 
laryngeal 590f-591 f, 592, 594 
X) tumours 592 

terminal, of spinal eord 252 
venules 127,129 f, 130 
eerebral 135 
fluid exchange 130 
high endothelial (HEV) 74, 130, 133, 

133 f 

interfascicular 90 
muscular 130 
posteapillary 130 
smooth muscle 134 

verge, anal 1153 

vergenee, eye movement 672, 674 
vermis, of cerebellum 331, 331 7-3327 

inferior 254 
visual 341 

vernix easeosa 154, 209 
vermeae hippoeampi 388 
versions, eye movement 672 
vertebra(e) 718-720 

antenatal ultrasound 760 
arterial supply 91, 717, 717 f 
bloek 722, 906 

eervieal 404, 720-724, 7207-721/" 

X) arterial supply 7177 

C1 see atlas (C1 vertebra) 

C2 see axis (C2 vertebra) 

C3-C7 

anomalies 758 
development 7577, 758 
C7 see vertebra, prominens 
first see atlas (C1 vertebra) 
ineomplete segmentation 722 
movements 745 
muscle attaehments 721 
ossifieation 722, 756 
seeond see axis (C2 vertebra) 
surface anatomy 413, 747-748 
typieal 720-722, 7217 
ehondrifieation 756 
eoeeygeal 729 
seeond to fourth 729 
see also coccyx 
eongenital anomalies 906 


development 751, 7547-7557, 755-759, 7577 
blastemal stage 756, 7577 
segmental nature 755 
features, general 718-720, 7197 
functions 718 
infeetion 746 
X) injury 7337, 746 

levels, as viseeral landmarks 748, 7487 
linkages 714 

lumbar 7197, 725-726, 7257, 7277 
age-related ehanges 717 
X) arterial supply 7177 

development 7577, 759 
faseial attaehments 726 
fifth 719, 726, 7287 
general features 725-726 
movements 745-746 
muscle attaehments 726 
ossifieation 7227, 726, 756 
segmentation anomalies 726 
surface anatomy 747-748 
width 719 
movements 745 
ossifieation 7227, 756, 760 
prominens (C7 vertebra) 404, 723-724, 7247 
development 758 
muscle attaehments 724 
ossifieation 724 
surface anatomy 413 
at puberty 756 
saeral see sacrum 
sexual dimorphism 719 
structural defeets 716 
structure 719, 7197 
surface anatomy 747-748, 771-772 
thoraeie 724-725, 898 
first 724-725, 7247 
fourth 7197, 7247 
ninth 7247, 725 
tenth 7247, 725 
eleventh 7247, 725 
twelfth 7247, 725 
X) arterial supply 7177 

development 7577, 759 
general features 724-725 
muscle attaehments 725 
ossifieation 759 

surface anatomy 747-748, 901-902, 9027, 9027 
transitional 725 
variations in number 714-715 
venous drainage 91 
width 719 

see also baek; column(s), vertebral 

vertex, of skull 418 

vertigo, benign paroxysmal positional 646 

verumontanum 1261-1262 

vesiele(s) 

auditory see otoeyst 
eerebral, primary 238-239 
dense-eore 45, 47 
endoeytie 8 
endosomal 79 
exocytic 8 
lens 661, 6627 
optie 257, 661 
invagination 661,6627 
otie see otoeyst 
pinoeytotie 8 

endothelial eells 1297,132 
renal tubules 1249 
seeretory 32 

seminal 1279-1280, 12807 
agenesis 1280 
development 1211 

§ innervation 1280, Commentary 8.1 

lymphaties 1280 
microstructure 1280,12807 


relations 1279 
vascular supply 1280 
veins 1278 
sex 21 

synaptie 45-47 

transeytotie (pinoeytotie) see vesiele(s), pinoeytotie 
transport 8 
umbilical, primary 169 
zymogen 29 

vessels 

blood 

blood supply 134 
eapaeitanee 127,130 
eerebral 135 
ehoke 107 
eoronary 138 
exchange 127 

fetal, occlusion after birth 920-922 
innervation 134 
intraembryonie 199 
major 1024-1028 
microstructure 132-135 
nomenclature 127 
resistanee 127 
smooth muscle 134 
structure 127,1287 
umbilical 174 

see also arteries (general); arterioles; eapillary 
(eapillaries); veins or venae (general) 
great 9967, 1024-1028 
anomalies 924, 9247 
antenatal ultrasound 2087, 924 
development 908-924 
neonate 9217 
surface anatomy 903 
X) transposition 924,1013,10137 

see also individual vessels 
lymphatie 127, 135-136 
development 200, 204, 2047 
X) abnormalities 204 

in lymph node 74 
repair 136 

of small intestine (laeteals) 135 
spiral 648 
vestibule 
aortie 1010, 1013 
atrial 911 

of labyrinth, of ear 641-642, 6417, 6477 
laryngeal 592 

of left atrium 1005-1006,10087 
of lesser sae 1107 
oral 508 

development 615 
of right atrium 1001 
ofvagina, development 1210-1211 
ofvulva 1289 
development 1217 
muscles 12897 

vestibulocerebelium 331-335, 346, 3477 

eye movement eontrol 675 
modular organization 339 

vibrissae 561 

C) video-assisted mediastinoseopy (VAM) - 

Commentary 7.2 
villus (villi) 

araehnoid 278 
development 278 
plaeental 173 
anehoring 172-173 
branehing 175-176 
intermediate 173, 175-176 
primary 172-173 
seeondary 172-173 
structure 1737, 175-177, 1757-1767 
terminal 172-173, 1737,175-176 
transport aeross 177 
trnnk 175 
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small intestine 1128,1128/; 1132^-1134^, 1133 
eore 1135 

development 1054-1055 
structure 1135 
synovial 99 

vimentin 15 

smooth muscle 125-126,134 

vincula tendinum, of fingers 879, 8817 

brevis 879 
longa 879 

vinculin 24 

C) Virtual Physiologieal Human projeet - Oommentary 

2.1 


virus(es) 

human immunodeficiency (HIV) 72 
et Merkel eell polyoma - Oommentary 1.3 
neurotrophic 45 

plaeental barrier, transfer aeross 177 
varieella zoster 57 

viseera 

spinal levels 748, 748/ 
see also individual organs 

viseeroeraniiim 416, 620 
development 620, 620/, 623 
ossifieation 623 
viseoeiastieity 117,1177 
vision 
colour 702 
macular 797 
rod-based 702 
visual acuity 696 
macular pigments 704 
visual field, defeets 708 
*) vital eapaeity 975 
vitamin(s) 

X) absorption, small intestine 1132 
plaeental transport 177 
vitamin A 
defieieney 31, 94 
excess 94 
vitamin B 12 

3 absorption, small intestine 1132 

5) defieieney 306 

vitamin C defieieney 35, 94 
vitamin D 141 

defieieney 94 

et vitrifieation - Oommentary 1.5 
voeal ereak 602-603 
voiee 

‘breaking’ 602 
frequency 602 
loudness 602 
modal 602-603 


piteh 595, 597, 602 
quality (timbre) 595, 602 
see also speeeh 

voieed eonsonants 603-604 
voieed sounds 600, 602-603 
‘volar’ xvi 

voiar interealated segment instability (VISI) 

876 

S{c) Voikmann’s isehaemie contracture 856, Eponyms, 

eommentary 1.6 

volvulus 

eaeeal 1142 
eongenital 1054 
[ffj gastrie 1113 
ffjp mesenteroaxial 1113 

pffj organoaxial 1113 

[5p sigmoid 1146 
vomer 422, 4807, 483 
development 623 
fusion 426 
ossifieation 483 
vomiting 989 

gffj von Willebrand faetor 132, Eponyms 

defieieney 132 


vulva 1288-1291,12887 

arteries 1289-1291,1290/ 

3 innervation 1291, 1292/, 1294/ 
g lymphaties 1290/-1291 /, 1291, 1291 / 
veins 1290/, 1291 

vulvodynia 1291 

w 

wad, mobile, of Henry 777, 837, 852, Eponyms 
vvalking 1448,14497 

biomeehanies 1448,1449/ 
eentre of gravity 1448 
development 1448, 1450/ 
double-stance phase 1448 
heel strike 1448 

hip joint, forees aeting on 1380-1381, 

1381/ 

knee joint 1394,1394/, 1396/ 
forees aeting on 1393 
lubrication meehanisms 1395-1396, 

1396/ 

mid-stanee 1448 
stanee phase 1380,1448 
svving phase 1380, 1408,1448 
toe-off 1448 
see also gait 
wall 

abdominal see abdominal vvall 
of blood vessel 127 
ehest see thorax, vvall 
outer attie 632 
thoraeie see thorax, vvall 
uterine, embryo attaehmentto 167-168 
§ war wounds, conduction bioek - Gommentary 1.6 
vvasting (cachexia) 79 
water, fetal-maternal transfer 177 
web(s) 

interdigital, of hand 866 
terminal 23 

weight eharts 210, 2137 
whispering 595, 602-603 
white matter see matter, white 
whorls, fingerprint ridge pattern 157 
X) Wilson’s peneils 365, Eponyms 
windlass meehanism 1439 
window 

aortopulmonary 993,1024,1025/ 

*j interlaminar, lumbar 773, 773/ 
oval 634, 641-642 
round 634, 642 

wing(s), of sphenoid see sphenoid bone, wings 
vvinged scapula see scapula, vvinging 
§ Winter-Baraitser Dysmorphology database 

- eommentary 2.1 

Wiskott-Aldrich syndrome protein family verprolin 

homologous (WAVE) 51-52 
‘witch’s milk’ 949 
Wormian bones see sutural bones 
wound(s) 

suicidal, on larynx 594 
wound healing 
eontraetion 159 
embryonie, fibroneetin 39 
fibroblasts 35 

granulation tissue formation 158-159 
haemostasis 158 
inflammation 158 
proliferation 158-159 
re-epithelialization 158 
remodelling 159 
searless 159-160 
skin 158-160,159/ 
wrinkles 156-158 
Cj faeial 476, Commentary 4.3 
§ periorbital - Commentary 4.3 
wrist see joints (named), wrist 


X 

xerostomia 527, 531 

xiphisternum see proeess (or processus), xiphoid 

Y 

§ ‘Yamanaka’ faetor - eommentary 1.2 
yolk sae see sae, yolk 
§ Young’s modulus 116, Oommentary 9.1 



Cj Zernike phase plates (ZLP) - Oommentary 1.5 
zona 

arcuata, of basilar membrane 648 
fasciculata, of suprarenal gland 1196/-1197/, 

1197 

glomemlosa, of suprarenal gland 11967-11977, 

1197 
ineerta 362 

orbicularis, of hip joint 1376-1377 
peetinata, of basilar membrane 648 
pellucida 163, 166/, 167, 1304-1305, 1305/ 
reticularis, of suprarenal gland 11967-11977, 

1197 

zone(s) 

aetive, synapses 45-46 
anal transition 1154 

*j of anterior abdominal vvall vascular supply 1070 
of apposition, inspiration 974, 974/ 
articular eartilage 83, 83/ 
of atrioventricular valve leaflets 1003 
basal, of atrioventricular valves 1003 
basement membrane (BMZ), of skin 142,154,156 
of basilar membrane 648 
of bone grovvth 93 
of ealeified eartilage 94 
of eartilage grovvth 93 
cellular, of lymph node 74-75 
*) eentral, of prostate 1267 
of eerebellar vermis 341 
eiliary, of iris 694, 695/ 
elear, of atrioventricular valve leaflets 1003, 

1008-1010 

*) eompaet, of atrioventricular node 1014,1014/ 
eritieal vascular, of spinal eord 770 
dark, lymphoid folliele 74 
fetal, of suprarenal gland 1194 
fibroeartilage 84 

glial, of vestibulocochlear nerve 650 

H (Helle), of skeletal muscle 103-104,108 

of hepatie aeini 1170 

high-pressure, oesophagus 1114 

of hypothalamus 356 

inner, of renal cortex 1241 

of insula 384 

intermediate, of spinal eord 252, 292-293 

junctional 1301 

light, lymphoid folliele 74 

of lymph nodes 74-75 

mantle 

of lymphoid folliele 74, 74/ 
of neural tube 240, 241/, 245-246, 246/ 
spinal eord development 252 
marginal 

of eerebral cortex 262 
of conjunctiva 682 
of neural tube 240, 241 /, 245-246 
of retina 663 
of spleen 1192/, 1193 
non-glial, of vestibulocochlear nerve 650 
nuclear, of retina 663 
of optie nerve head 705, 706/ 
laminar 706 
postlaminar 706 
prelaminar 705 
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zone(s) (Continued) 

orbital, of eonjimetiva 682 
ossifieation 92 f, 94 
oiiter, of renal cortex 1241 
perifollicular, of spleen 1192/; 1193 
peripheral, of prostate 1267,1269,12697 
pharyngeo-oesophageal high-pressure see 

sphineter(s), oesophageal, upper 
of polarizing aetivity 219-221, 2207 
of programmed eell death, digit development 

220-221 

progress, of limb 197 
proliferative, of bone 93 
of prostate 1267,12697-12707 
pupillary, of iris 6887, 694-695, 6957 
Purkinje eell 338, 3397-3407, 347 
A 339, 3407 
B 339 

C 339, 3417 
D 338-339, 342 
F 347 
X 339 
Y 339 

zebrin-negative 338, 3407 
zebrin-positive 338, 3407 


red, of lips 475 

resting, of bone 93 

rough, of atrioventricular valves 1003, 

1008-1010 

sealing, of bone 87-88 

subependymal (subventricular) 52, 262-263 

subplate 246 

subventricular (subependymal) 52, 262-263 
transformation 1300,13007 
transition(al) 

of atrioventricular node 1014 
eiliogenesis 22 
CNS-PNS 64-65, 657 
of pharynx 573 

3 of prostate 1267, 1269,12697 
c( of spinal nerves - Commentary 6.1 
ventricular 

eerebral cortex development 262-263, 
2637 

of neural tube 240, 2417, 245-246, 2467 
neuroglia development 245 
spinal eord development 2417, 252 
vessels 268-269 
vermillion, of lips 475 
of vertebral eanal 720 


zonula(e) 

adherens 23, 25 
of retinal glial eells 702 
occludentes see junction(s), tight 
*) of Zinn/Haller - Eponyms 
zoniile 697 
zygapophyses 719 
development 755 
inferior 719 
lumbar 725 
saeral 727 
superior 719 

zygoma see zygomatie bone 

zygomatie bone 409-410, 419, 483-484, 4847 

borders 484 
development 623 
faeial (lateral) surface 483-484 
*) fractures 488, 4887, 536 
orbital surface 483-484, 666 
ossifieation 95, 484 
skeletal aeeess surgery 489 
surface anatomy 409-410 
zygosis 1063 

zygote, eleavage 164-167,1677 
zygotene 21 
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Eponyms 


An annotated list of eponyms, edited by Harold Ellis, was published 
initially in the 39th edition. That list has now been updated by Susan 
Standring. An appropriate referenee has been eited when it has not 
proved possible to source biographieal information. 

Aehilles tendon: the ealeaneal tendon. 

Aehilles, in Greek mythology, was slain hy a wound in his vulnerable heel, 
inflieted hy Paris in the Trojan War. 

Adam's apple: a protmsion in the front of the throat that is part of the 
larynx. 

Aeeording to the Old Testament, Adam was the first man. 

Adamkiewicz, artery of: the largest anterior medullary feeder artery to the 
anterior spinal artery. It varies in level, arising from the lower (T9-11) 
posterior intereostal, the subcostal or, less frequently, the upper, lumbar 
(Ll-2) arteries. Most often occurs on the left side. 

Albert Adamkiewicz (1850-1921), Professor of Pathology, Ltniversity of 
Cracow, Poland. 

Addison's disease: a disease resulting from progressive destmetion of the 
suprarenal gland with defieieney in the seeretion of adrenoeortieal 
hormones. 

Thomas Addison (1795-1860), English physieian. 

Aleoek's eanal: eanalis pudendalis. 

Benjamin Aleoek (1801-?), British anatomist who pnblished an artiele in 
1836 on iliae arteries. 

Allen's test: a test of sufficiency of the blood supply to the hand by 
eompression and release of the ulnar and radial arteries, and 
observation of the colour ehange of the hand. 

EV Allen (1901-1961), Professor of Medieine, Mayo Clinic, Roehester, 
Minnesota, JJSA. 

Alport's syndrome: a rare hereditary eondition eharaeterized by 
progressive renal failrne. 

Arthur Cecil Alport (1880-1959), South Afriean physieian. 

Alzheimer's disease: the most eommon form of dementia, eharaeterized 
at postmortem by neurofibrillary tangles and amyloid plaques. 

Alois Alzheimer (1864-1915), neurologist, Breslan, Poland. 

Ammon's horn: the hippocampus. Cornu Ammonis, or Ammon's horn, 
deseribes the whorled, ehambered shells of a fossil genus of 
Cephalopods. It also refers to the ram-shaped horns on the head of the 
Egyptian god Amun. 

Andresen lines: stmctural lines within dentine, representing ineremental 
lines that mn more or less perpendicular to the direetion of the 
tubules. They represent an ineremental period of about 1 week and are 
best visualized when longimdinal ground seetions are viewed between 
erossed polars. 

Viggo Andresen (1870-1950), Norwegian orthodontist. 

Apert's syndrome: a complex of eraniofaeial abnormalities caused by 
prematme eraniosynostosis, usually of the eoronal suture, leading to 
tmribraehyeephaly, assoeiated with syndaetyly and polydaetyly. 

Eugène eharles Apert (1868-1940), Freneh paediatrieian. 

Arantms, nodule of: a small nodule in the free border of the aortie 
valves. 

}ulio Caesar Aranzio (Arantins) (1530-1589), pupil ofVesalius. Professor of 
Medieine and Snrgery, Bologna, Italy. 

Argyll Robertson pupil: a pupil that reaets to aeeommodation but not 
light. A highly speeifie sign in neurosyphilis but may also oeem in other 
eonditions such as sareoidosis, multiple selerosis, and, oeeasionally, 
diabetes mellitus. 

Douglas Moray Cooper Lamb Argyll Robertson (1837-1909), ophthalmie 
srngeon, Edinbmgh, UK. Worked in Berlin, Germany, with the German 
ophthalmologist von Graefe. 

Arnold: innominate eanal of - the eanal in the petrous portion of the 
temporal bone that transmits the auricular braneh of the vagus; 

Arnold's nerve - the auricular braneh of the vagus. 

Friedrieh Arnold (1803-1890), German anatomist. 

Arnold-Chiari malformation: a eongenital brainstem and eerebellar 
herniation through the foramen magnum. 

Julius Arnold (1835-1915), Professor of Pathology, Heidelberg, Germany. 
Hans Ghiari (1851-1916), Austrian pathologist. 

Auerbach's plexus: the autonomic nervous plexus between the circular 
and longimdinal layers of muscle of the intestinal wall. 

Leopold Auerbach (1828-1897), Professor of Nemopathology, Breslaa, 

Poland. 


Axenfeld-Rieger syndrome: an autosomal dominant disorder 

eharaeterized by bilateral abnormalities of the anterior segment of the 
eye in assoeiation with extraocular anomalies. 

Karl Theodor Paul Polykarpus Axenfeld (1867-1930), German 
ophthalmologist. 

Herwigh Rieger (1898-1986), Austrian ophthalmologist. 

Babinski reflex, response, sign: an upgoing plantar response in 
pyramidal traet distmbanees. 

Joseph Babinski (1857-1922), pupil of Charcot, nemologist, Hòpital Pitié, 
Paris, Franee. 

Baehmann's bundle: the intra-auricular bundle. 

Jean George Baehmann (1877-1959), German-Ameriean physiologist, 
Professor of Physiology, Atlanta College of Physieians and Smgeons 1910- 
1915, USA. 

Baillarger, bands, lines, striae of: inner and outer white striations on the 
eerebral cortex. 

Jules Gabriel Baillarger (1815-1890), Freneh nemologist and psyehiatrist. 

Bardet-Biedl syndrome: an autosomal reeessive eiliopathy eharaeterized 
by retinal dystrophy, obesity, postaxial polydaetyly, renal dysfimetion, 
learning diffìculties and hypogonadism. 

Georges Louis Bardet (1885-?), Freneh physieian. 

Artm Biedl (1869-1933), Hnngarian pathologist and endoerinologist. 

Barkow's ligament: the anterior and posterior portions of the fìbrous 
capsule of the elbow joint. 

Hans KL Barkow (1798-1873), German anatomist. 

Barr body: the inaetive X-chromatin mass in the nucleus of female eells. 
Mmray Llewellyn Barr (1908-1995), Professor of Anatomy, University of 
Western Ontario, Canada. 

Barrett's oesophagus: abnormal columnar mucosa (Barrett's mucosa) that 
eovers a variable length of the distal oesophagus. 

Norman Rupert Barrett (1903-1979), consultant thoraeie smgeon, Royal 
Brompton Hospital, London, UK. 

Bartholin's: ducts and gland - the sublingual salivary gland and its 
ducts; 

glands - the greater vestibular glands on either side of the vaginal 
orifiee. 

Casper Bartholin (1655-1738), Professor of Medieine, Anatomy and Physies, 
Copenhagen, Denmark. 

Batson's vertebral venous plexus: the valveless vertebral venous veins 
that eomiminieate with the prostatie venous plexus and explain the 
readiness of eareinoma of the prostate to spread to the pelvie bones 
and vertebrae. 

Osear Batson (1894-1979), Professor of Anatomy, University of 
Philadelphia, USA. 

Battle's sign: bmising over the mastoid proeess developing 2 or 3 days 
after fracture of the posterior eranial fossa. 

William Battle (1855-1936), smgeon, St Thomas's Hospital, London, UK. 

Baxter's nerve: the first braneh of the lateral plantar nerve (Baxter DE, 
Thigpen CM 1989 Heel pain: operative results. Foot Ankle 5:16-25). 
Donald E Baxter, Ameriean orthopaedie smgeon. 

Bechterew nucleus: the nucleus eentralis tegmenti superior. 

Vladimir M Bekhterev (Bechterew) (1857-1927), Russian nemologist. 

Beeker muscular dystrophy: muscular dystrophy of the pelvis girdle type. 
Peter Lmil Beeker (1908-2000), German human genetieist. 

Beek's triad: a eombination of three symptoms that eharaeterize eardiae 
tamponade: high eentral venous pressme, low arterial pressure and a 
small, quiet heart. 

Claude Sehaeffer Beek (1894-1971), Ameriean smgeon. 

Bell's : nerve - the long thoraeie nerve; 

palsy - paresis or paralysis, usually unilateral, of the faeial muscles, 
caused by dysfiinetion of the faeial nerve. 

Sir Charles Bell (1774-1842), smgeon, Middlesex Hospital, London, UK. 

Bell's muscle: a band of muscular fibres forming a slight fold in the wall 
of the bladder, mnning from the uvula vesieae to the opening of the 
meter on either side, and bounding the trigonum (Fuss FK 1992 
Contribution to the trigone musculature in the ease of meteral 
duplication. J Urol 147:1363-4). 

Bennett shiít, movement: the lateral shift of the working mandibular 
eondyle during a laterotmsive movement. 

Norman Bennett (1870-194 7), British dentist. 

Bergmann eells, glia: the glial eells of the cerebellum. 

Gottlieb Heinrieh Bergmann (1781-1861), nemologist and anatomist, 
Medieal Direetor, Hildersheim Asylnm, Germany. 
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Bernoulli effeet: the phenomenon in which fluid flowing through a tube 
of varying diameter travels fastest and exerts the largest lateral pressure 
at its narrowest point. 

Jakob Bernonlli (1654-1705), mathematieian, Sivitzerland. Shares with 
isaae Newton the invention of ealenlns. 

Berry's ligament: the thiekened elastie bundle eonneeting the superior 
horn of the thyroid eartilage to the tip of the greater horn of the hyoid 
eartilage (synonyms: lateral thyrohyoid ligament; ligamentum 
thyrohyoideum laterale). 

Sir James Berry (1860-1946), Canadian surgeon. 

Betz eells: large pyramidal eells of the eerebral cortex. 

Vladimir Aleksandrovieh Betz (1834-1894), Professor of Anatomy, Kiev, 
Ltkraine. 

Bezold's abseess: subperiosteal temporal bone abseess. 

Friedrieh Bezold (1842-1908), otologist, Munich, Germany. 

Biehat, buccal fat pad of: a variable, but usually eonsiderable, amount of 
adipose tissue in the eheek. It is often encapsulated to form a bieoneave 
mass, that is particularly evident in infants (the suctorial fat pad). 
Marie-Frangois Xavier Biehat (1771-1802), Professor of Anatomy and 
physieian, Hòtel Dieu, Paris, Franee. 

Bielschowsky stain: a silver stain for nerve fibres. 

Max Bielschowsky (1869-1940), German nemopathologist. 

Bill's bar: a vertieal erest that separates the superior fundus above the 
erista faleiformis into anterior and posterior portions eontaining the 
faeial nerve (and nervus intermedius) and the superior vestibular nerve, 
respeetively. It is usually deseribed as a thin layer of araehnid tissue that 
may have an osseous medial eomponent. 

William Fouts House (1923-2012), Ameriean otologist, physieian and 
medieal researeher. Developed and invented the eoehlear implant. 

Birbeek granules: small, eross-striated granules first reported in the 
Langerhans eells of the epidermis. 

Miehael S Birbeek (1925-2005), eaneer researeher, Institnte of Cancer 
Researeh, London, UK. 

Bland-White-Garland syndrome: an anomalous origin of the left 
eoronary artery arising from the pulmonary artery (ALCAPA) - a rare, 
but serious, eongenital anomaly. The first elinieal deseription in 
conjunction with autopsy findings was given by Bland and colleagues 
in 1933 (Bland EF 1933 Congenital anomalies of the eoronary arteries: 
report of an unusual ease assoeiated with eardiae hypertrophy. Am 
Heart J 8:787-801). 

Blasehko's lines: a pattern of cutaneous mosaieism that ean be observed 
in a range of eongenital and acquired skin eonditions. 

Alfred Blasehko (1858-1892), dermatologist, Berlin, Germany. 

Bloom's syndrome: an inherited disorder eharaeterized by short stature, 
sun-sensitive skin ehanges, an inereased risk of eaneer, and other health 
problems (Bloom D 1954 Congenital telangieetatie erythema 
resembling lupus erythematosus in dwarfs; probably a syndrome entity. 
AMA Am J Dis Child 88:754-8). 

David Bloom, Ameriean dermatologist. 

Boehdalek's hernia: a eongenital diaphragmatie hernia due to failure of 
closure of the pleuroperitoneal hiatus. 

Vineent Alexander Boehdalek (1801-1883), Czech anatomist. 

Boerhaave's syndrome: spontaneous rupture of the oesophagus, first 
deseribed in 1723; the patient was Baron Jan von Wassenaer, Grand 
Admiral of the Dutch Fleet and Prefeet of Rhineland. 

Herman Boerhaave (1668-1738), Dutch physieian, anatomist, botanist, 
ehemist and humanist. 

Bowman's: anterior limiting lamina, layer - the anterior elastie 
membrane of the eornea; 

capsule - the sheath surrounding the renal glomerulus; 
glands - glands in the olfaetory mucosa. 

Sir William Bowman (1816-1892), srngeon, Birmingham General Hospital, 
then Professor of Anatomy and Physiology, King's College Hospital, London, 
UK 

Braille text: a system of writing eonsisting of raised dots and points, 
which ean be interpreted by touch as letters of the alphabet. 

Louis Braille (1809-1852), Freneh teaeher of the blind. 

Brissaud's sulcus: the transverse parietal sulcus. 

Édouard Brissaud (1852-1909), Freneh physieian and pathologist. 

Broea's: area - the speeeh area of the eerebral cortex; 
diagonal band - a fibre traet in the basal forebrain; 
plis de passage moyen de Broea - Broea deseribed several passages or 
bridges eonneeting the frontal and parietal lobes in the vieinity of the 
eentral sulcus. The pli de passage fronto-parietal moyen is an elevation in 


the floor of the eentral sulcus at its midpoint, eonstant and oeeasionally 
duplicated. 

Pierre Paul Broea (1824-1880), Professor of Clinical Smgery, Paris, Franee. 

Bròdel, bloodless line of: the line of division between the areas of kidney 
supplied by the anterior and posterior branehes of the renal artery. 

Max Bròdel (1870-1941), medieal artist, Leipzig, Germany, then Direetor of 
Institnte of Art as Applied to Medieine, Baltimore, USA. 

Brodmann's area 17, area 18: the primary visual cortex. 

Korbinian Brodmann (1868-1918), Professor of Anatomy, Ttibingen, 
Germany. 

Brown-Séquard syndrome: an ineomplete spinal eord lesion, 

eharaeterized by ipsilateral upper motor neurone paralysis and loss of 
proprioeeption, as well as eontralateral loss of pain and temperature 
sensation. 

Charles E Brown-Séquard (1817-1894), Freneh physiologist and nemologist. 

Broyles ligament: the anterior commissure, commissural tendon. A band 
of fibrous tissue that extends from the voeal ligaments to the midline of 
the inner surface of the upper thyroid eartilage. 

Edwin N Broyles (1894-1977) Ameriean laryngologist. 

Bmeh's ehoroidal basal lamina, membrane: the basal membrane of the 
ehoroid. 

Karl Wilhelm Ludwig Bruch (1819-1884), Professor of Anatomy at Basle, 
Switzerland, and then Giessen, Germany. 

Bmnner, glands of: duodenal glands lying deep to the muscularis 
mucosae. 

Johann Konrad Brnnner (1653-1727), Professor of Anatomy successively at 
Heidelberg, Germany, and Strasbomg, Franee. 

Buck's faseia: the penile faseial sheath. 

Gordon Buck (1807-1877), smgeon, New York, USA. 

Budd-Chiari syndrome: spontaneous thrombosis (eomplete or partial) of 
the hepatie veins, with or without additional inferior vena eaval 
thrombosis. 

George Budd (1808-1882), Professor of Medieine, King's Gollege Hospital, 
London, UK. 

Hans Chiari (1851-1916), Austrian pathologist. 

Buerger's disease: thromboangiitis obliterans (an inflammatory 
vasculopathy). 

Leo Buerger (1879-1943), Austrian-born Ameriean physieian and mologist. 

Biingner, bands of: columns of denervated Schwann eells 

Otto von Btingner (1858-1905), German smgeon. Studied in Dorpat, 
Estonia, and Halle, Germany, from 1877 to 1883 as a stndent of Eduard von 
Wahl (1833-1890) and Riehard von Volkmann (1830-1889). 

Cajal, interstitial eells of: eells in the muscularis externa of the gut wall 
aetive as paeemakers in gut motility. 

Santiago Ramón y Cajal (1852-1934), Professor of Anatomy, Valeneia, then 
Bareelona, then Professor of Histology and Morbid Anatomy, Madrid, Spain. 
Cajal shared the Nobel Prize in Physiology or Medieine (1906) with Camillo 
Golgi for their work on the stmetme of the nervons system. 

Caldwell-Luc procedure: an operation that involves opening the 
maxillary sinus by way of an ineision into the supradental fossa 
opposite the premolar teeth, usually done to remove tooth roots or 
abnormal tissue. 

George W Caldwell (1867-1946), Ameriean physieian, writer and painter. 
Henri Luc (1855-1925), Freneh laryngologist. 

Calot's triangle: an isoseeles triangle based on the eommon hepatie duct 
with the eystie artery and eystie duct forming its sides. 

Jean-Frangois Calot (1861-1914), smgeon, Rothsehild Hospital, Berek-sm- 
Mer, Franee. Speeialized in the treatment of smgieal tuberculosis in ehildren. 

Campbell's lines: five lines that should be traeed when assessing a 
eoronal radiograph of the faeial skeleton (MeGrigor B, Campbell W 
1950 The radiology of war injuries. IV. Wounds of the faee and jaw. Br J 
Radiol 23:685-96). 

Camper's: angle - the line mnning from the inferior border of the ala of 
the nose to the superior border of the tragus of the ear; 
ehiasm(a) - the passage of the tendons of flexor digitomm profundus 
(flexor digitomm longus in the foot) through the interval left by the 
decussation of the fibres of the tendons of flexor digitomm superficialis 
(flexor digitomm brevis in the foot); 

faseia - the layer of faseia extending between the ischiopubic rami 
inferior to sphineter urethrae and the deep transverse perineal muscle; 
plane - a plane defined by the inferior border of the right or left ala of 
the nose and the superior border of the tragus of both ears. 

Petrns Camper (1722-1789), Dutch physieian and anatomist. 
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Cantlie's line: a line that separates the right and left lobes of the liver, 
drawn from the inferior vena eava to just left of the gallbladder fossa. 

Sir James Cantlie (1851-1926), Seottish physieian, a pioneer of First Aid, 
and co-founder of the Hong Kong Gollege of Medieine for Ghinese 
(suhsecjuent\y, the JJniversity of Hong Kong). 

Cantrell, pentalogy of: a syndrome of eongenital defeets involving the 
abdominal wall, sternum, diaphragm, pericardium, and heart (Cantrell 
JR, Haller JA, Raviteh MM 1958 A syndrome of eongenital defeets 
involving the abdominal wall, sternum, diaphragm, pericardium, and 
heart. Surg Gyneeol Obstet 107:602-14.) 

Carabelli's cusp, cusplet, tubercle: an oeeasional fifth tubercle lingual to 
the anteromedial cusp of the first upper molar tooth. 

Edler Carabeììi (1787-1842), Professor of Dental Srngery, Vienna, Austria. 

Carnegie stage: not an eponym but a standardized system of 23 stages 
used to provide a unified developmental ehronology of the vertebrate 
embryo. 

Carnegie Institution for Seienee, organization estabìished to support seientifie 
researeh, Washington, DC, USA. 

Carpenter's syndrome: mental retardation, aeroeephaly and syndaetyly 
related to, but genetieally distinet from, Alpert's syndrome. 

George Garpenter (1859-1910), physieian, UK. 

Carus, curve of: the lower end of the pelvie curve. 

Karl (Carl) Gnstav Carus (1789-1869), German anatomist, physiologist and 
painter. 

Charcot's artery of eerebral haemorrhage: the lenticulostriate braneh of 
the middle eerebral artery. 

Jean-Martin Charcot (1825-1893), nemologist and physieian, Salpètrière, 
Paris, Franee. 

Charcot-Marie-Tooth disease: an inherited disorder of nerves that is 
eharaeterized by loss of muscle tissue and touch sensation, 
predominantly in the feet and legs. 

Jean-Martin Charcot (1825-1893), Freneh nemologist and physieian, 
Salpètrière, Paris, Franee. 

Pierre Marie (1853-1940), Freneh nemologist, assistant to Charcot. 

Hotvard Henry Tooth (1856-1925), British nemologist. 

Chassaignac's earotid tubercle: the prominent anterior tubercle of the 
transverse proeess of the sixth eervieal vertebra, against which the 
earotid artery ean be eompressed. 

Charles-Marie Édonard Chassaignac (1805-1879), smgeon, Paris, Franee. 

ehiari malformation, ehiari's network: see Arnold-Chiari malformation. 

Hans Chiari (1851-1916), Amtrian pathologist. 

ehilaiditi's syndrome: the presenee of a long mesentery related to the 
distal aseending and proximal transverse eolon, resulting in the 
presenee of either or both beeoming interposed between the right lobe 
of the liver and the diaphragm, with or without abdominal symptoms. 
Demetrins ehilaiditi (1883-??), Greek radiologist in Vienna, Austria. 

Chopart's ligament: the bifiireate ligament (calcaneonavicular ligament 
and calcaneocuboid ligament). 

Frangois ehopart (1743-1795), Freneh smgeon. Professor of Praetieal 
Smgery at the Éeole Pratic\ue, Paris, Franee, from 1771; in 1782, he 
sneeeeded Tonssaint Bordenave (1728-1782) as Chair of Physiology. 

Clara eells: bronehiolar eells seereting surfactant. 

Max Clara (1899-1966), Professor of Anatomy, Leipzig, Germany. 

Clarke's column: the basal nucleus in the posterior horn of spinal grey 
matter. 

jaeob Augustus Loekhart Clarke (1817-1880), nemologist, Hospital for 
Epilepsy and Paralysis, London, UK. 

Claudius, supporting eells of: supporting eells on the floor of the 
eoehlear eanal of the inner ear. 

Friedrieh Matthias Claudius (1822-1869), Professor of Anatomy successively 
in Kiel and Marbmg, Germany. 

Cleland's ligament, transverse retrovascular ligament: thin fibres passing 
from the lateral surfaces of the interphalangeal joints to the skin of the 
fingers. 

John Cleland (1835-1925), Professor of Anatomy, Glasgotv, UK. 

Cloquet's node, gland: a lymph node in the femoral eanal. 

Jules-Germain Cloquet (1790-1883), Professor of Anatomy and Smgery, 
Paris, Franee. 

Colles': faseia - a continuation of Searpa's layer of abdominal faseia; 
fracture - a fracture of the lower end of the radius with dorsal 
displaeement. 

Abraham Goììes (1773-1843), Professor of Anatomy and Smgery, Royal 
Goììege of Smgeons of Ireland, Dublin, Ireland. 

Cooper's: peetineal ligament - thiekened periosteum on the peeten 
pubis; 


suspensory ligaments - suspensory ligaments of the breast. 

Sir Astley Pastor Cooper (1768-1841), smgeon, Guy's Hospital, London, UK. 

Corti: organ of, rods of - auditory hair eells of the eoehlea; 

tunnel of - the tunnel between the internal and external pillar eells in 
the inner ear. 

Alfonso Corti (1822-1888), histologist. Held no aeademie post but tvorked 
in Vienna, Austria; Berlin, Germany; Utrecht, Netherlands; and Tmin, Italy. 

Cowper's glands: the bulbo-urethral glands. 

William Cowper (1666-1709), British smgeon and anatomist. 

Crouzon's syndrome: eraniofaeial dysostosis. Premature closures of 
eranial vault sutures, maxillary hypoplasia and ocular and aural 
anomalies. 

Oetave Crouzon (1874-1938), nemologist, Salpètrière, Paris, Franee. 

Cullen's sign: bluish diseoloration at the umbilicus from extravasated 
blood in ruptured eetopie pregnaney and panereatitis - an uncommon 
physieal sign. 

Thomas Cullen (1869-1953), Professor of Gynaeeology, Johns Hopkins 
Hospital, Baltimore, USA. 

Cunningham, sulcus preeentralis medialis of: the medial preeentral 
sulcus in the eerebral cortex. 

Daniel John Cunningham (1850-1909), Seottish anatomist. 

Cupid's bow: the upper curl of the lip, which resembles Cupid's bow. 
Cupid, the Roman god of love, pietmed as a winged boy with a bow. 

Cusco's speculum: a bivalved, self-retaining speculum used to inspeet the 
cervix. 

Edward Gabriel Cusco (1819-1894), Freneh smgeon. 

Cushing's syndrome: the syndrome produced by glucocorticosteroid 
excess. 

Harvey Cushing (1869-1939), Professor of Smgery, Harvard University, 
Cambridge, Massachusetts; nemosmgeon, Peter Bent Brigham Hospital, 
Boston, USA. 

Cuvier, duct of: the termination of the eardinal vein in the fetus. 

Baron Georges Cuvier (1760-1832), zoologist and palaeontologist, Paris, 
Franee. 

Dandy-Walker malformation: a variant of Arnold-Chiari syndrome 
involving the fourth ventriele and eerebelfiim. 

Walter Edward Dandy (1886-1946), Ameriean nemosmgeon, pioneer in 
smgery of the posterior skull eavity and intraeranial vasenìar smgery. 

Arthm Earl Walker (1907-1995), Ameriean nemologist. 

Danon disease: a eondition eharaeterized by eardiomyopathy, myopathy 
and intellectual disability; attributed to mutations in the LAMP2 gene 
(Danon MJ, Oh SJ, DiMauro S et al 1981 Lysosomal glyeogen storage 
disease with normal aeid maltase. Neurology 31:51-7). 

Darkschewitsch, nucleus of: the posterior commissural nucleus. 

Liverij Osipovieh Darkschewitsch (1858-1925), nemoanatomist, University 
of Moscow, Russia. 

Darwin's tubercle: a slight projeetion that may be present on the 
posterior superior aspeet of the helix of the pinna (auricle) of the 
external ear. 

Charles Robert Darwin (1809-1882), English natmalist, anthor of O n the 
Origin of Speeies by Means of Natural Seleetion. 

Deiters': nucleus - the lateral vestibular nucleus of the vestibulocochlear 
nerve; 

phalangeal supporting eells - outer hair eells in the organ of Corti. 
Otto Friedrieh Karl Deiters (1834-1863), Professor of Anatomy and 
Histology, Bonn, Germany. 

Denonvilliers' faseia: the faseia separating the prostate from the rectum. 
Charles-Pierre Denonvilliers (1808-1872), Professor of Anatomy, Paris, 
Franee. 

de Quervain's tenovaginitis, tenosynovitis: stenosing tenovaginitis of the 
tendon sheath of abductor pollieis longus and extensor pollieis brevis. 
Fritz de Quervain (1868-1940), Professor of Smgery, Berne, Switzerland. 

Deseemet's posterior limiting lamina, layer, membrane: the posterior 
membrane of the eornea. 

Jean Deseemet (1732-1810), Professor of Anatomy and Smgery, Paris, 

Franee. 

DiGeorge's syndrome: a eongenital disorder in which defeetive 
development of the third and fourth pharyngeal pouches results in 
hypoplasia or aplasia of the thymus and parathyroid glands. 

Angelo Mario DiGeorge (1921- ), Ameriean paediatrieian. 

Dingman approaeh: a popular method for repairing zygomatie complex 
fraetmes (Dingman RO, Natvig P 1964 Surgery of Faeial Fractures. 
Philadelphia: WB Saunders). 
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Disse, perisinusoidal spaee of: the spaee between the venous sinusoid 
and the hepatie eells. 

Josef Disse (1852-1912), German anatomist. 

Dorello's eanal: the invagination of the dura in the petroelival region 
from the petroelival entranee point to the posterior end of the 
cavernous sinus. It eonveys the mid portion of the abducens nerve. 

Primo Dorello, Italian anatomist is eredited with the diseovery of the eanal 
that bears his name in 1905, although it had been deseribed in 1859 by 
Wenzel Leopold Grnber. Dorello was Professor of human anatomy at Pemggia 
(1926-1946). 

Douglas: arcuate line of - the arcuate line of the sheath of rectus 
abdominis; 

pouch of - the rectouterine peritoneal pouch. 

James Douglas (1675-1742), anatomist and obstetrieian, London, UK. 

Down's syndrome: trisomy 21, producing mental retardation and a 
eharaeteristie faeies with variable additional abnormalities. 

John Langdon Haydon Down (1828-1896), Cornish physieian, UK. 

Dmmmond, marginal artery of, areh of: the anastomoses between the 
ileoeolie, right eolie, middle eolie, left eolie and sigmoid arteries (the 
areh of Roilan is the part of this areh between the middle and left eolie 
artery). 

Hamilton Dmmmond (1882-1925), srngeon, Newcastle upon Tyne, UK. 

Duchenne muscular dystrophy: ehronie progressive muscular atrophy 
due to mutations in the dystrophin gene. 

Guillaume Benjamin Amand Duchenne de Boulogne (1806-1875), Freneh 
nemologist. 

Dupuytren's disease, contracture: eontraetion and fibrosis of the palmar 
(and, oeeasionally, the plantar) faseia. 

Baron Guillaume Dupuytren (1777-1835), smgeon, Hòtel Dieu, Paris, 
Franee. 

Eberstaller: sulcus preeentralis medialis of, diagonal sulcus of: 
(Eberstaller, O 1884 Zíir Oberflaehen Anatomie der Grosshirn 
Hemisphàren. Vienna: Med. 7. Eberstaller O 1890 Das Stirnhirn. 

Vienna: Urban & Schwartzenberg). 

Eeker: gyrns deseendens of: a gyms that eneireles the retroealearine 
sulcus; 

paraeentral lobule of: a division of the medial aspeet of the eerebral 
cortex formed by the anterior and the posterior paraeentral gyri. It lies 
above the cingulate sulcus and is bounded by the paraeentral sulcus 
anteriorly and the marginal part of the cingulate sulcus posteriorly. 
Johann Alexander Eeker (1816-1887), German anthropologist and 
anatomist. 

Edinger-Westphal nucleus: the midbrain nucleus eontaining 

preganglionie neurones destined to synapse in the eiliary ganglion; it 
lies elose to the nucleus of the oculomotor nerve. 

Ludwig Edinger (1855-1918), Professor of Anatomy, Frankfmt-am-Main, 
Germany. 

Karl Westphal (1833-1890), Professor of Psyehiatry, Berlin, Germany. 

Ehlers-Danlos syndrome: a group of rare genetie disorders affeeting 
humans and domestie animals, caused by a defeet in eollagen synthesis. 
Edward Ehlers of Denmark (1863-1937) and Henri-Alexandre Danlos of 
Franee (1844-1912) identified the syndrome at the tmn of the twentieth 
eentmy. 

Eisenmenger complex: the eombination of ventricular septal defeet with 
pulmonary hypertension and consequent right-to-left shunt through the 
defeet, with or without an assoeiated overriding aorta. 

Vietor Eisenmenger (1864-1932), German physieian. 

Elliot Smith, paramesial sulcus of: paramesial sulcus, eertebral cortex. 

Sir Grafton Elliot Smith (1871-1937), Australian-British anatomist. 

Elsehnig's layer: the astroglial membrane at the optie nerve head, 
continuous with the internal limiting membrane of the retina. 

Anton Elsehnig (1863-1939), Professor, University of Pragne Eye Glinie, 
Czech Republic. 

Emery-Dreifuss muscular dystrophy: an X-linked form of muscular 
dystrophy (Emery AE, Dreifitss FE 1966 Unusual type of benign 
X-linked muscular dystrophy. J Neurol Neurosurg Psyehiatr 29:338-42). 

Epley's manoeuvre: eanalith repositioning for benign paroxysmal 
positional vertigo (Epley JM 1980 New dimensions of benign 
paroxysmal positional vertigo. Otolaryngol Head Neek Surg 
88:599-605). 

Erb's point: a point on the side of the neek 2-3 em above the elaviele 
and in front of the transverse proeess of the sixth eervieal vertebra. 
Pressure over this point elieits Duchenne-Erb paralysis, and eleetrieal 
stimulation over this area causes various arm muscles to eontraet. 
Wilhelm Erb (1840-1921), Professor of Nemology, Heidelberg, Germany. 


Erb-Duchenne paralysis: the result of injury to the C5 and C6 roots of 
the braehial plexus. 

Wilhelm Erb (1840-1921), Professor of Nemology, Heidelberg, Germany. 
Guillaume Benjamin Amand Duchenne de Boulogne (1806-1875), Freneh 
nemologist. 

Essex-Lopresti injury: fractures of the radial head with distal radio-ulnar 
disloeation (Essex-Lopresti P 1951 Fractures of the radial head with 
distal radio-ulnar disloeation: report of two eases. J Bone Joint Surg Br 
33B:244-247). 

Eustachian: tube - the pharyngotympanie tube; 

valve - the inferior vena eaval valve in the right atrium. 

Bartolomeo Eustachi (1513-1574), Professor of Anatomy, Rome, Italy, and 
physieian to the Pope. 

Fallopian: aqueduct, eanal - the eanal for the faeial nerve in the 
temporal bone; 
tube - the uterine tube. 

Gabrielle Fallopio (1523-1562), Professor of Anatomy, Padua, Italy. A pupil 
of Vesalius. 

Fallot's tetralogy: a eongenital heart disease eomprising pulmonary 
stenosis, right ventricular hypertrophy, ventricular septal defeet and 
overriding of the aorta. 

Étienne-Louis Fallot (1850-1911), Professor of Medieine, Marseilles, Franee. 

Ferguson reflex: enhaneement of uterine aetivity due to meehanieal 
stretehing of the lower uterine segment and cervix (Ferguson JKW 1941 
A study of the motility of the intaet uterus at term. Surg Gyneeol Obstet 
73:359-66). 

James Fergnson, Canadian obstetrieian. 

Fitz-Hugh-Curtis syndrome: a rare eomplieation of pelvie inflammatory 
disease involving the liver capsule and leading to the ereation of 
adhesions. Thomas Fitz-Hugh, Jr and Arthur Hale Curtis first reported 
this eondition in 1934 and 1930, respeetively. 

Arthm Hale Art' Gmtis (1881-1955), Ameriean football player, eoaeh and 
gynaeeologist. 

Thomas Fitz-Hugh (1894-1963), Ameriean haematologist. 

Fordyee spots: small nmeosal eysts of the eheeks, lips and tongue. 

John Addison Fordyee (1858-1925), dermatologist, New York, USA. 

Forel, H field of: ventral tegmental decussation between the red nuclei. 
August Forel (1848-1931), anatomist and nemologist, Zmieh, Switzerland. 

Foville, quadrangular lobule of: the precuneus (part of the medial 
portion of the parietal lobe), delineated anteriorly by the marginal 
braneh of the cingulate sulcus, posteriorly by the parieto-oeeipital 
sulcus, and inferiorly by multiple Y-shaped sulcal segments that 
constitute the subparietal sulcus. 

Aehille Louis Frangois Foville (1799-1878), Freneh nemologist. 

Fox's sign: eeehymosis of the inguinal ligament due to blood traeking 
from the retroperitoneum and eolleeting at the inguinal ligament in 
haemorrhagie panereatitis. 

George Henry Fox (1846-1937), Ameriean dermatologist. 

Fox-Fordyce disease: a ehronie, papular disease involving apoerine sweat 
duct obstmetion, e.g. in the axilla. 

George Henry Fox (1846-1937), Ameriean dermatologist. 

John Addison Fordyee (1858-1925), Ameriean dermatologist (see Fordyee 
spots) . 

Freiberg's infraetion: osteoehondrosis of a metatarsal head, usually the 
seeond (more rarely, third or fourth) metatarsal bone of the foot, 
presenting the picture of subchondral cancellous bone neerosis. 
Characterized by loealized pain and swelling over the metatarsal head, 
red overlying skin, and limitation of movement in an adoleseent. X-rays 
show the head to be emshed and fragmented. 

Albert Henry Freiberg (1868-1940), Ameriean smgeon. 

Frey's syndrome: sweating in the distribution of the auriculotemporal 
nerve, triggered by eating ('auriculo-gustatory sweating') after injury to 
the faeial nerve. 

Fucja Frey (1889-1944), nemologist, Warsaw, Poland. 

Frohse (Fròhse), areade of: an areade between the two layers of 
supinator, that transmits the posterior interosseous nerve. 

Fritz Frohse (1871-1916), German anatomist. 

Fròhlieh's syndrome: adiposogenital dystrophy. 

Alfred Fròhlieh (1871-1953), Austrian pharmaeologist in the USA. 

Futcher's lines: see Voigt's lines. 

Galeazzi fracture-dislocation: a fracture of the distal part of the radius 
with disloeation of distal radio-ulnar joint and an intaet ulna. 

Rieeardo Galeazzi (1866-1952), Italian orthopaedie smgeon. 
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Galen's: nerve, anastomosis (ansa galeni) - the anastomosis between 
the internal braneh of the superior laryngeal nerve and the recurrent 
laryngeal nerve in the wall of the laryngopharynx; 
vein (deep galenie venous system) - the great eerebral vein. 

Claudius Galen (130-200 AD), born Pergamum, Asia Minor, stnàieà there 
and in Smyrna, Corinth and Alexandria. Physieian to Marcus Aurelius and 
teaeher of Anatomy and Medieine in Rome. Author of numerous texts on 
anatomy, srngery and medieine. 

Gans, fissure of: a structure that lies on the undersurface of the right lobe 
of the liver behind the gallbladder fossa; it often marks the variable site 
of division of the portal pediele to the right posterior seetor. 

Henry Gans (1925- ), Dutch srngeon. 

Gartner's: eyst - usually a benign eyst in the anterolateral wall of the 
vaginal remnant of Gartner's duct; 

duct - the paravaginal duct; a mesonephrie duct remnant. 

Hermann Treschow Gartner (1785-1827), srngeon in the Norwegian and 
then Danish armies. 

Gennari, stria of, white line of: a white band or stripe in the oeeipital 
cortex. 

Franeeseo Gennari (1750-1797), anatomist, Parma, Italy. 

Gerdy's tubercle: the attaehment of the iliotibial traet to the proximal 
tibia. 

Pierre Nieolas Gerdy (1797-1856), smgeon and pathologist, Paris, Franee. 

Gerota's faseia: the renal faseia, which encapsulates the perinephrie fat. 
Dumitru Gerota (1867-1939), Professor of Smgery, Bucharest, Romania. 

Giaeomini, band of: the band on the surface of the uncus. 

Carlo Giaeomini (1840-1898), Professor of Anatomy, Trnin, Italy. 

Giemsa staining: a solution eontaining azure-II, glyeerin and methanol. 
Stained elements appear pink, purple or blue. 

Gnstav Giemsa (1867-1948), German ehemist and baeteriologist. 

Gillies approaeh, flap, operation: a procedure in which the instmment is 
inserted deep to the deep lamina of temporalis faseia through a sealp 
ineision and used to elevate depressed zygomatie complex fractures. 

Sir Harold Delf Gillies (1882-1960), British plastie smgeon. 

Giraldes, organ of: a vestige of the Wolffian body on the posterior aspeet 
of the testiele. 

Joaquim Albino Cardoso Casado Giraldes (1808-1875), Portuguese 
anatomist and smgeon. 

Glanzmann's thrombasthenia: a hereditary platelet abnormality 

eharaeterized by defeetive elot retraetion, prolonged bleeding time, and 
related symptoms such as epistaxis and inappropriate bleeding. 

Eduard Glanzmann (1887-1959), Swiss paediatrieian. 

Glenn shunt: a surgical operation for ehildren born with eyanotie heart 
disease, in which the superior vena eava is anastomosed to the right 
pulmonary artery so that blood bypasses the malformed right ehambers 
of the heart and is shunted direetly into the lungs to be oxygenated. 
William WL Glenn (1914-2003), Ghief of Caràiovascular Smgery, Yale 
JJniversity, New Haven, Connecticut, USA. 

Glisson's capsule, sheath: the fibrous capsule of the liver. 

Franeis Glisson (1597-1677), Regins Professor of Medieine, Cambridge, UK. 
Deseribed riekets in 1671. 

Goethe, ossiele of: the incus (an auditory ossiele). 

Johann Wolfgang Goethe (1749-1832), German poet, philosopher and 
seientist. 

Goldenhaar's syndrome: hemifaeial mierosomia. A syndrome of dermoid 
eysts, auricular appendiees, asymmetrieal malformations of the faee, 
and vertebral abnormalities. 

Mamiee Goldenhaar (1924-2001), Ameriean physieian. 

Golgi: eells, neurones - GABA-ergie eerebellar interneurones; 

complexes, apparatus, bodies - membranous cellular organelles or 

vesieles; 

corpuscles - taetile end organs in skin and muscle; 
staining technique - a silver staining method for neurones; 
tendon organ - a proprioeeptive sensory nerve ending embedded 
among the fibres of a tendon. 

Camillo Golgi (1844-1926), Professor of Histology and Anatomy successively 
in Padua and then Siena, Italy shared the Nobel Prize in Physiology or 
Medieine (1906) with Ramon Santiago y Cajal for their work on the 
stmetme of the nervons system. 

Goodpasture's syndrome: an autoimmune eondition in which 

autoantibodies damage basal laminae, primarily affeeting renal and 
lung fimetion. 

Ernest William Goodpastme (1886-1960), pathologist, Tennessee, USA. 

Graafian folliele: the mature ovarian folliele. 

Regnier de Graaf (1641-1673), anatomist and physieian, Delft, Netherlands. 


Grapow, vertieal bands of: vertieal eonneetions between the palmar skin 
and palmar aponeurosis (Grapow M 1887. Die Anatomie und 
physiologisehe Anatomie der Palmaraponeurose. Areh Anat Physiol 
2-3:143-58). 

Gratiolet, 'pli de passage' of: Gratiolet introduced the term plis de passage 
for some intereonneeting gyri in the eerebral cortex. 

Louis-Pierre Gratiolet (1815-1865) anatomist and zoologist, beeame 
Professor of Zoology, Paris, Franee. 

Graves' disease: a disorder of the thyroid, usually of autoimmune 
aetiology, eharaeterized by at least two of the following: 
hyperthyroidism, goitre and exophthalmos. 

Robert James Graves (1796-1853), Irish physieian. 

Grayson's ligament: faseial fibres that pass from the lateral sides of the 
phalanges volar to the neurovascular bundle (Grayson J 1941 The 
cutaneous ligaments of the digits. J Anat 75:164-75). 

} Grayson, Professor of Anatomy, Manehester, UK. 

Grey Turner's sign: bluish diseoloration in the left loin caused by 

extravasated blood in acute panereatitis - an uncommon physieal sign. 
George Grey Tmner (1877-1951), smgeon, Royal Vietoria Infirmary, 
Newcastle upon Tyne, and Professor of Smgery, Royal Postgraduate Medieal 
Sehool, Hammersmith, London, UK. 

Grnber, petrosphenoidal ligament of: a ligament that spans between the 
petrous apex and the posterior elinoid proeess, between the meningeal 
and periosteal layers of the dura mater; the insertion and thiekness of 
the ligament may vary (see also Dorello's eanal). 

Wenzel Leopold Grnber (1814-1890), Russian anatomist. 

Guérin's fracture: a Le Fort I level fracture of the maxilla. 

Alphonse Gnérin (1816-1895), smgeon, Paris, Franee. 

Guillain-Barré syndrome: acute idiopathie polyneuritis. 

Georges Guillain (1876-1951), Freneh nemologist. 

Jean Alexandre Barré (1880-1967), Freneh nemologist. 

Guyon's eanal: the eanal for the ulnar nerve and vessels; defined medially 
by the pisiform, and posteriorly by the flexor retinaculum. 

Jean Casimir Guyon (1831-1920), smgeon, Paris, Franee. 

Haglund's disease, syndrome, deformity: an abnormal prominenee of 
the posterior superior lateral aspeet of the os ealeis. 

Sims Emil Patrik Haglund (1870-1937), Swedish orthopaedie smgeon. 

Haller's: eells - infraorbital ethmoidal eells (synonym: orbitoethmoidal 
eells), which may be speeifìed as either anterior or posterior and which 
may lie lateral to the infundibulum and then open into the middle 
meatus. They grow into the bony orbital floor and may obstmet the 
ostia of either the ethmoidal infundibulum or the maxillary sinus 
during endonasal procedures; 
eirele of, zonula of - see circle/zonula of Zinn; 

layer - a layer of large blood vessels in the ehoroid derived from the 
short posterior eiliary arteries. 

Vietor Albreeht von Haller (1708-1777), Professor of Anatomy, Physiology, 
Smgery and Botany, University of Góttingen, Germany. 

Hallgren syndrome: see Usher syndrome. (Hallgren B. 1959 Retinitis 
pigmentosa eombined with eongenital deafness; with vestibulo- 
eerebellar ataxia and mental abnormality in a proportion of eases: a 
elinieal and genetieo-statistieal study. Aeta Psyehiat Neurol Seand 
138:5-101.) 

Harris's growth lines: transverse juxta-epiphyseal lines of long bones seen 
on X-ray, which represent temporary growth arrest. 

Henry Harris (1886-1951), Professor of Anatomy, Cambridge, UK. 

Hartmann's pouch: dilation above the neek of the gallbladder - a 
pathologieal entity produced by a eontained gallstone. 

Henri Hartmann (1860-1952), Professor of Smgery, Faculty of Medieine, 
Paris, Franee. 

Hassall's corpuscles: spherieal or ovoid bodies found in the medulla of 
the thymus, eomposed of eoneentrie arrays of epithelial eells that 
eontain keratohyalin and bundles of eytoplasmie filaments. 

Arthm Hill Hassall (1817-1894), English ehemist and physieian. 

Haversian: eanals - eentral vascular ehannels in Haversian systems; 
systems - eylindrieal units of tissue (osteons) in eompaet bone. 

Clopton Havers (1817-1894), physieian praetising first in London, then in 
the Isle of Wight, UK. 

Hawkins sign: subchondral lucency of the talar dome, occurring 

seeondary to subchondral atrophy 6-8 weeks after a fracture of the talar 
neek (Hawkins LG 1970 Fractures of the neek of the talus. J Bone Joint 
Surg Am 52:991-1002). 

Heidenhain's triehrome stain: a stain for eonneetive tissue. 

Rudolf Peter Heinrieh Heidenhain (1834-1897), Polish physiologist, Breslau. 
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Heller's myotomy, eardiomyotomy: a surgical procedure in which the 
muscles of the eardia (lower oesophageal sphineter) are cut, allowing 
food and liquids to pass to the stomaeh; the procedure may be open or 
elosed (laparoseopie) (Heller E 1914 Extramukòse Kardioplastik beim 
ehronisehen Kardiospasmus mit Dilatation des Oesophagus. Mitt 
Grenzgeb Med Chir 27:141-9). 

Ernest Heller, German srngeon. 

Henle's: aeeessory paraflocculus of Henle - the dorsal leaf of the 
eerebellar flocculus; 

conjunctival erypts of Henle - infoldings of the conjunctiva; 
fibres - the 'axons' of foveal retinal eones mnning parallel to the 
retinal surface; 

gastroeolie tmnk of Henle - the confluence of the right superior eolie 
and right superior gastroepiploie veins, draining into the superior 
mesenterie vein at the inferior border of the neek of the panereas; 
layer - the outer layer of eells in the root sheath of a hair; 
loop - the looped portion of the renal tubule. 

Friedrieh Gnstav Henle (1808-1885), Professor of Anatomy in Znrieh, 
Switzerland, then Heidelberg and Góttingen, Germany. 

Henry, anterior approaeh of: an approaeh that provides exposure to the 
volar aspeet of the radial shaft; 

knot of - the erossing of the tendon of flexor hallucis longus deep to 
the tendon of flexor digitomm longus in the sole of the foot; 
mobile wad of - three muscles, braehioradialis, extensor earpi radialis 
longus and extensor earpi radialis brevis, that are palpable below the 
lateral epieondyle of the humems, lying on the lateral aspeet of the 
radius. 

Arnold Kirkpatriek Henry (1886-1962), Professor of Anatomy, Royal College 
of Smgeons in Ireland, Dnblin, Ireland. 

Hensen's: eells, stripe - in the organ of Corti (see above ) to the outer side 
of the eells of Deiters (see above); 

node - thiekening at the site of the first formation of the primitive 
streak. 

Viktor Hensen (1834-1924), Professor of Physiology, Kiel, Germany. 

Hering-Breuer reflex: a lung streteh reflex mediated by the vagus. 

Carl Ewald Hering (1834-1918), physiologist, Aeademy of Military 
Medieine, Vienna, Austria, and then Leipzig, Germany. 

Josef Brener (1842-1925), psyehiatrist and physiologist, Vienna, Austria, 
where he eollaborated with Hering. 

Hering, eanals of: fine terminal ductules lined by cuboidal epithelimn, 
linking the intralobular bile eanalioili with bile ducts in the portal 
eanals. 

Carl Ewald Hering (see above). 

Hesehl: sulcus of - the anterior border of the planum temporale; 

Hesehl's transverse temporal gyri - gyri on the temporal lobe of the 
brain. 

Riehard Hesehl (1824-1881), Professor of Pathology, Cracow, Poland, then 
Professor of Clinical Medieine, Graz, Austria. 

Hesselbaeh's: faseia - the eribriform faseia; 
ligament - the interfoveolar ligament; 
triangle - the inguinal triangle. 

Franz Kaspar Hesselbaeh (1759-1816), German smgeon and anatomist. 

Heubner's artery: the artery that supplies the anteromedial part of the 
head of the caudate nucleus and the anteroinferior internal capsule. 
Johann Otto Leonhard Henbner (1843-1926), German paediatrieian. 

Heuser's membrane: the parietal hypoblast layer. 

Ghester Henser (1885-1965), Ameriean embryologist. 

Hilton's law: nerves erossing a joint supply the joint, the muscles aeting 
on the joint and the skin overlying the joint. 

John Hilton (1805-1878), smgeon, Guy's Hospital, London, LJK. 

Hirsehspmng's disease: megaeolon resulting from eongenital absenee of 
autonomic ganglion eells in the distal eontraeted segment. 

Harald Hirsehspmng (1830-1916), physieian, Queen Louise ehildren's 
Hospital, Copenhagen, Denmark. 

His: angle of - the normally acute angle between the abdominal 
oesophagus and the fundus of the stomaeh at the oesophagogastrie 
junction; 

bundle of - the atrioventricular bundle of the heart; 

fiircula of - an inverted U that appears in the eentral wall of the 

developing pharynx; 

sinus of - the caudal portion of the seeond branehial areh, as well as 
the third and fourth arehes, which beeomes submerged in the eervieal 
sinus of His, a shallow eetodermal pit. 

Wilhelm His (Junior) (1863-1934), Professor of Anatomy sneeessiveìy at 
Leipzig, Germany; Basle, Switzerland; and Góttingen and Berlin, Germany. 
Son of Wilhelm His (Senior). 


Hjortsjò's erook: in the biliary traet, the right posterior seetional duct 
normally hooks over the origin of the right anterior seetional portal 
vein, forming 'Hjortsjò's erook' (Hjortsjò CH 1951 The topography of 
the intrahepatie duct system. Aeta Anat (Basel) 11:599-615). 

Hoboken, valves of: eonstrietions of the contours of the umbilical arteries 
along their course through the umbilical eord. 

Nieolas van Hoboken (1632-1678), Professor of Anatomy, Harderwyk, then 
Professor of Medieine and Mathematies, Steinfmt, Netherlands. 

Hofbauer eells: plaeental maerophages in the ehorionie villi. 

/ Jsfred Hofbaner (1878-1961), Ameriean gynaeeologist. 

Holden, line of: the transverse skin erease at the groin caused by flexion 
of the hip. 

Luther Holden (1815-1905), smgeon, St Bartholomew's Hospital, London, 
UK. 

Holmes-Adie syndrome: a disorder eharaeterized by one eye with a pupil 
that is larger than normal and eonstriets slowly in bright light (tonie 
pupil), and absenee of deep tendon reflexes, usually in the Aehilles 
tendon. 

Gordon Morgan Holmes (1876-1965), Irish nemologist. 

William John Adie (1886-1935), British physieian and nemologist. 

Horner's syndrome, Bernard-Horner syndrome: ptosis and pupillary 
eonstrietion following intermption of the sympathetie supply to the 
eyelid and pupil, respeetively (hemifaeial anhidrosis may also occur). 
Johann Horner (1831-1886), Professor of Ophthalmology, Zmieh, 
Switzerland. 

Claude Bernard (1813-1878) Freneh physiologist, eonsidered one of the 
fonnders of experimental medieine. 

Howship's laamae: absorption spaees in bone. 

John Howship (1781-1841), smgeon, St George's and eharing Cross 
Hospitals, London, UK. Snffered from osteomyelitis of the tibia and made a 
speeial study of bone pathology. 

Howship-Romberg sign: see Romberg sign. 

Humphrey, ligament of: meniseofemoral ligament - Humphrey deseribed 
this ligament as mnning from the lateral meniscus to the posterior 
emeiate ligament. 

George Mmray Hnmphrey (1820-1896), Professor of Anatomy and then of 
Smgery, Cambridge, UK. Lonnder o/Jomnal of Anatomy. 

Hunter's eanal: the subsartorial eanal. 

John Hunter (1728-1793), smgeon, St George's Hospital, London, UK. 
Deseribed ligation of the femoral artery in the subsartorial eanal for popliteal 
aneurysm. John Hunter is often deseribed as the Founder of Seientifie Smgery. 

Huntington's disease, ehorea: an autosomal dominant disease 

eharaeterized by ehronie progressive ehorea and mental deterioration. 
George Sumner Huntington (1850-1916), Ameriean physieian. 

Hurler's syndrome: a genetie disorder resulting in a defieieney in 
breakdown of mucopolysaccharides in the extracellular matrix. 

Gertrnd Hmìer (1889-1965), German paediatrieian. 

Huschke: foramen of - defieieney in the floor of the bony part of the 
external auditory meatus, which usually eloses by the fifth year but may 
persist throughout life; 

inferior longitudinal sulcus of - (synonym: eollateral sulcus) a 
stmcture that separates the fusiform gyms from the parahippoeampal 
gyms of the limbie lobe. 

Emil Huschke (1797-1858), Professor of Anatomy, Jena, Germany. 

Huxley's layer: the inner layer of eells of the root sheath of a hair. 

Thomas Henry Huxley (1825-1895), leetmer in Natmal History, Royal 
Sehool of Mines, UK. An early supporter of Darwinism. 

Hyrtl's anastomosis: an oeeasional anastomosis between umbilical 
arteries in the plaeenta. 

Joseph Hyrtl (1811-1894), Austrian anatomist. 

jaekson's membrane: a peritoneal fold between the caecum or aseending 
eolon and the lateral abdominal wall. 

Jabez North jaekson (1868-1935), Professor of Anatomy and Smgery, 

Kansas City, USA. 

jaeoby, border tissue of: a posterior extension of astroeytes from the 

intermediary tissue of Kuhnt, loeated internal to the border tissue of 

• • 

Elsehnig at the optie nerve head (jaeoby E 1905 Uber die Neuroglia des 
Sehnerven. Klin Mbl Augenheilk 43:129-37). 

Jensen, intermediate sulcus of: a downward-projecting side braneh of the 
intraparietal sulcus that deseends aeross the inferior parietal lobule. It 
starts at the dorsal hemispherie margin and divides the area between 
the posterior aseending ramus of the Sylvian gyms and the angular 
gyms as it courses ventrally (Jensen J 1870 Die Furchen und 
Windungen der mensehliehen Grosshirn-Hemisphàren. Berlin: Georg 
Reimer). 
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Jeune's syndrome: asphyxiating thoraeie dystrophy (Jeune M, Carron R, 
Beraud C et al 1954 Polyehondrodystrophie avee bloeage thoracique 
d'évolution fatale. Pediatrie, Lyon 9:390-2). 

Mathis Jeune (1910-?), Freneh paediatrieian. 

Joubert's syndrome: a eiliopathy, one of a group of rare genetie disorders 
eharaeterized by deereased muscle tone, difficulties with eoordination, 
abnormal eye movements, abnormal breathing pattern and eognitive 
impairment (Joubert M, Eisenring JJ, Robb JP et al 1969 Familial 
agenesis of the eerebellar vermis. A syndrome of episodie hyperpnea, 
abnormal eye movements, ataxia, and retardation. Neurology 
19:813-25). 

Marie Joubert, paediatrie neurologist. 

Kager's fat pad: (synonym: pre-Aehilles fat pad) a structure loeated in 
Kager's triangle between the Aehilles tendon, the superior cortex of the 
calcaneus and flexor hallucis longus (both muscle and tendon) (Kager 
H 1939 Zur Klinik und Diagnostik des Aehillessehnenrisses. Der 
Chimrg 11:691-5). 

Kartagener's syndrome: a genetie disorder (immotile eilia syndrome) 
affeeting axonemal dynein fiinetion. 

Manes Kartagener (1897-1975), Swiss physieian. 

Kawase's triangle of the middle fossa: an area that lies between the 
lateral margin of the greater petrosal nerve (medial border), the lateral 
edge of the trigeminal nerve behind the point where the greater 
petrosal nerve passes below its lateral surface to the erest of the petrous 
apex (lateral border), and a line along the eonneetion of the posterior 
border of the mandibular division of the trigeminal nerve and the 
trigeminal ganglion (the erest of petrous apex) to the eentre of the 
geniculate ganglion (Kawase T, van Loveren HR, Keller JT et al 1996 
Meningeal architecture of the cavernous sinus: elinieal and surgical 
implieations. Neurosurg 39:527-536). 

Keen approaeh: Keen eategorized zygomatie fractures as those of the areh, 
the body or the sutural disjunction. He was the fìrst to introduce an 
intraoral approaeh to the zygomatie areh, in which an ineision is made 
in the gingivobuccal sulcus (Keen WW 1909 Surgery: Its Prineiples and 
Praetiee. Philadelphia: WB Saunders). 

Kerekring's eentre: an oeeasional independent eentre of ossifieation in the 
oeeipital bone. 

Theodor Kerekring (1640-1693), Dutch anatomist. 

Kienbòek's disease: slowly progressing degeneration of the fiinate bone 
of the wrist. 

Robert Kienbóek (1871-1953), Austrian radiologist. 

Kiesselbaeh's plexus: a site of haemorrhage on the nasal septum. 

Wilhelm Kiesselbaeh (1839-1902), ear, nose and throat srngeon, Erlangen, 
Germany. 

Killian's: dehiseenee - a gap between the attaehments of the inferior 
eonstrietor of the pharynx to the erieoid and thyroid eartilages. Site of 
origin of a pharyngeal pouch; 
sling - the erieopharyngeal sphineter; 

triangle - a triangular area in the wall of the pharynx between the 
oblique fibres of the inferior eonstrietor muscle and the transverse 
fibres of cricopharyngeus, through which a Zenker's diverticulum may 
occur. 

Gustav Killian (1860-1921), Professor of Laryngorhinology, successively in 
Freibmg and Berlin, Germany. 

Kindler's syndrome: eongenital poikiloderma with bullae and progressive 
cutaneous atrophy. 

Theresa Kindler (1890-1975), Austrian-born dermatologist. 

Kirk's areade: an anastomosis between branehes of the dorsal panereatie 
artery and the right gastro-epiploie artery (Kirk E 1931 Untersuchungen 
iiber die gròbere und feinere topographisehe Verteilung der Arterien, 
Venen und Ausfuhmngsgànge in der mensehliehen Bauchspeicheldriise. 
ZGes Anat 94:822-75). 

Klippel-Feil syndrome: eongenital fiision or reduction in number of the 
eervieal vertebrae. 

Marniee Klippel (1858-1942), nemologist, Salpètrière, Paris, Franee. 

André Feil (1884-?), Freneh nemologist. 

Khimpke's paralysis: injury to lowest root of braehial plexus (Tl). 

Augusta Déjerine-Klumpke (1859-1927), nemologist, Paris, Franee. Married 
to another nemologist, Joseph Déjerine. 

Koeh, triangle of: a triangular area in the wall of the right atrium that 
marks the site of the atrioventricular node. 

Walter Karl Koeh (1880-?), physieian and pathologist, Berlin and Freibmg, 
Germany. 

Koeher's manoeuvre, method: an invagination method for radieal 
operation for an inguinal hernia. 


Theodor Koeher (1841-1917), made numerous contributions to smgery. 
Awarded Nobel Prize in Medieine or Physiology (1909) for his pioneering 
work on physiology, pathology and smgery of the thyroid gland. 

Kòhler's disease: avascular neerosis of the tarsal navicular bone and, less 
frequently, the patella, possibly due to repetitive eompressive forees that 
cause a loss of blood supply and fragmentation in a bone that is not 
fiilly ossified. More eommon in males; onset at 3-8years of age. 
Asymptomatie or painfiil on the medial side of the foot; tenderness on 
palpation and swelling over area of navicular bone; slight, usually 
unilateral, limp. 

Alban Kóhler (1874-1947), German radiologist. 

Kohn, interalveolar pores of: pores that link adjaeent alveolar air spaees 
of the lung. 

JLans Kohn (1866-1935), pathologist, Berlin, Germany. 

Kòlliker-Fuse nucleus: the substantia intermedia eentralis in the spinal 
eord. 

Rudolf Albert von Kólliker (1817-1905), Swiss anatomist. 

Kommerell, diverticulum of: an aortie diverticulum assoeiated with an 
aberrant right subclavian artery. 

Bmekhard Friedrieh Kommerell (1901-1990), German radiologist. 

Kòrner's septum: a dense bony plate in the mastoid proeess that 

represents the persistenee of the petrosquamous suture line. The septum 
divides the mastoid proeess into a superficial squamous portion and a 
deep petrous portion (Korner O 1926 Das Septum petrosquamosum 
(mastoideum) und seine klinisehe Bedeutung. Areh Ohren Nasen 
Kehlkopfheilk 17:137). 

Korsakoff psyehosis, syndrome: a syndrome of anterograde and 
retrograde amnesia with confabulation, assoeiated with aleoholie or 
non-aleoholie polyneuritis, deseribed as 'eerebropathia psyehiea 
toxaemia' by Korsakoff; currently used synonymously with 'amnestie 
syndrome'. 

Sergei Sergeievieh Korsakoff (1854-1900), Russian nemopsyehiatrist. 

Kraissl's lines: the lines of greatest tension in the skin. 

Cornelius Kraissl (1902-1999), plastie smgeon, New Jersey, USA. 

Krause, glands of: aeeessory laerimal glands in the subconjunctival tissue 
of the upper fornix. 

Karl Friedrieh Theodor Krause (1797-1868), Professor of Anatomy, Hanover, 
Germany. 

Krebs' eyele: the eitrie aeid eyele - the oxidative energy production 
pathway in mitoehondria. 

Sir Hans Adolf Krebs (1900-1981), German-born British bioehemist. 

Kugel's anastomotie artery: the arteria anastomotiea auricularis magna 
(synonym: atrial anastomotie braneh of circumflex braneh of left 
eoronary artery) (Kugel MA 1927 Anatomieal studies on the eoronary 
arteries and their branehes. I. Arteria anastomotiea auricularis magna. 
Am Heart J 3:260-70). 

Kuhnt: eentral tissue meniscus of - a thiekening of the astroglial 

membrane (of Elsehnig) eovering the optie nerve head at the eentre of 
the dise; 

intermediary layer of, intermediary tissue of - a eollar of astroeytes 
that separates the optie nerve head from the retina. 

Hermann Kuhnt (1850-1925), German ophthalmologist. 

Kulchitsky eells: neuroendocrine eells in the lung and gut. 

Nieholas Kulchitsky (1856-1925), Professor of Histology, Kharkov, Russia. 
After the Russian Revolution, went to London, UK, to continue his work in 
nemopathology at University College. 

Kuntz, nerve of: an ineonstant intrathoraeie ramus that joins the seeond 
intereostal nerve to the ventral ramus of the fìrst thoraeie nerve, 
proximal to the point where the latter gives a braneh to the braehial 
plexus. 

Albert Kuntz (1879-1957), Ameriean anatomist. 

Kupffer eells: resident liver maerophages. 

Karl Wilhelm von Kupffer (1829-1902), Professor of Anatomy successively at 
Kiel, Kónigsberg and Munich, Germany. 

Labbé, inferior anastomotie vein of: a vein that eonneets the superficial 
middle eerebral vein to the transverse sinus. 

Léon Labbé (1832-1916), Freneh smgeon. 

Ladd's bands: eongenital bands aeross the duodenum in volvulus 
neonatomm. 

William Edward Ladd (1880-1967), smgeon, Boston ehildren's Hospital, 
USA. 

Laimer's: diverticulum - a pulsion diverticulum loeated below 
cricopharyngeus; 

triangle - see Killian's triangle. 

Eduard Laimer (1857-1934), anatomist, Graz, Austria. 
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Laneisi, muscle of: the main medial papillary muscle of the right 
ventriele (quoted in: Tandler J 1913 Anatomie des Herzens. In: 
Bardeleben's Handbuch der Anatomie des Mensehen. Jena: Gustav 
Fiseher). 

Giovanni Kiaria Laneisi (1654-1720), Italian physieian, epidemiologist and 
anatomist. 

Landsmeer's ligaments: the transverse and oblique retinacular ligaments 
of the fingers. 

Johan Landsmeer (1919-1999), Professor of Anatomy, Leiden, Netherlands. 

Langer's lines: eleavage or erease lines in the skin produced by the 
arrangement of the subcutaneous fibrous tissues. 

Karl Ritter von Edenberg Langer (1819-1887), Professor of Anatomy, 
Hungary, and then Vienna, Anstria. 

Langerhans: eells - dendritie eell of haemopoietie origin, in the 
epidermis and other epithelia; 

islets of - clumps of insulin- and other hormone-seereting eells of the 
panereas. 

Paul Langerhans (1847-1888), Professor of Pathology, Freibmg, Germany. 
Deseribed the islet eells in his doetoral thesis in 1869, at the age of 22. 

Langhans eells: eells of the villous eytotrophoblast. 

Theodor Langhans (1839-1915), pathologist, Berne, Switzerland. 

Ledderhose's disease: plantar faseial fibromatosis. 

Georg Ledderhose (1855-1925), German srngeon. Diseovered glucosamine 
while working on eartilage with Ernst Felix \mmanuel Hoppe-Seyler 
(1825-1895) in Strasbomg, Franee. 

Le Fort I, II and III fractures: a system of elassifieation of faeial fraetmes. 
René Fe Fort (1869-1951), smgeon, Fille, Franee. 

Leydig eells: the interstitial testosterone-seereting eells of the testis. 

Franz von Feydig (1821-1908), Professor of Histology successively at 
Wurzburg, Tiìbingen and Bonn, Germany. 

Lieberkiihn, erypts of: tubular glands of the small intestine. 

Johann Nathaniel Fieberktihn (1711-1756), physieian and anatomist, Berlin, 
Germany. These glands were deseribed in 1688 by Mareello Malpighi 
(1628-1694), Italian physieian and biologist, often eited as 'the father of 
mieroseopieal anatomy and histology'. 

Li Fraumeni syndrome: a rare autosomal dominant eaneer predisposition 
syndrome first reported in 1969 by Frederiek Li and Joseph Fraumeni 
from the National Cancer Institute, Roekville, Maryland, USA (Li FP, 
Fraumeni JF Jr, Mulvihill JJ et al 1988 A eaneer family syndrome in 
twenty-four kindreds. Cancer Res 48:5358-62). 

Liliequist's membrane: an araehnoid membrane passing from the 

dorsrnn sellae to the anterior edge of the mammillary body. Deseribed 
by Key and Retzius in 1875 and 'rediseovered' in 1956 in Liliequist's 
eadaverie pneumoencephalographic studies (Liliequist B 1956 The 
anatomy of the subarachnoid eisterns. Aeta Radiol 46:61-71). 

Lisfrane's ligament: an interosseous ligament between the seeond 
metatarsal and first cuneiform bone of the foot. 

Jacc\ues de St Martin Fisfrane (1790-1847), Professor of Smgery, Paris, 
Franee. 

Lissauer, fasciculus of, traet of: the aseending traet in the spinal eord. 
Heinrieh Fissaner (1861-1891), nemologist, Breslan, Poland. 

Lister's tubercle: a prominenee on the posterior surface of the distal 
radius, ulnar to the groove for the tendon of extensor pollieis longus. 
Ford Joseph Fister (1827-1912), successively Professor of Smgery at Glasgow, 
Edinbmgh and King's Gollege, Fondon, UK. 

Little's area: a site of haemorrhage on the nasal septum. 

James Famenee Fittle (1836-1885), Professor of Smgery, University of 
Vermont, USA. 

Littre, glands of: small mucous glands of the male urethra. 

Alexis Fittre (1658-1726), Freneh anatomist and smgeon. 

Lockwood, suspensory ligament of: the thiekened area of eontaet 

between Tenon's capsule and the sheaths of inferior rectus and inferior 
oblique in the orbit. 

Charles Barrett Fockwood (1856-1914), British smgeon and anatomist, 

St Bartholomew's Hospital, Fondon, UK. 

Louis, angle of: the sternal angle - the angle formed on the anterior 
surface of the stermim at the junction of its body and manubrium. 
Antoine Fouis (1723-1792), Maitre de Ghirmgie and later Professor of 
Physiology, Royal College of Smgeons, Paris, Franee. He designed the 
prototype of the gnillotine, which was originally nieknamed the 'Fouison' or 
'Fouisette'. 

Lower, intervenous tubercle of: a stmcture that lies between the fossa 
ovalis and the superior vena eava (Lower R 1669 Tractatus de eorde. 
Item de motu, eolore sanguinis et ehyli in eum transitum. London: 

J Redmayne & J Allestry, p. 22). 


Ludwig's angina: a potentially life-threatening, rapidly expanding, diffiise 
inflammation of the submandibular and sublingual spaees, occurring 
most often in young adults with dental infeetions. 

Wilhelm Friedrieh von Fudwig (1790-1865), German smgeon and 
obstetrieian. 

Lugaro eell: an inhibitory interneurone in the cerebellum. 

Ernesto Fugaro (1870-1940), Italian nemopsyehiatrist. 

Luschka: bursa of (lateral Luschka aperture) - an aeeessory pharyngeal 
reeess in front of the anterior areh of the atlas; 

Luschka's duct - small, gland-like tubular stmctures in the wall of the 
gallbladder adjaeent to the liver, espeeially in the part eovered with 
peritoneum; 

foramen of - the lateral aperture in the roof of the fourth eerebral 
ventriele; 

uncovertebral joints of - small synovial joints on either side of the 
intervertebral cartilaginous joint in eervieal vertebrae C3-7 (between 
the uncinate proeess of the inferior vertebral body and the bevelled 
lateral border of the superior body at eaeh level). 

Hubert Fnsehka (1820-1875), Professor of Anatomy, Ttibingen, Germany. 

McBurney's point: the reputed site of maximal tenderness in appendieitis. 
Charles MeBmney (1845-1913), Ameriean smgeon. 

Macewen's triangle: the srnfaee marking of the mastoid antmm. 

Sir William Macewen (1848-1924), Seottish smgeon. Established the 
treatment of intraeranial eomplieations of middle ear snppmation. 

MeGregor's pateh: an area of fibrous attaehment between the anterior 
edge of the parotid faseia and the dermis of the skin of the eheek 
(Rossell-Perry P 2013 The zygomatie ligament of the faee: a eritieal 
review. OAAnat 1:3). 

Maekenrodt's ligament: the transverse eervieal (or eardinal) ligament of 
the uterus. 

Alwin Maekenrodt (1859-1925), Professor of Gynaeeology, Berlin, Germany. 

MeKenzie braneh of first eervieal nerve: a communicating braneh 
between the (spinal) aeeessory nerve and the anterior root of the first 
eervieal nerve (MeKenzie KG 1955 The surgical treatment of spasmodie 
tortieollis. Clin Neurosurg 2:37-43). 

Magendie, foramen of, aperture of: the median apertme in the roof of 
the fornth ventriele. 

Frangois Magendie (1783-1855), physieian to the Hòtel Dieu, Paris, Franee. 

Malassez, rests of: epithelial remnants of the enamel organ found in the 
periodontal ligament. 

Fouis Charles Malassez (1842-1909), Freneh smgeon and physiologist. 

Mallory's triple stain: Mallory's aeid fiiehsin, orange G and aniline blue 
stain for eonneetive tissue. 

Frank Bmr Mallory (1862-1941), pathologist, Boston, USA. 

Marfan's: aortie disseetion - see below; 

syndrome - an autosomal genetie disorder of the eonneetive tissue 
eharaeterized by a long body and extended limbs and fingers, often 
assoeiated with cardiovascular abnormalities such as disseeting aortie 
aneurysms and valve defeets, as well as subluxated ocular lenses. 

Antoine Bernard-Jean Marfan (1858-1942), Professor of Infantile Hygiene, 
Paediatrie Glinie, University of Paris, Franee. 

Martin-Gmber anastomosis: an anomalous eonneetion between the 

median and ulnar nerves in the forearm (Martin R 1763 Om nervernas 

allmànna egenskaper i menniskans kropp jemte nervernas sàrskilda 

• • 

anatomiska beskrifning. Stoekholm: Lars Silvms. Gmber W 1870 Uber 
die Verbindung des Nervus medianus mit dem Nervus ulnaris am 
Unterarme des Mensehen und der Sàugethiere. Arehiv fíir pathologisehe 
Anatomie und Physiologie und fur klinisehe Medizin 37:501-522) (see 
Grnber above). 

Martinotti's eell, neurone: a fiisiform nernone in the deepest layer of the 
eerebral cortex. 

Giovanni Martinotti (1857-1928), pathologist, Bologna, Italy. 

Martms fat pad flap: a proeedme used for complex fistula repair and as 
an interposition graft with vaginal reeonstmetive surgery (Martius H 
1928 Die operative Wiederherstellung der vollkommen fehlenden 
Harnrohre und des Schlessmuskels derselben. Zentralbi Gynakol 
52:480-6). 

Masson's triehrome stain: a stain for eonneetive tissue. 

Claude Fament Pierre Masson (1880-1959), Freneh-born Canadian 
pathologist. 

Maubrac, ansa of: an obsolete term for an anastomosis between the 
lateral deep branehes of the eervieal plexus and the aeeessory nerve 
(Maubrac G 1883 Reeherehes anatomiques et physiologiques sur le nerf 
SCM. Thesis, Bordeaux University (no. 38)). 

Mayer-Rokitansky-Kiister-Hauser syndrome: a syndrome eharaeterized 
by eongenital absenee of the vagina, primary amenorrhoea, 
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mdimentary cornua uteri and morphologieally normal ovaries and 
Fallopian tubes situated on the side wall of the pelvis. 

August Franz Joseph Karl Mayer (1787-1865), German anatomist and 
physiologist. 

Karl Freiherr von Rokitansky (1804-1878), Aiistrian pathologist. 

Hermann Kiister (1879-1964), German gynaeeologist. 

Georges André Hanser (1921- ), Swiss gynaeeologist. 

Meekel's: eartilage - the eartilage of the first branehial areh; 

eave - a eerebrospinal fluid-containing araehnoidal pouch protmding 
from the posterior eranial fossa. Loeated near the apex of the petrous 
part of the temporal bone, it houses the trigeminal ganglion and 
extends forwards, rather like an open-ended, three-fingered glove, 
enveloping the rootlets of the trigeminal nerve, the trigeminal ganglion 
and the ophthalmie, maxillary and mandibular divisions of the 
trigeminal nerve; 

diverticulum - the remains of the vitellointestinal duct. 

Johann Meekel (1781-1833), Professor of Anatomy, Halle, Germany. His 
grandfather was Professor of Anatomy in Berlin and deseribed the 
pterygopalatine ganglion and the dnral sae, which eontains the ganglion of 
the trigeminal nerve. His father was also Professor of Anatomy in Halle. 

Meibomian glands: the tarsal glands of the eyelid. If bloeked, they 
beeome distended into Meibomian eysts. 

Heinrieh Meibom (1638-1700), Professor of Medieine, History and Poetry, 
Helmstadt, Germany. 

Meissner's: corpuscles - taetile nerve endings in skin; 

plexus - the submucosal autonomic plexus of the intestine. 

George Meissner (1829-1905), Professor of Anatomy and Physiology, Basle, 
Switzerland; Zoology and Physiology, Freiburg, Germany; and Physiology, 
Gòttingen, Germany. 

Mendel's laws - the laws of inheritanee of single-gene traits that form the 
basis of the seienee of geneties, first deseribed by Gregor Mendel in 
1865. 

Gregor Johann Mendel (1822-1884), abbot and pioneer of geneties from 
Brno, Czech Republic. 

Ménière's disease: aural or auditory vertigo. 

Prosper Ménière (1799-1862), Freneh otorhinolaryngologist. 

Mereier's bar: a curved fold of mucous membrane extending aeross the 
bladder between the two ureteric orifiees, produced by a transverse 
bundle of muscle fibres. 

Louis Auguste Mereier (1811-1882), Freneh nrologist. 

Merkel: eells, corpuscles - sensory nerve endings in the skin; 

dise - a slowly adapting type I reeeptor, which lies elose to the surface 
of glabrous skin and is sensitive to sustained pressure. 

Friedrieh Sigmnnd Merkel (1845-1919), Professor of Anatomy successively 
at Rostoek, then Gòttingen, Germany. 

Meyer's loop: the fibres of the geniculocalcarine traet that loop forwards 
in the temporal lobe. 

Adolf Meyer (1866-1950), Ameriean psyehiatrist. 

Meynert, basal nucleus of: part of the 'substantia innominata' of the 
basal forebrain; eontains large eholinergie neurones that projeet to the 
eerebral cortex, amygdala and thalamus. 

Theodore Herman Meynert (1833-1892), Professor of Nemology, Vienna, 
Austria. 

Mikulicz angle: the angle formed between the head and neek of the 
femur and its shaft. 

Johann (Jan) Freiherr von Mikulicz-Radecki (1850-1905), Polish smgeon in 
Germany. 

Minor's syndrome: dehiseenee of the roof of the superior semicircular 
eanal (Minor LB 2000 Superior eanal dehiseenee syndrome. Am J Otol 
21:9-19). 

Mirizzi syndrome: partial obstmetion to the flow of bile and the 
appearanee of mild jaundice as a result of biliary stones. 

Pablo Mirizzi (1893-1964), Argentinian physieian. 

Moll, glands of: modified sweat glands assoeiated with the eyelashes. 
jaeob Antonins Moll (1832-1914), ophthalmologist, TheHagne, 

Netherlands. 

Monro, foramen of: the foramen between the lateral and third ventrieles 
of the brain. 

Alexander Monro (1733-1817), Professor of Anatomy, Edinbmgh, UK. The 
ehair was also held by his father and his son - both also named Alexander. 

Monteggia injury: a fracture of the upper portion of the ulna eombined 
with disloeation of the radial head. 

Giovanni Battista Monteggia (1762-1815), Italian physieian and smgeon. 

Montgomery, glands of, tubercles of: sebaceous glands situated in the 
areola of the breast (previously deseribed by Morgagni; see below.) 
William Montgomery (1797-1859), Professor of Midwifery, Dublin, Ireland. 


Morgagni: columns of - the eolmnns of the anal eanal; 

hernia - a eongenital diaphragmatie hernia between the sternal and 
eostal attaehments of the diaphragm; 

hydatid of - (synonyms: appendix testis, appendiees vesiculosae 
epoophori) a eyst-like remnant of the Miillerian duct attaehed to a 
testis. 

Giovanni Battista Morgagni (1682-1771), Professor of Anatomy, Padua, 
Italy, for 59 years. Deseribed as the founder of modern morbid anatomy. 

Morison, hepatorenal pouch of: the right subhepatic spaee. 

James Rutherford Morison (1853-1939), Professor of Smgery, Dmham, UK. 

Moro reflex: the startle reflex. 

Ernst Moro (1874-1951), German physieian. 

Morton's neuroma: a disease of the foot eharaeterized by a sudden 
eramp-like pain in the metatarsal area radiating to the fourth and fifth 
toes, and sometimes to the ealf of the leg. Compression of the plantar 
nerve by a tumour, arthritie ehanges or bursitis is the eommon cause. 
Thomas George Morton (1835-1903), Ameriean smgeon. 

Miiller: eells - neuroglial eells in the retina; 

orbital muscle of - a eolleetion of smooth muscle fibres spanning the 
infraorbital fissure. Its fiinetions are uncertain; 
superior tarsal muscle of - a thin lamina of smooth muscle that 
passes from the underside of levator palpebrae superioris to the upper 
margin of the superior tarsus. 

Heinrieh Miìller (1820-1864), Professor of Anatomy, Wurzburg, Germany. 

Miiller-Weiss disease: spontaneous osteoneerosis of the navicular in the 
adult. 

Walther Miìller (1888-?), German orthopaedist. 

Konrad Weiss (1891-?), Austrian radiologist. 

Nabothian eyst, folliele: a retention eyst of the uterine cervix. 

Martin Naboth (1675-1721), Professor of Medieine, Leipzig, Germany. 

Newton: Newtonian equations - equations using the SI unit of foree 
(N), which, when applied in a vacuum to a body having a mass of 
1 kg, aeeelerates it at the rate of 1 m/see 2 ; 

Newton's seeond law of motion - applied force = massxacceleration. 
Sir isaae Newton (1643-1727), English mathematieian and physieist. 

Nissl: bodies, granules - basophilie gramiles in the eytoplasm of 
neuronal somata; 

staining technique - a speeifie stain for these gramiles. 

Franz Nissl (1860-1919), nemologist successively at Frankfmt, Heidelberg 
and Munich, Germany. 

Nitabuch's layer, stria: a layer of fibrinoid matrix between the basal plate 
of the plaeenta and the endometrfiim. 

Raissa Nitabneh, nineteenth-century German physieian. 

Nuck, eanal of: a diverticulum of the peritoneal membrane extending 
into the inguinal eanal, aeeompanying the round ligament in the 
female, or the testis in its deseent into the scrotum in the male; usually 
eompletely obliterated in the female. 

Anton Nuck (1650-1692), Dutch anatomist. 

Nuel, spaees of: spaees between the outer rods of Corti and hair eells. 
Jean Pierre Nuel (1847-1920), Professor of Otology, Louvain and later 
Liège, Belginm. 

Oddi, sphineter of: the sphineter at the termination of the eommon bile 
duct. The sphineter had already been deseribed by Glisson (see above) 
in the seventeenth century. 

Ruggero Oddi (1845-1906), smgeon, Rome, Italy. 

Odland bodies: small, lamellated structures (keratinosomes) in the 
gramilar layer of the epidermis, eontaining hydrophobie phospholipid. 
George Fisher Odland (1922-1997), Ameriean dermatologist and eleetron 
mieroseopist. 

Ondine's curse: primary alveolar hypoventilation. 

Ondine, a sea nymph in German mythology, who emsed an unfaithful 
human lover by abolishing the antomatieity of his bodily functions. 

Onodi eell: a sphenoethmoidal eell formed by lateral and posterior 
pneumatization of the most posterior ethmoid eells over the sphenoid 
sinus. 

A Onodi, twentieth-century Hungarian laryngologist. 

Onuf s nucleus: neurones in lamina IX of the saeral spinal eord involved 
in the maintenanee of micturition and defaeeatory eontinenee. 
Bronislaw Onuf-Onufrowicz (1863-1928), Russian-born Ameriean 
nemologist of Polish deseent. 

Oort, anastomosis of: a link between the saccular and eoehlear nerves at 

• • 

the bottom of the internal auditory meatus (Oort H 1918 Lfber die 
Veràstelung des Nervus octavus bei Sàugetieren (Modell des Lftriculus 
und Sacculus des Kainehens). Anat Anz 851:272-280.) 

H Oort, Dutch anatomist, Utrecht. 


e95 





EPONYMS 


Oppenheim's dystonia: Oppenheim deseribed dystonia musculorum 
deformans (DMD), a movement disorder eharaeterized by twisting or 
turning movements and abnormal postures. Now ealled early-onset 
primary torsion dystonia, this eondition is an autosomal dominant 
disorder most eommonly assoeiated with deletion of GAG in the 
eoding region of the DYTl gene eneoding torsinA. It has reeently been 
suggested that the eondition should be referred to as 'Oppenheim's 
dystonia'. 

Hermann Oppenheim (1858-1919), German neurologist. 

Osgood-Sehlatter disease: osteoehondrosis of the tibial tuberosity. 

Robert Bayley Osgood (1873-1956), Professor of Orthopaedie Snrgery, 
Harvard JJniversity, Cambridge, Massachusetts, USA. 

Carl Sehlatter (1864-1934), Professor of Snrgery, Zurich, Switzerland. 

Ostmann's fat pads: two small fat deposits medial and lateral in the 
membranous part of the Eustachian tube. 

Paul Ostmann (1859-?), German otologist. 

Owen, contour lines of: accentuated ineremental lines in the dentine, 
thought to be due to disturbances in the mineralization proeess. 

Defìned by parallel deviations of neighbouring dentinal tubules. 

Sir Riehard Owen (1804-1892), English anatomist and palaeontologist. 

Paeehionian bodies: araehnoid granulations. 

Antoine Paeehion (1665-1726), physieian and anatomist, Rome, Italy. 

Paeinian corpuscle: a pressure-sensitive meehanoreeeptor. 

Filippo Paeini (1812-1883), Professor of Anatomy and Physiology, 
successively at Pisa and then Florenee, Italy. 

Palomo procedure: retroperitoneal ligation of the internal spermatie vein 
between the anterior superior iliae spine and the renal vein (Palomo A 
1949 Radieal cure of varieoeele by a new technique: preliminary report. 

J Urol 61:604-7). 

Paneoast tumour: an apieal eareinoma of the lung involving C8 and T1 
nerves, the eervieal sympathetie ehain and upper ribs. 

Henry Paneoast (1875-1939), Professor of Radiology, University of 
Pennsylvania, USA. 

Paneth eells: baeterioeidal lysozyme-seereting eells. 

Joseph Paneth (1857-1890), Professor of Physiology, first at Breslan, Poland, 
then Vienna, Austria. 

Papez circuit: a neuroanatomical circuit mediating emotion, involving the 
hippoeampal formation, mammillary body, anterior nuclei of the 
thalamus and cingulate gyms. 

James VVeneeslas Papez (1883-1958), Ameriean nemologist. 

Parkinson's syndrome, disease: the main symptoms of tremor, rigidity 
and slowness of movement caused by degeneration of dopaminergie 
neurones in the substantia nigra, usually occcur in late life and are 
more eommon in men. 

James Parkinson (1755-1824), English physieian and paleontologist. In his 
Essay on the Shaking Palsy (1817), Parkinson established the disease that 
now bears his name as a elinieal entity. 

Parkinson's triangle: the infratroehlear triangle. Defined by the inferior 
margin of the troehlear nerve from its beginning in the lateral wall of 
the cavernous sinus to its transit through the superior orbital fissure 
(medial border); the superior margin of the ophthalmie division of the 
trigeminal nerve (lateral border); and a line eonneeting the entry points 
of these nerves into the cavernous sinus (base) (Parkinson D 1965 A 
surgical approaeh to the cavernous portion of the earotid artery. 
Anatomieal studies and ease report. J Neurosurg 23:474-83). 

Parks, mucosal suspensory ligament of: a eondensation of fibres at the 
level of the dentate line (Parks AG 1954 A note on the anatomy of the 
anal eanal. Proe R Soe Med 47:997-8). 

Passavant's: muscle - the upper fibres of palatopharyngeus; 

ridge, bar - a projeeting ridge, or bar, on the posterior wall of pharynx, 
which appears during swallowing. 

Phillip Gnstav Passavant (1815-1893), srngeon, Frankfmt, Germany. 

Petit's triangle, lumbar triangle of Petit: the inferior lumbar triangle 
bounded inferiorly by the iliae erest, anteriorly by external oblique and 
posteriorly by latissimus dorsi. 

Jean F Petit (1640-1750), Freneh smgeon. 

Peyer's patehes: lymphoid aggregates in the ileum. 

Johann Conrad Peyer (1653-1712), Professor of Fogie, Rhetorie and 
Medieine in Schaffhausen, Switzerland. 

Peyronie's disease: induration of the eorpora eavernosa of the penis, 
producing a fibrous ehordee. 

Frangois de la Peyronie (1678-1747), Freneh smgeon. 

Pfannenstiel ineision: a transverse curved abdominal ineision with 
downward convexity, above the symphysis pubis. 

Hermann Johann Pfannenstiel (1862-1909), German gynaeeologist. 


Pfeiffer's syndrome: a eongenital syndrome eharaeterized by 

eraniostenosis, abnormal skull shape, faeial anomalies, syndaetyly of 
hands and feet, and broad thumbs and great toes. 

Rudolf Arthm Pfeiffer (b. 1931), human genetieist, Saarbriìeken, Germany. 

Pierre Robin sequence: mierognathia, U-shaped eleft palate and 
glossoptosis. 

Pierre Robin (1867-1950), Freneh dentist. 

Poirier, spaee of: A diserete interval between the inferior margin of the 
fibres of the radioseaphoeapitate ligament that attaeh to the body of the 
eapitate and the palmar horn of the lunate. 

Paul Poirier (1853-1907), Freneh smgeon. 

Poland's syndrome: a eondition that is eomprised of ipsilateral breast 
and nipple hypoplasia and/or aplasia, defieieney of subcutaneous fat 
and axillary hair, absenee of the sternal head of peetoralis major, 
hypoplasia of the rib eage, and hypoplasia of the upper extremity, 
including cutaneous syndaetyly. 

Sir Alfred Poland (1822-1872), English smgeon. 

Poswillo approaeh: a percutaneous elosed reduction technique for 
management of fractures of the zygoma. 

David Ernest Poswillo (1927-2003), maxillofacial smgeon, New Zealand. 

Potter's syndrome: a rare eondition eombining a eharaeteristie faeial 
appearanee with renal agenesis or hypoplasia and other defeets. 

Edith Fouise Potter, early twentieth-century Ameriean paediatrie smgeon. 

Pott's abseess: a tuberculous abseess of the spine. 

Sir Pereivall Pott (1713 or 1714-1788), British smgeon. 

Pringle manoeuvre: the applieation of digital or meehanieal pressure 
aeross the entire free edge of the lesser omentum, resulting in eomplete, 
temporary occlusion of the hepatie portal vein, hepatie artery and 
eommon bile duct. 

/ Pringle the Elder (1863-1941), Amtralian smgeon. 

Prinzmetal's angina: variant angina occurring at rest, manifesting on 
eleetroeardiography as episodie ST segment elevations, and caused by 
eoronary artery spasms with or without superimposed eoronary artery 
disease. 

Myron Prinzmetal (1908-1987), Ameriean eardiologist. 

Probst, commissure of, Probst bundle: a eallosal longitudinal bundle, 
seen in agenesis of the corpus callosum, when eallosal fibres from the 
hemispheres fail to eross the midline and, instead, form thiek bundles 
(Probst M 1901 Ueber den Bau des vollstaendig balkenlosen 
Grosshirnes sowie ueber Mikrogyrie und Heterotopie der grauen 
Substanz. Arehiv fíir Psyehiatrie und Nervenkrankheiten 34:709-86). 

Pmssak's: fibres - elastie and eonneetive tissue fibre bounding the pars 
flaeeida membranae tympani; 

spaee - the superior reeess of the tympanie membrane. 

Alexander Pmssak (1839-1897), Russian otologist. 

Purkinje: eells, neurones - large neurones forming a single eponymous 
layer in the eerebellar cortex; 
fibres - subendocardial muscle fibres. 

Johannes Pmkinje (1787-1869), Professor of Physiology, Breslan, Poland, 
and then Prague, Czech Republic. 

Ramsay Hunt syndrome: herpes zoster involvement of the geniculate 
ganglion assoeiated with faeial paresis, hyperacusis, unilateral loss of 
taste, deerease in laerimation and salivation, and otalgia. 

James Ramsay Hunt (1874-1937), Professor of Nemology, Golnmbia 
University, New York, USA. 

Ranvier, nodes of: short (~1 pm) gaps between adjaeent myelin sheaths 
that are essential for the propogation of aetion potentials via saltatory 
conduction along myelinated axons. 

Fouis-Antoine Ranvier (1835-1922), Freneh anatomist and histopathologist, 
Paris, Franee. 

Raschkow's plexus: a plexus of myelinated nerve fibres loeated between 
the eore of the pulp of the tooth and the eell-rieh zone; axons lose their 
myelin sheath (but not their Schwann eells) as they penetrate the 
eell-rieh and eell-free zones to make synaptie eontaet with the 
odontoblast eell body in the pulp or odontoblastie proeess within the 
dentinal tubule; responsible for transmitting pain sensation from the 
pulp of the tooth. 

I Raschkow (1811-1872), German physieian. 

Rasrmissen: bundle of - the olivoeoehlear traet; 

Rasmussen's eneephalitis - a rare, progressive, inflammatory disorder 
of the eentral nervous system. 

Theodore Brown Rasmnssen (1910-2002), nemologist, Utah, USA. 

Rathke's pouch: a diverticulum of the roof of the stomodeum, which 
forms the anterior pituitary gland. 

Martin Heinrieh Rathke (1793-1860), Professor of Zoology and Anatomy, 
Kónigsberg, Germany. 
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Rayleigh seatter: the seattering of light or other eleetromagnetie radiation 
by partieles much smaller than the wavelength of the light. 

John William Strutt, 3rd Baron Rayleigh OM (1842-1919), Oavendish 
Professor of Physies, JJniversity of Oambridge, UK. 

Raynaud's disease: idiopathie paroxysmal bilateral eyanosis of the digits 
due to arterial and arteriolar eontraetion, caused by eold or emotion. 
Marniee Raynand (1834-1881), Freneh physieian. 

Reiehert's eartilage: a eartilage in the mesenehyme of the seeond 

branehial areh in the embryo, from which the stapes, styloid proeesses, 
stylohyoid ligaments and lesser cornua of the hyoid bone develop. 

Karl Bogislaus Reiehert (1811-1883), German anatomist. 

Reil, eirailar sulcus of: the peri-insular sulcus (synonym: sulcus circularis 
insulae); the insular surface is delineated peripherally by the peri- 
insular sulcus, which is intermpted by the transverse insular gyrns 
mnning aeross the limen insulae. 

Johann ehristian Reil (1759-1813), German physieian. 

Reinke's: erystals - rod-shaped erystals in the interstitial eells of the testis 
and hilus eells of the ovary; 

oedema - ehronie laryngitis with swelling of the membranous part of 
the voeal eords; 

spaee - a potential spaee between the voeal ligament and the overlying 
mucosa. 

Friedrieh Berthold Reinke (1862-1919), Freneh anatomist. 

Reissner's membrane: the vestibular membrane of the eoehlea. 

Ernst Reissner (1824-1878), Professor of Anatomy, Tartu, Estonia, and then 
Breslan, Poland. 

Renshaw's eells, loop: inhibitory interneurones modulating the response 
of anterior horn eells. 

Birdsy Renshaiv (1911-1948), Ameriean nemologist. 

Retzius, inferior sagittal sulcus of the cuneus of - a structure that lies 
superior to the posterior part of the ealearine sulcus; 
lines of, striae of - brown lines in the dental enamel; 
superior sagittal sulcus of - a paraealearine sulcus (Retzius G 1896 
Das Mensehenhirn. Kònigliehe Buchdruckerei PA Norstedt und Sòner, 
Stoekholm). 

Gnstav Magnus Retzius (1842-1919), Professor of Anatomy, Karolinska 
Jnstitnte, Stoekholm, Siveden. Son of Andreas Adolf Retzms. 

Retzms: spaee of, eave of - the retropubic spaee; 

veins of, retroperitoneal venous plexus of - porto-eaval anastomoses 
formed from veins in the walls of the retroperitoneal viseera, forming 
eomiminieations between the mesenterie veins and the inferior vena 
eava. 

Andreas Adolf Retzins (1796-1860), Professor of Anatomy, Karolinska 
Jnstitnte, Stoekholm, Sweden. 

Rexed's lamina: subdivisions of eells of spinal eord grey matter. 

Bror Rexed (1914-?), Swedish nemoanatomist. 

Riolan, are of: the anastomosis between the middle and left eolie arteries. 
Jean Riolan (Seeondns) (1577-1657), Professor of Anatomy and Botany, 
Paris, Franee. 

Rolando: emeiform sulcus of - the H-shaped orbital sulcus; 

Rolandie fissure - the eentral fissure of the eerebral hemisphere. 

Luigi Rolando (1773-1831), Italian anatomist. 

Romberg's sign: swaying of the body or falling when standing with the 
feet elose together and the eyes elosed. 

Moritz Heinrieh Romberg (1795-1873), German physieian. 

Rosenmiiller, fossa of: the pharyngeal reeess. 

Johann ehristian Rosenmiìller (1779-1820), Professor of Anatomy and 
Smgery, Leipzig, Germany. 

Rosenthal: basal vein of - a vein that courses from the premeseneephalie 
eistern, through the ambient eistern, and terminates in the 
quadrigeminal eistern; 

eanal of - the spiral eanal in the modiolus of the eoehlea. 

Isidor Rosenthal (1836-1915), physiologist, Greifswald, Germany. 

Roser-Nelaton's line: a line drawn from the anterior superior iliae spine 
to the isehial tuberosity. 

Auguste Nélaton (1807-1873), Freneh physieian and smgeon. 

Wilhelm Roser (1817-1888), German smgeon and ophthalmologist. 

Rotter's node: the lymph node between peetoralis major and minor. 

Josef Rotter (1857-1924), German smgeon. 

Rouviere's sulcus: the incisura hepatis dextra (synonym: Gans incisura) 
(see Stringer MD 2009 Eponyms in Surgery and Anatomy of the Liver, 
Bile Ducts and Panereas. London: Royal Soeiety of Medieine). 

Ruffini endings, bodies, corpuscles: sensory nerve endings, originally 
deseribed in the skin of the fingers. 

Angelo Ruffini (1887-1929), Professor of Histology, Bologna, Italy. 


Saethre-Chotzen syndrome: aeroeephalosyndaetyly type III. A very rare 
disorder eharaeterized by the fusion of eranial stmctures, which 
sometimes produces an asymmetrie head and faee; low-set hairline; 
ptosis and/or widely spaeed eyes; 'beaked' nose and possible deviated 
septum; and, sometimes, braehydaetyly and syndaetyly. 

Haakon Saethre (1891-1945), Norwegian psyehiatrist. 

F. ehotzen (1932), German psyehiatrist. 

Santorini: duct of - the aeeessory panereatie duct; 

fissures of - two fissures in the anterior cartilaginous wall of the 
external acoustic meatus; 

plexus of - the retropubic venous plexus giving rise to the pudendal 
vein. 

Giovanni Domenieo Santorini (1681-1737), Professor of Medieine and 
Anatomy, Veniee, Italy. 

Sattler's layer: a layer of medium-sized blood vessels in the ehoroid, 
derived from the short posterior eiliary arteries. 

Hnbert Sattler (1844-1928), Professor of Ophthalmology, Leipzig University 
Eye Hospital, Germany. 

Searpa's: faseia - the fibrous layer of the superficial faseia of the lower 
abdomen; 

ganglion - the vestibular ganglion. 

Antonio Searpa (1747-1832), Professor of Anatomy, Padua, Italy. 

Sehaffer eollaterals: the projeetions from pyramidal eells of fields CA3 
and CA2 to CA1 in the hippocampus. 

Max Sehaffer (1852-1923), German nemologist. 

Scheuermann's osteoehondritis, disease, kyphosis: osteoehondrosis of 
the vertebrae. 

Holger Werfel Scheuermann (1834-1915), German bioehemist. 

Sehiff s stain, reagent: a stain for aldehydes, used with periodie aeid 
(PAS) to deteet earbohydrates. 

Hugo Sehiff (1834-1915), German bioehemist. 

Sehlemm, eanal of: a eanal at the junction of the eornea and selera. 
Freidrieh Sehlemm (1795-1858), Professor of Anatomy, Berlin, Germany. 

Sehmidt-Lanterman incisures, eleft: a helieal inclusion of glial eytoplasm 
within the myelin sheaths of eentral and peripheral nerves. 

Henry Sehmidt (1823-1888), pathologist, eharity Hospital, New Orleans, 
USA. 

AJ Lanterman, nineteenth-century anatomist, Strasbomg, Franee. 

Sehiitz, fasciculus of: the dorsal longitudinal fasciculus. 

Hugo Sehiìtz (1859-1923) nemologist, Leipzig, Germany. 

Schwalbe: line of, ring of - the anterior border ring of the eornea; 
nucleus of - the vestibular nucleus; 

poeket - a depression between the tendinous areh of levator ani and 
the lateral wall of the pelvis. 

Gustav Albert Schwalbe (1844-1916), German anatomist and 
anthropologist. 

Schwann eell: the major glial eell of the peripheral nervous system. 
Theodor Schwann (1810-1882), Professor of Anatomy first in Lonvain and 
then Liege, Belginm. One of the instigators of the eell theory. 

Seessel's pouch: an outpouching of the embryonie pharynx rostral to the 
pharyngeal membrane and caudal to Rathke's pouch. 

Albert Seessel (1850-1910), Ameriean embryologist. 

Semon's law: an obsolete 'law' stating that injury to the recurrent 

laryngeal nerve results in paralysis of the abductor muscles of the voeal 
eords before paralysis of the adductor muscles. 

Sir Felix Semon (1849-1921), German laryngologist in the UK. 

Sertoli eells: the supporting eells of the testicular tubules. 

Enrieo Sertoli (1842-1910), Professor of Experimental Physiology, Milan, 

Italy. 

Sever's disease: inflammation of the ealeaneal apophysis in ehildren and 
adoleseents (Sever JW 1912 Apophysitis of the os ealeis. NY Med J 
95:1025-9). 

Sharpey's fibres: eonneetive tissue joining periosteum to bone. 

William Sharpey (1802-1880), Professor of Anatomy successively at 
Edinbmgh and University College, London, UK. 

Sibson's faseia: the suprapleural membrane. 

Franeis Sibson (1814-1846), English smgeon. 

Sjògren's eonneetive tissue disease: a ehronie autoimmune disease 
eharaeterized by keratoconjunctivitis sieea and many other symptoms. 
Henrik Samuel Gonrad Sjógren (1899-1986), Swedish ophthalmologist. 

Skene's glands: the paraurethral ducts of the female urethra. 

Alexander Johnston ehalmers Skene (1838-1900), gynaeeologist, New York, 
USA. 
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Skoog, fibres of: transverse fibres of the palmar aponeurosis of the hand. 
Tord Skoog (1915-1977), Tonnàation Professor of Plastie Snrgery, JJniversity 
of JJppsala, Siveden. 

Sondergaard: see Waterston, groove of. 

Tyge Sondergaard (1914-1990), Danish eardiae srngeon. The first smgeon to 
use eold ehemieal eardioplegia in open heart srngery. 

Spenee's tail: the projeetion of mammary glandular tissue extending into 
the axillary region, sometimes forming a visible mass that may enlarge 
premenstmally or during laetation. 

James Spenee, nineteenth-century Seottish srngeon. 

Spiegel, Spigelian, Spieghel lobe: the caudate lobe of the liver. 

Adriaan van den Spiegel (1578-1625), Flemish anatomist and botanist. 
Name also written as Spieghel, Spigel, Adrianus Spigelius, Spiegelius, Adriano 
Spigeli. 

Sprengel's deformity: eongenital elevation of the scapula with rotation of 
its lower angle towards the spine. 

Otto Gerhard Karl Sprengel (1852-1915), German smgeon. 

Stahl's deformity: eongenital deformity of the ear eharaeterised by a 
broad helix, absenee of the fossa of the antihelix and upper seaphoid 
fossa. 

Friedrieh Stahl (1811-1879), German physieian. 

Stieda's proeess: the lateral tubercle of the talus, when elongated. 

Christian Hermann Ludwig Stieda (1837-1918), German anatomist. 

Stmthers: areade of - a thiekening of the anteromedial aspeet of the 
medial intermuscular septum, forming a myofibrous sheath around the 
ulnar nerve after it passes from the anterior to the posterior 
eompartment of the arm; 

ligament of - a ligamentous or muscular structure (often an extension 
of the humeral head of pronator teres), passing between the medial 
epieondyle and supracondylar proeesses of the humems in 
approximately 1% of individuals. 

Sir John Stmthers (1823-1899), Seottish anatomist, professor and smgeon. 

Sylvian: aqueduct - the midbrain ehannel eonneeting the third and 
fourth eerebral ventrieles; 

eistern - the subarachnoid spaee assoeiated with the lateral eerebral 
sulcus (Sylvian fissure). It eontains the M1 segment of the middle 
eerebral artery, the origin of the lenticulostriate arteries, and proximal 
parts of the middle eerebral artery; 
fissure - the lateral eerebral fissure. 

Frangois de la Boe Sylvius (1614-1672), Professor of Medieine, Leiden, 
Netherlands. 

Tamm-Horsfall protein: the most abundant protein in normal urine. 

Igor Tamm (1922-1995), virologist, New York, JJSA. 

Frank Lappin Horsfall (1906-1971), Ameriean elinieian and virologist. 

Taussig-Bing anomaly, syndrome, disease: transposition of the aorta to 
the right ventriele and malposition of the pulmonary artery with 
subpulmonary ventricular septal defeet. 

Helen B Taussig (1898-1986), Ameriean paediatrieian. 

Riehard Bing (1909-?), Ameriean physieian. 

Tay-Saehs disease: a lysosomal storage disorder affeeting neurones. 

Warren Tay (1843-1927), ophthalmologist, London, JJK. 

Bernard Saehs (1858-1944), nemologist, New York, JJSA. 

Tenon's capsule: the faseial sheath of the eyeball. 

Jaccjues René Tenon (1724-1816), Professor of Pathology, Aeademy of 
Seienees, Paris. Ghief Smgeon, Salpètrière, Paris, Franee. Speeialized in 
ophthalmology. 

Testut, ligament of: a radio-scaphoid-lunate eonneetion. 

Leo Testut (1849-1925), Professor of Anatomy, Lyons, Franee. 

Thebesian: valve - the valve at the orifiee of the eoronary sinus; 
veins - venae eordis minimae of the heart. 

Adam ehristian Thebesius (1686-1732), anatomist and pathologist, Leiden, 
Netherlands. 

Thompson, posterior (dorsal) approaeh of: a surgical approaeh to treat 
fractures of the proximal and middle thirds of the radius and to address 
injury to the proximal radioulnar joint (Thompson JE. 1918 Anatomieal 
methods of approaeh in operations on the long bones or extremities. 
Ann Surg 68:309-29). 

Tinel's sign: the faet that lightly tapping (percussing) over a nerve tmnk 
that has been damaged or is regenerating following trauma causes a 
sensation of tingling and pain in its distribution up to the site of 
regeneration. In elosed injuries, percussion of the skin over a nerve in 
which axons have been mptured evokes sensations that are usually 
deseribed as a wave or surge of pins and needles into the cutaneous 
distribution of the nerve. 

Jules Tinel (1879-1952), Freneh nemologist. 


Todaro, tendon of: a variable tendinous strand attaehed to the valvular 
fold at the termination of the inferior vena eava. It forms the superior 
border of the triangle of Koeh. 

Franeeseo Todaro (1839-1918), Professor of Anatomy at Messina and then 
Rome, Italy. 

Toldt's faseia, fiision faseia of Toldt: an avascular faseial plane posterior 
to the aseending or deseending eolon and mesoeolon, kidney and tail 
of the panereas. 

Carl Toldt (1840-1920), Amtrian anatomist. 

Towne's projeetion: positioning of the head in the radiologieal 
examination of the foramen magnum and posterior eranial fossa. 
Edward Towne (1883-1957), nemosmgeon, Stanford Medieal Sehool, 
California, JJSA. 

Treaeher Collins syndrome: mandibulofacial dysostosis. 

Edward Treaeher Collins (1862-1932), English smgeon. 

Treitz: faseia of, fiision faseia of - the faseia behind the head of the 
panereas; 

ligament of - a fold of peritoneum over the suspensory muscle of the 
duodenum; 

muscle of - the suspensory muscle of the duodenum (musculus 
suspensorius duodenii). 

Vádav (Wenzel) Treitz (1819-1872), Professor of Pathologieal Anatomy, 
Jagellonian JJniversity, Pragne, Czech Republic. 

Trendelenburg's sign, gait: a dipping gait due to hip abductor 

dysfimetion, e.g. in eongenital disloeation of the hip or paralysis of 
gluteus medius and minimus. 

Friedrieh Trendelenbmg (1844-1924), Professor of Smgery successively at 
Rostoek, Bonn and Leipzig, Germany. 

Treves, bloodless fold of: a peritoneal fold adjaeent to the 
mesoappendix. 

Sir Frederiek Treves (1853-1923), smgeon, London Hospital, JJK. Drained 
the appendicular abseess of King Edward VII in 1902. 

Trolard: eanal of - the sphenoparietal eanal: a short bony eanal that 
eontains the anterior branehes of the middle meningeal vessels 
superior anastomotie vein of - the vein that eonneets the superior 
sagittal sinus and the superficial middle eerebral vein (of Sylvius). 

Paulin Trolard (1842-1910), Freneh anatomist. 

Tsai, ventral tegmental area of: the ventral tegmental area. 

Chiao Tsai (1897-1990), physiologist. 

Tuffier's line: a line that may be drawn between the highest points of the 
iliae erests on which the spine of L4 usually lies in adults. 

Théodore Tnffier (1857-1929), Freneh smgeon. 

Tumer's syndrome: a disorder of gonadal differentiation, marked by 
short stature, undifferentiated (streak) gonads and variable anomalies 
that may include webbing of the neek, low posterior hair line, and 
eardiae defeets. 

Henry Hubert Tmner (1892-1970), Ameriean endoerinologist. 

Twining's line: the line between the tuberculum sellae and the torcular. 
Edward Wing Twining (1887-1939), often eited as the father of British 
nemoradiology'. 

LJsher syndrome, Usher-Hallgren syndrome: a eondition eharaeterized 
by hearing loss or deafness and progressive loss of vision caused by 
retinitis pigmentosa. The three major types of Usher syndrome (types I, 
II and III) are distinguished by their severity and the age at which signs 
and symptoms appear (synonyms: Hallgren syndrome, dysacusis 
syndrome, dystrophia retinae dysacusis syndrome). 

Gharles Howard JJsher (1865-1942), Seottish ophthalmologist. 

Valoean sheath: the eonneetive tissue capsule surrounding the liver. 
Valoeus, an anatomist from the Middle Ages, who first deseribed the liver 
capsule. 

Valsalva: aortie sinuses of - the aortie sinuses; 

manoeuvre - any foreed expiratory effort ('strain') against a elosed 
airway, whether at the nose and mouth or at the glottis. 

Antonio Maria Valsalva (1666-1723), Professor of Anatomy, Bologna, Italy. 

van de Woude's syndrome: an autosomal dominant syndrome 

eharaeterized by a eleft lip or eleft palate, and/or distinetive pits of the 
lower lips, the most eommon syndrome assoeiated with eleft lip or eleft 
palate (Van der Woude A 1954 Fistula labii inferioris eongenita and its 
assoeiation with eleft lip and palate. Am J Hum Genet 6:244-56). 

van Gieson technique, elastie van Gieson technique: a solution of 
trinitrophenol and aeid fiiehsin used to stain eonneetive tissue elastin 
on histologieal seetions. 

Ira Thompson van Gieson (1866-1913), nemopathologist, New York, JJSA. 
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Vater, ampulla of: the ampulla at the.junction of the eommon hepatie 
and panereatie ducts. 

Abraham Vater (1684-1751), Professor of Anatomy, Botany, Pathology and 
Therapeiities, Wittenburg, Germany. 

Velpean, spaee of (quadrangular spaee, quadrilateral spaee, foramen 
humerotricipitale): a spaee bounded by subscapularis, the capsule of 
the shoulder joint and teres minor superiorly, teres major inferiorly, the 
long head of trieeps medially and the surgical neek of the humems 
laterally. The axillary nerve and the posterior circumflex humeral artery 
and vein pass obliquely through the spaee. 

Alfred-Armand-Louis-Marie Velpeau (1795-1867) Freneh anatomist and 
srngeon. 

Vesalms, foramen of: a small foramen for the emissary vein immediately 
anterior and medial to the foramen ovale in the sphenoid bone. 

Andreas Vesalins (1514-1564), Professor of Anatomy, Padua, Italy. 

Vidian: eanal - the pterygoid eanal; 

nerve - the nerve of the pterygoid eanal. 

Guido Guidi Vidius (1500-1561), Professor of Medieine, Pisa, Italy. 

Vieussens, anulus of: the ansa subclavia of sympathetie nerves; a tenuous 
anastomosis around the right ventricular outflow traet. 

Raymond de Vienssens (1641-1715), physieian and anatomist, Montpellier, 
Franee. 

Virchow-Robin spaee: a perivasailar spaee in the eentral nervous system. 
Rudolf Ludwig Virchow (1821-1902), Professor of Pathologieal Anatomy, 
Wiirzburg, and then Berlin, Germany. 

eharles-Philippe Robin (1821-1885), Professor of Histology, Paris, Franee. 

Vogt, palisades of: erests of epithelial folds at the limbus that mn radially 
towards the eornea from the bulbar conjunctiva. 

Alfred Vogt (1879-1943), Swiss ophthalmologist. 

Voigt's lines, Voigt-Futcher lines: pigmentary demareation lines or hair 
traets (synonym: Futchers lines). 

Christian August Voigt (1809-1890), Professor of Anatomy, Vienna, Austria. 
Palmer Howard Futcher (1910-?), US-Canadian physieian. 

Volkmann's: eanals - osseous eanals earrying blood vessels from the 
periosteum and between osteons; 

isehaemie contracture - a permanent flexion contracture of the hand 
at the wrist, resulting in a claw-like deformity of the hand and fìngers. 
Alfred Wilhelm Volkmann (1800-1877), Professor of Anatomy and 
Physiology, first at Dorpat, Estonia, and later Halle, Germany. 

von Bmnn's nests: eetopie (subepithelial) urothelial masses in the 
urinary traet. 

AVoertvon Brunn (1849-1872), Professor of Anatomy, Góttingen, Germany. 

von Ebner's: fissure - in the development of the baek, selerotomal 
populations form from the ventral half of the epithelial somite. An 
intrasegmental boundary (fissure or eleft, sometimes termed von 
Ebner's fissure), which is initially filled with extracellular matrix and a 
few eells, appears within the selerotome and divides it into loosely 
paeked eranial, and densely paeked caudal, halves; 
glands - serous glands of the tongue, loeated beneath the circumvallate 
and foliate papillae; 
lines - ineremental lines of dentine. 

Anton Gilbert Viktor von Ebner (also eommonly ealled Viktor von Ebner- 
Rofenstein) (1842-1925), Professor of Histology and Embryology, innsbmek, 
Austria. 

von Willebrand faetor: the faetor released from endothelial eells and 
platelets, promoting platelet adhesion and blood elotting. Defieient or 
defeetive faetor production (usually inherited as an autosomal 
dominant trait) causes von Willebrand disease. 

Erik Adolf von Willebrand (1870-1949), Finnish haematologist. Deseribed 
the eponymom hereditary elotting disorder in 1926. 

Waardenburg type II syndrome: a deafness syndrome assoeiated with 
pigmentary disturbances. A group of heterogeneous entities 
distinguished from Waardenburg type I syndrome by the absenee of 
dystopia eanthomm. 

Petrns Johannes Waardenburg (1886-1979), Dutch ophthalmologist and 
genetieist. 

Waldeyer: presaeral faseia of - the floor of the retroreetal spaee (Jin ZM, 
Peng JY, Zhu QC et al 2011 Waldeyer's faseia: anatomieal loeation and 
relationship to neighboring faseiae in retroreetal spaee. Surg Radiol 
Anat 33:851-4); 

Waldeyer's ring - a ring of lymphoid tissue that includes the palatine, 
pharyngeal, tubal and lingual tonsils; 

Waldeyer's sheath - adventitia of distal segments of the ureter. 

Heinrieh Wilhelm Waldeyer (1836-1921), Professor of Pathology at Breslau, 
Poland, and then Berlin, Germany. 


Wallenberg's syndrome: a lesion of the lateral medullary region of the 
brainstem. 

Adolf Wallenberg (1862-1949), German physieian. 

Wallerian degeneration: degeneration of myelinated and unmyelinated 
axons distal to any injury that transeets the axons and separates their 
distal segments from their eentrally plaeed neuronal eell bodies. 

Augustus Volney Waller (1816-1870), British nemophysiologist. 

Walther, ganglion of: the solitary, retroperitoneal median ganglion impar 
or saeroeoeeygeal ganglion, which lies anterior to the saeroeoeeygeal 
junction; it represents the distal termination of the sympathetie ehains. 
August F Walther (1688-1746), German anatomist. 

Wartenberg's disease, sign, symptom: radial sensory nerve entrapment. 
Robert Wartenberg (1866-1956), Ameriean nemologist. 

Waterston, groove of: the interatrial groove (synonym: Sondergaard's 
groove). 

David Waterston, British eardiothoraeie smgeon. 

Weigert-Meyer rule: the mle that, when eomplete, duplicated ureters 

insert separately into the bladder; the upper pole ureter is the eetopie 

ureter and its orifiee inserts inferomedially in the bladder; the lower 

• • 

pole ureter is the normal ureter (Weigert C 1877 Uber einige 
Bildungsfehler der Ureteren. Virchows Arehiv fíir pathologisehe 
Anatomie und Physiologie und fíir klinisehe Medizin, Berlin 70:490. 
Meyer R 1907 Zur Anatomie und Entwicklungsgeschichte der 
Ureterverdoppelung. Virchows Arehiv fíir pathologisehe Anatomie und 
Physiologie und fiir klinisehe Medizin, Berlin, 87:408). 

Weigert, staining technique of: histologieal stains for myelin and for 
elastie fibres. The former uses a solution of ferrie ehloride and 
haematoxylin that stains myelin sheaths deep blue and degenerated 
tissue a pale yellow; the latter uses a resorein-fiiehsin solution that 
stains elastie fibres blue-black. 

Karl Weigert (1845-1904), histologist, Frankfmt-am-Main, Germany. 

Werner's syndrome: a rare, autosomal reeessive progeroid syndrome, 
eharaeterized by the appearanee of premature ageing. 

Carl Wilhelm Otto Werner (1879-1936), German physieian. 

Wernicke: frontomarginal sulcus of - frontomarginal sulcus in the 
eerebral cortex; 

Wernicke's speeeh area - the motor speeeh area in the superior 
temporal lobe of the eerebral cortex; 

Wernicke's syndrome - a syndrome eharaeterized by mental and ocular 
disorders and ataxia. Mental disturbances include listlessness, 
disorientation, eonfiision, hallucinations, Korsakoff psyehosis and other 
behavioural symptoms. 

Karl Wernicke (1848-1904), psyehiatrist, Breslan, Poland, and then Halle, 
Germany. 

Wharton's: duct - a duct of the submandibular salivary gland; 

jelly - a homogenous intercellular substance of the umbilical eord; 
gives a reaetion for mucin and eontains thin collagenous fibres that 
inerease in number with fetal age. 

Thomas Wharton (1614-1673), physieian and anatomist, St Thomas's 
Hospital, London, UK. Remained on duty there dming the Great Plague of 
1665. 

Whitnall: transverse ligament of - a ligament that originates from the 
troehlea and inserts into the lateral orbital wall, approximately 10 mm 
above Whitnall's tubercle; 

Whitnall's tuberde - a tubercle on the orbital surface of the zygomatie 
bone. 

Samuel Ernest Whitnall (1876-1950), Professor of Anatomy, successively at 
MeGill University, Montreal, Canada, and Bristol, UK. 

Wiebel-Palade bodies: rod-shaped storage granules in endothelial eells. 
Euald Wiebel, Swiss physieian. 

George Emil Palade (1912-2008), Romanian eytologist, Roekefeller lnstitute, 
New York, USA. Awarded the Nobel Prize for Medieine or Physiology in 
1974. 

Williams-Campbell syndrome: a rare form of eongenital eystie 

bronehieetasis, in which distal bronehial eartilage is defeetive (Williams 
H, Campbell P. 1960 Generalized bronehieetasis assoeiated with 
defieieney of eartilage in the bronehial tree. Areh Dis Child 35:182-91). 
Howard Williams, twentieth-century Australian physieian. 

Peter E Gampbell, twentieth-century Australian physieian. 

Willis, eirele of: the arterial anastomosis at the base of the brain. 

Thomas Willis (1621-1675), physieian to King James II, praetised first in 
Oxford, then London, UK. 


e99 




EPONYMS 


Wilson's peneils, peneil fibres of Wilson: the striatopallidal fibres 
(Wilson SAK 1914 An experimental researeh into the anatomy and 
physiology of the corpus striatum. Brain 36:427-92). 

Samiiel Kinnier Wilson (1878-1937). 

Winslow, foramen of: the epiploie foramen leading to the lesser sae. 
jaeob B Winslow (1669-1760), Professor of Anatomy and Snrgery, Paris, 
Franee. 

Wirsung, duct of: the main panereatie duct. 

Johann Georg Wirsung (1589-1643), German physieian, Proseetor in 
Anatomy, Paàua, Italy. 

Wiskott-Aldrich syndrome: primary immunodeficiency resulting from an 
X-linked reeessive mutation. 

Alfred Wiskott (1898-1978), German paediatrieian. 

Robert Anderson Aldrieh (1917-1998), Ameriean paediatrieian. 

Wolffian: body - the mesonephros; 
duct - the mesonephrie duct. 

Caspar Wolff (1733-1794), born in Berlin, Professor of Anatomy, 

St Petersbnrg, Russia, one of the pioneers of embryology. 

Wolff s law: states that ehanges in the stresses on bones are refleeted in 
their internal structure. 

Julius Wolff (1836-1902), orthopaedie srngeon, Berlin, Germany. 

Wolff-Parkinson-White syndrome: bundle-branch bloek with short P-R 
interval in healthy young people prone to paroxysmal taehyeardia. 

Louis Wolff (1898-1972), Ameriean eardiologist. 

John Parkinson (1885-1976), English eardiologist. 

Paul Dudley White (1886-1973), Ameriean eardiologist. 

Wolfring, glands of: small tubuloalveolar glands in the subconjunctival 
tissue above the upper border of the tarsal plate. 

Emilij Franzevie von Wolfring (1832-1906), Polish ophthalmologist. 

Wormian bones: small bones that oeeasionally occur along the lambdoid 
suture of the human skull (synonym: sutural bones). 

Ole Worm (1588-1654), physieian, Professor of Medieine, Ltniversity of 
Copenhagen, Denmark. 

Wrighf s stain: a mixture of eosin and methylene blue, used for 

demonstrating blood corpuscles and malarial parasites on histologeial 
seetions or blood smears. 

James Homer Wright (1869-1928), pathologist, Harvard ÍJniversity, 
Cambridge, Massachusetts, USA. 


Wrisberg, ligament of: a band attaehed to the posterior emeiate ligament 
of the knee. 

Heinrieh August Wrisberg (1739-1808), Professor of Anatomy, Gòttingen, 
Germany. 

Zeis, glands of: modified mdimentary sebaceous glands attaehed direetly 
to the follieles of the eyelashes. 

Edward Zeis (1807-1868), German ophthalmologist. 

Zellweger's syndrome: an inherited defeet in peroxisome biogenesis and 
fiinetioning. 

Hans Ltlrieh Zellweger (1909-1990), Swiss-Ameriean paediatrieian. 

Zeneker's diverticulum: a posteromedial pulsion diverticulum through 
Killian's dehiseenee that causes debilitating dysphagia and regurgitation. 
Friedrieh Albert von Zenker (1825-1898), German physieian and 
pathologist. 

Zinn, eirele of, zonula of: an (often ineomplete) vascular eirele within 
the selera, formed by branehes of the short posterior eiliary arteries, 
whose eentripetal branehes supply the laminar region of the optie nerve 
head (synonym: eirele of Haller, zonula of Haller). 

Johann Gottfried Zinn (1727-1759), Professor of Medieine and Direetor of 
Botanieal Gardens, Gòttingen, Germany. 

Zuckerkandl: faseia of - the faseia posterior or anterior to the kidney; 
tuberculum of, tubercle of - a projeetion of normal thyroid tissue 
from the posterior or lateral lobes of the thyroid gland. 

Emil Zuckerkandl (1849-1910), Professor of Anatomy at Graz and then 
Vienna, Arntria. 

Many of the eponyms listed above are deseribed in more detail in 
Firkin BG, Whitworth JA 2001 Dietionary of Medieal Eponyms. London: 
Parthenon. 

A eoneise illustrated account of the derivation and individuals 
behind the more eommon eponyms assoeiated with liver anatomy and 
surgery is provided in Stringer MD 2009 Eponyms in Surgery and 
Anatomy of the Liver, Bile Ducts and Panereas. London: Royal Soeiety 
of Medieine. 
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